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The reverse transcriptase (RT) encoded by hepadnaviruses (hepatitis B viruses) is a multifunctional protein
critical for several aspects of viral assembly and replication. Reverse transcription is triggered by the specific
interaction between the RT and an RNA signal located on the viral pregenomic RNA, termed €, and is initiated
through a novel protein priming mechanism whereby the RT itself serves as a protein primer and € serves as
the obligatory template. Using the RT from duck hepatitis B virus as a model, we previously demonstrated that
RT-¢ interaction and protein priming require the assistance of a host cell chaperone complex, heat shock
protein 90 (Hsp90) and its cochaperones, which associates with the RT and facilitates the folding of the RT into
an active conformation. We now report that extensive truncation removing the entire C-terminal RNase H
domain and part of the central RT domain could relieve this dependence on Hsp90 for RT folding such that
the truncated RT variants could function in € interaction and protein priming independently of Hsp90. The
presence of certain nonionic or zwitterionic detergent was sufficient to establish and maintain the truncated RT
proteins in an active, albeit labile, state. Furthermore, we were able to refold an RT truncation variant de novo
after complete denaturation. In contrast, the full-length RT and also RT variants with less-extensive C-
terminal truncations required Hsp90 for activation. Surprisingly, the presence of detergent plus some yet-to-
be-identified cytoplasmic factor(s) led to a dramatic suppression of the RT activities. These results have
important implications for RT folding and conformational maturation, Hsp90 chaperone function, and po-
tential inhibition of RT functions by host cell factors.

Reverse transcription in hepadnaviruses (hepatitis B viruses
[HBVs])) is carried out by a novel virally encoded reverse tran-
scriptase (RT) (27, 30). The RT has the unique ability to
initiate DNA synthesis de novo, using itself as a protein primer
(18, 19, 35, 39, 43; for a review, see reference 9). This protein
priming reaction requires the specific interaction between the
RT and a short RNA signal, termed &, located at the 5" end of
the viral pregenomic RNA (pgRNA; the template for reverse
transcription) (22, 36). The product of protein priming is a
three- to four-nucleotide DNA oligomer, representing the 5’
end of the viral minus-strand DNA, covalently attached to the
RT via an invariant tyrosine residue located at its N-terminal
domain (19, 21, 32, 34; for a review, see reference 11).

The ability of the hepadnavirus RT to carry out specific
RNA recognition and protein priming is reflected in its struc-
tural organization, which displays both similarities to, as well as
differences from, conventional RTs encoded by retroviruses
and other retroelements (4, 9, 23). As mentioned above, the
N-terminal domain (the so-called terminal protein [TP]) bears
the invariant primer tyrosine residue; the TP domain is con-
served among all hepadnaviruses but absent from any other
known RTs. The central RT domain and the C-terminal
RNase H domain share sequence homologies with conven-
tional RTs. A highly variable spacer or tether domain appears
to link the TP and RT domains. It is now well established that
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the TP and RT domains have to interact functionally to allow
RT-¢ interaction and protein priming (8, 17, 19, 22, 36).

We have previously shown that the RT from duck HBV
(DHBYV) associates with a host cell molecular chaperone com-
plex composed of the heat shock protein 90 (Hsp90) and its
cochaperones and requires the assistance of the Hsp90 com-
plex in order to establish an active conformation competent in
€ binding and protein priming (10, 13). More recently, we have
succeeded in biochemically reconstituting a functional RT by
using recombinant mini-DHBV RT proteins purified from bac-
teria and the Hsp90 chaperone complex, either as cell extract
(8) or purified components (12). These mini-RT proteins bear
both N- and C-terminal truncations and an internal deletion in
the spacer region but contain the essential sequences from
both the TP and RT domains that are required for € binding
and protein priming. By analogy with other chaperone sub-
strates, the RT is thought to require Hsp90 assistance in order
to establish a conformation active in € binding and protein
priming. However, the mechanism of this presumed RT con-
formational maturation remains unknown.

The dependence of hepadnavirus RT activation on Hsp90 is
most likely a reflection of the novel structural organization of
the RT and of the unique intramolecular and intermolecular
interactions required for the distinct mechanism of hepadna-
virus reverse transcription, as opposed to other conventional
RTs that are not known to require Hsp90. For example, during
the initiation of protein priming, the protein primer (i.e., the
TP domain of the RT protein) and RNA template (i.e., the €
RNA) must interact with the RT active site in a way funda-
mentally different from that occurring during conventional re-
verse transcription, when a preexisting RNA (or DNA) primer,
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annealed to an RNA template, is elongated. In support of this
notion, we have recently reported that a mini-DHBV RT pro-
tein with its entire C-terminal RNase H domain and part of the
RT domain (the putative thumb subdomain) removed is still
able to initiate protein priming but is defective in any DNA
strand elongation, which is similar to conventional reverse
transcription (38). We report here that the removal of these
sequences in fact could relieve the dependence on Hsp90 for
RT activation. Such truncated RT variants could be purified
from bacteria or eukaryotic cells in an active form, without the
need for in vitro reconstitution using the Hsp90 chaperone,
which, as discussed above, is required for the full-length RT or
longer RT variants. Instead, certain nonionic and zwitterionic
detergents were able to facilitate the activation of these trun-
cated mini-RT proteins into a conformation functional in €
binding and protein priming. These results have revealed the
presence of autoinhibitory sequences in the RT C-terminal
region that can block its folding into a conformation compe-
tent for € binding and protein priming. They suggest that a
major role of Hsp90 in facilitating RT conformational matu-
ration is to counteract the suppressive effect of these autoin-
hibitory sequences. Unexpectedly, the combination of deter-
gent and cellular extract led to a dramatic inhibition of RT
activities.

MATERIALS AND METHODS

Plasmids and reagents. pGST-MiniRT1 and pGST-MiniRT2 (for bacterial
expression of glutathione (GSH) S-transferase [GST] or GST fusion proteins), as
well as pHis-MiniRT1 and pHis-MiniRT2 (for expression of histidine-tagged
fusion proteins), have been described before (8). pGST-MiniRT1/Pml was de-
rived from pGST-MiniRT1 by the removal of the RT sequences C terminal to
position 661 (at the PmlI restriction site). pPEBG-MiniRT1 and pEBG-MiniRT2
(for expression of the GST-mini-RT fusion proteins in mammalian cells) have
been described before (37, 38). All mini-RT proteins were tagged with the
hemagglutinin (HA) epitope, as previously described (8). The monoclonal anti-
body against the HA epitope, HA.11 (clone 16B12), was purchased from BAbCO
(Berkeley Antibody). Nonidet P-40 (NP-40) and its chemical equivalent, Igepal
(CA-630), Triton X-100, CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-
1-propanesulfonate}, sodium dodecyl sulfate (SDS), and deoxycholate were pur-
chased from Sigma and the nondetergent sulfobetaine, NDSB-195, from Calbio-
chem.

Protein purification. GST-MiniRT1 and GST-MiniRT2 were expressed in
Escherichia coli or 293T cells and purified by using GSH agarose beads as
described previously (8, 38). When the RT proteins were purified from bacteria,
1% Triton X-100 was included in the lysis and wash buffers, whereas either 0.1
or 0.5% NP-40 (as indicated) was included in the buffers for protein purification
from 293T cells. In some experiments (as indicated), additional washes with a
detergent-free TNK buffer (20 mM Tris [pH 8.0], 15 mM NaCl, 20 mM KCI)
were also performed before elution of the bound proteins. Additional specific
modifications are indicated in individual figures.

His-MiniRT2 was purified by using the Ni* affinity resin under nondenaturing
conditions as previously described (8). To purify His-MiniRT2 under denaturing
conditions, inclusion bodies were dissolved in lysis buffer containing 8 M urea
and then purified by using the Ni* affinity resin (Qiagen). To refold the purified,
denatured His-MiniRT2, the denaturant (urea) was removed stepwise by dialysis
into the refolding buffer (50 mM phosphate buffer [pH 8.0], 300 mM KCI, 2 mM
EDTA, 5 mM reduced GSH, 0.5 mM oxidized GSH, 0.02% NaNj3) containing a
reduced amount of urea (3 M, 1 M, or none) in the presence or absence of
detergent as indicated. In some experiments, L-arginine (1.0 M) was added to the
refolding buffer and was decreased to 0.4 M via dialysis after RT refolding.

Recombinant human Hsp90p (7) and human Hsp70 (24) were expressed in Sf9
cells and purified as described previously. Human Hop (p60) (25), human p23
(29), and the yeast Hsp40 homolog Ydj1 (16) were expressed in bacteria and
purified as previously described.

In vitro protein priming. Approximately 10 ng of GST-MiniRT or His-MiniRT
proteins, purified either from bacteria or 293T cells, were used in an in vitro
protein priming reaction in a total volume of 10 .l as described previously (8, 10)
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by using [a-*?P]dGTP as the radioactively labeled nucleotide precursor. In ex-
periments with [a-*’P]dATP as the labeled nucleotide precursor, unlabeled
dGTP and TTP were also added, as described earlier (38). Various supplements
to the protein priming reaction, including the rabbit reticulocyte lysate (nuclease
treated; Promega), purified Hsp90 complex components (120 ng of Hsp90, 350
ng of Hsp70, 125 ng of Hop/p50, 1 ug of Ydjl, and 20 ng of p23), the ATP
regenerating system (5 mM ATP, 10 mM creatine phosphate, and 50 pg of
creatine phosphokinase/ml) were added to the protein priming reaction as de-
scribed previously (8, 12). For the pretreatment of RT proteins with detergent,
the purified RT proteins were first incubated with the indicated detergent at
room temperature for 10 min, in a total volume of 2 pl, before being added to
the protein priming reactions.

RESULTS

Dependence of protein priming activity of purified mini-
DHBYV RT protein on purification conditions. We have re-
cently shown that a mini-DHBV RT protein consisting of se-
quences from the TP and RT domains (see Fig. 5A for a
schematic diagram) fused to GST, called GST-MiniRT2, can
be stably expressed both in bacteria and 293T cells and readily
purified (8, 12). Like the full-length RT and the longer
MiniRT1 protein, protein priming activity of the purified Mi-
niRT2 was found to require in vitro reconstitution with cell
extract or purified components of the Hsp90 complex (12).
However, we have noticed subsequently that under certain
conditions, the MiniRT?2 protein showed protein priming ac-
tivity in vitro even without reconstitution. For example, when
0.5% of NP-40, a nonionic detergent, was used in the cell lysis
and wash buffers, the MiniRT2 purified from 293T cells
showed strong protein priming activity in vitro without the
need of reconstitution (Fig. 1, lane 1). In contrast, the same
mini-RT protein purified with buffers containing 0.1% NP-40
showed little activity and required in vitro reconstitution with
the reticulcoyte lysate (Fig. 1, lanes 3 and 4) (12) or purified
Hsp90 chaperone components (12). In fact, MiniRT2 purified
with buffers containing 0.5% NP-40, without in vitro reconsti-
tution, was nearly as active as that purified by using 0.1%
NP-40 after in vitro reconstitution (Fig. 1, lanes 1 and 4).
Another surprising result in Fig. 1 (described below) was the
dramatic inhibition of RT activity when the reticulocyte lysate
was added to MiniRT?2 purified with 0.5% NP-40 (Fig. 1, lane
2); the protein priming activity under this condition was even
threefold lower than the background activity (nonstimulated)
obtained with the mini-RT protein purified with 0.1% NP-40
(Fig. 1, lane 3).

Since no detergent was added to the elution buffer, we sus-
pected that residual amounts of NP-40 were carried over to the
purified mini-RT preparation from the wash buffers and may
have affected the protein priming activity of the MiniRT2 pro-
tein purified under high- versus low-detergent conditions. We
estimated that the concentration of NP-40 in the purified RT
(the eluate) could be up to 0.1% when 0.5% NP-40 was in-
cluded in the wash buffer. Initially, we tested this possibility by
sequentially washing the resin-bound mini-RT protein with low
(0.1%), then high (0.5%), and again low (0.1%) concentrations
of NP-40 before eluting the mini-RT. Strikingly, by simply
washing the bound mini-RT protein, which had been initially
purified with 0.1% NP-40, with 0.5% NP-40 before elution, we
could activate the mini-RT protein such that it became active
in protein priming without the need for in vitro reconstitution
with cellular factors (Fig. 2A, lane 3 versus lane 1), as if the RT
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FIG. 1. Protein priming activity of GST-MiniRT2 purified from
293T cells under low- and high-detergent conditions. Plasmid DNA
expressing the GST-tagged MiniRT2 (pEBG-MiniRT2) was trans-
fected into 293T cells. Transfected cells were lysed, and the GST-
MiniRT?2 was purified by using GSH affinity resins. Two similar puri-
fication conditions, lysis and washing buffer containing either 0.5%
(lanes 1 and 2) or 0.1% (lanes 3 and 4) NP-40, were used. Proteins
bound to the resins were eluted with GSH. The purified mini-RT
protein was assayed for in vitro protein priming activity. All reactions
were carried out in the presence of € RNA and [a->’P]dGTP, with
(lanes 2 and 4) or without (lanes 1 and 3) supplementation with the
reticulocyte lysate (RL). The labeled GST-MiniRT?2 is indicated. The
labeled mini-RT bands were quantified by phosphorimaging, and the
protein priming activities under the different conditions, relative to the
activity of the mini-RT purified with 0.1% NP-40 assayed in the ab-
sence of the reticulocyte lysate (lane 3), are given at the bottom of the
figure.

had been purified under conditions of a high detergent con-
centration (Fig. 1, lane 1). Furthermore, subsequent washing
with a low concentration (0.1%) of NP-40 reversed the activa-
tion of the mini-RT protein such that it again required in vitro
reconstitution with cellular factors (Fig. 2A, lanes 5 and 6), just
like the mini-RT protein purified with a low detergent concen-
tration (Fig. 2A, lanes 1 and 2, and Fig. 1, lanes 3 and 4).

Since the stimulating effect of washing with higher concen-
trations of detergent was reversible by a subsequent wash with
low concentrations of detergent, the detergent effect on the RT
activity was probably not due to any potential effect on the
yield or purity of the purified mini-RT protein. This was con-
firmed when we determined the yield and the purity of the
purified mini-RT protein under different detergent conditions.
As shown in Fig. 2B, the different detergent conditions did not
affect the yield of the mini-RT protein purified, as determined
by either protein staining or Western blot analysis (Fig. 2B,
lanes 1 to 3). Moreover, although the mini-RT protein was only
partially purified, the pattern of copurifying (or contaminating)
cellular proteins did not change with the different detergent
conditions (Fig. 2B, lanes 1 to 3).

When the resin-bound mini-RT proteins were washed finally
with a detergent-free buffer to remove residual amounts of
detergent, we found that most of the mini-RT protein was lost
(probably as a result of aggregation), so that the amount of
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eluted mini-RT protein was decreased by 5- to 10-fold com-
pared to the eluates in the absence of the detergent-free
washes (Fig. 2B, lane 4). The mini-RT protein thus eluted, like
that purified under low-detergent concentration, also required
in vitro reconstitution to gain protein priming activity (Fig. 2A,
lanes 7 and 8).

In summary, the inclusion of relatively high concentrations
of the nonionic detergent, NP-40, in the purification process
was able to activate MiniRT?2, in a reversible manner. The low-
and high-detergent conditions did not affect either the yield or
the purity of the mini-RT. Only when the detergent was com-
pletely removed did the mini-RT appear to aggregate and was
it poorly recovered. These results suggest that residual
amounts of NP-40, carried over from the purification process,
could stimulate the RT activity when present above a certain
threshhold concentration. In addition, at concentrations too
low to stimulate RT activity, the detergent could nevertheless
help to maintain the RT in a soluble state.

Direct activation of MiniRT2 by nonionic and zwitterionic
detergents. Although the results described above suggested
that nonionic detergents may be able to stimulate RT activity,
it remained possible that some unknown factor(s) from the
mammalian expression host copurified with the mini-RT and
affected the RT activity under the different detergent condi-
tions (although silver staining did not reveal any differences in
the quality or quantity of the copurifying cellular factors [Fig.
2B, lanes 1 to 3]). To test whether the detergent alone, in the
absence of any eukaryotic host factor (e.g., Hsp90), could di-
rectly activate the RT, we purified GST-MiniRT2 from bacte-
ria. We then added NP-40 at different concentrations to the
purified RT before we conducted the priming reactions. In-
deed, the addition of NP-40 could directly stimulate the RT
activity in vitro, in a dose-dependent manner (Fig. 3A, lanes 1,
4, and 7). At the optimal concentration, NP-40 activated the
RT as efficiently as the Hsp90 complex (Fig. 3A, lanes 2 and 7).
When the two were added together, the stimulatory effect of
the detergent and the chaperone on the RT were additive (Fig.
3A, lanes 5 and 8).

Occasionally, a low protein priming activity could be de-
tected with the MiniRT2 purified from bacteria without any
stimulation with detergents or Hsp90 (Fig. 3B, lane 1). We
suspected that this was probably due to the carryover of resid-
ual amounts (up to 0.05% in the eluate) of Triton X-100, a
nonionic detergent used in the purification process, as was the
case with NP-40 when the mini-RT was purified from 293T
cells. In support of this proposition, when additional washing
steps with a detergent-free wash buffer before elution of the
RT was performed to remove the residual amount of deter-
gent, the “background” (without chaperone reconstitution in
vitro) priming activity was essentially eliminated (Fig. 3B, lane
3). Interestingly, the yield of the purified RT after the deter-
gent-free wash was not decreased in this case and the RT
activity after in vitro reconstitution with the cellular extract was
the same regardless of the washing conditions (Fig. 3B, lanes 2
and 4, and data not shown). This finding was in contrast to
what was observed when the RT was purified from the mam-
malian cells shown above; in that case, the yield of RT purifi-
cation was dramatically decreased by the detergent-free wash
(Fig. 2B, lane 4). Since the RT purified from bacteria was
associated with the bacterial chaperones, GroEL and DnaKk,
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FIG. 2. Effect of washing conditions on the purification and activity of GST-MiniRT2. GST-MiniRT2 was expressed in 293T cells and purified
by using GSH affinity resins as described in Fig. 1, except that 0.1% NP-40 was used initially in the lysis and washing buffers (A, lanes 1 and 2; B,
lane 1) and this was followed by additional rounds of washing with 0.5% NP-40 (A, lanes 3 and 4; B, lane 2), 0.5% and then 0.1% NP-40 (A, lanes
5 and 6; B, lane 3), or 0.5% NP-40 and then detergent-free washes (A, lanes 7 and 8; B, lane 4), before elution of the bound proteins with GSH.
(A) The mini-RT proteins, purified under the different conditions, were assayed for in vitro protein priming activity as described in Fig. 1. The
various results are as described in the legend to Fig. 1. (B) The purified mini-RT proteins were resolved by SDS-polyacrylamide gel electrophoresis
and were detected by either silver staining (top) or Western blotting (bottom) with the anti-HA monoclonal antibody. GST-MiniRT?2 is indicated,
as is GST. The arrowhead indicates a factor (identity not yet known) that appeared to be associated with the RT, the amount of which was
proportional to that of the purified RT. Other nonidentified bands seemed to represent nonspecifically bound proteins whose levels did not vary

with that of the RT.

these bacterial chaperones most likely helped to prevent the
aggregation and the resultant loss of the RT in the absence of
detergents, as we suggested earlier (8).

The results presented in Fig. 3B further suggested that not
only NP-40 but also Triton X-100 and perhaps other deter-
gents might have a similar stimulatory effect on RT activity. To
test this possibility, we purified MiniRT2 from either bacteria
or 293T cells and added various nonionic (NP-40 and Triton
X-100) and zwitterionic (CHAPS) detergents to the purified
RT before testing its protein priming activity (Fig. 4 and data
not shown). The results showed that, as anticipated, not only
NP-40 but also Triton X-100 and CHAPS could stimulate RT
activity in a dose-dependent manner. Furthermore, like NP-40,
the other detergents (when used at higher concentrations) also
induced a dramatic inhibition of RT activity when added to-
gether with the reticulocyte lysate. On the other hand, anionic
detergents, such as deoxycholate and SDS, never activated RT
at any of the concentrations tested and inhibited RT at high
concentrations when these strong detergents most likely dena-
tured the RT (data not shown).

Mapping of RT truncation boundary that conferred Hsp90-
indepedent activation. In contrast to MiniRT2, another
mini-RT protein, MiniRT1, which has a less extensive C-ter-

minal deletion removing only part of the RNase H domain,
could never be activated by any of the detergents tested and
always required the Hsp90 chaperone for activity (Fig. 5B,
species 1) (8, 12). Strikingly, a degradation product from
MiniRT1 (labeled species 3), which was approximately the
same size as MiniRT2 and probably shared a similar C-termi-
nal deletion to MiniRT2 due to degradation (38), could nev-
ertheless be activated by detergent in the same reaction (Fig.
5B, lanes 1, 3, and 5). Also, as noted before for MiniRT2 (Fig.
3B), this degradation product of MiniRT1 showed significant
priming activity without the addition of exogenous detergent
(Fig. 5B, lane 1) due to the carryover of detergent from the
purification process. In addition, another degradation product
(labeled species 2, which was apparently larger than species 3)
seemed also to be weakly activated by detergent (Fig. 5B). This
suggested that RT proteins with longer C-terminal sequences
than MiniRT2 could be activated by detergent. It is also inter-
esting that the degradation products (Fig. 5B, species 2 and 3)
of MiniRT1 appeared to have a higher specific activity upon
activation than the intact MiniRT1 (Fig. 5B, species 1), since
these degradation products were less abundant (although their
exact concentrations varied) (8; data not shown) than the in-
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FIG. 3. Direct in vitro activation of GST-MiniRT2 by detergent.
(A) GST-MiniRT2 was purified from bacteria. As indicated, the RT
was either mock treated (lanes 1 to 3) or pretreated with 0.05% (lanes
4 to 6) or 0.2% (lanes 7 to 8) NP-40 (NP-40) before the protein
priming reaction. Chaperones (Hsp90, Hsp70, p60/Hop, Ydj1, and p23
supplemented with an ATP regenerating system; see Materials and
Methods) (lanes 2, 5, and 8) or reticulocyte lysate (RL; lanes 3, 6, and
9) was then added together with the reaction buffer, the € RNA, and
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tact protein and yet they showed an equal or higher activity
(Fig. 5B, lane 2).

To further define the C-terminal RT sequences that had to
be removed to allow RT activation independent of Hsp90, we
constructed MiniRT1/Pml, which was truncated at amino acid
661, approximately halfway between the C termini of MiniRT1
(at position 734) and MiniRT?2 (at position 575). This mini-RT
protein could indeed be weakly activated by the detergent
NP-40 (Fig. 5C). However, whereas MiniRT2 could be acti-
vated by detergent almost as efficiently as by the Hsp90 com-
plex or reticulocyte lysate, activation of MiniRT1/Pml by de-
tergent was only ca. 10% as efficient as that by reticulocyte
lysate.

In summary, removal of RT C-terminal sequences (amino
acids 575 to 734) allowed the truncated RT to fold into an
active conformation competent in protein priming. Instead of
requiring the Hsp90 chaperone complex for their conforma-
tional maturation, the truncated RT proteins could apparently
adopt an active conformation with the assistance of mild de-
tergent. These results suggest that autoinhibitory sequences
may be present in the RNase H and the RT domains that can
block the folding of the full-length RT protein into a protein-
priming active state and that this inhibitory effect can be coun-
teracted by the Hsp90 chaperone complex. The strong activa-
tion of MiniRT2 (and the shorter of the two MiniRT1
degradation products, species 3) compared to the rather weak
activation of MiniRT1/Pml (and the longer MiniRT1 degrada-
tion product, species 2) (Fig. 3 and 5) indicates the presence of
a major inhibitory sequence from amino acids 575 to 661 in the
C-terminal portion of the RT domain, whereas the absolute
requirement of Hsp90 for MiniRT1 activation and the inability
of MiniRT1 to be activated by detergent compared to the weak
detergent activation observed for MiniRT1/Pml (and the
longer MiniRT1 degradation product, species 2) (Fig. 5) (8,
12) suggests the existence of a secondary inhibitory sequence
from amino acids 661 to 734 in the RNase H domain.

In vitro refolding of denatured MiniRT2. Although the re-
sults presented above strongly suggested that removal of some
RT sequences from its C terminus could relieve its dependence
on Hsp90 for the establishment of a protein priming-compe-
tent conformation, two potential caveats could complicate the
interpretation of the results. One was the fact that the mini-RT
proteins were all fused to GST, which might have affected the
folding of the fusion proteins. The other concern was that the
mini-RT proteins were only partially purified; in particular,
two bacterial chaperones, DnaK and GroEL, were associated
with the RT proteins purified from bacteria and might have
affected the folding of the RT. To address these issues, we

nucleotide substrates to initiate protein priming. In the graph, the
32P-labeled RT bands were quantified by using phosphorimaging, and
protein priming activities at various conditions were expressed relative
to the control reaction (lane 1, no detergent, chaperones or reticulo-
cyte lysate). (B) GST-MiniRT2 was purified from bacteria as in panel
A, except for the reactions shown in lanes 3 and 4, for which an
additional detergent-free washing step was included before elution of
the RT in order to remove residual amounts of detergent carryover
from the detergent-containing washing buffer. The RT was then as-
sayed for in vitro protein priming activity, with (lanes 2 and 4) or
without (lanes 1 and 3) reconstitution with the reticulocyte lysate (RL).
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FIG. 4. Activation of MiniRT2 by nonionic and zwitterionic detergents. GST-MiniRT2 was purified from bacteria. Prior to being used in the
protein priming reaction, GST-MiniRT2 was pretreated with the indicated detergents as described in Fig. 3. The mini-RT protein was then assayed
for protein priming activity (as described in Fig. 1) in the presence (even-numbered lanes) or absence (odd-numbered lanes) of reticulocyte lysate
(RL). The protein priming activities, relative to the activity obtained in the absence of either detergent or the reticulocyte lysate (lane 17), are given

at the bottom of the figure.

purified mini-RT proteins by using the six-histidine tag (8)
instead of the GST tag. First, we purified the His-tagged
MiniRT2 protein (His-MiniRT2) under native conditions (in
the presence of either NP-40 or Triton X-100) and found that
it was active in protein priming without the need for in vitro
reconstitution with chaperone proteins (data not shown), a
finding similar to that described above with GST-MiniRT2.
This result indicated that the GST fusion was not necessary for
the folding of the mini-RT in the absence of Hsp90. However,
the purified His-tagged mini-RT was also associated with
DnaK and GroEL under these purification conditions, as re-
ported previously (1, 8). To exclude a role of the bacterial
chaperone proteins in RT folding, we then purified the His-
tagged mini-RT proteins under denaturing conditions from
inclusion bodies. Under these conditions, His-MiniRT2 was
purified to >95% homogeneity (Fig. 6, lane 1) and was essen-
tially free of any significant contamination of bacterial pro-
teins, including DnaK and GroEL. We then attempted to re-
fold the denatured mini-RT by gradual removal of the
denaturant (urea) with or without the presence of detergent.
Indeed, we succeeded in refolding His-MiniRT2 by using
NP-40 in the refolding buffer. The refolded His-MiniRT2 was
active in protein priming without the need for in vitro recon-
stitution (Fig. 6, lane 2). In addition, we also found that we
could refold His-MiniRT?2 into a soluble state (but inactive in
protein priming) with a detergent-free refolding buffer con-
taining L-arginine (Fig. 6, lane 3). This partially refolded
MiniRT2 could then be activated to a protein priming compe-
tent conformation by simply incubating it with detergent at the
time of the priming assay (Fig. 6, lane 4).

In summary, MiniRT2, without the GST fusion, could fold

into an active conformation in the absence of Hsp90. Further-
more, highly purified, denatured MiniRT2 could productively
refold de novo with the assistance of detergent and in the
absence of any eukaryotic or prokaryotic chaperone proteins.
These results confirmed that removal of the C-terminal RT
sequences could indeed relieve the requirement for cellular
chaperones in RT folding and activation.

RT inhibition by cell lysate in the presence of detergent. As was
clear from the results presented above, the various detergents
could also lead to dramatic (10- to 40-fold) inhibition of RT
activity when added together with the reticulocyte lysate (Fig. 1,
lane 2; Fig. 3A, lane 9; Fig. 4, lanes 4, 8, 10, 14, and 16; and Fig.
5B, lane 6). This inhibitory effect of the detergent, in the presence
of the cell lysate, was also dose dependent, like its stimulatory
effect on MiniRT2 in the absence of the lysate. Furthermore,
whereas the detergents were able to activate only MiniRT2 but
not MiniRT1, they showed the inhibitory effect (in the presence
of the reticulocyte lysate) on both MiniRT1 and MiniRT2 (Fig.
5B) regardless of whether the RT proteins were fused to GST or
the histidine tag (data not shown). In contrast to the cell lysate,
the addition of the purified Hsp90 chaperone components plus
the detergents never inhibited RT activity (Fig. 3A and data not
shown), indicating that these chaperone components were not
responsible for mediating the inhibitory effects of the lysate in the
presence of the detergent.

DISCUSSION

Previous work has shown that the hepadnavirus RT requires
the host cell chaperone, the Hsp90 complex, in order to estab-
lish and maintain an active conformation functional in € bind-
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FIG. 5. Mapping of RT sequences that auto-inhibited RT activity. (A) At the top is a schematic diagram of the DHBV RT domain structure
(TP, spacer, RT, and RNase H). The primer tyrosine residue (Y96) and the double aspartate residues (D513/D514) at the RT active site are
indicated. The RT domain is further divided into the “finger” (F), “palm” (P), and “thumb” (T) subdomains (with the approximate boundaries
marked), based on alignment with the RT structure of the human immunodeficiency virus (5, 26). Summarized below the diagram are the protein
priming activities of the RT proteins, following activation with the Hsp90 chaperone complex or detergent. The N- and C-terminal truncation
points and the internal deletion in the spacer region are indicated. The RT sequences whose deletion led to chaperone-independent protein
priming activity (autoinhibitory sequences) are denoted. ND, not tested. (B) GST-MiniRT1 was purified from bacteria and assayed for protein
priming activity with or without treatment with NP40 or reticulocyte lysate (RL) as described in Fig. 1. The labeled GST-MiniRT1 is indicated.
The numerals 1, 2, and 3 in lane 2 indicate the full-length MiniRT1 and its two degradation products, respectively. The protein priming activities
of the intact MiniRT1 (species 1) and one of its degradation product (species 3), relative to those obtained in the absence of either detergent or
the reticulocyte lysate (lane 1), are indicated at the bottom of the figure. (C) GST-MiniRT1/Pml was purified from bacteria and assayed for protein
priming activity with or without treatment with NP-40 (0.2%) or reticulocyte lysate (RL) as described in Fig. 1, except that [a-**P]dATP (instead
of [a->*P]dGTP) was used as the labeled nucleotide. The protein priming activities, relative to the activity obtained in the absence of either
detergent or the reticulocyte lysate (lane 1), are given at the bottom of the figure.

ing and protein priming (8, 10, 12, 13). We have demonstrated fold (refold) into a functional state in the absence of any
here that the removal of the C-terminal RNase H domain and cellular chaperone proteins. We propose that “autoinhibitory”
part of the RT domain could relieve the dependence of RT sequences are present in the RNase H domain and part of the
folding on Hsp90. Instead, the truncated RT proteins could RT domain that can block, in the absence of Hsp90 assistance,
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FIG. 6. De novo refolding of MiniRT2. His-MiniRT2 was purified
from bacteria under denaturing conditions, resolved by SDS-polyacryl-
amide gel electrophoresis, and detected by Coomassie blue (CB) stain-
ing (lane 1). Denatured His-MiniRT2 was refolded in the absence
(lanes 3 and 4) or presence (lane 2) of 0.1% NP-40 before being
assayed for protein priming activity. In the reaction shown in lane 4,
the refolded mini-RT was pretreated with 0.2% NP-40 right before
protein priming (as described in Fig. 3). 3>P denotes the labeling of
His-MiniRT2 as a result of protein priming in the presence of
[«-*?P]dGTP (lanes 2 to 4).

the folding of RT into a conformation competent in € binding.
A major role of Hsp90 in RT folding, therefore, appears to
counteract the effect of these inhibitory sequences so as to
facilitate productive RT folding. It is, however, important to
note that these results by no means exclude any additional role
that the Hsp90 complex potentially plays in the subsequent
steps of viral reverse transcription after € binding and the
initiation of protein priming, as suggested by its incorporation
into the nucleocapsids (13).

Although dispensable for € binding and protein priming in
vitro, the C-terminal sequences removed in MiniRT2 are es-
sential for other aspects of RT functions, including pgRNA
packaging, minus-strand DNA elongation, degradation of the
pgRNA template after minus-strand DNA synthesis, and plus-
strand DNA synthesis (9, 27). In the absence of Hsp90 assis-
tance, these sequences may prevent RT folding by interfering
with the domain-domain interactions between the TP and the
N-terminal portion of the RT domain required for € binding
and protein priming. The removal of these self-inhibitory se-
quences could then allow the interaction between the TP and
RT domains to occur in the truncated mini-RT proteins with-
out Hsp90 assistance. This suggestion is also consistent with
the fact that C-terminally truncated RT proteins can be much
more readily expressed than the full-length RT in bacteria as
reported previously by us and others (1, 8), presumably be-
cause the C-terminal sequences interfere with RT folding in
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bacteria. Our results indicate that the inhibitory sequences
seem to be bipartite; a major inhibitory sequence lies within
the C-terminal region of the RT domain (amino acids 575 to
661, the putative thumb subdomain) (20, 26) and a secondary
inhibitory sequence in the RNase H domain (amino acids 661
to 734).

The thumb subdomain forms part of the polymerase active
site and is responsible for template-primer interactions in
other known RTs and polymerases in general (3, 28). However,
we have shown that these sequences are dispensable for the
initiation of protein priming, i.e., the covalent linkage of the
5’-terminal nucleotide of the viral minus-strand DNA to the
RT (38; the present study), indicating that the interaction
between the hepadnavirus RT and its template (the € RNA)
and primer (the TP domain of the RT itself) during the initi-
ation of protein priming is fundamentally different from other
polymerase template—primer interactions. On the other hand,
we have shown that the thumb subdomain is indispensable for
any subsequent DNA strand elongation. Thus, immediately
after the initiation of protein priming, the RT must undergo
some dramatic conformational change so that the thumb sub-
domain can interact with the other subdomains (the so-called
finger and palm, Fig. 5A and 7) of the RT domain in order to
establish a more conventional polymerase structure to carry
out DNA elongation. Without Hsp90 assistance, the thumb
subdomain may prematurely associate with the rest of the RT
domain and preclude the TP-RT domain interactions neces-
sary for € binding and the initiation of protein priming. Simi-
larly, the RNase H domain, which has to interact with the RT
domain during the later stages of viral DNA synthesis, may
also exert its inhibitory effect on protein priming by interfering
with TP-RT domain interactions necessary for initiating pro-
tein priming due to its premature interaction with the RT
domain. The role of Hsp90 would thus be to prevent these
premature intramolecular interactions so as to allow an or-
dered transition of the different RT conformations that are
required for the different stages of reverse transcription and
viral replication.

The proposed role for Hsp90 in preventing nonproductive
intramolecular interactions of its substrates is consistent with
several observations in the literature. In the case of steroid
receptors, which normally require Hsp90 to establish a hor-
mone binding-competent conformation, the isolated hormone-
binding domain seems nevertheless able to fold into a hor-
mone-binding competent state independently of the Hsp90
complex (2, 31, 41). Recently, a short segment of the estrogen
receptor, ca. 45 residues long and lying adjacent to the hor-
mone-binding domain, has indeed been suggested to play an
inhibitory role in receptor function by restraining the hormone
binding domain in an inactive conformation (15). These results
suggest that the inhibition-relieving role proposed here for
Hsp90 in RT folding could be a more generalized function of
Hsp90 in chaperoning its various substrates.

The precise mechanism of detergent-assisted activation of
the truncated RT proteins folding is not yet known. However,
the results presented here can exclude the following trivial
explanations. First, the role of detergent is not simply to pre-
vent RT aggregation or loss to the surface. The differential
effect of detergent on the activity of the RT proteins with
different truncations, even in the same reaction, clearly indi-
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is depicted as a stem-loop structure, with its internal bulge (the template for protein priming) facing the palm subdomain. In the case of the
full-length RT, the thumb subdomain (and the RNase H domain) may prematurely interact with the palm subdomain and preclude the TP from
accessing the RT active site to establish a conformation competent for € binding and initiation of protein priming. The Hsp90 chaperone complex
is proposed to counteract this inhibitory effect of the thumb subdomain and RNase H domain by preventing these inappropriate interactions and
facilitating the productive interactions between the TP and the RT domains. In the case of MiniRT2, the removal of the thumb subdomain and
RNase H domain allows the mini-RT to fold independently of Hsp90, so long as some mild detergent is present to facilitate folding. On the other
hand, after the initiation of protein priming (the covalent linkage of the dGMP residue to the TP domain), the thumb subdomain has to access
the RT active site (and the TP has to exit) in order to facilitate the subsequent DNA extension (leading to the synthesis of the nascent DNA
oligomer, 5'-GTAA-3"). Lacking the thumb subdomain, MiniRT2 is thus unable to carry out any DNA elongation. See the text for details.

cates a specific effect on RT activity (and, by inference, RT
folding) (Fig. 5). In addition, at concentrations below certain
threshhold levels, the detergents could still help to prevent RT
aggregation but failed to activate the RT (Fig. 2), a finding
similar to the effect of the bacterial DnaK and/or GroEL chap-
erones, which also can prevent RT aggregation but cannot
activate RT function (Fig. 3B) (8). Second, it is also unlikely
that the role of detergent was to suppress an unknown inhib-
itor of RT functions that copurified with the RT proteins. The
detergents showed the same effect on the RT proteins whether
they were purified from bacteria or mammalian cells. Although
the RT proteins purified under native conditions from either
source were not completely pure, it is highly unlikely that the
same inhibitor of RT function, which can be relieved by the
detergent, was copurified from both the prokaryotic and eu-
karyotic cells. Furthermore, we could purify the truncated RT
proteins under denaturing conditions to near homogeneity and
refold these pure RT proteins de novo into an active form with
detergent assistance.

Nonionic and zwitterionic detergents have been widely used
as “artificial chaperones” to facilitate protein folding in vitro
(6, 42), although the precise mechanism of detergent-assisted
protein folding in general is still largely unknown. We noticed
that, for the detergents we have tested, concentrations above
their respective critical micelle concentrations seemed to be
required to facilitate MiniRT2 folding. However, the critical
micelle concentration is known to be affected by many factors
(6, 42), and we do not yet have direct evidence that detergent

micelles indeed were formed under our assay conditions. We
have also found that some detergent analogs that cannot form
micelles, the so-called nondetergent sulfobetaines (33), can
also facilitate MiniRT2 folding, suggesting that micelle forma-
tion may not be necessarily required for the detergents to assist
MiniRT2 folding. We also believe that the role of Hsp90 in
MiniRT2 activation, in contrast to its role in activation of the
full-length RT or MiniRT1, was most likely similar to that of
the detergents, acting largely as a so-called passive chaperone
(14, 40, 42). In support of this, we found that Hsp90 activation
of MiniRT2, in contrast to that of MiniRT1 or the full-length
RT (10, 13), was ATP independent (X. Wang and J. Hu,
unpublished results). Interestingly, the activated state of RT
remains unstable whether RT activation is induced by Hsp90
(8, 10, 13) or detergent (Fig. 2). Further studies on RT acti-
vation by detergents as well as chaperone proteins may shed
new light on the mechanism of action of both artificial and
cellular chaperones. Regardless of the exact mechanism of
activation of the truncated mini-RT proteins, the ability to
purify an active RT protein without the need of the host cell
chaperones may in practice finally make feasible high-resolu-
tion structural studies on the RT, e.g., through X-ray crystal-
lography.

Remarkably, the combination of detergent and reticulocyte
lysate led to a dramatic inhibition of protein priming activity.
An intriguing interpretation of this result is that the detergents
may induce the formation of a factor(s) in the cell lysate that
can inhibit RT activity. Future work aimed at elucidating the
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mechanism of RT inhibition and identifying the putative cel-
lular inhibitors may suggest novel ways of inhibiting RT func-
tion for specific anti-HBV treatments.
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