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Abstract: Carr—Purcell-Meiboom—Gill relaxation dispersion NMR spectroscopy can provide detailed
information about low populated, invisible states of protein molecules, including backbone chemical shifts
of the invisible conformer and bond vector orientations that can be used as structural constraints. Notably,
the measurement of "H® chemical shifts in excited protein states has not been possible to date because,
in the absence of suitable labeling, the homonuclear proton scalar coupling network in side chains of proteins
leads to a significant degradation in the performance of proton-based relaxation dispersion experiments.
Here we have overcome this problem through a labeling scheme in which proteins are prepared with U—2H
glucose and 50% D,0/50% H,O that results in deuteration levels of between 50—88% at the C” carbon.
Effects from residual '"H*—"H? scalar couplings can be suppressed through a new NMR experiment that is
presented here. The utility of the methodology is demonstrated on a ligand binding exchanging system
and it is shown that 'H* chemical shifts extracted from dispersion profiles are, on average, accurate to
0.03 ppm, an order of magnitude better than they can be predicted from structure using a database approach.
The ability to measure '"H* chemical shifts of invisible conformers is particularly important because such
shifts are sensitive to both secondary and tertiary structure. Thus, the methodology presented is a valuable
addition to a growing list of experiments for characterizing excited protein states that are difficult to study
using the traditional techniques of structural biology.

Introduction

NMR spectroscopy is a powerful technique for studying
molecular dynamics over a wide range of time-scales, and new
approaches are continually emerging.' * In the past several
years, there has been significant progress in the development
of NMR methods for characterizing millisecond time-scale
motions in proteins that are often of relevance for a wide variety
of biological processes. Particularly exciting has been the
development of Carr—Purcell—Meiboom—Gill (CPMG) relax-
ation dispersion experiments>® that can be used to study
exchange processes involving the interconversion of a highly
populated (ground) state and low populated, transiently formed
(excited) states.”® The low population and transient nature of
these states often renders them invisible to most biophysical
methods. Yet their presence can be established quite readily in
NMR spectra through increased broadening of peaks that derive
from the visible ground state. This excess broadening, in turn,
can be manipulated in CPMG experiments where transverse
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relaxation rates, R, o, are measured as a function of the repetition
rate of refocusing pulses, vcpumg, during a constant-time relax-
ation delay.”'” The resulting dependence is then fit to the
appropriate model to extract the kinetics and thermodynamics
of the exchange process as well as the chemical shift differences
between the exchanging states."'”'* Applications to protein
folding,'*"'” enzyme catalysis'®~** and ligand binding'”** have
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emerged in the past several years, and detailed information about
excited states can often be obtained despite the fact that in many
cases they cannot be observed directly.

One of the most important features of the CPMG dispersion
experiment is that it is sensitive to chemical shift differences
between the interconverting states and hence the chemical shifts
of the excited state. Indeed excited-state shifts can be obtained
from a combined analysis of dispersion data and simple two-
dimensional heteronuclear correlation maps that are recorded
at a number of static magnetic fields, as described previously
by Skrynnikov et al.?® The resultant chemical shifts can, in turn,
be used as probes of structure—in this case, of excited states
that are recalcitrant to direct observation.

The chemical shifts of *C%, 3CFf, 3CO, N, 'HN and 'H“
nuclei are now routinely used in NMR structure calculations of
‘populated ground states’ by ‘converting them* into dihedral
angle restraints®® that complement nuclear Overhauser enhance-
ments (NOE) and residual dipolar coupling (RDC) restraints.*”
Recently it has been shown that these shifts can be used as the
sole experimental restraints in database structure determination
protocols to produce structures that agree well with those
generated using ‘traditional’ NMR or X-ray based methods so
long as the proteins are of moderately small size (<150
residues).*'? In a related application our laboratory has recently
presented the backbone fold of an invisible, excited-state that
corresponds to the peptide bound form of the Abplp SH3
domain®? using restraints that were exclusively derived from
relaxation dispersion data. These include (¢,1) restraints that
were obtained using the database program TALOS?® from N,
'HN, 13C% and *CO chemical shifts** of the excited-state and
anisotropic restraints in the form of 'HN—'N 3 'H*—1BC®,
'HN—"3CO RDCs* and changes in '*CO chemical shifts upon
alignment ('3CO RCSAs)*’ that were measured for the excited-
state using spin-state selective relaxation dispersion experiments.

One obvious omission in the list of chemical shifts of the
excited-state that have been measured to date is that of 'H.
Although its chemical shift is an indicator of secondary structure
like 3C%, 3CP and *CO shifts®® *° the 'H* shift is comple-
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mentary since it is also sensitive to ring currents*'~** and

hydrogen bonding.**** 'H* chemical shifts extend from ap-
proximately 3.0 — 6.0 ppm, while random coil o-proton shifts
range over ~0.75 ppm or 25% of the total variation in 'H*
chemical shift space.* Thus, the chemical shift of 'H* is
extremely sensitive to structure. Much of this sensitivity is
derived from the exquisite dependence on the dihedral angels
¢/, that can cause the secondary chemical shift to be perturbed
downfield by 0.7 ppm and upfield by 0.6 ppm for extended and
helical conformations respectively.** Most important, the "H*
chemical shift is also particularly sensitive to ring current effects
of nearby aromatic rings and these can cause upfield or
downfield variations of as much as 1.5 ppm.** Thus measure-
ment of 'H* shifts provides tertiary information as well.
Additional effects that contribute to the shift range include
hydrogen bonding to oxygen of carbonyl groups on opposite
B-strands,** although this effect largely is accounted for by the
¢ip; dependence,** interactions with solvent and proximal
charges. Known structural effects account for almost all of the
"H® chemical shift and indeed, the program SPARTA can predict
it very well, to within an rmsd of 0.27 ppm for known
structures.*> Since the 'H® chemical shift can be predicted
accurately, it is clearly useful to include it in structure calcu-
lations.

The measurement of 'H* chemical shifts of excited protein
states using relaxation dispersion methods, has to this point been
problematic, however. In applications involving protonated
molecules the transfer of magnetization between scalar coupled
proton spins that is facilitated by 'H refocusing pulses during
the CPMG period leads to artifacts in dispersion profiles that
significantly complicate the extraction of robust exchange
parameters. Here we circumvent this problem by developing a
labeling scheme in which proteins are expressed in 50% D0,
using uniformly deuterated and '*C-labeled glucose as the carbon
source, which eliminates many of the unwanted '"H—"H scalar
couplings. Further, an 'H* dispersion pulse scheme is presented
that to a large extent refocuses evolution from the remaining
proton scalar couplings. It is shown that the combination of the
new labeling protocol and the new 'H® dispersion experiment
permits the measurement of accurate "H* chemical shift differ-
ences linking the ground and excited states. The addition of
'H* shifts to the list of those that are presently quantified by
relaxation dispersion will lead to an improved description of
the structures of low populated, invisible conformers.

Materials and Methods

Protein Sample Preparation. Samples of the Abplp SH3
domain*®~*® were prepared with isotopic enrichment by protein
expression in BL21(DE3) cells grown in M9 minimal media, 50%
D0, supplemented with 1 g/L "NH,Cl and 3 g/L ['3Cs,?H;]-glucose
as the sole nitrogen and carbon sources, respectively. Cells were
grown to OD 0.8 and protein expression induced with 1 mM IPTG.
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Overexpression was carried out at 37 °C for 7 h. A 17 residue
peptide from the protein Ark1p*® (primary sequence: KKTKPTP-
PPKPSHLKPK) was expressed as described previously.>> The
Abplp SH3 domain and the unlabeled Ark1p peptide were purified
according to Vallurupalli et al.>> Samples were prepared in 50 mM
sodium phosphate, 100 mM NaCl, 2 mM EDTA, and 2 mM NaNj3,
pH 7.0 buffer, 100% D,0. An exchanging P + L <> PL sample
was prepared by titrating Ark1p peptide into a solution of the SH3
domain so that [PL]/([P]+[PL]) &~ 5% with a protein concentration
of 1.4 mM (in the following referred to as the “5% bound sample”).
A second sample with [PL]/([P]+[PL]) &~ 95% and a protein
concentration of 1.1 mM was also prepared (referred to as the “95%
bound sample”).

NMR Spectroscopy. All NMR experiments were performed at
25 °C on Varian Inova spectrometers with 'H resonance frequencies
of 500, 600 and 800 MHz, equipped with cold (600 MHz) and
room temperature (500, 800 MHz) probe-heads.

Quantification of C/H”, isotopomer levels (or CPH? for Ile, Thr
and Val; CPHP; for Ala) in proteins prepared as described above
was carried out to provide experimental verification of the predicted
isotopomer distributions based on analysis of the appropriate
metabolic pathways. This was done by recording deuterium
decoupled constant-time 3C HSQCs>*>" on the sample of interest
(prepared with U—"3C,?H glucose and 50% D,0) and on a uniformly
'H/"*C/"N sample and calculating the fraction of the fully proto-
nated isotopomer as f = (Bp/2Ap)/(By/Ay), where Br and By are
the intensities of a particular *C#,'H? cross-peak (derived from a
fully protonated CF) in spectra recorded on the fractionally
deuterated and uniformly protonated samples respectively and A
and Ay are the average intensities of '3C*'H* correlations in the
spectra of the two samples that are used to normalize for different
protein concentrations. The factor of 2 in the expression takes into
account the fact that the intensities of the '3C*,'H* peaks are reduced
by a factor of 2 in the fractionally deuterated sample since it is
grown on 50% D,0.%>

"H* relaxation dispersion experiments were recorded at 600 (or
500) and 800 MHz on samples comprised of fractionally deuterated
U—BN, U—-"3C Abplp SH3 domains, 5% or 95% unlabeled Arklp
peptide using both versions of the pulse sequence described in
Figure 2. Data sets recorded with the 5% bound sample were
obtained with 7T.,x=30 ms, vcpyg values between 67 and 1000 Hz
(N even) (see Figure 2), while data sets with the 95% bound sample
were recorded Tre,x=30 ms, values of vcpyg between 67 and 1333
Hz and even values for N. In all cases a total of 14 2D planes were
recorded and the total experimental time for each complete
dispersion data set was 24 and 31 h at 600 and 800 MHz
respectively, while a measurement time of 48 h was used for the

(49) Haynes, J.; Garcia, B.; Stollar, E. J.; Rath, A.; Andrews, B. J.;
Davidson, A. R. Genetics 2007, 176, 193-208.

(50) Vuister, G. W.; Bax, A. J. Magn. Reson. 1992, 98, 428-435.

(51) Santoro, J.; King, G. C. J. Magn. Reson. 1992, 97, 202-207.

(52) Voet, D.; Voet, J. G. Biochemistry, 3rd ed.; John Wiley & Sons, Inc.:
Hoboken, 1995.

(53) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax,
A. J. Biomol. NMR 1995, 6, 277-293.

(54) Ishima, R.; Torchia, D. A. J. Biomol. NMR 2003, 25, 243-248.

(55) Perez, C.; Lohr, F.; Ruterjans, H.; Schmidt, J. M. J. Am. Chem. Soc.
2001, 723, 7081-7093.

(56) Rose, I. A.; O’Connell, E. L. J. Biol. Chem. 1961, 236, 3086-3092.

(57) Lundstrom, P.; Hansen, D. F.; Kay, L. E. J Biomol NMR 2008, 42,
35-47.

(58) Grzesiek, S.; Kuboniwa, H.; Hinck, A. P.; Bax, A. J. Am. Chem. Soc.
1995, 117, 5312-5315.

(59) Kupce, E.; Wagner, G. J. Magn. Reson., Ser. B 1995, 109, 329-333.

(60) Kupce, E.; Freeman, R. J. Magn. Reson., Ser. A 1995, 117, 246-256.

(61) Zhang, S. M.; Gorenstein, D. G. J. Magn. Reson. 1998, 132, 81-87.

(62) Shaka, A. J.; Keeler, J.; Frenkiel, T.; Freeman, R. J. Magn. Reson.
1983, 52, 335-338.

(63) States, D. J.; Haberkorn, R. A.; Ruben, D. J. J. Magn. Reson. 1982,
48, 286-292.

data set recorded at 500 MHz to compensate for the lower sensitivity
of data recorded at this field.

Data sets were processed and analyzed with the nmrPipe/
nmrDraw suite of programs® and peaks integrated using the
program FuDA (available upon request). CPMG relaxation disper-
sion profiles, R ci(Vepma) VS Vepma, Were calculated as Ry er(Vepmc)=
—In(I/(vepmo)/Io) Trelaxs, Where I(vepyg) is the peak intensity for
different vepmg values and Iy is the peak intensity obtained when
the CPMG block is omitted. Here vcpyg = 1/(47cp), where 27cp is
the interval between successive 180° refocusing pulses during the
CPMG element. Uncertainties in R, ¢i(Vcpmg) Values were estimated
from duplicate measurements. All dispersion data were fitted to a
two-state model of chemical exchange to extract the global exchange
rate, kex = kon[L] + kogr, the population of the minor state, pg, and
residue specific chemical shift differences between the major and
minor states, Az (absolute values only). In order to establish which
residues should be included in such fits, all dispersion profiles were
initially fit on a per-residue basis to models that either include or
do not include chemical exchange. Residues were retained for
further analysis if fits using the two-site exchange model were
significant as established by F-test analyses, with p < 0.001.

Results and Discussion

Problem with Measurement of 'H* Chemical Shifts in
Protonated Proteins via Relaxation Dispersion. The measure-
ment of accurate 'H® relaxation rates as a function of the number
of refocusing pulses applied during the CPMG element is
complicated in applications involving protonated proteins by
evolution due to '"H*—'HN and 'H*—'H” scalar couplings that
are not refocused during the CPMG pulse train and by additional
couplings that relay magnetization transferred to 'H” to points
further along the side-chain. Similar issues have been noted by
Ishima and Torchia in 'HN CPMG dispersion studies of
protonated proteins, although in this case homonuclear scalar
couplings can be eliminated through perdeuteration,”*an option
this is clearly not available presently. In the case of 'H*
relaxation studies, the amide proton can trivially be replaced
by deuterium by recording the experiments in D,O rather than
in H,O, however, the scalar coupling to "H® with consensus
values of 10.8 and 3.3 Hz for the trans and gauche y' rotameric
states respectively,”® remains. To appreciate the problems that
this can cause, consider the evolution of transverse 'H*
magnetization that is scalar coupled to a single 'H? proton
(coupling constant of J4) during the course of a CPMG pulse
train where relaxation and pulse imperfections are neglected.
In what follows we denote magnetization derived from a and
B protons by I* and /”, respectively, and consider the evolution
of 'H* Y-magnetization, I§, in a number of limiting cases.

Simulations establish that in the slow pulsing limit, IAwTcpl
>~2.5 where Aw is the difference between 'H* and 'H”
resonance frequencies and zcp is half the time between succes-
sive refocusing pulses in the CPMG pulse train, evolution of
I for a time T, proceeds according to

I} = I cos(rtd o, 4T) — 2131, sin(tJ o4 T) (1)
as expected in the weak scalar coupling limit. In contrast, in
the rapid pulsing limit, IAwzcpl < 1, the evolution approaches
that obtained in the strong coupling limit
I} = I cos’(7t] o gT) + I sin’(7wJ , 4T

+ ST — 1)) sinQad , yT)  (2)
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Figure 1. Pathways involved in the biosynthesis of the majority of the amino acids, with the isotopomer composition of several intermediates of glycolysis
and the TCA cycle indicated, assuming a carbon source that is uniformly deuterated glucose and a solvent composition of 50% D,0/50% H,O. Positions that
are precursors of C of the amino acids are colored red and the percentage of each isotopomer is indicated. Also shown are the derived amino acids and their
isotopomer composition at the S-position. Amino acids, for which the S-position may originate from different precursors or for which the precursor can be
synthesized in more than one way, are shown more than once. (A) Glycolysis and the amino acids derived from this pathway. For clarity, certain steps have
been omitted. Note that for 3-phosphoglycerate the level of deuterium incorporation at each of the two hydrogen containing carbon sites is independent of
the other. (B) The TCA cycle and the amino acids that are produced from TCA precursors. Only selected steps are shown. For citrate, o-ketoglutarate and
fumarate the incorporation of deuterium at each of the two positions indicated in red is independent of the other.

The key measurable in the 'H* dispersion experiment is the attenuated by the factor cos(mJos7) and this factor approaches
dependence of 'H* magnetization on the number of pulses (and cos*(lgT) as IAwzcpl < 1. For example, consider the case
hence on 7¢p) that are applied during a fixed interval in time, where Aw is 6300 s~! (2.0 ppm at 500 MHz). Evolution is in
T. The requirement is that in the absence of chemical exchange the slow pulsing limit for vcpyg = 1/(4tcp) < 630 Hz, while
there is no dependence of magnetization intensity on zcp so that for 630 Hz < vepmg < 1575 Hz the value of |Awtcpl varies
flat dispersions will be obtained. However, this is clearly not between 1 and 2.5, with [Awtcpl <1 for vepmg > 1575 Hz. Thus,
the case here. In the weak pulsing limit 'H* Y-magnetization is over the range of vcpyg values that are normally considered
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Figure 2. Pulse scheme of the 'H* CPMG relaxation dispersion experiment for measuring millisecond time-scale dynamics in uniformly '*C-labeled,
fractionally deuterated proteins. 'H and '3C 90° (180°) RF pulses are shown as narrow (wide) bars. The 'H carrier is placed on the water signal, while the
13C carrier is at 58 ppm. All pulse phases are assumed to be x, unless indicated otherwise. 'H and '3C pulses are applied at the highest possible power level,
except for the 'H pulses applied immediately after gradient g6 and prior to gradient g7 which use a field strength of approximately 25 kHz. '3CO and '3C*
spins are decoupled during the *C* evolution period using simultaneous decoupling fields comprised of constant adiabicity WURST-8 schemes.>**° For
13CO decoupling the field is centered at 175 ppm, decoupling bandwidth = 10 ppm and max(rms) field strength of 0.39(0.29)kHz, while for '*C# decoupling
a field was applied with a decoupling bandwidth of 30 ppm and max(rms) field strengths of 0.49(0.39)kHz, swept from 15 to 45 ppm (centered at 30 ppm).
An additional equivalent field swept from 110 to 71 ppm (centered at 86 ppm) was applied as well that essentially eliminates decoupling artifacts that would
otherwise manifest when only a single field centered at 30 ppm is applied.®®®" A 180° '*N pulse, centered at 119 ppm, is applied in the middle of the t,
period in the case of samples that are also N labeled. To increase sensitivity in larger proteins, multiple-quantum evolution in t; can be employed by
substituting the element shown in inset (A) for the block within the dashed box in the main figure. '*C decoupling during acquisition is achieved with a 2.5
kHz WALTZ-16 scheme.®® The phase cycling used is: ¢ = x, —x, ¢ = 2(x), 2(—x), ¢3 = 4(x), 4(—x), ¢4 = 4(—x), 4(x), receiver = x, —x, —x, x. The delay
7, is set to 1.8 ms and N is any even number. Gradient strengths G/cm (length in ms) are: g; = 5.0(1.0), g» = 8.0(0.6), g3 = —12.0(1.0), g4 = 15.0(0.3), g5
= —8.0(0.1), g6 = 8.0(0.5), g7 = 15.0(0.4). Quadrature detection in the indirect dimension is obtained by recording two sets of spectra with (¢,) and (¢, +
71/2) for each #, increment:;®* the phase ¢, and the receiver are incremented by 180° for each complex t; point.** The insets (B) and (C) show refocusing
elements that partially suppress the effects of 3JH(LH/; couplings. (B) Delay 7, = 1/(2'JH(1,C,1) is set to 3.52 ms. 3C# decoupling is achieved with a WURST-2
scheme® centered at 27.5 ppm and with a bandwidth of 25 ppm, max(rms) field strength of 1.22(0.69) kHz. The '*C” spins of Thr and Ser are not decoupled
using this scheme and these residues are therefore unavailable for analysis. The shaped pulse in (C) refocuses 'H* (code for generating this pulse is available
on request). In the present application it was centered at 4.77 ppm and applied with a width of 1.65 ms at 800 MHz (scaled appropriately for the other fields).

The pulse gives at least 96% inversion from 3.3 to 6.24 ppm and less than 1% inversion upfield of 2.0 ppm.

magnetization intensity will depend on 7cp, even in the absence
of chemical exchange, leading to dispersion profiles that are
not flat and complicating the extraction of accurate exchange
parameters when exchange is present. Of course, the situation
is more complex than what is reported by eqs 1 and 2 since
in general (1) refocusing pulses are not perfect, (2) relaxation
cannot be neglected and (3) the network of scalar coupled proton
spins will be larger than that considered here.

Removing Homonuclear Scalar Couplings via Deuteration.
Ideally one would like to generate protein samples with full
protonation at the C* position that are completely deuterated at
all other sites. Very close to ideal would be to produce samples
that at a minimum are highly deuterated at the C# carbon since
then the problematic 'H*'H? scalar couplings would be
eliminated. The simultaneous goal of generating proteins with
high levels of protonation at the C® position while Cf is
deuterated for proteins produced with traditional overexpression
protocols that use glucose as the carbon source in M9 medium
is not achieved easily since, regrettably, H* and to some extent
H? derive from a common source—solvent. However, since the
H? protons for most of the residues also, at least in part, originate
from glucose (while the protonation content at the o-position
is derived from solvent™) the use of deuterated glucose will
lead to fractional deuteration at C# but not at C* To further
increase the level of deuteration at C7 it is possible perform
overexpression in a mixture of D,O and H,0O, although at the

expense of partial deuteration at the o-position. The optimal
fraction of D,0O is thus necessarily a compromise between
having the C* position highly protonated to maximize sensitivity
while maintaining a high level of deuteration at C” to avoid
artifacts. Here we have settled for protein expression in 50%
D,0/50% H,0 using perdeuterated '*C glucose that, as we show
below, achieves levels of deuteration at the C” position that
range between 50 and 88%, depending on residue type.

The residue-specific pattern of deuteration that is achieved
at CP using the precursors described above can be understood
by noting that amino acids are synthesized from intermediates
of a small set of metabolic pathways, including glycolysis, the
tricarboxylic acid (TCA) cycle and the pentose phosphate
pathway>> and by following the levels of protonation of the
various precursors along these pathways. The predicted isoto-
pomer composition at the S-position for the glycolytic amino
acids, using uniformly deuterated glucose and 50% D,O is
described in Figure 1A, with the level of deuterium incorporation
at each of the two positions in 3-phosphoglycerate independent
of the other, see below. The first important step along the
pathway is the isomerization of glucose-6-phosphate (G6P) to
fructose-6-phosphate (F6P) during which a hydrogen is trans-
ferred from position 2 to 1.>® In theory, position 1 of fructose-
6-phosphate should thus be uniformly deuterated but since the
deuteron is transiently located on a catalytic His residue of the
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enzyme that catalyzes this reaction it may exchange with solvent.
Here we consider the worst-case scenario where the deuteron
is exchanged for a proton, resulting in 50% CD,, 50% CDH at
position 1 of F6P. F6P is subsequently phosphorylated at
position 1 to yield fructose-1,6-bisphosphate (FBP) that under-
goes a series of reactions to produce 3-phosphoglycerate (3PG)
and then phosphoenolpyruvate (PEP), with the isotopomer
composition shown in the figure. Since these molecules are the
precursors for Cys, Phe, Ser, Trp, and Tyr, with position 3
corresponding to C’ for these amino acids, the isotopomer
composition at this position will be 75% CD,, 25% CDH. In
the last step of glycolysis, PEP is dephosphorylated and picks
up a hydrogen atom from solvent to yield pyruvate, the precursor
of Ala. Position 3 of pyruvate corresponds to C# of Ala, leading
to an isotopomer composition of 37.5% CD3;, 50% CD,H, 12.5%
CDH, for this residue. Lys, for which the B-position may also
be derived from position 3 of pyruvate, is produced with an
isotopomer distribution of 54% CD,, 42% CDH, 4% CH, that
readily follows after abstraction of a hydrogen (H or D) from
the methyl position.

The origin of the isotopomer composition at the S-position
for the amino acids derived from TCA cycle intermediates can
be understood from Figure 1B. Here the level of deuteration at
a given position is indicated as in Figure 1A, with the extent of
incorporation of label at one site in a precursor molecule
independent from another. Thus, in the case of citrate there are
9 different labeling possibilities with, for example, a probability
of 0.75%0.54 for CD, at both positions 2 and 4. In the first step
of the TCA cycle oxaloacetate (OA) and acetyl-S-CoA
(Ac—S—CoA) condense to yield citrate and through a series of
reactions OA is regenerated at the end of the cycle. The
precursor of Arg, Gln, Glu and Pro, o-ketoglutarate (AKG), is
formed in four steps by decarboxylation of citrate accompanied
by oxidation at position 2 and reduction at position 3. Both
hydrogen atoms at position 3 of AKG, which is the “source”
of C? for the above amino acids, are derived from solvent,
leading to a [3-position isotopomer composition for Arg, Gln,
Glu and Pro of 25% CD,, 50% CDH and 25% CH,. AKG is
then decarboxylated, oxidized, and dehydrogenated in three steps
to yield fumarate that has a deuteration pattern that can be
readily calculated from the isotopomer distribution in AKG.
Because of the symmetry of fumarate, a given molecule of
malate will have an isotopomer composition at position 3 that
depends on the carbon in fumarate from which it is derived;
summing over all possibilities gives the distribution listed (31%
CD», 50% CDH, 19% CH,). Finally OA that is formed in the
last step of the TCA cycle preserves the isotopomer distribution
of its precursor malate. As indicated in the figure, OA can also
be synthesized by carboxylation of PEP and in this case its
isotopomer composition at position 3 is 75% CD,, 25% CDH.
The overall level of deuteration of OA depends, therefore, on
the relative rates of carboxylation of PEP and oxidation of
malate. On the basis of earlier studies,’’ we estimate that 30%
of OA is formed by carboxylation of PEP, 70% from oxidation
of malate (note that this is dependent on growth conditions)
and predict that the net isotopomer composition at position 3
of OA and thus also at the 5-position of its derived amino acids
Asn, Asp and Met will be 44% CD,, 43% CDH and 13% CH,.
Note that the level of deuteration at the S-position of Thr can
be easily established since it is derived from Asp. The S-position
of Lys is equally likely to be derived from position 3 of OA or
position 3 of pyruvate because these two precursors form a
symmetric intermediate in its biosynthesis, L,L-a,&-diami-
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Table 1. Predicted Isotopomer Composition and Overall
Deuteration Level at the -Positions in a Protein Expressed with
Uniformly Deuterated Glucose as the Carbon Source in 50%
D,0/50% H.O

overall

amino acid CD4/CD,/CD? CD,H/CDH/CH CDH,/CH, deuteration
Cys, Phe, Ser, Trp, Tyr 0.75 0.25 0.88
Arg, Gln, Glu, Leu, Pro 0.25 0.50 0.25 0.50
Asn, Asp, Met 0.44 0.43 0.13 0.66
Ile, Val 0.50 0.50 0.50
Ala 0.37 0.50 0.13 0.75
His 0.50 0.50 0.75
Lys 0.49 0.42 0.09 0.70
Thr 0.66 0.34 0.66

“ The most deuterated isotopomer is reported in column 1, the second
most deuterated in column 2 and so forth, regardless of whether this
refers to groups with one, two or three hydrogen atoms. For example,
for the amino acids Cys, Phe, Ser, Trp or Tyr, the relevant column
headers would be CD,, CHD and CH,, whereas for Ala they are CD;,
CD,H, CH,D.

Table 2. Predicted and Measured Fraction of the Fully Protonated
C” Isotopomer in Samples Prepared with Uniformly Deuterated
Glucose as the Carbon Source, 50% D,0/50% H,O

residue predicted measured?
Ala 0.00 0.05 £ 0.03 (3)
Asn 0.13 0.11 £ 0.04 (7)
Asp 0.13 0.14 £ 0.04 (6)
Arg 0.25 n.a’
Cys 0.00 n.a.’
Gln 0.25 n.a.’
Glu 0.25 0.23 £ 0.02 (7)
His 0.00 n.a.’
Ile 0.50 0.55 £ 0.05 (3)
Leu 0.25 0.28 £ 0.03 (4)
Lys 0.09 0.16 £ 0.02 (4)
Met 0.13 0.12 (1)
Phe 0.00 n.a.”
Pro 0.25 0.18 £ 0.06 (4)
Ser 0.00 0.04 £ 0.002 (3)
Thr 0.34 0.39 £ 0.002 (2)
Trp 0.00 n.a.”
Tyr 0.00 n.a.”
Val 0.50 0.57 £0.02 (3)

“Results from quantification of spectra recorded on the Abplp SH3
domain. ” These amino acids are not present in Abplp SH3 domain.
“The peak corresponding to the fully protonated isotopomer could not
be detected.

nopimelate.’> The C isotopomer composition of Lys is thus
given by the average of the distribution found at position 3 of
both OA and pyruvate (in the latter case after first removing
one hydrogen atom). It is noteworthy that both hydrogen atoms
at position 3 of OA are lost in one round of the TCA cycle, so
that the level of deuterium incorporation at the C# position of
amino acids is independent of the number of passes that their
precursors make through the cycle.

His is synthesized from the pentose phosphate pathway inter-
mediate ribose-5-phosphate, and its S-position is ultimately derived
from deuterated C4 of glucose. An additional hydrogen atom is
picked up from solvent so that the isotopomer composition at the
B-position of this residue is 50% CD,, 50% CDH. The -hydrogens
of all the remaining amino acids, Ile, Leu and Val are derived from
solvent, resulting in an isotopomer composition of 50% CD, 50%
CH (Ile, Val) and 25% CD,, 50% CDH, 25% CH, (Leu). The
predicted isotopomer composition as well as the overall deuteration
level at the S-position for each of the amino acids is summarized
in Table 1, where amino acids with the same isotopomer pattern
are grouped together.
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The predicted isotopomer distribution can be verified to some
extent in a straightforward manner by analyzing *C—'H correlation
spectra recorded on samples that have been prepared using U—"3C,
H glucose and 50% D,0/50% H,O. Here we have compared
intensities of peaks derived from '*C’H’, moieties (*C*H” in the
case of Ile, Thr and Val, and *CPH’; for Ala) in a labeled sample
of an Abplp SH3 domain prepared in this manner with intensities
measured in a spectrum of a fully protonated, *C labeled sample.
Differences in sample concentrations were accounted for by
normalization of spectra to the average ratio of the intensities of
BC*—H® correlations in each spectrum, taking into account that
for equal protein concentrations only 1/2 the intensity should be
observed in spectra of the sample prepared with 50% D,0. Table
2 lists the predicted and measured fractions of fully protonated C
isotopomers for each amino acid and in general there is excellent
agreement. Quantification was possible for all residue types in the
Abplp SH3 domain except Phe, Trp and Tyr, where the '*C/H?,
isotopomer is not expected, and where cross-peaks corresponding
to 3CPHP, could not be detected. A small but significant fraction
of fully protonated C” has been measured for Ala, that results from
exchange of the acidic methyl protons of pyruvate with solvent
and accordingly the experimental measurements for Lys do not
agree completely with predictions. In principle, it is possible to
extend this analysis to include a comparison of the relative ratios
of *CPHP, and “CPHPD? isotopomers. However, the different
relaxation properties of magnetization derived from each of these
spin systems would have to be properly taken into account before
accurate quantification could be made, especially considering that
constant-time spectra are recorded with relatively long fixed delays
during which signal decay occurs. We have chosen not to pursue
this, given the close agreement between prediction and experiment
that is established on the basis of the CH, data shown in Table 2
that supports the accuracy of the predictions listed in Table 1 in
general.

Suppressing the Effects of Residual Homonuclear Scalar
Couplings by Experiment. The high levels of deuteration that
have been achieved using the labeling scheme described above
prompted us to evaluate whether a simple CPMG pulse sequence
using nonselective proton refocusing pulses alone would be
sufficient to obtain robust 'H* dispersion profiles. Unfortunately,
despite the fact that the effects of 'H*—'H” scalar couplings
are significantly attenuated in samples prepared using
2H—glucose and 50% H,0/50% D, relative to fully protonated
proteins, they are not completely eliminated and dispersion
profiles were obtained that were not of sufficient quality to be
useful. A pair of pulse schemes, Figure 2B,C, have therefore
been developed that are distinct alternatives for the suppression
of the effects of the remaining scalar couplings (in what follows
the utility of scheme B will be discussed first). The basic flow
of magnetization of interest during these sequences can be
described as

1H(1_,|3C(1([])—>1HOL — CPMG_’]Hu(tz) )

and a series of *C—'H correlation maps are obtained that vary
only in vepye. It is possible to record *C chemical shifts in
either single- (main Figure) or multiple-quantum ('H*—'C%)
mode’® (scheme A). In the present study involving a relatively
small protein system (&7 kDa) we record spectra with single-
quantum acquisition in #, although higher gains in sensitivity
will be achieved for larger proteins when the coherences of
interest are multiple-quantum during #,, especially since there
is a high level of deuterium incorporation at the S-position for
most residues in the samples used here. Indeed, in a recent

application involving a T4 lysozyme mutant (correlation time
of approximately 11 ns) we have noted sensitivity gains of a
factor of 1.2 4 0.1 in favor of the multiple-quantum spectra
(based on quantification of 40 well resolved correlations), with
only one residue showing a decrease in intensity.

As described above the application of successive 'H refocus-
ing pulses during the CPMG period modulates the evolution of
'H* magnetization due to 'H%-'H? couplings in a manner
dependent on vcpmg, that severely compromises the utility of
the resulting dispersion profiles (see eqs 1 and 2). With this in
mind we have modified the constant time CPMG interval by
inserting a J-refocusing element in the middle (inset B in Figure
2) that refocuses scalar coupled evolution of a two-spin coupled
'H*—'HP spin pair in the limit that pulse imperfections and
relaxation are neglected. It is worth noting that while the
'H*—"H? two-spin system considered is an oversimplification
in the context of a fully protonated protein where side-chains
are comprised of a highly coupled proton network, the high
levels of deuteration achieved using the present labeling scheme
means that such an approximation is much more reasonable for
the labeled proteins studied here.

Our design of the J-refocusing element of Figure 2B was
based on an analysis that considers the evolution of a two spin
"H®—'H spin system, neglecting relaxation and pulse imperfec-
tions during the CPMG element. Under this set of conditions
and starting from /%, the magnetization of interest at the midpoint
of the CPMG element, Ti.x/2, is given by

relax

o T arB Trelax
Iy cos\ 7/ o g 2 — 2Ly sin\7] o 2
and by

T T
Iy cosz(ﬂjuﬁ r;ax) + I{; sinz(njaﬁ r;ax)

+(IS1E — ILT)) sin(t) o jT) ()

in the limiting cases of very slow and very rapid pulsing,
respectively. Application of the 'H 90°; pulse at the start of
the J-refocusing element places Y-magnetization along the
Z-axis so that for J,z ~ 0 all of the magnetization of interest is
longitudinal and relaxation losses during this interval are
minimized. In contrast, the 'H 90°,3 converts antiphase trans-
verse magnetization that accumulates during the first half of
the CPMG pulse train for J,3 = 0 (denoted by terms
2005 (IS —I¢TY) of eq 4) into linear combinations of double-
and zero-quantum coherences (21§, 2I¢1f). During the sub-
sequent delay of duration 1/Jyuce evolution proceeds due to
'H*—"3C® couplings while the band-selective '3C# decoupling
that is applied ensures that evolution from Jyscs does not occur.
In this way the multiple-quantum coherences are inverted in
sign and immediately following the refocusing element the
magnetization of interest is

o Trelax arf Trelax
—1Iy cos| /g > )~ 2y 17 sin{7t) 4 >

and
Tre ax . Tre ax
—Iy cosz(nJaﬂ 21 ) — If, smz(ﬂlaﬁ 21 )
+ (I = 1) sin(tl 4T (5)

It can be shown that evolution during the second half of the
CPMG interval leads to complete refocusing of the effects of
"H*—'H” scalar couplings so that the term of interest at the end
of the CPMG pulse train is —/¢. Simulations (that again neglect
pulse imperfections) have also established that refocusing is very
efficient not only in the limiting cases that are readily considered
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Figure 3. 'H* dispersion profiles for residues Phe20, Val32 and Leu38
recorded on a fractionally deuterated, uniformly *C labeled apo Abplp
SH3 domain sample at 25 °C using the pulse sequence in Figure 2B that
includes the J-refocusing element. Symbols indicate data recorded at 600
MHz and the corresponding lines result from fits to a model where R, ot =
constant. The panels show (top to bottom) examples of residues with low,
average and high rmsd between experiment and model.

analytically but over the complete range of Aw7cp, resulting in
flat dispersion profiles in the absence of chemical exchange. In
addition to refocusing 'H*—'H” scalar couplings there is another
advantage in using the scheme of Figure 2B. The refocusing
pulses during the CPMG train are of course not perfect and
imperfections lead to the creation of small amounts of X- and
Z-components of magnetization, in addition to the desired
Y-component. The J-refocusing scheme employed inverts both
the Y- and Z-magnetization components, but not the X, and it
has been shown previously that this leads to a complete
refocusing of the effects of pulse imperfections at the end of
the CPMG period,*>® at least in applications involving spin
systems for which homonuclear couplings are negligibly small
(for example for 1SN relaxation dispersion studies). Simulations
establish that the combination of homonuclear couplings and
pulse imperfections during the CPMG train results in magne-
tization evolution that is more complex than that indicated by
eqgs 4 and 5, reducing the efficacy of the J-refocusing scheme
somewhat. Further, relaxation during the refocusing element can
also decrease its efficiency. As we will show below, however,
for the labeling scheme used here that significantly decreases
the level of protonation at the C” position the methodology is
still efficient.

Experimental Verification. As a first step to verify the
robustness of the pulse scheme of Figure 2 with the J-refocusing
element (Figure 2B) we have recorded 'H* dispersion profiles
on an SH3 domain from the yeast protein Abplp.**~*® In the
absence of added peptide (see below) exchange is not expected
and flat dispersion profiles are therefore anticipated. Indeed this
is what is obtained as Figure 3 illustrates for a number of
profiles, where the pair wise rmsd between each curve and the
best-fit horizontal line is indicated. We have chosen the 3
residues in the figure because they are among those with the

(66) Hansen, D. F.; Vallurupalli, P.; Kay, L. E. J. Phys. Chem. B 2008,
112, 5898-5904.
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lowest (0.15 s71), average (0.49 s™!) and highest (0.83 s™!) rmsd
values. The high rmsd for Leu 38 (Figure 3) reflects the
incomplete deuteration at the C# position of Leu residues that
is obtained using our scheme (Table 1) and the fact that there
is incomplete refocusing of evolution from the "H*—'H” scalar
coupling because of the downfield C” shift of this residue (46.5
ppm, see below). An average rmsd of 0.52 £ 0.35 s™! based
on analysis of dispersion data from 56 residues was obtained
that decreases to 0.48 & 0.22 s~! (51 residues) when Ser and
Thr are omitted (see below).

As a second step we sought to establish that accurate values
of 'H* chemical shift differences can be extracted from fits of
relaxation dispersion data. Here we have used the exchanging
system described previously,

P+L=2=prL, K, =0.5540.05 uM (6)
off

where P and L correspond to the Abplp SH3 domain (described
above) and a 17 residue binding peptide from the protein
Ark1p,* respectively. The addition of only a small mole fraction
of L (=5%) ensures that P remains the visible, ground-state
whose resonances are observed in NMR spectra while the bound
conformation, PL, that is populated to only approximately 5%,
becomes the invisible, excited state. Under these conditions and
at 25 °C the exchange rate, kex = kon[L] + ko, is several
hundreds/sec, so that the exchange reaction can be well
quantified by the CPMG technique. The chemical shift differ-
ences between P and PL that are measured from CPMG
experiments can subsequently be compared to those obtained
directly from measurements on samples comprising only P (no
L) or PL (saturating amounts of L) and in this manner the
accuracy of the chemical shifts of the excited-state can be
quantified.

The Arklp peptide was titrated into a sample of the apo SH3
domain to an estimated mole fraction of 5% based on analysis
of PN relaxation dispersion data and this sample was used to
record 'H* dispersions using the pulse sequence described in
Figure 2B that makes use of the J-refocusing element described
above. Representative 'H* dispersion profiles are shown in
Figure 4 for a number of residues in the SH3 domain. Dispersion
curves for 19 residues recorded at static magnetic fields
corresponding to 'H resonance frequencies of 600 and 800 MHz
have been fit to a model of two-site chemical exchange (see
Materials and Methods) and chemical shift differences,
|Awcpmal, extracted. It is well-known that relaxation dispersion
experiments are insensitive to the signs of the shift differences.'
In principle, these can be obtained from knowledge of the
relative signs of Az ('H*) and Az ('3C®) that are available from
a comparison of 'H*—'3C* double- and zero-quantum dispersion
profiles®”®® once the sign of Aw('*C%) is known.** These
experiments are beyond the scope of the present paper, however,
and here we report IAzl. Values of |Awcpygl are compared with
those measured directly from peak positions in free and fully
bound samples, |Awp;eql, in Figure 5. A pairwise rmsd of 0.032
ppm is obtained between |Awcpyvgl and |Aw el based on the
19 residues for which Az values could be extracted (determined
by F-test analyses described in Materials and Methods), with
the largest deviation being 0.09 ppm for Ile26. Errors of this
order are well under the limits of accuracy of the best available
prediction algorithms, approximately 0.3 ppm.**

(67) Korzhnev, D. M.; Neudecker, P.; Mittermaier, A.; Orekhov, V. Y.;
Kay, L. E. J. Am. Chem. Soc. 2005, 127, 15602-15611.
(68) Kloiber, K.; Konrat, R. J. Biomol. NMR 2000, 18, 33-42.
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Figure 4. 'H* dispersion profiles for residues Glul7, Trp36 and Pro51
recorded on a fractionally deuterated, uniformly *C labeled Abplp SH3
domain sample with ~5% bound peptide at 25 °C using the pulse sequence
in Figure 2B that includes the J-refocusing element. Blue (red) symbols
indicate data recorded at 800 (600) MHz and the corresponding lines result
from fits to a two-state exchange model.

It must be emphasized that flat dispersions also provide
useful information since they establish that the chemical shifts
for the ground and excited states are equivalent. In Figure
5B we have plotted the correlation between |[Awcpygl (black)
and |A@piel (red) as a function of residue number; black
bars are not included for residues for which flat dispersion
profiles are obtained or for Gly, Ser and Thr (see below). It
is obvious that the set of residues for which flat profiles are
obtained overlaps well with the set of residues with small
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Figure 5. (A) Correlation between 'H* Azl values (ppm) extracted from
fits of relaxation dispersion data recorded on a fractionally deuterated,
uniformly '*C labeled Abplp SH3 domain sample (~5% peptide) using
the pulse sequence of Figure 2B that includes the J-refocusing element (y
axis) and the corresponding values measured directly from samples of free
and fully bound Abplp SH3 domains (x axis). The solid line (y = x)
corresponds to a perfect correlation between the two data sets. Only points
for which |Azl > 0.02 ppm are retained in the main figure while all data
points are shown in the inset as a log/log plot. The rmsd between the two
data sets is indicated in the figure. (B) 'H* |Awl values extracted from
relaxation dispersion data (black) or based on direct measurements in free
and fully bound SH3 domains (red) plotted vs. residue number. Residues
for which it was not feasible to measure dispersions, that is, Gly, Ser and
Thr (see text), are marked with an asterisk. Other gaps in the plot imply
that the chemical shifts are the same in the free and bound states of the
Abplp SH3 domain.

values of |IA@pjecd. In no case did we fail to identify chemical
exchange for a residue with |IA@pjed > 0.1 ppm and in only
one case for IA@pirecd > 0.05 ppm (Asn23). The two largest
outliers in the figure are I1e26 and Leu38 where (IAwcpmal,
IA@pireed) = (0.11,0.03)ppm and (0.07,0.01)ppm, respectively,
and notably the dispersion profiles for these residues did not
resemble those obtained for others; rather they suggested a
faster exchange process. The small errors in chemical shifts
for these residues can be explained by incomplete decoupling
of 3C? during the J-refocusing element, leading to incomplete
refocusing of residual 'H*—'H” scalar couplings, since the
13CP chemical shifts for Tle26 and Leu38 are 40.6 and 46.5
ppm, respectively, and the '3C# decoupling range extends
from 15 to 40 ppm. This also explains why the deviation
between [Awcpmgl and |Awpieql for Leu 49 is among the
largest observed (0.06 ppm) since its '*C# chemical shift is
45.7 ppm. If these three residues are removed the rmsd
between IAwcpygl and |A@pie! drops to 0.018 ppm, very
close to what was obtained for 'HN in a previous study.*
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The fact that artifacts are seen for these residues but not for
others with '3C# carbons resonating downfield of 40 ppm is
likely due to the fact that they are only deuterated to 50% at
13CP (see Table 1 for Ile, Leu), emphasizing the importance
of deuteration in these experiments. Finally, it is worth noting
that profiles from Ser and Thr were excluded from analysis
since '*C” chemical shifts are far downfield of the decoupling
range used in the J-refocusing element.

It is very clear from the above discussion that the
application of the dispersion experiment of Figure 2B with
the J-refocusing element to samples prepared with U—2H
glucose and 50% D,0/50% H,O allows the measurement of
robust 'H* dispersion profiles, leading to the accurate
extraction of chemical shift differences. However, neither
the labeling, nor the refocusing is “perfect”. It is of interest,
therefore, to consider an alternative approach (with perhaps
somewhat different limitations) and to compare |A@cpygl
from both methods. Figure 2C illustrates a second pulse
scheme with the J-refocusing element of Figure 2B replaced
by a 'H* band-selective refocusing pulse. Ishima and Torchia
have also proposed using a band selective pulse to refocus
evolution due to homonuclear scalar couplings in 'THN CPMG
studies of protonated proteins.>* In the present case, so long
as magnetization from '"H* but not 'H” is effected by the
pulse, evolution from residual "H*—'H? scalar couplings will
be refocused in the weak pulsing limit. Refocusing does not
occur outside this limit, even in the absence of pulse
imperfections during the CPMG pulse train, however, since
the finite duration of the 'H* band-selective pulse leads to
evolution of transverse 'H? magnetization (see eq 2).
Nevertheless, for shift differences >2 ppm, applications at
800 MHz and vcepmg < 1 kHz it follows that [Awtcpl = 2.5
so that the weak pulsing limit is operative and one might
expect, therefore, that largely artifact free dispersion profiles
would be obtained with this approach as well. Figure 6 shows
that this is indeed the case, with a pairwise rmsd of 0.022
ppm obtained in a comparison of |Awl values extracted from
relaxation dispersion profiles and from direct chemical shift
measurements of free and fully bound SH3 domains. Dis-
crepancies between |Amcpymcl and IA@p;el are not noted in
cases where the chemical shifts of 'H” are such that S-proton
magnetization is not perturbed by the '"H* “selective” pulse
(shifts upfield of 2.0 ppm).

Both schemes of Figure 2 are effective, at least in the
present case, but we prefer the J-refocusing method for a
number of reasons. First, it is not feasible to pulse on TH*
without affecting 'H? magnetization for at least some of the
residues in a protein. This is a particular concern for residues
in a-helices relative to S-strands since the chemical shifts
of 'H* are shifted upfield in a-helices, and although 'H”
chemical shifts are less sensitive to backbone conformation,
they are on average displaced downfield by 0.04 ppm.®® By
contrast, the J-refocusing strategy is expected to perform
better for a-helical proteins since the chemical shifts of 3C*
and '’CP are better separated than in their B-sheet counter-
parts,*® so that '3C# decoupling should be more effective for
a larger number of residues. The two methods thus comple-
ment each other. A second advantage of the J-refocusing
element is that its efficacy is independent of the pulse rate,
Awtcp, at least in the absence of pulse imperfections during
the CPMG train, unlike the case for the method involving

(69) Osapay, K.; Case, D. A. J. Biomol. NMR 1994, 4, 215-230.
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Figure 6. Correlation between 'H* |IAw| values (ppm) extracted from
fits of relaxation dispersion data recorded on a fractionally deuterated,
uniformly '*C labeled Abplp SH3 domain sample (~5% peptide) using
the version of the pulse sequence of Figure 2 that includes the 'H® reburp-
refocusing element and the corresponding values measured directly from
samples of free and fully bound Abplp SH3 domains. See legend to
Figure 5 for further details.

the selective 'H® pulse. Finally, it should be noted that there
are some residue types for which neither method performs
well. For example, the two "H* protons of Gly are problematic
and we are in the process of developing a Gly-specific
experiment. The '3C* and '*C# carbons of Ser usually resonate
in the same region so that the J-refocusing strategy is not an
option. Unfortunately, '"H* and 'H” chemical shifts of Ser
are in general similar so that refocusing using the 'H®
selective pulse also usually fails. Of interest, the 'H* and
'H? chemical shifts for Ser52 are 2.71 and 1.34/1.76 ppm
respectively so that the selective "H* refocusing pulse does
not perturb the '"H? spins in this unusual case. In general,
similar problems hold for Thr as well. For Ser and Thr it
may be preferable to use 1*C* selectively labeled samples so
that the J-refocusing element can be performed in the absence
of CP decoupling. '3C® selective labeling for these residue
types can be accomplished by using [2-'*C]-glucose as the
carbon source during overexpression, leading to 45% and
30% '3C enrichment at the C* position for Ser and Thr,
respectively.’® Alternatively, [2-'3C]-glycerol”" or [2-!*C]-
pyruvate can be used. These carbon sources effectively double

(70) Lundstrom, P.; Teilum, K.; Carstensen, T.; Bezsonova, I.; Wiesner,
S.; Hansen, D. F.; Religa, T. L.; Akke, M.; Kay, L. E. J. Biomol.
NMR 2007, 38, 199-212.

(71) LeMaster, D. M.; Kushlan, D. M. J. Am. Chem. Soc. 1996, 118, 9255—
9264.
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Figure 7. Correlation between 'H* IAw| values (ppm) extracted from
fits of relaxation dispersion data recorded on a fractionally deuterated,
uniformly '3C labeled Abplp SH3 domain sample (~5% peptide) using
the version of the pulse sequence of Figure 2 that includes the 'H*
J-refocusing element of Figure 2B (y axis) or the "H* selective refocusing
pulse of Figure 2C (x axis). The solid line (y = x) corresponds to a
perfect correlation between the two data sets. The rmsd between the
two data sets is indicated in the figure.

the incorporation of label although they may lead to slower
bacterial growth and lower levels of overexpression. For
optimal results the carbon source should, of course, be
deuterated.

As expected, there is an excellent correlation between |Awl
values extracted from fits of data measured with the pulse
schemes of Figure 2B and C, as shown in Figure 7. For the
14 residue subset for which chemical shift values are obtained
from both methods a pairwise rmsd of 0.023 ppm is obtained,
with a maximum deviation of 0.05 ppm for Leu49. It is
reassuring to note that residues with the largest shift
deviations based on analysis of dispersions from one method
usually were not even included in the analysis using data
from the second approach since they did not “pass” the F-test
described in Materials and Methods. Thus, reliable data can
be extracted by using both methods even if the chemical shifts
of 3C? and 'H? are unknown. If on the other hand they are
known, it is straightforward to predict which residues are
prone to artifacts and remove them from the analysis.

To establish that the methodology presented is robust over
arange of exchange parameters we have repeated our analysis
of the Abplp SH3/Ark1p peptide system using a sample that
is estimated to be approximately 95% bound on the basis of
N dispersion experiments. The ligated form of the SH3
domain is now the visible, ground-state but more importantly
the exchange rate is increased since the pseudofirst order on-
rate is proportional to the free ligand concentration, that
increases as a function of total ligand added. This allows us
to evaluate the performance of the experiment in faster
exchange regimes. From fits of 'H® dispersion profiles k., is
increased approximately 3 fold (from the case where 5%
ligand is added) to 1060 & 30 s™! and the population of the
free state, pp, is 5.3 £ 0.2%. Due to issues of resolution in
the spectrum of the bound form we could not analyze data
from residues Glul4, Asp33 and Asp35 for which significant
dispersion profiles were obtained from the analysis of data
recorded on the 5% bound sample. However, for the 17
residues with statistically significant dispersion curves in the
present case an excellent correlation between |Awl values is
obtained, Figure 8, with a pairwise rmsd of 0.034 ppm. The
large deviation of 0.09 ppm for Pro51 is attributed to issues
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Figure 8. Correlation between 'H* IAw| values (ppm) extracted from
fits of relaxation dispersion data recorded on a fractionally deuterated,
uniformly '3C labeled Abplp SH3 domain sample (~95% peptide) using
the version of the pulse sequence of Figure 2 that includes the
J-refocusing element (y axis) and the corresponding values measured
directly from samples of free and fully bound Abplp SH3 domains (x
axis). Other details can be found in the legend to Figure 5.

of low sensitivity, especially for small values of vcpymg and
profiles recorded at 800 MHz. Note that small but measurable
deviations between |Awcpumgl and |IA@wpie.l are obtained for
Ile26, Leu38 and Leu49 as was described above for the 5%
ligand bound sample.

In summary, we have shown that accurate 'H* chemical
shifts of invisible, excited protein states can be obtained via
relaxation dispersion experiments. The effects of 'H*—'HF
homonuclear scalar couplings can be largely suppressed using
a strategy in which fractionally deuterated proteins are
produced from U—"3C, 2H—glucose and 50% D,0/50% H,0
that ensures a level of deuteration of at least 50% at the C*
position and often much higher. Evolution during the CPMG
pulse train from residual "H*—'H” couplings is minimized
by using pulse schemes that exploit differences in chemical
shifts between either 3C% 3C# or 'H%,'H” spins. The meth-
odology is applied to an exchanging system that involves
the binding of a peptide ligand to an SH3 domain, for which
chemical shift differences of the exchanging states are known
to high accuracy from separate experiments recorded on apo
and ligand bound forms of the protein. It is thus possible to
establish that '"H* chemical shifts extracted from dispersion
profiles are, on average, accurate to 0.03 ppm, an order of
magnitude better than they can be predicted from structure
using database programs.** The methodology presented is a
valuable addition to a growing number of dispersion experi-
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ments that will allow a detailed characterization of excited
states of protein molecules.
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