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  Abstract   Certi fi ed organic crop area is continuously increasing in European 
Union and in Latvia (Eurostat data), despite somewhat lower yield and higher 
potential for disease damage in organic farming. It is increasingly recognized that 
breeding varieties for organic farming requires focus on speci fi c traits that may be 
less important under conventional agriculture. Molecular markers are becoming 
essential tools for plant breeding allowing reducing time and cost of development 
of new varieties by early selection of progeny with desired traits. However, there 
is lack of information on molecular markers for traits that may be important for 
organic farming, such as plant morphological traits ensuring competitive ability 
with weeds, yield and yield stability under organic growing conditions, nutrient 
use ef fi ciency, and resistance to diseases. We have selected 145 Latvian varieties 
and breeding lines along with 46 foreign accessions for association mapping panel 
and genotyped those with 1,536 single-nucleotide polymorphism (SNP) markers 
using Illumina GoldenGate platform and barley oligo pooled array 1. In parallel 
to genotyping, 154 of the 191 spring barley genotypes contrasting for traits that 
are important for organic farming are currently in  fi eld trials under conventional 
and organic management. The success of association mapping in structured natural 
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populations depends on the extent of linkage disequilibrium (LD) and ability to 
control for the population structure during statistical analyses. Preliminary results 
based on principal component and phylogenetic analyses of 1,003 SNP markers 
with average polymorphism information content (PIC) of 0.394 suggested that the 
set of germplasm is relatively uniform with the exception of a few six-row varieties. 
STRUCTURE analysis based on the  D K value suggested that the population could 
be partitioned into two clusters. The mean LD ( r  2  > 0.1) extended over 10-cM 
distance suggesting that the available marker density may be suf fi cient for associa-
tion mapping. Plots of pairwise LD along the chromosomes indicated uneven 
distribution of LD blocks in barley genome.  

  Keywords   Barley  •  Single-nucleotide polymorphism  •  Linkage disequilibrium  
•  Association mapping  •  Population structure  •  Genetic diversity      

    2.1   Introduction 

 Genetic diversity present in a species is key factor determining its ability to adapt to 
speci fi c environments. Barley ( Hordeum vulgare  L.) is adapted to a wide range of 
environments ranging from Mediterranean dry areas to polar circle and to Andean 
and Himalayan highlands. Barley breeders therefore need to breed not only for yield 
and quality traits but also for adaptability traits, such as tolerance to biotic and abi-
otic stresses characteristic to speci fi c target geographic region. Moreover, recent 
trends toward organic agriculture and novel uses of conventional crops introduce 
additional challenges, such as necessity for improved disease resistance and nutrient 
use ef fi ciency or suitability for biofuel production (Sarath et al.  2008 ; Sticklen  2008 ; 
Wolfe et al.  2008  ) . In order to meet these challenges, key traits for the speci fi c 
breeding purpose need to be identi fi ed along with the development of ef fi cient tools 
to facilitate the breeding (Varshney et al.  2005  ) . Molecular markers can be used for 
cloning of important genes and QTL as well as to facilitate transfer of useful alleles 
from exotic germplasm to locally adapted elite varieties (Feuillet et al.  2008 ; Hajjar 
and Hodgkin  2007  ) . Characterization of the local barley germplasm and the basis of 
its adaptability to local environments are critical for successful marker-assisted 
selection, because of the interactions of the introgressed alleles with the genetic 
background of adapted germplasm. 

 Local germplasm has been affected by different factors, such as limited number 
of founder genotypes, selection by breeders, and introgression of novel alleles from 
exotic germplasm. Thus, it is important to study not only the overall genetic diver-
sity of a germplasm set but the distribution of genetic diversity in the genome which 
may allow to identify genome regions under the selection. 

 Ultimately, for marker-assisted selection (MAS) to be successful, it is impor-
tant to identify genes that are responsible for agronomically important traits. Once 
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the genes are known, the molecular mechanisms affecting the trait can be elucidated, 
and molecular markers based on the speci fi c gene can be designed. Moreover, the 
allelic diversity in the gene of interest can be studied allowing to estimate the 
effects of different alleles on the expression of trait. Association mapping in a 
selection of plant accessions provides alternative to traditionally used biparental 
mapping populations. The approach takes advantage of linkage disequilibrium 
(LD) between the marker locus and the trait of interest (Ardlie et al.  2002 ; Slatkin 
 2008  ) . The limiting factors in association mapping are number of markers and size 
of population to be typed with markers. The number of markers depends on the size 
of LD blocks – the larger the block size, the smaller number of markers needs to 
be deployed; however, the resolution of the map will also be lower (Kruglyak 
 2005  ) . The size of LD blocks depends on the material in study. In recently estab-
lished populations, the extent of LD will be higher because of the limited number 
of recombination. Cultivated plant varieties represent a special case, as breeding 
practices have created unique populations with different amount of LD, and the 
varieties are often related (Ball  2007  ) . 

 One of the most abundant types of molecular markers is single-nucleotide 
polymorphisms (SNPs) (Rafalski  2002  ) . Even though majority of them are bial-
lelic, they can be very useful as markers (Kruglyak  1997  ) , in particular, when 
SNP haplotypes rather than individual SNPs are considered. Utilization of SNP 
markers is facilitated by development of high-throughput genotyping methods 
that allow typing of thousands of SNP in large sets of germplasm. Recently, barley 
EST data was used for resequencing-based SNP discovery (Rostoks et al.  2005 ; 
Stein et al.  2007  )  and for electronic SNP discovery (Close et al.  2009  ) . SNP data 
was used for development of genotyping platform based on Illumina GoldenGate 
technology (Rostoks et al.  2006  ) , which also allowed construction of a high-
resolution consensus SNP linkage map of barley (Close et al.  2009  )  and paved 
the way for whole genome association mapping in barley (Waugh et al.  2009  ) . 
Association mapping was successfully used to map and identify the  INT-C  gene 
(Ramsay et al.  2011  )  as well as to identify candidate gene for anthocyanin pig-
mentation (Cockram et al.  2010  ) . Latvian barley varieties are mostly bred from 
Scandinavian, German, and Moravian barley varieties (Gaike  1992  ) . Genome-wide 
diversity in several of these varieties has been studied using microsatellites 
(Sjakste et al.  2003  )  and DArT markers (Kokina and Rostoks  2008  ) . Recently, 
high-throughput SNP genotyping platform was used for genotyping 95 Latvian 
barley varieties and breeding lines (Rostoks  2008  ) , which revealed relatively 
low level of population structure with exception of six-row varieties and linkage 
disequilibrium extending over the distances suitable for association mapping. 
Currently, an association mapping project is in progress supported by the 
European Social Fund with the aim of identifying molecular markers for traits 
important for low input and organic barley cultivation. As a  fi rst step in this 
project, we report a preliminary characterization of the diversity and the extent 
of linkage disequilibrium in our association mapping panel.  
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    2.2   Materials and Methods 

    2.2.1   Plant Material and DNA Extractions 

 The set of germplasm consisted of 25 Latvian barley varieties, 120 Latvian 
barley breeding lines, and 46 foreign varieties and breeding lines (list of varieties is 
available upon request). Only spring two-row-type varieties were included, 
with the exception of six Latvian six-row varieties. DNA for genotyping was 
extracted from leaves of a single plant using DNeasy Plant Mini Kit (Qiagen, 
Hilden, Germany).  

    2.2.2   High-Throughput SNP Genotyping 
and Data Quality Control 

 Illumina high-throughput genotyping was done as described (Rostoks et al.  2006  ) . 
Currently, two barley oligo pooled assay, BOPA1 and BOPA2, each containing 
1,536 SNP are available (Close et al.  2009  ) . One set of 95 Latvian varieties and 
breeding lines was genotyped only with BOPA1, while the second set of 96 Latvian 
and foreign barley accessions was genotyped with BOPA1 and BOPA2. Current 
study is based only on BOPA1 data in the total set of 191 accessions. SNP genotyp-
ing data was controlled for presence of excessive number of heterozygous loci and 
missing data points. Barley consensus linkage map based on the SNP markers 
(Close et al.  2009  )  was used throughout the study.  

    2.2.3   Data Analyses 

 Principal component analysis (PCo) was done using DARwin5 (  http://darwin.cirad.
fr/darwin    ). Population structure was studied using Structure 2.2 software using a 
selection of SNP loci and admixture linkage model (Falush et al.  2003  ) . Forty-one 
SNPs ( fi ve to six per chromosome) were selected based on criteria that they are at 
least 10 cM apart and have minor allele frequency (MAF) > 0.30. Hypothesis of 1–20 
clusters ( K ) was tested using burn-in of 100,000, run length of 200,000, and admix-
ture model in 15 iterations. Accessions were assigned to the most probable number 
of clusters according to a published method (Evanno et al.  2005  ) . Largest value of an 
 ad hoc  statistic  D K, which is based on the rate of change in the log probability of data 
between successive  K  values, was used as an indicator of the true number of clusters. 
Polymorphism information content (PIC) was calculated as described (Kota et al. 
 2008  ) . Linkage disequilibrium between pairs of SNP loci was calculated in TASSEL 
3.0 (Bradbury et al.  2007  ) . One thousand and three mapped SNPs with MAF > 0.1 

http://darwin.cirad.fr/darwin
http://darwin.cirad.fr/darwin
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were used for calculations in the whole set of 191 accessions and after removal of the 
six six-row barley accessions. Once the foreign accessions were removed, MAF was 
recalculated, and 963 SNPs were retained for subsequent analyses.   

    2.3   Results and Discussion 

 One hundred and ninety-one Latvian and foreign barley accessions were genotyped 
with the Illumina oligo pooled array BOPA1 consisting of 1,536 SNPs (Close et al. 
 2009  ) . SNP genotype data were controlled for the presence of excessive number of 
heterozygotes and missing data (1,463 SNPs retained), and of those, 1,084 were 
with minor allele frequency of over 10%. The 1,003 of these SNPs were positioned 
on the barley consensus linkage map (Close et al.  2009  )  and were used for all sub-
sequent analyses in this study. 

 Principal component analysis of the genotype data revealed a relatively compact 
group of the accessions, while the PCo1 and PCo2 explained only 10.6 and 6.4 % of 
variation, respectively (Fig.  2.1 ). The only exception was a group of old Latvian 
six-row accessions, which were separated from the main cluster. Clustering according 
to row type is consistent with historical origins of barley (Pourkheirandish and 
Komatsuda  2007  )  and with previous studies that analyzed the genetic diversity in 
populations consisting of both six-row and two-row genotypes (Hamblin et al.  2010 ; 
Zhang et al.  2009  ) . Thus, it appears that Latvian barley varieties show little popula-
tion substructure and high degree of relatedness with foreign barley accessions. 
This is consistent with the pedigrees of Latvian barley varieties involving early 
German, Moravian, and Scandinavian varieties and with the recent breeding practices 
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  Fig. 2.1    Principal 
component analysis of SNP 
genotype data. Foreign barley 
accessions and Latvian 
breeding lines and varieties 
form a relatively uniform 
cluster with the exception of 
several Latvian six-row 
accessions ( circled ).  X - and 
 Y -axes show percent variation 
explained by the principal 
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respectively       
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that attempt to combine agronomic and quality traits of foreign germplasm with the 
adaptive traits of the Latvian varieties.  

 Neighbor-joining dendrogram (results not shown) revealed several major 
clusters with low bootstrap support and generally good separation of accessions in 
terminal nodes often consistent with the known pedigrees. No separation according 
to breeder (Latvian or foreign) was apparent, which again was consistent with the 
exchange of breeding material between Latvian barley breeders and extensive use 
of foreign germplasm in Latvian barley breeding programs. 

 Population structure is known to affect association mapping in various crop spe-
cies including barley (Hamblin et al.  2010  ) , wheat (Le Couviour et al.  2011  ) , rice 
(Jin et al.  2010  ) , and oat (Newell et al.  2011  ) . Population structure may result in 
 fi nding spurious associations between markers and traits; therefore, population 
structure has to be assessed prior the association mapping (Pritchard et al.  2000  ) . 
STRUCTURE was used to test highest probability of a number of clusters ( K ) 
among all barley accessions. The highest value of  D K was observed with two 
clusters (Fig.  2.2 ) suggesting that the accessions most likely separate into two sub-
populations, which is in contrast to the ten populations found in the set of 500 UK 
cultivars (Cockram et al.  2010  )  and seven populations in the set of 1,816 breeding 
lines from US breeding programs (Hamblin et al.  2010  ) . This may be explained 
by more diverse set of genotypes with respect to row number (only six six-row 
genotypes included in our study) and growth habit (only spring type in our study), 
because clustering in US and UK genotypes was observed mostly based on row 
number and growth habit and their combinations. No clustering according to origin 
of genotypes was observed in our study, unlike the  fi nding that Western European 
elite wheat varieties cluster according to country of origin and breeding history 
(Le Couviour et al.  2011  ) .  

  Fig. 2.2    Detection of number of clusters ( K ) by estimating  D  K  over 15 iterations for each  K  value 
with STRUCTURE.  D  K  was expressed as a mean of the absolute values of ratio of change of the 
likelihood function with respect to  K . The highest value of  D  K  indicates the strength of the signal       
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 The extent of pairwise LD between all SNP markers was explored in Tassel 3.0 
using the genetic distances from Close et al.  (  2009  )  (Fig.  2.3 ). The extent of pair-
wise LD signi fi cantly varied among the barley chromosomes, suggesting that this 
factor may affect the resolution of association mapping for QTL located on different 
chromosomes (Table  2.1 ). Median extent of LD was 2.0 cM on chromosome 6H, 
while chromosome 2H exhibited much more extensive LD (median 9.3 cM). 
Moreover, there were some differences in the subsets of germplasm, e.g., more 
extensive LD was observed on chromosome 1H in a set of Latvian accessions 
(15 cM) than in the whole set (10 cM). However, on all chromosomes, average 
distance between markers was smaller than the extent of pairwise LD suggesting 
that marker coverage could be suf fi cient for association mapping (Table  2.1 ).   

 Distribution of the LD along the chromosomes varied extensively (Fig.  2.4 ). While 
the chromosome 2H that showed the highest mean and median pairwise extent of 
LD also exhibited a relatively uniform distribution along the chromosome, the 
chromosomes 3H and 6H showed extensive LD mostly in the centromeric regions 
similar to results by Comadran et al.  (  2011  ) . Interchromosomal and intrachromosomal 
variation of LD has been observed in various autogamous crop species, and regions 
where LD extends up to 50 cM (Hamblin et al.  2010  )  and 60 cM (Rostoks et al.  2006  )  
in barley, 50 cM in rice (Jin et al.  2010  ) , and 5 cM in oat (Newell et al.  2011  )  have 
been detected. Neumann et al. suggested that high LD in elite crop germplasm could 
be formed during breeding history resulting in assembled blocks of chromosomes 
containing genes for agronomic  fi tness (Neumann et al.  2011  ) .  

 Whole genome association mapping in small and highly structured sets of 
germplasm has been shown to generate a large number of false-positive associations 
(Cuesta-Marcos et al.  2010  ) . Recently, we successfully used whole genome associa-
tion mapping to identify the  NUD  gene as a major determinant of  b -glucan content 
in barley but failed to identify other QTL for  b -glucan content in the set of 95 
Latvian barley accessions (Mezaka et al.  in press  ) . Apparently, simple traits controlled 
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   Table 2.1    Comparison of polymorphism information content (PIC) and linkage disequilibrium 
(LD,  r  2  > 0.1) in the barley genome   

 Chromosome 

 Number of 
markers/average 
distance between 
markers in cM 

 PIC 
 Extent of pairwise LD  r  2  > 0.1 
(average/median in cM) 

 Whole 
set 

 Only 
two-row 

 Only LV 
two-row 

 Whole 
set 

 Only 
two-row 

 Only LV 
two-row 

 1 H  111/1.27  0.356  0.349  0.351  10.0/5.7  10.5/5.9  15.0/5.9 
 2 H  157/0.96  0.404  0.396  0.395  17.2/9.3  14.0/7.1  15.8/9.0 
 3 H  153/1.14  0.403  0.396  0.394  7.3/3.9  6.1/3.5  6.7/3.5 
 4 H  117/1.05  0.395  0.388  0.383  10.1/4.2  7.9/3.6  8.7/3.2 
 5 H  202/0.97  0.394  0.387  0.381  9.7/5.0  7.5/3.9  8.8/4.3 
 6 H  147/0.89  0.399  0.394  0.391  4.8/2.0  4.5/1.7  6.8/2.4 
 7 H  117/1.44  0.395  0.386  0.386  12.8/5.3  10.4/5.3  12.0/4.8 
 Genome-wide  1,003/1.08  0.394  0.387  0.384  10.3/4.7  8.5/4.1  10.2/4.5 

  Fig. 2.4    Extent of the LD along selected chromosomes. ( a ) chromosome 2H; ( b ) chromosome 
3H; ( c ) chromosome 6H.  Upper diagonal  in each panel shows LD ( r  2 );  lower diagonal  shows the 
corresponding  p  values       

by a single gene may be successfully mapped in relatively small association mapping 
panels, provided that population structure is accounted for (Cockram et al.  2010 ; 
Comadran et al.  2011  ) . However, other traits controlled by many small-effect QTL 
may be much more dif fi cult to map. Careful selection of subsets of germplasm 
for a particular trait and statistical control of population structure may improve 
association mapping (Cockram et al.  2010  ) , along with other approaches, such as 
use of SNP haplotypes rather than single SNPs (Lorenz et al.  2010  ) . However, in the 
summary, the preliminary results reported in this chapter suggest a low degree of 
population substructure and a suitable extent of LD for association studies in our 
association mapping population.      
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We studied the spatial connectedness of Natura 2000 site boundaries and the functional connectivity of
the Natura 2000 network across the 34 terrestrial borders of the European Union. Connectivity was mea-
sured by the dispersal success of 192 reptile, amphibian, invertebrate and plant species from Annex II of
the European Union Habitats Directive, based on the presence of same species on both sides of the bor-
ders. Connectedness and connectivity varied greatly between state borders, with good and bad examples
found in all parts of the European Union. Connectedness and connectivity were positively correlated.
However, a few outlying examples showed that good connectedness is not necessarily associated with
good connectivity and that good connectivity is not always possible because of different habitats and/
or different management on both sides of border. In 13 out of 34 borders the connectivity measure
was 100% and in 11 other borders it was over 50%. Very few of the geographical and political factors
tested to explain variation in connectedness and connectivity were significant. Better connectedness
and connectivity, both at the border and site-pair level, was correlated with the rivers forming the border.
The time since the designation of the second site in a site-pair was nearly significant, suggesting that con-
nectivity might have always existed in nature but the ‘documentation of it’ required some time for addi-
tional site inventories. It seems that each country border has its own history with a unique subset of
factors influencing Natura 2000 site selection and management thus generalising our findings to other
international borders would be difficult. We did not find substantial differences in trans-boundary con-
nectivity among taxonomic groups. The application of our method elsewhere in the World would perhaps
bring interesting results at a large (continental or sub-continental) scale, provided that similar data are
available.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Worldwide it is recognised that protected areas form a corner-
stone of efforts to conserve nature and biodiversity (e.g., IUCN,
1994; Maiorano et al., 2007; Chape et al., 2008; Wurzel, 2008).
Within the European Union (EU), the Natura 2000 network of pro-
tected sites with approximately 26,000 sites covering almost
1,000,000 km2 (EEA, 2010a) across all 27 Member States forms
the centrepiece of EU nature and biodiversity policy. The sites
are designated for habitats and species of European conservation
concern listed in the EU Birds and Habitats Directives which form
the legal basis of the Natura 2000 network (European Commission,
1992, 1996).

One of main objectives set out in the Habitats Directive is to
achieve a good ecological coherence of the Natura 2000 network.
ll rights reserved.

; fax: +33 (0)1 40 79 38 67.
rmanis).
This requirement applies not only to territories of individual Mem-
ber States, where all protected habitats and species must be suffi-
ciently represented, but also to the linkage between Natura 2000
sites of neighbouring countries to enable movement of species
and continuity of habitats where possible. Unlike large federal
countries (e.g., United States, Russian Federation, Australia) the
territory of the European Union is intersected by many country
borders and this obstacle may become an issue in nature conserva-
tion planning at the EU level.

Although the term ‘ecological coherence’ of the Natura 2000
network is often mentioned in the Habitats Directive, there is no
explicit definition of ecological coherence and it is often inter-
preted differently by the European Commission, the Member
States and non-governmental organisations (Roth, 2005; Johnson
et al., 2008). According to articles 3 and 10 of the directive, ‘ecolog-
ical coherence’ is linked with the improvement and management
of features of the landscape, which by their linear and continuous
structure or their function as stepping stones are essential for
the migration, dispersal and genetic exchange of wild species

http://dx.doi.org/10.1016/j.biocon.2012.04.031
mailto:otars.opermanis@mnhn.fr
http://dx.doi.org/10.1016/j.biocon.2012.04.031
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(European Commission, 1996; Roth, 2005; Ssymank, 2005).
Therefore an important feature of ‘ecological coherence’ is the con-
nectivity between Natura 2000 sites. This is particularly true in
near-border areas where neighbouring sites are designated by dif-
ferent national authorities, which may have used different meth-
odologies in selecting the Natura 2000 sites. This problem is
often mentioned as the main reason why the process of building
the Natura 2000 network cannot be considered systematic (Gaston
et al., 2008).

Cross-boundary coherence can be achieved through coopera-
tion between neighbouring countries and designation of trans-
boundary protected areas (Cerovsky, 1996; Fall, 2003). Larger
continuous protected areas across borders, which are cooperatively
managed, reduce the risk of biodiversity loss. Such sites enable
species migration and dispersal, for example, Alpine ibex Capra
ibex have a summer range in Vanoise National Park in France but
winter in the adjacent Gran Paradiso National Park in Italy
(Hamilton, 1998).

The number of trans-boundary protected areas has been
constantly growing worldwide along with other globalisation
processes (Zimmerer et al., 2004). The slogan ‘nature knows no
boundaries’ has been widely exploited in different public cam-
paigns by different international bodies, however, the adequacy
of trans-boundary protected areas has rarely been assessed
(Parrish et al., 2003; Ardron, 2008). Studies of country borders to
date have mainly addressed disputed areas (including disputes
over natural resources), border change after major events in
history and evolution of borders (Minghi, 1963) but the phenome-
non of country borders in nature protection has rarely been
addressed although the presence of such impact is often acknowl-
edged (e.g., Cerovsky, 1996; Hanks, 2003).

In the European Union, some attention has been paid to im-
prove trans-boundary cooperation, and thus connectivity, through
seminars and bi-lateral exchange of information (Leibenath et al.,
2005). To date most studies on efficiency of Natura 2000 network
have only vaguely addressed trans-boundary connectivity and
have not provided any quantitative assessment of it (e.g., Gaston
et al., 2008; Rosati et al., 2008; Ilies et al., 2010; Jantke et al.,
2011), but see Sundblad et al. (2011). Our aim was to make an
EU-wide assessment of trans-boundary connectivity involving
quantitative measures enabling comparisons between European
Union Member States and regions. We also aimed to analyse the ef-
fects of environmental and political factors upon the connectivity.

In ecology, connectivity has two components: the first compo-
nent refers to the physical links between elements of the spatial
structure of a landscape (often referred to as ‘connectedness’)
and can be described from mapped elements. The second compo-
nent is functional connectivity, a parameter of landscape function,
which measures the processes by which sub-populations of organ-
isms are interconnected into a functional demographic unit (Bau-
dry and Merriam, 1988; Jongman et al., 2004; Boitani et al.,
2007). Functional connectivity, depending on species and research
opportunities, has been measured as the distance between sites,
structure of landscape, dispersal success between sites and search
time travelling from one to another site (Tischendorf and Fahrig,
2000; Jongman et al., 2004). In this paper we use the term ‘con-
nectedness’ to describe the spatial relationships between Natura
2000 site boundaries and ‘connectivity’ to describe the functional
connectivity. In our study of connectivity we focused on species
with limited dispersal ability (reptiles, amphibians, invertebrates
and plants) where connectivity issues play a more important role
than for good dispersers.

Landscape connectedness and biological connectivity are often
assumed to be correlated as connectedness is assumed to be a
key factor contributing to connectivity (Bennett, 2003; Campagne
et al., 2009). In this study we tested this relationship by obtaining
connectedness and connectivity measures separately using differ-
ent methods.
2. Methods

2.1. Trans-boundary protected areas

Trans-boundary Protected Areas are defined as protected area
complexes that in different countries adjoin across international
boundaries. They may be comprised of separate units that are con-
nected or may be joined into a single site (IUCN and WCPA, 2001).
In our study we extended this definition of trans-boundary pro-
tected areas to Natura 2000 sites that are not physically connected
but close enough to each other on either sides of the boundary to
enable dispersal of species.

To study connectedness we included both types of Natura 2000
sites, i.e., Special Protection Areas (SPAs) designated under the
Birds Directive and Sites of Community Interest (SCIs) designated
by the Habitats Directive. Although SPAs are primarily designated
for the bird species listed in the Annex I of the Birds Directive, most
of them directly or indirectly contribute to the conservation of spe-
cies protected under the Habitats Directive. In our calculations of
connectivity at the site-pair level (see below) we used only SCIs
as only this category had systematic records of species protected
under the Habitats Directive. If SPAs were used as well, we would
obtain a significant underestimation of connectivity for the se-
lected species.

In our study we focus only on Natura 2000 sites which form a
cornerstone of EU nature conservation policy (Bonnin et al.,
2007). However, many if not all European Union Member States
have additional protected areas of national importance (e.g., Araujo
et al., 2007; Maiorano et al., 2007) that may be situated in the bor-
der regions but these are usually areas with weaker conservation
status where nature conservation is not a primary function, e.g.,
biosphere reserves, although such protected areas may be very
large. Given that comparable data on species and habitats present
in these sites were often lacking or difficult to obtain, we did not
use these sites in our study.

We analysed all 34 terrestrial political borders where both
adjoining countries are members of the European Union. We used
spatial and descriptive data from the official consolidated Euro-
pean Natura 2000 dataset, December 2009, prepared by the Euro-
pean Environment Agency (EEA, 2010a).
2.2. Measuring connectedness

Connectedness describes the structural links between elements
of the spatial structure of a landscape and can be described using
mapped elements (Baudry and Merriam, 1988), in this case,
boundaries of Natura 2000 sites. We chose to measure the connect-
edness by a quantified proportion of Natura 2000 sites on the both
sides of a border. The country borders used in this analysis were
derived from the European Boundary Map at a scale of 1:100,000
obtained from the European Environment Agency. Unfortunately
Member States use country borders at different scales and projec-
tions during the process of digitising Natura 2000 site boundaries.
Where two countries share a border, this border is represented
slightly differently in the cartographic system of each country
due to factors such as the national projection and the scale at
which the border has been mapped. This means that where in real-
ity a Natura 2000 site shares a common border when this site is
digitised, the ‘common border’ is displayed differently and in effect
creates a cartographical distortion of reality. In order to overcome
these obstacles, and examine this issue at the European scale, we
degraded all datasets to 1 km grids (the 1 km ETRS 89 LAEA 5210
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grid was used). The initial step was to intersect the borders with
the 1 km grid. As a second step, all Natura 2000 sites that inter-
sected the gridded border were extracted and separated by coun-
try. These sites, split by country, were then intersected with the
same 1 km grid. Following on from this, all grid cells where sites
from different countries occurred in the same cell were considered
to represent areas where the border consisted of Natura 2000 sites
on both sides. Those cells where only sites from one country oc-
curred in were considered to be areas where the border was com-
posed of Natura 2000 site but only on one side (Fig. 1). Thus we
counted (1) the number of cells which included Natura 2000 site
only on one border side and (2) the number of cells which included
Natura 2000 sites on both sides of border. We quantified connect-
edness as a proportion of value 2 against the sum of values 1 and 2.

In order to test possible variation of connectedness according to
political and geographical factors, we classified the 34 boundaries
as to whether they represented old or new European Union Mem-
ber States according to the recent enlargement process (the 12
Member States that joined since 2004 were classified as ‘new’)
and whether the boundary is a division of nations representing
the same or different major language families (e.g., Romance,
Germanic, Balto-Slavic, Finno-Ugric, Greek (National Geographic
Society, 2005)). The last variable was introduced to test whether
language barrier was an obstacle in communication between
authorities of neighbouring countries thus making the selection
of optimal trans-border protected areas more difficult.

As only a small part of the former Iron Curtain line (i.e., division
between East and West earlier in 20th century; Cerovsky, 1998)
Fig. 1. Gridding of country borders and method of calculation of connectedness. Connect
matches with today’s terrestrial borders between the EU Member
States (only Austrian/Czech, Austrian/Hungarian, Austrian/Slovak,
Bulgarian/Greek), so we could not address this potential effect
due to too small sample size in one level of this factor (4 versus 30).

We tested if connectedness is related to the proportion of Natu-
ra 2000 sites cover (i.e., density) within 1 km border buffer and to
the physical features of the borders, namely the proportion of
mountainous areas and rivers forming the political border. To as-
sess the proportion of ‘mountainous areas’ present in the borders
we used the ‘mountains’ dataset created by the European Environ-
ment Agency during the work on a report on mountains in Europe
(EEA, 2010b). This ‘mountains’ dataset used 16 combinations of cri-
teria to designate ‘mountainous’ areas in Europe. River data were
obtained from the European Catchments and Rivers Network Sys-
tem database (ECRINS) version 1.0 of the European Environment
Agency (ECRINS, 2012). We considered all rivers in this database
(without size limitation) that were forming the border, but not riv-
ers that were crossing the border. Both mountain and river data-
sets were plotted against the country borders as derived from
the European Boundary Map to obtain a percentage of grids with
mountains and rivers.

2.3. Measuring connectivity

Connectivity according to Baudry and Merriam (1998) is a
parameter of landscape function, which measures the processes
by which sub-populations of organisms are interconnected to a
functional demographic unit. Species survival is dependent on
edness was expressed as number of dark grey grids/number of light grey grids � 100.
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habitat quality, resource availability and, for most species, the abil-
ity move through landscape. Movement is needed daily for forag-
ing, rest and shelter, and as periodic migrations for reproduction
and to avoid unfavourable environments and for dispersal (e.g.,
Hansson, 1991; Caughley and Sinclair, 1994).

Plants and animals both disperse by wind, water, with the help
of other species or by their own movements. Dispersal can only
function if there are sites to disperse from and to and a means of
dispersal (Jongman et al., 2004). Dispersal is often associated with
emigration and immigration, i.e., movement from one population
or meta-population to another, very often from one protected area
to another, especially in an urbanised landscape matrix as found in
large parts of the European Union. We measured connectivity by a
proportion of pairs of Natura 2000 sites on both sides of political
borders that host the same species, which indirectly indicates a
presence of successful dispersal (emigration or immigration) be-
tween sites in a historical sense. For each border, we first identified
site-pairs and then checked if the paired sites host the same spe-
cies. A ‘pair’ consisted of two sites, each from the other side of a
country border, with a maximum distance of 1 km between their
external borders. To start off all Natura 2000 sites within 1 km of
a border were selected. Each site was buffered by 1 km and all sites
from adjacent countries selected by this buffer were deemed to be
potential pairs for the site (Fig. 2). Accordingly, one site could par-
ticipate in more than one pair. The procedure was run from one
side of the border, then the other, and then duplicates were
eliminated.
Fig. 2. Identification of the site pairs to measure connectivity. An example shows a pair
Estonian site EE0080608 with the Latvian site LV0534500.
We restricted our analyses to taxonomic groups with limited
dispersal ability and where dispersal ability may be a key factor
influencing survival: amphibians, reptiles, invertebrates and plants
listed in the Annex II of the Habitats Directive (European Commis-
sion, 1996). Species with limited dispersal ability are more depen-
dent on continuous habitats (sites) and therefore can be a good
measure of biological connectivity. Annex II of the Habitats Direc-
tive includes 24 reptile, 25 amphibian, 135 invertebrate and 461
plant species. However, many (59.8%) of these species occurred
only in one Member State, and thus they could not be included
in this study. Finally, 21 reptiles and amphibians, 78 invertebrates
and 93 plants were included in this study, which constitutes 21% of
the taxa listed in the Annex II of the Habitats Directive.

Knowledge of the biology of dispersing organisms is currently
inadequate, particularly regarding the distances that organisms
can move through a landscape from one habitat patch to another
(Ruckelhaus et al., 1997; Johnson et al., 2008). Distance limitation
to a maximum of 1 km between sites in a pair seems fair to study
possible border effects, as well as it reflects well the possibilities of
most taxa to travel between sites given their maximum dispersal
capacities (Table 1).

Data on the presence/absence of species in paired Natura 2000
sites were taken from the respective Standard Data Forms submit-
ted by the Member States (European Commission, 1997). It is
acknowledged that Natura 2000 data have been collected primarily
for nature conservation administration purposes, rather than
scientific, and involve different methods and effort by different
ing of Estonian site EE0080471 with 2 Latvian sites LV0843500 and LV0600700 and



Table 1
Observed dispersal capacity of some species listed in the Annex II of the EU Habitats Directive.

Species or group Distance
(m)

Comments on distance References

Plants
Lady’s-slipper Orchid Cypripedium

calceolus
>100 Plants with identical multi-locus genotypes were found Brzosko et al. (2002)

17 Grassland plant species (not
Annex II)

140–780 Potential dispersal Kiviniemi and Eriksson (1999)

Invertebrates
Ramshorn snail Anisus vorticulus 179 Median between the two occupied suitable habitats Niggebrugge et al. (2007)
Ramshorn snail Anisus vorticulus 679 Median between the two occupied and unoccupied suitable

habitats
Niggebrugge et al. (2007)

Violet copper Lycaena helle 560 Maximum travel Fischer et al. (1999)
Marsh fritillary Euphydias aurinia 400 Maximum travel Baguette and Schtickzelle (2006), Junker and

Schmitt (2010)
False ringlet Coenonympha oedipus 399 Maximum travel Celik et al. (2009)
Maculinea butterflies 100 Approximate travel Nowicki et al. (2005)
Southern damselfly Coenagrium

mercuriale
1060 Maximum dispersal capacity Purse et al. (2003)

Stag beetle Lucanus cervus 2065 Maximum travel Rink and Sinsch (2007)
Hermit beetle Osmoderma eremita 190 Maximum travel Ranius and Hedin (2001)
Long-horned beetle Rosalia alpina 1000 Maximum dispersal range Gatter (1997), Russo et al. (2011)

Amphibians
Crested newt Triturus cristatus 1290 Maximum travel Kupfer (1998)
Crested newt Triturus cristatus 1000 Average dispersal rate per year Arntzen and Wallis (1991)
Italian crested newt Triturus carnifex 299 Maximum travel Schabetsberger et al. (2004)
Alpine salamander Salamandra

aurorae
30 Maximum travel Bonato and Francasso (2003)
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Member States. Nevertheless, we consider this information reliable
at the level of presence or absence of species, applied in this study.
The presence or absence of the feature is very important and with
legal consequences for the Member States due to the fact that the
listing of the feature in the Standard Data Form of a site is not only
a statement of its presence but also initiates a responsibility by the
Member State to ensure its conservation at the site in a favourable
condition (European Commission, 1996). Therefore Member States
must run national site surveillance and monitoring programmes
and regularly update species information in the Standard Data
Forms.
2.4. Statistics used

All statistics were performed using R software (R Development
Core Team, 2011). As the percentages which we used to quantify
connectedness and connectivity as well as variables, such as river
presence and the portion of the border region consisting of Natura
2000 sites, had significant departures from the normal distribution
we used non-parametric statistics. For comparison of two samples
we used the Wilcoxon ranks test and for comparison of three sam-
ples (only where Member States were classified as old, new and
different) we used the Kruskal–Wallis rank sum test. The Spear-
man Rank Correlation (rs) was used to detect possible correlation
between connectedness measures, as well as between connected-
ness and border length, between connectedness and number of
sites within a 1 km buffer of the border and between connected-
ness and river presence on the borders. Exceptions were the con-
nectivity and mountains where we could not use rank correlation
because of too many tied ranks. In these cases we used Pearson
correlation (r) and square root transformation in order to best fit
variables to the normal distribution.

To model the factors that affect connectivity we created a data
matrix where the entry unit was site-pair. Due to the hierarchical
structure of the dataset, we used Generalised Linear Mixed Models
(GLMM) from the R statistical software with the ‘‘lme4’’ package
(R Development Core Team, 2011; Bates et al., 2011) to explore
possible impacts of predictor variables upon connectivity (Table
2). We fitted a binomial family model using the logit-link function
with a binary response variable that indicated whether or not com-
mon features exist in the site-pair (further Binary response model)
and a Poisson family model using a log-link function with a dis-
crete numerical response variable that indicated the number of
common features in the site-pair (further Numerical response
model). To control for the effects of individual borders between
countries, we included each country pair as a random effects factor
in the model. We explored all possible combinations of uncorre-
lated variables. From the competing models we chose one binary
response and one numerical response model consisting of signifi-
cant and near-significant predictors (P < 0.1) having the smallest
Akaike’s Information Criterion (AIC) and highest log likelihood
(there was no contradiction between these two).

The covariates ARETOT, AREGAP, FEATOT and FEAGAP (Table 2)
were strongly inter-correlated (Spearman rank correlation: rs =
0.34–0.90, P < 0.001) and so were LASTTIM and GAPTIM (Spearman
rank correlation: rs = �0.24, P < 0.001). Inter-correlated variables
were not allowed to occur simultaneously in the same model. As
variables LASTTIM and GAPTIM held missing values (Table 2),
models having any of these parameters were estimated from 422
complete cases and only 30 country-pairs were used in MSPAIR
as all site pairs on Hungarian–Romanian, Bulgarian–Romanian,
Belgian–German and Belgian–Luxembourg borders had only miss-
ing values, i.e., no data.
3. Results

3.1. General observations

The Natura 2000 database from the end of 2009 included infor-
mation on 25,828 sites in 27 EU Member States covering 922,271
km2. Of these, 1226 sites were within a 1 km buffer of EU internal
terrestrial boundaries. The total terrestrial border length between



Table 2
Predictors used to explain variation in connectivity using Generalised Linear Mixed Models and their parameters.

Variable Description Variable type Count/ basic statistics

ENLARG Indicates whether site-pair was located on the border between ‘old’,
‘new’ or ‘old and new’ EU member states.

Fixed 3-level factor Old: 252, new: 142, different: 120

LANGUA Indicates whether site-pair was located on the border between different
or same or different major language families

Fixed 2-level factor Same: 283, different: 231

MOUNT Presence of mountains in the site-pair area Fixed 2-level factor Yes: 340, no: 174
RIVER Presence of river forming the border in the site-pair Fixed 2-level factor Yes: 180, no: 334
MSPAIR Country-pair to which the site-pair belongs Random 34-level

factor
514

N Mean Range

ARETOT Total area (ha) of the sites in a pair Covariate 514 30377.7 71.6 – 587187.0
AREGAP Difference in the area (ha) between the sites in a pair Covariate 514 21270.6 1.2 – 317723.0
FEATOT Total number of species in the sites in a pair Covariate 514 9.2 0 - 38
FEAGAP Difference in the number of species in the sites in a pair Covariate 514 4 0 - 31
LASTTIM Time (months) since designation of the last site in a pair Covariate 422 70.7 6.1 – 171.5
GAPTIM Time gap (months) between designation of the sites participating in a

pair
Covariate 422 40.5 0 – 168.4

ACTDIST Actual distance (m) between the sites in a pair Covariate 514 74.0 0 - 1000
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EU Member States was 14,714 km. There was a high variation in
Natura 2000 site densities within 1 km of the border, similarly in
the ratio between the border region and the interior of the state
(Fig. 3). There were no statistically significant differences between
Natura 2000 site densities (% cover), between the border regions
and interior of the state (Wilcoxon ranks test, P = 0.17).

3.2. Connectedness

Connectedness scores varied significantly among borders
(Table 3) with a mean 46.2 ± 3.9SE%, range 5–98%. The best con-
nectedness was along the Swedish–Finnish border in the North.
The worst connectedness was recorded for the Austrian–Slovenian,
French–Luxembourg and Polish–Lithuanian borders, which were
also amongst the shortest. In general, good and bad examples of
connectedness can be found in all parts of European Union
(Fig. 4A). Relationships between border length versus connected-
ness (rs = 0.30, P = 0.07), number of sites at the border versus con-
nectedness (rs = �0.17, P = 0.31) and between average density of
Natura 2000 sites in the 1 km border region of two bordering EU
Member States versus connectedness (rs = 0.24, P = 0.17) were
not statistically significant.

Connectedness did not depend on political factors. We com-
pared connectedness between boundaries where both countries
were new EU Member States (joined in 2004, or 2007), where both
were old Member States and where one was new and one was an
old Member State (Kruskal–Wallis rank sum test, P = 0.63). Like-
wise, we compared connectedness of boundaries where both
Member States represented the same versus different major lan-
guage families (Wilcoxon ranks test, P = 0.97).

There were no significant correlation between the proportion of
mountains at border and connectedness (r = 0.10, P = 0.57), but
more rivers as borders significantly increased connectedness
(rs = 0.61, P < 0.001).

3.3. Connectivity

We identified 514 pairs of sites in the 1 km buffer of the 34
political borders of the European Union. These pairs included
3720 presences of selected species and 870 ‘matches’, i.e., when
the species was present in the sites in both sites of a pair. Such
matches were present in 60% of site-pairs. On average there were
1.69 matches per site-pair; maximum number of matches per
one site-pair was 15.

We further examined potential factors that might affect connec-
tivity at the site-pair level using multi-factor modelling. Statistically
significant predictors in the GLMM model with a binary response
variable were the total number of features in the site-pair (more fea-
tures, better connectivity), Member State pair classification accord-
ing to EU enlargement (best connectivity on the borders of two old
and worst connectivity on the borders of two new Member States),
presence of river forming the border (better connectivity if a river is
present) and time since designation of the last site in a pair (better
connectivity if more time has passed since designation; Table 4).

The best numerical response model was similar but with the
exception that Member State pair classification according to EU
enlargement did not appear as a significant factor. Instead, the ef-
fect of potential language barrier was near-significant suggesting
better connectivity on borders between nations belonging to the
same language group. During the model selection procedure it be-
came clear that both binary response and numerical response
models have a good agreement as the effect of fixed variables
had the same direction and similar significant predictors (Table 4).

Examining the time difference between the designation dates of
sites participating in one site-pair, we found no significant differ-
ences between different border categories with relation to a date
of membership in the European Union (means ± SE: old/new
41 ± 1.9 months, old/old 40 ± 1.7, new/new 38 ± 1.6) with an EU
mean of 40.4 months, or 3.4 years.

Connectivity scores per border varied significantly across the
European Union (Table 3; Fig. 4B) with a mean of 67.9%. Thirteen
political borders had 100% connectivity, i.e. all site pairs on these
borders had at least one common species. Connectedness posi-
tively correlated with connectivity (r = 0.40, P = 0.017). There were
a few cases with better connectivity but relatively poor connected-
ness (e.g., Austrian/Hungarian, Austrian/Slovenian, Belgian/Luxem-
bourg, French/Luxembourg, Hungarian/Romanian, Irish/United
Kingdom and Italian/Slovenian) but very few examples where con-
nectedness was good but connectivity poor (e.g., Czech/German
and German/Danish; Table 3).

3.4. Species and taxonomic groups

The total of 870 matches was unevenly distributed among 192
species used in this study. Of these species, 85 had less than 5 pres-
ences in selected site-pairs, and of those 65 species had no
matches. Only one species (stag beetle Lucanus cervus) was present
in more than 200 site pairs (242) and only 11 species between 100
and 200 site-pairs. Individual taxonomic group connectivity aver-
aged from 18.7% to 30.1% (Table 5). Each group had similar propor-
tions of species with high and low individual connectivity scores.
Notably, species with the highest individual connectivity tended



Fig. 3. Natura 2000 site cover in the 1 km buffer and the ratio between the cover in
1 km buffer versus the cover in the interior of EU Member States. Member States are
arranged according to greatest proportions in selected buffer of borderland. Names
of the European Union Member states follow the ISO 2-digit codes.
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to be geographically localised, i.e., occurring in 2–3 Member States.
The most common species at the border, those with presence in at
least 50 site pairs, had individual connectivity values typically be-
tween 15% and 35%.
4. Discussion

Looking at the level of the European Union, both connectedness
and connectivity varied greatly amongst borders (Table 3; Fig. 4),
but were positively correlated. However, in few cases good con-
nectedness was not associated with good connectivity. Moreover,
very few political and environmental factors used to explain vari-
ation in trans-boundary connectedness and connectivity proved
to be statistically significant in this study. Each of the 34 country
borders has its own history with a unique subset of factors influ-
encing Natura 2000 site selection and management with few com-
mon patterns and any generalisations should be made with care.

To interpret the above findings in a broader inter-disciplinary
aspect, it is worthwhile to examine the historical factors that
determined the presence of protected areas in the border areas
which could influence connectedness and further connectivity. In
Europe, until the 20th century, the most common motivations to
preserve nature were religion, hunting interests and protection of
the entire landscape for aesthetic reasons (Welzholz and Johann,
2007). Even the first protected areas, whose declared aim was
biodiversity protection, were mostly created in areas which were
too remote or unproductive to be important economically (Pressey
et al., 1996), for example at high altitudes (Nilsson and Gotmark,
1992; Rosati et al., 2008). However, areas historically ‘remote
and unproductive’ are not necessarily on the political borders as
they are today. Many major cities and industry centres are not nec-
essarily situated in the central geographical positions within Mem-
ber States which would determine the locations of protected areas
being more along country borders. Countless political events in
20th century Europe have resulted in changed political borders.
Thus locations of many capitals and other cities, and even of early
protected areas (many of which later became Natura 2000 sites),
are actually older than the country borders themselves.

With the start of the building of the Natura 2000 network, con-
servation efforts at the European level became more systematic
and concerted by ensuring that all species listed in Annex II of
the EU Habitats Directive are adequately protected given their
abundance, distribution and ecological and genetic variation
(Evans, 2012). Thus the entire territory of each country had to be
assessed, irrespective of economic or social interests. Fig. 3 shows
that there was a high variation in the ratio between Natura 2000
site cover (%) at the border and in the interior. Ignoring the island
states of United Kingdom and Ireland, and a number of other states
with a proportionally large marine border versus terrestrial (e.g.,
Denmark, Greece, Finland and Sweden), Slovakia and the Czech
Republic with their top positive ratio pose no surprise, as a large
proportion of their boundaries are ‘most natural’, i.e., situated
along natural barriers, such as mountains, where Natura 2000 sites
would be expected to be especially numerous. In contrast in the
Baltic region (Estonia, Latvia, and Lithuania) the ratio between
the Natura 2000 cover in the border region versus the interior
was negative. A possible explanation for the smaller number of
sites on the borders of the Baltic region is that these countries still
host a high level of biological diversity throughout the region.
Some EU priority habitats according to Annex I of the Directive,
for example active raised bogs, western taiga and bog woodland,
are very widely distributed in this region either in the interior or
at the border, therefore there was no specific reason to pay special
attention to the border region. Moreover, in the Baltics many of the
most important wetlands are not on political borders (Kimmel
et al., 2010) and a relatively low proportion of the borders are
formed by rivers. In addition, during the relatively recent Soviet
period, Baltic terrestrial borders were not ‘active borders’ with an
absence of border security and limitations in agricultural or indus-
trial development.

It may seem logical that a greater proportion of border region
covered by the Natura 2000 sites would lead to better connected-
ness and thus to high connectivity. This was true in many cases,
but with certain exceptions. The large proportion of Natura 2000
sites along the Czech Republic’s borders yielded only moderately
good connectedness and bad connectivity at the Czech–German
border (Table 3). The reason for this can be due to different habitat
management on both sides of the border (e.g., Roth, 2005; Konvi-
cka et al., 2008).

Many country borders follow rivers and mountain ridges.
Therefore sites on different border sides can have different biotic
and abiotic conditions (exposition, micro-climate, abrasion/accu-
mulation, vegetation etc.) which can lead to different species
occurring on each border side. In such cases neighbouring Member
States would have different reasons for determining boundaries of
sites on their respective side of the border. For example, the Arctic
marsh grass Arctophila fulva is present in the Finnish site
(FI1302105 Kainuunkylän saaret) and absent from the adjacent
Swedish site (SE0820430 Torne och Kalix älvsystem) though both
paired sites are situated by the Tornio River which forms the bor-
der between these countries. However, upon closer examination, it



Table 3
Connectedness and connectivity of 34 European Union internal terrestrial borders. Connectivity was positive for the
site-pair if at least one common feature was found. Names of the EU Member states follow the ISO 2-digit codes.

Border Length (number
of grids)

Number of sites within 1 km
of border buffer

Connectedness; all Natura
2000 sites (%)

Connectivity; SCI
only (%)

AT/CZ 443 21 58.1 57.1
AT/DE 786 48 58.1 72.7
AT/HU 352 26 33.2 100.0
AT/IT 415 51 43.8 80.0
AT/SI 312 23 5.8 100.0
AT/SK 111 61 87.9 92.9
BE/DE 152 31 39.7 20.0
BE/FR 632 36 49.1 41.7
BE/LU 148 31 15.6 60.0
BE/NL 449 96 27.7 46.2
BG/GR 489 11 42.8 95.5
BG/RO 609 15 57.3 100.0
CZ/DE 743 11 47.7 18.9
CZ/PL 762 77 39.8 20.0
CZ/SK 241 71 24.0 63.6
DE/DK 68 64 32.3 0.0
DE/FR 444 48 61.5 95.2
DE/LU 134 19 72.2 77.8
DE/NL 569 47 22.3 46.7
DE/PL 431 25 72.7 60.0
EE/LV 338 48 44.6 8.3
ES/FR 791 52 63.3 52.6
ES/PT 1198 61 65.9 100.0
FI/SE 541 39 98.4 100.0
FR/IT 508 13 49.0 100.0
FR/LU 76 13 8.0 100.0
HU/RO 446 13 38.8 100.0
HU/SI 85 13 57.3 100.0
HU/SK 624 9 68.6 100.0
IE/UK 455 19 69.6 100.0
IT/SI 226 23 49.5 100.0
LT/LV 533 70 9.0 0.0
LT/PL 97 35 4.7 0.0
PL/SK 505 6 63.1 100.0

234 O. Opermanis et al. / Biological Conservation 153 (2012) 227–238
can be seen that the Swedish site includes only freshwater habi-
tats, i.e., water column, while the Finnish site includes a variety
of other habitats including marshes which are the habitat for the
Arctic marsh grass.

Therefore connectedness and connectivity as such across coun-
try borders cannot be considered ‘bad’ or ‘good’ (although we use
such expressions before and below in this paper, meaning low or
high scores), and good connectivity is not always achievable. More-
over, depending on the biology of the species, connectivity can be
both positively and negatively related to species conservation
(Taylor et al., 2006). Thus we refrained from setting thresholds sat-
isfactory connectedness and connectivity, and the figures obtained
from our calculations serve rather as a comparison between the
individual European Union terrestrial borders and between
regions.

Using GLMM to study connectivity at the site-pair level we
found, not surprisingly, that if more protected species were in a
site-pair there was a higher chance of having at least one or more
of them in both sites. Presence of a river as the border positively
affected connectivity. However, rivers can be both obstacles and
agents in species dispersal. Factors that can affect dispersal, i.e.,
river width and depth, water velocity (Riis and Sand-Jensen,
2006) spatial arrangement and overall proportion of dead water
zones (Bond et al., 2000), dispersal phenology and weather (Meritt
and Wohl, 2002), presence of animals, such as birds, as agents of
dispersal (Clausen et al., 2002), interplay with different dispersal
strategies of different organisms included in this study. In general
most streams are dynamic ecosystems with changing water levels
and disturbances which are temporarily unpredictable (Riis and
Sand-Jensen, 2006). Positive effect of rivers on connectivity in this
study can be explained by the fact that the used river database
(ECRINS) contained also relatively small streams (down to few
metres wide) and thus many such streams could not act as serious
barriers even for poor dispersers. On the other hand, the river pres-
ence itself would ensure higher diversity of habitats and likely also
protected species richness in site-pairs and thus connectivity. Nev-
ertheless, it is uncertain whether this pattern would repeat else-
where if similar study was repeated.

‘Political’ factors had a less pronounced effects on connectivity.
Better connectivity was achieved when a site-pair was represented
by the old EU Member States in the binary response model and the
language barrier seemed to be a problem in the numerical re-
sponse model (Table 4). Although each of these variables appears
only in one of the final models, this pattern was present in all
tested models that included these variables. Surprisingly, the time
gap between designations of paired sites did not play a consider-
able role on connectivity. If there is a large time gap between des-
ignations, the Member State designating the second site has an
opportunity to examine the Standard Data Forms of the already
designated sites from the other side of the border and to take this
information into account in its own survey planning and decision-
making. On the contrary, if both Member States are working in par-
allel with similar time schedules, it is possible to co-operate in field
investigations, information exchange and decision-making. Our
study showed that neither of these assumptions worked. In fact,
of ‘political’ factors, a better predictor of connectivity was the time
since the second site of a pair was designated. This can be ex-
plained by the fact that very often inventories and other studies
in Natura 2000 sites continue after the designation, thus improving
knowledge of the species that are present. Neighbouring Member



Fig. 4. Connectedness (A) and connectivity (B) of Natura 2000 sites across country borders in different parts of the European Union. Worse connectedness and connectivity
scores are marked by thicker lines.
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States might have had an opportunity to organise a search for
‘missing species’. Thus, the longer the time period since both sites
‘were in place’, apparently, more complete were these inventories.
This suggests that the presence of ‘documented connectivity’ is
more linked with available scientific knowledge about sites rather
than the right choice of Natura 2000 site boundaries at the time of
site designation.

How far connectedness and connectivity can be influenced by
an intended co-operation between neighbouring countries?
According to the few published self-assessments, there was no
cooperation between Czech Republic and Austria (Roth, 2005)
and it brought ‘below average’ values of connectedness and con-
nectivity (Table 3). There was very good cooperation between the
Czech Republic and Germany resulting in average connectedness
but not good connectivity. On the contrary, in the case of several
good trans-border projects between Hungary and Romania (Ilies
et al., 2010) there was poor connectedness but 100% connectivity
(Table 3). The cooperation between Germany and Poland was dif-
ficult because the countries were at different stages of the Natura
2000 designation process, nevertheless the result was good con-
nectedness and connectivity. Cooperation between Poland and
Czech Republic was not possible because of different approaches
in site designation process in these states, even though both coun-
tries represented the same European Union enlargement group in
2004 (Makomaska-Juchiewicz, 2005). Consequently the Czech–
Polish border had low connectedness and connectivity (Table 3,
Fig. 4).
Overall, there is an opinion that, in general, cross-border coop-
eration for establishing ecological networks in Europe is not well
developed: most plans are being or have been developed only at
the regional or sub-national level (Jongman et al., 2004). It seems
that often cooperation is mainly ‘at the Park level’, i.e., it deals with
large protected areas, like National Parks, but less regarding the
smaller Natura 2000 sites which may not have recreational value.
However, our data seem to show that, even though cooperation
may have been lacking, especially at the official level, the Habitats
Directive requirement that Natura 2000 sites must be selected on
purely scientific criteria within Member States must have brought
results that probably seem to be adequate. In 13 out of 34 borders
connectivity measure was 100% and in 11 another borders over
50% and this seems to be a good result. Clearly the bio-geographi-
cal seminars (Evans, 2012) have had a positive impact on
connectedness and connectivity. These seminars were held once
most Member States in a bio-geographical region had proposed a
significant share of potential SCIs. At the bio-geographical semi-
nars, Member States had an opportunity to look at the trans-
boundary issues and fill in the gaps through designation of addi-
tional sites in the following years.

This study did not reveal substantial differences in trans-border
connectivity between different taxonomic groups (Table 5), while
great variation existed within taxonomic groups, obviously depend-
ing on the dispersal strategy and ability of individual species. It is
remarkable that the distribution of the best-performing species
was limited to a few Member States. This suggests that the
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Fig. 4 (continued)

Table 4
Factors affecting connectivity in cross-border site-pairs.

Model parameter Binary response model Numerical response model

Estimate SD P value Estimate SD P value

Intercept 82.7536 0.7082 0.0001 �1.2562 0.1974 1.98e-10
FEATOT 0.4443 0.0510 <2e-16 0.0977 0.0152 <2e-16
LANGUA (same) 0.2980 0.1686 0.08
ENLARG (different) �1.6157 0.7870 0.04
ENLARG (new) �1.9709 0.7565 0.01
RIVER (yes) 0.9133 0.3579 0.01 0.2650 0.0882 0.003
LASTTIM 0.0105 0.0061 0.09 0.0034 0.0019 0.08
Intercept variance (MSPAIR) 1.3168 1.1475 0.1052 0.3243
Log likelihood �167.6 �235.9
AIC 349.1 483.7
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responsible Member States were aware about the high priority of
detecting and protecting these species, and this is very important
for their global survival probability (Schmeller et al., 2008).

A few limitations of this study should be highlighted. In the Euro-
pean Union, the Natura 2000 network makes a crucial contribution
to the protection of the core areas in the Pan-European Ecological
Network (Bonnin et al., 2007), thus it is important to be aware that
this study looked only at a part of the European ecological network.
Other existing elements, such as nationally protected areas, corri-
dors and stepping stones that are outside Natura 2000 network, pos-
sibly ensure higher connectivity than observed in this study.
Protected area networks, and other sites of key importance to
biodiversity are often viewed only as large islands in a mixed land-
scape matrix (Donald and Evans, 2006). We investigated connect-
edness and connectivity of such ‘islands’ across country borders
which are ‘artificial lines’ in an ecological sense, because these
lines could be bottlenecks for connectivity at the European Union
level. We assume that within-country connectedness and connec-
tivity must be ensured relying on the understanding of this neces-
sity by the nature conservation administrations in each European
Union Member State. This, however, needs confirmation through
further studies.



Table 5
Connectivity in different taxonomic groups. Panel A: Average connectivity value between groups. Panel B: Best performing species and their distribution pattern. Names of the
European Union Member States follow the ISO 2-digit codes.

Taxonomic group Total site-pairs Matches % Connectivity

Panel A
Amphibians and reptiles 883 266 30.1
Invertebrates 2131 472 22.1
Plants 693 130 18.7

Species Tax. group Total Matches % Connectivity Distribution

Panel B
Carabus menetriesi pacholei Invertebrate 6 4 66.7 AT, CZ, DE
Ophiogomphus serpentinus Invertebrate 2 1 50.0 DE, FR
Gentiana ligustica Plant 26 12 46.2 FR, IT
Hydromantes strinatii Amphibian 26 12 46.2 FR, IT
Tozzia carpatica Plant 5 2 40.0 PL, SK
Bombina bombina Amphibian 197 78 39.6 Many
Androsace pyrenaica Plant 18 7 38.9 ES, FR
Stenobothrus eurasius Invertebrate 8 3 37.5 CZ, HU, SK
Cucujus cinnaberinus Invertebrate 52 19 36.5 Many
Mauremys leprosa Reptile 55 19 34.5 ES, FR, PT
Chioglossa lusitanica Invertebrate 12 4 33.3 ES, PT
Erebia calcaria Invertebrate 6 2 33.3 AT, IT, SI
Lacerta schreiberi Reptile 33 11 33.3 ES, PT
Saxifraga florulenta Plant 6 2 33.3 FR, IT
Lacerta bonnali Reptile 34 11 32.4 ES, FR
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One of the main problems in the evaluation of protected area
efficiency is the absence of systematically collected data about
the subjects of site designation (e.g., Gaston et al., 2006; Ioja
et al., 2010). Also in this case, the only way to study connectivity
of the Natura 2000 network given the limitations of our data
source (Natura 2000 database) was to choose dispersal success,
based on evidence that the same species is present in two neigh-
bouring sites. Ideally, the study should have been implemented
by looking at how Natura 2000 sites match with the detailed map-
ping of species distributions or species’ habitats. Unfortunately,
such information is not available at the EU-wide scale for all the
species involved. In our opinion, our method was a good way for-
ward in the absence of such ideal data. However, there is also tem-
poral uncertainty about our findings on connectivity: the fact, that
same species occur in both sites of a trans-border pair, does not
necessarily mean that connectivity exists today as species may
have travelled between sites a long time ago. So our work relates
to both existing and existed connectivity but the relationships be-
tween the two remain unknown.

In this study we relied on the data recorded in the Standard
Data Forms and provided by the EU Member States. It is known
that not all SCIs in different countries have been surveyed system-
atically with the same effort and precision. Therefore trans-bound-
ary connectedness in this study may have been overestimated (due
to historical data which was used and the fact that in some cases
the species may no longer occur in some Natura 2000 sites) or
underestimated (as some sites may not have been surveyed with
appropriate method, timing or effort to detect all possible species
of the Annex II of the Habitats Directive). We, however, have good
reason to believe in the underestimation of connectivity as most
EU Member States are running Natura 2000 survey and monitoring
schemes and this will likely lead to new discoveries of species and
consequently to an improvement of documented connectivity.

The application of our method to study connectedness and con-
nectivity across country borders elsewhere in the World would
perhaps bring interesting results at a large (continental or sub-con-
tinental) scale, but provided that similar (or better) data collection
pattern and recording, as in case of Natura 2000, exists. Within the
European Union, similar assessment could be done across borders
of provinces of large federal states (e.g., Germany, Spain), since it is
possible that these boundaries may pose similar threat to species
dispersal as the country borders (Ssymank, 2005).
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Abstract

Virus-like particles (VLPs) are created by the self-assembly of multiple copies of envelope and/or capsid proteins from many viruses,
mimicking the conformation of a native virus. Such noninfectious nanostructures are mainly used as antigen-presenting platforms, especially
in vaccine research; however, some of them recently were used as scaffolds in biotechnology to produce targeted nanoparticles for intracellular
delivery. This study demonstrates the creation of fusion VLPs using hepatitis B core protein-based system maintaining a fibronectin-binding
property from B. burgdorferi BBK32 protein, including the evidence of particles’ transmission to BHK-21 target cells via caveolae/rafts
endocythosis. These results make this construct to be an attractive model in development of HBc-based nanoparticles for cellular targeting
applications and highlights the fragment of B. burgdorferi BBK32 as a novel cellular uptake-promoting peptide.

From the Clinical Editor: This paper discusses the nanotechnology-based application of self-assembling viral-like peptides (VLP-s) for targeted
delivery using a hepatitis B core protein based system. Creating fusion VLPs may be an attractive model for cellular targeting applications.
© 2013 Elsevier Inc. All rights reserved.

Key words: Fibronectin; Nanoparticles; B. burgdorferi
Various strategies in the design of nanoparticles (NPs) —
particles in the size range 1 – 1000 nm — aim to create new
generations of drug-delivery vehicles, contrast agents, and
diagnostic devices.1 One of the relevant potentials of the
nanomedicines is their intracellular targeting possibility. Effec-
tive intracellular drug delivery is important for therapeutic agents
that have specific molecular targets inside a cell as well as for
drugs that undergo extensive efflux from the cell by the efflux
transporters. Thus, the ability to penetrate inside cells bypassing
lysosomal degradation is one of the key problems in the rational
design of pharmaceutical nanocarriers.2 For this purpose, the
surface of nanocarriers could be modified by certain
internalizable ligands (e.g., folate, transferrin) or by cell-
penetrating peptides, such as a trans-activating transcriptional
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activator (TaT), an integrin-binding peptide (RGD peptide) or
polyArginine.3 This approach is receiving increasing attention
over the last years because it is efficient for a range of cell
types, and various endocytotic mechanisms can be engaged to
facilitate the internalization of a carrier.2

Virus-like particles (VLPs) is a broad group of nanocarrier
systems that exhibit great potential in biomedicine research,
including targeted drug delivery.4 VLPs are self-assembling
noninfectious supramolecular structures that have been pro-
duced from structural proteins of a wide variety of virus
families. The unique features of VLPs are proper dimensions
for nanoscale applications, size homogeneity, a large surface
area-to-mass ratio, a symmetric macromolecular organization,
biodegradability, biocompatibility and ease of production/
purification.5 In addition, a number of targeting molecules
and peptides can be displayed in a biologically functional form
on their capsid surface using chemical or genetic means.1

However, the issues of potential toxicity, biodistribution,
clearance rates, stability, and immunogenicity are not fully
addressed for these novel molecular devices for in vivo
biomedical applications.
s for intracellular targeting addressed by B. burgdorferi BBK32 protein
.2012.05.003
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Figure 1. (A) Schematic presentation of the fusion HBc/BBK32 constructs used in this study. BBK32 fragments were inserted in MIR of HBc protein. Gray
boxes: HBc fragments.White boxes: BBK32 fragments. Abbreviations of grey color represents linkers (amino acids GS and SS), and amino acids, added due to
introduction of the BamHI restriction site (amino acids P and D). (B) Three-dimensional prediction of the HBc VLP and individual HBc protein chains. (C)
Three-dimensional prediction of the individual HBc protein chains carrying different fragments of the BBK32 protein. Predictions were performed on the basis
of the x-ray structure of the HBc, genotype A,7 by a comparative modeling program 3D-JIGSAW (http://bmm.cancerresearchuk.org/3djigsaw/)30 and presented
by Chimera software.31 Chains A (orange red) and D (cornflower blue) of the HBc asymmetric tetramer unit are presented, but B and C chains are omitted for
visual clarity. Three BBK32 protein insertions are shown by blue, green and red.
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Hepatitis B virus core (HBc) is a 183-aa, 21 kDa protein
which self-assembles to form ~35-nm particles that comprise the
virion nucleocapsid. Dimer clustering of two HBc monomers
produces spikes on the surface of the capsid, and the loop region
located on top of these spikes (residues 78 – 83) is the major
target of the humoral response, i.e., major immunodominant
region (MIR).6,7 Generally HBc-based VLPs have been used as
an epitope presentation system in vaccine design and antigen
presentation studies.8-11 On the other hand, the ability of HBc to
incorporate peptides of different origin may be useful in the
development of NPs for different application.12 For instance,
packaging of enzymatically active nuclease, green fluorescent
protein, RNA, and siRNA into the interior of recombinant
hepatitis B virus capsids was demonstrated.13-16 Moreover, it
was proposed that the inner VLP lumen may be modulated by C
terminal domain modifications; the authentic arginine-rich C
terminal domain packages RNA but may be replaced, within
limits by heterologous moieties that could act as cargo or provide
specific functions.17 However, transport of such particles in
extracellular space and their uptake by different cells is of crucial
significance for expression of their desired biological activity, so
that it is necessary to design the appropriate targeting structures
on the surface of VLPs to enhance cellular internalization.

Fibronectin (FN) is a common constituent of the extracellular
matrix with important functions such as structural support and
signaling for cell survival, migration, contractility, and
differentiation.18 FN is a large glycosylated mosaic protein
composed of multiple copies of three types of modules: FNI,
FNII, and FNIII. These modules comprise several functional
domains that mediate interactions with cell-surface receptors
(integrin-binding tripeptide, Arg-Gly-Asp [RGD] peptide), other
ECM components (e.g., two heparin-binding domains, the

http://bmm.cancerresearchuk.org/~3djigsaw/


Table 1
Oligonucleotide primers designed for amplification of BBK32 gene fragments

Construct Forward primer Reverse primer

BF130-166 5´-CCGGATCCTGGATCAACTCAAGGAAGTTTA 5´-TTGGATCCGAACTCTTTGGCCT
BF160-175 5´-ACCGGATCCTGGATCAGATTTACGTCCAAAGAG 5´-TTGGATCCGAAGAGTTTGATCCTGC
BF153-175 5´-ACCGGATCCTGGATCAATTGATCTTACTATAG 5´-TTGGATCCGAAGAGTTTGATCCTGC
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collagen-binding domain [gelatin-binding domain, GBD], and two
fibrin-binding sites), and FN itself. FN is secreted by different cell
types as a disulfide-bonded, soluble inactive dimer that is
subsequently assembled into an insoluble fibrillar network.19 FN
acts as a ligand for bacterial and viral adherence to host cells and
plays a role in modulating the cellular entry of retroviral vector
particles.20,21 In addition, a number of studies suggested an active
role of FN adsorption in cellular uptake of nonviral nanocarriers
(for review, see Adler et al.22

A large amount of bacterial FN-binding protein has been
identified so far; among them is BBK32, a 47 kDa surface-
exposed lipoprotein and FN-binding adhesin of Borrelia
burgdorferi (B. burgdorferi).23,24 BBK32 contains multiple
FN-binding motifs located to an extended intrinsically disor-
dered segment.25 It was shown that the region of BBK32
comprising amino acids 147 – 205 binds to the N-terminal FNI
and FNIII modules, but residues 120 – 147 of BBK32 protein are
considered similar to the FN-binding region of SfbI protein from
S. pyogenes that had been shown to bind to the GBD of FN.26-28

Here we present the construction of HBc-based chimeric
VLPs with FN-binding property by insertion of B. burgdorferi
BBK32 fragments into the MIR region of capsid. The evidence
of intracellular internalization of these VLPs into nonphagocytic
cells through caveolae-mediated endocytosis makes this con-
struct an attractive model in development of HBc-based NPs for
medically relevant cellular targeting applications and highlights
the 130 – 166 aa fragment of B. burgdorferi BBK32 as a novel
cellular uptake-promoting peptide.
Methods

Construction of plasmids and prediction of structure of chimeric
HBc/BBK32 VLPs

The construction design of fusion VLPs in this study involved
the insertion of a foreign sequence into the MIR of HBc protein
(Figure 1, A). The cloning vector pHBc encoding the full-length
(amino acids 1–183) of HBc protein, subtype ayw, with inserted
BamHI restriction site at MIR was constructed by M. Mihailova
like those described in another study.29

Three-dimensional predictions of the reconstructed HBc
structures were performed on the basis of the x-ray structure of
the HBc, genotype A,7 by a comparative modeling program 3D-
JIGSAW (http://bmm.cancerresearchuk.org/3djigsaw/)30 and
presented by Chimera software (Figure 1, B, C).31

The fragments of BBK32 gene-encoding amino acids 130 to
166, 160 to 175, and 153 to 175 (BF130-166, BF160-175, and
BF153-175 constructs, respectively) were amplified by PCR
from B. burgdorferi sensu stricto isolate B31 DNA sample. The
primers used to amplify these segments of BBK32 are listed in
Table 1. A linker of two amino acids (GS) was added to the N-
terminal end of the insert, and a serine (S) was added to the C-
terminal end of insert. (The exception was BF130-166 construct,
where both C-end serines were of BBK32 origin). BamHI
restriction site was incorporated into both ends of inserts; the final
peptide sequences are shown in Figure 1, A. The amplification
products were digested with BamHI restriction endonuclease
(Fermentas, Vilnius, Lithuania), purified using QIAEX II Gel
Extraction Kit (Qiagen, Hilden, Germany), ligated into the
linearized cloning vector, and competent E. coli RR1 (F- leuB6
proA2 thi-1 araC14 lacY1 galK2 xyl-5 mtl-1 rpsL20 (Strr)
glnV44 Δ(mcrC-mrr) cells were transformed with plasmid. The
recombinant plasmids were isolated from positive clones by
standard techniques, and correct constructs were verified by
sequencing analysis.

Expression and purification of recombinant VLPs

Recombinant proteins were expressed in E. coli strain K802 by
standard techniques and purified by the combination of ion
exchange chromatography (IEC) on Q-HP Sepharose (GE
Healthcare, Helsinki, Finland) and size-exclusion chromatography
(SEC) on Sepharose 4FF (GE Healthcare) column methods
(Supplementary Materials Sections S1 and S2). Protein samples
were analyzed on a SDS-PAGE gel and by western blotting with
mouse monoclonal anti-HBc 13C9 antibodies,32 as well as by
double radial immunodiffusion according to Ouchterlony using
polyclonal rabbit anti-HBc antibodies (Dako, Glostrup, Denmark).

Electron microscopy

The purified fusion VLPs in suspension were adsorbed on
carbon-formvar-coated copper grids and negatively stained with
1% uranyl acetate aqueous solution. The grids were examined
with a JEM-100C electron microscope (JEOL Ltd., Tokyo,
Japan) at an accelerating voltage of 100 kV.

Evaluation of the FN-binding activity by ligand affinity blot

For the qualitative dot blot assay chimeric HBc/BBK32 VLPs
were spotted onto the nitrocellulose membrane and probed with
FN from human plasma followed by incubation with anti-FN
antibodies (Supplementary Materials Section S3). As a control,
recombinant full-length (HBc) core particles expressed in E. coli
were used.

Quantitative FN-binding assays on microtiter wells

Microtiter wells were coated with purified recombinant
BF130-166 or HBc proteins and probed with increasing
concentrations (0-10 μg/mL) of FN from human plasma
followed by incubation with anti-FN antibodies. For experiments
analyzing the role of gelatin- and heparin- binding domains of

http://bmm.cancerresearchuk.org/~3djigsaw/


Figure 2. Expression, purification and morphologic analysis of fusion HBc/
BBK32 VLPs. Fusion HBc/BBK32 proteins were expressed in E. coli cells
and purified by the combination of techniques. The expression levels of the
proteins of interest were similar; the purity of the isolated proteins according
to Coomassie blue staining of the SDS-PAGE gel was 95%. Spherical
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FN in the interactions between BF130-166 and FN, competitive
binding analyses were performed by incubating 0.5 μg/mL of
FN to immobilized BF130-166 and HBc proteins in the
presence of gelatin or heparin at four competitor/FN molar
ratios (0.0/1, 0.25/1, 0.5/1 and 1/1) (Supplementary Materials
Section S4).

Cellular entry assay

For the cellular entry assays, BF130-166 VLPs were added to
the medium of baby hamster kidney BHK-21 cells to final
concentration 5 μg/mL, and cells were incubated under different
conditions, each experiment was repeated three times. (i) To
investigate time-dependent uptake, cells were incubated with
VLPs for 5, 15, 30, 45 and 60 minutes at 37°C. (ii) To study the
uptake in the presence of gelatin, cells were pretreated with
gelatin (5 μg/mL or 20 μg/mL) for 15 minutes and incubated
with VLPs in the presence of gelatin for 45 minutes at 37°C. (iii)
To study the effect of sodium azide treatment, cells were
incubated with VLPs in the presence of 100 mM sodium azide in
the medium for 45 minutes at 37°C. (iii) To study the effect of
chlorpromazine (5 μg/mL) and filipin (5 μg/mL) treatment, cells
were pretreated with drug for 30 minutes33 and incubated with
VLPs in the presence of drug for 45 minutes at 37°C.

After incubation supernatants were removed and the cells
were washed once with ice-cold PBS, twice with an ice-cold
mild acidic wash buffer to remove external particles. The
localization of VLPs and FN in cellular space was evaluated by
fluorescent double immunostaining method (Supplementary
Materials Section S5). For comparison, HBc particles were
used. Samples were examined with a laser confocal fluorescence
microscope Leica TCS SP2SE. As a negative control cells
incubated without VLPs were used.
particles of uniform size were obtained from all three constructs. Construct
BF130-166 is shown as an example. (A) SDS-PAGE of protein samples,
Coomassie brilliant blue staining, (B) Western blot with mouse monoclonal
anti-HBc 13C9 antibodies. Lane 1: lysate of E. coli cells, lane 2: 0.5 M
Urea supernatant, lane 3: 0.5 M Urea cellular debris, lane 4: supernatant
after precipitation with ammonium sulfate at 10% saturation, lane 5:
precipitate after precipitation with ammonium sulfate at 10% saturation,
lane 6: protein fraction purified by IEC on Q-HP Sepharose, lane 7: protein
fraction purified by SEC on Sepharose 4FF column, lane M: prestained
protein molecular weight marker in kDa. (C, D, E): Negative-staining
electron microscopy images of the purified BF130-166 (C), BF160-175
(D) and BF 153-175 (E) protein. Scale bars (in white) are 50 nm as indicated.
Results

Synthesis and purification of fusion VLPs

Three recombinant plasmids encoding different fusion HBc/
BBK32 proteins were successfully constructed according to the
sequencing analysis of plasmid DNA (data not shown). Figure 1,
C presents three-dimensional predictive reconstructions of the
chimeric HBc protein chains, which are exposing the appropriate
BBK32 fragments on the tips of the HBc spikes. The BBK32
structure 130-166 seems to be the most flexible, because
predictions for the four HBc chains vary from the mostly α-
helical (chain D) to the β-sheet-forming (chains A, B, and C).
The 153-175 and 160-175 insertions are predicted as mostly α-
helice-forming for all four HBc chain variants.

Obtained plasmids were transformed into E. coli and
recombinant proteins were expressed. SDS-PAGE and western
blot analysis indicated the expression of soluble recombinant
proteins of expected molecular weight, the levels of expression
were sufficient for the further purification procedures (Figure 2,
A and 2, B). Expressed recombinant HBc/BBK32 proteins were
purified from E. coli; the purity of the isolated proteins according
to Coomassie blue staining of the SDS-PAGE gel was 95%
(Figure 2, A). The final yields of the recombinant proteins varied
between 5 mg and 8 mg per 1 g of E. coli cells (data not shown).
Further examination of these preparations by electron micros-
copy revealed the presence of well-assembled particles of similar
size (approximately 30 nm-35 nm) and shape for all three
constructs (Figure 2, C, D, E).
FN-binding property of chimeric VLPs

It was proposed that incorporation of B. burgdorferi BBK32
protein peptides harboring a FN-binding property into the
hepatitis B core virus-like particles would allow us to create
VLPs with enhanced FN-binding activity. The FN-binding
property of obtained VLPs was evaluated by dot blot analysis by

image of Figure�2


Figure 3. FN-binding properties of fusion HBc/BBK32 VLPs. (A) Dot blot
analysis. Here, 1 μg of purified VLPs was dotted on nitrocellulose
membrane for ligand blotting with FN from human plasma. The VLPs
designation is as follows: BF130-166, fusion HBc VLPs including amino
acids 130 to 166 of B. burgdorferi BBK32 protein; HBc, recombinant
VLPs containing unmodified hepatitis B core protein; BF160-175 and
BF153-175, fusion HBc VLPs including amino acids 160 to 175 or 153 to
175 of B. burgdorferi BBK32 protein, respectively. Only the BF130-166
VLPs bind human FN efficiently. (B) Dose-dependent, saturable binding of
human FN to BF130-166 protein. Binding of FN to immobilized BF130-
166 protein and HBc protein was analyzed by ELISA, with bound FN
detected by anti FN antibodies. (C) Effects of gelatin and heparin on
BF130-166 – FN interactions. Binding of human FN to immobilized
BF130-166 protein in the presence of gelatin (gray bars) and heparin (black
bars) was analyzed by ELISA, at gelatin or heparin/FN molar ratios of 0/1,
0.25/1, 0.5/1 and 1/1. Bound FN was detected by anti-FN antibodies. Dose-
dependent inhibition of FN binding by gelatin was observed. As a negative
control of the ELISA assays, corresponding amounts of FN were added to
5% milk-blocked wells, which did not contain any other immobilized
protein. Values represent FN binding minus background readings for
negative control wells.
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use of a human FN as possible ligand, and recombinant full-
length HBc VLPs were used as a control. The results show that
only BF130-166 VLPs have pronounced FN-binding activity
(Figure 3, A). Very slight FN-binding activity was detected for
the construct BF160-175. No FN-binding activity was detected
for BF153-175 construct and HBc VLPs. Reverse ligand affinity
blot, in which FN, collagen, gelatin, and BSA were spotted on
the membrane and probed with recombinant VLPs followed by
incubation with polyclonal rabbit anti-HBcAg antibody, dem-
onstrated similar results. No binding was observed for collagen/
gelatin or BSA (data not shown).

The ability of BF130-166 to bind FN was further evaluated by
quantitative ELISA. Saturable, dose-dependent binding of FN to
BF130-166 was observed (Figure 3, B). The binding of FN was
specific for BF130-166 as the results for the recombinant insert-
free HBc VLPs could not be considered as positive.

Binding of BF130-166 to GBD of FN

FN is a multifunctional molecule that interacts with a number
of ligands via several distinct structural and functional domains.
The BBK32 fragment of the BF130-166 construct contains
putative GBD-binding motif28; therefore we next examined the
potential role of this FN domain in BF130-166 interactions with
FN. For this reason, FN binding by immobilized BF130-166 was
examined by ELISA in the presence of increasing concentrations
of gelatin, a known ligand for GBD. In a parallel assay, the
adhesion of FN to immobilized BF130-166 was examined in the
presence of increasing concentrations of heparin targeted to
block the heparin-binding domains of FN. As shown in Figure 3,
C, dose-dependent inhibition of FN binding by gelatin was
observed. In contrast, the presence of heparin had no effect on
FN – BF130-166 binding activity. These results indicated
that recombinant BF130-166 VLPs interact with GBD of the
FN molecule.

Cell-permeability of fusion BF130-166 VLPs

Because clear and strong FN-binding properties were
observed only for the construct BF130-166, the possible
internalization of these VLPs into BHK-21 cells was further
studied by confocal laser scanning microscopy. Culture of BHK-
21 cells was inoculated by BF130-166 particles and the time
course of internalization of VLPs was studied over 60 minutes’
incubation time at 37°C. For comparison, HBc particles were
used. The localization of VLPs and FN in cellular space was
evaluated by fluorescent double immunostaining method. Only
green fluorescence (FN) was observed in mock treated cells, as
expected (Figure 4, Control).

In BF130-166 NP-treated cells, the VLPs appeared as nano-
sized fluorescent dots (red) mostly associated with cellular
membranes after 5 minutes’ incubation time. These VLPs were
not removed from the cellular surface during the acid wash; thus
we can suggest that this may reflect the initial cellular
internalization stage. The staining pattern of VLPs was
associated with the FN fluorescence (green); therefore, these
results suggested co-localization of VLPs with FN in the cell line
studied (Figure 4). Further analysis revealed enhancement of
intracellular red signal in cell samples at 15 minutes’ and 30
minutes’ incubation time. In these images VLP- positive staining
mostly accumulated into discrete foci resembled a typical
endosomal or lysosomal punctuate pattern (Figure 4, 15`, and
30`). Subsequently the TRITC fluorescence signal became
reduced and more dispersed as the time of incubation increased;
only a few red fluorescent dots were observed in cells after 60
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Figure 4. Fusion BF130-166 VLPs transmission to BHK-21 cells assessed by
confocal microscopy. Culture of BHK-21 cells were inoculated by VLPs and
the uptake of VLPs is depicted after 5, 15, 30, 45, and 60 min incubation time
at 37°C following acid wash to remove external particles. Cells were stained
with polyclonal rabbit anti-HBc antibody followed by TRITC-conjugated
anti-rabbit IgG secondary antibody (red), and monoclonal anti-FN antibody
followed by FITC-conjugated antimouse secondary antibody (green) in
double immunostaining experiment. Cells’ nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI, blue). No signal was observed in mock-
treated cells (Control). No intracellular VLP-positive signal was observed for
HBc VLPs. Scale bars (in white) are 20 μm as indicated.
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minutes’ incubation time (Figure 4, Anti-HBcAg, 60`). These
results suggest a process of intracellular degradation of the NPs.
In contrast, we did not observe pronounced changes in the green
fluorescence pattern in cells over time (Figure 4, Anti-FN,
images 5` - 60`). The intracellular localization of HBc VLPs was
not observed (Figure 4, HBc 30`).

Cellular uptake of BF130-166 particles is inhibited by gelatin

Given the separable nature of particle attachment and cell
entry, we wanted to explore the possible role of binding to FN in
the cellular uptake. For this purpose increasing concentrations of
gelatin (5 and 20 μg/mL) were added to BHK-21 cells 15
minutes prior to experiments and remained present during the
incubation with VLPs. The result shows a decrease of VLPs-
positive signal in cells pretreated with 5 μg/mL gelatin and an
absence of this staining in cells pretreated with 20 μg/mL gelatin
(Figure 5, Anti-HBcAg, +gel. 5μg/mL and +gel. 20μg/mL).
This observation confirms that BF130-166 particles internalized
the cells after binding to GBD of FN and verifies the specificity
of binding and uptake.

Mode of uptake of BF130-166 particles

Next, we carried out a series of investigations on the uptake
mechanism. Endocytosis can be inhibited with the depletion of
cellular energy resources. The BHK-21 cells were incubated with
BF130-166 in the presence of sodium azide, which inhibits
active transport processes. Results show that the level of
fluorescent intensity in the cytosol was reduced dramatically
relative to cells cultured in standard conditions (Figure 5, Anti-
HBcAg, +NaN3). These results suggest that recombinant
BF130-166 particles were internalized by endocytosis.

Further to inhibit clathrin-mediated and caveolin-mediated
endocytosis, BHK-21 cells were treated with either 5 μg/mL
chlorpromazine or 5 μg/mL filipin for 30 minutes, respectively.
The results show that chlorpromazine treatment did not inhibit
the entry of BF130-166; this observation suggests the clathrin-
independent internalization. In contrast, filipin, a sterol-binding
agent that disrupts caveolae and caveolae-like structures, strongly
inhibit the entry of BF130-166, suggesting a filipin-sensitive
pathway (Figure 5, Anti-HBcAg, +Chlorprom. and +Filipin).
These observations provide evidence that FN-binding BF130-166
VLPs enter the cells via caveolae/raft-dependent endocytosis.
Discussion

VLPs, including HBc-based NPs, are emerging nanocarrier
platforms that can be tailored at the genetic level. The surface
modification of such particles with an appropriate peptide
molecule is one of the possible strategies to influence the ability
of the engineered VLPs to interact with cells and tissues at a
molecular level and mediate the uptake by mammalian cells. To
date, several studies have been performed aimed at developing
HBc-based chimeric VLPs that could serve as potential
nanovehicles to target various cells.16,34,35 In this study, we
tested the possibility of exploiting the B. burgdorferi FN-binding
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Figure 5. Fusion BF130-166 VLPs are endocytosed following attachment
to FN. Culture of BHK-21 cells were inoculated by VLPs and the uptake
of VLPs is depicted after 45 min incubation time at 37°C following acid
wash to remove external particles. Cells were stained with polyclonal
rabbit anti-HBc antibody followed by TRITC-conjugated anti-rabbit IgG
secondary antibody (red), and monoclonal anti-FN antibody followed by
FITC-conjugated antimouse secondary antibody (green) in double
immunostaining experiment. Cells’ nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI, blue). No signal was observed in
mock-treated cells (Control). Pronounced red signal was observed in
cells incubated with BF130-166 VLPs (45'). Similar signal was detected in
cells pretreated with 5 μg/mL chlorpromazine and incubated with BF130-
166 VLPs in the presence of chlorpromazine (+Chlorprom.) Intracellular
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protein BBK32 for modification of HBc particles to create an
FN-targeting system with subsequent transduction of target cells.

For this purpose, three fragments of B. burgdorferi FN-
binding protein BBK32 were inserted in MIR of the HBc protein:
amino acids 130 to 166, 160 to 175, and 153 to 175 (BF130-166,
BF160-175, and BF153-175 constructs, respectively), and fusion
proteins as VLPs were expressed in E. coli cells. HBc fusion
proteins often maintain the self-assembling ability and display
inserted foreign epitopes on the tips of particle spikes if they are
inserted into the MIR.6 However, folding and capsid formations
of the chimeric proteins are not always achieved easily, and the
insert size and composition often are limitation factors in this
process due to the conformational stress. Earlier it was shown
that failure of some chimeric proteins to assemble into VLPs
could be explained by the length of the insert; 120 amino acids
are usually accepted as a maximum. On the other hand, Kratz
et al36 reported successful insertion of the GFP protein (238
amino acids) in the HBc; thus the structural importance of
proper and independent folding of foreign sequences was
clearly demonstrated. The potential role of different characteristics
in the efficient assembly of VLPs was addressed in numerous
studies, such as β-sheet forming properties, the distance between
the N and the C-terminus, and volume and hydrophobicity of the
amino acids of the insert. However, the nature of the insert makes it
often difficult to manipulate, and the design of successful
constructs is still largely empirical. One of the most useful
strategies to influence the flexibility of construct conformation is
the addition of linkers. The linker size and composition was shown
to have a strong effect on the VLPs’ assembling property.6,37 To
exploit these possibilities to overtake the assembly process, 41, 21,
and 28 amino acidswere inserted inHBc (BF130-166, BF160-175,
and BF153-175 constructs, respectively) including linkers. In
addition, three-dimensional predictions of the reconstructed HBc
structures were performed. The expression of all constructs in
E. coli resulted in stable, soluble proteins that were effectively
purified. Moreover, the electron microscopy data confirmed that
all three HBc/BBK32 fusion proteins assembled properly into
symmetric particles indicating the successful design strategy
(Figure 3). The average size of the particles calculated from the
electron microscopy images was similar to the size of HBc
VLPs, indicating that small-sized inserts did not have a great
influence on the final dimensions of chimeric VLPs. Interest-
ingly, recently the strategy of splitting the HBc protein inside
the insertion loop (SplitCore) was offered to overcome almost
accidental assembly process of chimeric VLPs.17

Another task of this study was to evaluate the FN-binding
properties of obtained fusion VLPs. Different BBK32 peptides
VLP-positive signal was decreased in cells pretreated with 5 μg/mL gelatin
and incubated with BF130-166 VLPs in the presence of gelatin for 45 min
at 37°C (+gel.5 μg/mL). Intracellular VLP-positive signal was absent in
cells pretreated with 20 μg/mL gelatin and incubated with BF130-166
VLPs in the presence of gelatin for 45 min at 37°C (+gel.20 μg/mL). The
red signal was markedly reduced in cells pretreated and incubated in the
presence of 100 mM sodium azide (+NaN3). The red signal was markedly
reduced in cells pretreated and incubated in the presence of 5 μg/mL
filipin (+filipin). Scale bars (in white) are 20 μm as indicated.
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used in this study have been shown to bind different FN
regions.25-28 Our results show that only BF130-166 VLPs
demonstrated clear, strong FN-binding ability. Moreover, we
were able to show that this binding occurs via GBD of FN.
Unfortunately, the nature of inserts in BF160-175 and BF153-
175 constructs seems to be insufficient to ensure stable ligand
binding. It could be explained by the manner of binding of this
BBK32 region to the N-terminal modules of FN that require an
antiparallel orientation of the binding partners with the peptide
forming additional β-strands at the edge of the triple-stranded β-
sheets of the two FNI modules (i.e., a “tandem-zipper”
mechanism).26 The 153-175 and 160-175 insertions were
predicted as α-helice-forming for all four possible chain variants;
therefore we could assume the lack of conformational compat-
ibility in FN binding for these VLPs (Figure 1). However,
induction of ordered aggregation of soluble FN and inhibition of
endothelial cell proliferation similar to that of anastellin were
shown for these BBK32 fragments, so there may be further
interest in these constructs in the future.27

Recently, retroviral binding to FN was associated with
increased infection of target cells and efficient gene transfer.21,38

Therefore, we tested the possible intracellular entry of the
BF130-166 VLPs using BHK-21 as target cells. Indeed, the
results of confocal microscopy analysis clearly demonstrated
time-dependent particle uptake in BHK-21 cells. It was observed
that entry process started with the attachment of VLPs to the cell
surface followed by rapid internalization by energy dependent
endocytosis. Initial particle co-localization with FN supported
the idea that recombinant BF130-166 particles interact with FN
molecules in the cellular microenvironment. Furthermore we
were able to demonstrate the dose-dependant inhibition of the
intracellular uptake by gelatin pretreatment. These results
indicate that BF130-166 VLPs binding to the GBD of FN has
an active role in the internalization process.

The relatively fast uptake was similar to the process observed
for nonenveloped hepatitis C virus capsids in study by Katsarou
et al.39 Clathrin-mediated endocytosis was reported as an entry
pathway for these capsids as well as for HBc particles.39,40 In
contrast, binding to FN has been previously reported to result in
caveolae-dependent endocytosis of γ - retrovirus vectors.20

Noteworthy, α5β1 integrin, a cellular receptor required for FN
internalization, can be internalized by both clathrin-dependent
and caveolar endocytosis.41 In the present study we have tested
BF130-166 particles’ entry in the presence of chlorpromazine
and filipin, agents that block clathrin- and caveolae- dependent
uptake, respectively. The results show that inhibition of clathrin-
mediated endocytosis had no effect on the uptake, but the
disruption of membrane microdomains by the cholesterol-
chelating agent filipin completely opposes the internalization
of fusion VLPs. Accordingly, these data suggest that BF130-166
NP endocytosis in BHK 21 cells occurs via a non-clathrin-
mediated mechanism and likely involves caveolae/lipid rafts.
These findings may have significant implications because certain
forms of caveolae-mediated endocytosis are thought to avoid the
degradative lysosomal compartment.22

In conclusion, we were able to obtain FN-binding HBc-based
VLPs with intracellular targeting properties. Although the
potential applications of these NPs in humans may be limited
due to possible immunogenicity and the abundance of FN in
plasma, the evidence of particles’ fast and efficient transmission
to target cells opens the possibility for using this system as an
intracellular delivery vector in vitro, as well as a model platform
for investigation of multifunctional NPs with targeted features.
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The Relationship Between Maximal Exercise-Induced
Increases in Serum IL-6, MPO and MMP-9
Concentrations

D. Reihmane*�, A. Jurka� & P. Tretjakovs��

Introduction

Interleukin-6 (IL-6) and tumour necrosis factor-a (TNF-a)
are pro-inflammatory cytokines that have been considered
as a key orchestrator of the acute phase inflammatory
response [1, 2]. Moreover, increases in IL-6 [3, 4] and
TNF-a [5] plasma and serum levels play an important role
in the host response to acute exercise [6], for example, pro-
moting leucocyte adherence and chemotaxis capacities, by
increased expression of adhesion molecules on the surface
of leucocytes and endothelial cells [7, 8]. Further on, leuco-
cytes participate in aseptic muscle inflammation associated
with muscle fibre injury caused by intensive exercise, and

neutrophils reinforce muscle tissue injury assisting in its
clearance [9]. Exercise-induced activation of the secretory
function of neutrophils results in their degranulation that
leads to an increase in plasma concentration of marker neu-
trophil proteins, including myeloperoxidase (MPO) [10].
Recent studies suggest that also MMP-9 plays a critical
role in cleaving muscle-specific proteins and contributing
to extracellular matrix formation, remodelling and regen-
eration in skeletal muscle [11], but it remains unclear
which tissues are a basic source of the increased MMP-9
concentration [12] induced by physical exercise. It has been
shown that a single bout of exercise can induce MMP-9
expression in skeletal muscle [13] which is stimulated by
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Abstract

The aim of this study was to test the hypothesis that exercise would induce
inflammatory response characterized by increased pro-inflammatory cytokines –
interleukin-6 (IL-6) and tumour necrosis factor-a (TNF-a), adhesion molecule,
matrix metalloprotease-9 (MMP-9) and myeloperoxidase (MPO) levels. Addi-
tional aim was to elucidate the possible source of maximal exercise-induced
increase in MMP-9 concentration. To examine our hypothesis, 26 professional
male ice hockey players [age 25 ± 1 (mean ± SEM) years; BMI 25.8 ±
0.4 kg ⁄ m2] performed an incremental bicycle test until exhaustion, when max-
imal oxygen consumption was recorded. Venous blood samples were collected
30 min before and 2 min after exercise. There was an increase in the count of
leucocytes (8.7 ± 1.8 versus 5.7 ± 1.3 · 109 cells per l) and IL-6
(1.24 ± 0.17 versus 0.69 ± 0.13 pg ⁄ ml), MPO (72 ± 7 versus 50 ± 4 ng ⁄ ml)
and MPP-9 (139 ± 9 versus 110 ± 6 ng ⁄ ml) concentrations (P < 0.05) com-
paring post- and pre-exercise levels. Maximal exercise-induced increase in
MPO correlated with the increases in IL-6 (P < 0.05, R = 0.54) and MMP-9
(P < 0.01, R = 0.62) concentrations. Furthermore, increase in IL-6 correlated
with the increase in MMP-9 concentrations (P < 0.05, R = 0.60). Maximal
exercise induces an inflammatory response characterized by leucocytosis and
increased IL-6, MPO and MMP-9 concentrations. Correlations between
increased MPO (marker of neutrophils degranulation) and both increased IL-6
and MMP-9 concentrations may suggest that neutrophils could be the main
source of these inflammatory biomarkers during maximal exercise. Further-
more, correlation between increases in serum IL-6 and MMP-9 concentrations
may suggest that IL-6 could exert modulatory effects on MMP-9 release
during maximal exercise.

C L I N I C A L I M M U N O L O G Y doi: 10.1111/j.1365-3083.2012.02720.x
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increased levels of TNF-a [14]. Moreover, increased level of
IL-6 during inflammation augments MMP-9 expression in
leucocytes [1].

The aim of this study was to test the hypothesis that
exercise would induce inflammatory response characterized
by increased pro-inflammatory cytokines – interleukin-6
(IL-6) and tumour necrosis factor-a (TNF-a), adhesion
molecule, matrix metalloprotease-9 (MMP-9) and MPO
levels. Additional aim was to elucidate the source of
maximal exercise-induced increase in MMP-9.

Methods

Subjects. After approval of experimental procedures by
the Ethical Committee of the Institute of Experimental
and Clinical Medicine, University of Latvia, informed
consent was obtained from 26 professional male ice
hockey players (Table 1). All subjects were asked to fast
3 h before the maximal exercise test, to refrain from caf-
feine for 12 h, and from alcohol, nicotine and any medi-
cation for 24 h, as well as to avoid physical overload or
other stressors. Body composition was assessed in all
subjects using bioelectrical impedance analyser T Scan
(Jawon Medical, Kyungsan, Korea).

Maximal exercise protocol. We measured maximal oxy-
gen consumption on a cycle ergometer Monark Ergo-
medic 839E (Monark, Sweden) because the muscle
groups used in ice skating are quite similar to those used
in cycling. Cortex Metalyzer 3B system (Cranlea &
Company, Birmingham, UK) was used to evaluate car-
dio-respiratory functions (ventilation, respiratory
exchange ratio, electrocardiogram, heart rate, blood pres-
sure). Athletes achieved their maximal oxygen consump-
tion, when three of four commonly accepted criteria were
met: (1) volitional exhaustion; (2) maximal heart rate
measured at exhaustion was superior to 90% of the age-
predicted maximal heart rate; (3) respiratory exchange
ratio was above 1.10; and (4) capillary blood lactate
concentration was >8 mM.

Blood sampling and analysis. Venous blood samples for
IL-6, TNF-a, sE-selectin, sICAM-1, sVCAM-1, MMP-9,

MPO and standard blood tests (leucocyte formula etc.)
were taken 30 min before and 2 min after maximal exer-
cise. As these professional athletes had an active training
season, time limitation was the main reason for the lack
of data during recovery phase. Blood samples for the
determination of cytokines, adhesion molecules and other
bioactive molecules were collected without anticoagulant
and were allowed to coagulate for 20–30 min at room
temperature. This was followed by centrifugation for
10 min, at 1600 · g in room temperature. All specimens
were immediately aliquoted and put in the freezer at
)80 �C. Commercially available multiplex immunoassay
kits (MILLIPLEX MAP kit Cat. No.: HCVD1-67 AK;
MILLIPLEX MAP kit Cat. No.: HADK2-61K-B) were
used for quantitative determination of IL-6, TNF-a, sE-
Selectin, sVCAM-1, sICAM-1, MMP-9 and MPO by
Luminex 200 analyzer (Luminex Corp., Austin, TX,
USA). Cortisol and high sensitivity C-reactive protein
(hsCRP) were measured by Immulite 2500 analyzer (Sie-
mens Medical Solutions, USA). Capillary blood lactate
concentration was determined using lactate analyzer
Biosen 5030 AutoCal (EKF Diagnosticb GmbH, Magde-
burg, Germany). Other blood tests were performed in
clinical laboratory ‘E.Gulbja laboratorija’, Riga, Latvia.

Haemoglobin and haematocrit were also measured
(Table 2) to take into account the possible influence of
exercise-induced plasma volume change. Correction of
plasma concentrations for blood cells and inflammatory
molecules was made according to the method described
previously [15].

Statistical analysis. The levels of measured mediators
below the detection limit were arbitrarily assumed to be
one-half of the detection limit value [16]. Data were anal-
ysed by SigmaPlot 11.0 software (Systat Software Inc.,
San Jose, CA, USA). After testing normality (Shapiro–
Wilk test), data with normal distribution were analysed
using paired t-test. Wilcoxon signed-rank test was used
as nonparametric method (data marked as �). Data were
expressed as mean ± standard error of the mean (SEM).
Data for correlation analysis (Pearson correlation or Spear-
man rank R test) were expressed as difference between
absolute values of measured parameters before and after
exercise and further labelled in the article as delta (D). A
value of P < 0.05 was considered to be significant.

Results

Athletes’ maximal oxygen consumption at incremental
bicycle test was 50 ± 1 ml ⁄ kg ⁄ min (Table 1). There was
a significant increase in haemoglobin concentration and
haematocrit (Table 2), probably, because of the reinforced
sweating during maximal exercise. Maximal exercise
induced significant changes in absolute counts of all
leucocyte subsets. Athletes’ total leucocyte count was
significantly increased after maximal exercise (Table 2).

Table 1 Subject characteristics.

Age (years) 25 ± 1

Body mass index (BMI) (kg ⁄ m2) 25.8 ± 0.4

Fat mass (%) 22 ± 1

Muscle mass (%) 74 ± 1

LDL cholesterol (mM) 2.7 ± 0.2

HDL cholesterol (mM) 1.5 ± 0.1

Triglyceride (mM) 1.2 ± 0.1

VO2max (ml ⁄ kg ⁄ min) 50.3 ± 1.0

Maximal heart rate (bpm) 188 ± 2

Maximal respiratory exchange ratio 1.12 ± 0.01

Maximal lactate concentration (mM) 10.3 ± 0.4

Values are means ± SEM of 26 male subjects.
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Elevation of circulating lymphocytes and neutrophils was
the main reason for the change in total white cell count.
There was a significant increase in glucose (P < 0.001),
decrease in high sensitivity C-reactive protein (P <
0.001), but there was no change in cortisol or insulin
concentrations after maximal exercise (Table 2).

Sera IL-6 concentration increased significantly between
the rest and the end of maximal exercise (P < 0.001, see
Table 2). Likewise, there were significant increases in
MMP-9 and MPO concentrations (P < 0.001, see
Table 2). Sera concentrations of TNF-a, sE-selectin,
s-ICAM-1 and sVCAM-1 did not differ from pre-exercise
levels (P > 0.05, see Table 2).

There were a number of correlations between maximal
exercise-induced increases in determined variables.
Maximal exercise-induced increase in MPO concentration
correlated with D neutrophils abs count (P < 0.05,
R = 0.52, n = 22) and D IL-6 concentration (P < 0.01,
R = 0.64, n = 19, see Fig. 1). Furthermore, D MMP-9
correlated with D MPO (P < 0.01, R = 0.62, n = 24, see
Fig. 2) and D IL-6 concentrations (P < 0.05, R = 0.60,
n = 17, see Fig. 3).

Discussion

Exercise is associated with temporary changes in the
immune system, for example, count of immune cells [17]

and concentrations of cytokines [18], adhesion molecules
[19], MMPs [12] and MPO [9]. The present study shows
that maximal exercise induced significant changes in all
subpopulations of leucocytes, especially neutrophils and

lymphocytes (P < 0.05). Moreover, our data are in agree-
ment with other studies that have shown exercise-induced
degranulation of neutrophils and subsequent release of
MPO (P < 0.05), confirmed by correlation between these
two biomarkers (P < 0.05) [10].

Muscle damage often caused by eccentric exercise [20]

and low plasma glucose or muscle glycogen levels [21]

increase IL-6 concentrations during exercise. In fact, we
observed an increase in serum glucose concentrations,
most likely due to exercise-induced sympatho-adrenergic
hepatic stimulation and increase in IL-6 concentration
after maximal exercise (P < 0.05). It appears that the
increase in IL-6 concentration in this study is less

Figure 1 The correlation between maximal exercise-induced increases

in MPO and IL-6 concentrations. P < 0.05, R = 0.54, regression equa-

tion: y = 8.6949 + 24.91*x.

Table 2 Pre-exercise and post-exercise blood mediators’ measures and haematological parameters.

Pre-exercise Post-exercise P value n

IL-6 (pg ⁄ ml)� 0.69 ± 0.13 1.24 ± 0.17 <0.001 20

TNF-a (pg ⁄ ml) 6.31 ± 0.49 6.68 ± 0.56 NS 25

sE-selectin (ng ⁄ ml) 29 ± 2 29 ± 2 NS 25

sICAM-1 (ng ⁄ ml)� 120 ± 13 111 ± 15 NS 25

sVCAM-1 (ng ⁄ ml) 1103± 45 1105 ± 42 NS 25

MMP-9 (ng ⁄ ml)� 110 ± 6 139 ± 9 <0.001 25

MPO (ng ⁄ ml) 50 ± 4 72 ± 7 <0.001 26

hsCRP (mg ⁄ l) 0.55 ± 0.08 0.51 ± 0.08 <0.05 26

Cortisol (nM) 446 ± 27 420 ± 29 NS 26

Insulin (lU ⁄ ml)� 7.3 ± 0.9 7.4 ± 0.8 NS 26

Glucose (mM) 5.5 ± 0.1 6.4 ± 0.2 <0.001 26

Haemoglobin (mM) 9.4 ± 0.1 10.0 ± 0.1 <0.001 22

Haematocrit (%) 46 ± 1 50 ± 1 <0.001 22

Leucocytes · 109 cells per l 5.7 ± 0.3 8.7 ± 0.4 <0.001 22

Neutrophils · 109 cells per l� 2.86 ± 0.2 3.91 ± 0.4 <0.001 22

Eosinophils · 109 cells per l 0.17 ± 0.01 0.20 ± 0.02 <0.05 22

Basophils · 109 cells per l 0.05 ± 0.00 0.07 ± 0.00 <0.001 22

Lymphocytes · 109 cells per l 2.1 ± 0.1 3.8 ± 0.1 <0.001 22

Monocytes · 109 cells per l 0.50 ± 0.03 0.73 ± 0.03 <0.001 22

Values are means ± SEM. NS, non-significant.
�Data nonparametric methods were used.
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connected with glucose homoeostasis. Moreover, our data
showed that maximal exercise-induced MPO expression
correlated with the increase in IL-6 concentration
(P < 0.05). With the release of MPO, marker of neutro-
phil degranulation, it is plausible that also IL-6 at least
to some extent is released from the neutrophils during
maximal exercise.

There are data that show pro-inflammatory cytokine
(e.g. IL-6, TNF-a) incentive effect on the adhesion mole-
cule up-regulation on the endothelial cells [7]. However,
we did not observe sICAM-1, sVCAM-1 or sE-selectin
changes during exercise despite the maximal exercise-
induced increase in IL-6 concentration [22]. Our data are
in agreement with other studies and show no change in
TNF-a levels in healthy male athletes following maximal
exercise [2]. Gokhale et al. [23] also found that majority
of the athletes and non-athletes demonstrated a rise
in IL-6 and a fall in TNF-a levels. This relation is in

agreement with the opinion that IL-6 also exerts
anti-inflammatory effects by inhibiting production of
TNF-a, possibly also during maximal exercise.

MMP-9

Exercise can cause a damage of skeletal muscles and con-
nective tissue, which leads to activation of tissue MMPs.
MMPs, including MMP-9, are the major components of
neutrophilic tertiary granules and are also expressed by
other types of leucocytes including monocytes and lym-
phocytes [1]. Furthermore, a single bout of exercise as
cycling can induce an increment in concentration of total
MMP-9 protein and its mRNA in human skeletal muscle
[24]. In addition, the studies on the effect of exercise on
plasma concentrations of MMP-9 are equivocal, showing
no change [25] or increase after maximal exercise [26]. It
has been shown that there is no correlation between exer-
cise-induced increase in MMP-9 and creatine kinase
activity, suggesting that the rapid and transient increase
in the serum MMP-9 concentration may reflect acceler-
ated release of MMP-9 to circulation because of exercise-
induced changes in leucocyte number rather than an
increased extracellular matrix breakdown [27]. Our data
showed that maximal exercise-induced MPO expression
correlated with the increase in MMP-9 concentration
(P < 0.05), supporting the previous mentioned hypothe-
sis, that neutrophils could be the major contributors for
increased MMP-9 levels. Moreover, our data showed that
maximal exercise-induced MMP-9 expression correlated
with the increase in IL-6 concentration (P < 0.05), sug-
gesting a close interplay between inflammatory and pro-
teolytic processes. There is no substantial evidence in
scientific literature showing IL-6 induced MMP-9 release
from neutrophils; however, it is known that IL-6 stimu-
late MMP-9 expression in different cell types, for exam-
ple, fibroblasts [28]. The correlations found in this study
possibly could point out IL-6 modulatory effects on
MMP-9, which needs to be clarified in further studies. It
has been suggested that IL-6 might also regulate mobili-
zation of neutrophils into circulatory system [29], which
could be another way of IL-6 contribution to increased
MMP-9 levels after maximal exercise.

In conclusion, maximal exercise induces an inflamma-
tory response characterized by greater count of all sub-
populations of leucocytes and increased IL-6, MPO and
MMP-9 concentrations. Although study design does not
allow estimating precise source of increased IL-6 and
MMP-9, their correlations with increased MPO (maker of
neutrophils degranulation) levels may suggest that neu-
trophils could be the main source of these inflammatory
biomarkers during maximal exercise. Furthermore, corre-
lation between increases in serum IL-6 and MMP-9 con-
centrations may suggest that IL-6 could exert modulatory
effects on MMP-9 release during maximal exercise.

Figure 2 The correlation between maximal exercise-induced increases

in MPO and MMP-9 concentrations. P < 0.01, R = 0.62, regression

equation: y = 11.8963 + 0.8147*x.

Figure 3 The correlation between maximal exercise-induced increases

in IL-6 and MMP-9 concentrations. P < 0.05, R = 0.60, regression

equation: y = 14.3641 + 36.5221*x.
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The core shell of hepatitis B virus is a potent immune stimulator, giving a
strong neutralizing immune response to foreign epitopes inserted at the
immunodominant region, located at the tips of spikes on the exterior of the
shell. Here, we analyze structures of core shells with a model epitope
inserted at two alternative positions in the immunodominant region.
Recombinantly expressed core protein assembles into T=3 and T=4
icosahedral shells, and atomic coordinates are available for the T=4 shell.
Since the modified protein assembles predominantly into T=3 shells, a
quasi-atomic model of the native T=3 shell was made. The spikes in this
T=3 structure resemble those in T=4 shells crystallized from expressed
protein. However, the spikes in the modified shells exhibit an altered
conformation, similar to the DNA containing shells in virions. Both
constructs allow full access of antibodies to the foreign epitope, DPAFR
from the preS1 region of hepatitis B virus surface antigen. However, one
induces a 10-fold weaker immune response when injected into mice. In this
construct, the epitope is less constrained by the flanking linker regions and
is positioned so that the symmetry of the shell causes pairs of epitopes to
come close enough to interfere with one another. In the other construct, the
epitope mimics the native epitope conformation and position. The
interaction of native core shells with an antibody specific to the
immunodominant epitope is compared to the constructs with an antibody
against the foreign epitope. Our findings have implications for the design of
vaccines based on virus-like particles.
© 2012 Elsevier Ltd. All rights reserved.
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Introduction

The core protein of hepatitis B virus (HBV)
provides an appropriate framework for display of
foreign epitopes and has been suggested to provide
a basis for novel vaccines.1–3 Core shells expressing
part of the foot and mouth disease virus capsid gave
protective immunity to virus challenge in guinea
pigs.4 Clinical trials are in progress for a malaria
vaccine based on a core protein displaying B- and T-
cell epitopes from the circumsporozoite surface
protein.5–7 A segment of the influenza virus M2
protein by display on core was rendered strongly
d.
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64 Structures of HBV Cores Presenting a Model Epitope
immunogenic and protective in mice.8 It is even
possible to display whole domains, for example, the
28‐kDa ectodomain of the OspA (outer surface
protein A) of the Lyme disease agent, where the
resulting construct conferred immunity to the agent
in mice.9 The utility of the core shell arises in part
from the special properties it has in stimulating
different aspects of the immune system.10

The recombinant core protein can be readily
expressed in Escherichia coli, where it assembles
into icosahedral shells of two sizes, containing 180
(T=3) or 240 (T=4) subunits, respectively.11 Hepa-
titis B virions contain the T=4 form of the core
shell.12 The core protein has a basic C-terminal tail
that interacts with and packages nucleic acid but
that is dispensable for shell formation, provided the
truncation is not before amino acid 140.13–15 The
position of the truncation influences the ratio of T=3
to T=4 particles.16 The fold of the core protein was
determined by electron cryomicroscopy17 and an
atomic structure of the T=4 shell was solved by X-
ray crystallography.18 The shells are built from
dimers of core protein molecules, with each dimer
producing a spike on the surface consisting of a four-
helix bundle formed by apposed α-helical hairpins
(Fig. 1).17–19 During assembly of the virion, the core
undergoes a maturation step involving a relative
scissor-like movement of the α-helical hairpins,
which enables envelopment of the core and secre-
tion of the virus.12

The core protein can remain assembly competent
while accommodating foreign inserts at the N- and
C-termini and more importantly at the tips of the
spikes, where the immunodominant epitope of the
native core protein is located. The tip itself has a large
insertion capacity, accepting, for example, a 120‐
amino‐acid hantavirus nucleocapsid fragment,20 the
entire green fluorescent protein (238 aa),21 or a
domain of the Lyme disease OspA outer protein
(255 aa).9 For short peptides, display on the core
protein greatly increases the immunogenicity of the
foreign protein segment.4,22 Moreover, insertion in
the context of the helical hairpin forming the spike is
likely to constrain the conformation of an inserted
peptide.23

The epitopes of the native core structure have been
extensively investigated by using electron micros-
copy (EM) to examine complexes of core shells with
various antibodies.24–27 However, no detailed struc-
tural analysis has been made of the display of
foreign epitopes and their complexes with anti-
bodies. We here describe the structures determined
by electron cryomicroscopy of engineered core
shells displaying at the spike tip a well-character-
ized epitope DPAFR from the preS1 region of the
surface protein of HBV,28,29 against which a specific
monoclonal antibody MA18/7 is available.30 More
precise mapping revealed a DPxF sequence as a
necessary and sufficient epitope for the antibody
recognition.31 This antibody inhibits attachment of
HBV to human hepatocytes32 and blocks model
infection of primary Tupaia hepatocytes.33 More-
over, the DPAFR epitope is structurally similar to
the native immunodominant DPASR/DPISR stretch
at the tip of the core spike. We examined two
constructs, which position the foreign epitope
differently. The insertions result in an increased
ratio of T=3 to T=4 particles. Besides showing local
differences at the spike tips when comparedwith the
native protein, the construct maps show bodily
rotation of the core protein molecules, similar to
those seen in maturation of the core shell,12 and not
unexpected as the shell is known to react to
conformational stress.34 We compared antibody
complexes of the two constructs with the native
structure in complex with an antibody against the
immunodominant native epitope. The results dem-
onstrate that the different insertions result in a
different geometry of antibody interactions with
varying degrees of steric hindrance between anti-
body fragments on neighboring epitopes. Under-
standing the changes in shell structure caused by
insertions and the overall geometry of the antibody
complexes may help to define the most efficient
ways of displaying foreign epitopes to produce
effective vaccines.
Results and Discussion

The native T=3 core shell structure

The structure of the T=4 form of the core shell is
shown in Fig. 1a, with a detailed view of the α-
helical hairpins forming the spike in Fig. 1b and
c.17,18 The nomenclature16 for the subunits in the
T=4 and T=3 shells is shown in Fig. 1d and e. In the
T=4 shell, there are A,B and C,D dimers formed by
the four computationally nonequivalent subunits. In
the T=3 shell, the dimers are of the form A,B and C,
C, with the C,C dimers lying on strict 2-fold axes.
The assembly of the core protein into T=3 or

T=4 sized shells is influenced by truncation of the
core protein at different points near the C‐terminus
and by modifications elsewhere.16,34 Since the
proportion of T=3 particles increased markedly
with insertions into the major immunodominant
region (MIR) at the tip of the spike (Table 1), we
needed a detailed model of the native T=3 form of
the shell, as a basis to understand the changes in
the shells with insertions. Using a construct
truncated at position 140, which forms mainly
T=3 core shells (75%), we computed a map of the
native T=3 shell at 8 Å resolution (Fig. 1f). We
made a quasi-atomic model by docking in dimers
from the T=4 crystal structure,18 which fit well in
the T=3 shell (Fig. 1g).



(a)

(f) (g)

(b)

(d)

(c)

(e)

Fig. 1. Structures of native HBV core shells. (a) T=4 map from EM12 with the crystal structure superimposed.18 (b and
c) Enlarged views from two directions of the dimer structure forming the spike. This is the A,B dimer (see below), which
forms rings around the 5-fold axes. The A chains are closest to the 5-fold axis while the B chains face outwards from it and
are closer to the 2-fold axis. The C,D spikes are positioned around the 2-fold axes. In (b), the MIR is shown in space-filling
representation, as defined in Fig. 2. (d and e) Nomenclature for the structurally independent subunits A, B, C, and D in the
T=4 shell and A, B, and C in the T=3 shell, respectively.16 The rings represent the positions of the dimer spikes; 2, 3, and 5
indicate the positions of the icosahedral 2-fold, 3-fold, and 5-fold axes, respectively, and l3 denotes the local 3-fold axes. (f)
Electron microscope map of the T=3 shell with dimers from the crystal structure fitted (see the text). This shell is 32 nm in
diameter. (g) Detailed view of the A,B dimer of the T=3 shell, showing good fit of chain from the crystal structure.
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The native T=3 core particle matches the T=4
particle in terms of the shape of the spikes and the
shape of density around the 3-fold and 5-fold axes.
The two types of T=3 spikes closely resemble the
Table 1. Percentage of shells (T=3 or T=4) for various constr

CW full length CW trunc140 Riga full length

T=3 10 75 10
T=4 90 25 90

a From Borisova et al.29
T=4 spikes, clearly exhibiting the bulbous knob‐
shaped profile created by the crossing of the helices
at the dimer interface (see Fig. 1), as opposed to the
narrower conformation observed in mature T=4
ucts
a Riga trunc144a S2-16 trunc144 S1-8 trunc144

20 60 80
80 40 20
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viral cores.12 The A,B dimer from the crystal
structure of the T=4 shell (in the immature
conformation) docked precisely into the density of
the spike at the local 2-fold A,B position in the T=3
map. When the chains in the dimer were allowed to
dock independently, there was no significant ad-
justment of the position or orientation of the
individual subunits. At the strict 2-fold C,C position,
the C-chain from the T=4 crystal structure fitted
best. The level of differences between the conforma-
tions of the T=3 subunits themselves, and with the
four different T=4 solved chains, is within the
degree of variability of the four chains in the T=4
crystal structure.18

Constructs displaying the model epitope

Two different insertion constructs are studied
here, each containing the DPAFR epitope from the
preS1 region of hepatitis B surface protein. These
constructs, with a C-terminal truncation at position
144, were selected from a larger panel of 12
constructs that were characterized biochemically
and immunologically.29 They are named S2-16 and
S1-8. These two were chosen for structural analysis
because both were expressed and formed shells
relatively well, and competitive ELISA showed that
the inserted epitope was fully accessible to antibody.
The constructs differed in that when tested in mice,
S1-8  ...TWVGGNLEDH

HBcAg ...TWVGNNLE  
         hhhhcccc  

S2-16 ...TWVGGNLEDH
             

(a)

h3

h5

h4a

h4b

(b)

Fig. 2. (a) Detailed structure of the subunit, shown rainbow
The fold that contributes to the spike consists of an outward‐go
4 is kinked midway, giving subhelices 4a and 4b. A short loop
first few residues of helix 4a, forms the MIR (shown as space
with other epitopes. (b) Sequences in the region of the spike tip
The conformation of each residue (h for helical, c for coil) in th
sequence. The two constructs S1-8 and S2-16 used in this study
were characterized biochemically and immunologically.29 In
depending on strain) has been deleted and replaced by the epit
In the S2-16 construct, an additional 6 aa C-terminal to the nativ
in the native protein following helix 3 (GGNLE) has been ex
sequence DHDHV. The DPAFR epitope follows and joins ont
YVDH in S2-16. Hence, in both cases, the DPAFR epitope is ins
S2-16 has three and S1-8 has nine more amino acids than the
though both were immunogenic against the DPAFR
epitope, the strength of the immune response
induced to this epitope by the S2-16 construct was
10-fold higher than that of S1-8. The titer of the
antibody response was measured by direct ELISA
against preS1 peptide 21–47 containing the DPAFR
epitope, which showed that dilutions of sera of 103

for S1-8 but 104 for S2-16 took the optical absorbance
values down to background level. Background level
was determined as the mean of three measurements
of sera from non-immunized mice (see Table 2 of
Borisova et al.29).
In the native spike, the helical hairpin consists of

an outward‐going helix 3 and a returning kinked
helix 4, split into helix 4a and helix 4b at the kink
(Fig. 2a). The immunodominant native epitope
(DPASR or DPISR depending on viral strain) stands
exposed on the corner of the spike at the start of
helix 4a. In these two constructs, the native epitope,
DPISR, has been deleted and replaced by the
DPAFR epitope, inserted between two short linker
sequences (Fig. 2b). On the N-terminal side, the loop
following helix 3 is extended by a 5‐aa linker
sequence [linker 1 (L1), DHDHV]. The DPAFR
epitope follows and is joined to helix 4 by a 4‐aa
linker sequence [linker 2 (L2), YVDR or YVDH]. The
difference between S1-8 and S2-16 is that in S2-16,
the 6 aa of helix 4a following the native epitope
DPASR/DPISR have also been deleted. Thus, in
DHVDPAFRYVDRDLVVSYVNTNMG...  n+9

       DPASRDLVVNYVNTNMG...   n
       chhhhhhhhhhhhchhh

DHV      DPAFRYVDHVNTNMG...  n+3

color coded, from N-terminus (blue) to C-terminus (red).
ing helix 3 and a returning helix 4 forming a hairpin. Helix
region of 5 aa joins helix 3 to helix 4 and, together with the
filling). This region at the tip of the spikes can be replaced
of the native and of the constructs with inserted epitopes.
e native crystal structure18 is indicated beneath the native
were selected from a larger panel of 12 constructs, which
these constructs, the native epitope (DPISR or DPASR

ope DPAFR from the preS1 region of HBV surface protein.
e epitope were deleted. In both constructs, the loop region
tended on the C-terminal side with a linker module, L1,
o another linker module, L2, sequence YVDR in S1-8 and
erted between the two linker modules, with the result that
native sequence.
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these constructs, S2-16 contains three more amino
acids and S1-8 contains nine more amino acids than
the native sequence. In the S1‐8 construct, the
foreign epitope and linker L2 might be expected to
extend from helix 4a in a helical conformation,
whereas in S2-16, the deletion would cause the
epitope to be embedded in helix 4a.

Comparison of the structures of the core particle
constructs

Images of the shells formed by the constructs
showed that the particles were predominantly of the
T=3 size, and there was a significant number of
malformed or incomplete shells (Fig. S1). Good
(a)

(c)

Fig. 3. Maps of T=3 core shells with inserted epitope. (a) S
native T=3 map superimposed in red. In each case, the region
the same radius as in the native construct. Around the 5-fold ax
native shell extends to higher radius, as indicated by the re
indicating that the spike in the S2-16 construct is shorter than
indicating that the spike in the S1-8 construct is longer than t
particles were selected from the micrographs and a
map of the T=3 shell for each of the constructs was
computed to 8 Å (Fig. 3a and b). The maps of the
modified cores displaying the model epitopes look
similar in overall character to the native T=3 core,
with well‐defined helices forming the spikes, but
also show some clear differences, as outlined below.
The S1-8 map has longer spikes than the native

structure, while in the S2-16 map, the spikes are
shorter. When sections of the maps are viewed as
densities, each spike tip has a fuzzy weak density
around it, not observed in the native map, which
indicates that parts of the inserted sequences may
be disordered (see Fig. S2). Also, the spikes in the
modified cores are slender and narrow, resembling
(b)

(d)

2-16. (b) S1-8. (c and d) The same maps in yellow with the
of the shell surface around the 3-folds (local 6-folds) lies at
es, the shell surface in the constructs has dropped, and the
d color at this position. In (c), the spike tips appear red,
that in the native, whereas in (d), the tips appear yellow,
hat in the native.
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more closely those observed in the mature T=4
viral cores than those in the T=3 or T=4 cores of
the recombinantly expressed protein.12 The density
(a)

(b)

(c)

Fig. 4 (legend on
in the shell region (excluding the spikes) agrees
closely in most places, except that around the 5-fold
axes, the shell region of the construct maps has
(d) (e) (f)

(g)

(h)

next page)
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dropped to a lower radius (Fig. 3c and d). The
changes in conformation can be accounted for
largely by a bodily rotation of the subunit, but
some internal changes are also needed to fully
explain the differences.
When the atomic model of the T=3 core, obtained

by fitting the subunits to the native T=3 map
(Fig. 4a), is overlaid on the construct maps (Fig. 4b
and c), the hairpin helices forming the spike do not
lie correctly in the density of either construct map.
It is apparent that the subunits need to be tilted to
fit the helices into the map density (Fig. 4g and h),
which can be achieved quantitatively by docking of
the native core protein chains as individual sub-
units into the construct maps. The change in
conformation in the shell can be accounted for
mostly by a rigid‐body rotation of the subunits by a
few degrees about an axis roughly perpendicular
to the plane of the interface between the subunits of
the dimer. The effect is to reduce the crossover of
the helical hairpins from apposing dimers, resulting
in a narrower profile of the spikes, much like that
observed in the T=4 cores obtained from mature
virions.12 The rotation (of ~6°) is largest for the A
chains, which are located in rings around each 5-
fold axis. These C-terminal helix 5s (Fig. 1b, c, e,
and f) associate in a ring around the 5-fold axis,
forming the shell layer at this position. The rigid‐
body rotation of the subunit, bringing the spike
helices into a more radial orientation, also has the
effect of pivoting the helix 5s about a point near the
base of the helices forming the hairpin, causing the
shell layer around the 5-fold axis to drop to a lower
radius (Fig. 3c and d). The subunit at the B position
rotates less and pivots about the C-terminal tip of
helix 5, leaving the shell radius unchanged here.
The subunits forming the spike at the C positions
also show a small rotation, also pivoting about the
C-terminal tips of helix 5, and achieving the more
slender spike profile.
It is clear that though the fit of the subunits into

the spike density of the constructs has improved
through rigid‐body reorientation of the subunits,
smaller additional changes are also needed to
explain the observed differences. In particular, the
Fig. 4. Spike conformations in the modified cores compare
symmetry axis showing the native T=3 map and atomic mode
model spike, same view as in (a). (c) Map of the S1-8 construct o
and (b). (d–f) Radial views of the tip of the spike, showing nati
shown, but the computationally independent A,B dimers in ea
additional bridging density seen in S1-8 (f) compared with w
averaging of noise. (g) S2-16 spike, same view as in (a) to (c), w
in the density. (h) S1-8 spike, same view as in (a) to (c), and (g),
fitted fragment is shown in red and is the same fragment tha
aligned with the red fragment to show the improved fitting in
fragment fitted included helix 3 and helix 4b, but not helix 4a o
α-helix before helix 3 and beyond helix 4b was also included. (
constructs. (g) and (h) show how the change can be modeled la
the bridge of density joining the subunits in S1-8. (e) shows a d
outer segment of kinked helix 4 (helix 4a) needs to be
reoriented into density, predominantly as a rigid
body, but the exact position of the tip of helix 4a
cannot be certain from interpreting maps at this
resolution, though the strong density associated
with the spike structure is consistent with a helical
structure. The degree of tilt of helix 4a needed to fit it
into the density in the outer region of the spike is
~20° for S2-16 and ~10° for S1-8. Since α-helices are
resolved as strong tubular densities in these maps at
8 Å resolution, the helices in the constructs can be
compared with those in the native core, and their
lengths can be estimated with an accuracy of one
turn of the α-helix (~3 or 4 aa). It is clear that helix 3
and helix 4a in the constructs show differences in
length compared with those in the native core. This
affects the position of the foreign epitope in the
constructs, as will now be described.

Positioning of the foreign epitope

The S2-16 spike appears to be a shortened version
of the native one (Fig. 4b and g). Helix 3 looks the
same length but helix 4a is shorter by ~1 turn
(Fig. 4b). (In the diagrams shown in Fig. 4, helix 4 of
the core protein subunit appears on the left and helix
3 appears on the right in the hairpin nearer to the
observer.) This is consistent with the fact that 2 aa
have been removed from within this helix and
suggests that the inserted linker sequence L2 must in
this case be mostly helical. The connection between
the unchanged helix 3 and the shortened helix 4
appears the same as in the native; hence, the 5‐aa
linker L1 added to the loop region does not form a
defined density and is not seen. It probably gives
rise to the fuzzy weaker density apparent around
the spikes. In summary, in S2-16, L1 is disordered,
and L2 has been incorporated within helix 4 to
replace the deleted helical part of the native
structure. The DPAFR epitope is likely to adopt a
helical configuration to replace the native DPASR/
DPISR epitope on the end of the shortened helix 4a.
In the map of the S1-8 construct, helix 4a also

appears about one turn shorter at its N-terminal end
compared with helix 4a in the native structure
d with the native type (wt). (a) Spike at the strict 2-fold
l. (b) Map of the S2-16 construct overlaid on the native T=3
verlaid on the native T=3model spike, same view as in (a)
ve (d), S2-16 (e), and S1-8 (f). In each case, the C,C dimer is
ch construct display very similar features. In particular, the
t (d) or S2-16 (e) is thus unlikely to have arisen from the
ith molecular fragment of spike, as shown, reoriented to fit
with fragment of spike reoriented to fit in the density. The
t was fitted in (g). The larger fragment in gray has been
the extended part of helix 4a as well as the loop region. The
r the loop region between helix 3 and helix 4a. One turn of
b) and (c) show the mismatch of the native structure to the
rgely as a rigid‐body movement of the subunits. (f) shows
istortion compared to (d), but not the bridge shown in (f).
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(Fig. 4c and h), indicating that in this construct, the
inserted linker sequence L2 does not continue the α-
helix. Helix 3 appears to be extended by one turn.
The DPAFR epitope is positioned between the two
linkers L1 and L2. Since the S1-8 spike is longer than
the native spike, the linkers must extend outwards
from their constrained end points and present the
epitope at the tip of the extended spike. This is a
quite different configuration to the native epitope or
to the foreign epitope in S2-16. The strong additional
feature in S1-8 at the tip of the spike lying across the
2-fold axis (Fig. 4f versus Fig. 4d and e) indicates
extra material and a new interaction between the
(a)

(c)

Fig. 5 (legend on
subunits at the dimer interface. This compact
density may in part correspond to the inserted
DPAFR epitope forming a short helix. In the solution
structure of the preS1 protein from the HBV surface
antigen, a short region containing part of the DPAFR
epitope was shown to be helical.35 The fuzzy density
surrounding the spike indicates that there is some
disordered chain in this structure too (Fig. S2).
Thus, the sequence modifications at the tips of the

spikes cause entire subunits to undergo similar
rigid‐body rotations, giving rise to the similar
observed changes in the shell region of the structure.
The overall rigid‐body rotation of the subunits is
(b)

(d)

next page)
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also responsible for the changes in the profile of the
spikes, making themmore slender than in the native
shell. In addition, helix 4a reorients, causing or
caused by a reconfiguration of the tip structure,
which is related to the overall subunit reorientation.
In both constructs, some of the inserted linker
sequence is disordered. The structure of S1-8 was
not as expected, since the inserted linker sequences
caused helix 3 to be extended rather than helix 4a.
Together with the additional partially ordered
material, this makes the S1-8 spikes longer than
those in the native structure. In the S2-16 construct,
the shortening of helix 4a and the disordering of the
loop at the tip make the spikes look shorter than in
the native structure.

Complexes of Fabs with the native core shell

An initial study of a complex of the well‐
characterized C1-5 antibody,36–38 which recognizes
the immunodominant DPISR epitope (more pre-
cisely 78-DPIxxD-83)38 at the tips of the spikes of
the native core shell, was made to allow compar-
ison with the interactions of the MA18/7 antibody
with the engineered core shells. Particles were
mainly (90%) of the larger T=4 form, and a map
of the T=4 complex computed to 8 Å resolution
gives an indication of the level of detail that can be
obtained in a favorable case. As this complex has
already been studied,27 only brief details are given
here to allow comparison with the constructs with a
foreign epitope.
The map of the complex (Fig. 5a) shows that the

diameter of the particle has increased from 350 Å for
the unlabeled core to 470 Å in the complex,
illustrating the large size of the antibody compared
to the spikes on core shell (see also Fig. S3). Because
the density for the fragment of antibodies (Fabs) is
weaker than that for the core (see below), the core
itself in the complex can be visualized by choosing a
density threshold intermediate between Fab and
core (Fig. 5b). The structure thus displayed closely
matches the uncomplexed core (Fig. 1a), as shown
by the good fit of the crystal structure into the
density (Fig. 5b). Comparison of the map of the
Fig. 5. Map of the complex of C1-5 Fab with the native T=4
protein region of antibody complex. The Fab density is weake
due to blocking, and has been suppressed by setting the display
and the coordinates from the crystal structure (overlaid gray
associated Fab density (outlined with the broken line) with the
density adjacent to the epitope (shown as colored space filling)
the constant domain of the Fab. The surface of the core protein
complex with Fabs modeled in to show how the overall densi
blocking (see the text; Fig. S4). For clarity, the model represents
D sites. Fabs on A sites have their heavy and light chains color
green (heavy chain) and blue (light chain). Since the occupancy
Fabs on the C and D sites, the modeled Fabs fill most of the obs
with annotation delimiting the shell region from bound Fabs.
complex displayed at a lower density level (Fig. 5d)
with the view of the core shell (Fig. 5b) shows that
the Fabs form an additional outer shell of density
with twomain motifs, a turret-like nearly cylindrical
density on the 5-fold axis and a rectangular bridge of
density across the 2-fold (local 6-fold) axis. These
features represent superpositions of antibody frag-
ments bound to a subset of the icosahedrally related
sites. The computed map is icosahedrally averaged,
and at each position, the density represents the
average of the occupancy over all the symmetrically
related sites.
Examination of the additional density due to the

Fabs indicates that the four independent binding
positions on the A, B, C, and D subunits have
differing occupancies, demonstrating that their
environments are distinct from each other. Anti-
body binding at one site may block binding at
another site, as has been reported previously, for
example.39 In the core protein, the spike, being a
dimer, contains two closely positioned quasi-
equivalent antibody binding sites. The footprint of
binding of the Fab to one site overlaps with the
other; thus, only one of these can be occupied at
once, giving a maximum averaged occupancy level
of 50%, for all potential sites (Fig. S4). The Fabs
project off the epitope at the corner of the spike at
an angle of about 45° to the radius (Fig. 5c), as
observed previously.27 Because of this orientation,
the Fab fragments extend out sideways over a
relatively long distance and block access to binding
sites on neighboring spikes. The A chains are
arranged around the 5-fold axis, and their bound
Fabs face inwards towards the 5-fold axis, forming
the turret-like feature. The average occupancy for
the A site is 0.4, indicating that, on average, two of
the possible five A sites are filled. In the icosahed-
rally averaged map, this is represented as a partial
occupancy of 0.4 at all the sites, and the density at
the turret-like feature is an average of 2 Fabs per
5-fold motif, bound at random positions. Molecular
modeling (Fig. 5c and d and Fig. S4) indicates that a
maximum of two of these sites (of five potential A
sites) can be filled at once, in good agreement with
the measured occupancy.
shell. (a) Central slice through Fab complex map. (b) Core
r than the core [see (a)], because of low occupancy of sites
surface at a high level. The core density is sharply defined

tubes) fit precisely. (c) Close‐up view of one spike and its
modeled Fv chain (drawn as a gray tube) docked into the
. The density more distant from the epitope corresponds to
[as in (b)] is indicated by mesh work. (d) Map of the whole
ty arises, although not all sites can be occupied because of
100% occupancy of A and C sites, with no labeling on B or
ed red or yellow, respectively. Those on C sites are colored
of the B sites is very low, and there is a large overlap of the
erved EM density. Figure S3 shows a section similar to (a),
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Similar effects cause the partial occupancy around
the 2-fold (local 6-fold) axes, where the three
different types of quasi-symmetry‐related sites (on
the B, C, or D chains), six in total, can clash, giving
rise to the bridge-like features. The occupancy at the
B site, B being the outward facing chain of the
dimers arranged around the 5-fold axis, was
measured as less than 0.1. This low occupancy can
be explained by the blocking effect of Fabs at the C
and D sites. The occupancy on the C and D chains
positioned around the local 2-fold axis was 0.4 and
0.2, respectively. The difference in occupancy at
these two similar sites could be due to their different
structures or environments—which is a conse-
quence of the quasi-symmetry. The orientation of
Fab binding and separation of spikes on the core
appear to be compatible with bivalent binding of
an antibody.

Fab complexes with the modified core shells
containing inserted epitopes

The core shell constructs were labeled with Fabs
derived from the monoclonal antibody MA18/7 to
the DPAFR epitope. The maps of the labeled S2-16
complex are similar in character to the C1-5‐
labeled native complex. Figure 6a and b show
equivalent views of T=4 maps of the native and
S2-16 Fab complexes, at the same nominal
resolution of 15 Å. The Fabs project out from the
spikes at a similar angle to form similar motifs at
the 5-fold or 2-fold symmetry axes. Slight orienta-
tion differences could be due to the different
nature of the interaction in the two complexes, as
well as the epitope being presented differently. In
addition, it is possible that the two different
antibodies (C1-5 and MA 18/7) exhibit slightly
different elbow angles.40 However, the major axis
of corresponding Fabs lies in a very similar
direction and thus gives rise to very similar
maps. Since they are so similar, it is very likely
that the position and orientation of presentation of
the epitopes are very similar and that the model
epitope has essentially replaced the native epitope
at the top of helix 4.
Cross-reactivity of the antibodies has been tested

in Western blot, direct and competitive ELISA, and
immunogold EM (P.P. et al., unpublished results).
The anti-DPAFR MA18/7 antibody does not cross-
react with the native DPASR or DPISR core epitope
in Western blot, ELISA, or immunogold EM. No
sign of even weak reaction was ever seen. Vice
versa, the C1-5 antibody does not recognize S1-8, S2-
16, other HBc (core protein from HBV) VLP carriers
bearing the DPAFR epitope and lacking native
DPISRD sequence, or RNA phage coat protein-
preS1 fusions, which contain DPAFR epitope in
different amino acid neighborhood (P.P. et al.,
unpublished results).
Comparison of the T=4 and T=3 S2-16 maps
(Fig. 6b and c), which have identical Fab binding at
the molecular level, illustrates how the same
features manifest differently according to the differ-
ent T=3 or T=4 packing. The turret‐like motifs
around the 5-fold axes correspond closely, but in the
T=3 structure, the bridge across the local 6-fold axis
has strict 3-fold symmetry, as opposed to having
strict 2-fold symmetry in the T=4 structure. Apart
from the symmetry difference, these bridges are
similar in character.
Since the majority of the S1-8 particles were of

the T=3 type, only a T=3 map of the S1-8 Fab
complex was calculated. In Fig. 6c and d, the S2-16
T=3 map is compared with the S1-8 T=3 map.
The additional density due to the Fabs in the
S1-8 map extends radially outwards from the
spikes on the shell, rather than at an angle (~45°)
as for the S2-16:MA18/7 Fab or native core:C1-5
Fab complexes. The S1-8:MA18/7 Fab map does
not show the same motifs as the native core:C1-5
Fab or S2-16:MA18/7 Fab maps on the 5-fold or
3-fold axes. Because of the radial disposition of
the Fabs in the S1-8 complex, the density due to
Fabs is less distinct than for the S2-16 complex, as
it does not form the distinctive “bridges” or
interacting motifs across the symmetry axes.
Thus, blocking between sites on adjacent spikes
does not occur, and the blocking effect is
restricted to the overlap of the two closely spaced
sites on the tip of a given spike.
The Fab density on S1-8 is strongest near the tips

of the spikes on the core shell. It becomes weaker
with increasing distance from the surface, indicating
a level of flexibility or disorder. The density lying
close to the dimer interface (2-fold axis for C,C spike,
or local 2-fold for A,B spike) is enhanced by 2-fold
averaging (computational 2-fold averaging at the C,
C spike, or superposition of quasi equivalent
densities on the A,B spike). This combination of
disorder and 2-fold averaging makes it difficult to
interpret the outer density in detailed terms of the
shape of a Fab.
An additional density feature observed at the tip

of the spike in the S1-8 unlabeled core (Fig. 4f)
indicates that the DPAFR epitope lies close to the
2-fold or local 2-fold axes at the tip of the spike of
the dimer in the S1-8 construct. This explains why
the DPAFR epitope on S1-8 is accessible, though in
a very different environment to S2-16. It also raises
the possibility of interference of the two epitopes
on the dimer with one another, since they are in
close proximity. The location of the epitope in an
unconstrained position in a loop at the tip of the
spike may also explain why in this complex the
Fab fragments do not appear well ordered. Since
S1-8 and S2-16 contain exactly the same epitope,
the different levels of immunogenicity observed in
mice must be due to the way it is presented.



(a) (b)

(c) (d)

Fig. 6. Maps of various complexes of Fabs and core shells. (a) T=4 native shell with C1-5 Fab (as Fig. 5a and d, but at
lower resolution to compare with construct maps). (b) T=4 S2-16 construct with MA18/7 Fab. (c) T=3 S2-16 construct
with MA18/7 Fab. (d) T=3 S1-8 construct with MA18/7 Fab. Note that the maps in (a), (b), and (c) have a similar
character, with the Fabs coming together to make strong features around the symmetry positions [5-fold and 2-fold in
(a) and (b); 5-fold and 3-fold in (c)], whereas in (d), the density arising from the Fab is radial and does not create
features around the symmetry axes. The maps were filtered to 15 Å resolution. The radial color scales shown are
calibrated in angstroms (Å). The core shell is colored yellow, and then the color graduates in 20‐Å bands from green, to
light blue, to dark blue as the radius increases. The outer limit of the shell radius is 160 Å or 175 Å for the T=3 or T=4
shells, respectively.
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In summary, in S2-16, the model epitope is in a
position and conformation closely resembling the
immunodominant epitope in the native shell. Bound
Fabs project from the “corner” of the spike, at an
angle of ~45°, causing blocking effects between sites
on different spikes. In S1-8, the DPAFR epitope is
located more centrally on the tip of the spikes, near
the dimer interface and the 2-fold axis. The density
of bound Fabs projects radially outwards from the
center of the spike. No blocking between sites on
different spikes will occur with this geometry. The
footprint of antibody binding will only allow one
antibody or Fab to bind per spike on either of the
constructs or to the MIR on native cores.
Conclusions

HBV core protein has an inherent and complex
immune stimulating capability,10 which is both T-
cell independent and T-cell dependent.41 The native
core protein assembled into particles can present
many copies of an epitope with high density and
appropriate spacing to cross-link B‐cell receptors
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optimally.42 For the native particle, this produces a
strong antibody response against the major immu-
nodominant epitope positioned at the tips of the
spikes on the core shells. By removing the native
immunodominant epitope and inserting a foreign
sequence in its place, it is possible to elicit a strong
immune response to the inserted sequence. The
inserted sequence may be a large protein domain or
just a small peptide. In the latter case, as we have
studied here, the exact positioning of the foreign
sequence can have large effects on the immunoge-
nicity of the construct.
For the modified core construct to induce an

effective immune response, the displayed foreign
epitope must be able to bind strongly to receptors
on B-cells in a way that promotes the cross-linking
of clustered receptors. The structure of the MIR at
the tips of the HBV core protein spikes potentially
allows the inserted epitope to be either displayed as
a loop constrained at both ends by fixed α-helices in
the hairpin or incorporated in a helical conforma-
tion at the end of one of the radially extending
helices. The two constructs studied here appear to
exemplify these two modes of display. Small
changes in the construct, for example, in the number
of amino acids in the insert, can have large effects on
the orientation and accessibility of the epitope. If the
epitope is embedded in an α-helix, then a change of
one amino acid position in the sequence can cause
the epitope to be reoriented by 100°. In addition,
changes made to the core protein around the MIR
cause a change in orientation of the subunits in the
dimer forming the spikes on the exterior of the core
shell and this may affect the orientation and
accessibility of the epitope presented.
In the S2-16 construct studied here, the inserted

foreign epitope appears to be positioned in a partly
helical conformation that closely mimics that of the
native immunodominant core epitope. The binding
of antibodies C1-5 and MA18/7, respectively, to the
two kinds of shell is very similar, with the Fab
fragments projecting off the “corners” of the spikes
at an angle of ~45° to the radius. This overall
arrangement is therefore likely to be a favorable one
for strong interactions between core shell and
membrane‐bound B‐cell receptors, exploiting an
equivalent geometry. Like the native core protein,
S2-16 might therefore be expected to produce a
strong immune response, as indeed it does.29 In the
S1-8 construct, by contrast, the foreign epitope
appears to be displayed as a less ordered feature
right at the tip of the spike and the bound Fab
fragment lies in a radial direction. This Fab
arrangement may indicate a much less favorable
geometry for interaction of the foreign epitope with
the equivalent arm of a membrane‐bound B‐cell
receptor, leading to less efficient cross-linking and a
correspondingly weaker immune response than that
observed against S2-16.29 In addition, in S1-8, the
epitope is presented exposed near the 2-fold axis
right at the tip of the dimer spike. This might allow
interactions with the partner epitope from the other
member of the dimer to change the molecular
surface presented. In the S2-16 construct, this
could not occur. There is also the question of
whether a small inserted sequence in the engineered
core adopts a conformation like that of the epitope in
the context of its native protein. In our case,
monoclonal antibody MA18/7 was raised against
native surface antigen,30 and since both S1-8 and
S2-16 react with MA18/7 and, in mice, induce
production of antibodies that react with the native
preS1, they must both be displaying the DPAFR
epitope in something close to its native conforma-
tion. However, in S2-16, the epitope is embedded
in the native-like α‐helix 4a, which may have a
stabilizing effect on its conformation. This more
rigid and defined location and environment may
also favor stronger interactions with the mem-
brane‐bound B‐cell receptors. The organization of
the linkers in S1-8 does not provide the same level
of constraint. Different modes of insertion may
have different constraints, and it may be that the
SplitCore approach,43 which provides a less con-
strained setting, will prove advantageous especial-
ly for larger domain inserts.
Therefore, in the design of virus-like particles for

use as vaccine carriers, it is important to consider the
three‐dimensional (3D) structure of the entire
particle. Since core particles carrying preS1 epitopes
are considered as a prospective therapeutic vaccine
against chronic hepatitis B,2 our data may help in
this particular case. The overall conformation
changes in the spikes observed for the two different
constructs were similar; hence, this information
could be used when designing constructs with
other epitopes. However, especially since the core
particles are not strictly rigid scaffolds to which the
epitopes become attached and it is also hard to
predict the conformation that will be adopted by
any particular inserted sequence, it will help to
visualize the structures of further constructs and
relate them to the results of functional assays.
Materials and Methods

Production of core shells

Cloning, expression, and purification of the HBV core
particles S1-8 and S2-16 with DPAFR epitope inserted at
the MIR were performed as previously described.29

Briefly, E. coli K802 (hsdR, gal, met, supE, mcrA, mcrB)
cells were grown overnight on a rotary shaker at 37 °C in
750‐ml flasks containing 300 ml of M9 minimal medium
supplemented with 1% casamino acids (Difco Laborato-
ries, USA) and 0.2% glucose. An OD540 (optical density at
540 nm) of 2–5 was usually reached. Cells were pelleted
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and lysed by 30‐min incubation on ice in lysis buffer
containing 50 mM Tris–HCl, pH 8.0, 5 mM ethylenedia-
minetetraacetic acid, 50 μg/ml PMSF, and 2 mg/ml
lysozyme, and then ultrasonicated 3 times for 15 s at
22 kHz. Lysates were adjusted to 10 mM MgCl2 and
20 μg/ml DNase and after 5‐min incubation to 0.1 M urea.
After low‐speed centrifugation, proteins were precipitated
from the supernatant with ammonium sulfate at 33%
saturation for 1–2 h at 4 °C. Ammonium sulfate pre-
cipitates were washed with phosphate‐buffered saline
(PBS) buffer and then dissolved in PBS containing 1.5 M
urea and 0.6% Triton X-100 just before loading onto the
Sepharose CL4B column (2.5 cm×85 cm). The S1-8 and
S2-16 capsids were eluted from the column with PBS
buffer containing 0.25 M urea and 0.01 % Triton X-100.
The presence of S1-8 and S2-16 polypeptides in
fractions was tested by PAGE. Positive fractions were
pooled and concentrated by ammonium sulfate precip-
itation at 33% saturation for 20 h at 4 °C. Pellets were
resuspended in PBS or in Tris–saline buffer—10 mM
Tris–HCl, pH 7.5, and 150 mM NaCl—to a final concen-
tration of about 2 mg/ml, dialyzed overnight against
2000 volumes of the same buffer, and stored at −70 °C
in 50% glycerol.
The native T=4 particles for labeling with the C1-5

antibody were prepared exactly as described previously,
for the full‐length CW isolate.12 For isolation of T=3
particles, the construct HBcΔ-CW, in which the core
protein is truncated after amino acid 149,44 was subject to
a further truncation after amino acid 140. This was
produced by PCR using oligonucleotide primers 5′ GA
CTT CAA CAT ATG ACA TTG ATC CTT ATA AAG 3′
and 5′ CCG GAA TTC TCA TAA GAT AGG GGC ATT
TGG 3′. The resulting PCR product was cleavedwith NdeI
and EcoRI and inserted into the corresponding restriction
sites in the expression plasmid PT7-SC. Preparation of
T=3 shells was then done in the same way as for T=4
shells,44 but with the modification that in the final sucrose
gradient centrifugation step, the later fractions of the peak
were selected.

Antibody labeling

Fabs from the C1-536 or MA18/730 antibodies were
prepared by digestion with Papain,45 using Pierce Kit
44885 (Thermo Fisher Scientific, Cramlington, UK).
Antibody fragments were mixed with core shells, at a
ratio of ~1 Fab per HBV core dimer, before freezing on
EM grids.
Electron cryomicroscopy

Samples of core shells, or antibody complexes, were
prepared for EM on holey carbon films, by standard
methods.12,17 Frozen hydrated samples were imaged at
300 kV or 200 kV, with a nominal magnification of
50,000×, on an FEI Tecnai F30, or F20, or 60,000× on a
Hitachi HF-2000 electron microscope. Images were
recorded on Kodak SO-163 film and developed in full‐
strength Kodak D19 for 12 min. Filmswere digitized using
a Zeiss SCAI Scanner (Z/I imaging, Oberkochen),
sampling at 7 μm per pixel. Two-by-two pixel binning
was then applied, giving a resultant 14 μmper pixel. Table
S1 shows a summary of imaging conditions and param-
eters for each structure analyzed.
Image analysis and 3D reconstruction

Image processing, 3Dmap computation, and refinement
of the magnification were performed as before,12 using the
MRC programs for icosahedral reconstruction.46,47 Parti-
cles were selected manually using Ximdisp48 or automat-
ically using FindEM.49 The sampling for the images of the
non-native‐labeled particles was reduced by a further
factor of 2 by binning adjacent pixels. SPIDER50 pro-
cedures were used for iterative alignment and centring of
particles. Imagic51 was used for multivariate statistical
analysis and classification of the aligned particle sets. A
significant portion of the non-native core particles suffered
frompoor assembly. Classes of particles forming complete,
nondeformed shells were selected visually. These classes
appeared unbroken and isometric. The common‐lines
procedure47 was used to find the orientation of the
particles directly from the class averages. The four or five
best scoring class averages were used to reconstruct an
initial 3D model. After this, individual particles from the
selected classes were refined iteratively against projections
of the current best 3D model, as before.11,12,17 Initially, the
defocus used to fit a contrast transfer function for each
image was determined from the summed power spectra of
the particles.17 The contrast transfer function was refined
iteratively in the final stages of the reconstruction
procedure.12 Finally, the maps of unlabeled cores were
sharpened by weighting the Fourier amplitudes so as to
match the rotationally averaged one-dimensional ampli-
tude profile with the atomic model of the T=3 shell (as
fitted), as previously described.12 Maps of unlabeled cores
were reliably determined to 8 Å resolution (Fig. S5), as
defined by the Fourier shell correlation criterion 0.33.52 The
maps of Fab labeled cores were determined to beyond
15 Å, or 8 Å in the case of the native core:C1-5 Fab complex
(Figs. S6 and S7. The final maps of unlabeled cores and the
native core:C1-5 Fab complex were limited to 8 Å
resolution by Fourier truncation for analysis, comparison,
and display. The Fab complexes of S2-16 and S1-8 were
similarly limited to 15 Å for analysis and display. The hand
of the native T=3 and T=4 maps was assigned directly
based on the distinctive handed motifs seen at the 5-fold
axis (since the atomic model for T=4 was available). The
hand of the other, lower‐resolution, maps could be
assigned based on comparing coarser handed features
with the known T=3 and T=4 maps.

Docking and modeling

DockEM53 was used to fit models and fragments into
3D maps. A magnification search with atomic models and
the EM maps was used to determine the magnification of
the EM maps accurately. A modification of DockEM, to
restrict searches to rotations about a specified pivot point,
was implemented for fitting of helix fragments. T=3 quasi-
atomic model: The chains from the crystal structure of the
T=4 shell18 were fitted as dimers, and as individual
chains, into all three unique positions in the T=3 map,
using DockEM. For docking, a density was created from
the atomic models and filtered to match the resolution of
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the EM map, 8 Å. Once a preliminary fit of the dimer had
been obtained, the relative magnification was optimized
by including a relative scale in the local search to match
the dimer in the density.
A full atomic model of the T=3 shell was created by

applying icosahedral symmetry to the fitted chains at the
A,B and C,C spikes, using the CCP454 program PDBSET.
A density map created by filtering this model to 8 Å was
used to optimize the magnification scale of the other T=3
core shell maps, by correlation in DockEM. A scale search
repeated using the native T=3 EM map, or a density
model from the coordinates created with the tips of the
spikes deleted, produced the same results.Modeling of core
particles with DPAFR epitope inserted: Superposition of the
maps indicated changes in shell region and tips of spikes.
Superposition of the native T=3 model and maps of the
modified core particles also demonstrated changes.
Initially, changes at the tip were not modeled due to the
weaker less defined density in this region. A series of
fragments of the subunit, excluding tip region, were
created and docked into the density. It was found that
changes in the shell domain could be modeled as rigid‐
body reorientations of the subunit structure. The tip
changes were modeled by docking of small helical
segment representing helix 4a to the existing fitted
model. The extension of helix 3 in the S1-8 map was
examined by superpositioning a model helix to extend
from the tip of helix 3. Fragment of antibody variable domain
(Fv) docking and occupancy analysis:An atomic model of the
core particle antibody complex was obtained by docking a
model of the Fv of antibody C1-5 into the map density,
using information to 8 Å resolution. The docking of the Fv
at the density associated with chain C proved the most
reliable, due to a combination higher occupancy and less
superposition effect than the A site. Symmetry‐related
positions on the other three chains were obtained by
applying the quasi-symmetric relationships of the under-
lying chains. This enabled a full atomic model of the core
shell Fv complex to be obtained. The atomic model of the
C1-5 Fv was obtained by submitting the sequence37 to the
Web Antibody Modeling server.55

A model of the core shell with complete Fabs bound
was obtained using an antibody model chosen to have a
compatible elbow angle40 with the density observed,
selected from the Protein Data Bank (Protein Data Bank
code: 1DBA). The Fv region of this model was aligned to
the positioned C1-5 Fv models. The occupancy levels at
all the different sites were determined by creating a
simulated density from the atomic model of this complex,
for all permutations of occupancy, in steps of 10%. The
simulated densities were correlated with the observed
EM map of the complex using DockEM,53 using
information to 15 Å resolution, with the best match
indicating the correct occupancy. On the scale used, the
maximum possible occupancy per binding site on each
chain is 1. However, because only 1 of the 2 sites per
dimer can be occupied, the maximum possible occupancy
for C+D or A+B is 1; that is, if there was 100% C site
occupancy, then no D sites could label. Therefore, if the
A,B and C,D spikes were 100% labeled (i.e. one Fab per
spike), then the total occupancy of all the sites would add
up to 2. Atomic coordinate alignments and transforma-
tions were computed using Amira Software (Visage
Imaging GmbH, Berlin, Germany), as were map render-
ing and molecular representations for Figs. 1–5. Figure 6
was made using UCSF Chimera.56
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Abstract

Background: Bacteriophages of the Leviviridae family are small RNA viruses with linear, positive-sense,
single-stranded RNA genomes that encode only four proteins. All phages of this family require bacterial pili to
attach to and infect cells. Leviviridae phages utilizing F-pili for this purpose have been extensively studied. RNA
phages specific for conjugative plasmid-encoded pili other than that of plasmid F have been isolated, but are much
less understood and their relation to the F-pili-specific phages in many cases is not known.

Results: Phage M has the smallest known Leviviridae genome to date and has the typical genome organization
with maturation, coat and replicase genes in the 50 to 30 direction. The lysis gene is located in a different position
than in other known Leviviridae phages and completely overlaps with the replicase gene in a different reading
frame. It encodes a 37 residue long polypeptide that contains a transmembrane helix like the other known lysis
proteins of leviviruses. Sequence identities of M proteins to those of other phages do not exceed 25% for
maturation protein, 51% for coat protein and 41% for replicase. Similarities in protein sequences and RNA
secondary structures at the 30 untranslated region place phage M together with phages specific for IncP, IncC and
IncH, but not IncF plasmid-encoded pili. Phylogenetic analysis using the complete genome sequences and replicase
proteins suggests that phage M represents a lineage that branched off early in the course of RNA phage
specialization on different conjugative plasmids.

Conclusions: The genome sequence of phage M shows that it is clearly related to other conjugative pili-specific
leviviruses but has an atypical location of the lysis gene. It provides a better view on the remarkable diversification
of the plasmid-specific RNA phages.

Keywords: Leviviridae, RNA phage, Pili-specific phage, IncM, Conjugative plasmid, Lysis
Background
Bacteriophages of the Leviviridae family are small viruses
that infect several genera of Gram-negative bacteria. They
have linear, positive-sense, single-stranded RNA genomes
about 3500 – 4200 nucleotides in length that encode only
four proteins. All Leviviridae phages have three genes in
common – maturation, coat and replicase [1]. The replic-
ase cistron encodes the catalytic subunit of the RNA-
dependent RNA polymerase complex, which is assembled
together with several bacterial proteins [2,3] and replicates
phage RNA. The coat protein forms dimers, 90 of which
assemble in a T=3 icosahedral capsid about 27 nm in
* Correspondence: j.rumnieks@biomed.lu.lv
Biomedical Research and Study Centre, Ratsupites 1, Riga LV-1067, Latvia
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diameter and encapsidate the genome [4]. A single copy
of the maturation protein binds to phage RNA [5] and
gets incorporated into capsids along with it. It is required
for infectivity of the virions – the maturation protein
binds to bacterial pili, then leaves the capsid and enters
the cell as an RNA-protein complex [6].
Many of the Leviviridae phages are divided in two

genera – leviviruses and alloleviviruses. The major dis-
tinction of alloleviviruses is the presence of a minor coat
protein A1 in their capsid which is produced by riboso-
mal read-through of a leaky termination codon of the
coat gene [7]. The other difference is that the maturation
protein of alloleviviruses also triggers cell lysis [8,9],
whereas leviviruses encode a dedicated small lysis poly-
peptide for this purpose [10-12].
entral Ltd. This is an Open Access article distributed under the terms of the
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, provided the original work is properly cited.

mailto:j.rumnieks@biomed.lu.lv
http://creativecommons.org/licenses/by/2.0


Rumnieks and Tars BMC Microbiology 2012, 12:277 Page 2 of 8
http://www.biomedcentral.com/1471-2180/12/277
The ssRNA phages that infect Escherichia coli cells by
adsorbing to F plasmid-coded pili were the first isolates
of the Leviviridae family [13,14], and to date these
“male-specific” phages, with type species MS2 and Qβ,
have been the most intensively studied and best charac-
terized of this family. However, the F plasmid is just one
of the many conjugative plasmids that are present in na-
ture. These plasmids are often highly divergent from F
and are most often grouped according to their mutual
compatibility. In Enterobacteriaceae, the conjugative
plasmids form more than 20 different incompatibility
(Inc) groups which are denoted by capital Latin letters
[15]. All these plasmids encode conjugative pili, but the
pilin subunits often share no similarity.
Several ssRNA phages specific for conjugative pili other

than that of plasmid F have been discovered. Phage PRR1
[16] which adsorbs specifically to IncP plasmid-encoded
pili was the first such example, and later other phages
specific for Inc group C [17], D [18], H [19,20], I [21], M
[22] and T [23] plasmids followed. Phages PRR1, C-1
(IncC-specific) and Hgal1 (IncH-specific) have been
sequenced [24,25] and phage PRR1 capsids have also
been crystallized [26], but no research has been done on
the other plasmid-specific phages since their isolation.
The IncM plasmid-specific RNA phage M [22] was

isolated from sewage in Pretoria, South Africa in the be-
ginning of the 1980s. IncM plasmids have a broad host
range, code for rigid pili and transfer efficiently only
when bacteria are growing on solid media [27]. Likewise,
the phage is able to propagate in different strains of
Escherichia, Salmonella, Klebsiella, Proteus and Serratia,
provided they contain an IncM plasmid. To obtain more
insight in plasmid-specific RNA phages, we determined
the genome sequence of phage M and present here its
analysis and comparison to the genomes of other RNA
phages of the Leviviridae family.

Results and discussion
Overall structure of the genome
The genome of phage M is 3405 nucleotides long and fol-
lows the canonical Leviviridae genome organization with
maturation, coat and replicase cistrons following each
Maturation Coat Replicase

1305 1706 1742127790
1

2991

Lysis

M

Figure 1 Genome organization of phage M. Start and end positions of
organizations of Leviviridae phages are represented on the right with gene
green) is an extended read-through variant of the coat protein and the lys
other in the 50-30 direction (Figure 1). An unusual feature
of the genome is that the lysis gene appears to be located
in a different position than in other leviviruses, as dis-
cussed below. It is also the smallest known Leviviridae
genome to date, about 60 nucleotides shorter than that of
the group II F-specific phage GA [28]. The protein coding
regions of phage M are of similar length to those of phage
GA, with maturation and coat genes being a bit longer
and replicase somewhat shorter; the greatest savings in
M’s genome come from terminal untranslated regions
(UTRs), the 50 UTR being about 45 nucleotides and the 30

UTR about 20 nucleotides shorter.

Identification of the lysis gene
All members of the levivirus genus encode a short poly-
peptide that mediates cell lysis. Amino acid sequences of
lysis proteins show great variation and their only unify-
ing feature is the existence of a hydrophobic transmem-
brane helix within the protein [29]. Lysis proteins have
been shown to accumulate in the bacterial membrane
where they presumably form pores that lead to cell lysis
[30]. In all of the known Enterobacteria-infecting levi-
viruses, the lysis gene overlaps with coat and replicase
genes in a different reading frame and is translationally
coupled with the coat gene [1]. However, in the genome
of phage M, no candidate ORFs at this location could be
identified: in the +2 frame relative to the coat gene there
are no termination codons until the start of replicase
and in the +1 frame only a 17 amino acid long ORF that
would encode a non-hydrophobic peptide is found.
Up to now, there have been two reported cases in the

Leviviridae family where the lysis gene in is in a different
location: Acinetobacter phage AP205 has a short lysis gene
preceding the maturation gene [31], while Caulobacter
phage φCb5 codes for a longer, two-helix protein that
completely overlaps with the replicase gene [32]. To test
the possibility that phage M also has a non-canonical
localization of the lysis gene, we utilized the fact that the
pJET1.2 plasmid, where the cDNA copies of the genome
were cloned for sequencing, contains a T7 promoter that
can be used to transcribe the insert. Several clones with
inserts in the correct orientation with respect to the T7
3304
3405

3104

Cb5

AP205

Q

MS2, PRR1, PP7

phage genes are indicated. For comparison, the other known genome
s color-coded as in the M genome. In phage Qβ, protein A1 (bright
is function is performed by the maturation protein.
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promoter were selected and transformed to a T7
polymerase-producing E.coli strain. When the expression
of T7 polymerase was induced, a clone containing an ap-
proximately 1000 nucleotide long fragment spanning
nucleotides 2098-3129 of the phage genome resulted in a
clear cell lysis. Examination of this sequence located a
likely candidate for the lysis gene between nucleotides
2991-3104 (Figure 2A). This was based on several criteria:
(1) it was the only ORF in the fragment with a significant
length (37 amino acids; the shortest known Leviviridae
lysis protein is that of phage AP205 with 34 amino acids);
(2) according to the TMHMM server [33], the ORF-
encoded protein was predicted to contain a transmem-
brane helix with over 95% probability; (3) although the
ORF had an unusual initiation codon UUG, there was a ra-
ther strong Shine-Dalgarno (SD) sequence GAGG nine
nucleotides upstream; (4) RNA secondary structure predic-
tion using the RNAfold server [34] revealed that the initi-
ation codon of the ORF is located on top of an AU-rich
stem-loop that would presumably have sufficiently low
thermodynamic stability to promote the initiation of trans-
lation [35] (Figure 2B). To verify the lytic function of the
gene, the ORF together with the original SD sequence and
UUG initiation codon was cloned in an inducible protein
expression vector. Induction resulted in almost complete
cell lysis some 45 minutes after (Figure 2C), thus demon-
strating that the approximately 150 nucleotide long stretch
is sufficient to encode a functional lysis protein. The above-
mentioned evidence therefore lets us suggest with some
confidence that this is the actual lysis gene of phage M.

Protein similarities to other phages
The maturation proteins are very variable in Leviviridae
phages, which is unsurprising given the vast diversity of
A B

Figure 2 Lysis protein of phage M. (A) The lysis gene. The Shine-Dalgarn
indicated by green and pink shading, respectively. The translated amino ac
transmembrane helix is shaded gray. (B) An RNA hairpin around the initiati
Shine-Dalgarno sequence are indicated. (C) Verification of the lysis gene. G
plasmid with the cloned lysis gene (pET28-LP) before and after the inductio
pili they have evolved to bind. The maturation protein of
phage M is most similar to those of the other plasmid-
specific RNA phages, but the sequence identity is only
24.5% to phage PRR1, around 22% to C-1, Hgal1, GA
and MS2 and drops to 17% when compared to allolevi-
viruses SP and Qβ. The coat proteins are more con-
served and here M groups clearly with phages PRR1, C-1
and Hgal1 with amino acid identities of 48-51%. The
identity with F-specific phages is significantly lower and
ranges from 27.1% for group II levivirus KU1 to 19% for
group IV allolevivirus NL95. Notably, M coat protein
shares 24.6% amino acids with that of Pseudomonas
phage PP7, which is the only plasmid-independent phage
for which the sequences could be reasonably aligned.
For replicase, the trend is similar as for the maturation
protein: the replicase of phage M most resembles that
of PRR1 with 41% amino acid identity, followed by
other plasmid-dependent phages C-1, Hgal1, MS2 and
GA (33-37% identity) and alloleviviruses (27-29% iden-
tity). Again, M replicase turns out to be more closely
related to that of phage PP7 (25.5% identity) than to the
other plasmid-independent phages AP205 and φCb5
(17.7 % identity).

Conserved RNA secondary structures
With the growing number of Leviviridae genomes that
have been sequenced it has become clear that besides
encoding proteins, the secondary and tertiary structure
of the RNA itself is also very important. The complex
structure of RNA provides binding sites for phage pro-
teins [36-38], regulates their translation [1] and pro-
motes genome packaging in capsids [39]. In many cases
where nucleotide stretches from different phage gen-
omes show no sequence similarity, the secondary
C

o sequence is underlined and initiation and termination codons are
id sequence is given above the RNA sequence and the putative
on codon of the lysis gene. The initiation codon and the
rowth of E.coli cells harboring either empty vector (pET28) or a
n of protein synthesis is shown.
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structures they fold into are nevertheless well preserved.
One such example lies at the very 50 end of all of the
sequenced ssRNA phage genomes, where there is a
stable GC-rich hairpin that has been suggested to play
an important role in phage RNA replication [40]. Phage
M is no exception (Figure 3A). Another important RNA
structure lies around the initiation codon of replicase.
This approximately 20-nucleotide-long stretch folds into
a hairpin structure that specifically binds the phage coat
protein. This interaction acts as a translational operator
to repress synthesis of replicase when enough coat pro-
tein accumulates [37] and has been suggested to play
also a role in initiating specific encapsidation of the gen-
omic RNA [41]. When the operator hairpin of phage M
is compared to those of other ssRNA phages, it is evi-
dent that it groups with the conjugative pili-dependent
phages PRR1, C-1, Hgal1 and MS2 (Figure 3B). An ad-
enine residue in the loop four nucleotides upstream of
the replicase initiation codon and an unpaired purine
residue in the stem which are critical for RNA-protein
binding in phages MS2 [42], GA [43] and PRR1 [44] are
preserved also in phage M, therefore the mechanism of
interaction is probably similar.
It is also interesting to take a look at the 30 untrans-

lated region of the phage genome. The configurations of
30 UTRs vary between different phages, but nevertheless
some similarities exist. In all known Leviviridae phages a
long-distance interaction designated ld IX bridges the
A B C

M PRR1 C-1 Hgal1

MS2 Q PP7 AP205

Figure 3 RNA secondary structures in M genome. (A) A stable hairpin a
(B) The operator hairpin around the initiation codon of replicase. The analo
Start codons of the replicase gene are colored green. (C) Structure of the 3
dark red, the unpaired stretch corresponding to loop V or V2 in other phag
hairpin U1 that potentially forms a long-distance pseudoknot in green. On
based either on published data [31,32,45,46] or RNA secondary structure pr
similar to that of phage SP except for a short extra helix which is depicted
represented as red boxes. RNA secondary structures were predicted by the
very 30 terminus with a complementary nucleotide
stretch upstream, forming the 30 terminal domain [45].
The domain usually consists of at least three hairpins,
denoted U1, U2 and V. In phage M, the 100-nucleotide-
long 30 UTR is made up from four hairpins U4, U3, U2
and U1 (Figure 3C). In all ssRNA phages the 30-terminal
helix U1 has a remarkably conserved nucleotide se-
quence in the loop: UGCUU in phages as diverse as
MS2, SP and AP205, UGCUG in φCb5 and CGCUC in
PP7. In the case of Qβ, this loop forms a long-distance
pseudoknot with a complementary sequence approxi-
mately 1200 nucleotides upstream that is essential for
phage replication [47]. In phage M, the sequence of the
U1 loop is AUUGCUAUG. It has not been experimen-
tally verified that phages other than Qβ have the pseudo-
knot, but in M genome a sequence AGCAA is found in
the replicase gene some 1215 nucleotides upstream that
could potentially basepair with UUGCU in the loop. The
other notable feature of the 30 domains, although less
pronounced, is hairpin V (designated V2 in some
phages) which in phages MS2, Qβ, SP and AP205 con-
tains a large, adenine-rich loop. There is some evidence
that in MS2 this might be one of the sites where the
maturation protein binds to the RNA [36]. In phage
φCb5, however, the candidate hairpin V lacks analogous
features and in phages PRR1, C-1 and Hgal1 it does not
seem to exist at all; instead, there is a stretch of unpaired
nucleotides (UAUAAACA in PRR1, UAUA in Hgal1 and
C-1
Hgal1

PRR1

MS2

GA

AP205
SP
PP7

Cb5

V

t the very 50 end of the genome important for phage RNA replication.
gous hairpins from other Leviviridae phages are shown for comparison.
0 untranslated region. The termination codon of replicase is colored
es in orange and the conserved nucleotide sequence in the loop of
the right, schematic representations of 30 UTRs from other phages
edictions are given for comparison. The 30 UTR of phage Qβ is closely
in gray. The locations of replicase gene termination codons are
RNAfold server [34].
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UUAAU in C-1) that connects hairpins U2 and U1 and
might serve the same function as hairpin V in other
phages. In phage M the situation is similar, but the loop
sequence is UUUUGU and contains no adenine residues.
When the overall structures of 30 UTRs from different
phages are compared (Figure 3C, right), it is evident that
in the distantly related phages φCb5, AP205, PP7 and
SP the 30 domain is remarkably simple with just three
hairpins, while it is considerably expanded in the
plasmid-specific leviviruses, culminating in seven hair-
pins in phage MS2. In this respect, phages M, C-1,
Hgal1 and PRR1 form their own group where the 30

UTR adopts a characteristic fold of only two hairpins be-
tween the ld IX, a stretch of unpaired nucleotides in-
stead of hairpin V and one or two hairpins between the
terminal replicase hairpin R1 and ld IX.
Evolutionary considerations
In many aspects, phage M is a typical representative of
the Leviviridae family that is clearly related to other con-
jugative pili-dependent RNA phages. The feature that
makes it unique though is the unusual location of its
lysis gene. Although there are precedents of this in the
distantly related phages AP205 and φCb5, it is a bit sur-
prising to find such phenomenon also within a group of
otherwise rather closely related phages. Apparently, it is
relatively easy for a short ORF encoding a transmem-
brane helix that causes cell lysis to appear by random
mutations, as several phages have arrived at the same
mechanism independently. It would also suggest that
the location of the lysis gene at this position is probably
limited to the IncM plasmid-specific leviviruses or even
to a smaller subgroup of these phages. Since M is the
only IncM plasmid-specific RNA phage that has been
Genomes

Figure 4 Phylogeny of RNA phages. The phylogenetic analysis was base
sequences of the replicase (right) which is the most conserved of all ssRNA
method with arithmetic mean (UPGMA) and tested using the bootstrap m
percentages next to the nodes. RNA and protein sequences were aligned u
program MEGA5 [50].
isolated, it is not possible to address this question
presently.
The high mutation rates and resulting sequence vari-

ability in RNA viruses makes reconstruction of their evo-
lutionary history not a trivial task. Based on similarities
between maturation and replicase proteins, phage M
seems more related to phage PRR1, while coat protein
sequences and structures of the 30 UTRs suggest that it
might be closer to phages C-1 and Hgal1. To further ad-
dress this question we conducted a phylogenetic analysis
of 15 representative Leviviridae phages using both the
complete genome sequences and also the replicase
protein sequences since the RNA-dependent RNA poly-
merases are the most conserved proteins of all positive-
sense RNA viruses [48]. Both trees (Figure 4) confirm
that phage M is more closely related to the IncC, IncH
and IncP than to the IncF plasmid-dependent phages
but they show differences in the clustering of the non-F
plasmid specific phages. Although phylogenetic analysis
of the coat proteins (not shown) gives the same (M(C-1
(Hgal1,PRR1))) clustering as the replicase, low bootstrap
values for the IncC, IncH and IncP branches indicate
that confidence in that particular branching order is not
high and suggest that phages C-1, Hgal1 and PRR1 have
radially diverged from a similar ancestral sequence. In
both trees phage M represents a lineage that branched
off early in the course of specialization on different
plasmids after the separation of the IncF lineage had
occurred but before the diversification on IncC, IncH
and IncP plasmids took place. Both trees also support
the idea that the allolevivirus lineage separated from
the leviviruses before the specialization on different
conjugative pili had occurred and that these phages
arrived at the ability to bind to F-pili via an independent
evolutionary path.
Replicase

d on the complete genomic RNA sequences (left) and amino acid
phage proteins. Trees were constructed by unweighted pair group

ethod with 500 replicates. The bootstrap values are expressed as
sing MUSCLE [49] and the phylogenetic trees were constructed in
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Although all Leviviridae phages use pili for attach-
ment, there is a marked difference between the types of
pili they utilize. The type IV pili used by phages AP205,
φCb5 and PP7 are produced via a genome-encoded type
II secretion pathway [51], whereas the plasmid-borne
conjugative pili that the other phages utilize belong to a
type IV secretion system [52]. Both systems share some
functional similarities, like a retractable pilus and a
membrane pore, but are thought to have evolved inde-
pendently [53]. Therefore a jump from one to the other
type of pili had to occur at some point in the Leviviridae
history. Our phylogenetic analysis suggests that the an-
cestral phage infected cells via type IV pili, like phages
AP205, φCb5 and PP7 are doing today and a PP7-like
virus then might have evolved the ability to bind to some
kind of conjugative pili and still sustain infectivity. Con-
sequently, all of the specialized plasmid-dependent RNA
phages we know today would be descendants of this an-
cestral virus.

Conclusions
We have determined and characterized the genome se-
quence of IncM plasmid-dependent phage M and shown
that it resembles the plasmid-specific leviviruses in many
ways but has an atypical location of the lysis gene. It is a
valuable addition to the growing number of sequenced
Leviviridae genomes and provides a better view on the
diversity and evolution within this phage family.

Methods
Phage propagation and purification
Bacteriophage M and its host E.coli J53(RIP69) were
obtained from Félix d'Hérelle Reference Center for bac-
terial viruses, Laval University, Quebec, Canada (catalog
numbers HER218 and HER1218, respectively). J53
(RIP69) cells were grown in LB medium containing 6
μg/ml tetracycline overnight at 37 °C without agitation.
To propagate the phage, 0.5 ml of the host cell suspen-
sion and 10 μl of phage lysate (approximately 1010 pfu/
ml) were spotted on 1.5% LB agar plates, overlaid with
15-20 ml of molten 0.7% LB agar cooled to 45 °C, mixed
by swirling and incubated overnight at 30 °C. The next
morning, top agar layers from several plates were
scraped off, transferred to centrifuge tubes and centri-
fuged for 20 minutes at 18500 g. Supernatant was col-
lected and phage particles were precipitated by addition
of sodium chloride and PEG 6000 to concentrations of
0.5M and 10%, respectively, and incubation for 30 min-
utes at 4 °C. After centrifugation for 10 minutes at
18500 g, the supernatant was discarded and the pellet
was resuspended in a small volume of distilled water.
The phage preparation was then layered on top of a pre-
formed five-step cesium chloride gradient (equal
volumes of CsCl solutions in 20 mM Tris-HCl pH 7.5
with densities of 1.7, 1.6, 1.5, 1.4 and 1.3 g/ml) and cen-
trifuged for 17 hours in a SW 40Ti rotor at 24000 rpm.
0.5 ml fractions were collected from the top of the gradi-
ent and the peak fractions containing phage were pooled
and dialyzed against one liter of 20 mM Tris-HCl pH
7.5 overnight at 4 °C. The preparation was concentrated
to 500 μl using Amicon Ultra 10K MW cutoff spin unit
(Millipore) and used for RNA extraction.
Isolation of genomic RNA and sequencing
500 μl of purified phage preparation was mixed with
500 μl of phenol and SDS was added to a final concen-
tration of 0.5%. The mixture was vigorously vortexed
for 60 s and centrifuged at 12000 g for 3 minutes. The
aqueous phase was extracted two more times with a 1:1
phenol/chloroform mixture and once with chloroform.
The RNA in the final aqueous phase was precipitated
with ethanol, centrifuged and the pellet redissolved in a
small volume of DEPC-treated water.
4 μg of the purified RNA was reverse-transcribed

with RevertAid Premium reverse transcriptase (Fer-
mentas) using primer 50-GCAAATTCTGTTTTATCA-
GACNNNNNN-30. Reaction products were purified
using GeneJet PCR purification kit (Fermentas) and
eluted in 20 μl of water. The 30 termini of the purified
first strand cDNAs were dATP-tailed using terminal
deoxynucleotidyl transferase (Fermentas). The reaction
products were again purified using the PCR purifica-
tion kit and used as a template for second-strand PCR
with primers 50-GCAAATTCTGTTTTATCAGAC-30

and 50-GCGCG(T)18-3
0 and Pfu DNA polymerase (Fer-

mentas). Reaction products were separated in a 1% agar-
ose gel and a slice corresponding to 1000 – 3000 base pair
DNA fragments was cut out. The fragments were
extracted using GeneJet gel extraction kit (Fermentas) and
ligated in pJET1.2/blunt vector (Fermentas).
Insert-containing clones were sequenced on an ABI

Prism 3100 Genetic Analyzer using BigDye Terminator
v3.1 kit (Applied Biosystems). Based on the obtained se-
quence data, additional reverse transcription-PCRs were
performed using specific primers to fill gaps and in-
crease coverage. Since the initial cloning procedure
already involved 30-tailing of cDNAs, it was possible to
determine the 50 end of the genome from these clones.
To determine the sequence of the 30 end, phage RNA
was tailed with E.coli Poly(A) polymerase (Ambion), fol-
lowed by reverse transcription with primer 50-GCGCG
(T)18-3

0 and PCR using primers 50-GCGCG(T)18-3
0

and 50-CTGGCGCCTTTGGTGGATAC-30 correspond-
ing to nucleotides 3072-3091 of the phage genome.
Genome assembly and ORF prediction was done with
the program ContigExpress from the VectorNTI Suite
(Invitrogen).
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The genome sequence was deposited in GenBank with
accession code JX625144.

Cloning and expression of the lysis gene
The putative lysis gene was PCR-amplified from a
suitable cDNA clone using primers 50-ATATT-
CTAGACGAAGGAACAACCATTGCCG-30 and 50-
TATGAAGCTTACTTGGTGAAGGTATCCACC-30, the
fragment was digested with XbaI and HindIII and ligated
into XbaI-HindIII-digested pET28a vector (Novagen),
yielding plasmid pET28-LP. To test for the lytic function
of the protein, pET28-LP-containing E.coli BL21 AI cells
(Invitrogen) were grown in LB medium supplemented
with 30 μg/ml kanamycin and protein production was
induced by adding arabinose to a final concentration of
0.2% and IPTG to a final concentration of 1 mM.
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Article

‘I had to help my child!’: The
role of emotions, risk, and
trust in use of nasal
decongestants in children

Ieva Salmane-Kulikovska
Department of Sociology and Psychology, Riga Stradins University, Latvia

Signe Mezinska
University of Latvia, Latvia

Abstract
Recent studies suggest that a number of common cold medicines, including nasal decongestants are not
suitable for small children. In Latvia nasal decongestants are primarily over-the-counter (OTC)
medicines, and patient information leaflets generally permit use of these medicines for small children.
The previous studies in Latvia investigating the use of medicines in cases of common cold demonstrated
extensive use of decongestants in children less than six years of age, marking a necessity for more pro-
found research. As a result a qualitative study was implemented in 2011 to identify sources of informa-
tion that offer advice for the use of decongestants in children. The caregivers’ perception of risks, trust,
and the role of emotions associated with use of these medicines was considered. The study results
suggested that emotions have a considerable effect on the decisions of caregivers. Even though care-
givers are aware of the risks associated with the use of decongestants, they still frequently
administer these medicines for the sake of the comfort of both the child and the caregiver. It is essential
to raise a discussion about the inappropriate use of common cold medications in small children in Latvia.

Keywords
Carers, child health, decision making, medication

Introduction

A number of studies have suggested that several common cold medicines, including nasal

decongestants, are not suitable for children (Fabi et al., 2009; KinyonMunch, 2011; Rimsza and

Corresponding author:

Ieva Salmane-Kulikovska, Department of Sociology and Psychology, Riga StradinsUniversity,Dzirciema 16, Riga, LV1007, Latvia.

Email: ieva.salmanekulikovska@gmail.com

Journal of Child Health Care
17(1) 41–52

ª The Author(s) 2012
Reprints and permission:

sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/1367493512456108

chc.sagepub.com

 by guest on April 14, 2013pdf.highwire.orgDownloaded from 

http://www.sagepub.co.uk/journalsPermissions.nav
http://chc.sagepub.com
http://pdf.highwire.org/


Newberry, 2008; Ryan et al., 2008; Shefrin and Goldman, 2009). These medicines, which are

sometimes referred to as remedies, contain no treatment properties, only relieve symptoms

(Johnson and Helman, 2004), and are no better at treating the illness than a placebo (Smith et al.,

2008). At the same time, they may cause serious side-effects for children, who experience the com-

mon cold on average six to eight times a year (Heikkinen and Järvinen, 2003). The common cold is

considered to belong to the non-heavy self-limiting disease group; it is caused by numerous viruses

and there are no medicines available to properly treat the common cold (Heikkinen and Järvinen,

2003). Experts suggest using alternative symptom-relieving means instead, such as fluids, humi-

difiers and saline water (Ryan et al., 2008).

In Latvia, the patient information leaflets (PILs) included with most of the nasal decongestants

do not contain instructions to abstain from the usage of these medicines in cases of children of a

certain age. A previous quantitative study carried out in Latvia showed that nasal decongestants are

frequently used for relieving symptoms of rhinitis in children under six years of age (52.2% of the

illness cases) (Salmane-Kulikovska et al., 2010).

The use of medicines involves many social, cultural, and psychological aspects which influence

the decision to use these medicines (Haaijer-Ruskamp and Hemminki, 1993). Emotions are present

in the decision-making process and are attributed to one of the stages of information processing:

dealing with trial, evaluation, adoption, or rejection. These processes are influenced by emotional

or life events, linked to relatives, such as children or other family members (Chetley et al., 2007).

The amount of information users of medicines face nowadays is immense. The evaluation of risk

and the establishment of trust are made on the basis of expert opinions, lay people, and public

discourse.

The present study was aimed at clarifying the role of emotions, trust, and risk evaluation on the

decision that caregivers make to use nasal decongestants in children under six years of age, based

upon the information available to users of medicines.

Research methods and sample

A qualitative study was conducted using 27 semi-structured interviews with caregivers of children

ages 0–6. The significance of the individual experience and a need for an in-depth investigation of

the topic led to the qualitative methodology, based upon explanatory-informative cases and purpo-

sive sampling utilizing the snowball sampling method. Interviews were performed in March 2011.

The main sampling parameter was ‘having used nasal decongestants in a child (children) age 0–6

for relieving symptoms of rhinitis’. Interviews were semi-structured and problem-centred (Flick,

1998), with an average length of 20–30 minutes. Interviews were recorded and each respondent

signed an informed consent form prior to the interview.

There were three groups of interview questions. The first group was aimed at clarifying the

health status of a child – how often the child experiences the common cold, what are the usual

symptoms, does he/she have any chronic illnesses. The second group of questions focused on

rhinitis – responses and activities of caregivers, choice and use of decongestants, sources sug-

gesting the use of these medicines, care-rendering, administration of different medicines, attitude

towards rhinitis, perceived properties, and risks associated with nasal decongestants. The third part

of the interview examined the evaluation of sources of information about common cold medicines

in Latvia, including nasal decongestants, as well as trust in these sources.

All of the respondents were females, and almost all were mothers (one respondent was a

grandmother). Such sample characteristics are determined by the fact that, in Latvia, it is mostly
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female family members that care for sick children and make decisions about which medicines

to use in the case of illness. The age of respondents was 25–57 years of age (see Table 1).

The total number of children being referred to within the limits of this study was 30. The

sample size was determined by data saturation. Analysis, entailing the coding of transcripts,

was performed by the program Nvivo 9.0.

Results

The analysis was based upon a thematic coding procedure and a multi-step process (Flick, 1998:

188–190). The transcripts were analysed first by providing a short description of each respondent,

enclosing typical statements provided by the respondents related to the interview questions, which

emerged from the aim, task, and content of the study. The statements were coded, and three

categories were derived out of as a result of the grouping of codes – emotions, perceptions of risks

and benefits and trust in the available information sources (see Table 2). Transcripts were checked

for the presence or absence of categories (Flick, 1998).

Table 1. Characteristics of the sample interviewed.

Age of the child

Respondent’s ID Age of respondent 0–<1 1–<2 2–<3 3–<4 4–<5 5-6

O_25 25 x
I_28 28 x
L_28 28 x x
N_28 28 x
S_30 30 x x
I_30 30 x
J_31 31 x x
D_31 31 x
E_31 31 x
L_31 31 x
J_32 32 x
V_32 32 x x
A_32 32 x x
I_32 32 x x
B_32 32 x
R_32 32 x
R_33 33 x x
J_33 33 x
I_34 34 x x x
E_34 34 x x
S_35 35 x
I_37 37 x
D_37 37 x
DZ_37 37 x
L_39 39 x
L_42 42 x
V_57 57 x
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The role of emotions and the effect of social medication

Emotions play an important role in the decision-making process for caregivers taking care of a sick

child. This includes how they go about choosing a medicine to treat a child. During the interviews,

the caregivers stressed that they felt the necessity to maintain the well-being of the child. Empathy

and the perceived need to provide comfort for the child, who is experiencing symptoms of rhinitis,

seemed to outweigh the perceived possible risks associated with the use of decongestants.

It is, of course, possible to make philosophical discussions [about side-effects] ( . . . ) but it is more

important for me that the child feels better. (E_31)

And he [the child] is in fact tired from feeling sick. (R_32)

Respondents pointed out that the perceived positive effects on the behaviour of the child were

proof that they made the right choice of medication.

I observed that, after I had given her nasal drops, she became livelier after 10–15 minutes. She was

more relaxed, ready to play, full of energy. (L_39)

The comfort of the child was observed to be parallel to the comfort of the mother and the

well-being of the family.

I understand that a runny-nose – it is a certain reaction to something ( . . . ) At the same time, she feels

more comfortable [when the decongestant is used] and so do I. (E_31)

Table 2. The categories and codes identified.

Categories Codes

Emotions of the caregivers Empathy
Emotional responsibility
Care
Comfort of the carer and the child

Perception of risk Perceived risks
� Vulnerability of a child (children)
� side-effects of decongestants
� complications from rhinitis

Criteria of diminished risk
� previous positive experience
� extensive information
� short use
� particular brands of medications

Trust in information sources Criteria of trust
� successful cooperation
� personal attitude
� comprehensibility
� conciseness
� unbiasedness
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I do not like that someone from my family is ill. I am not a sickly person myself, and I feel

uncomfortable, indeed, if somebody is ill, and I always desperately do my best to stop it. (B_32)

These statements made by respondents show that nasal decongestants are often used to demon-

strate care, to reduce the amount of inconvenience for caregivers, and to answer their emotional

and moral need to improve the child’s experience of illness.

Perceptions of risks

The results of the study show that the risk of using nasal decongestants for children is perceived to

be greater when compared to similar cases concerning adults. In these cases, information about

medicine is gathered and examined more carefully.

Regarding our own health, oh, yes, we can gather information, read something on the internet, chose

something, but the health of the children ( . . . ) is different. (I_28)

I do not conduct experiments ( . . . ) I may permit myself to conduct experiments on myself, but on the

child – never! Concerning medicine for a child – I read everything from A to Z. (I_30)

One of the reasons for caregivers to consult several sources before making a decision is perceived

vulnerability of a child.

I try to read something. I go to the pharmacy and ask then I ask the doctor. And then I make the decision

myself ( . . . ) like maybe a normal parent. (B_32)

Many of the respondents were aware of the risks potentially arising from the use of nasal

decongestants. The main risk mentioned by the respondents was possible damage to the mucous

membrane.

It has a very bad influence on the mucous membrane. Intensive use may cause a habit, and the mem-

brane dries out. (R_32)

They [nasal decongestants] burn the nasal membrane. (J_32)

Other mentioned side-effects included dependence and reduced efficiency in cases of prolonged use.

If we use those [decongestants] frequently, our body loses capacity to fight the disease itself. (D_31)

The perceived benefits of nasal decongestants included the capacity of these medicines to facilitate

symptoms of illness.

The positive influence is a possibility of sleep and no need to suffer from a stuffy nose. (DZ_37)

Some respondents stated that they were confident that they had observed the treatment properties

of decongestants.

I think they [nasal decongestants] facilitate breathing and also treat rhinitis. They seem to shorten [the

illness] also. (A_32)
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Use of decongestants was also justified by the assurance that there is a considerably low risk of side

effects if the time of usage is not prolonged.

If it is used without overdoing it, only when it is really needed, OK, maybe regularly, but for a short

period of time, no big harm can occur. (I_30)

It was stated by some respondents that use of decongestants helps to minimize the risk of com-

plications that could be caused by rhinitis.

In order to not start with antibiotics and to not have an effect on their ears, our doctor suggested using

Vibrocil three to four times a day. (I_32)

In evaluating the risk associated with the use of particular medicines, the respondents were basing

their criteria of choice and use of decongestants on erroneous arguments.

I think this medicine [Vibrocil] is the best to reduce dropsy. Or, maybe I have read somewhere that it

has a less negative impact on the membrane ( . . . ) I think it somehow disinfects the nose. (J_33)

A tendency to associate certain decongestants with lower risk was also present:

Vibrocil is a less strong, milder medicine, that is more suitable for children, and that’s why it is not able

to kill viruses instantly. (S_35)

Trust in information sources

The respondents had consulted a variety of information sources prior to the use of nasal

decongestants. They had varied accounts about their trust in these sources and on the quality of the

information that they had obtained. Instructions received from the doctor usually did not include

information about the potential side-effects of decongestants. In some cases it was stated that the

doctor had suggested that they avoid the use of decongestants for a prolonged period of time. The

advice of experts (doctors, pharmacists), suggesting particular decongestants and using emotion-

ally loaded language (‘the best’, ‘the most harmless’, ‘very mild’, ‘suitable for small children’) has

favoured the decision to use these medicines in children.

Knowing my attitude, I prefer natural things, the doctor suggested to use this [the decongestant

Vibrocil]. In this case, mentioning that this medicine is very mild and is not very synthetic, and so

on. Meanwhile it is a real medicine. (L_39)

The same use of language was adopted by the respondents when describing certain brand names of

nasal decongestants.

The respondents were found to trust the information provided by the doctor, if cooperation with

the doctor was positively evaluated.

I think that the paediatrician loves children and she listens to and understands the patient. (J_33)
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In several cases trust in the doctor’s advice was questioned, because it was observed that doctors

have a tendency to favour certain medications. This often leads to the caregiver’s suspicion that

physicians could be paid to promote the medicines of certain companies.

Of course, it is not a secret that doctors have to suggest certain medicines and they are being reimbursed

for that – for the promotion of these medicines. (N_28)

It was frequently indicated that the problem in patient–doctor communication was the doctor’s

own limited time to meet with a patient.

Maybe this is because of their limited time for each patient ( . . . ), so to say ‘faster, faster’ ( . . . ) [she]

hurries up somehow – when you enter her room, you have to figure out very quickly what you should

ask in order to not forget anything. (L_28)

Pharmacists were mostly evaluated to be a convenient source of information. The personal rela-

tionship between the pharmacist and patient, as well as the pharmacist’s attitude and personal

opinion influenced the caregiver’s trust in the pharmacist’s suggestions.

A splendid auntie, indeed! I rely on her suggestions. If she is not in the pharmacy, I try not to purchase

any medicine ( . . . ). She is like a member of our family. (D_31)

In several cases the lack of trust in the pharmacist’s advice was based on the perceived bias in the

information that they provided to the caregiver.

I hear only about this brand ( . . . ) also in pharmacies. I think there are good sales representatives, who

have convinced everybody that this decongestant is the best, and so. (J_33)

Trust in the opinions of the lay public (mainly relatives, friends, and the internet community) was a

general characteristic of the respondents. This information was characterized as unbiased and

objective. Having children of the same age enhanced trust in the opinions of others.

I ask my friends. Similar problems, also small kids ( . . . ). What she has suggested, or what she says,

yes, it has helped us, too. (E_34)

The internet was characterized as a source that contained plenty of information. However, it was

frequently noted that this source is not trustworthy enough, particularly if the health issues of

children are addressed.

As far as the medicines for children are concerned, I do not trust this source. I myself might fall for the

bait and think – I might try the product. But for the child – no! (I_30)

The lack of trust was explained by the variety and fragmented nature of information on the internet.

It is not enough to read one source. Instead of reading one, it is necessary to read twenty more. (D_31)

Caregivers mostly paid careful attention to PILs before using nasal decongestants in children.

However, there is a tendency to read PILs when using the medicine for the first time and then to not
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re-read them in cases of repeated use. Generally, respondents trust the information provided by

PILs, considering it to be objective, understandable, and helpful.

Every source has its own opinion, and the information differs, I do not know what or whom I should

trust. I only trust this instruction or whatever it is called. (J_31)

However, there were claims that the information provided by PILs should be more concise. It was

indicated that the information available for medicines users is too contradictory, too broad, and too

fragmented to be able to find the right one. This makes it more complicated to make a decision or to

evaluate a risk.

If, say, I find several similar pieces of information, I will certainly trust it. But, if every source has its

own content that differs, I do not know what to trust. (J_31)

A sceptical opinion regarding the availability of unbiased and non-commercial medical informa-

tion was dominant in the interviews.

I think that the availability of independent information is limited. Let’s say, available is what the pro-

ducers want to be available. (D_37)

Discussion

Emotions

The perceived need for medicines in cases of minor childhood ailments is dictated by

emotions and can be attributed to the empathy and moral duty of a caregiver to ‘do something

for them [children]’ (Johnson and Helman, 2004: 101), or ‘to do the right thing’ (Neill, 2010:

333). Medicines possess not only a pharmacological, but also, a social efficiency. They are a

means to fight illnesses, to demonstrate care, and to share ideas. A child’s illness is frequently

perceived as a ‘moral obligation to seek medical care’ (Calnan, 1987: 151). Caregivers,

especially parents, feel the need to act and to prove to themselves that they are being ‘a good

parent’.

The previous studies suggest that gendered roles are persistent if a child within the family

experiences illness symptoms. Although fathers and other family members are often involved

in decision-making, women usually bear more emotional responsibility that is described in

everyday language as ‘mothers’ worry’ and ‘mothers’ guilt’ (Neill, 2010: 337–338). Women

are perceived also by themselves and others as negligent if they fail to do something in the

case of a child’s illness (Whyte et al., 2002). The aspect of social medication as a means of

conforming the child’s behaviour to certain norms, including the comfort of a child or a care-

giver, has frequently been attributed to the use of OTC medicines. This pattern has been

named by Allotey, Reidpath and Elisha (2004: e381–e382) as a ‘pre-emptive treatment’ that

is used to describe situations when medicine has been given for the purpose of comforting a

child, rather than for the treatment of a disease. As disclosed by the present study, the per-

ceived main benefit, arising from the use of these medicines, was the comfort and well-

being of the child and the caregiver.
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Perceived risk

Studies suggest that caregivers’ knowledge about the risk of OTC medicines covers a wide range,

varying from incomplete (Hughes et al., 2002) to a relatively good level of knowledge (Cuzzolin

and Benoni, 2010: 97). The use of OTC medicines for minor ailments can be attributed to debates

about the characteristics of a risk society – how people in the age of modernity reflect on possible

risks. The study conducted by Bissell et al. (2001) demonstrated that people tend to unconsciously

think that medicines should be safe if they are sold in pharmacies (Bissell et al., 2001). Users of

medicines have a tendency to concentrate more on the benefits of OTC medicines than on their

risks (Bissell et al., 2001; Hibbert et al., 2002). In other words, ‘riskiness’ is not considered to be a

central characteristic of non-prescription medicines (Bissell et al., 2001: 23).

There are some differences in respect to use of medicines in children. Several studies state that

children are perceived to be more vulnerable towards risk than adults (Berry, 2004; Bradley and

Blenkinsopp, 1996; Walter and Britten, 2002). This was confirmed by the present study – a number

of caregivers had consulted several information sources prior to the decision-making in order to

gather information about possible risks related to the use of these medicines. As a result, despite

awareness of certain side-effects, caregivers were generally sure that the risk was considerably

mitigated if use of the medicines was not prolonged.

Several authors have remarked that, in general, perceptions of risk are influenced by individual

characteristics such as previous experience and one’s personal belief system (Walter and Britten,

2002). The present study also showed that repeated use of nasal decongestants in children was

based upon the fact that their caregivers did not observe any side-effects when they had previously

used these medicines, thereby obtaining additional proof of their non-riskiness. One more reason

given for using decongestants, as disclosed by the current study, was the perceived potential risk of

complications arising from rhinitis.

Trust in information sources

The amount of information people face nowadays is extensive. Beck (1992) suggests that due to

the enormous speed of dissemination of information it is now difficult to establish perceptions

regarding risk and trust with any certainty. Uncertainty, the lack of sufficient evidence, and

emotions place caregivers in a difficult situation in respect to decision-making (Austin, 2001: 58).

In the context of risk perception, the influence of social relationships is very important. Risk

perception is shaped and influenced by a number of different, often contradictory, agendas,

including different sources of expert information – as well as information provided by lay people.

Knowledge shaped by these sources often challenges the authority of the expert – also known as

‘official’ knowledge (Giddens, 1990; Grinyer, 1995; Williams et al., 1995). Lay people are

becoming experts in risk evaluation. In order to become more capable, they gather a variety of

information sources and ‘construct an informational basis ( . . . ) via an exchange of information’

(Scott and Freeman, 1995: 162). The present study has revealed that caregivers often double-check

a doctor’s advice against other sources of information, including lay people who have children of

approximately the same age. Their trust in the advice of experts has to be re-confirmed by lay

experience and mutual negotiations (Bissell et al., 2001).

The quality of information is a crucial factor in making a decision about the usage of medicine.

Information about use of medicines for a particular health problem should be clear and factual

(Austin, 2001). The respondents of the present study mentioned such criteria as comprehensibility,
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conciseness, and lack of bias. Cooperation with the advice-giver is proven to be important (Austin,

2001: 58). The present study showed that personal attitude, devoted time and patient satisfaction

are preconditions of trust in the advisor.

Unbiased information helps one to make decisions by evaluating the potential risks against

the potential benefits. However, information from commercials and product advertising

always put an emphasis on the benefits of the products and stress the emotional and moral

duty to alleviate the condition of a sick child, and convinces people that ‘a pill for every ill’ is

needed (Busfield, 2010; Whyte et al., 2002). Respondents frequently remarked that most

information about medicine available for consumers is aimed at selling the medicine, thus

maximizing the profits of the pharmaceutical companies. It was also revealed that commercial

advertising strives to mitigate the risks associated with the use of nasal decongestants in

children, by implying that certain nasal decongestants are ‘mild’ and/or ‘more suitable for

small children’.

Conclusions

The role of emotions in the decision-making process regarding the use of nasal decongestants in

children is evident. Caregivers are driven by the empathy and perceived need to enhance the

well-being of a child. The influence of emotions is frequently exploited by advertisements, rein-

forcing the conviction that every symptom of illness, including those of the common cold, has

to be suppressed by medication. If a doctor’s advice is required in case of children’s rhinitis, the

wish of a caregiver ‘to do something’ should be taken into account. Instead of suggesting nasal

decongestants, alternative symptom-relieving means can be offered, for example, saline nasal

drops, humidifiers and homeopathic medicines.

According to the findings, caregivers using nasal decongestants in children put more

emphasis on the benefits of these medicines – such as clear nose, comfort and reduced dis-

charge. than on the perceived risks associated with the use of these medicines. There is also a

belief that use of these medicines is unlikely to cause side-effects if usage is not prolonged. In

order to stress the inappropriateness of these medicines for children and their lack of healing

properties, it is necessary to provide information campaigns for healthcare professionals and

users of medicines.

The studies suggest that the information on risk is more useful if it is provided taking into

account different lifestyle factors, community structure (Fainzang and Haxaire, 2011) and the

actual knowledge level of the patient. ‘Tailored communication is more effective than general

messages’ (Chetley et al., 2007: 27). Knowledge about the risk associated with the use of nasal

decongestants is inconsistent in Latvia, therefore experts, such as doctors, pharmacists, and

nurses, should be more proactive in educating their patients about the possible side-effects of

nasal decongestants and in dispelling erroneous perceptions regarding the ability of these med-

ications to provide a healing effect.

A variety of information sources that offer fragmented information of varying quality may

hinder risk evaluation and establishment of trust. It is not always necessary to ask for a doctor’s

advice in the case of minor ailments, like children’s rhinitis. Therefore, it is essential to establish a

non-commercial, interactive, and regularly updated internet source of information about medicine,

including detailed information about side-effects, compatibility with different medicines, as well

as other healthcare-related issues.
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Limitations of the study

The number of cases included in the study is too limited for broader generalizations, and that was

not the aim of the study. The qualitative method was chosen to select cases for problem investi-

gation, and not to acquire any representative sample. Selection of the respondents was based on the

single criterion – representation of different age groups of children up to the age of six. All the

caregivers were middle- or upper-class women. Opinions of a more diversified sample

(including different gender, age, occupation, nationality, residence) could have provided additional

perspectives to the current study.
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Abstract The ethanol-producing bacterium Zymomonas

mobilis is of great interest from a bioenergetic perspective

because, although it has a very high respiratory capacity,

the respiratory system does not appear to be primarily

required for energy conservation. To investigate the regu-

lation of respiratory genes and function of electron trans-

port branches in Z. mobilis, several mutants of the common

wild-type strain Zm6 (ATCC 29191) were constructed and

analyzed. Mutant strains with a chloramphenicol-resistance

determinant inserted in the genes encoding the cytochrome

b subunit of the bc1 complex (Zm6-cytB), subunit II of the

cytochrome bd terminal oxidase (Zm6-cydB), and in the

catalase gene (Zm6-kat) were constructed. The cytB and

cydB mutants had low respiration capacity when cultivated

anaerobically. Zm6-cydB lacked the cytochrome d absor-

bance at 630 nm, while Zm6-cytB had very low spectral

signals of all cytochromes and low catalase activity.

However, under aerobic growth conditions, the respiration

capacity of the mutant cells was comparable to that of the

parent strain. The catalase mutation did not affect aerobic

growth, but rendered cells sensitive to hydrogen peroxide.

Cytochrome c peroxidase activity could not be detected.

An upregulation of several thiol-dependent oxidative

stress-protective systems was observed in an aerobically

growing ndh mutant deficient in type II NADH dehydro-

genase (Zm6-ndh). It is concluded that the electron trans-

port chain in Z. mobilis contains at least two electron

pathways to oxygen and that one of its functions might be

to prevent endogenous oxidative stress.

Keywords Zymomonas mobilis � Respiratory chain �
Cytochrome bd � Cytochrome bc1

Introduction

Zymomonas mobilis is a facultatively anaerobic, obligately

fermentative bacterium with a highly active ethanol fer-

mentation pathway (Rogers et al. 1982, 2007; Sprenger

1996). Nevertheless, Z. mobilis possesses an active, con-

stitutive aerobic respiratory chain (Strohdeicher et al. 1990;

Kalnenieks et al. 1998), supporting oxygen uptake rates

substantially higher than those of Saccharomyces cerevi-

siae, Escherichia coli, or Pseudomonas putida (Kalnenieks

2006; Sootsuwan et al. 2008). The physiology of aerobic

electron transport in Z. mobilis is unusual for bacteria.

Although the cytoplasmic membrane of Z. mobilis carries a

functional H?-ATP synthase complex (Reyes and Scopes

1991), and non-growing cells and membrane preparations

show oxidative phosphorylation activity (Kalnenieks et al.

1993), the bacterium does not use its respiratory chain to

supply energy for aerobic growth in the manner typical of

aerobic and facultatively anaerobic microorganisms. The

aerobic biomass yields of Z. mobilis do not exceed the

anaerobic yields, which are typically around 8–10 g dry wt

(mol glucose)-1 for batch cultures growing on rich media

(Belaich and Senez 1965; Bringer et al. 1984). Indeed,

respiratory metabolism is inhibitory for growth because of
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the accumulation of acetaldehyde and other toxic byprod-

ucts (Viikari 1986; Viikari and Berry 1988), and a stimu-

lation of aerobic growth is evident when respiration is

inhibited by addition of cyanide at submillimolar concen-

trations (Kalnenieks et al. 2000), or on mutation of the

respiratory NADH dehydrogenase (Kalnenieks et al. 2008).

However, the reasons for the low energetic efficiency of

respiration in growing Z. mobilis are not clear.

The organization of respiratory components and the

routes for electron transfer to oxygen are not fully resolved

in Z. mobilis, but Fig. 1 shows a current working model.

There is only one functional respiratory NAD(P)H dehy-

drogenase in the Z. mobilis electron transport chain,

belonging to the type II respiratory dehydrogenase (Ndh)

family (Kalnenieks et al. 2008; Seo et al. 2005; Yang et al.

2009a), and only one terminal cytochrome bd-type quinol

oxidase has been identified so far (Kalnenieks et al. 1998;

Sootsuwan et al. 2008). The known Z. mobilis genome

sequences contain genes encoding a cytochrome bc1 com-

plex and cytochrome c (Seo et al. 2005; Yang et al. 2009a;

Kouvelis et al. 2009), yet lack sequences homologous to any

known bacterial cytochrome c oxidase genes. Sootsuwan

et al. (2008) proposed that the cytochrome bc1 branch most

likely is terminated by a cytochrome c peroxidase, as the

cytochrome c peroxidase gene is present in the genome. In

the present work, we aimed to investigate the function of

cytochrome bd and the cytochrome bc1 complex in respi-

ration, and to find out whether the cytochrome bc1 complex

supplies electrons to a cytochrome c peroxidase.

Energy generation is the central, yet not the sole func-

tion of bacterial electron transport chains (Poole and Cook

2000). The aerobic respiration in bacteria generates reac-

tive species of oxygen (ROS) (Gonzalez-Flecha and

Demple 1995), but may also protect the cell interior from

molecular oxygen (as demonstrated for nitrogen-fixing

bacteria, see Kelly et al. 1990), and also from oxidative

stress by diverting electrons from hydrogen peroxide-gen-

erating reactions (Korshunov and Imlay 2010). The

potential respiratory-protective and ROS-protective roles

of the electron transport in Z. mobilis, as a physiological

alternative to oxidative energy generation, are of interest

but so far have attracted little attention.

To address these problems, we have carried out a

comparative study of respiration, and regulation of respi-

ratory and ROS-protective genes in several Z. mobilis

mutants, namely an Ndh-deficient strain, a strain deficient

in the cytochrome b subunit of the bc1 complex, a strain

deficient in the subunit II of the cytochrome bd terminal

oxidase, and a catalase-deficient strain. The results dem-

onstrated significant effects of the knockout mutations in

cytochrome bd and in cytochrome bc1 complex on respi-

ration, yet did not verify the presence of a cytochrome

c peroxidase activity. At the same time, some unexpected

pleiotropic effects of the respiratory gene mutations were

observed.

Materials and methods

Bacterial strains, plasmids, and transformation

Escherichia coli JM109 and plasmid pGEM-3Zf(?) were

purchased from Promega. Strain JM109 was used as the

host for cloning of the recombinant plasmids. Z. mobilis

ATCC 29191 (Zm6) and its mutant derivative, deficient in

type II respiratory NADH dehydrogenase (the ndh mutant;

Zm6-ndh) were maintained and cultivated as described

previously (Kalnenieks et al. 1993, 2008). The plasmids

and strains constructed and used in the present work are

listed in Table 1. E. coli was transformed by the CaCl2
procedure described by Sambrook et al. (1989). Z. mobilis

was transformed by electroporation (Liang and Lee 1998).

PCR, cloning techniques, and mutant construction

Genomic and plasmid DNA isolation from Z. mobilis were

performed as before (Kalnenieks et al. 2006, 2008). The

Z. mobilis catalase gene (Z. mobilis ZM4 genome sequence,

locus tag ZMO 0918) was amplified by PCR using the

primer pair Z.m.cat1 (AAGAGGGATCCTATGACTAGA

CCCAATCTT) and Z.m.cat2 (GAAGCAGCAAGCTTT

ATAACAGGCTATCGG). The engineered restriction sites

for BamHI and HindIII, respectively, are underlined. To

obtain a mutant defective in the kat gene (Zm6-kat), the

1.45-kb region of the chromosomal DNA containing the

kat ORF (ZMO 0918) was amplified, double-digested with

BamHI and HindIII, and directionally cloned between the

BamHI and HindIII restriction sites of the multiple cloning

site (MCS) of plasmid pGEM-3Zf(?). In addition, the

EcoRI site was removed from the MCS, by eliminating a

0.35-kb fragment between the Eco24I restriction sites of

pGEM-3Zf(?) yielding plasmid pGEMcat (Table 1). A

0.8-kb fragment of plasmid pBT (Table 1), containing the

659-bp ORF of the chloramphenicol acetyltransferase

gene, was amplified using a primer pair with EcoRI sites

NAD(P)H 

D-lactate

Glucose 

Q10
bd

bc1 c ??

O2

O2

Fig. 1 The current model of respiratory chain of Zymomonas mobilis.

A route to oxygen via cytochrome bd is established and supported in

this work. The nature of any other terminal oxidase is unknown
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(underlined): cm1 (TTTGCTTTCGAATTCCTGCCATTC

ATCCGC) and cm2 (CACTACCGGGCGAATTCTTTGA

GTTATCGAG). The PCR product was digested with

EcoRI and inserted in the EcoRI site of the cloned kat gene,

yielding plasmid pGEMcat::cmr (Table 1). This plasmid

was used to transform Z. mobilis by electroporation, and

homologous recombinants were selected on plates con-

taining chloramphenicol (120 lg ml-1). Several colonies

were screened for the kat::cmr genotype by PCR on the

genomic DNA template with primers Z.m.cat1 and

Z.m.cat2; insertion of the chloramphenicol-resistance

determinant in the catalase gene was verified by sequenc-

ing the PCR product.

The gene encoding the cytochrome b subunit of the

respiratory chain bc1 complex (Z. mobilis ZM4 genome

sequence, locus tag ZMO 0957) was amplified using the

primer pair Z.m.b1 (GAACTTATTATGAAGCTTTCAC

CACCCCCT) with the engineered site for HindIII under-

lined, and Z.m.b2 (TTGAGCATATCAGGATCCCGT

TCTTTTCTT) with the BamHI site underlined. In the

Z. mobilis ZM4 genome annotation, the expected product

of ZMO 0957 is described as ‘cytochrome b/b6 domain-

containing protein’ of the cytochrome bc1 complex. ZMO

0957 is homologous to the cytB gene of the taxonomically

related Sphingobium japonicum; therefore, by analogy, we

named this gene ‘cytB’. To construct a cytB mutant

defective in the cytochrome b subunit of the bc1 complex,

the 1.26-kb region of the chromosomal DNA containing

the gene ZMO 0957 was amplified and cloned as described

for the catalase gene construct, yielding plasmid pGEMb

(Table 1). Plasmid pBT was digested with AgeI (BshTI) to

obtain three fragments of approximately 1.6, 1.3, and

0.3 kb length. The 1.3-kb fragment carried the ORF of the

chloramphenicol acetyltransferase gene. The AgeI diges-

tion of pBT was chosen because plasmid pGEMb contained

only one AgeI restriction site that was localized in the

cloned ORF of the cytB gene. After digestion of pGEMb

with AgeI, the 1.3-kb fragment of pBT was inserted in the

Table 1 Plasmids and strains

used in the study
Plasmid/strain Characteristics Source

pGEM-3Zf(?) Ampr Promega

pBT Cmr Stratagene

pGEMb pGEM-Zf(?) derivative, carrying a 1.3-kb fragment of PCR-amplified

genomic DNA with the ORF of the cytochrome b subunit gene

(ZMO 0957) of the bc1 complex, cloned between the HindIII and

BamHI sites of the MCS

Present work

pGEMb::cmr pGEMb derivative, carrying in the AgeI site of the cloned gene a 1.3-

kb AgeI restriction fragment of pBT, with an 0.7-kb chloramphenicol

resistance ORF

Present work

pGEMd pGEM-Zf(?) derivative, carrying a 1.55-kb fragment of PCR-

amplified genomic DNA with part of the ORF of cydA (ZMO 1571)

and the whole of cydB (ZMO 1572), cloned between the HindIII and

BamHI sites of the MCS

Present work

pGEMd::cmr pGEMd derivative, carrying in the AgeI site of the cydB (ZMO 1572) a

1.3-kb AgeI restriction fragment of pBT, with an 0.7-kb

chloramphenicol resistance ORF

Present work

pGEMcat pGEM-Zf(?) derivative, (1) carrying a 1.4-kb fragment of PCR-

amplified genomic DNA with the ORF of the catalase gene (ZMO

0918) cloned between the HindIII and BamHI sites of the multiple

cloning site, (2) lacking EcoRI site in the MCS in result of

elimination of an 0.35-kb fragment between Eco24I restriction sites

of pGEM-3Zf(?)

Present work

pGEMcat::cmr pGEMcat derivative, carrying an 0.8-kb PCR-amplified fragment of

pBT with 0.7 kb of the chloramphenicol resistance ORF, inserted in

the EcoRI site of the cloned gene

Present work

Zm6 Parent strain ATCC 29191

Zm6-ndh Zm6 strain with a cmr insert in the ORF of respiratory type II NADH

degydrogenase gene (ndh) (ZMO 1113)

Kalnenieks

et al. (2008)

Zm6-cytB Zm6 strain with a cmr insert in the ORF of the cytochrome b subunit

gene (ZMO 0957) of the bc1 complex

Present work

Zm6-cydB Zm6 strain with a cmr insert in the ORF of the subunit II (cydB) gene

(ZMO 1572) of the cytochrome bd terminal oxidase

Present work

Zm6-kat Zm6 strain with a cmr insert in the ORF of catalase gene (ZMO 0918) Present work
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middle of the cloned gene to yield plasmid pGEMb::cmr

(Table 1). Transformation of Z. mobilis and screening for

the mutation were done exactly as described for the kat

gene.

A 1.55-kb genomic DNA fragment, with part of the gene

encoding the cytochrome bd subunit I and the whole of the

gene encoding the cytochrome bd subunit II (Z. mobilis

ZM4 genome sequence, locus tags ZMO 1571 and ZMO

1572), was amplified, using the primer pair Z.m.d1 (ATG

AAGCTTCTTGGATCCTGACCCATAGTC) and Z.m.d2

(TACCCGTCACTGCTGGTAAGCTTGCCGTGG), with

the engineered restriction sites for BamHI and HindIII,

respectively, underlined. In order to disrupt subunit II of

the cytochrome bd terminal oxidase, the amplified 1.55-kb

DNA fragment, containing part of ZMO 1571 (homologous

to the cydA gene of E. coli) and the whole ZMO 1572 ORF

(homologous to the cydB gene of E. coli, respectively), was

directionally cloned in the MCS of pGEM-3Zf(?), yielding

plasmid pGEMd (Table 1). The plasmid pGEMd contained

a single AgeI restriction site, which was localized in ZMO

1572. Further steps in the cydB mutant construction were

identical to those described above for the cytB mutant.

After transformation, several colonies were screened for

the cydB::cmr genotype by PCR on the genomic DNA

template with primers Z.m.d1 and Z.m.d2, and the insertion

of the chloramphenicol-resistance determinant in the cydB

gene was verified by sequencing the PCR product.

Primers for PCR reactions were supplied by Operon and

Invitrogen. PCRs were carried out in an Eppendorf Mas-

tercycler, using Fermentas TaqDNA polymerase. Other

DNA manipulations were done as described previously

(Kalnenieks et al. 2008), using Qiagen kits. All DNA

constructs were confirmed by DNA sequencing, done by

Beckman Coulter genomics.

Quantitative PCR analysis

Primer pairs for 14 genes (Table 2) were designed to give

PCR products of 200 (±8) bp length. An RNeasy Mini kit

(Qiagen) was used for mRNA purification. Reverse tran-

scription was done with the Revert Aid Premium First

Strand cDNA Synthesis kit (Fermentas), and Maxima

Table 2 Genes and the

corresponding primer pairs used

for qRT-PCR analysis

Gene product Gene Primers Sequences (50–30)

Alkyl hydroperoxide reductase ZMO 1732 ahpC_f ggattacggccaacattcaa

ahpC_r attacgcttggcggaaatct

Catalase ZMO 0918 kat_f agggaattgggatttagtcg

kat_r aagaggaataccacgatcag

Cytochrome bd subunit I ZMO 1571 cydA_f tatgaattcgggacgaactg

cydA_r ccaagtcatggaaatcaagg

Glyceraldehyde-3-P dehydrogenase ZMO 0177 gapdeh_f aagcttggcgttgatatcgt

gapdeh_r gtgcaagatgcgttagaaac

NADPH-glutathione reductase ZMO 1211 gor_f ttttataaagcgcgcgatcg

gor_r gatcgggttttcggtcataa

Glutaredoxin 2 ZMO 0070 grx_f gttataagctggtgccgatt

grx_r aattctggcaaaggtgccat

D-lactate dehydrogenase ZMO 0256 ldh_f tgagcaggttatctgtttgc

ldh_r tgatacgagcataaagggtc

Type II NADH dehydrogenase ZMO 1113 ndh_f agaaggccataaaatcagcg

ndh_r ttgagcaatcatggttctgg

Putative iron-dependent peroxidase ZMO 1573 per_f caaagagttaaaaggcgtgc

per_r tctacaaaaccaatcagggc

Cytochrome c peroxidase ZMO 1136 perC_f ttttcctgttcgttgatcgc

perC_r ccatgattgggcagaagtta

NADH:ubiquinone oxidoreductase

of RnfABCDGE type, RnfA subunit

ZMO 1814 rnfA_f atccaaccgaggaagcaaaa

rnfA_r attctgattatcgcttcggc

Superoxide dismutase ZMO 1060 sod_f ccatctttcaaaacgagcca

sod_r ttgttcaacaatgcggcaca

Thioredoxin reductase ZMO 1142 tor_f atgcctttgatgctggtttg

tor_r ttattgctggggaagatagc

Thioredoxin ZMO 1097 trx_f ttttgaaaagcagcagggtc

trx_r taaaatcaccggtgcctgtt
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SYBR green/ROX qPCR Master Mix (Fermentas) was

used for the PCR. The quantitative real-time PCRs (qRT-

PCR) were carried out in duplicate in a real-time thermal

cycler (Model 7300, Applied Biosystems). In order to

compare gene transcription between the strains and culti-

vation conditions, qRT-PCR data in all cases were nor-

malized against the respective amounts of cDNA of the

glyceraldehyde-3-phosphate dehydrogenase gene (ZMO

0177). Choice of ZMO 0177 as the ‘housekeeping’ gene

for Z. mobilis was justified by the data of Yang et al.

(2009b), showing that transcription of this gene is consti-

tutive, and is not affected significantly by aeration or by

accumulation of metabolic end products.

Continuous cultivation

Continuous cultivation was carried out in a Labfors fer-

menter (Infors) of 2.5-l working volume, containing 1 l of

culture, at 30�C, pH 6.0, and a dilution rate of 0.18 h-1.

The growth medium contained glucose (20 g l-1), yeast

extract (5 g l-1). and mineral salts, as described previously

(Kalnenieks et al. 1993). Cultivations were started under

anaerobic conditions and established by gassing the culture

with nitrogen gas, containing only trace amounts of oxy-

gen, at a flow rate of 1.4 l min-1, and stirring rate 100 rpm.

During the steady state under these conditions, the

metabolism was strictly anaerobic: ethanol yield in the

parent strain Zm6 reached 0.49–0.50 g g glucose-1 (close

to the theoretical maximum value; Rogers et al. 1982), and

no acetaldehyde could be detected in the medium. When

the anaerobic steady state had established, samples were

taken for qRT-PCR, as well as for product analysis, and for

whole-cell oxygen uptake assay, catalase, and peroxide-

generation assays. After that, aeration was started with an

air flow of 1.5 l min-1 and stirring rate 300 rpm., and the

chemostat was run overnight. It took typically 12–15 h to

reach the aerobic steady state, and at that point, sampling

was repeated. During the aerobic steady state, the parent

strain Zm6 maintained pO2 in the fermenter around 0–2%,

ethanol yield reached 60% of the theoretical maximum,

and 0.2 g acetaldehyde l-1 was present in the medium,

corresponding to a moderately aerobic metabolism of

Z. mobilis (for review see Kalnenieks 2006).

Preparation of cell-free extracts and membrane vesicles

For preparation of cell-free extract, cells were sedimented

by centrifugation at 5,000 rpm for 15 min, washed, and

resuspended in 100 mM potassium phosphate buffer, con-

taining 2 mM magnesium sulfate, pH 6.9, to an OD550

of about 40 (after correction for dilution; measured in a

Shimadzu spectrophotometer), corresponding to a biomass

concentration of 6.8–7.0 mg (dry wt) ml-1. Cells were

broken by an 8-min ultrasonic treatment with pulses of

0.5-s duration, separated by 0.5-s intervals, using a

Dr. Hielscher ultrasonic processor. Typically, cell-free ext-

racts of 4.6–4.9 mg protein ml-1 were obtained. Subsequent

removal of unbroken cells and separation of cytoplasmic

membranes by ultracentrifugation were performed as before

(Kalnenieks et al. 1993, 1998).

Cytochrome spectroscopy

Room-temperature reduced minus oxidized cytochrome

absorption spectra were taken using membrane samples

(1 ml) at a protein concentration of 5–6 mg ml-1 with

small amounts of solid dithionite as reductant and potas-

sium ferricyanide as oxidant. Spectra were recorded with a

custom-built SDB4 dual-wavelength scanning spectropho-

tometer (University of Pennsylvania School of Medicine

Biomedical Instrumentation Group and Current Designs,

Philadelphia, PA), as described previously (Kalnenieks

et al. 1998). The time-course of cytochrome d reduction

after addition of NADH was recorded by rapid, repetitive

scanning in the wavelength range between 610 and

650 nm, using the dual-wavelength scanning spectropho-

tometer. The degree of cytochrome d reduction was cal-

culated as the average value of the absorbance differences

at wavelength pairs 630/614 and 630/646 nm.

Enzyme assays

Catalase activity in cell-free extracts was assayed spec-

trophotometrically, by monitoring absorbance decline at

240 nm (Gonzalez-Flecha and Demple 1994). Cytochrome

c peroxidase activity was monitored by the decline in

absorbance at the a-band of ferrocytochrome c at 550 nm

on addition of cell-free extract and H2O2 (Ellfolk and

Soininen 1970). Glutathione reductase activity was mea-

sured by decrease of NADPH absorbance at 340 nm on

addition of oxidized glutathione (GSSG) in the presence of

permeabilized cells (Bergmeyer et al. 1974). The cells were

permeabilized as described previously (Kalnenieks et al.

2005), following a slightly modified procedure of Osman

et al. (1987).

Analytical methods

H2O2 production by cells was determined fluorimetrically

by monitoring Amplex UltraRed fluorescence during its

reaction with H2O2, catalyzed by horseradish peroxidase

(Korshunov and Imlay 2010). Fluorescence was measured

with a FluoroMax-3 spectrofluorimeter (Jobin–Yvon),

using 520-nm wavelength for excitation, and 620-nm

wavelength for emission. To quantitate the generated
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hydrogen peroxide, fluorescence increase was calibrated by

addition of 1 mM H2O2 in 5-ll increments. Ethanol and

glucose in culture media were determined by HPLC

(Agilent 1100 series), using a Biorad Aminex HPX—87H

column. Acetaldehyde concentration was determined by

the alcohol dehydrogenase assay, as described previously

(Kalnenieks et al. 2000). Concentration of dissolved oxy-

gen was monitored by Clark-type oxygen electrodes. An

autoclavable Ingold electrode was used in the fermenter,

and a Radiometer electrode with a thermostatted electrode

cell for oxygen uptake measurements in cell or membrane

vesicle suspensions. Whole-cell oxygen uptake was mea-

sured for cells taken from steady-state cultures, pelleted,

washed, and resuspended in 100 mM phosphate buffer, pH

6.9, supplemented with 10 g glucose l-1. Protein concen-

tration in cell-free extracts and membrane samples was

determined according to Markwell et al. (1978). Cell

concentration was determined as OD550, and dry cell mass

of the suspensions was calculated by reference to a cali-

bration curve. Results are means of at least three replicates.

SEM values are given as error bars in the figures.

Results

Respiratory gene regulation in the NADH

dehydrogenase-deficient strain

Previously, we have demonstrated that the ndh mutant

(Zm6-ndh) grows aerobically with very low rate of respi-

ration and high ethanol yield, reaching higher biomass

concentrations than the parent strain (Kalnenieks et al.

2008). This is confirmed in the whole-cell respiration

assays of Zm6-ndh shown in Fig. 2a. Here we studied

respiratory gene expression in this mutant and showed that

it differed significantly from that of the parent Zm6 and

other strains. In Zm6, upon transition from anaerobic to

aerobic culture conditions, the transcription of cydA (ZMO

1571) was down-regulated 12-fold, yet transcription of

other respiratory genes was not affected significantly,

changing less than twofold (not shown). In the aerobically

grown Zm6-ndh strain, the ldh gene (ZMO 0256) encoding

the membrane D-lactate dehydrogenase and cydA were

up-regulated relative to Zm6 (Table 3), supporting our

previous observation of the elevated activity of membrane

D-lactate oxidase in an aerobically grown ndh mutant

(Kalnenieks et al. 2008). However, the knockout of the ndh

gene did not affect transcription of rnfA (ZMO 1814). In

Rhodobacter capsulatus, this gene encodes an alternative

NADH/ubiquinone oxidoreductase, which is a part of a

membrane complex supplying electrons to nitrogenase

(Schmehl et al. 1993). In Z. mobilis, its function is

unknown.

Notably, we found some indications of oxidative stress

in aerobically growing Zm6-ndh. The gene, encoding

glutaredoxin 2 (ZMO 0070; grx in Table 3), was up-reg-

ulated 60-fold relative to the parent strain, the thioredoxin
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Fig. 2 Oxygen uptake rate and catalase activity in cells, harvested

from chemostat cultures under anaerobic and aerobic steady-state

conditions. Cells were sedimented, washed, and resuspended in

100 mM potassium phosphate buffer (pH 6.9) supplied with glucose

(10 g l-1). Empty bars—anaerobically cultivated cells; filled bars—

aerobically cultivated cells. a oxygen uptake rate, b catalase activity

in cell-free extracts, obtained by ultrasonic disruption

Table 3 The qRT-PCR ratios (mutant/Zm6) of the aerobic and

anaerobic gene transcription, showing more than twofold difference

between the mutant and parent strain

(Zm6-ndh/

Zm6)

(Zm6-cytB/

Zm6)

(Zm6-cydB/

Zm6)

(Zm6-kat/
Zm6)

?O2 -O2 ?O2 -O2 ?O2 -O2 ?O2 -O2

kat 0.2 0.25 4.59 4.41 n.d. n.d.

ahpC 0.13 3.39 0.09

sod 3.2 4.0 2.2 4.6

per 4.0 0.22

perC 0.18

rnfA 3.5 2.1 0.47 0.49

ndh n.d. n.d. 0.39 2.5 0.5

ldh 3.0 0.38

cydA 6.1 0.27 2.1 0.23 0.05

trx 4.9 2.3 0.41

grx 60.0 0.04

tor 2.1 3.0

gor 0.08 2.25 0.38 0.5

n.d. not determined
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gene (ZMO 1097; trx in Table 3) was up-regulated almost

fivefold, and the thioredoxin reductase gene (ZMO 1142;

tor in Table 3) more than twofold. As in the other mutant

strains, the gene encoding superoxide dismutase (ZMO

1060; sod) was up-regulated more than threefold relative to

Zm6. Although we did not see any change of glutathione

reductase (ZMO 1211; gor) transcription, under aerobic

growth conditions, the enzyme was more active in the

Zm6-ndh strain: 0.030 U (mg dry wt)-1, versus 0.009 U

(mg dry wt)-1 in Zm6 (not shown).

The respiratory chain in the cytochrome bd

and cytochrome bc1 mutants

Anaerobically cultivated cells of the Zm6-cydB strain,

under oxic conditions in potassium phosphate buffer sup-

plemented with 1% glucose, had insignificant oxygen

uptake activity (Fig. 2a). This finding confirmed the pre-

viously postulated key role of the bd-type terminal oxidase

in Z. mobilis respiration. It is in a good agreement with the

genome data (Seo et al. 2005; Yang et al. 2009a) and is

supported by spectroscopic evidence (Kalnenieks et al.

1998, 2000; Sootsuwan et al. 2008) demonstrating

the presence of cytochrome bd both in aerobically and

anaerobically grown Zm6 cells. Unexpectedly, however,

anaerobically grown cells of the Zm6-cytB strain also had a

near-zero oxygen consumption rate (Fig. 2a). Furthermore,

when the cultures were shifted to aerobic growth condi-

tions, oxygen uptake both in Zm6-cydB and Zm6-cytB

gradually increased (not shown). After 11–12 h of aerobic

growth, the respiration rate of the mutant cells reached a

level comparable to that of Zm6, as shown in Fig. 2a.

Antimycin is considered a specific inhibitor of the

cytochrome bc1 complex (Trumpower and Gennis 1994).

Antimycin sensitivity of Z. mobilis respiration has been

reported previously by Strohdeicher et al. (1990). Here we

compared antimycin sensitivity of oxygen uptake in

membrane preparations obtained from aerobically grown

Zm6, Zm6-cytB, and Zm6-cydB cells. There was no sig-

nificant difference in antimycin sensitivity between Zm6

and Zm6-cydB (not shown); however, the cytB mutation

increased the antimycin resistance of oxygen uptake in

membrane preparations with NADH as the electron donor

(Fig. 3, inset). Such an effect of the cytB mutation upon

sensitivity of respiration toward an inhibitor of the cyto-

chrome bc1 complex indicates that part of electrons in the

respiratory chain of the parent strain is transported to

oxygen via the cytochrome bc1 branch.

Reduced minus oxidized absorption spectra of cyto-

chromes were recorded in membranes, prepared from cells

in stationary-phase batch cultures. The results presented in

Fig. 3 show that cytoplasmic membranes of anaerobically

cultivated Zm6-cydB cells, as expected, lacked the

absorbance around 630 nm, characteristic for cytochrome

d. However, anaerobically grown Zm6-cytB exhibited a

general deficiency of cytochromes (Fig. 3), explaining the

low respiratory rates measured (Fig. 2). In comparison to

anaerobically cultivated Zm6 and Zm6-cydB, the Soret

region in Zm6-cytB membranes was weak; there was

almost no signal in the a-region of cytochromes c and

b between 550 and 560 nm, and also no cytochrome

d absorbance at 630 nm. Surprisingly, the amount of cydA

transcript in the anaerobically cultivated Zm6-cytB strain

was just fourfold lower than that of the anaerobically

grown Zm6 (Table 3), but still higher than in aerobically

grown Zm6, in which the absorbance of cytochrome

d around 630 nm was clearly present (Fig. 3). Likewise,

anaerobically cultivated Zm6-cytB cells lacked catalase

activity (Fig. 2b), while the transcription of kat was very

similar to that in anaerobically cultivated Zm6-ndh

(Table 3), in which catalase activity was high. The rise of

respiratory capacity of the cytB mutant during aerobic

cultivation was accompanied by an increase of the spectral

features of cytochromes (Fig. 3) and of catalase activity

(Fig. 2b).

The time-course of cytochrome d reduction was moni-

tored after addition of NADH to anaerobic suspensions of

membrane vesicles, prepared from aerobically cultivated

Zm6, Zm6-cytB, and Zm6-cydB cells (Fig. 4). As expected,
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Fig. 3 Reduced minus oxidized difference spectra of membrane

preparations. (1) Anaerobically cultivated Zm6, (2) anaerobically

cultivated Zm6-cytB, (3) aerobically cultivated Zm6, (4) aerobically

cultivated Zm6-cytB, (5) anaerobically cultivated Zm6-cydB. Inset
antimycin titration of oxygen uptake in aerobically cultivated cell

membrane preparations of Zm6 (filled triangle) and Zm6-cytB (filled
square)
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in the membranes from the Zm6-cydB strain, the spectral

signal of reduced cytochrome d remained close to zero

during the whole experiment. On the contrary, for Zm6-cytB,

after a short lag time, the cytochrome d absorbance reached

even higher level, than in Zm6. This finding indicates that (1)

in Zm6-cytB, electrons are diverted more toward the cyto-

chrome bd terminal oxidase, than in the parent strain, and

that (2) in Z. mobilis, the cytochrome bc1 complex and

cytochrome bd are localized in different electron transport

branches (as in other bacteria with branched electron trans-

port chains; see Poole and Cook 2000).

The cytB mutant was the only strain in which rnfA

(ZMO 1814) was up-regulated relative to Zm6, under both

anaerobic and aerobic conditions (Table 3). However, the

only functional respiratory NAD(P)H dehydrogenase of

Z. mobilis—the type II NAD(P)H dehydrogenase ndh—

was expressed at the same level as in the parent strain. In

the cydB mutant, rnfA was down-regulated relative to Zm6,

while some of the ROS-protective genes, like those of

catalase, ahpC (ZMO 1732), and glutathione reductase

(ZMO 1211), were up-regulated under aerobic growth

conditions. For catalase, the fourfold increase of gene

transcription did not match with the observed enzymatic

activity: In Zm6-cydB, it was the same as in Zm6 (Fig. 2b).

Properties of the catalase mutant and the apparent lack

of cytochrome c peroxidase activity

Cytochrome c peroxidase is a periplasmic enzyme, loosely

bound to the bacterial cytoplasmic membrane (Goodhew

et al. 1990; Atack and Kelly 2006). During the preparation of

cytoplasmic membrane vesicles, part of it may be lost, and

hence, either cell-free extracts or permeabilized cells are

better choices for cytochrome c peroxidase assays. However,

Z. mobilis cells possess high catalase activity (Fig. 2b),

which would interfere with the assay by rapidly removing the

electron acceptor, H2O2. Therefore, a catalase mutant was

constructed with the prime purpose of examining the activity

of cytochrome c peroxidase in cell-free extracts. Although

catalase activity was close to zero in the Zm6-kat strain

(Fig. 2b), no cytochrome c peroxidase could be detected by

the cytochrome c assay: H2O2-dependent oxidation of

externally added cytochrome c did not occur in the cell-free

extracts of the kat mutant (not shown).

In Fig. 5, the effect of millimolar H2O2 additions upon

aerobic growth of the Zm6, Zm6-cytB, and Zm6-kat strains

is presented. At the end of the exponential growth phase of

shaken flask cultures, the cells were sedimented by cen-

trifugation, resuspended in fresh culture medium (indicated

by arrows) containing various concentrations of hydrogen

peroxide, and aerobic cultivation was resumed. The results
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Fig. 4 Time-course of cytochrome d reduction in membranes

prepared form aerobically grown Zm6 (filled triangle), Zm6-cytB
(filled square), and Zm6-cydB (filled diamond). Cytochrome d spectral

signals were recorded by repetitive scanning in the wavelength range

between 610 and 650 nm at 30-s intervals, after addition of 3.5 mM

NADH to anaerobic suspension of membranes. The degree of

cytochrome d reduction was taken as the average of the absorbance

differences at wavelength pairs 630/614 and 630/646 nm
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show no significant difference between the sensitivities of

Zm6 and Zm6-cytB to the added H2O2. However, Zm6-kat

appeared to be much more vulnerable and ceased to grow

in the presence of 1 and 2 mM H2O2. Monitoring of

hydrogen peroxide decomposition was done for the cul-

tures transferred to the medium with 2 mM H2O2. For that

purpose, samples were taken at 5-min intervals, cells were

rapidly sedimented, and H2O2 was determined in the

supernatant using the Amplex UltraRed dye. In Zm6 and

Zm6-cytB, during the 5 min after transfer of cells into the

fresh medium, the concentration of H2O2 dropped from

2 mM to around 20 lM, while in the kat mutant, it

remained 1.69 mM even after 30 min of cultivation (not

shown).

Taken together, these data do not support the function of

the cytochrome c peroxidase (ZMO 1136) gene product in

the degradation of hydrogen peroxide and cast doubt on

whether a functional cytochrome c peroxidase termi-

nates the cytochrome bc1 branch of electron transport in

Z. mobilis. At the same time, transcription of the corre-

sponding gene (ZMO 1136) did take place in all strains.

Neither aeration nor mutations exerted significant tran-

scriptional regulation over this gene, with one exception: In

anaerobically cultivated cydB mutant cells, the gene

encoding ZMO1136 (perC) was down-regulated relative to

Zm6 (Table 3).

Catalase deficiency in the aerobically cultivated Zm6-

kat cells did not give rise to any coordinated upregulation

of the alternative peroxide-scavenging systems. Although

ahpC (ZMO 1732) and the putative iron-dependent per-

oxidase (ZMO 1573) during the anaerobic-to-aerobic

transition of Zm6-kat were up-regulated by factors of about

10 and 5, respectively (Table 3), neither of them exceeded

the transcript levels found in aerobically cultivated parent

strain. An almost fivefold higher level of superoxide dis-

mutase and twofold higher level of thioredoxin (ZMO

1097) transcript were accompanied by a threefold down-

regulation of glutathione reductase and by 25-fold down-

regulation of glutaredoxin in the kat mutant relative to the

aerobically growing Zm6.

Aerobic growth parameters of the Zm6-kat strain in a

chemostat did not differ significantly from those of Zm6.

Washed cells from an aerobic kat mutant culture, sus-

pended in phosphate buffer with glucose, showed an even

higher oxygen uptake rate than that of strain Zm6 (Fig. 2a),

in good agreement with the[twofold aerobic upregulation

of ndh (Table 3). Catalase deficiency did not result in any

significant elevation of H2O2 production by the Zm6-kat

strain. In all strains, the specific rate of hydrogen peroxide

export from the cells was found to be in the narrow range

of 4–7 nmol (mg dry wt)-1 min-1 and depended neither on

the bulk oxygen consumption rate, nor on culture aeration

(not shown).

Discussion

Oxygen-dependent regulation of gene expression repre-

sents a rapidly evolving field of research in microbiology,

focussed largely on in-depth studies of a few species of

model microorganisms. The ethanol-fermenting bacterium

Z. mobilis is not among them, and little is known about its

response to aeration. However, recently a genome-scale

transcriptomic and metabolomic study of aeration in wild-

type Z. mobilis (strain ZM4) was reported by Yang et al.

(2009b). The authors explored the effects of aeration on

exponential and stationary-phase cultures during controlled

batch cultivations. In agreement with our present findings,

these authors reported aerobic downregulation of cydA and

cydB and found no significant effect of aeration upon cat-

alase, peroxidase, superoxide dismutase, and glutathione

reductase gene transcription. Yet, in contrast to the report

of Yang et al. (2009b), in Zm6, we did not observe aerobic

upregulation of alkyl hydroperoxide reductase ahpC (ZMO

1732), thioredoxin trx (ZMO 1097), and the NADH:ubi-

quinone oxidoreductase subunit rnfA (ZMO 1814). Also,

we did not see aerobic downregulation of ndh (ZMO 1113).

In part, these discrepancies might be due to strain differ-

ences, but also different levels of aeration. For Z. mobilis,

ethanol yield may serve as a rough estimate for culture

aeration. As mentioned in ‘Materials and methods’, in our

study, the ethanol yield of Zm6 aerobic chemostat culture

was close to 60% of the theoretical maximum. Yang et al.

(2009b) reported only 27% of the maximum ethanol yield,

which points to more vigorous aeration in their aerobic

batch culture. Finally, we compared continuously growing

cultures at a moderate dilution rate (D 0.18 h-1), while

Yang et al. (2009b) mostly analyzed transcription differ-

ences that they found in stationary-phase cultures.

Our results support the general conclusion of Yang et al.

(2009b) that in growing Z. mobilis; there is little tran-

scriptional response to changes of aeration per se, at least

concerning the respiratory chain and the ROS-protective

systems. The regulation of the respiratory and oxidative

stress-protective gene transcription in Z. mobilis is poorly

understood, and probably differs from the generally

established mechanisms for Gram-negative facultative

anaerobes. Yang et al. (2009b) reports a strong aerobic

upregulation of the alternative sigma factor rpoH (ZMO

0749), a MerR family regulator (ZMO 1121), and some

other putative regulatory elements. At the same time, the

Z. mobilis genome lacks homologs of the oxyR and soxR

genes (Seo et al. 2005; Yang et al. 2009a).

Here we demonstrate that respiratory mutations affect

the aerobic physiology of this bacterium, in some cases in

an unexpected manner. For the NADH dehydrogenase

mutant, showing an improved aerobic growth capacity

(Kalnenieks et al. 2008), which permanently keeps its
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respiration rate low under oxic growth conditions, several

thiol-dependent oxidative stress-protective systems are

strongly up-regulated in the presence of oxygen. Such a

regulatory response to aeration has not been observed in

other Z. mobilis strains with medium or high respiration

rate under aerobic conditions. It is possible that the rapid,

yet energetically inefficient respiratory chain in Z. mobilis

helps to prevent oxidative stress in aerobically growing

culture. Furthermore, a knockout mutation of the cyto-

chrome b subunit of the bc1 complex in Z. mobilis gives

rise to a complex, non-respiring phenotype, when culti-

vated under anoxic conditions. Notably, the absence of

cytochrome spectral features and catalase activity under

these conditions do not result from downregulation of the

corresponding genes. Further research is needed to see

whether, perhaps, heme biosynthesis or assembly of heme-

containing enzymes is affected in the mutant strain under

oxygen-limiting conditions.

The ability of both aerobically cultivated mutants, Zm6-

cytB and Zm6-cydB, to consume oxygen, as well as the

difference seen in the antimycin sensitivity of their respi-

ration, and in the kinetics of the cytochrome d reduction

with NADH, indicates the presence of at least two branches

of electron transport in the Z. mobilis respiratory chain. The

effects of the cydB mutation clearly demonstrate that

cytochrome bd is involved in electron transport. Yet, the

apparent lack of genes for other terminal oxidases raises

the intriguing problem of what could be the nature of the

oxidase activity manifested in the Zm6-cydB strain. We

speculate that the cytochrome c peroxidase gene product

might have an alternative oxidase activity. Construction

and study of a cytochrome c peroxidase/cydB double

knockout strain could help to verify this hypothesis. We

were not able to demonstrate any cytochrome c peroxidase

activity, or any relation of the cytochrome bc1 branch to the

hydrogen peroxide resistance of the Z. mobilis cells.

However, recently, Charoensuk et al. (2011) reported an

electron transport chain-linked peroxidase activity in a

thermotolerant Z. mobilis strain. We, therefore, conclude

that the cytochrome c peroxidase activity might largely

depend on the strain and culture conditions.

Obviously, catalase in Z. mobilis plays a minor role in

the scavenging of endogenously generated H2O2 and is not

critical for aerobic growth. In general, the role of bacterial

catalases in endogenous H2O2 degradation varies. For

example, in Bradyrhizobium japonicum catalase is the

primary detoxifier of endogenously produced hydrogen

peroxide (Panek and O’Brian 2004), and aerobic growth of

the catalase-negative strain of this bacterium is severely

impaired. In the pathogen Staphylococcus aureus, KatA

and AhpC are mutually compensatory, and both enzymes

are responsible for scavenging of endogenously produced

H2O2 (Cosgrove et al. 2007). Z. mobilis seems to be more

like E. coli in this respect. In E. coli, AhpC (Seaver and

Imlay 2001) and possibly Fe-containing alcohol dehydro-

genase (AdhE) (Echave et al. 2003) scavenge the majority

of endogenous H2O2, with a small fraction degraded by

catalase. As in E. coli, catalase in Z. mobilis protects the

cells against exogenous hydrogen peroxide. Knowing that

Z. mobilis is a non-pathogenic bacterium, found in sugar-

rich tropical plant saps (Swings and DeLey 1977), it is

likely that in the natural environment, its catalase degrades

H2O2 of plant origin.
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Abstract 

The paper presents recent records of the North-American amphipod Gammarus tigrinus and the Ponto-Caspian amphipod Pontogammarus 
robustoides in Latvian territorial waters of the Baltic Sea. P. robustoides was found for the first time in shallow waters of the Gulf of Riga 
near Jurmala City in June 2009. During field surveys of 2011–2012, P. robustoides and another invader, the North-American amphipod G. 
tigrinus (detected earlier in Estonian part of the Gulf), were recorded in different sites of the Latvian waters of the Gulf of Riga and in the 
coastal Lake Liepaja. Abundance ranged between 1–70 ind./m2 for P. robustoides and 5–100 ind./m2 for G. tigrinus, suggesting they 
potential role in the functioning of the benthic community in near future. 

Key words: gammarid amphipods; invasive species; distribution; establishment; abundance; Gulf of Riga; coastal 

 
Introduction 

Lately, the number of non-indigenous 
invertebrates has increased worldwide, resulting 
in fauna mixing and structural changes of aquatic 
communities (Leppäkoski et al. 2002). The Gulf 
of Riga is the trans-border area between Latvia 
and Estonia. The southern area (i.e., near Riga 
City and its suburbs) has environmental issues 
due to intensive and long-term development of 
major holiday resorts. The main environmental 
problems in the Gulf of Riga caused by humans 
include eutrophication, harmful algal blooms, 
toxic pollution and presence of invasive species. 
The substantial maritime traffic (both cargo 
ships and leisure boats), exchanging ballast 
water in the sea and fish stocking are important 
sources of transfer of non-native species to this 
region.  

In the last few decades, at least 14 non-native 
macrobenthic invertebrate species have been 
recorded in the Gulf of Riga, including: the 
hydroid Cordylophora caspia Pallas, 1771; the 

polychaetes Marenzelleria viridis Verrill, 1873 
and M. neglecta Sikorski and Bick, 2004; the 
molluscs Mya arenaria Linnaeus, 1758, 
Dreissena polymorpha Pallas, 1771, and 
Potamopyrgus antipodarum J.E. Gray, 1843; a 
barnacle Balanus improvisus Darwin, 1854; the 
crabs Eriocheir sinensis H. Milne Edwards, 1853 
and Rhithropanopeus harrisi Gould, 1841; a 
shrimp Palaemon elegans Rathke, 1837, the 
mysids Paramysis intermedia Czerniavsky, 1882 
and Hemimysis anomala G. O. Sars, 1907; and 
the amphipods Pontogammarus robustoides G.O. 
Sars, 1894 and Gammarus tigrinus Sexton, 1939 
(Ojaveer 1995; Leppäkoski et al. 2002; Herkül 
and Kotta 2007; Blank et al. 2008; Herkül et 
al.2009; Kotta and Kotta, 2010; Kalinkina and 
Berezina, 2010; Kotta et al. 2010, 2011; Kotta 
and Kuprijanov 2012).  

The goal of this study was to document the 
presence of alien amphipods in Latvian waters of 
the Gulf of Riga and to estimate their abundance 
and current distribution. We predicted the 
presence  in  the communities  of  this Gulf  of at 
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Figure 1. Map of the Gulf of Riga 
with sites of amphipod records in 
2011-2012. 1 - Pärnu Bay, 2 - Ainaži, 
Randu meadows, 3 - Salacgrīva,         
4 - Vitrupe, 5 - Lilaste, 6 - Garciems, 
7 - Vecāķi, 8 - Bolderāja, 9 – Jurmala, 
10 - Ragciems, 11 - Kaltene,              
12 - Lake Liepaja. 

 
least two amphipods (P. robustoides, G. tigrinus) 
that were discovered recently in the Gulf of Riga 
(Berezina and Kalinkina 2010; Herkül and Kotta 
2007). Surveys of the bottom communities in the 
south-eastern part of the Gulf of Riga and the 
Latvian coast of the Baltic Sea were started 
during the Latvian-Russian collaborative 
program BEAST (project BONUS+Programme 
2009-2011) aimed at determining the most 
sensitive indicators among amphipods for the 
control of hazardous substances in the Baltic 
Sea. In 2012, sampling was conducted along 
whole Latvian coast of the Gulf of Riga in the 
frame of the European Social Fund project 
HYDROTOX. 

Study area and sampling method 

The Gulf of Riga (18 100 km2) is a large shallow 
bay (maximum depth of 62 m) in the eastern part 
of the Baltic Sea. During spring, surface-water 
salinity varies between 0.5 and 2.0 PSU while 
bottom water salinity (i.e., in the Irbe Strait) 
reaches up to 7.7 PSU (Ojaveer 1995). The 
relatively low salinity of the Gulf of Riga is the 
result of high freshwater inflow from the rivers 
Daugava, Lielupe, Gauja, and Salaca.  

Zoobenthos were sampled during field survey 
several times in a year, during summer, autumn 
and winter of 2011 and 2012 mostly from the 
littoral area (0-1 m) at 11 sites of the Gulf of 
Riga and one site at the Baltic Sea coast, from 
deep water stations (10 m depth) of the Pärnu 
Bay as well as from the Lake Liepaja (Figure 1). 
All sampling dates, coordinates and names of 
mentioned sites are illustrated in the Table 1 and 
2. To record new sites of amphipod species 
distribution, macrobenthic organisms were 
collected by means of a Mini-Surber Sampler 
(500 µm mesh).  

The samples were conserved by 4% 
formaldehyde and transported to the laboratory. 
Amphipods were identified and their abundance 
was expressed as number/m2. 

Results and discussion 

During the field survey of 2011-2012, the 
presence of amphipods Pontogammarus robusto- 
ides and Gammarus tigrinus was confirmed in 
several new locations of the Gulf of Riga (Table 
1 and 2). In 2011 both species were found in the 
shallowest   areas   of   the  Gulf,   where  earlier 
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Table 1. New record of Pontogammarus robustoides of the Gulf of Riga. 

Site No. 
Location        

(site name) 

Record coordinates 
Record date 

Number collected 
(ind./m2) Latitude, °N Longitude, °E 

2 Ainaži, Randu 57°49'33" 24°19'58" 01.10.2011 - 04.06.2012 5-10 
3 Salacgrīva 57°44'12" 24°20'38" 04.06.2012 8 
4 Vitrupe 57°38'34" 24°22'08" 04.06.2012 11 
5 Lilaste 57°11'38" 24°20'01" 04.06.2012 10 
6 Garciems 57°06'55" 24°11'25" 04.06.2012 19 
7 Vecāķi 57°04'54" 24°06'21" 05-09.2011-04.06.2012 100-6 
8 Bolderāja 57°01'14" 23°57'55" 04.06.2012 1 
9 Jurmala 56°57'54" 23°33'36" 15.06.2011 - 04.06.2012 10-6 

11 Kaltene 57°27'34" 22°53'09" 04.06.2012 10 

Table 2. Records of Gammarus tigrinus in Latvian waters of the Baltic Sea and the Gulf of Riga. 

Site No. Location 
Record coordinates 

Record date 
Number collected 

(ind./m2) Latitude,°N Longitude,°E 
1 Pärnu Bay 58°07'51" 24°10'58" 14.01.2012 

07.08.2012 
40 
70 

2 Ainaži, Randu 57°49'33" 24°19'58" 01.10.2011 2 
9 Jurmala 56°58'13" 23°45'13" 15.06.2011 5 

10 Ragciems 57°01'44" 23°29'47" 04.06.2012 1 
12 Lake Liepaja 56°30'56" 21°02'39" 07.06.2011 50 

 
(before 2000s) the Baltic Gammarus species 
were commonly recorded. From eighteen 
observed sites in 2012 in the littoral areas, 
P. robustoides and G. tigrinus were found at 
more than 50% places (Tables 1, 2). During 
January and August 2012, G. tigrinus was also 
found in deep water stations of the Pärnu Bay (in 
10 m depth) where the Baltic corophiid 
Corophium volutator was detected as well. 

Pontogammarus robustoides (Figure 2) has 
been recorded in 1999-2005 as an established 
component in the lower reaches or mouths of 
Latvian rivers flowing into the Baltic Sea 
(Grudule et al. 2007). In June 2009, it was found 
in the Gulf of Riga near Jurmala City in sandy 
littoral habitats (Kalinkina and Berezina 2010). 
It was the first recorded report of P. robustoides 
in Latvian coastal areas of the Gulf. There is an 
unpublished record of this species from the same 
location from July 2000 (J. Ironside, personal 
communication). This suggests that P. robu-
stoides has been present in the Jurmala district 
since at least 2000.  

The original distribution of this Ponto-Caspian 
amphipod includes: the brackish and freshwater 
bays of the Black Sea, the Azov Sea and the 
Caspian Sea; coastal lakes; lagoons, lower 
courses and estuaries of major rivers (e.g., 

Volga, Don, Bug, Dnepr, Dniester, Danube, Prut, 
Terek, Kura, Kuban, etc.); as well as the lakes 
near Marmara Sea (Kalinkina and Berezina 
2010). The invasion history of this species in the 
southern Baltic Sea basin begins in 1960 when it 
was introduced from the Black Sea basin to the 
Kaunas Reservoir (Neman River) and 
subsequently further north in Lithuania, Latvia 
and Russia (Leningrad province). By the end of 
20th century, P. robustoides had spread in the 
estuaries and along the course of several large 
rivers (e.g., Vistula, Oder/Odra, Neman/ 
Nemunas), and also it penetrated several lakes 
and reservoirs within their basins (Rudolph 
1997, Zettler 1998, Arbačiauskas 2002, 2008, 
Jażdżewski and Konopacka 2002; Wawrzyniak 
and Gruszka 2005; Ezhova et al. 2005). During 
the last few decades it was recorded in the 
eastern part of the Gulf of Finland, specifically 
in the estuary of the River Neva (Berezina and 
Panov 2003) and along Estonian coast in Narva 
Bay (1999) (Herkül et al. 2009).  

Gammarus tigrinus (Figure 3) is a species 
native to the Atlantic seaboard of North America 
and introduced into Northern Ireland (known 
from 1931) presumably transported by ballast 
waters (Hynes 1955). It was firstly found in 
Great Britain in 1939 (Sexton and Cooper 1939). 
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Figure 2. General view of the 
amphipod Pontogammarus 
robustoides Sars, 1894, collected 
from the Vecāķi, Gulf of Riga. 
Photograph by E. Strode. 

 

Figure 3. General view of the 
amphipod Gammarus tigrinus 
Sexton, 1939, from the Gulf of 
Riga near Jurmala. Photograph  
by E. Strode. 

 
G. tigrinus became wide-spread in continental 
European waters after intentional introductions 
(as food for fish) from England to the River 
Werra, Germany, in 1957 (Schmitz 1960) and 
from Northern Ireland to the Lake Ijsselmeer, 
The Netherlands, in 1960 (Nijssen and Stock 
1966).  

Since its first discovery in 2003, G. tigrinus 
has been recorded frequently in the Estonian 
coastal areas of the northern Gulf of Riga 
(Kõiguste Bay) (Herkül and Kotta 2007). Until 
now, G. tigrinus had not been reported in the 
Latvian part of the Gulf of Riga when it was 
recorded as an abundant species in several sites 
of the Gulf of Riga and Lake Liepaja (Table 2). 

In 1975, the species was found in the Baltic 
Sea, Schlei Fjord (Bulnheim 1976). In 1992 it 

was recorded in the Peenestrom and the Achter-
wasser - the River Odra estuary (Rudolph 1994). 
However, Wydrowska-Wawrzyniak and Gruszka 
(2005) showed that G. tigrinus was already 
present in the estuary - in the Szczecin Lagoon in 
1988. Soon, it spread along the entire Baltic Sea 
shore of north-eastern Germany (Zettler 2001) 
and north-western Poland (Gruszka 1999; 
Jażdżewski and Konopacka 2000). During the 
next decade, the species reached Puck Bay 
(Szaniawska et al. 2003) and the Vistula Lagoon 
(Jażdżewski et al. 2002; Ezhova et al. 2005). At 
the Finnish coast of the Gulf of Finland, this 
gammarid was found in 2003 (Pienimäki et al. 
2004) and later, in 2005, it was recorded in the 
eastern-most part of the Baltic Sea (the River 
Neva estuary, Berezina 2007).  
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Abundance of amphipods P. robustoides and 
G. tigrinus in our sampling sites was relatively 
high (Tables 1 and 2). It varied between 1-70 
ind./m2 in the case of P. robustoides and 5-100 
ind./m2 in the case of G. tigrinus, which suggests 
they have become an important component of the 
benthic community of the Gulf of Riga. Both 
species are key components of benthic 
communities in freshwater and brackish water 
areas where they feed upon small planktonic and 
benthic invertebrates (Arbačiauskas and 
Gumuliauskaite 2007; Berezina et al. 2011). The 
selective predation of invasive amphipods on 
native invertebrates is considered to be the main 
mechanism explaining the replacement of pre-
viously co-existing species and shifts in density 
of native invertebrates (e.g., Dick et al. 2002). 
As a rule, their predation pressure depends on 
abundance and availability of prey in particular 
habitats and can change seasonally. Further 
investigations of the distribution, reproductive 
success and ecological significance of these two 
non-native species in the Gulf of Riga are needed 
in order to estimate quantitatively their role in 
the structure and functioning of the benthic 
communities in Latvian waters. 
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Nicotine is the principal addictive component of tobacco. Blocking its
passage from the lung to the brain with nicotine-specific antibodies is a
promising approach for the treatment of smoking addiction. We have
determined the crystal structure of nicotine bound to the Fab fragment of a
fully human monoclonal antibody (mAb) at 1.85 Å resolution. Nicotine is
almost completely (N99%) buried in the interface between the variable
domains of heavy and light chains. The high affinity of the mAb is the result
of a charge–charge interaction, a hydrogen bond, and several hydrophobic
contacts. Additionally, similarly to nicotinic acetylcholine receptors in the
brain, two cation–π interactions are present between the pyrrolidine charge
and nearby aromatic side chains. The selectivity of the mAb for nicotine
versus cotinine, which is the major metabolite of nicotine and differs in only
one oxygen atom, is caused by steric constraints in the binding site. The
mAb was isolated from B cells of an individual immunized with a nicotine–
carrier protein conjugate vaccine. Surprisingly, the nicotine was bound to
the Fab fragment in an orientation that was not compatible with binding to
the nicotine–carrier protein conjugate. The structure of the Fab fragment in
complex with the nicotine–linker derivative that was used for the
production of the conjugate vaccine revealed a similar position of the
pyridine ring of the nicotine moiety, but the pyrrolidine ring was rotated by
about 180°. This allowed the linker part to reach to the Fab surface while
high-affinity interactions with the nicotine moiety were maintained.
© 2011 Elsevier Ltd. All rights reserved.
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Introduction

Tobacco is the most widely used addictive drug in
the world and leads to an estimated 5.4 million
premature deaths annually caused by various forms
of cancer, cardiovascular diseases, and other
disorders.1 The principal addictive compound in
tobacco is nicotine. When tobacco smoke is inhaled,
nicotine is distributed from the lungs into the
bloodstream and from there it crosses the blood–
brain barrier within a few seconds. In the brain,
nicotine binds to nicotinic acetylcholine receptors
d.
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Fig. 1. (a) Overall structure of the nicotine molecule (black carbon atoms) in complex with the Fab fragment. The heavy
chain is in red, the light chain is in yellow, and CDR loops are in blue. (b) Cross section of the accessible surface of the Fab
fragment, displaying nicotine almost entirely buried in the protein. This figure and Figs. 2, 3, and 5 were prepared by
PyMOL.13
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and causes increased levels of dopamine in the
mesolimbic reward system. This activation is key to
the immediate rewarding signal of nicotine and the
initiation and maintenance of tobacco addiction.2

Deliberate smoking cessation attempts frequently
fail due to the immense addictive power of nicotine.
Even a single lapse may reinstate regular smoking
behavior.3

One solution to the problem would be to prevent
nicotine from entering the brain and binding to
nicotinic receptors. During recent years, several
nicotine vaccine candidates have entered clinical
trials.4 They are supposed to induce antibodies that
bind nicotine in the blood, preventing it from crossing
the blood–brain barrier. Consequently, there would
be no rewarding effect for the smoking individual.
Since nicotine as a hapten does not raise an immune

response by itself, coupling to a protein carrier is
required for the induction of anti-nicotine antibodies.
The nicotine vaccines tested in clinical trials differed
in the way nicotine was coupled to the carrier protein
as well as in the nature of the carrier protein.5–8

Two double-blind, placebo-controlled phase II
clinical trials, one with the vaccine NIC002 based
on virus-like particles (VLPs) derived from bacteri-
ophage Qβ as carrier protein9 and the other with the
vaccine NicVAX based on exoprotein A from
Pseudomonas aeruginosa as carrier protein,10 demon-
strated that vaccination against nicotine can signif-
icantly increase abstinence rates in smokers willing
to quit smoking. Significantly, in both studies,
increased abstinence rates correlated with the levels
of anti-nicotine antibodies.
As an alternative to active immunization of

individuals with a nicotine vaccine, nicotine-specific
monoclonal antibodies (mAbs) could be used for
passive immunization, as demonstrated by Pentel et
al. in animal models.11 Although considerably more
expensive, the passive immunization approach has
the following advantages: the effect is immediate
and administering a precise dose of a preselected
high-affinity antibody is possible. The latter is
particularly important, since hapten-specific anti-
bodies often suffer from low affinity. The three-
dimensional structure of an antibody–nicotine com-
plexmight allowmodifying the antibodies in order to
increase their affinity to nicotine or perform other
rational structure-based modifications. In the current
study, we describe the structure of a NIC002-induced
fully human anti-nicotine antibody Fab fragment in
complex with nicotine at 1.85 Å resolution and, in
addition, in complex with the nicotine–linker deriv-
ative [NLD; nicotine-11-yl-methyl-(4-ethylamino-4-
oxo)-butanoate], which was used for the conjugation
of nicotine to the Qβ VLP in NIC002, at 2.1 Å
resolution.



Fig. 2. (a) Electron density of the
nicotine molecule. Features of both
rings, such as the presence of the
methyl group, can be clearly distin-
guished. (b) Electron density of
NLD. 2Fo− Fc electron density
maps were calculated in the ab-
sence of ligands and contoured at
2 σ. Orientation of (a) and (b) is the
same relative to the protein.
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Results

Structure of nicotine complex

The Fab fragment of mAb-Nic1212 in complex
with nicotine shows the typical Fab structure
consisting of two constant and two variable do-
mains from heavy and light chains (Fig. 1). It was
possible to trace most of the polypeptide chains,
except several loops in both constant domains and
several N- and C-terminal residues. Electron density
was good for the rest of the structure, including all
complementarity-determining region (CDR) loops.
Electron density for nicotine in the structure
obtained by co-crystallization with the naturally
occurring (S)-(−)-nicotine (Fig. 2) allowed unambig-
uous modeling of pyridine and pyrrolidine rings
and the methyl group. Pyrrolidine and pyridine
Fig. 3. Key interactions between the Fab fragment and (a
hydrogen bond are shown with black broken lines. Trp L96
rings. Both Trp L96 and Tyr L34 are involved in cation–π in
hydrophobic interactions are not shown.
rings are in a nearly perpendicular orientation, as
determined for nicotine in solution.14

The nicotine molecule is almost entirely enclosed
by protein side chains and only the methyl group is,
to some extent, exposed on the surface (accessible
surface less than 1 Å2 as determined by the CCP4
programAREAIMOL;15 Fig. 1b). As quite typical for
haptens, nicotine is bound in a cavity between heavy
and light chains rather than being bound on the
surface of the variable domains as typical for
proteins (Fig. 1). The nicotine molecule has both
polar and hydrophobic contacts with the Fab (Fig.
3a). The tertiary nitrogen atomof the pyrrolidine ring
is protonated at physiological pH.14,16 In the Fab
structure, the tertiary ammonium group is making a
charged interaction with the carboxyl group of Glu
H101, which is further coordinated with a hydrogen
bond to Tyr L36. Ser H50 forms a hydrogen bond
with the N atom of the pyridine ring of nicotine. This
) nicotine and (b) NLD. The specific salt bridge and the
makes important hydrophobic contact with both nicotine
teractions with the charged pyrrolidine nitrogen. Further

image of Fig. 2
image of Fig. 3
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Fig. 4. Chemical structure of nic-
otine and its derivatives. (a)Nicotine.
(b) NLD. The gray part of NLD was
not visible in electron density. The
numbering of atoms as used in the
text is shown. (c) Nicotine coupled
to surface lysines of QβVLP as used
for immunization. The VLP is not
drawn to scale. It has a diameter of
30 nm with about 585 nicotine
molecules attached to it. Please
note that at physiological pH
values, the nitrogen in the pyrroli-
dine ring is protonated.

Fig. 5. Overlay of nicotine and NLD complex struc-
tures. Compared to nicotine, the pyrrolidine ring in the
NLD complex is rotated by approximately 180° and the
linker (part of which is not resolved in the structure)
reaches the protein surface.
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represents the only hydrogen bond between Fab and
nicotine. Trp L98 makes hydrophobic interactions to
both nicotine rings. Trp L96 and Tyr L34 are properly
positioned next to the charged N atom of nicotine
(4.3 and 4.4 Å distance from the center of the
aromatic rings to the N atom) and are thus involved
in cation–π interactions with nicotine.
The nicotine molecule is surrounded by a number

of further largely hydrophobic residues, most
importantly Ala L89, Phe L98, Ile H29, Ile H37, Val
H93, and Trp H95.

Structure of the NLD complex

The nicotine-specific antibody Nic12 was isolated
from the blood of volunteers immunized with the
nicotine vaccine NIC002 (Nicotine-Qβ).12 In this
vaccine, hydroxymethyl-nicotine was coupled to the
amino groups of lysines on the surface of the Qβ
VLPs using a succinic acid linker (Fig. 4). Since
nicotine was entirely buried in the Fab structure and
since there was no obvious “exit channel” for any
attached linker, we wondered how such antibodies
were induced when the vaccine initially interacted
with a nicotine-specific membrane-bound antibody
on a naïve B cell. In fact, C11 on the pyrrolidine ring
of nicotine, to which the linker was attached to in
Nicotine-Qβ, is located towards the interior of the
Fab fragment, and not, as one would have been
expected, towards the surface. To explain this
finding, we synthesized NLD as a mimic for the
nicotine–linker conjugate when attached to the VLP
(Fig. 4) and solved the structure of the complex of
the Fab fragment and NLD.
The electron density for the NLDwas clear for both

nicotine rings and atoms up to C17 of the linker

image of Fig. 4
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region. The rest of the linker was disordered and
hence not modeled (Fig. 2). As seen from Figs. 3b and
5, NLD binds differently compared to nicotine itself.
While the pyridine rings of nicotine and NLD had
almost exactly the same position in both structures,
the pyrrolidine ring rotated by about 180°, such that,
in the NLD–Fab structure, the linker itself was indeed
reaching the surface of the Fab as expected. Appar-
ently, in the absence of a linker, it becomes energet-
ically more favorable for the nicotine to bind in the
other conformation. Despite the rotated pyrrolidine
ring,NLD interactswith the same residues in a similar
manner as nicotine (Fig. 3b). As in the nicotine
complex, Glu H105 makes a salt bridge to the tertiary
ammoniumgroup in the pyrrolidine ring ofNLD, Trp
L96 makes hydrophobic interactions to both nicotine
rings, and Trp L96 and Tyr L34 are involved in
cation–π interactionswith the charged nitrogen atom.
Compared to the structure of the nicotine complex,
there are no additional residues with specific in-
teractions to the linker part of NLD. However, NLD
produces a larger buried surface (225 Å2), when
compared to nicotine (116 Å2) as determined by
AREAIMOL. This might explain our observation that
NLD has a higher affinity to F018 when compared to
nicotine (data not shown).
NLD is a mixture of two diastereomers with

(7S,11S) and (7R,11R) configurations at its chiral
centers. Both diastereomers could be fitted into the
density with somewhat better preference for the
(7R,11R) diastereomer, which is the one that was
modeled. Apparently, the electron density to some
extent represents an average of two configurations.
This is compatible with our observation that mAb-
Nic12 binds both (R)-(+)-nicotine and (S)-(−)-nicotine,
but with a slightly higher affinity for (R)-(+)-nicotine
(Kd=3.1 nM and 7.4 nM, respectively). The NLD
structure with the modeled (7R,11R) configuration
clearly indicates that (R)-(+)-nicotine can bind in a
very similar orientation as (S)-(−)-nicotine. (R)-(+)-
Nicotine is present in only small amounts in the
tobacco plant, but it can be formed by the combus-
tion process during smoking and has qualitatively
similar activities on the central nervous system as
(S)-(−)-nicotine.17
The protein structure is in general very similar in

both complexes (RMSD of Cα atoms, 0.3 Å), and
even side chains in direct contact with nicotine or
NLD are essentially in the same conformations.
Discussion

Comparison to structures of Fab fragments in
complex with other alkaloids

A number of Fab fragment structures in complex
with alkaloids and similar synthetic compounds
have previously been determined, including the
recreational drugs cocaine, 18–20 morphine, 21

phencyclidine,22 and methamphetamine.23 Unsur-
prisingly, in alkaloid complexes such as morphine
and, to some extent, also cocaine, the positively
charged N atom was also interacting with acidic
residues. However, we failed to find any other
obvious similarities to the binding mode of those
compounds. Nicotine also appears to be different by
being almost entirely buried (N99%) in the protein
and lacking any water molecules in the binding
pocket. In most available alkaloid–Fab structures,
the hapten is only partially buried. Even in the
cocaine–Fab structure 1I7Z, where cocaine is about
92% buried, it seems that the hapten is able to enter
the binding pocket without a major rearrangement
of the CDR loops, which is clearly not the case for
nicotine.

Comparison to other structures with bound
nicotine

The nicotine–Fab structure shows a novel mode of
nicotine binding compared to known nicotine
protein complexes, such as members of the cyto-
chrome P450 family. These proteins catalyze the first
step in the metabolism of nicotine in which nicotine
is converted to cotinine by oxidation at C9 in the
pyrrolidine ring. In the absence of oxygen, nicotine
is bound to P450CAM in a nonproductive manner
by forming a complex between the heme iron and
the nitrogen of the pyridine ring (1P2Y).24 The
pyrrolidine nitrogen forms a hydrogen bond to
tyrosine 96 through a bridging water molecule. This
mode of binding results in only low affinities of
nicotine for P450 enzymes (Kd=10–100 µM).24,25

Upon treatment of the P450CAM–nicotine complex
with CO, nicotine reorients in the active site, so that
the pyridine nitrogen makes a hydrogen bond with
tyrosine 96, while the pyrrolidine ring is oriented
towards heme (1P7R).24 In striking contrast to our
nicotine–Fab structure, charge compensation of the
pyrrolidine nitrogen was not evident in either of the
P450CAM–nicotine complexes.
Despite extensive efforts, the structure of a

nicotinic acetylcholine receptor, which belongs to
the class of pentameric ligand-gated ion channels, in
complex with nicotine has not been solved yet.26

However, the pentameric molluscan acetylcholine
binding protein (AChBP), which binds nicotine with
moderate affinity (Kd=45 nM), is a well-established
model for the nicotinic acetylcholine receptors. The
structure of AChBP in complex with nicotine
showed that nicotine is bound in the interface
between the subunits through a cation–π interac-
tion, two hydrogen bonds, and hydrophobic con-
tacts (1UW6).27,28 The tertiary ammonium group in
the pyrrolidine ring of nicotine forms a cation–π
interaction with a tryptophan. In addition, the



(a)

Heavy chains:
1 10 20              30 40        50 
| | | HCDR1 | |         | HCDR2

Nic12_HC QMQLLESGPGLVKPSETLSLTCTVSGGSI------WGWIRQPPGKGLEWIGSIYSSGSTY
Nic17_HC QMQLLESGPGLVKPSETLSLTCTVSGGSI------WGWIRQPPGKGLEWIGSIYSSGSTY
Nic14_HC QMQLLESGPGLVKPSETLSLTCTVSGGSI------WGWIRQPPGKGLEWIGSIYSSGSTY
Nic19_HC QMQLLESGPGLVKPSETLSLTCTVSGGSI------WGWIRQPPGKGLEWIGSIYSSGSTY
Nic16_HC QMQLLESGPGLVKPSETLSHTCTVSGGSI------WGWIRQPPGKGLEWIGSIYSSGSTY
Nic15_HC QMQLLESGPGLVKPSETLSLTCTVSGGSISSTSYYWGWIRQPPGKGLEWIGSISYSGSTY
Nic18_HC QMQLLESGPGLVKPSETLSLTCAVSGYSISSG-YYWGWIRQPPGKGLEWIGSSNHSGSTY

******************* **:*** ** *****************   *****
60 70          82 90 100
|         | |ABC | HCDR3 |ABCDE

Nic12_HC YNPSLKSRVTTSVDTSKNQFSLRLSSVTAADTAVYYC--VAWFGDLLSLKGVELWGQGTL
Nic17_HC YNPSLKSRVTISVDTSKNQFSLRLSSVTAADTAVYYC--VVWFGDLLSLKGVELWGQGTL
Nic14_HC YNPSLKSRVTISVDTSKNQFSLRLSSVTAADTAVYYC--VVWFGDLLSLKGVELWGQGTL
Nic19_HC YNPSLKSRVTISVDTSENQFSLRLSSVTAADTAVYYC--VVWFGDLLSLKGVELWGQGTL
Nic16_HC YNPSLKSRVTISVDTSKNQFSLRLSSVTAADTAVYYC--VVWFGDLLSLKGVELWGQGTL
Nic15_HC YNPSLKSRVTISVDTSKNQFSLKLTSVTAADTAVYYCARILWFGEYLG----DYWGQGTL
Nic18_HC YNPSLRSRVTISVDTSKNQFSLKVNSVTAADTAVYYCAREAGYSSSWYF---DYWGQGTL

*****:**** *****:*****::.************      .   .    : ******

Light chains:
1        10 20     27 40        50
|        |         | |AB LCDR1 |         | LCDR2

Nic12_LC QSELTQPPSASGTPGQRVTISCSGSSSNIGSNYVYWYQQLPGTAPKLLIYRNNQRPSGVP
Nic17_LC  QSELTQEPSVSGTPGQRVTISCSGSSSNIGSNYVYWYQQLPGTAPKLLIYRNNQRPSGAP
Nic14_LC  QSELTQPPSVSGTPGQRVTVSCSGSSSNIGSKNVYWYQQLPGTAPKLLIYRNNQRPSGVP
Nic19_LC  QSELTQPPTVSGTPGQRVTISCSGSSSNIGSKNVYWYQQLPGTAPKLLIYRNNQRPSGVP
Nic16_LC  QSELTQPPSVSGTPGQRVTISCSGSSSNIGSSYVYWYQQLPGTAPKLLIYRNNQRPSGVP
Nic15_LC ----QSPGTLSLSPGERATLSCRASQS--VSNYLAWYQQKPGQAPRLLIYGASSRATGIP
Nic18_LC  QSELTQPPSVSAAPGQKVTISCSGSSSNIGNNYVSWYQQLPGTAPKLLIYDNNKRPSGIP

.  : * :**::.*:** .*.*   .. : **** ** **:****  ..*.:* *
70        80 95 100   106
| | LCDR3 |AB | |A

Nic12_LC DRFSGSKSGTSASLAISGLRSEDEADYYCAAWDDSLSAWVFGGGTQLDILGQPKAAPSVT
Nic17_LC  DRFSGSKSGTSASLAISGLRSEDEADYYCAAWDDSLSGWVFGGGTKLDILGQPKAAPSVT
Nic14_LC  DRFSGSKSGTSASLAISGLRSEDEADYYCAAWDDSLSGWVFSGGTKLDILGQPKAAPSVT
Nic19_LC  DRFSGSKSGTSASLAISGLRSEDEADYYCAAWDDSLSGWVFGGGTKLDILGQPKAAPSVT
Nic16_LC  DRFSGSKSGTSASLAISGLRSEDEADYYCAAWDDSLSGWVFGGGTELDILGQPKAAPSVT
Nic15_LC  DRFSGSGSGTDFTLTISRLEPEDFAVYHCQQYYS--TPWTFGQGTKLDIK-RTVAAPSVF
Nic18_LC DRFSGSKSGTSATLGITGLQTGDEADYYCGTWDSSLSAWVFGGGTQLDILGQPKAAPSVT

****** ***. :* *: *.. * * *:*  : .  : *.*. **:***  :. ***** 

(b)
Clone Nic12 Nic17 Nic14 Nic19 Nic16 Nic15 Nic18

Kd (nM) 7.4 ± 1.2 30.2 ± 10.9 31.4 ± 13.0 35.6 ± 3.5 64.5 ± 2.2 89.9 ± 9.8 743.8

Fig. 6. (a) Sequence alignment of the variable domains of nicotine-binding antibodies. Residues of Nic12 making
hydrophobic side-chain interactions with nicotine are highlighted in yellow, those with hydrophobic main-chain
interactions with nicotine are highlighted in green, and the ones with polar interactions are highlighted in red. Trp L96
and Tyr L34 (blue) are involved in cation–π interactions with nicotine. CDR loop regions are underlined. Kabat
numbering scheme is used. Insertions occur after residues L27, L95, L106, H82, and H100, as shown. Loop HCDR1 is
shorter than 10 residues (considered minimum size in Kabat scheme); therefore, residue numbers H32–H34 are missing.
(b) Affinities of antibodies to (S)-(−)-nicotine are as determined previously.12
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backbone carbonyl group of the same tryptophan
forms a hydrogen bondwith the tertiary ammonium
group of nicotine. These interactions were demon-
strated to be of central importance for the affinity of
nicotine.28,29 In our Fab structure, Trp L96 and Tyr
L34 are in an orientation that allows cation–π
interactions (Fig. 3). However, on the opposite site
of the tertiary ammonium group, the negatively
charged side chain of Glu H101 is found in close
proximity to the ammonium group (2.6 Å distance

image of Fig. 6
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between oxygen and nitrogen atoms). Accordingly,
it is difficult to judge whether the cation–π in-
teractions significantly contribute to the binding
energy of the nicotine–Fab complex. In the Fab
structure, the negatively charged side chain of Glu
H101 and the aromatic rings of Trp L96 and Tyr L34
interact with the positive charge on the pyrrolidine
nitrogen, while in the AChBP structure, the positive
charge on the pyrrolidine nitrogen is only involved
in a cation–π interaction. It was suggested that a
partially negative charge of a backbone carbonyl
group that is initiated by nearby aspartate contrib-
utes to the charge compensation.27 A further
difference is that the nicotine–Fab complex lacks
any water molecules in the binding pocket, with the
nitrogen atom of the pyridine ring forming a direct
hydrogen bond to a serine, while in the nicotine–
AChBP complex, the pyridine nitrogen atom forms a
hydrogen bond through a bridging water molecule.
The above factors likely contribute to the lower
affinity of nicotine for AChBP compared to the Fab.

Specificity of the mAb for nicotine

ThemAb-Nic12 is specific for nicotine. No binding
to acetylcholine was detectable and the major
metabolic product cotinine bound with an about
1000-fold lower affinity.8 This selectivity is a
prerequisite for a therapeutic effect of an anti-
nicotine mAb, as cotinine is present in the blood of
smokers at a 10- to 20-fold molar excess over
nicotine. Cotinine differs from nicotine by having a
carbonyl oxygen attached to the C9 atom of the
pyrrolidine ring. The selectivity of Nic12 for nicotine
is readily obvious from the nicotine–Fab structure
where the side chain of Tyr L34 would collide with
the carbonyl oxygen of cotinine. Even assuming that
Tyr L34 could change its position, the carbonyl
oxygen of cotinine would still be in a hydrophobic
environment without a compensating hydrogen
bond, which is energetically unfavorable.

Conserved sequence features within
nicotine-specific mAbs

During our previous studies,12 different anti-
nicotine mAb clones were isolated and character-
ized. The sequence alignment of the variable regions
of seven clones and their affinity to (S)-(−)-nicotine
are shown in Fig. 6. Five of the seven mAbs (Nic12,
Nic14, Nic16, Nic17, and Nic19) are derived from
the same germ-line sequence, and the differences
between them are presumably the result of affinity
maturation steps. In general, there is remarkable
sequence conservation among the residues interact-
ing with nicotine, which suggests similar binding
modes in all antibodies. Polar interactions with
nicotine seem to be preserved in all cases, and
hydrophobic residues forming the binding pocket
are largely the same as well. mAbs Nic14, Nic16,
Nic17, and Nic19 have essentially the same side
chains interacting with nicotine but show a fourfold
to ninefold lower affinity than Nic12. Three amino
acids differ between Nic12 and the other four mAbs
derived from the same germ-line sequence. An
alanine in position 94 of the heavy chain is present
in Nic12, while valine is found in the same position
of Nic14, Nic16, Nic17, and Nic19. Nicotine forms
hydrophobic interactions with the main chain of
residue H94, while the side chain points in the
opposite direction. In order to accommodate the
larger side chain of valine (surrounding side chains
are unchanged in all cases), the main chain
presumably has to be slightly shifted, leaving
somewhat less space for nicotine, which might
result in a lower affinity. The other differences are
Ala L95B in CDR3 of the Nic12 light chain, which is
replaced by glycine in the other four mAbs, and Thr
H69 in Nic12, which is replaced by isoleucine;
however, these exchanges are not expected to have a
major influence on the affinity for nicotine.
mAb Nic15 showed a 12-fold lower affinity to

(S)-(−)-nicotine than Nic12, and mAb Nic18 even
had a 100-fold lower affinity. Both are derived from
different germ-line genes and appear to have
somewhat different nicotine binding modes. In
Nic15 and Nic18, aspartate replaces glutamate
H101, but presumably this aspartate also takes
part in the charged interaction with the tertiary
ammonium in nicotine. Additionally, in comparison
to other clones, the lengths of several CDR loops are
different in Nic15 and Nic18, which certainly may
lead to structural changes in the nicotine binding
pocket. Trp H95 in Nic12 forms important hydro-
phobic interactions to nicotine. The corresponding
amino acid in Nic18 is a glycine in CDR3, which also
lacks any aromatic residue in the vicinity. The lack
of the hydrophobic interactions with Trp H95 might
thus be the major reason for the particularly low
affinity of Nic18 compared to Nic12.
Nonetheless, 9 of 13 residues making side-chain

interactions with nicotine are conserved between all
mAbs, suggesting that major differences in binding
mode are unlikely.

Comparison of nicotine–Fab and NLD–Fab
structures

The structures of the nicotine–Fab and NLD–Fab
complexes reveal an unexpected plasticity in the
binding of nicotine to the Fab fragment. Since
nicotine as a hapten does not raise an immune
response by itself, coupling to a protein carrier is
required, delivering the necessary helper T cell
signal. For the vaccine used in this study, coupling
was achieved by the modification of nicotine at
position 7 in the pyrrolidine ring, the introduction of
a succinic acid linker, and the covalent attachment to



Table 1. Data scaling, refinement, and validation statistics

Fab–nicotine Fab–NLD

Space group C2 C2
a (Å) 76.1 74.2
b (Å) 78.9 78.8
c (Å) 75.5 73.7
β (°) 116.6 116.1
Resolution (Å) 30–1.85 (1.9–1.85) 30–2.1 (2.2–2.1)
Rmerge 0.04 (0.23) 0.06 (0.28)
Completeness (%) 94.5 (87.7) 100.0 (100.0)
I/σI 8.9 (1.9) 7.8 (2.0)
Multiplicity 2.1 (2.1) 3.7 (3.6)
Rcryst 0.22 (0.31) 0.22 (0.23)
Rfree 0.26 (0.38) 0.27 (0.25)
Unique reflections collected 30,695 21,216
Reflections, used for

refinement
29,060 20,092

Reflections in test set 1635 1124
Average B-factor (Å2)
Overall 28.3 35
Nicotine/NLD 13.5 23
Number of protein atoms 2772 2832
Number of solvent atoms 244 152
Number of ligand atoms 12 19
B-factor from Wilson

plot (Å2)
22 30

Outliers in Ramachandran
plot38 (%)

2.3 1.8

RMSD bonds (Å) 0.01 0.01
RMSD angles (°) 1.2 1.2

Values in parentheses are given for the highest-resolution bin.
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an amino group of a lysine on the surface of the
carrier protein (Fig. 4). Upon immunization, the
nicotine derivative is assumed to be recognized in
this orientation by membrane-bound antibodies on
B cells. These B cells then become activated,
differentiate, and finally secrete the soluble anti-
body. The NLD structure clearly shows that a linker
of sufficient length is required to enable the binding
to the nicotine moiety in its binding site between the
variable domains of heavy and light chains. We
were surprised to see that free nicotine binds in an
orientation different from that of the nicotine moiety
in the NLD. While the pyridine ring of free nicotine
is in essentially the same position as the one of the
NLD, the pyrrolidine ring is rotated by about 180°.
However, the nitrogen atom of the tertiary ammo-
nium group of nicotine is found in an only slightly
shifted position compared to the corresponding
nitrogen atom in the NLD structure. Accordingly,
the rotated orientation of the pyrrolidine ring does
not interfere with the important ion–ion interaction
between Glu H101 and the tertiary ammonium
group. Also, the hydrophobic interactions with Trp
L96 are not disturbed and the high-affinity binding
mode of the nicotine moiety in NLD is maintained
for nicotine. Thus, nicotine's ability to adopt
different relative orientations of pyrrolidine and
pyridine rings allows free nicotine to bind in a
different binding mode, but nonetheless with high
affinity, to antibodies that were induced and
selected in vivo for optimal binding to carrier-
bound nicotine.
Materials and Methods

Expression and purification of protein

The full-length IgG2 antibody Nic12 was expressed and
purified as previously described.12 Fab fragments were
obtained and purified with the Fab preparation kit from
Thermo Scientific, according to the manufacturer's ins-
tructions. Briefly, 1 ml of antibody solution (7 mg/ml) in
20 mM sodium phosphate/10 mM ethylenediaminete-
traacetic acid, pH 7.0, was mixed with 1.25 ml of papain
agarose suspension and 1.25 ml of digestion buffer. After
overnight incubation at 37 °C, Fc fragments were removed
using protein A agarose columns. The resulting Fab
fragments were dialyzed against 20 mM Tris–HCl,
pH 8.0, and concentrated to 7 mg/ml using Amicon
10-kDa-cutoff minispin concentrators.

Nicotine and NLD

S-(-)-Nicotine was purchased from Sigma and dissolved
in water to 100 mM, and the pH was adjusted to 8.0 with
HCl. Compound C-100096 (Cytos Biotechnology), which
was used for conjugation to Qβ carrier for immunization,
could not be directly used for co-crystallization due to the
presence of a reactive succinimide group. To quench the
succinimide moiety, we mixed C-100096 (100 mM) with
ethylamine–HCl (200 mM, pH 7.0) and incubated it at
room temperature overnight. The resulting NLD (Fig. 1b)
was usedwithout further purification for co-crystallization
experiments.

Co-crystallization and data collection

Five volumes of protein were mixed with one volume of
nicotine or NLD stock solution. Crystallization trials were
set up by sitting drop method (1 μl protein/nicotine or
protein/NLD mixture+1 μl crystallization buffer). The
best crystals in the presence of nicotine appeared in 5%
w/v polyethylene glycol (PEG) 3000, 0.1 M 4-morpholi-
neethanesulfonic acid, pH 6.0, and 30% v/v PEG 200
(Emerald Cryo I screen, conditions ECryo1–13). A single
crystal was picked directly from the trial plate and flash-
frozen in liquid nitrogen. One hundred images at 1°
oscillationwere collectedatEuropeanSynchrotronRadiation
Facility (ESRF) beamline ID14-1.
The best crystals for the NLD complex were obtained in

0.1 M sodium cacodylate, pH 6.5, 0.2 M MgCl2, and 31%
PEGmonomethyl ether 2000. Crystals were flash-frozen in
liquid nitrogen. Ninety images at 1° oscillation were
collected from a single crystal at ESRF beamline BM14U.

Structure determination

Images were processed by MOSFLM30 and scaled by
Scala.31 The space group was C2 in both cases, and the
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maximum resolution was 1.85 Å for the nicotine complex
and 2.0 Å for the NLD complex. The nicotine complex
structure was solved by molecular replacement, using
coordinates of anti-HIV-1 V3 Fab structure [Protein Data
Bank (PDB) ID: 2BOS32], which displayed the highest
sequence similarity to our structure (89% identity).
Rotation and translation searches were performed in
MOLREP33 separately with variable (residues L1 to L110
and residues H1 to H116) and constant (residues L111 to
L212 and residues H117 to H229) domains of anti-HIV-1
V3 Fab fragment. The first solution was obtained for the
variable domain, which was fixed, and the solution for the
constant domain was obtained in the second round. The
model was built with O34 and refined with REFMAC.35

Parameters for ligands were generated with Libcheck.36

Water molecules were added automatically by ARP/
wARP37 and inspected manually in O. The structure of the
NLD complex was solved by molecular replacement,
using the nicotine complex structure as model. Data
scaling, refinement, and validation statistics are listed in
Table 1.

PDB accession codes

The coordinates and the structure factors have been
deposited in the PDB with the nicotine–Fab complex as
entry 2YK1 and the NLD–Fab complex as 2YKL.
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A series of N-methyl-N-(2-triorganylsiloxyethyl)-1,2,3,4-tetrahydro(iso)quinolinium iodides has been synthesized via dehydro-
condensation reaction of N-(2-hydroxyethyl)-1,2,3,4-tetrahydroisoquinoline, N-(2-hydroxyethyl)-1,2,3,4-tetrahydroquinoline

and 4,4-dimethyl-N-(2-hydroxyethyl)-4-sila-1,2,3,4-tetrahydroisoquinoline with trialkyl(aryl)hydrosilanes and subsequent
alkylation, and characterized by 1H, 13C and 29Si NMR and mass spectroscopy. The biological activity data exhibited a marked
enhancement of inhibitory activity against tumour cell lines and almost all the test bacterial/fungal strains in comparison with
their 2-hydroxyethyl precursors. Cytotoxicity in the microgram range against HT-1080 (human fibrosarcoma) and MG-22A
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Introduction

Functional groups containing silicon might provide lipophilicity
to a drug, allowing it to pass the cell membrane by passive
diffusion. This strategy has been successfully applied in the anti-
tumour drug analogues silatecans (silicon-containing camptothe-
cins)[1,2] and silaplatins (cisplatin analogues),[3] the HIV-1 reverse
transcriptase inhibitor TSAO-T[4] and the effective anabolic
’silabolin’.[5] Some silicon-containing drugs have entered phase I
or II human clinical trials.[6–10] Silylation of biologically active
compounds, possessing hydrophilic functional groups, is one of
the most effective methods for increasing lipophilicity, ensuring
drug permeability through lipophilic barriers inside living organ-
isms; silylation therefore can positively influence biological
activity appearance or enhancement.[11,12] Trialkylsilyl derivatives
of polyene macrolide antibiotic nystatin had a high level of anti-
fungal activity against a wide set of test strains and their acute
toxicity (LD50) was two to three times lower than that of the initial
antibiotic.[13] A 20-O-tert-butyldimethylsilyl group was found to be
necessary for optimal antiproliferative activity of N6,50-bis-urei-
doadenosine nucleosides.[14] Its 20,30-bis-O-tert-butyldimethylsilyl
derivative exhibited broad-spectrum antiproliferative activity
and was accepted as a new member of the N6,50-bis-ureidoade-
nosine class of anticancer nucleosides.[15] Cytotoxicity study of
(2R,3S)-disubstituted tetrahydropyranes bearing a tert-butyldi-
methylsilyl group at position 3 of the ring considerably induced
cytotoxicity against HL60 human leukaemia cells and MCF7
breast cancer cells in vitro and pointed to the relevant role of
Appl. Organometal. Chem. 2013, 27, 114–124
the tert-butyldimethylsilyl group in the enhancement of cytotoxic
action.[16] 50-Triphenylsilyl modification of deoxyuridine acyclic
analogues resulted in obtaining more potent inhibitors of
Plasmodium falciparum deoxyuridine 50-triphosphate nucleotido-
hydrolase, a target for the development of antimalarial drugs, in
comparison with their 50-trityloxy derivatives.[17] Within our
research activity, directed at the targeted modification of biolog-
ically active compounds aimed at the improvement of their
biological properties, including increased drug accumulation
and prolongation of drug retention inside cells, we have found
that 50-O-tert-butyldimethylsilyluridine, unlike uridine, exhibits
antitumour activity, suppressing the development of human lung
fibrosarcoma cells,[18] and N-(4-phenyl-2-thiazolyl)-2-(4-trimethyl-
siloxypiperidino)acetamide revealed the higher cytotoxic effect
on MG-22A cells in comparison with its unsilylated analogue.[19]

We have reported recently that silylation represents a plausible
strategy to modulate cytotoxic and antibacterial properties in
choline and colamine analogues. A first series of silylated choline
analogues was synthesized.[20] It was demonstrated that some
Copyright © 2012 John Wiley & Sons, Ltd.
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silyl-modified aliphatic ethanolamines are low toxic compounds
and reveal biological activity, inhibiting tumour growth and
possessing antimicrobial properties, in comparison with their
unsilylated precursors. Rather small structural modifications
(for instance, silyl group nature) can significantly influence their
activity. Inspired by the results, and to make more general con-
clusions, we have synthesized a new series of silylated derivatives
of N-(2-hydroxyethyl)-1,2,3,4-tetrahydroisoquinoline, which could
be considered heterocyclic choline analogues, possessing an
ambivalent nature, namely, lipophilic and hydrophilic fragment
combination in one molecule, and investigated their biological
properties against tumour HT-1080 and MG-22A and normal
NIH 3 T3 cell lines, and also against some Gram-positive – Bacillus
cereus MSCL 330 (BC) and Staphylococcus aureus MSCL 334 (SA) –
and Gram-negative microbial strains – Proteus mirabilis MSCL 590
(PM), Escherichia coli MSCL 332 (EC) and Pseudomonas aeruginosa
MSCL 331 (PA) – and fungi – Candida albicans MSCL 378 (CA) – in
comparison with their 2-hydroxyethyl precursors. Choline is
recognized as a metabolic marker of active tumour tissue due
to its ability to accumulate in cancer cells.[21] There are some
structural requirements of choline derivatives for ’conversion’ of
pneumococcal amidase, and this amino alcohol has been identi-
fied as an allosteric ligand necessary for recognition and degra-
dation of cell wall by the enzyme.[22]

On the other hand, quinoline derivatives, including tetrahydro
(iso)quinoline ones, are biologically active compounds posses-
sing a wide spectrum of biological activity. Structural fragments
of quinoline and its derivatives are included in the molecules of
antitumour drugs, for instance in amsacrine, bruneomicine and
vinblastine.[5,23,24] The tetrahydroisoquinoline ring system is an
important structural motif[25] that is commonly encountered in
naturally occurring alkaloids, with interesting biological activities.
Typical examples include saframycin-B,[26] narciclasine[27] and
ecteinascidin-743.[28] In this regard, tetrahydroisoquinoline has
become widely identified as a ’privileged’ structure, with repre-
sentation in several medicinal agents of diverse therapeutic action,
and are potential drug candidates.[29,30] Tetrahydroisoquinoline
derivatives possess antitumour properties.[31–33]
1
1
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Experimental

Chemicals and Instrumentation

1H, 13C and 29Si NMR spectra were obtained on Varian Mercury
200 and Varian Mercury 400 spectrometers with CDCl3 or
DMSO-d6 as solvent and CDCl3 (d=7.25 ppm for CHCl3) as inter-
nal standard for compounds containing a silicon atom in the
molecule, and with hexamethyldisiloxane (d= 0.055 ppm) as
internal standard for the other compounds. Heteronuclear single-
quantum correlation and heteronuclear multiple-bond correla-
tion NMR 2-D correlation spectra were taken for compounds
1–4, 8, 9d, 12d, 12g and 12h for an unambiguous assignment
of 1H and 13C signals. Mass spectra under electron impact condi-
tions were recorded on an Agilent Technologies 5975C mass
spectrometer (GC 7890A, 70 eV) and on Waters 3100 mass spec-
trometer (LC Alliance Waters 2695). Elemental analyses (C, H, N)
were performed on a Carlo Erba 1108 elemental analyser.
Elemental analysis results agreed with calculated values. Melting
points were determined on a Boetius melting point apparatus
and were taken uncorrected. Analytical thin-layer chromatogra-
phy (TLC) was performed on 60 F254 (Merck) silica gel plates and
Machery-Nagel silica gel plastic plates, with visualization under
Appl. Organometal. Chem. 2013, 27, 114–124 Copyright © 2012 Jo
UV (254 nm). Column chromatography was performed using
Merck silica gel (0.040–0.063 nm). Solvents and reagents used in
this study were purchased from Fluka, Acros and Aldrich. Synthe-
ses involving air-sensitive compounds were carried out under dry
argon. All solvents used were freshly dried using standard techni-
ques and all glassware was oven dried.

Synthesis

N-(2-Hydroxyethyl)-1,2,3,4-tetrahydroisoquinoline (1),[34] N-(2-
hydroxyethyl)-1,2,3,4-tetrahydroquinoline (2),[34], N-(2-hydroxyethyl)-
N-methyl-1,2,3,4-tetrahydroisoquinolinium iodide (3),[34]

N-(2-hydroxyethyl)-N-methyl-1,2,3,4-tetrahydroquinolinium iodide
(4),[34] bromomethyldimethyl(2-methylphenyl)silane (5),[34] (2-
bromomethylphenyl)bromomethyl-dimethylsilane (6),[34] 4,4-
dimethyl-N-(2-hydroxyethyl)-4-sila-1,2,3,4-tetrahydroisoquinoline
(7)[34] and 4,4-dimethyl-N-(2-hydroxyethyl)-N-methyl-4-sila-1,2,3,4-
tetrahydroisoquinolinium iodide (8)[34] were characterized by com-
paring their 1H NMR spectra with those reported in the literature.

An outline is given in Scheme 1.

N-(2-Diethylmethylsiloxyethyl)-1,2,3,4-tetrahydroisoquinoline (9a)

Diethylmethylsilane (0.59 g, 5.77mmol) was added to N-(2-hydro-
xyethyl)-1,2,3,4-tetrahydroisoquinoline (0.88 g, 4,97mmol) and
the reaction mixture was heated at 70 �C under stirring for 4 h
in the presence of a trace amount of metallic sodium. The course
of the reaction was followed using data provided by gas chroma-
tography–mass spectrometry (GC-MS). If necessary (presence of
unreacted alcohol detected by TLC), more hydrosilane was
added. Once the dehydrocondensation reaction had reached
completion, the reaction mixture was cooled to room tempera-
ture and the solid traces were filtered off. The resulting crude res-
idue was purified by column chromatography on silica gel eluted
with chloroform–methanol (4:1) to give the desired diethyl-
methylsilyl ether as a clear light-yellow liquid.

Yield 0.77g (56%). LC-MS (m/z, %): 278 (M++1, 100), 277 (M+, 58),
262 (M+�CH3, 9), 248 (M+�C2H5, 12), 174 (32), 161 (M+�OSi
(C2H5)2CH3 + 1, 52), 144 (26). GC-MS (m/z, %): 277 (M+, 2), 262
(M+�CH3, 3), 248 (M+�C2H5, 5), 146 (M+�CH2CH2OSi(C2H5)

2CH3, 100), 132 (26). 1H NMR (CDCl3, d, ppm): 012 (3H, s, SiCH3),
0.66 (4H, m, SiCH2), 1.00 (6H, m, C&bond;CH3), 2.76 (2H, m, a-CH2N),
2.86 and 2.97 (total 4H, m and m, 3- and 4-CH2N), 3.75 (2H, m,
1-CH2N), 3.88 (2H, t, J=6.6Hz, OCH2), 7.0–7.2 (4H, m, 5-, 6-, 7- and
8-H). 13C NMR (CDCl3, d, ppm): �5.01 (SiCH3), 6.16 (SiCH2), 6.70
(SiCCH3), 28.99 (4-CH2), 50.66 (3-CH2N), 55.74 (1-CH2N), 58.07
(OCH2), 59.17 (a-CH2N), 125.63 (7-C), 125.99 (8-C), 126.46 (6-C),
128.60 (5-C), 134.12 (9-C), 134.40 (10-C). 29Si NMR (CDCl3, d, ppm):
+19.90. Anal. calcd for C16H27NOSi: C, 69.26; H, 9.81; N, 5.05; found:
68.97; H, 9.73; N, 5.11.

N-(2-Triethylsiloxyethyl)-1,2,3,4-tetrahydroisoquinoline (9b)

Compound 9b was obtained following the procedure described
for 9a, from 1.80 g (10.16mmol) N-(2-hydroxyethyl)-1,2,3,4-tetra-
hydroisoquinoline (1) and 1.20 g (10.32mmol) triethylsilane, as a
clear light-yellow liquid.

Yield 2.25 g (77%). LC-MS (m/z, %): 292 (M++1, 51), 291 (M+, 49);
290 (M+� 1, 100), 262 (M+�C2H5, 32), 176 (M+� Si(C2H5)3, 5),
158 (88), 131 (50). GC-MS (m/z, %): 291 (M+, 1), 262 (M+�C2H5, 3),
146 (M+�CH2OSi(C2H5)3, 100), 132 (M+�CH2CH2OSi(C2H5)3� 1,
16). 1H NMR (CDCl3, d, ppm): 0.63 (6H, m, SiCH2), 0.97 (9H,
m, SiCCH3), 2.71 (2H, t, J=6.5Hz, a-CH2N), 2.81 and 2.89 (total 4H,
m and m, 3- and 4-CH2N), 3.69 and 3.71 (total 2H, d and d,
hn Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/aoc
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J=5.2Hz, 1-CH2N), 3.84 (2H, t, J=6.5Hz, OCH2), 6.9–7.2 (4H, m, 5-,
6-, 7- and 8-H). 13C NMR (CDCl3, d, ppm): 4.41 (SiCH2), 6.75 (SiCCH3),
29.00 (4-CH2), 51.60 (3-CH2N), 56.65 (1-CH2N), 60.23 (OCH2), 61.22
(a-CH2N), 125.51 (7-C), 126.03 (8-C), 126.51 (6-C), 128.61 (5-C),
134.16 (9-C), 134.82 (10-C). 29Si NMR (CDCl3, d, ppm): +19.62. Anal.
calcd for: C17H29NOSi: C, 70.07; H, 10.03; N, 4.80; found: C, 69.78;
H, 10.04; N, 4.72.

N-(2-Di-n-butylethylsiloxyethyl)-1,2,3,4-tetrahidroisoquinoline (9c)

Compound 9c was obtained following the procedure described
for 9a, from 0.89 g (5.00mmol) N-(2-hydroxyethyl)-1,2,3,4-tetrahy-
droisoquinoline (1) and 1.21 g (7.02mmol) dibutylethylsilane, as a
clear light-yellow liquid.
Yield 1.31 g (75%). LC-MS (m/z, %): 348 (M++1, 26), 347 (M+, 100),

160 (M+�OSi(C4H9)2C2H5, 25). GC-MS (m/z, %): 347 (M+, 2), 318
(M+�C2H5, 3), 290 (M+�C4H9, 5), 146 (M+�CH2OSi(C4H9)2C2H5,
100), 132 (M+�CH2CH2OSi(C4H9)2C2H5� 1, 27). 1H NMR (CDCl3,
d, ppm): 0.52–0.71 (6H, m, SiCH2), 0.93–1.10 (15H, m, SiCCH3,
SiCCH2CC and SiCCCCH3), 1.79 (4H, m, SiCCCH2C), 2.71 (2H, t,
J=5.6Hz, a-CH2N), 2.80 and 2.91 (total 4H, m and m, 3- and
4-CH2), 3.69 (2H, s, 1-CH2N), 3.70 (2H, t, J=5.6Hz, OCH2), 7.0–7.2
(4H, m, 5-, 6-, 7- and 8-H). 13C NMR (CDCl3, d, ppm): 4.09 (SiCH2)
and 8.36 (SiCCH3), 22.13, 25.33, 25.97, 26.42 (CCH2 CH2 CH3), 29.06
(4-CH2), 50.72 (3-CH2N), 55.79 (1-CH2N), 58.12 (OCH2), 59.27
(a-CH2N), 125.53 (7-C), 126.05 (8-C), 126.53 (6-C), 128.63 (5-C),
134.16 (9-C), 134.42 (10-C). 29Si NMR(CDCl3, d, ppm): +16.74. Anal.
calcd for: C21H37NOSi: C, 72.56; H, 10.73; N, 4.03; found: C, 72.80;
H, 10.65; N, 4.10.

N-(2-Di-n-heptylmethylsiloxyethyl)-1,2,3,4-tetrahydroisoquinoline (9d)

Compound 9d was obtained following the procedure described
for 9a, from 0.89 g (5.00mmol) N-(2-hydroxyethyl)-1,2,3,4-tetrahy-
droisoquinoline (1) and 1.46 g (6.02mmol) diheptylmethylsilane,
as clear yellow liquid.
Yield 1.19g (57%). LC-MS (m/z, %): 417 (M+, 71), 416 (M+� 1,

100), 318 (M+�C7H15, 15), 161 (M+�OSi(C7H15)2CH3+ 1, 98), 160
(M+�OSi(C7H15)2CH3, 57). GC-MS (m/z, %): 318 (M+�C7H15, 9),
158 (M+�OSi(C7H15)2CH3� 2, 2), 146 (M+�CH2OSi(C7H15)2CH3,
100), 132 (M+�CH2CH2OSi(C7H15)2CH3� 1, 27). 1H NMR (CDCl3,
wileyonlinelibrary.com/journal/aoc Copyright © 2012 John W
d, ppm): 0.08 (3H, s, SiCH3), 0.55 (4H, m, SiCH2), 0.88 (6H, t,
J=6.8Hz, 2CH3), 1.26 (20H, m, 10CH2), 2.70 (2H, t, J=6.4Hz,
a-CH2N), 2.80 and 2.88 (total 4H, m and m, 3- and 4-CH2), 3.71
(4H, m, 1-CH2N and OCH2), 7.1–7.20 (4H, m, 5-, 6-, 7- and 8-H).
13C NMR (CDCl3, d, ppm): �4.10 (SiCH3), 14.12 (CH3), 15.02 (SiCH2),
22.70, 23.19, 29.03, 29.05, 31.82 and 33.52 (CH2, 4-CH2), 50.68
(3-CH2N), 55.78 (1-CH2N), 58.08 (OCH2), 59.16 (a-CH2N), 125.52
(7-C), 126.05 (8-C), 126.54 (6-C), 128.61 (5-C), 134.18 (9-C),
134.46 (10-C). 29Si NMR (CDCl3, d, ppm): +18.20. Anal. calcd for:
C26H47NOSi: C, 74.75; H, 11.34; N, 3.35; found: C, 75.04; H, 11.40;
N, 3.29.

N-(2-n-Dimethyloctylsiloxyethyl)-1,2,3,4-tetrahydroisoquinoline (9e)

Compound 9e was obtained following the procedure described
for 9a, from 0.88 g (4.95mmol) N-(2-hydroxyethyl)-1,2,3,4-tetrahy-
droisoquinoline (1) and 1.28 g (7.43mmol) dimethyloctylsilane, as
a clear yellow oil.

Yield 1.32g (77%). LC-MS (m/z, %): 348 (M++1, 100), 347 (M+, 62),
332 (M+�CH3, 10). GC-MS (m/z, %): 332 (M+�CH3, 5), 234
(M+�C8H17, 12), 146 (M+�CH2OSi(CH3)2C8H17, 100).

1H NMR
(CDCl3, d, ppm): 0.10 (6H, s, SiCH3), 0.60 (2H, m, SiCH2), 0.87
(3H, t, J= 6.8 Hz, CH3), 1.25 (12H, bs, &bond;CH2&bond;), 2.70
(2H, t, J= 6.6 Hz, a-CH2N), 2.80 and 2.89 (2H and 2H, t and t,
J = 5.9 Hz, 3- and 4-CH2), 3.69 (2H, s, 1-CH2N), 3.81 (2H, t,
J = 6.6 Hz, OCH2), 6.9–7.0 (1H, m, 8-H), 7.0–7.2 (3H, m, 5-,
6- and 7-H). 13C NMR (CDCl3, d, ppm): �2.13 (SiCH3), 14.07
(CH3), 16.31 (SiCH2), 22.72, 23.24, 23.33, 29.25, 29.32, 29.39,
32.0, 33.43 (CH2), 29.02 (4-CH2), 51.48 (3-CH2N), 56.61 (1-CH2N),
60.06 (OCH2), 60.92 (a-CH2N), 125.51 (7-C), 126.05 (8-C), 126.54
(6-C), 128.57 (5-C), 134.22 (9-C), 134.83 (10-C). 29Si NMR (CDCl3,
d, ppm): +18.32. Anal. calcd for C21H37NOSi: C, 72.56; H, 10.73; N,
4.03; found: C, 72.28 ; H, 10.63; N, 4.10.

N-(2-n-Decyldimethylsiloxyethyl)-1,2,3,4-tetrahidroisoquinoline (9f)

Compound 9f was obtained as clear yellow oil following the
procedure described for 9a, from 5.05 g (28.5mmol) N-(2-hydro-
xyethyl)-1,2,3,4-tetrahydroisoquinoline (1) and 6.28 g (31.2mmol)
decyldimethylsilane, by heating the reagents at 80 �C under stirring
for 15 h.
iley & Sons, Ltd. Appl. Organometal. Chem. 2013, 27, 114–124
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Yield 8.04 g (75%). LC-MS (m/z, %): 376 (M++1, 100), 375 (M+,
52), 160 (M+�OSi(CH3)2C10H21, 10). GC-MS (m/z, %): 375 (M+, 2),
360 (M+�CH3, 4), 234 (M+�CH3&bond;C10H21, 9), 146 (M+�
CH2OSi(CH3)2C10H21, 100).

1H NMR (CDCl3, d, ppm): 0.10 (6H, s,
SiCH3), 0.59 (2H, m, SiCH2), 0.83 (3H, t, J= 6.8 Hz, CH3), 1.2–1.4
(16H, m, CH2), 2.71 (2H, t, J= 5.4 Hz, a-CH2N), 2.81 and 2.90
(2H and 2H, t, J= 5.8Hz, 3- and 4-CH2), 3.70 (2H, s,1-CH2N), 3.71
(2H, t, J=5.4 Hz, OCH2), 7.0–7.05 (1H, m, 8-H), 7.05–7.2 (3H, m,
5-, 6- and 7-H). 13C NMR (CDCl3, d, ppm): �2.10 (SiCH3), 14.09
(CH3), 16.31 (SiCH2), 22.66 23.16, 29.07, 29.34, 29.57, 29.64, 31.89
and 33.43 (CH2), 28.98 (4-CH2), 50.73 (3-CH2N), 55.71 (1-CH2N),
58.09 (OCH2), 59.32 (a-CH2N), 125.66 (7-C), 126.23 (8-C), 126.49
(6-C), 128.65 (5-C), 134.15 (9-C), 134.46 (10-C). 29Si NMR (CDCl3,
d, ppm): +18.36. Anal. calcd for C23H41NOSi: C, 73.54; H, 11.00;
N, 3.73; found: C, 73.28; H, 10.54; N, 3.78.

N-(2-n-Dimethylundecylsiloxyethyl)-1,2,3,4-tetrahidroisoquinoline (9g)

Compound 9g was obtained as a clear yellow oil following the
procedure described for 9a, from 0.76 g (3.54mmol) N-(2-hydro-
xyethyl)-1,2,3,4-tetrahydroisoquinoline (1) and 0.91 g (4.25mmol)
dimethylundecylsilane, by heating the reagents at 90 �C under
stirring for 15 h.

Yield 0.68 g (49%). LC-MS (m/z, %): 390 (M++1, 100). GC-MS
(m/z, %): 390 (M++1, 1), 147 (M+�CH2OSi(CH3)2C11H23+ 1, 100).

1H
NMR (CDCl3, d, ppm): 0.07 (6H, s, SiCH3), 0.53 (2H, m, SiCH2), 0.88
(3H, t, J=6.8Hz, CH3), 1.25 (18H, m, CH2), 2.71 (2H, t, J=5.8Hz,
a-CH2N), 2.79 and 2.88 (2H and 2H, t and t, J=5.9Hz, 3- and
4-CH2), 3.70 (4H, m, 1-CH2N+OCH2), 7.0–7.2 (4H, m, 5-, 6-, 7- and
8-H). 13C NMR (CDCl3, d, ppm): �2.21 (SiCH3), 14.03 (CH3), 17.72
(SiCH2), 22.63, 23.11, 29.28, 29.62, 29.74, 31.82 and 33.43 (CH2),
28.92 (4-CH2), 50.71 (3-CH2N), 55.70 (1-CH2N), 58.12 (OCH2), 59.34
(a-CH2N), 125.62 (7-C), 126.2 1(8-C), 126.39 (6-C), 128.63 (5-C),
134.02 (9-C), 134.31 (10-C). 29Si NMR (CDCl3, d, ppm): +18,23. Anal.
calcd for C24H43NOSi: C, 73.97; H, 11.12; N, 3.59; found: C, 74.21; H,
11.19; N, 3.52.

N-(2-n-Hexadecyldimethylsiloxyethyl)-1,2,3,4-tetrahidroisoquinoline (9h)

Compound 9h was obtained as a clear yellow oil following the
procedure described for 9a, from 0.80 g (4.50mmol) N-(2-hydro-
xyethyl)-1,2,3,4-tetrahydroisoquinoline (1) and 2.56 g (9.0mmol)
hexadecyldimethylsilane, by heating the reagents at 85 �C under
stirring for 15 h.

Yield 0.78 g (38%). LC-MS (m/z, %): 460 (M++1, 100), 459 (M+, 5),
160 (M+�OSi(CH3)2C16H33, 96). GC-MS (m/z, %): 459 (M+, 2), 444
(M+�CH3, 3), 234 (M+�C16H33, 9), 146 (M+�CH2OSi(CH3)

2C16H33, 100).
1H NMR (CDCl3, d, ppm): 0.10 (6H, s, SiCH3), 0.60

(2H, m, SiCH2), 0.87 (3H, t, J=6.8 Hz, CH3), 1.24 (28H, m, CH2),
2.71 (2H, t, J= 6.0 Hz, a-CH2N), 2.80 and 2.87 (2H and 2H, m and
m, 3- and 4-CH2), 3.71 (2H, s, 1-CH2N), 3.81 (2H, t, J=6.0 Hz,
OCH2), 7.00 (1H, m, 8-H), 7.10 (3H, m, 5-, 6- and 7-H). 13C NMR
(CDCl3, d, ppm): �4.42 (SiCH3), 14.13 (CH3), 16.41 SiCH2), 23.25,
24.42, 29.38, 29.61, 29.73, 31.94, 33.21 and 33.52 (CH2), 29.02
(4-CH2), 51.62 (3-CH2N), 56.81 (1-CH2N), 60.23 (OCH2), 60.92
(a-CH2N), 125.51 (7-C), 126.13 (8-C), 126.52 (6-C), 128.69 (5-C),
134.2 2 (9-C), 134.83 (10-C). 29Si NMR (CDCl3, d, ppm): +18.33.
Anal. calcd for C29H53NOSi: C, 75.75; H, 11.62; N, 3.05; found: C,
75.98; H, 11.69; N, 3.01.

N-(2-Methyldiphenylsiloxyethyl)-1,2,3,4-tetrahydroisoquinoline (9i)

Compound 9i was obtained as a clear yellow oil following
the procedure described for 9a, from 0.63 g (3.8mmol) N-(2-
Appl. Organometal. Chem. 2013, 27, 114–124 Copyright © 2012 Jo
hydroxyethyl)-1,2,3,4-tetrahydroisoquinoline (1) and 1.0g (5.0mmol)
methyldiphenylsilane.

Yield 1.22 g (91%). LC-MS (m/z, %): 374 (M++1, 100), 296
(M+�C6H5, 98). GC-MS (m/z, %): 372 (M+� 1, 2), 295 (M+�C6H5

1, 9), 146 (M+�CH2OSi(C6H5)2CH3, 100).
1H NMR (CDCl3, d, ppm):

0.55 (3H, s, SiCH3), 2.64 (4H, m, 3- and 4-CH2), 2.74 (2H, t,
J=6.0Hz, a-CH2N), 3.52 (2H, s, 1-CH2N), 3.81 (2H, t, J=6.0Hz,
OCH2), 6.84 (1H, m, 8-H), 6.98 (3H, m, 5-,6- and 7-H), 7.2–7.5 (10H,
m, C6H5-H).

13C NMR (CDCl3, d, ppm): �2.98 (SiCH3), 29.04 (4-CH2),
51.49 (3-CH2N), 56.41 (1-CH2N), 60.02 (OCH2), 61.68 (a-CH2N),
125.42 (7-C), 126.03 (8-C), 126.51 (6-C), 128.66 (5-C), 134.12 (9-C),
134.71 (10-C), 127.81, 129.77, 134.32, 137.51 (C6H5-C).

29Si NMR
(CDCl3, d, ppm): �2.39. Anal. calcd for C24H27NOSi: C, 77.16; H,
7.28; N, 3.75; found: C, 76.85; H, 7.20; N, 3.81.

N-(2-n-Decyldimethylsiloxyethyl)-1,2,3,4-tetrahydroquinoline (10)

Compound 10 was obtained as clear yellow oil following the pro-
cedure described for 9a, from 3.24 g (18.3mmol) N-(2-hydro-
xyethyl)-1,2,3,4-tetrahydroquinoline (2) and 4.02 g (20.1mmol)
decyldimethylsilane, by heating the reagents at 80 �C under stirring
for 26 h.

Yield 1.66g (24%). LC-MS (m/z, %): 376 (M++1, 50), 375 (M+, 100).
GC-MS (m/z%): 375 (M+, 11), 234 (M+�C10H21, 3), 146 (M

+�CH2O-
SiMe2C10H21, 100).

1H NMR (CDCl3, d, ppm): 0.07 (6H, s, SiCH3), 0.57
(2H, m, SiCH2), 0.87 (3H, t, J=6.8Hz, CH3), 1.25–1.30 (16H, m, CH2),
1.94 (2H, m, 3-CH2N), 2.77 (2H, m, 4-CH2), 3.32 (2H, m, 2-CH2N),
3.39 (2H, t, J=6.8Hz, a-CH2N), 3.73 (2H, t, J=6.8Hz, OCH2),. 6.58,
6.67, 6.93 and 7.02 (total 4H, m, dd, m and m, 5-, 6-,7- and 8-H).
13C NMR (CDCl3, d, ppm): �2.14 (SiCH3), 14.11 (CH3), 16.30 (SiCH2),
22.24 (3-CH2), 22.69, 23.18, 29.34, 29.35, 29.60, 29.67, 31.93 and
33.22 (CH2), 28.18 (4-CH2), 50.42 (2-CH2N), 53.63 (a-CH2N), 59.13
(OCH2), 110.40, 115.49, 127.06, 129.16 (5-, 6-, 7-, 8-C), 122.06 (9-C)
and 145.24 (10-C). 29Si (d, ppm): +18.62 Anal. calcd for C23H41NOSi:
C, 73.54; H, 11.00; N, 3.73; found: C, 73.28; H, 11.04; N, 3.68.

N-(2-n-Decyldimethylsiloxyethyl)-4,4-dimethyl-4-sila-1,2,3,4-tetrahidroiso-
quinoline (11)

Compound 11 was obtained as a clear yellow oil following the
procedure described for 9a, from 0.4 g (1.4mmol) N-(2-hydro-
xyethyl)-4,4-dimethyl-4-sila-1,2,3,4-tetrahydroisoquinoline (7) and
0.31 g (1.54mmol) of decyldimethylsilane.

Yield 0.13 g (22%). LC-MS (m/z, %): 420 (M++1, 100). GC-MS
(m/z, %): 389 (M+� 2CH3, 33), 388 (M+� 2CH3� 1, 100). 1H NMR
(CDCl3, d, ppm): 0.09 (6H, s, SiCH3-acycl.), 0.27 (6H, s, SiCH3-cycl.),
0.57 (2H, m, SiCH2), 0.87 (3H, t, J=6.8Hz, CH3), 1.25 (16H, m, CH2),
2.21 (2H, s, SiCH2N), 2.72 (2H, t, J=5.2Hz, a-CH2N), 3.65 (2H, m,
OCH2), 3.67 (2H, s, 1-CH2N), 7.0–7.5 (4H, m, 5-, 6-, 7- and 8-H). 13C
NMR (CDCl3, d, ppm): �2.12 (SiCH3), �2.01 (SiCH3-cycl.), 14.1
(CH3), 16.32 (SiCH2), 22.66, 23.18, 29.34, 29.37, 29.59, 29.66, 31.91
and 33.20 (CH2), 44.15 (SiCH2N), 58.1 (1-CH2N), 61.2 (OCH2), 63.5
(a-CH2N), 125.14, 126.61, 128.94, 133.61 (5-, 6-, 7- and 8-C), 134.35,
145.42 (9,10-C). 29Si NMR (CDCl3, d, ppm): �13.50, +18.06. Anal.
calcd for C24H45NOSi2: C, 68.67; H, 10.80; N, 3.33; found: C, 68.91;
H, 10.73; N, 3.25.

N-(2-Diethylmethylsiloxyethyl)-N-methyl-1,2,3,4-tetrahydroisoquinolinium
iodide (12a)

A solution of diethylmethylsilyl ether 9a (0.84 g, 3.03mmol) in
hexane (5ml) was heated at 60 �C for 5 h with methyl iodide
(2.22 g, 15.60mmol). After cooling to room temperature the reac-
tion mixture was filtered, and the solid was washed with hexane
hn Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/aoc
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and dried for 6 h in vacuo to give the desired methiodide as a
yellow powder.
Yield 0.41 g (33%), m.p. 138–139 �C. LC-MS (m/z %): 293

(M+� I + 1, 19), 292 (M+� I, 100), 197 (2), 188 (9), 183 (5). 1H
NMR (CDCl3, d, ppm): 0.08 (3H, s, SiCH3), 0.59 (4H, q,
J= 7.9 Hz, SiCH2), 0.91 (6H, t, J= 7.9 Hz, SiC-CH3), 3.24 (2H, bt,
J= 6.1 Hz, 4-CH2, 3.54 (3H, s, N+CH3), 3.9–4.3 (6H, m, a-CH2N

+
,

3-CH2N
+ and OCH2), 4.74 and 5.07 (total 2H, d and d,

J= 15.1 Hz, 1-CH2N
+), 7.1–7.4 (4H, m, 5-, 6-, 7- and 8-H). 13C

NMR (CDCl3, d, ppm): �5.12 (SiCH3), 5.77 (SiCH2), 6.65 (SiC&–CH3),
23.86 (4-C), 49.06 (N+CH3), 57.23 (OCH2), 59.80 (3-CH2N

+), 62.87
(1-CH2N

+), 63.63 (a-CH2N
+), 125.96, 127.34, 127.81, 128.54, 128.90

and 129.06 (5-,6-,7-,8-,9- and 10-C). 29Si NMR (CDCl3, d, ppm):
+24.23 (2JSiCH= 6.0Hz). Anal. calcd for C17H30INOSi: C, 48.68; H,
7.21; N, 3.34; found: C, 48.42; H, 7.15; N 3.41.

N-Methyl-N-(2-triethylsiloxyethyl)-1,2,3,4-tetrahydroisoquinolinium iodide
(12b)

A solution of triethylsilyl ether 9b (1.44 g, 8.13mmol) and of methyl
iodide (5.75 g, 4.05mmol) in ethyl ether (23ml) was heated at 40 �C
for 3 h, the precipitate was filtered off, washed with 50ml hexane
and dried for 6 h in vacuo to give the desired product as a light
yellow powder.
Yield 1.86 g (67%), m.p. 93–95 �C. LC-MS (m/z, %): 307 (M+� I +

1, 25), 306 (M+� I, 100), 203 (M+�CH3I� 3C2H5� 1, 79), 179
(22), 147 (39). 1H NMR (CDCl3, d, ppm): 0.64 (6H, q, J= 7.8 Hz,
SiCH2), 0.94 (9H, t, J= 7.8 Hz, SiC&bond;CH3), 3.27 (2H, bt,
J= 5.8 Hz, 4-CH2), 3.58 (3H, s, N+CH3), 3.9–4.3 (6H, m, a-CH2N

+,
3-CH2 and OCH2), 4.79 and 5.11 (total 2H, d and d, J= 15.8 Hz,
1-CH2N

+), 7.15 (1H, m, 8-H), 7.2–7.4 (3H, m, 5-, 6- and 7-H). 13C
NMR (CDCl3, d, ppm): 3.95 (SiCH2), 6.62 (SiC-CH3), 23.80 (4-C),
49.07 (N+CH3), 57.3 (OCH2), 59.62 (3-C), 62.66 (1-CH2N

+), 63.45
(a-CH2N

+), 125.98, 127.22, 127.62, 128.56, 128.79 and 128.87
(5-,6-,7-,8-,9- and 10-C). 29Si NMR (CDCl3, d, ppm): +23.84. Anal.
calcd for C18H32INOSi: C, 49.88; H, 7.44; N, 3.23; found: C, 49.59;
H, 7.37; N 3.29.

N-(2-Di-n-butylethylsiloxyethyl)-N-methyl-1,2,3,4-tetrahydroisoquinolinium
iodide (12c)

Compound 12c was obtained following the procedure described
for 12b, from 0.90 g (2.58mmol) dibutylethylsilyl ether 9c, as a
light-yellow oily powder.
Yield 0.52g (41%), m.p. 124–126 �C. LC-MS (m/z, %): 363 (M+� I,

72), 362 (M+� I� 1, 100). 1H NMR (CDCl3, d, ppm): 0.63 (6H, m,
SiCH2), 0.92 (13H, m, SiC&bond;CH3, SiCCH2CC and SiCCCCH3),
1.74 (4H, m, SiCCCH2C), 3.26 (2H, bt, J=6.2Hz, 4-CH2), 3.55 (3H, s,
N+CH3), 4.00–4.15 (6H, m, a-CH2N

+, 3-CH2N
+, OCH2), 4.79 and 5.06

(total 2H, d and d, J=15.1Hz, 1-CH2N
+), 7.1–7.3 (4H, m, 5-, 6-,

7- and 8-H). 13C NMR (CDCl3, d, ppm): 6.04 (SiCH2) and 6.89 (SiCCH3),
23.65, 24.04 and 26.21 (CCH2 CH2 CH3 and 4-C), 48.94 (N

+CH3), 57.14
(OCH2), 59.62 (3-C), 62.72 (1-CH2N

+), 63.63 (a-CH2N
+), 125.92,

127.21, 127.65, 128.52, 128.81 and 128.91 (5-,6-,7-,8-,9- and 10-C).
29Si NMR (CDCl3, d, ppm): +21.49. Anal. calcd for C22H40INOSi: C,
53.98; H, 8.24; N, 2.86; found: C, 53.70; H, 8.16; N 2.93.

N-(2-Di-n-heptylmethylsiloxyethyl)-N-methyl-1,2,3,4-tetrahydroisoquinolinium
iodide (12d)

Compound 12d was obtained following the procedure described
for 12b, from 0.65 g (1.56mmol) diheptylmethylsilyl ether 9d, as
a yellow oily product.
Yield 0.52g (44%), m.p. 104–106 �C. LC-MS (m/z, %): 433 (M+� I +

1, 40), 432 (M+� I, 100). GC-MS (m/z, %): 417 (M+�CH3I, 2), 402
wileyonlinelibrary.com/journal/aoc Copyright © 2012 John W
(M+�CH3I�CH3, 2), 318 (M+�CH3I�C7H15, 5); 146 (M+�CH3I�
CH2OSiCH3(C7H15)2, 100), 132 (M

+�CH3I�CH2CH2OSiCH3(C7H15)2,
26). 1H NMR (CDCl3, d, ppm): 0.08 (3H, s, SiCH3), 0.60 (4H, m, SiCH2),
0.86 (6H, t, J=6.8Hz, 2CH3), 1.24 (20H, m, 10CH2), 3.25 (2H, m,
4-CH2), 3.56 (3H, s, N+CH3), 3.99–4.2 (6H, m, a-CH2N

+, 3-CH2N
+,

OCH2), 4.76 and 5.10 (total 2H, d and d, J= 15.0 Hz, 1-CH2N
+);

7.1–7.4 (4H, m, 5-, 6-, 7- and 8-H). 13C NMR (CDCl3, d, ppm):
�4.08 (SiCH3), 14.12 (CH3), 15.03 (SiCH2), 23.12, 28.89, 31.73 and
33.42 (CH2), 23.92 (4-CH2), 49.21 (N+CH3), 57.24 (OCH2), 59.78
(3-CH2N

+), 62.73 (1-CH2N), 63.41 (a-CH2N
+), 126,11, 127.32, 127.70,

128.6, 129.02 and 129.91 (5-, 6-, 7-, 8-, 9- and 10-C). 29Si NMR (CDCl3,
d, ppm): +22.35. Anal. calcd for C27H50INOSi: C, 57.94; H, 9.00; N,
2.50; .found: C, 57.68; H, 8.86; N 2.58.

N-(2-n-Dimethyloctylsiloxyethyl)-N-methyl-1,2,3,4-tetrahydroisoquinolinium
iodide (12e)

Compound 12e was obtained following the procedure described
for 12b, from 0.96 g (2.76mmol) of dimethyloctylsilyl ether 9e, as
a yellow powder.

Yield 0.36 g (27%), m.p. 144–145 �C. LC-MS (m/z, %): 363
(M+� I + 1, 100); 346 (M+�CH3I� 1, 5). GC-MS (m/z, %): 332
(M+�CH3I�CH3, 5), 146 (M+�CH3I�CH2OSi(CH3)2C8H17, 100).
1H NMR (CDCl3, d, ppm): 0.11 (6H, s, SiCH3), 0.58 (2H, m, SiCH2),
0.87 (3H, t, J=7.0Hz, CH3), 1.2–1.3 (12H, m, CH2), 3.2 (2H, m,
4-CH2), 3.56 (3H, s, N+CH3), 3.9–4.2 (6H, m, a-CH2N

+, 3-CH2N
+,

OCH2), 4.77 and 5.07 (total 2H, d and d, J=14.9Hz, 1-CH2N
+), 7.11

(1H, d, 8-H), 7.2–7.4 (3H, m, 5-, 6- and 7-H). 13C NMR (CDCl3,
d, ppm): �2.57 (SiCH3), 13.93 (CH3), 15.78 (SiCH2), 22.52, 22.96,
29.02, 29.16, 31.78 and 33.27 (CH2), 23.84 (4-CH2), 49.13 (N+CH3),
56.91 (OCH2), 59.59 (3-CH2N

+), 62.54 (1-CH2N
+), 63.42 (a-CH2N

+),
126,03, 127.24, 127.58, 128.62, 128.77 and 128.85 (5-, 6-, 7-, 8-, 9-
and 10-C). 29Si NMR (CDCl3, d, ppm): +22.37. Anal. calcd for
C22H40INOSi: C, 53.98; H, 8.24; N, 2.8; found: C, 53.79; H, 8.15; N 2.93.

N-(2-n-Decyldimethylsiloxyethyl)-N-methyl-1,2,3,4-tetrahydroisoquinolinium
iodide (12f)

Compound 12f was obtained following the procedure described
for 12b, from 0.23 g (0.80mmol) decyldimethylsilyl ether 9f, as a
yellow oily precipitate.

Yield 0.28g (68%), m.p. 142 �C. LC-MS (m/z, %): 391 (M+� I + 1, 15),
390 (M+� I, 55), 389 (M+� I� 1, 95), 376 (M+�CH3I + 1, 100).
GC-MS (m/z, %): 391 (M+� I + 1, 1), 234 (M+�CH3I�C10H21, 4),
146 (M+�CH3I�CH2OSi(CH3)2C10H21, 100). 1H NMR (CDCl3,
d, ppm): 0.11 (6H, s, SiCH3), 0.58 (2H, m, SiCH2), 0.85 (3H, t,
J=6.8Hz, CH3), 1.24 (16H, m, CH2), 3.26 (2H, m, 4-CH2), 3.54 (3H, s,
N+CH3), 4.0–4.2 (6H, m, a-CH2N

+ 3-CH2N
+, OCH2), 4.76 and 5.08

(total 2H, d and d, J=15.3Hz, 1-CH2N
+), 7.11 (1H, d, 8-H), 7.1–7.4

(3H, m, 5-, 6- and 7-H). 13C NMR (CDCl3, d, ppm): �2.43 (SiCH3),
14.01 (CH3), 15.78 (SiCH2), 22.61, 23.02, 29.24, 29.38, 29.49, 31.85
and 33.22 (CH2), 23.82, (4-C), 49.21 (N+CH3), 57.03 (OCH2), 59.67
(3-C), 62.71 (1-CH2N

+), 63.52 (a-CH2N
+), 126.02 (9-C), 127.31 (8-C),

127.68 (5-C), 128.57 (6-C), 128.92 (7-C), 129.03 (10-C). 29Si NMR
(CDCl3, d, ppm): +22.50. Anal. calcd for C24H44INOSi: C, 55.69; H,
8.57; N, 2.71; found: C, 55.84; H, 8.66; N 2.55.

N-(2-n-Dimethylundecylsiloxyethyl)-N-methyl-1,2,3,4-tetrahydroisoquino-
linium iodide (12g)

Compound 12g was obtained following the procedure described
for 12b, from 0.11 g (0.28mmol) dimethylundecylsilyl ether 9g,
as a yellow oily precipitate.

Yield 0.06 g (40%), m.p. 92–94 �C. LC-MS (m/z, %): 405 (M+� I + 1,
11), 404 (M+� I, 58), 390 (M+�CH3I + 1, 100), 346 (2), 181 (2), 160
iley & Sons, Ltd. Appl. Organometal. Chem. 2013, 27, 114–124
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(42). GC-MS (m/z, %): 530 (M+� 1, 3), 374 (M+�CH3I�CH3, 2), 146
(M+�CH3I�CH2OSi(CH3)2C11H23, 100).

1H NMR (CDCl3, d, ppm):
0.10 (6H, s, SiCH3), 0.57 (2H, m, SiCH2), 0.85 (3H, t, J=6.8Hz, CH3),
1.23 (18H, m, CH2), 3.24 (2H, m, 4-CH2), 3.54 (3H, s, N+CH3), 4.0–4.2
(6H, m, a-CH2N

+, 3-CH2N
+, OCH2), 4.76 and 5.08 (total 2H, d and d,

J=14.3Hz, 1-CH2N
+), 7.1–7.4 (4H, m, 5-, 6-, 7- and 8-H). 13C NMR

(CDCl3, d, ppm): �2.40 (SiCH3), 14.03 (CH3), 15.82 (SiCH2), 22.61,
23.1, 29.32, 29.48, 29.62, 31.81 and 33.34 (CH2), 23.82 (4-CH2),
49.12 (N+CH3), 57.03 (OCH2), 59.76 (3-CH2N

+), 62.79 (1-CH2N
+),

63.65 (a-CH2N
+), 126.01 (9-C), 127.28 (8-C), 127.82 (5-C), 128.63

(6-C), 128.87 (7-C) and 129.02 (10-C). 29Si NMR (CDCl3, d, ppm):
+22.67 (2JSiCH = 6.8 Hz). Anal. calcd for C25H46INOSi: C, 56.48; H,
8.72; N, 2.64; found: C, 56.72; H, 8.83; N 2.57.

N-(2-n-Hexadecyldimethylsiloxyethyl)-N-methyl-1,2,3,4-tetrahydroisoqui-
nolinium iodide (12h)

Compound 12hwas obtained following the procedure described
for 12b, from 0.67 g (1.5mmol) hexadecyldimethylsilyl ether 9h,
as a yellow powder.

Yield 0.80 g (89%), m.p. 59 �C. LC-MS (m/z, %): 475 (M+� I + 1,
100), 474 (M+� I, 67), 460 (M+�CH3I + 1, 49). GC-MS (m/z, %):
460 (M+�CH3I + 1, 3), 445 (M

+�CH3I�CH3+1, 4), 234 (M
+�CH3I

C16H33, 11), 146 (M+�CH3I�CH2OSi(CH3)2C16H33, 100).
1H NMR

(CDCl3, d, ppm): 0.11 (6H, s, SiCH3), 0.58 (2H, m, SiCH2), 0.86 (3H, t,
J=7.0Hz, CH3), 1.24 (28H, bs, CH2), 3.25 (2H, m, 4-CH2), 3.56 (3H, s,
N+CH3), 3.9–4.2 (6H, m, a-CH2N

+, 3-CH2N
+, OCH2), 4.78 and 5.07

(total 2H, d and d, J=15.4Hz, 1-CH2N
+), 7.11 (1H, d, 8-H), 7.1–7.4

(3H, m, 5-, 6- and 7-H). 13C NMR (CDCl3, d, ppm): �2.4 (SiCH3),
14.01, 15.79, 22.57, 22.98, 23.83, 29.24, 29.48, 29.54, 29.6, 31.81,
33.26 (4-C, CH2, CH3, SiCH2), 49.10 (N+CH3), 57.00 (OCH2), 59.68
(3-C), 62.65 (1-CH2N

+), 63.49 (a-CH2N
+), 126.01 (9-C), 127.29 (8-C),

127.68 (5-C), 128.58 (6-C), 128.83 (7-C), 128.94 (10-C). 29Si NMR
(CDCl3, d, ppm): +22.49. Anal. calcd for C30H56INOSi: C, 59.88; H,
9.38; N, 2.33; found: C, 59.63; H, 9.32; N, 2.40.

N-Methyl-N-(2-methyldiphenylsiloxyethyl)-1,2,3,4-tetrahydroisoquinolinium
iodide (12i)

Compound 12i was obtained following the procedure described
for 12b, from 1.22 g (3.3mmol) methyldiphenylsilyl ether 9i, as a
white powder.

Yield 0.41 g (24%), m.p. 96 �C. LC-MS (m/z, %): 388 (M+� I, 100).
GC-MS (m/z, %): 516 (M++1, 1), 373 (M+�CH3I, 4), 295 (M+�CH3I
C6H5� 1, 12), 146 (M+�CH3I�CH2OSiCH3(C6H5)2, 100).

1H NMR
(CDCl3, d, ppm): 0.67 (3H, s, SiCH3), 3.17 (2H, m, 4-CH2), 3.50 (3H, s,
N+CH3), 4.0–4.2 (6H, m, a-CH2, 3-CH2, OCH2), 4.73 and 5.02 (total
2H, d and d, J=14.9 Hz, 1-CH2N

+), 6.9–7.2 (4H, m, 5-, 6-, 7- and
8-H), 7.3–7.5 (10H, m, C6H5-H).

13C NMR (CDCl3, d, ppm): �3.60
(SiCH3), 23.65 (4-CH2), 49.12 (N+CH3), 57.41 OCH2), 59.49
(3-CH2N

+), 62.22 (1-CH2N
+), 63.13 (a-CH2N

+), 125.81, 127.09,
127.41, 128.42, 128.63 and 128.68 (5-, 6-, 7-, 8-, 9- and 10-C),
128.14, 130.42, 133.61, 133.65, 134.04 (C6H5&bond;C).

29Si NMR
(CDCl3, d, ppm): �0.36. Anal. calcd for C25H30INOSi: C, 58.25; H,
5.87; N, 2.72; found: C, 58.52; H, 5.78; N 2.64.

N-(2-n-Decyldimethylsiloxyethyl)-N-methyl-1,2,3,4-tetrahydroquinolinium
iodide (13)

Compound 13was obtained following the procedure described for
12b, from 1.574 g (4.20mmol) decyldimethylsilyl ether 10, as an oil.

Yield 0.772 g (35%). LC-MS (m/z, %): 391 (M+� I + 1, 17), 390
(M+� I, 54), 389 (M+� I, 100). 1H NMR (CDCl3, d, ppm): 0.11 (6H, s,
SiCH3), 0.58 (2H, m, SiCH2), 0.87 (3H, t, J=6.8Hz, CH3), 1.24 (16H,
m, CH2), 2.25 and 2.39 (total 2H, m and m, 3-CH2N), 3.00 and 3.06
Appl. Organometal. Chem. 2013, 27, 114–124 Copyright © 2012 Jo
(total 2H, m and m, 4-CH2), 3.84 (3H, s, N+CH3), 3.92 and 4.59 (total
2H, m andm, 2-CH2N

+), 3.92 and 4.13 (total 2H, m andm, a-CH2N
+),

4.33 and 4.42 (total 2H, m and m, OCH2), 7.3–7.5 (3H, m, 5-, 6- and
7-H), 7.91 (1H, d, J=8.3, 8-H). 13C NMR (CDCl3, d, ppm): �2.42
(SiCH3), 14.10 (CH3), 15.82 (SiCH2), 17.63 (3-CH2), 22.67, 23.65,
28.69 , 29.28, 29.65, 31.85 and 33.30 (CH2), 25.82 (4-C), 56.28
(a-CH2N

+), 57.25 (N+CH3), 62.35 (2-C), 65.87 (OCH2), 121.98,
128.65, 129.31, 131.39 (5-, 6-, 7-, 8-C), 130.80 (9-C) and 141.69
(10-C). 29Si NMR (CDCl3, d, ppm): +22.63. Anal. calcd for C24H44INOSi:
C, 55.69; H, 8.57; N, 2.71; found: C, 55.52; H, 8.51; N 2.75.

N-(2-n-Decyldimethylsiloxyethyl)-4,4-dimethyl-N-methyl-4-sila-1,2,3,4-
tetrahidroisoquinolinium iodide (14)

Compound 14 was obtained following the procedure described
for 12b, from 0.13 g (0.31mmol) decyldimethylsilyl ether 11, as
a dark-yellow powder.

Yield 0.04 g (24%), m.p. 46 �C. LC-MS (m/z, %): 434 (M+� I, 100).
1H NMR (CDCl3, d, ppm): 0.10 (6H, s, SiCH3-acycl.), 0.47 (6H, m,
SiCH3-cycl.), 0.57 (2H, m, SiCH2), 0.86 (3H, t, J= 6.8 Hz, CH3), 1.24
(16H, m, CH2), 3.42 (3H, s, N+CH3), 3.52 and 3.68 (1H and 1H, d
and d, J= 14.8 Hz, SiCH2N

+), 3.88 (2H, t, J= 4.7 Hz, a-CH2N
+), 4.18

(2H, m, OCH2), 4.86 and 4.96 (1H and 1H, d and d, J= 14.5 Hz,
1-CH2N

+), 7.4–7.8 (4H, bm, 5-, 6-, 7- and 8-H). 13C NMR (CDCl3,
d, ppm): �2.42 (SiCH3), �1.25 (SiCH3-cycl.), 14.00 (CH3), 15.82
(SiCH2), 22.55, 22.96, 23.82, 29.20, 29.45, 29.52, 31.78, and 33.23
(CH2), 53.22 (N+CH3), 55.45 (SiCH2N

+), 55.72 (OCH2), 67.41
(ArCH2N

+), 67.95 (a-CH2N
+ ), 129.33, 129.77, 131.23, 131.28,

133.96, 135.17 (5-, 6-, 7-, 8-, 9- and 10-C). 29Si NMR (CDCl3, d, ppm):
�13.46, +22.23. Anal. calcd for C25H48INOSi2: C, 53.45; H, 8.61; N,
2.49; found: C, 53.20; H, 8.50; N 2.57.

Biological Tests

Cytotoxicity

Monolayer tumour cell lines HT-1080 (human fibrosarcoma),
MG-22A (mouse hepatoma) and normal mouse fibroblasts
(NIH 3 T3) were cultivated for 72 h in Dulbecco’s modified Eagle’s
medium (DMEM) standard medium (Sigma) without an indicator
and antibiotics.[35]

Tumour cell lines were taken from the European Collection of
Cell Culture (ECACC). After the ampoule was thawed not more than
four passages were performed. The control cells and cells with
tested substances in the range of 2–5� 104 cells ml�1 concentra-
tion (depending on line nature) were placed on separate 96-well
plates. The volume of each plate was 200ml. Solutions containing
test compounds were diluted and added to wells to give final con-
centrations of 50, 25, 12.5 and 6.25mgml�1. Control cells were trea-
ted in the samemanner but in the absence of test compounds. The
plates were incubated for 72h at 37 �C and 5% CO2. The number of
surviving cells was determined using tri(4-dimethylaminophenyl)
methyl chloride (crystal violet, CV) or 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) coloration, which was
assayed by multiscan spectrophotometer. The quantity of live cells
on the control plate was taken in calculations for 100%.[35,36]

The LC50 was calculated using the Graph Pad PrismW 3.0 program,
r< 0.05. Concentration of NO was determined according to the
procedure described in Fast et al.[36]

Antimicrobial activity

For the determination of antimicrobial activity, several reference
microbial strains, received from the Microbial Strain Collection
hn Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/aoc
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of Latvia (MSCL), Riga, Latvia, were used: Staphylococcus aureus
MSCL 334 (SA), Bacillus cereus MSCL 330 (BC), Proteus mirabilis
MSCL 590 (PM), Escherichia coli MSCL 332 (EC), Pseudomonas
aeruginosa MSCL 331 (PA) and Candida albicans MSCL 378 (CA).
All bacteria were cultivated on Plate Count Agar (Sanofi Diagnos-
tics Pasteur, France) at 37 �C for 24 h. Candida albicans was
cultivated on DifcoTM Malt Extract Agar (Becton, Dickinson and
Co., UK) at 37 �C for 48 h. Antimicrobial activity was determined
by agar well diffusion method.[37] The agar diffusion test was per-
formed on Mueller–Hinton (Carl Roth GmbH+Co. KG, Germany)
agar for bacteria and Malt Extract Agar for yeast. Suspensions of
18–24 h microbial cultures of turbidity A540 = 0.16� 0.20 were
used and uniformly spread on Petri plates. Aliquots of 70ml of
each test sample solution, corresponding solvent and reference
antimicrobial drugs solutions were added to 6.0mm diameter agar
wells. Gentamicin (KRKA, Slovenia) and fluconazole (Diflucan, Pfizer
Ltd, UK), 10mgml�1 and 5mgml�1, were used as reference
antibiotics. The antimicrobial activity was evaluated based on the
diameter of zone of inhibition. After incubation at 37 �C for 24 h
for bacteria and 48h for yeast under aerobic conditions, the diam-
eter of the clear zone (no growth) around the well in the bacterial
lawn was measured. The inhibition zone diameter was measured
in millimetres (mm). The tests were performed in duplicate. The
results were expressed as the arithmetic average. The observed
zones of growth inhibition are presented in Table 4.
Results and Discussion

Chemistry

The synthesis of the compounds used in this study is outlined in
Schemes 1 and 2.
N-Methyl-N-(2-triorganylsiloxyethyl)-1,2,3,4-tetrahydroisoquinoli-

nium iodides (12a–i) were envisioned as being prepared from the
common precursor alcohol 1[34] in moderate to good overall yields
(24–89%). N-(2-Decyldimethylsiloxyethyl)-N-methyl-1,2,3,4-tetrahy-
droquinolinium iodide (13) was prepared analogously from 2.
N-(2-Decyldimethylsiloxyethyl)-4,4-dimethyl-N-methyl-4-sila-1,2,3,4-
tetrahydroisoquinolinium iodide (14) was synthesized by a series of
sequenced reactions starting from 2-bromotoluene (Schemes 1
and 2). The reaction of dehydrocondensation,[38] a special feature
of hydrosilanes in their ability to undergo alcoholysis leading to
alkoxysilanes and gaseous hydrogen, was used in coupling the silyl
group to the organic substrates 1, 2 and 7.
The interaction of N-(2-hydroxyethyl)-1,2,3,4-tetrahydroisoquino-

line (1) with triorganylhydrosilanes R1R2R3SiH resulted in 38–91%
R1R2R3: Et2Me (9a, 12a); Et3 (9b, 12b); EtBu2 (9c, 12c); MeHp2 (9d
Me2(C11H23) (9g, 12g);  Me2(C16H33) (9h, 12h); MePh2 (9i, 12i)

N

N

N

Si

1

2

7

N

N

N

Si

9a-i

10

11

Na, t°C

OH

OH

HSiR1R2R3

OH O

Scheme 2. Synthesis of compounds 9–14.
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yield. It was revealed using GC-MS monitoring that under the same
reaction conditions the yield of the reaction products depends on
both the nature of hydrosilane and the nature of the heterocycle.

The influence of nature of the heterocyclic base on the reac-
tion result was more evident, provided the same triorganylsilane
was used and the same reaction conditions: N-(2-decyldimethysi-
loxyethyl)-1,2,3,4-tetrahydroisoquinoline (9f) was obtained with a
yield of 75% and the yield of N-(2-decyldimethysiloxyethyl)-
1,2,3,4-tetrahydroquinoline (10), in its turn, was significantly
lower: 24%. In the latter case the reaction proceeded more slowly
and it took a longer time in comparison with the N-(2-hydro-
xyethyl)-1,2,3,4-tetrahydroisoquinoline: 26 and 15 h, correspond-
ingly, to obtain the product with the highest yield. During
dehydrocondensation of 1 with different trialkylhidrosilanes, the
tendency of the reaction yield decrease has been observed with
carbon chain elongation of the alkyl substituent at the Si atom.
The yield of compounds 9a–f, possessing C2–C10 alkyl chain
length, ranged within 56–77%; for compounds 9g (C11) and 9h
(C16) it was lower – 49% and 38%, respectively – and the reaction
time for 9f and 9h was longer.

The compounds synthesized were characterized by multinu-
clear NMR data. The values of 29Si NMR chemical shifts are pre-
sented in Tables 1 and 2. 29Si NMR resonance depends upon
the substituent at the silicon atom, and qualitatively similar
changes for 29Si chemical shifts of tetrahydroisoquinoline deriva-
tives 9a–h and their methiodides 12a–h during transition along
the sequence should be noted:

EtBu2< Hp2Me < OctMe2≤DcMe2≤ C11H23ð ÞMe2≤ C16H33ð ÞMe2

< Et3 < Et2Me

The low field shifting of 29Si NMR resonance from 16.74–19.90
to 21.49–24.23 ppm and the narrowing of its interval from 3.16 to
2.74 ppm have been noted for compounds containing positively
charged nitrogen (12a–h) in comparison with proper N-(2-
triorganylsiloxyethyl)-1,2,3,4-tetrahydroisoquinolines (9a–h). The
highest changes in d (29Si) values (4.75 ppm) under nitrogen qua-
ternization were observed for compound 12c with ethyldibutyl
substituent, revealing stronger N. . .Si interaction in the appropri-
ate silane.

Biological evaluation

In vitro antitumour and antimicrobial properties of the compounds
synthesized were investigated. A comparison of 8, 12a–i and 13
with 3 and 4 provided evidence that the latter compounds
, 12d); Me2Oct (9e, 12e); Me2Dc (9f, 10, 11, 12f, 13, 14); 

N

12a-i

13

14

+

+

+

-

-

-

N

Si

N

OSiR1R2R3

OSiR1R2R3

OSiR1R2R3

OSiR1R2R3

CH3I
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Table 2. 29Si NMR resonance of, N-methyl-N-(2-triorganosiloxyethyl)-
1,2,3,4-tetrahydroisoquinolinium (12a–i), N-(2-decyldimethylsiloxyethyl)-
N-methyl-1,2,3,4-tetrahydroquinolinium (13) and N-(2-decyldimethylsilox-
yethyl)-4,4-dimethyl-N-methyl-4-sila-1,2,3,4-tetrahydroisoquinolinium
iodides (14) [R1R2R3SiOCH2CH2–HetNMe]+I–

Compound R1 R2 R3 d 29Si (ppm)

12a CH3 C2H5 C2H5 +24.23

12b C2H5 C2H5 C2H5 +23.84

12c C2H5 C4H9 C4H9 +21.49

12d CH3 C7H15 C7H15 +22.35

12e CH3 CH3 C8H17 +22.37

12f CH3 CH3 C10H21 +22.50

12g CH3 CH3 C11H23 +22.67

12h CH3 CH3 C16H33 +22.49

12i CH3 C6H5 C6H5 –0.36

13 CH3 CH3 C10H21 +22.63

14 CH3 CH3 C10H21 –13.46, +22.23

Table 1. 29Si NMR resonance of, N-(2-triorganosiloxyethyl)-1,2,3,4-tetra-
hydroisoquinolines (9a–i), N-(2-decyldimethylsiloxyethyl)-1,2,3,4-tetra-
hydroquinoline (10) and N-(2-decyldimethylsiloxyethyl)-4,4-dimethyl-4-
sila-1,2,3,4-tetrahydroisoquinoline (11) R1R2R3SiOCH2CH2–HetN

Compound R1 R2 R3 d 29Si (ppm)

9a CH3 C2H5 C2H5 +19.90

9b C2H5 C2H5 C2H5 +19.62

9c C2H5 C4H9 C4H9 +16.74

9d CH3 C7H15 C7H15 +18.20

9e CH3 CH3 C8H17 +18.32

9f CH3 CH3 C10H21 +18.36

9 g CH3 CH3 C11H23 +18.24

9 h CH3 CH3 C16H33 +18.33

9i CH3 C6H5 C6H5 �2.39
10 CH3 CH3 C10H21 +18.62

11 CH3 CH3 C10H21 �13.5, +18.06

(2-Triorganylsiloxyethyl)-tetrahydro(iso)quinolines

1
2
1

possessed lower biological activity, practically did not reveal cyto-
toxic properties and in general were less active concerning the
microbial strains examined. The experimental evaluation of
cytotoxic properties is presented in Table 3.

In this study, two monolayer tumour cell lines – HT-1080
(human fibrosarcoma) and MG-22A (mouse hepatoma) – and
normal mouse fibroblasts (NIH 3 T3) have been employed to
evaluate the antiproliferative activity of the synthesized tetra-
hydro(iso)quinoline compounds in culture. N-(2-Hydroxyethyl)-
N-methyl-1,2,3,4-tetrahydroisoquinolinium iodide (3) and 4,4-
dimethyl-N-(2-hydroxyethyl)-N-methyl-4-sila-1,2,3,4-tetrahydroi-
soquinolinium iodides (8) did not exhibit cytotoxic action at
all. Thus this study clearly demonstrates that human fibrosar-
coma and mouse hepatoma cells are highly responsive to
some N-methyl-N-(2-triorganylsiloxyethyl)-1,2,3,4-tetrahydroi-
soquinolinium iodides. The following sequence of organosilicon
substituents in the cytotoxicity display concerning HT-1080 tumour
cell lines has been revealed:

Me2 C11H23ð Þ< MePh2 < Me2 C16H33ð Þ< Et3< MeHp2< EtBu2
Appl. Organometal. Chem. 2013, 27, 114–124 Copyright © 2012 Jo
Almost the same sequence has been determined concerning
MG-22A tumour cell lines:

Me2Dc < Et2Me < MePh2≤Me2 C16H33ð Þ < Et3 < MeHp2
< Me2 C11H23ð Þ< EtBu2

The present investigation shows that compounds 12c and 12d
induced growth inhibition of HT-1080 and MG-22A cells, and
compound 12g exhibits selective cytotoxic action against
MG-22A cells at a significant level. In general,N-methyl-N-(2-triorga-
nylsiloxyethyl)-1,2,3,4-tetrahydroisoquinolinium iodides screened
had high NO generation activity, being most active for 12d in both
the HT-1080 and MG-22A tests: 300% and 250% respectively
(Table 3). All the compounds synthesized possess low toxicity or
are non-toxic compounds (LD50= 450–3200mgkg�1).

The antibacterial and antifungal activity of compounds 12a–i, 13
and 14 have been investigated in dimethyl sulfoxide against two
Gram-positive – Bacillus cereus MSCL 330 (BC) and Staphylococcus
aureus MSCL 334 (SA) – and three Gram-negative microbial strains
– Proteus mirabilisMSCL 590 (PM), E. coliMSCL 332 (EC) and Pseudo-
monas aeruginosa MSCL 331 (PA) – and fungi – Candida albicans
MSCL 378 (CA) – in comparison with 2-hydroxyethyl precursors 3,
4 and 8, using the agar ditch diffusion method.[37] The results of
the study are presented in Table 4.

The results were compared with those of standard antibacterial
(gentamicin) and antifungal (fluconazole) drugs.N-(2-Hydroxyethyl)-
N-methyl-1,2,3,4-tetrahydroisoquinolinium iodide (3) showed low
activity against fungi and Gram-negative bacterial strains and was
inactive against the Gram-positive bacterial strains tested. Biological
activity data exhibited enhancement of inhibitory activity against
the tested pathogen microorganisms for N-methyl-N-(2-triorganyl-
siloxyethyl)-1,2,3,4-tetrahydro(iso,silaiso)quinolinium iodides 8,
12 and 14. In general, Gram-negative bacterial and fungal strains
were more resistant to the synthesized compounds than were
Gram positive strains. The most effective action of compounds
studied has been demonstrated against Gram-positive Bacillus ce-
reusMSCL 330 and Staphylococcus aureusMSCL 334 and Gram-neg-
ative Pseudomonas aeruginosa MSCL 331. Compound 12b was
found to be more active against Bacillus cereus MSCL 330 and
Staphylococcus aureus MSCL 334 than gentamicin. The highest
antifungal potency was revealed for N-(2-hydroxyethyl)-
N-methyl-1,2,3,4-tetrahydroquinolinium iodide (4). Selectivity of
antibacterial action was revealed concerning unsilylated 3, 4 and
8. Contrary to N-(2-hydroxyethyl)-N-methyl-1,2,3,4-tetrahydroiso-
quinolinium iodide (3), which is active only against Gram-negative
strains, compound 4 is mostly potent against Gram-positive anti-
bacterial strains. Compound 8, in turn, revealed a wide spectrum
of antibacterial activity. Among the heterocyclic choline derivatives
12f, 13 and 14 bearing the same substituents at the silicon atom
(dimethyldecylsilyl group) and their precursors 3, 4 and 8, silatetra-
hydroisoquinoline derivatives 14 and 8 possessed a wide spectrum
of biological activity and were the most potent compounds.
Contrary to tetrahydroisoquinoline derivatives 12f and 3, which
exhibited higher activity against Gram-negative antibacterial
strains, tetrahydroquinoline derivatives 13 and 4 were mostly
potent against Gram-positive strains. The degree of antibacterial
activity increased among the number of tetrahydroisoquinoline
derivatives with the silyl group nature in the following order
concerning Gram-positive strains:
hn Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/aoc



Table 3. In vitro cell cytotoxicity and intracellular NO generation caused by N-methyl-N-(2-triorganylsiloxyethyl)-1,2,3,4-tetrahydroisoquinolinium
(12a-i), N-(2-hydroxyethyl)-N-methyl-1,2,3,4-tetrahydroisoquinolinium (3) and 4,4-dimethyl-N-(2-hydroxyethyl)-N-methyl-4-sila-1,2,3,4-tetrahydroiso-
quinolinium (8) iodides

Compound/test HT-1080 MG-22A NIH 3 T3

LC50 (mgml�1) NO (%) LC50 (mgml�1) NO (%) LC50 LD50

CV MTT CV CV MTT CV (mgml�1) (mg kg�1)

NR

3 ** ** 2 100 ** 4 1000 2202

12a ** ** 5 73 100 9 827 2391

12b 8 16 200 6 10 150 171 1214

12c <1 <1 150 1 1 150 24 539

12d 3 3 300 3 3 250 14 448

12e ** ** 2 ** ** 3 1340 3182

12f ** ** 4 100 100 6 ** >2000

12g 30 14 200 2 2 150 19 532

12h 17 16 200 13 16 150 85 1083

12i 19 18 100 13 17 100 41 722

8 ** ** 2 ** ** 4 452 1671

CV, crystal violet coloration; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide coloration; NR, neutral red coloration; NO,
nitrogen oxide concentration degree, determined according to the procedure.[36]

* LC50, concentration of compound providing 50% cell killing effect.

** No cytotoxic effect.

Table 4. In vitro antibacterial and antifungal activity data of N-methyl-N-(2-triorganylsiloxyethyl)- 1,2,3,4-tetrahydroisoquinolinium (12a–i), N-(2-n-
decyldimethylsiloxyethyl)-N-methyl-1,2,3,4-tetrahydroquinolinium (13) and N-(2-n-decyldimethylsiloxyethyl)-4,4-dimethyl-N-methyl-4-sila-1,2,3,4-
tetrahidroisoquinolinium (14) iodides given in concentrations of 5mgml�1 (0.35mg per disc) and 10mgml�1 (0.7mg per disc)

Compound Diameter of zones showing complete inhibition of growth (mm)

SA BC EC PA PM CA

5 10 5 10 5 10 5 10 5 10 5 10

3 ** ** 11 ** ** 13 12 16 13 15 11 10

12a 22 26 15 16 9 15 12 20 16 20 11 9

12b 25 30 22 23 11 19 19 19 14 18 11 11

12c 19 20 19 19 11 14 18 20 15 16 16 12

12d 9 8 10 9 9 13 17 18 14 17 13 11

12e 16 18 15 15 12 14 14 20 11 18 11 **

12f 11 11 11 10 9 13 11 18 14 20 11 10

12g ** 12 13 ** 11 13 11 20 10 15 11 9

12h ** ** 10 ** 9 13 10 18 10 19 13 9

12i 13 15 13 14 8 12 17 21 14 18 12 11

4 8 11 8 10 8 9 ** 8 ** ** 13 18

13 12 13 12 13 8 10 ** ** ** ** 11 11

8 18 14 17 15 10 10 10 14 9 ** 13 13

14 19 21 17 19 11 12 10 12 ** ** 13 14

Gentamicin 25 27 19 22 21 23 40 42 20 21 n n

Fluconazole (2/0.2mgml�1) n/n n/n n/n n/n n/n 10/**

n, non-determined.

** No inhibiting effect.
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Me2 C16H33ð Þ< MeHp2< Me2Dc < Me2 C11H23ð Þ< MePh2

< Me2Oct≤HO SicyclMe2
� �

< Me2Dc SicyclMe2
� �

< EtBu2< Et2Me < Et3
wileyonlinelibrary.com/journal/aoc Copyright © 2012 John W
and in the following order concerning Gram-negative strains:

MePh2<HO(SicyclMe2)<Me2Dc(SicyclMe2)<Me2(C16H33) ≤
Me2Dc ≤MeHp2<Me2(C11H23)< EtBu2<Me2Oct< Et2Me< Et3
(E. coli MSCL 332)
iley & Sons, Ltd. Appl. Organometal. Chem. 2013, 27, 114–124



Table 5. In vitrominimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of compounds 13 and 14

Compound MIC (mgml�1) MBC (mgml�1)

SA BC EC PA CA SA

13 256 >256 >256 >256 >256 —

14 8 32 >256 >256 32 32

(2-Triorganylsiloxyethyl)-tetrahydro(iso)quinolines
Me2Dc(SicyclMe2)<HO(SicyclMe2)<Me2(C16H33) ≤Me2Dc<
MeHp2< Et3<Me2(C11H23)< Et2Me<Me2Oct< EtBu2<MePh2
(Pseudomonas aeruginosa MSCL 331) and

Me2Dc(SicyclMe2) ≤HO(SicyclMe2)Me2< (C11H23)< EtBu2<
MeHp2<Me2Oct<MePh2 ≤ Et3<Me2(C16H33)<Me2Dc< Et2Me
(Proteus mirabilis MSCL 590)

Compounds 8 and 14 in general were more active concerning
the Gram-positive strains and less active against the Gram-negative
strains.

In vitro minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) were determined for compounds
13 and 14. The data obtained (Table 5) show that compound
14 possessed not only bacteriostatic (8mgml�1) but also marked
bactericidal action (32mgml�1) against the Staphylococcus aureus
strain.
1
2
3

Conclusions

A series of N-methyl-N-(2-triorganosiloxyethyl)-1,2,3,4-tetrahydroi-
soquinolinium, N-(2-decyldimethylsiloxyethyl)-N-methyl-1,2,3,4-
tetrahydroquinolinium and N-(2-decyldimethylsiloxyethyl)-4,4-
dimethyl-N-methyl-4-silatetrahydroisoquinolinium iodides has been
synthesized as potential pharmacological agents. 29Si NMR
resonance of N-(2-triorganosiloxyethyl)tetrahydro(iso,silaiso)
quinolines and N-methyl-N-(2-triorganosiloxyethyl)-1,2,3,4-tetrahy-
dro(iso,silaiso)quinolinium iodides depended upon the substituent
at the silicon atom.

At the basis of LC50 data, the structure–antitumour activity rela-
tionship was discussed in terms of the nature of the heterocycle
and silyl group, which was present in the amphiphilic molecule of
heterocyclic choline analogues. It has been revealed that all the
synthesized compounds possessed selective cytotoxic action in re-
lation to the studied tumour cells. N-(2-Di-n-butylethylsiloxyethyl)-
N-methyl-1,2,3,4-tetrahydroisoquinolinium and N-(2-di-n-heptyl-
methylsiloxyethyl)-N-methyl-1,2,3,4-tetrahydroisoquinolinium
iodides were the most effective in this respect. A specificity
of the cytotoxic effect towards MG-22A line was displayed
by N-(2-n-dimethylundecylsiloxyethyl)-N-methyl-1,2,3,4-tetrahydroi-
soquinolinium iodide. All the compounds synthesized had high NO
generation activity, exhibited low toxicity or were non-toxic
compounds.

The biological activity data exhibited enhancement of
inhibitory activity against the tested pathogen microorganisms
for N-methyl-N-(2-triorganylsiloxyethyl)-1,2,3,4-tetrahydroisoquino-
linium iodides in comparison with their 2-hydroxyethyl precursors.
The degree of antibacterial activity of tetrahydroisoquinoline deri-
vatives depends on the silyl group nature.

The results obtained are in agreement with our previously
published data for aliphatic choline analogues and allow one to
assume that blocking of the hydroxyl group of N-methyl-N-(2-
Appl. Organometal. Chem. 2013, 27, 114–124 Copyright © 2012 Jo
hydroxyethyl)-1,2,3,4-tetrahydroisoquinolinium iodides with trior-
ganylsilyl group is essential for improvement of their biological
properties.

Supporting information

Supporting information may be found in the online version of
this article.
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