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Abstract

Ž .Conformation induction in the two related peptides, a-melanocyte stimulating hormone a-MSH and d-melano-
Ž .cyte stimulating hormone d-MSH , have been studied in solvent media containing varying percentages of the

Ž . Ž .membrane-mimetic solvent 2,2,2-trifluoroethanol TFE using fluorescence and circular dichroism CD spectroscopy.
Ž .Singular value decomposition SVD analysis of the CD spectra at different TFE concentrations showed that these

spectra can be described as linear combinations of only two distinct basis spectra, corresponding to the peptides in
the random-coil and ‘folded’ conformations. For a-MSH the spectrum of the folded state is very similar to the
standard spectrum of the a-helix, while that for d-MSH has partial resemblance to the helical spectrum. Fitting the

Ž .data on ellipticity at 222 nm as a function of TFE volume fraction to an equation based on a two-state model
Ž . Ž . y1describing TFE-induced conformation induction in the peptides gave values of 1.1"0.4 and 4.2"0.5 kcal mol

for a-MSH and d-MSH, respectively, for the free energy of equilibrium between the helix and coil forms in water.
ŽMeasurement of fluorescence emission parameters emission maximum, quantum yield, steady-state anisotropy and

.mean excited-state lifetime indicated that the microenvironment around the single tryptophan residues of both
peptides changes in like manner with increasing concentration of TFE in the solvent. The similarity of fluorescence
behaviour of the peptides suggests that their Trp fluorophores do not participate in secondary structure formation in
TFE. Q 1998 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Ža-Melanocyte stimulating hormone a-MSH or
.a-melanotropin is secreted by the intermediate

lobe of vertebrate pituitaries and has been shown
to act on vertebrate pigmentation, adrenal cell
stereogenesis and neural functioning related to

w xlearning and behaviour 1,2 . It is a linear tride-
capeptide with a sequence identical with that of
the 13 N-terminal amino acid residues of adreno-

Ž .corticotropic hormone ACTH ; additionally, its
N-terminus is acetylated and the peptide chain
terminates with a valine carboxamide group. d-

Ž .Melanocyte stimulating hormone d-MSH is a
peptide fragment within the precursor protein
Ž .pro-opiomelanocortin of a-MSH and exhibits

w xconsiderable sequence similarity to it 3 , al-
though it has no reported melanotropic activity. It
is a heptapeptide containing methionine and tryp-
tophan residues at positions characteristic of the
MSH sequence and shares with a-MSH serine
and glutamic acid residues at equivalent posi-
tions:

a-MSH: Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-

Trp-Gly-Lys-Pro-Val-NH2

d-MSH: Ser-Met-Glu-Val-Arg-Gly-Trp

Structure]function relationships for a-MSH
have been studied by analysis of the biological
activities of a number of its structurally or stere-
ochemically modified analogues and fragments.
These studies identified the central tetrapeptide
segment His6-Phe7-Arg 8-Trp9 as the minimal me-
lanotropic message sequence of a-MSH which is

w xabsolutely required for its biological activity 4 .
However, there is a lack of consensus about the
nature of the secondary structure adopted by
a-MSH in its active state. Various groups have
proposed that the biologically active conforma-

w xtion of a-MSH may contain either a b-turn 5 or
w xan a-helix 2 within the active sequence for

optimum interaction with the melanocyte recep-
tor. Molecular dynamics studies have also sug-
gested that a-MSH may prefer a reverse turn
conformation centred about the Phe7 residue and
that it would form amphiphilic conformations with

the charged groups on one surface of the molecule
w xand the lipophilic groups on another 6 .

The organic solvent 2,2,2-trifluoroethanol
Ž .TFE is well-known for its ability to induce sec-
ondary structures in peptides and proteins dis-

w xsolved in it 7]9 . Although the precise mecha-
nism of such conformation induction remains un-
clear, it is generally agreed upon that structure
formation occurs due to enhanced intramolecular
hydrogen-bonding capabilities of peptides located
in TFE-rich environments. With few exceptions,
the addition of TFE to aqueous peptide solutions
is known to stabilize the a-helical conformation.
However, it has also been found that identical
peptide sequences form a-helices in TFE and
b-strands in micellar media, thus establishing the

Ž .importance of environment i.e. solvent type in
w xdetermining secondary structure 10,11 . Thus,

TFE is generally regarded as a helix-promoting
solvent, although it has been proposed that a
requirement for helix propensity inherent in the
primary amino acid sequence is necessary for the
host peptide to develop this secondary structure
w x9 .

A number of studies have shown that the con-
formational tendencies of peptides in TFE are
similar to those which occur when the peptides

Žinteract with receptors or biomembranes see, e.g.
¨ w x.Ohman et al. 12 . In the present work we report
a study of the evolution of secondary structures in
the MSH peptides upon incremental addition of
TFE to their aqueous solutions, using circular

Ž .dichroic CD spectroscopy in the far-ultraviolet
region to monitor secondary structures of the
peptide backbones. Fluorescence emission
properties provide a sensitive means of obtaining
information on local structures of the peptides

w xaround the emitting fluorophores 13 . We have
also measured the steady-state and time-resolved
emission properties of the single Trp fluo-
rophores of the peptides in presence of TFE, with
the eventual aim of finding correlations between
the structural information thus obtained on the
local and the global scales. Our results show that
TFE induces both peptides to adopt folded struc-
tures which in the case of a-MSH is very likely
helical, whereas the fluorescence parameters of
both peptides exhibit similar behaviour as the
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fraction of TFE in the solvent is changed. The
likely reason for this apparent lack of correlation
between the structural information obtained us-
ing the two spectroscopic methods is that struc-
ture formation does not involve the Trp fluo-
rophores in either peptide.

2. Materials and methods

High purity a-MSH and d-MSH were pur-
Ž .chased from Sigma Chemical Co. St Louis, MO .

Ž .TFE Gold Label was purchased from Aldrich
Ž .USA . All chemicals were used as received. Pep-
tide concentrations were determined spectropho-
tometrically, using molar extinction coefficients at

3 y1 y1 w x280 nm of 6.65=10 M cm for a-MSH 14
and 5.6=103 My1 cmy1 for d-MSH.

Absorption measurements were carried out on
a Shimadzu UV-2101PC spectrophotometer. Flu-
orescence emission spectra, corrected for non-
uniform wavelength response of the monochro-
mators and the photomultiplier detector, were
recorded on a Hitachi F-4010 spectrofluorometer,
using excitation at 280 nm for d-MSH and N-

Ž . Žacetyl-tryptophanamide NATA and at 295 nm
Žfor a-MSH to selectively excite its tryptophan

.residue . Excitation and emission bandwidths of
Ž . Ž . Ž .3, 1.5 , 5, 5 and 5, 5 nm were used to measure
wavelength at emission maximum quantum yield
and steady-state anisotropy, respectively.
Peptide-free TFE]water mixtures were used as
reference blanks in all absorption and emission

Ž .measurements. Quantum yields f of peptidesp
were determined relative to that of a solution of

Ž .L-tryptophan at pH 7.0 f by comparing thet r p
Ž .area A under its emission spectrum with thatp

Ž .for L-trp A . For calculating f , f wast r p p t r p
w xtaken to be 0.14 15 . Steady-state anisotropies

were measured on the Hitachi F-4010 using L-
format optics. All experiments were performed at
258C.

Fluorescence total emission intensity decay
measurements were carried out on a fluorescence
lifetime spectrometer assembled in our laboratory
with components from Edinburgh Analytical In-

Ž . Ž .struments EIA, UK and EG&G ORTEC USA
and operated in the time-correlated-single-pho-
ton-counting mode. Excitation was provided by a

Ž .pulsed high-pressure 1.5 atm N -lamp operating2
at 25 kHz repetition rate, the pulse profile having
a FWHM of 1.3 ns. Tryptophan excitation was
provided by the 297-nm N -line, while emission2
decay profiles were monitored at 350 nm. Slits
with 16 nm bandpass were used in both excitation
and emission channels. Intensity decay profiles
were fitted to the series:

Ž . Ž . Ž .I t sS A exp ytrt 1i i i

where A represents the fractional contributioni
to the time-resolved decay of the component with
lifetime t . The decay parameters were recoveredi
using a software package supplied by EIA, imple-
menting a non-linear least-squares iterative fitting

w xprocedure based on the Marquardt algorithm 16 .
² :Mean lifetimes t for biexponential decays were

w xcalculated using the equation 17 :

² : Ž .t sa t qa t 21 1 2 2

where the fractional amplitude a correspondingi
to the lifetime t is given by:i

Ž . Ž .a sA t r A t qA t , is1, 2 3i i i 1 1 2 2

CD spectra were recorded at room tempera-
ture using a Jasco J-720 spectropolarimeter
Ž .calibrated with d-10-camphorsulfonic acid and a
cylindrical quartz cuvette of path length 2 mm.
The following scan parameters were used: 1-nm
bandwidth, 2 s response time, 0.1-nm step resolu-
tion and 20 nm miny1 scan speed. Each spectrum
was an average of five continuous scans, mea-
sured between 190 and 250 nm. The acquired
spectra were corrected by subtracting blank runs
on peptide-free TFE]water mixtures of the ap-
propriate compositions, subjected to noise-reduc-
tion analysis, and presented as mean residue
molar ellipticity in degree cm2 dmoly1.

( )Singular ¨alue decomposition SVD analysis: To
help identify the number of distinct spectra con-
tributed by different peptide conformations which
evolve as the volume fraction of TFE in solvent is
changed, the CD spectral data were subjected to

w xSVD analysis 18]20 . In general, a measured CD
spectrum is a sum of several overlapping compo-
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nents each of which is characteristic of the pep-
tide in a given conformation. The relative mix-
tures of these components in the measured spec-
tra change with changing solvent composition
Ž .condition variable . The use of SVD allows us to
separate the component spectra, thereby leading
to a knowledge of the number and nature of the
most important individual components.

For this analysis, the complete set of CD spec-
tra over the total range of TFE concentrations
was arranged into an m=n matrix A, of which

Žeach column represents a digitized spectrum m
s601 corresponding to a wavelength step-size of
0.1 nm over the range 190]250 nm common to all

.spectra while the different columns correspond
to varying solvent compositions. The matrix A
thus represents the entire information content of
the spectral series being analyzed for each pep-
tide. The SVD procedure consists of expressing
the matrix A in the product form AsUSV T,
where U is an m=n matrix of orthogonal basis
¨ectors, S is a diagonal matrix of singular ¨alues
and V T is an n=n matrix of amplitudes. The
columns of the product matrix US form the de-
sired basis spectra. These are themselves linear
combinations of the measured spectra and under
suitable conditions represent the contributions of
the distinct chemical or conformational species.
The magnitude of each singular value determines
the relative importance of the corresponding ba-
sis spectrum in reproducing the original CD spec-
tra. They are arranged in order of descending

Ž .magnitude in S such that Ssdiag s ,s ,...,s1 2 n
where s Gs Gs G0. The utility of SVD analysis1 2 n
lies in projecting out the minimum number of

Ž .basis spectra the most significant ones which
can be recombined linearly in appropriate pro-

Žportions to best reproduce in a least-squares
.sense the measured spectral set, i.e. the matrix A.

The coefficients of this recombination are con-
tained in the amplitude matrix V, of which the
columns fit the original spectra to the basis spec-
tra and the rows fit the basis spectra to the
original spectra. Thus the elements of the ith row
of V represent the relative linear contributions of
all the basis spectra in the ith original spectrum,
while the elements of the ith column of V repre-
sent the relative contributions of the ith basis

Žspectrum in the measured spectra over the whole
.range of the condition variable .

For perfect, noiseless data the number of non-
zero singular values equals the number of inde-
pendent spectral components in the data set. In
the presence of noise the number of independent
species that make significant contributions can be
identified from a comparison of the relative mag-
nitudes of singular values and the autocorrela-
tions of the basis or amplitude vectors. The latter
constitute useful measures of the signal-to-noise
ratio of given columns of U or V and are defined

w xas follows 18,20 :

Ž . Ž .C X s X X 4Ýi j ,i jq1,i
j

where X represents the jth element of the ithj ,i
column of the U or V matrix. Since the columns
of U and V are all normalized to unity, C lies
between y1 and q1. Typically, a large gap in the
magnitude of the singular values can indicate the

Ž .transition from the significant ‘signal’ to the
Ž .irrelevant ‘noise’ components. Components thus

selected may be further screened on the basis of
the autocorrelations calculated according to Eq.
Ž .4 . For components with good signal-to-noise
ratio C should be close to unity, whereas noisy

Žcomponents would yield much smaller and possi-
.bly negative values of C. The SVD analysis pre-

sented here was carried out using a standard
w xFORTRAN subroutine 21 .

3. Results

3.1. Circular dichroism

ŽThe CD spectrum of a-MSH 37 mM, 0.06 mg
y1 .ml in 0.05 M, pH 7.4 phosphate buffer is that

of a peptide predominantly in random-coil form,
having a strong negative maximum centred at 198
nm arising out of the pªp U transition of the

Ž .amide bond Fig. 1 . The nature of the spectrum
remains unaltered under a 10-fold dilution of the

Ž .peptide concentration data not shown . The
spectrum changes noticeably and rapidly with ad-
dition of TFE in the solvent. The pªp U transi-
tion band splits into a dominant positive peak
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Fig. 1. CD spectra of a-MSH in mixtures of 0.05 M, pH 7.4,
phosphate buffer and TFE. Successive traces with decreasing

Ž .Q are for 0, 25, 50, 60, 70, 80, 90 and 100% TFE vrv ,222
respectively.

around 193 nm, while the original negative band
at 198 nm red-shifts to 206 nm. In addition, the
nªp U transition band of the amide starts to
show up as another negative band around 226
nm. These results are in good agreement with

w xthose of Greff et al. 22 , who reported formation
of a-helical structure in the peptide fragment

Ž . ŽACTH 1]14 whose first 13 residues are identi-
.cal with those of a-MSH dissolved in 100% TFE.

ŽThe CD spectra of d-MSH 34 mM, 0.03 mg
y1 .ml in phosphate buffer and in TFE-enriched

solvents are shown in Fig. 2. The buffer spectrum
is typical of a peptide in random conformation,
with a large negative extremum at 198 nm and a
small positive peak at 228 nm. Changes occur in
this spectrum in response to the addition of TFE,
the most significant of which are for TFE volume

Ž .fractions 60% vrv and higher. At 80% TFE, the
negative maximum shifts to 203 nm while a strong
positive contribution appears below 195 nm. In
addition, the weak positive peak around 228 nm
gives way to an emerging second negative extre-
mum around 220 nm.The magnitude of ellipticity

Fig. 2. CD spectra of d-MSH in TFE]water mixtures. Succes-
sive traces with decreasing Q are for 0.05 M phosphate222

Ž . Ž .buffer pH 7.4 , 25, 50, 70, 80, 90 and 100% TFE vrv ,
respectively.

decreases from 14 6978 cm2 dmoly1 at 198 nm in
buffer to 86438 cm2 dmoly1 at 203 nm in 100%
TFE. Unlike in the case of a-MSH, however,
there is no clear isodichroic in these spectra.

To identify the nature of the additional spectra
contributed by the presence of TFE in the sol-
vent, a SVD analysis of the complete set of mea-

Žsured CD spectra covering the range of TFE
.volume fractions from 0 to 100% was performed

for each peptide. The singular values obtained for
Ž . Žthe 601=8 matrix A for a-MSH and the 601=

.7 matrix A for d-MSH are listed in Table 1. Also
shown there are the autocorrelations of the am-
plitude vectors represented by the columns of V,

Ž .i.e. C X with XsV. Examination of these en-i
tries shows that for both peptides the first two
singular values and autocorrelations dominate
over the remaining ones. The basis spectra corre-

Žsponding to these singular values i.e. the first two
.columns of the matrix product US are shown in

Ž . Ž .Fig. 3 a and 3 b for a-MSH and d-MSH, respec-
tively. For comparison, these figures also show
the basis spectra having the next most significant
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Table 1
Singular values and correlations of SVD amplitude vectors for
the far-UV CD spectra of the peptides in TFE]water mixtures

Component a-MSH d-MSH
No. Singular Amplitude Singular Amplitude

value autocorre- value autocorre-
lation lation

1 391 295 0.84 298 928 0.83
2 182 686 0.61 108 427 0.56
3 5863 0.47 15 286 y0.04
4 4338 y0.27 5638 y0.03
5 2941 y0.23 3321 y0.71
6 2165 y0.62 1851 y0.74
7 832 y0.83 1520 0.14
8 994 0.02

singular value. It is evident that only the first two
basis spectra can be classified as ‘signal’, the rest
falling in the category of ‘noise’.

Fig. 4a,b show the amplitudes of the two most
prominent basis spectra plotted against the nomi-

Ž .nal TFE volume fraction condition variable for
a-MSH and d-MSH, respectively. These results
can be interpreted as follows: the CD spectrum
measured in a mixed solvent containing a given
TFE volume fraction can be best approximated by
a linear combination of the two basis spectra
shown in Fig. 3 using the coefficients of Fig. 4 for
that TFE volume fraction.

3.2. Fluorescence

In order to obtain information on local struc-
tural changes of the peptides induced by TFE, we
have examined their tryptophan emission proper-
ties while varying the hydration conditions of the
solvent. To dissociate the effects of the solvent
medium on Trp itself from those on the peptides,
the fluorescence of the model compound NATA
was also studied under the same set of conditions
w x13 . It was found that in going from an aqueous
buffer to 100% TFE, NATA exhibits a 3-nm blue

Ž .shift of its emission peak 353]350 nm , a more
than fourfold decrease in quantum yield
Ž .0.14]0.03 , an increase of anisotropy from 0 to
0.03 and a more than threefold decrease in the

Ž .excited-state lifetime 3]1 ns . Fig. 5a]c present a

Fig. 3. Plots of the basis spectra corresponding to the three
w Ž . Ž . Ž . xlargest singular values marked 1 , 2 and 3 , respectively

Ž . Ž .for a a-MSH and b d-MSH.

summary of the changes in three steady-state
emission parameters } emission maximum,
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Fig. 4. Plots of the SVD amplitude vectors for the two most
Ž .prominent basis spectra vs. TFE volume fraction for a a-

Ž .MSH and b d-MSH. Also shown in each panel are plots of
Q , normalized to have the same extreme values as the222

Žcorresponding amplitudes for the ‘folded’ state, see Section 4
. Ž . Ž . Ž . Ž .of text for a a-MSH v and b d-MSH % .

quantum yield and anisotropy } with changing
concentration of TFE. The results for the pep-
tides should be compared with those for NATA in
solvents of identical composition. A change of

solvent from phosphate buffer to TFE produces a
Ž .somewhat larger blue shift 5 nm of the emission

peak for both peptides. The reduction of quan-
tum yield is nearly the same for both, but approx-
imately half as much as for NATA. As a result,
the ‘effective’ quantum yields of the peptides,
normalized with respect to that of NATA by
dividing by the ratio of the quantum yield of
NATA in the same mixed solvent to that in water,
increase in going from water to TFE, by factors of
approximately two. Steady-state anisotropies also
increase substantially, from ;0 in water to
0.07]0.08 in TFE, much larger than that observed
for NATA under the same conditions.

Total emission intensity decay measurements
showed that double exponential fits were required
to satisfactorily fit the data for both peptides at
all water]TFE compositions, although NATA al-
ways exhibited monoexponential fluorescence de-
cay. The lifetimes of NATA in pH 7.4, 0.05 M
phosphate buffer and in 100% TFE were 3 ns and
1 ns, respectively. Table 2 shows that for both
peptides the mean excited-state lifetimes de-
crease with increasing proportion of TFE in the
solvent. In addition to its effect on the peptide
conformation TFE also quenches Trp fluores-
cence, as indicated by the result of lifetime mea-
surements on NATA. The effect of this general
solvent quenching can be eliminated by dividing
the mean lifetimes of the peptides by the ratio of
the lifetimes of NATA in the same mixed solvent
and in water. The mean fluorescence lifetime,
thus normalized, actually increases for both pep-
tides upon transfer from water to TFE: for a-MSH
² :t s2.7 ns in water and 4.5 ns in 100% TFE,n

² :while for d-MSH t s2.1 ns in water and 3.0 nsn
² :in 100% TFE, where t is the mean lifetimen

normalized with respect to that of NATA. For
both peptides, this increase of the ‘normalized’
mean lifetime is about the same as that of the
‘effective’ quantum yield in going from water to
pure TFE.

Ž² :.Changes in fluorescence lifetime t can lead
Ž .to changes in anisotropy r , these two parame-

w xters being related through Perrin’s equation 17 :

² : Ž . Ž .t s t r r rry1 5c 0
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Fig. 5. Variation of tryptophan steady-state emission parame-
Ž . Ž . Ž .ters for a-MSH v , d-MSH % and NATA I with volume
Ž . Ž . Ž .firaction of TFE: a emission maximum ; b quantum yield;

Ž .and c anisotropy.

where r is the limiting anisotropy in a medium0
of high viscosity and at low temperature and t isc
the correlation time characteristic of rotational
diffusion of the fluorophore. t is a more directc
measure than anisotropy of the resistance offered
by the medium to the degrees of freedom of the
fluorophore. In order to delineate the effect of
changing fluorescence lifetime on the nature of
the fluorophore environment, we have calculated

Ž .t , in the mixed solvents Table 2 using previ-c
ously determined values of r for NATA and the0

w xTrp in these peptides 23 . For both peptides the
correlation time showed a definite increase in

Žgoing from water to TFE 0.4]1.0 ns for a-MSH,
.0.2]0.6 ns for d-MSH , which was larger than that

calculated for the model compound NATA
Ž .;0]0.2 ns .

4. Discussion

4.1. Analysis of CD spectra

CD spectra show that neither peptide has the
tendency for formation of a well-defined sec-
ondary structure in aqueous solution. In the pres-
ence of TFE, the spectra of both peptides exhibit
major changes differing in their dependence on
TFE concentration. SVD analysis of the CD data
yielded two prominent basis spectra which con-
tribute to the measured spectra for each peptide
Ž .Fig. 3 . Of the two, one clearly represents each

wpeptide in a random conformation spectrum
Ž . Ž . xmarked 2 for a-MSH and 1 for d-MSH . The

features of the second basis spectrum for a-MSH
w Ž .xmarked 1 } a strong positive peak at 192 nm
and twin negative maxima at 206 and 226 nm }
recall the classical spectrum of proteins in the

w xright-handed a-helical conformation 24 . That
the magnitudes of the two negative maxima are
unequal is not unusual for short helical peptides,
having been observed previously for the peptides

w xbombesin and spantide 25,26 . The features of
w Ž .xthe other basis spectrum for d-MSH marked 2

do not match those of the standard a-helical CD
spectrum quite as well, although their sign and
location are approximately correct. It is possible
that due to the short length of this peptide the

Žhelix in it is only partially formed less than a full
.turn , thus contributing a non-standard spectrum.

It should be mentioned that since the spectra
Ž .for d-MSH Fig. 2 do not have an isodichroic

point, in principle there exists the possibility of
contributions from other types of secondary struc-

Ž .tures e.g. b-type . In fact, the basis spectrum
Ž .marked 3 in Fig. 3b could have been taken to

represent such a structure, but for its negative
Ž .correlation coefficient Table 1 . Perhaps these

additional contributions are weak enough to be
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Table 2
Total emission intensity decay parameters of tryptophan fluorescence for the peptides dissolved in mixtures of TFE and 0.05 M, pH
7.4, phosphate buffer

Ž . Ž . Ž . Ž . ² : Ž . Ž .Sample % TFE t ns a % t ns a % t ns t ns1 1 2 2 c

Ž .a-MSH 0 buffer 3.2 79.3 0.9 20.7 2.7 0.37
25 2.8 72.6 0.9 27.4 2.3 0.50
50 2.7 65.3 0.9 34.7 2.1 0.65
75 2.4 61.0 0.8 39.0 1.8 0.77

100 2.8 34.5 0.8 65.5 1.5 0.95

Ž .d-MSE 0 buffer 2.5 78.4 0.5 21.6 2.1 0.16
25 2.5 74.9 0.5 25.1 2.0 0.24
50 2.3 69.9 0.5 30.1 1.8 0.30
75 2.0 55.5 0.5 44.5 1.3 0.29

100 1.9 34.7 0.5 65.3 1.0 0.56

Ž .NATA 0 buffer 3.0 3.0 0.0
100 1.0 1.0 0.20

( ) Ž . Ž .Notes. Decay profiles were fitted to the expression I t sA exp ytrt qA exp ytrt for the peptides; for NATA, the decay1 1 2 2
² :law was single exponential. For definitions of amplitudes a , mean lifetime t and rotational correlation time t , see text.i c

² :Estimated errors in t and t are "0.1 ns and "0.05 ns, respectively.c

masked by the noise and are ‘averaged out’ by the
SVD analysis. Similar considerations apply to the
case of a-MSH; however, the spectra in Fig. 1 do
have an approximate isodichroic point around 203
nm, and the absence of an ‘exact’ isosbestic could
be due to errors in the determination of peptide
concentrations.

Ž .The plots of SVD amplitudes Fig. 4 allow a
comparison of TFE-induced secondary structure
evolution in the two peptides. As already pointed
out on the basis of singular values and amplitude
autocorrelations, which showed a clear break af-
ter the second component for both peptides in
Table 1, only two major conformational species
for each can be concluded to exist in the presence
of TFE. Changes in the CD spectra with increas-
ing TFE concentration can be accounted for by
decreasing proportions of peptides in the ran-
dom-coil state and increasing proportions in the
folded state, as inferred from Fig. 4. For a-MSH,
TFE-induced folding occurs more or less uni-

Ž .formly with a mid-point at approx. 50% vrv
Ž .TFE Fig. 4a . For d-MSH, there appears to be an

‘inductive region’ of TFE concentrations where
the amplitude of the folded species changes rela-
tively slowly, followed by a region of steep in-

Ž .crease having its mid-point at 85% vrv TFE

Ž .Fig. 4b . An interesting correlation has been
found by plotting the variation of the ellipticity at

Ž .222 nm Q , normalised to have the same val-222
Ž .ues at 0 and 100% TFE vrv as the SVD ampli-

tude of the folded conformation, against the TFE
Ž .volume fraction Fig. 4a,b . For both peptides, the

variation of the normalised Q closely follows222
wŽ .that of the amplitudes of the folded states 1 for

Ž . xa-MSH and 2 for d-MSH . As the magnitude of
Q is traditionally taken to indicate the extent222
of helix formation in peptides, this correlation
supports the possibility of the TFE-induced folded
states being helical in the present case.

The thermodynamics of TFE-induced confor-
mational transition in proteins can be analysed by
treating it in a manner similar to the protein

w xdenaturation process 27,28 . The spectra of a-
Ž .MSH Fig. 1 have an approximate isodichroic

point at 203 nm suggesting that the structural
transition is a two-state process, involving con-
tributions from only two distinct conformations
Ž .in this case, random-coil and most likely helix .
This idea is also supported by the result of the
SVD analysis described above, which yielded only
two independent basis spectra that could repro-
duce all the measured CD spectra. Assuming that
the folding]unfolding transition of peptides in
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TFE can be described in the framework of the
same two-state model as that used to describe the
effects of urea and guanidinium chloride as pro-
tein denaturants, the following relation between
the ellipticity and the percent volume fraction of

Žw x. w xTFE in the solvent TFE has been derived 27 :

� Ž w x . 4Q qQ exp y m TFE yDG rRTF U waterQs � Ž w x . 41qexp y m TFE yDG rRTwater

Ž .6

where Q is the ellipticity of the peptide at maxi-F
mal TFE concentration and Q that in the ran-U
dom conformation, DG the standard free en-water
ergy of equilibrium between the two forms in
water, m a proportionality constant between the

w x Žfree energy and TFE DG s DG y mF water
w x.TFE , R the gas constant and T the tempera-
ture. We have fitted the measured values of the

Žellipticity at 222 nm which is traditionally taken
.to represent the extent of helix formation for

a-MSH as a function of the volume fraction of
Ž .TFE to Eq. 6 , while treating Q , Q , m andF U

DG as unknowns. Because of the small num-water
ber of data points spanning the large range of
TFE concentrations, a family of curves could be
made to fit the data, leading to wide variations in
the fitting parameters. A typical fit is shown in

Ž . y1 ŽFig. 6, yielding a value of 1.1"0.4 kcal mol 1
.cals4.184 J for the free energy of unfolding of

Ž .the peptide in water DG . The large uncer-water
tainty reflects the variability of the fitting parame-
ters. This value of DG agrees quite well withwater
that obtained from TFE-titration experiments for
the N-terminal fragment of Barnase, which is a

w xpeptide of the same length as a-MSH 27 . Al-
though the spectra for d-MSH do not exhibit an
isodichroic point, we have nevertheless extended
the above analysis to this peptide. Fig. 6 shows
the result of fitting the ellipticity data for d-MSH

Ž . Ž .to Eq. 6 , yielding a value of 4.2"0.5 kcal
moly1 for DG . This DG value indicateswater water
higher stabilisation of the folded structure in d-
MSH than in a-MSH, which is surprising since
structure formation ensues at a much lower TFE
concentration in the latter than in the former
Ž .Figs. 1 and 2 .

w x Ž .Fig. 6. Variation of Q vs. TFE for a-MSH v and d-MSH222
Ž .% . The continuous lines represent best fits of the data to

Ž .Eq. 6 of text.

4.2. Fluorescence

Fig. 5a shows that both peptides have their
emission maxima in TFE blue shifted from those

Ž .in the buffer by same amounts 5 nm that are
larger than that obtained for NATA. This points
to increasingly hydrophobic environments for the
tryptophans as the proportion of TFE is in-
creased. Simultaneous enhancement of the ‘ef-
fective’ quantum yields and ‘normalized’ mean

Ž .lifetimes as explained in the Section 3 indicate
that some deactivation pathways of the excited
fluorophores are blocked out. Increasing steady-

Ž .state anisotropies Fig. 5c , which are much higher
than that observed for NATA, indicate that the
effect of replacing water with TFE is to make the
microenvironment around the tryptophans more
and more rigid. That the enhanced rigidity of the
environment was not an artefact of the decreased

Žfluorescence lifetime in TFE-rich solvents lead-
ing to the observed increase in steady-state

.anisotropy was proved by the increase in the
Žcalculated values of the correlation time t Ta-c

.ble 2 , it being a direct measure of the resistance
of the medium to rotational diffusion of the fluo-
rophore. The fluorescence data are thus consis-
tent with the general trend emerging from CD
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measurements that the presence of TFE leads to
structure induction in the peptides.

The lack of correlation between the structural
information obtained using CD and fluorescence
can be explained by recalling the fact that while
CD monitors the average secondary structure of
the peptide backbone, fluorescence probes only
the local structure and interactions around the
tryptophan moiety. Agreement between infer-
ences drawn from these two techniques thus de-
pends on tryptophan being part of the region of
the peptide which contains the structural feature.
Though the observed conformational change is
much more pronounced for a-MSH than d-MSH
as revealed by the CD data, Trp emission
parameters show the same change for both pep-
tides. This suggests that secondary structure for-
mation does not involve the tryptophan residues
in either peptide, in agreement with the result of

w xstructure-prediction algorithms 29 that helix-for-
ming potential is clustered among the residues
Met4-Glu5-His6-Phe7 in a-MSH and Met2-Glu3-
Val4 in d-MSH. Changes in fluorescence emis-
sion parameters only reflect the increasingly an-
hydrous nature of the solvent medium caused by
replacement of water by TFE.

5. Concluding remarks

Small peptides, such as hormones, exhibit bet-
ter defined secondary structures in a hydrophobic
environment, which are usually quite different
from the random coil-like structures seen in
aqueous solution. These better defined structures
may mimic the functional ones, existing when the
peptide interacts with a receptor or a biomem-

w xbrane 30,31 . The aim of the present study was to
investigate how changing hydrophobicity, brought
about by varying the concentration of the cosol-
vent TFE, affects secondary structure stabiliza-
tion of the two related melanotropic peptides
a-MSH and d-MSH. SVD analysis of CD spectra
in presence of TFE suggests that the nature of
the folded structure adopted by a-MSH is helical
Ž .Fig. 3a ; for d-MSH, too, the basis spectrum

Ž .looks approximately helical Fig. 3b . It is tempt-
ing to conclude from this that the active confor-
mation of the message segment of a-MSH at its

receptor site would be a helix. However, it is
worth remembering that since TFE specifically
promotes helix formation in peptides, there is no
certainty that the helical conformation would also
be formed in hydrophobic environments in vivo.
The fluorescence data suggest that the Trp residue
of neither peptide forms part of its structure-for-
ming segment.
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