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a b s t r a c t

HIV reverse transcriptase (RT) is a primary target for drug intervention in the treatment of AIDS. We report
the first solution NMR studies of [methyl-13C]methionine HIV-1 RT, aimed at better understanding the
conformational and dynamic characteristics of RT, both in the presence and absence of the non-nucleoside
RT inhibitor (NNRTI) nevirapine. The selection of methionine as a structural probe was based both on its
favorable NMR characteristics, and on the presence of two important active site methionine residues,
M18466 and M23066. Observation of the M184 resonance is subunit dependent; in the p66 subunit the
solvent-exposed residue produces a readily observed signal with a characteristic resonance shift, while
in the globular p51 subunit, the M18451 resonance is shifted and broadened as M184 becomes buried
in the protein interior. In contrast, although structural data indicates that the environment of M230 is
also strongly subunit dependent, the M230 resonances from both subunits have very similar shift and
relaxation characteristics. A comparison of chemical shift and intensity data with model-based predic-
tions gives reasonable agreement for M18466, while M23066, located on the �-hairpin “primer grip”, is
more mobile and solvent-exposed than suggested by crystal structures of the apo enzyme which have
a “closed” fingers-thumb conformation. This mobility of the primer grip is presumably important for

binding of non-nucleoside RT inhibitors (NNRTIs), since the NNRTI binding pocket is not observed in
the absence of the inhibitors, requiring instead that the binding pocket be dynamically accessible. In the
presence of the nevirapine, both the M18466 and M23066 resonances are significantly perturbed, while
none of the methionine resonances in the p51 subunit is sensitive to this inhibitor. Site-directed mutage-
nesis indicates that both M16 and M357 produce two resonances in each subunit, and for both residues,
the intensity ratio of the component peaks is strongly subunit dependent. Conformational features that

le pea
might explain the multip

. Introduction
HIV-1 reverse transcriptase (RT) has emerged as a central tar-
et for drug intervention in the treatment of AIDS (Autran et
l., 1997; Tachedjian and Goff, 2003). RT plays a pivotal role in

Abbreviations: DSS, 2,2-dimethylsilapentaned-5-sulfonic acid; HEPT, 1-[(2-
ydroxyethoxy)methyl]-6-(phenylthio)thymine; IPTG, Isopropyl thio-d-galac-
oside; HSQC, heteronuclear single-quantum coherence; NNRTI, non-nucleoside RT
nhibitors; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect; pdb,
rotein Data Bank; RMSD, root mean square deviation; RT, reverse transcriptase.
� This research was supported by the Intramural Research Program of the
ational Institute of Environmental Health Sciences, National Institutes of Health.
r. DeRose’s contribution was funded in whole with Federal funds from NIH/NIEHS,
nder delivery order HHSN273200700046U to SRA International, Inc.
∗ Corresponding author at: NIEHS, 111 T. W. Alexander Drive, PO Box 12233,
esearch Triangle Park, NC 27709, United States. Tel.: +1 919 541 4879;

ax: +1 919 541 5707.
E-mail address: london@niehs.nih.gov (R.E. London).

166-3542/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.antiviral.2009.07.021
ks are discussed.
Published by Elsevier B.V.

HIV replication by converting single-stranded genomic RNA into
double-stranded proviral DNA. The enzyme catalyzes two reac-
tions: DNA polymerization and RNA hydrolysis. It is composed
of two subunits, p66 and p51, with both active sites located in
the p66 subunit. The catalytic conversion of single-stranded viral
RNA into double-stranded DNA requires that RT binds succes-
sively to a series of four distinct primer/templates combinations:
tRNA/RNA, DNA/RNA, RNA/DNA and DNA/DNA. In order to accom-
modate this range of substrate structures, the enzyme must exhibit
substantial conformational flexibility. The conformational variabil-
ity of HIV reverse transcriptase is particularly well illustrated by its
interactions with non-nucleoside RT inhibitors (NNRTI) (Das et al.,
2007; Ren et al., 1995, 2001; Tachedjian and Goff, 2003). Forma-
tion of the NNRTI binding pocket requires extensive conformational

rearrangement of the apo enzyme. The inhibitory effect has been
proposed to result from combinations of three potential contribu-
tions: (1) direct distortion of the catalytic site; (2) interference with
the hinge region of the protein that connects the palm and thumb
subdomains, referred to as the “arthritic thumb” model (Shen et al.,

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:london@niehs.nih.gov
dx.doi.org/10.1016/j.antiviral.2009.07.021
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003; Tachedjian and Goff, 2003); (3) effects on heterodimer asso-
iation constant (Tachedjian et al., 2001; Venezia et al., 2006). The
ehavior of the apo enzyme in solution has been of interest since
rystal structures show that it adopts a closed, inactive conforma-
ion (Rodgers et al., 1995; Hsiou et al., 1996; Bauman et al., 2008).
lternatively, Esnouf et al. (1995) were able to crystallize RT in an
pen conformation in the presence of a low affinity NNRTI, which
as subsequently soaked out of the crystal.

In the present study, we have utilized [methyl-13C]methionine
abeled RT in order to probe the conformational behavior of the
nzyme in solution and to evaluate the response to the NNRTI
nhibitor nevirapine (Kohlstaedt et al., 1992; Tachedjian and Goff,
003). In addition to favorable motional properties that result in
elatively sharp resonances, methionine is located at two critically
mportant active site positions: the YMDD motif on the �9–�10
airpin, and at the end of the �12–�13 primer grip hairpin (Wang et
l., 1994; Ding et al., 1998; Powell et al., 1997; Gutierrez-Rivas and
enendez-Arias, 2001; Tachedjian et al., 2001). Additionally, the

osition of the M357 loop is sufficiently close to the dimer interface
o be sensitive to dimer formation. The locations of these methion-
ne residues make them ideal probes for monitoring dynamic and
onformational perturbations induced by both nucleoside and non-
ucleoside inhibitors.

. Materials and methods

.1. Materials

Oligonucleotides used as PCR primers for site-directed muta-
ensis were purchased from Integrated DNA Technologies.
nlabeled amino acids, Q-Sepharose FF and the ssDNA cellulose
atrix were purchased from Sigma–Aldrich. [�-13C]Methionine
as obtained from Cambridge Isotope Laboratories. Isopropyl thio-
-galactoside (IPTG) was from Invitrogen. HiLoad 26/60 Superdex
00 column was from Amersham Pharmacia Biotech AB.

The plasmids of pET21a (+) p66 and pET30a (+) p51 were a gen-
rous gift from Dr. Sam Wilson, NIEHS. We utilized no purification
ags. The p51 construct terminates at W426. Mutation of each of the
ix methionines to leucine individually and in combination was car-
ied out by using the QuickChange XL site-directed mutagenesis kit
Stratagene). The desired mutated gene sequences were confirmed
y DNA sequence analysis. Expression was controlled by the T7/lac
romoter, which carried ampicillin or kanamycin antibiotic resis-
ance, respectively. The two expression plasmids were transformed
nto E. coli BL21 (DE3) codon plus RIPL, and the protein expression

as induced by addition of IPTG into the culture. The purification
rocedure of all mutants of both RT and p51 subunit was the same
s described below. Each of the mutants constructed of p51 and
66 is listed below:

Protein sample Concentration (�M)

[Methyl-13C]methionine66 RT 57
[Methyl-13C]methionine51 RT 50
[Methyl-13C]methionine51 M357L51 RT 39
[Methyl-13C]methionine66 M16L RT 80
[Methyl-13C]methionine66 M41L RT 50
[Methyl-13C]methionine66 M164L RT 80
[Methyl-13C]methionine66 M184L RT 35
[Methyl-13C]methionine66 M230L RT 60

.2. Sample preparation
For the purpose of NMR studies, each subunit of RT was
xpressed at 37 ◦C using enriched medium (PAG) (Studier, 2005)
ontaining 17 unlabeled amino acids (no C, Y and M), plus [�-
3C]methionine, which is expected to repress the endogenous
ynthesis of methionine by the bacteria (Muchmore et al., 1989).
rch 84 (2009) 205–214

The cell pellets containing p66 and p51 were mixed and resus-
pended in buffer A (50 mM Tris–HCl, 5% Glycerol, 50 mM NaCl,
1 mM DTT, and 0.5 mM EDTA pH 8.0) and sonicated together. The
suspension was centrifuged at 30,000 × g for 30 min. All purifica-
tion procedures were performed at 4 ◦C. The clarified supernatant
was loaded on a Q Sepharose FF column, and an ssDNA cel-
lulose column connected in tandem. When the OD280 of the
flow-through was observed to be stable for 1 h (approximately
100 ml of wash), the ssDNA cellulose column was washed with
50 mM to 1 M NaCl gradient of buffer A. The fractions containing
both RT subunits were pooled based on SDS-PAGE analysis. The
pooled fractions were concentrated to less than 5 ml, and loaded
onto a HiLoad 26/60 Superdex-200 gel filtration FPLC column which
was pre-equilibrated with 50 mM Tris–HCl 200 mM NaCl. The het-
erodimer could be cleanly separated from excess monomer with
the Superdex 200. Because there was generally an excess of p51,
this insured the correct ratio p51 to p66. The fractions, which
contain both RT subunits in an apparent 1:1 ratio as verified by
SDS-PAGE analysis, were pooled and concentrated with Amicon
Ultra-15 centrifugal filter device (Millipore).

The final samples were exchanged into NMR buffer (10 mM
Tris–HCl-d11, pD7.6, 200 mM KCl, 1.5 mM sodium azide, 4 mM
MgCl2, and 100 �M 2,2-dimethylsilapentaned-5-sulfonic acid
(DSS) as an internal chemical shift standard, in D2O) using a PD-10
desalting column (Pharmacia), and further concentrated to approx-
imately 50 �M. The concentration of each sample was determined
by u.v. absorbance.

2.3. NMR spectroscopy

All NMR experiments were performed at 25 ◦C using a Var-
ian UNITY INOVA 500 MHz NMR spectrometer, equipped with a
5 mm Varian (500 MHz) 1H{13C, 15N} triple-resonance cryogeni-
cally cooled probe, with actively shielded Z-gradients. We used
the Varian gChsqc experiment included in Biopack with the phase-
cycling option. The acquisition parameters for all experiments were
64 transients, 64 ms acquisition with 1024 points and sweep width
of 14 ppm. In the indirect dimension, 128 points were acquired
with a sweep width of 11 ppm, the 13C offset was set to 17 ppm.
All NMR data were processed using NMRPipe (Delaglio et al., 1995)
and analyzed with NMRviewJ (Johnson and Blevins, 1994).

2.4. Nomenclature

Subscripts have been used to denote the subunit involved
when there is any possibility of ambiguity, e.g., [methyl-
13C]methionine51 RT refers to the methionine labeled p51 subunit,
and M23066 refers to the M230 residue in the p66 subunit.

3. Results

Each subunit of HIV-1 reverse transcriptase contains six methio-
nine residues that are distributed as illustrated in Fig. 1. The apo
enzyme is shown in a conformation in which the fingers and thumb
adopt a closed conformation (Fig. 1a, pdb code: 3DLK) as well as a
fingers–thumb open conformation (Fig. 1b, pdb code: 1RTJ). The
two methionine-containing �-hairpins at the active site of the p66
subunit are shown in Fig. 1c. HIV-1 reverse transcriptase was pre-
pared containing [methyl-13C]methionine in either the p66 or p51
subunits using a parallel expression system (Hou et al., 2004). The
labeled and unlabeled subunits are combined immediately upon

cell lysis and the RT heterodimer is subsequently purified. Fig. 2a
shows the 1H–13C HSQC spectrum of 57 �M HIV-1 RT prepared to
contain [methyl-13C]methionine in the p66 subunit. We will refer
to this species as [methyl-13C]methionine66 RT. Resonances were
assigned using site-specific M → L mutants, with the results for the
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Fig. 1. Methionine residue positions in apo RT structures. (a) apo RT in a conformation in which the relative orientation of fingers and thumb is closed. The figure was based
on pdb code 3DLK, and apo RT structures 1DLO and 1HMV adopt a similar, closed conformation. (b) apo RT in an open conformation (pdb code 1RTJ). The p51 subunit is shown
in blue, the p66 subunit in green, except for the thumb domain of the p66 subunit, which is shown in cyan. Methionine residues of the p66 and p51 subunits are indicated
as yellow and orange spheres, respectively. (c) The two methionine-containing �-hairpins corresponding to the active site YMDD motif (�9–�10 hairpin), and to the primer
g
r

F
s
b
a

rip (�12–�13 hairpin) are illustrated (based on pdb file 1HYS). The proximity of M184 to
eferences to color in this figure legend, the reader is referred to the web version of the a

ig. 2. 1H–13C HSQC spectra of (a) 57 �M [methyl-13C]methionine66 RT, (b) 50 �M [meth
pectrum obtained for the M357L51 mutant shown in (c) establishes that the M230 reson
uffer: 10 mM Tris–HCl-d11, pD 7.6, 200 mM KCl, 1.5 mM sodium azide, 4 mM MgCl2, and
t 25 ◦C.
Y183 is consistent with the upfield 1H shift for M184 C�. (For interpretation of the
rticle.).

yl-13C]methionine51 RT, and (c) 39 �M [methyl-13C]methionine51 M357L51 RT. The
ance has a similar shift in both subunits. All samples were exchanged into the NMR

100 �M DSS as an internal chemical shift standard, in D2O. Spectra were obtained
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ig. 3. Site-directed M → L mutants of the p66 subunit of the heterodimer. The 1H–1

he p66 subunit are shown. Mutations of M41 and M164 did not produce significant
re severely broadened. The M230L66 mutation does not eliminate the observed res
hifts.

66 subunit shown in Fig. 3. Four of the six methionine residues in
his subunit give rise to readily observed resonances, while the two
esidues that are more completely buried with low solvent acces-
ibility, M41 and M164, are not readily observed. Although the use
f perdeuteration in combination with the HMQC “TROSY” exper-
ment (Tugarinov et al., 2003) produced modest improvements in
esonance intensity, this approach still did not permit unequivo-
al observation of the two missing resonances (data not shown),
erhaps due to the presence of �, �, and � protons on the [methyl-
3C]methionine which compromise the isolation of the 13CH3 spin
ystem that is the basis for the TROSY effect (Tugarinov et al., 2003).

Assignment of the M357 resonance proved to be particularly
hallenging. This appears to result from the conformational flexi-
ility of the M357 loop, as well as the fact that in the p66 subunit,
his residue is positioned fairly close to the subunit interface, intro-
ucing the possibility that its shift will be dependent on dimer
ormation. Site-directed substitution of M230 did not completely
liminate the intensity of the resonance at (2.01, 17.14) assigned
o M230 so that M35766 resonates at two positions (Fig. 4). As
xpected, the M230 resonance and both M357 resonances were
ot observed in the double M230L, M357L mutant (data not shown).
he complex behavior of M357 is discussed further in the following
ections.

The 1H–13C HSQC spectrum of [methyl-13C]methionine51 RT
s somewhat similar to that obtained for the labeled p66 subunit
Fig. 2b) with a number of important differences. In particular,
he M184 resonance is no longer clearly resolved, and the reso-
ance intensity of M357 is dramatically increased relative to that

f the other methionine peaks. The absence of a resolved M184
esonance indicates that, as with residues M41 and M164, M184
ecomes buried in the interior of the protein, resulting in a signif-

cantly shorter T2, and possibly a significant exchange broadening
ontribution. The increased intensity of M35751 indicates a signifi-
QC spectra of [methyl-13C]methionine66 RT containing five site-directed mutants in
al perturbations, consistent with the conclusion that the corresponding resonances
e intensity due to the appearance of a second M357 resonance with nearly identical

cantly greater internal mobility for this residue in the p51 subunit,
compared with the p66 subunit. Perhaps the most surprising result
of the study was the observation that, despite apparently differ-
ent structural environments, residue M230 exhibits similar shifts
in both the p66 and p51 subunits. Due to overlap problems of
the M357 and M230 resonances, this assignment was verified by
examination of the heterodimer formed from p66 and [methyl-
13C]methionine M357L51 (Fig. 2c). Finally, site-directed mutants
demonstrate that in both subunits, M16 gives rise to two reso-
nances at ı1H,ı13C = (2.12, 18.35) and (2.07, 17.66). For the P66
subunit, the intensity of the (2.12, 18.35) resonance is much greater,
while the two M16 resonances are approximately equal in the p51
subunit.

Further interpretation of the NMR data can be made based on
comparisons of experimental NMR signal intensity and shift data
with model-based predictions utilizing crystallographic models for
the apo enzyme that are summarized in Tables 1 and 2. In large pro-
teins, solvent accessibility is expected to be directly correlated with
signal intensity. This correlation has been observed in other large
systems such as UvrB (Dellavecchia et al., 2007), and is supported by
theoretical studies indicating that packing density is strongly corre-
lated with order parameter (Ming and Bruschweiler, 2004). Solvent
accessibility and 1H shifts were determined from four reported
crystal structures of uncomplexed RT, pdb codes 1DLO (Hsiou et
al., 1996), 1HMV (Rodgers et al., 1995), 1RTJ (Esnouf et al., 1995),
and 3DLK (Bauman et al., 2008). We also utilized the structure
reported for a truncated construct that includes the palm and fin-
gers subdomains or RT216, 1HAR (Unge et al., 1994). Three of the

four structures for the full RT enzyme have a closed thumb con-
formation for p66 in which the thumb subdomain is positioned
closer to the fingers subdomain, while the 1RTJ structure has an
open thumb conformation, more similar to that of the RT·RNA·DNA
complex (pdb code: 1HYS, Sarafianos et al., 2001) (Fig. 1a and b).
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ig. 4. Superposition of two resonances at ı1H,13C = (2.03, 17.17). 1H–13C HSQC of (
he 1D 1H slice at ı13C = 16.9 ppm. This observation, in combination with other stud
ith that of M23066.

hese conformational differences among the apo RT structures are
elated to the different space groups of the RT crystals correspond-
ng to different crystallization conditions (Table 1). The open 1RTJ
tructure was obtained by crystallization of RT in the presence
f 1-[(2-hydroxyethoxy)methyl]-6-(phenylthio)thymine (HEPT), a
eak NNRTI, which was subsequently soaked out of the crystal

Esnouf et al., 1995). We note here that the open/closed orienta-
ion of the thumb subdomain illustrated in Fig. 1a and b is not to
e confused with the major conformational rearrangement of the
rst 440 residues of RT, which can adopt a more globular, p51-

ike conformation or an “extended”, p66-like conformation. As can

e seen both from an examination of the structures and from the
ata summarized in Table 1, there is a dramatic reduction in the
olvent exposure of M184 in the p51 subunit, as the active site
ecomes largely solvent inaccessible. The fractional solvent expo-
ure of M184 averaged among the four reported crystal structures

able 1
omparison of methionine methyl resonance intensities with crystal structure-based res

Residue NMR resonance intensitya Crystal structures

1DLO
apo

Space group C2 (1 2 1)
Resolution 2.70

I: p66 subunit
M16 1.0 0.46
M41 – 0.04
M164 – 0.0
M184 0.87 0.38
M230 1.16 − 0.34 = 0.82b 0.01
M357 0.55 + 0.34 = 0.89b c

II: p51 subunit
M16 1.0 0.44
M41 – 0.08
M164 – 0.02
M184 0 0.09
M230 1.39 d

M357 4.1 c

a Resonance intensities are normalized relative to the total intensity of both M16 reson
b Intensities of the M230 and M357 resonances are corrected for the overlap of M23066
c The M357 loop is disordered in both subunits of 1DLO, and in the p51 subunit of 1HM
d Segments containing M230 are disordered in the p51 subunit of 1DLO, 1HMV, and 1R
thyl-13C]methionine66 RT, and (b) [methyl-13C]methionine66 M230L66 RT showing
dicates that M35766 produces two distinct resonances, one of which is degenerate

of uncomplexed RT is 0.60 for p66 and 0.13 in p51 (Table 1). Thus,
the loss of resonance intensity is readily explained in terms of the
greater dipolar relaxation contributions to the buried residue.

In addition to interpreting the intensity of the resonances in
terms of solvent exposure, we also utilized structure-based 1H shift
predictions, summarized in Table 2 (Neal et al., 2003) The M18466
resonance exhibits an upfield 1H� shift of 1.84 ppm, which results
primarily from its proximity to Y18366. The 1H shift values pre-
dicted by SHIFTX (Neal et al., 2003) from the crystal structures
(Table 2) for M18466 range from 1.89 ppm (3DLK) to 2.21 (1RTJ),
with the variation resulting primarily from variability in the rela-

tive position of Y18366 and M18466 (Fig. 1c). In silico rotation of the
Y18366 phenol sidechain can vary the predicted shift up or down-
field, dependent on its orientation relative to the M18366 methyl
group. The predicted M18466

1H shift for structure 1RTJ shows
the poorest agreement with experiment, and has the methion-

idue solvent exposure.

1HMV 3DLK 1RTJ 1HAR
apo apo apo Fingers–palm

C2 (1 2 1) C2 (1 2 1) P212121 P43

3.20 1.85 2.35 2.20

0.41 0.43 0.45 0.33
0.16 0.10 0.13 0.10
0 0.02 0 0.01
0.71 0.62 0.67 0.59
0.10 0.09 0.50
0.26 0.72 0.92

0.47 0.37 0.45
0.11 0.05 0.13
0.03 0.05 0.01
0.18 0.11 0.15
d 0.11 d

c 0.58 0.53

ances.
with M35766 (see Fig. 4).
V.
TJ. Structure 3DLK contains M230, however residues 214-225 are disordered.
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Table 2
NMR shift values and structure-based methionine methyl proton shift predictions
(SHIFTX).

Residue Crystal structures

1DLO 1HMV 3DLK 1RTJ 1HAR

Ligand apo apo apo
Resolution 2.70 3.20 1.85 2.35 2.20

I: p66 subunit
NMR data

Residue ı1H
M16 2.10 2.11 2.13 2.12 2.11 2.07
M41 – 2.27 2.09 2.78 1.76 1.70
M164 – 2.06 2.11 2.11 1.86 1.94
M184 1.81 2.03 1.99 1.89 2.21 2.03
M230 2.01 0.90 −0.97 1.55 2.07
M357 2.08 – 2.14 2.16 2.13

II: p51
M16 2.10 2.10 2.08 2.11 2.13
M41 – 1.95 2.00 1.99 2.06
M164 – 2.09 2.13 2.14 2.13
M184 1.81 2.22 2.40 2.15 1.78
M230 2.02 – – 1.75 –

S
c

i
p
M
o
1

p
s
l
p
1
g
M
d
a
s
a
r
a
1

2
b
f
o
A
t
t
M
d
T
t
t
t
i
e
d

e
e
t
i

Fig. 5. Plots of relative intensity vs. solvent accessibility for P66 (a) and P51 (b) sub-
units of RT. NMR intensities for each subunit are normalized relative to the value
for M16. For the p51 subunit, normalization was based on the sum of the intensities
of the two M16 resonances. Solvent accessibilities for each of the apo RT structures
summarized in Table 1 were calculated using the program VADAR (Willard et al.,
2003), and the average values were used for the plot. The values for M35766 and
M357 2.11 – – 2.13 2.04

HIFTX calculations utilized the web-based site, http://redpoll.pharmacy.ualberta.
a/shiftx, described by Neal et al. (2003).

ne sidechain oriented at the edge of Y183 with the methyl group
ointing away from the phenyl ring. The observed interaction of
18466 and Y18366 is consistent with the substantial literature

n methionine–phenylalanine interactions (Klingler and Brutlag,
994; Stapley et al., 1995).

In contrast with the results discussed above for M18466, the
redicted shift and intensity parameters for M23066 show sub-
tantially poorer agreement with the observed values. M23066 is
ocated at the end of a �-hairpin that forms part of the polymerase
rimer binding site of RT (Fig. 1c) (Ghosh et al., 1996; Powell et al.,
997; Sarafianos et al., 2001). The position of the �9–�10 primer
rip hairpin differs markedly among these structures. Although the
23066 resonance is fairly intense, three of the four structures pre-

ict limited solvent exposure, which as discussed above for M41
nd M164, is expected to correspond to very weak resonance inten-
ity. In contrast, structure 1RTJ corresponds to a fractional solvent
ccessibility of 0.50 for M23066, consistent with a more intense
esonance. The three structures in which M23066 has little solvent
ccessibility also led to SHIFTX predictions of significant upfield
H� shifts, averaging 0.5 ppm, in contrast with the observed value of
.04 ppm (Table 2). Thus, there appear to be significant differences
etween the environment of M23066 in solution as determined
rom the NMR studies, and crystal structure-based predictions
f shift and intensity using structures 1DLO, 1HMV, and 3DLK.
lternatively, the 1RTJ-based 1H� shift prediction of 2.07 ppm and

he solvent exposure-based intensity predictions are more consis-
ent with the observed resonance behavior. In the p51 subunit,

230-containing peptide segments of length 12–23 residues are
isordered in three of the four structures summarized in Table 1.
his behavior is consistent with the observed shift and intensity of
he M23051 resonance in [methyl-13C]methionine51 RT. Alterna-
ively, the behavior of the M23051 resonance is inconsistent with
he parameters predicted on the basis of structure 3DLK, and also
s inconsistent with a model that assumes rapid or intermediate
xchange between the ordered structure observed in 3DLK and the
isordered structures of the other crystal structures.
Plots of methyl resonance intensity vs. the fractional solvent
xposure averaged among the four structures generally show the
xpected correlation for larger proteins (Fig. 5). The intensities of
he M35766 and M23066 resonances were corrected for the overlap
llustrated in Fig. 4. Consistent with the above discussion, a sig-
M23066 were calculated by dividing the overlapping resonance into two compo-
nents based on the data for the M230L mutant shown in Fig. 4. A data point is also
included for M23066 using only the solvent accessibility for the 1RTJ structure (filled
triangle).

nificant improvement in the predicted intensity for the M23066
resonance is obtained using the solvent accessibility calculated for
structure 1RTJ, rather than the average value. Due to its location
near the subunit interface (Fig. 6), the actual solvent accessibility
of M35766 will probably be somewhat lower than the calculated
value, depending on the particular structure used for the calcula-
tion.

3.1. Complex behavior of the M357 loop

In both the p66 and p51 subunits, M357 lies on a loop connect-
ing �-strand 18 with �-helix K (Wang et al., 1994). This loop was
disordered in three of the four p51 subunits and one of the p66
subunits of the apo structures analyzed in Tables 1 and 2. Accord-
ing to the analysis given above, the shift of the M35766 resonance
in the p66 subunit is perturbed slightly due to its proximity to
the dimer interface (Fig. 6). Studies of [methyl-13C]methionine66
M230L66 RT revealed that although most of the resonance at the ini-
tial M230 position was eliminated, a significant residual peak at this
“B” position remained (Fig. 4). One interpretation of this behavior
consistent with the intensities observed for the M357 resonances is
that in the p51 subunit, the M357 loop undergoes rapid conforma-
tional averaging on a ns time scale, while in the p66 subunit, there is
a slower equilibrium involving at least two relatively stable confor-

mations. This difference in dynamic behavior presumably results
as a consequence of the proximity of M35766 to the dimer inter-
face. Consistent with the dynamic conclusions summarized above,
analysis of the C� B-factor values for structure 3DLK indicates that
the average value for residues 355–361 jumps to 88 relative to an

http://redpoll.pharmacy.ualberta.ca/shiftx
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Fig. 6. Environment of M357. (a) The structure of the region near M35766 is based on
crystal structure 3DLK (Bauman et al., 2008), with p66 residues shown in green and
p51 in blue. In order to illustrate the conformational heterogeneity of this loop,
we also have included an overlay of the segment from residues Y35466-H36166

derived from structure 1HMV (magenta). In this structure the M35766 loop adopts an
altered conformation, characterized by flipping of the R356-M357-R358 sidechains.
For clarity, only the sidechains for Y35466, M35766, H36166, Q39451 and E39651 are
shown. The inset shows a schematic representation of the positions of the M357
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to nevirapine addition (Fig. 7a). The crystal structure of the nevi-
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s
w

esidues relative to the overall structure of the heterodimer. (For interpretation of
he references to color in this figure legend, the reader is referred to the web version
f the article.).

verage of 36 for the entire p51 connection subdomain. A qualita-
ively similar but much smaller jump–from 34 to 56, occurs for the
orresponding residues in the p66 subunit.

Crystal structure data suggest some possibilities for the iden-
ity of the conformational change influencing the M35766 shift. In
tructure 1HMV, the M357 loop adopts an alternate conformation

n which the orientation of the R356-M357-R358 sidehchains is
pproximately reversed relative to the positions in 3DLK (Fig. 6).
lthough the resolution of the 1HMV structure is 3.2 Å, similar con-

ormations are evident in some more highly resolved structures of

ig. 7. Effect of nevirapine on RT. (a) 1H–13C HSQC spectra of uncomplexed [methyl-13

evirapine; (b) 1H–13C HSQC spectra of uncomplexed [methyl-13C]methionine66 M230L6

H–13C HSQC spectra of uncomplexed [methyl-13C]methionine51 RT (50 �M) in the absen
hifts in response to the nevirapine. NMR parameters and buffer as in Fig. 2. (For interpr
eb version of the article.).
rch 84 (2009) 205–214 211

RT drug complexes, such as 3DYA (Sweeney et al., 2008). In sum-
mary, the M357 loop of the p51 subunit undergoes rapid segmental
motion leading to a very intense resonance, while the M357 loop
on the p66 subunit appears to be sensitive to dimer formation and
undergoes slower exchange between at least two different confor-
mational states.

3.2. Effect of nevirapine

Non-nucleoside reverse transcriptase inhibitors (NNRTI) such
as nevirapine play an important role in the treatment of HIV; how-
ever, fundamental questions about the mechanistic basis for their
inhibition remain unanswered. Biochemical evidence indicates that
NNRTIs do not affect the ability of RT to form a ternary complex with
nucleic acid and nucleoside triphosphate, but specifically inhibit
the chemical step of nucleotide incorporation into the primer
strand (Spence et al., 1995; Rittinger et al., 1995), consistent with
observed distortions of residues in the polymerase active site. These
inhibitors bind in the vicinity of the two active site �-hairpins that
contain the M184 and M230 residues. The HSQC spectra of [methyl-
13C]methionine66 RT and [methyl-13C]methionine51 RT indicate
that only methionine resonances in the p66 subunit are sensi-
tive to the addition of nevirapine, with M18466, M23066 exhibiting
significant shifts (Fig. 7). Venezia et al. (2006) suggest that a con-
formational change in the I135-P140 segment of the p51 subunit
accompanies binding of the NNRTI efavirenz. This region is near
the active site, but far from the labeled methionine residues in p51,
so that although a similar conformational change might also occur
in response to nevirapine, it would not be observed in the present
study.

Addition of nevirapine resulted in a downfield 1H shift of
0.10 ppm for the M18466 resonance, which could be rationalized
on the basis of a small change in the relative orientation of M18466
and Y18366, while the M23066 resonance exhibits larger 1H and
13C shift changes: �1H,13C = (−0.21, −1.19) ppm. In addition, res-
onance M357B also appears to exhibit a small shift in response
rapine complex (pdb code: 1VRT, Ren et al., 1995) indicates very
significant changes in the relative position of the primer grip, with
the M18466 residue being brought into close contact with Y18366.
Indeed, the distance and relative orientation of these two residues

C]methionine66 RT (57 �M) in the absence (black) and presence (red) of 250 �M
6 RT (60 �M) in the absence (black) and presence (red) of 100 �M nevirapine; (c)
ce (black) and presence (red) of 200 �M nevirapine. The arrows indicate resonance
etation of the references to color in this figure legend, the reader is referred to the
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Fig. 8. Effect of nevirapine on the RT active site. The structure of the two methionine-
containing �-hairpins corresponding to the active site YMDD motif (�9–�10
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with NNRTI. This type of interaction, resulting in formation of a
airpin), and to the primer grip (�12–�13 hairpin) in the absence (a) and pres-
nce (b) of nevirapine (1VRT). The proximity of M230 S to Y183 OH is consistent
ith an OH· · ·S hydrogen bond interaction in the nevirapine complex.

s consistent with a hydrogen bonding interaction between the
ydroxyl group of Y18366 and the M23066 sulfur atom (Gregoret
t al., 1991) (Fig. 8). Interestingly, similar structural changes con-
istent with a Y18366-M23066 hydrogen bond can also be observed
n RT-efavirenz complexes (e.g. pdb structures 1FK9, 1IKW). Based
n the reported crystal structures, the 1H� shifts for M18466 and
23066 do not result from direct interactions with the nevirapine,

ut are dominated by indirect effects resulting from perturbation of
he relative orientations of the nearby Y18366 and W22966 residues.
tructure-based 1H shift predictions are qualitatively consistent
ith some of these shift changes, but do not provide a reliable quan-

itative basis for interpretation of the small shifts due to the limited
esolution of these structures and the extreme sensitivity of the
hifts to small changes in orientation. Nevertheless, some struc-
ural features can be critically evaluated. For example, structure
LWE, which corresponds to the nevirapine complex of the M41L,
215Y doubly mutated RT, has a W229 conformation that differs
rom that of the other nevirapine complexes, and the SHIFTX pro-
ram predicts a 1H� shift of 0.02 ppm for M230, in sharp contrast
ith the observed value of 1.81 ppm. Hence, the corresponding
229 rotamer conformation is not significantly populated in solu-

ion.
In contrast with the 1H data, the large nevirapine-induced 13C

hift of −1.19 ppm for M23066 probably arises from a change in
he distribution of methionine �3 values. Recent statistical studies
ndicated that gauche orientations for methionine �3 were cor-
elated with an upfield 13C shift of ∼−1.78 ppm relative to the
rans conformers (London et al., 2008). Investigation of several
evirapine-containing RT structures including 1VRT, 1LW0, 1LWC,
JLB, 1JLF (Ren et al., 1995; Ren et al., 2001; Chamberlain et al., 2002)
how that in the nevirapine complex, the interaction between
18366 and M23066 interferes with the trans conformation and may

urther stabilize the gauche conformation of M23066 �3 as a con-
equence of hydrogen bonding between Y18366 OH and M23066
. There is no analogous constraint in the apo structures, particu-
arly for the open thumb conformation observed in 1RTJ, and no
tructure of the apo enzyme is consistent with a similar hydrogen
onding interaction. Hence, we conclude that the fractional trans
robability for M23066 �3 is reduced in the nevirapine complex,

eading to the upfield 13C shift.
The small shift of the M357B resonance in the p66 subunit

Fig. 7a and b) may result from structural changes at the subunit
nterface, or from the transition from a more closed to an open

onformation of the p66 subunit, similar to that illustrated in the
RTJ structure (Fig. 1b). Since nevirapine increases the RT dimer
ormation constant, it would not be surprising for it to influence
he shift of M35766 due to its location near the interface. In con-
rch 84 (2009) 205–214

trast, the M357A component at (2.08, 17.16), which has the same
shift as M35751, is not significantly perturbed by the nevirapine.

4. Discussion

Due to the importance of HIV reverse transcriptase as a drug
target, it has been studied using a broad range of biophysical tech-
niques. However, the size and complexity of the enzyme make
it a challenging target for NMR studies, and to the best of our
knowledge, no direct NMR studies have been reported, although
nucleotide binding has been studied using the transferred NOE
approach (Painter et al., 1993). The strategic location of methionine
in both the active site YMDD motif on the �9–�10 hairpin as well
as on the �12–�13 primer grip, along with the high mobility of the
residue which results in significant line narrowing, makes the use of
[methyl-13C]methionine an ideal label for NMR investigation of HIV
reverse transcriptase. Surprisingly, the behavior of the methyl res-
onances for the two active site methionine residues is dramatically
different. The M184 resonance characteristics are strongly depen-
dent on which subunit is labeled. The M18466 resonance exhibits
characteristic shift and intensity parameters that are at least qual-
itatively consistent with crystal structure-based predictions, while
in the p51 subunit, the resonance is not readily detected, consis-
tent with expectations for a residue with low solvent accessibility.
These features are generally consistent with expectations derived
from crystal structure data.

In contrast, the M230 resonances from both subunits produce
resonances that are similar in both shift and intensity. The behav-
ior of the M230 resonances is consistent with residues that have
substantial solvent accessibility and motional freedom, although it
cannot be ruled out that the observed resonances in either sub-
unit may be in slow exchange with additional conformational
state(s) that are not readily observed by NMR due to their relax-
ation characteristics. More specifically, if the interconversion of the
closed and open enzyme conformations illustrated by the crystal
structures in Fig. 1 is sufficiently slow on the chemical shift time
scale, the NMR observation might be selective for the more flexible
M230 environment characterizing the open conformation. The shift
parameters are typical for solvent-exposed methionine residues
that are influenced primarily by local, sequence-dependent inter-
actions, rather than by constrained long-range interactions with
aromatic residues. For the p51 subunit, segments containing M230
are disordered in three of the apo structures considered, while in
structure 3DLK, M23051 is observed, although an adjacent segment
from residues 214–225 is not. The NMR data indicates that in solu-
tion, the behavior of M23051 is more consistent with expectations
based on the disordered segment. We emphasize, however, that in
contrast to M357, the M230 resonance does not exhibit the high
intensity characteristic of a disordered segment with large ampli-
tude fluctuations on the ns time scale. Instead, the M230 resonance
characteristics are consistent with a residue that may be involved
in some degree of conformational exchange occurring on the �s
time scale, characterized by a more limited range of motion.

As discussed in detail in the previous section, the M23066 res-
onance parameters are generally not consistent with the closed
structures of apo RT observed in various crystal studies. In these
structures, M23066 has considerably lower solvent accessibility,
as well as interactions with remote residues that are predicted to
produce significant broadening and shift perturbations. The NMR
parameters for M23066 are, however, consistent with the highly
unusual ability of the region of RT near this residue to interact
binding pocket that is not observed in the apo structure, requires
substantial conformational plasticity and is thus consistent with
the observed resonance characteristics that correspond to a sol-
vent accessible, disordered environment. Interestingly, most of the
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tructures reported for apo RT adopt an inactive conformation char-
cterized by a closed fingers–thumb orientation that precludes
NA/RNA binding, and the pivot points for rigid-body motion of the
ngers and thumb subdomains are located near the NNRTI binding
ocket (Ivetac and Mccammon, 2009). Thus, the apparent incon-
istency with the behavior of the observed M23066 resonance is
ot that surprising. Additionally, there are substantial structural
ifferences even among the three closed structures, in the region
ear M23066, and even the M23066 �1 angle varies significantly.
his variability is the basis for the large variations in the SHIFTX-
ased 1H shift predictions for M23066 (Table 2). Although the data
or the M23066 resonance are more consistent with structure 1RTJ,
ith an open fingers–thumb conformation, the observed parame-

ers might equally correspond to an ensemble of structures, with
any having a relatively unconstrained M230 residue. ESR studies

f spin-labeled RT have found that at 25◦ C, the enzyme adopts the
losed conformation with ∼84% probability (interpolated from the
eported values, Kensch et al., 2000), so the remaining 16% in the
pen conformation may be sufficient to explain the NMR observa-
ions. More probably, the structural coupling between the active
ite conformation and the fingers–thumb orientation is imperfect,
llowing for greater flexibility of the active site residues.

An alternate interpretation for the similarities between the
23066 and M23051 resonances is that partial proteolytic process-

ng of the p66 subunit of RT occurs in the E. coli, as has been observed
reviously (Maier et al., 1999). As a result, 13C labeling in the p66
ubunit could be contaminated with some label in the p51 subunit.
n addition to the coincident M23066 and M23051 shifts, this pro-
ess could also explain the observation of two M35766 resonances.
espite this possibility, chromatographic analysis showed no sig-
ificant presence of a p51 peak in the p66 preparation. Consistent
ith the above conclusion, MALDI-TOF mass spectrometric anal-

sis of methionine-containing tryptic peptides from p51 showed
o measurable difference of the isotope composition from natural
bundance (data not shown), indicating essentially no measurable
roteolysis of p66 to p51 under the conditions of our study.

The observation of two resonances arising from M16, located on
he protein surface, was also unanticipated. In all reported struc-
ures, the K13-P14-G15-M16 residues form a Type II �-turn, and it is
ossible that the observed resonances may result from significant
is/trans isomerism of the K13–P14 bond. There are many prece-
ents for observation of multiple resonances near conformationally
eterogeneous X-Pro bonds (Hinck et al., 1993; Pitcher et al., 2003).
he possibility that the observed heterogeneity is a consequence of
ariable processing of the N-terminal methionine and/or additional
-terminal residues is extremely unlikely, since M16 is ∼30 Å from

he N-terminus. Additionally, Thimmig and McHenry (1993) have
emonstrated > 95% cleavage of the N-terminal Met-Pro bond of
IV RT expressed in E. coli, consistent with our failure to observe
n N-terminal methionine methyl resonance. Also surprising is the
ariability in the ratio of the ı13C = 17.7/ı13C = 18.3 ppm M16 reso-
ances; in the P66 subunit the intensity of the 18.3 ppm resonance

s much greater than that of the 17.7 ppm resonance, while in p51,
he intensities of the two components have similar intensity. We
re aware of no significant data indicating greater conformational
eterogeneity for the fingers subdomain of p51, and examination
f the crystal structures provides no insight into the basis for these
ifferences, so that at the present time this observation requires
urther investigation.

The present study extends the conclusions obtained previously
n methionine labeled UvrB (MW 75 kD), indicating that in these

arge systems, solvent accessibility becomes a dominant factor
n determining the observability of the methionine methyl reso-
ances (Dellavecchia et al., 2007). For RT, the resonances arising

rom the buried M41 and M164 residues could not be unequivo-
ally assigned, even after perdeuteration of the protein. Although
rch 84 (2009) 205–214 213

qualitatively similar effects can be observed for small and mod-
erately sized proteins such as Pol � (40 kD) in which buried
methionine residues can readily be observed (Bose-Basu et al.,
2004), transverse relaxation becomes much more significant for
large systems such as UvrB and RT. Alternatively, deviations from
the predicted solvent–accessibility–intensity relationship gener-
ally indicate important conformational exchange contributions or a
lack of applicability of the structural model to the solution behavior,
as is apparently the case for M230 of RT.

In addition to the pronounced effects of nevirapine on the active
site methionine residues, there is a small perturbation of the M357B
resonance so that it partially overlaps the shifted M18466 reso-
nance. Based on the position of M35766 near the dimer interface
and the well documented effects of NNTRI on dimerization behav-
ior (e.g., Venezia et al., 2006), the observed effect is probably not
surprising. In addition, the stabilization of an open conformation of
p66 places the thumb subdomain much closer to M357, so that this
conformational effect could also be related to the observed shift
perturbation. Ongoing studies with spin-labeled RT should help to
clarify these effects.
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