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The intrinsic fluorescence of tyrosine increases by a
factor of approximately two when the carboxy group is
liberated from a peptide bond by hydrolysis. The in-
crease in fluorescence provides a novel way to monitor
the hydrolysis of native tyrosine peptides that contain
only proteinogenic amino acids. Thus, for example, the
hydrolysis by HIV-1 proteinase of a heptapeptide viral
protein fragment gag'?®'*®, Ser—Gln—-Asn-Tyr—Pro—
Ile—Val, was followed continuously at excitation and
emission wavelengths 275 and 305 nm. The fluores-
cence increase is magnified by at least a factor of a thou-
sand when a resonance energy quencher, such as para-
nitrophenylalanine, is in the vicinity. For example, the
peptide Lys—Ala—Arg—Val-Tyr—-Phe(p-NO;)-Glu—
Ala—-Nle—NH; [Richards et al. (1990) J. Biol. Chem.
265, 7733], widely used for spectrophotometric assays
of the HIV-1 proteinase, yields a substrate:product
fluorescence ratio greater than 1:1000. Tyrosine-con-
taining substrates of pepsin and trypsin showed similar
behavior. The detection limit of the present method is
at least one order of magnitude lower than absorbance
assays of p-nitrophenylalanine peptides. « 1995 Academic

Press, Inc.

The natural amino acid tyrosine is strongly fluores-
cent. Tyrosine fluorescence has been used to monitor the
biophysical properties of proteins (1-6), such as confor-
mation (2), folding dynamics (5), or intermolecular in-
teractions (4,8). Furthermore, Cowgill (1) has reported
that tyrosine fluorescence is quenched by adjacent pep-
tide bonds. Here we report that a simple cleavage of the
tyrosyl amide bond produces an approximately twofold
increase in fluorescence. This physicochemical effect
was used to follow continuously the protease-catalyzed
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cleavage of native, structurally unaltered peptides and
proteins. Conventionally, fluorogenic assays of protein-
ases (7-11) employ fluorophor/quencher pairs such as
EDANS? and DABCYL, that are attached to opposite
termini of the peptide substrate. Unfortunately, the ste-
ric bulk and hydrophobicity of these subunits alter the
physicochemical properties of the parent peptide se-
quence. The EDANS/DABCYL (12) or ABZ/p-nitro-
phenylalanine (9) strategy has been used for kinetic as-
says of the HIV-1 proteinase (12) and other enzymes.
For example, Cheng et al. (9) used a tyrosine—p-ni-
trophenylalanine peptide Ala-Thr-His-GIln-Val-Tyr-
Phe(NO,}-Val-Arg-Lys—-Ala for absorbance assays of
the HIV-1 proteinase. In order to produce a more sensi-
tive substrate, they attached the fluorescent o-amino-
benzoyl (anthranilyl) group at the N-terminus of this
parent peptide; p-nitrophenylalanine acted as an in-
ternal quencher. In light of the results reported in this
paper, however, chemical modification of the original
peptide substrate was not necessary because tyrosine it-
self acts as a sufliciently strong fluorophor.

We measured the increase in tyrosine fluorescence to
follow the cleavage of two different substrates for the
HIV-1 proteinase: a p-nitrophenylalanine peptide de-
rived from the gag protein, and a native HIV-1 gag frag-
ment. Substrates for pepsin and trypsin, based on tyro-
sine fluorescence, have also been prepared and tested.

MATERIALS AND METHODS

Materials. A sample of the HIV-1 proteinase was
generously donated by Dr. Paul Darke (Merck, Sharp &
Dohme Research Laboratories). Pepsin and trypsin

% Abbreviations used: DABCYL, 4-(4-dimethylaminophenylazo)-
benzoyl; DIPCDI, diisopropyl carbodiimide; DTT, dithiothreitol;
EDANS, 5-((2-aminoethyl)amino)-naphthalene-1-sulfonate; EDTA,
ethylenediaminetetraacetic acid; MBHA, p-methylbenzhydrylamine;
PAL, (5-(4-aminomethyl-3,5-dimethoxyphenoxy)-valeric acid; TFA,
trifluoroacetic acid; PEG, polyethylene glycol M, 8000-12,000.
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were of the highest purity available from Sigma Chemi-
cal Co. (St. Louis, MQO). The HIV-1 proteinase sub-
strates Lys-Ala-Arg-Val-Tyr-Phe(p-NO;)-Glu-Ala-
Nie-NH; and Ser-Gln-Asn-Tyr-Pro-Ile-Val were
obtained from Bachem Bioscience Inc. (Philadelphia,
PA) and Sigma Chemical Co., respectively. Peptides
Ala-Tyr-Arg-Phe(p-NO,;)-Ala and Lys-Ala-Lys-Ala-
Tyr-Phe(p-NO,)-Ala-Lys-Ala-Lys-NH, were synthe-
sized by standard Fmoc solid-phase methods, utilizing
an MBHA support with the PAL linker for peptide am-
ides (13). Couplings were carried out for two hours using
DIPCDI as the reagent. Peptide purification was carried
out on a Vydac C18 semipreparative column (25 X 240
mm), using a gradient elution with 10-80% (w/w) aque-
ous acetonitrile containing 0.04% trifluoroacetic acid, at
a flow rate of 7.2 ml/min.

HIV protease assays. HIV-1 protease assays were
conducted as described previously (14), with the fol-
lowing modifications: 0.1% PEG (w/v) was added as a
stabilizer (18), and the assay temperature was 25°C. Flu-
orescence was monitored on a Hitachi F-3010 spectro-
photometer with fully open excitation and emission slits
(5 mm), at excitation wavelength 275 nm and emission
wavelength 305 nm.

Trypsin assays. A stock solution of the substrate
Ala-Tyr-Arg-Phe(p-NO,)-Ala (1.0 mM) was prepared
by dissolving approximately 2 mg in 500 ul of dimethyl
sulfoxide. Trypsin stock solution was prepared by add-
ing approximately 0.5 mg of crystalline enzyme to 500 ul
of phosphate buffer (pH 7,4 mM DTE, 5 mM EDTA, 1M
NaCl, 100 mM phosphate) (15). Ten microliters of the
substrate solution diluted in 1 ml of acetate buffer (pH
5,4 mM EDTA, 5 mM DTT, 100 mM acetate, 1 M NaCl)
was mixed with 50 ul of the trypsin solution in tempera-
ture-equilibrated cuvette containing 1 ml phosphate
buffer. Fluorescence was measured at 35°C.

Pepsin assays. A 1 mM stock solution of the sub-
strate Lys-Ala-Lys-Ala-Tyr-Phe(p-NO,)-Ala-Lys—
Ala-Lys was prepared in water. A solution of pepsin (0.8
mg/ml) was prepared by dissolving the crystalline en-
zyme in acetate buffer, pH 5, and making successive di-
lutions. Final assay concentrations (in acetate buffer pH
5) were 130 nM pepsin, 200 uM substrate. Fluorescence
was measured at 35°C.

RESULTS AND DISCUSSION

Trace A in Fig. 1 shows the hydrolysis, catalyzed by
the HIV-1 proteinase, of the HIV-1 gag protein fragment
1 (Scheme 1) at the matrix/capsid Tyr'*>~Pro" junc-
ture, giving approximately 70% increase in the signal.
When p-nitrophenylalanine is used as a fluorescence
quencher, the relative increase in fluorescence upon
Tyr-Phe(p-NO,) cleavage is higher than 1:1000 (Fig. 1,
trace B). In this case the substrate, peptide 2 derived by
Richards et al. (17) from the HIV-1 capsid/nucleocapsid
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FIG. 1. Fluorescence changes during the cleavage of peptide 1 (20.0

uM, trace A) and peptide 2 (1.0 uM, trace B) by the HIV-1 proteinase.
Both the abscissa and the ordinate were multiplied by a factor of ten
to display trace B.

cleavage site gag®® %", does not fluoresce at all. Under
the conditions used in this study, the fluorescence signal
increased linearly with substrate concentration up to
150 uM, while further increases in concentration pro-
duced a nonlinear response due to reabsorption of light.
Pepsin assays by using peptide 3, and trypsin assays
with peptide 4, yielded changes in the intrinsic fluores-
cence indicated in Scheme 1 (data not shown).

Several model peptides containing tyrosine at the car-
boxy terminus (H-Arg-Tyr-OH, H-Phe-Tyr-OH, and
H-Arg-Lys—Glu-Val-Tyr-OH) were used to investigate
the effect of environmental factors, such as ionic
strength, or the presence of additives that stabilize the
HIV-1 proteinase (e.g., polyethylene glycol (18)). In all
cases, the intensity of fluorescence varied within +20%.
Very little change in fluorescence was observed when
H-Lys-Ala-Arg-Val-Phe(p-NO,)-Tyr-Glu-Ala-Leu-
NH, was cleaved by the HIV-1 proteinase, leaving tyro-
sine at the N-terminus. The protonation state of the
reaction products appears to be important in this case.
Experiments with H-Arg-Tyr-OH showed that when
pH decreased from 5.0 to 2.0, tyrosine fluorescence de-
creased by 50%. When the N-terminal amino group was
fully protonated (pH 2.0), the fluorescence of H-Tyr-
OMe also decreased by about 50%.

The design of the novel proteinase assay reported in
this paper is based on the accumulated knowledge of en-
vironmental effects on tyrosine fluorescence (1,21). An
important advantage is that the fluorescence method
can utilize native (poly)peptide substrates. No struc-
tural alterations of the natural substrate (peptide 1)
were necessary to accomplish a convenient, continuous
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enzyme substrate ﬂ) ucor; ZSSC:”CG

HIV-1 proteinase H-Ser-Gin-As Pro-fle-Val-OH 1:1.7
1 @,

HIV-1 proteinase  H-Lys-Ala-Arg-Val @ Giu-Ala-lie-NH, > 1 :1000
2

pepsin H-Lys-Ala-Lys-AlaTyr @ Ala-Lys-Ala-Lys-NH, >1:1000
3

trypsin H-Ala Arg 1:150

4

@ Ala-NH,

SCHEME 1

monitoring of the hydrolysis catalyzed by the HIV-1 pro-
teinase.

When the peptide substrate contains an additional
aromatic amino acid, acting as a resonance energy ac-
ceptor (quencher), the increase in the signal is magni-
fied, and consequently the sensitivity of the assay in-
creases. Because of the favorable signal amplification
ratio (>1:1000), continuous fluorescence assays of retro-
viral and other aspartic proteinases such as porcine pep-
sin (peptide 3) can now be conducted at concentrations
of the substrate as low as 300-500 nM. The sensitivity of
the novel tyrosine fluorescence method thus surpasses
the conventional continuous ultraviolet absorbance as-
says, based on para-nitrophenylalanine substrates,
which, depending on sequence, give a 13% decrease or an
8% increase in absorbance. Consequently, the absor-
bance assay has a lower detection limit of approximately
10 uM. The increased sensitivity of the fluorescence as-
say allowed us to determine the Michaelis constant for
the frequently used HIV-1 proteinase substrate 2 more
precisely than it was originally reported (approximately
7 uM (17)). Authors of the original report (17) used the
absorbance method, which, at the substrate concentra-
tion equal to the previously estimated K,,, gives a total
change of absorbance upon complete hydrolysis of 0.006
absorbance units in standard 1-cm cells. This value is at
the limit of sensitivity for most research spectrophotom-
eters. In contrast, by using the fluorescence method re-
ported here, we were able to determine the Michaelis
constant conveniently as 1.9 = 0.3 uM. At high ionic
strength (2 M NaCl), the K,, decreased even more, into
the submicromolar range which is inaccessible by the ab-
sorbance method unless the nonstandard 10-cm spectro-
photometric cells are used.

Tyrosine may be separated from the quencher (p-ni-

trophenylalanine) by one or more amino acids while still
retaining its effect. This flexibility allows continuous
fluorescence assays of proteases with diverse specificity.
For example, tyrosine fluorescence was used to follow
the cleavage of peptide 4 by trypsin.

The principle of monitoring the changes in tyrosine
fluorescence upon peptidolysis or proteolysis is likely to
find a particularly promising application in the studies
of aspartic proteinases in general, and retroviral aspartic
proteinases in particular. It has been established that
more than 40% of all cleavages due to retroviral protein-
ases involve a Tyr-Pro bond (22). In fact, the decapep-
tide Thr-Phe-Gln-Ala-Tyr-Pro-Leu-Arg-Gly-Ala is
distributed as a generic substrate for HPLC assays of
retroviral proteinases. In a preliminary experiment, the
cleavage of this peptide by the HIV-1 proteinase pro-
duced the expected fluorescence change, albeit at a much
slower rate than peptides 1 and 2. We use the fluoro-
genic substrate 2 for routine HIV proteinase assays at
initial concentration of 1.0 uM. The exquisite sensitivity
of the fluorescence method should prove particularly
useful in kinetic studies of mutant forms of the HIV pro-
teinase, isolated from drug-resistant strains of HIV. One
may expect that the substrate affinity of the mutated
proteinase could decrease significantly, producing or-
ders of magnitude increases in K,, as well as decreases in
the catalytic turnover number. The method facilitates
kinetic model-discrimination studies of HIV-1 protein-
ase inhibition by potential anti-HIV chemotherapeutic
agents, currently ongoing in this laboratory.
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