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Abstract

The two subunits of human immunodeficiency virus type 1 (HIV-1)
reverse transcriptase (HIV-1 RT), p66 and p51, were coexpressed in Escheri-
chia colialong with the E. coli chaperonin system GroEL /GroES. Coexpression
increases the yield of heterodimeric HIV-1 RT by a factor of 4 to 5 and
improves the nucleic acid binding affinity of HIV-1 RT by a factor of 1.6.
We have analyzed the reasons for the improvements. The total increase in
yield of HIV-1 RT can be attributed to an accumulation of RT subunits in the
cells (factor of about 2.8) and an increased growth of the E. coli cells (factor
of about 1.4). One reason for the accumulation in the cells is an improved
stability of HIV-1 RT subunits toward bacterial proteases. In vitro studies
showed that the nucleic acid binding affinity of HIV-1 RT purified from cells
that did not coexpress GroELS was stimulated by adding purified GroELS
(approx 1.5-fold), whereas HIV-1 RT stemming from cells coexpressing
GroELS was stimulated only marginally (approx 1.1-fold). The in vivo as
well as the in vitro studies suggest that the chaperonin interacts with
HIV-1 RT and therefore affects the folding process of HIV-1 RT.

Index Entries: GroE; chaperonin; human immunodeficiency virus type 1;
reverse transcriptase; coexpression.

Introduction

Molecular chaperones can assist folding of proteins into the active
state (for reviews, see refs. 1 and 2). Chaperones that can participate in

*Author to whom all correspondence and reprint requests should be addressed.

Applied Biochemistry and Biotechnology 103 Vol. 87, 2000



104 Maier, Manakova, and Heumann

Escherichia coli in the folding of proteins after ribosomal synthesis are the
chaperone hsp70 system (DnaK system) and the chaperone hsp60 system
(GroE system). Both systems can subsequently interact with the protein
in statu nascendi, thereby improving folding of the protein. This property of
chaperons has been exploited to improve folding of heterologously
expressed protein. Ithasbeen shown that coexpression of GroELSimproves
folding and assembly of Rubisco (3) as well as the yield of recombinant
proteins (4,5). It has been reported that overproduction of chaperones pre-
vents inclusion body formation and increases the solubility of recombinant
proteins (6-9). Despite these examples, the molecular basis of the improve-
ment by coexpression of GroELS is not clear.

In this study, we investigated the effect of overproduced GroELS
on the yield and quality of recombinant reverse transcriptase from human
immunodeficiency virus type 1 (HIV-1 RT). We also investigated the
in vitro effect of purified GroELS on the specific activity of HIV-1 RT.
Our aim was to determine the processes responsible for the improved
expression. HIV-1 RT was coexpressed with the chaperonin system GroELS,
which consists of two components, the main component GroEL and the
cochaperonin GroES. Both components were overexpressed in E. coli.

HIV-1 RT is a DNA polymerase also carrying an RNase H activity.
It catalyzes transcription of viral single-stranded RNA into proviral
double-stranded DNA (dsDNA) (for reviews, see refs. 10 and 11). HIV-1
RTis a heterodimer consisting of the subunits p51 and p66. Both subunits
are derived from the same gene product by viral protease cleavage and
have in common the same N-terminal part (12). Because of its key func-
tion in viral replication, HIV-1 RT is one of the most important targets in
suppressing HIV amplification. Nucleosidic as well as nonnucleosidic
inhibitors are used as drugs to inhibit HIV-replication. To study the
mechanism of inhibition as well as of resistance formation in vitro, recom-
binant HIV-1 RT is required. Expression of HIV-1 RT in E. coli (for an
overview see, e.g., ref. 13) is complicated owing to partial degradation of
p66 by bacterial proteases that can lead to p51 derivatives (14). This side
reaction is especially detrimental, when (as we intend to do) subunit-
specific mutagenesis is performed with the aim of obtaining information
about the function of HIV-1 RT subunits. Mixed reconstitution of HIV-1
RT from, e.g., wild-type p66 and mutated p51 using subunit-specific tags
is one possibility of minimizing unwanted wild-type p66/p51 reconsti-
tutes arising from cleavage of p66 by bacterial proteases yielding p51
derivatives (15). Because dimerization of p51 and p66 enhances the stabil-
ity toward bacterial proteases, coexpression of both subunits is one possible
way of reducing degradation by E. coli proteases (15-17). Coexpression of
both HIV-1 RT subunits along with the chaperonin system GroELS should
improve folding and, as a consequence, heterodimer formation and sta-
bility. We show herein that GroELS enhances cell growth, facilitates pro-
tein accumulation, and increases protease resistance and nucleic acid
binding affinity of HIV-1 RT.

Applied Biochemistry and Biotechnology Vol. 87, 2000



Coexpression of HIV-1 RT and GroELS in E. coli 105

Materials and Methods
Plasmids, Strains, and Nucleic Acids

Plasmids for expression of p66 containing a C-terminal His-tag and of
p51 carrying glutathione-S-transferase (GST) at the N-terminus have been
described previously (15). Plasmid pOF39 was a gift from A. Pliickthun.
E. coli strain M15 was purchased from Qiagen, and strain BL21 from
Novagen. The nucleic acid sequence encoding the sequence of HIV-1 RT
(isolate designated D148; [18]) is deposited at the European Molecular
Biology Laboratory (EMBL) database (accessionno. AJ011836). DNA oligo-
nucleotides (high-performanceliquid chromatography purified) were pur-
chased from Interactiva (Ulm, Germany).

Oligonucleotides used in RT activity or band-shift assays were puri-
fied on a 12% polyacrylamide-7 M urea gel containing 50 mM Tris-borate,
pH 8.0, and 0.1 mM EDTA. The concentration of nucleic acids was deter-
mined spectrophotometrically. Oligonucleotides were radioactively
labeled at the 5' end with [y-*°P] adenosine triphosphate (ATP) using T4
polynucleotide kinase (Boehringer Mannheim) according to the manu-
facturer’s recommendation. The labeled oligonucleotides were again
electrophoretically purified.

Electrophoretic Methods

Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE)
was performed as described by Laemmli (19) with amodified loading buffer
(100mM Tris-HCl, pH 6.8;10% [v / v] glycerol; 4% SDS; 0.01% bromophenol
blue; 5% 2-mercaptoethanol; 0.1 M MgCl,). MgCl, was added to remove
chromosomal DNA (20). Proteins were stained in gels by combined use of
Coomassie brilliant blue R-250 and Bismarck brown R following the proto-
col of Choi et al. (21). Agarose gels were prepared according to Sambrook
et al. (22). To circumvent the problem of UV damaging, 1 mM guanosine
was added to the electrophoresis buffer as described by Griindemann and
Schomig (23). DNA purification from agarose gels was carried out as
described by Boyle and Lew (24).

Native polyacrylamide gels (4%, 20 cm long) for band-shift assays
were run at room temperature for 2 h (80 V). Buffer conditions were
20 mM Tris-HCl, pH 8;5 mM NaCl;and 0.1 mM EDTA. For gel densitomet-
ric analysis, Bio-Rad Imaging Densitometer GS-690 with the software
Molecular Analyst® was used. Phosphorlmaging was used for viewing
band shifts. Binding was quantified by means of MacBAS software.

Cloning

Plasmid p66H/Gro (Fig. 1) is a derivative of p66His (15) that carries
a copy of groEL and groES under the control of the wild-type promoter.
An EcoRI-HindIIl fragment excised from pOF39 (25) was inserted into Xbal-
cleaved p66His after blunting with Klenow fragment. Both orientations of
the insert showed essentially the same coexpression efficiency.
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Fig.1.Plasmids of the HIV-1 RT/GroELS coexpression system. p66H/Gro, plasmid
for expression of p66 with a (His),-tag at its C-terminus (p66-His), isopropyl-p-
D-thiogalactopyranoside (IPTG)-inducible promoter, GroELS wild-type promoter;
pGST-p51/Arg, plasmid for expression of p51 N-terminally fused to glutathione
S-transferase (GST-p51), IPTG-inducible promoter, concomitant expression of
tRNA* (dnaY) and lac repressor (lacl); ori ColE1, origin of replication from pBR322;
ori pUB110, replicon derived from pUB110 (30); bla, f-lactamase gene; cat, chloram-
phenicol acetyltransferase gene; lambda to, transcriptional terminator to from phage
lambda; T1/rrnBE. c., t1 transcriptional terminator from the rrnB operon of E. coli; lacl,
lac repressor gene; neo, aminoglycoside 3'-phosphotransferase gene, conferring resis-
tance to kanamycin.

Expression and Purification of Protein

Expression and purification of HIV-1 RT heterodimer coexpressed
with GroELS was performed in the same way as recently described for
expression of HIV-1 RT alone (15). Homodimer p66-His was expressed in
the E. coli strain BL21 carrying plasmid p66H/Gro (Fig. 1) and plasmid
p66His (15), respectively. Purification was started with chromatography
on an Ni-NTA column using conditions described in ref. 15. The concentra-
tion of HIV-1RT was determined by A , measurements using an extinction
coefficient of ¢ = 1.4 mg/(mL-cm). Preparation of GroEL/GroES and

280nm
determination of concentrations was carried out as described previously (26).

Preparation of Primer/Template

DNA primer/template was prehybridized before incubation with
HIV-1RT. A mixture containing the template strand (1.2 uM) and **P-labeled
primer (1 uM) in a buffer containing 50 mM Tris-HCI, pH 7.8, and
50 mM NaCl was heated to 95°C for 2 min followed by incubation at 72°C
for 10 min and cooling for 20 min to room temperature. Complete hybrid-
ization was verified by native PAGE.

Band-Shift Analysis of RT Binding
to Primer/Template in Absence and Presence of GroELS
Annealed primer/template substrate (100 nM) was incubated for 5 min
at37°Cwith HIV-1RT (10-200 nM) in the absence or presence, respectively,
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Fig. 2. Time dependence of the yield of HIV-1 RT expressed with and without
overexpressed GroELS. (Left) (lanes 1-4) displays the protein expression without
GroELS and (right) (lanes 5-8) with GroELS. Lanes 1 and 5 show the protein pattern
directly after induction, lanes 2 and 6 after 2 h, lanes 3 and 7 after 4 h, lanes 4 and 8 after
6 h. The position of the subunits p66-His and GST-p51 and the GroEL subunits are
indicated. M, the position of the subunits p66 and p51 for comparison (fifty microliters
of the cell culture was loaded on each lane of the SDS-PAGE).

of GroEL, GroES, and/or bovine serum albumin (BSA) in a buffer contain-
ing 50 mM Tris-HCl, pH 7.8; 5 mM NaCl; 6 mM MgCl,; and 30 mM KCI.
ATP, if present, was at 10 mM. The first nucleotide was given as ddATP
(0.5 mM) to stabilize the complex. The primer was 5'-CTTTCAGGTCCC
TGTTCGGGCGCCA-3', and the template was 5'-GCCCGGAACCCT
TCTGGTTCCCCTTTGGCGCCCGAACAGGGACCTGAAAGCGAAAG-3'.
For band-shift analysis, 0.5 uL of loading buffer was added per 10 uL of
sample, and 5 uL was applied on a non-denaturing gel (see Electrophoretic
Methods). Loading buffer contained 20 mM Tris-HCI, pH 8.0; 0.02% bromo-
phenol blue; and 40% sucrose.

Results
Coexpression of RT/GroELS

Wehaverecently published an article on an expression system permit-
ting coexpression of both HIV-1 RT subunits, p66-His and GST-p51 (15).
By inserting the genes groES and groEL controlled by their wild-type pro-
moter into the p66-His subunit-expressing plasmid, as shown in Fig. 1,
we analyzed the influence of the chaperonin GroELS overexpression on RT
expression. The time-dependent effect of GroELS synthesis was analyzed
on the SDS gel of the lysates shown in Fig. 2. Equal amounts of cell culture
medium wereloaded on eachlane. Analysis of the protein expression with-
out (lanes 1-4 in Fig. 2) and with (lanes 68 in Fig. 2) concomitant overpro-
duction of GroELS shows that not only the RT subunits were synthesized
with higher yield but that also the total amount of protein increased.
This is owing to an increase in the growth rate, as the curves in Fig. 3
show. Cells expressing RT and GroELS reach a 1.4-fold higher optical
density than those without GroELS overproduction 6 h after induction.
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Fig. 3. Time-dependent growth of E. coli cells that express HIV-1 RT with and with-
out GroELS. RT, growth curves obtained with the strain JM109 that harbors the plas-
mids pGST-p51/Arg (Fig. 1) and p66His (15); RT + GroELS, growth curves obtained
with the strain JM110 that harbors pGST-p51/Arg and p66H/Gro (Fig. 1); ind. and no
ind., induction with IPTG (1 mM) at OD, = 0.6 and no induction with IPTG, respec-
tively. The time point of induction is indicated by an arrow.

As expected, the noninduced cells grow to higher density compared to the
induced cultures.

Figure 4 shows the effect of GroELS on the accumulation of HIV-RT.
To differentiate better the effect of GroELS on the cell growth (demon-
strated in Fig. 2) from the increased accumulation of HIV-RT (see Fig. 4),
equal amounts of cell mass were applied on each lane of the SDS-PAGE.
Soluble and insoluble fractions were analyzed separately. The lysate was
centrifuged. The supernatant and the resuspended pellet were applied on
a gel. Although the yield of HIV-1 RT subunits in the insoluble fraction
(pellet) was essentially the same regardless of whether GroELS was
coexpressed or not, it differed in the soluble fraction (supernatant), as com-
parison of lanes 3 and 6, and lanes 2 and 5, respectively, in Fig. 4A indicates.
The densitometric analysis (Fig. 4B) of lanes 1 and 4 of Fig. 4A permitted us
to quantify the enhancement of the yield of HIV-1 RT subunits. p66-His
expression was higher by a factor of 1.5 = 0.2 and GST-p51 expression by a
factor of 2.8 + 0.3 when GroELS was coexpressed. This experiment was
performed three times and yielded the same result with slight variation,
as indicated by error bars.

The molecular basis for the enhancement of HIV-1 RT subunit accumu-
lation is not clear in detail. One reason is improvement of the stability of the
subunits toward proteolytic degradation. It is a well-recognized problem
that p66 degrades into smaller products during expression in E. coli and
that the degradation products (PR) having a molecular size of 66 kDa < PR
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Fig. 4. (A) Effect of GroELS coexpression on the solubility of HIV-1 RT subunits. E. coli
cells expressing HIV-1 RT subunits in the absence (lanes 1-3) and presence (lanes 4-6) of
overproduced GroELS are analyzed by SDS-PAGE. Lanes 1 and 4 (with GroELS) show the
lysate, lanes 2 and 5 (with GroELS) the supernatant after centrifugation of the lysate, and
lanes 3 and 6 (with GroELS) the resuspended pellet. The cells were induced by IPTG
(ImM)atOD,, =0.6and wereharvested 5hafterinduction. Equal amounts of cells were
applied equlvalent to 50 uL of cell culture at OD,,, =1. M, molecular weight markers.
(B) Densitometric analysis of the yield of HIV-1 RT subunits coexpressed with and
without overproduced GroELS. There are intensity scans of the lanes 1 and 4 in (A).

=51 kDa can form heterodimers with p66 (14). We have shown that GroELS
can suppress formation of these degradation products. Figure 1 shows
expression of His-tagged p66 coexpressed with and without GroELS using
plasmid p66H/Gro and plasmid p66His (15), respectively. p66-His from
both strains was purified by Ni-NTA affinity chromatography and ana-
lyzed on SDS gel, as shown in Fig. 5, lanes 1-4 (without GroELS) and
lanes 5-8 (with GroELS). Ni-NTA affinity chromatography ensures that
only C-terminally His-tagged p66 and its degradation products are found
in the eluate. While the C-terminal fragments are usually small (up to

Applied Biochemistry and Biotechnology Vol. 87, 2000



110 Maier, Manakova, and Heumann

M1 2 3 4 5 6 7 8

66kDa\_‘_ —

S1kDa — ‘*gg__'!z
= - = -—
S=0 =8
- PN

Fig. 5. Effect of overproduced GroELS on the stability of p66. HIV-1 RT subunit
p66-His was expressed in the absence (lanes 1-4) and presence (lanes 5-8) of overpro-
duced GroELS and analyzed on SDS gel. Whole-cell lysates were applied on lane 1 and
5, respectively, and the supernatant is shown in lanes 2 and 6, and insoluble fractions
after resuspension in lanes 3 and 7, respectively. The amounts applied in each lane
were equivalent to 100 uL of cell culture at OD_, = 1. Lanes 4 and 8, respectively,
show samples (5 pug of protein each) of the eluate from Ni-NTA column that is the first
purification step (see Materials and Methods). Arrows indicate the proteolytic prod-
ucts in lane 4 and their reduction by GroELS overproduction (lane 8). M, molecular
weight markers.

approx 15 kDa [14] and probably further degraded into smaller products),
the N-terminal fragments only can appear in the eluate if they form stable
heterodimers with p66. That the fragments shown by the arrow in Fig. 5,
lane 4 are carboxyterminal proteolytic cleavage products has been shown
previously by sequencing (14). Comparison of lanes 4 and 8 in Fig. 5 shows
that these cleavage products (see arrows) disappear if HIV-1 RT is coex-
pressed with GroELS. This result is relevant not only with respect to
improvement of the yield of p66 subunit. It is even more important for
reconstitution experiments using mutant HIV-1 RT subunits. Proteolyti-
cally cleaved p66 can bind instead of authentic p51 and thus serves as a
counterpart of p66 in the heterodimeric enzyme.

Lanes 1 and 5 in Fig. 5 confirm the previous result, namely, that
coexpression of GroELS improves the yield of p66 by a factor of 1.5 (Fig. 5,
lanes 1 and 5), and lanes 2, 3, 6, and 7 show that the yield of the insoluble
HIV-1 RT fraction remains unchanged on coexpression with GroELS.

Densitometric analysis of crude extract shows that about 10% of the
totally expressed protein is the heterologous RT corresponding to 15-20 mg of
RT/1L of cell culture (Fig. 4A,B). Using our purification protocol, about 50%
of theexpressed RTisrecovered as purified enzyme. This valueis substantially
higher than reported values of 5-20% (see ref. 27 and references therein).

In Vitro Analysis of RT-GroELS Interaction Using Band-Shift Assays

The enhancement of the stability of p66 toward degradation in the
presence of GroELS, as already reported, suggests a direct interaction of
GroELS with the coexpressed HIV-1 RT or its subunits. This in vivo finding
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Fig. 6. Effect of GroELS on the DNA-binding affinity of HIV-RT expressed with
and without GroELS. Complexes of purified HIV-1 RT (100 nM) and dsDNA
primer/template (100 nM) were incubated at 37°C in a volume of 10 uL (50 mM Tris-
HCl, pH 7.8, 5 mM NaCl, 6 mM MgCl,, 10 mM ATP, 0.5 mM ddATP, and 30 mM KCl)
at the time intervals indicated and were applied on a nondenaturing gel as described
in Materials and Methods. HIV-1 RT was obtained from cells with (left, lanes 4-7) and
without (right, lanes 8-11) coexpressing GroELS. The binding reaction was per-
formed with (+) and without (-) addition of purified GroELS. The molar ratio of
HIV-1 RT to primer/template was kept constant at 1:1, and the molar ratio of HIV-1
RT to GroELS asymmetric complex was 1:1.5 (150 nM GroEL , - GroES). Lanes 1-3 are
controls: lane 1, free primer/template; lane 2, primer/template + GroES; lane 3,
primer/template + GroEL.

is confirmed by an in vitro study of the interaction of primer/template and
HIV-1 RT with and without purified GroELS using a band-shift assay, as
described in Materials and Methods. HIV-1 RT purified from cells express-
ing HIV-1 RT alone or in combination with GroELS was incubated with
primer/template at a 1:1 ratio for 5 and 30 min, respectively, and analyzed
on a nondenaturing gel. The 5- and 30-min values are the same within the
error margins, indicating that the binding reaction is completed within
5 min. Werefer to the 30-min values. Lane 10 in Fig. 6 shows that approx 28%
of the HIV-1 RT fraction was bound when the enzyme was purified from
cells that do not coexpress GroELS. With GroELS coexpressed, the specific
binding activity of HIV-1 RT was enhanced, yielding 46% active enzyme
(lane 6). Most interesting is the finding that the binding affinity of HIV-1RT
obtained from cells without coexpressing GroELS could be partially
restored. By adding purified GroELS, the specificbinding activity increased
from 28 (lane 10) to 41% (lane 11). This experiment was repeated three
times, indicating an average increase of 1.6 = 0.2. This is close to the level
of HIV-1 RT coexpressed with GroELS (46%) (lane 6). That the GroELS
effect is a specific effect in vivo is supported by the finding that HIV-1 RT
obtained from cells coexpressing GroELS could only be marginally stimu-
lated from 46% (lane 6) to 51% (lane 7) by adding GroELS.

These experiments suggest that GroELS enhances the nucleic acid
binding activity of HIV-1 RT by an interaction of HIV-1 RT with GroELS,
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Fig. 7. Analysis of the influence of GroEL, GroES, and ATP on the yield of active
HIV-1RT using nondenaturing gel electrophoresis. HIV-1 RT was obtained from cells
without coexpressing GroELS. HIV-1RT and the analyzed components (GroEL, GroES,
ATP, and BSA) were incubated for 5 min at 37°C at the indicated molar ratios with
100 nM primer/template in a total volume of 10 uL (50 mM Tris-HCI, pH 7.8;
5 mM NaCl; 6 mM MgCl; 0.5 mM ddATP; and 30 mM KCl) and applied on a
nondenaturing gel as described in Materials and Methods. The concentration of
GroELS asymmetric complex was 200 nM, that of ATP was 10 mM, and that of BSA
was 200 nM. (A) Gel analysis of the effect of GroEL + ATP (left) and GroELS + BSA
+ ATP (right). Annealed primer/template substrate (100 nM) was incubated for
5 min with HIV-1 RT. Lane designated K is a control containing primer/template,
GroELS, BSA, and ATP but not HIV-1 RT. (B) Plot of the complex yield vs the molar
ratio of HIV-1 RT/DNA. The components that were analyzed are indicated at the
left side of plot. The error margins show the statistical error from two or three
independent measurements.

probably by supporting folding of HIV-1 RT into the active conformation.
It is well established that the folding activity of GroELS is an ATP-depen-
dent process (1). But it has also been reported that the main chaperonin
GroEL alone can assistreactivation of denatured protein even without ATP
(28). To analyze which of the components of the chaperonin cycle—GroEL,
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GroES, or ATP—contributes to the enhanced binding affinity of HIV-1 RT
invitro, HIV-1RT-primer / template affinity was determined at different molar
ratios of RT and primer/template at constant chaperonin concentrations.

Figure 7A shows how binding affinity was determined by nondena-
turing gel analysis, and Fig. 7B summarizes the results when complex for-
mation was plotted vs the ratio of HIV-1 RT:primer/template using the
conditions described in Fig. 7.

To analyze whether the chaperonin effect is specific, the binding reac-
tion was performed in the presence and absence of BSA. Figure 7B shows
that BSA had a minor influence, which is in accordance with previously
published results (29). In the presence of chaperonin GroEL, there was a
significant increase in the HIV-1 RT DNA-binding affinity above a molar
ratio of 0.5. This sigmoidal increase in the binding affinity suggests that the
interaction between GroEL and HIV-1 RT is specific. The shape of the
curve would be compatible with the assumption that two binding equi-
libria are superimposed: HIV-1 RT with DNA and HIV-1 RT with GroEL.
The chaperonin-dependent enhancement of the binding affinity of HIV-1
RT does not require ATP, indicating that GroEL interacts with HIV-RT
without performing the classical folding cycle that requires ATP (1).

The stimulation effect is the same with GroEL alone and with GroEL
combined with GroES (Fig. 7B). The cochaperonin GroES is obviously not
required in the folding cycle when HIV-1 RT is the substrate. GroES with-
out GroEL stimulates HIV-1 RT binding, but to a lesser extent than GroEL
alone and significantly higher than BSA. This finding is compatible with
the assumption that HIV-1 RT interacts with GroES, but only in the isolated
state. The shape of the stimulation curve is linear, as observed with BSA,
suggesting that the interaction of HIV-1 RT with BSA as well as with GroES
is weak.

Discussion

Coexpression of E. coli chaperonin GroELS enhanced the yield and
nucleic acid binding affinity of heterologously expressed HIV-1 RT by a
factor4to5and 1.6, respectively, and protects HIV-1 RT toward proteolytic
attack during maturation. We were able to show that the major factor con-
tributing to the enhanced yield of HIV-1 RT is the increase in HIV-1 RT
subunit accumulation in the cells, more precisely a 2.8-fold increase of
GST-p51, which is the subunit limiting the yield of HIV-1 RT heterodimer
formation in our expression system. One reason for the observed increase
in subunit synthesis, especially of GST-p51, could be a storage function of
the overproduced GroELS by binding of HIV-1 RT subunits.

Binding of HIV-1 RT subunits to GroELS might also be the reason for
the enhanced stability of HIV-1 RT subunits toward bacterial protease
attack. A similar effect was observed with procollagenase coexpressed with
GroELS (4). This protective effect of GroELS is especially valuable in
obtaining pure populations of HIV-1 RT, mixed reconstituted from mutated
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and wild-type subunits. Thus, contamination by HIV-1 RT molecules
containing the same mutation or wild-type sequence in both subunits is
suppressed.

The in vitro data suggest that the chaperonin-dependent stimulation
of the DNA-binding affinity of HIV-1 RT is owing to interaction of HIV-1
RT with the main chaperonin GroEL. Buta complexbetween the chaperonin
GroEL and HIV-1 RT subunits could not be demonstrated, although the
stimulation effect could be attributed specifically to GroEL. Probably the
lifetime of the HIV-1 RT-GroEL complex is too short to survive the band-
shift procedure.

There are few studies about the effect of GroELS overexpression on the
bacterial growth rate. But note that coexpression of GroELS can have
opposite effects on the growth rate depending on the type of expressed
recombinant protein. Whereas the growth rate increases when HIV-1 RT is
expressed (our study), it decreases when pB-glucosidase is expressed (9).
A further difference between these two substrate proteins is the differential
effect of GroELS coexpression on the solubility of these enzymes. Whereas
the insoluble fraction of B-glucosidase is reduced by coexpression with
GroELS, it remains constant with HIV-1 RT. The reason for this difference
is not known but might reflect differences in the folding pathway of both
enzymes. We suggest that the chaperonin-dependent folding pathways of
recombinant proteins—maybe owing to differences in the requirement
for ATP in the folding cycle—affect the concentration of free intracellular
protein, which limits the growth rate.
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