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ABSTRACT: The binding of the fluorescent probe 4,4’-bis[8-(phenylamino)naphthalene-1-sulfonate] (bis-ANS)
to human a- and y-thrombins was investigated. Bis-ANS binds in a 1:1 complex to both forms of the enzyme,
with Ky = 14.8 £ 2.2 uM and 5.8 £ 1.0 uM for a- and y-thrombin, respectively, at pH 7.0 [25 mM
tris(hydroxymethyl)aminomethane, 0.15 M NaCl]. Fluorescence changes upon complexation included a
considerable (~30-nm) blue shift in the fluorescence emission maximum as well as a dramatic increase
in the fluorescence emission intensity: a 70-fold enhancement was observed with a-thrombin vs. a ~220-fold
enhancement with y-thrombin. Proflavin was not displaced upon bis-ANS binding. The unknown thrombin
effectors ATP, Ca(II)ATP, Co(III)ATP, phosphate, and pyrophosphate bound with enhancement of the
fluorescence of the bis-ANS—a-thrombin complex. The two inhibitors benzamidine and p-chlorobenzylamine
as well as heparin caused decreases in bis-ANS—thrombin fluorescence: valerylamidine had no effect on
the fluorescence of the bis~ANS-thrombin complex. Kinetic measurements with two chromogenic substrates,
S-2238 and S-2160, indicated that bis-ANS acts as a partial noncompetitive inhibitor of thrombin amidase
activity. The kinetic evidence combined with the ligand binding results suggests that bis-ANS does not
overlap the catalytic site. The fluorophore ANS complexed with equal affinity to both a- and y-thrombins
(K4 = 24 £ 4 uM); however, the y-thrombin—ANS complex emission at 470 nm was enhanced 26% more

than that for the « form.

Coagulant human a-thrombin (EC 3.4.21.5) plays a crucial
role in the blood coagulation pathway and has many important
regulatory functions in hemostasis (Fenton, 1981). In vitro
it displays esterase and amidase activity toward a variety of
synthetic substrates. However, retainment of the esterolyt-
ic/amidolytic function does not parallel structural changes in
the two-chain protein structure: the v derivative, generated
by autolytic or tryptic fragmentation of the B chain of the
native « form, loses all clotting activity yet retains the ability
to hydrolyze synthetic substrates as does the « form (Lot-
tenberg et al., 1982). The relationship between structure and
function in the a-thrombin to y-thrombin conversion has been
the subject of several recent studies, but a full understanding
has not yet been achieved (Fenton, 1981; Berliner, 1984). To
date, no three-dimensional structure of any thrombin species
has been obtained, although the crystallization of both the
human and the bovine enzyme was reported several years ago
(McKay et al., 1977; Tsernoglou & Petsko, 1977). Infor-
mation about the molecular structure of the active site has thus
far been inferred from conformational studies with spin-labels
and fluorophores (Berliner et al., 1981; Berliner & Shen,
1977b).

The use of ligands that affect the spectroscopic features
and/or the functional behavior of a protein in solution is a
useful approach in elucidating functionally important regions
of enzymes. Successful attempts have been made in the case
of a- and y-thrombin in this and other laboratories and a
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tentative description of the active site structure involving the
main catalytic residues has been drawn (Berliner et al., 1981;
Berliner, 1984).

The fluorescent probe ANS! and its dimeric analogue,
bis-ANS, have been shown to be sensitive probes of protein
conformation (Brand & Gohlke, 1972; Rosen & Weber, 1969).
Stryer (1965) has shown that 1,8-ANS is very sensitive to the
polarity of its environment; e.g., as solvent polarity decreases,
the relative fluorescence quantum yield increases with a
blue-shifted Afn*. Bis-ANS displays the same behavior and
can also be used to probe the hydrophobicity of binding site(s)
on proteins. We found that bis-ANS binds to «- and -
thrombins with a higher affinity than that for the monomeric
dye and that it reports subtle structural differences between
the two enzyme forms.

In this work, bis-ANS has been used to elucidate the spatial
relationships between the catalytic site and the apolar binding
and other binding sites on thrombin. Several ligands were
investigated and their interactions with the a-thrombin—bis-
ANS complex were analyzed. A kinetic study of bis-ANS
inhibition of amidase activity of a-thrombin is also presented.

EXPERIMENTAL PROCEDURES

Enzymes. Electrophoretically pure human «- and v-
thrombins (~ 3000 NIH units/mg, 95%~98% NPGB active
sites) were generous gifts from Dr. John W. Fenton II, New
York State Department of Health, Albany. Thrombin (A,

! Abbreviations: 1,8-ANS or ANS, 8-anilinonaphthalene-1-sulfonic
acid; bis-ANS, 4,4’-bis[8-(phenylamino)naphthalene-1-sulfonate];
NPGB, p-nitrophenyl p-guanidinobenzoate; Tos-Arg-OMe, tosylarginine
methyl ester; S-2238, H-p-phenylalanyl-L-pipecolyl-L-arginine-p-nitro-
anilide hydrochloride; PEG, poly(ethylene glycol); DAPA, dansylarginine
N-(3-ethyl-1,5-pentanediyl)amide; Tris, tris(hydroxymethyl)amino-
methane.
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36 600) concentration was estimated by its absorbance at 280
nm, with a coefficient ¢ = 1.83 mL mg™' cm™ in 0.1 M NaOH
(Fenton et al., 1977).

Chemicals. Bis-ANS (4,4’-bis[8-(phenylamino)-
naphthalene- 1-sulfonate] dipotassium salt) was from Molec-
ular Probes, Junction City, OR. PEG 6000 [poly(ethylene
glycol), lot TB 10205] was from Dow Chemical Co. Tos-
Arg-OMe (lot 77C-0415), ANS (lot 33C-18989), ATP (lot
121F-7110), AMP (lot 39C-7690), adenosine (lot 122F-0303),
tryptamine (lot 93F-0146), 5-hydroxytryptamine (lot 43F-
2045), and heparin (lot 95E-0275) were from Sigma Chemical
Co. Proflavin sulfate (lot W3716) was purchased from
Schwarz/Mann, while sodium phosphate and pyrophosphate
were from Mallinckrodt Chemical Corp. Co(NH,),HATP
was prepared according to Cornelius et al. (1977). The
chromogenic substrates S-2238 and S-2160 were generous gifts
from Kabi Diagnostics, Sweden. Benzamidine hydrochloride
hydrate (lot 022567), p-chlorobenzylamine hydrochloride and
dioxane (lot PC 091387) were from Aldrich Chemical Co.
Valerylamidine was a gift from Dr. W. B. Lawson, New York
State Department of Health. Dioxane was purified by passage
over an alumina column to remove peroxides. All other
reagents were of analytical grade and were used without
further purification.

Methods. Thrombin amidase and esterase activity was
monitored on a Unicam SP 1800 spectrophotometer at 25 °C
with S-2238 or S-2160 (Lottenberg et al., 1982). Tos-Arg-
OMe kinetics were measured by the method of Hummel
(1959). Proflavin dye binding was measured by UV-vis
difference spectroscopy after Kohler & Magnusson (1974).
Clotting activity was measured with a BBL Fibrometer by the
method of Fenton et al. (1977); some assays were performed
in the presence (0.66% v/v) and absence of PEG 6000 for
reasons explained under Results. All fluorescence measure-
ments were made with a Perkin-Elmer MPF44A spectro-
photometer. The data were fit by nonlinear regression analysis
on a Hewlett-Packard 9835 computer (Conery & Berliner,
1983).

The following iterative method was used to calculate the
dissociation constants Ky, for the a- or y-thrombin-bis-
ANS complex: after fitting [bis-ANS) 1, vs. intensity (Zjpeq)
by nonlinear regression analysis, I, and Ky, were obtained.
A parameter R = I/ Inax (fraction of enzyme saturated) was
calculated for each observation from which the free ligand
concentration was estimated, according to eq 1, where [E] is

[bis'ANs]free = [bis'ANs]total - R[E]toml (1)

a- or vy-thrombin. The observed intensities were then fit to
the calculated [bis-ANS]q., to obtain an estimate for Kyqne)-
This same procedure also applies when titrating ligand with
increasing concentrations of protein: in fact, this latter titration
yields the most accurate values for Ky, since no inner filter
effects occur.

The number of binding sites was estimated by the method
of Christian & Janetzko (1971):

1 1 1
- = + =
d nK,(l - x)[bis-ANS]pq 7

where d is the number of moles of bis-ANS bound per mole
of protein, n is the number of binding sites per protein mol-
ecule, K, is the association constant, and x is the fraction of
bis-ANS bound. Since the fluorescence of bis-ANS in water
is much lower than that in the thrombin complex, the fraction
of bound ligand can be written as x = I,/I,,,,, where I, is the
fluorescence of bis-ANS in the presence of protein and I,
is the fluorescence intensity at a protein concentration where
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FIGURE 1: (A) a-Thrombin fluorescence titration of 1.0 uM bis-ANS
at pH 7.0 (25 mM Tris-HC], 0.75 M NaCl). Experimental conditions
were A, = 375 nm, Aoy, = 485 nm, and 25 °C. (b) Plot of 1/d vs.
1/(1 - x)[bis-ANS] 4, for a-thrombin-bis-ANS complex.

all dye is bound. (It is assumed that the fluorescence is a linear
function of ligand—protein complex concentration.) I,, can
be measured from the titration of a fixed amount of bis-ANS
with increasing concentration of protein. A plot of 1/d vs.
1/(1 - x)[bis-ANS] o gives a straight line intercepting the
y axis at 1/n.

The enhancement factor is defined as

I.x of the thrombin—bis-ANS complex
Iusq Of free bis-ANS

EF =

for the same concentration of bis-ANS.

RESULTS

Titrations of human «- or y-thrombin with bis-ANS re-
sulted in a large enhancement in fluorescence intensity and
a large blue shift in the emission maximum. The excitation
spectrum (not shown) showed two maxima at 290 and 375 nm,
which originated from a protein (tryptophan) energy-transfer
band and the fluorophore excitation band (blue shifted from
a A3 of 385 nm in H,0). The emission band for this fluo-
rophore was also blue shifted when complexed with thrombin
to 485 nm from 515 nm in H,O. In Figure 1A, a typical
titration curve is shown for an a-thrombin titration of a fixed
amount of bis-ANS at pH 7.0, 25 mM Tris—0.75 M NaCl.
The Ky calculated from these data was 14.8 £ 2.2 uM.
It was impossible to obtain accurate Ky, values by titrating
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FIGURE 2: ATP titration of a-thrombin—bis-ANS complex at pH 7.0.
a~Thrombin concentration was 0.54 uM; bis-ANS concentration was
1.83 uM. Experimental conditions were identical with those of Figure

bis-ANS vs. a fixed protein concentration since inner filter
effects became severe above 15 uM and protein precipitation
occurred above 15-20 uM. The precipitation problem oc-
curred at either 0.15 or 0.75 M NaCl.

In the case of y-thrombin, a Kyyne = 5.8 £ 1.0 uM was
obtained, which was about 3 times lower than that for the o
form. Here we were able to vary either protein or bis-ANS
without any precipitation or inner filter problems, due to the
higher affinity of the dye for this form. The Ky values for
either a- or y-thrombin were unchanged with salt concen-
tration over the range 0.15-0.75 M NaCl.

The difference in affinity for the ligand was not the only
difference between «- and y-thrombins. The enhancement
factor, EF, defined as the ratio of the intensity of the bound
bis-ANS to that of the free-ANS was ~70 for a-thrombin
vs. ~220 for v-thrombin.

In order to calculate the exact number of bis-ANS binding
sites to each form, we plotted these data according.to the
method of Christian & Janetzko (1971). Figure 1B shows
such a plot for a-thrombin of 1/d vs. 1/(1 — x)[bis-ANS], ).
From the y intercept a value of 1.13 £ 0.37 sites was obtained;
for y-thrombin (plot not shown) a value of 0.93 + 0.07 was
measured. The stoichiometry may be assumed to be 1:1 in
both cases, within experimental error. Measurement of the
energy-transfer efficiency between protein tryptophan resi-
due(s) and the bound fluorophore yielded a value of ca. 70%
for both a- and vy-thrombins. This is very similar to the results
obtained by Berliner & Shen (1977b) with two active serine
fluorescent labels. Titrations carried out on bovine thrombin
(gift from Dr. K. G. Mann, Mayo Foundation) gave quali-
tatively similar Ky and EF values.

In an attempt to localize the bis-ANS binding site on «-
thrombin, we examined several previously studied exogenous
thrombin ligands for their interaction with the bis-ANS—
enzyme complex (Conery & Berliner, 1983). We found es-
sentially three classes of behavior with regard to the bis-
ANS-thrombin fluorescence: (1) ligands that enhance the
intensity of the bound fluorophore; (2) ligands that decrease
this intensity; (3) ligands that have no effect. The first group
(effectors that enhance bis-ANS-a-thrombin fluorescence)
comprises nucleotide derivatives and phosphate. ATP, Ca-
(I)ATP, and AMP were the most effective in enhancing the
fluorescence, increasing the emission intensity up to ~ 80 times
that of bound fluorophore.? Relative to free bis-ANS
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FIGURE 3: NaH,PO, titration of a-thrombin-bis-ANS compiex at
pH 7.0. a-Thrombin concentration was 0.54 uM; bis-ANS concen-
tration was 3.58 uM. Experimental conditions were identical with
those of Figure 1.

mM

fluorescence, this could in theory amount to a 5600-fold en-
hancement! Figure 2 shows a typical titration of a bis-
ANS-a-thrombin complex with increasing ATP up to 2 mM
(at higher ATP concentrations, some protein precipitation
occurred). The sigmoidal nature of this curve indicates that
at least two ATP sites are involved and that these sites are
cooperative. Ca(II)ATP and AMP gave identical enhance-
ments as for ATP (Figure 2). The substitution-inert Co-
(NH,),HATP also enhanced the fluorescence intensity of the
bound bis-ANS with a sigmoidal behavior; however, the
quantum yield was lower than that in the case of ATP, Ca-
(I)ATP, or AMP, even after correction for inner filter effects.
This latter result may involve specific energy-transfer
quenching of the bis-ANS fluorescence by Co(III).

Adenosine, inorganic phosphate, inorganic pyrophosphate,
and dioxane were also found to enhance bound bis-ANS
fluorescence. However, in contrast to the nucleotides above,
these latter compounds showed a normal hyperbolic titration.
Figure 3 depicts a titration of bis~sANS~a-thrombin by inor-
ganic phosphate at constant pH. The enhancement factor for
this complex approached a maximum of ca. 25. Dioxane was
an exception in that, at the concentrations needed to see an
enhancement (1-2 M), solvent effects were significant and
deviation from hyperbolicity was observed.

Three ligands were found to decrease the fluorescence of
a bis-ANS—-thrombin mixture. Titration with the active site
inhibitor benzamidine caused a reduction in emission intensity
with an apparent Ky = 6 mM. Control experiments in the
absence of thrombin indicated that benzamidine also com-
plexed with the free fluorophore alone; however, at the same
concentrations, free bis-ANS fluorescence was reduced to a
much lesser extent than was bound bis-ANS-thrombin. That
is, the evidence from these steady-state fluorescence mea-
surements indicates that ternary complex formation with
concomitant quenching occurred even though a small con-
tribution was due to dissociation to form the bis-ANS-benz-
amidine binary complex. A similar fluorescence “quenching”
was observed when mixing bis-ANS~-thrombin with p-
chlorobenzylamine; however, the control experiment (i.e, ab-

2 There was a noticeable time dependence (~ 10-20 min) for binding
of ATP and ATP analogues to the bis-ANS complex before the emission
intensity approached its maximum. While we did not quantitate these
results kinetically, they were absolutely reproducible, suggesting a slow
conformational change involved in the fluorescence enhancement of the
bis- ANS—a-thrombin complex.
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Table I: Summary of Effects of Various Ligands on the
Bis-ANS-a-Thrombin Complex?

ligand effect Ki(app) (MM) EF
ATP + 1.0 £0.1 ~80
Ca(IDATP + 0.95 ~80
Co(NH,),HATP + 1.0 £ 0.04 ~50
AMP + 0.98 ~80
adenosine + 0.13 ~6
phosphate + 6.6 ~25
pyrophosphate + <2 ~3
dioxane + b
tryptamine ne
5-hydroxytryptamine ne
valerylamidine ne
benzamidine - or ne? 6
p-chlorobenzylamine — or neb
heparin - <0.02

¢Conditions were 25 mM Tris-HCI, pH 7.0, 0.15 M Na(l, 25 °C,
A = 375 nm, and A, = 485 nm. The symbols (+), (-), and ne reflect
a fluorescence emission enhancement, decrease, or no effect, respec-
tively. ?See text.

sence of thrombin) revealed that the quenching of an equal
concentration of “free” bis-ANS was identical. Thus in the
case of p-chlorobenzylamine, it appeared that the effect was
competition with thrombin for bis-ANS, i.e., reducing the
concentration of bis-ANS—thrombin by complexing with free
bis-ANS in solution as well as binding to the basic specificity
pocket on thrombin. Heparin, which binds to a-thrombin with
a stoichiometry of three to four molecules per protein molecule
(Li et al., 1974; Jordan et al., 1980), decreased bis-ANS-a-
thrombin fluorescence by ~23%. In this case, the effect was
most likely due to quenching rather than physical displacement
of the dye.

Valerylamidine was by far the most significant among the
ligands that had no effect on fluorescence, since this inhibitor
binds strongly to the basic specificity binding pocket. The lack
of any interaction with bis-ANS, by virtue of the insensitivity
of the fluorescence spectra, suggests that the fluorophore does
not bind at the catalytic site. This also supports the hypothesis
that benzamidine (which also binds to the basic specificity
pocket) was either acting by some aspecific effect or binding
at a second site on thrombin (which cannot be excluded a
priori). Tryptamine and S-hydroxytryptamine also showed
no effect on the bis-ANS-a-thrombin complex. Table I
summarizes the results of the studies discussed above.

The acridine dye, proflavin, binds strongly to several serine
proteases, including thrombin. Its displacement by a variety
of ligands aids in probing the active sites of these enzymes
(Koehler & Magnusson, 1974; Berliner & Shen, 1977). Figure
4 shows difference spectra for the proflavin—a-thrombin
complex with increasing concentrations of bis-ANS. A new
band at 425 nm was found upon addition of bis-ANS, which
was substantially higher in intensity than that for the “native”
proflavin—a-thrombin complex (A = 468 nm). This new
425-nm band was not due to free proflavin, which shows a
maximum at ~440 nm; rather, the new peak represented
evidence for a ternary bis-ANS-proflavin—-a-thrombin com-
plex.

Bis-ANS was also found to inhibit both a-thrombin clotting
and amidase activity. However, precise clotting activity
measurements were not possible since fibrinogen was found
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FIGURE 4: Difference absorbance spectra of 12.3 uM proflavin and
5.6 uM a-thrombin at pH 7.0 (25 mM Tris-HCI, 0.15 M NaCl, 25
°C) in the presence of increasing concentration of bis-ANS. Bis-ANS
concentrations were (from bottom to top) 0, 4.1, 8.2, 12.3, 16.3, 20.3,
24.2, 28.1, 32.0, 36.0, 39.7, 52.6, 65.4, and 90.3 uM.

to enhance the fluorescence of bis-ANS alone. Furthermore,
bis-ANS binding to a-thrombin was obliterated in the presence
of PEG (i.e., fluorescence enhancement was observed) when
PEG 6000 was present at the concentrations normally required
for reliable clotting assays (Fenton & Fasco, 1974). We
nonetheless measured the effects of bis-ANS in the absence
of PEG 6000 and found inhibition of fibrinogen clotting.
Unfortunately, it was not absolutely clear whether the inhib-
ition was due only to thrombin inhibition, to fibrinogen—bis-
ANS complexation, or (most likely) a combination of both
mechanisms. More detailed kinetic information was obtained
from studies of bis-ANS inhibition of amidase activity. Figure
5A shows the inhibition of a-thrombin-catalyzed hydrolysis
of §-2238 with increasing concentrations of bis-ANS. It is
important to point out here that even at infinite inhibitor
concentration, about 20% residual activity remained. The
apparent bis-ANS inhibition constant (K; = 9.25 uM) agreed
fairly well with its dissociation constant (Table IT). Figure
5B shows double-reciprocal plots for several bis-ANS/S-2238
concentrations. The plots suggested that bis-ANS was a
noncompetitive inhibitor; however, the fact that infinite in-
hibitor concentrations did not totally obliterate activity in-
dicated that a partial rather than a pure noncompetitive in-
hibition model best described these results (Segel, 1975). A
minor problem that we encountered with these kinetic ex-
periments was apparent from a careful analysis of the slopes
in the double-reciprocal plot (Figure 5B). In control exper-
iments we found that bis-ANS bound weakly to S-2238 as
monitored by a slightly enhanced bis-ANS fluorescence. Thus,
the accuracy of the kinetic measurements at very high inhibitor

Table II: Fluorescence Parameters and Equilibrium Constants for Bis-ANS Complexes on a- and vy-Thrombins?

enzyme AT (nm) ATEX (nm) Kiiney (uM) EF n
a-thrombin 375 485 148 £ 2.2 70.7 £ 7.6 1.13 £ 0.37
y-thrombin 375 485 58 1.0 2220 % 279 0.93 % 0.07

¢ Conditions were pH 7.0, 25 mM Tris-HCI, 0.15 M or 0.75 M NaCl, and 25 °C. Note for bis-ANS in water, A™* = 385 nm and A\7%* = 515 nm.
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FIGURE 5: (A) Bis-ANS inhibition of a-thrombin-catalyzed hydrolysis
of S-2238 at pH 8.3 (50 mM Tris-HCI, 0.1 M NaCl). Experimental
conditions were as follows: a-thrombin, 10 M; S-2238, 1075 M; 25
°C. (B) Double-reciprocal plots of bis-ANS inhibition of a-throm-
bin-catalyzed hydrolysis of S-2238. All conditions were identical with
those in (A); bis-ANS concentrations were (Q) 0, (A) 5, (O) 10, and
(X) 15 uM.

concentration was less reliable, since it led to an overestimate
of the degree of inhibition, which was emphasized in the low
S-2238 concentration data. This effect shows up for the
highest bis-ANS concentration in Figure 5B where the slope
was a bit higher than expected. Another chromogenic sub-
strate, S-2160, also showed about 20% residual activity at
infinite bis-ANS concentration. Tos-Arg-OMe esterase ac-
tivity, on the other hand, was not affected in the presence of
bis-ANS.

The monomeric dye ANS bound with equal affinity (K; =
24 £ 4 yM) to both thrombin forms; however, y-thrombin
ANS was 26% more fluorescent (at 470 nm) than the o form
(pH 6.5, 0.05 M phosphate, 0.75 M NaCl).

DiSCUSSION

Several conclusions may be drawn from the results of these
studies as to the efficacy of bis~sANS as a powerful exo site
affinity probe of thrombin. The data of Table II clearly
demonstrate the ability of this probe to discriminate between
the subtle features of procoagulant human a-thrombin vs.
noncoagulant «y-thrombin. The difference in the enhancement
factor between «- and y-thrombin strongly suggests a dif-
ference in the hydrophobicity of the binding site of the two
forms of the enzyme. On the other hand, the blue shift in the
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emission maxima, which is usually indicative of apolar features
of a binding site, was essentially the same (~30 nm) for both
a- and y-thrombins. While an identical AT%* = 485 nm was
indicative of topographically similar apolar binding regions
in each form, the 3-fold difference in emission enhancement
between the two forms suggests subtle environmental differ-
ences, e.8., a higher degree of shielding from the solvent in
the v vs. a species. These features are probably reflected in
the 3-fold higher affinity of y-thrombin for bis-ANS (Table
II).

As to the location of the bis-ANS site, the kinetic and
spectroscopic data in this paper suggest that it does not overlap
the catalytic center. The results presented here, particularly
the kinetic studies with S-2238 and S-2160, are consistent with
a model that requires that both substrate and inhibitor (bis-
ANS) bind simultaneously to the enzyme; that is, the partial
noncompetitive inhibition mechanism fits a model where
bis-ANS does not overlap the chromogenic substrate binding
locus. Furthermore, since the properties that distinguish a-
from y-thrombin include a severely decreased inability of the
latter to bind or hydrolyze macromolecular substrates such
as fibrinogen while retaining esterolytic/amidolytic function
with small substrates (Fenton, 1981), the structural regions
where these differences occur must be somewhat removed from
the immediate catalytic site [see Berliner (1984)].

Several additional aspects of these results have been inva-
luable in attempting to localize the various thrombin effector
sites as well as corroborating other evidence of their function.
For example, our previous kinetic studies gave evidence for
cooperative binding phenomena with ATP analogues (Conery
& Berliner, 1983). The data of Figure 2, which monitored
ATP binding to thrombin, clearly showed (sigmoidal) positive
cooperative binding. The large fluorescence emission en-
hancement was possible only when ATP was bound to at least
two sites that did not compete with bis-ANS. Moreover, the
~80-fold fluorescence enhancement of enzyme-bound bis-
ANS upon ATP binding is remarkable; it will be interesting
to see whether distance measurements between bis-ANS and
Co(II)ATP fit a model where the nucleotide moiety shields
the fluorophore from external solvent molecules.

The benzamidine binding data were consistent, in part, with
a physical displacement of bis-ANS from the thrombin com-
plex. That is, we could not rule out the possibility of a second
(hydrophobic) site for benzamidine on thrombin. This is not
without precedent, as Mares-Guia et al. (1981) found benz-
amidine activation of trypsin-catalyzed Tos-Arg-OMe hy-
drolysis that was quite analogous to the same rate activation
found with hydrophobic ligands by Howard & Mehl (1965)
and with Tos-Arg-OMe hydrolysis by human thrombin in our
laboratory (Berliner & Shen, 1977a; Conery & Berliner,
1983).

The results with p-chlorobenzylamine and valerylamidine
indicated that their binding at the basic specificity pocket
neither overlapped nor was linked to the bis-ANS binding site;
i.e., bis-ANS was distant from the catalytic center. The results
with heparin suggest that the three to four molecules must be
able to bind without sterically overlapping the bis-ANS site.
Heparin-induced quenching of bis-ANS~a-thrombin
fluorescence could be due to conformational changes, contact
quenching (by sulfated saccharide moieties?), or increased
solvent accessibility to the bis-ANS site. Some of these
mechanisms may be ruled out by future lifetime and anisotropy
measurements.

In summary, bis-ANS has several advantages over other
thrombin-specific fluorophores such as DAPA (Okamoto et
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al., 1976; Nesheim et al., 1979). The maximum enhancement
in fluorescence emission observed with DAPA-thrombin
complexes was about 3-fold over that in water, while the en-
hancements with bis-ANS ranged from 80 to a theoretical
maximum of 5600. Bis-ANS is an exo site probe that can
monitor interactions at the active site while DAPA is a tightly
bound competitive inhibitor for most active site directed
substrates and inhibitors.
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