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Abstract

Infection with HIV can cripple the immune system and lead to AIDS. Hepatitis B virus (HBV) is 

a hepadnavirus that causes human liver diseases. Both pathogens are major public health problems 

affecting millions of people worldwide. The polymerases from both viruses are the most common 

drug target for viral inhibition, sharing common architecture at their active sites. The L-nucleoside 

drugs emtricitabine and lamivudine are widely used HIV reverse transcriptase (RT) and HBV 

polymerase (Pol) inhibitors. Nevertheless, structural details of their binding to RT(Pol)/nucleic 

acid remained unknown until recently. Here, we discuss the implications of these structures, 

alongside related complexes with L-dNTPs, for the development of novel Lnucleos(t)ide drugs, 

and prospects for repurposing them.
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Introduction

HIV/AIDS became a global epidemic during the 1980s, and remains a major threat to global 

health. The most common drug target for inhibition is HIV-1 RT, which is essential for 

viral replication. Anti-RT drugs have a central role in highly active antiretroviral therapy 
(HAART; see Glossary), a treatment regimen that typically includes two nucleos(t)ide 
RT inhibitors (NRTIs), as well as in pre-exposure prophylaxis (PrEP). With nearly 40 

million people with HIV worldwide and about half receiving HAART, this success story was 

effectively repurposed against HBV, which presents a Pol structurally related to RT, making 

NRTIs the backbone of HBV treatment. HBV causes inflammation of the liver, triggering 

several hepatic diseases, and affects ~250 million patients worldwide.1–3

RT functions as an RNA- and DNA-dependent DNA Pol, making a DNA copy of the viral 

RNA genome by incorporating dNTPs to a growing primer strand. RT is formed by a 

p66/p51 heterodimer, in which the first monomer bears catalytic activities (Pol and RNase 

H) and the second provides a stabilizing scaffold (Figure 1a). It can be easily argued that 

RT is the best understood Pol in terms of structure, mechanisms of catalysis, inhibition, and 

resistance.2,4–6 By contrast, HBV Pol, which is a multifunctional protein comprising four 

domains (a terminal protein, spacer, RT, and RNase H), is highly insoluble when expressed 

as a recombinant protein.7 This has precluded structural studies, and structural homology 
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models based on the moderate similarity of its RT domain to HIV-1 RT (~35% sequence 

identity) have been the only tool supporting structure-based drug design.8,9

Among NRTIs, emtricitabine (FTC) and lamivudine (3TC) are two of the most widely 

used nucleoside drugs targeting HIV RT and HBV Pol. As with other NRTIs, they are 

prodrugs administered as nucleosides, but their activity in the body requires conversion 

to their triphosphate (TP) form. These were discovered during the late 1980s and 

approved by the US Food and Drug Administration (FDA) between 1997 and 2003. Since 

then, their biochemical mechanism of action and resistance have been well studied and 

characterized.10–12 Conversely, structural data of their binding to RT(Pol)/nucleic acid 

remained elusive until 2019.3,13–15

In this review, we provide an overview of the recent structures of RT/DNA (including 

wild-type RT, the major drug-resistant mutant M184V, and HBV-associated amino acid 

substitutions) with the mentioned L-nucleotide drugs, as well as novel structures of 

RT/DNA with L-dCTP and L-dTTP [the TP form of anti-HBV drug telbivudine (L-dT)16,17] 

in conjunction with kinetic experiments. These data allow detailed visualization of L-

nucleotide binding, incorporation, and resistance. We next discuss the drug development 

avenues that these structures suggest. Finally, we focus on several recent reports of 

experiments in cellular and animal models as well as clinical trials indicating that L-

nucleosides bear potential for being repurposed for treating cancer, diabetes, and other 

infectious and autoimmune diseases.

L-nucleotides: binding, incorporation, and drug resistance in HIV-1 RT

The first L-nucleoside analogs identified as potential therapeutics were racemic mixtures 

of the natural D- and the unnatural Lnucleosides, but it was later observed that one of 

the stereoisomers was usually primarily responsible for the activity. To date, the most 

relevant L-nucleosides discovered are still 3TC and FTC, which exhibit not only good 

antiviral properties, but also low toxicity and a good therapeutic index. The latter results 

from a combination of efficient phosphorylation by host nucleotide kinases, resistance to 

deamination by nucleoside deaminases, and the low activity of off-target cellular DNA 

polymerases, especially mitochondrial DNA polymerase Pol γ. The low stereoselectivity 

of some viral polymerases toward L-nucleosides (such as HIV-1 RT and HBV Pol) 

and some nucleoside kinases contrasts with the stricter enantioselectivity of nucleoside 

degradation enzymes. Thus, this suggests that stereoselectivity is a fortuitous event, rather 

than evolutionarily driven, because none of these enzymes create or alter chiral centers 

(reviewed in 18–20).

Paradoxically, the first structural studies of binding and incorporation of (−)3TC-TP and 

(−)FTC-TP (Figure 1b) were done first with bacterial and cellular DNA polymerases.15,20,21 

These studies revealed different mechanisms and degree of stereoselectivity by those 

polymerases, supporting a lack of evolutionary pressure for stereoselectivity. The Arnold 

laboratory had previously determined crystal structures of the 3TC-resistant mutant HIV-1 

RT (M184I) in both the presence and absence of a dsDNA,22 developing a reliable model 

that explained the mechanism of the main resistance mutation for 3TC and FTC. However, 

the mechanistic basis of RT stereoselectivity was not completely understood.
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Since 2019, four different articles have been published involving RT/DNA complexes 

containing either the TP or monophosphate (MP) of 3TC and FTC,13–15 with one of them 

using a mutant HIV-1 RT as a surrogate for HBV Pol,3 described in the next section. 

The first set of articles13–15 used a similar approach for the crystallographic studies: 

an engineered RT protein cross‐linked via a disulfide bridge to the primer strand of a 

double-strand (ds)DNA, with a dideoxy-terminated primer strand. Both groups reported 

structures with incoming D-dCTP, (−)FTC‐TP and (+)FTC‐TP (L and D stereoisomers, 

respectively), and (−)3TC‐TP (L stereoisomer). These crystal structures showed that RT/

dsDNA complexes bind L-nucleotides readily, with no steric hindrance that would allow 

discrimination, in concordance with biochemical and virological data (Figure 2). In most 

of the structures, the incoming L-nucleotide analogs bind using Watson–Crick base pairing/

stacking and a 180° rotation of the sugar ring (compared with D-nucleotides), in a 

‘nonproductive’ state, because the distance from the C3ʹ in the deoxyribose ring of the 

last priming nucleotide [pretranslocation (P)-site] and the α-phosphate (Pα) of the L-

nucleotide is ~8 Å. Strikingly, Hung and colleagues,15 in the structures with incoming 

(−)FTC‐TP and (−)3TC‐TP, observed a second conformation of the analog, a ‘productive’ 

state, with a C3ʹ−Pα distance of 4.8 Å (Figure 2b), resulting from pivoting of the TP 

through the C5′ carbon. This means that, if the P-site had a 3ʹ-hydroxy (3ʹ-OH) group, it 

would be poised for nucleophilic attack to the Pα of the L-nucleotide.

The kinetics experiments reported in the literature14,23 showed that L-nucleotide analogs 

bind more tightly to RT/nucleic acid compared with their D-nucleotide counterparts and 

D-dCTP, but that the rate of incorporation is significantly slower. Thus, the structural 

information allows us to hypothesize two possible scenarios: (i) after long-lived binding of 

the L-nucleotide in the nonproductive state, chemistry will be preceded by a rearrangement 

to the productive state; or (ii) the L-nucleotide can bind in either nonproductive or 

productive states (even more, the nonproductive state could be the majority population), 

which might decrease the incorporation rate compared with the ‘one-state’ D-nucleotides. 

Thus, either the L-nucleotide conformational change or binding conformation sampling 

will be the rate-limiting step, as suggested by pre-steady state kinetic data with lack of a 

burst.14,23

Although the authors speculate about other possibilities, we hypothesize that the 

nonproductive state can be stabilized further than the productive state by additional contacts 

with K65 and the TP moiety. Indeed, Figure 2a highlights two contacts between K65 of RT 

and the nonproductive state of (−)FTC-TP that are closer than 3.5 Å, whereas, in Figure 

2b, such contacts do not exist with the productive state of (−)FTC-TP. Although the K65R 

mutation is infrequent, it is the other mutation apart from M184V that reduces 3TC or FTC 

susceptibility (24,25 and the HIV Stanford database; https://hivdb.stanford.edu/dr-summary/

resistance-notes/NRTI/). Kinetic experiments show a sharp decrease in the incorporation 

rate upon K65R mutation, which can be understood by the restricted mobility of the 

K65R/R72 pair (forming a rigid platform via stacking of their guanidinium groups, as 

reported previously 24).

Bertoletti and colleagues recently published a follow-up study13 in which they report the 

postcatalytic nucleotide (N)-site structure of RT/dsDNA/(−)FTC-MP (FTC incorporated 
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into the primer strand but before translocation to the P-site). They used the same 

crosslinking strategy as in their previous work, but with a primer strand terminated with 

dGMP [instead of dideoxy(dd)GMP] and subsequent co-crystallization in the presence of 

Mg2+ and (−)FTC-TP. The cross-linking between the sixth nucleotide in the primer strand 

and Q258C blocked translocation and captured the N-site complex. This structure (Figure 

2c) permits visualization of the postchemistry step. Even more, a double conformation of the 

incorporated (−)FTC-MP is observed. Overall, this collection of structures shows the whole 

sequence of events, from binding to incorporation of (−)FTC-TP (Figures 2a–c). In addition, 

Bertoletti and colleagues compared the same type of postcatalytic complex but terminated 

with the D-thymidine analog d4T-MP (Supplementary Data Chart S1 in the supplemental 

information online), providing a snapshot of the mechanism of how RT develops resistance 

to d4T via excision (whereas FTC and 3TC are not susceptible to excision), complementing 

previous biochemical and virological observations.26–28

Returning to the work of Hung and colleagues,15 they also determined structures of M184V 

RT-DNA, and ternary structures with (−)FTC-TP and dCTP to pinpoint the mechanism by 

which the M184V mutation discriminates L-nucleotide binding. Interestingly, in the binary 

M184V RT-DNA complex, they observed a shift of the primer strand as observed previously 

in a similar M184I RT-DNA complex (Figure 2d).22 However, the ternary complexes 

with (−)FTC-TP and dCTP have the primer positioned almost identically to the wild-type 

structures. This reduces the likelihood that primer repositioning is a significant contributing 

factor to the M184V mutation resistance mechanism. The ternary structures show that the 

M184V mutation provokes steric hindrance by directly contacting the sulfur atom in the 

oxathiolane ring of (−)FTC-TP, bound in a nonproductive conformation (Figure 2e).

L-nucleotides: recognition and drug resistance in HBV RT

The intractability of HBV Pol heterologous expression has precluded structural studies, 

including with the FDA-approved drugs 3TC and FTC. Earlier attempts8 took advantage 

of the structural homology between the Pol active site of retroviral RTs and Pol. Recently, 

Yasutake and coworkers translated this strategy from modeling to structure determination. 

Using HIV-1 RT as a surrogate, they introduce HBV-mimicking mutations to study the 

detailed interactions between HBV nucleoside inhibitors (NIs) in the active triphosphate 

form and the HBV-mimicking RT/DNA complexes. First, they used this strategy to 

understand the structural basis for HBV NI entecavir (Figure 1b).29,30 Recently, they did 

the same with 3TC,3 and also studied the mechanism of resistance to 3TC of the HBV Pol 

double-mutant L528M/M552V (note that the authors used the HBV RT domain numbering 

L180M/M204V, whereas here we use full-length HBV Pol numbering).

For crystallization of RT/nucleic acid complexes, Yasutake and coworkers used a previously 

developed 38‐mer hairpin template‐primer DNA aptamer (referred to Apt henceforth; Figure 

3a),31,32 which allows crystallization with a 3ʹ-OH terminated primer and subsequent in 
crystallo soaking with dNTPs and NRTITPs. In this work, they introduced three HBV-

mimicking mutations into HIV-1 RT: Y115F/F116Y/Q151M (designated 3M). Despite these 

mutations, they observed that the incoming (−)3TC‐TP was bound in the nonproductive 

state, almost identical to the structures determined previously.14,15 In this case, because the 
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primer terminal nucleotide bears the 3ʹ-OH, they found that the 3ʹ-OH primer−L-nucleotide 

Pα distance was ~7 Å, in concordance with the observed distance of ~8 Å in the structures 

with dideoxy-terminated primers (Figure 3b).

Regarding the mechanism of resistance of double-mutant HBV Pol L528M/M552V, the 

F160M/M184V 3M RT/Apt/(−)3TC‐TP structure showed defined electron density for the 

cytosine base and oxathiolane moiety but no clear density for the triphosphate and Mg2+. 

The latter points to a loosely bound (−)3TC‐TP, whereas the oxathiolane deviates from that 

in the 3M RT/Apt/(−)3TC‐TP complex by ~1 Å. Related to this, Yasutake and coworkers 

modeled an open conformation of the fingers subdomain. In most structures of RT/nucleic 

acid with incoming dNTP or NI-TP, the fingers subdomain clamps onto the former via R72 

and K65 interactions with the triphosphate moiety.2,6 The electron density for the fingers 

region is sparse (data not shown), which points to this subdomain opening and closing, 

further explaining the lack of clear density of the triphosphate moiety and the loose binding 

of (−)3TC‐TP (Figure 3c). Given that the electron density of V184 is clear (data not shown), 

it appears that the misaligned oxathiolane avoids the steric clash with the side chain of V184 

at the expense of a reduced binding, explaining the resistance to 3TC.

Similarly, the Arnold group recently studied the resistance mutations Q151M and Q151M 

complex (designated Q151Mc, formed by Q151M and four associated mutations, A62V, 

V75I, F77L, and F116Y) in HIV-1 RT.33 Q151M might introduce a conformational 

perturbation at the N-site, and the mutated pocket might exist in multiple conformations. 

It was found that Q151Mc RT/dsDNA complexed with either dATP (with an additional 

interaction of the 3ʹ-OH group with the main chain of Y115) or ddATP appeared to 

compensate for this perturbation by restricting the side chain flexibility of M151 via the 

F116Y mutation, because Y116 is hydrogenbonded to K73 (Figure 3d).33 In the case of 

both 3M RT and F160M/M184V 3M RT/Apt complexes, this interaction is conserved via 

an interfacial water molecule, which is additionally hydrogen-bonded to the main chain of 

M151 and the side chain of Y146 (Figure 3d).

Therefore, this supports our hypothesis that wild-type HBV Pol has an N-site conformation 

closely related to that observed in Q151Mc structures, removing conformational 

heterogeneity and maintaining the polymerization efficiency of both enzymes. The HBV 

Pol L528M/M552V mutant (equivalent to the surrogate F160M/M184V 3M RT) maintains 

the overall conformation seen by the wildtype HBV Pol surrogate, but both mutations impair 

efficient binding of (−)3TC‐TP, also lacking the 3ʹ-OH interaction present in the wild-type 

and Q151M mutants in HIV-1 RT/dsDNA/dATP complexes.

A word of caution is necessary, given the distant homology outside the Pol active site 

between HBV Pol and HIV RT, as well as the differences in the Pol active sites of 

both. Thus, other scenarios that cannot be captured by the surrogate structural model are 

possible. Indeed, Yasutake et al.3 complemented this structural work with antiviral activity 

measurements of 3TC and other NRTIs against different HBV-mimicking RT mutants, 

including that used for crystallization. The surrogate model appears to appropriately explain 

the inhibition and resistance profile for 3TC and ETV (good HBV NIs), but does not work as 

well for tenofovir (TFV, Figure 1b) or islatravir (ISV, a 4ʹ-ethynyl NRTI in Phase III clinical 
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trials; Figure 1b). TFV is not affected by M184V in HIV-1 or M552V in HBV, but the 3M 

RT mutant antiviral activity is significantly affected by introducing the M184V mutation. 

In addition, ISV still holds remarkable antiviral activity against the 3M RT, albeit in reality 

is a moderate HBV NI.3 Although imperfect, in the absence of HBV Pol structures, this 

approach can be useful (in combination with antiviral activities, as done by Yasutake and 

coworkers) for HBV structure-based drug design.

L-dNTPs: binding to HIV-1 RT and implications for the development of novel L-nucleotide 
analogs

Concurrently, we determined additional structures related to the structures reported above: 

(i) structures of HIV-1 RT/Apt in complex with incoming (−)FTC‐TP and D and L 

stereoisomer pairs of dCTP and dTTP; and (ii) the corresponding kinetic data. These 

complement the previous studies and provide avenues for the design of novel L-nucleoside 

analogs, discussed herein. Similar to that of Yasutake and colleagues, our crystallographic 

system differs in that the protein is wild-type HIV-1 RT; it has been crystallized in a 

different space group and our complexes include the catalytically inactive ion Ca2+ (see 

methods in the supplemental information online). The incoming (−)FTC‐TP, L-dCTP and 

L-dTTP are all bound to RT/Apt in the nonproductive state described previously: with 

the L-sugar engaged in Watson–Crick base pairing/stacking, and with a ~7 Å 3ʹ-OH 

primer−L-nucleotide Pα distance3 (Figures 4a–c). Notably, all of the structures discussed 

here, including the postincorporation structure by Bertoletti and colleagues, present a closed 

conformation of the fingers subdomain, which latches onto the triphosphate moiety of the 

incoming nucleotide (Figure 3c). In all of these ternary complexes, metal-chelating and 

triphosphate interactions are very similar (Figures 2–4).

The most remarkable feature of the RT/Apt/L-dCTP and L-dTTP structures compared with 

the D stereoisomer pair and the cognate (−)FTC-TP structure is the positioning of the 

sugar moiety. The presence of the 3ʹ-OH group pushes the L-deoxyribose ring (in both 

L-dCTP and L-dTTP) upward compared with (−)FTC-TP and L-ddCTP (the latter reported 

by Bertoletti and colleagues14), with a concurrent analogous shift of Y115, a residue that is 

known to act as a ‘gatekeeper’ or ‘steric gate’ that impedes NTPs from being properly bound 

and incorporated.34,35 This is likely due to the weak polar contact between the 3ʹ-OH group 

and the meta-carbon (Cε2 atom) in Y115 (Figure 4d).

We have also determined pre-steady state kinetics of the same complexes (Table S1 in 

the supplemental information online). Although literature data pertaining to the natural 

dNTPs and (−)FTC-TP are clear, there are contradictory data on L-dNTPs, which rely 

only on steady-state kinetics.36–39 Using template-primer substrates, we observed a slow RT-

catalyzed incorporation of both L-dNTPs (data not shown), hindering the use of a pre-steady 

state approach because of nucleic acid fall-off from RT. To circumvent this, we used the 

tightly-binding Apt, with which RT falls off much less than does a dsDNA or RNA-DNA 

template-primer (for detailed methods, see the supplemental information online).32,40 The 

slow dissociation rate of RT on the Apt allowed the use of extended time points that are 

required to observe L-dNTP addition under pre-steady state conditions (Figures S1 and S2 

in the supplemental information online). It was recently shown that Apt, containing two 2′-
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O-methyl modified nucleotides in the template region near the Pol active site, behaves more 

similarly to an RNA/DNA template-primer than to a dsDNA.40 This helps to rationalize 

the finding that these kinetic data are more similar to those reported using RNA/DNA 

template-primer than with dsDNA23 (Table S1 in the supplemental information online).

As previously observed for (−)FTC-TP and (−)3TC-TP 23, the binding of L-dCTP to RT is 

on the same order of magnitude to D-dCTP (1.5-fold worse KD), whereas L-dTTP presents 

a 9.5-fold worse KD. In addition, in a similar fashion, the incorporation rate (kpol) is 

affected by the L stereochemistry in L-dNTPs, and is an order of magnitude higher than 

that for (−)FTC-TP, resulting in a drop of catalytic efficiency of over 104-fold. Therefore, 

our kinetics data show that, even though RT has a relaxed stereoselectivity for L-nucleotide 

drugs, its D-stereoselectivity for L-dNTPs is similar to all Pol reported (Table S2 in the 

supplemental information online). Nevertheless, as discussed by Vyas and colleagues20 and 

herein, D-stereoselectivity is case dependent. The five different DNA Pols analyzed by 

combined structural and kinetics-based approaches show unique mechanisms, reinforcing 

that this is due to randomness rather than to an evolutionary pressure. Indeed, in a world 

essentially comprising only D-nucleosid(t)es, a nonstereoselective enzyme might not have a 

reduced fitness because no selective pressure exists.

Thus, in general, L-dNTPs and L-nucleotide drugs are able to bind readily to Pols, via 

chelation, base pairing, stacking, and electrostatic contacts with the triphosphate moiety, 

but the required conformational change or sampling needed for incorporation severely 

reduces the rate and, hence, the efficiency (Figures 2b,c, and 4a). Our results and the recent 

structural work with HIV-1 RT are in good agreement with the kinetic model proposed 

by Kellinger and Johnson.41 By fluorescently labeling RT in the fingers subdomain, they 

take into account RT dynamics and kinetics simultaneously. In essence, they observe for 

D-nucleotides and that the fingers closure provides tight binding and optimal alignment for 

catalysis. Meanwhile, for L-nucleotides, there remains tight binding, but the geometry is not 

optimal for catalysis, requiring a rearrangement and/or sampling and, consequently, leading 

to a slower incorporation rate. This results in a longer half-life of the ternary complex for 

L-nucleotides.

The previous model coincides with our observations in crystallo with our RT/Apt crystal 

system (data not shown), when we soaked with: (i) D-dCTP (and Mg2+), full incorporation 

occurred in ~30 min; (ii) (−)FTC-TP (and Mn2+), full incorporation occurred in ~2 days; and 

(iii) L-dCTP (and Mn2+), partial incorporation appeared to have occurred in ~2 days. Thus, 

Kellinger and Johnson speculated whether in vivo L-NRTI-TPs could act as competitive 

inhibitors, in addition to chain terminators.41

Based on all of these findings, we hypothesize that L-nucleotides with the appropriate 

3ʹ-substituent could be strong RT competitive inhibitors, similar to nucleotide-competing 

reverse transcriptase inhibitors (NcRTIs), a different class of chemotype that inhibit RT 

by competing with dNTP incorporation.2 As shown by Sohl and colleagues,21 human 

mitochondrial DNA Pol γ discriminates against the 5-fluorine (F) of (−)FTC-TP (but not 

RT), explaining the lower toxicity of FTC over 3TC. Thus, any new derivative should 

bear the F substituent. Interestingly, a superposition of the RT/Apt/L-dCTP complex with 
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RT/dsDNA/islatravir-TP (ISV-TP)42 (Figures 4e,f) showed good overlap between the 3ʹ-OH 

in the L-nucleotide and the 4’-ethynyl group of ISV-TP. Recent work42,43 reported that 

the ethynyl group binds optimally to the preformed subpocket delimitated by A114, Y115, 

F160, M184, and catalytic D185 in RT. Other substituents (ethyl, methyl, cyano, or azido) 

can provide good binding and inhibition in the case of D-nucleotides.9,43–45

It is then conceivable that one of the previous substituents placed at the 3′ position of an 

L-nucleotide could provide tight binding and competitive inhibition toward RT. Hence, the 

competitive inhibition mechanism of such compounds would be of a translocation-defective 

RT inhibitor, similarly to ISV-TP. In fact, L-AZT-TP, the L-stereoisomer of 3′-azido-3′-

deoxythymidine (active form of the drug AZT), was shown to be moderately active against 

RT, with a Ki of 2 μM (~250-fold less inhibitory than D-AZT-TP).46 Although L-AZT did 

not show HIV antiviral activity, L-3′-azido-5-FddC showed strong antiviral activity against 

both HIV and HBV.47 It is reasonable that the triphosphate form of L-3′-azido-5-FddC, 

bearing both the L-3ʹ substituent and the 5-F as in (−)-FTC-TP, might inhibit (at least in 

HIV) viral replication through RT competitive inhibition.

Previous work reported that L-nucleosides bearing only a 3′-OH group specifically showed 

antiviral activity against HBV but not against HIV.47 This indicates that L-dC and L-dT 

might not be efficiently phosphorylated in lymphocytes as in hepatocytes and/or that 

their triphosphate metabolites are poor inhibitors (the second is supported by our data). 

Overall, L-nucleosides as L-dT might work in HBV because of a combination of: (i) better 

phosphorylation in hepatic cells; also supported by the fact that an L-AZA prodrug showed 

strong HIV and HBV antiviral activity (whereas L-AZA was devoid of activity)48; and (ii) 

better inhibition of Pol activity, given that HBV Pol presents a Phe in the position of Y115 

and a Leu in place of F160, with this pocket likely being more shallow,30 potentially better 

accommodating the 3′-OH group (Figure 4f). The different overall architecture of HBV 

Pol in relation to RT might also induce a slightly different arrangement of the active site, 

facilitating the 3′-OH group interaction.

In summary, these novel structures along with kinetics data complement previous findings 

and provide interesting insights for the development of novel L-nucleos(t)ide analogs, 

targeting both HIV-1 and HBV.

Repurposing L-nucleoside drugs in cancer and diabetes

Identification of novel drugs is a costly and resource intensive endeavor, which makes drug 

(as well as know-how and technology) repurposing a clearly advantageous ‘shortcut’. A 

recent and prominent example of this process is the identification of remdesivir, a nucleoside 

prodrug the active form of which is a nucleoside-TP (Figure 1b) that inhibits the viral RNA-

dependent RNA polymerase (RdRp) from Ebola virus (EBOV) and severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2).49,50 Initially, remdesivir was developed by Gilead 

to target HCV and respiratory syncytial virus (RSV), but was later repurposed because it 

did not work against these viruses.49 Another recent and impressive example has been the 

‘reuse’ of a quantitative mass spectrometry-based proteomic approach developed initially 

for mapping virus–host interactions in HIV for SARS-CoV-2 and coronaviruses in general. 

This has yielded several potential avenues for drug repurposing,51 including plitidepsin, an 
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inhibitor of the host protein eEF1A developed initially to treat multiple myeloma, which 

has successfully undergone a Phase I/II clinical study for the treatment of Coronavirus 2019 

(COVID-19; see Supplementary Data Chart S1 in the supplemental information online).52

Regarding L-nucleoside drugs (successfully repurposed for HBV treatment as detailed 

above), recent findings strongly support potential repurposing for treating certain cancers 

related to their anti-RT activity. Repurposing NRTIs and nucleotide analogs to treat cancer 

by inhibition of human DNA Pols (especially those involved in DNA repair) is an intriguing 

avenue. Given that it is out the scope of this review, we refer the reader to several studies 

and reviews for more detail.53–56 It has been recognized that (at least some) tumors mimic 

viruses.57 The dysregulated genetic and epigenetic landscape of tumors (e.g., p53 mutation 

or DNA methylation) promotes transcription of RNA silenced in normal cells, such as 

the RNA repetitive elements dubbed the ‘repeatome’, which constitutes about one-third 

of the human genome.58,59 Some of these repeatome RNAs, including pericentromeric 

satellite repeats HSATII, come from ancient retroviruses integrated into the human genome 

(most of them lacking functionality). In some cancers, these repeats are reverse transcribed 

and reintegrated into the genome, resulting in their expansion. Given that these RNA 

repeats resemble viral sequences, it is possible that this is a mechanism tumor cells use 

to escape innate immunity57,60 (Figure 5). Blocking this endogenous RT activity with 

NRTIs that normally target HIV stopped cancer progression in cellular and xenograft cancer 

models.60,61 A recent Phase II trial of lamivudine (3TC) in p53 mutant metastatic colorectal 

cancer showed an association of clinical benefit in patients treated with 3TC that correlated 

with lower HSATII repeat RNA levels.62 However, the identity of this endogenous RT 

activity in cancer cells and whether it comes from multiple sources are unknown.

RT activity in mammalian cells is primarily due to retrotransposons, mainly long 

interspersed nuclear elements (LINEs) and human endogenous retrovirus (HERV) family 

members, as well as human telomerase reverse transcriptase (hTERT).63,64 Given that 

recombinant expression has proven challenging, specific probes (e.g., NRTIs) are necessary 

to identify the sources of mammalian RT activity and better characterize their action in 

pathologies.65 Banuelos-Sanchez and colleagues recently developed an assay in mammalian 

cells to screen for specific inhibitors of LINE-1 retrotransposons, which represent ~17% of 

the human genome.65 Among the 30 nucleotide inhibitors and several NNRTIs screened, 

the newly developed D-nucleoside inhibitor GBS-149 (Supplementary Data Chart S1 in 

the supplemental information online), (−)FTC and (−)3TC were found to be nontoxic, 

mammalian-specific LINE-1 inhibitors. Banuelos-Sanchez and colleagues also discussed 

in detail other studies in which NRTIs have been tested against retrotransposons, and we 

refer the reader to it for a more complete analysis of the state of the art for this field.65 

Additionally, (−)FTC and (−)3TC have been shown to inhibit HERV-K, which might be 

the only active HERV member in humans (although, in general, HERVs are inactive). 

Despite acting on both LINE-1 and HERV-K, the NRTI inhibition profiles appear to differ.65 

Regarding hTERT, the NRTIs AZT and TFV block hTERT activity, but (−)FTC and (−)3TC 

show no inhibition.66

In the case of type 2 diabetes mellitus (T2DM), a recent study revealed that NRTIs could 

be repurposed to reduce ‘inflammasome’ activation (Figure 5).67 A thorough analysis of 
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several health insurance databases in the USA showed that patients with AIDS or HBV 

treated with NRTIs present a 33% lower risk of T2DM incidence. Moreover, lamivudine has 

been shown to improve insulin sensitivity and reduce inflammasome activation in diabetic 

human cells and mice fed a high-fat diet. The underlying mechanism is again linked to 

repeatome RNA transcripts. In this case, it might be due to elevated short interspersed 

nuclear element (SINE) RNA transcripts, which are known activators of the inflammasome. 

SINEs are able to hijack the endogenous RT activity of LINE-1 and blocking this activity 

with repurposed NRTIs holds promise for reducing incidence of T2DM. However, NNRTIs 

and other non-RT HIV inhibitors are not associated with a reduced frequency of T2DM. 

It is also not clear whether the NRTI effect is due to direct inhibition of endogenous RT 

activity or if it is independent.68 In fact, mounting evidence shows that the NRTI effect on 

inflammasome inhibition in age-related macular disease69–71 results from direct inhibition 

of endogenous LINE-1 RT activity69 and from independent mechanisms, as shown by use of 

alkylated NRTIs (not inhibiting RT activity).70 Hence, both mechanisms might contribute to 

NRTImediated diabetes prevention.

Concluding remarks

L-nucleosides have revolutionized AIDS and HBV treatment through exploitation of the 

relaxed stereoselectivity of viral RTs compared with cellular DNA Pols, also making them 

less toxic. Their discovery was possible through medicinal chemistry, and virological and 

biochemical approaches, but the detailed molecular mechanisms remained elusive until 

2019. A combined structural and kinetics approach with several DNA Pols, and now with 

HIV-1 RT and a surrogate HBV Pol model, allows us to further rationalize their mechanism 

of action and to devise novel L-nucleoside drugs. Additionally, their favorable bioavailability 

and biosafety profile makes them candidates for repurposing them in cancer and T2DM, 

largely driven by the mimicry between tumor and diabetic cells and viruses. In addition, 

other pathologies linked to RNA repeats, particularly neurological disorders, could be 

next in line for this approach.65 Lastly, although (−)3TC and (−)FTC are not effective 

against viral RdRps,72 bacterial DNA-dependent DNA and RNA Pols could be inhibited 

by L-nucleosides, as studies with T7 RNA polymerase73 and Dpo456 (Table S2 in the 

supplemental information online) suggest.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary

Highly active antiretroviral therapy (HAART)
also called combination antiretroviral therapy (cART, or simply ART); uses ‘cocktails’ of 

antiretroviral drugs, targeting the viral proteins RT, protease (RT), and integrase (IN), as well 

as entry and fusion inhibitors. Patients with HIV taking the HAART regimen as prescribed 

can maintain an undetectable viral load and have very low risk of transmitting HIV. HAART 

usually includes two NRTIs and often an NNRTI. Among the ~30 FDA-approved HIV drugs 

and combinations, about half contain RT inhibitors, with five approved NRTIs (including L-

nucleosides lamivudine and emtricitabine, see Figure 1a in the main text) and five approved 

NNRTIs.

Inflammasome
innate immune response related to several diseases, such as ageing, diabetes, cancer, or viral 

infections. Inflammasomes are part of a superfamily of pattern recognition receptors (PRRs) 

and act as cytoplasmatic sensors triggering inflammation. They are multiprotein complexes 

that enhance inflammatory responses by promoting the production and secretion of key 

cytokines.

Nucleotide (N)-site and pretranslocation (P)-site
initial step in nucleotide incorporation is the binding of the incoming dNTP at the N-site. In 

processive DNA synthesis, the nucleic acid substrate must translocate to the P-site relative to 

RT to make the N-site available to bind the next incoming dNTP.

Nucleoside
organic molecule formed by a nucleobase linked to a sugar (usually ribose or 2’-

deoxyribose). Besides the natural nucleosides, with D (right-handed) stereochemistry, 

several nucleoside analogs are used as antiviral or anticancer agents. They present different 

variations and substitutions in either the nucleobase and/or the sugar ring. These compounds 

are activated in the cells by being phosphorylated into (deoxy)nucleoside triphosphates 

[(d)NTPs]. They are administered as nucleosides because charged nucleotides cannot 

easily cross cell membranes. Among them, L-nucleoside analogs comply with all these 

requirements and additionally present an inverse L (left-handed) stereochemistry.

Nucleoside reverse transcriptase inhibitor (NRTI)
drug class that blocks the Pol activity of the HIV-1 RT and HBV Pol RT domains. They 

are analogs of the naturally occurring nucleosides lacking (or with a modified) 3’-hydroxyl 

(OH) group, indispensable for the next incoming dNTP incorporation (through nucleophilic 

attack of a 3ʹ-OH to the Pα of the dNTP). Thus, they act as chain terminators. Some NRTIs, 

such as ETV or ISV (Figure 1a in the main text), bear a 3ʹ-OH group, allowing further 
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incorporation of dNTPs, acting via delayed chain termination. In opposition to NRTIs, 

which are orthosteric inhibitors binding at the Pol active site, non-NRTIs (NNRTIs) are 

allosteric, binding ~10 Å away from the active site (Figure 1b in the main text). NNRTIs 

provoke thumb subdomain hyperextension, and displacement of the 3ʹ-OH group of the 

primer terminus from a catalytically poised to an inactive configuration.

Nucleotide
building block of DNA and RNA; an organic molecule compriisng a nucleoside and a 

phosphate.

Pre-exposure prophylaxis (PrEP)
treatment for patients who are at very high risk of getting HIV; a pill is taken daily to prevent 

infection. Standard therapy comprises a daily dose that always include an L-nucleoside drug 

and tenofovir. Studies show that daily use of PrEP reduces the risk of getting HIV from sex 

by ~99%, and by 74% among injecting drug users.

Retrotransposons
genetic elements that copy and paste themselves into different genomic locations by 

converting RNA back into DNA via reverse transcription using an RNA transposition 

intermediate. Different types of retrotransposon carry out this process by distinct 

mechanisms. Long terminal repeat (LTR) retrotransposons and non-LTR retrotransposons 

use element-encoded enzymes to mediate their mobility. In addition, the endonuclease 

and reverse transcriptase activities of non-LTR retrotransposons also have a central role 

in mobilizing non-autonomous short interspersed elements (SINEs), certain classes of non-

coding RNA and mRNA encoding pseudogenes (defective genes).

Therapeutic index
quantitative measurement of the relative safety of a drug. It is the ratio of the dose of a 

therapeutic agent that causes the therapeutic effect to the dose that causes toxicity.
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Figure 1. 
HIV-1 reverse transcriptase (RT) and nucleos(t)ides. (a) HIV-1 RT structure and main 

binding sites for substrates and inhibitors indicated and described. The structure shown 

corresponds to RT with bound double-strand (ds)DNA and incoming EFdA-TP [Protein 

Data Bank (PDB) IDP 5J2M], with template primer, with p66 polymerase fingers, palm, 

thumb, connection subdomains, and RNase H domain, and with p51 indicated. The NNRTI 

rilpivirine (brown spheres; PDB ID: 4G1Q) and RNHI 11b (light-pink spheres; PDB ID: 

6AOC) are superposed. (b) 2D chemical structures of some of the nucleos(t)ide molecules 
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mentioned in this review, grouped by stereochemistry, as indicated. Abbreviations: (−)-

FTC-TP, (−)-2’,3’-dideoxy-5-fluoro-3’thiacytidine-TP; (−)-3TC-TP, (−)-2’,3’-dideoxy-3’-

thiacytidine-TP; AZT-TP, 3’-azido-3’-deoxythymidine-TP; dCTP, 2′‐deoxycytidine 

triphosphate; dTTP, 2’-deoxythymidine TP; ETV-TP, 2-amino-9-[(1S,3R,4S)-4-hydroxy-3-

(hydroxymethyl)-2methylidenecyclopentyl]-6,9-dihydro-3H-purin-6-one-TP; ISV-TP, 4’-

ethynyl-2-fluoro-2’-deoxyadenosine-TP; L-3ʹ-azido-5-FddCTP, 3’-azido-5-fluoro-2ʹ,3ʹ 
-dideoxythymidine-TP; L-AZA-TP, L-3’-azido-3’-deoxyadenosine-TP; L-AZT-TP, L-3’-

azido-3’deoxythymidine-TP; L-dCTP, L-2′‐deoxycytidine TP; L-ddCTP, L-2′,3′‐
dideoxycytidine triphosphate; L-dTTP, L-2′‐deoxythymidine TP; Remdesivir-TP, 1’-cyano-

adenosine TP; TFV-diphosphate, [R]-9-[2-(phosphonomethoxy)propyl]adenine diphosphate. 

Adapted from 2 (a).
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Figure 2. 
L-nucleotides: binding, incorporation, and drug resistance in HIV-1 reverse transcriptase 

(RT). (a) Atomic model of the binding of (−)-FTC-TP (magenta) to HIV-1 RT/DNA 

(white) in a nonproductive conformation [Protein Data Bank (PDB) IDP 6UJX], with the 

C3ʹ−Pα distance indicated. (b) Atomic model of the binding of (−)-FTC-TP (violet) to 

HIV-1 RT/DNA (white) in a productive conformation (PDB ID: 6UJX), with the C3ʹ−Pα 
distance indicated in green. The previous is superposed with the HIV-1 RT/DNA/dCTP 

(PDB ID: 6UIT, yellow). An inset is included with the comparison of the two (−)-FTC-TP 
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conformations in PDB ID 6UJX. (c) Superposition of the HIV-1 RT/DNA (gray) with 

incorporated (−)-FTC-MP (monophosphate, pink, PDB ID: 6WPH) with the HIV-1 RT/DNA 

bound to the nonproductive (−)-FTC-TP conformer [as in (a)], with C5ʹ atoms indicated for 

both [C5ʹa and C5ʹb refers to the same atom in the two alternate conformations of (−)-FTC-

MP], with an arrow indicating the pivoting movement around this atom. (d) Superposition 

of the complex depicted in (a) with the complexes indicated (PDB IDs: 6UK0, 6UIR, and 

6UIS, respectively, from top to bottom). (e) Superposition of the wild-type and resistance 

mutant M184V RT/dsDNA/(−)-FTC-TP complexes (as indicated previously), with the steric 

clash (causing resistance) between the CG1 carbon atom of V184 and the sulfur atom of the 

oxathiolane ring depicted with spheres (corresponding to their van der Waals volumes). The 

incoming dNTPs/NRTI-TPs (nucleoside RT inhibitor-TPs) are shown as sphere and stick 

models [except in (e), for clarity]. The amino acids and nucleic acids, within a distance of 5 

Å, are shown as stick models. H‐bond interaction distances within 3.5 Å to the compounds 

are depicted as black dotted lines. Ca2+ ions are shown as green spheres.
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Figure 3. 
L-nucleotides: recognition and drug resistance in hepatitis B virus (HBV) reverse 

transcriptase (RT). (a) 2D diagram of the 38‐mer hairpin template‐primer mimicking DNA 

aptamer (Apt) co-crystallized with HIV-1 RT used in this and previous studies32 as well 

as by Yasutake and coworkers.3,29,30 The nucleotide (N)-site and pretranslocation (P)-site 

are indicated, with the first poised for dNTP/NRTI-TP (plus divalent cation) soaking. 

(b) Superposition of the HIV-1 RT/DNA/(−)-FTC-TP in a nonproductive conformation 

[Protein Data Bank (PDB) ID: 6UJX, as indicated in Figure 2 in the main text] with 

the HBVmimicking HIV-1 RT mutant 3M RT/Apt (in cyan, except the three indicated 

mutations in violet) in complex with (−)-3TC-TP (in cyan; PDB ID: 6KDJ), with the 

C3ʹ−Pα and O3ʹ−Pα distances indicated, respectively. (c) Superposition of the 3M RT/

Apt(−)3TC-TP complex with the F160/M184 3M cognate complex (in dark violet; PDB 

ID: 6KDO) representative of the L528M/M552V HBV resistance mutations. Note that the 

triphosphate moiety of (−)-3TC-TP could not be assigned by the authors and, thus, is not 

represented. The fingers subdomain electron density is sparse (see main text), most likely 

moving between open and closed states, as denoted by the arrow and the distances of key 

residues, K65 and R72, in both instances. (d) Superposition of the 3M RT/Apt(−)-3TC-TP 

complex with Q151Mc RT/dsDNA complexes (PDB ID: 5TXO and 5TXP), displaying the 

conserved interaction between F116Y and K73, and illustrating the similarity between the 

active site of HBV polymerase (Pol) and this HIV-1 RT mutant. Ca2+ ions are shown as 

green spheres and the water molecule as a red sphere.
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Figure 4. 
L-dNTPs: binding to HIV-1 reverse transcriptase (RT) and implications for development 

of novel L-nucleotide analogs. (a) Comparison between the positioning of bound D- and 

L-dNTPs [and (−)-FTC-TP] to HIV-1 RT/Apt, with respect to the pretranslocation (P)-site 

nucleotide, with O3ʹ−Pα distances indicated in green for D-dNTPs and in blue for L-dNTPs 

[and ()-FTC-TP]. The Protein Data Bank (PDB) IDs of these new structures can be found 

in the ‘Accession Numbers’ section in the main text and in Table S3 in the supplemental 

information online. (b) Atomic model of the binding of L-dCTP (cyan) to HIV-1 RT/Apt 
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(white), with the O3ʹ−Pα distance indicated in cyan, and inset with the difference polder 

Fo – Fc map (green mesh, 5σ). (c) Atomic model of the binding of L-dTTP (yellow) to 

HIV-1 RT/Apt (white), with the O3ʹ−Pα distance indicated in yellow, and inset with the 

difference polder Fo – Fc map (green mesh, 4.5σ). (d) Detail of the correlated positioning 

of L-dNTPs and LddNTPs and Y115, an active site residue known as the ‘steric gate’ 

excluding rNTP binding. The presence of the L-3ʹ-OH group triggers a slight repositioning 

of L-dNTPs compared with L-ddNTPs (PDB ID: 6P1X for the complex with L-ddCTP, 

the rest are included as aforementioned). (e) Side view of the preformed pocket in which 

the 4ʹ-ethynyl substituent of ISV-TP binds (PDB ID: 5J2M), superposed onto both RT/Apt/

L-dNTP complexes and the 7MC RT/Apt/ETV-TP complex (PDB ID: 6IKA). Colors as 

indicated in the legend, with common residues indicated in black. (f) The same subpocket 

described in (e) is shown with the residues represented as accessible surface area (ASA, 

https://en.wikipedia.org/wiki/Accessible_surface_area) and with all the complexes compared 

side-to-side. It illustrates the optimal fit of the 4ʹ-ethynyl substituent, the suboptimal fit 

of the L-3ʹ-OH substituent, and the lack of binding in the case of ETV-TP. The incoming 

L-dNTPs are shown as sphere-and-stick models. The amino acids and nucleic acids, within a 

distance of 5 Å, are shown as stick models. H‐bond interaction distances within 3.5 Å to the 

compounds are depicted as black-dotted lines. Ca2+ ions are shown as green spheres.
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Figure 5. 
Repurposing L-nucleoside drugs in cancer and diabetes. In cells in dysregulated states 

(as in cancer, viral infection, or diabetes), the normally silent ‘repeatome’ expands via a 

multistep process that involves upregulated transcription of noncoding RNAs (ncRNAs), 

reverse transcription by endogenous reverse transcriptases [RTs, such as long interspersed 

nuclear elements (LINE-1) or human endogenous retrovirus K (HERV-K), encoded in 

retrotransposons that form part of the same repeatome] and reintegration of the expanded 

repeats through an unknown mechanism. The current understanding is that nucleos(t)ide RT 

inhibitors (NRTIs), such as the L-nucleotides lamivudine or emtricitabine, can inhibit the 
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repeat expansion, which correlates with carcinogenesis, inflammation, or insulin resistance, 

and could provide a better prognosis for these pathologies. Some of the ncRNA transcripts 

might also be detected by innate pattern recognition receptors, because of their similarity to 

viral sequences, inducing a proinflammatory immune response. Although the overall process 

is full of outstanding questions, it is clear that NRTIs can block the pernicious effects 

triggered by these repeat expansions through inhibition of reverse transcription, but there is 

evidence showing they can work through additional RT-independent inhibition mechanisms. 

Created with BioRender (BioRender.com). Adapted from 60. See 57,60,61,65,67,68 for detailed 

information.
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