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Abstract: The Sinorhizobium meliloti periplasmic ExoR protein and the ExoS/Chvl two-component
system form a regulatory mechanism that directly controls the transformation of free-living to
host-invading cells. In the absence of crystal structures, understanding the molecular mechanism
of interaction between ExoR and the ExoS sensor, which is believed to drive the key regulatory
step in the invasion process, remains a major challenge. In this study, we present a theoretical
structural model of the active form of ExoR protein, ExoR,,, generated using computational meth-
ods. Our model suggests that ExoR possesses a super-helical fold comprising 12 a-helices forming
six Sel1-like repeats, including two that were unidentified in previous studies. This fold is highly
conducive to mediating protein-protein interactions and this is corroborated by the identification
of putative protein binding sites on the surface of the ExoR,, protein. Our studies reveal two novel
insights: (a) an extended conformation of the third Seli-like repeat that might be important for
ExoR regulatory function and (b) a buried proteolytic site that implies a unique proteolytic mecha-
nism. This study provides new and interesting insights into the structure of S. meliloti ExoR, lays
the groundwork for elaborating the molecular mechanism of ExoR,,, cleavage, ExoR,,~ExoS interac-
tions, and studies of ExoR homologs in other bacterial host interactions.
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Introduction

Most bacteria, including parasitic and symbiotic spe-
cies, rely on two-component signal transduction sys-
tems for detecting and adapting to changes in their
environment.® A group of Gram-negative bacteria
rely on the ExoR-ExoS/Chvl (RSI) pathway, to
transit from a free-living to host-invading form.?
This pathway is best understood in Sinorhizobium
meliloti, the model organism for bacterium—plant
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symbiosis. ExoS and Chvl form a typical two-
component system that consists of a membrane-
integral histidine kinase, ExoS, and an associated
cytoplasmic response regulator, Chvl.? In S. meliloti,
the activities of the ExoS/ChvI system are regulated
by a periplasmic regulatory protein, ExoR, through
a direct interaction with Ex0S.* The current model
for the ExoR-ExoS/Chvl pathway suggests that
Exo0S/Chvl system is turned off when the periplas-
mic domain of ExoS is in a protein complex with the
mature periplasmic form of ExoR, ExoR,,.>® In the
ExoR,,—Exo0S complex, ExoS acts as a phosphatase
and keeps Chvl dephosphorylated and inactive.
When the ExoR,—ExoS interaction is disrupted
through the proteolytic cleavage of ExoR,, ExoS
becomes an active kinase, and phosphorylates ChvI
directly,®® resulting in upregulation of succinoglycan
biosynthesis and repression of flagellum biosynthe-
sis, allowing the cells to switch from a free-living to
host-invading form.2*%

Even though ExoR has been established as a key
regulator of the RSI pathway, ™" its tertiary struc-
ture, including structural details and associated func-
tions, remains unknown. Delineating the structure—
function correlations of the ExoR protein is critical to
understanding the cleavage mechanism of ExoR,,
ExoR,,—Exo0S interactions, and other aspects of its
regulatory role in the RSI pathway.>® Comparative
modeling methods have been successfully applied in
revealing key structural details, structure—function
relationships, and interactions with putative binding
partners, including those of helical repeat proteins
(e.g., repeats of proteasome-binding protein PA200%
and repeats of transcriptional activator-like [TAL]
effectors),’ confirmed by subsequent crystal struc-
tures of TAL effector—DNA complexes.® In this study,
we present a robust theoretical model of the active
form of ExoR protein, ExoR,,, generated by means of
the well-established approach of template-based mod-
eling.!! We propose that the ExoR protein adopts an
alpha—alpha superhelical fold, an inherently flexible
fold designed for protein—protein interactions.'?'® In
the absence of any structural representations of the
ExoR family of proteins in the structural database,
our study provides a first look into the structure of
ExoR and its implications to ExoR function.

Results

S. meliloti Rm1021 ExoR protein is composed

of six sel1-like repeats

In addition to the four Sell-like repeats already
identified in ExoR,'* our analysis of the ExoR
sequence with the latest repeat detection methods
reveal two additional repeats at the C terminus of
ExoR, corroborated by secondary structure predic-
tion (Supporting Information Table SI; Supporting
Information Fig. S1; Fig. 1). The length of each of
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Figure 1. Schematic representation of the three forms of the
ExoR protein (ExoR;,, ExoRm, and ExoRgy). The cartoon
shows the location of signal peptide (SP), six putative Sell-
like repeats (ExoR1-ExoR6), and the cleavage site of ExoR,
A80 (flag-tagged).

the six repeats ranges from 32 to 40 residues and
consists of two a-helices; this repeat structure is in
agreement with the expected configuration of Sell-
like repeats.!>* The alignment of all six repeats
reveals expected conserved alanine and glycine resi-
dues based on the Sell-like repeat consensus except
for ExoR6 that maintains only three out of seven
conserved structural residues (Fig. 2).1214

Comparative modeling of S. meliloti

ExoR,, protein

The closest structural matches to the S. meliloti
ExoR protein were found to be Helicobacter pylori
cysteine-rich protein C (HepC, PDB ID:10UV)'? and
a protein corresponding to locus C5321 of Esche-
richia coli strain Cft073 (PDB ID:4BWR)," both of
which are Sell-like repeat containing proteins, using
fold recognition algorithms (Supporting Information
Table SII).

Out of approximately 200 ExoR models built, the
structural ExoR,, model generated by I-Tasser server'®
was selected as the best structural representation from
a group of top-ranked models (Supporting Information
Table SIII). Energy profiles calculated using ProSA-
web!” for the selected model showed low energies and
a z-score of —6.99 comparable to solved structures. The
evaluation via Verify3D'® shows high 1D-3D profile
scores for almost the entire length of the model (Sup-
porting Information Fig. S2). In addition, the model
passed the checks of various stereochemical parame-
ters implemented in WHAT CHECK' (Supporting
Information Table SIV) and an overall favorable Rama-
chandran plot®° (Supporting Information Fig. S3).

Tertiary model of S. meliloti ExoR,,, protein
shows a superhelical fold

The ExoR,, sequence adopts a superhelical fold con-
sisting of 12 «-helices forming six Sell-like repeats
preceded by a small 31 helix at its N terminus with
high structural similarity to the 10UV template!2
(Supporting Information Table SV). Each repeat is
formed by two antiparallel helices: A (N-terminal)
and B (C-terminal), located at the inner (concave)
and outer (convex) surfaces of the superhelix,
respectively [Fig. 3(a)l. Individual repeats are struc-
turally similar and superpose with low root-mean-
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FA v
Consensus SXAbhxLGxhhhpsy (g, 4)Gx (0, 3) PXXPAXphhpbAhp-pGH
ExoR1 43 PFALFREGESAYKS----G----- RKDEAVEAYRYAAE-KGH 74 32
ExoR2 75 TGSRWALANMYAYG---DGVAE--NDLEAFKIYSEIAQ-QGV 110 36
ExoR3 121 WVNALISLAGYYRRGIPDTPVRS--DLSQARQLYFQAASTFGV 160 40
ExoR4 161 AEAQFQLARMLLSG---EGGSV--NVQQAKKWLNRARK-NGH 196 36
ExoR5 197 AGAMGVFGNVIFQE----G---—-— QTARGLAYMTAALG-QCS 228 32
ExOR6 229 PEDRPWLOAMQEQAF—SLA--TEDDRRVAITMSONMHL-QN- 265 37
Helix A Loopl Helix B Loop2 Length
(b)
3 8 14 24 32 40 43
Consensus sxDpsWhpshbcpAFshAscscRphAhshxxphhx-x—--—--xpx
S.m. 229 PKDRPWLQAMQEQAFSLATEDDRRVAITMSQNMHLON----DDD 268
S.m.w. 228 PKDRPWLQAMQEQAFSLATEDDRRVAITMSQNMHLQS----DDD 267
S.f. 230 PKDRPWLQSMQEQAFSLATEDDRRVAIAMAQNMHP-Q----ADE 268
R.1.1325 229 PKDCGWMEALQEQAFSVANEADRRTAVSLSHTIAS-G----TDD 267
R.1.2304 229 PKDCGWMEALQEQAFSVANEADRRTAVSLSHSIAS-G----5DD 267
ReEeCx 227 PKDCNWMEALQEQAFSVANEADRRTAVSLSHAIAS-G----5DD 265
R.e.k. 227 PKDCGWMEALQEQAFSVANEADRRTAVSLSHAIA--S----CGSD 264
At 226 VADCTWIQNLQEQAFSLAGENDRRAAIAMAQNMQF-N----DPD 264
A.v. 235 PKDCPWIEDLQERAFSLADEKDRRVAVALVPQV---Q----EQP 271
A.r. 229 PKDCGWMEDLQEQAFSVANENDRRVAVSMSHQLDV-A----C
B.g. 225 VKDRNWIRPLQEQAFALCNEFERRTAISLVADILK-N----—
B.h, 226 PKDRDWIGPLQERAFATCDEFERSRAMSLVADMLK-N----—
B.t. 225 VKDRNWIRPLQEQAFSLCDEFERRTAISLVADILK-Y-—---
B.s. 212 TKDKSWIRPMQERAFAICDEFERRTAMSLAIDILE-K-—---I
0.a. 225 TEDCPWIRDMQEQAFSIAGEADRRNAIALSSDYVT-K----C
0.1, 226 AEDCPWIRDMQEQAFSIAGEADRRNAIALSGDY---K----
B..a. 230 AEDCTWIRDMQEQAFSIAGEADRRNAIALASDYAV-K----CSY 268
H.p. 227 PNDRVWIQALQERAFSLAGEADRRTAVALAQDMLA-K----CGLN 265
C.sp. 230 PADIAWIRAMQEEAFALAGESDRRTAIALAQDYLA-N----CLE 268
S.n. 242 GPDDKWVVDLYDDAFAGANADERAMALVYLEQYM--K----TRR 279
B.1i. 305 QRKDKWIIDLYDQAMASASSAERQIALSYLENHL--K----RQD 342
R.p. 236 P-EEAWIKDSYNKAFSKASDDDRVMALQMLEHWVQ-G----RRD 273
B.b. 240 P-DEVWIKDSYKTAMAKASDDDRAMALQMLERWVQ-G----RRD 277
B.j. 260 S-EETWIKESYNRAFAKASDDDRAMCLQMLEQWVQ-G----RRE 297
B.sp. 203 P-DEAWIKESYNRAFAKASDDDRASALQMLESWVQ-G----KRE 240
M.cC. 238 PADQPWIRGMQEEAFATAGEADRRTAISLADDILT-KGN-NADQ 279
M.I. 234 PTDQPWIRGMQEEAFAAAGEADRRTAISLADDILT-KGTTNADQ 276
M.o. 241 PADQPWIRGMQEEAFAAAGEADRRTAISLADDILT-KGTTNAEQ 283

Figure 2. (a) Alignment of repeats found in the ExoR protein of Sinorhizobium meliloti Rm1021. Residues located in a-helices
are shaded gray. The cleavage site (A80) is indicated in green. Proline residues in the ExoR3 loop 1 and helix A of ExoR6 are
colored blue. (b) Sequence alignment of the ExoR C termini from 28 ExoR orthologs. The alignment is based on ExoR6 from S.
meliloti Rm1021 and corresponds to residues 229-268 of the full-length ExoR that includes ExoR6 (black) and the ExoR Asps
tag (gray). The following species are shown: S. meliloti Rm1021 (S.m.), Sinorhizobium medicae WSM419 (S.m.w.), Sinorhizobium
fredii NGR234 (S.1.), Rhizobium leguminosarum buv. trifolii WSM1325 (R.[.1325), Rhizobium leguminosarum bv. trifolii WSM2304
(R.1.2304), Rhizobium etli CIAT 652 (R.e.c.), Rhizobium etli Kim 5 (R.e.k.), Agrobacterium tumefaciens str. C58 (A.t.), Agrobacte-
rium vitis S4 (A.v.), Agrobacterium radiobacter K84 (A.r.), Bartonella grahamii as4aup (B.g.), Bartonella henselae str. Houston-1
(B.h.), Bartonella tribocorum CIP 105476 (B.t.), Bartonella schoenbuchensis R1 (B.s.), Ochrobactrum anthropi ATCC 49188
(O.a.), Ochrobactrum intermedium LMG 3301 (O.i.), Brucella abortus str. 2308 A (B.a.), Hoeflea phototrophica DFL-43 (H.p.),
Chelativorans sp. BNC1 (C.sp.), Starkeya novella DSM 506 (S.n.), Beijerinckia indica subsp. indica ATCC 9039 (B.i.), Rhodopseu-
domonas palustris CGA009 (R.p.), Bradyrhizobiaceae bacterium SG-6C (B.b.), Bradyrhizobium japonicum USDA 110 (B.j.), Bra-
dyrhizobium sp. BTAIi1 (B.sp.), Mesorhizobium ciceri biovar biserrulae WSM1271 (M.c.), Mesorhizobium loti MAFF303099 (M.1.),
and Mesorhizobium opportunistum WSM2075 (M.o.). The consensus sequences above the alignments reflect conservation of at
least 80% of the first five repeats (ExoR1-ExoR5) (a) and of the 28 ExoR orthologs (b); numbering indicated above the consen-
sus sequences follows the convention of Mittl and Schneider-Brachert.' The numbering at the beginning and end of each
repeat corresponds to the residue number of full length ExoR. The conserved structural residues common to the SLR consen-
sus sequence'?®'* are colored red. Residues are abbreviated as follows: s, small; b, big; h, hydrophobic; p, polar; ¢, charged;
X, any residue.
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Figure 3. (a) Ribbon representation of the S. meliloti Rm1021 ExoR,,, model (residues 31-268). The repeats are numbered from
1 to 6 and helix A and helix B of each repeat are colored blue and red, respectively. The N-terminal 34 helix is colored green.
The cleavage site is indicated with an arrow. (b) Backbone trace of the first three repeats of ExoR. Conserved structural resi-
dues responsible for tight packing of helices are colored red and those responsible for sharp turns in loop regions are colored
blue. The numbers represent the positions of the amino acid residues in repeats.

square deviation (RMSD) values below 1 A except
ExoR3 (Table I). The marginally higher RMSD val-
ues (0.9-1.3 A) for ExoR3 can be ascribed to its
extended helix A and elongated loop region contain-
ing two proline residues absent from the other
repeats (Supporting Information Fig. S1). The heli-
cal structure of the ExoR repeats follows the
expected positioning of conserved structural residues
characteristic of Sell-like proteins: residues 14, 24,
and 43 that dictate sharp turns are present in loop
regions, whereas residues responsible for the tight
packing of the repeats at positions 3, 8, 32, 39, and
40 are located within «-helices [Figs. 2(a) and
3(b)].1%2* The packing of the ExoR repeats is also
conserved: the average inter-repeat helix-packing
angle in the ExoR model is 42 (+ 2.6)° and the aver-
age intra-repeat helix-packing angle is 18 (+ 2.9)°.

Identification of the ExoR,,, protein—-protein
interaction sites

Analysis of the ExoR structural model predicted three
non-overlapping binding sites: A, B, and C. Site A,
composed of 36 residues, is located at the inner face
of the N-terminal end of the protein and encompasses

the ExoR proteolytic site. Site B that is found at the
center of the inner face of the protein and extends to
the C terminus is formed by 21 residues. The puta-
tive interaction site C is formed by eight residues
located on the C-terminal convex surface of ExoR,,
([Fig. 4(a—c)]; Supporting Information Table SVI).

Analysis of the electrostatic features of ExoR,,
The surface electrostatic profile of the modeled
ExoR,, protein was examined to further analyze the
biophysical features of ExoR that may drive interac-
tions with its binding partners. The modeled ExoR,,
has a net charge of —3 at pH 7 and a dipole moment
of 584 Debye oriented from the inside toward the
outside of the superhelix. The concave face of the
ExoR superhelix is highly negatively charged with
acidic patches at the putative protein—protein inter-
action site A and the C terminus. The convex face of
ExoR is predominantly hydrophobic with a promi-
nent basic patch (Fig. 5).

Analysis of the accessibility of the cleavage site
Because the proteolysis of the ExoR,, protein has
been implicated as a key step in regulating its

Table I. RMSD Values for the Superposition of ExoR Repeats and Their Sequence Identity (%)

ExoR1 43-74 ExoR2 75-110 ExoR3 114-160 ExoR4 161-196 ExoR5 197-228 ExoR6 229-265
ExoR1 — 16 22 19 16 7
ExoR2 0.7 — 28 25 9 17
ExoR3 0.9 1.1 — 22 6 9
ExoR4 0.5 0.6 1.1 — 9 9
ExoR5 0.5 0.7 1.0 0.5 — 7
ExoR6 0.7 0.7 1.3 0.6 0.7 —

The RMSD values (in bold) were calculated using TM-align server.>® The numbering corresponds to the residues of the full

length ExoR, ExoR.
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(@) ExoR1

43-74 75-110

ExoR6B

ExoR5A

Figure 4. (a) Location of putative protein—protein interaction sites. The sites A, B, and C are colored red, blue, and green,
respectively. (b, c) Putative functional sites mapped to the surface of ExoR,, protein. Site A (residues identified by more than
one prediction program in red; residues predicted using just one program in light red) and site C (green) in (b); and site B (resi-
dues identified by more than one prediction program in blue; residues predicted using just one program in light blue) in (c). Res-
idues identified as hot spots are shown in black. (d) Superposition of the crystal contact Il (orange) of HcpC protein'? and site
A (red) of ExoR. The superposition is based on residues 28-116 from HcpC and residues 31-143 from ExoR. The side-chains
of Asn66 (HcpC), Asn83 (ExoR), and Asn122 (ExoR) are shown. (e) Superposition of the crystal contact | (orange) of HcpC pro-
tein'? and site B (blue) of ExoR. The superposition is based on residues 225-292 from HcpC and residues 162-268 from ExoR.

function, the experimentally determined proteolysis
site® was mapped on the modeled structure of ExoR
[Fig. 3(a)l. Surface accessibility of Ala80 and Leu81
in the modeled ExoR,, protein corroborates the
sequence-based surface accessibility predictions and
suggests that both residues are not surface exposed
(16% surface accessible area for Ala80 and 0% for
Leu81).

Discussion

ExoR is a key player in regulating the ExoS/Chvl
two-component system responsible for the successful
establishment of the symbiotic relationship between
S. meliloti and its leguminous host, alfalfa.?”” Simi-
larly, homologs of ExoR, ExoS, and Chvl in Agrobac-
terium tumefaciens are
essential for host invasion by these plant and animal

and Brucella abortus

Figure 5. Electrostatic potentials mapped to the molecular surface of ExoR,,. The ExoR protein is oriented to visualize the
interfaces of the functional sites A and C in (a), site B in (b), and the basic surface patch at the outer surface of the super-helix
in (). In (@) and (b) the protein is oriented as in Figure 4. In all shown structures the N-terminal ends are placed on the left and
the C-terminal ends on the right. The surface potentials are color-graded from —4 kT/e (red) to +4 kT/e (blue).
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pathogens.?122 Yet, a major gap in knowledge exists
in understanding ExoR functionality because no
solved ExoR structure exists. This study attempts to
bridge this gap, providing a robust theoretical struc-
tural model of S. meliloti Rm1021 ExoR,,, providing
a first look into the details of the structural fold of
this protein and predicting its implications to ExoS/
Chvl two-component signaling.

Our analysis of the ExoR sequence suggests
that it houses six Sell-like repeats, in contrast to
previous studies that report only four.'* Of these, we
classify ExoR6 as a nontraditional low conservation
repeat. Sell-like repeats with low sequence conser-
vation have been found to play important roles in
other solenoid proteins such as the last Sell-like
repeat of H. pylori HepC that deviates from the SLR
consensus but plays a key role in protein—protein
interactions.!? The “succinoglycan overproduction”
phenotype of the S. meliloti exoR95 mutant with a
disrupted C terminus®® supports the importance of
ExoR6 and suggests that the newly identified
repeats are an integral and functional part of the
complete ExoR structural fold and protein.

The modeled ExoR,, adopts the typical superhel-
ical fold observed for Sell-like repeat proteins
known to be a suitable scaffold for protein—protein
interactions.!? A comparison of ExoR and HcpC
reveals that the crystal contact II at the concave
face of the HepC N terminus'? matches the putative
protein—protein interaction site A at the concave
face of the ExoR N terminus [Fig. 4(d)]. Because
asparagine residues are recognized to be important
to peptide recognition in HepC,'2 Hsp70/Hsp90
organizing protein,2* and PEX5,2% we propose that
two asparagine residues present in site A of ExoR
(Asn83 and Asnl122) play a role in mediating pro-
tein—protein interactions, although their role would
have to be confirmed through site-directed mutagen-
esis. The putative site B identified in ExoR protein
also partially overlaps with the identified crystal
contact I at the HepC C terminus [Fig. 4(e)].!?
Because HepC and ExoR belong to the same struc-
tural family and share similar structural features,
we anticipate that the mode of protein—protein inter-
actions in ExoR will be similar to that of HepC.'2
Although the prediction of Site C is not as reliable
as Sites A and B, it is possible that it forms a novel
interface site characteristic of the ExoR protein fam-
ily. Further validation of the identified interaction
sites comes from our ongoing modeling studies (data
not shown) of the experimentally characterized
ExoR reduced-function mutants, ExoRG76C and
ExoRS156Y, which show loss of stabilizing interac-
tions with the ExoS protein.®

In addition, ExoR is predicted to form unique 20
residues long extended helix A of ExoR3 that encom-
passes a part of the protein—protein interaction site
A. A similar unusual extended conformation of a
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repeat has been observed in the third repeat of the
crystallized Trypanosoma brucei PEX5 protein, a
helical multirepeat protein.2® On the other hand, the
crystallized human PEX5 does not show this
unusual elongated conformation.?® Based on similar-
ity in sequence and function of 7. brucei and human
PEXS5, it has been suggested that the third repeat in
T. brucei PEX5 can adopt the extended form and the
standard conformation.?® We speculate a similar
helix to random coil pliability,>” which may be
important for ExoR function and/or regulation.

Electrostatic interactions are important for
selective binding of interacting partners in multire-
peat a-a proteins.'*?® Our analysis of the electro-
static profile of the modeled ExoR,, protein shows
asymmetry in the charge distribution on the surface
of the ExoR protein with the inside of the protein
being more negatively charged relative to the outer
surface of the superhelix that may play a key role in
driving interactions between ExoR and its binding
partners.

Mapping the experimentally determined cleav-
age site® on the modeled ExoR,, [Fig. 3(a)] reveals
that it is buried and therefore would not be accessi-
ble to periplasmic proteases without undergoing con-
formational changes. The requirement for a similar
conformational change is observed for substrates of
DegP, a periplasmic serine endoprotease in E. coli,
which recognizes three residues of the substrate pro-
tein and cleaves after a hydrophobic residue (Val,
Ala, and Ile) that is almost completely buried in
most DegP substrates.?® Although the protease
involved in ExoR proteolysis has not been identified,
S. meliloti Rm1021 does have a homolog of E. coli
DegP.3° The presence of a solvent inaccessible hydro-
phobic residue in the vicinity of the experimentally
determined ExoR cleavage site falls in line with the
proposed model of DegP cleavage®?® and can be fur-
ther investigated experimentally.

In conclusion, we present the first attempt to
generate a 3D model of S. meliloti Rm1021 ExoR in
the absence of its crystal structure revealing impor-
tant insights toward understanding its function. The
findings of our structural analyses make it possible
to study the molecular mechanism of ExoR cleavage
and ExoR,—ExoS interactions using rational
hypotheses-driven approaches and facilitate studies
of pathogenicities of animal and plant pathogens in
general.

Materials and Methods

Protein sequence analyses

The amino acid sequence of the ExoR protein from
S. meliloti Rm1021 was retrieved from the NCBI
Protein database (GenBank: AAA26260.1).3' The
mature ExoR protein, ExoR,,, that is, without its 30-
residue signal sequence,* was used for modeling the

Molecular Modeling of the S. meliloti ExoR Protein



protein and sequence and structure analyses.
SMART?? was used to identify and validate bounda-
ries of the four previously predicted Sell-like repeats
of ExoR' and cross-checked with other programs
(Supporting Information Table SI). Previously
unidentified Sell-like repeats were detected with
TPRpred,>® HHrepID,?* and REPRO?® and validated
for correspondence with secondary structure predic-
tion (Supporting Information Fig. S1). Structure-
based sequence alignment of ExoR repeats was per-
formed using the TM-align algorithm®® and man-
ually refined by anchoring key conserved structural
residues'® (Fig. 2). The sequences of putative ExoR
orthologs were retrieved using NCBI-BLASTP?!
against the nonredundant protein sequence database
and aligned using T-COFFEE server v.9.01.57

Modeling methodology

The fold of the ExoR protein was identified using
BLAST?! and threading algorithms (Supporting
Information Table SII). To generate high-quality rep-
resentations of the 3D structure of ExoR,, a large
number of theoretical models were generated based
on various alternative alignments for each template
and also multitemplate modeling using comparative
modeling methodology (detailed in Supporting Infor-
mation Fig. S4). MODELLER versions 9.8 and 9.9%®
were used for model-building using alignments gen-
erated from T-COFFEE v9.02,°" MAFFT v6.864,%
FUGUE,* and HHpred.*! I-TASSER'® and other
modeling servers (Supporting Information Table SII)
were explored for automated model building. The
final model was generated with I-TASSER'® using
the templates 10UV'2 and 3E4B.*? I-Tasser is cur-
rently ranked as the top server for automated pro-
tein structure prediction*® and its superior
performance stems from the use of multiple thread-
ing alignments, iterative template fragment assem-
bly simulation and ab initio modeling of unaligned
regions.'® The prediction of side-chain conformations
was implemented through the program SCWRL4**
via the AS2TS system.*® The generated models were
evaluated using ProSA-web,'” Verify3D,'® WHAT -
CHECK," and RAMPAGE.*

Analyses of the 3D ExoR,,, model

The visualization and analyses of the shape, struc-
tural alignments, solvent-accessible molecular surfa-
ces, and the electrostatic potential profile of the
generated models were performed using the surface
property analyses tools in PyMOL.*® All cartoons
and diagrams were constructed with PyMOL*® and
Prosite: MyDomains-Image Creator.*” STRIDE
server®® was used to ascertain the location of second-
ary structure elements in the modeled ExoR,, pro-
tein. Individual repeats were structurally aligned
using the TM-align algorithm.?¢ The helical packing
angles of the ExoR, models were computed using

Wiech et al.

the PyMOL script to calculate angles between
helices.*®

Identification of protein-protein interaction sites
The putative protein—protein interaction sites were
identified with PIER,”® SPPIDER v2,°" and cons-
PPISP.?? Interaction hot spot residues were detected
using the ISIS method.?®

Electrostatics

The distribution of surface electrostatic potential for
the ExoR,, model was calculated using the Poisson-
Boltzmann solver, DelPhi v.4 release 1.1.°* The net
charge and the dipole moment of the modeled ExoR,,
protein were computed using the Protein Dipole
Moments Server.?®

Solvent accessibility analysis of the

cleavage site

The solvent-accessible surface area of the ExoR
cleavage site based on primary structure of ExoR
was determined using several programs, including
SABLE®® and RVP-NET.®” To determine the solvent
accessibility of these residues in the generated theo-
retical models, the GETAREA®® server was used.
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