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C O N S P E C T U S

In many enzymes, conformational changes that occur along the reaction coordinate can pose a bottleneck to the rate of con-
version of substrates to products. Characterization of these rate-limiting protein motions is essential for obtaining

a full understanding of enzyme-catalyzed reactions. Solution NMR experiments such as the Carr-Purcell-Meiboom-Gill
(CPMG) spin-echo or off-resonance R1F pulse sequences enable quantitation of protein motions in the time range of
microseconds to milliseconds. These experiments allow characterization of the conformational exchange rate con-
stant, kex, the equilibrium populations of the relevant conformations, and the chemical shift differences (∆ω) between
the conformations.

The CPMG experiments were applied to the backbone N-H positions of ribonuclease A (RNase A). To probe the role of dynamic
processes in the catalytic cycle of RNase A, stable mimics of the apo enzyme (E), enzyme-substrate (ES) complex, and
enzyme-product (EP) complex were formed. The results indicate that the ligand has relatively little influence on the kinetics of
motion, which occurs at 1700 s–1 and is the same as both kcat, and the product dissociation rate constant. Instead, the effect of
ligand is to stabilize one of the pre-existing conformations. Thus, these NMR experiments indicate that the conformational change
in RNase A is ligand-stabilized and does not appear to be ligand-induced. Further evidence for the coupling of motion and enzyme
function comes from the similar solvent deuterium kinetic isotope effect on kex derived from the NMR measurements and kcat from
enzyme kinetic studies. This isotope effect of 2 depends linearly on solvent deuterium content suggesting the involvement of a
single proton in RNase A motion and function. Moreover, mutation of His48 to alanine eliminates motion in RNase A and decreases
the catalytic turnover rate indicating the involvement of His48, which is far from the active site, in coupling motion and function.

For the enzyme triosephosphate isomerase (TIM), the opening and closing motion of a highly conserved active site loop
(loop 6) has been implicated in many studies to play an important role in the catalytic cycle of the enzyme. Off-resonance
R1F experiments were performed on TIM, and results were obtained for amino acid residues in the N-terminal (Val167),
and C-terminal (Lys174, Thr177) portions of loop 6. The results indicate that all three loop residues move between the open
and closed conformation at about 10 000 s–1, which is the same as the catalytic rate constant. The Oη atom of Tyr208 pro-
vides a hydrogen bond to stabilize the closed form of loop 6 by interacting with the amide nitrogen of Ala176; these atoms
are outside of hydrogen bonding distance in the open form of the enzyme. Mutation of Tyr208 to phenylalanine results in
significant loss of catalytic activity but does not appear to alter the kex value of the N-terminal part of loop 6. Instead,
removal of this hydrogen bond appears to result in an increase in the equilibrium population of the open conformer of loop
6, thereby resulting in a loss of activity through a shift in the conformational equilibrium of loop 6.

Solution NMR relaxation dispersion experiments are powerful experimental tools that can elucidate protein motions with
atomic resolution and can provide insight into the role of these motions in biological function.
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Introduction
The ability of enzymes to accelerate chemical reactions has

intrigued scientists for nearly two centuries.1 During an

enzyme-catalyzed reaction, the structures of the substrates

change as the enzyme converts them to intermediates, tran-

sition states, and finally products. It is not surprising that early

in the study of enzymes it became clear that there were pro-

tein conformational changes occurring during the catalytic

cycle. In many enzymes, the chemical reaction steps are not

rate-limiting; instead, the slow step is a conformational change

that presents a bottleneck to the conversion of substrate to prod-

uct. Therefore, these rate-limiting time-dependent protein fluctu-

ations must be characterized for a complete understanding of the

physicochemical properties that govern the overall catalytic pro-

cess. Solution NMR is unique in its ability to characterize pro-

tein motions over a wide range of biologically relevant time

scales with atomic resolution. Here, we describe the use of two

types of experiments, the relaxation-compensated Carr-
Purcell-Meiboom-Gill (rcCPMG)2 and the off-resonance rotat-

ing frame (R1F) measurements,3–5 that are suited for quantitative

measurement of enzyme motions in the microsecond to milli-

second time regimes. Fortunately, many enzyme catalytic rates

(kcat) range from 103 to 106 s-1 6–8 and thus overlap nicely with

the time scales accessible by these sensitive NMR experiments.

There have been many excellent NMR dynamics studies on

enzyme systems, but in keeping with the spirit of Accounts of
Chemical Research, we focus on work performed in our labora-

tory. First, a brief review of the theory is presented, followed by

some relevant aspects of experimental implementation of these

relaxation schemes. Finally, the application to and insight gained

from particular enzyme systems is presented.

Theory and Experimental Procedures
Space limitations preclude a detailed account of the NMR

relaxation theory. However, this topic has been covered in-

depth elsewhere,9 and only the major points are described

below. The following discussion focuses on an isolated two-

spin (I-S) system (typically, 1H-15N or 1H-13C spin pairs) in

which molecular motion is detected by monitoring the trans-

verse relaxation rates of the 15N or 13C nuclei. Motion of a

spin-1/2 nucleus between distinct magnetic environments on

the aforementioned time scale is commonly referred to as

conformational (or chemical) exchange. The conformational

exchange process is subdivided into three categoriessslow,

intermediate, and fastsdepending on whether the exchange

rate constant (kex) is slower than, similar to, or faster than the

chemical shift difference (∆ω) between two exchanging con-

formations, which are commonly referred to as A and B. This

molecular motion disrupts the normal nuclear Larmor preces-

sion such that the observed resonance signal (Ωobs) is broad-

ened and in the intermediate and fast exchange cases resides

at a population weighted average position,

Ωobs ) pAΩA + pBΩB (1)

in which ΩA/B and pA/B are the chemical shifts and equilib-

rium populations for conformations A/B, and ∆ω ) ΩA - ΩB.

The extent of broadening of the NMR resonance depends on kex

) (k1 + k-1), pA/B, and ∆ω for the exchange process, in which

k1/-1 are the forward and reverse rate constants. This additional

exchange broadening of the resonance signal indicates an

increase in the transverse relaxation rate, R2, and suggests that

measurement of R2 can facilitate quantitation of the exchange

parameters. Measurement of R2 can be performed either by

measuring the decay of the NMR resonance signal during a

CPMG10 (τcp-180°-τcp) type sequence where τcp is a delay that

surrounds a 180° degree radio frequency (RF) pulse or by mea-

suring the signal decay in the presence of an off-resonance, con-

tinuous wave spin-locking RF pulse (R1F). In the former case, the

measured relaxation rate R2(1/τcp) in the slow to intermediate

exchange case depends in a complex manner on the exchange

parameters and τcp.
11 In the limit of fast exchange, a simplified

dependence of R2 on the CPMG pulse spacing can be used.12

R2(1/τcp) ) R2
0 + �ex/kex[1 - 2 tanh(kexτcp/2)⁄(kexτcp)] (2)

It should be noted that in the fast limit, the populations and

∆ω cannot be determined without additional independent

measurements.

In the presence of a spin-locking RF field, R1F relaxation is

measured as a trigonometric combination of longitudinal (R1)

and transverse (R2) magnetization as defined by4

R1F ) R1 cos2 θ + R2
0 sin2 θ +

�exkex

kex
2 + ωe

2
sin2 θ (3)

R1F is measured at varying θ and ωe values; subsequently, R2

can be extracted from eq 3 by independent measure of R1.

The dependence of R2 on the conformational exchange

parameters and the effective spin-locking field (ωe) can be

determined in the fast limit such that

R2 )
�exkex

kex
2 + ωe

2
+ R2

0 (4)

For R1F relaxation when exchange is outside the fast limit an

alternate equation should be used.13 In eqs 2-4, �ex )
pApB∆ω2, ωe ) (ω1

2 + Ω2)1/2, θ ) arctan(ω1/Ω) is the tilt

angle of the effective spin-locking field, and ω1 is the ampli-

Characterization of Enzyme Motions Loria et al.

Vol. 41, No. 2 February 2008 214-221 ACCOUNTS OF CHEMICAL RESEARCH 215



tude of the spin-locking field. In the CPMG experiment, the

value of τcp is related to an effective field as well, described

by ωe ) 121/2/τcp.
14

In both the CPMG-type and R1F experiments, measurement

of the variation in R2 with ωe is known as dispersion analy-

sis. In both cases, the R2 value varies because the applied

effective field interferes with the spin dephasing caused by the

conformational exchange process. Larger ωe values are more

effective at suppressing the effects of conformational

exchange and thus the measured R2 decreases with increas-

ing ωe. An example of a typical R2 dispersion curve for exper-

imentally available effective fields is shown in Figure 1.

If protein motion is suspected to be involved in protein

function, both the rcCPMG and the R1F experiments can be

performed under limiting conditions of ωe to assess whether

R2 varies as a function of effective field strength. For the

rcCPMG experiment, the limiting cases are slow and fast puls-

ing; for the R1F experiment, the limiting cases are low and

high effective field strengths. Significant differences in R2 val-

ues between these limits are indicative of microsecond to mil-

lisecond motions and suggest that additional experiments

may be warranted. Using the rcCPMG experiment, quantita-

tion of exchange rate constants, populations, and chemical

shift differences is performed by measuring R2 at many τcp

values. Similarly, the conformational exchange parameters can

be obtained from the R1F experiment by determining R2 at

multiple effective field strengths.

Fitting of the appropriate exchange equations to the relax-

ation dispersion data allows quantitation of the motional

parameters. Experiment and simulation have indicated that a

robust estimate of kex (and other dynamics parameters) is

obtained from experimental data acquired at two or more

static magnetic fields14–16 or for more than one spin coher-

ence.17 The need for experimental data at multiple magnetic

fields arises from an undesirable correlation in the fit param-

eters16 resulting in multiple acceptable solutions, only one of

which is obviously correct. The use of relaxation data at two

magnetic fields or for multiple nuclei largely removes this cor-

relation resulting in a robust and unique solution to the

exchange equations.

Applications
NMR relaxation dispersion experiments have been success-

fully used to characterize internal protein motions,2,4,18–20 pro-

tein folding,21–25 protein–ligand interactions,26,27 and enzyme

function.28–37 In the latter case of enzyme dynamics, several

systems have been studied extensively; below, we focus on

studies originating in our laboratory about the functional role

of protein motions in ribonuclease A (RNase A) and triose-

phosphate isomerase (TIM).

Ribonuclease A
RNase A is a 14 kDa monomeric enzyme that catalyzes the

transphosphorylation of single-stranded RNA without the use

of cofactors or metal ions. The active site is in a cleft between

two halves of the enzyme (Figure 2). The enzyme has speci-

ficity for pyrimidines on the 3′ side of the bond to be cleaved

and purines on the 5′ side of this bond. Kinetic experiments

have indicated that the rate-limiting step in the reaction is

product release,38 and biophysical studies have shown that a

conformational change in the enzyme accompanies ligand

binding at the active site.39 To characterize motion in RNase

A and investigate a potential link to catalytic function, NMR

relaxation dispersion experiments were performed on apo-

RNase A. These experiments identified a two-site conforma-

tional exchange process at multiple regions throughout the

enzyme occurring at a rate of exchange kex (k-1) of 1700

FIGURE 1. Range of accessible effective fields for dispersion
experiments. Modeled relaxation dispersion curves for the rcCPMG (A)
and R1F (B) experiments for an exchange process in which pA ) 95%,
∆ω ) 1000 s-1, R2

0 ) 10 s-1, and kex ) 500 (red), 1500 (blue), 3000
(yellow), 7500 (green), and 12 500 s-1 (black). The lower x-axis
indicates the effective field strength, whereas in panel A, the top x-axis
depicts the more familiar τcp values used in CPMG experiments.
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(1615) s-1 (Figure 3).28 Interestingly, this rate constant is iden-

tical to kcat and to the product release (koff) rate measured by

NMR line shape analysis.29 These studies suggested that

motion in RNase A is coupled to the rate-limiting step (prod-

uct release) in the catalytic process. Making a connection

between protein motion and a particular aspect of the cata-

lytic cycle is difficult, but below we outline one approach taken

with RNase A to attempt to identify such a correlation.

The Effects of Ligand on Enzyme Structure. To address

how the protein motions change as the enzyme performs its

function, RNase A complexes with stable active site ligands

that mimic the various substrate structures at stages along the

enzyme’s reaction coordinate were formed and subsequently

studied by NMR. A noncleavable dinucleotide, phosphothy-

midine pyrophosphoryl adenosine phosphate (pTppAp), was

used to mimic the enzyme’s natural substrate, and 3′-CMP was

chosen as a product-state mimic.29,40 X-ray crystal structures

of each enzyme form show distinct yet subtle structural changes

(Figure 2). The alterations in backbone conformation going from

the unliganded state to the ES complex are confined to active site

loop 4, which provides purine specificity, and loop 1, located

∼20 Å from the active site. Similar changes are observed in the

EP complex, though for both loops the conformation is different

than the E and ES forms. Having a structural basis for each com-

plex allows more insight into the functional role of the motion

observed by NMR. NMR relaxation measurements add another

dimension to these structural studies by providing details regard-

ing the motions in these time-averaged structures and by pro-

viding information on conformations lowly populated in small

numbers that are in equilibrium with the dominant conformer,

which is observed in solution and the crystal. These types of stud-

ies are described below.

The Effects of Ligand on the Conformational
Exchange Process. As noted above, motion at multiple back-

bone positions in apo-RNase A occurs with a kex value of

1700 s-1. Global fitting of the dispersion data at two static

magnetic fields indicates that all of the flexible residues

appear to move in a single, two-site exchange process.29 The

decision to fit all residues to a single, global exchange pro-

cess rather than multiple independent processes is a difficult

and complicated one.29,37 In simple cases, the exchange data

for all flexible residues are first fit independently. If the

exchange rates are all similar, then a global process is

assumed and all residues are treated as if they were involved

in the same exchange process, resulting in single kex and pA

values and residue-specific ∆ω values. We typically take a

more tedious approach, in which statistical F-tests and Akaike

information criteria (AIC) are used to compare the results of

individual and global fits. Multiple rounds of this approach are

performed by systematically removing individual data sets

from the global model and subsequently comparing the

results to the individual fits.16,29 This type of analysis was per-

formed with the RNase A example below.

In the RNase A ES complex, the exchange parameters are

very similar to that seen in the apo form, both in spatial loca-

tion and in measured kex values. Likewise, in the EP complex

the rate constant and nature of the flexible residues is largely

unchanged. The ligand-independent nature of the motional

process, to a first approximation, tends to suggest a mecha-

nistically similar motion in the E, ES, and EP complexes. This

notion is supported by the similarity in Arrhenius profiles of

kex versus temperature for E and ES complexes, which reveal

similar activation barriers for this motion, ca. 5 kcal/mol.29

FIGURE 2. Ligand-dependent RNase A conformations. Ribbon
representations of the apo56 (yellow), E-pTppAp29 (ES, cyan), and
E-3′-CMP57 (EP, magenta) structure of RNase A are shown in
overlay view.

FIGURE 3. NMR evidence for motion in RNase A. rcCPMG dispersion
curves collected at 14.1 T and 298 K for RNase A residues Ser16
(black), Thr17 (red), Asn71 (orange), and Thr100 (green).
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Moreover, the populations of the major conformation are all

similar for the E, ES, and EP complexes, ranging from 93% to

95%. Cumulatively, these data suggest that motion in RNase

A is a two-site process and that ligand binding simply shifts

the conformational equilibrium between the two species. We

denote these two conformations as open (apo) and closed

(ligand-bound) based on ultrasonic velocimetry measure-

ments41 that indicate compaction of the RNase A structure in

the presence of ligand. Thus it appears that RNase A has

evolved to sample a structure similar to the ES complex even

in the absence of ligand (Figure 4) and it does so at an

exchange rate constant that is equivalent to kcat. These data

imply that enzyme turnover and protein motion are coupled;

however, an important question remains with regard to which

structures are interconverting. Some insight into the structures

of the equilibrium conformations can be obtained from the

NMR experiments via ∆ω.21

Chemical Shift Comparison. A hypothesis, consistent with

the data presented, is that RNase A exists in two conforma-

tions and that ligand binding either stabilizes the closed form

or selects it from the equilibrium open and closed popula-

tions. If this hypothesis were true, then ∆ω values from the

rcCPMG measurements on the apo form should be of equal

magnitude and opposite sign of ∆ω values determined from

the E-pTppAp complex. The magnitude of ∆ω is determined

from the CPMG dispersion experiments, whereas the sign of

∆ω can be obtained by comparison of HSQC and HMQC peak

positions or by the static field dependence of HSQC reso-

nances as described by Kay and co-workers.42 The results of

this analysis for loop 1 amino acid residues are depicted in

Figure 4B.29 For a handful of residues in loop 1, the ∆ω val-

ues are consistent with the apo enzyme sampling the “sub-

strate-bound conformation” in the absence of substrate.

Likewise, the ES complex consists of a small population of

open conformer even with substrate bound at the active site;

the kinetics and structures of the exchange process are not

perturbed by the ligand, only the populations.

For this comparison, the analysis of ∆ω values was

restricted to those in loop 1, that is, distant from the active site.

The reason for this is that in the E-pTppAp (ES) complex, the

chemical shifts for residues at the active site likely have sig-

nificant electrostatic contributions from the negatively charged

ligand and therefore are not a purely conformational ∆ω. In

contrast, the ∆ω values at the active site in the apo enzyme

result only from changes in protein structure; therefore, any

comparison of ∆ωapo with ∆ωES for active site residues is

extremely complicated. Nonetheless, comparison of ∆ω val-

ues for residues in loop 1, being 20 Å from the bound ligand,

are not likely to be affected by factors other than protein con-

formation and are consistent with the view that RNase A has

evolved to sample the next relevant conformation on the cat-

alytic cycle. This model is similar to conclusions from NMR

studies of motion and function in dihydrofolate reductase,34

triosephosphate isomerase (TIM),43 and cyclophilin A.35

Biochemical Characterization. Thus far the idea that

motion and function are coupled in RNase A has relied mainly

on the NMR results presented above. If a true relationship

exists, it is reasonable to expect that perturbation of the func-

tion may be reflected in concomitant changes in the NMR-

measured motions. Two approaches were taken to investigate

this, site-directed mutagenesis and alteration of solution con-

ditions. In one example, aspartic acid 121 was mutated to ala-

nine. In wild-type (WT) enzyme, this residue is completely

conserved, presumably due to its interaction with the cata-

lytic acid, His119. In the D121A mutant, the koff for product

is increased to 2500 s-1.30 NMR relaxation dispersion exper-

iments with D121A show a commensurate increase in kex for the

flexible backbone residues. In this mutant there is a decrease in

kcat, likely due to loss of productive interactions between Asp121

and His119 and a disruption of coordinated motions. Additional

FIGURE 4. Thermodynamics and directionality of enzyme motion:
(A) energy level diagram for apo and ES RNase A determined from
Arrhenius profiles of kex versus temperature and measurement of
pA; (B) comparison of ∆ω values for apo (yellow), ES (cyan), and EP
(magenta) residues in loop 1.
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mutation studies of His48, a conserved residue 18 Å from the

active site, show a loss of protein motion in much of RNase A, a

decrease in kcat and alterations in koff values.44 These observa-

tions support the model in which there is a close connection

between motions and the rate-limiting product release step. How-

ever, the absence of a 1:1 correlation between changes in kcat,

koff, and kex demonstrate the complexity of protein motions in

enzyme function.

Because motions in RNase A likely involve reorganization

of hydrogen bonds, it is reasonable to expect that substitut-

ing D2O for H2O as the protein solvent would result in an iso-

tope effect on kex. Experiments carried out at varying D2O

concentrations revealed a kinetic solvent isotope effect (KSIE)

on kex of ∼2, demonstrating the role of exchangeable pro-

ton(s) in enzyme motions.31 Linear proton inventory experi-

ments45 indicate that a single dominant proton, associated

with His48,44 is involved in this motion. Interestingly, the iso-

tope effect on protein motion is the same as the observed

KSIE for kcat and further strengthens the argument for a close

coupling between motion and function in this enzyme. These

experiments summarize a combined NMR and biochemical

approach toward investigating the role of protein motion in

enzyme function. The KSIE studies demonstrate that it is pos-

sible to localize the amino acid residue(s) involved in the rate-

limiting protein motions out of a vast number of solvent-

exchangeable sites.

Triosephosphate Isomerase (TIM)
Many enzymes are much larger than RNase A and pose sig-

nificant challenges to study by solution NMR techniques. The

approach taken to overcome some of these obstacles is pre-

sented in the following. TIM is a 53 kDa homodimeric enzyme

that catalyzes the fifth step of glycolysis, the interconversion

of dihydroxyacetone phosphate (DHAP) and glyceraldehyde-

3-phosphate (GAP). Optimal function of triosephosphate

isomerase relies on the ability of an active site Ω-loop (loop

6) to move between open and closed conformations (Figure

5A).32,46 Motion in loop 6 is mediated by flexible hinge

regions at the N- and C-termini of the loop. The closed con-

formation of the enzyme is stabilized by hydrogen bonds

between loop 6 and neighboring loop 7. Loop 6 has been

shown to move between open and closed conformations

regardless of the enzyme’s ligation state, with the populations

skewed toward the open conformation in the absence of sub-

strate and being mainly closed when substrate is bound.43,47

Catalysis occurs in the closed loop conformation; in the phys-

iologically important DHAP to GAP direction loop 6 opening

is partially rate-limiting, and therefore its motion has a direct

impact on catalytic turnover.48

The large size of TIM presents resolution and signal-to-

noise problems due to the long rotational correlation time (30

ns at 293 K) of the molecule. Deuteration49 and transverse

relaxation-optimized spectroscopy (TROSY)50 techniques were

necessary to provide the required sensitivity and resolution for

thorough solution NMR studies. These approaches in addi-

tion to recently developed TROSY-based relaxation exper-

iments51–53 provided an avenue for the characterization of the

motion of the active site loop in TIM as described below.

The Role of a Hydrogen Bond in Loop Motion. In wild-

type TIM, a hydrogen bond between the amide nitrogen of

Ala176 (in loop 6) and the Oη of Tyr208 (in loop 7) stabilizes

the closed conformation of the enzyme. In the Y208F TIM

mutant, this hydrogen bond is absent, and the catalytic effi-

ciency of the enzyme (kcat/Km) is 2400-fold less than that of

wild-type, indicating that the ability to stabilize the closed form

of the enzyme is essential for optimal catalysis.54 To accu-

rately characterize loop motion in wild-type and mutant

enzymes, relaxation dispersion experiments were carried out.

FIGURE 5. TIM loop motion: (A) open (gray) and closed (blue)
conformations of the TIM active site; the catalytic residue Glu165 is
highlighted in magenta; (B) R1F dispersion curves for Val167 (b) and
Thr177 ([) for WT (blue) and Y208F (red) TIM. All curves represent
the best fit to a global, two-site exchange model, with the
exception of Thr177 in Y208F, which is fit to a linear function with
a slope of zero. Panel A was prepared using MacPyMOL.58
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Because loop 6 motion is faster than motions observed in

RNase A, R1F experiments of the TROSY variety52 were nec-

essary to quantitate the opening/closing process in WT and

Y208F TIM. TROSY-selected R1F
52 dispersion curves for the N-

and C-terminal residues of loop 6 for WT and Y208F are

shown in Figure 5B. The results show motion for both ends of

loop 6 in WT on the 100 µs time scale (kex ) 8900 s-1). The

site-specific nature of NMR spectroscopy allows the investiga-

tor to ask whether the observed flexible residues move in an

independent fashion or as a group in a concerted process. In

studies with TIM, similar to the RNase A example, this issue

was addressed by comparing the fit statistics via F-test for indi-

vidual and global motional models. The results for wild-type

TIM indicate that the best description of motion for residues

in both hinges of loop 6 is a global model in which all resi-

dues possess the same kex value (8900 s-1).

The motion of the N-terminus of loop 6 in Y208F is simi-

lar to that observed for WT with kex ) 10 000 s-1; however,

the C-terminal residues in Y208F (Lys174 (not shown) and

Thr177) have flat R1F dispersion curves and indicate that

motion of these residues is outside the range of experimen-

tal measurement, likely due to highly skewed populations.33

These NMR experiments show that removal of this hydrogen

bond disrupts motion in one half of the loop more so than the

other. This work demonstrates that detailed aspects of motion

along the protein backbone can be obtained for larger enzyme

systems. Recent experimental work focusing on methyl side

chain positions demonstrates that information of the type

described in this Account can be obtained for enzymes in the

300 kDa range.55

Conclusions
The atomic resolution and sensitivity to motion on a wide

range of time scales makes solution NMR spectroscopy a

unique tool for studying protein dynamics by providing infor-

mation that is not as forthcoming from other experimental

techniques. The ability of NMR relaxation dispersion experi-

ments to quantitate kinetic processes (from measurement of

kex) and thermodynamics (by estimation of conformer popu-

lations) enables keen insight into protein function. Importantly,

the determination of chemical shifts of the minor, often unob-

servable, conformation from ∆ω is extremely powerful, and

this analysis has been extended to three-site exchange

processes.19,23 We anticipate future efforts will include a com-

bination of computational and biochemical experiments

together with NMR relaxation dispersion to allow modeling of

these lowly populated species in small numbers, affording an

unprecedented view of enzyme function.
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