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Abstract: The pathogenic bacterium Salmonella enterica serovar Typhimurium utilizes two type lli
secretion systems (T3SS) to inject effector proteins into target cells upon infection. The T3SS secretion
apparatus (the injectisome) is a large macromolecular assembly composed of over twenty proteins,
many in highly oligomeric states. A sub-structure of the injectisome, termed the basal body, spans
both membranes and the periplasmic space of the bacterium. It is primarily composed of three integral
membranes proteins, InvG, PrgH, and PrgK, that form ring structures through which components are
secreted. In particular, PrgK possesses a periplasmic region consisting of two globular domains joined
by a linker polypeptide. We showed previously that in isolation, this region adopts two distinct confor-
mations, of with only one is observed in the assembled basal body complex. Here, using NMR spec-
troscopy, we further characterize these two conformations. In particular, we demonstrate that the
interaction of the linker region with the first globular domain, as found in the intact basal body, is
dependent upon the cis conformation of the Leu77-Pro78 peptide. Furthermore, this interaction is pH-
dependent due to coupling with hydrogen bond formation between Tyr75 and His42 in its neutral N®'H
tautomeric form. This pH-dependent interaction may play a role in the regulation of the secretion
apparatus disassembly in the context of bacterial infection.
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Introduction

Bacteria use specialized secretion systems, num-
bered I to IX, to transport proteins across their
membrane(s) and cell wall.! Secreted proteins,
termed “effectors,” play numerous functions in bac-
terial biology, from chemotaxis to infectivity and
immune evasion. Of these systems, the type III
secretion system (T3SS) has the particularity to be
contact-dependent such that secretion is activated
upon contact with a target cell.2* In addition,
unlike most secretion systems, T3SS effectors are
not just secreted to the extracellular environment,
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Figure 1. Structure and conformations of the PrgK periplasmic domain. (A) Schematic representation of PrgK, with the boundaries
of the D1, linker, D2, loop and TM indicated, along with an N-terminal cysteine-linked palmitic acid. (B) Cartoon representation

of the PrgK structure (colored; PDB ID 5TCP) in the cryo-EM map of the basal body complex'” (EMDB ID 8398). (C) Assigned
SN-HSQC spectrum of the PrgKy¢_g» construct, reproduced from reference 12. The lines connect the two 'HN-'5N peaks yielded

by the residues that differ in the two conformers of this construct

but rather injected directly into the cytosol of the
infected cell.

The human pathogen Salmonella enterica sero-
var Typhimurium encodes two T3SSs, in different
genome locations termed the Salmonella Pathoge-
nicity Islands 1 and 2 (SPI-1 and SPI-2).5 The SPI-1
T3SS is active early during infection in the host gut,
and its effectors induce actin rearrangements and
membrane invagination of the target cell. This leads
to the incorporation of bacteria into intracellular
vesicles, termed the Salmonella-Containing Vacu-
oles (SCVs). Acidification of the SCV in turn acti-
vates the SPI-2 T3SS, whose effectors prevent
fusion with lysogenic vesicles and permit bacterium
survival.®

The SPI-1 T3SS is the best-characterized T3SS
at the molecular level.” Its secretion apparatus, the
injectisome, consists of a structure called the basal
body, which spans both membranes and the interven-
ing periplasmic space. On the cytosolic side, a set of
proteins forming the inner membrane anchored com-
plex of the T3SS system, known as the “export appa-
ratus”, is responsible for the selection and active
secretion of effectors. On the extracellular side, an
extended needle of species-specific length projects
outwards, toward target cells.® Genetic studies have
demonstrated that the export apparatus assembles
first in the inner membrane. Subsequently, the basal
body assembles around the export apparatus, forming
a secretion-competent complex. This leads to the
secretion of the protein forming the needle, as well as
of additional regulatory components, such as the rod

and ruler proteins.5 1!
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Extensive work, including NMR spectroscopic, X-
ray crystallographic and biochemical studies,?™*”
combined with the recent near-atomic resolution
cryo-electron microscopy (EM),'® have defined the
structure of the SPI-1 T3SS basal body. In particular,
the inner-membrane proteins PrgH and PrgK, and
the outer-membrane protein InvG, are found to con-
sist largely of small globular domains with a con-
served fold. This fold is termed the Ring-Building
Motif (RBM)'* in reference to the involvement of
these proteins in assembly of oligomeric ring-shaped
structures.

We previously showed that the periplasmic
domain of PrgK consists of two RBMs (termed D1
and D2), joined by a short linker polypeptide [Fig. 1
(A,B)]. Furthermore, we found that the periplasmic
domain adopts two conformations that are dependent
upon the presence of the linker region.' More specifi-
cally, we proposed that these two conformations differ
by whether or not the linker is non-covalently bound
to D1.12 In this study, we verified this proposal, using
NMR spectroscopy to show that these two conforma-
tions indeed correspond to the linker-bound D1
(denoted as conformer A) and linker-unbound D1
(conformer B) states of PrgK. We also show that these
two conformational states differ in the cis versus
trans isomerization of the Leu77-Pro78 peptide.
These conserved linker residues are essential for
T3SS function. Furthermore, we report that the equi-
librium between the two conformers is dependent
upon the protonation state of His42, and hence modu-
lated by hydronium ion activity (sample pH value).
This leads us to hypothesize that variations in local
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Figure 2. Structural ensembles of the two PrgK,9_go conformers. Line representation of the backbone atoms for the twenty
lowest-energy models for PrgKg_g. in the (A) conformer A and (B) conformer B, obtained with CS-Rosetta.2° (C) The two
averaged structures are overlaid in cartoon representation, with conformer A in green and conformer B in cyan. The only
significant difference lies at their C-termini, where residues 75-78 of the linker are ordered in conformer A but not in conformer
B. (D) The heteronuclear NOE values for the two populations of PrgK4g_go plotted versus sequence, with the secondary structure
shown at the bottom. Decreasing NOE values indicate increasing mobility of the "HN-">N bond on the sub-nsec timescale. This
confirms that residues 75-78 (shaded rectangle) are ordered in conformer A, but flexible in conformer B

pH could contribute to the structural arrangement of
PrgK as required for injectisome dynamics in vivo.

Results

Structures of the two PrgK,9_g> conformers using
CS-Rosetta

We previously showed that a purified PrgK construct
encompassing D1, the linker region, and D2, adopts
two conformations, as detected by the presence of two
sets of resolved amide HY-'°N signals from many
residues in its ®N-HSQC spectrum.? Due to exten-
sive spectral overlap, we were unable to fully assign
the backbone resonance frequencies for this con-
struct. However, we also showed that the two confor-
mations, denoted A and B, were recapitulated in a
shorter construct encompassing D1 and the linker
region (PrgKig_g0).12 With a simpler NMR spectrum,
and by considering patterns of relative peak intensi-
ties, we were able to unambiguously assign the sig-
nals from both the major conformer A and minor
conformer B of this construct [Fig. 1(C)]. For this rea-
son, we used PrgK;g_gs as a proxy to characterize the
two conformations adopted by the full PrgK periplas-
mic domain in isolation.
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Unfortunately, the added complexity of two con-
formations prevented us from unambiguously assign-
ing inter-proton NOESs to one population or the other.
This in turn precluded structural determination of
the PrgKig9_go conformers by conventional NMR spec-
troscopic approaches. We therefore used CS-Rosetta®®
to generate structures for both conformers with back-
bone chemical shift information as the sole experi-
mental constraints. This led to convergent structural
models with good energy parameters [Fig. 2(A,B);
Supporting Information Fig. S1(A), S1(B)]. As will be
justified below, the Leu77-Pro78 peptide was set to
the cis isomer for conformer A, and flexible residues
(79-92 for conformer A, 75-92 for conformer B) were
trimmed by CS-Rosetta. We then combined the
20 lowest energy models for each to generate the
structural ensembles shown in Figure 2. Both exhibit
very good geometry, with overall backbone RMSD
values of 0.5 and 0.6 A for the conformer A and con-
former B ensembles, respectively.

The two structural ensembles are very similar,
with an average pairwise backbone RMSD of 0.68 A
for residues 19-74. The major differences localize to
residues 75-78, which are ordered in the conformer A
structural ensemble, but not in that of conformer B

T3SS Inner-Membrane Protein PrgK



[Fig. 2(C)]. This is consistent with the previously
reported chemical shift differences between the two
conformers of PrgKig go, and the reduced chemical
shift-derived helical propensity of residues at the C-
terminus of helix 2 in conformer B.!? Importantly,
the CS-Rosetta ensembles are in agreement with the
proposed linker-bound and linker-free conformations
for the two conformers.'? In particular, the structure
of conformer A derived from CS-Rosetta is highly sim-
ilar to the X-ray crystallographic structure of
PrgKig 92 [PDB ID 4W4M; Supporting Information
Fig. S1(D)], as well as to the structure of full sized
PrgK in the intact basal body determined by cryo-EM
[PDB ID 5TCP; Supporting Information Fig. S1(C)].
In this later structure, the entire linker is well
ordered, and bound to the D1 surface in the manner
as observed in the conformer A model. This indicates
that within the fully assembled basal body complex,
PrgK exists as the conformer A.

To further confirm that the difference between
the two conformers lies in the linker region, we mea-
sured the heteronuclear 'H-®N NOE ratios for the
PrgKig_gs construct. The heteronuclear NOE is a sen-
sitive indicator of protein dynamics, with decreasing
values indicating increasing mobility of the HN-°N
bond on the sub-nanosecond timescale.?! The only
significant difference between the two conformers is
located at the beginning of the linker region (residues
74-84), with conformer B exhibiting higher flexibility
[Fig. 2(D)]. This is consistent with our previous chem-
ical shift-based analysis of the backbone dynamics of
the two PrgKjg_go conformations,'> and the CS-
Rosetta-derived models described above. Taken
together, these data demonstrate that conformers A
and B of PrgK observed by NMR spectroscopy corre-
spond to the linker-bound and linker-free states of
D1, respectively.

The PrgK conformers differ by the cis/trans
isomerization of the Leu77-Pro78 peptide

We next investigated the mechanisms underlying the
conformational equilibrium of PrgKig_go. Since sev-
eral residues yielded two distinct peaks in a °N-
HSQC spectrum, the conformers must be in the slow
exchange regime (i.e., koy < Aw, where k., is the
interconversion rate constant and A is the chemical
shift difference between conformers A and B). We
therefore collected a ®N-EXSY experiment?? on this
protein. However, we did not observe any exchange
cross-peaks, indicating that ke, < 1 571 22 [Supporting
Information Fig. S2(A)]. This prompted us to investi-
gate the temperature dependency of the conforma-
tional equilibrium. We collected °N-HSQC spectra as
a function of temperature from 10 to 45°C. As
expected, many amide peaks shifted with tempera-
ture [Supporting Information Fig. S2(B)]. However,
the relative intensity ratios between the peaks
assigned to conformer A and conformer B was
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unchanged. Based on these observations, we con-
cluded that the two conformers do not interconvert on
the seconds timescale, even at 45°C.

It is well established that X-Pro peptide bonds
within random coil polypeptides are approximately
10%-20% in the cis isomer, with little temperature
dependence and an interconversion rate constant of
~0.025 s71.2* We therefore postulated that the two
populations of PrgKig_gs differ by the cis and trans
isomerization of the Leu77-Pro78 amide. Indeed, in
the previously reported crystal structure of PrgKig_go
in conformer A (PDB ID 4W4M), the Leu77-Pro78
amide adopts the less common cis geometric arrange-
ment [Fig. 3(A)]. To test this postulate, we assigned
the 13C chemical shifts of all prolines in the PrgKjo oo
construct. As documented by Schubert et al.,? the
(13CP - 13QY) chemical shift difference of a proline is
highly diagnostic of the X-Pro amide conformation.
This chemical shift difference demonstrates that in
conformer A, Leu77-Pro78 is in the cis isomer,
whereas in conformer B, it is in the trans isomer
[Fig. 3(B)]. In contrast, all other X-Pro amides are
found as the trans isomer in both conformers (except
in the case of Met89-Pro90, for which only one set of
signals could be identified).

To further confirm the role of Pro78 in the two
conformations of PrgK, we engineered the P78G
mutation in the PrgK;g_gs construct. The trans iso-
mer of the Leu77-Gly78 peptide should be strongly
favored. Indeed, the resulting protein yielded single
amide HN-15N peaks in ’N-HSQC experiments,
demonstrating that this mutation disrupts the pres-
ence of two predominant conformations [Fig. 3(C)].
Comparison of the spectrum of this protein with that
of the wild-type protein, or that of the protein con-
struct including D1 but not the linker,'2 confirms that
the peaks yielded by the P78G mutant correspond to
the conformer B (Supporting Information Fig. S3).
This is also consistent with the conclusion that the
Leu77-Pro78 peptide has cis- and trans- isomers in
conformers A and B, respectively.

In the basal body cryo-EM map (as well as in the
conformer A structural ensemble), Leu77 and Pro78
from the linker region are buried in a hydrophobic
pocket formed by Leu24, Leu27, Val35, Val38 and
Ile72 [Fig. 3(A)]. This pocket is conserved in PrgK
homologs of other T3SS’s (Supporting Information
Fig. S4), with hydrophobic residues present in all sys-
tems, including the highly divergent Chlamydia and
Rasltonia Cds and Hrp T3SSs. To verify the role of
these residues in T3SS function, we engineered sev-
eral mutations in a plasmid encoding for the prgK
gene, and used it to complement a AprgK strain of
Salmonella enterica serovar Typhimurium LT2. We
then used a secretion assay to monitor T3SS assem-
bly in the context of the corresponding PrgK mutants.
As we reported previously, PrgK WT rescued secre-
tion in the AprgK strain [repeated as a control here
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Figure 3. The two conformers correspond to the cis or trans isomers of the Leu77-Pro78 peptide. (A) Cartoon representation of
the ordered residues (19-78) from the lowest-energy model for the conformer A structure, in rainbow coloring. The residues
involved in the linker-D1 interaction are in stick representation. (B) Difference between the chemical shifts of the '°C? and 'CY
nuclei of each proline residue in the two PrgK;g_g> conformers. For most prolines, the difference is ~4.2 ppm (blue dashed line),
corresponding to the average value for a trans X-Pro isomer.2% In contrast, for Pro78 in conformer A, the difference is 9.6 ppm,

corresponding to that of a cis X-Pro isomer (green dashed line). (C)
peak for G78, that was introduced instead of a proline in this mutan
"HN-15N peak is visible, confirming that this mutation abrogates the

N-HSQC spectrum of PrgK;g_g, With the P78G mutation. The
t, is indicated with an asterisk. For most residues, a single
linker-D1 interaction and leads to only conformer B. Residues

Glu84, Ala86 and Asp92 still yield two peaks, possibly corresponding to the trans (major) and cis (minor) isomers of Met89-Pro90.
(D) Secretion assay for mutants of Leu27, Leu77 and Pro78. SipA and SipB are effector proteins, secreted when a functional T3SS
is formed. FliC is used as a loading control. Mutation of Pro78 and Leu27 abrogates secretion, unlike mutation of Leu77, which

has no phenotype. For some mutants (P78G and L27N), FliC runs slower on the gel, likely due to variable glycosylation

in Fig. 3(D)], but mutation of the normally lipidated
N-terminal Cys18 to Ala, required for stable localiza-
tion of the basal body to the inner membrane, abro-
gated secretion.'?> Mutating Pro78 to Gly or (to a
lesser extent) Ala also impairs secretion [Fig. 3(D)I,
demonstrating that this residue is important for
T3SS function. Similarly, mutating Leu27 to Ala or
Asn is detrimental to T3SS function. In contrast, we
observed no phenotype for mutations in Leu77 to
either Ala or Asn. These results indicate that the
interaction between Pro78 and Leu27, observed in
the cryo-EM map of the basal body, and present in
conformer A but not in conformer B, is essential for
T3SS function.

The conformational equilibrium of PrgK is pH-
dependent due to His42

We then sought to determine if the propensity of the
protein to adopt the two conformers is dependent

1684 PROTEINSCIENCE.ORG

9,12

upon buffer composition. We observed that ionic
strength (monitored by varying NaCl concentration
from 0 to 1 M) does not affect the ratio between the
peaks formed by conformer A and conformer B (not
shown). In contrast, varying the pH of the sample
clearly altered the population ratio [Fig. 4(A)]. To
quantify this observation, we measured relative peak
intensities for selected residues with identifiable peak
pairs at pH 5, 7 and 9. As shown on Figure 4(B), at
pH 5 the peaks for both conformers have comparable
intensities (average IA/(I5 + Ig) peak intensity ratio =
0.58), suggesting that the two conformations are
approximately equally populated (i.e, [Al/[B] ~ 1.4).
At high pH, we observed that the relative intensities
of the conformer A peaks increased, with those of con-
former B decreasing correspondingly. Based on an
average of peak intensity ratios for amides within the
ordered core of PrgKig_go, the relative population of
conformer A increases to 0.74 at pH 7 and 0.85 at pH

T3SS Inner-Membrane Protein PrgK
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of His42 and Tyr75, performed as in Figure 3(B). None of the mutations affects secretion in this assay

9 [Fig. 4(A)]. The latter corresponds to [A]/[B] ~ 5.7.
Importantly, this series of measurements also demon-
strates that conformers A and B are in a conforma-
tional equilibrium, and do not arise simply from some
form of irreversible chemical
PrgKig_oo.

Based on the conformer A structures (PDB ID
4W4M, 5TCP and this study), we observed that the
imidazole N2 of His42 is within hydrogen bonding dis-
tance (~3 A) of the phenolic O" of Tyr75 [Fig. 4(C)l,
which is part of the linker region. It is likely that the
cis isomer of the Leu77-Pro78 peptide is needed for
the sidechain of Pro78 to pack against Leu27 [Fig. 3
(A)], which in turn stabilizes the His42-Tyr75

heterogeneity of

Bergeron et al.

interaction. In contrast, in the NMR-derived structural
ensemble of PrgK;q 7¢ (PDB ID 2MKY) and the CS-
Rosetta model of conformer B structure reported
herein [Supporting Information Fig. S1(E)], Tyr75 is
disordered and likely does not interact with His42.
Since histidine is the amino acid most commonly
titratable around neutral pH values,?” we postulated
that it plays a role in the equilibrium between the two
populations.

To verify this, we mutated His42 to an alanine.
The resulting protein still yields two populations, but
with approximately equal intensity ratios [Fig. 4(D),
Supporting Information Fig. S5]. We note that the
significant difference in the ’N-HSQC spectrum of

PROTEIN SCIENCE | VOL 27:1680-1691 1685
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the H42A mutant versus that of the WT species
prevented us from unambiguously assigning all
amide signals. However, regardless of assignments,
the relative peak intensities of conformers A and B
are approximately equal in the H42A mutant
(Supporting Information Fig. S5), and most impor-
tantly, did not change between pH 5 and pH
9 [Fig. 4(D)].

We then sought to verify the role of this pH-
dependent phenomenon within the cellular context.
To that end, we engineered mutations in His42 for a
secretion assay as described above. Surprisingly, we
observed that mutating this residue to a neutral (ala-
nine), negatively charged (glutamic acid) or positively
charged (arginine) residue has no significant effect on
secretion in this assay, as shown on Figure 4(E). Sim-
ilarly, mutating Tyr75 to an Ala shows no phenotype
change [Fig. 4(E)]. Taken together, these results dem-
onstrate that while Pro78, which mediates the inter-
action between the linker and D1, is essential for
secretion [Fig. 3(B)], neither His42 nor Tyr75 are
required for secretion in this assay. This indicates
that the pH-dependency of the interconversion

1686 PROTEINSCIENCE.ORG

between the two conformers is not required for
assembling a functional T3SS.

His42 has different pK, values in the two
conformers of PrgKg oo

To further investigate the equilibrium between the
two conformers of PrgK, we used NMR spectroscopy
to determine the apparent pK, values of His42 in
each conformer. Specifically **C/*®N-histidine-labeled
PrgK;9_92 was monitored from approximately pH 5 to
9 using 3C-HSQC (Fig. 5) and HP(CP)C” spectra (not
shown).2® Although the signals from conformer B
weakened with increasing sample pH values, it was
still possible to obtain titration curves. Fitting these
pH-dependent chemical shifts yielded average appar-
ent pK, values of 7.0 = 0.1 for His 42 in conformer A
and 7.7 = 0.1 for conformer B (Fig. 6).

It is also noteworthy that upon deprotonation,
the 3C%2 signal of His42 in conformer A shifts down-
field by 4.5 ppm to 123.7 ppm [Fig. 5(B)]. Further-
more, its °CY signal shifts up-field by > 1 ppm (not
shown). These highly diagnostic patterns of pH-
dependent chemical shift changes demonstrate that

T3SS Inner-Membrane Protein PrgK
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His42 of conformer A predominantly adopts the neu-
tral N°'H tautomer under alkaline conditions.?”?° In
contrast, the 3C%2 signal of His42 in conformer B
shifts downfield by only ~ 2 ppm to an extrapolated
chemical shift of 121.4 ppm. These spectral changes
indicate that, at high pH, His42 in this conformer
exists as an approximately equimolar mixture of both
neutral tautomers. For comparison, the non-native N-
terminal histidine in the PrgK;g9_go construct has a
pK, value of 6.5 = 0.2 and, upon deprotonation, is
predominantly in the more common N°?H tautomeric
state (Supporting Information Fig. S6). This closely
matches the properties expected for an unperturbed
histidine in a disordered polypeptide.2”

Discussion

In this study, we further characterize the two confor-
mations adopted by the periplasmic domain of PrgK.
Specifically, we report the CS-Rosetta structures of
the two conformers, showing that they correspond to
the linker-free and linker-bound states of PrgK D1.
We also demonstrate that the conformers differ in the
cis/trans isomerization of the Leu77-Pro78 peptide. In
addition, we demonstrate that pH alters the popula-
tion ratio between the two conformers, and that this
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coincides with the fact that the interaction between
D1 and the linker is favored upon deprotonation of
His42.

Based on the data reported here, we propose a
model for the conformational equilibria of PrgKig_go
that is summarized schematically in Figure 7. The
linker, including residues Leu77 and Pro78, interacts
with a hydrophobic surface of D1 [Fig. 3(A)]. This
interaction is also coupled with the ordering of the C-
terminal end of the second helix of D1, which includes
Tyr75 [Figs. 2(F) and 4(C)]. However, favorable pack-
ing of the linker along the hydrophobic surface only
occurs with the less favorable cis isomer of the
Leu77-Pro78 peptide bond. As a result, under acidic
conditions, conformers A and B are approximately
equally populated and interconverting with ke, <
1 s™!. Mutation of Pro78 to glycine restricts the
resulting Leu77-Gly78 peptide bond to the trans iso-
mer and thus PrgK;9.92 P78G only adopts conformer
B [Fig. 3(C)l. Functionally, this impairs PrgK-
dependent secretion of effectors SipA and SipB via
the T3SS [Fig. 3(D)].

The equilibrium between conformers A and B is
also dependent upon pH. This is attributed to a favor-
able interaction for conformer A in which Tyr75
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donates a hydrogen bond via its O"H to the N2 of
neutral His42. Evidence for this interaction includes
the lower pK, value of His42 in conformer A
(7.0 £ 0.1) versus conformer B (7.7 £ 0.1), and its
deprotonation to the less common neutral N°'H tau-
tomer to accept the hydrogen bond (Figs. 5 and 6).
However, increasing the sample pH from 5 to
9 increases the [A]/[B] population ratio by ~ 4-fold,
which corresponds to a rather small AAG ~ 0.8 kcal/
mol. Thus the interaction of Tyr75 with neutral
His42 only modestly stabilizes conformer A. It is also
noteworthy that mutation of His42 to Ala does not
abrogate conformer A. Rather, similar to the WT pro-
tein under acidic conditions, conformers A and B are
approximately equally populated in the H42A
mutant. This suggests that any interaction of Tyr75
with a positively-charged His42 (i.e., which cannot
occur in the H42A mutant) does not markedly impact
the conformational equilibrium of PrgK.
Parenthetically, we note that His42 has an ele-
vated pK, value in conformer A, and even more so in
conformer B, relative to that of an unperturbed
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histidine in a disordered peptide (~ 6.5). This is
somewhat unexpected as His42 lacks any neighboring
negatively charged groups that would otherwise pro-
mote its positively charged form. Also, based on the
X-ray crystallographic structure of PrgKig_go (con-
former A), its pK, is predicted to be ~ 6 using empiri-
cal and computational approaches.?%3! However, the
stacking of His42 over the sidechain of Trp71 [Fig. 4
(C)] may lead to its elevated pK, value due to favor-
able n-cation interactions.?? Regardless, the NMR-
monitored pH titrations support the model of
Figure 7 in which the pH-dependent interaction of
Tyr75 and His42 are coupled with the cis/trans isom-
erization of the Leu77-Pro78 peptide and the interac-
tion of the linker residues with the D1 domain of this
protein.

Importantly, the interaction between the linker
and D1 observed in conformer A, is also found in the
cryo-EM map of the intact basal body'® (although the
limited resolution does not allow determination of the
physicochemical details). The in vivo assays reported
here [Fig. 3(D)] demonstrate that Pro78 and Leu27

T3SS Inner-Membrane Protein PrgK



are necessary for T3SS secretion, suggesting that this
interaction is critical for assembly or function of the
complex. In contrast, the residues involved in the pH-
dependence of this interaction (His42, Tyr75) can be
mutated with no phenotype in our secretion assay
[Fig. 4(E)], and we do not have any evidence that con-
former B plays any role in T3SS assembly or func-
tion. Based on this, we cannot exclude the possibility
that conformer B, and the destabilization of con-
former A at lower pH, pertains only to the constructs
used for the in vitro biochemical and structural
studies.

Nevertheless, we note that His42 is conserved in
the closely related Shigella, Burkholderia T3SSs and
others of the Inv/Mxi/Spa family (Supporting Infor-
mation Fig. S4), where T3SS function triggers endo-
cytosis of the bacteria into endosome vacuoles, by
non-phagocytic cell types. In Burkholderia and Shi-
gella, this is followed by endosomal membrane lysis,
whereas in Salmonella, decreasing pH activates the
SPI-2 T3SS, preventing lysosome fusion. In all cases,
the phagocytosis-inducing T3SS is no longer required
after vesicle formation, but the fate of assembled
complexes has not been investigated to our knowl-
edge. We speculate that upon endosome acidification,
the drop in pH may alter the linker-driven interac-
tions, contributing to T3SS disassembly. Unfortu-
nately the latter cannot be tested by our secretion
assay, thus potentially explaining why no phenotype
was observed for the His42 mutants. Alternatively, it
is also possible that the pH-dependency actually
mimics the interaction with other components of the
full complex, and therefore reflects a coordinated
assembly/disassembly of the complex. Specifically,
His42 is in close proximity of the PrgH oligomeric
ring in the intact basal body,'” and it is conceivable
that the proximity of a charged residue from PrgH
alters the protonation state of His42 in the full com-
plex, corresponding to the pH-mediated events
observed in isolation. Further in vivo studies of T3SS
complexes, potentially using the pH-dependency
mutants reported here, will be required to further
test these hypotheses.

Materials and Methods

Cloning, protein expression, and purification

Protocols for the cloning, mutagenesis, expression
and purification of PrgKi9_go has been described pre-
viously.'? Briefly, the pET28a expression plasmids
encoding wild-type PrgKig9 g or variants with site-
directed mutations were transformed into E. coli
BL21(ADE3) strains. Transformants were grown to
log phase, at which point expression was induced
with 1 mM IPTG. After 16 h at 20°C, cells were col-
lected by centrifugation and lysed by sonication. The
protein was purified by Ni*Z-affinity chromatography,
and the 6xHis tag was cleaved with thrombin
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(Roche). The protein was further purified by gel filtra-
tion using a Superdex75 column (GE Healthcare).
For NMR spectroscopy, proteins were expressed in
M9 minimal media supplemented with 99% N
NH,CI (0.5 g/L) and/or 99% 3Cg D-glucose (2.5 g/L),
and purified as above. For pK, measurements,
PrgKi9 9o was expressed in the histidine auxotroph
E. coli strain BL21 hisG::Tn10 (A\DE3)*® grown in a
synthetic medium®* containing 50 mg/L 98%
130-1°N3-L-histidine (Sigma-Aldrich).

NMR spectroscopy
Data were collected at 25°C (unless specified), on
Bruker Avance III 500 and 600 MHz spectrometers
equipped with xyz-gradient TCI cryoprobes and pro-
cessed using Topspin3.1, NMRPipe,*® and Sparky.*°
Side-chain chemical shifts for prolines were assigned
using HCCH-TOCSY,*®*  HC(CO)NH-TOCSY,*’
HACAN,*® and HACA(CO)N?2 gpectra. Histidine
chemical shifts were assigned using *C-HSQC, CPH?
and HP(CP)CY spectra.2’ The chemical shift values for
PrgK;9_go have been deposited in the BMRB database
(BMRB ID: 27424). Heteronuclear 'H-'>N NOE and
15N-EXSY spectra were measured using published
procedures.2>3® Except for the pH titration experi-
ments, all spectra were collected at pH 6.8.
NMR-monitored pH titrations of His42 in
PrgKi9_9o were acquired using a Bruker Avance III
600 MHz spectrometer. The sample was titrated in
11 steps from pH 5.2 to 8.7 by the addition of small
aliquots of 0.1 to 1 M NaOH or HCI, as appropriate,
and monitored via *C-HSQC spectra.?® Sample pH
values were recorded at room temperature (~20°C).
The pH-dependent chemical shifts for the individual
13C and 'H nuclei of His42 were fit with GraphPad
Prism to the Henderson-Hasselbalch equation for a
single ionizable group to obtain the corresponding
pK. values, which were then averaged to yield those
reported for the two conformers of PrgK19_92.25’40

Structure modeling

For structure determination, the chemical shift
values for the two populations of PrgKi9_go were sep-
arated and provided as input for the CS-Rosetta
server.?° Of 10,000 models generated, the 20 lowest-
energy were combined as the final structural ensem-
ble. Flexible residues (residues 79-92 for
conformer A, residues 75-92 for conformer B) were
truncated, following the Lange method.?° In the CS-
Rosetta derived model of the conformer A structure,
Leu77-Pro78 is in the trans conformation, whereas
its chemical shift clearly indicates that it is in fact in
the cis conformation (see Results section). This is
likely due to the difficulty of CS-Rosetta to identify
the correct X-Pro isomer.** We therefore introduced
the cis isomer for the Leu77-Pro78 peptide in the
structural model manually, using Coot.*? Geometry

PROTEIN SCIENCE | VOL 27:1680-1691 1689



and structure statistics were checked with the Pro-

tein Structure Validation Suite server.*?

Secretion assay

The assay for T3SS effector secretion has been
described previously.® Briefly, mutations in a plasmid
encoding for the prgK gene were engineered by site-
directed mutagenesis, and transformed into a prgK-
deletion strain of Salmonella enterica serovar Typhi-
murium LT2. Transformants were grown in LB for
5 h, and cells were subsequently harvested. Proteins
were precipitated from the supernatant with acetone
and run on 12% SDS-PAGE gels.
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