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ABSTRACT. Recent studies showed that nonnucleoside reverse transcriptase inhibitors (NNRTIs) have
variable effects on dimerization of p66 and p51 subunits of HIV-1 reverse transcriptase (RT). Efavirenz,
one of three NNRTIs currently used in highly active anti-retroviral therapy, enhances subunit dimerization.
Sedimentation equilibrium experiments on each subunit and equimolar mixtures of both subunits were
used to measure dissociation constants for the three coupled dimerization reactions of RT in the absence
and presence of saturating concentrations of the drug. The dimerization constants of the p51/p51 homodimer,
the p66/p66 homodimer, and the p66/p51 heterodimer increased 600-, 50-, and 25-fold, respectively, upon
binding of efavirenz. The effects of NNRTIs on RT dimerization are consistent with a thermodynamic
linkage between subunit association/dissociation and inhibitor binding. Analysis of crystal structures of
the p66/p51 heterodimer reveals that efavirenz binding induces small structural changes at the dimer
interface.

HIV-11 reverse transcriptase plays a pivotal role in HIV homodimers have DNA polymerase activith),(and the p66/
replication by converting single-stranded genomic RNA into p66 homodimer also has RNase H activif).(Subunit
double-stranded proviral DNA. The enzyme catalyzes two dimerization is a reversible process, with the heterodimer
reactions: DNA polymerization and RNA hydrolysis. The being the most stable. Equilibrium dissociation const#gts
biologically active species is a heterodimer of p66 and p51 of 0.4 nM to 2uM have been reported for the p66/p51
subunits, which have the same N-terminal amino acid heterodimer, Compared to values Of-GZD#M for the p66/

sequence. The pS1 subunit stems from proteolytic removal y66 homodimer and-1 mM for the p51/p51 homodimer
of the C-terminal RNase H domain of p66 by HIV protease. (1, 5-10).

Despite being an obligate feature of RT structure and o o

function, the interactions of the two subunits have not been  The majority of AIDS drugs in clinical use target the DNA
extensively studied. In solution, RT exists as an equilibrium Polymerase activity of RT and include nucleoside analogues
mixture of monomers and dimers that include the p66/p51 and nonnucleoside RT inhibitors. The NNRTIs are a diverse
heterodimer, the p66/p66 homodimer, and the p51/p51group of small hydrophobic molecules that specifically
homodimer. Monomeric species of p66 and p51 are catalyti- inhibit HIV-1 RT (11, 12). These drugs have a widening
cally inactive @, 2). The two enzyme active sites are in the spectrum of effects on the enzyme, ranging from inhibition
p66 subunit of the p66/p51 heterodim&).(However, both of DNA polymerase and RNase H activitiels3] to perturba-
tion of subunit interactionsld). Though differing in other
TThis work was supported by NIH Grant GM52263. C.F.V. was properties, all NNRTIs are noncompetitive inhibitors that
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1 Abbreviations: ASA, accessible surface area; BBNNH(4-tert- two-hybrid assays, in vitro binding assays, urea denaturation,
butylbenzoyl)-2-hydroxy-1-naphthaldehyde hydrazone; BBSHe(4- ; ; -
butylbenzoyl)-2-hydroxy-1-salicylyl hydrazone; EDTA, ethylenedi- ?_?d Sflfze te)t(f? Iu?jlpn Chrotm ato%rzéﬁpy dg mgtnStI;a](teq that NN dR
aminetetraacetic acid; efavirenz,§46-chloro-4-cyclopropylethynyl- S afiect the dimerization o subunits. Efavirenz an

1,4-dihydro-4-trifluoromethyl-21-3,1-benzoxazin-2-one; HIV-1, human ~ nevirapine enhance dimerizatioh4( 20); delaviridine has

immunodeficiency virus type 1; NNRTI, nonnucleoside reverse tran-
scriptase inhibitor; NTA, nitrilotriacetic acid; PMSF, phenylmethane- no effect (4), and TSAOET, BBNH, and BBSH weaken

sulfonyl fluoride; PR, HIV-1 protease; RT, reverse transcriptase;:SDS ~ dimerization 8, 9). The significance of these effects on RT
PAGE, sodium dodecyl sulfatgolyacrylamide gel electrophoresis;  dimerization for the inhibition mechanism is not known. The

SIS, single-ideal-species model; TCEP, tris(2-carboxyethyl)phosphine; NNRTI binding pocket resides almost completely in the p66
Tris, tris(hydroxymethyl)aminomethane; TSAUe;-(spqu 4-amino- bunit of the p66/p51 heterodi ting that turba-
2,2-dioxo-1,2-oxathiole-5/42',5'-bis-O-(tert-butyldimethylsilyl)5-p- subunit of the pob/pol heterodimer, suggesting that perturba

ribofuranosyl})-3-ethylthymine. tion of the subunit interactions is indirect.
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Most of the dissociation constants for RT in the literature, T 5e 1: HIV-1 RT Proteins
whether in the absence or presence of NNRTI, were
determined using denaturants to dissociate dimers to folded -~ 03 22281 |05531229 D6<13/1l;57110
monomers. Unfortunately, the solvent denaturation profiles molecular mass (kDa,
of RT do not show separate transitions for dimer dissociation ex“&‘it'locnm‘i?fmc'em at2s0nm 136270 124180 130225
and monomer unfolding, creating uncertainty in the accuracy fringe factor 2.713 2.733 2.722
of the Ky values. Moreover, publishe€ values of the p66/ buoyancy factor (£ 7p) 0.251 0.251 0.251
p5S1 heterodimer determined by sedimentation equilibrium — aconcentration expressed as monomer. For concentrations expressed
(5, 7) and solvent denaturatiorl,(6, 8—10) vary over 3 as dimer, the value is 260450.
orders of magnitude. Possible reasons for this range from
differences in buffer composition to neglect of the multiple confirmed by DNA sequencing at Cleveland Genomics
subunit equilibria to systematic experimental errors. There- (Cleveland, OH).
fore, we used the thermodynamically rigorous method of  Protein Purification HIV-1 RT proteins with N-terminal
sedimentation equilibrium to revisit the dissociation constants hexahistidine extensions were produced using three plas-
of RT. This paper reports dissociation constants of RT homo- mids: p6H RT-PR for the p66/p51 heterodimer, p6H RT
and heterodimers determined by sedimentation equilibrium for p66, and p6H RT51 for p51. Authentic p66/p51 het-
in the absence and presence of efavirenz. A thermodynamicerodimer without the His tags was produced using pRT
linkage is proposed to explain the variable effects of NNRTIs AUTH-PR. RT proteins were purified as described previously

on RT dimerization. (21) with the following modifications. Complete, EDTA-
free protease inhibitor cocktail tablets (1 tablet per 50 mL
EXPERIMENTAL PROCEDURES of lysate) were used instead of PMSFM NaCl was added

) ) ) to the lysate before sonication for six 30 s pulses in a VCX

Materials Efavirenz was obtained from the NIH AIDS  gng yjtrasonic processor (Sonics & Materials, Newton, CT),
Researgh and Referenqe Rquent Program (Germantownynq 20 mM imidazole was added to the lysate after
MD). Oligodeoxynucleotide primers were purchased from cenrifugation. Ni-NTA Superflow resin (Qiagen, Valencia,
Operon Technologies (Alameda, CA). Biochemical reagents CA) was equilibrated with RT wash buffer A/78 to minimize
were purchased from Roche Applied Science (Indianapolis, nonspecific binding. After loading, the NNTA column was
IN). TCEP was from Molecular Probes (Eugene, OR). Other \yashed with 1 column volume of RT wash buffer A/78 and
chemicals were purchased from Sigma Chemicals (St. Louis,ihen with RT buffer A/60 containing 20 mM imidazole. The
MO). RT buffer A/78 is 0.05 M NakPQ, (pH 7.8). RTwash  nNj—NTA column was eluted with a 15 column volume
buffer A/78 is RT buffer A/78 containgn 1 M NaCl, 10%  gradient of 20 to 500 mM imidazole; fractions were analyzed
(Viv) glycerol, and 5-20 mM imidazole. RT buffer A/60 is  ,y SpS-PAGE, and the pooled fractions were dialyzed into
0.05 M NaHPQ, (pH 6.0) 1 M NaCl, and 10% (v/V)  RT puffer D. The S-Sepharose column was run after the Ni
glycerol. RT buffer D is 0.05 M Tris-HCI (RNase, DNase-  NTA column. Pooled fractions from the S-Sepharose column
free, pH 7.0), 25 mM NaCl, 1 mM EDTA, and 10% (V/V)  were dialyzed into RT buffer D at pH 8.2 before DEAE
glycerol (molecular biology grade redistilled). Storage buffer chromatography. Sucrose was used as a concentration step
D is RT buffer D containing 50% (v/v) glycerol. TBE buffer  yyior to dialysis into storage buffer D. Proteins wer85%
is 0.089 M Tris, 0.089 M boric acid (pH 8.0), and 2 MMy re as judged by SDSPAGE. The protein concentration
EDTA. is determined from absorbance at 280 mwsy using

Cloning The C38V/C280S double mutation was intro- extinction coefficients in Table 1. All RT protein concentra-
duced into the p6H RT-PR plasmid by two rounds of tions are expressed as monomer.
mutagenesis using the QuikChange site-directed mutagenesis Sedimentation Equilibrium Sedimentation equilibrium
kit (Stratagene, La Jolla, CA). Mutagenic oligonucleotide experiments were performed on a Beckman XL-I analytical
primer sequences for the C38V mutation were as follows: ultracentrifuge. Protein samples (1 mL) were dialyzed

forward, 3-GGCCATTGACAGAAGAAAAAATAAAAG- overnight against 2 0.5 L of RT buffer D containing 1

CATTAGTAGAAATT GTGACAGAAATGGAAAAGG- mM TCEP at 4°C. The presence of 10% glycerol in the
AAGGG-3; reverse, 5CCCTTCCTTTTCCATTTCTGT- buffer increases solvent viscosity, resulting in a 1.4-fold
CACAATTTCTACTAATGCTTTTATTTTTTCTTCTGT- increase in time to equilibrium compared to that in water.

CAATGGCC-3. Primer sequences for the C280S mutation For experiments in the presence of inhibitor .28 efavirenz
were as follows: forward,'SCCCAGGGATTAAAGTAA- was added to the dialysis buffer. The protein sample (0.27
GGCAATTAAGTAAACTCCTTAGAGGAACCAAAGC- mL) and dialysate buffer (0.3 mL) were loaded into a cell
3; reverse, 5GCTTTGGTTCCTCTAAGGAGTTRACT- with a 12 mm double-sector EPON centerpiece and sapphire
TAATTGCCTTACTTTAATCCCTGGG-3. The C38V/ windows. The long solution column was used to increase
C280S mutation was transferred into p6H RT and p6H RT51 the information content of the data. Assuming a rectangular
plasmids using restriction enzyme digestion and DNA cell and constant field in the approximation of van Holde
ligation. For the p6H R¥8V/C280Splasmid, p6H RT and p6H  and Baldwin 22), the increase in solution volume from the
RTC38VIC280SPR were digested separately with BamHI and usual 0.1 mL to 0.27 mL would increase the time to
HindlIl. For the p6H RT5§38V/C280Sp|lasmid, p6H RT5%280S equilibrium by ~6-fold. Three cells and a counterbalance
and p6H RT38VIC280SpPR were digested separately with were run in a four-hole rotor at-816 x 10° rpm and 5°C.
BamHI and EcoRV. Restriction fragments were separated Runs were made at several protein concentrations and speeds.
on a 1% agarose gel in TBE buffer, followed by purification, Equilibrium was established by comparing 12 scans at 2 h
DNA ligation, and transformation. All mutations were intervals at each speed. Typical equilibration times were 1
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week for the initial lowest rotor speed and-8 days for weight,| is the path length of the centrifuge cell, ah is

subsequent higher rotor speeds. Absorption data and interfergiven by

ence data were collected for all runs. Absorbance was

monitored at 280 nm. For protein concentrationsGfuM, Wa = In(LiK;) + L{ln Cy(F) +

only absorption data were analyzed; for concentrations of AM,(1— 70)(r> — F?) — BM,[A() — A(F))/(€26d)}

>6 uM, only interference data were analyzed. At the end of (1b)

a run, protein samples were removed from the cell and

analyzed by SDSPAGE; no evidence of protein degradation where L; and K; are the number of monomers and the

was observed. equilibrium association constant for timer, respectively.
Data files were examined in XLGrapR3) to determine L; andK; are unity.F is the reference distance at 70% of

the region of interest and were trimmed using a conversion the radial distance between the tagand bottomb of the

program, which also removes an occasional errant data pointsolution column. Cy(F) is the molar concentration of

(three standard deviations from the average of 10 adjacentmonomer when = F. A’ = w?%(2RT), wherew is angular

points). A baseline was subtracted from interference scansvelocity in inverse second8 is the gas constant, aridis

to zero the first data point at the top of the solution column. the absolute temperaturB.is the second virial coefficient

Protein parameters used in the data analysis are given inin moles liter per square gram.

Table 1. The molecular weight and extinction coefficient at  Interference data were fit with tHe least squares metric

280 nme,go Were calculated from the amino acid sequence to

(24). The eyg value of the p66/p51 heterodimer was

confirmed by amino acid analysi®g). Partial specific .

volume o an()j/ fringe factorff, whyeref?is the num%er of Afringe(r) = —J, + ffMlIZ exp(Wi) (22)

fringes per milligram per milliliter per 1.0 cm path length at

675 nm (see the Supporting Information), were calculated whereAfringe() = J(r) — J(a) is the relative fringe shift at

in PROTCALC @6), using the Privalov databasg?). The r, J(a) is the concentration when= a in units of fringe,
effect of 10% glycerol on the effective partial specific volume andws is given by

of proteins is 0.40.8% 8), which is smaller than the error

in computing the partial specific volume from the various Wi = In(L;K;) + Lj[In C,(F) + AM,(1 — Z—,p)(rz — |:2) —
published databases. Solvent dengityas measured on an BM. Afringe/6fN1 (2b
Anton Paar DMA 5000 density meter (Graz, Austria). Afringe/()] (2b)

Data Analysis Data sets were first fit to a single-ideal- Because interference Optics measure meynge(r)' it is
species model. Samples with cell average weight-averagenecessary to introduce the nuisance paramigrinto the
molecular weighMcell or SIS molecular weight intermedi-  fitting procedure for a given data set and cell. An initial guess
ate between monomer and dimer were analyzed further asfor J(a) may be obtained from the interference data by

associating systems. Data sets for p66 and p51 were fit to aequating eqs 3 and 4, the expressions for conservation of
self-association model using MIXEDFIT2§) with the mass

monomer molecular weight fixed. In addition to determining

the self-association model (fixed self-associating or iso- Ja) = J,— [2/(b* — az)]j;b[J(r) —J@rd (3

desmic), this program was used to obtain multimer stoichi-

ometry and equilibrium constants. After the self-associations yhere J, is the initial concentration in units of fringe, and

of p66 and p51 were characterized separately, data sets fofoy 3 single ideal species

the p66/p51 heterodimer were analyzed with HETERRE) (

to determine the heterodimer association constant. Such J(@ = AJdl[exp(AJdJ,) — 1] 4

samples may contain both p66/p66 and p51/p51 homodimers

as well as the p66/p51 heterodimer. The self-associationwhereAJ = J(b) — J(a) is the increase in fringes from the

constants for both homodimers as well as the monomertop to the bottom of the solution column. The resulting

molecular weights were fixed at known values in the model nonlinear equation is solved by Newton’s methodJgrthe

equations. only unknown 81). The program estimates an initial guess
M.cell was determined for individual absorbance scans for J(&) using eq 3 or 4. For some data sets, this algorithm

with MWCALC using a spline fit of In(absorbance) versus Will fail and return a negative value fdk; if so, the default

radius squared26, 29). Absorbance or interference data at initial guess forJ(a) is 0.2 fringe. For a single-ideal-species

multiple rotor speeds were analyzed by nonlinear least model, the initial guess fod(a) is excellent. For self-

squares using the following procedures in MIXEDFIT. The association models, the estimate fife) is generally too

fitting metric for absorbance data analyses was the weightedsmall by a factor of 2 or 3. Therefore, the data analysis begins

L1 norm suggested by Lewis and DimitriadB0}. Four data by fitting only the data at the highest speed to the self-

files at each of three speeds were fit in a global analysis to @ssociation model; the value dfe) tends to be quite small,
and the initial guess is not too important. Once the highest-

n+1 speed data have been well fit, the data at the next lower speed
Ar) = EZSOMllZ expVa) + A ce (1a) are added and the fit is redone, retaining the best values of
the parameters for the highest-speed data as the initial guesses
of those parameters in the next round. This process is then
whereA(r) is the absorbance at radial distamg@y,seis the repeated until all the data are combined in a single global
nonsedimenting absorbandd; is the monomer molecular fit. In practice, this protocol shortens the total computational

n+1
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time and reduces the extent of trapping of the Simplex namely, formation of p66/p51, p66/p66, and p51/p51 dimers.
minimization algorithm in local minima.
Standard errors of parameters were obtained with 100 trials p66+ p51= p66/p51 (10)
of the balanced bootstrap algorithm; 95% confidence inter- .
vals were computed using two standard deviations from the P66+ p66= p66/p66 (1)
estimated parameter va!ue. _ _ p51+4 p51= p51/p51 (12)
Mathematica CalculationsThe concentration of the five
forms of RT in a solution of the p66/p51 heterodimer was Accurate determination of dissociation constants for associat-
calculated using Mathematica 5 (Wolfram Research). The ing systems requires detectable amounts of both monomeric
following set of five equations represents the three dimer and associated species. Obviously, if the protein concentra-
dissociation constants and two mass balance equations  tion is too high, only associated species will be present and
_ 2 A2 the apparenKq values will represent upper limits. For our
Ky(p51/p51)= [p51]/[p5S1/p51]= ATAA ®) sedimentation equilibrium experiments, appropriate protein
i 2 o2 concentrations were established through a combination of
K4(p66/p66)= [66]/[p66/p66]= B/BB ©) literatureKq values, Mathematica calculations, and trial and
K,(p66/p51)= [p66][p51]/[p66/p51l= A*B/AB (7) error. At 0.2uM monomer, the data were too noisy_to
analyze, setting a lower limit for detection of RT with
[P51} = [P51] + 2[p51/p51]+ [p66/p51]= Ay = A+ absorption optics at 280 nm. All experiments were performed
2AA+ AB (8) in RT buffer D at 5°C, conditions under which RT is stable
and soluble ¥1 mM).
[P66], = [P66] + 2[p66/p66]+ [p66/p51]= By =B + Sedimentation equilibrium experiments with p66 were run
2BB+ AB (9) at three protein concentrations and three rotor speeds. One

whereKy(p51/p51) K4(p66/p66), an«(p66/p51) are equi- ~ Scan at each speed was analyzed to estlmtaell values
librium dissociation constants of p51/p51, p66/p66, and pe6/ for €ach sample (Table 2). All values fell in the molecular
p51 dimers, respectively, and [p&land [p66}, are total mass range _bet_vvegn the 66 kDa monomer and the 132 kDa
concentrations of p51 and p66, respectively. This set of Nomodimer, indicating the presence of both monomeric and
equations is then solved using a built-in function to produce dimeric species and confirming proper protein concentrations

four possible sets of closed-form solutions: for equilibrium constant determination. A fixed self-associat-
ing monomet-dimer model gave reasonable weighted-
solvefeq 5,eq 6,eq 7,eq 8,eq,9A,B,AABBAB}] average absolute residuals and random residual plots for all

Each solution set is tested for physical plausibility. A set P86 data. Figure 1 shows the absorbance scans and residuals
of equations for the concentrations of the five RT forms is for a 3.8uM sample of p66. For a sample of a given protein

obtained as a function of the total concentration of each concentration, four scans at each of three speeds were

subunit and the three dissociation constants. The pe6/p512n2alyzed globally to estimate K., whereKa is the dimer
heterodimer has a 1:1 ratio of p66 and p51,/s0= Bs. association constant. The average value ¢fdfor different
Numerical values for the dissociation consta{nts are intro- samples was used to calculate the dimer dissociation constant

D ; ; Kqg = 1/Ka
duced;By is set equal té\o, and the solution set is reevaluated ™ a .
to simplify the equations. Numerical solutions are easily Because the ionic strength of the bufferQ.05) and the

obtained for a range of protein concentrations with an COMPUted net charge on p6&9) and pS1¢5) at pH 7 are

arbitrary step size using a built-in function of Mathematica: 10W: the possibility of solution nonideality had to be
evaluated 6). Thus, global analyses were done for both

N[table[ A,.B,AABB,AB} { Ay Adfirst,AjlastAjsted]] ideal and nonideal monomedimer models using data sets
) ) . trimmed to differentAygo limits. Table 3 shows the results
Molecular Modeling Coordinates for the following struc-  for two p66 samples trimmed to include the highest absor-
tures were obtained from the RCSB Protein Data Bank. FOr y5nce data. The effect on K, values of trimming the cell

unIigandeq HIV-1 RT: 1HMV, pH 6.8, space groe- data at various points below the highest absorbance level
(C121) 82); and 1DLO, pH 6.8, space gro@2(C121) @3). (not shown) or of including a term for solution nonideality

For the HIV-1 RT-efavirenz complex: 1FK9, pH 5.0, space  (rapje 3) was negligible. Thus, the K values for p66 were
groupP2,2,2; (18); and 1IKW, pH 7.2, space group222 obtained using data sets in whiokys, < 2.3 and the
(19). Several amino acids were deleted from the unliganded

.RT structures t.o permit F:omparlsorI of the same amino a(,:'dSTable 2: Apparent Molecular Mass Averages in Wild-Type p66
in structures with and without efavirenz. Molecular graphics gxperiments
were performed with Deep View/Swiss-Pdb Viewa&d4).

. : - . t d Mucell bsolut

RT structures with and without efavirenz were superimposed [m(Z;&Ter] © ((.)rLfnp)eE (kSS) averrae%‘iadiafo e
using thelMa?jlc F;;[ ohptlon for. all atoms. D|mgr interfaces 3.8, sample 1 & 10° 773 0.0099
were analyzed with the ProtetiProtein Interaction Server 10 x 10° 96.9 0.0050
(35). Interface parameter definitions are available on the Web 12 x 108 97.1 0.0063
site. 3.8, sample 2 & 10° 76.2 0.0119
10 x 10° 85.3 0.0056
12 x 10° 87.8 0.0074
RESULTS 5.2 8x 10° 85.1 0.0369
Sedimentation Equilibrium Analysis of Subunit Equilibria. 10x 10¢° 90.8 0.0135
12 x 10° 95.9 0.0207

RT subunits undergo three coupled dimerization reactions,
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Ficure 1: Sedimentation equilibria of 5.2M wild-type p66 at
three rotor speeds. (AC) Residuals for a fit to a fixed self-
associating monomeidimer ideal model at 8, 10, and 12 10°

rpm, respectively. (D) Four absorbance scans of the concentration
distribution at (top curve) & 10° rpm, (middle curve) 10x 10°

rpm, and (bottom curve) 12 10 rpm in 0.05 M Tris (pH 7.0), 25

mM NaCl, 1 mM EDTA, and 10% (v/v) glycerol at &C.

thermodynamically ideal model. Estimates fordphave a
close to normal distribution30). The mean and standard
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deviation of InK, values obtained for the three p66 samples
were computed and used to calculate a dissociation constant
Ka(p66/p66) of 4.2+ 0.8 uM for the p66/p66 homodimer
(Table 4).

Previous analytical ultracentrifugation studies of HIV-1
RT proteins were limited to absorption optics and lower
protein concentrations5( 7). We monitored the weak
dimerization of p51 via the refractive index. Sedimentation
equilibrium experiments were run at three rotor speeds on
our most concentrated solution of p51. Figure 2 shows the
interference data and residuals for arnu®® sample of p51.

As for p66, all p51 data were best fit by a fixed self-
associating monomeidimer model. The interference scans
were initially trimmed to keep all the data at the bottom of
the cell, including a linear portion of the curve at high fringe
values. The fits did not converge if all the cell data were
included, and the results were not reproducible if too much
data were excluded. Therefore, the data were trimmed by
trial and error to remove the linear portion of the curve and
achieve convergence with the maximum number of data
points. Table 3 shows the final results of global analyses
for two p51 samples using an ideal and nonideal monemer
dimer model. The dissociation constaqi{p51/p51) of 230

4+ 30uM for the p51/p51 homodimer is 55-fold higher than
the Ky4(p66/p66) for the p66/p66 homodimer (Table 4).

Sedimentation equilibrium experiments were run on an
equimolar mixture of p66 and p51 at two protein concentra-
tions and three rotor speeds. Figure 3 shows the absorbance
scans and residuals at a total monomer concentration
[monomer}, of 0.5 uM (0.25 uM p66 and 0.25M p51).

The data were best fit by a fixed hetero-associating monemer
dimer model with the previously determined values of the

Table 3: Solution Ideality in Wild-Type p66 and p51 Experiménts

RT protein Aggoor fringe limit model InKa BMi(Lg™) average absolute residual
3.5uM p66 1.8 ideal 12.26-0.05 0.0129
nonideal 12.58t 0.04 0.089 (0.0790.099) 0.0118
5.2uM p66 2.3 ideal 12.22- 0.04 0.0112
nonideal 12.46 0.03 0.051 (0.0420.062) 0.0107
80uM p51, sample 1 12 ideal 8.2 0.03 0.0877
nonideal 8.25+ 0.03 0.004 (0.0030.005) 0.0907
80uM p51, sample 2 14 ideal 8.250.03 0.115
nonideal 8.54+ 0.03 0.047 (0.0460.048) 0.0603

2 Results from global analyses of data from experiments at 8, 10, and 1 rpm. Errors are 95% confidence limits or intervals.

Table 4: Dissociation Constadts

dimer [monomer] M) In Ka Kg (uM)

p66/p66 homodimer

wild type 3.5,3.8,5.2 12.4 0.2 4.2+ 0.8

C38V/C280S 1.0 12.3 0.03 4.4+ 0.1

wild type with efavirenz 1.0,2.0 164 0.1 0.079+ 0.008
p51/p51 homodimer

wild type 80 8.3+ 0.1 230+ 30

C38V/C280S 48 6.6 0.1 24004+ 200

wild type with efavirenz 0.6 14802 0.37 (0.28-0.50p
p66/p51 heterodimer

wild type 0.4,05 15.a: 0.2 0.31+ 0.06

authentié 0.6 15.0+ 0.2 0.31+ 0.06

C38V/C280S 0.8 15.3 0.3 0.23+0.07

wild type with efavirenz 0.5 18.3 0.2 0.012+ 0.002

aIn 0.05 M Tris-HCI (pH 7.0), 25 mM NaCl, 1 mM EDTA, 1 mM TCEP, and 10% glycerol &C5 Errors are standard deviations from results

of global analysis of 312 data sets consisting of four scans at each of
with no His tags.

three rotor speBus error is the 95% confidence limit or inter¢aRT
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Ficure 3: Sedimentation equilibria of an equimolar mixture of
wild-type p66 and p51 (total concentration of @9) at three rotor
speeds. (A-C) Residuals for a fit to a fixed hetero-associating

respectively. (D) Four interference scans of the concentration Monomerdimer model at 10, 13, and 16 1C° rpm, respectively.
distribution at (top curve) & 10° rpm, (middle curve) 10< 10° (D) Four absorbance scans of the concentration distribution at (top

rpm, and (bottom curve) 12 10° rpm in 0.05 M Tris (pH 7.0), 25  Curve) 10x 10° rom, (middle curve) 13« 10° rpm, and (bottom
nﬁ)M NaCIF 1mMm EDTA), and 10‘5/)0 (v/v) glycerol at(rf)i::. ) Eg\'ll'eA), 1;5“); 11%302??\1”!\?) %l?/ixo-lrg? E(?;F():H 7.0), 25 mM NaCl, 1 mM
self-association constants of p66 and p51 as fixed constants
in HETERFIT. The dissociation constai(p66/p51) of 0.31 p51¢38VIC280Sheterodimer Ky(p66/p51)= 0.234 0.07 uM]
+ 0.06 uM for the p66/p51 heterodimer is a factor of 14 are about the same as the values obtained for wild-type
lower than theKy(p66/p66) for the p66/p66 homodimer dimers (Table 4). However, the dissociation constdat [
(Table 4). In addition, experiments were run at three rotor (p51/p51) = 2400 &= 200 uM] for the p51c38v/IC280§
speeds on an equimolar mixture of authentic subunits without p51°38v/€280Shomodimer is~10-fold higher than the value
the N-terminal His tags. The self-association constants of for the wild-type homodimer. These results suggest that the
His-tagged p66 and p51 were used in HETERFIT to analyze dimer interfaces in the mutant p66/p66 homodimer and p66/
the data for the equimolar mixture of authentic p66 and p51 p51 heterodimer, but not in the mutant p51/p51 homodimer,
at [monomer}; = 0.6 uM. The K4(p66/p51) value calculated are essentially wild-type interfaces.
for the authentic p66/p51 heterodimer is identical to the value  Effects of Efairenz Binding.Dissociation constants of p66/
obtained for the His-tagged heterodimer. Thus, the His tagsp66, p51/p51, and p66/p51 dimers were also determined in
have no apparent effect on RT dimerization (Table 4). the presence of efavirenz. Sedimentation equilibrium experi-
Some of the crystal structures of the p66/p51 heterodimer ments were run on solutions of p66, p51, and equimolar
were determined on RTs lacking one or both of the two wild- mixtures of p66 and p51 containing saturating levels of
type cysteines, C38 and C280. The RTs used in crystalefavirenz, and the absorbance data were analyzed as de-
structures of the unliganded p66/p51 heterodimer have scribed above. The concentrations of p66 and p51 were
essentially the same amino acid sequence as our wild-typereduced for experiments in the presence of inhibitor to attain
RT: five amino acid changes in 1IHM\38®) and three amino  detectable amounts of monomeric species. The concentration
acid changes in 1DLO3Q). These conservative amino acid used for the equimolar mixture of p66 and p51 remained
substitutions include C280S in 1DLO that removes one of the same, near the 02M detection limit of RT with
the two cysteines. The residue at position 280 of the p51 absorption optics. Figure 4 shows absorbance scans of the
subunit is in the dimer interface of the p66/p51 heterodimer. equimolar mixture of p66 and p51 in the absence and
The site-specifically labeled heterodimers used for EPR, presence of efavirenz. The shape of the concentration
photo-cross-linking, and fluorescence studies had one or bothgradient depends on the molecular masses and dissociation
wild-type cysteines replaced with serine or valine in both constants of the associating species, with the lower concen-
subunits 87—41). To test the effect of the two cysteines on trations at the top of the cell favoring monomers and the
dimerization, we performed sedimentation equilibrium ex- higher concentration at the bottom of the cell favoring dimers.
periments on the C38V/C280S double mutant. The dissocia-The noticeable shift in the concentration gradient to the
tion constants of the pG&V/C280Fp66-38v/C280Shomodimer bottom of the cell in the presence of efavirenz indicates
[Ka(p66/p66)= 4.4 &+ 0.1 uM] and of the p6638v/C2803 enhanced dimerization. The data sets for p66, p51, and the

FiIGURE 2: Sedimentation equilibria of &M wild-type p51 at three
rotor speeds. (AC) Residuals for a fit to a fixed self-associating
monomer-dimer ideal model at 8, 10, and 12 10° rpm,
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Ficure 4: Sedimentation equilibria of an equimolar mixture of
wild-type p66 and p51 (total concentration of @) in the absence
and presence of 2bM efavirenz at 16x 10° rpm and 5°C. (A
and B) Residuals for a fit to a fixed hetero-associating monemer
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60 nM at pH 7.0 and 5C is 20-800-fold higher than the
values of 8-13 and 0.4 nM determined by acetonitrile
denaturation at pH 6.5 and pH 8.0, respectively, and@5
assuming two-state reversible dissociation of the p66/p51
heterodimer to folded p66 and p51 monome@js KHowever,
it is only 2—4-fold higher than the values of 150 and 76 nM
at pH 7.5 determined by urea denaturati@ g). On the
other hand, ouKy(p66/p51) value is lower by a factor of 6
than the value of 1.%4M determined by sedimentation
equilibrium at pH 7.0 and 3C (7). All of these studies
neglected the multiple subunit equilibria and fit the data to
a self-associating monomedimer model. Fitting our sedi-
mentation equilibrium data for equimolar mixtures of p66
and p51 as a self-association of pseudomonomers with a mass
equal to the average of p66 and p51 overestimKgs66/
p51) by~4-fold (7). A Kq(p66/p51) value of 2.@M at pH
6.5 and 5°C was reported for sedimentation equilibrium data
fit to the multiple subunit equilibria in egs 12 (5).
Dimerization of HIV-1 RT is independent of pH-8.5, but
the extent decreases at pt7.0 (6). The lower pH used in
the previous sedimentation equilibrium study may account
for most of the difference from oufy4(p66/p51) value.

Our K4(p66/p66) of 4.2+ 0.8 uM at pH 7.0 and 5C is
2—10-fold higher than the values of 2.0 and 0.4M

dimer model in the absence and presence of efavirenz, respectivelydetermined by acetonitrile denaturation at pH 8.0 and@5
(C) Four absorbance scans of the concentration distribution in the (6, 10), only 1.5-fold higher than the value of 2i/M

(top curve) absence and (bottom curve) presence of efavirenz ingetermined by urea denaturation at pH 7.5 and®@5(9,

0.05 M Tris (pH 7.0), 25 mM NaCl, 1 mM EDTA, and 10% (v/v)
glycerol at 5°C.

equimolar mixture of p66 and p51 in the presence of inhibitor
were best fit by a fixed monomedimer model, but with

10), and equal to the value of 48V determined by gel
filtration at pH 7.8 and OC (1). Thus, it appears that solvent
denaturation underestimatd§; values for the p66/p66
homodimer and probably also the p66/p51 heterodimer,

much lower dissociation constants than in the absence of2Cetonitrile more so than urea. y(p66/p66) value of 20

inhibitor (Table 4). AKq4(p51/p5%1) of 0.37 (0.28-0.50)
uM, a Kqy(p66/p66-1) of 0.079 £ 0.008uM, and aKq(p66/
p51—I) of 0.012+ 0.002uM correspond to~600-, ~50-,
and~25-fold enhancement of dimerization for p51/p51, p66/

66, and p66/p51 dimers, respectively, bound by inhibitor . ;
b pos/p I pecively, bou y Il dflltranon at pH 7.8 and OC by a factor of 3 {). No p51/

I. The experiment with p51 in the presence of efavirenz use
a monomer concentration similar kg(p51/p5%1), whereas

the experiments with p66 and the equimolar mixture of p66

and p51 used monomer concentratieriO—40-fold greater
than K4(p66/p66-1) and Ky(p66/p51-1). This raised ques-
tions about the accuracy of the latt&y values. If, for
example, one species is essentially absent, no reliabl
estimate ofKq is possible. Using the [monomerland Kq
values in Table 4 in the dimerization reactions in egs 10
12, we calculated 1318 and 18% total monomer by mass
in the solutions of p66 and the equimolar mixture of p66

and p51, respectively. We also computed the monomer and[P66] =

dimer concentrations at the reference radial distdhce

the cells at equilibrium. These calculations showed that the

amount of monomer by mass ranged from 5 to 15%

uM at pH 6.5 and 5°C was determined by sedimentation
equilibrium (). Here too, the difference from olty(p66/
p66) value may be attributed to the lower pH. Finally, our
Ka(p51/p51) of 230+ 30uM at pH 7.0 and 5C is smaller
than the only literature value of 67(M determined by gel

p51 homodimer was detectable in previous sedimentation
equilibrium studies ).

For a solution of RT, the concentrations of the three
dimeric and two monomeric species can be calculated from
the three coupled dimerization reactions in eqs 12 using

e€ds 5-9 and the values for the three dissociation constants

in Table 4. Figure 5 shows the percentages of the five species
present in a RT solution equimolar in p66 and p51 as a
function of [monomex}.. When [monomeg; = 1 uM, [p66/
p51]= 220 nM, [p66/p66}= 15 nM, [p51/p51F 0.51 nM,

250 nM, and [p51]= 280 nM; 44% of the total
monomer is a heterodimer. When [monomgerf 10 uM,
[p66/p51]= 3.7 uM, [p66/p66]= 0.19 uM, [p51/p51] =
0.011uM, [p66] = 0.90uM, and [p51]= 1.3 uM; 74% of

depending on rotor speed, consistent with the values obtained€ total monomer is a heterodimer. Because [pS1/p51] is

from equilibrium calculations. These results, along with the
error estimates, suggest that #gvalues for the three dimers
in the presence of efavirenz are sufficiently robust.

DISCUSSION

Equilibrium Dissociation Constants of ROur Kq4 values
in the absence of efavirenz fall within range of literature
values for RT dimers (Table 4). Th&(p66/p51) of 310+

negligible in this concentration range (0.1% atuM
monomer and 0.2% at 1M monomer), omitting the p51
homodimerization reaction in eqs 5 and 12 has negligible
effects on the calculated concentrations of monomers and
the other two dimers. On the other hand, ignoring the
multiple subunit equilibria completely and calculating the
concentrations of heterodimer and monomers for the single
dimerization reaction in eq 10 using eq 7 and Kgp66/
p51) value of 0.3M overestimate the extent of dimeriza-
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tion by 1.5-fold when [RT}: = 1 uM and 1.2-fold at 10
uM. A1 uM RT solution would have [dimer{ 340 nM
and [monomer}= 320 nM or 68% of total monomer as a  Ky(3) = ([p66][1)/[p66—1])([p51][I}/[p51 —1]) =
heterodimer, and a 1M RT solution would have [dimer] K,(p66—1)K(p51—1) (13d)
= 4.4 uM and [monomer]= 1.2 uM or 88% of the total d d
monomer as a heterodimer. Thus, for accurate values ofrpg Gipps free energhG = 0 around the closed path in
species concentrations, the p66 homodimerization reactiong.pame 1. SubstitutingG = —RT In K gives

as well as the heterodimerization reaction should be included
in the calculations.

Effects of Efairenz Binding on Dissociation Constants.
Efavirenz is a second-generation NNRTI, which inhibits
HIV-1 RT with an inhibition constari; of 3 nM and inhibits
virus spread in cell culture with a 95% inhibition concentra-
tion ICgs Of 1.5 NM (42). K4 values for binding of efavirenz
to different catalytic forms of RT have been derived from
steady-state kinetics: 170 nM for RT, 30 nM for Rpprimer/
template, and 4 nM for R¥primer/template dNTP @3).
Thus, RT is likely saturated with inhibitor after dialysis into

25uM efavirenz. Binding of efavirenz stabilizes RT dimers  _ 4 andKq(1) < Kq(3), indicating that the inhibitor binds

by as much as 600-fold at pH 7.0 and @ (Table 4). The  ianter to the dimer than to the monomer. This is clearly the
order of stability of the three dimeric species in the presence ;4 for efavirenz, wheté,(2)/Kq(4) = 0.0025, 0.019, and

of efavirenz parallels the order in the absence of inhibitor, 5 940 for the p51/p51 homodimer, the p66/p66 homodimer,
but the relative differences in dimer stability are smallerin 54 the p66/p51 heterodimer, respectively. Likewise, if
the inhibitor complexes. Efavirenz binding increases the \NRTI has no effect on dimerization, then eq 15 implies

stabilities of the p51/p51 homodimer, the p66/p66 ho- ¢ the drug has equal affinity for the dimer and monomer.
modimer, and the p66/p51 heterodimer by 13.8, 9.2, and 7.5

K,(1) = [p66/p51][I}/[p66/p5E-1]  (13c)

—RTIn K4(2) — RTIn K(3) =
—RTIn K4(1) — RTIn K4(4) (14)
so that
Ky(2)/K«(4) = K4(1)/K4(3) (15)

Analogous schemes and equations apply to p66/p66 and p51/
p51 homodimers in the absence and presence of efavirenz.
If NNRTI binding enhances dimerization, thé&a(2)/Kq(4)

kJ/mol, respectively. In contrast, binding of TSAOe
decreases p66/p66 and p66/p51 stabilities by 13.4 and 16.
kJ/mol, respectively 9); binding of BBNH and BBSH

Finally, if NNRTI binding weakens dimerization, thdy-
2)IKyq(4) > 1 andKy(1) > Kg(3), indicating that the inhibitor
binds tighter to the monomer than to the dimer. This is the
case for TSAO®, whereKy(2)/K4(4) = 180 and 650 for

decreas_es the p66/p51 stability by 15.9 and 14.2 kJ/mol, i, p66/p66 homodimer and p66/p51 heterodimer, respec-

respectively §). o ~tively. Future sedimentation equilibrium studies are planned
These disparate effects of NNRTI binding on dimerization o measurd(, values of RT in the presence of NNRTIs with

can be reconciled by the thermodynamic linkage proposed yifferent effects on dimerization.

in Scheme 1 Effects of Efairenz Binding on the Dimer Interfac&@he
Scheme 1: Thermodynamic Linkage of NNRTI Binding p66/p51 heterodimer has an asymmetric structéB The

and Dimerization four subdomains of the p66 polymerase domain are arranged

like a right hand: fingers, palm, thumb, and connection

(Figure 6A). Despite identical sequences, the polymerase

domains in the two subunits adopt different structures. The

21
=~

Kq(1)
Ky@4)
21

po6/p51 po66/p51—1 + 1

100

fro

po66 + p51 ;‘-— p66—1 + p51—I
K4(3)

80 |
where | is NNRTI. Scheme 1 makes two assumptions: (1)
the dimerization reaction is an equilibrium between dimer
and folded monomer, and (2) NNRTI binds to dimer and
folded monomer. The assumption of folded monomer is
supported by the almost-identical far-UV circular dichroism
spectra of three dimerization defective mutant p66 monomers
and the wild-type p66/p51 heterodimet4]. In Scheme 1,
Kd(2) andKy(4) are the dissociation constants of the p66/
p51 heterodimer measured in the presence and absence of
efavirenz, respectively (Table 4)

Kd(2) = ([p66—1[p51—1])/([p66/pS1—I][I]) a

60

40

mole %

[monomer],,, uM

3a)
(13b)

Ficure 5: Relative amounts of monomeric and dimeric species
(monomer concentration) in an equimolar mixture of p66 and p51
as a function of total monomer concentration in the (solid lines)
. L . absence and (dashed lines) presence ofi5efavirenz: black
ande(l) ande(S) are dissociation constants of the inhibitor for p66/p51, red for p66’ blue for p51’ magenta for p66/p66’ and
from dimer and monomers, respectively. cyan for p51/p51.

K4(4) = ([p66][p51])/[p66/p51]= K4(p66/p51)
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Ficure 6: Ribbon diagrams of the subunit interface of HIV-1 p66/p51 RT in the absence and presence of efavirenz (black). (A) Front view
of the superposition of RT (1DLO; polymerase subdomains of each subunit, blue for fingers, red for palm, green for thumb, and gold for
connection; magenta for the p66 RNase H domain) and thedRavirenz complex (1IKW, gray). (B) Top view of interface residues from

the superposition of RT (1DLO; green for p66 and blue for p51) and the d®dvirenz complex (1IKW; red for p66 and cyan for p51).

(C) Top view of interface residues from the superposition of RT (LHMV; pink for p66 and gold for p51) and thef&irenz complex

(1IKW; red for p66 and cyan for p51). (D) Top view of interface residues from the superposition of RT (1DLO; green for p66 and blue
for p51) and the RFefavirenz complex (1FK9; red for p66 and cyan for p51). (E) Top view of interface residues from the superposition
of RT (1HMV; pink for p66 and gold for p51) and the R'Efavirenz complex (1FK9; red for p66 and cyan for p51).

folding of individual polymerase subdomains is similar in binding pocket are in the palm subdomaib7), Several
the two subunits, but the relative orientations of the subdo- amino acid side chains that make contacts with efavirenz
mains as well as the subunit interfaces are different. The are also located in the dimer interfack8(19). The side
p66 polymerase domain has a large cleft between fingerschain of Y181 contacts the cyclopropyl-propynyl group of
and thumb subdomains, which forms the primer/template efavirenz, while the side chains of L100 and V179 contact
binding site 46). The polymerase active site and NNRTI the benzoxazin-2-one ring. In addition, the main chain



2788 Biochemistry, Vol. 45, No. 9, 2006 Venezia et al.

Table 5: Interface Parameters for HIV-1 RT Dimer Interfaces in the Absence and Presence of Efavirenz
unliganded RT (1DLO) unliganded RT (1HMV) Riefavirenz complex (1FK9) RFefavirenz complex (1IKW)

p66 interface ASA(A?) 2499 2296 2312 2287
p51 interface ASA(A2) 2605 2374 2428 2411
no. of H-bond® 18 16 15 13

gap volume (&) 15851 15017 14043 14201
no. of bridging waters 0 0 2 0

a ASA is the accessible surface area defined as the surface mapped out by the center of a 1.4 A spherical probe rolled around the van der Waals
surface of a proteir Number of hydrogen bonds for residue determined by generating a set of possible positions for the H atom attached to a
donor and searching for donor/acceptor pairs that fit the criteria.

carbonyl oxygen of K101 forms a hydrogen bond with the one or two hydrogen bonds, depending on the p66/p51

benzoxazin-2-one NH. The binding of efavirenz seems to structure used for comparison. This observation is significant

induce several conformational changes in the structure of because none of these residues are located in the NNRTI

HIV-1 RT (32, 33), including a change in the orientation of binding pocket. Two residues that are in the binding pocket,

the p66 thumb subdomain-@0° rotation) that results in K101 of the p66 subunit and G138 of the p51 subunit, also

slight displacement of the p66 connection subdomain and display noteworthy changes. Both residues gain a hydrogen

RNase H domain and of the entire p51 subufR)( bond in the p66/p5tefavirenz complex. All other differ-
Figure 6 illustrates the conformational changes at the dimerences in interface ASA between the structures seem to be

interface of wild-type p66/p51 HIV-1 RT with all interface  relatively small. Thus, efavirenz binding clearly induces

residues in a ribbon display. Because RT is quite flexible structural changes in the dimer interface of the p66/p51

and crystallizes in different forms, dimer interfaces were heterodimer, which may account at least in part for the

examined in two structures each of the unliganded wild-type increased subunit affinity.

p66/p51 heterodimer, IHMV3Q) and 1DLO (33), and of

the p66/p5+efaviernz complex, 1FK91@) and 1IKW (19). SUPPORTING INFORMATION AVAILABLE

In panel A, the structure of the efavirenz complex 1IKW is

superposed on the unliganded structure 1DLO. These two

structures were chosen because of the similarity in crystal-

lization conditions and spatial arrangement of the p66 fingers

subdomain. The distortion of the p66 thumb subdomain as REFERENCES

well as the shift in the orientation of the p66 fingers are

clearly visible. Panel B presents another view of only the 1. Restle, T., Mier, B., and Goody, R. S. (1990) Dimerization of

. . human immunodeficiency virus type 1 reverse transcriptase,
superposed dimer interfaces of these structures. Panel C  gi5 Chem. 2658986-8988.
presents the superposed dimer interfaces with the other wild- 2. Restle, T., Miler, B., and Goody, R. S. (1992) RNase H activity

Fringe factor calculation and a table of dimer interface
residues (Table S2). This material is available free of charge
via the Internet at http://pubs.acs.org.

type p66/p51 structure IHMV. In both panels B and C, the of HIV reverse transcriptase is confined exclusively to the dimeric
interface residues in the p66 palm subdomain and p51 fingers ‘(L‘g”;i(':eEBSS ";etjt- 3N0§257*%O%VC)hlgensinger 5 and Schats. ©
domain display d'scem'ble distortion in the efaw_renz com- (1991) Subunit-selective mhtagenesis indicates minimal p(;Iy-
plex. The most dramatic structural changes are irjte- merase activity in heterodimer-associated p51 HIV-1 reverse
pB5b sheets of the p66 subunit (D8BI96) and in thef7— transcriptaseEMBO J. 10 3905-3911.

8 loop of the p51 subunit (1135P140). The position of 4. Bavand, M. R., Wagner, R., and Richmond, T. J. (1993) HIV-1

. ) . . reverse transcriptase: Polymerization properties of the p51
the interface residues in the p66 RNase H domain that contact  pmodimer compared to the p66/p51 heterodirBéchemistry

the thumb subdomain of p51 is not much affected by the 32, 10543-10552.

presence of efavirenz in either panel B or C. This is also 5. Becerra, S. P, Kumar, A., Lewis, M. S., Widen, S. G., Abbotts,
true of the residues in the connection subdomains of both ~ J. Karawya, E. M., Hughes, S. H., Shiloach, J., and Wilson, S.
. . . . H. (1991) Proteir-protein interactions of HIV-1 reverse tran-
subunits that interact W“h one another. Finally, panels D _and scriptase: Implication of central and C-terminal regions in subunit
E present superposed dimer interfaces of the other efavirenz  binding, Biochemistry 3011707-11719.

structure, 1FK9, with the two unliganded structures, 1IDLO 6. Divita, G, Rittinger, K., Restle, T., Inmefder, U., and Goody,

; : ; : ; ; ; R. S. (1995) Conformational stability of dimeric HIV-1 and HIV-2
and 1HMV. Nearly identical distortions in the dimer interface reverse transcriptaseBjochemistry 3416337-16346.

are apparent in this efavirenz complex as well. _ 7.Lebowitz, J., Kar, S., Braswell, E., McPherson, S., and Richard,
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