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Trp42 rotamers report reduced flexibility when the
inhibitor acetyl-pepstatin is bound to HIV-1 protease
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Abstract

The Q7K/L331/L63I HIV-1 protease mutant was expressedescherichia coliand the effect of binding a substrate-
analog inhibitor, acetyl-pepstatin, was investigated by fluorescence spectroscopy and molecular dynamics. The dimeric
enzyme has four intrinsic tryptophans, located at positions 6 and 42 in each monomer. Fluorescence spectra and
acrylamide quenching experiments show two differently accessible Trp populations in the apoenzykge-wal85 X

10° M ts ! andkg, = 1.88x 10° M ~1s™1, that merge into one in the complex wikg = 1.78x 10° M s~ 1.

500 ps trajectory analysis of Trp,/x» rotameric interconversions suggest a model to account for the observed Trp
fluorescence. In the simulations, TyfBp6B rotameric interconversions do not occur on this timescale for both HIV
forms. In the apoenzyme simulations, however, both Trp42s and Trp42Bs are flipping betweenstates; in the
complexed form, no such interconverions occur. A detailed investigation of the local Trp environments sampled during
the molecular dynamics simulation suggests that one of the apoenzyme Trp42B rotameric interconversions would allow
indole-quencher contact, such as with nearby Tyr59. This could account for the short lifetime component. The model
thus interprets the experimental data on the basis of the conformational fluctuations of Trp42s alone. It suggests that the
rotameric interconversions of these Trps, located relatively far from the active site and at the very start of the flap region,
becomes restrained when the apoenzyme binds the inhibitor. The model is thus consistent with associating components
of the fluorescence decay in HIV-1 protease to ground state conformational heterogeneity.

Keywords: 500 ps molecular dynamics; acrylamide quenching; dihedral trajectories; dynamics influenced by inhibitor;
ground state heterogeneity; Trp fluorescence; Trp rotamers

HIV-1 protease the homodimeric aspartyl-protease encoded in théesign(Wlodawer & Vondrasek, 1998While a great amount of
viral genome of the HIV-1 virus is essential for the proper matu-effort has been invested toward practical applicati@g., deter-
ration of the virus. It cleaves the polyprotein products of giag mination of inhibitor binding constants, description of the active
and pol viral genes(Kohl et al., 1988, making the release of site triad, little has been contributed to the detailed understanding
enzyme proteins including the protease itself posdiBleelmeier  of the structural consequences of inhibitor binding at the level of
et al., 1988. Inactivation of the enzyme by mutation or chemical the whole protein molecule. To obtain information about the struc-
inhibition causes the production of immature, noninfectious viralture of the enzyme in solution, NMR spectroscopy has been used
particles(Seelmeier et al., 1988Use of the enzyme was proposed for several years, but no results have been published about the
as a target in anti-AIDS drug design, and thus the effect of bindingapoenzyme itself, the studies being limited to the protease complex
various inhibitors on protease structure and activity is currently thewith various inhibitors'Yamazaki et al., 1994; Wang et al., 1996a,
focus of intensive researdliritzgerald et al., 1990; Wlodawer & 1996h. The lack of comparative studies is probably due to the fact
Erickson, 1993; Pargellis et al., 1994; Polgar et al., 1994; Yamazakihat the apoenzyme is known to undergo autoproteolfRizsé
et al., 1994; Nicholson et al., 1995; Wlodawer & Vondrasek, 1998;et al., 1993; Mildner et al., 1994In the present study, we focused
Trylska et al., 1999 Four such inhibitors, i.e., saquinavir, indi- our interest on complex formation with acetyl-pepstatin and used
navir, ritonavir, and nelfinavir, were recently introduced to clinical the Q7K/L331/L63I HIV-1 mutant, known to be resistant to auto-
applications(Flexner, 1998 as a result of structure assisted drug proteolysis(Mildner et al., 1994. Highly sensitive fluorescence
spectroscopic methods allowed us to perform the studies in solu-

Reprint requests to: Judit Fidy, Institute of Biophysics and RadiationtlonS of low Concentrat.lon.
Biology, Semmelweis University, P.O.B. 263 H-1444 Budapest, Hungary; 1here are three available crystal structures for HIV-1 protease,
e-mail: judit@puskin.sote.hu. determined at various resolutions: threarbon backbone structure
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of the NY5 isolate at 3.0 ANavia et al., 1989 the synthetic  Table 1. Inequivalent atomic distances between residues in the
structure replacing two cysteines by ABAs at 2.8(Wlodawer  two subunits of the HIV-1 complex with acetyl pepstatin

etal., 1989, and the 2.7 A structure of the native proteésapatto
et al., 1989. The coordinates of several protease complexes with _ Distance _ Distance  Difference
peptide or nonpeptide inhibitors have also been deposited at theP Residue R TP Residue *) &)
Protein Data BankPDB), including the 2.0 A resolution structure

6 Asn37B 3199 6B  Asn37 30.01 1.98

of HIV-1 complexed to acetyl-pepstatifritzgerald et al., 1990as 6 Lys7 7.41 6B Lys7B 9.76 235
well as that of the Q7KL33I/L63l mutant complexed to the 6 Lys7B 29.33 6B Lys7 27.34 1.99
Glu-Asp-Leu tripeptidg2 A, Louis et al., 1998 6 GIn92B 10.03 6B GIn92 6.80 3.23
HIV-1 protease is a dimefFig. 1A), containing two identical 42  Glu65 24.45 42B  Glu65B 26.42 1.97
subunits and two Trp residues per monomer, at positions 6 and 422 Glu35B 3890  42B  Gluds 36.23 2.67
The greater part of the protease is ordere@-strands except for 42 Asn37 912 42B  Asn37B 1164 2.52

residues 86—94, which are orderedelical form. Asp25, Thr26,

and Gly27 form the “active site triad” at the dimer interface where 2The atomic distances were measured between the indole N of Trp and

the inhibitor binds. The binding site can accommodate six to eighthe y-C in case of Asn and-C atoms in cases of Glu and GIn.

amino acid residues. Residues 42-58 form a highly flexible region

in each subunit of the protease, referred to as the “flap region.” It

is also part of the dimer interface and it is evident from the X-ray

structures that it is significantly involved in the conformational Ne€twork connecting the two monome(¥ork et al., 1993—

change occurring upon inhibitor binding. A 4.6 A motion of the stretches out in solvelitf. Fig. 2), while Trp42, located in the flap

flap region toward the active site takes place upon binding, as sedi€gion, has its aromatic ring flipped back unto itself and in closer

in the upper part of the structures shown in Figure 1. The monocontact with the protein matrix. The above differences between

mers are slightly asymmetric, as illustrated in Table 1, which listsTTP6 and Trp42 are maintained in both the complexed and uncom-

some inequivalent distances measured from Trp residues in the tw@jexed forms of HIV-1.

subunits of the complex. The two Trp residuésand 42, respec- The presence of tryptophan intrinsic probes makes the protease

tively) are also not equivalent, both in terms of geometry and in the? good candidate for fluorescence studies. Conformational changes

respective environments in which they are found: Trp6—located~aused by increased pH and Mig ion concentration were suc-

close to the N-terminal believed to play a role in the H-bond cessfully monitored using the emission spectrum of the intrinsic
Trp residueg Tyagi et al., 1994 In a recent work, the fluorescence
intensity and anisotropy decay of several apoenzyme—inhibitor com-
plexes were studied using a ps laser excitation technique, and the
lifetime components extracted from the fluorescence decay mea-

Fig. 1. Structure of(A) HIV-1 protease andB) its complex with acetyl
pepstatin. The Trp residues and the inhibitor are rendered as balls arfeig. 2. Side view of (A) the structures of HIV-1 protease ariB) its
sticks. complex with acetyl pepstatin.
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surements were identified based on simulations of the dynamiand that of the complex overlaid. This shows a significant differ-
behavior of the two types of Trp residues present in the structurence in the blue side of the excitation maximum where the con-
(Kungl et al., 1998; Ringhofer et al., 199The complex with the  tribution of theL, < A transition is known to predominat€allis,
inhibitor acetyl-pepstatin has not been studied previously. 1997; Valeur & Weber, 1977

In this work, we compare the structure of the Q11831/L63lI In Figure 4A, the fluorescence decay of the apoenzyme is shown
mutant HIV1-protease and its complex with acetyl-pepstatin. Weat room temperature, as registered by the ns-flashlamp system,
present models for the structure of the mutant apoenzyme obtainedith excitation at 295 nm and emission at 340 nm. The decay
from the three-dimensiondBD) structural data available for its curves could not be well fitted with one exponential, but the sum
complex with a small tripeptide inhibitor. We describe the dynamicof two exponentials resulted in acceptable chi-squared values
behavior of the Trp residues during the course of comparativécf. weighted residuals in the figureln the case of the complex
500 ps molecular dynamics simulatiof$IDS) and propose a (Fig. 4B), the two exponential fit did not improve the quality of the
model to interpret the ns-experimental fluorescence data on thét significantly. The datalaverage values of several independent
basis of Trp42B rotamer states exploring different local environ-experimental serigsare shown in Table 2. For the apoenzyme,
ments. We compare their respective accessibility to potentiatypical values from the two-component fit were; = 2.73 ns
guencher groups and discuss the different local environments dfl9.2% and 7, = 5.7 ns(80.8%9, (r) = 5.13 ns and for the
Trp6s and Trp42s. complex:7; = 3.1 ns(21.7% and7, = 5.9 ns(78.3%, (r) =

5.29 ns.

Results
Fluorescence quenching studies
Fluorescence spectroscopy and excited state lifetime

) o _ Effect on the spectra
The corrected and normalized fluorescence excitation and emis- . . . .
sion spectra of the apoenzvme at room temperature are shown in Fluorescence quenching studies using acrylamide as a quencher
. P P Y . P were performed to test if the two discrete lifetime components of
Figure 3A. Complex formation does not influence the fluorescenc

I L . . . he fluorescence decay can be identified as the contribution of two
emission spectra significantly, thus it is not shown in the figure.

Figure 3B shows the fluorescence excitation spectra of the enzyme
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Decays were collected at 295 nm of excitation wavelength and 340 nm of
Fig. 3. A: Fluorescence excitatiof\ey, = 340 nm and emissior(excita- emission wavelength. Results of two-exponential fits for the presented
tion Aex = 295 nm) spectra of the apoenzymB: Superposed excitation decays werer; = 2.7 ns,f; = 19.7%,7, = 5.6 ns,f, = 80.3%, (apoen-
spectra of apoenzyme and complghashed ling zyme), 71 = 3.36 ns,f; = 19.9%, 1, = 5.84 ns,f, = 80.1%.
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accessible and one inaccessible Trp, using the linearized form of
the Stern-Volmer equatiofiehrer, 1971

Table 2. Van der Waal contact with protein quencher groups
by the different Trp rotamers sampled during 500 ps
simulation time

lo 1 1
ApoHIV-1 Complex — =+ = (1)
Al fa KD [Q] fa
vdw vdw
contact contact wheref, is the fraction of the initial fluorescence that is accessible
Trpé6 X1 g N g N to the quencher andl is the difference between the intensity of
X2 -9 N -9 N fluorescence in the absence of quenctigy and the intensity at
Trp6B “ o N o N various_ quencher concentrati_ons. The linear fitgal pI_otte_d as
o 90 N oo N a function of{ Q] (not shown yielded 86% for the contribution of
the accessible Trps in the apoenzyme and around 100% for the
Trp42 X1 g* N g N complex(i.e., they-intercept was close to)1
X2 90/-9¢° N o N The downward curvature of the Stern—Volmer plot in the case of
Trp42B X1 g*/g” Y gt N the apoenzyme agrees well with the multicomponent feature of the
X2 90/-90° Y 90° N lifetime data. It indicates that there are Trps in the protein with

distinct accessibility for quenchind=ftink & Ghiron, 1981. The
inset of Figure 5 shows that quenching leads to a blue shift in the
emission spectrum of the apoenzyme. This result is not only in-
dicative of the presence of distinct Trps, but also shows that the
) ) ) _Trps with red shifted spectra are more effectively quenched.
differently accessible Trps of the protein. We selected acrylamide |, ihe case of the complex, no significant spectral change could
as ggencher because it only has a very slight effect on the eNZyMgs observed upon quenchiigf. Fig. 5, inset Thus, the Trps in
activity of HIV-1 proteasg3-5% decrease at a 0.3 M acrylamide s conformation are not significantly different in their accessi-
concentration Similar concentrations of iodide as quencher dras'bility for quenching. The upward curvature observed in the inten-
tically lowered the enzyme activity. o sity plot of the quenching experiment is probably indicative of the
The fluorescence intensity at a constant emission wavelengt.c rrence of both dynamic and static processes, but a similar

(Aex = 295 NnM,Aem = 340 N as well as emission spectfie, =

effect arising from a significant contribution of the transient term

295 nm were measured as described in Materials and methodgyf the smoluchowski equatiaiEftink & Ghiron, 1981 during the
The intensity plot, shown in Figure 5, shows a downward CUVa-uenching process cannot be excluded either.

ture in the case of the apoenzyme. The same experiment in the case

of the complex leads to an upward-curving intensity pbbtFig. 5).
A Lehrer plot analysignot shown was also performed, based on

the most simple model, i.e., that the emission occurs from one
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Fig. 5. Intensity Stern—Volmer plots of the apoenzyi® and the com-

plex (0). Inset: Fluorescence emission spectrd/f the apoenzyme and
(B) the complex at 0 Msolid line) and 0.35 M(dashed ling acrylamide

concentrations, excitation wavelength295 nm.

Effect on the fluorescence decay

Figure 6A shows a Stern—-Volmer plot based on an evaluation
using two lifetime components for the case of the apoenzyme. It is
seen that both lifetime components can be fitted to linear plots,
yielding significantly distinck, bimolecular quenching constants.
The values are listed in Table 3. The conclusion from the quench-
ing studies for the apoenzyme is that the data can be well inter-
preted by assuming the existence of two types of Trp populations.
The population with shorter lifetime is more effectively quenched
by a collisional mechanism, and this population has emission spec-
tra red shifted relative to that of longer lifetime.

In the case of the complex, the decay curves could not be so well
fitted by two lifetimes(as mentioned aboyeThe Stern—Volmer
plots based on two lifetime components did not lead to straight
lines (not shown, but a downward curvature could be observed.
As the intensity plot and the spectral data shown in Figure 5 were
indicative of similar Trp behavior in the quenching experiment, we
evaluated the lifetime data by using the mean lifetime in the Stern—
Volmer plot as shown in Figure 6B. The data points are from three
independent experiments; they can be well fitted by a straight line.
The bimolecular quenching constant is given in Table 3; it is
somewhat smaller than that of the Trps with longer lifetime com-
ponents in the apoenzyme.

Trp dynamics by computer simulations

Figures 7 and 8 plot the variation of thg and y, Trp dihedral
angles for the 500 ps time course of the distance-dependent di-
electric simulations acquired after a 100 ps equilibration. All Trp
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residues are seen to adopt the/ y. geometries of stereochemi-
cally favored staggered rotamers, i.et,gg~, or 90 or —90°
(cf. Materials and methodisThe distribution of rotamer popula-

B. Ullrich et al.

tions for the length of available and comparable trajectory time
(cf. Materials and methoglsin the motion of Trp6 and Trp6B, the
trajectories did not show significant differences, both in the apo-
enzyme and in the complex. These residues kept fluctuating about
the same average geometry, i.e., that of thefay the y;, and 90

for the y, dihedral case.

To illustrate how the rotamer conformations sampled by the Trp
residues during the time course of the trajectories report on the
local protein environment, we display graphicalligs. 9, 10 the
proximity of the Trp indoles to a protein matrix quencher group,
i.e., the phenol group of Tyr5@hen & Barkley, 1998 For clari-
ty's sake, we only display the van der Waals surfaces of the stron-
gest quencher present in the respective environments of the Trp
residues. Specifically, Figure 9 compares—for both apoenzyme
and complex—the quenching environment of Trp42 and Trp42B in
the y; rotamer conformations extracted from the MDS and shows
that, in its “flipping” motion between two rotamers, Trp42Bdn
the apoenzyme is the only species which comes into effective van
der Waals contact with the quencher. Figure 10 comparegthe
interconversions. In the case of the apoenzyme Trp42, thargd
—90 rotamer interconversion does not bring the indole closer to
the quencher(Fig. 10A,B. However, in the case of Trp42B
(Fig. 10C,D, interconversion again results in van der Waals over-
lap of the —90° rotamer with the quencher groufig. 10D).

Thus, the dynamics are suggestive of two different Trp42 pop-
ulations: one that would make van der Waals contact with a quench-
ing group, consisting of the-90° and g~ rotamers of Trp42B
exposed to quencher in the apoenzyme, and another population,
not exposed to Tyr59, that would consist of Trp42 in both apoen-
zyme and complex and of the ®and g" rotamers of Trp42B in
the complex.

The same analysis was performed for all other known quencher
groups of indole present within probable van der Waals overlap
distance, i.e., the sulfhydryl group of Cyso contack, the amide

tions is also listed in Table 2. We note here that Trp does not adopgroups of Asn37, Asn37B, Asng8o contack, and of GIn58, 92B

the third possibley; rotamer, i.e.t = 18C; this is not surprising
as this rotamer has been shown to be indicative-btlical struc-

(no contack; the e-amino group of Lys43, Lys55, and Lys55Bo
contac}. Special attention was paid to Lys7, which replaces GIn7

ture (Willis et al., 1994, which does not occur in this region of the in the mutant protease. ltsamino group, also reported as an

protease.

indole fluorescence quencher in this pH-raridean & Beddard,

The most dynamically active Trp is Trp42B, which switches 1985, was observed to be dynamically quite active during the time
between two possiblg./y» rotamers, but only in the apoenzyme course of the simulations, in some instances approaching Trp6 as

(cf. bottom left graphs in Figs. 7)8In the complex, it adopts only
one y1/x» conformation(cf. bottom right graphs in Figs. 7).8As

close as 2.8 A with van der Waals overlap of the residues. In the
simulations, no other Lys residue was seen to approach a Trp

for Trp42, it adopts the § geometry in both the apoenzyme and indole so closelye.g., Lys55, Lys55B, Lys43, Lys43Brhe quench-

the complex, and both 90-90° conformations in the apoenzyme.

ing mechanism of lysine in proteins is not yet known, but studies

We note here that this type of dynamic behavior was observed iperformed on model peptidé€hen & Barkley, 1998 have pro-
both explicitly solvated and distance-dependent dielectric simulaposed an excited-state proton transfer mechanism. If this is the

Table 3. Fluorescence decay parameters of apoenzyme and complex obtained

from a double exponential fit

Apoenzyme Complex
Ti Contribution Kq Ti Contribution (r) kg
(ns) (%) (M~ts71) (n9) (%) (ng  (M7ts7h)
2.7+ 0.16 19.2 6.85< 10° 3.1+ 0.36 21.7 5.29 1.7% 10°
5.7 + 0.05 80.8 1.88 10° 59+ 0.14 78.3

aThe decays were collected &, = 295 nm andAgm, = 340 nm.
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Fig. 7. Variation of the y; dihedral angles of all four Trp residué8, 6B, 42, and 42Bpresent in HIV-1 proteaséeft side and in
the complexright side during a 500 ps simulation. A dihedral of 6frresponds to the’grotamer and one of 60° to the g~ rotamer.
x1 is defined as the N-CA-CB-CG dihedral angle. AP symbol refers to the results obtained for the complex with acetyl-pepstatin

inhibitor.

case, in addition to proximity, very stringent geometry orientations Possible peptide bond quenching was also investigated. In model
would also be required, so as to have the lysine make contact witpeptide studies, effective quenching requires at least two amides
either C2, C4, or C7 on the indole ring. No such overlap could be(Chen et al., 1996 and such close overlap was not observed with

extracted from the MDS runs. backbone peptide bond segments in the immediate vicinity of the
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Trps. However, recent work by Engelborgh’s group shows that, irthat is, the electron can travel along the covalent bond network
proteins, very effective quenching can occur by electron transfelinking the carbonyl C to the indole CE3 or via a “through space”
from Trp’s indole CE3 atom to Trp’s own peptide bond—carbonyl pathway(Sillen et al., 2000 These quenching mechanisms, how-
carbon. Quenching can occur via a “through bond” mechanismever, require specific orientations for the interacting orbitals. We
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Fig. 9. Van der Waals surface renderingsesh) of the y; Trp rotamers and of the phenol of Tyr59 sampled during 500 ps and showing
no quenching contact for a, b, ¢, andrdspectively, Trp42¢ and Trp42Bg in the complex, Trp42§ and B42g in the apoprotease
and quenching overlap for @rp42Bg™ in apo.

analyzed the trajectories to monitor the distance of the Trp indoleHowever, even if the analysis resulted in showing that the distance
CE3 atoms to the nearest peptide bond carbonyl C-atoms. Thigequirement could be met, we could not investigate the orbital ori-
yielded distances that came within efficient quenching distance foentation requirement and could therefore not rigorously elaborate
the Trp42s but not for the TrpGs-4.5 A, cf. Sillen et al., 2000 the details of a possible peptide bond additional quenching possibility.
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Fig. 10. Van der Waals surface renderingmesh) of the y, Trp rotamers and of the phenol of Tyr59 sampled during 500 ps and
showing no quenching contact for the°®hd —90° rotamers of Trp42 and the 9@tamer of Trp42B in the apoenzyna, B, and

C) and quenching contact for the90 rotamer of Trp42B in the apoenzynib).

Trp solvent accessible surfaces

Table 4. Solvent accessible surface areas of Trp residues
during 500 ps

The orientation of the protease structufess Fig. 2) clearly shows

that both Trp6 and Trp6B residues are solvated in the X-ray strucTrP

Rt (Rmin/Rmy)

RCompIex (len/Rmx)

tures. It was of interest to know if this degree of solvation under-
goes significant fluctuation extrema in time. The average SASAGB
(cf. Materials and methoglgalculated for all Trp residues in both
complexed and uncomplexed forms during the 500 ps simulation
) : VA 42B (g")
are listed in Table 4 as well as the extreme maxiiommimum 28 (g )
values. The Trp6 and Trp6B residues are seen to remain clear@ZB (tgr)
solvated withR values consistently greater than 72.3, i.e., above

77.2(75.4/78.2
76.7(75./79.0
47.2(44.4/49.5
45.0(42.7/46.3
47.2(43.4/48.2
76.7(72.6/78.2

74.8(73.2/77.9)
75.9(72.3/76.7)
38.4(36.943.1)
44.3(41.2/47.9

the limiting value of 70 for solvent-exposed residues. Rhalues
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of the Trp42 and of the Trp42B rotamers are also indicative ofon the mean lifetiméi.e., 5.29 n§ however, shows a linear de-
solvent exposure, but to a much lesser extent than the Trp6s withendence. There is also no spectral change due to the presence of
R values~40 (cf. R value for buried Trp is<20). They can thus the quencher. All these facts lead us to conclude that the proba-
be considered as partially buried or with one plane of the indolebility of collisional quenching is very similar for all the Trps in the
ring exposed to the protein matrix and the other to solvent. Itdimeric protein and that all have about the same fluorescence
should be noted that, in view of the simulations, as Trp42B flipsdecay time. Thus, the binding of the inhibitor somewhat decreases
from the ¢g' to the g~ conformations, it also becomes fully solvent- the long lifetime component of the apoenzyme and significantly
exposed42B“tr” in Table 4). increases the short component.

The MDS trajectories suggest a model in which inhibitor bind-
ing would only affect the motion of Trp42B. In the trajectories,
this Trp becomes very similar to that of Trp42 in the complex.
Since Trp42 and Trp6 are located in very different environments
(cf. Table 4, it is hard to imagine that they would form one
In the ns range, the fluorescence decay of the apoenzyme could Ip@pulation in the complex with respect to collisional quenching
well fitted with two exponentials, namely 2.7 and 5.7 ns, with aand fluorescence lifetime. Thus, a possible interpretation of our
much higher contribution from the longer componggit Table 2. data would be that the contribution of Trp6 and Trp6B to the
The lifetime values are comparable to those reported by Kungbverall fluorescence decay is negligible on the ns timescale. In this
et al.(1999 for native HIV-1 protease. Those values were 2.06 andinterpretation, the effect of inhibitor binding would be based solely
4.46 ns, respectively. Besides the significant difference in the longn the Trp42 rotamers with corresponding assignments that the 2.7
lifetime, their respective contribution was also different, leading toand 5.7 ns lifetimes characterize different rotameric states of Trp42
an average lifetime of 2.23 ns. The cited study, however, is veryin the apoenzyme. In one of the monomers, this (T, Trp42B
different from ours, both in experimental methods and in studiedvould be switching between twp; and y» rotamer states that are
samples(e.g., different pH, buffer, and wild-type enzymé&he not equally perturbed by the presence of nearby Tyr59. In the other
authors used a frequency-doubled laser excitation source, and amonomer, no such flipping between rotamer states would occur,
analysis based on the maximum entropy metidMEM). The  i.e., Trp42 would never be brought into contact with Tyr59. Upon
pulse shape shown in Figure 4 of their paper has a width of aboutomplex formation, the previously interconverting Trp42B would
1 ns. It is evident that their method leads to a better signmase  stop its flipping, thus becoming similar to the other one. Experi-
ratio and thus it allows for MEM analysis even for lifetime distri- mentally, this interpretation is supported by the small magnitude of
butions centered around values in the ps range. The intrinsic timghe red-shift in the emission spectra of the acrylamide quenching
resolution of the experiment, however, does not improve muchexperimentg4 nm) resulting in a 340 nm maximum for the red
The fact is that it would be hard to perform a precise comparativeopulation, difficult to associate with fully solvated Trp6s, for
analysis of the two sets of results, even if the sample conditionsvhich we would expect an emission maximum around 348 nm
had been identical. (Lakowicz, 1983. The two populations assigned to the Trp42B

In our quenching experiments, the validity of a heterogeneousotamers in the apoenzyme would then consist of one rotamer
source of emission is supported by the downward curvature of theopulation(the blue ong more exposed to the hydrophobic resi-
Stern-Volmer intensity plotFig. 5), indicative of two populations  dues of the protein matrikiry59B, Leu38B and the other one, the
not equally accessible to acrylamide. The dynamic collisionalrotamer population, less exposed to these after the(ttip red
quenching constants, could reliably be determined for the two one).
lifetime components, and they were very differ¢ky values for
the apoenzyme: 6.8810° M ~1s 1 forr,and 1.88x 10° M ~1s~?!
for 7,). The short component is quenched with much higher effi-
ciency by collision, and the specffef. Fig. 5, insex show that the
accessible Trp residues in the system have moderately red-shiftd¢chown quenchers of Trp fluorescence in model compounds and
emissionfrom 336 to 340 nm From this, one has to conclude that proteins include the side chains of Lys, GIn, Asn, protonated and
the Trps of longer lifetime are in a relatively hydrophobic envi- unprotonated His, protonated Glu and Asp, Tyr, Cys, and cystine,
ronment. As for the two quenching probabilities, one needs tcas well as the peptide bond its€Wos & Engelborghs, 1994; Chen
consider especially the highdg, value that is approaching the et al., 1996; Hennecke et al., 1997, Chen & Barkley, 1998; Sillen
limiting value given for indole acrylamide quenching in water as et al., 2000. We now discuss the possible reasons as to why the
7 X 10° M~1s7! (Eftink & Ghiron, 1976. In the protein litera-  lifetime of Trp42B could be shorter than that of Trp42, and how to
ture, however, one can find similar data: Bismuto and 1(d©94 account for Trp6 and Trp6B.
report bimolecular quenching constants of even 8.90° and
2.3% 10° M ~ts ! for the acrylamide quenching of apomyoglobin
Trps. More recently, a value of 64 10° M ~*s™* was reported
for the long component associated with a Trp nearly fully exposedrhe MDS trajectories support the interpretation of two Trp42 pop-
to solvent in the smooth muscle myosin motor domain with theulations, in that they identify two groups of Trp42 in terms of their
essential light chairiYengo et al., 1999 Thus, we conclude that different accessibility to quenching by Tyr&&f. Figs. 7-10, which
our values agree well with other reported data. we now discuss. The first Trp42 population consists of Trps that do

In the complex form, the two component fit of the fluorescencenot come into close contact with this tyrosine during the time
decay curves is somewhat questionable; the Stern—\Volmer analysi®urse of the simulations, and it consists in the apoenzyme of the
of the quenching results also suggests that the two lifetime comg™* and 90 rotamers of Trp42 and can thus be identified as the
ponents have no real physical meaning. The same analysis, baskuhg-term component of the decay; the second population consist-

Discussion

Identification of the Trp fluorescence lifetime components

Local Trp environment features related to dynamics that
support the assignment of Trp fluorescence lifetimes

The Trp42s
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ing of Trp42B that flips between rotamers thus approaching Tyr5%f the MDS, the Trp6s do not sample different conformations and
within effective quenching distance. This type of Trp can be iden-do not come within contact distance of protein quencher groups.
tified as the source of the shorter lifetime component. The contriiMoreover, their CE3 atoms do not come within efficient peptide
bution of each component to the total decay, i.e., 80% for the longarbonyl C quenching distance, i.€ggs.c < 4.5 A. It could be
and 20% for the short lifetime components, agrees well with thisstill reasonable to assume that they are even more active than the
concept. Out of the four Trp42 rotamers in the apoenzyme, thre@rp42s, simply because there is no apparent steric hindrance to the
would be in a conformation that never comes into close contactobility of their indoles. As such, their interconversion could then
with Tyr59 while the fourth would be spending time between two very well occur on a faster timescale. Inspection of our trajectories,
states, one that overlaps with Tyr59 and one that does not, with thieowever, could not yield support for this interpretation. The sim-
transition between conformers being fully solvent-accessible. Theilations show that wat42@etained from the initial X-ray struc-
number of Trps accessible for quenchiing., of shorter lifetimes  ture) simultaneously H-bonds to the NH of adjacent Lys7 and to
should be less thar25% of the total. This agrees with our results. NH of Trp6. Trp42s do not H-bond with solvent. This tethering of
In the complex, Trp42B rotamers would no longer come within Trp6 to the protein surface would be sufficient to hinder the rota-
guenching distance of Tyr59, and they would become similar to théion of Trp6 indoles, by providing a rotational barrier of the order
first population. of ~5 kcal mol2. A similar effect has been modeled for the Trp of

A note of functional interest here is that the timescale of rotameiphospholipase A to account for experimental anisotropy decays
interconversion occurs in our trajectories within the timescale ofindicative of hindered rotation and it could be seen in the trajec-
HIV-protease flap opening, as simulated by activated MDS to beories only with explicit -H simulations, which is also the approach
possible within~140 ps(Collins et al., 1995 which leads us to  we used. This confers a slightly dipolar character to the indole and
speculate as to whether there could be a possible correlation ballows realistic simulation of H-bonding patterfsxelsen et al.,
tween Trp42B rotamer interconversion and flap opening. This is1991).
supported by recent preliminary anisotropy datd-idy, B. Ulrich, These considerations allow us to possibly account for Trp6s in
M. Laberge, F. Tolgyesi, L. Polgar, Z. Szeltner, J. Gallay, & M. the model suggested by the simulations, i.e., they would be unable
Vincent, unpubl. dataobtained by synchrotron radiatidhURE, to sample rotameric states with lifetimes distinguishable by their
Orsay and evaluated by MEM analysis. These results showed thélifferent local environments. In this interpretation, they could be
presence of sub-ns rotational correlation time constants besidesassigned a sub-ns lifetime, with possible quenching either by sol-
~15 ns component attributed to rotation of the whole proteinvent(Chen & Barkley, 1998or as a result of efficient nonradiative
(Eftink, 1983. Similar results were recently published on a slightly pathways such as energy transfer or electron transfer. For the latter
different HIV-1 protease system with better resolution in the sub-nsassignment, we need to postulate the presence of possible electron
range(Ringhofer et al., 1999 In our preliminary anisotropy ex- acceptors in their immediate vicinity. If we compare the respective
periments, a 10—100 ps broad unresolved envelopevafues was  environments of Trp6s and Trp42s witha 7 Asphere, we note the
seen in the sub-ns range and we inspected the trajectories fdollowing arrangements: for the Trp42s, of eight residues present
dynamic evidence other than the Trp42 rotamer interconversionn the sphere, three are baslys41B, Lys43B, Arg57Band two
We inspected backbone “wobble” rotational motion, defined byare hydrophobi¢Tyr59B, Leu38B. It is of interest to note also the
changes along the CA-CB-CD axis and associated with the Ramaresence of three so-called “conformationally important residues,”
chandranys and ¢ angles of the peptide segment near the Trps.i.e., Pro44B, Gly40B, and Pro39B, highly flexible and undoubt-
Significant “wobble” motion could only be extracted for the back- edly required for the flap opening mechanism. In contrast, the five
bone region that includes the Trp42s. In the literature, Trp-associategsidues facing the Trp6s are: one badigs7) and four polar
backbone motion has been assigned to the 200 ps or ns rotationasidues(Thr4B, GIn92, Asn88, and Thr91This availability of
correlation time regime, as for example in the case of the Tepolar groups in the vicinity of the two Trp6s would meet the
repressor, also a homodimer of som207 residueg¢Vergani etal.,  requirement for the presence of electron acceptors. Reorientational
2000. relaxation of any of these residues as a result of the much higher

At this point, we speculate that the unresolved ps-timescalalipole moment of indole in the excited stdteallis, 1997 would
anisotropy decay, which our preliminary results yield, encompasyield a sub-ns lifetime for the TrpGgf. Hudson et al., 1999 for a
the Trp42 rotamer interconversion at thé&0ps “end” of the broad  discussion of Trp quenching by GIn in bacteriophage T4 lyso-
range as well as the above-mentioned backbone “wobble,” obsyme. However, for such a quenching mechanism to be operative,
served only in the peptide region including the Trp42s. Thesedhere is a contact requirement, such as, for example, an H-bond
observations, i.e., evidence for backbone “wobble” in the Trp42between Trp6 and one of the neighbor GIn or Thr that we do not
region, its timescale, the timescale of tg/y, rotameric inter-  observe in the 500 ps trajectories. However, we should point out
conversions of these Trps would seem to support such a Trp42that the length of our simulations is not adequate to fully describe
flap opening correlation, and consequently the assignment of théhe concerted motions involved in the observed Trp fluorescence
fluorescence lifetime components. processes. The limitations of MDS as applied to systems of the size
of proteins are essentially twofold: crude approximations have to
be made concerning the interaction potentials and only narrow
time windows can be covered. As such, the statistically probable
Unlike the Trp42s, located in the flap region of the protease, whichenergy fluctuations of the system cannot be adequately sampled
opens by as much as7 A during the inhibitor binding event (Axelsen et al., 1991
(Wlodawer & Erickson, 19983 the Trp6s in both apoenzyme and  The other possible Trp6 quenching mechanism could be Forster-
complex are not located in a dynamically active region of thetype energy transfer. Unfortunately, our present data does not al-
protease. In our model, based on the simulations, the backborlew the accurate calculation of the proposed energy transfer
“wobble” motion is insignificant for this region: during the course efficiency because we are lacking the distinct Trp6 overlap inte-

The Trp6s
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grals. However, inspection of the static X-ray structure shows thaf'he concentration of the enzyme was determined from the optical
the Trp6s are separated by a distance of 25 A with face-to-facdensity(e,g0 = 25,500 M~cm™1) with a Cary 4E(Varian, Aus-
orientation of the indolegcf. Fig. 2. Using this distance and tralia) UV-VIS spectrophotometer. Aliquots of the concentrated
literature data for a three-Trp proteiBe Beuckeleer et al., 1999  enzyme were stored at70°C. The enzyme activity was controlled
we can roughly estimate the transfer efficiency. Supposinan before the experiments by fluorescence spectroscopy making use
value of 11-12 A, the efficiency at a distance of 25 A would of the fluorogenic substrate 2-aminobenzoyl-Thr-lle-Nle-{@,)-
amount to some-20%, which does not account for a strong quench-GIn-Arg (Szeltner & Polgar, 1996
ing effect. Acetyl-pepstatifAc-Val-Val-Sta-Ala-Std, obtained from Sigma
ChemicalgSt. Louis, Missoupiand dissolved in DMSO, was used
as inhibitor. Aliquots of 0.5 or 1.0 mM stock solutions were added

Conclusions to the protein solution; the protein:inhibitor molar ratio was about
1:2; the resultant DMSO content was 4%. The measurements started
The effect of binding the inhibitor after 40 min of incubation at room temperature.

The present study proposes a model in which the partially solvent-
exposed Trp42 in HIV-1 protease, located far from the active sitéFluorescence measurements

for substrate binding, and also far from the tip of the flap region to . . . . .
feel drasti di diatelv local—structural ch IdThe experiments were carried out using an Edinburgh Analytical
eel drastic—and immediately loca-—structural changes, WOould ., entsCDI00 luminometer, fitted with a HamamatsR955

still able to report on the conformational effects caused by th - . - .
- S . MT as detector. The instrument is equipped with a 75 W xenon
binding of the inhibitor acetyl pepstatin. The model suggests tha quipp

th f tional fluctuati f both Trp42s b trict Jamp for fluorescence spectroscopy; in fluorescence lifetime stud-
€ conformational fuctuations of both 1rp#2s become restricte les, anF900type flashlamg40 kHz, 1.5 ns pulse widjlwas used
upon binding the inhibitor. It is worth mentioning the special ef-

. with a high purity H, gas(10 ppm impurity filling. The individual
fort_s req”'"?d to use the apoenzyme as a referepce system f?rqtensity decay curves were determined using a time-correlated
which no reliable structural data were available previously becausgingle photon counting method; data were collected over a time

of the protease autoproteolysis problem. This difficulty was care-__ > e L
fully handled in the present work. Also, this work supports the period of 10 lifetimes. The excitation wavelength was 295 nm, and

validity of investigating the role of Trp rotamer states in a roteaseemiSSion was typically measured at 340 nm. Both excitation and
y gating P P mission wavelengths were selected by grating monochromators.

:iSt:rngr?EZ? aa cr(())r;:l:neAds 2851(:”:2;; ?{S?mfj S'::tusl alﬂ]%réilgno he decay curves were analysed by iterative reconvolution using
P pp : ' Y supp rlfiscrete exponentials.

tryptophan fluorescence based on ground state conformational het- Evaluations based on fluorescence intensity data were corrected

erogeneity(Engh et al., 1_986; Hutnl_k & Szabo, 1989; Ross et al_., for the absorption of acrylamide and for protein self-absorption in
1992. Furthermore, our interpretation of the lack of Trp6 contri- the 1 mL cuvettes used according to the following formula:

bution to the 1-10 ns-timescale fluorescence suggests that the stuci]y ’
of quenching processes in some cases definitely requires the use of
femtosecond techniques. Finally, in spite of the arduous process

involved in trying to account for the proposed non-ns lifetimes ofWherelcorr is the corrected fluorescence intensity. is the ob-

the Trp6s, we believe that we have presented a plausible model f%rerved fluorescence intensit@Dy0s and ODsgo are the optical
the occurrence of Trp42 rotameric states. The rotational barriecriensities of the sample at 295 nm and at 340 nm, respectively, the

seen in the MDS for the Trp6s is also perhaps suggestive of thSOIume of cuvettes was 1 mL.

attention required to understand quenching mechanisms that are
not collisional, i.e., those operating through spés#éva & Pren-
dergast, 1996 Quenching of fluorescence

leorr =1 oble(OD295/5+OD34O> 2

Trp accessibility to small solutes was determined using acrilamide,
an efficient quencher of Trp fluorescence and selective for surface
residueg Eftink & Ghiron, 1981. Five or ten microliter aliquots of

1, 2.5, adl 5 M stock solutions of electrophoretic grade acrylamide
(Aldrich Chemical Co., Milwaukee, Wisconsiin 50 mM phos-
HIV-1 protease was expressed Escherichia colil458, and pu-  phate buffepH: 7.5 were used as quencher up to a concentration
rified from inclusion bodies as described previoudRplgar et al.,  of 0.35 M.

1994. The enzyme contains three mutation sites at positions 7 Bimolecular collisional quenching constarts,) were deter-
(GIn — Lys), 33 (Leu — lle), and 63(Leu — lle). This mutant  mined from the equation based on thefluorescence lifetime
form of the enzyme is resistant against autodegradation; its kinetiCEquation 3.

properties and inhibition profiles by a variety of inhibitors, how-

ever, were very similar, if not identical with the wild-type enzyme To

(Mildner et al., 1994 The high similarity of the kinetic properties — 1= kanlQl ®)

of the wild-type enzyme and that of the mutant form suggests that

the structure of the protein is not changed very much by mutationwherek,ro = Kp, the dynamic quenching constant.

The final concentration of the enzyme was 10.6—1&V6in 50 mM Mean lifetime ((r)) values were obtained from the results of
phosphate buffer containing 50 mM disodium-hydrogen-phosphatewo-component exponential fits according to the formula

1 mM EDTA, 2 mM DTE, 0.1 M NacCl, 10 yv% glycerol, and

0.1% PEG 2000, pH- 7.5, and was used without further dilution. (n=fin+fn (4)

Materials and methods

Sample preparation
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wheref; andf, are the fractional contributions ef andr, lifetime NVT simulations were carried out at a constant temperature of
components to the total emission, respectively. 300 K using a leapfrog algorithm with a time step of 1 fs. 200 ps
trajectories were acquired, and the initial equilibration 100 ps were
disregarded in the analysis. Nonbond interactions were taken into
account using the cell multipole meth8ichmidt & Lee, 1991as

The starting coordinates for HIV-1 protease complexed to acetylpreviously describedLaberge et al., 1998

pepstatin(pdb5hvp.ent, 2.0 A, Fitzgerald et al., 199@ere re- As explicitly solvated, dynamics are quite CPU-time consum-
trieved from the Brookhaven Protein Data Bajdernstein et al.,  ing; longer 600 ps trajectories were then acquired using the distance-
1977. Residues were replaced as required so as to generate tldependent dielectric approximatidiviehler & Solmajer, 1991
Q7K/L33I/L63I mutant and the structure was subjected to energyAs the trajectories of comparable timescdlies., 100 pg yielded
minimization using theDiscover-3module of thelnsightll soft- the same results as the explicitly solvated runs with respect to Trp
ware packaggMSI, San Diego Californinon a SGI R10000 dihedral angles, we acquired the longer time simulations with the
workstation, with the ESFF force field. Missing hydrogens were dd-e approach, thus considered satisfactory.

added subject to van der Waals constraints and consistent with the The Trp indole motion was analyzed by following the variations
ionization state of chargeR groups at the experimental pH, i.e., of the Trp y; and x» dihedral angles. These angles are defined as
7.5. To remove artifacts due to the addition of explicit hydrogensfollows: y; = N-CA-CB-CG andy, = CA-CB-CG-CD2(IUPAC-
energy minimization was performed using a conjugate gradientUB Commission on Biochemical Nomenclature, 1978nd we
algorithm until the averagé&oot-mean-squajeenergy derivative  use them as indicators of indole rotation about the CA-CB and
reached 0.1 kcal mof A1, The HIV-1 protease structure without CB-CG bonds, respectivelgee also Figs. 7,08 The stereochem-
inhibitor was modeled in two different ways, the first using the ically favored rotamers of thg, conformation are the staggered
2.7 A structure(pdb3phv.ent, Lapatto et al., 1988nd the second forms, possible whery; = 60, —60, and 180 these rotamers are
using the available coordinates of the Q1K31/L63l mutant  called the g, g~, and t rotamers, respectively. Similarly, the fa-
(pdbla30.ent, 2.0 A, Louis et al., 199he mutant is bound to  vored y, rotamers are the 9@&nd —9¢° forms (Szabo & Rayner,

the Glu-Asp-Leu tripeptide, which was removed prior to generat-1980; Willis et al., 1994

ing the fully opened flap structure of the unbound protease. Flap

opening was achieved by template forcing the atomic coordinates

of the mutant structure of residues 1 to 25 and 65 to 99 in eac\cknowledgments
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