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Abstract

Introduction of antiretroviral therapy combining protease and reverse transcriptase (RT) inhibitors has dramatically improved the quality of
life and survival of patients infected with the human immunodeficiency virus (HIV). However, effective long-term therapy of HIV-infection has
been severely hampered by the development of drug resistance. Resistance to antiretroviral drugs is generally conferred by specific amino acid
substitutions in the target gene of the drug. Yet, occasionally gene insertions are being observed. The most commonly observed insertion is seen
during substrate analogue RT inhibitor therapy and is selected in the 33—f34 loop of the RT enzyme. This flexible loop is located in the fingers
subdomain of the enzyme and plays an important role in substrate binding. The acquisition of drug resistance related mutations or insertions might
come at a price, which is reduced performance of the enzyme resulting in a diminished replication capacity of the virus. Various types of insertions
have been described, and, in this review, we have summarized these data and discussed the mechanism of action of the RT inserts and their impact
on both drug susceptibility and replication capacity.
© 2007 Elsevier B.V. All rights reserved.
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Due to its central role in the life cycle of the human
immunodeficiency virus type 1 (HIV-1), the virally encoded
reverse transcriptase (RT) is a major target for drug discov-
ery. Two classes of inhibitors that are directed against the
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polymerase domain of this enzyme are frequently adminis-
tered in combination: nucleoside or nucleotide analogue RT
inhibitors (NRTIs, NtRTIs) and non-nucleoside RT inhibitors
(NNRTIs) (De Clercq, 1992). The NRTIs are intracellularly
phosphorylated to their triphosphate forms and compete with
natural dNTP substrates for incorporation. Once accepted and
incorporated by the RT enzyme they block DNA synthe-
sis through chain-termination, because they lack the 3’-OH
group, which is required for the polymerization reaction
(Squires, 2001). In contrast, NNRTIs bind in the vicin-
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ity, but not at the active site and cause a conformational
change that affects the efficiency of nucleotide incorpora-
tion. Three different NNRTIs have been approved by the
Food and Drug Administration (FDA): nevirapine (NVP),
delavirdine (DLV) and efavirenz (EFV), and eight different
NRTTIs are currently in clinical use: 3'-azido-3’-deoxythymidine
(zidovudine or AZT), 2/,3'-didehydro-2’,3’-dideoxythymidine
(stavudine or d4T), 2/,3’-dideoxyinosine (didanosine or ddI),
(—) -2/,3/-dideoxy-3'-thiacytidine (lamivudine or 3TC), 2',3'-
dideoxycytidine (zalcitabine or ddC), the carbocyclic nucleoside
abacavir (ABC), the acyclic nucleoside phosphonate tenofovir
(TFV), and, more recently, the fluorinated cytidine emtricitabine
(FTC).

Unfortunately, despite considerable success in regard to
treatment strategies that involve combinations of various RT
inhibitors and also drugs that block the function of the viral pro-
tease (protease inhibitors), the emergence of resistant viruses is
often difficult to prevent and remains a major reason for treat-
ment failure (Geretti, 2006). The question is why has HIV-1 been
so successful in adaptation to antiviral therapy? The answer pre-
sumably lies in its high mutation rate, the rapid turnover rate and
the relatively large viral population size, resulting in a popula-
tion of distinct, but closely related, genetic variants referred to
a quasispecies. These quasispecies populations contain a huge
reservoir of different viruses, some of which may be able to
replicate in the presence of suboptimal antiviral pressure.

Reduced susceptibility to some clinically used RT inhibitors
has been associated with specific genotypic changes in the RT
gene (Johnson et al., 2006). For instance, high-level resistance
to 3TC can be caused by a single mutation at codon 184, i.e.
M184V/I(Boucheretal., 1993a; Gaoetal., 1993; Guetal., 1992;
Keulen et al., 1997; Tisdale et al., 1993). In contrast, previous
clinical studies and cell culture data have shown that the accu-
mulation of mutations M41L, D67N, K70R, L210W, T215Y/F,
and K219Q/E correlates with a stepwise, incremental reduc-
tion in AZT susceptibility (Hooker et al., 1996; Kellam et al.,
1992; Larder et al., 1989). In view of clinical data showing that
these mutations may also reduce susceptibility to d4T, changes
at positions 41, 67, 70, 210, 215, and 219 have been referred to
as thymidine analogue mutations (TAMs), albeit the resistance
conferring effects of TAMs is not restricted to thymidines. The
accumulation of at least three TAMs can reduce susceptibility for
TFV and ABC likewise. Another pattern of multidrug resistance
(MDR) involves the Q151M substitution that, on its own, gives
only low-level resistance to several NRTIs; however, Q151M
in combination with A62V, V751, F77L and F116Y comprises
a cluster that confers high-level resistance to all NRTIs with
the exception of TFV (Deval et al., 2002; Iversen et al., 1996;
Johnson et al., 2006; Kaushik et al., 2000; Shirasaka et al., 1995).

A third pathway to NRTI multi-drug resistance involves the
selection of amino acid insertions in the 3—34 loop of RT
(between amino acids 69 and 70). The crystal structure of wild
type HIV-1 RT bound to a DNA/DNA primer/template and ANTP
substrate shows that many residues that are linked to resistance to
NRTTs are clustered around the nucleotide binding site (Huang
et al., 1998). The flexible $3—(34 loop in the fingers subdomain
plays an important role in this regard, since it traps the incoming

nucleotide in a favorable position for catalysis. Various structural
changes within this loop have been associated with resistance to
multiple NRTIs. Mutations and deletions have been described,
but dipeptide insertions are probably the most prominent exam-
ples in this regard. In this review we place emphasis on the effects
of such fingers-insertions on structure—function relationships of
the RT enzyme and related changes in drug susceptibility and
viral replication.

1. Selection and generation of insertions in RT

Insertions in the loop between the [33-sheet (residues 56-63)
and the (34-sheet (residues 73—77) were first observed in long-
term treated patients in 1997 (De Antoni et al., 1997; de Jong et
al., 1999; Ross et al., 1999; Winters et al., 1998). The prevalence
of these rearrangements has been estimated to be less than 3% in
therapy-failing patients. An overview of all described insertions,
and if available the genotypic background, treatment regimen
and phenotypic drug resistance analyses, has been made and is
shown in Table 1 (Andreoletti et al., 2002; Balotta et al., 2000;
Briones et al., 2001; Briones and Soriano, 1999; Bulgheroni
et al., 2004; de Jong et al., 1999; Kaliki et al., 2000; Kim et
al., 2001; Larder et al., 1999; Lobato et al., 2002; Mas et al.,
2000; Masquelier et al., 2001; Matamoros et al., 2004; Miller
and Larder, 2001; Prado et al., 2004; Quinones-Mateu et al.,
2002; Rakik et al., 1999; Ross et al., 1999; Rousseau et al.,
2001; Sato et al., 2001; Schneider et al., 2004; Sugiura et al.,
1999; Tamalet et al., 1998, 2000; van der Hoek et al., 2005;
Van Vaerenbergh et al., 2000; White et al., 2004; Winters et
al., 1998; Yahi et al., 2000). A large variety of insertions is
present in the 33—(34 loop between codons 68 and 69 or between
codons 69 and 70. Because insertion variants usually have one
or two additional substitutions just before or after the insertion,
sequence alignment and numbering of the amino acids in this
loop is ambiguous. In Table 1, all insertions are numbered as
if they are located between residue 69 and 70. The majority of
the insertions are neutral, hydrophobic, little polar dipeptides,
mainly a double serine (SS), serine-glycine (SG) and serine-
alanine (SA) (De Antonietal., 1997; de Jongetal., 1999; Winters
et al., 1998). Insertions of one amino acid have been described,
as well as 3 to 11 amino acid insertions, but these are much less
common (Huigen et al., 2005; Kaliki et al., 2000; Lobato et al.,
2002; Masquelier et al., 2001; Sato et al., 2001).

In general, most insertions are selected during treatment with
at least one thymidine analogue (AZT or d4T) (Lukashov et
al., 2001; Moyle et al., 2000; Ross et al., 1999). This is most
likely related to the selective advantage of the insertion in the
background of several TAMs, especially the T215Y, M41L
and L210W substitutions. In addition, a few other mutations
seem to be associated with the presence of an insertion in RT.
These mutations include the T69S, A62V and the D67E/G
changes. Interestingly, the A62V substitution is part of the
Q151M-complex. The Q151M- and the insertion-complex are
two independent pathways leading to multi-NRTI-resistance
and have never been observed in combination. A recent paper
reported the coexistence of a one amino acid insertion in combi-
nation with the Q151M and F116Y mutations in a single patient,
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Table 1
Overview of insertions in the fingers domain of HIV-1 RT with resistance-associated RT mutations and drug susceptibility results

Treorion Ressiance
67 68 69 - - - - - - - - - - - 70 Resistance-associated RT mutations Treatment (risiony) AZT_STC 0T ol _diC_ASC_PMEA _ERV__Nvf
D s T 3
winters 199
Pt E T ss oA 2157 1500 30 83 150 25 w1
P2 ss oA 411,629, 784, 215Y Az, ca, 37C, 04T 2700 867 17 105 135 43
PL3 ss oA 41L,62V, 103N, 181C, 25Y Az, 6, 0dc, 3TC, 4eT
PrLa E ss o L2087 Az, 6ac, 011, 200 83 33 15 208 26
s ss 6 KIR 41ML 184, 2157
e ss 6 627, 181C. 2157 Az, adc. 3TC, 4T, dt-
7 € ss s R 410,62V, TBAMV, 210W, 216Y Az, car
P8 ss s 1L, 210w, 2157 Az, ssc 20 1B7 20 45 80 83
Lo ss s a2y Jaar, nzv
PL10 s s AS 629184V, 210W, 215Y
Pt ss s 41N 62V, 184V, 210W, 2157
L1z G s E A 4L 210w, 2157 1000 37 70 155 230 06
PL1d € s T s R 210W,216F W0 113 33 70 100 20
P14 3 As o A1LL62V, TALV, 103N, 134V, 210W, 218V
cot s s oA 60 47 07 60 100 20
co2 ss A 2157 140 97 40 95 180 08
o3 ss 6 80 60 07 40 50 27
coa ss 6 2187 1O 173 40 85 ass 4
cos ss 6 L2057 2100 433 97 210 550 42
cos s 6 10 87 10 40 130 50
Rack 1900
PL1©1) E ss s 41L,82V, 7841, 210W, 2157 [z, 37C. SQV, NV, RTV. dol, coC: 130 520 43 14 38 07)
PL2(01) ss G 627, 1811, 210W, 215Y |27, 64, a1, 04, 3TC 16150 520 470 65 70 240 14 1250,
P12 WKS) s s @ 62V, 103N, 181UCIS, 188YIFIL. 190GIA, 210W, 2157
PL3(O1) ss 6 62V, 181YIC, 1BAMN. 210W, 215Y Az, . adc. 1DV, 64T, 3TC, NFV. 12030 140 60 20 20 80 16 100,
PL3 WK} ss 6 62, 181 Y/C, 184MV, 210W, 216Y
PL4(01) s vy o R 410,782V, 216F, 2190 o4, AZT. 10V, sdc, aTC, RTV, 16150 520 470 120 140 250 4]
PL 4 (WK} 6y o R 41L. 103N, 1081, 1887, 215, 219Q sav.nve N[ 16020 470 200 70 B0 130 210000 >12
Joe vong 1959
Pt e sv T 4L, 210w, 2157 [z, aac, 37e, sav. oV, daT, cat >4 >13 2 60 170 EX
P2 s ss 6 A 2y [z, 37C, 0, RV, SQV, 041 1460 WO 220 160 60 <
L3 E ss e 62/, 181C, 210W, 215V Az, 6uc. 01, 3TC. &<T. NvP. RTV. SQv | 18300 130 150 40 30 1046,
Larcer 1990
Cot ss s Site cirected mutageres's consiruct 22 62 23 17 21 26
co2 s - - 210w, 2157 100 38 11 12 12 15
co3 s - - 627, 210W, 215Y 80 13 07 05 08 07
Co ss s 210w, 217 2200 200 48 21 42 48
co5 ss s 627, 210W, 215¢ 5200 150 52 18 27 54
a1
ss A L2y 0 4 1 68 &
3 sToT 41L210W, 2157
ss @ 2157
ss s 1L, 782V, 210W, 215Y
G T R 18812157 2190 varicus combnations of 9
ss s 411,629, 74UV, 108V, 184V, 210W, 215V [AZT, 37C, a1, 44T, NVP an Indnavi ans
ss T H1L,7B1C, 190A, 210W, 2157 for a1 rose patients: 169
E SE S 62N, 181C. 190A, 210W. 215Y 1999
ss s R 62V, 184V, 2157 %
s - 04 04 22 04 05
ss s 03 33 11 15 08
ssow
ss s R 410,62V, 708, 181G, 1841, 210, 215 70 >3 91
s - - R 41L.62V, 108l 181C. 1841, 210, 215 wsp o35 242
ss s ss R 410,62V, 741, 108l 181C, 184, 210W, 2157 36 >3 19
ss s 41L,62V, 841, 210W, 215Y >1873 >14 160 10 90 30 12 10
ss s R 2157
Pt E s so 15 90 28 101 08 1
P2 G s TT R 9 39 53 44 183 07 o)
PLa G v so R
s DS s S G 21805 5245 551 34 >0 o5 1]
Ps L sssoae 1005 5245 667 80 9 65 a6
L6 ENsSS s C 1805 245 678 A7 9 ECIEY
L7 s s scrT 297 265 81 30 9 07 o
e s s scT 191525 274 56 63 02 1
PLo oN's s c oA 411,72V, 2100, 215, 2190 S0 525 28 62 211 68 o]
Pr10 E s svoe 4117816, 2151 S0 525 % 74 24 29 o]
Pt b s ss 6 H1L,7B1C, 210W, 215, 219KE s 525 B9 61 24 91 204}
P12 E s ssoc 411, 210w, 2157 >3 525 208 54 24 15 s
Praa 0 s ss 6 4117841, 210W, 2157 S31 525 52 47 52 02 o4
P14 s LAV AL, 74V, 164V, 210W, 2157 2301 225 28 107 24 12 2
Pr 15 D s sT T 4L, 210w, 2157
PLie b s ss @ 210w, 217
LT D s ss A 41L. 703N, 181C. 210W, 2157 1805 245 617 25 9 91 1.4
PLig e s ss A 1081, 1841, 210, 2157
Pr 19 b s ss T 41L,74V, 781C, 103N, 7904, 210W, 215V w4 18 21 72 200 >2.804
P20 D s ss s R 7OR, 184V, 215F %> 13 13 122 03 o4
PL2t Esscts 190A, 210W, 2157 1999 530 323 17 24 45 2804
P22 D s s s K 41L,7V, 103N, 1081, 184V, 1904, 210W, 215Y ams >;0 01 27 48 12
P23 b s ss o 41L, 703N, 184V, 190A, 210W, 2157
Pr2a E s 55 T 41,7821, 210, 2157
PL25 E s smMT 210W, 216F
P25 D s ss T 410, 210w, 2157 sws 45 73 25 75 0s o4
P27 E s ss A 41L, 703N, 210W, 2157 >1805 5245 203 a1 9 08 1
P28 E s ss oo 2187 1805 >245 171 &1 >0 07 o
P29 D s ss s 184V, 2157 168 5245 119 23 72 05 1
Pr30 G s ss 6 None
Pt vA'S Ss G R T215 1805 >25 268 43 56 06 14)
PL32 K 6 sTT R 41,72V, 103N, 184V, 215F, 210Q 1805 5245 324 &1 81 >3 >1.469
Pr33 6 s svo 184
PL3s cTsvoT 41L,7001, 100N, 2157 53097 539 539 108 >48 209 >2004)
PL3s E s ssaq 62V, 74V, 751, 103N, 181C, 2155, 219E 1805 >u5 353 26 57 137 14
P36 E s svT 411,62V, 7841, 210W, 2157 758 525 2032 59 44 10 o
pra7 D ST s s A H1L62v, 215
PL3s s s ss 6 62V, 184V 12 525 12 16 5 2
PL3s E s sv T 1120 45 w8 32 65 os o]
) 6 s ss 6 5307 539 196 44 48 781 262!
PLat b s ss o
Praz G s s 6 24 19 03 o
PLag 0D s ss G 41L. 103N, 210W. 2157 184 19 o2
Praa E s ss o 62V, 1841, 2157 226 >10 w0 o
Pras 0 s sv s R 62/, 70R, 184V, 215F 02 19 0s o)
Preg D s sV A R 41L62V. 70R 61 52 10 10
pLa7 NN I TTRVH G 41L,67N, 2157, 2196 58 183 103
pLag D S T T E GKKDSTRWR K 41L 103N, 181C, 1904, 210W, 215V oar. gat, NP, NPV 13 4 w3 o)
sato 2001
PLOGUP-NH-dvm N N I HGGRDQGPAS I 41L, 210w, 2157 Az, a, 37C, Pt 0w 20 0 0 0 <
Co. ERT-mt1 41L, 210w, 2157 Sito ciracted mutagenesis construct % 14 07 11 04 [
Co. ERT-m2 NN I HGGRODAQGPAS T M8z 14 18 0 o4
Co. ERT-m3 N N I HGGRDQGPAS I 88 24 2 43 05 <0
Co. ERT-mi N N I HGGRDQGPAST 2100210y 20 3 12 87 04 032}
Co. ERT-m5 N N I HGGRDQGPAST  4IL20W.215% 20 16 43 93 23 o]
Co.ERT-m8 N N I HGGRDQGPAS I AL 210W, 2157 [site arecte muageness construct a0 192 25 30 36 03}
fanecrets 2002
Cot s e s R 62V,181C, 190A 2157 A 5301 >610 2550 40 2400 20 o)
co2 sV oA R AIL6V, 84V osr. aar 2368 236 143 60 20 1 1
co.3 sv s R 62,1841, 215F [57G, a7 NPV 585 >619 3220 400 19 a <
Lobato 2002
PL1SbD s NeTTR VMG 218V, 2190 A w8 2 4w
Quinones- Matou 2002
H10 7695 B ito croctea mutageres's construct 04
Co BHIOT6ISS ss s Site irected mutageres's construct 03
PSS ss s R 410,62V, 708, 181C. 1641, 210, 215 (0.0 AZT. ddl, 4T, NEV. SQV, NFY) 8
Co.2505 s R 41,62V, 708, 181C, 1841, 210, 215V sito arectea mutageress construct 183
o 2548 s s ss R 41L.62V, 108, 181C. 1841 210W, 2157 Sita cirectad mutageness consnuct 36
PL 001 3 s 6 R 18V, 2157 [AZT, 6dc, 3TC, dt, deT. RTV, SQV. 08 74 41« 02
Pr 002 5 s T ¢ 18y Az, eac. Sav, T, 37C, IOV 50 50 >80 18 >10
PL 003 s v e 210 Az, sac. SQv, dl, 34T, 3TC 250 38 <t >3
200
PLFSSSS ss s A1L,74V, 71081, 210W, 215V [AZT, a, 04T, dc, 3TC, Pl NNRTIS >80 82 77 30 35 130
CoFs - 41L, 7V, 081, 210W, 2157 site cirectea mutagenesis construct % 32 18 16 11 28
ss_oe7n N ss s R 41L.62V, 708, 181C. 1841, 210, 215 Sito irectad mutagenesis construct 5% 53 100 76 115
ss_vzisT ss s R A1L.62V, 108, 181C. 184, 210W sito drected mutagenes's construct 1235 21 92 108
ss vaiss ss s R 41L.62V, 108l 181G, 1841, 210W, 2155 site drected mutagenesis construct 29 >3 13 50 &5
ss_vaisn ss s R 41,62V, 708, 181C, 1841, 210W, 215N Sito drocted mutageres's construct 09 >3 12 39 58
orado 2004
Co.sSSY ss s 2157 4 53 85 1 a7
PSS ss s R 41L.62V, 708, 181C. 1841, 210W, 215V a.0. Az, 84T e, NvP, sV, NFV 21600 >3 139 87 128
Co. 82158 ss s R 410,62V, 7081, 181G, 1841, 210W, 2155 08 % 14 47 63
Co.S8215N ss s R 410,62V, 708, 181C. 1841, 210, 216N 14 2% 28 57 87
Co.s8215T ss s R AIL 62V, 7081, 181C. 1841, 210W a1 >u 17 31 38
Co. SSETN N ss s R 410,62V, 7081, 181G, 1841, 210W, 216 12 5% 18 24 31
ven cer Hosk 2005
Pt S T 6KKDST R_41L.210W. 2157 5200 88 51 23 24 74 04 o4
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Insertion
[Reference/Sample 67 68 68 - - - - - - - - - - - 70 Resistance-associaled RT mulalions Treatment (history)
D s T K
Tamalet 1998
PL 1 month 0 s s s 41L, 62V, 184V, 210W, 215Y (a.0. AZT, 3TC, IDV)
PL. 1 month 10 s s G 41L, 62V, 184V, 210W, 215Y (a.0. AZT, 3TC, IDV)
Pt. 1 month 12 s s 6 41L, 62V, 103N, 184V, 210W, 215Y (a.0. AZT, 3TC, IDV)
Pt.2 month 0 Q s s s 184V, 215Y (a.0. AZT, 3TC, RTV)
Pt.2month 9 Q s s s 1841, 215Y (a.0. AZT, 3TC, RTV)
P2 month 10 Q s s s ND (2.0. AZT, 3TC, RTV, 44T, 5QV)
Pt.3 month 0 [ T R 1841, 215F, 219Q (a.0. 4T, 3TC. RTV)
Pt 4 month 0 E s s A 41L, 215Y (2.0 AZT. ddl, RTV. SQV)
Pt.5 month 0 s s T 41L, 210W, 215F (a.0. AZT, ddC)
PL 6 month 0 E s MT 103N, 210LW, 215Y/F (a.0. 4T, 3TC, IDV)
PL.7 month 0 s s s 2157 (2.0 44T, 3TC, NFV)
PL.8 month 0 E s s G 2157 (2.0 44T, 3TC, NFV)
Briones 1999
PL105/97 N s s s R 41L,215Y AZT, ddl
PL.202/94 s s s 418, 215Y ATZ, ddC
PL201/95 s s s 1L, 215Y AZT, 4dC, ddl,
Pt.208/95 SIN'S S G 1L, 215Y ATZ, ddC, ddl, 3TC,
PL 205/96 s s G 1L, 215Y ATZ, ddC, ddl, 3TC,
[Ross 1999
PL1 s s G R 62V, 184V, 215Y [AZT, 64T, ddC, 3TC, SQV, RTV, IDV
PL2 S s A 41L, 184V, 215Y ddl, 3TC, AZT, IDV
PL3 s s A ND 44T, 3TC
PL4 s s A ND 44T, 3TC
Kaliki 2000
Pt H KD s 1 411, 210W, 215Y
PL2 G T D R 74V, 103N, 181C, 184, 215V, 219Q
PL3 G T R 106M, 190A, 219Q
|Batotta 2000
PL3 s s G 41L, 62A, 184MNI, 210UW, 215Y AZT, ddl, SQV, d4T, 3TC, IDV
PL4 E s s G 210W, 215Y [AZT, 4dC, ¢4T, 3TC. SQV, RTV, IDV
PLS s s s KR 41,1841, 210W, 215Y [AZT, 6dC, 44T, 3TC, RTV, IDV
PLE s V6 210w [AZT, dl, ddC, SQV
Tamalet 2000
PL.BS 02/97 E s s s 184V, 210W, 215Y various ccmbinations of
PL.BS 12/97 s s s 108V/1, 181Y/C, 1841, 210W, 215Y AZT, 3TC, ddl, d4T, NVP and Indinavir
Pt JY 01/97 s s s 41L, 62V, 184V, 210W, 215Y for all these patients
Pt.JY 01/98 s s 6 41L, 62V, 103N, 184V, 190A, 210W, 215Y
PLJY 08/99 E G s 585G 41L, 62V, 98G, 1081, 184V, 1904, 210W, 215Y
Pt AR01/98 G T R 1841, 215F, 219Q
PL AR 04/99 G T R 184MWV, 215T/I/F/S, 219Q
PL GM 10198 E s Vv T 41L, 210W, 215Y/F
Pt GM 06/95 E s v T 41L, 100L/1, 188L, 210W, 215Y
PL GM 11/98 E sV T 41L, 188L, 210W, 215Y/F
PLBP 07/99 s s s 41L, 62V, 74V, 103KIN, 1081, 184V, 190G/A, 210W, 215Y
Pt BP 08/99 41L, 210W, 215Y
PL.BP 10/99 41L, 210W, 2157
PL.BP 11/99 s s s 41L, 62V, 74V, 108, 181C, 184V, 1904, 210W, 215
PLAG01/95 s TG R
PLAC 04/98 s VG
PLAC 08/99 s VG 103N, 181C, 190G/A
PL DD 08/98 [ s s G 184V, 215Y
PL.DD 02/89 IGE 8 S G 184V, 215Y
PL DD 09/99 [ s VG Q 184V, 215Y
Pt GR 09/97 s s A 4TMIL, B2ANV, 210LW, 215Y
Pt. GR 08/98 s s T 41L, 62V, 210W, 215Y
Pt.NR 04/97 A S G 41L, 210W, 215
PL SR 02/99 G Y s oD R 181C, 1841, 219Q
PL.NO 10/99 E s v T 41L, 210W, 215Y
PLJS 12199 E s s s 62V, 1001, 103N, 116F1Y, 1841, 210W, 215Y
Yahi 2000
PL.D07/98 s s s 41L, 62AV, 741V, 108V, 184V, 210W, 2157 [AZT, 64T, ABC, NFV, EFV, IND, SQV, RTV
PLD07/99 s s s 41L, 62V, 74V, 103K/N, 1081, 184V, 210W, 215Y [AZT, 64T, ABC, NFV, EFV, IND, SQV, RTV
PL.D 08/99 210W, 215Y [AZT, 64T, ABC. NFV, EFV, IND, SQV, RTV (after therapy stop)
PL.D 1099 - - 210W, 2157 [AZT, 64T, ABC, NFV, EFV, IND, SQV, RTV
PL.D 11/99 s s s 41L, 62V, 74V, 108, 181C, 184V, 210W, 215Y [AZT, 64T, ABC, NFV, EFV, IND, SQV, RTV
|Briones 2001
Pt s s s R 41L,215Y AZT, ddi
PL2 s ss R 41L, 62V, 1841, 210W, 215 AZT, ddC
PL3 s s 6 41L, 215Y AZT, ddC
PL4 s s G R 215Y AZT, ddC
|Rousseau 2001
PL13 N G ac V' 41L, 62V, 181C, 190A, 210W, 215Y 44T, NVP. SQV, NFV, 3TC
PL15 41L, 103N, 181C, 1304, 215Y [ABC, NFV, EFV, RTV, IDV
PL16 41L, 62V, 186L, 215Y [ABC, EFV, NFV,
Jkim 2001
PLW176 G s E A 41L, 210W, 215Y A
PL.QGC E s s A 2157 A
Miter 2001
Pt 14 wk0 s s s 41L, 74V, 184V, 210W Several ART drugs
PL14 wk2d s s s 41L, 74V, 210W, 215Y Several ART drug s+ PMEA
[ Schneider 2004
PL1 Month 0 ssT 41L, 62V, 184V, 210W, 215Y AZT, ddl, 3TC, 44T, IDV
PL1 Month 31 E s s T 41L, 62V, 74V, 103N, 184V, 190A, 210W, 215Y [AZT, 4dl, 3TC, 44T, IDV, ddC, SQV, NFV, EFV, RTV
PL.2Month 5 s s A 41L, 184V, 210W, 215Y [AZT, ddl, 3TC, ¢4T, IDV.
Pt. 2 Month 10 s s AG 41L, 62V, 184V, 210W, 215Y [AZT, ddl, 3TC, 44T, IDV.
PL. 2 Month 17 E A S GS 41L, 62V, 210W, 216 AZT, dl, 3TC, ¢4T, IDV, RTV
Pt.3 Month 2 E s s T 1L, 215Y AZT, ddI, 3TC
Pt.3 Month 26 E s s s 411, 62V, 1841, 215Y AZT, ddI, 3TC, IDV, d4T, NFV.
Pt.4 Month 7 AS A 41L, 62V, 210W, 215Y AZT, ddC. 3TC
PL 4 Month 12 AV A 41L, 62V, 210W, 215Y AZT, ddC, 3TC, d4T, IDV
PL.5 Month 5 s s s 41L, 215Y AZT,ddl
PL.5 Month 17 s s 6 411, 184V, 215Y [AZT, dl, ddc, 3TC
PL.5 Month 36 E s s G 411, 1841, 215Y [AZT, ddl, ddC, 3TC, d4T, IDV/
Pt.6 Month 37 AS A 41L, 184V, 215Y AZT, ddI, ddC, 3TC
PL. 7 Month 16 s as 41L, 181C, 210W, 215F AZT, 4dC, 3TC, IDV, ddT, ddl. RTV
Pt.8 Month 0 s s A 41L, 210W, 215Y AZT, ddC. aTC
Pt. 8 Month 35 s c A 41L, 181C, 190A, 210W, 215Y [AZT. ddC. 3TC. IDV. RTV, 44T, SQV
Pt.9 Month 9 S s A 62V, 210W, 215Y AZT, ddi
P9 Month 14 s s G 62V, 210W, 215 AZT, dl, d4T, 3TC
PL.9 Month 19 E s s G 62V, 210W, 215Y AZT, ddl, 4T, 3TC
PL. 10 Month 36 AS G 41L, 184V, 210W, 215Y AZT, 4dl, 3TC
PL. 10 Month 51 G AV G 41L, 210W, 2157 [AZT, dl, 3TC, 44T, IDV.
PL 11 Month 0 G Y s 0D R 215F,219Q ND
Tamalet 2004
N s T R 219Q AZT, 3TC. dd, 4T
N T R_F116Y, Q151M, 219Q [AZT, 3TC. ddl, 64T

Fold increases in ICs5y compared to a wild type reference strain. Shown are the resistance-associated mutations as indicated by the International AIDS Society
(Johnson et al., 2006). Abbreviations: AZT, zidovudine; ddI, didanosine; ddC, zalcitabine; 3TC, lamivudine; d4T, stavudine; ABC, abacavir; NVP, nevirapine;
DLV, delavirdine; EFV, efavirenz; SQV, saquinavir; IDV, indinavir; RTV, ritonavir; NFV, nelfinavir; PMEA, 9-[2-phosphonyl-methoxy-ethyl] adenine; PI, protease
inhibitors; ART, anti-retroviral therapy.
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Table 2

Several examples of dipeptide insertions to illustrate possibilities of duplications on nucleotide level

Reference Amino acid in HIV-1 reverse transcriptase
68 - 69 - - 70
Wild type (consensus B) AGT (S) - ACT (T) - - AAA (K)
Example 1 De Antoni et al. (1997) AGT (S) - AGT (S) AGT (S) AGT (S) AAA (K)
Example 2 Winters et al. (1998) AGT (S) - TCT (S) AGT (S) TCT (S) AAA (K)
Example 3 Sugiura et al. (1999) AGC (S) AGC (S) ACT (T) ACT (T) - AAA (K)

but did not show a mechanistic interplay between these changes
(Tamalet et al., 2004).

Looking at the nucleotide level, insertions seem to be dupli-
cations of prior codons. For example the frequently occurring
double serine insertion is likely to be a duplication of six
nucleotides on a row (codons 68 and 69), which is illustrated by
the first two examples in Table 2 (De Antoni et al., 1997; Winters
et al., 1998). That a dipeptide insertion can also be generated by
two duplications of three nucleotides (codons 68 and 69) is also
shown (example 3, Table 2) (Sugiura et al., 1999). Furthermore
it has been demonstrated that a dipeptide insertion is generated
by an insertion of 9 nucleotides (three amino acids) between
codons 68 and 69 and a deletion of three nucleotides (codon 70)
(Larder etal., 1999). Longer inserts could be explained by (long-
distance) duplications as well, such as a duplication of amino
acids 66-70 or 15 nucleotides of the env gene, although not all
large insertions can be justified by a doubling of viral and/or
cellular genes (Lobato et al., 2002; van der Hoek et al., 2005).

Duplication of preceding nucleotides could be explained
by primer/template slippage. Strand-transfer reactions during
reverse transcription seem to occur at so-called pausing sites
(Harrison et al., 1998). The likelihood of slippage of the
primer/template at these sites could be increased by the T69S
mutation. If insertions are indeed generated by a duplication of
codon 68 and/or codon 69 after a T69S substitution, the majority
of the insertions should initially be a double serine. In fact, clin-
ical samples have shown the initial generation of a double serine
insertion in a patient, which can evolve towards a serine-glycine
(SG) insertion variant. This single nucleotide change probably
confers a selective advantage when compared to its predecessor,
since the SG-insertion completely replaces the SS-variant and
remains stably present. Other evolutionary pathways of inser-
tions have been described as well, e.g. TG to VG, SG to VG, SA
to ST and 69SSS to 69SSG or 69EGS.

Considering the high-level of recombination during reverse
transcription of the HIV-1 genome, it is suggested that recom-
bination might also play a role in the generation of insertions
(Temin, 1993).

2. Influence of insertions in RT on drug susceptibility

As shown in Table 1, most of the patient-derived inser-
tion variants show high-level resistance (average of >500 fold
increase in ICsg) to AZT and moderate to high-level resistance to
3TC,d4T, ddI, ddC and ABC (an average increase in IC5q of >50,
>15, >5, >5 and >10, respectively). In contrast to the Q151M-
complex (Deval et al., 2002; Johnson et al., 2006; Shirasaka

et al., 1995), insertions in the fingers domain confer resistance
against TFV as well (Johnson et al., 2006).

Variants in which the insert was deleted while the background
remained unchanged, revealed that the susceptibility of the virus
for several NRTIs was increased. However, phenotypic drug
resistance analyses of insertion mutants in a wild type back-
ground (i.e. no accompanying TAMs) have shown only a minor
to no decrease in susceptibility to most NRTIs (Larder et al.,
1999; Mas et al., 2000; Meyer et al., 2003; Sato et al., 2001;
Winters et al., 1998). This indicates that an insertion on its own
does not have a large influence on the reduction of drug suscep-
tibility. High-level multi-drug resistance requires the presence
of additional mutations, especially the classical TAMs. Remark-
ably is the low-level resistance against 3TC that has been found
in the “insertion-only” constructs. Apparently, no additional
mutations are required to confer a very weak resistance towards
3TC (Larder et al., 1999; Mas et al., 2000; Sato et al., 2001;
Winters et al., 1998).

In arecent paper by van der Hoek et al. a total of 134 insertion
variants in the Monogram Biosciences database have been ana-
lyzed and it was demonstrated that a larger insert correlates with
increased AZT resistance (van der Hoek et al., 2005). Also, it
was shown that the sequence of the insert has a modest effect on
the resistance phenotype. However, these genotype—phenotype
correlations did not take the presence of background mutations
into account (van der Hoek et al., 2005).

To investigate the impact of different TAMsS in insertion vari-
ants on drug susceptibility, these changes were added to the
inserts in a wild type background. A large decrease in suscep-
tibility to NRTIs was observed when the T215Y amino acid
substitution was added to these constructs (Table 1) (Winters
et al.,, 1998). The importance of this mutation has also been
emphasized by replacing the 215Y by a 215T, 215S or 215N
in an insert-containing clinical isolate. Reversion of the T215Y
towards wild type, S or N resulted in a decrease in resistance
to all tested NRTIs (Table 1) (Matamoros et al., 2004; Prado
et al., 2004). A reduced susceptibility for several NRTIs was
also observed for the M41L or A62V changes in combination
with an insert. The importance of the A62V substitution was
confirmed by comparing clinical isolates with and without 62V
(see Table 1), which indicates that the A62V is able to increase
resistance in the presence of L210W and T215Y (Larder et al.,
1999; Tamalet et al., 2000). Together with the M41L, the A62V
change seems to play a role in positioning the 33—34 loop and is
probably affecting the ATP-dependent excision rate of primers
that are terminated by thymidine analogues (Cases-Gonzalez
et al., 2007). The role of the flanking amino acid substitutions
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RT + DNA
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5. Translocation
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2. ANTP Trapped
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Fig. 1. Single cycle of nucleotide incorporation. The incorporation of a novel
nucleoside monophosphate by HIV-1 RT involves dNTP, a conformational
change that traps the incoming nucleotide, catalysis, release of pyrophosphate
and ultimately polymerase translocation to clear the nucleotide binding site (N-
site). The enzyme remains bound to its nucleic acid substrate (processive mode
of DNA synthesis), or dissociates and rebinds in the post-translocational state
before the incorporation of the next nucleotide (distributive mode).

D67E, T69S and K70R in drug resistance is less clear. Several
experiments show that the D67E substitution confers only little
resistance to most drugs and also the T69S seems to give only
small differences in susceptibility (Winters et al., 1998). These
flanking amino acid substitutions, which may facilitate the initial
generation of the insertion, could have a compensatory function
to maintain enzyme activity or compensate for loss of fitness
due to the insert (Boyer et al., 1999).

3. Structural basis for drug action and drug resistance

The crystal structures of HIV-1 RT in the presence of a bound
nucleoside triphosphate shed light on molecular mechanisms
involved in nucleotide incorporation and resistance to NRTIs
(Huang et al., 1998). The fingers subdomain plays a dual role
in substrate binding, as it affects both binding of the nucleic
acid and binding of the incoming nucleotide. Crystallographic
data show that fingers and thumb are wrapped around the bound
primer/template duplex (Ding et al., 1998; Huang et al., 1998;
Jacobo-Molina et al., 1991) The distance between the tips of the
two subdomains is relatively large as compared to other poly-
merases, which helps to explain the facile dissociation of the
complex and the relatively poor processivity of HIV-1 RT (Patel
etal., 1995). Following binding of the primer/template substrate,
the incoming dNTP binds to the nucleotide binding site (N-site),
while the 3’-end of the primer occludes the so-called priming
site (P-site) (Fig. 1) (Boyer et al., 2001; Gotte, 2004). The fin-
gers close down, which traps the dNTP substrate, and aligns its
a-phosphate with the 3’-hydroxyl group of the primer termi-
nus for catalysis. Thus, changes in the fingers subdomain can
conceivably affect both nucleotide binding and primer/template
binding.

Resistance to NRTIs has been associated with two major bio-
chemical mechanisms (Goldschmidt and Marquet, 2004; Gotte,
2004; Selmi et al., 2003). The first mechanism is based on an
improved discrimination between the nucleotide analogue and
its natural ANTP counterpart. The mutant enzyme disfavours
binding and/or incorporation of the drug over the natural ANTP
to a greater extent as seen with wild type RT. A single muta-

tion can already influence the affinity and/or proper positioning
of NRTI-TPs to the N-site, which may lead to decreases in
rates of polymerization. The M184V or M184I mutations that
confer high-level resistance to 3TC are prominent examples in
this regard (Krebs et al., 1997). Crystallographic data suggest
a steric conflict between the 3-branched amino acid and the
sugar moiety of a modelled 3TC-TP (Sarafianos et al., 1999).
The second major mechanism is based on increased rates of
excision of the incorporated inhibitor. In this case, the mutant
enzyme may incorporate the inhibitor with efficiencies that are
comparable with wild type RT; however, chain-termination is
not irreversible, and the incorporated nucleotide analogue can
be excised in the presence of pyrophosphate, i.e. the back reac-
tion (pyrophosphorolysis), or in the presence of a pyrophosphate
donor such as ATP or other NTPs (Arion et al., 1998; Meyer et
al., 1998, 1999). Enzymes containing classical TAMs can dra-
matically increase rates of excision of incorporated AZT-MP.
The difference between the mutant enzyme is far more pro-
nounced in the presence of ATP, which suggests that ATP is
likely to be the physiologically relevant substrate (Meyer et al.,
1999).

Given that the fingers mutations in the 33—(4 loop are located
in close proximity to the incoming nucleotide, and in view of
the fact that the insertions are almost exclusively seen together
with TAMs, it is conceivable that changes in substrate discrim-
ination as well as changes in rates of excision could play a role
in resistance associated with these genotypes. Slight increases
in the ability to discriminate between the NRTI and natural
dNTP pools have been reported for 3TC (Boyer et al., 2002;
Mas et al., 2002) and TFV (White et al., 2004), while the selec-
tivity for AZT remains largely unchanged. However, rates of
ATP-dependent removal of AZT-MP and many other NRTIs are
dramatically increased with enzymes containing fingers inser-
tions in a background of TAMs, which suggests that excision is
probably the major mechanism involved in resistance to mul-
tiple NRTTs. This was first demonstrated by Mas et al. (2000).
The authors generated a recombinant mutant enzyme that was
derived from a clinical isolate containing numerous known resis-
tance conferring mutations, including T215Y and adouble serine
insertion between residues 69 and 70. The ATP-dependent exci-
sion was highly effective with this enzyme, while the rate of the
reaction dropped significantly when the double serine insertion
was selectively deleted. Rates of excision of incorporated AZT-
MP follow the order M41L/T215Y/69S-SS RT > M41L/T215Y
RT >T69S-SS RT ~ wild type RT (Mas et al., 2000; Meyer et
al., 2003). This trend correlates well with the different levels of
phenotypic drug resistance measured with corresponding mutant
viruses. Similar effects have been described with other dipep-
tide insertions that were either derived from clinical isolates
or generated by site-directed mutagenesis. Taken together, the
aforementioned biochemical studies suggest that an aromatic
side chain at position 215 (Y or F) is a prerequisite for the
observed high rates of ATP-dependent primer unblocking, and
the fingers insertion further increases the efficiency of the reac-
tion. Kinetic data suggest that the T215Y mutation improves the
alignment between the pyrophosphate donor ATP and the termi-
nal phosphodiester bond of the primer (Matamoros et al., 2004).
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There are subtle differences among the various insertion muta-
tions in rates of excision of incorporated NRTIs. It appears that
the SG insertion in combination with TAMs is more efficient as
compared to SS, AG or SA insertion in the same background
(Boyer et al., 1999; Meyer et al., 2003).

Although crystal structures of HIV-1 RT with primer/
template and ATP are not available, it is highly likely that the
B- and +y-phosphates of the pyrophosphate donor occupy the
pyrophosphate binding site (Boyer et al., 2001). Based on this
assumption it has been proposed that excision may only occur
pre-translocation, i.e. in the same configuration that would exist
immediately after catalysis before the release of PPi when the
chain-terminator still occupies the N-site (Boyer et al., 2001).
This model is supported by crosslinking studies showing that
excision can occur in a trapped pre-translocation complex, while
the reaction cannot occur post-translocation when the 3’-end
of the primer occludes the P-site (Sarafianos et al., 2003).
Site-specific footprint data suggest that access to the N-site
is controlled by a dynamic equilibrium between pre and post-
translocational configurations. The enzyme can rapidly shuttle
between both positions, which has been described as translo-
cational equilibrium (Fig. 2). This equilibrium ensures that the
3/-end of the primer can occupy the N-site even after incorpo-
ration of the chain-terminator and the release of PPi (Marchand
and Gotte, 2003, 2004).

The footprints show that the translocational equilibrium
depends on various factors including the concentration of the
next templated nucleotide, the chemical nature of the chain-
terminator, and the specific mutational background, notably the
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Fig. 2. Translocation state and enzymatic function. Specific binding sites for two
divalent specific binding sites for two divalent metal ions (circles with A and B)
are shown according to the general two-metal ion mechanism for polymerases
proposed by Steitz (1999). Excision of a newly incorporated chain-terminator
(darkest grey) can only occur in the pre-translocation configuration when the
metal ions are positioned in the vicinity of the ultimate phosphodiester bond
(top). The nucleophilic attack is indicated by the dark grey arrow. In contrast,
nucleotide binding and the formation of a dead-end-complex (DEC) can only
occur in the post-translocation configuration after the 3’-end of the primer cleared
the N-site and moved to the P-site (bottom).

finger insertions. High concentrations of the next nucleotide can
trap the post-translocated complex. This configuration allows
binding of the nucleotide immediately downstream of the chain-
terminator; hence, the formation of a stable, ternary complex.
This is essentially a “dead-end-complex” (DEC) (Tong et al.,
1997), because the chain-terminator blocks the incorporation of
the bound dNTP, and excision of the chain-terminator is pre-
vented by the fact that the primer terminus resides in the P-site
(Meyer et al., 1999). Relatively high concentrations of dNTPs
are required to block excision of incorporated AZT-MP as com-
pared to d4T-MP, ddAMP, or ddTMP that all lack a bulky azido
group. This effect appears to be amplified with enzymes contain-
ing fingers insertions (Meyer et al., 2002, 2003). Footprinting
and band shift experiments have shown that the formation of
the ternary DEC complex is severely compromised with these
mutant enzymes (Boyer et al., 2002; Marchand and Gotte, 2003;
Matamoros et al., 2004). This will result in an equilibrium shift
to the pre-translocation configuration, thereby enhancement of
excision and thus resistance.

Together these findings suggest that resistance to AZT, d4T,
ddl, and ddC by insertion variants is probably mediated through
increased rates of ATP-dependent primer unblocking. Mecha-
nisms based on substrate discrimination at the level of NRTI
binding and/or incorporation are of minor importance in this
context; however, such mechanisms might play a role for 3TC
and TFV resistance. Rates of incorporation of TFV appear to be
slightly diminished; however, TFV undergoes excision with wild
type RT and this effect is significantly increased with insertion-
containing mutant enzymes (White et al., 2004).

4. Polymerase activity, processivity, and replication
capacity

The combined data showing that fingers insertions can dimin-
ish the stability of ternary complexes are in agreement with
previous studies showing certain defects on DNA synthesis in the
absence of RT inhibitors. A comparison of polymerase activities
of insertion-containing constructs showed that mutant enzymes
display lower levels of DNA synthesis compared to wild type
activity (Boyer et al., 1999, 2002; Kew et al., 1998; Meyer et al.,
2003). Steady state kinetic measurements suggest that fingers
insertions can diminish the efficiency of nucleotide incorpora-
tion, which is largely attributable to increases in Km values.
Moreover, insertion-containing enzymes show reduced levels
of processive DNA synthesis, presumably as a direct conse-
quence of the diminished stability of ternary complexes. Defects
in regard to the efficiency of nucleotide incorporation or pro-
cessivity of DNA synthesis correlate with deficiencies in viral
replication capacity.

These findings are consistent with previous clinical data
showing the disappearance of insertions and other resistance
conferring mutations in the absence of drug pressure; however,
viruses with these alterations reappear after restart of therapy. In
one patient an insertion (SG) was selected during the first period
of therapy (AZT monotherapy) and the insertion variants were
the only viruses found during ongoing therapy. About 4 months
after the first treatment interruption the insertion mutants were
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Table 3
Replication capacity of several insertion variants
Reference Insertion Resistance-associated RT Replication capacity Method?
mutations relative to WT
Quinones-Mateu et al. (2002) 69S +SS 41L, 70R, 62V, 1081, 181C, Decreased Comp
1841, 210W, 215Y
Increased Comp (in presence
of inhibitors)
Increased Comp®
69S +SSSS 41L, 70R, 62V, 1081, 181C, Decreased Comp
1841, 210W, 215Y
Increased Comp (in presence
of inhibitors)
Lobato et al. (2002) T69+ TRVM G 41L, 67N, 215Y, 219Q Decreased Comp
Decreased Mono
Increased Comp (in presence
of inhibitors)
Increased Mono (in presence
of inhibitors)
Sato et al. (2001) 67N + NIHGGRDQGPA 41L, 210W, 215Y Decreased Enz®
Comparable Mono®
Kew et al. (1998) K66 + SSSSSSGGGSSSSSS None Comparable Enz
K66 + SIHPRLEAVPPSSSS None Comparable Enz
Lukashov et al. (2001) 69S + SG/SD 215Y Decreased In vivo
Increased In vivo (in presence
of inhibitors)
Prado et al. (2004) 69S +SS 215Y Decreased Comp
69S +SS 41L, 62V, 70R, 1081, 181C, Decreased Comp
1841, 210W, 215Y
69S +SS 41L, 62V, 70R, 1081, 181C, Decreased Comp
1841, 210W, 2158
69S +SS 41L, 62V, 70R, 1081, 181C, Decreased Comp
1841, 210W, 215N
69S +SS 41L, 62V, 70R, 1081, 181C, Decreased Comp
1841, 210W
69S +SS 41L, 62V, 67N, 70R, 1081, Decreased Comp

181C, 184L, 210W, 215Y

Shown are the resistance-associated mutations as indicated by the International AIDS Society (Johnson et al., 2006).
2 Method—vivo: in vivo determination of HIV-1 kinetics in plasma; mono: ex vivo HIV-1 monoinfections (viral growth kinetics and single cycle infection assays);
comp: ex vivo HIV-1 growth competition experiments; enz: catalytic activities of HIV-1 enzymes (Quinones-Mateu et al., 2002).

b Compared to wild type with 69S +SS.
¢ Compared to wild type of patient before treatment.

completely replaced by wild type viruses in plasma. The wild
type viruses were again completely replaced by the insertion
variant about 1 month after initiation of triple therapy (d4T,
3TC, SQV) and more heterogeneity was found in the insertion
region (SG/SD/RG). Two months after termination of this triple
therapy the insertion variants were already completely replaced
in plasma (Boyer et al., 1999).

Phylogenetic analysis (two parameter distances and synony-
mous distances) indicates that the insertion variants originate
from the patient wild type virus and that the reappearance of the
insertion variants is due to persistence in the proviral population.

The fast replacement of the wild type virus by the insertion
mutant during therapy and the fast outgrowth of wild type after
termination of therapy suggest a large reduction in replication
capacity in the absence of drugs. It takes far more time to replace
AZT resistance associated mutations after termination of therapy
(Albert et al., 1992; Boucher et al., 1993b).

Also in vitro, in replication competition experiments (RCE)
in the absence of drugs, recombinant viruses with a wild type

RT out competed the recombinant viruses with a SS-insertion-
containing RT derived from clinical isolates. On the other
hand, in the presence of inhibitor (AZT) the RCEs revealed
a replicative fitness advantage for the insertion-containing
viruses (Table 3) (Kew et al., 1998; Lobato et al., 2002;
Lukashov et al., 2001; Prado et al., 2004; Quinones-Mateu
et al., 2002; Sato et al., 2001). In general in the absence of
inhibitor, all insertion variants, demonstrated a highly reduced
fitness level when compared to wild type. And clinically
observed isolates (insertion with background mutations) were
only slightly more fit than a double serine insertion in a wild type
backbone.

Thus, viruses with fingers insertions in the RT enzyme repli-
cate less efficiently as compared to viruses that lack the insertion
(Quinones-Mateu et al., 2002). This could explain the low preva-
lence of insertion variants and the fact that these variants quickly
disappear after therapy interruption (Quinones-Mateu et al.,
2000). Mutations R211K and L214F have been associated with
such a phenotype (Meyer et al., 2003).
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5. Conclusion

The prevalence of insertions in the B3—34 loop of RT is rel-
atively low as compared to amino acid substitutions conferring
RT drug resistance. However, once an insertion in this region in
RT has been selected, the virus becomes moderate to high-level
resistant to all substrate analogue RT inhibitors.

Inserts in the 33—(34 loop of RT are selected in the background
of thymidine therapy associated substitutions, especially in the
presence of T215Y/F, M41L and L210W changes. These amino
acid substitutions cause drug resistance by increasing the level
of excision of incorporated nucleotide analogue RT inhibitors.
Rates of excision are further enhanced by selection of inserts
in the fingers domain of RT. A few other substitutions (A62YV,
D67E/G and T69S) seem to be associated with a 33—34-loop
insertion in RT. The exact role of these mutations is not known,
although studies demonstrate that selection of A62V is directly
related to reduced NRTT susceptibility. The flanking amino acid
changes at codons 67 and 69 may facilitate the initial genera-
tion of the insert. Further studies are warranted to investigate
mechanisms associated with the selection of such insertions in
RT.

Selection of drug resistance mutations normally comes at a
price. Enzymatic analysis demonstrates that selection of inser-
tions in the fingers subdomain of RT results in a diminished
efficiency of nucleotide incorporation and DNA synthesis. This
relates to a reduced replication capacity, which, in turn, is in line
with the observation that drug therapy interruption results in the
rapid replacement of these mutants with a wild type HIV variant.
However, continuous replication in the presence of inhibitors
may result in the selection of compensatory mutations. There
are several candidates in this regard. Changes at codons 67, 69,
211 and 214 may compensate for the reduced processivity and
replication capacity.

Taken together, selection of inserts in the 33—(34 loop of RT,
although low in frequency, compromises the usefulness of a
complete class of HIV RT inhibitors and therefore poses a seri-
ous threat for subsequent treatment. Especially if continuous
replication in the presence of antiretroviral therapy results in the
selection of amino acid changes compensating for the initially
reduced processivity and replication capacity.
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