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Abstract 18 

Borrelia burgdorferi is an extracellular spirochete that causes Lyme disease. Currently, no 19 

effective vaccine is available for human and animals except for dogs. In the present study, an 20 

extensive bioinformatics pipeline was established to predict new candidates that can serve for 21 

vaccine development including building the protein-protein interaction network based on 22 

orthologues of experimentally verified protein-protein interaction networks, elucidation of the 23 

proteins involved in the immune response, selection of the topologically-interesting proteins 24 

and their prioritization based on their antigenicity. Proteomic network analysis did yield an 25 

interactome network with 120 nodes with 97 interactions. Proteins were selected to obtain a 26 

subnet containing only the borrelial membrane proteins and immune-related host proteins. 27 
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 2 

This strategy resulted in the selection of 15 borrelial targets, which were subjected to the 28 

extensive bioinformatics analysis to predict their antigenic properties. Based on the strategy 29 

applied in this study the proteins encoded by erpX (ErpX proteins, UniProt ID: H7C7L6) and 30 

erpL (ErpL protein, UniProt ID: H7C7M3) and erpY (ErpY protein, UniProt ID: Q9S0D9) are 31 

suggested as novel set of vaccine targets to control Lyme disease. Moreover, five different 32 

tools were used to validate their antigenicity regarding B-cells. The combination of all these 33 

proteins in a vaccine should allow improved protection against Borrelia infection. 34 

 35 

1. Introduction 36 

Lyme disease (LD) is one of the most rapidly spreading vector-borne disease caused 37 

by spirochetal bacteria Borrelia that may cause serious infection in human and animal 38 

species. The Borreliae possess several mechanisms that enable them to invade the host and 39 

escape from the host immune system including downregulation of immunogenic surface 40 

proteins, degradation of extracellular matrix and utilization of the fibrinogenic system of host 41 

in order to invade tissue and persist in several hosts. Compared to other Gram-negative 42 

bacteria, borrelial outer membrane lacks the immunogenic surface glycolipid 43 

lipopolysaccharides (LPS). However, Borrelia express on their surface a variety of the low 44 

molecular outer surface proteins (Osp´s), which are necessary for the persistence of spirochete 45 

in various host (1, 2).  Osp´s interact with several complement regulatory proteins (CRP) and 46 

protect Borrelia against complement-mediated killing (3, 4). It was reported earlier that 47 

Borrelia possess several proteins for the interaction with CRP factor H such as ErpA, ErpC, 48 

ErpP (5), CRASP-1 (3), OspE (6), FhbA (7) and others (Table 1). Apart from CRP-binding 49 

proteins, spirochetes express a variety of other surface proteins, which are able to interact 50 

with adaptive immune system (8, 9). 51 

The severity of the disease, high treatment costs and significant increase of LD cases, 52 

result in a strong demand for vaccination as the most effective measure for prevention against 53 

LD. Nowadays, no licensed vaccine is available for immunization against Lyme disease in 54 

human (10). In the past, human vaccine LYMErix™ (SmithKline Beecham, Pittsburgh, PA, 55 

USA) was available, however, the low efficiency, late vaccination effect and insufficient 56 

protection against the full spectrum of the borrelial species withdrew the LYMErix™ from 57 
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 3 

the market (11). Currently, only the vaccines for dogs Recombitek® (Merial) and 58 

Novibac®Lyme (Merck Animal Health) are licensed and available for use in veterinary 59 

medicine. 60 

Based on the slow progress in vaccine development against LD new strategies based 61 

on in silico methods were successfully implemented and advocated for the development of 62 

new vaccines (12-14).  Although bioinformatics analysis of genetic, proteomic and 63 

biochemical data reveal valuable information about the interactions between Borrelia and its 64 

hosts, protein-protein analysis can be boosted further by novel bioinformatics-based 65 

approaches that allow analyzing the data in a high-throughput manner. In our new study, 66 

multiple databases and a homology-based pipeline were used in order to obtain a 67 

comprehensive view of all interactions between the borrelial and host proteins involved in 68 

immune defence processes. 69 

To improve the search for putative vaccine candidates against Borrelia, we applied 70 

bioinformatics approaches after an extensive literature review to achieve a well-curated and 71 

detailed interactome network between Borrelia burgdorferi sensu lato (B.b.s.l) and its human 72 

host. The best candidates from the human-Borrelia network were further analyzed to identify 73 

optimal vaccine targets based on their antigenicity. 74 

 75 

2. Methods 76 

2.1 Building of an orthology-based network 77 

To establish the human-Borrelia interaction network we used the stringent interolog based 78 

method (15, 16). The reference proteome of human (proteome ID: UP000005640, 70615 79 

protein entries) and B. burgdorferi (strain ATCC 35210 / B31 / CIP 102532 / DSM 4680, 80 

proteome ID:UP000001807, 1290 protein entries) were retrieved from UniProt database (17). 81 

Experimentally verified PPIs of human and other mammalian hosts and Borrelia were 82 

collected from PUBMED, PHISTO, PATRIC and HPIDB databases (18-20)  as well as from 83 

manual curation (Table 1) and used as a template to demarcate the orthology based human:B. 84 

burgdorferi interaction networks. All interolog calculations were performed with InParanoid 8 85 

(21) and only the seed orthologs were considered. Interactions were constrained by presence 86 

Page 3 of 27 Molecular Omics

M
ol

ec
ul

ar
O

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
3 

A
ug

us
t 2

01
8.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
Sa

nt
a 

B
ar

ba
ra

 o
n 

8/
5/

20
18

 6
:5

2:
38

 P
M

. 

View Article Online
DOI: 10.1039/C8MO00130H

http://dx.doi.org/10.1039/c8mo00130h


 4 

and absences of functional domains between the interacting proteins. To increase the 87 

confidence only the predictions were considered true in which the interacting pair contains at 88 

least one combination of truly interacting domain as mentioned in three domain interaction 89 

databases DOMINE, DIMA or IDDI (22-24). Domains in the interactors were annotated by 90 

PFAM database (25). The list of the appropriate protein-protein interactions was further 91 

filtered according to the localization of the protein using the SwissProt platform and only the 92 

membrane proteins of Borrelia were selected as targeted proteins for the novel vaccine 93 

candidates. Identification of non-homologous borrelial proteins was performed with BlastP 94 

analysis. The expectation value (e value) inclusion threshold was set to 0.001 with the 95 

minimum bit score of 100 and identity <30%. The functional importance of the proteins found 96 

was evaluated using sequence similarity to entries in the Database of Essential Genes (DEG) 97 

with following criteria: analysis BlastP (26) with an E-value cut-off of 1E-05, matrix 98 

BLOSUM62 and bitscore 100. Moreover, to complete the interaction map it was also 99 

extensively hand-curated taking data from databases and literature into account.  100 

 101 

2.2 Gene Ontology (GO) analysis    102 

All the protein sequences involved in host interactions were further analyzed concerning their 103 

function. GO analysis was performed by DAVID version 6.7 bioinformatics platform (27) and 104 

subsequently manually curated and categorized. Additionally, based on Gene Ontology (GO) 105 

annotations we extracted the interactions where protein sequence of human was marked as 106 

complement system or related protein. 107 

2.3 Network analysis and visualization 108 

The networks were graphically visualized using Network Analyzer plugin version 2.7 of 109 

Cytoscape version 2.8.1 (28). The number of the nodes and edges, as well as connectivity of 110 

nodes, were determined by graph theoretical analysis.  111 

2.4 Screening for antigenicity properties of potential vaccine targets 112 
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 5 

In order to assess the most prospective vaccine targets based on their antigenicity, three 113 

different analysis were employed: a) identification of linear B-cell epitopes, b) estimation of 114 

the antigenic score, and c) BLAST-based filtering of human homologs. Four servers were 115 

employed for identification of epitopes. BCPREDS (29) was used to predict the B-cell 116 

epitopes with an epitope length of 15 and a specificity of 75% ; LBtope (30) with the identical 117 

conditions; Antibody Epitope Prediction at IEDB (31) using the length 15/16 amino acids and 118 

Bepipred Linear Epitope Prediction method, and; BcePred (32) was used for prediction of 119 

continuous B-cell epitopes using the default threshold and with the length at least 10 amino 120 

acids. The antigenicity of the most expected proteins was predicted using the VaxiJen 121 

program (http://www.jenner.ac.uk/VaxiJen) with a threshold cut-off of 0.5. The MHC-class I 122 

epitopes were also analyzed as shown in our previous work (33) using the matrices HLA 123 

DRB1*0101, DRB1*0301, DRB1*0401, DRB1*0701, DRB1*1101 and DRB1*1501. 124 

Subsequently, we performed a BlastP search of each epitope against human sequences with an 125 

E-value cut-off of 2E-05, matrix PAM30 and word size 2. 126 

 127 

3 Results and Discussion 128 

3.1 Identification of interactome network 129 

Protein-protein interaction networks allow high-throughput protein screening in 130 

considerably less time compared to conventional experimental techniques and facilitate 131 

straightforward exploring of novel perspective vaccine and drug targets. Over the last decade, 132 

the data from the whole-genome sequencing platforms became more accessible and large 133 

datasets of proteins resulted in development of databases, such as STRING (34), Host-134 

pathogen interaction database (20), Database of interacting proteins (35) and Microbial 135 

protein interaction (36). However, the disadvantage of those databases is the limited number 136 

of host and pathogen species, which include usually the model organism and most important 137 

medical pathogens, such as influenza virus, Helicobacter pylori, Arabidopsis thaliana and 138 

Drosophila melanogaster (35, 20, 36).  139 

Using data mining and computational analysis based on the orthologous proteins of a 140 

man and Borrelia we generated a list of potential human:Borrelia interactions. Information 141 
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 6 

about the protein interactions was collected using literature data mining (Table 1) and the map 142 

of interactome was constructed (Fig. 1). The complete protein-protein interaction network 143 

consisted of 856 putative interaction pairs between 895 proteins, from which 666 belongs to 144 

human and 229 to borrelial proteins (Table S1). The proteins with most interactions among 145 

the borrelial proteins was DNA-directed RNA polymerase subunit beta (UniProt ID: Q59191, 146 

45 interactions) followed by flagellin protein FliN (UniProt ID: Q44903, 18 interactions), Gln 147 

aminotransferase (UniProt ID: O51317) and CTP synthase (UniProt ID: O51522), both found 148 

in 14 interactions and thirteen interaction partners were identified for ParB (UniProt ID: 149 

O51395). Analysis of the human proteins showed that the NFKB (UniProt ID: P19838) was 150 

the proteins with the highest number of interaction (23followed by Stabilin-1 (UniProt ID: 151 

Q9NY15, 11 interactions) and Complement factor H (UniProt ID: P08603, 8 interactions), 152 

CD74 (UniProt ID: P04233, 7 interactions). Six interaction partners were observed also for 153 

Trinucleotide repeat-containing gene 6A protein (UniProt ID: Q8NDV7), STAT6 (UniProt 154 

ID: P42226) and β-2-microglobulin (UniProt ID: P61769).  155 

3.2 Selection of potential borrelial vaccine targets by compartment and localization 156 

Interactome networks included all interacting proteins, with random function and 157 

location. The proper selection and characterization of interactome members are crucial in 158 

order to find the vaccine candidates. Therefore, we prioritized only the elements of the 159 

interactome essential for adhesion and binding. Our reduction strategy followed two main 160 

criteria. One of the borrelial strategies for the survival in the bloodstream is interaction with 161 

the complement-related proteins or mimicking of those proteins to avoid or inhibit the 162 

complement-mediated lysis of extracellular pathogens. We were focused only on the proteins 163 

related to complement system or involved in the immune response, which were used to model 164 

the subnetwork of interactome. The second criterion in the selection of the most suitable 165 

candidates for vaccine development is their topographical distribution as only the membrane 166 

proteins are accessible for the host immune cells.  167 

3.2.2 Characterization of the H. sapiens-B. burgdorferi subnetwork  168 

The human subnetwork focused on the complement-related proteins consists of 97 169 

interactions between 41 human and 79 borrelial proteins (Table S2). CRASP-1 (UniProt ID: 170 

O50957) encoded by cspA gene was predicted as a top target involved in the interactions with 171 
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 7 

complement factor H (UniProt ID: P08603), complement factor H-related proteins 1 and 2 172 

(UniProt ID: Q03591 and V9GYE7), complement components C7 (UniProt ID: P10643), C8 173 

beta chain (UniProt ID: P07358) and C9 (UniProt ID: P02748). Employment in two 174 

interactions was observed for most of the members of Erp-proteins, flagellar protein FlgE 175 

(UniProtID: Q447679, variable large protein (G5IXI6) and HflK (UniProtID: O51221). 176 

Proteins with a high degree of connection, however, located in the cytoplasm, were excluded 177 

from the further study. High numbers of interactions among human proteins were observed 178 

for NFKB (UniProt ID: P19838), Stab1 (UniProt ID: Q9NY15) and complement factor H 179 

(UniProt ID: P08603) (Table S1A) with the values of 23, 11 and 8 interactions, respectively 180 

(Table S2). As a strong candidate for vaccine development, members of the OspE/F-related 181 

protein family (Erp) seem to be good targets: Erp are borrelial lipoproteins. They were found 182 

to interact with the complement factor H and complement factor H-related proteins of various 183 

mammalian species (5), however, the regulation and exact function of these proteins remain 184 

unclear (37).  185 

  186 

3.3 Distribution of candidate vaccine proteins according to GO function 187 

Functional analysis of interacting proteins was performed by BLAST-GO annotation.  188 

From the seventy-nine spirochetal proteins in the subnetwork, only 48 have been annotated 189 

with biological function. The larger cluster contains proteins that participate in response to 190 

stimulus (GO: 0050896; 81% of annotated proteins), followed by a cluster of single-organism 191 

process proteins (GO:0044699; 79%), biological regulation (GO:0065007; 75%), metabolic 192 

processes (GO:0008152; 68%), immune system processes (GO:0002376; 68%), cellular 193 

processes (GO:0009987; 66%) and signaling (GO:0023052; 50%). In addition, proteins 194 

involved in other essential biological processes, such as developmental process, cellular 195 

component organization or biogenesis, biological adhesion, locomotion, and cell killing were 196 

detected (Figure 2, Table S3). This analysis suggests proteins involved in metabolic processes 197 

as the main group to consider as vaccine candidates given that blocking of those proteins will 198 

lead to the dysfunction of the enzymatic machinery, resulting in the inability of the bacteria to 199 

infect and replicate in the host. Human interacting partners were distributed mainly in the 200 

categories GO:0005488 (binding; 59% of annotated proteins), GO:0003824 (catalytic activity; 201 
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 8 

16%), GO:0071704 (receptor activity; 8%), and others, including protein binding transcription 202 

factor activity, receptor regulator activity and transporter activity (Supp. Figure 1).    203 

3.4 Vaccine target prioritization 204 

The prediction of antigenic epitopes is crucial for vaccine development; therefore, we 205 

focused only on proteins which are recognized by B-cells. The work of Drouin et al. showed 206 

that T-cells can be activated by borrelial proteins via cross-reactive epitopes during the 207 

infectious phase of Lyme disease and can be continuously stimulated by a homologous self-208 

antigen during the post-infectious period. Furthermore, the cross-reactive T-cell can recognize 209 

both borrelial antigen and own peptides, what can be an investigate step in the development of 210 

autoimmune disease (38). The software we used to predict the B-cell epitopes relies mainly on 211 

the identification of the linear epitope sequence from the primary amino acids of the proteins 212 

in the context of their properties, such as hydrophilicity and solvent accessibility. Among all 213 

the protein candidates localized on the cytoplasmic or outer membrane of Borrelia, we 214 

selected 27 borrelial proteins based on their capability of interaction with host proteins (Table 215 

2). Using the software for the prediction of linear epitopes, each of the proteins showed the 216 

presence of putative epitopes. For further analysis, only the epitopes that were found (also as 217 

overlapping sequences) in at least two of four epitopes tools were further analyzed (Table S4, 218 

shown in bold).  219 

To identify the most antigenic proteins, we analyzed the whole sequence of each 220 

candidate with VaxiJen using a threshold cut-off of 0.5. From the 27 proteins, fifteen appear 221 

below the threshold line (Table 2). Three of them were assessed by the program as putative 222 

antigenic molecules (threshold above 0.4):, the “binding-protein-dependent transport systems 223 

inner membrane component domain protein” (UniProt ID: O51585), the L-lactate permease 224 

(UniProt ID: O51549) and in the Pts system, the fructose-specific iiabc component (UniProt 225 

ID: O51369), however, with only a low antigenic score.  In addition, the BlastP screening of 226 

each epitope against the human sequences revealed any significant similarity (Table S5). 227 

We found that the top three candidates with the best antigenicity score and 228 

connectivity levels (Table 3) belong to the Erp proteins encoded by erp genes located on 229 

extrachromosomal elements. These proteins are expressed in the early phase of LD and bind 230 
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 9 

mammalian factor H, plasmin/plasminogen, laminin, as well as other components of the 231 

extracellular matrix (5, 39). Binding to the extracellular matrix is a crucial event for Borrelia. 232 

For the dissemination in the host body, bacterium moves in the vascular system. However, 233 

here occur strong protective mechanisms that can lead to the death of the bacterium. 234 

Therefore, Borrelia is seeing for evasion from vascular tissue to invade the tissue with a low 235 

immune response. The group of erp genes is very diverse, resulting in the interaction with 236 

different host components and inhibition of complement-mediated lysis caused by the 237 

recruiting of the complement-regulatory proteins (40).  Borrelia express Erp proteins in very 238 

small quantities at a low temperature of 23°C (the ambient temperature of the unfed tick). 239 

Switching the temperature when the tick starts feeding in warm-blood animal (23 to 34°C) 240 

significantly up-regulates the expression of Erp proteins (41). Temperature-dependent 241 

expression is probably one of the critical events in the natural infectious cycle of Borrelia. 242 

Variability of the surface antigens such as Erp and CRASP is one of the strategies to avoid the 243 

host protective mechanism and facilitate the development of the LD. The binding of the Erp 244 

protein to complement regulatory proteins depends on the amino acid sequence and 245 

glycolysation pattern of host proteins, which differ among the species. Activating of the 246 

immune defence depends on the several factors. One of them is complement resistance which 247 

depends on the binding affinity of borrelial proteins to factor H (42, 43). It was shown, that 248 

ErpA/I/N, ErpC and ErpP and ErpX bind the factor H in several groups of animals and 249 

humans. However, ErpL binds the factor H exclusively in cow, which is resistant to Borrelia 250 

infection (5). Although several studies in mammals showed the high immunogenic capacity of 251 

Erp proteins, they had never been investigated in detail for technical reasons (reviewed in 252 

(44).  253 

The best candidate among the chosen proteins in our analysis is ErpX, a surface-254 

exposed lipoprotein. ErpX binds to the complement factor H and factor H-like proteins as 255 

well as laminin, the component of the extracellular matrix (5, 39). The binding affinity of 256 

each of the Erp proteins to mammalian Factor H varies among species. The human, cat, dog 257 

and horse factor H have great affinity to the ErpX; while the rat, mouse and rabbit only 258 

exhibit weak affinity and, finally, cattle Factor H shows no binding affinity. The primary 259 

sequence is only approximately 20% identical to the primary sequence of other members of 260 

Erp proteins; however, they share the same sequence motifs and probably the function (5).  261 
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 10

The second top candidate, lipoprotein ErpL, is a member of the OspF-related family, 262 

which binds heparin sulfate and plasminogen, as well as complement regulatory factor H. The 263 

heparin sulfate-mediated borrelial attachment leads to the adhesion of the glial, synovial and 264 

respiratory epithelial cells and promotes tissue colonization (45). Interestingly, it is the only 265 

Erp protein able to bind Factor H of cattle (5).   266 

ErpY protein, encoded in the cp32 prophage family of plasmid-like elements, had 267 

been also shown as a binding partner to factor H from rodents, dogs and cats (5). The erpY 268 

gene is consistently expressed in the infected tissue even after a long time, but in lower levels 269 

compared to erpL (46).  270 

A high antigenicity score was observed also for the Variable large protein (Vlp), the 271 

crucial player in evasion mechanisms of host immune response. It occurs typically during the 272 

mammalian host infection, interestingly, in alternation with the Variable small protein (Vsp). 273 

Both lipoproteins Vlp and Vsp are encoded by the same expression plasmid, but they are 274 

expressed in different cycles of infection. When the host immune system recognizes the 275 

antigen and starts to produce Vlp antibody, Borrelia switch the expression and instead of the 276 

Vlp, produce the Vsp protein. The antigenic variation mechanism is the best reported in the 277 

species caused the relapsing fever (47). 278 

The infection-associated membrane lipoproteins OspA and OspC were the most 279 

popular targets for vaccine development (587 research articles for OspA, 158 for OspC and 280 

116 research articles for OspA/OspC related to vaccine development until February 2018, 281 

PubMed). However, they do not belong to the top-three candidates, as they are interacting 282 

only with one interacting partner among the immune-related host proteins. However, both of 283 

those proteins are strong antigens according to the results of the antigenicity validation. To get 284 

a complete view of the selected candidates, we analyzed them in order to search for their 285 

homologues in the host under BlastP analysis. We found that only two of them have to be 286 

restricted from the list of potential candidates: OppD (UniProt ID: H7C7Q3) and ABC 287 

transporter, ATP-binding protein (UniProt ID: O51695), as both possess orthologues in 288 

human proteome.  289 
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Concerning overall results obtained in this study, we suggest additionally to the Erp 290 

proteins (ErpX, ErpL, ErpY) also the proteins encoded by bb_F0041 (Variable large protein, 291 

UniProt ID: G5IXI6) as a novel target for vaccine development against Borrelia. These Erp 292 

proteins and Vlp were validated by the interactome and ortholog reconstruction, together with 293 

their compartment localization and high B-cell antigenicity and high antigenicity score make 294 

them good vaccine candidates. 295 

4 Conclusion 296 

The present study suggests four proteins of B. burgdorferi that can be promising candidates 297 

for new vaccine research. Development of vaccines against Borrelia for human is challenging 298 

and a long-term process, which at present did not lead to satisfactory protection against LD. 299 

We performed in this study extensive bioinformatics studies to get broadly new candidates 300 

that can serve in vaccine developments including building the protein-protein interaction 301 

network based on the orthologues of experimentally verified PPI, elucidation of the proteins 302 

involved in the immune response (e.g. interaction with complement-regulatory proteins), 303 

selection of topologically-interesting membrane proteins and their prioritization based on the 304 

antigenicity. To avoid harmful effects on the host, homologous proteins were removed from 305 

the list of suggestions. Extracellular pathogens use several strategies to evade the complement 306 

attack. Borrelia developed several strategies, mainly addressed to the binding to CRPs, to 307 

survive in the bloodstream. Our filtering method resulted in identification of 15 proteins 308 

interacting with immune proteins. Among these proteins, four are suggested for further 309 

studies to test and probe their potential as novel vaccine candidates being lipoproteins and 310 

pathogenicity factors, highly exposed, in the right compartment and with high antigenicity. 311 

 312 
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Table 1: The protein-protein interaction network between complement-related proteins 467 

and Borrelia burgdorferi sensu lato
1
 468 

Protein of 

Borrelia 

Pathogen Host protein Host Reference 

BBK32 B. burgdorferi 

 

C1, C1r human (48) 

App. 40 kDa, app. 

30 kDa: 

e.g. gi|426202330 

gi|106534293 

gi|1507705 

gi|75344820 

gi|1507653 

gi|106534293 

B. valaisiana, B. 

lusitaniae, B. 

bissetti, B. japonica, 

B. afzelii, B. 

burgdorferi, B. 

bavariensis, B. 

garinii, B. hermsi 

C4Bp 

 

human (4) 

App. 140 kDa B. corriaceae C4Bp human (4) 

gi|239835984 B. burgdorferi C4Bp sheep (4) 

N/A B. recurrentis, B. 

duttoni,B. 

burgdorferi 

C4Bp human (49) 

 

BGA66, BGA71 B.  bavariensis complement components 

C7, C8 and C9 

human (50) 

CRASP-3 

CRASP-5 

B. burgdorferi 

 

Factor H – related protein 

(CFHR)1, CFHR2, CFHR5  

human (51) 

BpcA  B. parkeri Factor H  

CFHR 1 

human (52) 

BhCRASP-1 B. hermsii Factor H 

CFHR 1 

human (53) 

OspE 

 

B. burgdorferi Factor H  

CFHR 1  

human (6) 

FhbA B. hermsii Factor H human (7) 

App. 17-26 kDa 

e.g. 

gi|488741558 

gi|218964081 

gi|254952778 

gi|108796607 

B. afzelii, B. 

burgdorferi, B. 

garinii, B. 

valaisiana, B. 

andersoni, B. 

japonica, B. hermsi, 

B. parkeri, B. 

anserina 

Factor H human (4) 

gi|254952778 

gi|51707666 

B. burgdorferi Factor H  

 

sheep (4) 
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B. bissetti 

gi|195942064 B. coriaceae Factor H  cattle (4) 

FhbA  B. hermsii, Factor H  

CFHR 1  

human (54) 

N/A B. recurrentis, B. 

duttoni,B. 

burgdorferi 

Factor H human (49) 

OspE-related 

lipoprotein 

B. japonica Factor H human, 

mouse 

(3) 

CRASP-1 outer 

surface protein 

B. afzelii, Factor H human, 

mouse 

(3) 

Complement 

regulator-

acquiring surface 

protein 1 

B. burgdorferi Factor H human (3) 

N/A B. garinii, B. 

valaisiana, B. 

andersoni, B. 

bissetti, B. hermsi, B. 

parkeri, B. anserina 

Factor H human (3) 

Membrane 

protein 

(WP_011703765) 

B. afzelii Factor H mouse (3) 

N/A B. bissetti, B. 

japonica, B. 

coriaceae, B. 

burgdorferi, B. 

andersoni, B. hermsi 

Factor H mouse (3) 

15-58 kDa 

proteins 

B. hermsi, B. 

coriaceae 

Factor H rat (3) 

20 kDa protein B. hermsi Factor H guinea pig (3) 

40 and 58 kDa 

proteins 

B. coriaceae Factor H cow (3) 

15-20 kDa 

proteins 

B. afzelii, B. 

valaisiana, B. 

andersoni, B. 

japonica 

Factor H dog (3) 

15 and 22 kDa 

protens 

B. afzelii, B. Factor H cat (3) 
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japonica 

ErpA/I/N, ErpC, 

ErpP, ErpX 

B. burgdorferi Factor H human, horse (5) 

ErpA/I/N, ErpC, 

ErpP, ErpX, ErpY 

B. burgdorferi Factor H rat, mouse, 

rabbit 

(5) 

ErpA/I/N, ErpC, 

EpcG, ErpL, ErpP 

B. burgdorferi Factor H cattle (5) 

ErpA/I/N, ErpC, 

ErpG, ErpP, 

ErpX, ErpY 

B. burgdorferi Factor H  dog, cat (5) 

BaCRASP-4 

BaCRASP-5 

B. afzelii Factor H 

 

human (55) 

BbCRASP-3 

BbCRASP-4 

BbCRASP-5 

B. burgdorferi 

 

Factor H 

 

human (55) 

BAPKO_0422 B. afzelii Factor H human (56) 

BaCRASP-1 

BbCRASP-2 

BbCRASP1 

B. burgdorferi CFHR1, reconectin human (55) 

30, 55 and 130 

kDa proteins 

B. garinii 

B. afzelii  

B. valaisiana 

B. andersoni 

B. anserina 

Vitronectin 

 

human (4) 

1
after bioinformatics analysis and detailed manual curation 469 

N/A – the interacting proteins were not characterized 470 

  471 
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Table 2: The protein interaction network between complement-related proteins and 472 

Borrelia burgdorferi sensu lato 
1
 473 

UniProt 

Acces. 

Nr. 

Protein 

(Borrelia) Degree Localization 

Interacting 

partners (human) 

Homo

logy 

with 

huma

n 

DEG2 VaxiJe

n 

score 

Prob

able 

antig

en 

O51369 

Pts system, 

fructose-

specific iiabc 

component 8 

Cytoplasmic 

Membrane 

E1BAK9, E1BDD9, 

F1MYZ3, F1N0R5, 

P01888, Q0VCJ2, 

Q3SZA6, Q862A9 

N 3 0.4046 yes 

Q44767 FlgE 8 Extracellular 

A0JN51, E1BDD9, 

F1MYZ3, F1N0R5, 

P01888, Q0VCJ2, 

Q3SZA6, Q862A9 

N 0 0.5288 yes 

O51039 

UPF0118 

membrane 

protein 

BB_0006 7 

Cytoplasmic 

Membrane 

A1A4L7, E1BDD9, 

F1MYZ3, F1N0R5, 

P01888, Q3SZA6, 

Q862A9 

N 2 0.7313 yes 

P70859 HAP1 5 Extracellular 

Q2KI50, E1BAL5, 

FIMB08, FIMKW9, 

F1N1T8 

N 0 0.3499 no 

O50957 CRASP-1 4 Extracellular 

F1N102, Q28085, 

O50957, Q3MHN2 

N 0 0.5800 yes 

O51550 

Serine-type 

D-Ala-D-Ala 

carboxypeptid

ase 4 

Cytoplasmic 

Membrane 

E1BEJ5, F1MVJ8, 

P26201, Q9TU03 

N 2 0.3068 no 

O51310 OppC 3 

Cytoplasmic 

Membrane 

F1MAZ0, F1MDU9, 

P01888 

N 11 0.3648 no 

O51272 FtsK 3 

Cytoplasmic 

Membrane 

G3N026, Q56JW7, 

Q9XS49 

N 23 0.5404 yes 

O51278 

Signal 

peptidase I 3 Membrane 

A6QLZ0, E1BNJ1, 

G5E5X0 

N 1 0.3314 no 

O51161 

Penicillin-

binding 

protein 3 Membrane 

A6H767, E1BM52, 

Q95KV1 

N 47 0.3744 no 

G5IXI6 VlsE1 2 Membrane Q28065, Q3ZBS7 

N 0 0.6848 yes 

O50835 BBK32 2 Membrane A5D9E9, F1MJ12 

N 0 O5083

5 

yes 

O51549 

L-lactate 

permease 2 

Cytoplasmic 

Membrane E1BGB0, P01888 

N 1 0.4754 yes 

O51754 

Sodium/panto

thenate 

symporter 2 

Cytoplasmic 

Membrane F1MKW9, P01966 

N 1 0.7552 yes 
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H7C7Q3 OppD 2 

Cytoplasmic 

Membrane F1MKW9, Q3MHI2 

Y 100 0.3997 no 

Q9S0D9 ErpY 1 Extracellular Q28085 
N 0 0.8473 yes 

Q9S036 ErpP 1 Extracellular Q28085 
N 0 0.6611 yes 

O50889 Antigen, P35 1 Extracellular Q28085 

N 0 0.6404 yes 

H7C7N5 ErpA8 1 Extracellular Q28085 
N 0 0.6246 yes 

H7C7M3 ErpL 1 Extracellular Q28085 

N 0 0.8833 yes 

H7C7L6 ErpX 1 Extracellular Q28085 

N 0 0.9108 yes 

Q07337 OspC 1 Extracellular Q28065 
N 0 0.6518 yes 

P0CL66 OspA 1 Extracellular Q28065 

N 0 0.8151 yes 

O51585 

Binding-

protein-

dependent 

transport 

systems inner 

membrane 

component 

domain 

protein 1 

Cytoplasmic 

Membrane E1BNJ1 

N 5 0.4953 yes 

O51735 

Outer 

membrane 

protein 1 Extracellular F1MKW9 

N 21 0.3901 no 

O51695 

ABC 

transporter, 

ATP-binding 

protein 1 

Cytoplasmic 

Membrane F1MKW9 

Y 100 0.1688 no 

 474 

1
after detailed bioinformatics and computational analysis  475 

2
DEG – Number of homologs found in DEG, N – no homology, Y – homologous proteins found 476 

 477 

  478 
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Table 3. Summary of selected target proteins. 479 

 480 

Gene Protein UniProt 

ID 

MW Function Compartmen

t 

Expression in 

infection 

cycle 

Score B-

cell 

/VaxiJen* 

MHC I - 

class 

epitopes*

* 

erpX 

 

ErpX 

protein 

H7C7L6 39.8 kDa Contributes in 

invasion and 

long-term 

colonization of 

host tissues, 

laminin binding 

Outer cell 

membrane 

Only in the 

mammalian 

host, 

unexpressed in 

the tick host  

1/0.9108 12 

erpL ErpL 

protein 

H7C7M3 26.1 kDa Tissue 

colonization 

Outer cell 

membrane 

Strongly in 

mammalian 

host in the 

early phase of 

LD 

1/0.8833 3 

erpY  ErpY 

protein 

Q9S0D9 25.4 kDa Unknown Outer cell 

membrane 

Stronger 

expressed by 

low 

temperature, 

expressed also 

in mammalian 

host 

1/0.8473 5 

BB_F00

41 
 

Vlp protein 

(syn. 

VlsE1, 

BB_F0041

) 

G5IXI6 36.2 kDa Involved in 

pathogenesis 

(antigenic 

variation and 

tissue 

tropism) 

Outer cell 

membrane 

Expressed in 

each 

mammalian 

and tick host, 

strongly 

expressed in 

the early phase 

of LD 

1/0.6848 7 

erpP ErpP 

protein 

(syn. 

Q9S036 20,6 kDa Binding 

multiple 

serum and 

Outer cell 

membrane 

Only in the 

mammalian 

host, 

unexpressed in 

1/0.6611 2 

Page 22 of 27Molecular Omics

M
ol

ec
ul

ar
O

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
3 

A
ug

us
t 2

01
8.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
Sa

nt
a 

B
ar

ba
ra

 o
n 

8/
5/

20
18

 6
:5

2:
38

 P
M

. 

View Article Online
DOI: 10.1039/C8MO00130H

http://dx.doi.org/10.1039/c8mo00130h


 23

CRASP-3) tissue 

components 

the tick host 

MW: molecular weight 481 

*Score B-cell is the score of the most antigenic epitope of the protein generated by FBCpres.  482 

** MHC class I alleles distribution for antigenic epitopes was generated according (33) 483 

(Supp. Figure S2) 484 

  485 
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Figure legends 486 

Figure 1: A map of the host-pathogen protein-protein interaction (PPI) network between 487 

human and B. burgdorferi. The map is based on interologs of eukaryotic-bacteria PPIs and 488 

literature information. The color of the nodes indicates different information; Color code: blue 489 

= B. burgdorferi proteins, purple = B. burgdorferi proteins with >=5 host interacting proteins, 490 

pink = human immune-related proteins.  491 

    492 

Figure 2: Distribution of interacting borrelial proteins according to GO annotation. Pie 493 

chart representations of the distribution of identified 48 borrelial proteins interacting with 494 

human proteins according to their molecular functions.  495 

 496 

Figure 3: Comparision of immune-related proteins subnetworks. Same proteins from 497 

pathogen and the orthologs of  human proteins are oriented at the same place in the networks. 498 

Color code: blue = B. burgdorferi proteins, purple = B. burgdorferi proteins with >=5 host 499 

interacting proteins, pink = human immune-related proteins. The proteins higlighed in black 500 

are the proteins suggested as the novel protein targets based on their antigenicity, molecular 501 

characteristics and interactome data. 502 

 503 

 504 

 505 

 506 
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