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ABSTRACT: Crystal structures and simulations suggest that conformational changes are critical for the
function of HIV-1 reverse transcriptase. The enzyme is an asymmetric heterodimer of two subunits, p66 and
p51. The two subunits have the sameN-terminal sequence, with the p51 subunit lacking the C-terminal RNase
H domain. We used hydrogen exchange mass spectrometry to probe the structural dynamics of RT. H/D
exchange revealed that the fingers and palm subdomains of both subunits form the stable core of the
heterodimer. In the crystal structure, the tertiary fold of the p51 subunit is more compact than that of the
polymerase domain of the p66 subunit, yet both subunits show similar flexibility. The p66 subunit contains the
polymerase and RNase H catalytic sites. H/D exchange indicated that the RNase H domain of p66 is
very flexible. The β-sheet β12-β13-β14 lies at the base of the thumb subdomain of p66 and contains highly
conserved residues involved in template/primer binding and NNRTI binding. Using the unique ability
of hydrogen exchange mass spectrometry to resolve slowly interconverting species, we found that β-sheet
β12-β13-β14 undergoes slow cooperative unfolding with a t1/2 of <20 s. The H/D exchange results are
discussed in relation to existing structural, simulation, and sequence information.

Reverse transcriptase performs the first step in replication of
HIV.1 RT copies the single-stranded viral RNA genome into a
double-stranded proviral DNA prior to insertion by integrase
into a chromosome of the infected cell (1). RT has RNA- and
DNA-dependent DNA polymerase activities and RNase H
activity. The mature enzyme is a heterodimer of p66 and p51
subunits; p51 has the sameN-terminal polymerase domain as p66
but lacks the C-terminal RNase H domain. The enzyme has an
asymmetric structure (2). The p66 subunit contains the enzyme
active sites (3), whereas the p51 subunit appears to have a
structural function. The p66 polymerase domain has a right-
handed conformation like other polymerases with fingers
(residues 1-85, 118-155), palm (residues 86-117, 156-236),
and thumb (residues 237-318) subdomains plus a connection
subdomain (residues 319-426). The fingers, palm, and thumb
subdomains of p66 form the template/primer binding cleft with
the polymerase active site residues (D110,D185, andD186) in the
palm subdomain (4). Although the four subdomains of the
polymerase domain have similar folds in p66 and p51, their
relative orientations differ in the two subunits (Figure 1).

Numerous crystal structures are available for wild-type and
mutant HIV-1 RTs in the absence and presence of various
substrates and inhibitors. The conformation of the p51 subunit
is essentially the same in all of the structures, whereas the p66

polymerase domain adopts both open and closed positions of the
fingers and thumb subdomains, suggesting that RT is quite
flexible. The crystallographic B-factors of two unliganded wild-
type RT structures (same space group) identify the same mobile
regions in the p51 subunit but somewhat different mobile regions
in the p66 subunit (5, 6). In addition to structural evidence,
computational studies have explored the flexibility of RT and its
complexes and proposed possible functional roles for protein
dynamics in translocation of template/primer substrate (7-10),
inhibition by NRTIs (11) and NNRTIs (7, 9, 10, 12-14), and
drug resistance (13). However, experimental studies of RT
conformation and dynamics in solution are few. Both open
and closed conformations of the p66 polymerase domain were
observed by site-directed spin labeling (15), and the solution
structure and backbone dynamics of the isolated RNase H
domain were determined by NMR (16-18).

This paper uses hydrogen exchange mass spectrometry to
examine the solution conformation and dynamics of HIV-1 RT.
HXMS studies provide a medium resolution snapshot of the
exchange of amide protons on the peptide backbone (19). The
H/D exchange was monitored as a function of time after dilution
of the RT heterodimer into deuterated buffer. The rate of ex-
change in each peptide depends on the extent and lability of
hydrogen-bonded secondary structures and on solvent accessi-
bility. Exchange rates were measured separately for p66 and p51
subunits of the heterodimer, mapped onto the amino acid seq-
uences, and compared to crystallographic and computational
results. The implications of the protein dynamics for RT function
are discussed.

EXPERIMENTAL PROCEDURES

Protein Preparation. Biochemical reagents and chemicals
were obtained from Roche Applied Science (Indianapolis, IN)
and Sigma Chemicals (St. Louis, MO) unless otherwise specified.
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RTbufferD is 0.05MTris (RNase, DNase-free, pH 7.2), 25 mM
NaCl, 1 mM EDTA, and 10% (v/v) glycerol (molecular biology
grade redistilled). PBS is 0.1 M phosphate buffer (pH 7.2) and
0.15 M NaCl (Pierce, Rockford, IL). D2O was purchased from
Cambridge Isotope Laboratories (Andover, MA). HIV-1 RT
subunits with N-terminal hexahistidine extensions were ex-
pressed separately in Escherichia coli M15 strains carrying
pDM1.1 plasmids p6HRT for p66 and p6H RT51 for p51. Cells
were cultured at 37 �C to an optical density of 0.7 at 600 nm,
induced with 200 μg/mL isopropyl β-D-1-thiogalactoside, grown
for 3 h, andharvested.RTproteinswere purified as described (20)
and modified (21).

The N-termini of p66 and p51 were labeled with biotin using
the EZ-Link NHS-PEO4 biotinylation kit (Pierce, Rockford, IL).
Protein samples were dialyzed overnight against 2 � 1 L of PBS,
incubated overnight on a rocker with 10-fold molar excess of
biotin, and then dialyzed against RT buffer D containing 50%
glycerol at 4 �C.Labelingwas confirmed to be 100%by theHABA
avidin assay providedwith the kit, SDS-PAGEmobility shift, and
mass spectrometry. The p66/p51 heterodimer with one biotin-
labeled subunit was prepared by incubating equimolar mixtures of
labeled and unlabeled subunits in RT buffer D containing 50%
glycerol for at least 5 days. Activity of biotin-labeled p66/p51 was
confirmed using the EnzCheck reverse transcriptase assay kit
(Invitrogen Corp., Carlsbad, CA). Total protein concentrations
of p66/p51 solutions are 20-30 μM (monomer units). Based on
the dimerization constants (21), the p66/p51 solutions contain
>84-87% heterodimer.2

Peptide Mapping by HPLC-Tandem Mass Spectrome-
try. Peptide mapping experiments were carried out as des-
cribed previously (22) with the following modification. Five μg
(0.08 nmol) of p66 in 5 μL of RT buffer D was mixed with
500 μLof 100mMNaH2PO4 (pH2.4) andwas digestedwith 5 μL
of 1 mg/mL porcine pepsin in H2O. Sequencing by tandem mass
spectrometry was carried out using an LCQ-DECA quadrupole
ion trap mass spectrometer (ThermoElectron). Additional pep-
tide mapping experiments were conducted on an LTQ-FT ion
cyclotron resonance mass spectrometer (ThermoElectron) in
order to confirm peptide identification by exact mass.
H/D Exchange of the p66/p51 Heterodimer. RT hetero-

dimer with either the p66 or p51 subunit containing an
N-terminal biotin tag (11.2 μg of labeled p66 or 9.0 μg of labeled
p51) in RT buffer D-H2O containing 50% glycerol was diluted
10-fold into RT buffer D-D2O (pD 7.2) containing 5% glycerol
and incubated for different times from 5 s to 2 h at 25 �C.
Exchange was quenched by diluting the protein sample 5-fold
with 100 mM NaH2PO4 (pH 2.4) at 4 �C. RT is reversibly
denatured by acidic pH (23), and the biotin-labeled subunit was
removed using a strepavidin column or beads. For column
separations, the protein sample was loaded onto a 1 mL HiTrap
streptavidin HP column (GE Healthcare Bio-Sciences, Piscat-
away, NJ), and the column was washed with 1 mL of 100 mM
NaH2PO4 (pH 2.4). The biotin-labeled subunit was bound to the
column; the unlabeled subunit was collected in the flow-through.
The column was then washed with 20 mL of 100 mM NaH2PO4

(pH 2.4) to remove any residual free subunit prior to reuse.
SDS gel electrophoresis showed a single band corresponding to
the unlabeled subunit. For bead separations, the protein sample
was mixed with 20 μL of Ultralink immobilized neutraavidin
protein beads (Pierce, Rockford, IL) and vortexed for 30 s.
The mixture was then centrifuged for 30 s, and the supernatant
was collected. SDS gel electrophoresis showed that∼85% of the
labeled subunit was removed (Supporting Information Figure
S1). The amount of residual unlabeled subunit estimated from
the mass spectra is ∼15%. Comparison of mass spectra of
identical peptides obtained from samples separated on columns
versus beads showed that a 15% background signal did not
compromise our ability to quantify deuterium uptake. The signal
from the residual labeled subunit shifts the centroid mass by
e0.1 Da.
Isotope Analysis by HPLC-ESI Mass Spectrometry.

The deuterium-labeled protein was digested on ice with 5 μL of
1 mg/mL porcine pepsin in H2O for 5 min and analyzed by
HPLC-MS as described elsewhere (24). Deuterium levels for each
peptide were corrected for back-exchange using the equation

D ¼ m-m0%

m100%-m0%
� N ð1Þ

zwhere D is the number of amide hydrogens exchanged with
deuterium, m is the centroid mass of the peptide at a given time
point, m0% is the mass of the undeuterated peptide, m100% is
the mass of the fully deuterated peptide, and N is the number of
amide hydrogens in the peptide.D is then plotted versus time, and
the resulting curve is fitted to a triple exponential function using
nonlinear least squares (OriginLab).

D ¼ N -N faste
-kfastt -Nmediume

-kmediumt -N slowe
-kslow t ð2Þ

where Nfast, Nmedium, and Nslow are the number of fast, medium,
and slow exchanging amide hydrogens in the peptide and kfast,

FIGURE 1: Structure of unliganded HIV-1 RT. (A) p66 subunit
(colored) and p51 subunit (gray) and (B) p66 subunit (gray) and
p51 subunit (colored). Four subdomains of the polymerase domain,
fingers (blue), palm (red), thumb (green), and connection (orange),
and RNase H domain (magenta). Protein Data Bank ID 1DLO (5).

2Estimated using Kd values determined in RT buffer D at 5 �C.
Preliminary data indicate that increasing glycerol concentration favors
dimerization.



7648 Biochemistry, Vol. 48, No. 32, 2009 Seckler et al.

kmedium, and kslow are the rate constants of the observed
exchange.

RESULTS

Peptide Mapping and Identification. A total of 50 peptic
fragments were identified by tandem mass spectrometry giving a
total sequence coverage of 75% for the p66 subunit and 77% for
the p51 subunit. The longest of these peptic fragments has 30
exchangeable amide hydrogen atoms and the shortest has five,
with an average among all of the peptides of 15 exchangeable
amide hydrogens; 27 fragments were analyzed in HXMS experi-
ments. These are well distributed throughout the entire protein
sequence (Figure 2). The remaining 23 peptic fragments provide
largely redundant information; different peptides with substan-
tial sequence overlap show similar exchange behavior. The
analyzed peptic fragments cover 63% of the amino acids in the
dimer interface of the p66 subunit and 87% of the interface
residues of the p51 subunit (21). The sequence coverage of
residues involved in template/primer binding is 85% of the total
DNA/DNA and RNA/DNA contacts made by both subunits,
including the catalytic triad in the polymerase active site, four of
the six residues which make contact with dTTP substrate, and
three of the four conserved residues in the RNase H active
site (25, 26). The sequence coverage of the hydrophobic NNRTI
binding pocket is 83% (27).
Kinetics of H/D Exchange. Figure 3A shows raw mass

spectra of the peptide from residues 257-282 ofRT incubated for
different times in deuterated buffer. The shift in mass as
deuteriums replace hydrogens along the amide backbone is easily
seen. These spectra were used tomake a plot of deuteriumuptake
vs time. The solid line shows a good fit of these data to eq 2
(Figure 3B). Rate constants obtained from curve fitting to the
analyzed peptides for p66 and p51 are given in Supporting

Information Tables S1 and S2. The rate constants of fast
exchanging hydrogens give exchange half-lives on the order of
seconds, which is comparable to the values expected for com-
pletely unprotected hydrogens (28). Thus the fast exchanging
hydrogens are most likely exposed to solvent and not involved in
hydrogen bonding. The rate constants for medium exchanging
hydrogens give half-lives on the order of 1-10 min, and these
hydrogens are likely in structured regions that undergo substan-
tial conformational fluctuations. Slow hydrogens exchange with
half-lives on the order of 1-100 h and are therefore located in
regions of highly stable structure in solution. It was not possible
to fit all peptide exchange curves to eq 2 with high confidence. In
some cases, this was because the deuterium level showed a rapid
rise at early labeling times followed by a very abrupt leveling off.
In other cases, the slow rate constant was indeterminate due to
extremely stable secondary structure. However, in both of these
cases, the number of slow exchanging hydrogens could be
determined from the number of hydrogens that remained unex-
changed at the longest incubation times. Rate constants, of
course, could not be determined for these, only the fact that they
exchange considerably more slowly than the fast or medium
hydrogens.

Percent exchange at various incubation times is mapped onto
the sequence of the p66 subunit of RT in Figure 4A. The fingers
and palm subdomains have stable secondary structure, as
evidenced by the slow rates of H/D exchange. The most notable
exception is the peptide spanning residues 210-231, which shows
little protection from exchange. Peptide 88-109 shows con-
siderable protection at the earliest labeling times but shows
moderate levels of exchange at later times. The catalytic triad and
dNTP binding site are both wholly contained within the fingers
and palm subdomains (25). The catalytic triad is encompassed by
two small peptides, one of which (183-187) remains almost

FIGURE 2: Peptides used for analysis of H/D exchange data. Peptides are indicated by double-headed arrows under the sequence of HIV-1 p66.
Color of amino acid sequence indicates polymerase subdomains, fingers (blue), palm (red), thumb (green), and connection (orange), andRNaseH
domain (magenta). Structural elements from 1DLO: R-helices (gray bars), letters; β-strands (yellow bars), numbers. The secondary structural
elements are author’s choice as identified in the Protein Data Bank.
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completely protected from exchange for the duration of the time
course, while the other (110-115) is reasonably stable but does
show exchange. Three of the six residues in the dNTPbinding site
are part of the short peptide (110-115) that contains a single
residue from the catalytic triad. The fourth dNTPbinding residue
is contained in a third peptide (147-160) that also shows a low
rate of exchange (Figure 3C, lower curve). This indicates that
both the polymerase active site and the dNTP binding site are
structured and stable.

The NNRTI binding pocket exists only in structures of RT;
NNRTI complexes. It includes two β-sheets that are also present
in structures in the absence of drug. The first of these sheets, β6-
β10-β9, is covered by four different peptides (88-109, 110-115,
183-187, 187-192). Exchange rates in these peptides show that
β10 and β9 are extremely stable, while β6 is folded but flexible. In
contrast, the second sheet, β12-β13-β14, is covered by two
peptides (210-231, 232-246), which both show extremely high
rates of exchange. As discussed below, the peptide covering β13-
β14 (232-246) undergoes slow cooperative unfolding. All pep-
tides within the thumb subdomain show low levels of exchange at
early labeling times but moderate to high levels of exchange at
later labeling times, suggesting that the entire subdomain is
structured but flexible. Rates of H/D exchange in the connection
subdomain are faster on average than in the fingers, palm, and
thumb subdomains (except residues 210-246) but are consistent
with stable secondary structure. Of the five peptides covering
the RNase H domain, only one (492-500) shows a high degree
of protection against exchange. This indicates that the RNase
H domain is highly flexible. Three of the RNase H catalytic
residues (E478, D496, and D549) are covered by three dif-
ferent peptides (469-479, 492-500, 534-560). Two of these
three peptides (469-479, 534-560) show high rates of ex-
change. Some active site residues in both the polymerase and
RNase H domains coordinate magnesium ions. Note that the

buffers used in the experiments reported here do not contain
magnesium.

The percent exchange at various incubation times for the p51
subunit is given in Figure 4B. Although the tertiary structures of
p51 and the p66 polymerase domain differ, the secondary
structures are largely identical, and this is reflected in similar
H/D exchange rates, albeit with some local differences. The
degree of exchange at short labeling times (5-10 s) reflects
primarily solvent exposure and hydrogen bonding, and the levels
of exchange at 5 s are nearly identical in p66 and p51, consistent
with the fact that they possess similar secondary structure. Local
differences are seen at longer labeling times, indicating that local
flexibility differs between the two subunits. The long stretch of
residues from 210 to 246 in the palm and a portion of the thumb
are somewhat more flexible in p51, while residues 340-370 in the
connection are slightly more rigid. Interestingly, p51 does not
show slower exchange overall than p66, indicating that, despite
being more compact, p51 is not significantlymore rigid than p66.

The dimer interface includes residues fromboth subunits of the
heterodimer. All peptides in the p66 polymerase domain that
contain a significant portion of the dimer interface show very
slow exchange at the earliest time points, indicating that they are
shielded from solvent. This implies that the dimer interface
observed in crystals is stable and present in solution. The loop
(426-439) that links the connection subdomain to the RNase H
domain shows a much greater degree of initial protection than
expected for a solvent-exposed loop, consistent with being part of
the dimer interface. Because the loop has no secondary structure,
the initial protection from exchange is due completely to residues
in the dimer interface. However, this peptide exchanges rapidly,
indicating that the dimer interface provides little long-term
protection from solvent. Four peptides in the RNase H domain
also cover residues in the dimer interface. One of these (492-500)
shows almost complete protection, and another (501-517) shows

FIGURE 3: HXMSdataand curve fitting ofH/Dexchangedata for the p66 subunit. (A)Raw spectra showing apeak for peptide 41-61atdifferent
incubation times in RT buffer D-D2O. Spectra of undeuterated and fully deuterated reference samples also shown. (B) Number of amide
hydrogens exchangedwith deuteriumvs time for peptide 257-282. Solid line is fit of the data to eq 2. (C) Percent exchange vs timeof twopeptides.
Peptide 147-160 (lower curve) is in a buried region of the fingers/palm subdomains in the crystal structure of HIV-1 RT (1DLO). Peptide
283-300 (upper curve) is in a surface-exposed region of the thumb subdomain.
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some initial protection. In the crystal structure, peptide 492-500
is a solvent-inaccessible β-strand, while peptide 501-517 com-
prises a surface-exposed helix and loop. The other two peptides
(518-533, 534-560) showvery little initial protection, suggesting
that this region of the dimer interface is more labile.

The peptides in p51 that contain portions of the dimer interface
likewise show low levels of initial exchange, with two notable
exceptions (283-300, 417-425). Interface residues in both of

these peptides make contacts with the RNase H domain of p66;
p51 residues 288-290 contact p66 residues 435-439, while p51
residues 417-425 form contacts with p66 residues 503-504 and
532-537. The relative lack of protection in these regions even
at short labeling times further supports the conclusion that the
dimer interface formed between the RNase H domain and p51 is
highly dynamic. Of residues contained in the two unprotected
peptides (417-425, 426-440) at the C-terminus of p51, only

FIGURE 4: Percent exchange of peptides from the (A) p66 subunit and (B) p51 subunit of HIV-1 RT. Colored bars below sequence from top to
bottom give exchange at 5, 60, 600, 3000, and 7200 s. Gray and yellow bars above sequence correspond toR-helices and β-sheets. Colored arrows
above structural elements indicate polymerase subdomains, fingers (blue), palm (red), thumb (green), and connection (orange), and RNase H
domain (magenta). Contact residues: dimer interface (underlined bold face), template/primer substrate binding site (blue), dTTP substrate
binding site (red), polymerase active site (green), and RNase H active site (brown).
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residues 415-421 appear to be essential for heterodimer for-
mation, although C-terminal truncation of p51 after residue
421 or 426 affects enzyme activity (29).

Figure 5 presents the percent exchange for two time points
(5 and 600 s) mapped onto the crystal structure of unliganded
HIV-1 RT (5). At 5 s the whole protein shows a great degree of
protection from exchange (Figure 5A). By 600 s the fingers and
palm subdomains of both subunits form a stable core of the
protein that is largely protected from deuterium exchange, while

the rest of the protein appears to be much more flexible, allowing
its amide hydrogens to exchange with solvent (Figure 5B).
Comparison to Crystal Structure. Coloring the structure

by percent exchange as in Figure 5 has the advantage of
presenting the data without making assumptions about the
solution structure of the protein. Because of limited resolution,
a given peptidemay contain secondary structural elements as well
as coil regions, skewing the results so that a region with stable
secondary structure may appear to be unstructured. This pro-
blem is avoided by comparing the number of slow exchanging
amide hydrogens fromSupporting Information Tables S1 and S2
with the number of hydrogen-bonded amide hydrogens predicted
from the crystallographic model of RT using the program
WhatIf (5, 30). The ratio of slow exchanging to hydrogen-bonded
amide hydrogens serves as ameasureof protein flexibility.Table 1
lists the flexibility ratios for each of the analyzed peptides. In
cases where the ratio is greater than 1, the additional protection
can be explained by solvent shielding. These ratios were used to
color the structure of RT (Figure 6). It appears that the stable
core formedby the fingers andpalm subdomains of both subunits
is quite rigid, while the regions adjacent to this core (thumb
subdomain of p66 and connection subdomains of both subunits)
aremore flexible but still stable. The regions distant from the core
(RNase H domain of p66 and portions of connection and thumb
subdomains of p51) are unstable. Exceptions to this are peptides
210-231, 232-246, and 283-300 (Figure 3C, upper curve) in the
p66 subunit and peptide 232-246 in the p51 subunit. All of these
regions are much more flexible than would be expected if the
secondary structures shown in the crystal structure were stable.
It is worth noting that a significant difference in secondary
structure between the p66 and p51 subunits is that residues
corresponding to β-strands 12 and 14 in p66 do not form
β-strands in p51. Instead, they are either missing electron density
(strand 12) or adopt a coiled conformation (strand 14).
SlowCooperative Unfolding/Refolding at the Base of the

p66 Thumb Domain. A particular strength of HXMS is
its ability to monitor cooperative conformational changes by
directly resolving distinct structural populations in solution. If a
protein or protein region exists in two distinct, slowly intercon-
verting conformations, then exchange can occur via the EX1
mechanism. The resulting spectrum of the deuterium-labeled
sample will exhibit a two-peak pattern or “double isotopic
envelope”, with each peak representing one of the conforma-
tions (31). In the case of protein unfolding, a lower and higherm/z
envelope will correspond to the folded and unfolded forms,
respectively. If the protein or region undergoes cooperative
unfolding, the lower m/z peak will disappear during continuous
incubation in D2O, while the higher m/z peak will grow, and the
rate of the disappearance of the lower peak will provide a
measure of the rate of cooperative unfolding. This will be
observed even if the unfolding is reversible, since deuterium
uptake is effectively irreversible in a large excess of D2O. Under
physiological conditions and in the absence of denaturant, such
slow cooperative unfolding is rarely observed because the time
scale of unfolding/refolding is generally much faster than the
intrinsic rate of H/D exchange. However, it has been observed in
some cases, most notably in certain SH3 domains (32).

Wehave observed this pattern of slow cooperative unfolding in
residues 232-246 of p66, which is located at the base of the
thumb subdomain and corresponds to β-strands 13 and 14 and a
loop. Figure 7A shows the spectra of this peptide at 5, 10, 20, and
30 s of incubation in D2O. The 5-30 s spectra show a double

FIGURE 5: Percent exchange for both subunits mapped onto the
structure of HIV-1 RT. (A) 5 s and (B) 600 s incubation in RT buffer
D-D2O. Lower percentages correspond to a greater degree of
protection from exchange. (C) Mobility in the second mode as
calculated by ANM (36). Gold regions represent highly mobile
regions; blue regions represent rigid regions.
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isotopic envelope as well as the disappearance of the lower m/z
peak over time. Quantifying the relative amounts of folded and
unfolded forms from the areas under Gaussian peaks indicates
that the folded form disappears with a t1/2 = 6.6 s (Figure 7B).

Because the isotopic envelopes are not well resolved, the fitting
to two Gaussian distributions is uncertain. Therefore, we also
employed peak width analysis (33). Depending on the height at
which peak widths were determined, a t1/2 ∼ 15-20 s for

Table 1: Comparison of the Number of Slow Exchanging Amide Hydrogensa with the Number of Hydrogen Bondsb

p66 subunit p51 subunit

sequence residue no. n-slow n-Whatif ratioc n-slow n-Whatif ratioc

MEKEGKISKIGPENPYNTPVF 41-61 11 14 0.79 11 13 0.85

WEVQLGIPHPAGLKKKKSVTVL 88-109 7 10 0.70 8 10 0.80

DVGDAY 110-115 2 3 0.67 3 5 0.60

SVPLDEDF 117-124 4 4 1.00 3 3 1.00

FRKYTAFTIPSINNETPGIRYQY 124-146 13 12 1.08 13 16 0.81

NVLPQGWKGSPAIF 147-160 7 7 1.00 5 8 0.63

YMDDL 183-187 4 2 2.00 3 2 1.50

LYVGSD 187-192 5 4 1.25 5 4 1.25

LEIGQHRTKIEELRQHL 193-209 11 13 0.85 12 11 1.09

LRWGLTTPDKKHQKEPPFLWMG 210-231 5 11 0.45 4 5 0.80

YELHPDKWTVQPIVL 232-246 3 7 0.43 0 3 0.00

PEKDSWTVND 247-256 3 4 0.75 4 5 0.80

IQKLVGKLNWASQIYPGIKVRQLCKL 257-282 13 20 0.65 7 18 0.39

LRGTKALTEVIPLTEEAE 283-300 3 9 0.33 5 8 0.63

LELAENREILKEPVHGVYYDPSKDLIAE 301-328 10 20 0.50 11 17 0.65

IQKQGQGQWTYQ 329-340 5 8 0.63 6 9 0.67

IYQEPFKNLKTGKYARMRGAHTNDVKQLTE 341-370 11 14 0.79 14 19 0.74

AVQKITTES 371-379 8 8 1.00 8 8 1.00

IVIWGKTPKFKLPIQKETWETW 380-401 12 15 0.80 13 16 0.81

VNTPPLVKL 417-425 1 2 0.50 0 3 0.00

WYQLEKEPIVGAET 426-439 2 2 1.00

WYQLEKEPIVGAETF 426-440 2 1 2.00

LTNTTNQKTEL 469-479 2 6 0.33

EVNIVTDSQ 492-500 8 6 1.33

YALGIIQAQPDKSESEL 501-517 3 12 0.25

VNQIIEQLIKKEKVYL 518-533 0 13 0.00

AWVPAHKGIGGNEQVDKLVSAGIRKIL 534-560 4 11 0.36

a Number of slow exchanging amide hydrogens taken from Supporting Information Tables S1 and S2. b Number of hydrogen bonds determined byWhatIf
using the RT structure 1DLO. cRatio of slow exchanging hydrogens to the number of hydrogen bonds.

FIGURE 6: Stability of hydrogen bonds in RT. Structure of HIV-1 RT colored by the ratio of slow exchanging to hydrogen-bonded amide
hydrogens: missing coverage (gray), very flexible regions (red, <0.4), flexible regions (yellow, 0.4-0.6), rigid regions (green, 0.6-0.8), and very
rigid regions (blue, >0.8).
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unfolding is obtained. This is approximately 2-fold larger than
the value determined for Gaussian fitting.

DISCUSSION

Comparing the distribution of slow exchanging amide hydro-
gens with the distribution of hydrogen bonds indicates that the
majority of secondary structural elements seen in the crystal
structure of RT are relatively stable in solution (Figure 6).
A major exception is the RNase H domain and the p51 thumb.
Both of these regions exchange far more quickly than the crystal
structure of RT or the solution structure of the isolated RNaseH
domain suggests. This high degree of conformational flexibility
may allow the RNase H domain to reorient itself to accommo-
date different template/primer substrates and binding orienta-
tions (34). The isolated domain is well structured on the NMR
time scale, except for 24 residues at the C-terminus (17). The
absence of resonances formost of the C-terminal helixRE0, which
is present in the crystal structure of the isolated domain (35), is
indicative of a slow conformational exchange process. The
HXMS time scale (seconds to hours) is much slower than the
NMR time scale (milliseconds to picoseconds). The fast ex-
changing amide hydrogens in peptide 534-560 of p66 observed
by H/D exchange are consistent with an unstable C-terminus of
the RNase H domain. In addition, the p66 thumb, while stable at
short labeling times, shows substantial flexibility at longer times
(Figure 5). This flexibility may allow for structural adaptation of

thumb subdomain residues to binding sites on the template/
primer during polymerization.

Much of our current knowledge regarding the structural
dynamics of RT comes from simulations. Bahar et al. (7)
employed a coarse-grained approach called GNM to examine
the global dynamics of RT. They found that the lowest frequency
modes were dominated by motions of the fingers and thumb
subdomains and RNase H domain of p66, whereas p51 was
essentially rigid. While whole domain motions will not necessa-
rily be reflected in H/D exchange rates, it is nonetheless instruc-
tive to compare our results with the results of a recent ANM
analysis (36). The two approaches are in agreement that the palm
and connection subdomains are relatively rigid and that the
RNase H domain and p66 thumb domain are flexible
(Figure 6C). In particular, the p51 thumb-RNase H interface
shows little protection from exchange, indicating weak contacts
between the two domains. The weakness of these contacts might
facilitate the large-scale RNase H domain motions that are
apparent in the lowest frequency normal modes.

The β-sheet β12-β13-β14 lies at the base of the p66 thumb
subdomain. It contains the highly conserved WMG loop that
forms part of the primer grip, as well as residues F227,W229, and
L234 that form part of the NNRTI binding pocket. The sheet
is characterized as a hinge-bending center in the GNM analysis
of the RT-nevirapine complex (7). The slow cooperative un-
folding in peptide 232-246 indicates that this β-sheet is not stable
in solution but is disrupted in a concerted manner, with an
unfolding t1/2 between 7 and 20 s. The p66 thumb subdomain
assumes somewhat different orientations in different crystal
structures. In the template/primer-bound structures it adopts
an “open” conformation (4, 25, 26), in contrast to the “closed”
conformation seen in the unliganded structures (5, 6). Of the
RT-template/primer structures currently available, three show
disruption of either β-strand 12 or 14 (25, 26, 37-41). On the
basis of these observations, we suggest that the instability seen
in β-strands 12, 13, and 14 may facilitate thumb subdomain
motions.

Both analysis of viral genomes isolated from patients and
directed mutagenesis studies have provided extensive informa-
tion on the degree to which different regions of RT tolerate
sequence variation. Ceccherini-Silberstein et al. (42) examined
patterns of sequence variation in the first 320 residues of RT
isolated from 1704 HIV-positive individuals and identified
several contiguous stretches of high sequence conservation.
Our H/D exchange experiments provide substantial sequence
coverage for six of the nine regions. Of these six regions (residues
91-97, 107-117, 124-135, 147-157, 181-94, and 216-244),
five are located in regions of rigid/stable structure, as evidenced
by their relatively slow rates of H/D exchange. This is consistent
with the general observation that proteins are less tolerant to
mutations in regions that are tightly packed and/or involved in
strong intramolecular interactions. The exception is the region
defined by residues 216-244, which shows very rapid H/D
exchange and contains β-sheet β12-β13-β14 mentioned above.
Ceccherini-Silberstein et al. (42) analyzed RT sequences from
both drug-naive and drug-treated patients and compared pat-
terns of sequence conservation in the two populations. The
stretch of residues 216-244 is one of three regions that are not
conserved in drug-treated patients despite their high conservation
in naive patients. Two peptides, which together include residues
209-246, comprise the largest contiguous stretch of fast ex-
changing residues in the polymerase domain of RT and also

FIGURE 7: (A) Mass spectra of peptide 232-246 at different incuba-
tion times inRTbufferD-D2O.Thehighand lowm/zpeaks are fit to
Gaussian distributions (dotted lines). (B) Fraction unfolded as a
function of time. Solid line is fit to a single exponential.
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contain a number of mutations associated with drug resistance,
K219, P225, F227, and K238.

ACKNOWLEDGMENT

The authors are grateful to Valerie A. Braz for discussion of
HXMS data.

SUPPORTING INFORMATION AVAILABLE

Exchange rates for the p66 (Table S1) and p51 (Table S2)
subunits and Figure S1 showing subunit separation. This
material is available free of charge via the Internet at http://
pubs.acs.org.

REFERENCES

1. Coffin, J. M., Hughes, S. H., and Varmus, H. E. (1997) Retroviruses,
Cold Spring Harbor Laboratory Press, Plainview, NY.
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