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Abstract

Structural and biochemical evidence strongly supports a heterodimeric (p66p51) active form for human immu-
nodeficiency virus-1 reverse transcriptase (RT). Heterodimer stability was examined by sedimentation analysis as
a function of temperature and ionic strength. Using NONLIN regression software, monomer~dimer-trimer and
monomer-dimer-tetramer association models gave the best fit to the analytical ultracentrifuge sedimentation equi-
librium data. The heterodimer is the predominant form of RT at 5 °C, with a dimerization K, value of 5.2 x 10°
M~! for both models. K, values of 2.1 x 10° and 3.8 x 10° M~! were obtained for the respective association mod-
els at 20 °C. RT in 50 and 100 mM Tris, pH 7.0, completely dissociates at 37 °C and behaves as an ideal mono-
meric species. The dissociation of RT as a function of increasing temperature was also observed by measuring
the decrease in sedimentation velocity (s, 20)- If the stabilization of the heterodimer was due primarily to hydro-
phobic interactions we would anticipate an increase in the association from 21 °C to 37 °C. The opposite temper-
ature dependence for the association of RT suggests that electrostatic and hydrogen bond interactions play an
important role in stabilizing heterodimers. To examine the effect of ionic strength on p66p351 association we de-
termined the changes in s,, 5 as a function of NaCl concentration. There is a sharp decrease in s,, 5, between 0.10
and 0.5 M NaCl, leading to apparent complete dissociation. The above results support a major role for electro-
static interactions in the stabilization of the RT heterodimer.
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The human immunodeficiency virus (HIV) reverse transcriptase
(RT) is the enzyme responsible for the conversion of the viral
genome from a single-stranded RNA to double-stranded DNA,
which is then integrated into the cellular genome by a viral-coded
integrase. RT has been a major target for the treatment of ac-
quired immunodeficiency syndrome (AIDS). The native enzyme
has DNA polymerase and RNase H activities and exists as a het-
erodimer containing polypeptides of approximately 66 and 51
kDa (DiMarzo-Veronese et al., 1986; Lightfoote et al., 1986).
The p66 subunit contains both the DNA polymerase and RNase
H functional domains, whereas the smaller polypeptide, p51,
lacks the carboxyl-terminal RNase H domain (Hansen et al.,
1988). RT and the viral DNA integration protein are synthesized
as part of the gag-pol precursor polyprotein (for review see,
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Whitcomb & Hughes, 1992). Cleavage of gag-po! polyprotein
by the virally encoded protease releases p66, which is capable
of forming a weakly associated homodimer (Becerra et al.,
1991). Either the homodimer or the p66 monomer is the sub-
strate for additional viral protease processing, which leads to sta-
ble p66p51 heterodimers.

Two recent X-ray crystallographic studies of HIV-1 RT have
resulted in the 3-dimensional structure of the enzyme, provid-
ing a description of the folding and topology of the individual
subdomains (Kohlstaedt et al., 1992; Jacobo-Molina et al., 1993;
Nanni et al., 1993). The crystal structure analysis of RT at 3.0 A
resolution has delineated 4 subdomains, 3 of which have been
designated as fingers, palm, and thumb because the polymer-
ase domain resembles a hand. A connection subdomain joins
the polymerase domain to the RNase H domain in the p66 pro-
tomer. The conformations of p66 and p51 subunits are aston-
ishingly different considering that the 2 proteins have the same
amino acid sequence with the exception of the RNase H domain
of p66. The p66 subunit has a large cleft, containing the primer/
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template binding and the catalytic sites for DNA polymeriza-
tion, analogous to that of the Klenow fragment of Escherichia
coli DNA polymerase 1 (Joyce & Steitz, 1987). The pS1 subunit
has no such cleft because the 4 polymerase subdomains occupy
completely different relative positions. The conformation of p51
completely buries the residues thought to be involved in catal-
ysis. Interactions between the connection subdomains dominate
the dimer interface, but lesser contact interactions also occur
between the RNase H and the pS1 thumb and connection sub-
domains and between the p51 fingers and the p66 palm and con-
nection subdomains.

The biochemical data concerning dimer interface interactions
is quite limited and conflicting. HIV-1 RT can be dissociated
with 20% acetonitrile and reassociation can be initiated by re-
ducing the acetonitrile concentration to 5% (Restle et al., 1990,
1992). This approach revealed that both the DNA polymerase
and the RNase H activities of RT are exclusively confined to the
dimeric form with both heterodimers and p66 homodimers hav-
ing comparable enzymatic activities (Restle et al., 1990, 1992).
However, p51 self-association is very weak, with low DNA po-
lymerization activity (Restle et al., 1990). Furthermore, there was
no apparent evidence of heterodimer dissociation at an RT con-
centration of 680 nM at 0 °C using HPLC gel exclusion meth-
odology to detect monomers and dimers (Restle et al., 1990). An
estimated association constant of 10° M ~! or greater was made
based on the above result (Restle et al., 1990). The acetonitrile-
induced dissociation can also be detected from the observed dif-
ference in fluorescence spectra for the dimer and monomer
subunits, and a value of 1.47 x 108 M~! was obtained at 25 °C
in support of the value cited above (Divita et al., 1993b). In con-
trast to the above result, a K, value of 4.92 x 10° M~ at 5§ °C was
determined using sedimentation equilibrium analysis (Becerra
et al., 1991). The latter study also analyzed p66pS51 formation
at different NaCl concentrations by an immunoprecipitation as-
say and found that heterodimer formation was apparently not
affected by 1.125 M NaCl. Becerra et al. (1991) contend that
these results suggest that p66p51 formation has a large hydro-
phobic component because significant ionic interactions should
have been neutralized by greater than 1 M NaCl, thereby resulting
in dissociation. No attempt was made to confirm the ionic-
strength results by sedimentation equilibrium or velocity mea-
surements (Becerra et al., 1991).

Because dimerization is required to generate a functional en-
zyme, it has been suggested that agents that can bind at the di-
mer interface and prevent subunit association could represent
a novel therapeutic approach to stem the progression of AIDS
(Restle et al., 1990; Babe et al., 1992; Nanni et al., 1993). Very
recently, several peptides derived from the connection domain
have been shown to inhibit the dimerization of RT (Divita et al.,
1994). To extend this approach, it is extremely important to es-
tablish the strength and nature of the protein-protein interac-
tions involved in stabilizing the p66p51 heterodimer. The limited
number of studies and conflicting data on RT heterodimer sta-
bility warranted further studies to examine the association of
HIV-1 RT as a function of temperature and ionic strength. We
have discovered that heterodimer association is only moderately
stable at 5 °C and 20 °C. To our surprise, RT, in 50 and 100 mM
Tris, pH 7.0, completely dissociates at 37 °C, and behaves as an
ideal monomeric species. Furthermore, increasing salt concen-
tration leads to full dissociation of HIV-RT as monitored by sed-
imentation velocity analysis. The temperature and ionic strength
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dependence of the p66p51 association strongly supports a ma-
jor role for electrostatic interactions in stabilizing the HIV-1 RT
heterodimer.

Results

Sedimentation equilibrium measurements of RT
heterodimer stability as a function of
temperature at 5, 20, and 37°C

Sedimentation equilibrium data were obtained for RT at 5 °C
and 20 °C in both 50 mM and 100 mM Tris buffer at pH 7.0,
using both the Beckman model E (Rayleigh interference optics)
and the XLA (absorption optics) analytical ultracentrifuges. Fig-
ure 1 presents the concentration of RT as a function of (radial
distance)?/2 for the 5 °C data. Comparable sedimentation equi-
librium data obtained at 20 °C are not shown. As described in
the Materials and methods, the data were fitted globally with
the nonlinear least-squares fitting program (NONLIN). An in-
set in Figure 1 shows the distribution of the deviations of the
concentration (residuals) from the fitted curve. Assuming that
each monomer does not self-associate, heterodimer formation
from p66 and p51 subunits can be considered to be a self-
association of “pseudo” monomers with one-half the molecu-
lar weight of the heterodimer. This approach is reasonable
because Becerra et al. (1991) found that the p51 monomer did
not dimerize, and self-association of the p66 monomer had a di-
merization constant of about one-tenth that of the heterodimer.
It was found from the NONLIN analysis of the data that a
monomer-dimer equilibrium best describes the first association
step at 5 °C and 20 °C. No other model for the first association
step even nearly fit the data. In addition to the monomer-dimer
model, further association was detected and described by 2 mod-
els that fit the data equally well, i.e., the monomer-dimer-trimer
and monomer-dimer-tetramer models. Although it was not pos-
sible to determine 1 best association model for RT, it is clear that
there is a higher degree of association beyond dimer present, i.e.,
a small fraction of either trimers or tetramers can form. The re-
spective association constants and the monomer molecular
weights of the successful NONLIN fits are presented in Table 1.
The monomer molecular weights for each of these successful fits
were in agreement with that calculated for the pseudo monomer.
Because the results were very similar at both 50 mM and 100 mM
Tris, only the latter results are reported in detail in Table 1.

The dimerization constant found at 5 °C is in good agreement
with that found by Becerra et al. (1991) and is of such a magni-
tude that, at 1 mg/mL total protein concentration, there is only
about 28% monomer present. There is a decrease in the dimer-
ization constant upon increasing the temperature to 20 °C no
matter which model is chosen for the second association step
(Table 1). The fraction of monomer present at 1 mg/mL pro-
tein concentration increases to between 30% and 40%, depend-
ing on the 20 °C dimerization constant.

Figure 2 shows the sedimentation equilibrium data for RT
(100 mM Tris, pH 7.0) at 37 °C. The best fit to the sedimenta-
tion equilibrium results obtained at 37 °C at both 50 mM (results
not shown) and 100 mM Tris indicates that ideal monomeric spe-
cies are almost exclusively present with a molecular weight aver-
age similar to that of the pseudomonomer. The inset to Figure 2
shows small random deviations of the sedimentation equilibrium
data from the exponential fit for ideal monomeric behavior.
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Deviation (0.D.)

Fig. 1. Rayleigh optics sedimentation equilib-
rium data at 16,000 rpm obtained for 3 concen-
trations of HIV-1 RT in 100 mM Tris, pH 7.0,
at 5 °C. Concentration distributions of RT as a
function of (radial distance)?/2 are: open cir-
cles, loading concentration (0.7 mg/mL); open

Concentration (mg/ml)

Concentration (mg/mi)

triangles, loading concentration (0.14 mg/mL);
and closed circles, loading concentration (0.028
mg/mL). Inset: The deviations of the concentra-
tion, expressed in OD units, from the exponen-
tial fit of the monomer-dimer-trimer model.
Symbols correspond to data symbols from the
equilibrium concentration distributions given
above.

2¢

(Radius)==2 /2

Sedimentation velocity analyses of the dissociation and
reassociation of RT as a function of temperature

One can predict the sedimentation velocity coefficients for spher-
ical proteins by combining the Svedberg equation and Stokes
equation for the frictional coefficient to obtain Equation 1
(Teller et al., 1979).

(1 —vp)
s =0.010M3" — o)

where M equals the molecular weight and 7 and p are the par-
tial specific volume of the protein and density of the sedimen-
tation solvent, respectively. Using Equation 1, we predict s,, 5o

Table 1. Results of best fits for HIV-1 RT at indicated temperatures in 100 mM Tris buffer, pH 7.0*

[S]
@

values of 7.44S and 4.68S for the heterodimer and monomers
(weight average), respectively. Sucrose density gradient analy-
sis of RT was able to partially resolve monomers from the ma-
jor heterodimer component, and we obtained s,, 5, values of
7.1S and 4.9S for the heterodimer artd monomer peak positions,
respectively, relative to a B-amylase 8.9S marker (results not
shown). Within experimental error, the measured s,, 5o values
are in good agreement with the hydrodynamic behavior antici-
pated for essentially spherical heterodimer and monomer mol-
ecules. The limited asymmetry shown in the crystal structure for
monomers and dimers would not be detected by the s, 5
measurements.

Based on the dissociation of RT at 37 °C observed by sedi-
mentation equilibrium, we would anticipate that the stability of

Association constants

Temperature Monomer-~dimer Monomer-trimer® Monomer-tetramer® M, (kDa)
5°C 5.2+0.5x 10° 4 x 10° - 56.4 + 0.7
5.2+ 0.5 x 10° — 1 x 10% 56.4 + 0.7
20°C 2.1+ 1.7 x10° 4 x 10° — 54.6 + 0.7
3.8 + 0.4 x 10° - 5% 10" 56.0 + 0.7
37°C No association detectable — — — 58.5 £ 4.3

ideal single component

2 For respective monomer to n-mer equilibria, units are M{~"*1). Dimer to trimer K, values are 7.7 x 10° M~" and 1.9 x
10* M~! at 5 °C and 20 °C, respectively. Dimer to tetramer K, values are 3.7 x 102 M~! and 3.5 x 10 M ™' at 5 °C and 20 °C,

respectively.
b Confidence limits extremely large and unsymmetrical.

© Monomer molecular weight predicted for given association model, to be compared with the calculated monomer molecu-
lar weight (from amino acid composition) of the 1/2 heterodimer, i.e., 57.1 kDa.
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the heterodimer should decrease as a function of increasing tem-
perature from 20 °C to 37 °C with a concomitant decrease in
Sy.20 for RT. This prediction was realized. Band sedimentation
velocity analysis (Vinograd et al., 1963) revealed the progressive
dissociation of the heterodimer as monitored by a decrease in
Sw,20 from approximately 7.10S to 5.65S from 21 °C to 37°C
(dashed curve, Fig. 3). Based on an anticipated 4.7S weight av-
erage s,, 50 value for monomers, full dissociation of RT did not
appear to have been obtained at 37 °C. However, the RT sam-
ples were only incubated at each indicated temperature for ap-
proximately 70 min, and equilibrium may not have been
achieved during this time, compared to 36 h for the sedimenta-
tion equilibrium analysis. To test this hypothesis, we incubated
RT samples at 20, 27, and 30 °C for 36 h, and sedimentation ve-
locity experiments were performed at each of the indicated tem-
peratures (solid line curve, Fig. 3). It is evident that a 36-h
temperature incubation leads to a sharp decrease in sedimenta-
tion velocity. An s, ,o value of 2.56S was obtained at 30 °C,
which is well below the s,,,, value for monomers, indicating
that complete dissociation and some monomer unfolding had
occurred during the long temperature incubation period. No
degradation of enzyme was evident from an SDS gel electropho-
resis analysis of the 30 °C RT sample (results not shown). From
the 37 °C nonequilibrium s,, 5, value of 5.65S, we estimate that
the fraction of dimers present at 70 min was 0.40 using the val-
ues of 7.1S and 4.7S for complete association and dissociation,
respectively. From first-order dissociation kinetics (In 0.40/4,200),
we calculate a dissociation rate constant of 2.2 x 10™%s~! and
a t,,, of 53 min at 37 °C. It would require 5.8 h to achieve 99%
dissociation. From the 27 °C nonequilibrium s, 5o value of
6.58S, the fraction of dimers present at 70 min was 0.75, and we
estimate a dissociation rate constant of 6.85x 10> M~! s~!,
The fraction of dimers at 27 °C, after 36 h, is estimated to be
0.08 from the s, 5o value of 4.92S. From the above 27 °C rate
constant, this level of subunit dissociation would require 10.3 h.

The above rough estimates of dissociation rate constants point
out that the 36-h incubation period was far in excess of the time
needed for full dissociation. The results presented in Figure 3
and the sedimentation equilibrium data provide conclusive ev-
idence for temperature-induced dissociation of HIV-1 RT in 50
and 100 mM Tris buffer at pH 7.0.

Heterodimer reversibility was examined by incubating RT
samples at 37 °C for 19 h and 47 h, respectively, followed by a

44
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Fig. 3. Sedimentation velocity (s, 20) of HIV-1 RT as a function of
temperature. Band sedimentation velocity analysis of RT was performed
in the model E analytical ultracentrifuge at the indicated temperatures.
The dashed and solid curves represent RT temperature incubation at the
indicated temperatures for approximately 70 min and 36 h, respectively.
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temperature quench to 0 °C for approximately 1 h, and band
sedimentation velocity analysis at 20 °C to evaluate the extent
of reassociation of monomers. Values of s, ,, of 6.45S and
6.77S were obtained for the respective experiments, indicating
that substantial reassociation occurred.

Sedimentation velocity analysis of the dissociation
of RT as a function of NaCl concentration

To examine the effect of ionic strength on p66p51 association,
we determined the changes in s, 5, as a function of NaCl con-
centration (Fig. 4). It is evident that there is a sharp decrease in
Sy.20 between 0.10 and 0.5 M NaCl, leading to apparent com-
plete dissociation based on the s, ,, values obtained.

An average s, 5, value of 3.6S was obtained for monomer
subunits between 0.5 and 1.0 M NaCl (Fig. 4), which is signifi-
cantly below the anticipated weight average s, 5, for spherical
monomers of 4.7S. We have observed variability in the stabil-
ity of different RT preparations and were concerned that pro-
teolytic cleavage sites could be present in the heterodimer, with
peptide release occurring upon monomer formation. A reduc-
tion of the molecular weight for monomers after salt-induced
dissociation could account for the observed lower s,, 5, values.
SDS-gel electrophoresis analysis of the RT samples was used to
test this hypothesis (Fig. 5). RT before and after exposure to
1.0 M NaCl showed intact p66 and pS1 polypeptides and very
low amounts of smaller molecular weight peptides. Conse-
quently, the lower than anticipated s, 5, values obtained for
monomers is not due to molecular weight changes upon disso-
ciation. The variability of the higher salt s,, 5, values could be
due simply to much larger experimental error in the measure-
ments due to the increased boundary spreading caused by the
smaller diffusion coefficient of monomers. It was possible to ex-
amine this question, at a later date, with another preparation
of RT. RT samples in 0.5-1.0 M NaCl were analyzed in an XL-
A analytical ultracentrifuge using a graphical methodology that
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Fig. 4. The sedimentation velocity (s,,20) of HIV-1 RT as a function
of NaCl concentration. Boundary sedimentation velocity analysis was
performed in the model E analytical ultracentrifuge as a function of the
indicated NaCl concentrations.
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Fig. 5. SDS-PAGE analysis of the molecular weight integrity of RT sub-
units before and after exposure to 1.0 M NaCl. Lane 1, molecular weight
markers by decreasing molecular weight: rabbit muscle phosphorylase
b, bovine serum albumin, hen egg white, ovalbumin, and bovine car-
bonic anhydrase. Lane 2, electrophoretic analysis of 30 g of RT that
was affinity purified using a single-strand DNA column as described in
the Materials and methods. Lane 3, electrophoretic analysis of 30 ug of
RT from the 1.0 M NaCl velocity sedimentation analysis dialyzed against
20 mM Tris, pH 7; single-strand DNA affinity purified and dialyzed;
and concentrated into 20 mM Tris, 50 mM NaCl, pH 7. RT was stored
at —20 °C before analysis. Lane 4, electrophoretic analysis of 6 ug of
RT from the 1.0 M NacCl velocity sedimentation analysis and treated sim-
ilarly to the RT sample in lane 3 but finally dialyzed against double-
distilled H>O. RT was stored at 4 °C before analysis.

removes boundary spreading due to diffusion (Van Holde &
Weischet, 1978). The boundary s,, 5, values measurements by
the Van Holde and Weischet analysis gave consistent values be-
tween 4.4S and 4.6S, and the integral distribution of s,, o val-
ues showed essentially complete homogeneity at each salt
concentration. It appears that the observed variability of the pla-
teau region of Figure 4 is due to the experimental error in the
measurement of the midpoints of boundary from recorder
traces. We conclude that increasing the ionic strength induces
full dissociation of RT without any significant conformational
change in the monomers.

Discussion

To extend the analysis of HIV-1 RT heterodimer stability, we
first examined the p66p51 subunit association as a function of
temperature using sedimentation equilibrium analysis. Associ-
ation constants were evaluated from the sedimentation equilib-
rium data using the NONLIN regression analysis. Monomer-
dimer-trimer and monomer-dimer-tetramer models fit the data
equally well and gave an identical heterodimer K, value at 5 °C
of 5.2 x 10° M~ (Table 1). This result is in excellent agreement
with the K, value of 4.9 x 10° M ! obtained from sedimentation
equilibrium analysis by Lewis using a monomer-dimer model
(Becerra et al., 1991). The heterodimer K, value at 20 °C was
2.1 x 10°M~" and 3.8 x 10° M~ for the respective association
models (Table 1). The sedimentation equilibrium results from
this study and the sedimentation equilibrium and gel filtration
results from Becerra et al. (1991) strongly support only a mod-
erately stable heterodimer at 5 °C and 20 °C. The sedimentation
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equilibrium results cannot be easily reconciled with reports of
a very stable heterodimer with a K, value of 1.5 x 108 M~! at
25 °C, which was obtained by dissociating RT with acetonitrile
(Restle et al., 1990; Divita et al., 1993b). The latter study used
the changes in intrinsic protein fluorescence between dimers and
monomers to determine K, values from the fraction of mono-
mers present at difference percentages of acetonitrile. These K,
values were converted into AG values and AG, values were ex-
trapolated to zero acetonitrile concentration to obtain the AG,
and K, value in water. This analysis assumes only monomer
and dimer states in the presence of different amounts of aceto-
nitrile and is dependent on the validity of the extrapolation to
0% acetonitrile.

Based on sedimentation equilibrium data, the interactions be-
tween RT subunits appear completely disrupted at 37 °C with
the generation of monomers (Fig. 2; Table 1). The dissociation
of RT as a function of increasing temperature was also detected
by monitoring the decrease in s,, 5o (Fig. 3). RT also appears to
be completely dissociated by increasing the ionic strength of the
solution based on the observed decrease in s,, 5o between 0.10
and 0.5 M NaCl (Fig. 4). Based on the temperature and ionic
strength-induced dissociation of RT, electrostatic and hydrogen
bond interactions appear to provide very substantial contribu-
tions to heterodimer stability.

Becerra et al. (1991) contend that the p66p51 formation has
a large hydrophobic component based on the inability to induce
dissociation by increasing the NaCl concentration to more than
1.0 M. Becerra et al. (1991) analyzed p66p51 formation at dif-
ferent NaCl concentrations by an immunoprecipitation experi-
mental design involving the detection of 3°S-p51 only when
complexed with p66. A careful consideration of this experimen-
tal design reveals a serious problem: immunoprecipitation of
p66/33S-p51 over an extended time period of 16 h sets up a cou-
pled reaction that continuously drives the monomer to dimer
equilibria toward the formation of heterodimer. This situation
would lead to equivalent 3*S-p51 immunoprecipitation at dif-
ferent NaCl concentrations even though K, values were signif-
icantly decreased by increasing the ionic strength. Hence, the
immunoprecipitation experimental design would not detect the
effects of increased ionic strength. Becerra et al. (1991) made
no attempt to confirm the immunoprecipitation results by sed-
imentation equilibrium or velocity measurements.

How can we account for an active enzyme at physiological
temperature if free RT appears to completely dissociate into sub-
units at 37 °C? RT-primer/template association and rate con-
stants have been determined in a number of studies using kinetic
methods (Huber et al., 1989; Kati et al., 1992; Reardon, 1992;
Beard & Wilson, 1993; Hsieh et al., 1993). For example, Kati
et al. (1992) and Hsieh et al. (1993) measured the K, for
primer/template binding at 37 °C using the burst amplitude of
single nucleotide incorporation and obtained values of 26 nM
and 4.7 nM, respectively. A K, value of <1 nM was obtained
by Beard and Wilson (1993). Divita et al. (1993a) obtained a K,
value of 1.8 nM at 25 °C from a titration curve that measured
binding from the observed changes in intrinsic protein fluores-
cence. It is evident that a variety of experimental approaches
yield K, values for primer/template binding that are predomi-
nantly in the low nanomolar range. Measurement of RT disso-
ciation rates from primer/templates can be made by trapping
free RT with an excess competitor. From the dissociation rate
constant and K, values, binding rate constants in the range of
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106-107 M~ ! s~! are obtained (Kati et al., 1992; Beard & Wil-
son, 1993; Hsieh et al., 1993). Stopped-flow kinetics gives a
value of 5§ x 108 M~! s~! (Divita et al., 1993a). Given the slow
rate of dissociation of free RT heterodimers to monomers, an
estimated ?,,, of 53 min at 37 °C, the primer/template binding
step is kinetically isolated. The stability of the binary complex
and its rapid rate of formation accounts for enzymatic activity
at 37 °C. In vivo there are 40-110 RT molecules per virion for
other retroviruses (Varmus & Swanstrom, 1984) and one would
anticipate similar values for HIV-1. From the volume of the vi-
rion, one can calculate a concentration of 14 mg/mL for 50 RT
dimers, or 1.23 x 10~* M. This concentration of RT ensures
that the primer site is bound with enzyme.

It should also be emphasized that we have determined hetero-
dimer association constants for RT only in 50 and 100 mM
Tris, pH 7.0. Divita et al. (1993b) have found that 10 mM
Mg?* enhances the heterodimer association by 100-fold. It is of
obvious importance that we extend our sedimentation analysis
to examine the effects of Mg?* coupled with other environmen-
tal parameters.

Recombinant HIV-1 RT heterodimers for these studies were
prepared by mixing E. coli cultures separately expressing the p66
and p51 subunits (see Materials and methods). The primary se-
quence of the recombinant enzyme is identical to the viral RT.
Bacterially expressed HIV-1 p66 homodimers are very sensitive
to proteolytic cleavage, leading to the formation of p66p51 het-
erodimers (Larder et al., 1987; Lowe et al., 1988; Clark et al.,
1990; Thimmig & McHenry, 1993). Although both protease pro-
cessing of p66 homodimers and p66+p51 subunit association
yield active enzyme, structural variations in heterodimers could
be envisioned based on possible subunit isomerization differ-
ences in forming heterodimers by different mechanisms. A com-
parative examination of the stability of heterodimers generated
by proteolytic processing versus heterodimers formed from sep-
arate subunits would resolve whether there are differences in di-
mer interface interactions based on differences in heterodimer
assembly pathways. The identification of the major stabilizing
interactions at the dimer interface would open the possibility of
developing potential dissociative inhibitors of RT.

Materials and methods

Materials

Deuterium oxide (99.5%) was obtained from Aldrich. [Methyl-
3H]thymidine 5'-triphosphate (specific activity 41 Ci/mmol)
was obtained from Amersham. All other chemicals used in the
study were reagent grade.

Methods

HIV-1 RT preparation, DNA polymerization assay,
and reconstitution of active enzyme from high salt

The laboratory of Dr. Casey D. Morrow and the Center for
AIDS Research Protein Expression Core Facility of UAB cre-
ated plasmids for separate expression of HIV-1 RT (viral strain
BH10) p66 and p51 subunits utilizing the T7 RNA polymerase
promoter of the plasmid. HIV-1 RT heterodimer was prepared
as follows. Separate cultures of E. coli strain BL21(DE3), which
has the T7 RNA polymerase gene inserted on the chromosome,
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under control of the lac promoter, were transformed with the
p51 and p66 pET plasmids and selected for phenotypic expres-
sion of antibiotic resistance genes. Following transformation,
the cells were grown to midlog phase and the T7 RNA polymerase
was induced by the addition of isopropyl 8-p-thiogalactopy-
ranoside. After 3 additional hours of growth at 37 °C, the E. coli
cells were collected by centrifugation and sonicated together.
The resulting supernatant was loaded onto a phosphocellulose
column at 4 °C. The column was washed overnight with 75 mM
KCl, 50mM Tris, pH 7.0, 1 mM EDTA, 10% glycerol, and 5 mM
B-mercaptoethanol. The RT was then eluted with 150 mM KCl,
precipitated with ammonium sulfate, and concentrated. The en-
zyme was stored in 50 mM Tris, pH 7.0, at 4 °C. Protein con-
centrations were determined by measuring the absorbance at
280 nm in a Cary 210 spectrophotometer using a heterodimer
value of 1.17 A,4, for 1 mg/mL, which is based on the weight
fractions of the extinction coefficients of 1.36 and 0.93 A4, for
1-mg/mL solutions of purified p66 and p51, respectively (Be-
cerra et al., 1991).

The sedimentation equilibrium experiments were performed
with 2 different preparations of the enzyme. The s,, o versus
temperature, nonequilibrium, and equilibrium experiments were
performed with 3 different preparations of RT and the s, 5
versus NaCl was performed with a separate preparation of RT.

The DNA polymerase activity of RT was determined by mea-
suring time-dependent incorporation of thymidine into a poly-
dT primer as follows. Poly(A), g0 (dT);s (Boehringer Mannheim
GmbH) was used as the primer template for RT and was diluted
in 50 mM Tris-HCI, 5§ mM Mg?*, pH 7.0, to a concentration of
1.8 ug/mL. One microliter of RT stock solution (2-10 mg/mL)
was preincubated with the primer template for 10 min before
starting the polymerization reaction by adding 1,098 pmol of
[*HITTP, having a specific activity of 41 Ci/mmol, in a total re-
action volume of 600 uL. Reactions were carried out at room tem-
perature (approximately 23 °C) and 37 °C. The amount of
incorporation of tritium was measured by taking aliquots at 30-s
intervals and stopping the reaction in the presence of 167 mM
EDTA. The quenched reaction mixture was spotted on DES8] fil-
ter paper, washed with 0.3 M ammonium formate and 95% eth-
anol, and counted in a liquid scintillation counter. As a control,
aliquots of the reaction mixture without the enzyme were
quenched with EDTA, spotted on DE81 paper, washed, and
counted. The conversion of cpm data into picomoles incorporated
was determined from a calibration plot of cpm versus picomoles
for known quantities of [’H]TTP added to the DES1 filter pa-
per. Using freshly prepared RT and newly purchased [*H]thymi-
dine triphosphate and poly-(rA):dT,;s, we obtained the following
k.q values: 0.39, 0.38, 0.40, and 0.43, with R? values greater
than 0.99. The first 3 experiments were at room temperature and
the fourth at 37 °C. Additional cold TTP was added in experi-
ments 3 and 4 without affecting the rate, indicating that [*H]dTTP
was saturating.

RT that was dissociated by 1.0 M NaCl was reconstituted into
heterodimers by a combination of dialysis and DNA affinity pu-
rification. DNA affinity columns were prepared by incubating
biotinylated single-stranded DNA with beaded agarose cross-
linked with streptavidin (Pierce). The streptavidin agarose slurry
was packed in 1-mL syringes that were plugged with glass wool
and washed several times with 0.02% sodium azide solution. The
columns were then saturated with biotinylated single-stranded
DNA and stored in 0.02% sodium azide at 4 °C. Prior to bind-
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ing RT, the columns were washed several times with the same
buffer the protein was to be dialyzed into, 20 mM Tris, 50 mM
NaCl, pH 7. RT in 1.0 M NaCl was dialyzed against the latter
buffer. The protein was then loaded onto the DNA affinity col-
umn, followed by a couple of washes with the dialysis buffer.
Absorbance measurements of the washes indicated that RT was
completely bound by the single-stranded DNA. RT was then
eluted with 20 mM Tris, 200 mM NacCl, concentrated, and dia-
lyzed against 20 mM Tris, 50 mM NaCl, pH 7, for storage. The
molecular weight integrity of RT subunits before and after ex-
posure to 1.0 M NaCl was examined using SDS-PAGE analy-
sis (Laemmli, 1970).

Analytical ultracentrifuge analyses

Sedimentation equilibrium analysis of RT. Sedimentation
equilibrium experiments were performed at the National Ana-
lytical Ultracentrifuge Facility at the University of Connecticut.
A Beckman Model E Analytical Ultracentrifuge equipped with
on-line data acquisition (Yphantis, 1979; Laue, 1992) was used
for the 5 °C and 20 °C sedimentation experiments. Two 2-mm
double-sector cells were loaded with solutions of RT (in 50 mM
and 100 mM Tris, pH 7.0) at a concentration of 2.1 mg/mL. In
addition, two 6-channel cells were loaded with 0.7, 0.14, and
0.028 mg/mL of RT at the 2 buffer concentrations cited above.
Centrifugation was performed at 16,000 rpm. Data were taken
in terms of fringe displacement as a function of radial distance
every 0.01 mm. A Beckman XL-A analytical ultracentrifuge uti-
lizing absorption optics was used for sequential temperature
studies of RT at 5, 20, and 37 °C. Two 6-channel cells were
loaded with 0.7, 0.4, and 0.2 mg/mL of RT at the 2 ionic
strengths to a column height of ca. 2.5 mm and then centrifuged
to equilibrium at 12,000 rpm. The data were taken in absorbance
units (AU) at 280 nm as a function of radial distance every
0.01 mm. Equilibrium was considered to have been achieved
when 2 sets of data taken every 4 h agreed with an RMS differ-
ence within 0.02 fringes or 0.01 AU with no observable system-
atic deviation. Equilibrium was achieved with a column height
of solvent ca. 2.5 mm within 36 h.

For a self-associating system, monomer to n-mer at sedimen-
tation equilibrium, the total solute concentration at any radial
position (r) in the centrifuge cell is the sum of the monomer to
n-mer species. This sum can be expressed as the free monomer
concentration C, = (C,)o exp[ M, (1 — 5p) (w)(r* —rE)/2RT]
plus the concentration of each n-mer species, where (C,) =
K, (C)g exp[nM, (1 — #p)(w)*(r> = r§)/2RT]. (C\)o equals
the monomer concentration at ry, the reference radius; K, is the
association constant for the formation of n-mer from monomer;
M, is the monomer molecular weight; 7 and p are the partial
specific volume of the protein and density of the sedimentation
solvent, respectively; w is the angular velocity; R is the gas con-
stant; and T is the temperature in Kelvin. Exponential terms for
dimer, trimer, tetramer, etc. can be included and modified to
include the effects of nonideality. If (C,), and K,,(C,)g are ex-
pressed as exp[In(C,),] and exp[In K, (C,)g], then the concen-
tration value and association constants are constrained to
positive values. A nonlinear regression analysis of the total con-
centration as a function of radial distance r2 or 2/2 can be per-
formed to determine the monomer molecular weight, association
constants, stoichiometries, and nonideality coefficients for se-
lected association models that best fit the data. For a detailed
introduction and discussion of the modeling of self-associating
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systems in the analytical ultracentrifuge, the reader should con-
sult McRorie and Voelker (1993).

Data analysis was performed using the nonlinear least-squares
program, NONLIN (Johnson et al., 1981). The combination of
several sets of data over a wide range of experimental conditions
is preferred in order to obtain a unique solution or fit to the
data. In this case, the data from both optical systems (fringes
and absorbance values are converted to a concentration scale)
were combined when available. This resulted in ca. 560-610 data
points at 5 °C and 20 °C, and about 135 data points for the 37 °C
study. The range of concentration distribution was from as low
as a few micrograms/milliliter to as high as 3 mg/mL for these
solutions. This concentration range results from the depleting
effect at the meniscus and the concentrating effect at the bot-
tom of the cell due to the centrifugation process.

In order to perform a global fit by combining all the data
taken at different speeds and loading concentrations, one must
use speed factors that are proportional to the square of the run-
ning speeds and concentration factors that are equal to the con-
centration in milligrams/milliliter, which can produce an optical
density or a fringe displacement of 1 for the particular cell and
wavelength. A simple model (i.e., a single ideal species) was first
fitted to the combined sets of data from the different sample
loading concentrations and speeds of rotation. This analysis
yields a value of M’ = M (1 — ¥p), which for this model is the
Z average molecular weight (D. Yphantis, pers. comm.). The cri-
teria for goodness of fit are that the RMS error be small (usu-
ally about 0.02 of a fringe or 0.01 of an AU, which is, assuming
a typical refractive increment or extinction coefficient, equiva-
lent to about 7-20 pg/mL) and that it be random, i.e., have a
small systematic error in the residuals.

The second model tried was that of a single nonideal species.
This yields the value of M’ and the degree of nonideality (the
second virial coefficient B), which in turn gives information re-
garding possible association or effective charge. The third model
tried, that of the monomer-dimer, which vields the value of M’
for the associating monomer (M) and the natural logarithm
of the association constant. Further fits tried were monomer-
trimer, monomer-dimer-trimer, monomer-tetramer, monomer—
dimer-tetramer, etc.

In order to convert values of M’ into molecular weight, one
needs to know the partial specific volume of the molecule in its
solvent and the density of the solvent. It is possible to estimate
the value of » fairly accurately from amino acid composition
data (Cohn & Edsall, 1943). This was found to be 0.717 mL/g
for the heterodimer. The densities of solvents were estimated
from density tables to be 1.003, 1.001, and 0.998 g/mL at 5, 20,
and 37 °C, respectively, for 100 mM Tris buffer and 1.002,
1.000, and 0.997 at the same temperatures for 50 mM Tris
buffer.

Sedimentation velocity analysis of RT. Sedimentation veloc-
ity measurements were performed on a Beckman model E ana-
Iytical ultracentrifuge equipped with photoelectric scanners. An
extra heater wire was added to the model E rotor temperature
control unit in order to readily obtain temperatures above 32 °C
for the sedimentation analysis described below. Boundary and
band sedimentation was performed in an aluminum rotor (type
AnD) at 56,000 rpm at indicated temperatures using a double-
sector centerpiece. Recorder tracings of the absorbance of the
moving boundary or band were made at regular time intervals
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on the instrument’s Dynograph recorder. A wavelength between
280 nm to 295 nm was selected depending on the concentration
of RT in the cell. For boundary sedimentation velocity analysis,
the movement of the midpoint (r) of the absorbance boundary
vs. time (¢) was used to obtain the uncorrected sedimentation
coefficient s* from the slope of the plot of In r versus ¢ divided
by w?, i.e., (dInr)/w?dt. The standard correction equation
(Equation 2) was used to convert s* values to s,, o values:

« (Mo ] (1 —»p)y 20
(Mwa2o (1 =50)7p

2

Sw20 = s

where % is the viscosity for water at 20 °C {designated by sub-
scripts w,20) or the viscosity for the buffer at the temperature
of the sedimentation velocity experiment (designated by sub-
scripts T, b). The values of the partial specific volume of the pro-
tein and solvent density in water at 20 °C or under the buffer
and temperature conditions of the experiment are used in the
buoyancy term (1 — »p) as designated by the subscripts. How-
ever, because experimental values of # are not readily obtained,
we exclusively used the amino acid compositional value for RT
of 0.717 in Equation 2. The density and viscosity corrections for
different concentrations of NaCl were made using the polyno-
mial equations and tables of coefficients for these polynomials
in Laue et al. (1992).

Band sedimentation (Vinograd et al., 1963) of RT was used
to evaluate the changes of s,, 5, as a function of temperature.
A double-sector band-forming centerpiece was used for this
analysis. In this cell, 15-20 xL of RT (3-6 mg/mL) was trans-
ferred, through a channel, from a small well to the sample sec-
tor solution (D,O containing 50 mM Tris, pH 7.0) upon the
initiation of centrifugation. A self-generating density gradient
caused by diffusion of D,0 into the thin lamella of protein so-
lution prevents convection thereby stabilizing the macromol-
ecules in a sedimenting band or zone. A wavelength between
290 nm and 300 nm was selected depending on the concentra-
tion of RT in the cell. Tracings of zone movement were recorded
as a function of time, and the radial position of the symmetric
midpoint of the Gaussian profile of the zone was measured at
each time interval. The uncorrected sedimentation coefficient
was determined as described above for boundary sedimentation.
The initial study of the sedimentation velocity of RT as a func-
tion of temperature was performed as follows: (1) the band well
was filled with 20 4L of RT in 50 mM Tris, pH 7.0, and the cell
assembled; (2) the density gradient solvent, D,O (50 mM Tris,
pH 7.0), was then loaded in both sectors of the centerpiece; (3)
the centrifuge cell and rotor were incubated in a constant tem-
perature incubator and upon reaching a temperature close to the
value desired, the rotor was then loaded into the Model E; and
(4) centrifugation was initiated upon reequilibration to the de-
sired temperature. This experimental set-up required approxi-
mately 70 min. Equation 2 was used to obtain s, 5, values from
the observed s values. The density and viscosity of D,O at each
temperature was determined using the polynomial equations and
tables of coefficients for these polynomials in Laue et al. (1992).
Upon discovery that a 70-min incubation time did not appear
to have attained chemical equilibrium, we incubated RT sam-
ples at 20, 27, and 30 °C for 36 h to test this hypothesis.

The original application of band centrifugation showed good
agreement between band and boundary analysis using Equation 2
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(Vinograd et al., 1963). Good agreement was also obtained for
RT between band and boundary analysis using Equation 2.
However, it should be pointed out that Belli (1973) found for
the band centrifugation of ribosomes in D,0 that Equation 2
overestimated s,,,59 by 17%. A comparable overestimate of s,, 5,
was obtained by us for -amylase in D,O relative to the bound-
ary s, 30 value (Englard & Singer, 1950). Consequently, we
raise a cautionary note regarding the use of Equation 2 for ob-
taining s,, 5o values from band centrifugation in D,O without a
boundary comparison in an H,O buffer.
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