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Mapping Protein Folding Landscapes
by NMR Relaxation

P.E. Wright, D.J. Felitsky, K. Sugase, and H.J. Dyson

Abstract. The process of protein folding provides an excellent example of the in-
teractions of water with biomolecules. The changes in the water—protein interactions
along the protein folding pathway provide an important impetus for the formation
of the final natively folded structure of the protein. NMR spectroscopy provides
unique insights into the dynamic protein folding process, and during the past 20
years we have seen the development of a wide range of NMR techniques to probe
the kinetic and thermodynamic aspects of protein folding. In particular, with the ad-
vent of high-field spectrometers and stable isotope labeling techniques, the structure
and dynamics of a wide range of disordered and partly ordered proteins at equilib-
rium have been characterized by NMR. Efforts in our laboratory over a number of
years have allowed the sequence-specific identification of sites of local hydrophobic
collapse, as well as secondary structure formation and transient long-range inter-
actions in several protein systems, most notably for apomyoglobin, which will be
highlighted in this article.

1.1 NMR Techniques for Studying Protein Folding

Kinetic folding pathways for proteins that fold on a millisecond timescale can
be probed using hydrogen exchange pulse labeling [1,2], where differential pro-
tection of amide protons at various points during folding is detected by NMR.
More recently, with the advent of high-field spectrometers and *C, °N, and
2H labeling techniques, the structure and dynamics of disordered and partly
ordered proteins at equilibrium have been characterized by NMR. The upper
reaches of the protein folding landscape can be mapped using chemical shift,
nuclear Overhauser effect (NOE), spin labeling, relaxation data, and residual
dipolar coupling measurements (reviewed in [3]). Efforts in our laboratory over
a number of years have allowed the sequence-specific identification of sites of
local hydrophobic collapse, secondary structure formation, and transient long-
range interactions in several protein systems, most notably in apomyoglobin.
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1.2 The Apomyoglobin Folding Landscape

Apomyoglobin, the heme-free version of the muscle protein myoglobin, con-
tains eight helices folded into the canonical globin fold. The kinetic folding
pathway, elucidated by hydrogen exchange pulse labeling [4,5], shows the rapid
formation of an intermediate species containing the A, B, G, and H helices,
which is followed by the slower (~ms) folding of the remainder of the protein.
The equilibrium folding landscape for apomyoglobin is typical for a single-
domain protein. In the presence of high concentrations of urea, the protein is
completely unfolded [6], and populates an ensemble of structures with little
detectable propensity for structure formation. In the acid-unfolded state at pH
2, the protein is largely unfolded, but samples transient secondary structure
and hydrophobic clusters in certain parts of the protein but not in others [7].
Equilibrium intermediates corresponding to the ABGH kinetic intermediate
are formed at intermediate pHs in the absence of urea. These species, termed
molten globules, contain relatively stable helical secondary structure, but fluid
tertiary structure. Resonances of the F helix of folded apomyoglobin at pH
6 are invisible because of an exchange on an intermediate timescale between
two or more structures with different chemical shifts [8].

1.3 Structure of the Kinetic Molten Globule State

All globins so far studied pass through a kinetic molten globule intermedi-
ate that contains some but not all of the helices. The particular helices that
are present in the kinetic intermediate vary according to the amino acid se-
quence; for example, the intermediate in the folding of the monomeric plant
hemoglobin apoleghemoglobin contains the E, G, and H helices instead of the
A, B, G, and H helices of apomyoglobin. An extensive series of kinetic and
equilibrium folding studies on mutants of apomyoglobin [9-11] have identified
a non-native structure that slows down folding and allows the intermediate
to be detected. This is illustrated in Fig. 1.1, which shows the proton occu-
pancies in the molten globule intermediate of apomyoglobin mapped onto the
structure of the native, fully folded protein. The most highly protected areas
in the intermediate, which likely correspond to the coalesced portion of the
polypeptide, do not correspond to contiguous regions in the fully folded pro-
tein. Instead, the H helix appears to be translocated in the intermediate by
about one helical turn. We conclude that the transition state for folding thus
involves resolution of this small area of non-native structure before the final
native contacts can be made.

1.4 The Upper Reaches of the Folding Landscape

One of the strengths of NMR is that it can give per-residue structural infor-
mation on ensembles of molecules that may contain different local structures.
An example of this is the acid-unfolded state of apomyoglobin. Chemical shift
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Fig. 1.1. Model of the apomyoglobin kinetic folding intermediate based on hydrogen
exchange pulse labeling and mutagenesis data. The proton occupancies are mapped
onto the structure of the holomyoglobin [12]. The degree of amide proton exchange
protection is indicated by the intensity of the gray shading and the thickness of the
backbone. The most protected regions are indicated by the darkest shade and the
thickest backbone. The figure was prepared using MolMol [13]

data show that there is a detectable propensity for helical backbone dihedral
angles in the regions of the protein that correspond to the H and A helices in
the native folded state. Relaxation data [7] and spin-labeling studies [14] show
the presence of transient native-like long-range interactions between the A and
G helix regions in acid-unfolded apoMb. That these transient interactions are
native-like and nonrandom must be a consequence of the amino acid sequence
alone, and a series of mutant studies of apomyoglobin [9-11] showed that
the propensity for local and transient long-range ordering in acid-unfolded
apomyoglobin could be correlated with the property “average area buried
upon folding” (AABUF) [15] or the modified hydrophobic effect [16]. In ad-
dition, the proton occupancy in the kinetic intermediate also correlates with
the AABUF, and changing the local AABUF by designed point mutations
also changes the pattern of proton occupancy in the kinetic intermediate [10]
(Fig.1.2). These experiments showed conclusively that the local regions with
high AABUF adopt stable structure early in the protein folding process. We
next turned to the question of the means whereby the hydrophobic clusters,
sometimes separated by long intermediate stretches of the unfolded polypep-
tide, can interact, and to the hierarchy of folding events. These questions are
addressed by using paramagnetic relaxation enhancement (PRE) (spin labels)
and N R, relaxation dispersion.
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Fig. 1.2. Correlation between proton occupancies in the kinetic burst phase in-
termediate (black circles) and average area buried upon folding (AABUF, gray
lines) for wild-type apomyoglobin and for a quadruple mutant (LeullGly, Trp14Gly,
Ala7l1Leu, Gly73Trp — termed the GGLW mutant). Reproduced with permission
from [10]

1.5 Paramagnetic Relaxation Probes: Spin Labeling
of Apomyoglobin

The incorporation of a paramagnetic spin label results in broadening of the
NMR resonances of nuclei within 15-20 A from the site of spin labeling. This
makes spin labels powerful probes of conformational ensembles. A preliminary
spin-label study of apomyoglobin [14] showed that the transient contacts that
occur at equilibrium in acid-unfolded apoMb are sequence specific and region
specific. Resonances are broadened in the immediate vicinity of the spin label,
but for some spin label sites, such as E18 (Fig.1.3), broadening is observed
at long range in the G and H helix regions, while for a spin-label site in
the E helix, no such long-range broadening is observed. We have recently
undertaken a comprehensive spin-label study of apomyoglobin using the data
to derive a model that gives rise to a quantitative evaluation of the population
of various transient collapsed states [17].

1.6 Model for Transient Interactions

For unfolded and partly folded states, the spin label reports on parts of the
polypeptide chain that are in transient contact with the segment bearing the
spin label. The extent of relaxation enhancement (line broadening) depends
on both the distance to the paramagnetic spin label and the lifetime of the
interaction. When the chain conformers rapidly interconvert, as is the case
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Fig. 1.3. Paramagnetic relaxation enhancement profiles for apomyoglobin unfolded
at pH 2.3 in the presence (left panels) and absence (right panels) of 8 M urea. Data
for spin labels attached at residues 18 and 77 is shown. The plots show the ratio of
HSQC cross-peak intensity with the spin label oxidized (paramagnetic) and reduced
(diamagnetic) as a function of residue number. The solid lines in the left panels
represent the broadening profile expected for a random coil polypeptide. The figure
is adapted from data reported in [14]. The positions of the helices in holomyoglobin
are shown by the bars at the top of the figure

in unfolded apomyoglobin, the relaxation enhancement becomes a weighted
average over all members of the ensemble:

Rop = % Kipi 7},

where p; is the fractional population of state ¢, r; is the distance between
the backbone amide proton which gives rise to the NMR cross-peak and the
spin label, and K is a proportionality constant which depends on both the
gyromagnetic ratio of the nucleus under investigation and the correlation time
for the electron—nuclear dipole-dipole interaction. The magnitude of K; is
such that even very small populations (<~1%) can contribute measurably to
the overall relaxation rate.

Detailed PRE measurements on a total of 14 spin-label sites distrib-
uted throughout the molecule confirm that transient long-range interactions
in the acid-unfolded apomyoglobin chain are restricted to the five regions
corresponding to the AABUF maxima in the primary sequence; these are
designated as regions A, B, C, G, and H (corresponding to the high-AABUF
sequences in the A and B helices, the CD loop, and the G and H helices, respec-
tively). The localization of interaction sites to distinct segments of the chain
suggests that the paramagnetic relaxation may be modeled via a chemical
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kinetics approach whereby these five sites transiently associate in various com-
binations. The unfolded ensemble can thereby be divided into 52 macrostates,
which correspond to the 51 different possible combinatorial arrangements of
the five interaction sites and the completely dissociated substrate. For exam-
ple, A can combine with G and H in one cluster, while B and C are interacting
in a second cluster to form the macrostate AGH-BC.

The long-range intramolecular contacts in a given macrostate act as a
set of topological restraints which reduce the chain’s configurational entropy.
For nonspecific, transient interactions, the relative entropy loss for the for-
mation of different contacts (loops) may well be expected to dominate the
thermodynamics and thus determine the relative populations of the different
macrostates. This entropy loss depends directly on the length of the interven-
ing chain segment(s) and relates to the distance distribution function P(r)
between two noninteracting sites separated by the same linker length. More
specifically, the entropy loss is defined by the fraction of the distribution in
which the interaction site centers are close enough for the two regions to
coalesce; this distance is typically estimated from the sum of the radii of
two spheres with volumes equivalent to the total van der Waals volumes of
all residues within each interaction site. The required distance distributions
can be extracted from the paramagnetic relaxation enhancement of spin la-
bels attached centrally in the chain (such as at positions 57 or 77) where no
long-range interactions occur, utilizing radius of gyration information to help
determine the long-range tails of the distributions.

A model in which the relative stabilities of various clusters (and
macrostates) are determined solely by the entropic barriers to loop closure
discussed above can be fitted to the experimental paramagnetic relaxation
data, with a single parameter reflecting the mean favorable free energy of
interaction required to overcome the entropic penalty for contact formation.
The model fits the experimental data surprisingly well (pale gray lines in
Fig. 1.4), but not perfectly, as it cannot explain the experimentally observed
preference for the C-terminus (G/H regions) to interact with A/B over C.
(This latter region should interact more strongly solely on the basis of loop
entropy considerations.) When this fact is accounted for (by modeling in
weaker pairwise interaction free energies of the C region with other interac-
tion sites), the loop entropy model gives an excellent fit to the PRE data for
the 12 spin-label sites that show long-range interactions, as shown via the
fit in Fig. 1.4 (dark gray lines). Spin-label data obtained in the presence of
8 M urea at pH 2.3 could also be well fitted by this model; the only contacts
persisting under these more destabilizing conditions are relatively short range
(AB and GH).

The most highly populated macrostates in the pH 2.3 ensemble in the ab-
sence of urea include, as expected, the species with no association (A-B-C—
G—-H). What is perhaps more surprising is that this completely unfolded sub-
state is a minority (30%); most ensemble members have one or more long-range
interaction. The most populated (17-40% population) interactions involve
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Fig. 1.4. Paramagnetic relaxation enhancement profiles for apomyoglobin unfolded
at pH 2.3 with spin labels at the positions indicated by the arrows. The fitted curves
show the initial (pale gray) fits and the fits obtained after correction for differences in
pairwise cluster interaction free energies (dark gray lines).The location of hydropho-
bic clusters defined from regions of high AABUF are indicated by bars at the top of
the figure. Reproduced with permission from [17]

some of the smallest loop closure events (e.g., AB, GH, and BC) and are in-
dependent of whether the interaction is native (GH, BC) or non-native (AB).
The former of these observations rationalizes the relatively modest reduction
(~15%) in radius of gyration relative to more completely (denaturant) un-
folded ensembles despite the presence of long-range interactions in a majority
of the ensembles.

Transient interactions also occur between the N- and C-termini of the
protein. The populations of these contacts are quite small (less than 4%)
consistent with the greater reduction in entropy required to close loops in-
volving the extended intervening linkers. The model predicts multiple species
involving different combinations of A, B, G, and H, all of similar stability.
Because of its stochastic basis, however, the model is likely to underestimate
cooperativity; the results are not incompatible with a single ABGH cluster.
Strikingly, spin labels that probe this interaction induce quite different ex-
tents of nonlocal line broadening. A spin label attached at position R139 (in
the H region) induces much more N-terminal (A/B) line broadening than one
attached at position K140. Similarly, spin labels at positions 11, 15, and 18 in
the A region all induce different extents of line broadening in G and H. This
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differential line broadening must reflect the relative orientations/positions of
the side chains within the cluster, indicating a significant degree of speci-
ficity of interaction. In contrast to this observation, spin labels that probe
interactions restricted to a single chain terminus all enhance relaxation to
similar degrees, suggesting that more localized interactions are significantly
more heterogeneous and less specific.

1.7 Information from Relaxation Dispersion
Measurements

Relaxation dispersion measurements are applied to systems that are under-
going an exchange process on the microsecond to millisecond timescale. Mea-
surement of the Ry relaxation rate in a series of experiments where the pulsing
frequency is varied results in additional intensity for resonances of nuclei in-
volved in the exchange process [18,19]. The resulting dispersion curve, showing
RS as a function of 1/7¢p can be fitted to functions such as [19,20]

1 1
RST = RY + 5 {k‘AB + kpa — — cosh™ [D cosh (4 ) — D_ cos (77)]}
CP

1 2Aw?
Do 2[il+¢+ Y

Vo
e = rery/ 3 (204 V77 ©)

¢ = (kap + kpa)® — Aw?
& =2Aw (kAB — kpa)

The parameters derived from these fits give information on the relative
population of the two states pa and pg, on the rate of exchange kex(= kap +
kpa) between the two states, and on the structure of the excited state, which
is given by the chemical shift difference Aw.

1.8 Folding of an Intrinsically Disordered Protein
Upon Binding to a Target

Coupled folding and binding is a frequent theme in the field of intrinsically
disordered proteins (see Chap.6). One of the earliest examples of this phe-
nomenon was the interaction of the phosphorylated kinase-inducible domain
(pKID) of the transcription factor CREB with the KIX domain of the tran-
scriptional coactivator CBP. Free pKID is unfolded in solution [21], but folds
into an orthogonal pair of helices, aA and oB, upon binding to the folded
KIX domain (Fig.1.5) [23]. We have recently posed the question, what is the
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Fig. 1.5. Coupled folding and binding during the interaction of the phosphorylated
kinase inducible activation domain of the transcription factor CREB (termed pKID)
with the globular KIX domain of the CREB binding protein (CBP). The free pKID
domain is intrinsically disordered (represented as the unfolded chain on the left), and
in the absence of the binding partner it populates an ensemble of conformations.
Upon binding to the globular KIX domain (shown as gray surface), it folds into a
pair of orthogonal helices (dark gray backbone trace). Reproduced with permission
from [22]

Fig. 1.6. >N R, relaxation dispersion profile for Arg124 of pKID recorded at 800
(filled circles) and 500 MHz (open circles). Dispersion curves for 1mM [**N]-pKID
in the presence of 0.95, 1.00, 1.05, and 1.10 mM KIX are shown

mechanism by which the folding of the disordered pKID is coupled with bind-
ing to the KIX domain? Recent NMR studies including relaxation dispersion
have provided intriguing insights into this question.

Coupled folding and binding of pKID to KIX was studied by recording a
series of HSQC titrations and by '°N R, dispersion measurements performed
using '®N-labeled pKID at two magnetic fields and over a range of pKID:KIX
concentration ratios [24] (Fig.1.6). The HSQC titrations show that at least
two processes occur as KIX is titrated into pKID. Both fast (low-affinity)
and slow (high-affinity) exchange processes are observed. The NMR data can
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be fitted to a pseudo four-site exchange model, which gives important new
insights into the mechanism of coupled folding and binding in this system:

pKID +KIX < pKID...KIX < pKID : KIX* < pKID : KIX .

Free 13;;‘;::}&“ Intermediate Bound

The encounter complex represents an ensemble in which nonspecific hy-
drophobic interactions occur at a number of sites. The primary interactions
in the encounter complex involve a hydrophobic cluster (Y134, 1137, 1138,
and L141) in the unfolded aB region of pKID contacting hydrophobic patches
on KIX. The encounter complex was invoked to reconcile the behavior of the
cross-peaks in the HSQC titrations with the Aw values obtained from the re-
laxation dispersion measurements: a better correlation is observed between the
Aw values and equilibrium chemical shift differences Ad which utilize the en-
counter complex (Fig. 1.7). The structure of the binding intermediate can also
be inferred from the chemical shift and relaxation data. The oA helix is nearly
fully folded in the intermediate, whereas the aB helix is only partially folded.

In summary, our NMR measurements show that the coupled folding and
binding landscape of pKID is complex: Disordered pKID first makes transient
hydrophobic contacts with KIX, forming an ensemble of encounter complexes
that evolve to folded states without dissociation of pKID from the KIX sur-
face. As for the folding of apomyoglobin, the most important interaction in
the initiation of coupled folding and binding of pKID is the formation of hy-
drophobic interactions, which can then play a key role in directing the folding
process towards the final folded state.

5

|AS| ppm

Fig. 1.7. Correlation of '°N chemical shift differences (Aw*) determined from the
R2 dispersion measurements with equilibrium shift differences. Chemical shift dif-
ferences between free pKID and the fully bound state (Adrg) are shown as black
squares, and between the encounter complex and fully bound state (Adgg) are shown
as gray circles, with matching shades for the lines of best fit. Reproduced with per-
mission from [24]
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