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ABSTRACT: The conformation of a 20-residue synthetic peptide corresponding to the antiparallel triple-
stranded B-sheet in hen egg white lysozyme (residues 41-60) has been studied by circular dichroism (CD)
and size-exclusion chromatography. In aqueous solution the conformation of the peptide is strongly pH
dependent. At pH values below 4.0 and 25 °C, the far-UV CD spectrum of the peptide resembles that
expected for a predominantly 8-sheet structure (low-pH form), while at pH values exceeding 4.0 the spectrum
changes to that of a predominantly unstructured conformation (high-pH form). The far-UV CD spectrum
of the high-pH form (pH 6.8) is not affected by changes in the concentration of the peptide and by changes
in temperature and ionic strength. By contrast, the far-UV CD spectrum of the low-pH form (pH 2.0)
is concentration and temperature dependent but is not affected by ionic strength. Size-exclusion
chromatography has demonstrated that population of the low-pH state is associated with the formation of
intermolecular trimers and higher oligomers and that the monomeric form of the peptide at low pH is
predominantly random in nature. Significant helical structure was induced in the high-pH form of the
peptide by both trifluoroethanol (TFE) and methanol; by contrast, the conformation of the low-pH form
of the peptide was not changed with concentrations of methanol up to 50% (v/v), although in the presence
of TFE a state displaying significant helical character was induced. During the transition an intermediate
which also displays significant 8-sheet character but which has a distinct CD spectrum is populated. The
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relevance of this study to the folding pathway of the intact protein is discussed.

An understanding of the driving force and the pathway(s)
for the transformation of a polypeptide chain froma disordered,
unfolded state into a compact and functional state has been
actively pursued for many years. Although significant
advances have recently been made in our understanding of
the nature of stable partially folded states (Dobson, 1992;
Haynie & Freire, 1993) and of the events in folding which
occur on a millisecond to second time scale (Evans & Radford,
1994), the very earliest events which occur on a submillisec
timescale are still only poorly understood. To circumvent the
extreme rapidity of these early events, peptide fragments
corresponding to individual secondary structural elements, to
domains, or toregions postulated to fold early have been studied
(Dyson et al., 1992a,b; Cox et al., 1993; Shin et al., 1993),
and the propensity of these peptides to adopt structure in
aqueous solution has lent considerable support to the notion
that secondary structural elements play an important role in
the early events in protein folding.

The majority of studies on peptide fragments have focused
on the conformational preferences of a-helical peptides, such
as the C-peptide from ribonuclease A (Brown & Klee, 1971;
Shoemaker et al., 1987), the a-helix of bovine pancreatic
trypsininhibitor (Goodman & Kim, 1989), a-helical fragments
of myoglobin (Shin et al., 1993), cytochrome ¢ (Wu et al.,
1993), and myohemerythrin (Dyson et al., 1992a), and
“designed” synthetic sequences (Marqusee & Baldwin, 1987).
Longer peptide sequences containing both a-helical and 8-sheet
structures have also been examined (Oas & Kim, 1988),
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although information related directly to the conformation of
peptide fragments which adopt 8-sheet structure in solution
is relatively limited (Hilbich et al., 1991; Blanco et al., 1991;
Dyson et al., 1992b; Fan et al., 1993) due to the tendency of
these fragments to aggregate and, in general, their relatively
low solubility (Hartman et al., 1974; Hilbich et al., 1991;
Dyson et al., 1992b). Understanding the conformation of
B-sheet structures is, however, of fundamental importance if
we wish todissect folding pathways, and aggregation of 8-sheet
structure is of major clinical interest since it has been
implicated, for example, in amyloid deposition in Alzheimer’s
disease (Hilbich et al., 1991; Barrow et al., 1992; Terzi et al.,
1994), and a single mutation in the 3-sheet of human lysozyme
has recently been shown to cause hereditary systemic amy-
loidosis (Pepys et al., 1993).

Theoretical calculations have suggested that the sheet—coil
transition rate constant is about 10 ns™! (Yapa et al., 1992).
This is an order of magnitude slower than the helix—coil
transition rate (McCammon et al., 1980); these relative rate
constants open up the intriguing possibility, therefore, that
B-sheet structures in intact proteins may form via a-helical
intermediates. Although there is little direct evidence that
thisis the case, it is of relevance in this regard that the intrinsic
propensity of different amino acid sequences for distinct
secondary structural elements is, in general, only weak,
suggesting that peptide fragments in isolation may adopt
different conformational states in different environments. For
example, interconversion between «-helical and B-sheet
structures has been observed in peptide fragments of an ice
nucleation protein (Ananthanarayanan et al., 1993) and of
uteroglobin (Tessari et al., 1993), during the denaturation of
monellin and ubiquitin by alcohols (Fan et al., 1993; Cox et
al. 1993), and in the synthetic polymer poly(L-lysine) (Green-
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a-domain

FIGURE 1: Native structure of hen lysozyme (Blake et al., 1965)
emphasizing the location of the triple-stranded antiparallel g-sheet
(residues 41-60). The side chains of 24 amino acids which lie within
4 A of the B-sheet are shown. These include residues in helices A,
B, C, and D and in the long loop in the 3-domain. The figure was
drawn using the program MolScript (Kraulis, 1991).

field & Fasman, 1969). In other cases, the propensity of a
given sequence for a particular secondary structural element
may be high. For example, peptide fragments corresponding
to the 3-sheet in the native state of S-3-trimethylated-amino
propylated lysozyme (Segawa et al., 1991), in plastocyanin
(Dyson et al., 1992b), and in the N-terminal 8-hairpin in
ubiquitin (Cox et al., 1993) do not adopt significant helical
structure in aqueous solution or in the presence of alcohols,
even though other regions in the lysozyme and ubiquitin
sequences are able to adopt helical structure under these
conditions (Segawa et al., 1991; Cox et al., 1993).

The folding of hen egg white lysozyme has been intensively
studied in this laboratory by a variety of methods (Dobson et
al., 1994). Hydrogen exchange labeling studiesand 2D NMR!
have revealed that the two lobes in the native structure are
also distinct folding domains and that the folding pathway is
complex and involves several alternative routes (Radford et
al., 1992). Inthe majority of molecules, a major intermediate
is populated in which the a-helical domain folds to a persistent
structure in the absence of a stable §-sheet domain. By
contrast, there is no evidence to suggest that the 3-sheet domain
folds to a persistently structured state in advance of a stable
a-helical domain, at least in a substantial number of molecules
(Miranker et al., 1993). Despite this, kinetic CD studies in
the far-UV have suggested that a native-like complement of
secondary structure is formed in the first few milliseconds of
folding; these intermediates are not protected from hydrogen
exchange, suggesting, therefore, that they are likely to have
a high degree of fluctuating secondary structure (Chaffotte
et al.,, 1992; Radford et al., 1992). In order to study the
folding of the B-sheet domain in more detail, a peptide
corresponding to the B-sheet of hen lysozyme (residues 41—
60) (Figure 1) with the sequence CH;C(O)-GlIn-Ala-Thr-
Asn-Arg-Asn-Thr-Asp-Gly-Ser-Thr-Asp-Tyr-Gly-Ile-Leu-

! Abbreviations: 2D, two dimensional; NMR, nuclear magnetic
resonance; CD, circular dichroism; TFE, trifluoroethanol; ACTH,
adrenocorticotropic hormone; CCA, convex constraint analysis; MS, mass
spectrometry; TFA, trifluoroacetic acid; DMF, N,N-dimethylformamide;
Fmoc, 9-fluorenylmethoxycarbonyl; Pme, 2,2,5,7,8-pentamethyl-6-sul-
fonylchroman.
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Gln-Ile-Asn-Ser-NH; has been synthesized, and the con-
formation of the peptide has been studied under a variety of
conditions by far-UV CD.

EXPERIMENTAL PROCEDURES

Synthesis and Purification of the Peptide. The (-sheet
peptide was assembled on an Applied Biosystems 430A
automated peptide synthesizer using the base-labile 9-fluo-
renylmethoxycarbonyl (Fmoc) group for the protection of the
a-amino function. Side-chain functional groups were pro-
tected by the 7-Bu (Asp, Ser, Thr, Tyr), trityl (Asn, Gln), or
Pmc (Arg) group. The peptide was assembled on the 4-(2’,4'-
dimethoxyphenyl-Fmoc-aminomethyl)phenoxy resin to pro-
duce a peptide with a C-terminal amide moiety (approx. 0.4
mmol g-!, 0.5 mmol, purchased from Novabiochem) using
diisopropylcarbodiimide (DIC)/hydroxybenzotriazole (HOBt)
mediated couplings (2 equiv each of amino acid, DIC, and
HOBt) which were repeated twice for each residue. Capping
of unreacted N-termini was carried out using a 1:1 mixture
of acetic anhydride and pyridine in DMF. The Fmoc groups
were cleaved by 20% piperidine in DMF, and cycles were
modified to allow spectroscopic monitoring of aliquots of each
deprotection mixture to allow the progress of synthesis to be
monitored. The N-terminus of the peptide was acetylated on
the synthesizer using a 4-fold excess of acetic anhydride and
pyridine. The peptide-resin was treated with 85% TFA /5%
H,0/5% ethanedithiol /5% thioanisole at room temperature
for 1.5 h. The resin was then filtered off, and the filtrate was
concentrated in vacuo and triturated with ether to afford the
fully deprotected peptide amide.

Purification of the peptide was achieved by reverse-phase
HPLC on a Dynamax C8 300A preparative column (21.4 X
250 mm, 5-um particle size) using 0.1% TFA in water as
buffer A and 0.1% TFA in acetonitrile as buffer B. A linear
gradient between 10% and 30% B in A over 30 min at a flow
rate of 20 mL/min was used. The purified peptide was
analyzed by reverse-phase HPLC on a Dynamax C8 300A
analytical column (4.6 X 250 mm, 5-um particle size, 1 mL/
min flow rate) using a variety of linear gradients between the
above mentioned buffers, and it was judged to be >99% pure.
The amino acid composition of the peptide was examined by
amino acid analysis and was found to be consistent with the
expected sequence. A sample of the purified peptide was also
analyzed on a VGTOF laser desorption time-of-flight mass
spectrometer at a concentration of 22 pmol/uL in a-cyano-
4-hydroxycinnamic acid, with an accelerating voltage of 22
kV. The expected molecular mass of the peptide is 2209.32
Da, and an experimental mass of 2209.2 Da was recorded.

Size- Exclusion Chromatography. The apparent molecular
mass of the peptide was determined by size-exclusion
chromatography at pH 2.5 and 6.8 using a TSK 3000SW
column. Molecular mass markers used for calibrating the
column wereaprotinin (6.5 kDa), adrenocorticotropic hormone
(4.5 kDa), insulin A-chain (2.5 kDa), and a 22-residue
synthetic peptide of lysozyme (residues 61-82) (2409 Da)
which was known to be monomeric and predominantly
unstructured under all the conditions studied. Columns were
eluted at room temperature with 45 mM sodium phosphate
buffer at a flow rate of 0.5 mL/min. Peptides were detected
by absorption at 220 and 280 nm.

Circular Dichroism Spectroscopy. Peptide solutions were
prepared by freshly dissolving the lyophilized peptide in 45
mM sodium phosphate buffer. For the experiments in which
the dependence of the conformation of the peptide on the
anion concentration was investigated, samples were dissolved
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FiGURE 2: Effect of pH on the far-UV CD spectrum of the synthetic
peptide. (a) CD spectra at pH 2.0 (), pH 3.9 (- - -) and pH 6.8 (—).
(b) CD signal at 204 nm as a function of pH. Spectra were obtained
in 45 mM sodium phosphate buffer at 25 °C.

in HyO at pH 2.0 or 6.8. All CD spectra were obtained with
a Jasco J720 spectropolarimeter using a 1-mm quartz cell at
1.0- or 0.5-nm intervals over the wavelength range from 190
t0250nmat 25 °C, unless otherwise stated. Molar ellipticities,
6 (deg cm? dmol-! res™1), are reported. Deconvolution of the
CDspectra and estimation of the secondary structural content
were obtained by using convex constraint analysis (CCA)
and the program LINCOMB (Perczel et al., 1991).

RESULTS

pH Dependence. The conformation of the peptide was
examined by far-UV CD at 25 °C at pH values ranging from
2.0to11.2 (Figure2). Thefar-UV CD spectrum of the peptide
displays a remarkable pH dependence. At pH values above
about 4 the spectrum is characterized by small negative
maxima at 198 and 220 nm, suggesting that the peptide is
predominantly unstructured under these conditions. This
spectrum differs, however, from characteristic spectra of
unstructured peptides and proteins, which are dominated by
a large negative maximum at about 200 nm (Woody, 1985;
Yang et al., 1986). This difference may result from a
contribution to the spectrum of the synthetic peptide from a
large positive band at 190 nm which may arise from the B,
and By bands of the single tyrosine residue. The magnitude
of the ellipticity at 222 nm suggests that the peptide contains
little (less than 6%) a-helical structure (Greenfield & Fasman,
1969; Zhong & Johnson, 1992). Below pH 4 the spectrum
of the peptide is quite different and is characterized by a large
positive maximum at 204 nm and negative maxima at 190
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FIGURE 3: Concentration dependence of the far-UV CD spectrum
of the peptide at (i) 20, (ii) 34, (iii) 46.5, (iv) 55.8, (v) 70, and (vi)
93 uM at pH 2.0.
and 230 nm. The shape of this spectrum, particularly the
location of the positive maximum at 204 nm, suggests that the
peptide has adopted a substantial proportion of B-sheet
structure at this pH, although a contribution from a type 11
B-turn, which is characterized by a weak negative maximum
between 220 and 230 nm and a positive maximum between
200and 210 nm (Woody, 1985), cannot be ruled out. Several
conformations of the peptide including parallel and antiparallel
B-sheets as well as a variety of B-hairpin structures are all
consistent with the CD spectrum obtained. These possibilities
cannot be distinguished by CD alone, and for this reason we
refer to the conformation of the peptide under these conditions
as “B-structure”. The intensity of the signal at 204 nm
decreases dramatically when the pH is increased from 2 to 4
(Figure 2b); this transition is reversible. In the following
study the properties of the peptide were examined in the
B-conformation at pH 2.0 (low-pH form) and in the pre-
dominantly random conformation at pH 6.8 (high-pH form).

Concentration Dependence. The peptide was found to have
only very limited solubility (<100 uM), which precluded its
detailed analysis by NMR spectroscopy. This also raised the
possibility that the peptideisin an aggregated state in solution
even at the low concentrations employed for the CD measure-
ments. Such behavior has been well documented, particularly
in the case of peptides which adopt 3-sheet structures in solution
(Hartman et al., 1974; Hilbich et al., 1991; Barrow et al.,
1992). To address this issue, the concentration dependence
of the far-UV CD spectrum of the peptide at pH 6.8 and 2.0
was investigated. At pH 6.8 essentially no concentration
dependence of the spectrum was observed at 222 nm over the
concentration range 20-93 uM. By contrast, at pH 2.0 the
spectrum obtained changed dramatically as the concentration
of the peptide was reduced from 93 to 20 uM, suggesting that
structuring of the peptide at low pH involves at least some
degree of intermolecular association (Figure 3). Thus, at the
lowest concentration studied (20 uM) the spectrum resembles
more closely that obtained at pH 6.8, suggesting that the
peptide is predominantly unstructured, presumably containing
a limited contribution from 8-structure. At concentrations
between 34 and 93 uM a spectrum typical of the low-pH form
is obtained. This transition was found to be reversible since
increasing the concentration of the peptide above 20 uM
restored the spectrum typical of the 8-structure. At the highest
concentration studied (93 uM) visible precipitation of the
peptide occurred after 9 h at 20 °C.
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FIGURE 4: Conformation of the peptide monitored by far-UV CD and size-exclusion chromatography. Peptide (50 uM) was prepared in 45
mM sodium phosphate buffer at pH 6.8. The pH of the solution was then adjusted to 2.5 by the addition of H;PO,, and the conformation
of the peptide was monitored by gel filtration chromatography and far-UV CD at different lengths of time following the acidification. (a)
Far-UV CD spectra of the peptide (i) at pH 6.8 and at pH 2.5, (ii) 5 min, (iii) 3.0 h, (iv) 3.5 h, (v) 4.8 h, (vi) 6.5 h, (vii) 9.0 h, and (viii)
20.5 h after the pH was reduced. (b) Elution profiles of the peptide by gel filtration at pH 2.5 (i) 5 min and (ii) 5.0 h after the pH was reduced

to 2.5.

In order to investigate this further, a second experiment
was performed in which the peptide (50 uM in 45 mM sodium
phosphate buffer) was first examined at pH 6.8 by far-UV
CD (Figure 4a), and the apparent molecular mass of the
peptide was measured simultaneously by gel filtration chro-
matography in the same buffer system. As expected, the far-
UV CD spectrum of the peptide at pH 6.8 was characteristic
of a predominantly unstructured conformation. Gelfiltration
chromatography of the peptide at pH 6.8, however, displayed
the presence of twodistinct peaks, both of which have apparent
molecular masses (3000 and 2500 Da) close to that calculated
from the amino acid sequence of the peptide (2209 Da), but
significantly smaller than that predicted for a dimeric species.
Considering that the far-UV CD spectrum is concentration
independent over this range at this pH, these species most
probably represent monomeric forms of the peptide which
elute anomalously on the column. The pH of the solution was
then reduced from pH 6.8 t0 2.5, and the far-UV CD spectrum
and the apparent molecular mass of the peptide were measured
as quickly as possible (5 min) and at various lengths of time
after the pH jump. Five minutes after the acidification, the
overall shape of the CD spectrum was unperturbed relative
to that of the high-pH form, although a decrease in the
magnitude of the ellipticity at 198 nm was observed. For this
sample a single species was observed by gel filtration, with an
apparent molecular mass (2090 Da) close to that of the
monomeric form (Figure 4b, trace i). After 4.8 h at pH
2.5 a spectrum typical of the low-pH form had evolved, and
as judged by gel filtration, the peptide had adopted predomi-
nantly trimeric and higher oligomeric states. At times
exceeding 4.8 h, the magnitude of the ellipticity at 204 nm
began to decrease and the peptide had formed only higher
oligomeric forms as judged by gel filtration. It is clear,
therefore, that decreasing the pH from 6.8 to 2.5 results in

a slow conversion of the peptide from a presumably monomeric
and predominantly unstructured state to a mixture of higher
oligomeric forms which occurs concomitantly with the forma-
tion of B-structure as judged by far-UV CD. In this latter
form the solubility of the peptide is significantly decreased,
which ultimately results in precipitation of the peptide and a
decrease in the magnitude of the CD signal at 204 nm.
Interestingly, when the pH of the solution was raised to pH
6.8, rapid (within minutes) conversion of the oligomeric, low-
pH from to the monomeric, predominantly random, high-pH
form occurred. This shows that, although the transition is
reversible, the kinetics of interconversion of the two states is
very different. For this reason care was taken in the following
experiments to ensure as far as possible that the concentrations
and ages of the samples prepared at pH 2.0 were identical.

Temperature Dependence. The stability of the conforma-
tions of the two pH forms of the peptide was measured as a
function of temperature between 2 and 65 °C. There is
virtually no temperature dependence of the far-UV CD
spectrum at pH 6.8 over the entire temperature range studied
(data not shown). By contrast, at pH 2.0 a dramatic
temperature dependence is observed (Figure 5). First, as the
temperature is raised from 2 to 20 °C, the molar ellipticity
at 204 nm is increased. Above approx. 30 °C this signal then
decreases dramatically until at approx. 55 °C a spectrum
resembling closely that of a predominantly unstructured state
characteristic of the high-pH form of the peptide is observed.
Analysis of this species by gel filtration confirmed that it had
adopted the monomeric form at this temperature. The
cooperative nature of this transition is in marked contrast to
the more usual linear temperature dependence typically
observed for structured peptides of this size in aqueous solution
(Barrow et al., 1992) presumably as a consequence of the
intermolecular interactions in the low-pH form of the peptide.
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FIGURE 5: Temperature dependence of the 8-conformation of the
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FIGURE 6: (a) Dependence of the conformation of the low-pH form
at 204 nm (@) and of the high-pH form of the peptide at 222 nm
(a) at different ionic strengths. (b) Effect of ionic strength on the
transition of the high-pH form to the low-pH form of the peptide.
Peptide (30 uM) at pH 6.8 in 2.0 M NaClO, (—) was acidified to
pH 2.0, and spectra were acquired at different times after the
acidification. The spectrum 10 h after the pH jump is shown (- -).

When the sample was cooled from S5 to 20 °C, a spectrum
resembling that of the low-pH form of the peptide was again
produced, although it was reduced in intensity relative to that
of the sample before heating. Thus, the transition appears to
be only partially reversible under these conditions.

Ionic Strength. The addition of NaClO4 up to a concen-
tration of 2.0 M has no observable effect on the conformation
of the peptide in both the high- and low-pH forms (Figure
6a). Similarly,adding Na,SO,tothe same finalionicstrength
(0.67 M) has no effect on the far-UV CD spectra of both
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forms of the peptide. Gel filtration of the low- and high-pH
forms of the peptide in the presence of 0.67 M Na,SO4
confirmed that the oligomeric state of the low-pH form was
maintained at this high ionic strength and that the high-pH
form of the peptide at high ionic strength is monomeric. Thus,
maintenance of the conformation of the low-pH form is
presumably independent of electrostatic effects over the range
studied. Interestingly, however, although increasing the ionic
strength has no observable effect on the associated low-pH
form of the peptide, it has a dramatic effect on the initial
oligomerization process. Thus, when the high-pH form of
the peptide (34 uM in 2.0 M NaClO,, pH 6.8) was acidified
topH 2.0, a relatively stable form of the peptide was obtained,
the far-UV CD spectrum of which did not change over a
period of 10 h and which resembled closely that of the original
high-pH form (Figure 6b). Clearly, therefore, the low-pH
form of the peptide in the presence of 2.0 M NaClQ, is a
relatively stable, predominantly random structure. Intermo-
lecular association, which is required for formation of
B-structure, is therefore retarded significantly in the presence
of high concentrations of NaClO4. In order to test this more
thoroughly, the experiment was repeated, but this time the
high-pH form of the peptide was diluted into pH 2.0 buffer
containing 0.67 M Na,SOy. In this case a spectrum typical
of the low-pH form of the peptide was obtained more rapidly
than in the experiment at low ionic strength. This indicates
that the slow rate of association of the peptide to form
B-structure in NaClOy is not merely an effect of the high ionic
strength, but presumably specific binding of the perchlorate
anions to the peptide. In addition, the known effect of sulfate
anions to stabilize protein structures more than perchlorate
anions, increasing hydrophobic interactions, may be respon-
sible for the rapid formation of 8-structure in 0.67 M Na,SO,
(Collins & Washabaugh, 1985).

Effects of TFE and Methanol. (i) The High-pH Form.
Organic solvents such as TFE and methanol are known to
promote the formation of secondary structure in peptides and
proteins (Shibata et al., 1992; Sénnichsen et al., 1992). Ithas
been suggested that this is due, at least in part, to the highly
hydrophilic nature of the backbone peptide unit, which is
effectively reduced in low-dielectric solvents (Sonnichsen et
al.,, 1992). TFE has been found to stabilize helices in peptide
fragments corresponding to helical regions in native proteins
and in protein fragments predicted to have significant helical
propensity (Segawa et al., 1991; Dyson et al., 1992a; Shin et
al.,1993). By contrast, formation of 8-sheet structurein TFE
is less common, but has also been reported (Toniolo et al.,
1979). The effect of TFE on the far-UV CD spectrum of the
peptide in the high- and low-pH forms, therefore, was
investigated.

The high-pH form of the peptide shows a large increase in
the magnitude of the ellipticity at 222 and 206 nm upon the
addition of TFE (Figure 7a). The observation of an isodichroic
point at 204 nm suggests that there is an equilibrium between
two distinct conformations of the peptide in TFE. Analysis
of these spectra using the convex constraint analysis (CCA)
algorithm of Fasman (Perczel et al., 1991) confirms that the
spectra may be deconvoluted into two pure components, one
representing a predominantly disordered structure akin to that
of the high-pH form of the peptide in aqueous solution
(component I) and the other (component IT) is at least partially
a-helical in nature (Figure 7b). Fitting these spectra using
three pure components did not result in a significant decrease
in the error. As judged by the magnitude of the ellipticity at
222nm, a helical content, on average, of about 20% is obtained
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FicUure 7: Effect of TFE on the conformation of the high-pH form
of the peptide. (a) Far-UV CD spectra of the peptide in the presence
of 0, 10%, 20%, 35%, and 50% (v /v) TFE. (b) Two-component convex
constraint deconvolution (Perczel et al., 1991) of the CD curves in
(a). Thetwo components are shown [(®) component I; (A) component
I1] as well as the experimental curve in the presence of 35% (v/v)
TFE (O) and the estimated fitted curve (—).

in 50% (v/v) TFE (Zhong & Johnson, 1992). Taking the
length dependence of the ellipticity for an a-helix intoaccount,
however, suggests that the actual helical content may be higher
than this (Gans et al., 1991). Methanol, although showing
an effect similar to that of TFE, is significantly less potent;
in this case a helical content of about 12% as judged by the
method of Zhong and Johnson (1992) is induced in 50% (v/v)
methanol (not shown).

(ii) The Low-pH Form. The effect of TFE on the far-UV
CD spectrum of the low-pH form of the peptide is shown in
Figure 8a. By contrast tothe previous situation, this transition
is complex and at least three distinct events are observed.
First, at concentrations of TFE up to approx. 10% (v/v) the
magnitude of the molar ellipticity at 204 nmincreases. Inthe
second phase (between 10 and 20% (v/v) TFE), the molar
ellipticity is reduced with a concomitant blue shift in the
positive maximum to about 201 nm. Finally, at TFE
concentrations exceeding 20% (v/v), a dramatic change in
the spectrum is observed and a spectrum resembling closely
that of the helical form of the peptide in 50% (v/v) TFE at
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FIGURE 8: Effect of TFE on the conformation of the low-pH form
of the peptide in 45 mM sodium phosphate buffer at 25 °C. (a)
Far-UV CD spectra of the peptide in the presence of 0, 10%, 15%,
20%, 22%, 25%, 39%, and 50% (v/v) TFE. (b) Three-component
convex constraint deconvolution of the CD curves in (a). The three
pure components’ spectra areshown: (A)component I, (O) component
11, and (®) component III. The experimental curve in the presence
of 0% (v/v) TFE (W) and the estimated fitted curve (—) are also
displayed.

pH 6.8isformed. Analysisofthe latterspecies by gel filtration
showed that the oligomeric §-structure had been disrupted
and that the species in 50% (v/v) TFE was monomeric in
nature. Consistent with this, deconvolution of these spectra
using the program CCA (Perczel et al.,, 1991) required at
least three pure components to obtain an adequate fit (Figure
8b). The spectrum of component I resembles closely that of
the low-pH form of the peptide in aqueous solution; that of
component IT also resembles the spectrum expected for a
predominantly 3-conformation, although this differs from the
spectrum of component I in that the wavelength of the positive
maximum is shifted to 201 nm and the molar ellipticity of the
negative maximumat 221 nm is larger than that of component
I. The third component resembles more closely that of the
helical form of the peptide in 50% (v/v) TFE. Clearly, an
intermediate with a distinct conformation as judged by this
technique is populated during the transition. It is possible
that this represents reorganization of the S-structure prior to
its denaturation at higher concentrations of TFE. In the
presence of 50% (v/v) TFE, an average a-helical content of
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FIGURE9: Schematicdiagram of the different conformational states of the peptide populated under different solution conditions: (8) 8-structure;
(R) predominantly unstructured state; and () state containing, on average, ~ 20% a-helical structure. The '-state is formed at low concentrations
of TFE at low pH and represents an intermediate state populated during the denaturation of the G-state with TFE. The different states are
distinguished by their characteristic far-UV CD spectra (see text). Due to the concentration dependence of the conformation of the low-pH
form of the peptide, the reversibility of the titration with TFE was not assessed. For this reason the reaction is shown as unidirectional in the

direction of increasing TFE concentration.

about 18% is estimated by the method of Zhong and Johnson
(1992) and about 16% as judged by the CCA algorithm. By
contrast to the above, methanol shows virtually no effect on
the conformation of the peptide at pH 2.0 under these
conditions (not shown).

DISCUSSION

Investigation of the conformation of the peptide fragment
of hen egg white lysozyme which forms a triple-stranded
B-sheet in the native protein has revealed several important
features of the conformational preferences of this sequence
which may be of importance in understanding the formation
of B-sheet structures in general and which may be relevant to
our understanding the folding behavior of the intact protein.
The most striking result is that at least three distinct
conformations of the peptide are observed under different
solution conditions (Figure 9). First, at pH values below 4.0
the far-UV CD spectrum of the peptide is dominated by a
large positive maximum at 204 nm, and it is tempting to
suggest, therefore, that the peptide forms $-sheet structure at
this pH (denoted here as the B-state). This structure is
associated with the formation of trimers and higher oligomeric
forms of the peptide. One outstanding question in this work
is the precise nature of the structure induced. By far-UV CD
alone the origin of the CD signal cannot be uniquely defined.
Conformations including both parallel and antiparallel
B-strands as well as B-hairpin structures are all consistent
with the spectrum obtained. What is clear from this work,
however, is that intermolecular interactions are required to
stabilize this structure, suggesting that extended §-strands
from different peptide molecules interact to form the putative
B-sheet structure. The large positive maximum at 204 nm is
red shifted from the theoretical value between 195 and 200
nm calculated for a regular antiparallel 8-sheet, suggesting
that the structure induced may be twisted from anideal planer
arrangement of strands (Manningetal., 1988). Itisinteresting
to note that the 3-sheet in the native state of hen lysozyme
is also significantly distorted in the X-ray and solution
structures (Handoll, 1985; Smith et al., 1993), although the
relationship between the structure in the multimeric peptide
and in the intact monomeric protein molecule is difficult to
judge. At pH values above 4.0 a second conformation of the
peptide which is predominantly random in nature is observed
(denoted here as the R-state). This state has less than 6%
helical character as judged by the magnitude of the ellipticity

at 222 nm. This is in accord with earlier studies of the
conformation of a proteolytic fragment of hen lysozyme
encompassing residues 45-61 which is also predominantly
unstructured at pH 6.8 (Segawa et al., 1991). The third
conformational state (the a-state) involves a-helical structure
and is observed at both low and high pH in the presence of
TFE and at high pH in methanolic solution. In this state, at
concentrations of 50% (v/v) TFE, on average about 20%
a-helical structure is induced as judged by the magnitude of
the molar ellipticity at 222 nm. Interestingly, secondary
structure prediction based on a variety of methods (Chou &
Fasman, 1978; Garnier et al., 1978; Kyte & Doolittle, 1982)
suggests that the a-helical propensity inherent in this sequence
islowrelative tothat in the helical regions in the native protein,
although a weak propensity for a-helical structure is apparent
inthe first and third strands as judged by the method of O’Neil
and DeGrado (1990). Thus, even though TFE and methanol
can promote the formation of a-helical structure in this peptide,
thesolvents are much less effective than observed with peptide
fragments arising from o-helical regions in native lysozyme
(K. Bolin, D. Raleigh, M. Pitkeathly, and C. M. Dobson,
unpublished results) and in other proteins (Dyson et al., 1992a;
Shinetal., 1993). Indeed, a-helical structure is induced along
virtually the entire length of a synthetic peptide from the
C-helix of hen lysozyme under conditions very similar to those
used here (K. Bolin, D. Raleigh, M. Pitkeathly, and C. M.
Dobson, unpublished results).

The dramatic pH dependence of the peptide conformation
suggests that the ionization state of the side chains of the
peptide may play an important role in the conformational
switch. Thus, at pH values below 4.0 only the single Arg
residueis charged. By contrast, at pH values greater than 4.0
the two Asp residues are presumably also charged, resulting
in both an increase in the number of charged groups and a
change in the net charge on the peptide from +1 to—1. Itis
possible that the relatively high local charge density involving
the two charged Asp side chains at pH 6.8 prevents the
formation of B-structure in the synthetic peptide by disrupting
the intermolecular interactions required for its formation. The
electrostatic effect cannot be the only effect involved in the
pH-dependent conformational change of the peptide, however,
since perchlorate or sulfate anions, which have high affinity
for the peptide cation, have little effect on the conformation
of the peptide in the high-pH form. The inability to shield
the charge effect at pH 6.8 by high ionic strength indicates
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that the ionization state of the side chains does not make a
major contribution to the conformational switch. Hydro-
phobicity of the side chains and the inherent 8-sheet propensity
of the amino acid sequence presumably also play essential
roles in determining the conformation of the peptide. It is
interesting in this regard that mutation of only a single residue
(1le56 to Thr) in the 8-sheet of human lysozyme results in the
precipitation of the full-length protein molecule in amyloid
fibrils (Pepys et al., 1993). This highlights the importance
of understanding the mechanism of 8-sheet formation in terms
not only of the determinants of protein folding but also of the
maintenance of these structures in the cellular environment.

The effect of TFE and methanol on the conformation of the
low-pH form of the peptide, remarkably, is quite different.
First, although concentrations of methanol up to 50% (v/v)
have no apparent effect on the conformation of the peptide
atlow pH, in the presence of TFE the conformational transition
is complex and involves an intermediate state with a novel
far-UV CD spectrum (denoted the 8’ state in Figure 9). The
CD spectrum (in which the positive maximum occurs at 201
nm) of this intermediate resembles closely that predicted for
aplanar antiparallel 8-sheet (Manningetal., 1988), suggesting
that reorganization of an apparently distorted 8-sheet structure
may occur at low concentrations of TFE, This is followed,
at higher concentrations of the organicsolvent, by denaturation
of the structure to a predominantly monomeric random
conformation which contains, on average, about 20% -helical
structure. '

In our previous studies, a stable partially folded state.of
lysozyme was observed in 50% (v/v) TFE at pH 2.0. This
stateis characterized by a substantially reduced near-UV CD
signal and a dramatic increase in the ellipticity in the far-UV
CD, such that the magnitude of the ellipticity is apparently
2-fold greater than that of the native protein (Buck et al.,
1993). In more recent studies we have shown that TFE also
has a similar effect on the structure of lysozyme at pH 6.8,
but in this case the transition from the native state to the TFE
state occurs at higher TFE concentrations (H. Lu, M. Buck,

“and C. M. Dobson, unpublisheddata). Thestructuralfeatures
responsible for the apparent excess ellipticity in the far-UV
CD have not been determined, although several possibilities
exist, including formation of novel helical structure not found
in the native protein, extension or reorganization of existing
helical structure; or rearrangement of aromatic residues and/
or disulfide bonds which also contribute to this spectral region
(Woody, 1985; Siligardi et al., 1992; Chakrabartty et al.,
1993). Examination of this state by NMR revealed, however,
that only the native-like a-helical elements are sufficiently
stable for the amides involved to be protected from hydrogen
exchange (Buck et al,, 1993). The result of the study on the
synthetic peptide described here suggests that part of the
apparent excess ellipticity in the TFE state of lysozyme could
arise from conversion of the 3-sheet region in the intact protein
to novel a-helical structure. Assuming, however, that the
extent of a-helix formation induced in the 8-sheet region of
the native protein is at least similar to that formed in the
synthetic peptide, this clearly cannot make a major contribution
to the ellipticity of the TFE state. The possibility remains,
therefore, that other regions of the 8-domain including the

long loop or the 310 helix perhaps coupled with extension of

the native helices in the a-domain may contribute this effect.

The structural transition of the peptide from a putative
B-sheet conformation at low pH to a predominantly random
structure at neutral pH and to partial a-helical structure in
the presence of TFE and methanol shows that the environment
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of a given aminoacid sequence is very important in determining
the nature of the secondary structure formed. These results
are not specific to the sequence studied here; indeed, in peptide
fragments of other proteins, as well as in several intact proteins,
-sheet to a-helical transitions have been reported to be induced
or enhanced by changing the solvent conditions (Greenfield
& Fasman, 1969; Bello, 1988; Hilbich et al., 1991; Barrow
etal., 1992; Zhong & Johnson, 1992; Fan et al., 1993). This
may well be of relevance to the early steps in protein folding,
since solvent exclusion in early collapsed states may generate
environments which promote secondary structure formation
to different extents in different peptide sequences (Dobson et
al., 1994). For sequences that have low intrinsic preference
for a particular type of secondary structure the possibility
exists, therefore, that the structure formed may be very
sensitive to the precise nature of the collapsed state, and this
may account for the apparent complexity of folding pathways
observed for many proteins (Dobson et al., 1994). If this is
the case, these sequences may undergo dramatic conforma-
tional changes early during the folding pathway. Studies of
peptide fragments of putative folding regions should help to
throw light on this important issue.

A striking feature of the kinetic folding pathway of hen
lysozyme is that, at least in the majority of molecules, the
B-domain is unable to fold to a stable entity able to protect
amides significantly from hydrogen exchange in the absence
of a stable, structured a-domain. In addition, formation of
the 8-domain is one of the slowest events observed in the folding
pathway (Radford et al., 1992; Miranker et al., 1993). Despite
this, reconstruction of the far-UV CD spectrum of the folding
intermediates formed after only 4 ms suggest that a native-
like complement of secondary structure is already formed by
this time (Chaffotte et al., 1992). Although it is difficult to
correlate the results obtained with a 20-residue peptide
fragment, structuring of which requires intermolecular as-
sociation at low pH, with folding of the monomeric protein,
which has been studied in detail at pH 5.2 (Radford et al.,
1992), it is interesting nonetheless to speculate on the
significance of these results for the folding of the intact enzyme.
Formation of the presumably 8-sheet structure in the peptide
requires intermolecular association at low pH, and at pH 6.8
this structure could not be formed at all under the variety of
conditions investigated here. By contrast, the conformation
of the intact protein is unchanged from pH 7 to 2, although
the protein is less stable at low pH (Imoto et al., 1972). This
suggests that support from a stable structured a-domain may
be a fundamental requirement for folding of the 8-domain to
astable entity in the folding pathway of the enzyme. Further
dissection of the lysozyme molecule into putatively independent
folding units may reveal further insight into the role of
individual interactions in directing the protein folding pathway.
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