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ABSTRACT: The conﬁgurational space sampled by the
ﬁnger and thumb subdomains of the p66 subunit of HIV-1
reverse transcriptase was investigated by Q-band double
electron−electron resonance pulsed electron paramagnetic
resonance spectroscopy, a method for determining longrange distances between pairs of nitroxide spin-labels
introduced via surface-engineered cysteine residues. Four
constructs were examined, each containing two spin-labels
in the p66 subunit, one in the ﬁnger subdomain and the
other in the thumb subdomain. In the unliganded state,
open and closed conﬁgurations for the ﬁnger and thumb
subdomains are observed with the distribution between
these states modulated by the spin-labels and associated
mutations, in contrast to crystallographic data in which the
unliganded state crystallizes in the closed conformation.
Upon addition of double-stranded DNA, all constructs
adopt open conformations consistent with previous
crystallographic data in which the position of the thumb
and ﬁnger subdomains is determined by contacts with the
bound oligonucleotide duplex (DNA or DNA/RNA).
Likewise, binary complexes with ﬁve diﬀerent nonnucleoside reverse transcriptase inhibitors are in open or
partially open conformations, indicating that binding of the
inhibitor to the palm subdomain indirectly restricts the
conformational space sampled by the ﬁnger and thumb
subdomains.

Figure 1. HIV-1 RT. (A) Crystal structure of a ternary complex of
HIV-1 RT p66/p51 with a DNA/RNA hybrid and the NNTRI
efavirenz (Protein Data Bank entry 4B3O).8 The domains and
subdomains of p66 are labeled and color-coded; p51 is colored gray.
(B) Finger, palm, and thumb subdomains of p66 from the structure
shown in panel A with the sites of nitroxide spin-labeling indicated.
(C) Classes of conformational states of the ﬁnger (blue) and thumb
(cyan) subdomains displayed using the same orientation of the palm
domain (green), together with a bar graph of the corresponding Cα−
Cα distances between C38 and C280 derived from the crystal
structures (error bars show one standard deviation).

H

uman immunodeﬁciency virus type I reverse transcriptase
(HIV-1 RT) catalyzes the conversion of single-stranded
virally encoded RNA into double-stranded proviral DNA, the
ﬁrst step in a complex process that eventually leads to
integration of viral DNA into the host genome.1 Mature
HIV-1 RT is a heterodimer comprising p66 and p51 subunits
that diﬀer in the presence and absence, respectively, of the
RNase H domain. DNA polymerase and RNase H activities, as
well as the binding site for non-nucleoside RT inhibitors
(NNRTI), reside in the p66 subunit, while the p51 subunit
serves as a structural scaﬀold (Figure 1A).2−5 The polymerase
domain comprises ﬁnger, palm, and thumb subdomains (Figure
1B) and is attached to the RNase H domain via a connection
domain.6,7 Crystal structures of HIV-RT in various states reveal
that the polymerase domain of p66 can adopt closed (ligandfree), partially open (ternary complexes with DNA and
nucleotide triphosphates), and open (binary complexes with
This article not subject to U.S. Copyright.
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NNRTIs and ternary complexes with DNA or DNA/RNA and
NNRTIs) conformations, diﬀering in the spatial relationship of
the ﬁnger and thumb subdomains relative to one another
(Figure 1C). Here we explore the disposition of the ﬁnger and
thumb subdomains of p66 within the mature HIV-1 RT p66/
p51 heterodimer in a variety of unliganded and liganded states
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by Q-band pulsed double electron−electron resonance
(DEER) electron paramagnetic resonance (EPR) spectroscopy,
a technique that aﬀords long-range distance measurements
between pairs of nitroxide spin-labels attached to appropriately
engineered surface cysteines.9
We used four p66 constructs, each containing two nitroxide
spin-labels (R1), one in the ﬁnger subdomain and the other in
the thumb subdomain (Figure 1B): C38-R1/C280-R1, C38R1/A304C-R1, W24C-R1/C280-R1, and T39C-R1/E308C-R1.
They were generated by conjugation of (1-acetoxy-2,2,5,5tetramethyl-δ-3-pyrroline-3-methyl)methanethiosulfonate
(MTSL) to the surface-exposed cysteines via a disulﬁde
linkage.10 C38 and C280 are naturally occurring cysteine
residues in HIV-1 RT and were mutated to alanine, as
appropriate, in constructs in which R1 was not attached to one
or both of these residues. Previous work has shown that both
cysteines can be replaced with alanine without any signiﬁcant
impact on nucleic acid binding or polymerase activity.11
Complete protein deuteration was employed to increase the
spin-label phase memory relaxation time in the DEER
experiments, thereby increasing the signal-to-noise ratio and
extending the accessible distance range.12−15 Full experimental
details of expression, puriﬁcation, deuterium incorporation and
spin-labeling, DNA/RNA binding, and polymerase activity
assays are given in the Experimental section of the Supporting
Information. Using a ﬂuorescence polarization assay, three of
the four spin-labeled constructs bind 5′-ﬂuorescein-labeled
DNA/RNA with equilibrium dissociation constants (KD ∼
2.2−4.2 nM) comparable to that of wild type HIV-1 RT (KD ∼
3.5 nM), while the fourth, W24C-R1/C280-R1, binds an order
of magnitude tighter (KD ∼ 0.2 nM) (Figure S1A), possibly
because of enhanced hydrophobic interactions between the
W24C-R1 spin-label and DNA relative to W24 (see Figures S2
and S3). In addition, all four spin-labeled constructs retain
polymerase activity measured via elongation of a DNA/RNA
hybrid by addition of a single nucleotide (Figure S1B).
The p66/p66 homodimer is weak compared to the p66/p51
heterodimer.16,17 Under the conditions used for DEER (Figure
2), p66 alone exists as an approximately equal mixture of
monomer and homodimer,18 giving rise to three distances
between pairs of nitroxide spin-labels [one intramolecular and
two intermolecular (Figure 2A, left)], as observed for the
DEER-derived P(r) distance distribution for the C38-R1/C280R1 construct (Figure 2B, blue trace). In the absence of
conformational heterogeneity, the p66/p51 heterodimer should
exhibit only a single intrasubunit distance between a pair of
spin-labels (Figure 2A, right). This is reﬂected in the DEERderived P(r) distribution obtained upon addition of excess
deuterated p51 to ensure that all nitroxide-labeled p66 resides
in the p66/p51 heterodimer (Figure 2B).
Predicted distance distributions19 among the four pairs of
spin-labels calculated from crystal structures (see Figures S2
and S3) are listed in Table 1. The crystal structures can be
grouped into ﬁve classes (Figure 1C): closed I and closed II
corresponding to unliganded HIV-1 RT, partially open
comprising ternary complexes with DNA and various incoming
nucleotides, and open I and open II corresponding to binary
complexes with a NNRTI and ternary complexes with DNA or
DNA/RNA and a NNRTI, respectively.
Background-corrected Q-band DEER echo curves for two of
the HIV-1 RT spin-labeled constructs (C38-R1/C280-R1 and
W24C-R1/C280-R1), obtained in the presence (blue) and
absence (red) of a 24 bp DNA duplex with a three-nucleotide

Figure 2. Generating mature p66/p51 HIV-1 RT with all nitroxidelabeled p66 in the heterodimer. (A) Schematic showing that p66 alone
(blue subunit) exists as a monomer/homodimer mixture with three
potential distances (one intramolecular and two intermolecular)
between a pair of spin-labels (indicated by the green circles). A
p66/p51 heterodimer in which all spin-labeled p66 resides in the
heterodimer is obtained by the addition of excess p51 (red subunit).
(B) DEER-derived P(r) distance distributions (represented as a sum of
Gaussians using the program DD20) for 50 μM C38-R1/C280-R1 p66
alone (blue) and in the presence of 350 μM p51 (red). The
corresponding raw Q-band DEER echo curves recorded at 50 K are
shown as insets. Experimental conditions: 50 mM Tris (pH 8), 100
mM NaCl, 10 mM MgCl2, and 30%/70% (w/v) d8-glycerol/D2O.

overhang at one of the 3′-ends, are shown in Figure 3A. Full
details of DEER data acquisition and analysis are given in the
Experimental section of the Supporting Information, and the
raw and background-corrected echo curves for all DEER data
are provided in Figures S4−S10. The P(r) distributions
obtained from a two-Gaussian ﬁt to the DEER data are
shown in Figure 3B and compared to the predicted
distributions from crystal structures in the open and closed
states. The mean distances and widths of the P(r) distributions
are summarized in Table 2 (and Tables S2−S5).
All four HIV-1 RT−DNA complexes are in an open
conformation (Figure 3B), as expected because the DNA
binding site is not accessible in the closed state (see Figure 1C).
The C38-R1/C280-R1 construct predominantly samples the
open I state; for the W24C-R1/C280-R1 and T39C-R1/
E308C-R1 constructs, no distinction can be made between
open I and open II conformations as the predicted distance
distributions overlap, and for the C38-R1/A304C-R1 construct,
the distance between the spin-labels is signiﬁcantly longer (∼83
Å) than in any of the open conformation crystal structures
[65−67 Å (Table 1)].
The situation for unliganded HIV-1 RT is more complex
with the populations of open and closed states impacted by the
positions of the nitroxide spin-labels (Figure 3B and Table 2).
C38-R1/C280-R1 and T39-R1/E308C-R1 adopt exclusively
open and closed conformations, respectively. C38-R1/A304CR1 and W24C-R1/C280C-R1, however, exist as a mixture of
open and closed states. C38-R1/A304C-R1 is predominantly
open (∼80% with the same distance distribution as the complex
with DNA), and the widths of the distance distributions for the
open and closed states are comparable. The occupancies of the
closed and open states for W24C-R1/C280-R1 are more
comparable (56 and 44%, respectively), but the width of the
P(r) distribution for the open state is larger by a factor of 3
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Table 1. Predicted Distances between Pairs of Spin-Labels in the p66 Subunit of HIV-1 RT Calculated from Crystal Structuresa
mean distance ± width at half-height (Å)b
closed
construct
C38/C280
C38/A304C
W24C/C280
T39C/E308C

open

I
39
50
27
54

±
±
±
±

II
4
3
5
4

48
55
32
58

±
±
±
±

partially open
3
3
5
4

50
58
37
62

±
±
±
±

7
4
5
5

(47
(58
(34
(61

±
±
±
±

c

IIc

I

5)
4)
4)
4)

59
67
44
67

±
±
±
±

4
3
5
3

54
65
43
65

±
±
±
±

5
5
4
4

(49
(61
(38
(61

±
±
±
±

5)
5)
4)
5)

a

The Protein Data Bank codes are as follows: closed I, 1DLO, 1HQE, 2IAJ, 1MU2, 4ZHR, and 1QE1; closed II, 3DLK, 3IG1, and 4DG1; partially
open, 5TXL, 5TXM, 3V4I, 3KJV, and 3KK3; open I, 3QIP, 1IKW, 4G1Q, 1KLM, 1SV5, and 1JLE; open II, 4B3O and 3V81. References for the
individual structures are listed in Table S1. bThe mean distances between spin-labels and the widths at half-height of the P(r) distributions are
calculated from the crystal structures using MMM2013.2.19 cThe numbers shown in parentheses are the values calculated with the nucleic acid
coordinates removed.

Table 2. Experimental Means and Widths of Distance
Distributions between Pairs of Spin-Labels in HIV-RT from
DEERa
mean distance ± width at half-height (Å)
construct
C38/C280
C38/A304C
W24C/C280
T39C/E308C

unliganded
56
83
42
22
42
53

±
±
±
±
±
±

b

3
9 (56%)c
8 (44%)c
5 (56%)c
14 (44%)c
3b

with DNA

with NNRTIs

56 ± 4
83 ± 8

46 ± 6
56 ± 6

46 ± 5

45 ± 4

68 ± 3

67 ± 3

Obtained from a two-Gaussian ﬁt using the program DD.20 No
signiﬁcant diﬀerences are found using three-Gaussian ﬁts or validated
Tikhonov regularization22 (see Tables S2−S5). bThe P(r) distributions for the C38-R1/C280-R1 and T39C-R1/E308C-R1 constructs
contain an additional broad component with widths of 13 and 20 Å,
respectively, and corresponding mean distances of 56 and 58 Å,
respectively, very close to the mean distance of the narrow component
(see the Experimental section of the Supporting Information). cValues
in parentheses refer to conformer populations.
a

signiﬁcant role in pushing the equilibrium to the closed
conformation in crystal structures of unliganded RT.
We also investigated the impact of ﬁve diﬀerent NNRTIs
[etravirine, rilpivirine, delavirdine, efavirenz, and nevirapine
(see Figure S11)] on the disposition of the ﬁnger and thumb
subdomains. The results are summarized in Figure 4, Table 2,
and Tables S2−S5. Each doubly spin-labeled construct exhibits
the same conformation for all NNRTIs. Upon addition of
NNTRIs, the distances between spin-labels are decreased for
the C38-R1/C280-R1 and C38-R1/A304C-R1 constructs
where the predominant species in the unliganded state is in
the open conformation, while the converse is true for the
W24C-R1/C280-R1 and T39C-R1/E308C-R1 constructs
where the closed conformation constitutes the major species
in the unliganded state. The complexes with the C38-R1/C280R1 construct are predominantly in the open II conformation;
those with the W24C-R1/C280-R1 and T39C/E308C-R1
constructs are in the open I conformation, and the C38-R1/
A304C-R1 construct is in the partially open conformation. In
contrast, crystal structures of binary complexes of HIV-RT with
these ﬁve NNRTIs are all in the open I state.3,4 Thus, we
deduce that the dispositions of the ﬁnger and thumb
subdomains of p66, while largely open or partially open, are
inﬂuenced to a minor degree by spin-labeling.
In conclusion, the conﬁgurational space sampled by the
ﬁnger and thumb subdomains in the p66 subunit of the mature

Figure 3. Experimental DEER data and P(r) distributions for p66 spinlabeled HIV-RT in the absence and presence of double-stranded DNA.
(A) Examples of background-corrected DEER echo curves (recorded
at 50 K) colored red (unliganded) and blue (with DNA) with the bestﬁt curves obtained by DD20 analysis colored black. (B) DEER-derived
P(r) distributions, obtained by a two-Gaussian ﬁt using DD,20 shown
by the red (unliganded) and blue (with DNA) lines compared to
predicted P(r) distributions (ﬁlled-in Gaussians, color-coded as
indicated in the bottom left panel) obtained from an ensemble of
closed I, closed II, open I, and open II (calculated including nucleic
acid coordinates) crystal structures using MMMv2013.2.19 For W24CR1/C280-R1, the predicted P(r) distributions for open I and II states
are superimposed. The concentrations of the p66 spin-labeled HIV-RT
heterodimer and DNA duplex are 50 μM and 0.5 mM, respectively.

(Table 2). The results are consistent with those obtained for a
W24C-R1/K287C-R1 construct by line shape analysis of
continuous wave X-band EPR spectra, where an open
conformation is found in the frozen state at 170 K and a
temperature-dependent mixture of open and closed states is
observed in solution21 (note that the W24C-R1/K287C-R1
construct is not suitable for DEER analysis as the distance
between spin-labels is <15 Å in the closed state). These results
suggest that, in all likelihood, crystal packing forces may play a
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spin-labels for three of the complexes (C38-R1/C280-R1,
W24C-R1/C280-R1, and T39C-R1/E308C-R1) are consistent
with the open II conformation found in crystal structures of
ternary complexes with DNA or DNA/RNA and an NNRTI,
the distance between C38-R1 and A304C-R1 is close to 20 Å
longer than that predicted from the crystal structures. Finally,
binary complexes with NNRTIs are all found in open or
partially open conformations with little variation in mean
distances between a given set of spin-labels in the diﬀerent
complexes (Figure 4), indicating that the intermolecular
interactions between the NNRTI and the palm subdomain
(Figure 1) serve to indirectly restrict the conformational space
sampled by the ﬁnger and thumb subdomains.
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Figure 4. Experimental DEER data and P(r) distributions for p66 spinlabeled HIV-RT in the presence of ﬁve diﬀerent NNRTIs. (A)
Examples of background-corrected DEER echo curves (recorded at 50
K) with the best-ﬁt curves from DD20 analysis shown as black lines.
(B) DEER-derived P(r) distributions obtained by a two-Gaussian ﬁt
using DD20 (lines color-coded according to NNRTI as shown in the
top left panel) compared to predicted P(r) distributions (ﬁlled-in
Gaussians color-coded as indicated in the bottom left panel) for the
diﬀerent structural classes observed in crystal structures. The predicted
P(r) distributions for the open I and open II states are shown in all
four panels; the closed I, closed II, and partially open states are also
shown for C38-R1/A304C-R1. Nucleic acid coordinates were omitted
from the calculations. The distance around 80 Å in the case of the
complex of the C38-R1/A304C-R1 construct with delavirdine arises
from residual free RT. The concentrations of the p66 spin-labeled
HIV-RT heterodimer and inhibitor are 50 μM and 1 mM, respectively.

AUTHOR INFORMATION

Corresponding Author

*E-mail: mariusc@mail.nih.gov.
ORCID

G. Marius Clore: 0000-0003-3809-1027
Author Contributions

T.S. and G.M.C. designed the research. T.S. performed the
research. L.T. performed RNA/DNA binding and polymerase
assays. T.S. and G.M.C. analyzed the data and wrote the paper.
All authors have given approval to the ﬁnal version of the
manuscript.
Funding

This work was supported by the Intramural Program of the
National Institute of Diabetes and Digestive and Kidney
Diseases, National Institutes of Health, and by the AIDS
Targeted Antiviral Program of the Oﬃce of the Director of the
National Institutes of Health (to G.M.C.).

HIV-RT p66/p51 heterodimer is quite variable, a ﬁnding that is
consistent with the paucity of interactions between the ﬁnger,
thumb, and palm subdomains observed in crystal structures
(Figure 1). In the unliganded state, the distribution between
closed and open conformations is clearly inﬂuenced by the
introduction of the spin-labels and accompanying mutations
(Figure 3). Because neither the nitroxide spin-labels nor the
additional mutations substituting the naturally occurring
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oligonucleotide duplexes is accessible only in open type
conformations. Consistent with this observation is the fact
that all the complexes with double-stranded DNA are in the
open state (Figure 3). However, while the distances between
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