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Pathogenic bacteria have developed extraordinary strategies for
invading host cells. The highly conserved type il secretion system
(T3SS) provides a regulated conduit between the bacterial and host
cytoplasm for delivery of a specific set of bacterial effector proteins
that serve to disrupt host signaling and metabolism for the benefit
of the bacterium. Remarkably, the inner diameter of the T3SS
apparatus requires that effector proteins pass through in at least
a partially unfolded form. AvrPto, an effector protein of the plant
pathogen Pseudomonas syringae, adopts a helical bundle fold of
low stability (AGF~Y = 2 kcal/mol at pH 7, 26.6 °C) and offers a
model system for chaperone-independent secretion. P. syringae
effector proteins encounter a pH gradient as they translocate from
the bacterial cytoplasm (mildly acidic) into the host cell (neutral).
Here, we demonstrate that AvrPto possesses a pH-sensitive folding
switch controlled by conserved residue H87 that operates precisely
in the pH range expected between the bacterial and host cyto-
plasm environments. These results provide a mechanism for how
a bacterial effector protein employs an intrinsic pH sensor to unfold
for translocation via the T3SS and refold once in the host cytoplasm
and provide fundamental insights for developing strategies for
delivery of engineered therapeutic proteins to target tissues.
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Ithough the delivery of bacterial proteins into the cytoplasm

of a host cell is a primary step in pathogen infection by
Gram-negative bacteria, little is presently known regarding the
detailed mechanisms of this delivery process. Gram-negative
bacteria, such as the plant pathogen Pseudomonas syringae, use
the broadly conserved T3SS to infect their hosts (1). This
elaborate trafficking device, composed of multiple copies of >20
different proteins, provides a needle-like conduit for trafficking
a suite of bacterial effector proteins (effectors), which act as
agents of infection, into the host cell (Fig. 14). Effectors vary
widely, depending on the pathogen species and the targeted host,
and the specific signals that target these proteins for transloca-
tion via the T3SS have been hypothesized but are not yet fully
understood (2, 3). Many effectors counteract host defenses and
have been shaped by the constant competition between the
infecting pathogen and the resisting host cell (4). A critical gap
in our understanding of T3SS-mediated infection lies in defining
the properties of effectors that allow efficient T3SS transport.
Secretion through the T3SS is a complicated process that
depends on several factors, including effector protein stability
and folding kinetics. These invading proteins are trafficked along
the hollow needle-like structure (pilus) of the T3SS, presumably
through the pilus lumen (5). Because the inner diameter of the
pilus is ~2-3 nm (6, 7), most proteins should at least partially
unfold to pass through unimpeded. The apparent requirement
for unfolding suggests possible limits of effector protein stability
or folding kinetics that must not be exceeded for efficient
secretion. Studies of chimeras composed of effector YopE fused
to various partners support the principle that high fold stability
(8) or rapid folding (9) can indeed prevent secretion. Some
effectors are known to have cognate secretion chaperones whose
functional roles vary from influencing the temporal order of
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Fig. 1. Variation of environmental pH for plant pathogen P. syringae
effector proteins translocated via the T3SS and His residues in the structured
core of AvrPto. (A) The T3SS supramolecular assembly spans across both
bacterial membranes, the apoplast, and the host cell wall. Effector proteins
first encounter the mildly acidic bacterial cytoplasm, must then at least par-
tially unfold for translocation through the narrow pilus, and then must refold
upon delivery to the neutral host cytoplasm. (B) Seven His residues are dis-
persed across the TrAvrPto structure; the lone Trp residue is buried at the
center of the helix bundle.

effector secretion to maintaining their cognate effector in par-
tially unfolded form (10, 11). However, in P. syringae, only a few
of its nearly 30 known effectors have been shown to be chap-
erone-dependent (12).

Bacteria live and function in a wide range of environments and
possess regulatory mechanisms that allow them to rapidly alter
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gene expression, metabolism, motility, and secretion in response
to environmental changes, such as pH. In the case of P. syringae,
the bacterium launches its invasion upon arrival in the plant
apoplast, the extracellular milieu surrounding the host cells,
where the pH typically ranges from 5 to 6.5 (13). The intracel-
lular bacterial pH is ~0.5-1.0 pH unit higher, inferred from the
T3SS requirement of a proton gradient, with internal cytoplas-
mic pH higher than external pH (14, 15). The cytoplasm of plant
leaf cells is typically maintained at neutral pH (=~7.4). Hence, P.
syringae effectors experience aqueous environments of different
pH, ranging from mildly acidic (in the bacterial cytoplasm) to
neutral (in the host cytoplasm) (Fig. 1A4).

Interestingly, secretion of P. syringae effector AvrPto is
strongly affected by pH. The P. syringae T3SS and its associated
proteins are expressed when the bacteria are in the acidic
apoplast in the host leaves (13, 16). Expression of these proteins
can also be induced when P. syringae is cultured in a minimal
hrp-inducing medium (17). Although AvrPto is expressed in the
bacterium at external irp medium pH (pHey) values of 6 or 7,
it is secreted efficiently by the T3SS when pHey is 6 but not 7
(17). AvrPto has both virulence (disease-promoting) and aviru-
lence (disease-preventing) roles in the host cell (18). Its aviru-
lence role is mediated via a gene-for-gene interaction with plant
kinase Pto, which elicits rapid host defense responses that
facilitate highly localized cell death (18). AvrPto virulence
function has recently been shown to involve direct targeting of
host transmembrane receptor kinase BAK1 (and possibly oth-
ers) to disrupt innate immune responses facilitated via the
microbe-associated molecular patterns (MAMP) pathway (19).
An additional AvrPto virulence mechanism appears to involve
suppression of the microRNA pathway that is important in
antibacterial basal defense in the host (20).

The structured region of AvrPto (referred to as TrAvrPto,
herein composed of residues D29-1133) is essential for its
avirulence activity, and for at least one of its virulence functions.
Proper folding and subcellular localization of TrAvrPto have
been shown to be required for elicitation of the hypersensitive
response in host tissues, demonstrating the role of this region in
avirulence (21). Similarly, the inability of AvrPto-S46P to bind
to virulence target BAK1 (19) suggests that the same folding
requirement applies for virulence, because the Pro Cé would
sterically clash with the carbonyl group of Q42 in the TrAvrPto
structure (PDB ID 1R5E). Hence, for the example of AvrPto, the
biological system requires the protein to be of low stability in
the acidic bacterial cytoplasm and to refold once delivered into
the neutral host cytoplasm, suggesting the presence of a pH
folding switch at work in this protein.

The P. syringae effector AvrPto has no known secretion
chaperone, and provides a useful model system to gain a detailed
understanding of a pH-triggered folding switch that facilitates
secretion of an effector via the T3SS. The NMR structure of
TrAvrPto, in which the disordered N- and C-terminal tails of
AvrPto are removed, reveals a fold composed of a 3-helix bundle
with an orthogonal helix and an omega loop (Fig. 1B) (21).
Importantly, NMR spectra for both AvrPto and TrAvrPto
display 2 discrete populations, one corresponding to the folded
conformation and one to a nonnative ensemble. Full-length
AvrPto and TrAvrPto follow the same pH dependence of
stability: Both are more stable at pH 7 than at pH 6 (21, 22). The
folding kinetics and thermodynamics of TrAvrPto have been
studied at pH 6.1, showing slow folding and unfolding rates
(kur = 1.8 s7'and kry = 0.33 s, respectively) and an unfolded
population of 16% (22). In contrast, TrAvrPto is nearly com-
pletely folded at pH 7.0, with an unfolded population of only 2%.
Hence, the AvrPto folded core possesses a pH-regulated folding
switch that operates precisely in the pH range expected across
the T3SS, ie., between the bacterial and host cytoplasm
(Fig. 1A4).
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In this study, we applied NMR, CD, and Trp fluorescence (Fl)
spectroscopies to elucidate the mechanism of the pH-regulated
folding switch that facilitates the acid denaturation of TrAvrPto.
Although NMR provides atomic-level resolution of the pH
dependence of TrAvrPto stability, CD and Fl demonstrate the
concentration independence of the equilibrium and also char-
acterize the thermal denaturation of this protein at different pH
values. By using the atomic resolution of NMR, pK, values for
each histidine side chain in native TrAvrPto were quantified.
Most His residues display pK, values consistent with their
solvent-exposed environment on the protein surface. However,
buried H87 has an anomalously low pK, value. Thermodynamic
modeling reveals the titration of H87 as the dominant force in
the pH-regulated folding switch of TrAvrPto. Moreover, the
H87Y mutation shifts the acid denaturation curve to signifi-
cantly lower pH, confirming the essential role of H87 as a pH
sensor for fold stability in the pH range of the biological
pathogen—host system (pH ~5-7). Intriguingly, H87 is con-
served in homologous sequences for both AvrPto and distantly
related AvrPtoB, suggesting broad functional importance. This
detailed molecular mechanism used by P. syringae to deliver a
subset of effector proteins into the host cell at the right time and
the right place provides fundamental insights potentially appli-
cable to the engineering of therapeutic proteins for bacterial
delivery to target tissues.

Results and Discussion

NMR Reveals the Acid Denaturation of TrAvrPto. The pH dependence
of the folded population of TrAvrPto was measured at 26.6 °C as a
function of pH by using 2D NMR. The N-'H fast-HSQC
(fHSQC) experiment (23) was used to monitor the populations of
folded and unfolded TrAvrPto at different pH values. This exper-
iment resolves individual scalar-coupled N-'H bonds within the
protein as separate peaks whose position in frequency space reflects
the average local chemical environment of each group. NMR has
the additional advantage of sensitivity to time scale of conforma-
tional exchange processes, where slow exchange on the NMR time
scale yields distinct sets of peaks with population-weighted volumes,
whereas fast exchange yields a single averaged set of peaks with
population-weighted positions. The presence of 2 discrete popula-
tions of peaks in the 2D "N-'H NMR spectrum corresponding to
folded and unfolded TrAvrPto states in slow exchange (21) allows
quantitative analysis of the folding equilibrium as a function of pH.

Thirteen N-H groups give rise to well-resolved folded (F) and
unfolded (U) peaks in the PN-'H fHSQC spectrum: the back-
bone amide groups of A47, G48, A61, S64, T76, T91, G92, S94,
G95, G99, A112, and G128 and the Trp side-chain indole group,
W116 e1. A representative set of peaks corresponding to G95
illustrate the pH-dependent change in equilibrium F and U
populations (Fig. 24). The average folded population (pr)
derived from NMR peak volumes for these 13 residues shows
clear acid denaturation as the pH is lowered from 7 to 4 (Fig.
2B). Importantly, the NMR-derived curves are conserved for all
13 of these structurally dispersed groups, as reflected by the
error bars for each pr data point (Fig. 2B). Within the native
conformation, these residues represent diverse environments,
e.g., a-helix (e.g., T76, A112), solvent-exposed (e.g., G95), and
buried (e.g., W116 ¢1), indicating that the observed acid dena-
turation reflects global unfolding (Fig. 1B).

To ensure that the observed pH-dependent stability of
TrAvrPto is not concentration dependent, a "N-'H fHSQC
spectrum was obtained at 80 uM TrAvrPto concentration at pH
5.0 (chosen to provide similar folded and unfolded populations).
The pr values obtained are within error of those observed at 0.4
mM [supporting information (SI) Fig. S1 and Table S1]. These
results demonstrate that the same TrAvrPto stability is obtained
at millimolar and micromolar concentrations in a highly pH-
sensitive region (i.e., in the steepest region of the denaturation
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Fig. 2. Acid and thermal denaturation of WT TrAvrPto (WT) and H87Y-
TrAvrPto (H87Y). (A) NMR peaks for a representative residue (Gly 95) showing
the folded and unfolded peaks at the same contour level at different pH
values. (B) Population of the folded state (pg) versus pH at 26.6 °C for the WT
from NMR (filled diamonds), CD (open circles) Fl (open triangles) experiments
and for H87Y from Fl (filled triangles) experiment. Solid lines, fitted curve for
WT; dashed line, fitted by using WT pK, data without including COOH titra-
tion; dotted line, curve fitted to H87Y Fl data by using all WT pK, values except
H87Y. (C) Thermal denaturation data for WT and H87Y. WT Fl at pH 4.0 (open
circles), 4.7 (open squares), 5.4 (open diamonds), and 7.1 (open triangles). WT
CD at pH 4.0 (filled circles), 4.6 (filled squares), 5.5 (filled diamonds), and 8.0
(filled triangles). H87Y Fl at pH: 5.3 (long-dashed line), 7.2 (short-dashed line).
Vertical line marks 26.6 °C.
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curve). This indicates that the higher concentration of the NMR
samples does not impart artifacts in TrAvrPto stability and supports
previous NMR work that ruled out the presence of dimers and
higher-order aggregates at millimolar concentrations (22).

Thermal Stability of TrAvrPto. To examine the temperature depen-
dence of TrAvrPto stability and to confirm the acid denaturation
of TrAvrPto at low protein concentration (80 uM), thermal
denaturation of the protein was monitored by CD and FI at
different pH values (Fig. 2B and Fig. S2). CD provides a measure
of secondary structure composition (24), whereas Fl reports on
the level of solvent exposure of Trp residues (25). The single
TrAvrPto Trp is buried in the core of the 3-helix bundle (Fig. 1B)
and provides a probe of tertiary structure. The temperature-
dependent CD and Fl signals were converted to pg vs. temper-
ature (7) (see Materials and Methods), and the resulting curves
show that, for pH values in the range of ~4-6, small changes in
T yield large changes in pr (and hence, unfolded protein) (Fig.
2C). These results suggest that translocation of AvrPto via the
T3SS should be highly sensitive to temperature, with more
efficient translocation at higher temperatures corresponding to
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higher unfolded AvrPto populations. Translocation assays per-
formed in plants equilibrated to 24 °C show definitive delivery of
AvrPto to the host-cell cytoplasm (26). However, in culture
medium at pH 6, P. syringae efficiently secretes AvrPto at 20 °C
but not at 30 °C (17). Clearly, additional factors must be involved
in governing the efficiency of AvrPto secretion at higher tem-
peratures. Studies of the temperature dependence of AvrPto
translocation in planta will enable exploration of how the
thermal stability of the folded core of AvrPto determined here
might influence the delivery of AvrPto into the host cytoplasm.

The CD- and Fl-derived thermal denaturation curves enable
the pr value at any temperature to be determined and thereby
provide independent measures of the acid denaturation of
TrAvrPto at 26.6 °C (the temperature of NMR experiments).
Both CD- and Fl-derived pr vs. pH data agree well with the
NMR-derived data (Fig. 2B), again confirming that the acid
denaturation of TrAvrPto does not depend on concentration,
and verifying the pH dependence of fold stability.

H87 Has an Anomalously Low pK, Value in Native TrAvrPto. In
general, the pH dependence of protein stability is subject to the
relative ability of the F and U conformations to accommodate
each ionization state of a titratable group (27). These capacities
are reflected by the differences between individual pK, values
for individual ionizable groups in the folded (pK%) and unfolded
(pI§J ) forms of a protein. For any titratable group, when pKf, <
pK, , a decrease in pH will favor the unfolded form in which the
protonated group is more energetically favored, and the titrating
group provides a driving force for acid denaturation. The
sensitivity of the TrAvrPto pr vs. pH curve in the pH 5-7 range
suggests a role of histidine and motivates the determination of
pKa values for each of the 7 His residues in this protein.

The resolution of NMR peaks in the "N-'H HMQC spectrum
allows the tautomeric state and pK, value of individual His side
chains to be characterized. This HMQC experiment was opti-
mized to observe 2-bond scalar-coupled "N-C—'H groups to
probe the local environments of the 2 SN nuclei in His side
chains, ’Ne2 and '°N§1 (28). The pH titration of a His side chain
at physiological pH is between the positively charged state
(His™) where both N are protonated, and the 2 neutral (His®)
tautomers, one protonated at ’Ne2 (Ne2-H His?) and the other
at P'N&1 (N81-H His®). Therefore, even in the absence of protein
folding, the HMQC data are affected by 2 separate reactions: the
pH titration between His* and His’ and tautomer exchange
between Ne2-H His? and N§1-H His’.

All 7 His residues in TrAvrPto titrate in a manner consistent
with fast proton exchange on the NMR time scale and are
predominantly in the more energetically favored Ne2-H tau-
tomer (28) at pH 7.0 (Fig. S34). Although H130 displays a single
tautomer state, the other His residues exhibit fast (H41, H54,
H75, and H125) or intermediate (H87 and H103) tautomer
exchange (Fig. S3B) (28-30).

The pK, values for each His side chain in folded TrAvrPto
were quantified based on peak shifts during pH titration (Fig.
3A4). Although peaks for '’Ne2 and 1SN§1 of each side chain are
resolved, tautomer exchange means that the fitted pK, values are
averaged over both groups. Three of the 7 His residues in folded
TrAvrPto display pK, values (pK?.) consistent with their solvent-
exposed locations on the protein surface (pKf,H“ =6.32 = 0.04,
PK: 11103 = 6.28 = 0.02, pK}, 11130 = 6.28 = 0.03), whereas 2 display
somewhat elevated values (pKf u7s = 6.89 = 0.01, pKf,HuS =
6.65 * 0.01) and one a somewhat depressed value
(pK: 1154 = 5.88 = 0.01). The most striking outlier is H87, which
displays a dramatically low pK} g7 value (pKj g7 = 4.8 = 0.1)
relative to a typical solvent-exposed His side chain (pK, ~ 6.4).
The HS87 side chain is buried (desolvated), and its Ne2-H is a
hydrogen-bond donor to the S33 carbonyl group (Fig. 3B). The
desolvation and the formation of this tertiary contact rationalize
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Fig. 3. Determination of histidine pK, values reveals buried H87 as an
outlier. (A) ">Ne2 and 'He 1 chemical shift changes as a function of pH yield pK,
values for individual His residues: H41 (open squares), H54 (filled diamonds),
H75 (open diamonds), H87 (open circles), H103 (filled squares), H125 (filled
triangles), and H130 (filled circles). Lines depict best-fit curves using Eq. S8. (B)
The H87 pH-regulated folding switch features a long-range tertiary hydrogen
bond (H87 Ne2--533 C=0O0, dashed line) and significant desolvation of the H87
side chain. Protonation of H87 disfavors this local environment.

both the low pK’, value and the intermediate tautomer exchange
observed for H87 (28-30). The low pK, value determined for
H87, a full 1.5 pH units lower than an average solvent exposed
histidine in an unfolded protein, should provide a major driving
force for acid denaturation.

His-87 Drives the Acid Denaturation of TrAvrPto. Fitting of the 29
data points gathered from the 3 different spectroscopic tech-
niques to the 2-state, multititration model of Yang and Honig
(Fig. 44) (27) demonstrates that H87 has a major influence on
the acid denaturation of TrAvrPto. In the simplest case, we
consider the impact of the measured histidine pK, values for the
folded state, assuming all His residues in the unfolded state have
a pKY = 6.4 (typical for solvent-exposed His side chains), and
allowing the pH-independent component of the free energy,
AG™ewral 1o be optimized by the fit (see Materials and Methods).
The fitted curve adequately models the higher pH region of the
acid denaturation data, but does not predict the complete
denaturation at low pH (Fig. 2B). This suggests contribution
from a not-yet-accounted-for ionizable group titrating in the pH
range of 2-5 (e.g., Asp or Glu side chain). A COOH titration
event was added with 2 additional parameters (pK;J,COOH and
pKiCOOH) that were optimized without restriction. This ap-
proach yielded a good fit of the entire acid denaturation profile
(Fig. 2B). The resulting fitted titration parameters (ngCOOH =
4.8 = 0.05 and pKf,COOH = 2.7 = 0.4) are physically reasonable
for a COOH group involved in a salt bridge in the folded form.
The fitted AG™evral (—0.74 = 0.5 kcal/mol), although not as well
determined, indicates that in the hypothetical neutral state, the

8546 | www.pnas.org/cgi/doi/10.1073/pnas.0809138106

A neutral / neutral
U F

exp(-AGnreual/RT)
—_

F neutral= U neutral
pFion/p'?eutral " . e u puion/paeutral
= exp(-AG{°VRT) | 7 ai . PRei | - exp(-AG°"/RT)
Fion AG Uion
B 1.0
-
e 0.0
S~
_E -1.0
U]
] -2.0
< 30
-4.0
2.0 3.0 4.0 5.0 6.0 7.0 8.0
pH
Fig. 4. Multititration 2-state model. (A) This model separates out the

pH-dependent components (AAG" = AGS™ — AG®") of the denaturation free
energy (AGFY) and relates the populations of the F and U states to the pK, of
individual ionizable residues (i) in each state i via AG}O" (see Materials and
Methods, Eq. 2). (B) Corresponding contribution (based on Eq. 2) of each His
residue [H41 (open squares), H54 (filled diamonds), H75 (open diamonds), H87
(open circles), H103 (filled squares, overlapped with H130 data), H125 (filled
triangles), H130 (filled circles)] to the AAG" of the protein as a function of pH.

unfolded form is favored (Fig. 44), and the charged carboxylate
group is critical for stability of the folded state. The AAG™?
contribution of the COOH group (2.9 kcal/mol at pH 6.5 and
above) is too high for a single solvent-exposed salt bridge (31)
and suggests that multiple COOH groups are involved in stabi-
lization of the folded protein. Thus, the observed pH depen-
dence of TrAvrPto stability can be modeled well by titration of
its 7 His residues and 1 or more of its 4 Glu and 9 Asp residues.
This modeling demonstrates that natively buried H87 is the
major contributor to the pH-dependent component of free
energy (AAG™") in the pH range of 5-7.5 (Fig. 4B), the expected
range of pH encountered in the biological system (Fig. 14).

The contribution of H87 to the pH-dependent folding switch
was tested by an H87Y mutation. Fluorescence data of the pH
titration of the H87Y mutant shows a shift of the acid denatur-
ation to a significantly lower pH (Fig. 2B). Modeling this data by
using the same pK, values (excluding H87) of the WT TrAvrPto
and allowing AG"eua! to vary fit the H87Y fluorescence data
well (Fig. 2B). The fitted AG™val (—0.68 = 0.01 kcal/mol)
indicates that the H87Y mutation has shifted the Freutral —
Urevtral equilibrium toward Frevtral, This result is supported by an
increase in melting temperature for the H§7Y mutant relative to
WT at pH 5.3 and 7.2 (Fig. 2C). These results provide remark-
able validation of the 2-state multititration model and confirm
the essential role of H87 in tuning the stability of TrAvrPto in
the pH range of 5-7.

TrAvrPto is not the only protein in which its acid denaturation
is controlled by the protonation state of a buried histidine. Other
examples in which specific His residues are identified as key
factors in the pH stability of a protein include the villin head-
piece domain (30), and sperm whale apoglobin (29). With typical
pK?E values in the vicinity of the pH of biological environments,
His side chains are indeed used in nature to impart pH-sensing
mechanisms within protein-folding equilibria.

H87 Is Conserved for AvrPto and AvrPtoB. The conservation of an

amino acid across multiple homologous proteins generally im-
plies functional importance. Based on structural considerations,

Dawson et al.



TrAvrPto has been aligned with an 80-residue segment of
AvrPtoB (AvrPtoBi21-200) despite low sequence identity (14%)
(32). One distinct ortholog of TrAvrPto and 7 unique sequences
of AvrPtoBi21-200 orthologs were identified and aligned by using
standard methods as described (SI Text). Final alignment was
produced taking into account the structure-based TrAvrPto—
AvrPtoBi21200 alignment (Fig. S3C) (32). Strikingly, H87 is the
only His residue absolutely conserved within these sequences.
The conservation of H87 implies that a His is required in this
position in the protein. Given that H87 has no known catalytic
role, the importance of this buried residue is expected to be
structural. Importantly, most found homologs (with the excep-
tion of Ralstonia solanacearum) are Pseudomonas effector pro-
teins secreted via the T3SS and would encounter similar pH
environments upon translocation. Altogether, the stability, ti-
tration, structural, and simulation data presented here consis-
tently point to the buried H87 as a pH-regulated folding switch
for AvrPto. The conservation of this His among several related
T3SS effector proteins suggests that it is a broadly used mech-
anism for sensing and responding to changes in pH.

The pH-sensitive stability of AvrPto characterized here, and
its putative role in facilitating translocation of AvrPto via the
T3SS, is strikingly reminiscent of a completely different pH-
sensitive translocation system used by anthrax (33), botulinum,
and diphtheria toxins (34). These toxins infect host cells via
receptor-mediated endocytosis, and deliver specific proteins to
the host cytoplasm from the acidic environment of the endo-
some. Elegant biophysical studies of the anthrax system, in which
2 large toxin proteins (lethal factor, LF, and edema factor, EF)
are translocated from the endosome to the cytosol through a
narrow (15 A in diameter) integral membrane pore formed by 7
subunits of toxin protein PAg; , show that acid denaturation of
LF and EF is an initial step in their translocation (35). Their
acid-induced unfolding is attributed to desolvated His residues in
the native structure of each protein that are expected to have
depressed pK, values and, consequently, to drive acid denatur-
ation in the pH range of the endosome. This remarkable parallel
with the behavior of AvrPto and its translocation via the T3SS
illustrates how the fundamental pH sensitivity of His residues has
been used in disparate translocation systems to generate finely
tuned pH-regulated folding switches in unrelated protein folds to
facilitate their delivery into the cytoplasm of a host cell.

Conclusions

The work presented here reveals important insights into how an
effector protein can be efficiently unfolded in the bacterial
cytoplasm and secreted by the T3SS but still refold into its
functional form once inside the host cell cytoplasm. Under
mildly acidic conditions, mimicking the pH when P. syringae is in
the host plant tissue, TrAvrPto exists in a slowly exchanging
equilibrium between folded and unfolded states. In the neutral
pH environment of the host-cell cytoplasm, TrAvrPto is at its
most stable, which ensures that most of the injected protein is in
the folded and functional conformation. The observed loss of
folded conformation as the pH is lowered from 7 to 5 is regulated
predominantly by the ionization of the H87 side chain, a residue
conserved for AvrPto and AvrPtoB homologs.

The dynamic behavior of AvrPto is complex. Three separate
chemical exchange reactions have been observed and character-
ized: tautomer exchange, pH titration, and folding. Together,
these processes yield a description of a pH-regulated thermo-
dynamic equilibrium of AvrPto that correlates beautifully with
the requirements of the biological system in which it operates,
providing a detailed mechanism by which this protein senses and
alters its conformation in response to changes in pH. The H87Y
mutant confirms the critical role of H87 in fine tuning the pH
dependence of AvrPto stability. The question that remains to be
answered is whether the H87-mediated pH folding switch of
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AvrPto is directly coupled to the efficiency of AvrPto translo-
cation via the P. syringae T3SS.

The studies presented herein firmly validate a model in which
the pH dependence of stability is governed by differences
between the pKY and pK. values for all titrating groups in a
protein (27). Given this model, it should be possible to introduce
pH-regulation of stability into any protein fold that can accom-
modate 1 or more desolvated His residues. Indeed, conservation
of H87 in AvrPto and AvrPtoB homologues suggest that nature
has accomplished this in the context of a 3-helix bundle fold.
These principles should be straightforward to apply to the
engineering of therapeutic proteins, either for their delivery via
a translocation system that requires unfolding or for regulation
of their function by pH.

Materials and Methods

Sample Preparation. Proteins were expressed in Escherichia coli and affinity
purified using standard protocols as described in detail in S/ Text. The H87Y
TrAvrPto mutant was obtained by modifying the original expression vector
(22) as described (S/ Text). All samples used for spectroscopic measurements
were dialyzed into Mcllvaine’s citric acid-phosphate buffer (36) prepared at
the desired pH and diluted to a 230 uM ionic strength as described in detail (S/
Text).

CD and Fl Spectroscopy. CD and Fl experiments were performed on 80 uM
TrAvrPto samples by using standard protocols as described in detail in S/ Text.
Thermal denaturation of TrAvrPto was quantified by monitoring signal at 220
nm (CD) or 343 nm (Fl) as a function of temperature (Fig. 2C and Fig. S2) over
the range 1-80 °C (CD) or 7-80 °C (Fl) from pH 4.0 to 8.0 for a total of 12 (CD)
and 7 (FI) pH samples. Standard methods were used to convert the tempera-
ture dependence of signals to pr values and their associated uncertainties as
described in S/ Text. Additionally, the acid denaturation of TrAvrPto-H87Y was
measured by Fl as described (S/ Text).

NMR Spectroscopy. All NMR spectra were collected at 26.6 °Con a Varian Inova
600-MHz spectrometer with a {H,C,N} z axis gradient probe. Data were pro-
cessed by using NMRPipe and NMRDraw (37), and peak volumes were deter-
mined by using Sparky (38). Integration settings assumed a Gaussian line
shape with allowed adjustment of peak positions and line widths.

The pH dependence of TrAvrPto stability was measured by using fully
relaxed ">*N-"H fHSQC NMR spectra (23) of 0.3-0.6 mM TrAvrPto samples at pH
2.88-7.14 as described (S/ Text). The folded population for each NH was
calculated from the folded and unfolded peak volumes (V¢ and W):

~ Vi / Ap
PP AR + Vu Ay’

(1]

where Ay and A are factors that correct for different average relaxation rates
in the unfolded (R5/f,) and folded (R5}f) states during INEPT transfer (Fig. $4),
determined as described (S/ Text). The reported pg and uncertainty at each pH
(Fig. 2B) are the average and standard deviation over the individual pf values
obtained by using Eq. 1 for all NHs used in the analysis. Concentration
dependence of pr was investigated by comparing fully relaxed fHSQC spectra
obtained for a 420 uM TrAvrPto sample and for the same sample diluted to 80
uM (Fig. S1 and Table S1).

Histidine pK, values were quantified by using a series of ">N-'"H HMQC
spectra acquired at pH 4.62-7.83 (Fig. 3A and Fig. S3B) by fitting the resulting
chemical shifts vs. pH to the standard titration equation as described (S/ Text).
The 5N and 'H chemical shifts were fitted separately, with the reported pK,
values reflecting the average and standard deviation for each His residue.

Fitting to the 2-State Multititration Model for TrAvrPto pH Dependence of
Stability. The pr values obtained from NMR, Fl, and CD were globally fit to a
2-state multititration model (27) (Fig. 4 A). In this model, the denaturation free
energy (AGF~U = AGnrevtral 4 AAGM) s divided into pH-dependent (AAG©")
and pH-independent (AGMeutral) components, where AGeutral js the denatur-
ation free energy of the protein when all its ionizable groups are in the neutral
state, and AAG" = AGE" — AGP", where AG°" (j = U or F) is the difference in
free energy between the ionized and neutral forms of state j. Neglecting
interactions between charged groups in each state, AG}"" is given by ref. 27:

AGP" = — RTZFlln{Hexp(—zs%(pH - pKﬂ,i))}, 121
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where N is the number of ionizable groups, y;is —1 or +1 for an acidic or basic
group, respectively, and pK{:,l,- is the pK, of the ith ionizable group in state j.
Because AG}"" depends only on the pK{;,,v values and pH, the above model
expresses the pH dependence of AGF~Y (and hence, of pg) for a given set of
pKQ,,- values (Fig. 4A). Notably, AAG'°" depends on differences between pK,
values in the U and F states; titrating groups with elevated or depressed pK®
relative to pkY will dominate the pH dependence of stability. Populations
were calculated from AGreutral, AGIS" and AGI" (Fig. 4A), and the total folded
population was calculated as pg® = peUt@ + pi°" the sum of neutral and
jonized folded populations. By using the experimentally determined pKf
values for the 7 histidines, assuming pK? for all, and including an unknown
COOH group (fitted parameters pK’ coon and pKY coon the fit to the experi-
mental pg vs. pH data for WT TrAvrPto was optimized by using least-squares
analysis to extract pK coons PKscoon: and AGneutral The errors in the fitted
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