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Human Immunodeficiency Virus (HIV) is the infectious agent that causes AIDS 

(Acquired Immune Deficiency Syndrome). HIV Type 1 protease (HIV-1 PR) is the 

enzyme essential in the maturation of the virus. Many anti-retroviral drugs target 

HIV-1 PR to prevent formation of the mature, infectious particle. Recently, protease 

inhibitors (PI) have been ineffective in the treatment of AIDS because of the emergence 

of drug-resistant variants of HIV-1 PR. Thus, the structure of HIV-1 protease and its 

interaction with substrates and inhibitors have been continually studied. Of particular 

interest is the flap region of HIV-1 PR, in which its flexibility allows it to adopt a variety of 

conformations and therefore control access of substrate or inhibitor. Moreover, 

naturally-occurring polymorphisms and drug-pressure selected mutations may have 

some impact on the flap conformation and flexibility. Several techniques have been 

used to sample the conformations of HIV-1 PR including pulsed electron paramagnetic 

resonance (EPR) methods. In this work, double electron-electron resonance (DEER) 

spectroscopy is used to characterize the flap conformation and flexibility of a 
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pre-therapy variant of HIV-1 protease and several variants containing drug-pressure 

selected mutations.  

The primary HIV-1 PR variants in this work are referred to as pre-therapy (PREi) 

and post-therapy (POSTi). These constructs were cloned into a vector suitable for 

bacterial expression of the protease. Mutagenesis was carried out on the POSTi variant 

to obtain several constructs containing drug-pressure selected mutations. The HIV-1 PR 

constructs were purified, spin-labeled, and subsequently characterized by sodium 

dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE), circular dichroism (CD) 

spectroscopy, mass spectrometry (MS), and continuous wave-electron paramagnetic 

resonance (CW-EPR) spectroscopy.  

DEER analysis was performed on inactive PREi, POSTi, POSTi-A82V, Bsi 

(stabilized, inactive form of subtype B LAI), and Bsi-I63P apo constructs. Analysis of 

DEER data reveals the conformational states of HIV-1 PR corresponding to the 

tucked/curled, closed, semi-open, and wide-open conformations. Results have shown 

variations in the most probable distance and predominant conformations of the different 

HIV-1 PR variants. These results have demonstrated that drug-pressure selected 

mutations can alter the flap conformation and flexibility of HIV-1 PR. DEER analysis was 

also done on the PREi and POSTi constructs after addition of a protease inhibitor, 

ritonavir (RTV). Overall, DEER is a powerful technique for monitoring the effect of 

drug-pressure selected mutations and addition of inhibitor on the flap conformation and 

flexibility of HIV-1 protease.  
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CHAPTER 1 
INTRODUCTION 

Introduction to HIV 

Human immunodeficiency virus (HIV) is the infectious particle that causes AIDS 

(Acquired Immune Deficiency Syndrome), a clinical condition that involves the 

suppression of the human immune system and progressively leads to opportunistic 

infections and rare cancers. Since its discovery, the number of people infected with HIV 

has increased in tremendous rates and AIDS has evolved into a global epidemic. In the 

last decade, the annual number of new HIV infections has decreased and because of 

the development of antiretroviral therapy, the number of AIDS-related deaths has been 

reduced. Although the figures have been steadily declining since the late 1990s, a 

considerable percentage of the world population is presently living with HIV. In 2009, 

about 33.3 million people are HIV-infected, 68% of which come from the Sub-Saharan 

Africa (1).  

 HIV belongs to the Lentivirus family, a subfamily of the retroviruses, which 

possess a positive single-stranded messenger RNA (2). Retroviruses rely on a host cell 

for reproduction of their genomic RNA. Upon infection of a host cell, viral RNA is 

reverse-transcribed into DNA, integrated into the host cell genome, and replicated by 

the host cell machinery. Lentiviruses are associated with a disease having a long 

incubation period and leading to immune suppression.  

HIV exists as HIV-1 and HIV-2. Although these two types of HIV share only 40% 

sequence homology, they have identical morphological and genomic organizations (3). 

The replication cycle is similar and both viruses lead to immunological failure and similar 

clinical manifestations upon infection. However, based on epidemiologic, clinical, and 
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virologic data, HIV-2 is shown to be less virulent than HIV-1.  HIV-2 infection is 

characterized by a long asymptomatic period and lower transmission rate (4).  

HIV-1 Structure and Genome  

The HIV type 1 (HIV-1) virus, shown in Figure 1-1, has a cone-shaped core 

containing the viral capsid (CA) protein. The capsid contains two identical RNA strands 

that are closely associated with the viral RNA-dependent DNA polymerase (Pol), also 

called reverse transcriptase (RT), and the nucleocapsid (NC) proteins (2). A gp120 

external surface (SU) protein connected noncovalently to a gp41 transmembrane (TM) 

protein and embedded in the lipid bilayer, constitute the envelope glycoproteins, which 

surround the viral surface. The inner membrane of the virus consists of the matrix (MA) 

protein that provides integrity to the virus.  

The HIV-1 genome, which is shown in Figure 1-2, is about 9.8 kb and consists of 

open reading frames (ORF) that code for several viral proteins (2). It is a full-length viral 

mRNA, which is translated into the gag and gag-pol proteins (2, 5). Table 1-1 

summarizes the various viral proteins and their function and localization (6). The three 

major structural proteins, MA (p17), CA (p24), and NC (p7), are encoded by the gag 

gene while the pol gene encodes the viral enzymes. The gag precursor p55 produces 

the smaller proteins, p17, p24, p7, and p6, by proteolytic cleavage. The gag-pol 

precursor protein is cleaved into products consisting of the reverse transcriptase (RT), 

protease (PR), and integrase (IN) proteins. PR processes the gag and gag-pol 

polyproteins and IN is involved in virus integration. The env gene produces the 

envelope proteins, which are vital for the recognition and binding of virus to the host 

cell. The envelope gp120 and gp41 are made from precursor gp160, which is a mono-

spliced RNA from the full-length viral mRNA.  Tat and rev code for viral regulatory 
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proteins that are involved in upregulating HIV replication and enhancing expression of 

viral proteins, respectively. Nef encodes a negative factor protein, which serves multiple 

functions including viral suppression and downregulation of CD4 and MHC Class I 

molecules. The genes, vif, vpr, and vpu produce accessory proteins, which promote 

viral replication, assembly, and budding; viral infectivity;  degradation of CD4 cells; and 

the overall suppression of the cell immune response (2).  

HIV-1 Life Cycle 

Figure 1-3 illustrates the steps involved in viral replication and maturation of HIV-1 

(7). The cycle begins with the attachment of the mature virion to the host cell by binding 

of gp120 to the CD4 receptor (Step 1). After fusion (Step 2), the capsid is uncoated and 

the virus releases the RNA, reverse transcriptase, integrase, and other viral proteins 

into the host cell cytoplasm. The genomic RNA is then reverse transcribed by RT into a 

double-stranded DNA (Step 3). The viral DNA is transported across the nucleus and 

integrated into the host cell genome by IN (Step 4). The HIV DNA formed is referred to 

as the provirus, which can be inactive for several years. Upon activation of proviral 

DNA, RNA polymerase in the host cell produces copies of the HIV genetic material and 

shorter messenger RNA serve as the template for translation into the viral proteins 

(Step 5). The viral proteins and RNA then assemble into an immature virus. In step 6, a 

budding event occurs, wherein the virus exits and uses the cell surface as an envelope 

to form its outer membrane. Eventually, the polyproteins within the non-infectious virus 

are cleaved by HIV protease and reorganized to form the mature virus (Step 7). Figure 

1-4 shows the structural assembly of the immature and mature HIV-1.   
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Introduction to HIV-1 Protease 

The role of HIV-1 protease (PR) in the viral life cycle is to form a mature, infectious 

virus by post-translational processing of the gag and gag-pol polyproteins. Anti-retroviral 

drugs have been used against HIV-1 to prevent formation of the mature, infectious 

particle. In particular, HIV-1 protease inhibitors (PI) have been shown to inhibit post-

translational processing, block HIV-1 replication, and reduce viral load (8). Despite their 

potency, anti-retroviral drugs have become ineffective against emerging drug-resistant 

variants of HIV-1 PR (9). Thus, there is the continuing need to examine the structure of 

HIV-1 PR and its interactions with various substrates and inhibitors in order to design 

more effective drugs.  

Structure and Function 

Human immunodeficiency virus type 1 (HIV-1) protease (EC 3.4.23.16) is a 

member of the aspartic protease family (10). It is composed of two noncovalently 

associated, structurally identical monomers, where each monomer consists of 99 amino 

acids (11). In retroviral proteases, each monomer is generally composed of four 

structural elements: A1 and A2 loop, B1 and B2 loop, C1 and C2 -helix, and the D1 

and D2 loop, as indicated in Figure 1-5A (12-15). In HIV-1 protease, all of these 

elements are present except that a loop replaces the  helix C1. The B1 loop contains 

the catalytic aspartic acid. The D1 loops, also referred to as “flaps”, consist of 

-hairpins, which are functionally important because of their flexibility and involvement 

in the binding of substrate or inhibitor.  The “hinge” corresponds to the region that links 

the helix C1 and the flap and the region between the flap and A2. The dimerization 

domain consists of a four-stranded -sheet interface that is formed by the amino and 
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carboxyl termini of both monomers. A typical X-ray crystal structure of HIV-1 protease is 

shown in Figure 1-5B, in which the key regions are labeled. 

To date, there are over 400 structures deposited in the Protein Data Bank (PDB) 

(http://www.pdb.org) including structures of the apoenzyme and substrate- or 

inhibitor-bound HIV-1 PR. The active site region of the protease is primarily formed by 

residues 25-32, 47-53, and 80-84, in which Asp25 and Asp25’ are the major catalytic 

residues indicated in Figure 1-5B (16). The conserved active site residues include the 

catalytic triad Asp25-Thr26-Gly27, which form a loop and stabilized by a network of 

hydrogen bonds (18).  The O1 atoms in the Asp25/25’ carboxylate groups interact 

closely and form a nearly co-planar arrangement.  The hydrogen bonding network 

forming the interaction between Asp25, Thr26, and Gly27 is referred to as the “fireman’s 

grip,” as illustrated in Figure 1-6.  The O1 atom of each Thr26 is protonated by the 

amide group of the opposite Thr26 residue and deprotonated by the carboxyl group of 

residue 24 in the opposite loop (14).  

Structures of HIV-1 protease were determined crystallographically in various 

conformations. The first X-ray crystal structures of the apoenzymes were reported at 2.7 

to 3.0 Å resolution (19-22). In most of the crystal structures without ligand, HIV-1 

protease is usually found in an open conformation, in which the flaps are slightly 

oriented away from the active site (15). The binding of substrate or inhibitor requires a 

substantial movement of the flaps to form into a closed conformation (23, 24). The flaps 

shift by as much as 7 Å and the subunits rotate by about 2 around the axis along the 

subunit -sheet interface (14, 25-27). In the closed conformation, the flap residues are 

interacting strongly with substrate or inhibitor and therefore access to the active site is 

http://www.pdb.org/
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blocked. The closed conformation of HIV-1 PR, shown in Figure 1-7, illustrates the 

inaccessibility of the active site to substrate or inhibitor. 

Conformational Sampling of HIV-1 Protease 

HIV-1 protease undergoes conformational changes due to the intrinsic flexibility 

of its flaps (23, 24). The flaps of unliganded HIV-1 PR are described as having an 

ensemble of various conformational states in dynamic equilibrium, which include 

predominantly semi-open states and small populations of closed and wide-open 

conformations (28). Studies on the crystal structures of HIV-1 PR and other retroviral 

proteases have revealed that the semi-open conformation is the most 

thermodynamically stable (14). Various other techniques have been used to describe 

the different HIV-1 PR flap conformations including nuclear magnetic resonance (NMR) 

spectroscopy, isothermal titration calorimetry (ITC), and molecular dynamics (MD) 

simulations (28-43).  

NMR studies have been performed on free and bound HIV-1 protease to study flap 

dynamics (28-32). NMR relaxation experiments have shown that transverse relaxation 

rates of backbone amides of HIV-1 protease are relatively higher in the flap region of 

the free protease (28). This indicates that without substrate/inhibitor, the HIV-1 PR flaps 

are relatively flexible in the millisecond-microsecond timescale corresponding to 

conformational exchange. In the inhibitor-bound protease, the flaps, with the exception 

of residues 50 and 51, are rigid in solution (43).  A more recent study by Freedberg et 

al. has shown relaxation and nuclear Overhauser effect (NOE) data indicating that flaps 

are flexible in the sub-nanosecond (ns) timescale, which is faster than overall tumbling 

of protein (29). The sub-ns fluctuations of the flap tips (residues 49-53) reflect a 
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dynamic equilibrium between the ensemble of semi-open conformational states and 

possibly including minor populations of the closed and wide-open conformations.  

Differential scanning calorimetry (DSC) and isothermal titration calorimetry (ITC) 

have been used to study the stability of HIV-1 protease and monitor structural changes 

upon binding of ligand. The combination of DSC and ITC provides an accurate means 

of determining thermodynamic binding constants of protease-inhibitor complexes. DSC 

and ITC studies have revealed that the dimeric structure of HIV-1 PR is stabilized by 

inhibitor binding in an entropically-driven process (33-36). Structure-based analysis of 

binding energetics have shown that residues in the active site and the flap region have 

the greatest van der Waals contacts with the inhibitor and therefore contribute more to 

the energetics of binding (34). Todd et al. examined the extent of stabilization upon 

inhibitor binding by determining the residue stability constant, which is a statistical 

measure of the probability of a residue to be either in a folded or unfolded state (33, 34).  

It has been established that the central part of the protease, which includes the dimer 

interface and adjacent areas, defines the most stable region of the protease. 

Meanwhile, the flap region corresponds to the most unstable part of the protein and 

upon inhibitor binding, the flaps are forced into a conformation which allows direct 

interaction with the inhibitor. 

Unlike X-ray, which reveals only a single protein conformation, and NMR, which 

detects the average conformation, molecular dynamics (MD) simulation experiments 

sample the flap closing and opening events in HIV-1 PR (37). MD simulation studies 

were the first to provide a structure for the wide-open conformation (38, 39). Hornak et 

al. performed simulations on ligand-free HIV-1 PR using a low-viscosity implicit solvent 
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to characterize the transition from a closed to semi-open conformation (37). The 

simulations reveal that the unliganded HIV-1 PR adopts a semi-open flap conformation 

and transiently forms into the closed conformation with reversal of flap handedness, as 

seen in Figure 1-8.  Several flap opening events were observed, including the 

wide-open conformation, in which the distance between Ile50/50’ reached to about 

30 Å. Such open state exists transiently and reverts back to the predominant semi-open 

form. Hornak et al. also studied the effect of manual docking of inhibitor into the open 

state of HIV-1 PR and they observed spontaneous conversion of the protease into the 

closed form (40). X-ray crystal structures and other MD simulation studies have shown 

that flaps can adopt a curled or tucked conformation, which constitute only a small 

fraction of the conformational ensemble of HIV-1 PR (41, 42, 44). 

Recently, Double Electron-Electron Resonance (DEER) spectroscopy has been 

utilized by our group to examine flap conformations of different HIV-1 PR variants (45-

51). DEER results obtained by our group will be described in further detail in Chapter 5. 

HIV-1 Protease Cleavage Sites and Substrate Recognition 

HIV-1 protease binds to at least ten natural substrates, whose amino acid 

sequences are given in Table 1-2. The substrates do not have sequence homology and 

are asymmetric around the cleavage sites, in both size and charge distribution (52). 

According to the nomenclature of Schechter and Berger (53), the subsites within the 

substrate/inhibitor are represented as P4-P3-P2-P1/P1’-P2’-P3’-P4’, where the slash 

represents the scissile bond or cleavage site.  The residues on the N-terminal side of 

the scissile bond are unprimed while the C-terminal residues are primed (14). The 

corresponding binding pockets in the enzyme are labeled S1 and S1’, S2 and S2’, S3 

and S3’, and S4 and S4’.  
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Figure 1-9 shows an illustration of gag and gag-pol polyproteins and the 

corresponding cleavage sites. The order in which HIV-1 protease recognizes and 

cleaves gag and gag-pol polyproteins is not well-established (14). However, it is known 

that the initial cleavage occurs between p6gag-pol and PR (site VIII), which is essential for 

the release of PR (54). There is some evidence that the first target of HIV-1 PR is 

located on the p2/NC (site III) (55, 56). The last and slowest step is the cleavage of the 

CA/p2 (site II) (57, 58). Sequence variability, within the recognition sites, may affect 

rates of cleavage and impact protease activity (59).  

The mechanism of enzyme action of HIV-1 PR, commonly called the “push–pull” 

mechanism, is described by a classic acid–base catalysis (60). It involves a water 

molecule that protonates the carboxyl groups of Asp25 in both monomers. A proton 

from the carboxyl dyad is then transferred to the P1 carbonyl oxygen of the substrate, 

where the peptide bond is eventually cleaved. As shown in Figure 1-10, the mechanism 

involves a tetrahedral intermediate, which is mimicked in most of the currently used 

licensed protease inhibitors. 

In HIV-1 protease, residues 8, 23, 25, 27-30, 32, 47-50, 53, 76, 80-82 and 84 form 

the substrate binding pocket, as depicted in Figure 1-11 (61). Figure 1-11B shows the 

specific residues in the protease that interact with the substrate subsites. Substrate 

binds to the protease in an extended -strand conformation, wherein several hydrogen 

bonds form between the backbones of substrate and protease to facilitate binding (52). 

The sites between the P2‒P2’ positions on the substrate directly bridge the enzyme 

active site. The S2/S2’ interior pocket, which comprises residues 28-30, 32, 47, 49-50, 

76, and 84, is smaller compared to the other binding sites and is known to be specific 
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(14). This limits the size and type of residue at P2/P2’ that can bind the pocket (62, 63). 

Like substrates, protease inhibitors were designed so that the P2‒P2’ residues form 

strong interactions with the enzyme binding site (14). The emergence of a mutation in 

the active site can disrupt inhibitor binding at independent sites between the P2‒P2’ 

region (52). This led Schiffer et al. to structurally examine substrate recognition by 

HIV-1 protease. Their structural studies have shown that most of the substrates within 

the active site pocket adopt a toroid shape on the unprimed side (P1 to P3 region) and 

an extended conformation on the primed side, which is referred to as the “substrate 

envelope” (52). From this finding, they have suggested that the enzyme recognizes 

substrates based on shape and accessibility rather than the amino acid sequence. They 

also proposed that inhibitors should adopt the “substrate envelope” to fit well within the 

active site region. 

HIV-1 Protease Inhibitors 

There is no definitive cure or vaccine against AIDS; however, HIV infection  can be 

treated using clinically licensed drugs (16, 61). Currently, there are 25 anti-retroviral 

drugs in the market that target different steps in the HIV-1 life cycle (Figure 1-12). These 

are 1) coreceptor antagonists and fusion inhibitors, which target viral entry, 2) 

nucleos(t)ide and non-nucleoside reverse transcriptase (RT) inhibitors (NRTI and 

NNRTI), which block reverse transcription, 3) integrase inhibitors, which prevent 

integration of viral DNA into the host-cell genome, and 4) protease inhibitors (PI), which 

hinder viral maturation (61). Zidovudine or AZT (-ᴅ-(+)-3’-azido-3’-deoxythymidine), an 

RT inhibitor released in 1989, was the first drug to be approved for the treatment of 

AIDS and HIV infection. The current regimen for HIV infection uses highly-active 
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anti-retroviral therapy (HAART), which consists of a combination of licensed 

NRTI/NNRTI and/or PI.  

HIV-1 PR inhibitors were originally designed based on classical substrates or 

transition-state analogs and are modeled from the peptidomimetic inhibitors for the 

related aspartic protease, renin. However, mechanism-based screening of renin 

inhibitors and peptide mixtures has resulted in limited success in identifying HIV-1 PR 

inhibitors. “Structure-based drug design” emerged as a better strategy, and HIV-1 

protease was the first therapeutic target (64). The protease inhibitors are generally 

designed such that the P2‒P2’ region fits the active site. Most of them are hydrophobic, 

with a cyclical side chain at P1 and a fairly bulky functional group at P1’ (60). 

To date, there are ten protease inhibitors approved by the United States Food and 

Drug Administration (FDA), namely saquinavir (SQV), ritonavir (RTV), indinavir (IDV),  

nelfinavir (NFV), amprenavir (APV), fosamprenavir (FPV), lopinavir (LPV), atazanavir 

(ATV), tipranavir (TPV), and darunavir (DRV) (60, 65, 66). The chemical structures are 

shown in Figure 1-13. All are competitive active site inhibitors that bind with affinities to 

the purified enzyme ranging from low nanomolar to picomolar (60). With the exception 

of tipranivir and darunavir, protease inhibitors are peptidomimetics, which were 

designed based on the transition state formed as a result of protease-substrate 

interaction (Figure 1-10). They are composed of non-cleavable, dipeptide isosteres as 

core scaffolds and commonly contain a secondary hydroxyl group, which substitutes the 

P1 carbonyl moiety of substrates (16). The hydroxyl at the P1 site of the inhibitor is 

essential for tight binding with the protease by forming interactions with the catalytic 

Asp25/25’ residues. Another common feature in the protease-inhibitor complex is a 
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conserved water molecule that mediates contacts between the P2 and P1’ carbonyl 

oxygen atoms of the inhibitors and the Ile50/50’ amide groups of the enzyme (27).  

HIV-1 Protease Variants and Subtype Polymorphisms  

Given the relatively small size of HIV-1 protease, the sequence variability in HIV-1 

protease is presumably limited (67). However, recent data from the Los Alamos HIV 

database reveals an abundance of gene sequences derived from clinical isolates (68). 

The variability in the genetic sequence of HIV-1 protease is primarily due to the high 

mutation rate resulting from the lack of proofreading ability of viral reverse transcriptase. 

In reverse transcription, at least one nucleotide substitution occurs for every three 

rounds of replication (~10-4 to 10-5 mutations per nucleotide per cycle of replication), on 

average (69). Other factors of genetic variation include the high in vivo rate of HIV 

replication, high frequency of recombination, and the accumulation of variants during 

the course of infection (11).  The HIV-1 virus may be subjected to additional selective 

pressures, such as anti-retroviral therapy, that contribute to genetic differences between 

isolates within an individual and between individuals (15). There is no prototype or 

consensus wild-type HIV-1 protease but rather a complex mixture of related sequences 

(55).  

HIV-1 protease sequences that arise from naturally occurring polymorphisms are 

classified into groups, subtypes (or clades), and circulating recombinant forms (CRFs), 

as shown in Figure 1-14 (70). Groups refer to the viral lineage. The most common is 

Group M (major), which comprises at least nine distinct subtypes: A-D, F-H, J, and K, 

and several CRFs. The subtypes refer to the taxonomic groups within a particular 

lineage whereas CRFs refer to various recombinant forms of the virus that arise from  
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the genetic combination of two viral subtypes (68). Group O viral strains can be found in 

west-central Africa and groups N and P, which were discovered in Cameroon, are 

extremely rare (11).  

Historically, the most common HIV-1 subtype is B, which is prevalent in North 

America, Western Europe, and Australia (11). The subtype B isolates have been widely 

studied for drug screening and susceptibility testing.  However, they account for only a 

small portion of HIV-1 isolates worldwide. The majority of HIV-1 infection-related cases, 

which occur in the sub-Saharan Africa, is primarily caused by subtype C HIV-1 (1, 11). 

Recently, other subtypes have become more frequent and account for about 25% of 

HIV-infected patients, particularly in Europe (71). The Los Alamos HIV database 

contains several sequences of the subtype B viral genome (68). The most widely 

studied sequence is HXB2 (Accession Number K03455), a specific clone from the 

French isolate LAI, which does not have any identical match to sequences of other 

patient-derived isolates (72). The use of HXB2 (or LAI) as a consensus reference 

sequence is based on historical precedence (73).  

HIV-1 Protease Drug Resistant Variants 

HIV-1 protease drug-resistant variants evolve from the selective pressure of 

protease inhibitor (PI) therapy (15). The emergence of these variants has led to the 

failure of most anti-retroviral drugs (9). Almost half of the amino acid residues of these 

drug-resistant variants arise from the accumulation and persistence of multiple 

mutations, which lead to drug resistance (16, 74-76). Drug-resistant variants have 

reduced sensitivity and affinity to protease inhibitors (PI), but still maintain their ability to 

bind and process natural substrates (16).  
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The Stanford HIV database maintains a collection of the sequences of various 

HIV-1 protease isolates (74). A comparison of the HIV-1 PR subtype B sequences from 

PI-treated and untreated (PI naïve) patients reveals variations in several conserved 

regions of the protease (Figure 1-15). This suggests that exposure to inhibitor 

contributes to the prevalence of mutations in HIV-1 PR in sites that are functionally 

important in substrate binding and catalysis, such as the active site and flap regions. 

There is also a noticeable increase in the mutation prevalence in sites outside of the 

functional regions, particularly at positions 10, 36, 62, 63, 71, and 90.  

The International AIDS Society-USA group has reported data that have been 

published or presented at scientific meetings on mutations in HIV-1 PR associated with 

PI resistance (65).  The mutations are classified as either primary or secondary 

mutations. A recent review lists 15 primary mutations (30, 32, 46, 47, 48, 50, 54, 58, 74, 

76, 82, 83, 84, 88, and 90), shown in Table 1-3, that are associated with PI resistance 

(77). Based on the list, the most common mutations that arise from the majority of 

inhibitors can be found at positions 10, 46, 54, 82, and 90.  

Primary or active site mutations, which are the main contact residues for drug 

binding, cause resistance by reducing susceptibility of protease to an inhibitor (16, 61, 

65, 77). These mutations lead to inefficient processing of the enzyme and subsequent 

decrease in the replicative capacity of the virus (61). The primary mutations, which 

appear frequently in HIV-1 PR drug-resistant variants, include D30N, G48V, I50V/L, 

V82A, I84V, and L90M (16, 78). They usually emerge in combination with each other 

and other sites within and outside the enzyme active site. Studies have revealed that 

the D30N/L90M mutation is associated with nelfinavir resistance while the G48V/L90M 
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mutation arises as a result of saquinavir therapy (61, 79, 80). Mutations at I50L/V and 

I84V are usually common in atazanavir, fosamprenavir, and darunavir (77). I84V is also 

found as a major mutation in indinavir, ritonavir, saquinavir, and amprenavir therapy and 

may develop with the mutation L90M (58, 77). The most common V82A mutation is 

observed predominantly in HIV-1 isolates from patients receiving treatment with ritonavir 

as well as in combination with indinavir and lopinavir (58, 81). In cases where ritonavir is 

used as a pharmacological booster for other PIs, the mutations that are selected are the 

same as with the unboosted protease inhibitor (Table 1-3) (77).  

Secondary or compensatory mutations, which can be present before therapy or 

appear in response to inhibitors, are typically found outside the active site. They do not 

have a substantial effect on the resistance phenotype but they help restore the 

replicative capacity of the virus (61, 65, 77). For instance, the N88D mutation arises as 

a result of the nelfinavir resistance-associated D30N/L90M mutation to compensate for 

the impaired viral replication (79). They also compensate for impaired protease function 

by increasing the catalytic efficiency and thermodynamic stability of the enzyme (82-86). 

The study by Clemente et al. has shown that the combination of non-active site 

mutations M36I and A71V increased the enzymatic efficiency of a mutant containing the 

D30N primary mutation (84). Mahalingam et al. has demonstrated that mutants having 

the K45I and N88D secondary mutations increased the stability of protease, which may 

compensate for the lower activity and result in enhanced viral replication (85, 86).  

Several secondary mutations exist as common polymorphisms in drug-naïve 

patients. A number of studies have revealed that the sequences of isolates obtained 

from untreated patients possess amino acid substitutions associated with inhibitor 
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resistance (87). Some of these natural polymorphisms are found at positions 10, 36, 46, 

63, 71, 77 and 82 (67). Based on the Stanford HIV database, the mutation at position 63 

is a common amino acid polymorphism, which is found in over 50% of the HIV-1 PR 

subtype B isolates (Figure 1-14) (74). The L63P mutation occurs in multiple 

combinations with other resistance mutations to compensate for reduced viral fitness 

(16, 61, 67, 87). It has been demonstrated to improve viral replication in the presence of 

double mutations at positions 82 and 84 and therefore compensate for the deleterious 

effects of these mutations. The L63P mutation may stabilize the protease and influence 

flap motion (87, 88). 

Mechanisms of drug resistance 

Mutations in HIV-1 protease can decrease the incorporation and binding affinity of 

an inhibitor (16, 61). The altered binding is primarily due to the inherent plasticity of HIV-

1 PR, which means that the protease can adjust by rearranging interactions not only 

within the region of the mutated residue but throughout the enzyme (16, 65, 89-92). 

Active site mutations alter the shape of the binding pocket and therefore directly impact 

the protease-inhibitor interaction (23). Schiffer et al. suggested that an inhibitor, which 

protrudes beyond the substrate envelope, causes mutations in specific HIV-1 protease 

residues that it directly contacts (93). The primary mutations that have been shown to 

interact with inhibitor atoms and therefore confer drug resistance are D30, I47, G48, I50, 

V82, and I84. 

The mechanism by which non-active site mutations alter inhibitor binding remains 

elusive although it has been suggested that these mutations confer drug resistance 

through an indirect mechanism (16, 93). Rose et al. proposed that non-active site 

mutations affect protein flexibility by either preventing the flaps from adopting the wide-
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open conformation or decreasing the rate of flap closure so that the protease 

preferentially binds the substrate over the inhibitor (23). The study by Schiffer et al. 

concurred that the change in conformational flexibility as a result of the mutations can 

be explained by the hydrophobic sliding mechanism (92). Each monomer of HIV-1 

protease consists of 19 hydrophobic residues outside the active site, which comprise 

the hydrophobic core. Molecular dynamics simulation of unliganded HIV-1 protease 

demonstrated that the hydrophobic residues alter their side-chain conformations and 

exchange van der Waal contacts with other residues. The exchange of hydrophobic 

interactions resulting from the sliding of hydrophobic residues past one another is 

referred to as the hydrophobic sliding mechanism.  This process, which requires only 

minimal energy expenditure, can be correlated with changes in the dynamics of the 

protease. Thus, the conformational changes associated with non-active site secondary 

mutations can be explained by the extensive rearrangement of the hydrophobic core, 

which detrimentally impacts inhibitor binding (92). 

Influence of protease cleavage site mutations on drug resistance 

The sequence of substrate cleavage sites can coevolve with the protease to attain 

drug resistance without compromising enzyme function (93) . A number of studies have 

reported the association between specific mutations in the protease and cleavage sites, 

such as in NC/p1 and p1/p6, which alters the susceptibility of HIV-1 protease to various 

protease inhibitors (16, 94-98). One study reported that p1/p6 cleavage site mutations 

are associated with the NFV-resistant D30N/N88D protease mutations (16, 99). The 

cleavage site amino acid changes have been demonstrated to compensate for the 

negative effects of the D30N/N88D by improving the replicative capacity and processing 

of substrate. In another study, it has been determined that substitutions in the gag 
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NC/p1 cleavage site (A431V, K436E and/or I437V/T), without any alterations in the 

protease sequence, were selected during PI exposure (65, 99). Additionally, Goodenow 

et al. (59) studied the association of gag-pol mutations with protease activity and Ho et 

al. (100) established a correlation between drug-associated changes in the gag-pol 

amino acid residues and viral replication and drug response. The findings from these 

studies suggest that the sequence of the cleavage site can undergo changes to 

compensate for the decreased interactions between mutant protease and substrate and 

therefore improve substrate binding and enzyme catalytic activity (65). In addition to the 

emergence of protease resistance to protease inhibitors, prolonged exposure to PI may 

lead to evolution of protease cleavage sites to maintain viral fitness (16). 

Scope of Work 

Details of HIV-1 PR Constructs 

Naming and abbreviations of constructs (e.g. Bsi) used in this work are described 

as follows. A subscript “s” following the subtype or variant of HIV-1 protease stands for 

stabilization against autoproteolysis. In subtype B HIV-1 PR, autoproteolytic cleavage 

has been found to occur between positions 6 and 7, 33 and 34, and 63 and 64. The 

Q7K mutation carried out by Rose et al. reduced the rate of autoproteolysis by more 

than a 100-fold (101). Meanwhile, the mutant protease constructed by Mildner et al., 

which consists of L33I and L63I substitutions, increased the stability of the HIV-1 

protease with specificity and kinetic properties similar to the wild-type enzyme (102). In 

this work, the Q7K, L33I and L63I mutations were engineered into the subtype B HIV-1 

PR construct to increase the stability of the enzyme and slow down autoproteolysis of 

active protease. The subscript “i” refers to inactive protease, in which a D25N mutation 

was incorporated into the sequence. The naturally occurring cysteine residues (C67A 
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and C95A) were substituted with alanine for the purpose of site-directed spin-labeling 

and to prevent non-specific disulfide bonding. All constructs for electron paramagnetic 

resonance (EPR) spectroscopy studies were engineered with a K55C mutation, which 

will be described in further detail in Chapter 5. In this work, the Bsi construct, which is 

the inactive form of subtype B LAI and contains the stabilizing mutations (Q7K, L33I, 

and L63I), is used as the reference construct.

The primary constructs used in this work are variants of subtype B HIV-1 PR. The 

sequences were derived from gag-pol alleles obtained from a pediatric subject (D1) 

infected with HIV by maternal transmission (59). The gag-pol alleles were isolated from 

serial blood samples obtained over 7 years before therapy initiation (pre-therapy) and 

after the development of multiple drug resistance following 77 weeks of initial 

combination protease inhibitor (PI) therapy including ritonavir (RTV) and an additional 

16 weeks of treatment with indinavir (IDV) (post-therapy) (100). The pre-therapy and 

post-therapy protease sequences will be referred to as PRE and POST, respectively. 

Table 1-4 shows the sequence alignment of the PREi and POSTi protease constructs 

with the reference construct Bsi and multi-drug resistant constructs, V6i (90) and 

MDR769i (103), which were also obtained from patient isolates.  The crystal structures 

in Figure 1-16 show that PREi contains four amino acid substitutions relative to subtype 

B LAI, excluding the D25N, C67A, and C95A mutations. POSTi consists of mutations in 

the active site (V82A), near-active site (L10I and I15V), flap (I54A and Q58E), and hinge 

(E34Q, M36I, and T37N) regions, some of which are also found in V6 and MDR769. 

Previous Work on HIV-1 PR Constructs 

In the presence of combination protease inhibitor (PI) anti-retroviral therapy, 

mutations in gag and gag-pol develop in viruses in vivo during replication. Ho et al.  
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investigated the pre-therapy and post-therapy gag-pol polyprotein and protease 

constructs to assess the influence of amino acid changes in gag and PR on viral fitness 

and drug resistance (100). To reveal which particular amino acid substitutions 

contributes to a change in viral replicative capacity and PI sensitivity, specific sites on 

the post-therapy gag and protease sequence were back-mutated into the pre-therapy 

(PRE) sequence. Each mutant consists of mutations at specific sites in the PR 

sequence and gag mutations at p2 (V376I) and p7 (V398E). The specific mutations are 

summarized in Table 1-5. The amino acids at position 487 (p6gag), 494 (p6gag) and 437 

(p6gag-pol) remain the same as in the post-therapy (POST) sequence. 

The first mutation was carried out in the active site of the PR sequence wherein 

post-therapy alanine was converted to pre-therapy valine (A82V) (100). This resulted to 

a recovery of about 50% replicative capacity and an increase in sensitivity to either PI 

inhibitors, RTV or IDV, about half relative to pre-therapy virus. Mutation of the flap 

region, particularly at residues 54 and 58 (A54I, E58Q), improved viral replication and 

increased sensitivity to RTV. However, this virus was more resistant to IDV compared 

with the post-therapy virus. The third set of mutations involves a combination of active 

site (A82V) and near-active site (I10L, V15I) mutations. The final mutant consists of a 

combination of mutations in the flap (A54I, E58Q) and hinge (Q34E, I36M, N37T) 

region. The viruses containing the latter sets of mutations failed to restore replicative 

capacity to the post-therapy virus. However, these viruses showed reduced resistance 

to PI with levels similar to the pre-therapy virus. These results indicate that replication 

fitness does not necessarily correlate with susceptibility to PI (100). The findings of the 

study also reveal that gag can be a dominant modulator of protease resistance 
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phenotype by varying susceptibility of PR to inhibitors.  Mutations in the gag p2/p7 

cleavage site and p7 failed to fully recover viral replicative capacity but changes in these 

positions modulated response to PI. 

Objectives of Work 

The functionally important region of the HIV-1 protease that has drawn much 

attention is the flap region. The flexibility of the flaps allows control of substrate or 

inhibitor access to the active site (23, 24). It is believed that either naturally occurring 

polymorphisms or drug-pressure selected mutations in the protease can alter flap 

conformation and flexibility and therefore influence the accessibility of a substrate or 

inhibitor (83-85, 90, 104, 105). Thus, further study on the effect of mutations on flap 

conformation and flexibility is necessary. To characterize the flap conformations, spin 

labels were incorporated on specific sites on each flap using the site-directed spin 

labeling (SDSL) technique and the distance between the spin labels was measured 

using a pulsed electron paramagnetic resonance (EPR) method, called Double 

Electron-Electron Resonance (DEER) spectroscopy. 

The overall goal of this work is to purify and characterize inactive subtype B HIV-1 

PR variants for analysis by DEER spectroscopy. The previously described constructs, 

PREi, POSTi, and POSTi mutants containing the amino acid substitutions listed in Table 

1-5, were studied. These constructs were characterized using the following techniques: 

SDS-PAGE, circular dichroism (CD) spectroscopy, mass spectrometry (MS), and 

continuous wave-electron paramagnetic resonance (CW-EPR) spectroscopy. DEER 

analysis was carried out on PREi, POSTi, POSTi-A82V, Bsi, and Bsi-I63P apo constructs 

to compare the flap conformations and determine whether the conformational changes 

are associated with drug-pressure selected mutations. The Bsi-I63P mutant was 
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constructed to detect a conformational change resulting from a single amino acid 

substitution. The effect of the inhibitor, ritonavir (RTV), on the flap conformations of 

PREi and POSTi was also investigated. 

Summary 

This chapter has provided an introduction to HIV and HIV-1 protease. The 

structure and function of HIV-1 PR was described in detail, particularly focusing on the 

various conformations of the protease and its correlation with enzyme function.  The 

occurrence of different variants of HIV-1 PR and the basis for the existence of naturally 

occurring polymorphisms and drug-pressure selected mutations was presented. The 

HIV-1 PR constructs studied in this work has been described. 

The succeeding chapters will present the techniques and methods used and the 

results obtained in this work. Chapter 2 will provide a background on the various 

techniques used. In Chapter 3, the methodology and results for cloning and 

mutagenesis of all HIV-1 PR constructs will be presented. Chapter 4 will present the 

methods and results for the purification and characterization of all HIV-1 PR constructs. 

Chapter 5 will provide a description of the experimental design and methodology used 

for analyzing HIV-1 PR by DEER spectroscopy. In addition, previous DEER work on 

HIV-1 PR done by our group will be described. Results of DEER analysis on particular 

HIV-1 PR constructs will also be presented. 
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Figure 1-1. The assembly of viral proteins and other constituents in HIV-1. Figure 
adapted from Levy (2). 
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Figure 1-2. Schematic diagram of the HIV-1 genome containing the genes that code for 
several polyproteins including gag and gag-pol. Figure adapted from Levy (5).
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Table 1-1. Various proteins expressed by the HIV-1 genes.  

NAME SIZE FUNCTION LOCALIZATION 

Gag    
MA p17 Membrane anchoring; Env 

interaction; nuclear transport 
of viral core (myristylated 
protein) 

Virion 

CA p24 Core capsid Virion 
NC p7 Nucleocapsid, binds RNA Virion 
Pol    
Protease (PR) p15 Gag and gag-pol cleavage and 

maturation 
Virion 

Reverse 
Transcriptase 
(RT) 

p66 Reverse transcription  Virion 

RNase H p51 RNase H activity Virion 
Integrase (IN) p31 DNA provirus integration Virion 
Env gp120/gp41 External viral glycoproteins 

bind to CD4 and secondary 
receptors 

Plasma 
membrane, virion 
envelope 

Tat p16/p14 Viral transcriptional 
transactivator 

Primarily in 
nucleolus/nucleus 

Rev p19 Regulates viral mRNA 
expression; RNA transport, 
stability and utilization factor 
(phosphoprotein) 

Primarily in 
nucleolus/nucleus 
shuttling between 
nucleolus and 
cytoplasm 

Vif p23 Promotes virion maturation 
and infectivity 

Cytoplasm 
(cytosol, 
membranes), 
virion 

Vpr p10-15 Virus replication; Promotes 
nuclear localization of pre-
integration complex, inhibits 
cell division, arrests infected 
cells at G2/M stages in cell 
cycle 

Virion/nucleus 
(possibly nuclear 
membrane) 

Vpu p16 Promotes extracellular release 
of viral particles; degrades 
CD4 in the ER 

Integral membrane 
protein 

Nef p25-p27 Virus suppression; CD4 and 
MHC class I down-regulation 
(myristylated protein) 

Plasma 
membrane, 
cytoplasm 
(possibly virion) 

Table adapted from HIV Sequence Compendium 2010 (6). 
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Figure 1-3. Viral life cycle of HIV-1. Numbered steps are described in the text in detail.  
Figure adapted from National Institute of Allergy and Infectious Diseases 
(http://www.niaid.nih.gov).  
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Figure 1-4. Structural assembly of HIV-1 from an immature to a mature virus. Image 
courtesy of National Institute of Allergy and Infectious Diseases 
http://www.niaid.nih.gov). 

http://www.niaid.nih.gov/
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Figure 1-5. Ribbon diagrams of HIV-1 PR (PDB ID 2BPX) highlighting the A) four 
structural elements, A1 and A2 loop (yellow), B1 and B2 loop (blue), C1 loop 

and C2 -helix (red), and D1 and D2 loop (green) and B) main regions. 
Structures rendered by PyMOL (17).  
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Figure 1-6. Illustration of the “fireman’s grip”. A) Top view and B) side view, in which the 
hydrogen bonds between the active site residues are shown. Atoms are color-
coded as follows: carbon (gray), oxygen (red), and nitrogen (blue). Carbon 
atoms of Leu24 are shaded green to distinguish it from the Asp25-Thr26-
Gly27 catalytic triad. Structures rendered by PyMOL (17).  
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Figure 1-7. Crystal structures of HIV-1 PR (PDB ID 2BPX) A) top view and B) space 
filling model in the closed conformation. Structures rendered by PyMOL (17).  

A B C

 

Figure 1-8. Molecular dynamics (MD) simulation structures of HIV-1 PR. Top view (top) 
and side view (bottom) of the A) closed, B) semi-open, and C) wide-open flap 
conformations. Figure modified from Simmerling et al. (37).  
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Table 1-2. Cleavage sites in HIV-1 polyproteins. 
Site Location HXB2

a
 Consensus Sequence 

 gag polyprotein   
I MA/CA  VSQNY / PIVQN  

II CA/p2  KARVL / AEAMS  

III p2/NC  SATIM / MQRGN 

IV NC/p1  ERQAN / FLGKI  

V p1/p6gag  RPGNF / LQSRP 

 pol polyprotein   
VI NC/TFP  ERQAN / FLREN 

VII TFP/p6gag-pol  EDLAF / LQGKA 

VIII p6gag-pol/PR  TSFSF / PQITC 

IX PR/RT  CTLNF / PISPI 

X RT/RN GAETF / YVDGA  

XI RN/IN  IRKVL / FLDGI 

 Nef polyprotein  
 Nef  AACAW / LEAQE 
aPDB accession ID of HIV-1 PR subtype B LAI consensus reference sequence. 
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I II III VI VII VIII IX

RN IN

X XI  

Figure 1-9. Schematic representation of HIV-1 gag and gag-pol polyproteins. Arrows 
and numbers designate cleavage sites (refer to Table 1-2 for the location of 
sites). The representations of the labels are as follows: MA (matrix), CA 
(capsid), NC (nucleocapsid), PR (protease), RT (reverse transcriptase), RN 
(RNase H), IN (integrase), p2 (red-shaded box), p1 (blue-shaded box), TFP 
(transmembrane protein, gray-shaded box).  
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Figure 1-10. Chemical structure of HIV-1 PR substrate showing the scissile bond 
between the P1/P1’ site (left) and the transition state intermediate (right) 
formed during substrate cleavage.  
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Figure 1-11. Substrate binding pocket of HIV-1 protease. A) Ribbon diagram (PDB ID 
2BPX) showing the primary residues involved in substrate binding. Residues 
from the two subunits of the dimer are distinguished by a prime. B) Enlarged 
view of the substrate binding pocket (PDB 1F7A). Structures rendered by 
PyMOL (17). 
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Figure 1-12. Various types of inhibitors targeting different stages in the HIV-1 viral life 
cycle. Figure adapted from National Institute of Allergy and Infectious 
Diseases (http://www.niaid.nih.gov).  

http://www.niaid.nih.gov/
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Figure 1-13. Chemical structures of the FDA-approved HIV-1 protease inhibitors (PI).  
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Figure 1-14. General classification of HIV.  
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Figure 1-15. Sequence variation of protease inhibitor (PI) naïve and treated isolates of 
subtype B HIV-1 PR. The mutation prevalence is relative to the LAI 
consensus sequence. (DR = dimerization region, AS = active site)
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Table 1-3. Protease inhibitor (PI) resistance-associated mutations.  
Inhibitor Primary Mutations Secondary Mutations 

Atazanavir/ 
+/- Ritonavir 

I50L, I84V, N88S L10I/F/V/C, G16E, K20R/M/I/T/V, L24I, 
V32I, L33I/F/V, E34Q, M36I/L/V, M46I/L, 
G48V, F53L/Y, I54L/V/M/T/A, D60E, 
I62V, I64L/M/V, A71V/I/T/L, G73C/S/T/A, 
V82A/T/F/I, I85V, L90M, I93L/M 

Darunavir/ 
Ritonavir 

I47V, I50V, I54L/M, L76V, I84V V11I, V32I, L33F, T74P, L89V 

Fosamprenavir/ 
Ritonavir 

I50V, I84V L10F/I/R/V, V32I, M46I/L, I47V, I54L/V/M, 
G73S, L76V, V82A/F/S/T, L90M 

Indinavir/ 
Ritonavir 

M46I/L, V82A/F/T, I84V L10I/R/V, K20M/R, L24I, V32I, M36I, 
I54V, A71V/T, G73S/A, L76V, V77I, 
L90M 

Lopinavir/ 
Ritonavir 

V32I, I47V/A, L76V, V82A/F/T/S L10F/I/R/V, K20M/R, L24I, L33F, M46I/L, 
I50V, F53L, I54V/L/A/M/T/S, L63P, 
A71V/T, G73S, I84V, L90M 

Nelfinavir D30N, L90M L10F/I, M36I, M46I/L, A71V/T, V77I, 
V82A/F/T/S, I84V, N88D/S 

Saquinavir/ 
Ritonavir 

G48V, L90M L10I/R/V, L24I, I54V/L, I62V, A71V/T, 
G73S, V77I, V82A/F/T/S, I84V 

Tipranavir/ 
Ritonavir 

I47V, Q58E, T74P, V82L/T, N83D, I84V L10V, L33F, M36I/L/V, K43T, M46L, 
I54A/M/V, H69K/R, L89I/M/V 

Table adapted from Johnson et al. (77). 

Table 1-4. Sequence alignment of subtype B LAI, Bsi, PREi, POSTi, V6i, and MDR769i. 
Amino acid residues in blue represent differences relative to LAI. D25N and 
K55C mutations are labeled red and green, respectively. Q7K, L33I, and L63I 
stabilizing mutations are highlighted in yellow. C67A and C95A mutations are 
highlighted in cyan. 

Construct Sequence 

           10           20           30            40           50   

B (LAI) PQITLWQRPL VTIKIGGQLK EALLDTGADD TVLEEMSLPG RWKPKMIGGI 

Bsi ------K--- ---------- ----N----- --I------- ---------- 

PREi ---------- ---------- ----N----- ------T-T- ---------- 

POSTi ---------I ----V----- ----N----- ---Q-IN-T- ---------- 

V6i ---------- ---------R ----N----- -IF--I---- ---------- 

MDR769i ---------I ---------- ----N----- -----VN--- -----L---- 

           60           70           80            90              

B (LAI) GGFIKVRQYD QILIEICGHK AIGTVLVGPT PVNIIGRNLL TQIGCTLNF 

Bsi ----C----- --I---A--- ---------- ---------- ----A---- 

PREi ----C----- -VP---A--- ---------- ---------- ----A---- 

POSTi ---AC--E-- -VP---A--- ---------- -A-------- ----A---- 

V6i ----C----- --P---A--- V--------- -A-------M ----A---- 

MDR769i ---VC----- -VP---A--- V--------- -A-V-----M ----A---- 
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V6 MDR769  

Figure 1-16. Ribbon diagrams of HIV-1 PR PRE, POST, V6, and MDR769, in which the 
amino acid differences relative to subtype B LAI are highlighted and labeled. 

Table 1-5. Amino acid substitutions made on post-therapy (POST) sequence.   

MUTANT gag PR 

PMUT1 V376I, V398E A82V 
PMUT2 V376I, V398E A54I, E58Q 
PMUT3 V376I, V398E I10L, V15I, A82V 
PMUT5 V376I, V398E Q34E, I36M, N37T, A54I, E58Q 
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CHAPTER 2 
BACKGROUND ON TECHNIQUES 

Cloning and Protein Expression Systems 

Molecular cloning, also referred to as recombinant DNA technology, is a modern 

approach for obtaining sufficient quantities of a protein of interest. Cloning involves the 

insertion of a DNA segment of interest into an autonomously replicating DNA molecule 

or vector, which is used for the propagation of the target gene in a host bacterial cell 

(106, 107). The widely used bacterial system is Escherichia coli (E. coli). The vector, 

which contains suitable transcription and translation control elements, is also used for 

high-level production or overexpression of the target protein in the host cell (108). 

Protein expression using recombinant DNA technology requires careful selection of the 

DNA for insertion, vector, and type of E. coli cells.   

  Synthetic DNA can be purchased from DNA 2.0 (https://www.dna20.com) or 

other companies with DNA synthesizers. The advantages of using synthetic genes 

include the optimization for codon usage bias and enhancement of protein expression 

(109). Codon optimization is important particularly if the target protein is not naturally 

expressed in E. coli. The difference in the codon usage of prokaryotic and eukaryotic 

systems results in a poor level of protein expression (107). In addition, the DNA insert 

can be constructed to prevent the formation of secondary structures in mRNA, such as 

pause or stop loops, which may block translation (107, 109).  

 A typical expression vector, also known as plasmid, is shown in Figure 2-1. It is a 

circular, double-stranded DNA (dsDNA), which can replicate independently from the 

chromosome. The gene of interest can be inserted into the vector if restriction sites 

found in the plasmid are incorporated at the ends of the DNA insert. The chosen 

https://www.dna20.com/
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restriction sites should not be naturally present within the gene to avoid excision of the 

gene by restriction enzymes. Restriction enzymes are endonucleases that recognize 

and cut a particular site producing a “staggered cut” or short overhanging single-

stranded ends, referred to as sticky ends (108). The restriction sites are usually 

palindromic, that is, the sequence is read the same on both strands. The DNA of 

interest is then inserted into the plasmid by ligation, the process of aligning the ends of 

two double-stranded DNA molecules to form a covalent linkage or a phosphodiester 

bond (106).  

Vectors consist of several features that are essential for its propagation in a host 

cell (108). The plasmid generally possesses an origin of replication (ori) so that DNA 

can replicate. It also contains a selectable marker or a resistance gene to distinguish 

cells that have taken up the vector from those that have not. A commonly used 

resistance gene is bla or ampR, which encodes -lactamase to inactivate ampicillin, an 

antibiotic that hinders growth of bacteria by preventing the polysaccharide chains in the 

bacterial cell walls to cross-link. In effect, cells with the amp gene survive in a medium 

containing ampicillin whereas those without the resistance gene die. Expression vectors 

possess a multiple cloning site (MCS) or polylinker region, which contains several 

restriction sites for insertion of the gene of interest. Plasmids also consist of a promoter 

region, where RNA transcription begins. Promoters such as the T7 promoter are often 

inducible and not constitutive.  

The pET vector system, which is based on the T7 promoter-driven system, has 

been used to express thousands of different proteins (110-112). These vectors are often 

transformed into a host bearing the DE3 lysogen, which is the T7 RNA polymerase 
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gene, for expression of target proteins (113). Figure 2-2 illustrates the host and vector 

elements available for control of T7 RNA polymerase levels using the pET system 

(114). A number of pET vectors are commercially available including the pET23a vector 

(Figure 2-3), which is chosen for this work.  

The E. coli expression system has many advantages including its ease of growth 

and manipulation and the availability of a variety of vectors and host strains that have 

been developed for maximizing protein expression (107). However, the challenge is in 

choosing the appropriate host strain for a particular expression vector. The pET vector 

system requires a host strain containing the bacteriophage DE3 gene, which encodes 

for T7 RNA polymerase (114). The benefit of having DE3 lysogen with a lacUV5 

promoter is that target genes are expressed only upon induction therefore basal 

expression levels and target gene expression can be controlled (112, 113). As 

illustrated in Figure 2-2, transcription of T7 RNA polymerase and expression of target 

gene proceeds by induction using lactose or its analog. Isopropyl-β-D-1-

thiogalactopyranoside (IPTG) is the commonly used lactose analog (Figure 2-4). The  

use of the T7 expression system results in the production of large amounts of the 

desired protein after induction.  

 The most widely used hosts are BL21 and its derivatives, which lack both lon and 

ompT proteases (115, 116). In this work, BL21(DE3) cells with genotype E. coli B F- 

dcm ompT hsdS(rB
- mB

-) gal λ(DE3) is used as the expression strain because it contains 

the T7 system, which allows for high-level protein expression and easy induction (117). 

The BL21(DE3)pLysS cells of the genotype E. coli B F- dcm ompT hsdS(rB
- mB

-) gal 

λ(DE3) [pLysS Camr] are similar to the BL21(DE3) strain, but contains the pLysS 
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plasmid, which provides tighter control of protein expression (117). This strain carries 

the gene encoding for T7 lysozyme, which binds to T7 RNA polymerase to reduce basal 

transcription of target genes in the uninduced state. T7 lysozyme lowers the background 

expression level of target genes but does not interfere with levels of expression after 

induction with IPTG. The presence of target protein before induction can be potentially 

toxic to the host cell and results in low level of protein expression upon induction.   

Thus, BL21(DE3)pLysS cells are primarily used to minimize the production of toxic 

proteins.  

Site-Directed Mutagenesis 

Site-directed mutagenesis is an important technique in molecular biology for 

modifying DNA sequences, particularly in studying protein structure-function 

relationships. Most of the mutagenesis methods have been developed based upon the 

polymerase chain reaction (PCR) (108). The most common and simplest method is the 

QuickChange™ Site-Directed Mutagenesis System developed by Stratagene (118). In 

this method, a dsDNA vector is used as a template and primers containing the site of 

mutation are allowed to anneal to the DNA followed by extension using PCR (119). For 

each round of PCR, the mutation of interest is introduced using a pair of complementary 

primers.  

Site-directed mutagenesis imposes certain requirements on the primers to favor 

primer-template annealing rather than primer-dimer formation (118, 119). Primers have 

a typical length of about 25–45 bases. Longer oligonucleotides are more specific and 

stable. The site of mutation is normally situated in the middle of the oligonucleotide such 

that about 10-15 base pairs are present on each side. The requirement for primer 

melting temperature (Tm) is at least 78C, which should be higher than the annealing 
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temperature. Oligonucleotides with higher GC content have a greater Tm and are 

therefore more stable; however GC base pairs at the ends should be minimized to avoid 

the primer from annealing to itself.  

The typical strategy for site-directed mutagenesis is shown in Figure 2-5 (119). 

The first step involves annealing of the primers to the template plasmid DNA. Then, 

DNA is linearly amplified using PCR in the presence of deoxynucleotide triphosphates 

(dNTPs) and DNA polymerase. A high-fidelity polymerase is used to minimize the 

chances of introducing unwanted mutations when extending an entire plasmid. Pfu DNA 

polymerase is especially used for this purpose because it is thermostable, non-strand 

displacing, and has the 3’-5’ proofreading ability (118).  Also, addition of 

dimethylsulfoxide (DMSO) into the reaction mixture prevents primers and template DNA 

to anneal to itself (119). DMSO disrupts base pairing, facilitating strand separation in 

GC rich regions of DNA, and reducing the propensity of the DNA to form secondary 

structure. After the PCR reaction, the product is digested with DpnI.  This endonuclease 

preferentially nicks dam methylated and hemimethylated DNA (5´-Gm6
ATC-3´, where 

 represents the cleavage site) and thus digests the parental plasmid but not the PCR 

product. DNA isolated from almost all E. coli strains is dam methylated and therefore 

susceptible to DpnI digestion. Also, the template plasmid must not come from a 

methylation deficient (dam-) E. coli strain such as JM101.  Following DpnI digestion, the 

PCR product is transformed into a suitable strain of E. coli cells, e.g. XL1-blue cells, 

which is capable of sealing nicks in the PCR product. Without the DpnI digest, a large 

number of colonies will contain the parental DNA and not the plasmid DNA having the 
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mutation of interest because the transformation efficiency of the template plasmid is 

several orders of magnitude better than the linear PCR product.  

Purification and Characterization of Proteins 

The initial step in the isolation of a target protein involves cell lysis (106). Methods 

for breaking open cells involve mechanical disruption using a homogenizer, which uses 

a closely-fitting piston and sleeve to crush tissue; a French press, which is a device that 

shears open cells by pushing through a small orifice at high pressure; or a sonicator, 

which uses ultrasonic vibrations. After lysis, cells are filtered or centrifuged to remove 

particulate cell debris. The protein of interest is usually present in the supernatant 

solution. However, the water-soluble protein may also settle into inclusion bodies in the 

form of a cell pellet.  

Isolation of Proteins from Inclusion Bodies and Refolding 

Recombinant proteins are most often expressed in the intracellular space of the 

bacteria, but expression can be controlled so that the target protein is secreted into the 

periplasmic space or into the culture medium (107). Some water-soluble proteins are 

also produced in the bacterial cell in insoluble form, which lack biological activity as a 

result of protein misfolding and aggregation. Such proteins are sequestered into 

inclusion bodies. 

 After cell lysis, inclusion bodies can be separated by centrifugation from soluble 

proteins and other cellular components. It is then solubilized using denaturants, such as 

urea or guanidine hydrochloride, and reducing agents to break the disulfide bonds. 

Removal of the denaturant and the process of refolding the protein are carried out either 

by dilution or dialysis (107). The conditions of refolding and reformation of disulfide 
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bonds, which varies from protein to protein, must be optimized by determining the 

suitable pH and ionic strength of buffer, detergent, dilute acid or base to be used.  

Chromatography 

 Protein purification requires chromatography to separate the target protein from 

all other proteins. The basic principle of chromatography is to bind a protein of interest 

to a solid support followed by elution using a suitable solvent (120). Separation can be 

based on ionic interactions, size exclusion, or affinity.  

In ion exchange chromatography, ions bound electrostatically to an insoluble and 

chemically inert matrix, called cation or anion exchangers, are reversibly replaced by 

ions in solution (106). Proteins, in particular, are polyelectrolytes that possess both 

positive and negative charges and as such bind to either cation or anion exchangers. 

The strength of binding depends on the number of charges in the protein. The electrical 

charge of proteins depends on the amino acid composition and the pH of the medium. If 

the pH is lower than the isoelectric point (pI), the protein will have a positive net charge 

and a pH above the pI will lead to a net negative charge. In purifying protein, the pH and 

salt concentration of the buffer are chosen so that the desired protein is strongly bound 

to the selected ion exchanger (120). Weakly bound protein can be eluted with salt 

solutions of low concentrations whereas strongly bound proteins require high salt 

concentrations of about 10 mM to 1 M. Cellulosic ion exchangers, such as DEAE 

(diethylaminoethyl), are typically employed in the initial stage of purification to separate 

the target protein from the rest of the components in the cell lysate, which bind to the 

column.   

 Gel filtration, also called gel chromatography or size exclusion chromatography 

(SEC), is based on the different sizes and shapes of protein molecules (106). The 



 

63 

matrix is composed of beads made of hydrated, sponge-like material containing pores 

of different sizes. If a solution containing molecules of varying size is passed through a 

gel column, smaller molecules diffuse into the beads and prolong column passage. The 

largest proteins, however, cannot penetrate the pores and therefore traverse the column 

more rapidly. Gel filtration is a gentle method because proteins are not bound to the gel; 

however, the drawback is that it requires small volumes of concentrated samples (120). 

The method is typically carried out as the last step in the purification process. 

 Affinity chromatography is based on the ability of proteins to interact with specific 

molecules tightly but noncovalently, e.g. enzymes with substrates, receptors with 

ligands, antibodies to antigens, or glycoproteins with lectins (120). In this technique, 

protein in solution is separated from other substances by interacting with a ligand that is 

covalently attached to an inert and porous matrix. The desired protein is then recovered 

in highly purified form by optimized elution conditions, i.e. changing the pH or ionic 

strength to reduce protein-ligand interactions.  

Fusion tags can be incorporated into vectors to allow expression of proteins with a 

short peptide sequence attached to the N- or C-terminus and thereby facilitate detection 

and purification of the target protein (107, 114). The presence of tags in the protein 

improves purification because the tagged protein can bind specifically to a particular 

resin. Commercially available tags include His6 (six tandem histidine residues, which 

bind to Ni-NTA), GST (glutathione S-transferase, which binds to glutathione-

Sepharose), thioredoxin (binds to ThioBond resin) and maltose binding protein (binds to 

amylose resin) among others (107). The His-Tag sequence is particularly useful for 

purifying proteins that are initially expressed in inclusion bodies because affinity 
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purification can be accomplished in denaturing conditions that solubilize the protein 

(114).  

SDS-PAGE  

Electrophoresis is the process of moving charged molecules by applying an 

electric field (121). Electrophoresis of macromolecules, such as proteins and nucleic 

acids, is carried out in a porous matrix of either polyacrylamide or agarose gel. When an 

electric field is applied to a protein solution, it migrates at a rate that depends on its net 

charge, size, and shape (120, 122).  

Sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) uses a 

highly cross-linked gel of polyacrylamide as the inert matrix through which the proteins 

migrate (122). The matrix serves as a size-selective sieve in the separation. The gel is 

prepared by polymerization of acrylamide and cross-linked by methylene bis-

acrylamide. The pore size of the gel can be adjusted so that it is small enough to retard 

the migration of the protein molecules of interest.  

SDS-PAGE is often employed under denaturing conditions so that proteins are 

separated only according to size (120). Before electrophoresis, protein samples are 

dissolved in a sample buffer, which contains a reducing agent such as dithiothreitol 

(DTT) or β-mercaptoethanol (BME) to break any disulfide linkages in the proteins. The 

samples are then boiled to disrupt the tertiary structure of the protein such that all of the 

constituent polypeptides of a multi-subunit can be analyzed separately. The sample 

buffer also includes a negatively charged detergent, sodium dodecylsulfate (SDS), 

which binds to the hydrophobic regions of the protein molecules, causing them to unfold 

into extended polypeptide chains and release from their associations with other proteins 

or lipid molecules (122). SDS binds to the protein at a fairly constant ratio of about 1 
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molecule of SDS per 3 amino acids, resulting in an almost constant charge to weight 

ratio and a net negative charge (120). The proteins then migrate to the anode or 

positive end of the electrophoresis reservoir with a constant acceleration, independent 

of their composition. The size of a protein can be estimated by comparing the distance 

of migration with standard proteins of known molecular weight. 

Circular Dichroism (CD) Spectroscopy  

 Circular dichroism (CD) spectroscopy is a technique often used for monitoring 

protein folding. Similar to ultraviolet-visible (UV-Vis) spectroscopy, it is based on the 

principle of light absorption of a certain material as a function of wavelength (106). A 

solution containing a solute absorbs light according to the Beer-Lambert law (Equation 

2-1), 
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where A is the solute’s absorbance or optical density, I0 is the incident intensity of light 

at a given wavelength , I is the transmitted intensity at ,  is the molar extinction 

coefficient of the solute at , c refers to the molar concentration, and l is the length of 

the light path in cm. Because the value of  varies with , A or  can be plotted against  

to yield the absorbance spectrum. The wavelength of absorption depends on the 

functional groups (chromophores) or arrangement of atoms in the sample (123). 

Polypeptides absorb strongly in the ultraviolet (UV) region of the spectrum ( = 100 to 

400 nm) because of the aromatic side chains of Phe, Trp, and Tyr (124). In general, the 

wavelength at 280 nm is used to monitor the optical density of proteins. 
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 Chromophores in chiral environments generate circular dichroism as a 

consequence of light absorption (124). A CD spectrometer measures the intensity of 

absorption of left-circularly polarized light relative to that of right-circularly polarized light 

over a continuous range of wavelengths. Proteins are chiral molecules with different 

values for left and right circularly polarized light, L and R. The difference in these 

quantities,  = L - R, as a function of  constitutes the CD spectrum. Different 

structural elements exhibit certain characteristic spectra, shown in Figure 2-6. Spectra 

of -helical proteins produce very intense CD signals, which correspond to negative 

bands at 222 nm and 208 nm and a positive band at 193 nm, whereas spectra for 

proteins with -sheet structure are variable, with a negative band appearing at 218 nm 

and positive band at 195 nm (126, 127). Disordered proteins, which have a “random” 

conformation, have very low ellipticity above 210 nm and negative bands near 195 nm 

(126). The CD spectrum can be analyzed to determine the percentage of secondary 

structure present in a single polypeptide or protein molecule (127). Various software for 

analyzing CD data are available at the following websites: CDPro 

(http://lamar.colostate.edu/~sreeram/CDPro/main.html), Circular Dichroism at UMDNJ 

(http://rwjms.umdnj.edu/research/cdf/about_cd/applications.html), CONTIN 

(http://s-provencher.com/pages/contin-cd.shtml), CCA + the CD Spectrum Analyser 

System (http://www.chem.elte.hu/departments/protnmr/cca/), DICROPOT 

(http://dicroprot-pbil.ibcp.fr/), DICHROWEB 

(http://dichroweb.cryst.bbk.ac.uk/html/home.shtml), K2D 

(http://www.embl.de/~andrade/k2d.html), and SOMCD 

(http://geneura.ugr.es/cgi-bin/somcd/index.cgi) (126).  

http://lamar.colostate.edu/~sreeram/CDPro/main.html
http://rwjms.umdnj.edu/research/cdf/about_cd/applications.html
http://s-provencher.com/pages/contin-cd.shtml
http://www.chem.elte.hu/departments/protnmr/cca/
http://dicroprot-pbil.ibcp.fr/
http://dichroweb.cryst.bbk.ac.uk/html/home.shtml
http://www.embl.de/~andrade/k2d.html
http://geneura.ugr.es/cgi-bin/somcd/index.cgi
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Mass Spectrometry (MS) 

Mass spectrometry (MS) is widely used for the identification and characterization 

of biological macromolecules, particularly proteins. It is a technique that measures the 

molecular mass by analysis of the ions produced upon ionization of a sample (128). 

Samples are traditionally ionized by electron-impact (EI), where molecules are 

bombarded with high energy particles, producing numerous fragments. Recent MS 

techniques use “soft” ionization methods to produce molecular ions and to overcome 

the problems associated with the thermal instability and involatility of macromolecular 

analytes (129).  

The electrospray ionization (ESI) technique is a soft ionization method, which is 

capable of generating non-fragmented molecular ions from biological macromolecules 

in aqueous solution (128). In this method, the sample is passed through a low voltage 

needle, in which the electric field at the needle tip disperses the solution into a fine 

spray of charged droplets. These droplets, which form smaller droplets as they traverse 

through a tube, are eventually ionized and propelled into the mass analyzer.  The 

output, referred to as the mass spectrum, consists of ions with different intensities and 

mass/charge (m/z) ratio. Mass spectra of proteins are usually complicated because of 

the presence of multiply-charged ions.  

Electron Paramagnetic Resonance (EPR) Spectroscopy 

Electron paramagnetic resonance (EPR) spectroscopy is a magnetic resonance 

technique that studies paramagnetic species or systems of unpaired electrons and their 

interactions in the presence of an external magnetic field. In the simplest case, a free 

electron possesses a magnetic moment that aligns parallel or antiparallel in a magnetic 

field. This induces the Zeeman Effect, a process whereby the electron spin states (ms = 
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½) break their spin degeneracy and split into levels, as illustrated in the energy 

diagram in Figure 2-7. In the case of EPR, the difference in energy levels (E) is 

proportional to the applied magnetic field, mathematically expressed as the Zeeman 

equation (Equation 2-2) (130, 131). The change in energy is proportional to the Plank’s 

constant (h = 6.626068 × 10-34 m2
kg/s) and frequency, which is proportional to the 

strength of the applied magnetic field (B), g or the spectroscopic g-factor (approximately 

equal to 2 for most samples), and the Bohr magneton, B (9.2740154 x 10-24J/T). B is a 

proportionality constant defined in Equation 2-3, where e is the electric charge, ħ is 
2

h
  

(1.054 x 10-34 Js), and me is the mass of the electron (9.109 x 10-31 kg). The resonant 

condition occurs when the applied energy is equal to the splitting between the levels, E 

and E.  

BghvE B                (2-2) 
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Site-Directed Spin Labeling  

 Site-directed spin labeling (SDSL), in conjunction with EPR, is a common tool for 

analyzing protein structure and dynamics, particularly in measuring the mobility of 

proteins (132-135). This technique involves the introduction of a spin-labeled side chain 

into protein sequences, usually through the use of site-directed mutagenesis by 

cysteine substitution followed by reaction with a sulfhydryl-specific nitroxide reagent. 

The general reaction scheme is shown in Figure 2-8. The commonly used spin label is 

(1-oxy-2,2,5,5-tetramethylpyrrolinyl-3-methyl) methanethiosulfonate (MTSL) due to its 
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high sulfhydryl selectivity and reactivity, relatively smaller volume of the modified amino 

acid side chain, and sharp sensitivity of EPR spectra to structural changes (132).  

SDSL-EPR is a useful technique for monitoring conformational changes in 

biomacromolecules because the motional dynamics of the side chain, as reflected in the 

EPR spectral line shape, correlates with the general feature of the protein fold. Changes 

in the rate of rotation of bonds results in changes in spectral shape. The EPR spectra 

are very sensitive to changes in secondary structure and local dynamics, thus can be 

used in the detection of protein conformational changes (132-140).  

Continuous-Wave EPR (CW-EPR) 

 As previously described, EPR is a phenomenon that arises from the Zeeman 

Effect, wherein resonant condition is achieved when the energy applied is equal to the 

splitting of the energy levels in a magnetic field. In continuous wave-EPR (CW-EPR), 

the resonant condition is attained by varying the magnetic field at a constant frequency. 

The resultant spectrum, shown in Figure 2-9, is a derivative of an absorption peak or a 

dispersive peak, which results when the field is modulated (130, 131). 

When analyzing proteins by SDSL-EPR, the resultant spectrum consists of three 

dispersive peaks, which correspond to the splitting of the energy levels as a result of the 

interaction of the nitroxide spin label with the nitrogen nucleus. The interaction of the 

electron in the nitroxide spin label and the nuclear spin of nitrogen is referred to as the 

hyperfine interaction. This coupling splits each of the Zeeman interaction levels into 

three different energy levels, based on the 2I+1 splitting rule, corresponding to mI = 0, 

1. The energy diagram and derivative absorption spectrum are given in Figure 2-10 

(130, 131).  
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The line shape of an EPR spectrum of a spin-labeled side chain contains 

information about the dynamics or motion of the nitroxide ring on the nanosecond 

timescale (132). The motion of the nitroxide ring originates from rotation around bonds 

within the nitroxide side chain as well as local backbone fluctuations (LBFs), which are 

rigid-body motions of secondary structure elements or oscillations about backbone 

dihedral angles (135, 137, 139). These motions are reflected in the EPR spectra of the 

nitroxide side chain and provide information regarding three different correlation times of 

motion: R or the rotational correlation time, which represents the overall tumbling of the 

protein in solution, B or effective correlation time due to rotational isomerizations about 

the bonds that link the nitroxide to the backbone (spin label mobility), and S or the 

effective correlation time for segmental motion of the backbone relative to the average 

protein structure (flexibility of backbone) (138).  Figure 2-11 shows EPR spectral line 

shapes of nitroxides with varying correlation times. An EPR line shape characterized by 

very distinct, sharp peaks corresponds to a spin with fast isotropic motion (Figure 2-

11A). When motion is restricted to some extent, the peak is broadened slightly (Figure 

2-11B). As motion becomes more restricted and correlation time increases, significant 

line broadening is observed, as seen in the slow and rigid spectra (Figure 2-11C and D, 

respectively).  Some spectra possess multiple dynamic states, which represent a rich 

variety of complex dynamic modes that are fingerprints of the local structure (141). For 

example, spins located in buried sites possess a dominant immobile component as a 

consequence of tertiary interactions while in most solvent exposed sites, a dominant 

mobile component is observed because of partial flexibility of the spin label (141).  
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Double Electron-Electron Resonance (DEER) Spectroscopy 

The conformational changes that a protein molecule undergoes reveal information 

about its biological function. The relative movement in protein domains can be 

measured by determining the distance between two sites in the molecule. Site-directed 

spin labeling with CW-EPR can access distances of up to 25 Å while pulsed-EPR 

techniques can be used to measure distances between 20‒80 Å (142). The four-pulse 

double electron-electron resonance (DEER) experiment has been the most widely 

applied method for distance measurements on spin-labeled biomacromolecules (143).  

 Two unpaired electrons separated by a distance r are coupled to each other 

through electron-electron dipolar and other short-range interactions such as J coupling 

(144). In general, the coupling between two spins SA and SB, is described by the 

Hamiltonian:  

BABAee SSJSDSH ˆˆˆˆˆ             (2-4) 

where D is the dipole-dipole tensor and J is the exchange coupling (142). For distances 

longer than 10 Å, the following are assumed: exchange coupling is isotropic, g 

anisotropy is small, and electron spins are localized at the center of the N‒O bond 

(142). The dipole-dipole tensor can then be described by the point-dipole 

approximation: 

BAddee SSJH ˆˆ)]cos31([ˆ 2            (2-5) 

where   is the angle between the spin-to-spin vector and the magnetic field axis and 

dd is the dipole-dipole coupling between spins described by the equation: 
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Thus, distance measurements rely on dd, which is inversely proportional to the cube of 

the distance r. 0 is the magnetic permeability of vacuum (1.256637 × 10−6 Tm/A), B is 

the Bohr magneton and the g values can be approximated by the isotropic value, gA = 

gB  2.006. At distances larger than 15 Å, J couplings are an order of magnitude smaller 

than the dipole-dipole coupling and can thus be neglected in Equation 2-5.  

 An echo experiment is typically employed to obtain data, which provides 

information about the interactions between an observer spin A and a second electron 

spin B.  The pulse pattern for the four-pulse DEER echo experiment is illustrated in 

Figure 2-12 (143). At the observer frequency, a refocused Hahn-echo sequence is 

applied. Based on the vector model, a first 
2


pulse is applied to turn the magnetization 

of the A spins into the xy plane. After evolving for time 1, a  pulse is applied to 

produce the electron spin echo (ESE), which corresponds to the inverted dotted line on 

Figure 2-12. After ESE, the final  pulse on the observer sequence is applied after 

another evolution time 2, which eventually refocuses the spin echo. The  pulse at the 

pump frequency, in between the two  pulses on the observer frequency, is applied for 

detection of the dipolar interactions. The  pulse on the second irradiation frequency 

only affects the B spins, but the flipping of magnetization changes the local magnetic 

field around the A spins. By varying the delay time t, the intensity of the refocused echo 

varies as a result of the dipolar evolution. In effect, the refocused ESE corresponds to a 

coherence transfer echo, the intensity of which is modulated as a function of the 

strength of the coupling between spins A and B. 
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The echo signal V(t) as a function of the dipolar evolution time t is a product of the 

contributions of F(t) and B(t), described by Equation 2-7.  

)()()( tBtFtV               2-7) 

As illustrated in Figure 2-13, F(t) refers to the interactions of spins within the same 

molecule whereas B(t) is background signal due to interactions with spins from 

neighboring molecules (142, 145). Figure 2-14 shows the plot of V(t) as a function of 

delay time t. The experimentally determined dipolar evolution function V(t) has to be 

separated into F(t) and B(t) before further data analysis. Separation of the form factor 

and background factor is carried out by background subtraction, which will be further 

discussed later in a separate section. The plot of the form factor, which corresponds to 

the background subtracted echo, is shown in Figure 2-14.  

DEER Data Analysis 

The dipolar evolution curve, which manifests the dipolar-dipolar coupling between 

two spins, can be converted into a distance distribution to determine the spin-to-spin 

distance r. The simplest method of conversion is by Fourier transformation into a 

frequency domain spectrum, represented by the Pake pattern shown in Figure 2-15, 

where the splitting is proportional to
3

1

r
. The distance distribution P(r) can be computed 

exactly from the form factor F(t) (Equation 2-8), where the kernel function K(t,r) is 

expressed by Equation 2-9 (145). However, the solution is an inverse problem, which 

entails finding the distance profile that satisfies the experimental data. 
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A few methods have been developed to solve the distance distribution P(r). One 

approach to finding the best solution for the distance distribution P(r) uses curve fitting 

methods. The method involves simulating distance distribution profiles to generate a 

theoretical dipolar evolution curve that adequately fits the experimental data. The Monte 

Carlo (MC) method is one variation to the curve fitting approach, which uses 

computational algorithms to generate a distance profile with an assumed Gaussian or 

Lorentzian form.  Another method called Tikhonov regularization (TKR) is discussed in 

further detail in the next section.  

Tikhonov Regularization 

The conversion of the form factor F(t) into a distance distribution P(r) is a 

moderately ill-posed problem (142, 145). This means that there is no unique solution to 

finding the distance profile that best fits the experimental data because different 

distance profiles can produce similar dipolar evolution curves. In addition, small 

amounts of noise in the experimental data and slight errors in background substraction 

can result in large changes in the distance distribution.  Special mathematical 

algorithms have to be applied to solve such an ill-posed problem, which requires a 

certain smoothness of the distribution P(r) (145). Smoothness can be achieved by 

minimizing the target function: 

2

2

2
2

)( P
dr

d
FKPPG           (2-10) 

This method of minimizing G is referred to as Tikhonov regularization. Equation 2-10 

can also be expressed as:  

 )(PG             (2-11) 
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where 
2

FKP   is the criterion for minimum root mean square (RMS) deviation 

and

2

2

2

P
dr

d
  represents the second derivative of the distance distribution 

corresponding to the smoothness criterion. The regularization parameter  (also 

referred to as  in some literature) largely determines the solution to P(r). The value of  

must be chosen to compromise the smoothness of P(r) and the deviation between 

experimental and simulated form factors.  This can be achieved using the L-curve 

criterion as a guide. It is based on a plot of log () vs. log () with  being varied on a 

logarithmic scale as shown in Figure 2-16A. 

As seen in Figure 2-16B, small  values correspond to undersmoothing, in which 

the distance distribution profile contains several sharp, narrow peaks. The 

corresponding dipolar evolution curve in Figure 2-16C is over-fit such that some of the 

noise is included in the TKR fit. Increasing  leads to a large decrease in  and 

smoothing does not affect the deviation. With large values of , the deviation increases 

significantly with exceedingly small  values, thereby resulting to oversmoothing and 

exceptionally broad peaks appear in the distance distribution profile as shown in Figure 

2-16H. The corresponding dipolar evolution curve in Figure 2-16I is under-fit, that is, the 

TKR fit neglects some of the oscillations that contribute to the signal and clearly does 

not adequately fit the data. The optimum regularization parameter refers to the transition 

between undersmoothing and oversmoothing, which often corresponds to the corner of 

the L-shaped curve, as indicated on Figure 2-16A.  An optimum  value that results in a 

distance distribution profile and dipolar evolution curve shown in Figures 2-16D and 
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Figure 2-16E, respectively, is a compromise between smoothness of P(r) and the 

quality of the fit of F(t).   

Background Subtraction and Self-Consistent Analysis 

As previously mentioned, it is imperative to separate the form factor F(t) from the 

background B(t) in order to obtain an echo signal that accurately represents the intra-

molecular spin-spin coupling and excludes signal contributed by intermolecular 

interactions.  The intra-molecular spin-spin interactions have shorter distances, which 

correspond to the high frequency oscillations that last until decay time, Tdd (Figure 

2-14). Good fits are typically obtained if the maximum dipolar evolution time fulfills the 

condition tmax = 2Tdd  (142).  The background can then be determined from the portion of 

the curve at 
2

maxt
t  . The DeerAnalysis2008 software (available online at 

http://www.epr.ethz.ch/software/index) used for DEER data analysis provides modules 

for subtracting background (145). One module fits the background to a simple  

polynomial of various degrees while the other fits the background to an exponential 

function corresponding to a homogeneous background with variable dimensions. The 

approximate Pake transformation (APT) module, provided by the software, gives a small 

range but good estimate of the correct background subtraction level.  

Small variations in background subtraction can lead to small differences in the 

distance distribution profile (142). If background is fit before the dipolar modulation or 

evolution curve decays (overcorrection), longer distance distributions may be 

suppressed. If the background is assumed to decay slowly thus fitting it at a longer time 

(undercorrection), some spurious contributions at longer distances are introduced. 

Incorrect background subtraction can also lead to suppression of small peaks in the 

http://www.epr.ethz.ch/software/index
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distance profile that correspond to lowly populated states in the protein sample. Hence, 

it is necessary to identify the best level of background subtraction so that the most 

accurate distance distribution profile can be obtained.  

The self-consistent analysis (SCA) method for obtaining the correct level of 

background subtraction was developed by our group. The steps involved in the analysis 

are presented in Figure 2-17. The first step is to generate the dipolar modulation or 

evolution curve and the distance distribution profile by Tikhonov regularization (TKR) 

using the recommended level of background subtraction provided by the 

DeerAnalysis2008 software. The distance distribution profile corresponds to the sum of 

the sub-populations or protein conformational states. The Gaussian reconstruction 

process determines the peak center, full width at half maximum (FWHM), and relative 

percentages of each sub-population. The values obtained are entered into the DeerSim 

software, which uses the Monte Carlo (MC) method to generate a theoretical dipolar 

modulation. The theoretical curve is then overlaid with the background subtracted echo 

curve or TKR fit. If the two curves do not match exactly, another background subtraction 

level has to be selected.  The process is repeated until the DeerSim and TKR-

generated dipolar evolution curves match within a certain error. The method for 

statistical analysis is currently being developed by another group member. 

The process can also be applied to validate fine features present in the distance 

distribution profile. Minor populations in the distance profile can be suppressed using 

the DeerAnalysis software. The theoretical dipolar evolution curve generated is then 

overlaid with the experimental dipolar evolution curve. If the theoretical curve overlays 

with the experimental curve within the noise of the signal, the suppressed peak can be 
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regarded as unnecessary. If, however, the curves do not exactly match, then the 

suppressed peak contributes to the overall output and is considered as a sub-

population. This population validation process is illustrated in Figure 2-18. Figures 2-

18A and B show a sample distance distribution profile and the corresponding fit to 

Gaussian functions, respectively. Figure 2-18C corresponds to the overlaid 

experimental and theoretical modulations. Suppressing the peak at 30.5 Å results in a 

change in the theoretical dipolar evolution curve, which does not overlay exactly with 

the experimental curve (Figure 2-18D). The theoretical dipolar modulation that arises 

from suppressing the wide-open peak also does not overlay well with the experimental 

dipolar evolution curve (Figure 2-18E). In certain cases, suppressing two peaks results 

in cancellation of the dipolar modulations, that is, the theoretical and experimental 

curves match as a result of suppressing both peaks. The example in Figure 2-18F 

shows that suppressing the tucked/curled peak at 30.5 Å and the wide open peak leads 

to a significant alteration in the dipolar evolution curves. This implies that both 

tucked/curled and wide-open conformations contribute to the overall distance 

distribution profile.  

Gaussian Reconstruction  

The process of Gaussian reconstruction involves generating the sub-populations 

from the distance distribution profile. In this method, the TKR-generated distance profile 

is fit to a series of Gaussian functions that sum up to regenerate the original profile. 

Originally, brute force manual fitting was used to obtain the individual sub-populations. 

This was done by estimating values of distance, FWHM, and relative percentages to 

input into DeerSim and thus obtaining a distance profile that fits the original profile. 

Another method uses the Origin 8.0 software and its later versions to generate 
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Gaussian functions that fit into the original profile through the peak-finding capabilities of 

the software. The advantage of this method is that hidden or overlapping peaks can be 

identified by taking the second-derivative of the distance profile. The peak local minima 

correspond to the individual Gaussian populations. 
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Figure 2-1. Example of vector map containing the necessary components of a plasmid 
including the origin of replication or ori (black); ampR, an antibiotic resistance 
gene (red); multiple cloning site or MCS (dark gray); and promoter (light gray). 
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Figure 2-2. Host and vector elements essential in the overexpression of target protein. 
Figure adapted from Novagen (114).  
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Figure 2-3. pET23a vector map. The heavily shaded black arrow refers to the T7 

promoter region, which also contains the site for insertion of gene of interest. 
Figure courtesy of Novagen (http://www.emdchemicals.com/life-science-
research/). 
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Figure 2-4. Structure of isopropyl-β-D-1-thiogalactopyranoside (IPTG).  
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Figure 2-5. Various steps in site-directed mutagenesis, where x represents the 
mutation. Figure adapted from Zheng et al. (119). 

http://www.emdchemicals.com/life-science-research/
http://www.emdchemicals.com/life-science-research/
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Figure 2-6. Typical circular dichroism (CD) spectra of -helix (filled circles), -sheet 
(open circles), and random coil (open diamonds) structures of protein. 
Reprinted by permission from Macmillan Publishers Ltd: The EMBO Journal 
Fändrich (125). Copyright 2002.  
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Figure 2-7. Energy diagram representing the Zeeman Effect. 
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Figure 2-8. Chemical modification of the protein side chain (cysteine) using MTSL as 
spin label. 
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Figure 2-9. Typical EPR spectrum of a system with an electron spin state of ms = ½. 
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Figure 2-10. A) Energy diagram and B) example of EPR spectrum of a system with an 

electron spin state of mI = 0, 1.
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Figure 2-11. EPR line shapes representing various modes of spin motion.  
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Figure 2-12. Pulse sequence of the four-pulse DEER experiment. 1 and 2 represents 
the fixed delay times and the time t between the inverted electron spin echo 

(dotted line) and the pump  pulse is varied. The intensity of the refocused 
echo is integrated as shown. Figure adapted from Jeschke (142).  



 

85 

F(t)

B(t)

 

Figure 2-13. Illustration of doubly labeled HIV-1 protease showing the intramolecular 
F(t) (solid lines) and intermolecular B(t) (dotted line) interactions. Figure 
adapted from Jeschke (142). 
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Figure 2-14. Plot of the experimental dipolar evolution function V(t) (black), background 

factor B(t) (black dotted line), and form factor F(t) (gray). Tdd represents the 
echo decay time, tmax refers to the maximum time for collection of echo data, 

and  represents the modulation depth. 
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Figure 2-15. Pake pattern obtained by Fourier transformation of the dipolar evolution 
curve. 
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Figure 2-16. Example of an A) L-curve and corresponding distance distribution profiles 

and background subtracted echo (black) overlaid with the TKR-generated 

dipolar modulation curves (red) of B) and C) undersmoothed (=0.001), D) 

and E) optimal (=10), F) and G) =100, and H) and I) oversmoothed 

(=10000)  values.  
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Figure 2-17. Flow-chart of the Self-Consistent Analysis (SCA) method for optimizing 

background subtraction of the dipolar modulation curve that generates the 
distance distribution profile. 
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Figure 2-18. Example of population validation process for verifying minor populations. 
A) Distance distribution profile from TKR analysis (red) overlaid with the sum 
of the populations obtained by Gaussian reconstruction (blue dashed), B) 
individual Gaussian populations (suppressed populations are indicated by an 
asterisk), and background subtracted dipolar echo curve (black) overlaid with 
the TKR-generated dipolar modulation (red) and Gaussian reconstructed 
dipolar modulation (blue) generated C) without subtracting any population and 
D-F) with suppression of populations.
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CHAPTER 3 
CLONING AND MUTAGENESIS 

Materials and Methods 

Chemicals, reagents, and supplies were obtained from Fisher Scientific 

(Pittsburgh, Pennsylvania) unless otherwise indicated. pET23a DNA was purchased 

from Novagen (Gibbstown, New Jersey). E. coli codon-optimized HIV-1 protease DNA 

was purchased from DNA 2.0 (Menlo Park, California). Restriction enzymes (NdeI and 

BamHI), T4 DNA ligase, and 1 kb standard DNA ladder were purchased from New 

England Biolabs (Ipswich, Massachusetts). The QuikChange™ site-directed 

mutagenesis kit was purchased from Stratagene (Santa Clara, California). XL1-Blue E. 

coli cells were purchased from Invitrogen (Carlsbad, California). The QIAquick® gel 

extraction kit and QIAprep® spin miniprep kit were purchased from Qiagen (Valencia, 

California).  

Cloning of HIV-1 PR PRE and POST Constructs 

The Escherichia coli (E. coli) codon- and expression-optimized genes for HIV-1 

protease Prei-K55C and Posti-K55C constructs were received as pJ201:29193 (Figure 

3-1A) and pJ201:29194 (Figure 3-1B) vectors, respectively. The corresponding DNA 

and amino acid sequences of the HIV-1 PR constructs are given in Tables 3-1 and 3-2. 

Plasmids containing the Prei-K55C and Posti-K55C and pET23a vector were digested 

by incubating the vectors with NdeI and BamHI in the appropriate buffer at 37C for 

approximately 2 hours. The digests were run through a 1% agarose gel and visualized 

using a UV transilluminator. The desired bands were excised from the gel and DNA was 

extracted using a QIAquick® gel extraction kit using the provided protocol. The 

Prei-K55C and Posti-K55C gene inserts were ligated into the pET23a vector by 
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incubating DNA in appropriate proportions with T4 DNA ligase at room temperature for 

approximately 1 h. The ligation reaction mixture was transformed into XL1-blue E. coli 

cells via standard heat-shock method. The ligated vector was isolated and purified using 

the QIAprep® spin miniprep kit. The plasmid DNA obtained was submitted for DNA 

sequencing for confirmation.  In this work, pET23_Prei-K55C (pET23_PRE) and 

pET23_Posti-K55C (pET23_POST) refers to the DNA while Prei-K55C (PRE) and 

Posti-K55C (POST) refers to the protease. This naming convention also applies to the 

other constructs (Table 3-3).  

Site-Directed Mutagenesis of HIV-1 PR Constructs 

To obtain each of the constructs containing drug-pressure selected mutations 

(Table 1-5 and Table 3-3), several rounds of site-directed mutagenesis were performed 

on pET23_POST. The DNA and amino acid sequences of the mutant constructs are 

given in Tables 3-4 to 3-7, where the sites of mutation are highlighted. The 

pET23_Posti-A82V-K55C construct (pET23_PMUT1) was obtained by mutation of 

alanine at position 82 to valine using pET23_Posti-K55C as the template. pET23_Posti-

A82V-I10L-V15I-K55C (pET23_PMUT3) was obtained by performing successive 

mutations on the pET23_PMUT1. First, isoleucine at position 10 was converted to 

leucine and then the product pET23_Posti-A82V-I10L-K55C intermediate mutant was 

used as a template to form the pET23_PMUT3 construct. The same mutagenesis 

strategy was performed for the pET23_Posti-A54I-E58Q-K55C (pET23_PMUT2) and 

pET23_Posti-A54I-E58Q-Q34E-I36M-N37T-K55C (pET23_PMUT5) constructs. The 

sequences, melting temperatures (Tm), and molecular weights of the primers used for 

each mutant are provided in Appendix A (Tables A-1 to A-4). 
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An additional mutant construct, Bsi-I63P, was obtained by substituting isoleucine at 

position 63 of Bsi with proline. This corresponds to the DNA mutation, ATTCCT, 

where the mutation is highlighted (Table 3-9). As explained in Chapter 1, the amino acid 

residue at position 63 of Bsi, the stabilized, inactive form of HIV-1 PR subtype B LAI, 

was converted from leucine to isoleucine as it is a putative cleavage site for HIV-1 PR 

autoproteolysis. The DNA and amino acid sequences of Bsi and Bsi-I63P are given in 

Tables 3-8 and 3-9, respectively. The primer sequence and parameters used for 

mutagenesis of pET23_Bsi-I63P are provided in Table A-5 of Appendix A. 

Site-directed mutagenesis was carried out using the QuikChange™ site-directed 

mutagenesis kit. The primers were designed using the PrimerX software (available 

online at http://www.bioinformatics.org/primerx/). The template DNA was mixed with the 

primers, deoxynucleotide triphosphate (dNTP) mixture, PfuUltra polymerase, 

polymerase buffer and sterile, nuclease-free water in the specific order and proportions 

optimized for HIV-1 PR as listed in Table A-6 of Appendix A. A separate mixture 

containing 5% (v/v) dimethylsulfoxide (DMSO) was also prepared. The mixtures were 

subjected to polymerase chain reaction (PCR) in an Eppendorf (Hauppauge, New York) 

thermocycler for 3 hours. The thermal cycling parameters used are shown in Table A-7 

of Appendix A. After PCR, DpnI was added to the mixture and incubated for another 1 

to 2 h at 37 C. The PCR product was transformed into XL1-blue E. coli cells via 

standard heat-shock method. The mutant DNA was isolated and purified using the 

QIAprep® spin miniprep kit and submitted for DNA sequencing for confirmation. 

http://www.bioinformatics.org/primerx/
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Results and Discussion 

Cloning 

The cloning process involves the insertion of target DNA into a plasmid that is 

suitable for a chosen bacterial expression strain. The major requirement is for the DNA 

insert and plasmid to have restriction enzyme sites that are complementary for the 

ligation process to work. After ligation, DNA is transformed into E. coli cells and 

selectively grown in ampicillin-containing media. Cells that survive should have plasmid 

containing the target DNA. The success of ligation can also be verified by cleavage 

using an appropriate restriction enzyme followed by agarose gel electrophoresis, which 

provides an estimate of the size of DNA by comparison with a DNA standard ladder. 

The ligated DNA can also be compared with a reference plasmid DNA containing an 

insert of the same size.    

The theoretical size of the pET23 vector is 3666 base pairs (bp) or 3.6 kilobase 

(kb) while the DNA inserts, which include the restriction enzyme sites, have 315 bp 

each. Thus, the DNA gel for the successfully ligated plasmid should contain a band that 

corresponds to about 4 kb. Figure 3-2 shows the DNA gels of the pET23_PRE and 

pET23_POST. Samples labeled 1A, 1B, and 1C correspond to DNA isolated from 

different colonies in one LB agar plate whereas samples 2A, 2B, and 2C represent DNA 

from different colonies in another plate. The gel for both plasmids possesses 2 bands, 

an upper band that corresponds to roughly 5.5 kb and a lower band, which is estimated 

to be about 2.5 kb. This is expected as the reference pET23a plasmid containing a 

HIV-1 PR DNA insert (Figure 3-2, lane 1) also has 2 bands at the same position. This 

result is not surprising because gel electrophoresis does not separate molecules only 

according to size but also based on shape. DNA molecules that are exactly alike can 
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travel through the gel at different rates depending on the topological parameters of the 

molecule, e.g. degree of supercoiling. Since the plasmid is a closed circular DNA, there 

is a large possibility for the DNA to twist into a supercoiled conformation. The rate of 

migration across the gel of circular, linear, and supercoiled DNA increases, respectively.  

Supercoiled DNA, which is a more compact molecule, can penetrate through the mesh 

of the gel unlike circular DNA. Overall, gel electrophoresis is useful to verify the 

presence of DNA and comparison with a reference HIV-1 PR DNA provides evidence of 

the success of ligation.  

DNA sequencing was necessary to confirm whether the DNA insert having the 

correct sequence was incorporated into the pET23a vector. Results for DNA 

sequencing revealed that for pET23_PRE, only bands on lanes 4, 6 and 7 (Figure 3-2A) 

had the correct sequence. The DNA sequence of bands on lanes 2 and 3 correspond to 

the sequence of the original plasmid. This indicates that the initial step involving the 

excision of the pET23 plasmid containing the original DNA insert was unsuccessful. The 

original plasmids were most likely not removed in solution after the succeeding steps in 

the cloning process and were then transformed into the E. coli cells. These formed as 

separate colonies in the LB agar medium. DNA sequencing analysis of the DNA 

corresponding to lane 5 did not produce a signal, indicating that the plasmid was not 

successfully ligated.  For pET23_POST, the DNA sequence of bands that correspond to 

lanes 3, 4, and 6 (Figure 3-2B) were correct. Bands corresponding to lanes 2 and 5 

were found to have the DNA sequence of the original plasmid whereas DNA from lane 7 

did not generate a signal. Cloning of PRE and POST DNA into the pET23a vector was 

partially successful in that not all of the DNA were cloned and ligated. Nevertheless, the 



 

94 

successfully cloned pET23_PRE and pET23_POST were used for expression of HIV-1 

PR in the bacterial strain, BL21(DE3)pLysS E. coli cells.  

Mutagenesis 

In this work, site-directed mutagenesis was utilized to modify codons in HIV-1 PR 

DNA and study the effect of specific mutations on protein structure and function. The 

QuikChange site-directed mutagenesis kit was used because it is a simple, fast, and 

efficient method. However, it is imperative to select the correct primers and proportions 

of components in the PCR mixture to avoid failure in obtaining a PCR product.  

To verify if DNA amplification is successful, gel electrophoresis of the PCR product 

was performed. Figure 3-3 shows a gel of the PCR products of two separate runs (A 

and B) of the same HIV-1 PR DNA sample. The bands that appear at about 4 kb in 

lanes 2 and 3 represent plasmid DNA containing nicks, which is the expected position 

for a linear pET23a plasmid with the HIV-1 PR DNA insert. It is noticeable that these 

bands are not present in lanes 4 and 5 indicating that PCR failed to amplify DNA.  As 

expected, the control PCR mixture on lane 6 does not contain the ~4 kb band. The 

bands at the bottom of the gel correspond to the primers.  

After PCR, the ligation mixture is transformed into XL-1 Blue E. coli cells, which is 

chosen because it is capable of sealing nicks in the plasmid DNA and also enhances 

the stability of the DNA insert (146). Subsequent growth on ampicillin-containing media 

allows the selection of cells that have taken up plasmid possessing the HIV-1 PR DNA 

insert. However, cells that survive do not necessarily contain the plasmid DNA with the 

correct sequence. Thus, it is imperative to run DNA sequencing on the isolated DNA.  

In this work, the following mutants were constructed: 1) pET23_PMUT1, 2) 

pET23_PMUT3, 3) pET23_PMUT2, and 4) pET23_PMUT5 DNA using pET23_POST as 
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the template DNA. A single point DNA mutation was performed for each round of 

mutagenesis with the exception of the pET23_Posti-A54I-K55C intermediate mutant. 

DNA gels were obtained for each mutant, wherein samples 1A and 1B represent DNA 

isolated from different colonies in one LB agar plate and samples 2A and 2B correspond 

to DNA from different colonies in another plate. 

For pET23_PMUT1, the codon for alanine (A82) in pET23_POST was replaced 

with one that codes for valine (GCAGTA, where the mutation is highlighted, Table 3-

4). The DNA gel of pET23_PMUT1 is shown in Figure 3-4. The bands corresponding to 

lanes 3 and 4, which were subjected to DNA sequencing, have the correct sequence.  

Two rounds of mutagenesis were performed on pET23_PMUT1 to construct 

pET23_ PMUT3. The intermediate mutant, pET23_Posti-A82V-I10L-K55C, was 

obtained by converting isoleucine to leucine (ATTCTT, where the mutation is 

highlighted, Table 3-5) at position 10 in the protein sequence. This mutant was then 

used as the template for converting valine (V15) to isoleucine (GTTATT, where the 

mutation is highlighted, Table 3-5). The DNA gel of pET23_PMUT3 is shown in Figure 

3-5. DNA corresponding to bands on lane 2 and 5 were sequenced.  Results revealed 

that the band at lane 5 did not have the correct sequence.     

pET23_PMUT2 was obtained by performing two rounds of mutagenesis. Instead 

of the usual single point DNA mutation, pET23_Posti-A54I-K55C was initially 

constructed by replacing two DNA base pairs in the codon for alanine (A54) to convert 

into isoleucine (GCCATC, where the mutation is highlighted, Table 3-6). Once 

produced, the resultant DNA was used as the template to construct pET23_PMUT2. 

This was carried out by changing glutamic acid at position 58 to glutamine (GAGCAG, 



 

96 

where the mutation is highlighted, Table 3-6). The DNA gel of pET23_PMUT2 is shown 

in Figure 3-6. DNA corresponding to bands on lanes 2-4 were sequenced and shown to 

have the correct sequence.  

pET23_PMUT2 was used as the template for constructing pET23_PMUT5. Three 

rounds of mutagenesis were carried out. The first round involves switching the 

glutamine residue at position 34 with glutamic acid (CAGGAG, where the mutation is 

highlighted, Table 3-7) to form the pET23_Posti-A54I-E58Q-Q34E-K55C intermediate 

mutant. This was followed by the conversion of isoleucine (I36) to methionine 

(ATCATG, where the mutation is highlighted, Table 3-7) to produce pET23_Posti-

A54I-E58Q-Q34E-I36M-K55C. Finally, pET23_PMUT5 was obtained by substituting 

asparagine (N37) with threonine (AACACC, where the mutation is highlighted, Table 

3-7). The DNA gel of pET23_PMUT5 is shown in Figure 3-7. The bands on lanes 2 and 

4 have the correct DNA sequence. 
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Figure 3-1. Map of original vector containing the A) Prei-K55C and B) Posti-K55C HIV-1 
PR DNA inserts (red). 

 

Table 3-1. E. coli codon-optimized DNA and amino acid sequence of PRE. 
                                     10                                      20 

ccg cag att acc ttg tgg caa cgt ccg ctg gtt acg att aag att ggt ggt cag ctg aaa 

 P   Q   I   T   L   W   Q   R   P   L   V   T   I   K   I   G   G   Q   L   K 

                                     30                           40  

gaa gct ctg ctg aac acc ggt gcc gac gac acg gtg ctg gaa gag atg acc ctg acc ggc  

 E   A   L   L   N   T   G   A   D   D   T   V   L   E   E   M   T   L   T   G  

              50                                      60 

cgt tgg aag ccg aaa atg atc ggc ggc att ggt ggc ttt atc tgc gtt cgt caa tac gat  

 R   W   K   P   K   M   I   G   G   I   G   G   F   I   C   V   R   Q   Y   D 

                    70                                      80  

caa gtc ccg atc gag att gca ggt cac aaa gcg att ggc act gtt ctg gtg ggt cca acg  

 Q   V   P   I   E   I   A   G   H   K   A   I   G   T   V   L   V   G   P   T 

                               90 

ccg gtc aat atc atc ggt cgc aat ctg ctg acc cag atc ggt gcg acc ttg aac ttc  

 P   V   N   I   I   G   R   N   L   L   T   Q   I   G   A   T   L   N   F   

 
Table 3-2. E. coli codon-optimized DNA and amino acid sequence of POST.  
                                     10                                      20 

ccg caa atc acg ctg tgg caa cgt ccg att gtc acc atc aaa gtt ggc ggt cag ctg aaa 

 P   Q   I   T   L   W   Q   R   P   I   V   T   I   K   V   G   G   Q   L   K   

                                     30                   40  

gag gca ctg ctg aat acg ggt gcg gac gat acc gtt ctg cag gaa atc aac ttg acg ggt 

 E   A   L   L   N   T   G   A   D   D   T   V   L   Q   E   I   N   L   T   G 

              50                                      60 

cgc tgg aaa ccg aag atg att ggc ggc atc ggc ggt ttt gcc tgc gtc cgt gag tac gac 

 R   W   K   P   K   M   I   G   G   I   G   G   F   A   C   V   R   E   Y   D 

                    70                                      80  

cag gtg ccg att gaa att gct ggt cac aag gcg att ggt acc gtt ttg gtg ggt cca act 

 Q   V   P   I   E   I   A   G   H   K   A   I   G   T   V   L   V   G   P   T 

                               90 

ccg gca aac att atc ggc cgt aat ctg ctg acc caa atc ggt gcg acc ctg aac ttc 

 P   A   N   I   I   G   R   N   L   L   T   Q   I   G   A   T   L   N   F 
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Table 3-3. Naming convention for HIV-1 PR constructs.  

Construct # Name of Construct (DNA) Name of Construct (Protein) 

1 pET23_PRE pET23_Prei-K55C PRE Prei-K55C 
2 pET23_POST pET23_Posti-K55C POST Posti-K55C 
3 pET23_PMUT1 pET23_Posti-

A82V-K55C 
PMUT1 Posti-A82V-K55C 

4 pET23_PMUT2 pET23_Posti-A54I-
E58Q-K55C 

PMUT2 Posti-A54I-E58Q-K55C 

5 pET23_PMUT3 pET23_Posti-
A82V-I10L-V15I-
K55C 

PMUT3 Posti-A82V-I10L-V15I-
K55C 

6 pET23_PMUT5 pET23_Posti-A54I-
E58Q-Q34E-I36M-
N37T-K55C 

PMUT5 Posti-A54I-E58Q-Q34E-
I36M-N37T-K55C 

7 pET23_ Bsi pET23_Bsi-K55C Bsi Bsi-K55C 
8 pET23_ Bsi-

I63P 
pET23_Bsi-I63P-
K55C 

Bsi-I63P Bsi-I63P-K55C 

 
Table 3-4. E. coli codon-optimized DNA and amino acid sequence of PMUT1. Site of 

mutation is in bold. 
                                     10                                      20 

ccg caa atc acg ctg tgg caa cgt ccg att gtc acc atc aaa gtt ggc ggt cag ctg aaa 

 P   Q   I   T   L   W   Q   R   P   I   V   T   I   K   V   G   G   Q   L   K   

                                     30                   40  

gag gca ctg ctg aat acg ggt gcg gac gat acc gtt ctg cag gaa atc aac ttg acg ggt 

 E   A   L   L   N   T   G   A   D   D   T   V   L   Q   E   I   N   L   T   G 

              50                                      60 

cgc tgg aaa ccg aag atg att ggc ggc atc ggc ggt ttt gcc tgc gtc cgt gag tac gac 

 R   W   K   P   K   M   I   G   G   I   G   G   F   A   C   V   R   E   Y   D 

                    70                                      80  

cag gtg ccg att gaa att gct ggt cac aag gcg att ggt acc gtt ttg gtg ggt cca act 

 Q   V   P   I   E   I   A   G   H   K   A   I   G   T   V   L   V   G   P   T 

                               90 

ccg gta aac att atc ggc cgt aat ctg ctg acc caa atc ggt gcg acc ctg aac ttc 

 P   V   N   I   I   G   R   N   L   L   T   Q   I   G   A   T   L   N   F 

 

Table 3-5. E. coli codon-optimized DNA and amino acid sequence of PMUT3. Sites of 
mutation are in bold. 

                                     10                                      20 

ccg caa atc acg ctg tgg caa cgt ccg ctt gtc acc atc aaa att ggc ggt cag ctg aaa 

 P   Q   I   T   L   W   Q   R   P   L   V   T   I   K   I   G   G   Q   L   K   

                                     30                             40  

gag gca ctg ctg aat acg ggt gcg gac gat acc gtt ctg cag gaa atc aac ttg acg ggt 

 E   A   L   L   N   T   G   A   D   D   T   V   L   Q   E   I   N   L   T   G 

              50                                      60 

cgc tgg aaa ccg aag atg att ggc ggc atc ggc ggt ttt gcc tgc gtc cgt gag tac gac 

 R   W   K   P   K   M   I   G   G   I   G   G   F   A   C   V   R   E   Y   D 

                    70                                80  

cag gtg ccg att gaa att gct ggt cac aag gcg att ggt acc gtt ttg gtg ggt cca act 

 Q   V   P   I   E   I   A   G   H   K   A   I   G   T   V   L   V   G   P   T 

                               90 

ccg gta aac att atc ggc cgt aat ctg ctg acc caa atc ggt gcg acc ctg aac ttc 

 P   V   N   I   I   G   R   N   L   L   T   Q   I   G   A   T   L   N   F 
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Table 3-6. E. coli codon-optimized DNA and amino acid sequence of PMUT2. Sites of 
mutation are in bold. 

                                     10                                      20 

ccg caa atc acg ctg tgg caa cgt ccg att gtc acc atc aaa gtt ggc ggt cag ctg aaa 

 P   Q   I   T   L   W   Q   R   P   I   V   T   I   K   V   G   G   Q   L   K   

                                     30                            40  

gag gca ctg ctg aat acg ggt gcg gac gat acc gtt ctg cag gaa atc aac ttg acg ggt 

 E   A   L   L   N   T   G   A   D   D   T   V   L   Q   E   I   N   L   T   G 

              50                                60 

cgc tgg aaa ccg aag atg att ggc ggc atc ggc ggt ttt atc tgc gtc cgt cag tac gac 

 R   W   K   P   K   M   I   G   G   I   G   G   F   I   C   V   R   Q   Y   D 

                    70                                      80  

cag gtg ccg att gaa att gct ggt cac aag gcg att ggt acc gtt ttg gtg ggt cca act 

 Q   V   P   I   E   I   A   G   H   K   A   I   G   T   V   L   V   G   P   T 

                               90 

ccg gca aac att atc ggc cgt aat ctg ctg acc caa atc ggt gcg acc ctg aac ttc 

 P   V   N   I   I   G   R   N   L   L   T   Q   I   G   A   T   L   N   F 

 
Table 3-7. E. coli codon-optimized DNA and amino acid sequence of PMUT5. Sites of 

mutation are in bold. 
                                     10                                      20 

ccg caa atc acg ctg tgg caa cgt ccg att gtc acc atc aaa gtt ggc ggt cag ctg aaa 

 P   Q   I   T   L   W   Q   R   P   I   V   T   I   K   V   G   G   Q   L   K   

                                     30                   40  

gag gca ctg ctg aat acg ggt gcg gac gat acc gtt ctg gag gaa atg acc ttg acg ggt 

 E   A   L   L   N   T   G   A   D   D   T   V   L   E   E   M   T   L   T   G 

              50                                      60 

cgc tgg aaa ccg aag atg att ggc ggc atc ggc ggt ttt atc tgc gtc cgt cag tac gac 

 R   W   K   P   K   M   I   G   G   I   G   G   F   I   C   V   R   Q   Y   D 

                    70                                      80  

cag gtg ccg att gaa att gct ggt cac aag gcg att ggt acc gtt ttg gtg ggt cca act 

 Q   V   P   I   E   I   A   G   H   K   A   I   G   T   V   L   V   G   P   T 

                               90 

ccg gca aac att atc ggc cgt aat ctg ctg acc caa atc ggt gcg acc ctg aac ttc 

 P   V   N   I   I   G   R   N   L   L   T   Q   I   G   A   T   L   N   F 

 
Table 3-8. E. coli codon-optimized DNA and amino acid sequence of Bsi. 
                                     10                                      20 

cca caa atc act ctg tgg aaa cgt ccg ctg gtc acc att aaa att ggc ggt caa ctg aaa 
 P   Q   I   T   L   W   K   R   P   L   V   T   I   K   I   G   G   Q   L   K 

                                     30                                   40  

gaa gcg ctg ctg aac acc ggt gca gat gat acc gtt atc gag gaa atg agc ctg ccg ggt 
 E   A   L   L   N   T   G   A   D   D   T   V   I   E   E   M   S   L   P   G 

              50                                      60 

cgt tgg aaa cct aaa atg att ggc ggt att ggt ggt ttc att tgt gtg cgc cag tac gac 

 R   W   K   P   K   M   I   G   G   I   G   G   F   I   C   V   R   Q   Y   D 

                    70                                80  

cag atc att atc gaa atc gcc ggc cac aag gca att ggt acc gtg ctg gtt ggc ccg acc 

 Q   I   I   I   E   I   A   G   H   K   A   I   G   T   V   L   V   G   P   T 

                               90 

ccg gtt aac atc atc ggc cgc aac ctg ctg act cag att ggc gcc acg ctg aac ttc 

 P   V   N   I   I   G   R   N   L   L   T   Q   I   G   A   T   L   N   F 
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Table 3-9. E. coli codon-optimized DNA and amino acid sequence of Bsi-I63P. Site of 
mutation is in bold. 

                                     10                                      20 

cca caa atc act ctg tgg aaa cgt ccg ctg gtc acc att aaa att ggc ggt caa ctg aaa 
 P   Q   I   T   L   W   K   R   P   L   V   T   I   K   I   G   G   Q   L   K 

                                     30                             40  

gaa gcg ctg ctg aac acc ggt gca gat gat acc gtt atc gag gaa atg agc ctg ccg ggt 
 E   A   L   L   N   T   G   A   D   D   T   V   I   E   E   M   S   L   P   G 

              50                                60 

cgt tgg aaa cct aaa atg att ggc ggt att ggt ggt ttc att tgt gtg cgc cag tac gac 

 R   W   K   P   K   M   I   G   G   I   G   G   F   I   C   V   R   Q   Y   D 

                    70                                80  

cag atc cct atc gaa atc gcc ggc cac aag gca att ggt acc gtg ctg gtt ggc ccg acc 

 Q   I   I   I   E   I   A   G   H   K   A   I   G   T   V   L   V   G   P   T 

                               90 

ccg gtt aac atc atc ggc cgc aac ctg ctg act cag att ggc gcc acg ctg aac ttc 

 P   V   N   I   I   G   R   N   L   L   T   Q   I   G   A   T   L   N   F 

 

A

1 – Reference DNA (pET23_HIV-1 PR)
2 – pET23_PRE 1A
3 – pET23_PRE 1B
4 – pET23_PRE 1C

5 – pET23_PRE 2A 
6 – pET23_PRE 2B  
7 – pET23_PRE 2C

STD 
(kb)

1 2 3 4 5 6 7

5.5 kb

2.5 kb

B

STD 
(kb)

1 2 3 4 5 6 7

5.5 kb

2.5 kb

1 – Reference DNA (pET23_HIV-1 PR)

2 – pET23_POST 1A
3 – pET23_POST 1B
4 – pET23_POST 1C  

5 – pET23_POST 2A 
6 – pET23_POST 2B  
7 – pET23_POST 2C

 

Figure 3-2. DNA gel of pET23a plasmid containing A) PRE and B) POST HIV-1 PR 
DNA. The STD lane corresponds to NEB 1 kb standard DNA ladder.  
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 6 – Control (without Pfu polymerase)

1 – Reference DNA (pET23_HIV-1 PR)
2 – PCR Product 1A (with DMSO)
3 – PCR Product 2A (without DMSO)

4 – PCR Product 1B (with DMSO)

5 – PCR Product 2B (without DMSO)

~4 kb

STD 
(kb)

1 2 3 4 5 6

 

Figure 3-3. Sample DNA gel after DpnI digestion. The STD lane corresponds to NEB 
1 kb standard DNA ladder.  

STD 
(kb)

1 2 3 4 5

1 – Reference DNA (pET23_HIV-1 PR)
2 – pET23_PMUT1 1A  

3 – pET23_PMUT1 1B 

4 – pET23_PMUT1 2A 
5 – pET23_PMUT1 2B

 

Figure 3-4. DNA gel of pET23_PMUT1. The STD lane corresponds to NEB 1 kb 
standard DNA ladder. 
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STD 
(kb)

1 2 3 4 5

1 – Reference DNA (pET23_HIV-1 PR)
2 – pET23_PMUT3 1A  

3 – pET23_PMUT3 1B 

4 – pET23_PMUT3 2A 
5 – pET23_PMUT3 2B

 

Figure 3-5. DNA gel of pET23_PMUT3. The STD lane corresponds to NEB 1 kb 
standard DNA ladder. 

STD 
(kb)

1 2 3 4 5

1 – Reference DNA (pET23_HIV-1 PR)
2 – pET23_PMUT2 1A  

3 – pET23_PMUT2 1B 

4 – pET23_PMUT2 2A 
5 – pET23_PMUT2 2B

 

Figure 3-6. DNA gel of pET23_PMUT2. The STD lane corresponds to NEB 1 kb 
standard DNA ladder. 
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STD 
(kb)

1 2 3 4 5

1 – Reference DNA (pET23_HIV-1 PR)
2 – pET23_PMUT5 1A  

3 – pET23_PMUT5 1B 

4 – pET23_PMUT5 2A 
5 – pET23_PMUT5 2B

 

Figure 3-7. DNA gel of pET23_PMUT5. The STD lane corresponds to NEB 1 kb 
standard DNA ladder.



 

104 

CHAPTER 4 
PURIFICATION AND CHARACTERIZATION OF HIV-1 PROTEASE CONSTRUCTS 

Materials and Methods 

Chemicals, reagents, and supplies were obtained from Fisher Scientific 

(Pittsburgh, Pennsylvania) unless otherwise indicated. BL21(DE3) pLysS E. coli cells 

were purchased from Invitrogen (Carlsbad, California). AG 501-X8 (D) resin, 20-50 

mesh, Laemmli sample buffer (LSB), Biorad Criterion pre-cast 16.5% Tris-Tricine 

peptide SDS-PAGE gel and other SDS-PAGE buffers and supplies were purchased 

from BioRad (Hercules, California). Molecular weight (MW) protein markers were 

purchased from Promega (Madison, Wisconsin). HiTrap™ Q HP Anion Exchange 

column and HiPrep™ 26/10 desalting column were purchased from GE Healthcare 

(formerly Amersham Biosciences, Pittsburgh, Pennsylvania). 0.60 I.D. x 0.84 O.D. 

capillary tubes were purchased from Fiber Optic Center (New Bedford, Massachusetts).  

Expression of HIV-1 PR  

The following plasmid DNA constructs were transformed separately into 

BL21(DE3)pLysS  E. coli cells via standard heat-shock method: 1) pET23_ PRE, 2) 

pET23_ POST,  3) pET23_PMUT1, 4) pET23_PMUT2, 5) pET23_PMUT3, 6) 

pET23_PMUT5, 7) pET23_ Bsi-K55C and 8) pET23_ Bsi -I63P-K55C (Refer to Table 3-3 

for the naming convention). The transformed cells were inoculated in 5 mL sterile 

Luria-Bertani (LB) media and grown at 37°C with shaking at 250 rpm until the optical 

density at 600 nm (OD600) reached approximately 0.60. This was transferred to 1 L 

sterile LB media and grown at 37°C with shaking at 300 rpm to approximately OD600 of 

1.0. The cells were induced by addition of 0.1% (v/v) isopropyl--D-

thiogalactopyranoside (IPTG) and further incubated for 4 to 5 h at 37°C. Cells were 
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harvested by centrifugation for 15 min at 8500 g and 4°C using a Sorvall RC6 

floor-model centrifuge with SLA-3000 rotor.  

Purification of HIV-1 PR 

All buffers used for protein purification are listed in Table B-1 of Appendix B. 

Resuspension and wash buffers were prepared prior to protein purification. The 

resuspension buffers containing 1 M and 9 M urea were prepared fresh. All buffers were 

filtered through 0.22 m membrane. Approximately 1 to 2 g of AG 501-X8 (D) resin 

(20-50 mesh) was added to the urea buffers, allowed to stir for 1 to 2 h, and the resin 

was removed by filtration. The pH of the inclusion body (IB) resuspension buffer 

containing 9 M urea was typically set to pH 8.85 or adjusted according to the specific 

isoelectric point (pI) of the protein being purified. The theoretical pIs of the HIV-1 PR 

constructs, which were generated by the ExPASy ProtParam tool (http://expasy.org/), 

are shown in Table 4-1. 

The cell pellet obtained from expression was resuspended in 30 mL resuspension 

buffer. The cells were lysed by tip sonication for 2 min (5 sec on, 5 sec off) at 

approximately 25 W output power using a Fisher Scientific sonic dismembrator 

(Pittsburgh, Pennsylvania) followed by 3 passes through a 35-mL French pressure cell 

(Thermo Scientific, Waltham, Massachusetts) operating at approximately 1200 lb/psi. 

The lysed cells were centrifuged for 30 min at 18500 g and 4°C using the Eppendorf 

5810R centrifuge with F34-6-38 rotor. The same rotor was used for all the succeeding 

washing steps and all other steps in the purification. After centrifugation, the 

supernatant was discarded and the pellet, which contains the cell debris and inclusion 

bodies, was collected and resuspended with 40 mL wash buffer 1. The suspension was 

http://expasy.org/
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homogenized using a 50 mL Dounce Tissue Homogenizer, tip sonicated for 2 min, then 

centrifuged for 30 min at 18500 g and 4°C. The inclusion bodies were washed again 

using the same process with 40 mL each of wash buffers 2 and 3. The washing steps 

served to separate the inclusion bodies from non-target proteins and other cellular 

components. The inclusion bodies were solubilized in 30 mL inclusion body (IB) 

resuspension buffer and homogenized followed by tip sonication and centrifugation at 

18500 g and 4°C for 30 min. The supernatant was collected and subjected to anion 

exchange chromatography.  

A 5-mL HiTrap™ Q HP anion exchange column (GE Healthcare, Pittsburgh, 

Pennsylvania) was equilibrated with approximately 60 to 80 mL of IB resuspension 

buffer on an Akta Prime liquid chromatography system (GE Healthcare, Pittsburgh, 

Pennsylvania). The supernatant (approximately 30 mL) was applied to the column at a 

rate of 5 mL/min and the flow through, which contains the HIV-1 PR, was collected in 

4-mL fractions. The fractions (approximately 32 mL) were pooled and acidified to pH 5 

by addition of formic acid to a final concentration of 25 mM. This was allowed to stand 

overnight at 4°C allowing precipitation of contaminants. Any precipitate formed was 

removed by centrifugation at 8500 g for 30 min at 6°C. The solution containing soluble 

HIV-1 PR was refolded by 10-fold stepwise dilution with 300 mL of 10 mM formic acid 

solution on ice using a peristaltic pump for approximately 2 h.  The pH of the solution 

was adjusted to 3.8 by adding approximately 1 mL of 2.5 M sodium acetate. The 

solution was allowed to equilibrate for 1 h at 30C followed by adjustment of pH to 5 

with 2.5 M sodium acetate. The solution was centrifuged for 20 min at 18500 g and 

23°C to remove contaminants that precipitated during refolding. HIV-1 PR was 
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concentrated to OD280 = 0.5 using an Amicon® 100-mL concentrator equipped with a 

Millipore 10,000 Da MW cut-off polyethersulfone (PES) membrane and buffer 

exchanged with 10 mM Tris-HCl buffer pH 6.9 using a 53-mL HiPrep™ 26/10 desalting 

column for spin labeling. Prior to buffer exchange, the HiPrep™ 26/10 desalting column 

was equilibrated with 3 to 4 column volumes (~60 to 80 mL) of the Tris-HCl buffer. 

Spin Labeling of HIV-1 PR  

The concentration of the HIV-1 PR in 10 mM Tris-HCl buffer was adjusted to 

approximately OD280 = 0.2.  A very small amount of spin label [(1-oxy-2,2,5,5- 

tetramethylpyrrolinyl-3-methyl) methanethiosulfonate (MTSL)], approximately 20-fold 

molar excess relative to HIV-1 PR, was dissolved in 100 L of pure ethanol and added 

to about 40 mL sample. The spin-labeling reaction was carried out in the dark at 4C for 

12 to 16 h. The spin labeled protein was buffer exchanged into the storage buffer, 2 mM 

NaOAc of pH 5.0, using a desalting column. Column equilibration was done as 

previously using 2 mM NaOAc buffer. The concentration of the HIV-1 PR spin labeled 

samples was adjusted according to the method of characterization: OD280 = 0.5 for 

SDS-PAGE; OD280 = 0.2 to 0.3 for CD spectroscopy; OD280 = 0.1 for mass spectrometry; 

OD280 = 1.0 for CW-EPR. Samples were stored at -20C until analysis.  

SDS-PAGE 

Approximately 15 L of samples collected from the purification process and 

purified, spin labeled HIV-1 PR were mixed in a 1:1 ratio with Laemmli sample buffer 

(LSB) containing -mercaptoethanol (BME) and subsequently boiled for 5 min. The 

samples were then loaded into a pre-cast 16.5% Tris-Tricine peptide SDS-PAGE gel. 

The gel was run at 150 V until the visible dye reached the bottom edge of the gel.  
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Circular Dichroism (CD) Spectroscopy  

Samples with a concentration of approximately 0.2 to 0.3 mg/mL were prepared in 

2 mM NaOAc buffer at pH 5.0. The protein concentration of each construct (Appendix B; 

Table B-2) was calculated using Beer’s Law (Equation 2-1) from the collected 

absorption at 280 nm and extinction coefficient () of 12490 M-1 cm-1 provided by the 

ExPASy website (http://expasy.org/). All measurements were collected on an Aviv 400 

CD spectrometer using Hellma cuvettes with a path length of 1 cm. The parameters 

used for the CD experiments are listed in Table 4-2.  

The measured values refer to A and results were calculated by averaging data 

obtained from 4 scans and subtracting the background signal from the buffer. The mean 

residue ellipticity, [], was calculated based on the following equation: 

R

d
nlc 


10

1
][   [degcm2

dmol-1]          (4-1) 

where c is the concentration in mol/L (M), l is the path length in cm, and nR is the 

number of residues. d is the observed ellipticity in degrees calculated from the average 

corrected A: 

Ad 



180

4

303.2
           (4-2) 

The CD spectrum is then obtained by plotting [] vs. wavelength in nm.  

Mass Spectrometry (MS) 

Spin labeled HIV-1 PR samples with concentration of approximately 0.1 mg/mL in 

2 mM NaOAc buffer at pH 5.0 were submitted for analysis at the UF Chemistry 

Department Mass Spectrometry Facility. Approximately 0.5% (v/v) acetic acid in 

50/50 (v/v) methanol/water was added to 100 L sample and injected directly through 

http://expasy.org/
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an autosampler, ionized by electrospray ionization (ESI) in positive mode followed by 

analysis using an Agilent 6210 Time-of-Flight Mass Spectrometer (TOF-MS). All data 

were processed using the MassHunter™ software. 

CW-EPR 

Samples were placed in 0.60 I.D. x 0.84 O.D. capillary tubes. The tube was 

inserted into the loop gap resonator and data were collected at room temperature 

(approximately 20 to 25C). The CW-EPR instrument used was a modified Brüker 

ER200 spectrometer with an ER023 M signal channel and an ER032 M field control unit 

(Molecular Specialties, Milwaukee, Wisconsin). CW EPR spectra were collected with 

1 G modulation amplitude and 100 G sweep width at X-band frequency of 9.6 to 

9.7 GHz. Table 4-3 provides a complete list of the typical parameters used for CW-EPR 

data collection.  

Results and Discussion 

The expression and purification protocol used in this work was based on Freire et 

al. (83, 105, 147) and optimized by a fellow group member, Angelo Veloro. In the 

purification process, buffers containing urea were prepared fresh because urea 

degrades spontaneously forming products that can carbamylate free cysteines and 

thereby affect the spin labeling efficiency of HIV-1 PR (148). Any urea decomposition 

products were reacted by ionization with glycylglycine (diGly), which is present in the 

wash buffers, followed by removal by ion-exchange with the AG501-X8 (D) mixed-ion 

bed resin. The purified and spin labeled HIV-1 PR samples were characterized by 

SDS-PAGE, CD, MS, and CW-EPR.  
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SDS-PAGE 

The purity of HIV-1 PR was monitored by running SDS-PAGE on samples 

obtained from specified steps in the purification process. The technique can be also be 

used to estimate the molecular weight (MW) of protein by comparison with known 

standards. SDS-PAGE gels of HIV-1 PR constructs purified in this work are shown in 

Figures 4-1 to 4-8. Bands that appeared near the 10 kDa MW marker correspond to the 

HIV-1 PR monomer, which is expected as its estimated MW is 11 kDa. All constructs 

possess this band but with varying amounts of protein. The size of the band is roughly 

proportional to the amount of protein present in the sample. The POST, PMUT3, and 

PMUT5 constructs have the most abundant HIV-1 protease.  Degradation of HIV-1 PR 

can be monitored by examining the presence of any bands lower than the 10 kDa 

marker, which corresponds to possible cleavage products. Though hardly noticeable 

because of the very large band size for POST, PMUT3, and PMUT5 HIV-1 PR, some 

faint bands can be seen below the HIV-1 PR band.   

 The SDS-PAGE gel profiles of all constructs were similar with some minor 

differences. For all constructs, the supernatant after French press produced bands of 

various MW, which correspond to cellular debris and other components that dissolved in 

the resuspension buffer and were separated from the inclusion bodies. As seen in 

Figures 4-1 to 4-8A, comparison of lanes 2-4 and lanes 6-9 reveals that several bands 

appeared in the wash pellets while only a few faint bands appeared for the wash 

supernatant solutions. This implies that the wash steps were not substantially effective 

in removing non-target proteins. It is worth noting that lanes 6-8 of the SDS-PAGE gel of 

Bsi (Figure 4-7) showed only a faint band for HIV-1 PR.  However, lanes 5 and 9, which 

correspond to wash 4 supernatant and pellet, respectively, contain the band for HIV-1 
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PR. This anomaly may be attributed to the SDS-PAGE sample preparation. After 

dissolving the sample in LSB followed by boiling, the sample was centrifuged. Most of 

the HIV-1 PR may be insoluble and deposited at the bottom of the microcentrifuge tube. 

Consequently, only little amount of the protein was loaded into the gel.  

For all constructs, distinct bands appeared at approximately 35 kDa during the 

purification process (Figures 4-1 to 4-8A). This unidentified protein contaminant was not 

removed after passing through the Q column since bands of the same MW were still 

present as seen in Figures 4-1 to 4-8B. For the POST construct (Figure 4-2), a light but 

distinct band was present between 15 and 25 kDa in both gels, which could correspond 

to the HIV-1 PR dimer of approximately 21 kDa. This also appeared as very faint bands 

in the gels of the PMUT3 and Bsi constructs. Based on the gel profiles of the column 

fractions, fractions 4-9 contained the largest amount of protein and were pooled for the 

subsequent acidification and refolding steps. 

Acidification of the HIV-1 PR facilitated the precipitation of protein contaminants 

that appeared as several bands in Figure 4-1 to 4-8B. After the acidification and 

refolding process, a huge amount of solid was typically removed by centrifugation. At 

this point, the HIV-1 PR obtained is estimated to have >95% purity and suitable for spin 

labeling. Spin labeled HIV-1 PR samples of OD ~0.5 were run through SDS-PAGE to 

verify the purity. The SDS-PAGE gel in Figure 4-9 shows that the spin labeled HIV-1 PR 

samples have >99% purity. 

CD Spectroscopy 

Isolation of protein from inclusion bodies entails refolding the protein using an 

appropriate buffer with the correct pH. After the refolding process, the purified protein 

may or may not be properly folded. In this work, CD experiments were performed to 
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verify if the purified and spin labeled HIV-1 PR constructs have the proper secondary 

structure. Figure 4-10 shows the CD spectra of the HIV-1 PR constructs. All constructs 

have a similar profile, which is typical of a protein with primarily -sheet conformation. 

This is in agreement with the structure of HIV-1 PR, which consists of predominantly  

strands. The experimentally-determined CD spectra also match published CD results for 

HIV-1 PR, thus confirming the proper folding of the protein samples. However, slight 

differences can be seen in the minima, particularly with PMUT5, which may be 

attributed to the mutations present in the construct. Further CD analysis needs to be 

performed to calculate the % -sheet structure of each of the spin labeled samples. 

MS 

The purified and spin labeled HIV-1 PR samples were analyzed by ESI-MS to 

confirm the molecular weight (MW) of HIV-1 PR. In addition, this method was used to 

check the spin labeling efficiency, that is, whether MTSL was attached successfully to 

the protein. Table 4-4 shows the list of MW of the HIV-1 PR constructs with and without 

spin label and the observed MW obtained from the MS spectra. The theoretical MW with 

MTSL corresponds to MW (HIV-1 PR) + MW (MTSL) - MW (Hydrogen), where the MW 

(MTSL) is 185.38 Da. 

Figures 4-11 to 4-18 show mass spectra of the HIV-1 PR constructs. A typical ESI-

MS mass spectrum contains a series of peaks that represent multiple-charge variants. 

The m/z peaks may be protonated or adducts of Na+, NH4
+ or any ion present in 

solution. The mass spectra of HIV-1 PR constructs possess m/z peaks that correspond 

to [M/n]n+ ions, where n represents the charge state. Because the MW of the protein is 

known, identifying the characteristic m/z peaks is relatively straightforward. The simplest 
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strategy for peak identification is to pick the +10 charge state, divide the MW by 10, and 

search for the m/z peak. For example, the theoretical MW of the PRE construct is 

10874.98 Da, thus the m/z peak having a +10 charge state corresponds to an 

approximate m/z of 1087.498. This peak corresponds to m/z 1087.494 in Figure 4-11. 

All the other peaks can easily be identified because they are adjacent to each other, 

differing by a consecutively decreasing number of charges as m/z increases. The 

ESI-MS results provide confirmation that all spin labeled HIV-1 PR constructs have the 

correct MW. 

The spin labeling efficiency was determined by verifying the presence of any 

unlabeled protein. The MS spectra of PMUT3 (Figure 4-14), PMUT5 (Figure 4-16), and 

Bsi (Figure 4-17) show the presence of unlabeled HIV-1 PR monomer and dimer. By 

comparison of intensities of the m/z peaks, the spin labeling efficiency can be roughly 

estimated. PMUT3 contains approximately 40% unlabeled protein whereas PMUT5 and 

Bsi have about 20 to 30% unlabeled protein.  All the other HIV-1 PR constructs contain 

little to no unlabeled protein and are thus efficiently labeled. 

CW-EPR 

Site-directed spin labeling in conjunction with EPR has been used as a tool to 

probe the structure and conformational dynamics of proteins (132-134, 140, 141). The 

motional dynamics of the nitroxide side chain, as reflected in the EPR line shape, can 

be correlated to motion arising from the secondary structure through local backbone 

fluctuations (LBF) and the overall protein structure due to conformational changes in the 

protein fold. In this work, SDSL-EPR was used to observe any changes in the nitroxide 

line shape of different variants of HIV-1 PR. Figure 4-19 shows an overlay of the 

CW-EPR spectra of HIV-1 PR constructs. By visual inspection, only a minor difference 
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in the EPR line shape, particularly on the high-field portion (Figure 4-19 inset), can be 

observed. This is in agreement with previous studies in our group, which revealed only 

slight changes in the EPR spectra of different HIV-1 PR subtypes (51). In fact, it has 

also been shown that addition of inhibitor to HIV-1 PR has a minor effect on the spectral 

line shape. NMR and ITC studies have suggested that inhibitor binding induces a 

conformational change and that the major source of protein motion arises from minor 

backbone fluctuations (28, 29, 33-37). These types of motion, however, were not 

detected using CW-EPR at X-band frequency. The spectral line shape rather reflects 

only the internal motion of the nitroxide spin label. Because CW-EPR did not reveal any 

information on protein conformational changes, the technique was used instead to 

confirm whether the HIV-1 PR constructs are efficiently spin labeled for DEER studies. 

Pulsed-EPR, described in further detail in Chapter 5, was employed to monitor the 

conformational changes in HIV-1 PR. 

Qualitative inspection of the signal-to-noise ratio (SNR) of the CW-EPR spectra 

(Figure 4-19) reveals that all HIV-1 PR samples are substantially spin labeled. Spin 

labeled HIV-1 PR samples for DEER analysis were typically concentrated to OD280 of 

2.5 to 2.7. However, it should not be assumed that spin labeled proteins with the same 

optical density have the same concentration of spin label. A standard curve using 

4-oxo-TEMPO was obtained (Appendix B; Figure B-1) to verify the concentration of spin 

labeled protein that produces CW-EPR spectra with good SNR. Table B-3 of Appendix 

B provides a list of values for optical density, protein concentration, and spin label 

concentration of the HIV-1 PR constructs. It has been determined that samples with 

OD280 of ~1.0 and spin label concentration of greater than 15 M for the HIV-1 PR 
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monomer are efficiently labeled and suitable for analysis by DEER. Based on Table B-3, 

it is noticeable that PMUT3, PMUT5, and Bsi have high OD280 values but correspond to 

relatively low spin label concentrations. This suggests that these constructs may not be 

efficiently labeled.  
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Table 4-1. Theoretical isoelectric points (pI) of HIV-1 PR constructs. 

Construct # Name of Constructa pI 

1 PRE 9.06 
2 POST 9.06 
3 PMUT1 9.06 
4 PMUT2 9.06 
5 PMUT3 9.45 
6 PMUT5 9.06 
7 Bsi 9.39 
8 Bsi-I63P 9.39 

aSee Table 3-3 for the naming convention of HIV-1 PR constructs. 
 
Table 4-2. Standard parameters used for circular dichroism (CD) spectroscopy data 

collection.  

Parameter Value 

Experiment Type Wavelength 
Temperature 25 C 
Bandwidth 1.0 nm 
Wavelength Start 250 nm 
Wavelength End 200 nm 
Wavelength Step 1.0 nm 
Averaging Time 1.000 s 
Settling Time 0.333 s 
Multi-Scan Wait 1.000 s 
Number of Scans 4 

 
Table 4-3. Standard parameters used for CW-EPR data collection.  

Parameter Value 

Frequency ~9.6 GHz 
Center Field ~3230-3270 G 
Sweep Width 100 G 
Time Constant   0.16384 s 
Acquisition Time 40.6323 s 
Modulation Amplitude ~1 G 
Power 20 dB 
Receiver Gain 1 x 105 
Receiver Phase 100 
Number of Scans 1 
Number of Points 1024 
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Table 4-4. Theoretical MW of HIV-1 PR constructs with and without MTSL and MW 
determined from ESI-MS analysis.  

HIV-1 PR 
Construct 

Theoretical 
MW (Da) 

(without MTSL) 

Theoretical MW 
(Da) 

(with MTSL) 

Observed MWa 

(Da) 

(with MTSL) 

Standard 
Deviation 

PRE 10690.6 10874.98 10874.94 0.20 
POST 10601.4 10785.78 10785.60 0.15 
PMUT1 10629.4 10813.78 10813.62 0.18 
PMUT3 10643.4 10827.78 10827.68 0.11 
PMUT2 10642.5 10826.88 10826.74 0.11 
PMUT5 10648.5 10832.88 10832.73 0.11 
Bsi 10702.7 10887.08 10886.93 0.07 
Bsi-I63P 10686.6 10870.98 10870.86 0.08 
aValue corresponds to the average MW calculated from the m/z peaks of varying charge 
states. 
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Figure 4-1. SDS-PAGE gel of PRE. A) Samples obtained from steps in the purification 

as indicated. B) Lanes correspond to fractions 1-10 collected from Q column 
chromatography. MW lane corresponds to Promega broad range protein 
markers. 
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Figure 4-2. SDS-PAGE gel of POST. A) Samples obtained from steps in the purification 

as indicated. B) Lanes correspond to fractions 1-10 collected from Q column 
chromatography. MW lane corresponds to Promega broad range protein 
markers. 
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Figure 4-3. SDS-PAGE gel of PMUT1. A) Samples obtained from steps in the 
purification as indicated. B) Lanes correspond to fractions 1-10 collected from 
Q column chromatography. MW lane corresponds to Promega broad range 
protein markers. 
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Figure 4-4. SDS-PAGE gel of PMUT3. A) Samples obtained from steps in the 

purification as indicated. B) Lanes correspond to fractions 1-10 collected from 
Q column chromatography. MW lane corresponds to Promega broad range 
protein markers. 
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Figure 4-5. SDS-PAGE gel of PMUT2. A) Samples obtained from steps in the 

purification as indicated. B) Lanes correspond to fractions 1-10 collected from 
Q column chromatography. MW lane corresponds to Promega broad range 
protein markers. 
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Figure 4-6. SDS-PAGE gel of PMUT5. A) Samples obtained from steps in the 

purification as indicated. B) Lanes correspond to fractions 1-10 collected from 
Q column chromatography. MW lane corresponds to Promega broad range 
protein markers. 
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Figure 4-7. SDS-PAGE gel of Bsi. A) Samples obtained from steps in the purification as 

indicated. B) Lanes correspond to fractions 1-10 collected from Q column 
chromatography. MW lane corresponds to Promega broad range protein 
markers. 
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Figure 4-8. SDS-PAGE gel of Bsi-I63P. A) Samples obtained from steps in the 

purification as indicated. B) Lanes correspond to fractions 1-10 collected from 
Q column chromatography. MW lane corresponds to Promega broad range 
protein markers. 
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Figure 4-9. SDS-PAGE gel of spin labeled HIV-1 PR constructs. MW lane corresponds 

to Promega broad range protein markers. 
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Figure 4-10. Circular dichroism spectra for spin labeled HIV-1 PR PRE (blue), POST 

(red), PMUT1 (green), PMUT2 (purple), PMUT3 (magenta), PMUT5 (cyan), 
Bsi (black), and Bsi-I63P (orange).  
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Figure 4-11. Mass spectra of spin labeled PRE. The upper spectrum shows the major peaks with the charge states 

indicated. The lower spectrum is an enlarged view of the m/z peak with +10 charge state. 
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Figure 4-12. Mass spectra of spin labeled POST. The upper spectrum shows the major peaks with the charge states 
indicated. The lower spectrum is an enlarged view of the m/z peak with +10 charge state. 
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Figure 4-13. Mass spectra of spin labeled PMUT1. The upper spectrum shows the major peaks with the charge states 
indicated. The lower spectrum is an enlarged view of the m/z peak with +10 charge state. 
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Figure 4-14. Mass spectra of spin labeled PMUT3. The upper spectrum shows the major peaks with the charge states 
indicated. The lower spectrum is an enlarged view of the m/z peak with +10 charge state. 
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Figure 4-15. Mass spectra of spin labeled PMUT2. The upper spectrum shows the major peaks with the charge states 

indicated. The lower spectrum is an enlarged view of the m/z peak with +10 charge state. 
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Figure 4-16. Mass spectra of spin labeled PMUT5. The upper spectrum shows the major peaks with the charge states 
indicated. The lower spectrum is an enlarged view of the m/z peak with +10 charge state. 
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Figure 4-17. Mass spectra of spin labeled Bsi. The upper spectrum shows the major peaks with the charge states 
indicated. The lower spectrum is an enlarged view of the m/z peak with +10 charge state. 
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Figure 4-18. Mass spectra of spin labeled Bsi-I63P. The upper spectrum shows the major peaks with the charge states 
indicated. The lower spectrum is an enlarged view of the m/z peak with +10 charge state. 
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Figure 4-19. CW-EPR spectra for spin labeled HIV-1 PR PRE (blue), POST (red), 
PMUT1 (green), PMUT2 (purple), PMUT3 (magenta), PMUT5 (cyan), Bsi 
(black), and Bsi-I63P (orange). Inset shows an enlarged view of the high-field 
peak.  
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CHAPTER 5 
DISTANCE MEASUREMENTS OF HIV-1 PROTEASE CONSTRUCTS  

As described in Chapter 2, Double Electron-Electron Resonance (DEER) 

spectroscopy is a technique for determining the distance between specific sites in a 

protein molecule. In HIV-1 protease, the distance between spin-labeled sites on the 

flaps of each monomer can be measured. From the distance profiles obtained, the 

conformational ensemble, which corresponds to the sum of the protein conformational 

states, of various HIV-1 PR variants and subtypes can be compared. This chapter 

describes previous DEER studies on HIV-1 PR and results of DEER experiments on 

HIV-1 PR pre-therapy (PRE), post-therapy (POST), PMUT1 (POST-A82V), Bsi, and 

Bsi-I63P apo constructs (See Table 3-3 for the naming convention). DEER analysis was 

also performed on the PRE and POST constructs with the protease inhibitor, ritonavir 

(RTV). 

The K55C mutation was introduced into the protease constructs to serve as a site 

for attaching the methanethiosulfonate spin label (MTSL).  Previous studies have shown 

that spin-labeling the protein at this position, which is a solvent-exposed site, does not 

significantly alter the structure and activity of the HIV-1 protease (149). Based on X-ray 

crystal structures and MD simulation studies of HIV-1 PR, the distance between the 

terminal amine groups of K55 and K55’ varies from 25 to 36 Å, which is suitable for 

DEER measurement (39, 45). Figure 5-1 shows X-ray crystal structures of HIV-1 PR 

with the flaps in the closed and semi-open conformations. The distance between the 

spin labels at positions K55 and K55’ is predicted to decrease by approximately 3 Å, 

from about 36 Å to 33 Å, as the flaps shift from semi-open to a closed conformation. 
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Previous DEER Studies on HIV-1 PR  

As previously mentioned, our group has utilized DEER spectroscopy to 

characterize the flap conformations of HIV-1 PR. Luis Galiano, a former member of our 

group, demonstrated that the DEER technique can be used to measure the distance 

between flaps of HIV-1 PR and thereby determine the flap conformations (45, 47). 

Results of the study revealed significant variation in the distance distribution profile of 

Bsi in the absence and presence of a protease inhibitor, ritonavir (RTV).  Figure 5-2 

shows the dipolar evolution curve and distance profile of apo and inhibitor-bound HIV-1 

PR. A noticeable difference is seen in the dipolar evolution curves such that the 

inhibitor-bound protease consists of more oscillations compared to an almost dampened 

oscillation for the apo protease. This reflects the motion and flexibility of the flaps and 

the possible changes in conformation the protease undergoes upon binding of inhibitor. 

From the distance profile, it has been determined that the most probable distance of the 

apo HIV-1 PR is 35.4 Å, which corresponds to a semi-open conformation. In addition, 

the distance distribution is broad, which is indicative of flaps sampling a wide range of 

conformations. Upon addition of RTV, the most probable distance decreased by about 3 

Å (from ~36 Å to ~33 Å) and the breadth of the distribution narrowed. This clearly 

indicates that the flaps closed-in to interact with the inhibitor and as such restricted the 

motion of the flaps, which is characteristic of a closed conformation.  

Mandy E. Blackburn, also a previous member of our group, optimized the process 

of obtaining DEER data (49). By improving the signal-to-noise ratio (SNR), the sub-

populations of HIV-1 PR can be determined from the distance profiles. Using the 

improvised technique, the distance distribution profiles of Bsi in the absence and 

presence of nine FDA-approved protease inhibitors and a substrate mimic, CA/p2, were 
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compared (Figure 5-3) (48). These results mainly showed the effect of inhibitor binding 

on the distance profiles. The inhibitors and CA/p2 substrate were classified based on 

how the inhibitor/substrate affected the closing of the flaps. CA/p2, RTV, LPV, TPV, 

SQV, APV, and DRV were classified as “strong/moderate”, where 70% of the 

conformational ensemble is in the closed conformation. The lower percentage of closed 

conformation for IDV, NFV, and ATV reveals a “moderate/weak” effect on flap closing. 

HIV-1 PR bound with these inhibitors possess a predominant semi-open conformation 

except for ATV, which has approximately 40% closed conformation.  

Galiano et al. (46) studied the effect of mutations in drug-resistant HIV-1 PR 

variants, V6 (90) and MDR769 (103). V6 is a clinical isolate from a pediatric patient 

treated with RTV while MDR769 was isolated from a patient previously treated with IDV, 

NFV, SQV, and APV. Figure 5-4 shows DEER results for V6 and MDR769. Compared 

to Bsi, the distance profile reveals that MDR769 has a longer interflap distance, 

corresponding to a more open conformation. In contrast, the most probable distance for 

V6 is shorter than Bsi, which corresponds to a more closed conformation. This is in 

agreement with the MD simulation studies done by Simmerling et al. (39, 46). These 

findings provide evidence that drug-pressure selected mutations, particularly those that 

are relatively far from the active site, can influence HIV-1 PR function by altering flap 

motion and flexibility. Thus, distance distribution profiles, which provide information on 

flap conformations, can be used to compare the different HIV-1 PR variants containing 

drug-pressure selected mutations.  

Blackburn extended Galiano’s work on the V6 drug-resistant construct by studying 

the effect of addition of inhibitors on the distance distribution profile (47, 49). The apo 
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form of V6 was in agreement with Galiano’s results in that the most probable distance is 

shorter than Bsi apo. However, the breadth of the profile for V6 is broader whereas 

Galiano reported a broader profile for Bsi, which may be attributed to the low signal-to-

noise ratio (SNR) as seen in Figure 5-4.  The effects of inhibitors on the distance profile 

of V6 were relatively similar to Bsi with some notable exceptions. Similar to Bsi, IDV, 

NFV, and ATV only slightly changed the most probable distance and the breadth of 

distribution. However, RTV, which had a strong effect on flap closing of Bsi, has a 

minimal effect on the distance profile of V6 and almost no change in the breadth of the 

distance profile. All the other inhibitors had moderate to strong effect on the V6 distance 

profile, which was also observed in Bsi. Overall, the effects of inhibitors on V6 compared 

to Bsi were almost the same; however, the breadth of the distance profiles of V6 were 

relatively broader. 

Jamie L. Kear, a previous member of our group, determined the distance 

distribution profiles of non-B subtype HIV-1 PR variants as well as previously studied 

drug resistant constructs, V6 and MDR769 (50, 51). Distance measurements on the 

non-B subtypes and drug-resistant constructs were carried out to examine the effects of 

naturally occurring polymorphisms and drug-pressure selected mutations on the flap 

conformation and flexibility of HIV-1 PR. Results showed that polymorphisms and drug-

pressure selected mutations alter the average flap conformation and flexibility of HIV-1 

PR. Figure 5-5 shows the distance distribution profiles of the apo forms of HIV-1 PR 

subtypes B, C, F, and CRF01_A/E and drug-resistant constructs V6 and MDR769. The 

most probable distance for almost all subtypes and the drug-resistant constructs are 

centered between 35 to 36 Å, with the exception of subtype C which has a slightly 
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longer inter-flap distance of about 37 Å. The differences in the overall shape and 

breadth of the profiles reveal a variation in flap conformation and flexibility as a 

consequence of the polymorphisms and mutations. Kear also studied the effects of the 

various FDA-approved inhibitors on subtypes CRF01_A/E and F (51). The results for 

both non-B subtypes were similar to that of subtype Bsi in that IDV, NFV, and ATV had a 

“weak/moderate” effect on flap closing whereas all the other inhibitors displayed a 

“strong” effect.  

As previously cited, Galiano and Blackburn reported a more open conformation for 

MDR769 and a more closed conformation for V6 (47, 49). Kear determined that the 

most probable distance of V6 and MDR769 is almost the same as Bsi and the 

predominant flap conformation for both constructs is the semi-open conformation (51). 

Compared to Bsi, MDR769 has a larger relative percentage of wide-open conformation 

whereas V6 shows a greater relative percentage of tucked/curled conformation.  

Materials and Methods  

Chemicals, reagents, and supplies were obtained from Fisher Scientific 

(Pittsburgh, Pennsylvania) unless otherwise indicated. Deuterated solvents were 

purchased from Cambridge Isotope Laboratories, Inc. (Andover, Massachusetts). 

Ritonavir (RTV) was generously received from the AIDS Research and Reference 

Reagent Program, Division of AIDS, NIAID, NIH (Bethesda, Maryland).  

Sample Preparation for DEER Data Collection 

Inactive HIV-1 PR pre-therapy (PRE), post-therapy (POST), PMUT1 

(POST-A82V), Bsi, and Bsi-I63P constructs were purified and spin-labeled as described 

in Chapter 4. The purified and spin-labeled samples were concentrated to OD280 ~2.5 to 

2.7 using an Amicon® Ultra-4 Centrifugal Filter Unit with Ultracel-3 membrane. The 
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sample was buffer exchanged as follows: 1 mL of concentrated HIV-1 PR was diluted 

with 3 mL deuterated 20 mM NaOAc (C2D3O2) in D2O (pH 5.0) and centrifuged until the 

volume of sample was approximately 1 mL. This process was repeated 3 times such 

that by the end of the fourth concentrating step, the sample buffer is approximately 

100% deuterated solvent. Also, the OD280 was obtained to verify if it is roughly the same 

as the initial OD280. To avoid multiple freeze/thaw cycles, 70 L of the spin-labeled 

protein in deuterated buffer was aliquoted into 0.2 mL PCR tubes and stored at -20C.  

For apo samples, 30 L of deuterated glycerol was directly added to 70 L of 

sample so that the final concentration of glycerol is approximately 30%. For RTV-bound 

samples, a 4:1 molar excess of inhibitor (typically 3 to 6 L) was added to 65 L of 

sample. The sample was left standing for 15 to 30 min to allow sufficient time for 

binding, after which deuterated glycerol was added to the sample. Samples were mixed 

thoroughly and transferred to a 4-mm quartz EPR tube using a syringe fitted with plastic 

tubing.  

DEER Experiments 

DEER data were collected on a Brüker EleXsys E580 EPR spectrometer (Billerica, 

Massachusetts) equipped with the ER 4118X-MD-5 dielectric ring resonator at a 

temperature of 65 K. The EPR tube containing the sample was “flash-frozen” using 

liquid nitrogen and inserted into the resonator. A series of preliminary experiments was 

performed to determine the following parameters: center field, Tm, d0 (time in ns at 

which the echo begins), pulse gate (the breadth of the echo in ns), and appropriate 

positions for the observer and pump frequencies. The “pump” frequency is applied to 

the central resonance located at approximately 3460 G in the spectrum (Figure 5-6). 
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The “observer” frequency is applied at the low-field resonance approximately 26 G 

lower than the “pump” frequency. The typical parameters are listed in Table 5-1.  

The four-pulse DEER sequence (Figure 2-11), described in Chapter 2, is then applied to 

collect DEER data. The pulse parameters used with the Xepr software package from 

Bruker Biospin are given in Table 5-2. 

DEER Data Analysis 

Data analysis was carried out as described in Chapter 2. The raw experimental 

data was processed via Tikhonov Regularization (TKR) using DeerAnalysis2008 

software to generate distance distribution profiles and background subtracted dipolar 

evolution curves. The level of background subtraction was optimized via the 

self-consistent analysis (SCA). Finally, distance profiles were fit with a series of 

Gaussian functions. Population validation, described in Chapter 2, was done as 

necessary. 

Results and Discussion  

As described earlier in this chapter, the flap conformations of different HIV-1 PR 

subtypes (B, C, F, and CRF01_A/E) and drug-resistant constructs (V6 and MDR769) 

were previously determined by our group using DEER spectroscopy (45-51). The 

distance distribution profile represents the conformational ensemble, which corresponds 

to the sum of the sub-populations that exist in HIV-1 PR (49). The four major 

conformational states or sub-populations, determined from NMR and ITC studies and 

modeled by molecular dynamics (MD) simulations, are referred to as semi-open, closed, 

wide-open, and tucked/curled conformations (28, 29, 33-37). In this work, HIV-1 PR 

variants pre-therapy (PRE), post-therapy (POST) and PMUT1 (POST-A82V), a 

construct containing drug-pressure selected mutations, were analyzed by DEER 
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spectroscopy. DEER results obtained were compared with Bsi and Bsi-I63P apo 

constructs. Also, the PRE and POST constructs were analyzed after addition of the 

protease inhibitor, ritonavir (RTV). The spin labeling efficiency of the HIV-1 PR samples 

were verified by mass spectrometry (MS) and CW-EPR as described in Chapter 4. MS 

and CW-EPR results for the Bsi and Bsi-I63P constructs were presented in Chapter 4. 

However, for the PRE, POST and PMUT1 constructs, DEER analysis was performed on 

older samples, for which MS and CW-EPR results are given in Appendix B.  

Comparison of HIV-1 PR Apo Constructs 

The comprehensive results of DEER data analysis for the apo constructs are 

shown in Figures 5-7 to 5-11. Figures 5-7 to 5-11A show the overlay of the theoretical 

dipolar evolution curve from Gaussian reconstruction and the dipolar modulation fit to 

the experimental background subtracted echo. As described in Chapter 2, the 

TKR-generated dipolar modulation and theoretical curves are overlaid to ensure the 

curves matched. This procedure ascertains that the most accurate background 

subtraction is chosen. Figures 5-7 to 5-11B show the overlay of the TKR-generated 

distance distribution and the distance profile obtained by Gaussian reconstruction. The 

process of Gaussian reconstruction is necessary for generating the individual 

populations that sum up to form the distance profile. This method determines the center, 

full width at half maximum (FWHM), and relative percentage of each peak, which are 

important parameters that characterize each individual population. Figures 5-7 to 5-11C 

show the Gaussian populations and Table 5-3 to 5-7 lists the distance, FWHM, and 

relative percentage of the individual populations. Figures 5-7 to 5-11D show the L-curve 

used for choosing the appropriate regularization parameter (). As stated in Chapter 2, 
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the optimum value of  usually corresponds to the corner of the L-curve. However, this 

was not applicable here, for reasons that will be explained later in the Experimental 

Limitations section. Figures 5-7 to 5-11E show the Pake dipolar pattern resulting from 

Fourier transformation of the background subtracted echo and TKR-generated fit. 

Figure 5-12A and B shows the dipolar modulation and distance distribution profile, 

respectively, for the apo constructs generated by TKR analysis. Long-pass filter, a 

digital filtering system that selectively attenuates shorter wavelengths, was applied to 

generate a dipolar evolution curve with an enhanced signal-to-noise ratio (SNR) and 

consequently improve DEER data analysis. Comparison of the dipolar evolution curves 

reveals some variations in the oscillations. The oscillations for Bsi, POST, and PMUT1 

constructs are relatively broad and not well-defined whereas oscillations for the PRE 

and Bsi-I63P are more pronounced. Dipolar evolution curves that have well-defined 

oscillations correspond to narrower distance distributions and shorter most probable 

distance, which is the most intense point of the distance distribution profile (50). The 

shift in the first minimum of the echo curve (marked by a dashed vertical line on Figure 

5-12A) indicates a difference in the frequency of the oscillations and variation in the 

most probable distance of the distance distribution profile (Figure 5-12B) (49). 

Comparison of the most probable distance for HIV-1 PR apo constructs, given in Table 

5-8, reveals that PRE and Bsi-I63P have the same center at 33.2 Å whereas Bsi and 

POST have nearly similar values at 36.8 Å and 37.0 Å. The PMUT1 construct has a 

relatively farther most probable distance of 38.5 Å, where there is a noticeable splitting 

of the distance distribution into populations. This can be seen in the echo curve of 

PMUT1, where the first minimum is slightly shifted to the right, indicating a relatively 
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longer distance compared to the other constructs. Figure 5-13 shows the distance 

profiles of PRE, POST, PMUT1, and Bsi-I63P overlaid with the distance profile of Bsi. 

The shift in most probable distance relative to Bsi is clearly evident for the PRE and Bsi-

I63P constructs. Figure 5-14 also shows a comparison of most probable distance 

between constructs. 

The Gaussian reconstruction process reveals the sub-populations that comprise 

the distance distribution profile.  The individual populations correspond to the four major 

flap conformations: tucked/curled (25-30 Å), closed (~33 Å), semi-open (36-38 Å), and 

wide-open (40-46 Å). The tucked/curled conformation refers to the state of HIV-1 PR 

when its flaps tuck or curl into the active site pocket (41, 44). This has been observed in 

MD simulations and the distances measured were consistent with findings from DEER 

studies. However, the exact distance assignment of these conformations has not been 

established. The Gaussian populations reported for each of the construct are based on 

results of the population validation process. Population validation was done to verify if 

some of the minor populations need to be suppressed. A comprehensive summary of 

the population validation process is given in Appendix C.  

Each of the peaks assigned in the Gaussian profile should represent real protein 

conformational states rather than artifacts or peaks arising from background or noise.  

For example, as seen in the background subtracted dipolar evolution curve of the PRE 

construct on Figure 5-7A, the echo signal between  = 2 to 3 s appears to have a large 

amount of noise compared to experimental data previously collected by our group. To 

verify this, distance profiles were obtained at different truncated values of  at 2.0 s, 

2.5 s, and 3.0 s. Figure 5-15 shows the dipolar evolution curves, the corresponding 
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Gaussian population profiles, and the L-curves. Table 5-9 shows the relative 

percentages of the individual populations at the indicated  values.  When  is truncated, 

it is noticeable that the populations at longer distances corresponding to the wide-open 

conformation are shifted to a shorter distance. At  = 2.0 s, the peak corresponding to 

the semi-open conformation, disappeared. In effect, truncation of the  value to 2.0 s, 

altered the relative percentage of the populations for the closed and wide-open 

conformations. Other than the large shift in the distance of the wide-open conformation, 

there is only a slight difference in the relative percentage of the populations at  = 2.5 s 

and  = 3.0 s. In addition, only very minor changes were observed in the breadth of the 

populations for all  values. Overall, the effect of truncating  is the reduction of the span 

of the distance profile because essentially removing some of the data at longer  

changes the level of background subtraction and manifests as a shift in the population 

at longer distances. However, it is still uncertain whether this results in the removal of 

noise and whether the population assigned to a wide-open conformation is real or not.  

Table 5-10 and Figure 5-16 show the relative percentage of sub-populations for 

each of the HIV-1 PR apo constructs. The population analysis is also presented as a 3D 

bar graph in Figure 5-17. The most predominant conformation for PRE and Bsi-I63P is 

the closed conformation whereas Bsi , POST, and PMUT1 have the largest percentage 

for the semi-open conformation.  Results for Bsi are consistent with previous findings 

although with a small variation in the center and relative percentages for each 

sub-population. This may be attributed to the inefficient labeling of the Bsi construct, 

which will be discussed in further detail in the Experimental Limitations section.  
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The population breadth, which is measured by the FWHM, reflects the motion of 

the spin label in each conformation and the range of conformational sampling in the 

protein. A broad distribution indicates that the spin label is more flexible and that the 

flaps sample a wide range of conformations (45). Distributions corresponding to 

semi-open and wide-open conformations are usually broad whereas the closed 

conformation typically has a narrower population breadth. Upon addition of inhibitor, 

HIV-1 protease adopts the closed conformation, where the flexibility and range of HIV-1 

PR flap motion is limited (39, 45). DEER analysis of HIV-1 PR in the presence of 

ritonavir (RTV) showed that the breadth of the distance profile is 3.0 Å, which is 

narrower than that of the apoenzyme (45). In the inhibited state, it is known that large 

amplitude backbone motions are restricted and that the flaps undergo only very small 

and rapid oscillations (28, 150). Thus, the narrow breadth of distance profile for HIV-1 

PR with inhibitor is attributed to the motion of the spin label about the flexible linker (49).  

The FWHM values of the semi-open population for the Bsi and POST are 5.6 Å 

and 5.1 Å, respectively, which correspond to a relatively wide population breadth 

compared to the narrower breadth for the closed conformation at about 4 Å for both 

constructs. This is consistent with results of previous DEER studies on apo Bsi HIV-1 PR 

(49, 51). For the PRE and Bsi-I63P constructs, the population breadths of the closed 

conformation are 3.8 Å and 3.5 Å, respectively. However, the difference between the 

FWHM of the closed and semi-open populations for the PRE construct is 0.4 Å, which is 

evidently small, and for Bsi-I63P the FWHM values are the same. Because PRE and 

Bsi-I63P have a large percent closed population of 56% and 57%, respectively, >50% of 

the population adopt a conformation in which the motion of the flaps is restricted. As the 
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protease transitions from closed to the open conformations, there is little to no change 

in the range of motion, as reflected in the values for FWHM. Interestingly, results for 

PMUT1 are different in that the FWHM values are smaller than expected for a construct 

having a predominant semi-open conformation. The population breadth for both closed 

(3.4 Å) and semi-open conformation (3.6 Å) is almost the same and the breadth is 

smaller for the wide-open conformation at 2.7 Å.    

DEER results for the PRE construct are unexpected because an apo construct 

with a large percentage of closed conformation has not been previously reported. X-ray 

crystal structures of ligand-free HIV-1 PR primarily exhibit the semi-open conformation 

(28, 29, 33-37, 40). This has been confirmed by DEER studies for subtypes B, C, 

CRF_01 A/E, F and multi-drug resistant constructs V6 and MDR769 (48-51). It has 

been shown that V6 has a shorter most probable distance and is more closed compared 

to Bsi, but its predominant conformation is semi-open. Crystal structures of all 

inhibitor-bound HIV-1 PR are found in the closed conformation because the flaps, 

particularly the Ile50/50’ amide group, close-in and interact with the inhibitor via a 

conserved water molecule (27). This is consistent with DEER results and  MD 

simulations that inhibitor-bound HIV-1 PR adopts the closed conformation (39, 45). 

However, MD simulation studies of unbound closed HIV-1 PR, which is achieved by 

removing the inhibitor from the bound state of HIV-1 PR, showed that the average 

distance and profile breadth are similar to the bound closed simulations (39). In 

addition, intraflap hydrogen bonding, which may have stabilized the closed flap 

conformation, was observed in the simulations. These results indicate that despite the 

loss of flap-inhibitor interactions, ligand-free protease may adopt a closed conformation.  
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The predominant closed conformation for the PRE construct may be due to some 

interactions within the protease that stabilize the closed conformation. It is possible that 

the closed conformation is stabilized by specific amino acid residues, which are located 

in critical sites of HIV-1 PR. This led to careful examination of the amino acid 

differences of PRE relative to Bsi. PRE and Bsi differ in amino acids at sites 37, 39, 62, 

and 63, which are located in the hinge area (Figure 5-18). In drug resistant HIV-1 PR 

variants, the L63P mutation is identified as a secondary mutation that compensates for 

the decrease in function and activity as a consequence of primary mutations. 

Interestingly, a number of studies have revealed that the L63P mutation, although 

associated with progression to drug resistance, is also commonly present in drug-naïve 

patient isolates.  The presence of proline at site 63 in the PRE construct may have 

some functional advantage and its location in the protein possibly leads to a more rigid 

protease and less flexible flaps. It is also possible that the L63P mutation is preserved in 

HIV-1 PR pre-therapy variants to maintain its activity in the presence of inhibitors. Thus, 

it is of interest to investigate the effect of the L63P mutation on the flap conformations of 

HIV-1 PR. DEER analysis on the Bsi-I63P mutant was performed to compare its flap 

conformation with the Bsi and PRE constructs. Recall that the mutation is I63P rather 

than L63P because the Bsi construct contained the L63I stabilizing mutation. This further 

supports that position 63 is a critical site that can affect the stability of the protease. 

DEER results clearly showed a shift in the most probable distance of the Bsi-I63P 

construct relative to Bsi and that it has a large percentage of closed conformation of 

57%, similar to the PRE construct. This provides evidence that a single secondary 

mutation can drastically shift the conformational ensemble of HIV-1 PR. Additionally, the 
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proline at site 63 in the PRE construct may have contributed largely to its 

conformational ensemble. 

The combined percentage of semi-open and wide-open conformations for the 

POST construct (74%) is greater than PRE (18%) and the percent population for the 

wide-open conformation (26%) is greater relative to Bsi (12%). Because the POST 

construct is composed of several mutations, which are selected for by RTV-IDV 

combination inhibitor therapy, these may have a profound effect on the flap 

conformation and flexibility.  Relative to PRE, it contains mutations in the active site 

(V82A), near-active site (L10I and I15V), flap (I54A and Q58E), and hinge (E34Q, M36I, 

and T37N) regions (Figure 5-18). The flap and hinge mutations are located in sites that 

can influence the motion and flexibility of the flaps. Therefore, the combined effect of the 

mutations is to shift the conformational ensemble, in which the majority of the population 

is in an open conformation. Additionally, the broader than average breadth for the 

distance distribution profile compared to previously reported results on other constructs, 

indicates either an increase in flexibility of the flaps or the flaps are relatively unstable in 

the closed conformation.  

The PMUT1 construct consists of the same mutations as the POST except that the 

mutation at position 82 was back-mutated to Val, which is present in the PRE construct. 

The V82A mutation is a primary mutation common in most drug-resistant constructs 

such as in V6 and MDR769. Because it is an active site mutation, it directly affects 

inhibitor binding. It is associated with the initial decrease in effectiveness of RTV and 

also observed in patient isolates receiving IDV and LPV (58, 81). As discussed in 

Chapter 1, the substitution of Ala with Val was studied by Ho et al. to determine the 
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effect of reverting a particular site in the POST sequence to a pre-therapy amino acid 

residue, on viral replicative capacity and PI sensitivity (100). The amino acid substitution 

resulted in 50% recovery of replicative capacity and about 50% increase in sensitivity to 

either RTV or IDV relative to PRE. In this work, the effect of the A82V mutation on the 

flap conformation and flexibility was investigated. DEER results revealed that the 

predominant conformation of PMUT1 is semi-open. However, the percent closed 

population of 33% is almost 2 times larger than that for POST (18%) and the 

percentage of wide-open conformation decreased markedly from 29% for POST to 4% 

for PMUT1. In addition, the percentage of closed conformation increased to almost 50% 

of PRE, indicating that there may be some rearrangement in the active site pocket 

occurring in a certain fraction of the population such that the flaps adopt a more closed 

conformation. Overall, the changes observed in the populations of PMUT1 relative to 

PRE and POST provides evidence that a single active site mutation can dramatically 

alter the protein conformational ensemble.  

Comparison of HIV-1 PR Constructs With and Without RTV 

As previously stated, the effect of addition of inhibitor to HIV-1 PR is a shift from 

semi-open to a closed conformation. Upon inhibitor binding, the flaps are expected to 

close-in on the active site and interact with the inhibitor, allowing HIV-1 PR to adopt a 

rigid conformation known as the closed conformation. NMR studies on flap dynamics 

and structure-based analysis on binding energetics have provided evidence that 

inhibitor-bound HIV-1 PR adopts a closed conformation (28, 29, 33, 34). DEER results 

of different HIV-1 PR subtypes have shown that the inter-flap distance shifts from about 

36 Å to 33 Å upon inhibitor binding (48-51).  
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Multi-drug resistant constructs contain both primary and secondary mutations that 

influence flap conformation and flexibility. It is expected that a drug-resistant HIV-1PR, 

which is previously exposed to an inhibitor that selected for mutations in the protease, 

will not bind to a protease inhibitor as effectively. The active site mutations directly affect 

protease-inhibitor interaction whereas non-active site mutations alter the motion of the 

flaps by either preventing HIV-1 PR to reach the wide-open conformation and thus 

disallowing access to inhibitor or preventing the flaps from closing so that the inhibitor 

cannot interact with active-site amino acid residues effectively (23). A multi-drug 

resistant construct, V6, was analyzed by DEER to determine the effect of addition of 

inhibitor on the flap conformation (49). Results were mostly similar to Bsi, with one 

notable exception. The protease inhibitor, RTV, which had a strong effect on flap closing 

of Bsi, has only a minimal effect on the distance distribution profile of V6. These results 

are expected since the mutations present in V6 were selected under RTV therapy.  

In this work, the effect of addition of RTV to the PRE and POST HIV-1 PR variants 

was investigated. DEER data analysis of the PRE and POST constructs in the presence 

of ritonavir (RTV) are given in Figures 5-19 and 5-20 and a summary of the Gaussian 

population profiles is listed on Tables 5-11 and 5-12. A comparison between the dipolar 

evolution curves and distance distribution profiles of HIV-1 PR in the absence and 

presence of RTV is shown in Figure 5-21. 

The dipolar modulation of PRE in the presence of RTV (Figure 5-21A) clearly 

reveals a shift in the first minimum and an increase in the frequency of oscillations 

compared to PRE apo. This indicates a shift in the distance distribution to shorter 

distances and a narrower breadth of population. There is a considerable decrease in the 
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breadth of each population; however, Figure 5-21C shows that the most probable 

distance of both apo and bound PRE is exactly the same at 33.2 Å. The observed 

changes in oscillations in the dipolar evolution curve manifest as a variation in the 

percentages of the sub-populations. Table 5-13 presents a summary of the relative 

percentage for each sub-population and Figure 5-22 shows separate bar graphs for 

each population. The differences in the relative percent for each population between the 

constructs with and without RTV are clearly illustrated in Figure 5-23. Compared to PRE 

apo, values for PRE in the presence of RTV reveal a slight increase in the percent 

closed population (from 56% to 65%) and small decrease in the semi-open 

conformation (from 17% to 7%). This indicates that some fraction of the population may 

be accounted for by RTV-bound PRE. The total percent tucked/curled conformation and 

the percentage population of wide-open, however, are almost the same.  

In contrast to PRE, the dipolar evolution curves of POST in the absence and 

presence of RTV (Figure 5-21B) do not reveal any changes in the frequency of 

oscillations. Although the oscillation for the POST with RTV is slightly more well-defined 

than POST apo, both echo curves are relatively broad indicating wider distribution 

profiles. The noticeable downward shift in the first minimum of dipolar evolution curve of 

POST in the presence of RTV may be attributed to the shift in the most probable 

distance from 37.0 Å to 36.0 Å as seen in the distance distribution profile (Figure 5-

21D), but it may also be due to the large change in percentage of populations at longer 

distances. Figure 5-23 clearly shows a relatively large decrease in the percentage of 

wide-open conformation of 17%. However, there is almost no change in the percent 

semi-open population relative to POST apo. A slight increase in the percentages of 
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closed (from 18% to 24%) and tucked/curled (from 8% to 17%) conformations is also 

observed. The increase in % tucked/curled and % closed and corresponding decrease 

in % wide-open possibly indicates the presence of RTV-bound HIV-1 PR.  

To some extent, the DEER results for the PRE construct in the presence of RTV 

are inconsistent with the expected results that there should be a significant change in 

the percentage of closed population. This is not surprising, however, because the PRE 

apo construct is predominantly closed, indicating that its flaps are less flexible. Having a 

restricted motion in the flaps decreases the likelihood of flap opening and allowing 

access of an inhibitor to the active site cavity. Thus, only a small fraction of the closed 

population may be accounted for by RTV-bound HIV-1 PR. As mentioned previously, 

PRE contains some amino acid residues that are different from Bsi and this may have 

some effect on the flexibility of the flaps. Although the variant is a pre-therapy isolate, it 

contains the L63P mutation, which is associated with progression to high-level drug 

resistance. It is possible that the proline at that particular site has some impact on the 

flap motion and conformation of HIV-1 PR and a subsequent effect on inhibitor binding. 

DEER results for POST in the presence of RTV are consistent with expectations 

for a drug-resistant construct in that addition of inhibitor has a minimal effect on the 

conformational ensemble. In addition, these findings, which are similar to V6, are 

expected because the mutations present in the POST construct were selected under 

RTV therapy. The combination of mutations may have stabilized the wide-open 

conformation, which prevents the flaps from closing and binding with the inhibitor. Thus, 

drug-pressure selected mutations clearly influence the motion and flexibility of HIV-1 

PR, which ultimately determines the binding of inhibitor. 
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Experimental Limitations 

A number of experimental factors affect the quality of DEER data obtained. These 

include quality of sample, signal-to-noise ratio (SNR), and maximum dipolar evolution 

time (tmax). The sample is considered of good quality on the basis of spin labeling 

efficiency and absence of any protein aggregation. Obtaining a sample of good quality 

was addressed in Chapter 4. This is essential because it determines the signal-to-noise 

ratio (SNR), which ultimately affects the quality of DEER data (49). Most of the signal 

collected from DEER is attributed to background, which means only a small fraction is 

due to the spin-spin interaction of interest. If a sample is poorly spin-labeled, it will 

contain mostly unlabeled or singly-labeled proteins, resulting in a decrease in the DEER 

echo signal. Aggregation of protein is not particularly desirable for DEER analysis 

because it increases the signal due to background and dampens oscillations in the 

dipolar evolution curve. In addition, in the presence of aggregation, the intermolecular 

distance can be smaller and thus overlap with the population of spins at longer 

distances, which complicates DEER data analysis. 

Signal-to-noise ratio (SNR) largely affects the quality and accuracy of the distance 

distribution profile (49). As mentioned, good SNR can be obtained in a short amount of 

time if samples are efficiently spin-labeled. Samples with low SNR usually contain a 

large amount of noise that masks oscillations in the data. As demonstrated earlier, the 

effect of truncating  is to shift the farthest populations to shorter distances. However, 

this method did not determine whether some noise was effectively removed and that 

assignment of the population at longer distances is still uncertain. Low SNR is also 

manifested as a distortion in the shape of the L-curve. This complicates DEER data 
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analysis because the corner of the L-curve, which often represents the optimum value, 

is obscured. The distortion is primarily observed in the small -value region, where the 

curve is dominated by the smoothing function (log ). An indication of poor SNR is the 

large increase in deviation (log ) at small  values (49). This can be observed in almost 

all of the DEER results presented with a few exceptions, particularly Bsi-I63P, which 

clearly has good SNR based on its experimental dipolar evolution curve (Figure 5-10A). 

Samples with a large amount of noise seen in the experimental dipolar modulation 

usually have distorted L-curves, which is particulary observed for POST-RTV. Other 

constructs, such as PRE apo, PRE RTV and POST apo, have higher SNR relative to 

POST RTV but do not have perfectly-shaped L-curves, which led to difficulty in selecting 

the optimum  value. In contrast, PMUT1 and Bsi, which have relatively lower SNR 

compared to Bsi-I63P, adopt a normal shaped L-curve. However, selection of the 

optimal  value for PMUT1 is complicated.  Another consequence of poor SNR is the 

dampening of oscillations leading to broader than average distance profiles. This was 

particularly observed in the POST and Bsi samples. The discrepancies in the results of 

the Bsi construct compared to previous results reported by our group may be attributed 

to the spin labeling efficiency, which was reported in Chapter 4 to be only about 70-

80%, and may have resulted in a lower SNR. The MS data for the PRE construct 

(Figure B-3) also shows underlabeling of the sample, which may have an effect on the 

L-curve. The POST and PMUT1 constructs have acceptable spin labeling efficiency 

based on the MS data shown in Figures B-4 and B-5, respectively. However, DEER 

analysis of the samples is complicated because of poor SNR of data for both constructs. 

Bsi-I63P, which was reported in Chapter 4 to be efficiently labeled, is the only construct 
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that produced an acceptable SNR and therefore did not complicate DEER analysis. The 

possible inaccuracies and uncertainty of the DEER results, particularly in assigning 

conformations corresponding to the minor populations, are certainly attributed to low 

SNR.  

Spin labeling efficiency and SNR are important factors that determine the time for 

data collection. In addition, the time for collecting data also depends on the maximum 

dipolar evolution time, tmax. It has been determined that increasing the tmax results in a 

decrease in the breadth of the distance profile, which correspond to dipolar evolution 

curves having more frequent oscillations (49). Therefore, to obtain a distance profile 

with an accurate breadth of population, the dipolar evolution curves must be collected at 

sufficiently long tmax to capture at least two oscillations. 
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Figure 5-1. HIV-1 PR crystal structures showing the (red) closed (PDB ID 2BPX) and 

(blue) semi-open (PDB ID 1HHP) flap conformations with spin labels at the 
K55C and K55C’ sites. Reprinted with permission from Blackburn et al. (48). 
Copyright 2009 American Chemical Society. 
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Figure 5-2. A) Dipolar evolution curves for apo (black) and RTV-bound (gray) subtype B 

HIV-1 PR and B) corresponding distance distribution profiles. Figure adapted 
from Galiano (47). 
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Figure 5-3. Distance distribution profiles of subtype B HIV-1 PR apo and with inhibitors 
showing (A) “strong/moderate” and (B) “weak/moderate” effect on flap 
closing. Figure adapted from Blackburn (49).  
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Figure 5-4. A) Dipolar evolution curves for subtype B apo (black), V6 (gray), and 
MDR769 (light gray) and B) corresponding distance distribution profiles. 
Figure adapted from Galiano (47).  
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Figure 5-5. A) Distance distribution profiles of apo forms of HIV-1 PR subtype B, C, F, 

CRF01_A/E and multi-drug resistant constructs, V6 and MDR769, and B) 
population analysis summarizing the relative percentage of each 
conformation. Figure adapted from Kear (51).  
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Figure 5-6. Absorption spectra for a nitroxide spin-label.  The peak maximum at the 

center field is referred to as “pump” frequency (1) and the low field transition 

is referred to as the “observe” frequency (2). 
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Table 5-1. Standard parameters for DEER data collection. 

Parameter Value 

Sweep width 160 G 
Shot repetition time 4000 
Shots/point 100 
Center Field ~3460 G 
Low Field ~3432 G 
Frequency ~9.6 GHz 
Pulsed Attenuation 0.1 
Video Bandwidth 25 MHz 
Modulation Amplitude ~1 G 
Time Constant 0.082-0.164 s 
Receiver Phase 100 
Number of Scans Variable 

 
Table 5-2. Parameters used for the pulse sequence.  

Parameter d0 d1 d2 d3 PG dx 
Value  100 200 3000 100 220 12 
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Figure 5-7. DEER data analysis for PRE apo. A) Background subtracted dipolar echo 
curve (black) overlaid with the TKR-generated dipolar modulation (red) and 
Gaussian reconstructed dipolar modulation (blue), B) distance distribution 
profile from TKR analysis (red) overlaid with the sum of the populations 
obtained by Gaussian reconstruction (blue dashed), C) individual Gaussian 

populations, D) L-curve ( = 10), and E) Pake dipolar pattern.  

Table 5-3. Individual population profiles for PRE apo. 

 Center (Å) 

(0.3 Å) 

FWHM (Å) 

(0.5 Å) 

Relative Population (%) 

(5%) 

Tucked/Curled 1 22.0 2.8 4 

Tucked/Curled 2 25.1 3.4 18 

Closed 33.2 3.3 56 

Semi-Open 38.3 3.7 17 

Wide-Open 45.1 3.2 5 
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Figure 5-8. DEER data analysis for POST apo. A) Background subtracted dipolar echo 

curve (black) overlaid with the TKR-generated dipolar modulation (red) and 
Gaussian reconstructed dipolar modulation (blue), B) distance distribution 
profile from TKR analysis (red) overlaid with the sum of the populations 
obtained by Gaussian reconstruction (blue dashed), C) individual Gaussian 

populations, D) L-curve ( = 100), and E) Pake dipolar pattern.  

Table 5-4. Individual population profiles for POST apo. 

 Center (Å) 

(0.3 Å) 

FWHM (Å) 

(0.5 Å) 

Relative Population (%) 

(5%) 

Tucked/Curled  28.9 4.2 8 
Closed 33.4 4.2 18 
Semi-Open 36.9 5.1 45 
Wide-Open 40.6 5.5 29 



 

160 

A B

C D

E

-5.0 -4.5 -4.0 -3.5

-30

-25

-20

-15

-10

-5

lo
g

 



log 

=10





-10 0 10



f (MHz)

 POST-A82V Apo

 Fit





20 30 40 50

P
(r

)

 TKR

 Gaussian reconstruction





0 1 2 3

 Background subtracted echo

 TKR

E
ch

o
 I
n

te
n

si
ty

(s)

 Gaussian reconstruction





20 30 40 50

 Tucked/Curled

 Tucked/Curled

 Closed

 Semi-open

 Wide-open

 Distance(Å)

P
(r

)





 
 
Figure 5-9. DEER data analysis for PMUT1 apo. A) Background subtracted dipolar echo 

curve (black) overlaid with the TKR-generated dipolar modulation (red) and 
Gaussian reconstructed dipolar modulation (blue), B) distance distribution 
profile from TKR analysis (red) overlaid with the sum of the populations 
obtained by Gaussian reconstruction (blue dashed), C) individual Gaussian 

populations, D) L-curve ( = 10), and E) Pake dipolar pattern.  

Table 5-5. Individual population profiles for PMUT1 apo. 

 Center (Å) 

(0.3 Å) 

FWHM (Å) 

(0.5 Å) 

Relative Population (%) 

(5%) 

Tucked/Curled 1 24.4 2.0 4 
Tucked/Curled 2 28.0 1.8 4 
Closed 32.9 3.4 33 
Semi-Open 38.7 3.6 55 
Wide-Open 46.4 2.7 4 
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Figure 5-10. DEER data analysis for Bsi apo. A) Background subtracted dipolar echo 
curve (black) overlaid with the TKR-generated dipolar modulation (red) and 
Gaussian reconstructed dipolar modulation (blue), B) distance distribution 
profile from TKR analysis (red) overlaid with the sum of the populations 
obtained by Gaussian reconstruction (blue dashed), C) individual Gaussian 

populations, D) L-curve ( = 100), and E) Pake dipolar pattern.  

Table 5-6. Individual population profiles for Bsi apo. 

 Center (Å) 

(0.3 Å) 

FWHM (Å) 

(0.5 Å) 

Relative Population (%) 

(5%) 

Closed 32.8 4.3 17 
Semi-Open 36.9 5.6 71 
Wide-Open 41.6 3.7 12 

 

 



 

162 

A B

C D

E

0 1 2 3

 Background subtracted echo

 TKR

E
ch

o 
In

te
ns

ity

(s)

 Gaussian reconstruction





20 30 40 50

 Distance(Å)

P
(r

)

 TKR

 Gaussian reconstruction





20 30 40 50

 Tucked/Curled

 Closed

 Semi-Open

 Wide-Open

 Distance(Å)

P
(r

)





-10 0 10



f (MHz)

 Bsi-I63P Apo

 Fit





-5.5 -5.0 -4.5 -4.0 -3.5 -3.0 -2.5

-30

-25

-20

-15

-10

-5

lo
g 




log 

=10





 

Figure 5-11. DEER data analysis for Bsi-I63P apo. A) Background subtracted dipolar 
echo curve (black) overlaid with the TKR-generated dipolar modulation (red) 
and Gaussian reconstructed dipolar modulation (blue), B) distance distribution 
profile from TKR analysis (red) overlaid with the sum of the populations 
obtained by Gaussian reconstruction (blue dashed), C) individual Gaussian 

populations, D) L-curve ( = 10), and E) Pake dipolar pattern.  

Table 5-7. Individual population profiles for Bsi-I63P apo. 

 Center (Å) 

(0.3 Å) 

FWHM (Å) 

(0.5 Å) 

Relative Population (%) 

(5%) 

Tucked/Curled  30.5 3.7 10 
Closed 33.2 3.5 57 
Semi-Open 36.6 3.5 27 
Wide-Open 42.8 3.8 6 
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Figure 5-12. (A) Dipolar evolution curves, where background subtracted echo (black) is 

overlaid with the TKR-generated fit and (B) distance distribution profiles of 
HIV-1 PR PRE (blue), POST (red), PMUT1 (magenta), Bsi (green), and 
Bsi-I63P (orange) apo constructs.  

Table 5-8. Summary of most probable distance of HIV-1 PR apo constructs. 

 Most Probable Distance (Å) 

( 0.2 Å) 

PRE 33.2 
POST 37.0 
PMUT1 38.5 
Bsi 36.8 
Bsi-I63P 33.2 
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Figure 5-13. Overlay of distance distribution profiles of HIV-1 PR A) PRE (blue), 
B) POST (red), C) Bsi-I63P (orange), and D) PMUT1 (magenta) with Bsi (black 
dashed) apo constructs.  
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Figure 5-14. Overlay of distance distribution profiles of HIV-1 PR A) PRE (blue) and 
POST (red), B) PRE (blue) and Bsi-I63P (orange), C) PRE (blue) and PMUT1 
(magenta), and D) POST (red) and PMUT1 (magenta). 
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Figure 5-15. Background subtracted dipolar echo curve (black) overlaid with the 
TKR-generated dipolar modulation (red) and Gaussian reconstructed dipolar 
modulation (blue), individual Gaussian populations, and L-curves, 

respectively, for HIV-1 PR PRE apo at A), B), and C)  = 2.0 s; D), E), and F) 

 = 2.5 s; and G), H) and I)  = 3.0 s. 

Table 5-9. Comparison of relative percentages of the individual populations for 

HIV-1 PR PRE apo at different  values. 

  Relative Population (%) (5%) 

 Distance 
Assignment (Å) 

 = 2.0 s  = 2.5 s  = 3.0 s 

Tucked/Curled 1 25-30 5 5 4 

Tucked/Curled 2 25-30 16 17 18 

Closed 33 64 58 56 

Semi-open 36-38 0 15 17 

Wide-open 40-46 15 5 5 
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Table 5-10. Comparison of the relative percentages of the individual populations for 
HIV-1 PR apo constructs. 

  Relative Population (%) (5%) 

 Distance 
Assignment (Å) 

PRE POST PMUT1 Bsi Bsi-I63P 

Tucked/Curled  25-30 22 8 8 0 10 

Closed 33 56 18 33 17 57 

Semi-open 36-38 17 45 55 71 27 

Wide-open 40-46 5 29 4 12 6 
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Figure 5-16. Individual plots showing relative percentage of A) tucked/curled, B) closed, 

C) semi-open and D) wide-open conformations for HIV-1 PR PRE, POST, 

PMUT1, Bsi, and Bsi-I63P apo constructs. Error is 5%. 
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Figure 5-17. Population analysis of HIV-1 PR PRE (blue), POST (red), PMUT1 

(magenta), Bsi (green), and Bsi-I63P (orange) apo constructs. Error is 5%. 

PRE POST
 

Figure 5-18. Ribbon diagrams of HIV-1 PR PRE and POST in which the amino acid 
differences relative to subtype B LAI are highlighted and labeled. 
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Figure 5-19. DEER data analysis for PRE RTV. A) Background subtracted dipolar echo 
curve (black) overlaid with the TKR-generated dipolar modulation (red) and 
Gaussian reconstructed dipolar modulation (blue), B) distance distribution 
profile from TKR analysis (red) overlaid with the sum of the populations 
obtained by Gaussian reconstruction (blue dashed), C) individual Gaussian 

populations, D) L-curve ( = 10), and E) Pake dipolar pattern.  

Table 5-11. Individual population profiles for PRE RTV. 

 Center (Å) 

(0.3 Å) 

FWHM (Å) 

(0.5 Å) 

Relative Population (%) 

(5%) 

Tucked/Curled 1 24.3 4.0 11 

Tucked/Curled 2 30.9 2.3 13 

Closed 33.4 3.0 65 

Semi-Open 38.3 2.3 7 

Wide-Open 46.4 2.7 4 
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Figure 5-20. DEER data analysis for POST RTV. A) Background subtracted dipolar 

echo curve (black) overlaid with the TKR-generated dipolar modulation (red) 
and Gaussian reconstructed dipolar modulation (blue), B) distance distribution 
profile from TKR analysis (red) overlaid with the sum of the populations 
obtained by Gaussian reconstruction (blue dashed), C) individual Gaussian 

populations, D) L-curve ( = 100), and E) Pake dipolar pattern.  

Table 5-12. Individual population profiles for POST RTV. 

 Center (Å) 

(0.3 Å) 

FWHM (Å) 

(0.5 Å) 

Relative Population (%) 

(5%) 

Tucked/Curled 1 26.5 3.1 4 
Tucked/Curled 2 29.7 3.3 13 
Closed 33.1 3.7 24 
Semi-Open 36.6 4.4 47 
Wide-Open 40.8 4.0 12 
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Figure 5-21. Overlay of background subtracted dipolar echo curve (gray) with 
TKR-generated dipolar evolution curves of A) PRE apo (blue) and PRE RTV 
(black dashed) and B) POST apo (red) and POST RTV (black dashed) and 
overlay of distance distribution profiles of C) PRE apo (blue) and PRE RTV 
(black dashed) and D) POST apo (red) and POST RTV (black dashed). 

Table 5-13. Comparison of relative percentages of the individual populations for PRE 
and POST HIV-1 PR constructs in the absence and presence of RTV.  

  Relative Population (%) (5%) 

 Distance 
Assignment (Å) 

PRE APO PRE RTV POST APO POST RTV 

Tucked/Curled  25-30 22 24 8 17 

Closed 33 56 65 18 24 

Semi-open 36-38 17 7 45 47 

Wide-open 40-46 5 4 29 12 
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Figure 5-22. Individual plots showing relative percentage of A) tucked/curled, B) closed, 

C) semi-open and D) wide-open conformations of PRE and POST HIV-1 PR 

constructs in the absence and presence of RTV. Error is 5%. 
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Figure 5-23. Change in relative percent of tucked/curled, closed, semi-open, and wide-
open conformations of PRE RTV relative to PRE apo (blue) and POST RTV 

relative to POST apo (red). Error is 5%.
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 

Conclusions 

This work investigated different subtype B HIV-1 PR variants by Double 

Electron-Electron Resonance (DEER) spectroscopy. In particular, DEER results for the 

pre-therapy (PREi) and post-therapy (POSTi) constructs were compared to determine 

the effect of drug-pressure selected mutations on flap conformation and flexibility. Other 

mutants were also constructed by reverting sites in POSTi to PREi amino acid residues. 

The PREi, POSTi, and POSTi-A82V constructs were also compared to Bsi, which is the 

inactive and stabilized form of subtype B LAI, and Bsi-I63P constructs.  

In Chapter 3, the cloning and mutagenesis of all HIV-1 PR constructs were 

presented. Because the codon-optimized genes, Prei-K55C and Posti-K55C DNA, were 

purchased in a vector that is not suitable for expression, cloning had to be performed to 

insert the target genes into the pET23a vector. The results have shown that PRE and 

POST DNA were successfully cloned into pET23a. Mutagenesis experiments were 

performed to obtain the following constructs containing drug-pressure selected 

mutations: 1) pET23_PMUT1, 2) pET23_PMUT3, 3) pET23_PMUT2, and 

4) pET23_PMUT5. Based on the DNA sequencing results, all of the mutants were 

successfully constructed. The success of cloning and mutagenesis experiments was 

important as the DNA obtained was used for expression of HIV-1 PR in 

BL21(DE3)pLysS E. coli cells. 

Results for the purification and characterization of HIV-1 PR were presented in 

Chapter 4. The following purified and spin labeled inactive HIV-1 PR constructs: 

1) PRE, 2) POST, 3) PMUT1, 4) PMUT2, 5) PMUT3, 6) PMUT5, 7) Bsi, and 8) Bsi-I63P 
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(See Table 3-3 for the naming convention) were characterized by SDS-PAGE, CD 

spectroscopy, MS, and CW-EPR for subsequent analysis by DEER spectroscopy. 

SDS-PAGE analysis was done on samples to determine the purity of HIV-1 PR. The 

HIV-1 PR constructs were determined to be >95% pure after the refolding and buffer 

exchange process. CD spectroscopy was performed to verify the secondary structure of 

the HIV-1 PR constructs. Results showed that the purified and spin labeled proteins 

were correctly folded. MS analysis was carried out to confirm the MW of the spin 

labeled HIV-1 PR and to check for presence of any unlabeled protein. Results showed 

that some of the HIV-1 PR constructs, particularly PMUT3, PMUT5, and Bsi, were less 

than 80% labeled and may not be suitable for DEER analysis. Based on the CW-EPR 

spectra, all HIV-1 PR constructs have good SNR. However, determination of the spin 

label concentrations for the proteins revealed that PMUT3, PMUT5, and Bsi may not be 

efficiently labeled, which is consistent with MS results. 

Results for the DEER analysis of the PRE, POST, PMUT1, Bsi, and Bsi-I63P apo 

constructs were presented in Chapter 5. By detecting shifts in the inter-flap distances, 

DEER spectroscopy is useful in determining changes in the conformational ensemble of 

HIV-1 PR. DEER results have shown variations in the population of conformational 

states of different subtypes and variants of HIV-1 PR. However, the accuracy of the 

assignment of populations is limited by the quality of the data. The signal-to-noise ratio 

(SNR) has to be sufficiently high to accurately determine lowly populated conformational 

states.  Nevertheless, the technique is useful in comparing the predominant 

conformations of different apo HIV-1 PR constructs. PRE and Bsi-I63P have 

predominantly closed conformations, indicating a limited flexibility in the range of 
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HIV-1 PR flap motion, whereas POST, POST-A82V, and Bsi have the expected 

predominant semi-open conformation. DEER results also showed that addition of 

ritonavir (RTV) to the PRE and POST constructs did not significantly shift the 

conformational ensemble of HIV-1 PR. The results demonstrate that certain amino acids 

in the PRE construct, particularly at site 63, and the combination of mutations in the 

POST construct, have a major impact on the flap conformation and flexibility.  

Future Work 

DEER analysis needs to be performed on the purified and spin labeled PRE, 

POST, and PMUT1 samples, which were reported to have good spin labeling efficiency 

in Chapter 4, to obtain DEER data with high SNR. Data needs to be recollected for 

these constructs in order to verify DEER results presented in this work and to determine 

the reproducibility of analyzing efficiently spin labeled samples and DEER data with 

good SNR. DEER analysis on the PRE and POST constructs in the presence of RTV 

also needs to be repeated because of low SNR. The other POST mutants constructed 

in Chapters 3 and 4 will also be analyzed. Proper folding of constructs needs to be 

verified by further CD analysis to compare the % -sheet structure of the constructs 

containing mutations with PRE, POST, and Bsi. Additional DEER studies will be 

performed by determining the effects of substrates (CA/p2 and p2/p7) and 

FDA-approved inhibitors on the flap conformations of all HIV-1 PR constructs in this 

work. For constructs in the presence of inhibitor, inhibitor binding needs to be verified 

using other techniques such as ITC and NMR titration experiments.
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APPENDIX A 
PRIMER CHARACTERISTICS AND PCR PARAMETERS FOR MUTAGENESIS 

EXPERIMENTS 

Table A-1. Primers used in incorporating mutations into pET23_ POST to produce the 
pET23_ PMUT1 construct. 

Mutation Primer 5’-3’ Tm (C) MW GC 
content 
(%) 

A82V     

Forward GTGGGTCCAACTCCGGTAAACATTATCGGCCG 66.1 9,825.4 56.2 
Reverse CGGCCGATAATGTTTACCGGAGTTGGACCCAC 66.1 9,825.4 56.2 

 
Table A-2. Primers used in incorporating mutations into pET23_ POST to produce the 

pET23_ PMUT3 construct. 

Mutation Primer 5’-3’ Tm (C) MW GC 
content 
(%) 

A82V     

Forward GTGGGTCCAACTCCGGTAAACATTATCGGCCG 66.1 9,825.4 56.2 
Reverse CGGCCGATAATGTTTACCGGAGTTGGACCCAC 66.1 9,825.4 56.2 
I10L     
Forward GCTGTGGCAACGTCCGCTTGTCACCATCAAAG 67.0 9,785.4 56.2 
Reverse CTTTGATGGTGACAAGCGGACGTTGCCACAGC 67.0 9,865.4 56.2 
V15I     
Forward CGCTTGTCACCATCAAAATTGGCGGTCAGCTGAAAG 66.1 11,069.2 50.0 
Reverse CTTTCAGCTGACCGCCAATTTTGATGGTGACAAGCG 66.1 11,051.2 50.0 

 
Table A-3. Primers used in incorporating mutations into pET23_ POST to produce the 

pET23_ PMUT2 construct. 

Mutation Primer 5’-3’ Tm (C) MW GC 
content 
(%) 

A54I     

Forward GGCATCGGCGGTTTTATCTGCGTCCGTGAGTAC 67.2 10,167.6 57.5 
Reverse GTACTCACGGACGCAGATAAAACCGCCGATGCC 67.2 10,101.6 57.5 
E58Q     
Forward GGTTTTATCTGCGTCCGTCAGTACGACCAGGTGCCG 68.4 11,059.2 58.3 
Reverse CGGCACCTGGTCGTACTGACGGACGCAGATAAAACC 68.4 11,064.2 58.3 
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Table A-4. Primers used in incorporating mutations into pET23_ POST to produce the 
pET23_ PMUT5 construct. 

Mutation Primer 5’-3’ Tm (C) MW GC 
content 
(%) 

A54I     

Forward GGCATCGGCGGTTTTATCTGCGTCCGTGAGTAC 67.2 10,167.6 57.5 
Reverse GTACTCACGGACGCAGATAAAACCGCCGATGCC 67.2 10,101.6 57.5 
E58Q     
Forward GGTTTTATCTGCGTCCGTCAGTACGACCAGGTGCCG 68.4 11,059.2 58.3 
Reverse CGGCACCTGGTCGTACTGACGGACGCAGATAAAACC 68.4 11,064.2 58.3 
Q34E     
Forward CGGACGATACCGTTCTGGAGGAAATCAACTTGAC 63.8 10,475.8 50.0 
Reverse GTCAAGTTGATTTCCTCCAGAACGGTATCGTCCG 63.8 10,408.8 50.0 
I36M     
Forward GTTCTGGAGGAAATGAACTTGACGGGTCGC 63.9 9,327.1 53.3 
Reverse GCGACCCGTCAAGTTCATTTCCTCCAGAAC 63.9 9,086.9 53.3 
N37T     
Forward GTTCTGGAGGAAATGACCTTGACGGGTCGCTG 66.0 9,936.5 56.2 
Reverse CAGCGACCCGTCAAGGTCATTTCCTCCAGAAC 66.0 9,714.3 56.2 

 
Table A-5. Primers used in incorporating mutations into pET23_ Bsi to produce the 

pET23_ Bsi-I63P construct. 

Mutation Primer 5’-3’ Tm (C) MW GC 
content 
(%) 

I63P     
Forward CAGTACGACCAGATCCCTATCGAAATCGCCGGC 66.5 10,052.6 57.5 
Reverse GCCGGCGATTTCGATAGGGATCTGGTCGTACTG 66.5 10,216.6 57.5 

 
Table A-6. Components of the PCR mixture and their corresponding volume for site-

directed mutagenesis. 

Order of 
Addition 

Component Volume 
PCR Mixture 1 

(L) 

Volume 
PCR Mixture 2 

(L) 

Volume 
Control 

(L) 

1 Water 34.5 38 38 
2 DMSO 2.5 0 0 
3 dNTP Mix (10mM) 1 1 1 
4 Primers    

 Forward 2 1.5 2 
 Reverse 2 1.5 2 

5 Template DNA 2 2 2 
6 Pfu buffer 5 5 5 
7 Pfu polymerase 1 1 0 

 Total Volume 50 50 50 
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Table A-7. Thermal cycling parameters for HIV-1 protease site-directed mutagenesis 
reactions. 

Segment Cycles Temperature (C) Time 

1 1 95 30 sec 
2 18 95 30 sec 

  55 1 min 
  68 6 min 
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APPENDIX B 
ADDITIONAL INFORMATION ON THE PURIFICATION AND CHARACTERIZATION 

OF HIV-1 PR CONSTRUCTS 

Table B-1. Buffers used in the purification of HIV-1 PR.   

Buffer pH Component 

Resuspension Buffer 7.5 20 mM Tris-HCl 

(Stored at 25C)  1 mM EDTAa 

  10 M BMEb  
Wash Buffer 1 7.0 25 mM Tris-HCl 

(Stored at 4C)  2.5 mM EDTA 

  0.5 M NaCl 
  1mM Gly-Gly 
  50 M BME 
Wash Buffer 2 7.0 25 mM Tris-HCl 
(Prepared fresh)  2.5 mM EDTA 
  0.5 M NaCl 
  1mM Gly-Gly 
  50 M BME 
  1M Urea 
Wash Buffer 3 7.0 25 mM Tris-HCl 

(Stored at 4C)  1.0 mM EDTA 

  0.5 M NaCl 
  1mM Gly-Gly 
  50 M BME 
Inclusion Body (IB)  Adjust depending on the pI  25 mM Tris-HCl 
Resuspension Buffer of protein (not >0.5 lower than pI) 2.5 mM EDTA 
(Prepared fresh)  0.5 M NaCl 
  1mM Gly-Gly 
  50 M BME 
  9M Urea 
aEDTA: Ethylenediaminetetraacetic acid; bBME: -mercapthoethanol 

 
Table B-2. Optical density at 280 nm and estimated protein concentration of HIV-1 PR 

samples used for CD data collection. 

HIV-1 PR Construct OD280 Estimated Protein 

Concentration (M) 

PRE 0.251 20.1 
POST 0.332 26.6 
PMUT1 0.262 21.0 
PMUT3 0.325 26.0 
PMUT2 0.266 21.3 
PMUT5 0.308 24.7 
Bsi 0.256 20.5 
Bsi-I63P 0.253 20.3 
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Table B-3. Optical density at 280 nm and estimated concentration of HIV-1 PR samples 
used for EPR data collection and concentration of spin label for the HIV-1 PR 
monomer determined from CW-EPR.  

HIV-1 PR Construct OD280 Estimated Protein 

Concentration (M) 

Estimated 
Concentration of 

MTSL (M) 

PRE 1.136   91.0 18.1 
POST 1.364 109.2 23.2 
PMUT1 1.305 104.5 24.2 
PMUT3 1.423 113.9 13.9 
PMUT2 1.207   96.6 19.7 
PMUT5 1.701 136.2 19.6 
Bsi 1.717 137.5 19.6 
Bsi-I63P 1.025   82.1 16.9 
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Figure B-1. Calibration curve of 4-oxo-TEMPO standard determined by CW-EPR. EPR 

intensities of three calibration points (10 M, 20 M and 50 M) were 
measured. The linear fit equation as indicated was used to estimate the spin 
label concentration of HIV-1 PR samples.
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The DEER results presented in Chapter 5 correspond to older samples of the 
PRE, POST and PMUT1 HIV-1 PR constructs. The spin labeling efficiency of these 
samples was verified by MS and CW-EPR and results are presented here (Figures B-2 
to B-5). To verify the certainty of the DEER results obtained, the three constructs were 
repurified and spin-labeled and results for the characterization are presented in Chapter 
4. However, DEER analysis was not performed on the repurified PRE, POST and 
PMUT1 samples because of technical problems associated with the DEER instrument.  

10 G

POST-A82V

POST

PRE

 
Figure B-2. CW-EPR spectra for spin labeled HIV-1 PR PRE (blue), POST (red), and 

PMUT1 (magenta). 
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Figure B-3. Mass spectra of spin labeled PRE. The upper spectrum shows the major peaks with the charge states 
indicated. The lower spectrum is an enlarged view of the m/z peak with +10 charge state.    
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Figure B-4. Mass spectra of spin labeled POST. The upper spectrum shows the major peaks with the charge states 
indicated. The lower spectrum is an enlarged view of the m/z peak with +10 charge state.    
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Figure B-5. Mass spectra of spin labeled PMUT1. The upper spectrum shows the major peaks with the charge states 
indicated. The lower spectrum is an enlarged view of the m/z peak with +10 charge state.    
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APPENDIX C 
POPULATION VALIDATION OF SELECTED HIV-1 PR CONSTRUCTS 
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Figure C-1. Population validation of PRE apo. A) Distance distribution profile from TKR 
analysis (red) overlaid with the sum of the populations obtained by Gaussian 
reconstruction (blue dashed), B) individual Gaussian populations (suppressed 
populations are indicated by an asterisk), and C-E) background subtracted 
dipolar echo curve (black) overlaid with the TKR-generated dipolar 
modulation (red) and Gaussian reconstructed dipolar modulation generated 
by subtracting the suppressed populations (blue).  
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Figure C-2. Population validation of PRE RTV. A) Distance distribution profile from TKR 
analysis (red) overlaid with the sum of the populations obtained by Gaussian 
reconstruction (blue dashed), B) individual Gaussian populations (suppressed 
populations are indicated by an asterisk), and C-E) background subtracted 
dipolar echo curve (black) overlaid with the TKR-generated dipolar 
modulation (red) and Gaussian reconstructed dipolar modulation generated 
by subtracting the suppressed populations (blue).   
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Figure C-3. Population validation of POST RTV. A) Distance distribution profile from 
TKR analysis (red) overlaid with the sum of the populations obtained by 
Gaussian reconstruction (blue dashed), B) individual Gaussian populations 
(suppressed populations are indicated by an asterisk), and C-E) background 
subtracted dipolar echo curve (black) overlaid with the TKR-generated dipolar 
modulation (red) and Gaussian reconstructed dipolar modulation generated 
by subtracting the suppressed populations (blue).   
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Figure C-4. Population validation of PMUT1 apo. A) Distance distribution profile from 
TKR analysis (red) overlaid with the sum of the populations obtained by 
Gaussian reconstruction (blue dashed), B) individual Gaussian populations 
(suppressed populations are indicated by an asterisk), and C-H) background 
subtracted dipolar echo curve (black) overlaid with the TKR-generated dipolar 
modulation (red) and Gaussian reconstructed dipolar modulation generated 
by subtracting the suppressed populations (blue).   
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Figure C-5. Population validation of Bsi-I63P apo. A) Distance distribution profile from 

TKR analysis (red) overlaid with the sum of the populations obtained by 
Gaussian reconstruction (blue dashed), B) individual Gaussian populations 
(suppressed populations are indicated by an asterisk), and C-E) background 
subtracted dipolar echo curve (black) overlaid with the TKR-generated dipolar 
modulation (red) and Gaussian reconstructed dipolar modulation generated 
by subtracting the suppressed populations (blue).   
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