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While HIV-1 reverse transcriptase (RT) mutations of M to V at position 184 are commonly observed
in the clinic, the double mutation of 65R + 74V is rarely seen. It has been demonstrated that rapid R → K
reversion occurs at RT codon 65 during replication of HIV-1 in human peripheral blood mononuclear cells
containing 65R + 74V mutations and that processivity of the RT is reduced relative to wild type. However,
clinical studies show that M184V can be detected after several months of therapy interruption, suggesting
more effective processivity. Herein, the in vitro RT processivity of genetically engineered M184V and
esistance mutation
ttenuation
eversion
everse transcriptase
rocessivity

double mutant 65R + 74V was compared. Virion-associated RTs of WT pNL4-3, K65R, L74V, M184V and
65R + 74V were used to perform RT processivity assays in the presence of trap, poly(rC)-oligo(dG). Both
RTs with 184V and 65R + 74V mutations exhibited similar processivity when compared with each other
and a significantly decreased processivity as compared to WT RT. Both mutant RTs synthesized shorter
cDNA molecules (37–42 nt) relative to WT RT, which made longer (65–70 nt) cDNA molecules. Since these
surprising biochemical results cannot explain the clinical phenotype, a hypothesis is presented to explain

est n
the discrepancy and sugg

During the past decade the effectiveness of highly active
ntiretroviral therapy in suppressing HIV load to undetectable lev-
ls has been demonstrated in several clinical trials. It has also
ecome clear that most reverse transcriptase (RT) inhibitors are
uch more effective when given in combination than when given

lone (Larder et al., 1995; Richman, 1996), although antagonism can
e observed in vitro and in humans with nucleosides that use the
ame initial phosphorylation enzyme (Hernandez-Santiago et al.,
007) . It is widely believed that such synergistic drug interaction
rises from the fact that certain combinations of drug resistance
utations are particularly detrimental for the enzyme, which leads

o a less fit virus as shown by our group and others for RT variants
ontaining mutations K65R, L74V and M184V (Back et al., 1996;
harma and Crumpacker, 1997, 1999; White et al., 2002; Sharma et
l., 2004; Deval et al., 2004a,b).
In addition, certain mutations are mutually exclusive. For exam-
le passaging of HIVLAI in the presence of nucleoside reverse
ranscriptase inhibitors (NRTI), �-D-dioxolane guanine (DXG) or
APD (Amdoxovir®), results in the selection of K65R or L74V, but

∗ Corresponding author. Current address: Department of Microbiology and
mmunology, Emory University School of Medicine and Department of Veterans
ffairs, 1670 Clairmont Road, Medical Research 151MV, Decatur, GA 30033, USA.
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ew approaches for future testing.
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both mutations were not selected together (Bazmi et al., 2000).
Using human peripheral blood mononuclear (PBM) cell-based
replication assays and genotype analysis, we demonstrated that
the double mutant 65R + 74V in a pNL4-3 background is ‘unsta-
ble’ because a rapid 65R → K reversion occurs during replication
of virus in PBM cells. We further showed that sub-optimal con-
centrations of human IL-2 slows down the replication of virus and
65R → K reversion. These studies provide evidence that 65R → K
reversion is replication dependent and that RT mutations 65R and
74V are mutually exclusive (Sharma et al., 2004). Accordingly, the
presence of 65R and 74V on the same viral genome mutations is
rare in clinic (Wirden et al., 2005, and Stanford HIV drug resistance
database, http://hivdb.stanford.edu). In contrast to the instability
of 65R mutation in double mutant virus 65R + 74V, no reversion
at codon 65 has been reported in double mutants 65R + 184V and
65R + 68S (Deval et al., 2004a; Røge et al., 2003). These observa-
tions indicate the significance of positioning of specific amino acid
residues in 3D-RT structure in relation to the biological function of
enzyme (Huang et al., 1998).

A biochemical mechanism to correlate attenuated replication
capacity of a virus with altered RT function is the determination

of in vitro RT processivity. However, controversial RT processivity
results have been reported based upon the assay condition, choice
of template/primer and the concentrations of dNTPs used in the
reaction mixture (Arion et al., 1996; Back and Berkhout, 1997; Boyer
et al., 1998; Sharma and Crumpacker, 1999; Deval et al., 2004b; Xu

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:plsharm@emory.edu
http://hivdb.stanford.edu/
dx.doi.org/10.1016/j.antiviral.2009.06.002
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t al., 2009). Also, studies have demonstrated that replication defect
y one mutation can be compensated by other distant mutation(s)

eading to the generation of a virus which is replication compe-
ent (Olivares et al., 1999; Svarovskaia et al., 2008), and reduced
nzyme activity due to single point mutation could be compensated
y second-site mutation (Boyer et al., 1998; Harris et al., 1998). RT
utation M184V appears to be quite stable under therapy, how-

ver, upon discontinuation of lamivudine (3TC), 100% reversion to
T phenotype occurs after several months (Zaccarelli et al., 2003).

he major goal of our study was to compare in vitro processivity
f RTs containing a stable mutation M184V and an unstable double
utant 65R + 74V. We report herein a direct comparison of RTs con-

aining 65R, 74V, 184V and 65R + 74V mutations in the same assay
ystem.

Various point mutations were created in the background of
roviral clone pNL4-3 (Adachi et al., 1986) by using pALTER−1

utagenesis system of Promega (Madison, WI) according to man-
facturer’s guidelines and our previously described protocols
Sharma et al., 1996, 2004; Nurpeisov et al., 2003; Sharma and
rumpacker, 1999). To eliminate the possibility of reversion during
everse transcription in mutant K65R + L74V virus, we used primary
uman embryonic kidney cells (293), which are non-permissive for
IV-1 infection. Viruses were produced using SuperFectR reagent
f Quiagen (Valencia, CA) and manufacturer’s guidelines. Cells
ere passed into 60 mm dishes 24 h prior to transfection in Dul-

ecco’s Modified Eagles Medium (DMEM) containing 10% heat
nactivated fetal bovine serum (FBS) and penicillin/streptomycin
complete medium). To generate virus, the complex containing
0 �g of DNA in 150 �L of serum-free medium and 30 �L of Super-
ect reagent was incubated at room temperature for 10 min. One
L of complete DMEM was added dropwise onto 293 cells that
ere washed once with phosphate buffer saline (PBS). Cells were

ncubated at 37 ◦C in the presence of 5% CO2 for 3 h. The remain-
ng medium-complex was removed and the cells were washed

ith PBS (4 mL). Four mL of complete DMEM was added and
ishes were incubated for 48–72 h. Culture supernatants were
ollected and centrifuged for 5 min at 833 × g (g = 1.2) to pel-
et any debris. The presence of specific mutation was confirmed
y sequencing culture supernatant-derived HIV-1 RNA. One mL
f each virus was centrifuged for 2 h at 15,000 rpm in a refrig-
rated centrifuge [Thermo Electron Corp., Marietta, OH; Model,
R 23i; Rotor, DRM6.M]. The pelleted virus was disrupted with

0 �L of lysis buffer containing NP40 and RT activity was deter-
ined using homopolymer template/primer [poly A-oligo d(T)]

Boehringer Mannheim, IN) and �-32P dTTP (Morvaek Biochemi-
als Inc., Brea, CA) according to published protocols (Sharma and
rumpacker, 1999).

Previous, in vitro studies have shown that virion-associated
rotein Ncp7 (Li et al., 1996) and host proteins such as cellular
opoisomerase I and p53 (Takahashi et al., 1995; Bakhanashvili,
001) can interact with HIV RT and enhance RT activity and
delity. Therefore, we used virion-associated RT lysates in all our
ssays. In order to compare in vitro processivity of various RTs, all
ssays were performed in the presence of 50-fold excess of trap
poly(rC).oligo(dG)]. The presence of trap ensures that processivity
as measured during a single processive cycle.

Assays were performed as described elsewhere (Boyer and
ughes, 1995; Back et al., 1996; Sharma and Crumpacker, 1999).
he reactions were terminated by placing the tubes in ice slurry
nd by adding an equal volume of buffered phenol. cDNA prod-
cts were extracted by phenol:chloroform:isoamyl alcohol and the

urified products were run on 6% polyacrylamide sequencing gel
lectrophoresis. The wet gels were exposed to autoradiography for
0 min to 2 h. The relative density of DNA bands was compared

n autoradiograph using Intelligent Quantifier software (Bio Image
ystems, Inc., Jackson, MI).
arch 83 (2009) 317–323

The visual examination of autoradiograph clearly shows that the
entire panel of mutant RTs had decreased processivity in compar-
ison to WT RT (Fig. 1A). Similar RT processivities were noted in
three to five independent assays. In order to determine the relative
synthesis of cDNA bands generated during processive reverse tran-
scription, a set of six bands were highlighted and the density of each
set was calculated. The quantification of cDNA bands revealed that
while there is not a significant difference between shorter cDNA
products (bands 1–6) generated by WT, 65R and 74 RTs, a signifi-
cant difference (p = 0.05) among larger cDNA products (>6 bands)
was evident (Fig. 1B). In contrast, 184V RT and 65R + 74V RT made
fewer and shorter cDNA products throughout, suggesting a major
processivity defect in these two RTs as compared to WT RT (Fig. 1B
and C, Table 1).

A nonparametric (Kruskal-Wallis) test was performed to com-
pare the first 6 band values for the five viruses. While no significant
difference was observed (p = 0.11) between WT and 65R and WT
and 74V viruses, a significant difference between WT and 65R + 74V
(p = 0.05) and WT and 184V (p = 0.05) was observed. The student t-
test indicated that DNA density decreased at a significantly higher
rate for RTs containing 65R + 74V and 184V mutations as compared
to WT RT, 65R and 74V RTs. The relative processivities for differ-
ent RTs were, WT > 65R ≥ 74V > 65R + 74V ≥ 184V. Under the assay
conditions, the maximum lengths for cDNA synthesized by WT,
65R, 74V, 65R + 74V and M184V RTs were 66, 60, 62, 42 and 37
nucleotides, respectively. The decreased processivity observed for
L74V and M184V RTs were similar to those seen previously (Back et
al., 1996; Sharma and Crumpacker, 1999). In a recent study, inves-
tigators demonstrated that under low dNTP concentration K65R RT
exhibits lower activity in single-cycle processivity assay (Xu et al.,
2009) which is in agreement with our observation of a decreased
processivity of K65R compared to WT RT.

X-ray crystal structure coordinates for wild type HIV RT
complexed with thymidine analogs were downloaded from the
international protein data bank at http://www.pdb.org (Huang et
al., 1998; Sarafianos et al., 1999, 2002). File 1rtp.pdb (Huang et al.,
1998), a covalently trapped catalytic complex of HIV RT and DNA
including thymidine triphosphate (TTP), was modified by addi-
tion of 3′ hydroxyl to the primer residue. The entire system was
protonated using Generalized Born/Volume Integral Formalism as
implemented in MOE (v2007.09; CCG, Montreal). The protonated
system including Mg2+ was typed for use in the Merck Molecular
Force Field. Electrostatics were computed with a solvent dielec-
tric of 80 and 15 Å cutoff. Steric interactions were calculated using
a 12-6 Leonard-Jones potential. Systematic energy minimization
and exploration of side chain rotomers associated with wild type
and drug resistant mutants was performed as described previously
(Hari et al., 2006). File 1n6q, wild type RT complexed with 3′-AZT-
MP terminated DNA in the pre-translocation or “N” site, was fit
to the 1rtd reference coordinates using “Matchmaker” in Chimera
(Pettersen et al., 2004) to align functional activity space. Best-
aligning pairs of chains between reference and match structure
were computed using the Needleman-Wunsch alignment algo-
rithm with a BLOSUM-62 Matrix and gap extension penalty of 1.
Possible matches were pruned until no pair exceeded 2.0 Å. The
3′-azido group was modified to OH for comparisons with 1rtd.pdb.

The wild type complex containing TTP as prepared in methods
is shown in Fig. 2. Energetic analysis of possible rotomer interac-
tions associated with mutations at positions 65 and 74 within the
catalytic TTP complex revealed significant shifting of H-bonding
patterns and template alignments similar to those suggested pre-

viously for the A nucleotide (Deval et al., 2004b). Although the 74V
mutation does not have direct contact with the TTP it does provide
template positioning for the incoming nucleotide. Repositioning of
finger region, �4–�3, in response to the changing L74V caused shift-
ing of R72 and K65. This shifting became more pronounced in the

http://www.pdb.org/
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Fig. 1. Reduced processivity of RTs containing mutations 65R, 74V, 65R + 74V and 184V. The purified cDNA products were run on a 6% polyacrylamide vertical gel electrophoresis.
The cDNA bands were visualized by autoradiography. The image contrast for whole gel was adjusted to visualize the relative cDNA densities among different lanes (A). Lanes:
1, WT (no trap); 2, 3, WT; 4–7, 65R; 8, 65R (no trap); 9, 10, 74V; 11, 12, 65R + 74V; 13, 14, 184V. Relative amounts of cDNA synthesized with WT and entire mutant panel were
quantified by Intelligent Quantifier (Bio Image Systems, Inc.) software. The groups of 6 cDNA bands from bottom to the top were scanned for each lane and plotted against
cDNA length (B and C).
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Fig. 2. Structural interactions of activated nucleotide. Positions of residues 65 and
74 as found in a covalently trapped catalytic complex of HIV-1 reverse transcriptase,
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rtd.pdb (12), showing potential hydrogen bonds in magenta. Van der Waal surface
round Leu74 shows simultaneous contact with aligning template strand residue
nd Phe 61 on adjacent strand �3. Strand �3 orientation is defined by position of
he 61 and Lys 65.

5R + 74V double mutant, suggesting that change in finger flexi-
ility could be a contributor to the observed loss of processivity.
nalysis of open HIV-RT compared to the closed form highlights

he role of the 74 position as a hinge for finger flexibility. Fig. 3
llustrates the alignment of residue 74 on �4 with residue F61 on
3 during finger extensions that moves residue 65 10 Å out of the
inding site. Through this extended secondary structure mecha-
ism, the volume change associated with L74V is expected to alter
bsolute positioning of residue 65 as well as template positioning.

Residue 184 is located at the 3′ end of the primer residue adja-
ent to the catalytic aspartic acids also shown in Fig. 3. This work,
s well as previous crystallographic and modeling studies, sug-
ests M184V most likely causes resistance to specific drugs due
o increased steric hindrance by �-branched amino acids and can
lso cause repositioning of template-primer (Sarafianos et al., 1999;

eval et al., 2004a). Accordingly, structural changes due to muta-

ions at 184 are not directly linked to residues on the �3–�4 finger
hrough the protein.

Although each are clinically important, K65R and L74V rarely
ccur on the same virus genome (Winters et al., 1997; Wirden et

ig. 3. Flexibility of �3–�4 fingers. Orientation of �3 and �4 varies significantly betwe
omplex derived from 1nq6.pdb by Sarafianos et al. (20). Torsional flexing of finger is cent
o change mobility vector of �3 and directly impact positioning of residue 65 in the cataly
ctivity relative to Lys at that position. Residue Met184 is shown positioned beneath the p
arch 83 (2009) 317–323

al., 2005; Henry et al., 2006), and Stanford HIV drug resistance
databases (web site: http://hivdb.stanford.edu) confirm this rarity.
Among 23 patients who received 1–2 years of 2′,3′-dideoxyinosine
(ddI) therapy, only one showed the presence of K65R and L74V
on the same genome. Analysis of the Marseille database contain-
ing 8866 sequences from 3720 patients revealed the coexistence of
K65R and L74V in only two clones (Henry et al., 2006). Investigators
speculated on the compensatory role of second-site mutation(s) in
these studies. Our analysis suggests that the structural proximity
of these residues may underline the cause for this clinical obser-
vation. In contrast 3TC-selected M184V mutation (Schinazi et al.,
1993; Tisdale et al., 1993) is prevalent during clinical trials with
combination therapy where 3TC or FTC is one of the component of
regimen (McColl et al., 2008). Also, no apparent reversion to wild
type at mutated codon M184V has been detected during virus prop-
agation in the absence of drug. Therefore, 184V could be termed as
a ‘stable’ mutation in vitro. Based upon these observations, theo-
retically, it could be predicted that RT containing double mutation
65R and 74V would be significantly less processive than M184V RT.
In contrast, we found similar in vitro processivity in terms of num-
ber and size of cDNA molecules generated with ‘T’ nucleotide using
homopolymer template (Fig. 1A and C).

Comparing the nucleotide incorporation data from two previ-
ous studies with RTs containing 184V (Deval et al., 2004a) and
65R + 74V (Deval et al., 2004b) demonstrated that the incorpora-
tion rate for nucleotides A, G and T was approximately similar for
both RTs using a heteropolymer template. However, there was a 2-
fold greater incorporation of ‘C’ nucleotide with 184V RT than the
65R + 74V RT (Deval et al., 2004a,b). This raises a question about
processivity of specific nucleotides and if homopolymer experi-
ments were measuring the correct marker. Could it be that an
assay of ‘C’ incorporation rather than “T” would better explain the
clinical phenotype? It should be noted however, that in contrast
to a decrease in processivity for M184V and K65R + L74V virion-
associated RTs observed by us, no change in the processivity of
65R + 74V RT was observed by Deval et al. (2004b). As we discussed
earlier, these differences may be due to the differences in the assay
system, RTs (virion-associated vs. purified) and/or traps used. Since

our assay showed similar decrease in M184V RT as observed pre-
viously by Back et al. (1996), a direct comparison of 65R + 74V and
other mutant RTs was performed. Unfortunately, the homopolymer
processivity assays may not be enough to distinguish stability of
mutant M184V observed during clinical trials with the rare mutant

en (A) the catalytic complex, also shown in Fig. 2 (12) and (B) post incorporation
ered at the interface of residues 61 and 74. Mutation of L74 to V would be predicted
tic complex. Reduced rotational freedom of Arg may be responsible for its lessened
rimer nucleotide.

http://hivdb.stanford.edu/
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5R + 74V. Since double mutant reverts back R → K at codon 65
apidly in PBM cells (Sharma et al., 2004), a 2-fold difference in
he incorporation of ‘C’ nucleotide between two RTs may or may
ot explain the debilitating effect on viral replication and 65R → K
eversion in 65R + 74V mutant seen previously (Sharma et al., 2004).

These results show that the in vitro RT processivity of certain
ucleotides may not always correlate with the replication kinetics
f mutant viruses, but they can provide insights into the molecular
echanism. Processivity can depend upon the significant position-

ng of specific amino acid residues in p66 domain of polymerase
Huang et al., 1998). Since a major component of HAART, such as
enofovir disoproxil fumarate (TDF) can select for the RT mutation
65R while several nucleoside analogs (ddI, ddC, ABC) select for
74V (St. Clair et al., 1991; Schinazi et al., 2000), our observations
hat the 65R and 74V mutations are mutually exclusive and results
n an RT with severely reduced enzyme activity, may be clinically
elevant. This is part of a multistep effort to relate in vitro observa-
ions to in vivo findings. Analysis of incompatibility among different

utations can further advance our knowledge about drug-selected
ethal combination(s).

In recent years, several investigators have addressed the issue of
linical benefits in relation to nucleoside analog mutations K65R,
74V and M184V. Analysis of clinical data on the risks and inci-
ence of K65R and L74V mutations on virologic responses have
evealed that if suboptimal HAART is used, infected persons with
65R experienced significantly higher rates of virologic suppres-
ion than did those with L74V mutation (Waters et al., 2008). Since
he combination of mutations in the background of K65R may have
more positive impact on viral suppression than those with L74V,

t will be difficult to rule out the role of other mutation(s) involved
ith viral suppression in this scenario. Appropriate assays for direct

omparison of the replication kinetics and RT processivity of the
iruses with K65R and L74V will be needed to understand the over-
ll impact of multidrug resistance mutations in viral suppression.
he role of M184V in viral suppression and overall clinical bene-
ts has been studied by various investigators. Studies have clearly

ndicated that the presence of M184V during clinical trials lead to
he maintenance of viral suppression and improved immunologi-
al profile even in the presence of 3TC or FTC (Miller et al., 2002;
etrella and Wainberg, 2002; Wainberg, 2004).

Our analysis explored whether processivity was dependent on
imilar structure constraints of RT for biological activities of this
nzyme. As mentioned earlier, certain mutant RTs are less proces-
ive and make fewer and shorter cDNA products during in vitro RT
rocessivity assays. It is conceivable that such RTs are inefficient

n generating full-length cDNA products and will result in shorter

ouble-stranded DNA during in vivo reverse transcription. Studies
ave revealed that viral attenuation is not always linked to in vitro
T processivity and fidelity. While M184V RT is associated with

ncreased fidelity (Wainberg et al., 1996), L74V RT does not show

able 1
ummary of relative cDNA synthesis during processivity assays.

roup of cDNA bands Median cDNA density (×104)/(minimum/maximum)

pNL4-3 K65R

1–6 142.8 (132.6–153.3) 125.7 (117.6–134.1)
7–12 165.3 (158.7–172.7) 143.4 (143.5–144.1)

13–18 144.5 (143.4–145.2) 124.3 (121.6–127.6)
19–24 122.9 (121.8–123.4) 103.7 (100.6–106.0)

5–30 124.5 (122.3–126.4) 100.7 (99.0–102.1)
1–36 96.3 (96.1–96.5) 76.3 (76.2–76.7)
7–42 96.0 (94.7–97.0) 70.6 (70.5–70.6)
3–48 95.0 (93.5–96.8) 60.4 (60.0–60.8)

group of 6 bands starting from the bottom of the gel (Fig. 1) were quantified and medi
rom the different scans are shown between the brackets. The largest cDNA fragments fo
eadings presented for bands 43–48 is background for these two mutant RTs.
arch 83 (2009) 317–323 321

significant increase in fidelity (Shah et al., 2000). On the other hand
K65R RT has largest fidelity increase reported so far for RT mutants
(Shah et al., 2000).

In the case of a processivity defect due to M → V change at
residue 184, previous structural studies have shown that polymer-
ization by HIV RT involves the interaction between the minor groove
of the template-primer and minor groove binding tract (MGBT)
(Huang et al., 1998). These crystallographic studies have revealed
that the direct interaction of DNA duplex with bases occurs in the
minor groove at position n to n–3, the van der Waals contacts with
P157 and M184 (base pair n) and with I94 (base pairs n–2 and n–3),
and hydrogen bonds between Y183 and G(n–1) (12). I94 has been
shown to be a part of significant structural element MGBT. On the
basis of these structural studies, it was assumed that the mutation
at codon 184 will result in an altered interaction with DNA duplex
in the minor groove and indirectly may affect the translocation due
to MGBT resulting in a decreased processivity (Back et al., 1996;
Huang et al., 1998; Sharma and Crumpacker, 1999).

Amino acid K65 and L74 are part of the highly flexible �3–�4
linkage group in the fingers domain of the 66-kDa subunit of HIV-1
RT. The HIV RT crystal structure shows that the incoming triphos-
phate moiety is coordinated by K65 and R72, main-chain-NH groups
of residues 113 and 114, and two Mg2+ ions. Further, Arg72 donates
hydrogen bonds to the �-phosphate and the �-amino group of K65
donates hydrogen bonds to the �-phosphate. As a result of finger
closure, both of these side chains move into a specific position. The
closing down of the fingertips traps both the template strand due
to the interaction of L74 with the templating base and the dNTP
(Huang et al., 1998). Additionally, as illustrated in Fig. 2, L74 pro-
vides a positional interface for orientation of �3 relative to �4 that
allows productive positioning of R72 for catalytic activity.

The dynamic nature of �3–�4 fingers is shown in Fig. 3
through aligned active sites before/after nucleotide incorporation
and pyrophosphate release (Huang et al., 1998; Sarafianos et al.,
2002). A change from L → V at 74 is likely to shift �3 orientation
relative to �4 through direct interaction with Phe 61. In addition
to template packing, this change can affect absolute positioning
of both residues 65 and 72. Thus, the elucidation of interactions
between residues 65 and 74 derived from comparative complexes
of HIV RT suggests that the major influence due to changes K → R
and L → V at residues 65 and 74, respectively, may occur during ini-
tiation. In contrast, M → V at 184 is thought to reduce binding of
incoming nucleotides by shifting positioning of primer-template.
Our analysis suggests that the interpretation of in vitro RT processiv-
ity assays may require additional related functional viral cell culture
assays to assess the stability of altered RTs in relation to the level of

in vivo attenuation and/or reversion of mutant viruses.

In this study, in vitro RT processivity of “T” nucleotides was
used to compare “fitness” of the 65R + 74V double mutant relative
to WT, M184V and K65R, L74V, single mutants. However, these in

L74V M184V K65R + L74V

127.8 (114.6–141.3) 71.6 (62.6–79.7) 100.8 (100.4–101.7)
151.2 (135.4–164.8) 92.9 (84.1–101.3) 115.5 (111.0–120.3)
131.9 (117.4–142.3) 73.4 (68.1–78.9) 91.3 (86.8–95.1)
107.4 (91.2–114.5) 52.9 (49.6–55.6) 64.8 (60.6–68.4)

76.8 (69.2–87.1) 45.7 (43.2–48.3) 54.8 (50.2–59.9)
73.1 (62.9–81.5) 28.1 (26.8–29.6) 34.2 (29.1–38.2)
59.3 (52.5–68.1) 21.6 (21.1–22.0) 23.5 (20.2–26.1)
62.8 (51.4–71.7) 15.9 (15.5–16.3) 15.3 (14.1–16.5)

an values were calculated from 3 to 5 independent processivity assays. The ranges
r M184V and K65R + L74V were between 37 and 42 nucleotides, therefore, the scan
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itro results do not correlate with clinical observations suggesting
ower fitness for the double mutant. Our models suggest that the
osition of 65 and 74 within the linked finger region may cause dis-
roportionate processing sensitivity for other nucleotide templates
resenting other bases. Since in vivo processing requires many bases
hanges and combinations it may be necessary to systematically
valuate the limiting combination in vitro. Due to the location of
esidue 184 in the relatively stable floor of the active site, we expect
t to be less sensitive to base changes. We are experimenting with

odified assay conditions to test this hypothesis.
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