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ABSTRACT Xanthene dyes are known to form dimers
with spectral characteristics that have been interpreted in
terms of exciton theory. A unique aspect of H-type dimers is
the fluorescence quenching that accompanies their formation.
Using the principles of exciton theory as a guide, a series of
protease substrates was synthesized with a xanthene dye on
each side of the cleavage site. To bring the attached dyes into
spatial proximity to form a dimer, the molecular design
included structure determinant regions in the amino acid
sequence. In addition, chromophores were chosen such that
changes in absorption spectra indicative of exciton splitting
were anticipated. Cleavage of the peptides by a protease
resulted in disruption of the dimers and indeed significant
absorption spectral changes were observed. Furthermore,
substrate cleavage was accompanied by at least an order of
magnitude increase in fluorescence intensity. This has allowed
determination of intracellular elastase activity using a fluo-
rescence microscope equipped with standard optics.

The molecular exciton represents a delocalized electronic
excitation in a system of identical molecular units (1). Based
on a resonance dipole—dipole interaction mechanism, exciton
theory predicts and explains the spectroscopic characteristics
in systems of interacting fluorophores. Although the original
definition of excitons was introduced for molecular crystals
(2), the same formalism can also be applied to explain spectra
of other molecular aggregates such as monomolecular lamellar
systems (3) as well as dye dimers (4, 5). The latter are usually
classified as either H- or J-type aggregates depending on the
spatial arrangement of the fluorophores and the resulting
spectral characteristics (6). Xanthene dyes are known to form
H-type dimers, the characteristics of which are a blue shift in
the absorption spectrum and the loss of fluorescence (7-9).

If one were to design a functional molecular structure that
fits the exciton model, one could have a reporter molecule with
a unique self-contained analytical tool. We now report the
design of a new class of profluorescent protease substrates.
First, polypeptides containing amino acid sequences of natu-
rally occurring protease inhibitors for protease recognition
were synthesized; second, synthesis was followed by deriva-
tization with a fluorophore on each side of the cleavage site.
The size and geometry of the doubly labeled polypeptides are
favorable for the formation of H-type dimers. Cleavage of such
a polypeptide by a protease results in disruption of the H-type
dimer and appearance of fluorescence.

MATERIALS AND METHODS

Materials. N*-9-Fluorenylmethoxycarbonyl (Fmoc) amino
acids were purchased from Calbiochem-Novabiochem.
2-Chlorotrityl resin was obtained from Peptides International.
The coupling reagent benzotriazol-1-yl-oxy-tris-pyrrolidino-
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phosphonium hexafluorophosphate (PyBOP) was bought
from Advanced ChemTech. Solvents such as HPLC grade
dichloromethane, methanol, and acetonitrile were from Fisher
Scientific. Other reagents such as 1-methyl-pyrrolidinone
(NMP), 4-methylmorpholine (NMM), 1-hydroxybenzotria-
zole, diisopropylethylamine, and protein sequencing grade
trifluoroacetic acid (TFA) were from Aldrich. Fluorophores
5',6'-carboxytetramethylrhodamine, succinimidyl ester and
5,6-carboxy-X-rhodamine, succinimidyl ester were from Mo-
lecular Probes, and porcine pancreatic elastase was from
Sigma. A Ciz reverse-phase HPLC column was from Vydac
(Hesperia, CA). RPMI medium 1640 and fetal calf serum were
from GIBCO.

Peptide Synthesis. Peptides were synthesized using manual
Fmoc chemistry with PyBOP, HBOT, and NMM as coupling
reagents in NMP. The molar excess of Fmoc amino acid used
for each coupling step was 3-fold. Kaiser tests were performed
after each coupling cycle to ensure completion of the reaction.
Crude peptides as well as conjugated peptides were purified by
reverse phase HPLC using a Cjg column and a water/
acetonitrile (containing 0.075% TFA) gradient. Final conju-
gated peptides were characterized by both amino acid com-
position (PICO-Tag) analysis and mass (MALDI-TOF) spec-
trometry using a Kratos Analytical Instruments model
Kompact MALDI 1 time of flight mass spectrometer from
Shimadzu. The matrix used was a-cyano-4-hydroxycinnamic
acid and the mass calibration standards used were Leu-
enkephalin, bradykinin, and melittin (566.6, 1061.2, and 2847.5
atomic mass units, respectively). Concentrations of substrates
were determined by amino acid analysis.

Peptide Derivatization with Fluorophores. Peptides were
sequentially derivatized with 5',6'-carboxytetramethylrho-
damine, succinimidyl ester and/or 5',6'-carboxy-X-rhoda-
mine, succinimidyl ester by dissolving the unlabeled partially
deprotected peptide and probe at molar ratios of 1:1.5 in a
minimal amount of an organic solvent such as NMP and
diisopropylethylamine. By choosing the appropriate orthogo-
nal protecting groups such as Fmoc and t-butyloxycarbonyl
(t-Boc) for the a-amino group of aspartic acid and the e-amino
group of lysine, respectively, only one amino group per peptide
was available for each fluorophore coupling step. After puri-
fication by reverse-phase HPLC, the singly labeled peptides
were covalently coupled to the second fluorophore by a similar
procedure. The doubly labeled peptides were then also puri-
fied by reverse-phase HPLC. The two fluorophore isomers,
i.e., the 5'-carboxyl and 6'-carboxyl fluorophore-derived pep-
tides, were separated at each step during the purification.
Molecular weights were determined by mass spectrometry.

Digestion of Peptides with Elastase. Enzymatic digestion of
peptides (4 X 10~7 M) and elastase (0.5 unit/ml) was carried
out in a buffer composed of 50 mM Tris and 12 mM calcium
chloride, pH 9, at 37°C.

Spectroscopy. Absorption spectra. All absorption measure-
ments were made with a Shimadzu model UV 160U spectro-
photometer at room temperature.
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Fluorometry. All fluorescence measurements were carried
out at 37°C with an SLM Aminco (Urbana, IL) model 48000
S spectrofluorometer. Excitation was with a xenon arc lamp
through a monochromator set at 552 nm and a polarizer at
54.7° to the vertical (the magic angle). For time-based data
acquisition, the emission was observed with the monochroma-
tor set at 580 nm through a vertical polarizer. For emission
spectra, the same conditions were used except the emission
monochromator was scanned from 565 to 650 nm, whereas for
excitation spectra the emission monochromator was set at 580
nm and the excitation was scanned from 450 to 570 nm. Both
monochromators had a resolution of 4-nm full-width at half
maximum.

Cell Culture and Fluorescence Microscopy. The human
promyelocytic leukemic cell line HL-60 was grown in RPMI
medium 1640 containing 10% fetal calf serum. A single cell
suspension was incubated with D-NorFES-D (1 X 10~7 M) and
examined under a Zeiss Axioplan microscope with Nomarski
and fluorescence optics. For the latter, standard rhodamine
filters were used.

RESULTS AND DISCUSSION

The objective of the current work was to incorporate geometric
constraints to allow H-type dimer formation into a new design
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Fi6. 1. (a) Fluorescence as a function of time after addition of the
serine protease elastase. (b) Emission spectra of D-NorFES-D before
(solid curve) and after (dashed curve) addition of elastase.
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for substrates to detect protease activities in biological samples
such as blood and whole cells.

As a first step, a relatively rigid, bent polypeptide containing
an amino acid sequence similar to that found at the cleavage
site of the naturally occurring protease inhibitor a;-antitrypsin
was synthesized. This undecapeptide, whose sequence is
DAIPNSIPKGY (named NorFES), was then covalently deri-
vatized with one tetramethylrhodamine (D) on each side of the
cleavage site (D-NorFES-D). The presence of prolines be-
tween the cleavage site and each dye was intended to provide
conformational constraints on the peptide backbone. Proxim-
ity and spatial orientation of the two fluorophores resulted in
the quenching of 90% of the fluorescence in this substrate.

Upon addition of the serine protease elastase, which can
recognize the cleavage sequence in NorFES, an increase in
fluorescence intensity was monitored as a measure of protease
activity (Fig. 1a) and, as shown in Fig. 1b, the wavelength
emission maximum remained constant. (Addition of elastase
to an equimolar mixture of singly labeled NorFES peptides,
i.e., D-NorFES and NorFES-D, did not produce changes in
either the fluorescence intensity or the wavelength.)

When the absorption spectra of the pre- and postcleaved
D-NorFES-D solution (Fig. 2) were examined, a large change
in the spectral shape was observed. The blue-shifted peak
indicated a bichromophoric interaction in the intact peptide,
suggesting the formation of intramolecular ground-state
dimers. Intermolecular ground-state complexes between dyes
on different polypeptides were ruled out by the finding that
Beer’s law was observed up to 5-fold excess of the concentra-
tion used here.

The spectral characteristics of ground-state dimers, which
have previously been observed in solutions containing high
(>107° M) concentrations of xanthene dyes (7-9), or doubly
labeled alkyl chains (10), or multiply labeled proteins (11-13),
have been discussed in terms of exciton theory (6). This theory
presents a framework for considering resonance interactions
between individual dyes in loosely bound molecular aggre-
gates. Exciton theory predicts that the doubly degenerate
excited energy level in a system of two noninteracting mono-
mers splits into two upon dimerization. In the Simpson-
Peterson model of strong exciton coupling, this splitting be-
tween excited energy levels (2U) is considered to be signifi-
cantly greater than the Franck—Condon bandwidth (Ag) of the
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FiG. 2. Absorption spectra of D-NorFES-D before (solid curve)
and after (dashed curve) addition of elastase.
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FiG. 3. Illustration of D-NorFES-D. The representation from two angles is based on information available from spectroscopic data. Dimer
formation is accompanied by a blue-shift of the 552 nm band and a red-shift of the 353 nm band. Both transition dipoles are parallel to the plane
of the three-ring system of each fluorophore with the 552 mn dipole being parallel and the 353 nm dipole perpendicular to the nitrogen-nitrogen
line. The magnitude of the spectral shift in the 552 nm band suggests a dipole—dipole distance of ca. 6 A. The yellow ribbon represents the peptide
backbone, the magenta color the amino acids, and the cyan the fluorophores.

corresponding molecular electronic levels in the individual
molecular unit, i.e., 2U/Ae >>1 (14). Accordingly, if transi-
tions from the ground level to both excited levels were allowed
for each orientation of the monomers relative to each other,
one would expect to see two absorption peaks positioned at
plus and minus U/hc cm ™! from the major absorption peak of
the monomer. However, if only a blue-shifted peak is observed,
this is indicative of an H-type geometry, in which the transition
dipoles in individual dyes are parallel to each other and normal
to the radius vector connecting the two dyes. In contrast, the
presence of only a red-shifted peak is indicative of the J-type
geometry, in which both transition dipoles are parallel to the
radius vector.

In the system under study, U/hc equals 1200 cm~! and
Ag/hcis ca. 1500 cm~. Therefore, the conditions for applying

the strong exciton coupling model of Simpson and Peterson are
not absolutely satisfied; however, blue and red shifts are still
indicative of H- and J-type dimers, respectively. Predicting the
exact shape of the dimeric absorption spectrum would require
a model that takes into consideration the actual value of Ae.

Rhodamine dyes have two major electronic transitions in the
visible and near UV ranges. The transition dipole correspond-
ing to the 552 nm band is oriented along the nitrogen-nitrogen
axis, whereas the one corresponding to the 353 nm band is also
parallel to the plane of the three-ring system, but perpendic-
ular to the nitrogen—nitrogen line. Thus, the presence of a blue
shift of the 552 nm band together with a red shift of the 353
nm band in the absorption spectrum of intact D-NorFES-D
suggests a parallel, side-by-side alignment of the two fluoro-
phores in the elastase substrate (Fig. 3). An alternative struc-
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ture would have the two rhodamines stacked on each other
rather than the edge-on arrangement depicted in Fig. 3;
however, there are at least two pieces of evidence against this
alternative. First, one would expect to see blue shifts of both
the 552 and 353 bands. Second, the stacked arrangement would
most certainly be hydrophobically driven. Thus, replacement
of rhodamines with more hydrophobic dyes, e.g., fluorescein or
pyrene, should also result in stacked structures. However,
when NorFES was doubly labeled with either fluorescein or
pyrene, the absence of wavelength shifts in the absorption
spectra indicated that ground-state dimers were not formed.
(In addition, excimer formation in NorFES doubly labeled
with pyrene was not observed.) Therefore, hydrophobic forces
can only play a minor role in the formation of rhodamine
dimers, which decreases the likelihood of a stacked configu-
ration.

The distance (R) between the centers of the point-dipole
systems was determined by using the Simpson-Peterson ap-
proximation in which the magnitude of the spectral shift
(U/hc) is related to R by the following equation:

|a|?

U= X R3 X |K|a [1]
where |d|? is the squared module of the transition dipole, 7 is
the solvent refractive index (n = 1.333 in water), « is the
orientation factor,

K = c0s0;3 — 3XcosO;g X cosOyg, [2]

and 615, 61r, and 6.g represent the angles between the transi-
tion dipoles in dyes 1 and 2, between dipole 1 and the
radius-vector R connecting the two dipoles, and between
dipole 2 and the radius-vector R, respectively. In the case of
H-dimers 6 = 0, 61gr = 62z = 90°, which yields k=1. The value
of U/hc for D-NorFES-D obtained from the absorption peak
shift equals 1200 cm~!, which gives U = 2.4 X 1013 erg, and
the value of |d|?, calculated by integrating under the main
absorbance band in the rhodamine monomer, is equal to 1.0 X
1034 erg-cm?. Substituting these values in Eq. 1 gives the value
of R = 6.1 X 10~8 cm. The structure depicted in Fig. 3 is based
on this distance.

As shown in Fig. 1b, the fluorescence intensity of the
solution containing the intact D-NorFES-D was 10% of that of
the fully cleaved peptide. To compare the relative fluorescence
of the monomer and dimer, excitation and absorption spectra
were taken of the intact doubly labeled substrate. As shown in
Fig. 4, the corrected excitation spectrum superimposed on the
absorption spectrum points to a fluorescent monomer and
nonfluorescent dimer. In fact, the excitation spectrum closely
resembles the absorption spectrum of the monomer, and,
therefore, the 10% of fluorescence intensity observed in the
precleaved peptide solution is probably coming from the
monomers that did not form dimers. [Additional synthetic
analogs indicate modification to the peptide backbone can
result in an increase in the dimer to monomer ratio (unpub-
lished work)]. This is also consistent with the fact that emission
spectra of identical shape were produced by the pre- and
postcleaved D-NorFES-D, irrespective of whether the excita-
tion was at 518 or 552 nm (the absorption peaks of the dimer
and monomer, respectively). The absence of fluorescence is
characteristic of H-type dimers where radiative transitions
between the ground and lowest excited states are forbidden
and the electronic excitation energy is lost via a nonradiative
channel.

The radiative rate for the transition from the lowest excited
state of the dimer to the ground state (k) is given by the
following expression:

ké =k X [1 — (signk) X cos6y,], 31
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where k7" is the radiative rate of the monomer, (sign k)= +1
when k>0, (sign k)= —1 when «<0, and (sign k) = 0 when k=0
(in the latter case no characteristics of dye interactions are
observable). Since the accuracy of our measurements was ca.
1%, the value of k¢ does not exceed 1% the value of k.
Assuming k>0, Eq. 3 gives the upper limit for 6,, as 8°.

If the dimer were fluorescent, then valuable information
about its geometry could be obtained from fluorescence
anisotropy data. Therefore, in order to assess the source of the
residual 10% fluorescence of D-NorFES-D, we measured the
anisotropy of D-NorFES-D in aqueous solution and in 90%
glycerol. In the former, the anisotropy value is close to zero due
to the fast tumbling of this small molecule. In the latter, the
formation of dimers was not observed, a finding that can be
related to the lower polarity of glycerol (e = 42) as compared
with water (¢ = 80): the repulsion of like charges in glycerol
is stronger and this prevents the two dyes from forming a
dimer. .

Profluorescent peptide protease detection reagents used in
the past have also contained two fluorophores, one on each
side of the cleavage site (15, 16). However, in contrast to the
design presented in the present work where the two dyes are
identical, the prior work used peptides with two different, but
spectroscopically complimentary, probes (vide infra). Thus,
dequenching of these heterolabeled substrates by active pro-
teases has usually been ascribed to the loss of a Forster type
of energy transfer (17-20) in which one would expect cleavage
to result in an increase in emission intensity of the donor and
a decrease in emission wavelength maximum but no absorption
differences. Therefore, to determine if the exciton mechanism
might be operational in a heterolabeled substrate, NorFES was
labeled with tetramethylrhodamine (D) on one side of the
cleavage site and rhodamine-X (A) on the other. (Both
D-NorFES-A and A-NorFES-D were synthesized and gave
similar results.) D and A are spectroscopically related by virtue
of the emission of the former overlapping with the excitation
of the latter. As expected, upon addition of the protease, the
fluorescence intensity increased and the emission peak wave-
length decreased (by ca. 13 nm).

Most critical for the question at hand was to compare (i) the
absorption spectra of the pre- and postcleaved heterodoubly
labeled substrates and (i) the absorption and excitation spec-
tra of the precleaved molecule. First, the blue-shift in the
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FiG. 5. (a) Absorption spectra of D-NorFES-A (tetramethylrho-
damine-DAIPN|SIPK-(e-rhodamine-X)-GY before (solid curve) and
after (dashed curve) addition of 1 unit of elastase. (b) Superposition
of absorption (solid curve) and excitation (dotted curve) spectra of
D-NorFES-A.

maximum of the absorption spectrum of D-NorFES-A com-
pared with the spectrum after enzymatic digestion of the
peptide (Fig. 5a) is inconsistent with the Forster mechanism;
rather, it is suggestive of an exciton splitting similar to that
described above. Second, the superposed composite of the
absorption and excitation spectra (Fig. 5b) indicates that all of
the fluorescence is from the two monomeric fluorophores, as
is the case with D-NorFES-D. Additionally, Férster energy
transfer, which can be considered to be a localization of
excitons, may occur only when the electronic energy gap
between two dyes substantially exceeds the energy of the
dipole—dipole interaction (U). The energy gap between D and
D equals zero and that between D and A equals 875 cm™};
U/hc is estimated to be ca. 1200 cm™! for both systems.
Therefore, in neither the homolabeled nor the heterolabeled
case is localization possible; this makes both sets of data
consistent with an exciton mechanism.
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F1G. 6. HL-60 cells after addition of D-NorFES-D (1 X 10~7 M)
as viewed under (a) Nomarski and (b) fluorescence optics (X2640).

Based on the above biophysical results, the biological ap-
plication described below appeared feasible. Although a het-
erodoubly labeled substrate can serve as a probe for protease
activity if an interference filter with a narrow bandpass is used
on the emission side of a sample (the emission from the
acceptor must be blocked), use of a homodoubly labeled
peptide would only require an emission filter that blocked out
the excitation light. Since standard optics on the emission side
of fluorescence microscopes include only a barrier filter that
blocks light below a specific wavelength, D-NorFES-A would
be of little value in this setting. In contrast, the quenching of
a single type of fluorophore in H-type dimers, as in D-
NorFES-D, makes this protease probe compatible with all
fluorescence microscopes. Using the principle of excitons, the
intracellular elastase activity of the promyelocytic leukemic
cells of the HL-60 line was visualized with D-NorFES-D (Fig.
6). This application has the potential for significant advance-
ment in enzymology since in the past intracellular protease
molecules have only been observed using labeled antibodies
and, unfortunately, most proteases exist in a proactive or latent
form. Therefore, the mere presence of a protease molecule
does not necessarily correlate with biological activity. Thus,
since the excitons in intramolecular dimers presented here do
not decay radiatively and fluorescence appears only in the
presence of proteolytic activity, this substrate design allows in
situ protease activity detection. Insights into physiological and
pathological processes where protease activities are believed to
play significant roles, e.g., tissue remodeling, inflammation,
and cancer metastasis, become possible.

In conclusion, synthesis and spectroscopic analysis of two
doubly labeled peptide protease substrates, one of which was
homolabeled and the other heterolabeled, provides the basis
for a new class of protease substrates, i.e., intramolecular
H-type dimers. The significance of this work may lie in the
design of improved molecular probes for enzymatic as well as
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dynamic conformational analysis for many classes of macro-
molecules. In view of the current importance of protease
inhibitor drug design, the addition of a new technique for
dynamic conformational analysis, particularly of molecules
which can modulate proteolytic activity at proteases’ active
sites, may become useful in the design of the next generation
of protease inhibitors.
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