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Abstract 

The enzyme reverse transcriptase (RT) plays a fundamental role in the replication of the human immunodeficiency 
virus type 1 (HIV-1) and several antiviral agents that target this key enzyme have been developed. Unfortunately, 
treatment of patients with RT inhibitors results in the appearance of drug-resistant variants with specific mutations 
in the RT protein. We hypothesized that if 'difficult' resistance mutations (e.g. transversions/double-hits) are 
consistently observed at certain positions, it is likely that 'easier' nucleotide substitutions (transitions/single-hits) at 
that codon do not result in a drug-resistant and/or active RT enzyme. In this study, we examined codon changes 
involved in RT drug resistance against nucleoside and non-nucleoside inhibitors and listed all easier substitutions, 
which apparently were not selected, either due to reduced enzyme RT activity or lack of drug resistance. These 
predictions on the requirements for resistance were confirmed by published mutational data on RT variants. We also 
propose that differences in mutation type can explain the order of appearance of substitutions in case multiple amino 
acid changes are required for optimal fitness. Differences in mutation pattern have been reported for drug-resistant 
HIV-1 variants selected in tissue culture compared with variants found in treated patients. In contrast to the in vivo 
situation, a relatively small population size is handled in in vitro tissue culture systems and this may limit the chances 
of creating a resistance mutation. Indeed, inspection of the codon changes indicates that the in vitro culture system 
is more strongly biased towards the relatively easy nucleotide substitutions. These results suggest that the nucleotide 
substitution pattern can provide important information on RT drug resistance. 
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1. Introduction 

D u r i n g  t r ea tmen t  wi th  an  ant iv i ra l  drug,  spon-  

t aneous ly  genera ted  h u m a n  immunodef ic iency  

* Corresponding author. Tel.: + 31 20 5664822; fax: + 31 
20 6916531. 

virus  type 1 (HIV-1)  m u t a n t s  wi th  drug-res i s tance  
p roper t i e s  will increase in f requency and  ult i-  
ma te ly  become  fixed in the popu la t ion .  Two  fac- 
tors  are  p r imar i ly  respons ib le  for  this e n o r m o u s  
genet ic  flexibil i ty o f  the HIV-1 virus: (i) the  high 
virus t i ter  in infected ind iv idua ls  c o m b i n e d  with a 
high rep l ica t ion  rate  o f  ~ 2 days  and  (ii) the 
e r ro r -p roneness  o f  the H I V - I  reverse t ranscr ip tase  
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(RT) enzyme. (i) Recent data demonstrate that 
the long asymptomatic period is not one of viral 
latency, but rather one of  highly efficient virus 
replication, which is somewhat masked by the 
rapid turnover of  both the HIV-1 virus and in- 
fected cells (Ho et al., 1995; Wei et al., 1995). It 
is estimated that virions are produced at a rate 
of  108 or more daily. (ii) Replication of  a retro- 
viral genome is intrinsically error-prone. Retrovi- 
ral replication involves three replicative steps: 
R N A ~ d s D N A  by the viral RT enzyme, 
DNA ~ DNA by the very accurate host replica- 
tion complex, and DNA--*RNA by cellular 
transcription. The first and third step occur in 
the absence of  proofreading, as both the viral 
RT polymerase and the cellular RNA poly- 
merase are devoid of 3'-exonucleolytic activity 
and both reactions display about the same accu- 
racy ( ~  l0 -4 per base copied (Anderson and 
Menninger, 1986; Roberts et al., 1989)). Al- 
though it is possible for mutations to be intro- 
duced into the viral genome during any of these 
replication steps, much attention has focused on 
the fidelity of  DNA synthesis by the RT enzyme 
(Bebenek and Kunkel, 1993). 

Evolution of drug-resistant HIV-1 variants is 
a multi-step process. The first step consists of 
the generation of variation; that is, of  suitable 
genetic variants that can serve as the material 
that will be exposed to phenotypic selection, 
which forms the second stage. The first step of 
evolution is completely independent of  the actual 
selection process. The probability that a particu- 
lar mutation will become fixed in a population 
depends on (i) the rate of  mutation at that par- 
ticular site, or in case the mutation preexists, its 
initial frequency, (ii) its selective advantage, and 
(iii) the effective population size (Li and Graur, 
1991). Although the fixation probability of a 
certain genotype may depend on aspects of pop- 
ulation structure, population size is a constant 
factor when we analyze the pattern of drug-re- 
sistance development within one HIV-infected 
individual. The most important factor in deter- 
mining the fixation of  drug-resistant mutations is 
the selection intensity (which is determined by 
functional constraints on the RT protein), i.e. 
induction of drug resistance and maintenance of 

catalytic activity (these combined enzyme prop- 
erties will be termed 'fitness'). Even though phe- 
notypic selection criteria will eventually shape 
the virus population, base substitution rates will 
largely determine the set of mutants available 
for the subsequent selection process. Given the 
high population size of HIV-I in an infected 
individual, combined with the rapid replication 
kinetics and the high error rate during retroviral 
replication, it can be calculated that all variant 
genotypes with single base substitutions will be 
available at any point in time for an appropriate 
response to the drug selection pressure (Coffin, 
1995; Najera et al., 1995). On the other hand, it 
is likely that complex nucleotide substitutions 
(e.g. double-hit codon changes) are not available 
in the initial virus pool. Furthermore, a natural 
HIV-1 population may contain insufficient vari- 
ability to satisfy the demand of drugs like AZT 
that require multiple amino acid changes in the 
RT protein for optimal fitness. 

To address the question of how specific amino 
acid substitutions can confer drug resistance, de- 
tailed structure-function analyses should be per- 
formed with both wild-type and mutant RT 
enzymes, in this study, however, we propose 
that some of  the requirements for drug resis- 
tance can be predicted by inspection of the type 
of  nucleotide substitution. The type of  substitu- 
tions can be divided into transitions (substitu- 
tions between purines (A and G) or between 
pyrimidines (C and T)) and transversions (sub- 
stitutions between a purine and a pyrimidine). 
We analyzed literature data on the type of nu- 
cleotide substitution (e.g. transition versus 
transversion, single-hit versus double-hit) that 
cause drug resistance in tissue culture and in 
patients undergoing therapy. We hypothesize 
that if a 'difficult' nucleotide substitution 
(transversion) is consistently found in drug-resis- 
tant viruses, it is likely that all 'easy' substitu- 
tions (transition) at that codon will not result in 
a fit RT enzyme that is both functionally active 
and drug-resistant. The validity of this hypothe- 
sis was demonstrated for those amino acids in 
the RT protein for which detailed mutational 
analysis is available. 
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2. Results and discussion 

2.1. Informative  codon changes in H I V - I  drug 
resistance 

The pattern of  spontaneous nucleotide substitu- 
tions has been studied for cellular pseudogenes 
that are generally believed not to be subject to 
selective constraints since they are devoid of func- 
tion (Gojobori  et al., 1982; Li et al., 1984). In this 
system, it was found that transitions occur more 
often than transversions. A similar mutational 
spectrum was observed in naturally occurring 
HIV sequences (Myers et al., 1995), cell-free RT 
reactions (Ji et al., 1994; Ji and Loeb, 1994), 
infection experiments in tissue culture (Berkhout 
and Klaver, 1995; Klaver and Berkhout, 1994) 
and SIV infections of macaques (Johnson et al., 
1991; Pelletier et al., 1995). Based on this spec- 
trum of mutations, we analyzed mutations in the 
HIV-1 RT gene that confer resistance to antiviral 
drugs as relatively 'easy' (transitions, type 1) or 
'difficult' (transversions, type 2). 

All mutations in the RT gene that are currently 
known to cause resistance to nucleoside analogs 
are listed in Table 1 (Mellors et al., 1995; adapted 
from the original with the kind permission of  
International Antiviral News). Table 1 presents 
the following information: (i) the drugs used in 
the selection for resistance, (ii) the amino acid and 
(iii) corresponding codon change involved, (iv) 
whether this mutation was observed in tissue cul- 
ture infections (in vitro) or (v) in drug-treated 
patients (in vivo), (vi) the type of  substitution 
observed, (vii) a list of  all substitutions at that 
codon position that are easier to generate and 
(viii) the potential intermediates in case of double- 
hits. Let us first discuss some of  the cases where 
easier substitutions are not selected. For  instance, 
AZT treatment consistently selects for resistant 
RT forms with the Met41Leu substitution. Inter- 
estingly, whereas the Leu-variant is obtained in 
two codon forms ( A T G - ~ T T G / C T G ,  both 
transversions), alternative codon changes that are 
easier to generate (lie, Val and Thr; transitions) 
were never observed. This means that, although 
other amino acids are possible through easier 
nucleotide substitutions, the enzyme needs the 

Leu at position 41 to maintain optimal fitness in 
the presence of  the drug. Structural properties 
may specify the requirements for this position 
because amino acid 41 is part of  an a-helix in the 
RT structure (Kohlstaedt et al., 1992), and both 
the wild-type Met and variant Leu residues are 
similar with respect to their capacity to facilitate 
the a-helix conformation. In fact, Met and Leu 
are good a-helix formers (P~= 1.20 and 1.34, 
respectively) compared with the alternative 
residues lie, Val and Thr (P~= 1.00, 1.14 and 
0.82, respectively; (Chou and Fasman, 1978)). 
Similarly, the drug ddI selects for the Leu74Val 
mutation (transversion), suggesting that a 
Leu74Ser mutation (transition) is unable to either 
confer drug resistance or maintain enzyme func- 
tion. 

This type of codon analysis is not restricted to 
nucleoside drug resistance in the RT protein. A 
similar analysis was performed for the RT muta- 
tions that confer resistance towards non-nu- 
cleoside drugs (Table 2, adapted from the original 
(Mellors et al., 1995) with the kind permission of  
International Antiviral News) and for resistance 
markers in the HIV-1 protease enzyme (data not 
shown). For  instance, a common mutation seen in 
the HIV-1 RT protein upon treatment with non- 
nucleoside inhibitors is the Leul00Ile change 
(TTA-~ATA,  transversion). Although a transi- 
tion (Ser) is possible, such a mutation has never 
been detected, suggesting that it creates a less fit 
RT enzyme. Interestingly, the Ser-variant has 
been tested as part of a mutational analysis 
(Boyer et al., 1994). Consistent with our predic- 
tion, this mutant was less than 5% active com- 
pared to wild-type RT. Thus, it seems that RT 
enzyme requirements do restrict the variation al- 
lowed at position 100. 

Detailed mutational analysis has also been re- 
ported for RT position 190, which is involved in 
resistance to the non-nucleoside RT drug nevirap- 
ine (Balzarini et al., 1994a; Chao et al., 1995; 
Kleim et al., 1994; Wei et al., 1995). A transver- 
sion (GGA ~ GCA, Gly--*Ala) is observed, sug- 
gesting that easier codon changes do not encode a 
functional and/or resistant RT enzyme (Arg and 
Glu, both transitions). Interestingly, resistance 
properties cannot explain this biased evolution 
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since several 190-variants were constructed and 
shown to confer drug resistance. These RT vari- 
ants, however, could easily be distinguished on 
the basis of  polymerase activity. Of several 190- 
variants tested, only the 190-Ser and 190-Ala vari- 
ants demonstrated > 50% polymerase activity 
(290% and 75 110%, respectively, as a percentage 
of the wild-type activity (Chao et al., 1995; Kleim 
et al., 1994)). Among the inactive RT enzymes 
were the 190-Arg and 190-Glu variants (2-8% 
and 4% active, respectively), which is consistent 
with our prediction based on nucleotide substitu- 
tion patterns. Furthermore, analysis of  the codons 
involved does also provide a simple explanation 
for the inability to select for the 190-Ser variant, 
which is both active and resistant. The route from 
the wild-type 190-Gly codon to a Ser requires at 
least a 2-hit substitution ( G G A ~ A G T / A G C ,  
transition and transversion, type 1.2), which is less 
likely to occur than the 1-hit route towards the 
190-Ala variant. Interestingly, one nevirapine- 
treated patient was recently identified with the 
190-Set codon (Wei et al., 1995). It was demon- 
strated that the initial virus population contained 
the Gly-190 codon GGC instead of  GGA, which 
facilitates a Glyl90Ser substitution by means of  a 
single transition ( G G C ~ A G C ) .  This example 
underscores the necessity to obtain pre-treatment 
HIV-1 sequences of  every individual patient, and 
that one cannot rely on consensus HIV-1 geno- 
types. 

Some amino acid changes responsible for RT 
drug resistance are caused by multiple mutations 
or 'double-hits' within one codon. In general, the 
frequency of  a double substitution is expected to 
be equal to the product of the frequency of  a 
single substitution if the two mutational events 
are fully independent. Misincorporation of  one 
nucleotide, however, may affect extension of the 
mismatched primer and may increase additional 
misincorporations at the adjacent positions. Nev- 
ertheless, double substitutions should occur much 
less frequently than the single ones. For  instance, 
AZT treatment results in selection of variants at 
codon 215 (Thr215Phe or Thr215Tyr) that require 
two substitutions each (ACC--, TTC and ACC 
TAC, types 2.1 and 2.2, respectively). A large 
number of easier mutations can be listed for 2-hit 

substitutions and all 1-hit and 2-hit mutations 
easier than Thr215Phe are listed in Fig. 1A and 
summarized in Table 1 (Mellors et al., 1995). If an 
alternative amino acid can be generated by multi- 
ple routes, only the easiest possibility is listed. For  
instance, Fig. 1A shows that a Thr215Ile substitu- 
tion can be made either through a single transi- 
tion (type 1) or a double-transition (type 1.1), but 
only the former route is listed in Table 1. Thus, 
there are 5 amino acid changes (Ile, Ala, Ser, Pro, 
Asn) that are easier to generate than Thr215Phe, 
yet none of  these substitutions have been detected 
in vivo or in vitro. Ten codon substitutions are 
easier to generate than Thr215Tyr but apparently 
not selected (Ile, Ala, Ser, Pro, Asn, Val, Met, 
Leu, Asp, Gly). These combined data strongly 
suggest that only an aromatic residue at position 
215 can provide the AZT-resistant phenotype. 
The third possible aromatic residue (215Trp) has 
never been observed, which can also be explained 
on the basis of mutation rates since a difficult 
triple mutation is required ( A C C ~ T G G ,  type 
2.2.2). Although both 215Tyr and 215Phe variants 
have been observed in patients, the two routes 
also differ in their mutational probability (type 2.2 
versus 2.1). In fact, the observation that the more 
difficult 2.2 pattern is frequently selected indicates 
that the 215Tyr enzyme should have a higher 
fitness than the 215Phe variant. 

The conclusions derived at in this theoretical 
exercise are fully consistent with experimental 
data from a recent mutational study of  codon-215 
variants (Lacey and Larder, 1994). Of all mutants 
tested, RT enzyme activity varied from 30% (Pro) 
to 100% (Thr(wt), Ala, Ser). No AZT resistance 
was observed for the wild-type RT enzyme and a 
large set of  variants (Pro, Arg, Ser, Leu, Ala, Ile), 
low level resistance was observed for the Trp 
variant, and high level resistance for the Phe and 
Tyr variants. As predicted by our analysis, the 
Tyr  mutant was found to be slightly more AZT- 
resistant than the Phe variant (Lacey and Larder, 
1994). For  codons that differ by more than one 
nucleotide from the initial sequence, we need to 
consider several evolutionary pathways that can 
lead to the observed changes (Fig. 1B). Besides 
fitness criteria for the intermediate RT forms, 
mutational bias can also determine which route is 
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A 

B 

Observed: ACC (Thr) 2 _ ~  TTC (Phe) 

Alternative possibilities: 

I -hit 

ACC (Thr) ~ ATC (Ile) 

1 
__GCC (Ala) 

TCC (Set) 

c c c  (Pro) 

AAC (Ash) 

AGC (Set) 

2-hit 

ACC (Thr) ~ AT]" (lie) 

1.1 
- - ~  GCT (Ala) 

Fig. 1. (A) Alternative codon mutations that are easier to acquire than the observed Thr215Phe mutation (ACC--* TTC, type 2.1). 
Listed are all 1-hit and 2-hit routes that should occur more frequently based on the mutational bias of HIV-1 replication. The 
mutated nucleotides are marked by underlining. Three silent substitutions are not included: ACT, ACA_, ACG. (B) Schematic 
representation of the Thr215Phe/Tyr pathways. 

preferred. It is obvious that every substitution 
pattern needs its own detailed discussion. In order 
to allow researchers to address such questions, we 
listed the possible intermediates for every double- 
hit scenario for HIV-1 RT drug resistance (Tables 
1 and 2). 

2.2. Mutation bias can explain the order of 
appearance of  drug resistance mutations 

Resistance to AZT comprises a sequence of 
events that appears to involve at least five sepa- 
rate amino acids in the HIV-1 RT domain (Kel- 

lam et al., 1992; Larder, 1994). The order of 
appearance of  drug-resistance markers is similar 
among different individuals: Lys70Arg is com- 
monly reported to occur first. Secondly, a new 
subpopulation with Thr215Phe/Tyr and subse- 
quently Met41Leu is observed, followed by the 
appearance of variants with a combination of 
several of these markers, possibly through genetic 
recombination (Kellam and Larder, 1995). Fi- 
nally, Asp67Asn and Lys219Gln changes are fre- 
quently detected in samples of AZT-treated 
patients, but usually in combination with some of 
the initial substitutions. A natural HIV-1 popula- 
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tion contains insufficient variability to satisfy the 
demand of drugs like AZT that require multiple 
amino acid changes in the RT protein for optimal 
resistance. Therefore, we propose that mutation 
rate is one of the factors that determine the order 
of appearance of the five AZT-resistance muta- 
tions. For instance, resistance properties alone 
cannot explain why Lys70Arg precedes the 
Thr215Phe/Tyr substitution (8-fold and 16-fold 
resistance, respectively), but the transition (type 1) 
that generates Lys70Arg is easier to accomplish 
than the double-hit leading to Thr215Phe/Tyr 
(type 2.1/2.2). Consistent with this idea, the 
Lys70Arg variant was recently reported to pre-ex- 
ist in some untreated patients (Najera et al., 
1995). That other relatively easy mutations 
(Asp67Asn, type 1; Lys219Glu/Gln, type 1/2) ap- 
pear only after a prolonged period of drug treat- 
ment may suggest that their contribution to drug 
resistance is small. Alternatively, these 'late' muta- 
tions may represent compensatory amino acid 
changes that are needed either to restore optimal 
RT enzyme function or to obtain optimal drug 
resistance in the initial 41-70-215 mutant. Indeed, 
there is some evidence that the Asp67Asn muta- 
tion is beneficial only in the context of the 
Lys70Arg mutation. Whereas introduction of 
Asp67Asn provides increased AZT resistance in 
combination with Lys70Arg (70Arg-215Tyr~ 
67Asn-70Arg-215Tyr, 6-fold ~ 31-fold resistance; 
41Leu-70Arg-215Tyr ---, 41Leu- 67Asn- 70Arg-215 
Tyr, 34-fold ~ 179-fold resistance), a reduction in 
resistance was observed in HIV-1 variants lacking 
the 70Arg substitution (41Leu-215Tyr ~ 41Leu- 
67Asn-215Tyr, 64-fold ---, 43-fold resistance; 
Larder, 1994). 

There are two interesting cases where HIV-1 
variants with easier mutations are transiently de- 
tected soon after initiation of drug treatment in 
vivo, followed by outgrowth of a fitter variant 
that was more difficult to generate by mutation. 
First, individuals treated with the nucleoside 
analog 3TC develop resistance within 2 weeks, at 
which time point a stable Met184Val substitution 
(ATG ~ GTG, transition) can be detected (Schu- 
urman et al., 1995). Multiple patient samples 

taken at earlier times ( ~  1 week) demonstrated 
another variant at this position (Met184Ile, 
ATG ~ ATA, transition). Both RT variants have 
been demonstrated to provide the drug-resistant 
phenotype (Boucher et al., 1993; Gao et al., 1993; 
Schinazi et al., 1993; Tisdale et al., 1993). Inspec- 
tion of the codons indicates that the 184Ile vari- 
ant is not an intermediate in the generation of the 
184Val variant, but rather an independent path- 
way towards 3TC-resistance. Thus, 184Ile seems 
to be generated at a higher frequency than 
184Val, but 184Ile is lost in the subsequent com- 
petition with the 184Val mutant. The initial ap- 
pearance of the 184Ile variant suggests that the 
frequency of G ~ A transitions at this codon posi- 
tion is higher than that of A---,G transitions. 
Furthermore, eventual outgrowth of the 184Val 
variant is consistent with the observation that this 
RT variant provides better enzyme properties 
than the 184Ile variant (Back, Boucher and 
Berkhout, unpublished data). 

A second interesting pattern of virus evolution 
was observed at RT codon 181 in some patients 
treated with the non-nucleoside RT drug nevirap- 
ine (Wei et al., 1995). Initially, the substitution 
Tyrl81Cys was observed (TAT~TGT;  type 1), 
but at later timepoints the viral population con- 
sisted exclusively of the Tyrl81Ile mutant, which 
involves a difficult double transversion (TAT 
ATT, type 2.2). Inspection of the codons involved 
indicates that the Tyrl81Cys variant is not an 
intermediate from the wild-type RT to the 
Tyrl81Ile mutant. Again, these results suggest a 
correlation between the order of appearance of 
HIV-1 variants and the corresponding mutation 
rates. Furthermore, eventual outgrowth of the 
difficult 181Ile variant predicts that this RT 
protein is either a better enzyme or more drug-re- 
sistant than the 181Cys variant. Optimal fitness of 
the 18 l Ile variant was convincingly demonstrated 
in an in vitro selection experiment with nevirapine 
starting with a 181Cys (codon TGT) construct 
that was able to convert to 181Ile by a 2-hit 
mutation (TGT ~ ATT, type 2.2, Balzarini et al., 
1994b). 

If multiple pathways can lead to resistance, the 
route with the smallest number and/or easiest type 
of substitutions will be preferentially used. In 
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more complex selection schemes that are more 
demanding on the RT enzyme, for instance in 
combination therapies, there may be a limited 
number of  routes that lead to resistance, and the 
initial step may in fact represent a difficult substi- 
tution. Combination therapy with AZT and ddC 
provides such a situation (Shirasaka et al., 1995). 
Interestingly, some patients did not develop the 
AZT- or ddC-resistance mutations that are typi- 
cally observed during monotherapy, but instead 
selected five new substitutions during combination 
therapy. The first mutation that became fixed is a 
difficult double transversion at codon 151 
( C A G ~ A T G ,  type 2.2). The fact that it took 16 
months for this mutation to develop may reflect 
the difficulty of generating this type of mutation. 
Therefore, we would predict that this amino acid 
substitution (Glnl51Met) is essential for the 
multi-drug resistance phenotype, and that no easy 
1-hit substitutions can provide this phenotype. 
Indeed, experiments with mutant HIV-1 clones 
confirmed that the individual Glnl51Met  change 
can confer resistance to nucleoside analogs (Shi- 
rasaka et al., 1995). Analysis of  the alternative 
codon mutations that are easier to produce, yet 
are not observed in vivo, predicts that a large 
number of  amino acids (Arg(1), Lys(2), Asp(2), 
Leu(2), Pro(2), His(2), Trp(1.1), Ser(1.2), Tyr(1.2), 
Gly(2.1)) at position 151 will not produce an 
active and/or resistant RT protein. 

2.3. Mutation rates can limit the potential of  in 
vitro drug-selection experiments 

It has been calculated that an HIV-1 infected 
patient can harbour 1 0 6 - 1 0  ~ genetically distinct 
HIV-1 genomes (Ho et al., 1995; Wei et al., 1995). 
This makes it likely that some drug-resistant mu- 
tations are present even in the absence of drug 
therapy (Coffin, 1995; Najera et al., 1995). This is 
in contrast to the relatively small HIV-1 popula- 
tion sizes that are usually handled in in vitro 
tissue culture systems. Within such a population 
of finite size, a smaller number of  mutants are 
generated which may limit the possibilities of 
generating drug-resistant variants. Other limita- 
tions apply to the culture system. Whereas pa- 
tients contain a highly variable HIV-1 population, 

or quasispecies, and drug treatment usually lasts 
for a prolonged period of time, in vitro experi- 
ments are usually performed with HIV-1 molecu- 
lar cIones and generally last for only a couple of  
weeks. These combined arguments indicate that 
appearance of drug resistance in vitro may be 
controlled more strictly by the chance of creating 
the resistance mutation than by phenotypic selec- 
tion. This may result in different resistance pat- 
terns in vitro versus in vivo. To test this, we 
compared the ratio of  transitions (type 1) to 
transversions (type 2) in all in vitro and in vivo 
selection experiments reported so far. We calcu- 
lated this ratio for RT mutations in response to 
either nucleoside or non-nucleoside RT drugs, 
and protease resistance mutations (Fig. 2). It is 
obvious that the relatively easy transitions are 
highly favoured in the in vitro experiments for all 
three types of drug (86%, 64%, 64%, respectively). 
This is particularly striking if we realize that a 
random mutation scenario would predict only 
33% transitions, since each nucleotide is subject to 
two transversions as opposed to one transition. 
The contribution of transitions in the develop- 
ment of  drug resistance in vivo is significantly 
reduced for all three data sets (60%, 40%, 50%, 
respectively). Thus the in vivo selection system 
has the tendency to generate more difficult substi- 
tutions. In other words, in vitro selection may 
yield RT/protease variants with sub-optimal 
fitness compared with variants observed in vivo. 

The difference in the pattern of resistance devel- 
opment in in vivo versus in vitro systems is also 
evident when we analyze the response to individ- 
ual drugs. For  instance, nevirapine resistance is 
mediated by two changes detected both in vitro 
and in vivo (Vall06Ala, G T A - - , G C A  and 
Tyrl  81Cys, TAT ~ TGT,  both type 1 transitions), 
but more difficult type 2 transversions and dou- 
ble-hits can be observed in vivo (Table 1, Mellors 
et al., 1995). Similarly, the U-87201 non-nu- 
cleoside drug triggers outgrowth of one particular 
variant in vitro (Pro236Leu, CCT ~ CTT, type 1), 
whereas combinations of more difficult substitu- 
tions have been selected in vivo. 

Perhaps most intriguing, individual amino acid 
positions in the RT protein have been shown to 
respond differently to treatment with the same 
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Fig. 2. Analysis of the transition/transversion ratio of drug-resistance mutations obtained in tissue culture experiments (in vitro) and 
in drug-treated HIV-infected individuals (in vivo). Mutational data were derived from the International Antiviral News HIV 
resistance mutations Table (Mellors et al., 1995 (protease inhibitors), Tables 1 (nucleoside RT inhibitors) and 2 (non-nucleoside RT 
inhibitors)). The number of entries (N) is indicated for each individual dataset. 

drug in tissue culture systems versus natural infec- 
tions (Tables 1 and 2, Mellors et al., 1995). It can 
be argued that such differences do reflect subtle 
differences in either the mechanism of  RT or the 
R T - d r u g  interaction in different cellular environ- 
ments (Cinatl et al., 1994). Alternatively, specific 
drug responses may simply reflect differences in 
virus load and mutation probabilities in the two 
systems. Indeed, we could identify several cases 
where arduous mutations are exclusively found in 
drug-treated patients, whereas easier substitutions 
are observed in tissue culture infections. For  in- 
stance, the AZT-resistance mutation Lys219Gln 
(type 2, transversion) is frequently observed in 
vivo, but in vitro an easier type 1 transition 
(Lys219Glu) was selected (Larder et al., 1991). 
Selection of the more difficult pathway in vivo 
strongly suggests that the 219Gln enzyme is fitter 
(more resistant/active) than the 219Glu variant. 

Other examples are provided by the non-nu- 
cleoside drugs nevirapine and R82913 (Balzarini 
et al., 1994b; Mellors et al., 1993; Wei et al., 
1995). Nevirapine treatment can select for a dou- 
ble transversion in vivo (Tyrl81Ile, T A T - ~ A T T ,  
type 2.2), whereas a relatively simple transition is 
observed at that same position in vitro 
(Tyrl81Cys, TAT--*TGT,  type 1). Similarly, 
whereas R82913 treatment generates a double 
transversion in vivo (Tyr188Leu, T A T ~ T T A ,  
type 2.2), a type 1 transition is observed in vitro 
(Tyr188His, T A T - , C A T ) .  Thus, some of  the ob- 
served differences in the selection of drug-resis- 
tance markers in in vivo and in vitro systems can 
be explained on the basis of mutational bias. 
Other have suggested that structural constraints 
within the viral RNA genome may also influence 
the development of  drug-resistant mutations 
(Schinazi et al., 1994). 
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Fina l ly ,  th is  type  o f  ana lys is  was  fac i l i t a t ed  in 

p a r t  by  the  pe r i od i ca l  p u b l i c a t i o n  o f  all  H I V - 1  

res i s tance  m u t a t i o n s  in the  j o u r n a l  I n t e r n a t i o n a l  

A n t i v i r a l  N e w s  ( M e l l o r s  et al., 1995). These  up-  

da t e s  a re  ve ry  useful  fo r  all i nve s t i ga to r s  in the  

field and  fu tu re  ed i t i ons  c o u l d  be e x p a n d e d  wi th  

subs t i t u t i on  ana lyses  as p e r f o r m e d  in this  s tudy.  

In  this  m a n u s c r i p t ,  we d e m o n s t r a t e  t ha t  such  an 

analys is  can  p r o v i d e  v a l u a b l e  i n f o r m a t i o n  on  the  

r e q u i r e m e n t s  fo r  d r u g  res is tance.  Th i s  k n o w l e d g e  

s h o u l d  gu ide  fu tu re  m u t a g e n e s i s  e x p e r i m e n t s  w i th  

the  a i m  o f  b u i l d i n g  a de t a i l ed  p ic tu re  o f  the  R T  

e n z y m e  a n d  its i n t e r a c t i o n  wi th  an t iv i r a l  drugs .  

T h e r e f o r e ,  we a d v o c a t e  t h a t  all o r ig ina l  r e sea rch  

m a n u s c r i p t s  s h o u l d  n o t  on ly  list the  a m i n o  ac id  

changes  r e spons ib l e  fo r  d r u g  res is tance ,  b u t  also 

the  c o r r e s p o n d i n g  c o d o n  changes .  
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