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Abstract

HIV-1 protease inhibitors are crucial for treatment of HIV-1/AIDS, but their effectiveness is 

thwarted by rapid emergence of drug resistance. To better understand binding of clinical inhibitors 

to resistant HIV-1 protease, we used room-temperature joint X-ray/Neutron (XN) crystallography 

to obtain an atomic-resolution structure of the protease triple mutant (V32I/I47V/V82I) in 

complex with amprenavir. The XN structure reveals a D+ ion located midway between the inner 

Oδ1 oxygen atoms of the catalytic aspartic acid residues. Comparison of the current XN structure 

with our previous XN structure of the wild-type HIV-1 protease-amprenavir complex suggests that 

the three mutations do not significantly alter the drug-enzyme interactions. This is in contrast to 

the observations in previous 100K X-ray structures of these complexes that indicated loss of 

interactions by the drug with the triple mutant protease. These findings, thus, uncover limitations 

of structural analysis of drug binding using X-ray structures obtained at 100K.
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INTRODUCTION

HIV-1/AIDS is a pandemic with no cure. Combination antiretroviral therapy involving 

treatment with several potent drugs targeting different steps in the viral replication cycle 

provides a vital treatment option for the individuals infected with HIV-1.1 HIV-1 protease 

(PR), a crucial viral enzyme, has proven to be a valuable target for drug design, with nine 

clinical inhibitors currently marketed in the US.2,3 The development of the HIV-1 PR 

inhibitors has been viewed as perhaps one of the best examples of structure-guided drug 

design.4 However, the long-term potency of the PR inhibitors is thwarted by rapid 

emergence of drug resistant PR variants, necessitating constant urge to develop of new drugs 

that have higher genetic barrier to resistance and that are active against resistant PR 

variants.5,6

The design of PR inhibitors has been guided mainly by low-temperature (100K) X-ray 

structures of the enzyme-ligand complexes.7 Moreover, cryo-crystallography has been 

instrumental in studying the structural basis of drug resistance by comparing and contrasting 

intermolecular interactions made by inhibitors in the wild-type and drug resistant PRs.8,9 In 

the majority of cases, the reduction of an inhibitor’s affinity for the PR harboring drug 

resistant mutations has been attributed to the disappearance or weakening of favorable 

interactions between the inhibitor’s functional groups and side chains of the mutated 

residues. This is exemplified by the X-ray structures of drug resistant PR variants with 

various clinical protease inhibitors.8–12 In a few instances, however, drug resistant mutations 

lead to possible formation of unfavorable interactions, with a stark example of saquinavir-

specific substitution G48V.10,13

Although low-temperature X-ray crystallography is an attractive technique for structure 

determination due to recent advances in synchrotron radiation and automation, diffraction 

data are collected from crystals cooled to the temperature ~210°C below the physiological 

temperature. In addition, crystals need treatment with cryo-protecting solutions and are 

flash-frozen in liquid nitrogen at non-equilibrium conditions prior to X-ray exposure. Thus, 

cryo-cooling may lead to systematic distortion of the repertoire of accessible conformations 

of a protein at low temperature relative to room temperature.14–16 This can lead to incorrect 
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inferences about the functional roles of specific protein groups either in enzyme catalysis or 

ligand binding.

We recently used room temperature joint X-ray/Neutron (XN) crystallography to obtain an 

atomic-level picture of clinical drug amprenavir (APV) binding to the wild-type HIV-1 PR, 

PRWT-APV (Figure 1A and 1B; PDB ID 4JEC).17 We capitalized on the unique ability of 

neutron diffraction to directly locate hydrogen (and deuterium) atoms in macromolecules to 

visualize hydrogen bonding and hydrophobic interactions made by the protease inhibitor 

with the main-chain and side-chain atoms of the enzyme active site cavity, and demonstrated 

that some interactions previously inferred from the low-temperature X-ray structure11,18 

were either significantly weaker or did not form at all. In this work, we report a room 

temperature XN structure of the PR triple mutant variant V32I/I47V/V82I (referred to as 

PRTM henceforth) in complex with APV at pH 6.0 (PDB ID 5T8H), and compare it to the 

room temperature XN structure of PRWT-APV complex17 and to the low temperature PRTM-

APV X-ray structure.19 Importantly, we observe that cryo-cooling results in “freezing out” 

of side-chain conformations, not detected at room temperature, for drug resistant mutations, 

possibly biasing the interpretation of the structural roles of these mutations in drug 

resistance. In addition, the XN structure of PRTM-APV unambiguously shows a D+ ion 

positioned half-way between the inner oxygen atoms of the catalytic Asp25 and Asp25′ 
carboxylic groups, taking part in a possible low-barrier hydrogen bond – an observation that 

would not be possible with X-rays.

RESULTS and DISCUSSION

Deuterium atom locations and protonation states

The X-ray scattering power of hydrogen (H) is weak, and it is dependent on the electron 

density present on H, being decreased further for more acidic H atoms. To observe H atoms 

in X-ray structures diffraction data to resolutions better than 1 Å are generally obtained. The 

neutron scattering power of H (−3.739 fm), and its heavier isotope deuterium (D, 6.671 fm), 

is as good as that of carbon (6.646 fm), oxygen (5.803 fm) and nitrogen (9.360 fm), and is 

independent from the chemical environment. Yet, H possesses the negative neutron 

scattering length, causing cancellation effects in the nuclear density maps, and also has a 

strong incoherent scattering component that contributes heavily to the background. Thus, H 

is usually exchanged with D in protein crystals to increase signal-to-noise ratio and improve 

neutron diffraction. Locating D atoms in nuclear density maps is straightforward, even at 

resolutions as low as 2.5 Å.20 In case of HIV-1 PR studied here, in addition to substituting D 

for H at the exchangeable sites, we replaced H in C-H bonds with D by expressing the 

enzyme in D2O, which further improves the quality of neutron diffraction signal and allows 

us to use crystals of ~0.2 mm3, the crystal volume considered small by macromolecular 

neutron crystallography standards. The structures are refined against two diffraction datasets 

– neutron and X-ray – collected preferably from the same crystal in a joint refinement 

strategy,21 resulting in more accurate structures that as described as XN structures 

henceforth.

Crucial for our detailed structural analysis, only one orientation of APV is observed in the 

active site of the per-deuterated enzyme. The lack of the drug disorder, which is common in 
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the X-ray structures of PR complexes with inhibitors, makes it possible to determine 

positions of D atoms with high confidence. Previously, the observation of DRV disordered 

over two orientations by a 180° flip did not allow us to observe any H atoms in the 0.84 Å 

ultra-high resolution X-ray structure of V32I PR variant in complex with DRV,22 for many 

residues showed disorder as well, including main-chain atoms and the catalytic site.

The catalytic Asp25/Asp25′ dyad in HIV-1 PR is expected to be monoprotonated in the pH 

range 5–6.23–26 In the XN structure of PRTM-APV complex at pH 6.0 we found one D atom 

in the catalytic site (Figure 2A). Remarkably, the D atom is observed as a D+ (deuterium 

ion), positioned between the inner Oδ1 oxygen atoms of the two aspartic acid residues, and 

possibly involved in a strong low-barrier hydrogen bond. The D+ is essentially equally 

distanced from the oxygen atoms, with the D···O distances of 1.5–1.6 Å, but it is farther 

away from the hydroxyl oxygen of APV (2.0 Å) (Figure 2B). Therefore, the D+ is weakly 

coordinated with the OD of APV. In our previous XN structure of PRWT-APV,17 however, 

this D atom is covalently bound to the Oδ1 oxygen of Asp25 and makes a strong hydrogen 

bond of 1.5 Å with the oxygen of APV hydroxyl (Figure S1). In both XN structures the OD 

of APV is rotated to Asp25′ and forms a 1.7 Å hydrogen bond with the outer Oδ2 oxygen. 

Consequently, the overall interaction of APV with the catalytic residues in PRTM may be 

weaker than in PRWT, which may contribute to the 15-fold lower affinity of APV to 

PRTM.19 The formation of the low barrier hydrogen bond between Asp25 and Asp25′ was 

previously found in molecular simulations27–29 and QM/MM calculations30 of the apo- and 

substrate-bound PR. It has also been proposed that such a strong hydrogen bond is an 

important feature of the HIV-1 PR catalytic mechanism, and that it may be common for 

other aspartic proteases.31 Importantly, our current study is the first one to directly observe a 

D+ between the catalytic aspartates for any aspartic protease.

It is of note that in our earlier XN structure of PRTM in complex with darunavir (DRV) at pH 

6.0, the catalytic site D was also observed as D+, but unlike in PRTM-APV, it is shared 

between the carboxylic group of Asp25′ and the hydroxyl of DRV (Figure S1).32 The D+ is 

located equally distanced from Oδ1 and Oδ2 of Asp25′, and hydroxyl oxygen of DRV. 

Additionally, the catalytic site D is located at the outer Oδ2 oxygen of Asp25 in the XN 

structure of PRTM-DRV at pH 4.3, the position where it would be ready to attack the 

carbonyl oxygen of a substrate in a PR-substrate complex,24 and forms a very weak 

hydrogen bond with the hydroxyl of DRV. The positioning of the D atom on the outer Oδ2 

oxygen of the catalytic aspartic acid in PRTM-DRV at pH 4.3 is similar to that in the pH 5.0 

neutron structure of wild-type PR in complex with a non-clinical inhibitor.33 It appears that 

an external stimulus is required to shift the location of the catalytic dyad D to one of the 

outer Oδ2 carboxylic oxygens. In that non-clinical inhibitor33 the electrostatics of the 

carbonyl group vicinal to the inhibitor hydroxyl drives the catalytic dyad D positioning on 

Oδ2 to form a strong hydrogen bond and to avoid a repulsive interaction between the two 

partially negatively charged oxygen atoms. On the other hand, long-range electrostatics 

triggers transfer of D to the Oδ2 of Asp25 when the pH is lowered to 4.3 in the crystal of 

PRTM-DRV.32 Taken together, the observations of the positions of hydrogen atoms in the 

XN structures of HIV-1 PR described above demonstrate that the catalytic site deuteron is 

labile and can occupy all possible positions within the confines of the catalytic residues and 

hydroxyl groups of inhibitors.
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Mutations do not alter interactions in PRTM-APV relative to PRWT-APV according to XN 
structures

Direct observation of D atoms in PR and inhibitors is crucial to make correct interpretation 

of the drug-enzyme interactions, including hydrogen bonds and hydrophobic contacts. APV 

binding mode is identical in PRTM and PRWT in the room temperature XN structures, with 

similar hydrogen bonding interactions (Figure 3). Thus, mutations of the hydrophobic 

residues at positions 32, 47 and 82 do not appear to dramatically disrupt the hydrogen 

bonding pattern, except for the weaker interaction of the catalytic site D with the hydroxyl of 

APV in PRTM-APV. In both XN structures the strongest hydrogen bonds are made by the 

hydroxyl group of APV with the catalytic Asp25′. In addition to interacting with the 

catalytic site, APV makes two more direct hydrogen bonds, with the backbone amides of 

residues Asp30, and Asp30′ at the opposite ends of the drug. These hydrogen bonds are 

rather weak, however, as the D···O and D···N distances are 2.3–2.5Å, but they are not altered 

by the three mutations in PRTM. Several additional interactions suggested by the previous 

low temperature X-ray structures11,19 are probably insignificant, even though distances 

between the heavy atoms would indicate hydrogen bonding. In particular, in both XN 

structures the N-D group of APV carbamate is almost perpendicular to the plane of the 

main-chain carbonyl of Gly27. Similarly, the flap water plane is perpendicular to the 

backbone N-D bond of Ile50′ (Figure S2); thus, the water’s lone pair of electrons is not 

directed toward the D atom. This observation suggests that the drugs are not symmetrically 

bound to the flaps, which appears to be in accord with the previous NMR studies34 that 

demonstrated asymmetry in the flaps’ opening and closing dynamics. In addition, the main-

chain N-D of Asp29 makes a ~120° angle with the oxygen of the tetrahydrofuran ring. The 

geometry of these contacts deviates significantly from the canonical values for hydrogen 

bonding; thus, they cannot be considered as such. On the other hand, because the N-D vector 

of the APV carbamate is perpendicular to π system of the main-chain carbonyl of Gly27 this 

interaction can be considered a weak N-D···π contact, with the D···π and N···π distances to 

the center of the C=O double bond in both XN structures of 2.6 and 3.5 Å, respectively.

The superposition of PRWT-APV and PRTM-APV XN structures depicting the mutation sites 

and hydrophobic interactions is shown on Figure 4. The two XN structures superpose with 

an RMS deviation of 0.16 Å on the backbone atoms. From a detailed analysis of the two XN 

structures it is evident that drug resistant substitutions V32I, I47V and V82I, which add or 

remove a CH3 group on the side chains, do not significantly alter the hydrophobic contacts. 

Specifically, in PRTM-APV the aniline group of APV makes C-H···π interactions with the 

side chains of V47 and I32, with the C···C distances of 3.4–3.9 Å. The corresponding 

distances for C-H···π contacts are 3.6–4.0Å in PRWT-APV. In addition, C-H···π interactions 

are made by the benzyl group of APV with the side chains of residue 82, with the C···C 

distances of 3.7–4.0 Å in PRTM-APV and 3.4–3.9 Å in PRWT-APV. We use here C···C 

distances to describe C-H···π interactions because it has been demonstrated by NMR35 that 

the C-H···π interaction strength involving aliphatic groups and aromatic rings is mainly 

determined by the distances between their carbon atoms, while lateral displacement of a C-H 

group away from pointing directly at the center of the π system does not greatly affect the 

interaction if the C···C separation is ≤ 4.0 Å. The isobutyl and tetrahydrofuran groups make 

similar closed-shell van der Waals interactions with side chains of residues 32, 47 and 82, 
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with C···C distances of 3.6–4.1 Å and 3.7–4.1 Å in PRTM-APV and PRWT-APV, 

respectively.

Side chains have different conformations in 100K X-ray and room temperature XN 
structures of PRTM-APV

The common practice used to understand the structural role of drug resistant mutations is to 

compare low temperature X-ray structures of wild-type and mutant PR in complex with 

drugs. The 15-fold lower affinity of APV to PRTM compared to PRWT has been previously 

explained by the loss of hydrogen bonding between the drug’s aniline moiety and Asp30′ 
and by the weakening of hydrophobic interactions such as van-der-Waals contacts between 

the tetrahydrofuran group and the side chain of residue 32, and C-H···π interactions between 

the aniline moiety and the side chain of residue 47′ as observed in the 100K X-ray structure 

of PRTM-APV compared to the 100K X-ray structure of PRWT-APV.19

The 100K X-ray and the room temperature XN structures of PRTM-APV superimpose with 

the low RMS deviation on the main chain atoms of 0.25 Å. However, a number of side-

chains, including those at the mutation sites, show different conformations at room 

temperature relative to those at 100K. Strikingly, the aniline of APV is disordered at 100K 

by bending at sulfur of sulfonamide, while at the same time, Asp30′ side chain shows 

disorder over two conformations, seemingly in concert with the aniline group bending 

(Figure 5). In the room temperature XN structure, however, no disorder of these groups is 

observed, with Asp30′ and aniline superimposing onto one of the conformations observed 

at 100K in the X-ray structure. A water molecule is also visible in the neutron structure 

connecting aniline’s ND2 group to the carboxylate of Asp30′. Unexpectedly, we observe 

that the side chains of I32 and V47′ are rotated by about 120 ° in the 100K X-ray structure 

relative to their conformations in the room temperature XN structure (Figure 5). In the room 

temperature XN structure I32 and V47′ are involved in van der Waals and C-H···π 
interactions, respectively, with APV as described in detail above, but these contacts are 

apparently diminished in the 100K X-ray structure. Specifically, the number of van der 

Waals contact between the I32 side chain and the tetrahydrofuran group decreases and they 

lengthen to > 3.8 Å, whereas C···C distances from the V47′ side chain to the aromatic 

carbon atoms of the major aniline conformation are increased to > 4.5 Å. Also, in the 100K 

X-ray structure Ile32′ is disordered over two conformations, one of which retaining C-H···π 
interactions with aniline, whereas Val47 has identical conformation to that in the room 

temperature XN structure.

It is important to emphasize, therefore, that evidently one must be careful when comparing 

100K X-ray structures of the wild-type and mutant PR in complex with drugs with the aim 

of analyzing the effects of drug resistant mutations on the non-covalent interactions. Also, 

our comparison of the room temperature XN structures of PRWT-APV and PRTM-APV 

complexes reveals that some mutations may not lead to clear observation in the crystal 

structures of significant structural changes that weaken hydrogen bonding and hydrophobic 

interactions; thus, changes in other PR properties such as in its global dynamics and 

conformational flexibility due to introduction of the drug resistant mutations may provide a 

significant contribution to the drug resistance of such PR variants. The PR dynamics would 
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contribute to the order/disorder of the system, and thus contribute to the entropy of the 

system. To find out whether there are differences in the ΔS of APV binding to PRTM we 

performed ITC measurements comparable to conditions used for the XN structure (Figure 

S3) and compared them to those corresponding to APV binding to PRWT.36 The slightly less 

favorable ΔH of APV binding to PRTM (Table S2) can be explained by the weakening of 

hydrogen bonding between the APV hydroxyl and the catalytic residues, as discussed above. 

More interestingly, the ΔS of APV binding to PRTM is significantly smaller (ΔΔS of ca. −4 

cal/mol·K) than that of the drug binding to PRWT. It follows that PRTM-APV complex has 

fewer degrees of freedom compared to PRWT-APV. If we assume that other properties 

contributing to ΔS, such as desolvation of APV and the PR active site upon drug binding, are 

very similar for the wild-type and mutant enzymes, then we can hypothesize that such 

unfavorable ΔΔS may indicate stiffened dynamics of PRTM relative to that of PRWT. In fact, 

previous molecular dynamics simulations have shown that some mutations may result in 

lower conformational flexibility of the protease mutants.37 Other molecular dynamics 

simulations and a number of NMR studies have demonstrated that drug resistant mutations 

distal to the drug binding cavity are capable of altering the PR dynamics, including the flap 

dynamics, and conformational sampling.38–43 For example, the highly resistant mutant PR20 

bearing 19 naturally evolved drug resistant mutations exhibits altered flap conformations and 

an expanded binding cavity.12 Other factors, such as long range electrostatics, solvent 

effects, etc. can also be contributing factors that cannot be easily assessed in crystal 

structures or by ITC.

CONCLUSIONS

Macromolecular neutron crystallography has given us an unprecedented picture of the 

atomic details of clinical drug APV binding to the wild-type and triple mutant HIV-1 

protease. We have observed that the D atom of the catalytic site can be located at various 

positions, making conventional and low-barrier hydrogen bonding interactions with the 

catalytic aspartic acid residues and/or hydroxyl group of APV. Drug resistant mutations 

V32I, I47V and V82I do not seem to alter the hydrogen bonding pattern and hydrophobic 

interactions of amprenavir with the enzyme, even though the 100K X-ray crystal structure of 

PRTM-APV suggests otherwise. Thus, our results reveal the limitations of the comparison of 

the HIV-1 PR structures obtained at 100K, suggesting that in certain cases mutations do not 

disrupt drug-enzyme contacts, and that in these cases other drug resistance mechanisms, 

such as global dynamics and conformational flexibility, may play a decisive role.

Experimental Section

General Information

Amprenavir (APV) and darunavir (DRV) were obtained through the NIH AIDS reagent 

program. The drugs were dissolved in dimethylsulfoxide (DMSO) at a final concentration of 

20 and 40 mM, respectively. Protein purification supplies were purchased from GE 

Healthcare (Piscataway, New Jersey, USA). Crystallization reagents were purchased from 

Hampton Research (Aliso Viejo, California, USA).
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Protein expression and purification

The PRTM has substitutions V32I, I47V and V82I associated with drug resistance, which are 

in addition to five stabilizing substitutions Q7K, L33I, L63I, C67A and C95A.44,45 The 

expression and purification were performed using a methodology described previously,17 in 

which the minimal medium made with 100 % D2O and hydrogenous glycerol as the sole 

carbon source are used. E. coli bacteria (BL21-DE3) bearing the plasmid pET11a and the 

HIV-1 protease insert were grown in a bioreactor. Cells were induced overnight with 1mM 

IPTG before harvesting. The enzyme was isolated and purified from inclusion bodies in H2O 

buffers by size-exclusion chromatography and HPLC. PRTM was refolded with 25mM 

formic acid and buffer exchanged into 50 mM NaOAc, pH 5.0 in solutions made with 100% 

D2O. This methodology produces the protease perdeuteration level of ~85% (after H/D 

exchange) as reported previously.17

Crystallization

PRTM crystallizes with only one APV (or DRV) orientation in the active site. APV was 

mixed with 3.0 mg/mL enzyme in a molar ratio of 10:1. Crystals of the complex were grown 

in 300μL drops made by mixing the sample and the reservoir solution (0.1M MES, 0.9 M 

NaCl, pH 6.0 in H2O) at a 1:1 ratio in the 9-well glass plate/sandwich box sitting drop setup. 

Crystals suitable for neutron diffraction measured ~0.2 mm3. For the neutron structure 

determination, a crystal was mounted in a quartz capillary containing the reservoir solution 

made with 100% D2O. Another crystal from the same crystallization drop that provided the 

crystal for neutron data collection was mounted in the same fashion for room-temperature 

X-ray data collection. The labile H atoms were allowed to exchange with D by v D2O 

vapour for 4 weeks for both crystals before starting data collection.

X-ray and neutron data collection

Room temperature X-ray crystallographic data set was collected on a Rigaku HighFlux 

HomeLab instrument equipped with a MicroMax-007 HF X-ray generator and Osmic 

VariMax optics. The diffraction images were obtained using an R-Axis IV++ image plate 

detector. Diffraction data were collected, integrated, and scaled using the HKL3000 software 

suite.46 The room-temperature X-ray structure of PRTM-APV was solved by the molecular 

replacement method using phasing information from the structure with PDB code 3S43.19 

The room-temperature X-ray structure was refined using SHELX-97.47

Quasi-Laue neutron data to 2.2 Å resolution were collected from the 0.2 mm3 PRTM-APV 

crystal at pH 6.0 at room temperature on the LADI-III beamline at the Institut Laue-

Langevin.48 Images were collected from 3 different crystal orientations. At each orientation, 

the crystal was held stationary at different φ settings for each 20 hour exposure. The neutron 

data were processed using the Daresbury Laboratory LAUE suite program LAUEGEN 
modified to account for the cylindrical geometry of the detector.49,50 The program LSCALE
51 was used to determine the wavelength-normalization curve using the intensities of 

symmetry-equivalent reflections measured at different wavelengths. No explicit absorption 

corrections were applied. These data were then merged in SCALA.52 A summary of the 

experimental and refinement statistics is given in Table S1.
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Joint X-ray/Neutron (XN) structure refinement

The joint XN structure of the PRTM-APV complex at pH 6.0 was determined using nCNS 21 

and manipulated in Coot.53 After initial rigid-body refinement, several cycles of positional, 

atomic displacement parameter, and occupancy refinement followed. The structures were 

checked for the correctness of side-chain conformations and water molecule orientations, 

which were built based on the FO-FC difference neutron scattering length density maps. The 

2FO-FC and FO-FC neutron scattering length density maps were then examined to determine 

the correct orientation of hydroxyl groups, and protonation states of the enzyme residues. 

The protonation states of some disordered side chains could not be obtained directly, and 

remained ambiguous. All water molecules were refined as D2O. Initially, water oxygen 

atoms were positioned according to their electron density peaks, and then were shifted 

slightly in accordance with the neutron scattering length density maps. The level of H/D 

exchange at all positions was refined because of the ~85% perdeuteration level of the 

enzyme. Thus, all H positions in the protease, and labile H positions in APV, were modelled 

as D and then the occupancies of the D atoms were refined individually within the range of 

−0.56 to 1.00 (the scattering length of H is −0.56 times the scattering length of D). Before 

depositing the final structures to the PDB, a script was run that converts a record for the 

coordinates of D atom into two records corresponding to an H and a D atom partially 

occupying the same site, both with positive partial occupancies that add up to unity.

Isothermal titration calorimetry (ITC)

Titrations were performed in 50 mM sodium acetate buffer at 28 °C and pH 5.8 on a iTC200 

microcalorimeter (Malvern Instruments Inc., Westborough, MA) using ~15 μM (as dimer) 

PRTM and 150 μM APV. The protease dimer was dialyzed against the ITC buffer in the 

presence of 0.25% DMSO to compensate for the DMSO present in the titrant when diluting 

from an APV stock solution. For competitive inhibitors that bind at only one site, 

dissociation constants KL (1/Kassoc) are equivalent to the inhibition constants measured by 

enzyme kinetics (Ki). Data was processed using the Origin ITC software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) A chemical diagram of clinical HIV-1 PR inhibitor amprenavir (APV). (B) XN structure 

of the PRWT-APV complex at pH 6.0 in cartoon representation, showing the locations of 

residues 32, 47, 82 and the catalytic aspartic acids, including D atoms shown in light grey 

(PDB ID 4JEC).
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Figure 2. 
Positions of D atoms in the HIV-1 PR catalytic site of PRTM-APV complex at pH 6.0. (A) 

2FO-FC (green mesh, contoured at 1.0σ level) and omit difference FO-FC (violet mesh, 

contoured at 3.0σ level) neutron scattering length density maps for Asp25, Asp25′ of PRTM 

and the hydroxyl group of APV. The omit map indicates the exact locations of D atoms in 

the catalytic site. O···O distances are shown as black dotted lines and are in Å. (B) D···O 

distances in Å shown as blue dashed lines between Asp25, Asp25′ and the hydroxyl group 

of APV.
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Figure 3. 
Hydrogen bonding interactions (blue dashed lines) in PRWT-APV (A) and PRTM-APV (B) 
XN structures. Interactions suggested by previous low temperature X-ray structures, but 

considered weak or absent from the XN structures are shown as black dotted lines. Distances 

are in Å.
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Figure 4. 
Superposition of the PRTM-APV (violet, PDB ID 5T8H) and PRWT-APV (yellow carbon, 

PDB ID 4JEC) neutron structures, showing the mutation sites and hydrophobic interactions.
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Figure 5. 
Superposition of the room temperature XN (yellow carbons, PDB ID 5T8H) and 100K X-

ray (violet, brown for disordered groups, PDB ID 3S43) structures of PRTM-APV showing 

APV-enzyme interactions. A) Hydrogen bonding and water-mediated interactions between 

the aniline group and Asp30′; B) van der Waals contacts made by the tetrahydrofuran 

moiety with Ile32 and Val47; C) C-H···π contacts made by the aniline group with Ile32′ and 

Val47′.
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