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Abstract: The type III secretion system (T3SS) is a protein injection nanomachinery required for
virulence by many human pathogenic bacteria including Salmonella and Shigella. An essential

component of the T3SS is the tip protein and the Salmonella SipD and the Shigella IpaD tip

proteins interact with bile salts, which serve as environmental sensors for these enteric pathogens.
SipD and IpaD have long central coiled coils and their N-terminal regions form a-helical hairpins
and a short helix a3 that pack against the coiled coil. Using AutoDock, others have predicted that

the bile salt deoxycholate binds IpaD in a cleft formed by the a-helical hairpin and its long central
coiled coil. NMR chemical shift mapping, however, indicated that the SipD residues most affected

by bile salts are located in a disordered region near helix a3. Thus, how bile salts interact with

SipD and IpaD is unclear. Here, we report the crystal structures of SipD in complex with the bile
salts deoxycholate and chenodeoxycholate. Bile salts bind SipD in a region different from what

was predicted for IpaD. In SipD, bile salts bind part of helix a3 and the C-terminus of the long

central coiled coil, towards the C-terminus of the protein. We discuss the biological implication of
the differences in how bile salts interact with SipD and IpaD.
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Introduction

Many Gram-negative bacteria such as Salmonella,

Shigella, and Burkholderia species, which are lead-

ing agents of infectious diseases and mortality

worldwide, utilize the type III secretion system

(T3SS) to inject bacterial proteins directly into their

host cells to initiate infections. The structural com-

ponent of the T3SS is a needle apparatus, which is

assembled from over 20 different proteins,1 and con-

sists of a base, an external needle and a tip complex

(Supporting Information Fig. S1). The tip complex is

assembled by the tip proteins, which are bound

directly on top of the needle, and by the translocon

proteins, which are membrane-spanning proteins.

The T3SS tip proteins are SipD2 in the Salmonella

typhimurium pathogenicity island 1 (SPI-1), IpaD3

in Shigella flexneri and BipD in Burkholderia pseu-

domallei. The crystal structures of IpaD4 and

BipD4,5 show common features such as a long cen-

tral coiled coil that imparts an overall oblong shape
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to these proteins, and an N-terminal a-helical
hairpin. The a-helical hairpin motif is also common

to PrgI,6,7 MxiH,8 and BsaL,9 which are the

T3SS needle proteins of Salmonella typhimurium,

Shigella flexneri, and Burkholderia pseudomallei,

respectively.

Shigella and Salmonella are enteric pathogens

and their invasiveness to human cells is affected by

bile salts.10–14 The intestines are enriched in bile

salts such as deoxycholate and chenodeoxycholate

and Shigella11,12 and Salmonella15 utilize bile salts

as environmental sensors. Bile salts affect the activ-

ity of the Shigella11,12 and Salmonella15 T3SS, how-

ever, bile salts affect the invasiveness of Shigella

and Salmonella in an opposite manner. Bile salts

activate the Shigella T3SS and increase the inva-

siveness of Shigella to epithelial cells,11,12 whereas

bile salts repress the T3SS and decrease invasive-

ness in Salmonella.13,14 The opposing responses of

Shigella and Salmonella T3SSs to bile salts are

poorly understood. To date, the only T3SS proteins

that have been shown to interact directly with bile

salts are the Shigella IpaD11 and the Salmonella

SipD tip proteins.11,16 Further, IpaD12 and SipD2 are

present on the bacterial surface before host cell con-

tact. Thus, IpaD and SipD are exposed to the envi-

ronment before bacterial invasion and could function

as sensors for environmental molecules.

How IpaD and SipD interact with bile salts is

not well understood. Stensrud et al.11 used computer

docking simulation to predict that an IpaD pocket

formed between the long central coiled-coil and the

N-terminal a-helical hairpin is the binding site for

deoxycholate.11 However, using NMR chemical shift

mapping, we showed previously that SipD bound to

deoxycholate, chenodeoxycholate and taurodeoxycho-

late in a different manner from what was predicted

for the IpaD-deoxycholate interaction.16 Thus, it is

not clear why IpaD and SipD, which are expected to

share a high degree of structural similarity, would

interact with bile salts differently. Here we report

the 1.9 Å resolution crystal structures of SipD in

complex with deoxycholate and chenodeoxycholate

and show that bile salts bind to SipD in a different

manner as predicted for IpaD.

Results

SipD crystallization

The N-terminal 30-39 residues were disordered in

the BipD5 and IpaD4 crystals, therefore, the corre-

sponding N-terminal 38 residues of SipD were trun-

cated to form the SipD construct (residues 39-343)

used in this study. The lone native cysteine residue

(C244), which contributed in a slight dimerization of

SipD during purification, was mutated into a serine

residue. Both wild-type (WT) and C244S mutant

SipD afforded high level of expression in E. coli as

fusion proteins with GB1 (the 56-residue B1 immu-

noglobulin domain of Streptococcal protein G). After

purification by Ni2þ-affinity chromatography and

digestion with the tobacco etch virus protease, puri-

fied SipD (WT and C244S forms) formed crystals

under crystallization conditions. The SipD-deoxycho-

late complex was obtained by cocrystallization

whereas the SipD-chenodeoxycholate complex was

obtained by soaking apo SipD crystals in chenodeox-

ycholate. Other bile salts such as taurodeoxycholate

and cholate hydrate failed to crystallize with SipD.

The four crystals reported here—the two apo forms

(WT and C244S) and the two bound forms (with de-

oxycholate and chenodeoxycholate) yielded high

quality X-ray diffraction data (Table I). The SipD

crystals crystallized with C2 space group and con-

tained two molecules (A and B) in the asymmetric

unit and were refined to 1.7 Å for apo SipD WT, 1.9

Å for apo SipD C244S; and 1.9 Å for the SipD-deoxy-

cholate and SipD-chenodeoxycholate complexes (Ta-

ble I). For the SipD-deoxycholate complex, the bur-

ied surface area between molecules A and B was 520

Å2 as determined by PISA.17

Overall structure of SipD

The crystal structures of SipD in the apo and bound

forms are nearly identical (Fig. 1 and Supporting In-

formation Fig. S2). For the SipD-deoxycholate crys-

tal (Fig. 1), the final model includes residues 39-342

for molecule A and 46-336 for molecule B. However,

residues 110-132 in molecule A and residues 92-94

and 118-134 in molecule B can not be fit to the elec-

tron density due to disorder. SipD is a highly a-heli-
cal protein, with 62% of residues in 8 a-helices (a1-
a8), 6% residues in 5 short beta strands (b1-b5), and
the rest in loops and disordered regions. A promi-

nent structural feature of T3SS tip proteins is a long

central coiled coil.4,5,18 In SipD, this long coiled coil

is formed by helix a4 and helix a8, which defines a

central axis and imparts an overall oblong shape to

SipD (Fig. 1). Among the four SipD crystals, there is

a slight variability in the length of helix a4 – it is

shortest (spanning residues 133-177) in molecule A

of apo SipD (WT and C244S), and it is longest (span-

ning residues 136-177) in molecule B of the SipD-

chenodeoxycholate complex. There is also variability

regarding the length of helix a8, which is the longest

helix in SipD and defines its entire length. Helix a8
can be as long as 55 residues (in molecule A of apo

and bound SipD) or as short as 49 residues (in mole-

cule B of apo SipD).

The long central coiled coil as depicted in Figure

1 orients an arbitrary ‘‘top’’ and ‘‘bottom’’ of the mole-

cule. On top of the coiled coil sits three short anti-

parallel b-strands (b1, b2, and b5) (Fig. 1), which in

turn is followed by a small mixed a/b domain formed

by three a-helices (a5, a6, and a7) and two b strands

(b3 and b4). The mixed a/b domain extends into the
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(Å
2
)

A
ll
a
to
m
s

2
9
.6

2
9
.7

3
2
.0

2
8
.2

P
ro
te
in

(c
h
a
in

A
/B
)

2
9
.0

/
2
9
.2

2
8
.6

/
3
0
.3

3
1
.5

/
3
2
.3

2
7
.6

/
2
7
.9

N
i2
þ

2
2
.0

2
1
.3

2
6
.6

2
1
.8

D
eo
x
y
ch

ol
a
te

or
ch

en
od

eo
x
y
ch

ol
a
te

–
–

2
8
.6

2
6
.2

W
a
te
r

3
5
.4

3
4
.0

3
4
.6

3
3
.5

C
oo
rd

in
a
te

er
ro
r
b
a
se
d
on

m
a
x
im

u
m

li
k
el
ih
oo
d
(Å
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middle part of the coiled coil (Fig. 1). Finally, at the

bottom of the coiled coil, the SipD N-terminal region

(residues 39-132) forms 3 helices (a1, a2, and a3).
Helix a1 and a2 form an a-helical hairpin that packs

on one face of the coiled coil and on the opposite face

packs helix a3 and a long 23-residue loop (residue

110-132). The a-helical hairpin of molecule A is in

close contact with molecule B (Fig. 1), which likely

contributes in the variability of the lengths of the a-
helical hairpins of molecules A and B. The a-helical
hairpin is longer in molecule A compared to mole-

cule B.

Binding site of bile salts in SipD
Crystals of the SipD-deoxycholate and SipD-cheno-

deoxycholate complexes show a large amount of posi-

tive difference density (Fo-Fc) that are consistent

with deoxycholate [Fig. 2(A)] and chenodeoxycholate

[Fig. 2(B)]. The deoxycholate and chenodeoxycholate

molecules are located between the ends of a noncrys-

tallographic SipD dimer but are also in close proxim-

ity to another molecule A related by a crystallo-

graphic (011) translation (Supporting Information

Fig. S3). Deoxycholate binds in a hydrophobic pocket

[Fig. 2(A)] with a surface area of about 520 Å2 and

formed by residues on the C-terminus (K338 and

F340) and helix a1 (R41 and I45) of molecule A, and

residues of helix a3 towards the loop 110-134 (N104

and A108) and helix a8 (N321, L322 and L318) of

molecule B. The carboxylate of deoxycholate is in

hydrogen bonding distance with the side chains of

K338 and N321 whereas the rest of deoxycholate is

surrounded by hydrophobic residues [Fig. 2(A)]. Two

residues (S221 and G222) from another molecule A

related by a crystallographic (011) translation are

also in close proximity to deoxycholate. For the

SipD-chenodeoxycholate complex, the same residues

that are in close proximity to deoxycholate [Fig.

2(A)] are also involved in binding chenodeoxycholate

[Fig. 2(B)]. Binding of deoxycholate and chenodeoxy-

cholate to SipD is mainly through hydrophobic con-

tacts and stabilized by hydrogen bonds. The apo and

bound forms of SipD differ by only 0.34 Å Ca back-

bone rmsd, however, the side chains of F340 and

N104 reorient to accommodate the bile salts in the

binding pocket [Fig. 2(C)]. By comparison, our previ-

ous NMR results showed the largest chemical shift

perturbations of SipD residues near (S96) or on loop

110-134 (S114, L116, F117, and E133) upon binding

to bile salts.16

Effect of SipD mutations on bacterial

invasiveness

To determine which regions of SipD might be impor-

tant for function, we used the Salmonella invasion

assay to assess the effect of SipD mutations on the

Figure 1. Crystal structure of the SipD-deoxycholate complex. Deoxycholate (shown as a stick model) binds at the interface

of molecules A and B of the asymmetric unit. SipD is colored as follows: the coiled coil (helix a4 and a8), gray; the N-terminal

region (helix a1-a3), blue; and the mixed a/b domain, green. The crystal structures of SipD-chenodeoxycholate complex and

apo SipD (WT and C244S) are similar to the SipD-deoxycholate crystal and are shown in the Supporting Information.
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ability of Salmonella to invade cultured human epi-

thelial cells. We made point mutations and deletions

(shown in Supporting Information Fig. S4) in the

loop region between helix a3 and a4 (D116-124),
the b2 beta strand (D186-190 and D187-188), and

the extreme C-terminal five residues (CD5) based on

the following rationale: previously, we reported that

residues in the 23-residue loop between helix a3 and

a4 loop and the b2 beta strand showed significant

chemical shift perturbation upon titration with bile

salts16 and in the crystal structures reported here,

the C-terminus of SipD formed an ordered loop that

is in close contact with the bile salts [Fig. 1 and Sup-

porting Information Fig. S2(A)]. Results of Salmo-

nella invasion assay with respect to mutations in

SipD are shown in Figure 3(A). Overall, point muta-

tions (F117A and Q124A) did not affect bacterial

invasiveness, although some point mutations

(L116A, V187A, and K188A) decreased invasiveness.

A 9-residue deletion (D116-124) in the 23-residue

loop (spanning residues 110-134) did not affect bac-

terial invasiveness, thus the long loop between helix

a3 and a4, which had no electron density in the

crystal structure, was not important in the function

of SipD. The most drastic effect on the invasiveness

occurred from short deletions in the b2 strand

(D186-187 and D187-188) and the extreme C-termi-

nus (CD5), which were noninvasive. The noninva-

siveness of the SipD CD5 mutant was similar to the

results of the Shigella IpaD CD5 mutation reported

previously.3

CD and NMR of SipD deletion mutants

We used CD spectroscopy to assess the folding of the

SipD deletion mutants (D116-124, D186-189, D187-
188, and CD5) that were noninvasive. The CD plots

for WT and mutant SipD [Fig. 3(B)], showing min-

ima at 208 and 222 indicated folded and highly a-
helical proteins. Further, the ratio of molar elliptic-

ity at 222 and 208 nm of nearly 1.0 [insert, Fig.

3(B)] indicated extensive interhelical contacts.19–21

However, the D186-189 and D187-188 deletions

showed different melting behavior compared to WT

SipD [Fig. 3(C)]. This suggested conformational

changes in the folding of the D186-189 and D187-188
deletions, which showed only one transition temper-

ature of 63.4� [Fig. 3(C)] compared to two transition

temperatures for WT SipD.

NMR spectroscopy indicated that the CD5,
D186-189, and D187-188 deletion mutants were

folded (Fig. 4). Because the four SipD tryptophan

residues (W135, W177, W234, and W290) were

located in different regions of SipD (Supporting

Information Fig. S4) and their side chain NMR

resonances were easily identified (boxed in Fig. 4),

we used the tryptophan side chain resonances to

assess the overall changes in the conformation of

SipD for the CD5, D186-189, and D187-188 deletions.

Among the deletions, the D186-189 deletion showed

the most drastic change in the tryptophan side chain

resonances (Fig. 4). The W177 side chain resonance

of D186-189 [Fig. 4(C)] changed significantly com-

pared to WT SipD [Fig. 4(A)]. W177 was located at

Figure 2. Fo-Fc omit maps contoured at 3r of (A)

deoxycholate and (B) chenodeoxycholate in complex with

SipD shown with residues within 5 Å of bile salts (color

scheme: molecule A, yellow; molecule B, cyan; and another

molecule A related by a crystallographic (011) translation,

pink). (C) Conformational changes in SipD upon binding

deoxycholate and chenodeoxycholate (color scheme: apo

SipD, green; SipD-deoxycholate complex, blue; and SipD-

chenodeoxycholate complex, gold). Bile salts have been

removed for clarity. Upon binding bile salts, the side chain

of F340 shifts by 5.8 Å and that of N104 by 2.1 Å.
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an end of helix a4 and faced helix a5, which immedi-

ately followed the b2 strand [Supporting Information

Fig. S4(B)]. The b2 strand was deleted in D186-189,
thus changing the local environment of the W177

side chain with respect to helix a5. Nevertheless, the

three other tryptophan residues (W135, W234, and

W290) showed similar side chain resonances as WT

indicating there were no drastic conformation

changes in other regions of SipD surrounding W135,

W234, and W290. W135 (in helix a4) was buried in a

pocket formed by the central coiled coil (helix a4/a8)
and the N-terminal helices (a1, a2, and a3), W234

(in helix a6) faced the middle portion of the central

coiled coil, and W290 (in helix a8) faced helix a7 of

the mixed a/b domain. Based on the tryptophan side

chain resonances (Fig. 4), the D186-189 deletion

resulted in a more significant change in the confor-

mation of SipD compared to the CD5 and D187-188
deletions.

Discussion
Previous results have established that bile salts acti-

vate the Shigella T3SS11,12 and repress the Salmo-

nella T3SS,14 and that bile salts bind directly to the

T3SS tip proteins IpaD11 and SipD.11,16 Here, we

report the crystal structure of SipD in complex with

the bile salts deoxycholate and chenodeoxycholate.

The main significance of this work is that the crystal

structures reported here are currently the only

available atomic structures of a T3SS tip protein in

complex with bile salts. SipD and IpaD have back-

bone Ca rmsd of 1.4 Å, however, the binding site of

bile salts in SipD is different from what was pre-

dicted previously for IpaD. Using AutoDock, Sten-

srud et al.11 predicted that bile salts bind at the

interface formed by the N-terminal a-helical hairpin
(equivalent to SipD helix a1/a2, Fig. 1) and the

coiled coil motif (equivalent to SipD helix a4/a8). For
the SipD-bile salt complexes [Fig. 1 and Supporting

Information Fig. S2(A)], crystallography shows that

bile salts bind at the interface of two SipD mole-

cules, suggesting that SipD oligomerization is impor-

tant in bile salt binding.

SipD is expected to oligomerize at the tip of the

Salmonella needle based on the following observa-

tions: the Yersinia pestis22 and Shigella flexneri8,23

tip proteins form complexes on top of their respec-

tive needles.22 Further, in Shigella, there are 5.6

needle subunits per turn of the needle,8 thus, it is

estimated that the Shigella tip protein forms a pen-

tameric complex on top of the needle.4,23 In solution,

the T3SS tip proteins of Shigella flexneri,4 Pseudo-

monas aeruginosa,24 and Yersinia pestis24 oligomer-

ize into tetramers or pentamers under certain condi-

tions. Recently, Galkin et al.25 showed there are 6.3

needle subunits per turn in the Salmonella needle,

thus, it is expected that 6 SipD molecules may form

a complex on top of the Salmonella needle. We pro-

pose that SipD complex formation on top of the nee-

dle could provide the binding pocket for bile salts.

The oligomerization of SipD with respect to binding

bile salts could explain the different results of

Figure 3. (A) Results of Salmonella invasion assay (legends:

WT, wild-type strain; sipD�, sipD null strain; SipDþ, wild-

type sipD introduced by the plasmid pRK2-sipD into the

sipD� strain; L116A, F117A, Q124A, K188A, and C244S are

SipD point mutations in pRK2-sipD; D116-124, D186-189,
D187-188, and CD5 are SipD deletions in pRK2-sipD). (B)

CD spectra of SipD and deletion mutants (insert: ratio of

molar ellipticity at 222 and 208 nm). (C) CD thermal

denaturation monitored by the molar ellipticity at 222 nm of

SipD and various deletion mutants (insert: estimated

transition temperatures, Tm).
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crystallography and NMR spectroscopy. NMR previ-

ously indicated that the loop 110-134 showed the

largest chemical shift perturbations upon bile salt

interaction, whereas in the crystal structures pre-

sented here, the extreme C-terminus of SipD

appears to be the major site involved in bile salt

binding. Under NMR conditions, SipD is monomeric

and bile salts mainly affect residues that are near or

on loop 110-134.16 Upon oligomerization, bile salts

bind at the interface of two SipD molecules formed

partly by the CD5 residues.

What could explain the difference in the bile

salts binding sites in IpaD and SipD? It is currently

unknown how a T3SS tip protein docks on top of an

assembled needle. Based on the structural similarity

of the tip protein a-helical hairpin with the needle

protein a-helical hairpin, others have hypothesized

that the tip protein central coiled coil is the primary

binding site for the needle monomers.8,23 We have

recently shown by NMR paramagnetic relaxation

enhancement (PRE) that a region in the SipD coiled

coil facing the N-terminal a-helical hairpin is the

binding site for the Salmonella needle protein PrgI

(Rathinavelan et al., submitted for publication). The

PRE data regarding SipD-PrgI interaction together

with the recent atomic model of the Salmonella nee-

dle25 constrains the possible orientation of SipD on

top of the needle, allowing us to model how SipD

docks on top of the needle. In this model, the C-ter-

minal region of helix a8 and the C-terminus of SipD

are expected to be facing towards the needle chan-

nel. Thus, the bile salts binding site in SipD is

expected to be facing towards the needle channel.

We hypothesize that bile salts, by binding in a

region of SipD that is expected to form the wall of

the needle channel, could be in a position to inter-

fere with the passage of other proteins through the

needle, which could lead to the inactivation of the

Salmonella T3SS in the presence of bile salts.14 On

the other hand, in Shigella, bile salts are proposed

to bind between the IpaD coiled coil motif and the

a-helical hairpin, which in the assembled needle-

Figure 4. Two-dimensional 1H-15N TROSY spectra of (A) SipD (residues 39-343) and the (B) CD5, (C) D186-189 and the (D)

D187-188 deletion mutants (boxed: tryptophan side chain peaks). Peak assignments for SipD were reported previously.16 The

noise peak (asterisk) in the tryptophan side chain region in (C) is absent in the 2D 1H-15N HSQC spectrum.
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tip complex is expected to be positioned away from

the needle channel. This binding results in the acti-

vation of the Shigella T3SS by promoting the assem-

bly of the translocon.12 Thus, the difference in the

binding of bile salts in IpaD and SipD probably

accounts for the observed differences in the behavior

of the Shigella and Salmonella T3SSs with respect

to bile salts. It is also possible that the difference in

the proposed bile salts binding sites in SipD and

IpaD are due to the difference in the techniques

used (crystallography vs. AutoDock).

Comparison with other tip proteins

Together with the Salmonella SipD structure pre-

sented here, there are currently crystal structures of

five T3SS tip proteins (Fig. 5): Yersinia LcrV,18 Shi-

gella IpaD,4 Burkholderia BipD,4,5 and a SipD homo-

log from a soil bacterium, Chromobacterium viola-

ceum,26 a Gram-negative soil bacterium. Of the five

structures, IpaD, BipD and SipD are structurally

more similar to each other than LcrV in that their N-

terminal regions form a-helical hairpins (colored blue

in Fig. 5) that pack at one end of the central coiled

coil, whereas LcrV lacks this domain. Instead, LcrV

has a protein chaperone, LcrG (95 residues) that is

expected to be highly helical and interact with

LcrV.27–30 IpaD, BipD and SipD have no known chap-

erones, hence, the a-helical hairpins were suggested

to function as self-chaperones for IpaD and BipD.4

Another importance of the SipD crystal structure

reported here is its usefulness in modeling how SipD

is assembled on top of the Salmonella needle and

how the translocon is assembled on top of the SipD

complex (Supporting Information Fig. S1). Among

the T3SS tip proteins (Fig. 5), IpaD and SipD are the

closest structural homologs with an overall Ca RMSD

of 1.4 Å; thus the IpaD crystal structure might be

used to obtain a homology model of the SipD struc-

ture. However, there are significant differences in

how the N-terminal regions (comprising helix a1-a3)
of IpaD and SipD pack against their respective cen-

tral coiled coils. The a-helical hairpins of IpaD and

SipD pack differently by about 18� from each other

with respect to their corresponding central coiled

coils [Fig. 6(A)], and the packing of helix a3 to the

central coiled coil in IpaD and SipD differs by an

angle of 26� [Fig. 6(B)]. Because the region of the

coiled coil facing the a-helical hairpin on one side and

helix a3 on the other side is hypothesized to be impor-

tant in how the tip protein docks on top of the

assembled needle, the significant differences in pack-

ing angles may suggest differences in how IpaD and

SipD might dock on their respective needles. Addi-

tionally, the difference in the number of needle mono-

mers per turn in the Salmonella25 and the Shigella8

needles suggests that the packing of the Salmonella

and Shigella tip proteins would be different as well.

Thus, using an experimentally derived high-resolu-

tion structure of SipD to model the SipD-needle com-

plex would lead to a more accurate result rather than

using a homology modeled structure of SipD.

In summary, we present high-resolution crystal

structures of SipD in the apo form and in complex

with bile salts. Currently, these are the only avail-

able atomic resolution crystal structures of a T3SS

tip protein in complex with bile salts. These struc-

tures are important in identifying how bile salts

interact with a T3SS tip protein and are needed in

modeling how SipD is assembled at the tip of the

needle.

Materials and Methods

Protein expression and purification
SipD (residues 39-343) with WT or C244S point

mutation was overexpressed in Escherichia coli

Figure 5. Comparison of five current crystal structures of T3SS tip proteins: (A) Yersinia LcrV,18 (B) a SipD homolog from

Chromobacterium violaceum, (C) Shigella IpaD,4 (D) Burkholderia BipD,4,5 and (E) Salmonella SipD. The central coiled coil

(gray) and mixed a/b domain (green) are common structural features of T3SS tip proteins. The N-terminal region in (A) forms a

globular domain of a-helices and b-strands (red), whereas in (B–E), the N-terminal region forms a-helical hairpins (blue)

followed by short a-helices (red) in (B, D, and E).
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using the pDZ1-SipD plasmid as a fusion protein

with the Streptococcal GB1 domain and a hexahisti-

dine tag and purified by nickel affinity chromatogra-

phy as described.16 Following cleavage of the fusion

protein with the tobacco etch virus protease,16 puri-

fied SipD was dialyzed against 1 L of buffer (20 mM

Tris, 196 mM NaCl, pH 8.0), concentrated to �20

mg/mL (�0.6 mM) and stored at 4�C before

crystallization.

CD spectroscopy

Samples for circular dichroism spectroscopy con-

tained 0.15 mM protein in buffer (20 mM Tris, 196

mM NaCl, pH 8.0 ) and CD spectra were acquired in

triplicate using a JASCO J-815 Spectropolarimeter.

Wavelength scans were collected at 20�C at a scan

rate of 50 nm/min and thermal denaturation curves

were monitored at 222 nm at a temperature ramp

rate of 15�C/h.

Preparation of Salmonella sipD knockout strain
A Salmonella typhimurium sipD nonpolar knockout

strain was constructed using the lambda Red recom-

binase method.31 WT Salmonella typhimurium

SL1344 strain was obtained from Dr. Bradley Jones

(University of Iowa) and the plasmids pKD46 and

pKD331 were obtained from the E. coli Genetic Stock

Center (Yale University). Briefly, WT Salmonella

typhimurium SL1344 strain was electroporated with

pKD46,31 which contained the genes needed for

lambda Red-mediated recombination, and grown at

30�C. The chloramphenicol resistance gene in pKD3

was PCR-amplified using primers that contained

complementary sequences to the chloramphenicol re-

sistance gene and the sipD flanking regions and the

PCR product was electroporated into the SL1344/

pKD46 strain. Transformants were grown at 37�C to

expel the temperature-sensitive pKD46 plasmid and

selected against chloramphenicol resistance. PCR

and DNA sequencing confirmed the sipD nonpolar

null mutation. To rescue the sipD null mutation,

full-length sipD was subcloned into the NdeI/SalI

site of pRK2.32 Mutations in sipD were introduced

by PCR in pRK2-sipD for invasion assay and in

pDZ1-SipD for protein expression. Mutations were

confirmed by DNA sequencing.

Salmonella invasion assay

The effect of sipD mutations on the ability of S.

typhimurium to invade a cultured human epithelial

cell line (Henle 407) was assayed as follows. Henle

407 cells (American Type Culture Collection CCL-6)

Figure 6. The major differences in the crystal structures of IpaD (purple) and SipD (green) are in the packing of the N-terminal

a-helical hairpin with the coiled coil. (A) The SipD a-helical hairpin packs on the central coiled coil at a different angle of 18�

compared to the a-helical hairpin of IpaD, and (B) the SipD helix a3 pack at a different angle of 26� compared to helix a3 of

IpaD (also, helix a4 of IpaD is longer by one turn).
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were grown in Dulbecco’s modified Eagle’s medium

(DMEM) with 10% newborn calf serum at 37�C in

5% CO2 in 24-well plates before confluence (which

typically occurred within 24 hours). The plasmid

pRK2-sipD with either WT or mutant sipD was elec-

troporated into the S. typhimurium sipD� strain

and single colonies were inoculated into LB media

supplemented with 25 mg/L trimethoprim, 50 mg/L

ampicillin, 50 mg/L kanamycin and grown in stand-

ing cultures overnight. A 10 mL LB culture with

1 mM IPTG was inoculated with 1 mL of overnight

bacterial growth, and incubated at 37�C on standing

for 2.5-3 hours (until A600 �0.4). Approximately 15-

30 uL of bacterial suspension was added with 300

uL DMEM into the Henle 407 cells and incubated at

37�C for 60 min to allow invasion before the suspen-

sion was removed by aspiration. The Henle 407 cells

were incubated with fresh DMEM with 100 mg/L of

gentamycin for 1.5 hours, aspirated, rinsed with

DMEM, and lysed with 1% Triton X-100 to free the

entrapped bacteria. The number of bacterial colo-

nies, which correlated with invasiveness, was esti-

mated by serial dilution and plating. The Salmonella

invasion assay was done in triplicate for each sipD

construct.

Crystallization of apo SipD

WT and C244S SipD were concentrated to 20 mg/mL

in buffer (20 mM Tris pH, 196 mM NaCl pH 8.0)

and screened for crystallization in Compact Jr.

(Emerald Biosystems) sitting drop plates using 0.75

uL of protein and crystallization solution (Hampton

Research) equilibrated against 100 uL of the latter.

Crystals were obtained in �24 hours at 20�C. The

WT SipD crystallized in the Hampton Research

Index screen condition 69 (25% (w/v) PEG 3350, 100

mM Tris pH 8.5, 200 mM (NH4)2SO4) and SipD

C244S crystallized in Index screen condition 45

(25% (w/v) PEG 3350, 100 mM Tris pH 8.5). Single

crystals were sequentially transferred to solutions

containing 25% (w/v) PEG 3350, 100 mM Tris pH

8.5 and 10% glycerol and frozen in the same solution

containing 15–20% glycerol for X-ray data collection.

Crystallization of SipD-deoxycholate/

chenodeoxycholate complexes

A SipD C244S-deoxycholate solution was prepared

by mixing 1 lL 400 mM sodium deoxycholate

(Amresco) with 100 lL of 0.3 mM SipD C244S. For

crystallization, hanging drops were prepared by mix-

ing 1.5 lL of SipD C244S-deoxycholate solution with

1.5 uL crystallization screening solution on a cover

slip and placed over 600 lL of reservoir volume and

stored at 25�C. The SipD C244S-deoxycholate cocrys-

tals grew in about 12 days in crystallization solution

containing 0.2 M magnesium formate dihydrate and

20% (w/v) PEG 3350. The amount of PEG was opti-

mized and diffraction-quality crystals were obtained

with 0.2 M magnesium formate dihydrate and 15%

PEG 3350 in 8 days. To crystallize the SipD-cheno-

deoxycholate complex, crystals of WT SipD were

soaked for 4 hours in 4 mM chenodeoxycholate

(Sigma) dissolved in crystallization solution. Crys-

tals suitable for X-ray diffraction were soaked in

80% crystallization solution and 20% glycerol and

flash frozen in liquid nitrogen.

Crystal structure determination

X-ray diffraction data were collected to 1.9 Å at the

Advanced Photon Source (APS) beamline 17BM

(IMCA-CAT) using an ADSC Q210 CCD detector.

Intensities were integrated and scaled using the

HKL2000 package.33 For the SipD-deoxycholate coc-

rystal, indexing indicated a C-centered orthorhombic

lattice or a C-centered monoclinic lattice with the

b angle �90� for the latter. The Laue class was

checked using POINTLESS34 which yielded the

highest score for 2/m indicating that C2 was indeed

the correct space group. A solvent content of 46.2%

(Vm ¼ 2.3 Å3/Da) was calculated for two molecules

in the asymmetric unit. Additionally, the self rota-

tion function calculated with POLARRFN35 using

data between 15 and 3.5 Å resolution and an inte-

gration radius of 20 Å yielded a peak on the j ¼
180� section at x ¼ 49.1�, / ¼ 180� indicating the

presence of a noncrystallographic 2-fold axis. Struc-

ture solution was carried out by molecular replace-

ment with PHASER36 and the pathogenicity island

1 effector protein from Chromobacterium violaceum

(PDB ID: 2P7N)26 served as the search model. The

amino acid sequence of 2P7N was 50% identical to

SipD and a homology model for molecular replace-

ment was created using CHAINSAW.35 Rotation and

translation searches for two molecules in the asym-

metric unit yielded a clear solution and initial

refinement converged at R ¼ 42%, Rfree ¼ 46%. The

structure was improved by employing automated

model building with ARP/WARP37 and successive

rounds of manual model building and refinement

with COOT38 and REFMAC,39 respectively. During

successive rounds of refinement, a large difference

density peak was observed at the N-terminus of mol-

ecule A of the SipD-deoxycholate crystal. Subse-

quently, residues G36, H37 and M38, which were

cloning artifacts, were fit to the residual electron

density. Following refinement with these residues

included, a large peak of difference density remained

that appeared to be coordinated in a square planar

arrangement to G36 and H37 of molecule A and H40

from another molecule A related by a crystallo-

graphic 2-fold rotation. A Ni2þ ion was ultimately

assigned at this site, which was likely obtained dur-

ing purification by Ni2þ-affinity chromatography.

Molecular replacement by MOLREP40 was used to

solve the structures of apo SipD, apo SipD C244S

mutant and the SipD-chenodeoxycholate complex.
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Only the protein portion of the refined structure of

SipD-deoxycholate crystal was used as search model

to solve the crystal structures of apo SipD and SipD-

chenodeoxycholate complex, whereas the refined

structure of apo SipD was used as search model to

determine the crystal structure of the apo SipD

C244S mutant. Structures were validated using

MOLPROBITY41 and analyzed using PYMOL.42 He-

lix crossing angles were calculated using MOL-

MOL43 and buried surface areas were calculated

using PISA.17

Structure Coordinates

Coordinates have been deposited at the Protein Data

Bank with accession codes: 3NZZ, 3O00, 3O01, and

3O02.
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