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ABSTRACT: The NMR characteristics of [1438]apu, @ Synthetic variant of BPTI that is partially folded in
aqueous buffer near neutral pH, support a model of early folding events which begin with stabilization of
the nativelike, slow exchange core [Barbar, E., Hare, M., Daragan, V., Barany, G., and Woodward, C.
(1998) Biochemistry 377822-7833 (1)]. In partially folded [14-38]apu, Urea denaturation profiles for
representative amide protons show that global unfolding is non-two-state and that core residues require
a higher concentration of urea to unfold. Dynamic properties of pH-denature®gl4,, and fully reduced

and unfolded BPTI analogue were determined from heteronuclear NMR relaxation measurements at similar
solution conditions. Differences at various sites in the polypeptide chain were evaluated from spectral
density functions determined frof, T,, and steady-state heteronuclear NOE data. Although denatured
[14—38]apu CONtains no persistent secondary structure, its most ordered residues are those that, in native
BPTI, fold into the slow exchange core. The fully reduced analogue is significantly more mobile and
shows less heterogeneous dynamics, but’&t,Irestricted motion is observed for residues in the central
segments of the polypeptide chain. These observations indicate that there is a developing core or cores
even in highly unfolded species. Apparently the effect of-38 disulfide on unfolded BPTI is to
preferentially order and stabilize residues in the core.

The structure and dynamics of intermediates formed during replaced by Abu, and unfolded [#88]any that has been
protein folding are refractory to characterization because theydenatured by pH, temperature, or amino acid replacement.
are heterogeneous and their lifetimes typically fall below the For intermediates populated at middle stages of folding, our
resolution of conventional techniques. The structural hetero- model is partially folded [14 38]an,, @ Synthetic variant of
geneity is related to the multiple, parallel pathways for fold- BPTI with four of the six cysteines replaced lyamino-
ing from a denatured ensemble to a native state; intermediatesdutyric acid (Abu) which is isosteric with cysteine.
formed during the process are not well described as one or In the course of our studies, a general hypothesis has
a few average structures, but rather as families of conforma-emerged, that the slow exchange core is the folding core
tions 2—4). To produce proteins representative of the (12). Slow exchange refers to the hydrogen isotope exchange
conformational ensembles transiently formed at various of amide NH groups with solvent water. If the hypothesis is
stages of folding, a number of methods are used to obtaintrue, the implication is that regions of the polypeptide chain
denatured forms that are unfolded to various degrées (  that most favor ordered structure before and during folding
9). Our approach is to use chemical synthesis to prepareare those that after folding compose the slow exchange core.
protein variants that are partially folded or fully denatured Ensuing questions include the following. Is ordered structure
near physiological pH without added denaturant, so that detected in core residues of fully unfolded proteins? In
comparisons among them at similar temperatures and bufferpartially folded species, how do core residues differ from
conditions are simplified10, 11). For very early stages of other residues with regard to structure, dynamics, and
protein folding, our models are unfolded variants of BPTI behavior during global denaturation by temperature or urea?
that have no secondary or tertiary structure detected by CD The question of nascent ordered structure in fully unfolded
or NMR. These include [R}y in which all six cysteines are  BPTI is answered in part by previous studies and in part by

experiments reported here. Table 1 lists the unfolded and
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Table 1: Partially Folded and Denatured BPTI Species
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% s S =
Tat 38’-. ’
partially folded [14-38]apu, PP denatured [1438]apy, Daa-3sf [R]abu®
study ref study ref study ref
structure, pH 5, IC 13  dynamics, pH 4.5, 18C 1 structure of [Rhwy, pH 4.5, 1°C 17
thermal unfolding, pH 5 12 dynamics, pH 3.8, 7C e dynamics of [Rleu, pH 5, 1 and 7C e
dynamics, pH 4.5, 7C 1 structure of mutants Y23A, Y21A, pH 4.5,°C 18  dynamics of [Rjpu, pH 3, 7°C e

urea-induced unfolding, pH5 e

a Ribbons represent segments where the native structure is retained. Dotted lines indicate unfolded regions, and closed circles indicate the positio
of the 15N labels.? PF is an equilibrating ensemble of the partially folded conformatigram@ R, of [14—38]ap, at pH 4.5-5 and +-7°C.¢D is
[14—38]any denatured by pH<4 or temperature- 15 °C. 9 In [R]anu, BPTI is completely reduced by replacement of all cysteines with Alitis
study.

Fully unfolded [Rho, Shows evidence of nonrandom struc- 38]ap, it is significant that a shallow pretransition baseline
ture, and is more compact than a ‘random cdiB){ unfolded is observed, implying that{PPy4 interconversions are not
variants of [14-38]anu, With single site mutations Y21A or  highly temperature or urea dependent.
Y23A, also have NMR-detected orddr4). New data in the
present work include NMR-detected dynamics ofRhnd MATERIALS AND METHODS
of pH-denatured [1438]ap,, referred to as Bs-zs The
dynamics of individual residues in an unfolded polypeptide
reveal the segments of the chain where mobility is restricted
and nonrandom contacts are favoreld (5-18). NMR
parameters determined from measurement3,0fT,, and
heteronuclear NOEs indicate that in botfDss) and [Rhp
some regions of the unfolded chain are more ordered than
others. Comparison of [R], to Dq4-3g) variants shows the
effect of the 14-38 disulfide on transient order in the
unfolded ensemble.

The second question, regarding the behavior of core
residues in partially folded [1438]anu, Must be answered
in the context of its conformational heterogeneity. Consider-
able structural complexity arises from the ensemble nature
of the partially folded protein. Since the molecule is

Sample PreparationSynthetic BPTI variants were pre-
pared by automated Fmoc solid-phase synthesis using
methods described elsewher24), The positions of*°N-
labeled backbone amides in various BPTI analogues studied
are shown in Table 1 as circles on the polypeptide chains.
Not all positions are labeled in every synthesis. Here; {14
38]abu Was prepared as in ret) with N at residues 4, 6,
22,25, 27, 28, 33, 45, and 48. For jR] N is incorporated
in the peptide amides of the N-terminal helix (Phe 4, Leu
6), in the antiparalleb-sheet core (Phe 22, Leu 29, Phe 33),
in the turn (Ala 25, Ala 27, Gly 28), in thg-bridge (Phe
45), in the C-terminal helix (Ala 48), and in the flexible loops
(Gly 12, Ala 16, Gly 37, Ala 40, Gly 56) (Table 1). Amino
acid analyses and electrospray ionization mass spectra of the

synthesized with selectiV@N-labeling at nine positions, each purified proteins were in good agreement with theoretical
backbone amidé&NH is a microscopic probe that samples values. ) o

the array of conformations collectively abbreviated B8)( N-D(14-38) Was prepared at pH 3._5 by dialysis in 50 mM
In the PF ensemble, segmental (local) fluctuations result in 2cetate buffer. At this pH, there is no stable secondary
interconversion of individual NHs between conformational Structure detected by either CD or NMR. [g]samples were
families R and R, (1). P, and R, are not different conforma- dialyzed in 50 n_1M acetate, at elther pH 5 or pH 3. AllNMR
tions of the molecule. Rather they represent, for a specific S8mMples were in the concentration range of-@2 mM.
amide NH, microscopic families of conformations that are ~ Samples for urea denaturation were prepared by dialysis
separated by energy barriers sizable enough to givé®P  Of N-[14—38]as, in 50 MM acetate buffer, pH 5. The
interconversion rates of less than milliseconds (slow ex- protein was titrated with increasing concentrations of urea
change on the NMR time scale). Such barriers may be (from an 8 M stock solution, exchanged in,O and
general for folding intermediates, as conformational exchangelyophilized). Each sample was allowed to equilibrate over-
broadening is reported for other partially folded proteins night to a final concentration of-62 M urea before data
(20—22). In partially folded [14-38] anu, the most ordered, ~ acquisition at 5°C.

nativelike structure is in core residues, as detected by NOEs NMR SpectroscopySpectra were collected on Varian
(23) and by dynamics1). For individual amide groups in  Inova 500 or 600 MHz spectrometers equipped with triple
partially folded [14-38]asu, unfolding/folding profiles are  resonance pulsed field gradient probes. All spectra were
non-two-state for temperatur&9d) and urea (reported here) acquired with a flip-back pulse sequence utilizing gradients
denaturation. In urea-induced unfolding, core residues havefor water suppression and enhanced sensitid8).(Spectra

a striking difference as compared to noncore residues. Inwere collected as 2048 192 complex matrixes with sweep
both temperature and urea unfolding of partially folded{14  widths of 7000 and 1800 Hz in th&l and*®N dimensions,
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respectively. Data were processed and analyzed using FelixXtH-*N bond motions, which are primarily rotationalw)

97.0 (MSI, San Diego). Resolution in; was increased by  characterizes the motions of the bond at five frequenaies,

linear prediction. Cross-peak intensities were quantified by = 0, wn, wn, andwn £ oy as shown in eqs-13 [reviewed

measuring peak heights of cross-peak slices alonguthe in ref (27)]:

axis. A square sinebell window function was used with a

75° shift and a window size of 1024 points in the first 1/T, = (d2/4)[J(CUH — ) 1 3)(wy) + 6J(wy + wy)] +

dimension, and 192 points in the other dimension. ked(@y) (1)
Ty, T2, and heteronuclear NOE experiments were acquired sEATN

at 7°C on the 500 MHz spectrometer using pulse sequences

described in ref26). Values of T, were determined from UT, = (d8)[43(0) + J(w}, — wy) + 3)(wy) +

11 spectra with relaxation delays ranging from 0.05t0 1's, 6J(w,) + 6J(wy + wy)] + (K.s46)[4I(0) + 3I(wy)] (2)

with 64 scans per increment, and 1.7 s for recycle delay.

Values ofT, were determined from 9 spectra with relaxation NOE =1 + (d2/4)(VH/VN)[6~](wH + wy) —

delays ranging from 0.01 to 0.23 s, with 64 scans per

increment and 1.9 s for recycle delay. Steady-stHitéSN Jwy = oy]Ty (3)

NOEs were determined from pairs of spectra recorded in B s _ _ .

the presence and absence of amide proton saturation withVNerekesa= (2/15Ac°w\? is the chemical shift anisotropy

128 increments of 192 scans each. Spectra recorded with?OnstantAo = —160 ppm is the difference between parallel

proton saturation utiliz a 3 speriod of saturation and an  @nd perpendicular components of chemical shift tensbrs,

additiona 1 s delay, while those recorded in the absence of — Liohyny+/(87%)]/Eny (s a proportionality constant, and

proton saturation were acquired with a relaxation delay of 4 ¥# @nd yn are the gyromagnetic ratios of H and N,

s. Saturation was achieved by the application of a train of "€SPectively. _ »
90° pulses separated by 5 ms delay. Farrow et al. have shown that terms in egs3Icontaining

For urea denaturation experiments, a total of'Ho*N oy and oy £ oy can be replaced by terms using the
HSQC spectra were acquired on the 600 MHz spectrometerfequencies (0.870y), (0.921vy), and (0.95B), to yield
at 5°C with a relaxation delayfo3 s that is sufficiently ~ €dS 46 (26, 2§. J(0.92v) and J(0.9550y) are estimated
longer thariT; values to permit quantitative volume integra- S (0-870/0.92£)(0.87Qvy,) and (0.870/0.958)(0.87Gwy),
tion. At 5 °C, amide nitrogenT; values of P and R respectl\(ely, and(_0.87(luH) is obtained pllrectly from eq 6.
conformations are on average 0.33 and 0.45 s, respectively ©" Prévity, we will refer t0J(0.870v1) simply asJ(wy) in
(1). A total of 64 scans were collected for each time the following discussion.
increment. )

Data Analysis.For relaxation data analysis, values of 1Ty = (d74)[3)(wy) + 73(0.921w,)] + ks d(wy)  (4)
relaxation time constantg,; and T,, were determined by
fitting the measured peak height vs time profiles to a single- 1/T, = (d%/8)[4J(0) + 3J(w,) + 13J(0.955w,,)] +
expone_ntlal decay funcuonlt = lo e.xp(—t/D, wheret is (k..{6)[4J(0) + 3J(wy)] (5)
the variable relaxation delay, is the intensity measured at
timet, andly is the intensity at time zero. Uncertainties in
the relaxation times were determined from the standard error NOE =1+ (d2/4)(VH/VN)[S‘J(O'87Q”H)]T1 (6)
in the slope of the linear fit of the natural log hfvs time. S ) ) )
NOE values reported are the average of ratios of peak For error estimation in the spectral density functions, input
intensities in the presence and absence of proton saturatiorfiata sets were generated randomly frém T, and NOE
obtained from duplicate experiments. For fR]at 7 °C, data using the uncertainties of th_e raw_data as stanqlard
standard deviations were determined from intensities of the déviation and assuming a normal distribution. No correction

baseline noise in the spectra by integration of noise for eachfor Rex the milliseconé-microsecond chemical exchange
slice of a cross-peak according to the equatiod Jf{a x contribution to the transverse relaxation rate, has been

100¢ + (dlg/ls x 100¥]“2 where| and 6l denote the  incorporated in determination of the values of the spectral

intensity of the peak and its baseline noise, respectively, anddensity functions.
subscripts A and B refer to spectra recorde_d in the presencesco i Ts
and absence of proton saturation, respectively.

For urea denaturation experiments, spectra of partially Dynamics of 4 ss). In [14—38]any, the single disulfide
folded [14—38]any Show two sets of peaks: f-peaks report bond, 14-38, links two loops near the trypsin binding site.
P;, and u-peaks report primarilyqRat 5 °C and low urea  [14—38]apy is partially folded at pH 4.5 and-17 °C, and is
concentration. At increasing urea concentration, the u-peaksglobally denatured by raising the temperature abovéQ@0
represent a mixture of fPand D, and primarily D after at pH 5 (9), or by lowering the pH to<4 at 7°C (10).
unfolding. Since Pand D conformations cannot be measured H-®N HSQC spectra of pH-denatured [238]an, [hereafter
independently, because their peaks have the same chemicalalled Qi43g)] at 7 °C show peak distributions similar to
shift, data for each residue are presented as the ratio of thespectra obtained for thermally denatured +B38]apu (19).
sum of u-peaks divided by f-peaks (Figure 5). Intensities The low chemical shift dispersion and the absence of a CD
obtained from peak heights Hi-1*N HSQC show essentially ~ signal at 220 nm confirm that @-ss is a denatured
the same trend as those obtained from peak volumes. ensemble. Dynamic experiments op4ss) were performed

Spectral Density Function3he spectral density function  at the same temperature as earlier experiments on partially
J(w) is a frequency distribution function that describes the folded [14—38]apy (1).
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0.8- give an indication of the internal mobility of proteins; high
positive or negative NOEs imply rigid or flexible amide
N—H bond vectors, respectively. The correlation times
obtained for Pand R are 8 and 10 ns, respectiveli){the
estimated correlation time for a folded protein of this size at
7 °C is 8 ns 27). On this time scale, NOE values are most
sensitive to protein backbone dynamics. Ip4Dsg, NOESs
range from negative values for residues 4 and 6, to high
positive values for residues 22 and 33, about 2-fold higher
A R U than the NOEs of other residues. When compared; tané
R P; of the same NH in partially folded [438]anu, pOSitive
NOEs in D14-38) at 7°C (0.35) are, on average, comparable
to those in R(0.34) and significantly lower than ir F0.60).
Spectral density functions(w), describe rotational fluc-
tuations of the'H—15N bond vectorsJ(w) values at three
frequenciesp = 0, wn, and 0.87@)y, were evaluated where
wn and wy are the Larmor frequencies of thel and >N
nuclei. Spectral densities at these frequencies reflect the range
of time scales of the NH bond vector motions. Bonds with
more rapid reorientation are expected to have a wider

Ty (sec)

T, (sec)

4 6 6 2225272833454 distribution of frequencies, with more contribution from high-

frequency mode<20). As a result, greater order is indicated
by higherJ(0) andJ(wy), and lowerJ(wy). An increase in
the value ofJ(0) relative to other residues may also be due
to motions on the milliseconemicrosecond time scale that
contribute to transverse relaxation, which were not factored
out in our analysis. We consider residues with a noticeably
higher value ofJ(0) relative to other residues, that are not
accompanied by highel{wy), and lowerJ(wy), to be in
intermediate chemical exchange.

0.7 c

NOE

4 6 6 222527 28 33 45 48 Figure 2 shows spectral density functions for several
Residue denatured BPTI analogues: R 3g at pH 3.5 and 7C (a—
FiGURE 1: Plots of 5N Ty, T,, and steady-statéH-15N NOEs ¢), [Rlabu at pH 5 and 1°C (d—f), [R]abu at pH 5 and 7°C
recorded for Ri4—38) at pH 3.5 and 7C. For residue 6, two bars  (g—i), and [Rhpy at pH 3 and 7°C (j—I). In D438, J(0)
are shown for conformations that are both disordered. (See textyg|yes are the highest for residues 27 andJ83y) values

for further discussion.) Similar data quality was obtained for the

other variants. are the highest for residues 22 and 33, dw) is lowest

for residue 33. This indicates that residues 22 and 33 are

In native BPTI, the slow exchange core corresponds to most ordered on the fast time scale and residue 27 is most
the central antiparalleb-sheet spanning residues -185, ordered on the intermediate exchange time scale. The highest
which contains a number of hydrophobic side chains (2 lle, order for residues 22 and 33 is also reflected in the high
3 Tyr, 2 Phe) and a reverse-turn (288), along with a positive heteronuclear NOEs (Figure 1c). Other residues have
[-bridge (44-45). In partially folded [14-38]an., the central sizable positive NOEs but not to the same exteri2-fold
antiparallel3-sheet is most ordered relative to the rest of less). In [Rhw, the no-disulfide variant at similar solution
the molecule. TheB-bridge and the first turn of the conditions and at the same temperature (FigureiRgl(0)
C-terminal helix are also ordered but to a smaller extént ( values for various residues measured are similar and
19). When we refer to core residues in the following significantly smaller thad(0) of Dy4-sg). Similarly, higher
discussion, the core includes the most ordered residues, and(wn) and lowerJ(wy) are observed for [-35 compared
those are residues of the centfatheet and the turn. to [R]abu-

Ty, T2, and steady-state heteronuclear NOE values for nine  We use the reduced spectral density mapping approach
amide'®NHs of Di14-3g) at 7°C were determined (Figure 1).  because it requires few assumptions about the form of the
The averagd value for Q14 35 is 0.5 s (0.4-0.7 s range), motion of the protein and is suitable for analysis of
somewhat higher than 0.45 s foy,And 0.33 s for (1). T, nonglobular denatured proteing8j. Since relaxation is
values for Dis-3g are considerably longer and of wider dominated by dipoledipole interactions betwee¥iN and
variation (0.11+0.38 s) than for P(0.06-0.12 s) or R the attached proton spin, motional parameters of B and
(0.07-0.21 s), indicating more disorder and conformational [R]an are extracted independently of their structure. Because
heterogeneity. Residues 22, 27, and 33 have the shdgest T./T, ratios vary significantly among residues, a single
in both Dusa3s and R. In Py, T, values of these residues correlation time cannot describe the overall tumbling of the
change as a function of field strength, verifying that they entire protein. Hence, we did not analyze the data using the
are in the intermediate exchange reginig. (We expect, model-free spectral density function, where an assumption
similarly, that line broadening observed for residues 22, 27, of a single correlation time is require80Q).
and 33 in Qi35 is also due to millisecondmicrosecond Dynamics of the Fully Reduced BPTI Analogue, AR]
time scale motions. Steady-state heteronucidai®™ NOEs [R]abu, With all six cysteines replaced by Abu, has no NMR-
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FIGURE 2: Spectral density values in ns/rad fopPsg) at pH 3.5 and 7C (a—c), [R]apu @t pH 5 and °C (d—f), [R]apu @t pH 5 and 7C
(9—i), and [Rlay at pH 3 and 7°C (j—I). Residues in [24-3s have more heterogeneous dynamics than ingRat all conditions. For
example, in frame a, residues 27 and 33 have noticeably hiferelative to other residues, indicating slower fluctuation due to intermediate
exchange.
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Table 2: Average Spectral Density Functions (in ps/rad) for Partially Folded and Unfolded BPTI An&logues

P Pd D(14-38) [R]abu [R] Abu [R]abu
(pH 5.0, 7°C) (pH 5.0, 7°C) (pH 3.5, 7°C) (pH 5.0, 1°C) (pH 5.0, 7°C) (pH 3.0, 7°C)
D(OE 3179+ 242 2612+ 224 1368+ 164 1026+ 80 684+ 121 695+ 118
J(wn)OD 632+ 65 4374+ 46 390+ 25 310+ 5 318+ 14 304+ 11
(J(0.87wn)0 19+ 3 28+ 6 24+ 3 27+ 1 31+ 1 31+ 2

2 Spectral density values are based on data obtainel).ifi (arge values 08(0) andJ(wn) indicate more order, while largi0.87wy) indicates
less order.

or CD-detected secondary or tertiary structure; however, it completely lost at 7°C (Figure 3d), with most residues
does show NOE evidence of nonrandom struct@}, @nd showing strong negative NOEs indicating complete disorder.
hydrodynamic evidence of collapse at pH 5 antiCL(31). It is notable that residues 22, 27, 45, and 48 have either
In dynamic experiments under the same conditions, residuesslightly positive NOEs or smaller negative NOEs than the
22,27, 29, 33, and 40 in [R], haveJ(0) values somewhat rest of the molecule, indicating that even when most of the
higher than the rest (Figure 2d), indicating the presence of nonrandom structure is lost, these residues are least flexible.
nonrandom structure sampled by motions on the intermedi- At lower pH, slightly more flexibility is observed, except
ate—fast time scale. Values d{0) at 1°C are significantly for residues 22 and 48.

higher on average than those at@ and pH 3 (Figure 2g,j, Figure 4 compares the flexibility in the [R], chain
and Table 2). Values af(wH) for [R]any at 7°C and pH 3 measured as the ratio of spectral density functid(@s\)/
(Figure 2i,l) are somewhat higher than those forafRlat J(wH) at two temperatures: IAC (closed circles) and 7C

pH 5 and 1°C (Figure 2f). Interestingly, residues 22 and 48 (open circles). Higher ratios, reflecting higl#éwN) or lower
have the smallest values dfiwH) for [R]any at pH 3 (Figure J(wH), or both, imply more order. At 1C, residues 22, 45,
2l), indicating that these residues are more ordered relativeand 48 have the highest order. These residues are also the
to the rest. Figure 3 compares heteronuclear NOEs for least flexible at 7C and pH 3 as shown by the lowekiH)
partially folded [14-38]apy at 7°C (&), Disa-3g) at 7°C (b), for residues 22 and 48 (Figure 2I).

[R]abu at 1°C (c), and [Rhw at 7°C (d) at pH 5 (stippled Urea Denaturation of Partially Folded [1438]an. Under
bars) and pH 3 (dark bars). For [f] at 1°C, small positive conditions where [1438]a, is partially folded, each®N-
NOEs are observed for residues 22, 37, 40, 45, and 48, whilelabeled amide intH-'>N HSQC spectra has peaks corre-
terminal residues 4, 6, 12, and 56 have negative or near-sponding to two or more slowly interconverting conforma-
zero NOEs. The small positive NOEs indicate nonrandom tions. Their interconversion rate constants are slow on the
structure at 1°C that is highly unstable and is almost NMR time scale (0.0450.88 s?), resulting in separate
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FicURE 3: Comparison ofH-15N heteronuclear NOEs for patrtially folded and unfolded BPTI analogues. (&)38Ko,, PF, at pH 5 and
7 °C is reproduced from1j); (b) D438, at pH 3.5 and 7C; (c) reduced BPTI, [R}., at pH 5 and 1°C; (d) [R]awu at 7°C and pH 5
(stippled bars), and at 7T and pH 3 (solid bars).
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Ficure 4: Ratios of spectral density functiod&vn)/I(wn) of [R]apu

at pH 5 and 1°C (closed circles) and 7C (open circles). Higher
ratios are observed at the lower temperature, reflecting hitflwa)
and lowerJ(wy) values, and indicating more order, especially for

residues 22 and 48.

peaks, f and u, which are assigned tcaRd R conforma-
tional families by chemical shift and NOE criteri&, (19).
Figure 5 shows urea unfolding profiles af6 for residues

Iu-peak“f—peak

[Ureal], M

Ficure 5: Urea unfolding curves for individual residues in partially
folded [14—38]apu, Shown as the ratio of u-peak to f-peak intensity
as a function of urea concentration. The lines are to show a general
trend and are not derived from a specific curve-fitting procedure.
Data are presented for core residues Phe 22, Phe 33, and Ala 27
(closed circles, squares, and triangles, respectively), for residues
Leu 6 and Ala 48 of the N- and C-terminal helices (open circles
and triangles, respectively), and for turn residue Ala 25 (open
squares).

6, 22, 25, 27, 33, and 48 where the ratio of the intensity of between Pand D is not observed. Measuring ratios, instead
the u-peak to the f-peak is given as a function of urea of absolute intensities of f-peaks, givesr@lative to R plus

concentration. Residues @ M urea have different ratios,
indicating that populations ofi&nd R vary among segments
of partially folded [14-38]any. Higher ratios imply more P
relative to F. For example, 80 M urea, residue 22 (closed
circles) with a ratio of 0.37 is predominantly, Rhile residue
6 (open circles) with a ratio of 1.2 is about 50% Bnd

D, and eliminates uncertainties due to dilution. For some
residues with multiple u-peaks, the intensities of all u-peaks
are summed. For example, this is done for residue 6, for
which there are two u-peaks due to-etsans isomerism of
neighboring proline residued9).

For each curve in Figure 5, the last point on the right shows

residue 25 (open squares) with a ratio of 1.6 is predominantly the urea concentration at which the f-peak is still measurable.
Ps. With increasing urea concentration, a denatured confor- Varying concentrations of urea are required to completely
mation, D, is populated and contributes to the intensity of unfold different protein segments, indicating that global
the u-peak, since for a given NH a chemical shift difference denaturation is not two-state. For example~dt M urea,
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the f-peak intensities of residues 48 and 6 (open trianglesobserved at 2C is lost (Figure 2g-| and Figure 3d). Even
and circles) are miniscule, while the f-peak intensities of at conditions where [R}y appears to be fully disordered by
other residues are measurable. Two groups of residues ar&lMR criteria (Figure 3d), residues 22, 25, 27, 45, and 48
distinguished based on their unfolding profile. Core residues show near-zero NOESs, indicating restriction in motion

22 and 33, along with turn residue 27, are-3D% R at relative to the rest of the molecule.

~1.2 M urea (intensity ratio 41.6), while residues 6 and Is some of the dynamics-detected order insfRhative-

48 in the N- and C-terminal helices and turn residue 25 are like? An affirmative answer to this question is supported by

completely unfolded. the report that reduced BPTI still binds and inhibits trypsin,
presumably due to a small population of nativelike conform-

DISCUSSION ers that are recognized by the protea8e).(In these

, experiments, BPTI was fully reduced in DTT, and its binding
Order in Unfolded BPTI Analogues Detected by Relax- ;o< conducted at pH 3-54.0 at 22°C, at conditions where

ation Measurement&IMR studies on a number of unfolded e show almost complete disorder (Figure 3d). The presence
proteins show that they are highly flexible, exhibit hetero- ¢ 4y nsin may induce stabilization of nativelike structure,

geneous dynamics, and have central residues which are Iesand shift the equilibrium toward a larger population of
mobile than those at the termint,(15-18, 20. The level ordered conformers.

of backbone motion is closely linked to the amount of The 14-38 Disulfide Orders the Unfolded Ensemblée

_secondary or residual structure. Dynar_nic measuremept_s_alscaynamics of [Rheu and Dus_ssy measured under comparable
identify nonrandom regions of a protein as those exhibiting yomperature and buffer conditions allow us to assess the
intermediate exchange line broadening; these are suggested. .t of the 14-38 cross-link on ordering unfolded BPTI.

to be probable folding nucleation site0). Residues in R4-sg)in general show significantly more order
Characterization of order in an unfolded protein by NMR than those in [Ri., at similar conditions (Figure 3b,d).
dynamic methods involves surveying the time scales of Residues 22, 27, and 33, which are not close to the3p4
conformational fluctuations. In @-zs), a pH-denatured form  cross-link, are clearly the most ordered (Figures 2a and 3b).
of [14—38]apu, there is considerable order on the intermediate While [R]ap. in general is significantly less ordered, residues
time scale (milliseconeéimicrosecond) as reflected in high 22 and 48 are somewnhat less flexible relative to the rest of
J(0) values for Ala 27 and Phe 33 (Figure 2a). Phe 22 and the chain (Figure 3d, dark bars), and several others, 37, 40,
Phe 33 have the highest order on the fast time scaleand 45, increase in order at lower temperature (Figure 3c).
(nanosecongpicosecond) as shown by high positive NOE  |n the absence of the 88 cross-link, core residue 22 is
values (Figure 1c). Both slow and fast dynamic parametersstill the most ordered; other residues outside the slow
of D438 show that Phe 22, Ala 27, and Phe 33 have the exchange core, 27, 40, 45, and 48, also show some restriction
most restricted motion, and hence are likely to be involved in mobility. It appears that the primary effect of the-138
in folding initiation, presumably of the antiparallel central cross-link is to favor order in residues in the slow exchange
p-sheet. Q4-3g) is compared to Pand R conformations of  core even before secondary structure is stabilized.
partially folded [14-38]ap, in Figure 3a,b, and Table 2. The relative ordering of residues, as illustrated most clearly
Ds-sg) is considerably less ordered tham But shows  in steady-state heteronuclear NOEs, is consistent with NOE
heteronuclear NOEs similar tq.R)(0) andJ(wy) of Pr and data obtained from 2D NOESY spectrB3( 14. Medium-
Py observed in partlally folded [1'438]Abu are Significantly and Short_range NOESs in [R;L and unfolded [14’38]Abu
higher than in either Rs-sg) OF [R]apu. This is not surprising  mutants show that the residues involved in transient inter-
since in partially folded [1438]as, the centrajf-sheet and  actions correspond mostly to the slow exchange core in native
the first turn of the C-terminal helix are highly populated BPT|. Moreover, in the absence of the disulfide, both native
(P conformations), while Rs-ss and [Rhou have no  and non-native NOEs were observed, while in the presence
detectable secondary structure. Is the order ias By of the disulfide in the unfolded [438]apy Mutants, non-
detected by dynamics nativelike? Although we cannot be native NOEs were absent and were replaced by native NOEs.
certain, it seems possible based on previous work showingThis led us to propose that the 188 disulfide eliminates
that an unfolded species with the -188 cross-link has  the non-native interactions that are populated injRland
nativelike short- and medium-range NOEs, and no detectablefayors nativelike interactions that are in the core and not in
non-nativelike NOEsX4). the vicinity of the cross-link. More dynamic-detected order
Although [R]apy, With no disulfide cross-links, is more  hence likely arises from the removal of most fully extended
disordered than B s, its dynamics show intimations of =~ conformations to give the more compact, —13B-linked
order. In [Rhpy, there is restricted mobility atC, consistent ~ ensemble in which ordered conformations in the core are
with its previously characterized nonrandom structure at 1 relatively more populated.
°C and pH 4.513, 31). Order is most pronounced in residues  In native BPTI, the 1438 disulfide has very little effect
22 and 48, indicated by the highest ratios of spectral density on the dynamic-detected order in residues that are not directly
functions relative to the rest of the molecule (Figure 4). To attached to the cross-link, but considerably slows down
a smaller extent, residues 37, 40, and 45 are also ordered offluctuations in a destabilized mutant, Y358&3|. The change
the fast time scale (positive NOEs in Figure 3c), and residuesin dynamics as the 1438 cross-link is formed in Y35G is
27, 29, and 33 are ordered on the intermediate exchange timanot surprising since replacement of Tyr 35 with Gly causes
scale [higherJ(0) relative to other residues in Figure 2d]. rearrangement in the vicinity of the mutation, especially the
Mobility is restricted not only for residues of the central loops connected by the 88 cross-link 84). In unfolded
[-sheet core (22, and to a lesser extent 29 and 33), but alsBPTI as we show in this work, the formation of the-138
for residue 48 which is outside the core. AtC, the order disulfide causes a large change in dynamics in residues that
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are distant from the cross-link. The role of the disulfide at
early stages in BPTI folding apparently is to restrict
conformational space and lower the entropic barrier for
formation of the native core, while the same disulfide in an
otherwise folded protein has a much smaller effect.

We think it likely that any one of the native-$5 cross-
links, when present as the only disulfide in unfolded BPTI
variants, will similarly favor order in the core. In partially
folded BPTI mutants, the structure detected for any one-
disulfide variant includes a native-like cor85 36). This
would, in large part, account for why the order of disulfide
bond formation is not a critical issue in folding.

In Partially Folded [14—38]an, the Most Urea-Stable
Residues Are in the Nag Slow Exchange Cordhe urea
denaturation curves in Figure 5 are microscopic profiles
obtained for specifict®N-labeled amide groups. For each
I5NH in partially folded [14-38]anu, two (and in one case
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folded [14—38]a,u €NSEMDbIE, there is preferential stabilization
of interactions among residues that fold into the core of native
BPTI.

CONCLUSIONS

The structure and dynamics of synthetic BPTI variants,
which are equilibrium models of species populated at the
onset and during folding, have been characterized. In
unfolded BPTI analogues, {23g, and in [Rhp, there is
evidence of a developing core even though no secondary
structure is detected by NMR or CD. Dynamic parameters
measured for selectééN-labeled sites indicate variation in
the relative order/disorder between proteins and between
different residues within the same protein. The highest order
in Da-3g) is for residues that are in the centfasheet slow
exchange core of the native protein. fJR]is significantly
less ordered in general, but has detectable order in non-

three) separate NMR peaks are observed. Based on analys'éontiguous residues such as 22 and 48.

of these multiple peaks and other experiments19, we

Comparison of 435 and [Rhy indicates that in the

conclude that the partially folded ensemble, PF, undergoesunfo|ded ensemble the +88 disulfide enhances a bias

segmental, or noncooperative local fluctuations betwgen P
and R, two families of conformations that are, respectively,
more folded and more disordered. @hd R each consists

of multiple conformers that interconvert rapidly (fast and
intermediate chemical exchange in NMR terms). Confor-
mational interchange is slow betweepndnd R, and fast
within Pr and R. The ratio of Pto Py and the degree to
which R is nativelike, and Pis random coil-like, vary from
NH to NH. For NHs in core residues; Bonformations are
highly nativelike and P conformations are not entirely
random coil. Outside the core, Bonformations are not
entirely nativelike, and fronformations are indistinguishable
from random coil. Pconformations of residues near the-14
38 disulfide are relatively disordered, whiled®dnformations
are nativelike for core residues which are relatively distant
from the disulfide. Microscopic conformational families such
as Rand R, evident in the presence of slow or intermediate
exchange peaks in NMR spectra, may be general for partially

folded proteins as intermediate exchange is also reported for

other partially folded protein2(@).
Like thermal unfolding 19), urea denaturation of partially
folded [14—38]any is clearly not two-state. Of tHéN-labeled

residues, core and turn residues Phe 22, Ala 27, and Phe 33

require the highest urea concentration to unfold (Figure 5).
For these residues, a significant population ppé¥sists at
~1 M urea, while Ala 48 and Leu 6 are almost completely
unfolded. In native BPTI and insRonformations of partially
folded [14—-38]any, residues 22 and 33 are in the core
antiparallel strands, and residue 27 is ordered in the turn

connecting the strands. Phe 22 and Phe 33 face each other ™

across thes-sheet, and Ala 27 is in a turn with a hydrogen
bond between its NH and the carbonyl of Asn 24. In partially
folded [14—38]anu, the hydrogen bond between residues 24
and 27 is still intact (as judged by NOESs), giving rise to a
higher R population of Ala 27 relative to other turn residues
(19). Ala 25 has an unfolding profile similar to other core
residues, but has a Pf population similar to Ala 48 and Leu
6. The variation in urea concentration needed to fully

denature different protein segments corroborates the concept

of partially folded BPTI as an ensemble of interconverting
species undergoing segmental fluctuatibh, 37). The higher
stability of residues 22, 27, and 33 implies that in the partially

toward more order in residues that fold into the native core.
In partially folded [14-38]abu, microscopic families of
conformations separated by significant energy barriers are
detected for each NH, with the highest degree of order and
the most nativelike structure observed in residues which in
native BPTI fold into the slow-exchange corg 3. Here

we show that core residues in partially folded {138B]apu

are significantly more stable to urea denaturation than other
residues.

The NMR-detected structure and dynamics of partially
folded and unfolded BPTI analogues, reported here and
previously, collectively show that core residues in the most
stable part of the folded protein are most nativelike and stable
in partially folded conformations, and most ordered in
unfolded conformations.
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