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teins, even though f-sheet motifs are ubiquitous. Here we report the crystal struc-
tures of three homologous, single-layer, anti-parallel -sheet proteins, comprised of

three or four twisted (-hairpin repeats. The structures reveal that, in addition to the
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hydrogen bond network characteristic of f-sheets, additional hydrophobic interac-

nificant role in the structural stability and compensate for the lack of a compact
hydrophobic core. These structures enabled identification of a family of secreted
proteins that are broadly distributed in bacteria from the human gut microbiome
and are putatively involved in the metabolism of complex carbohydrates. A con-
served surface patch, rich in solvent-exposed tyrosine residues, was identified on
the concave surface of the f-sheet. These new modular single-layer p-sheet proteins
may serve as a new model system for studying folding and design of p-rich

proteins.
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1 | INTRODUCTION

Many proteins consist of tandem repeats, in which the indi-
vidual modules adopt a compact globular form known as a
domain.'? In structurally simpler cases, smaller repeats of
simple topology are linked together to form a larger solenoid-
like protein—examples include the tetratricopeptide (owar),
ankyrin (aot), leucine-rich (af), WD40 (Bppp), and
hexapeptide () motifs.> These so-called “repeat proteins” are
largely held together by local contacts (resulting in a low
overall contact order), rather than long-range interactions that
are common for globular proteins or domains.*> In addition
to their involvement in many biological processes, repeat pro-
teins also represent attractive systems for studying protein
folding and design due to their unique and relatively simple
architecture.®”’

One of the simplest, yet most uncommon, forms of
B-repeat proteins consists of multiple B-hairpins assembled
into a single-layer antiparallel f-sheet, linked together by
inter-strand hydrogen bonds.® Unlike other folds, no conven-
tional hydrophobic core can exist in single layer p-sheet pro-
teins. Isolated single-layer p-sheets can be found in very
small proteins, such as the three-stranded f-sheet in the WW
domain of Formin binding protein 28 (FBP28)’ and
engineered B-hairpins, such as tryptophan zippers (TrpZip)'°
and chignolin.'' These small motifs have been valuable in
studying the folding and design of p-hairpins and larger
B-sheets.'*!? Single-layer p-sheets have also been found as a
part of larger proteins, such as the Borrelia burgdorferi outer
surface protein A (OspA),'*!®> C-terminal G-box domain of
the centriolar protein CPAP,m’17 and ABC toxins.'
Although dominantly composed of antiparallel p-strands,
ABC toxins are also interspersed with occasional a-helical
motifs. In contrast, OspA consists of 21 consecutive antipar-
allel B-strands and a terminal a-helix, which together form a
central single-layer f-sheet flanked on either end by N- and
C-terminal globular domains. The single-layer f-sheet in
OspA has a well-defined rigid structure'” and is remarkably
thermodynamically stable,'® indicating that proteins lacking
a hydrophobic core can still possess some inherent “globu-
lar-like” characteristics. The G-box domain, although also
part of a larger protein, was found to form a single-layer
straight p-sheet, which is stable by itself.'®!"2°

Here, we report on crystal structures of three single-layer
B-sheet proteins (SLBPs) from Bacteroides that are assem-
bled from p-hairpin repeats: the 9-stranded BfSLBP (gene:
BF3112, PDB ID 3msw) from Bacteroides fragilis NCTC
9343, the 7-stranded BvSLBP (gene: BVU1206, PDB ID
4r80) from Bacteroides vulgatus ATCC 8482, and the
7-stranded PASLBP from Parabacteroides distasonis ATCC
8503, (gene: BDI3222, PDB ID 4r03). These new structural
representatives have allowed identification of a novel
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Bacteroides-specific protein family of SLBPs that are impli-
cated in utilization of complex polysaccharides. Moreover,
this protein family indicates the emergence of a new class of
bacterial proteins that may have evolved to adapt to mamma-
lian habitats and diets.

2 | RESULTS

2.1 | Target selection and structural
determination

The human body is colonized by ~1,000 species of microor-
ganisms, whose total population outnumbers that of human
cells by about 10-fold.*' These microorganisms, known col-
lectively as the human microbiome, have co-evolved with us
and, in some cases, are found only within the human body.
The microbiome plays a key role in various aspects of
human health, such as nutrition and immunity and, in some
cases, are the causative agents of disease. Many new protein
families, often specific to the human microbiome, have been
identified.”> We have undertaken structural characterization
of the secretome of Bacteroides species that prominently
populate the human gut. Bacteroides genomes contain large
stretches of genetic material that are upregulated in response
to the extracellular level of particular polysaccharide moie-
ties. Many of the ensuing secreted molecules are involved in
the recruitment or processing of nutrients that are otherwise
inaccessible to the human repertoire of digestive enzymes.
Genomic sequences of organisms populating the human
gut microbiome were clustered and used as the basis for iden-
tifying new protein families specific to the human gut micro-
biome.?* For structural studies using the high-throughput
structural genomics pipeline implemented at the Joint Center
for Structural Genomics (JCSG, http://www.jcsg.org),>>**
we focused on predicted soluble and secreted family mem-
bers from representative Bacteroides species whose
sequenced genomes were available at the time of target selec-
tion (B. uniformis, B. fragilis, B. ovatus, B. vulgatus,
B. eggerthii, B. caccae, B. thetaiotaomicron, P. merdae, and
P. distasonis). The predicted secreted proteins were identified
based on the presence of N-terminal signal peptides, which
were omitted from cloning constructs to facilitate purification
and crystallization. The selenomethionine derivative of each
target was expressed in Escherichia coli with an N-terminal
TEV-protease cleavable Hisg-tag and purified by metal affin-
ity chromatography. Analytical size exclusion chromatogra-
phy was used to ensure the purified protein was mono-
disperse before crystallization. Crystals were harvested and
screened for diffraction, and the best diffracting crystals were
chosen for data collection and structure determination. For
this study, 18 homologs were selected for structure character-
ization. Overall, 17 targets were purified as soluble proteins,
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six of which produced harvestable crystals. Four crystal
structures were determined, three of which were deposited in
the PDB (Table S1); the fourth low-resolution structure
served as an MR model to determine the structure of
BvSLBP (see below).

Crystal structures of BfSLBP (residues 26-169; PDB ID
3msw) and PASLBP (residues 29-136; PDB ID 4103) were
determined by the multiple-wavelength anomalous diffrac-
tion (MAD) phasing method. Data processing and refine-
ment statistics are summarized in Tables S2-S3. In both
cases, the asymmetric unit (asu) contains one protein mole-
cule. The structure of BfSLBP was refined to an Ry of
19.7% and an Ry, of 22.7% using diffraction data to 1.9 A
resolution (Table S2). The model of BfSLBP displays good
geometry with an all-atom clash score of 3.1, and the Ram-
achandran plot (MolProbity v3)* has all but one residue in
allowed regions. The Ramachandran outlier, Glul02, is
located in a loop region involved in a crystallographic con-
tact, and its structure is supported by well-defined main-
chain electron density (Figure S1). The final model of
BfSLBP contains residues 26—163 and GlyO (the residue that
remains after cleavage of the purification tag) and solvent
molecules (3 chloride ions, 3 1,2-propanediol, and
125 waters). The structure of PASLBP was refined to an
Reryst of 16.6% and an Ry of 18.8% using diffraction data
to 1.5 A resolution, with excellent model geometry
(Table S2). The final model of PASLBP contains all 29-136
residues, as well as Gly0 and solvent molecules.

Structure determination of BVSLBP (residues 26-128;
PDB ID 4r80) by single-wavelength anomalous diffraction
(SAD) or molecular replacement (MR) was not initially suc-
cessful. Subsequently, a model for the B. uniformis homolog
(57% sequence identity) was obtained from a lower resolu-
tion 3.3 A MAD dataset and used to determine the BvSLBP
structure by MR in space group P3,21. The BvSLBP crystal
was found to be perfectly twinned, giving rise to an appear-
ance of higher symmetry (P6,22 or P6,22) for the merged
data. The structure of BvSLBP was refined to an Repyg of
17.7% and an Ry, of 24.4% to 2.5 A resolution (Table S4).
The asu contains two protein molecules, consisting of two
very similar monomers (Ca RMSD of 0.5 A for residues
30-127), and solvent molecules.

2.2 | Overall structures and structural
comparison

BfSLBP is composed of nine B-strands arranged in a single-
layer, antiparallel B-sheet (B1-p9, Figure 1a), while BvSLBP
(Figure 1b) and PASLBP (Figure 1c) contain seven strands
(B1-P7) arranged in a similar manner. The C-terminus of
PdSLBP contains a short helix (two turns) that extends to
interact with its inner surface. The p-strands, each typically

~10 aa in length, form a series of p-hairpins that are con-
nected by short loops of ~2—7 aa. These hairpin repeats
(linked to form a p-meander motif) are frequently observed
in proteins with p-barrel or p-propeller folds. Local disrup-
tion of hydrogen bonding in p-sheets to accommodate
inserted residues and turns, known as B-bulges, are found
throughout the structure and not only in the edge strands®®
(see details for BfSLBP in Figure S2). All three SLBPs have
a right-handed twist, thereby adopting a concave palm shape
that forms a potential binding site along the inner concave
surface. The presence of classic B-bulges can attenuate the
twist in the p-sheet,>”*® and the presence of so many classic
B-bulges even in internal strands may add curvature to the
B-sheet and thus fine-tune the shape of this inner surface.
Since both sides of the [3-sheet are exposed to solvent, these
SLBPs do not possess a hydrophobic core, as commonly
observed in globular proteins. SLBPs can be categorized as
a member of the “curved single-layer subfold” according to
the classification defined by Roche et al.®

The three SLBP structures are very similar (Figure 1d),
despite less than 25% pairwise sequence identities. The first
seven strands (present in all structures) can be superimposed
with an average RMSD of 2.2 A for 95 equivalent Ca atoms.
Structural similarity searches using DALI®® indicate that
SLBPs display the most significant structural similarity to
parts of membrane-embedded porins. For example, BfSLBP
aligns to part (residues 52-175) of the mouse [-barrel
voltage-dependent anion channel (VDAC; PDB ID 3emn)*’
with an RMSD of 3.9 A for 125 Co atoms (sequence iden-
tity of ~6%). Overall, both the bend and twist observed in
the BfSLBP f-sheet are comparable to that of VDAC
(Figure 1e). BESLBP can also be superimposed onto the cen-
tral B-sheet of OspA (PDB ID 2g8c, p4-f12, residues
60—164)3 ' with an RMSD of 3.2 A for 91 Ca atoms
(sequence identity ~12%, Figure 1f). SLBPs can only be
matched to other P-sheet proteins (e.g., OspA or lectins)
using distant homology recognition algorithms, suggesting
that evolutionary relationships, if any, are very distant.

2.3 | Conserved B-hairpin repeats

Repeats within the SLBP amino acid sequences can only be
identified with very sensitive sequence comparison algo-
rithms. We therefore analyzed internal repeats in the SLBPs
by structural comparisons of the “overlapping” hairpins that
comprise the P-sheet (Figure 1). These hairpins can be
divided into two groups, “up” hairpins (f2-3, p4-5, p6-7,
and $8-9) and “down” hairpins (B1-2, p3-4, f5-6, and p7-8).
The up hairpins are structurally highly similar to each other
(average pairwise RMSD of only 1.5 A for 22 Ca atoms,
Figure 2a,b) and contain conserved sequence motifs
(Figure 2c). Most notably, a sequence motif [WM]
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(a) (b)

BfSLBP (3msw) Outer surface

[B4-5 hairpin

BvSLBP (4r80)

FIGURE 1
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(c)

PdSLBP (4r03)

Crystal structures of SLBPs. (a) BESLBP (green), (b) BvSLBP (magenta), and (c) PASLBP (blue). The strands are labeled
sequentially from 1 to 9. B-hairpins (fx-y, where x and y are two adjacent $-strands forming a hairpin, e.g., f2-3 hairpin) are referred to as up

hairpins (i.e., the loop is on the top, as depicted), or down hairpins (i.e., the loop is at the bottom, as depicted). (d) Superimposition of BESLBP
(green), BVSLBP (magenta), and PASLBP (blue). (e) Structural comparison between BfSLBP and VDACI porin (PDB ID 3emn), and (f) between
BfSLBP and OspA (PDB ID 2g8c). BfSLBP is colored green, and the other molecule is red.

Nxs5.[WLF] anchors all up hairpin turns, such that one
hydrophobic residue (e.g., Met51 of B2 of BfSLBP) at the
end of the first strand makes cross-strand contacts with the
second hydrophobic residue at the beginning of the second
strand (e.g., Leu59 of 3 of BfSLBP). The conserved aspara-
gine is involved in hydrogen bonding with the main-chain
amide of the i + 2 residue (Figure S2d). The apparent neces-
sity of aligning these cross-strand hydrophobic residues
imposes a restriction on the geometry of the second fp-strand
of each hairpin—as such, the insertion of an additional
amino acid in this strand is accommodated through a con-
served B-bulge (the inserted residue is a lysine in all hair-
pins, except for a serine in f4-5 for BfSLBP, Figure 2b). In
contrast, the down hairpins typically feature shorter con-
necting loops that are not conserved in sequence and are
more varied in structure. The interfaces between f-strands of
the SLBPs are also appreciably larger than the interfaces
between the down hairpins (Figure 3a); the up hairpins also
contain more hydrogen bonds (Figure 3a). Together, these

results suggest that up hairpins comprise the underlying
architecture that, by duplication and mutation, gave rise to
the overall SLBP architecture.

Within the wup hairpins, the edge-to-face (“T-shaped”)
packing of the hydrophobic side-chain pairs, such as
Trp83-Trp90 or Trpl12-Phell9 hydrophobic pairs in
BfSLBP (Figure 2d), is highly similar to that of the TrpZip
B-hairpins (PDB 11e0)'° in which Trp-Trp interactions are
essential for stabilization.*> We identified more than 50 simi-
lar T-shaped Trp-Trp interacting pairs in other P-hairpins
among ~10,700 nonredundant PDB chains (i.e., chains with
a sequence identity <30%). For example, E. coli dihydroxy-
acetone kinase (PDB 10i2)* contains a nearly identical
in BfSLBP
(Figure 2d). In most cases, bending or termination of these
B-hairpins (near the W + 4 position) is observed, likely due
to Trp-Trp interactions that have a tendency to produce an

WDx,W hairpin loop to that observed

appreciable twist that may disrupt regular hydrogen bond-
ing.' Interestingly, the RHS repeats of ABC toxin'® also
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(a) (b)

BfSLBP
BvSLBP
PdSLBP

(C) B-turn

3msw-b23 K
3msw-b45
3msw-b67
3msw-b89
4703-b23
4103-b45
4r03-b67
47r80-b23
4180-b45
4r80-b67

(d) (e)
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BfSLBP B5
hydrophobic contacts RHS

(YXWNx_h motif)
BfSLBP B4 "

contain hairpins featuring a YXYD/Ex,;h motif (where h is a
hydrophobic residue), where the second tyrosine and down-
stream hydrophobic residue make cross-strand contacts
(Figure 2e). Similar cross-strand hydrophobic interactions
(Phe-Leu ladder) are also observed in the stabilization of
OspA.*

2.4 | Inter-f-hairpin interactions and small
hydrophobic clusters

B-sheets contain a central, tightly packed layer of main-chain
atoms, which are flanked on either face by side chains. In
SLBPs, the hydrophobic interactions between stretches of
these side chains, or between the side chains and the under-
lying main-chain atoms, may have a function analogous to
the hydrophobic core of globular proteins.** The relative sol-
vent exposure of each residue (Figure S3), calculated by
GETAREA™® as a ratio of the side-chain surface area
between folded and unfolded (“random coil”) states, indi-
cates that many of the side chains of these hydrophobic resi-
dues are buried and well-protected from solvent. Most of

BfSLBP

<KzZz<<zmomoum<

& = =~ e -

-

FIGURE 2 f-hairpin
323 repeats of SLBPs. (a) Structural
comparisons of up hairpins of
BfSLBP (green), BvSLBP
(magenta), and PASLBP (blue).
(b) Structural superposition of up
hairpins in BfSLBP with the
highly conserved residues near the
turn highlighted as sticks.
(c) Structure-based sequence
alignment of up hairpins.
Residues shown as sticks around
the p-turn region in (b) are

- KMYKYSYD highlighted in boxes (green:
.SRTVISRY . . .
CKKYIYI1T. hydrophobic residues, yellow:
.KDALT . . . polar residues). (d) Structural

: ¥ CR) T -IIE- $ 8 $ g comparisons of the f4-5 hairpin
CQNMIT L P of BfSLBP (green, Figure S2)
.MKHNYKYD : B .
CLCIRYTYG Wlthahmmln of E. .colz
EMTVTMD . . dihydroxyacetone kinase (PDB ID

loi2, magenta). (e) Representative
RHS repeat (residues 297-319)
from ABC toxin (PDB ID 4igl,
orange), demonstrating the
structural similarity of the
underlying hairpin-repeat unit

hydrophobic contacts
(YxYD/Ex_h motif)

these residues are located toward the ends of p-strands, for-
ming small inter-strand hydrophobic clusters as illustrated in
Figure 3c, using the structure of BfSLBP as an example.
These clusters are often protected at the perimeter by resi-
dues like Lys, Arg, or Glu, which bury their aliphatic por-
tions while extending their polar terminal regions into the
solvent. Clusters b—e (Figure 3b) are each centered on a
cross-strand hydrophobic pair as discussed above (e.-
g., Trp83-Trp90, Trpl12-Phell9, etc.), allowing each up
hairpin to interact with the C-terminal strand of a preceding
up hairpin (Figure 3c). Two additional hydrophobic clusters
are located near the N-terminus (Lys30, Phe32, Ile48, and
Val62—Cluster a in Figure 3(b,c) as well as the C-terminus
(Leul57, Tyrl61, and Ile136—Cluster f in Figure 3b,c), that
cement these strands to the central region of the sheet. Over-
all, these small hydrophobic clusters are strategically located
at structurally weak spots (connected to highly mobile
regions, see below) and hold these substructures (“micro-
domains”) together. Thus, hydrophobic interactions appear
to play a significant role in the stabilization of SLBPs,
despite the lack of a unified hydrophobic core.
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Interactions between B-hairpins of BfSLBP. (a) Total buried surface area (blue bars, A2) and number of hydrogen bonds (gray

bars) within each hairpin interface. Interfaces within up hairpins are denoted by red boxes. (b) Small hydrophobic clusters (cluster b—e in Panel c)

present between the up hairpins. The conserved hydrophobic pairs within up hairpins are highlighted in green. Note that these clusters are located on

the opposite face of the B-sheet, as shown in (b). The two conformers of Met51 are labeled as (A) and (B), respectively

2.5 | Dynamics of SLBPs

We performed computational analysis of BfSLBP to evalu-
ate the thermodynamic properties of the broader SLBPs fam-
ily. The B-value distribution across BfSLBP indicates that
central f-strands are relatively rigid and the thermal motions
are mostly restricted to the N- and C-termini, as well as the
loops connecting conserved P-hairpins, such as L.2-3, L6-7,
and L8-9 (Figure 4a left, Figure S3). The regions with
highest experimental thermal fluctuations are consistent with
predictions from normal mode analysis and molecular
dynamics (MD) simulations (Figure 4a right, Figure S3).
The MD simulations suggest the fluctuations are slightly
greater in solution for the loops and the terminal regions.
Overall, the X-ray and MD results indicate that BfSLBP is a
relatively rigid molecule.

BfSLBP is stable during MD simulations, with the over-
all conformation and total number of hydrogen bonds
remaining consistent over time. However, variations in the
number of contacts within each hairpin were observed. In
particular, the aromatic hydrophobic side-chain pairs within
the up hairpins (Trp83-Trp90 or Trpl12-Phell9) show
greater stability in their orientation and hydrophobic contacts

during MD simulations, as compared to the hydrophobic
pairs lacking mutual aromatic contributions (Met143-Trp150
or Met51-Leu59) (Figure 4b). As expected, methionines in
the latter interacting pairs have significant side-chain mobil-
ity and are the primary source of the fluctuations in the con-
tacts. This observation is supported by crystallographic data
indicating Met51 has a dual side-chain conformation
(labeled as (A) and (B) in Figure 3c). Overall, the Trp-Trp
interactions maintain the highest numbers of persistent con-
tacts, consistent with the suggestion that Trp-Trp interaction

confer the greatest degree of stabilization to
32,36

pairs
B-hairpins.

2.6 | A Bacteroides-specific SLBP family

The analysis above indicates SLBPs are novel proteins in
both structure and sequence. The structures reported here
were thus used to define a new PFAM protein family
PF12930 (DUF3836), which currently contains more than
600 members. These proteins originate from bacteria in the
Bacteroidales order, mostly from the Bacteroides genus,
except for a few species from the Prevotellaceae or
Porphyromonadaceae families. Typically, one to three
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FIGURE 4 Dynamics of BfSLBP.
(a) Mapping of B-values (left) and
computed B-values derived from MD
simulations (right) onto the BESLBP
structure. The molecule is colored in a
gradient from blue (low B-value, thin line)
to red (highest B-values, thick line).

(b) Number of contacts between the
hydrophobic pair of each up hairpin during
the course of a 100 ns MD simulation
(with a running average over 200 ps). A
“contact” is counted if the distance
between two atoms, one from each group,
is less than 6 A
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paralogs are identified in each species. However, as many as
seven to nine paralogs can be found in some species, such as
in B. cellulosilyticus DSM 14838, a main gut bacterium that
degrades cellulose,®” which contains eight paralogs. In addi-
tion, over 7,000 homologs have been found in human gut
metagenomic datasets, highlighting the enrichment of this
family in the human gut microbiome.

Gene expression studies of B. thetaiotaomicron intro-
duced into germ-free mice that were fed either
polysaccharide-rich or simple-sugar diets®® demonstrated
that the two SLBPs (BT2500 and BT3259) are strongly
upregulated in the presence of complex polysaccharides. In
another study that compared gene expression levels between
young suckling mice (with simple-sugar diets) and older
mice in the weaning period (with complex-carbohydrate
diets), both SLBPs in B. thetaiotaomicron were significantly
upregulated (BT2500, 18.4 times; BT3259, 3.3 times).””
During the weaning period, B. thetaiotaomicron adapts to
the changing nutrient environment by expressing gene clus-
ters that encode environmental sensors, outer membrane

proteins involved in binding and import of glycans, and gly-
coside hydrolases, that exploit the abundant, plant-derived
polysaccharides in the diet.** Thus, these microarray studies
on B. thetaiotaomicron suggest that SLBPs may play a role
in polysaccharide catabolism or sensing.

A multiple sequence alignment of representative SLBP
homologs is shown in Figure 5. Structure-based sequence
analysis reveals common characteristics of the SLBP family.
(a) all contain a predicted signal peptide within the first
30 residues, suggesting that these proteins function either in
the periplasm or outside the cell. (b) The [WM]Nxs_¢[WLF]
motif defining the turn regions of the up hairpins is highly
conserved among homologs, offering further evidence for
the importance of this region. (¢) Some homologs are trun-
cated by one or two P-strands at the C-terminus and would
be expected to form seven- or eight-stranded p-sheets, as
confirmed by the structures of PdSLBP and BvSLBP.
(d) Several (Yx), sequence motifs are present within the
p-strands, including BfSLBP B3 (*YkYsYd”), p7
(**YiYi'?®), and p8 (*°YaYk'*?) on the inner surface.
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FIGURE 5 Alignment of eight representative SLBPs and molecular phylogenetic analysis using the ML method based on the JTT matrix-

based model (all positions containing gaps or missing data in the alignment were eliminated from the analysis), implemented in MEGA6. The

secondary structure and sequence numbering of BfSLBP is shown on top, and sequence motifs are marked below (shown in red). Highly conserved

residues are colored blue, while signal peptides and conserved cross-strand aromatic motifs are highlighted in boxes. The tree with the highest log

likelihood is shown. The percentage of trees in which the associated taxa cluster together is shown next to the branches.

These tyrosine motifs form small stretches of aromatic side
chains that appear to protect and stabilize the free-standing
fB-sheet surface (Figure 6). Importantly, these aromatic-rich
motifs may represent a putative interaction surface on
SLBPs (see below).

2.7 | A conserved surface patch

The highly conserved residues of the SLBP family map mostly
near the ends of the p-strands or inner pB-sheet surface on the
BfSLBP structure (Figures 5 and 6a). While the turn residues
likely play critical roles in structural stability, those along the
solvent exposed [-sheet surface appears to define a possible
binding site delineated at the perimeter by several highly con-
served tyrosines (e.g., Tyr65, Tyr67 and Tyr69, Tyr109, and
Tyr127 in BfSLBP, Figure 6b). These tyrosines share similar

side-chain conformations and all generally point in the same
direction (toward the turns of the up hairpins). The center of
the surface contains -branched amino acids (valine/threonine,
isoleucine) that are common in B-strands, except for Lys78.
The above identified surface patches are involved the
inter-molecular packing interactions in the crystal structures
of all three SLBPs (Figure S4 and Figure 6¢c—e). In BfSLBP,
this tyrosine-rich region interacts with the L2-3 loop from a
symmetry-related molecule, burying three hydrophobic resi-
dues (Met51’, Ala54’, Gly57', and Leu59’), while the side
chains of Lys78, Tyrl125, and Tyr127 hydrogen bond with
the carbonyl oxygens of Asp53’, Ala54’, and Gly57' of the
symmetry-related molecule (Figure 6c). The equivalent
BvSLBP region interacts with a f-strand from the adjacent
monomer, burying Metl22’, Vall24/, and Metl126'
(Figure 6d). Moreover, the PASLBP site interacts with its
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FIGURE 6 Sequence
BfSLBP conservation and conserved
surface patches in SLBPs.

(a) Mapping of conserved
residues onto the BfSLBP surface.
The conserved residues are
colored by atom types (C: yellow,
N: blue, and O: red). (b) A
hydrophobic/aromatic site located
on the inner surface of BfSLBP.
(c) Crystal packing interactions
involving the these sites in
BfSLBP, (d) BvSLBP, and

(e) PASLBP.
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own C-terminal helix (burying Ile134 and Phel35), with
additional hydrogen bonds involving Lys74 (Figure 6e).
These interactions, although likely not physiologically rele-
vant, suggest that these regions could potentially recognize a
ligand or a partner protein through a combination of
aromatic/hydrophobic interactions, with additional stabiliza-
tion from hydrogen bonds.

3 | DISCUSSION

We have determined crystal structures of a family of unique
single layer B-sheet proteins (Figure 1). These SLBPs

contain three or four similar p-hairpin repeats, suggesting
that they evolved from gene duplication of an ancestral
B-hairpin (Figure 2). Further gene duplication and horizontal
gene transfer may have facilitated the spread of orthologs
and homologs throughout the Bacteroides genus. Protein
evolution through sequence divergence could have allowed
these organisms to take advantage of their niche environ-
ment in the gut, and potentially facilitate the uptake of car-
bohydrates, as implicated in microarray studies.®"

The exact function(s) of SLBPs is currently unknown.
Nonetheless, we tentatively identified a conserved surface
patch, defined by the rigid, concave surface of the central
strands (B3—p7, Figure 6). This surface can be generated
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with either three or four hairpin repeats, corresponding to
the sequence length differences found in SLBP homologs.
Overall, the inner surface residues delineated by tyrosine
ladders contribute to the formation of a relatively flat hydro-
phobic binding site. We speculate that this surface may be
involved in binding potential substrates (e.g., protein or car-
bohydrates). Profile-based sequence comparison using
HHpred** suggests that SLBPs share some sequence similar-
ity (probability ~91%) with that of a hypothetical protein
BACUNI_01323 from Bacteroides uniformis ATCC 8492,
whose structure we also determined (PDB 4ghb, Figure S5).
BACUNI_01323, a member of Pfam DUF4595 (may also
be related to UPF0257), has a novel “gated” porin-like
B-barrel fold that consists of 16 p-stands and a “plug”
domain between strands p12 and $13. It is interesting that
BACUNI_01323 also carries a tyrosine-ladder motif on its
concave surface, which is involved in interaction with the
helical “plug” domain (Figure S5), reminiscent of the crystal
packing interactions observed in SLBPs (Figure 6). Addi-
tionally, despite lack of overall structural similarity, the
putative binding sites in SLBPs bear some resemblance to
the substrate-binding sites of carbohydrate-binding modules
(CBMs), where aromatic residues (Trp, Tyr, and less often
Phe) facilitate hydrophobic stacking and/or hydrogen-
bonding interactions between protein and carbohydrate
(Figure $6).*'**

Analytical size exclusion analysis demonstrated that
BfSLBP is a monomer in solution (data not shown), which
agrees with the prediction based on crystal packing using the
PISA server.*> p-sheets have a tendency to self-aggregate or
to interact with other proteins using exposed edge strands. It
has been suggested that natural f-sheet proteins prevent
unwanted edge-to-edge aggregation via negative design,
such that the edge strands are structurally altered (e.-
g., covered by loops, or are irregular by insertions such as
B-bulges) to prevent further edge extension.** Indeed, the C-
terminal strands of all three SLBPs contained structural
irregularities (B-bulges) that disrupt regular placement of
main-chain hydrogen donor/acceptors (Figure S7). The C-
terminal edge strands of PASLBP and BvSLBP contain addi-
tional inserts (Pro-Glu or Val) (Figure 2c) and, as a result,
are less conserved across the SLBP family (Figure 2a). Fur-
ther prepending of additional p-hairpin repeats in SLBPs is
prevented by the leading strand. Interestingly, this N-
terminal strand assumes a typical B-strand geometry (i.-
e., with regularized, exposed carbonyls) that can be utilized
for intermolecular interaction via edge strand extension. For
example, the two monomers in the PASLBP asu interact via
their respective p1-strands to form one extended anti-parallel
B-sheet (Figure S4).

B-sheets are a common secondary structural motif in pro-
teins. Thus, elucidating the folding pathways of f-sheets is

B oon-WiLey L=

critical for understanding the complexities of protein fold-
ing.*> p-hairpins are believed to universally function as criti-
cal nucleation sites in the early stages of p-sheet folding.
Moreover, studies of short B-hairpin-forming peptides high-
light the critical importance of the turn region in the folding
process.'? Our analysis suggests that up hairpins can be con-
sidered as “micro-domains” (where each hairpin is held
together by strong inter-strand interactions), which are then
linked together by weaker “inter-domain” interactions
(Figure 3a). By analogy to globular proteins, we speculate
that the up hairpins fold first, followed by coalescence of the
rest of the P-sheet. Sequence variability among repeating
units may affect their folding rates © and additional experi-
ments are needed to address this question. Therefore, the
SLBP family of proteins, with their modular design, could
serve as a new model system for investigating stability, fold-
ing, and engineering of B-hairpins and p-sheets.

4 | MATERIALS AND METHODS

4.1 | Protein production

Clones were generated using the Polymerase Incomplete
Primer Extension (PIPE) cloning method.*® The gene seg-
ments encoding predicted signal peptides using SignalP*’
were omitted. The truncated BfSLBP, PdSLBP, and
BvSLBP clones were amplified by polymerase chain reac-
tion (PCR) from the corresponding genomic DNA using
PfuTurbo DNA polymerase (Stratagene) and I-PIPE (Insert)
primers (Table S5). The expression vector, pSpeedET,
which encodes an amino-terminal tobacco etch virus (TEV)
protease-cleavable  expression and purification tag
(MGSDKIHHHHHHENLYFQ-G), was PCR amplified with
V-PIPE  (Vector) primers (forward primer: 5'-
taacgcgacttaattaactcgtttaaacggtctccage-3’, reverse primer: 5'-
gecctggaagtacaggttttcgtgatgatgatgatgatg-3'). V-PIPE and I-
PIPE PCR products were mixed, and the amplified DNA
fragments were annealed. E. coli GeneHogs (Invitrogen)
competent cells were transformed with the I-PIPE/V-PIPE
mixture and dispensed on selective LB-agar plates. The
cloning junctions were confirmed by DNA sequencing.
Expression was performed in E. coli strain PB1, which was
grown in a selenomethionine-containing medium at 37°C.
Selenomethionine was incorporated via inhibition of methio-
nine biosynthesis.*® At the end of fermentation, lysozyme
was added to the culture to a final concentration of
250 pg/mL, and the cells were harvested and frozen. After
one freeze/thaw cycle, the cells were homogenized and soni-
cated in lysis buffer [40 mM Tris, 300 mM NaCl, 10 mM
imidazole, 1 mM  Tris(2-carboxyethyl)phosphine-HCl
(TCEP), pH 8.0]. Remaining nucleic acids were digested
with the addition of 0.4 mM magnesium sulfate and 1 pL. of
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250 U/uLL benzonase nuclease (Sigma) in the lysate. The
lysate was clarified by centrifugation at 32,500g for 25 min.
The soluble fraction was passed over nickel-chelating resin
(GE Healthcare) pre-equilibrated with lysis buffer. The resin
was then washed with wash buffer [40 mM Tris, 300 mM
NaCl, 40 mM imidazole, 10% (v/v) glycerol, 1 mM TCEP,
pH 8.0], and the protein was eluted with elution buffer
[20 mM Tris, 300 mM imidazole, 10% (v/v) glycerol,
150 mM NaCl, 1 mM TCEP, pH 8.0]. The eluate was
buffer-exchanged with TEV buffer [20 mM Tris, 150 mM
NaCl, 30 mM imidazole, 1 mM TCEP, pH 8.0] using a PD-
10 column (GE Healthcare), and incubated with 1 mg of
TEV protease per 15 mg of eluted protein for 2 hr at
~20-25°C, followed by digestion overnight at 4°C. The
protease-treated eluate was passed over a nickel-chelating
resin (GE Healthcare) pre-equilibrated with crystallization
buffer (20 mM Tris, 150 mM NaCl, 30 mM imidazole,
1 mM TCEP, pH 8.0) and the resin was washed with the
same buffer. The flow-through and wash fractions were
combined and concentrated by centrifugal ultrafiltration
(Millipore) for crystallization trials.

The protein oligomeric state in solution was determined
using a 1 x 30 cm® Superdex 200 size exclusion column
(GE Healthcare)46 coupled with miniDAWN (Wyatt Tech-
nology) static light scattering (SEC/SLS) and Optilab differ-
ential refractive index detectors (Wyatt Technology). The
mobile phase consisted of 20 mM Tris pH 8.0, 150 mM
NaCl, and 0.02% (w/v) sodium azide.

4.2 | Crystallization

SLBPs were crystallized using the nanodroplet vapor diffu-
sion method*® with standard JCSG crystallization proto-
cols** using the robotic CrystalMation platform (Rigaku
Automation). Drops composed of 200 nL protein solution
mixed with 200 nL crystallization solution in a sitting drop
format were equilibrated against a 50 pL reservoir. The
detailed crystallization conditions are shown in Tables S2—
S4. Initial screening for diffraction was carried out using the
Stanford Automated Mounting system® at the Stanford
Synchrotron  Radiation Lightsource (SSRL, Menlo
Park, CA).

4.3 | Data collection and structure
determination

MAD or SAD data were collected at wavelengths
corresponding to a selenium MAD experiment at SSRL
beamlines (11-1, 14-1, and 12-2). Data processing and struc-
ture determination were carried out using automated struc-
ture solution protocols developed at the JCSG.”">* In brief,
the diffraction data were integrated and reduced using XDS

and then scaled with the program XSCALE.>? The locations
of selenium sites, initial phasing, and identification of the
space group were carried out using SHELXD.>* Phase
refinement and model building were performed using
autoSHARP>®> and BUCCANEER.’® The model building
and refinement was completed using COOT>’ and
BUSTER’® or REFMACS5.%° The refinement included exper-
imental phase restraints in the form of Hendrickson—Lattman
coefficients (when applicable) and TLS refinement with one
TLS group consisting of the whole protein chain in the
absence of solvent molecules. Data and refinement statistics
are summarized in Table S2-S4.

4.4 | MD simulation

MD simulations were performed using GROMACS 4.6.3
with the CHARM22 force field.®® The protein was placed in
a rhombic dodecahedron box with the edges at least 10 A
away from the protein surface. The system was solvated
with water molecules (TIP3P) supplemented with 0.1M
NaCl. After energy minimization, position-restrained MD
simulations were carried out in the NVT and NPT ensembles
(100 and 500 ps) to equilibrate the system at 298 K and
1 atm. The system was then subjected to unconstrained pro-
duction MD simulation for 100 ns. Normal mode analysis

was carried out using NMwiz.®!

4.5 | Sequence and structure analysis

Secondary structures and hydrogen bonds were assigned
using PROMOTIF.%* Analysis of the stereochemical quality
of the model was accomplished using MolProbity.? Struc-
tural superposition was carried out using Matt®® or
TMalign.®* Molecular graphics were prepared with PyMOL
(http://www.pymol.org/) or VMD.®® Protein sequences were
aligned using MAFFT®® and rendered using TeXshade.®’
Identification of structural motifs was carried out using
SPASM,®® searching against a nonredundant PDB dataset
based on PISCES® (sequence identity <30%, resolu-
tion >3.0 A).

4.6 | Accession codes

Atomic coordinates and experimental structure factors for
BfSLBP, BvSLBP, and PASLBP have been deposited in the
PDB with accession codes 3msw, 4r8o, and 4103, respec-
tively. The plasmid for producing recombinant BfSLBP is
deposited in the PSI:Biology-Materials Repository (http://
dnasu.asu.edu) with clone ID BfCD00327505.
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