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a b s t r a c t 

Bacteria of the genus Borrelia cause vector-borne infections like the most important hard tick-borne dis- 

ease in the northern hemisphere, Lyme borreliosis (LB), and soft tick or louse transmitted relapsing 

fevers (RF), prevalent in temperate and tropical areas. Borrelia burgdorferi sensu lato (s.l.) includes sev- 

eral genospecies and causes LB in humans. In infected patients, Borrelia burgdorferi sensu stricto (s.s.) 

expresses the BmpA, BmpB, BmpC and BmpD proteins. The role of these proteins in the pathogenesis 

of LB remains incompletely characterized, but they are, however, closely related to Treponema pallidum 

PnrA (Purine nucleoside receptor A), a substrate-binding lipoprotein of the ATP-binding cassette (ABC) 

transporter family preferentially binding purine nucleosides. Based on 3D homology modeling, the Bmp 

proteins share the typical fold of the substrate-binding protein family and the ligand-binding properties of 

BmpA, BmpB and BmpD are highly similar, whereas those of BmpC differ markedly. Nevertheless, these 

residues are highly conserved within the genus Borrelia and the inferred phylogenetic tree also reveals 

that the RF Borrelia lack BmpB proteins but has an additional Bmp protein (BmpA2) missing in LB-causing 

Borrelia burgdorferi s.l. Our results indicate that the Bmp proteins could bind nucleosides, although BmpC 

might have a different ligand-binding specificity and, therefore, a distinct function. Furthermore, the work 

provides a means for classifying the Bmp proteins and supports further elucidation of the roles of these 

proteins. 

© 2018 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Bacterial species of the phylum Spirochaetes are the causative

gents of many globally prevalent illnesses, such as the venereal

isease syphilis, and the tick- and/or louse-borne diseases Lyme

orreliosis (LB) and relapsing fever (RF) ( Gupta et al., 2013 ). Tre-

onema pallidum subspecies pallidum ( T. pallidum ) infection leads

o syphilis, which affects about 36.4 million patients worldwide

 Rowley et al., 2012 ). Borrelia burgdorferi sensu lato ( B. burgdorferi

.l.) and the relapsing fever associated Borrelia species (RF Borre-

ia ) are important human pathogens that cause LB and RF, respec-

ively. B. burgdorferi s.l. is divided into several so called genospecies

uch as B. burgdorferi sensu stricto (s.s.), B. afzelii and B. garinii .

he RF Borrelia also includes numerous species. There are approx-

mately 3,0 0,0 0 0 LB infections in the United States as estimated

y the Centers for Disease Control and Prevention ( Kuehn, 2013 ),
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hereas in Europe, there are 60,0 0 0–2,0 0,0 0 0 LB infections annu-

lly ( Hubálek, 2009; Sykes and Makiello, 2014 ). RF is endemic es-

ecially in Africa where up to 9% of all fever patients are infected

ith RF Borrelia ( Cutler, 2015; Nordstrand et al., 2007 ). Currently

n Europe, there are emerging cases of louse-borne RF among East-

frican asylum seekers ( Cutler, 2016; Darcis et al., 2016; Hytönen

t al., 2017 ). 

T. pallidum, B. burgdorferi s.l. and RF Borrelia are gram-negative

acteria with a helical structure and a didermic cell envelope

 Cutler, 2015 ; Radolf et al., 2012 , 2016 ). The spirochetes have a

imited metabolic and biosynthetic capacity ( Cutler, 2015; Fraser

t al., 1997, 1998 ). For example, T. pallidum and B. burgdorferi s.l.

ack the enzymes for de novo purine biosynthesis, unlike the RF

orrelia ( Pettersson et al., 2007 ). Yet, the spirochetes are able to

ersist in the vector and in various human tissues. Hence, the

pirochetes must rely on the uptake of host nutrients, such as

ucleosides, nucleotides, or nitrogenous bases to maintain their

eplicative capacity. However, there are only a few spirochetal

ransporters described. P urine n ucleoside r eceptor A (PnrA) of

. pallidum was the first described transporter of nucleosides in
nder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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spirochetes ( Deka et al., 2006 ). It is characterized as a mem-

brane lipoprotein functioning as an ATP-binding cassette (ABC)-

type substrate-binding protein, which is a class of proteins usu-

ally associated with ABC-transporters in bacteria ( Maqbool et al.,

2015 ). The substrate-binding protein recognizes its substrate and

delivers it to the membrane-bound subunits of an ABC-transporter

( Maqbool et al., 2015 ). All substrate-binding proteins share a con-

served structure consisting of two alpha/beta domains connected

by a hinge region and they are classified into seven clusters

based on structural similarities. The ligand-binding site is lo-

cated in the region between the two domains ( Scheepers et al.,

2016 ). 

The basic membrane proteins (Bmp) of B. burgdorferi s.s. are

closely related to the T. pallidum PnrA protein ( Ramamoorthy et al.,

1996 ). The bmp genes are located in tandem on the B. burgdor-

feri s.s. chromosome in the following order bmpD, bmpC, bmpA,

bmpB ( Gorbacheva et al., 20 0 0; Ramamoorthy et al., 1996 ). The

BmpB, BmpC and BmpD proteins are located on the inner mem-

brane facing towards the periplasmic space ( Dowdell et al., 2017 )

whereas BmpA, is reported to locate on the outer membrane of

the bacteria ( Bryksin et al., 2010 ). Antibodies against BmpA are

detected in Lyme borreliosis patients ( Simpson et al., 1990 ) and

in mice infected with B. burgdorferi s.s. ( Simpson et al., 1991 )

and, thus, the presence of antibodies against BmpA is consid-

ered as an indication of B. burgdorferi s.s. infection ( Verma et al.,

2009 ). Antibodies against BmpB and BmpD have also been found

in Lyme borreliosis patients ( Bryksin et al., 2005 ), and BmpC has

been shown to be continuously expressed during infection in mice

( Liang et al., 2002 ). All the bmp genes are transcribed in vitro but

in varying degrees, bmpA being transcribed at the highest level,

bmpC at the lowest and bmpB and bmpD at intermediate levels

( Dobrikova et al., 2001 ). B. burgdorferi s.l. have to survive in both

tick and vertebrate hosts, and therefore, its protein expression dif-

fers depending on the environment ( Hovius et al., 2007 ). However,

to the best of our knowledge it is not known if the Bmp proteins

are expressed in ticks. 

The exact function of the Bmp proteins is not fully character-

ized. Based on Verma et al. (2009) , all of the B. burgdorferi s.s.

Bmp proteins are adhesion proteins binding to laminin in vitro .

The outer surface localization of BmpA ( Bryksin et al., 2010 ) and

the fact that B. burgdorferi s.s. upregulates bmpA expression specif-

ically in the joint tissue, indeed, support the adhesive and possible

proinflammatory function of BmpA ( Pal et al., 2008; Yang et al.,

2008; Zhao et al., 2017 ). However, the localization of BmpB, C and

D in the inner membrane on the periplasmic side ( Dowdell et al.,

2017 ) suggests a non-adhesin function for these proteins. The

Bmp proteins are homologous to the PnrA protein in T. pallidum

( Simpson et al., 1994 ), which is located on the periplasmic side of

the inner membrane and functions as a purine nucleoside trans-

porter ( Deka et al., 2006 ). Altogether, this indicates that the Bmp

proteins might also be purine nucleoside transporters, meaning

that they would, in fact, be multifunctional proteins, which has

also been described before concerning some other B. burgdorferi

s.l. proteins (reviewed in Caine and Coburn, 2016 ). The conflicting

reports on the location and function of the four Bmp proteins raise

many questions regarding these proteins and further studies are

needed to conclusively determine their exact location and ascer-

tain whether or not they are multifunctional proteins. 

Although the Bmp proteins have been well characterized at

the sequence level, their ligand-binding properties are still in-

completely understood. To shed light on the 3D structures of the

Bmp proteins, we have created 3D structural models and analyzed

their ligand-binding properties. Furthermore, to study the molec-

ular evolution and to identify differences and similarities between

the Bmp proteins, a phylogenetic tree was constructed of related

Borrelia proteins. 
. Methods 

.1. Sequence and structure analysis 

The B. burgdorferi s.s. BmpA, BmpB, BmpC, BmpD and Exported

rotein (ExP) sequences were obtained from UniProt Knowledge-

ase (UniProtKB IDs: Q45010, Q45011, P0CL65, P0CL55, O51298

 Bateman et al., 2017 ). To search for similar crystal structures,

hich could be used as structural templates for the modeling, a

LAST (Basic Local Alignment Search Tool) ( Altschul et al., 1990 )

earch against the Protein Data Bank (PDB) ( Berman et al., 20 0 0 )

as performed. The B. burgdorferi s.s. Bmp protein sequences were

sed as query. The BLAST searches found three similar protein

tructures, T. pallidum PnrA (PDB ID: 2fqw, ( Deka et al., 2006 ),

. pallidum RfuA (PDB ID: 4iil, ( Deka et al., 2013 ) and Aeropy-

um pernix ( A. pernix ) K1 solute-binding protein (PDB ID: 4pev,

o be published), with E -values below 9 × 10 −10 ( E -values < 0.001

re statistically significant ( Pearson, 2013 )). A structure-based mul-

iple sequence alignment was created with the program VERTAA

 Johnson and Lehtonen, 20 0 0 ) by superimposing the abovemen-

ioned crystal structures. 

The UniProtKB database ( Bateman et al., 2017 ) was searched for

mp and ExP sequences in B. burgdorferi s.l. ( B. burgdorferi s.s. ATCC

5210 / B31 / CIP 102532 / DSM 4680, B. burgdorferi s.s. ZS7, B.

urgdorferi s.s. 64b, B. afzelii PKo, B. mayonii MN14-1539, B. bissettii

O275, B. bissettii DN127, B. garinii PBr) and RF Borrelia ( B. turicatae

TE5EL, B. turicatae 91E135, B. hermsii DAH - 2E7, B. hermsii MTW, B.

uttonii CR2A, B. duttonii Ly, B. recurrentis A1, B. crocidurae DOU,

. crocidurae Achema). Full length sequences from species with

nown strains were selected to create a multiple sequence align-

ent. To increase the reliability of the alignment, the sequences

ere aligned to the previously generated pre-aligned structure-

ased alignment using MALIGN in the Bodil modeling environment

 Lehtonen et al., 2004 ). ESPript 3.0 ( Robert and Gouet, 2014 ) was

sed to prepare pictures of the alignment. 

Secondary structure predictions for the Bmp sequences were

ade with PSIPred ( Jones, 1999 ), and LipoP ( Juncker and Willen-

rock, 2003 ) was used to predict lipoprotein signal peptides. The

nterPro sequence analysis tool ( Finn et al., 2017 ) was used to clas-

ify the proteins into protein families and to analyze the domain

rchitecture of the proteins. The interactions between the ligand

nd the proteins were analyzed by visual inspection in PyMOL (The

yMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC),

y the Plip protein-ligand interaction server ( Salentin et al., 2015 )

nd the PDBePISA tool ( Krissinel and Henrick, 2007 ). 

.2. 3D modeling 

3D models were created using the generated multiple sequence

lignment ( Fig. 1 ) from which all sequences except the relevant

. burgdorferi s.s. Bmp protein and the template sequences had

een removed. The crystal structure of T. pallidum PnrA (PDB ID:

fqw, ( Deka et al., 2006 )), which has the highest sequence iden-

ity to the Bmp proteins, was chosen for the structural template.

en models were created for each Bmp protein with the pro-

ram MODELLER ( Šali and Blundell, 1993 ) and the one with the

owest energy according to the MODELLER objective function was

sed for further analyses. The quality evaluation servers ProSA

 Sippl, 1993; Wiederstein and Sippl, 2007 ), ProQ ( Wallner and Elof-

son, 2003 ) and MODFOLD ( Maghrabi and Mcguffin, 2017 ) were

sed to assess the quality of the models. The models were also vi-

ually inspected and evaluated by superimposition with the struc-

ural template using the program VERTAA in the Bodil model-

ng environment ( Johnson and Lehtonen, 20 0 0 ). PyMOL was used

or visualization and for preparing pictures (The PyMOL Molecular

raphics System, Version 1.8 Schrödinger, LLC). The DSSP andStride
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Fig. 1. Multiple sequence alignment used for modeling. The Bmp proteins aligned to the structure-based alignment of the templates T. pallidum PnrA (PDB ID 2fqw, 

( Deka et al., 2006 )), A. pernix K1 solute-binding protein (PDB ID: 4pev, to be published) and T. pallidum RfuA (PDB ID: 4iil, ( Deka et al., 2013 )). The secondary structure 

of T. pallidum PnrA (PDB ID: 2fqw) is shown above the alignment. Conserved residues are shown with red background and similar residues are shown in red and boxed. 

Active site residues are marked with green stars. 
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Table 1 

Sequence identities (%) between the B. burgdorferi s.s. Bmp proteins and the structural templates T. pallidum PnrA (PDB ID: 2fqw), 

A. pernix K1 solute-binding protein (PDB ID: 4pev) and T. pallidum RfuA (PDB ID: 4iil). The sequence identity between each Bmp 

protein and T. pallidum PnrA, which was used as the structural template for modeling, is shown in bold. 

Protein A. pernix K1 solute-binding protein T. pallidum RufA T. pallidum PnrA BmpD BmpC BmpB 

BmpA 27.1 16.9 28.2 47.2 37.5 50.7 

BmpB 25.8 18.8 31.3 44.0 37.8 

BmpC 23.8 17.5 27.5 35.5 

BmpD 27.3 18.5 27.8 

T. pallidum PnrA 27.5 23.9 

T. pallidum RfuA 16.6 
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plug- in in PyMOL was used to correctly assign the secondary struc-

tures in the models. 

2.3. Phylogenetic analysis 

The multiple sequence alignment was used to construct a Max-

imum Likelihood (ML) tree in MEGA7 ( Kumar et al., 2016 ). The

“Find Best DNA/Protein Models” option in MEGA7 was used to de-

termine the appropriate evolutionary model for our data set. The

Le and Gascuel (2008) substitution matrix (LG) with gamma distri-

butions and invariant sites (G + I) was determined to be the best

model, and thus used for the ML analysis. Furthermore, complete

deletion of gaps and missing data was carried out to exclude highly

variable regions from analysis and bootstrapping (500 replications)

was used to evaluate branch support. Bootstrapping is a commonly

used method for evaluating the confidence of a phylogenetic tree

( Felsenstein, 1985; Hillis and Bull, 2010 ) and 500 replicates is the

default setting in MEGA7 ( Kumar et al., 2016 ). 

3. Results and discussion 

3.1. Sequence analysis 

The four Bmp sequences in B. burgdorferi s.s. have 339 (BmpA),

341 (BmpB, BmpD), and 353 (BmpC) amino acids with the pair-

wise sequence identities in the range of 37.2–50.4% ( Table 1 ). Ac-

cording to InterPro ( Finn et al., 2017 ), all the proteins contain the

ABC transporter substrate-binding protein PnrA-like (IPR003760)

domain and the Periplasmic binding protein-like I (IPR028082) do-

main ( Fig. 2 A). They were also predicted to have a signal peptide

by the LipoP scan ( Juncker and Willenbrock, 2003 ). A region of

approximately 20 amino acids typically constitutes the signal se-

quence, which usually spans from the first amino acid (Met) un-

til the first cysteine residue ( Zückert, 2014 ). The signal peptide

is cleaved from the protein, and the bacterial lipoproteins are at-

tached to the membrane by a diacylglyceryl group, bound to the

sulfhydryl group of the cysteine, as well as through an acyl group

attached to the amino group ( Buddelmeijer, 2015 ). 

3.2. 3D modeling of the B. burgdorferi s.s. Bmp proteins 

Homology modeling, based on the assumption that similar pro-

teins share a common structure, is a widely used protein struc-

ture prediction method ( França, 2015 ). Since protein structures are

more conserved than protein sequences ( Illergård et al., 2009 ) it is

possible to model a protein based on a related 3D structure even

though the sequence identity is low ( Chung and Subbiah, 1996 ). 

In this case, a multiple sequence alignment was done due to

the relatively low sequence identities (27.5–31.3%) between the B.

burgdorferi s.s. Bmp proteins and the structural template ( Table 1 ).

First, a structure-based alignment was made with the known crys-

tal structures ( T. pallidum PnrA (PDB ID: 2fqw, ( Deka et al., 2006 ),

T. pallidum RfuA (PDB ID: 4iil, ( Deka et al., 2013 )) and A. pernix K1
olute-binding protein (PDB ID: 4pev, to be published) in order to

dentify structurally conserved residues. By combining a structure-

ased alignment with a multiple sequence alignment, conserved

mino acids can be identified more confidently ( Fiser, 2010 ). For

his reason, the multiple sequence alignment, containing the se-

uences of the studied B. burgdorferi s.s. strain, was aligned to

he pre-aligned structure-based alignment. The models were made

sing the 1.71 Å crystal structure of T. pallidum PnrA (PDB ID:

fqw) as a structural template. The ligand (inosine) and the wa-

er molecules of the crystal structure of T. pallidum PnrA were in-

luded in the modeling as the water molecules in the active site of

. pallidum PnrA are involved in ligand-binding. 

The models were evaluated by visual inspection and through

uality evaluation servers ( Table 2 ). The overall folds of the Bmp

odels show high similarity to PnrA (root mean square devia-

ions were 0.42, 0.54, 0.45 and 0.50 Å respectively). The ModFOLD

 Maghrabi and Mcguffin, 2017 ) global model quality score for all

he models was above 0.6 (score > 0.4 indicates complete and

onfident models) and the p -value for each model was in the

ange of 10 −8 –10 −9 (values 〈 0.001 indicates that there is less than

 1/10 0 0 chance that the models are incorrect). The ProSA web

 Wiederstein and Sippl, 2007 ) Z-scores gave values well within the

ange typically found for proteins of similar size ( Z -score < −7.0

or all the models). The LG scores (values > 4 indicates extremely

ood models) and the MaxSub scores (values > 0.1 indicates cor-

ect models) of ProQ ( Wallner and Elofsson, 2003 ) further support

he quality of the models. Based on the results from the visual in-

pection and the quality evaluation servers, we concluded that our

odels were of high quality. 

.3. Structural similarity of the bmp models to T. pallidum PnrA and 

ther substrate-binding proteins 

The B. burgdorferi s.s. Bmp models were superimposed on the

. pallidum PnrA structure to compare the overall structure and

he ligand-binding interactions. The Bmp models consist of two

omains linked by three connecting loops ( Fig. 2 B). This agrees

ith the typical fold found in cluster B-I type substrate-binding

roteins ( Scheepers et al., 2016 ), to which the nucleoside-binding

. pallidum PnrA also belongs. The B-I cluster contains proteins

hat mainly bind to sugars, sugar alcohols and autoinducer 2. The

ubstrate-binding proteins are divided into seven structural clus-

ers, and the B cluster is further divided into subclusters based

n substrate preference, and whether or not one or two alpha he-

ices disrupt the second loop connecting the two domains. In pro-

eins belonging to subcluster B-I, like the Bmp proteins, the addi-

ional alpha helix is missing. Like in the other substrate-binding

roteins, the active site is formed in the cleft between the two do-

ains and residues from both domains participate in ligand bind-

ng. Substrate-binding proteins are characterized by a conforma-

ional change upon ligand binding. Without a ligand, the protein

s in a more flexible open conformation where the two domains

re separated ( Berntsson et al., 2010 ). When a ligand binds, the
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Fig. 2. A. Schematic picture of the BmpA protein with the location of the N-domain (residues 1–132, 260–286) and the C-domain (residues 133–259, 287–339) shown in 

the bar. The domains predicted by InterPro ( Finn et al., 2017 ), IPR028082 Periplasmic binding protein-like I domain and IPR003760 ABC-transporter substrate-binding protein 

PnrA-like domain, are shown as lines above the bar. B. The BmpA model showing the two domains (N and C), the connecting loops (1–3) and the location of the active site 

pocket. The location of the active site pocket is marked in gray, and the ligand is shown as white sticks. 

Table 2 

Quality evaluation of the Bmp 3D models. Results from the quality evaluation servers (MODFOLD, ProQ and ProSA web) are shown. 

Models MODFOLD ( p -value) MODFOLD (global quality score) ProQ (LGscore) ProQ (MaxSub) ProSA web (Z-score) 

BmpA 1.68E −9 0.7509 4.150 0.485 −8.78 

BmpB 7.263E −9 0.7171 4.097 0.488 −7.31 

BmpC 2.735E −8 0.6864 4.148 0.510 −8.5 

BmpD 9.788E −9 0.7102 4.140 0.454 −7.86 
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rotein closes around the ligand in a process called the Venus

y trap mechanism ( Mao et al., 1982 ). Thereafter, the substrate-

inding protein binds to a membrane-bound transporter protein

nd delivers its ligand. Residues at both domains are important

or binding to the transporter ( Liu et al., 1999 ) and the substrate-

inding proteins also play a role in stimulating the ATPase activity

f the transporter ( Davidson et al., 1992 ). 

The two domains in the substrate-binding proteins are named

fter their location in the N-terminal (N domain) and the C-

erminal (C domain) part. Both domains contain six parallel beta

trands flanked by four alpha helices. The C domain also contains

n additional alpha helix near the C-terminus. The last beta strand

s very short and oriented antiparallel to the other beta strands.

he structures of the Bmp models share the same fold as the T. pal-

idum PnrA, the differences are located mainly in variable surface

oops. The A. pernix K1 solute-binding protein, on the other hand,

ontains four additional alpha helices in the C domain (not shown),

hereas the N domain is more conserved and structurally simi-

ar to T. pallidum PnrA and the Bmp proteins. T. pallidum RfuA is

nother structurally similar substrate-binding protein, but in con-

rast to the Bmp proteins and the T. pallidum PnrA, it binds to ri-

oflavin. Therefore, its binding site is quite different from those of

he purine nucleoside-binding proteins. 
.4. Properties of the ligand-binding sites in the bmp models 

The nucleoside inosine is bound to the crystal structure of T.

allidum PnrA (PDB ID: 2fqw, ( Deka et al., 2006 )) and was in-

luded in the modeling of the Bmp proteins to predict their nu-

leoside binding properties. In T. pallidum PnrA, the ribose part

f the nucleoside forms hydrogen bonds with the side chains

f Asp108, Asp238, Lys260 and with the main chain nitrogen of

ly212 ( Fig. 3 A). These interactions are conserved in the Bmp mod-

ls with the following exceptions: Asp238 is replaced by an as-

aragine (Asn241) in BmpC and Asp108 is a glutamate (Glu98) in

mpD ( Fig. 3 E and F). In BmpC, Asn241 however forms the same

ydrogen bonds to O3’ and O5’ as the aspartate in PnrA and the

ther models. Despite the longer side chain in glutamate, com-

ared to aspartate, Glu98 in BmpD can still form the same interac-

ions as the aspartate. 

The residues binding to the purine base part of the ligand are

onserved in BmpA, BmpB and BmpD. The aromatic side chains

f Phe36 and Phe186 (PnrA numbering) form aromatic sandwich

tacking with the imidazole and pyrimidine rings on the ligand.

sp27 is considered a crucial residue for purine binding in T. pal-

idum PnrA ( Deka et al., 2006 ) and it forms hydrogen bonds with

oth N1 and O6 on the ligand ( Fig. 3 A). BmpC differs notably from
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Fig. 3. Active site residues in the T. pallidum PnrA-inosine complex (A), the A. pernix K1 substrate-binding protein in complex with adenosine (B), and the Bmp models in 

complex with the potential ligand inosine, BmpA (C), BmpB (D), BmpC (E), BmpD (F). The completely conserved lysine is shown in a darker color with the residue name 

underlined, and residues binding to the ribose part are in italics. 
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B  
the other Bmps in the residues binding to the purine base part. Tyr

29 and Leu191 in BmpC correspond to Phe36 and Phe186 in PnrA

( Fig. 3 E). Leu191 cannot form the aromatic stacking interaction

with the purine base but the aromatic stacking interaction with

Tyr29 is maintained. Furthermore, BmpC has a positively charged

histidine (His21) instead of a negatively charged aspartate at Asp27

(PnrA numbering). 
The ligand-binding residues in the A. pernix K1 solute-binding

rotein are also conserved forming the same interactions with

he ligand as in T. pallidum PnrA ( Table 3 ). Among the Bmp pro-

eins, BmpA and BmpB share 50.7% sequence identity ( Table 1 ) and

heir ligand-binding residues are totally conserved also with those

f PnrA and the A. pernix K1 solute-binding protein ( Fig. 3 A–D).

mpD, with the Asp/Glu replacement in the ligand binding site
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Table 3 

A. Active site interactions in T. pallidum PnrA (PDB ID: 2fqw), A. pernix K1 solute-binding protein (PDB ID: 4pev) and in the Bmp models. The interactions 

were analyzed by visual inspection, by the Plip server ( Salentin et al., 2015 ) and by PDBePISA ( Krissinel and Henrick, 2007 ). Interactions noted only by 

visual inspection are marked with + . Interactions found by Plip, but not by PSDePISA, are marked with a ∗ and interactions found by PDBePISA, but not 

by Plip, are marked with #. B. The naming convention of the ligands, inosine (left), adenosine (right), are shown. 
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Fig. 4. Maximum likelihood tree of Borrelia Bmp and ExP proteins. The proteins form separate branches and are colored accordingly. B. burgdorferi s.l. are marked by circles 

and RF Borrelia by triangles. Branch support is shown as bootstrap values. The name of the strains is included in the name if there is more than one strain per species. See 

table S1 for complete information on included sequences. Proteins are named BmpX-like if the name of the protein is unspecified in the UniProtKB database ( Bateman et al., 

2017 ). If the UniProtKB protein name differs from how the protein is classified in the tree, the UniProt name is found in parenthesis. 
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(Asp108 in PnrA), is highly similar to BmpA and BmpB (47.2 and

44.0% sequence identities, respectively). BmpC, however, shares

only 35.5–37.8% sequence identity with the other Bmps, and the

residues binding to the base part of the nucleoside differs signifi-

cantly from the other Bmps and the related proteins PnrA and A.

pernix K1 solute-binding protein. 

In summary, the residues involved in binding to the ribose moi-

ety of the nucleoside in the studied proteins are highly conserved,

or conservatively substituted (BmpC, BmpD) to maintain the inter-

action despite the residue changes. The residues binding to the

purine part are notably less conserved in BmpC, which indicate
hat BmpC could prefer different nucleosides than the other Bmps,

nd thus, might have a distinctive function. 

.5. Molecular evolution of the Borrelia bmp proteins and 

rganization of the corresponding genes 

To clarify the evolutionary relationships between the Borrelia

mp proteins and the related Exported proteins (ExP), a phylo-

enetic tree was inferred. Since many of the Bmp sequences in

he UniProtKB database ( Bateman et al., 2017 ) were not annotated

s a specific Bmp protein we wanted to classify the proteins in
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Fig. 5. Gene order of the bmp genes in Borrelia species (A = B. burgdorferi s.l., B = RF Borrelia ), based on the phylogenetic analysis. X = fragment or missing sequence in the 

NCBI database ( Agarwala et al., 2017 ). ← = the order of the genes is reversed compared to the others. 
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rder to identify functional differences. As some of the ExP pro-

eins were annotated as basic membrane proteins or nucleoside-

inding proteins, they were included in the phylogenetic analysis.

urthermore, we were interested in ascertaining if the Bmp pro-

eins would form distinct clades for the B. burgdorferi s.l. and RF

orrelia . 

The ML method, which gives a tree with the highest likelihood

f producing the original multiple sequence alignment, was used

or the phylogenetic analysis. The ML-tree of the Borrelia Bmp and

xP proteins diverges into four main branches ( Fig. 4 ). The first

ranch segregates into distinct branches for the ExP and the BmpC

roteins. The second branch contains the BmpD and BmpA2 pro-

eins. The BmpB proteins form the third main branch, and the

ast branch is made up of the BmpA proteins. Except for BmpB,

he branches for each protein further diverges into separate sub

ranches for the B. burgdorferi s.l. and RF Borrelia proteins. For

he BmpA proteins, however, the B. burgdorferi s.l. and RF Bor-

elia branches are completely separate and do not form a com-

on branch before diverging into separate B. burgdorferi s.l. and

F Borrelia branches like the other proteins. All main branches are

upported by high bootstrap values, except for the branch that

plits into the ExP/BmpC and the BmpD/BmpA2 branches (boot-

trap value 44). The low bootstrap value suggests that the se-

uences diverged during a relatively short evolutionary time frame

 Soltis and Soltis, 2003, 2014 ). In agreement with the analyses

one by Lescot et al. (2008) , where no BmpB-like proteins were

dentified in the RF Borrelia ( Lescot et al., 2008 ), the BmpB branch

n the ML-tree contains only B. burgdorferi s.l. proteins. 
Interestingly, the RF Borrelia contain an additional Bmp protein,

hich is not found in the B. burgdorferi s.l.. This additional protein

as been labeled BmpA2 in Lescot et al. (2008) , however, based on

ur phylogenetic tree, these proteins are found within the same

ranch as the BmpD proteins. In contrast to the BmpD proteins,

owever, the BmpA2 proteins have a Gly instead of Asn37 (PnrA

umbering) in the ligand-binding site (Table S2). In fact, the Asn

s conserved within all other studied Bmp proteins (except for the

F Borrelia BmpC proteins, which have Phe or Leu instead). As the

lycine does not have any side chain, it cannot form the same in-

eraction with O6 on the ligand as the Asn (Table S2). 

The ExP proteins are, like the Bmp proteins, classified as ABC

ransporter substrate-binding proteins. In fact, the ExP have a

igher sequence identity to the T. pallidum RfuA protein, which

s an ABC-type riboflavin transporter in spirochetes, than to the

. pallidum PnrA protein ( Deka et al., 2013 ). Consistently, the ExP

roteins in the ML-tree are found within the same branch as the T.

allidum RfuA protein, indicating that the ExP proteins could simi-

arly function as riboflavin-binding proteins. 

The BmpC proteins share a more recent common ancestor

ith the ExP proteins than with the rest of the Bmp proteins.

espite this, the BmpC protein is most likely not a riboflavin-

inding protein since its ligand-binding site is highly different

rom that of RfuA. The 3D structural model of BmpC ( Fig. 3 E)

howed that the ligand-binding site in BmpC clearly differs from

he rest of the Bmp proteins and, moreover, experiments have

hown that the expression of BmpC is four or five times higher in

nfectious B. burgdorferi s.s. strain than in a non-infectious strain
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whereas no such variations were found for the other Bmp proteins

( Dobrikova et al., 2001 ). Furthermore, even within all the Borre-

lia BmpC proteins the residues binding to the ribose part of the

nucleoside are conserved while the residues binding to the base

moiety of the nucleoside vary considerably (Table S2). The posi-

tion corresponding to His21 ( B. burgdorferi s.s.; Fig. 3 E) is either

His or Asn in the B. burgdorferi s.l. BmpC proteins, but Pro or Ser

in RF Borrelia. Similarly, Leu191 is Leu/Arg in the B. burgdorferi s.l.

genospecies and Glu/Asp in the RF Borrelia. None of these residues

could form stacking interactions with the base part of the nucleo-

side. Asn28 is conserved in all the B. burgdorferi s.l., while in the

RF Borrelia the corresponding residue is Phe or Leu. Taken together,

these differences strongly suggest that the function of the BmpC

proteins might differ significantly from the other Bmp proteins.

Furthermore, the residue variation between species suggest a pos-

sible functional difference also between the RF Borrelia and the B.

burgdorferi s.l.. 

Studies have shown that all four Bmp proteins in B. burgdor-

feri s.s. are simultaneously expressed in vitro , but to varying de-

grees ( Dobrikova et al., 2001 ). BmpA is expressed in significantly

higher amounts than the other Bmp proteins, and BmpC in partic-

ular is expressed at very low levels. BmpA, BmpC and BmpD have

their own transcriptional start sites, whereas BmpB is transcribed

together with BmpA ( Ramamoorthy et al., 2005 ). At the genome

level, the order of the genes differs between the B. burgdorferi s.l.

and the RF Borrelia . In both groups there are four different Bmp

proteins in the same gene cluster ( Fig. 5 ). The genomes of B. afzelii

and B. garinii are exceptions to the rule, however, containing at

least five different Bmp proteins. Possibly, duplications have oc-

curred at some point during the evolution of these proteins. Both

B. afzelii and B. garinii contain an additional BmpA protein. How-

ever, in contrast to the BmpA2 proteins found in the RF Borrelia ,

the extra BmpA proteins in the B. burgdorferi s.l. are very similar

to ( > 94% sequence identity) and cluster together with the other

BmpA protein in these genospecies. Therefore, we decided to label

these proteins as BmpA a and BmpA b in order to distinguish them

from the BmpA2 proteins found in the RF Borrelia ( Fig. 5 ). Interest-

ingly, the B. afzelii BmpA b contains a serine instead of Gly202 in

BmpA and the B. garinii BmpA b protein contains an asparagine

instead of Asp19 ( Fig. 3 C). Most likely, neither change has any im-

pact on the ligand-binding properties. The side-chain nitrogen and

oxygen of the asparagine can still form the same hydrogen bonds

as the aspartate. Gly202 binds to the ribose part through the back-

bone nitrogen, which would not be affected by a change to serine.

The larger side-chain of serine might, however, affect the binding

pocket, depending on the position of the side-chain. 

4. Conclusions 

In this study, we have shown that the Bmp proteins likely con-

sist of two alpha/beta domains connected by a hinge region with

three connecting loops. This structure is typical of bacterial ABC

transporter substrate-binding proteins ( Berntsson et al., 2010 ). The

structural similarity to T. pallidum PnrA indicates that the Bmp

proteins belong to the B cluster in the classification of substrate-

binding proteins ( Scheepers et al., 2016 ). The similarities of the ac-

tive sites in the Bmp proteins and the T. pallidum PnrA suggest that

the Bmp proteins could also play a role in nucleoside transport.

Access to nucleosides is vital for B. burgdorferi s.l. survival in the

host, and since B. burgdorferi s.l. lacks the enzymes needed to syn-

thesize purines de novo ( Pettersson et al., 2007 ) , the Bmp proteins

could play a vital part in obtaining the purines needed to establish

an infection in the host. 

We also characterized the Borrelia Bmp proteins using a phylo-

genetic analysis, and this provides a means for classifying the Bmp

proteins. The additional Bmp protein (BmpA2), found only in RF
orrelia , was observed to be more closely related to the BmpD pro-

eins. The BmpB proteins were found only in the B. burgdorferi s.l.,

n agreement with Lescot et al. (2008) . Moreover, the ExP proteins

ere shown to form a separate branch with the RfuA protein of T.

allidum , suggesting that they could function as riboflavin-binding

roteins. Although the BmpC proteins are found within the same

ain branch as the ExP proteins, their ligand-binding site is clearly

ifferent from that of the riboflavin-binding protein RfuA. 

Many questions regarding the function of the Bmp proteins still

emain. For example, can the Bmp proteins bind to different purine

ucleosides, or are they specific for a single one? Is it possible that

he BmpC protein can bind to a non-purine, considering the differ-

nces in the ligand-binding site? Are all the Bmp proteins active

t the same time in the host? Or are they activated at different

imes or in different tissues? Further experiments are needed to

scertain the function of the Bmp proteins and to answer these

uestions. 
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