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ABSTRACT: Partially folded conformational ensembles of bovine pancreatic trypsin inhibitor (BPTI) are
accessed by replacing Cys 5, 30, 51, and 554aminon-butyric acid (Abu) while retaining the disulfide
between Cys 14 and 38; the resultant variant is termee 384,,. TWO Nnew analogues with modifications

in the g-turn, P26D27[1438]apu @and N26G27K28[1438]any, are compared to partially folded
[14—38]anu, as well as to [Rwu, the unfolded protein with all six Cys residues replaced by Abu. Structural
features of the new analogues of {138]anu have been determined by circular dichroism (CD), one-
dimensional'H NMR, and 8-anilino-1-naphthalenesulfonic acid (ANS) fluorescence experiments. Both
analogues are more disordered than the parent 384y, but while P26D27[14 38]apy has a small
population of native-like conformations observed by NMR, no ordered structure is detected for N26G27K28-
[14—38]anu. Trypsin inhibition assays were carried out using a modified rat trypsin, C191A/C220A, that
minimizes cleavage of unfolded peptides. Both{B8]anu and P26D27[14 38]apu Significantly inhibit
modified trypsin. N26G27K28[1438]anu has low but measurable inhibitor activity, while i8] has no
activity even when in very high molar excess relative to trypsin. ANS fluorescence is enhanced by
[14—38]apu and by both variants but not by [R].. We conclude that partially folded ensembles of BPTI,
even those with little or no CD- or NMR-detectable structure, contain minor populations of native-like
conformations. Partially folded [1438]apu and both variants, as well as [&], have enhanced negative
ellipticity in CD spectra acquired in the presence of the osmolyte trimethylasimede (TMAO). TMAO-
induced structure is formed cooperatively, as indicated by thermal unfolding curves. Inhibitor activity as
a function of TMAO concentration implies that the osmolyte-induced structure is native-like for
[14—38]apy and P26D27[14 38]apu and is probably native-like for N26G27K28[188]apu. [R]abu also

shows increased CD-detected structure in the presence of TMAO, but such structure is likely to be collapsed
and non-native.

Partially folded proteins are postulated as models of [14—38]an. The fully unfolded analogue, [R]., has all Cys
metastable forms transiently populated during folding. Their residues replaced by Abé,(5).

properties may also be relevant to understanding natively  The ensemble structure and dynamics of partially folded
denayured proteinsl( 2) and/or pathogenic, aggregaur_\g [14—38]aos and its variants, and of fully unfolded [R],
proteins §). We have developed a system to access partially ¢5.m the basis of our working model of protein folding, (

folded analogues of bovine pancreatic trypsin inhibitor 2y "\ pich is based on the concepts of folding by multiple
(BPTI)" by maintaining the_d|su|f|de brld_g_e between Cys parallel pathways in a funnel-shaped energy landsc@pe (
14ar?nri]r?ogybsut3?icb:f:ige?,l\%clj?'gtr:ze ;?gqnat'n'rrgel;gui; S;’ﬁezy During folding, conformational ensembles with varying de-
« y ' P P grees of order are pop_ulated._At every stage, even when the
: average structure is highly disordered, the partially folded
c \TNThIS work was supported by NIH Grant GM 51628 (to G.B. and  ensemble is an equilibrating mixture of disordered conforma-
‘*-l._)('.) whom correspondence should be addressed. C.W.: phone 435-tions and more ordered conformations that sample native-
946-2949; e-mail, clare@chs.umn.edu. G.B.: phone, 612-625-1028; fax, like structure, especially in core regions. Core regions of par-
61§§26-7t541;te-?18lr|{ baf?ny@umn-Edu- tially folded and unfolded proteins are sequences that in the
epartment O emistry. . H _
s Department of Biochemisiry, Molecular Biology, and Biophysics. native protein compose core elements, the elgments of mu
1 Abbreviations: Abu,a-aminofn-butyric acid; ANS, 8-anilino-1- tually packed secondary structure that contain the slowest
naphthalenesulfonic acid; BPTI, bovine pancreatic trypsin inhibitor; exchanging backbone amide grou®.(There are site-
CD, circular dichroism; Fmoc, 9-fluorenylmethoxycarbonyl, HPLC, = ghacific energy barriers between more ordered and more dis-
high-performance liquid chromatography; MALDI-TOF, matrix-assisted dered f . | f foldi f
laser desorption/ionization time of flight (mass spectrometry); NMR, Ordered conformations. At early stages of folding, conforma-
nuclear magnetic resonance; NOE, nuclear Overhauser effect; PAC,tions with native-like structure are minor populations. As

peptide acid linker; PEGPS, poly(ethylene glycohpolystyrene (graft i ive.li i
resin support); SBTI, soybean trypsin inhibitor; TMAO, trimethylamine folding proceeds, more native-like structure develops in the

N-oxide; tr, retention time. Amino acid symbols denote the core while the rest of the molecule favors more disordered
configuration. species. Late folding steps involve packing noncore elements.
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Before onset of folding, the conformational ensembles of activating the corresponding trypsinogen withul of
fully unfolded protein have some detectable order in core enterokinase (Biozyme, activity 300 unitk). Assay mix-
elements 7, 10), but this order is not necessarily native- tures (0.4 mL) contained 100 mM NaCl, 10 mM CaGind
like. 50 mM Hepes, pH 8.0, plus 0.1% Triton X-100, to stabilize
The coreS-sheet (18-35) in native BPTI is flanked by  the enzyme, plus the substrate Z-Lys-SBzl (100 to 1
sequences that form the trypsin binding loops connected bymM, depending on the BPTI analogue) plus’ 4#hiodipy-
the 14-38 disulfide. Residues 18 interact with trypsin ridine (25 uM) (19). Before the assay was carried out,
and include the specificity group of Lys 15, while the C191A/C220A trypsin (0.2M) and the BPTI variant (0:2
34—39 loop provides a key contact between the main chain 10 uM) were preincubated together at°€ for 1-3 h.
carboxyl group of Gly 36 in the inhibitor and His 57 at the Enzyme reactions were initiated by adding /20 aliquots
trypsin active site. The partially folded ensemble of to the assay mixture (0.4 mL) at 2&. Hydrolysis of Z-Lys-
[14—38]anu is, on average, more native-like in core regions SBzl was monitored spectrophotometrically at 324 128, (
and far more disordered in regions that make up the trypsin 24). Inhibition constants were determined graphically from
binding loops in native BPTI. Dixon plots. Inhibition assays in the presence of TMAO
As a probe of our model that populations of native-like followed essentially the same general procedure but with
conformations are in equilibrium with more disordered C191A/C220A trypsin (0.2«M) and the BPTI analogue
conformations during folding, we have measured inhibitor (0.08-0.1xM for WT BPTI, 0.2-0.4 uM for [14—38]abu,
activity of partially folded and unfolded BPTI analogues. 0.4-1.8 uM for P26D27[14-38]apu, 1.7-3.8 uM for
For these experiments, two new analogues of{38]an, N26G27K28[14-38]abu, and 3.8-4.4 uM for [R]any) pre-
were constructed with perturbations in the hairpin turn. Both pared separately in buffer containing-2 M TMAO. The
new analogues are more disordered than the parentcomplex was then preincubated at@ for 1 h, after which
[14—38]apu. Inhibitor activity is observed for [1438]a,, and time the assay was carried out at 5.
both of its analogues, including one with no structure evident RESULTS

by CD or NMR. . )

The two new analogues of [£88]as., as well as parent New_ [14—38],“_)u Variants. To further characterize the
[14—38]ape and control [Rheu, were examined for osmolyte-  Properties of partially folded BPTI ensembles, we constructed
induced structure, using trimethylamiteoxide (TMAO). by continuous-flow Fmoc solid-phase synthesis two variants

Organic osmolytes are reported to protect proteins from ©f [14—38lanu in which the turn between core strands of the
denaturation, induce folding in otherwise destabilized pro- antiparallel sheet is perturbed. In P26D27{B8]an., re-
teins, and restore biological activity of partially folded Placements are by amino acids with higher propensity for a
proteins (1—14). Some of these osmolyte effects are YP€!S-tum (25). In N26G27K28[14-38]an, replacements
observed for the BPTI system of partially folded and 1N the tum favor a type’lturn, the most common in

unfolded proteins. p-hairpins @6, 27). Ala 25 is unaltered, the rationale being
to preserve strong side chaiside chain interactions between
EXPERIMENTAL PROCEDURES Ala 25 and the Tyr 23 ring that are indicated by NOE data

Materials, solvents, instrumentation, and general methods,in partially folded [14-38]apu (15) and also detected in fully
as well as procedures for peptide synthesis, CD, NMR, tryp- unfolded [Rhw, an unfolded analogue with all six Cys
sin expression, and trypsin inhibition assays, followed the replaced by Abu 10). Replacement of Tyr 23 by Ala in

literature from our laboratory4( 5, 15—17) or others 18— [14—38]apy results in a species with no obvious CD or NMR
22). Brief overviews follow below, and full experimental structure 28).
descriptions are provided in the Supporting Information. Far-UV CD spectra of partially folded [£438]anu (Figure

Variants of BPTI were prepared by automated Fmoc solid- 1) show negative ellipticity at 220 nm arising from secondary
phase synthesis, followed by appropriate purification, as hasstructure and a strong minimum around 202 nm characteristic
been described previously, (5, 15—17); reversed-phase of BPTI and attributed to tertiary contacts of aromatic groups
analytical HPLC and MALDI-TOF, respectively, confirmed (29). [R]anu has a CD spectrum typical of denatured proteins.
that final products were pure-@7%) and had the expected Both [14—38]apy analogues are more disordered than the
structures. CD spectra were acquired on a JASCO 710parent compound. Spectra of P26D2 A B8]a,, Show loss
spectropolarimeter with samples at@ in 10 mM phosphate  of negative ellipticity at 220 nm as compared to 138]ap.,
buffer, pH 4.6, and at protein concentrations of2@ for consistent with a higher population of more unfolded species,
far-UV spectra and 10@M for near-UV spectra. For CD  but slightly more negative ellipticity than [R},, suggesting
spectra of samples in the presence of TMAO, the final some secondary structure. For the other analogue,
concentration of osmolyte was 1.0 or 2.0 M. NMR spectra N26G27K28[14-38]apy, N0 local minimum is detected at
were determined using Varian 600 MHz Inova instruments 220 nm. Near-UV CD spectra of partially folded [£38]apy
with samples at 2C, in 50 mM deuterated sodium acetate (Figure 1) have a minimum at 277 nm, indicative of tertiary
buffer in 90:10 HOPH,O, at pH 4.60, and at a final protein  structure. Both analogues hav&5% reduction of signal at
concentration of 4 mM. Fluorescence emission spectra were277 nm, indicating that most tertiary structure is lost,
measured on a Perkin-Elmer LS-50B spectrofluorometer. compared to [1438]ap..
8-Anilino-1-naphthalenesulfonic acid (ANS) samples con-  One-dimensionalH NMR spectra of partially folded
tained 1.2 mM ANS in 10 mM phosphate buffer at pH 4.6. [14—38]ap (Figure 2C), under the same pH and temperature

Recombinant rat trypsinogen Il was produced as a fusion conditions as the CD experiments, contain resolved down-
protein in aSaccharomyces cafigiaeexpression systeni§, field resonances that are characteristic of the antiparallel
19). The C191A/C220A trypsin mutant was obtained by [-sheet strands in the core of native BPTI. Similar spectra
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Ficure 1: Far-UV (upper) and near-UV (lower) CD spectra of
partially folded and unfolded BPTI variants at°C in 10 mM
phosphate, pH 4.6: [438]apy (s0lid line); [R]apy (dotted line);
P26D27[14-38]an, (dashed line); N26G27K28[1438]an, (dashed-
dotted line).
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FIGURE 2: One-dimensionalH NMR spectra (600 MHz) of
partially folded [14-38]any @and two variants, recorded at°C.
Panels: A, N26G27K28[1438]an; B, P26D27[14-38]any; C,
[14—38]abs. NMR samples were 0.4 mM in protein in 50 mM
deuterated sodium acetate buffer in 90:10AH,0O, pH 4.6.
Solvent peak suppression was achieved with the WATERGATE
sequenceq4).

of P26D27[14-38]anu (Figure 2B) have the same native
downfield peaks, but their diminished intensity indicates a
greater population of unfolded conformations, consistent with
the CD results (Figure 1). Spectra of N26G27K28{B8]any
(Figure 2A) have no downfield native-like resonances,
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Ficure 3: Effects of BPTI and analogues on ANS fluorescence.
Upper: Fluorescence intensity spectra of ANS (@d) in the
absence or presence of BPTI and variants (protein concentration
30uM) at pH 4.6 and £C: (&) no protein; (b) BPTI; (c) [Rhy;
(d) [14—38]apy; (€) N26G27K28[14-38]apy; (f) P26D27[14-38]apu.
Lower: Enhancement of ANS fluorescence intensity at 490 nm as
a function of protein concentration: native BPT#) [R]apu (®);
[14—38]apy (W); N26G27K28[14-38]aby (4); P26D27[14-38]apuy
(v). Protein concentrations ranged from 4 to @4, except for
[R]abu in which the concentration range extended to 400 (last
data point not shown; it fits on the drawn straight line). The relative
intensity is the difference between fluorescence of free ANS and
fluorescence of ANS in the presence of protein.
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implying mainly or all unfolded structures, also consistent
with the CD data.

The dye 8-anilino-1-naphthalenesulfonic acid (ANS) is
thought to increase fluorescence when bound to hydrophobic
surfaces and thereby to provide a fluorescence diagnostic of
partially folded proteins30). Neither fully folded proteins
nor unfolded proteins bind ANS. Figure 3 (upper) shows
the emission spectrum of oM ANS, by itself or in the
presence of 3@M natural BPTI or the various analogues.
Both [14—38]apu analogues exhibit higher apparent binding
for ANS than the parent partially folded protein and
considerably higher binding than unfolded fR] In accord
with common observations, the native protein does not
appreciably affect ANS fluorescence. Compared to
[14—38]apu, P26D27[14-38]apy exhibits a blue shift in the
wavelength of maximum intensity from 520 to 490 nm,
suggesting a more exposed hydrophobic surface. However,
the maximum emission wavelength in the presence of
N26G27K28[14-38]any is close to that of [1438]apy.

Figure 3 (lower) shows the dependence of ANS fluores-
cence emission intensity at 490 nm on protein concentration.
Binding is not saturated, and intensity increases linearly with
increasing protein levels. The slopes of the curves give a
qualitative indication of the strength of ANS$rotein bind-
ing. For natural BPTI, as well as for [R], the small slope
confirms weak ANS binding. Higher slopes for other
analogues suggest that their partially folded ensembles have,
on average, greater exposed hydrophobic surface area and
that P26D27[14 38]anu has the highest. The linearity of the



1594 Biochemistry, Vol. 43, No. 6, 2004

Table 1: Affinities of BPTI and Analogues for the C191A/C220A
Trypsin Mutant

protein Ki (nM)
BPTI 0.324+0.07
[14—38]au 4.46+0.19
P26D27[14-38]ay 16.9+ 1.26
N26G27K28[14-38]apu 127+ 4
[Rlabu not detectable

a Assays were performed at 26 in 50 mM Hepes, 100 mM NacCl,
and 10 mM CaCl pH 8.0. Values reported are the average of at least
two independent experimentsK; for wild-type trypsin is, as reported
by Wang et al. 84), 0.46 nM.

Tulla-Puche et al.

affinity for BPTI similar to that for wild-type trypsinK;-
(mut)K;(wt) = 0.7], although affinity for small-sized inhibi-
tors is considerably decreas&l. Thus, C191A/C220A rat
trypsin is well suited for assays of trypsin inhibitor activity
of partially folded and unfolded variants of BPTI.

Binding constants of BPTI analogues for C191A/C220A
trypsin (Table 1) were determined from Dixon plo88), in
which initial rates of trypsin substrate hydrolysis are evalu-
ated (Figure 4). Since BPTI is a slow-binding inhibit@#},
the enzyme and the BPTI analogue were preincubated@t 4
for at least 1 h, following which the complex was added to
the substrate-containing assay mixture at@5Assay mix-

curves indicates the absence of aggregation in the concentratures had final concentrations of 5 nM enzyme art250
tion range of the experiment. When present, aggregates haveaM inhibitor. Control experiments show that preincubation is

high affinity for ANS and cause a nonlinear increase in ANS

fluorescence with increasing protein concentratid).(
Inhibitor Activity of BPTI AnaloguesThe inhibitor activity

of partially folded and unfolded BPTI analogues is difficult

necessary to ensure that equilibrium is attained; the enzyme
is entirely stable over the protocol time period. Further, when
a 1:1 molar mixture of C191A/C220A trypsin with [R], is
incubated overnight, there is no cleavage of the unfolded

to measure, as disordered proteins may be digested by theynalogue.

biological ligand, a serine proteinase. Earlier ways to cir-
cumvent this problen?(Q, 31—33) included using anhydrotryp-
sin with a modified Ser residue in the active center or taking

Partially folded [14-38]as, has 14-fold weaker affinity
for trypsin than wild-type BPTI but completely inhibits

measurements at low pH where trypsin activity is diminished TYPSin at a molar ratio of 6:1 (Table 1 and Figure 4D).
by several orders of magnitude. These approaches have drawRelative to parent [1438]ap,, affinity for trypsin is decreased
backs, such as loss of trypsin activity in both cases and con-Py only 4-fold for P26D27[14-38]xu and 28-fold for

siderable decrease of inhibitor binding affinity in the second.

N26G27K28[14-38]anu. INncubation with P26D27[1438]apu

Here, we use modified rat trypsin missing the conserved reduces enzyme activity to 20% at a molar ratio of 20:1

C191—-C220 disulfide bond. As shown by Wang et &4),
C191A/C220A trypsin has 26200-fold decreased trypsin

activity in assays of the hydrolysis of amide substrates.

(Figure 4D), whereas incubation with N26G27K28
[14—38]apu reduces residual tryptic activity to about 40% at
a molar ratio of 45:1 (data not shown). With [R], no

However, ester hydrolysis activity is decreased by less thaninhibition is detected even at very high excess (up to 500

10-fold. Importantly, C191A/C220A trypsin retains a binding

molar equivalents) relative to trypsin.
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FIGURE 4: Trypsin inhibition assays of [1438]a,, and two variants. Dixon plots for the inhibition of C191A/C220A trypsin by (A){14
38]abus (B) P26D27[14-38]anu, and (C) N26G27K28[14 38]anu. (D) Residual C191A/C220A trypsin activity in the presence of increasing
amounts of [14-38]apy. Measurements were performed in 100 mM NaCl, 10 mM Ga&id 50 mM Hepes, pH 8.0. Th&, of C191A/
C220A trypsin for the Z-Lys-SBzl substrate is 84 (34). The experimental procedure is sketched in the text, and further details are given

in Supporting Information.
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Ficure 5: Effect of TMAO on the far-UV CD spectra of BPTI variants: (A) [£88]apy; (B) P26D27[14-38]apy; (C) N26G27K28-
[14—38]aby; (D) [R]abu- Spectra were recorded af € in 10 mM phosphate, pH 4.6, in the absence of TMAO (solid line), in the presence
of 1 M TMAO (dashed line), and in the presende2oM TMAO (dotted line).
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Ficure 6: Temperature dependence of molar ellipticity at 220 nm
in the absence (open symbols) and presefi@e\d TMAO (closed
symbols), monitored at pH 4.6. Variants examined: A[R}A),
P26D27[14-38]npy (M), N26G27K28[14-38]any (@), and
[14—38]any (inset, ®).

CD-Detected Ordering by an Osmolyt€D spectra of
BPTI analogues as recorded in 1dad M TMAO (Figure

5) show an increase in molar negative ellipticity at 220 nm,
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Ficure 7: Effect of TMAQ on inhibition of C191A/C220A trypsin
by native BPTI @), [14—38]apu (W), P26D27[14-38]an, (@), and
N26G27K28[14-38]apy (V). Specific activity is computed as (units/
nmol) x 4 x 1074 Inset: Data are normalized with respect to the
effect of TMAO on the activity of native BPTI. All measurements
and calculations are detailed in Supporting Information.

for [R]abu, and 26.3°C for [14—38]anu. In the absence of
TMAO, the temperature-dependent ellipticity at 220 nm
(Figure 6, open symbols) for P26 D27 38]apu, N26G27K28-
[14—38]apu, and [Rhwu shows no evidence of cooperative
unfolding but rather a linear decrease as is characteristic of
peptides with a high degree of disorganizatid@6)( In

relative to the spectrum in the absence of TMAO. There is contrast, [14-38]ap, Without TMAO shows a moderately
also a decrease in the minimum, which shows a progressivecooperative transition with a midpoint temperature ofC9
shift from 200 to 205 (depending on the analogue) to about (Figure 6, inset). For [1438]apu, Tm increases by 7C in 2

206 nm for all four analoguesni2 M TMAO. These

M TMAO, with respect to controls with no TMAO. For the

observations indicate increased secondary structure in theother analogues, a differenceTp cannot be obtained since
presence of TMAO. Experiments in the presence of higher in the absence of TMAO the temperature dependence does

concentrations of TMAO were not feasible due to protein
precipitation. h 2 M TMAO, the ellipticity at 220 nm follows
sigmoidal thermal unfolding curves (Figure 6, closed sym-
bols); midpoint temperatures are 9°C for P26D27-
[14—38]apu, 10.3°C for N26G27K28[14-38]apu, 20.1°C

not indicate cooperative unfolding.

Trypsin inhibitor activity of [14-38]ay and its two
analogues was measured as a function of TMAO concentra-
tion (Figure 7). The molar ratio of inhibitor to trypsin in
these experiments was varied from 0.4:1 to 22:1, depending
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on the analogue. Trypsin inhibitor activity increases for of proline-containing peptide bonds. The core hairpin consists
[14—38]apu @and P26D27[14 38]apy as TMAO concentration  of residues 1835, while the four prolines in BPTI are at
is increased to 2 M. For N26G27K28[188]apu, a small positions 2, 8, 9, and 13. The turn between amino acids 25
increase (3-fold) of inhibitor activity is observed in 2 M 28 is apparently an initiation site for formation of the core
TMAO, but this is at the limit of detection and is not evident strands of antiparalled-sheet 6), a plausible candidate for
on the scale of Figure 7. [R], lacks detectable activity both  the process governing slow exchange. Rardhformations
in the absence of TMAO as well as in the presence of 2 M outside the core in the-&rminal region, proline isomerism
TMAO. is ruled out as the underlying process fqr-Py intercon-
version by the absence of proline. For ¢dnformations
DISCUSSION outside the core in the N-terminal region, proline isomerism
Native-like Conformations in Disordered Proteims key cannot be ruled out, but it is unlikely. Residues 4 and 6 have
feature of our folding model, summarized in the introduction, more than one major peak representingcBnformations,
is the proposal that partially folded ensembles have site- and they are assigned tis- and trans-proline isomers of
specific energy barriers between interconverting conforma- denatured conformations; however, residues 4 and 6 have
tions, some of which are native-like. In partially folded only one minor peak representing a(B7).
[14—38]anu, these are evident in NMR spectra as separate  The special case of Gly 37, which has three slow-exchange
slow-exchange peaks for the sadtBl*H group @7); the peaks, is especially relevant to this activity study of partially
peaks report different conformations that interconvert on a folded [14-38]an,. Three slow-exchange peaks for Gly 37
time scale longer than milliseconds. The conformations, mean that for this site there are three slowly interconverting
designated Pand R, are site-specific because they are conformations, onedand two R (6); Py is most populated,
detected by a microscopic probe, a single NH. Each the native-like Pis least populated, and the other iB
conformation consists of numerous rapidly interconverting intermediate. Assignment of the minor native-likegeak
conformers. The notation refers to the partially folded is unambiguous, as its chemical shift is far upfield and similar
ensemble, P, containing a denatured conformatiqj (R to 37NH in native BPTI41). It is reasonable to assume that
which the NH has a chemical shift and sequential NOEs when Gly 37 NH is native-like, the ¥118 active site loop
indistinguishable from “random coil”, and a more ordered is also native-like, as it packs with the loop containing Gly
conformation (B, in which the NH has a chemical shiftand 37. Plausible candidates for the process(es) governing
short- and long-range NOEs more similar to folded protein. conversion to native-like (Hor 37NH are formation of the
For partially folded [14-38]an, labeled with!®N at selected  strained Gly 36-Gly 37 dihedral angles to bring Gly 37 into
backbone amides, NMR spectra shoywaRd R conforma- proper orientation for an NHaromatic contact with the Tyr
tions for each>N'H group; for core residues the dominant 35 ring and/or packing of the 118 loop with the 34-39
population is B while outside the core the dominant loop. The existence of a minor native-like conformation of
population is B. For residues in core segments, je@aks the active site loops in partially folded [38B8]apy and in
report native-like amide properties. For residues in noncore its more disordered analogues is strongly supported by results
segments, fpeaks report amide groups that are not native- on their inhibition of trypsin, as described in the next section.
like but are more ordered than a random coil. Partially Folded [14—38]an, Has Inhibitor Actuity. Par-
The slow conformational interchange phenomena in tially folded [14—38]an, has 10-fold weaker affinity for
partially folded BPTI variants are, we propose, general for trypsin than wild-type BPTI and completely inhibits trypsin
partially folded proteinsg, 7). This is consistent with results ~ at a molar ratio of 6:1 (Table 1 and Figure 4D). This is very
obtained for other proteins, includingt-lactalbumin, strong binding, as trypstaBPTI is among the most tightly
staphylococcahuclease, and thioredoxiB%—40). In a-lact- bound complexes known, with &assoc fOr rat trypsin
albumin, NMR spectra cross-peaks are observed underapproaching 1% at neutral pH 19, 42). Although native-
unfolding conditions but not under molten globule conditions; like loops for Gly 37 NH may be present in a very small
this is explained by line broadening in the molten globule proportion of the population, a strong ligand binds native
due to intermediate exchang®g]. In denaturedstaphylo- conformations and effectively removes them from the pool
coccalnuclease, some residues are apparently obscured byof free conformers, thereby converting a significant fraction
broadening; intermediate chemical exchange is inferred from of the ensemble to bound, native-like conformations. This
the observation of their cross-peaks in spectra of fully is further confirmed by crystal structures recently solved for
unfolded nuclease3). In thioredoxin, NMR spectra of  a modified rat trypsin complexed with [£#88]a,, (43). The
reconstituted fragments have peaks that are present undeindication from the NMR data of a significant energy barrier
denaturing conditions but missing under milder conditions, between a minor native-like loop conformation and two other
implying that, in the latter case, the protein is partially folded conformations might explain why long equilibration prior

and the peaks are broadened by intermediate exchdfpe (

We suggest that, in partially folded proteins, core backbone

atoms are, in general, in slevintermediate exchange

to assay is most effective.
Highly Disordered Variants of [1438]apu Sample
Native-like Conformations. Both new analogues of

between native-like and disordered conformational families [14—38]a,, are more disordered than the parent{B8]apu.

that interconvert byocal motions. Thus, families of locally

P26D27[14-38]abuy has much less native-like core structure

fluctuating conformations are separated by an energy barrierthan [14-38]ap,, While N26G27K28[14-38]ay has no
the basis for which may be important in understanding early detectable ordered structure (Figures 1 and 2). Both ana-

events in protein folding.

logues exhibit higher apparent binding for ANS than the

The underlying process responsible for slow exchange in parent protein and considerably higher binding than unfolded

core segments in BPTI variants is rei$—transisomerism

[R]abu- Both [14—38]a,u @analogues inhibit trypsin (Table 1).



Native-like Conformations in Partially Folded BPTI Variants

Affinity for trypsin is decreased by only 4-fold for P26D27-
[14—38]apy relative to parent [1438]ay and by 50-fold
relative to native BPTI. Incubation with enzyme reduces
trypsin activity to 20% at a molar ratio of 20:1. Affinity for
trypsin is decreased 28-fold for N26G27K28{138]any
relative to parent [1438]a,, and 400-fold relative to native
BPTI. Incubation of trypsin with N26G27K28[1438]abu
reduces residual tryptic activity to about 40% at a molar ratio
of 45:1. For [Rhwu, NO inhibition is detectable even at very
high concentration relative to trypsin. Thus, even though
P26D27[14-38]anu has considerably more disorder than
[14—38]apu, and N26G27K28[14 38]apy has no obvious
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of proteins in vitro 48—51). CD spectra of the three
[14—38]ans analogues, and of [R],, have greater negative
ellipticity at 220 nm in 1 ad 2 M TMAO, as compared to
spectra of samples without osmolyte (Figure 5). The structure
induced by TMAO is cooperatively formed, as shown by
the shapes of their thermal unfolding curve®iM osmolyte
(Figure 6, closed symbadlsin the absence of TMAO, only
[14—38]anu Shows cooperative thermal unfolding (Figure 6,
inset), while the other analogues show a progressive decrease
in ellipticity at 220 nm (Figure 6) typical of disordered
polypeptides 36).

The inhibitor activities of [14-38]ay and P26D27-

ordered structure, both convert to some extent to native-like [14—38],,, are enhanced by TMAO (Figure 7); the specific
conformations in the presence of trypsin. The crystal structure inhibitor activity, normalized to WT BPTI activity, increases

of the complex of modified rat trypsin and P26D27-
[14—38]apu (43) confirms these ideas. The detection of
inhibitor activity in [14—38]apy and in its analogues implies
that native-like ligand binding conformations are populated
in their partially folded ensembles.

Comparison of N26G27K28[1438]apu With [R]apy illus-
trates interesting differences between partially folded and
fully unfolded ensembles of the same protein. Both variants
show no obvious indication of ordered structure in NMR or
CD spectra. While no inhibitor activity is measured even at
very high ratios of [R]u, to trypsin, activity is observed for
N26G27K28[14-38]any, albeit at a reduced level relative to
[14—38]apu and P26D27[1438]anu. The fact that any level
of activity is observed for N26G27K28[1438]apu implies
that the ensemble includes a small population of native-like
conformations in equilibrium with the dominant population
of disordered forms. This is consistent with the significant
enhancement of ANS fluorescence by N26G27K28-
[14—38]apu but not by [Rhy, (Figure 3), suggesting that the

by about an order of magnitude upon going from the absence
of TMAO to 2 M TMAO (Figure 7, inset). For the
N26G27K28[1438]an, variant, a small (3-fold) increase of
inhibitor activity is observedn 2 M TMAO, but this is too
small a change to show on the scale of Figure 7. These results
imply that TMAO-induced structure is native-like in
[14—38]apu and P26D27[1438]anu, CONsistent with the
results of Bolen and associates on other protel#s 13,

52). The small increase in activity of N26G27K28[1388]anu

in the presencefa2 M TMAO suggests that its TMAO-
induced structure is also native-like, but the data are not
conclusive. Since the triple mutant is more disordered that
the other [14-38]ap, analogues, it very likely requires higher
TMAO concentrations to induce refoldingt 2 M osmolyte,

it may well be that for N26G27K28[1438]ap, the CD-
detected refolding, indicated by the data in Figures 5 and 6,
is not enough to give clear indication of increased trypsin
inhibitor activity under the assay conditions used herexR]
shows no trypsin inhibitor activityni2 M TMAO, although

former contains, on average, more hydrophobic clustering it has some CD-detected changes that indicate increased

for ANS binding. It is interesting to note in passing that

collapsed structure (Figure 7). This is likely to be similar to

[R]abu has some detectable non-native order in core residuesthe TMAO effect on reduced and carboxamidated RNase

(44).

We conclude from activity and ANS binding data that
while N26G27K28[14-38]anu and [Rlu are both primarily
extended and flexible, the disulfide cross-link in the
[14—38]apu analogue favors formation of minor populations
of collapsed conformations that sample native-like structure.
Itis reported that 1438 is the first, transiently formed, disul-
fide in disulfide-linked refolding45, 46). Since the partially
folded ensemble of [1438]ap, iS, ON average, more native-
like in core regions and more disordered in the vicinity of the
14—38 disulfide, the ordering influence of the cross-link is
primarily an entropic effectf). That is, elimination by the

cross-link of more extended conformations results in an en-

semble with a higher population of more collapsed confor-

A, often taken as a model for a random coil protein. In this
case, TMAO causes the random coil to contract, but no
folding takes placeg3).

CONCLUSIONS

Three partially folded analogues of BPTI have inhibitor
activity. The analogues differ widely in the degree to which
they are folded, and inhibitor activity increases with detect-
able order. The parent [+88]an, favors native-like structure
in the coreB-hairpin and has minor populations of ordered
conformations in regions outside the core. Analogue P26D27-
[14—38]apu has minor native-like structure detectable for core
residues, while analogue N26G27K28[38]any has no
ordered structure observable by CD or NMR. The observa-

mations, among which species that are native-like in the slow tion of inhibitor activity implies that in partially folded
exchange core are sampled. We expect that any singleproteins, even those with very small levels of ordered
native-like disulfide would do the same, suggesting that order structure, there are native-like conformations in equilibrium

of disulfide bond formation is not critical in BPTI folding.
Osmolyte-Induced FoldingAddition of TMAO induces
CD-detected structure in partially folded and unfolded

with the dominant disordered species. This supports our
NMR interpretation of slow-exchange peaks in {138]apy
and the related model of partially folded protein ensembles.

analogues of BPTI. Organic osmolytes are small molecules The osmolyte TMAO induces CD-detected structure in the
that accumulate in the blood of some animals and preventthree partially folded analogues of [£88]apu, as well as in

proteins from unfolding, aggregating, and losing functional

fully unfolded [R]any. In all four species, the TMAO-induced

activity when exposed to environmental stresses such asstructure is formed cooperatively, but to varying degrees.

extreme temperatures and high salt concentrad@n (The

Inhibitor activity assays in the presence of TMAO indicate

organic osmolyte TMAO has been reported to fold a number that osmolyte-induced structure is native-like in {13B]apy
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and P26D27[1438]x,y and also may be native-like in
N26G27K28[14-38]abu. In fully unfolded [Rpy, the CD-
detected changes likely arise from non-native structure.
Although neither N26G27K28[1438]apy NOr [R]apy have
CD- or NMR-detected structure, the former can be distin-
guished as partially folded. N26G27K28F38]an, has ANS
fluorescence enhancement similar toB8]a,, and P26D27-
[14—38]anu, as well as measurable inhibitor activity. Appar-
ently, the triple mutant sufficiently favors collapsed confor-
mations to give an ANS response similar to a partially folded
protein and sufficiently favors native-like conformations to
have measurable (albeit low) inhibitor activity. In these
respects its ensemble of conformations, although mostly
disordered, is clearly different from fully unfolded [R].
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