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ABSTRACT: The tryptophan time-resolved fluorescence intensity and anisotropy of the HIV-1 protease
dimer is shown to be a quick and efficient method for the conformational characterization of protease
inhibitor complexes. Four fluorescence lifetimes were needed to adequately describe the fluorescence
decay of the two tryptophan residues, W6 and W42, per protease monomer. As a result of the wavelength
dependence of the respective amplitudes, the 2.06 ns and the 4.46 ns decay constants were suggested to
be the intrinsic fluorescence lifetimes of the more solvent-exposed W6 and the less exposed W42 residues,
respectively. Analysis of the fluorescence anisotropy decay yielded a short correlation time of 250 ps
corresponding to local chromophore motions, and a long correlation time of 12.96 ns resulting from overall
rotation of the protease enzyme. Fluorescence lifetimes and rotational correlation times changed when
inhibitors of the HIV-1 protease were added. The effects of 11 different inhibitors including statine-
derived, hydroxyethylamine-derived, and 2 symmetrical inhibitors on the protease fluorescence dynamics
were investigated. Inhibitor binding is shown to induce an increase of the mean fluorescence lifetime
τmean, an increase of the short rotational correlation timeφ1, as well as a decrease of the long rotational
correlation timeφ2. The mean rotational correlation timeφmean was identified as the global dynamic
parameter for a given molecular complex, which correlates with the inhibitor dissociation constantKi,
and therefore with the activity of the inhibitor.

Human immunodeficiency virus (HIV)1 is the causative
agent for the acquired immunodeficiency syndrome (AIDS).
Since the discovery of HIV, the search for agents that prevent
the spread of this retrovirus has become a major research
activity. For this purpose, a number of targets for chemo-
therapy have been identified based on the life cycle of the
virus (1, 2). One of the best investigated among these targets
is the HIV-1 protease (3). Recently, a very successful
combination treatment of AIDS by nucleoside-derived an-
tiretroviral agents, which target reverse transcriptase, and
saquinavir (InVirase, Roche), a protease inhibitor, has gained
much scientific and public interest (4).
The HIV-1 protease is a homodimeric aspartyl protease

which contains 99 residues per monomer. The specific task
of this enzyme is to proteolytically cleave two precursor

polypeptides which are initially translated from thegagand
the pol viral genes. The results of this processing are
structural proteins and enzymes, among them the protease
itself, which are essential for the life cycle of the virus.
Efficient digestion of the precursor is controlled by the
specificity of the protease for certain amino acids at the
cleavage site and for certain conformations of the polypeptide
substrate. The active site of the HIV-1 protease can
accommodate six to eight amino acids and consists of two
aspartic residues at positions 25 and 25′ and the flexible
glycine-richâ strands or “flaps” (one from each monomer)
(5). The first X-ray structure of the HIV-1 protease was
solved by Wlodawer et al. (6). Since then, a wealth of three-
dimensional data has been published, including many
structures of the protease in complex with inhibitors (for
review, see ref7 and8). The binding cleft of the HIV-1
protease is formed at the interface between the identical
monomeric subunits (Figure 1). One essential requirement
for catalytic activity is a water molecule which is hydrogen
bonded between the backbone amide hydrogens of the two
isoleucine residues at positions 50 and 50′. In peptide-based
inhibitor complexes, this water molecule donates two hy-
drogen bonds to carbonyl oxygens of the bound inhibitor,
thereby inducing the fit of the flaps over the inhibitor (9).

Characteristically, aspartyl proteases are inhibited by the
naturally occurring pentapeptide pepstatin A isolated from
Streptomyces(10). Therefore, initial strategies for protease
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inhibitors focused on peptide analogues containing statine
as the transition state analogue. At present, the majority of
protease inhibitors are based on isosteric replacements for
the dipeptide at the scissile bond of the substrate. The most
potent isosteres are hydroxymethylene, hydroxyethylene, and
hydroxyethylamine derivatives with inhibition constants (Ki)
in the low nanomolar range (11). Recently, inhibitors con-
taining the aminobenzylstatine moiety as the transition state
analogue were shown to be antivirally active with a high
oral bioavailability (12). Alternatively, modified natural
substrates with transition state mimics or nonhydrolyzable
analogues of specific amino acids at the cleavage site were
demonstrated to be efficient protease inhibitors (13). More
novel approaches to the identification of inhibitors include
symmetry considerations (14, 15) as well as computerized
searches of three-dimensional databases (16).
Fluorescence intensity and anisotropy decays of protein-

intrinsic tryptophan and tyrosine residues are valuable tools
for studying protein conformations and their molecular
dynamics (17). Local motions, such as side chain and
backbone fluctuations, occur on a pico- and nanosecond time
scale which can be monitored using time-resolved fluores-
cence spectroscopy. These motions can therefore influence
the transient emission profiles of intrinsic chromophores if
there is a basic photophysical interaction mode. This may
be quenching of the fluorescence by a variety of mechanisms
such as excited-state collisions, electron or proton transfer,
and also the radiationless transfer of electronic excitation

energy (18). In addition, the fluorescence anisotropy decay
is the result of the fluorophore dynamics and the overall
rotation of the macromolecule (19). Structural and dynamic
details of the chromophore(s) and its environment are
therefore reflected in the fluorescence intensity and anisot-
ropy decays. A thorough analysis of both becomes possible
if the three-dimensional structure of the protein is known
(20-22). Therefore, the two tryptophan residues per HIV-1
protease monomer, W6/W6′ and W42/W42′ (see Figure 1),
were used as sensors in the present study to investigate the
local and global structural dynamics of the protease with
further emphasis on conformational and dynamic changes
upon binding of high-affinity statine, hydroxyethylamine, and
symmetrical inhibitors.

MATERIALS AND METHODS

Purification of HIV-1 Protease. HIV-1 protease was
expressed inE. coli (strain JM 105) using the expression
plasmid pTZprt+ (23). The enzyme was then purified to
homogeneity as described in detail previously (24). The
activity of the protease was checked immediately before
measurements according to Richards et al. (25).
Synthesis of Inhibitors. Synthesis and testing of antiviral

activity of the statine-derived inhibitors1-5 have been
described previously (12, 26-28). Also the synthesis of the
more novel paracyclophane-containing statine-derived pro-
tease inhibitors,7 and 8, has been reported recently (29).
The synthesis ofInVirase Ro 31-8959(6) as well as of9
and the two symmetric inhibitors10 und 11 followed
published protocols (15, 30-32).
For the time-resolved fluorescence measurements, a freshly

prepared 1µM protease solution was prepared in 100 mM
NaOAc (pH 4.7) and 1 M NaCl. This enzyme concentration
resulted in a sufficient fluorescence intensity signal and was
still low enough to avoid unspecific aggregation. All
fluorescence measurements were recorded at 37°C and were
background-corrected for buffer (+inhibitor) autofluores-
cence. The buffer conditions were chosen according to
conditions of the HIV-1 protease’s maximum biological
activity. For the measurements of protease inhibitor com-
plexes, the inhibitors were added in a 10-fold molar excess,
yielding at least 95% complex formation.
The inhibitor dissociation constants, Ki Values, were

calculated from the inhibitors’ IC50 values according to(48)
IC50 ) Et/2 + Ki(1 + S/Km), whereEt is the total enzyme
concentration,S is the substrate concentration, andKm is the
Michaelis constant for the substrate. The IC50 values of the
inhibitors were obtained by fitting the initial velocity data
(V) from the inhibition of substrate hydrolysis toV )
V0(IC50)/(I + IC50) whereI denotes the inhibitor concentration
andV0 is the velocity of the uninhibited reaction.
Steady-state fluorescence spectrawere recorded on a

SLM 8000C fluorometer (SLM Instruments, Urbana, IL).
Fluorescence excitation spectra were corrected for the
wavelength characteristics of the xenon lamp by the ratio
mode method, and fluorescence emission spectra were
corrected for buffer background emission. Commonly, slit
widths giving a bandwidth of 2 nm were used. The
integration time for 1 nm steps was 1 s in a 1 cmpath length
cuvette. All fluorescence measurements were performed
with polarizers in the magic angle setting to reduce the
influence of stray light.

FIGURE 1: Ribbon-tube drawing of the X-ray structures of (A, top)
the HIV-1 protease and (B, bottom) the complex of the protease
with 6 (InVirase). The coordinates were taken from the Brookhaven
data bank, entries 3phv (HIV-1 protease) and 1hxb (InVirase
complex). The structures have been displayed with the program
SYBYL 6.3 (TRIPOS Inc.) showingR helixes as red ribbons,â
sheets as blue arrows, and turns as yellow tubes. The tryptophan
residues and theInVirase structure are shown in a ball-and-stick
representation.
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Time-resolVed fluorescence and anisotropy spectrawere
recorded according to the single-photon counting method
(33), as described previously (34, 35). In short, the
frequency-doubled output of a DCM dye laser, which was
synchronously pumped by a mode-locked Nd:YLF laser
(Coherent, Palo Alto, CA), was used as excitation source at
300 nm. The emission was collected through a combination
of a WG320 cutoff filter and narrow band interference filters
(all from Schott, Mainz, Germany): 321.4, 329.9, 348.8, and
374.6 nm. The resulting fluorescence decays were back-
ground-corrected by subtracting the fluorescence decay of
the buffer (plus inhibitor) solution recorded under the same
conditions as the protease (plus inhibitor) decay. The
instrument response function was determined by measuring
the ultrafast fluorescence decay ofp-terphenyl (τ ) 25 ps)
in a solution of cyclohexane/CCl4 (1:1, v/v) (36).

Time-resolVed data analysiswas performed using the
commercially available maximum entropy program MEM-
SYS5 (MEM, Maximum Entropy Solutions, Ely, U.K.), the
principle of which has been extensively described in the
literature (37, 38). For the analysis of the fluorescence decay,
a distribution of 150 equally spaced lifetime valuesτ on a
log(τ) scale between 0.01 and 20 ns with amplitudesR were
used. The same was done for the analysis of the fluorescence
anisotropy decay: 150 equally spaced rotational correlation
time values,φ, on a log(φ) scale from 0.05 to 100 ns were
used. The starting distribution models were chosen to be
flat since no a priori knowledge about the system was
available. In all cases, theø2 values were close to 1.0 (see
Table 1), and the weighted residuals as well as the autocor-
relation of the residuals were randomly distributed around
zero indicating an optimal fit.

RESULTS

Steady-State Fluorescence.The fluorescence emission
spectrum of the HIV-1 protease is typical for a tryptophan-
containing protein in aqueous solution (39) with maximum
intensity at 341 nm (see Figure 3). The small blue shift
compared to the emission maximum of tryptophan in water
[λem(max)) 348 nm] refers to chromophores shielded from
the solvent. The position of the peak was found to depend
on the excitation wavelength, shifting from 341 to 344 nm
when excited at 275 and 305 nm, respectively. This shift is
the result of selectively exciting the two tryptophan fluoro-
phores W6 and W42 which are located in different environ-
ments (Figure 1) and therefore emit at different wavelengths

(18). Also shown in Figure 3 is the fluorescence excitation
spectrum of the protease which was recorded at an emission
wavelength of 346 nm and yielded maximum intensity at
284 nm.

Time-ResolVed Fluorescence Intensity Decay.A typical
time-resolved fluorescence decay of the protease is shown
in Figure 4 together with the respective data analysis by the
maximum entropy method (MEM). The decay was recorded
at 310 K with the excitation wavelength set at 300 nm, and
the emission was collected at 348 nm. The transient was
found to be highly nonexponential, being best fitted by four
fluorescence lifetime centers (Figure 4B) giving a mean
lifetime τmean) 2.23 ns (see Table 1). The subnanosecond
lifetimes τ1 ) 0.20 ns andτ2 ) 0.44 ns are interpreted as
the result of excited-state quenching of the tryptophan
emission by the protein backbone (40). The lifetimesτ3 )
2.06 ns andτ4 ) 4.46 ns are typical decay times for the
tryptophan’s indole moiety in environments of different
polarity.

The fluorescence of tryptophan itself is reported to decay
biexponentially in aqueous solutions with decay timesτ1 )
0.5 ns andτ2 ) 3.1 ns corresponding to different side chain
rotamer conformations (41). In the case of the HIV-1
protease fluorescence, it seemed therefore reasonable to
assume that the four fluorescence lifetimes arise from the
independently emitting tryptophan species W6 and W42. In
order to obtain a model of the individual tryptophan-
associated decays, total fluorescence intensity decays of the
protease were recorded at different emission wavelengths.
The emission wavelength was selected by inserting cutoff
filters in the emission path instead of a monochromator,
because the aim of the experiments was to collect maximum
data quality within a minimum of time.

Reducing the emission wavelength from 348 to 321 nm
resulted in a significant increase of the ratio between the
picosecond fluorescence lifetime amplitude areasA1/A2 from
0.06 to 0.40. In contrast to the amplitude ratio of the
picosecond lifetimes, the amplitude ratio of the nanosecond
lifetimesA4/A3 remained constant. On increasing the emis-
sion wavelength to 374 nm, the amplitude areaA1 disap-
peared completely, and the ratioA4/A3 was reduced from
0.58 (at 348 nm) to 0.46. From this pairwise wavelength
dependence of the protease fluorescence amplitude areas, and
assuming independently emitting chromophores, two lifetime
pairs were tentatively identified. A1(τ1) and A4(τ4) both
decrease with increasing wavelength and were therefore

Table 1: Parameters of MEM Fluorescence Decay Analysis

substance A1 (%) τ1 (ps) A2 (%) τ2 (ps) A3 (%) τ3 (ns) A4 (%) τ4 (ns) τmean(ns) ø2

apo 1.7 204 26.0 444 45.6 2.06 26.5 4.46 2.23 1.13
1 - - 26.0 468 46.5 2.08 27.3 4.61 2.34 1.20
2 - - 25.4 558 49.5 2.27 24.9 4.90 2.48 1.50
3 23.8 422 45.0 2090 19.0 3.69 12.0 5.49 2.40 1.30
4 - - 25.4 454 49.3 2.16 25.1 4.75 2.37 1.27
5 - - 25.6 461 42.1 2.03 32.2 4.31 2.36 1.20
6a - - 24.0 505 50.3 2.10 25.5 4.17 2.23 1.36
7 - - 25.2 489 49.7 2.20 24.9 4.79 2.40 1.38
8 - - 23.9 436 48.6 2.07 27.3 4.65 2.37 1.27
9 7.3 214 20.2 475 44.2 2.05 28.0 4.47 2.26 1.17
10 - - 26.6 491 49.8 2.24 23.5 4.87 2.37 1.25
11 - - 25.0 485 48.9 2.24 25.9 5.02 2.51 1.31

a InVirase (Roche).
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associated to the blue-emitting tryptophan chromophores. On
the other hand, A2(τ2) and A3(τ3) both increase with
increasing wavelength and were therefore associated to the

red-emitting tryptophan chromophores. A red shift of the
tryptophan fluorescence is commonly associated with solvent-
exposed residues, whereas a blue shift is associated with

FIGURE 2: Structures of HIV-1 protease inhibitors. TheKi values (in nanomolar) are shown. The trade name of substance6 is InVirase
(Roche).
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chromophores situated in a more hydrophobic environment
(42). The W6 chromophores are located on a turn close to
the protease core region (see Figure 1) and are more exposed
to solvent than the W42 chromophores, which are located
in a â sheet within the flap regions. We therefore suggest
that τ2 and τ3 are the intrinsic lifetimes of the W6 chro-
mophores andτ1 andτ4 are the intrinsic lifetimes of the W42
chromophores.
Furthermore, this interpretation was supported by our

recent molecular dynamics (MD) computer simulations of
the HIV-1 protease. These numerical studies were mainly
undertaken to calculate the theoretical anisotropy of the
enzyme itself as well as in complex with inhibitors, from
the tryptophan’s MD trajectories (Ringhofer et al., manuscript
in preparation). For this purpose, it was a major prerequisite
to account for the relative contributions of the tryptophan
species, W6/W6′ and W42/W42′, to the fluorescence decay.
The best agreement of the calculated anisotropy decay with
the experimental anisotropy decay was obtained if we took
the ratio 2:1 for the contribution of W6 over W42. This is

identical to the ratio of the amplitude area ratiosA3 relative
to A4, which represents, according to our interpretation of
the wavelength-dependent fluorescence intensity decays, the
weights of the W6 and W42 intrinsic lifetimesτ3 and τ4,
respectively.
Time-ResolVed Fluorescence Anisotropy Decay.The

fluorescence anisotropy decay of HIV-1 protease at 310 K
is shown in Figure 5A. MEM analysis revealed two narrow
rotational correlation time distributions atφ1 ) 0.25 ns and
at φ2 ) 12.96 ns with relative amplitudesB1 ) 19.2% and
B2 ) 80.8%, respectively. It is commonly assumed that the
fluorescence of proteins is depolarized (i) by rapid local
motions of the tryptophan side chain(s) and (ii) by the overall
rotation of the entire macromolecule (19). In the case of
HIV protease, this means that both the W6 and the W42
side chains move very rapidly according to their few
hydrophobic contacts, which is reflected in the small value
of φ1. The overall rotation is related to the hydrodynamic
volumeV by the Einstein-Stoke’s equationφ2 ) ηV/RT (η
is the viscosity of the medium at the temperatureT, andR
is the gas constant). The calculated hydrodynamic volume
of the HIV-1 protease equals 8.02× 104 Å3, which
corresponds to a molecular radiusr ) 26.7 Å. From the
crystal structure (6), it is well-known that the protease
molecule is disk-shaped (Figure 1) displaying a maximum
diameter of∼52 Å. The hydrodynamic radius computed
from the long rotational correlation timeφ2 therefore agrees
very well with the 3-D structure of the HIV-1 protease.
At 323 K, the anisotropy of the protease does not decay

to zero but instead reaches a plateau at the limiting anisotropy
value of 0.07 (data not shown). Unspecific aggregation at
higher temperature is the reason for this limiting anisotropy
which, however, did not lead to precipitation of the enzyme.
At 283 K, on the other hand, both rotational correlation times
φ1 andφ2 increased compared to 310 K. The increase is
the result of a general decrease in both local and overall
motion at lower temperatures.
Time-ResolVed Fluorescence of HIV-1 Protease Inhibitor

Complexes.The effect of 11 potent inhibitors (see Figure
2) of the HIV-1 protease on the fluorescence and anisotropy
decay of the enzyme was investigated. The results obtained

FIGURE3: Steady-state fluorescence excitation and emission spectra
of 1 µM HIV-1 protease in 100 mM NaOAc (pH 4.7), 1 M NaCl,
at 37°C (curves A and B-E, respectively). Curve A was recorded
with an emission wavelength of 346 nm. Curves B-E were
recorded with excitation wavelengths of 275, 285, 295, and 305
nm, respectively.

FIGURE 4: Time-resolved fluorescence intensity decay (A) and MEM analysis (B) of 1µM HIV-1 protease in 100 mM NaOAc (pH 4.7),
1 M NaCl, at 37°C. Excitation was set at 300 nm, and emission was collected at 348.8 nm.
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by MEM analysis are summarized in Table 1 and Table 2.
The mean fluorescence lifetimeτmeanof nearly all complexes
increased upon inhibitor binding as a result of a small
increase of each lifetime componentτi. The reason for
prolonged fluorescence lifetimes of the complexes is a
change of the chromophores’ local environments leading to
a slower deactivation rate of the excited state. Commonly,
reduced solvent exposure is associated with prolonged
fluorescence lifetimes. The mean lifetime remains un-
changed compared to the uncomplexed enzyme, only in
complex with the isoquinoline-containing hydroxyethylamine
derivative (6) due to the decrease ofτ4 which compensates
for the increases ofτ2 and τ3 (see Figure 6). Besides
representing a minor contribution to the protease decay, the
short lifetimeτ1 appears only when the protease is complexed
with the morpholine-containing homostatine derivative (9).
This means that in all other complexes this very specific
quenching channel of the W42 residues has disappeared
similar to the situation at longer emission wavelengths.
Interestingly, introducing a phosphate group on the phenyl
group (P3 site) of the benzimidazole-containing statine
derivative (1) gave3which showed a significantly different
fluorescence decay behavior. The appearance of three
nanosecond lifetime distributions at 2.09, 3.69, and 5.49 ns
is interpreted as being due to significant asymmetry

introduced into the molecular complex by binding of3. The
additional charged group leads to different decay times of
one tryptophan species in the two protease subunits. Since
the W42 side chains are much closer to the inhibitor binding
site than the W6 residues, it is more likely that the W42 and
W42′ side chains sense the asymmetry induced by binding
of 3, and therefore each decays with a characteristic
nanosecond lifetime (3.69 and 5.49 ns, respectively).

Inhibitor binding was also shown to significantly influence
the fluorescence anisotropy decay of the HIV-1 protease (see
Table 2). The local motions of the tryptophan residues in
the complexes, as expressed in the rotational correlation time
φ1, became slower compared to those in the uncomplexed
enzyme. The highestφ1 values were obtained for the
molecular complexes with theo-hydroxy-p-methoxyphenyl-
containing statine derivative (2), with the paracyclophane
derivative (8), and with the symmetric penicillin derivative
(11). The decreased mobility of the tryptophan residues in
the inhibitor complexes of the HIV protease is in good
agreement with the observed longer fluorescence lifetimes
(see Table 1). Shielding the chromophores from solvent

FIGURE 5: Time-resolved fluorescence anisotropy decay (A) and MEM analysis (B) of 1µM HIV-1 protease in 100 mM NaOAc (pH 4.7),
1 M NaCl, at 37°C. Excitation was set at 300 nm, and emission was collected at 348.8 nm.

Table 2: Parameters of MEM Anisotropy Decay Analysis

substance B1 (%) φ1 (ps) B2 (%) φ2 (ns) ø2

apo 19.2 250 80.7 12.96 1.26
1 16.9 276 75.8 11.95 1.40
2 12.9 354 81.3 11.82 1.89
3 15.2 265 84.7 10.97 1.60
4 11.7 308 88.2 11.04 1.63
5 17.0 293 81.9 11.86 1.49
6a 22.9 283 77.0 10.07 1.45
7 10.1 285 89.8 10.59 1.71
8 11.8 330 88.2 10.47 1.56
9 14.0 238 85.9 10.13 1.52
10 12.59 257 87.4 10.55 1.76
11b 14.2 325 26.7 5.11 1.39

a InVirase(Roche).bAnalysis of the anisotropy decay of the penicil-
lin derivative (11) yielded an additional limiting anisotropy, the
amplitude of which is 58.9%.

FIGURE 6: Time-resolved fluorescence decays of HIV-1 protease
in complex with the benzimidazole-phosphatidylphenylstatine
derivative (3) and with the isoquinoline hydroxyethylamine deriva-
tive (6). The experimental conditions were the same as described
in Figure 4.
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(increasedτmean) means less mobility (increasedφ1) due to
more apolar contacts with surrounding hydrophobic residues.
The overall rotational correlation timeφ2 of the HIV-1

protease decreased upon inhibitor binding (see Table 2 and
Figure 7) as the result of inhibitor-induced flap closing,
thereby reducing the hydrodynamic volume of the complexes.
This is in accordance with published X-ray structures of
protease inhibitor complexes (Figure 1). The most compact
(smallest diameter) complex is obtained with the morpholine-
containing derivative (9), whereas the most extended com-
plex is formed with the benzimidazole-containing derivative
(1). Another important readout of the protease inhibitor
complex anisotropy measurements is the occurrence of a
limiting anisotropy most pronouncedly in the decay of the
symmetrical penicillin derivative (11) (see Figure 7). This
limiting anisotropy is most probably the result of unspecific
aggregation of the protease, as observed for the uncomplexed
protein at 323 K. The different effects on the hydrodynamic
volume, shrinking and aggregation, are illustrated in com-
parison to the uncomplexed HIV-1 protease in Figure 7.

DISCUSSION

Characterizing drug receptor interactions should yield new
insights into the mechanism by which inhibitors act, and
therefore open new ways for developing better drugs (1).
The HIV-1 protease in complex with many of its inhibitors
is structurally and mechanistically one of the best character-
ized enzymes (5, 43). However, besides knowing the three-
dimensional structure of many HIV-1 protease inhibitor
complexes, one essential aspect of these interactions has been
underestimated, namely, the experimental determination of
the dynamics of these complexes (44, 45). Only recently
the “importance of being floppy” (46) has been recognized
for HIV-1 protease inhibitor complexes on the basis of NMR
experiments (47). The authors showed that the side chains
located in the substrate binding region as well as on the flap
regions are less mobile than the rest of the molecule when
an inhibitor is bound.
The time-resolved fluorescence experiments presented in

this study showed that the tryptophan residues are excellent
reporters for the molecular dynamics of HIV-1 protease

inhibitor complexes. The demonstration of decreased side
chain mobility as well as a reduction in the hydrodynamic
molecular volume of the complexes, which has been revealed
by the protease inhibitor complex anisotropy decays, is in
good agreement with NMR and X-ray studies. With nano-
to micromolar chromophore concentrations and approxi-
mately 15 min for a typical measurement, time-resolved
fluorescence experiments are a sensitive and fast means for
studying the molecular dynamics of protein ligand com-
plexes.
In general, all 11 high-affinity inhibitors (see Figure 2)

induced changes of the tryptophans’ photophysics, including
an increase of the mean fluorescence lifetimeτmean, an
increase of the short rotational correlation timeφ1, as well
as a decrease of the long rotational correlation timeφ2 (see
Tables 1 and 2 and Figure 7). Structurally speaking, this
means that binding of transition state analogues yields,
relative to the uncomplexed protease, more compact molec-
ular complexes with specific tryptophan surroundings and
dynamics. In the time-resolved fluorescence intensity decays
of the protease inhibitor complexes, the most inhibitor-
dependent parameter isτ4 (see Table 1). From the emission
wavelength dependence of the amplitudesAi, we suggested
thatτ4 (together withτ1) is the intrinsic lifetime of the W42
chromophores. Since these side chains are located on the
flap regions of the protease (Figure 1), they take part in the
conformational rearrangements of the enzyme upon inhibitor
binding. Therefore, chemically different inhibitors can give
rise to different fluorescence decay constants of the W42
fluorophores.
We assume that the local chemical surrounding provided

by the local secondary and tertiary structure is responsible
for the value ofτ4. Consequently, changes in the local
environment induced by inhibitor binding are reflected in
differentτ4 values. The lifetime centerτ4 of most protease
inhibitor complexes is higher compared to the uncomplexed
enzyme (see Table 1). This means that the W42 chro-
mophores in the inhibitor complexes experience less colli-
sions with solvent and/or are exposed to more hydrophobic
contacts than in the unliganded protein. In complex with
the phosphorylated benzimidazole-containing statine deriva-
tive (3), a very long fluorescence decay constantτ4 ) 5.49
ns was observed. In addition, a fluorescence lifetime
distribution at 3.69 ns was detected, which could not be found
for any other protease inhibitor complex nor for the uncom-
plexed enzyme (see Table 1). These two fluorescence
lifetimes are interpreted as arising from the two W42
chromophores, each decaying differently in complex with
3. The additional phosphate group on the phenyl ring at
the P3 site of3 obviously introduced a significant asymmetry
compared to1 in the binding site, which has a major impact
on the individual W42 fluorescence decays.
The symmetrical penicillin derivative11also gave a rather

large value forτ4 ) 5.02 ns, but no additional nanosecond
lifetime component was detected like for the3 complex.
Moreover, a limiting anisotropy was found for this complex
(see Figure 7) which is interpreted as being most likely the
result of aggregation of the complexed molecules. In
complex with11, there are more hydrophobic contacts with
the W42 chromophores, which is characteristic for (unspe-
cific) molecular aggregates, and which is reflected in the
rather long lifetimeτ4 of this complex.

FIGURE 7: Time-resolved anisotropy decay of the HIV-1 protease
compared with the decays of the molecular complexes with the
isoquinoline hydroxyethylamine derivative (6) and with the penicil-
lin derivative (11). The experimental conditions were the same as
described in Figure 5.
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There is only one protease inhibitor complex for which a
shorter τ4 value has been found than in the unliganded
enzyme (Table 1). Obviously the W42 environment within
the flaps of the HIV-1 protease in complex with the
isoquinoline-containing hydroxyethylamine derivative6 is
different compared to the other complexes in such a way
that more frequent solvent collisions can lead to the observed
shorter intrinsic lifetime of the W42 residues. We hypoth-
esize that this environment of the W42 residues, which is
also but less pronouncedly observed in the5 complex, is a
characteristic structural feature which leads to the good
inhibitory activity data of these two compounds.
From the time-resolved fluorescence anisotropy experi-

ments, we have observed that binding of inhibitors to the
HIV-1 protease resulted in a decreased mobility of the
tryptophan side chains, as expressed by the increasedφ1
values. This was accompanied by a reduction in the
hydrodynamic volume, as shown by the decreased overall
rotational correlation timesφ2. Mechanistically, specific
binding of an inhibitor (or ligand) to its receptor involves
electrostatic and hydrophobic interactions with certain side
chains in the binding site. The magnitude of these interac-
tions depends on the chemical nature of the inhibitor and is
therefore the reason not only for a certainKi value but also
for inhibitor-specific structural rearrangements of the receptor
protein. Different pharmacophoric interaction patterns be-
tween inhibitor (ligand) and HIV-1 protease (receptor) lead,
besides specific interaction patterns in the substrate binding
site, to specific conformational changes of the entire protein.
This structural change is reflected in the rotational correlation
times of the protease obtained from time-resolved anisotropy
measurements. Since both inhibitor-specific side chain
motions as well as the overall rotation are a measure of the
structural rearrangements induced by an inhibitor, a correla-
tion of the Ki values with time-resolved fluorescence
anisotropy parameters seemed possible. Our experiments
have shown that, although no single rotational correlation
time correlates with theKi values, the “composed” parameter
φmeandoes so referring to inhibitor-specific contributions of
the side chain dynamics relative to the overall rotation of
the complexes. By definition,φmean [)b1φ1 + b2φ2 (bi )
Bi/100)] is the average anisotropy decay constant consisting
of the relative (amplitude-weighted) contributions of the
depolarizing modes (φ1 andφ2). Therefore, the value ofφmean

represents a measure of the global dynamics of the molecular
complexes. A hyperbolic correlation ofφmeanwith the inhibi-
tor dissociation (inhibition) constantKi was revealed (see
Figure 8). Onlyφmeancorrelates with theKi. No single value,
amplitude or rotational correlation time, exhibits this cor-
relation. Consequently, a low global dynamic parameter
φmean represents a new and easily accessible parameter for
the optimization of activity of HIV-1 protease inhibitors.
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