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Abbreviations 

tfmF, 4-trifluoromethyl phenylalanine; NNRTIs, non-nucleoside inhibitors; RT, HIV-1 reverse 

transcriptase; NVP, Nevirapine; EFV, Efavirenz; ETR, Etravirine; RPV, Rilpivirine 
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Abstract 

 

HIV-1 reverse transcriptase (RT) is a major drug target in the treatment of HIV-1 infection.  RT 

inhibitors currently in use include non-nucleoside, allosteric RT inhibitors (NNRTIs), which bind 

to a hydrophobic pocket, distinct from enzyme's active site. We investigated RT-NNRTI 

interactions by solution 19F NMR, using singly 19F labeled RT proteins. Comparison of 19F 

chemical shifts of fluorinated RT and drug-resistant variants revealed that the fluorine 

resonance is a sensitive probe for identifying mutation-induced changes in the enzyme.  Our 

data show that in the unliganded enzyme, the NNRTI-binding pocket is highly plastic and not 

locked into a single conformation. Upon inhibitor binding, the binding pocket rigidifies.  In the 

inhibitor-bound state, the 19F signal of RT is similar to that of drug-resistant mutant enzymes, 

distinct from what is observe for the free state. Our results demonstrate the power of 19F NMR 

spectroscopy to characterize conformational properties using selectively 19F labeled protein.  
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Introduction 

HIV-1 reverse transcriptase (RT) is an essential enzyme in the HIV-1 lifecycle and a major drug 

target in the treatment of HIV-1 infection. Current FDA approved RT inhibitors are effective, but 

continuous treatment can lead to the emergence of drug resistant strains.1 Understanding RT, 

its structure, and the mechanism of inhibitor action, is important for the development of novel 

inhibitors with more favorable resistance profiles. A large number of crystal structures of RT are 

available (wild-type and mutants), providing valuable information on the protein's conformations 

as well as drug interactions.2-9 Crystallographic studies have shown that RT is an asymmetric 

heterodimer that comprises two subunits p66 and p51. The p66 subunit contains two domains, a 

polymerase, and RNase H domain. The p51 subunit is identical in amino acid sequence to p66, 

apart from lacking the C-terminal RNase H domain. The polymerase domain of each subunit is 

further subdivided into fingers, palm, thumb, and connection subdomains.2 In the overall dimeric 

RT structure, the subdomains in the p51 and p66 subunits exhibit different relative orientations 

(Figure 1A).  

Although highly effective as RT inhibitors and the first drugs to treat HIV-1 infection, 

nucleoside/nucleotide RT inhibitors, which act as chain terminators in the enzymatic reaction, 

are associated with numerous side effects. Therefore, non-competitive RT inhibitors were 

developed and have been in the clinic for almost 20 years.10-15 These non-nucleoside inhibitors 

(NNRTIs) include Nevirapine (NVP), Efavirenz (EFZ), Etravirine (ETR), and Rilpivirine (RPV). 

Although chemically diverse, they all bind to the same pocket, distinct from the polymerase 

active site, and inhibit RT allosterically.13,16 A comparison of the crystal structures of apo-RT and 

RT in the presence of NNRTIs reveals significant structural changes upon NNRTI binding. Apo-

RT adopts a “closed” conformation, in which the p66 thumb subdomain folds down onto the 

fingers subdomain. In contrast, in the presence of NNRTIs, RT adopts an “open” conformation, 

in which the p66 thumb domain is ~30 Å away from the fingers subdomain (Figure 1B). Local 

conformational differences are also seen in the NNRTI-binding pocket in the p66 subunit. This 
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pocket is not present in apo-RT, and the Y181 and Y188 side chains fill most of the cavity, 

which is occupied by the NNRTI in the NNRTI/RT complex (Figure 1C).2-5   

Crystal structures are invaluable for pinpointing structural details of enzyme-inhibitor and 

substrate interactions, however, studies by other methods can offer complementary information. 

For RT, only a limited number of investigations in the absence of nucleic acid substrates have 

been reported, including EPR experiments and hydrogen exchange mass spectrometry 

(HXMS).17,18 Also, a few solution NMR studies, using [methyl-13C]-methionine or isoleucine 

labeled RT have been reported.19,20 In addition, several computational studies have been 

conducted to characterize RT dynamics and the effects of NNRTI binding.21-28 Yet, a general 

consensus on the mechanistic basis for NNRTI inhibition of RT has not been reached.2,12,29,30 

Here, we used 19F solution NMR to study RT in solution by incorporating a single fluorine probe 

into the enzyme. Single site labeling prevents resonance overlap and enables simple and fast 

1D NMR experiments. The fluorine nucleus was selected since it possesses a high 

gryomagnetic ratio, which results in excellent sensitivity (83% of 1H). In addition the 19F shielding 

is dominated by a large paramagnetic term, which makes it exquisitely sensitive to its local 

environment (the 9F chemical shift range is ~100 fold larger than that of 1H).31-33 

In particular, we aimed to gain insight into the characteristic dynamics of the NNRTI-binding site, 

mechanism of action of NNRTIs, and the effects of drug resistant mutations. For this study, RT 

was labeled site-specifically with 4-trifluoromethylphenylalanine (tfmF) at positions 127, 146 and 

181, producing three singly labeled RT proteins named RT127tfmF, RT146tfmF, and 

RT181tfmF, respectively. Comparisons of the 19F spectra of RT127tfmF, RT146tfmF, and 

RT181tfmF showed that distinctly different chemical shifts are observed for the trifluoromethyl 

group, demonstrating that the 19F probes in each RT protein are in distinct environments. 

Furthermore, linewidth analyses of these spectra suggest that the NNRTI-binding site is highly 

plastic in the ligand-free enzyme. Mutant, drug resistant proteins V108I, K103N, and E138K all 

modulate the conformational plasticity or average chemical environment of the NNRTI-binding 

site, with the K103N mutation producing the most prominent effect.  In the presence of NVP, 
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EFV, ETR, and RPV, the conformational plasticity of RT at the NNRTI-binding site is reduced, 

and the chemical shift of the NNRTI-bound signals depends on the identity of the inhibitor, 

regardless of the presence of drug resistant mutations. These data show that 19F NMR can be 

used as an effective tool for examining NNRTI -RT interactions.  

Materials and Methods 

Efavirenz (EFV), and Nevirapine (NVP) were kindly provided by Dr. Nicholas Sluis-Cremer. 

Etravirine (ETR) and Rilvipirine (RPV) were purchased from Selleckchem (Houston, TX). All 

NNRTIs were stored in DMSO at concentrations of 10 mM. 

Cloning 

Constructs for the codon optimized, C38V/C280S mutant p66 and p51 subunits of RT were 

prepared as previously described.34 The vectors encoding p66-127tfmF, p66-146tfmF, and p66-

181tfmF proteins, were generated by replacing codons for tyrosines at positions 127, 146, or 

181 with amber codons, using the appropriate TAG oligonucleotides as primers, and the p66 

encoding vector as a template. The vectors encoding mutant p66-181tfmF, p66-146tfmF and 

p51 proteins (p66-181tfmF-K103N, p66-181tfmF-V108I, p66-146tfmF-K103N, p66-146tfmF-

V108I, and the p51-V108I, p51-E138K, p51-K103N) were generated using the appropriate 

oligonucleotides as primers, and the p66-181tfmF, p66-146tfmF, and p51 encoding vectors as 

templates, respectively. All the p66 constructs contain a hexa-histidine tag at the C-terminus, 

and all the p51 constructs contain a Strep-tag at the N-terminus. The DNA sequences of all 

constructs were verified by DNA sequencing (Genewiz, South Plainfield, NJ). 

 

Protein expression  

The tfmF labeled p66 proteins (p66-127tfmF, p66-146tfmF, p66-181tfmF, p66-181tfmF-V108I, 

and p66-181tfmF-K103N) were produced using a protocol developed by the Mehl laboratory. 

33,35 Briefly, competent E.coli BL21 ai cells (Invitrogen) were co-transformed with the vector 
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encoding the TAG containing constructs (above), and the pDule2 RS vector encoding the 

orthogonal amber tRNA/tRNA synthetase pair. Several transformants were screened for 

expression. All tfmF containing p66 proteins were produced at 27°C by growing cells for 24 h 

using auto-induction medium, containing tfmF at a final concentration of 1 mM. All p51 proteins 

(p51, p51-V108I, p51-K103N, p51-E138K) were transformed into E. coli BL21 (DE3) gold cells 

(Agilent Technologies, Santa Clara, CA). The p51 proteins were produced at 27°C by growing 

cells for 24 h using auto-induction media.33,36  

RT protein purification 

Cells were harvested by centrifugation, and re-suspended in lysis buffer, containing 25 mM 

sodium phosphate, 25 mM imidazole and 500 mM NaCl (pH 7.5). Equivalent amounts of cell 

pellets, containing the expressed p66 and p51 proteins, were mixed, and lysed using a 

microfluidizer. Cell debris was removed by centrifugation, and the supernatant was applied to a 

5 mL HisTrap column (GE healthcare Life Sciences, Piscataway, NJ), equilibrated in lysis 

buffer. Proteins were eluted with a linear gradient of 0.025-0.5 M imidazole to separate fractions 

containing p66/p51 heterodimeric RT proteins from p51 monomer, and truncated unlabeled p66 

proteins. RT-containing fractions were pooled and applied to a 5 mL StrepTrap column (GE 

healthcare), equilibrated in 25 mM sodium phosphate, 6 mM KCl, 280 mM NaCl (pH 7.5). RT 

proteins were eluted using the same buffer listed above supplemented with D-desthiobiotin to a 

final concentration of 3 mM (Sigma Aldrich, St. Louis, MO). This step was essential for the 

removal of p66 homodimer. Then, gel-filtration on a HiLoad 26/60 Superdex 200 column (GE 

Healthcare) was used as a final purification step. RT-containing factions were pooled, and 

stored in 50% v/v glycerol at -80°C until use. A list of prepared RT proteins is provided in Table 

1. A brief description of each RT protein is provided below. The RT127tfmF, RT146tfmF, and 

RT181tfmF proteins contain a single tfmF in the p66 subunit of RT at positions 127, 146 and 

181, respectively. RT181tfmF-V108I and RT181tfmF-K103N proteins contain a single tfmF 

residue at position 181 in the p66 subunit, and amino acid changes (V108I or K103N) in both, 
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the p51 and p66 subunits. The RT181tfmF-E138K(p51) proteins contain a single tfmF at 

position 181 in the p66 subunit, and the E138K amino acid change in the p51 subunit of RT. 

 

NMR experiments 

Protein samples for NMR were buffer exchanged into 25 mM sodium phosphate buffer, 100 mM 

NaCl, 10% v/v D2O, pH 6.8 in an Amicon Ultra concentrator (EMD Millipore, Billerica, MA) to a 

final volume of 350 µL. All final protein concentrations were ~35 µM. 19F 1D NMR spectra with 

1H composite decoupling during acquisition were recorded on a 600 MHz Bruker AVANCE 

spectrometer, equipped with a CP TXO F/C-H-D triple-resonance z-axis gradient cryoprobe 

(Bruker Biospin, Billerica, MA). Spectra for the inhibitor-free proteins as well as samples 

containing NVP, EFV, ETR, and RPV at 1:1 and 1:5 RT: NNRTI inhibitor ratios were recorded 

using Topspin 3.1 (Bruker) and analyzed with MestReNova (Escondido, CA). Prior to Fourier 

transformation, the time-domain free-induction decays were apodized with an exponential 

function, using a line broadening factor of 30 Hz. Chemical shifts and linewidths were calculated 

using the peak deconvolution feature in MestReNova. An upper limit of uncertainty for the 

linewidths was qualitatively estimated by assuming that the fit error of each peak is associated 

with the linewidth error. 

 

 

 

Results 

Spectra of apo-RT127tfmF, apo-RT146tfmF, and apo-RT181tfmF 

19F NMR spectra were recorded for RT127tfmF, RT146tfmF, and RT181tfmF, each containing a 

single tfmF at the indicated position in the p66 subunit of RT (Figure 1B). Different spectra were 

observed for the apo-proteins (Figure 2A-C, black traces), reflecting the distinct environment 
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around the tfmF side chain of each RT protein.  For apo-RT127tfmF, a single resonance signal 

is seen at -61.5 ppm (100 ± 2 Hz; Figure 2A), while for apo-RT146tfmF, a major signal is 

observed at -62.0 ppm (150 ± 2 Hz), and a small additional signal is seen at -60.2 ppm (150 ± 

85 Hz), slightly downfield from the major resonance (Figure 2B). The spectrum of apo-

RT181tfmF exhibits a very broad signal at -60.8 ppm (500 ± 5 Hz), much wider than those of 

apo-RT127tfmF and apo-RT146tfmF, and a smaller signal around -61.8 ppm (Figure 2C). In 

each spectrum, the major signal clearly originates from the p66/p51 heterodimeric RT. The very 

small signal in Figure 2C may originate from the small amount (< 8 %) of p66 monomer and/or 

homodimer in the sample. 37 This was confirmed by comparing spectra of different RT samples 

(data not shown). 

EFV binding to RT127tfmF, RT146tfmF, and RT181tfmF 

The effect of EFV binding to the three RT variants, RT127tfmF, RT146tfmF, and RT181tfmF 

was investigated (Figure 2). At 1:1 RT:EFV molar ratio, no changes are observed for 

RT127tfmF (Figure 2A, light green trace). In contrast, for RT146tfmF, two new signals are 

observed, one very close to the one of the free protein (-62.0 ppm) and the other downfield, at -

61.8 ppm  (Figure 2B, light green trace). Both resonances, at -61.8 ppm and -62.0 ppm, exhibit 

comparable linewidths (180 ± 2 Hz). The broad asymmetric signal of RT181tfmF at -60.8 ppm 

(500 ± 2 Hz) disappears upon EFV binding (Figure 2C, light green trace) and a new, sharper 

resonance appears at -60.3 ppm (125 ± 2 Hz). Spectra were also recorded at a 1:5 RT: EFV 

molar ratio (Figure 2, dark green traces) to ensure saturation of the protein with ligand. For all 

proteins, the spectra at 1:5 are similar to spectra at 1:1 RT:EFV molar ratio, suggesting that 

saturation with EFV is essentially reached at the 1:1 molar ratio, consistent with the Kd value of 

92 nM for EFV binding to the p66/p51 RT heterodimer.38 

These spectral data are interpreted in light of the location of the three amino acid residues in RT 

crystal structures.5,39 Residue 127 is ~35 Å away from the NNRTI binding site, located on the 

fingers subdomain and pointing towards the solvent (Figure 1B), and no significant changes in 

the position of residue 127 in the absence or presence of EFV are noted when comparing 
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crystal structures of apo-RT and the EFV/RT complex. The resonance frequency of RT127tfmF, 

which is essentially not affected by EFV binding, is consistent with this observation (Figure 2A). 

Residue 146 is ~30 Å away from the NNRTI binding site and is also located on the fingers 

subdomain. However, this residue points towards the thumb domain. In the RT146tfmF protein, 

the 19F probe at position 146 clearly senses EFV binding and splits into two resonances, at -

60.2 and -61.8 ppm, in the EFV-bound form (Figure 2B). The presence of two resonances 

suggests that the 19F probe in RT146tfmF reports on two conformations, one of which is very 

similar to the free conformation, given that only a very small difference in frequency is involved, 

while the other one reflects a distinctly different conformation. The 181tfmF side chain is located 

in the NNRTI-binding pocket (Figure 1B,C) and EFV binding, by necessity, is expected to 

influence its conformation. The spectrum of RT181tfmF in the presence of EFV contains a 

substantially narrower resonance for the inhibitor bound state, which is shifted downfield 

compared to that of apo-RT181tfmF. The broad resonance observed in the spectrum of apo-

RT181tfmF (500 ± 2 Hz) suggests that the ligand-free protein exhibits a substantial degree of 

conformational plasticity in the NNRTI binding site, which is reduced in the EFV/RT complex 

(Figure 2C), evidenced by the significantly narrower linewidth of the bound signal (125 ± 2 Hz).  

 

Drug-resistant variants of RT 

Three drug-resistant variants of RT were selected for investigation. V108I is associated with 

NVP resistance, K103N imparts NVP and EFV resistance,40-43 and E138K is connected with 

therapeutic failure of ETR and RPV.44-47 We evaluated these mutants in the context of 

RT181tfmF, since residue 181 resides in the NNRTI site and should report on possible effects of 

these mutations on the protein properties at this binding site.   A superposition of the 19F spectra 

of all three apo RT181tfmF mutants is provided in Figure 3. The linewidth of the apo-

RT181tfmF-V108I signal (red, 500 ± 5 Hz) is similar to that of the apo-RT181tfmF (black, 500± 5 

Hz), although slightly upfield shifted, suggesting a minimal influence of this mutation on the 
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NNRTI binding site. In contrast, the signal of apo-RT181tfmF-K103N is narrower and downfield 

shifted (purple; 300 ± 15 Hz, -60.1 ppm). This suggests that in this mutant a less plastic 

conformation is present in the binding site, compared to apo-RT181tfmF. The signal in the 19F 

spectrum of apo-RT181tfmF-E138K(p51) is also broad (green, 600 ± 20 Hz) and is similar to 

that of apo-RT181tfmF, indicating that only small changes are introduced into the flexible 

binding site. Collectively, these data suggest that the local environment around the 19F probe at 

the 181 position of RT is most prominently affected by the K103N mutation.  

 

NVP, EFV, ETR, and RPV binding to RT181tfmF and mutants associated with drug resistance 

To examine the spectral perturbations of NNRTIs on the 19F spectrum of RT181tfmF, we 

recorded spectra in the presence of NVP, ETR, and RPV, in addition to EFV (Figure 4A; note 

the panel of Figure 2C is included as the 2nd panel in Fig. 4A for comparison). Spectra show 

that saturation with EFV, ETR and RPV is essentially complete at the 1:1 RT:NNRTI molar ratio, 

while, for NVP, much higher concentrations are needed to ensure saturation. These 

observations are consistent with results obtained in cell-based assays, that show the EC50 for 

NVP, 0.085 µM, is much higher than for EFV, ETR and RPV, which are 0.001, 0.002, and 

0.0004 µM, respectively.48  Importantly, in the presence of each NNRTI, the defining 

characteristic of each spectrum is the significantly narrower NNRTI-bound signal (Figure 4A, 

colored traces), compared to the inhibitor-free signal of apo-RT181tfmF (500 ± 2 Hz) (Figure 4A, 

black trace) (Table 2). This suggests that NVP, EFV, ETR, and RPV all reduce the 

conformational plasticity of the NNRTI inhibitor binding site around position 181, as reflected in 

the narrower linewidth of the tfmF signal..  

We also examined how NNRTI binding affects the different drug-resistant variants of 

RT181tfmF. In the presence of 5-fold excess of NVP, EFV, ETR and RPV, the spectra of 

RT181tfmF-V108I exhibit chemical shifts and linewidths similar to those of RT181tfmF (Figure 

4A,B). All bound resonances are significantly sharper (~125 Hz) than in the apo form (~500 Hz). 
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At 1:1 RT: NVP molar ratio, as expected, the ligand-free RT signal is still present, consistent 

with the 2-fold larger in EC50 value, compared to wt-RT.49 RT181tfmF-K103N and RT181tfmF-

E138K(p51) also exhibit similar changes in chemical shifts and linewidths, as seen with 

RT181tfmF upon NNRTI binding(Figure 4C,D; Table 2). Note that binding of NVP to 

RT181tfmF-K103N was not observed (Figure 4C). This agrees well with the much larger EC50 

values reported in cell-based assays (> 1 µM).48 Taken together, upon NNRTI binding to RT, 

substantially narrower 19F signals are observed for the tfmF group at position 181, 

demonstrating that the NNRTI-binding pocket becomes confined and looked into a more rigid 

conformation. 

 

NVP and EFV binding to RT146tfmF and mutants associated with drug resistance 

We also recorded 19F NMR spectra of RT146tfmF and its V108I and K103N mutants (Figure 

3B). The spectra of these mutants in the apo form (without inhibitor) are essentially identical to 

each other, demonstrating that the tfmF group in position 146 is not affected by amino acid 

changes at positions 103 and 108 that cause drug resistance. From the 19F NMR spectra of 

RT146tfmF and the mutants in the presence of NVP or EFV, it can be appreciated that 

saturation with EFV is essentially complete at 1:1 RT:EFV molar ratio (Figure 5, note that the 

panel of Figure 2B is included as the 2nd panel in Figure 5A for comparison). In contrast, with 

NVP, much higher concentrations are needed to reach saturation. As expected,48 no NVP 

binding to RT146tfmF-K103N was detected. The spectra in the presence of NNRTIs exhibit two 

signals at approximately -62 ppm and -60 ppm, irrespective of the mutations. For RT146tfmF-

V108I and RT146tfmF-K103N the EFV-bound signals (at 1:5 molar ratio) resonate at -62 ppm 

and are somewhat asymmetric, compared to that of RT146tfmF (Figure 5). However, these 

differences are small and may reflect minor differences in dynamics in these mutants. Overall, 

all available data for RT146tfmF show that no significant effect is seen in the spectra when the 

drug resistant mutational changes are introduced into the protein, both in the apo- and NNRTI-
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bound forms. This observation is consistent with the location of residue 146 in the RT structure 

on the fingers subdomain, ~30 Å away from the NNRTI binding site (Figure 1B).  

 

Sensing the NNRTI interaction in RT181tfmF and RT146tfmF using the tfmF probe. 

Given that residue 181 resides in the NNRTI binding site, extensive studies were carried out 

with different RT181tfmF variants. All chemical shifts and linewidths for these variants are 

summarized in Figure 6A,B. In the absence of inhibitors, the linewidths of the ligand-free signals 

are larger (Figure 6A) and the chemical shifts are diverse (Figure 6B). The chemical shifts of the 

NVP-, EFV-, ETR-, and RPV-bound RT181tfmF resonances are -59.7, -60.3, -60.3, -60.7 ppm, 

respectively, suggesting that different inhibitors create different chemical environments around 

the 181tfmF probe. Based on the linewidth data, although NNRTIs are chemically dissimilar, 

NVP, EFV, ETR, and RPV all seem to lock the NNRTI-binding pocket into a more rigid 

conformation (Figure 6A). For RT146tfmF no significant changes in resonance frequencies and 

linewidths in the apo- and NNRTI-bound forms among the variants are observed (Figure 6C and 

6D).    

Furthermore, and most significantly, the inhibitor-bound chemical shifts of RT181tfmF 

resonances are specific for each inhibitor. Indeed, all RT variants, when complexed with NVP, 

exhibit the same chemical shift of -59.7 ppm. Likewise, the RPV-bound chemical shift is -60.7 

ppm and EFV- and ETR-bound chemical shifts are -60.3 ± .1 ppm. These data suggest that the 

differences in the environment of the 19F probe at position 181 in the apo-RT proteins become 

diminished upon inhibitor binding, resulting in a chemical environment determined by the 

specific inhibitor, presumably by rigidifying the NNRTI-binding pocket around the inhibitor.  

 

Discussion  
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19F solution NMR experiments on site-specifically 19F labeled RT variants were preformed to 

assess the proteins' behavior in the absence and presence of several NNRTIs. The three singly 

fluorinated RT proteins, RT127tfmF, RT146tfmF and RT181tfmF exhibit distinct spectra, 

reflecting the different chemical environments surrounding the 19F probes.  For two 19F-labeled 

proteins, RT146tfmF and RT181tfmF, EFV binding clearly can be monitored by the probe. 

Interestingly, the spectrum of free RT181tfmF (Figure 2C) exhibits a very broad signal, 

incompatible with a single, narrow conformation of the protein, and suggests a very plastic, 

mobile environment that is sensed by the 19F nucleus. In the crystal structures of apo-RT and 

NNRTI-bound RT, two different conformations of tyrosine 181 are observed, and rotation of the 

side chain out of the NNRTI-binding pocket in the complex is necessary to accommodate 

inhibitor binding.2-5,50 However, as described in the introduction, only limited data are available 

for apo-RT, in contrast to an abundance of data on ligand-bound RT. Since it is essential to 

have access to equivalent information for both, apo- and ligand-bound forms in order to 

evaluate conformational changes between the two states, we studied RT in solution. The 

spectrum of ligand-free RT suggests that the NNRTI-binding site is highly plastic in the free 

enzyme, and not confined to a single, narrow conformation. Thus, the solution NMR results offer 

different, but complimentary information to the crystallographic data. 

We also investigated the effect of drug-induced mutations on the chemical environment around 

the 19F probe at position 181 (RT181tfmF-V108I, RT181tfmF-K103N and RT181tfmF-

E138K(p51). Each mutation is located in a different position (Figure 1C). V108 is positioned 

behind residue Y188, and K103 (p51) and E138 (p51) are located at the entrance of the NNRTI-

binding site. Our NMR data show that amino acid changes at these sites affect the chemical 

environment of the 19F probe at position 181, with the K103N change producing the greatest 

effects (Figure 3A). In particular, the narrow signal of RT181tfmF-K103N suggests that this 

mutation restricts the plasticity of the NNRTI-binding site. These results are consistent with 

previous studies, based on crystallographic and computational data, which suggest a “closed” 

form of the NNRTI-binding pocket in K103N RT.27,51 In contrast, 19F signals of the RT181tfmF-
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E138K and RT181tfmF-V108I variants are significantly broader, suggesting that they possess a 

more plastic NNRTI-binding site. Interestingly, the latter mutations are associated with the lower 

degree of NNRTI resistance. 45,47,52  

Our NMR data also revealed remarkable changes in chemical shifts and linewidths of the 

RT181tfmF signal upon interactions with NNRTIs. Importantly, the dynamic behavior of the 181 

site is quenched upon EFV binding, consistent with previous results from HXMS experiments 

that showed higher protection for peptides 88-109 and 187-192 in the presence of EFV.18 A 

similar effect is seen for NVP, ETR and RPV binding. We find that all the NNRTI-bound signals 

are narrower, indicating a significant reduction in the flexibility of the inhibitor-bound forms, 

compared to the apo-form (Figure 6A). Most interestingly, the chemical shifts of the different 

NNRTI-bound variants revealed an intriguing pattern: while the resonance frequencies of the 

ligand-free RT181tfmF variants, V108I, K103N and E138K(p51), are all different, compared to 

RT181tfmF, once a particular inhibitor is bound, these differences disappear. For all four protein 

complexes, essentially the same chemical shifts are noted for the inhibitor-bound proteins; thus, 

the NNRTI-bound shifts are characteristic for a particular inhibitor, irrespective of the presence 

of mutations that are associated with drug resistance. This suggests that it is the identity of the 

inhibitor, which ultimately determines the resonance frequencies of the tfmF probe at position 

181.  

While it is possible that the fluorophenylalanine substitution for tyrosine at position 181 may 

influence the conformation in NNRTI-binding site, this effect has to be very small, given that the 

binding affinities of EFV and NVP to RT181tfmF are consistent with reports in the literature.48 In 

addition, the effects observed upon EFV binding when the tfmF probe resides at positions 127, 

146, and 181 agree well with the distances between the 19F nucleus and the NNRTI binding site. 

Thus, observed 19F spectral changes upon NNRTI binding perhaps qualitatively reflect the 

native dynamics of individual sites. As described above, the 19F resonances of apo RT181tfmF 

and mutants thereof vary (Figure 3A).  
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In summary, our data provide new insights into the dynamics of the NNRTI-binding site and 

suggest a mechanism of action for NNRTIs. Our results clearly demonstrate that the NNRTI-

binding site is highly plastic in the ligand-free enzyme, and that drug resistance mutants 

modulate this conformational plasticity. Importantly, NVP, EFV, ETR, and RPV all reduce the 

dynamics of RT in the NNRTI-binding site, and the NNRTI-bound chemical shifts are 

determined by the identity of the inhibitor. Furthermore, the present study demonstrates that 19F 

NMR can be used as an effective tool for examining ligand-protein interactions in cases where 

only small amounts of protein are available or limited solubility of protein or ligand exist.  
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Table 1. RT proteins  

Name RT subunits 

RT127tmfF p51/p66-127tfmF 

RT146tfmF p51/p66-146tfmF 

RT181tfmF p51/p66-181tfmF 

RT181tfmF-V108I p51-V108I/p66-181tfmF-V108I 

RT181tfmF-K103N p51-K103N/p66-181tfmF-K103N 

RT181tfmF-E138K(p51) p51-E138K/p66-181tfmF 

RT146tfmF-V108I p51-V108I/p66-146tfmF-V108I 

RT146tfmF-K103N p51-K103N/p66-146tfmF-K103N 
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 a the upper limit of uncertainty in the linewidth was qualitatively estimated as described in Materials and Methods. 
balthough the signal is not symmetric, the resonance frequency and the linewidth were extracted assuming a single peak. 

Table 2.  
19
F Resonance frequencies and linewidths

a 

 RT127tfmF RT146tfmF RT181tfmF RT181tfmF- 
V108I 

RT181tfmF-
E138K(p51) 

RT181tfmF-K103N 

 ppm Hz ppm Hz ppm Hz ppm Hz ppm Hz ppm Hz 

Apo -61.5 100 ± 2 -60.2  
-62.0  

150 ± 85  
150 ± 5  

-60.8b   
 

500 ± 5  
 

-61.1b    
 

500 ± 5  
 

-60.8b    
 

600 ± 20  
 

-60.1     
 

300 ± 15  
 

EFV -61.5  100 ± 5 -60.2  
-61.8   

180 ± 1  
180 ± 2  

-60.3  
 

125 ± 2  -60.3  125 ± 5 -60.2  170 ± 5  -60.4  150 ± 2  

ETR     -60.3  125 ± 2 -60.3  125 ± 5 -60.2  125 ± 2  -60.4  145 ± 2  

RPV     -60.7  140 ± 2  -60.7  125 ± 5  -60.7  125 ± 5  -60.7  145 ± 2  

NVP   -60.2 
-61.9b 
 

180 ± 30 
200 ± 25 
 

-59.7  
-60.8b    

180 ± 5  
500 ± 10  

-59.7  
-61.1b    

125 ± 10  
400 ± 10   

-59.7  
-60.9b   

125 ± 10  
600 ± 15 

-60.1b   300 ± 20  
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a the upper limit of uncertainty in the linewidth was qualitatively estimated as described in Materials and Methods. 
b although the signal is not symmetric, the resonance frequency and linewidth extracted assuming a single peak.. 

Table 3.  
19
F Resonance frequencies and 

linewidths of mutants of RT146tfmF
a 

 RT146tfmF- 
V108I 

RT146tfmF- 
K103N 

 ppm Hz ppm Hz 

Apo -60.1 
-62.1 

150 ± 30 
150 ± 5 

-60.1 
-62.1 

150 ± 30 
150 ± 5 

EFV -60.1 
-61.9b 

180 ± 5 
300 ± 15 

-60.1 
-61.9b 

180 ± 5 
260 ± 5 

NVP -60.2 
-61.9b 
 

180 ± 10 
200 ± 25 
 

-60.1 
-62.1 

150 ± 30 
150 ± 5 
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Figure 1. General description of RT structure, and comparison of apo and EFV-bound crystal 

structures of RT. (A) Tube representation of apo-RT (PDB: 1DLO), with the fingers, palm, 

thumb, connection, and RNase H domains in the p66 subunit colored in blue, pink, green, 

yellow and orange, respectively. The p51 subunit is colored grey. (B) Structural differences 

between apo-RT (left, PDB: 1DLO) and EFV-bound RT (right, PDB: 1FK9). A large 

conformational change, including the separation of the thumb and fingers domains (indicated by 

the arrow), is seen in the drug-bound structure. Tyrosine residues 127, 146 and 181 are 

depicted in ball and stick representation and encircled.  (C) Details of the binding site in apo RT 

and the EFV-bound RT complex, illustrating the rotation of the Y181 (black arrow) and Y188 

(grey arrow) side chains out of the binding pocket. The bound EFV molecule is shown in green 

and pertinent distances between the benzoxazin-2-one and the backbone carbonyl oxygen of 

K101 (2.8 Å), and the carbonyl group of the bexzoxazine-2-one and the backbone nitrogen of 

atom K101 (3.2 Å) are indicated. 

 

Figure 2. 1D 19F NMR spectra of RT with 4-trifluoromethyl-phenylalanines substituted for 

tyrosine residues at several positions in the p66 subunit, in the absence (black) and presence of 

EFV at 1:1 and 1:5 molar ratios (light and dark green, respectively). 19F spectra of (A) 

RT127tfmF, (B) RT146tfmF, and (C) RT181tfmF at 27°C are shown. 

 

Figure 3. 1D 19F NMR spectra of RT181tfmF and several RT mutants at 27oC. (A) 

Superposition of the fluorine resonances of RT181tfmF (black), RT181tfmF-V108I (red), 

RT181tfmF-E138K(p51) (green), and RT181tfmF-K103N (purple). (B) Superposition of the 

fluorine resonances of RT146tfmF (black), RT146tfmF-V108I (red), and RT146tfmF-K103N 

(purple). All RT181tfmF and RT146tfmF variants contain amino acid changes in both the p51 
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and p66 domains, except for RT181tfmF-E138K in which the E138K change is only present in 

the p51 subunit. 

 

Figure 4. 1D 19F NMR spectra of RT181tfmF and several RT181tfmF mutants in the absence 

(black) and presence of NVP (pink), EFV (green), ETR (blue) and RPV (orange). (A) 

Superposition of the 19F spectra of apo-RT181tfmF and the 19F spectra of RT181tfmF in the 

presence of each NNRTI, (B) Superposition of the 19F spectra of apo-RT181tfmF-V108I and the 

19F spectra of RT181tfmF in the presence of each NNRTI, (C) Superposition of the 19F spectra 

of apo-RT181tfmF-K103N and the 19F spectra of RT181tfmF-K103N in the presence of each 

NNRTI,  (D) Superposition of the 19F spectra of apo-RT181tfmF-E138K(p51) and the 19F spectra 

of RT181tfmF-E138K(p51) in the presence of each NNRTI. The 19F spectra in the presence of 

each NNRTI at 1:1 and 1:5 molar ratios are shown in light and dark colors, respectively. 

Chemical formulae for each inhibitor are depicted in the individual panels.  

 

 
 
Figure 5. Superposition of 1D 19F NMR spectra of (A) RT146tfmF, (B) RT146tfmF-V108I, and 

(C) RT146tfmF-K103N, in the absence (black) and presence of NVP (pink) or EFV (green). The 

19F spectra in the presence of each NNRTI at 1:1 and 1:5 molar ratios are shown in light and 

dark colors, respectively.  

 

 

Figure 6. Plots of (A) and (C) linewidths and (B) and (D) chemical shifts of the signals in the 19F 

spectra of RT181tfmF and RT146tfmF and the drug-resistant variants, respectively, in the 

absence and presence of each NNRTI. In (A) and (B), plots are shown for apo- and NNRTI-

bound signals of RT181tfmF (o), RT181tfmF-K103N (x), RT181tfmF-V108I (�), and 

RT181tfmF-E138K(p51) (�). In (C) and (D), plots are shown for apo- and NNRTI-bound signals 
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of RT146tfmF (o), RT146tfmF-K103N (x), and RT146tfmF-V108I (�). Note that since the 

spectra of RT146tfmF and mutants thereof comprise two resonances at approximately at -62 

and -60 ppm, two sets of points are contained in the plots presented in (C) and (D). Values were 

obtained from the spectra provided in Figures 4 and 5. 
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