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Abstract

Gram-negative bacteria use a needle-like protein assembly, the type III secretion apparatus, to inject
virulence factors into target cells to initiate human disease. The needle is formed by the
polymerization of ~120 copies of a small acidic protein that is conserved among diverse pathogens.
We previously reported the structure of the BsalL needle monomer from Burkholderia
pseudomallei by nuclear magnetic resonance (NMR) spectroscopy and others have determined the
crystal structure of the Shigella flexneri MxiH needle. Here, we report the NMR structure of the Prgl
needle protein of Salmonella typhimurium, a human pathogen associated with food poisoning. Prgl,
Bsal, and MxiH form similar two helix bundles, however, the electrostatic surfaces of Prgl differ
radically from those of BsaL. or MxiH. In Bsal. and MxiH, a large negative area is on a face formed
by the helix a;-ay interface. In Prgl, the major negatively charged surface is not on the “face” but
instead is on the “side” of the two helix bundle, and only residues from helix o contribute to this
negative region. Despite being highly acidic proteins, these molecules contain large basic regions,
suggesting that electrostatic contacts are important in needle assembly. Our results also suggest that
needle packing interactions may be different among these bacteria and provide the structural basis
for why Prgl and MxiH, despite 63% sequence identity, are not interchangeable in S. typhimurium
and S. flexneri.
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INTRODUCTION

Many Gram-negative bacteria use the type III secretion apparatus (TTSA) to inject host altering
effector proteins into eukaryotic cells to cause human disease. Among these bacteria is
Salmonella typhimurium, which is one of the most common pathogens of food poisoning in
the U.S. Salmonellosis contributes significantly to hospitalization and morbidity among
susceptible individuals such as the elderly, children, and people with compromised immune
systems caused by AIDS and chemotherapy. 1 Other pathogens that use a TTSA are Shigella
flexneri (shigellosis), 2 Yersinia pestis (plague), 3 Burkholderia pseudomallei (me1101d091s)
and Pseudomonas aeruginosa (pulmonary infections among cystic fibrosis patlents) No
vaccines are currently approved for general use against any of these pathogens, and together

*Corresponding author: rdguzman@ku.edu, Phone: (785) 864 4923.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication.As a service to our customers
we are providing this early version of the manuscript.The manuscript will undergo copyediting, typesetting, and review of the resulting
proofbefore it is published in its final citable form. Please note that during the productionprocess errors may be discovered which could
affect the content, and all legal disclaimersthat apply to the journal pertain.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny Vd-HIN

Wang et al.

RESULTS

Page 2

with the appearance of antibiotic resistant strains® 7 and the bioterrorism potential of B.
pseudomallei,8 these pathogens continue to pose major public health and safety concerns.

The TTSA is a protein assembly consisting of a base that spans both bacterial membranes and
an external needle and tip complex (Fig. S 1).9 Electron microscopy of the S. typhimurium
needle revealed a tube with dimensions 130 x 800 A (width vs. length).10 A similar structure
exists on the surface of S. flexneri, 11y, enterocolitical? and P. aeruginosa. > In S.
typhimurium, the needle is a helical assembly of ~120 copies of Plrgl,14 which is homologous
to BsaLl in B. pseudomallei and MxiH in S. flexneri. Needle proteins are critical in bacterial
virulence — mxiH!9 and prgl 16 null mutants are noninvasive and do not secrete any effectors.
Recent mutational analysis has implicated the needle proteins in controlling the induction of
type III secretion in Shigella17 and Yersinia. 18 Prgl, Bsal,, and MxiH are small acidic proteins
that show sequence conservation around a central PxxP motif (where x = S, D, or N, Fig. 1).
These proteins are predicted to contain a-helical secondary structure! 7 and circular dichroism
(CD) spectroscopy confirmed the a-helical nature of MxiH, Prgl, and BsalL.19 Despite
sequence conservation, these proteins have widely different thermal stabilities — with melting
temperatures of 37°C for Prgl, 42°C for MxiH, and 54°C for BsaL.1®

Deletion of the last five residues of PrgL19 MxiH,19 and Bsal.20 prevented self-association
and yielded monomeric proteins that allowed biophysical studies. The first reported atomic
resolution structure of a needle monomer is the NMR structure of BsaL.20 BsaL contains a
central core domain flanked by dynamic regions that have residual a-helical conformation.
Only about half of BsaL is ordered — the central region which includes the PxxP motif forms
a two-helix bundle, and the rest of the molecule is partially folded or in random coil
conformation.20 Others have since completed the crystal structure of the S. flexneri MxiH
needle protein which showed a disordered N-terminal region and a longer C-terminal helix.
21 Nevertheless, the structured region of BsaL can be superimposed to MxiH with a 3.2 A
C%root-mean-square (RMS) deviation. These high resolution structures have provided a wealth
of information, however, detailed understanding of how the needle proteins interact with each
other and with the tip complex are currently unknown. Thus, major gaps exist regarding
structures, functional dynamics, and protein-protein interactions of the needle proteins. We
report here the NMR structure of the S. ryphimurium needle protein Prgl.

NMR structure determination of PrgICAS

The last five residues of Prgl were deleted to obtain monomeric PrgI©A similar to the approach
used in the structure determinations2% 2! of BsaL A5 and MxiHCAS, Analysis of NMR datasets
yielded near complete backbone and side chain assignments for PrgI®A5, We assigned 69 (out
of 79) backbone amides (Fig. 2A), however, the amides of A2, T3, A35, A36, L43 and L44
are in rapid exchange with the solvent and could not be assigned. The C*, CP, and H* secondary
chemical shifts indicated the presence of three helices: V20-A35, P41-S62, and D70-E77 (Fig.
S2). Assignment of 3D NOESY datasets yielded 1275 interproton distance restraints, or an
average of 15 NOE:s per residue (Table 1). Most of the NOEs are in the helical regions and all
the long range NOE:s are from the conserved hydrophobic residues in the central region of Prgl
(Fig. S3A). Structure calculations using NMR-derived restraints (Table 1) and CYANAZ22
followed by refinement in AMBER?3 yielded a well converged NMR structure of PrgI©A3
(Fig. 2B). The NMR structures yielded good structural statistics (Table 1), and over 85% of
the residues are in the most favorable region of the Ramachandran plot.
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Central region forms a two-helix bundle

Only the central region (V20-V65) of PrgI®A3 converged into a single family of NMR
structures and formed an ordered two helix bundle (Fig. 2B). The regions (P4-G19 and K66-
I75) flanking this two helix bundle lacked long range NOEs and did not converge, however,
each of the 20 NMR structures showed helical conformation for P4-G19 and K66-175 that is
consistent with the NOE patterns (Fig. S3). The well defined two helix bundle is composed of
the PxxP loop (P38- P40) and parts of helix a; (V20-A36) and oy (A42-V65). The helix ;-
oy interface (Fig. 3) is stabilized by conserved hydrophobic contacts of residues on helix o
(V20, L23, V27, A30, L34) and helix a, (L43, L44, Y47, Y54, L56). V20 contacts the
methylene groups of Q24 and R58 and the phenyl ring of Y54 (Fig. 3B). L23 packs against
the methylene groups of Q26, K50, ES3, Y54 and Y57 (Fig. 3); and V27 is in a hydrophobic
pocket formed by Q24,1.31, Y47,L51, and Y54 (Fig. 3B). The methyl group of the conserved
A30 residue is in the helix a;-a, interface but does not pack directly with any helix ay residue
(Fig. 3A), suggesting that a small amino acid is required in this position. Finally, .34 packs
with helix residues L31, L44, and Y47 and the PxxP loop residue P38 (Fig. 3B).

The two helix bundle is polar

The surface of the two helix bundle is polar due to residues on helix a; (N22, D21, Q24, T25,
Q26, E29, K33, and D32), helix a, (Q48, S49, K50, S52, E53, N55, R58, N59, and S62), and
the PxxP region (K27, S39, and D40) (Fig. 3). Most of these polar residues are pointed away
from the two helix bundle and therefore are not needed in stabilizing the hydrophobic core of
the two helix bundle. However, several polar residues are identical (Q48, N59, and S62) or
conserved (Q24, E53,N55, and R58) among needle proteins, suggesting that they are important
for function other than stabilizing the core domain. Other residues that contribute to surface
polarity are the conserved Y47 and Y54. While the Y47 and Y54 phenyl rings are required in
stabilizing the hydrophobic core, their hydroxyl groups are pointed towards the polar surface
(Fig. 3B). Another polar moiety is the Q26-K50 hydrogen bond in the middle of the two helix
bundle of Prgl (Fig. 3A), which is in a position equivalent to the MxiH E29-KS53 salt bridge.

1 BsaL, however, does not have any electrostatic interactions equivalent to that of Prgl Q26-
K50 or MxiH E29-K53.24 Residues Q24, Y54, N55, and R58 are clustered together on the
surface of Prgl and form a polar patch at the base of the two helix bundle (Fig. 3B). This polar
patch is similar to the Bsal.-BsaL contact site we identified by NMR chemical shift mapping
of BsaL. dimers (Wang et al. in preparation).

Electrostatic surfaces are different

The needle monomers are acidic proteins with theoretical pI’s of 4.76 (Prgl and Bsal) and
4.47 (MxiH). Indeed, the electrostatic maps show large areas of negatively charged surfaces
(Fig. 4). The location of the negatively charged surfaces, however, are radically different
among Prgl, Bsal,, and MxiH. In Prgl, the largest negatively charged surface is located on the
“side” of the two helix bundle and spans almost the entire length of helix a, from the PxxP
motif to the base of the two helix bundle (Fig. 4A). This is in sharp contrast to BsalL and MxiH
where the negatively charged surfaces are on the “face” of the two helix bundle (Fig. 4B & C).
In BsaL, the negatively charged surface is more broadly distributed on the helix a{- a, interface
(Fig. 4B). Likewise in MxiH, a negatively charged surface potential is on the “face” of the two
helix bundle (Fig. 4C). In Prgl, residues mostly on helix a; (S6, D10, S13, T18, N19, D21,
T25, E29, and D32) contribute to the largest negatively charged surface, whereas, in Bsal. and
MxiH, residues on helix o and o, contribute to the negatively charged face. The tail of helix
ap in Prgl and MxiH (Fig. 4A & C), which contains conserved aspartic acids (Prgl D70 and
D72), also has a significant negatively charged surface.

Despite being highly acidic proteins, Prgl, Bsal, and MxiH contain contiguous regions of basic
(or positive) electrostatic potentials (Fig. 4). These positive regions are located similarly among
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the needle proteins, residing near the base of the two helix bundle and distal to the PxxP motifs
(Fig. 4). In Prgl and BsaL,, the positive regions at the base of the two helix bundle are due to
residues on both helix o and oy (Fig. 4A & B). In MxiH, however, the positively charged
surface is solely due to residues on helix ay, starting from the base of the two helix bundle and
extending towards the C-terminal end of helix ay (Fig. 4C). In Prgl, the positively charged
surface is located ~90° away from the negative “side” (Fig. 4A), whereas in Bsal. and MxiH,
the positively charged surfaces are 180° away, or on the flip side of the negatively charged
surfaces (Fig. 4B & C).

Mutagenesis of Q26, K50, and R58

We used mutagenesis and assayed the ability of Salmonella to invade a cultured human
epithelial cell line (Fig. S4). Wild type bacteria form functional needles, and can invade and
give rise to hundreds of colonies, whereas a prgl null mutant strain is noninvasive because it
lacks a functional Prgl protein (Figure 5). A plasmid that introduces wild type Prgl restores
the invasiveness of the prgl null mutant. We mutagenized Q26 and K50 to probe the importance
of the Q26-K50 hydrogen bond found in the middle of the two helix bundle, which is the only
electrostatic contact between helix a; and o, (the rest are hydrophobic contacts). We
hypothesize it contributes, albeit weakly, in stabilizing the two helix bundle, and therefore
plays arole in needle assembly and virulence. Indeed, Q26 A and K50D disrupted this hydrogen
bond and made S. typhimurium noninvasive (Figure 5). Q26E has wild type invasiveness
because glutamate (E) can form a salt bridge with K50. KS0L cannot participate in polar
interactions yet it has wild type invasiveness, suggesting it is capable of forming functional
needles, and that the Q26-K50 hydrogen bond is not critical for needle assembly and virulence.
Finally, changing the electrostatic surface with the R58L mutation resulted to a noninvasive
phenotype (Figure 5).

DISCUSSION

TTSA needle proteins self-associate, but deletion of the last five residues was exploited to
obtain monomeric PrglCA3 19 similar to the approach used in the structure determinations of
BsaL A5 24 and MxiHCA5 21 Prgl has 52% and 63% sequence identity with BsalL and MxiH,
respectively, and the central region is more conserved compared to the N-terminus (Fig. 1).
PrgICA5 (Fig. 2A) and BsaLC4> 20 gave excellent NMR spectra compared to MxiHCA3 (data
not shown), allowing NMR structure determination. The central region of PrgI®A> (Fig. 2B),
BsaL 5 20, and MxiHCA5 2! form a core domain composed of two helices that are linked by
a PxxP motif. Helix o5 is longer than helix o, probably due to glycines and prolines at the N-
termini which act as helix breakers. The first 3, 8, and 19 residues of Prgl, Bsal, and MixH,
respectively, are disordered. In Prgl and BsaL, the N- and C-terminal regions flanking the two
helix bundle have residual a-helical conformation and are more flexible. The first 19 residues
are disordered in the MxiHCA? crystal, however, a portion of this region might be in partial -
helical conformation when viewed by NMR as in BsalL and Prgl. The regions flanking the two
helix bundle do not fold back into the core structure and give the needle proteins an elongated
shape instead of a globular structure.

The conserved hydrophobic contacts at the helix a-a, interface (Fig. 3) stabilize the two helix
bundle and are important in needle assembly and pathogenesis. More information is known
about the effects of mutations on MxiH compared to Prgl and BsaL. because Kenjale and
coworkers!7 have characterized the phenotypes of over 35 MxiH point mutants (into alanine)
with respect to needle assembly, secretion of effector proteins, and the ability of S. flexneri to
invade cultured epithelial cells. In S. flexneri, MxiH L54A or Y57A mutation is defective in
needle polymerization and secretion of effector proteins and thus is noninvasive.!7 The MxiH
L54A or Y57A (equivalent to Prgl L51 and Y54) mutation is expected to decrease the

J Mol Biol. Author manuscript; available in PMC 2008 August 31.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny Vd-HIN

Wang et al.

Page 5

hydrophobic contacts at the helix a;- o, interface and destabilize the two helix bundle. The
proper folding of the two helix bundle is thus essential in needle assembly.

The polar surface of the two helix bundle is another common feature among needle proteins
(Fig. 3 & 4). Conserved tyrosines contribute to surface polarity; however, the structures of
Prgl, Bsal, and MxiH do not show a particular need for tyrosines in position Y47 and Y54 —
phenylalanine would have maintained similar hydrophobic contacts and the overall fold of the
two helix bundle. Yet, Y47 and Y54 are identical among Prgl, Bsal., and MxiH, suggesting
the tyrosyl hydroxyl group is important for function. We hypothesize that the conserved
tyrosine residues are important in protein-protein interactions with other needle monomers or
with the tip complex.25 Indeed, a MxiH Y50F point mutation, which is equivalent to Prgl Y47,
abrogated the in vivo interaction between the MxiH needle and the tip complex and decreased
the invasiveness of S. flexneri by 78% (Zhang et al., in preparation). Another mutation
affecting a polar residue, MxiH Q51A (equivalent to Prgl Q48, Fig. 3B) showed normal needle
assembly but decreased invasiveness. 17 Structurally, MxiH Q51 is pointed away from the two
helix bundle and does not appear to contribute in stabilizing the core structure of the needle
protein. However, MxiH Q51 is identical among the needle proteins (Fig. 1), suggesting that
the decreased invasivenss of S. flexneri is probably due to defective protein-protein interaction.
The polar surface of the needle protein is therefore important in pathogenesis.

Previous results showed that the last five residues are important in needle monomer-monomer
interaction.! 7> 19 In addition to the last five residues, our data suggest that electrostatic
interaction is also an important component of needle assembly. This is based on the presence
of distinct areas of positively and negatively charged surface potentials on Prgl, MxiH, and
BsaL (Fig. 4). Furthermore, this work shows that the most significant difference among these
needle proteins is in the arrangement of their electrostatic surfaces (Fig. 4), suggesting that
despite primary sequence conservation, protein-protein interaction maybe different among
these needle proteins. This could account for the observation that despite 63% sequence identity
between Prgl and MxiH, Prgl does not complement a S. flexneri mxiH null mutant (W.D.
Picking, unpublished data). The needle proteins of S. typhimurium and S. flexneri are therefore
not interchangeable. This also suggests that factors affecting electrostatic interactions, such as
ionic strength, metal cations, and pH will affect needle assembly. The effect of salt
concentration and cations on needle assembly have not been explored in detail, however,
Marlovits ef al. 14 showed in vitro that increasing the pH from 8 to 10.5 dissociated the needle,
but not the basal structure of the S. typhimurium needle apparatus. We identified a conserved
tyrosine residue (equivalent to Prgl Y54) is involved in needle monomer-monomer contact by
NMR chemical shift mapping of BsaLL dimers (Wang et al., in preparation). A possible scenario
is that high pH changes the protonation of this Y54 hydroxyl group, which then interferes with
needle monomer-monomer contact that leads to the dissociation of the needle.

The Salmonella invasion assay relies on the proper assembly of functional needles, therefore,
it provides an indirect readout of the Prgl-Prgl interaction involved in needle assembly. We
mutagenized the polar residues (Q26, K50, R58) that contribute to the electrostatic surface of
Prgl and used the Salmonella invasion assay to test their roles in needle assembly (Figure 5).
Mutagenesis of Q26 and K50 suggest that the Q26-K50 hydrogen bond is not critical for
invasiveness, but the polarity of this region, either through Q26 or K50, and the aliphatic
moieties of Q26 and K50, are required in needle assembly. Mutagenesis also suggests that the
hydrophobic packing interaction of the aliphatic groups of Q26 and K50 are more important
in the structure of the two helix bundle than the hydrogen bonding interaction. Thus, Q26A
and K50D, which have decreased aliphatic moieties, are noninvasive, whereas Q26E and
K50L, which have aliphatic parts comparable to wild type, are invasive. The aliphatic part of
RS58, which is identical in Prgl, Bsal., and MxiH, participates in intramolecular hydrophobic
contacts, however, its guanidine group is not involved in any polar interactions but contributes
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prominently to the positively charged surface of the two helix bundle (Fig. 4). RS8L mutation
is noninvasive, suggesting that altering this surface polarity is deleterious in needle assembly.

Cordes et al.20 showed using X-ray fiber diffraction and electron microscopy that the S.
flexneri needle is a helical structure with 5.6 subunits/turn and a 24-A helical pitch. Deane et
al.21 determined the crystal structure of the MxiHCA5 monomer, and used the needle helical
parameters of Cordes et al.20 (o create an atomic model of the . flexneri needle. To examine
the electrostatic contacts between needle monomers, we modeled the S. flexneri needle (Fig.
6A-D) using the MxiHCA crystal structure and the parameters reported by Deane et al.2! that
described how the subunits are packed together. The model was built with 28 subunits of the
MxiHEA3 crystal structure using the CHARMM biomolecular simulation program.27 The first
19 N-terminal residues and the last five C-terminal residues were modeled to form regular
alpha helices. The N-terminal helix was modeled to be inside the needle channel and parallel
to the axis of the channel (the Z-axis). Each subunit was translated by 4.31 A along the Z-axis
and rotated by 64.3° around a 25 A diameter of the needle channel. The model was energy
minimized with a generalized Born implicit solvent model?8 in CHARMM to allow the side
chains to adopt low-energy conformations and resolve the steric clash between the residues at
the binding interfaces. To model the S. typhimurium needle, the NMR structure of Prgl was
superimposed on the backbone atoms (N, C%, C’) of the MxiH needle and energy minimized.

Within the needle model, the two subunits with the largest surface contact were isolated and
the electrostatic potentials of this dimer were calculated by solving the linearized Poisson-
Boltzmann equation using the PBEQ module2%- 30 in CHARMM. Only the electrostatic
potentials of residues involved in the packing interaction are shown in Fig. 6C,D. The
electrostatic maps of MxiH in Fig. 4C and Fig. 6C are not identical because the former was
calculated from an isolated MxiH structure and the later was that of MxiH in the assembled
needle after energy minimization, which changed the side chain orientations to reduce the steric
clash and optimize the MxiH-MxiH contacts in the needle. Thus, the relative side chain
coordinates of MxiH in Fig. 4C and Fig. 6C are not identical, and their electrostatic surfaces
will not be identical as well. Similarly, the electrostatic maps of the isolated Prgl (Fig. 4A) and
that of Prgl in the assembled needle after energy minimization (Fig. 6D) will not be identical.

For MxiH, there is complementarity between the positively and the negative charged
electrostatic surfaces of two MxiH molecules (Fig. 6D-F), whereas, Prgl showed mostly
positive-to-positive electrostatic contacts (Fig. 6G-I). In addition, the calculated Coulombic
electrostatic interaction energy of the MxiH dimer (Fig. 6E) was 5 times lower than of the Prgl
dimer (Fig. 6H). Although the packing interactions should be considered in the context of the
entire needle, our modeling suggests that the interaction between Prgl molecules would have
to be different from that of MxiH to maximize the complementarity between the positive-to-
negative electrostatic contacts. Therefore, we conclude that the needle packing interaction in
S. typhimurium would have to be different from that of S. flexneri, even though their needle
monomers share 63% primary sequence identity, because the electrostatic surfaces of their
needle monomers are radically different from each other.

MATERIALS AND METHODS

Expression and purification of PrglCAs

The subcloning of the PrgI®A3 expression plasmid had been reported earlier. 19 PrgICA5 is
similar to the BsaL®A5 and MxiH®A3 constructs used in previous structure determinations
where the last five residues were deleted and replaced with a C-terminal His6-tag.20’ 21
Uniformly 13C,15N- and !5N-labeled PrgI€A5 were obtained by growing E. coli BL21(DE3)
with the plasmid pET22b-prgICA3 in 1 liter minimal media supplemented with 2 g/L 13C-
glucose and 1 g/L 1SN ammonium chloride. Cells were grown at 37°C, induced with 1 mM

J Mol Biol. Author manuscript; available in PMC 2008 August 31.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny Vd-HIN

Wang et al.

Page 7

IPTG at ODgqq 0.8, and expressed overnight at 15°C to a final ODgg of 2.4. Cells were
centrifuged, resuspended in 40 mL buffer A (20 mM Tris pH 7.9, 500 mM NaCl) with 5 mM
imidazole, and sonicated. Cellular debris was removed by centrifugation and the supernatant
was loaded on a 5 mL Ni?*-affinity column (Sigma) that was previously treated with 35 mL
H,0, 35 mL 50 mM NiSOy, and 35 mL buffer A with 5 mM imidazole. The NiZ*-column was
washed with 35 mL buffer A with 60 mM imidazole and eluted with 15 mL buffer A with 1
M imidazole in 1 mL fractions. Fractions were pooled and dialyzed in NMR buffer (10 mM
sodium phosphate pH 6.0, 10 mM NaCl) and protein concentration was estimated by UV
absorbance at 280 nm.

NMR spectroscopy

NMR data were acquired at 25°C using a 0.8 mM protein sample on a Bruker Avance 800
MHz spectrometer, processed with N MRPipe3 1 ,and analyzed using NMR View 32 Resonance
assignments were obtained from 2D 'H-1N HSQC 33 and IH-13C-HMQC 34 and the
following 3D datasets: HNCA 35, HNCO,36 CBCA(CO)NH, 35 HNCACB,37 and
HBHACONH.38 Water suppression was achieved using flip-back pulses and pulsed field
%radients. The a-helices were identified from the C%, CB, and H® secondary chemical shifts.
9 The IH, 13C, 15N chemical shifts were referenced indirectly using 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS). Inter-proton distance restraints were obtained from 3D !9N-
edited NOESY-HSQC (tyix = 120 ms) and '3C-edited HMQC-NOESY (tyix = 120 ms).

Structure calculations and refinement

Inter-proton distance restraints from the NOESY datasets were classified into upper bounds of
2.7,3.5,4.5,and 5.5 A based on peak volumes, and lower bounds of 1.8 A. The NOE
patterns 0 were traced to confirm the secondary structures predicted by chemical shifts. The
Phi and Psi dihedral angles of residues in a-helical regions were constrained to ¢ = -60 + 20°
and y =-40 + 20°.39 The distance and dihedral angle restraints were used to calculate 200
structures using torsion angle dynamics in CY AN A.22 Several rounds of CYANA calculations
followed by violation and NOE analysis were done until the global fold of the protein converged
and the CYANA target function dropped below 10. The CYANA structures were further
refined by restrained molecular dynamics and simulated annealing using AMBER.23 Several
rounds of in vacuo AMBER calculations were done until the distance violations were less than
O.SA, then the generalized Born (GB) potential was used to account for the effect of water
during molecular dynamics. The CYANA and AMBER structure calculations included cycles
of iterative refinement of restraints. The surface electrostatic potential maps of Prgl, BsalL
(PDB #2GOU), and MxiH (PDB #2CAS5) monomers (Fig. 4) were calculated using the program
APBS.4! Structures were analyzed using PROCHECK 42 and Pymol (http://
pymol.sourceforge.net).

Salmonella invasion assay

We followed published protocol to assag the ability of S. typhimurium to invade a cultured
human epithelial cell line (Henle 407).4 Briefly, Henle 407 was obtained from the American
Type Culture Collection. S. typhimurium wild type (SL1344) and prgl null mutant (J K17)44
strains were obtained from Dr. Bradley Jones (University of lowa). Henle 407 cells were grown
in Eagle’s modified minimum essential medium with 10% newborn calf serum and 5% COs.
Mutations were introduced in the pRK2-prgl plasmidl7 by PCR and transformed into S.
typhimurium JK17 by electroporation. Bacteria were grown in media containing the antibiotics
kanamycin, ampicillin, and trimethoprim. Bacterial suspension were incubated with Henle 407
cells for 60 min to allow invasion before removal by aspiration. The Henle 407 cells were
washed with media containing 50 ug/ml gentamycin and lyzed with 0.9% deoxycholate to free
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the entrapped bacteria. The number of bacterial colonies, which correlates with invasiveness,
were estimated by serial dilution and plating.

COORDINATES AND RESONANCE ASSIGNMENTS

Structural coordinates and list of restraints were deposited at the Protein Data Bank (2JOW).
Resonance assignments were deposited at the Biological Magnetic Resonance Data Bank
(BMRB 15206).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NOE spectroscopy
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heteronuclear multiple quantum coherence
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root mean square deviation
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type III secretion apparatus
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type III secretion system
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a, oy

Figure 1.

The middle regions of the needle proteins are more conserved compared to their N-termini.
The structural features of Prgl, Bsal, and MxiH are indicated as well-structured helices (o
and oy, solid wavy lines), regions with partial a-helical character (dashed wavy lines), and
random coil regions (dashed lines). Conserved hydrophobic residues (blue) at the helix a-ap
interface are boxed and prolines and glycines (red) that act as helix breakers are indicated. The
PxxP motif and the last five residues of Prgl, Bsal., and BsaL that were deleted are boxed. The
needle proteins are from Salmonella typhimurium (Prgl), Burkholderia pseudomallei (BsalL),
Shigella flexneri (MxiH), Escherichia coli O157:H7 (Eprl), Yersinia pestis (YscF), and
Pseudomonas aeruginosa (PscF).
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Figure 2.

(A) Assigned 'H-1SN HSQC spectra of PrgI®A5. The insert shows an expansion of the crowded
region of the spectrum. The side chain peak of W5 (not shown) is at 10.16 'H ppm and
129.89 15N ppm. (B) Stereoview of the superposition of 20 lowest energy structures of
PrgI©A5, showing only the backbone N, C% and C’ atoms. Only the region V20-V65 can be
superimposed into an ensemble of NMR structures, forming the core domain of PrgIA3,
however, the regions flanking this core domain, from W5-G19 and K66-175, retained a-helical
conformation in each of the 20 NMR structures.
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Figure 3.

PrgICA5 forms a two helix bundle stabilized by hydrophobic contacts at the helix o;- oy
interface. The side chains of the hydrophobic and polar residues are shown. (A) is oriented by
a 180 rotation from (B). Atoms are colored as: red, oxygen; blue, nitrogen; gray, carbon.
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Figure 4.

The electrostatic surface of (A) Prgl, (B) Bsal, and (C) MxiH are shown together with the
ribbon structures showing the relative orientation of the two helix bundle. The structures of
Prgl, Bsal., and MxiH are oriented is similar manner from top to bottom to allow comparison
of the surfaces. The structures on the left are rotated by 180° on the y-axis from the right.
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Salmonella invasion assay. The number of bacterial colonies (y axis) correlates with the ability
of S. typhimurium to invade a cultured human epithelial cell line (Henle 407). Wild type (WT)
bacterium is invasive, whereas a S. typhimurium with a prgl null mutation (prgl-) is
noninvasive. A plasmid that overexpressed a functional Prgl (prgl*) restored the invasiveness
of the prgl null mutant strain. Point mutations were introduced in the Q26, K50, and R58
residues using the Prgl plasmid. The assays were done in triplicates.

Number of colonies
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Figure 6.

(A) Model of the S. flexneri needle created using the crystal structure of MxiH®A5 (PDB
#2CAS) and published needle packing parameters,21’26 and visualized with the top towards
the host and below towards the bacterium, and along the 25 A needle channel looking down
towards the bacterium. (B) Two MxiH molecules within the needle with extensive
intermolecular contacts are chosen for electrostatic analysis. (C) The two monomers, MxiH 1
and MxiH 2, are separated from the MxiH dimer and rotated by 90° towards the viewer to
reveal the electrostatic potentials of the residues involved in the needle packing interaction.
The N-terminal 19 residues of MxiH were removed because they were disordered in the MxiH
crystal structure. (D) Electrostatic analysis of two Prgl molecules (Prgl 1 and Prgl 2) in the
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model of the S. typhimurium needle, which was created by superimposing the NMR structure
of Prgl into S. flexneri needle. The N-terminal 19 residues of Prgl were removed in the
calculation of electrostatic potentials because they did not converge into a single family of
structures. The Coulombic electrostatic interaction energy is -120 kcal/mol for the MxiH dimer
and -23 kcal/mol for the Prgl dimer. Molecular graphics were made using Pymol (A and B)
and Dino (DINO: Visualizing Structural Biology (2002) http://www.dino3d.org) (C and D).
The amino (N) and the carboxy (C) termini and the PxxP loop are indicated.
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Table 1
CAS.
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Total Unambiguous Distance Restraints
Intraresidue (i,i)
Sequential (i, i+1)
Medium Range (2<=|i-j| <=4)
Long Range (|i-j| > 4)
Total Dihedral Angle Restraints
Phi
Psi
RMS difference from mean structure (V20-V65)
Backbone atoms of helices
All heavy atoms atoms of helices
Violation analysis
Max distance violation (A)
Max dihedral angle violation (deg)
Energies
mean AMBER energy (kcal mol ")
mean restraint energy (kcal mol")
Deviation from idealized geometry
Bond lengths (A)
Bond angles (degree)
Ramachandran plot
Most favorable region
Additionally allowed regions
Generously allowed regions
Disallowed regions

1270
283
344
469
174
101
68
33

0.26
0.60

0.3
44

2464
114

0.00983 + 0.00005
2.79 £0.01

85.1%
14.9%
0%
0%
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