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Abstract

Recent advances in solution NMR spectroscopy have significantly extended the spectrum of problems that can now be addressed
with this technology. In particular, studies of proteins with molecular weights on the order of 100 kDa are now possible at a level of
detail that was previously reserved for much smaller systems. An example of the sort of information that is now accessible is pro-
vided in a study of malate synthase G, a 723 residue enzyme that has been a focal point of research efforts in my laboratory. Details
of the labeling schemes that have been employed and optimal experiments for extraction of structural and dynamics information on
this protein are described. NMR studies of protein dynamics, in principle, give insight into the relation between motion and func-
tion. A description of deuterium-based spin relaxation methods for the investigation of side chain dynamics is provided. Examples
where millisecond (ms) time scale dynamics play an important role and where relaxation dispersion NMR spectroscopy has been
particularly informative, including applications involving the membrane enzyme PagP and mutants of the Fyn SH3 domain that

fold on a ms time scale, are presented.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

An impressive number of advances in biomolecular
NMR spectroscopy have been reported in the past dec-
ade [1-3]. New instrumentation, sophisticated experi-
ments and the development of molecular biology tools
for the production of sufficient quantities of the appro-
priately labeled samples have all played important roles
in establishing NMR at the forefront of modern struc-
tural biology. In particular NMR has emerged as a pow-
erful probe for the study of protein structure [4-6] and
dynamics [7,8], areas that have been the focal point of
research efforts in my laboratory for the past decade.
In this review of work emanating from my research
group I will describe two areas of study that are cur-
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rently of great interest. The first deals with the develop-
ment of experimental tools for NMR structural studies
of high-molecular-weight proteins and the subsequent
application of this methodology to interesting problems
in biochemistry. Studies of the 82 kDa monomeric en-
zyme malate synthase G (MSG) [9] have been at the
forefront of our efforts in this regard and this protein
has served as an excellent test-case. A second major area
involves using NMR spectroscopy to study molecular
dynamics over a wide range of time scales. In particular,
the goal is to relate function to dynamics and to study
the kinetics, thermodynamics, and structures of weakly
populated protein states that are thought to play an
important role in function. These two areas of study
are very much related from a purely technical perspec-
tive, since they both depend on (or are influenced by)
spin relaxation. In the case of structural studies of large
proteins, the sensitivity and resolution of experiments
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are degraded by extremely rapid transverse relaxation.
New methods have emerged that exploit the relaxation
properties so as to extend the size-limit for NMR inves-
tigations [10]. Similarly, dynamics experiments also
make use of relaxation, in this case as a ‘spy’ of molec-
ular motion [11]. In what follows, aspects of our re-
search in these areas are highlighted, without any
attempt to be comprehensive. The interested reader is re-
ferred to a number of recent reviews that describe some
of this work in more detail [12,13] and that make refer-
ence to the appropriate original literature.

2. NMR studies of high-molecular-weight proteins:
an application to MSG

2.1. Backbone chemical shift assignments

Fig. 1 illustrates what can be understood as the ‘size
problem’ in biomolecular NMR. A series of proteins
are shown, ranging from relatively small molecules, by
current standards, to large systems. In applications
involving systems as large as 40-50 kDa the rules of
the game are well established, both in terms of labeling
strategies and the experiments to be performed [14,15],
and NMR-derived structures of proteins with molecular
weights up to 40 kDa have now been reported [16,17]. In
the case of proteins that are significantly larger than this
limit it is less clear what the optimal labeling scheme and
the necessary experiments for obtaining structural and
dynamics information might be. Our initial experiments
with MSG, working with an unligated form of the pro-
tein, focussed on a perdeuterated, 5N, 13C labeled pro-
tein which was unfolded/refolded during a final step in
the purification process to restore the full complement
of proton spins to the labile amide sites. Remarkably,
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Fig. 1. The ‘size problem’ in solution NMR studies of proteins.
Proteins ranging from 76 to 723 residues are included, along with the
labeling strategy that is frequently used for each class size and the type
of information that is available from standard NMR experiments.
Coordinates are obtained from PDB entries lubi, 1021, lake, 1dmb,
and 1d8c for ubiquitin [72], lysozyme [73], adenylate kinase [74],
maltose binding protein [75], and malate synthase G [9], respectively.

a series of 4D TROSY-based triple-resonance experi-
ments recorded on this sample, supplemented with a
4D NOE data set connecting proximal amide protons,
was sufficient to assign over 95% of the backbone
'HN, N, Bc*, *CO, and side chain '*CP spins [18].
The backbone chemical shift assignments served as a
starting point for studies of the structure, dynamics and
binding properties of the enzyme. Malate synthase G
catalyzes the condensation of glyoxylate with acetyl-
CoA to produce malate [9]. There is a substantial body
of evidence based on structurally and functionally re-
lated enzymes suggesting that significant changes in
the relative orientation of the four domains of the pro-
tein could accompany ligand binding [19,20]. The devel-
opment of methods to measure residual dipolar
couplings resulting from the weak alignment of solute
proteins in dilute solutions of ordering media such as bi-
celles or phage [21,22] allowed us to test this idea. Fig. 2
shows the X-ray derived structure of the glyoxylate
bound form of the enzyme [9] (an X-ray structure of
the apo-form of the protein was not available at the time
of the study) along with correlation plots of measured
one-bond '"HN-'°N dipolar couplings ('Dyny) in each
domain and values estimated using the crystal structure
as a model for the protein in solution. The strong corre-
lation between measured and predicted couplings indi-
cates that the intra-domain structures are the same for
the apo-form of the enzyme in solution (which is the pri-
mary focus of our studies) and the glyoxylate-bound
crystal state [23]. In addition to information about
intra-domain structure, the relative orientation of

*»
+ 0
Core ""é}', 88
+
* G .I“ L
L] 0*’ Y
oy * . *
¢ 0‘ ;s +
w @t @
g B: 13341°
&
;:‘,; * v: 24541°
30 20 <10 0 10 20 30

Experimental (Hz)

C, D ¥

i ot "ﬂ
=20} o/ domain . o 49 C-plug L'
Z . St'ti ¢ o onbe
7 o ¥ o'y
=0 L e
%m D :".‘.. L :"u
= AL PR =5
Sl IR AR B: 133+1° g B: 1321

&
S T 242420 R T: 24312
-30 20 -10 0 10 20 30 -30 -20 -10 O 10 20 30

Experimental (Hz) Experimental (Hz)

Fig. 2. Using dipolar couplings to orient domains in MSG. (A) X-ray
derived structure of the glyoxylate bound form of MSG [9]. (B-D)
Correlation plots of measured "HN-'SN dipolar couplings for
individual domains in the apo form of MSG and dipolar couplings
calculated from a fit of the data using the X-ray structure. Euler angles
describing the transformation from the PDB frame (X-ray structure) to
the alignment frame are listed. Adapted from Tugarinov and Kay [23].
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domains is also obtained via a set of Euler angles, de-
rived from the 'Dyy couplings, that effectively describe
the transformation of each of the domains from the
X-ray to the solution conformation. These angles are
the same to within error for each domain, indicating
that the relative domain orientations in the crystalline
and the apo solution states are identical. It is worth
emphasizing that this combined X-ray/NMR analysis
can be done rapidly once backbone assignments for a
protein are available [24,25]. The complementarity
between the two techniques, whereby high-resolution
structures of individual domains based on crystallogra-
phy are combined with domain orientations derived
from NMR, is readily apparent.

In addition to studies of domain orientation in MSG,
the binding of ligands has also been investigated [23].
The kinetic and thermodynamic parameters measured
for the binding process have been supplemented by
N spin relaxation experiments to provide a picture of
how the protein internal dynamics change upon ligand
binding. It is clear that the sort of quantitative informa-
tion that is normally associated with NMR studies of
small biomolecules can, at least in some cases, be ob-
tained in high-molecular-weight proteins, when pulse
schemes are modified to reflect the challenges associated
with the increased size of the system.

2.2. Assignment of methyl groups in MSG

The assignment of backbone chemical shifts allowed
us to examine a number of structural and dynamic prop-
erties of MSG, however additional assignments were
necessary if further structural work was to be under-
taken. Structural studies of proteins generally rely on
large numbers of distance restraints in the form of pro-
ton NOE:s [26]. In this regard, the labeling strategy that
had been employed so effectively for the assignment of
the backbone chemical shifts of MSG (perdeuteration)
was a liability since the only protons available for mea-
suring distances were those from labile amide groups.
Several years ago our laboratory developed a protocol
for the production of Ile (81), Leu, Val methyl proton-
ated, highly deuterated proteins using a pair of meta-
bolic precursors, a-ketoisovalerate and a-ketobutyrate,
that are added to the growth media prior to protein
induction [27,28]. These compounds are now available
commercially with a variety of different labeling pat-
terns, and have successfully been used in a number of
laboratories. The precursors that were employed in
applications involving MSG, along with a 'H-'3C
HMQC spectrum of the resulting °N, *C, perdeuter-
ated, methyl protonated protein, are shown in Fig. 3.
Because protonation is restricted to methyl groups, only
the methyl region is observed in the data set; it can be
verified that only '>*CHj isotopomers are present. Close
to 276 methyl cross-peaks can be counted from the 44

Ile

H,"C — "CD,— “C —"C00

a - ketobutytic acid

"C (ppm)

28 g
20 16 12 08 0400 04 08 a - ketoisovaleric acid

'H (ppm)\ D."c\ ﬁ
PED == U —"COY

H,"C Val:Leu

Fig. 3. '"H-"*C CT-HMQC correlation map of U-[*H,"’N,'*C]lle51-
[3CH;]Leu,Val-['>*CH;,'>)CD5-labeled-MSG, 800 MHz,  37°C
recorded with a 28 ms constant-time period. The protein was labeled
with the precursors shown on the right. Reprinted from Tugarinov and
Kay [29], with permission.

Ile, 46 Val, and 70 Leu residues in the protein. It is note-
worthy that the variant of isovalerate that was employed
for labeling is one where only a single methyl of the pair
is of the '*CH; variety, with the second '>CD; [29], for
reasons discussed below.

Conventional approaches for the assignment of
methyl '"H and '*C chemical shifts involve the use of
TOCSY-based spectroscopy, whereby magnetization
that originates on the methyl spins is relayed via the
13C_13C scalar coupling network along the side chain
to the backbone amide spins [6]. Because the backbone
chemical shifts are available from previous experiments,
the correlation of side chain with backbone shifts pro-
vides a straightforward way to assign the side chains.
This methodology was not successful in applications
to MSG [30]. The difficulty lies in the fact that Ile,
Leu, and Val are all branched amino acids and subse-
quently at the branch point there are two pathways
of magnetization transfer, with only one of the paths
leading to backbone nuclei. As a consequence, 60% of
the signal is lost relative to the case where the non-pro-
ductive pathway is eliminated [30]. In studies of small
proteins where the sensitivity is high, inefficiencies of
this sort can be tolerated, but not in the case of an
80 kDa molecule. A solution to the problem was devel-
oped for Ile by recognizing that the carbon spins at the
branch point have well resolved chemical shifts so that
it is possible to ‘steer’ the magnetization to the back-
bone using a set of COSY magnetization transfer steps
together with selective pulses at key points in the pulse
scheme [30]. In the case of Leu and Val the pair of
methyls resonate at similar positions so that such a
scheme is not possible and it was therefore necessary
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to resort to chemistry to remove the undesired magne-
tization transfer pathway [29].

Fig. 4 illustrates the COSY-transfer steps that are
used for the assignment of Val methyl groups, along
with planes from the 3D data set correlating backbone
amide shifts with either methyl '>C (Fig. 4A) or 'H
(Fig. 4B) resonance frequencies. The twofold ambiguity
associated with linking 'H and '*C chemical shifts to a
particular methyl group is resolved using a high-resolu-
tion 2D 'H, '*C HMQC, Figs. 4C and D. Note that only
a single magnetization transfer path is now available,
Fig. 4. Although a factor of two in sensitivity is forfeited
(since only one of the two methyls per Leu/Val is spec-
troscopically active), the gain in signal-to-noise resulting
from the linearization of the side chain spin system more
than compensates. Close to 90% of the methyls from Ile
and Val residues could be assigned from data sets re-
corded with schemes utilizing a net transfer of magneti-
zation from methyls to amides, however, a significantly
smaller fraction (55%) of Leu methyl groups could be
assigned using this strategy [29]. As a consequence, a
much more sensitive ‘out-and-back’ experiment was
developed, Fig. 5, which correlates aliphatic or carbonyl
carbon shifts with those of the methyl spins. This se-
quence produces data sets that are of much higher sen-
sitivity than those from the methyl-amide experiment
since, in the latter scheme it is not possible to effectively
transfer magnetization from all three methyl protons,
while all contribute fully to the detected signal in the
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Fig. 4. Methyl-HN COSY assignment strategy. The flow of magne-
tization is indicated for a Val residue, labeled as described in the text,
along with selected regions from *C™™L_'HN (A) and 'H™"™'THN
(B) planes of 3D data sets extracted at the "’N chemical shift of Val
607, MSG. The 3C™™! and "H™"™! chemical shifts are linked via
high-resolution 2D HMQC data sets, as indicated in (C) and (D) using
red and green cross-hairs. Data recorded on a U-’H,">N,"*C]lles1-
['*CH;]Leu, Val-['*CH;,'*)CD;}Habeled-MSG sample, 800 MHz, 37 °C.
Adapted from Tugarinov and Kay [29].
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‘out-and-back’ version. Also it avoids the costly transfer
step from the backbone carbon (typically '*C* for appli-
cations at high-magnetic fields or '*CO for studies of
smaller proteins) which can be limiting. Combining data
from the two types of experiments described above led
to the assignment of 95, 91, and 99% of the Ile, Leu,
and Val methyls in MSG [29].

2.3. Methyl TROSY spectroscopy

The relaxation properties of methyl groups can be
complex [31-34]. The availability of nearly complete
methyl chemical shift assignments in MSG hightened
our interest in exploring whether this complexity could
be exploited to enhance both the resolution and the
sensitivity of experiments that make use of methyls as
probes of molecular structure and dynamics. Fig. 6
show an energy level diagram of an isolated '*CHj spin
system with the 'H (vertical arrows) and '*C (horizon-
tal arrows) single quantum transitions highlighted. In
general, longitudinal and transverse relaxation is decid-
edly multi-exponential, due largely to "H-'*C dipolar
cross-correlated spin interactions. In the case of an iso-
lated methyl attached to a macromolecule it can be
shown that the relaxation of each of the single quan-
tum transitions is mono-exponential, so long as the
methyl group rotates rapidly about its threefold axis
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listed along with the 'H transitions (vertical lines; green and red corresponding to fast and slowly relaxing transitions) and '*C transitions (horizontal
lines; blue and black indicate fast and slowly relaxing transitions). Adapted from Tugarinov et al. [36].

[35]. Furthermore, each line relaxes with either a fast
(green, blue) or a slow (red, black) rate. This situation
is reminiscent of the effect that occurs in isolated
"HN-'5N spin pairs due to interference between dipo-
lar and CSA interactions that has been exploited very
cleverly by Pervushin et al. [10] in the development
of TROSY spectroscopy. Could a similar approach
be applied to methyl groups?

Our initial attempts to construct a pulse scheme that
would isolate slow from fast relaxing methyl coher-
ences failed and only when an HMQC experiment
was examined did we understand why [36]. Fig. 7
shows an HMQC pulse scheme with the 'H 180° pulse
that is normally positioned in the center of the #; per-
iod removed to illustrate the essential features of meth-
yI-TROSY. (It is worth emphasizing that the "H pulse
is removed only for the purpose of illustration; all
methyl-TROSY experiments make use of an Fj-decou-
pled experiment recorded using a standard HMQC se-
quence [37,38]). In the present description we consider
an isolated methyl group with the methyl protons on
resonance. At position a in the pulse scheme the coher-
ence of interest is proportional to I/yCy, where I and
Cy are the X- and Y-components of 'H and '*C mag-
netization, respectively. Focussing for the moment only
on the multiple quantum term associated with proton
spin 1 (denoted by 7} Cy) it is shown in the figure that
there are three components that evolve separately due
to the coupling between C and protons 2 and 3, each
separated by Jcy Hz. In the absence of differential
relaxation, a 1:2:1 triplet in the '*C dimension (F;)

results. A simple local field argument establishes that
each of the lines should in fact relax quite differently
for a methyl rotating rapidly in a macromolecule, be-
cause the dipolar fields due to protons 2 and 3 are
additive in the case of the outer lines, while for the in-
ner line they cancel. Indeed, a more rigorous treatment
shows that the inner line does not relax at all from in-
tra-methyl dipolar interactions [36]. This is illustrated
by a comparison of experimental data recorded on so-
dium acetate (Fig. 8A) and a sample of MSG (Fig. 8B)
using a sequence which selects '"H-'*C double-quantum
coherences during #,. For sodium acetate a triplet with
line intensities that are close to the expected 1:2:1 ratio
is observed while for U-[*H,'’N]lled1-['*CH;}-labeled-
MSG, 37 °C (correlation time, tc, of 45 ns) it is clear
that the outer lines relax much more rapidly than the
inner component. Application of a 'H 180° pulse in
the center of #;, as would normally be done, intercon-
verts the outer lines without mixing the outer and cen-
ter components so that the slow relaxation of the
middle line is preserved.

In addition to the differential relaxation of the multi-
plet components associated with multiple quantum
coherences that evolve during 7, '"H coherences that
are present during the remainder of the sequence of
Fig. 7 also relax very differently. A detailed analysis of
the flow of coherence through the HMQC sequence
shows that slowly relaxing proton transitions are con-
verted to slowly relaxing multiple quantum coherences
and then back to slowly relaxing proton transitions for
detection [36]. A parallel pathway involving only fast
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relaxing elements (comprising half of the detected signal
in the absence of relaxation) is also present, but
for applications involving large proteins this pathway

contributes very little to the ultimate signal. The HMQC
pulse scheme is therefore completely optimized ‘as is’ for
the TROSY effect. In contrast, pulse schemes that inter-
convert fast and slowly relaxing pathways are less effi-
cient. An example is the much more common HSQC
[39] that employs several 90° 'H pulses, effectively mix-
ing fast and slowly relaxing transitions. This is illus-
trated in Fig. 9 where a comparison of HMQC and
HSQC spectra recorded on U-[*H,"’N1Iled1-['*CHj;]
MSG, 5°C (tc ~ 120 ns) is presented. It is now clear
why we had been unsuccessful in developing methyl-
TROSY experiments in the past; all of our previous
sequences contained a number of 90° 'H pulses.

Like the AX-TROSY experiments, the methyl-
TROSY effect is attenuated by neighboring proton spins
since cross-relaxation involving protons proximal to the
methyl group leads to exchange between transitions that
mixes the rapidly and slowly relaxing pathways. This
can be minimized by working with samples that are highly
deuterated, as in the case of the Iled1-['>*CH;}-labeled
protein discussed above. It is possible to increase the num-
ber of probes beyond Ile by preparing molecules that are
U-[’H]lled1-["*CH;]Leu, Val-['*CH3,'CD5-labeled [40].
Note that this labeling approach eliminates contributions
to relaxation that would normally result between methyls
from the same residue. Fig. 10 shows a comparison
between an HSQC spectrum recorded on a sample of
U-[*H]Leu,Val-["*CH3,"*CH;]MSG, 37 °C and an HMQC
data set obtained with a U-[?H]Leu,Val-['>*CH3,"CD;]-

A 3 *0 1200 1265 B w1200 1265
HMQC 1105 HSQC 105
10 . 1148 " 1148
- PU
\ A
1260
_n 56 255 1260
£ 1242 N
& 12 s 1388 ae 1388
= R . RY :
O 13 . - % .
e +, e 1147 S 1147
14 - - - — ° - .
i .'.m- 0e,
LD w650 AU <, 1650
16

1.2 1.0 0.8 0.6 0.4 0.2 0.0 -0.2 1.2 1.0 0.8 0.6 0.4 0.2 0.0-0.2

'H (ppm) 'H (ppm)

A

L R o L

Number of peaks

10 20 30
IHMQC“HSQC

Fig. 9. Comparison of 'H-'*C HMQC (A) and HSQC (B) spectra of
U-*H,"°N]lled1-['*CH;}-labeled-MSG, 800 MHz, 100% DO, 5 °C.
Each data set is plotted at the same noise-level. An average gain in
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resolution and sensitivity (E) associated with methyl-TROSY
spectroscopy.

labeled sample at the same protein concentration. Despite
the fact that the concentration of methyls in the latter
sample is half that in the former, the HMQC experiment
is clearly superior both in terms of resolution and in terms
of sensitivity. Of interest, the gain in signal-to-noise in-
creases to almost 4-fold in a similar comparison of spectra
recorded at 5 °C [40].

As described above for an isolated methyl group, the
multiple quantum elements that evolve during ¢, in the
HMQC and that ultimately contribute to the observed
signal in applications involving macromolecules are free
of relaxation contributions from intra-methyl dipolar
interactions. However, methyl groups are not isolated
(Fig. 11A) and indeed spins external to the methyl do
cause relaxation; it is important, therefore, to develop
experiments that minimize these effects. External spins
influence the relaxation of the double- and zero-quan-
tum components of IyCy differently, as illustrated in
Figs. 11A and B, and this difference can be exploited
[41]. Panels B and C of the figure depict double- and
zero-quantum transitions involving methyl spins and
show how such transitions relax due to an external pro-
ton spin (green). A local field argument establishes that
in the macromolecular limit, dipolar interactions involv-
ing the external proton and the methyl proton and car-
bon spins are additive for double-quantum (/1Cj),

®.%.° Il I

= 2 = 2
RDQ = (HH+HC) RZQ' (HH-HC)

Fig. 11. (A) Schematic representation of a methyl group and neigh-
boring "H/*H spins. The local dipolar fields from an isolated spin
(proton) add in the case of '"H-'>C double-quantum (B) and subtract
for 'H-'*C zero-quantum coherences (C). Red and black arrows
denote spin states of methyl 'H and '3C spins that participate in the
double/zero quantum transition, with the green arrow indicating the
spin state of the proximal external proton. ‘HH’ and ‘HC’ denote
'"H-"H and '"H-"3C dipolar interactions, respectively, involving the
external proton and the methyl proton (red) and carbon spins.

while for zero-quantum (/_Cy) the fields subtract. This
effect can be substantial, as illustrated in Fig. 12A,
where a comparison of the relaxation rates of I,Cy
((Rpo + Rz0)/2) and I_Cy (Rzp) is given for Ile, Leu
and Val residues in U-[?H]lled1-["*CH;]Leu,Val-
[*CH;,'?CD3]MSG. The ratio of rates is independent
of the external magnetic field, as expected for relaxation
contributions that are dipolar in origin [36,41], and
also independent of correlation time, so long as the
overall tumbling remains in the macromolecular limit.
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Fig. 12. (A) F linewidths ((Rpo + Rz)/2) in HMQC data sets of
MSG are on average 40% larger than in zero-quantum data sets,
HZQC (Rz0), (Rpo + Rzp)/(2Rzp)~1.4. (B) Comparison of Ile region
of HMQC and HZQC maps recorded on a U-[*H,'’N]lled]-
[*CH;]Leu, Val-['*CH;,'2)CD;}Habeled-MSG sample, 600 MHz, 5 °C.
The position of the 'H carrier is indicated with the vertical arrow.
Adapted from Tugarinov et al. [41].
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Significant gains in resolution in zero-quantum correla-
tion spectra (HZQC) relative to their HMQC counter-
parts can be obtained, as illustrated in a comparison
of the Ile regions of HMQC and HZQC data sets re-
corded on MSG, Fig. 12B , at the expense of only very
slight (~10%) losses in sensitivity [41].

A number of applications involving methyl-TROSY
spectroscopy have emerged. HMQC- and HZQC-based
quantitative J experiments [42] have been developed to
obtain stereospecific assignments of pro-chiral methyls
of Val residues [43], along with information about
torsion angle dynamics. TROSY-based relaxation dis-
persion experiments have been used to probe millisec-
ond (ms) time scale dynamics in the hydrophobic core
of MSG [44], and most recently to study dynamics in
a 300 kDa CIpP protease complex. Notably, we have
exploited the increased transverse relaxation times of
methyl-TROSY coherences to record 3D and 4D 'H,
13C NOE-based experiments with high-resolution in
the non-acquisition dimensions, using non-linear sam-
pling schemes [45]. Experiments of this sort have al-
lowed us to obtain a significant number of long range
methyl-methyl distance restraints, leading to the de
novo determination of the enzyme’s global fold.

3. Probing functional protein dynamics

3.1. °H spin-relaxation studies of protein side chain
dynamics

In the previous section, we have shown that the rich
network of coupled dipolar interactions that plays a
dominant role in the relaxation of methyl spins can be
put to good use in a number of important applications
involving high-molecular-weight proteins. The multiex-
ponential relaxation behavior that results from the dipo-
lar cross-correlations does, however, present challenges
in obtaining dynamics information from heteronuclear
(13C) relaxation experiments in a straightforward man-
ner. Experiments of this sort, especially the related >N
versions [46,47], have become very popular for studying
protein motions on a picosecond (ps) to nanosecond (ns)
time scale. In contrast, schemes for AX;3 spin systems
have been less successful and the rates measured are at
best semi-quantitative [48].

Several years ago we decided to follow the lead of solid
state NMR and use *H spin relaxation as a probe of ps—ns
dynamics in biomolecules. The advantage of using the
deuteron to study dynamics is that its relaxation is domi-
nated by the well understood quadrupolar interaction
[49]. A major challenge for solution state applications,
where the goal is to study large numbers of sites at once,
is the need for high-resolution. The poor dispersion of
lines (due to the low gyromagnetic ratio of deuterons
relative to protons) and the efficient relaxation severely

limits resolution in *H-detect experiments. With this in
mind, a labeling strategy was proposed in which uni-
formly '*C and fractionally deuterated proteins are pre-
pared with the relaxation properties of the deuteron
monitored by the intensities of correlations in well re-
solved "H-"3C spectra [50]. In the case of methyl groups,
the '*CH,D isotopomer is of interest and a magnetization
transfer scheme, 'H — *C — H(7) - *C (t;)—= 'H (1),
is employed, where only this isotopomer is selected. (In
the transfer scheme above T is the time during which *H
relaxation occurs and £ is an acquisition time). Fig. 13
shows the five different density elements whose relaxation
properties can be measured [51,52], along with the corre-
sponding populations/transitions. The fact that five
probes of dynamics at each methyl site are available pro-
vides an unprecedented opportunity to study side chain
dynamics in detail.

Fig. 14 shows a '"H-'>C correlation map of a uni-
formly '*C, fractionally deuterated sample of protein
L along with relaxation curves measured for each of
the five H relaxation rates for Leu 5682. It can be
shown that the five rates probe the spectral density func-
tion, J(w), at only three frequencies, 0, wp, and 2wp,
where @), is the ?’H Larmor frequency [49]. The redun-
dancy of the experimental data can be exploited to de-
rive a set of consistency relations that relate linear
combinations of measured relaxation rates, RZ [53];
Figs. 15A and B show that there is excellent agreement
between the rates measured for protein L. In addition,
so long as the spectral density function decreases with
increasing frequency, the relaxation rates are predicted
to follow the set of inequalities indicated at the top of
Fig. 15C, as is certainly the case for protein L [51].

?H spin relaxation experiments have been applied to a
large number of systems. The role of dynamics in molec-
ular recognition [54,55], protein folding [56], protein sta-
bility [57], and the response of dynamics to hydrophobic
core mutations [58,59] are a number of areas that have
been investigated.

D, 3Dj22 D, D2 D,D,+D,D,
y Q- e
|0y = 00
11y @ o

Fig. 13. Five different independent density elements for an isolated
H spin and the corresponding transitions/populations. (The relax-
ation properties of each operator are described in Millet et al. [51])
The wave functions for the three 2H Zeeman states are |—1>, |0>
and |1>. Populations are indicated by circles (filled circles indicate
an excess population, open circles a depleted population and half-
circles no excess population relative to a demagnetized, saturated
state), while transitions are denoted by wavy arrows. Adapted from
Millet et al. [51].
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Fig. 14. (A) '"H-'3C HSQC map of the methyl region of the Bl domain
of peptostreptococcal protein L, 600 MHz 25 °C, recorded using a
pulse scheme measuring the decay of *H double-quantum coherence
(Dz+ in Fig. 13). (B) Decay of the five density elements shown in Fig. 13
for Leu 5632.
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Fig. 15. (A and B) Consistency relations for the five experimentally
determined 2H relaxation rates (R?)/methyl in protein L, 298 K,
600 MHz. Best fit lines are indicated. (C) Plot of the five measured 2H
rates (multiplied by the appropriate factors) as a function of residue in
protein L. Note that the system of inequalities indicated at the top of
the figure is obeyed for each residue. Adapted from Millet et al. [51].

3.2. An application to the integral membrane enzyme PagP

The leading role that NMR can play in defining the
relation between dynamics and function is exemplified

by our studies of PagP [13,60,61]. PagP is an integral
membrane enzyme that catalyzes the transfer of the
sn-1 palmitate chain from phospholipid to lipopolysac-
charide in Gram-negative bacteria [62], Fig. 16A.
NMR studies of the enzyme solublized in detergents
(that do not support activity) such as dodecylphosph-
ocholine (DPC) or B-octylglucoside (B-OG) showed that
the structure is an eight stranded B-barrel [60], Fig. 16B,
and notably that many of the putative active site resi-
dues (blue in Fig. 16C) are located in a long, highly flex-
ible loop (L1), Fig. 16B. How can enzyme activity be
supported in a protein where key residues are highly
dynamic?

To address this question we felt that it was necessary
to work with an active form of the protein. Fortunately,
a subsequent X-ray structure of PagP showed a single
detergent molecule bound in the center of the barrel
[63]. Guessing that the reason for the lack of activity
in the NMR samples was the result of bound detergent
as well, we solubilized the enzyme in CYFOS-7, an ana-
logue of DPC with a bulky cyclohexyl group at the ter-
minus of the lipid that prevents penetration into the
barrel. Activity of PagP in this new environment was
confirmed by monitoring the hydrolysis of substrate by
1D NMR experiments [61].

Initial work on the active form of the protein
proceeded at 45°C, Fig. 17A, and nearly complete

A
Cupon

o 2
d -o-h
)

i o
P T
sa2}a10,40 "0 el T ¥ : }-Ho o i WD e
o Y o 1 Tk ] © o NH OB
5 o -

o 2 HO 0
+ J— +

PtdEm Kdoy-Lipid A

sn-l-Lyso-PdEm  Kdoy-Lipid A (palmitoylated)
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Fig. 16. (A) Reaction catalyzed by PagP in which a palmitate chain
(red) from the sn-1 position of a phospholipid, such as phosphatidyl-
ethanolamine (PtdEtn) is transferred to lipid A. (B) Ribbon diagram of
the NMR-derived solution structure of PagP (DPC) with loops and
turns indicated by L and T, respectively. (C) Topology model of PagP
showing the positions of the putative active site residues (blue). The
membrane is indicated with horizontal lines, with PL and LPS
denoting phospholipid (inner leaflet) and lipid A (outer leaflet),
respectively. Residues in squares are part of B-strands, residues in
yellow squares have side chains facing the membrane bilayer, while
white squares indicate side chains lining the interior of the B-barrel.
Further details can be found in Hwang et al. [60]. Adapted from
Hwang et al. [60].
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Fig. 17. '"HN-'>N TROSY-HSQC spectra of PagP in CYFOS-7,
45 °C (A) and 25 °C (B). Some of the correlations from residues in the
R state are labeled in red, with the corresponding T state cross-peaks
indicated in blue. Correlations from residues with the same chemical
shifts in R and T states are labeled in black. (C) Chemical shift
differences between R and T states superimposed on a ribbon diagram
of the structure of PagP, AS®T = {(wnASN)* + (a)CmASCO,)2 + (wco
Adco)}? with wy =0.154, we, = 0.276 and wco = 0.341. Adapted
from Hwang et al. [61].

backbone assignments were obtained. Notably, the
chemical shift assignments of the protein in CYFOS-7
were essentially identical to those obtained for the inac-
tive enzyme in either DPC or B-OG at this temperature.
Upon lowering the temperature to 25 °C the '"HN-""N
correlation map deteriorated significantly with many

of the cross-peaks significantly broadened, Fig. 17B.
Remarkably, it was still possible to obtain backbone
assignments for the great majority of residues and it be-
came clear from the analysis that two sets of cross-peaks
were present [61]. A first set of shifts, derived from what
we refer to as the R-state of the enzyme, is identical to
the only set observed at 45°C, and a new set (from
the T-state) shows extensive changes in chemical shifts
for some residues (for example F74, Fig. 17B). The dif-
ferences in shifts between the R and T states are summa-
rized in Fig. 17C, establishing that there are significant
structural differences between the two forms of the en-
zyme in the L1 loop and in strands BA and BH that
are proximal to the loop. Notably, the chemical shifts
of the R state in this region are in good agreement with
those measured for unstructured peptides.

The exchange between R and T states can be quanti-
fied in cases where both sets of correlations are observed
(i.e., at temperatures lower than about 35 °C) by record-
ing a series of experiments in which the exchange is
monitored via the time dependence of longitudinal
nitrogen magnetization during a mixing period [64].
Fig. 18A shows portions of spectra, including cross-
peaks for Ser130 and Argl58, recorded with a mixing
time of 142 ms; the intense (diagonal) correlations are
those that are present in a regular HSQC, while the
additional cross-peaks result from the transfer of mag-
netization between states due to the exchange process.
The buildup of these exchange peaks can be fit simulta-
neously with the decay of the diagonal correlations to
extract rates of interconversion. At 25 °C the average
values for the R - T (krt) and T — R (ktgr) rates are
2.8 +0.5and 6.5+ 0.9 57, respectively, so that the frac-
tional population of the T state is ~0.3. At higher tem-
peratures only a single set of correlations is observed
(from the R state) and exchange kinetics are best ob-
tained through a series of relaxation dispersion experi-
ments [65], Fig. 18B. Here, 5N relaxation rates, Ry e,
are measured as a function of the number of refocusing
pulses, separated in time by (2 vepmg) |, that are ap-
plied in a constant-time element of an HSQC pulse
scheme. Dispersion profiles, recorded at 600 and
800 MHz fields, are fit to a set of equations derived
for a two-site exchange model so that rates, populations
and differences in chemical shifts between exchanging
states can be extracted. Values of kgt =233s ' and
krr =298 s~! are obtained, corresponding to a T state
population of 10%, 45 °C. Moreover, values of shift
changes are in good agreement with differences in shifts
at lower temperatures where R and T states are both ob-
served, confirming that the exchange process at 45 °C is
indeed the R, T interconversion.

In addition to measuring the kinetic parameters at 25
and 45 °C, the R, T equilibrium constant has been quan-
tified as a function of temperature from which the en-
thalpy and entropy changes for the T to R conversion
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Fig. 18. R,T interconversion measured by '’N magnetization
exchange spectroscopy, 25°C (A) and '’N relaxation dispersion
spectroscopy, 45°C (B). In (A) portions of '"HN-'°N correlation
maps are shown with peaks at (wE‘T, wg‘T), corresponding to ‘regular’
HSQC correlations and at (U)E'T,(UL'R), from the transfer of magneti-
zation between R and T conformers during a mixing time. The decay
of auto- and buildup of transfer-peaks are indicated with open and
closed symbols, respectively, for Ser 130 and Arg 158. The curves are
normalized so that the starting intensities of the auto-peaks are 1 for
both R and T states. In (B) dispersion profiles for Asp 76 and Gln 139
are shown, recorded at 800 MHz (circles) and 600 MHz (squares). The
solid (800 MHz) and dashed (600 MHz) lines indicate best fits to the
experimental data points assuming a two-site exchange process. Errors
are indicated with vertical lines through the points. Adapted from
Hwang et al. [61].

can be obtained, AH = 10.7 kcal/mol, AS = 37.5cal/
mol'K. The enthalpy/entropy compensation is consis-
tent with a local unfolding process (T — R) that is local-
ized to residues in the vicinity of the L1 loop (since this
is the region that shows the exchange).

The picture that emerges is one where PagP inter-
converts between a dynamic state (R) that allows sub-
strate entry and a more rigid state (T) in which active
site residues from the L1 loop are repositioned to sup-
port catalysis. Despite the size of the complex (effec-
tive molecular weight of 50-60 kDa) and the fact
that the T state is populated at a level of only 30%
at 25°C, both structural and dynamic information
on both states have been obtained [61]. A model for
the role of motion in this system has been proposed
[61] and experiments are currently in progress to test
it further.

3.3. NMR studies of protein folding

One of the outstanding problems in structural biol-
ogy is how the sequence of amino acids in a protein en-
codes its three-dimensional structure [66]. NMR
spectroscopy is particularly well suited to address this
important question because it can be used to probe
structure in highly dynamic systems and because site
specific probes of the formation or dissolution of struc-
ture are available through, for example, hydrogen ex-
change experiments [67].

Our interest in protein folding dates back over a
decade to collaborative studies of the N-terminal SH3
domain of the Drosophila signaling adapter protein,
drk [68]. More recently we have been studying a
number of mutants of an SH3 domain from the Fyn
tyrosine kinase [69,70]. These mutants, in which a
Gly at position 48 is replaced by residues such as
Met, Leu, Val or Ile, fold and unfold with exchange
rates on the order of 200-1000 s™' and have stabilities
~2 kcal/mol, so that the unfolded state is populated at
a level of a few percent. The kinetics and thermody-
namics of this system are ideally suited for relaxation
dispersion experiments that probe slow (ms) time scale
dynamics in biomolecules.

Fig. 19A highlights the site of mutation in the struc-
ture of the wild-type Fyn SH3 domain [71]. Dispersion
curves probing the contribution to the backbone amide
>N linewidth from the unfolding/folding reaction are
shown in the inset to Fig. 19B for Ala 12. On a per-
residue basis, the profiles are well fit to a simple kinetic
scheme involving two states (F, folded and U, un-
folded) and the extracted parameters are very similar
to those obtained from stopped flow fluorescence
experiments that probe the folding process [70]. The
distinguishing feature of NMR over other spectro-
scopic techniques that monitor average properties or
that study only a single site is that every backbone
amide can be queried to obtain information about
the folding process. The importance of site-specific
data is made clear in Fig. 19B where folding (kf) and
unfolding (k,) rates are plotted for a number of sites
in the G48M mutant. These rates have been obtained
from fits of dispersion data to a two-state model of ex-
change (U < F) and all values of k¢ (and similarly k)
are expected to be the same if this model is correct.
Although the rates converge at high-temperature, at
15°C there is an order-of-magnitude difference be-
tween k¢ values obtained for individual sites, arguing
strongly that the folding reaction is more complex than
two-state [70].

The dispersion data can be well fit to a three-state
model (U — I « F), where an intermediate state (I) is
included in the analysis, Fig. 19C. Here, four global
parameters are employed, kyr, kiu, kir, and kg, along
with local parameters, such as differences in chemical
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Fig. 19. (A) Ribbon diagram of the wild-type Fyn SH3 domain (pdb accession code 1SHF [71]), highlighting position 48 that has been mutated. (B)
Folding (k;) and unfolding (k,) rates for selected residues in G48M, indicated by residue number, at 15 and 35 °C. Rates were obtained by fitting
dispersion profiles on a per residue basis using a two-site exchange model, with errors estimated using a jacknife procedure whereby 25% of the points
in each dispersion were randomly removed and the fits repeated. The inset shows a pair of '>N dispersion profiles recorded at 800 (red) and 600 MHz
(green) for Ala 12. The theoretical curves predicted by a two-site exchange model and fitted exchange parameters are shown as solid lines (fits to Ala
12 only). (C) Fits of '*N relaxation dispersion data for Ser 41 (G48M) to a global three-site folding model. Data recorded at 800, 600, and 500 MHz
are indicated with red, green and blue circles, respectively, while the best fit is denoted by the solid lines. Note that all residues were fitted together
(all temperatures and all magnetic fields) when the 3-site exchange model was used. (D) Populations (U, I in pink; scale on left hand side) and
exchange rates (Ul = kyy + kyy, IF = kyg + kgp in purple; scale on right hand side) as a function of temperature, along with thermodynamic
parameters (inset in left corner) for the G48M mutant are shown (middle curve of the three) along with errors of 1 standard deviation. Adapted from
Korzhnev et al. [70].

shifts between states I,F (Awr) and U,F (Awyr) and pla- described elsewhere [70]. Such an analysis shows that
teau values for the dispersion curves. Data recorded at strands B2-4 (Fig. 19A) are relatively well defined in
five temperatures, ranging from 15 to 35 °C, at spec- the I state, indicating that this region of the protein folds
trometer fields of 500, 600, and 800 MHz and for all res- first.
idues in the protein with sizeable dispersions, were fit The study described above has also been performed
together. The temperature dependence of the extracted on a second mutant, G48V. An ensemble of structures
populations and rates are shown in Fig. 19D (UI and that describes the I state in this case also shows that
IF refer to kyr + kru, ke + kg1, respectively). The pop- B2-4 is well formed. However, the ensemble for G48V
ulation of the U state increases from 1 to 5% over the is more compact than for G48M, so that the intermedi-
temperature range examined (while the population of 1 ate in the case of G48V may represent a later stage in the
remains at ~1%) with kyj + kjy growing rapidly; this folding process [70].
explains why relaxation profiles are better fit to a two- As a final note it should be emphasized that relaxa-
state process at higher temperatures (Fig. 19B). Thermo- tion dispersion experiments make available kinetic, ther-
dynamic parameters (G, TS, and H) can be extracted modynamic and structural information on ‘excited’
from the temperature dependence of the rates (inset to states that often comprise only a few percent of the total
Fig. 19D). It is thus possible to characterize in some de- population of molecules in solution and that cannot be
tail the kinetics and thermodynamics of this folding/un- observed directly in even the most sensitive NMR exper-
folding reaction. iments. The initial development of these experiments
It is also possible to construct a model for the ensem- dates back many decades; it seems likely that they will
ble of structures that comprise the I state using the ratio become increasingly important in future biological

|Awre /Awyg| and a molecular dynamics protocol that is NMR applications.
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4. Concluding remarks

In this review I have attempted to briefly highlight re-
search activities in my laboratory focusing on solution
NMR studies of (i) high-molecular-weight proteins
and (ii) protein dynamics. It is clear that such studies
are still in their early stages. Nevertheless, the rapid
development of biomolecular NMR, involving contribu-
tions from many research groups, will continue to facil-
itate future advances and promises to significantly
extend the range of applications over those that are cur-
rently feasible.
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