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Many Gram-negative bacteria that cause major diseases and

mortality worldwide require the type III secretion system

(T3SS) to inject virulence proteins into their hosts and cause

infections. A structural component of the T3SS is the needle

apparatus, which consists of a base, an external needle, and a

tip complex. In Salmonella typhimurium, the external needle

is assembled by the polymerization of the needle protein PrgI.

On top of this needle sits a tip complex, which is partly formed

by the tip protein SipD. How SipD interacts with PrgI during

the assembly of the T3SS needle apparatus remains unknown.

The central region of PrgI forms an �-helical hairpin, whereas

SipD has a long central coiled-coil, which is a defining struc-

tural feature of other T3SS tip proteins as well. Using NMR

paramagnetic relaxation enhancement, we have identified a

specific region on the SipD coiled-coil that interacts directly

with PrgI. We present a model of how SipD might dock at the

tip of the needle based on our paramagnetic relaxation en-

hancement results, thus offering new insight about the mecha-

nism of assembly of the T3SS needle apparatus.

The T3SS2 needle apparatus is critical in the pathogenesis
of many bacterial pathogens including Salmonella, a leading
cause of food-borne outbreaks and illnesses in the United
States (1). The Salmonella pathogenicity island 1 (SPI-1) en-
codes a T3SS, which is essential for bacterial invasion of tar-
get host cells (2). The external portion of the T3SS needle
apparatus (3) consists of a needle, and on top of the needle
sits a tip complex (4–7). In Salmonella, the needle is assem-
bled from the polymerization of �120 copies of the PrgI nee-
dle protein (8), and part of the tip complex is formed by the
SipD tip protein (5). The atomic structures of PrgI (80 resi-
dues) (9, 10) and the ShigellaMxiH (11) and Burkholderia

BsaL (12) needle monomers have been determined. PrgI (9,
10), MxiH (11), and BsaL (12) are small proteins that form
well structured �-helical hairpins flanked by flexible N- and
C-terminal tails. The T3SS tip proteins that have been struc-
turally characterized are the Yersinia LcrV (13), the Burkhold-
eria BipD (14, 15), and the Shigella IpaD (15) tip proteins. We
have also determined the crystal structure of SipD at 1.9 Å
resolution (Protein Data Bank (PDB) ID 3NZZ) (25) (Fig. 1).
The T3SS tip proteins are relatively large proteins (SipD has
343 residues), and the most prominent structural feature of
the T3SS tip proteins is a long central coiled-coil (13–15),
which gives these proteins an overall oblong shape.
The interaction between the needle protein and the tip pro-

tein can be characterized by NMR (16). Chemical shift map-
ping has identified residues of the ShigellaMxiH needle pro-
tein that are in contact with the IpaD tip protein (16).
However, there have been no further experimental data about
other T3SS needle-tip interactions. Further, which regions of
the tip protein are in contact with the needle protein remains
unknown. On the basis of structural analysis, it has been pro-
posed that the coiled-coil motif of the tip protein might be the
binding site for the needle protein (11, 17). We have recently
assigned the NMR backbone resonances of SipD (18). How-
ever, SipD shows no chemical shift perturbation upon titra-
tion with PrgI. Here we use NMR paramagnetic relaxation
enhancement (PRE) to identify which specific region in the
SipD coiled coil interacts with PrgI.

EXPERIMENTAL PROCEDURES

Expression and Purification of PrgI—The expression and
purification of the monomeric form of PrgI, where the C-ter-
minal five residues were deleted and replaced with a His tag
with the sequence LEH6, had been described previously (9).
Briefly, 15N-labeled PrgI was expressed by growing Esche-
richia coli BL21(DE3) harboring the plasmid pET22b-PrgI in
1 liter of M9 minimal medium supplemented with 1 g/liter
15[N] ammonium chloride and purified by Ni2� affinity chro-
matography as described (9).
Cysteine Mutagenesis of SipD—The plasmid used in the

E. coli expression and purification of SipD (residues 39–343)
has been described previously (18). The expression plasmid
expressed a fusion protein arranged as follows: His tag-GB1
domain-tobacco etch virus protease site-SipD (18). To ensure
that the spin label was attached to only one cysteine residue in
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SipD, the single native Cys-244 residue was mutated to serine.
Therefore, all the SipD constructs used in the PRE experi-
ments reported herein contained the background C244S mu-
tation. For PRE measurements, a total of 14 cysteine mutants
in residues Asp-136, Ala-144, Asp-147, Asn-155, Asp-169,
Lys-173, Ala-285, Ala-296, Thr-303, Leu-318, Lys-324, Ser-
328, Ser-331, and Glu-335 were introduced by PCR into the
C244S background. All the mutagenesis reported herein was
confirmed by DNA sequencing.
Expression and Purification of SipD—SipD (residues 39–

343) was overexpressed in E. coli in 1 liter of LB medium as a
GB1 fusion protein, purified by Ni2� affinity chromatography,
and digested with tobacco etch virus protease as described
previously (18). Purified SipD was dialyzed in buffer (20 mM

sodium phosphate, pH 7, and 20 mM NaCl) with 4 mM DTT
to prevent the dimerization of the SipD cysteine mutants.
Protein concentration was estimated by UV absorbance at
A280.
Spin Labeling—The S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-

pyrrol-3-yl)methyl methanesulfonothioate (MTSL) spin label
(Toronto Research Chemicals) was attached to the SipD cys-
teine mutants as follows. Just prior to labeling with MTSL, the
DTT in the protein sample was removed by passage through a
NAP-5 column (GE Healthcare) that was previously pre-

equilibrated with buffer (20 mM sodium phosphate, pH 7.0,
and 20 mM NaCl). The MTSL solution was freshly made prior
to spin labeling by dissolving in acetone. Typically, 28 mg of
MTSL was dissolved in 70 �l of acetone (to make a 1.5 M solu-
tion), and this solution was added into 1000 �l of 0.3 mM

SipD in buffer (20 mM sodium phosphate, pH 7.0, and 20 mM

NaCl) and incubated at room temperature for over 9 h. To
remove the excess MTSL, the mixture was passed through a
NAP-5 column that was pre-equilibrated with buffer (20 mM

sodium phosphate, pH 7.0, and 20 mM NaCl). The extent of
spin labeling was confirmed by electrospray ionization mass
spectrometry (supplemental Fig. S1). Of the 14 SipD cysteine
mutants, 13 were 100% spin-labeled, whereas D169C was only
95% spin-labeled.
Circular Dichroism Spectroscopy—Samples for circular di-

chroism (CD) spectroscopy contained 5–10 �M protein in
buffer (20 mM sodium phosphate, pH 7.0, and 20 mM NaCl).
CD spectra were acquired in triplicate per sample using a
JASCO J-815 spectropolarimeter. Wavelength scans were col-
lected at 25 °C at a scan rate of 50 nm/min (supplemental Fig.
S2).
NMR Spectroscopy—Typical NMR samples contained 0.5

mM
15N-labeled PrgI mixed with 0.5 mM paramagnetic (or

MTSL spin-labeled) SipD in 500 �l of buffer (20 mM sodium
phosphate, pH 7.0, 20 mM NaCl, 10% D2O). Likewise, control
samples contained 0.5 mM

15N-labeled PrgI mixed with 0.5
mM diamagnetic (or without MTSL) SipD. NMR data were
acquired at 25 °C on a Bruker Avance 800-MHz spectrometer
equipped with a cryoprobe with a Z-axis gradient, processed
with NMRPipe (19), and analyzed using NMRView (20). Ini-
tially, for all 14 SipD cysteine mutants, PRE was determined
by the single time point method (21) by acquiring two two-
dimensional 1H-15N HSQC spectra and calculating the peak
intensity ratio (Ipar/Idia) for each non-overlapped PrgI peak
using our previous NMR assignments for PrgI (9). The
peak intensities of residues that are close to the spin label will be
reduced (with Ipar/Idia ratio�1), whereas the peak intensities
of residues that are far away from the spin label will be unaf-
fected (with Ipar/Idia �1). The first HSQC was acquired using
a sample containing paramagnetic SipD with 15N-labeled
PrgI, whereas the second HSQC was acquired using diamag-
netic SipD with 15N-labeled PrgI. Typical HSQC spectra for
the single time point method are shown in Fig. 2. In both
NMR samples, the concentrations of PrgI, buffer conditions,
and HSQC acquisition and processing parameters were kept
identical to ensure that the changes in the chemical shifts
were only from the effect of the spin label on SipD. The two-
dimensional 1H-15N HSQC pulse sequence (22) with water
suppression by water flip back, WATERGATE, and pulse-
field gradients were used. Typical data acquisition parameters
were: 18 scans, 18 ppm 15N sweep width centered at 118 ppm,
2048 1H complex points, and 190 15N complex points.

PREs were also acquired by the two time point method (23)
for the SipD cysteine mutants (D136C, A144C, N155C,
T303C, L318C, K324C, S328C, and E335C). The PRE 1H
transverse relaxation rate (�2) from two time points was ac-
quired using the modified two-dimensional 1H-15N HSQC
pulse sequence as described (23), which acquires two two-

FIGURE 1. Crystal structure of SipD (PDB ID 2NZZ) shown with the posi-
tions of the 14 spin labels (indicated as spheres) throughout the length
of the central coiled-coil (helix �4 and �8). The spheres are colored
based on the strength of the PRE effect with PrgI as yellow (weak), pink
(moderate), and red (strong). The SipD N-terminal region (helix �1-�3) is
colored blue, the central coiled-coil is colored gray, and the rest of SipD
is colored cyan. A 16-residue loop in the N-terminal region (residues 118 –
133, colored green) lacked electron density and was modeled using
CHARMM (33) and energy-minimized to remove steric clash. The SipD crys-
tal starts at Ser-47 and ends in Gln-342, and residues 92–94 also lacked elec-
tron density. SipD in A is rotated by 180° in B.
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dimensional 1H-15N HSQC spectra in an interleaved manner.
The first two-dimensional 1H-15N HSQC spectrum has the
normal INEPT delay (of 1/4J), whereas the second spectrum
has a longer INEPT delay, T/2, which consists of the usual
1/4J INEPT delay plus an additional time delay for PRE relax-
ation measurement. For the SipD-PrgI complex, the optimal
T value (23) that gave the strongest NMR signal was found to
be 10 ms. Typically, for a 0.5 mM SipD-PrgI complex sample
at 1:1 molar ratio, the two time point PRE data were acquired
with 96 scans and 18 ppm 15N sweep width centered at 118
ppm. Each two-dimensional 1H-15N HSQC spectra had 2048
1H complex points and 300 15N complex points (supplemen-
tal Fig. S3). The total acquisition time was 28 h to complete
the two interleaved HSQC spectra. The �2 was calculated
from peak intensities using Equation 1 (23), where Ta and Tb

are the two time points and Idia and Ipar are the peak intensi-
ties corresponding to diamagnetic and paramagnetic species.

�2 �
1

Tb � Ta

ln
Idia�Tb�Ipar�Ta�

Idia�Ta�Ipar�Tb�
(Eq. 1)

Structure Calculation—PRE restraints were derived from
Equation 1 (23) and used in structure calculations to model
the SipD-PrgI complex using Xplor-NIH (24). Two time point
PREs from SipD spin labels Ala-144, Lys-324, Ser-328, and
Glu-335 were used in the structure calculations. The struc-
ture calculation was performed based on rigid body docking
of the lowest energy NMR structure of PrgI (9) that was fur-
ther refined by residual dipolar coupling (supplemental Fig.
S4 and supplemental Fig. S5) and the 1.9 Å resolution crystal
structure of SipD (PDB ID 2NZZ) (25). During the structure
calculation, the MTSL moiety was covalently attached to the
C� atoms of A144C, K324C, S328C, and E335C. To account
for the conformational flexibility of the MTSL spin label, 100
SipD conformers, each with three different MTSL starting

FIGURE 2. Representative two-dimensional 1H-15N HSQC spectra used in the PRE determination by the single time point method. Shown are the
two-dimensional 1H-15N HSQC spectra of 15N-labeled PrgI mixed with unlabeled SipD A144C/C244S double mutant in a 1:1 molar ratio. The SipD used was
without the MTSL spin label (A) and with the MTSL spin label (B). The assignments of PrgI were published previously (9). Some peaks that showed reduced
intensities from the paramagnetic effect are indicated by arrows. The two spectra are shown at identical contour levels, and the peak for Leu-31 in B
(marked by an asterisk) appeared at a lower contour level.
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conformations, were generated (supplemental Fig. S6). The
orientation of PrgI with respect to SipD was randomized, and
the initial structures contained three PrgI molecules distrib-
uted in random positions around SipD. A total of 400 struc-
tures were calculated for each of the spin labels (A144C,
K324C, S328C, and E335C). After the calculations, structures
with overall Q-factor (23) below of 0.35 were retained for fur-
ther analysis.
Salmonella Invasion Assay—The Salmonella invasion assay

was used to test the effect of SipD mutations on the ability of
Salmonella to invade a cultured human epithelial cell line
(Henle 407 cells, ATCC CCL6) following the method de-
scribed previously (25). Point mutations (M137E, S143R,
G151R, S327R, and S332R) were introduced by PCR in the
plasmid pRK2-SipD (25), which harbors full-length SipD.
Wild-type (SL1344) and sipD� knock-out strains of Salmo-
nella typhimurium used in the invasion assay have been de-
scribed elsewhere (25).

RESULTS

How the T3SS tip protein interacts with the needle protein
during the assembly needle apparatus remains unknown.

Thus, the purpose of this study is to identify how the T3SS tip
protein interacts with the needle protein. The approach taken
was that of NMR PRE method, and the proteins used were the
Salmonella SipD tip protein and the PrgI needle protein. We
have previously characterized SipD (residues 39–343) (18)
and PrgI (residues 1–75) (9) by NMR, and these proteins are
well behaved in solution. In this study, we tested the hypothe-
sis that the SipD coiled coil motif (Fig. 1) is the binding site
for PrgI.
Engineering of SipD CysteineMutants for Spin Labeling—

PRE requires the engineering of cysteine residues in specific
locations on a protein, and to avoid complications during the
spin labeling when multiple cysteine residues are present, the
lone native SipD cysteine residue (Cys-244) was mutated into
a serine residue. Thus, all the SipD constructs used in this
study have the C244S background mutation. The C244S back-
ground mutation did not affect the structure of SipD as the
crystal structures of wild-type and C244S SipD were virtually
identical with C� r.m.s.d. of 1.4 Å (25). Additionally, the SipD
C244S point mutation did not affect the invasiveness of Sal-
monella toward cultured human epithelial cells (25). We in-
troduced 14 cysteine point mutations positioned throughout

FIGURE 3. Results of PRE by single time point method using spin-labeled SipD in complex with 15N-labeled PrgI. The SipD spin labels are at the fol-
lowing positions: Asn-155, Asp-169 and Lys-173 (A); Ala-285, Ala-296, and Thr-303 (B); Asp-136, Ala-144, and Asp-147 (C); Leu-318 and Lys-324 (D), and Ser-
328, Ser-331, and Glu-335 (E). The gray line indicates the (Ipar/Idia) intensity ratio at 1. The positions of the spin labels (spheres) in the coiled-coil (helix �4 or
�8) of SipD are color-coded with the PRE plots.
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the entire length of the SipD central coiled-coil (on helix �4
and �8, Fig. 1) for the attachment of the MTSL spin label.
CD Spectroscopy of SipD Cysteine Mutants—CD spectros-

copy was used to assess the proper folding of the 14 SipD cys-
teine mutants used in this study (supplemental Fig. S2 and
supplemental Table S1). All the SipD cysteine mutants used in
this study showed CD spectral scans (from 190 to 260 nm),
indicative of a well folded and highly �-helical protein with
molar ellipticity ([�]) minima at 222 and 208 nm (supplemen-
tal Fig. S2). The CD spectrum for wild-type SipD showed a

similar curve to that of the C244S point mutant (supplemen-
tal Fig. S2). The CD spectra for the rest of the cysteine mu-
tants used in the spin labeling showed a similar pattern as that
of wild-type SipD. Additionally, the ratio of the molar elliptic-
ity at 222 and 208 nm ([�]222/[�]208) for all the SipD cysteine
mutants showed values from 0.91 to 1.0 (supplemental Table
S1), which indicate the presence of �-helices with extensive
interhelical contacts (26–29). (In contrast, a [�]222/[�]208 ratio
of less than 0.8 indicates extended �-helices with few inter-
helical contacts (26–29).)
Results of Single Time Point PRE—We used the single time

point PRE method to qualitatively identify which region
within the SipD coiled-coil interacts with PrgI (Fig. 3). The
MTSL spin label was attached to 14 SipD cysteine point mu-
tants (in a C244S background) located at various positions
throughout the entire length of helix �4 and �8 of the coiled-
coil (Fig. 1). (The SipD coiled-coil as depicted in Fig. 1 orients
an arbitrary “top/bottom” or “upper/lower” used herein to
describe the various parts of the coiled-coil.) For the spin label
attached on the upper half region of the coiled-coil on helix
�4 (Asn-155, Lys-173, and Asp-169, Fig. 3A) and on helix �8
(Ala-285, Ala-296, and Thr-303, Fig. 3B), the average (Ipar/
Idia) intensity ratio was close to 1.0 (Table 1), which indicates
that the spin labels in these positions had essentially no para-
magnetic relaxation effect on the HSQC peaks of PrgI. Spin

FIGURE 4. �2 values acquired using the two time point method (23) for the SipD spin label at the following positions: Asn-155 (A), Thr-303 (B), Asp-
136 (C), Leu-318 (D), Ala-144 (E), Lys-324 (F), Ser-328 (G), and Glu-335 (H). The PRE data for Asn-155 (A) and Thr-303 (B) were acquired at 32 scans and
9-h acquisition time, whereas the rest were acquired at 92 scans and 28-h acquisition time.

TABLE 1

Average intensity Ipar/Idia ratio from the single time point PRE
method

Spin labeled residue Average Ipar/Idia

Asn-155 1.1 � 0.11
Lys-173 1.0 � 0.14
Ala-285 0.99 � 0.11
Ala-296 0.97 � 0.10
Asp-169 0.94 � 0.11
Thr-303 0.85 � 0.11
Asp-136 0.79 � 0.14
Leu-318 0.77 � 0.11
Asp-147 0.69 � 0.10
Ser-328 0.67 � 0.16
Ala-144 0.64 � 0.19
Lys-324 0.48 � 0.18
Glu-335 0.33 � 0.14
Ser-331 0.28 � 0.17
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labels in Asp-136 (helix �4, Fig. 3C) and Leu-318 (helix �8,
Fig. 3D) showed average Ipar/Idia ratios of 0.8 (Table 1) and
showed a moderate paramagnetic relaxation effect. Spin labels
attached at the bottom of the coiled-coil, in helix �4 (residues
Asp-147 and Ala-144, Fig. 3C) and helix �8 (Lys-324, Ser-328,
Ser-331, and Glu-335, Fig. 3, D and E), showed the strongest
paramagnetic relaxation effect. Spin labels at residues Ser-331
and Glu-335 (Fig. 3E), which are located toward the C-termi-
nal region of SipD helix �8, showed the strongest paramag-
netic relaxation effect on the HSQC peaks of PrgI with
average Ipar/Idia ratios of 0.3 (Table 1). The observed inter-
molecular PRE data are qualitatively consistent with each
other, which indicates negligible perturbation of the binding
caused by cysteine mutation and MTSL conjugation. Qualita-
tively, the results of single time point PRE indicate that the
bottom half of the SipD coiled-coil is the binding site for PrgI.
Results of Two Time Point PRE—We also determined the �2

values using the two time point method (23), which provides a
more accurate measure of the �2 over the single time point
method (23). As data acquisition for the two time point PRE
method took longer than a single time point PRE data, we did
not acquire two time point PREs for all the 14 mutants but
selected a subset that represented weak, moderate, and strong
PRE effects based on Fig. 3. Consistent with the results of sin-
gle time point PRE, the spin labels at Asn-155 (Fig. 4A) and
Thr-303 (Fig. 4B) showed the least PRE effect on PrgI as de-
termined by the two time point method, with average �2 val-
ues of 1.3 and 4.8 s�1, respectively (Table 2). The spin label at
SipD Asn-155 also served as a negative control for a spin-la-
beled protein that does not interact with PrgI. The spin labels
on Asp-136 (Fig. 4C) and Leu-318 (Fig. 4D), which in the sin-
gle time point data showed a moderate PRE effect with aver-
age Ipar/Idia ratios near 0.8 (Table 1), showed average �2 values
of 18.6 and 20.1 s�1 (Table 2), respectively. Finally, the spin
labels that gave a strong PRE effect from the single time point
data gave average �2 values from 26.8 s�1 for the spin label at
Ser-328 to 58.7 s�1 for the spin label at Glu-335 (Table 2).
PREs obtained using the two time point method confirmed
that the spin labels at the bottom of the SipD coiled-coil had
the strongest PRE effect on PrgI (Fig. 4, E–H). Thus, results of
the two time point PRE confirmed that the lower half of the
SipD coiled-coil is the binding site for PrgI.
PRE Structure Calculations—PRE restraints for structure

calculations were derived from the two time point PREs from
the SipD spin labels at positions Ala-144, Lys-324, Ser-328,
and Glu-335 (Fig. 4), which showed a strong PRE effect with
PrgI. PrgI forms an �-helical hairpin with helix �A and �B

that is flanked by flexible regions in partial helical conforma-
tion (Fig. 5) (9). To some extent, almost all parts of PrgI were
affected in varying degrees by the SipD spin labels on Ala-144,
Lys-324, Ser-328, and Glu-335 (Fig. 5). Regarding SipD, re-
sults of structure calculations indicate that PrgI interacted
mainly at the lower half of SipD (Fig. 6). Results of PRE struc-
ture calculations showed that at the lower half of the SipD
coiled-coil, there were two major populated sites for PrgI: one
near helix �8 where the majority of PrgI molecules were pop-
ulated and another near helix �4 with a comparatively smaller
population of PrgI. The overall Q-factor (23), which is indica-
tive of the agreement between the observed and calculated
PRE, varied between 0.28 and 0.35 in the family of SipD-PrgI
structures. Among the four spin labels, PRE restraints from
positions Glu-335 and Lys-324 showed a Q-factor of 0.28–
0.35, whereas PRE restraints from positions Ala-144 and Ser-
328 showed Q-factors of 0.32 and 0.35, respectively. These
Q-factors indicated good agreement between observed and
calculated PRE values.

FIGURE 5. Two time point PREs mapped on the surface of PrgI for the
SipD spin labels on positions Ala-144 (A), Lys-324 (B), Ser-328 (C), and
Glu-335 (D). The PREs are colored according to the strength of the �2 val-
ues (green being the lowest to red being the highest). The lowest energy
structure of the NMR structure of PrgI that was refined by residual dipolar
coupling was used.

FIGURE 6. Results of PRE structure calculation of the SipD-PrgI complex.
The possible structures of PrgI bound to SipD are shown as density maps of
PrgI around SipD and colored according to the PRE restraints obtained from
SipD spin labels at position Ala-144 (blue), Lys-324 (green), Ser-328 (black),
and Glu-335 (red). This figure was made using VMD-XPLOR (34); A and B are
orthogonal views.

TABLE 2

Average PRE �2 (s�1) values

Spin labeled residue Average �2

s�1

Asn-155 1.3 � 1.8
Thr-303 4.8 � 4.2
Asp-136 18.6 � 8.9
Leu-318 20.1 � 15.0
Ser-328 26.8 � 13.8
Ala-144 26.9 � 20.81
Lys-324 42.3 � 25.7
Glu-335 58.7 � 24.9
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Invasion Assay—Results of Salmonella invasion assay as a
function of SipD mutagenesis showed that substitution of
bulky side chains at the SipD-PrgI binding interface signifi-
cantly affected the ability of Salmonella to invade (see Fig. 8).
For instance, the point mutations S327R and M137E (which
are adjacent to the Ser-328 and Asp-136 spin labels that
yielded strong PRE effect) resulted in a significant decrease in
invasiveness by 50 and 65%, respectively. The S143R mutation
(adjacent to spin label A144C) decreased invasiveness as well,
but not as not as significantly as M137E and S327R. On the
other hand, G151R has similar invasiveness as the wild type
(100% invasiveness), and S332R has slightly increased inva-
siveness than the wild type (125% invasiveness, adjacent to the
spin label S331C).

DISCUSSION

Currently, there are no studies that probe the SipD-PrgI
interaction or any T3SS tip protein-needle protein combina-
tion on a per residue basis. Our goal is to identify which re-
gion of the SipD coiled-coil is the primary binding site for
PrgI. The central coiled-coil (formed by helix �4/�8 in SipD

and colored gray in Fig. 1) is a structural characteristic of all
T3SS tip proteins that have been determined to date (13–15).
We hypothesize that the SipD coiled-coil is the primary bind-
ing site for the needle protein based on the structural similar-
ity between the SipD �-helical hairpin (helix �1/�2, Fig. 1)
and the PrgI �-helical hairpin (helix �A/�B, Fig. 5). The SipD
�-helical hairpin can be superimposed on the PrgI �-helical
hairpin with a C� r.m.s.d. of 3.2 Å. Although a 3.2 Å r.m.s.d.
conveys weak structural similarity, the needle monomers of
Salmonella, Shigella, and Burkholderia, which share 44–63%
sequence identities and are structurally homologous to each
other, also share C� r.m.s.d. of 3.2 Å as well. Thus, there ap-
pears to be a size and shape complementarity, albeit weakly,
between the tip protein �-helical hairpin and that of its cog-
nate needle protein. For this reason, others have proposed
that the N-terminal �-helical hairpins of BipD and IpaD serve
as self-chaperones for BipD and IpaD (15).
We have recently reported the NMR assignments of SipD

(18) and have successfully used SipD for NMR studies of mo-
lecular interactions with bile salts (18). However, our attempts
at using NMR chemical shift mapping of 15N-labeled SipD

FIGURE 7. Possible orientation of SipD in the assembled needle-tip complex as constrained by PRE results and the structure of the PrgI needle (32).
Because the lower half of the SipD coiled-coil (marked by red spheres) is the primary binding site for PrgI, SipD would have be oriented in the assembled
needle-tip complex with the mixed �/� domain pointed away from the needle. The reverse orientation, where the �/� domain is pointed toward the nee-
dle, will result in steric clash. The cryoEM-based model of the PrgI needle was made using coordinates obtained from Drs. Vitold E. Galkin and Edward H.
Egelman (32); A and B are orthogonal views. PrgI molecules (numbered 1– 6) in the topmost layer of the needle are colored cyan.
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titrated with unlabeled PrgI failed to identify unambiguously
which SipD residues were involved in the SipD-PrgI interac-
tion because of the disappearance of SipD residues upon the
addition of PrgI and the more than 300 SipD residues that
made the analysis complicated (supplemental Fig. S7). We
reasoned that the intermediate exchange behavior of the
SipD-PrgI interaction was due to the weak binding affinity of
SipD to PrgI in solution. Thus, we employed a more sensitive
NMR method based on PRE (30, 31) to study the SipD-PrgI
interaction. We used the method of paramagnetic relaxation
enhancement, wherein a paramagnetic spin label is attached
to a cysteine residue and used in titration with 15N-labeled
PrgI. We engineered 14 cysteine mutants across the length of
the SipD coiled-coil (helix �4/�8) and used CD spectroscopy
to ensure that the cysteine mutants did not alter the global
fold of SipD (supplemental Fig. S2). The PREs were deter-
mined initially by the single time point (Fig. 3) and by the two
time point (Fig. 4) methods. Both PRE methods indicate that
the lower half of the SipD coiled-coil (adjacent to the SipD
helix �1/�2) was the primary binding site for PrgI.

Results of PRE-based structure calculations confirm that
PrgI bind at the bottom of SipD, and more important, reveal
that PrgI interacts with SipD at two major sites as indicated
by the clustering of two populations of PrgI molecules near
the SipD helix �4 and �8 (Fig. 6). Galkin et al. (32) recently
reported the 18 Å resolution structure of the assembled Sal-
monella needle based on cryoelectron microscopy (Fig. 7). In
the assembled needle, the PrgI �-helical hairpin is oriented
toward the top of the needle. Our PRE results together with
the cryoEM structure of the PrgI needle (32) constrain the
possible orientation of SipD with respect to the needle. Be-
cause the lower half of the SipD coiled-coil is the main site for
interaction with PrgI, the top of SipD would have to be
pointed away from the needle to avoid steric clash with the
rest of the PrgI needle (Fig. 7). Based on structural analysis,
others have proposed a model of tip-needle interaction where
five tip protein molecules are inserted on top of the MxiH
needle (11, 17), which is made of 5.6 MxiH monomers per
turn (11). The tip protein is thus flanked by two needle mono-
mers in the assembled needle. The interaction of a tip protein
molecule with multiple needle monomers is also seen in solu-
tion. Results of our PRE structure calculations indicate there
are two major sites in SipD that interact with PrgI. PRE re-
sults are consistent with a SipD molecule inserting between
two PrgI monomers in the assembled needle (Fig. 7).
A Salmonella invasion assay was used to confirm our PRE

findings. Point mutations M137E and S327R that were at the
bottom of the SipD coiled-coil, which would be expected to
be near the SipD-PrgI binding interface, showed significant
reduction in invasiveness (Fig. 8). Unlike the results for
M137E and S327R, the mutations S143R, G151R, and S332R
essentially had no effect on bacterial invasiveness. This could
be attributed to the fact that these residues are not at the
binding interface.
In summary, our PRE results demonstrated that the lower

half of the SipD coiled-coil (toward the C terminus of helix
�8) is the main binding site for PrgI. Further, PRE structure
calculations demonstrated that there are two major PrgI bind-

ing sites at the bottom of the SipD coiled-coil. Together with
the recent cryoEM structure of the PrgI needle (32), our PRE
results constrain the possible orientations of SipD in the nee-
dle-tip assembly.
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