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ABSTRACT: Neutrophil elastase (NE), a mediator of inflammation, binds with high affinity numerous anionic
molecules including suramin, a polysulfated naphthylurea, which inhibits it with aKi of 0.2µM and a 4:1
suramin:NE stoichiometry and thus constitutes a potential therapeutic agent. In an attempt to locate the
suramin molecules on NE, we investigated the NE-suramin interaction using steady-state and time-
resolved fluorescence spectroscopy. The time-resolved intensity decay of NE, a protein with three Trp
residues, in positions 27, 141, and 237 (chymotrypsin numbering system) was best described by a three-
exponential function with lifetimes ranging from 0.22 to 2.28 ns. Comparison of the accessibility of the
three lifetime classes to the fluorescence quenchers acrylamide and iodide with the computed solvent
accessibility of the three Trp residues in the crystal structure of NE indicates that the main, if not the sole,
contribution to the 2.28 ns lifetime class is brought about by the fully buried Trp 141 residue. The addition
of suramin to NE induces a sharp decrease in NE fluorescence and a corresponding increase in suramin
fluorescence due to an efficient fluorescence resonance energy transfer (FRET) between the Trp residues
of NE, acting as donors, and the naphthalene rings of suramin, behaving as acceptors. From the fate of
the longest lifetime class in the presence of variable suramin concentrations, we deduce that two suramins
are bound at less than 17 Å from Trp 141, whereas the two others are located at least 29 Å from Trp 141.
Moreover, neither the binding of suramin to NE nor the FRET process was modified when NE was
complexed with a peptide chloromethylketone inhibitor, suggesting that suramin does not directly interfere
with the substrate binding site of NE. These data were used as constraints to model the NE-suramin
complex.

Neutrophil elastase (NE)1 is an essential component of the
phagocytic machinery of neutrophils, the body’s first line
of defense against bacterial and fungal attack. NE cleaves
extracellular matrix proteins including elastin, interstitial
collagen, proteoglycans, fibronectin, and laminin as well as
plasma proteins such as antithrombin, fibrinogen and com-
ponents of the immune system. Uncontrolled release of this
enzyme is thought to be involved in chronic inflammation
accompanying diseases such as pulmonary emphysema,
cystic fibrosis, rheumatoid arthritis, and adult respiratory
distress syndrome [for a review see Bieth (1986)].
NE, a 30 kDa glycoprotein belonging to the class of serine

proteinases, is composed of 218 amino acid residues with
three Trp residues and 19 arginines but no lysines (Sinha et
al, 1987). The three-dimensional structure of NE in complex
with a synthetic chloromethylketone (MeOSuc-Ala2-Pro-Ala-
CH2Cl) has been solved by X-ray crystallography (Naviaet
al., 1989).

NE is known to bind a number of anionic molecules,
including heparin, chondroitin sulfate, and unsaturated fatty
acids (Rediniet al., 1988; Raoet al., 1990; Tyagi & Simon,
1990). Affinities range from 4 nM for a low molecular mass
heparin fraction (Cade`ne et al., 1995) to 16µM for oleic
acid (Tyagi & Simon, 1990). The binding of the polysulfated
compound suramin was also demonstrated recently (Cade`ne
et al.,1997). Suramin was found to be a partial tight-binding
inhibitor of NE with aKi of 1.8× 10-7 M and a 4:1 suramin:
NE stoichiometry and may thus be a potential therapeutic
agent in acute inflammation. On the other hand, NE
increases the intrinsic fluorescence intensity of suramin, and
the fluorescence titration of suramin with NE yields aKd of
2.1× 10-7 M, thus confirming the enzymatically determined
Ki.
The binding of the aforementioned anionic molecules to

NE involves positively charged residues of the enzyme, as
demonstrated with heparin (Falleret al., 1993), suramin
(Cadèneet al., 1997), and oleic acid (Tyagi & Simon, 1990).
In the last case, the participation of a hydrophobic site on
NE in the binding was also evidenced. Though these anions
have many features in common in their binding to NE and
consequent partial inhibition of the proteinase, it is still
unknown whether or not they share the same binding site
on NE.
The present paper attempts to locate the suramin molecules

on the surface of NE. We have investigated the interaction
between these two molecules using both time-resolved
fluorescence spectroscopy and FRET. Further information
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was also obtained with NE irreversibly inhibited with MeO-
Suc-Ala2-Pro-Val-CH2Cl. These spectroscopic results, to-
gether with previous data on the number of ionic interactions
involved in suramin:NE binding (Cade`ne et al. 1997), were
used as constraints to build a structural model of the NE-
suramin complex.

EXPERIMENTAL PROCEDURES

NE was isolated from purulent sputum following the
procedure of Martodamet al. (1979) and active-site-titrated
as described by Boudier and Bieth (1992). Suramin (hexa-
sodiumsym-bis[m-aminobenzoyl-m-amino-p-methylbenzoyl-
1-aminonaphthalene-4,6,8-trisulfonate]carbamide) came from
Bayer (Germany). The inhibitor MeOSuc-Ala2-Pro-Val-CH2-
Cl came from Bachem, Bubendorf (Switzerland) and was
dissolved in dimethylformamide. All experiments were
performed in 50 mM Hepes and 100 mM NaCl, pH 7.4.
Absorption spectrawere recorded on a Cary 4 spectro-

photometer. An extinction coefficient of 29 800 M-1 cm-1

at 280 nm was used to calculate the concentration of free
NE and MeOSuc-Ala2-Pro-Val-CH2Cl-bound NE, whereas
an extinction coefficient of 6400 M-1 cm-1 at 350 nm was
used to calculate the concentration of suramin.
Steady-State and Time-ResolVed Fluorescence.Fluores-

cence spectra were acquired at 20°C with a SLM 48000
spectrofluorometer. Quantum yields were determined by
takingL-Trp in water (φ ) 0.14) as a reference (Eisinger &
Navon, 1969) except for free suramin, which had quinine
sulfate in 0.05 M H2SO4 as a reference (φ) 0.508; Melhuish,
1961). The NE fluorescence intensities were corrected for
inner filter effects due to suramin and scattered light at both
excitation and emission wavelengths, with the relation
(Pigault & Gérard, 1984)

whereIm is the measured fluorescence of the protein,Ip is
the fluorescence intensity of the protein in the absence of
inner filter, dp is the absorbance of the protein,ds is the
absorbance of the suramin and scattered light at the excitation
wavelength, anddr is the absorbance of suramin and scattered
light at the emission wavelength.
NE concentrations ranged from 0.48 to 0.6µM. The NE-

MeOSuc-Ala2-Pro-Val-CH2Cl complex was prepared by
reacting NE with a 15% molar excess of inhibitor during 1
h.
Fluorescence lifetimes were measured with a time-cor-

related, single-photon counting technique using a pulse-
picked frequency-tripled Ti-sapphire laser (Tsunami; Spectra-
physics), pumped by a continuous-wave argon laser (Spectra
Physics). Temperature was maintained at 20°C. The
excitation and emission wavelengths were set at 295 and 340
nm, respectively. The excitation pulse width wase 2 ps
and its repetition rate was 800 kHz. The single-photon pulses
were detected with a microchannel plate Hamamatsu R3809U
photomultiplier coupled to a Phillips 6954 pulse preamplifier
and recorded on a multichannel analyzer (Ortec 7100)
calibrated at 26.5 ps/channel. The instrumental response
function was recorded with a polished aluminium reflector,
and its full width at half-maximum was 40 ps. The decay
data were analyzed as a sum of exponentials using the MEM

and the Pulse5 software (Livesey & Brochon, 1987). A
lifetime domain spanning 150 equally spaced values on a
logarithmic scale between 0.05 and 10 ns was routinely used.
Alternatively, the decay data were analyzed using IRP based
on the estimated covariance matrix (Lami & Pie´mont, 1992).
Since up to 20 decays were accumulated for each sample,
confidence intervals of the mean recovered decay parameters
were estimated using Hotelling’sT2 statistics. The number
of exponentials was progressively increased until the fit (as
judged by reducedøR2) did not improve. Noticeably, in
almost all cases, the barycenter value (τi) and the relative
proportion (ci) of each lifetime class obtained by MEM
closely agreed with the respective lifetime (τj) and the relative
preexponential terms (Rj) obtained from the IRP nonlinear
least-squares analysis. The mean fluorescence lifetime is
given by 〈τ〉 ) Σ ciτi.
The iodide and the acrylamide quenching measurements

were carried out using time-resolved fluorescence measure-
ments by adding aliquots of a concentrated solution of
potassium iodide (4M) or acrylamide (5M), to NE. The
solute quenching data were analyzed by a least squares fit
of the lifetimes to the Stern-Volmer equation:

where [Q] is the quencher concentration,kqi is the bimo-
lecular quenching rate constant, andτi and τi,0 are the
fluorescence lifetimes, in the presence and absence of the
quencher, respectively.
Molecular Modeling Studies.Molecular mechanical en-

ergy minimizations and molecular dynamic simulations were
performed with the AMBER 4.0 all-atom force field (Weiner
et al., 1986). A distance-dependent dielectric function (ε )
r, wherer ) interatomic distance) was used to calculate the
electrostatic interactions, with a 12 Å cutoff radius for
nonbonded interactions. Energy minimizations of NE and
NE-ligand complexes were done by 500 steps of steepest
descent minimization followed by 3000 cycles of conjugate
gradient minimization, while energy minimization of suramin
was done until convergence with a 0.02 kcal/mol energy
gradient difference between successive steps. Molecular
graphics and calculations of water-accessible surface and
electrostatic potentials 1.4 Å outside the surface were
performed with the MIDAS programs (Ferrin et al. 1988).
The standard all-atom AMBER force field did not contain

parameters related to the SO3-Na groups of suramin. Equi-
librium bond lengths and angles, and torsional barrier phase
angles for the SO3-Na groups were obtained from X-ray
crystal structures of sodium sulfonate salts (Lefebvre et al.,
1992; Kosnic et al., 1992). The bond and angle force
constants were set equal to corresponding standard AMBER
all-atom force constants, and adjusted until the geometry of
the SO3-Na group observed in the crystal structures was
reconstructed by energy minimization of suramin. An initial
model of suramin was constructed using the low energy
conformation of suramin from a previous molecular modeling
study of suramin (Mohan et al., 1991) as a guide. The initial
model was energy-optimized without including electrostatic
interactions, and the atomic point charges were quantum
mechanically calculated with the QUEST 1.0 program (Singh
& Kollman, 1984) using an STO-3G basis set. The suramin
molecule was then energy-minimized with the electrostatic

τi,0
τi

) 1+ kqiτi,0[Q] (2)

Ip ) Im
(dp + ds + dr/2) (1- 10-dp)

dp(1- 10-(dp + ds+ dr/2))
(1)
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interactions included. The structure after the last energy
minimization was used as the initial structure in a 50 ps
molecular dynamics simulation at 310 K. A time step of
0.001 ps was used, and the nonbonded pair list was updated
after every 10 steps. Coordinates were saved at 0.5 ps
intervals, and different conformations of suramin observed
during the simulation were energy-minimized.
Four suramin molecules were docked at the surface of NE,

energy-minimized, and then used as the start structure for a
50 ps molecular dynamic simulation at 310 K. Water
molecules were not included in the simulation, and, therefore,
a distance-dependent dielectric function (ε ) r, r )
interatomic distance) was used for the electrostatic interac-
tions. The main-chain atoms of NE were kept at fixed
positions during the simulation, while the SHAKE option
was used to constrain all bonds involving hydrogen atoms.
The time step was 0.001 ps, and the nonbonded pair list was
updated after every 10 steps. Coordinates were saved at 0.5
ps intervals during the simulation. The coordinates obtained
after 50 ps of simulation were energy-minimized and the
molecular interaction energies between the suramin mol-
ecules and the arginine residues in NE were calculated.

RESULTS AND DISCUSSION

Characterization of the Intrinsic Fluorescence of NE.NE
contains three Trp residues in position 12, 127, and 212 of
its primary sequence. In the chymotrypsin numbering
system, which is frequently used in this class of serine
proteinases and will be used throughout the following text,
these residues are located at position 27, 141, and 237,
respectively. The emission spectrum of NE (Figure 1) is
characterized by a maximum emission wavelength of 329
( 1 nm, suggesting that the tryptophans, or at least the most
emitting ones, are in a rather hydrophobic environment. The
low quantum yieldφ295 of NE (Table 1) suggests strong
quenching. To further characterize the fluorescence of these
tryptophan residues, the time-resolved intensity decay of NE
was investigated. Both MEM and IRP analyses suggested
the existence of three classes of excited-state lifetimes
ranging from 0.24 to 2.26 ns (Table 1). The very good
agreement between MEM and IRP results and the narrowness
of the three lifetime peaks obtained by MEM strongly suggest
that the decay of NE corresponds to discrete exponentials.
In an attempt to determine if one or several lifetimes may

be assigned to individual Trp residues, we measured the NE
fluorescence quenching by iodide and acrylamide. Iodide
is a selective quencher of surface residues, whereas acryla-

mide quenches both external and embedded Trp residues
(Eftink, 1991). The quenching experiments were performed
by time-resolved fluorescence (with at least four concentra-
tions of quencher) to directly yield the bimolecular quenching
rate constants of each lifetime class (Table 1). In the case
of iodide, the bimolecular quenching rate constants,kqi, for
the medium- and long-lifetime classes were much lower than
the theoretical value of 2.2× 109 M-1 s-1 corresponding to
the upper limit for a fluorophore fully exposed at the surface
of a 30 kDa protein (Johnson & Yguerabide, 1985). To
further quantify the accessibility of the three lifetime classes,
the fraction of the fluorophores’ surface area,fMQ, that is
exposed at the surface of the macromolecule was deduced
from Figure 2B of Johnson and Yguerabide (1985) using
the ratio ofkqi to the bimolecular quenching rate constant of
free tryptophan (kFQ ) 4.1× 109 M-1 s-1; Lehrer, 1971).
ThefMQ values suggest that the Trp residue(s) associated with
the short-lifetime class are partly solvent-exposed while the
residue(s) associated with the medium- and the long-lifetime
classes are fully buried (Table 1). A similar conclusion was
reached with acrylamide since the residue(s) associated with
the short-lifetime class were again rather accessible, while
those associated with the medium- and the long-lifetime
classes were poorly accessible and not accessible at all,
respectively. This conclusion was further assessed by the
comparison with several single Trp-containing proteins since
both iodide and acrylamidekq values for the long-lifetime
class were close to those of the fully embedded Trp residue
of RNase T1 orEscherichia coliasparaginase (Eftink, 1991).
ThefMQ values were further compared to the relative solvent
accessibility of tryptophans in NE as computed by ProEx-
plore (Oxford Molecular, U.K.) using the crystallographic
structure of NE in complex with MeOSuc-Ala2-Pro-Ala-CH2-
Cl (Naviaet al., 1989). Tryptophans 27 and 237, close to
the protein surface, are 25.2% and 17.5% accessible to
solvent, respectively, while tryptophan 141 is totally buried
with 0% accessibility to solvent. A similar conclusion was
reached when accessibilities were computed from the energy-
minimized structure of NE, in the absence of MeOSuc-Ala2-
Pro-Ala-CH2Cl (see below). Hence, we may reasonably
conclude that the main (if not the sole) contribution to the
long-lifetime class is brought about by Trp 141, while the
main contribution to the short-lifetime class is brought about
by Trp 27 and/or Trp 237. The complex behavior of the
medium-lifetime class in the absence or presence of suramin
(see below) suggests that this class may be assigned to more
than one Trp residue.
Steady-State Fluorescence Measurements Of Suramin-

NE Complexes.Suramin sharply decreases the intrinsic
fluorescence of NE excited at 295 nm in a concentration-
dependent manner (Figure 2). As tryptophan emission was
gradually quenched, the nonoverlapping area of the suramin
spectrum strongly increased, indicating a radiationless energy
transfer between the donor (tryptophan) and the acceptor
(suramin). This hypothesis is in good keeping with the
strong overlap of the emission spectrum of the donor and
the absorption spectrum of the acceptor (Figure 1). However,
at this stage, we cannot exclude that the tryptophan fluores-
cence decrease may partly arise from conformational changes
induced by the binding of suramin. In the case of suramin,
the coexistence of energy transfer and a conformation-
associated fluorescence enhancement has been clearly as-
sessed, since a 12-fold quantum yield increase has been

FIGURE 1: Absorbance and fluorescence spectra. Absorbance
spectra of NE (a) and suramin (b) and fluorescence emission spectra
of NE excited atλ ) 295 nm (c) and of suramin excited atλ )
315 nm (d) are shown.
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observed at an excitation wavelength of 315 nm where
tryptophan does not absorb (data not shown).
To further quantify the transfer process, the transfer

efficiencyEwas calculated by measuring either the sensitized
emission of the acceptor or the donor’s extinction. In the
case of the sensitized emission of suramin, the efficiency,
EA, was obtained through

whereAA andAD are the absorbances of the acceptor and
the donor, respectively, whereasIAD and IA are the fluores-
cence intensities of the acceptor in the presence and absence
of the donor, respectively.IAD and IA were measured at a
480 nm emission wavelength, where the emission of the
donor was negligible (Figure 1). Since both free and bound
suramin absorb but only the bound form significantly
fluoresces, the absorbanceAA(295) was corrected by the
fraction of suramin bound to NE calculated from the binding
constant. Moreover, for suramin to NE ratios greater than
8, the fluorescence of free suramin was taken into account
and substracted. Since there is a conformation-associated
emission increase of suramin in the presence of NE in
addition to the transfer,IA(295) could not be obtained by a
measure of free suramin. Therefore, we straightforwardly
deduced the theoreticalIA(295) value from the intensity of
suramin in the presence of NE at 315 nm,IAD(315), and
corrected it for the difference of the absorbances at 295 and
315 nm:

Intensities were also corrected for the inner filter effect
due to light scattering (He´lène et al., 1971). Efficiencies
resulting from the combination of eqs 3 and 4 are reported
in Table 2.
The efficiency of transfer,ED was also calculated from

the quenching of NE tryptophans by suramin according to

where φD and φDA are the quantum yields of NE in the
absence and presence of suramin, respectively.
The efficiencies obtained from the donor and the acceptor

at the various suramin to protein ratios were highly consistent
(Table 2): a feature that was, at first glance, somewhat
surprising in respect to our fairly complicated system with
three donors and four acceptors. However, such a close
agreement is favored by several distinctive properties of the
system: (i) the prevalence of Trp 141 in the NE fluorescence,
since according to the decay parameters of Table 1, at least
61% of the NE fluorescence intensity is due to this residue,
(ii) the fluorescence of unbound suramin that is either
negligible (at low suramin to NE ratios) or substracted (at
high suramin to NE ratios), and (iii) the symmetry of the
system since the bound suramin molecules that get small or
negligible energy transfer from Trp 141, also get poor energy
tranfer from the two other Trp residues (data not shown).
Accordingly, we may reasonably suggest that the dramatic
decrease in NE fluorescence was entirely due to a nonra-
diative energy transfer (Schiller, 1975). The existence of
FRET in an NE-inhibitor system has previously been
reported for the NE-parinaric acid system (Tyagi & Simon,
1991) but with a much lower efficiency.

Table 1: Fluorescence Parameters of NEa

φ295 τi ci 〈τ〉 (ns) φ295/〈τ〉 (s-1) kqiI (M-1 s-1) kqiI/kFQ fMQ kqiA (M-1s-1)

0.085 ((0.002) 0.24 ((0.01) 0.25 ((0.02) 1.41 6.0× 107 1.2 ((0.3)× 109 0.29 0.4 8.5 ((0.8)× 108

1.33 ((0.04) 0.37 ((0.05) 1.4 ((0.2)× 108 0.03 ≈ 0 2.4 ((0.2)× 108

2.26 ((0.09) 0.38 ((0.04) 5.4 ((0.5)× 107 0.01 ≈ 0 <108

a Excitation and emission wavelengths were 295 and 340 nm, respectively. The fluorescence lifetimes,τi, the relative amplitudesci, and the
associated standard errors were obtained from MEM analysis, as described under Materials and Methods. The bimolecular quenching rate constants
with iodide,kqiI, and with acrylamide,kqiA, were determined from time-resolved measurements. The fractional surface area of the fluorophore,fMQ,
exposed at the macromolecule surface was calculated as described in the text. The data are expressed as the means( standard error of the means
for g 3 experiments

FIGURE 2: Effect of suramin on the fluorescence spectrum of NE.
Aliquots of suramin were added to a 0.48µM NE solution to reach
molar ratios of (- -) 1:1, (‚‚‚) 2:1, (---) 4:1, and (- - -) 8:1. The
spectrum of free NE (s) is also shown. The excitation wavelength
was 295 nm. The spectra were corrected for inner filter effects as
described under Materials and Methods.

EA )
AA(295)
AD(295)(IAD(295)IA(295)

- 1) (3)

IA(295) )
AA(295)
AA(315)

IAD(315) (4)

Table 2: Steady-State FRET Parameters of NE-Suramin
Complexesa

r ED EA

0.5 0.17 ((0.02) 0.15 ((0.06)
1 0.33 ((0.02) 0.27 ((0.08)
1.5 0.45 ((0.02) 0.38 ((0.06)
2 0.56 ((0.02) 0.56 ((0.08)
2.5 0.69 ((0.01) 0.66 ((0.08)
3 0.79 ((0.01) 0.79 ((0.1)
4 0.86 ((0.01) 0.90 ((0.1)
5 0.87 ((0.01) 0.95 ((0.1)
6 0.88 ((0.01) 0.97 ((0.1)
8 0.89 ((0.01) 0.96 ((0.1)
16 0.90 ((0.01) 0.96 ((0.1)

a The protein concentration was about 0.5µM. r designates the molar
ratio of suramin to NE. The energy transfer efficienciesED andEA,
calculated from the donor fluorescence quenching and the acceptor
fluorescence enhancement, respectively, were given as the mean ((
standard error of the mean) for at least 3 experiments.

ED ) 1-
φDA(295)

φD(295)
(5)
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Time-ResolVed Fluorescence Measurements of Suramin-
NE Complexes.The fluorescence decays of NE in the
presence of increasing concentrations of suramin were
recorded at 340 nm, an emission wavelength at which the
fluorescence of suramin is negligible. Suramin strongly
decreases the amplitudes of both medium- and long-lifetime
classes (Table 3). In contrast, the amplitude of the short-
lifetime class dramatically increases and an even shorter
lifetime (60 ps) appears at suramin to protein ratios greater
than 3. The long-lifetime value was unaffected by the
presence of suramin, while both short and medium lifetimes
decreased to some extent. Noticeably, both the narrowness
of the various lifetime peaks recovered by MEM in the
presence of suramin (data not shown) and the good fits
obtained from IRP, assuming discrete exponentials, suggest
that the energy transfer process is linked to a narrow
distribution of the interchromophore distances (Cheung,
1991). The mean lifetime〈τ〉 gradually decreases in the
presence of increasing suramin concentrations, but this
decrease is much less pronounced than that of the quantum
yields, as assessed by theφ295/〈τ〉 ratios. As the correspond-
ing fluorescence spectra showed no shift in the maximum
emission wavelength, no change in solvent exposure or
emitting state was expected (Chen et al, 1991), and hence,
the φ295/〈τ〉 ratio corresponding to the radiative decay rate
should not change. Accordingly, theφ295/〈τ〉 decrease in the
presence of suramin may be readily related to a static or
quasi-static quenching. This quenching suggests that part
of the FRET occurs with an efficiency close to 1 and
therefore yields a very short (<20 ps) lifetime that could
not be measured by our time-resolved device. The existence
of this very short lifetime was further assessed by the data
of a ternary complex of suramin bound to NE reacted with
an irreversible inhibitor (see below). Consequently, to take
into account the amplitude of the negligibly small lifetime,
the relative amplitudesci,c of the various lifetimes in the
presence of suramin have been recalculated (Table 3).

Since the long-lifetime class was assigned to Trp 141, the
distances of Trp 141 to the four suramin binding sites might
be tentatively calculated. From the strong decrease of the
relative amplitude of the long-lifetime class in favor of the
various short-lifetime classes (< 200 ps) at increasing
suramin concentrations (Table 3), we readily infer that the
binding of suramin to one or several of its binding sites is

associated with a high energy transfer efficiency. By analogy
with eq 5, the energy transfer efficiency,E, may be calculated
from the lifetime values :E) 1- τDA/τD . This calculation
suggests thatE > 0.9 for these suramin binding sites. In
contrast, since a nonnegligible fraction of the long-lifetime
class remains unquenched even at high suramin to protein
ratios, we hypothesized that the binding of suramin to at least
one of its binding sites may be associated with a negligibly
small energy transfer. To check this hypothesis, we calcu-
lated the fractional population,f, of NE with unquenched
Trp 141 usingf ) cL,AD/cL,D, wherecL,AD and cL,D are the
relative amplitudes of the long-lifetime class in the presence
and absence of suramin, respectively. Assuming that the
four suramin binding sites are identical and independent with
a 2.1× 10-7 M equilibrium dissociation constant (Cade`ne
et al. 1997), we computed the theoreticalf values, assuming
that either 0, 1, 2, or 3 binding sites are associated with a
negligibleE. The data are reported in Figure 3 and clearly
suggest that two suramin binding sites are associated with a
negligible energy transfer to Trp 141. Since two fluorescence
lifetimes can only be resolved if their ratio is greater than
1.4 (Semiarczuk et al., 1990), lifetimes greater than 1.6 ns
cannot be distinguished from the 2.26 ns component. As a
consequence, binding sites withE< 0.29 cannot be detected.
Taken together, these data suggest that two suramin binding
sites are characterized by an energy transfer efficiency greater

Table 3: Time-Resolved Fluorescence Parameters of NE-Suramin Complexesa

r τi (ns) ci 〈τ〉 (ns) φ295/〈τ〉 (s-1) ci,c c0

1 0.23 ((0.03) 0.37 ((0.01) 1.19 4.8× 107 0.29 0.22
1.31 ((0.09) 0.30 ((0.05) 0.23
2.17 ((0.08) 0.33 ((0.04) 0.26

2 0.20 ((0.02) 0.52 ((0.01) 0.93 4.0× 107 0.34 0.35
1.25 ((0.09) 0.25 ((0.04) 0.16
2.25 ((0.09) 0.23 ((0.03) 0.15

3 0.06 ((0.01) 0.07 ((0.01) 0.54 3.3× 107 0.04 0.46
0.17 ((0.01) 0.66 ((0.01) 0.35
1.01 ((0.06) 0.15 ((0.01) 0.08
2.29 ((0.06) 0.12 ((0.01) 0.07

4 0.07 ((0.01) 0.10 ((0.02) 0.37 3.2× 107 0.05 0.48
0.16 ((0.01) 0.71 ((0.07) 0.37
0.78 ((0.01) 0.12 ((0.01) 0.065
2.30 ((0.06) 0.07 ((0.01) 0.035

a The experimental conditions, the significance, and the expression of the parameters were as in Tables 1 and 2. The parametersci,c designate
the relative amplitudes recalculated by taking into account the amplitude,c0, of the undetectably ultrashort lifetime component (<20 ps) as described
in the text.

FIGURE 3: Effect of suramin on the concentration of the long-lived
fluorescence lifetime of NE. The experimental (9) fractional
populations,f, of NE with unquenched Trp 141 were calculated
from Table 3 as described in the text. Solid lines correspond to the
theoreticalf values, computed from the suramin binding constants.
Solid lines were drawn by assuming, from left to right, that zero,
one, two or three suramin binding sites are associated with a
negligibly small energy transfer efficiency to Trp 141.
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than 0.9, while the two others have an energy transfer
efficiency lower than 0.29.
To determine the distances between Trp 141 and the four

bound suramin molecules, the Fo¨rster critical distance,R0,
was further needed and was calculated using

where the overlap integral (computed from the spectral
overlap in Figure 1)JAD ) 9.85 × 10-15 M-1 cm6, the
refractive index,n ) 1.335, and the orientational factor,κ2

) 2/3, assuming that the donor and the acceptor undergo a
complete dynamic isotropic orientational averaging. The
quantum yield,φD, associated with the long-lifetime class
was calculated from:φD ) τLφ295/〈τ〉, whereφ295 and 〈τ〉
are the quantum yield and the mean fluorescence lifetime
of NE, respectively, whileτL ) 2.26 ns. AR0 value of 25
Å was found and used to calculate the interchromophore
distanceR:

From eq 7, we infer that two suramin molecules are located
at less than 17 Å from Trp 141, while the two others are
distant by at least 29 Å from Trp 141. Since the suramin
chromophores involved in FRET are undoubtely the two
naphthalene groups, these distance limits correspond to the
distance between the indole ring of Trp 141 and the closest
naphthalene ring of the suramin molecules. The above
distances may be slightly different if the orientational factor,
κ2, between the donor and the acceptor molecules is either
very low (in the case of perpendicular orientation) or very
high (in the case of collinear orientation).
Binding of Suramin to the NE-MeOSuc-Ala2-Pro-Val-

CH2Cl Complex. In order to get further structural informa-
tion on the suramin binding site(s), NE was reacted with
the irreversible inhibitor MeOSuc-Ala2-Pro-Val-CH2Cl, which
forms a stoichiometric covalent complex by alkylating the
active-site histidine in NE (Navia et al., 1989). Interestingly,
the binding of this inhibitor to NE did not significantly
change the emission spectrum and the quantum yield of the
enzyme (Table 4). While the mean fluorescence lifetime
was unchanged, both the medium-lived component and its
relative amplitude were somewhat decreased as compared
with free NE. Since the spectroscopic properties of Trp
residues are extremely sensitive to conformational changes
in protein even if the latter are very small, we may safely
conclude that the presence of chloromethylketone has at best
a marginal effect on the environment of tryptophan residues

of NE. This is consistent with the three-dimensional
structure of NE in complex with MeOSuc-Ala2-Pro-Ala-CH2-
Cl (Navia et al., 1989) which shows that the three Trp
residues are remote from the bound chloromethylketone, Trp
141 being distant by about 13.4 Å from the covalent
enzyme-inhibitor bond. To confirm the lack of influence
of the inhibitor on the environment of the Trp residues, we
have compared the X-ray crystal structure of the NE-
inhibitor complex (Navia et al, 1989) with that of the energy-
minimized structure of free NE as obtained by removing the
inhibitor from the above crystal structure. This showed that
binding of the inhibitor does not modify the environment of
the Trp residues and leads to only limited conformational
changes in NE, thus entirely confirming the spectroscopic
data. We, therefore, conclude that the NE-chloromethylke-
tone complex is a fairly good model of the three-dimensional
structure of NE.

Fluorescence titration (Cade`ne et al. 1997) indicates that
the chloromethylketone complex binds suramin with a 1:4
stoichiometry and aKD of 2.3× 10-7 M, a value very close
to that found for free NE (data not shown). The variations
of the lifetimes and the quantum yields in the presence of
suramin are similar to those observed with noninhibited NE
(Table 4). However, in contrast to noninhibited NE, the
ultrashort lifetime (40 ps) could be directly measured for
the ternary NE-chloromethylketone-suramin complexes so
that the φ295/〈τ〉 values were constant. The fractional
populations of inhibited NE with unquenched Trp 141 were
thus directly calculated from the relative amplitudes and were
indistinguishable from those of the noninhibited NE (Figure
3). Taken together, our data strongly suggest that the
presence of the chloromethylketone inhibitor in the NE active
site does not perturb the FRET between Trp 141 and the
four bound suramins. In turn, this suggests that suramin does
not bind to subsites S4-S1 of the enzyme’s substrate-binding
site and that the suramin-promoted inhibition of enzyme
activity (Cadène et al., 1997) is probably due to an indirect
effect of the ligand on the enzyme’s active site.

Molecular Modeling of NE Complexed to Four Suramin
Molecules. In a first step, using the low-energy conformation
of suramin from a previous molecular modeling study
(Mohan et al., 1991), we performed an energy minimization
followed by a 50 ps molecular dynamic simulation in order
to find the low-energy conformation of suramin. This
analysis yielded five different low-energy conformations of
suramin within an energy range of 10.2 kcal/mol, suggesting
that suramin is a flexible molecule. A helix-like structure
was, however, present in all these conformations. Structural

Table 4: Effect of Suramin on the Fluorescence Parameters of NE in Complex with MeO-Suc-Ala2-Pro-Val-CH2Cla

r φD ED τi (ns) ci 〈τ〉 (ns) φ295/〈τ〉 (s-1)

0 0.084 ((0.002) 0 0.19 ((0.03) 0.24 ((0.02) 1.40 6.0× 107

1.09 ((0.04) 0.29 ((0.03)
2.22 ((0.02) 0.47 ((0.04)

2 0.040 ((0.006) 0.52 ((0.03) 0.04 ((0.01) 0.31 ((0.03) 0.66 6.1× 107

0.19 ((0.01) 0.36 ((0.02)
1.08 ((0.02) 0.14 ((0.01)
2.23 ((0.02) 0.19 ((0.01)

4 0.013 ((0.002) 0.85 ((0.03) 0.05 ((0.01) 0.49 ((0.05) 0.22 5.9× 107

0.18 ((0.01) 0.41 ((0.05)
0.68 ((0.01) 0.06 ((0.01)
2.10 ((0.02) 0.04 ((0.01)

a Experimental conditions, significance and expression of the parameters were as in Table 2 and 3.

R0
6 ) (8.79× 10-25)κ2n-4

φD JAD (6)

R) R0[(1/E) - 1]1/6 (7)
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flexibility of ligands causes difficulties when protein-ligand
interactions are studied by molecular modeling techniques.
In order to partly solve this problem and avoid unfavorable
nonbonded interactions, a molecular dynamics simulation
was performed to refine the interactions between the four
suramin molecules and NE. Water molecules were not
included in the simulation, the main-chain atoms of NE were
kept at fixed positions, and the simulation was not performed
for more than 50 ps, so that the simulation should not be
considered as a study of time-dependent structural changes
of the NE-suramin complex. Four suramin molecules were
docked at the surface of the energy-minimized structure of
NE, the docking criteria being the complementarity in
electrostatic potentials between suramin and NE and the
distance constraints inferred from fluorescence data in the
absence and presence of suramin. Conformations different
from the observed lowest energy conformations of suramin
were also docked at the surface of NE, but these dockings
did not change the conclusions concerning the binding of
suramin to NE.
Several positions of suramin relative to NE were consid-

ered. Among them, the suramin-NE complex shown in
Figure 4 was found to be most in agreement with the docking
criteria. The molecular interaction energies between the
arginine side chains of NE and the naphthalene rings of
suramin as well as the distances between Trp 141 and each
naphthalene ring are given in Table 5. In good keeping with
the FRET data, the naphthalene rings of suramin that are
the closest to Trp 141 are located 12.5, 13.1, 28.6, and 27.7
Å from the indole ring of this residue (see also Table 5).
The two latter distances are slightly lower than expected.
This is due to the fact that both naphthalene groups are in a
perpendicular orientation relative to the indole ring of Trp
141, which markedly decreases the FRET. On an overall
basis, however, the model is in agreement with the FRET
data, which demonstrates that two suramin molecules are
located at less than 17 Å from Trp 141 while the two other
suramins are distant by at least 29 Å from this residue. We
also checked whether the model is consistent with the
interaction of suramin with the Arg residues of NE. In good
agreement with the observation that an average of four ionic
interactions takes place per molecule of bound suramin
(Cadène et al., 1997), we found that suramins 1, 2, 3, and 4
interact strongly with four, six, five, and three Arg residues,
respectively.
Conclusion.NE has been shown to bind numerous anionic

ligands; we report here the first structural model of its

complex with such a compound. This model was built using
the FRET data as constraints for molecular modeling. FRET
data have previously been used in an attempt to locate the
binding site of the hydrophobic inhibitor parinaric acid to
NE (Tyagi & Simon, 1991). However, in the latter case,
the study was performed by steady-state fluorescence and
only a mean distance between the three Trp residues of NE
and the inhibitor could be inferred. Using time-resolved
fluorescence spectroscopy, we unambigously assessed that
the long-lifetime class was mainly contributed by Trp 141
and thus we directly determined the distance between this
Trp and the four bound suramins. A second feature that
significantly simplified the analysis of this apparently
sophisticated system was that the suramin molecules bound
to NE had an all-or-none behavior as far as FRET is
concerned.
Of course, a further and definitive assessment of this model

requires X-ray crystallography of the complex. Nonetheless,
this model constitutes a good start to determine whether other

Table 5: Molecular Interaction Energies and Distances Recovered from Molecular Dynamics Simulation of the NE-Suramin Complexa

suramin molecule

number naphthalene groupb Eintc (kcal/mol) DTrp141
d (Å)

1 A Arg 36, 86.1; Arg 76, 78.7 12.5
B Arg 147, 76.9; Arg 149, 75.2 17.9

2 A Arg 20, 37.8; Arg 186, 67.3; Arg 187, 65.0 13.1
B Arg 21, 73.6; Arg 23, 60.0; Arg 75, 44.6 20.8

3 A Arg 177, 58.8; Arg 178, 51.0; Arg 217A, 46.0 28.6
B Arg 128, 70.9; Arg 129, 81.2 30.9

4 A Arg 63, 73.8; Arg 87, 50.7 27.7
B Arg 178, 66.4 33.9

a Both the molecular interaction energies,Eint, between the arginine side chains of NE and the naphthalene rings of suramin and the distances,
DTrp141, between Trp 141 and the naphthalene rings were recovered after 50 ps of molecular dynamics simulation and energy minimization, as
described in the text.b Suramin is a symmetrical molecule with two identical naphthalene groups (Nakajima et al., 1991). These groups have been
arbitrarily labeled A and B, according to their proximity with Trp 141, A being, in each case, the closest to Trp 141.c Eint are reported in absolute
values and only those larger than 20 kcal/mol are given.d DTrp141 was measured between the centers of the indole and the naphthalene rings.

FIGURE 4: Space-filling model of the NE-suramin complex. The
numbering of the four suramin molecules is as in Table 5. The
centrally located yellow residue is Ser 195 of the catalytic site of
NE. The green residue shown by an arrow is Trp 141. To make
this buried residue visible, Cys 191, Phe 192, and Gly 193 have
been deleted.
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anionic molecules such as heparin or polynucleotides that
also inhibit NE, and are thus potential therapeutic agents,
share common binding sites with suramin. This should easily
be performed by competition experiments, using FRET
techniques.
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