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Abstract Chemical Exchange Saturation Transfer (CEST)
is an MRI approach that can indirectly detect exchange
broadened protons that are invisible in traditional NMR
spectra. We modified the CEST pulse sequence for use on
high-resolution spectrometers and developed a quantitative
approach for measuring exchange rates based upon CEST
spectra. This new methodology was applied to the rapidly
exchanging Hol and He2 protons of His57 in the catalytic
triad of bovine chymotrypsinogen-A (bCT-A). CEST
enabled observation of He2 at neutral pH values, and also
allowed measurement of solvent exchange rates for His57-
Hé1 and His57-He2 across a wide pH range (3—10). Ho1
exchange was only dependent upon the charge state of the
His57 (kexams = 470 57", keyam = 50 s'), while He2
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exchange was found to be catalyzed by hydroxide ion and
phosphate base (kog- = 1.7 x 10" M~' 57", kppoz- =
1.7 x 10° M~" s71), reflecting its greater exposure to solute
catalysts. Concomitant with the disappearance of the He2
signal as the pH was increased above its pK,, was the
appearance of a novel signal (6 = 12 ppm), which we
assigned to Hy of the nearby Ser195 nucleophile, that is
hydrogen bonded to Ne2 of neutral His57. The chemical shift
of Hy is about 7 ppm downfield from a typical hydroxyl
proton, suggesting a highly polarized O—Hy bond. The sig-
nificant alkoxide character of Oy indicates that Ser195 is
preactivated for nucleophilic attack before substrate binding.
CEST should be generally useful for mechanistic investi-
gations of many enzymes with labile protons involved in
active site chemistry.

Keywords Catalytic triad - CEST - Chemical exchange -
Saturation transfer - Chymotrypsinogen - Fast exchange -
Serine protease

Introduction

Fast exchanging protons are associated with many func-
tional groups found in biological systems and are often
found in the most chemically active and interesting regions
of enzymes. One important example is a group of
exchanging protons in the catalytic triad of the S1 family of
serine proteases (MEROPS nomenclature; Rawlings and
Barrett 2010; Fig. 1a). The S1 family of serine proteases
includes some of the most well-known serine proteases,
such as chymotrypsin, trypsin, thrombin, neuropsin, and
alpha-lytic endopeptidase. These proteases are character-
ized by the use of a common catalytic triad consisting of an
aspartic acid, a histidine and a serine (Asp102, His57, and
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Fig. 1 The catalytic triad of
chymotrypsin/ogen and its role
in peptide bond hydrolysis.

a The catalytic triad interactions
in free chymotrypsinogen at pH
values below (left) and above
(right) the pK, of His57-He2.
The triad consists of a hydrogen
bond network that connects the
nucleophilic serine, His57 and
Aspl102. Im+ and Im refer to
the imidazolium and imidazole
protonation states of His57,
respectively. Established
hydrogen bonds in the free and
acidic and neutral enzyme are
indicated by dashed lines.

b Proposed catalytic mechanism
for S1 family peptidyl
hydrolases. In this diagram, the
scissile peptide bond connects
the nth amino acid (AA,), to the
n + 1’th amino acid (AA,, ; 1)

Ser195 as found in chymotrypsinogen), that function
cooperatively to help accelerate peptide bond cleavage by
10'%-fold over the non-enzymatic rate (see recent and
historical reviews; Kraut 1977; Hedstrom 2002; Polgar
2005). Although the roles of S1 serine proteases are
diverse, including digestion, signaling pathways (Dery
et al. 1998), immune response (Heutinck et al. 2010), and
neuronal health (Yoshida and Shiosaka 1999), their com-
mon catalytic triad is exemplified by the widely charac-
terized enzyme chymotrypsin, and its zymogen precursor,
chymotrpysinogen.

Both the His57-He2 and Ser195-Hy protons of chymo-
trypsin play central roles at multiple steps in peptide bond
cleavage (Fig. 1b; for a mechanistic review see Hedstrom
2002), but their detection and characterization in solution
has been difficult or impossible due to their rapid exchange
rates with water protons. In the resting enzyme, previous
NMR studies using an acyl-enzyme analogue (Robillard
and Shulman 1974a) or SN labeled His57 (Bachovchin
1986) have concluded that Hy participates in a hydrogen
bond with Ne&2 of neutral His57. Upon binding of the
peptide substrate, Hy is transferred to Ne2 resulting in an
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imidazolium ion that is stabilized by a charged hydrogen
bond between His57-Hol and Aspl102. The shared Hol
proton is notable because of its extremely deshielded NMR
shift (~ 18 ppm; Robillard and Shulman 1972, 1974a, b;
Liang and Abeles 1987). The charged state of the triad can
be observed in the free state of the enzyme (or in chymo-
trypsinogen) by lowering the pH, which results in the same
highly deshielded proton resonance attributed to Hol
(Robillard and Shulman 1972; Liang and Abeles 1987;
Markley and Westler 1996). Ser195-Hy proton transfer also
produces the essential nucleophilic alkoxide on Ser195-Oy
that attacks the carbonyl center of the peptide linkage to
form the first tetrahedral intermediate. Nucleophilic attack
by a catalytic serine is the mechanistic feature that char-
acterizes all serine proteases.

During the subsequent steps of catalysis, His57-He2 is
directly involved in three acid-base steps: (1) an acid
catalysis step involving transfer of He2 to the amine
leaving group nitrogen of the peptide, forming the acyl-
enzyme intermediate, (2) a base catalysis step involving
removal of a proton from the attacking water molecule by
Ne2, forming the second tetrahedral intermediate, and
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finally (3) transfer of He2 to Ser195-Oy to regenerate the
resting enzyme. The highly dynamic nature of the He2 and
Hy protons, and their rapid exchange with solvent, create
an important challenge for their observation in solution by
NMR methods. However, their central roles in multiple
steps of catalysis make such efforts highly desirable.

NMR is an important method that has contributed to our
understanding of the catalytic triad. However, proton NMR
studies have largely been limited to the study of the His57-
Ho1 proton because of its shielding from solvent and/or its
involvement in a shared hydrogen bond with Asp102. (For
a summary of NMR studies of the triad, the reader is
referred to a review by Bachovchin (Bachovchin 2001)).
Chemical exchange saturation transfer (CEST) is a rela-
tively new MRI methodology that detects exchange line
broadened protons indirectly through the water resonance
with enhanced sensitivity (van Zijl and Yadav 2011; Aime
et al. 2009; Goffeney et al. 2001; Sherry and Woods 2008;
Ward et al. 2000). Accordingly, CEST provides a poten-
tially useful method for the observation of rapidly
exchanging amide and hydroxyl protons (Goffeney et al.
2001; McMabhon et al. 2006; McMahon et al. 2008) such as
His57-He2 and Ser195-Hy, and for the characterization of
their physical properties that relate to efficient catalysis.
Here we show how CEST enables NMR detection of
His57-He2 in pH regions where previous methods have
failed due to rapid solvent exchange, and also how CEST
can be used to measure the pH dependence of the exchange
rates for both His57-He2 and His57-Ho1. Using CEST, we
also observed for the first time the Hy proton of Ser195 at
neutral and basic pH values. This proton is highly de-
shielded in the resting enzyme at this pH range due to its
hydrogen bond with His57-Ne2, indicating that the Ser195-
Oy is alkoxide-like and preactivated for nucleophilic attack
in the free enzyme. CEST should prove to be a generally
useful NMR method for elucidating the properties of rap-
idly exchanging protons in protein and nucleic acid
macromolecules.

Theory and models
General CEST theory

The premise of CEST is based on the principle of mag-
netization saturation transfer. That is, if a proton located at
chemical site A is exchanging with water, then saturation
of its magnetization will lead to a decrease in the water
signal intensity if site A transfers its saturation to bulk
water through a chemical exchange process (Forsén and
Hoffman 1963). In this case, site A can be detected indi-
rectly through the water signal. What makes CEST truly
unique is this observation of water protons rather than the

exchanging proton. Observing water protons provides two
key advantages. The first advantage is that detecting water
obviates the exchange line broadening problem because
water protons are in large excess (55.5 M) compared to
biomolecular protons (~1 mM) and this excess prevents
line broadening of the water signal even when the bio-
molecular proton is exchange line broadened beyond
detection. The second advantage is that a single exchang-
ing site can donate many saturated protons to the water
pool during the saturation pulse (~ 1-12 s). Since such a
site will contribute saturated protons to water according to
its exchange rate, CEST becomes a powerful signal
amplifier. Signal enhancements between 200 and 900 fold
per chemical site are not uncommon for NH backbone
protons (Goffeney et al. 2001; McMahon et al. 2006;
McMabhon et al. 2008).

The CEST experiment is performed by sweeping the
frequency domain with a narrow-band (selective) satura-
tion pulse and recording the resulting water signal intensity
at each saturation frequency. The water signal intensity,
symbolized by S, is then plotted as a function of satura-
tion frequency, f(v), producing what is typically called a
“Z-spectrum” (Grad and Bryant 1990; Bryant 1996).
Signal intensity in the Z-spectrum is usually normalized by
the full water signal value, S,, which is determined from
measuring the water signal intensity from a far off-reso-
nance saturation pulse or an experiment collected without a
saturation pulse. An elegant refinement of the CEST
method (Frequency-Labeled EXchange spectroscopy or
FLEX) does not require sweeping of the frequency domain
but the work presented here was collected before this more
recent development (Friedman et al. 2010).

Cases where the Z-spectral signal, S, is less than unity
may indicate the presence of protons that exchange suffi-
ciently fast or are in high enough concentration to affect
the water proton signal. In order to convert the signal
reduction to a more intuitive positive signal display, the
magnetization transfer ratio (MTR), defined as,

MTR =1 — s (1)
SO

is often used. Positive signals in the MTR spectrum may
result from (1) direct saturation of water, which occurs
when the frequency of the saturation pulse matches the
water frequency at any point within the water lineshape, (2)
the presence of an exchanging proton (both directly or
indirectly through proton relay pathways) resonating at the
corresponding saturation frequency, (3) or NOE effects that
are exchange-relayed to the solvent through nearby OH,
NH,, NH or other exchanging groups (Ling et al. 2008; van
Zijl and Yadav 2011).

Because the Z-spectrum signal intensity is a function of
both the exchange rate and the duration of the exchange
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experiment (saturation time), CEST can also be used to
measure the exchange rates of exchanging protons.
Numerical and analytic solutions to the Bloch equations
describing a CEST experiment have been solved (Zhou
et al. 2004). In a technique called QUEST (QUantifying
Exchange rates using Saturation Times), the water signal
intensity at a specific saturation frequency is collected as a
function of saturation time. For very rapidly exchanging
protons, the analytical solutions do not apply and the signal
intensities need to be fit with numerical solutions to the
Bloch equations to allow extraction of the exchange rate
(McMabhon et al. 2006).

CEST spectral profile analysis (CSPA) as applied
to the catalytic triad of bovine chymotrypsinogen-A
(bCT-A)

We developed a new analytical method for measuring
exchange rates, CEST spectrum profile analysis (CSPA),
which employs fitting an entire CEST spectrum at one
saturation time to the numerical solution of the Bloch
equations for the chemical system under study. This
contrasts significantly with the QUEST approach, which
fits only the signal at one spectral frequency across
multiple saturation times. A clear advantage of CSPA is
that multiple signals in a spectrum may contain infor-
mation on the same exchange rate. For instance, the
exchange rate of His57-He2 with water affects both the
His57-Hol and the His57-He2 signals (discussed further
below), providing robust constraints for global analysis of
the system.

One limitation of any type of multi-rate fitting is that the
quality of the fit and the robustness of the measured
parameters depend on the number of exchange processes
assumed to participate, and the sensitivity of the data to the
exchange model parameters. A Z-spectrum will be mod-
eled most simply (least number of fitted exchange rate
constants) by assuming a single direct exchange pathway to
water for each observed signal and no inter-proton
exchange terms. Known additional exchange processes that
occur before reaching water (e.g. exchange-relay path-
ways) may intentionally be removed from the CSPA model
if their effect on the Z-spectrum is too minor to robustly fit
the additional exchange parameters. For example, simula-
tions as well as experimental observations herein (Ser195-
Hy section below) reveal that a relay involving a slow
transfer step to another site that is in rapid exchange with
solvent is indistinguishable in a Z-spectrum from the direct
exchange pathway. Applying Ocaam’s razor to this case,
only direct exchange terms would be included in the model
and the effect of the exchange relay pathways would be
hidden in the single exchange rate assumed. In this case,
exchange rate should be seen as an apparent direct rate.

@ Springer

In the present application, previous knowledge of the
catalytic triad aides in identifying exchange intermediates
and identifying conditions under which exchange terms can
be reduced. The three protons His57-He2, His57-Hol, and
Ser195-Hy, are divided into two exchange systems that we
refer to as “HJ1” and “He2/Hy” (Fig. 2). Each exchange
system contains direct exchange terms as well as pathways
involving exchange intermediates. The HJ1 exchange
system takes into account the two distinct chemical shifts
for Hol depending on the protonation state of His57 (Im+
and Im in Fig. 1a). The He2/Hy exchange system includes
exchange of He2 and Hy with water, as well as possible
proton exchange between the He2 and Hy sites. The divi-
sion into two exchange systems simplifies the Bloch
equations used to model the three proton exchange system
and removes the mathematical need to include biologically
needless parameters (such as a term for exchange between
Hol and He2). Starting from this model, three more sim-
plifications can be made.

First, a reduction in exchange parameters is made by
observing that there exists an important exchange link
between the two systems. The relative populations and
chemical shift averaging of Hdl-Im+4 and Hol-Im is
controlled by the exchange events of He2. The connection

Hd1 Exchange System

Ho1-Im+

water solution

He2 and Hy Exchange System
ke

water solution

Fig. 2 The two system exchange model for His57-Hy, His57-He2,
and Ser195-Hy. Exchange between Hol-Im+ and HJ1-Im is repre-
sented by a dashed arrow to reflect that this reaction is not a proton
transfer reaction. The exchange events are represented schematically
and not by balanced chemical equations in order to avoid complex-
ities from numerating pathways that CEST cannot distinguish. For
example, kg, exchange from He2 to Hy, represents any direct pathway
in which He2 becomes an Hy proton attached to Oy of Ser195. This
includes the possibility of exchange to the alkoxide Oy~ forming OHy
as well as exchange to OHy forming the transitory OHHy™
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between He2 exchange and the charged state of His57-Hol
can clearly be seen in Fig. la. The net exchange rate of a
proton from the His57-He2 site to an acceptor, k¢ + kq4,
controls the rate at which Hol1-Im+ converts to Ho1-Im.
Similarly, the net exchange rate of a proton from a proton
donor to the His57-He2 site, k_, 4+ k_g, controls the rate at
which Ho1-Im converts to H1-Im+. The rate constants k3
and k_5 can therefore be defined explicitly in terms of the
exchange rate constants describing the formation and decay
of His57-He2 (Eqgs. 2 and 3).

ks = kg + k¢ (2)
k 3=k 4+kg (3)

Second, the known pK, for the system provides a means
of reducing the number of exchange rate parameters by
identifying pH values for which certain parameters are
unnecessary. For pH values much smaller than the pK, of
His57-He2, exchange terms associated with protons in the
imidazole state (e.g. k, and k3) can be set to O during
the fitting routine, while for pH values much larger than the
pK, the exchange terms associated with protons in the
imidazolium state (e.g. ki, k3, k4, k¢) can be set to 0.
Therefore only for pH values where pH ~ pK, do all the
terms need to be included.

The third method of reducing the number of fitted
exchange rate constants comes from observing that a
reverse exchange rate can be calculated from the corre-
sponding forward exchange rate and equilibrium ratio
according (Eq. 4).

X] ()

k—i:m i

For k_y, k_», k_4, and k_s, Y represents the water proton
concentration (110 M) and X represents the concentration
of Hol-Im+, Hé1-Im, He2, and Hy respectively. For k_g,
X represent He2 and Y represents Hy. Note that to use
Eq. 4, the protein concentration as well as the pK, of the
system must be known a priori in order to determine the
concentration of the exchanging protons.

Generally, CSPA measured exchange rate constants can
be directly compared to exchange rates measured by NMR
linewidth analysis and QUEST. However, CSPA is unique
from the NMR linewidth and QUEST approaches in that it
relies on a global model for measuring exchange rates.
Care must be taken when comparing exchange rate mea-
surements of signal averaged protons, as is the case with
His57-Ho1. In traditional NMR spectra, the chemical
exchange rate between Ho1-Im+ and Ho1-Im (k3 and k_s,
Fig. 2) is rapid enough to result in signal averaging. The
NMR linewidth measurement of the single Hol signal
reflects a combination of both k; and k, and is not directly
comparable to the isolated k; or k, as measured by CSPA.
Similarly, if Hé1-Im+ and Hé1-Im are signal averaged in a

Z-spectrum (k3 and k_5 are faster than the saturation and
transfer rate), then QUEST will measure a single exchange
rate that is a combination of the k; and k, exchange terms.
This comparison problem can be solved by combining the
CSPA measured k; and k, terms into a population-weighted
average exchange rate constant, kys; (Eq. 5).

_ ki(pH) * [His57(Im+)] + ka(pH) * [His57(Im)]

kot (PH) His57]

(5)

Like k; and k,, ks, is a first order rate constant with units
of s~ and reflects the inverse average lifetime of HJl
regardless of the charged state of His57. Note that the use
of Eq. 5 does not assume pH independence for k;, k,, or

kis1-

Results and discussion
CEST NMR method applied to bCT-A

Our selection of bCT-A for study was based on the abun-
dance of data available for this protein and that the cata-
lytic triad of bCT-A has been shown to be structurally
(Freer et al. 1970; Wang et al. 1985) and functionally
(Morgan et al. 1972; Lonsdale-Eccles et al. 1978; Kerr
et al. 1975) identical to the active serine protease chymo-
trypsin. In addition, previous '"H-NMR studies of bCT-A at
acidic and basic pH values have provided useful mecha-
nistic insights into the catalytic triad at different stages of
catalysis (Markley and Westler 1996; Robillard and Shul-
man 1972, 1974a, b; Liang and Abeles 1987). Under acidic
conditions, when His57 is in the imidazolium state, the
observed interactions are considered to reflect those in the
triad during the steps of catalysis when His57 is in the
imidazolium form (Fig. 1). Under basic conditions, when
His57 is in the imidazole state, the observed interactions
are considered to reflect the triad at the very start of
catalysis, after the substrate has bound, but before the
substrate has been attacked by the serine nucleophile.
Given the important mechanistic content of pH dependent
spectra, we performed CEST experiments over the pH
range 3-10 and extracted the exchange rates of the
observed protons using CSPA, and for validation, the more
standard method QUEST.

Acquiring and processing CEST Z-spectra of bCT-A

Initial NMR experiments on chymotrypsinogen using a
standard CEST pulse sequence (Fig. S1, Supplementary
Material) yielded a noisy Z-spectrum (Fig. S1, Supple-
mentary Materials). The free induction decay of the water
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signal in these experiments showed typical signs of radia-
tion damping effects which persisted with both simple
excite-detect and spin-echo detection CEST pulse sequen-
ces. Radiation damping was therefore hypothesized to be
the cause of the noisy Z-spectrum and we therefore mod-
ified the CEST pulse sequence to include gradient echo

(@) TE/2 TE/2
—————>5> Ee————>
90 180
saturation
H t I
Gi
G1+G2

20 °C

No Gradients

n He2
~ -
(4p]
04 4 S T T T
1 20 18 15 13 10
-1 N B B L e
] 20 18 15 13 10
0.2
0-0 Illlllllllllllllllllllll|""|IIII|IIII|
25 20 15 10 5 0 -5 -10 -15

saturation frequency (ppm)

Fig. 3 Collection of Z-spectra. a CEST pulse sequence with gradient
echo detection. Note that time and intensity ratios are not to scale, the
sequence is only for schematic explanation. A weak and long
saturation pulse (usually 2-5 pT, 1-10 s) follows the scan predelay
t1. High powered pulses are indicated by tall vertical bars with flip
angles written above the bars in degrees. The receiver is opened
immediately at the start of G3. For all experiments: all gradients along
z-direction, Gl = (1 ms, 19 G/cm), G2 = (1 ms, —4 G/cm),
G3 =2 ms, 4 G/cm), TE/2 =2 ms, acquisition time = 2 ms,
SW = 100,000 Hz. b Z-spectrum of chymotrypsinogen-A collected
using the pulse sequence from a. Detectable peaks can be identified in
the region of interest (downfield insert). The same sample produced
no detectable signals when using a traditional CEST pulse sequence
without readout gradients (upfield insert). The two inserts are
displayed at identical scales. Sample: 2 mM chymotrypsinogen-A,
pH 5.5, 20°C, unbuffered solution (see Experimental). Collection:
saturation pulse = 2.3 uT (100 Hz), 10 s, t1 = 20 s, collected as f(v),
one transient per point, collected at 100 Hz intervals, 201 total points
with one transient per point, experimental time = 104 min

@ Springer

readout (Fig. 3a). The sequence consists of a crusher de-
phase-rephase gradient pair (G1), a readout gradient (G3),
and a pre-acquisition de-phase gradient (G2). The readout
gradient effectively removes radiation damping by atten-
uating the water signal throughout the echo except for the
brief time period across the top of the echo. The G1 crusher
pair removes radiation damping during the echo time TE.
A simple excite-detect sequence can also be used, as long
as it is in combination with readout gradients. However, in
order to have the water signal in phase, we recommend a
short spin echo with gradient coherence selection and
gradient echo detection.

The gradient echo modification allowed collection of a
smooth Z-spectrum, with the observation of two previously
assigned peaks of bCT-A belonging to His57-He2 and
His57-Hol at 13 and 18 ppm, respectively (Markley and
Westler 1996; Fig. 3b). The largest peak in the Z-spectrum
(~5 ppm) is from direct saturation of water, and the sec-
ond largest peak (~8 ppm) results primarily from a large
number of rapidly exchanging NH backbone protons. Some
signals found upfield from water are attributed to
exchange-relayed NOEs. Notably, the Z-spectrum in
Fig. 3b was collected at pH 5.5 and 20°C, which is the
highest reported temperature/pH combination at which He2
has been detected by NMR spectroscopy. A key require-
ment for the acquisition of high quality CEST spectra is to
optimize the saturation power and time to maximize the
signals of interest under the given experimental conditions.
In the experiment shown in Fig. 3b, our compromise was a
modest saturation power (3.5 uT, 110 Hz) that emphasized
resolution of the He2 signal from the backbone NH signals.
At higher saturation powers the direct saturation linewidth
broadens, which may (partially) obscure the CEST effects.

After collecting raw Z-spectra, a method for isolating
the Hol and He2 signal was needed. To do this, baseline
fitting was used to estimate MTR (Eq. 1) from sources
other than Ho1 and He2 exchange; (1) direct saturation of
water, (2) other exchanging protons (such as NH backbone
protons), and (3) NOEs. To determine the baseline,
Z-spectrum data points were first assigned as ‘baseline’ or
‘signal’ by a custom-written peak detection algorithm
(available upon request). An artificial baseline was then fit
to the baseline assigned points (Fig. 4a). All Z-spectrum
points were subtracted from the constructed baseline,
forming a new MTR spectrum with positive peaks
(Fig. 4b). The MTR spectrum resulting from this method of
baseline correction is referred to as the MTRy,. spectrum
and is reported here in percent.

MTRy. (%) = (baseline - S£> x 100 (6)

o

In order to sample the range of possible MTRy,. spectra
that were compatible with the data, several different
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Fig. 4 Baseline fitting of a Z-spectrum to create an MTR, spectrum.
Baseline fits were used to isolate the peaks of interest. a An example
baseline, polynomial order 6 (p6), is shown (dashed line) together
with the downfield region of the Z-spectrum. b The MTRy,. spectrum
formed by subtracting the Z-spectrum in a from the p6 baseline.
Sample: 1.22 mM bCT-A, pH 5.5, 4°C, buffered solution (see
Experimental). Collection: saturation pulse = 3.5 pT (150 Hz), 6 s,
t1 = 18 s, collected as f(v), collected at 75 Hz intervals, 67 total
points were collected with one transient per point, total collection
time = 27 min. Notice that the signal measured is close to 1% of the
water signal, corresponding to about 1 M concentration and thus a
signal enhancement by a factor of about 80

baselines were fit to each Z-spectrum, generating nine to
ten MTRy, spectra per Z-spectrum. These baselines were
constructed by using manual assignments (guided by the
algorithm assignments) for the Z-spectrum data points to
‘baseline’ or ‘signal’ and various functions to create the
baseline. Because the baseline fitting process is generally
the greatest source of error when observing such broad
signals, the nine to ten MTRy. spectra were used in error
analysis. Unless stated otherwise, reported errors reflect the
full range of values observed from analysis of the multiple
MTR,,. spectra created for each Z-spectrum. Multiple
baseline fitting was not used for QUEST data owing to the
size of the data set. Further details can be found in the
Methods and materials section.

pH dependent CEST spectra of bCT-A

Using the modified pulse sequence and baseline fitting,
MTRy,. spectra of the downfield region (10-20 ppm) of
bCT-A were collected at 15 pH values over the range pH
3-10. An exchange rate analysis by CSPA was performed
on each spectrum using the two-system exchange model
shown in Fig. 2. The resulting fits (Fig. Sa, red curves) can
be compared to the observed MTRy,. spectra (Fig. Sa, black
curves). For control comparisons with the new CSPA
approach, standard QUEST exchange rate measurements

were taken at pH values 3.4, 5.5, and twice at pH 8.1 (an
example of QUEST using pH 3.4 is shown in Fig. S2,
Supplementary Material). A table summarizing the mea-
sured exchange rates from both methods is provided in
Supplementary Material (Table S1). Assignments, dis-
cussed below, are as follows, His57-Hdé1 (15-18 ppm),
Ser195-He2 (13 ppm, pH < ~7.0), and Ser195-Hy
(12 ppm, pH > ~7.0).

When visually interpreting the CEST spectra in Fig. Sa,
it should be stressed that the origin of peak intensities and
linewidths in CEST-spectra is very different from normal
NMR spectra. First, the peak intensities are affected by the
exchange rates of proton transfer to water such that
increased signal intensities generally correspond to
increased exchange rates. For example, in Fig. 5a, the
constant peak intensity of His57-Hol for pH < 7.0, sug-
gests a constant exchange rate while the decrease in the
peak signal intensity above pH 7.0 suggests a likely
decrease in the exchange rate. Similarly, the rapid increase
in the peak intensity of He2 between pH 3-5.5, suggests an
increase in the He2 exchange rate.

Second, the linewidths of signals in a saturation spectra
generally do not depend on the direct proton exchange
rate to water but primarily on the power of the saturation
field (B1), as well as the saturation time duration (tsat),
and the 7, and T, of water and the exchanging proton;
(Mulkern and Williams 1993). Although the effect of
exchange on a signal’s linewidth is generally masked by
the contribution from the B1 field, as exchange rates keep
increasing their effects on the linewidth will become
apparent. More powerful B1 fields result in broader
linewidths and a faster exchange rate is needed to show
any significant effect. Computer simulations reveal that
for Bl = 2.6 uT and tsat = 6 s (parameters for most of
the spectra shown here), the tipping point to see exchange
effects is k ~ 1,000 s~!, with strong sensitivity to
k firmly established by 2,500 s~'. The linewidth of peaks
with k£ < 1,000 s7! is simulated to be between 250 and
350 Hz. In Fig. 5a, for example, the increasing signal
intensity of Hé1 from pH 3-6, suggests an increasing
exchange rate, but the similar linewidth of the peak for
pH 3-5 suggests the exchange rate of He2 is less than
1,000 s~' at these pH values. These qualitative observa-
tions will be validated with the quantitative analysis
below. Unlike direct exchange, exchange involving proton
relay pathways can have a significant effect on the line-
width of signals in saturation spectra. Line broadening,
peak shifting, and chemical shift averaging can all occur
in saturation spectra as a result of inter-proton exchange.
These effects are not limited by the direct exchange vis-
ibility tipping point, but are certainly affected by the
significant role B1 plays in determining overall peak
shape.
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The following results and discussion of the spectra and
exchange rate data are divided into three sections based upon the
three observed protons, His57-Ho1, His57-He2, and Ser195-Hy.
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« Fig. 5 a pH titration of MTRy, spectra for chymotrypsinogen-A

(black) and the CSPA analysis fits (red). Each MTR,,. spectrum and
CSPA analysis fit shown is the average of the ten MTR,, spectra
processed for each pH value and the averaged corresponding fit. The
asterisk indicates that the pH 5.5 spectrum was collected at 3.5 uT
(150 Hz) power as opposed to 2.6 pT (110 Hz) for all other spectra
shown. b Chemical shift titration curves of observed signals in the
MTRy, spectra. The chemical shifts shown at each pH are the average
measured chemical shifts from the multiple MTRy,. spectra at each
pH. Hol chemical shift data were fit using the Henderson—
Hasselbalch equation in order to measure the pKa of His57 (black
curve). ¢ Hol exchange rate constant, kys,, measured by QUEST
(triangles) and CSPA (circles and bars). The circles represent the
median exchange rate value measured by CSPA, while the bars
represent the spread of observed values from the multiple MTRy,
spectra. Exchange rates measured by the two methods were combined
to fit the pK,, k1, and k, (held as constants) using Eq. 5 (black curve)

His57-Hol

Valuable internal controls to validate the CEST method-
ology were provided by the previously assigned NMR
signals for His57-HJ1 at low and high pH values, and the
known pH dependence of the chemical shift for this reso-
nance. CEST easily detected the His57-Ho1 signal of bCT-
A over a broad pH range (pH 3-10, Fig. 5a), and the pH
dependence of its chemical shift yielded a pK, = 7.6 + 0.1
that is in excellent agreement with literature values under
similar conditions (Fig. 5b; Robillard and Shulman 1974a;
Markley and Ibanez 1978). The limiting chemical shifts of
Ho1 in the low and high pH regimes (18 and 15 ppm,
respectively) also agree well with literature reports. Based
on these comparisons, we concluded that the CEST
experiment was yielding reliable NMR data on the catalytic
triad of the bCT-A sample.

We were then interested in using CSPA to interrogate
the pH dependence of the solvent exchange rate of Hdl.
The solvent exchange rate provides valuable information
on the accessibility of H1 to solutes, its chemical envi-
ronment, and the dynamics of its hydrogen bond with
Aspl102 (Fig. 1a). Before undertaking the analysis we
noted that Ho1l is observed as a single peak at all pH values
in Fig. 5a, and Eq. 5 can be used to calculate an average
observed exchange rate at each pH value, kys.

The exchange rate measurements of Hél using CSPA
reveal thatexchange is not catalyzed by hydroxide ion over the
entire pH range investigated (pH 3-10). Instead, it is solely
controlled by the charged state of His57 (Fig. 5c). In addition,
control experiments established that exchange of Hd1 is not
catalyzed by phosphate buffer (Fig. S4). As such, the pH
dependence of ks, was fit to Eq. 5 by holding &, and k, as pH
independent constants (Fig. Sc, black curve). At pH values
below the pK, of He2, k5, was constant with a limiting value
corresponding to k; = 500 + 40 s~' (Table 1). As the pH
approaches the pK, of He2, kys; decreases in a sigmoidal
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Table 1 Rate constants for His57-Hd1 and His57-Hg2 exchange
catalyzed by water, phosphate dianion, and hydroxide ion (4°C)

His57-Ho1
ky (s7h) 500 + 40°
ky (s7h 50 + 80
pK. 74+ 04

His57-He2
ko (571 100 + 75
logokon- (s ") 1023 + 28°
log okypoz- (57 6.22 + 78°

4 Ranges represent the 95% confidence intervals calculated for fitted
parameters

°® The log;q values for kog- and kHPO%’ were used to fit the data, and
are therefore reported as such here

fashion with a pK,,, = 7.4 £ 0.4 that mirrors the pK, of He2
measured from the pH dependence of the H1 chemical shift
(Fig. 5b). AtpH values above the pK, of He2 the observed rate
(kus1) approaches a limiting value corresponding to
k, = 50 £ 80 s~ '. It should be noted that the reduced signal
intensity of HO1 in Fig. 5a at high pH values is not due to
exchange line broadening, but instead, is due to the adverse
effect of the reduced exchange on the signal amplification
component of CEST. We conclude that the pH dependence of
kys1 i1s most simply accounted for by the titration of He2
(pK, = 7.6), resulting in a more acidic and labile Ho1 proton
at low pH values.

The absence of kinetic terms for specific base catalysis
in the pH dependence for Hol exchange differs signifi-
cantly from the exchange behavior of free imidazole
(pK, ~ 14) and imidazolium (pK, ~ 7). The observed
exchange rate at pH 9 (kys; = 50 s7h, is nearly 1,000-fold
less than the expected rate for diffusion controlled proton
abstraction from free imidazole by hydroxide ion,
kex ~ kop- x [OHT] = 4.5 x 10* s7! (with kog- = 2.3 x
10'° (Eigen et al. 1960) and pK, = 14.7"). This large
protection is most likely due to a rate-limiting conforma-
tional transition that is required to allow access of
hydroxide ion to HO1. Less likely is the possibility that the
pK, of Hol-Im is significantly higher than free imidazole,
such that proton transfer to hydroxide ion (pK, ~ 15.7)
has become thermodynamically unfavorable.

A quite different mechanistic picture emerges from the
observed kys; = 500 s~! at low pH values, which reflects
proton transfer from the Im™* form of His57-Hé1 to water.
This more rapid Hol exchange rate is only 10-fold less
than the expected rate for thermodynamically unfavorable
proton transfer from Ne2-methylhistidine (pK, = 6.1,

' pK, is an estimated value at 4°C as described in “Materials and
methods”.

(Markley and Westler 1996)) to water (kex ~ 4,000 s~ '2).
The decreased protection of Ho1l to abstraction by water as
compared to hydroxide ion may indicate that the suggested
conformational transition is pH dependent and becomes
more facile at low pH values. More likely, water may have
a pathway for accessing this relatively sequestered and
nonpolar site that may not be available to an anionic solute
such as hydroxide. This view is supported by structural
studies that reveal a largely solvated catalytic triad with
Ho1l more sequestered than He2 (Freer et al. 1970; Wang
et al. 1985). The increased solvent exposure of He2 is
confirmed by its greater susceptibility to solute catalysts as
described in the section below.

The exchange rates for Ho1 determined from CEST
measurements are generally smaller than previously mea-
sured exchange rates obtained using NMR linewidth
measurements. Although the comparisons are constrained
by the fact that previous measurements were made at only a
few pH values and at the lower temperature of 1°C
(Markley and Westler 1996), both k; = 500 s! and
k, = 50 s~ are smaller than the previously reported values
of 950 s~' (pH 3.5), and 3,520 s~ (pH 9.0). The exchange
rates at lower pH values may not be in significant dis-
crepancy, however the large discrepancies at high pH
values support an earlier interpretation that attributed pH
dependent line broadening to an increase in relaxation rate
1/T,, arising from protein aggregation or pH dependent
conformational dynamics (Markley and Ibanez 1978; Tung
and Steiner 1974).

The linewidth for HO1 in the acidic MTRy, spectra is
expected given the power of the Bl field (linewidth ~
325 Hz). Interestingly, the Ho1 linewidth broadens by up to
~ 35% in the neutral to basic pH range (7-8) as compared to
the acidic linewidth. This additional broadening is a result of
exchange between the protonated and neutral histidines,
which are about evenly populated in this pH range. Although
this result may be surprising given the very rapid He2
exchange rate (below), the validity of this conclusion is
supported by the CSPA fit results which successfully
reproduce the observed line broadening (Fig. S3, Supple-
mentary Material).

His57-He2

The CEST pH-titration of His57-He2 revealed several
previously undetected and mechanistically important
aspects of the catalytic triad. CEST clearly tracks the He2
resonance over the pH range of 3-7 (Fig. 5a). At acidic pH
(pH ~ 3), He2 appears as a broad signal at the previously

2 Calculated using references (Wiithrich 1986; Eigen 1964) and
accounting for the known diffusion constant of water at 4°C (Holz
et al. 2000).
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assigned chemical shift of 13 ppm (Fig. 5a; Markley and
Westler 1996). As the pH is raised, its signal increases up to
pH 5.5, after which it broadens and shifts upfield in a
smooth transition culminating in a new peak at ~ 12 ppm.
This new peak persists with further increases in pH.
Because the chemical shift transition connecting the low pH
He2 signal and the new 12 ppm peak at high pH appears
smooth and continuous (Fig. 5b), it is tempting to assign
this transition to the titration of He2. However, this is not
chemically reasonable because it is not possible to follow
the chemical shift of a proton that no longer populates a site.
Given the immediate proximity of Ser195-Hy to His57, and
the absence of any other residues in the primary sequence of
bCT-A that could be attributed to such a downfield chem-
ical shift, we attribute the new 12 ppm signal to the
hydrogen bond between Serl95-Hy and His57-Ne2
(Fig. 1a).” The CSPA analysis uses a model of the catalytic
triad that includes the titration controlled appearance of the
hydrogen bonded form of Hy (indicated by its 12 ppm
chemical shift) with excellent results (Fig. 5a, red lines).
Interrogation by CSPA and QUEST of the pH depen-
dence of the He2 exchange rate reveals that He2, unlike
Hé1, has a strong pH dependence (Fig. 6, black points). To
analyze buffer contributions to this pH dependence,
QUEST and CSPA exchange rate measurements as a
function of pH were measured for unbuffered samples as
well as for the 14 mM total phosphate buffered samples.
Under these conditions the exchange rate for He2, k4
(Fig. 2), can be expressed using the kinetic terms for
catalysis by water, hydroxide ion, and HPO4*~ (Eq. 7;
Barksdale and Rosenberg 1982; Gregory et al. 1983).

ks = ki,o0 + ko [OH] ™ + kypo2- [HPO; ] (7)

A catalytic term for phosphate dianion (kHPo};) was clearly
established by comparing the pH dependent exchange rates
obtained from the buffered and unbuffered samples (Fig. 6,
see also Table S1). Above a pH value of about 3.5, the
exchange rate of He2 in buffered solution begins to diverge
dramatically due to increasing catalysis by HPO,*~
(kppoz- = 1.7 x 10° M~ s7"). At pH 7, the contribution
from the kypo>- term is 27 times the unbuffered rate
(kypoz- X [HPO”"] = 9,200 s, kou- x [OH] =340 s

3 The proton with a chemical shift of 12 ppm at basic pH values must
exchange rapidly with solvent to be detected by the CEST method,
indicating that the proton is bound to a heteroatom. The 12 ppm
chemical shift falls in the chemical shift region highly characteristic
of a nitrogen bound proton in a neutral histidine side chain. bCT-A
has only two histidine residues, His57 and His40. The nitrogen bound
protons of His57 are assigned and His40 has a pK, of 4.6, showing no
other transitions or changes with increasing pH (Markley and Ibanez
1978). The 12 ppm signal could not belong to a His residue, thus, by
process of elimination we assign this shift to a shared proton between
Ser195-Oy and His57-Ne2.
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Fig. 6 He2 exchange rate data for buffered (black) and unbuffered
(red) samples. Results from QUEST (triangles) and CSPA (circles)
were combined together to fit the water, hydroxide, and buffered
catalyzed exchange rate constants; ky,0, kon-, and kHPOi’ , from Eq. 7

(red and black curves). The circles represent the median observed
CSPA exchange rate, while the bars represent the full spread of
measured values obtained from fitting the multiple MTR,,. spectra (9
plus an averaged spectra for each buffered sample and 10 plus an
averaged spectra for each unbuffered sample). Displacement of the
median value from the center of the bar reflects a skewed distribution.
The two open black circles were not included in the fit to Eq. 7 owing
to their larger spread of values. The distribution of the individual
exchange rates measured from the 10 MTRy, spectra at pH 6.0 in
buffer (cross marks) are explicitly shown because these values
overlap into the unbuffered data. A simplified figure displaying all the
CSPA data points is shown in Supplementary Fig. S6

As the pH is increased above the pK, of HPO,*~
(pK, = 7.2)* the buffer exchange contribution plateaus and
ks becomes dominated by the hydroxide term
(kog- = 1.7 x 10" M! s_l). The fitted second order rate
constant for hydroxide essentially matches the widely
accepted value for diffusion-controlled proton abstraction
by hydroxide (Eigen 1964), which indicates that He2,
unlike Hd1, is freely accessible to hydroxide ion. The fitted
second-order rate constant for HPO,>~ catalyzed exchange
of He2 is about two orders of magnitude smaller than
predicted for free imidazole or a fully solvated peptide
bound histidine (~ 108 M~ s™'; Eigen 1964; Slutsky et al.
1980), indicating a significant steric, orientational, or
electrostatic barrier for abstraction of He2 by phosphate.
As with Ho1, the He2 exchange rates measured here by
QUEST and CSPA are generally smaller than previously
reported values determined by linewidth measurements
(Markley and Westler 1996). The previously reported

4 The pK, of HPO427 at 4°C is estimated as described in “Materials
and methods”.
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exchange rate for He2 at pH 3.5 is 383 s™', which is only

modestly larger than the 100 s~ ' measured here. However,
the even faster rate previously reported at pH 1 (1,230 s™"),
is not compatible with the present data because the rate
plateaus at ~100 s~' at pH values below five (Fig. 6).
Thus, the broad lines for He2 at pH 1 may not be related to
the exchange rate. Interestingly, Robillard and Shulman
estimated an exchange rate for He2 at pH 7.5 of about
14,000 s~ based on their observation of the Ho1 signal
(Robillard and Shulman 1974a). Unfortunately, their buffer
concentration and type was not specified, but their value is
strikingly similar to the ~ 17,000 s~' determined here in
the presence of 14 mM phosphate buffer.

The above analysis of He2 exchange highlights a pow-
erful aspect of CSPA, where a non-observable exchanging
proton (such as He2 at pH 7.5) can produce a measurable
effect on the CEST signal of another proton in the system
(such as Hol). In the present case, the exchange rate for
He2 can be measured using CSPA with buffered samples in
the pH range 7.6-8.1, even though the He2 signal is not
detectable at these pH values (Fig. 5a). This apparent
paradox is resolved by noting that He2, with a pK, of 7.6,
will be 50% populated at pH 7.6 and 24% populated at pH
8.1, and these proton populations are sufficient to perturb
the Ho1 CEST signal (Eqgs. 2 and 3). Therefore, the Ho1
signal can indirectly report on the He2 exchange rate. The
robustness of the CSPA measured exchange rates of He2 at
pH 7.6 and 8.1 is demonstrated by the successful prediction
of these values from the fitted curve created using the lower
pH measurements (Fig. 6, black curve).

We note that the chemical shift titration data for He2 in
Fig. 5b suggests an apparent contradiction in the pK, value
for He2, because the apparent transition for the He2
chemical shift occurs at a lower pH value (~6.8) than the
midpoint for the Hol chemical shift titration (7.6). How-
ever, the CSPA fits shown in Fig. 5a were calculated using
a single pK, = 7.6, establishing that a single pK, is suffi-
cient to model the observed data (see also Supplemental
Information for further analysis testing the single pK,
model). The paradox is resolved by noting that the pre-
mature transition of the He2 chemical shift in buffered
solutions is expected because of its rapid exchange with
water, resulting in an upfield shift towards that of water
(Omo = 5.0 ppm, 4°C (Wishart et al. 1995)). This con-
clusion is supported by comparing CEST spectra in buf-
fered versus unbuffered solution near neutral pH (these two
MTR,. spectra are compared in Fig. S5, Supplementary
Material). In buffered solutions, He2 shifts slightly towards
the water resonance frequency and decreases in signal
intensity due to buffer catalyzed exchange. In contrast, in
unbuffered solutions the He2 exchange rate is too slow to
result in an upfield shift during the titration and its signal
persists. Additionally, the faster exchange rate of He2 in

buffered solution may cause a greater signal overlap with
the incoming Hy signal, contributing an additional upfield
shift to the observed chemical shift of He2.

Ser195-Hy

There are no previous observations of the resonance
corresponding to Ser195-Hy at neutral and alkaline pH
values. The 12 ppm chemical shift attributed to Ser195-
Hy is downfield shifted by 7 ppm compared to the aver-
age chemical shift for a Ser-Hy proton in proteins
(5 £ 1 ppm; Ulrich et al. 2008) indicating a significant
decrease in the electron density on this proton, and the
presence of a significant hydrogen bond interaction with
His57-Ne¢2. In hydrogen bond theory, such an electroni-
cally deshielded Hy proton is considered to be favored
when the pK, values of proton donor and acceptor are
matched, resulting in partial covalent character to the
hydrogen bond (Gilli et al. 2006). In the present case, it
seems unlikely that the pK, value of Ser195-Hy could be
matched with that of His57-He2 (pK, = 7.6), given
the high pK, value of the relevant model compound
N-acetylserinamide (pK, = 13.6; Bruice et al. 1962).
Nevertheless, the 7 ppm downfield shift of Ser195-Hy is
comparable to the downfield shift of His57-Ho1, which is
known to be involved in a short distance hydrogen bond
with Aspl02 (Robillard and Shulman 1974a; Kossiakoff
and Spencer 1981; Wang et al. 1985). Thus, greater
electron density resides on Ser195-Oy as compared to a
fully solvated hydroxyl group.

No crystal structures have been collected on S1 family
serine proteases at alkaline pH, and therefore, the His57-
Neg2---Oy-Ser195 distance under conditions where the
hydrogen bond exists is unknown. Estimates of the Ser195-
OHy---N§1-His57 donor—acceptor distance may be obtained
from empirical equations that predict the hydrogen bond
lengths of Im+-NH---carboxylate™ (NH'---O~) (Viragh
et al. 2000) and O-H---O (OH---O) (Zhao et al. 1997) type
hydrogen bonds from 'H-NMR chemical shift values
(Egs. 8 and 9).

D(OH---0) = 5.04 — 1.161n(8) + 0.0447(5) (8)

_ 10.14\°
D(NH*---07) =1.99 + 0.198 In(J) + <T> 9)
Although these are imperfect models for the Serl95-
OHy---His57-No¢ system, a range for the heteroatom O---N
distance of 2.69-2.91 A may be predicted using Eq. 8 and
9 using the measured dy, = 12 ppm. Thus at alkaline pH
values, Hy is likely involved in a short hydrogen bond with
Ne2. Mechanistically, the downfield chemical shift of Hy
implies that Ser195-Oy has significant alkoxide character
even before substrate binding.
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The increased alkoxide character of Oy upon formation
of the Hy---Ne2 hydrogen bond is consistent with previous
NMR data (Bachovchin 1986; Robillard and Shulman
1974a) and the current model of the catalytic triad. A
commonly accepted model for the catalytic triad includes a
hydrogen bond between His57 and Ser195 that forms when
His57-Ne2 loses its proton (Hedstrom 2002; Bachovchin
2001), and our direct observations of Ser195-Hy support
this model. The polarized hydrogen bond involving
Ser195-Hy at alkaline pH is also consistent with the widely
accepted single proton transfer mechanism in which neutral
His57 accepts the Hy proton from Ser195 during the first
step of catalysis (Hedstrom 2002; Fig. 1b).

Owing to the rapid exchange rate of He2 with water in
the pH range where Ser195-Hy is detectable (pH > 7.0,
ks ~ 10*s7!) direct exchange of Hy with water was
indistinguishable from the indirect pathway Hy — He2
— water. Therefore only the direct exchange path was
modeled, and the resulting exchange rate of Hy is an
‘apparent’ exchange rate. As measured by CSPA and
QUEST, the net rate of abstraction of Ser195-Hy increased
from 50 to 800 s~' in the pH range 7.1-9.7 (Table S1),
with a value of 800 £+ 100 s~ at pH 7.6 (4°C). If this same
rate persists upon binding of the substrate, it is competent
to account for the known rate of formation of the acyl
enzyme intermediate during chymotrypsin catalysis
(850 s_l, 25°C; Hedstrom 2002).

Conclusion

CEST is a unique NMR pulse sequence whose ability to
detect rapidly exchanging protons has been largely over-
looked in biomolecular NMR. The CEST-CSPA approach
is especially well suited for application to systems that are
structurally characterized so that accurate chemical models
can be used to globally model all exchanging protons in the
system. A strength of the CSPA approach is that all
exchange parameters are simultaneously fitted in the con-
text of the entire system, and different mechanisms can be
tested for viability. Broader biomolecular applications of
CEST would include systems where the exchanging pro-
tons have chemical shifts that are isolated from other
exchanging protons, such as imino protons of nucleic acids,
protons near paramagnetic centers, and systems such as the
catalytic triad with unusually downfield shifted resonances.
In addition, the large signal amplification provided by
CEST allows detection of NH-backbone signals at micro-
molar concentrations and could potentially be used to study
macroscopic events such as protein folding, dimerization,
or micelle insertion in samples that are impossible to study
at higher concentrations.
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Materials and methods
Preparation of bCT-A stock solution

bCT-A was purchased from Worthington Biochemical Co.
(Lakewood, NJ lot 37J9779) and buffer exchanged using a
pd10 desalting column from GE Healthcare Bio-Sciences
Corp (Piscataway, NJ) into either a solution of (1) phos-
phate buffered saline (14 mM phosphate, 0.1 M KCl) at pH
3.0, or (2) 0.1 M KCl at pH 3.0 that had been boiled and
sparged with nitrogen in order to remove dissolved carbon
dioxide. Phosphate buffer was chosen because of its broad
pH buffering range and its small temperature coefficient for
its acid dissociation constant (Christensen et al. 1976); KC1
was chosen over NaCl to reduce pH measurement inac-
curacies; and a pH of 3.0 was used because it is the opti-
mum pH for chymotrypsinogen-A stability. The effluent
from the desalting column was concentrated using centri-
prep YM-10 concentrators (Millipore) and centrifuged
according to directions at 4°C. The stock solution was
stored at 4°C and discarded after 48 h because of the
instability of the dissolved chymotrypsinogen-A (Prosku-
ryakov 1967).

NMR sample preparation

The sample for the full Z-spectrum in Fig. 3b was made by
dissolving a weighed portion (concentration determined by
dry weight measurement) of bCT-A directly into unbuffered
solution. The sample was used immediately. All other
samples were prepared as follows. Aliquots from the stock
solution were used for the NMR experiments. An individual
aliquot was used for three pH values at most (usually only
one pH value per aliquot). The aliquot was brought to the
desired pH using concentrated KOH and HCI solutions. As
previously reported, bCT-A began to aggregate and pre-
cipitate near neutral through alkaline pH (Tung and Steiner
1974; Markley and Ibanez 1978). Therefore, each sample
was centrifuged using a Beckman desk top micro high-
ultracentrifuge. Samples were spun at 4°C at an average of
100,000 g for 5 min. The supernatant was collected and a
UV spectrum was taken centered at A,go. After the NMR
experiment for each aliquot was complete, UV and pH
measurements were repeated. UV measurements were per-
formed by dissolving 10 pL of sample into 990 pL of 6 M
guanidinium hydrochloride. The molar extinction coeffi-
cient at 280 nm was calculated to be 50,585 M~ cm™!
using the Swiss Institute of Bionformatics ExPAsy Server
(Gasteiger et al. 2003) and A,go was converted into con-
centration. For buffered samples, protein concentrations
ranged from 1.1 to 1.3 mM for the pH titration and from 1.3
to 1.8 mM for the QUEST experiments. For unbuffered
solutions, protein concentrations ranged from 1.3 to
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1.5 mM. The same samples used for the unbuffered pH
titration were also used for the unbuffered QUEST
experiments.

pH calibration

The pH of each sample was measured before and after each
NMR experiment. As is standard in the literature, the pH
measurements were made at room temperature, 22°C, even
though the NMR experiments were performed at 4°C. As
an attempt at increased accuracy, a calibration curve was
created after all experiments were completed. The curve
was constructed with a best fit line to a plot of values
measuring the pH of buffered samples at both 22 and 4°C.
The linear fit had an R squared value of .94 and corrections
ranged between —0.15 and +0.25 pH units. This conver-
sion was used for unbuffered samples as well. All reported
pH values refer to the calculated 4°C value.

NMR

'"H NMR spectra were obtained at 500 MHz on a Varian
INOVA using a probe equipped with z-axis gradients; 5 mM
NMR tubes, NE-RG5-7, were purchased from New Era
Enterprises. Probe temperature was set to 4°C and internal
temperature was evaluated using the chemical shift differ-
ence between water and methanol (Raiford et al. 1979) or
water and 2,2-Dimethyl-2-silapentane-5-sulfonic acid (DSS;
Wishart et al. 1995). After giving the sample 15 min to
equilibrate to probe temperature, the probe was tuned,
locked, and shimmed using z-axis gradient shimming.

Z-spectrum generation

Raw NMR data were processed using a custom-modified
version of matNMR software (van Beek 2007). Data were
baseline corrected, Fourier transformed, and the magnitude
of each complex point was calculated. The water signal
profile for each saturation frequency was integrated and
normalized using the average water signal intensity from
the three most downfield observations. Water signal
intensity as function of frequency, f(v), was plotted to form
the Z-spectrum. In all spectra, water was set to 5.017 ppm,
its chemical shift at 4°C (Wishart et al. 1995).

Collection of Z-spectra for pH titration

A 6 s saturation pulse of 2.6 uT (110 Hz) was used for all
pH values except for the buffered pH 5.5 sample which
used a 6 s 3.5 uT (150 Hz) power saturation pulse (indi-
cated by an asterisk in Fig. 5a). The use of a higher satu-
ration power at pH 5.5 was an accidental missetting in the
experimental parameters that we discovered during data

analysis. It had no adverse effects on the quantitative
analysis of the data. The 71 predelay was 18 s and the
spectrum was collected as a function of frequency at 75 Hz
intervals. There was only one transient per frequency point
and total experimental time was 27 min.

Calculation of baselines for CEST spectra

For buffered samples, a single Z-spectrum was converted to
eight MTR,,. spectra using manual baseline fits constructed
from cubic spline interpolation (spline), piecewise cubic
hermit interpolating polynomial (pchip), polynomial order
7, and polynomial order 8. Each of the manual fits were
repeated twice using different, but not disjoint, sets of
baseline points. A ninth MTRy, spectrum was created from
an automatic peak picking program which automatically
assigned points as ‘baseline’ or ‘signal’ and fit a polynomial
of order 6 to the Z-spectrum. A tenth MTRy,. spectrum was
created by averaging together the nine MTRy,. spectra. This
averaged MTR,,. spectrum is what is depicted in Fig. Sa.
For unbuffered samples, a single Z-spectrum was con-
verted to ten MTR,. spectra using manual fits constructed
from pchip, spline, and depending on the spectrum, a
variety of piecewise polynomial fits of orders 3—6 and non-
piecewise polynomial fits of orders 7 and 8. All fits were
repeated twice using different, but not disjoint, sets of
baseline points. A final eleventh MTR,. spectrum was
created from averaging the ten MTRy, spectra together.

CSPA to measure exchange rates

As mentioned in the text, the MTRy,. spectra were divided
into three fit regions using the previously reported pK, for
His57-He2 of chymotrypsinogen-A, 7.5 at 3°C (Robillard
and Shulman 1974a). The three regions are: an acid region
where only terms associated with the catalytic triad in the
imidazolium state are included in the fit, pH < 7.0; a base
region where only terms associated with the catalytic triad
in the neutral histidine state are included in the fit,
pH > 8.1; and a neutral region where all terms are inclu-
ded, 7.0 < pH < 8.1. Because the assignment of Ser195-
Hy is restricted to the triad system when His57 is in the
imidazole state, Hy exchange terms; ks, k_s, kg, and k_g,
are reserved for the neutral and basic fit regions. Addi-
tionally, kg and k_g were not included when fitting buffered
spectra for two reasons. First, for buffered data, the k3 term
is dominated by k4 (Eq. 2) in the neutral and basic regions.
Second, the large k4 term made the fitting routine unable to
distinguish an exchange pathway that involved
Hy — He2 — water from the direct path that involved
Hy — water.

The unbuffered pH 6.8 spectrum was a special case
because the Hol peak in this spectrum was comparatively
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broad (Fig. S5 Supplementary Material), suggesting both
Ho61-Im* and H61-Im may be affecting the HS1 signal
shape, therefore this spectrum was fit using all Hol
exchange terms even though pH 6.8 is below the cutoff
(pH < 7.0) for including basic terms. A discussion and a
more detailed description of the unbuffered pH 6.8 CSPA
analysis are available in Supplementary Material (specifi-
cally the parameter constraints used and a further discus-
sion of the HJ1 signal in unbuffered samples).

The values of 1/T; = Ry and 1/T, = R, of the water
protons and the exchanging proton needed for the numer-
ical fits using the Bloch equations were set as described in
‘Processing QUEST spectra’ below. Generally, the distri-
bution of values measured from fitting multiple MTR,
spectra tended to be slightly bimodal, with one dominant
grouping and a smaller outlier group. Therefore median
values, rather than mean values are reported.

Acquisition of QUEST spectra

For each QUEST experiment, data were collected using
incremental saturation times and constant saturation power.
In this case, two possible exchange rate values could
explain the observed time dependent signals (McMahon
et al. 2006). To eliminate ambiguity, two different satura-
tion powers were used for a single QUEST analysis and the
data were fit simultaneously. Z-spectra for QUEST were
collected using 3.5 uT (150 Hz) B, field and 4.7 uT
(200 Hz) field. For buffered samples, QUEST was per-
formed at pH 3.4, 5.5, 8.0, and 8.1. The 3.5 uT pulse was
used at incremental time durations: 0.5, 1-10 (in 1s
increments), and 12 s, and the 4.7 uT pulse was used at
incremental time durations: 0.5, 4, 6, and 10 s, except for
pH 3.5 in which the 0.5 s time duration was not collected.
For samples without buffer, QUEST was performed at pH
3.5 and pH 6.8. The 3.6 uT pulse was used at incremental
time durations: 0.5, 1, 1.5, 2,2.5,3,3.5,4,5,6, 8,10, 12 s
and the 4.7 uT pulse was used at incremental time dura-
tions: 0.5, 1, 1.5, 2, 4, 6, and 10 s.

Processing QUEST spectra

For both buffered and unbuffered solutions, the partial
Z-spectra were converted to MTR,,. spectra using a tri-
exponential baseline constructed separately for each peak.
The MTRy,. spectra were fit using a custom written Lo-
rentzian—Gaussian line fitting routine and the peak ampli-
tudes extracted. QUEST exchange rates were extracted by
fitting peak amplitudes versus saturation time using
numerical solutions to the Bloch equations including satu-
ration and exchange (Zhou et al. 2004). Three fit parame-
ters, R, of water, R of the exchanging proton, and R, of the
exchanging proton were assigned by estimation as the fit is

@ Springer

insensitive to these values (McMahon et al. 2006). R, of
water was set to 0.6 s~ ' and R, of the protein proton was set
to 38 s~', and R, of the protein proton to 0.71 s™' based
upon estimated values for similar experiments on poly-L-
lysine (McMahon et al. 2006). (Comparing measured values
of select fits using R, values of 1 s~ and 100 s~ ' resulted in
differences of 4—-10%). The QUEST fit is sensitive to the R,
of water and this was set to 0.6 s~' based upon experi-
mental measurement and allowed to float (£0.005). The R,
of water was measured in buffer solutions at various pH
values at 4°C, and found to be stable across the pH range.
An inversion-recovery experiment using a weak gradient to
remove effects of radiation damping was used for the R,
measurements (van Zijl and Moonen 1992).

Because QUEST exchange rate measurements are very
sensitive to protein concentration, errors in the measure-
ments were estimated by adding a +10% error to the
protein concentration measurements and rerunning QUEST
(10% was chosen based upon the spread of the concen-
tration measurements for various pH values taken from the
same stock solution). These error ranges are reported in
Supplementary Material Table 1.

Fitting exchange rates as a function of pH

For the He2 fits, the koy- and ky,o terms were first deter-
mined from fitting unbuffered data to Eq. 7. The kHPO?C

term was determined by fitting the buffered data to Eq. 7
with fixed kog- and ky,0 values. In order to calculate
[OH] and [HPO427], the pK, of water (pK,,) and the pK,
of buffer are needed. These values under the specific
conditions used here are unknown and were therefore
estimated from a collection of previously reported values
of pK,, and pK, at various temperatures and salt concen-
trations (Christensen et al. 1976). In 0.1 M KCI at 4°C,
pK,, was estimated to be 14.7 and the pK, of HPO,>~ (the
conjugate base of H2PO42_) estimated to be 7.2.
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