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ABSTRACTr Circular dichroic spectra of camel fl-endorphin
and ovine f3-lipotropin in water show little, if any, secondary
structure. Intrinsic viscosities and sedimentation coefficients
of the two peptides also suggest that the molecules are not
compact and globular. Methanol or sodium dodecyl sulfate
promotes the formation of helical structure to an extent as much
as one-half of either peptide molecule. The conformation of the
complex between camel _-endorphin and dodecyl sulfate may
be related to the opiate-like function of this peptide hor-
mone.

The presence of an endogenous ligand for the opiate receptor
found in brain tissue has been demonstrated by Terenius,
Snyder, Simon, and their coworkers (1-3), using a modification
of a method suggested by Goldstein et al. (4). Two pentapep-
tides with opiate-like activity (Met-enkephalin, H-Tyr-Gly-
Gly-Phe-Met-OH, and Leu-enkephalin, H-Tyr-Gly-Gly-Phe-
Leu-OH) were isolated from pig brains by Hughes et al. (5).
A polypeptide with potent opiate-like activity was isolated from
camel pituitary glands by Li and Chung (6), and its amino acid
sequence, identical to the COOH-terminal 31 amino acid
residues of sheep /3-lipotropin (7-9), was determined (6). This
peptide was designated /3-endorphin. The enkephalins (5) are
related to the first five NH2-terminal residues of /3-endorphin
(6). Both camel and human endorphins have been synthesized
(10, 11). Their sequences (6, 12) differ in only two positions (see
Fig. 1). These two molecules are equipotent in both in vitro (12)
and in vivo (11) bioassays for opiate-like activity.
The conformations of the enkephalins, /3-endorphin, and

/3-lipotropin have been investigated by several groups. Proton
magnetic resonance studies have suggested that Met-enkephalin
exists as a single (-turn in fully deuterated dimethyl sulfoxide
(13-16), while circular dichroism (CD) studies indicate that the
addition of salt to aqueous solutions of Met-enkephalin induces
a "/3-like" structure (17). Little is known about the conforma-
tions of the (3-endorphins, although two preliminary reports
have indicated that these molecules are low in helical content
in water, but become more helical in trifluoroethanol (18, 19).
Similarly, /3-lipotropin is reported to contain about 12% a-helix
in dilute salt solutions, which increases to 30% in 50% diox-
ane/water (20). The ability of nonpolar solvents to produce
helical structures in /3-lipotropin has also been observed by
Makarov et al. (21).
We report here on the conformations of human /3-endorphin

(/3h-endorphin) and camel /3-endorphin (/3c-endorphin) and
sheep /3-lipotropin (/3,-lipotropin) in water, methanol, and so-
dium dodecyl sulfate (NaDodSO4) solutions as determined by
CD and hydrodynamic studies. In addition, the limitations of
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predicting the secondary structure of these types of molecules
from their primary structure, and of interpreting their CD
spectra in terms of secondary structure, are discussed.

MATERIALS AND METHODS

fl-Lipotropin was isolated from sheep pituitary glands according
to the method of Li et al. (8). /3c-endorphin and flh-endorphin
were synthesized as previously described (10, 11). The con-
centration of the polypeptides in aqueous solution was deter-
mined spectrophotometrically. Absorbances, Al*, of 9.6 at 276
nm for fi,-lipotropin, 3.9 at 275 nm for fBc-endorphin, and 7.7
at 276 nm for flh-endorphin were calculated from the respective
amino acid compositions. NaDodSO4, synthesized from dodecyl
alcohol, was a gift from K. Shirahama. Methanol was of spectral
grade; other chemicals were of reagent grade. Water was
double-distilled in glass.
CD spectra were measured with a Jasco J-10 spectropolar-

imeter for wavelengths below 250 nm and a Cary 60 spectro-
polarimeter equipped with a 6002 CD attachment for the
near-ultraviolet region. Both instruments were standardized
with a d-10-camphorsulfonic acid. The temperature was
maintained at 250, unless stated otherwise. The data are ex-
pressed in terms of mean residue ellipticity, [0], molar ellipticity,
[01, or both. A mean residue weight of 109 was used for ts-li-
potropin and 111 for /3c-endorphin.

Viscosities were measured in a suspension-type Ubbelohde
viscometer at 5.0°. The flow time for 0.1 M KC1 was about 2000
sec. The intrinsic viscosity, [X], was determined from the
Huggins equation; the concentrations of the polypeptides varied
from 0.2 to 0.8%. Sedimentation velocity experiments were
done on a Spinco model E analytical ultracentrifuge at 5.0°.
A synthetic boundary cell was used because of the low sedi-
mentation coefficient, s, of the polypeptides. The s values were
extrapolated to zero concentrations (so).

RESULTS
Conformation in Water. Fig. 2 shows the CD spectra of

/,-lipotropin and 6c-endorphin in the region dominated by
amide bond absorption. In water at pH 5.9 both polypeptides
appear to have little, if any, secondary structure. The absence
of the double minimum at 210 and 222 nm characteristic of an
a-helix and the appearance of a large negative band near 200
nm suggest that the structure is mostly nonperiodic, although
a small amount of helix and /-form cannot be completely ruled
out. The two polypeptides appear to be denatured in 6 M
guanidine hydrochloride. The CD spectra of /3c-endorphin in
water were run at 1.2, 0.12 and 0.012 mg/ml. The slight re-

Abbreviations: subscriptsc, h, and, indicate camel, human, and sheep,
respectively; NaDodSO4, sodium dodecyl sulfate; CD, circular
dichroism.
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5 10
H-Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-

15 20
Gln-Thr-Pro-Leu-Val-Thr-Leu-Phe-Lys-Asn-

25 31
Ala-Ile-Ile-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu-OH

FIG. 1. Amino acid sequence of human fO-endorphin. Camel
fl-endorphin is identical except it has histidine-27 and glutamine-
31.

duction in the magnitude of the CD signal at all wavelengths
upon dilution suggests a small amount of adsorption of the
peptides on the cell wall rather than a concentration depen-
dence in the conformation.
pH Effect. The fl0-endorphin molecule (see Fig. 1) has 7

positive and 2 negative charges at neutral pH (including the
a-NH3+ and a-COO- at the NH2- and COOH-terminals).
Residues 27-29 carry 3 positive charges (see Fig. 1). Raising the
pH of the polypeptide solution to 12 did not change the CD
spectra of either (3c-endorphin or f3s-lipotropin, suggesting that
changes in electrostatic interactions do not cause detectable
changes in polypeptide conformation.
Thermal Effect. The changes in CD spectra with tempera-

tures are small and reversible. Raising the temperature of the
polypeptide solution reduced the magnitude of the negative
CD band near 200 nm. For f3s-lipotropin the [0] minimum at
202 nm was -14,400,-13,600,-11,300, and -11,000 deg cm2
dmolh' at 20, 250, 540, and 78°, respectively. For 130-endorphin
the [0] minimum was -15,500, -13,500, -11,000, and -9,000
at 30, 250, 530, and 760, respectively; the position of the min-
imum red-shifted from 200 to 202 nm on going from low to
high temperature. In contrast, the spectra for f&0-endorphin in
the 210-240 nm region showed increasingly negative ellip-
ticities at the four temperatures. Thus, [0]12 was -800, -1,700,
-2,500, and -3,000 at 30, 250, 530, and 760, respectively, The
corresponding CD for 3,B-lipotropin is somewhat complicated;
the magnitude of [01220 was -3,700 at 30, which dropped to
-3,500 at 250 and rose to -3,600 and -3,800 at 540 and
78°.
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Side-Chain CD. The CD spectra of f3,-lipotropin and (c-
endorphin in the region of side-chain absorption are presented
in Fig. 3. In aqueous solution both polypeptides exhibit only
weak optical activity. The spectra in water and in 6 M guani-
dine hydrochloride are either equivalent (for (3c-endorphin) or
nearly the same (for f-lipotropin), indicating that neither
polypeptide has a rigid tertiary structure with aromatic groups
buried within asymmetric local environments. Both hormones
show negative bands at 269 and-261-262 nm characteristic of
phenylalanine residues (22). The negative bands at 283 and 276
nm for #,B-lipotropin and the corresponding positive bands for
Oc-endorphin can be assigned to tyrosine residues (23). The side
chain CD of (3h-endorphin (not shown) contained no discernible
bands above 270 nm, but exhibited the two negative phenyl-
alanine bands as seen in the #,-endorphin spectrum. The effects
of pH and temperature on the side-chain CD were not deter-
mined.
Hydrodynamic Properties. The intrinsic viscosity, [q], and

sedimentation coefficient, s3, of.-7lipotropin and Oh-endorphin
have been measured in 0.1 M KC1 at 5°. fl5-lipotropin had an
[X] of 0.15 dl/g and fOh-endorphin had an [X7] of 0.10 dl/g, in-
dicating that both polypeptides are not compact, globular
molecules. The corresponding s~jo,w (converted from data at
50) was 1.3 S for 3,B-lipotropin and 0.8 S for flh-endorphin.
Conformation in Methanol and NaDodSO4 Solutions.

Addition of methanol to an aqueous solution of f35-lipotropin
and f30-endorphin induces an a-helical conformation (Fig. 2).
Both polypeptides increase in helicity with increasing con-
centrations of methanol. flc-Endorphin has virtually the same
CD spectrum in 100% methanol as in 90% methanol; f3-lipo-
tropin precipitates in 90% methanol. (3h-Endorphin is equivalent
to fl-endorphin. Equally striking is the helix-promoting effect
of NaDodSO4 on the two polypeptides; almost one-half of either
molecule becomes helical in NaDodSO4 solution. We have used
an excess of NaDodSO4 (about 3 mM), which is approximately
six times the mean residue molarity of the polypeptides in these
solutions. By cooling the solutions to 40, most of the excess
NaDodSO4 could be precipitated; the supernatant solutions at
25° still gave the same spectra as those shown in Fig. 2.
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FIG. 2. Circular dichroism of (A) ovine fl-lipotropin and (B) camel ,B-endorphin in the ultraviolet region.
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FIG. 3. Circular dichroism of (A) ovine fl-lipotropin and (B)
camel Wl-endorphin in the near ultraviolet region. Ordinates: left, mean
residue ellipticity; right, molar ellipticity.

The addition of either methanol or NaDodSO4 increases the
CD intensity of both the phenylalanine and tyrosine bands in
these molecules (Fig. 3), suggesting the production of somewhat
more rigid, asymmetric environments for these chromophores
in the presence of solvents less polar than water. However, even
in NaDodSO4 solutions no distinct band can be assigned to the
tryptophan residue in f-lipotropin, suggesting that some areas
of conformational flexibility still exist. Similarly, in NaDodSO4
solution the two tyrosine residues in flh-endorphin still give no
signal although this may be due to a cancellation of positive and
negative bands. Precipitation of most of the excess NaDodSO4
had no effect and did not return the CD spectra to those found
in water.

DISCUSSION
The CD spectrum below 250 nm can be used to estimate the
secondary structure of proteins (24, 25). This method of analysis
is best for proteins containing a moderate amount of a-helix,
but the estimates of the #-form are still uncertain in many cases.
In order to give reliable estimates the CD of the amide bonds
must dominate the spectrum below 240 nm and overshadow
the contributions of the nonpeptide chromophores (at present
the CD bands due to aromatic groups and cystine residues
cannot be resolved below 250 nm). Because both #l-lipotropin
and fl0-endorphin appear to lack any appreciable amount of
secondary structure, the method of Chen et al. (24, 25) is not
applied to the data in Fig. 2. With data similar to ours, St-Pierre
et al. (20) have reported 12% a-helix and 16% ,8-form for &-
lipotropin in water based on the method of Chen et al. (24).

These authors also observed a gradual decrease in the CD
magnitude throughout the wavelength region from 190 to 240
nm as the temperature was increased from 15 to 500, whereas
our results between 220 and 230 nm showed a minimum at
room temperature which increased with increasing tempera-
ture. The thermally induced changes in our spectra could be
due to overlapping between the peptide and nonpeptide CD
bands.

Because the reference [0] values for the helical conformation
in methanol and NaDodSO4 solutions might differ in magni-
tude from those in water or dilute salt solutions, we again find
it unwise to attempt any quantitative analysis of the CD data
for both lB-lipotropin and #,0-endorphin in Fig. 2. For these
reasons the value of 29% a-helix previously reported for #,-
lipotropin in 50% dioxane/water (20) should be considered only
tentative. Nevertheless, it is apparent from our data that both
polypeptides, in either methanol or NaDodSO4 solutions,
contain an appreciable amount of helical conformation, perhaps
as much as one-half of the molecules. Removal of most of the
excess NaDodSO4 does not reverse the original effect,
suggesting that the helical conformation is stabilized by the
formation of a complex between the NaDodSO4 and the
polypeptide. This observation may be of considerable interest,
because it has been proposed (26, 27) that cerebroside sulfate,
a molecule that shares many chemical properties with Na-
DodSO4, is an active component of the opiate receptor in brain
tissue. This suggests the possibility that the functional confor-
mation of these opiate-like peptides is achieved only after
binding to the receptor complex.

In- the absence of x-ray diffraction studies it has become
fashionable to predict the secondary structure of proteins from
analysis of the amino acid sequence as has been done by Chou
and Fasman (28, 29), who claim 70-80% accuracy. The rules
for such predictions are empirical and the conformational pa-
rameters are based on probabilities of a residue appearing in
a particular conformation for globular proteins. Therefore it
is doubtful that the rules can be applied to polypeptides such
as ftc-endorphin and even f.-lipotropin. Nevertheless, it is useful
to illustrate that this empirical method has limitations, just as
the CD analysis of protein conformations has its limitations and
should be used with caution. Using the parameters of Fasman
et al. based on 29 proteins (30), we calculated that ,B-lipotropin
and Oc-endorphin would have 65 and 55% helix, 5 and 16%
,8-form, and 19 and 13% f3-turn, respectively. Had the old pa-
rameters based on 15 proteins (28, 29) been used, the helical
content of ft-lipotropin and 6c0-endorphin would have been 46
and 0%, respectively. Using the old parameters, St-Pierre et al.
(20) calculated 30% helix for f,5-lipotropin (according to their
tabulation, f3c-endorphin should have no helix). As the confor-
mational parameters change, so will the predicted secondary
structure. In addition, the rules and predictions are equivocal
among different users. More important, these sequence pre-
dictions bear no relation to the actual conformation of /BS-lipo-
tropin and &%-endorphin in solution because the two polypep-
tides are neither compact nor rigid (see discussion below). If
#l-lipotropin and fle-endorphin can be crystallized and studied
by x-ray diffraction methods, it will quite possibly be found that
both polypeptides have an appreciable amount of helix in
crystalline form, just as they do in methanol or NaDodSO4 so-
lution.
From denatured proteins and polypeptides in 5-7.5 M gua-

nidine hydrochloride at 250 under conditions where -S-S-
linkages cannot exist, Tanford (31) found that

[tp](mi/g)Mo = 77n0666 [1

Biochemistry: Yang et al.
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in which MO is the mean residue weight and n is the number
of residues in the polypeptide molecule. Substituting 91 and 31
into Eq. 1, we found that (3r-lipotropin should have an [X7] of 0.14
dl/g and 13h-endorphin, 0.07 dl/g. These are close to our ex-
perimental values, but such coincidence might be fortuitous,
because the experimental conditions were different (our ex-
periments were at 5° and without guanidine hydrochloride).
Nevertheless, the two polypeptides appear to be flexible, al-
though they are not "random coils." Using Flory's equation for
flexible polymers (32)

s1/3p-l = NASO[vI/3I7o/M2/3(1- i3p) [2]

we found that the coefficient IiV/3p-i was 3.6 X 106 for (3s-
lipotropin and 3.9 X 106 for f3h-endorphin, both of which were
much larger than Flory's 2.5 X 106 (experimental). This is
probably due to some degree of inflexibility of the two poly-
peptides. On the other hand, if the two polypeptides were re-
garded as rigid particles, Scheraga-Mandelkern's W-function
(33), which replaces 4l/3p-l in Eq. 2 by a function of axial ratio
of an equivalent hydrodynamic ellipsoid, can be used. Assuming
a prolate ellipsoid of revolution, both polypeptides would have
an axial ratio greater than 300, which is simply out of the
question. Thus, the hydrodynamic properties of (l,-lipotropin
and 13h-endorphin indicate that the molecules are partially
extended and may contain a small amount of secondary
structure. This conclusion is reasonably consistent with the CD
results in water (Fig. 2).
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