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NMR methods for the study of protein structure

and dynamics
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Abstract: An understanding of the role played by a protein in cellular function requires a detailed picture of its
three-dimensional structure as well as an appreciation of how the structure varies as a function of time as a result of
molecular dynamics. Over the past several years, multidimensional, multinuclear solution NMR spectroscopy has become a
powerful technology for obtaining both structural and dynamical information on proteins and protein–ligand systems. In the
present review, a number of new methodological advances are highlighted that have significantly improved the quality of
NMR spectra of biomolecules and have increased the molecular weight limitations previously imposed on NMR-based
structural studies of macromolecules. Applications of this technology to a number of protein systems currently studied in my
laboratory are presented.
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Résumé: La compréhension du rôle que joue une protéine dans la fonction des cellules nécessite une étude détaillée de sa
structure tridimensionnelle, ainsi qu’une appréciation de la variation de sa structure en fonction du temps à cause de la
dynamique moléculaire. Au cours des dernières années, la spectroscopie de résonance magnétique nucléaire (RMN)
multidimensionnelle et multinucléaire en solution est devenue une technique puissante pour obtenir des informations sur la
dynamique et la structure des protéines et des complexes protéine–ligand. Cette revue fait le point sur divers nouveaux
progrès méthodologiques qui ont amélioré significativement la qualité des spectres de RMN des molécules biologiques et ont
diminué les limites antérieures imposées par la masse moléculaire qui restreignaient les études de la structure des
macromolécules à l’aide de la RMN. Des applications de cette technologie à l’étude de divers systèmes protéiques dans mon
laboratoire sont présentées.

Mots clés : résonance magnétique nucléaire, RMN, structure protéique, dynamique protéique, thermodynamique protéique,
domaine 2 homologue à Src, SH2.

[Traduit par la rédaction]

Introduction

In the past decade NMR spectroscopy has emerged as a pow-
erful technique for the determination of the three-dimensional
structures of proteins in solution. In the early 1980s, studies
by R.R. Ernst (described in Ernst et al. 1987) and K. Wüthrich
(1986) demonstrated that it is possible to obtain atomic reso-
lution structures of small proteins, with molecular masses less
than approximately 10 kDa ( 100 amino acids). The work of

Ernst provided the framework for the extension of the NMR
technique from one to two and three frequency dimensions.
Recent developments in NMR spectroscopy have had a further
significant impact on solution structural studies of proteins
(Bax 1994; Kay 1995a). The improvements in the technology
have been severalfold and include (i) the increase in the di-
mensionality of experiments from two to three and four,
providing improved resolution for complex spectra; (ii) the
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uniform incorporation of 15N, 13C, and 2H labels into the bio-
logical system of interest coupled with the development of
sophisticated NMR pulse schemes to transfer magnetization
between scalar (through bond) and dipolar (through space)
coupled spins; and (iii) significantly improved radio frequency
(RF) electronics and increased magnetic field strengths as well
as the development of commercially available hardware such
as pulsed field gradients. Using this technology, a large number
of structures of proteins or protein complexes in the molecular
mass range of 15–20 kDa have been reported in the past
several years (Ikura et al. 1992; Zhang et al. 1994) and appli-
cations to systems in the 30–40 kDa range are underway.
Recently, the backbone assignments for a 64 kDa ternary com-
plex of a tandem dimer of trp-repressor and operator DNA
have been reported (Shan et al. 1996).

Chemical shift assignment: the first step

The first step in any NMR study of molecular structure or
dynamics is to assign the frequencies at which energy absorp-
tion occurs for each of the specific NMR active nuclei in the
sample under investigation. The frequency of absorption is
directly related to a parameter termed chemical shift and a
large number of experiments have been developed in the past
two decades for chemical shift assignment. In many respects
the chemical shift of a particular nucleus can be thought of as
its “nuclear signature” and once such information is available
the spectroscopist has a handle on probing structure and dy-
namics at that site in the molecule. Because macromolecules

contain many NMR active nuclei, there is often a large degree
of overlap in 1 and 2D NMR spectra and recourse to higher
dimensionality experiments is necessary. It is beyond the scope
of the present article to describe all of the available methods
for obtaining the necessary resolution so that a complete set of
chemical shifts can be obtained. Rather, methods that my labo-
ratory has been actively involved in developing over the past
5 years are highlighted.

Triple resonance NMR spectroscopy

Many of the modern NMR methods for studying proteins in
excess of 100 amino acids make use of uniform 15N and 13C
labeling and are called triple resonance (1H,15N,13C) techniques
because the naturally present 1H resonances of the molecule
are recorded along with those of incorporated 15N and 13C
nuclei. Triple resonance methods exploit the large couplings
that exist between the 15N and 13C nuclei and between these
nuclei and their directly attached protons for efficient magneti-
zation transfer. In this approach, assignment of backbone 15N,
NH, 13Cα, 13Cβ, 13C′ (carbonyl), 1Hα, and 1Hβ chemical shifts
is accomplished using 3D experiments that correlate nuclei
three at a time. Because of their excellent resolution and sen-
sitivity and the redundancy of information, backbone assign-
ment is straightforward. Figure 1 illustrates a 2D 1H–15N
heteronuclear single quantum correlation spectrum recorded
on a 1-mM sample of a 105 amino acid fragment comprising
the C-terminal SH2 domain from phospholipase Cγ1 (PLCC)
in 1:1 complex with a 12 residue target phosphorylated

Fig. 1. 1H–15N HSQC spectrum recorded on a 1 mM, uniformly 15N-labeled sample of PLCC SH2 in a 1:1 complex with pY1021 peptide.
The sample was dissolved in 90% H2O,10% D2O, pH 6.0, and 0.1 M sodium phosphate, 30°C. The spectrum was recorded at 500 MHz
(1H frequency). Reproduced with permission from Kay (1995b).

Biochem. Cell Biol. Vol. 75, 19972

© 1997 NRC Canada

http://www.nrc.ca/cisti/journals/bcb/bcb75/bioco97.pdf


peptide, pY1021, from the tyrosine-1021 site of the platelet-
derived growth factor receptor. This spectrum is particularly
useful in that it records the 15N and NH chemical shifts of all
backbone and sidechain NH positions in the molecule.

An example of the utility of the triple resonance approach
is provided in Fig. 2, where slices from each of the
CBCA(CO)NH and HNCACB spectra of the PLCC SH2 do-
main are illustrated. The CBCA(CO)NH experiment provides
correlations linking the 13Cβ and 13Cα chemical shifts of a
residue with the 15N and NH chemical shifts of the sequential
residue. In contrast, the HNCACB links both intraresidue and
interresidue 13Cβ and 13Cα chemical shifts with (15N,NH) spin
pairs. In some cases, these two experiments are sufficient to
obtain the backbone NH,15N,13Cα, and 13Cβ chemical shift
assignment. For most proteins, however, additional experi-
ments must be performed.

Sidechain assignments use the 3D HCCH-TOCSY as well
as experiments correlating sidechain 1H and 13C shifts with
backbone 15N and NH shifts (Bax 1994). Figure 3 illustrates a
gradient HCCH-TOCSY developed in my laboratory that can
be recorded on samples dissolved in 1H2O as solvent. Because
of the proximity of many of the aliphatic sidechain resonances
to the water signal, pulsed field gradient technology, discussed
below, has been used to eliminate the water signal, while re-
taining the spectrum of the protein. The excellent water sup-
pression capabilities associated with this method are illustrated
in the figure. Finally, structural information is obtained from
nuclear Overhauser effect (NOE) experiments that provide
distance correlations between protons within 5 Å of each other.
We have developed an experiment that allows the simultaneous
recording of 15N- and 13C-edited NOE spectra of uniformly
15N- and 13C-labeled proteins dissolved in H2O (Pascal et al.
1994a). The experiment is particularly useful in that each NOE
benefits from having a symmetry related partner in the spectrum,
facilitating the assignment of NOE peaks to particular pairs of
protons. This is illustrated in Fig. 4 where a number of slices from
a 150 ms mixing time simultaneous 15N- and 13C-edited NOESY
HSQC data set recorded on a 1.5 mM PLCC SH2 sample are
shown. Note the symmetry related cross peaks linking Leu
80 NH and Leu 77 Hα as well as Met 26 NH and Ile 55 Hδ.

Pulsed field gradient NMR

It has long been recognized by NMR spectroscopists that the
application of magnetic field gradients in an NMR experiment
could act as a filter by selecting magnetization having desired
properties while rejecting all other magnetization components
(Keeler et al. 1994 and references therein). This selection process
can be understood by noting that the application of a magnetic
field gradient imparts a phase shift on the magnetization,
the amplitude of which is dependent on the position of the
resonating nuclei in the magnetic field, the duration and
strength of the field gradient, and the nuclei in question
(1H,13C,15N,31P, etc.). By applying a second field gradient at
some time later in the pulse sequence and by judiciously choos-
ing the strength and (or) duration of this gradient pulse, the
phase shift imparted by the first gradient pulse is refocussed.
The phase shifts associated with “unwanted” components of
magnetization are not refocussed, however, and would-be ar-
tifacts in spectra can be eliminated. An alternative strategy for
elimination of artifactual signals is to leave the magnetization
of interest intact and to use gradients to suppress the signals
that are not of interest directly. Both methods provide spectra
of high quality.

The suppression of signals that are not of interest by the
application of pulsed field gradients can be accomplished in a
single scan. In contrast, in the absence of pulsed field gradi-
ents, experimental artifacts are eliminated by repeating the
NMR experiment several times with different phases for par-
ticular pulses in the pulse sequence. The resulting signals are
added so that real signals grow in intensity and unwanted
magnetization components cancel. This process, called phase
cycling, requires very high spectrometer stability, often for a
time period of days. In complex NMR experiments, artifacts
are often incompletely suppressed because of limitations
imposed by spectrometer stability as well as the use of in-
complete phase cycling schemes. It is clear that gradient tech-
nology offers far superior performance relative to the more
traditional approach based on phase cycling.

Despite the advantages of using pulsed field gradients to
select for the signals of interest in NMR experiments, many of
the early applications resulted in a sensitivity loss of factors of
at least 2 and often larger. These sensitivity losses arise be-
cause in many experiments the use of gradients naturally
selects only one of two possible pathways of magnetization
transfer, although in non-gradient experiments both mag-
netization pathways contribute to the observed signal. Both
my laboratory and the laboratory of Christian Griesinger
have recently developed methods that use gradients to se-
lect for transfer pathways that do not suffer from sensitivity
losses whatsoever (Kay et al. 1992; Schleucher et al. 1993;
Muhandiram and Kay 1994; Schleucher et al. 1994).

Development of
15

N,
13

C,
2
H NMR

spectroscopy

As discussed above, 1H,13C,15N triple resonance 3D and 4D
spectroscopy has increased the size limits of protein structures
that can be determined by the NMR technique to about 25 kDa.
There are two reasons for this limit. First, as the molecular
weight increases, the number of cross peaks in spectra also
increases. In the case of the triple resonance experiments
developed for backbone assignment, the number of peaks

Fig. 2. Strip plots from (a) CBCA(CO)NH and (b) HNCACB data
sets recorded at 500 MHz on a 1.5 mM 15N,13C-labeled PLCC SH2
sample (90% H2O,10% D2O, pH 6.0, 0.1 M sodium phosphate,
30°C) in a 1:1 complex with pY1021 peptide. Correlations
involving amides of residues Lys 56 to Gln 61 are illustrated.
Reproduced with permission from Kay (1995b).
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Fig. 4. Slices from a 150 ms mixing time simultaneous 15N-edited and 13C-edited NOESY-HSQC data set recorded on a sample of 1.5 mM
15N,13C-labeled PLCC SH2 (90% H2O,10% D2O, pH 6.0, 0.1 M sodium phosphate, 30°C) in a 1:1 complex with pY1021 peptide. Symmetry
related cross peaks showing correlations between (a, b) Leu 80 NH and Leu 77 Hα and (c, d) Met 26 NH and Ile 55 Hδ are highlighted.
Reproduced with permission from Pascal et al. (1994b).

Fig. 3. 1H–1H slices of the gd-HCCH-TOCSY spectrum of 2.2 mM 15N,13C-labeled PLCC SH2 dissolved in 90% H2O,10% D2O, pH 6.0, and
0.1 M sodium phosphate, 30°C. No presaturation or postacquisition data massaging to remove the residual water was used. Reproduced with
permission from Kay (1995b).
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increases in a linear fashion with molecular weight. The number
of cross peaks in NOE-type spectra also increases rapidly with
size and poses a serious problem for studying larger proteins.
However, the rapid decay of the NMR signal that occurs dur-
ing the multitude of transfer steps in a complex NMR experi-
ment has the most significant effect on the size of molecules
that can be studied by NMR. A typical multidimensional NMR
experiment can be schematized as follows:

A ———> B ———> C ———> D ———> E
———>..... ———> Z

where the transfer of magnetization proceeds from A to Z via
B, C, D, etc. The amount of time required to transfer magneti-
zation along each link in the chain, for example from B to C,
is a function of the strength of the coupling between the par-
ticipating links. The transfer can vary from 4 ms if B = 1H and
C = 13C to 20–30 ms if B = 15N and C = 13C, for example.
During this transfer, the signal decays via relaxation processes
in which efficiency, for macromolecules, increases linearly
with molecular weight. The decay time of the signal varies
depending on the type of nucleus (i.e., whether A = 1H,13C,15N
etc); for 13C nuclei coupled to protons, the decay time can be
as short as 15 ms for proteins in the 20–30 kDa range. If the
decay rate is the same order of magnitude as the transfer rate,
a significant attenuation of the signal can be expected. In prin-
ciple, there are three approaches to increasing the amount of
signal observed at the end of the transfer. The first is to in-
crease the inherent sensitivity of the experiment. The enhanced
sensitivity pulsed field gradient methodology that we have
developed (Kay et al. 1992, discussed above) is an example of
this class of experiment. The second is to increase the strength
of the coupling between the spins involved in the transfer.
Unfortunately, these couplings are fixed by spin type and can
not be manipulated. The third approach is to decrease the ef-
ficiency of relaxation loss that occurs during the transfer. This
can be manipulated experimentally through the substitution of
deuterium for carbon-bound protons in the protein (Grzesiek
et al. 1993; Yamazaki et al. 1994a, 1994b).

The relaxation of nuclei is caused by fluctuating magnetic
fields that are the result of the overall molecular tumbling in
solution as well as internal dynamics. For the case of hetero-
nuclei such as 15N or 13C directly coupled to 1H spins, the
major source of relaxation is due to fluctuating dipolar fields
caused by the 1H spins. The sizes of these dipolar fields are
proportional to the gyromagnetic ratio of the spins that give
rise to the fields, in this case 1H spins. By substituting 13C-
bound protons with deuterons, the size of the dipolar fields that
cause relaxation of the attached 13C nucleus is reduced by a
factor of ~6.5 because the gyromagnetic ratio of deuterons
(2H) is ~6.5 times smaller than that of protons. This results in
a substantial decrease in the relaxation rates of the 13C spins.
In addition, the proton nuclei remaining in the molecule have
much slower decay rates as well because many of the relaxa-
tion pathways that would normally involve adjacent protons
are significantly attenuated by the incorporation of deuterium.
Figure 5 illustrates the increase in the T2s of 13Cα carbons that
occurs on substitution of deuterons for protons in the case of
a 37 kDa protein – DNA complex. Note that large T2 values
correspond to small line widths and allow the signal to be
transferred between coupled nuclei in an efficient manner.

The idea of using 2H labeling of proteins as a means of

spectral editing dates back to the late 1960s with the pio-
neering experiments of Crespi et al. (1968) and Markley and
co-workers (1968). In the late 1980s, the work of LeMaster
(LeMaster and Richards 1988) demonstrated the utility of ran-
dom fractional deuteration of proteins to aid in the sequential
assignment of what was then considered to be a large protein
for NMR studies, Escherichia coli thioredoxin (108 residues).
The greatest impact of deuteration, however, is the combina-
tion of deuterium and 15N,13C labeling so that the triple reso-
nance methods developed over the past several years can be
extended to higher molecular weight systems. In this regard,
we have recently developed a suite of triple resonance ex-
periments for the backbone assignment of 15N,13C,2H-labeled
proteins with high sensitivity and significantly improved reso-
lution (Yamazaki et al. 1994a, 1994b). The methods have been
applied to study the 37 kDa ternary complex of 100% 15N,13C-
and ~70% 2H-labeled trp repressor, unlabeled co-repressor,
and unlabeled trp operator DNA. The high sensitivity of the
experiments is clearly illustrated in Figs. 6a–6d where sec-
tions from CT-HNCA, CT-HN(CO)CA, HN(COCA)CB, and
HN(CA)CB 3D spectra are indicated. These spectra record
15N, NH, and either 13Cα or 13Cβ chemical shifts and, in the
case of the 37 kDa complex considered here, the information
content available from these spectra was sufficient for the com-
plete backbone assignment. It is noteworthy that spectra were
recorded in very reasonable measuring times (less than 2.5 days/
spectrum) on a 2.4 mM sample at a field strength of 500 MHz.

Our choice of a deuteration level of ~70% for the trp-
repressor dimer complex was based on the intent that this
sample would be used not only for sequential assignment but
also for structural analysis. Therefore, in constructing this sam-
ple, we hoped to achieve a balance between a sufficiently high
level of deuteration, with a concomitant increase in carbon
relaxation times (see Fig. 5), and retaining an adequate supply

Fig. 5. Comparison of 13Cα transverse relaxation times for
13Cα–2Hα pairs (*) vs.13Cα–1Hα pairs (o) in a ternary complex
consisting of the 15N,13C labeled trp-repressor, fully protonated
5-methyltryptophan, and a fully protonated 20 basepair
trp-operator DNA fragment. Average T2 values of 130 and 16.5 ms
are obtained for the deuterated and protonated trp-repressor
samples, respectively. Reproduced with permission from Yamazaki
et al. (1994b).
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Fig. 6. (a) Strip plot showing the region of the CT-HNCA spectrum of the ternary trp-repressor complex ( 15N,13C, ~70% 2H labeled
trp-repressor, fully protonated 5-methyltryptophan, and a fully protonated 20 basepair trp-operator DNA) from Arg 21 to His 35. Both
intraresidue and interresidue connectivities linking 15N, 13Cα, and NH shifts are obtained from this experiment. ( b) Corresponding region of
the CT-HN(CO)CA spectrum showing correlations connecting the 15N,NH chemical shifts with the  13Cα shift of the preceding residue. ( c)
Strip plot of the HN(COCA)CB spectrum correlating the 13Cβ(i–1), 15N(i), and NH( i) chemical shifts of Arg 21 to His 35. ( d)
13Cβ(i)/13Cβ(i–1), 15N(i), and NH( i) correlations from the HN(CA)CB spectrum. The high sensitivity of each spectrum recorded on a 2 mM
sample in about 2 days of measuring time is evident. Adapted from Yamazaki et al. (1994 b).
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Fig. 6 (concluded ).
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of protons for the establishment of distance constraints via
measurement of 1H–1H NOEs. Recent backbone assignment
experiments carried out on a 64 kDa tandem trp-repressor
complex in our laboratory were only possible when performed
on a >90% deuterated 15N,13C-labeled sample, stressing the
requirement for high levels of deuteration for the study of large
molecular weight proteins and protein–ligand complexes (Shan
et al. 1996). Figure 7 illustrates the 1H–15N correlation map of
the 64 kDa trp-repressor complex and sections from 3D CT-
HNCA,CT-HN(CO)CA,CT-HN(CA)CB,andCT-HN(COCA)CB
experiments. These experiments correlate NH and 15N spin
pairs with intraresidue and interresidue 13Cα/13Cβ shifts
(CT-HNCA/CT-HN(CA)CB) and interresidue 13Cα/13Cβ

shifts (CT-HN(CO)CA/CT-HN(COCA)CB).
Although such a perdeuteration scheme is of benefit for the

assignment of backbone NH, 15N, and 13C chemical shifts, the
depletion of protons results in molecules with significant lev-
els of protonation only at exchangeable NH sites. Structural
studies by NMR depend to a large extent on the generation of
interproton distance restraints, established via NOE-based ex-
periments. The absence of large numbers of protons therefore
poses a very serious problem for obtaining three-dimensional
structures of proteins using current NMR approaches. With
these limitations in mind, we have currently developed a bio-
synthetic approach in which overexpression of proteins in D2O
and with protonated [13C]pyruvate as the sole carbon source

results in molecules that are highly deuterated at the majority
of positions, with the exception of methyl groups of Ala, Val,
Leu, and Ile (γ2) (Rosen et al. 1996). Our choice of methyl
groups as sites of protonation in otherwise largely perdeuter-
ated molecules is based on a number of factors. First, methyl
proton and carbon chemical shifts show a reasonably high
degree of dispersion in 1H–13C correlation spectra. In addition,
rapid rotation about the methyl symmetry axis leads to signifi-
cantly narrowed [13C] and [1H]methyl line widths, even in
large proteins. For example, although the transverse relaxation
of 13C magnetization is highly nonexponential in a methyl
group, the slowly decaying components (which correspond to
75% of the signal in an isolated methyl spin system) have line
widths of only a few Hertz, even for proteins of 40 kDa (Kay
et al. 1992). In addition, the presence of multiple protons per
methyl group ensures that efficient longitudinal relaxation of
the methyl protons can occur via intra-methyl dipolar interac-
tions, even in proteins with high levels of deuteration at other
positions (Gardner et al. 1996a). It is therefore possible to
acquire spectra in reasonably short measuring times. Finally,
statistical studies of high resolution X-ray derived structures
show that Ala, Val, Leu, and Ile are among the most highly
represented amino acids in protein hydrophobic cores and at
protein–protein interfaces (Janin et al. 1988). Thus, it seemed
likely that the protons provided by these methyl groups would
generate large numbers of distance restraints in the form of
1H–1H NOEs, allowing the establishment of protein global
folds. Figure 8 illustrates the distribution of protons within the
PLCC SH2 domain for a fully protonated sample, a sample where
all carbon positions are deuterated and backbone amides are
protonated and a sample in which methyl and backbone amide
positions are protonated. It is clear that the addition of pro-
tonated methyl groups provides valuable structural probes.

The pathways involved in the production of Ala, Val, Leu,
and Ile are illustrated in Fig. 9. Extensive NMR analysis and
mass spectroscopic studies have established that the probability
of an individual residue containing only deuterium at all carb-
on sites between the protonated methyl groups and the Cα

position is about 100, 98, 90, and 99% for Ala, Val, Leu, and
Ile, respectively (Rosen et al. 1996). Because of the high levels
of deuteration at most non-methyl positions, molecules labeled
in this way can be assigned in a straightforward manner using
recently developed 15N,13C,2H NMR experiments. Moreover,
it is possible to relay the signal from the protonated methyl
groups to the backbone 15N,NH spins using experiments that
we have derived so that the methyls can be readily sequentially
assigned (Gardner et al. 1996a). Preliminary studies indicate
that high quality spectra can be obtained at the very least for
proteins in the 30–40 kDa range.

The most important feature of such 15N,13C,2H,1H3C-labeled
molecules, however, is that it is possible to obtain NH–NH,
NH–methyl, and methyl–methyl NOEs in such systems to
determine overall protein folds. Experimental results on the
15N,13C,2H,1H3C-labeled PLCC SH2 domain and calculations
performed on a number of proteins ranging in molecular mass
from 15–40 kDa indicate that it will be possible to generate
global folds of most proteins in this fashion (Gardner et al.
1996b). It is anticipated that these selectively methyl-protonated
samples will have broad utility in NMR analyses of high mo-
lecular weight species, ranging from the determination of global
folds to the generation of models of multiprotein complexes.

Fig. 7. (a) 15N–1H correlation map of the 64 kDa tandem trpR
complex, consisting of two trpR homodimers bound to a sym-
meterized operator DNA and stabilized by the co-repressor analog
5-methyl-L-trypotophan. Selected resonances are labeled illustrating
the doubling of cross peaks observed for most of the residues.
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Fig. 7. (b) Strip plot of CT-HNCA (black) and CT-HN(CO)CA (red) spectra showing 13Cα(i)/13Cα(i–1), 15N(i), and NH(i) chemical shift
correlations for residues Asn 73 – Ala 80. The solid line shows the interresidue connectivity within one subunit and the dashed line shows the
connectivity within the other. Peaks that are negative are indicated by the square boxes. Note that the correlations involving Gly 78 are folded
once in the 13Cα dimension. (c) Strip plot of CT-HN(CA)CB (black) and CT-HN(COCA)CB (red) spectra illustrating 13Cβ(i)/13Cβ(i–1), 15N(i),
and NH(i) correlations extending from Asn 73 to Ala 80. Connectivities for the two subunits are distinguished by solid and dashed lines. The
square boxes mark the peaks with negative phase. Adapted from Shan et al. (1996).

Fig. 8. (a) Distribution of all protons in the PLCC SH2 domain structure (Pascal et al. 1994b) from which 1H–1H distance restraints are
derived. Protons are indicated by white (shaded) balls and the Cα backbone trace is indicated in blue. (b) Remaining NH backbone protons
after replacing all carbon-bound protons with 2H. (c) Distribution of NH and Ala, Val, Leu, and Ile (γ2 only) protons in PLCC SH2. The
methyl protons are indicated in magenta.
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Understanding protein dynamics

The identification of Src homology 2 (SH2) domains in many
proteins involved in signal transduction has led to a rapid
increase in our understanding of the molecular basis of onco-
genesis. SH2 domains are regions of about 100 residues that

bind to specific phosphotyrosine (pTyr) containing sequences.
Recently, the three-dimensional structures of a number of SH2
domains have been solved by nuclear magnetic resonance
(NMR) and X-ray crystallographic methods (Yu and Schreiber
1994). These structural studies have revealed a similar overall
topology for the SH2 domains consisting of a large central
β-sheet and an associated β-sheet flanked by two α helices.
The phosphotyrosine binding site involves a network of
charge–charge and hydrogen bonding interactions between
residues of the SH2 domain, including arginine residues, and
the phosphate oxygens and aromatic electrons of the pTyr ring
from the peptide. In a collaboration between my laboratory
and the laboratory of Julie Forman-Kay, the 3D solution struc-
ture of the PLCC SH2 domain in complex with pY1021 has
been solved by heteronuclear NMR methods (Pascal et al.
1994b). Figure 10 illustrates the overall structure of the com-
plex. The topology of this SH2–pTyr peptide complex is simi-
lar to that reported for the SH2 domains from Src (Waksman
et al. 1992) and Lck (Eck et al. 1994). However, a striking
difference between the structures is that in the case of the
PLCC SH2 domain the binding site for residues C-terminal to
the pTyr is an extended groove that contacts the peptide at
residues extending from the pTyr to positions six residues
C-terminal to the pTyr. In contrast, the binding sites observed
in structures of Src and Lck complexed with a peptide contain-
ing the sequence pTyr-Glu-Glu-Ile are much less extensive
and in these complexes the mode of peptide binding has been
described as a “two-pronged plug” interaction, with the pTyr
inserting into a large pocket and the Ile into a separate, smaller
pocket. A crystal structure of the amino-terminal SH2 domain
of the Syp tyrosine phosphatase (NSyp) in complex with a
number of high affinity peptides establishes that an extended

Fig. 9. Biosynthesis of Ala, Val, Leu, and Ile from pyruvate. The methyl groups of Ala, Leu, and Val are derived from pyruvate. The
γ2-methyl of Ile is derived from pyruvate, while the δ-methyl is from Thr. Adapted from Rosen et al. (1996).

Fig. 10.Ribbon diagram of the solution NMR structure (Pascal et
al. 1994b) of the PLCC SH2 domain in complex with the pY1021
peptide (white licorice bonds).
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binding site is also observed in this system, similar to the
PLCC SH2 domain (Lee et al. 1994). A comparison of the
PLCC, NSyp, and Src SH2 structures is illustrated in Fig. 11
with focus on the hydrophobic peptide binding sites. Note that
similar sites are obtained for the PLCC SH2 and NSyp SH2
domains but that the binding grove is quite distinct in the case
of the Src SH2 structure.

Despite the importance of these static 3D structures, it must
be recognized that the picture obtained is not complete. Protein
molecules are not static in solution and, indeed, the key to a
protein’s functionality may lie in its dynamic properties.
Recently, Shoelson and co-workers (G. Wolf, A. Lynch,
M. Chaudhuri, G. Gish, T. Pawson, and S. Shoelson, personal
communication) have carried out binding studies where the
parent high affinity peptides that bind to a particular SH2
domain were either (i) truncated one residue at a time or
(ii) substituted with an alternative amino acid. In both cases,
binding affinities were measured and compared with the par-
ent peptide. In the case of the NSyp SH2 domain, it was found
that hydrophobic residues at the +5 position (i.e., the position
five residues C-terminal to the pTyr) and the +3 position are
critical for high affinity binding. Peptides extending only to
the +2 position show binding affinities that are reduced by over
a factor of 300 relative to parent peptide. These results are
expected on the basis of the extended hydrophobic binding
groove of the NSyp SH2 domain, which contacts residues on
the peptide up to the +5 position. However, a tripeptide centered
on the pTyr was found to bind to the PLCC SH2 domain with
only a fifteenfold reduction in affinity (Kd = 15 µM) relative
to the parent peptide (1 µM). Moreover, truncation of residues
at the +2 through +6 positions had significantly smaller effects
on binding for the PLCC SH2 domain relative to the NSyp
SH2 domain. The results for the PLCC SH2 binding are unex-
pected given the fact that both the PLCC SH2 and the NSyp
SH2 domains have similar extended binding sites.

In an effort to understand why the extensive contacts be-

tween the PLCC SH2 domain and peptide residues at the +2
through +6 positions do not confer significant binding energy
or specificity, we have undertaken a study of the dynamics of
methyl side chains in both the free and complexed forms of
the PLCC and NSyp SH2 domains. Molecular dynamics are
most often studied using NMR by monitoring spin–relaxation
properties of specific nuclei in the molecule. The overall tum-
bling of the molecule in solution and the internal dynamics
result in motion of the individual atoms and many of these
atoms have magnetically active nuclei. The motions of these
nuclei result in the generation of fluctuating magnetic fields in
much the same way that movement of a bar magnet in space
creates a time-varying magnetic field. If these magnetic fields
fluctuate at frequencies corresponding to the resonance (ab-
sorption) frequencies of the nuclei in the system, then these
fields restore the signal to its equilibrium state via a process or
processes termed spin–relaxation.

In principle, NMR spectroscopy is a powerful technique for
probing side-chain dynamics of proteins and a number of stud-
ies of methyl dynamics at specific 13C-labeled sites in proteins
have appeared in the literature (Nicholson et al. 1992 and ref-
erences therein). In practice, however, a number of difficulties
with such techniques have emerged. First, only a small sub-
set of the side-chains can be examined in this way. Second,
13C spin–relaxation methods are hampered by interference
(cross correlation) between 1H–13C dipoles in methylene and
methyl groups that can result in systematic errors in ex-
tracted motional parameters. To circumvent these problems,
we have developed a new strategy for studying picosecond–
nanosecond side-chain dynamics based on the fractional
incorporation of deuterium into uniformly 15N,13C-labeled
proteins (Muhandiram et al. 1995).

In contrast with the relatively recent resurgence of interest
in the use of deuteration for high resolution macromolecular
NMR studies (discussed above), 2H NMR spectroscopy has
enjoyed a rich history in the study of molecular dynamics

Fig. 11. Illustration of the hydrophobic binding sites of the (a) PLCC SH2 (Pascal et al. 1994b), (b) NSyp SH2 (Lee et al. 1994), and (c) Src
SH2 domains (Waksman et al. 1992). Blue represents positive and red represents negative electrostatic potential calculated using the program
GRASP (Nicholls et al. 1991). The pY1021 and pY1009 peptides (yellow bonds) are shown bound to the PLCC and NSyp SH2 domains,
respectively.
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through measurements of 2H relaxation and (or) line shape
parameters. The key to the use of deuterium as a probe of
molecular dynamics via NMR spin– relaxation lies in the fact
that the energy of a deuteron depends critically on its local
environment. This interaction (quadrupolar) is well understood
and the interpretation of deuterium relaxation data is more
straightforward than is the case for relaxation data from many
other nuclei. Most 2H NMR studies to date have focused to a
large extent on the use of liquid crystalline samples or samples
in the solid state. In the case of protein applications, these
experiments do not provide the necessary resolution to exam-
ine the dynamics at many positions in the molecule simultane-
ously. It is therefore necessary to prepare a large number of
samples with labeling at different positions. In principle, solu-
tion state measurements can circumvent the problem of reso-
lution, at least for proteins of modest size. However, even in
solution, the deuterium lines in a protein are extremely broad.
Thus, the experiments that we have developed record the re-
laxation properties of the deuterons indirectly through meas-
urement of a series of high resolution, constant time 13C,1H
correlation maps where the intensity of the correlations relate
to the relevant 2H relaxation property, T1 or T1ρ. Dynamics
information about any labeled site in the molecule can be
obtained. To date, we have restricted our analysis to methyl
groups because of the excellent resolution and sensitivity in
this region of the correlation spectrum. The method allows
dynamic information to be extracted from all methyl positions
in the molecule simultaneously in a manner that is free from
the effects of cross correlation (Yang and Kay 1996a). Figure 12
illustrates the 13C–1H correlation map of the PLCC SH2 do-

main recorded at 600 MHz. Excellent resolution is available
in this spectrum and deuterium dynamics data from over 95%
of the methyl groups in the protein were measured.

Application of the deuterium relaxation experiments to the
PLCC SH2 domain establishes that there is a restriction of
motion in the pTyr binding region, which is the site respon-
sible for much of the binding energy. In contrast, the hydro-
phobic binding site responsible for recognition of sequences
C-terminal to the pTyr displays significant ps–ns motional
disorder. Surprisingly, certain of the residues of the SH2 do-
main that line the binding site contacting the +1 through +6
positions of the peptide and make many contacts with the
pY1021 peptide are highly flexible (Kay et al. 1996). These
results suggest a correlation between motional properties of
various groups in the complex and their importance for high
affinity binding. In the case of hydrophobic residues lining the
binding site, the combination of significant amplitude motions
and the steep distance dependence of the van der Waals poten-
tial may well result in a substantial decrease in the interaction
energy that would otherwise exist in a static site. In contrast
with the results obtained on the PLCC SH2 domain, prelimi-
nary dynamics studies of the NSyp SH2 domain indicate that
the hydrophobic binding interface is more rigid in this system
than in the PLCC SH2 – peptide complex; this increased rigid-
ity may explain why hydrophobic interactions in the NSyp
SH2 domain are more stabilizing than in the PLCC SH2 domain.

From protein dynamics to protein
thermodynamics

Many biological processes, such as folding and protein-mediated

Fig. 12.Two-dimensional contour plot of the constant time (13C,1H) spectrum of the PLCC SH2 domain recorded at 600 MHz. Only signals
from 13CH2D methyl groups are observed. Reproduced with permission from Muhandiram et al. (1995).
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recognition, involve significant changes in thermodynamics
parameters that are often not well understood. For example,
although protein–protein interfaces often show interactions in-
volving a large number of residues, it is usually not clear on
the basis of the structure which interactions are critical for
stabilization of the complex and which play only a marginal
role in stability and recognition (Clakson and Wells 1995). A
detailed understanding of the energetics of a given biological
event is crucial for a complete understanding of stability and
function. Experimentally, global thermodynamic values that
measure a net change in the system have been measured from
optical methods as well as calorimetric approaches (Plum and
Breslauer 1995). However, it is difficult to extract information
on a per-site basis from these experiments.

As described above, NMR spin–relaxation experiments can
provide important insight about molecular dynamics at each
site of the molecule. The interpretation of the relaxation pa-
rameters provided by such experiments is often accomplished
in the context of (i) an order parameter S that is related to the
amplitude of the motion and (ii) correlation times describing
the time scale of the dynamics (Lipari and Szabo 1982). Be-
cause both the entropy and the order parameter of a given bond
vector are related to the distribution of orientations of the
vector, it is indeed possible to derive a relationship between
changes in order parameters that accompany some molecular
transition between states and changes in conformational en-
tropy. Our work in this area (Yang and Kay 1996b) follows
closely on a study by Akke et al. (1993), who have related
changes in free energy with changes in NMR derived order
parameters. Entropy changes, unlike changes in free energy,
depend only on the shapes of the potential functions describing
the bond motion in the two states and not on the differences in
energies between the two states. Therefore, entropy changes
are obtained in a more direct manner from NMR relaxation
measurements than free energy differences.

In principle, if the potential surface dictating the trajectory
of bond vectors in macromolecules were known in detail, it
would be a simple matter to derive the correct relationship
between the contribution to entropy arising from bond vector
motion that is measured in an NMR experiment and the order
parameter. The reality is that our knowledge of the energy
surface of a complex molecule like a protein is crude at best.
With this in mind, we examined a large number of models
describing bond vector motion and concluded that the relation-
ship between the measured order parameter and the calculated
entropy was very much model dependent. Insight into bond
vector motions in proteins can be obtained from molecular
dynamics trajectories. A 1.12 ns simulation of fully solvated
E. coli ribonuclease HI [RNase HI] (Philippopoulos and Lim
1995) was used to determine if any of the models considered
provided a reasonable description of bond vector motion. An
entropy-order parameter profile was calculated from the back-
bone N–NH, Cα–CαH, and side-chain N–NH bond vectors in
RNase HI and was compared with the results predicted on the
basis of different models. Remarkably, excellent agreement
between a model in which the bond vectors are predicted to
move within a cone and the molecular dynamics results was
obtained as illustrated in Fig. 13. This leads to a simple rela-
tionship describing the contribution to the change in entropy
arising from a change in bond vector motion as measured in
NMR spin–relaxation experiments (Yang and Kay 1996b).

We have applied the entropy-order parameter relationship,
dervied on the basis of diffusion of bond vectors in a cone, to
measure the conformational entropy change associated with a
folding transition involving the N-terminal SH3 domain of the
Drosophila signal transduction protein, drk. Specifically, be-
cause the NMR spin–relaxation experiments are sensitive to
ps–ns time-scale bond vector motions, the entropy changes
calculated reflect the contributions from such rapid motions.
It is noteworthy that the magnitude of the entropy changes
observed (average entropy change per residue of 12 J⋅mol–1⋅K–1)
is similar to the average entropy change per residue meas-
ured for protein folding from a number of different methods,
~14 J⋅mol–1⋅K–1 (Doog and Sternberg 1995).

Conclusions

Recent developments in multidimensional, multinuclear NMR
spectroscopy have greatly increased the size range of bio-
molecules that can be studied by this technology as well as the
scope of experimental information available. It is clear that
deuteration of proteins can both extend the molecular weight
limitations currently imposed on structural studies by NMR as
well as provide information about molecular dynamics through
the measurement of deuterium relaxation properties. A com-
bination of both structural and dynamical studies promises
to provide insight into biological function that static three-
dimensional structures alone can not provide.

Fig. 13.Conformational entropy, Sp, versus the square of the order
parameter, SLZ

2, calculated from the final 800 ps of a molecular
dynamics trajectory of the hydrated protein RNase HI
(Philippopoulos and Lim 1995). k is Boltzmann’s constant.
Backbone [ N–NH and Cα–Hα and side chain (o) N–NH bond
vectors are included. Reproduced with permission from Yang et
al. (1996).
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