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Abstract: Sparsely populated states of macromolecules, characterized by short lifetimes and high

free-energies relative to the predominant ground state, often play a key role in many biological,

chemical, and biophysical processes. In this review, we briefly summarize various new
developments in NMR spectroscopy that permit these heretofore invisible, sparsely populated

states to be detected, characterized, and in some instances visualized. Relaxation dispersion

spectroscopy yields detailed kinetic information on processes involving species characterized by
distinct chemical shifts with lifetimes in the �50 ls�10 ms range and populations as low as 0.5%.

In the fast exchange regime (time scale less than �250�500 ls), the footprint of sparsely populated

states can be observed on paramagnetic relaxation enhancement profiles measured on the
resonances of the major species, thereby yielding structural information that is directly related to

paramagnetic center-nuclei distances from which it is possible, under suitable circumstances, to

compute a structure or ensemble of structures for the minor species. Finally, differential transverse
relaxation measurements can be used to detect lifetime broadening effects that directly reflect the

unidirectional rates for the conversion of NMR-visible into high-molecular weight NMR-invisible

species. Examples of these various approaches are presented.

Keywords: high energy states; paramagnetic NMR; relaxation dispersion; paramagnetic relaxation

enhancement; transient species

Many biological processes proceed via sparsely popu-

lated intermediates. These include, for example, the

initial formation of encounter complexes in macro-

molecular association, target searching in specific

protein-DNA recognition, conformational selection in

ligand binding, conformational transitions associated

with allostery, intermediates along the protein folding

pathway, or in the course of enzyme catalysis, and

early events in self-assembly processes. In general,

the populations of these states at equilibrium are low

and their lifetimes are short. Consequently, transient

states arising from rare but rapid excursions between

the global free energy minimum and higher free

energy local minima are extremely challenging to
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study at atomic resolution under equilibrium condi-

tions since they are effectively invisible to most struc-

tural and biophysical techniques including crystallog-

raphy and conventional NMR spectroscopy. Recent

developments in NMR, however, have rendered short-

lived, sparsely populated states accessible to spectro-

scopic analysis, yielding considerable insights into

their kinetics, thermodynamics, and structures.

Two main NMR methods have been developed

over the last few years to probe rare states: relaxa-

tion dispersion (RD) spectroscopy and paramagnetic

relaxation enhancement (PRE). RD spectroscopy is

dependent on the existence of significant chemical

shift differences between the NMR active nuclei

(1H, 15N, or 13C) in the various states, and in general

can be used to probe events occurring on time scales

ranging from about 50 ls�10 ms.1–6 The PRE

requires that the distances between a paramagnetic

label and the monitored spins (usually protons) are

significantly shorter in the sparsely populated state

than in the major species, and that the lifetime of

the minor species is less than �250�500 ls.7–9 Most

recently, a novel approach involving what might be

termed differential transverse NMR relaxation has

been used to study invisible species involving

exchange on the millisecond time scale between an

NMR-visible low molecular weight state (such as a

monomer or low-order multimer) and NMR-invisible

very high molecular weight forms such as fibrils, pro-

tofibrils or membrane-bound states.10 Under suitable

circumstances, all three techniques are capable of

detecting states with populations as low as 0.5%.

Since extensive and detailed reviews on RD spectros-

copy1–6 and the PRE7–9 have been published, the

current review will focus on a brief description of the

salient points of the relevant theories and illustrate

the application of these NMR techniques to various

problems in biophysics and structural biology.

RD spectroscopy
In an exchanging system between multiple states,

the transverse relaxation rate (R2) is given by the

sum of the intrinsic transverse relaxation rate R0
2

and an exchange contribution Rex.
1,11,12 The Rex term

is a function of the exchange rate kex (which in the

case of a two-state exchange system is simply the

sum of the forward and backward rate constants)

and the chemical shift difference for the nucleus in

the two distinct chemical environments. In the slow

exchange regime, when kex is much (20-fold or more)

smaller than the chemical shift difference (measured

in radians s�1 given by 2p times the separation

between the two resonance positions in units of Hz),

two distinct resonances will be observed. In the fast

exchange regime, when kex is much (�20) larger

than the chemical shift difference, a single resonance

will be observed at a position corresponding to the

population weighted mean of the chemical shifts in

the two states. In the extreme fast and slow

exchange limits, the exchange contribution to the

linewidth is negligible. In the intermediate regime,

however, the Rex term results in line broadening,

which is most marked when kex is equal to the chem-

ical shift difference. Under these conditions, even the

presence of a state populated at the 0.5% level can

cause significant line broadening of the resonances of

the major species. The key to RD spectroscopy lies in

the use of special pulse sequences to progressively

attenuate the Rex contribution to the measured R2

rate.11 This can be achieved by applying a train of

refocusing pulses known as a Carr-Purcell-Meiboom-

Gill sequence (CPMG)13,14 while magnetization

evolves under the influence of a chemical shift that

varies stochastically as a result of the exchange

process.3 Because each nucleus follows a slightly dif-

ferent trajectory, dephasing of magnetization occurs

resulting in larger Rex rates and hence broader line-

widths. By reducing the interval between the refocus-

ing pulses (i.e., increasing the number of pulses

during a fixed period T), dephasing is decreased, the

Rex term is reduced and the linewidths become nar-

rower, and plots of the observed R2 rate as a function

of the interval between the refocusing pulses yields

what is known as a RD curve with large observed R2

rates at low CPMG repetition rates and small R2

rates at high CPMG repetition rates. The detailed

shape of the RD curve is a complex function of the

exchange rate kex, the populations of the states,

the chemical shift difference between the states and

the CPMG repetition rate. For data recorded at a sin-

gle magnetic field, the contribution of population and

chemical shift difference to Rex cannot be separated a

priori. Thus, unless the population of the species or

the chemical shift difference between these species is

already known, deconvolution of these two terms

necessitates recording RD data at different magnetic

field strengths since the species populations are inde-

pendent of magnetic field while the chemical shift

difference in frequency units is linearly proportional

to the magnetic field. Typically CPMG experiments

can probe exchange processes with lifetimes ranging

from �50 ls to �10 ms and occupancies for the

minor species as low as 0.5�1%.3 Similar RD data

can also be obtained by measuring longitudinal R1

relaxation rates in the rotating frame, known as R1q,

by varying the field strength of the applied spin-lock

pulse.12 Under suitable conditions R1q RD can probe

lifetimes potentially as short as �5 ls.

Information content of RD data
The key feature of NMR that distinguishes it from

all other forms of spectroscopy is that interactions

involving many sites of known identity can be

probed simultaneously. The sites comprise NMR

observable nuclei (1H, 15N, 13C) whose resonance

230 PROTEINSCIENCE.ORG Sparsely Populated States of Macromolecules



assignments in the major species are readily

obtained using modern triple resonance NMR spec-

troscopy.15 Using global fitting procedures in which all

the RD data at the observed sites are fitted simultane-

ously, it is possible to dissect kinetic pathways,

although in general this is limited in complexity to

three-site exchange models.3–5,16

The most commonly employed nucleus for RD

experiments is the 15N of the backbone amide

groups. Yet, the structural information provided by
15N chemical shifts alone is generally quite limited

unless reference 15N chemical shifts are already

available for the various states being studied. More

recent developments have extended RD measure-

ments to 1HN,
13Ca, 1Ha, 13Cb, and 13C0 backbone

atoms, as well as to side chain methyl groups.17–21

This opens the way to obtain highly reliable back-

bone //w torsion angle restraints for minor states

derived from complete backbone chemical shifts

using programs such as TALOSþ.22 Further, recent

advances have shown that it is possible to calculate

structures of small proteins (less than �120 resi-

dues) from a near complete set of backbone chemical

shifts: the latter are used to first select peptide frag-

ments from a database; the fragments are subse-

quently assembled into 3D models, which are scored

based on their agreement with the chemical shift

data as well as other energy terms.23–25 Such proce-

dures provide a potential avenue for obtaining full

3D structural information on sparsely populated

states.26 Caution, however, needs to be exercised

when the minor species involves a partially unfolded

or disordered state since the techniques employed to

generated 3D models based on chemical shifts rely

on databases derived from folded proteins.

Under suitable circumstances, it is also possible

to use RD measurements to obtain bond vector ori-

entation information on minor states.27–30 Two NMR

observables are available, residual dipolar couplings

(RDC) and residual chemical shift anisotropy

(RCSA). Both involve the use of weakly aligned

media (such as dilute solutions of bicelles and fila-

mentous phages) to reintroduce anisotropic magnetic

interactions that are otherwise averaged to zero in

isotropic solution.31 Because these effects are small,

highly accurate RD measurements are required and

the experiments are extremely demanding. A proof

of principle has been provided in a model system

involving a protein–ligand interaction where the

RDCs and RCSAs can be measured in the unli-

ganded and fully liganded states.29

RD spectroscopy is primarily a kinetic technique

that yields rate constants in systems undergoing

chemical exchange between species characterized by

different chemical shifts. The structural information

in the form of chemical shifts, and in certain cases

bond vector orientational information from RDCs

and RCSAs, is in a sense a by-product of the data

analysis. The structural information derived from

RD experiments is necessarily critically dependent

on the kinetic model used to fit the RD curves. As in

any kinetic experiment, the application of Occam’s

Razor is required: that is the simplest kinetic

scheme required to fit the data is considered to be

correct unless proven otherwise. Given that data

from a large number of sites are measured, one

might conclude that if the RD data can be fit

globally, for example, to a two-site exchange model,

then a three-site exchange process is unlikely.

Nevertheless, the interpretation of RD-derived struc-

tural parameters in terms of atomic structures must

be applied with caution since the values of these

structural parameters will obviously be dependent

on the kinetic model used to fit the RD data. Thus,

for example, consider the case of a system involving

exchange between a major species and two sparsely

populated states where the exchange rate between

the two minor states is faster than the time scale of

the RD experiment. Under these conditions, the RD

data would be accounted for by a two-site exchange

model16 and the structural parameters obtained for

the minor species would be given by the weighted

average of the individual structural parameters of

the two sparsely populated states. Unless there was

additional information to indicate that indeed the

minor species detected by the RD experiments was a

mixture of states, it is clear that the structural

interpretation of the minor state would in this

instance be in error.

Some examples of systems probed

by RD measurements

RD measurements have been used to probe a range

of important biological phenomena. Only a few

examples will be highlighted here.

A system that is perhaps ideal for the applica-

tion of RD spectroscopy involves the study of folding

intermediates under conditions where such an inter-

mediate(s), in equilibrium with the folded and

unfolded states, is populated.5 Examples of such

studies include the Fyn SH3 domain32 and the FF

domain of HYPA/FBP11.26 In the case of Fyn SH3, it

was shown that mutation of a conserved residue

(Gly48) destabilized the protein and increased the

folding rate. RD measurements were carried out on

two such mutants at several magnetic fields and

temperatures, and the data were fit globally to a

three-site exchange model.32 The rate constants for

interconversion between the folded, unfolded and

intermediate states were obtained as well as the

backbone 15N chemical shifts of the intermediate

state. The latter were then used to calculate

the degree of unfolding in any given residue from

the value of (dF�dI)/(dF�dU), where dF, dI, and dU
are the chemical shifts of the folded, intermediate

and unfolded states, respectively. A more
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comprehensive RD study of the FF domain was car-

ried out under conditions where the folded state was

in equilibrium with an intermediate state, and the

population of the unfolded state was so low that it

could be neglected.26 In this study, RD data were

used to obtain essentially complete backbone shifts

and NAH RDCs on the intermediate. With this in-

formation at hand, CS-Rosetta24 was used to propose

a 3D model for the intermediate. The native FF

domain comprises a four-helix bundle, as does the

intermediate, and the overall topologies of the two

states are essentially the same. However, the length

of the third helix is increased in the intermediate

whereas that of the fourth helix is reduced, and the

overall flexibility of the intermediate is enhanced

relative to the folded state.

Another area that is particular suited to RD

measurements lies in probing the relationship

between molecular motions and the rate-limiting

step in catalysis.33–35 Two examples involving inter-

domain motions in phosphoryl transfer enzymes,

adenylate cyclase36,37 and enzyme IIMannitol,38 have

been examined by RD spectroscopy. Adenylate ki-

nase undergoes a transition from an open state in

the absence of substrate to a closed state in the pres-

ence of substrate, involving large-scale correlated

motions within the hinge region connecting the lid

and AMP-binding domains to the core domain of the

enzyme. This conformational transition involves lid

closure of the active site. Under turnover conditions,

the rate constant for lid closure measured from RD

spectroscopy is fast, while that for lid opening is

slow. Further, for both thermophilic and mesophilic

enzymes the rate constants for lid opening are found

to be equal, within experimental error, to the corre-

sponding values of kcat obtained from steady-state

kinetic measurements. Thus, in the case of adenyl-

ate kinase the rate-limiting step in catalysis is not

the phosphoryl transfer event but product

release.36,37 Enzyme IIMtl of the mannitol branch of

the bacterial phosphotransferase system (PTS) com-

prises two cytoplasmic domains and a transmem-

brane domain connected by flexible linkers, 20�30

residues in length. The phosphoryl group is trans-

ferred from the A domain to the B domain and sub-

sequently onto the incoming sugar bound to the

cytoplasmic side of the C domain. The A and B

domains can be expressed separately and their

chemical shifts are known both free and bound to

one another. With this information in hand, it is pos-

sible to directly obtain the proportion of open dissoci-

ated and closed associated states in a IIAMtl-IIBMtl

single chain construct. The rates of association and

dissociation obtained from RD measurements are

approximately equal (�2 � 104 s�1) and �40-fold

faster than the rate of phosphoryl transfer (�500

s�1) derived from 31P lineshape analysis during

turnover. Thus in the case of IIAMtl-IIBMtl, the rate

limiting step is the phosphoryl transfer reaction and

on average �80 association/dissociation events take

place for every successful phosphoryl transfer.38

RD spectroscopy has also been used to character-

ize stable intermediates in the catalytic cycle of dihy-

drofolate reductase (DHFR).39–41 The key finding is

that each intermediate samples a sparsely populated

state that resembles the major species of either the

preceding or subsequent step in the catalytic cycle.

Further, the rates measured from RD spectroscopy

match the rates obtained from transient kinetic meas-

urements. Thus, for example, the dissociation rate for

NADPþ release from the ternary DHFR-NADPþ-tet-
rahydrofolate complex matches the rate at which the

binary DHFR-tetrahydrofolate complex samples a

minor state analogous to the ternary DHFR-NADPþ-
tetrahydrofolate complex; likewise, the rate of product

release from the ternary DHFR-NADPH-tetrahydrofo-

late complex matches the rate at which this ternary

complex samples a minor state resembling the DHFR-

NADPH binary complex. These data suggest that

pre-existing conformational transitions involving

sparsely populated states play a key role in catalysis

by ‘‘funneling catalytically competent conformations

along a kinetically preferred path.’’40

Another area where RD spectroscopy has been

fruitfully applied lies in the problem of coupled

folding and binding of intrinsically disordered pep-

tides.42,43 The phosphorylated kinase inducible acti-

vation domain (pKID) of the transcription factor

CREB is an intrinsically disordered polypeptide that

folds into a helical structure, comprising two a-heli-
ces, upon binding to its target, the KIX domain of

the transcriptional coactivator CPB. RD experiments

demonstrate unambiguously that folding of pKID is

induced upon binding and proceeds via a partially

folded intermediate.43

Paramagnetic relaxation enhancement (PRE)

The PRE, in contrast to RD spectroscopy, yields

structural information directly but cannot be used to

obtain kinetic information (e.g., rate constants). The

PRE arises from magnetic dipolar interactions

between the unpaired electrons of a paramagnetic

center and a nucleus, such as a proton.44,45 This

effect results in an increase in the relaxation rate of

nuclear magnetization that is proportional to the

<r�6> average distance between the electron and

the nucleus of interest. Because the magnetic

moment of an unpaired electron is large, the PRE

effect is very large and can extend to distances as

large as �35 Å, in contrast to the 1HA1H nuclear

Overhauser effect (NOE), which extends out to only

�6 Å. In the absence of an intrinsic paramagnetic

center, a paramagnetic label has to be introduced

via an engineered surface cysteine.46 For the pur-

pose of PRE measurements, the most suitable labels

are ones that have an unpaired electron with an
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isotropic g-tensor.8 The most common labels are

nitroxide spin-labels and metal ions such as Mn2þ

and Gd3þ chelated, for example, to EDTA,47 with

functional groups that permit the facile formation of

a covalent SAS (or CAS) bond to the engineered

surface cysteine. The PRE is obtained from the

difference in relaxation rates between the paramag-

netic and control diamagnetic states. PREs can be

measured on both longitudinal (C1) and transverse

(C2) relaxation rates, but the latter affords the most

reliable way to make use of the PRE.8,9 First the

magnitude of the 1H-C2 rate is much larger than the
1H-C1 rate, making the 1H-C2 PRE a much more

sensitive probe; second the 1H-C2 rate is much less

susceptible to internal motions and cross-relaxation

than the 1H-C1 rate.

The underlying theory of the PRE for static

systems dates back to the late 1950s44,45 and the

PRE has long been used in the study of paramag-

netic metalloproteins.48–50 The potential of the PRE

for structure determination of single proteins was

first demonstrated in the mid-1980s51,52 but then

largely neglected until about 10 years ago with the

advent of straightforward biochemical methods for

introducing paramagnetic labels at specific sites in

proteins.53–55 Moreover, the quantitative use of the

PRE for structure determination was thwarted until

very recently when an appropriate theoretical

framework and computational methods were devel-

oped to take into account the large conformational

space sampled by a paramagnetic label attached to

the protein via a linker with multiple rotatable

bonds.56 By representing the paramagnetic label by

an ensemble of states and taking care to calculate

PRE order parameters from the coordinates during

the course of structure refinement, it is now possible

to directly refine against the PRE relaxation rates

and obtain accurate structures where agreement

between the model and the experimental data is

quantitatively assessed by a Q-factor (analogous to a

crystallographic R-factor).8,56

The key to using the PRE to detect transient low-

population species lies in rapid exchange phenomena

whereby the transverse PRE observed on a major spe-

cies is modulated by the presence of the minor species

(Fig. 1).57 In a two-site exchange system comprising

two species A and B that interconvert on a time scale

that is fast on the PRE time scale (defined as kex �
|CB

2 � CA
2 | where kex is the sum of the forward

and backward rate constants, and CB
2 and CA

2 are the

transverse PRE rates for species B and A, respec-

tively), the observed PRE measured on either reso-

nance will be the population weighted average of the

PRE rates for the two species.

Consider a system where a particular paramag-

netic center-proton distance is 30 Å for species A

and 8 Å for species B [Fig. 1(A)]. The corresponding

C2 PRE rates (for a system �30 kDa in size) will

have values of �2 s�1 and �5600 s�1, respectively. If

species A and B are populated at 99% and 1%,

respectively, species B will be effectively invisible in

the NMR spectrum. In the fast exchange limit,

however, the observed PRE, Cobs
2 , measured on the

resonance of the major, NMR-visible, species A will

be �50 s�1, much larger than that expected for

species A alone [Fig. 1(B)]. Therefore, providing

distances between the paramagnetic center and the

protons of interest are significantly shorter in the

minor species than the major one, and the intercon-

version rate between the two species is fast, the

PRE profiles observed on the major species will

reveal the footprint of the minor species. The PRE

profiles can be analyzed quantitatively to derive

structural information if the PRE profile for the

major species is either known or can be calculated

from a known structure. As the exchange rate

decreases, the influence of the minor species on the

observed PRE profile for the major species will be

reduced until in the slow exchange limit the PRE

profile for the major species will be unaffected by

the presence of the minor species [Fig. 1(B)]. Thus,

the use of the PRE to detect and characterize

sparsely populated states is limited to rapidly

exchanging systems, typically with lifetimes less

than 250�500 ls. In the following sections we will

discuss examples pertaining to specific protein-DNA

interactions, protein-protein association and large-

scale interdomain conformational transitions.

PRE detection of sliding and intermolecular
translocation in specific protein-DNA

interactions

Initially, we had developed the relevant theory and

refinement tools for the PRE as a method of struc-

ture determination to provide long-range (up to 35 Å)

distance information56 as a complement to the short-

range distance information (<6 Å) afforded by the
1H-1H NOE, which provides the mainstay of NMR

structure determination.58,59 We had shown for the

specific SRY/DNA complex that direct refinement

against intermolecular PRE data is readily feasible

and yields increased coordinate accuracy as judged

by cross-validation against RDCs.56 We had subse-

quently extended these PRE studies to a related

complex involving the homologous nonspecific DNA

binding protein HMGB-1A.60 The structures of the

SRY/DNA and HMG-1A/DNA complexes are very

similar but whereas SRY binds to a specific 8 base

pair site on the DNA, HMGB-1A binds nonspecifi-

cally to any 8 base pair DNA segment. This is

reflected in the intermolecular PRE profiles: the PRE

profiles observed with labels placed at the two ends

of the DNA are distinct for the SRY/DNA complex

but very similar for the HMGB-1A/DNA complex,

diagnostic of multiple site binding in two possible ori-

entations [related by a 180� rotation; Fig. 2(A)]. Since
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exchange of HMGB-1A between the different possible

DNA binding sites is fast on the chemical shift time

scale, an ensemble averaged C2 rate (given by the

weighted average of the C2 rates for all the individ-

ual states) is observed for each paramagnetic center-

proton vector from which it is then possible to com-

pute the occupancies at all possible DNA binding

sites [Fig. 2(B)]. The highest populations of HMGB-

1A are found in the central region of the DNA duplex

and the populations in the two possible orientations

are approximately equal.60

The finding that the intermolecular PRE was ca-

pable of detecting both sliding of a protein along the

DNA as well as intermolecular translocation of a pro-

tein from one DNA molecule to another in a specific

protein-DNA complex was entirely fortuitous. We had

been interested in studying the structure of a ternary

complex involving the HoxD9 homeodomain, HMGB-

1A, and DNA. Despite numerous reports in the litera-

ture that HoxD9 and HMGB-1A interacted with one

another both in the absence and presence of DNA, we

were unable to detect any NMR evidence for such an

interaction (Iwahara, J. and Clore, G.M., unpublished

data). However, since the presence of HMGB-1A was

reported to enhance transcriptional activation by

HoxD9 we speculated that the effect of HoxD9 bound

to DNA was to modulate the distribution of nonspe-

cifically bound HMGB-1A on the DNA, and hence al-

ter the extent of DNA bending induced by HMGB-1A.

We never addressed this issue in the end because

Figure 1. Basis for the detection of short-lived, sparsely populated species by PRE. (A) Schematic of a two-site exchange

process in which the major (99%) and minor (1%) species have paramagnetic center-1H distances of 30 and 8 Å,

respectively. (B) Effect of exchange rate on the NMR line-shape of the resonance of the major species A in the presence (red)

and absence (black) of the PRE. The resonances of the major species A and NMR-invisible minor species B are located at

�50 and þ50 Hz, respectively of the carrier position. Reproduced from Ref. 57.
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control experiments on the specific HoxD9/DNA bi-

nary complex revealed a totally unexpected finding

that opened the door for using the PRE to detect and

probe transient sparsely populated states.57

Intermolecular PRE data recorded at low ionic

strength (20 mM NaCl) for the specific HoxD9/DNA

complex using four different paramagnetic sites on

the DNA [Fig. 3(A)] were fully consistent with

Figure 2. Characterization of nonspecific DNA binding by PRE. (A) Comparison of intermolecular PREs observed for the

specific SRY/DNA complex (top) and the nonspecific HMGB-1A/DNA complex (bottom) using two DNA duplexes with the

paramagnetic dT-EDTA-Mn2þ label located at opposite ends of the DNA. The states giving rise to PREs in the two complexes

are depicted as cartoons in the right-hand panels. The inset in the top left-panel is the structure of the SRY/DNA complex

determined from NOE, RDC, and intermolecular PRE data.56 (B) Semi-quantitative analysis of site occupancy of HMGB-1A on

the DNA. There are 13 possible binding sites and HMGB-1A can bind in two orientations related by a 180� rotation (top left).

The agreement between calculated and observed PRE rates is shown in the top right-hand panel and the calculated

occupancies at the binding sites are shown in the two bottom panels. Reproduced from Ref. 60.
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the structure of the complex [Q-factor ¼ 0.26;

Figs. 3(C,E)]. However, at higher salt concentrations

(100 and 160 mM NaCl) completely unexpected PRE

profiles were observed [Figs. 3(D,F)] despite the fact

that the equilibrium dissociation constant for HoxD9

at 150 mM salt is �1.5 nM, the dissociation rate

constant is less than 0.01 s�1, and there are no de-

tectable structural changes in the complex at higher

Figure 3. Intermolecular PREs observed for the specific HoxD9/DNA complex in the slow (20 mM NaCl) and fast (>100 mM

NaCl) PRE exchange regimes. (A) DNA duplexes showing the location of the four dT-EDTA-Mn2þ paramagnetic labels

(one per sample) with the specific site boxed. (B) Cartoon comparing the ground state specific complex with nonspecific

complexes formed during the target search process. (C) and (D) Comparison of observed and calculated PREs at low (20 mM

NaCl) and high (160 mM NaCl) salt, respectively, corresponding to the slow and fast PRE exchange regimes. At low salt, the

agreement with the structure of the specific complex is excellent, whereas minimal agreement is seen at high salt. This is due

to intramolecular sliding and fast direct intermolecular translocation from one DNA molecule to another without the protein

dissociating into free solution. (The rate constant for dissociation of specifically bound HoxD9 into free solution at 150 mM

NaCl is < 0.01 s�1). (E) and (F) Intermolecular PRE profiles observed for the four paramagnetic sites at low and high salt,

respectively. PREs mapped onto the structure of the specific complex are also shown for low (insets) and high (to the right of

the PRE profiles) salt conditions with the color scale depicting the ranges of PRE rates. Reproduced from Ref. 57.
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salt since the chemical shifts remain unchanged and

the RDCs at low and high salt are highly correlated

(correlation coefficient r ¼ 0.99). At both 100 and

160 mM NaCl, similar large magnitude, intermolec-

ular PRE profiles were observed for symmetrically

placed labels at opposite ends of the DNA duplex

with very poor agreement between observed and cal-

culated PREs [Q-factor ¼ 0.66; Figs. 3(D,F)]. Thus,

we surmised that the intermolecular PRE profiles at

high salt reflect the existence of short-lived, sparsely

populated states [Fig. 3(B)] involving intramolecular

one-dimensional sliding of HoxD9 along the DNA,61

as well as intermolecular translocation from one

DNA molecule to another without going through the

intermediary of free protein.62–64 Since the ratio of

specific to nonspecific equilibrium dissociation con-

stants is about 200, the population of these transient

states is estimated to be �0.5%.

The contributions from sliding and intermolecu-

lar translocation can be ascertained from two comple-

mentary experiments [Fig. 4(A)] in which HoxD9 is

added to an equal mixture of specific and nonspecific

DNA duplexes, with the paramagnetic label located

on either the nonspecific duplex or the specific

duplex.57 In the first instance, intermolecular PREs

can only arise from rapid intermolecular transloca-

tion in which HoxD9 is transferred from the specific

DNA duplex to the nonspecific DNA duplex and back

again; in the second both sliding and intermolecular

translocation can give rise to intermolecular PREs.

The PRE profiles for the two samples are very simi-

lar, but the intensities of the PREs observed on

resonances of the DNA recognition helix (residues

23�33) as well as residues 41�42 are 30�100%

larger in the second sample than the first, whereas

the magnitude of the PREs for the N-terminal arm

are the same for the two samples [Fig. 4(B)]. These

experiments indicate that (a) intermolecular translo-

cation is a major contributor to the observed intermo-

lecular PREs and (b) the larger PRE effects observed

for residues 23�33 and 41�42 in the second sample

are due to sliding along the DNA and arise from bias

since the orientation of HoxD9 bound to the specific

site is favored as the protein slides along the DNA:

in this configuration the recognition helix can come

close to the paramagnetic label while the N-terminal

arm is always far away [Fig. 4(C)]. The N-terminal

tail can only come into close proximity of the para-

magnetic label following an intermolecular transloca-

tion event accompanied by a 180� change in binding

orientation on the DNA duplex containing the

specific site.

Figure 4. Dissection of intramolecular sliding and direct intermolecular translocation processes for the HoxD9/DNA complex.

(A) In sample 1, comprising an equal mixture of specific and nonspecific DNA with the nonspecific DNA bearing the

paramagnetic label, intermolecular PREs can only arise from intermolecular translocation. In sample 2, the specific DNA bears

the paramagnetic label and the nonspecific DNA is unlabeled (i.e., diamagnetic) so that both inter- and intramolecular

translocation can give rise to PRE effects. (B) PRE profiles observed for samples 1 (blue) and 2 (red) (top panel). The ratios of

the PRE rates observed for samples 2 and 1 are shown in the bottom panel. Schematic diagram of HoxD9 sliding along the

DNA with HoxD9 color coded according to the C2(sample 2)/C2(sample 1) ratios. Reproduced from Ref. 57.
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PRE detection and characterization of transient
encounter complexes in protein-protein

association

Encounter complexes in protein-protein association

represent the two-dimensional equivalent of one-

dimensional diffusion (sliding) in specific protein-

DNA recognition. Thus, two proteins first associate

nonspecifically to form a pre-equilibrium encounter

complex that subsequently relaxes via two-dimen-

sional diffusion on the surface of the proteins to

form the stereospecific complex.65 The kinetic signif-

icance of encounter complexes is evidenced by the

observation that both site-directed mutagenesis66,67

and Brownian dynamics simulations68–70 have

shown that perturbations in charge distributions

outside the direct interaction surfaces can modulate

the rate of protein-protein association.

The first direct demonstration and characteriza-

tion of encounter complexes by PRE measurements

was carried out on complexes of the bacterial PTS, a

signal transduction pathway in which multiple phos-

phoryl transfer steps between weak, sequential

binary protein-protein complexes is coupled to trans-

port and phosphorylation of an incoming sugar.71

The first complex of the pathway is between enzyme

I (EI) and the histidine phosphocarrier protein HPr.

The complex between the N-terminal domain of EI

(EIN) and HPr solved by NMR from NOE and RDC

data is fully consistent with the formation of a penta-

coordinate phosphoryl transition state intermediate

without requiring any significant structural pertur-

bations.72 Intramolecular PREs for HPr, measured on

a complex comprising EIN at natural isotopic abun-

dance and U-[15N]-HPr paramagnetically labeled at

three separate sites (individually), are fully consist-

ent with the structure of HPr [Q-factor ¼ 0.18,

Fig. 5(A)]. Many of the features of the intermolecular

PREs from paramagnetically labeled HPr to 15N-la-

beled EIN are also consistent with the structure of

the complex; however, quite a number of sizeable

intermolecular PREs are observed involving residues

far away from the paramagnetic labels indicative of

the existence of sparsely populated transient states

[Figs. 5(B,C)].71

Knowing the structure of the specific complex, it

was then possible using rigid body simulated anneal-

ing to calculate an ensemble of states to represent

the encounter complex that fully account for the

observed PRE profiles [Fig. 5(D)]. It was found that

the population of the encounter complex ensemble

was approximately 10% and between 10 and 20

structures were required to represent the ensemble.

The distribution of the encounter complex ensemble

was correlated with the electrostatic distribution on

the surface of the proteins71 and the population of

the encounter complex could be modulated by ionic

strength indicating a substantial electrostatic

contribution.73

By monitoring the intermolecular PRE rates on
15N-labeled EIN as a function of the concentration of

paramagnetically labeled HPr, two distinct types of

encounter complexes were identified (Fig. 6).74 The

first is in direct equilibrium with and occluded by

the stereospecific complex, probably involves rigid

body rotations and small translations at or near the

active site, and likely is most important for initially

guiding HPr into the productive conformation when

the active site is empty. The second can coexist

with the specific complex to form a ternary complex

ensemble and involves two major patches on the

surface of the protein, one of which is quite close to

the active site and may serve as a docking site for a

second molecule of HPr to bind while the active site

is occupied and involved in phosphoryl transfer. This

type of encounter complex may accelerate specific

association by properly orienting the second HPr

molecule via electrostatic steering, regardless of the

occupancy of the EIN active site, and may be impor-

tant for efficiently reloading the EIN active site

when demand for sugar transport is high by increas-

ing the effective local concentration of HPr in the

vicinity of the active site (Fig. 6).74

Transient encounter complexes are not unique to

the EIN-HPr complex. Similar encounter complexes

for other complexes of the PTS,71 as well as several

electron transfer complexes75–79 were subsequently

detected by PRE measurements.

PRE analysis of transient ultra-weak

self-association
Transient self-association of proteins is relevant to

assembly and maturation processes. This can be

investigated by intermolecular PRE measurements

in a manner similar to that employed for hetero-en-

counter complexes described in the previous section.

Thus, measurements are carried out on an equal

mixture of isotopically labeled (e.g., 15N/2H) protein

and paramagnetically labeled protein at natural iso-

topic abundance. Using this approach ultra-weak

self-association of HPr was detected with a KD � 15

mM corresponding to a population of �1% under the

experimental conditions employed.80

Similar PRE studies have been carried out on the

HIV-1 protease precursor.81 Mature HIV-1 protease is

an obligate dimer with residues from both subunits

contributing to the active site. The protease precursor,

however, bearing as little as an additional 4 residues

N-terminal to the mature protease is monomeric, yet

undergoes maturation via a first order process, imply-

ing intramolecular cleavage of a transient precursor

dimer. In the mature protease the N- and C-termini

are part of an intersubunit b-sheet that is distal from

the active site. PRE measurements on two precursors

with different N-terminal extensions showed that

highly transient, sparsely populated (3�5%) dimeric

encounter complexes are indeed formed using the
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Figure 5. PRE detection of encounter complexes in protein-protein association illustrated by the EIN/HPr complex. HPr was

paramagnetically labeled at three sites (E5C, E25C, and E32C) one at a time with EDTA-Mn2þ. (A) Intramolecular PRE data recorded

on HPr in the EIN/HPr complex (with HPr 15N-labeled and EIN at natural isotopic abundance) display excellent agreement between

observed and calculated PRE rates. (B) The experimental intermolecular PRE profiles observed on 15N-labeled EIN (red circles) show

many features attributable to the specific complex with the calculated PREs for the specific complex shown in black, but regions

with large discrepancies are apparent where the observed intermolecular PREs are much larger than predicted from the structure of

the complex and involve residues located far away from the interaction surfaces. (C) Agreement between observed intermolecular

PRE rates and those calculated from the structure of the EIN/HPr complex show poor quantitative agreement. (D) Refinement

against the PRE data including the encounter complex ensemble using Xplor-NIH.92 The observed PRE rate for residue i is given as

a population weighted average of the PRE rates for residue i in the specific complex and the encounter complex ensemble (top left).

The optimal ensemble size for the encounter complex is 10�20, and, with a population of 10% for the encounter complex

ensemble, excellent agreement between observed and calculated PRE rates is obtained (top right). Two views of a reweighted

atomic probability distribution map (green mesh plotted at a threshold of 20% maximum93) showing the distribution of HPr on the

surface of EIN in the encounter complex ensemble. (The probability map is calculated from 100 independent calculations each

comprising an ensemble size of 20 for the encounter complex ensemble.) The molecular surface of EIN is color coded by

electrostatic potential (68 kT) and the location of HPr in the specific complex is shown as a blue ribbon. Reproduced from Ref. 71.



same interface as that in the mature dimer. In con-

trast to the mature dimer, however, a wide range

of subunit orientations is sampled and the occupancy

of the mature dimer conformation constitutes an

extremely small faction of the self-associated species,

thereby accounting for the very low enzymatic activity

of the precursor. Further, it could be shown that the

N-terminal extension present in the precursor makes

both transient intrasubunit and intersubunit contacts

with the substrate binding site, and is therefore avail-

able for autocleavage upon sampling of the correct

dimer orientation.

PRE characterization of transient large-scale

domain reorientations

Many proteins undergo conformational changes upon

ligand binding. In some instances these involve large,

rigid body domain reorientations. The question arises

as to whether the ligand-bound state can be sampled

in the absence of ligand. A classic example is that of

the two-domain maltose binding protein, MBP.82–86

In the absence of ligand, the structure is in an open

state. Upon binding ligand the two domains undergo

a 35� reorientation closing like a fly trap and burying

the ligand. The conformational change involves a

hinge-bending motion within the short linker region

connecting the two domains. RDC and small angle

X-ray scattering data on both the ‘‘apo’’ and ‘‘holo’’

states of MBP are fully consistent with the corre-

sponding crystal structures.84,85,87 However, both

these observables are linear population averages of

the species present in solution and therefore insensi-

tive to the presence of minor species.

For both apo and holo MBP the intradomain

PRE data are fully consistent with the crystal struc-

tures of the two domains. The interdomain PRE

Figure 6. Mechanistic details of the EIN-HPr association pathway revealed by intermolecular PRE titration measurements.

(A) Examples of PRE titration curves obtained upon adding paramagnetically labeled HPr-E5C(EDTA-Mn2þ) to 15N-labeled

EIN. Three classes of PRE titration behavior are observed: class I scales linearly with the concentration of the specific EIN/

HPr complex (blue line; e.g., Glu74 of EIN); class II scales linearly with the concentration of free HPr (red line; e.g., Ala161 of

EIN); and class III behaves as a mixture of classes I and II and fits to a scaled sum (purple line; e.g., Gly66 of EIN) of the

specific EIN/HPr (blue dashed line) and free HPr (red dashed line) concentrations. The insets are cartoons of class I and II

encounter complexes of HPr (yellow) on the surface of EIN (gray) with the interaction surfaces on the two proteins colored in

green. (B) Equilibrium binding model for the EIN/HPr association pathway deduced from the PRE data. Upon collision EIN and

HPr form two types of encounter complexes: the first is in competitive equilibrium with the specific complex and therefore

exclusive with the specific complex, while the second forms simultaneously with the specific complex to form a ternary

complex. (C) Intermolecular PREs at the final titration point mapped onto the surface of EIN. EIN is displayed as a ribbon

model in the left panels and as a molecular surface in the right panels, color coded according to the predominant (>80%

contribution from classes I or II) type of intermolecular nonspecific PRE observed at a particular residue. Blue, red and purple

indicate encounter complex PREs of classes I, II, and III, respectively; pink are encounter complex PREs that have C2 rates

that are too large (>65 s�1) to measure accurately; and dark gray indicates specific PREs with C2 rates > 25 s�1. The purple

ellipse labeled Patch 1 highlights a region on the surface of EIN where class II PREs cluster in reasonably close proximity to

the active site. A second cluster of class II PREs is located on the opposite face of EIN, far from the active site. HPr is

shown in the specific configuration (yellow ribbon) in all panels with the EDTA-Mn2þ paramagnetic label displayed as a

three-conformer ensemble with the Mn2þ atoms shown as orange spheres. Reproduced from Ref. 74.
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data for holo MBP are also fully consistent with

the holo crystal structure. For apo MBP, however,

the interdomain PRE profiles, while qualitatively

similar, are significantly larger in magnitude than

those predicted from the apo crystal structure

[Figs. 7(A,B)]. Although the PRE data can be

accounted for by a single alternate conformation,

this conformation is not compatible with the RDC

Figure 7. PRE detection of a partially closed state of apo MBP. (A) PRE profiles observed for apo MBP with the spin-label

located at position D41C on the N-terminal domain. The experimental PREs are shown as red circles and the PRE profile

calculated from the crystal structure of apo MBP are displayed as a solid line. The inset shows a molecular surface of apo

MBP with the conformational space sample by the oxygen atom of the nitroxide spin label represented by a green mesh and

residues with PRE discrepancies (Cobs
2 � Ccalc

2 > 10 s�1) colored in red. (B) Comparison of observed versus calculated

intradomain (red) and interdomain (blue) PREs obtained with the crystal structure of apo MBP (left panel) and upon inclusion

of a minor species at an occupancy of 5% (right panel). (C) Superposition of the major open apo state (i.e., the crystal

structure) with the partially closed apo state calculated from the PRE data. The N-terminal domains of the two states

(gray cylinders) are superimposed; the C-terminal domain is displayed as blue cylinders for the open state and as a green

smoothed backbone trace with a reweighted atomic probability map for the partially closed state. (D) Structural comparison

of the open apo, partially closed apo and holo states with the N-terminal domain of all three states superimposed. The open

apo state is shown as a molecular surface color-coded according to electrostatic potential. The C-terminal domain of the

partially closed apo and closed holo states are shown as green and red cylinders, respectively. Reproduced from Ref. 87.
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data. Thus, apo MBP must exist as a mixture of a

major species corresponding to the apo crystal struc-

ture and a sparsely populated transient state.87

Since 1HN-R1q RD is not observed, the upper limit

for the time scale of interconversion between these

states is estimated to be less than �20 ls, with a

lower limit of �20 ns corresponding to the rotational

correlation time as 15N-{1H} heteronuclear NOE

data provide no evidence for large scale picosecond

to nanosecond motions within the linker region.

Given the known crystal structure of the major

apo species, it is possible to calculate an <r�6> aver-

age structure for the minor species by conjoined rigid

body/torsion angle simulated annealing refinement in

which the PRE data originating from two paramag-

netically labeled sites are fitted simultaneously to a

two-member ensemble of major open and minor

species, with the major species held fixed in the apo

crystal structure conformation.87 The PRE data are

fully accounted for by a single partially closed minor

species with an occupancy of �5% [Fig. 7(B)]. The

transition between the major and minor species also

involves a �35� hinge-body rotation [Fig. 7(C)], but

the minor species is not the same as the holo state,

differing by a �20� rotation and 6 Å translation of

the C-terminal domain relative to the N-terminal

domain [Fig. 7(D)].

The minor apo species comprises a partially

closed state that leaves the sugar-binding pocket on

the C-terminal domain exposed. In the absence of

ligand, the holo conformation is energetically highly

unfavorable86 owing to the close proximity of negative

charges on the two domains that are not neutralized

by bridging hydrogen bonds with the substrate.83

These unfavorable electrostatic interactions are miti-

gated in the partially closed minor apo species by

translation of the C-terminal domain out of the sugar-

binding pocket, thereby exposing several negatively

charged residues and increasing the interdomain dis-

tance between negatively charged residues on the two

domains [Fig. 7(D)].87 Since the conformational tran-

sition in the apo state does not involve the holo confor-

mation, the conformational change from the apo to

the holo state upon ligand binding can be regarded as

an example of induced fit. However, the existence of a

partially closed apo state that is closer to the holo con-

formation than the open apo state can be viewed as

an example of conformational selection that may facil-

itate and prime sugar binding.

Differential transverse relaxation measurements

In systems that involve exchange processes between

an NMR-visible state and an NMR-invisible high

molecular weight species (i.e., a ‘‘dark’’ state), enhance-

ments in transverse (R2) relaxation rates can arise

from a lifetime broadening effect as a result of direct

incorporation of the NMR-visible species into the

NMR-invisible one. As an example, the 15N R2 rates

for free a-synuclein are enhanced by 2�5 s�1 upon

addition of lipid vesicles, reflecting the pseudo-first

order association rate constant kappon for the binding of

a-synuclein to the lipid vesicles.88,89 The same phe-

nomenon has been observed for amyloid b (Ab) under
pseudo-equilibrium conditions where the sample is

stably partitioned between monomeric Ab peptide and

large molecular weight oligomers or protofibrils.10

In the case of Ab, a pseudo-equilibrium is estab-

lished in 1�2 weeks after which the partitioning of

Ab between monomer and oligomer remains stable

for up to 6�8 weeks. The ratio of monomer to

oligomer is dependent upon the total concentration

of Ab in the sample. As the total concentration of Ab
is increased, the R2 rate enhancements (DR2, meas-

ured as the difference in R2 rates between samples

at high and low concentrations of Ab) for the

resonances of monomeric Ab become larger. The DR2

values are independent of magnetic field strength

(600 and 900 MHz) and nucleus (1H and 15N), and

show minimal variation along the polypeptide chain

(Fig. 7). From the data it can be ascertained that

kappon has values of �1.1 and �3 s�1 at total Ab con-

centrations of 150 and 300 lM, respectively.

The dissociation rate constant, koff, as well as the

R2 relaxation rates for the NMR-invisible ‘‘dark’’ state

can be obtained by analysis of saturation profiles in

which the attenuation of the integrated intensity of

the amide proton envelope upon application of an off-

resonance radiofrequency field (RF) is monitored as a

function of offset from the carrier frequency (in this

case at the water resonance).10 From these data a

value of �73 s�1 is obtained for koff. In addition, the

‘‘dark’’ state is characterized phenomenologically by

two different R2 relaxation rates of �40,000 s�1 and

�300 s�1 with weights of 40 and 60%, respectively.

The latter explains the small variations in DR2 rates

observed for the monomer, with slightly smaller DR2

rates for the first nine N-terminal residues (which are

disordered in Ab fibrils) and residues 24�29 (which

form a turn between two b-strands in Ab fibrils) on

account of their higher mobility in the oligomer-bound

state, and maximal DR2 rates equal to kappon for regions

in intimate contact with the oligomer such as the

central hydrophobic region [Fig. 8(A)].

The fraction of peptide in the ‘‘dark’’ state that

undergoes exchange with free monomer, which is

readily calculated from the known concentration

of free monomer and the values of kappon and koff, is

actually very low (3�4%), illustrating how sensitive

this technique is to sparsely populated states. It is

also worth noting that the exchange processes

between ‘‘NMR-visible’’ and ‘‘NMR-invisible’’ protofi-

bril-like, oligomeric species being observed in these

experiments is six orders of magnitude faster than

the rates of molecular recycling within fully formed

amyloid fibrils observed by NMR and mass spec-

trometry H/D exchange experiments.90,91
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Concluding Remarks
We have presented a brief overview of several

recently developed NMR approaches for studying

short-lived, sparsely populated states with occupan-

cies as low as 0.5%. RD experiments are dependent

upon chemical shift differences between the major

and minor species resulting in exchange line broad-

ening for processes occurring on time scales ranging

from �50 ls to �10 ms. Global fitting of RD data

affords kinetic models and associated rate constants

with structural information in the form of chemical

shifts and, in suitable cases, bond vector orientations

as a bonus of the analysis. PRE experiments provide

direct structural information and are suitable for

Figure 8. Kinetics of amyloid b (Ab) monomer-to-oligomer exchange derived from differential relaxation measurements. (A) 1H

and 15N transverse relaxation rates measured on equilibrated samples of Ab(1�40). The top panel shows the 15N-R2 rates for

the 60 lM Ab sample as a function of residue; the other panels display the difference in R2 rates between the 300 (blue) or

150 (red) lM Ab samples and the 60 lM Ab sample for 1H and 15N at 600 and 900 MHz. The variation of DR2 as a function of

residue is minimal, and the maximal DR2 rates provide the value for the pseudo-first order association rates for the

conversion of monomer to oligomer. (B) Correlation plots showing that DR2 is independent of nucleus and magnetic field. (C)
1H transfer of saturation profiles for the 1HN-envelope of monomeric Ab as a function of offset of a weak off-resonance radio

frequency (RF) field. Black circles, 60 lM Ab and 350 Hz RF field; orange and blue circles, 300 lM Ab at 180 and 350 RF

fields, respectively. The solid curves represent the best-fits to the data using the McConnell equations94 for a dipolar coupled

two-spin, two-site exchange model yielding an off-rate of �73 s�1 for dissociation of an Ab unit from the oligomer into free

solution. (D) Two-site exchange kinetic scheme for the interconversion rates between monomeric and oligomeric forms of Ab.
The oligomer is characterized by large (�40,000 s�1) and small (�300 s�1) R2 rates with populations of �0.4 and �0.6,

respectively. This reflects regions of Ab that are either tightly bound to the oligomer (e.g. central hydrophobic region) or that

retain significant mobility in the oligomer (e.g., N-terminus), respectively. The fraction of oligomer that undergoes exchange

with free monomer is 3�4%. Reproduced from Ref. 10.
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probing events with time scales less than �250�500

ls. The PRE is not dependent on chemical shift

differences between the states, but does require the

existence of paramagnetic center-nucleus distances

that are significantly shorter in the minor species

than the major one. Minor states in which all the

paramagnetic center-1H distances are longer in the

minor species than in the major species are invisible

to the PRE method. This is because the observed

PREs in the fast exchange regime are a population

weighted average of the PREs for the states present

in solution. Because the PRE is related to the <r�6>

separation between the paramagnetic center and the

monitored nucleus, the magnitudes of the effects at

short distances are very large and, consequently, the

PRE profiles observed on the resonances of the

major species can reveal the footprint of the minor

species. Finally, differential transverse relaxation

measurements can probe exchange events between

NMR-visible and high-molecular weight NMR-invisi-

ble species in the millisecond time regime by lifetime

broadening effects in the absence of chemical shift

differences.

The ability of these various NMR experiments

to detect and analyze short-lived, sparsely populated

states lies in the fact that many sites and interac-

tions are probed simultaneously, and therefore inter-

pretation of the data is not reliant on a single or

very limited number of interactions. Further, the

availability of a very large number of NMR observ-

ables, in the form of chemical shifts, bond vector ori-

entations or paramagnetic center-proton distances,

provides the key for obtaining detailed structural

information on sparsely populated states.

In conclusion, the development of new NMR

experiments in the form of RD spectroscopy and

PRE has opened the way for detecting, visualizing,

and characterizing transient sparsely populated

states, and has shed fundamental new insights into

a wide range of biological and biophysical processes.
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