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Abstract

In order to infect their hosts, many Gram-negative bacteria translocate agents of infection, called
effector proteins, through the type III secretion system (TTSS) into the host cytoplasm. This process is
thought to require at least partial unfolding of these agents, raising the question of how an effector
protein might unfold to enable its translocation and then refold once it reaches the host cytoplasm.
AvrPto is a well-studied effector protein of Pseudomonas syringae pv tomato. The presence of a readily
observed unfolded population of AvrPto in aqueous solution and the lack of a known secretion
chaperone make it ideal for studying the kinetic and thermodynamic characteristics that facilitate
translocation. Application of Nzz exchange spectroscopy revealed a global, two-state folding equi-
librium with 16% unfolded population, a folding rate of 1.8 s~ ', and an unfolding rate of 0.33 s ' at pH
6.1. TrAvrPto stability increases with increasing pH, with only 2% unfolded population observed
at pH 7.0. The R, relaxation of TrAvrPto, which is sensitive to both the global anisotropy of folded
TrAvrPto and slow exchange between folded and unfolded conformations, provided independent veri-
fication of the global kinetic rate constants. Given the acidic apoplast in which the pathogen resides
and the more basic host cytoplasm, these results offer an intriguing mechanism by which the pH
dependence of stability and slow folding kinetics of AvrPto would allow efficient translocation of the
unfolded form through the TTSS and refolding into its functional folded form once inside the host.
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The type III secretion system (TTSS) is observed in a
broad range of Gram-negative bacterial genera, including
Salmonella, Shigella, Yersinia, and Pseudomonas (Preston
et al. 1995). This syringe-like supramolecular assembly is
composed of multiple copies of over 20 different proteins
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(Fivaz and van der Goot 1999; Galan and Collmer 1999)
and can transport effector proteins from the bacterium in
a process dependent upon both a putative ATPase in the
inner membrane ring (Eichelberg et al. 1994; Woestyn
et al. 1994; Tamano et al. 2000), and a proton gradient
across the inner bacterial membrane (Fig. 1; Wilharm et al.
2004). Although effector proteins themselves vary widely
among pathogens, the translocation machinery of the
TTSS is a common feature found among many important
pathogens (Jin et al. 2003).

Partial or complete unfolding of effector proteins is
thought to be necessary for translocation through the
TTSS into the host (Johnson et al. 2005). A hollow,
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Figure 1. The type III secretion system (TTSS) provides a pathogen—host
conduit. Schematic diagram of the TTSS used by pathogens to transport
effector proteins from the bacterial cytoplasm into the host cytoplasm.
These proteins are thought to pass through the hollow, needle-like structure
(pilus) of the TTSS. Since the inner diameter of the pilus is ~2-3 nm, most
proteins must be at least partially unfold before secretion.

needle-like structure called the Hrp pilus extends from
the basal body of the TTSS and has an inner diameter of
2-3 nm (Blocker et al. 2001; Cordes et al. 2003). It is
known from immunogold-labeling experiments that the
extracellular components of the TTSS and the effector
proteins are conducted along the needle (Brown et al.
2001; Jin et al. 2003) and exit through the needle’s tip (Li
et al. 2002). In the current models for both TTSS needle
elongation and effector translocation, these proteins pass
through the inside of the needle in at least a partially
unfolded form. This mechanism is analogous to the
elongation model for the evolutionarily related bacterial
flagellar assembly (Emerson et al. 1970; Yonekura et al.
2003).

The stability and folding kinetics of an effector protein
have important effects on its ability to be secreted. These
dependences are not simple, however. Fusion of ubiquitin
to the C terminus of YopE, a Yersinia effector protein,
prevented secretion of the fusion protein, whereas muta-
tional destabilization of the ubiquitin fusion partner
resulted in secretion (Lee and Schneewind 2002). Con-
versely, the RhoGAP domain of YopE and YopH effector
proteins has reasonable stabilities of 5-6 kcal/mol (Zhang
et al. 1992; Ghosh 2004), yet they are secreted. The
importance of folding kinetics is also implicated by the
finding that YopE secretion was prevented by fusion to
rapidly folding domains such as dihydrofolate reductase
(Sorg et al. 2005). Some, but not all, effector proteins
associate with secretion chaperones that remain in the
bacterium after effector secretion (Rosqvist et al. 1994;
Frithz-Lindsten et al. 1995; Cheng and Schneewind 1999),
which adds another dimension to the complexity of the
secretion process. Proposed roles of secretion chaperones
include assisting conjugate effector proteins to unfold
(Stebbins and Galan 2001) or to compete for access to the
TTSS (Luo et al. 2001; Wulff-Strobel et al. 2002; Ghosh
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2004).The emerging picture is that the secretion efficiency
of an effector protein appears to depend on some combi-
nation of its folding thermodynamics and kinetics.

The Pseudomonas syringae pv tomato effector protein
AvrPto, which has no known chaperone and has been
shown to have marginal stability (Wulf et al. 2004), offers
a simple model system to probe the dependence of
secretion and translocation on effector protein stability
and kinetics. Upon delivery into the host cytoplasm,
AvrPto has roles in promoting the infection of tomato
leaf cells (Bogdanove and Martin 2000; Chang et al.
2000; Shan et al. 2000; Hauck et al. 2003) and, ironically,
in the plant’s defense against the pathogen (Scofield
et al. 1996; Tang et al. 1999; Pedley and Martin 2003).
The NMR structure of a truncated 105-residue version
of AvrPto (TrAvrPto), in which the unstructured N and C
termini were removed, reveals a ~5-nm long and ~2.5-nm
wide three-helix bundle with a short orthogonal helix and
a large Q-loop (Wulf et al. 2004). These dimensions
would necessitate at least partial unfolding for passage
through the Hrp pilus.

Interestingly, both AvrPto and TrAvrPto have a sig-
nificant unfolded population in slow exchange with the
folded form in aqueous solution at pH 6 and 25°C (Wulf
et al. 2004). The ability of AvrPto to unfold and refold in
vitro without chaperone assistance, and the presence of an
NMR-observable unfolded population, enable us to study
relationships between the kinetics and thermodynamics
of effector protein folding and chaperone-independent
secretion. Of particular interest are the residue-specific
folding and unfolding rates and their potential influence
on the viability of a protein for TTSS secretion.

In this work, the equilibrium kinetics and thermody-
namics of TrAvrPto folding were characterized using two-
dimensional NMR techniques (Montelione and Wagner
1989; Farrow et al. 1994a,b; Mulder et al. 1996). Nzz
exchange spectroscopy is sensitive to chemical exchange
processes that occur at rates on the order of 0.1-10 s~
(Palmer 2001). This NMR technique has the advantage of
providing a multiple-site perspective that enables the elu-
cidation of independent folding regions if present, or the
accurate extraction of kinetic and thermodynamic param-
eters for a global two-state folding process. Here, Nzz
exchange spectroscopy was applied to determine the fold-
ing and unfolding rates and stability of TrAvrPto at pH 6.1.
Additional application of HSQC and longitudinal relaxa-
tion experiments showed that TrAvrPto stability increases
with increasing pH and provided confirmation of the fold-
ing equilibrium parameters obtained from Nzz exchange
spectroscopy. Given the acidic apoplast environment of the
pathogen and the more basic host cytoplasm, the results
presented here offer an intriguing mechanism by which the
pH dependence of stability and slow folding kinetics of
AvrPto would allow efficient translocation through the
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TTSS and refolding into its functional folded form once
inside the host.

Results

The unfolding of TrAvrPto proceeds on the slow chemical
exchange timescale across the entire protein

Nzz exchange spectroscopy (Montelione and Wagner
1989; Farrow et al. 1994b) was used to identify individual
residues in slow chemical exchange and to quantify their
folding and unfolding rate constants. For each spin in a
slow two-state folding reaction, four peaks are expected:
two auto-correlation peaks for the folded, FF, and unfolded,
UU, resonances and two exchange cross-correlation peaks,
FU and UF (Fig. 2, inset). The time-dependent changes in
intensity of these four peaks—Igg(t), Igy(t), Iyr(t), and
Iyu(t) (Fig. 2)—are modeled by the two-state solution of
the Bloch-McConnell exchange equations (McConnell
1958; Cavanagh et al. 1996), which depends on the kinetic
rate constants, kgy and kyg, and the rates of longitudinal
relaxation in the absence of exchange for each conformation,
R and Ry.

The presence of cross peaks in the Nzz exchange
spectroscopy spectra of TrAvrPto immediately demon-
strates that folding occurs on the slow chemical exchange
timescale (circa (kpy + kyp) = 100 s_l). Ninety-five
potential unfolded TrAvrPto resonances were observed,
suggesting that the entire 105-residue protein exchanges
between its folded and unfolded conformations on this
slow exchange timescale. The folded autopeaks of 41
N-H groups were linked to at least one of their corresponding
cross peaks and, thereby, were identified as being in slow
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Figure 2. Time-dependence of G95 peak intensities during Nzz experi-
ment. The experimental data (symbols) and two-state exchange model best
fits (solid lines) for G95 auto- and cross-correlation peak intensity are
shown. Autopeak intensities for the folded (FF, filled diamonds) unfolded
(UU, open squares) conformations, cross-correlation intensities, FU (filled
triangles) and UF (open circles), are plotted vs. Nz exchange spectro-
scopy mixing time. (Insetr) G95 auto- and cross-correlation peaks at a
mixing time of 0.1101 s.

exchange (Fig. 3, Supplemental Table 1). Some of these
residues (e.g., L37) displayed their folded autopeak and a
single resolved cross peak. For other residues, three peaks
(e.g., N105 and A47) or all four peaks (e.g., G92) were
resolved. The unfolded autopeaks were well-resolved for a
subset of 17 of these 41 residues (Fig. 4). Limited spectral
resolution prevents further identification of backbone amides
in slow exchange, especially in the center of the spectrum
where resonances of unfolded TrAvrPto and a-helices con-
gregate (Fig. 4). The distribution of residues in slow ex-
change across the structure (Fig. 3) and the good sampling
of the well-resolved peaks (Fig. 4) indicate that exchange
between folded and unfolded states occurs protein-wide.

TrAvrPto is characterized by global two-state unfolding

A series of Nzz spectra were acquired, each with a
different time interval, ¢, during which the SN longitu-
dinal magnetization decayed toward equilibrium and
TrAvrPto exchanged between its folded and unfolded
conformations. At each time 7, the variation of Igy(t)
and Iyg(t) across TrAvrPto is comparable to the exper-
imental uncertainty in peak volume, o. Conversely, at
a given time point, the autopeak intensities show more
variation between residues than can be accounted for
more by o. The variation in Igg(t) was an order of magni-
tude greater than o and, at early times, that of Iyy(t) was
approximately twice o. To understand this difference in
behavior between the autopeak and cross-peak intensities
across the protein, it is informative to derive linear
approximations of the Bloch-McConnell equations
(McConnell 1958; Cavanagh et al. 1996) at short time
intervals (t < 1) using the Taylor series relation,

exp(—A*r)~ 1 —A*r. (1)

Using this approach, the intensities associated with
each amide group in slow chemical exchange are given by

Ipp(t) o 1 = (Rip +kpy) * 1t 2
Iry(t) « kpy *t 3)
Typ(t) & kyp *t 4
Tuu(t) = 1 — (Ryy +kor) * 1. )

These simplified equations illustrate that, at early time
points, the cross-peak intensities are sensitive to the
kinetic rate constants only, while the autopeak intensities
are sensitive to both the relaxation rates (R;r and Ry),
and the kinetic rate constants (kgy and kyg). The obser-
vation that residue-to-residue variations of Igy(t) and
Iyg(t) are indistinguishable from experimental noise in-
dicates that a single set of global kinetic rate constants,
kry and kyy, applies for all residues. Therefore, the larger
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Figure 3. Prolate shape and global folding process of TrAvrPto.
TrAvrPto is a prolate molecule, whose unique diffusion axis (shown as
an arrow) is aligned with helices o, ¢, and ap. Forty-one slowly
exchanging amide groups were identified and are shown mapped onto the
structure of TrAvrPto as side chains. They are distributed across all
secondary structural elements of TrAvrPto, implying that folding occurs
globally: Q35, L37, H41, and E45 of helix aa; A47 and G48 of loop-AB;
D52, H54, and E55 of ag; S58, S59, and A61 of loop-BC; Q63, S64, N67,
L72, Y73, T76, R78, and L80 of ac; Q86, H87, M90, T91, G92, S94, G95,
N97, G99, and L101 of the Q-loop; H103, E104, N105, M109, R110,
A112, W116 €1, R120, and E121 of ac; and G128 and 1129 on the C-
terminal tail. Image rendered with PyMOL (DeLano Scientific) using
NMR structure (PDB file IRSE) (Wulf et al. 2004), ensemble-averaged via
MOLMOL (Koradi et al. 1996).

variation in autopeak intensities is due to differences in
Rir and Ry from residue to residue. As discussed in
more detail below, folded TrAvrPto is a prolate molecule
(Fig. 3), whose backbone amide R;gs are expected to vary
based on their placement in the protein. The smaller but
significant variation in Iyy(t) implies that there is some
intramolecular variation in Ry, perhaps due to residual
structure or to the amide group’s proximity to the ends of
the polypeptide chain.

The above analysis motivates the modeling of TrAvrPto
conformational exchange as a two-state process with
global kry and kyr and residue-specific Rjg and Ry.
The resulting global kinetic rate constants (extracted as
described in Materials and Methods using data from the
17 residues with assigned Iyy peaks) are kpy = 0.33 =
0.04 s ' and kyp = 1.8 = 0.3 s, corresponding to AG =
—RT*In(kyp/kry) = —1.0 = 0.1 keal/mol. Compared to the
ambient thermal energy, RT = —0.6 kcal/mol, TrAvrPto is
only modestly stable at pH 6.1. The population in the
unfolded ensemble, py, is

pU=1/[1+(kUF/kFU)]=O.16 * 003, (6)

where py + pr = 1 is the total population of TrAvrPto.
The peak intensities for each of the 41 slowly exchanging
residues were then individually fitted for Ryg and Ry,
using the global kgry and kyg as set constants. These fits
yielded x* probability values, Q (Press et al. 1988), where
the criterion for the rejection of a model was Q < 0.001.
Thirty-five of the 41 residues had acceptable fits (Table 1;
R;r values are plotted in Fig. 5A). The remaining residues
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(859, L72, N97, G99, H103, and R110) had peaks that
suffered from overlap, resulting in unacceptable fits.
Although G99 and H103 were included in the global
kinetic rate constants analysis, subsequent refitting with-
out these residues yielded statistically equivalent rates. In
general, with kgy and kyp as set constants, Ryr and Ry
could be acceptably fitted using, at minimum, well-
resolved peaks including the folded autopeak and one
of the cross peaks.

Longitudinal relaxation and HSQC data provide
an independent view of TrAvrPto folding kinetics
and pH dependence of stability

The stability of TrAvrPto is pH-dependent with greater
stability at pH 7.0 than at pH 6.1 (Fig. 6). As determined
from the Nzz data of 0.63 mM TrAvtPto, 16% of the
population is unfolded at pH 6.1. At higher pH and
higher concentration (pH 7.0 and 1.2 mM TrAvrPto),
the unfolded population (quantified using a fully relaxed
HSQC spectrum) decreased to 2%. As discussed in the
next section, the increased relative intensity of the folded
peaks at pH 7.0 is due purely to the pH dependence of
TrAvrPto stability, not to self-association at the higher
protein concentration.

In contrast to the R;g values extracted from Nzz data
(R;gV%), which are the relaxation rates in the absence
of exchange, the effective relaxation rate constants
extracted from >N T, experiments (R;g[eff]) can contain
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Figure 4. Folded and unfolded TrAvrPto populations are detected at pH
6.1. Two discrete sets of peaks are observed in a fully relaxed Nzz
spectrum collected with zero mixing time, corresponding to the folded
and unfolded conformations of TrAvrPto. The peaks for both unfolded
TrAvrPto and the three parallel a-helices of folded TrAvrPto cluster near
the center of the spectrum. The FF and UU peaks are labeled for the 17
residues with assigned UU resonances (A47, G48, A61, S64, Y73, T76,
T91, G92, S94, G95, G99, L101, H103, E104, A112, W116 €1, and G128).
Nine of these UU peaks had been assigned previously (Wulf et al. 2004).
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Table 1. R, and R,y extracted from pH 6.1 Nzz data

Residue Rip (s h Riu(s™) Q* Residue Rip(s™) Ry 7 hH Q*
Q35 1.11 = 0.06 33+ 0.8 0.503 Q86 1.26 = 0.07 20+ 12 0.253
L37 1.17 % 0.06 3.0 = 0.9 0.354 H87 1.18 = 0.07 35+ 13 0.597
H41 1.10 = 0.05 3908 0.380 M90 1.20 = 0.07 32+ 1.1 0.221
E45 1.16 = 0.06 42 +12 0.666 T91 1.34 * 0.07 37+ 14 0.201
A47 1.11 = 0.06 3.0 + 0.7 0.056 G92 1.40 = 0.06 2.1 0.8 0.365
G48 1.18 = 0.06 14+ 05 0.012 S94 1.36 = 0.05 3.1 +0.8 0.118
D52 1.47 + 0.08 29+ 1.2 0.402 G95 1.48 = 0.07 1.1 05 0.035
H54 1.34 * 0.05 43+ 09 0.180 L101 1.39 * 0.06 2.1 +05 0.015
E55 1.55 + 0.10 26+ 1.3 0.156 E104 1.44 + 0.07 2.1 £ 07 0.408
S58 1.52 * 0.06 37+ 1.0 0.505 N105 1.13 = 0.07 32+ 07 0.306
A61 1.29 *+ 0.05 25*06 0.400 M109 121 = 0.06 34+ 1.0 0.364
Q63 1.32 = 0.08 24 +07 0.070 Al12 1.12 = 0.04 2.1 0.6 0.390
S64 1.25 * 0.07 22+ 0.6 0.499 W116 €l 1.17 * 0.06 12 +05 0.005
N67 1.17 % 0.06 35+ 1.1 0.526 R120 1.12 * 0.06 27+ 1.0 0.501
Y73 1.14 = 0.07 27 * 0.7 0.086 El121 1.25 = 0.05 42+ 12 0.021
T76 1.22 = 0.08 2.1 0.7 0.115 G128 1.35 = 0.06 23 +0.8 0.219
R78 1.28 + 0.09 23+ 1.0 0.049 1129 1.34 * 0.05 54+ 1.6 0.749
L80 1.09 * 0.06 3.0+ 1.0 0.197

#Q-statistic reflects the quality of the two-parameter {R;r, R;y} Nzz fitting using global kinetic rate constants, kgy and kygr. A model is rejected using the

criterion, Q < 0.001.

contributions from the Kkinetic rates. Consequently,
R g(eff) values measured for TrAvrPto should reflect
the folding equilibrium and be pH-dependent. R;g(eff)
values at pH 6.1 are offset to greater values than those at
pH 7.0 (Fig. 5B). The conserved profile of the R;g(eff)
versus residue number curves indicates that the molecular
shape of TrAvrPto does not dramatically change with
changing pH. Rather, the offset between R;g(eff) profiles
at pH 6.1 and 7.0 can be explained by the dependence of
R g(eff) on the rate of unfolding (kgy). For a single res-
idue that interconverts between its folded and unfolded
states on the slow exchange timescale, if we assume
R]U > R“:,pp > pu (Lelgh 1971), and R]U > kUF; then
the estimated effective longitudinal relaxation rate for the
folded state will be

R p(eff) = Rir +kpu =Rir +pykex, @)

where k.x(= kgu + kug) is the exchange rate constant and
Rk is the longitudinal relaxation rate of the folded state
independent of exchange. It is known from the Nzz
fittings that Ry is generally greater than R;p (Table 1),
and the population pr > 5py. The final approximation
(Riy > kygr) is an oversimplification; however, the
uncertainties in the fitted Ry prohibit the use of a more
complete model that depends on this parameter and, as
demonstrated below, the fits of the data to Equation 7
justify the use of this model.

The exchange process between folded and unfolded
TrAvrPto explains the difference at pH 6.1 between
R,V and R p(eff) values. The Ry ** values are theo-
retically equivalent to the R g in Equation 7. Experimen-

tal Ryp(eff) can be simulated using the Nzz parameters
(R £"** and kgy) and Equation 7. The resulting simulated
Rig(eff) values accurately predict the experimental
R g(eff) values measured at pH 6.1 (Fig. 5C; Supplemen-
tal Table 2). As a further validation test, R;g"** values
should be approximately equal to R;p(eff) values mea-
sured at pH 7.0, where the effects of the conformational
exchange are minimal due to the negligible (2%) un-
folded population. Indeed, these values are in general
within experimental uncertainty of each other (Fig. 5A).
These results demonstrate that the variation of relaxa-
tion at different pH values is fully explained by the
global folding exchange process and, importantly, pro-
vide independent verification of the Nzz-derived kinetic
parameters.

The concentration-independent R ;p rates of TrAvrPto
are consistent with a prolate folded monomer

The exchange-independent R;z"** values differ across

residues in a manner that can be explained by the prolate
shape of folded TrAvrPto (Fig. 5A), where a-helices a,,
ac, and ap are aligned along its unique diffusion axis and
the (-loop and ap are approximately perpendicular to
this axis (Fig. 3). A TrAvrPto monomer can rotate more
rapidly about the long, unique axis than it can tumble
end-over-end, a phenomenon that changes the relaxation
rates, and so, an N-H bond has different R; values
depending on how it is oriented on the molecule. For
folded TrAvrPto, R g can be simulated using previously
established theory (Woessner 1962; Lipari and Szabo
1982; Schurr et al. 1994) and the N-H bond vectors from
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Figure 5. The effect of slow chemical exchange and global anisotropy on
R;. TrAvrPto R, relaxation rates are plotted vs. residue number (the four
a-helices are shaded in gray boxes for reference) for three different
comparisons: (A) Relaxation in the absence of TrAvrPto folding. R; values
for folded TrAvrPto in the absence of chemical exchange extracted from
Nzz data measured at pH 6.1 (R;"*, red diamonds) are comparable to
those obtained from a T; experiment at pH 7.0 (R;g(eff), black squares),
where TrAvrPto is nearly completely folded. The R profiles were sim-
ulated by modeling TrAvrPto as a prolate monomer (blue line) and as
a prolate monomer/oblate dimer equilibrium (orange line). (B) The pH
dependence of Rig(eff) from T; experiments: R;g(eff) values obtained
from T, experiments at pH 6.1 (green triangles) and at pH 7.0 (black
squares) show nearly constant offset, with Ryg(eff) at pH 6.1 shifted to
greater values than at pH 7.0. (C) Nzz-extracted parameters accurately
predict R g(eff): calculated R g(eff) values (pink squares), obtained using
Equation 7 and parameters R;** and kpy extracted from the pH 6.1 Nzz
data, are comparable to Ryg(eff) values obtained from T; experiments at
pH 6.1 (green triangles). Error bars, experimental uncertainties for Rjg
extracted from Nzz and T, data and propagated uncertainties for the
calculated R g(eff).

the known structure of the protein (PDB file IRSE) (Wulf
et al. 2004). Using the monomeric, prolate TrAvrPto
structure without a hydration layer yields a Ryp profile
that matches the fitted R,"** profile but is shifted to
higher values, reflecting a smaller molecule (data not
shown). Expanding the effective dimensions of TrAvrPto
to 6.1 nm long and 3.1 nm wide aligns the simulated Rk
profile with the R, curve (Fig. 5A). Although not
necessarily a unique solution, the alignment of the
simulated and experimental data is striking. The larger
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effective size could correspond to a hydration layer of
~1.5 water molecules, drag from the loops and tails, or
an internally hydrated and less compact average folded
structure. A water-swollen structure is not implausible;
the presence of internal waters has been demonstrated
previously both experimentally and in MD folding sim-
ulations (Shea et al. 2002; Bezsonova et al. 2006;
Nishiguchi et al. 2007). Since R rates are independ-
ent of conformational exchange, these values should be
dominated by global tumbling. The above analysis dem-
onstrates that the R “* values can in fact be reproduced
based solely on the TrAvrPto monomer structure and
further validates the global kinetic rates used in extraction
of these values.

Previous work from this laboratory hypothesized that
TrAvrPto is a transient dimer at pH 6 (Wulf et al. 2004).
Indeed, it is also possible to reproduce the R "“* values
extracted from 0.63 mM Nzz data (Fig. 5A) as the
population-weighted average R;g from monomer and side-
by-side (oblate) dimer conformations in fast chemical
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Figure 6. TrAvrPto is more stable at pH 7.0 than at pH 6.1: The relative
volumes of peaks associated with folded and unfolded protein states
depend on the stability of the protein. The TrAvrPto W116 ¢l side-chain
amide group gives rise to well-resolved peaks in both folded (Irr) and
unfolded (Iyy) states. One-dimensional line shapes of the W116 €1 Igg and
Tyu peaks extracted from a 2D SN-"H HSQC spectrum at pH 6.1 (A) and
pH 7.0 (B) illustrate the larger unfolded TrAvrPto population at pH 6.1
than at pH 7.0. Line shapes were generated using NMRDraw (Delaglio
et al. 1995) and were overlaid using Adobe Illustrator.
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exchange. Oblate dimers were modeled as 2.6 nm by 7.7
nm oblate ellipsoids and monomers were modeled as 5.6
nm by 2.6 nm prolate ellipsoids, dimensions that include
one hydration layer. A reasonable fit of the R;"** values
was obtained by weighting the monomer population by py
= 0.7 and the oblate dimer subunit population by pp = (1 —
pm) = 0.3. These populations correspond to weak self-
association, described by the dissociation constant

Kq=2"py* py*[T]/pp = 2mM. ®)

In this simulation, [T] = 0.63 mM, the total TrAvrPto
concentration during the Nzz experiments.

The monomer-dimer model fails to correctly predict
the behavior of R;g(eff) data at other concentrations,
however. Additional R g(eff) values measured at pH 6.1
were obtained for total concentrations of 0.34 and 0.87
mM. Given K4 = 2 mM and the previously estimated
dimensions of the monomers and oblate dimers, the
model predicts py;y = 0.79 at 0.34 mM and py; = 0.65 at
0.87 mM. The predicted R;r values for 0.34 mM
TrAvrPto were offset by an average of +0.18 s~ ' relative
to those for 0.87 mM TrAvrPto (Supplemental Table 3).
Despite the contribution of kgy to Rg(eff) expected at
pH 6.1 (see Equation 7), the average separation between
experimental R g(eff) data at 0.34 and 0.87 mM should be
equivalent to +0.18 s~ 1 since kry 1s a constant. However,
the experimental 0.34 mM and 0.87 mM R, g(eff) data
have negligible average separation, —0.04 s~', with a
standard deviation on the order of the experimental
uncertainty (Supplemental Table 2). This inequality dem-
onstrates that, while the 0.63 mM R, g"** profile can be
coincidentally fit using a monomer-dimer equilibrium
model, the observed concentration independence of R g(eff)
at pH 6.1 rules out this model. Additionally, measure-
ments at pH 6.8 (0.92 mM) and 7.0 (1.2 mM) yielded
Rg(eff) values within uncertainty of each other (Supple-
mental Table 2), further refuting the dimer model. The
“dimers” observed in the previous DLS and native-gel
studies most likely were unfolded protein, which would
have a larger radius of gyration than the folded conforma-
tion (Piaggio et al. 2007). Altogether, these results argue
against self-association and suggest that the dominant
folded form of TrAvrPto is monomeric.

Discussion

The kinetic and thermodynamic properties of an effector
protein may have important consequences on its ability to
be efficiently translocated by the TTSS, a process re-
quiring at least partial unfolding of the protein (Johnson
et al. 2005). AvrPto is a well-characterized effector pro-
tein of P. syringae pv tomato and an excellent model
system to probe requirements for efficient effector trans-

location. NMR spectroscopy allowed the folding of
TrAvrPto to be probed at multiple locations across the
protein. The multiple probes enrich the analysis, demon-
strating that the entire TrAvrPto molecule, not just the
core or the long Q-loop, folds cooperatively with two-
state kinetics. The low stability (16% unfolded population
at pH 6.1), slow folding rate (kyr = 1.8 £ 0.3 s, and
correspondingly long lifetime of the unfolded state (1 =
1/kyg = 0.6 = 0.1 s) of TrAvrPto would allow a pool of
readily secretable protein to be maintained, especially
given that the full-length effector protein, AvrPto, is even
less stable than TrAvrPto at pH 6 (Wulf et al. 2004).

After translocation into the host cell cytoplasm, an
effector must be able to spontaneously fold into its
functional form. As shown here, TrAvrPto is almost
completely folded at pH 7.0, where the observed 2%
unfolded population corresponds to a moderate folding
free energy of -2.3 kcal/mol. Therefore, TrAvrPto should
be predominately folded within the cytoplasm of the host
cell.

The pH dependence of TrAvrPto potentially explains
at least part of the observed difference in full-length
AvrPto’s secretion efficiency under different culturing
conditions. Expression of the TTSS and its associated
proteins, including AvrPto, can be induced in P. syringae
pv tomato using a hrp-inducing minimal medium (Rahme
et al. 1992; Xiao et al. 1992). In this medium, AvrPto is
expressed when the external pH, pHey, is 6 or 7; however,
AvrPto is only secreted at pHex, = 6 and not at pH 7 (van
Dijk et al. 1999). The proton concentration inside a
pathogen, pHj,, can differ from pH.y.. Indeed, the rota-
tion of the Escherichia coli flagellium in the evolutionally
related flagellar apparatus (Jin et al. 2003) depends on
the proton gradient, ApH, between the cytoplasm and
the periplasm (Minamino et al. 2003). ApH is main-
tained even when pH,,, is varied between 5.5 and 8.0 with
pHi, remaining greater than pH.,, (Minamino et al.
2003). In Yersinia enterocolitica, secretion through the
TTSS has also been found to be dependent on ApH, where
again pH;, is greater than pH., (Wilharm et al. 2004).
Assuming that secretion by P. syringae requires a
similar ApH, then pH;, would exceed 7 if pHg, is
neutral. Our results indicate that TrAvrPto would be pre-
dominantly folded inside the pathogen under these con-
ditions, providing an explanation for the lack of AvrPto
secretion in hrp-inducing minimal medium at neutral pH
(van Dijk et al. 1999).

The structure and low stability of TrAvrPto may have
additional implications for its ability to compete for
passage through the TTSS without chaperone assistance.
One of the conserved proteins in the TTSS innermem-
brane ring is a putative ATPase (Ghosh 2004) required for
translocation (Wilharm et al. 2004). The TTSS ATPases
are unfoldases (Gorbalenya and Koonin 1993; Lupas and
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Martin 2002) whose functional similarity to the AAA+
ATPases has been suggested (Akeda and Galan 2005). For
the AAA+ ATPase domain of the ClpX bacterial protease,
the rate of catalyzed unfolding by the hexameric ring
decreased with increasing substrate stability (Kenniston
et al. 2003). The identity of the secondary structural
element immediately after a degradation signal also
affects the degradation efficiency (Lee et al. 2001). The
greatest enhancement in efficiency occurs when this
element is a surface loop or a-helix that can be removed
relatively easily and whose removal destabilizes the
protein core (Lee et al. 2001). By analogy, AvrPto appears
to possess the correct architecture and stability that would
allow for efficient action of the putative TTSS ATPase
and subsequent translocation into the host. AvrPto’s se-
cretion signal is located on its N terminus, as in all ef-
fector proteins (Sory and Cornelis 1994; Anderson and
Schneewind 1997), and the first secondary structural
element is helix as. The core of TrAvrPto is only slightly
stable, and the removal of o, from the bundle would be
expected to destabilize the fold. Therefore, an additional
consideration for secretion and translocation efficiency
may be the direction-specific mechanical force exerted on
the N-terminal region of the effector protein structure by
the TTSS ATPase (Matouschek 2003).

Two real-time confocal microscopy studies on the
translocation rates for pathogen effector proteins into
the host via the TTSS provide an in vivo functional con-
text for our TrAvrPto folding kinetic rates. For Shigella
flexneri, it was found that 50% of the populations of
effector proteins IpaB and IpaC was translocated out
of the bacterium in ty,, ~ 240 s (Enninga et al. 2005).
Assuming a mono-exponential decay curve, the trans-
location rate is k = In2/t;, ~ 0.003 s~ L. For Salmonella
enterica, the translocation rate was estimated by the
build-up of effector protein SipA within the host cell
over time using a straight line approximation, y(t) = mt,
where the observed slope was m = 7-60 molecules/s and
the average total number of molecules translocated was
yo = 6%10° = 3 * 10’ molecules (Schlumberger et al.
2005). This is equivalent to a linear Taylor-series approx-
imation of an exponential build-up, where y(t) = yo*{1 —
exp(—kt)} is approximated by y(t) = yo*{1 — (1 —kt)} =
yokt. Hence, the corresponding mono-exponential trans-
location rate, k (estimated as m/yg), was on order of k ~
0.01 s~'. Based on these two microscopy studies, a rough
estimate of the general TTSS translocation rate is on
order of 1072 to 1072 s~!. Therefore, the kpy = 0.33 *
0.04 s—' unfolding rate of TrAvrPto observed here in
solution would not represent a rate-limiting step of the
secretion process.

Altogether, these results offer important insights into
the folding and unfolding of TrAvrPto and, ultimately,
into how the thermodynamics and kinetics of effector
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proteins affect their translocation efficiency. The folding
kinetics, even while viewed in isolation without the TTSS
or any putative ATPase unfolding machinery, are suffi-
cient to sustain a translocation-competent pool of TrAvrPto.
This observation is consistent with observed ability of
AvrPto to be translocated through the TTSS (van Dijk
et al. 1999). This application of NMR spectroscopy to de-
tect and measure the pH-dependent stability and folding
kinetics of TrAvrPto lays the groundwork for future studies
of TrAvrPto mutants to determine the mechanism of a
possible pH-triggered folding switch and the thermody-
namic and kinetic thresholds that govern the translocation
efficiency of effector proteins.

Materials and Methods

NMR sample preparation

The TrAvrPto expression vector encodes a fusion protein
consisting of a N-terminal 6-His tag, an HRV 3c protease
(3CPro) cut site (Walker et al. 1994), and TrAvrPto residues
29-133 cloned into the ampicillin-resistant plasmid pQEP
(Qiagen) (gift from Pete Pascuzzi and Greg Martin, Cornell
University, Ithaca, NY). The protein was expressed in kanamycin-
resistant M15 [pREP4] E. coli cells (Qiagen) and cultured in
M9 minimal media with ""NH,CI (Isotec, Inc.), 1 mM thiamine
HCI (Sigma), 100 pg/mL ampicillin (Sigma, sodium salt), and
30 pg/mL kanamycin monosulfate (Sigma). All cultures were
grown at 37°C with shaking at ~120 rpm. One liter cultures
were started with a 50-mL overnight miniculture and grown to
0.D.00~0.8. Protein expression was induced with 1 mM IPTG
(Acros Organics); the cells were grown for an additional 2 h and
then pelleted. Pellets were washed in binding buffer (50 mM
NaH,PO4*H,O [Mallinckrodt], 300 mM NaCl [Sigma], 10 mM
imidazole [Sigma], pH 8), re-pelleted, and then resuspended in
lysis buffer (20 mL binding buffer + 50 pL protease inhibitor)
on ice. The cells were lysed with 1 mg/mL lysozyme (Sigma)
and 0.75 mg/mL deoxylcholic acid (Sigma) and two rounds of
sonication. After high-speed centrifugation, supernatant was fil-
tered through a 0.8-pm syringe filter (Corning, Inc.) onto a Ni-
NTA column (Qiagen) with a 3-5 mL bed volume. The
column was washed with 20 bed volumes of binding buffer and
then 20 bed of volumes wash buffer (50 mM NaH,PO,°H,O0,
300 mM NacCl, 20 mM imidazole at pH 8). Cleavage of the 6His-
TrAvrPto fusion protein to yield tag-free TrAvrPto was accom-
plished by adding ~1 mg 6His-3CPro fusion protein (prepared as
described elsewhere; Jayaraman and Nicholson 2007) to the Ni-
NTA column and tumbling at 4°C overnight. The desired
TrAvrPto was eluted with wash buffer and dialyzed into NMR
buffer (10 mM NaH,PO4°H,0, 5 mM KH,PO, [Sigma], 225 mM
NaCl, pH 6.9). The final concentration was estimated via UV
absorbance at 280 nm using the theoretical extinction coeffi-
cient of 9530 M~ 'em ™' for TrAvrPto (Gasteiger et al. 2005). The
pH values of the NMR samples were adjusted using HCI and
NaOH.

NMR spectroscopy

The NMR experiments were performed at 25°C on a Varian
Inova 600-MHz spectrometer using a {H,C,N} Z-axis gradient
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probe. The spectra were processed using NMRpipe and
NMRDraw (Delaglio et al. 1995). The data for all experiments
were apodized using a shifted sine-bell function and then zero-
filled. The peak volumes were determined using nlinLS (Frank
Delaglio, NIH/NIDDK) or Sparky (T.D. Goddard and D.G.
Kneller, University of California, San Francisco), assuming a
Gaussian line shape.

The pH 6.1 experiments were performed on '’N-labeled
TrAvrPto samples at concentrations of 0.63 mM for the Nzz
spectra (Montelione and Wagner 1989; Farrow et al. 1994b) and
0.34 mM and 0.87 mM for T experiments (Farrow et al. 1994a).
The T, experiments at 0.34 mM were taken at the timepoints
0.01, 0.01, 0.04, 0.08, 0.16, 0.32, 0.64, 1.0, 1.0, and 2.0 s. At
0.87 mM, the T, experimental timepoints were 0.01, 0.01, 0.02,
0.04, 0.08, 0.08, 0.16, 0.32, 0.64, 1.0, and 2.0 s. T; experiments
(with timepoints at 0.01, 0.77, and 0.77 s) were recorded for a
1.2 mM, pH 7.0 N-labeled sample. Additionally, a set of T,
data for pH 6.8, 0.92 mM TrAvrPto was collected for time points
0.01, 0.77, and 0.77 s. In the T, experiments at each concen-
tration, the time points were recorded out of sequential order to
avoid bias.

The pH dependence of TrAvrPto stability was evaluated using
"H-'>N 2D NMR spectroscopy. At pH 6.1, a fully relaxed (10-s
delay interval) Nzz spectrum with zero mixing time was used.
It was subsequently found that a 5-s delay was sufficient for
complete recovery of equilibrium magnetization. The stability
at pH 7.0 was determined using the fully relaxed (5-s delay
interval) HSQC spectrum (Mulder et al. 1996) of 1.2 mM
TrAvrPto.

Nzz exchange spectroscopy

Nzz exchange spectroscopy (Montelione and Wagner 1989;
Farrow et al. 1994b) was performed on a 0.63 mM TrAvrPto
solution at pH 6.1 and 25°C. Spectra were taken with mixing
times of 0.01101, 0.02202, 0.03303, 0.04404, 0.05505, 0.1101,
0.2202, 0.3303, 0.4404, 0.5505, and 0.69363 s and replicate
spectra at 0.01101, 0.02202, 0.1101, and 0.4404 s. As with
the T, experiments, the timepoint spectra were record out of
sequential order to avoid bias. A delay interval of 3 s was used
in all spectra.

Identification of sets of autopeaks and cross peaks was aided
by the judicious use of overlaid spectra. The intensities in the
frequency domain of all Nzz spectra were added together using
NMRPipe (addNMR command) (Delaglio et al. 1995), creating
a summed spectrum that contains all autopeaks and cross peaks.
The Nzz spectrum with zero mixing time contains only the
folded and unfolded autopeaks. The cross peaks and unfolded
autopeaks have decayed to almost zero in the 0.69-s mixing time
spectrum; only the folded resonances are seen at high contours
(Fig. 2). Classification of the peaks was achieved by noting that
the folded autopeaks are present in all three spectra, the un-
folded autopeaks are in the zero mixing time and summed
spectra, and the cross peaks are only observed in the summed
spectrum.

Two types of standard deviations were used in the study. The
first is the experimental uncertainty in peak volume, o, which
was estimated as the mean replication error:

o’= %«x -9 (AD)

The term <(x — y)*> is the mean deviation squared of peak
volumes from replicate spectra. The average is over all peaks,

whether autopeak or cross peak, used in the Nzz analysis and is
over the four sets of replicate spectra. The second type is
specific to each timepoint 7 and to each kind of peak (Igg(t),
Iru(t), Tup(t), or Iyy(t)). These latter estimates (opg(t), opy(t),
oyr(t), oyy(t)) measure the residue-to-residue variability in
peak intensity within each spectrum.

The dependence of the peak intensity on mixing time (t) was
modeled with the two-state solution of the Bloch-McConnell
equations (McConnell 1958; Farrow et al. 1994b). The global
kinetic rate constants {kgry, kyr} were extracted by simulta-
neously fitting {Igg(t), Igy(t), Iyr(t), Iyy(t)} data of multiple
residues. Due to issues of computer memory and nonlinear
minimization convergence, it was only possible to simultane-
ously fit data from a small subset of seven residues. Specifically,
a total of 280 data points (4 curves per residue X 10 time points
per curve X 7 residues = 280 data points) were fitted to 16
adjustable parameters (R;y and R;g for each of seven residues
plus global kgy and kyg). It was critical to the robustness of
the fitting that each member of the seven-residue fitting set
possessed well-resolved Ixr and Iy autopeaks. Since the cross-
peak intensities are statistically similar for all residues, the
average Igy(t) and Iyg(t) were used in the fittings. These
intensity data were fitted using Levenberg-Marquardt nonlinear
least squares minimization (Levenberg 1944; Marquardt 1963),
and the uncertainty in intensities were simulated via Monte
Carlo with 100 repetitions. The value and uncertainty of the
adjustable parameters were the mean and standard deviation
over the 100 repetitions.

In order to prevent bias in the parameter extraction due to the
choice of fitting set members, the data fitting was repeated
multiple times, each round using intensities from a set of seven
residues randomly selected from the 17 residues that have well-
resolved Iyy peaks at time zero (Fig. 4). Allowing the fitting set
choice to vary in 10 rounds yields results statistically identical
to results obtained using 100 rounds. The average extracted
global kgy and kyg were then used as constants to extract Ry
and Ry values by separately fitting the intensities of individual
residues. All fittings were implemented using Matlab version
R2006a.

The quality of fit for each individual residue {R;g, Rjy} was
evaluated with the x> probability, Q (Press et al. 1988). Due to
the presence of experimental noise, the minimized x> for each fit
can vary according to the x> distribution. The value Q is the
probability that, if one refit the data, one would find a larger x>
simply due to the experimental uncertainty. A model fitting is
rejected if Q < 0.001.

Simulation of R;r relaxation rate constants

Anisotropic tumbling alters the relaxation rates of amide groups
depending on how they are oriented within the macromolecule
(Woessner 1962). TrAvrPto was modeled as various types of
ellipsoids that are axially symmetric about their unique diffu-
sion axis. The viscosity, 0.0010019 kg/s*m for H,O at 293.15 K
(Weast 1982), and temperature, 298.15 K, were used in
simulations of Ry

R, values were calculated for each residue with the aid of the
structure of TrAvrPto (PDB file 1R5E) (Wulf et al. 2004), the
atomic coordinates of which were ensemble-averaged using
MOLMOL (Koradi et al. 1996) and then transformed into the
inertial reference frame using the in-house program, NORMAdyn
(Pawley et al. 2001, 2002). The principal axis in the inertial
frame is aligned with the unique diffusion axis of a prolate
ellipsoid and is perpendicular to the unique diffusion axis of an
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oblate ellipsoid. The spectral density function for completely
rigid, axially symmetric anisotropic proteins (Lipari and Szabo
1982; Schurr et al. 1994) was used to calculate R; using the
standard approach (Abragam 1961), assuming Aoc = —163 ppm
and <ryp> = 1.04 A (Palmer 2001). For the simulation of folded
monomer (M) and dimer (D) in fast exchange, the population-
weighted R g was calculated:

Rir = pm *Rip(monomer) + pp * Rip(dimer), (A2)
where pyy = 1 — pp.

Electronic supplemental material

The assigned {FF, FU, UF, UU} chemical shifts for all 41 slowly
exchanging residues are listed in Supplemental Table 1. Sup-
plemental Table 2 contains, in numerical form, the R;r data
shown in Figure 5. Supplemental Table 3 contains the R values
simulated for monomer-dimer equilibria with varying monomer
populations, py. The py = 0.7 Ry data from this table is also
shown in Figure 5.
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