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ABSTRACT. There are a small number of peptides derived from proteins that have a propensity to adopt
structure in aqueous solution which is similar to the structure they possess in the parent protein. There are
far fewer examples of protein fragments which adopt stable nonnative structures in isolation. Understanding
how nonnative interactions are involved in protein folding is crucial to our understanding of the topic.
Here we show that a small, 11 amino acid peptide corresponding to residued 1DDf the protein
o-lactalbumin is remarkably structured in isolation in aqueous solution. The peptide has been characterized
by 'H NMR, and 170 ROE-derived constraints were used to calculate a structure. The calculations yielded
a single, high-resolution structure for residues-1Q07 that is nonnative in both the backbone and side-
chain conformations. In the pH 6.5 crystal structure, residues-10% are in an irregular turn-like
conformation and residues 186&11 form ana-helix. In the pH 4.2 crystal structure, residues $QD5

form ana-helix, and residues 166111 form a loopike structure. Both of these structures are significantly
different from the conformation adopted by our peptide. The structure in the peptide model is primarily
the result of local side-chain interactions that force the backbone to adopt a nonpgitive-8ke structure

in residues 103106. The structure in aqueous solution was compared to the structure in 30%
trifluoroethanol (TFE), and clear differences were observed. In particular, one of the side-chain interactions,
a hydrophobic cluster involving residues 10105, is different in the two solvents and residues-1071

are considerably more ordered in 30% TFE. The implications of the nonnative structure for the folding
of a-lactalbumin is discussed.

There are many examples of conformational studies of what impact local and nonlocal nonnative interactions have
peptide fragments of proteins. These studies provide cluesupon the correct folding of the polypeptide chain to the native
about the propensity to form local structure in the absence state. Structural characterization of nonnative interactions that
of tertiary interactions and, hence, can provide information exist in denatured or partially folded states of proteins is a
about the conformational tendencies of the unfolded state.necessary first step in deconstructing their involvement in
In most cases, small peptides are found to be largely devoidthe folding process.
of structure. In some cases, however, a propensity to adopt Here we have used two-dimensiofllNMR* to analyze
nativelike structure has been observed and this has led toa peptide derived from residues 10111 of the protein
considerable discussion about the role of local interactions a-lactalbumin ¢LA) in order to probe for local structural
in folding (1). There are notably fewer examples of local preferences that may play a role in stabilizing partially folded
interactions leading to the formation of significant nonnative states. A high-resolution analysis of the nonnative structure
structure 2). In some cases, nonnative interactions have beenfound in this peptide is described. This is a particularly
shown to be slow folding3—6). This raises the question of interesting region ofLA. It adopts very different conforma-
tions in the crystal structures of the high pH (6.5) and low
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Nonnative Structure in a Denatured State

Ficure 1: MOLSCRIPT ribbon diagram of the X-ray crystal
structure of humamLA (32). The a-domain is in white and the
p-domain is in gray. Residues 16111 are shaded black.

turn-like conformation and residues 10611 form an
o-helix. In the crystal structure determined at pH 4.2, residues
101-105 form ana-helix, and residues 166111 form a
looplike structure. This region afLA also appears to play
an important role in stabilizing the molten globule state.
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MATERIALS AND METHODS

Peptide Synthesis and Purificatiorhe native Cys residue
at position 111 ofalac:10:-111 was replaced by Ala.
Peptide synthesis reagents and solvents were purchased from
PerSeptive Biosystems Inc. and Fisher Scientific, respec-
tively. aLac:101-111 was synthesized on a Rainin model
PS3 automated peptide synthesizer on a 0.1 mmol scale.
Fmoct-amino acids were coupled via TBTU activation. The
use of a polystyrene support with a peptide amide linker
(PAL resin) provided an amidated C-terminus. The N-
terminus was acetylated upon completion of the synthesis.
Cleavage from the resin was accomplished using a solution
of 90% TFA, 3.3% ethanedithiol, 3.3% anisole, and 3.3%
thioanisole. The peptide was purified by reversed-phase
HPLC using a Vydac C18 column with ;8/CH;CN
gradients containing 0.1% TFA. The peptide was character-
ized by MALDI mass spectrometry; expected molecular
mass, 1341.5 Da, observed molecular mass, 1341.0 Da.

CD. Measurements were performed on an AVIV model
62A circular dichroism spectrometer. Wavelength scans were
performed with an averaging timé 8 s and a minimum of

Proline scanning mutagenesis studies suggest that the D-helithree repeats. Peptide concentrations were:M0A 2 mM

(residues 106111) is formed in the molten globule state Phosphate, 2 mM borate, 2 mM citrate, and 10 mM NaCl
(9), and protein dissection studies have demonstrated thatuffer at pH 2.8 was used for all CD experiments. TFE was

residues 104111 are required for molten globule formation Purchased from Aldrich. Peptide concentrations were deter-
(S.J.D., J. Boice, R. Fairman, and D.P.R., unpublished mined by absorbance measurements using extinction co-

results).

oLA consists of two subdomains, a primarily helical
domain @-domain) consisting of residues-B9 and 8%
123 and a sheet/coil domaifi-lomain) encompassing the
remainder of the molecule (Figure I))(In the native state
of aLA, the a-domain contains four majar-helices, denoted
A—D, and a C-terminal 3 helix. We have previously
obtained qualitative evidence for nonnative structure in
isolated peptide fragments ofLA containing the D helix
and the C-terminal 3 helix (10). One of the nonnative
interactions characterized in the D-helix region of the isolated
peptides, a Ty+His interaction between residues 103 and

107, has been shown to exist in the acid-denatured molten

globule state of the full-length protein ). In the homolo-

gous protein, hen lysozyme, there are two Trp residues

corresponding to positions 104 and 107 of ¢hié\ sequence.

In lysozyme, these residues have been shown to slow folding

by stabilizing an intermediate through nonnative interactions
Q).

In our previous study, we used CD and NMR to investigate

efficients calculated via the method of Pace and co-workers
(23).

H NMR. The samples used for experiments isCHwvere
3 mM alac:101-111 in 90% HO and 10% RO (v/v) at
pH 2.8 (unbuffered). NMR samples containing TFE were
prepared by first dissolvinglac:101:-111 in H,O. The pH
was adjusted to 2.8 and THk-was added to a final
concentration of 30% (v/v). The final peptide concentration
was 3 mM. All deuterated solvents were purchased from
Cambridge Isotope Laboratories, Inc. NMR experiments were
carried out on Varian Unity INOVA 500 and 600 MHz
spectrometers. Presaturation was used for solvent suppres-
sion. TOCSY and ROESY experiments were performed with
either 256 or 512; increments and 2048 data pointstin
TOCSY experiments utilized a 75 ms mixing time, and
ROESY experiments used a 300 ms mixing time. DQF-
COSY and E.COSY experiments were performed with 512
t; increments and 8K and 4K data pointstinrespectively.
All experiments used the TPPI method of data collection
(14) except the E.COSY experiments, which used the method
of States and co-workerd¥). All data sets were processed

the conformational tendencies of a peptide corresponding toysing Felix 95.0 (Biosym). Sinebell window functions shifted

residues 101111 ofaLA (designatedrlac:101-111) (10):

PYIDYWLAHKA 19 A

In the present work, we have collected additiohalNMR

70—90° were applied to all 2D data sets. The data sets were
zero-filled once in the first dimension and twice in the second
dimension before Fourier transformation. Sequence-specific
assignments were determined by assigning spin systems from
the TOCSY spectra and using sequential alpha to amide ROE

data and performed detailed calculations of the structure of peaks 16). 3Jyu, coupling constants were estimated by

the peptide in HO and in 30% (v/v) TFE/KD. The peptide

measurement of, and vy from DQF-COSY experiments

is remarkably structured in the two solvents, and the observed(17). 3J,s coupling constants were measured as passive

structures are notably different from the structure calculated
previously for a similar peptide in 95% TFELZ). We
compare the structures of our peptide in the two solvents

and discuss the insights our structures provide for under-

standing the role of this region in the folding et A.

couplings from E.COSY experimentd§). Intensities of
ROESY cross-peaks were corrected for resonance offset
effects (L9). A listing of 'H resonance assignments fdac:
101-111 have been submitted to the BioMagRes Database
(Madison, WI).
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Distance Restraints and Structure CalculatioriBhe were slightly greater than those at room temperature and the
restraints for the calculation of the peptide structure in improved spectral resolution allowed for a slightly greater
agueous solution were generated from experiments performechumber of ROEs to be assigned compared to other temper-
at 10 °C. All of the restraints used for the structure atures. Therefore, the data at U0 was chosen for further
calculations of the peptide in 30% TFE were derived from analysis. The similarities in the spectra recorded at 5, 10,
experiments performed at 2Z%. ROEs were assigned as and 25°C lead us to believe that the structure is very similar
strong, medium, weak, and very weak by counting contour at these temperaturesLac:101-111 displays a surprising
levels. Upper boundary limits were set at 3.3 A for strong, amount of structure for an 11 residue peptide in aqueous
3.8 A for medium, 4.5 A for weak, and 5.0 A for very weak. solution. A total of 170 proton ROEs were assigned and used
Standard psuedoatom distances were used for those methyfior the structure calculations. Of these ROEs, 136 are
and aromatic protons that could not be stereospecifically between protons separated by at least four bonds. The
assigned 16). ¢ angles were restricted t665 + 30° for remaining ROEs were used to differentiate between distances
measuredJyn, Values below 6 Hzy* values were restrained  that would give rise to clear differences in ROE intensities
to particular rotamers as determined by fdg; coupling (for example, between the proton of a residue and its two
constants and amide fbanda to § proton ROE intensities protons). Of the 170 ROE restraints, 138 involve residues
(20). No hydrogen-bonding restraints were used in any of 101-107. The ROE intensities and four backbone dihedral
the calculations. angle constraints were used as restraints in the structure

Structures were calculated using the program X-PLOR calculations. No hydrogen-bonding restraints were used. An
version 3.851 Z1). The standard files, parallhdg.pro and ensemble of 40 structures with minimal restraint violations
topa”hdg_prol were used to define the force constants andWas generated. The distribution of ROEs and the backbone
residue topologies, respectively. Random coordinate files @nd heavy atom RMSDs are shown in Figure 2, and statistics
were generated using random.inp2( 23). For both the  for the ensemble are shown in Table 1.
aqueous solution and 30% TFE data, 200 substructure The ensemble displays a very low RMSD for residues
embedded coordinate files were generated using thel01—107 where the majority of the ROE restraints lie (Figure
dg_suh_embed.inp protocol24, 25). Distance geometry  3). If only residues 103107 are superpositioned, the RMSD
and simulated annealing was performed on the 200 subem-of the backbone and heavy atoms is 0.28 and 0.54 A,
bedded structures using the dgsa.inp proto24+6). This respectively. These results suggest that residues-1071
protocol performs initial energy minimization using the Predominately populate one conformation which may be in
conjugate gradient method, followed by 1000 steps of fast exchange with the random coil state.
restrained molecular dynamics at 2000 K and 1000 steps of The backbone of residues 16206 adopts a conformation
simulated annealing to 100 K for a total of 6 ps of dynamics. resembling a @ helix which is terminated after H107. An
These structures were then subjected to a final step of(i,i+3) hydrogen bond between the carbonyl oxygen of Y103
minimization. The resulting 200 coordinate files were refined and amide proton of A106 is present in every member of
using the protocol refine.inp. Dynamics were begun at 1000 the ensemble of structures. Anothgi3) hydrogen bond
K and consisted of 3000 cooling steps to 100 K for a total between the carbonyl oxygen of W104 and the amide proton
of 9 ps of simulated annealing. A final stage of minimization 0f H107 was observed in 16 of the structures. In nine
was performed using a repel value of 0.75 to define the VDW structures, the amide proton of K108 acts as a hydrogen bond
potential. donor. In six of these structures, the W104 carbonyl forms

Using a cutoff of 0.2 A for upper bound ROE violations & Nydrogen bond to the amide protons of both H107 and
and 2.3 for dihedral angle bound violations, 40 structures K108 Amide'H temperature coefficients well below random

were selected from the 200 refined structures to make upCO!l values (4.2 and—3.2 ppb/K) were observed for the
the final acceptable ensemble folac:101-111 in aqueous amide protons of A106 and H107 and are consistent with

solution. Using the same criteria, 41 refined structures out either hydrogen bond formation or protection from solvent.

of 200 passed the violations screen and were chosen toResidues 103106 all cluster in the helical region of the

represent the structure offac:101-111 in 30% TFE. An  Ramachandran plot. Thgy angles of D102 fall outside of

average structure was generated from each ensemble usin N norlma_lly ?Ilowe_d regionls of the Ramachland:jan ploé. In
the protocol average.inp. These structures were then subjecte@” 2nalysis of protein crystal structures, Moult and Herzberg
to a 4000 step energy minimization using the conjugate ound that many of the nonglycine residues that deviate from

gradient method in X-PLOR and are denoted the average/the normally allowed regions of the Ramachandran plot are
minimized structures. For the assignment of backbone aspartic acid residue®T). Aspartic acid residues are often

hydrogen bonds, the following criteria were used: the amide f°‘4”d as capping residue; in helices. Ho_wever,.therg & no
proton and carbonyl oxygen must be within 2.4 A of one evidence that D102 functions as a capping residue in this

another and the deviation from linearity must not exceed 50 peptide. 'I_'he conformation of residues *,OB” is not we]l- .
defined since there are very few experimental restraints in

RESULTS this region of the peptide.

The observed ROEs provide evidence for the formation

olac:101-111 in Aqueous Solution: A Model of Local of a hydrophobic cluster involving the side chains of 1101,

Interactions in the Denatured Stat€he CD spectrum of Y103, and W104. In all of the structures, the side chains of
alac:101-111 at pH 2.8 does not change significantly these residues are clustered together and are in van der Waals
between 1 and 60C. ROESY spectra collected at 5, 10, contact with one another. There is also an interaction
and 25°C are all very similar; although, the resolution is involving the side chains of Y103 and H107. Four medium
best at 10C (10). At 10 °C, the intesities of the ROE peaks strength ROEs between the imidazole side chain of H107
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Ficure 2: Plots of the number of ROEs per residue and the RMSD per residue for (A) the ensemble of structures in agueous solution and
(B) the ensemble of structures in 30% TFE. (i) The ROEs per residue (open, intraresidue; gray, sequential; black, medium range). (i) The
RMSD of each residue (closed circles, backbone; open circles, all heavy atoms).

Table 1: Statistics for the Ensembles of Structureslat:101-111 in Aqueous Solution (40 Structures) and in 30% TFE (41 Structures)

RMS deviations of the ensemble of alac:101:-111 in aqueous solution, pH 2.8 alac:101+-111 in 30% TFE, pH 2.8
structures on the average structure (A)
backbone, residues 16111 1.3440.32 0.744+ 0.17
heavy atom, residues 16111 1.48+0.34 0.98+ 0.20
backbone, residues 18107 0.284+ 0.15 0.32+0.13
heavy atom, residues 16107 0.544+ 0.09 0.66+ 0.08
RMS deviations from experimental restraints
ROE restraints (A) 0.026 0.002 0.014+ 0.004
Dihedral restraints°j 0.45+0.07 0.87+0.08
RMS deviations from idealized geometry
bonds (A) 0.0035t 0.0002 0.0023 0.0003
angles {) 0.59+ 0.02 0.49+ 0.03
impropers ) 0.35+£0.02 0.43£ 0.03
potential energies (kcal mdi)
bond lengths 2.3&0.21 1.05+ 0.31
bond angles 18.8% 1.39 12.93+ 1.34
improper angles 2.140.26 3.27£0.51
VDW contacts 9.09t 1.05 2.67+ 1.56
dihedral restraints 0.1 0.03 0.35+0.11
ROE restraints 5.76 1.07 151+ 0.85
total 38.17+ 2.55 21.02+4.19

and the side chain of Y103 are observed. An additional two cross-peaks which define the position of these side chains
medium/weak ROEs are observed from the side chain of will be dominated by the population of molecules which are
H107 to the GH of Y103. The histidine side chain occupies structured 2). In contrast, the coupling constants reflect an
the g" rotamer. This positions the side chain so that it projects average over both the structured and random coil populations.
down the vertical axis of the helix toward the N-terminus. There may also be some variability in the position of the
The conformation of the Y103 side chain is also well-defined, side chains in the hydrophobic cluster that could contribute
populating the g rotamer even though ng restraints were  to averaging of the coupling constants. Some fluctuations
included in the structure calculations. in the position of these side chains is reasonable since
None of the residues involved in the hydrophobic cluster hydrophobic interactions are nondirectional.
have3J,s coupling constants indicative of populating a single  The structure in residues 16107 is highly nonnative. It
rotamer. Averaging with the random coil state of the peptide, differs greatly from the structure of this region @tA in
which is fast on the NMR time scale, is likely the cause of both the high and low pH crystal formg,(8). Superposition
the averaged coupling constants. The intensities of the ROEof residues 101106 of the average/minimized structure with
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N-term

FiIGURE 3: (A) Backbone representation and (B) heavy atom representation of the superposition of the 40 structures of the ensemble determined
at pH 2.8, 10°C in aqueous solution.

the same residues of the high pH crystal structure of intact (A) (B)
oLA reveals significant differences. The RMSD of the )
backbone is 2.36 A, and the RMSD of the heavy atoms is
3.69 A. A comparison between residues +a11 from the
high pH crystal structure andlac:101-111 is shown in
Figure 4. A similar comparison was not possible for the low
pH crystal structure since the coordinates are not publicly
available. However, residues 16105 form ana-helix in
the low pH form, and the side chains of Y103 and H107 are
over 10 A apart. This is clearly very different from what is
observed in the structure afilac:101-111 in aqueous
solution.

olLac:101-111 in 30% TFE: The Nonnaté Structure
Differs from That Found in Aqueous Solutidrhe structures
of numerous peptides have been determined in mixed TFE/
aqueous solutionslp, 28, 29). In most cases, peptides are
largely unstructured in water and the addition of TFE usually
induces helical structuredac:101-111 offers an interesting
system with which to examine the conformational rearrange-
ments induced in an already structured peptide upon the . ; !
addition of TFE. IntacttL A has been shown to populate a Eglgri/iailns;?l?é%ﬁ}s%forlm?g?'Il_'ﬁé(sl?()jeRéizci)nnsda:?eg irr?guggftgshow

partially folded state in mixed TFEAD solvents, and thus  the large difference between the native structure and the structure
it is also of interest to examine how TFE modulates the of alac:101-111.

tendency to adopt locally stabilized structure. A similar

peptide has previously been studied in 95% TFE; however, of TFE to an HO solution containinguac:101-111 at pH

it is known that the properties of TFE water mixtures vary 2.8, 25°C (Figure 5). The isodichroic point at 202 nm
dramatically between mixtures which are rich in TFE versus indicates that each residue is sampling one of two conforma-
those which are low in TFE3Q, 31). A large increase inthe  tions, most probably helix and coil. The intensity at 222 nm
far UV CD signal at 222 nm is observed with the addition reaches its maximum at 30% (v/v) TFE.

Ficure 4: (A) Ribbon diagram of residues 16111 from the high
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Ficure 5: TFE titration monitored by CD ofilac101+-111 at pH
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(Figure 6). However, when only residues 107 are
superimposed, the RMSDs are comparable (0.32 A for the
backbone atoms and 0.66 A for the heavy atoms in 30%
TFE versus 0.28 A for the backbone atoms and 0.54 A for
the heavy atoms in #D). The distribution of ROEs and plots

of the backbone and heavy-atom RMSDs are shown in Figure
2. The statistics for the ensemble of 41 structures are
provided in Table 1.

The conformation of the N-terminal portion of the
backbone changes very little with the addition of 30% TFE
(Figure 7A). If residues 101106 of the backbone from the
average/minimized structure in aqueous solution are super-
imposed on the backbone from the average/minimized

2.8, 25°C (filled triangles, 0.0% TFE; open diamonds, 9.9% TFE; Structure in 30% TFE, the RMSD is 0.98 A. Residues-103
open triangles, 19.4% TFE; filled diamonds, 28.6% TFE; filled 106 still form a 3q helix/turn-like conformation. The Y103
circles, 40.0% TFE). Note, the 28.6% and the 40% TFE spectra carbonyl group maintains its hydrogen bond with A106 in

are essentially superimposable.

Several key proton resonances overlap at'@0 These
resonances are resolved at Z5; therefore, the structures
were calculated using the data collected at@5The ROEs
which could be assigned at 2C were all present in the 25
°C spectra, suggesting that the structures at 10 antiC25

every member of the ensemble. The carbonyl of W104 is
close to the amide protons of both H107 and K108, similar
to what is observed in aqueous solution. W104 makes a
hydrogen bond with H107 in 19 of the 41 structures and
with K108 in 2 of the 41 structures. The greatest difference
in the backbone conformation is that the residues C-terminal

are very similar. Calculations of the peptide structure in 30% to H107 are disordered inJ, but form ano-helix in 30%
TFE were performed using a total of 138 ROE and 7 dihedral TFE. Theg,y angles of residues 163.11 from the average/
angle restraints. Again, no hydrogen-bonding restraints wereminimized structure in 30% TFE all fall in the helical portion
used. An ensemble of 41 structures with minimal restraint of the Ramachandran plot,i+4 hydrogen bonds are
violations was generated. The overall RMSD is much lower observed between L105 and A109 in 4 of the 41 structures,
than what is observed for the peptide in aqueous solution: between A106 and L110 in 3 structures, and between H107
0.74 A for all backbone atoms and 0.98 A for all heavy atoms and A111 in 12 structures. All fouri+4 hydrogen bonds

Ficure 6: (A) Backbone representation and (B) heavy atom representation of the superposition of the 41 structures of the ensemble determined

at pH 2.8, 25°C in 30% TFE.
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DISCUSSION

Our calculations have shown that residues-10Q7 of
olac:101-111 adopt a well-defined structure in agueous
solution. Although there is doubtless some conformational
flexibility, likely including some coiling and uncoiling of
the peptide backbone between residues-11117, a single
structure is consistent with all of the ROE restraints. The
structure appears to be stabilized by a number of nonnative
side chain interactions: the hydrophobic cluster involving
residues 1101, Y103, and W104 and the interaction between
residues Y103 and H107. Since this structure is stable in
the absence of tertiary interactions and is the result of local
interactions, it will almost certainly be present in the unfolded
state at the onset of the folding process at low pH. The
structure in our peptide is nonnative and a drastic rearrange-
ment would be required to fold to the low (pH 4.2) or high
pH (pH 6.5) crystal structures(8). In the pH 6.5 crystal
structure, H107 is buried and makes a hydrogen bond with
the carboxyl group of E25/( 8). At pH 4.2, H107 is exposed
to solvent. The protonated side chain of H107 also appears

FIGURE 7: Superposition of residues 16107 of the average/ to be important for the formation of the local structure

minimized structure at pH 2.8, 1T in aqueous solution (black) ~ observed in isolation at low pH and may, thus, preferentially
with residues 1024107 of the average/minimized structure at pH contribute to the stability of the unfolded state at low pH
2.8, 25°C in 30% TFE (grey). (A) Backbone. (B) Heavy atom. (10).

(W104-K108, L105-A109, A106-L110, and H107-A111) The local structure ofolac:101-111 is particularly

are present in the average/minimized structure.oAmelix interesting because it appears to mimic some of the structure
is observed from residues 106 to 111 in the high pH crystal formed in this region of intacttLA in the molten globule
structure 7). If the average/minimized backbone of residues State. CD studies have shown that the molten globule state
106-111 is superimposed upon the backbone of the sameOf aLA contains a high degree of secondary structure;
residues from the crystal structure, the RMSD is 0.80 A. In however, its dynamic nature and tendency to associate at
contrast, the backbone RMSD between residues-106 high concentrations have made detailed structural studies of
of the average/minimized structure and the same residueghis state difficult. Dobson and co-workers have uded

of the crystal structure is 2.46 A. Thus, while the backbone NOESs to show that the side chains of Y103 and H107 are in
conformation of residues at the N-terminus is clearly close proximity in the acid-denatured molten globule state
nonnative, the backbone of residues +aa1 does adopt a  (11). Our study has shown that one of the few well

nativelike configuration in 30% TFE. characterized examples of structure in the molten globule
Although the backbone conformation of residues 201 state can be induced by local interactions.
106 in 30% TFE is very similar to that observed in(H4 Molten globule-like states of proteins generally contain

the side chain positions are significantly different (Figure extensive secondary structure and bury a significant number
7B). In particular, the hydrophobic cluster loses its integrity. of hydrophobic groups. In intaatLA, residues 10+111
Only one weak ROE is observed between the indole ring of are involved in interactions which are important for the
W104 and the phenol side chain of Y103 in 30% TFE stability of the molten globule state (S.J.D., J. Boice, R.
compared to five medium strength ROESs in aqueous solution. Fairman, and D.P.R., unpublished results). It is possible that
As a consequence, the conformation of the W104 side chainthe ability of this region to form locally stabilized structures
is no longer constrained by the Y103 side chain. There are which includes the clustering of hydrophobic side chains may
also fewer ROEs between Y103 and 1101. Additional ROEs play a role in the formation of the molten globule state. In
are observed between the W104 and L105 side chains inH,O, our peptide is essentially unstructured from residues
30% TFE that were not observed in aqueous solution. As a107 to 111. However, proline-scanning mutagenesis studies
result, the W104 side chain occupies thergtamer in 30% have provided indirect evidence that this region adopts helical
TFE compared to the'grotamer in aqueous solution. This  structure in the molten globule stat®).( Thus, it is very
change creates a hydrophobic cluster on one face of theinteresting that in 30% TFE the peptide does form a
3i/turn structure which includes the side chains of 1101, nativelike helix from residues 106 to 111 while still
W104, and L105. maintaining the nonnative Y163H107 side-chain interac-
The side chain interaction between Y103 and H107 is tion. The hydrophobic cluster including residues 1101, Y103,
maintained in 30% TFE. The same set of six ROEs which W104, and L105 is also able to rearrange depending upon
were observed in D were observed in 30% TFE and are the environment of the peptide without disrupting the
of the same intensity. In all of the structures, these two side interaction between the side chains of Y103 and H107 that
chains adopt the same relative orientation as they do inis known to be present in the molten globule state. These
aqueous solution. It appears that this robust interaction helpsobservations demonstrate that the nonnative structure ob-
to stabilize the g/turn-like conformation in residues 163 served in the N-terminal portion of our peptide is comparable
106. with the existing structural data for tledl A molten globule
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state and shows, but does not prove, that it could be preserved 9. Schulman, B. A., and Kim, P. S. (1998pt. Struct. Biol. 3

in the molten globule statel().
It is interesting to note that the structure in aqueous

solution and the structure in 30% TFE are both very different

from the structure of a slightly shorter peptide in 95% TFE
(12). In 95% TFE, the @/turn conformation of residues
103—106 found in our structures is not formed, and there is
not as much evidence for the formation of @afhelix in the
five C-terminal residues. Instead, a turn-like conformation
in residues 105108 is prevalent in 95% TFE. In the

structures determined in both 30% TFE and agueous solution,
the longest range side chain to side chain interactions
involved residues which are four apart in primary sequence.
Longer range side-chain interactions were reported in 95%

TFE, including interactions between residues differing by
up to five and six residues in primary sequence. The

properties of TFE rich solutions have been shown to be very

different from mixed aqueous TFE solutions which contain
a low mole fraction of TFEZ0, 31). These differences lead

to the interesting changes in the peptide structure described

here, a result which highlights the potential complications
of studies of peptides in mixed solvents.

In summary, the comparison of the structure of our peptide

in aqueous solution with the structure in 30% TFE shows

682—687.
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and Dobson, C. M. (1993iochemistry 321707-1718.
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C. M. (1995)Structure 2 703-712.

Pace, C. N., Vajdos, F., Fee, L., Grimsley, G., and Gray, T.

(1995) Protein Sci. 4 2411-2423.

Marion, D., and Wihrich, K. (1983)Biochem. Biophys. Res.

Commun. 113967-974.

15. States, D. J., Haberkorn, R. A., and Ruben, D. J. (1982)
Magn. Reson. 48286—-292.

16. Withrich, K. (1986)NMR of Proteins and Nucleic Acid3ohn

Wiley & Sons, Inc., New York.

Kim, Y., and Prestegard, J. H. (198%) Magn. Reson. §4

9-13.

Griesinger, C., Sgrenson, O. W., and Ernst, R. R. (1987)

Magn. Reson. 7474-492.

Griesinger, C., and Ernst, R. R. (198/)Magn. Reson. 75

261-271.

20. Wagner, G., Braun, W., Havel, T. F., Schaumann, T,,\&p
and Withrich, K. (1987)J. Mol. Biol. 196 611-639.

21. Bringer, A. T. (1992)X-PLORuversion 3.1. A system for X-ray
crystallography and NMRyale University Press, New Haven,
CT.
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12.
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14.
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19.

that certain aspects of the nonnative structure can be 22. Nilges, M., Gronenborn, A. M., Bnger, A. T., and Clore,

maintained while others can fluctuate with the solvent
conditions. The variable nature of the hydrophobic cluster

could perhaps be important for burying these groups in the

molten globule state. We have also shown that residues 106

111 can adopt nativelike secondary structure without disrupt-

ing the nonnative Y103H107 interaction that is known to
be present in the acid-induced molten globule staields.
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