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ABSTRACT

Formation of the mature HIV-1 reverse transcriptase
(RT) p66/p51 heterodimer requires subunit-specific
processing of the p66/p66’ homodimer precursor.
Since the ribonuclease H (RH) domain contains an
occult cleavage site located near its center, cleav-
age must occur either prior to folding or subsequent
to unfolding. Recent NMR studies have identified a
slow, subunit-specific RH domain unfolding process
proposed to result from a residue tug-of-war between
the polymerase and RH domains on the functionally
inactive, p66’ subunit. Here, we describe a structural
comparison of the isolated RH domain with a domain
swapped RH dimer that reveals several intrinsically
destabilizing characteristics of the isolated domain
that facilitate excursions of Tyr427 from its binding
pocket and separation of helices B and D. These
studies provide independent support for the subunit-
selective RH domain unfolding pathway in which in-
stability of the Tyr427 binding pocket facilitates its
release followed by domain transfer, acting as a trig-
ger for further RH domain destabilization and sub-
sequent unfolding. As further support for this path-
way, NMR studies demonstrate that addition of an
RH active site-directed isoquinolone ligand retards
the subunit-selective RH’ domain unfolding behavior
of the p66/p66’ homodimer. This study demonstrates
the feasibility of directly targeting RT maturation with
therapeutics.

INTRODUCTION

The infectivity of the human immunodeficiency virus is
dependent on a reverse transcriptase that converts viral
RNA into dsDNA (1,2). Current drug therapies target
the mature p66/p51 RT heterodimer (1,3-6). However, in
the virion RT undergoes a complex conformational mat-
uration process that provides potentially useful points of

chemotherapeutic intervention. The limited information
available for this transformation has led to a proliferation
of proposed pathways for formation of the p66/p51 RT het-
erodimer (7-20). Recent NMR studies have provided de-
tailed information for the p51 and p66 monomer structures,
and clarified some of the conformational transitions that
convert p66 into the p66/p66’ homodimer precursor (21—
23). The initially formed p66/p66’ homodimer exists as a
structural heterodimer, in which the active polymerase and
RNase H (RH) domains are on the p66 subunit, while the
p66’ subunit contains a polymerase’ domain in an inactive
fold as well as a second RH’ domain that is tethered to
the polymerase’ by residues unraveled from its C-terminal
oM’ helix. Dimerization sets up a competitive tug-of-war
between the polymerase’ and RH’ domains for common
residues located at the boundary. Importantly, the cleav-
age site targeted by HIV protease is located near the cen-
ter of the RH domain, rendering it inaccessible to prote-
olytic cleavage in both the isolated RH domain and the p66
monomer. It thus has been postulated that destabilization of
the p66' RH’ domain resulting from the N-terminal residue
transfer to helix aM’ in the p66’ polymerase’ domain above
is sufficient to result in subunit-specific RH" domain unfold-
ing, so that the cleavage site becomes exposed (21). Never-
theless, the nature of this unfolding process remains unde-
termined, and other studies have contested the possibility
that the domain is able to unfold sufficiently to expose the
cleavage site (8).

It previously has been observed that bacterial expres-
sion of the isolated RT RH domain often results in both
monomer and dimer species, and it was proposed that the
RH dimer exists as a domain swapped structure (24). Do-
main swapped dimers are believed to arise as a result of
the capture and stabilization of a partially unfolded pro-
tein conformation by formation of a set of homologous sta-
bilizing interactions with a second molecule (25-27). Do-
main swapping generally occurs at a hinge region around
which proteins tend to locally unfold prior to more com-
plete unfolding (25). Since the monomer-dimer interconver-
sion requires a transition through an unfolded or partially
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unfolded state, characterization of the domain swapped RH
domain can provide fundamental insight related to the pro-
posed unfolding of the RH’ domain, and hence the role of
RH' unfolding in the RT maturation process. Consequently
we have investigated this structure in detail and, as outlined
below, have identified intrinsic structural characteristics of
the RH domain that facilitate both unfolding and domain
swapping. Further, these results reveal interesting variations
in the Tyr427 binding pocket that directly implicates Tyr427
as a key trigger of the unfolding process.

Building upon this further support for an RT maturation
pathway involving subunit-selective RH domain unfolding,
we also demonstrate that a tight-binding RH inhibitor can
significantly retard unfolding of the supernumerary RH’
domain and hence interfere with the RT maturation path-
way. This demonstration represents a new approach for the
development of RT-directed therapy.

MATERIALS AND METHODS

Expression and purification of labeled and unlabeled RH con-
structs used in these studies

The expression and purification of RH and its mutants were
identical to that described in the previous study (28). The
single mutations were introduced using the QuickChange
XL site directed mutagenesis kit (Agilent). The constructs
used in these studies included RHmnel studied previously
(28,29), corresponding to the HXB2 p66 residues 427-560
with an N-terminal MNEL leader sequence originally de-
scribed by Becerra et al. (30). N-terminal truncated con-
structs included RHANT, corresponding to p66 residues
429-560 with an N-terminal Leu429Met mutation, an ex-
tended linker construct, RHANT-EL, in which an addi-
tional Pro-Asp-Gln sequence was introduced into RHANT
immediately following GIn512, and RHANT(ES14L) in
which RHANT contains an ES14L substitution in the aB-
aD linker. Monomer and dimer fractions of the RH do-
main were separated on a Superdex 200 10/300 column or,
for greater resolution, a HiLLoad 26/60 chromatography col-
umn, as indicated. Samples were run at 4°C with run times
of ~1 h for the smaller column and ~8 h for the larger col-
umn.

NMR Methods

For the kinetic studies, the lyophilized RNase H samples
were dissolved in 25 mM Tris-HCI-d11 in D,O, pD 7.5, 100
mM KCl, 0.02% NaNj. Sample concentrations were 100
wM unless otherwise indicated. The amide H/D exchange
studies utilized samples that were initially Iyophilized and
then dissolved in 25 mM Tris-HCI-d11 in D,0O, pD 7.5,
100 mM KClI, 0.02% NaNj, and the protein concentra-
tions were 200 wM. As indicated, some studies also in-
cluded 1.5 mM of the RH inhibitor 2-hydroxyisoquinoline-
1,3(2H,4H)-dione and 5 mM MgCl,. The 'H-'"N HSQC
experiments were collected during successive 40 min peri-
ods at 25°C. Synthesis of hydroxyisoquinolone (HIQ) is de-
scribed by Billamboz et al. (31) and was obtained as a cus-
tom synthesis product from MRIGlobal (Kansas City, MO,
USA).
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All NMR spectra were acquired on Agilent INOVA 600
and 800 MHz NMR spectrometers equipped with 5 mm
'H["*C,">N] triple-resonance cryogenically cooled probes.
The 'H-*C HMQC spectra were obtained at the tempera-
tures indicated using Agilent’s Biopack gChmqc experiment
(Agilent, Santa Clara, CA) with 1024 X 96 complex points
and sweep widths of 14 and 10 ppm in the!H and '3C di-
mensions (center 10 ppm), using a relaxation delay of 1 s.
The '"H-'N HSQC RNase H spectra were acquired at 25
°C using Agilent’s BioPack gNfhsqc experiment with 1024
X 128 complex points and sweep widths of 14 and 29.6 ppm
in the 'H and "N dimensions (center ~ 120 ppm), using a
relaxation delay of 1 s. All NMR data were processed by
NMRpipe (32) and analyzed with NMRView] (33).

Backbone assignments of the domain swapped RH
homodimer were performed on triply Ilabeled U-
[’H,"*C,’>"N]JRHmnel. Resonances were assigned using
standard protocols and have been deposited in the BMRB
under ID: 26718. Previous monomer assignments are
available under codes 5347 and 5931 (29). See also Zheng
et al. (28) for corrected assignments of [le521 and Ile556.

Kinetic studies

Domain swap kinetics were determined from exponential
fits of the normalized resonance intensities in the 'H-13C
HMQC spectra starting from the initially purified dimer
fractions of Ile-labeled RH domain and several variants us-
ing the relations:

fD =+ ((,’1 - CZ)e_I/TC (1)
Su=c1+ (2 — el —e"/TC)

so that the fractional probabilities vary from c; to ¢c;. In a
few cases the analysis was limited to the resolved dimer res-
onance due to overlap. Samples were in 25 mM Tris HCI-
di1, 100 mM KCI, pD 7.5 and run at 25°C and results
are summarized in Table 1. Time constants were also es-
timated for RHmnel using time lapse NMR spectroscopy.
The RHANT(ES14L) mutant studied is apparently some-
what less stable than RHANT, and undergoes very slow pre-
cipitation over the course of the studies. Since the analysis of
the fractional monomer and dimer intensities is normalized
to the sum, this precipitation does not influence the analysis.

Time dependent HMQC studies of p66 homodimer con-
formational evolution utilized ['*CHj-Ile,U->H]p66 and
were performed at 35°C as described previously (23), ex-
cept that the samples also contained 2 mM HIQ and 6 mM
MgCl,.The results are thus directly comparable with those
shown in Figure 7 of Zheng et al. (23).

X-ray crystallography

Crystals of the RHmnel construct of the RNase H domain
of RT were grown using sitting drop vapor diffusion. Drops
consisted of 0.125 wl protein solution (16 mg/ml in water)
with 0.375 pl of the reservoir solution which contained 100
mM ammonium acetate, 100 mM bis-Tris pH 5.5 and 17%
PEG 10K. For data collection, the reservoir solution was
exchanged with 100 mM ammonium acetate, 100 mM bis-
Tris pH 5.5 and 30% PEG 10K and the crystals were allowed
to equilibrate overnight. Crystals were harvested and flash
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frozen in liquid nitrogen. A low resolution data set was col-
lected on an in-house rotating anode source at 2.45 A and
processed using HKL.2000 (34). Molecular replacement was
carried out using the coordinates, pdb ID code: 3K2P of
the RNase H domain, with the program Phaser (35) and
partially refined within PHENIX (36). This model was then
used for molecular replacement against a higher resolution
data set (2.05 A) collected on the Southeast Regional Col-
laborative Access Team (SER-CAT) 22-ID beamline at the
Advanced Photon Source, Argonne National Laboratory.
The higher resolution data were processed in HK1.2000 and
refined using PHENIX. The X-ray parameters are summa-
rized in Table 2, and the structure has been deposited in the
protein data bank under ID: 5SDZM.

RESULTS
Stability of the RH monomer and homodimer

Purification of bacterially overexpressed RT RH domain
with a size exclusion column yielded two major frac-
tions for which the retention volumes were consistent with
monomeric and dimeric forms. Since the RH domain lacks
cysteine residues, the dimeric form is not dependent on for-
mation of disulfide bonds, but reflects an alternate stabiliza-
tion mechanism. An RNase H domain monomer construct,
RHmnel, corresponding to p66 residues 427-560 and con-
taining an MNEL leader sequence, was expressed and in-
cubated overnight at either 25°C or 37°C. No significant
equilibration to the dimer was observed at 25°C, while some
dimer was present after the 37°C incubation (Figure 1A).
NMR kinetic studies starting with the purified, Ile-labeled
RHmnel dimer indicated a time dependent monomer for-
mation at 37°C with a mean time constant of 6.3 days (Sup-
plementary Figure S1).

We previously introduced RHANT as a model for the
destabilized RH domain that is formed as a result of the
transfer of N-terminal residues to the polymerase domain
(21). In this construct, residues Tyr427 and GIn428 have
been deleted and a Leu429Met mutation becomes the N-
terminus. Expression of the RHANT construct also yielded
monomer and dimer species, however, the monomer-dimer
interconversion rate is much greater. As shown in Figure 1B,
reloading either the monomer (orange curve) or the dimer
(green curve) on a Superdex 200 HiLoad column yielded a
monomer-dimer mixture after chromatographic separation.
The greater stability of the RHmnel construct made it suit-
able for crystallization.

Crystallographic characterization

The purified RHmnel dimer was crystallized as described
in Methods, and found to correspond to a domain swapped
homodimer. The unit cell contains a pair of domain-
swapped homodimers for a total of four molecules in the
asymmetric unit, with the two dimers in a perpendicular
orientation relative to the long axis of the dimer (Figure
2A). As illustrated in Figure 2B, the fold of each peptide
follows the same path as the monomer from the N-terminus
through helix B, after which the B-D loop acts as a hinge,
connecting to helix aD and continuing through B5 in the
second molecule of the dimer. The C-terminal helix oE

was not observed in these structures, consistent with fre-
quent observations that the oE helix is dynamic in solu-
tion (28,37-40). Comparison with the monomer structure
indicates that there would be some steric conflict between
residues at the N-terminus of helix E and the N-terminal
segment arising from a molecule in the second dimer. Over-
all, the interactions of aD and B5 with the second molecule
of the dimer mirror the corresponding interactions in the
monomer. Combining elements 1-82-B3-aA-B4-aB from
one monomer with aD and B5 from its domain swapped
partner forms a globular structure that overlays well with
the isolated RH monomer (pdb: 3K2P, (41) (Figure 2B).

The two domain swapped dimers in the asymmetric unit
interact via an anti-parallel B-sheet formed from the back-
bones of pairs of Trp535 residues on molecules RH1-RH3
and RH2-RH4. The additional stabilization of the tetramer
by a number of hydrophobic and H-bond interactions sug-
gests that this species might also be present in solution,
however based on the chromatography data, it would cor-
respond to a very small fraction of the total RH molecules
at the concentration ranges studied.

Although the structure of the RH1-RH2 and RH3-RH4
domain swapped pairs is identical, small conformational
differences were observed between the two RH molecules of
each domain swapped pair (Supplementary Figure S2). This
appears to result primarily from differences in the lengths
and conformations of the B-D linkers, so that a slightly
more extended linker in RH2 results in a displacement of
C-terminal aD-B5 relative to the N-terminal $1-B2-B3-aA-
B4-aB structural elements. The main variations in back-
bone dihedral angles occur near Pro510. This in turn pro-
duces a relative displacement of the two pseudo-monomer
structures that form the dimer. This variability may result
from constraints imposed by formation of the tetramer in-
terface, or perhaps by other lattice contacts. In contrast, so-
lution NMR studies of the Ile-labeled RH dimer did not
reveal evidence of doubled resonances, as was also the case
in the 'H-"N HSQC NMR studies reported by Christen
et al. (24). Hence, it appears that either the structural dif-
ferences between the two molecules of the homodimer are
selected by lattice contacts, or the interconversion barriers
between the two conformations are insufficient to result in
slow exchange, which would be required for the observation
of multiple resonances.

In contrast with the lack of resonance variations between
the two molecules of the domain swapped dimer, there are
significant differences between the resonances of the dimer
and the RH monomer. Christen et al. (24) reported that 24
amide resonances showed significant monomer/dimer shift
changes, and we observed that 5 of the 10 Ile 8-methyl res-
onances exhibit significant monomer-dimer shift variations
(Figure 3). The perturbed residues are located on helix A
(11e482), helix B (I11e505, 1le506) and helix D (I11e522, 11e526).
In both studies, the most significant shift variations corre-
spond to residues in the helix B-helix D region of the pro-
tein.

Monomer/dimer structural variations of helix B-helix D

A structural comparison of the domain swapped dimer with
the monomer reveals several interesting variations, particu-
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Figure 1. Stability of RH monomer and dimer. (A) Incubation of purified RHmnel monomer for a period of ~20 h at 25°C yielded only the monomer (red
curve); incubation of purified RHmnel monomer at 37°C over a similar period yielded a monomer — dimer mixture (blue curve). The position of the purified
dimer corresponds to the yellow curve. Fractions were separated on a Superdex 200 10/300 column. (B) Purified samples of RHANT monomer (gold curve)
or dimer (green) rapidly reloaded on the Superdex 200 column HiLoad 26/60, eluted as monomer-dimer mixtures. Chromatogrpahic separations were run
at 4°C using 50 mM Tris-HCI, pH 8.0, 200 mM NaCl, 1 mM EDTA as the running buffer.

larly involving helices B and D, that appear related to molec-
ular stability and to the monomer-dimer interconversion
process. As illustrated in Figure 2C, Tyr427 sits in a hy-
drophobic pocket bounded by aB on one side and aD on
the other and thus contributes significantly to the interac-
tion between the two helices. The interface with aD involves
primarily hydrophobic contacts with Leu525 and other hy-
drophobic residues. In the monomer structure (pdb: 3K2P),
interactions with aB include a hydrophobic interaction with
the GIn509 sidechain involving the opposite face of the phe-
nol ring, an H-bond of the Tyr427 carbonyl oxygen with the
GIn509 amide sidechain, and an H-bond of the tyrosyl hy-
droxyl with the I1e506 carbonyl oxygen.

As indicated in Figure 2B, C, the orientation of aB dif-
fers in the two structures, exhibiting a relative tilt of ~12°.
An even greater orientational variation is present in the sec-
ond (RH2) molecule of the dimer, which is probably the
dominant species in solution (Supplementary Figure S2).
In the domain swapped structure, this altered orientation of
oB alters the Tyr427 binding pocket. The Tyr427 sidechain
is pulled away from aD, and GIn509 no longer interacts
with Tyr427 (Figure 2C). The H-bond between Tyr427 and
I1e506 is maintained in one molecule of the dimer, but is
weak or absent in the second dimer molecule. Since forma-
tion of the domain swapped structure involves separation
of helices B and D, weakening of the Tyr427-aD interac-
tion is predicted to facilitate this conversion. This predic-
tion is supported by the kinetic measurements summarized
below, indicating that the monomer-dimer interconversion
is greatly accelerated in the RHANT construct that lacks
both Tyr427 and GIn428.

A second significant monomer/dimer structural differ-
ence involves a transfer of residues from the B-D loop to ex-
tend the length of helix aD. In the RH monomer, seven loop
residues, GIn509-Ser515, link helices B and D. In the do-
main swapped structure, the B-D loops become hinges and,

although the hinge length differs slightly between the two
molecules that constitute the domain swapped dimer, both
hinge loops are considerably shorter than the monomer
loop. The B-D hinge in RHI includes only two residues,
510-511 and in RH2 includes residues 508-511. In both
molecules of the dimer, aD is extended by a complete heli-
cal turn, and aB is also extended in RH1. The extension of
aD in the dimer is illustrated by the monomer-dimer helix D
overlay shown in Figure 4A, and reduction in the B-D linker
length in the dimer is illustrated in Figure 4B. This compar-
ison suggests that the longer B-D loop and helix unwind-
ing present in the monomer is required to relieve conforma-
tional strain that is largely alleviated in the dimer. Similar
relationships have been observed in other domain swapped
proteins (27,42-46).

Effect of N-terminal deletion on monomer-dimer interconver-
sion Kinetics

We previously introduced the RHANT construct as a
model for the destabilized RH domain intermediate that
results after the transfer of the N-terminal Tyr427-GIn428
residues to the polymerase domain (21). The structural
comparison presented above indicates that this construct
would be expected to exhibit an enhanced monomer-dimer
interconversion rate, since one of the important contribu-
tors to aB-aD stability is eliminated. The 'H-'3C HMQC
spectrum of [3CH;-IlelRHANT exhibits large perturba-
tions of the Ile522 and Ile526 resonances corresponding to
residues located near the Tyr427 binding pocket, as well
as smaller but significant perturbations for several other
Ile resonances, consistent with a more subtle, global struc-
tural perturbation. As a result of the faster monomer-
dimer interconversion rate, even the initial spectrum ob-
tained for the purified dimer sample exhibited significant
monomer resonances (Figure 3B). The transfer of reso-
nance intensity from dimer to monomer peaks for several
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Figure 2. Crystal structure of domain swapped Rnase H (RH). (A) The unit cell contains two pairs of domain swapped dimers: RHI-RH2 and RH3-RH4,
in an approximately perpendicular orientation (color coding: green+yellow; cyan+magenta). Each globular structure contains elements 31-82-B3-aA-B4-
aB derived from a single peptide chain, and aD and B5 derived from its domain swapped partner. The circled regions correspond to the B-sheet formed
from Trp535 residues that link the two domain swapped dimers. (B) Expanded ribbon representation of a domain swapped dimer (green, yellow) overlaid
with an RH domain monomer structure (gray, pdb: 3K2P, 41). The B1-B2-B3-aA-B4 from molecule RH1 (green) and the aD-B5 structural elements from
molecule RH2 (yellow) agree closely with the monomer, however, aB exhibits a relative change in orientation. (C) Expanded view of the monomer-dimer
structural variation in the Tyr427 binding pocket. The Tyr427 sidechain remains H-bonded to Ile506 in both structures, however in RH2, aB is tilted even
further so that this H-bond interaction is not present.
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Figure 3. 'H-'3C HMQC spectra of ['*CH3-Ile]RH constructs. (A) 'H-
13C HMQC spectra of ['3CH3-Ile]R Hmnel monomer (black) overlaid with
TH-13C HMQC spectra of ['*CH3-Ile]RHmnel dimer (red). (B) 'H-13C
HMQC spectra of [*CH;3-Ile]RHANT monomer (black) overlaid with
'H-13C HMQC spectra of ['*CH;-Ile]RHANT dimer (red). As a conse-
quence of faster monomer-dimer interconversion rate of RHANT, purified
monomer or dimer samples show some contamination with the dimer and
monomer resonances, respectively. As a result of the absence of Tyr427,
the 11e526 and Ile522 resonances are both shifted to lower 3'3C and 8'H
values, so that the Ile526 resonances overlap the I1e482 monomer reso-
nance, and the Ile556 resonances partially overlap the Ile522 monomer
peak. The spectra of ['*CH3-Ile]RHANT contain several additional small
resonances indicated with an asterisk that have not been assigned. Spectra
were obtained at 25°C and samples were in Tris-HCI-d11 in D,O (pD 7.5),
100 mM KCI.

Ile residues was determined starting from an initially puri-
fied RHANT dimer sample as described in Methods. The
time constants and equilibrium dimer fractions obtained
are summarized in Table 1 (See also Supplementary Figure
S3). Time-dependent decay of the RHANT dimer was de-
termined from intensity measurements of the I1e482, Ile505,
11e506, Ile521 and 1le522 resonances at 25°C, giving a mean
time constant of 24.1 4 2.0 min (Table 1). In contrast, equi-
libration of the RHmnel construct is a much slower process,
exhibiting a mean decay time of 152 h determined at higher
temperature (37°C) (Supplementary Figure S1) and indeed
the crystallization results shown above are based on the iso-
lation and crystallization of the long-lived RHmnel dimer.
Since monomer-dimer inerconversion requires a substantial
degree of unfolding, this result provides strong evidence that
loss of only a few RH domain N-terminal residues can sub-
stantially increase the RH unfolding rate.

Effect of N-terminal deletion on H/D exchange

As shown previously (21), the 'H-'>N HSQC spectrum of
RHANT indicates that this construct retains the same gen-
eral fold as the wt domain, and the Phe440 and Tyr441
amide resonances are still readily observed in this construct.
In order to further evaluate the dynamic perturbation of
RHANT, we performed H/D exchange studies as described
in Methods. Figure 5 compares the 'H->N HSQC spec-
tra of RHmnel (panel A) and RHANT (panel B) obtained
during the intervals indicated. During the first 40 min accu-
mulation period, ~57 out of 128 amide resonances remain
in RHmnel, while ~47 out of 128 resonances are observed

Nucleic Acids Research, 2016, Vol. 44, No. 4 1781

A
B-D hinge loop
GIn509
RH-A
Ser499
B RH monomer

Shorter aD

B-D loop - monomer
B-D hinge loop - dimer

Figure 4. Shortening of the B-D hinge loop. (A) Ribbon representations
of the aB-aD regions of one molecule of the dimer (green) and the RH
monomer (gray) in which the aD helices have been aligned. As is appar-
ent from the figure, several residues that are part of the B-D loop in the
monomer are incorporated into an extended aD in the dimer. The reduc-
tion in length of the dimer B-D linker is also apparent in Figure 2B. (B)
Ribbon diagram overlay of the RH monomer (gray, pdb: 3K2P) with the
domain swapped dimer illustrating the change in length of aD and the B-D
linker.
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Figure 5. H/D exchange behavior of RH and RHANT. (A) '"H->N HSQC
spectrum of RHmnel obtained during the first 40-min period after replace-
ment of the H,O buffer with D,O buffer (black spectrum), overlaid with a
spectrum obtained during the 40-min period starting at 6.6 h after buffer
replacement (red spectrum). (B) 'H-'>’N HSQC spectra of RHANT ob-
tained during the first 40-min accumulation period after buffer exchange
(black spectrum) and the second 40-min period (green spectrum). The
amides protons of the cleavage site residues F440 and Y441 in RHmnel
are readily observed after 6.6 h, while in RHANT they have been fully ex-
changed. Exchange studies were performed at 25 °C in 25 mM Tris-HCI-
d11 in DO (pD 7.5), 100 mM KCI.
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Table 1. RHANT Dimer decay time constants

Residue Time constant® (Min) Dimer fraction @ equilibrium
482 25.2 -

505 24.5 0.13

506 24.5 0.12

521 20.0 0.20

522 26.1 0.16

Mean 241 + 1.1 0.15 £ 0.02
RHANT (PDQins) undetectable
RHANT(ES14L) 0.50

4Decay time constants were determined at 25°C and mean values include a standard error calculation.

in RHANT, although many of the peaks in the truncated
construct are substantially weaker (Supplementary Figure
S4). Amide resonances for cleavage site residues Phe440 and
Tyrd41 are readily observed in both spectra. These residues
remain in a well-protected environment in RHmnel, and
give strong signals after 6 h in the D,O buffer (Figure 5A).
In sharp contrast, the Phe440 and Tyr441 amide resonances
in the RHANT construct are no longer visible even over
the second 40 min accumulation period. The amide groups
on strand B5, residues 530-536, also show considerably less
protection in the RHANT construct. The other protected
amides are mostly within the helices, and in a few cases
connect B1, B2, B3 and B4. These comparisons provide
a graphic illustration of the significant dynamic instability
and resulting solvent accessibility introduced by the loss of
the N-terminal Tyr427 and GIn428 residues. The effect on
the Phe440 and Tyr441 resonances indicates that this insta-
bility extends to the central B-sheet structure.

Tests of the linker length hypothesis

As outlined above, structural comparisons suggest that a B-
D linker that is too short to support a stable aB-aD connec-
tion contributes to destabilization of the RH monomer and
is a driving force for the unfolding required to form the do-
main swapped dimer. Similar relationships between linker
length and dimer/monomer ratios have been observed in
other studies of domain swapped proteins (25,27,42,44).
In order to further evaluate this relationship for the RH
domain, a construct containing an extended linker RH
(RHANT-EL) was constructed by inserting an additional
Pro-Asp-Gln sequence after GIn512, effectively allowing
the repeated PDQ sequence to be in two places at once.
The additional residues were inserted into the linker of
the RHANT construct for this study because it rapidly
equilibrates, facilitating determination of the equilibrium
dimer/monomer ratio. No Ile resonances attributable to the
dimer form of this extended linker construct were observed
in the 'H-'3C HMQC spectra of ['*CH;-Ile]RHANT-EL,
despite using a relatively high concentration of 450 uM and
allowing 24 h for monomer/dimer equilibration at 37°C
(Supplementary Figure S5A). This compares with a mean
dimer fraction of 15% for RHANT based on five Ile reso-
nance intensity ratios (Table 1). This result thus supports
the hypothesis that the RH domain is destabilized by a B-D
linker that is too short to support a more stable monomer
fold.

As a second test of this hypothesis, we introduced an
ES14L mutation predicted to favor incorporation of linker
residue 514 into helix oD, and thus to increase the rela-
tive stability of the dimer. To the extent that the mutated
E514L residue becomes incorporated into an extended aD
helix, the mutated residue comes in contact with Ile505 so
that significant shift perturbations are predicted, and these
were observed for both the monomer and dimer resonances
in the spectra of RHANT(ES514L) (Supplementary Figure
S5B). Importantly, the dimer/monomer equilibrium ratio is
shifted to ~1.0, representing an increase from the value of
~0.18 observed for RHANT. Thus, both mutational strate-
gies altered the dimer/monomer ratio consistent with the
predicted effects of the B-D linker.

The monomer-dimer transition

The studies summarized above lead to a qualitative
monomer-dimer transition state energy diagram shown in
Figure 6A. The transition state is proposed to involve sepa-
ration of aB and aD as is observed in the domain swapped
structure. Separation of the two helices also requires addi-
tional disorder since the interactions of B5, and aE with
other structural elements will also be disrupted. Compar-
ison of the RH monomer and dimer structures indicates
that the monomer is characterized by several intrinsic desta-
bilizing features. (i) The B-D linker creates strain in the
monomer structure that is relaxed in the domain swapped
dimer. The predicted relationship between the length of the
B-D linker and the dimer/monomer ratio is supported by
the mutation studies summarized in the previous section.
(i) Weak orientational constraints on aB destabilize the
Tyr427 binding pocket. This helix lies on the surface of the
domain and lacks sidechain H-bond interactions that can
constrain the helix orientation more effectively than less
specific hydrophobic interactions. This orientational insta-
bility is most clearly illustrated by an overlay of ribbon dia-
grams corresponding to residues 430-495 of the monomer
and each of the two molecules (RH1 and RH2) of the dimer
(Figure 6B). One consequence of this variability is that the
[1e506-Tyr427 H-bond is maintained in only one of the two
molecules of the dimer. The low orientational stability of
aB significantly compromises the Tyr427 binding pocket,
which includes many fewer interactions than are present in
the monomer, and the tyrosyl sidechain is pulled away from
stabilizing hydrophobic contacts with aD residues (Figure
2C). Thus, we conclude that the RH domain is intrinsically
less stable than a theoretical domain containing a longer B-



Nucleic Acids Research, 2016, Vol. 44, No. 4 1783

Ll -

Y427 aD
s & ., partially unfolded

N ’O‘B €\ transition state
B

Monomer
Chain A — ‘\.

Chain D \,Z‘E
N

Figure 6. Monomer-dimer transition state diagram. (A) The monomer-dimer interconversion is suggested to proceed via a transition state that loosely
resembles either molecule of the dimer. As outlined in the text, the monomer stability is proposed to be slightly compromised by intrinsic structural features,
particularly the lack of constraints on aB orientation and the truncation of aD. Loss of several N-terminal residues resulting from the inter-domain tug-
of-war further destabilizes the monomer. (B) Overlaid ribbon diagrams for residues 427-506 (i.e. showing B1- B2- B3-aA-B4-aB) in the monomer (gray)
and each molecule of the domain swapped dimer (green, yellow). The molecules were aligned from residues 427-495 to illustrate the variable positioning
of helix aB.
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Table 2. Crystallographic data statistics

Crystallographic data statistics

Source Rotating anode (SER-CAT) 22-1D

unit cell a=b=>5621A,c=132.61A; a=b=>5614A,c=13375A;
a=p=90°~y=120° a=p=90°~y =120°

Space Group P32 P32

Resolution (A) 50.0-2.45 50-2.05

# of observations 66 064 155 656

unique reflections 17 190 29 211

Rsym(%0)(last shell)? 6.1(51.0) 4.3 (38.0)

1/ (last shell) 15.7(2.7) 10.8 (2.6)

Mosaicity range 1.26-1.31 0.22-0.43

completeness(%o) (last shell) 99.9 (100.0) 98.3(79.6)

Refinement statistics

Reryst(%o)° 17.8

Rfree(%)° 22.5

# of waters . 227

Overall Mean B (A)

Chains A, B, C, D 27.2,30.5, 27.6, 30.92

Solvent 30.25

r.m.s. deviation from ideal values

bond length (A) 0.004

bond angle (°) 0.83

dihedral angle (°) 14.12

Ramachandran Statisticsd

residues in:

favored (98%) regions (%) 98.7

allowed (>99.8%) regions (%) 1.3

aRsym =Y (I; - <I>l)/ > (I;) where ; is the intensity of the ith observation and <I> is the mean intensity of the reflection.

b Reryst = Y| Fol -1 Fe || / I Fol calculated from working data set.

¢ Rfree was calculated from 5% of data randomly chosen not to be included in refinement.

d Ramachandran results were determined by MolProbity.

D loop and a more constrained aB helix. Nevertheless, it is
important to emphasize that the destabilizing effects noted
above are limited, since if the RH domain were too unsta-
ble it could have a tendency to unfold in the p66 monomer,
which could lead to more extensive proteolytic processing
prior to dimer formation, and hence to formation of low
activity pS1/p51” homodimers.

The absence of Tyr427 in the RHANT model construct
clearly removes an important mediator of the aB-aD inter-
action, and is expected to facilitate separation of the B and
D helices as is observed in the domain swapped dimer. The
destabilizing effect of this truncation is apparent from the
reduction in AG by 2.0 £+ 0.4 kcal/mol determined from
urea denaturation studies (21), the faster dimer decay rate
of the domain swapped dimer (Table 1, Supplementary Fig-
ure S3), and the faster H/D exchange observed for this
construct (Figure 5). In the isolated domain, the structure
spends most of its time in either of the alternately folded
forms, however in the p66/p66’ homodimer, the unfolded
residues will be subject to many additional interactions so
that refolding becomes much less probable.

Targeting RT maturation via the supernumerary RH domain

As outlined above and in previous studies (21,23), the ma-
ture RT p66/p51 heterodimer is formed from a p66,/p66’ ho-
modimer that contains two folded RH domains. Proteoly-
sis of the supernumerary RH’ domain on the p66’ subunit is
likely completed within the virion, so that the invading virus
can release an active reverse transcription complex into the
host cell (47). Based on the studies presented above and pre-

viously, RH" domain proteolysis is a fairly slow process that
is rate limited by RH’ unfolding and exposure of its buried
proteolytic site. Stabilizing the supernumerary RH’ domain
of the p66’ subunit thus represents one approach to inhibit-
ing formation of the mature heterodimer. Several groups
have described the development of active site-targeted RH
inhibitors designed to interfere with the ribonuclease H ac-
tivity in the p66 subunit (41,48,49). In principle, these in-
hibitors also would be expected to interfere with RH’ un-
folding and hence to retard or block RT maturation.

We previously demonstrated that the active site-directed
RH inhibitor 2-hydroxyisoquinoline-1,3(2H,4H)-dione
(HIQ) (31) stabilizes RH helix E (28). The effect of Mg-
HIQ on the H/D exchange behavior of the RHANT
construct is shown in Figure 7A. Comparison of the
initial '"H-""N HSQC spectra with those shown in Figure 5
indicates a significant increase in the number of observed
amide resonances, consistent with stabilization of helix E
as well as the entire active site region of the domain. More
importantly HIQ dramatically reduces the rates of H/D
exchange for most of the amide peaks. Thus, more amide
resonances of the RHANT-Mg-HIQ complex remain after
800 min than are observed in the 'H-'>"N HSQC spectrum
of RHANT in the absence of HIQ obtained over the
second 40 min accumulation period (Figure 5B).

The effect of Mg-HIQ on maturation of the p66/p66” ho-
modimer was investigated using isoleucine labeled ['*CH;-
Ile,2H]p66, as described previously (23). A region of the 'H-
13C HMQC spectra showing the Ile434, 11e329 and 11e375
d-methyl resonances as a function of time after the initia-
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Figure 7. Effect of an RH active site-directed ligand on the H/D exchange
kinetics of RHANT and on the maturation behavior of the p66 homod-
imer. (A) '"H-!>N HSQC spectra of RHANT in the presence of 5 mM
MgCl, and 1.5 mM HIQ after an H,O/D-,O buffer change, obtained dur-
ing the time periods indicated. The red spectrum in the lower right hand
panel was obtained over the 760-800 min accumulation period after chang-
ing to the D,0 buffer. Other conditions as in Figure 5B. (B) Time depen-
dent changes of connection’ (Ile329 and Ile375) and RH’ domain (Ile434)
Tle resonances in the ['3CHj-Ile,U->H]p66/['*CH3-Ile,U-2H]p66’ homod-
imer in the presence of a Mg-HIQ RH-directed ligand. The ‘E” and ‘C’
resonance labels indicate assignments to the extended and compact poly-
merase conformations that are present in the p66 and p66’ subunits, re-
spectively. Conditions favoring dimerization were introduced at t = 0, and
the samples also contained 6 mM MgCl,, | mM HIQ in 25 mM Tris HCI-
d11, pD 7.5, 100 mM KCl and 0.02% NaN3. Each spectrum corresponds
to a sequential 5.5 h accumulation period. Samples were run on an Agilent
800 MHz NMR spectrometer at 35°C, under conditions identical to those
reported previously without the addition of Mg-HIQ (23).

tion of dimerization conditions is shown in Figure 7B. As in
our previous studies, resonances arising from the p66 sub-
unit are labeled ‘E” corresponding to the extended confor-
mation, and resonances arising from the p66’ subunit that
will develop into the p51 subunit are labeled ‘C’ correspond-
ing to the compact conformation. These spectra were ob-
tained under conditions similar to those recently used in
a similar dimerization study (23), but with the addition of
6 mM MgCl, and 1 mM HIQ. A comparison of the spec-
tra shown in Figure 7B with those shown in Figure 7A of
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Zheng et al. (23), shows a significant lengthening of the time
constants characterizing the disappearance of the RH' Ile
resonance (Ile434C) and the appearance of connection’ do-
main Ile resonances (Ile329C and Ile375C). In the previous
study, the I1e434C resonance has largely disappeared and
the 11e329C and I1e375C resonances are near their equilib-
rium intensities by 22 h. In the presence of Mg-HIQ, there
is still significant intensity of the Ile434C resonance at 66 h
and the 11e329 and 1le375 resonances have not yet attained
their equilibrium intensity. Analysis of the time-dependent
intensities of the I1e434C, 11e495C and Ile521C resonances
arising from the RH’ domain gives a mean time constant of
81.2 + 7.1 h, compared with a mean decay time constant of
6.5 h obtained previously (21). Thus, the Mg-HIQ signifi-
cantly interferes with RH" unfolding and with maturation
of the connection’ domain in the p66’ subunit. We further
note that the corresponding I1e434E, 11e329E and 11e375E
resonances in the p66 subunit are near their equilibrium val-
ues by the second accumulation period (Figure 7B), as ob-
served in the previous study. These results demonstrate that
it is possible to target RT maturation with agents that sta-
bilize the supernumerary RH’ domain.

DISCUSSION

Formation of the RT heterodimer from its p66 precursor
protein has been one of the most poorly understood as-
pects of viral maturation (7-19). However, recent studies
have provided structural information for the p66 monomer
as well as time-dependent spectra for the p66,/p66’ homod-
imer after initiation of conditions favoring dimerization
that provide substantial insight into the maturation process
(21-23). These studies demonstrate that the initially formed
p66/p66’ homodimer is a structural heterodimer that con-
tains two folded RH domains: a functional RH domain on
the p66 subunit and a supernumerary RH’ domain on p66'.
Labeled Ile resonances arising from RH’ gradually decay,
while those arising from the p66 RH domain are approxi-
mately constant, consistent with a subunit-selective unfold-
ing process that exposes the proteolytically labile site ini-
tially buried within the molecule. The unfolded RH’ domain
will then be subject to proteolytic attack. Nevertheless, that
pathway remains controversial and other recent NMR stud-
ies concluded that maturation models that involve a com-
pletely or predominantly unfolded RH domain are unlikely
(8).

Domain swapped dimers provide a snapshot of a partially
unfolded monomer which has become stabilized by forma-
tion of a dimeric structure with a second, similarly unfolded
molecule. Such structures are generally considered to pro-
vide useful insights into protein folding and unfolding path-
ways (25-27,42-46), and thus can provide insight into the
RT maturation process. The studies reported above indicate
that the monomer and dimer forms of the isolated RH do-
main interconvert on a time scale of days at 37°C, but re-
moval of the Tyr427-GIn428 residues accelerates the dimer
decay rate to under 0.5 h. This acceleration is accompanied
by large increases in the H/D exchange rates for many of
the amide resonances.

Structural comparison with the RH monomer allows
identification of features that facilitate RH domain unfold-
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ing, illuminating the basis for intermittent release of the N-
terminal Tyr427 residue, so that it becomes available for
incorporation into the contiguous polymerase domain as
part of a molecular tug-of-war. Based on the results pre-
sented above, strain in the B-D linking segment that con-
nects helices B and D, as well as orientational instability of
helix B, destabilize the Tyr427 binding pocket, enhancing
the frequency of breathing motions in which Tyr427 makes
excursions out of this pocket. Conversely, loss of Tyrd27
eliminates an important mediator of the aB-aD interaction
that further destabilizes the RH monomer structure. Inter-
estingly, Tyr427 also becomes displaced from its binding
pocket in the reported structures of the HIV-1 — Escherichia
coli RH chimera (3HYF, (49); 3QIO, (50)) due to conflicts
with Ile and Trp sidechains derived from the grafted E. coli
segment (Supplementary Figure S6).

In the p66 monomer, the excursion of Tyr427 from its
binding pocket is presumably transient, limiting the desta-
bilization effect. However, in the p66/p66’" homodimer, the
polymerase’ and RH’ domains located on the p66’ subunit
compete for Tyr427" and other nearby residues (21,23). In-
corporation of these residues in the polymerase’ domain
competes with the rapid re-incorporation of these residues
into RH’, so that the destabilized RH’ domain persists for
a much more extended period. In isolation, the RH domain
apparently undergoes reversible unfolding and refolding, al-
ternating between monomer and dimer. In p66/p66’, the
unfolded RH’ domain is subject to many additional inter-
actions, so that it presumably exists as an ensemble of un-
folded or partially folded structures in which the Phe440-
Tyrd41 cleavage site is exposed and hence sensitive to prote-
olytic cleavage. Based on the disappearance of the RH' res-
onances in the heterodimer, this longer lifetime of the desta-
bilized RH’ is sufficient to result in unfolding a significant
fraction of the time. Nevertheless, this is a slow process with
a time constant of ~6.5 h under the conditions of the pre-
vious study. Dynamic processes on this time scale are gen-
erally observable only using time lapse spectroscopy or its
equivalent, and will not be detected using shorter time scale
NMR methods. Peng and Li (51) have described a model
system for such a folding tug-of-war, and concluded that
the folding of a protein can generate enough mechanical
strain to unravel a second protein. Structural data for the
domain swapped dimer summarized above suggest a some-
what less active process in the p66/p66’ homodimer that is
dependent on intrinsic instability of the binding pocket for
the RH’ N-terminal Tyr427’ residue combined with the ten-
dency of the polymerase’ domain to exploit the availability
of this residue.

These studies lend further support to the conclusion that
RH'’ domain unfolding is the slowest, rate-limiting step in
maturation of the RT heterodimer, and suggest that agents
that stabilize the RH’ domain represent a potential strategy
for inhibiting RT maturation. In the present study, we have
specifically demonstrated that this rate-limiting step can be
targeted using an RH domain active site-directed HIQ lig-
and. Addition of HIQ to the isolated, N-terminal truncated
RH domain dramatically reduces H/D exchange rates, and
addition of HIQ to an Ile-labeled p66 sample after initia-
tion of conditions favoring dimerization greatly reduces the
decay rates of the RH' resonances. This study represents the

first demonstration of the feasibility of targeting RT matu-
ration rather than directly inhibiting RT heterodimer func-
tion. Inhibition of RT maturation can potentially interfere
with RT function in several ways: (i) the polymerase activ-
ity of the p66/p66’ homodimer is lower than that of the RT
heterodimer (52); (ii) the supernumerary RH’ domain can
potentially interfere with interactions of RT with other cel-
lular proteins; and (iii) failure of RH’ to unfold limits the
irreversible proteolysis step, allowing dissociation back to
the monomer form.

In summary, these studies provide independent evidence
for the molecular tug-of-war that has been proposed to ex-
plain the subunit-selective unfolding of the RH' domain
(21), and for the central role of Tyr427 in determining the
outcome. Further evaluations of the effectiveness and fea-
sibility of targeting viral maturation will require infectivity
studies.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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