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Analysis of the Polymerization Kinetics of Homodimeric EIAV p51/51 Reverse
Transcriptase Implies the Formation of a Polymerase Active Site Identical to
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ABSTRACT. Homodimeric EIAV p51/51 and heterodimeric EIAV p66/51 reverse transcriptase were purified
in order to compare the different modes of DNA synthesis supported by the enzymes. Analysis of the
dimerization behavior of the EIAV enzymes indicates that the dimer stability of EIAV reverse transcriptase
enzymes is higher than that of their HIV-1 reverse transcriptase counterparts. EIAV p51/51 polymerizes
DNA distributively whereas DNA synthesis by EIAV p66/51 is processive. Steady-state and pre-steady-
state kinetic analyses of primer/template binding and nucleotide incorporation were performed with both
enzymes to determine the reasons for the different polymerization behavior. Equilibrium fluorescence
titrations demonstrated that th& values of EIAV p51/51 for binding of DNA/DNA and DNA/RNA
substrates are increased 10-fold and 28-fold, respectively, as compared to EIAV p66/51. Stopped-flow
measurements with DNA/DNA show that the increase in Kds in part due to a 17.4-fold higher
dissociation rate constank () for EIAV p51/51. Additionally, with EIAV p51/51 kgiss IS increased

7-fold for DNA/DNA and 14-fold for DNA/RNA primer/template substrates, respectively. The lack of
the RNase H domain in EIAV p51/51 leads to differences in the pre-steady-state kinetics of nucleotide
incorporation on DNA/DNA and DNA/RNA templates. The burst of both enzymes is composed of two
phases for both substrates, and the values for the corresponding pre-steady-state bukgtrated,

Kooi2, are similar for both enzymes, implying the formation of identical polymerase active sites. However,
the amplitudes of the two phases differ with DNA/DNA templates, indicating a different distribution
between two states varying greatly in their kinetic competence.

Retroviral reverse transcriptases (Rifae multifunctional lacks the carboxyl-terminal RNase H domain.
enzymes that possess RNA- and DNA-dependent DNA |t has heen shown previously for the purified recombinant

polymerase activities and a ribonuclease H (RNase H) jig-type HIV-1 RT p66/51 that it can be dissociated by
activity that cleaves RNA in RNA/DNA hybrids. The RTS  {he addition of 16-15% acetonitrile, indicating that hydro-

from closely related lentiviruses, including human immu- yhopic interactions are necessary for dimerization. In
nodeficiency virus (HIV-1 and HIV-2), simian immunode-  .qhrast to the heterodimeric RT, the individually expressed

ficiency virus, feline immunodeficiency virus, and equine g6 ang p51 subunits of HIV-1 RT form less stable dimers.
infectious anemia virus (EIAV), show similar RT organiza- In particular, the stability of the HIV-1 p51 homodimer is

tion. They all possess a heterodimeric RT with a large (ca. very low and concentration-depender®.( Since DNA

6E kDa) subunit and.a stmall'(ca. 558 _:fr? a) sutlmlumtbtha}: polymerase and RNase H activities are exclusively associated
share a common amino terminus5). The small subunit i the dimer forms of HIV-1 RT §, 7), the individually

expressed subunits are very difficult to characterize and lose
polymerase activity quickly due to monomerization.

In contrast to the results obtained with HIV-1 RT, we have
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polymerase activity of the homodimeric protei@s. (Analy-

sis of the reaction products of EIAV p51/51 showed that it
polymerizes in a distributive mode leading to very short
extension products. However, heterodimeric EIAV p66/51,
like HIV-1 p66/51 and the homodimeric p66 EIAV enzyme,
is significantly more processive on both RNA and DNA
templates§—10). Additionally, studies with Mo-MLV RT
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demonstrated that upon deletion of the RNase H domain the
enzyme is incapable of processive DNA synthedi$).(
Taken together, these results imply that the RNase H domain
of retroviral RTs contributes to the proper binding of primer/
template.

In this context, an interesting question is whether the loss
of processive synthesis with EIAV p51/51 is only due to a
modification of DNA binding. In addition, deletion of the
RNase H domain could lead to a conformational change of
the two subunits in the homodimer that in turn leads to
alterations in the geometry of the polymerase catalytic site.
Since EIAV p51/51 is an active polymerase, this suggests
its two identical subunits are present in different conforma-
tions, based on knowledge of the 3-D structure of HIV-1
RT. However, since no crystal structure of a homodimeric
RT is available, it has not been shown whether the two
subunits in the homodimer assume similar conformations as
the subunits in the heterodimeric enzyme and whether the
structure of the polymerase active site is the same.

In the work reported here, we have analyzed the dimer-
ization and the polymerase activities of the distributive EIAV
p51/51 RT in comparison with the processive heterodimeric
EIAV p66/51 RT to obtain information about possible
conformational differences of their polymerase active sites.

We have used pre-steady-state and steady-state kinetic

methods to evaluate the nucleic acid binding affinities and
the mechanism of nucleotide incorporation of the two
enzymes.

EXPERIMENTAL PROCEDURES

Cloning of the EIAV p66/51 Coexpression Vectdtor
cloning of the p6H-EIAV66/51 coexpression plasmid, the
plasmids p6H-EIAVRT6612) and p6H-EIAVRT51 §) were
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Ficure 1: Construct for the coexpression of the 66 and 51 kDa
subunits of EIAV reverse transcriptase. The coding regions of p51
and p66 and the orientation of the reading frames are indicated by
black arrows. ori, origin of replication; to, transcriptional terminator
from phage lambda; bla, gene fgklactamase; cat, gene for
chloramphenicol acetyltransferase; T1, transcriptional terminator
from the E. coli rrnB operon.

to

Preparation and Purification of EIAV p66/51 and EIAV
p51/51 Enzyme purification was similar to that described
8, 12; 1 M NaCl was included in the homogenization buffer
n order to dissociate nucleoprotein complexes and to inhibit
proteases. The high-speed supernatant was loaded &h-a Ni
nitrilotriacetic acid Sepharose (Qiagen) column and eluted
with a 0—0.5 M imidazole gradient. RT-containing fractions
were pooled, dialyzed against RT-D buffer, and loaded on a
DEAE-Sepharose column equilibrated with the same buffer.
The flow through of the column was then applied onto a SP
Sepharose column (Pharmacia) and eluted with-8.6 M
NaCl gradient. Samples were concentrated and dialyzed

used. Both plasmids are derivatives of the expression vectoragainst HPLC buffer.

pDS56RBSII (3) and contain the genes for the EIAV p66
and p51 RT, respectively, with codons for an additional six
histidines added to their 8nds. AnXhd/Pwull expression
cassette consisting of the promoter/operator (P/O) region,
the coding region for the EIAV p51/51 RT, and the
transcriptional terminator was cut out from plasmid p6H-
EIAVRT51 and cloned into th&ldd site of plasmid p6H-
EIAVRT66. Before ligation, the linearized plasmid p6H-
EIAVRT66 and theXhd/Pwull fragment were treated with

To isolate pure EIAV p51/51 homodimer, about 3 mg of
the dialyzed protein was further purified by HPLC gel
filtration using a Superdex 200 HR10/30 column (Pharma-
cia). The column was eluted with HPLC buffer at 0.7 mL/
min, and the fractions containing homodimer were pooled
and concentrated in Microcon 10 tubes (Amicon) and stored
in RT-D buffer with 50% glycerol at-20 °C. The dimer
content of the concentrated EIAV p51/51 protein amounted
to about 80%.

T4 DNA polymerase to obtain blunt-ended fragments. Only  To separate the heterodimeric EIAV p66/51 from remain-
plasmids which contained the EIAV RT expression cassettesing excess p51 protein, the RT was further purified by
for p66 and p51 in opposite orientation were recovered. The hydrophobic interaction chromatography. After HPLC gel
newly obtained construct p6H-EIAV66/51 is shown in Figure filtration, enzyme was dialyzed against buffer A, containing

1. Induction kinetics with thee. coli strain M15/pDMI.1
(13) transformed with p6H-EIAV66/51 showed higher
expression levels of the p51 subunit.

Buffers RT buffer contained 50 mM Tris-HCI, pH 8.0,
6 mM MgCl,, 0.05% (v/v) Triton X-100, 5 mM NacCl, and
5 mM dithiothreitol. Annealing buffer consisted of 20 mM
Tris-HCI, pH 7.5, and 50 mM NaCl. Reaction buffer
contained 50 mM Tris-HCI (pH 8.0), 10 mM Mgg&land 5
mM KCI. HPLC buffer consisted of 50 mM Tris-HCI, pH
8.0, and 150 mM KCI. RT-D buffer contained 50 mM Tris-
HCI, pH 7.0, 25 mM NaCl, 1 mM EDTA, 1 mM dithio-
threitol, and 10% glycerol. Urea loading buffer contained
7 M urea in Tris/borate/EDTA buffer with 0.1% xylene
cyanol and bromphenol blue.

10 mM Tris-HCI, pH 7, ad 1 M (NH4),S0O,, and loaded
onto a phenyl-Sepharose (High-Sub) column (Pharmacia).
The proteins were eluted by applying a linear gradient of
the loading buffer and a buffer=puffer B) containing 10
mM Tris-HCI, pH 7. The heterodimer eluted at 55% of
buffer B, EIAV p51 at 80% of buffer B. The enzyme was
concentrated by a vacuum concentrator (Schleicher &
Schuell) and stored at20 °C in RT-D buffer containing
50% glycerol. The purified RTs were free of nuclease
contamination.
OligodeoxynucleotidesOligodeoxynucleotides were syn-
thesized on an Applied Biosystems 380 B DNA synthesizer
and purified by HPLC on a reversed-phase column by
standard procedured4) or by denaturing polyacrylamide
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gel electrophoresis (15% acrylamjdé M urea) followed
by elution from the gel using the Schleicher & Schuell

Souquet et al.

The excitation wavelength was at 492 nm, and the emission
intensity was measured at 516 nm (slit width set at 1 and 8

Biotrap unit. The sequence of the 18/36mer DNA/DNA nm for excitation and emission, respectivel§p). Values
primer/template (p/t) was'5FCCCTGTTCGGGCGCCAC  for the dissociation constantK) were determined as
and 3-TGTGGAAAATCTCATGCAGTGGCGCCCGAACA- described previously using the data fitting program ‘Grafit’
GGGA, respectively. The complementary regions are equiva- (Erithacus Software)ld). A quadratic equation analogous
lent to the primer binding site sequence from HIV-1. The to the one given byl4) was used for the fitting procedure.

sequence of the fluorescently labeled FAM primer oligode-  Affinities for the DNA/RNA p/t substrate were determined
oxynucleotide was identical to the one above with the py displacing a fluorescently labeled 18/36mer DNA/DNA
fluorescent label at the &nd. The sequence of the mansyl- p/t complexed with RT. A 25 nM aliquot of the FAM-
labeled primer was'sTCCCTGTTCGGGCGCC(Transy)C. labeled DNA/DNA p/t was preincubated with 50 nM EIAV
For the mansyl-labeled primer, the following template was p6/51 or 100 nM EIAV p51/51. The DNA/DNA substrate
used:  5-TGTGGAAAATCTCATGCAGAGGCGC-  was then displaced by titration with the DNA/RNA p/t. The
CCGAACAGGGA. The FAM- and mansyl-labeled oli- fluorescence changes upon displacement were monitored as

godeoxynucleotide were synthesized as described previouslydescribed above and evaluated as described using the
(15, 1§. The mansyl label was introduced at the next to program “Scientist” {6).

the last nucleotide at the @nd of the 18mer primerl(). Rapid Kinetics of Primer/Template Bindingxperiments
T'he sequence of the primer used for the DNA/RNA p/twas ,, the kinetics of the association of EIAV RT with a labeled
S-TTGTCCGTGTTCGGGCGCCA. The corresponding RNA /¢ \yere performed in reaction buffer using a stopped-flow

template was obtained by in vitro transcription (see below) apparatus (High Tech Scientific, Salisbury, England). A 50
and had the following sequence:-GGGUUAAUCUCUG- nM sample of a mansyl-labeled 18/36mer p/t DNA (final

CAU,GGCG,CCCGAACAGGGACAA' ) concentration) was rapidly mixed with increasing RT con-
Primer oligodeoxynucleotides wereéid-labeled with T4 cantrations (156500 nM). Collection and analysis of the
polynucleotide kinase as describd@) Primer and template  yata were done as described previousB) ( The two phases
oligodeoxynucleotides were annealed by heating equimolaryere fitted using a double-exponential equation. The rate
amounts in annealing buffer for 2 min at 9Q, followed ¢ the first phase is dependent on the concentration of RT
by cooling to room temperature avé h in awater bath. (20)  The linear fit of the concentration dependence yields
The completeness of the reaction was checked by determmk+l andk_; of p/t binding. The raté. of the second phase

ing whether 100% of the primer of the hybridized and s |argely concentration-independent at the concentrations
radioactively labeled p/t could be extended by one nucleotide. ,seq and describes the conformational change of ®T
Preparation of RNA The standard 10 mL T7 RNA binding.

{);Ig/:(ﬁje‘;gsg'\rﬂee%cr:.tgg g?lxtl;'r% ff r 1mn¥ll\ﬁlr2 t;arﬂf-gfélog chog Rapid Kinetics of Nucleotide IncorporatiorRapid quench
' ! P 8.4, permidine, ©.U170 experiments were carried out in reaction buffer in a rapid

Triton X-100, 50ug/mL bovine serum albumin (RNase free, . . : .
Boehringer Man/;iﬁeim) 8% (W/v) polyethylene( glycol 8000 quel? ch a)ppar(;;ltus l:l))wg by KmTe;sénséruments EcUmversny
o . ’ ' Park, PA) as described previoustis( 1§. Quantification
f]'qoMmMM g:thfﬂﬁ'fgé:erm% ?;ig?:ﬁgg}al)%n:gﬂmﬁgézo of the data was achieved by phosphorimaging. All concen-
gtlz, piate, trations reported are final concentrations after mixing in the

and 0.1 mg/mL T7 RNA polymerase. After incubation at . . :
. . " rapid quench apparatus. Data were fitted to a burst equation
37°C for 2 h, the reaction was stopped by addition of 50 (double-exponential plus slope) using the program ‘Grafit’.

mM EDTA. The RNA was extracted twice with phenol/ ;

. . . The pre-steady-state rat&s,; and ko2 are given by the
c]tllzoroform/ lsloa}mylanI)c,\tjlhl?ICall?d pzrg C|p|tatec_1 W|tr_1”1] vqu”mte exponentialsZ1). The burst amplitude is composed of the
Of 2-propanol pius . i1 Tor £ min on ice. € PEICL sum of the two exponential phases and corresponds to the

X . 0 )
:Zznss\gﬁse dwgslh?r?L cheat(\;\:'lthT;g é’a;thlznogsdr::?% q alnf amount of RT bound to p/t at the beginning of the reaction
ISsolved | water. ple w X "= (t=0). When pl/tisin excess to RT, the slope of the curve

with formamide loading bufferl(7) and heated to 82C for corresponds to the dissociation of RT from p/t during the

2 min, and 1 mL was loaded immediately on a 20% . o
T : . steady-state phasekyiss is calculated by the slope divided
denaturing polyacrylamide gel. The desired band was elutedby the burst amplitude2q).

from the gel, and the RNA was precipitated as described
above and finally stored at 80 °C.

Polymerase Actity Determination RNA-dependent DNA
polymerase activity on poly(rA)/oligo(dT)-1s Substrates was
measured by a standard assay 40 reaction volume)
described previouslyl®) with 5—10 ng of enzyme in RT
buffer. Under these conditions, 1 unit of RT activity
catalyzes the incorporation of 1 nmol of dTTP into poly-

RESULTS

Enzyme Preparation and Dimer Stabilitfter purifica-
tion of the EIAV p66/51 heterodimer and the p51 ho-
modimer, the dimer content of the two enzymes was
determined by HPLC size-exclusion chromatography (Figure
2b). EIAV p51/51 RT is contaminated with about 20% of
(rA)/oligo(dT)12-15 in 10 min. the monomeric protein. However, as with HIV-1 RT, the

Fluorescence Equilibrium Titrations with Primer/Tem- monomeric subunits did not show activit§)( In contrast
plate Fluorescence titrations were performed using an SLM to the situation with HIV-1 RT, it was not possible to achieve
Smart 8100 spectrofluorometer equipped with a PH-PC 9635dimerization of the remaining monomeric protein upon
photomultiplier. Extrinsic fluorescence measurements with concentration of the protein solution (data not shown). We
the FAM-labeled p/t substrate were performed in reaction assume that due to overexpression of the p51 subunit, a
buffer in a total volume of 1 mL as described previously. portion of the protein cannot be folded correctly during
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Ficure 2: Analysis of the purified EIAV p66/51 and EIAV p51/
51 RTs by SDSpolyacrylamide gel electrophoresis and HPLC
size-exclusion chromatography. (a) SBlyacrylamide gel elec-
trophoresis. Proteins were detected by silver staining (BioRad kit).
Lane M, protein molecular mass markers in kDa. Lane 1, EIAV
p66/51 RT; lane 2, EIAV p51/51 RT. (b) HPLC size-exclusion
chromatography of purified RTs. Six micrograms of purified EIAV
p66/51 and EIAV p51/51 RTs was analyzed at room temperature.
The retention times were 17.88 min for the heterodimer, 18.18 min
for the homodimeric p51, and 20.35 min for the monomeric p51.
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Ficure 3: HPLC size-exclusion chromatography of EIAV p66/51
and EIAV p51/51 RTs after treatment with 15% acetonitrile. Six
micrograms of EIAV p66/51 or EIAV p51/51 RT was analyzed
after treatment of the RT solutions with 15% acetonitrile. EIAV
p66/51 remains completely dimeric whereas the subunits of EIAV
p51/51 RT can be separated and only the monomer is detected.

stronger interactions of the two subunits. To analyze the
dimer stability, we added increasing amounts of acetonitrile
(5—20%) to solutions of the two EIAV RT variants. The
dimer content of the proteins was analyzed after an incuba-
tion time of 15 min at room temperature. Our results show
that p51 EIAV RT dissociates completely after the addition
of 15% acetonitrile (Figure 3). However, in contrast to the
results obtained with HIV-1 RT, no reassociation into dimeric
protein was observed after a 4-fold dilution of the solution.
To exclude an effect of the dilution on dimerization, the
enzyme was concentrated in Microcon tubes (Amicon). This
method helps to avoid reconcentration of acetonitrile during
concentration of the protein. However, even after incubation
of the concentrated enzyme solutiom &h on ice or atoom
temperature, no reassociation was observed, indicating an
irreversible conformational change upon monomerization.
With EIAV p66/51, no dissociation of the dimer could be
obtained at 15% acetonitrile (Figure 3), and higher aceto-
nitrile concentrations led to precipitation of the protein. We
therefore assume that probably stronger hydrophobic interac-

The molecular masses were determined using molecular massjons between the two subunits are responsible for the dimer

standard proteins from BioRad.

bacterial growth. Since the monomeric protein also contains
the N-terminal His-tag, it is copurified together with the
homodimer. During the last purification step of EIAV p51/
51, i.e., preparative HPLC gel filtration, the dimer and the
monomeric proteins can be separated. For the last step
the purification of EIAV p66/51 RT, we used hydrophobic
interaction chromatography to eliminate excess p51 mono-
mer. Figure 2b shows that the purified EIAV p66/51 RT is

free of excess p51 and completely dimeric. The purity of
both enzymes is indicated in Figure 2a.

In a preliminary assay, the RNA-dependent DNA poly-
merase activities of the purified enzymes were determined
on the homopolymeric substrate poly(rA)/oligo(gl)s. The
specific activity of the p66/51 heterodimer was about 3.5-
fold higher (247 unitg/g of protein) than that of the p51
homodimer (71 unitglg of protein).

For heterodimeric HIV-1 RT, it has been demonstrated
that it can be fully dissociated by adding 15% acetonitrile
to the protein solution and reassociated by diluting the
solution 4-fold @, 22). The fact that EIAV p51/51 RT is a
more stable dimer than its HIV-1 p51 counterpart indicates

in

stability. However, we cannot exclude the possibility that a
greater contribution from hydrophilic interactions than in
HIV-1 RT plays a stabilizing role.

Primer/Template Binding DNase | protection analyses
of replication complexes containing homodimeric EIAV p51/
51 or EIAV p66/66 RT already indicated that the absence
of the RNase H domain in EIAV p51/51 reduces the stability
of the RT/DNA complex. Partial DNase | treatment of the
EIAV p51/51/DNA complex did not lead to a footprint,
whereas with the EIAV p66/66 enzyme a footprint could be
obtained 9).

Fluorescence equilibrium titrations were performed to
determine the affinity of EIAV p66/51 and EIAV p51/51
RT to a fluorescently labeled 18/36mer DNA/DNA substrate.
We have shown previously with HIV-1 RT that the fluo-
rescent FAM label at the'&nd of the primer does not
significantly influence the affinity of RT for its nucleic acid
substrate and can therefore be used as a signal to measure
binding (15). Figure 4 shows the titration curves obtained
with EIAV p66/51 and EIAV p51/51 RT. The different
degrees of fluorescence quenching obtained are probably due
to a different environment of the FAM label in the two
enzymes. Since the label is at tHeehd of the primer, it is
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L B B p/t of EIAV p51/51 RT is correlated at least partially to a
faster dissociation of the p/t from the enzyme from the first
bound state. However, as described below, the dissociation
rate constant for the second stepsis also different for the
two enzymes.

Kinetics of Nucleotide Incorporationin addition to the
C increased dissociation rate for p/t from the first bound state,
o4 Lo 1 deletion of the RNase H domain could lead to conformational

0 150 300 450 600 changes in the p51 homodimer or of the enzympk
RT (nM) complex that influence the kinetics of nucleotide incorpora-

FIGURE 4: Fluorescence equilibrium titrations with p/t DNA. A~ tion with EIAV p51/51. To address this question, we used
20 nM aliquot of FAM-labeled p/t DNA was titrated with EIAV ~ the quench flow metho®() to measure the pre-steady-state
p66/51 @) or EIAV p51/51 (1) at 25°C in reaction buffer using  rate constant of the incorporation of a single nucleotide into

the decrease of the fluorescence as a signal for binding. The curvesy adiolabeled 18/36mer DNA/DNA p/t and a 20/35mer
show the best fit to a quadratic equation describing the binding DNA/RNA o/t sub Fi 7a sh h ical ti
equilibrium withKq values of 4 and 40 nM for p66/51 and p51/51, p/t substrate. Figure 7a shows the typical time

respectively (see also Table 1). dependence of dTTP incorporation with a complex of 100
nM EIAV p66/51 and 200 nM DNA/DNA p/t at a concen-
located in the vicinity of the RNase H domain in the tration of 100uM dTTP.
heterodimer. However, this domain is missing in the  Under the conditions used for EIAV p66/51 (Figure 7a),
homodimer. Analysis of the data reveal&avalue for the EIAV p51/51 yields a small overall burst amplitude (Figure
homodimeric EIAV p51/51 enzyme that is 10-fold higher 7b) since due to its low affinity for DNA/DNA p/t the RT
than that of the wt EIAV p66/51 RT (Table 1). This result concentration is not saturating. To test whether the dTTP
suggests that the distributive mode of polymerization ob- concentration was saturating, nucleotide incorporation with
served with EIAV p51/51 RT&) on DNA substrates is at EIAV p51/51 was assayed at elevated dTTP concentrations
least in part due to the reduced affinity for DNA. of 1 and 2.5 mM. However, no increase of the burst rate
In addition, the affinities for an 20/35mer DNA/RNA p/t  was observed (data not shown). To determine the two phases
were determined by displacing the fluorescently labeled of the burst more precisely, a higher enzyme concentration
DNA/DNA p/t in the RT—p/t complex with the unlabeled of 500 nM was used for EIAV p51/51 (Figure 7b). The
DNA/RNA p/t (data not shown). Evaluation of the data led best fit for both enzymes was obtained by fitting the data to
to Ky values for EIAV p66/51 and EIAV p51/51 of0.5 a burst equation with two exponentials plus slope. When
nM and of about 14 nM, respectively, indicating a tighter p/t is in excess to RT, the slope reflects the slow steady-
binding of DNA/RNA substrates of both enzymes. state phase and yieldgiss The two exponential phases
For HIV-1 RT, it has been shown that the binding of p/t reflect the amount of RT that is bound to p/tin a productive
DNA takes place in several steps. First a concentration- manner at the beginning of the reaction. The burst obtained
dependent step is observed that leads to the formation of awith HIV-1 RT on DNA/DNA substrates has previously been
collision complex, which is then succeeded by a conforma- described by only one exponential phag&)( However, a
tional change to form a tight RTp/t complex with an overall ~ more precise analysis of the data obtained with HIV-1 RT
Kg in the nanomolar range0, 23. To analyze which step  on DNA substrates shows that the burst is also composed of
of p/t binding is impaired with EIAV p51/51 RT, we used two exponential phases, similar to those found here with
pre-steady-state kinetic techniques. Stopped-flow measure-EIAV RT (B.M.W. and R.K., unpublished results). For
ments were performed with a DNA/DNA p/t to obtain the comparison, the fits obtained by a burst equation with one
rate constants for the first and the second step of p/t binding.exponential are shown by dotted line for the two enzymes.
For rapid mixing studies in the stopped-flow instrument, =~ Comparison of the maximal pre-steady-state burst rates
a p/t was used with a mansyl group attached at the next tofor nucleotide incorporatiorkf.: andky.r) indicates that the
the last nucleotide of the' 2nd of the primer. Figure 5 low affinity of EIAV p51/51 for DNA/DNA p/t does not
shows a typical stopped-flow result obtained with EIAV p66/ have a large effect on the achievable incorporation rates. A
51 RT under pseudo-first-order conditions. Similar to HIV-1 fraction of the EIAV p51/5%p/t complex incorporates dTTP
RT, EIAV p66/51 and EIAV p51/51 appear to bind p/t in  with almost the same high rates as the EIAV p66/51 enzyme.
two phases: a rapid first phase leading to a fluorescenceHowever, the amplitudes of the two burst phases differ
increase which reflects the relatively weak initial binding significantly for the two enzymes (Table 2). With EIAV p51/
and a second slow phase leading to a decrease of thebl, the faster first exponential phase represents only ca. 13%
fluorescence signal, which represents the conformational of the total burst amplitude, whereas with EIAV p66/51 the
change yieldind. in the scheme of Rittinger et ak(). In first phase is about 43% of the total amplitude. These data
Figure 6 the concentration dependence of the pseudo-first-imply that loss of the RNase H domain results in a different
order rate constant of p/t binding is shown with both nucleotide incorporation behavior of EIAV p51/51. Ad-
enzymes. The slope of the line yields the association rateditionally, the steady-state ratég() of EIAV p51/51 is
constantky,, and the intercept with thg-axis yields the 7-fold increased due to the faster rate-limiting product
dissociation rate constakt;. The values foik:; and for dissociation step (Table 2).
the isomerization stek,, were essentially the same for the The results obtained with a DNA/RNA p/t are different
two enzymes (Table 1). Howevdk,; obtained with EIAV (Figure 7c). Obviously, the burst amplitudes are much larger,
p51/51 is about 17.4-fold higher than that of the EIAV p66/ which could in part be due to the higher affinity of both
51 enzyme. These data show that the reduced affinity for enzymes for this substrate. This observation is especially

°
o N

e
o

relative fluorescence
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Table 1: Parameters for p/t (DNA/DNA) Binding

enzyme Kq (nM) ki1(x1® M~1s™) ko1(s™ K2 (59
EIAV p66/51 4(-0.6) 1.31 £:0.02) 8.9 (:7.37) 12 (-1.5)
(DNA/RNA: <0.5)
EIAV p51/51 40 (£1.2) 0.78 (-0.013) 155 £:3.75) 12 (-0.4)

(DNA/RNA: 14)

indicate that the binding of the RTs to DNA/RNA pl/t is
different from the binding to DNA/DNA substrates.

DISCUSSION

We have shown previously that the heterodimeric EIAV
p66/51 and the homodimeric EIAV p66/66, similar to their
HIV-1 counterparts, polymerize DNA in a processive mode
whereas EIAV p51/51 and HIV p51/51 show a distributive
— mode of polymerizationq, 9). Experiments presented in
A this paper help to understand the different modes of polym-
T3} S - erization found between homo- and heterodimeric RT
- 0 002 004 008 088 01 4 enzymes of closely related retroviruses such as EIAV, HIV-
1 L 1, and HIV-2. In addition, these analyses provide valuable

0 2 4 6 8 10 12 information on the structure of homodimeric RT.

EIAV RT was chosen to compare the mechanism of
polymerization of the p66/51 and p51/51 variants because
Ficure 5: Kinetics of binding of a fluorescently labeled p/t DNA  in contrast to its HIV-1 counterparts stable dimeric proteins
to EIAV p66/51 RT. A typical stopped-flow result obtained is  are formed §). This result was confirmed by the data
shown. A 50 nM sample of p/t was rapidly mixed with 200 "M o anted here (Figure 3). Under conditions where mono-
RT. Excitation was at 364 nm, and emission was detected via a L . .
cutoff filter (389 nm). merization of the stable heterodimeric HIV-1 p66/51 can be
observed by the addition of acetonitrilé, 22, only EIAV
p51/51 could be monomerized, but not EIAV p66/51. This
result indicates stronger or different interactions between the
EIAV RT subunits than between the subunits of HIV-1 RT.
lonic interactions are unlikely to play a decisive role since
the purification procedure in a buffer contaigida M NaCl
should then have led to a weakening of such interactions,
thus leading to monomeric protein.

Comparative analysis of the dimer stability of HIV-1 and

relative fluorescence
-—
)
|

[

time (sec)

700 T T T T T T T
DNA/DNA p/t

600
500
400

kobs (1/5)

300

200 & EIAV p51/51 |

100 ® EIAVpsEI51 HIV-2 RT showed that the latter also forms a more stable
o K 1 dimer 24, 29. Differences in secondary structure could be

0 100 200 300 400 500 responsible for this result. Secondary structure predictions
RT (nM) with HIV-2 RT using the protein structure prediction program

. ) SOPM @4) reveal a possible structural variance between
Ficure 6: Dependence of the pseudo-first-order rate constant of : ; . . .
p/t binding on the RT concentration. A constant concentration of HIV-1 and HIV-2 RT in a region !Ocated in the. junction
the fluorescently labeled p/t of 50 nM and increasing concentrations between the thumb and connection subdomains between
of EIAV p66/51 @) or EIAV p51/51 (») were used to determine  amino acids 312 and 332. In this area, the crystal structure
the observed rate constants for each concentration. The slope ofpf H|V-1 RT shows the formation of tws-strands whereas

the linear fit yieldsky,; the intercept with they-axis yieldsk_;. ~ haliv i . .
The values fok.; andK_; with EIAV p66/51 are 1.31x 10° M-1 for HIV-2 RT an a-helix is predicted. Computer analysis

s1and 8.9 s, respectively. With EIAV p51/51k.4 is 0.78 x of EIAV RT with the program ‘PredictProtein’ (http:/
10° M~1standk-; equals 155! Fork,,, values of 12 st were www.embl.heidelberg.de/predictprotein/) also predicts an
obtained for both enzymes. A summary is shown in Table 1. o-helix in this area. Amino acid comparison of this region
between the three RTs shows that both EIAV RT and HIV-2
striking with the homodimeric EIAV p51/51 where the total RT, but not HIV-1 RT, contain a stretch of glutamic acid
burst amplitude using 100 nM RT reaches about 89 nM as residues that is probably responsible for the formation of an
compared to about 15.9 nM using the DNA/DNA substrate. o-helix. The motif QEEEELE is found at positions 320
Also, contrary to the results obtained with the DNA/DNA 326 in the HIV-244 iSolate while the region at positions
p/t, almost all of EIAV p66/51 is bound to the substrate at 323—-330 in EIAV RT possesses the sequence PEEEMLCE.
the beginning of the reaction, yielding a total burst amplitude In addition to this region, a tryptophan motif, TWETWW-
of 93 nM. In addition, the maximal burst rates obtained for TEYWQ, between amino acids 396 and 406 in HIV-1 RT
the two enzymes are comparable. Due to the very high appears to be important for dimerizatio?4( 26. Again,
affinity of EIAV p66/51 for the DNA/RNA p/t Kg4 < 0.5 this region looks different in EIAV RT and lacks two of the
nM), the value forkgiss is much lower (0.007 §) than the four tryptophan residues (aa 39908: MWEMQKGWYY).
value obtained with EIAV p51/5k{iss= 0.1 s%). Our data We assume that these alterations in the EIAV RT sequence
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Ficure 7: Kinetics of nucleotide incorporation with EIAV p66/51
and EIAV p51/51 RT. Data were fitted to a double-exponential

Souquet et al.

contribute to a change in the geometry of the dimer, leading

to a more ‘closed conformation’ of the enzyme that stabilizes

the dimer state. Therefore, the enzyme is less sensitive to
the organic solvent acetonitrile.

Analysis of the kinetics of p/t binding suggests that the
distributive phenotype of polymerization associated with the
homodimeric EIAV enzyme is at least in part due to a
decrease in the affinity for p/t substrates. Bkth (the rate
constant for dissociation from the first bound state) knd
as estimated from the rate of the steady-state phase, are
increased in EIAV p51/51 RT. The decrease in affinity for
p/t makes it more likely for EIAV p51/51 as compared to
the p66/51 heterodimer to dissociate from p/t before a long
stretch of nucleotides can be incorporated. The kinetic
parameters given in Table 1 can be used to calculate the
expectedq values. If this is done, values are obtained which
are smaller than those measured directly. There are several
possible factors contributing to this discrepancy. One is that
some values obtained are for fluorescently labeled p/t, while
values from quenched-flow experiments are for unlabeled
p/t. There are two main sources of error in determining the
Kq values for EIAV p66/51 and EIAV p51/51. For EIAV
p51/51, the dissociation rate obtained from the steady-state
phase of the incorporation kinetics is poorly determined due
to the small burst amplitudes and difficulty of distinguishing
the phases (Figure 7b). Thus, it is quite possible khatis
considerably higher than the value obtained, increasing the
calculatedKy. For EIAV p66/51, the value of thg-axis
intercept that yield&-; could be higher (Figure 6), which
will also increase the calculatey value. Thus, the
discrepancy between the measured and calcul&tedlues
cannot be taken as an indication that an error has been made
in assigning the mechanism or constants for p/t binding based
on the present results.

Only minor alterations in the maximal burst rates for
nucleotide incorporation were obtained with EIAV p51/51
as compared to the heterodimeric RT. Two pre-steady-state
phases were observed with both enzymes for the DNA/DNA
as well as the DNA/RNA substrate. However, with the
DNA/DNA pft, the relative amplitude of the faster first phase
is significantly lower for EIAV p51/51 than for EIAV p66/

51 RT whereas the amplitude of the second slower phase is
larger (Table 2). We cannot yet provide a definitive

equation plus slope. The best fits obtained with a single-exponential explanation of the biphasic nucleotide incorporation kinetics.

equation plus slope are shown by dotted lines. (a) A preformed
complex of 200 nM DNA/DNA p/t and 100 nM EIAV p66/51 was
mixed with 100uM dTTP. The maximal values obtained for the
burst rates,on andkyoz are 40 st and 0.9 s, respectively. The
reducedy? value obtained equals 3.38 for the double-exponential
and 22.9 for the single-exponential fit. (b) A preformed complex
of either 200 nM DNA/DNA p/t and 100 nM EIAV p51/51a) or

100 nM p/t DNA/DNA and 500 nM EIAV p51/51&) was mixed
with 100uM dTTP. (The reduceg? for the double-exponential fit

at 500 nM RT equals 1; for the single-exponential fit, the reduced
x? equals 6.4.) The maximal values for the burst rd¢gs and
koolz are 31.6 st and 0.34 st, respectively, at an RT concentration
of 500 nM. The slope of the curve obtained with 100 nM RT was
used to determinkyiss () A preformed complex of 200 nM DNA/
RNA p/t and 100 nM EIAV p51/514) or 100 nM EIAV p66/51
(®) was mixed with 10uM dTTP. The maximal values for the
burst rateso; andkgo, are 22.7 s and 0.9 s?, respectively, for
EIAV p51/51 (reduceg? = 11 for the double-exponential and 25.6
for the single-exponential fit) and 24.1'sand 4.3 s?, respectively,

for EIAV p66/51 (reduceg? = 2.5 for the double-exponential and
8.2 for the single-exponential fit). A summary of the data is shown
in Table 2.

Here, we suggest a model in which the two burst phases
could represent a slow conformational change of the p/t
substrate from an unfavorable nonproductive form into a
more favorable and thus more active conformation. In this
model, the first fast phase would represent an—Rk
complex in the favorable productive conformation for
nucleotide incorporation, whereas the slower second burst
phase would represent an Rp/t complex in the less
favorable conformation that has to undergo a conformational
change in order to be able to incorporate nucleotide.
Alternatively, the second phase could represent an unfavor-
able complex which is not in equilibrium with the other
complex but is able to incorporate nucleotide at a reduced
rate. We are not able to distinguish between these possibili-
ties with the available data. Whichever alternative is correct,
we conclude that with DNA/DNA substrates a significantly
smaller fraction of the enzymesubstrate complex is in the
active or more active conformation with EIAV p51/51 than
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Table 2: Parameters for Incorporation of dTTP into DNA/DNA and DNA/RNA p/t

primer/template enzyme Kpoi1 (579 amplitude 1 (nM) Kpoi2(S74) amplitude 2 (nM) Kaiss(S™Y)
DNA/DNA EIAV p66/51 40 (10) 19.7 &2) 0.9 (-0.5) 26.5 (£12) 0.04
EIAV p51/51 31.6 £13.3¢ 6.1 (+0.8p 0.34 &0.02y7 54.1 @&1.97 0.28
DNA/RNA EIAV p66/51 24.1 &4.9) 49.9 (:9.7) 4.3 (¢1.14) 43.1 {£9) 0.007
EIAV p51/51 22.7 {£4.8) 52.5 {£5.2) 0.9 ¢£0.65) 37 ¢11.5) 0.1

aValues obtained at 500 nM EIAVp51/51.

with EIAV p66/51. However, our results with the DNA/  mation for nucleotide incorporation with DNA/DNA p/t and
RNA p/t demonstrate very clearly that EIAV p51/51 is able in addition thekgiss values for EIAV p51/51 are increased
to incorporate nucleotides as effectively as the heterodimerfor both substrates, the whole polymerization process is
and with similar burst amplitudes. In this case, the major slowed. Together with the reduced p/t binding activity this
difference between the two enzymes is not the burst rate orleads to the lower specific activity observed for EIAV p51/
amplitude but the difference kyss(Figure 7c). Theseresults 51 and probably contributes to its distributive mode of
imply that the total burst amplitude of only 42% obtained polymerization, since it is the ratio of the effective rate of
for EIAV p66/51 with the DNA/DNA p/t is not due to @  polymerization to the dissociation ratdgd/kis) Which
portion of inactive enzyme in our preparation since we obtain determines processivity.
the theoretically expected burst amplitudes with the DNA/ - A consequence of the results reported here is that the two
RNA p/t. We are presently investigating the reasons for the jjenical subunits in the homodimeric enzyme can assume
different nucleotide incorporation behavior obtained with conformations similar to the p66 and p51 subunits of the
different nucleic acid substrates (manuscript in preparation). heterodimer in order to perform nucleotide incorporation at
Our data show that EIAV p51/51 behaves similarly to the gjmjjar rates. The crystal structure of the heterodimeric
heterodimeric enzyme using a DNA/RNA substrate (Figure /.1 RT shows that interactions between the p66 and p51
7c and Table 2). This may be connected with the fact that g, pynits are highly asymmetric. The subunit interface on
in general, DNA/DNA duplexes assume the B-conformation 51 jnyolves different amino acid residues than that of p66.
whereas DNA/RNA duplexes adopt an A-like conformation.  The most important difference in the structures of the two

The crystal structure of HIV-1 RT complexed with an 18/ g, nits in the heterodimer is the position of the fingers and
19mer p/t DNA/DNA substrate shows that in the region close 5 shdomains relative to that of the connection subdo-

]EO the Kol;;]meé?\lse aclzive silte _the DNA a;]ss%nl:lis_ar:) A""ée main. In p51, the connection subdomain contacts the fingers
form. Att elzBfase Bcataytlcr::enter,t N . ISh ODUIGA and palm subdomains, whereas in p66 the connection
In its normal B-form. Between the two stretches, the subdomain makes no contact with the fingers and almost

is bent by 48-45° (27). Itis assumed that this peculiar DNA none with the palm. Relative to its position in p66, the

_(I:_ck)]nformgn?ln IS mductecéubpotrr\] blndmtg |°ftRT :O the fp'/rt7D[,)\|l\'TA thumb is moved away from the palm and contacts the RNase
IS Modet 1S supported by the crystal structure o H domain. As a consequence, the connection domain is

polymerase andBacillus DNA po'y”_‘erase 28, 2.9' The . folded up between the fingers and the thumb. Thus, in p51
latter could be resolved recently with a catalytically active no binding cleft can be formed. In p66, the different folding
crystal. The polymerase complexed to DNA shows extensive contributes to the formation of the polymerase active site

sequence-independent interactions in the minor groove of - ; :
the first four base pairs extending from thet&8rminus of and a cleft that allows binding of nucleic acig%, 32, 33

the primer. These interactions are only possible by signifi- _From our results, it is apparent that one subunit in EIAV
cant underwinding of the DNA. This leads to a switch of P51/51 can assume a conformation equivalent to that of a
the sugar pucker of the C&ndo conformation characteristic P66 subunit in the heterodimer and is thus able to form a
for B-form DNA to the C3 endo conformation characteristic ~Polymerase active site, whereas the other subunit looks like
for A-form DNA. In addition, the minor groove is widened ~the pS1in the p66/51 enzyme. However, since EIAV p51/
and becomes more shallow [for revieW, 566,(3])] 51 lacks the RNase H domain, it is not able tO b|nd p/t

Probably the conformational changes that have to be Substrates as tightly as EIAV p66/51. In addition, the
imposed on a DNA/RNA p/t are not that drastic since the Catalytically competent form of the Rip/t complex is less
substrate is already in an A-like conformation. We believe Stable with EIAV p51/51. Apparently the deletion of the
that the reason for the higher burst amplitude we obtain with RNase H domain leads to a weakening of the dimer stability
the DNA/RNA p/t as compared to the DNA/DNA p/t is and the interaction with p/t that in turn impair the enzyme’s
possibly due to the conformational differences between the ability to form the proper conformation for nucleotide
two substrates. Experiments to prove this hypothesis are!ncorporation.
currently performed. Our conclusions are supported by a recent re[®#} in

Our results show that a small fraction of the EIAV p51/ which the authors show that the HIV p51/51 is inhibited by
51-DNA/DNA complex and a significantly larger fraction ~an inhibitor of the nonnucleoside class. This group of
of the EIAV p51/5--DNA/RNA complex are able to inhibitors binds to a hydrophobic pocket located close to the
incorporate nucleotide with similar rates as EIAV p66/51 polymerase active site in the heterodimeric enzyme. Only
(Table 2), implying that the polymerase active site of the one binding site is found in p66/51, and the hydrophobic
EIAV p51/51 homodimer can exist in a form more or less pocket is not present in p51. Therefore, the authors suggest
identical to that of the heterodimeric p66/51 enzyme. that the homodimeric enzyme must adopt a conformation
However, since more enzyme is in the unfavorable confor- similar to p66/51.
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It is a quite unusual situation in known protein structures

that the subunits of a protein homodimer possess different

conformations. X-ray crystallographic data of the HIV-1
protease and the catalytic domain of the integrase, which
are both homodimeric enzymes, show a symmetrical con-
formation of both subunits36, 3§. We therefore suggest
that EIAV p51/51 is an interesting candidate for crystalliza-
tion and structure determination in order to clarify the origins
of structural differences in the subunits of a homodimer.

However, the results presented suggest that crystallization

of complexes between RTs and p/t molecules will generally
be complicated by the presence of different forms of the
complex which are in equilibrium with each other. This may

be the reason it has only been possible so far to solve the

HIV-1 RT substrate complex with a p/t of atypical structure
(only one 5 overhanging nucleotide of the template) and an
antibody fragment.
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