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ABSTRACT: A Carr—Purcell-Meiboom—Gill relaxation dispersion experi- LA =4
ment is presented for quantifying millisecond time-scale chemical exchange % gi
at side-chain 'H positions in proteins. Such experiments are not possible in a
fully protonated molecule because of magnetization evolution from homo-
nuclear scalar couplings that interferes with the extraction of accurate transverse
relaxation rates. It is shown, however, that by using a labeling strategy whereby
proteins are produced using {"*C,'H}-glucose and D,O a significant number of

side-chain
'H CPMG
°oQ

‘isolated” side-chain 'H spins are generated, eliminating such effects. It thus becomes possible to record 'H dispersion profiles at the
positions of Asx, Cys, Ser, His, Phe, Tyr, and Trp as well as the y positions of Glx, in addition to the methyl side-chain moieties. This
brings the total of amino acid side-chain positions that can be simultaneously probed using a single 'H dispersion experiment to 16.
The utility of the approach is demonstrated with an application to the four-helix bundle colicin E7 immunity protein, Im?7, which folds
via a partially structured low populated intermediate that interconverts with the folded, ground state on the millisecond time-scale. The
extracted "H chemical shift differences at side-chain positions provide valuable restraints in structural studies of invisible, excited states,
complementing backbone chemical shifts that are available from existing relaxation dispersion experiments.

B INTRODUCTION

The development of Carr—Purcell-Meiboom—Gill relaxation dis-
persion NMR spectroscopy™ has opened up a new avenue for the
study of low populated and transiently formed (‘excited’) protein
states that interconvert with a highly populated (‘ground state’)
conformation on the millisecond time-scale.** In addition to pro-
viding rates of exchange and the fractional populations of each of
the participating states, absolute values of chemical shift differences
between ground and excited conformers are also obtained that
form the basis for calculating the shifts of the excited state(s) once
signs are available from other experiments.>® It is now possible to
measure backbone “N,”® 'HN? B0 Bco,'1? and 'H?
chemical shifts of ‘invisible” excited states as well as anisotropic re-
straints, such as residual dipolar couplings'*™" or residual chem-
ical shift anisotropies,'” that orient internuclear bond-vectors or
tensorial frames with respect to the external magnetic field. These
restraints, obtained exclusively from CPMG-based relaxation dis-
persion experiments, can then be used in a variety of structure
calculation programs'®~>° to produce atomic resolution models of
‘invisible” protein states.”' ~>*

With the development of CPMG dispersion experiments for
measuring backbone chemical shifts reaching a ‘mature’ phase,
attention has now turned to side-chain probes of structure.
Experiments for quantifying chemical exchange at '3C/
carbons,” methyl BC2 and 'HY® positions, side-chain Bco
groups of Asx and Glx,** " side-chain N spins in Asn and Gln,**
and the 'SNH," moieties of Lys” have been developed that

- ACS Publications  © 2012 American Chemical Society

3178

supplement the backbone data. The majority of the side-chain
experiments to date have focused on heteronuclear probes of
chemical exchange and with the exception of 'H methyl relaxation
dispersion experiments””*® there has been little development of
'"H methodology specifically tailored for side-chain positions.
Extending "H CPMG dispersion to these sites would represent an
important advance for a number of reasons. First, a significantly
larger subset of residues would be available to serve as reporters of
side-chain conformation, leading to improvements in the struc-
tures of proteins that are currently produced using chemical shift
restraints. Second, "H chemical shifts are a particularly powerful
reporter of structure**—including interactions between residues
distal in primary sequence—because they are influenced by ring
currents in aromatic groups. In the case of CPMG relaxation dis-
persion studies this type of data assumes an even more important
role than in ‘traditional’ NMR structural investigations because it
takes the place of NOE restraints that currently cannot be mea-
sured for excited state conformers.

Prior to the development of 'H CPMG experiments for
studies of conformational exchange at side-chain positions in
proteins it is prudent to carefully evaluate labeling schemes. For
example, artifacts must be avoided that would normally arise
during the CPMG pulse train from evolution of 'H mag-
netization due to '"H—'H scalar couplings in a fully protonated
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spin network.'> One approach is to produce proteins with
‘designer amino acids’ that have the exact labeling required,
whereby proton spins are isolated by deuterating the positions
adjacent to the site of interest. The SAIL method pioneered by
Kainosho and co-workers*® would be an optimal strategy in this
regard, although likely expensive. An alternative approach, based
on a labeling scheme that was originally introduced by Cowburn
and co-workers for NMR structural studies of proteins,® produces
fractionally deuterated molecules via expression in D,O using
{C,'H}-glucose as the sole carbon source. Such a labeling
procedure has been suggested recently by Mulder and co-
workers for '"H CPMG studies of methyl groups in proteins®’
since a large population of *CHD, methyl probes attached to
highly deuterated carbon sites (with the exception of Thr and
Ile C"') is produced. Guo and Tugarinov have also exploited
this methyl labeling pattern in their studies of the 82 kDa
enzyme malate synthase G.*>’

Here we show that the D,0, {"C,'H}-glucose growth
scheme generates proteins with many additional side-chain
sites, beyond the methyl positions, that are suitable for analysis
via 'H CPMG relaxation dispersion. These include the /3
positions of Asx, Cys, Ser, His, Phe, Tyr, and Trp as well as the
7 positions of Glx, corresponding to an additional 10 residues
that can be studied and to approximately 40% of the amino acid
content in a ‘typical’ bacterial protein.38 In what follows, we first
provide a brief analysis of the metabolic pathways responsible
for amino acid biosynthesis that gives insight into how the
labeling patterns are produced using D,0, {"*C,'H}-glucose
protein expression. Second, an experimental scheme is pre-
sented for measuring 'H CPMG relaxation dispersion profiles
that involves recording a pair of data sets that are subsequently
manipulated to produce spectra with correlations derived from
Asx, Glx and aromatic amino acids or from all of the remaining
residues. In this way all of the relevant 'H side-chain sites,
including those from methyl groups, can be probed simu-
Itaneously with no increase in measuring time. Finally, the utility of
the methodology is demonstrated on the four helix bundle 87-
residue colicin E7 immunity protein, Im7, that folds via a partially
structzlér;d low populated intermediate on the millisecond time-
scale.”™

B MATERIALS AND METHODS

Protein Sample Preparation. Isotopically enriched samples of
the wild-type Im7 protein were expressed as described previously”
(see Supporting Information for details) using 1 g/L of “"NH,CI and
3 g/L of {"*C,'H}-glucose as the sole nitrogen and carbon sources in
97% recycled D,0. NMR samples (~ 1.4 mM in protein) were
dissolved in 50 mM potassium phosphate buffer, pH 6.6, 0.02% azide,
100% D,0 or 95% H,0/5% D,O.

Details of Pulse Scheme of Figure 2. Narrow and wide solid
vertical bars denote 90° and 180° rectangular pulses, respectively, of
phase x unless indicated otherwise, while open bars correspond to
composite 180 pulses* (90x180y90x). All rectangular 'H and "*C
pulses are applied with maximum power, with the exception of the 'H
refocusing pulses that comprise the CPMG pulse train and the flanking
90° pulses that are applied with a 25 kHz field. Initially, the 'H carrier
is centered on the water signal, while the *C transmitter is positioned
at 38.5 ppm (aliphatic "*C"" region of Asx/Glx). At point a the proton
carrier is moved to 2 ppm and returned to the position of the water
line at point b just prior to acquisition. The deuterium channel is
centered at 2 ppm with ~500 Hz WALTZ-16 decoupling*" during the
CT t, element; flanking 90° pulses are applied with a 1.6 kHz field.
The symmetrically shaped *C pulses (indicated by ‘ali’) are of the
REBURP variety,” are centered at 40.5 ppm with durations of 430
(315) ps at 11.7 (18.8 T) and cover the aliphatic region (10—71 ppm).
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[BURP-2 pulses* (indicated by ‘aro/CQ’) are centered at 147.5 ppm
(109 ppm phase modulation of the carrier centered at 38.5 ppm) and
applied for durations of 430 (11.7 T) or 260 (18.8 T) us, with the
second of the two time-reversed, as illustrated. These invert over a
range extending from 110 to 185 ppm, covering both side-chain *CO
(Asx/Glx) and "*C’ (aromatic) carbons. Decoupling during acquisition
is achieved with a 2.0 (3.0) kHz GARP-1 field™ at 11.7 (18.8 T).
Suppression of *CH, and "*CH,D moieties is achieved using either
the 90,90, element or a single 90° purge pulse (the gray 90° 'H pulse
is removed), the latter attenuating residual signal from '*CHj iso-
topomers (see Supporting Information). Delay times are 7, = 1.85 ms =~
025/Jcwy 7 = 3.8 ms = 0.5/Jcy (for methylene groups), TC =
13.6—14.0 ms ~ 0.5/]¢ (for aliphatic carbons), § = 0.4 ms, Teg=Sms >
(2-3)/k. The value T (= 4n~‘rcpmg) is chosen such that approximately
1/2 of the signal has decayed relative to n = 0 (40 ms for the applications
considered here), where n can be any integer. The phase cycle is ¢,
x=%, ¢ = 2(x),2(=x), ¢35 = x, Py = x,—x, s = x—x,9,—y, s = x and
¢Prec = %,2(—x),x. Quadrature detection in F; is achieved with the
enhanced sensitivity gradient selection approach,* whereby a pair of
data sets are recorded for each t, value corresponding to (¢, gradient 7)
and (—¢, gradient 7). Axial peaks are shifted to the edge of the
spectrum by inverting ¢; and ¢, with each t; increment.* Gradient
strengths in G/cm (lengths in ms) are: 0 16 (0.5), 1 =
10 (0.25), 2 = 25 (1.0), 3 = 20 (0.5), 4 = 30 (0.15), S = 16 (0.5),
6 = =20 (0.8), 7 = 7.544 (0.15).

Recording and Fitting of Experimental Data. Side-chain
proton relaxation dispersion data sets were recorded at static magnetic
fields of 11.7 T and 18.8 T using the pulse scheme of Figure 2. Data
sets recorded at 25 °C, 11.7 (18.8) T were obtained with 21 (23)
Vepmg Values (T = 40 ms) ranging from 25 to 2000 Hz, including three
Vcpmg repetitions for error analysis. Each 2D spectrum (11.7 T) was
recorded with 8 transients, (46,512) complex points in (f,t,), cor-
responding to acquisition times of (26.9 ms, 64 ms), and a delay
between scans of 2.5 s (net measurement time of 65 min/spectrum).
Data sets were obtained at 18.8 T with 4 transients and comprised (84,768)
complex points, acquisition times of (28 ms, 64 ms). A relaxation delay of
2.5 s was used, giving rise to acquisition times of 65 min/spectrum. Similar
acquisition parameters were used for data recorded at 10 °C.

NMR data were processed and analyzed using the NMRPipe suite
of programs*® and Sparky®” with peak volumes extracted using the
program FuDa (http://pound.med.utoronto.ca/software.html).
CPMG dispersion profiles were fit to a two-site exchange model,

kap
A = B, as described previously29 using in-house written software,

kga
CATIA (http://pound.med.utoronto.ca/software.html). The use of
the simplest of exchange models has been shown previously to be
sufficient to describe the exchange process, corresponding to the
interconversion between a metastable folding intermediate and the
native conformation of Im7.>’ The analysis of the dispersion profiles
was performed as described in detail in a previous publication.”
Briefly, dispersion profiles were first fitted on a per-residue basis and
residues selected for determining the global exchange parameters, pg,
the population of the excited state, and k,, = kg + ks, using criteria
described in reference 29. In total, dispersion profiles from 5 H’
protons from aromatic residues, 17 H/H from Asx/ Glx, and 26
methyls were retained at this stage (pH 6.6, D,0, 25 °C), while
dispersions from 12 H//H' from Asx/Glx and 29 methyl groups were
fitted to extract parameters for the data recorded on the sample at pH
6.6, H,0, 10 °C. Subsequently, the (k.,, pg) parameters were fixed to
those from the global analysis of the selected residues and every dis-
persion profile fitted to extract chemical shift differences between
ground and excited states (Aw, rad/s or Aw, ppm), with errors
determined from a bootstrap procedure.

Measurement of Rotating Frame 'H-'H Cross-Relaxation
Rates, 6. Values of ¢ were obtained as described by Ishima et al,*’ by
recording 'H R,, rates for *CHD, and *CHD groups by including a
'H spin-lock element (10 kHz) of variable duration that is placed
either (i) at the start of the scheme of Figure 2, R,, or (i)
immediately at the end and therefore after the t, evolution period, R},
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Figure 1. Biosynthesis pathways highlighting key steps in the production of many of the amino acid side chains as well as the expected H/D
isotopomer distributions of metabolic precursors generated from {"*C,'H}-glucose, D,O. Residues highlighted in blue (Asx, Cys, Glx, Ser), red
(aromatic), or bold (methyl-containing) are those that contain side-chain 'H probes that are available for study using the CPMG relaxation
dispersion pulse scheme of Figure 2 (also His). Dashed (solid) arrows connect compounds that are related via multiple (single) steps. The
isotopomer distributions at distinct carbons of a given compound are not correlated with the exception of those for 3-phosphoglycerate where the
distribution is (H,H,) and (D,HD), the latter indicated in green. Abbreviations used for a number of the precursors are indicated in parentheses.

using a version of the experiment of Figure 2 that is not sensitivity
enhanced. Ishima et al. have shown that Rﬁ, > pr and that the
difference gives the value of 6.* Alternatively, rotating frame cross-
relaxation rates can be estimated by recording the decay of 'H,"*C
longitudinal order, R(I,C;) and “C longitudinal magnetization,
R,(BC), with ¢ =~ 2{R(I,C,) — R;(*3C)} (the factor of two accounts
for the fact that the magnitude of rotating frame cross-relaxation
rates are 2-fold larger than longitudinal rates in the limit of slow
molecular tumblingso). Similar values were obtained from both
sets of measurements.
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B RESULTS AND DISCUSSION

The goal of this work is to develop a simple approach for
quantifying conformational exchange at side-chain positions in
proteins using 'H CPMG relaxation dispersion NMR. This
involves, first, choosing a suitable labeling scheme that facilitates
measurement of dispersion profiles that are free from artifacts
and second, exploiting the labeling strategy in the design of the
appropriate pulse scheme for carrying out the measurements.
The success of any "H-based CPMG experiment is limited by the
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Figure 2. Pulse scheme for measuring 'H side-chain CPMG relaxation dispersion profiles for uniformly *C-labeled, partially deuterated proteins.

Details are given in Materials and Methods.

extent to which the 'H spin(s) of interest can be isolated
from adjacent protons that potentially form scalar coupl-
ing partners. In the case of a fully protonated protein, for
example, the application of successive CPMG refocusing
pulses leads to magnetization transfer between scalar coupled
homonuclear ("H) spins with an efficiency that depends on
the CPMG pulse rate, Ucpyg = 1/(47cpumg), where 27, is
the time between successive refocusing pulses in the CPMG
pulse train."® Thus, dispersion profiles are ‘contaminated’
by the effects of homonuclear J-evolution leading to mod-
ulations that are not easily separated from those due to
chemical exchange.

Previously, we had shown that it is possible to record high-
quality '"H* CPMG relaxation dispersion profiles of proteins
produced with high levels of deuteration at side-chain positions
and with approximately $0% protonation at C* sites."> Such
proteins were obtained by expression in 50% H,0/50% D,O
media using {"*C,*H}-glucose as the sole carbon source. Here
we wish to exploit an analogous labeling strategy for extending
the measurements to a number of side-chain 'H positions in
proteins. We have chosen to focus on a very simple approach
whereby proteins are produced using 100% D,O as solvent and
{3C,"H}-glucose as the carbon source, a labeling scheme that
was introduced previously in structural studies of moderately
sized molecules®® and used subsequently to produce proteins
with *CHD,-labeled methyl groups for '"H CPMG dispersion
studies.”” We show below, first by consideration of the
biosynthetic pathways for the amino acids and subsequently
by experiment, that a significant number of isolated side-chain
'H probes become available in proteins generated by this
approach, in addition to those associated with methyl groups
that have been exploited previously.”” These include 'H’ of Asx,
Cys, and Ser, 'H of Glx, and 'H of aromatic amino acids—the
10 residues that are the primary focus of what follows.
Combined with the methyl probes of Ala, Ile, Leu, Met, Thr,
and Val this brings the number of distinct side-chain types to 16
that can be used to study millisecond time-scale exchange via
"H CPMG transverse relaxation methods.

A Labeling Scheme for the Measurement of Side-
Chain 'H Dispersion Profiles. Despite a bewildering number
of side-chain positions in the 20 amino acids, the isotopomer
composition of many residues 1n proteins generated from the
D,0/{"3C,'H}-glucose approach™® can, surprisingly, be predicted
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from consideration of only three biosynthetic pathways,
including glycolysis, the TCA cycle and the pentose phosphate
pathway.>" In what follows we describe the biosynthesis of Asx,
Cys, Ser, Glx and the aromatic amino acids (aliphatic positions)
that are considered in some detail here. For completeness we
also include a brief description of the biosynthesis of the methyl-
containing amino acids. Throughout the discussion the reader is
referred to Figure 1 where the main steps in glycolysis and the
TCA cycle are highlighted, along with the levels of protonation
and deuteration at key positions. It is worth noting that the
"H/?H isotopomer composition at each carbon is independent of
other sites, except for 3-phosphoglycerate (3PG), discussed
below. The first important step in glycolysis is the isomerization
of 6-phosphoglucose to 6-phosphofructose, resulting in the
addition of a deuteron at position 1 and the elimination of a
proton at position 2 (for ease of description all numbering of
molecules is from top to bottom that does not necessarily
coincide with chemical convention). The two molecules of 3PG
that subsequently result from the cleavage of 1-6-bisphospho-
fructose will thus have different isotopomer compositions at
positions 2 and 3, either HH, or D,HD, respectively. In turn,
phosphoenolpyruvate (PEP) that follows 3PG will have H, or
HD labeling at position 3. Since C3 of either 3PG or PEP is the
precursor for the f-position of the amino acids Cys, Ser, Trp
(3PG) and Phe, Tyr (PEP) these amino acids are predicted to
have 50% H, and 50% HD at C’. The addition of a deuteron
from solvent (D,O) results in pyruvate, and its isotopomer
composition at position 3 is thus predicted to be 50% H,D and
50% HD,. The methyl group of pyruvate is transferred to the
corresponding methyl positions of Ala, Ilé?, Leu, and Val so that
the methyls of these residues are labeled as CH,D (50%) or as
CHD, (50%). In addition to serving as the precursor for Phe
and Tyr, PEP is carboxylated to form oxaloacetate (OA), and
pyruvate is decarboxylated en route to becoming acetyl-S-
CoA. These two molecules combine to form citrate, the starting
point of the TCA cycle. In the process one of the hydrogens
(either H or D) of acetyl-S-CoA is eliminated so that the
corresponding position 2 in citrate will have the predicted
isotopomer composition of 17% H,, 66% HD, and 17% D, (see
Figure 1). Through a series of reactions citrate is converted to
a-ketoglutarate (AKG). It is noteworthy that both hydrogen
atoms at position 3 of this molecule are derived from solvent
and will thus be 100% D,, while those at position 2 derive from
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C2 of citrate, thereby retaining the 17% H,, 66% HD, and 17%
D, distribution.

AKG is the precursor of Arg, Gln, Glu, and Pro, and hence
these amino acids will be 100% D, at the B-position and are
expected to be labeled as 17% H,, 66% HD, and 17% D, at the
y-position. Subsequently, AKG is decarboxylated to succinate,
which, in turn, is dehydrogenated to yield fumarate. In this
process one hydrogen each at positions 2 and 3 of succinate is
eliminated so that fumarate will have an isotopomer
composition of 50% H/50% D and 100% D at positions 2
and 3, respectively. However, because fumarate is a symmetric
compound, positions 2 and 3 are equivalent so that, when D,0
is added, the resulting molecule malate and its product
following oxidation, OA, will have an isotopomer composition
25% HD and 75% D, at position 3. It is noteworthy that both
hydrogen atoms at this position are derived from either acetyl-
S-CoA or solvent and are lost before AKG is formed in
subsequent rounds of the TCA cycle. It is thus sufficient to
consider only the first pass.

The fS-position of the amino acids Asn, Asp, Met, and Thr as
well as the y1-position of Ile derive from position 3 of OA and
since OA may be formed either by carboxylation of PEP or via
the TCA cycle it is necessary to know the relative fluxes of
these two pathways to predict the isotopomer composition at
these sites. In a previous study we found that 70% of OA was
formed via the TCA cycle™ and assuming the same value here,
the predicted isotopomer composition at the S-position for
Asn, Asp, and Met is 15% H,, 33% HD, and 52% D,. Since one
of these hydrogen atoms is eliminated in the biosynthesis of
Thr, this amino acid will have a 32% H/68% D composition at
the f-position.

It is useful to summarize at this point the expected labeling
patterns of key positions on the basis of the analysis presented
above. With regards labeling at f8 sites, Asx is predicted to be
15% H,/33% HD/52% D,, Glx 100% D,, and Ser/Cys 50%
H,/50% HD while the y positions of Glx are expected to be
17% H,/66% HD/17% D,. Further, the f positions of the
aromatic residues Phe, Trp, and Tyr are 50% H,/50% HD; the
isotopomer composition of His is more difficult to predict
because there are a number of different contributing pathways.
Because protein synthesis is carried out using D,O solvent, the
a positions are expected to be 100% deuterated. Indeed, on the
basis of a comparative analysis of "H,"*C correlation spectra of
protein samples prepared using {"*C,'H}-glucose and ~97%
D,O0 solvent (see Materials and Methods) we estimate that the
level of protonation at the a position in protein prepared for 'H
relaxation dispersion studies to be less than 4% on average
(Table 1, see Supporting Information for details), in agreement
with what Mulder and co-workers have found previously.>* In
addition, further experiments establish that the isotopomer
distribution at the f-methylene position of Glx, expected to be
CD,, is on average approximately 14% CHD, 86% CD,
(Supporting Information, Table 1). The f-sites of Asx, Cys,
Ser and the aromatic amino acids, along with y-sites in Glx are
thus well isolated from protons (i.e., low probability of
protonation on adjacent carbons). Moreover, these methylene
sites are predicted to contain sizable fractions of the HD
isotopomer that can be selected in NMR experiments (see
below), thereby avoiding complicating effects in 'H CPMG
experiments from magnetization transfer between geminal 'H
pairs. The predicted isotopomer distributions for the residues
discussed above are summarized in Table 1A and the
experimentally determined values are listed in Table 1B (see
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Table 1. *Predicted and Experimental Isotopomer
Composition at Selected Non-methyl-Containing Side-Chain
Positions in Amino Acids Synthesized by E. coli in M9
Medium Supplemented with Protonated Glucose and 100%
D,O Solvent (predicted)”

A. predicted

amino acid p 14

Asx 15% H,, 33% HD, 52% D,

Cys 50% H,, 50% HD

Glx 100% D, 17% H,, 66% HD, 17% D,

His®

Phe 50% H,, 50% HD

Ser 50% H,, 50% HD

Trp 50% H,, 50% HD

Tyr 50% H,, 50% HD

B. experimental®
amino acid y/] 7

Asx (N = 9) 12 + 1% H,, 26 + 7% HD
Cys (N =0)

GIx(N’=14), (N7 = 17) 0% H,, 14 + 6% HD 8 + 3% H,, 47 + 15% HD

His (N = 2)° 0% H,, 21 £ 17% HD

Phe/Tyr (N = 11) 10 + 2% H,, 48 + 6% HD
Ser (N = 7) 64 + 7% H,, 28 + 10% HD
Trp (N =2) 67 + 1% H,, 25 + 5% HD

“Details for methyl containing side chains have been published
previously.>> YA tabulated value of x% HD means that x/2% of the
methylene groups are CHD with protonation at one of the two pro-
chiral positions, while x/2% of the CHD methylenes are protonated at
the other position. “Difficult to predict because several pathways con-
tribute to this position. “Measurements utilized an Im7 protein sample
prepared with 97% D,0, so that it is expected that slightly higher
deuteration levels would be possible using >99% D,O. N refers to the
number of peaks in '*C—'H correlation spectra that have been
quantified to arrive at the fractional populations listed. Experimental
details are given in Supporting Information. “Peaks are weak, likely
due to residual broadening at this position, and quantification is
unreliable.

Supporting Information for details). Overall, the agreement
between predicted and experimentally determined CHD
isotopomer populations is very reasonable for Asx, Glx (at
both f and y positions), Phe and Tyr, while there are dif-
ferences for Ser and Trp. These discrepancies may reflect a
kinetic isotope effect whereby the protonated form of 3PG (see
Figure 1) is preferred over the fractionally deuterated precursor
(green hydrogens in 3PG) by phosphoglycerate dehydrogenase,
an enzyme in the biosynthetic pathway of Ser and Trp that
oxidizes the 2 position of 3PG to a ketone. Dehydrogenase
enzymes such as the one mentioned above are known to have
significant kinetic isotope effects.’>>* A second contributing
factor to the higher protonation levels is that 3PG is produced
by the pentose phosphate pathway as well, via the glycolytic
intermediate glyceraldehyde-3-phosphate (GAP) that is fully
protonated at the position corresponding to Cp of Ser and
Trp.>' This leads to a dilution of the CHD isotopomer. It is
tempting to think of supplementing the growth medium with
an inhibitor of the enzyme transketolase that catalyzes the pro-
duction of GAP in the pentose phosphate pathway. How-
ever, transketolase also plays a role in the biosynthesis of pre-
cursors for aromatic side-chains so that addition of such an inhibitor
could very well lead to slow growth rates and ultimately low protein
yields. We have not, therefore, attempted to ‘manipulate’ the growth
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conditions to obtain higher yields of the CHD isotopomer at
Ser and Trp positions. A detailed description of the conditions
used for Im7 protein overexpression is given in Supporting
Information.

In addition to the positions indicated in Table 1, many of the
methyl sites in proteins produced using {"*C,"H}-glucose/D,0
are also available for 'H CPMG dispersion analysis, as originally
demonstrated by Mulder and co-workers.”” This includes the
methyls of Ala, Il¢?, Leu and Val where the fractional popu-
lations of the CHD, isotopomer are approximately 50%.%>
Notably, the positions adjacent to these methyls are highly
deuterated so that their 'H spins are well isolated, as is the case
for Met since the *C° methyl group is connected to the side-
chain C through a sulfur. By contrast, measurement of methyl 'H
transverse relaxation rates for Thr and Il¢! by a CPMG pulse-
train is complicated by the fact that the adjacent carbons are not
completely deuterated (predicted 32% H/68% D for Thr f and
32% HD/68% D, for Ile C'", see above and reference 52), leading
to modulation of magnetization from three-bond "H—'H scalar
couplings. In these cases, however, we have found that it is pos-
sible to resolve separate methyl correlations that arise from *H
isotope shifts due to adjacent isotopomers and to ‘focus” only on
the peak that reflects the fully deuterated adjacent carbon posi-
tion, thus avoiding this problem (see below). Mulder et al. have
designed pulse sequences that specifically select for methyl groups
that are attached to fully deuterated carbons, circumventing the
problem at the expense of either lower resolution or decreased
sensitivity in spectra.27

Measurement of Side-Chain 'H CPMG Relaxation
Dispersion Profiles. Figure 2 illustrates the pulse scheme
that has been developed to record side-chain 'H dispersion
curves for proteins expressed in D,0, {"*C,'H}-glucose media.
The magnetization ‘flow” during the course of the sequence can
be summarized as follows

'H — CPMG(T) — Bc(CTt) — H(t,)

where CPMG(T) is the CPMG element during which a
variable number of 'H 180° pulses are applied. As with our
previous 'H CPMG scheme for measuring dispersion profiles
in *CHD),-labeled methyl groups™® we have chosen not to add
an additional (P-) element at the midpoint of the CPMG peri-
od that averages out the imbalance in relaxation rates of 'H in-
phase (Irz) and antiphase (with respect to the '*C, 2I;xC;)
magnetization.” Instead, the imbalance is taken into account
explicitly using a two-spin scalar coupled basis (‘H, "*C) in
calculating the dispersion profiles during the ﬁttin% procedure
with the program CATIA, as described previously."* It should
be noted that the effects of such differential relaxation are, in
any event, small. As described previously, R,(Irz) — R,(2I1xCy)
~ R,("C), where R,(°C) is the '*C longitudinal relaxation
rate.”® Values of R;(**C) have been measured for the Im7
protein, 25 °C, 11.7T, with R;(**C) = 1 s~ for *CHD, methyl
groups and between 2 and 3 s™' for >*CHD methylenes; values
<1 s7" are predicted for methylene groups at 18.8 T based on
measurements at 11.7 T. Simulations on a nonexchanging spin
system where R, 4(Vcpyc) is expected to be flat establish that
this differential relaxation leads to small deviations from flat
dispersion profiles, with R, .(Vcpyg = 0) — Ry e(Vepmg = ©0)
<155 (11.7 T) and 0.5 s (18.8 T). The benefit of omitting
the P-element is that the lowest vcpyg frequency that can be
used is a factor of 2 smaller than otherwise possible, so that the
initial dispersion regime can be more thoroughly mapped, an
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advantage in applications involving systems with moderately
slow exchange rates® (see below) and for residues with large
chemical shift differences between exchanging states |Awl,
irrespective of the exchange time scale.

The CPMG relaxation period is followed by a constant time
interval, CT t;, during which BC chemical shift evolution
proceeds. Its duration is set to ~1/Jcc, where Joc is the one-
bond aliphatic *C—"*C coupling constant (~3S Hz), since the
sample is fully C labeled. During this interval the appro-
priately labeled methylene(methyl) group, "*CHD("*CHD,), is
selected. The choice of only singly protonated methylene
groups eliminates artifacts in dispersion profiles that would
arise from magnetization evolution due to the large geminal
'"H-"H coupling, and it is further noteworthy that selection of
groups with only a single proton significantly attenuates '*C trans-
verse relaxation rates, improving the sensitivity of the experiment.
Selection against the undesired isotopomers is achieved by
allowing ">C magnetization to evolve due to the one-bond 'H—
13C scalar coupling for a duration of 7, = 1/(2]yc) that is followed
by a 'H 180° pulse in alternating scans. The net effect is that
magnetization from CH,(CH,D) groups, but not CHD(CHD,),
is inverted in successive scans, so that addition of signal leads to
selection of the desired labeling pattern. Key to the removal of
undesired isotopomers in the filter used here is the uniformity of
one-bond i values for the residues of interest (except Ser and
Met). Values measured for the Im7 protein are 130.8 + 1.9 Hz
(Asp, ), 127.0 + 0.9 (Glx, ), 130.7 + 2.7 (aromatic residues, /3),
1469 + 0.6 (Ser, f); one-bond Jyc values have been reported
previously for *CHD, methyl groups,*® ranging from 124.4 Hz
for Leu to 129.4 Hz for Ala, with Met the only substantial outlier
where a coupling of 138 Hz is measured. It is clear that a com-
promise value of 7, must be chosen, and we have used a value
of 3.8 ms, corresponding to Jyc & 130 Hz in what follows here.
The 90,90, filter described above does not suppress methyl
groups of the *CHj, isotopomer variety and relative intensities
of the CH;:"*CHD, correlations can be as much as 0.2,
corresponding to approximately 7% '*CH, isotopomer relative
to *CHD,. A factor of approximately 2-fold improvement in
*CH, suppression is achieved by replacing the 90,90,, pulse
pair with a single 90° purge pulse that works equally well for
suppression of *CH, and "CH,D moieties (see Supporting
Information). Better suppression could be achieved at the
expense of a longer pulse scheme but we have opted for the
simplest (and most sensitive) approach here.

In addition to selection for the appropriate label at the
methylene/methyl positions the CT element also facilitates
selection of methylenes from Asx, Glx and the aromatic amino
acids on the basis of the distinct carbon chemical shifts of their
C (Asx, aromatics) and C (Glx) carbons.®” This is achieved
by recording a pair of spectra where the *C’~"3C’ coupling
(Asx, aromatics) or *C’—"*C’ coupling (Glx) is either refocused
(‘Refocused” scheme of Figure 2) or allowed to evolve
(‘Coupled’) through the use of band selective pulses that invert
selectively the aromatic/carbonyl carbons or the aliphatic region
of the spectrum. In the ‘Coupled’ spectrum 3C’—C/BC-13C°
scalar evolution proceeds for a duration of 2(T¢ — 7,) that
is tuned to approximately 1/(J&®), 1/(J&rcs) (19.6 ms).
Subtraction of the pairs of data sets recorded in this manner
produces a spectrum with correlations from methylenes of aro-
matics and Asx/Glx residues. Interestingly, very weak (*C*'HY)
cross-peaks are also observed. These arise due to the small
amount of protonation at the a-position (<5%) and the fact that
the backbone fragment 'H*—C’—"*CO is selected in the
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Figure 3. Spectra recorded using the pulse scheme of Figure 2, T = 0, by subtracting ‘Refocused” and ‘Coupled’ data sets to generate a correlation
map of selected methylene groups labeled as '*CHD, A, (Asx 3, Glx , aromatic ) or adding, B, to obtain, among other cross-peaks, those derived
from Ser # (*CHD) and methyl groups (**CHD,). MOle (in B) is colored gray to indicate that its intensity is inverted relative to other methyl
groups since its methyl carbon is not coupled directly to *C. Residues are color coded as blue (Asx,Glx,Ser), red (aromatics), and black (methyl
groups), as in other figures. “Green” peaks derive from other side-chain positions that are not of interest in the present study. The lower insets in B
show expanded regions (same contour levels) illustrating 144 and 172 methyl correlations from spectra that were obtained using either the 90,90,
(above) or the 90, (below) purge. The main figures are of data sets generated using a pulse scheme with the 90, purge. Data were recorded on a

sample of Im7 (25 °C, pH 6.6, D,O) at 18.8 T.

‘Coupled’ — ‘Refocused’ difference spectrum in the same man-
ner as Asx, aromatics, and Glx side chains since the selective
aromatic/CO pulses of Figure 2 invert both backbone and side-
chain carbonyl magnetization. Addition of the data sets produces
a spectrum containing correlations from the remaining residues,
including Cys, Ser, and the methyl-containing amino acids. In
total millisecond time scale dynamics from 16 side-chains can be
probed using this experimental scheme.

Finally, as described above, we have chosen to place the
CPMG element prior to the t; evolution period for the appli-
cation to the small Im7 protein considered here. It is thus possible
to make use of the enhanced sensitivity approach whereby both
cosine and sine modulated ¢, magnetization components are de-
tected in each scan, increasing the sensitivity of the experiment by
as much as \/ 2, Figure 2. There is a potential draw-back to this
approach, however, as described previously by Ishima and Torchia
in connection with similar dispersion experiments for 'HY
protons.” At issue is the fact that the efficiency of rotating frame
cross-relaxation between the proton probe of interest and adjacent
protons depends on the chemical shift differences between the
cross-relaxing spins, increasing with higher vcpyq frequencies that
scale down the shift differences. This leads, therefore, to a modula-
tion of transverse relaxation rates (and hence affects dispersion
curves) in a manner that is not related to the exchange process
per se. We have measured the rotating frame cross-relaxation rates,
o, for *CHD, and "*CHD moieties in Im7, 25 °C, as described in
Materials and Methods, with values ~1 s for methyls and
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methylenes of all amino acids with the exception of aromatic
residues where Oug N 25! (6 ~ 3 s'). Simulations of dis-
persion profiles in the absence of exchange but including cross
relaxation as well as differences between R,(Irg) and R,(2I:xC;)
rates indicate that most often errors in R, (Vcppc) are on the
order of 1 s or less, extending to 2 s™' in a number of cases,
similar to intrinsic errors in relaxation rates obtained from repeat
measurements. For the Im7 protein where dispersions are large
(see below) such errors are tolerable. It is worth emphasizing,
however, that the effects of cross-relaxation can be eliminated, at
the expense of sensitivity, by placing the CPMG element after the
t, evolution period, as described by Ishima and Torchia.’

An Application to the Im7 Protein. The colicin E7
immunity protein, Im7, is a small (87 residue) four-helix bundle
protein that folds via a partially structured intermediate>>>” (I).
We have shown previously”® that under the experimental con-
ditions used here (pH 6.6, D,0, 25 °C or pH 6.6, H,0, 10 °C)
the unfolded state is populated to such a small extent that
dispersion profiles effectively report on the two state exchange

process linking the native structure (N) with I, I N Figure 3
kNt
shows spectra that were recorded using the pulse scheme of
Figure 2, T = 0, subtracting the ‘Refocused’” and ‘Coupled’ data
sets to generate a correlation map of selected methylene
groups, A, (Asx f§, Glx y, aromatic ). Alternatively, if the data
sets are added, the resultant spectrum comprises correlations
from the remaining aliphatic moieties, including Cys S, Ser j,
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Figure 4. Representative side-chain '"H CPMG relaxation dispersion profiles (Im7, 25 °C, pH 6.6, D,0) highlighting data from eight of the ten
nonmethyl-containing side chains that can be probed using the experiment of Figure 2. Shown are experimental data (circles) recorded at 11.7 T
(red) and 18.8 T (blue) along with solid lines that correspond to the best fit of the profiles taken all together, as described in Materials and Methods.
Both methylene proton dispersions are shown for a given residue, in cases where measurement of each was possible. Stereospecific assignments for

the methylene protons are not available.

and the methyl groups that are valuable probes of exchange in
proteins, Figure 3B.

Figure 4 shows representative CPMG relaxation dispersion
curves for H and H protons from a diverse set of side chains in
Im7 recorded at 18.8 (blue) and 11.7T (red), circles, 25 °C, pH
6.6, D,0. In addition, the best fit to the data using a two-site
model of chemical exchange as described previously®® is in-
dicated by the solid lines, with the population of the inter-
mediate state p; = 2.3 + 0.02% and k., = kyy + ky = 910 £ 105!
obtained from the global fit of all data including methyl 'H
dispersion profiles (48 pairs of dispersion profiles recorded at
11.7 T and 18.8 T, see Materials and Methods for details).
Profiles for both methylene protons are shown in all cases
(stereospecific assignments are not available currently), with the
exception of His 47 where only a single weak (*C,'H) cor-
relation is observed in spectra, Figure 3, and GIn 86 where H
chemical shifts are degenerate. While it is the case that very good
fits of the dispersion data are obtained in general using a two-
state exchange model (see also Figure 6) there are a number of

exceptions, such as Phe 41 and especially His 47. Peaks derived
from these residues are weak but perhaps more important is that
Im7 exchange is highly pH dependent at neutral pH, pointing to
a significant role for the two His side chains in the protein (His
40 and 47; correlations for His 40 are broadened to the point
that they not observed). It may well be that His 47, located in the
loop connecting helices 2 and 3 (see below), undergoes an ex-
change process that is more complex than two-state. Inter-
estingly, the side-chain of Phe 41 (helix 2) projects toward the
loop and may be ‘affected’ by the same complex dynamic process
that modulates the chemical shifts of His 47. Figure 4 establishes
that it is not always the case that similarly sized "H dispersions
are measured for both methylene proton positions of a given
side-chain, as clearly illustrated for Asn 26 and Phe 41 that
reflects differences in A values at each site. Notably, the in-
trinsic transverse relaxation rates of the H' protons of Glx
residues, R, 4(Vcpmg — ©0), are relatively small (<14 s7),
as expected for side-chains that are primarily surface exposed
and positions that are distal to the protein backbone. Values of
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R, {(Ucpyc — ©0) become larger as the probe is closer to the back-
bone, as can be seen by a comparison of Asx and Glx profiles.
The f protons of aromatic residues relax rapidly since these
amino acids are localized primarily to hydrophobic cores and are
immobilized through a myriad of contacts within the molecule.

We have also recorded a second set of dispersion profiles
under different conditions, 10 °C, pH 6.6, H,O, where the ex-
change parameters are varied (p; = 2.1 + 0.05%, k., = 320 + 10s").
The chemical shift differences, Aw (ppm), are expected to be
only very slightly dependent on the conditions of the
experiment so that a strong correlation between Aw values
recorded on the same system with different exchange param-
eters provides a cross-validation of the methodology. Figure 5
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Figure 5. Linear correlation plot of [Awl(25 °C, pH 6.6, D,0; Y-axis)
vs |A@l(10 °C, pH 6.6, H,0; X-axis) values. Values from aliphatic
nonmethyl, methyl and aromatic side chains are color coded blue,
black, and red, respectively. The line y = x (solid) and the best fit line
(dashed) are indicated, along with Pearson’s correlation coefficient
squared and the rmsd between the two data sets. Errors in [Awl values
are denoted by vertical and horizontal bars.

shows the linear correlation plot of Aw(25 °C, pH 6.6, D,0; Y-
axis) and Aw(10 °C, pH 6.6, H,0; X-axis) values, color coded
according to side-chain type (blue: aliphatic nonmethyl, black:
aliphatic methyl, red: aromatic), along with the line y = x and
the best fit line (dashed). It is clear that an excellent correlation
is obtained, providing a strong measure of confidence in the
extracted
observed have also been noted in comparisons of Aw values
for N and 'H" nuclei obtained via analysis of dispersion pro-
files recorded at 25 and 10 °C (unpublished data).

The CPMG relaxation dispersion spectra that have been
recorded to obtain the aliphatic 'H dispersion profiles discussed
above can also be analyzed to produce the corresponding curves
for methyl groups. Cross-peaks derived from methyls of Ala, Ile'%,
Leu, Met and Val are straightforward to fit; by contrast, the situa-
tion for Thr and I¢' is complicated by the fact that carbons
adjacent to the methyl groups in question are not completely
deuterated, although the predominant isotopomer is of the CD
or CD, variety for Th? and Ile C"", respectively. In spectra of
Im7 recorded at 18.8 T we have found that resolution of the
deuterium isotope shifted correlations is sufficient to separate
Thr and Tle C’' methyl peaks that are adjacent to C’D and C''D,

spin systems, respectively, so that robust measures of exchange

chemical shifts. The small deviations that are
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can be obtained at these methyl positions as well without com-
plications from magnetization transfer due to 'H—'H homo-
nuclear scalar couplings.

Figure 6 plots 'H and "*C dispersion profiles derived from a
number of side chains in Im7 (25 °C, pH 6.6, D,0) to illustrate
the complementarity of experiments that focus on both 'H and
3C spins. This complementarity is to be expected, at least for
methyl groups, where it is known that '*C probes are very
sensitive to changes in side-chain dihedral angles between ex-
changing ground and excited states via the y-gauche effect,*”®!
while the 'H spin senses ‘external’ structural perturbations, such
as those due to changes in ring currents (see below). The
results from the present study show that for some residues, for
example Glu 2 or Asn 26, ‘similar’ dispersion profiles are
obtained for both 'H and C side-chain nuclei. For others,
however, (Leu 37, Glu 46, Val 42) there are large differences
between 'H and “C profiles. Not surprisingly, there are in-
stances when 'H dispersions are large, while '*C profiles from
neighboring probes are small and vice versa. On average, dis-
persions might be expected to be larger for side-chain carbons
than protons, based on a comparative statistical analysis of *C
and 'H side-chain chemical shift distributions reported by the
BMRB (http://www.bmrb.wisc.edu/ref_info) showing a larger
standard deviation (in Hz) for carbon. However, changes in
Aw values in cases where the probe in question changes
orientation/distance with respect to an aromatic ring may be
significantly larger for 'H than *C, both because of the factor
of 4 increase in gyromagnetic ratio and the fact that 'H spins
are often closer to the aromatic(s) in question. This increases
the value of the 'H spin as a probe of structure.

The distribution of 'H probes that are available for analysis in
Im?7 is illustrated in Figure 7A, where protons from 29 methyl
groups (black), 13 Asx (H), 13 Glx (H), 4 Ser () (all in
blue), and 9 aromatic (H, red) residues are shown. Two orien-
tations of the crystal structure of the ground state of Im7°* are
illustrated in Figure 7B showing the overall structure, including
the four helices that comprise the native state of the protein. In
addition, a number of residues are highlighted that are dis-
cussed below. The great majority of the methyl groups and
aromatic side chains are localized to the interior of the protein
serving as reporters of changes in hydrophobic packing asso-
ciated with the conformational transition probed by the CPMG
relaxation dispersion experiment. In contrast, Asx and Glx (and
the side chains of Tyr SS, Tyr 56, and Trp 75) are localized to
the surface of the protein, so that structural changes to surface
positions can be studied as well.

Although details of the structure of the excited state must
await an in-depth characterization of chemical shifts and re-
sidual dipolar couplings, as we have done in the past in studies
of the FF domain,*>** a qualitative inspection of the backbone
chemical shifts along with the side-chain carbonyl shifts that we
have reported previously” allows us to conclude with con-
fidence that H3 (helix 3) is no longer folded in the excited state
(red in Figure 7B). The measured relaxation dispersion data
reported here are consistent with this. Figure 7C shows values
of IA@l color-coded onto the side-chain protons that are avail-
able for analysis in the present set of experiments. Significant
changes in chemical shifts are observed for probes that are close
to or part of H3. These include Leu 53 (IAw®!l = 0.45 ppm,
|A@®| = 0.36 ppm) and Ile 54 (IAw°l = 0.99 ppm, |Aw"l =
0.79 ppm) that are located in the middle of H3 in the native
state. The large |Awl values reflect the proximity of the methyl
protons to His 47 (Leu 53) and Phe 41,Tyr S5 (Ile 54), leading
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Figure 6. Representative CPMG relaxation dispersion profiles for select *C and 'H nuclei from a given residue, indicated in the top right of each
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and 18.8 T (blue). Side-chain carbonyl dispersions were recorded as described previously”® while methyl *C dispersions were obtained using a
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Figure 7. (A) Distribution of side-chain 'H probes (balls) in Im?7 that are available for analysis via 'H CPMG relaxation dispersion. Twenty-nine methyl
groups (black), 13 Asx (H), 13 Glx (H?), 4 Ser (H”) (all in blue), and 9 aromatic (H”, red) residues are indicated. (B) Two views of the crystal
structure of the ground state of Im7,%* highlighting the overall structure including H3 that is unfolded in the intermediate (red), and several residues that
are discussed in the text. Also shown on the structure are key sites that have large IAwl values. (C) Values of IAw! obtained in the analysis of the 'H
dispersion experiment are color-coded onto the side-chain protons. In cases where values of Al are not available the side-chain protons are colored gray.

to large upfield shifts in spectra of the native conformation (see consistent with the view that this helix is shorter in the excited
Figure 3B). Val 42 (IAw"!| = 0.34 ppm, |Aw"* = 0.46 ppm) at state, a conclusion based on backbone chemical shifts that have
the C-terminal end of H2 also shows large shift changes, been measured by other relaxation dispersion experiments.
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Other residues such as Leu 03 (IAw®!l = 0.18 ppm, IAw®| =
0.39 ppm), Thr 45 (IAw’| = 0.38 ppm) and Leu 38 (IAw°!| =
0.29 ppm, IAw® = 0.05 ppm) also show substantial shift
changes and notably in almost all cases the methyl groups in
question are proximal to aromatic side-chains. It seems very
likely, therefore, that "H |Awl values will provide useful ‘long-
range’ information connecting side-chains distant in primary
sequence. Notably, small chemical shift changes can also pro-
vide structural insights, as in the case of Ile 7 of HI (I1Aw®!| =
0.13 ppm, [Aw" = 0.15 ppm). Both 1 and 72 protons are sig-
nificantly upfield shifted in the ground state (see Figure 3), due
to the proximity of Phe 84 of H4, with only small changes in
shifts in the excited conformation. This may indicate that helices
1 and 4 remain docked in the intermediate, consistent with the
small changes in both the side-chain carbonyl and H shifts of
Glu 12 that is known to form a salt-bridge in the ground state
with Lys 73 of H4.

There are also substantial changes in proton shifts for a
number of aromatic and side-chain Asx/Glx moieties in addi-
tion to the methyl groups mentioned above. Interestingly only a
single ("*C)'H”) correlation is observed in spectra of His 47
(IA@”| = 0.57 ppm) while no correlations can be found for His
40, indicating that both of these residues are sensitive to the
exchange process. His 40 is proximal to Leu 3, mentioned above,
at the N-terminus of the protein suggesting that this region of
Im7 may undergo a substantial rearrangement in the excited
state. A large change in chemical shift is observed for one of the
two f3 protons of Phe 41 (H2, |Aw”| = 0.42, 0.13 ppm), that is
centrally located in the protein. The large 'H side-chain IAwl
values measured for other positions of H2 and the small
backbone shift differences for the majority of this helix are con-
sistent (unpublished data) with this region retaining helical
structure in the excited state, with reshuffling of side-chain inter-
actions. Not surprisingly changes in S-proton chemical shifts are
also observed for Tyr 56 (IAw@”| = 029 ppm, 0.16 ppm) and for
Asp 52 (IAw”| = 0.48 ppm, 0.09 ppm), both located in H3 that
is unfolded in the excited conformer. Finally, significant H’ shift
changes are measured for Asn 79 (IAw”| = 0.57 ppm, 0.21 ppm).
In the ground state its resonance position is upfield shifted
(Figure 3A) due to the proximal Trp 75 ring. The side-chain of
Asn 79, located at the C-terminal end of H4, forms a hydrogen
bond with the backbone carbonyl of Trp 75 in the native
conformation® and the shift change thus likely reflects fraying of
this helix in the excited state.

B CONCLUDING REMARKS

An approach has been described for the measurement of side-
chain proton CPMG relaxation dispersion profiles for fraction-
ally deuterated proteins generated via overexpression using
{®C,'H}-glucose as the only carbon source in D,0 media.
“Isolated’ 'H spins are produced at the H positions of aromatic
amino acids, Asx, Cys, and Ser, at H sites of Glx and for most
of the methyl groups. This provides for a large number of side-
chains that can be probed by the relaxation dispersion tech-
nique, leading to the extraction of |Awl values to be
subsequently used in calculations of the structure of the excited
state. Particularly important in this regard is the sensitivity of "H
chemical shifts to positions of aromatic residues that is expected
to significantly improve the structures obtained. The experiment
presented significantly extends previous methodology, largely
focused on measurements of backbone chemical shift differences.
As such it adds to a growing list of experiments that ‘bring into
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focus’ excited protein states that have remained recalcitrant to
study using the traditional tools of structural biology.
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