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Hydrogen exchange rates have become a valuable probe for
studying the relationship between dynamics and structure and for
dissecting the mechanism by which proteins fold to their native
conformation. Typically measured rates correspond to averages
over all protein states from which hydrogen exchange can occur.
Here we describe a new NMR experiment based on chemical ex-
change saturation transfer that provides an avenue for obtaining
uncontaminated, per-residue amide hydrogen exchange rates for
interconverting native and invisible states so long as they can be
separated on the basis of distinct >N chemical shifts. The approach
is applied to the folding reaction of the Fyn SH3 domain that
exchanges between a highly populated, NMR-visible native state
and a conformationally excited, NMR-invisible state, correspond-
ing to the unfolded ensemble. Excellent agreement between ex-
perimentally derived hydrogen exchange rates of the excited state
at a pair of pHs is obtained, taking into account the expected
dependence of exchange on pH. Extracted rates for the unfolded
ensemble have been used to test hydrogen exchange predictions
based on the primary protein sequence that are used in many
analyses of solvent exchange rates, with a Pearson correlation
coefficient of 0.84 obtained.

amide exchange with solvent | conformationally excited protein states |
protein folding

he energy landscape of a protein is a multidimensional sur-

face composed of many local minima in addition to the
global minimum that is the native conformation (1, 2). An un-
derstanding of the relation between protein structure, dynamics,
and function is predicated, therefore, on an analysis of the var-
ious conformational states that populate the minima on the land-
scape. This requires detailed structural and dynamics studies of
each of the conformers and quantification of their relative ener-
gies as well as the kinetics of exchange between them. Biophysical
techniques such as X-ray diffraction and NMR spectroscopy are
available for obtaining detailed structural information on the mol-
ecules populating the lowest-energy regions of the landscape, pro-
viding insight into the structure—function paradigm for a great
number of proteins. However, it is becoming increasingly well
understood that studies of the ground states of proteins are not
sufficient. Additional states that can be sparsely populated and
transiently formed, referred to as excited states in what follows,
are often important for processes that include molecular recog-
nition, ligand binding, enzyme catalysis, and folding (3-9). Detailed
studies of such excited states are, however, challenging because they
are not “visible” to standard biophysical methods and as a conse-
quence atomic resolution information is lacking.

Recent developments in solution NMR spectroscopy are chang-
ing this paradigm by providing an avenue for quantifying excited
states at a level of detail that has typically only been possible in
studies of highly populated native protein conformers (10). Back-
bone 'H, °C, and °N chemical shifts for invisible protein states can
now be measured so long as they are populated at levels of 0.5% or
higher and exchange with an NMR visible state with rates on the
order of approximately 100 to several thousand per second (10-12).
These chemical shifts have, in turn, been used along with database
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computational approaches to generate atomic resolution models
of excited states (7, 13, 14), providing detailed insights into a
range of biochemical processes. It is now possible in some cases
to measure scalar and residual dipolar couplings that, in turn,
provide additional structural insights (15). Further advances
have led to the measurement of side-chain '*C and "H chemical
shifts in invisible states (16-18) that can be sensitive to hydro-
phobic contacts in these rare conformers. Experiments for quanti-
fying pico- to nanosecond time-scale side-chain dynamics have
also emerged (19), showing in some cases large differences in
motion between ground and excited states that directly relate to
function (20).

Although the tool kit of NMR experiments for studying rare
protein conformers is expanding, it remains significantly smaller
than that for highly populated states, and there is a continuing
need for the development of further methodologies. Notably
absent from the tool kit is an approach for measuring hydrogen
exchange rates in excited-state protein conformers. Ever since
the pioneering work of Linderstrgm-Lang in the 1950s it has
been recognized that the rates of exchange of amide hydrogens
with solvent protons are important site-specific parameters of
protein structure and dynamics (21). More recently, amide hy-
drogen exchange measurements have been used to investigate
regions of local protein disorder, folding/unfolding processes,
hydrogen bonding, allostery, and ligand binding (22-24). NMR
spectroscopy has emerged as a primary tool for quantifying amide
hydrogen exchange rates, ky.gx, on a per-residue basis. However,
because the overall transfer of hydrogens from solvent is measured,
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the extracted rates often contain contributions from all of the
exchange-accessible states of the protein (25-27). This is the case
for H-D exchange experiments where time-dependent intensity
changes of NMR signals are measured to extract kx gx (22), as well
as experiments that perturb the water signal and quantify the per-
turbation at exchangeable amide sites (26). Similar bulk measures
of k. gx are obtained using other methods as well (28), from which
insight into a particular excited state can often only be inferred.
Herein we describe an approach by which site-specific hydrogen
exchange rates of amides in individual states along the energy
landscape can be obtained for a protein system at equilibrium and
under native conditions. An application to the folding reaction of
the G48A Fyn SH3 domain is provided, where kg gy values of the
native conformation (ground state) and an excited state (unfolded
ensemble) are measured. Because exchange rates are quantified
by measurement of intensities of cross-peaks in NMR spectra of
the ground state, the method is sensitive to ky gx values as large
as several hundred per second for the excited state. The measure-
ment of “pure” ky.gx values provides a powerful new approach for
understanding the dynamical properties of excited protein states.

Results

Description of the Method. The approach for obtaining “pure” kp.gx
values can be understood by first considering an analogy with the
well-known dependence of NMR lineshapes on the chemical ex-
change rate (11) (Fig. 14). Consider a two-site exchanging sys-

tem, G k:’::E , where G and E denote the interconverting ground

and excited states, respectively, k., = kg + kg is the rate of ex-
change between the two, and the fractional population of each
conformer is assumed equal, p; = pg = 0.5. In Fig. 14 the spectrum
derived from a spin exchanging between two sites is highlighted,
with a chemical shift difference (radians per second) for the spin in
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Fig. 1. Measurement of hydrogen exchange rates in invisible protein states.

(A) Influence of ke /Awes on NMR lineshapes for a two-site chemical exchange
process. Parameters used in the calculation: pg = pg = 0.5; Awgs/(27) = 200 Hz;
R, (transverse relaxation rate) = 7 s™'; and kex = 30 (slow exchange), 1,200
(intermediate), and 10,000 (fast) s~". (B) Simulated TROSY CEST profiles, based
on the pulse scheme of S/ Appendix, Fig. S1, as a function of k_, from
010 5,0005~", pexr= k%= 057" (Left) or as a function of k_,, from 0t030s~",
pexr = kE = 0 57" (Right), where pgxr is the contribution to relaxation from
proximal protons (discussed in the text). Values of ke, = 120 57", pz = 5%, Tex =
300 ms, B; = 14.4 Hz, Aweg = —2,000 rad/s, B, = 14.0 T were used in the simu-
lations, along with identical motional parameters for G and E states of z = 10 ps,
§?=0.75, 7c = 5 ns (see SI Appendix for details). (C) Magnetization pathway for
TROSY and anti-TROSY >N components, including the effects of hydrogen ex-
change (k® and k) and chemical exchange (kge and kg).
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each state of Awgg = wg — wg. For |k./Awgg|<< 1 a pair of peaks
is observed at the resonance frequencies of the spins in the absence
of exchange. As the exchange rate increases the peaks move
closer and for |k./Awgg| ~1 they converge into a single broad
resonance line that then becomes sharper as |k./Awgg| increases.
A similar scenario holds when considering the relative position of
5N doublet components in the case of a two-spin "N-'HN spin
system, as a function of the hydrogen exchange rate, that is ger-
mane for studies involving backbone amide groups considered
here. In this case each component derives from a different 'HN
spin state (« or B) with a net separation of Jyy (hertz), where J
is the one-bond 'N-'HN scalar coupling constant. Analogous
to the example of Fig. 14, as kg gx becomes on the order of
2n|{/yn| the multiplet components converge into a single broad
peak that then sharpens as the exchange rate increases, resulting
in a single decoupled line. Bodenhausen and coworkers have
exploited this effect to quantify rapid hydrogen exchange rates in
proteins (29). The situation is more complex in the case of the
exchanging systems considered in this work because the pop-
ulations of the interconverting states are highly skewed, pp<<pg,
so that it is not possible to directly observe and hence quantify
the positions of multiplet components for state E that in prin-
ciple could provide the desired exchange rates.

The spectrum of the excited state can, however, be recorded
indirectly through the use of chemical exchange saturation transfer
(CEST) (30, 31). Here a set of 2D '>N-'HN spectra are obtained
whereby a weak N rf field is applied during a delay when the
magnetization of interest ('°N) is longitudinal. At each position of
the rf field a separate spectrum is recorded and the intensity of
each correlation of the ground state, I, plotted as a function of rf
offset, normalized to the intensity in the absence of the field, 7,,. If
the field is applied at the resonance position of a spin in the ground
state then I decreases to zero, owing to a well-known saturation
effect. Similarly, when the rf field is proximal to the resonance
position of a nucleus in state E the perturbation is transferred to
the corresponding spin in G via chemical exchange, leading to a
decrease in I again. Thus, a pair of dips is observed in a typical
CEST profile, with the largest (smallest) at the resonance position
of the spin in the ground (excited) state. Because the intensities of
ground-state correlations are measured, the effect is to amplify peaks
from the excited state so that they become observable, leading to
a CEST profile that connects ground and excited state correlations.

SI Appendix, Fig. S1 illustrates the NMR experiment that has
been used to measure amide hydrogen exchange rates in ground
and invisible excited protein states. The details are discussed in
SI Appendix. Briefly, the flow of magnetization can be summa-
rized as follows:

Hy = HNz(m) L™ HPN,(G) - HP Ny y (G)(tacq)

%thyNﬂ(G)(tzacq), [1]

where H’N,(m), m € (G,E), denotes '°N longitudinal magneti-
zation from either G or E that is associated with the amide pro-
ton B spin state and H’N xy indicates transverse relaxation
optimized (TROSY) >N magnetization. Thus, "HN polarization
is transferred to H’N, (referred to as TROSY 15N longitudinal
magnetization in what follows) that is then allowed to evolve for
a period Tgx during which a weak °N f field is applied. At the
conclusion of the CEST period '°N and "HN chemical shifts of
the ground (visible) state are recorded during ¢; and ¢, periods,
respectively, to produce a standard 2D *N-"HN TROSY corre-
lation plot (32). As described above, a series of such spectra is
obtained with the position of the rf field moved for each dataset
and the intensities of individual correlations plotted as a function
of rf position to generate CEST profiles.

Fig. 1B plots simulated '’N CEST profiles obtained for a sin-
gle two-spin 'N-"HN spin system that exchanges between G and
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E with kex =120 5", pr = 5%, as a function of kygx (kG gy,
right; k& _., left). The experimental scheme summarized above,
Eq. 1, (SI Appendix, Fig. S1) has been used. In the case where
A A 0 a pair of peaks is recorded for each amide
N, centered at wiX and wR (parts per million; bottom traces
of Fig. 1B), that correspond to the positions of the TROSY
peaks for the two chemically exchanging states. As kb gy
increases so that 2k s ~ 0.2, small dips are observed shifted by
Vrn| Hz upfield (to the right in the diagram) of the main cor-
relations, at frequencies of w2 % and w{ TR, that are the anti-
TROSY components (a 1HN spin state) As ki _py increases
even further such that k% _. ~ 2nlJyy| the TROSY and anti-
TROSY lines from state E coalesce to form a broad dip that then
narrows as k&_p, increases further. The corresponding pattern
observed as a function of k$_,, when k£ _,., = 0 is illustrated
on the right. Here much smaller exchange rates are considered
because for large k% ., the ground-state signal that is detected
in the experiment decreases significantly.

The profiles of Fig. 1B can be understood using the “exchange
diagram” of Fig. 1C that depicts the flow of magnetization during
the CEST interval, Tgx. Hydrogen exchange with solvent protons
(k¥ _gx) or dipolar relaxation with proton spins that are proximal
to the amide proton in question (pgxr) lead to the interconver-
sion of the "HN spin state (« < p) according to (33)

HP
dLZ(m)m =\ P1R +k_’" HﬂNz(m) +k_mHaNZ(m)
dt 2 2 [2]
Ha

where prg and py g are the self relaxation rates of the 15
TROSY (H’N) and anti-TROSY (H“N) longitudinal compo-
nents, respectively, k” =kJ;_pyv + pxr, and equilibrium magneti-
zation is neglected for simplicity (Materials and Methods). It can
be readily seen from Eq. 2 that H’N(m) and H*N(m) intercon-
vert; thus, starting from the initial conditions of H’N(m) # 0 and
H*Nz(m) = 0 a buildup of the anti-TROSY component occurs
that depends on the size of k£, as observed in the simulations of
Fig. 1B. Both the buildup of anti-TROSY magnetization and the
resultant >N lineshapes are used to extract accurate k™ values in
fits of CEST profiles (discussed below). In addition to the mag-
netization transfer pathway with rate k™, denoted by the hori-
zontal sides of the square in Fig. 1C, a second pathway (vertical
sides) interconverts /N ,(G) and H'N(E) owing to chemical
exchange. Magnetlzatlon transfer pathways that give rise to each
of the dips in Fig. 1B can be obtained from Flg 1C, recalling that
only magnetization of the form H’N(G) is detected at the end
of the CEST period (Eq. 1). For example, a dip observed at the
position of the anti-TROSY component of the spm m state E
arises from both of the pathways HNY H/’N FGH”N
and HNS"S HeN©O S HING

The magnetlzatlon transfer dlagram of Fig. 1C makes it clear
that CEST profiles can depend on hydrogen exchange rates in
both G and E states. We were interested, therefore, in ensuring
that fitted values of k“ and kK are not correlated. Extensive
numerical simulations (SI Appendix, Fig. S2) and experimental
studies (discussed below) establish that accurate rates can be
obtained. By means of example, Fig. 24, Left shows a synthetic
I>N-TROSY CEST profile calculated with k¥ = 150 5™, k% =
20 s7*, and with random error added in the form of Gaussian noise
with an SD of 0.021,, similar to what we have obtained experi-
mentally. The resultant 2D surface, y = exp(—x*/x’min) (Fig. 24,
Right), clearly shows a maximum at the expected position (K =
156 s, k% = 19.7 s™") and very little correlation between the
extracted rates. The simulations of Fig. 1B, Left show that '*N
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Fig. 2. Robustness of extracted k£ values. (A) (Left) Simulated >N TROSY
CEST profile (red circles) using the same exchange parameters as in the
legend to Fig. 1B, with the exception of kf = 150 s™" and k® = 20 s™', along
with added Gaussian noise with an SD of 0.02/,. The profile is fit (black solid
line) using the Bloch-McConnell equations (S/ Appendix) to extract k° and
KkE. (Right) Two-dimensional k€ vs. k€ error surface, y = exp(—x?/x*min), With
a maximum at (156 s~', 19.7 s~"). (B) Superposition of >N TROSY CEST
profiles simulated for values of k£ ranging from 1-10%?s™", k® =4 57", and
other parameters as in Fig. 1B, along with the change in intensities of dips at
we=wp +wp R /2 (orange), wl¥ (green), and wa " (black) as a function of
increasing kE (Inset). (C) Sensitivity of the CEST profile calculated using the
parameters of Fig. 2B to kE, defined in terms of the parameter S (Eq. 3) as
described in the text. (D) Relative uncertainties in k£ based on Monte Carlo
simulations assuming experimental noise of 0.02/,, with Akf defined as one
SD of the extracted rates. Green circles correspond to those values of k£ for
which fractional errors less than 20% are obtained. Other than k£ the
parameters of Fig. 2B were used in the computations.

TROSY CEST profiles are relatively insensitive to kK for values
less than ~40 s~! and greater than ~1,000 s™\. By contrast, the
profiles change significantly as a function of k< over the range of
values considered, 0-30 s™ (Fig. 1B, Right). That such large
values of K can be measured reflects the fact that the observed
signal derives from ground-state correlations. By contrast, as k¢
increases significantly the overall sensitivity of the experiment
becomes adversely affected, as is the case in any amide-detection
experiment as exchange rates with water become large.

A further set of simulations was performed to establish the
range of k¥ values that can be optimally detected with this
technique, Fig. 2 B-D, assuming k., = 120 s, pr = 5% (see
figure legend for additional details). Fig. 2B plots a superposition
of "N TROSY CEST profiles simulated for values of k* ranging
from 1T104 2 T;I The dlrectlons of the arrows at the frequencies
wE = wA (orange), wiR(green), and wi TR (black) indicate
how the 1nten51t1es of the correspondlng dlpS centered at these
positions vary as a function of increasing k=, with intensity vs. k*
plotted in the inset. It is clear that the methodology is maximally
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sensitive to k” values that are centered at ~100 s™'. To quantify
this further we have calculated

_—[feest (v, 4" +€) = fersr (v, ¢F —¢) ZN Ffcesr]”
-2 f = | ==
[3]

which provides a measure of the sensitivity of a CEST profile to
the fractional change in k“. In Eq. 3 the summation is over all
>N frequencies, v, in the CEST profile (i.e., each point of the
CEST curve), fegsy(v) is the value of the profile at v, ¢° =
logio(k®) and 2& corresponds to a small increment in ¢”. Fig.
2C plots S vs. k%, with high S values (optimal sensitivity) over
the range 40 s™' < k” < 1,000 s™'. Finally, the fractional error in
extracted kK, AkF /kE, has been calculated as a function of kK,
Fig. 2D. For k” values between 40 and 1,000 s~! (corresponding
to green circles) fractional errors in extracted rates are under
20%. In absolute terms the errors remain relatively small for
k® < 40 s7! so that the distinction between residues that are
protected from exchange with solvent and those that are not
remains clear when exchange rates are rapid, although
quantitative comparison between small k” rates is likely not
feasible. It is worth noting that whereas relative and absolute
measures of error will depend on experimental signal-to-noise
as well as the chemical exchange parameters, further simulations
show that the >N CEST approach remains most sensitive for
values of k¥ between several tens to 1,000 s™%, over a range of
chemical exchange parameters.

An Application to a Protein Folding Reaction. The Fyn SH3 domain
is a small 60-residue module that plays an important role in
protein recognition involved in a range of signaling events (34).
The G48A mutant has been shown previously to interconvert
on the millisecond timescale between a long-lived, highly popu-
lated native state and a transiently formed, sparsely populated
unfolded ensemble, the latter invisible to traditional NMR
experiments (35). Fig. 3 shows >N TROSY CEST traces of four
residues recorded at pH 7.7 and 8.4, where small dips corre-
sponding to the excited state are clearly observed. The expected
approximately fivefold increase in solvent exchange rates in the
excited state from pH 7.7 to 8.4 leads to a pH-dependent change
in the dips derived from the sparsely populated conformer. For
example, at pH 7.7 an anti-TROSY dip is not observed for Leu7
of the excited state; the dip is apparent, however, at pH 8.4, which
reflects the increase in k* and I]%ence the more rapid flux through
the pathway H°N.Y) SHAN EEHPNS . Asp9 and Glull have
profiles similar to that of Leu7; however, the anti-TROSY dips of
Asp9 are larger owing to the approximate factor of two increase
in K for this residue. Notably, Ser52 shows an anti-TROSY dip
already at pH 7.7, whereas at pH 8.4 a “decoupled” dip that
results from rapid exchange is observed.

All TROSY CEST profiles have been fitted using the Bloch—
McConnell equations (36) for a two-spin system exchanging be-
tween a pair of magnetically distinct sites (SI Appendix). Values of
PE;s kex, and Awgs obtained from 1HN-decoupled SN CEST
profiles (31), which are not sensitive to solvent exchange, have
been used as fixed parameters in the analysis. Examples of data
fits are shown in Fig. 3 (solid lines) that are typical for the present
study, and the excellent agreement with experimental data (circles)
is clear.

As described above, values of k"' =k}j_pv + piyr, m € (G,E),
are fitted from CEST profiles that include contributions from
'H cross-relaxation with proximal protons. We have therefore
measured site-specific values for p%,, at pH 5.5, where exchange
with solvent is minimal (SI Appendix). Values of p%, are, on
average, 10- and 50-fold smaller than k” rates at pH 7.7 and 8.4,

Long et al.
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Fig. 3. >N TROSY CEST profiles of selected residues measured at pH 7.7
(blue) and pH 8.4 (magenta). Extracted kE values (s™") for Leu7, Asp9, Glu11,
and Ser52 atpH 7.7and 8.4 are (20 +4,75+6),(35+ 2,146 +8), (14+ 2,62 +
7), and (107 + 6, 507 + 41), respectively.

with p%., expected to be larger than pEy,, so that to excellent
approximation k£ ~kf,_., (SI Appendix, Table S1). In cases where
the effects of cross-relaxation are expected to be larger, they can be
minimized by using highly deuterated proteins, which also has the
benefit of improving the sensitivity of the experiment. Addition-
ally, separation of exchange and dipolar relaxation contributions
can be achieved from analysis of datasets recorded at two or more
pH values, assuming that the structures of the interconverting
states do not change with pH (27). Fig. 44 plots kEJEZEX values at
pH 7.7 that have been scaled by a factor a = 108477

(a KEPE=TTY vs, k) values measured at pH 8.4. The value of a
takes into account the pH dependence of exchange and is in
excellent agreement with the best-fit value of 10%° that mini-
mizes the differences in measured hydrogen exchange rates at
the two pHs. In the analysis of the '’N TROSY CEST profiles we
have fit all residues, irrespective of the magnitude of the Awgs
value. It is clear that for small Awgs values, where the overlap
between ground and excited state dips is extensive, the accuracy of
the extracted K values will be compromised because lineshape
fitting becomes difficult. We were interested in establishing an
approximate minimum Awgg value for which this occurs. In
Fig. 44 kHE—)EX values are color-coded according to Awg and the
outliers correspond to shift differences of less than 1 ppm.
Further, experiment (Fig. 44, blue circles) and simulations (S/
Appendix, Fig. S3) establish that for Awgs > 1 ppm robust
measures of exchange rates are obtained from analysis of CEST
profiles recorded at a static magnetic field strength of 14 T. It is
anticipated that this threshold (1 ppm) will decrease as experi-
ments are recorded at higher magnetic fields. Fig. 4B plots a
KEPHZTT (blue) and k5P (red) as a function of residue for the
excited state, including only residues for which Awgs > 1 ppm.
Similar plots for k§_p.(=k% — p$Gyy) are illustrated in Fig. 4 C
and D as well. Overall, the level of agreement between the two
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Fig. 4. Measuring separate hydrogen exchange rates for the native state
and the unfolded ensemble of the Fyn SH3 domain. (A and C) Comparison of
site-specific hydrogen exchange rates for residues in £ (A) and G (C) at pH 7.7
and 8.4, with a a scaling factor based on the pH difference, a = 10°7. Rates
for residues with |[Awgg| < 1 ppm are denoted using spheres that are colored
from red to blue as |Awgg| increases, as illustrated by the color bar. All data
with [Awgg| > 1 ppm are shown in blue. Pearson correlation coefficients are
shown, calculated for residues with |Awegg| > 1 ppm. (B and D) Comparison of

kf,_GE)fH_7 7 (blue circles) and kE_GE)fH 84 (red circles) as a function of residue.
Only data from residues with |Awgg| > 1 are shown. (E) Mapping of residues
with kgﬂ’EH;s'4 >3s~' (red) on the 3D structure of the Fyn SH3 domain (7) (PDB
ID code 2LP5). Backbone positions of residues Glu15, Glu33, Gly34, and

Asp35 that have large kg'f’:f] rates (>9 s~') but whose cross-peaks disap-

pear at pH 8.4 are also colored in red. Colored in green are those residues for
which kﬁf;ts-“ <3 s7', and gray highlights residues whose rates could not be
quantified or [Awgs| < 1 ppm.

measurements is excellent, with the close similarity between calcu-
lated and predicted a values based on the pH difference be-
tween the two samples pr0v1d1 ing a further cross-validation.
Notably, a kb"ns’7 and k"% deviate somewhat for H21,
K22, and G23 (Flg 4B and SI Appendix, Table S1), which may
reflect the fact that the titration of the sidechain of H21, the lone
histidine residue in the protein, is not complete by pH 7.7, po-
tentially affecting backbone hydrogen exchange rates in the vicinity
of this residue. Fig. 4E shows a ribbon diagram of the structure of
the Fyn SH3 domain highlighting regions that are protected from
exchange based on extracted k_,., values at pH 8.4 (green) and
those that are exposed (red). Interestingly, many residues in the
long RT-Src loop are protected, consistent with a well-defined
structure for the loop that is further confirmed by high backbone
order parameters (37) that report on the amplitudes of motion.

Discussion

The hydrogen exchange method, originally conceived by
Linderstrgm-Lang over 50 y ago, has become popular in protein
science for addressing important questions relating structure
with function and for probing the mechanism of protein folding
(38). Traditional hydrogen exchange measurements often report
bulk exchange rates with solvent that include contributions from
all accessible states of a protein (25). Thus, in the case where the

8824 | www.pnas.org/cgi/doi/10.1073/pnas.1405011111

exchange between states, j, is fast compared with hydrogen ex-
change rates in j, kJH x> kn-Ex = Z ]j w_Ex 1s measured for the
exchange rate, as probed via some property of the native state
(such as peak intensities in NMR or mass in mass spectrometry
studies), where f; is the fractional population of state j. Although
under native conditions the population of the native state
dominates, other more sparsely populated conformers can con-
tribute significantly to ky_gy because they are significantly less
protected from hydrogen exchange. The relative contributions
from each state j can be manipulated via changes to f; through
the addition of denaturants, as is typically done in native-state
hydrogen exchange experiments (24, 38, 39). These measure-
ments have been shown to be powerful for detecting and char-
acterizing folding intermediates and have contributed greatly to
our understanding of the mechanism of protein folding. How-
ever, averages of rates over all accessible states are still obtained
for each condition examined, and it is often difficult to obtain
parameters that report on the specific properties of each of the
interconverting states.

Herein we describe a "N TROSY CEST-based NMR exper-
iment that separates exchange rates from states that can be
distinguished on the basis of differences in chemical shifts. The
advantages of using this type of experiment over a non-TROSY
CEST-based NMR scheme are discussed in SI Appendix, Fig. S4.
By means of example, we consider a G48A Fyn SH3 domain that
exchanges between a folded conformation and an unfolded en-
semble, with the latter too sparsely populated to be detected
by traditional NMR methods. However, because separate °N
chemical shifts can be measured for the native and unfolded
states in CEST experiments, ky_gx values can be obtained on a
site-specific basis for each. It is worth noting that in the case where
a “state” corresponds to an average over multiple conformers that
interconvert rapidly on the NMR chemical shift timescale the
measured ky_gx values would correspond to a weighted average
over exchange rates in the ensemble.

Measured hydrogen exchange rates are often recast in terms of
site-specific protection factors (PF), where PF =kiy /ky_gx and ki,
is the predicted intrinsic exchange rate that takes into account the
primary amino acid sequence and the conditions of the experiment.
A simple hydrogen exchange scheme originally pictured by

Linderstrgm-Lang (21), NH (closed) %NH (open)]&';exchange,

is one occurring via a two-step reaction in which the amide site
undergoes a closed to open transition, with exchange only in the
open state. When the exchange reaction is carried out under con-
ditions such that k,,<<k, and where k;,<<k; the AG for the
opening reaction is given by AG = —RTIn(1/PF), which depends on
both measured ky_gx rates and predicted k;, values (39). The
measured site-specific values of k%_, from the unfolded ensemble
of the G48A Fyn SH3 domain allow us to test predicted k;,, values
and hence provide an independent estimate of the accuracy of lit-
erature AG values from measured hydrogen exchange rates. Fig. 5
compares extracted k% _ values at pH 7.7 with predicted hydrogen
exchange rates of the unfolded G48A Fyn SH3 domain computed
using the program SPHERE (40, 41) (www.fccc.edu/research/labs/
roder/sphere/). The predicted rates have been scaled by a single
multiplicative factor (0.6) to best match experiment and the level of
agreement is reasonably high (R = 0.84). Predicted values (without
scaling) are approximately a factor of two higher than those mea-
sured, corresponding to an error in AG of ~0.4 kcal/mol. Although
the difference could be explained by the fact that there is residual
structure in the unfolded ensemble that provides a small level of
protection from hydrogen exchange, the excellent agreement be-
tween measured chemical shifts and those predicted assuming an
unfolded random coil-like structure (16) argues against this in-
terpretation. It may be that some of the difference results from
compaction of the unfolded Fyn SH3 domain, which leads to
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Fig. 5. Comparison of experimental (blue) and predicted (red) hydrogen
exchange rates for residues of the unfolded ensemble of the G48A Fyn SH3
domain (|Awgg| > 1 ppm). (Inset) Scatter plot of the experimental rates vs.
predicted rates along with the Pearson correlation coefficient. Hydrogen
exchange rates were predicted by the program SPHERE (www.fccc.edu/
research/labs/roder/sphere/), which has an accuracy within about a factor
of 2 for unfolded polypeptides (38, 40, 41). Predicted rates were uniformly
scaled to best match the experimental k£ values.

a small attenuation of exchange rates over what is predicted from
a random coil.

In summary, we have presented a CEST-based NMR approach
for quantifying hydrogen exchange rates in invisible excited protein
states, so long as they have N chemical shifts that are distinct from
the highly populated native state. The predicted exponential scaling
of ky_gx with pH has been observed both for the native and un-
folded ensembles of the Fyn SH3 domain, and a very high level of
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agreement is obtained between hydrogen exchange rates at pH 7.7
and 8.4 when scaled for the pH difference. A series of simulations
shows that the method is most sensitive to k% _j, rates ranging from
~40 s~ to 1,000 s and as with other CEST experiments for k,,
between ~50-500 s~' (16, 31). Notably, the approach provides an
avenue for obtaining pure measures of hydrogen exchange rather
than bulk rates that are typically recorded in most experiments. It
is anticipated that the methodology will be particularly useful in
studies of excursions from native-state conformations that often
involve formation of transient, partially folded states (7, 14). As
such it is a valuable addition to the toolbox of NMR experiments
for studying sparsely populated protein conformers whether they
be involved in protein folding or in other important biological
processes.

Materials and Methods

">N-labeled G48A Gallus gallus Fyn SH3 domain was expressed and purified
as described before (16). The NMR sample comprised ~1.5 mM protein dis-
solved in 50 mM sodium phosphate, 0.2 mM EDTA, and 10% D,0/90% H,O
(volvol). To measure pH-dependent changes of hydrogen exchange rates
the pH of the NMR sample was adjusted to either 5.65, 7.65, or 8.38 by
buffer exchange, with the same salt concentrations in each case. Experi-
mental details and analysis of CEST profiles (including relevant equations)
are provided in S/ Appendix. The software used for data analysis is available
from the authors upon request.
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