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NMR spectroscopy has evolved to become one of the most powerful tools for the study of protein struc-
ture and dynamics. Advances over the past decade have greatly extended the methodology to studies of
molecules of ever increasing complexity. Herein I provide a short perspective relating the circumstances
that led to some of the contributions from my laboratory in this area and highlight how these original
experiments, summarized in a Journal of Magnetic Resonance article in 2005 (JMR, 173 193–207), have
influenced the current focus of my research.
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On this, the occasion of the publication of a ‘Special Issue’ of JMR
highlighting a number of papers that have been published in the
Journal, I am particularly honored to write a short perspective on
our work using NMR spectroscopy to study both protein structure
and protein dynamics. My interest in using NMR as a tool to probe
molecular motion extends over the past 25 years to the time when
I was a graduate student in Jim prestegard laboratory at Yale. I be-
came enamored by the rich mathematical description that is re-
quired for an understanding of the general principles of spin
relaxation, by the opportunities to use spin physics to quantify
the motion of biomolecules over a broad spectrum of time-scales
and by the opportunity to develop new experiments that would
facilitate studies of complex biomolecules and perhaps shed light
on the important relation between dynamics and function. Later
on, as a post-doctoral fellow at the NIH working with Ad Bax and
Dennis Torchia, I participated in the development of experiments
for measuring protein backbone amide 15N spin relaxation [1] that
have subsequently been applied to a great number of different sys-
tems [2]. The success of these experiments convinced me of the
importance of extending the methodology to side-chain positions
in proteins and my laboratory has spent the better part of the past
two decades working on this problem in one form or the other,
focusing to a large extent on methyl group probes.

Seminal studies of methyl dynamics in a number of proteins
such as myoglobin [3], BPTI [4] and the M13 coat protein [5] had
ll rights reserved.
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already being published in the late 1970s, early 1980s that clearly
pointed to the fact that there were significant internal motions in
these molecules. Yet these experiments were 13C direct observe
and lacked both the resolution and the sensitivity that are neces-
sary for wide applicability. One solution involves recording two-
dimensional 13CA1H correlation spectra with the intensity of each
cross-peak encoding the 13C relaxation property of interest (T1, T2,
NOE). However, this is not without problems. 13C relaxation in
methyl groups is complex since there are a large number of relax-
ation interactions that contribute to signal decay, with each carbon
multiplet component relaxing differently [6–9]; the relaxation is
thus multi-exponential. This differential relaxation further comes
into play during magnetization transfer schemes that are a prere-
quisite for any two-dimensional pulse sequence [10,11]. Such ef-
fects must be taken into account in the analysis of relaxation
data obtained in this manner because they influence the initial
state of the magnetization whose relaxation is to be interrogated.
As a consequence of these problems it seemed to me that 13C relax-
ation (at least in fully protonated proteins) was not the best way to
obtain quantitative information about protein side-chain dynam-
ics, although I worked rather diligently on the problem for several
years as a post-doctoral fellow at the NIH.

An excellent way of ‘obtaining new ideas’ is to copy what others in
related fields have already done successfully. Thus, I turned to the
solids NMR community to provide inspiration for my dynamics stud-
ies of protein side-chains. This group had been using the deuteron as
a probe of dynamics in a wide range of molecules, including proteins
[12] and lipids [13], exploiting the well known fact that the quadru-
polar interaction dominates deuterium relaxation [14]. The limiting
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facet of the solids experiments is lack of resolution, often necessitat-
ing the production of separate samples for each label. Such a problem
can, however, be circumvented in the solution state by exploiting the
resolution in 13C, 1H two-dimensional spectra so that all sites can be
probed at once. In this approach proteins are prepared using an
approximate 50%H2O/50%D2O mixture, ensuring a substantial pop-
ulation of 13CH2D methyl isotopomers that are then used to measure
2H relaxation via a magnetization transfer scheme,
1H! 13C! 2HðTÞ ! 13Cðt1Þ ! 1Hðt2Þ, which optimizes both sensi-
tivity and resolution [15] (here t1, t2 denote indirect and direct acqui-
sition times, respectively, while T is a duration during which
deuterium relaxation is monitored). Five different relaxation rates
can be measured [16], providing a unique opportunity to cross-val-
idate the relaxation measurements.

Our studies of protein dynamics led us naturally into thinking
about excited protein states, conformers that are only fractionally
populated and often only transiently so. While traditional structural
biology methods have proven powerful for the study of highly abun-
dant conformations (so called ground states), excited conformers
frequently escape detection and have thus largely remained ‘invis-
ible’. This is a significant limitation of current methodology because
excited states play important roles in many biochemical processes,
including folding [17], molecular recognition [18], fibril formation
[19], enzymology [20,21] and binding [22]. Our inspiration in this
area came from fundamental work by some of the major pioneers
in the NMR field who showed that millisecond time-scale exchange
processes could be probed using experiments that consisted of spin-
echo building blocks [23,24]. By changing the spacing between suc-
cessive refocusing pulses the effective chemical shift difference be-
tween exchanging sites is modulated, leading to differences in
transverse relaxation rates that can be quantified to extract chemi-
cal shifts of the excited state as well as the kinetics and thermody-
namics of the exchange process. An important paper by Pat Loria,
Mark Rance and Art Palmer in the late 1990s extended the method-
ology, previously demonstrated for isolated spins, into the realm of
protein applications [25]. After the initial 15N protein relaxation dis-
persion experiments were developed [25,26], Rieko Ishima and
Dennis Torchia introduced experiments for probing exchange at
1HN and 13CO sites [27,28] and my laboratory worked out efficient
labeling schemes and the corresponding pulse sequences for mea-
suring 1Ha [29], 13Ca [30], 13Cb [31] and methyl 13C [32,33] chemical
shifts of the excited state.

Typically when we think about a chemical exchange pro-
cesses we imagine, for example, the evolution of a spin localized
to a particular site that changes its precession frequency each
time an exchange event occurs. The Bloch–McConnell formalism
can then be used to evaluate the effects of the exchange process
on lineshapes or relaxation rates [34]. It is sometimes conve-
nient, however, to think about the evolution of magnetization
associated with a given multiplet component, as opposed to
the sum over all components, such as the TROSY or anti-TROSY
line for amide magnetization for example. Under conditions of
fractional protein alignment it is straightforward to show that
for a system undergoing two-site exchange the effective chemi-
cal shift difference between exchanging states is different for
TROSY and anti-TROSY magnetization components (Dx ± pDD,
where Dx (rad/s) is the shift difference that would be measured
in an unaligned sample and DD is the difference in dipolar cou-
plings of amide bond vectors in each state) [35]. It is possible,
therefore, to measure residual dipolar couplings in the invisible
state by carrying out spin-state selective relaxation dispersion
NMR experiments that probe the exchange process one multiplet
component at a time.

The large number of restraints that can now be measured for
excited protein states (15N, 1HN, 13Ca, 13Cb, 13CO and 1Ha chemical
shifts along with 1HNA15N, 1HaA13Ca and 1HNA13CO residual
dipolar couplings) forms the basis for the determination of struc-
tural models of these elusive conformers [36,37]. Central to these
efforts has been the emergence of computational data base proto-
cols for calculating high quality structures from backbone chemical
shifts [38–40].

The inherent spin physics of a methyl group that made it diffi-
cult to extract robust measures of side-chain dynamics in proteins
from 13C relaxation measurements (see above) can be exploited to
great use in studies of very high molecular weight proteins. During
our (frustrating) attempts to quantify dynamics using 13CH3 probes
we recognized that certain single quantum transitions, both 1H and
13C, relax very rapidly, while others very slowly [9,41,42]. What we
were able to show subsequently was that 1HA13C multiple quan-
tum transitions also exhibit this behavior and that, further, the
standard HMQC pulse scheme [43,44] transfers magnetization
components via one of two pathways in which either only slowly
relaxing transitions or only rapidly decaying coherences contribute
[42]. This naturally results in a situation whereby the two path-
ways are sequestered which is the basic requirement of a ‘good’
TROSY pulse scheme. 1HA1H cross-relaxation can, however, lead
to the interconversion of fast and slowly relaxing transitions,
effectively decreasing the isolation between the different path-
ways. It is thus imperative that experiments be conducted on
highly deuterated proteins where only the methyl groups are pro-
tonated. Since we had been working with methyl groups as probes
of structure and dynamics in proteins on the order of 100 kDa long
before we realized that a TROSY effect could be exploited [45] the
labeling approaches for preparing the requisite highly deuterated,
methyl protonated proteins were already available [46]. The very
significant gains in sensitivity and resolution that HMQC-based
experiments provide suggested that NMR studies could be
extended in a quantitative way to protein systems with molecular
weights in the MDa regime. We have been able to exploit this
TROSY-effect in studies of the ClpP protease (300 kDa) [47], the
proteasome (700 kDa) [48–50] and aspartate transcarbamoylase
(300 kDa) [51] and work from other laboratories on very high
molecular weight complexes [52,53] suggests that this approach
has a bright future.

While it is, of course, impossible to predict what the future of
NMR holds in the realm of ‘protein structure and dynamics’ the
immediate directions of my laboratory are clear. The possibility
of determining structures of invisible, excited states that play
critical roles in biochemical processes but that have been recalci-
trant to study using more established methodologies is an exciting
one indeed, and we are currently pursuing such studies on a vari-
ety of systems that promise to provide insight into both protein
folding and misfolding. The role of NMR in relating structure, func-
tion and dynamics in supra-molecular machines is becoming
increasingly established and holds great promise in providing
important insights that are missing from static X-ray or cryo-EM
structures. We are currently exploiting methyl-TROSY based
approaches to understand the role of dynamics in the function of
supramolecular systems, including the proteasome and the nucle-
osome. There have been many significant advances in ‘protein
structure and dynamics’ since my 2005 JMR article that summa-
rized some of our work in this area. By exploiting spin physics in
new and clever ways it is clear that advances will continue to
emerge.
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