Crystal structure of the functional
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Abstract: Staphylococci use cell wall-anchored proteins as adhesins to attach to host tissues.
Staphylococcus saprophyticus, a uropathogenic species, has a unique cell wall-anchored protein,
uro-adherence factor A (UafA), which shows erythrocyte binding activity. To investigate the
mechanism of adhesion by UafA, we determined the crystal structure of the functional region of UafA
at 1.5 A resolution. The structure was composed of three domains, designated as the N2, N3, and B
domains, arranged in a triangular relative configuration. Hemagglutination inhibition assay with
domain-truncated mutants indicated that both N and B domains were necessary for erythrocyte
binding. Based on these results, a novel manner of ligand binding in which the B domain acts as a
functional domain was proposed as the adhesion mechanism of S. saprophyticus.
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Introduction

Staphylococcus saprophyticus is a leading gram-positive uropathogen of uncomplicated urinary tract infection
in young and middle-aged women.'™® S. saprophyticus is a notable uropathogen infection with which is not
associated with indwelling catheters, although other staphylococci are often clinically isolated with the

Additional Supporting Information may be found in the online version of this article.

Staphylococcus saprophyticus is a uropathogen involved in urinary tract infection. In this study, we investigated the adhesion
mechanism of UafA, a unique cell wall-anchored protein, by structure analysis and hemagglutination inhibition assay. This is the first
report of the structure containing the N2, N3, and B domains of a cell wall-anchored protein. Hemagglutination inhibition assay
indicated an important role of the B domain. Based on our results, we propose a novel binding mechanism using the B domain.

Data deposition: The atomic coordinates for UafA-F®"81) P2, and P2,2,2; forms of UafA-F®%28"") have been deposited in the
Protein Data Bank under the accession numbers 3IS1, 3IRP, and 3IRZ, respectively.
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presence of indwelling catheters, suggesting that
S. saprophyticus has the ability to adhere to the
urinary tract.® Adhesion to the surface of host cells
is the crucial initial step in microbial infections, and
this is mediated by bacterial cell-surface proteins
named MSCRAMMs (Microbial Surface Components
Recognizing Adhesive Matrix Molecules).”® Most
MSCRAMMSs on gram-positive pathogens are cova-
lently anchored to the cell wall peptidoglycans via
an LPXTG motif. Recent genome analysis of the
S. saprophyticus type strain ATCC 15305 revealed
that this bacterium possesses only one cell wall-
anchored protein, uro-adherence factor A (UafA),
while other staphylococci have more than 10 cell
wall-anchored proteins, suggesting that colonization
by S. saprophyticus involves a mechanism distinct
from other staphylococci.®*° In addition, S. sapro-
phyticus has a redundant uro-adaptive transport
system and significantly high urease activity.'® It
has been suggested that S. saprophyticus can
survive in the human urinary tract due to a combi-
nation of these characteristic features.'’

In general, MSCRAMMSs contain an N-terminal
signal peptide, a functional region called the A
region, a repeat region of about 20 kDa called the B
region, and a region of low sequence complexity
called the R region. The C-terminus of MSCRAMMSs
includes a cell wall-membrane-spanning region
(WM region) containing the LPXTG motif, which is
necessary for recognition and covalent linkage to cell
wall peptidoglycan by sortase.®!' The crystal struc-
tures of the A region of clumping factor A (CIfA),'%13
fibrinogen binding protein (SdrG),**'® and collagen
binding protein (CNA)*® have been determined, and
shown to commonly adopt a DE-variant-type immu-
noglobulin (Ig)-fold. Based on the structures in com-
plex with their specific ligands, two ligand binding
mechanisms, the “dock, lock, and latch model”*®*
and the “collagen hug model,”'® have been proposed.
In both binding models, the ligand molecule is
captured between the N1 and N2 subdomains in the
A region, and the binding is completed by a “latch”
in which the C-terminal extension of the N2 sub-
domain is inserted into a trench on the N1 subdo-
main and forms a [B-sheet. These two mechanisms
differ in their ligand-free form, i.e., the trench on
the N1 subdomain is not filled with a latch in the
apo form of the “dock lock and latch model,” whereas
the latch is located in the trench and forms a B-sheet
with the N1 subdomain in the apo-form of the “colla-
gen hug model.”

In addition, the crystal structure of two tandemly
connected B domains of CNA has also been deter-
mined. The B domain is composed of two similar
IgG-like subdomains.!” These two subdomains share
sequence identity of 41% and can be superposed
with a root mean squared deviation (RMSD) of
1.28 A. In addition, two B domains tandemly con-
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nected have very similar structures. As the B region
neither binds collagen nor influences the collagen
binding activity of the A region, the B repeats are
thought to act as a stalk that projects the A region
at the surface of bacterial cells.!® Although struc-
tures of individual domains were revealed as
described above, no structure containing both N and
B domains has yet been reported.

Similar to other MSCRAMMSs, UafA from
S. saprophyticus contains an N-terminal signal pep-
tide, a 72-kDa A region followed by a 13-kDa B do-
main, a 148-kDa Ser-Glu-rich R region, and a WM
region containing the LPXTG motif (Fig. 1).2° The A
region of UafA consists of three subdomains: N1, N2,
and N3. The N2 and N3 domains show 32% sequence
similarity with each other. As S. saprophyticus pos-
sesses UafA as a unique MSCRAMM, it is likely that
UafA contributes significantly to adhesion to the
urinary tract, which would be a severe environment
for bacterial colonization due to intensive fluid flux.
UafA has been shown to play a significant role in
the hemagglutination activity of S. saprophyticus.°
However, the precise adhesion mechanism and
candidate ligands of UafA remain to be elucidated.

In this study, we investigated the adhesion
mechanism of UafA by crystal structure analysis
and hemagglutination inhibition assay of domain-
truncated UafAs. Based on the results, we propose a
novel binding mechanism using the B domain for ad-
hesion of S. saprophyticus.

Results

Self-truncation of N1 domain in the

functional domain of UafA

We first cloned and expressed the region from Ala51
to Thr811, which contains A and B domains, as a
functional region of UafA, UafA-F®18 with a Hisg
tag at the C-terminus (Fig. 1). Although the molecu-
lar weight of UafA-F®8Y predicted from the
sequence was about 86 kDa, that of the purified pro-
tein was estimated as about 50 kDa by SDS-PAGE.
This partial protein, named UafA-F?° ¥P2 ¢ould bind
with Ni-affinity resin and was detected on Western
blotting using anti-His tag antibody, indicating that
the N-terminal region was truncated. The N-termi-
nal sequences of UafA-F?° ¥P2 determined by the
Edman degradation method showed that the cleav-
age site is between Lys375 and Phe376, indicating
that the whole N1 domain is truncated. This result
agreed well with those of time-of-flight mass spec-
trometry analysis indicating that the molecular
mass of the purified protein was 49.24 kDa. These
results indicated that the N1 domain of UafA was
specifically and spontaneously digested, although it
is unclear whether the N1 domain is digested by
proteases from Escherichia coli or by its self-splicing
activity. Similar fragmental truncation of the N1
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Figure 1. Domain organization of UafA and partial proteins used for structure determination. S, signal peptide; A, A region;
N1, N2, N3, domains in the A region; B, B region of about 20 kDa; R, region of low sequence complexity. Numbers indicate

the residue number of each position.

domain was also observed in clumping factors A and
B, which are the MSCRAMMs from S. aureus.'®

It has been reported that UafA is involved in
hemagglutination.!® To determine whether UafA-F?°
kDa hag erythrocyte binding activity, the hemaggluti-
nation inhibitory activity of UafA-F>° kP2 ag
examined (Fig. 2). Erythrocytes formed large aggre-
gates mediated by the hemagglutination activity of
S. saprophyticus (2nd well from the left in Fig. 2).
However, when UafA-F?° ¥P2 was added, hemagglu-
tination was significantly inhibited and erythrocytes
precipitated to the bottom of the well (3rd well from
the left in Fig. 2). The inhibition of hemagglutina-
tion was dependent on the concentration of UafA-F?°
kDa 5dded (Fig. 2), suggesting that UafA-F?° kP2 can
bind to erythrocytes by itself, and that the N1
domain is not necessary for hemagglutination.

Crystal structure of functional region of UafA

As UafA-F?° ¥P2 which showed erythrocyte binding
activity as described above, is a truncated fragment
of UafA-F®8 in E. coli cells, and the DISOPRED2
disorder prediction server (http:/bioinf.cs.ucl.ac.uk/
disopred/) suggested that the N1 domain is unstruc-
tured. The region from Phe376 to Thr811, desig-
nated UafA-F@"%8D) was cloned and prepared to
determine the crystal structure of the functional
domain (Fig. 1). The structure was determined by

the single-wavelength anomalous diffraction (SAD)
method using selenium as the anomalous scatterer
and refined at a resolution of 2.45 A. In this struc-
ture, 18 residues at the N-terminus, the C-terminal
10 residues containing the Hisg tag, and a region
between Lys706 and Ser715, GIn769 and Ser779,
and Asp796 and Asp798 were disordered. The final
model consisted of 396 residues, 1 glycerol, and 113
water molecules. As the disorder of the N-terminus
was serious, a mutant derivative UafA-F®9281D in
which the N-terminal 17 residues of UafA®7681D
were deleted, was prepared to improve the resolu-
tion (Fig. 1). The crystal structure was determined
at 1.50 A resolution and all residues except the N-
terminal 3 and C-terminal 7 residues were modeled.
The final model consisted of 418 residues, two
glycerol molecules, five potassium ions, and 526
water molecules. The revealed structure consisted of
three domains, corresponding to N2 (Ala392—
Phe541), N3 (Thr547-Val688), and B (Phe695-
Asp829) domains [Fig. 3(A)]. All three domains were
composed mainly of B-strands and had an Ig-like
fold. In particular, N2 and N3 had a similar p-sand-
wich structure composed of two B-sheets and were
superposed with an RMSD of 3.09 A for 101 Co
atoms. The topology of these two domains is identi-
cal to the DEv-IgG fold reported for the ligand bind-
ing domains of other MSCRAMMSs, CIfA,'%!2 CNA

Inhibition assay using serially diluted UafA-F*%°2

UafA-F5o°e

S. saprophyticus
cell suspension

Figure 2. Hemagglutination inhibition activity of UafA-F°° “Pa, Erythrocytes were incubated with S. saprophyticus cells and 2-
fold serially diluted UafA-F®° kP2 As controls, erythrocytes without S. saprophyticus cells and UafA-F*° kP2 are also shown.
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Figure 3. Crystal structure of functional region of UafA. (A) Overall structure of UafA-F©®°2-8"") N2, N3, and B domains are
shown in green, orange, and red, respectively. The N3-B loop is shown as a gray loop. (B) Topology diagrams of UafA©®92-811),
Arrows and boxes represent 3-strands and a-helixes, respectively. The colors correspond to those in Figure 3(A). (C)
Superposition of three structures. UafA-F®7681") 2. form UafA-F@92:81 (1.5 A resolution), and P2,2,2; form UafA-F©392811)
(1.7 A resolution) are shown in blue, red, and green, respectively. Ca atoms in N3 domains are superposed.

(16), and SdrG.'*1® The two p-sheets in the N2 do-
main are composed of B-strands A, B, and E, and C,
D1, D2, F, and G, respectively, whereas those in the
N3 domain are composed of B-strands A, B, D, and
E, and C, D1, D2, F, and G, respectively [Fig. 3(B);
the names of the B-strands correspond to those in
the structure of SdrG]. The region corresponding to
B-strand D in the N2 domain of SdrG did not partici-
pate in B-sheet formation and formed a loop (loop
D). Although loop D was located alongside B-strand
E, the distance between them was too great for for-
mation of the hydrogen bonds required for a f-sheet.
This absence of B-strand D from B-sheet formation
was also observed in the ligand-free structure of
CIfA (Supporting Information Fig. 1).!2 In addition,
the relative configuration of N2 and N3 was similar
to those of other MSCRAMMSs (Supporting Informa-
tion Fig. 1).1*'%1® The B domain was connected to
the N3 domain by a loop of Arg689-Gly694 (here-
after referred to as loop N3-B), and located beside
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the N2 domain. The B domain consists of two B-
sheets, which are composed of B-strands A, D, I, and
F, and B-strands B, C, E, G, and H, respectively
[Fig. 3(B)]. The structure of the B domain was gen-
erally similar to that of subdomains in the B region
of CNA except for B-strands G and H, which were
absent in CNA, and B-strand F, which was directly
connected to B-strand I by a short loop in CNA [Fig.
5(A)]. Other significant differences were observed in
the loop structures. A long loop connecting B-strands
F and G (loop F-G (B)) was not present in CNA, and
the location of a long loop connecting B-strands A
and B (loop A-B (B)) was significantly different [Fig.
5(A)].1" These structural differences were mainly
located on one side of the B domain opposite the N2
domain [Fig. 5(B)]. Interestingly, these loops were
stabilized by bound potassium ions K1, K2, and K3
[Fig. 5(B), see below].

At the interface between N2 and N3 domains,
the interactions of 17 residues (Thr423, Ser459,
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Figure 4. Stereo diagram of the superposed B domains in UafA-F®76 81" p2. form UafA-F®9281" and P2,2,2, form UafA-

F(92-811

Arg460, Lys461, Lys514, Glu515, Thr518, Asp520 of
the N2 domain, and Asnb545, Asph53, Ile554,
Asnb55, Leub57, Asp608, Ser609, Ser611, and I1e685
of the N3 domain) were observed. N2 and B domains
also interacted with 15 residues (Ala392, Glu442,
Arg460, Arg464, Arg474, Thr475, Thr493, and
Asn494 in the N2 domain, and Ala693, Asp728,
Thr730, Arg733, Thr736, Asn749, and Thr751 in the
B domain). In contrast, there was no significant
interaction between N3 and B domains.

Superposition of the N3 domains or B domains
from the three structures determined in this study—
the C2 structure of UafA-F®78™) at 245 A resolu-
tion, the P2, structure of UafA-F®928™) a¢ 1.5 A re-
solution, and the P2,2,2; structure of UafA-F©92-811)
at 1.7 A resolution—indicated flexibility in loop N3-
B [Figs. 3(C) and 4]. In the structure of P2; crystals
that grew in 30% PEG MME 2000 and 70 mM potas-
sium thiocyanate, five potassium ions (K1, 2, 3, 4,
and 5) were bound to UafA-F®%281D K1 and K2
were positioned in close proximity, and bound with
Asp775, Asp780, and Asp778 in loop F-G (B) of the
B domain (Figs. 4, 5, and Supporting Information
Fig. S3). K3 bound with Asp709 and Asp714 in loop
A-B (B) of the B domain (Figs. 4, 5, and Supporting
Information Fig. S3). These loops were disordered in
the structures of crystals grown without potassium
ions. In addition, the directions of B-strand G and
the following loop were significantly different. These
results suggested that loops in the B domain are
flexible and potassium ions stabilize the B domain.
Other potassium ions bound at the surface of the N2
domain.

Functional analysis of the B domain

for inhibition of hemagglutination

by S. saprophyticus

UafA-F?° ¥P2 jnhibited hemagglutination by S. sap-
rophyticus (Fig. 2). To examine the contribution of

410 PROTEINSCIENCE.ORG

). The colors correspond to those in Figure 3(C). The bound potassium ions are also shown as red balls.

the B domain to inhibition of hemagglutination, four
domain-truncated mutants of UafA-F©@"6-81) were
prepared based on the structural information [Fig.
6(A)], and their hemagglutination inhibitory activ-
ities were examined [Fig. 6(B)l. As loop N3-B
contributes significantly to ligand binding in the
fibrinogen binding adhesion protein SdrG, two par-
tial proteins containing N2, N3, and N3-B loop were
also prepared (UafA-#2 and #3). As shown in Figure
6(B), only UafA-F®7581D) containing N2, N3, and B
domains showed significant activity, and the other
four truncated proteins showed no activities, indicat-
ing that in addition to the N2 and N3 domains,
the B domain is also necessary for inhibition of
hemagglutination by S. saprophyticus.

Discussion

Function of the B domain in hemagglutination

In this study, we determined the crystal structures
of the functional region of UafA, and revealed the
arrangement of N2, N3, and B domains. This is the
first study to reveal the structure of the functional
region including both N and B domains. Hemagglu-
tination inhibition assay using truncated UafAs
revealed that both N and B domains are necessary
for the function, which is distinct from other
MSCRAMMSs reported previously.!® In the cases of
the CNA from S. aureus, fibrinogen binding protein
CIfA from S. aureus, and fibrinogen binding protein
SdrG from Staphylococcus epidermidis, the affinity
of the N domain region for their ligands is independ-
ent of the B domain.'®'*1% The B domains in these
proteins are thought to act as a stalk to present the
ligand binding the A domain away from the bacte-
rial cell surface [Fig. 7(B)]. In contrast, the results
of the present study indicated that the B domain of
UafA plays a role in ligand binding, although the
individual structures of these domains in the

Crystal Structure of UafA
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Figure 5. Structure comparison of the B domain of UafA with that of CNA. (A) Stereo diagram of the B domain of UafA
superposed onto that of CNA. Gly694-Asp809 of UafA (red) and Ser538-Thr623 of CNA (green) are superposed. Potassium
ions bound in the B domain of UafA are also shown as red balls. (B) Residues absent in CNA or of which Ca are more than
4A apart from the position of the corresponding residue in CNA are shown in red. The bound potassium atoms are also

shown as green balls.

functional region of UafA are similar to those of
other MSCRAMMSs. Interestingly, UafA has only one
B domain downstream of the N domain repeats,
whereas several B domains are repeated in CNA
and SdrG. Instead, UafA possesses a Ser-Glu-rich
region of low complexity (R region) with a molecular
mass of 148 kDa after the B domain. Neither CNA
nor SdrG has such a long region of low complexity,
although there is a Ser-Asp repeat region of about
19 kDa downstream of the B repeats in SdrG. Taken
together, these results strongly suggest that the Ser-
Glu-rich region acts as a stalk in UafA in place of
the B repeats in other MSCRAMMSs. The Ser-Glu-
rich region is predicted to be an intrinsically dis-
ordered domain by the DISOPRED2 disorder predic-
tion server. Therefore, the Ser-Glu-rich region can
efficiently present the functional domain away from
the cell surface. S. saprophyticus has several capsu-
lar polysaccharide synthesis-related genes in the
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staphylococcal chromosomal cassette region.!® The
long Ser-Glu-rich region in UafA may be more suita-
ble for presenting the functional region outside the
thick capsular polysaccharide than using the B
repeats as a stalk.

Deduced ligand binding mechanism

Two distinct ligand binding mechanisms have been
proposed for MSCRAMMs, i.e., the “collagen hug
model” of CNA® and the “dock, lock, and latch
model” of SdrG'® and CIfA.*® In both mechanisms,
the ligand molecule is captured between two tan-
demly connected N domains, and the connecting
loop N3-B between the N and B domains acts as a
latch to enclose the captured ligand by intruding
into the space between B-strands E and D and com-
pleting B-sheet formation in the first N domain. This
B-sheet completion by the loop N3-B is coupled with
ligand binding in the “dock, lock, and Ilatch”

PROTEIN SCIENCE ‘ VOL 20:406-416 411
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analysis. The N3-B loop is shown as a gray box. (B) Hemagglutmatlon inhibition activity of each mutant. Erythrocytes were
incubated with S. saprophyticus cells and 100 pg of the truncated protein. Positive control, erythrocytes with S. saprophyticus
cells; Negative control, erythrocytes without S. saprophyticus cells or UafA.

mechanism, whereas the B-sheet is constructed even
in the absence of the ligand in the “collagen hug”
model. In the structure of UafA, the relative alloca-
tions of N2 and N3 domains were similar to both
CNA and SdrG, but the loop N3-B did not partici-
pate in B-sheet formation (Supporting Information
Fig. 1), suggesting that the structural features of
the N2 and N3 domains in UafA are rather similar
to those of SdrG, which adopts the “dock, lock, and
latch” mechanism. The absence of the long linker
between N2 and N3 also confirms the similarity in
domain arrangement of UafA and those of proteins
that adopt “dock, lock, and latch” mechanism (Sup-
porting Information Fig. S1). A TYFTDYVD-like
motif, which was proposed as an important sequence
in the N2 domain to form a latch pocket in this
mechanism,'* was conserved at the identical position
of UafA as a sequence of “**KYTFTNYVD*®’. Signifi-
cant structural flexibility was observed in the N3-B
loop, which would act as the latch [Figs. 3(C) and 4].
These structural features strongly indicate the latch
formation of UafA on ligand binding.

In comparison of the B domain with that of CNA
(Fig. 5), a large structural difference was observed in
B-strands G and H, loop F-G, and loop A-B. Briefly, -
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strands G and H and loop F-G were not present in
the B domain of CNA, and the location of loop A-B
was significantly different between UafA and CNA.
As only UafA requires the B domain for binding, it is
possible that these structurally different regions con-
ferred a ligand recognition property on the B domain
of UafA. Structural superposition of B domain in the
presence and absence of potassium ions showed that
loops in this region are flexible and were stabilized by
potassium ions (Fig. 4). Potassium ions may contrib-
ute to ligand recognition as well as integrins, which
use metal ions for ligand binding.2® Curiously, the
structurally different regions are located on the oppo-
site side of the interface between the B and N2
domains [Fig. 5(B)]. Assuming that the B domain cap-
tures a specific ligand with this side far from N2,
other ligands would be necessary for N2 and N3
domains to bind with the ligand specifically by a
mechanism similar to those reported for other
MSCRAMMSs. UafA may recognize more than two
types of ligand with the N and B domains, respec-
tively. A previous report and the present study indi-
cated that UafA is involved in hemagglutination.'’
However, the ligand molecule recognized by UafA
has yet elucidated. We examined

not been

Crystal Structure of UafA
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Figure 7. Hypothetical ligand binding model of UafA. The
ligand binding mechanism of UafA (A, present study) and
that of CNA (B'®) are shown. N2, N3, and B domains are
shown in green, yellow, and red, respectively. Collagen,
which is a ligand of CNA, is also shown as a purple bar.
The domain organization of each protein is also shown.

hemagglutination of proteinase K-treated erythro-
cytes to confirm whether the ligand of UafA is a
protein located at the surface of erythrocytes. The
proteinase K-treated erythrocytes showed hemaggluti-
nation to the same extent as untreated erythrocytes,
suggesting that the ligand molecule of UafA is not a
protein (Supporting Information Fig. S2). An uniden-
tified specific ligand(s) located at the erythrocyte sur-
face—possibly low molecular weight compounds, such
as saccharides or lipids—would be recognized by
UafA using the N and B domains. It was reported
that Streptococcus suis uses an adhesin that recog-
nizes the disaccharide galactosyl-oa 1-4-galactose to
bind to host cells.?2%?2 In addition, botulinum neuro-
toxin was reported to bind to its target presynaptic
neuronal cells in the host tissue by recognizing both
sugar parts of gangliosides with low affinity and
membrane protein with high affinity.2® To discuss the
ligand recognition mechanism in which the B domain
participates, further studies are required to identify
the ligands and determine the structure of UafA in
complex with these ligands.

Experimental Procedures

Construction of expression vector

for the functional domains of UafA

and truncated proteins

Gene fragments encoding the desired regions of the
deduced functional domain of UafA (Figs. 1 and 6)

Matsuoka et al.

were amplified using KOD-Plus DNA polymerase
(Toyobo, Osaka, Japan) with S. saprophyticus genomic
DNA as the template and the synthesized primer sets
shown in Supporting Information Table. The PCR
products were inserted into the Ncol and Xhol sites
of the pET28b or pET26b vector (Merck, Whitehouse
Station, NdJ). A Hisg tag was fused at the C- or N-ter-
mini of all fragments for purification. The correctness
of the DNA sequences was confirmed with an ABI 310
Genetic Analyzer (Applied Biosystems, Tokyo, Japan).

Expression and purification of functional
domains of UafA
All functional domains used in this study were pre-
pared by the same method as described below. E.
coli strain B834 (DE3), harboring the expression
vector and pT-RIL (Stratagene, Madison, WI), was
grown at 37°C in LB medium supplemented with 25
pg mL~! kanamycin and 34 pg mL~! chlorampheni-
col until the early stationary phase. To induce
expression of the desired protein, isopropyl B-D-thio-
galactopyranoside was added to a final concentration
of 0.5 mM, and the culture was further incubated
for 18 h at 25°C with shaking at 150 rpm. The sele-
nomethionine derivative of the functional domain of
UafA was obtained by the same method as described
above except using M9 medium supplemented with
1 mM selenomethionine instead of LB medium.

Cells were harvested by centrifugation at 5000
x g for 10 min at 4°C, and then disrupted using a
sonicator (Branson, Danbury, CT) in 30—40 mL of 20
mM Tris-HC1 (pH 8.0), 300 mM NaCl. The cell
debris was removed by centrifugation at 40000 x g,
30 min, 4°C, and the supernatant was loaded onto a
1-mL HisTrap HP column (GE Healthcare Bioscien-
ces AB, Uppsala, Sweden) preequilibrated with
50 mM Tris-HCI (pH 8.0), 300 mM NaCl. The col-
umn was washed with 50 mM Tris-HCI (pH 8.0),
300 mM NaCl, and then the adsorbed protein was
eluted with a 0 — 0.5 M stepwise gradient of
imidazole in 50 mM Tris-HCl (pH 8.0), 300 mM
NaCl. Fractions containing the desired protein were
dialyzed against 50 mM Tris-HCI (pH 8.0), 300 mM
NaCl, 1 mM EDTA, and then further purified on a
HiLoad 26/60 Superdex 200-pg column (GE Health-
care Biosciences AB). Fractions containing the
desired protein were collected and used for further
experiments.

Crystallization

Purified UafA-F@7581D) wag dialyzed against 50 mM
Tris-HCI (pH 8.0), 50 mM NaCl, and then concen-
trated to 12 mg mL~!. Initial crystallization condi-
tions were screened by the sparse matrix method at
20°C using Crystal Screen kits, Index I & II, PEG/
Ion Screen, Grid Screen PEG6000, and Grid
Screen PEG/LiCl (Hampton Research, Laguna Hills,
CA). Crystals of Se-Met-substituted UafA-F@76-81D
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Table I. X-ray Data Collection and Refinement Statistics

UafA_F(376-811)

UafA_F(392-811)

UafA_F(392-811)

Se-Met Peak Native in P2; form in P2,2,2; form
Data collection
Space group P2, C2 P2, P2,2,2;
Cell dimensions a = 82.6 a ="76.53 a =379 a =64.8
b=112.6 b =181.98 b=126.9 b="1736
¢ =99.7 ¢ = 81.80 c=45.8 ¢ =110.9
B =108.4 B =115.41 B =96,7

Beamline .
Resolution (Aga
Wavelength (A)

SPring-8 BL38B2
5-3.00 (3.11-3.00)
0.9791

Spring-8 BL38B2
50-2.45 (2.54-2.45)
1.00000

SPring-8 BL41XU
50-1.50 (1.55-1.50)
1.00000

Spring-8 N;41XU
50-1,70 (1.76-1.70)
1.00000

Rsym(%)a’b 12.8 (34.6) 6.1 (23.1) 4.8 (14.9) 4.8 (40.8)

Completeness (%)? 98.9 (90.9) 98.7 (90.4) 99.9 (100) 99.3 (94.9)

Observed reflections 224566 87224 259912 427053

Unique reflections 34538 18642 68192 58776

Multiplicity® 6.5 (4.5) 4.7 (4.0) 3.8 (3.7) 7.3 (6.5)

Refinement and mgdel quality

Resolution range (A) 20-2.45 20-1.50 20-1.70

No. of reflections 17271 61383 52901

R-factor® 0.206 0.166 0.191

Ryee-factor 0.246 0.187 0.216

Total protein atoms 3082 3321 3121

Total ligand atoms 6 17 6

Total water atoms 113 526 320

Average B-factor (A%) 30.7 11.69 25.82

Rms deviation from ideality

Bond lengths A) 0.006 0.009 0.012

Bond angles (°) 0.87 1.2 14

Ramachandran plot

Residues in most favored 90.8 88.8 91.0
regions(%)

Residues in additional 8.9 10.9 8.7
allowed regions (%)

Residues in generously 0.3 0.3 0.3

allowed regions (%)

2 The values in parentheses refer to data in the highest resolution shell.

b Rym = Zhn Zil Iy — <> /2% 1 ; |, where <I,> is the mean intensity of a set of equivalent reflections.
¢ R-factor = Z|F s — Fealel /2 Fops, where Fop and F., are observed and calculated structure factor amplitudes, respectively.

suitable for further structural analyses were grown
by the hanging-drop vapor diffusion method from
300 mM trilithium citrate, 20% PEG3350. Crystals
of native UafA-F@"¢8Y were grown from 200 mM
triammonium citrate and 15% PEG3350.

Purified UafA-F®281Y wag dialyzed against 50
mM Tris-HCI (pH 8.0) and 50 mM NaCl, and then
concentrated to 10 mg mL . Two types of UafA-
F©92-81D orystal with different crystallization condi-
tions and space groups were obtained by the sitting-
drop vapor diffusion method. The crystallization con-
ditions were as follows: 1) 30% PEG MME 2000, and
70 mM potassium thiocyanate, and 2) 130 mM tri-
ammonium citrate, and 22.5% PEG3350.

X-ray diffraction

All X-ray diffraction experiments were performed at
SPring-8 (Harima, Japan). X-ray diffraction data of
Se-Met UafA-F®&781) were collected on the beam-
line BLL38B2 at SPring-8. For SAD phasing, a wave-
length of 0.9791 A was chosen on the basis of the
fluorescence spectrum of the Se K absorption edge.
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Diffraction data sets were collected up to a resolu-
tion of 3.00 A. The crystals of Se-Met-substituted
UafA-F@76-81D helonged to the space group P2;, with
three molecules of UafA-F®758) in an asymmetric
unit.

X-ray diffraction data of native UafA-F©&76-81D
up to a resolution of 2.45 A were collected on the
beamline BLL38B2 at SPring-8. The crystals of native
UafA-F@76-81D) helonged to the space group C2, and
the asymmetric unit contained one molecule of
UafA-F(376'811>,

X-ray diffraction data of UafA-F®928) were col-
lected on the beamline BL.41XU at SPring-8. The diffrac-
tion data at 1.50 A resolution were obtained from crystals
grown in 30% PEG MME 2000 and 70 mM potassium
thiocyanate. The crystal belonged to the space group P2,,
and the asymmetric unit contained one molecule of
UafA-F©®9281) The diffraction data of crystals grown in
130 mM triammonium citrate and 22.5% PEG3350 were
collected up to a resolution of 1.70 A. The crystal
belonged to the space group P2,2,2;, and the asymmetric
unit contained one molecule of UafA-F©92-81D,

Crystal Structure of UafA



All diffraction data sets were indexed, inte-
grated, scaled, and merged using the HKL2000 pro-
gram package.?* The data collection and processing
statistics are summarized in Table I.

Structure solution and refinement
The SAD method performed using the programs
SHELX?® and SOLVEZ?® identified eight of 12 sele-
nium sites at 3.8 A resolution. Using these selenium
sites, the initial phases were calculated with the pro-
gram SOLVE at a resolution of 4.2 A, and then
extended up to 3.0 A resolution by solvent flattening
and noncrystallographic symmetry averaging with
the program RESOLVE.2"3° After phase improve-
ment, the initial models including 86% of the N2—-N3
region and 50% of the B-domain were built man-
ually. The phases of native UafA-F&7-81) crystals
up to a resolution of 2.45 A were determined using
the program DM-MULTI*! by multi-crystal averag-
ing between Se-Met and native crystals. Finally, 396
of 446 residues (exceptions were the N-terminal 18
residues, C-terminal 10 residues, and residues 706—
716 and 769-779) were built by RESOLVE,
LAFIRE,*? and manual building with the program
0.3% The final model was refined with the program
REFMAC5.3* A random 7% of all observed reflec-
tions were set aside for cross-validation analysis and
used for monitoring throughout the refinement by
calculating the free R value (Rg..). The crystallo-
graphic R and Rg.. values and averaged B-factor
converged to 20.6%, 24.6%, and 30.7 Az, respectively.
Crystal structures of UafA-F®9281) were deter-
mined by the molecular replacement method with
the program MOLREP?® using the crystal structure
of UafA-F@76-81D 54 a search model. For refinement,
a random 10% of all observed reflections were set
aside for cross-validation analysis and used for cal-
culating Rpe.. The final models were refined with
the program REFMACS5. The crystallographic R and
Rgee values and averaged B-factor for P2; and
P2,2,2; forms converged to 16.6%, 18.7%, and 11.69
A%, and 19.1%, 21.6%, and 25.82 A2 respectively.
The refinement statistics are summarized in Table 1.

Preparation of cell suspension

S. saprophyticus C1 strains were grown in 2 mL of
MH-broth at 37°C with shaking for 18 h. The har-
vested cells were washed with PBS, and resus-
pended with 2 mL of PBS.

Hemagglutination inhibition activity assay

Aliquots of 100 pg of each domain of UafA were
mixed with 20 pL of 5% sheep erythrocyte suspen-
sion on 96-well U-bottomed titer plates. The mix-
tures were kept under static conditions at room tem-
perature for 5 min, and then 50 pL of cell
suspension was added. After 2-h incubation, the in-

Matsuoka et al.

hibition of hemagglutination by the presence of
these domains was confirmed.
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