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Abstract: Studies of unfolded and partially folded proteins provide important insight into the
initiation and process of protein folding. This review focuses on the use of nmr in characterization
of ensembles of proteins that model the early stages of folding. Analysis of an ensemble includes
description of the number of conformations, their structure, relative populations, interconversion
rates, and dynamics of subconformations. A chemically synthesized analogue of bovine pancreatic
trypsin inhibitor (BPTI), [14-38),,,, has provided a rare system for characterization of multiple
partially folded conformations in slow exchange at near physiological conditions. Multidimensional
nmr techniques coupled with selective labeling were used to probe different segments of the
polypeptide chain. At each labeled site, there is evidence of slow interconversion between two
families of partially folded conformations that in themselves are ensembles of rapidly interconvert-
ing conformers. All these conformers display significantly more order in the core relative to the rest
of the molecule. For other variants of BPTI that are unfolded at equilibrium, the most ordered
structure is also favored in the hydrophobic core residues of the native protein. This is consistent
with the hypothesis that the residues that are the first to fold go on to form the most stable,
structure-determining part of the protein.© 1999 John Wiley & Sons, Inc. Biopoly 51: 191-207,

1999
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INTRODUCTION defined folding pathway, a new conceptual description
for protein folding research has been developéd his
Rapid folding to a specific compact structure is es- description emphasizes the existence of an ensemble of
sential for the function of proteins. High-resolution conformations at each stage of folding, and multiple
structures of stable folded proteins and protein com- transition states in a complex energy landscape. Recent
plexes from x-ray crystallography and nmr have lead developments in the theory of protein folding have been
to recent advances in understanding the mechanism ofreviewed’~® Here, we focus on direct nmr studies of
protein action, and are the basis for rational drug conformational ensembles of partially folded and un-
design strategies. Significant progress has concur-folded states. Structural characterization of these confor-
rently been made in elucidating the process by which mations provide insights into the nature of the ensemble
proteins acquire their folded structures. With the rec- at thestarting point andduring protein folding.
ognition that very large molecules possessing many  Since the work of Anfinsor{ it has generally been
degrees of freedom are unlikely to have a single, well- accepted that the native state of proteins is at the
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global minimum of the free energy surface for most protein structure and functioff. Conformations of
proteins and that a landscape suitable for rapid folding peptides can be stabilized by addition of trifluoroetha-
is encoded into the amino acid sequence along with nol, insertion of a disulfide bond at the terminal ends,
the structure of the native form. Thermodynamic sta- or optimization of sequences for enhancement of sta-
bility and rapid folding have been selected in the bility.*3In isolated peptide fragments of myoglobin, a
evolution of native proteins. Identifying the forces in  strong correlation between the residual structure of

the protein that determine its ability to fold rapidly to

a functional structure remains a considerable chal-
lenge. However, there is increasing demand for a
reliable method for predicting the folded structure of

the peptides and the ordered segments detectable dur-
ing folding of the intact protein was observed. In
BPTI peptides that show helical propensities, how-
ever, only one is helical in native BPTI while the

the products of the gene sequences generated in thesther two are extendeg-strands’* Helical propensi-

genome projects. An understanding of protein folding
will no doubt aid in this effort.

Analysis of compact non-native states is leading to
a more comprehensive understanding of naturally oc-
curring misfolded proteins. There is accumulating ev-

idence that diseases due to amyloidosis such as

Kreutzfeld-Jakob disease, Alzheimer's disease and
Parkinson’s disease are caused by unfolded or mis-
folded proteins:*~*3 Formation of amyloid occurs
when the native fold of a protein is destabilized while
noncovalent interactions within the polypeptide chain
remain favorable. Recent work suggests that a ten-
dency to form amyloids is a general characteristic of
partially folded proteins, and not just those associated
with amyloid disease. For example, muscle acylphos-
phatase was found to produce amyloid fibrils when
subjected for long periods to conditions known to
favor the partially folded stat:*°

The lifetime of intermediate conformations in fold-
ing are too short for high-resolution structural studies,
particularly for natural proteins at physiological con-
ditions. To circumvent this problem, the protein or
conditions must be modified, so that an ensemble of
partially folded conformations can be studied at equi-
librium. Partially folded proteins are considered mod-
els for transient species formed during kinetic refold-
ing.®’ Their formation is commonly induced by
extremes of solvent conditions such as low pH or
addition of alcohol and other denaturahts?! Par-
tially folded proteins at equilibrium can also be
formed by reduction of disulfide bonds, as for exam-
ple, in bovinea-lactalbumin?? in bovine pancreatic
ribonuclease A2 and in bovine pancreatic trypsin
inhibitor (BPTI)24~2” Specific point mutations or de-
letions of entire segments may also form partially
folded proteins at equilibrium, as observed for staph-
ylococcal nucleas&

Studies of structured peptides corresponding to
segments of a protein reveal intrinsic propensities of
the polypeptide chain and may identify potential ini-
tiation sites?° 3! Designed peptides are also useful as
model systems for characterizing the interactions that
stabilize secondary structure and for investigating

ties of peptide fragments are based either on residue
prediction or on whether isolated peptides form heli-
cal conformations in trifluoroethanol. This example
illustrates the difficulty in extrapolation from the
structure of isolated peptides to the folded protein.

Multidimensional nmr studies of denatured pro-
teins are the subject of several recent reviéws’
Characterization of the structure and dynamics of
multiple partially folded or unfolded conformations is
limited by crowded spectra with severe line broaden-
ing. Examples include the molten globule form of
a-lactalbumin, the denatured staphylococcal nuclease,
and apomyoglobin. Inx-lactalbumin, the absence of
observable cross peaks under molten globule or par-
tially folding conditions, along with the presence of
sharp peaks under unfolding conditions, is explained
by broadening due to intermediate exchafgy8imi-
larly, in partially folded staphylococcal nuclease,
some residues are in intermediate exchange and there-
fore apparently obscured by broadening; their cross
peaks appear under unfolding conditidisn apo-
myoglobin, two distinct partially folded states are
detected under different solvent conditidisSeveral
other partially folded and denatured proteins sample
conformations that are in fast or intermediate inter-
conversion on the nmr time scdf&.*®

The partially folded ensemble of a BPTI analogue
shows equilibria that are more complicated: there is a
slowexchange between a more ordered conformation,
P;, and a less ordered conformation, ®4*4°Each
conformation is itself an ensemble of rapidly inter-
converting conformers. Figure 1 is a diagram of na-
tive BPTI with three disulfide bonds, two in or close
to the hydrophobic core (5-55, 30-51) and one in the
flexible loops (14—-38). To move the conformational
distribution towards partially folded species, we retain
the 14-38 cross-link in the flexible loops distant from
the core?” A schematic diagram to illustrate this
process is shown in Figure 2A and B. Cysteine resi-
dues 5, 55, 30, and 51 are replacedbgminobutyric
acid (Abu). Abu is the same size (isosteric) as cys-
teine. The resultant protein favors a native-like core
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while the rest of the molecule is more flexilfeTo amide and aliphatic cross-peaks in the “random coil”
prepare fully unfolded variants, key tyrosine residues region. The deviation of the observed chemical shifts
in the hydrophobic core of the single disulfide variant from random coil values contains contributions from
were replaced by alanine. A set of chemically synthe- secondary and tertiary structural elemetitEigure 3
sized variants allows characterization of native, par- shows a comparison between native, partially folded,
tially folded, and unfolded BPTI at the same solvent and unfolded BPTFH-'H nuclear Overhauser effect
and temperature conditions. The chemical synthesis spectroscopy (NOESY) spectra. For the partially
used to access these molecules, including variantsfolded species (middle spectrum), downfield-shifted
containing stable isotopically labeled residues, is de- a-proton (=4.8 ppm), and amide signals (6.5-10.1
scribed elsewher® Structures of the resultant BPTI  ppm) are diagnostic of some native-like conformers
analogues, which are either partially folded or com- among the many conformers populated. In the un-
pletely unfolded, are characterized by two-dimen- folded spectrum (left), no peaks outside the random
sional *H homonuclear and®N heteronuclear nmr  coil envelope are observed indicating the absence of
methods. Other single disulfide variants of BPTI con- stable secondary and tertiary structures.
necting residues 5-55, or 30-51 where cysteine res- Another parameter sensitive to the chemical envi-
idues are replaced by either alanine or serine, haveronment is the nuclear Overhauser effect (NOE). For
been characterized by nifft’~*%but full analysis of ~ native proteins, the principle use of NOE in nmr
conformational exchange apparent in multiple peaks analysis is interatomic distance determination. For
was not made. partially folded and unfolded proteins, the intensity of
Partially folded BPTI, with a single cross-link in  NOE peaks is also affected by conformational ex-
the flexible loops, favors a relatively stable native-like change, and hence reflects both proximity and popu-
core, while the rest of the molecule is more disordered lation. For example, a weak peak intensity may be
and samples multiple conformations. The most stable assigned either to a long-range NOE or a short- to
part is not near the single cross-link but rather in the medium-range NOE of a less populated conformation.
slow exchange core. Multiple conformations intercon- Moreover, in partially folded and unfolded proteins,
vert slowly on the nmr time scale, giving rise to there may be NOEs for a particular residue that are
separate sets of peaks. Each set corresponds to amot consistent with one structure, suggesting that the
average conformation of rapidly interconverting con- residue is sampling different conformations. A single
formers. Figure 2C is a schematic representation of residue may have NOEs due to both extended struc-
the partially folded ensemble showing multiple dif- ture and turn-like helical structure.
ferent conformations separated by different barriers.  Slow chemical exchange on the nmr time scale is
For unfolded BPTI ensemble, there are multiple con- inferred from additional peaks in several types of
formations in fast and intermediate exchange. Even spectra. Slow exchange arises when the same proton
though there is no stable secondary or tertiary struc- has a different chemical shift in each of two or more
ture detected by CD, nmr spectra show significant conformations that interconvert on the chemical shift
differences in residual structure between the unfolded, time scale of ms or longer, thereby giving rise to a
fully reduced, and the unfolded variants with a single distinct signal for each conformation.In rotating
disulfide bond. The nmr characterization of multiple frame NOE spectroscopy (ROESY) spectra, the cross
conformations of partially folded and unfolded BPTI peaks due to chemical exchange are assigned to those
gives a microscopic view of the incremental develop- having the same sign as the diagonal peaks, while
ment of structure and of the changes in dynamics of cross peaks due to the NOE effect are of opposite
different segments of the protein. The conformational sign? In NOESY spectra, cross peaks due to chem-
diversity of unfolded and partially folded ensembles ical exchange are observed, in addition to cross peaks
of BPTI suggests that folding occurs by multiple due to NOE, if the exchange rate is of the same order
paths. At all stages of folding, native-like nonlocal of magnitude as the NOESY mixing time. In total
interactions in the core are more stable than those in correlated spectroscopy (TOCSY) spectra, cross
the rest of the molecule. peaks in the amide—amide region are easily assigned
to exchange cross peaks because no other correlations
are generally observed in this region.
NMR PARAMETERS FOR Resonance assignments for [14-331(BPTI with
DESCRIPTION OF ENSEMBLES a single disulfide bond between residues 14 and 38
and the other cysteines are replaced by Abu) were
Analysis of nmr spectra of partially folded or un- obtained from homonuclear NOESY and TOCSY
folded proteins is complicated by extensive overlap in spectra. After assignments of all residues, there were
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A b that they are “exchange” peaks of the same NH, and
ensemble not a contaminant or peptide fragment. Furthermore,
the purity of all nmr samples were verified by mass
spectrometry, reverse phase C4 high performance lig-
uid chromatography and gel electrophoresis. The ad-
. ; ditional peaks are assigned to a more disordered con-
Sy 7 formation, R, in slow exchange with a more ordered
B P i conformation, P Cross peaks that correspond to the
ensemble D : P, conformation are assigned by their NH-NH corre-
W lation to the dispersed and more easily assigned peaks
ensg‘%bm of P, and verified by identification of the respective
spin systems in full TOCSY spectra. NH-NH corre-
lations for several amide protons were observed in

Py
ensemble

FIGURE 2 Representation of partially folded ensemble in
a schematic energy diagram during folding. (A) Folding of

. . . ROESY, NOESY, and TOCSY spectra.
native protein from a denatured state (D) to partially folded T ian th | - ks in th d i
ensembles, Fand R, that are transiently populated, then to 0 assign the overlapping peaxs in the random col

native state (N), which is the lowest in energy. (B) Ensem- rgglon, we m"?‘de use of peptlde_synthefss,.to selec-
ble distribution in [14—38],,; upon removal of two disul-  tively label with >N several residues in different
fide bonds, the Pand P, ensembles are the major confor- Segments of the polypeptide chaittN—"H hetero-
mations populated at equilibrium4®s more flexible and nuclear single quantum coherence (HSQC) spectra of
hence is sampling a wider distribution (broader minima). It the selectively labeled protein show two sets of peaks
is our working hypothesis thatnd R in [14-38)y,, are  consistent with the presence of multiple conforma-
representative of the same e_nse_mbles pre_sent in nativetions in slow exchange. Figure 4 showaN—-H
BPTI. (C) A mOdel.Of the dl-StrlbUﬂon of partially folded HSQC with 15N labels inserted at nine pOSitionS. The
conformations relative to native and denatured states based . S . .

. ; population of each NH in different conformations is
on [14-38},,,, data. The partially folded state PF consists of . . . . .
a more ordered family of conformers Rlark ovals) and a obtained from peak intensities. Assignment of_d|ffer-
family of less ordered conformers, Bight larger ovals). P ent peaks for the same NH was based on their corre-
conformers occupy a large conformational space, consistentlation in *®N—"H exchange experiments. Spectra ob-
with their observed flexibility. The size, number, and colors tained at different mixing times show four peaks for
of circles reflect differences in entropy. The native confor- every NH: one for each conformation &d R, and
mation is represented in single, small, and dark circle. There two other less intense peaks for exchange between P
is slow interconversion between conformers pBRd con- and P. The correlation peaks vary with the mixing

Lortmersnof '?;']’ d":;’s’t.r?tfd bi/N_I?hr%ePbarr&es (wr:cltfmsp;ace time and allow for obtaining interconversion rate con-
etween pand R circles). Within  and R conformers stants at equilibrium conditiorfs.

there are differences, illustrated in different shapes. Differ- . . . L

ent conformers within Pand P, are also separated by Peak line widths may also be informative in spec-
barriers that are smaller iry Ffast exchange) relative to,p  tr@ of partially folded and unfolded states. The major
(intermediate exchange). contributors to line broadening are intrinsic relaxation

rate constants as well as the presence of multiple

interconverting conformations in the millisecond—mi-
still additional unassigned peaks in or close to the crosecond intermediate exchange regime. Spectra of
random coil region. The additional peaks show cor- denatured species may show different peak intensities
relations in TOCSY and NOESY spectra, indicating and line width broadening for different residues. A

FIGURE 1 Ribbon drawing of native BPTI. Colored in red is the central core of the protein, which
includes residues that correspond to the slow exchange core. The three disulfide bonds 14-38,
30-51, and 5-55 are in yellow.

FIGURE 5 A model of the ensemble of the partially folded BPTI analogue [14538The more
ordered conformation, (Pof the central antiparalleB-sheet between residues 18-35 favors a
native-like conformation (blue). A small population of the residues is in a more disordgred P
conformation (not shown in this drawing but illustrated in Figure 6). The spwitidge, B-turns,

and first turn of the C-terminal helix have a less favored native-lji@Rformation (light blue). The
rest of the molecule is disordered and samples two families of conformatj@amsif®, that are both
non-native (two sets of dotted lines).
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FIGURE 4 'H->N HSQC spectrum of [14-3g],, with **N labels inserted at nine sites. The
additional peaks (labeled u) are assigned to a less ordered conformationsi®w exchange with

a more ordered conformation;, Pepresented by (f) peaks. A relaxation deldB® was used; this

is sufficiently longer tharT; values to permit quantitative volume integration. The relative popu-
lation of P, and R, are determined from peak intensities. Ala 27 (u) is too broad and hence not
observed at the noise level plotted here. The spectrum was acquired at pH 5.0 and 5°C. At higher
temperature, the intensities of the (f) peaks decrease while those of (u) peaks increase. The
temperature dependence curve is shown in Figure 7 (right).

dramatic difference in peak broadening is observed folded BPTI leads to longer; andT,, and negative or
for residues in the Pconformation of the partially  small positive NOES>>* To obtain spectral density
folded BPTI analogue. For example, in the HSQC functions J(w), for both conformations Pand R,
spectrum of Figure 4, the line width of 22 (u) corre- standard equations reviewed in Daragan and Mayo
sponding to the P conformation is 40 Hz, signifi-  were used.

cantly broader than the line width of 6 (u) of 16 Hz.

Differences in line broadening among residues imply UT, = (d¥4) [Ny — oy) + 3oy) + 6J(wy

that B, samples many conformations with residues in + op)] t+ Kesa (o)

the core, i.e., 22 and 33, being in a more ordered  1/T, = (d%8) [4J(0) + Jwy — o) + 3I(wy)

conformation than residues 4, 6, and 48. + 6J(wy) + 6wy + wy) + Kega 16) [BI(wy)
A number of multidimensional, multinuclear nmr — J(0)] + R

techniques are available to evaluate the conforma- NOE = 1 + (d%4) (yu/yn) [6d(0y + wy)

tional equilibria of proteins on faster time scafés? —Jwy — o)l

Table 1 summarizes the kind of information obtained

from nmr experiments. The usefulness of these mea- where CSA is the chemical shift anisotropy that leads
surements in denatured proteins is in identifying the to an additional significant relaxation contribution, d
segments that are motionally restricted in the absenceis a proportionality constant, ang,, y, are the gy-

of stable secondary and tertiary structures. For mo- romagnetic ratios of H and N, respectively. The val-
tions on the picosecond—-nanosecond time scale, re-ues ofT,, T,, and NOE have the exchange contribu-
laxation parameters obtained from (longitudinal tion factored out as shown elsewhére.

relaxation time constant)T, (transverse relaxation Since there are five frequencies and only three
time constant), and NOE data give qualitative infor- relaxation parameters measured, the values of spectral
mation about local flexibility. For example, local density functions may not be extracted without as-
anisotropic motion in disordered segments of partially sumptions. In the model-free spectral density ap-
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Table | Relaxation Parameters for Fast and Intermediate Motions

NMR Parameters Information
Experimental parameterd {, T,, NOE) Local flexibility and internal mobility
Spectral densitiesJ(0), J(w,), J(w,,)) Global tumbling and internal mobility
Motional order parametersSt) Restriction of internal motion
Overall correlation timetg) Overall tumbling and compactness
Low T,, high J(0) Intermediate exchange

proach of Lipari and Szabo, the assumption is that the folded BPTI variants, different segments of the pro-
macromolecule tumbles isotropically in solution. This tein undergo either fast or intermediate exchange. We
means that the correlation function describing the have characterized the structure in unfolded and par-
dynamics of the amide bond vector can be separatedtially folded BPTI, in the studies outlined below, at
into fast internal motion® and ), and slow overall a wide range of time regimes from picosecond to
molecular tumbling £,). Order parameter§’ are a second.
measure of the restriction of motion at nanosecond or
faster time scales. Large values 8t imply more
order (anS’ of 1 refers to complete restriction). The PARTIALLY FOLDED ENSEMBLE
correlation timer, characterizes the tumbling of the
molecule with higher values corresponding to a more At low temperature and pE- 4.5, [14-38),,,, is an
expanded state. The characterizes the internal mo- ensemble of partially folded conformations, collec-
tion of the bond vector. tively abbreviated PF. The structural features of PF
An alternative approach that we have used as well (Figure 5 Please see page X) were inferred from nmr
is the spectral density mapping approach, which has chemical shifts, hydrogen exchange rates, and local
the advantage of not requiring the assumption of and nonlocal NOEs. Separate peaks in two-dimen-
isotropic tumbling. The method relies on the simpli- sional (2D) homonuclear and heteronuclear spectra
fication of the above expressions by replacing the were assigned to two (and in one case, three) confor-
linear combinations of the values of the spectral den- mations in slow exchange; for each NH there is a
sity function evaluated ab,, and vy * wy with a cross peak for a less ordered conformatignaRd a
single spectral density terffi. This is a preferred  cross peak for a more folded conformation Within
method for analysis of dynamics of denatured states Pr and R, are multiple conformers that are similar in
because isotropic tumbling assumption may not be energy, and all of which are possible folding interme-
valid. Greater mobility is indicated by lowg(0) and ~ diates (Figure 2). It is our working hypothesis that
J(wy), and higherJ(w,,). Nonrandom regions of the =~ modification of the native state does not alter the
protein that are in intermediate exchange are identi- characteristics of f2so that the partially folded con-
fied by lowT, and highJ(0) values since they contain  formations that we observe are representative of
contributions from motions slower than overall tum- short-lived intermediates populated during folding to
bling. the native protein.
For a rapidly interconverting ensemble of confor- ~ For each NH, PF consists of al} Bnd R, confor-
mations, chemical shifts, NOE intensities, coupling mations.
constants, and relaxation parameters are averaged to a
single value for the entire ensemble. If the conforma- PF=P + Py 0
tions interconvert more slowly on the nmr time scale,
nmr parameters give information about separate con- P; and R, are in equilibrium,
formations. While most partially folded proteins re-

port exchange in the fast or intermediate time scale, P =Py (1
the partially folded BPTI analogue shows a slow
exchange between families of conformations g§Rd with interconversion rate constants on the millisecond

Py, that within themselves are undergoing fast and or longer time scale. The;Bonformation, like the P
intermediate conformational exchange. This slow ex- conformation, is itself an ensemble of conformers
change allows for characterization of individual par- with interconversion rates ms. PF undergoes global
tially folded conformations at equilibrium. In un- unfolding to a denatured state, D. The interactions
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Table Il Relative Populations® of Partial
18] 5p, at 5°C

lly Folded Conformations of [*4~

% P % P % P, % Py
Residue Native-Like Non-Native Ordered Disordered
4,6 40 60
22, 29, 33 75-95 5-25
12 40 60
37 20 60 20
40, 45, 48 25-40 60-75
25 60 40
27 90 10
28 40 60
56 20 80

2Percentages are approximate relative vo

within P4 and D are representatives of folding initia-
tion events.

PF=D ()

Structure of Component Conformations

To determine the ordered structure of [14-38]
assignments of chemical shifts, long-, medium-, and
short-range NOEs, and hydrogen isotope exchange
rates were obtained. Figure 5 shows a model of the
structure of the ensemble of conformations, the ma-
jority of which have the 18—-24 and 29-35 antiparallel
B-sheet native-like (blue). The smalB-bridge,
B-turns, and first turn of the C-terminal helix fluctuate
between native-like and non-native-like conforma-
tions (light blue). In the rest of the molecule, residues
sample multiple non-native conformations (dotted
lines). Residues of the antiparall@sheet are the

lumes of exchange cross peaks.

[14-38],,, also results in the loss of the partially
folded structur€® Abu has an ethyl side chain that is
more hydrophobic than the methyl group in Ala.

We conclude that partially folded BPTI analogue is
an ensemble of conformations that have a relatively
stable core. The stable structure is not in the vicinity
of the 14-38 disulfide bond but rather is in the hy-
drophobic slow exchange core. The role of the disul-
fide bond is to lower the entropy of the denatured
state, thereby shifting the equilibrium toward a par-
tially folded ensemble with more ordered structure in
the core. This idea will be revisited in the description
of the unfolded state below.

Relative Populations and
Segmental Motions

To characterize the conformations that interconvert
slowly on the nmr time scale, we use heteronuclear

slowest to undergo hydrogen isotope exchange, fur- nmr on selectively®N-labeled protein. Fifteen stra-
ther verifying that the core is less accessible to solvent tegically placed®N-labeled residues provide micro-
than the rest of the molecule. Hydrogen isotope ex- scopic probes of relative populations of the more
change reports the exchange of NH to ND, while folded R, and the more disordereg,fnterconverting
chemical exchange reports the exchange of the sameconformations. Table Il lists the percentage of popu-

NH between two conformations.

NOE analysis indicates that the main tertiary in-
teractions involve hydrophobic contacts with the rings
of Tyr 21, Tyr 23, and Tyr 35. Hence the structure is
stabilized by hydrophobic interactions in the core that
are both local (side chains of Tyr 23 to Ala 25) and
nonlocal (side chains of Tyr 21 to Ala 48, and Tyr 35
to lle 18)2° The loss of structure upon removal of Tyr
21 or Tyr 23 corroborates the idea that hydrophobic
interactions in the core are the determinants of stabil-
ity.>” Consistent with this idea, replacement of the
four cysteines with alanine instead of Abu to give

lations in R and R, and whether they are in a native
or non native-like conformation. It is important to
note that Pand R, are assigned based on their relative
ordering, where Pis the more ordered.;Fnay be
either native or non-native, as shown in Table II.
Residues in the core (22, 29, and 33) report 75-95%
native-like and 5-25% disordered conformation,
while those in the3-bridge and first turn of the helix
(45 and 48) report 25—40% native-like conformations
and the rest disordered. For residues 4 and 6, which in
native BPTI are in the N-terminal helix, both #0%)

and R, (60%) conformations are disordered.
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FIGURE 6
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FIGURE 8 Far-uv CD spectra of BPTI variants.

[R]Abu
Y23A

Y21A
[14-38]Abu
Native BPTI
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The three turn residues vary in the percentage; of P

and R, conformations at low temperature. The major
conformation for Ala 25 and Ala 27 is;Pwhile Gly
28 is R, implying that the turn is flexible. For residues
in the flexible loops (12, 16, and 40), the major
conformation is . There are three observed confor-
mations for 37 with the minor (10%) native-like and
the other two are non-native. The Gly 37 NH in native
BPTI has a very unusual upfield chemical shift arising
from a polar interaction with the center of the Tyr 35
ring.>®

We conclude that in different parts of the molecule,
populations of folded vs disordered conformations
vary. Thus, partially folded [14-38], undergoes
local fluctuations that are not components of its global
cooperative unfolding. A schematic diagram that em-
bodies these ideas is shown in Figure 6.

Interconversion Rates

Several conclusions are apparent from measure-
ments of P and R, interconversion rates. First, there
are slow, independent, local fluctuations between P
and R involving different segments with substantial
energy barriers. Second, the rate fetd’P, varies in
different parts of the molecule, and is lowest for core
residues. Likewise the rate foy;®o P varies, and is
highest for a turn and a core residue.

Intermediate and Fast Motions

I5N-nmr relaxation measurements have been reported
for several partially folded proteirf8°° Values of
order parameters in nonordered regions range from
0.05 to 0.4 while for ordered segments, they are as
high as 0.9. High order parameters are observed for
core residues when the core is intact while low num-
bers suggest that the core is disrupted. Another pa-
rameter that was used to indicate presence of structure
is line broadening due to intermediate exchange.
Partially folded and unfolded proteins have resi-

To obtain interconversion rate constants betwegen P dues that exhibit exchange broadening; these re-
and R, experiments were carried out at 7°C, the gions are considered to be folding nucleation sites.
temperature at which segmental local fluctuations are For partially folded BPTI, we characterize the dy-
favored. The selectively labeled samples give un- namics at individual residue sites of both confor-
crowded spectra and allow quantitative extraction of mations R and R.

intensities from well-resolved cross peaks and their

cross-correlation peaks. Exchange spectra acquired aDynamics of R. Based on data obtained from pa-

different mixing times show peaks arising fromand

P, and two cross-correlation peaks of lower intensity
for the forward reaction, /o P,, and the reverse, P
to P.. Rate constantk, andk_, are obtained for each
residue (data shown elsewhef2)values ofk, vary

rameters shown in Table |, the; Bonformation is
more compact and more ordered relative tfo®rder
parameters of Pare around 0.8—-0.9 for the core
residues and slightly less for the outer segments.
These numbers are similar to order parameters of

about an order of magnitude for different residues and folded proteins with a rigid core. There are few vari-

range from 0.045 s to 0.44 & Core residues 22 and
33 have the smallest,, consistent with NOE and

ations within R along the polypeptide chain. The core
residues 22, 29, and 33 are more ordered than the

hydrogen exchange results that indicate a native-like others, while the N-terminal and part of the C-termi-

stable core in partially folded [14-3§],. Values of
k_, range from 0.1 to 0.88°¢ and are largest for turn

nal segments 4, 6, and 56 are least ordered. No evi-
dence of intermediate motions is detected; instead, all

residue 27 and core residue 33. The fast rates ob-conformers within Pinterconvert rapidly. Higher dis-
served for 27 and 33 relative to other residues suggestorder in R of residues 4 and 6 are consistent with the

that the turn is a nucleation site for formation of the

stable core, and the core residue is part of an addi-

tional nucleation site. DifferentRo P, interconver-
sion rates complements our finding of differepeRd
P4 populations.

absence of medium- and long- range NOEs. This
shows that while Pof the N-terminal segment is more
ordered than R it is less native-like and more mobile
than R conformations of centralB-sheet, turn,
B-bridge, and first turn of the C-terminal helix.

FIGURE 6 Schematic representation of the conformational ensembles of [14s:3B] the
partially folded state, PF, and the unfolded state, D. Red circles show the positions of residues
labeled with*>N. Foreach®N-bound*H in partially folded [14—38],,.,, there are both slowsms)

local fluctuations (top) between;Pa more folded conformation, and,Pa more disordered
conformation. At higher temperature the NH may also be in D, a globally denatured conformation
(bottom). The labels PP, and D are for residues 4 and 22 in each specific conformation.
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FIGURE 7 Temperature dependence of CD molar ellipticity at 220 nm (left) and nmr cross-peak
volumes for residue 22 (right). The {Burve” is the variation of (f) cross-peak volumes of Figure

4 with temperature (circles) and the jP D curve” is the variation of (u) peak volumes with
temperature (squares), since there is no difference in chemical shift detected bejwedrDP The
dashed line is a fit to individual (f) curves. Solid lines represent the simultaneous fits to all (f) and
(u) curves of other residues. THe, obtained by CD is 19°C and by nmr is 15°C for residue 22.

Dynamics of R. The overall correlation time, of that interactions in the core are more stable jraB
10.1 ns for R indicates that it is more expanded well as in R relative to the rest of the molecule.
relative to R (7, of 8.4 ns). These results are not
surprising in light of our assignment of fas the more Characterization of the Transition
disordered conformation. However, new features of Between PF and D

P, emerge from the present results: withiptRere are

differences in the dynamics at the various sites along So far we have shown that the partially folded ensem-
the chain. Motions on the picosecond—nanosecondble, PF, is a mixture of slowly interconverting con-
time scale are greatest for the N-terminal segment, formations P and R. We have characterized the
followed by the 45—-48 segment, and least for core and structure, dynamics of different conformations, their
turn residues. Order parameters of all NH groups relative population, and interconversion rates at low
except for those in the core are in the 0.35-0.5 range. temperatures (1-7°C). At higher temperature, the par-
This value is similar to order parameters of flexible tially folded ensemble is destabilized and a denatured
linkers and loop regions of proteiiéValues for core ensemble D is populated. Figure 6 shows a schematic
residues are in 0.6—0.7 range, smaller than those in P presentation of the different conformations populated
but significantly higher that the rest of.PA second at 7°C (upper part) and after unfolding at temperatures
indication of differences in dynamics at the various above 15-19°C (lower part). The model diagram for
backbone sites is that core residues 22 and 33, andthe denatured ensemble is based on NOEs and chem-
turn residues 25 and 27, undergo intermediate ex- ical shifts of unfolded [14-38],,. [14—38, is ei-
change among Jfconformers on the microsecond— ther unfolded at elevated temperature or by point
millisecond time scale, indicated by diminishdd mutations of key residues that cause loss of the par-
and higherJ(0) for these residues, while the other tially folded structure.

residues are in fast exchange. Intermediate exchange

was also verified by a short&y at higher field (600 vs ~ Stability. The stability of partially folded [14—-38],,

500 MHz). Intermediate exchange of core and turn is measured using heteronuclear nmr of selectively
residues in Ris consistent with observed deviations labeled species. By measuring the intensity of the NH
from random coil NH chemical shifta\@); for exam- signal in*H-""N HSQC spectra at temperatures be-
ple, Ala 27 (0.52 ppm), Phe 22 (0.37 ppm), and Phe tween 1 and 35°C, we obtain thermal unfolding
33 (0.32 ppm; Figure 4). Intermediate exchange, to- curves for individual residues in two different confor-
gether with nonrandom chemical shifts and picosec- mations. Figure 7 shows representative data for one
ond—nanosecond dynamics, show thgtcBnformers residue in two conformations; Rnd R,. For residue

of 22, 25, 27, and 33 include more ordered species 22, 75% of the population is in the Bonformation in
than R conformers of other residues. We conclude exchange with the Pconformation in the 1-10°C
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temperature range. Each residue shows a differentconformation$® Denatured states consist of numer-
preequilibrium before unfolding—for example, resi- ous interconverting conformations that are unpacked
due 6 is 40% P Different populations imply that to varying extents, and this critically influences how
various segments of the protein vary in the extent to their structural properties are deciphered by Afnr.
which they are disordered in the partially folded en- We have described methods for identification of the
semble. We refer to this process as segmental fluctu-segments that are most ordered in partially folded
ations** Global unfolding, an equilibrium between ensembles. In this section we review the nmr charac-
the partially folded and denatured ensembles (PF andterization of “residual” ordered structure in unfolded
D), is dominant as the temperature is raised above theBPTI. Analogues of unfolded BPTI are chemically
transition midpoint. While segmental fluctuation is synthesized, reduced BPTI, [R], with all six cys-

not cooperative, global thermal unfolding displays teines replaced by Abu, and two unfolded variants of
features of a cooperative transition, i.e., a similgr [14-38)\,—Y21A[14-38],,, and Y23A[14-38],—

of 15°C for different residues. The deviation from obtained by chemical synthesis of [14-38] with
standard two-state folding/unfolding is indicated by a Tyr 21 or Tyr 23 replaced by alanine. Tyr 21 and Tyr
difference inT,, measured by CD vs nmr, 19°C for 23 were chosen for mutation because they are in-
CD vs 15°C for nmr, and a small reproducible differ- volved in important nonlocal and local hydrophobic
ence inT,, values between the N-terminal residues interactions in partially folded [14-38],,. All three
and those in the core (17 vs 15°C). Thg, value proteins show almost identical CD spectra (Figure 8
obtained by CD is not concentration dependent (Bar- Please see page 200) but their nmr spectra indicate
bar, unpublished data), and hence the difference be-subtle differences. Here again, we demonstrate the
tween CD and nmr is not due to aggregation. It is utility of nmr in characterizing minor conformations
probably because CD is a macroscopic measure of anof proteins in which the CD spectra show no stable
ensemble averaged signal, while nmr is a microscopic secondary and tertiary structures. The nmr technique
measure of the effect of unfolding at specific sites also probes differences in “residual” structure among

within the molecule.

Interconversion Rates at Unfolding ConditionsThe
interconversion rates between &d D were mea-
sured at 18°C, where the transition to D is favored. At
temperatures much above thg (>18°C), the inten-
sities of the (f) peaks are completely diminished, not
allowing for exchange experiments to be performed.
Peak intensities for both (f) and (u) are needed for rate
measurement. At 18°C, (f) cross peaks are still mea-
surable and report;Pand (u) cross peaks primarily
report D;k; andk_, are rate constants for the transi-
tions of R to D and D to R, respectively. The rates
obtained are similar for different residues, showing
that thermal unfolding is more cooperative than seg-
mental fluctuation with a 3-fold variation in rate con-
stants compared to 10-fold. The small difference in
folding/unfolding rates, however, is consistent with
the lower degree of cooperation and the deviation
from two-state unfolding of Pto D observed for
thermal denaturation.

DENATURED ENSEMBLE

The nmr studies of denatured states give insight into
the conformations and interactions favored in initial
stages of folding, and in early intermediates formed
during folding. Similar to partially folded, denatured
proteins cannot be thought of as having one or a few

denatured states. Our results show that the denatured
ensemble of BPTI is not a fully random coil but
collapsed with some ordered structGPe® There are
several interesting differences among the denatured
states. Unfolded reduced BPTI with all three disulfide
bonds broken sample non-native conformations that
are absentin the unfolded 14—-38 BPTI analogues.
Moreover, NOE pattern and exchange broadening dif-
ferences are observed between the two single disulfide
analogues.

Structure

[Rlapws Y21A[14-38],, and Y23A[14-38],, are
unfolded based on their CD spectra (Figure 8) and the
loss of chemical shift dispersion in the two-dimen-
sional*H-nmr spectra (Figures 3 and 9). The presence
of ordered structure, however, is inferred from devi-
ations of chemical shifts from the random coil enve-
lope. For example, the Ala 27 and Ala 40 NH chem-
ical shifts show a 0.5 ppm deviation from the random
coil region in Y21A[14-38),,,, but are in the random
coil region in Y23A[14-38],, and reduced BPTI.
This upfield chemical shifts shows that there is more
ordered structure in one variant relative to the other.
Other residues that display dramatic chemical shifts
differences are Gly 12 and Gly 37 NH. In reduced
BPTI, both Gly residues interact with Tyr rings two
residues away resulting in an upfield shifted chemical
shifts/%"* These interactions are not observed in the
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FIGURE 9 1H TOCSY spectrum of Y21A[14-38],,
with NH-CaH assignments. Diminished intensity in some
NH-CaH cross peaks is due to intermediate exchange line
broadening on the microsecond—millisecond time scale.
Cross peaks in reduced BPTI spectra show similar intensity,
indicating fast conformational exchange for residues (data
not shown).

other unfolded variants since no upfield shift nor
NOEs to Tyr ring are observed. In partially folded
[14 38\, Gly 37 NH is observed in 3 conformers
with different chemical shift§® implying that the
interaction with Tyr 35 is strong in two conformers,
while the third conformer is disordered. In native
BPTI, the 35-37 aromatic—NH interaction shifts Gly
37 NH to around 4 ppm?®

Ordered structure was also inferred from sequen-
tial and medium-range NOEs. In reduced BPTI, there
are strongnon-nativeamide—amide NOEs indicating
turn-like conformations in one segment that corre-
sponds to an extendgdistrand in native BPTI. These
NOEs are present to a smaller extent in Y23A[14—
38la,, @nd are completely missing in Y21A[14—
38lapus Where they are replaced by native-like NOEs.
In Y23A[14-38],;,, and Y21A[14-38},,, there are
few native-like backbone amide—amide sequential
NOEs for segments that correspond to the first turn of
the C-terminal helix, the N-terminal helix, and turns
in native BPTI. Aromatic—aliphatic NOEs are mostly
local and they correspond to core residues in native
BPTI. Both native and non-native NOEs are observed
in reduced BPTI, but in the variants with a single
disulfide, non-native NOEs are replaced with native
nonlocal contacts that are mainly hydrophobic. Based

on the intensity and number of NOEs, Y21A[14—
38]ap, Shows the most ordered native-like structure
relative to other variants. A model of unfolded BPTI
based on the structural data is shown in Figure 10,
illustrating that unfolded BPTI is collapsed and that
there are structural differences observed in the unfolded
state upon introduction of a single disulfide bond.

Chemical Exchange and Dynamics

Intermediate conformational exchange in unfolded
[14-38],,,, variants was inferred from peak broaden-
ing in homonuclear TOCSY spectra (Figure 9). Inter-
mediate chemical exchange results in a signal that is
broadened, while fast or slow chemical exchange
gives a single average signal or separate signals for
each conformation, respectively. In both unfolded
[14-38],,, variants, there were narrow and broad
peaks in the same spectrum. Resonance assignments
of all peaks revealed that the ones with the most
severe line broadening correspond to residues in the
hydrophobic core of native BPTP. In contrast, resi-
dues in theN-terminal segment and the first part of
the C-terminal helix (48-53) undergo fast chemical
exchange, resulting in intense cross peaks in TOCSY
and NOESY spectra. These same residues exhibit
strong sequential &H-NH NOEs as well as strong
sequential NH-NH NOEs, implying that tHel signal

is averaged over both extended and turn-like confor-
mations. The spectra of reduced BPTI in comparison
show uniform line widths for almost all residu&s.
Changes in chemical exchange broadening are con-
sistent with the likelihood that formation of the disul-
fide bond introduces a small increase in the population
of partially folded structures.

The interesting conclusion from chemical ex-
change broadening is that intermediate exchange is
localized in the region that corresponds to the hydro-
phobic core in native BPTI. More order in the core
residues is supported by heteronuclear relaxation
measurements performed on unfolded [14 x38ht
an elevated temperatufe While exchange broaden-
ing indicates ordered structure on the millisecond—
microsecond time scale, dynamics measurements on
the nanosecond—picosecond time scale also show a
distinct difference in flexibility, with the most order
being in the region corresponding to the slow ex-
change core. A schematic drawing of the ensemble of
unfolded BPTI with a single disulfide bond is shown
in the bottom part of Figure 6.

Hydrodynamic Measurements

The hydrodynamic behavior of unfolded and partially
folded BPTI was examined by pulsed-field gradient
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Unfolded [14-38],,

FIGURE 10 A model of unfolded BPTI with a single disulfide compared with reduced BPTI.
Both have compact structure with more order in the core. Non-native interactions, shown in blue,
in reduced BPTI between residues 29 and 35 are replaced by native-like extended conformations in

unfolded [14-38],.

nmr experiments that measure the translational diffu-
sion coefficient of a molecule in solution. Pulse-field

the residual structure is inferred from short- and
medium-range NOEs, exchange broadening, chem-

gradients allow for generation of a gradient across the ical shift dispersion for few residues, smaller hy-
sample, which can then be used to measure diffusion drodynamic radii than random coil, and consider-

of the molecule and therefore probe the molecular
radius’? The hydrodynamic radii of unfolded and
partially folded variants show significant expansion
when compared to native. The hydrodynamic radius
for native BPTI is 15.2 A, while both reduced BPTI,
and unfolded [14-38],, have similar hydrodynamic
radii of 20.6 and 20.7 A, respectivef§.These num-
bers indicate that unfolded BPTI is more collapsed
than random coil (estimated radius of 23.6 A). Par-
tially folded [14-38},,,, is fairly compact with a ra-
dius of hydration of 18.1 A, expanded by about 19%
relative to native.

Denatured States of BPTI Differ in
Their Ordered Structure

Denatured BPTI is not a random coil but is col-

lapsed. To summarize our results from nmr studies,

able order on the fast nanosecond—picosecond time
scale. The important outcomes are 2-fold: First, the
compact structure detected in unfolded BPTI cor-
responds to the slow exchange stable core in native.
This demonstrates that there are collapsed species
organized in the core segments in the unfolded
ensemble, a very interesting conclusion. Second,
there is a significant difference in the distribution of
conformational substates of unfolded reduced BPTI
as compared to unfolded BPTI with the 14-38
disulfide crosslink. The strikingaon-native amid-
e—amide and aromatic—aliphatic NOEs of contigu-
ous residues of one segment 29-35 in reduced
BPTI are not present in Y21A[14-38], and
Y23A[14-38]y,,. In addition, specific differences
between Y21A[14-38],, and Y23A[14-38},,
indicate that replacement of Tyr 23 results in less
ordered structure than replacement of Tyr 21. These
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differences are consistent with multiple folding

ing folding, there is an ensemble of nondiscrete con-

pathways of different denatured states present at theformations that are native-like and productive in their

starting points of folding.

CONCLUSION

path to the native.

The author thanks Professors Clare Woodward and George
Barany at the University of Minnesota for excellent collab-
oration and support. This work was supported by NIH

We have obtained perhaps the most complete ensem-grants GM 26242 (CW), GM 51628 (GB and CW), and GM

ble description of partially folded and unfolded pro-
teins. We take these as models for transiently popu-
lated intermediates during early folding events. The
chemically synthesized variants offer an experimental
system for characterization of the interconverting con-
formations populated in initial stages of folding. The
slowly interconverting multiple conformations allow
characterization of new ensemble parameters, includ-
ing the number and structure of compact conforma-
tions, their dynamics, relative population, and inter-
conversion rates. The most ordered, native-like region
is in the secondary structural elements that make up
the slow exchange core. Similarly, unfolded states are
also ensembles of conformations. There is consider-
able nonrandom structure in unfolded BPTI, the struc-
ture is compact and displays significant differences
among denatured states.

The role of the disulfide bonds in BPTI folding has
been the subject of several controversies and re-
views.”*"® Our results suggest that when any one of
the native disulfide bonds is formed, the core is sta-
bilized while the rest of the molecule is more flexible.
Stabilization of the core is primarily a chain entropy

effect on the denatured states, where stable unfolded12.

conformations are eliminated from the distribution
and the more favored collapsed conformations are
formed. When 14-38 is the only cross-link, ordered
structure is formeahot in the vicinity of the disulfide
but in the slow exchange core distant from the disul-
fide. Further, the order of disulfide bond formation is
not a critical factor in folding. Any single disulfide
bond leads to native-like structure in the core. The
role of the second and third disulfide bonds is to
eliminate flexible conformations of segments outside
the core. In the unfolded ensemble, the 14-38 disul-
fide destabilizes non-native conformations and
thereby shifts the conformational ensemble towards
partially folded structures.

In all partially folded and unfolded states, the or-
dered structure is in the most stable core. This is
consistent with the hypothesis that the residues that
are the first to fold go on to form the most stable,
structure-determining part of the protéfhThe en-
semble nature of both partially folded and unfolded
states supports the idea of multiple folding routes
instead of a single trajectory. At different stages dur-

17341 (EB).
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