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Synopsis
X-ray Crystallographic Analysis of HIV-1 protease:

substrate/inhibitor complexes

As the pandemic spread of Acquired Immunodeficiency Syndrome (AIDS) continues
into its third decade, a complete cure from it still eludes the scientific community. In
the absence of a cure, suppressing viral replication and maintaining it at low to
undetectable levels have become critical goals in the field of HIV research. To this
end, highly active antiretroviral therapy (HAART) which includes simultaneous use
of inhibitors of viral enzymes, HIV protease and HIV- reverse transcriptase, has
become a successful strategy in providing long, quality life for infected individuals.
Since the catalytic activity of mature protease and ordered processing of the viral
polyproteins have been shown to be critical for the liberation of infective progeny
virus, protease inhibitors are essential components of HAART therapies. All the Food
and Drug Administration (FDA) approved drugs that target HIV protease resulted
from the structure based drug design efforts of the academia and the pharmaceutical
industry. However, the clinical emergence of drug resistant variants of HIV in
response to HIV protease inhibitors has often limited the prolonged effectiveness of
most promising of these drugs. In these variants, HIV protease is found to be mutated
in both the active site and non-active site regions of the enzyme. This necessitates
continuous improvement of existing drugs and design of new HIV protease inhibitors
based on structural understanding of: (1) chemical interactions between HIV protease
and its substrates/products (2) mechanism of action of HIV protease, and (3)
mechanism of drug resistance. X-ray crystallography is a powerful tool to get such

information at atomic level. Keeping these objectives in mind, the present work aims



at crystallographic studies on complexes between substrate-peptides/ inhibitors and
native/drug resistant mutants of HIV protease.

Chapterl gives general introduction about Acquired Immunodeficiency Syndrome
(AIDS), Human Immunodeficiency Virus (HIV), HIV-protease and drug resistant
mutations. HIV protease is an aspartyl protease formed by non-covalent association of
two polypeptide chains, each 99 residues long. In the 3-D structure, the two subunits
are related by an almost perfect two-fold rotation axis. There is a single active site in
this homodimer and this active site is located at the interface of the two subunits. The
carboxyl terminus of subunit 1 is about 5 A away from the amino terminus of subunit
2, and functional single chain HIV protease have been produced by covalently linking
these two ends through oligopeptide linkers. A water molecule is implicated as a
nucleophile in the various proposed mechanisms of reaction. The enzyme is
functional over a wide pH range of 3-7.

Chapter 2 gives the general methodology followed in the present work. HIV-1
protease tethered dimer used in the present study contains a five residue linker,
GGSSQG, covalently linking the two monomers. The cloned insert contains 57 extra
codons in the beginning, which is a part of N-terminal polyprotein of polymerase
gene. Therefore the inserted gene product is a 29 kDa precursor protein, containing
natural cleavage site for HIV-1 protease, which after self cleavage results in a mature
protein of 22 kDa. Mutant clones were prepared by me in our laboratory. Mid
transition temperatures (Tm) of native and mutant proteins were determined using
Circular Dichroism (CD) spectrometry. Kinetic constants of native and mutant
enzymes were determined by spectrophotometric enzyme assay. Single crystals of
tethered HIV-1 protease and mutant-drug complexes were obtained by hanging drop

vapour diffusion method. The crystals were equilibrated in a cryoprotectant solution



before flash freezing, for exposure to X-rays on beamlines at European synchrotron
radiation facility (ESRF) and Swiss Light Source (SLS). Diffraction data were
collected as a number of oscillation frames. The diffraction data were processed and
scaled by using the computer programs XDS, MOSFLM and SCALA. Crystal
structures were solved by difference Fourier method using native coordinates.
Graphics Programmes O and COOT were used for electron density interpretation and
model building. The structures were refined using computer programmes CNS,
REFMAC and PHENIX. The quality of models were checked using programme
PROCHECK. A brief description of the method of X-ray crystallography for structure
determination is also given in this chapter.

Understanding the catalytic mechanism of the enzyme is of crucial importance as
transition state structure directs inhibitor design. Most mechanistic proposals invoke
nucleophilic attack on the scissile peptide bond by a water molecule. But such a water
molecule coexisting with any ligand in the active site has not been found so far in the
crystal structures. In chapter 3, we report the first observation of the coexistence, in
the active site, of a water molecule WAT1, along with the carboxyl terminal product
(Q product) peptide. Crystals of the complex were prepared by soaking in an
undecapeptide substrate. The structure was determined to a resolution of 1.69 A with
Ryork/Riree Of 21.9/25.6%. The product peptide has been generated in situ through
cleavage of the full-length substrate of sequence which matches the CA-p2 junction of
the viral polyprotein. The N-terminal product (P product) has diffused out and is
replaced by a set of water molecules while the Q product is still held in the active site
through hydrogen bonds. The position of WAT1, which hydrogen bonds to both the
catalytic aspartates, is different from when there is no substrate bound in the active

site. We propose WATI to be the position from where catalytic water attacks the



scissile peptide bond. The structure is suggestive of the repositioning, during substrate
binding, of the catalytic water for activation and subsequent nucleophilic attack. The
structure could be a snap shot of the enzyme active site primed for the next round of
catalysis. This structure further suggests that to achieve the goal of designing
inhibitors mimicking the transition-state, the hydrogen-bonding pattern between
WAT]I and the enzyme should be replicated.

Saquinavir (SQV) is one of the important protease inhibitor which is currently in the
HIV-treatment-regimen. Mutations at select positions both in the active site and non-
active site regions of HIV protease confer resistance to the virus against this drug. The
mutation G48V in HIV-1 protease is a major active site mutation against the drug
saquinavir. Recently, G48V mutation is found to co-exist with the mutation C95F in
AIDS patients treated with saquinavir. In chapter 4, we report the three-dimensional
crystal structure of G48V/C95F tethered HIV-1 protease/saquinavir complex. Crystals
of the complex were grown by co-crystallizing the protein and the drug. Crystal
structure was solved and refined to a resolution of 2.5A and Ryor/Riree Of 21.6/25.3%.
While the overall protein structure is similar to that of wild type-SQV complex, the
side chain of flap residue PHE-53 has assumed a different rotamer conformation and
the quinoline ring in the P3 position of SQV has moved away from the flap due to the
mutation G48V. The structure indicates following as the possible causes of drug
resistance: (1) loss of direct van der Waals interactions between saquinavir and
enzyme residues, (2) loss of water-mediated hydrogen bonds between the carbonyl
oxygen atoms in saquinavir and amide nitrogen atoms of flap residues 50 and 1050,
(3) changes in inter-monomer interactions, which could affect the energetics of
domain movements associated with inhibitor-binding, and (4) significant reduction in

the stability of the mutant dimer. The Tm was indeed measured to be reduced by 6 °C.



L90M is a major non-active site mutation against the drug SQV which occurs in
combination with the mutation C95F. In chapter 5, we describe the structures of
L90M/COS5F and CI95F mutants of tethered HIV-1 protease complexed with the drug
SQV. The crystal structures of the LIOM/CI95F_SQV and CI95F_SQV complexes
were refined to Ryon/Reee Values of 20.4/24.3% and 20.6/24.5% at resolutions of 2.04
and 1.75 A, respectively. Comparisons of SQV bound LO9OM/C95F mutant structure
with that of native enzyme-SQV complex have shown reshaping of the active site
cavity in the mutant structures. This is the result of altered packing in the core of the
enzyme. SQV and in fact most of the other anti HIV-1 protease drugs are designed as
competitive inhibitors so that they bind to the enzyme more tightly than its natural
substrate. Hence, any change in the shape of active site cavity may affect the binding
of these drugs more than that of natural substrates. Small changes in the conformation
of SQV were also seen in response to changes of enzyme conformation in the active
site. Conversely, flexible substrates could adapt to these changes comparatively
easily. Presence of these mutations may limit the structural flexibility of the active site
loop which is required to accommodate the incoming inhibitor.

Introduction of bulky phenylalanine residue at position 95 in lieu of cysteine leads to
repacking in the inter subunit four stranded beta sheet, with the result that the inter-
subunit hydrogen bond between PRO-1001N and PHE-99 CO is lost in the mutant.
There were changes in inter-monomer interactions, which could affect the energetics
of domain movements associated with inhibitor-binding. All these mutants have lower
dimer stability as compared to wild type enzyme as shown by reduction in the mid
transition temperatures (Ty,) by about 6-8°C that were determined by using circular
dichroism spectroscopy. Major contribution to this reduction seems to come from

CO95F mutation.



Nelfinavir (NFV) was developed by truncating the N-terminal moiety in SQV and
replacing the P2 asparagine with 3-hydroxy-2-methylbenzamide fragment. These
changes significantly reduced molecular weight and improved the bioavailability,
though NFV is less potent than SQV. D30N is a major mutation against the drug
nelfinavir but does not provide resistance against the drug saquinavir. The structure of
D30N-saquinavir complex was solved to 1.8 A and refined to Ryoi/Rece Of
20.2/23.4% and this result forms chapter 6 of the thesis. Structural analysis showed
that P2’ Asn of saquinavir forms an additional hydrogen bond to the mutated side
chain of residue 30 apart from a main chain hydrogen bond and this could be the
reason why D30N is not a drug resistant mutation against saquinavir.

In summary, structure of HIV-1 protease-product peptide complex gives an insight
into the molecular mechanism of HIV-1 protease. The structure suggests repositioning
of catalytic water, WAT1, during substrate binding for activation and subsequent
nucleophilic attack. Structures of mutants in complex with saquinavir give insight into
the mechanisms of drug resistance. Residues that undergo conformational changes
leading to loss of van der Waals interactions, reshaping of active site cavity and
reduction in dimer stability through repacking at the inter domain regions have been
identified. The reason why D30N mutation is not effective against saquinavir has
been found out. For future efforts of designing inhibitors mimicking the transition-
state, the hydrogen-bonding pattern between WATI and the enzyme should be
replicated. Main chain interactions between inhibitors and the active site residues of
the enzyme should be maximized, and inhibitors should contain flexible elements that
permit acommodation to the change in shape of the active site. Introduction of

moieties which can mimic flap water should be considered.
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Chapterl

Introduction

Acquired Immunodeficiency Syndrome (AIDS) is a pathogenic state in which ability
of immune system to control infections or malignant disorders is destroyed. AIDS
was first reported in a Centre for disease control (CDC), USA, newsletter in 1981.
Human Immunodeficiency Virus (HIV), the causative agent of AIDS [1, 2], was
discovered by several independent groups who called it by different names, such as
lymphadenopathy virus (LAV), human T-cell lymphotropic virus type III (HTLV III),
and AIDS related virus (ARV). Then, in 1986, an international committee renamed
the virus as Human Immunodeficiency Virus (HIV). Following the discovery of an
antigenic variant in 1986, the original virus was designated HIV-1 and variant was
designated HIV-2. However, HIV-2 is less widespread than HIV-1. Both HIV-1 and
HIV-2 are genetically related to simian immunodeficiency viruses (SIVs), which are
found in African primates. AIDS has assumed pandemic proportions since its first
report by CDC, USA, in the early 1980's. According to a recent report by Joint United
Nations Programme on HIV/AIDS (UNAIDS); about 33 million people worldwide

are infected with HIV [3].
1.1 HIV groups and subtypes:

HIV has a wide range of genetic variation and classified into distinct types, groups
and clades. The two major types of HIV, HIV-1 and HIV-2, are distinguished by their
genomic organization and phylogenetic relationship. The origin of HIV in humans is
thought to be due to multiple zoonotic infections. HIV-1 strains are related to SIV

which naturally infects chimpanzee (SIV,,), while HIV-2 is closer to SIV infecting



sooty mangabeys (SIVy). HIV-1 is responsible for the AIDS pandemic and can be
divided into four groups (M, N, O and P), each one derived from a distinct
introduction of SIVp, in the human population [4]. HIV-1 group O (Outlier) is the
most divergent group, and it has been suggested that it could have originated from
SIV infecting wild gorillas (SIVgy) [4]. SIVg 1s related to SIV.,, and thus it is
possible that gorillas are an intermediate reservoir of HIV-1 group O [5]. The HIV-1
group O is restricted to the West and Central Africa, and around 15,000 people are
estimated to be infected with this variant in Cameroon [6, 7]. Group N (New) was
identified only in 1998 [8], and originated from a recombination event between the
ancestor of group M and SIV,, [9]. HIV-1 group N is very rare epidemiologically
and less than 50 cases have been identified to date, all in Cameroon [10-12]. Recently,
a new HIV-1 group (P) was described in a Cameroonian woman [13]. The origin of
this group was correlated with SIV,,,, without evidence of recombination with other
HIV-1 groups. Currently, this is the only identified case of this variant, but other cases
are expected to be hidden in Cameroon. HIV-1 group M (Major) alone is responsible
for more than 95% of the AIDS pandemic and virtually all studies in HIV research

have been conducted with representatives of this group.

Based on sequencing and alignment of viral env and gag genes from different strains
of HIV-1, group M was divided into subtypes or clades A-K. Nucleotide divergence
in the pol gene (the most conserved in retroviruses) between different HIV-1 subtypes
is around 9-11%. However, studies of the HIV-1 full-length genome sequences (14—
17) revealed that HIV-1 can generate complex pattern of inter-subtype recombinant
strains. Therefore, according to the current classification, HIV-1 group M is divided
into nine different “pure” subtypes or non-recombinant forms (A-D, F-H, J and K)

[18]. Inter-subtypic mosaic isolates are classified into a circulating recombinant form



(CRF), when it is found in a population (in at least three people with no
epidemiologic link and with the same inter-subtypic breakpoints) and unique
recombinant form (URF), when it is found only in a single patient. Currently, over 40
CRFs have been characterized. “Pure” subtypes E and I have been reclassified to
CRFO1_AE and CRF06_cpx, respectively. Subtypes A and F are further divided into
sub-subtypes Al through A5 and F1 and F2 [19-21]. Genetic differences between

sub-subtypes are around 7% in pol.

1.2 HIV structure:

HIV is a member of the Lentivirus genus of the retrovirus family Retroviridae, whose
genome is encoded in RNA. The mature HIV virion is almost spherical and is about
100 nm in diameter [22]. Outer viral envelope is a lipid bilayer that is derived from
the infected host cell by a process called budding. The viral envelope is studded with
the proteins from the host cell, as well as about 72 copies of heterodimer complex
composed trimers of external surface glycoprotein 120 (gp120), and transmembrane
glycoprotein 41 (gp41) that anchor the structure in the viral envelope. Matrix (MA)
protein p17 lines the inner surface of the viral membrane. Virus core is composed of
bullet shaped capsid made of 2000 copies of a protein called p24 (CA). Enclosed
within the capsid are two copies of positive single-stranded RNA genome. The single-
stranded RNA is tightly bound to nucleocapsid proteins, p7, and enzymes needed for

the development of the virion such as reverse transcriptase, protease and integrase.
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1.3 HIV genome:

HIV genome is about 9 Kbp in size and contains a total of nine genes. Organisation of
HIV genome is shown in the figure 1.2. Like all other retroviruses, HIV provirus is
flanked on either side by repetitive sequences known as long terminal repeats (LTR's).
5' LTR contains promoter and enhancer elements essential for transcription while 3'
LTR is required for polyadenylation of transcripts. HIV genome contains three major
genes gag, env and pol which encode for viral core proteins, surface envelope proteins
and viral enzymes respectively. All these genes encode for polyprotein precursors
which are then cleaved to give final gene products. Polyprotein encoded by pol is
cleaved to give three viral enzymes: reverse transcriptase (RT), protease (PR) and
integrase (IN). The gag gene codes for 55kDa precursor (p55) which is cleaved by pol
encoded protease to pl7, p24, p7 and p9. The env gene codes for glycosylated
precursor (p160) which is cleaved by host protease to give gpl120 and gp41. Of the
remaining six genes, three (tat, rev and nef) encode regulatory proteins that play a
major role in controlling expression, two (vif, vpu) encode proteins required for viral

maturation and one (vpr) encodes a weak transcriptional activator.

1.4 HIV life cycle:

Major cellular receptor for HIV is CD4. Because the T-helper lymphocyte cells
express the highest level of CD4, HIV is said to be lymphotropic. Other cells that bind
HIV include macrophages, dendritic cells, langerhans cells, hematopoietic stem cells,
certain rectal lining cells, and microglial cells. The infection of the viral and cellular
membranes is a process that is mediated by the viral envelope glycoproteins (gp120,
gp41) and receptors (CD4 and co-receptors, such as CCRS or CXCR4) on the target

cell. Membrane fusion is followed by a poorly understood uncoating event of the



capsid that allows the release of the viral content into the host-cell cytosol. As the
virus enters a cell, its single stranded RNA is reverse-transcribed to yield a double-
stranded DNA molecule by a virally encoded enzyme, the reverse transcriptase (RT).
The viral DNA enters the cell nucleus, where it is permanently integrated into the
genetic material of the host cell, forming a provirus, by the catalytic activity of a
second virally encoded enzyme, the integrase (IN). Activation of host cell results in
the transcription of the viral DNA into messenger RNA, which is then translated into
viral proteins (e.g. tat, rev, and nef regulatory proteins and gag and gag-pol
polyproteins). HIV protease, the third virally encoded enzyme, is required in this step
to cleave a viral polyprotein precursor (gag and gag-pol) into mature functional
enzymes and structural proteins. As the viral proteins begin to assemble within the
host cell, the host cell membrane is modified by insertion of gp41 and associated
gp120. The viral RNA and core proteins then assemble beneath the modified host
plasma membrane as its envelope in a process called budding. Viral gp120 expressed
on the host cell plasma membrane binds to membrane CD4 as budding occurs. In cells
expressing high levels of CD4, this autofusion disrupts the membrane integrity and
leads to cell lysis. The gag-pol precursor results from a ribosomal frame shift and
read-through during translation of the gag gene. The gag and gag-pol gene products in
assembled immature virions are found in the ratio of 20:1, which represents the

frequency of ribosomal frameshifting of about 5%.
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1.5 HIV protease structure:

Navia and colleagues from Merck Laboratories were the first group to obtain a crystal
structure of HIV-1 protease in 1989 [23] and since then, protease structure has been
extensively characterized in terms of function, substrate specificity and inhibitor
binding. This enzyme functions as a homodimer (two identical polypeptide chains)
with only one active site. Each monomer consists of 99 amino acid residues. Dimer
interface is composed of a four stranded beta sheet with beta strands from both the
amino and carboxyl termini (Figure 1.4). The amino terminal beta strand ‘a’ (residues
1-4) forms the outer part of dimer interface beta sheet. Strand ‘a’ continues through a
loop to strand ‘b’ (residues 9-15). Strand ‘b’ is followed by beta strand ‘c’ ending in
active site triad (residues 25-27). The active site loop is followed by beta strand ‘d’
(residues 30-35). This is followed by a broad loop (residues 36-42). The topology of
second half of the monomer is related to the first half by a pseudo-dyad and
corresponding substructures are indicated by primed labels. Residues 43-49 form beta
strand a' which forms a part of the flap. Other part of the flap is formed by residues
52-58 which are part of a long beta strand b' (residues 52-66). Residues 68-78 form
part of the beta chain c¢' which continues through a loop (residues 79-82) to beta chain
d'(residues 83-85). This is followed by a short helix h' (residues 86-94). The hydrogen
bonding pattern of this helix is intermediate between an alpha helix and 3 helix.
Helix h' is followed by carboxyl terminus beta strand q (residues 95-99) which form a

part of the inner core of dimer interface four stranded beta sheet.



Inter sub-unit beta sheet

Figurel.4: Chain tracing of the dimer of HIV-1 protease

Figure 1.5: Fireman’s grip



Four strands of the molecular core are organised as psi shaped sheet which is
characteristic of aspartic proteases. One of the letters of psi is composed of strands c
(residues 23-25), d and d' while other is composed of strands c' (residues 76-78), d'
and d. The active site triad (Asp25-Thr26-Gly27) is located in a wide loop which is
stabilized by a network of hydrogen bonds including the so called ‘Fireman's grip’
between the two monomers (Figure 1.5). In Fireman's grip, each Thr of the active site
triad accepts a hydrogen bond from the Thr amide group in the other loop and donates
a hydrogen bond to the carbonyl oxygen atom of Leu24 from the other strand. The
structure of each individual loop is reinforced by a hydrogen bond between Od1 of the
Asp25 and the amide group of the Gly27, the last residue in the triad. The amino and
carboxyl termini of the two monomers are interdigitated and linked by a network of
hydrogen bonds to form the dimer interface. Also, the distance between the carboxyl
terminal of one monomer and amino terminal of the other is around 5 A. This
observation led several groups to express HIV-1 protease as a tethered dimer which is
a single polypeptide chain in which two copies of monomeric coding sequences are
genetically linked by a short linker. Several research groups have produced the
protease in a single chain form with various linker chain lengths and sequences [24].
Biochemical studies have shown that there are no major differences in the activities of
tethered HIV-1 protease as compared to the two chain HIV-1 protease [25]. Using
tethered dimer, it has been shown that Asp25 from both the subunits are required for

activity.

1.6 HIV protease active site:

The enzyme active site is situated at the dimer interface. While the two catalytic

aspartates are located on the floor of the active site cavity, two double stranded beta-
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ribbon structures, one coming from each subunit, form the roof of the cavity. These
beta-ribbons, described as flaps contain many glycine residues and are therefore
conformationally very flexible segments of the protein. Comparison of unliganded
HIV protease crystal structures with its complexes with inhibitors shows a 7 -15 A
movement of the flap tips (around residues 50/50’) [26, 27]. The flaps are held in a
closed position by hydrogen bonding from the flap residues I1e50/50° to a conserved
water molecule, which in turn is hydrogen bonded to two carbonyl groups in the
inhibitor/substrate peptides. The substrate binds in its extended conformation, in
which its interactions with the different amino acid side chains determine the
specificity of the enzyme [28]. According to the Schechter and Berger nomenclature,
amino acids proceeding toward the amino terminus of scissile peptide bond of
substrate are designated P1, P2, P3...Pn and those going toward the carboxyl
terminus are referred to as the P1°, P2’, P3’...Pn’ (Figure 1.6) [29]. Corresponding
sub-sites of the enzyme interacting non-covalently with the respective side chains of
the peptide (substrate or inhibitor) are termed S1, S2, S3...Sn and S1°, S2°, S3°...Sn’,
respectively. Using the above standard nomenclature, the S1 and S1° (similarly S2
and S2’ etc.) sub-sites are located at equivalent positions. The two S1 sub-sites are
highly hydrophobic with the exception of the active site aspartates. The residues
which line up the S1/S1° sub-sites include Arg8, Leu23, Asp25, Gly27, Gly48, Gly49,
[le50, Thr80, Pro81 and Val82. The S2/S2’ sub-sites are mostly hydrophobic
(Ala28/28’, Leu23/23’, Nled7/47°, Gly49/49’, 11le50/50°, Leu76/76’ and Ile84/84°)
except Asp29, Asp29’, Asp30 and Asp30’. These sub-sites are smaller than the

S1/S1’ or the S3/S3’
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binding sites and have been shown to be more specific, restricting the type and size of
residues at P2/P2’ in substrates or inhibitors relative to other binding pockets in the
protease molecule [30, 31]. The S3 sub-sites adjacent to S1 sub-sites are also mostly
hydrophobic and are known to have a rather broad specificity due to their ability to
accept residues of different types and sizes [32]. Residues forming the S3/S3’ sub-
sites include Arg8/8’, Leu23/23’, Asp29/29°, Gly48/48’, Gly49/49’, Pro81/81° and
Val82/82° which form parts of the S1/S1° pockets. On the other hand, due to limited
number of available structures of retroviral proteases in complex with ligands that
extend beyond P3/P3’, sub-sites S4/S4’ and S5/S5° have not been described in
comparable detail [33, 34]. It has also been shown that the HIV protease most
efficiently cleaves peptide substrates seven or eight amino acids long (P4-P3’) with

the major processing subsites (S4-S3°).

The HIV-1 protease processes the gag and gag-pol polyproteins proteolytically at
specific sites. It is specific for cleavage of these sites in vivo, although the general
sequence homologies among these are small [35, 36]. Based on the sites of
processing, it is not possible to give a consensus substrate sequence and this is a
general characteristic of the retroviral proteases. Nevertheless, based on similarities in
amino acid sequences, primate lentiviral (HIV-1, HIV-2, SIV) cleavage sites were
grouped into three classes [37], while analysis of a broader range of retroviral
protease cleavage site sequences suggested two types of cleavage sites [38]. Later
systematic specificity studies on HIV-1 protease also verified the existence of two
types of cleavage sites, type 1 - having an aromatic residue and Pro, and type 2 having
hydrophobic residues (excluding Pro) at the site of cleavage [39, 40], defined as P1
and P1’ positions [29], respectively. These classical cleavage type sites also show

different preferences for the P2 and P2' positions [39, 40].
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The type 1 cleavage site was thought to be important in defining specificity. With the
exception of pepsin, cellular proteases are not capable to efficiently process peptide
bonds at the imino side of Pro residue. The unique nature of Pro at the P1° position of
retroviral cleavage sites was recognized even before the discovery of the protease and
implied that these sites should be processed by a virally-coded enzyme [41]. It should
be noted, that many of the cleavage sites do not fit into these classifications (e.g., they
contain polar residue at P1 or P1’ or contain Pro after a nonaromatic residue),

therefore, this classification might be an oversimplification.

1.7 HIV protease: an aspartic protease

HIV-protease was shown to belong to a class of proteases known as aspartic proteases
based on various criteria in the past. Examination of the sequence homology of HIV-
protease to other aspartic proteases showed that this enzyme has a sequence Asp-Thr-
Gly, which is conserved among the aspartic protease enzymes [42]. Mutational
analysis of the highly conserved Asp25 has shown that substitution of this residue
with either Asn, Thr or Ala, leads to loss of proteolytic activity in this enzyme, as is
the case with other enzymes [43-45]. In-vitro inhibition of HIV-protease by pepstatin,
a natural product that selectively inhibits members of the aspartic proteases family,
provided more support to the classification of this enzyme in the aspartic proteases
family [43-46]. The structure of this enzyme also supported its classification in
aspartic proteases family [23,47,48]. The dimeric structure, in which each monomer
contributes one Asp-Thr-Gly triad to pseudo-symmetric active site, shows an active
site that is indistinguishable from those of monomeric aspartyl proteases. However,
HIV-protease is considerably smaller, consisting of two identical subunits that, taken

together comprise a total of 198 amino acids. In contrast, cellular aspartic proteases
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are generally two domain monomeric proteins of 325-350 amino acids. Rao et al had
compared structural and evolutionary relationships between retroviral and eukaryotic
aspartic proteases [49]. In both the retroviral and cellular aspartic proteases, an anti-
parallel B sheet is present at the dimer/domain interface. In the cellular enzymes, this
B sheet contains six strands arranged in the order AIR1Q1¢ Q2R2A2 (¢ represents
the pseudo-dyad and uppercase letters denote the strands in cellular aspartic
proteases), where A1, Q1 and R1 are strands from the N-terminal domain and A2, Q2
and R2 are from the C-terminal domain. Retroviral enzymes lack the strands
corresponding to Q1 and Q2 (penultimate C terminal strands in cellular aspartic
proteases) and therefore the inter-subunit sheet is four stranded with strands arranged
in the order alq2 ¢ ql a2, where al and ql are strands from the first subunit and a2
and g2 are from the other (lower case letters denote strands in retroviral counterparts).
Interestingly, the anti-parallel nature of the inter-domain sheet of cellular aspartic
proteases has been preserved in the inter-subunit sheet of the retroviral proteases via
strand exchange (q2/R1 and q1/R2) event. Also the orientation of this sheet relative to
protein core differs by approximately 40° in the two groups of aspartic proteases.
There are two flaps in the retroviral proteases as opposed to single flap in the cellular

enzymes.
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Eukaryotic Aspartic Protease (Rhizupepsin) HIV-1 Protease

Figure 1.7: Cartoon of the inter domain beta sheet of Eukaryotic aspartic protease (Rhizupepsin)

and inter subunit beta sheet of HIV-1 Protease.
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1.8 HIV protease reaction mechanism:

Based on computational [50-53], biochemical [54-56] and structural results [57-61],
three types of proposals have been made in the past for the catalytic mechanism
[reviewed in 62-63]. In the first type, championed mostly by computational studies,
the nucleophilic attack on the carbonyl carbon atom of the scissile peptide bond is
directly by carboxyl oxygen atom of the catalytic aspartates which leads to the
formation of covalent enzyme-substrate tetrahedral intermediate, followed by the
expulsion of the amine component. This mechanism is largely discredited now
because no evidence for covalent intermediates has been found so far. Second, is the
general acid—general base mechanism, where one catalytic aspartate side chain
carboxylate acts as a general base to remove a proton from the water molecule
nucleophile, while another aspartic acid side chain carboxyl general acid donates a
proton to the carbonyl oxygen atom of the scissile peptide bond. In the third ‘kinetic
isomechanism’, a 10-membered cyclic structure is formed, involving the two aspartic
acid side chain carboxyl groups , with a proton between them, and the water molecule
nucleophile; this mechanism allows for energy-inexpensive proton shuffling within
the cyclic structure along the reaction coordinate. The last two mechanisms also
invoke a low-barrier hydrogen bond (LBHB); in the general acid—general base
mechanism, the LBHB would stabilize the transition state, while in the kinetic

isomechanism it allows for hydrogen tunneling.

1.9 HIV protease: a drug target

Efforts that have been undergoing for the past many years to design a vaccine have
not provided satisfactory results due to virus extreme variability and escape

mechanisms from the immune system [64]. In this scenario, therapeutic approaches
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aimed at counteracting molecules essential for virus cycle have proved to be very
useful. Kramer et al. showed that a frameshift mutation in the protease region of the
pol-gene prevented cleavage of the gag polyprotein precursor, which is an essential
step for the maturation of infectious HIV particles [65]. Subsequently, it was shown
that inhibition of HIV polyprotein processing through the inactivation of the viral
protease (either by mutation or chemical inhibition) leads to the production of
immature viral particles that cannot undergo maturation to an infective form [66,67].
These observations led to the identification of HIV-1 protease as the prime target for

structure-assisted or rational drug design.

1.10 FDA-approved HIV-1 protease inhibitors:

Since the identification of HIV as an etiological agent of AIDS, about twenty five
different antiretroviral drugs (ARV) have been introduced into the clinical practice.
Such drugs inhibit specific steps in viral lifecycle and thus the replication of the virus.
ARVs are divided into five different classes depending on their viral target. The
introduction of HIV protease inhibitors (PIs) in 1995 and the application of Highly
Active Anti-Retroviral Therapy (HAART), i.e., combination of PI with other ARV,
mainly inhibitors of the HIV reverse transcriptase (RT), resulted in a vastly decreased
mortality and a prolonged life expectancy of HIV-positive patients. Unlike RT
inhibitors, which are only effective in blocking viral replication in acutely infected
cells, protease inhibitors can inhibit infectious virus production in both acutely and

chronically infected cells [68].

Till now, U. S. Food and Drug Administration (FDA) have approved nine drugs that
function as inhibitors of HIV protease: Saquinavir (SQV), Ritonavir (RTV), Indinavir

(IDV), Nelfinavir (NFV), Amprenavir (APV), Lopinavir (LPV), Atazanavir (ATV),

18



Tipranavir (TPV) and Darunavir (DRV). All currently approved HIV-1 protease
inhibitors (PIs) are competitive inhibitors that bind in the active site of the protease

and, with the exception of TPV, all are peptidomimetics.

The knowledge of inhibitors of other aspartic proteases, such as rennin, greatly
facilitated the development of the first generation PIs. Also, early availability of a
wealth of information on the enzyme- inhibitor interactions in the protease active site
led to the optimization of various lead inhibitors [23, 32, 47]. Initial designs of
inhibitors were based on modification of the substrate backbone by replacing the
hydrolysis unit in the peptide chain with non-cleavable dipeptide isosteres as core
scaffolds and modification of peptidic side chains into non-peptide groups [69]. It
was recognized at an early stage that mimics of the tetrahedral intermediate of the
reaction catalyzed by the enzyme might be excellent inhibitors. The first inhibitors
that were designed were based on gag and gag-pol substrates of HIV-1 protease, and
in particular on the hydrolysis site Phe*Pro, specific of retroviral proteases.

Saquinavir (SQV), discovered by Roche [70], was the first HIV-1 PI approved by the
FDA in December 1995 for the treatment of HIV-AIDS. It is characteristic of peptide-
based HIV-1 protease inhibitors in which a transition-state analog mimics the
tetrahedral intermediate formed during cleavage of the scissile Phe*Pro amide bond
of the natural substrate. Lead optimization included replacement of the P1-P1’ amide
bond with non-cleavable hydroxyethylamine based dipeptide isostere and replacement
of the P1’ proline with a bicyclic decahydroisoquinoline. Indinavir (IDV) and
ritonavir (RTV) were introduced soon afterward. The PIs are generally shorter than
the peptide substrates and contain hydrophobic groups that bind within the
hydrophobic pockets at the S2-S2’° subsites of protease. The early PIs were designed

with polar groups resembling those of the substrate peptide main chain. One of the
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common features of these inhibitors is the presence of a secondary hydroxyl group
which mimics the hydroxyl group of tetrahedral reaction intermediate. This group
makes critical interactions with the catalytic Asp25/25' residues of the protease and is
required for tight inhibitor binding with the protease [70]. The binding affinity of the
PIs varies from nanomolar to picomolar. The later inhibitors amprenavir, tipranavir
and darunavir were designed to reduce the peptidic backbone but retain the central
hydroxyl group [71, 72]. Due to its numerous side effects, RTV is no longer used as a
PI on its own. However, RTV is a potent inhibitor of cytochrome P450 (CYP-450)
3A4 isoform [73] which is a liver enzyme involved in drug metabolism. Because of

this side activity, low
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dose of RTV is currently used as a boosting agent in HAART therapy with other Pls.
Another common feature in the complexes between peptidomimetic inhibitors and HIV-1
protease is a conserved water molecule, known as flap water, which mediates hydrogen
bonds between the P2/P1’ carbonyl oxygen atoms of the inhibitors and the amide groups
of 1le50/1le50" of the enzyme. TPV, unlike peptidomimetic inhibitors, makes direct
hydrogen bond interactions with Ile50/50” in the flap region of the protease, replacing the
conserved flap water. The development and clinical introduction of HIV-1 PIs is regarded

as a major success of structure-based rational drug design [32].
1.11 Drug resistance:

The emergence of drug resistance against protease inhibitors limits the long term clinical
efficacy of these drugs. The high error rate of HIV reverse transcriptase (about 1 in
10,000 bases) and the high rate of replication of the virus (108—109 virions/day) are
responsible for the rapid mutation and the selection of drug-resistant viruses [74].
Computer simulations of mutational stability suggest that even when low level selection
pressure is combined with high replication rate compared to the duration of infection,
drug resistant mutants will rapidly outgrow the wild type virus [74]. The virus evolves to
accumulate a multitude of mutations within the protease that prevent PIs from binding to
the protease. More than half the residues within the protease mutate in different

combinations and lead to drug resistance [74-76].

From the structural point of view, drug resistant mutations can be classified as active site
or non-active site, depending upon whether they occur inside or outside the substrate

binding cleft. As the functional HIV-1 protease enzyme is a symmetric dimer, both
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monomers contribute to substrate binding. The active site region is primarily formed by
residues 25-32, 47-53 and 80-84 from both the monomers. Under protease inhibitor
therapy, a majority of initial mutations arise within the active site of the enzyme, directly
affecting inhibitor binding and are the primary cause of resistance to PIs. However, the
protease mutates extensively in the regions beyond active site, and these non-active site
mutations have been known to greatly contribute to drug resistance. The mechanism by
which the mutations outside the active site confer resistance remains elusive. Some of
these mutations are primary drug resistant mutations and others have been suggested to
contribute to drug resistance when present along with other major mutations.

Of the 99 residues in each monomer, about 37 are known to be conserved and 17 residues
mutate even in the absence of any inhibitor, ie, they are the sites of non-treatment related
polymorphisms [74-77]. About 45 residues in each monomer have been implicated in
drug resistance. Out of these 45 residues, mutations of 26 residues have been shown to
significantly decrease susceptibility to one or more PIs and the others are polymorphic
mutations that occur more frequently when associated with inhibitor therapy [76-78].
Furthermore, almost 60% of these 26 positions fall outside the active site region. Thus
excluding the invariant positions and including the polymorphic sites associated with
drug resistance, an overwhelming 60—63% of the sequence has been known to vary in
patient isolates and almost 40-45% of the protease sequence is implicated in contributing
to drug resistance [74-77]. Furthermore, resistance mutations in the protease can be
accompanied by mutations in the viral polyprotein cleavage sites to improve the viral
fitness. Mutations in the gag precursor cleavage sites NC/pl and pl1/p6 follow the drug

resistant mutations in protease [79]. Also, protease drug resistance can emerge due to
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mutations in the gag substrate alone, without corresponding mutations in the enzyme
[80]. In addition, recent reports indicate a role for amino acid insertions in the drug

resistance of HIV protease [81-83].

1.12 Aims:

In view of the burgeoning problem of resistance against anti HIV protease drugs, there is
a need for continuous improvement of existing drugs and design of new HIV protease
inhibitors. This requires structural understanding of: (1) chemical interactions between
HIV protease and its substrates/products (2) mechanism of action of HIV protease, and
(3) mechanism of drug resistance. X-ray crystallography is a powerful tool to get such
information at atomic level. Keeping these objectives in mind, the present work aims at
crystallographic studies on complexes between substrate-peptides/inhibitors and

native/drug resistant mutants of HIV-1 protease.
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Chapter 2

Protein crystallographic methods

Diffraction from a periodic array of molecules in the crystal can be interpreted as
‘reflections’ from a set of lattice planes. Bragg’s law predicts the angle of reflection ‘6’

of any diffracted ray from specific atomic planes whereby
2d sin 0 = ni

Where, d is the interplanar spacing of that set of planes, A is the wavelength of the X-rays
and n is an integer. Bragg’s law is a special formulation of the Laue equations which

define the condition for diffraction (constructive interference) to occur:

a*S=h
b*S=k
c*S=1

where h, k, 1 are integers that turn out to be the Miller indices defining Bragg plane hkl
of reflection (or diffraction spot), a, b and c are the lattice vectors and S is the difference

between unit vectors along the incident and reflected ray wave vectors for the hkl plane.

The intensity measured for a given reflection hkl is proportional to | F (hk1) | ? where

N
F(hkl) = z fiexp [ 2mi (hx; + ky; + 1z;))]
=1
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And fj is the atomic scattering factor for X-rays for the jth atom of coordinate (xj, yj, zj)
expressed as fractions of the cell a, b, c¢. This equation is the structure factor equation.
The structure factor is a complex quantity characterized by a magnitude and a phase; | F

(hk1) | and opy. The Fourier inverse of this equation is the electron density (p) equation:

1
p(xyz) = I_/Z | Frua | exp(iapi)exp [-2mi (hy + ky + 1,)]
ikl

Whereby, if the amplitude | Fra | and phase (opy) of the structure factor are known for
all hkl planes or reflections, then the electron density can be calculated for all points (X,
y, z) in the cell and so the crystal structure is then solved. Of course it is impossible to
measure all h, k, I reflections so the summation is usually terminated with a finite number
of terms at a certain Bragg resolution limit. The problem of phase determination is the
fundamental one in any crystal structure determination since |Fhk1 | 2 is the measured

quantity and not .

Protein structure determination involves the following steps: (i) Preparation of purified
protein samples (ii) Crystallization (iii) Measurement of diffraction data (iv) Solution of
phase problem (v) Phase and electron density calculations (vi) Map interpretation and

model building (vii) Model refinement (viii) Validation
2.1 Protein expression and purification:

Advent of recombinant DNA technology was one of the major advances in the field of
protein crystallography. Various kinds of expression systems consisting of a suitable
vector carrying the gene insert and corresponding hosts, ranging from bacteria to
eukaryotic cells such as yeasts, insect cell lines, and mammalian cell lines are available.
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With advanced cloning techniques viz ligation independent cloning, topoisomerase
cloning, and Gateway cloning, expression systems can be switched easily. Structural
studies by crystallography not only require soluble protein but also conformationally
homogenous material. Solubility as well as the demand for conformational purity requires
careful selection of suitable expression host. E. coli based bacterial systems are the most
common and easy to use. But they are not capable of eukaryotic posttranslational
modifications and generally have difficulty expressing properly folded proteins
containing multiple disulfide bonds. Yeast cells possess posttranslational modification
machinery. But, glycosylation patterns are different for yeasts and mammalian cells, and
hyperglycosylation is a problem with some yeast systems. Glycosylation of mammalian
proteins is a major source of conformational heterogeneity. Glycosylation-deficient host
cell lines can reduce this problem. In vitro cell free transcription-translation systems
allow full control over the expression conditions, including addition of folding
chaperones. Recombinant DNA techniques allow fusing a number of useful sequences to
the target sequence. The most common fusion partners are small affinity purification tags
and solubility enhancing fusion partners as well as chaperones. For anomalous phasing
methods, incorporation of Se-Met instead of regular methionine residues provides heavy
atom labels while maintaining structural isomorphism to the native protein. One method
of incorporating Se-Met is expression in a methionine auxotroph host strain and
supplementing the minimal medium with Se-Met. In the metabolic inhibition technique,
bacteria are grown in regular medium and Met biosynthesis inhibiting amino acids Ile,

Lys, and Thr as well as Se-Met are added to the medium before induction.
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2.2 Crystallization:

The most popular method of protein crystallization is vapour diffusion in the hanging-
drop or sitting-drop format [1]. Other techniques include counter diffusion of the protein
and precipitant solutions through membranes, gel or capillaries; microbatch
crystallization and dialysis. Microfluidic chips or thin walled capillaries are used for free
interface diffusion. The advantage of free interface diffusion methods is wide coverage of
the crystallization phase space, and very little material is required in the case of
microfluidic chip methods. Macromolecules usually require some precipitant to initiate
nucleation and crystal growth. The most popular precipitants are inorganic salts
(ammonium sulfate, sodium chloride etc.) and organic polyols (polyethylene glycol of
various sizes, methylpentanediol etc.). A number of other parameters can be varied to
optimize the crystallization conditions, e.g. the buffer type and pH, temperature,
concentration of protein etc. Some proteins require small amounts of special additives
such as dioxane, phenol, 2-propanol or various cofactors to produce good-quality
crystals. Membrane proteins require the presence of detergents for crystallization, to
avoid aggregation and micelle formation. The ingenious way of dealing with membrane
proteins is crystallization in the scaffold of the lipidic cubic phase .Various sets of
crystallization screening conditions selected by sparse-matrix sampling [2] have been

proposed and many ready-made screens are available commercially (Hampton Research,

http://www.hamptonresearch.com/; Emerald Biostructures,
http://www.emeraldbiostructures.com/; Jena Bioscience,
http://www.jenabioscience.com/; Molecular Dimensions,

http://www.moleculardimensions.com/); Qiagen, http://www.qiagen.com/). These days,
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crystallization robots can effectively perform the initial crystallization trials in a
multitude of conditions with small volume of protein sample (of the order of tens of
nanolitres). Crystallization robots can be linked to the imaging systems that automatically
inspect all crystallization setups through an optical microscope and take images at

specified intervals.

2.3 Measurement of diffraction data:

2.3.1 X-ray sources:

X-rays for crystallographic studies are typically generated by bombarding a metal target
with an energetic beam of electrons. The electrons produced by heating a metal filament
are accelerated towards the target by a large applied electrical potential between the
filament and the target. When the beam of electrons hits the target (or anode), this rapid
deceleration of electrons causes the emission of X-ray radiation and a large amount of
heat. Two types of X-rays emitted in this process are a continuous band of white radiation
or Bremsstrahlung as well as a series of discrete lines that are characteristic of the target
material. Copper anode is most often used for proteins since it is hard, an efficient
conductor of heat and the CuKa emission is relatively intense. The wavelength of the X-

rays produced is 1.54 A.
2.3.1.1 Sealed-tube X-ray generator:

It uses a stationary anode. Since the amount of heat generated in the system is dissipated
through water cooling, limited power can be applied to the tube. This limits the flux of X-
rays generated. Sealed-tube sources with their low maintenance requirements are

generally adequate for small molecule crystallography but their use for the

29



macromolecules is limited.
2.3.1.2 Rotating anode X-ray generator:

In these generators, heat dissipating ability of the system and thus the X-ray beam
intensity is increased by rotating the anode surface so that the beam of electrons
continually hits a new region of the anode [3]. Rotating anode generators require a
considerable amount of maintenance to replace filaments, and repair or replace the anode
bearings as well as vacuum and water seals. To keep from burning the filament, it must
remain in a high vacuum. The anode with its constant flow of cooling water must be
continuously rotating at speeds of 6000 rpm or more. Special Ferro-fluidic seals are used
to maintain the vacuum along the rotating shaft of the anode. The recently introduced
chromium based (\=2.23 A) rotating anode [4] appropriately answers the current interest
in phasing based on the anomalous scattering signal of sulphur and other relatively light

elements.
2.3.1.3 Micro-focus generator:

Another type of sealed-tube source that produces beam fluxes comparable to rotating-
anode systems is a micro-focus generator [5]. Because heat dissipates rather quickly in a
metal block, manufacturers have found that when the focal size is reduced to 10-300 um
then the power can be increased to make the beam flux much higher than for normal or
even fine-focus sealed tube sources. One of the great advantages of a micro-focus
radiation source is that the electrical power needs are in the range of 30-80 Watts, and not
the 2-3 kWatts that are required of a typical sealed tube generator, or the 3-12 kWatts

required by a rotating anode generator.
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2.3.1.4 Metal jet anode:

A new method of generating X-rays uses an electron-impact beam impinging on a stream
of liquid gallium. The advantage of the metal-jet anode is that the maximum of the

electron-beam power density is significantly increased. (http://www.excillum.com)

2.3.1.5 Synchrotron radiation:

Whenever electrically charged particles such as electrons or positrons of high energy are
kept under the influence of magnetic fields and travel in a pseudo circular trajectory,
synchrotron radiation is emitted. For relativistic electrons with energy E, the
electromagnetic radiation is compressed into a fan-shaped beam tangential to the orbit
with a vertical opening angle ¥= mc*/E, i.e., 0.1 mrad for E=5 GeV. As this fan rotates
with the circulating electrons or positrons, a stationary observer will see n flashes of
radiation every 2nR/c s, the duration of each flash being less than 1 ns. The spectral
distribution of synchrotron radiation extends from the infrared to the X-ray region. An
important parameter is the median of the distribution of power over the spectral region,
called the “critical photon energy” E., which divides the power spectrum into two equal
parts. Taking the wavelength A instead of the photon energy E, the critical wavelength is

given by,
A= 18.64/(BE)*

Where, B (= 3.34 E/R) is the magnetic bending field in Tesla, E is in GeV, and R in

meters.

The particles are injected into the storage ring directly from a linear accelerator or

through a booster ring. Storage ring consists of an evacuated chamber around which two
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basic types of magnets are arranged: focusing and bending magnets. A focusing magnet's
multiple poles set up a non-uniform magnetic field that acts like a lens, confining the
electrons in a tight beam as they travel around the chamber. A bending magnet typically
establishes a uniform magnetic field that is at right angles to the direction in which
electrons are moving. Such a field bends the path of the electrons. Synchrotron radiation
produced by electrons curving in bending magnets emerges into tangential beamlines. An
oscillating electromagnetic field established in a radio-frequency cavity provides energy
to maintain the particles at relativistic speeds. They also divide the circulating electron
beam into electron bunches. As the particle beam traverses each magnet, the path of the
beam is altered, and synchrotron radiation is emitted. Synchrotron radiation is highly
polarized. In an ideal ring, where all electrons are parallel to one another in a central
orbit, the radiation in the orbital plane is linearly polarized, with the electric vector lying
in this plane. Outside this plane, the radiation is elliptically polarized. The synchrotron
radiation can be channelled through different beamlines for use in research. The ring may
also include other magnetic devices, known as wigglers and undulators that substantially
increase the brightness of the radiation. These insertion devices cause electrons to follow
a sinusoidal path instead of a curved one by establishing a series of magnetic fields that
alternate in polarity and that are perpendicular to the electron's direction of travel. A
wiggler enhances the brightness of the radiation produced by a given electron beam by a
factor roughly equal to twice the number of full oscillations the beam undergoes. A
wiggler consists of one or more dipole magnets with alternating magnetic field directions
aligned transverse to the orbit. The critical wavelength can thus be shifted towards shorter

values because the bending radius can be decreased over a short section. Wigglers cause

32



a continuous spectrum of radiation which can be easily tuned to the desired wavelength.
Such a device is called a “wavelength shifter”. A series of N dipole magnets constitutes a
multipole wiggler. The flux of N dipoles adds up to N times the flux of a single dipole. A
multipole wiggler becomes an undulator if the magnet poles have a short period and 2a <
. Interference takes place between radiation of wavelength Ay emitted at two points Ay
apart on the electron trajectory. The spectrum at an angle 0 to the axis observed through a
pinhole has a peak at a specific wavelength and a few harmonics. The importance of
synchrotron radiation for macromolecular crystallography lies in the high brilliance
(photons s™' mrad mm™ per AMA) of the beam, the high intensity, and the tunability of
the wavelength in the relevant range from 0.5 to 3.0 A. The time structure of the beam is
of interest for time-resolved crystallography. The particles circulate in bunches with
widths of 50 to 150 ps, and repeat every few microseconds. About 22 synchrotron
radiation facilities equipped with beamlines for macromolecular crystallography are
available worldwide, and are operated at energies from 1.5 to 8 GeV for third-generation
machines. The European Synchrotron Radiation Facility (ESRF) storage ring is operated
at 6 GeV and has a circumference of 844.39 m. Its critical wavelength, A, is 0.6 A. In
India, Indus-2 is a 2.5 GeV Synchrotron Radiation Source with critical wavelength of

about 2 A and a circumference of 172.4743 m.

2.3.1.6 Free electron laser (FEL):

The Free electron laser works on SASE (self amplified stimulated emission) principle
and requires a high energy electron beam that is sent through a very long undulator. The
alternating magnetic field vectors in the undulator impose alternating accelerating forces

on the electrons, which emit X-rays in phase. The resulting coherent X-ray flash is
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extremely brilliant, and could be potentially used for determining molecular envelopes by
single molecule scattering. X-ray FEL facilities are being built at SLAC, Stanford, CA,

USA and DESY, Hamburg, Germany.

2.3.1.7 Tabletop synchrotrons:

These machines are still in the developmental stages. Two novel compact sources of X-

rays have been reported in the last two decades:

2.3.1.7.1 Compton sources:

In a Compton source, electrons in a small room sized storage ring (MeV range) are
undulated by a high intensity laser focussed into the oncoming electron beam. In the
collision zone, the electrons inelastically backscatter high energy X-ray photons
(Compton Effect). The resulting X-rays are emitted in a narrow energy bandwidth range
of a few hundred eV and can be tightly focused and monochromated, but currently the
repetition rate of commercial high intensity (teraWatt) lasers is not high enough to
produce continuous X-rays sufficiently intense for routine use in diffraction experiments.

(http://www.lynceantech.com)

2.3.1.7.2 Laser wakefield acceleration:

A high power femtosecond laser pulse travelling through dilute plasma will locally
induce a high degree of charge separation as the electric field of laser pulse strips
electrons from the nuclear cores of the atoms making up the plasma. Because electrons
are lighter, they move away quickly, resulting in a high degree of charge separation and

an associated very strong potential gradient. This wakefield propagates through the
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plasma with the same group velocity as the laser pulse and will accelerate any electrons

that are injected into it.

2.3.2 X-ray detectors:

2.3.2.1 X-ray photographic film:

It is a plastic sheet coated with an emulsion in which silver halide (generally AgBr)
crystals are dispersed. When an X-ray photon strikes the film, a small number of silver
ions in the excited crystallites get converted to metallic silver. For visualizing the
diffraction spots, X-ray film has to be developed, washed, fixed and dried manually.
Advantages of X-ray film include large area and high resolution while disadvantages of
using film are poor dynamic range, high background, moderate sensitivity, time-

consuming process of development and scanning.
2.3.2.2 Image plate:

The imaging plate is an area detector, qualitatively similar to the photographic film. It
consists of a support (either flexible plastic plate or metal base) coated with an emulsion,
which contains crystallites of barium fluoride bromide or barium fluoride iodide, with
artificially introduced impurities of Eu2+ ions. During the preparation of these crystals a
large number of vacancies are created at the sites of fluoride and bromide (or iodide)
negative ions. When a photon strikes the imaging plate, Eu2+ ions are ionized further to
Eu3+ and the “detached” electrons are raised to the conduction band. When so excited,
the electrons are trapped at the vacancies and thereby produce temporary colour centres.
When plate is scanned by a He—Ne laser (A=633 nm), the trapped electrons fall down to

the valence band via an excited state, and recombine with Eu3+ to form Eu2+. This
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transition is accompanied by a release of energy, which corresponds to the emission of
blue light (A=390nm). The intensity of this photo stimulated luminescence, measured
with a photomultiplier, is proportional to the intensity of the X-rays which gave rise to
the colour centres. Advantages of image plate are large area, wide dynamic range, high
sensitivity, high resolution and low background while disadvantages are slow readout and

non-linear response.

2.3.2.3 Charge-coupled devices (CCD):

This type of detector is a semiconductor in which incident radiation produces electron-
hole pairs; the electrons are trapped in potential wells and then read out as currents. An
X-ray phosphor (commonly Gd,O,S: Tb) is attached to a fibre-optic faceplate, which is
tightly connected to a fibre-optic taper. The X-ray-sensitive phosphor surfaces at the front
convert the incident X-rays into a burst of visible-light photons. The light emitted by the
screen is conducted by a tapered bundle of optical fibres and strikes the array of pixels,
each of which is a metal-oxide—semiconductor (MOS) capacitor. When a light photon
strikes an MOS pixel, an electron is emitted owing to the photoelectric effect and is
stored in the capacitor (an electron-hole pair is produced). Therefore, the charge
distribution throughout the whole CCD follows the distribution of radiation scattered
from the crystal. The charge is subsequently transferred to an electronic circuit, and
converted into an array of pulses the height of which is proportional to the intensity of X-
rays that fell on the phosphor screen. This digital information is transferred to a
computer, which records the pattern of diffracted intensity on a relative scale. The CCD
must be cooled to temperatures ranging from —40°C to —-90°C, depending on the various

systems. The great advantage of CCD detectors is their short readout time, which lies in
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the range from 1 to a few seconds. Advantages of CCD include wide dynamic range,
relatively fast, high resolution while disadvantages are small area, expensive, distortions,

blackouts.

2.3.2.4 Pixel array detector (PAD):

The PAD is a two-layer device, consisting of an X-ray sensitive array of silicon
photodiodes bonded to a pixelated complementary metal-oxide—semiconductor (CMOS)
chip (with pixels limited in size to the same area as the detector pixels). Each pixel of the
electronics layer integrates the current generated by the X-rays converted in the
photodiode. Here, no converting layer and taper are needed. The advantages are high

dynamic range, low dead time and fast readouts.

2.3.3 Data collection methods:

2.3.3.1 Precession method:

Precession photography involves making a crystal precess at a fixed angle around a
defined axis. If the crystal is precisely aligned such that a real space unit cell axis lies
along the rotation axis, a precession photograph can be arranged to provide an undistorted
view of a single plane through diffraction space. Therefore, symmetry in the reciprocal
lattice can directly be inferred from precession photographs. However, since isolating a
single reciprocal lattice layer involves introducing a metal layer screen that blocks most
of the diffraction that is happening and only allows passage of that from the desired layer,
it is not very efficient way of collecting data. Precession photography was used in the
early days of protein crystallography, before advanced algorithms made auto-indexing

and interpretation of oscillation photographs very straightforward.
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2.3.3.2 Screenless oscillation (rotation) method:

This method involves rotating the crystal through a small solid angle about a single axis.
The pattern recorded corresponds to planes in reciprocal (diffraction) space slicing
through the Ewald sphere so that only a limited amount of each lattice plane is in
diffraction condition within the oscillation range. Entire datasets are built up by collecting
contiguous series of such images to form a solid volume of rotation. This method was
used to collect all the data in the present work. The ability to auto-index oscillation data
has considerably enhanced the usability of this method.

2.3.3.3 Weissenberg method:

Weissenberg data collection combines the rotation/oscillation method with a coupled
translation of the detector along the rotation axis. This is used to reduce the overlap of
spots that can occur with larger oscillation ranges or larger unit cells. In practice you need
to align your crystal accurately in order to make the most of Weissenberg photography
and data collection is rather tedious and the diffraction pattern more difficult to interpret.
Weissenberg cameras use cylindrical drums coaxial with crystal rotation axis to house the
detecting medium.

2.3.3.4 Laue (polychromatic) method:

In contrast to methods that have been discussed before, all of which use monochromatic
X-rays, Laue photography specifically uses polychromatic X-rays over a wide
wavelength range. The advantage of Laue is that many diffraction maxima are in
diffraction condition at the same time, so we can collect the data in one or just a few
images. Laue data collection held promise in the early days, especially for high-symmetry

space groups and time-resolved studies, but the inherent difficulties in indexing the
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diffraction images from these systems, with multiple overlapped spots from multiple

wavelengths, has essentially rendered it useless for routine data collection.

2.4 Oscillation data processing:

Data processing involves specification of the diffraction experiment, recognition of
image background and gain, localizing diffraction spots, extraction of basis vectors of the
lattice explaining the spots, refinement of lattice parameters, determination of reflection
profile, integration, assessment of data quality, space group determination, data

corrections and scaling.

2.4.1 Autoindexing:

One of the most significant advances in data processing was the introduction of
autoindexing. Prior to this, the unit cell was normally determined by precession method
since in this method, the recorded patterns represented undistorted single layers in the
reciprocal lattice. This process was both laborious and time consuming. In contrast, in the
screenless rotation/oscillation method in vogue today, reciprocal lattice is represented on
the two dimensional flat detectors in a distorted way. Two methods of autoindexing are in
common use in different data processing programmes. Both require mapping the two
dimensional detector co-ordinates onto a three dimensional reciprocal lattice. Both
methods give unit cell dimensions and the crystal orientation. In Difference vectors
method, vectors between reciprocal lattice points that occur most often and reinforce each
other are determined. This approach is used in the programme XDS [6]. In the Fourier
Transform methods one calculates either a 3D fast Fourier transform from the reciprocal

lattice points or a 1D fast Fourier transform from the projections of the reciprocal lattice
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onto directions, systematically varied around a hemisphere in reciprocal space. In either
case, linear transformation operations are applied, to the obtained primitive triclinic basis
solution to generate Bravais Lattices, to produce a putative list of solutions, and score

these according to the distortion required.

2.4.2 Integration:

There are two basic types of integration procedures: Summation integration (box-sum)

and Profile fitted integration.

2.4.2.1 Summation integration:

The counts in each pixel are added in the reflection spot and background underneath the
spot is subtracted. For Integration in the absence of X-ray background or detector noise,
each pixel is assigned to the nearest reciprocal lattice point. All pixel counts are added to
obtain the integrated intensity. There is no penalty (in I /6 (I) for including pixels beyond
the physical extent of the diffraction spot. This situation is never realized in practice,
even for very strong spots. For Integration in the presence of X-ray background, we need
to subtract the X-ray background. This requires the definition of the peak and background
regions; this definition may need to vary across the detector to allow for the variation in

spot shape and size. The size of a spot does not depend on its intensity.

2.4.2.2 Integration by profile fitting:

Summation integration is unbiased (providing peak and background regions are correctly
defined) but gives poor signal to noise (I/c(I)) for weak reflections. Profile fitting can

improve the estimation of weak intensities. A profile describes a peak boundary or shape,
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as well as the intensity distribution within that shape. Reference profiles are created from
the observed profiles of a collection of reflections. Next, each observed profile is fitted
with a least-squares procedure to the reference profile and the estimated intensity derived

from this minimization.

Two- and three-dimensional integration; in two dimensional integration as implemented
in programs MOSFLM and HKL [7, 8], each image is considered separately and
reflections are integrated in two dimensions first and integrated contributions from
individual images are summed in a subsequent step. On the other hand, three dimensional
integration packages, viz XDS, d*TREK [6, 9] work with multiple images. These
programs treat all reflections in three dimensions. Two dimensions are from the area
detector itself, while the third dimension arises from the rotation angle of the crystal. One
advantage of three-dimensional integration is that the reflection centroid in the rotation-
angle direction at the time of integration is known accurately. In the two-dimensional
case, a subsequent step known as post-refinement determines accurate rotation angles for
reflections. Accuracy is important when predicting reflection positions and fitting
reflection profiles. In the three-dimensional profile fitting employed by XDS, the profiles
of individual spots are mapped back to a new coordinate system based on the scattering
vector for each spot [6]. This procedure eliminates the wide variation in the widths of
different reflections in the ¢ direction, simplifying the tasks of both forming the standard
profiles and fitting these to individual reflections. The same approach has been adopted in

d*TREK [9].
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2.4.3 Intensity estimation:

If pi 1s the predicted profile normalized in such a way that
Y.ip; = 1, where sum is over all the pixels i within a profile, the reflection intensity I is

estimated as

1= Zi(ci - bi)pi/Vi/Zipiz/Vi

which minimizes the function
Y ()= Z.(Ci — 1. p;—b)*/V,
L

bi; c¢;; Viare background, contents and variance of pixels.
2.4.4 Scaling and merging:

Scaling and merging the data is the next step following integration. This is an important
step because it attempts to put all observations on a common scale and, it provides the
main diagnostics of data quality. The integrated intensities of reflections need to be

corrected by various factors arising from the following:

1. Changes in beam intensity and illuminated crystal volume
2. Absorption of incident and diffracted beams

3. Radiation damage

4. Variations in sensitivity within detector plane.

5. Different crystal sizes and crystalline order if data come from several crystals
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Most of the scaling procedures in macromolecular crystallography [10-12] exploit the
prior knowledge that symmetry-related and duplicate measurements of a reflection are
equal to determine a correction factor for each observed intensity. However, the scaling
programs differ in the details of their scaling models, i.e. the parameterization and
methods used for determination of the correction factors. These procedures make the data
internally consistent. After scaling, the remaining differences between observations can

be analyzed in the form of various R-factors to give an indication of data quality.

2.4.5 Post refinement:

The method derives complete intensities of reflections that are only partially recorded on
an image, from accurate estimates for the fractions of observed intensity: the ‘partiality’.
The partiality of each reflection can always be calculated as a function of orientation,
unit-cell metric, mosaic spread of the crystal and model intensity distributions. The
accuracy of the estimated full reflection intensity obviously then strongly depends on a
precise knowledge of the parameters describing the diffraction experiment. Usually,
symmetry-related fully recorded reflections can be found for many of the partial
reflections and the list of such pairs of intensity observations can be used to refine the

required parameters using a least-squares procedure.

43



2.5 Solution of phase problem:

2.5.1 Direct methods:

Direct methods are based on the assumptions that the electron density is positive
everywhere in the unit cell (positivity) and that all atoms are resolved (atomicity); which

lead to the tangent formula

(EyEp_y sin(ay, + oy )y
(Ey By cos(oyy + oy )y ‘

tano, =

Where, E represents normalized structure factor corresponding to point atoms at rest.
Tangent formula postulates that squaring in direct space followed by a Fourier
transformation leads to structure factors that are proportional to the original structure
factors. The phases are identical. Small set of starting phases are used to construct a more

complete phase set.

Requirement of very high resolution data (< 1.2 A) has limited the usefulness of direct
methods in protein crystallography. However, direct methods are used routinely to find
the heavy-atom substructure, in computer programmes Shake-and-Bake [13], SHELXD
[14] and SHARP [15], and even subsequent phase determination from the substructure

with programs such as SHELXE [16] and ACORN [17].
2.5.2 Experimental phase determination:

Experimental methods for phase determination include isomorphous replacement and

anomalous scattering methods which rely on information that can be derived from small
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differences between diffraction datasets of native and derivatized crystals. The first step
in both methods is the location of the heavy atoms or anomalous scatterers, generally

termed the substructure, in the crystallographic asymmetric unit.
2.5.2.1 Isomorphous replacement:

The amplitudes of reflections are measured for the native crystal, IFPI, and for the
derivative crystal, IFPHI. The isomorphous difference, IFHI :| [FPHI - IFPI | , 1s then
used as an estimate of the heavy-atom structure-factor amplitude to determine the heavy-
atom positions using Patterson and/or direct mehods. Once located, the heavy-atom
parameters (xyz positions, occupancies and Debye Waller thermal factors B) can be
refined and used to calculate a more accurate |[FHI and its corresponding phase ay. The
native protein phase, op, can be estimated using the cosine rule, leading to two possible

solutions symmetrically distributed about the heavy-atom phase.
2.5.2.2 Anomalous differences:

The anomalous or Bijvoet differences can be used in the same way as the isomorphous
differences to locate the anomalous scatterers and to derive the phase information.
Anomalous scattering from the same crystal can be used to break the phase ambiguity in
a single isomorphous replacement experiment, leading to SIRAS (single isomorphous
replacement with anomalous scattering). Because of the 90° phase advance of the f’
term, anomalous scattering provides orthogonal phase information to the isomorphous
term. There are two possible phase values symmetrically located about f and two

possible phase values symmetrically located about FH. Multiwavelength anomalous
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diffraction (MAD) provides orthogonal dispersive and anomalous differences from the

same crystal and phase ambiguity can be resolved directly from the phasing equation.

2.5.3 Molecular replacement:

Molecular replacement method is commonly used to solve structures for which a
homologous structure is already known. Each molecule needs six parameters to define its
orientation and position: three rotation angles and three translations (e.g. o, B, v; ty, ty, t,).
If there are N molecules in the asymmetric unit, then a total of 6N parameters are
required to define the solution. This number is enormously reduced if the two searches
can be separated and the translation search is carried out only for the best solutions found
in the rotation search. For this reason, most programs split the search in this way and pick
a relatively small number of good solutions from the rotation search to test in translation
searches. But in a six-dimensional search or the second three-dimensional search, all
parameters (o, B, v; ts ty, t,) are defined at each search point, so the correct structure
factor Fcalc (a, B, v; tx, ty, t,) can be calculated and then compared with the observed
Fobs in a scoring function. However, in the first three-dimensional search on rotation, the
correct Fcalc (a, B, y) cannot be calculated with an unknown translation and so cannot be
compared directly with Fobs. There are two ways to overcome this problem, using
different approaches and different scoring functions: (i) Traditional rotation searches are
based on the Patterson function, scoring the overlap between observed and model
Pattersons in a region around the origin where the function is dominated by self-vectors
from within the molecule which are independent of translation (i1) Maximum-likelihood
methods use a statistical approach in reciprocal space to average over all possible values

of the unknown translation.
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2.6 Electron density interpretation- Molecular model building:

These days, molecular model is built into the electron density map almost exclusively
with graphical model building programs. When interactive computer graphics were first
introduced, the protein models were built by fitting individual atoms into the displayed
electron-density maps. In the currently used programs, many tasks are performed in a
semiautomatic fashion and the human operator needs to only check visually the
correctness of the resulting action. The most widely used graphics systems are O [18],
Xtal View [19], QUANTA [20], COOT [21, 22] and MAIN [23, 24]. In fact, graphics
programs are used mainly to check the correctness of the model and its fit into the
electron density or to modify selected fragments of the structure, since the main task of
the primary construction of the protein chain is very often performed without human
intervention by automatic model building programs such as ARP/wARP [25], RESOLVE
[26], MAID [27] and BUCCANEER [28]. These programs are evolving constantly and
becoming more powerful and capable of tracing correct models in low-resolution maps.
Most of these programs are moving towards integration of tasks which traditionally used
to be executed sequentially, e.g. real-space fitting and refinement with concomitant

validation etc.

2.7 Crystallographic refinement:

During refinement, the parameters describing a molecular model are adjusted so that the
fit between discrete experimental observations and their computed values is optimized, as
calculated from a target function. Observations include everything known about the

crystal prior to the refinement. These may include experimental observations such as
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structure factor amplitudes or general observations which are valid for all the models
such as standardized stereochemistry. Streochemical information consistent with their
scatter in accurate structures is applied in the form of restraints in the refinement to
improve data to parameter ratio. But at higher resolutions this information can become
redundant and can be dropped. That is why geometric restraints are weighted relative to
the experimental data in the refinement process. Traditionally a set of parameters
describing a macromolecular model include three x,y,z coordinates describing the
location of a atom in the unit cell, B factor describing the extent of vibration of an atom
about its mean position, and occupancy. A model can be parameterized in different ways
depending upon the amount of data we have to improve the data to parameter ratio. Eg,
occupancy can be constrained to 1.0 as most atoms in the crystal are chemically bonded.
But this assumption may not be true for individual water molecules. Likewise B factors
can be refined as isotropic or anisotropic. Isotropic B factor means that atom vibrates
equally in all directions, therefore can be described by only one number. While
anisotropic B-factor describes the vibration of the atom within an ellipsoid centred at the
atomic coordinate. Six parameters are required to describe such an ellipsoid. Other forms

of parameterizations used in macromolecular refinement are described below:

2.7.1 Rigid body parameterization:

Rigid body parameterization is used when one usually knows the internal structure of the
molecule but its orientation and location in the crystal is unknown. So, a set of six
parameters, three for rotation which rotates the molecule into the correct orientation and
three for translation which places the correctly oriented molecule in the unit cell are

refined.
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2.7.2 Non crystallographic symmetry (NCS) constrained parameterization:

When asymmetric unit contains multiple copies of the same molecule and data resolution
is limited or in early stages of refinement, it is useful to use NCS constrained
parameterization. In this case only one of the molecules needs to be parameterized and
other can be generated from the refined copy by application of NCS operators. In
programme SHELXL, there is an option for restraining NCS by suggesting that torsion
angles of related molecules are similar rather than the position of atoms being similar

after rotation and translation.

2.7.3 Torsion-angle parameterization:

There are on an average about five torsion angles and about eight atoms per amino acid.
Changing from an atomic model to torsion angle model decreases the number of
parameters from 24 positional to five angular. This greatly improves the data to

parameter ratio.

2.7.4 TLS B-factor parameterization:

This parameterization helps describing anisotropic motion of atoms with fewer
parameters. Group of atoms are assumed to move as a rigid unit. This motion is described
by three matrices, one for translation vibration of the group, second for liberation
(wobbling) about a fixed point and third for translation and liberation that occur in
concert. Here, twenty parameters are used to describe the motion of a group of atoms.
Therefore if more than three atoms are considered in the group, TLS parameterization

improves the observation to parameter ratio.
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2.7.5 Hydrogen atoms and riding restraints:

The locations of hydrogen atoms covalently bound to the refined N, C, and O atoms of
amino acids and ligands are well known from basic stereochemistry and can thus be
computed. As these hydrogen atoms move rigidly with the atoms they are attached to,
they do not need to be refined and add no parameters to the refinement. Although the
empirical stereochemical restraints implicitly include the contributions of hydrogen
atoms, the inclusion of hydrogen atoms does improve the accuracy of the structure factor
calculation and allows calculation of specific hydrogen bonded and specific non-bonded
anti-bump restraints. The inclusion of riding hydrogen atoms generally leads to small but

significant improvements in model quality.
2.7.6 Jelly body restraints/Deformable elastic network (DEN):

It is equivalent to adding springs between atom pairs. The term added to the target
function is

Z W(ldl - |dcurrent |)2

pairs

Summation is over all the pairs in the same chain and within a given distance. dcysent 1S
recalculated at every cycle. This function does not contribute to the gradients. It only
contributes to the second derivative matrix. If all interatomic distances were constrained,
then individual atomic refinement would become rigid-body refinement. The effect of
‘jelly-body’ restraints is the implicit parameterization between the rigid body and
individual atoms. This approach is implemented in the latest versions of CNS and

REFMAC [29, 30].
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2.7.7 Maximum likelihood target function:

Most of the present day refinement programs, such as CNS, PHENIX, REFMAC
BUSTER/TNT [30-33] are based on maximum-likelihood principles. Maximum
likelihood target functions account for incompleteness and errors in the model. Therefore,
they are superior to basic least squares target functions, particularly in the early, error
prone stages of the refinement. Maximum likelihood is an approximation of the general
Bayesian inference procedure. Bayes’ theorem states that the probability of a model
given the data (ie, posterior probability) is proportional to the probability of data given
the model (ie, likelihood function) multiplied by the prior probability of the model. For
crystallographic refinement, prior probability comes from the standard stereochemical
information and the likelihood comes from the X-ray diffraction experiment. Likelihood
function, prob (Fobs | Fcalc), allows the inclusion of model errors when estimating the
expectation value of an observation in the form of Fcalc from the structure model. The
effect of incompleteness on the expectation value can be estimated by Sim weights ‘m’
derived from likelihood distributions under the assumption of an incomplete model, while
positional errors of model atoms are accounted for by the Luzzati D-factor. Incorporation
of bivariate errors (phase and amplitude) as complex Gaussian function and
transformation into normalized structure factors shows that the Luzatti D-factor and the
complex variance 64 are anticorrelated, and can be represented by the single parameter

OCA.
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2.7.8 The optimization methods:

Various optimization algorithms can be used to achieve the best fit between
parameterized model and all observations, which include experimental data and
restraints. Optimization algorithms are roughly divided into analytical or deterministic
procedures and stochastic procedures. Deterministic optimizations such as gradient based
maximum likelihood methods are fast and work well when we are reasonably close to a
correct model, at the price of becoming trapped in local minima. On the other hand
stochastic procedures employ a random search that also allows movements away from
local minima. They are slow but compensate for it with a large radius of convergence.
Deterministic optimizations can be classified depending on how they evaluate the second
derivative matrix. They generally descend in several steps or cycles from a starting
parameter set (model) downhill towards a hopefully-but not necessarily- global

minimum.

2.8 Validation:

Information not used for the refinement of model is very valuable for its validation. The
Riree value [34], which is based on reflections not contributing to the refinement, is much
more informative and provides a more objective quality criterion than the standard R
value based on all reflections, which can be easily abused [35]. However, Ry 1s a global
parameter. Similarly, since the torsion angles are usually not restrained during
refinement, their agreement with expected values in the form of the Ramachandran plot
[36] or clustering of side chain rotamers is extremely useful for the purpose of model

validation. Several programs have been especially developed for checking the correctness
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of protein models, of which the most popular and comprehensive are PROCHECK [36],
WHAT_CHECK [37], SFCHECK [39] and MOLPROBITY [40]. In fact, many

validation tools are built into all contemporary refinement and graphics display programs.

2.9 Site directed mutagenesis:

QuikChange Multi site-directed mutagenesis method was used to make all the mutations
in the present work. This is a three step protocol in which Step 1 uses a thermal cycling
procedure to achieve multiple rounds of mutant strand synthesis. Components of the
thermal cycling reaction include a supercoiled double-stranded DNA template, two or
more synthetic oligonucleotide primers containing the desired mutations, and the kit-
provided enzyme blend featuring PfuTurbo DNA polymerase. First the mutagenic
primers are annealed to denatured template DNA. PfuTurbo DNA polymerase then
extends the mutagenic primers with high fidelity and without primer displacement,
generating ds-DNA molecules with one strand bearing multiple mutations and containing
nicks. The nicks are sealed by components in the enzyme blend. In Step 2 of the
procedure, the thermal cycling reaction products are treated with the restriction
endonuclease Dpn 1. The Dpn 1 endonuclease (target sequence: 5-Gm6ATC-37) is
specific for methylated and hemimethylated DNA and is used to digest the parental DNA
template. DNA isolated from almost all Escherichia coli strains is dam methylated and
therefore susceptible to digestion. In Step 3, the reaction mixture, enriched for multiply
mutated single stranded DNA, is transformed into XL10-Gold® ultracompetent cells,
where the mutant closed circle ss-DNA 1is converted into duplex form in vivo. Double
stranded plasmid DNA may then be prepared from the transformants and analyzed by

appropriate methods to identify clones bearing each of the desired mutations.

53



2.10 Protease assay:

The chromogenic substrate of amino acid sequence His-Lys-Ala-Arg-Val-Leu*NPhe-
Glu-Ala-Nle-Ser (where * denotes the cleavage site, and NPhe and Nle denote p-
nitrophenylalanine and norleucine residues respectively) was synthesized and purified by
Dr. Smita Mahale at the National Institute for Research in Reproductive Health, Parel,
Mumbai, India. The spectrophotometric assay with this peptide was performed using a
Jenway 6505 UV-Visible spectrophotometer. The reaction was carried out by incubating
the varying concentrations of substrate (50-800 pM) with the enzyme (50nM) at room
temperature in 50 mM sodium acetate buffer (pH 5.0). The decrease in absorbance at 300
nm resulting from hydrolysis of the scissile peptide bond was monitored. Values for kcy
and K,, of native tethered dimer of HIV-1 protease were obtained by fitting the curves to

the Michaelis-Menten equation using Graphad Prism software (Figure 2.1).
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Figure 2.1: Velocity vs. Substrate concentration curve for native tethered dimer of HIV-1 protease.
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Chapter 3

Catalytic water co-existing with a product peptide in the active

site of HIV-1 protease revealed by X-ray structure analysis

3.1 Introduction:

Understanding the catalytic mechanism of HIV protease and the structure and interactions
of the transition state would contribute significantly in the development of novel
inhibitors. Based on computational [1-4], biochemical [5-7] and structural results [8-12],
two types of proposals have been made in the past for the catalytic mechanism: direct and
indirect [reviewed in 13,14]. In the direct type, championed mostly by computational
studies, the nucleophilic attack on the carbonyl carbon atom of the scissile peptide bond
is directly by carboxyl oxygen atom of the catalytic aspartates. In the indirect type, the
attack is by a water molecule [15]. The position and hydrogen bonding patterns from this
water molecule at the time of attack are different in different proposals of the catalytic
mechanism, and therefore knowing the location and interactions of nucleophilic water

molecule would be a step in establishing the correct mechanism for this enzyme.

HIV-1 protease is a homodimeric enzyme in which the active site is located at the subunit
interface, with each subunit contributing one aspartic acid to the catalytic center. The
active site is covered on the top by two flaps, which become ordered into a closed
conformation whenever a substrate or inhibitor is bound in the active site. During virus
maturation, HIV-1 protease cleaves viral polyproteins at nine different sites of varying
amino acid sequences. A water molecule found symmetrically hydrogen bonded to
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carboxyl oxygen atoms of both catalytic aspartates in the high resolution crystal
structures of unliganded enzyme, (PDB Id 1LV1 and 2G69) is believed to be the
nucleophile. This belief has been questioned [16] recently on the grounds that in the
crystal structures of enzyme-ligand complexes, this water molecule has not been found to
coexist with the ligand. Thus the location of nucleophilic water in the active site of HIV-1
protease is still an open question. In this respect, we have been pursuing crystallographic
studies on active HIV-1 protease complexed with different substrate peptides [17-19].
We have been able to carry out such studies because of our discovery of closed-flap
conformation of the enzyme in hexagonal crystals of HIV-1 protease even when the
enzyme is unliganded [20,21]. Complexes with oligopeptide substrates could then be
prepared by soaking these native crystals into aqueous solutions of the substrates. The
chemical conditions, pH for example, of these solutions could be varied to try trapping
the reactants at different stages of the reaction. In the present study, native crystals were
soaked into solution of the substrate of amino acid sequence His-Lys-Ala-Arg-Val-Leu*-
NPhe-Glu-Ala-Nle-Ser (where * denotes the cleavage site and NPhe & Nle denote p-
nitrophenylalanine and norleucine, respectively) at pH 7.0. It was found that the full
length substrate was cleaved at the specific cleavage site (Leu-p-nitro-Phe). The N-
terminal product peptide (P product) had diffused out leaving behind only the C-terminal
product peptide (Q product) still bound in the enzyme active site. A set of water
molecules had moved into the region vacated by the P product peptide. One of these
water molecules (WAT1) is optimally positioned to be the nucleophile. In this position,
the water molecule does not accept any hydrogen bond through its lone pair and also is a

donor in two strong hydrogen bonds, two features that contribute significantly towards
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activation of the water molecule for nucleophilic attack [22]. This position is shifted by
about 1.4 A from that observed in all unliganded structures of HIV-1 protease. The
position WAT1 overlaps exactly the hydroxyl group of the picomolar transition-state
mimic inhibitor KNI-272. Adachi et al. have suggested this hydroxyl oxygen of KNI-272
to be an ideal position for a water molecule to launch nucleophilic attack on the scissile
peptide bond [23]. Thus the present report of HIV-1 protease product complex is the first
observation of putative catalytic water coexisting with the product peptide. This structure
further suggests that the transition-state-mimics, such as KNI-272, should be so designed
that they bind the catalytic aspartates with a hydrogen-bonding pattern similar to that of

WATT.

3.2 Materials and methods:

3.2.1 Protein expression and purification:

HIV-1 protease tethered dimer used in the present study contains five residue linker, Gly-
Gly-Ser-Ser-Gly (GGSSGQG), covalently linking the two monomers [24] (Figure 3.1). The
cloned insert also contains 57 extra codons in the beginning, which is a part of N-terminal
polyprotein of pol gene. Therefore, the insert codes for a 29 kDa precursor protein,
containing natural cleavage site for HIV-1 protease, which after self-cleavage results in a

mature protein of 22 kDa.
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Figure 3.1: HIV-1 protease precursor coded by tethered dimer insert

HIV-1 protease tethered dimer insert is cloned into plasmid expression vector pET11a,
bearing ampicillin resistance and the T7 promoter. This plasmid contains unique Ndel

and BamHI restriction sites at the 5’ and 3 ends of the gene.

Expression, purification and crystallization of HIV-1 protease tethered dimer followed
the procedures reported earlier [20-21]. Briefly, Escherichia coli (BL21 (DE3) strain)
cells with mutant insert carrying plasmid were grown at 37 °C in Luria Broth (LB)
medium containing 100pg/ml ampicillin. When the optical density of the culture medium
measured at 600 nm (ODg() reached about 0.6, the protease expression was induced by
adding Isopropyl-B-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM.
Two hours after induction, cells were harvested by centrifuging at 6500 x g for 10
minutes. Cells were then resuspended in lysis/wash buffer (20mM Tris-HCI pH 7.5,
10mM ethylenediaminetetraacetic acid, 1% Triton-X-100) and ruptured using sonication.
Inclusion bodies were collected by centrifuging the lysate at 10,000 x g for 10 minutes.
Inclusion bodies were thoroughly washed 3-4 times with wash buffer and solubilised in
67% acetic acid. Extract was diluted to 2-5% acetic acid and dialyzed overnight against
water. This was followed by dialysis against refolding buffer of pH 6.5, containing 20
mM piperazine-N, N'-bis(2-ethanesulfonic acid), 100 mM sodium chloride, 1 mM
dithiothreitol, and 10% glycerol. Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS PAGE) result for various stages of protein purification is shown in

Figure 3.2.
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1 2 3 4 5

Figure 3.2: SDS PAGE at various stages of protein purification

Lane Nos: 1.Bacterial cell extract before induction; 2. 29 kDa Marker; 3.Bacterial cell extract after
induction; 4.After dialysis to remove denaturant; 5.After dialysis against Refolding buffer (only 22kDa

band representing active protease was seen)

3.2.2 Crystallization and soaking:

Crystals were grown by hanging drop vapour diffusion method. Equal volumes of
Protein (5 mg/ml in 50 mM sodium acetate, pH 4.5, containing 1 mM dithiothreitol) and
reservoir solution (1% saturated ammonium sulfate, 200 mM sodium phosphate, and 100
mM sodium citrate at pH 6.2) were mixed on a cover slip and sealed over the reservoir

well at room temperature.

The 11-residue substrate peptide of amino acid sequence His-Lys-Ala-Arg-Val-Leu-
NPhe-Glu-Ala-Nle-Ser was synthesized by Dr. Smita Mahale at the National Institute for
Research in Reproductive Health, Parel, Mumbai, using an automatic peptide synthesizer.
The peptide was dissolved in water to prepare a S mM stock solution. This stock solution
was diluted 5-fold into the reservoir solution (pH 7.0) to prepare the soaking drop.
Protease crystal was transferred first to a fresh reservoir solution (pH 7.0) drop to wash
the crystal and then to the soaking drop using a cryoloop. The cover slip was inverted and
sealed over the same reservoir well in which crystals had been grown.
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3.2.3 X-ray data collection and refinement:

At the end of 72 h of soaking at room temperature, the crystal was equilibrated in the
cryo-protectant (25% glycerol and 75% reservoir buffer) before flash freezing, for
exposure to X-rays on the FIP-BM30A beam line [25]. The crystals diffracted to 1.69A
resolution. The diffraction data were indexed, integrated, and scaled by using the

computer program XDS [26].

Computer program PHASER [27-28] from CCP4 suite was used to obtain molecular
replacement solution using the structure 1LV1 [21, 29] as the search model. The structure
was refined in Crystallography and NMR System (CNS) by using standard simulated
annealing protocols and the amplitude-based maximum likelihood target function
[30,31]. A test set containing 5.0% of randomly chosen reflections were reserved for
determination of Ry [32], which is an indicator of gainful refinement. Occupancies of
ligand molecules in the two orientations were systematically varied, in steps of 0.1,
subject to the constraint that their sum be 1.0. Electron density maps of all types were
calculated using CNS. All interactive model building and molecular superpositions were
carried out using the graphics software O [33]. Structural comparisons are based on
superpositions of protein Ca atoms. All figures were drawn using program PYMOL [34].
Atomic co-ordinates and structure factors have been deposited in the Protein Data Bank

under the PDB Id 2WHH.
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3.3 Results:
3.3.1 The Model of the complex:

HIV-1 protease tethered dimer used here contains a five residue linker, GGSSG, linking
the N-terminus of second monomer to C-terminus of the first monomer [24]. Residues in
the first monomer are numbered as 1-99 and those in the second monomer are numbered
1001-1099. Residues of the linker are numbered as 101-105. Crystal and intensity data

statistics are given in Table 3.1.
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Table 3.1: Data collection and refinement statistics

Space group

P6,

Unit cell parameters (A)

a=b=62.54,c=81.99

Wavelength used (A)

0.97945

Resolution (A)

50.0-1.69 (1.72 — 1.69)*

Number of unique reflections

20251 (922) *

I/o(I) 12.61 (3.35) *
Runerge (%) 8.2(49.0) *
Completeness (%) 97.9 (94.1) *

Refinement statistics

Rwork / Rfree (%)

21.9(30.2) */25.6 (31.5) *

RMS deviations from ideal values

Bond lengths (A)

Bond angles (°)

0.01
1.5

*Data for highest resolution shell are given in the parenthesis.

_ 2rkt 2 i j— < Inja >

Rmerge -
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On refinement of the protein structure, difference density was found in the active site
region of the enzyme (Figure 3.3), and this difference density represented the soaked-in
substrate cleaved at the linkage connecting Leu and Nphe residues in the sequence. As
per convention, residues in the C-terminal product (Q product) counted from the scissile
bond were designated as P1’-P5’, and those in the N-terminal product (P product) as P1 —
P6. The density for residues P1 — P6 was very weak suggesting that the P product
peptide had diffused out leaving behind only the Q product peptide still bound in the
enzyme active site. A set of water molecules had substituted the P product peptide.
Electron density for residues beyond P2’ in the Q product was also very weak. The Q
product and the water molecules were placed in two orientations, consistent with the
pseudo-symmetry of HIV-1 protease active site. The lowest R¢e. was obtained when the
occupancies for the two orientations were 0.7 and 0.3. The B-factor averaged over all
atoms of the product peptide was 43.7 A% and 422 A’ respectively for the two
orientations. The electron density suggested that the side chains of few protein residues
existed in multiple conformations in the crystal. Alternate conformations were modeled
for the residues Val 82, Ile 84, Val 1082 and Ile 1084. There was no visible density in the
2Fo-Fc map for the linker region between residues 99 and 1001 of the tethered dimer
under study, suggesting that the linker region was not ordered in the crystal. The final
molecular model thus consisted of 1514 protein atoms, 181 water molecules and Q
product peptide bound in two orientations with occupancies of 70% and 30%
respectively. Conformationally, more than 90% of non-glycine residues were in the most

favored regions of Ramachandran plot. The final refined 2Fo-Fc map for P1’ p-nitro-
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phenylalanine and P2’ glutamic acid residues and the active site water molecules in the

two orientations are shown in Figure 3.4.

Figure 3.3: Fo-F¢ difference density map contoured at 2.0c level in the active site of HIV-1
protease/product complex. The enzyme is shown as a Ca trace. The side chains of catalytic aspartates are

also drawn.
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Figure 3.4: Fit of carboxyl terminal (Q) product peptide and active site water molecules into 2Fo-Fc
electron density. The electron density map is contoured at 1.0c level. The carboxyl product peptide (violet

purple) and the active site water molecules are shown in the two orientations.

3.3.2 Protease- Q Product peptide interactions:

Hydrogen bonding interactions between P1’, P2’ residues of the Q product and the
protein residues in the active site are shown in Figure 3.5a. The Q product is held in the
active site through 11 hydrogen bonds, some of which are through bridging water
molecules. Terminal nitrogen of product peptide in both the orientations forms hydrogen
bond to the outer oxygen (OD2) of ASP- 1025/ASP- 25 (Figure 3.5a). The side chain of
P2’ GLU forms hydrogen bonds with main chain amide nitrogen and side chain carboxyl

oxygen of ASP- 30 or ASP- 1030 depending upon the orientation. One very well ordered
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water molecule forms the bridge between product peptide and the amide group of Ile
50/Tle 1050. One of the oxygens of P1’ nitro group forms hydrogen bond with the Arg 8
while the other oxygen is bridged by two water molecules to the carbonyl oxygen of Gly

49.

3.3.3 Water molecules in the active site:

A set of water molecules had substituted the P product peptide. These water molecules
are held in place through hydrogen bonds among themselves and also with the protein
(Figure 3.5b). One of these water molecules, WATI, which is within hydrogen bonding
distance from the oxygens of both catalytic aspartates, may be of functional importance.
The OMIT density for this water molecule is shown in Figure 3.6. WAT1 also makes a
short hydrogen bond with the N-atom of the Q product peptide. WAT1 is shifted by about
1.4 A from the corresponding water molecule coordinating both catalytic aspartates in the
unliganded structures (PDB Id 1LV1 and 2G69). This water molecule is at an average
distance of about 2.7 A from the scissile carbon of the modeled substrate peptides (Figure

3.6).
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Figure 3.5: Hydrogen bonding interactions at the active site: a) between the protease and the P1’-P2’
residues of the Q product peptide, b) between the protease and the water molecules. Possible hydrogen

bonds are drawn as dotted lines, and the lengths are indicated.
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ASP-1025

ASP-25

Figure 3.6: Relative positions of WAT1 and the modelled substrate in the active site: Diagram
showing superposition of three structures: 1) present structure (yellow carbon), 2) unliganded HIV-1
protease (magenta carbon, PDB Id 1LV 1) and 3) inactive HIV-1 protease/substrate complex (green carbon,
PDB Id 1KJH). Water molecule observed in unliganded HIV-1 protease is also shown (magenta). The
distances to the scissile carbon atom are indicated. SA OMIT density contoured at 3.0c level is also shown

for WAT1.
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3.4 Discussion:

3.4.1 Position of attacking water molecule:

In the hydrolysis reaction catalyzed by HIV-1 protease there are two substrates: 1) an
oligopeptide of appropriate amino acid sequence and 2) the nucleophilic water molecule.
At the start of the reaction, both these are bound in the active site leading to formation of
Michaelis complex. At the end of the reaction, but before product release, the
nucleophilic water is used up and hence should not be present in the active site. The
presence of WATI in the active site places the present structure somewhere near the
beginning steps of the reaction. Presently there is no crystal structure report of a
Michaelis complex between active HIV-1 protease and substrate peptide. However, the
present structure can be considered a close approximation to Michaelis complex since a
part of the substrate peptide is present in the active site along with the water molecule.
We have earlier reported the structures of HIV-1 protease complexed with two different
substrate oligopeptides corresponding in amino acid sequence to the junctions CA-p2
[17] and RT-RH [18] in the polyprotein substrate. While the substrate is converted into a
tetrahedral intermediate in the complex with CA-p2, the RT-RH peptide is cleaved, with
both product peptides still bound in the active site. The water molecule, WATTI, is at a
distance of 0.9 A from one gem-diol hydroxyl in the tetrahedral intermediate complex.
Similarly WAT] is at a distance of about 1.0 A from one of the carboxyl oxygens in the
product peptide complex (PDB Id 2NPH) (Figure 3.7). Because of these proximities, we
suggest that the water molecule serving as the nucleophile in peptide bond hydrolysis

does so from the position WAT1 observed in the present structure. Such a hypothesis
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ASP-1025 ASP-1025

ASP-25 ASP-25

Figure 3.7: Structural comparison of present complex with tetrahedral intermediate complex [17]
and product peptide complex [18]: Stereo diagram showing the ligand atoms at the catalytic centre along
with catalytic aspartates. Protein Ca atoms are used in the structural superposition. WATTI is within 1 A

from an oxygen atom in the newly generated gem-diol [17] or carboxyl group [18].

would be consistent with the principle of least nuclear motion for chemical reactions [35].
To further explore this idea, we have investigated by molecular modeling, if the scissile
peptide bond of a substrate bound in the active site would be accessible to WAT1 for
attack. We have superposed separately the present complex with reported complexes
between D25N inactive enzyme and two different substrate oligopeptides (PDB Id 1KJH
and 3BXR) [36, 37]. Using only protein Ca atoms for structural superposition, equivalent
positions of the substrate molecules were derived. Figure 3.6 shows the derived positions
relative to WATI. It is clear that the scissile peptide bond is optimally accessible to
WATI for nucleophilic attack, the WATI1...C-O and WAT1...C-N angles being 69° and
104° respectively. Further, the distance of WATI to the scissile carbon atom is 2.7 A,

which is reasonable for a nucleophilic attack. Figure 3.6 also shows the position of the
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catalytic water observed in the structure of unliganded HIV-1 protease (PDB Id 1LV1).
The separation of this water molecule from the scissile carbon atom is only 1.9 A, which
is too short a distance for the water molecule to stay in this position along with the
substrate. Unlike in unliganded structures, the position of WATI1 is asymmetric with
respect to the catalytic aspartates. WAT1 forms two short hydrogen bonds to outer and
inner carboxyl oxygens of ASP- 25 and ASP-1025 respectively. Further, WAT1 does not
accept any hydrogen bond and is a donor (see below) in two strong hydrogen bonds with
catalytic aspartates. Both these features should increase the nucleophilicity of WATI
[22]. From all these considerations, WAT1 appears to be a reasonable position for the
water molecule from where nucleophilic attack takes place during bond breakage. This
hypothesis is also consistent with the structure of HIV-1 protease /KNI-272 complex
reported recently [23]. KNI-272 is one of very few highly selective and potent inhibitors
of HIV-1 protease with a picomolar inhibitory constant. The high potency is suggested to
be due to its pre-organized rigid structure that very closely resembles the transition state.
The structure of the complex has been determined to very high resolution using X-ray
and neutron diffraction techniques. According to the authors of this study, the position of
the hydroxyl group in the hydroxymethylcarbonyl part of KNI-272 is ideal to mimic the
location of the attacking water molecule in catalysis. Figure 3.8 shows the superposition
of the present structure with the HIV-1 protease/KNI-272 complex mentioned above
(PDB Id 3FX5). It is very interesting that WAT1 perfectly overlaps the hydroxyl group of
KNI-272 in the complex. Since this overlap guarantees the adherence to the principle of
least nuclear motion, KNI-272 is a very potent inhibitor of HIV-1 protease. In addition to

hydrogen bonds to catalytic aspartates, WAT1 is hydrogen bonded to the terminal N atom
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of the Q product peptide. Once the Q-product leaves the active site, WAT1 will move
back to the position observed in the structures of unliganded HIV 1-protease. The relative
positions of the substrate, nucleophile and catalytic aspartates at different stages of the

cleavage reaction, according to our proposal, are shown in Figure 3.9 (a-f).

ASP-25 ASP-25
= ASP-1025 ASP-1025

Figure 3.8: Position of the nucleophilic water molecule. Stereo diagram showing the overlap between the
hydroxyl group (red) of transition-state mimetic inhibitor KNI-272 and WAT1 (cyan) of the present
structure. The Q product peptide of the present structure is not shown. Note the perfect overlap of WAT1

and the hydroxyl oxygen of KNI-272.
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Figure 3.9: Proposed sequence of steps (a-f) in the cleavage of peptide bond by HIV-1 protease. Only
main chain atoms of substrate peptide (green carbon) are shown. Each figure is based on the structure
indicated: (a) catalytic water molecule bound symmetrically to the two aspartates (structure PDB Id 1LV1),
(b) movement of catalytic water to position WAT1 with binding of substrate (modelled), (c) attack by
WATI1 and formation of tetrahedral intermediate (Structure TI), (d) cleavage of the peptide bond with
product peptides still bound in the active site (structure PDB Id 2NPH), (e) diffusion of P product out of
and WATI into active site (present structure), and (f) release of Q product and movement of WATT into

original position (PDB Id 1LV1).

3.4.2 Protonation state of catalytic aspartates:

In the process of inhibitor design, it is important to both structurally mimic the transition
state intermediate and to maximize interactions between the inhibitor and the catalytic
aspartates. In this context, it is essential to know the protonation states of the catalytic
aspartates so that appropriate functional groups are chosen in the inhibitor being
designed. Even though hydrogen atoms are not located in the present study, the observed
strong hydrogen bonds involving the catalytic aspartates provide a clue to the protonation
states of the aspartates. Only O---O/N separation shorter than 2.8/2.9 A are considered as
definite hydrogen bonds [38]. There are four such distances at the catalytic centre in the
present structure: i) ASP-25 ODI1...ASP-1025 ODI, ii) WATI1... ASP-25 ODI, iii)
WATI...ASP-1025 OD2 and iv) ASP-1025 OD2...N-terminus of P1° residue. The angle

ASP-25 OD2 ~-WATI1- ASP-1025 OD1 is 101° which is very close to the H-O-H angle
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(104°) in a water molecule indicating that in the hydrogen bonding to the water molecule
WATI, the aspartate oxygens act as acceptors. Since the substrate is already cleaved, N-
terminus of P1’ residue is already protonated and it would be a donor in the hydrogen
bond with ASP-1025 OD2 atom. Thus the aspartic dyad is monoprotonated with the
proton shared between inner oxygens of the two aspartates. We therefore suggest that just
prior to the formation of the transition state the aspartates are in this state of protonation.
Since on inhibitor binding the protonation state is not likely to change, the hydrogen-
bonding group should be chosen appropriately on the inhibitor to maximize interactions

with aspartates in this state of protonation.

3.4.3 Effect of pH on conformation and interactions of ASP-25 and ASP-1025:

HIV protease is known to be active over a wide range of pHs. In our earlier study of the
crystal structure of HIV-1 protease complexed with the undecapeptide substrate (His-
Lys-Ala-Arg-Val-Leu*-NPhe-Glu-Ala-Nle-Ser) at a pH value of 2.0, the substrate bound
in the active site had transformed into a tetrahedral intermediate through nucleophilic
attack by a water molecule [17]. In contrast, in the present study carried out at pH 7.0, the
substrate molecule of the same sequence is found cleaved at the correct scissile bond, and
the N-terminal P product peptide has diffused out of the enzyme active site. The
conformations and interactions of the catalytic aspartates at the two pHs are compared in
Tables 3.2 and 3.3. The changes in the conformations around main-chain and side-chain

torsions of the two aspartates are very small, but these small changes have synergistically
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Table 3.2: Comparison of conformation of catalytic aspartates in the structures at

pH 2.0 and pH 7.0
Parameter compared pH 11 (%) 2% D(°) Y(°)
Conformation of Residue ASP-25 2.0 -173 -25 -126 -85
7.0 -171 -14 -120 -86
Conformation of Residue ASP- 2.0 -175 166 -116 -84
1025
7.0 -173 173 -121 -83

Table 3.3: Comparison of interactions of catalytic aspartates in the structures at pH

2.0 and pH 7.0

Parameter compared pH 2.0 pH 7.0
Interaction distance ASP-25 OD1- GLY-27 2.8A 29 A
N
Interaction distance ASP-1025 OD1- GLY- 27 A 29A
1027 N
Interaction distance ASP-25 OD1- ASP-1025 3.0 A 27 A
OD1
Virtual Dihedral angle OD2(25)-OD1(25)- 78° 56°

0OD1(1025)-0D2(1025)
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caused differences in the interaction distances, which could be significant. The hydrogen
bonds from inner oxygen (OD1) atoms to N atom of corresponding Gly-27/1027 residues
have become longer for both aspartates at pH 7.0. The distance between the two inner
oxygen atoms, on the other hand, has changed in the opposite direction, that is, to shorter
value, at pH 7.0. If the length of a hydrogen bond is assumed to reflect its strength, the
changes in lengths mentioned above appear to preserve the total hydrogen-bonding
ability of each OD1 atom. There is a significant change in the virtual dihedral angle OD2
(25)-OD1 (25)-OD1 (1025)-OD2 (1025), which is a measure of the co-planarity of the
two aspartic acid side chains [11]. The two side chains tend toward being more co- planar
at pH 7.0. There also appears to be a correlation between the co-planarity of the two
aspartates and the strength of the hydrogen bond between the OD1 atoms of catalytic
aspartates; the higher co-planarity leading to stronger hydrogen bond. In the structure of
HIV-1 protease product complex [18] determined at a pH of 6.2 the aspartates are more
co-planar with a virtual dihedral angle of 22° while the OD1 distance of the postulated

hydrogen bond is only 2.3 A.
3.4.4 Product release:

The patterns of product inhibition are dependent on the enzyme mechanism. Based on
product inhibition and solvent isotope effects, in the cleavage reaction by HIV-1 protease
the product peptides are proposed to be released in an ordered manner, with the P product
peptide released first [7]. The presence of only carboxyl terminal product in the present
structure is consistent with this expectation. The Q product peptide is tending to diffuse
out of the active site, although more slowly, since the distance between Ca atom of P1’

residue and Cy atom of distal aspartate has increased from 5.0 A in the tetrahedral
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intermediate structure [17] to 5.5 A in the present structure (Figure 3.7). It is interesting
that it is the N-terminal P product which is bound when active HIV-1 protease is
cocrystallised with a constrained hexapeptide [37]. This difference may be due to the
different approach taken for preparing crystalline enzyme/substrate complex. The
constrained hexapeptide is cleaved during cocrystallisation, and from among the two
products released into solution the P product is selectively bound in the active site
because of its increased hydrogen bonding ability coming from the newly formed
carboxyl group. Similarly, on cocrystallisation, the presence of an amino group in the
product peptide PIV-CONH, resulted in binding of PIV-CONH,; in the active site of

HIV-1 protease, in an unexpected mode [9, 37].
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Chapter 4

Insights into the mechanism of drug resistance: X-ray
structure analysis of G48V/C9S5F tethered HIV-1 protease

dimer/saquinavir complex

4.1 Introduction:

Acquired Immunodeficiency Syndrome (AIDS) is the major pandemic of recent times
affecting most of the continents [1], and is caused by Human Immunodeficiency Virus
(HIV). Since its discovery in the 1980’s [2, 3], elucidation of the molecular biology of the
viral life cycle has resulted in the identification of different viral drug targets [4]. HIV-1
protease is one such major target enzyme because of the crucial role it plays in the
processing of the viral polyproteins [5]. Until now, 9 inhibitors of HIV-1 protease have
been approved by the US Food and Drug Administration (FDA) for use as drugs in the
treatment of infected patients. However, the clinical efficacy of these drugs has been
limited by the emergence of drug resistant variants of HIV in response to the selection
pressure of HIV-1 protease inhibitors (PI’s). Mutations of flap residues 46, 47, 48, 50, 53,
and 54 are frequently observed in drug-resistant mutants of HIV-1 protease, and these
mutants show various levels of reduced susceptibility to different drugs. The drug
saquinavir (Ro31-8959) (SQV) was designed to target the wild-type protease, and its
chemical structure contains a number of peptidic main chain groups mimicking a natural
substrate. It was the first HIV-1 protease inhibitor to be released in the market. It is a sub-

nanomolar inhibitor of HIV-1 protease with dissociation constant (Ki) of 0.12 nM [6].
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However, drug-resistance against SQV quickly emerges, with mutations occurring
independently at positions 48, and 90. The mutation G48V is present in the flap region,
and is considered as the major active site mutation against SQV. Generally, single
mutations confer only a modest reduction in drug susceptibility and a stepwise
accumulation of several mutations is required for the development of high-level drug
resistance. Very often secondary mutations also occur to enhance catalytic activity of
resistant variants. From a statistical analysis of sequences of protease enzyme isolated
from AIDS patients, both treated and untreated with PI’s, it has been found that the
mutation C95F occurs as a mutation cluster either with L90M and I93L or with G48V
and V82A [7]. Further, the mutation C95F was found only in patients treated with SQV
and was non-existent in patients not administered any protease inhibitor. Thus C95F is
the major non-polymorphic mutation associated with the major mutation G48V against
SQV [8]. Detailed three dimensional structures of these mutant proteins and of their
complexes with SQV would be helpful in understanding the mechanism of drug-
resistance for design of next generation drugs, and also in understanding the phenomenon
of ‘mutation-clustering’. However, the only structure experimentally determined so far is
that of the complex between SQV and the double mutant G48V/LO9OM [9]. The
bottleneck has been the inability to grow single crystals of the other mutants or of
mutant/SQV complexes. Hybrid quantum / molecular mechanics studies of structural

effects of the G48V mutation toward SQV binding have been published [10,11].

Crystal structure of G48V/COSF tethered HIV-1 protease, in complex with SQV is
reported here. This structure was then compared with the wild-type complex (PDB Id

IHXB) and also with G48V/L90OM complex (PDB Id 1FB7) to reveal effects of the
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mutations on protein structure and inhibitor binding. Loss of direct hydrophobic
interactions between SQV and enzyme residues and loss of water-mediated hydrogen
bonds between drug and flaps are observed in G48V/C95F complex. Analyses of the CD
spectra recorded on wild-type and mutant enzyme show that the stability of the mutant
enzyme is reduced, and this loss of stability also could contribute toward drug resistance.
The three dimensional structure also provides a rationale for how the mutation V82A in

the cluster C95F, G48V and V82A can bring-in additional resistance against SQV.

4.2 Materials and methods:

4.2.1 Site directed mutagenesis:

Site directed mutagenesis was carried out using QuikChange™ Multi Site-Directed
Mutagenesis kit (Stratagene, La Jolla, CA). The oligonucleotide primers were designed
with the aid of the Primer X software package. Oligonucleotide primers 5’°-
TGAAACCACCAATACCAACGATCATCTTCGGCTTC-3 and 5 -CCCGCCAAA
GTTCAGAGTAAAACCGATCTGAGTCAGCAGG-3’ were used for making G48V and
CI95F mutations, respectively. Site-directed mutagenesis was performed according to the
manufacturer’s instructions. Briefly, double stranded pET 1la plasmid DNA with
protease insert was used as the template and PCR reactions were performed in a total
volume of 25 pl. The PCR product was generated through thirty amplification cycles of
one minute at 95 °C to denature the DNA, one minute at 55 °C to anneal the primers and
13 minutes at 65 °C for DNA extension. The reaction contained 10 X reaction buffer, 100
ng of double stranded DNA template, 100 ng of each oligonucleotide primers and 10 mM

dNTP mix. QuikChange™ Multi enzyme blend (2.5 U/ul) was then added. The PCR
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mixture was treated using Dpnl (10 U/ul) to digest the methylated DNA template. The
plasmid was recircularized at room temperature and used to transform Escherichia coli
XL1-gold supercompetent cells supplied with the kit. Cells were plated onto Luria agar
plates supplemented with ampicillin (100 pg/ml). Putative mutant plasmid DNA from
picked colonies was prepared and sent for sequencing to ensure that no other mutations
were incorporated in the cDNA during the thermal cycling reaction. Presence of

mutations was confirmed through DNA sequencing.

4.2.2 Protein expression and purification:

HIV-1 protease tethered dimer used in the present study contains a five residue linker,
GGSSG, covalently linking the two monomers [12]. Expression, and purification of HIV-
1 protease tethered dimer followed the procedures reported earlier [13] and explained in

chapter 3 of this thesis.

4.2.3 Crystallization:

Single crystals were obtained by the hanging drop vapour diffusion method. Protein (5
mg/ml in 50mM sodium acetate, pH 4.5, containing 1 mM dithiothreitol) was reacted at
room temperature for 30 minutes with ten-fold molar excess of SQV dissolved in
dimethyl sulfoxide. For crystallization, equal volumes of reaction mixture and reservoir
solution (1% saturated ammonium sulfate, 200 mM sodium phosphate, and 100 mM
sodium citrate at pH 6.2) were mixed on a cover slip and sealed over the reservoir well at

room temperature.
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4.2.4 X-ray data collection and refinement:

The crystals were equilibrated in the cryo-protectant (25% glycerol and 75% reservoir
buffer) before flash freezing, for exposure to X-rays on the Swiss Light Source beam line,
X06DA. The diffraction data were indexed, integrated, and scaled by using the computer
programmes MOSFLM and SCALA [14,15]. Crystal and intensity data statistics are

given in Table 4.1.

Crystal structure was solved by difference Fourier method using native coordinates (PDB
Id 1LV1). The structure was refined in computer programme PHENIX by using standard
simulated annealing protocols and the amplitude-based maximum likelihood target
function [16]. A test set containing 4.57% of randomly chosen reflections were reserved
for determination of Rge. [17]. All interactive model building and molecular
superpositions were carried out using the molecular modeling software O [18]. Structural
comparisons were based on superpositions of protein Ca atoms. The quality of model
was checked using the software PROCHECK [19]. All figures were drawn using
computer programme PYMOL [20]. The atomic coordinates and structure factors have

been deposited in the Protein Data Bank (www.rcsb.org) under the PDB 1d 3N31.

4.2.5 Protease assay:

Assay with chromogenic substrate of amino acid sequence His-Lys-Ala-Arg-Val-
Leu*NPhe-Glu-Ala-Nle-Ser (where * denotes the cleavage site, and NPhe and Nle denote
p-nitrophenylalanine and norleucine residues respectively) was carried out as explained
in chapter 2 of this thesis. The decrease in absorbance at 300 nm resulting from

hydrolysis of the scissile peptide bond was monitored. Values for k., and K,, were
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obtained by fitting the curves to the Michaelis-Menten equation using Graphad Prism

software (Figure 4.1).
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Figure 4.1: Determination of kinetic constants: Velocity vs. Substrate concentration curve for

G48V/C95F mutant.

4.2.6 Circular dichroism spectroscopy:

Near and far UV CD spectra on wild type and mutant proteins, both in the absence and
presence of molar excess of SQV, were recorded using a Jasco J-815 CD spectrometer.
Protein solutions were used at a concentration of 10 uM in 50mM sodium acetate buffer,
pH 4.5. For studying the protein-drug complex, 7uM of protein solution was mixed with
10uM of SQV. The mixture was incubated for one hour before the start of unfolding
experiment. Thermal denaturation experiments were carried out by monitoring the CD
signal at 215 nm over a temperature range of 20 °C to 110 °C with a scan rate of 2

°C/min. Temperatures of midpoint unfolding transitions (T,) were estimated by
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evaluating the maximum of the first derivative of [®] 25 in relation to the temperature

data [21].
4.3 Results and discussion:

4.3.1 Kinetic constants:

G48V/CO95F mutant exhibited a K,, and k. of 64.7 + 4.1 uM and 3.1 * 0.1s!,
respectively. The catalytic efficiency (Ke./Kp), of G48V/C95F mutant, for hydrolysis of
the chromophoric substrate was about 17% as compared to wild type protease (Table
4.2).

4.3.2 Crystallization:

All our attempts to crystallize G48V/C95F HIV-1 protease de novo were unsuccessful.
However, single crystals of G48V/C95F / SQV complex appeared under conditions
similar to those used in our laboratory for growing crystals of unliganded wild-type HIV-
1 protease. These crystals, which took comparatively longer to appear, belong to the same
hexagonal space group as the crystals of the wild-type. Liu et al also have reported that
despite extensive efforts, no crystals could be obtained for G48V single mutant in
complex with SQV [22], while orthorhombic crystals were obtained when complexed
with the drug molecule darunavir. Since the residue 48 is exposed on the surface of the
molecule and is also involved in crystal contacts in hexagonal crystals, we believe that

the mutation G48V affects the crystal packing leading to difficulty in crystallization.
4.3.3 Quality of the model:

Results of crystallographic refinement are summarized in Table 4.1. The residues in the
first monomer are numbered as 1-99 and those in the second monomer are numbered
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1001-1099. When 2mFo-DFc electron density map was contoured at 1o level, no breaks
were observed in the main chain. There was no density, however, for the linker region of

the tethered dimer under study, suggesting that linker region is not ordered. In the maps,

Table 4.1: Data collection and refinement statistics

Space group

P6,

Unit cell parameters (;&)

a=b=62.41, c=83.26

Resolution (A) 33.0-2.5 (3.1-2.5)*
Number of unique reflections 6307
Rumerge (%) 8.9 (45.5)*
Completeness (%) 98.6 (98.4)*
I/o(I) 14.2 (3.9)*

Refinement statistics

Rwork/Rfree (% )

21.6/25.3 (25.5/34.8)*

RMS deviations from ideal values

Bond lengths (A)

Bond angles (°)

0.007
1.1

Ramachandran plot:

non glycine residues in

Most favoured region (%)
Additionally allowed region (%)
Generously allowed region (%)

Disallowed region (%)

91.2
8.8
0.0
0.0

*Data for highest resolution shell are given in the parenthesis.

Ykt 25 | pkrj— < Ipgg >|

Rmerge =

Ynkt 2 Ik j
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Table 4.2: Kinetics data

Sample Km (M) Keat (s™) Keat/Km (MM "' s7)
Native 342+ 64 4.1 +£0.14 0.12 £0.02
G48V/C95F 114.1 +13.6 2.8+0.1 0.02 £0.002

there was good electron density for the SQV molecule. When SQV was modeled in two
orientations consistent with the two fold symmetry of functional HIV-1 protease dimer,
the R factors were significantly higher. Further, the fit to electron density of SQV in the
second orientation was not satisfactory. Therefore, in the present complex, SQV is
binding only in one orientation. Although presence of G48V and C95F mutations in both
the subunits was confirmed through DNA sequencing, electron density for VAL-48 was
not very good, showing no density for atoms beyond the CP atom. The probable side-
chain conformation of VAL-48 was therefore probed by searching for a rotamer for
which there would be no steric clash. In hexagonal crystals of HIV-1 protease, the residue
48 is in crystal contact with residue 1048 from a symmetry-related molecule. However, it
was found that the separation between Cy, atoms was about 3.2 A, when the two residues
were modeled to have same rotamer conformation. The steric clash could be relieved
when the two residues were modeled to assume systematically different rotamer
conformations. Thus, VAL-48/VAL-1048 appear to be statistically disordered because of
their involvement in crystallographic contacts, and this could be the reason for the poor
electron density. This could also be the reason for difficulties in the crystallization of this

mutant. Electron density for PHE-95 was good.
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The stereochemistry of the refined model is good with more than 90% of non-glycine
residues occupying the most favoured regions of Ramachandran plot (Table 4.1). To
study the structural effects of mutations, the present complex was compared with
complexes of SQV with wild-type (PDB Id 1HXB) and G48V/L90OM (PDB Id 1FB7)

mutants of protease.
4.3.4 Mutation at position 48:

The overall structure of the present complex is very similar to that of the wild-type
protease complex (PDB Id 1HXB), the rmsd for 198 Ca atom pairs being 0.42 A. Figure
4.2 shows a region around residue 48 for the superposed structures. One can see two
differences directly related to the mutation G48V. The side chain of flap residue PHE-53
has assumed a different rotamer conformation and the quinoline ring in the P3 position of
SQV has moved away from the flap. Both these effects are to avoid steric clash with
VAL-48. Shifts in the positions of residues 1081, 1082, 1008 and 29 seen in Figure 4.2
are due to changes in the positions of SQV caused by G48V. The shift in the positions of
the backbone atoms of residues 1079 to 1082 is in the range 0.3-0.8 A. To investigate if
the shift in residues 1079 — 1082 is solely due to G48V mutation, the present structure
was compared with that of the double mutant G48V/L90OM / SQV complex (Figure 4.3).
The expectation was that perturbations to the protein structure arising largely out of the
common mutation G48V would be similar in the two structures. It is interesting that the
backbone for residues 1079 — 1082, in the G48V/LI90OM / SQV complex doesn’t exactly
superpose that of the present structure, suggesting that some contribution to movement of
80’s loop (residues 1079 — 1082) also comes from the mutations C9SF and L9OM.

Interestingly, theoretical calculations also reveal influence of L90OM mutation on the
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position of the 80’s loop [22]. Due to altered position of 80’s loop, the distance between
PRO-81 and PRO-1081, which is a measure of the width of the active site cavity, is
increased from 19.6 A in wild-type complex to 20.7 A in the present mutant complex,
leading to an increase in the active site volume from 1094.7 A* in wild-type enzyme to
1280.3 A’ in the present structure. The conformation of the drug molecule in the two

complexes is almost identical, as expected.

LEU-1023

l ASP-29

Figure 4.2: Structural effects around G48V mutation site: wild-type complex (yellow carbons, PDB Id

1HXB), present structure (green carbons). Distances are indicated in A units.

88



\ PRO-1079

PRO-1081

THR-1026 | LEU-1024

" LEU-24

Figure 4.3: Structural comparison of present complex (green), wild-type complex (yellow) and
G48V/LIOM complex (purple) with the same drug SQV: Note changes in positions of quinoline ring

and VAL-1082.
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4.3.5 Mutation at position 95:

The residues that surround position 95 are: LEU-1097, LEU-1005, LEU-90, PHE-1099,
ILE-93 and LEU-24. Similarly, the residues that surround position 1095 are: LEU-97,
LEU-5, LEU-1090, PHE-99, ILLE-1093 and LEU-1024. To avoid steric contact with LEU-
1097, PHE-95 adopts a rotamer in which, the x; conformational angle is altered by about
69° as compared to that of CYS-95 in the unmutated structure. Similarly, the change in y;
angle for PHE-1095 is about 104°. Again to avoid steric contacts, residue PHE-1099 has
assumed altered conformation with changes in both main chain and side chain torsion
angles (Table 4.3). On the other hand, only y, angle of PHE-99 is changed from —76° to
94°. Another interesting adjustment is in the catalytic loop residues 23 — 27, which form
the floor of the active site cavity. When compared with the wild-type complex, the
backbone of this loop has shifted by about 0.3 A to 0.5 A, toward the bound inhibitor.
Because of the rigid nature of this loop, the whole backbone has been moved to relieve
short contacts between LEU-24 and the mutation residue PHE-95. The positions of the
P1/P1’ residues from SQV and the flap residues 49 — 52, that are part of the S1/ST’

pocket, also have moved away in the same direction, as may be seen in Figures 4.4 & 4.5.

Table 4.3: Comparison of main chain and side chain torsion angles of Phe99

(Phe1099) in the wild-type complex (PDB Id 1HXB) and present structures

Structure (P \ll Xl X2
1HXB -165° (-159°) 12°(-4°) 70° (77°) -76°(91°)
G48V/C95F -168° (-102) 5°(153°) 73° (-79°) 94°(-91°)
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PHE-1099

PRO-

Figure 4.4: Structural effects around C95F mutation site: the catalytic loop has moved away from 95
and the N-H...O hydrogen bond between PRO-1 and PHE-1099 is lost in the present structure (green
carbons). Wild-type complex is shown with yellow carbons. Note the stacking of aromatic rings of PHE-95

and PHE-1099 in the present structure.
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_ ;"3.2 2748

Saquinavir
(sQv)

Figure 4.5: Hydrogen bonds from flap-water molecule: yellow sphere (IHXB) green sphere (present
structure) Hydrogen bonds to flap amide N atoms 50 and 1050 are lost in the present structure. Distances

. . . 4 .
are indicated in A units.
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4.3.6 Dimer stability:

Residues 95 and 99 are part of the inter-monomer four stranded beta sheet that
contributes significantly to the dimeric stability in HIV-1 protease. The altered
conformations of these residues as mentioned above, has had a domino-effect on other
residues in the beta sheet. The Ca atom of PRO-1 residue has been displaced by as much
as 1.3 A, with the result that there is no hydrogen bond between PRO-1 N and PHE-1099
CO, in the present structure (Figure 4.4), and therefore, the dimer is expected to be
destabilised. On the other hand, the changes in conformations of ARG-8 and ARG-1008,
have led to stronger hydrogen bonds with ASP-1029 and ASP-29 respectively (from 3.4
Ato3 A, Figure 4.2) thereby stabilizing the dimer. Further, the stacking interactions
between PHE-95 and PHE-1099 are non-existent in the wild-type complex. Since
changes have occurred in both dimer-stabilising and dimer-destabilising interactions, it is
difficult to estimate their net influence on the overall stability of the dimer. We therefore
decided to actually measure the melting temperatures of both the wild-type and present
mutant using CD spectroscopy. It is interesting that the Ty,’s are lower for the mutant
both in the presence and absence of the inhibitor SQV (Table 4.4). A lower Ty, of the
mutant in the absence of SQV indicates that the drug-resistant mutant is less stable
compared to the wild-type enzyme. In the presence of SQV the dimer is stabilized and the
Tm’s are increased for both, as expected. However, the increase is by a smaller magnitude
in the case of drug-resistant mutant, which suggests that the gain in free energy on drug

binding is lower in the mutant G48V/C95F.
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Table 4.4: T,, values for native and G48V/C95F mutant proteins in the presence and

absence of saquinavir (SQV)

Molecular samples Tm (°O)
Native 66
Native+SQV 80
G48V/C95F 60
G48V/CI5F+SQV 68

4.3.7 Drug resistance:

Drug resistance is often associated with mutations of HIV-1 protease in both active site
and non-active site regions, even though mutations at target cleavage sites have also been
reported [8]. Effects of active site mutations can be explained on the basis of altered
interactions with the inhibitors, but a variety of explanations have been advanced for non-
active site mutations [24-27]. In the present system, which contains one active site
(G48V) and one non-active site (C95F) mutation, the increase in the volume of the active
site cavity implies non-optimal van der Waals interactions between the drug and the
mutant enzyme. Due to altered positions of the quinoline ring of the drug at the P3
subsite and of PHE-53 of the enzyme, there is a loss in the van der Waals interactions
(Figure 4.2). In most of the HIV-1 protease inhibitor complexes, a water molecule known
as flap water, bridges the P2 and P1’ carbonyl groups of the inhibitor molecule to the

ILE-50 and ILE-1050 amide groups of the flaps. In the present mutant complex, these
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hydrogen bonds are absent (Figure 4.5). The movement of the catalytic loop away from
Phe-95 and toward the bound inhibitor adversely affects surface complementarity
between SQV and the enzyme, thereby lowering the binding affinity [9]. Further, the
structural flexibility of the catalytic loop needed to accomplish effective drug binding has
been diminished by the mutation C95F, as this loop in the present structure is unable to
match its position to that observed in structures of HIV-1 protease/ ligand complexes.
The lower stability of the G48V/C95F dimer is another factor contributing to drug-
resistance [26]. As mentioned before, C95F mutation is often found to be part of the
mutation cluster C95F/G48V/V82A. The present structure provides a rationale for how
V82A mutation can further enhance drug-resistance against SQV. The residue VAL-1082
adopts a different rotamer compared to wild-type complex, in order to avoid steric
clashes with the P1 and P3 residues of SQV (Figure 4.2). As a result the number of
favourable van der Waals interactions between Cy atoms of VAL-1082 and P1 residue
from SQV has decreased from 10 to 6 contributing to a loss of affinity. If VAL-1082
were changed to ALA-1082, which does not have any gamma carbon atoms, these van
der Waals interactions would be totally lost, thereby further decreasing the affinity for the

drug.
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Chapter 5

X-ray structure analysis of L90M/C9SF and C9SF mutants of

tethered HIV-1 protease dimer in complex with saquinavir

5.1 Introduction:

As mentioned in chapter 4 of this thesis, Saquinavir (Ro31-8959) (SQV) was the first
HIV-protease inhibitor (PI) to be released in the market for chemotherapy against
HIV/AIDS. It is a peptidic inhibitor with a sub-nano molar inhibition constant (Ki).
Mutants that display resistance against SQV are G48V and L90M. While G48V is an
active site mutation, L90M is outside the active site. Even after initial onset of resistant
mutations in HIV protease, virus undergoes additional mutations under continuous
selection pressure of the drugs for longer periods of time [1]. C95F is one such mutation.
From a statistical analysis of sequences of protease enzyme isolated from AIDS patients,
both treated and untreated with PI’s, it has been found that the mutation C95F occurs as a

mutation cluster either with L90M and I93L or with G48V and V82A [2].

L90M is a major non-active site mutation against the drug SQV, while C95F is a major
non-polymorphic mutation associated with L90M [3]. No SQV complexes have been
reported for mutant LOOM. A lower resolution (2.6 A) crystal structure has been reported
for the SQV complex with the double mutant G48V/L90OM [4]. Crystal structures of
L90M/COSF and C95F tethered HIV-1 protease, in complex with SQV are reported here.

These structures were compared among themselves and with the wild-type complex
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(PDB Id 1HXB) to reveal the effects of individual mutations on protein structure and

inhibitor binding.

5.2 Materials and methods:

5.2.1 Site directed mutagenesis:

The L90M and CI95F mutations were carried out using Quick change site directed
mutagenesis kit (Stratagene, La Jolla, CA) following protocol explained in chapter 4 of
this thesis. Oligonucleotide primers 5-
TTATCGGCCGTAACCTGATGACTCAGATCGGTAAAACC-3’ and 5’-
CCCGCCAAAGTTCAGAGTAAAACCGATCTGAGTCAGCAGG-3" were used for
making L90M and C95F mutations, respectively. Presence of mutations was confirmed

through DNA sequencing.

5.2.2 Protein expression and purification:

HIV-1 protease tethered dimer used in the present study contains a five residue linker,
GGSSQG, covalently linking the two monomers [5]. Expression, and purification of HIV-1
protease tethered dimer followed the procedures reported earlier [6] and explained in

chapter 3 of this thesis.

5.2.3 Circular dichroism spectroscopy:

CD spectra on wild-type and mutant proteins were recorded using a Jasco J-815 CD
spectrometer. Protein solutions were used at a concentration of 10 uM in 50 mM sodium
acetate buffer, pH 4.5. Thermal denaturation experiments were carried out by monitoring

the CD signal at 215 nm over a temperature range of 20-80° C with a scan rate of
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2°C/min. Temperatures of midpoint unfolding transitions (T,) were estimated by
evaluating the maximum of the first derivative of [®] ,;5 in relation to the temperature

data [7].

5.2.4 Protease assay:

Assay with chromogenic substrate of amino acid sequence His-Lys-Ala-Arg-Val-
Leu*NPhe-Glu-Ala-Nle-Ser (where * denotes the cleavage site, and NPhe and Nle denote
p-nitrophenylalanine and norleucine residues respectively) was carried out as explained
in chapter 2 of this thesis. Values for k., and K;, were obtained by fitting the curves to

the Michaelis-Menten equation using Graphad Prism software (Figure 5.1).

0.25- 0.101
< 0.204 <~ 0.08
‘n »
= =
= 0.154 = 0.06+
2 2z
£ 0.10- £ 0.044
o o
S 0.05- 2 0.02-

0.00 T T T T 1 0-00 T T 1 T 1

0 200 400 600 800 1000 0 200 400 600 800 1000
Substrate Conc. (p M) Substrate Conc. (p M)
(a) (b)

Figure 5.1: Determination of kinetic constants: Velocity vs. Substrate concentration curves for (a)

L90M/CI95F (b) C95F mutants

5.2.5 Crystallization:

Single crystals were obtained by the hanging drop vapour diffusion method. Protein (5

mg/ml in 50mM sodium acetate, pH 4.5, containing 1 mM dithiothreitol) was reacted at
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room temperature for 30 minutes with ten-fold molar excess of SQV dissolved in
dimehyl sulfoxide. For crystallization, equal volumes of reaction mixture and reservoir
solution (1% saturated ammonium sulfate, 200 mM sodium phosphate, and 100 mM
sodium citrate at pH 6.2) were mixed on a cover slip and sealed over the reservoir well at

room temperature.
5.2.6 X-ray data collection and refinement:

The crystals ware equilibrated in the cryo-protectant (25% glycerol and 75% reservoir
buffer) before flash freezing, for exposure to X-rays on the FIP-BM30A beam line [8].
The diffraction data were indexed, integrated, and scaled by using the computer program

XDS [9].

Crystal structure was solved by difference Fourier method using native coordinates (PDB
Id 1LVI1). The structure was refined in computer programme REFMAC 5.5.0072 by
using the amplitude-based maximum likelihood target function [10]. A test set containing
5.0% of randomly chosen reflections were reserved for determination of Rge [11]. All
interactive model building and molecular superpositions were carried out using the
molecular modeling software O [12]. Structural comparisons were based on
superpositions of protein Ca atoms. The quality of model was checked using programme
PROCHECK [13]. All figures were drawn using computer program PYMOL [14]. Active
site volumes were calculated using CASTp server with a probe sphere radius of 1.4 A

[15].
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5.3 Results:

5.3.1 Kinetics and Stability of mutants:

Purified LOOM/C95F and C95F mutants exhibited a K, of 64.7+4.1 uM and 55.3+5.8 uM
respectively and a ke of 5.1+0.08s" and 3.1 + 0.1s™”, respectively. The catalytic
efficiencies (Kea/Km), of LIOM/CISF and C95F mutants, for hydrolysis of the
chromophoric substrate, were about 67% and 50% respectively, w.r.t. wild type protease
(Table 5.1). Mid transition temperatures (Ty,) as measured using CD spectrometery for
L90M/CO5F and CI95F mutants were 60°C and 58°C, respectively as against 66°C for

wild type protease.

Table 5.1: Kinetics data

Sample Ko (M) Keat (s Keat/ K (uM ' )
Native 342+64 4.1+0.14 0.12 +0.02
L90M/C95F 64.7 +4.1 5.1+0.08 0.08 + 0.005
C95F 55.3 5.8 3.1+0.1 0.06 + 0.006

5.3.2 Crystal structures:

Results of data collection and crystallographic refinement are summarized in Table 5.2.
The crystal structures of the L90M/C95F_SQV and C95F_SQV complexes were refined
t0 Ruwor/Riee Values of 20.4/24.3% and 20.6/24.5% at resolutions of 2.04 and 1.75 A,

respectively. The stereochemistry of both the refined models was good with more than
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90% of non-glycine residues occupying the most favoured regions of Ramachandran plot
(Table 5.2). The crystallographic asymmetric unit contains a tethered dimer of HIV-1
protease, in which residues in the first monomer are numbered 1-99 and those in the
second monomer 1001-1099. Residues of the drug SQV are labeled P3-P1 /P1'-P2' (and
corresponding binding sites of protein as S1-S3/S1'-S2') as per Schechter and Berger
nomenclature [16]. Electron densities for mutated residues were unambiguous (Figure
5.2). Residues GIn1007, Thr1012 and Glu1035 were present in alternate conformations in
the C95F_SQV complex. There was good difference electron density for SQV in the
active sites of both the mutant complexes and indicated that drug was bound only in one

orientation in both the mutants.
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Figure 5.2: Fo-F¢ omit maps for Methionine 90 and Phenylalanine 95: Maps are contoured at 2 ¢ level,

showing electron densities for mutated residues Methionine 90 and Phenylalanine 95.
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Table 5.2: Data collection and refinement statistics

Structure

L90M/CISF

CI5F

Space group

P6;

P6,

Unit cell parameters (A)

a=b =62.68,c= 82.62

a=b=062.19,c=81.84

Resolution (A) 54.29-2.04 (2.09-2.04)* | 53.86-1.75 (1.79-1.75)*
Number of unique reflections 11476 17195
Rimerge (%) 6.6 (52.8)* 3.7(49.8)*
Completeness (%) 97.5 (98.6)* 99.87 (99.85)*
I/6(I) 18.3 (3.5)* 23.8(3.2)*

Refinement statistics

Rwork/ Rfree ( % )

20.4/24.3 (25.4/35.6)*

20.6/24.5 (19.3/28.2)*

RMS deviations from ideal values

Bond lengths (A) 0.008 0.01
Bond angles (°) 1.12 13
Ramachandran plot:

non glycine residues in
Most favoured region (%) 91.2 93.7
Additionally allowed region (%) 8.8 6.3
Generously allowed region (%) 0.0 0.0
Disallowed region (%) 0.0 0.0

*Data for highest resolution shell are given in the parenthesis.

Rmerge -

_ 2rkt 2 i j— < Inja >

Yhkt 2 Tnkij
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5.3.3 Effects of L90M mutation:

In HIV-1 protease, residue 90 is part of a short helix (residues 86-94) near one end of
which is the loop containing active site aspartates and near the other end is the four
stranded inter-subunit beta sheet (Figure 1.4, chapter 1). Side chain of mutated residue
Met90/1090 extends into a small pocket formed by residues Asp25/1025 and [1e85/1085-

Arg87/1087 (Figure 5.3).

To dissect out the effect of LOOM mutation, LOOM/C95F_SQV complex was compared to
the C95F_SQV complex. The two structures superposed to an rmsd of 0.4 A over 198 Ca
atom pairs. Introduction of bulkier methionine side chain at position 90/1090 leads to
some additional van der Waals contacts. SO and Cy atoms of Met90/1090 side chain form
van der Waals contacts with carbonyl oxygen and Cy2 atoms of 11e85/1085. Methionine
side chain also makes van der Waals interactions with main chain and side chain atoms of
residues Leu24/1024, Asp25/1025 and Thr26/1026 (Figs. 5.3 and 5.4). In subunit 1, Ce
methyl of methionine interacts with CB of Leu24 while in subunit 2, it interacts with Cy2
of Thr1026. This results in the shift in the backbone atoms of 11e85/1085 with its Ca
shifted by 0.3A (Figure 5.3). Since, 11e85/1085 carbonyl oxygen and amide nitrogen are
hydrogen bonded to amide nitrogen and carbonyl oxygen of residues Asp25/1025 and
Leu24/1024, respectively, a shift in the backbone atoms of the residues Asp25/1025 and
Leu24/1024 was also seen (Figure 5.4). S6 of Met90/1090 can also accept a hydrogen
bond from main chain amide of Asp25/1025. In subunit 2, Ca of Asp1025 has shifted by
0.3A while for Asp25 in subunit 1 this shift was 0.2A. But %2 torsion angle of Asp25 has
changed by 18° (Table 5.3). A slight dislocation of the Asp25/1025 residue causes

rotation around Ca-C bond of the side chain at the 84/1084th residue (Figure 5.5). 081
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atom of Asp25/1025 is hydrogen bonded to the amide nitrogen of Gly27/1027. Therefore
shift in the main chain and side chain of Asp25/1025 also results in the backbone shift of

Gly27/1027.

Table 5.3: Comparison of conformation of Asp25/1025 in L9OM/CISF_SQV and

CI95F_SQYV complex structures

Torsion angles Asp25 Asp1025
L9OM/CISF CI5F LIOM/CI5F CIY5F
xl (°) -166 -166 -168 -168
$2(°) -25 -7 5 -6
d(°) -117 -123 -127 -130
y(°) -80 -89 -94 -186
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lle1085

Figure 5.3: Structural comparison of L90M/C95F_SQYV (green carbons) complex with C95F_SQV
complex (yellow carbons). Black dashes refer to van der Waals interactions, while red dashes correspond

to hydrogen bonds. Distances are indicated in A units.
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Asp1025 ).

" Thr1026

Met109

Figure 5.4: Structural effects on the active site floor: comparison of LOOM/C95F_SQV complex (green
carbons) with C95F_SQV complex (yellow carbons). Black dashes refer to van der Waals interactions,

while red dashes correspond to hydrogen bonds. Distances are indicated in A units.
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— f/ lle1084

lle1085

Met1090 _
_

Asp1025

Figure 5.5: Rotation of Ile1084 side chain around y1torsion angle: Structural comparison of
L90M/CI95F_SQYV (green carbons) complex with C95F_SQV complex (yellow carbons). Black dashes
refer to van der Waals interactions, while red dashes correspond to hydrogen bonds. Distances are indicated

in A units.

As residue 90/1090 is part of the small helix 86-1086/94-1094, introduction of
methionine at position 90/1090 results in the shift in the backbone atoms of residues
87/1087 to 89/1089 (Figure 5.6). Backbone amide nitrogens of residues 87/1087 and
88/1088 are hydrogen bonded to the carbonyl oxygens of residues 29/1029 and 28/1028,
respectively. Therefore, shift in the main chain atoms of these residues was also noticed.
Overall effect is the shift in the main chain of residues 24/1024 through 29/1029 which

include active site triad. Thus, the L90M mutation results in perturbations at the catalytic
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centre via residues 85-1085/88-1088, leading to the reshaping of the floor of the inhibitor

binding cavity.

. Asp1029

Asp1030

Figure 5.6: Shift of residues in the helix due to L90M mutation: L90M/C95F_SQV complex (green
carbons), C95F_SQV complex (yellow carbons). Note concerted shift of Asp1029. Distances are indicated

in A units.
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Figure 5.7: Shift in the 80’s loop: L90M/C95F_SQV complex (green carbons), C95F_SQV complex

(yellow carbons). Distances are indicated in A units.

The molecular core of HIV-protease is characterized by the presence of a W-shaped sheet
made up by four strands comprising of residues 23-25/1023-25, 30-35/1030-35, 76-
78/1076-78 and 83-85/1083-85, respectively (Figure 5.7). Movement of the residues 23-
25/1023-25 and 83-85/1083-85 described before is accompanied by slight shifts in the
other two strands. This is accompanied by shift of 80's loop (residues 79-82/1079-1082)
which joins two of these strands (Figure 5.7). In subunit 2, 80's loop has bulged out while

in subunit 1, it has shifted laterally. The 80's loop is highly flexible and adaptable region
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of the enzyme and the conformation of the loop can also be influenced by mutations in
the enzyme [17]. When compared to the apo-enzyme, there is an outward movement of
80's loop upon SQV binding but this movement is even more pronounced in the mutant
structures. Ce methyl group of Met90/1090 also forms additional van der Waals contacts

with mutated Phe95/1095 side chain from the same subunit and Leu 1097/97 and

Leul005/5 side chains from the other subunit (Figure 5.8)

Leu24§

.\ Leut097
, W
A B

Leu1005

Figure 5.8: Additional interactions of Ce methyl group of Methionine90: L90M/C95F_SQV complex
(green carbons), C95F_SQV complex (yellow carbons). Distances are indicated in A units. Black dashes

refer to van der Waals interactions.
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5.3.4 LIOM/CI95F mutant-SQYV interactions:

Figure 5.9 shows the structural superposition of LOOM/C95F_SQV complex with native
HIV-1 protease-SQV complex (PDB Id 1HXB). The two structures superpose to an rmsd
of 0.43 A over 198 Ca atom pairs. When compared to the native HIV-1 protease- SQV
complex, interesting changes were observed in the conformation of the drug as well as of
the protein. To avoid short contacts and adjust to the reshaping of active site cavity, there
were many concerted shifts both in the inhibitor as well as the binding pockets of the
enzyme. Phenylalanine ring at P1 site of SQV has rotated with %2 and 1 torsion angles
changing by about 9° and 13° respectively, when compared to the native-SQV complex.
Since in the 3-D structures of SQV, P1 Phenylalanine ring is in close proximity with the
Quinoline ring at P3 position; rotation of P1 ring has caused rotation of P3 ring around x2
by about 11°. To avoid steric contacts with the P3 quinoline, Argl008 side chain moves
away. Slight shift in P1' iso-quinoline ring was also seen (Figure 5.9). These changes in
the conformations of both the enzyme and the inhibitor lead to loss of van der Waals
interactions between P1 Phenylalanine of the drug and Ile1023 and Vall082 of the

enzyme. Similarly van der Waals contacts between P3 quinoline and Pro1081 are lost.
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Val1082

Asp1025

Figure 5.9: Loss of interactions of SQV in the active site: LOOM/C95F_SQV complex (green carbons),

wild type complex (magenta carbons). Distances are indicated in A units. Van der Waals cut off is 4 A.
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5.3.5 Effects of C95F mutation:

To see the effects of C9SF mutation, native HIV protease-SQV complex (PDB Id 1HXB)
structure was superposed onto the C95F_SQV complex structure using only Ca atoms for
the superposition. The overall structure of the mutant is very similar to that of the native
protease, the rmsd for 198 Ca atom pairs being 0.42 A. Residue 95 is part of the four
stranded inter subunit beta sheet located at the dimer interface. The residues that make
contact with Phe95/1095 are Leul097/97, Leul005/5, Leu90/1090, Phel1099/99, and
Leu24/1024. At the mutation site, there are two changes compared to the wild type
complex. One, the Ca of Phe1095 has shifted by around 0.8 A and, two, the y1 angle in
Phe is -83.6°, while it is -158.5° for Cys. These two changes lead to avoidance of steric
contacts with 11e97 (Figure 5.10). As a consequence of altered conformation of Phe1095,
the rotamer Ile1093 adopts is also different in the mutant. This leads to a cascade of
effects with Ile1066 adopting a different rotameric conformation to avoid short contact
with 11e1093 and Ile1064 in turn adopts a different rotamer to avoid short contact with
Ile1066. In the first subunit, Co of Phe95 has not shifted much. Instead Ca of Leu93 has
shifted by around 0.5 A to avoid steric contacts. Here, change in the side chain
conformations of Leu93 and corresponding changes in the side chain conformations of
[le66 and Ile64 were absent. Phe1095/95 ring is stacked upon Phe99/1099. Mutated side
chain of Phe95/1095 can now form van der Waals interactions with the side chain of Leu
24/1024. Main chain of Phe99/1099 is pushed down in the process which further leads to
the downwards movement of Prol001/1 by as much as 1.9 A. The hydrogen bonds
between Prol001/1 and Phe99/1099 are broken in the process (Figure 5.11). All these

movements also result in the loss of van der Waals interactions between Leul024/24,
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[1e1093/93 and Phe99/1099. These interactions are important forces, amongst others, in
maintaining the dimeric state. To avoid steric contacts, residue Phe99 has assumed
slightly altered conformation, with the %2 angle changed from 91° to 114°. His 1069/69
side chain also adopts a different conformation to avoid short contacts with Phe99/ 1099

ring (Figure 5.10).

.' _ 1le1066

" lle1093

Leud7

Phe1095 =

His1069

S

Figure 5.10: Local effects of C95F mutation in the second subunit: C95F_SQV complex (yellow

carbons), wild type complex (magenta carbons)
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Phe1095

,{/

- Pro1001

Figure 5.11: Loss of hydrogen bond in the four stranded inter subunit beta sheet: COSF_SQV

complex (yellow carbons), wild type complex (magenta carbons). Distances are indicated in A units.
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5.4 Discussion:

Structurally, drug resistant mutations of HIV-1 protease can be categorized into active
and non-active site mutations. Many of the active site residues are in direct contact with
the bound inhibitor, thus active site mutants may directly affect the drug binding. But the
effect of non-active site mutants is hard to comprehend. L90M is a major non-active site
mutation of HIV-1 protease against the drug SQV. It also provides cross-resistance to
some other drugs targeting HIV-1 protease. Therefore, it could provide resistance to these
drugs in some general way. Comparisons of SQV bound mutant structures in the present
study with that of native enzyme have shown reshaping of the active site cavity in the
mutant structures. The active site volume has increased by 203 A? in L9OM/C95F mutant
and by 58 A% in C95F mutant (Table 5.4). This is the result of altered packing in the core
of the enzyme. SQV and in fact most of the other anti HIV-1 protease drugs are designed
as competitive inhibitors so that they bind to the enzyme more tightly than its natural
substrate. Hence, any change in the shape of active site cavity may affect the binding of
these drugs more than that of natural substrates. Small changes in the conformation of
SQV were also seen in response to those in the active site. Conversely, flexible substrates
could adapt to these changes comparatively easily. Catalytic loop residues 23-27 form
the floor of the active site cavity. This loop is one of the most rigid, but adaptable, regions
in the structure of HIV-1 protease, and is observed to be pushed down towards the four
stranded B-sheet interface when a substrate/inhibitor is bound in the active site. Presence
of these mutations may limit the structural flexibility of the active site loop which is

required to accommodate the incoming inhibitor.
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Table 5.4: Comparison of active site volumes and T,,’s

Structure Active site volume (A3 ) Twu(°C)
Wild Type_SQV 1094.7 66
L90M/C95F_SQV 1298.2 60
CI95F_SQV 11534 58

Ala1071

GIn109

. His1069

Figure 5.12: Repacking at the interface of core and terminal domains: C95F mutant (yellow carbons),

wild type complex (magenta carbons)
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CO95F is a major non-active site polymorphism associated with L9OM mutation. The
structural changes in the C95F mutant-SQV complex suggest the molecular basis for
reduced stability of the HIV protease variants carrying this mutation. Mid transition
temperatures (Tp) as measured using CD spectrometery for G48V/C95F, LOOM/C95F
and C95F mutants were 60°C, 60°C and 58°C , respectively as against 66°C for wild
type protease (Table 5.4). This indicates that major destabilization of dimer comes from
CI95F mutation. Xie et al had suggested reduction in dimer stability as a mechanism of

drug resistance, and results presented here support that [18].

Rose et al [19] have divided HIV-protease into five rigid domains, which move relative
to one another on ligand binding. They then suggest that mutations at these domain
interfaces could influence affinity towards ligand binding by affecting inter-domain
movement. Figure 5.11 shows that C95F mutation has altered the position of residues at
the interface of terminal and core domains. And hence, C95F mutation may play a role in

reducing the affinity towards inhibitors through the mechanism suggested by Rose et al.
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Chapter 6

X-ray structure analysis of D30N tethered HIV-1 protease

dimer/saquinavir complex

6.1 Introduction:

The arrival of HIV protease inhibitors (PIs) in late 1995 marked the beginning of an
important era of AIDS chemotherapy [1]. The development of these PIs and their
introduction into Highly Active Anti-Retroviral Therapy (HAART) along with reverse
transcriptase inhibitors was a major step forward in the battle against HIV/AIDS [2].
HAART treatment regimens have significantly reduced the morbidity and mortality
caused by HIV/AIDS [3]. Despite these important advances, effective long-term
antiretroviral therapy has been plagued by various issues. The most concerning of all is
the emergence of drug resistant viral strains against approved PIs. In addition, Patient
tolerance and compliance continue to be critical problems. Daily therapeutic doses of
these drugs are high because of low oral bioavailability. As a consequence, side effects
such as peripheral lipodystrophy, hyperlipidemia, and insulin resistance have been of
concern [4]. Because of these multiple problems, there is a critical need for the
development of a new generation of PIs with improved pharmacokinetic properties and
drug-resistance profiles. In this regard, comparing the resistance profiles of the present

anti HIV protease drugs and correlating them with their chemical structures is important.

Since the Food and Drug Administration (FDA) approval of the first protease inhibitor
(PD) in 1995, several other PIs quickly followed [5]. With the exception of tipranavir, all
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commercial inhibitors are more or less substrate analogues where the scissile P1-P1’
amide bond has been replaced with a hydroxyethylamine (HEA) or a hydroxyethylene
(HE) transition state isostere. However, peptidic inhibitors lack appropriate physical
chemical properties and metabolic stability to be ideally suited as therapeutics. They
display poor bioavailability and are rapidly metabolized in vivo. Systematic modification
of the substrate-based peptides using rational design techniques led to peptidomimetic
compounds which abandon, as much as possible, the peptidic backbone while retaining
the essential functionalities for HIV protease active site inhibition. The X-ray structures
of various peptidomimetic inhibitors bound to HIV-1 protease have provided a wealth of
information regarding ligand-binding site interactions. Saquinavir (SQV) was the first
drug to be released in market by Hoffman-La-Roche [6]. Its initial pentapeptide lead was
based on the HIV-1 pol substrate sequence containing the unusual Phe-Pro amide bond at
the cleavage site. Lead optimization, including replacement of the P1-P1’ amide bond
with non-cleavable hydroxyethylamine based dipeptide isostere, replacement of the P1’
proline with a bicyclic decahydroisoquinoline, and introduction of a quinoline moiety at
P3 led to the discovery of SQV. Saquinavir contains four amide bonds and has a
molecular size of 679 Da. It is an exceedingly potent inhibitor (K; = 0.12 nM); however,
its oral bioavailability is rather poor, possibly because of the presence of multiple
amide/peptide like bonds. Nelfinavir (NFV) was developed by truncating the N-terminal
moiety in SQV and replacing the P2 asparagine with 3-hydroxy-2-methylbenzamide
fragment (Figure 6.1). These changes in combination with a novel S-phenyl moiety at P1

in the hydroxyethylamine isostere led to NFV (K; = 2 nM) with significantly reduced
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molecular weight and improvement in bioavailability, though NFV is less potent than

SQV [7].

D30N is a major drug resistant mutation against NFV. But this mutation does not affect

SQV even though SQV and NFV have common functional groups (Figure 6.1). In fact,

D30N mutation does not exhibit cross-resistance with other PIs [8, 9]. To explore the

reason for this, structure of HIV-1 protease D30N mutant in complex with the drug SQV

was solved. This structure was then compared with the D30N mutant- NFV complex.

(a)

Hime 1M
P1’
"%
S\_/_/ '
P1
NH Fz!
0
P2 OH
(b)

Figure 6.1: Chemical structures of (a) Saquinavir (SQV) (b) Nelfinavir (NFV)
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6.2 Materials and methods:

6.2.1 Site directed mutagenesis:

Protocol explained in chapter 4 of this thesis with Oligonucleotide primer 5’-
CTCCTCCAGTACAGTATTATCAGCACCGGTATCCAG-3’ was used for making

D30N mutation. Presence of mutation was confirmed through DNA sequencing.

6.2.2 Protein expression and purification:

HIV-1 protease tethered dimer used in the present study contains a five residue linker,
GGSSQG, covalently linking the two monomers. Expression, and purification of HIV-1
protease tethered dimer followed the procedures reported earlier [10] and explained in

chapter 3 of this thesis.

6.2.3 Crystallization:

Single crystals were obtained by the hanging drop vapour diffusion method. Protein (5
mg/ml in 50mM sodium acetate, pH 4.5, containing 1 mM dithiothreitol) was reacted at
room temperature for 30 minutes with ten-fold molar excess of SQV dissolved in
dimehyl sulfoxide. For crystallization, equal volumes of reaction mixture and reservoir
solution (1% saturated ammonium sulfate, 200 mM sodium phosphate, and 100 mM
sodium citrate at pH 6.2) were mixed on a cover slip and sealed over the reservoir well at

room temperature.
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6.2.4 X-ray data collection and refinement:

The crystals ware equilibrated in the cryo-protectant (25% glycerol and 75% reservoir
buffer) before flash freezing, for exposure to X-rays on the FIP-BM30A beam line [11].
The diffraction data were indexed, integrated, and scaled by using the computer program

XDS [12]. Crystal and intensity data statistics are given in Table 6.1.

Crystal structure was solved by difference Fourier method using native coordinates (PDB
Id 1LV1). The structure was refined in computer programme PHENIX by using the
amplitude-based maximum likelihood target function [13]. A test set containing 5.0% of
randomly chosen reflections were reserved for determination of Ry [14]. All interactive
model building and molecular superpositions were carried out using the molecular
modelling software O [15]. Structural comparisons are based on superpositions of protein
Ca atoms. The quality of model was checked using programme PROCHECK [16]. All

figures were drawn using computer programme PYMOL [17].
6.3 Results:

The crystal structure of D30N mutant of HIV-1 protease complexed with SQV was
determined to a resolution of 1.8A in the space group P6,. Results of crystallographic
refinement are summarized in Table 6.1. The crystallographic asymmetric unit contains a
tethered dimer of HIV-1 protease. The residues in the first monomer are numbered as 1—
99 and those in the second monomer are numbered 1001-1099. When 2mFo-DFc
electron density map was contoured at 1o level, no breaks were observed in the main
chain. There was no density, however, for the linker region of the tethered dimer under

study, suggesting that linker region is not ordered. The stereochemistry of the model was
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quite good with more than 90% of non-glycine residues occupying the most favored
regions of Ramachandran plot. In the difference electron density maps, there was good
electron density for the SQV molecule. This difference density could be rationalized by
SQV modeled in two orientations consistent with the 2-fold symmetry of functional HIV-
1 protease dimer (Figure 6.2). Difference maps also indicated that residues 84 and 1084
were present in two alternate conformations (Figure 6.3).

Table 6.1: Data collection and refinement statistics

Space group P6,
Unit cell parameters (A) a=b =62.84,c= 82.49
Resolution (A) 32.8-1.8 (1.9-1.8)%
Number of unique reflections 17145 (2819)*
/o(D) 16.6 (2.2)*
Ruerge (%) 4.1 (49.7)*
Completeness (%) 99.13 (98)*

Refinement statistics

Rwork / Rfree (%) 20.2 / 23.4 (2,7.’7/33.4')>X<

RMS deviations from ideal values

Bond lengths (A) 0.01
Bond angles (%) 1.1

Ramachandran plot: non glycine
residues in

Most favoured region (%)

96.2

Additionally allowed region (%) -
Generously allowed region (%) 0.0
Disallowed region (%) 0.0

*Data for highest resolution shell are given in the parenthesis.
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Figure 6.2: Fit of SQYV in the Fo-Fc omit map: Simulated annealed Fo-Fc omit electron density map for

SQV contoured at 2.0c level.
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Figure 6.3: Alternate conformations of SQV and Ile84: Simulated annealed Fo-Fc omit map, contoured
at 2.0 level, showing alternate conformations of Ile84 corresponding with alternate conformations of SQV
to avoid steric clashes. Distances are indicated in A units.

6.3.1 Drug-Mutant interactions:

SQV binds to the mutant enzyme in an extended conformation through hydrogen bonds
between backbone atoms of the drug and the protein. The side chain groups P3-P2’ of the
drug interact with residues in corresponding sub-sites S3-S2° mainly through

hydrophobic interactions. The tert-butylcarboxamide moiety occupies the S2’ subsite of
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HIV-1 protease, the decahydroisoquinoline ring system fits into the hydrophobic S1’
pocket, while the central hydroxyl group binds to the catalytic aspartates of the enzyme
through hydrogen bonds. The P1 phenyl group resides in the S1 site. The polar
asparagine side chain of the inhibitor occupies the S2 pocket. A tightly bound water
molecule serves to relay hydrogen bonds from the two carbonyls of the inhibitor to
[1e50/1050 main chain amides in the flap region of the enzyme in a manner analogous to
that observed in other HIV-1 protease inhibitor complexes. The Ile84 side chain was
located opposite to the inhibitor, and 84 CD1 forms van der Waals contacts with P1 Phe
and P2’ tert-butylcarboxamide residue of SQV. In the second orientation of the inhibitor,
P1’ decahydroisoquinoline ring is located opposite to the Ile84, and to optimize
interactions with this, [le84 adopts an alternate conformation (Figure 6.3). Steric contacts
with the two fold related conformations of the inhibitor are avoided by Ile 84/1084
adopting the alternate conformations as shown in Figure 6.3. Residues 84/1084 showed
alternate positions with the occupancy distribution of 0.5 each consistent with the two
fold related conformations of the inhibitor.

6.3.2 Comparison with D3O0N-NFV complex:

The present complex was compared with complex of NFV with D30N mutant of HIV-1
protease (PDB Id 2Q64). The two structures are very similar with an rmsd for 198 Ca
atom pairs of 0.2 A. Relative positions of SQV and NFV in the active site are shown in
Figure 6.4. Chemically SQV and NFV are different on the non-primed side chain groups
(Figure 6.1). At P2 site, there is an asparagine residue in SQV while NFV has 2-methyl-
3-hydroxybenzamide moiety at this position. P2-aspargine of SQV forms a hydrogen

bond with the Asp30 NH of the protease backbone. In case of NFV, 2-methyl-3-
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hydroxybenzamide portion of the inhibitor occupies the S2 pocket, with the o-methyl
substituent making hydrophobic interactions with Val32 and Ile84, and the m-phenol
group hydrogen bonding to the Asp30 side chain carboxylate (Figure 6.5). At P1, slightly
longer S-phenyl side chain of NFV partially extends into the S3 region and forms van der
Waals contacts with Arg8. But in case of SQV, the bulky quinoline ring at P3 position
would be in steric contact with Arg8/1008, the inter-atomic separation being only 2A
(Figure 6.4). This possibly has been avoided by a change in the conformation of the side
chain of Arg8/1008. Comparison of torsion angles of Arg8 in the two complexes is given
in table 6.2. The corresponding separation is now 3.4 A. Carbonyl oxygen of the P3-
quinaldic amide forms a hydrogen bond with backbone nitrogen ofAsp29. There is a
change in the main chain torsion angles of residue Gly48 of the protein to avoid steric
contacts with the P3 quinoline ring of SQV (Figure 6.4).

Table6.2: Comparison of conformation of Arg8 in D30N-NFV and D30N-SQV
Complexes

Conformation of Arg8 D30N-NFV Complex D30N-SQV Complex
%1 -70° -69°
12 -177° 179°
1B 174° -170°
X4 -144° 160°
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Figure 6.4: Structural comparison of the present complex with the D30N-NFV complex in the active
site: Present complex (green), D30N-NFV complex (magenta). Note the change in conformation of Arg8 to

avoid steric clash. Distances are indicated in A units.
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P2 (SQV)

Figure 6.5: Comparison of hydrogen bonding interactions of P2 residues in SQV and NFV in D30N
mutants: D30N-SQV complex (yellow) and D30N-NFV complex (magenta). Distances are indicated in A

units.
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6.3.3 Comparison with native HIV-1 protease-SQV complex:

Figure 6.6 shows the structural superposition of the present SQV complex with D30N
mutant and that with wild type HIV-1 protease-SQV complex (PDB Id 1HXB). The two
structures superpose to an rmsd of 0.2 A over 198 Ca atom pairs. When compared to the
native HIV-1protease-SQV complex, interesting changes were observed in the
conformation of the drug as well as of the protein. There is a slight rotation around Y,
from -49° to -67° in Asn30 to form a hydrogen bond with the side chain of Asn residue at
P2 position of SQV. Side chain of P2 Asn of SQV also adjusts to form hydrogen bonds
with both main chain and side chain of Asn30 (Figure 6.6). In this position there are two

hydrogen bonds which are not observed in the native complex.
6.4 Discussion:

Generally, the design of first generation HIV Pls included efforts to minimize the
inhibitor molecular weight, and reduce its peptidic character while still imitating the
interactions natural substrate made with the enzyme. NFV resulted from the optimization
of SQV which suffers from poor oral bioavailability, presumably due in part to its
retained peptide character. However, resistance to NFV arises with the selection of D30N
mutation in HIV-1 protease. The substitution of asparagine for aspartic acid at position 30
is very specific to NFV resistant protease. Thus, the evolutionary pathway leading to
NFV resistance has a rather low genetic barrier. The crystal structures of HIV-1 protease
complexed with peptide substrates showed that the Asp30 residue main chain is involved
in hydrogen bonding to the P2/P2’ side chains of various substrates [18, 19]. This
interaction is conserved whenever a polar side chain is present at the P2/P2’ position.

This is the only direct hydrogen bonding interaction seen between Asp30 side
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P2-Asn (SQV)

Figure 6.6: Structural effects around D30N mutation site: Wild type complex is shown in green carbons

while D30N-SQV complex is shown in yellow carbons. Distances are indicated in A units.
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chain of the enzyme and P2 side chain of NFV, and therefore D30N mutation in the
protease likely results in a weaker hydrogen bond that destabilizes NFV binding [20]. On
the contrary, SQV forms two direct hydrogen bonds with the main chain atoms of the
residues Asp29 (Asp29-NH...P3-CO= 3.0 A) and Asp30 (Asp30 NH...P2-Asn O51= 3.1
A) (Figure 6.4). When Asp30 is mutated to Asn30, side chain Asn residue at P2 position
can accept additional hydrogen bond (Asn30 N&1....P2-Asn 081 = 3.1 A) from the
mutated side chain of the enzyme (Figure 6.6).

The significant residues at the floor of the active site for binding to the inhibitors are
Asp25, Gly27, Ala28, Asp29, and Asp30. Among these residues, Asp25, Gly27, Ala28,
and Asp29 are well conserved. The position of the backbone of the protease is less
sensitive to mutations, and interactions between a potential inhibitor and backbone atoms
of the enzyme is therefore of importance to maintain potency against multi-drug-resistant
HIV-1 protease. The X-ray structure of saquinavir bound HIV-1 protease revealed that
the P2-aspargine carbonyl forms a hydrogen bond with the Asp30 NH of the protease
backbone. Furthermore, the carbonyl oxygen of the P3-quinaldic amide forms a hydrogen
bond with main chain nitrogen ofAsp29 (Figure 6.4). Importance of this information was
realized in the development amprenavir and darunavir [21-23] and this should also be

taken under consideration for designing new drugs.
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Chapter 7

Summary and future directions

Human Immunodeficiency Virus (HIV) is the causative agent of Acquired
Immunodeficiency Syndrome (AIDS). One of the enzymes of this virus, known as HIV
protease, cleaves the viral gag and gag-pol polypeptide precursors to release the structural
and functional proteins. Blocking the activity of HIV protease leads to immature and non-
infectious viral particles. HIV protease is thus target of intensive efforts to design
inhibitors against it. Till now, US Food and Drug Administration (FDA) have approved
the release of 9 drugs for the treatment of HIV/AIDS which target HIV protease. HIV
protease inhibitors are in fact one of the important components of Highly Active Anti
Retroviral Therapy (HAART) which is a standard treatment regimen followed for
HIV/AIDS. However, emergence of resistant mutations in HIV protease under the
selection pressure of these drugs limits long term clinical efficacy of the drugs. This
necessitates the need for continuous improvement of existing drugs and design of new
HIV protease inhibitors based on the understanding of the interactions of HIV protease

with its inhibitors as well as with substrates/products.

HIV protease is a homodimeric aspartyl protease with each monomer consisting of 99
amino acid residues. The enzyme active site is situated at the dimer interface. While the
two catalytic aspartates are located on the floor of the active site cavity, two double
stranded beta-ribbon structures, one coming from each subunit, form roof of the cavity.
The flaps are conformationally very flexible segments of the protein and become ordered
into a closed conformation whenever a substrate or inhibitor is bound in the active site.
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HIV-1 protease tethered dimer used in the present study contains a five residue linker of
sequence Gly-Gly-Ser-Ser-Gly, covalently linking the two monomers. Residues in the
first monomer are numbered 1-99 while those in the second monomer, 1001-1099. The
cloned insert also contains 57 extra codons in the beginning, which is a part of N-terminal
polyprotein of pol gene. Therefore, the insert codes for a 29 kDa precursor protein,
containing natural cleavage site for HIV-1 protease, which after self-cleavage results in a
mature protein of 22 kDa. The drug resistant mutations were carried out using Quick
change site directed mutagenesis kit (Stratagene, La Jolla, CA). Presence of mutations
was confirmed through DNA sequencing. Mid transition temperatures (T,,) of native and
mutant proteins were determined using Circular Dichroism (CD) spectrometry. Kinetic
constants of native and mutant enzymes were determined by spectrophotometric enzyme
assay. Single crystals of tethered HIV-1 protease and mutant-drug complexes were
obtained by hanging drop vapour diffusion method. The crystals were equilibrated in a
cryoprotectant solution before flash freezing, for exposure to X-rays on beamlines at
European Synchrotron Radiation Facility (ESRF) and Swiss Light Source (SLS).
Diffraction data were collected as a number of oscillation frames. The diffraction data
were processed and scaled by using the computer programmes XDS, MOSFLM and
SCALA. Crystal structures were solved by difference Fourier method using native
coordinates. Graphics Programmes O and COOT were used for electron density
interpretation and model building. The structures were refined using computer
programmes CNS, REFMAC and PHENIX. The quality of models was checked using

computer programme PROCHECK.
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Discovery in our laboratory of closed-flap conformation of the enzyme in hexagonal
crystals of HIV-1 protease even when the enzyme is unliganded, made possible the
crystallographic studies on active HIV-1 protease complexed with different substrate
peptides. In the present work, native crystals of active tethered HIV-1 protease were
soaked in an undecapeptide substrate solution at pH 7.0. Three dimensional crystal
structure, determined to 1.69 A resolution shows that the carboxyl terminal product (Q
product) peptide generated within the crystal is still bound in the active site of HIV-1
protease along with a set of water molecules. This is the first observation of the
coexistence in the active site, of a water molecule WATI, along with the carboxyl
terminal product peptide. WAT1, which is activated through hydrogen bonds to catalytic
aspartates, is located at a distance of 2.7 A along the direction perpendicular to the
scissile peptide bond. Assuming the present structure to be a close approximation to
Michaelis complex, we propose that the incoming substrate pushes the nucleophilic water
from the position observed in the unliganded protease to the WAT1 position from where
it attacks the scissile peptide bond. Once the Q product also diffuses out, the catalytic
water molecule can move back to the position observed in unliganded structures of HIV-
1 protease. Comparison of geometries at the catalytic centre shows systematic changes in
the conformation and interactions of catalytic aspartates at pHs 2.0 and 7.0. The structure
reported here also suggests that in the design of effective inhibitors of HIV-1 protease, it
is important to duplicate the hydrogen-bonding pattern of WATI1 with catalytic
aspartates.

Drug resistance is often associated with mutations of HIV protease in both active site and

non-active site regions. Effects of active site mutations can be explained on the basis of
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altered interactions with the inhibitors but an explanation for non-active site mutations
has largely been elusive. Saquinavir (SQV) was the first HIV protease inhibitor to be
released in the market for chemotherapy against HIV/AIDS. It is a potent inhibitor of
HIV protease and used as a first line drug. G48V is a major active site mutation against
the drug SQV which occurs in combination with the mutation C95F. Crystal structure of
the complex between the drug SQV and the corresponding drug-resistant G48V/C95F
mutant tethered HIV-1 protease was solved and refined to 2.5 A resolution, and the
refined molecular structure allows inferences to be drawn about the mechanisms of drug-
resistance by these mutations. The active site mutation G48V causes loss in attractive van
der Waals interactions between the drug and the enzyme. The non-active site C95F
mutation reduces structural flexibility of the catalytic loop and also the dimer stability by
disrupting inter-monomer hydrogen bonds, and this could be another source of resistance.
The crystal structure can rationalize the clinical observation that resistance mutations
occur as a mutation-cluster C95F/G48V/V82A in AIDS patients treated with SQV.

L90M is a major non-active site mutation against the drug SQV which occurs in
combination with the mutation C95F. The structures of L9OM/C95F and C95F mutants of
tethered HIV-1 protease complexed with the drug SQV are described. The crystal
structures of L9OM/CI95F_SQV and C95F_SQV complexes were solved to resolutions
of 2.04 and 1.75 A, respectively. The catalytic efficiencies (Kc./Ky), of LOOM/CISF and
CO95F mutants were about 67% and 50% respectively, w.r.t. wild type protease.
Comparisons of SQV bound L9OM/CI95F mutant structure with that of C95F_SQV
complex and native enzyme-SQV complex have shown that L90M mutaion can perturb

packing interactions within the core of enzyme and these perturbations are carried to the
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active site leading to its reshaping. Since all anti HIV protease drugs including SQV are
competitive inhibitors, any change in the shape of active site cavity may affect the
binding of these drugs more than that of natural substrates. Thus non active site mutation
L90M can affect the inhibitor binding through global, long range perturbations of the
active site. C95F mutation leads to repacking in the inter subunit four stranded beta
sheet, leading to loss of the inter-subunit hydrogen bonds between Prol/1001 and
Phe99/1099 in the mutant. All the mutants with C9SF mutation have lower dimer stability
as compared to wild type enzyme as shown by reduction in the mid transition
temperatures (Ty,) by about 6-8°C and C95F mutation seems to be major contributor.
Changes in the packing at sub domain interfaces could also affect the energetics of sub

domain movements associated with inhibitor-binding.

Although drug Nelfinavir (NFV) and SQV share common functional groups, D30N is a
major mutation against the drug nelfinavir but does not provide resistance against the
drug SQV. The structure of D30N-SQV complex was solved to 1.8 A. Structural analysis
showed that P2’ Asn of SQV forms an additional hydrogen bond to the mutated side
chain of residue 30 apart from a main chain hydrogen bond and this could be the reason
why D30N is not a drug resistant mutation against SQV.

To conclude, structure of HIV-1 protease-product peptide complex reported in the present
thesis gives an insight into the molecular mechanism of HIV-1 protease. The structure
suggests repositioning of catalytic water, WAT1, during substrate binding for activation
and subsequent nucleophilic attack. Structures of mutants in complex with SQV give
insight into the mechanisms of drug resistance. Residues that undergo conformational

changes leading to loss of van der Waals interactions, reshaping of active site cavity and
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reduction in dimer stability through repacking at the inter domain regions have been
identified. The reason why D30N mutation is not effective against SQV has been found
out.

With respect to the current set of problems associated with the use of protease inhibitors
(PIs), there is a critical need for the development of a new generation of PIs that exhibit
improved pharmacokinetic properties and drug-resistance profiles. Four suggestions,
which are listed below, can be made based on results reported in this thesis.

(1) Replicate interactions made by the water molecule, WATI1, in the structure
reported in chapter 3: Mimicking the transition state geometry will remain crucial to
the design of potent inhibitors. Position of WAT] represents the location of one of the
oxygens of tetrahedral transition state intermediate formed during substrate hydrolysis.
Therefore, transition state mimics having a functional group at the position of WAT1 and
interacting in a way similar to WAT]1, will prove to be very potent for the reason that
they will resemble the transition state more closely. KNI-272 is one such compound, the
hydroxyl group of which superposes WATI1 perfectly, and it is also one of the most
potent inhibitors. However, all hydrogen bonding interactions of WAT1 are not made by
the hydroxyl group of KNI-272. There is thus scope of designing modified KNI-272 to
add additional hydrogen bonds to further enhance its potency.

(2) Part of the inhibitor should mimic flap water: A common feature in the
complexes between peptidomimetic inhibitors and HIV-1 protease is a conserved water
molecule known as flap water, which is involved in four hydrogen bonds, bridging
P2/P1’° carbonyl oxygen atoms of the inhibitors to amide groups of I1e50/Ile1050 of the

enzyme. In G48V/CI95F SQV resistant mutant structure reported in chapter 4, due to

140



changes in flap conformation, the flap water is unable to make all the four hydrogen
bonds. Hydrogen bonds to the flap amide groups have been lost while hydrogen bonds to
the rigid carbonyl groups from the inhibitor are retained. This loss could be the major
reason for decrease in SQV affinity. If this loss could be prevented by making flap water
as part of a more flexible inhibitor, then the mutant protein will not be resistant to this
modified-SQV inhibitor. Therefore, design of inhibitors which can bind directly with the
flaps should be considered. Displacing this water may also lead to increased affinity from
entropic point of view.

(3) Enhance interactions with the protein backbone atoms: Mutation D30N confers
high degree of drug resistance against NFV but is ineffective against SQV. On
comparison of complexes of these two drugs with wild type HIV-1 protease and D30N
mutant, only one hydrogen bonding interaction between Asp30 side chain of the enzyme
and P2 side chain of NFV was seen, and therefore D30N mutation in the protease likely
results in a weaker hydrogen bond that destabilizes NFV binding. On the contrary as
shown by the work reported in chapter 6, SQV forms two direct hydrogen bonds with the
main chain atoms of the residues Asp29 and Asp30. These hydrogen bonds are present
even when Asp30 is mutated to Asn30, as shown in chapter 6 of the thesis. The inference
therefore is that inhibitors that interact with main chain atoms are less prone to be
escaped by mutations in the enzyme, and interactions between a potential inhibitor and
backbone atoms of the enzyme is therefore of importance to maintain potency against
multi-drug-resistant HIV-1 protease. Main chain interactions between inhibitors and the

active site residues of the enzyme should be maximized.
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(4) Inclusion of flexible pharmacophores in the inhibitor design: In case of
L90M/CO5F mutant structure reported in chapter 5 of this thesis, the non-active site
mutations have caused a change in the shape of active site cavity. Although, there were
concerted shifts in the conformation of drug SQV to cope with the altered active site, all
van der Waals interactions between the drug and the mutant enzyme could not be
maintained. Therefore, flexible pharmacophores should be included in the inhibitor
design so that they permit retention of all van der Waals interactions through appropriate

change of conformation.
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