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HIV-1 reverse transcriptase: a metamorphic protein with three
stable states
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Abstract

There has been a steadily increasing appreciation of the fact that the relationship between protein
sequence and structure is often sufficiently ambiguous to allow a single sequence to adopt
alternate, stable folds. Living organisms have been able to utilize such metamorphic proteins in
remarkable and unanticipated ways. HIV-1 reverse transcriptase is among the earliest such proteins
identified and remains a unique example in which a functional heterodimer contains two,
alternately-folded polymerase domains. Structural characterization of the p66 precursor protein
combined with NMR spectroscopic and molecular modeling studies have provided insights into
the factors underlying the metamorphic transition and the subunit-specific programmed unfolding
step required to expose the protease cleavage site within the Ribonuclease H domain, supporting
the conversion of the p66/p66' precursor into the mature p66/p51 heterodimer.
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Economy of the RT coding sequence is achieved at the expense of a complex maturation pathway
that includes multiple structural rearrangements. These not only produce the active RT
heterodimer, but also regulate the point at which the buried cleavage site in the RNase H domain
becomes exposed for proteolytic processing.

I: Background

Metamorphic proteins - characterized by sufficient sequence-structure ambiguity to support
at least two distinct, stable folds, are increasingly being identified and new functional roles
discovered (Goodchild et al., 2011; Murzin, 2008). Examples include the cytokine
lymphotactin (Molkman et al., 2009), redox-sensitive transcription factors such as OxyR
(Choi et al., 2001), the DNA single-strand break repair scaffold XRCC1 (Cuneo and
London, 2010), the chloride ion channel CLIC1 (Littler et al., 2004), the RNA polymerase
(Tahirov et al., 2002), the spindle checkpoint protein Mad2 (Skinner et al., 2008), the HIV-1
capsid maturation switches (Wagner et al., 2016), and the cyanobacterial circadian clock
protein KaiB (Tseng et al., 2017). Recent analyses indicate that this class of proteins may be
more common than generally appreciated (Porter and Looger, 2018).

All of the above examples represent functional expansion of a single gene sequence at the
level of folding, much as post-translational modifications can introduce new or modified
protein functional characteristics (Jeffery, 2016). The driving force for the evolution of such
structures is particularly strong for organisms that are subject to genome size constraints for
which maximizing the information density of the coding sequence becomes critical. This
constraint is most important for RNA viruses that are subject to both chemical and
biochemical instability that limit the mean genome size to approximately 9,000 bases
(Belshaw et al., 2007).
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Among the earliest metamorphic proteins characterized, HIV-1 reverse transcriptase (RT)
remains unique in that two alternately folded forms of the polymerase domain are both
present in the p66/p51 RT heterodimer (Kohlstaedt et al., 1992; Wang et al., 1994).
Maturation from a p66 monomer to a p66/p51 heterodimer is a multi-step process, the
characterization of which has required additional structural and spectroscopic investigations
(London, 2016) and references therein. The steps involved include an initial metamorphic
transition followed by formation of an asymmetric p66/p66' homodimer, additional
conformational rearrangements, and a subsequent, subunit-specific programmed unfolding
of the RH domain in one subunit that renders it proteolytically labile. These studies have
revealed the remarkable behavior of an HIV pharmaceutical target of central importance,
and elucidated maturation intermediates that may serve as alternative targets for drug
interference while providing broader insights in the area of protein folding/unfolding.

The three stable states

Each subunit of the mature p66/p51 RT heterodimer contains a polymerase domain. In p66,
the domain adopts an active structure with a solvent-exposed catalytic site that is accessible
to substrates, while in p51, the polymerase domain is more compact and the important
catalytic residues are buried in the interior. These structural differences are most easily
observed by color coding the polymerase subdomains: fingers (green), palm (blue), thumb
(orange), and connection (magenta) (Figure 1). In order to simplify the presentation, we
have not adhered to a rigorous distinction between domains and polymerase subdomains. In
the p51 polymerase domain, the connection forms a large, non-covalent interface with the
fingers/palm (the terminology containing the slash refers to the fact that the fingers and palm
sequences are discontinuous and cannot be separated). Formation of this interface results in
substantially greater buried hydrophobicity. This characteristic led Steitz and coworkers to
conclude that this form of the polymerase is more stable than the extended form observed in
the p66 subunit, resulting in the predictions that the monomeric forms of bot/1p51 and p66
would adopt the more compact, p51-type structure observed in the p51 subunit of RT and
that both of the homodimers formed would be asymmetric (Wang et al., 1994).

This prediction of Wang et al. (Wang et al., 1994) was largely borne out in studies following
a mutational strategy in which residues Lys219-Met230 were deleted (Zheng et al., 2014).
This segment forms a disordered loop in p51 but is structurally and functionally important in
the extended polymerase domain present in the p66 subunit (Ding et al., 1998). The p51
construct lacking these palm loop residues, p51APL, does not dimerize allowing a crystal
structure of the monomer to be determined (Zheng et al., 2014; Zheng et al., 2015). This
result contrasts with many point mutations which in our experience reduce, but do not block
dimer formation. Although the structure of p51APL is generally similar to that of the p51
subunit of RT, there are two major differences: 1) the residues linking the thumb to the palm
and connection domains are disordered, so that the orientation of the thumb subdomain is
unconstrained, and 2) the C-terminal helix of the connection domain, aM, that occupies the
space between the connection and thumb, is unraveled. Additional NMR studies with
p66APL and with other p66 constructs under conditions favoring the monomer indicated that
there are no interface contacts between the polymerase and RH domains in the monomer,
leading to the p66 M structure shown in Figure 1C.
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As summarized below, each of the three different structures shown in Figure 1 plays a
specific role in the RT maturation process, and in particular, the structural difference
between the p51 subunit and the p66 monomer plays a critical role in determining at what
point in the maturation process the RH domain becomes susceptible to proteolytic cleavage.

Overview of RT maturation

Figure 2 summarizes the basic steps involved in formation of the p66/p51 heterodimer from
the p66 monomer. The process is initiated by dissociation of the connection domain from the
fingers/palm in p66 M (step 1). This dissociation releases multiple interdomain constraints
that allow the remaining intra-domain constraints to become more dominant, supporting
subsequent maturation steps while reducing the rate of fingers/palm - connection re-
association. These domain re-arrangements and interactions create a large, solvent-exposed
hydrophobic surface that supports initial homodimer formation with a second monomer,
(step 2), so that the initially formed p66/p66' homodimer exists as a structural heterodimer,
sometimes referred to in the literature as an asymmetric homodimer. Note that subsequent to
dimerization, it becomes possible to distinguish the two subunits of the homodimer, and we
introduce primes to denote the subunit formed directly from the monomer without initial
domain rearrangements that is destined for proteolytic processing. The homodimer may
dissociate, reversing the process, or undergo further adjustments that include more
significant conformational changes in the palm and connection domains, and subsequent
formation of the additional subunit interface between the p66 RH domain and the p66'
thumb' domain (step 3) that is not present in the initially-formed homodimer. The unraveled
C-terminal segment of the connection domain in p66' that connects the polymerase' and RH'
domains then occupies the available channel that has been created in between these two
domains in p66' (step 4) and waits patiently for the rate-limiting unraveling of N-terminal
residues in the supernumerary RH' domain. Upon release of Tyr427' and a few adjacent
residues, helix aM' in the p66' subunit extends by incorporating these residues, and the
stability of the resulting structure forces the truncated and destabilized RH' domain to persist
for a longer period of time with increasing likelihood of more extensive unfolding — a
process which is likely supported by additional factors in the virion (llina et al., 2018;
London, 2016). These transitions are discussed in greater detail below.

The metamorphic transition, p66M — p66E; thermodynamics vs. kinetics

As illustrated in Figure 1, the p66 monomer (p66 M) contains a globular complex of the
fingers/palm:connection subdomains, with the thumb (T) and RH domains connected by
flexible segments. In the above, the colon represents the non-covalent interface between the
fingers/palm and the connection subdomains. This structure is well supported by both
crystallographic and NMR studies of lle-labeled p66 M (Zheng et al., 2014). In contrast with
the methyl labeled NMR studies, the size of RT makes 1H-1°N TROSY spectra of U-[2H,
15N]p66 considerably more difficult to interpret, and previous studies have led to divergent
interpretations (Sharaf et al., 2014; Zheng et al., 2017). However, Zheng et al. (Zheng et al.,
2017) have concluded that this approach also yields results consistent with the monomer
structure shown in Figure 1C. Despite its thermodynamic stability, the fingers/
palm:connection interface does not persist indefinitely. We have previously described this
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structure as "spring-loaded", because upon dissociation, removal of the interface constraints
allows the component subdomains to rapidly express conformational preferences that differ
from those observed in the complex. The difference is most immediately apparent for the
fingers/palm, for which the two subdomains rotate away from each other, adopting a more
expanded conformation similar to that in the p66 subunit of RT (Figure 3) (Unge et al.,
1994; Zheng et al., 2015). This expansion appears to result in part from the preference of a-
helix E to eliminate the kink near Phe160, adopting a more standard helical geometry after
the interdomain constraints have been removed (Zheng et al., 2017). Straightening of the
helix may also contribute to dimerization, since aE is located at the subunit interface.

In addition, a structural comparison of p66/A/and p66 £ indicates that the C-terminal
segment of the palm subdomain undergoes a significant structural change, from an extended
structure that runs along the surface of p66 M and includes the disordered loop mentioned
above, to a more compact, 3-stranded amphiphilic p-sheet structure in p66£. CD analysis of
the isolated segment (residues 226-241) indicates that it adopts a conformation more similar
to that in the p66 compared with the p51 subunit, and the p-sheet structure is likely
stabilized by hydrophobic interactions of the sidechains (Zheng et al., 2017). This
amphiphilic p-sheet which corresponds to B12-p13-p14 in p66 £ forms a B-sandwich with
the hydrophobic surface of the B6-p9-p10 sheet in the palm. Occasional separation of these
two B-sheets, perhaps linked to motion of the thumb subdomain (lvetac and McCammon,
2009) creates the non-nucleoside RT inhibitor (NNRTI) binding pocket that surprisingly is
not present in the unliganded enzyme (Hsiou et al., 1996).

Formation of this B-sheet structure also creates a subdomain interface that facilitates
positioning of the adjacent thumb so that the tips of the fingers and thumb make a small,
hydrophobic contact that competes with re-association of the connection subdomain and
helps to position the domains optimally for dimer formation (Figure 3). The non-
conservative L289K mutation in the thumbnail has been shown to inhibit dimerization (Goel
etal., 1993; Zheng et al., 2010), probably by interfering with the formation of the
hydrophobic fingers:thumb interface.

Hence, although the globular fingers/palm:connection structure shown in Figure 1C is more
stable, the changes summarized in Figure 3 compete with re-association of the fingers/palm
and connection subdomains, retarding the re-association rate. The effect is to extend the time
period during which the structurally transformed monomer may associate with a second
monomer that is in the ground state.

The mechanism shown in figure 2 hinges on the ability of the metamorphic structure to
adopt a group of relatively unstable structures for a sufficient time period to allow a stable
dimer to form. Or, form a thermodynamic perspective, on an ideal balance between the
thermodynamic forces favoring the monomer and the kinetic factors protracting the lifetime
of the p66 £ structure. Stabilization of the transiently re-organized p66 M structure is
contingent on formation of an initial dimer that follows the creation of a large interface that
can interact with p66 M. The requirement for structural rearrangement prior to dimer
formation is consistent with the inability of p66 M/ lacking the palm loop noted above to
dimerize (Zheng et al., 2015), and corresponds to a conformational selection process in
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which the predominant p66 M selects a p66 £-like structure for dimerization (Figure 2). This
conclusion is also supported by kinetic studies of Barkley and coworkers (Braz et al., 2010;
Venezia et al., 2009).

Dimerization and interface maturation

The metamorphic transition discussed above must create a sufficient interface to support
initial dimerization with p66 M. It is, however, likely that additional conformational changes,
particularly involving segments near the domain and subunit interfaces, undergo subsequent
adjustments from an initial p66 £-like structure to p66 £. The exposed hydrophobic surfaces
created by the fingers/palm:connection dissociation provide initial high affinity, low
specificity surfaces that allow these rearrangements to occur, further enhancing dimer
stability. A comparison of the domain/subdomain structures indicates that the fingers,
thumb, and RH domains exhibit fairly minimal changes, while the palm and connection
undergo more significant conformational alterations. Changes in the palm subdomain
include formation of a short p-sheet by the C-terminal segment discussed above, as well as
adjustments at the interface involving residues 91-103, that are disordered in the RT216
structure (Unge et al., 1994). This segment interacts with residues in the p66' B7-p8 loop
upon formation of the dimer (Pandey et al., 2001).

The ribbon diagram in Figure 2 (middle, right) illustrates how the p66 connection domain
must adjust from its monomer conformation (pink) to the conformation observed in the
mature heterodimer (magenta). The transition involves elimination of the bend in helix aL
and large movements of the subsequent loop containing Trp406. Straightening of a.L creates
a binding site for Lys331' in the p66' subunit. The f18-aK loop at the RH domain interface
also shows significant variation. It is unclear to what extent these changes may precede,
accompany or follow dimerization.

Formation of the RH:thumb' interface present in mature RT occurs on a somewhat slower
time scale. However, NMR observations, particularly for Ile434 located at this interface,
indicate that it is formed within the first hour after dimerization occurs, and likely on a
significantly shorter time scale (Zheng et al., 2015). Formation of this interface is likely a
cooperative process in which the connection:RH, connection':thumb', the
connection:connection' and the RH:thumb' interface are mutually supportive. The
cooperative nature of the connection'-thumb' interactions is suggested by the monomer
structure in which both the aM' helix and thumb' orientation are disordered (compare
Figures 1B and C).

Programmed unfolding of the RH domain and proteolysis

Biochemical and structural studies of the isolated RT RH domain have demonstrated that the
F4401Y441 cleavage site that serves as the HIV-1 protease substrate is located on the central
B-strand near the center of the domain (Davies et al., 1991; Himmel et al., 2009; Himmel et
al., 2014; Hostomska et al., 1991; Kirschberg et al., 2009) (Figure 1). Formation of a stable
RH domain requires an additional 14 residues beginning at Tyr427 rather than at Tyr441
(Becerra et al., 1991; Davies et al., 1991; Hostomska et al., 1991). Multiple crystal structures
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of the isolated RH domain all include Tyr427 (Davies et al., 1991; Himmel et al., 2009;
Himmel et al., 2014; Kirschberg et al., 2009). The stable, isolated RH domain that results is
resistant to cleavage by HIV-1 protease (Hostomska et al., 1991; Tomasselli et al., 1993). In
contrast, cleavage of the p66/p66' at F4401Y441 does not produce a stable RH domain, but
rather a group of peptides that subsequently undergoes further proteolysis (Tomasselli et al.,
1993). Conversion of p66 to p51 is controlled by the accessibility of the cleavage site, and
must occur either prior to domain folding or subsequent to a specific unfolding step.
Excessive processing of p66 can result from destabilizing mutations within the RNase H
domain, including those located in the segment between Tyr427 and Tyr441 (Abram and
Parniak, 2005; Hostomska et al., 1991; Navarro et al., 2001; Slack et al., 2015), and
seriously impairs viral viability by resulting in excessive formation of p51 relative to p66.
Not only is excessive processing of p66 a potential problem for the virus, but processing
must halt when 50% of p66 has been cleaved - a difficult constraint for an enzyme to
achieve.

The solution to the problem of p66 processing is intrinsic to the structures shown in Figure
1. The cleavage site within the RH domain lies buried in the folded RH domain in the p66
monomer (Figure 1C) preventing premature processing. The step 1 metamorphic transition
does not alter this situation, so the cleavage site remains protected. Subsequent to
dimerization, and maturation of the p66/p66' interface, a channel between the connection’
and thumb' domain in p66' is created and the subunit moves toward completing the structural
transition by forming helix aM" within this channel (Figure 4). At this point, an apparent
conflict arises since the helix seeks to incorporate several residues that also form the N-
terminus of the stable RH domain. No such conflict exists in the p66 subunit, in which the
corresponding residues extend from the connection to the RH domain without conflict
(Figure 4). This leads to a functional tug-of-war between the polymerase' and the RH'
domains of p66' for common residues, a conflict that is completely dependent on the
alternative structures of the polymerase domain. In the monomer, the RH domain wins the
competition, retaining residues beginning with Tyr427, while in the final stage of dimer
maturation, the polymerase' wins the tug-of-war, resulting in RH' destabilization.

The structural conflict rests on the strong dependence of RH domain stability on a few N-
terminal residues — particularly Tyr427. Support for this conclusion comes from
observations on destabilization of an N-terminally truncated RH domain, RHANT, in which
the first two residues: Tyr427 and GIn428, were deleted, and Leu429 mutated to methionine
(L429M) (Zheng et al., 2014), and from studies of a domain-swapped RH dimer in which
the monomerdimer interconversion rate is greatly accelerated in constructs lacking Tyr427
(Zheng et al., 2016). The interconversion rate is negligible for the RH domain at 25 °C, but
sufficiently rapid for RHANT to render isolation of either form in a pure state challenging.

Maturation of HIV-2 reverse transcriptase

Studies of HIV-2 reverse transcriptase, including data related to its maturation, are limited,
however the structure of the HIV-2 RT heterodimer has been reported (pdb: 1MU2, (Ren et
al., 2002). A structural comparison indicates that all of the critical elements involved in
maturation of the HIV-1 enzyme are present in the HIV-2 enzyme as well (London, 2016).

Structure. Author manuscript; available in PMC 2020 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

London

Page 8

One interesting difference arises because the analogous F4401Y 441 cleavage site in the
HIV-2 enzyme is resistant to HIV-2 protease, so that the protein is cleaved at a different site,
M4841A485 (Fan et al., 1995). This result is consistent with the maturation steps outlined
above in which the polymerase'-RH' tug-of-war leads to RH' domain unfolding in the HIV-2
RT homodimer, but the actual site of cleavage is determined by the selectivity of the
corresponding protease once the domain unfolds. As is observed for HIV-1 RT (Tomasselli
et al., 1993), maturation does not release an intact RH domain, but fragments that are further
proteolyzed. Remarkably, the HIV-2 RT p68/p68' homodimer precursor is cleaved at
F4401Y441 by the HIV-1 protease (Fan et al., 1995). The ability of the HIV-1 and HIV-2
proteases to cleave two sites separated by 44 residues, each of which is buried in the folded
RH domain, provides strong support for an HIV-2 RT maturation pathway that also entails
complete, subunit-selective unfolding of one RH domain.

Conclusions

As summarized above, RT maturation is a story of ambiguity and conflict. There is conflict
between the interdomain structural restraints and the conformational preferences of the
isolated subdomains that drive many of the rearrangements characterizing the initial
metamorphic transition. The conflict between thermodynamic and kinetic factors supports
the extended lifetime of the unstable, conformationally-altered polymerase domain that
allows dimer formation and subsequent conformational adjustments before the
thermodynamic stability of the monomer is re-asserted. There is intrinsic instability inherent
in the RH domain resulting from linker strain and perhaps other factors that, when coupled
with the additional competition between the polymerase and RH domain for common
residues, is sufficient to result in RH domain unfolding, exposing the initially buried
cleavage site. Nevertheless, all of these highly unusual behavior patterns are merely atypical
combinations of conventional protein folding tendencies.
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Highlights
RT structural maturation proceeds through an asymmetric p66/p66' homodimer
An initial metamorphic transition forms the active p66 polymerase domain
Subsequently, a second metamorphic transition destabilizes the p66' RNase H domain

Programmed RNase H domain unfolding prevents premature over-processing of p66
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Figure 1. Alternate structures of the RT polymerase domain.
Ribbon diagrams of the HIV-1 RT p66 subunit (A), the p51 subunit (B), and the p66

monomer (p66/4) (C). The polymerase subdomains are color coded: fingers (green), palm
(blue), thumb (orange), connection (magenta), and the RH domain is brown. The polymerase
domain in the p66 subunit contains a short p-sheet formed from the palm domain C-
terminus and the connection domain N-terminus that is absent in the monomer and the p51
subunit. The structure of the polymerase domain in p66 M is fairly similar to that of p51C,
with the major differences being the unfolding of helix aM and the disorder of segments
connecting the thumb to the palm and connection subdomains, so that its orientation is
variable. The F4401Y 441 cleavage site (yellow) in the RH domain in both the extended
structure (A) and the p66 monomer (C) is inaccessible to the solvent and to the protease.
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Figure 2. Schematic illustration of the main steps involved in RT maturation.
Step 1: Dissociation of the connection domain from the fingers/palm is followed by a series

of conformational changes that constitute the metamorphic transition of the polymerase
domain, altering the structure to a family of p66 £-like forms, that can dimerize with the
predominant p66 M species. 2. an initial dimer is formed, followed by conformational
adjustments at the interface that involve primarily the connection and palm subdomains. The
ribbon diagram to the right illustrates some of the necessary conformational adjustments of
the connection subdomain. 3. The subunit interface between the thumb' and the RH domain
is formed, and the unfolded residues from the C-terminus of the p66' connection' domain
occupy the channel between the connection' and thumb' domains. 4. Inherent instability of
RH' domain releases Tyr427' and adjacent residues that are then captured by an extending
helix aM'. 5. The destabilized RH' domain unfolds, exposing the cleavage site. Straightening
of a-helix E in the palm subdomain (cyan) is one of the drivers for the metamorphic
transition.
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Figure 3. Drivers for the metamorphic transition.
After dissociation of the connection subdomain, the fingers/palm subdomains rotate away

from each other, and the palm C-terminus forms a short, amphiphilic p-sheet that lies against
the palm domain B-sheet (B6-p9-p10). The tips of the fingers and thumb form a weak
interface that helps to position the system for dimer formation. A ribbon diagram of the
fingers — thumb interface is shown at the upper right. The initial p66/p66' homodimer is a
structural heterodimer that is formed from a p66 £-like structure and the p66 A/ monomer
structure. The ribbon diagram to the lower left corresponds to the initial homodimer with
color-coded p66' subdomains; in the ribbon diagram to the lower right, the p66 subdomains
are color coded, and the overlaid initial connection domain conformation is indicated in light
pink.
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Figure 4. Subunit-specific ""tug-of-war"" for N-terminal RH domain residues.
In the p66 subunit (A), the C-terminal segment of the connection domain (magenta) adopts

an extended conformation that links the polymerase (gray) and RH (brown) domains. The N-
terminal segment of the RH domain from Tyr427-Tyr440 is colored yellow. In the p66'
subunit (B), The polymerase domain C-terminal residues form a helix (magenta) that
extends to include several residues derived from the RH' domain (yellow) when this domain
is transiently unfolded. In the structure shown (pdb: 1RTJ, (Esnouf et al., 1995)), 8 hydrogen
bonds are shown between residues derived from the RH' domain and the polymerase'
domain, and additional interactions include the hydrophobic interface between Leu429 and
Trp426. In both panels, the polymerase domain is gray, except for the C-terminal residues
(magenta); the N-terminal RH domain residues Tyir427-Phe440 are yellow, and the
remaining RH domain residues are brown. In panel B, the sidechain conformations of Q242
and Q428 were adjusted relative to structure 1RTJ to optimize the H-bond interactions. The
schematics on the left illustrate the inclusion of RH' domain N-terminal residues (yellow)
into the polymerase' domain.
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