
Available at: http://publications.ictp.it                                                                               IC/2009/084 
 
 
 

United Nations Educational, Scientific and Cultural Organization 
and 

International Atomic Energy Agency 
 

THE ABDUS SALAM INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS 
 
 
 
 
 
 
CHARACTERISTIC LIGAND-INDUCED CRYSTAL FORMS OF HIV-1 PROTEASE COMPLEXES:  

A NOVEL DISCOVERY OF X-RAY CRYSTALLOGRAPHY 
 
 
 
 
 
 

Folasade M. Olajuyigbe 
Department of Biochemistry, Federal University of Technology, P.M.B. 704, Akure, Nigeria, 

Department of Chemical Sciences, University of Trieste, Trieste, Italy 
and 

The Abdus Salam International Centre for Theoretical Physics,Trieste, Italy 
 

and 
 

Silvano Geremia 

Department of Chemical Sciences, University of Trieste,Trieste, Italy. 
 
 
 
 
 
 
 
 
 
 
 
 

MIRAMARE – TRIESTE 

October 2009 
 

 



1 

Abstract 

Mixtures of saquinavir (SQV) and ritonavir (RTV) were cocrystallized with HIV-1 protease (PR) in 

an attempt to compare their relative potencies using a crystallographic approach and factors 

responsible for the respective crystal forms obtained were examined. The mixture ratio of the 

SQV/RTV was in the range of 1:1 to 1:50 with increasing concentration of dimethyl sulphoxide 

(DMSO) used. Two crystal forms of PR complexes were obtained. At concentrations of 0.8 and 1.2 % 

DMSO using 1:1 and 1:15 ratios of SQV/RTV, the crystal form was monoclinic while increasing the 

concentration of DMSO to 3.2 and 5.0% using 1:15 and 1:50 ratios of SQV/RTV, the orthorhombic 

crystal form was obtained. The high resolution X-ray crystal structures of the PR/ inhibitor complexes 

reveal that crystal forms with respective space groups are dependent on the occupancy of either 

SQV or RTV in the active site of the PR.  The occupancy of either of the PR inhibitors in the active 

site of PR has interestingly demonstrated unique cooperativity effects in crystallization of protein-

ligand complexes. The crystal forms obtained were also related to the concentration of DMSO and 

ammonium sulphate in crystallization, and storage conditions of purified PR. Surprisingly, the relative 

occupancies of these inhibitors in the active site suggested a competition between the two inhibitors 

which were not inhibition constants related. Analysis of the structures in both crystal forms show no 

difference in DMSO content but at higher concentration of DMSO (3.2 – 5.0%) in the orthorhombic 

crystal forms, there were protein-sulphate interactions which were absent in the monoclinic forms 

with lower concentration (0.8 – 1.2%) of DMSO. This work has clearly demonstrated that there is 

cooperativity in crystallization and the conditions of crystallization influence specific intermolecular 

contacts in crystal packing (crystal form).  
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Introduction 

Protease inhibitors (PIs) are potent antiretroviral drugs in the chemotherapy of HIV-1 infection 

however, viral resistance to these drugs limits their effectiveness in a growing number of patients. 

Currently, there are ten HIV protease inhibitors approved by the FDA: saquinavir, ritonavir, indinavir, 

nelfinavir, amprenavir belong to the first generation while lopinavir, atazanavir, fosamprenavir, 

tipranavir and darunavir are second generation of inhibitors.1,2 All these inhibitors lose potency when 

confronted with mutations associated with drug resistance however, the potency losses are not 

similar for all inhibitors.2-7  

Understanding the relative potency of these inhibitors depends on accurate evaluation of inhibition 

constants and factors that determine the inhibitor potency. For tight-binding inhibitors like the FDA 

approved PIs, inhibition constants Ki are more useful measures of inhibitory potency than IC values 

or nominal values of relative enzymatic activity determined at a single concentration of the inhibitor.8,9  

Unfortunately, unlike the simpler measures of inhibitory potency, tight-binding inhibition constants can 

be obtained only by nonlinear least-squares regression of dose-response data.10-12 The determination 

of inhibition constants from dose-response data  requires human intervention, which presents an 

obstacle in high-throughput or automated experiments.9 For instance, there are some inconsistencies 

in Ki values of  approved PIs when several studies on the subject are compared.13-18 In some studies, 

Ki values of saquinavir (SQV) and ritonavir (RTV) are very similar for the wild type PR.15  There have 

been cases in which Ki values of RTV have been reported higher than those of SQV14,19 while Ki 

values of SQV are RTV in some others.18,20 It has not been easy to determine which of these two 

inhibitors is more potent based on literature.  

The three-dimensional structures of wild type PR and several drug-resistant mutant forms bound 

to various inhibitors have been determined by crystallography. The structural information can be used 

to explain the basis of their activity (Structure-Activity Relationships, SARS) and to synthesize new 

inhibitors with increased potency.21 However, there are very few reports on relationship between 

order-disorder phenomenon of inhibitor in active site of enzyme and inhibitory potency.  

A working hypothesis on the order – disorder phenomenon and inhibitory potency is that the 

inhibitor found in a double orientation in the catalytic channel of PR is likely to form a more stable 

complex with the PR than the situation in which the inhibitor is found in a single orientation because 

of the disruption of the twofold protein symmetry. The homogeneous comparison of the isomorphic 

structures of two variants of PR in complex with Atazanavir22 corroborates the hypothesis that a 

relationship between potency and disordered structure can be possible. In fact, it was found that 

Atazanavir was ordered only in the inhibitor resistant mutant of the PR which forms a complex with 

lower stability. Wollman et al.23 found in their studies that some compounds with high degree of 

symmetry exhibit higher affinity constant than the analogous asymmetric compounds. 

In this study, we have cocrystallized mixtures of SQV and RTV with PR in order to compare their 

relative potencies and examine factors responsible for the respective crystal forms obtained. 
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Methods 

Preparation and Cocrystallization of HIV-1 Protease with Ritonavir/Saquinavir Mixtures. HIV-1 

protease (PR) (Genbank HIVHXB2CG), stabilized by five mutations (Q 7 K, L 33 I and L 63 I to 

minimize auto-proteolysis, and C67A and C95 to pre-vent aggregation by the formation of disulfide 

bonds) was expressed in BL21-Gold strain (DE3)pLysS competent cells and purified from inclusion 

bodies.24  PR was purified on FPLC with eluting buffer, 50mM MES pH 6.5, 8 M Urea. The eluted PR 

fractions were serially diluted in ratio 1:1000 of 50 mM formic acid pH 2.5 and PR was concentrated 

to 2–5 mg mL-1. The pulsed dilution technique25 was used to refold the PR with mixtures of RTV and 

SQV in ratio ranging from 1:1 to 50:1 in 50 mM sodium acetate buffer pH 4.5. High throughput robotic 

crystallization screen using the Tecan Robot (Freedom EVO 100) was performed on PR in complex 

with SQV/RTV. After screening optimal conditions for crystal growth, the manual hanging drop 

method was employed to grow crystals of suitable size for high resolution X-ray diffraction. Crystals 

were grown at at 20ºC by vapor diffusion using the hanging drop method. The reservoir solution 

contained 0.25M citrate buffer (pH 6), 10% DMSO, and 20–50% saturated (NH4)2SO4 as precipitant. 

The crystallization drops were formed using 1 µL of reservoir solution and 1 µL of protein solution. 

Crystals of typical dimension, 0.5 x 0.3 x 0.1 mm3 , suitable for diffraction measurements grew within 

2–7 days. 

X-ray Diffraction, Data Collection and Structure Refinement. Diffraction images were collected at 

XRD1 Beamline at the Elettra Synchrotron (Trieste, Italy) using a monochromatic wavelength of 1.2 

Å. X-ray data were collected on 165 mm MAR-CCD detector from 100 K frozen crystal with 20 % 

glycerol as cryoprotecting agent. Data were processed using the Mosflm suite.26 Protease 

coordinates (PDB code: 2AVV) were used as the starting model for molecular replacement with 

AmoRe for crystal structures in space group P21 while protease coordinates (PDB code: 2AVS) were 

used as the starting model for molecular replacement with AmoRe for crystal structures in space 

group P212121, respectively. The structures were refined with SHELX27 and refitted with the program 

COOT.28 Alternative conformations for residues were modeled where appropriate. The type of ion 

and other solvent molecules were identified by the shape of the 2Fo-Fc electron density map, the 

potential for hydrogen bonding and inter-atomic distances for molecules present in the crystallization 

condition. Structural figures were made using PyMOL.29 The statistics for the processed diffraction 

data are shown in Table 1. 

Crystallographic Analysis. The relative population of the inhibitors in the catalytic site was 

evaluated to establish correlation with their inhibition constants for HIV-1 protease. The structures of 

the two crystal forms were examined for cooperativity effects in crystallization and inhibitor 

occupancy in the active site channel of the protease. The role of crystallization conditions in inducing 

crystal forms were investigated  by analyzing the DMSO, sulphate and chaotropic agents interactions 

with the protease in the crystal structures.  
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Liquid Chromatography / Mass Spectrometry Analysis.  PR crystals were picked and washed in 

the mother liquor (reservoir solution) before putting into 5µL of MQ H2O. This was gently crushed with 

a needle and final dissolution of the crystals was achieved with the addition of 1µL of 2.5% 

trifluoroacetic acid (TFA). The solution was diluted to 25 µL with MQ H2O. The sample containing 

about 100 ng of protein and 0.1% TFA was analysed by a 1200 series Agilent capillary HPLC system 

using an Agilent column (0.5 mm Ф, C18 SB300, 15 cm long). Proteins were separated by means of 

a linear water /acetonitrile gradient (water 0.05% TFA: solvent A, acetonitrile 0.05% TFA: solvent B. 

gradient: from 20% B to 70 % B in 50 min). Eluting proteins were directly analysed by ESI-MS using 

an HCT-ultra (Bruker) ion trap mass spectrometer scanning from 600 to 1500 (m/z). Protein 

molecular masses (Da) were obtained by deconvoluting m/z spectra. 

Results and Discussion 

X-ray Diffraction, Data Processing and Refinement of Crystal Structures. Cross-shaped 

irregular crystals suitable for diffraction measurements grew within 2–7 days in all optimized 

crystallization conditions for all complexes of PR with mixture of RTV and SQV different ratios (Figure 

1). The diffraction patterns of the crystal form 1 of PR/RTV/SQV with 1:1 and 5:1 of RTV/SQV were 

indexed in primitive monoclinic unit cells  (a= 51.29, b=62.79, c=59.17, β=98.32 Å and a= 51.19, 

b=62.71, c=59.30, β=98.32 Å) in agreement with the P21 space group (Table 1). Analysis of the 

diffraction data from crystal form 2 of PR/RTV/SQV with 50:1 and 15:1 of RTV/SQV reveals the 

crystals to have primitive orthorhombic Bravais lattice (a= 51.17, b=58.57, c=61.15 Å and a= 51.25, 

b=58.81, c=61.30 Å) with systematic absences in agreement with the P212121 space group.  

 

 

Figure 1: Crystal pictures of HIV-1 PR complexed with a mixture of ritonavir and saquinavir. 
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The crystal structures of PR complexed with RTV/SQV(1:1) and RTV/SQV(5:1) in space group P21 

were refined at 1.72 Å and 1.25 Å. The electron density map of the PR in both cases showed two 

dimers of the PR in one asymmetric unit. The crystal structures of complex with 15:1 and 50:1 ratios 

of RTV:SQV in space group P212121 were refined at resolutions of 1.12 Å and 1.03 Å. Details of the 

refinement statistics are shown in Table 1. The electron density map of the PR in orthorhombic 

crystal form revealed one dimer of the PR per asymmetric unit.  
 

Table 1. X-ray data collection and refinement statistics.  

 

Protease PR PR PR PR 

Inhibitor RTV/SQV (1:1) RTV/SQV (5:1) RTV/SQV (15:1) RTV/SQV (1:50) 

Maximum Resolution (Å) 1.72 1.25 1.12 1.03 

Space group P21 P21 P212121 P212121 

a 51.29 51.19 51.25 51.17 

b 62.79 62.71 58.81 58.57 

c 59.17 59.30 61.30 61.15 

 

Unit cell dimensions  

(Å, °) 

β 98.32 98.32   

Total Reflections 68558 335173  160557 355202 

Unique reflections 38008 100676 67176 90483 

Completeness (%) (last shell) 95.8 (90.0) 93.1 (71.7) 98.8 (99.5) 98 (88.1) 

Multiplicity 2.6 (2.1) 3.0 (2.8) 2.4 (2.3) 3.9 (3.7) 

Rmerge (%) (last shell) 9.9 (45.6) 7.6 (51.8) 6.4 (45.2) 5.4 (55.5) 

<I>/σ (I) (last shell) 11.5 (1.91) 12.8 (1.69) 8.0 (2.1) 15.1- (2.6) 

Rwork (%) 17.9 14.5 13.7 13.0 

Rfree (%) 23.8 19.5 19.2 17.4 

Protein atoms 3024 3024 1512 1512 

Inhibitor atoms 98 98 59 59 

Other atoms 2YCN, 4DMSO and 

1 Cl-  
2YCN, 4 DMSO 

and 1 Cl-  
1SO4, 4DMSO 1SO4, 4DMSO 

Water molecules 189 189 178 224 

Bond lengths (Å) 0.024 0.011 0.013 0.014 RMS deviation 

from ideality 
Bond angles  (°) 2.317 1.588 1.778 1.827 

Average B-factors (Å2)     

Protein main chain, side chains 19.7, 24.1 13.9, 17.2 8.8, 12.1 8.1, 11.1 

Inhibitor whole chain 14.0 12.7 13.4 12.7 

Water molecules 27.6 27.8 21.7 20.2 
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Crystallographic Analysis 

 

Order-Disorder Phenomenon of Inhibitors in Catalytic Channel of PR. In all the structures 

determined, the inhibitor fitted well into the catalytic channel of the protease. Fourier maps show that 

RTV is partially disordered in the S2 subsite of the catalytic channel of the PR (Figure 2). This is the 

first experimental report revealing a disorder in RTV occupancy in PR. All previously reported 

structures show a single ordered RTV in the active site of PR (resolution of 2.2 – 1.8 Å).30,31 The ultra 

high resolution of the PR/RTV crystal structures in the present study (1.12 – 1.03 Å) has been able to 

provide deeper insight into the order-disorder phenomenon of RTV. Fourier maps show the 

occupancy of SQV in two orientations in the catalytic channel of PR (Figure 2). This is in agreement 

with previous reports at resolution of 1.25 – 0.97 Å32-35. This contradicts other reports which show 

single orientation of SQV at resolution of 1.5 – 1.05 Å.33,36 The disorder of ligand into two equivalent 

orientations is observed if the overall structure of the complexed dimer maintains substantially its 

twofold symmetry. In this case, the molecular association process (crystal growth) produces an 

equiprobable statistical distribution over two almost equivalent protein orientations. This process is 

governed not only by the inhibitor induced asymmetry of the complex even observed with symmetric 

inhibitors37 but also by the specific intermolecular contacts present in the crystal packing (crystal 

form).  

 

Cooperativity Effects in Crystallization and Relative Inhibitor occupancy. An  interesting 

observation made from the crystal structures of PR complexed with mixtures of SQV/RTV was that 

the monoclinic crystal form in the space group P21 was consistent with crystal structure that had only 

SQV in the active site of the PR (Figure 2a) while the orthorhombic form in space group P212121 was 

consistent with crystal structure that had only RTV in the active site of the PR.  (Figure 2b).  This 

implies that there are cooperativity effects in the crystallization of the PR complexes and that inhibitor 

affects the crystal form, a finding which has not been reported prior to this discovery. The interactions 

between SQV/RTV and protease were not simultaneous while cooperativity occurred between 

functional group interactions of one inhibitor within the complex at a particular mixture ratio. This 

affects the conformational flexibility and internal structure of the protease-inhibitor complex. A 

substantial fraction of availalable enthalpy of intermolecular functional group interactions is 

distributed as conformational entropy in flexible chains.38 These enthalpy – entropy compensation 

effects can be postulated to be related to the crystal packing of the PR/RTV and PR/SQV complexes. 

Also, there was single occupancy by each inhibitor in the active site of the PR structure which 

suggests a competition between the two inhibitors. Structural findings obtained in this study on 

interactions of inhibitors with PR suggest that only one inhibitor occupies the active site of PR at any 

given time; the choice of inhibitor might largely depend on molecular properties of inhibitors39,40 and 

not necessarily on the potency. 
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Figure 2: (a) Electron density of saquinavir (double orientation) in the catalytic channel of HIV-1 protease.  (b) 
Electron density  of ritonavir in the catalytic channel of HIV-1 protease showing partial double  orientation of 
RTV in subsite S2 of PR in black ring.   

Role of crystallization conditions in inducing crystal forms. The concentration of DMSO (0.8 to 

5% of refolding buffer) favoured crystal growth in all the crystallization conditions studied while at 

7.2% concentration, the crystallization drop had only precipitates which inferred that at this 

concentration, DMSO acted as both a precipitant and denaturant. At 0.8% and 1.2% of DMSO, there 

was crystal growth at  20 - 25% ammonium sulphate concentration while at 3.2 and 5.0% of DMSO, 

growth of crystals were observed at higher concentration of  ammonium sulphate (25 – 45 %). These 

results show that since solubility increases in the presence of DMSO, more ammonium sulphate is 

needed for precipitation of the protein. Each of the crystal form showed four molecules of DMSO per 

dimer of PR. Binding of DMSO to hydrophobic side chains of amino acids were similar in both 

structures of different crystal forms. Figures 3a and 3b show some of the DMSO interactions with PR 

in both crystal forms. There was however a notable difference in sulphate ion interactions with PR in 

both crystal forms; a sulphate ion was present in the orthorhombic form but absent in the monoclinic 

crystal structure. This sulphate ion interacted with His 69B and Pro 1B of PR (Figure 3c). The 

monoclinic crystal forms resulted from lower concentration of ammonium sulphate while the 

orthorhombic forms were obtained from higher concentration of ammonium sulphate. Possible 

explanation for this observation is the unfolding of PR in higher concentration (3.2 – 5%) of DMSO 

which might have allowed for exposure of His 69B and Pro1B  to interactions with the sulphate ion. 

Also, with higher concentration of ammonium sulphate, there was modification of protease 

interactions due to the sulphate ion providing a link between two crystallographic independent 

molecules. This in particular could account for the shift in crystal packing from a monoclinic to 

orthorhombic form. It has been reported that the effect of additives such as DMSO on solubility 

strongly correlates with the strength of molecular interactions and concentration of precipitant plays 

an important role in crystallization41. DMSO increases protein-protein repulsion and solubility, thus 

supersaturation is decreased and this results in better quality crystals42 while salts like ammonium 

a b a b 
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suphate can modify the protein interactions and can also participate in specific interactions, which 

may result in different crystal forms.43 These suggest that both DMSO and ammonium sulphate have 

critical roles in crystal growth and form as indicated in our results.  

 

 

 
 

Figure 3: (a). DMSO interactions with PR in both crystal forms, monoclinic crystal form, P21 and (b) 
Orthorhombic crystal form  P212121 . (c) Sulphate ion – protease interactions in orthorhombic crystal form.  

 
Choice of Storage Conditions of PR prior to Refolding with Inhibitor. This has been found to 

play a role in determining the crystal form to be obtained during crystallization. Our results show a 

carbamylation reaction in one of the dimers in the asymmetric unit of the monoclinic crystal forms. 

Fourier maps obtained by high-resolution diffraction data from synchrotron radiation clearly show that 

both N-terminals of one of the two crystallographically independent dimers are involved in extra 

covalent bonds with groups having a trigonal geometry. The hydrogen bonding network formed by 

these groups suggested the presence of an H-bond acceptor (possibly an oxygen atom) and a 

Gly17B 

Lys14B 

Ile63B 

Gly17B 

Lys14B Ile63B 

a b 

c 
Pro1B 

His69B 
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double H-bond donor (possibly an NH2 group) bound to the central atom (possibly a carbon atom) 

involved in the N-terminal modification. This suggested the presence of carbamylation of N-terminal 

proline which was confirmed by mass spectra analysis on crystals of the monoclinic form. The 

carbamyl group is coplanar with the proline ring and assumes a trans conformation (NH2–C–N–CA 

torsion angle of 172°).  The mass spectra show that more abundant species present in the crystal is 

a monocarbamylated PR with minor fractions of “native” PR and double carbamylated PR (Figure 4).  

 

 
 

Figure 4: Mass spectra of monoclinic crystals. 

This type of modification of N-terminal proline was however absent in the orthorhombic forms. The 

carbamylation was linked to the one week storage of eluted PR fraction from FPLC at 4°C prior to 

dilution in 50 mM formic acid and refolding with mixtures of SQV/RTV (1:1 and 1:5 ratios). The 

purification method of PR employed in this study made use of 8 M urea as chaotropic agent. The 

carbamylation of protein by residual cyanate ions derived from urea has long been established.44 

There is evidence that carbamylation of proteins is a process which points to terminal amino 

groups of proteins as possible primary sites of carbamylation.45 Carbamylation was absent in the 

orthorhombic crystal forms because the protease was refolded with the mixtures of  SQV/RTV 

(1:15 and 1:50) on same day the protein was purified on FPLC. 

 

Conclusions 

 

Detailed analyses of the high resolution crystal structures of the PR/RTV/SQV do not give a clear 

relationship between order/disorder phenomenon of inhibitors and relative inhibition constants. The 

occupancy of either RTV or SQV in the catalytic channel of the PR at a particular concentration of 

DMSO has clearly demonstrated unique cooperativity effects in crystallization of protein-ligand 

complexes. Also, crystal form has been found to be induced by protein - ligand interactions. The 



10 

interactions of PR with other ions present in the crystallization conditions are affected by the 

concentration of DMSO as revealed by the sulphate ion – protease interactions at concentrations of 

3.2 – 5.0 % of DMSO. These have subsequently influenced specific intermolecular contacts in crystal 

packing resulting in the  different crystal forms obtained. 
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