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aqueous solution
([Met]enkephalin/UV difference spectroscopy/thermolysin/peptide mapping)
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ABSTRACT Difference spectra generated during thermolysin digestion of camel g3-endorphin at pH 8.2 or at pH 6.5 indicate
rapid blue shifting of the near-UV absorption bands of the NH2terminal tyrosine. A similar spectral change is not observed for
the NH2-terminal tyrosine in [Met]enkephalin when it is digested
under similar conditions. These results suggest that enzymatic
digestion destroys or alters some structural interaction between
the NH2-terminal tyrosyl residue ofthe endorphin and a residue(s)
within the COOH-terminal segment ofthe molecule. Peptide mapping of the digest as a function of time suggests that cleavage of
the bond linking the alanine-21 and isoleucine-22 residues produces most of the observed effect. These data provide evidence
for the existence of a tertiary structure for j3-endorphin in aqueous
solutions.

terminal tyrosine residue and the COOH-terminal segment of
the molecule. This is direct evidence for the existence of a tertiary structure for ,/3EP in aqueous solution.
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H-Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser15

20

Gln-Thr-Pro-Leu-Val-Thr-Leu-Phe-Lys-Asn-Ala31

25

Ile-Ile-Lys-Asn-Ala-His-Lys-Lys-Gly-Gln-OH
I

MATERIAL AND METHODS

I30-EP was synthesized by the solid-phase method as described

,B-endorphin (3EP) (1) shares with the enkephalins (EKs) (2)
certain morphine-like actions in opiate in vitro assays (1-4)
but it possesses potent analgesic activity in vivo (5-9).
Structure-activity studies carried out with fragments and synthetic analogs of ,B-EP have shown that the presence of the
[Met]EK segment [/3-EP-(1-5)] is essential to its biological activity (10, 11) but that full analgesic potency requires the complete polypeptide chain (12). Thus, both the NH2- and COOHterminal segments are important to the in vitro and in vivo biological properties of f3-EP.
The role of molecular conformation in producing differences
in the in vitro and in vivo biological profiles of the EKs and (3EP is of utmost interest. The conformations of the EKs in
aqueous solution have been studied by several groups (for review, see refs. 13 and 14). Although circular dichroism studies
have shown that /3EP exhibits a considerable degree of a-helical structure in various nonpolar environments, no evidence
for a discrete conformation has been detected in aqueous solution (15-18,t). However, the existence of some conformation
for -EP in aqueous solution is strongly suggested by the observation that its NH2 terminus is protected from exopeptidase
action while that of [Met]EK is not (15, 19). This implies that
[Met]EK is conformationally distinct from -EP, probably as
the result of a tertiary structural interaction(s) of the [Met]EK
segment with the GOOH-terminal segment of the -EP molecule. A putative interaction between these two segments has
also been suggested as a possible mechanism for the formation
of an a-helix in nonpolar solvents (15, 16, 20). To date, no direct
physicochemical evidence has been reported for the existence
of such an interaction. We report herein UV difference spectra
taken during thermolysin digestion ofcamel ,B-EP (f3e-EP; I) in
aqueous solution that show an interaction between the NH2-

(21). [Met]EK was synthesized by G. Vitti in this laboratory.
Thermolysin (lot 73326) was obtained from Calbiochem. Solutions of P/3-EP (1.5 mg/ml), [Met]-, and [Leu]EK (0.25 mg/
ml) were incubated in 0.1 M Tris-HCl, pH 8.2, with thermolysin at 1/1000 or 1/100. Difference spectra generated during
digestion were recorded at 25C with a Perkin-Elmer spectrophotometer model 552 equipped with stoppered temperaturecontrolled cells. The reference cell contained the synthetic peptide, and the sample cell contained the peptide and thermolysin. The slight absorption due to the enzyme in the sample
cell was subtracted automatically as a baseline correction using
the baseline correction accessory of the spectrophotometer.
Solutions were centrifuged at 100,000 x g for 1 hr before each
experiment. Aliquots of the digest were taken at various times
and subjected to paper chromatography on Whatman 3 MM
paper using the upper phase ofthe system n-butanol/acetic acid/
water, 4:1:5 (vol/vol) followed by high-voltage electrophoresis
at pH 2. 1 in 90% formic acid/acetic acid/water, 218:63:719 (vol/
vol) for 45 min at 2 kV. The peptide fragments were detected
by spraying lightly with ninhydrin and then eluted from the
paper with 0.1 M NH40H. Aliquots were analyzed for amino
acid content on a Beckman 119 C analyzer according to Spackman et al. (22).
RESULTS AND DISCUSSION
There is a single tyrosine in position 1 and two phenylalanine
residues in positions 4 and 18 of the I3,-EP molecule. Fig. la
presents spectra taken at various times during the digestion of
(c-EP with thermolysin at an enzyme/substrate ratio of 1:1000
at pH 8.2. Negative blue-shift tyrosine difference peaks appear
at 286 and 278 nm and increase in intensity with time. The inAbbreviations: 1-EP, (-endorphin; P-EP, camel ,EP; EK, enkephalin.
* To whom
reprint requests should be addressed.
t Bayley, P., Snell, C. & Smyth, D. G., Meeting of the Biochemical
Society, University of Aberdeen, Aberdeen, Scotland, March 1977,
(abstr. 16).
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FIG. 2. Time course of the spectral shift at 286 nm produced by
digestion of 8,p-EP at 1.5 mg/ml (a) and [Met]EK at 0.25 mg/ml (b)
in 0.1 M Tris-HCl, pH 8.2 (-), and 0.1 M Tris-HCl/50 mM CaCl2,
pH 6.5 (---). Enzyme/substrate ratios were 1:1000 and 1:100 for l,3-EP
and [Met]EK, respectively, and digestion was at 250C. After complete
digestion of the (3-EP contained in the sample compartment, the same
amount of thermolysin (vol, 1 ,1) was added to the reference cell. The
change in intensity of the spectral shift at 286 nm was then determined
as a fimction of time to completion of the reaction. The half-lives were:
l3e-EP at pH 8.2, 210 sec; l3,-EP at pH 6.5, 65 sec; [MetIEK at pH 8.2,
18 min.
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FIG. 1. (a and b) Difference spectra generated during thermolysin
digestion of 83R-EP (1.5 mg/ml) in 0.1 M Tris-HCl, pH 8.2, and 0.1 M
Tris-HCl/50 mM CaC12, pH 6.5, respectively, at 250C and an enzyme/
peptide ratio of 1:1000. (c and d) Difference spectra generated during
thermolysin digestion of [Met]EK (0.25 mg/ml) in 0.1 M Tris-HCl, pH
8.2, at 250C at enzyme/peptide ratios of 1:1000 and 1:100, respectively.
Reference cells contained the peptide and sample cells contained the
peptide and thermolysin. The time (min) at which each spectrum was
taken is indicated. ---, Baseline.

tensity of the tyrosyl peak at 286 nm is AE = 66 M-'-cm-l.
Much weaker blue-shift bands occur between 270 and 250 nm
arising from phenylalanine residues. Similar spectral shifts were
obtained using natural porcine f-EP (data not shown). Analogous but significantly more intense blue-shift difference spectra
are commonly seen during the denaturation of globular proteins
and indicate transfer of aromatic side chains from the hydrophobic interior to the external aqueous solvent (23-26).
Two features of the Ic-EP difference spectra at pH 8.2 are
due to the presence of the slight amount (2-6%) of ionized tyrosyl residue expected at this pH (27, 28). The absorption bands

of the ionized phenolic groups, which. normally appear at
293-295 nm and 245 nm (25, 29) as opposed to 275 and 230 nm
for the un-ionized form, are also blue shifted during the digestion of 8,3-EP. This shift produces the negative shoulder above
.290 nm and the extra absorbance below 275 nm that prevents
the spectrum from returning to the baseline. At pH 6.5 (Fig.
lb), where virtually none of the tyrosyl groups can be ionized,
both of these effects disappear, although the effect of digestion
on the un-ionized side-chain spectrum is completely retained.
Because both the ionized and. un-ionized forms of tyrosine are
blue shifted, hydrogen bonding ofthe phenolic OH and charge
effects produced by the appearance of new COOH groups can
be ruled out as causes or part of the spectral effects. f
The kinetics of the blue shifting at 286 nm is pseudo-first
order at both pH values, with half-lives of 3.50 min and 1.08
min at pH 8.2 and pH 6.5, respectively (Fig. 2a). The increase
in digestion rate at pH 6.5 is due to the addition of Ca2" ion,
which stabilizes the enzyme. At pH 8.2, Ca2" was not added
to slow the digestion to allow peptide mapping during the earliest possible part of the reaction.
In striking contrast, digestion of [Met]EK under the same
conditions (pH 8.2 and an enzyme/substrate ratio of 1:1000)
does not produce any measurable difference spectrum even
after 1 hr (Fig. ic). Increasing the enzyme/substrate ratio to
1:100 slowly produced a very small effect (Figs. ldand 2b). The
final difference spectrum after 80 min is qualitatively similar
to the l3-EP spectra but is more than one order of magnitude
* New COOH groups can produce only red shifts under these conditions (21-24). Extremely weak blue shifts might possibly be produced
through an inductive mechanism if new amino groups, partially positive at pH 8.2 and pH 6.5, were held in close proximity to the tyrosine
ring (23). This would require maintenance of a tertiary structure even
after complete enzymatic digestion.
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less intense per mol, Ar = 3-6 M '-cm-, which is close to the
limit of experimental error.
Peptide mapping (Fig. 3b) of the [Met]EK digest showed
nearly quantitative cleavage of only one bond-that between
glycine-3 and phenylalanine-4--demonstrating that cleavage
near the tyrosyl residue cannot by itself produce the relatively
intense and rapidly appearing blue-shift spectra seen for I,3-EP.
The local environments and conformations around the tyrosyl
residues in these two molecules are distinctly different, with
[Met]EK showing no convincing evidence ofany conformational
effects.
To determine what portion of the 8,-EP sequence beyond
residue 5 might.be responsible for the tertiary structural interaction with the NH2-terminal tyrosine, aliquots of the thermolysin digest were removed at various times and submitted
to peptide mapping (Fig. 3a). The peptide map obtained after
45-60 sec of digestion, during which time 10-15% of the total
blue shift has occurred (Fig. 2a), shows only three detectable
spots, one of them being the undigested starting material. The
other two fragments (10% yield) correspond to residues 1-21
and 22-31 ofthe /,3-EP sequence (see Fig: 3 and Table 1). After
4 min of digestion (see Fig. la for extent of optical transition),
peptide maps indicated increasing amounts of PI3-EP-(22-31)
(40% of the total), together with new fragments corresponding
to residues 26-31, 18-31, and 1-16 (data not shown). However,
no peptides corresponding to the truncated EK sequence (fragments 1-3 and 1-4) could be detected.
A peptide map obtained after completion of the optical transition (1 hr; see Fig. 2a) is also shown in Fig. 3. A total of 11
peptides could be resolved; their sequences (deduced from
amino acid composition) and yields are given in Table 1; COOHterminal fragments account for 62% of the recovered peptides
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Table 1. Sequences and yields of peptides from thermolysin
digestion of .Bc-EP
Recovered
Yield,t
amount, jig
Peptide*
Sequence
60 min of digestion
1
230.0
27.5
Ala26-Gln3l
2
Ile22-Gln31
81.0
9.7
6.7
3
57.5
Met5-ProM3
6.6
4
Phe18-Ala21
55.0
42.5
5.0
5
Met5-Leu14
50.5
6.0
6
Met5-Thr'6
1.5
7
12.6
Tyr'-Gly3
95.0
11.0
8
Met5-Leu17
57.0
7.0
9
lle23-Asn25
11.0.
10
Leul7-Ala21
91.0
66.0
11
8.0
Tyr1-Phe4
1 min of digestion

A

R3,-EP

570.0

87.5
5.7
6.8

37.5
Ile22-Gln31
44.0
Tyr1-Ala21
I3,-EP (1 mg) was digested with thermolysin at an enzyme/sub-

B

C

strate ratio of 1:1000.
*
See Fig. 3.
t Calculated on a weight basis.

with a single fragment, Ic-EP-(26-31), yielding 27% of the total. In contrast, fragments corresponding to the EK sequence
still appear in only 10% yield. These data are consistant with
the relative resistance of ,/3-EP-(1-5) to thermolysin attack and
the slow kinetics of the miniscule blue-shift spectra appearing
during digestion of [Met]EK (Fig. Id). Moreover, they further
emphasize the fact that it is cleavage within the COOH-terminal
segment of 83e-EP, with particular emphasis on the alanine-21
to isoleucine-22 peptide bond, that is probably responsible for
freeing the NH2-terminal tyrosine from its interaction with
other residue(s). It is also possible that phenylalanine4 is involved in this interaction; charge effects from new NH2 groups
produced by cleavage can accountfor only a small portion of the
phenylalanine blue-shift spectra in Pc-EP. However, such a
charge effect could explain essentially all the phenylalanyl blueshift in [Met]EK.
The exact mechanism producing the rapid blue shift and the
precise assignment of the residue(s) interacting with tyrosine1 will require further investigation. The significance ofa tertiary
structural feature linking the NH2- and COOH-terminal regions
of 3-EP in aqueous solution and its relationship to the molecular
structure proposed to exist for REP in nonpolar solvents (which
are thought to mimic the environment of the receptor) remains
to be shown.
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