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Abstract

Molten globule states are partially folded states of proteins which are compact and contain a high degree of secondary
structure but which lack many of the fixed tertiary interactions associated with the native state. A set of peptides has been
prepared in order to probe the role of local interactions in the vicinity of the Cys6-Cys120 disulfide bond in stabilizing the
molten globule state of human K-lactalbumin. Peptides derived from the N-terminal and C-terminal regions of human
K-lactalbumin have been analyzed using nuclear magnetic resonance, circular dichroism, fluorescence spectroscopy and
sedimentation equilibrium experiments. A peptide corresponding to the first helical region in the native protein, residues 1^
13, is only slightly helical in isolation. Extending the peptide to include residues 14^18 results in a modest increase in helicity.
A peptide derived from the C-terminal 12 residues, residues 112^123, is predominantly unstructured. Crosslinking the N- and
C-terminal peptides by the native disulfide bond results in almost no increase in structure and there is no evidence for any
significant cooperative structure formation over the range of pH 2.2^11.7. These results demonstrate that there is very little
enhancement of local structure due to the formation of the Cys6-Cys120 disulfide bond. This is in striking contrast to peptides
derived from the region of the Cys28-Cys111 disulfide. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

A growing number of proteins have been shown to

form stable partially folded states under mildly de-
naturing conditions. These states, known as molten
globules, generally contain a high level of secondary
structure and are compact, but have few speci¢c ter-
tiary contacts and are much less rigid than the native
state [1^4]. In many cases, the equilibrium molten
globule state is thought to provide an excellent mimic
of partially folded structures populated during the
folding process. Consequently, there has been a great
deal of interest in characterizing the structure and the
interactions which stabilize partially folded states.
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K-Lactalbumin (K-LA) has been shown to form a
molten globule [5^7] that can be stabilized under a
range of conditions including low pH [8,9]. This
equilibrium intermediate is believed to closely resem-
ble the kinetic intermediate that is transiently popu-
lated during the folding of K-LA [10].
K-LA is a 123 residue Ca2� binding protein found

in mammalian milk which plays an active role in the
synthesis of lactose [11,12]. The structure of K-LA
consists of two subdomains: an K-helical domain
(K-domain) and a L-sheet domain (L-domain) [13^
16] (Fig. 1) and is homologous to the C-type lyso-
zymes [17,18]. In the molten globule state, the K-do-
main contains signi¢cant helical structure, while the
L-domain is largely unstructured [19^21]. The K-do-
main consists of four K-helices: the A-helix (residues
5^11), the B-helix (residues 23^34), the C-helix (res-
idues 86^99) and the D-helix (residues 105^109), as
well as a 310-helix from residues 115 to 119. The A,
B, D and 310-helices are believed to be formed in the
molten globule state while the C-helix is thought to
be largely unfolded [22^24]. K-LA contains four di-
sul¢des, two of which are located in the K-domain,
one involving cysteine Cys28 and Cys111 and the oth-
er involving Cys6 and Cys120. One of the remaining
disul¢des is found in the L-subdomain (Cys61-Cys77)
and the other links the subdomains (Cys73-Cys91).
The Cys28-Cys111 disul¢de has been shown to play
an important role in stabilizing the molten globule
state and mutants of K-LA which contain only the
Cys28-Cys111 disul¢de bond can still form a molten
globule state [25].

The structure of the K-LA molten globule state is
not known, nor are the interactions which stabilize
this state understood in detail. One particularly in-
teresting question involves the balance between inter-
actions involving residues which are close in primary
sequence and interactions which involve residues
which are further apart in the primary sequence. It
is also of considerable interest to examine the poten-
tial for stabilizing interactions involving residues
brought into close proximity by the two disul¢de
linkages in the structured K-domain of the K-LA
molten globule. We have previously used synthetic
peptides to examine the formation of structure near
the Cys28-Cys111 disul¢de linkage [26]. Cys28 is lo-
cated in the B-helix and Cys111 is found at the end
of the D-helix. Both of these elements of secondary

structure are formed in the molten globule state [22].
Studies with synthetic peptides have shown that the
B and C-helices are largely unstructured in isolation
while the D-helix has a propensity to form a non-
random structure in isolation [24,27^29]. Crosslink-
ing peptides corresponding to the B and D-helices by
the Cys28-Cys111 disul¢de bond resulted in a dramat-
ic increase in structure [26]. An important conclusion
resulting from that work was that the propensity for
mutually stabilizing local interactions between re-
gions of the peptide chain near the disul¢de corre-
lated with the key role played by the Cys28-Cys111

disul¢de in stabilizing the molten globule state.
In this work, we extend our studies to examine the

role played by local interactions in the vicinity of the
native Cys6 to Cys120 disul¢de bond. Cys6 is located
within the A-helix while Cys120 is in the C-terminal
310-helix. Both of these elements of secondary struc-
ture are believed to be formed in the molten globule
state of K-LA and both provide important contribu-
tions to the stability of the molten globule state [30].
We examine the consequences of crosslinking the
peptides derived from the N- and C-terminus by
the native Cys6-Cys120 disul¢de bond. The results
are compared to previous studies of peptides derived
from regions near the Cys28-Cys111 disul¢de bond
and provide insight into the role that local interac-
tions involving residues near the disul¢de bond play
in the formation of the molten globule state. The
Cys6-Cys120 disul¢de bond has been shown to be
geometrically strained in the native structure [14]
and hyperreactive [31,32], however, Kuwajima and
coworkers have shown that the Cys6-Cys120 disul¢de
bond does play a role in stabilizing the native and
molten globule states [33]. Recent studies have also
shown that point mutations at residues 8, 12 and
118, which are all located near this disul¢de bond,
perturb the stability of the molten globule state
[34,35].

In this work, we also investigate the ability of the
isolated peptides to fold. The N-terminal peptide
contains the region corresponding to the A-helix
and is particularly interesting since one of the most
successful helix-predicting algorithms, AGADIR
[36], suggests that there should be some propensity
to populate helical structure in this region. In con-
trast, AGADIR predicts that the B and C-helices
have very little propensity to fold in isolation. Recent
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molecular dynamics simulations have also suggested
that the A-helix is formed in the molten globule state
while H/D exchange measurements show that the
A-helix is moderately protected in the molten globule
[37,38]. The C-terminal peptide consists of residues
112^123 and includes the C-terminal 310-helix. AGA-
DIR also predicts that the C-terminal region of the
protein has some tendency to form a helical structure
in isolation. Previous studies have examined peptides
corresponding to the isolated B, C and D-helices
[24,26,29,39]. Our study thus completes the analysis
of peptides corresponding to isolated elements of sec-
ondary structure derived from the critical K-domain
of K-LA.

Our study has implications for the interpretation
of recent kinetic experiments which have examined
the e¡ect of reducing the Cys6-Cys120 disul¢de bond
on folding and unfolding rates. Detailed interpreta-
tion of those experiments is aided by knowledge of
the interactions which are present in the unfolded
state under conditions which are relevant for folding.
Unfortunately, the unfolded state cannot be studied
directly under native conditions. Our 30 residue
crosslinked peptide provides a good model of local
interactions which could form in the vicinity of the
Cys6-Cys120 disul¢de linkage.

2. Materials and methods

2.1. Peptide synthesis and puri¢cation

Peptides were synthesized on a 0.20 mmol scale on
a Millipore 9050� automated peptide synthesizer us-
ing standard 9-£uorenylmethyloxycarbonyl (Fmoc)
chemistry protocols. Use of a resin with a 5-(4P-
Fmoc-aminomethyl-3P,5P-dimethoxyphenoxy) valeric
acid linker a¡orded C-terminal amidated peptides.
Amino acid activation was carried out using 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetra-
£uoroborate. The ¢rst residue to be attached to the
resin, all L-branched amino acids and all residues
directly following a L-branched residue were double
coupled. A capping step consisting of a wash with a
solution of 5% acetic anhydride, 5% pyridine, and
90% N,N-dimethylformamide (DMF) was used. The
peptides were cleaved from the resin using a solution
of 91% tri£uoroacetic acid, 3% anisole, 3% thioani-

sole and 3% ethanedithiol. The crude peptides were
puri¢ed by reverse phase high pressure liquid chro-
matography (HPLC) using a C-18 preparative col-
umn (Vydac). A two bu¡er system was utilized
with hydrochloric acid (HCl) as the counterion. Bu¡-
er A consisted of H2O and 0.045% HCl (v/v). Bu¡er
B consisted of 90% CH3CN and 10% H2O and
0.045% HCl (v/v). All peptides were analyzed at the
CASM facility at the State University of New York
at Stony Brook by a Bruker ProteinTOF matrix-as-
sisted laser desorption ionization (MALDI) time of
£ight mass spectrometer (TOF-MS) using 3,5-dime-
thoxy-4-hydroxy-cinnamic acid (SA) as the matrix
(Aldrich). The instrument was calibrated with several
standards (SA (225.0), angiotensin (1047.0), sub-
stance P (1348.6), adrenocorticotropic hormone
(18^34) (2466.7) and bovine insulin (5734.5 for the
singly charged species and 2867.7 for the doubly
charged species)). All spectra were obtained in pos-
itive ion and re£ectron mode. The expected molecu-
lar weight of K-LA (1^13) is 1530, the observed mo-
lecular weight is 1531.7. The expected molecular
weight of K-LA (1^18) is 2129, the observed molec-
ular weight is 2131.0. The expected molecular weight
of K-LA (112^123) is 1519, the observed molecular
weight is 1519.5.

2.2. Formation of the native disul¢de bond

Peptides were dissolved in either 6 M guanidine
hydrochloride, 0.2 M Tris(hydroxymethyl)aminome-
thane (Tris), pH 8.5, or 0.2 M Tris, pH 8.5. The
reaction was followed by HPLC using the same con-
ditions utilized for puri¢cation of the peptides.
MALDI TOF-MS was used to con¢rm the identity
of the individual HPLC peaks.

2.3. Circular dichroism (CD)

CD measurements were made using an Aviv model
62DS instrument. Samples were prepared in a bu¡er
of 2 mM borate, citrate and phosphate, 10 mM NaCl
at pH 2.7 and 25³C. Peptide concentrations were
determined by absorbance measurements at 280 nm
using extinction coe¤cients calculated using the
method of Pace and coworkers [40]. pH dependent
studies were conducted by titrating a sample of pep-
tide in a bu¡er of 2 mM borate, citrate and phos-
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phate, 10 mM NaCl at 25³C with concentrated HCl
and NaOH. The measured mean residue ellipticity at
222 nm was converted to the apparent fraction helix
using the equations of Rohl and Baldwin [41].

2.4. Sedimentation equilibrium

Solutions of the K-LA (1^18) peptide and the 1^18/
112^123 pair were dialyzed against a bu¡er contain-
ing 2 mM borate, citrate and phosphate, at either
10 mM NaCl or 100 mM NaCl at pH 2.7. Experi-
ments were performed at 25³C with a Beckman XL-
A analytical ultracentrifuge, using rotor speeds of
30 000, 40 000 and 50 000 rpm. Experiments were car-
ried out using 12 mm pathlength, six-channel, char-
coal-¢lled, Epon cells with quartz windows. Partial
speci¢c volumes were calculated from the weighted
average of the partial speci¢c volumes of the individ-
ual amino acids [42]. The data were ¢t globally with
both a single-species and a multi-state model with the
molecular mass treated as a ¢tting parameter. The
HID program from the Analytical Ultracentrifuga-
tion Facility at the University of Connecticut was
used for the ¢tting analysis.

2.5. Fluorescence experiments

Fluorescence measurements were performed on an
ISA Fluorolog spectrometer FL3-21. The concentra-
tion of 1-anilinonaphthalene-8-sulfonate (ANS) was
determined using a value of 8000 cm31 M31 as the
molar absorption coe¤cient at 372 nm in methanol
(provided by Molecular Probes). ANS £uorescence
was excited at 370 nm and emission spectra were
recorded over the range of 380^700 nm. Tryptophan
£uorescence was excited at 280 nm and emission
spectra were recorded from 285 to 450 nm.

2.6. Nuclear magnetic resonance (NMR)
spectroscopy

1H NMR experiments were carried out on Varian
Unity INOVA 500 and 600 MHz spectrometers.
Samples were prepared in 90% H2O/10% D2O and
spectra were internally referenced to TSP at 0.0 ppm.
8K data points were collected in t2 for the DQF-
COSY [43], while 2K data points were collected in
t2 for TOCSY [44,45], NOESY [46] and ROESY [47]

experiments. A mixing time of 80 ms was used for
the TOCSY experiment, while a mixing time of
300 ms was used for the NOESY (performed on K-
LA (1^18)) and ROESY (performed on K-LA (112^
123)) experiments. NMR data were processed using
Felix95 (Biosym). The data sets were multiplied by a
90³-shifted sinebell window function and zero-¢lled
once. Assignments were made using standard meth-
ods [48]. 3JHNK coupling constants were determined
from absorptive and dispersive peak separations in
the DQF-COSY spectrum [49]. Chemical shift indi-
ces [50] were calculated using the random coil chem-
ical shifts at 25³C from Wu«thrich [48].

3. Results

The structure of human K-LA is shown in Fig. 1.
The region of the protein corresponding to the pep-
tides studied in this work is indicated by black shad-
ing. The primary sequence of the peptides is included
in Fig. 1. A peptide corresponding to residues 112^
123 of K-LA, denoted K-LA (112^123), was prepared
in order to test for the formation of locally stabilized
structure in this region of the protein. This peptide
contains the C-terminal 12 residues of K-LA and in-
cludes the C-terminal 310-helix. In addition, two pep-
tides were prepared which encompass the A-helix.
The ¢rst corresponds to residues 1^13 with Cys6 re-
placed with an alanine, while the second corresponds
to residues 1^18 and contains the native Cys6. This
sequence includes the turn after the A-helix (residues
14^18). This peptide was prepared to help to eluci-
date the potential role of these residues in stabilizing
the A-helix. The two peptides are denoted K-LA (1^
13) and K-LA (1^18). A fourth peptide was prepared
in which the 1^18 and 112^123 fragments were cross-
linked via the native 6-120 disul¢de bond and is de-
noted K-LA (1^18/112^123).

In the remainder of this section, we ¢rst describe
the results of CD and NMR studies of the conforma-
tional tendencies of K-LA (112^123) in aqueous so-
lution. We then discuss the results of a similar anal-
ysis of both the K-LA (1^13) and K-LA (1^18)
peptides. We conclude by describing the e¡ects on
the structure which results from crosslinking K-LA
(1^18) and K-LA (112^123) via the native Cys6-
Cys120 disul¢de bond. This 30 residue fragment pro-

BBAPRO 36024 6-12-99

D.F. Moriarty et al. / Biochimica et Biophysica Acta 1476 (2000) 9^1912



vides an excellent model system with which to probe
for any potentially stabilizing interactions involving
residues in the immediate vicinity of the disul¢de
bond [26]. This is a particularly interesting issue giv-
en our recent results on peptides derived from the
region near the Cys28-Cys111 disul¢de bond. In that
case, formation of the native disul¢de bond led to a
substantial increase in structure [26].

3.1. Conformational analysis of K-LA (112^123) in
aqueous solution

The peptide corresponding to the C-terminal 12
residues of human K-LA is largely unstructured as
judged by CD, Fig. 2. The CD signal at 222 nm is
independent of the concentration over the measured
range of 10 WM to 1 mM (data not shown). The
value of a222 is 31700 deg cm2 dmol31 at pH 2.8,
which corresponds to only 4% helix. There is only a
modest change in a222 with pH. The values vary from
32000 deg cm2 dmol31 at pH 2.2 to 3700 deg cm2

dmol31 at pH 9.0 (Fig. 3). No signi¢cant change in
the helical content is detected at a low temperature.
In 8 M urea, the value of a222 is +300 deg cm2

dmol31, which indicates a lack of structure. The
loss of the negative intensity at a222 upon the addi-
tion of urea demonstrates that the CD signal ob-
served in H2O is due to a small amount of structure
and is not caused by an anomalous random coil CD
spectrum. The fraction helix can be calculated using
the value of a222 in 8 M urea to represent the ellip-
ticity of the coil state. The calculated value is 6%
helix, which is in good agreement with the value
calculated using the Rohl and Baldwin random coil
values.

The 1H spectrum of K-LA (112^123) could be as-
signed using standard methods. Spin system assign-
ments were accomplished using TOCSY and DQF-
COSY spectra and a ROESY experiment was used to
obtain sequential assignments. The NMR experi-
ments are fully consistent with the CD studies and
provide no evidence of any signi¢cant helical struc-
ture. The deviation of the K-proton chemical shifts
from random coil values is less than 0.2 ppm. The
values of the 3JHNCK coupling constants range from
5.7 to 7.2 Hz and are suggestive of conformational
averaging. A complete set of sequential K to amide
ROEs was observed. Only two NH to NH (i,i+1)
ROEs were observed and no K to L or K to NH
(i,i+3) ROEs were observed. This pattern of ROEs
is consistent with very little tendency to adopt a hel-

Fig. 2. CD spectra of K-LA (1^13), K-LA (1^18) and K-LA
(112^123) in 2 mM borate, citrate and phosphate, 10 mM
NaCl, pH 2.7 at 25³C. Filled circles (b) K-LA (1^13), open
squares (E) K-LA (1^18) and crosses (+) K-LA (112^123).

Fig. 1. (A) A MOLSCRIPT [54] diagram of human K-LA. Res-
idues 1^18 and 112^123 are shaded in black. Only the 6-120 di-
sul¢de bond is shown. The N-terminus is indicated as are the
A, B, C, D and 310-helices. (B) Sequences of the peptides
studied in this work.

BBAPRO 36024 6-12-99

D.F. Moriarty et al. / Biochimica et Biophysica Acta 1476 (2000) 9^19 13



ical structure. There are, however, a few sidechain to
sidechain ROEs which are indicative of a non-ran-
dom structure. A set of weak to moderate ROEs
between the 7H and 4H sidechain protons of
Trp118 and the NCH2 and OCH2 sidechain protons
of Lys114 were observed. Additional ROEs were ob-
served between the Trp118 sidechain and the methyl
groups of one or more leucines. Unfortunately, due
to spectral overlap, it was not possible to resolve the
methyl groups of Leu115, Leu119 and Leu123. Studies
with a shorter peptide which lacks Leu123 show ex-
tensive contacts between Trp118 and Leu119 as well as
several contacts between Trp118 and Leu115 [51].

3.2. K-LA (1^13) and K-LA (1^18) have a modest
tendency to adopt a non-random structure

K-LA (1^13) appears to have only a modest ten-
dency to populate helical structure. The value of a222

at 25³C, pH 2.7, is 32000 deg cm2 dmol31 (Fig. 2),
which corresponds to approximately 5% helix using
the method of Rohl and Baldwin. Although the val-
ues of a222 are similar, the shape of the spectrum is
clearly di¡erent from that of K-LA (112^123). The
structure is abolished in 8 M urea (a222 = +200 deg
cm2 dmol31). The fraction helix calculated using
a222 = +200 deg cm2 dmol31 for the coil state is 7%
helix. The value of a222 is somewhat pH dependent
(Fig. 3), with a small increase in structure going from

pH 2.7 to 5.0. The value of a222 is maximum at pH
11.7, reaching a value of a222 =33000 deg cm2

dmol31, which corresponds to approximately 10%
helix and is minimum at pH 2.4, where
a222 =31900 deg cm2 dmol31. No signi¢cant increase
in helicity is observed at lower temperatures.

The addition of residues 14^18 slightly increases
the amount of helical structure at low pH as judged
by the value of a222, although the overall helical con-
tent of the peptide is still relatively small. The value
of a222 observed for K-LA (1^18) is 33000 deg cm2

dmol31 (Fig. 2), which corresponds to approximately
8% helix using the Rohl and Baldwin value for a222

of the coil state. The structure is abolished in 8 M
urea (a222 is weakly positive, +400 deg cm2 dmol31).
The fraction helix calculated using the a222 = +400
deg cm2 dmol31 for the coil state is 10%. The pH
pro¢le is di¡erent than that of K-LA (1^13), but
again, the changes are relatively modest. a222 ranges
from 32800 deg cm2 dmol31 at pH 3.6 to 31820 deg
cm2 dmol31 at pH 11.9. A decrease in structure
above pH 4 is observed, perhaps due to unfavorable
electrostatic interactions that may result when the
sidechains of the two additional aspartic acids near
the C-terminus are deprotonated. Above pH 4, K-LA
(1^13) appears slightly more structured than K-LA
(1^18), as judged by the value of a222. Analytical
ultracentrifugation demonstrates that the peptide is
monomeric at concentrations below 50 WM, but that
by 1 mM, approximately 20% of the peptide is ag-
gregated. Because the peptide shows some aggrega-
tion at the higher concentration, detailed quantitative
analysis of the NMR data is not possible. The NMR
spectrum is, however, independent of the concentra-
tion over the measured range of 400 WM to 4 mM
and the peaks are sharp. a222 is also independent of
the concentration over the measured range of 20 WM
to 1 mM. The NMR resonances could be assigned
using standard methods. Only a single set of reso-
nances is observed in the NMR spectrum, indicating
that the monomeric form is in fast exchange with the
small population of associated species. The observed
chemical shifts are a population-weighted average of
the shifts due to each association state. Since the
monomeric state is the dominant species, the ob-
served chemical shifts are likely to largely re£ect
the monomeric state. Interpretation of individual
chemical shift values is problematic, but comparison

Fig. 3. pH dependence of the value of a222 for the individual
peptides. Filled circles (b) K-LA (1^13), open squares (E) K-LA
(1^18) and crosses (+) K-LA (112^123). Measurements were
made in 2 mM borate, citrate and phosphate, 10 mM NaCl, at
25³C.
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of the shifts of di¡erent residues should be useful.
Although we are cautious not to place undue empha-
sis on the NMR data, it is interesting to note that the
pattern of K-proton shifts is suggestive of a slight
propensity to populate the helical structure after
Thr4, suggesting that Thr4 may act as a capping res-
idue (Fig. 4). The K-proton shifts of residues 2^4 and
16^18 are all within 0.2 ppm down¢eld of random
coil values. The ¢rst residue is strongly perturbed by
the charged N-terminus and thus, the deviation of
this residue from random coil values does not re£ect
secondary structure. In contrast, the K-proton reso-
nances of residues 5^15 are all shifted up¢eld of the
random coil values by 0.2^0.3 ppm. In the crystal
structure of intact K-LA, the A-helix begins at resi-
due 5 and the Thr4 hydroxyl group acts as a capping
residue by hydrogen bonding to the amide proton of
Cys6. The measured chemical shifts indicate that K-
LA (1^18) has a propensity for a native-like helical
structure in isolation that may be partially facilitated
by the native capping interaction of Thr4. The helical
propensity observed for residues 5^15 of K-LA (1^
18) extends three residues beyond the native A-helix
which terminates at Leu12.

3.3. The structural consequences of crosslinking K-LA
(1^18) and K-LA (112^123) by the native
Cys6-Cys120 disul¢de bond

When K-LA (1^18) and K-LA (112^123) are cross-
linked via Cys6 and Cys120 (K-LA (1^18/112^123)),

only a small increase in helicity is observed. The
value of a222 measured at pH 2.8, 25³C is 33300
deg cm2 dmol31, which corresponds to 9% helix as
determined by using the Rohl and Baldwin equations
(Fig. 5A). This represents only a small increase in
helicity relative to that expected for the sum of the
reduced peptides. a222 would equal 32200 deg cm2

dmol31 if there was no increase in structure upon

Fig. 4. Deviation of the K-proton chemical shifts of K-LA (1^
18) from random coil values. Measurements were made at pH
2.7, 25³C at a peptide concentration of 4 mM.

Fig. 5. (A) Comparison of the CD spectrum of K-LA (1^18/
112^123) with the CD spectrum corresponding to the summa-
tion of the spectra of K-LA (1^18) and K-LA (112^123). Filled
triangles (R) represent the value expected from the normalized
summation of 1^18 and 112^123, while the open diamonds (7)
correspond to the oxidized construct K-LA (1^18/112^123).
Measurements were made in 2 mM borate, citrate and phos-
phate, 10 mM NaCl, pH 2.7, at 25³C. (B) pH dependence of
the value of a222 for the K-LA (1^18/112^123) construct and the
normalized summation of a222 K-LA (1^18) and K-LA (112^
123). Filled triangles (R) are the summation of K-LA (1^18)
and K-LA (112^123), while the open diamonds (7) are the oxi-
dized construct K-LA (1^18/112^123. Measurements were made
in 2 mM borate, citrate and phosphate, 10 mM NaCl at 25³C.
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formation of the crosslink. If the construct was as
helical as the same region of the intact protein, a
value of a222 =315 868 deg cm2 dmol31 would be
observed. This demonstrates that formation of the
disul¢de does not induce any signi¢cant increase in
structure. This is in sharp contrast to our previous
studies of peptide fragments corresponding to the
sequence of the protein chain near the Cys28-Cys111

disul¢de bond. In that case, a signi¢cant enhance-
ment in structure was observed upon formation of
the disul¢de.

Our results are not an artifact of the pH chosen
for the experiments. When the pH pro¢les of K-LA
(1^18) and K-LA (112^123) are summed and normal-
ized and compared with that of K-LA (1^18/112^
123), only small di¡erences are observed. This is an
important control since it is known that K-LA can
form a molten globule state at both acidic and neu-
tral pH. The average di¡erence in a222 between the
oxidized construct and the sum of the value of a222

for the individual peptides over the entire pH range
is 31340 deg cm2 dmol31 and the maximum di¡er-
ence between the two is 31700 deg cm2 dmol31 at
pH 3.7. This represents a 27% di¡erence. However,
the actual value of a222 =33800 deg cm2 dmol31

represents only a modest amount of structure. The
complete pH pro¢le is displayed in Fig. 5B. The
structure of the crosslinked peptide is abolished
upon the addition of chemical denaturants. The val-
ue of a222 decreases by two thirds in only 0.5 M urea
and becomes weakly positive in 8 M urea
(a222 = +300 deg cm2 dmol31). The fraction helix cal-
culated using a value of a222 = +300 deg cm2 dmol31

for the coil state is 10%. The construct is monomeric
below 20 WM in aqueous solutions as judged by an-
alytical ultracentrifugation and concentration de-
pendent CD measurements. Above 50 WM, self-asso-
ciation was detected.

The £uorescence emission spectrum of the con-
struct is consistent with exposure of the sole trypto-
phan residue to solvent (Vmax = 355 nm). The near
UV-CD spectrum of K-LA (1^18/112^123) contains
very weak bands (data not shown) and is consistent
with a lack of signi¢cant structure. In order to test
for the formation of loosely packed hydrophobic sur-
faces, a £uorescence-monitored ANS titration was
performed. No signi¢cant increase in the ANS £uo-
rescence intensity or shift in the emission maximum

was observed even with a 5-fold excess of peptide,
indicating that the construct does not bind ANS.
Again, this is in contrast to previous studies of pep-
tides derived from the region of the Cys28-Cys111

disul¢de bond. In that case, peptides corresponding
to the crosslinked B and D-helices bound ANS [26].

4. Discussion

Our results demonstrate that the A-helix of K-LA
has a slight tendency to adopt a helical structure in
isolation. Although the helical content is low, the
peptide is more structured than a peptide derived
from the isolated B-helix (D.F.M., S.J.D. and
D.P.R., unpublished results). The C-terminal 12 res-
idue peptide, which encompasses the 310-helix, ap-
pears to be even less helical in aqueous medium.
The formation of the native Cys6-Cys120 disul¢de
bond does not promote a signi¢cant amount of
structure at any pH. This is an interesting result since
it indicates that local interactions between residues
near the site of the crosslink are not su¤cient to
promote structure formation.

The results presented here o¡er a striking contrast
to our previous work on peptides involving the
Cys28-Cys111 disul¢de linkage. In that case, forma-
tion of the disul¢de bond resulted in a signi¢cant
increase in structure. Thus, there appears to be a
correlation between the importance of the individual
disul¢des to the stability of the K-LA molten globule
and the propensity for mutually stabilizing interac-
tions between the regions of the protein chain
brought into proximity by formation of the crosslink
[20]. In this sense, interactions involving residues lo-
calized in the vicinity of the disul¢de appear to con-
tribute signi¢cantly to the enhancement of structure
upon formation of the Cys28-Cys111 linkage, but not
for the Cys6-Cys120 disul¢de bond.
K-LA forms a molten globule state at low pH

when the Cys6-Cys120 disul¢de bond is reduced.
The molten globule which is formed is structurally
similar, though less stable, than the molten globule
state of intact K-LA [33]. The change in stability
likely includes a contribution due to increased con-
formational entropy in the unfolded state. The con-
formational entropy of the molten globule state will
also be larger, but the e¡ect should be smaller be-
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cause the molten globule likely brings residues 6 and
120 into closer proximity. There may also be a con-
tribution from stabilizing interactions involving resi-
dues near the Cys6-Cys120 disul¢de bond which could
be lost or diminished when the disul¢de is reduced.
The results of this study indicate that these interac-
tions, if they are indeed present, cannot simply be
due to local e¡ects involving just the residues in the
immediate proximity of the disul¢de bond.

In other work, we have used large peptide models
to de¢ne the structured core of the K-LA molten
globule. The core structure includes the region of
the protein which encompasses the A-helix and the
C-terminal 310-helix [30]. Those experiments demon-
strated that the A-helix region and 310-helix region
are critical for the formation of a stable molten glob-
ule. The work described in this study has shown that
the structure in these regions is not signi¢cantly sta-
bilized by purely local interactions or by interactions
involving residues near the disul¢de bond. Interac-
tions involving the remainder of the chain are clearly
required to lead to the structure in the region of the
Cys6-Cys120 disul¢de bond. Again, this is in contrast
to the region near the Cys28-Cys111 disul¢de bond.
Our work also has relevance for the characterization
of the unfolded state of K-LA since it suggests that
there is unlikely to be any notable tendency to pop-
ulate the locally stabilized native structure in the vi-
cinity of the Cys6-Cys120 disul¢de bond in the un-
folded state.

This study also aids in the interpretation of recent
experimental studies of the kinetics of K-LA folding.
Reduction of the Cys6-Cys120 disul¢de bond of K-LA
has been shown to result in an acceleration of the
unfolding rate and to have only a very small e¡ect
upon the folding rate [52]. One interpretation of
these results is that the structure involving residues
near the Cys6-Cys120 disul¢de bond is not formed in
the transition state for folding [52]. Alternatively, this
region of the protein could be equally structured in
both the transition state and in the denatured state
and consolidation of the structure could take place
after the rate limiting step. Examples of this sort of
behavior, where an element of native-like structure is
formed in the transition state but is not kinetically
important for folding, have recently been observed in
folding studies of the N-terminal domain of L9 [53].
In that case, the native structure corresponding to an

K-helix was pre-formed in the denatured state and
was also structured in the transition state. In order
to formally exclude the possibility that interactions
near the 6-120 disul¢de bond are formed in the un-
folded state, one would need to study the conforma-
tion of the denatured state under conditions which
are relevant for folding, i.e. under conditions in
which the native state is stable. This is obviously
impossible to do in a direct fashion since the un-
folded state is only transiently populated under na-
tive conditions. Our crosslinked peptide provides a
good model of local structure in the region of the
6-120 disul¢de in the denatured state. The fact that
no signi¢cant structure is observed strongly supports
the ¢rst interpretation of the results of the kinetics
experiments and argues against the second.
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