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Abstract

Sparsely populated and transiently formed protein conformers can play key roles in many biochemical
processes. Understanding the structure function paradigm requires, therefore, an atomic-resolution
description of these rare states. However, they are difficult to study because they cannot be observed
using standard biophysical techniques. In the past decade, NMR methods have been developed for structural
studies of these elusive conformers, focusing primarily on backbone "H, >N and '3C nuclei. Here we extend
the methodology to include side chains by developing a '>C-based chemical exchange saturation transfer
experiment for the assignment of side-chain aliphatic '>C chemical shifts in uniformly "3C labeled proteins. A pair
of applications is provided, involving the folding of 3-sheet Fyn SH3 and a-helical FF domains. Over 96% and
89% of the side-chain '*C chemical shifts for excited states corresponding to the unfolded conformation of the
Fyn SH3 domain and a folding intermediate of the FF domain, respectively, have been obtained, providing insight

into side-chain packing and dynamics.

© 2013 Elsevier Ltd. All rights reserved.

Introduction

A major goal of structural biology is to delineate the
relationship between three-dimensional structure
and biological function. The main technologies that
are currently exploited in this regard, including X-ray
diffraction, NMR and cryo-electron microscopy, have
largely focused on studies of native-state conforma-
tions of biomolecules and typically assume that the
experimental data can be explained in the context of
a single dominant structure. However, biomolecules
such as proteins and nucleic acids are often
dynamic, with their function modulated by exchange
between different conformations [1,2]. Examples in
the literature that illustrate the functional importance
of conformational exchange include studies of
protein folding [3] and misfolding [4—6], ligand
binding [7,8], enzyme catalysis [9—-12] and molecular
recognition [2,13]. It is thus important to broaden
the scope of structural biology to include both
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descriptions of the ground-state conformer and
other conformers that exchange with it.

Solution NMR spectroscopy has emerged as
an important tool for characterizing the kinetics
and thermodynamics of such exchange processes
along with the structures of the interconverting
conformers [14-16]. Here the development of
relaxation-dispersion-based approaches for studies
of biomolecules has been pivotal because it is
possible to obtain detailed structural information
about sparsely populated, transiently formed states,
so-called conformationally excited states, that can-
not be observed directly in NMR spectra [14]. The
first atomic-resolution structures of such conformers
are now emerging [6,17—-19].

To date, the great majority of studies of protein
conformational exchange have made use of back-
bone 'H, "N or '3C spin probes in concert with
Carr—Purcell-Meiboom-Gill (CPMG) relaxation dis-
persion experiments [20]. Central to the success of
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Fig. 1. Accurate '3C chemical shifts can be extracted from CEST, but not from CPMG, dispersion profiles recorded on
uniformly '3C labeled molecules. (a) Molecular fragment comprising a two-spin '3C—"3C scalar coupled spin system
attached to a molecule that exchanges between G and E states, as indicated. (b) One-dimensional "*C NMR spectrum of
the fragment. Peaks derived from the excited state are typically not observed but are shown here for clarity. (c) The '*C
CPMG dispersion profile of carbon C*, plotting the effective transverse relaxation rate R. ¢ as a function of vepmg [1/(20),
where & is the spacing between refocusing pulses], contains spikes that result from magnetization transfer between scalar
coupled carbons, C* and C® (red). When Jag = 0 Hz, the gray profile that reflects the chemical exchange process of
interest is obtained (enlarged in the inset). The simulations were performed following a density matrix approach described
in detail previously [40]. (d) '*C CEST profile of C*. The dip corresponding to the excited state of C* is at the same position
for Jag = 0, 36 Hz so that the excited-state chemical shift can be accurately measured in the coupled '*C-"3C spin

system.

these methods has been the development of
labeling approaches that produce isolated NMR
active nuclei, eliminating magnetic interactions such
as homonuclear scalar couplings that derive from
adjacent spin pairs that would otherwise interfere with
the extraction of accurate exchange parameters (see
below). Our laboratory has, therefore, introduced
isotope-labeling schemes that generate proteins with
isolated '3C? [21], "H® [22] or methyl '3C spins
[21,23], thereby side-stepping issues with '*C—"3C or
"H-"H couplings. It is thus possible to obtain '3C*°
and "H® chemical shifts of the excited state that are
powerful indicators of secondary structure or to focus
on larger protein systems by using methyl dispersion
experiments [24].

With studies of invisible excited states focusing on
backbone spin probes now reaching a mature stage,
it is clear that further applications must extend to side
chains. Side-chain interactions are critical for protein
stability, for function and for molecular recognition
[25], and a first step in studying such interactions by
NMR involves obtaining chemical shift assignments.
However, these are difficult to measure in the excited
state, in particular, when carbon is concerned.
Attempts to produce proteins with isolated '3CP
spins have proven to be only moderately successful
[26]. Although proteins with alternate '3C-'2C
labeling can be prepared at many sites [27], this
requires protein production using special bacterial

strains, two different samples for coverage of the
majority of '>C positions, and results in incomplete
labeling that ultimately decreases signal to noise.
Samples produced with random fractional labeling
are also not optimal from a sensitivity standpoint and
there is an issue that a sizable percentage of
adjacent carbons are '3C labeled. From a sensitivity
perspective, the best approach is one that makes
use of uniformly '3C labeled samples that can be
prepared with relative ease and that are almost
always produced at the start of any NMR project.
However, such samples re-introduce scalar coupling
interactions that are detrimental to the performance
of the CPMG dispersion experiment [28].

Here we describe a method for probing exchange
at carbon side-chain positions in proteins based on
chemical exchange saturation transfer (CEST) that
is insensitive to the presence of '*C—"3C couplings.
The utility of saturation transfer to study chemical
exchange processes in molecules dates to the
pioneering studies of Forsen and Hoffman in the
early 1960s [29], with subsequent applications to
protein systems in the 1970s [30,31]. The method-
ology has also been exploited in the magnetic
resonance imaging field by making use of the fact
that weak metabolite signals can be amplified many
fold in a process involving exchange of protons with
water that leads to transfer of saturation to the very
concentrated water signal [32,33]. Recently, these
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ideas have been extended to studies of sparsely
populated, transiently formed protein states, focus-
ing on backbone '°N [34,35], '°C [36-38] and 'H
[39] spins using weak continuous wave, radiofre-
quency fields. We show that they can be further
extended to measure excited-state '*C chemical
shifts at every aliphatic side-chain position in a
uniformly '3C labeled protein, without the complica-
tions that would prevent such measurements by
“standard” CPMG relaxation-dispersion-based ex-
periments. The methodology thus significantly
extends our ability to bring invisible protein states
into focus.

Results

Figure 1 illustrates the power of the CEST
approach in studies of protein systems that are
uniformly '3C labeled in relation to the more
established CPMG method. Consider an isolated
13C-13C spin pair, with Jag = 36 Hz, that is part of a
molecule that exchanges between ground (G) and
excited (E) states (Fig. 1a) with an exchange rate of
kex = ke + keg = 100 s™' and where the fractional
population of G (pg = 0.95) is much larger than pg =
1 — pg so that only the ground-state peaks can be
observed in spectra. Note that, in Fig. 1b, the
intensities of the E state peaks have been scaled up
for the purposes of illustration. In a typical CPMG
experiment, the effective decay rates of transverse
magnetization (R, proportional to the linewidth)
derived from ground-state peaks are measured as a
function of a train of chemical shift refocusing pulses
that are applied during a fixed delay period [14,41].
Focusing on the ground-state peak from C* (chemical
shift of 0 ppm; Fig. 1b), we obtain a dispersion profile,
Rs o versus the inverse of the pulse spacing (Vepma),
as shown in Fig. 1c (red). Notably, Roes(Vepma)
becomes large for vgpmg values of ~300 Hz and then
much larger for vgpug = 600 Hz. This reflects a
Hartmann—Hahn transfer [42] of magnetization from
C” to CB that is a function of the chemical shift
difference between the two coupled carbons and the
number of pulses applied and is unrelated to the
chemical exchange process of interest. It significantly
complicates the extraction of accurate exchange
parameters and excited-state chemical shifts, espe-
cially when more complex spin systems are consid-
ered such as those in amino acids. In contrast, when
the scalar coupling is “turned off’, Jag = 0 Hz, a very
different profile is obtained, one that decreases
smoothly as the number of refocusing pulses
(Vepma) increases (gray). This second dispersion
profile reports only on chemical exchange (G = E)
and not on the magnetization exchange process that
occurs via evolution due to scalar couplings (A = B)
and can be readily fit to extract the exchange
parameters of interest.

A very different scenario is observed when using
the CEST experiment (Fig. 1d). Here the starting
point is z-magnetization. A weak continuous wave,
radiofrequency field (B field), typically 10-50 Hz, is
applied for a duration Tcest over the range of 'C
frequencies (one at a time) that is relevant for the
molecule studied. At each position of the weak B
field the intensities of magnetization of all carbons in
the molecule, C* is shown in the present example,
are measured after the Tcest duration (/) and plotted
as I/, versus position of the B, field, where I, is the
intensity in the absence of the CEST element. A
major dip in intensity is observed when the radiofre-
quency is placed at the resonance position of the
ground state (0 ppm) since the magnetization
becomes saturated. A second dip is also observed
when the radiofrequency is proximal to the reso-
nance frequency of the excited state (-3 ppm) since
perturbation of magnetization of C” in state E is
transferred to the corresponding position in G via
chemical exchange (Fig. 1d). It is worth emphasizing
that only longitudinal magnetization from the (visible)
ground state is measured. The signal from the
(invisible) excited state becomes amplified by the
chemical exchange process that connects G with E,
by the fact that long exchange delays, TcesT, can be
used and of course by the fact that it is measured
indirectly by quantifying the ground-state intensity.
Notably, very similar spectra are observed for Jyg =
0, 36 Hz, and the excited-state dip is at an identical
position in both cases so that accurate measures of
carbon chemical shifts can be obtained using the
CEST approach, even in a "C scalar coupled spin
system.

Applications to complex molecules such as pro-
teins are challenged by the need to resolve as many
correlations as possible. Here we have used a
two-dimensional (2D) NMR experiment (see Sup-
plementary Fig. 1 and Supplementary Table 1), with
the magnetization transfer scheme described suc-
cinctly as 'H - '3C(t;) - CEST - 'H(t). Magneti-
zation is transferred from 'H to '3C and chemical
shift recorded during t,. Subsequently, '*C magne-
tization is restored to the z-axis and a weak B; field
applied for a time Tggst during the CEST interval
that immediately precedes a transfer period back to
"H for detection.

As a first demonstration of the methodology, for
which cross-validation is especially straightforward,
we consider an application to the G48A Fyn SH3
domain, a small 60-residue module that plays an
important role in protein recognition involved in a
range of signaling events [43]. It has previously been
shown by stopped-flow fluorescence measurements
and CPMG relaxation dispersion experiments [44] that
this module interconverts on the millisecond timescale
between a long-lived, highly populated native state and
a transiently formed, sparsely populated unfolded
conformer. "°N CEST experiments recorded at 25 °C
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Fig. 2. An application of '3C CEST to the G48A Fyn SH3 domain. (a) The protein exchanges between populated native
and sparsely populated unfolded states, ke = 132 s~ ', 25 °C. (b) Portion of the *C—"H correlation map recorded with the
pulse scheme of Supplementary Fig. 1a (CT-t;), Tcest = 0, 14.0 T, 25 °C. Cross-peaks in red and green have opposite
phase (sign) that depends on the number of directly bonded '*C coupling partners and whether the correlation is aliased
an even or odd number of times. Pairs of correlations separated by horizontal lines are derived from non-equivalent
protons of the same methylene group. Only the folded state correlations are observed in spectra, but dips at the positions
of the excited-state resonances can be clearly seen in CEST profiles, shown here for E5B, Tcest = 0.25 s, B; = 23 Hz (c).

establish that ke = 132 + 4 s™', with pz=5.7 =
0.1% (Fig. 2a). Figure 2b plots a region from the
13C—"H correlation map measured with the scheme
of Supplementary Fig. 1a with Tcgst = 0,25 °C and
14.0 T, and the intensity of the correlation from E5f3
is displayed as a function of the position of the CEST
radiofrequency field (23 Hz) in Fig. 2c. The chemical
shift of the excited-state CP carbon from E5 is
immediately apparent from the trace.

We have recorded a series of '*C CEST exper-
iments, as discussed in Materials and Methods and
Supplementary Information, so that all of the aliphatic
3C chemical shifts of the excited state could be
obtained. Figure 3 shows CEST profiles for each '°C

carbon of L18 (a), K25 (b) and 128 (c) along with Am =
ok — wh, where wk is the chemical shift of carbon jin
state K (Ke{G,E}); all of the available profiles are
shown in Supplementary Fig. 2, with chemical shifts
summarized in Supplementary Table 2 and deposited
in the Biological Magnetic Resonance Data Bank
(BMRB) (accession number 19590). Chemical shifts,
linewidths and exchange parameters are fit using a
procedure described in Materials and Methods, with
the shift of the ground-state carbon that is measured
from a separate '>*C—"'H correlation map input as a
fixed parameter. In addition to the dip from the ground
state, a smaller dip is observed from the excited state
for many of the carbons, but not all since Aw ~ 0 in
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Fig. 3. Measuring 'C side-chain chemical shifts of excited protein states. CEST profiles for each '*C carbon of L18 (a), K25
(b) and 128 (c) from the G48A Fyn SH3 domain, 25 °C, along with the difference in chemical shifts between corresponding
nuclei in ground and excited states, Aw. Errors are calculated on the basis of a covariance matrix method [45].
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remaining carbons from Wishart et al. [47].

some cases. Notably, multiplet fine structure due to
13C-"3C couplings is not seen in the CEST profiles.
As discussed previously, the dips are artificially
broadened by the B; field [35]; for fields on the order
of 10—15 Hz, multiplet components begin to emerge,
but not for values on the order of 25 Hz used here.
Observed linewidths therefore depend on intrinsic
relaxation rates and exchange lifetimes, the number of
directly coupled '3C partners, the size of the radio-
frequency field used and contributions from exchange
involving processes connecting additional states to G
and E [35] (and that are not included in the model
used). All of the data for the G48A Fyn SH3 domain
could be well fit to a two-site exchange model, taking
into account coupling partners and assuming values
of 35 Hz and 51 Hz for aliphatic-aliphatic and
aliphatic—carbonyl or aliphatic-aromatic '*C-'3C
couplings, respectively (see Materials and Methods).
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Supplementary Figure 3a shows a bar graph
illustrating the completeness of the data. Out of 171
aliphatic carbon sites, we have obtained excited-state
'3C chemical shifts for 164 positions. A number of
13C% shifts could not be measured (5 of 60) due to
the proximity of the corresponding 'H® shift to water
(a single 90% H,O sample was used in all measure-
ments). Certainly, very near if not complete assign-
ments of "*C® shifts would be obtained using a D,O
sample. As a means of cross-validation of the
measured shifts, we have compared Aw values
obtained from fits of the CEST profiles with calculated
values assuming that the excited-state chemical shifts
are given by tabulated random-coil values (Fig. 4).
The agreement is excellent and the rmsd between
experiment and predicted values, less than 0.35 ppm,
is an upper bound for the errors in experimental
measurements.
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Fig. 5. An application of '*C CEST to the L24A FF domain. (a) The protein exchanges between a populated native state
and a conformer that corresponds to an on-pathway folding intermediate [48], kex = 539 s™1, 25 °C. The excited-state
conformer adopts an alternative folded structure that places Y49 (red) into a cavity that is formed by the replacement of Leu
with Ala at position 24. (b—d) Selected '3C CEST profiles for Y49 (b), S50 (c) and L55 (d), along with extracted Aw values.
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green are those for which '3C® shift differences cannot be obtained by CPMG relaxation dispersion (I,L,V) due to the labeling

scheme used [21].

The Fyn SH3 system described above is particu-
larly favorable for CEST because of the relatively
high population of the excited state (5.7%) and the
slow exchange rate (130 s™') that does not intro-
duce excessive broadening of excited-state peaks.
In contrast, CPMG relaxation dispersion studies
would be challenged by this slow exchange time-
scale, leading to a partial correlation of ko, and pe.
As a further test of the methodology, we next studied
the L24A FF domain (see below) that exchanges
between the native state and an on-pathway folding
intermediate with a well-defined structure, albeit
somewhat different from the native form (Fig. 5a).
The structure of the intermediate was previously
established through an analysis of backbone 'H,
N and '3C CPMG relaxation dispersion profiles
[48], but it did not include side-chain data. Notably,
the L24A mutation creates a cavity in the protein that
is filled by Y49 in the intermediate, but not in the
native conformation. Side-chain rearrangements are
thus critically important for stabilizing the intermedi-
ate, and we have measured '3C chemical shifts as a
first step toward a detailed characterization of
side-chain structure and dynamics.

Figure 5b—d highlights CEST profiles for a number
of residues, including Y49 (a) and S50 (b), that play
important roles in the intermediate structure (all of
the profiles are illustrated in Supplementary Fig. 4
and chemical shifts are tabulated in Supplementary
Table 3 and deposited in the BMRB, accession
number 19591). Notably, CEST profiles are signifi-
cantly broader for the FF domain than for the SH3
domain that reflects the increased exchange rate
(540 s~' versus 132 s', 25 °C) (Supplementary
Fig. 5). In addition, the excited state is significantly

less populated than for the SH3 domain (2.6%
versus 5.7%). Because of the increased ko, and
lower pg the FF domain is a more challenging
example than the SH3 module; yet, accurate
chemical shifts are still obtained. As a means of
cross-validation, we have compared the extracted
3C% Aw values from CPMG- and CEST-based
methods (Fig. 6a), and the agreement is excellent
(0.3 ppm rmsd). Furthermore, the CEST approach
has the added benefit in that all "*C? shift values can
be obtained, while the scheme used to produce
“isolated” '*C® spins that is required for the CPMG
measurements does not label (Leu) or generate
isolated spins (lle, Val) at the desired C® position
[21]. Measured '3C® and '3CP Aw values from the
CEST approach are plotted as a function of residue
position in Fig. 6b and c, respectively, with shift
differences obtained for over 90% of the residues.
Interestingly, a large change in Aw is observed for
the CP nucleus of R29, Aw = 3.7 ppm, that is similar
to the predicted value of 4.5 ppm that would
accompany a transition to an unfolded conformation.
The remaining C%/CP Am values in this region are all
consistent with an “unfolded-like” conformation,
suggesting that the loop connecting helices 1 and
2 in the rare state is less well defined than for the
native conformation. Indeed, estimated order pa-
rameters based on chemical shifts [49] indicate that
the loop is more flexible in the excited state than in
the natively formed structure [48]. The level of
completeness of the side-chain assignments for
the sparsely populated FF domain folding interme-
diate is shown as a function of side-chain carbon in
Supplementary Fig. 3b. Overall, 90% of the carbons
have been assigned.
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Fig. 7. Side-chain mobility from '3C chemical shifts. RCI plots [49,56] for the native (a) and intermediate (b) states of the
L24A FF domain as a function of residue number. The first nine residues are omitted as they are completely flexible. RClgg
and RClgc values are shown in blue and red, respectively, along with the secondary structural elements in each of the
states. Large RCI values are indicative of increased mobility, with the rmsd of a given side chain obtained from molecular
dynamics simulations estimated from the relation rmsd = RClgc x 9 A [56].

Discussion

We have presented a simple '*C CEST experi-
ment for measuring aliphatic side-chain chemical
shifts of “invisible” excited conformational states of
proteins. As a first example, an application to the
G48A Fyn SH3 domain has been described where
96% of the side-chain carbon assignments were
obtained. This value compares favorably with what
is typically reported for ground-state conformers. We
see no evidence for any residual native-like second-
ary structure in the excited state on the basis of '*C*
and 'CP chemical shifts that are very sensitive
indicators of such. Moreover, the close similarity
between measured '3C shifts past C? and predicted
values based on random-coil polypeptides argues
against long-lived tertiary interactions in the G48A
Fyn SH3 unfolded state as well. Furthermore, in
support of these results, fits of >N CEST profiles
(data not shown) did not improve when a parameter
was included in the analysis to take into account
exchange between the unfolded state and additional
conformers.

It is interesting that folding intermediates have
been observed for G48M and G48V Fyn SH3
domains [3], but not for the G48A module studied
here. It may be that the longer side chain at position

48 for G48M and G48V, relative to G48A, facilitates
the formation of interactions in the intermediate that
help stabilize it to the point where its population is
sufficient to be observed by either CEST or CPMG
methods (more than ~0.5%). In a similar regard, the
approximately 5-fold slower folding rate of G48A
relative to G48M and G48V has been explained by
the fact that Ala forms fewer stabilizing contacts in
the folding transition state than either of the longer
side chains of Met or Val [44].

We have also considered a second example,
involving an L24A mutant of the FF domain that
exchanges between the native state and a well-
defined folding intermediate (kex = 540 s 1 25 °C).
This intermediate has been shown previously by
both stopped-flow fluorescence [50] and CPMG
experiments [17,51] to be on the folding pathway.
Both studies point to a fast collapse from the
unfolded ensemble to the intermediate (rates on
the order of tens of thousands per second) that is
then followed by a relatively slow folding step to the
native structure. The intermediate thus functions as
a kinetic trap, slowing the overall folding rate, as has
been observed in studies of the folding of other helix
bundle proteins [52-55]. Figure 5a shows the
structures of both native and intermediate states of
the L24A FF domain. The intermediate structure is,
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in general, well formed and can be described as an
alternative fold of the FF domain. Indeed, it is the
stability of this intermediate state that slows the
overall folding. Notably, there are significant differ-
ences in side-chain packing between intermediate
and native states, as highlighted by the position of
Tyr4d9 (red in Fig. 5a) that inserts into a cavity that is
created by the L24A mutation [48]. Aliphatic '3C
side-chain assignments provide an avenue for
studying packing/dynamics in the intermediate
state and with the increasing development of
bioinformatic methods such as side-chain chemical
shift information that can be used at an initial stage
of the analysis. Here we have used a recently
developed approach by Berjanskii and Wishart that
exploits side-chain "™C chemical shifts in the
calculation of RClgc parameters [56] that have
been shown to be well correlated with side-chain
rmsd values obtained from molecular dynamics
simulations (rmsdgc = RClgc x 9 A). The method-
ology is essentially an extension of the backbone
RCI approach (RClgg), also introduced by the
laboratory of Wishart [49], for estimation of protein
backbone mobility. Figure 7 compares RClgg (blue)
and RClgc (red) values for the native (a) and
intermediate (b) states of the L24A FF domain. The
first nine residues of the domain have been omitted
from the plot, as these are part of a highly disordered
region. As expected, in general, the RCI values for
the native state are smaller than those for the
intermediate, consistent with increased motional
amplitudes in the intermediate conformer. This is
particularly the case for the loop between helices 1
and 2 of the FF domain and for the C-terminal region,
where helix 4 is well formed in the native structure,
but not in the intermediate. The discrepancy is
smallest for the RCI values that include helices 1, 2
and 3, which are well ordered in the excited state.
Moreover, differences between RClgg and RClgc
are somewhat larger for the intermediate than for the
native state (red shading in Fig. 7), consistent with a
less well packed intermediate structure.

As with other CEST applications that have been
reported previously [35], the methodology described
here works best for systems with exchange rates that
fall roughly into the range 20-50 s~ < kg < 500 s~
We have explored the sensitivity of the CEST
methodology to the exchange rate more fully through
simulations, described in Supplementary Information.
As Koy increases past ~400 s~ the excited-state dips
broaden considerably and this can lead to larger
errors in the quantitation of exchange parameters, pe
and K.y, although Aw values appear to be quite robust
(Supplementary Fig. 6). We have also explored this
question experimentally through studies of the L24A
FF domain. Although the exchange rate is relatively
high for CEST (kex = 540 s™', 25 °C), accurate
values of chemical shifts are still readily obtained
(Fig. 6), even in the case where Aw values are small.

This is in keeping with the results from simulations
(Supplementary Fig. 6). The exchange kinetics of the
L24A FF domain make it well suited for study by
CPMG approaches, and we have used such methods
to characterize this system previously [21]. However,
CEST offers several advantages. First, signs of
chemical shift differences are immediately available
from an analysis of the data (and often by inspection
of the CEST profiles), without the requirement of
recording additional experiments. Second, a more
complete set of '3C“ shifts for the excited state
can be obtained because uniform '3C labeling is
employed. Third, the very weak and, therefore,
selective B, field of the CEST experiment means
that experiments can be recorded without patholog-
ic interference from homonuclear scalar couplings,
thereby enabling measurement of excited-state
side-chain '3C chemical shifts.

In cases where exchange rates are outside the
optimal CEST range, it may be possible to manip-
ulate sample conditions to generate interconversion
rates that are more suitable for CEST. Furthermore,
the experiment will benefit from higher static
magnetic fields that lead to increases in resolution
in 2D '3C—"H correlation maps and in CEST profiles
and result in longer '°C T values that will improve
sensitivity. The ability to obtain site-specific aliphatic
side-chain chemical shifts is an important step
forward in characterizing protein excited states and
in elucidating how they function at an atomic level.

Materials and Methods

Protein expression and purification

The gene for expression of the G48A Gallus gallus Fyn
SH3 domain was optimized for protein production (Gen-
Script, Piscataway, NJ, USA) and placed in a pET-29b
plasmid carrying an NH,-terminal hexa-histidine tag
followed by a tobacco etch virus protease cleavage site.
Uniformly '3C/'®N enriched G48A Fyn SH3 domain was
expressed in Escherichia coli BL21(DE3) cells grown in
M9 minimal media (H,O) with [**Cg]glucose (3 g/L) and
N ammonium chloride (NH,CI; 1 g/L) as the unique
carbon and nitrogen sources, respectively. E. coli
BL21(DES3) cells were transformed with the plasmid and
were grown in 1 L of media at 37 °C until an ODggg 0of ~0.9
was reached. Protein expression was then induced with
1 mM IPTG for 4 h. The cells were harvested by
centrifugation and frozen. The protein was purified from
the cells as described earlier [44,57]. A uniformly '3C/"°N
enriched sample of the L24A FF domain was produced as
described previously by Jemth et al. [58].

NMR samples

An NMR sample of the G48A Fyn SH3 domain was
prepared at a concentration of 2 mM U-['°N,'3C], 0.2 mM
ethylenediaminetetraacetic acid, 0.05% NaN3; and 50 mM
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sodium phosphate (pH 7.0), in 90% H»0/10% D,O. A
second sample of the L24A FF domain was 2 mM in
U-["®N, "®C]protein, 50 mM sodium acetate, 100 mM NaCl
and 90% H,0/10% 2H,0 (pH 5.7).

Ground-state assignment experiments

Backbone 'H/'3C/'®N and side-chain aliphatic '3C
assignments for both G48A Fyn SH3 and L24A FF
domains were obtained using standard triple resonance
experiments [59] recorded at 25 °C, 11.7 T, using a
spectrometer equipped with a room temperature probe.
We assigned 100% (98%) of the ground-state aliphatic
carbon resonances for the SH3 domain (FF domain).

CEST experiments

In order to estimate the population of the minor states for
both SH3 and FF domains and the exchange rates, '°N
CEST experiments [35] were run at 25 °C, 11.7 T (room
temperature probe), using an "N B; radiofrequency field
strength of 27 Hz (SH3) or 28 Hz (FF), Tcest = 0.5 s and
0.3 s for SH3 and FF, respectively. Nitrogen CEST
methods are preferred for estimating exchange parame-
ters because of the high sensitivity of the experiment and
the smaller influence from '3C couplings relative to '3C
CEST approaches. In the case of the SH3 domain, 61 2D
planes were obtained with the position of the N B; field
ranging from 104.0 to 133.6 ppm in steps of 25 Hz. Each 2D
data set was recorded with acquisition times (# max, f,max) =
(54.9 ms, 64.0 ms), 4 transients per free induction decay
(FID) and aninter-scan delay of 1.5 s, corresponding to a net
acquisition time of about 11.5 min per plane and 12 h for the
complete series (data not shown). Very similar experimental
parameters were used for the FF domain.

Assignment of the excited-state aliphatic '3C reso-
nances was achieved by analysis of a set of 2D aliphatic
3C CEST experiments (see Supplementary Fig. 1a and b
and Supplementary Table 1) that were measured at 25 °C,
14.0 T (cryogenically cooled probe), using a single '°C B,
radiofrequency field strength of 23.4 Hz (SH3) and
26.3 Hz (FF) applied for the duration Tgest=0.25s
(SH3) and 0.3 s (FF). Each 2D plane was recorded with
a '8C B, field offset increment of 30 Hz, an indirect
dimension spectral width of 2.4 kHz, a direct acquisition
time of & max = 64.0 ms, 4 scans per FID and a repetition
delay of 1.5 s. Further experimental details are summa-
rized in Supplementary Table 1. Optimal choice of the B,
field depends, in general, on the exchange rate, the range
of Aw values and the value of Tgest chosen. As the
exchange rate decreases, a larger B; is often preferred to
increase the size of the dips derived from the excited
state. By contrast, for a small range of shift differences, a
smaller B; value is preferred since there is less
broadening of the dips in the CEST profile and hence
better resolution between the dips derived from major and
minor states. As illustrated here, where similar By fields
and Tcest values were used in experiments on exchang-
ing systems with substantially different k., rates, the
extraction of accurate shift differences in the CEST
experiment is rather tolerant to experimental settings
and values of B; =20-30 Hz appear to be a good
compromise for many systems.

For a robust estimate of the longitudinal relaxation rate
of ground-state nuclei, each CEST data set includes a
plane recorded with Tcest = 0. Calibration of the weak B;
field applied during the Tcest interval was achieved by
monitoring a single, on-resonance signal as a function of
TcesT, according to the procedure of Guenneugues et al.
[60]. In order to limit potential errors in the calibration that
could arise from evolution due to scalar couplings with
adjacent '3C spins, we calibrated the B field at a field
strength of about 200 Hz. The estimated strength of the
lower B, field used in the CEST experiment was then
obtained assuming amplifier linearity within the regime of
interest.

It is worth noting that the '3C decoupling that is applied
during the t; evolution period in some of the '*C CEST
experiments (see Supplementary Table 1) can introduce
Bloch-Siegert shifts [61]. '3C shifts of the ground state that
were used as fixed parameters in fits of the 'C CEST
profiles were thus obtained from a separate '*C-'H
correlation map recorded using the pulse sequence
described in Supplementary Fig. 1c. In this scheme,
refocusinq of the scalar coupled evolution involving
aliphatic '®*C—aromatic/carbonyl '3C spins is achieved
using aromatic/carbonyl selective 180° pulses. A data set
was recorded at 14.0 T (cryogenically cooled probe),
25 °C, with an indirect spectral width of 10.5 kHz,
acquisition times of (i max, f2max) = (27.8 ms, 64.0 ms),
4 transients per FID and an inter-scan delay of 1.5 s,
corresponding to a net acquisition time of about 2.5 h.

Data processing

All spectra were processed and analyzed using the
NMRPipe suite of programs [62]. Peak intensities, /, were
quantified using the line-shape-fitting module of the
package with subsequent visualization of spectra and
peak picking achieved with the program Sparky [63].
Assignment of the ftriple resonance experiments was
performed with the CCPN NMR analysis program [64].

Data analysis

All CEST intensity profiles were numerically fit using an
in-house-written python program, ChemEx (available upon
request), with the best-fit model parameters extracted by
minimizing the standard x? function

O = (lfx"—/?a"’(f))Z
O-iexp :

In this equation, the summation extends over all the
experimental data points /i that are considered for the fit,
o® is the estimated uncertainty of the measured peak
intensity /&P, I°3°(§) is the calculated peak intensity and
¢ = (X1, ...,Xn) is the set of adjustable model parameters.
Uncertainties in measured intensities, of*®, were estimated
based on the apparent intensity scatter present in the
baseline of the CEST profiles. Intensities, /£2°(&), were
calculated by numerical integration of the Bloch-McConnell
equations [65] (over the interval Tcgst) describing the
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evolution of a single '°C spin. Weak scalar coupling to one,
two or three additional '3C spins (depending on the number
of directly coupled nuclei for the carbon under consideration)
is included, as described below. The spin in turn exchanges
between two states, G and E, with rates kge and kgg. The
appropriate equations are given elsewhere [34,35]. The X, y
and z components of magnetization were calculated for both
the G and E states, for each spectral line of the multiplet
arising from the different combinations of spin “up” and
“down” of the adjacent, coupled 'C spins. 'Jsc values of
35 Hz and 51 Hz were used for aliphatic-aliphatic and
aliphatic—carbonyl or aliphatic—aromatic "*C—'C couplings,
respectively [66]. Each multiplet component is assumed to
relax identically, and cross-relaxation between individual
lines within a multiplet and between adjacent 'C spins
is neglected. In this way, each line of a multiplet can
be treated using the same formalism as for an isolated spin,
with identical longitudinal (R;) and transverse (Ry) relaxation
rates for each component. Parameters included in the fit
were Koy (kge + Keg), Pe (the fractional population of state
E), Awge = we — we ('°C chemical shift difference
between states G and E; ppm), Ry, R, and an initial
intensity (/). Note that both longitudinal (R;) and
transverse (R,) relaxation rates were assumed to be
identical in states G and E. Although the experiment is
sensitive to the linewidth (R,) of each state, no significant,
statistical improvements in the quality of the fits were
observed when adding an extra fitting parameter (per
residue) to account for linewidth differences between G
and E states (a strong indication that corresponding nuclei
for both states have similar intrinsic transverse relaxation
rates). It should be noted that k., and pg were global
parameters, while Awgg, R; and R, were fitindividually for
each '3C spin and I, was fit for each '*C—"H pair. '3C
chemical shift values of the ground state were extracted
from a separate correlation map (see above) and were
fixed in the fits.

SN CEST experiments were fit in a similar manner,
taking into account couplings with surrounding carbons
[67] ("Unco = —=14.4 Hz, "Unca = —=10.7 Hz and 2Ungq =
—7.7 Hz). Practically, a subset of '®°N CEST profiles
derived from residues with [Awggl > 2.0 ppm was globally
fit in order to obtain accurate pe and ko values. Resulting
kex and pevalues were then used as fixed parameters in the
fit of '3C CEST profiles.

Data deposition

'3C chemical shifts of the excited states of the G48A Fyn
SH3 and L24A FF domains have been deposited with the
BMRB (accession numbers 19590 and 19591, respectively).
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