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National Institutes of Health, Bethesda, Maryland 20892 Figyre 1. A composite of strips taken from a 3BN-separated 750
Receied Naember 23. 1998 MHz _NOESY spectrum of the HIV protease/KNI-529 complex at the
. . . ! chemical shifts of A28, A128, T31, and T131. The spectrum was taken
Revised Manuscript Receed January 27, 1999 on a solution containing 50 mM NaAc, 0.6 mM protein dimer at pH 5.2
The HIV protease is a viral enzyme whose function is essential and 34°C, with a mixing time of 250 ms. ThéH/*N-labeled protease
in the life cycle of the AIDS virug:?2 As such, it is one of the sample was prepared as described previotisijote that monomer
prime targets of antiviral agents directed against AfT®e many mte_rchange is slow on the chetm'lcal ghn‘t time spale, gngbllng 5|gnals of
inhibitors of the HIV protease that have been developed fall into "€Sidues andi -+ 100 to be distinguished, but is sufficiently rapid to
two general classes, (1) 2-fold symmetric inhibitors and (2) yield exchange cross-peaks between these residues. Sequenﬁ&ll-NH
asymmetric inhibitors. Crystal structures of the protease bound NOE-type cross-peaks are observed between the amides of A28/

¢ tric inhibit h that h f th t and G127-A128, because the internuclear distances between these pairs
0 symmetric Innibitors show that each monomer of the Prolease ¢ ,nijes are less than 2.8 A. In contrast, the internuclear distances

homodimer interacts in nearly ic!en_ti(?al fashion with each sym- between the amide protons of A28/A128 and T31/T131 are 7.8 and 22.7
metry-related component of the inhibitbTIn crystal structures, A respectively.

a local asymmetric conformation is often observed at the tips of
the protease flaps. However, when the protease is bound to a529, for residues A28/128 and T31/131. Figure 1 reveals (1) that
symmetric inhibitor in solution, a local conformational exchange residues at the equiva|ent positions in the amino acid sequence
of the tips of the flaps results in an average symmetric protease (numbered andi + 100) of each monomer have different amide
conformation, and the chemical shifts of the two monomers are chemical shifts and (2) that there are cross-peaks between these
identical®” In contrast, when the protease is bound to an amides. Such cross-peaks cannot arise from NOEs (dipolar
asymmetric inhibitor, crystal structures show that each proteaseinteractions) between the amide protons because the X-ray
monomer interacts in a distinctly different way as seen, for structure of the protease/KNI-529 complex shows that the amide
example, in the case of the potent inhibitors KNI-529 and KNI-  proton internuclear distances are 7.8 and 22.7 A in the cases of
2728 Furthermore, the chemical shifts of the protease monomers A28/128 and T31/131, respectively. The most plausible interpre-
are different when the protease is bound to either of these tation of these observations is that the cross-peaks arise from
asymmetric inhibitorg:1° This latter point is illustrated in Figure conformational exchang§13 of the two monomers, as a conse-
1, which shows strips obtained from a 3D NOES¥-"*N HSQC quence of a reversal in the orientation of the bound inhibitor. To
spectrum of the protease bound to the asymmetric inhibitor KNI- verify this hypothesis, cross-peak and diagonal peak intensities
* Corresponding author. were measured for residues L24/124, A28/128, D30/130, G48/
f National Institute of Agrobiological Resources. 148, 154/154, T31/131, and VV82/182 at temperatures varying from
;quto Plharmaceuti]gtal léﬂ_i\_/ersité- oskeletal. and Skin D 25 to 45°C. These residues were chosen for analysis because
| Natonal Insiute o Artits and Musculoskelta, and Skin Diseases. tney have well resolved signals and because the internuclear
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Figure 2. The ratiold/(I¢t+In/3) derived from NOESY spectra of the  Figure 3. The plot of Ing/Dr) in the HIV protease/KNI-529 complex
HIV protease/KNI-529 complex for residues T31 (filled symbol) and T131 as a function of inverse temperature; from the slope it is foundAltht
(open symbol), plotted as a function of mixing time and temperature: = —28 kcal M~1. The data points and their errors were derived from the
(a) 25°C; (b) 31°C; (c) 34°C; (d) 40°C; (e) 45°C. The curves are the averages and standard deviations of the rates obtained for all residues at
best fits to the experimental data using eq 1 as discussed in the text. Wea given temperature.

note that the correction 1qis In/2 whenld/lq andly/lq are< 1. However,

numerical simulations show that in this case the usi¥ introduces tion (d[OO]/ct = 0) in the kinetics equations for Scheme 2, one
negligible error because the correction itself is very small. Furthermore, finds thatk = ko/2 (because there is a 50% chance that the
In/3 is a significantly better correction when the cross-peak intensities ;ynibitor rebinds in its original orientation) ank, = Ko/2Ka.

are comparable to that of the diagonal. Our measurements show tligt = 0.4 s at 25°C, which implies
that koy & 2 x 108 M~ s71, indicating thatk,, is diffusion-

Scheme 1 controlled** In a diffusion-controlled reactiok,, (I D,, where
@@ _k_, G@ D, is the diffusion coefficient of the inhibitot The equations
«— Ky O exp@AH/RT) and koi/kon O Ky then imply thatk/Dr = A
k exp(AH/RT), whereA is a constant an@®+ is the ratio of the
diffusion constants at temperatufeand 298 K. Using the Stokes/
Scheme 2 Einstein relationshipD, O T/z, one finds thaDr = (1/298)(72ed
Korr Ken 7;), Wherey; is the viscosity of water at temperatyreélhe slope
@ k: OO + L 4?—"’ % oJf plot of IJn(k/DT) vs inverse temperature, Figure 3, yields a

favorable binding enthalpy of-28 kcal M. This result is

] - ) inconsistent with recent défeon the energies of the binding of
intensities of the exchange and NOE cross-peaks respectively,acetyl pepstatin to the protease. Therefore it appears that KNI-
and|lq is the intensity of the diagonal peak. Equation 1 differs 529 flips without dissociating from the complex (Scheme 1). It
from the exact equation for two-site exchatigay inclusion of is hoped that these results will simulate realistic calculations of
the terml\/3 to correct for the depletion of the diagonal peak by the monomer interchange process, as such work should increase

the NOE cross-peaks. Typically this was a small correction oyr understanding of the interactions between the protease and
because our protein is perdeuterated and there are few NOE-typeyotent inhibitors.

CrOSS-peakS. Numerical simulations show that accurate values o We note that neither structural information nor Sequentia|

k (errors<5%) are be obtained using eq 1 provided that (aj assignments are needed to distinguish dipolar from exchange
|2 and (b)I/l4 < 0.9. Hence, only data that satisfied conditions  cross-peaks. The two types of cross-peaks can be identified (1)
(a) and (b) were fit using eq 1. The fits obtained for residues by the opposite temperature dependence of their NOESY build-
T31/131 are shown in Flgure 2. When the data for all seven up rates and (2) by the Opposite Signs of their ROESY Signa|sl
residues were Compared, it was found that at each temperatureHence, our approach can be used in an efficient manner to
approximately the same valuelofvas obtained. This shows that  measure monomer exchange rates of a homodimer bound to a
the cross-peaks result from a global process, which affects theseries of inhibitors.
exchange of each pair of residues in the same manner. In addition,
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