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Abstract

Crystal structures have shown that the HIV-1 protease flaps, domains that control access to the active site,
are closed when the active site is occupied by a ligand. Although flap structures ranging from closed to
semi-open are observed in the free protease, crystal structures reveal that even the semi-open flaps block
access to the active site, indicating that the flaps are mobile in solution. The goals of this paper are to
characterize the secondary structure and fast (sub-ns) dynamics of the flaps of the free protease in solution,
to relate these results to X-ray structures and to compare them with predictions of dynamics calculations.
To this end we have obtained nearly complete backbone and many sidechain signal assignments of a fully
active free-protease construct that is stabilized against autoproteolysis by three point mutations. The sec-
ondary structure of this protein was characterized using the chemical shift index, measurements of *"Jy¢
couplings across hydrogen bonds, and NOESY connectivities. Analysis of these measurements indicates that
the protease secondary structure becomes irregular near the flap tips, residues 49—-53. Model-free analysis
of >N relaxation parameters, T,, T, (Ty,) and >N-{'H} NOE, shows that residues in the flap tips are
flexible on the sub-ns time scale, in contrast with previous observations on the inhibitor-bound protease.
These results are compared with theoretical predictions of flap dynamics and the possible biological
significance of the sub-ns time scale dynamics of the flap tips is discussed.
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The HIV protease has served as an effective target for an-
tiretroviral drug therapy because this enzyme is indispens-
able for viral maturation and propagation. Currently, several
potent protease inhibitors are in clinical use (Shafer et al.
1999). However, the emergence of active, drug-resistant
mutants of the protease has limited the long-term effective-
ness of these inhibitors. For this reason, current interest lies
in obtaining inhibitors directed at sites not targeted by cur-
rent inhibitors. Combination therapies that target multiple
protease sites are expected to hinder the selection of drug-
resistant protein molecules.
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All protease inhibitors currently used as anti-HIV drugs
target the substrate-binding site of the enzyme, the large
vacant region of the free protease ribbon structure shown in
Figure 1. However, at least two other sites in the protein
appear to be attractive drug targets. The first is the dimer
interface, a four-stranded anti-parallel 3-sheet at the base of
the molecule (Fig. 1) made up of N- and C-terminal residues
(1-4 and 96-99) of each monomer (Zutshi et al. 1997; Zut-
shi and Chmielewski 2000).The second is the flaps, residues
32-63 (Rose et al. 1998), which contain B-hairpin structures
(residues 43-58) that form part of the substrate binding site
(Fig. 1). X-ray studies of the ligand-bound protease show
that the flap B-hairpins are well-ordered and interact with
inhibitors and substrate analogs (Wlodawer and Erickson
1993). However, crystal structures of the free protease re-
veal more heterogeneous flap structures. These structures
range from closed flap conformations (Rick et al. 1998;
Pillai et al. 2001), such as those observed when an inhibitor
is present, to semi-open conformations (Lapatto et al. 1989;
Wilodawer et al. 1989; Spinelli et al. 1991) in which the
B-hairpins structures have moved apart by several ang-
stroms compared to the closed conformation. However, it is
interesting that even the semi-open flaps do not allow sub-
strates access to the active site (Rick et al. 1998). These
conformations have been termed “open” (Rick et al. 1998),
but we prefer the term “semi-open” because of this re-
stricted access.

Fig. 1. A colored ribbon representation of the backbone structure of the
free HIV-1 protease homodimer. In the left monomer, the flap domain,
residues 32'-63’ is represented by the green ribbon, whereas the ribbon
representing the remaining residues is cyan. In the right monomer, the flap
is represented by a tri-colored ribbon: red, residues in the tip of the flap
B-hairpin, 49-52; yellow, residues 43-48 and 53-58 in the two-stranded
sheet portion of the flap B-hairpin; green, residues 37-42, referred to as the
flap elbow. Several residues in the flap domain, are identified by number
in the right monomer. The drawing was generated by INSIGHT using the
X-ray coordinates PDB accession code 3PHV (Lapatto et al. 1989).
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The variation in flap conformations observed in X-ray
studies of the free protease indicates that the flaps in the free
protease are flexible in solution. Calculations have pre-
dicted a variety of flap motions on various time scales
(Harte et al. 1990; York et al. 1993; Collins et al. 1995; Liu
et al. 1996; Rick et al. 1998; Scott and Schiffer 2000). The
earlier calculations indicated that the flaps moved as rela-
tively rigid levers that opened out and away from the pro-
tein, whereas more recent calculations predict a partial melt-
ing of the flap B-hairpins. For example, a reaction path
calculation (Rick et al. 1998) predicts a conversion from
semi-open to closed flap structures takes place through a
melting of the B-hairpins at the flap tips, whereas a recent
10 ns solvated molecular dynamics simulation (Scott and
Schiffer 2000), starting from the coordinates of an unli-
ganded crystal structure (Spinelli et al. 1991), predicts that
the protease flaps curl inward and make the active site ac-
cessible within a few ns.

Although the dynamics simulations have provided a va-
riety of interesting and thought-provoking views of the
movement of the flaps, it is desirable to compare the theo-
retical predictions with experimental measurements. High-
resolution NMR is an experimental method that is well-
suited to study the internal dynamics of proteins in solution
on a wide range of time scales (Kay 1998; Ishima and
Torchia 2000). However, such studies of the wild-type HIV-
protease have been restricted to the inhibitor-bound protein
because of rapid autoproteolysis of the free wild-type pro-
tease. Recently, we measured transverse spin relaxation
rates of a fully active free-protease construct (Ishima et al.
1999) containing three mutations, Q7K, L33I, and L63I,
that impede autoproteolysis (Rose et al. 1993; Mildner et al.
1994). Analysis of the transverse relaxation rates showed
that residues in the protease N- and C-terminal dimer inter-
face and in the flap hairpins were flexible on the chemical
(conformational) exchange time scale, ms-ps. In the previ-
ous study (Ishima et al. 1999), we noted that preliminary
relaxation data also indicated the presence of flap motions
on the sub-ns time scale. Here, we present a detailed study
of sub-ns backbone motions in the free protease and derive
model-free (Lipari and Szabo 1982 a,b) order parameters
and effective correlation times for most backbone amide
sites. In addition we use chemical shifts, NOESY, and hy-
drogen bond measurements to characterize the secondary
structure of the flap B-hairpins. These results on flap struc-
tural fluctuations complement those obtained previously us-
ing NMR (Ishima et al. 1999), fluorescence (Furfine et al.
1992; Rodriguez et al. 1993), and structural information
provided by X-ray studies (Lapatto et al. 1989; Wlodawer et
al. 1989; Spinelli et al. 1991; Wlodawer and Erickson 1993;
Pillai et al. 2001). Theoretical predictions of the motions of
the flaps of the free protease (Harte et al. 1990; Collins et al.
1995; Rick et al. 1998; Scott and Schiffer 2000) are com-
pared with the experimental results.
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Results and Discussion

Secondary structure of the flaps of the free protease

Nearly complete backbone signal assignments (>97%) were
obtained using standard triple resonance experiments (see
Supplemental Material); the amide proton and '°N assign-
ments are shown on the "H-'"N HSQC spectrum of the free
protease (Fig. 2). The signal assignments were used in con-
junction with the chemical shift index (CSI; Wishart and
Sykes 1994) to identify the elements of regular secondary
structure in the protein. The CSI shows that, in solution, the
backbone of the free protease, like that of the inhibitor-
bound protease, is composed primarily of B-strands. As
seen in Figure 3, the B-strand regions identified in solution
are very similar to those identified in crystal structures of
the free protease. It is interesting that this observation ap-
plies to flap residues 43-58. These residues are in the re-
gions of the protease flaps that cover the active site. The CSI
indicates that these residues form a pair of $-hairpin struc-
tures in solution that become disordered at the flaps tips
(residues 49-53). This conclusion was verified by a '°N-
separated "H-"H NOESY spectrum (Fig. 4), which revealed
cross-strand NH-NH NOE’s K43-Q58, K45-V56, 147-154,
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Fig. 2. A 'H- "N HSQC 500 MHz spectrum of the free HIV-1 protease
recorded at pH 5.8 and 25°C. Backbone amide crosspeaks are labeled with
the one letter amino acid code and number in the amino acid sequence.
Sidechain 'N-'H, signal pairs of Asn and Gln residues are connected by
horizontal lines.
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and a very weak G49-G52 NOE. These NOE’s are charac-
teristic of a two-stranded anti-parallel 3-sheet structure and,
together with the CSI, demonstrate the presence of (3-hair-
pin-type conformations in solution that are well-ordered ex-
cept at the tips of the flaps.

To characterize the B-hairpin flap structures further, we
measured *"J connectivities that arise from '"N-'3C sca-
lar couplings across NH-CO' hydrogen bonds (Cordier and
Grzesiek 1999). Typically, *"J¢ is <1 Hz in proteins (Cor-
nilescu et al. 1999) making it a challenge to observe *"Jy ¢
connectivities in proteins with molecular weights >10 kD.
Nonetheless, using the approach of Wang et al. (Wang et al.
1999) we would expect to detect *"Jy. connectivities for
most of the strong NH-CO’ hydrogen bonds in a highly
ordered B-hairpin structure. Each protease monomer
contains two [(-hairpin structures in addition to the flap
B-hairpin. In crystal structures, the (-hairpin formed by
strands P9-I115 and QI18-L24 is stabilized by seven
NH-CO' hydrogen bonds, whereas the one formed by
strands R57-166 and H69—V77 is stabilized by ten hydrogen
bonds. We observed *"Jy connectivities for 13 of the 17
expected hydrogen bonds in these two B-hairpins. In con-
trast with this result, we observed only one *"Jyc con-
nectivity in the flap P-hairpins, corresponding to the
Q58NH-OC'K43 hydrogen bond, which is distant from the
flap tips. In crystal structures of the free protease, 6—-8 NH-
CO’ hydrogen bonds are observed in each flap B-hairpin.
Because the magnitude of the *"J.. couplings decreases
exponentially with increasing hydrogen bond length (Cor-
nilescu et al. 1999), these observations immediately indicate
that the hydrogen bonds in the flap (-hairpins are, on
average, weaker than in the other two B-hairpins of the
protease.

We emphasize that the lack of a measurable *"J con-
nectivity does not imply that a hydrogen bond is absent.
This is particularly the case in slower-tumbling, larger pro-
teins in which small T, values reduce the sensitivity of the
hydrogen bond experiment. The problem of signal sensitiv-
ity is exacerbated for residues in the free protease flaps,
because residues 49-54 have small amide 'H and '°N T,
values; as a consequence, internal motions are on the ms- s
time scale (Ishima et al. 1999). Rapid amide spin relaxation
causes significant loss of magnetization during the long pe-
riods required for evolution by *"Jy. couplings (Cordier
and Grzesiek 1999; Wang et al. 1999) and is the reason that
the magnitudes of signal intensities in the hydrogen bond
reference spectrum are nearly ten-fold smaller for flap resi-
dues 49-54 than for residues in the two other B-hairpins.
Hence, signal attenuation attributable to rapid spin relax-
ation could explain the absence of the expected *"J con-
nectivities for these residues. We note, however, that refer-
ence signal intensities of residues 43, 45, and 56 are ap-
proximately equal to those of residues in the two other
B-hairpins. Thus, the lack of *"Jy connectivities for these
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Fig. 3. Comparison of the secondary structure of the free HIV-protease in solution determined by NMR (A) with secondary structures
(B-E) in four independent crystal structures of the free protein. Secondary structure in solution was identified using the consensus
chemical shift index (CSI). The secondary structures in (B—E) were derived using PROCHECK (Laskowski et al. 1993) and the
following atomic coordinates: (B) Bhat and Erickson, pers. comm.; (C) 3HVP (Wlodawer et al. 1989); (D) 3PHV (Lapatto et al. 1989);
and (E) 1HHP (Spinelli et al. 1991). The B-strands found in solution agree with those found in the crystal structures, at least to the
extent that B-strand regions in the crystal structures agree among themselves. The C* CSI identified a short helix spanning residues

87-90, although the consensus CSI did not.

flap residues indicates that, on average, they form weaker
hydrogen bonds than residues in the two other (-hairpins.

In the case of the protease bound to DMP323, six *"Jy
connectivities are observed in the flap (-hairpins in hydro-
gen bond spectra. In comparing this result with that obtained
for the free protease, it should be kept in mind that in the
protease—DMP323 complex, only flap residues 50 and 51
have their T,’s diminished by chemical exchange (Nichol-
son et al. 1995; Ishima et al. 1999). A comparison of hy-
drogen bonds observed in crystal structures with those iden-
tified in solution spectra of free and DMP323-bound prote-
ase is provided in Supplemental Material. Taken together,
the NMR data indicate that flap residues 43—57 form (-hair-
pins in the free protease, whose structures are somewhat less
ordered, particularly at the flap tips, and with weaker hy-
drogen bonds than is the case when the protease is bound to
a potent inhibitor. This indicates that the flaps of the free
protease may be flexible on a time scale faster than overall
tumbling of the protein. We investigated this possibility
using amide '°N relaxation measurements.

Qualitative analysis of relaxation data

Whereas measurements of conformational exchange have
shown that the flaps of the free protease are flexible on the
ms-us time scale (Ishima et al. 1999), the SN T,, T,, and
NOE data presented here indicate that the flaps are also
flexible on a time scale faster than overall tumbling, ~10 ns,
referred to as the sub-ns time scale. Profiles of these pa-
rameters measured at 25°C, plotted as a function of position
in the amino acid sequence (Fig. 5), show rather uniform
values of each of these parameters for most amide sites in
the protein. However, several flap residues have '’N NOE’s

224 Protein Science, vol. 11

significantly below the average value, indicating internal
motion on the sub-ns time scale. In contrast with the NOE
results, the T,’s of the flap residues are close to the average
T, values seen for most other residues. Together, these ob-
servations indicate that the T,’s resulting from flap motion
on the sub-ns time scale are approximately the same as the
T,’s resulting from overall tumbling on the ~10 ns time
scale. In contrast with their effect on T, values, internal
motions on the sub-ns time scale can cause an increase only
in T,. However, Figure 5 shows that some flap residues
have T,’s that are larger than average, whereas other flap
residues have smaller than the average T,’s. This observa-
tion shows that motions on the ms-ps time scale, as well as
on the sub-ns time scale, affect the T,’s of the flap residues.
This circumstance complicates analysis of the relaxation
data.

To simplify the analysis of the T, measurements, the
relaxation parameters were also measured at 20°C (see Ma-
terials and Methods for a discussion of the temperatures
chosen to carry out the various experiments), using a 2 kHz
spin lock field in place of the CPMG sequence, to measure
T,. The spin lock field is ~4-fold larger than the effective
field used in the CPMG experiment; our previous studies of
ms-ps dynamics of the free protease showed that chemical
exchange contributions to T, are greatly reduced, if not
completely eliminated, at the higher RF field strength. In-
deed, this expectation is borne out by the profiles of relax-
ation parameters, measured at 20°C and plotted in Figure 6.
The T,, T,, and NOE profiles are similar to those found at
25°C, except for residues 49-53 in the tips of the flaps. As
anticipated, in the case of the spin-lock experiment, the T,
values of these residues are significantly above the average
T, observed for the other residues in the protease. This
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Fig. 4. (A) Strips taken from the amide proton region of the 500 MHz 3D '°N-edited 'H-'"H NOESY spectrum of the free protease,
recorded with a mixing time of 70 ms. The strips reveal the amide proton NOE’s observed for residues 43—58, which are mapped on
to the idealized secondary structure of the 3-hairpin depicted in (B). In (A), the intense signal in each strip is the (diagonal) amide NH
signal of the amino acid numbered at the bottom of the spectrum. The numbered cross-peak in each strip is a long range dyy
connectivity between the diagonal amide proton and the amide proton of the residue identified by the number. In (B), the double arrows
indicate amide protons that are linked by a pair of observed dy, connectivities. Single arrows identify long range d,, connectivites,
linking a- and amide protons, that were observed in the upfield portion of the NOESY spectrum (not shown). A pair of very weak
G49-G52 dyy connectivities, just above the noise level, are observed when the NOESY data are plotted at a lower threshold. Of the
total of ten inter-strand hydrogen bonds expected in an ideal (B-hairpin flap structure, only one, Q5S8NH-OC'K43, was identified by

the hydrogen bond experiment discussed in the text.

result indicates clearly that the chemical exchange contri-
butions to the T,’s of residues 49-53 are significantly re-
duced by using the spin-lock. In Figure 6, the T,’s, T,’s, and
NOE’s all indicate sub-ns time scale motions of the flap
residues 49-53.

Model-free analyses of the '°N relaxation data

These qualitative statements regarding the internal dynam-
ics of the free protease were confirmed by generalized order
parameters S? and effective internal correlation times T,
derived from model-free analyses of the '°N relaxation data.
As described in Materials and Methods, X-ray coordinates
of the free protease were used to calculate the orientations
of the NH bonds in the crystalline molecular frame. These
coordinates and the '’N T,/T, ratios (of residues having
NOE’s > 0.65) were then used to derive the mean correla-
tion time (), the anisotropy (D/D ) and orientation (6,¢) of
the rotational diffusion tensor in the molecular frame. Table
1 lists the values of D|/D, and obtained from the data mea-
sured at 20° and 25°C. As expected, a smaller value of 7 is

found at the higher temperature whereas the values of D/D
are nearly the same at the two temperatures and close to the
value obtained for the protease bound to DMP323 (Tjandra
et al. 1996). This latter result is not surprising, because the
differences in the X-ray structures of free and inhibitor-
bound protease are limited to flexible parts of the protein.
Residues in these regions are relatively few in number and
typically have small '>’N NOE’s that exclude them from the
determination of the diffusion tensor.

Using the coordinates of the semi-open X-ray structure
depicted in Figure 1 and the corresponding global param-
eters listed in Table 1, model-free analyses were performed
on the relaxation data obtained at 20° and 25°C. Profiles of
S? and T, derived in this manner are plotted in Figures 7 and
8 as a function of position in the amino acid sequence.
Except for T80, only residues in tips of the flap B-hairpins
(residues 49-53) and in the flap elbows (residues 37-41)
have S? < ~0.75. In contrast, the remaining residues have
considerably larger order parameters, having average values
of 0.86 and 0.87 at 20° and 25°C, respectively. This obser-
vation indicates that at both temperatures the protease back-
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Fig. 5. A comparison of backbone amide >N T,, T,, and NOE values,
measured at 25°C and plotted as a function of amino acid residue number
of the free HIV-1 protease. The relaxation parameters and uncertainties
shown are the averages of two independent data sets. The errors in the T,
T,, and NOE parameters, when averaged over all residues, are 3.2, 2.7, and
8 %, respectively. The T, values were recorded using a CPMG sequence,
with a 1 ms separation between 180° pulses, corresponding to a 500 Hz
effective RF field. As described in Materials and Methods, the NOE’s are
corrected for incomplete recovery of 'H and '°N magnetization.

bone has highly restricted flexibility on the sub-ns time
scale, except for residues in the flaps and T80. The sub-ns
flexibility of the flap elbows (residues 37—41) and of T80 is
not surprising, as it was observed in the protease bound to
potent inhibitors (Nicholson et al. 1995; Freedberg et al.
1998). However, flexibility on the sub-ns time scale was not
observed in the tips of the 3-hairpins when the protease was
bound to the inhibitors (Nicholson et al. 1995; Freedberg et
al. 1998). In contrast, in both Figures 7 and 8, all residues in
the flap tips have S? < 0.8. The more significant reduction in
S? is seen in the data recorded with the spin-lock (at 20°C)
because, as noted earlier, the spin-lock reduces chemical
exchange contributions to T,. As seen in Figure 8, residues
49-53 all have S* < 0.75 and the average value of S? for
these five residues is 0.62, nearly 40% less than the average
S? found for residues not in the flaps. The effective corre-
lation times for the motions of these residues are <~1 ns.

Interpreting the NMR results in terms of
structural fluctuations of the protease flaps

Taken together, the CSI, NOESY, hydrogen bond, and re-
laxation data indicate that residues 43—58 of the free prote-
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incomplete recovery of 'H and '*N magnetization.

ase form an ensemble of B-hairpin structures in solution.
We suggest that the semi-open [-hairpin structures ob-
served in crystal structures of the free protease are typical
members of the ensemble of solution structures. In addition,
we propose that the sub-ns structural fluctuations of the flap
tips (residues 49-53) revealed by the relaxation data reflect

Table 1. Comparison of diffusion tensor components derived
from T/T,, and T /T, ratios*

Temperature® (0,9)° 7d Dy/D, X3¢
20° (18.2, 225.0) 12.8 1.32 1.89
25° (13.4, 207.6) 12.1 1.27 3.23

*T,/T,, and T,/T, ratios measured at 20°C and 25°C respectively, and the
X-ray coordinates of the free HIV-1 protease (Lapatto et al. 1989), PDB
accession code 3PHV.

°In centrigrade.

¢ Polar angles, in degrees, defining the orientation of the unique axis of the
diffusion tensor in the X-ray (Lapatto et al. 1989) coordinate frame, PDB
3PHV.

9In ns, defined as 1/(4D, + 2 Dy).

¢ Defined as E/(N — m) where E is given in Equation (2), N is the number
of T,/T, ratios fitted, and m is the number of parameters (m = 4) deter-
mined by the fit. Attempts to fit the T,/T, ratios assuming isotropic overall
tumbling resulted in significantly larger values of x2. Application of the
F-test (Tjandra et al. 1996) showed that the probability that the reduction
in x? (obtained using the anisotropic model) could have occurred by chance
was less than 107,
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the protease (Tjandra et al. 1996), a model-free analysis was
carried out using DD, = 1.27 and 7 = 12.1 ns (Table 1).
Satisfactory fits to the data (x> < 7) were obtained using: the
simple model-free (circle), simple model-free plus exchange
(triangle), and local diffusion plus extended model-free
(square) as discussed in the text. Within the experimental
errors shown, the same values of S? were obtained for resi-
dues 49-53 using either coordinates of the closed flap struc-
ture (Bhat and Erickson, pers. comm.) or averages of angles
obtained from the coordinates of the four free-protease struc-
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a rapid dynamic equilibrium among members of the en-
semble of semi-open structures. It is possible that the closed
conformation observed in crystal structures is a minor com-

LI tures discussed in Figure 3. In lower panel, a symbol appear-
90 ing at 1 ps without error bars signifies a T, value of <~100 ps
that has a large uncertainty.

ponent of the ensemble of solution structures; this confor-
mation may be the source of the very weak G49-G52 NOE
discussed earlier. A calculation (Rick et al. 1998) of the free
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Fig. 8. Model-free parameters S? and 7, of backbone amides,
derived from a model-free analysis of the 20°C relaxation

90 data presented in Figure 6. After using T,/T,, values and the
X-ray coordinates of the protease having a semi-open flap
structure, PDB accession code 3PHV, to derive the compo-
nents of the rotational diffusion tensor describing global tum-

bling of the protease (Tjandra et al. 1996), a model-free
analysis was carried out using Dy/D, = 1.32 and T=12.8ns
(Table 1). Satisfactory fits to the data (x> < 7) were obtained
using: the simple model-free (circle), simple model-free plus
exchange (triangle), and local diffusion plus extended model-
free (square) as discussed in the text. Within the experimental
errors shown, the same values of S? were obtained for resi-
dues 49-53 using either coordinates of the closed flap struc-
ture (T. N. Bhat and John Erickson, pers. comm.) or averages
of angles obtained from the coordinates of the four free-
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90 symbol appearing at 1 ps without error bars signifies a 7,
value of <~100 ps that has a large uncertainty.
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energy along the reaction path connecting the semi-open
and closed flap conformations also predicts a low popula-
tion for the latter conformation. The calculated free energy
of the closed conformation was several kcal/mole larger
than that of the semi-open conformations, the latter being
stabilized by their favorable configurational entropy.

Comparison of NMR results with molecular
dynamics predictions of flap dynamics

In the previous paragraph, the discussion focused on flap
fluctuations connecting semi-open and closed flap confor-
mations. Of course, there has been much interest in charac-
terizing the conformational fluctuations that result in flap
opening. It has been reported (York et al. 1993; Collins et al.
1995) that the flaps do not open during the course of a
several hundred ps molecular dynamics trajectory. To ob-
serve flap opening on this time scale, it was necessary to
employ an activated molecular dynamics approach (Collins
et al. 1995). A more recent solvated molecular dynamics
simulation of the free protease extending for 10 ns (Scott
and Schiffer 2000) predicts that the flaps open within a few
ns. Examination of the 10 ns trajectory shows that five
residues at the tips of the flaps, G48—G52, curl rapidly in-
ward toward the body of the protein (Scott and Schiffer
2000) and thus bury exposed hydrophobic residues while
making the active site accessible to ligands.

It is not possible to make a direct comparison of the
predictions of the 10 ns dynamics trajectory (Scott and
Schiffer 2000) and the experimental results in Figures 7 and
8, because root-mean square deviations (RMSD) of the
a-carbon positions rather than order parameters were cal-
culated from the trajectory (Scott and Schiffer 2000). How-
ever, the comparison of the calculated RMSD and the ex-
perimentally determined order parameters is interesting and
informative. The large RMSD predicted for residues G49—
G52 agrees with the small order parameters observed for
these residues (Figs. 7, 8). Furthermore, the trajectory pre-
dicts that the hydrophobic cluster formed when the flaps
curl involves a conformational change of P79-T80-P81.
This prediction agrees with the small order parameter ob-
served for the highly conserved T80 residue (unfortunately,
data is not available for the flanking Pro residues, which
lack amide protons).

Although these predictions (Scott and Schiffer 2000)
agree with the small order parameters observed for the
aforementioned residues, significant RMSD are predicted
for numerous residues that have large order parameters. For
example, residues 14—17, 34-36, and 45—47 are predicted to
undergo significant conformational changes (Scott and
Schiffer 2000). However, the order parameters of all of
these residues exceed 0.8 (Figs. 7, 8). In addition, both
chemical shift and NOESY data indicate that flap residues
45-47 are in a B-sheet conformation (Figs. 3, 4). Finally, the
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calculation predicts that the flaps open in 1-2 ns, and remain
open during the 10 ns trajectory. This prediction indicates
that the calculated open conformations are more stable than
the starting semi-open flap structure. However, to our
knowledge, structures resembling the predicted open con-
formations have not been observed experimentally.

These considerations indicate that the 10 ns simulation
(Scott and Schiffer 2000) overestimates the number of free-
protease residues that are flexible on the time scale <10 ns.
Figures 7 and 8 show that large amplitude angular fluctua-
tions of flap residues on this time scale are restricted to
residues 27-41 and 49-53 at the tips of the flaps. In our
previous study of flap dynamics of the free protease (Ishima
and Torchia 2000), we observed that residues 48-55 are
flexible on the ms-ps time scale. We suggested that motions
on this time scale reflect an equilibrium between semi-open
flap conformations (observed in crystal structures) and open
conformations that permit access to the active site. Stopped-
flow fluorescence studies of the kinetics of ligand binding to
the protease have been interpreted in terms of a two-step
process in the case of inhibitors whose binding affinity
mimics that of substrates. The first step involves rapid for-
mation of a protease-ligand collision complex, which is fol-
lowed by a slow (ms time scale) conformational change
associated with ligand binding within the active site (Furf-
ine et al. 1992; Rodriguez et al. 1993). We suggest that the
ms-us time scale motions observed by NMR (Ishima and
Torchia 2000) involve open conformations that play a role
in the slow conformational change inferred from the fluo-
rescence data. As noted earlier, we think that the more lo-
calized, fast fluctuations of the flap tips reported here reflect
a dynamic equilibrium among semi-open conformations
(and possibly the closed conformation) observed in crystal
structures (Rick et al. 1998).

Biological significance of fast flap
motions in the free protease

As we have mentioned, none of the five residues in the flap
tips that are flexible on the sub-ns time scale in the free
protease are flexible on this time scale when the protease is
bound to a variety of inhibitors (Nicholson et al. 1995;
Freedberg et al. 1998). Three of the five flexible residues
are highly conserved glycines G49, G51, and G52. It has
been suggested (Scott and Schiffer 2000) that these residues
are highly conserved, because when the protease binds to a
ligand, the flap tips assume a conformation which places
these residues in regions of the Ramachandran map that are
outside the regions most favored by non-glycine residues.
One possible function of the flexibility of the glycine-rich
flap tips in the free protease is that product release is facili-
tated by the configurational entropy increase in the flap tips
that occurs when the active site is vacated.
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Although further experiments and calculations are needed
to obtain a consensus regarding the details of flap dynamics
of the free protease, information currently available indi-
cates that flap conformations ranging from fully closed to
open forms are present in solution. Because the closed con-
formation is well-defined crystallographically, it presents a
well-defined target for novel drugs that need not bind at the
active site, unlike all currently available drugs. Alterna-
tively, a drug that stabilizes a more open conformation
would also interfere with substrate binding. The fact that all
of the flexible residues in the flap tips are highly conserved
indicates that it would be difficult for the virus to evolve
active protease variants containing mutations at these sites.
In any event, if inhibitors directed specifically against the
flaps interact with the protease differently than the current
crop of inhibitors, which bind at the active site, it is unlikely
that a single mutation would confer resistance against both
types of drugs.

Materials and methods

Protein expression

The HIV-1 protease construct used for signal assignments,
NOESY, and relaxation experiments contained mutations Q7K,
L33I, and L63I to retard autoproteolysis (Rose et al. 1993; Mildner
et al. 1994). The protease was expressed in E. coli using minimal
media containing either "’NH,CI or '*’NH,CI and D-(**C)glucose.
A second protease construct, used for the hydrogen bond experi-
ments, contained two additional mutations, C67A and C95A,
which permitted us to obtain spectra without adding dithiothreitol
to the sample. This construct was expressed in E. coli using mini-
mal media containing *H,0, '’NH,Cl, and D-("*C4)glucose. These
two constructs are called TMPR and PMPR to indicate that they
contain three and five mutations, respectively, relative to the wild-
type protein. Both constructs were purified from inclusion bodies
as described previously (Ishima et al. 1999); the protein was folded
by rapid dilution into 20 mM sodium phosphate buffer (pH 5.8—
6.0; also containing 2.5 mM dithiothreitol in the case of the
TMPR). The enzymatic activity of both constructs was the same as
that of wild-type protease (Mildner et al. 1994).

NMR solution conditions

NMR spectra were recorded on 250 pL solutions in Shigemi mi-
crocells (Allison Park, PA) at dimer concentrations ranging from
0.25 to 0.64 mM in H,0/*H,0 (95%/5%), 10-20 mM phosphate
buffer (pH 5.8-6.0). The solutions of the TMPR also contained
2.5-5 mM deuterated dithiothreitol to inhibit oxidation of Cys
residues. Spectra were recorded at temperatures ranging from 20°—
35°C. To maximize sensitivity, it is desirable to record spectra at
the highest protein concentration and temperature (the latter to
increase transverse relaxation times) compatible with protein sta-
bility. Unfortunately, even the protease constructs used here un-
dergo slow autoproteolysis; the autoproteolysis rate increases with
concentration and temperature. Therefore, the conditions used to
record the NMR spectra reflect an unavoidable compromise in
which sensitivity was balanced against autoproteolysis. The sen-
sitivity of the hydrogen bond experiments decreases sharply as the

amide transverse relaxation time times decrease; to attain accept-
able sensitivity, it was necessary record spectra at a protein (dimer)
concentration of 0.6 mM and a temperature of 35°C. Although
observable autoproteolysis had occurred by the end of the experi-
ment, the presence of small signals from hydrolyzed protein frag-
ments did not interfere significantly with the measurements, be-
cause the signals are well-dispersed in the three-dimensional
HNCO spectra used to acquire the data.

Relaxation data were acquired at 25°C and dimer concentrations
of 0.5 mM to maximize signal-to-noise and at 20°C and a protein
concentration of 0.3 mM to minimize autoproteolysis. Two NMR
data sets were recorded at 25°C, and relaxation parameters were
measured in the following order: (1) T,, T,, NOE and (2) T,, T,
NOE. Because the NOE was recorded last in both sets of experi-
ments, autoproteolysis has the greatest impact on the NOE data
and may have caused some of the NOE values measured at 25°C
to exceed the theoretical maximum value of 0.82 (Fig. 5).

Signal assignment and NOESY experiments

A variety of double and triple resonance experiments recorded on
Bruker DMX500 and DMX600 spectrometers, using triple reso-
nance probes equipped with shielded gradient coils, were used to
obtain signal assignments and NOESY data. The chemical shifts of
the free protease and the pulse sequences and parameters used to
record the various spectra are tabulated in Supplemental Material.
For completeness, an updated tabulation of the chemical shifts of
the protease bound to DMP323, containing several corrections of
the original assignments (Yamazaki et al. 1996), is also provided.
Data were processed using the NMRPipe (Delaglio et al. 1995) and
PIPP (Garrett et al. 1991) programs.

Hydrogen bond experiments

Hydrogen bond measurements were made using modified HNCO
experiments (Wang et al. 1999) and recorded on a Bruker
DMX750 spectrometer operating at a 'H frequency of 749.5 MHz
using a triple resonance probe equipped with shielded gradient
coils. Both the hydrogen bond and reference spectra were recorded
with the same total time, 27, for the '°N to '*C’ INEPT and reverse
INEPT periods to equalize relaxation losses. However, the '>C’
pulses were shifted by 16.6 ms relative to the >N 180° pulses in
both INEPT steps (Cordier and Grzesiek 1999) in the reference
spectra. Eight scans per complex time-domain point were used to
record the hydrogen bond spectra and two scans were used for the
reference spectra. Loss of magnetization, caused by spin relax-
ation, during de/rephasing delays was reduced by recording the
spectra at 35°C and by using a perdeuterated protein sample
(Wang et al. 1999).

Relaxation experiments

All relaxation spectra at 25°C were recorded on a Bruker DMX500
spectrometer operating at a 'H frequency of 500.13 MHz using
triple resonance probes equipped with shielded gradient coils.
Backbone amide T,, T,, and NOE values were measured twice at
25°C using 90° pulses of 40 ws and ~7 ps for '°N and 'H, re-
spectively. T,’s were measured using a CPMG sequence (Kay et
al. 1992) with a 1 ms period between the centers of the 180°
CPMG pulses, corresponding to a 500 Hz transverse RF field. It is
known that off-resonance effects cause systematic errors in T,
values measured using CPMG sequences (Davis et al. 1994; Ross
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et al. 1997). Using our acquisition parameters, we calculate a
maximum error of ~3% in our '’N T,’s caused by these resonance-
offset effects. The data were not corrected for these errors because
they are typically less than the random errors in our T, data.

All relaxation spectra at 20°C were recorded on a Bruker
DMX500 spectrometer operating at a 'H frequency of 500.13 MHz
using triple resonance probes equipped with shielded gradient
coils. Backbone amide T, T,(T,,), and NOE values (the last mea-
sured twice) were measured in interleaved manner (Tjandra et al.
1996) using 90° pulses of 43 s and 7.5 ws for '°N and 'H,
respectively. To reduce the contribution of chemical exchange to
transverse '°N relaxation, T,, was measured using a 2.0 kHz RF
field in the '°N rotating frame (a spin-lock) in place of the CPMG
pulse train. T, values were also measured and used to correct the
measured T,, values for resonance-offset effects (Davis et al.
1994). In the absence of such a correction, the Ty, values of amide
signals having the largest resonance offsets would be overesti-
mated by ~10%. ""N-{'H} NOE’s were also measured at 20°C.
An overlap of the amide signals of F53 and L97 that occurred at
25°C was relieved at 20°C

15N T,’s were measured using relaxation delays of 32, 56, 88,
320, 640, and 960 ms at 25°C and 8, 16, 128, 256, 384, 512, and
640 ms at 20°C. T, and T, were measured with relaxation delays
of 8, 16 24, 32, 56, 88, and 120 ms, and of 6, 12, 18, 24, 36, 48,
and 60 ms, respectively. '>’N—{'H} NOE experiments were per-
formed using a water flip-back sequence (Grzesiek and Bax 1993).
NOE values were measured by taking the ratio of peak intensities
from experiments performed with and without 'H presaturation.
The proton resonance frequency was shifted by 2 MHz (at 25°C)
or 0.4 MHz, with 'H power attenuated by 10 dB (at 20°C) during
the ~3 s “presaturation” period for the unsaturated measurements.
Corrected NOE’s were derived from the measured NOE’s, NOE,,
according to

NOE =NOE,(1-f)/(1-f-NOE,,) (D
in which,

=T/ (Ty = Ty)lexp(=T/Ty) = exp(=T/Ty) )/
[exp(=T/Ty) — 1]

and T is the recycle delay and T, and T,, are the T,’s of '°N and
'H, respectively. This equation generalizes a previous formula
(Grzesiek and Bax 1993) by accounting for the incomplete recov-
ery of both '*N and 'H magnetization. For reasons of sensitivity
and limited sample stability owing to autoproteolysis, the recycle
delay T (2.8-3 s) is not much larger than either T}, (0.7-1.2 s) or
Ty (=14 5).

All data were processed using the NMRPipe software package
(Delaglio et al. 1995) and peak heights measured in the processed
spectra were fitted with a two-parameter exponential function to
extract relaxation rates. Errors in T, and T, (or T,,) were deter-
mined by Monte-Carlo simulations (Kamath and Shriver 1989).
The average pair-wise RMSD values of the T,, T,, and NOE for
the two data sets recorded at 25°C were 6.4%, 5.3%, and 16%,
respectively. These average pair-wise errors are approximately
equal to the average error for each data set multiplied by root 2,
indicating that errors in the measured data arise primarily from
random (Gaussian) noise. The two data sets were merged into a
single data set in the following way. The T,, T,, and NOE values
were averaged for each residue and the average error in each
relaxation parameter was obtained by dividing the pair-wise error
of each parameter by two, yielding average T,, T,, and NOE errors
of 3.2%, 2.7%, and 8%, respectively. This single merged data set
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was used for model-free analyses. The average errors in the T,
T and NOE in the data set recorded at 20°C were 6.0, 5.8, and
5.2%, respectively. Two NOE data sets were recorded at 20°C and
were averaged as described for the data obtained at 25°C.

Determination of components of
the rotational diffusion tensor

T,/T, ratios were used to determine the components of the overall
rotational diffusion (the average correlation time T, the anisotropy,
DyD,, and the orientation, (0, ¢), of the unique diffusion axis in
the molecular frame) as described previously (Tjandra et al. 1995,
1996). Initially, a coarse four-dimensional grid search was per-
formed to obtain approximate values of the four diffusion tensor
parameters by minimizing the quantity E given by

>

2
residues A

(Telxp/T;xp)Z _ (Tvi‘alc/rl—(z?alv)z

@

where (T{*P/T5*P) is the experimental T /T, ratio, A is the error in
the T /T, ratio, and (T5“/T5") is the T /T, ratio calculated with
the assumption that effects of internal motion are negligible. Next,
Powell optimization (Press et al. 1988) was used to determine the
final set of parameters (0, ¢, 7, and D|/D,) which minimized E.
The values of the diffusion tensor components derived using the
T,/T, ratios measured at 20 and 25°C are listed in Table 1. Only
residues having NOE values >0.65 were used in the determination
of the diffusion tensor to exclude effects of fast internal motion on
the relaxation parameters. A second round of minimization, which
excluded, in addition to these residues, all residues for which the
experimental and calculated ratios differed by three standard de-
viations after the first minimization, yielded values of T and D\/D,
within 1% of the values listed in Table 1.

Model-free analysis of relaxation data

After the components of the diffusion tensor were determined, the
simple (two parameters, with R,, = 0) model-free approach (Li-
pari and Szabo 1982 a,b), appropriate to an axially symmetric
rotor, was used to fit the measured T,, T,, and NOE values of
individual residues. S* and 7, were allowed to vary until x>
reached a minimum, in which

5 <]—elxp _ Tﬁalc)Z (szp _ ]—(z‘alc>2 <N0E-exp _ NOEcalc‘)Z
=|— + +
X T(i‘rr ]’(2‘rr NOE(.’r)'

3

Fits were considered acceptable when x> < 7. We think it is rea-
sonable to accept fits with relatively large x> values because re-
laxation data have small systematic errors (e.g., owing to reso-
nance offset effects discussed above and because of uncertainties
and variations in '’N chemical shift anisotropy (Fushman et al.
1998; Kroenke et al. 1999) and in NH bond lengths) that are not
included in our random error estimate. For residues with x> > 7 the
relaxation data were fit using either (1) the simple model-free plus
exchange, which uses three parameters, S?, 7,, and R_,, or (2)
using the extended model-free spectral density functions (Clore et
al. 1990) employing three parameters, S;, S.%, and 7,(= 1), in
conjunction a single overall correlation time given by the local
diffusion approach (Bruschweiler et al. 1995). The local diffusion
approach accounts for the effect of anisotropic overall motion by
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means of an orientation dependent (local) overall correlation time
T, given by

1/(67;) = D; = D — P,(cos0,)(D, — D,)/3 4)

in which D = (4D, + 2 D//6 and 6, is the angle made by the NH
bond of the ith residue and the unique axis of the diffusion tensor.
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