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Human immunodeficiency virus (HIV) rapidly evolves through generation and selection 

of mutants that can escape drug therapy.  This process is fueled, in part, by the presumably highly 

error prone polymerase reverse transcriptase (RT).  Fidelity of polymerases can be influenced by 

cation co-factors.  Physiologically, magnesium (Mg2+) is used as a co-factor by RT to perform 

catalysis, however, alternative cations including manganese (Mn2+), cobalt (Co2+), and zinc (Zn2+) 

can also be used.  I demonstrate here that fidelity and inhibition of HIV RT can be influenced 

differently, in vitro, by divalent cations depending on their concentration.  The reported mutation 

frequency for purified HIV RT in vitro is typically in the 10-4 range (per nucleotide addition), 

making the enzyme several-fold less accurate than most polymerases.  Paradoxically, results 

examining HIV replication in cells indicate an error frequency that is ~10 times lower than the 

error rate obtained in the test tube.  Here, I reconcile, at least in part, these discrepancies by 

showing that HIV RT fidelity in vitro is in the same range as cellular results, in physiological  



concentrations of free Mg2+ (~0.25 mM).  At low Mg2+, mutation rates were 5-10 times lower 

compared to high Mg2+ conditions (5-10 mM).  Alternative divalent cations also have a 

concentration-dependent effect on RT fidelity.  Presumed promutagenic cations Mn2+ and Co2+ 

decreases the fidelity of RT only at elevated concentrations, and  Zn2+, when present in low 

concentration, increases the fidelity of HIV-1 RT by ~2.5 fold compared to Mg2+.      

HIV-1 and HIV-2 RT inhibition by nucleoside (NRTIs) and non-nucleoside RT inhibitors 

(NNRTIs) in vitro is also affected by the Mg2+ concentration.  NRTIs lacking 3'-OH group 

inhibited both enzymes less efficiently in low Mg2+ than in high Mg2+; whereas inhibition by the 

“translocation defective RT inhibitor”, which retains the 3ʹ-OH, was unaffected by Mg2+ 

concentration, suggesting that NRTIs with a 3ʹ-OH group may be more potent than other NRTIs.  

In contrast, NNRTIs were more effective in low vs. high Mg2+ conditions.  Overall, the studies 

presented reveal strategies for designing novel RT inhibitors and strongly emphasize the need for 

studying HIV RT and RT inhibitors in physiologically relevant low Mg2+ conditions.        
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Chapter 1 : Human Immunodeficiency virus lifecycle and treatment options 
against AIDS 

1.1 HIV & AIDS 

1.1.1 General history and epidemiology 

Human immunodeficiency virus (HIV), the causative agent of Acquired 

Immunodeficiency Syndrome (AIDS), is a lentivirus (lenti, “slow (growth)” in Latin) in the 

Retroviridae family.  Retroviridae (retrovirus) family viruses, utilizing the polymerase activity of 

reverse transcriptase, converts viral RNA into DNA in a reverse flow of genetic information 

opposite to the central dogma of life.  AIDS is caused by decimation of CD4+ T helper cells and 

macrophages in infected individuals.  AIDS is currently defined by CD4+ T cell count dropping 

below 200 cells/µl along with positive indications for the presence of the virus such as a positive 

test for HIV antibodies or HIV RNA in the patient.   

AIDS syndrome was first observed in the late 1970s [11-13]  and was initially called as 

Gay Related Immune Deficiency (GRID) as it was seen only in the gay community.  The condition 

was soon discovered in other patient populations such as blood transfusion recipients [14] and IV 

drug users [15], and was renamed as Acquired Immune Deficiency Syndrome (AIDS).  HIV was 

first co-discovered by Françoise Barré-Sinoussi and Luc Montagnier lab groups in 1983.  They 

named it human T cell lymphotropic virus III [16], and the virus was later renamed as the Human 

Immunodeficiency Virus. 

AIDS is currently one of the leading causes of deaths among infectious diseases.  By the 

end of 2014, approximately 36.9 million people globally were living with HIV.  The total number 

of AIDS related deaths since HIV discovery is estimated to be ~33.5 million [17], with HIV 
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infections leading to ~ 1.2 million AIDS related deaths in the year of 2014 alone.  As HIV is a 

sexually transmitted pathogen, high risk populations for HIV transmission include workers in the 

sex industry.  Intravenous drug users who practice needle sharing and homosexual men in the USA 

remain a high risk group.  HIV can also be transmitted through vertical transmission: HIV positive 

mothers can pass the disease to their newborn infants during childbirth or through breastfeeding.   

1.1.2 HIV classification 
 

HIV was derived from simian immunodeficiency virus (SIV), which is found naturally in 

more than 40 species of nonhuman primates in sub-Saharan Africa and infects many Old World 

primate species [18, 19].  HIV consists of two discrete viruses HIV-1 and HIV-2, sharing 50 - 60% 

nucleotide sequence identity between their genomes [20, 21].  HIV-1 is responsible for the 

majority of HIV infections worldwide and is divided into four groups based on four independent 

transmission events of SIV into humans: M (major), O (outlier), N (non-M, non-O), and P 

(Pending) [22].  Group O is thought to have originated by cross-species transmission of SIV from 

western lowland gorillas [23].  Group P viruses are more closely related to strains of SIVgor [22, 

24], whereas  groups M and N are closely related to strains of SIV from chimpanzees [22].  Group 

M is the major cause of the AIDS pandemic and has infected more than 40 million people [23].  

Group M is further divided into ten subtypes (Fig. 1-1) [2].  Subtype C is the most prevalent 

subtype globally but the dominant subtype varies by country.  Subtype B is predominant in 

Americas, Western Europe, and Australasia; whereas subtype C is the most dominant subtype in 

the high prevalence countries of Southern Africa and India.  Although not as prevalent as group 

M, group O is estimated to have infected around 100,000 people and spreads epidemically in west 

central Africa [23].  Group N has been found in fewer than 20 individuals [25] and P viruses have 
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been found in only two individuals [22, 24].  HIV-2, which is far less pathogenic and less infectious 

than HIV-1, is likely derived from a zoonotic transmission of SIV from sooty mangabeys [26].     

 

 

1.1.3 HIV clinical progression 
 

 HIV infection is characterized by gradual decrease in CD4+ T cell levels, rising viral titers, 

immune dysregulation, and development of AIDS.  Development of AIDS can occur about 8 to 12 

years after initial infection with HIV and the process can be divided into four stages: 

i. Incubation period:  Although typical tests performed in healthcare industry to detect 

HIV cannot detect HIV infection during this stage, viral RNA and DNA might be 

identified by qPCR during this stage. This period lasts for two to four weeks.   

Figure 1-1. Classification of HIV. Group M, which is responsible for the majority of the 
AIDS epidemic, is divided into different subtypes. Circulating recombinant forms (CRFs) 
originate from recombination of two or more subtypes.  Percentage of infections by each 
subtype is included.  Figure modified from [2]. 
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ii. Acute infection: Acute infection lasts for a period of one to four weeks [27].  The virus 

begins to proliferate rapidly, which is accompanied by a concurrent drop in the level of 

circulating CD4+ T cells in the blood: CD4+ cells decrease from normal levels of                 

~ 1200 cells/μL to ~ 600 cells/μL [28].  Viral titers then begin to decrease due to the 

adaptive immune response mounted against the virus.  CD4+ T cell counts briefly 

recover during this stage to ~800 cells/μl.  Infection can be detected from this point 

using the most common test for HIV detection (anti-capsid/p24 antibody ELISA).             

Flu-like symptoms and other symptoms including fever, malaise, swollen lymph nodes, 

pharyngitis, and oral sores may be observed during this stage.  The patient is more 

infectious during this stage and capable of transmitting virus. 

iii. Latency stage:  Immune response in infected patients continues to suppress HIV titers 

in the blood during the latency period.  This stage can last for a period of months to 

years, and long-term non-progressors (rare patients with a resistant genetic profile) as 

well as patients receiving antiretroviral treatment can maintain this stage indefinitely.  

The viral load remains low, despite ~10 billion virions being produced each day [29].       

CD4+ cell balance is maintained by an accelerated replenishment rate countering the 

virus-induced death.  However, in normal patients without treatment, CD4+ cells 

gradually decreases and the viral titers steadily increase.  

iv. AIDS:   Eventually the immune system collapses due to the exhaustion of the CD4+ T 

cells.  Appearance of various opportunistic infections, such as Kaposi’s sarcoma, 

Pneumocystic carinii pneumonia, candidiasis, toxoplasma encephalitis, 

cytomegalovirus infections, Burkitt’s lymphoma, B cell lymphomas and cervical 

cancer along with a  highly decimated CD4+ T cell count marks this stage.  WHO 
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defines a patient with a CD4+ T cell count of less than 200/µL and the presence of 

indicator infections as having progressed to AIDS.  Opportunistic infections are the 

most common cause of death for AIDS patients. 

  1.2 HIV lifecycle 
 

 1.2.1 Structure of HIV 
 

 HIV has a spherical structure with a diameter of about 80-100 nM (Fig. 1-2).  HIV, like 

other retroviruses, contain a lipid based envelope derived from the host cell.  The envelope of a 

mature virion contains the outer surface glycoproteins gp120 and transmembrane gp41 proteins 

[30].  Matrix proteins (MA, p17) form a layer immediately below the envelope (Fig. 1-2), below 

which a bullet-shaped core [31] made of the capsid protein (CA, p24) is present.  Capsid contains 

two copies of the single-stranded RNA genome and important viral enzymes, accessory viral 

regulatory proteins (see Table 1-1 for more details), host-derived tRNALys3 primer, and other 

host derived proteins.  Viral genomes are coated with the nucleocapsid protein (NC, p7), which 

also acts as a nucleic-acid chaperone aiding in destabilization of secondary structures of the 

genome, reverse transcription, recombination, and template annealing [32].  
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 1.2.2 HIV genome  
 

 Two synonymous copies of ~9.3 kb single stranded positive sense RNA, which form a 

diploid genome via non-covalent interactions at the 5′ end to form a dimer, gets packaged into the 

virion.  As only one proviral double-stranded DNA is produced by the virus, HIV is considered to 

be a pseudo-diploid virus [33].  HIV-1 genome encodes for the canonical retroviral genes (gag, 

pol, and env), and other accessory proteins (Table 1-1) [7].  Env, which is produced from its own 

mRNA, is further processed into surface and transmembrane glycoproteins (gp120 and gp41, 

Figure 1-2: Structure of a mature HIV virion. Genomic RNA (white) is coated by                    
nucleo-capsid protein, which is enclosed by a shell made by capsid protein.  Other viral 
proteins are packaged within the virion.  The virion is enclosed by a lipid membrane 
containing gp41 and gp120 trimers for attachment and entry into permissive cells. 
Adapted from [3].  
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respectively).  Gag is further processed into other structural proteins (matrix, capsid, and 

nucleocapsid), while Pol is proteolytically cleaved into the three key enzymes: reverse 

transcriptase (RT), integrase (IN), and protease (PR).  Individually spliced mRNAs code for other 

regulatory and accessory proteins (Fig. 1-3). 

 The genomic RNA also contain other features essential for viral replication.  The genome 

is flanked at each end by a unique region (termed U5 or U3 based on the position at either the 5′ 

or 3′ ends of the genome, respectively) and a repeated region (R).  U5 and U3 regions are 

duplicated to the opposite side of the genome during reverse transcription, creating a U3-R-U5 

sequence called the Long Terminal Repeat (LTR) at each end of the proviral DNA (Fig. 1-5).  

LTRs are important for reverse transcription of the genome (section 1.3.1).  The 5ʹ-LTR contains 

the following important structural elements: a) the target sequence for viral transactivation (TAR), 

which binds Tat [34]; b) the primer-binding site (pbs), which binds the packaged host tRNAlys 

during the minus-strand synthesis [35]; c) the psi-packaging element involved in packaging the 

genome; and d) the dimer-initializing signal, necessary for dimerization and packaging of the two 

copies of the RNA genome [36].  Besides the LTR, the genome also contains other important 

structural elements: 

• The Rev response element (RRE) capable of binding Rev [37]. 

• Two polypurine tracts (3ʹ-PPT and central PPT), which act as primers for plus-strand DNA 

synthesis. 

• A 3ʹ polyadenylation signal. 
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Figure 1-3: HIV-1 proviral DNA. The provirus DNA is shown as a single numbered line with 
a numbering scheme to facilitate identification of the location of proteins in HIV proviral 
DNA.  This image represents a numbered set of proteins for HIV HXB2.  Products derived 
from the polyproteins gag, pol, and env are described above the viral genome.  Accessory 
proteins, some of which are multiply spliced variants, are described below the genome.   Open 
reading frames of the proteins are described in rectangular boxes.  The dotted lines represent 
different exons which are spliced together to make the mRNA of some proteins.  For example, 
an exon starting at position 6045 and another exon beginning at position 8379 are spliced 
together to code for Rev.  Adapted from [7] and [9].  
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Table 1-1: Functions of HIV proteins in HIV lifecycle.  Adapted from [7] 
 

Protein Function in HIV replication 
Gag  

Group-specific antigen - precursor to matrix. capsid,  
  nucleocapsid, & p6 

Matrix, MA (p17Gag) 
- involved in viral post-entry events 
- also targets Gag to the plasma membrane for viral assembly  
  promoting Gag incorporation, while part of the Gag polyprotein 

Capsid, CA (p24Gag) 
- encapsulates genomic RNA 
- involved in assembly of the virion particles and hypothesized to    
   play a role in integration of the proviral genome 

Nucleocapsid, NC (p7Gag) 
- performs nucleic acid chaperone activity 
- facilitates packaging of genomic RNA, reverse transcription, and  
   recombination 

p6Gag - incorporates Vpr into the virion and promotes virion budding.   
- a transframe version of p6 is also a part of Pol 

Pol  
Polymerase - polyprotein precursor to PR, RT, and  IN 

Protease, PR - cleaves Gag and Gag-Pol polyproteins proteolytically into  
  functional proteins completing the maturation of the virus 

Reverse Transcriptase, RT - performs RNA-dependent and DNA-dependent synthesis to  
  convert the single stranded RNA to double stranded DNA.  

Integrase, IN - inserts proviral DNA covalently into the host genome  
Env  

Envelope - polyprotein precursor to gp120 and gp41  

gp120 
- host cell surface receptor binding CD4 and the chemokine  
  receptor  
- facilitates attachment and entry 

gp41 
 

- fusion peptide induces fusion with the host membrane during  
   entry 

Accessory proteins  
Virion Infectivity Factor, 

Vif 
- prevents incorporation of APOBEC3G/F into virion and mediates 
suppression of APOBEC3G/F  

Viral Protein R, Vpr - promotes proteosomal degradation of host restriction factors and 
induces G2/M cell-cycle arrest 

trans-Activator of 
Transcription, Tat - enhances transcription of viral RNA 

Regulator of Expression of 
Virion Proteins, Rev 

- increases nuclear export of unspliced  
  genomic RNAs by preventing  
  splicing 

Viral Protein U, Vpu -  degrades newly synthesized CD4  
- promotes viral release by blocking Tetherin. 

Negative Factor, Nef - downregulates CD4 from the cell by stripping CD4 from the  
  surface  
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1.2.3 HIV infection cycle 
 

 The first step in the HIV lifecycle is entry of virus into the host cell (Fig. 1-4).  HIV requires 

CD4 as a receptor, and can infect only CD4+ cells such as T-cell lymphocytes and macrophages.  

HIV also requires a co-receptor in addition to the CD4 receptor for entry.  Chemokine receptors 

CXCR4 and CCR5 are the most commonly used co-receptors.  HIV-1 viruses which use CCR5 

are considered R5-tropic, whereas viruses using CXCR4 are considered X4-tropic [38].  Dual-

tropic X4R5 viruses capable of using both CCR5 and CXCR4 also exist.  R5 and R5X4 HIV-1 

viruses are usually transmitted better than X4 viruses [39], which do not predominate until late in 

infection [40-42].  Other minor co-receptors such as CCR3 and CCR2b can be used by some strains 

of HIV-1 for entry [43-46].  HIV-2, in addition to mainly using CCR5 and CXCR4 as co-receptors, 

can use many other minor co-receptors such as CCR4, CCR3, CCR2b, CCR1, BONZO and BOB 

[43] 

Virions first bind to the target cell mediated through the viral envelope (Env) or host cell 

membrane proteins incorporated in the virion interacting with various cell attachment factors [47].  

Env– mediated initial attachment can happen through non-specific interactions of Env with heparin 

sulfate proteoglycans [48] or specific interactions between Env and α4β7 integrin [48, 49] / 

dendritic cell-specific intercellular adhesion molecular 3-grabbing non-integrin (DC-SIGN) [50].  

HIV attachment to the cell brings Env to close proximity of the CD4 receptor and binding of the 

viral envelope protein gp120 to the CD4 receptor is the next step.  Engagement of CD4 results in 

conformational changes in gp120 leading to formation of a four-stranded β sheet [51, 52], enabling 

gp120 to bind to the co-receptor, which acts as the trigger activating the membrane fusion potential 

of Env.  Co-receptor binding induces a series of conformational changes in gp41 [53], allowing 

the fusion peptides of each gp41 in the trimer to fold at a hinge region to form a six-helix bundle 
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[54, 55].  Formation of the six-helix bundle drives the fusion of viral and cellular membranes, as 

this step brings both membranes into close apposition (reviewed in [56]).   

 After fusion, capsid containing the RNA genome and viral proteins enters the cytoplasm.  

Coupling of uncoating and reverse transcription ensures gradual uncoating of the capsid as more 

of the single-stranded RNA genome gets converted into double stranded DNA [57].                                

Pre-integration complex containing the pro-viral DNA, RT, IN, and other accessory viral proteins 

is transported to the nuclear membrane, where it enters the nucleus through the nuclear pore 

complex [58].  The ability of lentiviruses to enter the nucleus through the nuclear pore complex 

enables lentiviruses to infect both dividing and non-dividing cells, unlike other retroviruses.   

 Once inside the nucleus, integrase (IN) facilitates integration of the provirus DNA into the 

host nucleus [59].  IN processes the viral DNA by removing the 5′- terminal two nucleotides and    

exposes the hydroxyl group on the terminal CA dinucleotide at 3ʹ-end of each strand.  The 

processed viral DNA gets inserted into host target DNA sequence and the gaps are then repaired 

by host cellular machinery [31].  Integration can occur at any location on the host genome but 

HIV-1 shows a preference for active transcription sites [60, 61].  More recently, it has been shown 

that specific integration sites play a critical role in clonal expansion and persistence of                  

HIV-infected cells [62].  The inserted viral DNA remains stable as a provirus within the host cell.     

 After integration, HIV relies on host machinery to produce viral mRNA and genomic RNA 

for nascent viral particles.  Initially, the 5′- LTR acts as weak promoter for RNA pol II [63] and 

export of multiply spliced viral mRNA is favored.  Viral mRNAs gets processed in the same way 

as cellular mRNAs including 5′ capping, 3′ polyadenylation, and splicing [31], and  viral protein 

synthesis occurs in the cytoplasm as the multiply spliced viral mRNAs are exported out of nucleus.  

These RNAs code for the Tat, Rev, and Nef proteins.  As concentration of Rev increases in the 



 

12 
 

cytoplasm, more Rev is imported back into the nucleus and Rev favors export of unspliced                 

full-length genomic RNA and singly spliced RNAs [64].  Rev binding to the RRE represses 

splicing, thereby facilitating export of the longer viral mRNAs.  Tat is also imported into the 

nucleus and Tat increases the viral mRNA output by up-regulating transcription after binding to 

TAR [31].  Proteins expressed by gag, pol, and env are synthesized as polyproteins which are then 

processed by proteases (Fig. 1-3).  Gag and Pol are processed by the virally encoded protease (PR), 

whereas Env is processed by cellular proteases such as furin to produce gp120 and gp41 [65].  The 

gag-pol region of the genome is transcribed as a single gene from unspliced RNA.  95% of 

translation of gag-pol leads to translation of the Gag protein product, however ~5-10% leads to 

production of Gag-Pol polyprotein due to ribosomes reading through the gag stop codon facilitated 

by a frameshift signal present in this region [64, 66].  The ratio of Gag: Gag-Pol proteins is 

carefully controlled by the frequency of programmed -1 frameshifting.  Overexpression of Gag 

leads to non-infectious particles due to particles lacking viral enzymes [67, 68], whereas 

overexpression of Gag-pol inhibits assembly of structural proteins due to excess protease activity 

[69-71]. 

Two copies of viral genomic RNA dimerize using the dimer initiation signal (DIS) and 

gets packed into the viral particles via the NC portion of Gag biding at the Psi element of the 

genome.  Viral genome along with other viral polyproteins are directed towards the lipid rafts in 

the host cell membrane [72].  Gag proteins multimerize at the cell surface through Gag-Gag 

interactions, and multimerization causes a curvature at the location.  An increase in the curvature 

eventually leads to budding and release of the immature virion with the help of cellular endosomal 

sorting complexes required for transport (ESCRT) [73].  Overexpression of Gag alone, in the 

absence of genome and other viral proteins, can yield virus-like particles [74-76].  Maturation of 
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the immature virion occurs when the Gag and Gag-Pol polyproteins are processed by protease into 

capsid, matrix, nucleocapsid, and p6 proteins (from Gag) and RT, integrase, and protease enzymes 

(from Pol). 

 

 

1.3 Reverse Transcription 
 

1.3.1 Process of reverse transcription 
 

 Reverse transcription of the single stranded RNA to the double stranded proviral DNA is 

carried out by the enzyme reverse transcriptase (RT), and it is a process heavily targeted in 

Figure 1-4: HIV-1 life cycle. HIV infects CD4+ cells such as T cells and macrophages. After 
attachment and entry, the single stranded RNA genome is reverse transcribed to double strand 
proviral DNA.  Viral proteins and viral genomes are then synthesized by the host machinery for 
assembly into new virion particles.  Figure adapted from [8]. 
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antiretroviral therapy (Section 1.4.1).  The complex process of reverse transcription occurs in the 

following steps [77].  

1. RNA to DNA conversion begins with synthesis of the minus sense DNA strand.  The 

packaged tRNALys binds at the primer binding site (PBS) located at the 5ʹ end of the 

genome, approximately 182 nucleotides downstream of the 5ʹ end (Fig. 1-5). 

2. RT copies up to the 5ʹ R region of the genome, creating a minus sense strong-stop DNA 

(–sssDNA).  During the synthesis of the –sssDNA, RT degrades the region of the RNA 

used as a template due to the RNase H activity of RT.  The –sssDNA translocates to 

the 3ʹ R, making the first jump.  –sssDNA synthesis proceeds upto the PBS site and the 

RNA strand is almost completely degraded during the process. 

3. Two small portions of the RNA genome called the polypurine tract (PPT) are not 

degraded by RNase H activity during minus strand synthesis.  HIV genome has two 

PPTs, one at the 3ʹ end (3ʹ PPT) and one near the center of the genome (cPPT).  The 

“central DNA flap”, formed because of the cPPT and central termination sequence 

(CTS), has been thought to aid nuclear import of the viral double-stranded DNA into 

the nucleus [78, 79].  However, it was recently shown that central DNA flap is not 

required for transport into nucleus, but the absence of the central flap reduces the 

efficiency of 2-LTR circle formation [80].  Plus sense DNA synthesis is initiated by 

RT using the 3ʹ PPT as a primer, and the +sssDNA is produced when RT terminates at 

the 19th nucleotide from the 3′ end of the tRNA primer, which is a modified base that 

cannot be copied by RT.  When completing the synthesis of +sssDNA, the tRNA primer 

is removed from the 5′ end of the minus strand DNA by RNase H activity of RT. 



 

15 
 

4. The synthesized plus sense strong stop DNA then makes another strand jump, when 

the PBS of the minus strand DNA base pairs with the PBS of the +sssDNA and DNA 

synthesis proceeds using both minus and plus strands as templates (Fig. 1-5).   

5. Long terminal repeats (LTR) are formed at the last stage, completing the double 

stranded proviral DNA. (Fig. 1-5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1-5: Reverse transcription process. Different steps of the reverse 
transcription process which converts the RNA genome into a double stranded 
DNA. The host cell tRNALys3 hybridizing to the PBS near the 5’end of the 
genome begins the process. Other steps are described in more detail in the text.    
HIV genomic RNA is shown as a blue line and the dotted blue lines represent the 
RNA strand degraded by RNase H domain of RT. The synthesized DNA strands 
are shown as violet lines.  Figure adapted from [4].  
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1.3.2 Reverse Transcriptase 
 

HIV reverse transcriptase can perform DNA- and RNA-dependent DNA polymerase 

activity as well as ribonuclease H (RNase H) activities [81].  HIV-1 RT, encoded by the pol gene, 

is a heterodimer consisting of a 66 kDa subunit (p66) and a catalytically inactive 51 kDa subunit 

(p51) [82] (Fig. 1-6).  HIV-2 RT is a more stable heterodimer consisting of p68 and p55 subunits 

[83].  HIV protease converts a subset of the p66 and p68 subunits to the smaller p51 and p55 

subunits, respectively.  p66 and p68 contain the enzymatic domains whereas the catalytically 

inactive p51 and p55 subunits supports catalysis by facilitating interaction of the tRNA primer and 

the primer-template hybrid during reverse transcription and also by protecting and stabilizing the 

larger subunit [84, 85].  The polymerase domain, contained in the N terminus of p66 (HIV-1) and 

p68 (HIV-2) subunits, has a right-handed structure characteristic of other polymerases, and 

consists of three sub-domains: “fingers”, “thumb”, and “palm” subdomains encircling the catalytic 

active site [86].  The 'thumb' subdomain, along with 'fingers' and 'palm' subdomains,  form a 

nucleic acid binding cleft which binds the template-primer hybrid [87].  The ‘fingers’ subdomain 

interacting with the incoming nucleotide is called the specificity domain due to its importance in 

the polymerase fidelity [88].  The single stranded 5ʹ extension of the template makes modest 

interactions with RT helping to position the end of the primer at the polymerase active site [77].  

The RNase H domain is located at the C terminus of the larger subunit, and performs ribonuclease 

activity.  The two active sites are separated by ~18 nucleotides of duplex nucleic acid [89, 90].   

Divalent cations are essential co-factors for both polymerase and RNase H activities of RT 

[91, 92].  Under physiological conditions, Mg2+ presumably functions as the co-factor for both 

activities.  The catalytic active site of HIV RT, similar to other DNA polymerases, contains three 

conserved aspartate residues (Asp-110, Asp-185, and Asp-186) which coordinate the binding of 
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two divalent cations (Fig. 1-6) (reviewed in [5]).  Two Mg2+ ions participate in polymerization via 

a universal "two metal ion" mechanism.  One of the Mg2+ ions binds the incoming dNTP as a 

divalent cation-dNTP complex, while the other metal ion activates the 3’OH on the primer as a 

metal hydroxide (reviewed in [5]).  Additionally, these cations are required to play other roles such 

as stabilizing the structure and charge of the pentavalent transition state during catalysis and 

assisting the leaving of the pyrophosphate after catalysis [93].  The number of Mg2+ ions bound at 

the RNase H active site is unclear, as both one and two metal mechanisms have been proposed 

(reviewed in [94]), although it is generally thought that the RNase H domain also binds two 

divalent cations.  Divalent cations are coordinated by the catalytic triad (Asp-443, Asp-498, and 

Glu-478) at the RNase H active site of the enzyme [86]. 

 

Figure 1-6: Structure of HIV-1 RT. Polymerase domain, resembling a right hand, 
consists of fingers (magenta), palm (cyan), and thumb (blue) sub-domains. Palm 
subdomain of p66 binds two divalent cations. The RNase H domain is located at 
C-terminus of the p66 subunit, with the RNase H active site also binding divalent 
cations. Adapted from [4]. 
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1.3.3 Fidelity of reverse transcription 
  

 HIV-RT lacks the 3′-5′ exonuclease activity to excise the misincorporated nucleotides and 

lack of proofreading activity in RT makes it an error-prone polymerase compared to the cellular 

DNA polymerases [95].  The error rate of HIV-1 RT calculated from in vitro assays optimized for 

enzyme activity using the purified enzyme is ~1.6 x 10-4, which is roughly 1 error per 6,000 

incorporations [96, 97].  This error rate is greater than that of closely related avian myeloblastosis 

virus and Moloney murine leukemia virus reverse transcriptases – both RTs make ~1 error per 

30,000 nucleotide incorporations in vitro [98, 99].  However, at physiologically relevant Mg2+ 

conditions (~0.25-0.5 mM free Mg2+), which are much lower than concentrations used in 

optimized reactions (~5-10 mM), the error rate of HIV-1 RT is 1.3 x 10-5 or ~1 error per 77,000 

incorporations (see Chapter 3 for details).  Although this mutation frequency contributes to the 

genetic diversity of the virus, errors made by RT are not the only source of HIV diversity.  The 

comparatively large number of infected cells and the rapid turnover of infected cells are the major 

reasons why the virus generates diversity so rapidly [100].  The capacity of HIV to diversify 

rapidly plays an important role in the ability of the virus to become resistant to antiretroviral drugs.  

The mutation rate for HIV-1 cellular replication is ~2 x 10-5 per nucleotide per replication cycle 

(about 1 error per 50,000 incorporations) [101-103].  This rate includes the errors made by RT and 

the cellular RNA polymerase RNA Pol II.  Although the error rate of RNA Pol II and its 

contribution to the fidelity of HIV replication is not known, the errors made by RNA Pol II is 

unlikely to be higher than RT [104, 105].   

 In addition to the errors made by RT and RNA Pol II, additional cellular factors can affect 

the fidelity of reverse transcription process.  Apoliporotein B editing complex-3                 

(APOBEC-3) proteins amplify the errors made by RT during reverse transcription process.  
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APOBEC-3s are cytidine deaminases packaged into the virions and modify the minus-strand DNA 

before the plus strand has been synthesized.  APOBECs convert some of the Cs in the minus strand 

to Us and when the virus synthesizes the plus strand, it copies As over the converted Us.  This 

leads to conversion of Gs to As (G to A hypermutation).  HIV counteracts this protein using Vif, 

which interacts with the host machinery to degrade the APOBECs [106, 107].  RNA editing 

enzymes such as adenine deaminases that act on dsRNAs (ADARs) can also cause mutations in 

HIV-1 [103].  ADARs act by converting adenosines to inosines in double stranded RNAs and the 

HIV genome consists of several double-stranded regions such as RRE, TAR, and DIS which could 

act as potential ADARs substrates.  ADAR-1 edits adenosines in the 5′ untranslated region (UTR) 

of HIV-1 genome [108].  Interestingly, ADAR-1 have also been reported to stimulate HIV-1 

infection by enhancing the expression of HIV proteins through editing-independent mechanisms 

[108].  Uracil incorporation into the replicating DNA is another source of mutations in the HIV 

genome.  Uracil can occur in DNA either by misincorporation of dUTP by RT or by spontaneous 

deamination of dCTP [109].  Uracil in DNA can be repaired by the enzyme uracil–DNA 

glycosylase (UNG).  HIV-1 Vpr interacts with UNG and mediates packaging of UNG in the 

budding virion, which also facilitates HIV-1 replication in non-dividing cells by removing uracil 

bases during HIV-1 DNA synthesis [110].  A 4-fold increase in the rate of G-A transitions was 

observed in a single round of HIV replication in the absence of Vpr or with Vpr mutants not 

capable of interacting with UNG [111].  In addition, mistakes made during second strand synthesis 

could be subjected to the cellular proof-reading machinery [112].  This would be expected to result 

in up to 50% reduction in errors made on the plus-sense strand and if the mutation rate during the 

synthesis of both strands is assumed to be nearly equal, ~25% reduction in the overall mutation 

rate of reverse transcription.  Tumor suppressor protein p53 has also been shown to improve the 
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accuracy of HIV reverse transcriptase in vitro.  The misincorporation of non-complementary 

nucleotides as well as mispair extension by HIV-1 RT was decreased with both RNA/DNA and 

DNA/DNA template-primers in the presence of p53.  There is also some conflicting evidence that 

HIV NC can affect fidelity by promoting extension of mismatches or correction of mismatches 

[113, 114].  However, previous studies using α-complementation assay showed no difference in 

fidelity in the presence or absence of NC [115].  In addition, other small cellular components may 

also influence the fidelity of RT.  For example, polyamines, which are present at near millimolar 

levels in cells, have been reported to increase HIV RT fidelity [116].  Spermine, in particular, 

decreased the efficiency of mispair extension of RT by ~4-fold to ~18-fold, depending on the 

sequence. 

1.3.4 Molecular basis of fidelity   
 

 Recent work has shown that substrate induced conformational changes in polymerases play 

a very important role in the specificity of the enzyme [88].  “Induced fit” of the correctly matched 

incoming dNTP governs the specificity of incorporation.  The wrong substrate promotes substrate 

release, whereas the correct substrate induces a structure to facilitate catalysis.  The correct base 

pairs fits snugly in the nascent base-pair–binding pocket without steric clashes, as the canonical 

Watson–Crick base pairs have similar geometries [117].  But mismatches with different geometries 

are predicted to have steric clashes in the binding pocket, affecting subsequent conformational 

changes in the enzyme required to set up the proper alignment for catalysis, and/or the rate of 

phosphodiester bond formation.  According to the “induced fit” model, incorporation of a 

nucleotide happens through the following scheme (Fig. 1-7): 
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According to the reaction scheme, initial weak binding of the nucleotide to the ‘open’ 

conformation of the enzyme is followed by a fast conformational change in the enzyme.  The 

binding of a nucleotide substrate to a polymerase induces a change in structure of the enzyme from 

an open state to a closed state and in the closed state, the substrate is surrounded by residues that 

promote catalysis [5].  The incoming dNTP is thought to initially bind the template nucleotide 

through hydrogen bonds between the two base pairs [118], which is followed by conformational 

change, chemical reaction, and release of the pyrophosphate.  Analysis of conformational changes 

in T7 DNA polymerase by attaching a fluorophore to the fingers sub-domain of the polymerase 

revealed three different states of the enzyme: open, closed, and mismatch recognition site [119].  

A correct base pair binding to the open E-DNA complex leads to the closed F-DNA complex, 

whereas an incorrect base pair led to a different conformation state (G-DNA complex) [119].  It 

has been postulated that the mismatch-recognition site misaligns the catalytic residues using the 

substrate-binding energy and promotes the release of mismatched nucleotides [5, 119].   In 

contrast, recognition of a correct base in the open state results in re-organization of the active site 

to hold the nucleotide tightly and promote catalysis [120].  This two-step nucleotide binding 

induced–fit mechanism holds true for HIV RT as well [121]. 

Figure 1-7: Reaction scheme for nucleotide incorporation by polymerases. Incoming 
nucleotide binds to the primer-template-enzyme complex in the open conformation (EDn), 
which undergoes a conformational change to the closed state (FDn).  A chemical reaction 
incorporating the nucleotide and release of pyrophosphate follows the conformational 
change.  Adapted from [5]. 
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To understand the role of “induced fit” in fidelity, it is important to first understand the 

structure of a mismatched ternary complex with a polymerase.  But the crystallization experiments 

for mismatched ternary complexes have not been easy and the molecular models of fidelity are 

mostly based on correct incorporations.  Examinations of the protein conformational transitions 

by comparing the crystal structures of the open and closed states of HIV RT using Directional 

Milestoning (structural analysis) underscored the importance of substrate-induced conformational 

changes in the specificity of the enzyme [88].  Upon initial weak binding of the substrate, the 

enzyme undergoes a rapid conformational change to reach the transition state.  At this state, rapid 

motions in the fingers subdomain (specificity domain) samples the bound nucleotide by probing 

for key interactions indicative of the correct substrate.  A correctly matched substrate leads to the 

closed state favorable for catalysis, whereas a mismatched substrate facilitates the rapid opening 

of the specificity domain and release of the misaligned substrate.  The bound nucleotide at the 

transition state does not trigger conformational changes through allosteric interactions, but instead 

captures the constellation of charged amino acid residues at the active site facilitating the rapid 

collapse to the closed state.  Because this capture is dependent upon proper base pair geometry, 

the substrate induced conformational changes are important.  Base pair geometry is dictated by 

base pair stacking and correct hydrogen bond interactions between the incoming nucleotide and 

the templating base [122].  

Some error-prone polymerases do not undergo open to closed conformational changes, 

suggesting that the lack of substrate induced conformation changes could be a reason for their low 

fidelity.  Low fidelity Y-family DNA polymerase DinB pre-exists in a closed conformation in the 

free form [123] and X family DNA polymerase Pol λ does not show significant conformational 
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changes in the ternary complex after binding the substrate for both match [124] and mismatch 

formation [125]. 

1.3.5 Genetic recombination 
 

HIV packages two copies of RNA genome and undergoes frequent recombination between 

them, which is another source of the viral genetic diversity.  Genetic recombination enhances the 

survival rate of the virus even if one of the RNA genome is severely mutated or damaged [33].  

The two genomes may be genetically similar or vary among themselves.  If recombination occurs 

between two identical RNA molecules, it would result in progeny virus almost identical to the 

parent virus (excluding mutations made by RT).  However, if the two strands are different, the 

resulting progeny would differ from either of the genomes present in the parent virus, essentially 

producing a chimera of the parent genomes.  Difference in the genetic make-up of the two strands 

may arise from mutations introduced by RNA polymerase II or RT during synthesis of the genomes 

or when two different viruses infect the same cell resulting in two different proviral insertions.  

Most recombination is thought to occur during synthesis of the first DNA strand by “copy-choice” 

recombination, which is strand transfer or template switching during synthesis.  In copy-choice 

recombination, DNA synthesized on one RNA genome (“donor”) switches to a homologous region 

on the packaged second RNA genome (“acceptor”), and DNA synthesis continues on the acceptor 

strand.  Nascent DNA can also switch back and forth between the original donor and acceptor 

several times during replication (see below).   Another proposed mechanism, which occurs with a 

lower frequency, occurs by “strand displacement-assimilation”  during second strand DNA 

synthesis  [126]. 

 In addition to recombination which can occur at internal regions of the genome, two 

essential strand transfer events occur near the termini of the genome during HIV replication (see 
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section 1.3.1 for details).  Internal strand transfer events contributing to recombination may occur 

randomly at any position on the viral genome, with the majority of internal strand transfers 

occurring between homologous regions of two genomic RNAs [33, 127].  In addition, non-

homologous recombination has also been reported to occur at a lower rate (~2-3 orders of 

magnitude) than homologous recombination [127].  Genetic recombination, in addition to serving 

as a source of genetic diversity enabling the virus to stay ahead of the host immune response [128-

130] and selection of drug resistant strains [131]. 

HIV recombination rates vary according to the host cell type. On average, 3-10 

recombinations per replication cycle have been reported in T cells [132], and ~30 recombinations 

per cycle in macrophages (an average of one recombination per every 300 nucleotides) [133] were 

observed.  Reports measuring the recombination rate of other retroviruses such as Moloney murine 

leukemia virus (MLV) are conflicting, with one report suggesting MLV recombines at a rate about 

1/10 to 1/50 that of HIV [134] and another report suggesting that the recombination rates of MLV 

and HIV are similar [135].  However, due to other retroviruses not replicating as rapidly as         

HIV-1, the overall mutation rate of replication and recombination may not be as high as HIV-1 

[77].   

1.4 Treatment and efforts to cure HIV infection  
 

1.4.1 Highly active antiretroviral therapy 
 

 Due to significant advances in the treatment of HIV-1 infections, the morbidity associated 

with HIV infection and AIDS has drastically reduced.  The first HIV-1 specific antiviral drugs 

were administered as monotherapy in the early 1990s.  But monotherapy just selected for                           

drug-resistant strains, ultimately resulting in treatment failure.  The advent of combinatorial 
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therapy, also known as highly active antiretroviral therapy (ART), played a very important role in 

reducing the mortality of HIV infections [136, 137].  ART dramatically suppresses viral replication 

and reduces the plasma load of HIV to below detection limits (<50 RNA copies / mL).  This results 

in significant increase in the amounts of circulating CD4+ T cells, with a consequent reconstitution 

of the immune system [138, 139].  With proper adherence, ART can tremendously increase the 

life expectancy of HIV infected individual by suppressing viral replication for decades.  However, 

ART cannot cure HIV infection, with patients on ART required to be on lifelong therapy.    

ART is successful because therapy using antiretroviral drugs targeted towards three or 

more distinct molecular viral targets preempts evolution of drug resistance.  There are currently 

26 Food and Drug Administration (FDA)–approved HIV drugs.  These drugs are classified into 

six categories based on their molecular mechanism and viral target: 1) nucleoside analog reverse 

transcriptase inhibitors (NRTIs), 2) non-nucleoside reverse transcriptase inhibitors (NNRTIs),           

3) integrase strand transfer inhibitors (INSTIs), 4) protease inhibitors (PIs), 5) fusion inhibitors, 

and 6) entry inhibitors.  Additionally, FDA has also approved another class of HIV drugs called 

the pharmacokinetic enhancers (cobicistat), which is used to increase the efficacy of some protease 

inhibitors.  Cobicistat does not directly inhibit HIV but interferes with breakdown of some PIs, 

making them more effective.   

Nucleoside reverse transcriptase inhibitors (NRTIs) 

NRTIs were the first class of HIV drugs to be approved by the FDA for HIV therapy.  AZT, 

which is the most commonly known anti-retroviral drug, was the first approved drug for AIDS 

treatment [140].  All the currently approved NRTIs are analogues of natural nucleotides lacking a 

functional 3ʹ- hydroxyl (OH) group at the sugar moiety.  After getting incorporated into the 

replicating strand by RT, they prevent formation of the phosphodiester bond with the next 
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incoming nucleotide and thereby resulting in chain termination.  Chain termination can occur 

during RNA-dependent or DNA-dependent synthesis, inhibiting synthesis of either minus strand 

or plus strand proviral DNA [141-143].  Currently, seven NRTIs are approved by the FDA: 

abacavir (ABC), didanosine (ddI), emtricitabine (FTC), lamivudine (3TC), stavudine (d4T), 

zidovudine (AZT), and tenofovir disoprovil formulate (TDF).  NRTIs are administered as 

prodrugs, which after entering into the host cell must be phosphorylated by cellular kinases to have 

an antiviral effect [144].   

Treatment with these drugs often results in selection of HIV-1 and HIV-2 strains with 

reduced susceptibility.  Two mechanisms exist for resistance to NRTIs through development of 

mutations in RT during treatment.  Treatment with AZT and d4T predominately selects for a class 

of mutations called thymidine analog mutations (TAMs) [145, 146].  TAMs promote ATP 

dependent pyrophosphorolysis of the inhibitor, which is the removal of NRTIs from the 3ʹ end of 

the nascent chain using ATP as a pyrophosphate donor [147, 148].  This pathway is called as the 

excision mechanism.  The exclusion mechanism is the second mechanism, in which the selected 

mutations increase the ability of drug-resistant mutant RTs to discriminate against NRTIs, thereby 

reducing the incorporation of NRTI into the nascent chain.  HIV-1 RT uses exclusion mechanism 

against NRTIs such as 3TC, FTC, ABC, ddC, ddI, and Tenofovir through selection of K65R and 

M184V/I mutations, among others [149-152].     

HIV-1 and HIV-2 develop different mechanisms of resistance against some NRTIs.          

HIV-1, with a better ATP binding pocket than HIV-2 RT, uses the excision mechanism to generate 

resistance against AZT, which is the ATP-dependent removal of chain terminators; whereas          

HIV-2 uses the exclusion mechanism, which is increased discrimination against the chain 

terminators [153, 154].  Treatment of HIV-2 infected patients with AZT selects mutations at the 
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Q151 position (usually Q151M; although Q151I and Q151L have been reported), increasing the 

ability of HIV-2 RT to discriminate against AZT.  Similarly, treatment of HIV-2 with FTC selected 

M184V/I, TFV selected K65R and Y115F mutations associated with exclusion mechanisms [154, 

155].    

Non-nucleoside reverse transcriptase inhibitors (NNRTIs) 

There are currently five NNRTIs approved for treatment of HIV-1 infections (Table 1-2).  

HIV-2 and other lentiviruses such as simian immunodeficiency virus are not inhibited by NNRTIs, 

as these viruses are inherently resistant to most NNRTIs [86, 156].  HIV-1 group O is also 

intrinsically resistant to NNRTIs [157].  NNRTIs inhibit other groups of HIV-1 RT, non-

competitively, by binding to a hydrophobic pocket proximal to the active site and changing the 

spatial conformation of the substrate-binding site resulting in decreased polymerase activity.  The 

NNRTI pocket consist of hydrophobic residues (Y181, Y188, F227, W229, and Y232) and 

hydrophilic residues such as K101, K103, S105, D192, and E224 (in the p66 subunit of HIV-1 

RT) and E138 of the p51 subunit of HIV-1 RT [158].  The NNRTI pocket gets formed in HIV-1 

RT only in the presence of NNRTIs, with the hydrophobic and hydrophilic residues coming 

together to make the NNRTI binding pocket [158, 159]. 

NNRTI resistance results from amino acid substitutions in the NNRTI-binding pocket of 

RT, the most common NNRTI mutations being K103N and Y181C [160, 161].  NNRTI associated 

drug resistance mutations usually results only in a minor loss of replicative fitness [162, 163] 

compared to the significant reductions in replication fitness associated with NRTI resistance 

mutations.  Therefore, NNRTIs have a lower genetic barrier to resistance, which contributes to the 

stable transmission of NNRTI-resistant HIV-1 in the population. 
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Integrase strand transfer inhibitors (INSTIs) 

Three INSTIs have been currently approved for therapy (Table 1-2).  INSTIs have higher 

efficacy, better safety, and tolerability profiles than other HIV drugs.  Four out of five 

recommended treatment regimens for ART-naïve patients are INSTI-based regimens, as they 

contain at least one INSTI among the recommended drugs in the treatment regimen.  All approved 

integrase inhibitors target the strand transfer reaction and hence are called integrase strand transfer 

inhibitors.  INSTIs specifically affect the strand-transfer reaction by binding to the complex 

between integrase and viral DNA in the integrase active site [164].  INSTIs have a broad spectrum 

of antiviral activity, as inhibition of all HIV-1 subtypes, HIV-2, and other retroviruses such as 

XMRV is observed using INSTIs [165-167].   

Mutations associated with INSTI resistance almost always map to the active site of the 

integrase, resulting in deleterious effects on integrase function translating to very poor replicative 

capacity [168].  Resistance to raltegravir, in clinical studies, is associated with three primary 

mutations at integrase: Y143, N155, and Q148 [169], which are commonly seen in association 

with secondary mutations.  Due to higher impact on replicative fitness, INSTIs have a higher 

genetic barrier to resistance. 

Protease inhibitors (PIs) 

Protease inhibitors targeting HIV protease also form a major component of the ART 

treatment regimens, with eight HIV drugs approved for therapy (Table 1-2).  PIs inhibit the 

catalytic function of protease, thereby preventing proteolytic cleavage of HIV polyproteins.  This 

prevents maturation of the released virions.  There are differences in susceptibility to protease 

inhibitors between HIV-1 and HIV-2.  Out of the approved PIs, Darunavir, lopinavir, and 

saquinavir appear to be more active against HIV-2 than other PIs [170-172].  HIV-2 and SIV are 
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naturally resistant to amprenavir [157], whereas all eight approved PIs show good inhibition 

profiles against HIV-1.  

Resistance to PIs is associated with mutations clustering at the substrate/ inhibitor binding 

site near the active site of protease (e.g. D103N, G48V, V82A) [173].  These mutations are usually 

associated with deleterious effects on the replicative fitness of the virus [173], and secondary 

mutations usually arise in the eight major protease cleavage sites of the substrates [174].  Cleavage 

site mutants compensate for the loss in the catalytic efficiency of the PI-resistant mutant proteases 

by acting as better substrates. 

Fusion inhibitors 

Enfuvirtide (ENF) is the only fusion inhibitor currently approved for therapy.  ENF is a 

peptide-based inhibitor blocking the formation of six-helix bundle in the fusion protein gp41 [175], 

which is a very important step in the fusion of viral and cellular membranes (Section 1.2.3).                 

HIV-2 is intrinsically resistant to ENF due to high genetic diversity in the HR1 and HR2 domains 

of gp41 between HIV-1 and HIV-2 [176].  

Mutations to ENF result in reduced replication capacity because mutations which reduce 

ENF binding also reduce the formation of the six-helix bundle [177].  Adaptation to ENF has 

resulted in viruses that require enfuvirtide for fusion [178].  Susceptibility to ENF is also limited 

by the time between CD4 binding and six-helix bundle formation, and any decrease in the rate of 

the entry process increases susceptibility to ENF [179].  ENF is therefore synergistic to compounds 

inhibiting CD4 or co-receptor engagement. 
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Entry inhibitors 

Entry inhibitors are CCR5 antagonists binding to hydrophobic pockets in the 

transmembrane helices of CCR5 [180].  Maraviroc (MVC) is the only approved FDA entry 

inhibitor for HIV-1 treatment.  MVC is not effective against X4 tropic viruses, as the target is 

CCR5.  HIV-2 has been shown to be affected by MVC [181]; however as there are no approved 

assays to determine HIV-2 co-receptor tropism and as HIV-2 can use other co-receptors (see 

section 1.2.3), MVC is not included in treatment regimens for HIV-2 infections.  MVC binding to 

CCR5 alters the conformation of its extracellular loop and thereby prevents interaction with           

gp120 [180]. 

Susceptibility to entry inhibitors can be affected by cell type, cellular activation state, and 

number of virus replication cycles [182].  Different primary HIV-1 isolates show different 

sensitivities to entry inhibitors [183].  Tropism switching, where treatment of R5 tropic viruses 

with entry inhibitors could lead to selection of X4 tropic viruses, is a major concern with the use 

of entry inhibitors [184].   
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1.4.2 Complications in ART therapy 

ART dramatically increases the life expectancy of HIV infected individuals by suppressing 

viral loads as long as patients continue to be on treatment.  However, ART cannot eliminate the 

infection and does not offer a cure, which is a major disadvantage of ART.  The virus continues to 

persist dormant in the so-called latent reservoirs and can drive infection once treatment is stopped 

or when latently infected cells are activated [185, 186].  The effect of therapy can also be 

minimalized by non-adherence, poor drug tolerability, and interactions of antiretroviral drugs with 

Table 1-2: List of FDA-approved HIV medicines 
 

Drugs Common name (acronyms) 

Nucleoside Reverse Transcriptase Inhibitors (NRTIS) 

• Abacavir (ABC) 
• Didanosine (ddI) 
• Emtricitabine (FTC) 
• Lamivudine (3TC) 
• Stavudine (d4T) 
• Tenofovir disoproxil fumarate (TDF) 
• Zidovudine (AZT)     

Non-Nucleoside Reverse Transcriptase Inhibitors 
(NNRTIs) 

• Delavirdine (DLV) 
• Efavirenz (EFV) 
• Etravirine (ETV) 
• Nevirapine (NVP) 
• Rilpivirine (RPV)   

Integrase strand transfer Inhibitors (INSTIs) 

• Dolutegravir (DTG) 
• Elvitegravir (ETG) 
• Raltegravir (RTG)   

 

Protease Inhibitors (PIs) 

• Atazanavir (ATV) 
• Darunavir (DRV) 
• Fosamprenavir (FPV) 
• Indinavir (IDV) 
• Nelfinavir (NFV) 
• Ritonavir (RTV) 
• Saquinavir (SQV) 
• Tipranavir (TPV)       

  
Fusion Inhibitor • Enfuvirtide (T-20)  
Entry Inhibitor • Maraviroc (MVC)  
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other medications which may decrease drug efficacy.  In addition, ARVs are associated with severe 

side effects.  Anemia, nausea, vomiting, hypersensitivity reactions, peripheral neuropathy 

headache, diarrhea, depression, insomnia, and pancreatitis are some of the common adverse 

reactions which can decrease the quality of life for patients on therapy.  Long term complications 

such as cardiovascular disease, liver and renal failure, neurocognitive dysfunction, and                        

HIV-associated malignancies can develop in HIV infected patients living on therapy [187-189]. 

Drug resistance is another major complication accompanying the treatment regimens, as 

each ARV is associated with drug-resistance (section 1.4.1).  It is common for patients in 

developed countries to have their baseline resistance measured before initiation of the treatment 

regimen to determine their susceptibility to specific ARVs.  It is also recommended to continuously 

monitor the CD4 viral load and the viral titer values during treatment.  Increase in viral titers during 

treatment suggests emergence of resistance to the existing treatment regimen, requiring resampling 

the existing quasispecies and adjustment of the treatment regimen based on resistance.  In rare 

cases where the resistance profile in the patients cannot be treated with ART, salvage therapy 

(ART + additional drug combination) is used as a final line of defense. 

 Another important factor in treatment of HIV infections is when to initiate therapy.  

Without treatment, most patients will eventually develop immunosuppression and progress to 

AIDS.  But the side effects associated with many ARVs, cost, and lifestyle changes can 

unfortunately discourage compliance with treatment, and the timing of therapy initiation is 

important.  The current treatment guideline ‘treat early-treat hard’ [190], is based on observations 

that untreated HIV infections can lead to development of non-AIDS-defining complications such 

as cardiovascular disease, liver disease, neurologic complications, and malignancies combined 

with the fact that newer ART regimens are better tolerated and more effective than the past 
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regimens.  Current treatment guidelines are linked with strong recommendations to begin therapy 

for patients with CD4 count < 350 cells/mm and moderate recommendations for CD4 counts 

between 350–500 cells/mm as well as for patients with CD4 counts >500 cells/mm [191].  

Continuous evolution of the virus, development of drug resistance, and other concerns discussed 

here highlight the need for development of new HIV treatment options. 

1.4.3. Novel HIV treatment strategies 

 Several number of novel treatment strategies, which might have potential advantages over 

conventional drugs, and could add to the repertoire of available therapy choices are currently being 

investigated.  Due to serious limitations associated with currently existing ARVs (section 1.3.2), 

it is imperative to continue to develop novel strategies with better efficacy and tolerability profiles.  

Protein-based inhibitors, nucleic acid-based inhibitors, and gene therapy approaches targeting viral 

and cellular targets are under investigation.  Both viral and host cellular factors important for HIV 

infection are currently being investigated, as inhibitors targeting viral factors can be designed with 

higher specificity whereas inhibitors targeting cellular factors are less prone to mutational escape. 

Some examples of novel treatment strategies are discussed below. 

Protein-based inhibitors 

Protein-based inhibitors include dominant negative inhibitors, intrabodies, intrakines, and 

novel fusion inhibitors.  Dominant negative inhibitors are mutant viral proteins which can be used 

as antiviral inhibitors.  A mutant form of HIV Rev called M10 was the first protein used in gene 

therapy trial for HIV treatments [192], but Rev M10 only had a modest survival advantage.               

Rev M10 works by blocking the export of singly spliced and unspliced HIV RNA from the nucleus 

to the cytoplasm.  Intrabodies and intrakines are novel protein-based inhibitors currently under 

investigation.  Intrabodies are intracellular antibodies, typically single-chain Fv fragments and 
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intrakines are intracellular chemokines [193].  Binding of intrabodies and intrakines to their 

intracellular targets leads to intracellular degradation.  CCR5 and CXCR4 co-receptors are major 

targets of intrabody and intrakine development [194], and intrabodies against several viral targets 

such as gp120 [195], Tat [196], and Rev [197] have been developed.  A host restriction factor 

Tripartite motif-containing protein 5 (TRIM 5- α) which acts by binding and degradation of viral 

capsids is also examined as another protein-based inhibitor.  Although HIV capsid proteins have 

evolved to escape binding by TRIM 5-α, TRIM 5- α from a non-permissive primate species inhibits 

HIV replication in vitro [198].  A major limitation with all the novel protein-based approaches, in 

addition for the need to maintain sufficient levels of expression, is avoiding immunogenicity in 

vivo. 

Nucleic acid-based inhibitors 

 Nucleic acid-based inhibitors do not typically elicit adaptive immune responses unlike 

protein-based inhibitors but they suffer from potential off-target toxicity due to innate immune 

responses.  Antisense RNAs, aptamers, decoys, ribozymes, and short hairpin RNAs (shRNAs) are 

some examples of nucleic acid-based HIV inhibitors currently being investigated.  Antisense RNA 

transgenes work by blocking HIV replication through pairing with HIV transcripts and making 

nonfunctional duplexes.  Patients infused with autologous CD4 cells genetically engineered to 

express antisense RNA to HIV env [199] were followed in a clinical trial recently [200].  While 

the antisense RNA was successful in decreasing the viral loads in the majority of the treated 

patients (88%) even after discontinuing ARV therapy, the exact mechanism by which antisense 

RNAs inhibited HIV replication was not conclusive [200].  RNA decoys are short RNA 

oligonucleotide sequences targeting structurally important elements in the HIV genome.  RNA 

decoys for the TAR sequence inhibit Tat binding to the authentic TAR [201] and RRE decoys 
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preventing Rev binding to the viral RRE [202].  RNA decoys, however, proved to be insufficient 

for antiviral activity in a clinical trial [203].  Ribozymes are antisense RNAs which are also capable 

of enzymatically cleaving their targets.  Ribozyme-based antivirals targeting U5 region of LTR, 

tat, and rev genes were tested in clinical trials [204, 205], but showed no significant anti-viral 

effects.  RNA interference (RNAi) targeting HIV-encoded mRNAs were also evaluated and RNAi 

approaches have been shown to have antiviral activity pre-clinically in cell lines [206].  Aptamers 

are RNA and DNA sequences that based on their secondary/tertiary structure or sequence bind 

tightly to target proteins and inhibit them.  Several effective aptamers against HIV proteins in gene 

therapy settings have been characterized, although no aptamers have been tested in clinical trials 

for HIV infections.  RNA pseudoknot-type structure aptamers [207], single stranded DNA 

aptamers [208, 209] and DNA loopback aptamers [210, 211] against HIV RT are very effective in 

inhibiting RT primer-template extension in vitro [212].  

Gene therapy strategies targeting CCR5 

 Resistance to HIV infections in people homozygous for a mutant form of the CCR5 

(CCR5Δ32) was first observed in the late 1990s [213].  This observation along with the fact that 

individuals with this mutation do not present CCR5 on the cell surface but remain healthy has 

provided impetus for development of novel strategies targeting CCR5 expression.  Gene therapy 

approaches targeting CCR5 expression are developed with a goal of mimicking the CCR5Δ32 

phenotype.  Gene therapy vectors expressing small interfering RNA (siRNA) [214] or ribozymes 

[215] against CCR5 (modification of CCR5 at RNA level) and CCR5-targeted intrabodies [215] 

and intrakines [216] (modifying CCR5 at protein level) have been developed.  Transduction of 

CD34+ hematopoietic stem cells (HSCs) with lentiviral vectors expressing anti-CCR5 shRNAs 

conferred resistance to HIV infections to macrophages [217] and provided in vivo protection 
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against infection in the bone marrow/liver/thymus (BLT) model [218].  AIDS patients who 

develop lymphomas represent a unique cohort of patients who could be used to test the efficacy of 

the gene therapy approaches, as their HSCs are harvested before chemotherapy and would require 

autologous HSC transplants. 

Gene-editing strategies to disrupt CCR5  

 Gene editing strategies to achieve permanent CCR5 gene disruption were explored more 

recently due to the theoretical oncologic potential of lentiviral gene therapy vectors.  Zinc finger 

nucleases (ZFNs) are engineered fusion proteins containing a DNA-binding zinc finger protein 

and an endonuclease domain of a type-1 restriction enzyme.  Zinc finger proteins are domains of 

several zinc finger peptides with sequence-specific DNA binding properties.  The binding 

specificity of zinc finger peptides can be modified by altering the contact amino acid residues at 

the tip of each zinc finger peptide.  ZFNs act as restriction enzymes cutting both strands of DNA 

at the bound target sequence.  The cleaved sequence is repaired in mammalian cells by 

nonhomologous end-joining (NHEJ) pathway, which typically generates a series of mutations at 

the breaking site resulting in disruption of the open reading frame [219].  ZFNs targeting CCR5 

and CXCR4 are evaluated in preclinical and clinical settings as HIV therapeutics [219].  ZFNs led 

to disruption of ~ 50% of CCR5 alleles in primary CD4+ cells preclinically, generating HIV-

resistant CD4+ cells [220].  HIV-resistant CD4+ cells expanded stably resulting in enrichment of 

ZFN-generated CCR5-modified cells.  ZFN-treated HSPCs retained the ability to engraft 

NOD/SCID/IL2r gamma (null) mice, and upon HIV challenge selected for CCR5-modifed cells 

and the serum HIV-1 levels were controlled efficiently in mice which received the ZFN-treated 

HSPCs [221].   
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  Clustered regularly interspaced palindromic repeats (CRISPR)/Cas9 gene editing system 

was also investigated as a tool for gene editing and gene regulation.  CRISPR/Cas9 system is 

comprised of a single or multiple chimeric guide RNAs along with Cas9 nuclease.  The guide RNA 

binds to the target, which is then recognized and cleaved by the Cas9 nuclease.  Using dual gRNAs 

against CCR5, 27% of the human induced pluripotent stem cells (iPSCs) demonstrated CCR5 

editing showing a biallelic gene alteration frequency of 41%, and the macrophages from CCR5-

edited iPSCs were resistant to R5 tropic virus challenge [222].   

 Transcription activator-like effectors nucleases (TALENs) are another gene editing system 

used to edit the CCR5 gene.  TALENs are fusion proteins consisting of DNA binding domains and 

nucleases. TALENs can edit the CCR5 gene in up to 45% of the transfected cells with less toxicity 

compared to ZFNs [223], as TALENs recognize one nucleotide instead of three resulting in better 

specificity [224].  CCR5-edited T cells using TALENs were resistant to R5-tropic HIV infection 

in a pre-clinical study [225].  

Latency reversing agents 

 HIV latently persisting in reservoirs during treatment is a major problem impeding the cure 

of HIV infections.  Several novel latency reversing agents (LRAs) are currently being investigated 

in an approach termed as “shock and kill” strategy.  The idea is to activate dormant viruses either 

by directly activating viral replication using LRAs or indirectly activating the immune system, and 

then purging the reactivated viral replication using ARVs.  Histone deacetylase inhibitors 

(HDACi) like valproic acid had a limited impact on reducing the size of the latent reservoir [226].  

But more promising results were recently obtained using other HDACi such as suberoylanilide 

hydroxamic acid (SAHA/vorinostat) and panobinostat [227].   
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1.4.4 Recent progress towards HIV-1 vaccine development 

 Only one curious documented case of curing HIV infection exists in the entire history of 

treating HIV infections.  The patient famously termed “Berlin patient” was cured of HIV infection 

following an allogenic bone marrow transplant from a donor with CCR5Δ32 mutations [228].  

After transplantation with CCR5Δ32 mutated bone marrow, ART was discontinued and no HIV 

was detected in the plasma and peripheral CD4 cells even after three and half years in the absence 

of ART [229].  Low frequency of CCR5Δ32 homozygotes in the general population combined 

with the low feasibility and logistics of performing transplantation makes this less likely to cure 

HIV and it is imperative to continue to research ways of developing vaccines to cure HIV infection.  

Despite 30 years of research in the HIV-1 vaccine field, there is no available vaccine.  Recombinant 

adenovirus based vaccines expressing Gag, Pol, and Nef were tested in clinical trials by Merck 

and National Institutes of Health (NIH) [230, 231].  Although the NIH vaccine elicited T-cell and 

antibody responses against Env, it failed to show efficacy against HIV-1 acquisition [232].  The 

second trial using Merck recombinant adenovirus type 5 not only failed to show efficacy but also 

appeared to enhance infection in seropositive vaccinees [233].  However, there have been several 

recent advances in basic and translational sciences towards the quest for developing an effective 

HIV-1 vaccine.  A new set of recent pre-clinical studies has demonstrated that replicating 

cytomegalovirus vectors expressing simian immunodeficiency virus (SIV) antigens could 

eradicate SIV infection in 50% of rhesus-macaques challenged with SIV [234].  It was also recently 

shown that cytotoxic T lymphocyte response against sub-dominant Gag epitopes eliminated target 

cells infected with virus from the latent reservoir [231].  Analysis of an HIV-1 vaccine trial using 

the RV144 canarypox-prime gp120 protein carried out in Thailand, from 2003 to 2006, also gave 

promising insights for future vaccine development [235].  An immune correlates study from that 
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trial showed that IgG responses to the second variable region in Env correlated with decreased 

HIV transmission, but IgA responses correlated with decreased HIV-1 vaccine efficacy [236].  It 

was later discovered that the IgA response to gp120 blocked IgG mediated antibody dependent 

cell-mediated cytotoxicity (ADCC), leading to lower efficacy of the vaccine [237].  New vaccine 

candidates are engineered to increase the breadth of IgG ADCC activity and to optimize the profile 

of the induced antibody subclass (IgG3) [238].  Progress has also been reported in attempts to 

overcome HIV-1 diversity impeding vaccine development through introduction of in-silico 

designed vaccines [239].  The in-silico designed immunogens are constructed to increase the 

coverage across CD4+ and CD8+ T-cell epitopes and clinical trials are currently ongoing with some 

of the in-silico designed vaccines.  No current vaccine candidates have been able to induce high 

levels of HIV-1 broadly neutralizing antibodies (bNAbs) even though HIV-1 Env possess 

conserved regions to which neutralizing antibodies can bind [240].  It is now clear that bnAbs 

share unique characteristics such as: high levels of somatic hypermutation [241], autoreactivity for 

host molecules, and longer heavy chain complementarity determining region 3 sequences [240].  

B-cell lineage immunogen design [242] is a new strategy proposed to overcome the difficulty in 

the development of bNAbs based on these studies, which may provide better efficacy of the 

developed vaccine candidates.  High throughput screening of sera of HIV infected patients who 

remain healthy (elite neutralizers) has resulted in identification of new bNAbs with better potency.  

Passive immunization through injection of the broadly neutralizing monoclonal antibodies has 

conferred protection against simian human immunodeficiency virus (SHIV) challenges in 

monkeys [243-245].  PGT121, one of the recently identified bnAbs, conferred protection against 

SHIV in monkeys at significantly lower serum concentrations (1.8 μg/mL) [246].  Although these 

studies demonstrate the potential for passive immunization, injecting antibodies every few weeks 
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cannot be used as a viable treatment option.  Recent strategies of antibody gene transfer by means 

of expressing bNAbs using adeno-associated viral (AAV) vectors as an alternative to passive 

immunization is also actively investigated (for review, see [247]).  Once administered, the 

antibody gene directs endogenous expression of the antibody molecule inside the host negating 

the need for repeated injection.   Another advantage to the gene transfer approach is that it bypasses 

adaptive immune response as success is not dependent on the design of immunogen.  This 

approach, also called as vectored immunoprophylaxis, was used to express the native bNAbs such 

as 2G12, 4E10, and VRC01 using recombinant adeno associated virus (rAAV) vectors in mice and 

expression levels greater than 100 μg/mL was observed for more than 12 months [248].  The 

authors also showed that these rAAV vectors can provide protection against HIV challenges in 

humanized mice models.  An ongoing phase I clinical trial testing the safety, tolerability, and 

immunogenicity of rAAV vectors expressing the bNAb PG9 should give more information on the 

feasibility of antibody gene transfer techniques.     

Despite these advances, there are still number of roadblocks preventing the progress of 

HIV-1 vaccine candidates.  However, all the advances discussed above are recent and there is still 

hope of overcoming these challenges.  Challenges associated with development of vaccines also 

highlight the need to continually research the possibilities of obtaining a cure from HIV infection 

using antiretroviral drugs, if possible. 

1.5 Concluding remarks 
 

 The contribution of RT fidelity to evolution of the virus makes it a topic of immense 

significance.  HIV RT is also a very important target for antiretroviral therapy, with 12 out of the 

26 approved ARVs targeting RT and several novel antiretrovirals being developed against RT 
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(section 1.4.1).  In this study, I will address the ability of divalent cations to profoundly alter the 

fidelity of HIV RT in a concentration-dependent manner.  I will also investigate the effect of the 

physiologically relevant divalent cation concentration on the inhibitor potency of nucleoside and 

non-nucleoside RT inhibitors.  Results presented here establish conditions which might yield more 

accurate assessment of different biochemical properties of RT and efficiency of RT inhibitors.  

Results presented here also provide an important contribution to the “Rational drug design” 

strategy by highlighting key RT-inhibitor interactions which may improve the potency of the 

inhibitors in cellular conditions.  In addition, the work presented here will show that alternative 

divalent cations, presumed to be pro-mutagenic, do not decrease the fidelity of HIV-1 RT at 

concentrations optimal for RT activity.    
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Chapter 2 : Alternative divalent cations (Zn2+, Co2+, and Mn2+) are not 

mutagenic at conditions optimal for reverse transcriptase activity 

2.1 Introduction 

Divalent cations are essential co-factors for polymerase catalysis and the RNase H activity 

of reverse transcriptase (RT) (section 1.3.2) [91, 249].  Under physiological conditions, Mg2+ 

functions as the co-factor for both activities.  In addition to Mg2+, RT in vitro can use alternative 

divalent cations such as manganese (Mn2+), copper (Cu2+), cobalt (Co2+) and zonc (Zn2+) for 

polymerase activity [250].  These cations are important to many cellular processes and are tightly 

regulated.  The total concentration of Zn2+ in cells is ~0.1-0.5 mM [251-254] while the total 

concentration of Mn2+ in red blood cells is ~2.5- 3 µM [255, 256], and Co2+ in the serum is in the 

low µM range [257].  The available free concentration of all these cations is kept extremely low 

by cellular mechanisms (Chapter 5) [258, 259].          

Zn2+ is a potent inhibitor of several viral polymerases [260-264] and Zn2+, in addition to 

Mn2+, has been shown to inhibit Mg2+-dependent HIV RT activity in vitro in work from our lab 

and others [250, 265-267].  Other groups have demonstrated that Zn2+-based drugs can inhibit HIV 

spread in animal models [268-273].  Zn2+ is an active ingredient of topical solutions under study 

for the treatment of HIV [271, 272] and herpes simplex, an infection that can increase HIV 

transmission [274-279].  Zn2+ has been investigated in several past and current HIV therapeutic 

trials [280], and is a proposed treatment for rhinovirus infections [281, 282].  Therefore, 

understanding how Zn2+ and other divalent cations affect different properties of RT is potentially 

important for future drug development.   
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One of the most notable effects of alternative divalent cations on polymerases is alteration 

of polymerase fidelity.  Mn2+, Co2+, and Ni2+ have all been shown to dramatically decrease the 

fidelity of DNA synthesis by several human, bacterial, and viral polymerases including HIV RT 

[283-289].  Mn2+ and Co2+ decreased the fidelity of avian myeoblastosis virus (AMV) RT and 

human DNA polymerase I in a concentration-dependent manner [286].  Increased error frequency 

in presence of Mn2+ has also been observed in vitro with HIV RT [289], Escherichia coli DNA 

polymerase I [290], phage T4 DNA polymerase [291], DNA polymerases α and β [292], and Taq 

polymerase [293].  Most of these experiments were performed using concentrations of divalent 

cation higher than those required for maximal enzyme activity.  However, physiological Mg2+ 

concentrations, which are lower than the high concentration typically used to optimize enzyme 

kinetics in vitro, can increase RT fidelity (Chapter 3) [10].   

Given the potential of Zn2+-based compounds as novel drugs against HIV and the vast 

amount of literature on alternative cations like Mn2+ and Co2+ being pro-mutagenic, it is important 

to investigate the fidelity of HIV RT with each of these cations.  Although Mn2+ and Co2+ were 

previously demonstrated to support RT catalysis, a recent publication from our lab [266] was the 

first to show that Zn2+, a potent polymerase inhibitor, can also support polymerase catalysis [261].  

Therefore, I wanted to look more closely at how this previously untested divalent cation affects 

RT fidelity.  A better understanding of the fidelity of RT with these alternative cations could also 

be important for modulating the accuracy of RT-PCR reactions.  Mn2+ is already being used in 

PCR reactions to generate random mutations [293].  In this chapter, I show that under optimal 

extension conditions, Zn2+ increases the fidelity of RT, a previously unprecedented observation of 

an alternative cation for a polymerase.  I also show that presumed pro-mutagenic cations, such as 

Mn2+ and Co2+, are not mutagenic with HIV RT at concentrations optimal for dNTP catalysis.  The 
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potential mechanisms by which Zn2+ enhance fidelity as well as the reason for the concentration-

dependence of mutagenesis is discussed in this chapter. 

2.2 Materials and Methods 

2.2.1 Materials 

Calf intestinal alkaline phosphatase (CIP), T3 RNA polymerase, “High Fidelity” (PvuII 

and EcoRI) and other restriction enzymes, T4 polynucleotide kinase (PNK), and MuLV RT were 

from New England Biolabs.  DNase (deoxyribonuclease)-free RNase (ribonuclease), 

ribonucleotides, and deoxyribonucleotides were obtained from Roche.  RNase free-DNase I was 

from United States Biochemical.  Rapid DNA ligation kit, RNasin (RNase inhibitor), and the 

phiX174 HinfI digest DNA ladder was from Promega.  Radiolabeled compounds were from 

PerkinElmer.  Pfu DNA polymerase was from Stratagene.  DNA oligonucleotides were from 

Integrated DNA Technologies.  G-25 spin columns were from Harvard Apparatus.  RNeasy RNA 

purification and the Plasmid DNA Miniprep kits were from Qiagen.  X-gal was from Denville 

Scientific, Inc.  IPTG and media were from Gibco, Life Technologies.  All other chemicals were 

obtained from Fisher Scientific, VWR, or Sigma.  HIV RT (from HXB2 strain) was prepared as 

described [294].  The HIV RT clone was a generous gift from Dr. Michael Parniak (University of 

Pittsburgh).  This enzyme is a non-tagged heterodimer consisting of equal proportions of p66 and 

p51 subunits.  Aliquots of HIV RT were stored frozen at -80°C and fresh aliquots were used for 

each experiment.     

2.2.2 Methods 

 Polyacrylamide gel electrophoresis.  Denaturing polyacrylamide gels (6, 8, and 16% 

w/v), native polyacrylamide gels (15% w/v), and 0.7% agarose gels were prepared and run as 

described [295]. 
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 Preparation of RNA for the PCR-based lacZα-complementation fidelity assay and 

RNA-DNA hybridization.  Transcripts (~760 nucleotides (nts)) were prepared with T3 RNA 

polymerase and hybrids were prepared at a 2:1 5' 32P-labeled primer: template ratio as previously 

described [296]. 

 Primer extension reactions for the PCR-based lacZα-complementation fidelity assay. 

For RNA-directed DNA synthesis, the ~760 nt RNA template was hybridized to a radiolabeled 25 

nt DNA primer (5'-GCGGGCCTCTTCGCTATTACGCCAG-3').  Full extension produced a 199 

nt final product (see Fig. 2-2A).  The long template was used to make it easier to separate DNA 

synthesis products from the RNA template on a denaturing polyacrylamide-urea gel (see below).  

The primer-template complex was pre-incubated in 48 µl of buffer (see below) for 3 min at 37°C.  

The reaction was initiated by addition of 2 µl of 5 µM HIV RT in 50 mM Tris-HCl pH 8, 80 mM 

KCl, 1 mM DTT and 10 % glycerol and incubation was continued for 30 min for Mg2+, 1 hour for 

Mn2+ and Co2+, and  3 hours for Zn2+.  Different time points were used to assure that all the 

reactions were essentially complete with each cation.  The final concentration of reaction 

components were 200 nM HIV RT, 25 nM template, 50 nM primer, 50 mM Tris-HCl, 80 mM KCl, 

1 mM DTT, 0.4% glycerol and 0.4 units/µl RNasin along with different concentrations of salts.          

A final concentration of 100 µM dNTPs was used along with one of the following divalent cation: 

2 mM MgCl2, 0.25 mM CoCl2, 0.4 mM ZnCl2.  The final pH of the reactions was 7.7.  After 

incubations, 1 μl of DNase-free RNase was added and the sample was heated to 65°C for 5 min.  

Typically two reactions for each condition were combined and material was recovered by standard 

phenol: chloroform extraction and ethanol precipitation.  Pellets were resuspended in 20 µl of 10 

mM Tris-HCl (pH 7) and 2X loading buffer (90% formamide, 10 mM EDTA (pH 8), 0.25% each 

bromophenol blue and xylene cyanol) and products were analyzed by gel electrophoresis on 6% 
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polyacrylamide-urea gels (19:1 acrylamide: bis-acrylamide).  Fully extended 199 nt DNA was 

located using a phosphoimager (Fujifilm FLA5100), and recovered by the crush and soak method 

[295] in 500 µl of elution buffer containing 10 mM Tris-HCl (pH 7).  After overnight elution, this 

material was passed through a 0.45 µm syringe filter and recovered by ethanol precipitation after 

addition of 10% volume 3M sodium acetate (pH 7) and 50 μg of glycogen.  After centrifugation, 

the pellets were vigorously washed with 500 µl of 70% ethanol to remove any traces of EDTA that 

may have carried over from the gel and potentially interfere with the second round of synthesis.  

The recovered DNA was hybridized to another 20 nt radiolabeled DNA primer                                              

(5'-AGGATCCCCGGGTACCGAGC-3') with 10-fold greater specific activity than the primer 

used for round one, and a second round of DNA synthesis was performed as described above 

except the reaction volume was 25 µl.  Conditions for the cation, dNTPs, and pH were identical in 

the RNA- and DNA-templated reactions.  Reactions were terminated with an equal volume of 2X 

loading buffer and products were gel purified as described above but on an 8% gel.  The gel was 

run far enough to efficiently separate the 199 nt templates from the 162 nt full extension product 

of round 2.    

 Polymerase chain reaction (PCR) for the PCR-based lacZα-complementation fidelity 

assay.  The round two DNA (50% of recovered material) produced above by reverse transcription 

was amplified by PCR using the following primers: 5'-GCGGGCCTCTTCGCTATTACGCCAG-

3' and 5'- AGGATCCCCGGGTACCGAGC -3'.  Reactions were performed and processed as 

previously described except that restriction digestion was done with 30 units each of “High 

Fidelity” EcoRI and PvuII in 50 µl of NEB buffer 3 for 2 hours at 37°C [296].   

 Preparation of vector for PCR-based lacZα-complementation fidelity assay.                   

Thirty μg of the plasmid pBS∆PvuII1146 [115] was double-digested with 50 units each of “High 
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Fidelity” EcoRI and PvuII in 100 µl using the supplied buffer and protocol.  After 3 hours, DNA 

was recovered by phenol-chloroform extraction and ethanol precipitation then treated with 20 units 

of CIP for 2 hours at 37°C in 100 µl of the supplied NEB restriction digest buffer 3.  

Dephosphorylated vector was recovered by phenol-chloroform extraction followed by ethanol 

precipitation and quantified using absorbance at 260 nm.  The quality of the vectors for the fidelity 

assay was assessed in two ways: (a) ligation (see below) of the vector preparation in the absence 

of insert; and (b) re-ligation of the vector preparation and PvuII-EcoRI cleaved fragment 

(recovered from agarose gels after cleavage of pBS∆PvuII1146 but before dephosphorylation as 

described above).  Vectors from (a) that did not produce any white or faint blue colonies and very 

few blue colonies in the complementation assay (see below), and those producing colony mutant 

frequencies of less than ~0.003 (1 white or faint blue colony in ~333 total) in (b) were used in the  

fidelity assays.   

 Ligation of PCR fragments into vectors and transformation for the PCR-based 

lacZα-complementation fidelity assay.  The cleaved vector (50 ng, ~0.025 pmol) and insert 

fragments (0.05 pmol) were ligated at a 1:2 (vector: insert) molar ratio using a rapid DNA ligation 

kit.  Ligation and transformation of E. coli GC5 bacteria were carried out as previously described 

[296].  White or faint blue colonies were scored as harboring mutations while blue colonies were 

non-mutated.  Any colonies that were questionable with respect to either being faint blue or blue 

were picked and replated with an approximately equal amount of blue colony stock.  Observing 

the faint blue colony in a background of blue colonies made it easy to determine if the colony was 

faint blue rather than blue. 

 Gapped plasmid-based based lacZα-complementation fidelity assay.  The gapped 

version of the plasmid pSJ2 was prepared as described [297].  One nM of the gapped plasmid was 
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filled by 100 nM RT at 37°C in 20 µl of buffer containing 50 mM Tris-HCl, 80 mM KCl, 1 mM 

DTT, 2 µg of bovine serum albumin, 100 µM dNTPs, and varying concentrations of different 

cations.  The reaction pH was 7.7.  Reactions with 2 mM Mg2+, 0.25 mM Mn2+, 6 mM Mn2+,        

0.4 mM Co2+, and 6 mM Co2+ were carried out for 30 min while reactions with 0.4 mM Zn2+ were 

performed overnight.  Reactions were terminated by heating at 65°C for 15 min.  After confirming 

complete extension by restriction digestion analysis (see [297]), ~1 µl of the remaining original 

mixture was transformed into E.coli GC5 cells.  The colony mutant frequency (CMF) was 

determined using blue-white screening as described above. 

Running-start misincorporation assays.  The approach used for these assays was based 

on previous results [298].  Reactions were performed as above using the same template but with a 

primer (5'- GAAATTAACCCTCACTAAAGGGAAC -3') (Fig. 2-4A) which does not have the 

last five nts at the 3' end and has 5 additional bases at the 5' end.  Reactions with 2 mM Mg2+ and          

0.4 mM Zn2+ were performed for 3 min and 30 min respectively at 37°C.  The nt directed by the 

homopolymeric T run on the template running (dATP) was kept at a constant saturating 

concentration (55 μM) and the nt to be misinserted (for example, dTTP for measuring C-T 

misinsertion kinetics) was added at increasing concentrations in these reactions.  The reaction pH 

was 7.7.  Reactions were initiated by adding 2 µl of HIV RT (final concentration of 2 nM for Mg2+ 

reactions and 8 nM for Zn2+ reactions) and terminated by adding 2X loading buffer.  The reactions 

were then electrophoresed on 16% denaturing polyacrylamide gels, dried, and imaged using a 

Fujifilm FLA5100 phosphoimager.  Steady-state kinetic parameters 𝐾𝐾𝑚𝑚, and  𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚were then 

calculated as described below.  The amount of free cation in each reaction was adjusted according 

to the dNTP concentration because dNTPs are the major chelators of Mg2+ or Zn2+ in the reactions. 

The concentration of free cation was calculated using the formula:  
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[𝑀𝑀𝑀𝑀] = 0.5(𝑀𝑀𝑡𝑡 +  𝑀𝑀𝑡𝑡 +  𝐾𝐾𝑑𝑑) − 0.5((𝑀𝑀𝑡𝑡 +  𝑀𝑀𝑡𝑡 + 𝐾𝐾𝑑𝑑)2 −  4𝑀𝑀𝑡𝑡𝑀𝑀𝑡𝑡)0.5 

Where 𝑀𝑀𝑡𝑡, 𝑀𝑀𝑡𝑡, and [MD] represent the concentration of total Mg2+ or Zn2+, total dNTP, and 

Mg2+ or Zn2+ bound to the dNTPs, respectively.  The equilibrium dissociation constant ( 𝐾𝐾𝑑𝑑) for 

dNTP with Mg2+ as well as Zn2+, Co2+ and Mn2+ was assumed to be the same as that of ATP with 

Mg2+, (𝐾𝐾𝑑𝑑= 89.1 x 10-6 M) [299].  This assumption leads to an approximate value for the free 

concentration of these cations in reactions.  

Mismatched primer extension assays.  The approach used for these assays was based on 

previous results [300]. The template (5'-GGGCGAATTTAG(G/C)TTTT 

GTTCCCTTTAAGGGTT AATTTCGAGCTTGG-3') used in these assays was a modified version 

of the template originally described in [301].  The underlined nts in parentheses indicate that 

templates with either a G or C at this position were used.  The DNA primer                                                         

(5'-TAACCCTCACTAAAGGGAACAAAAX-3') used in the assays was 5' radiolabeled and 

hybridized to the template at a 1:1 ratio.  The “X” at the 3' end of the primer denotes either G, A, 

T, or C (Fig. 2-4).  Matched or mismatched primer templates (14 nM final) were incubated for 3 

min at 37°C in 10.5 ul of buffer containing 50 mM Tris-HCl, 1 mM dithiothreitol, 80 mM KCl 

with either 2 mM MgCl2 or 0.4 mM ZnCl2 and increasing concentrations of the next correct dNTP 

substrate (dCTP for this template).  The reaction pH was 7.7.  Reactions were initiated by adding 

2 µl of HIV RT (final concentration of 2 nM for Mg2+ reactions and 8 nM for Zn2+ reactions) and 

terminated by adding 2X loading buffer.  All reactions involving matched primer-templates were 

carried out for 2 min with 2 mM Mg2+ and for 30 min with 0.4 mM Zn2+.  Reactions with 

mismatched primer-templates at 2 mM Mg2+ or 0.4 mM Zn2+ were carried out for 5 min and 30 

min respectively.  The reactions were then electrophoresed on 16% denaturing polyacrylamide 



 

50 
 

gels, dried, and imaged using a Fujifilm FLA5100 phosphoimager.  Steady-state kinetic parameters 

𝐾𝐾𝑚𝑚, and  𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚were then calculated as described below.  The amount of free cation in each reaction 

was adjusted according to the dNTP concentration as described above. 

Velocity measurements and calculation of 𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎 and 𝑲𝑲𝒎𝒎 for steady-state assays.  

Velocity measurement and calculation of 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐾𝐾𝑚𝑚 were conducted as described previously 

for mismatch extension [300] and running-start assays [298].   

Calculation of extension rates for RNA-directed DNA synthesis in the PCR-based 

fidelity assay. Extension rate determinations for DNA synthesis on the 760 nt RNA template for 

various cations were performed as described previously [266].  Briefly, the maximal extension rate 

was determined by calculating the length of the longest product on 8% polyacrylamide-urea gels 

(19:1 acrylamide: bis-acrylamide) in reactions that had not proceeded to the end of the template 

(l).  The primer length was then subtracted (20 nt) and the maximum extension rate was calculated 

using the formula: (𝑙𝑙−20)
𝑡𝑡

 ,where t is the reaction time in seconds.  The average extension rate was 

calculated by taking into account the length and the relative intensity of all extension products in 

a time point.  Average extension rate was estimated by calculating the size in nts of each band on 

the gel (s) and subtracting the primer length (20 nt), then using the imager to determine the relative 

proportion (with the total being set to 1) of the total extended primers to which each band 

corresponded (y).  The band’s contribution to the average extension rate can be represented by the 

following equation: (𝑠𝑠 − 20) ∗ 𝑦𝑦.  The average extension rate can then be calculated using the 

following expression:  

Σ [(𝑠𝑠 − 20) ∗ 𝑦𝑦]
𝑡𝑡
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Where t is the reaction time in seconds.  Time points in which none of the extension 

products had reached the end of the template were chosen for the calculation of the maximal and 

the average extension rate.  For example, time points of 30 s or 1 min were chosen for 0.4 mM 

Mn2+ and 0.4 mM Zn2+ reactions (see Fig. 2-1). 

2.3 Results   

2.3.1 Estimation of average and maximal extension rates of RT synthesis under the 

alternative divalent cations   

Optimal extension conditions for HIV RT with Mg2+, Mn2+, Co2+, and Zn2+ in presence of 

100 µM dNTPs were determined on a 425 nt RNA template derived from the gag-pol region of 

the HIV genome (as described in [266]).  Optimal extension for each cation in the presence of        

100 µM of each dNTP was observed at the following concentrations: 2 mM Mg2+, 0.4 mM Zn2+, 

0.4 mM Mn2+, and 0.25 mM Co2+.  Since a total concentration of 400 µM total nts (100 µM each) 

was used in the assays, the free concentration of each cation for optimal extension was ~1.6 mM 

for Mg2+, 0.15 mM for Zn2+, 0.15 mM for Mn2+, and 0.07 mM  for Co2+.  Note that all 3 alternative 

cations showed maximal activity at much lower concentrations than Mg2+.  This suggests that these 

alternative cations bind more tightly to RT than the physiological cation.  Interestingly, we also 

found that Cu2+ supported RT catalysis but optimum extension occurred at a higher concentration 

of 3 mM (data not shown).  Average and maximum extension rates were then calculated as 

described in section 2.2.2 using the RNA template used for round 1 synthesis of the PCR-based 

lacZα-complementation fidelity assay. As expected, the rate of synthesis was fastest using Mg2+ 

and slowest with Zn2+ (Fig. 2-1 and Table 2-1).  An average extension rate of 1.8 ± 0.48 nts/s and 

a maximal extension rate of 7.4 ± 1.9 nts/s was observed with 2 mM Mg2+, whereas with 0.4 mM 
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Zn2+, extension rates were 0.03 ± 0.02 nts/s and 0.19 ± 0.10 nts/s, respectively.  Both 0.4 mM Mn2+ 

and 0.25 mM Co2+ decreased both the average and maximal rate of extension as well (Table 2-1). 

 

Figure 2-1: Time course of HIV RT synthesis on the ~760 nt RNA template used in the 
PCR-based α-complementation assay.  Shown is an autoradiogram with extension of a 20 
nt 5' P-32 end-labeled DNA primer on the RNA template used for round 1 synthesis by HIV 
RT (see Fig. 2-2).  Full extension of the primer resulted in a 199 nt product.  A DNA ladder 
with nt size positions is shown on the left.  Concentrations of the cations and dNTPs are 
indicated above the lanes.  Reactions were performed for (1-r) 15 s, 30 s, 1 min, 2 min, 4 
min, or 8 min with Mg2+, Mn2+, and Co2+, and 3.25 min, 7.5 min, 15 min, 30 min, and 1 
hour with Zn2+.  A minus enzyme control (-E) is also shown.  Refer to section 2.2.2 for 
details. 
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2.3.2 HIV RT shows greater fidelity with Zn2+ in the PCR-based and plasmid-based lacZα-

complementation fidelity assays 

The PCR-based assay was a modified version of an assay used previously to examine the 

fidelity of poliovirus 3Dpol [296, 302] (Fig. 2-2).  The 115 nt region screened for mutations is 

shown in Fig. 2-2C.  The assay is capable of detecting all frameshift mutations and several 

substitutions (see legend) in this region [6].  The assay essentially mimics the reverse transcription 

process since both RNA- and DNA-directed RT synthesis steps are performed.  Most of the 

possible background mutations can be accounted for by performing a control in which plasmid 

DNA is PCR amplified to produce an insert identical to those produced in the complete assay.  

These inserts should comprise all error sources except the errors derived from HIV RT and T3 

RNA polymerase.  An average background colony mutant frequency (CMF, number of white or 

faint blue colonies divided by total colonies) of 0.0019±0.0014 was obtained (Table 2-2).  This 

Table 2-1: Synthesis rate on the  RNA template for the PCR-based                      
α-complementation fidelity assay at different cation concentrations 

  Cation 

aOptimal 
concentration 

mM 

bMaximal 
extension 

rate   
nts /sec 

bAverage 
extension rate  

nts/sec 

Mg2+ 2 (1.6) 7.4 ± 1.9 1.8 ± 0.5 
Mn2+ 0.4 (0.15) 1.2 ± 0.3 0.48 ± 0.09 
Co2+ 0.25 (0.07) 1.1 ± 0.1 0.23 ± 0.05   
Zn2+ 0.4 (0.15) 0.19 ± 0.10 0.03 ± 0.02 

aThe concentration of free cation is shown in parenthesis. Free cation 
concentration for Mg2+ was calculated as described in materials and methods 
using the dissociation constant for Mg2+ and ATP. Free concentrations for 
alternative cations (Mn2+, Co2+, and Zn2+) were approximately using the 
dissociation constant for Mg2+ and ATP. 
bValues are averages from 3 experiments ± standard deviation.  Rates were 
calculated as described in materials and methods. 
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corresponds to 1 white or faint blue colony in every ~500 colonies.  Further details of this assay 

are discussed in section 3.3.1. 

Figure 2-2:  PCR-based lacZα-complementation system.  (A) An overview of the 
procedure used to assess polymerase fidelity is presented.  RNA is represented by broken 
lines and DNA is represented by solid line.  Primers have arrowheads at the 3' end.  The 
~760 nt template RNA used as the initial template for HIV RT RNA-directed DNA 
synthesis is shown at the top with the 3' and 5' ends indicated.  The positions of PvuII and 
EcoRI restriction sites are indicated for reference to the vector.  The filled box at the 
bottom of the figure is the 115 base region of the lacZα gene that was scored in the assay.  
Details for specific steps are provided in section 2.2.2.  (B) Plasmid pBSM13ΔPvuII1146, 
is shown.  Relevant sites on the plasmid are indicated and numbering is based on the 
parent plasmid (pBSM13+ (Stratagene)).  (C) The nt and amino acid sequence for the 115 
base region of the lacZα gene that was scored in the assay is shown.  Both strands of the 
DNA plasmid are shown since HIV RT synthesis was performed in both directions             
(Fig. 2-2A).  A line is drawn above the 92 nts that are in the detectable area for substitution 
mutations while frameshifts can be detected over the entire 115 nt region.  Based on a 
previous cataloging of mutations in this gene [6], the assay can detect 116 different 
substitutions (33.6% of the 345 possible substitutions in the 115 nt sequence) and 100% 
of the frameshift mutations.  
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Using 2 mM Mg2+, a CMF value of 0.006 (about 1 mutant colony in every 167 total) was 

obtained after background subtraction (Table 2-2).  Results using Co2+ were similar to Mg2+ while 

Zn2+ increased fidelity about 2.5-fold (with high statistical significance).  Although Co2+ is 

reported to be mutagenic, its effect on the mutation rate of polymerases is concentration-dependent 

[286, 288, 292].  For example, the error frequency of avian myeloblastosis virus (AMV) RT 

increased from about 1 error per 1680 nt additions with Mg2+ to 1 error per 1100 nt addition with 

activating concentrations of Co2+ (1 mM), but increased further to 1 error per 200 nt addition when 

excess amounts of Co2+ were used (5 mM) [286].  Only 0.07 mM free Co2+ was used in these 

assays and it is possible that Co2+ does not have a profound impact on fidelity at this concentration.  

This was further tested in the gapped plasmid assay described below.  
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Table 2-2: Colony Mutation Frequencies in PCR-based                      
lacZα-complementation assay 

aExp# 
bBkg      

(CMF x 10-3) 

2 mM MgCl2 
c1.6 mM free 
 (CMF x 10-3) 

0.4 mM ZnCl2 
0.15 mM free 
 (CMF x 10-3) 

0.25 mM CoCl2 
0.07 mM free 
 (CMF x 10-3) 

d1 
4/1205 

3.3 
10/960 
10(6.7) 

7/1328 
5.3(2.0)  

2 3/1726 
1.7 

13/1826 
7.1 (5.4) 

5/1315 
3.8 (2.1) 

16/1639 
9.8 (8.1) 

3 1/1577 
0.6 

13/1899 
6.8 (6.2) 

6/2195 
2.7 (2.1) 

11/1520 
7.2 (6.6) 

4 7/2942 
2.4 

26/3318 
7.8 (5.4) 

18/2977 
6.0 (3.6)  

eAvg. ±S.D. 1.9±1.4 7.9±1.4 
(5.9±0.6) 

4.5±1.5 
(2.5±0.8) 

8.5±1.8 
(7.4±1.1) 

fP-value  4.4x10-4 0.098 
gRelative 
Fidelity 

 1.0 2.4 0.8 

hTukey HSD   P<0.01 (Zn2+) 
P- N.S. (Co2+) 

P<0.01 (Mg2+) 
P<0.01 (Co2+) 

P<0.01 (Zn2+) 
P- N.S. (Mg2+) 

aIndependent experiments performed at different times.  In typical experiments, 
1000-3500 colonies were scored for each condition. 
bIn background assays, plasmid pBSM13ΔPVUII (Fig, 2-2B) was used as a template 
in PCR reactions to generate the insert that was scored in the assays.  Numbers 
shown are the "colony mutation frequency" (CMF) defined as white + faint blue 
colonies divided by total colonies.  Refer to section 2.2.2 for details. 
cFree cation concentration under each condition was calculated as described in 
materials and methods using the dissociation constant for Mg2+ and ATP. 
dNumbers shown on top are:  (white + faint blue colonies)/total colonies.  The 
bottom number is the colony mutation frequency (CMF) (see b above) for 
experiments under the listed condition. The CMF minus the background frequency 
from column two is in parentheses. 
eAverages ± standard deviations from the experiments in the column are shown. 
fValues were calculated using a standard Student’s t-test and the background 
subtracted values from each condition. All values were compared to the 2 mM Mg2+ 
condition. 
gAll values are relative to the 2 mM MgCl2 average CMF-Bkg. value (0.0059).  The 
0.0059 value was divided by the average CMF-Bkg. value for each condition to 
determine relative fidelity.  Higher numbers indicate greater fidelity. 
hIn order to address the effect of comparing multiple sample conditions on 
statistical significance, ANOVA analysis coupled with a Tukey’s honest significance 
of difference (Tukey HSD)  test were conducted using the background subtracted 
values from all samples and the calculator available online from Statistica:   
http://statistica.mooo.com/OneWay_Anova_with_TukeyHSD.  The cation in 
parenthesis is being compared to the one listed in the column.  N.S.- Not Significant. 

http://statistica.mooo.com/OneWay_Anova_with_TukeyHSD
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A second gapped plasmid-based lacZα-complementation fidelity assay, similar to the 

phage-based lacZα gap-filling assay, was performed to further confirm results obtained from the 

PCR-based assay.  The gap filled by the polymerase is in a plasmid construct, which after fill in, 

is directly transformed into bacteria.  Bacterial colonies rather than phage plaques are scored by 

blue-white screening in this assay.  This assay screens a large region (288 nts) of the lacZα gene 

including the promoter sequence and it avoids the enzymatic (T3 RNA polymerase and Pfu 

polymerase) background issues of the PCR-based assay.  The results (Table 2-3) were in strong 

agreement with the PCR-based assay (Table 2-2).  In this assay, HIV RT was modestly more 

accurate with Mg2+ than with 0.25 mM Co2+, while Zn2+ once again resulted in ~2.5–fold greater 

fidelity than Mg2+.  Interestingly, Mn2+, a known pro-mutagenic cation for several polymerases 

including HIV RT [289], was comparable to Mg2+ in the assays when used at its optimal 

concentration (0.4 mM total and 0.15 mM free).  However, both Co2+and Mn2+ were highly 

mutagenic when used at 6 mM, an amount which is in the same range shown by others to decrease 

the fidelity of several polymerases in vitro [285-289, 303].  There was a ~25-fold decrease in 

fidelity with 6 mM Mn2+ compared to 0.4 mM Mn2+.  Similarly, a ~7-fold decrease in fidelity was 

observed with 6 mM vs. 0.25 mM Co2+.  Both cations also showed severely inhibited polymerase 

activity at the 6 mM concentration, while Zn2+ incorporates just a few nts even after prolonged 

incubation at high concentrations (see [250], results with Co2+ here were similar to those shown 

with Mn2+ in this report).  Overall, the results from both the PCR-based and gapped plasmid-based 

lacZα-complementation fidelity assays show that the fidelity of RT increases with Zn2+ and 

presumed pro-mutagenic cations do not modify RT’s error rate significantly when used at low 

concentrations optimal for catalysis. 
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Table 2-3: Colony mutant frequencies in plasmid –based lacZα-complementation assay 

aExp# 
bBkg      

(CMF x 10-3) 

2 mM MgCl2 
c 1.6 mM free 
 (CMF x 10-3) 

0.4 mM MnCl2 

0.15 mM free 
 (CMF x 10-3) 

6 mM MnCl2 

5.6 mM free 
 (CMF x 10-3) 

0.25 mM CoCl2 

0.07 mM free 
 (CMF x 10-3) 

 6 mM CoCl2 

5.6 mM free 
 (CMF x 10-3) 

0.4 mM ZnCl2 
0.15 mM free 
 (CMF x 10-3) 

d1 
4/1893 

2.1 
11/1395 
7.9(5.8) 

10/1297 
7.7(5.6)    10/2993 

3.3(1.2) 

2 2/1246 
1.6 

8/1176 
6.8(5.2) 

7/1067 
6.6(5.0)  10/1054 

9.5(7.9)  5/1301 
3.8(2.2) 

3 3/3456 
0.9 

10/1755 
5.7(4.8) 

10/2145 
4.7(3.8)  16/1389 

12(11.1)  14/3799 
3.7(2.8) 

4 4/1250 
3.2 

10/1192 
8.4(5.2) 

11/1257 
8.8(5.6)  12/1007 

12(8.8)   

5 3/3113 
0.96   160/1823 

88(87) 
14/1324 
11(10) 

101/1084 
93(92)  

6 7/5866 
1.2   249/1286 

194(193)  90/1850 
49(48)  

7 3/2682 
1.1   375/2740 

137(136)  119/2503 
48(47)  

eAvg.±S.D. 1.6±0.8 7.2±1.7 
(5.3±0.4) 

7.4±1.8 
(5.7±1.6) 

140±53 
(139±53) 

11.1±1.2 
(9.5±1.4) 

63±26 
(62±26) 

3.6±0.3 
(2.1±0.8) 

fStatistics 
(see 

legend)  
 0.63 0.0034 0.0012 0.0059 0.00097 

gRelative 
Fidelity 

 1 0.93 0.038 0.56 0.085 2.5 

aIndependent experiments performed at different times.   
bIn background assays, the gapped plasmid was transformed into the bacteria allowing the bacterial polymerases to fill in the 
gap. Numbers shown are the "colony mutant frequency" (CMF) defined as white + faint blue colonies divided by total colonies.  
Refer to sections 2.2.2 and 2.3.2 for details. 
cFree cation concentration under each condition was calculated as described in materials and methods using the dissociation 
constant for Mg2+ and ATP.   
dNumbers shown on top are:  (white + faint blue colonies)/total colonies.  The bottom number is the colony mutant frequency 
(CMF) (see b above) for experiments under the listed condition. The CMF minus the background frequency from column two 
is in parentheses. 
eAverages ± standard deviations from the experiments in the column are shown.  Values in parentheses are after background 
subtraction. 
fP-values shown were calculated using a standard Student’s t-test and the background subtracted values from each condition.  
All values were compared to the 2 mM MgCl2 condition.  In order to address the effect of comparing multiple sample conditions 
on statistical significance, ANOVA analysis coupled with a Tukey’s honest significance of difference (Tukey HSD) test were 
conducted using the background subtracted values from samples and the calculator available online from Statistica:   
http://statistica.mooo.com/OneWay_Anova_with_TukeyHSD.  The 6 mM MnCl2 and CoCl2 conditions were excluded from the 
analysis as their dramatically different magnitudes compared to other values complicates the analysis.  Tukey analysis indicated 
highly significant differences (P<0.01) for all conditions tested except 2 mM MgCl2 vs. 0.4 mM MnCl2,  which was not significant, 
consistent with the insignificant P value (0.63) from the Student’s t-test.    
gAll values are relative to the 2 mM Mg2+ average CMF-Bkg. value (0.0053).  The 0.0053 value was divided by the average CMF-
Bkg. value for each condition to determine relative fidelity.  Higher numbers indicate greater fidelity. 

http://statistica.mooo.com/OneWay_Anova_with_TukeyHSD
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2.3.3 Estimation of mutation frequency from CMF and sequencing data   

An estimate of the base misincorporation frequency can be made from the CMFs in Table 

2-1 and the sequencing results in Fig. 2-3 as described before [10].  In experiments with Mg2+, 

~41% (17/42) of recovered mutations, after excluding the background mutations, were insertions 

or deletions (indels), and ~59% (25/42) substitutions.  Using a 33.6% detection rate for 

substitutions and 100% detection rate for indels in this region (see Fig. 2-2C and accompanying 

legend) and a CMF of 0.0059 (from Table 2-2), the mutation frequency for Mg2+ was 5.6 x 10-5, 

or ~1 error per 18,000 incorporations ((0.0059 x 0.41)/230 = 1.1 x 10-5 for indels, and ((0.0059 x 

0.59)/230)/0.336 = 4.5 x 10-5 for substitutions, total is 5.6 x 10-5 for both (see Fig. 2-3 legend for 

further details)).  Synthesis with Zn2+ resulted in a higher ratio of indels vs. substitution: indels 

~63% (26/41), and ~37% substitutions (15/41) were obtained.  With a CMF of 0.0025 (Table 2-

2), a mutation frequency of 1.9 x 10-5 or ~ 1 error per 53,000 incorporations was obtained for 

experiments with Zn2+.  This value is near the rate of ~1 error per 77,000 incorporations that was 

observed with more physiological (0.25 mM), though sub-optimal Mg2+ concentrations [250]. 
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Figure 2-3: DNA sequence analysis from the PCR-based lacZα-complementation 
fidelity assay. The 115 base region analyzed for mutations is shown.  The coding strand 
for lacZα is shown in the 5ʹ-3' direction (bottom strand in Fig. 2-2C).  Numbering is as 
shown in Fig. 2-2C.  Deletions are shown as regular triangles, insertions are shown as 
downward triangles with the inserted base shown adjacent to the downward triangle, unless 
it was the same as the base in a nt run, and base substitutions are shown directly above or 
below the sequence.  Substitutions shown correspond to the recovered sequence for the 
coding strand; however, these mutations could have occurred during synthesis of the non-
coding strand as well (i.e. a C to A change shown here could have resulted from a C to A 
change during synthesis of the coding strand or a G to T during synthesis of the non-coding 
strand) (see Fig. 2-2).  Mutations recovered from HIV RT with 2 mM Mg2+, and mutations 
from background controls are shown above the sequence as open triangles and normal text 
or filled triangles and bold italicized text, respectively.  Mutations from HIV RT at 0.4 mM 
Zn2+ are shown below the sequence.  Individual sequence clones which had multiple 
mutations (more than one mutation event) are marked with subscripts adjacent to the 
mutations.  Several clones with deletions (either single or multiple deletions) at positions 
181-183, just outside of the scored region were also recovered (not shown).  This was the 
dominant mutation type recovered in background controls (19 out of 24 total sequences) 
and probably resulted from improper ligation events or damaged plasmid vectors (see [10]). 
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It is also possible to estimate the mutation frequency using the plasmid-based assay results 

(Table 2-3).  As no sequencing data were acquired, a combined error rate for both substitutions 

and indels can be estimated using the formula:  𝐸𝐸𝐸𝐸= 𝐶𝐶𝑀𝑀𝐶𝐶𝑀𝑀 × 𝑃𝑃 , where ER is the error rate, CMF 

is the Colony Mutant Frequency (from Table 2-3), D is the total number of detectable sites for 

plasmid pSJ2 which is 448, P is the expression frequency of the plasmid which equals 0.444 [297].  

The calculations yield a mutation rate of 2.7 x 10-5 for 2 mM Mg2+ and 1.1 x 10-5 for Zn2+.  A 

mutation rate of 2.9 x 10-5 for 0.4 mM Mn2+ vs. 7.0 x 10-4 for 6 mM Mn2+ (~24-fold increase) and 

4.8 x10-5 for 0.25 mM Co2+ vs. 3.1 x 10-4 for 6 mM Co2+ (~7-fold increase) was obtained.  Both 

the PCR-based and plasmid-based assays showed a comparable fidelity increase (~2.5-fold) for 

Zn2+ vs. Mg2+, although the calculated mutation frequency were modestly lower in the plasmid-

based assay. 

2.3.4 Analysis of fidelity by steady-state kinetics also demonstrates higher fidelity with Zn2+ 

Kinetic assays have been used by many groups as a reliable way to estimate polymerase fidelity 

by insertion of specific nt mismatches or extension of specific mismatched primer termini 

(reviewed in [98, 304, 305]).  Although pre-steady-state assays are more useful for understanding 

kinetic parameters of misincorporation, steady-state assays are much simpler to perform and 

typically yield results that are broadly similar to results with pre-steady-state assays [98].  

Mismatched primer extension and running-start assays using the sequences shown in Fig. 2-4 were 

performed with constant concentrations of free cation of 0.4 mM Zn2+ or 2 mM Mg2+.  Note that 

reactions with each cation were performed using different enzyme concentrations and time points 

(see section 2.2.2).  This was necessary as catalysis with Zn2+ is much slower than with Mg2+ 

yielding negligible levels of extension with the conditions used for Mg2+.  The results with Zn2+ 

were seemingly consistent with steady-state conditions as the reactions were conducted over a 
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prolonged period (30 min) and the ratio of unextended to extended primers remained high (i.e. the 

substrate was not significantly depleted).  However, it is possible that these reactions may to some 

extent reflect pre-steady-state conditions since RT-primer-template complexes are extremely 

stable in Zn2+ while catalysis is slow [266].  Because of these constraints, a direct comparison of 

the kinetic and equilibrium constants between the two cations cannot be made.  However, the 

fidelity with Zn2+ relative to that with Mg2+ can still be estimated by comparing misinsertion ratios 

calculated for particular mismatches with each cation.  The running-start assays performed here 

test RT’s ability to misincorporate at a template C or G residue (depending on the sequence) after 

a “running-start” on a run of T’s immediately downstream of the primer 3' terminus.  Experiments 

were analyzed on denaturing polyacrylamide-urea gels (Fig. 2-4B).  Statistically relevant (based 

on P-values) increase in fidelity was observed for all mismatches with Zn2+ (Table 2-4).  The 

misinsertion ratio for the G.A mismatch, which is a difficult mismatch to make [10], could not be 

evaluated with Zn2+ as no incorporation was detected (data not shown).  In general, there was a 

~4-fold to 8-fold increase in fidelity for different mismatches in Zn2+ compared to Mg2+.   
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Figure 2-4: Sequences used in mismatched primer extension and running-start 
misincorporation assays and examples of analysis.  (A) The sequence of the DNA used in each 
assay type is shown.  The underlined nts show the only differences between the two templates.  
Only one primer was used in the running-start assays and it terminated at the 3' C nt before the 
dashes.  The four dashes indicate the 4 A nts that must be incorporated before RT incorporates the 
target nt (denoted by X or Y).  (B) Running-start misincorporation of C.T base pair at 2 mM Mg2+ 

or 0.4 mM Zn2+.   Reactions were performed on the primer-template shown in panel A for the 
indicated time with a final free concentration of 2 mM Mg2+ or 0.4 mM Zn2+ (adjusted according 
to the total concentration of dNTPs in each reaction using the  𝑲𝑲𝒅𝒅 value of Mg2+ and ATP).  A 
fixed concentration of dATP = 55 µM was used in all running-start reactions for elongation of the 
primer to the target site.  The concentration of the target nt (dTTP for C.T insertion) in each lane 
was from l-r: 400, 630, 1380, 2610, and 3660 µM.  For other base pair misinsertions noted in the 
Table 2-4, the target nt was changed according to the desired misinsertion. (C) Extension of a 
mismatched primer-template with a C.T 3ʹ terminus, using 2 mM Mg2+ and 0.4 mM Zn2+. Reactions 
were performed on the primer-template shown in panel A for the indicated time with the same free 
cation concentration as above.   The concentration of the next correct nt (dCTP) in each lane was 
from l-r: 50, 100, 200, 400, 630, 1200 and 1870 µM.  -E lane corresponds to no enzyme added. 
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The ability of RT to extend primers with mismatched 3' termini in Mg2+ or Zn2+ was also 

evaluated (Fig. 2-4C).  Extension was more difficult with Zn2+ and the magnitude of difference 

was dependent on the particular mismatch (Table 2-5).  Fidelity increased between ~3- fold to                 

Table 2-4:  Running-start misincorporation assay of various mismatches with Mg2+ or Zn2+ 

aCation 
 

bBase 
pair 

c𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚,𝑟𝑟𝑟𝑟𝑙𝑙  

d𝐾𝐾𝑚𝑚  

µM 
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝐾𝐾𝑚𝑚⁄  

µM-1 
eMisinsertion 

ratio, 𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖 

fRelative 
Fidelity 

gP-value 

hMg2+ 

C.G 2.9 ± 1.1 0.68 ± 0.33  4.3 ± 1.3 1  
G.C 1.4 ± 0.26 1.2 ± 0.64 1.2 ± 0.6 1 

 
C.T 0.55 ± 0.14 1863 ± 670 2.9 (±0.33) x 10-4 6.7 (± 2.6) x 10-5 

 
C.A 0.50 ± 0.06 825 ± 217 6.1 (± 1.1) x 10-4 1.4 (± 0.3) x 10-4 
C.C   0.09 ± 0.07  312 ± 166 2.9 (± 0.8) x 10-4 6.7 (± 1.9) x 10-5 
G.T 0.36 ± 0.16 242 ± 50 1.5 (± 0.9) x10-3 1.3 (± 0.8) x10-3 
G.A 0.38 ± 0.11 1515 ± 85 2.5 (± 0.6) x 10-4 2.1 (± 0.5) x 10-4 

 

Zn2+ 

C.G 8.2 ± 5.5 0.19 ± 0.09 43 ± 11 1  
G.C 5.8 ± 5.1 5.1 ± 4.7 1.3 ± 0.6 1 

 
C.T 0.19 ± 0.07 244 ± 102 7.8 (±0.97) x 10-4 1.8 (± 0.8) x 10-5 3.7 0.028 
C.A 0.55 ± 0.33 518 ± 43 1.1 (± 0.6) x 10-3 2.5 (± 1.6) x 10-5 5.6 0.0023 
C.C   0.05 ± 0.01 224 ± 104 2.2 (± 1.4) x 10-4 5.1 (± 5.6) x 10-6 13.1 0.029 
G.T 0.2 ± 0.08 914 ± 378 2.2 (± 0.7) x 10-4 1.6 (± 0.6) x 10-4 8.1 0.038 
G.A N.D. 

aThe extension reactions were carried as described in Materials and Methods using either 2 mM free Mg2+ or 0.4 mM free Zn2+.  Free cation 
concentration was calculated as described in materials and methods using the dissociation constant for Mg2+ and ATP.  All values are averages 
from at least 3 experiments ± standard deviation. 
bRefer to the running-start sequences in Fig. 2-4.  The particular mismatch that was measured after incorporation of a run of A’s over a run of 
T’s on the template is shown in the column 
c𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚,𝑟𝑟𝑟𝑟𝑙𝑙 = 𝐼𝐼𝑖𝑖 𝐼𝐼𝑖𝑖−1⁄  where 𝐼𝐼𝑖𝑖  is the sum of band intensities at the target site and beyond, 𝐼𝐼𝑖𝑖−1 is the intensity of the band prior to the target 
band.  See materials and methods for a description. 
dRefers to the Km of the nucleotide being incorporated at the target site (e.g. dGTP for C.G and dATP for C.A). 
e𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖 is the ratio of {𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚/𝐾𝐾𝑚𝑚 (𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚ℎ)}/{𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚/𝐾𝐾𝑚𝑚 (𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚ℎ)}.    
fFidelity values for misincorporation in Zn2+ are relative to the same mismatch using Mg2+.  Determinations were made by dividing the 
misinsertion ratio in Mg2+ by the ratio in Zn2+.  Higher values indicate greater fidelity.  
gValues were calculated using a standard Student’s t-test. Misinsertion ratio values from experiments in Zn2+ were compared against the Mg2+ 
condition for the same misincorporation. 
hValues for Mg2+ were taken from Chapter 3 (33).   
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5- fold for C.T, C.A, and C.C mismatches, however the G.T mismatch showed a statistically 

insignificant (P-value of 0.375) change in fidelity.  Consistent with results in the running-start 

reaction, no extension of the G.A mismatched primer was detected with Zn2+.  Overall, results 

from running-start and mismatch extension assays are in strong agreement with the lacZα-

complementation assays showing that fidelity with HIV RT improves in Zn2+.    

 

Table 2-5. Mismatched primer extension with Mg2+ or Zn2+ 

aCation 

bBase pair 
at the 3’ 

end 

c𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
 

%/min 

d𝐾𝐾𝑚𝑚  

µM 

 

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝐾𝐾𝑚𝑚⁄  

 

eStandard 
extension 

efficiency, 𝑓𝑓𝑟𝑟𝑚𝑚𝑡𝑡 

fRelative 
Fidelity 

gP-value 

hMg2+ 

C.G  21.4 ± 2.0 0.37 ± 0.13  57.8 ± 19.2 1   
G.C 39.9 ± 14.5 0.27 ± 0.13 147.8 ± 40.6 1 

 
C.T   22.5 ± 2.1 396 ± 28 5.7 (± 0.9) x 10-2 9.9 (± 1.7) x 10-4 

 

 
C.A 11.1 ± 2.9 445 ± 188 2.5 (± 0. 57) x 10-2 4.3 (± 0.94) x 10-4 
C.C 0.70 ± 0.29  77 ± 14 9.1 (± 2.2) x 10-3 1.6 (± 0.38) x 10-4 
G.T 18.6 ± 3.3 157 ± 44 0.12 ± 0.03 8.1 (± 2.5) x10-4 
G.A   0.95 ± 0.04 196 ± 50 4.8 (± 1.6) x 10-3 3.2 (± 1.0) x 10-5  

 

Zn2+ 

C.G  0.62 ± 0.23 0.04 ± 0.01 15.5 ± 5.8 1 1 
 

G.C 0.39 ± 0.10 0.04 ± 0.01 9.8 ± 1.9 1 1 
 

C.T   2.9 ± 1.0 591 ± 63 4.9 (± 2. 3) x 10-3 3.2 (± 1.6) x 10-4 3.1 0.026 
C.A 3.3 ± 1.0 1240 ± 186 2.7 (± 1.3) x 10-3  1.7 (±0.75) x 10-4 2.5 0.029 
C.C 0.50 ± 0.14 914 ± 457 5.4 (± 4.6) x 10-4 3.5 (± 3.4) x 10-5 4.6 0.023 
G.T 6.8 ± 1.8 1223 ± 568 5.6 (± 2.8) x 10-3 5.7 (± 3.2) x 10-4 1.4 0.375 
G.A   N.D. 

aThe extension reactions were carried out in either 2 mM fee Mg2+ or 0.4 mM free Zn2+.  Free cation concentration was calculated as described in 
materials and methods using the dissociation constant for Mg2+ and ATP.  All values are averages from at least 3 experiments ± standard deviation. 

bRefer to the mismatch extension sequences in Fig. 2-4.  In this assay primers with a matched C.G or a mismatched C.T, C.A, or C.C at the 3' end were 
extended on one sequence.  A second sequence with a matched G.C or mismatched G.T or G.A was also used.     
c𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum velocity of extending each primer- template hybrid.  See materials and methods for a description. 
dRefers to the 𝐾𝐾𝑚𝑚 of the next correct nucleotide being added (i.e. dCTP for C.G, C.T, C.A, and C.C or dGTP for G.C, G.T, and G.A extensions).  
e𝑓𝑓𝑟𝑟𝑚𝑚𝑡𝑡 is the ratio of {𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚/𝐾𝐾𝑚𝑚 (𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚ℎ)}/{𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚/𝐾𝐾𝑚𝑚 (𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚ℎ)}.    
fFidelity values for misextension in Zn2+ are relative to the same mismatch using Mg2+.  Determinations were made by dividing the standard 
extension efficiency in Mg2+ by the same parameter in Zn2+.  Higher values indicate greater fidelity.  
gValues were calculated using a standard Student’s t-test.  Standard extension efficiency values from experiments in Zn2+ were compared against the 
Mg2+ condition for the same mismatch. 
hValues for Mg2+ were taken from Chapter 3 (33).  
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2.4 Discussion 

The results presented in this chapter show that using concentrations optimized for catalysis, 

Zn2+ increases the fidelity of HIV-RT approximately 2-fold to 3-fold when compared to the 

physiological cation Mg2+. Mn2+ and Co2+ decreased the fidelity of RT at high concentrations; but 

at optimal concentrations these effects were almost completely mitigated.  For Zn2+, 

misincorporation (as determined by running-start assays) and mismatch extension (as determined 

with mismatched primer-templates) were both influenced, suggesting that both steps involved in 

fidelity could be affected by Zn2+.   

There may be several possible mechanisms by which Zn2+ alters fidelity. The geometry 

supported by different cations in the active site of polymerases has been proposed to affect fidelity.  

Magnesium supports tetrahedral symmetry at the active site, whereas Mn2+ accommodates square 

planar, octahedral, and tetrahedral symmetries (reviewed in [5]).  The ability of Mn2+ to 

accommodate more than one type of symmetry may increase the reaction rate of misaligned 

substrates and hence decrease the fidelity of polymerization.  It is important to note that although 

results presented here indicate Mn2+ is not highly mutagenic at optimal concentrations, this may 

not be the case for other polymerases.  Crystal structures of polymerases with Zn2+ in the active 

site are not available, but Zn2+ has been crystallized in a distorted tetrahedral symmetry in 

erythrocyte carbonic-anhydrase [306], as well as in a near tetrahedral geometry in Zn2+ superoxide 

dismutase [307].  It is possible that Zn2+ supports a different geometry than Mg2+ in the active site 

and promotes a configuration of the amino acid residues which may be better suited to discriminate 

against misaligned substrates.      

Results showed that the fidelity of HIV RT with Mn2+ and Co2+ was concentration-

dependent, as I observed previously for Mg2+ [10].  Although Mn2+ is generally considered to be 
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pro-mutagenic [5], the error frequency for several DNA polymerases usually increased as the Mn2+ 

concentration increased [303].  In one report,  E. coli DNA polymerase I and mammalian DNA 

polymerase β both showed relatively high fidelity when lower concentrations (below ~100 µM) of 

Mn2+ were used, whereas higher concentrations lead to greater mutagenesis.  The high 

concentrations correlated with Mn2+ binding to the single stranded template and possibly to 

secondary binding sites on the polymerase, raising the possibility that these factors promote the 

lower fidelity observed at high Mn2+ concentrations [308].  In this regard, E. coli DNA polymerase 

I has been reported to have as many as 21 Mn2+ binding sites on a single molecule but just a single 

high affinity binding site [309].  The effect, if any, of binding at the secondary sites is unknown.  

Still, when compared to Mg2+, careful analysis with other polymerases has suggested that Mn2+ is 

promutagenic over a range of concentrations [310].  Differences between our results and these may 

stem from intrinsic differences in the enzymes or the different nucleic acid substrate used (many 

of the former experiments used homopolymers).  Also, unlike RT, most DNA polymerases have 

intrinsic exonuclease activity.  El-Deiry et al. [310] found that E. coli DNA polymerase I 

demonstrated a significant reduction in 3' to 5' exonuclease proofreading activity in the presence 

of Mn2+.  This effect exacerbated the accelerated misincorporation with Mn2+ which was observed.      

It is also possible that Zn2+ affects the rate of conformational change in the enzyme and 

this leads to an alteration in fidelity.  Catalysis with Zn2+ is extremely slow (Table 1 and [266]) 

even though the complex between the enzyme and primer-template is over 100 times more stable 

than with Mg2+ [266].  This indicates that one or more of the steps in catalysis is slow.  

Conformational transition of the protein after binding the substrate  has a significant contribution 

to the ability of RT to add the correct substrate (section 1.3.4) [311].  Upon binding the substrate 

in Mg2+, the enzyme undergoes a conformational change to reach the transition state.  A correctly 
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matched nt then leads to tight binding and alignment of catalytic residues to promote catalysis, 

whereas a mismatched nt does not induce the tight binding state, thereby facilitating the rapid 

opening of the specificity domain and release of the misaligned substrate [311].  The 

conformational change in the specificity subdomain (fingers subdomain) of the polymerase plays 

a key role in determining the enzyme fidelity, and it will be interesting to investigate if the modified 

catalysis with Zn2+ affects either the conformational change or the rate of conformational change 

in a way which might increase the specificity.  Consistent with the model of slower catalysis 

promoting higher fidelity, suboptimal Mg2+ concentrations also enhanced fidelity [10].  The 

observed enhancement was similar to what was observed with Zn2+ as it resulted mostly due to a 

decrease in substitutions rather than insertion and deletion errors.  Since insertions and deletions 

often result from primer-template slippage mechanisms, this suggests that both low Mg2+ and Zn2+ 

induce higher fidelity by intrinsically affecting RT catalysis rather than altering primer-template 

properties.  It is possible that lowering the Zn2+ concentration to suboptimal levels could also alter 

fidelity, however, catalysis dramatically declines as the concentration of Zn2+ is either lowered or 

increased [266], making it difficult to test this possibility.    

As was noted in section 2.1, the level of available Zn2+ and other divalent cations such as 

Mn2+ or Co2+ are kept extremely low in cells.  Also, it is highly unlikely that these cations could 

support HIV replication.  Although we show the alternative cations can support RT synthesis, the 

rate of nucleotide catalysis ranged from significantly reduced for Mn2+ and Co2+, to essentially 

negligible for Zn2+ (Table 2-1).   

Finally, the possibly of using supplements or natural minerals including Zn2+ to treat HIV 

infection must be approached with caution.  Low µM concentrations of Zn2+, which can inhibit 

HIV RT [266], are still ~2–3 orders of magnitude greater than the level of free available Zn2+ in 



 

69 
 

cells.  Low µM concentrations of free Zn2+ in cells could have profound effects on the transcription 

of specific genes and the oxidation state of cells.  Nevertheless, Zn2+ as a constituent of cation 

based compounds like topical ointments for treating HIV infection still holds promise. 

2.5 Concluding remarks 

From the results in this chapter, it is clear that DNA synthesis by HIV RT in Zn2+ is slow 

but highly accurate.  It was even more accurate than with the physiologically relevant cation Mg2+, 

when both were used at optimal concentrations.  Other presumably pro-mutagenic cations (Mn2+ 

and Co2+) showed fidelity levels that were comparable to Mg2+ under optimal conditions, while 

they were highly mutagenic when used at very high concentrations.  This suggests that catalysis 

with these alternative cations is not intrinsically mutagenic and the observed mutagenicity in 

previous reports, may result from other mechanisms that could occur at high concentrations 

(section 2.4) that warrants further investigation. 

2.6 Contributions 

This chapter was published on May 3, 2015 in the journal “BMC Biochemistry” 

(DOI: 10.1186/s12858-015-0041-x) with myself (VA) and Jeffrey. J. DeStefano (JD) as authors 

[312].  I conducted all of the plasmid-based fidelity assays, all of the steady-state assays, and some 

of the PCR-based fidelity assays.  JD conducted some of the PCR-based fidelity assays.  Both 

authors participated in design of the experiments.  Both authors read and approved the final 

manuscript. 
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Chapter 3 : HIV Reverse Transcriptase displays dramatically higher fidelity 

using physiological magnesium conditions in vitro 

3.1 Introduction 

Reverse transcriptase (RT), the DNA polymerase of retroviruses, is a key target for highly 

active antiretroviral therapy (ART) directed against HIV (for a recent review see [313]).  The 

enzyme is a heterodimer with p66 and p51 subunits and like other RTs, possesses both DNA 

polymerase and ribonuclease H (RNase H) activity (Section 1.3.2) [81].  Both activities are 

divalent cation-dependent and the polymerase active site contains two divalent cation binding sites.  

Models for one or two cation binding sites have also been proposed for RNase H [5, 94, 314-318]. 

Much of what is known about the biochemical properties of HIV RT is based on in vitro 

assays with Mg2+ (~5-10 mM) and dNTP (25-100 μM) concentrations optimized for enzyme 

activity, which are much greater than the available levels in cells.  Estimates for free Mg2+ 

concentrations in cells vary considerably from less than 0.25 mM to as high as about 2 mM [319-

323].  However, results indicate that free Mg2+ concentrations are low in the brain (0.21–0.24 mM) 

[324], and most relevantly, in human lymphocytes (~0.25 mM), which are one of the main HIV-1 

targets [322, 325].  Likewise, deoxy ribonucleotide triphosphate concentrations are also relatively 

low (5 μM in T cells [326, 327]).    

Like other biochemical properties, RT fidelity has typically been examined using 

conditions optimized for polymerase activity and with lacZα-complementation assays [6] or 

steady-state and pre-steady-state misincorporation and mismatch extension assays (reviewed in 

[98]).  Magnesium concentrations of 5-10 mM (or greater) are often used in these assays.  Fidelity 

measured in vitro [96, 98, 104, 105, 328-333] is typically ~5-10-fold lower than the cellular fidelity 
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[95, 103, 334].  Explanations for this greater fidelity in cells range from cellular or viral proteins 

(in addition to RT) that participate in reverse transcription, small molecule components in cells, or 

special conditions in the virion, but the actual cause has remained unknown, as have other effects 

that the cell environment may have on the reverse transcription process (see [112] for a discussion 

of this topic).  Interestingly, HIV RT displays lower fidelity in vitro than other reverse 

transcriptases (e.g. Moloney murine leukemia virus (MuLV) and avian myeloblastosis virus 

(AMV)) yet cellular fidelity for these viruses is comparable [98, 99].  In this chapter, I use Mg2+ 

concentrations ranging from 0.25 to 6 mM in both lacZα-complementation and steady-state 

misincorporation or mismatch extension assays.  In both assay types, HIV RT fidelity was several-

fold higher with low, more physiological Mg2+ (0.25 mM).  In contrast to HIV RT, the fidelity of 

MuLV RT was not sensitive to Mg2+ concentrations and was approximately equal to that of HIV 

RT when assayed using more physiological conditions.  These results suggest that the higher 

fidelity of HIV during cellular infection vs. classical in vitro fidelity assays is due, at least in part, 

to the lower Mg2+ concentration in cells.  They also challenge the notion that HIV RT has relatively 

low fidelity in comparison to other RTs, and that RT infidelity allows HIV to evolve faster than 

other viruses.      

3.2 Materials and Methods 

3.2.1 Materials 

Calf intestinal alkaline phosphatase (CIP), T3 RNA polymerase, “High Fidelity” (PvuII 

and EcoRI) and other restriction enzymes, T4 polynucleotide kinase (PNK), and MuLV RT were 

from New England Biolabs.  DNase (deoxyribonuclease)-free RNase (ribonuclease), 

ribonucleotides, and deoxiribonucleotides were obtained from Roche.  RNase free-DNase I was 

from United Stated Biochemical.  Rapid DNA ligation kit, RNasin (RNase inhibitor), and the 
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phiX174 HinfI digest DNA ladder was from Promega.  Radiolabeled compounds were from 

PerkinElmer.  Pfu DNA polymerase was from Stratagene.  DNA oligonucleotides were from 

Integrated DNA Technologies.  G-25 spin columns were from Harvard Apparatus.  RNeasy RNA 

purification and the Plasmid DNA Miniprep kits were from Qiagen.  X-gal was from Denville 

Scientific, Inc.  IPTG and media were from Gibco, Life Technologies.  All other chemicals were 

obtained from Fisher Scientific, VWR, or Sigma.  HIV RT (from HXB2 strain) was prepared as 

described [294].  The HIV RT clone was a generous gift from Dr. Michael Parniak (University of 

Pittsburgh).  Aliquots of HIV-RT were stored frozen at -80°C and fresh aliquots were used for 

each experiment. 

3.2.2 Methods 

Polyacrylamide gel electrophoresis.  Denaturing polyacrylamide gels (6, 8, and 16% w/v), native 

polyacrylamide gels (15% w/v), and 0.7% agarose gels were prepared and run as described in 

Chapter 2.2.2. 

Preparation of RNA for the PCR-based lacZα-complementation fidelity assay and RNA-

DNA and RNA-DNA hybridization.  Transcripts (~760 nucleotides) were prepared with T3 RNA 

polymerase and hybrids were prepared at a 2:1 5' 32P-labeled primer: template ratio as previously 

described [296].    

Primer extension reactions for the PCR-based lacZα-complementation fidelity assay.  For 

RNA-directed DNA synthesis, the ~760 nucleotide RNA template was hybridized to a radiolabeled 

25 nucleotide DNA primer (5'-GCGGGCCTCTTCGCTATTACGCCAG-3').  Full extension 

produced a 199 nucleotide final product (see Figs. 2-2).  The primer-template complex was pre-

incubated in 48 µl of buffer (see below) for 3 min at 37°C.  The reaction was initiated by addition 
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of 2 µl of 5 µM HIV RT in 50 mM Tris-HCl, 80 mM KCl, 1 mM DTT and 10 % glycerol and 

incubation was continued for 30 min.  The final concentration of reaction components were           

200 nM HIV RT (or MuLV RT), 25 nM template, 50 nM primer, 50 mM Tris-HCl, 80 mM KCl, 

1 mM DTT, 0.4% glycerol and 0.4 units/µl RNasin.  Concentrations of MgCl2 (0.25, 2, or 6 mM) 

and dNTPs (5 or 100 µM each) were as indicated in the text and figure legends.  The final pH of 

the reactions was either 7.7 unless otherwise indicated.  After incubations, 1 μl of DNase-free 

RNase was added and the sample was heated to 65°C for 5 min.  Typically two reactions for each 

condition were combined and material was recovered by standard phenol: chloroform extraction 

and ethanol precipitation.  Pellets were resuspended in 20 µl of 10 mM Tris-HCl (pH 7) and 2X 

loading buffer (90% formamide, 10 mM EDTA (pH 8), 0.25% each bromophenol blue and xylene 

cyanol) and products were analyzed by gel electrophoresed on 6% polyacrylamide-urea gels (19:1 

acrylamide: bis-acrylamide).  Fully extended 199 nucleotide DNA was located using a 

phosphoimager (Fujifilm FLA5100), and recovered by the crush and soak method [295] in 500 µl 

of elution buffer containing 10 mM Tris-HCl (pH 7).  After overnight elution, this material was 

passed through a 0.45 µm syringe filter and recovered by ethanol precipitation after addition of 

10% volume 3M NaOAc (pH 7) and 50 μg of glycogen.  After centrifugation the pellets were 

vigorously washed with 500 µl of 70% ethanol to remove any traces of EDTA that may have 

carried over from the gel and potentially interfered with the second round of synthesis.  The 

recovered DNA was hybridized to another 20 nucleotide radiolabeled DNA primer (5'-

AGGATCCCCGGGTACCGAGC-3') with 10-fold greater specific activity than the primer used 

for round one, and a second round of DNA synthesis was performed as described above except the 

reaction volume was 25 µl.  Conditions for MgCl2, dNTPs, and pH were identical in the RNA- and 

DNA-templated reactions.  Reactions were terminated with an equal volume of 2X loading buffer 
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and products were gel purified as described above but on an 8% gel.  The gel was run far enough 

to efficiently separate the 199 nucleotide templates from the 162 nucleotide full extension product 

of round 2.    

Polymerase chain reaction (PCR) for the PCR-based lacZα-complementation fidelity assay.  

The round two DNA (50% of recovered material) produced above by reverse transcription was 

amplified by PCR using the following primers: 5'-GCGGGCCTCTTCGCTATTACGCCAG-3' 

and 5'- AGGATCCCCGGGTACCGAGC -3'.  Reactions were performed and processed as 

previously described except that restriction digestion was with 30 units each of “High Fidelity” 

EcoRI and PvuII in 50 µl of NEB buffer 3 for 2 hours at 37°C [296].   

Preparation of vector for PCR-based lacZα-complementation fidelity assay.  Thirty μg of the 

plasmid pBS∆PvuII1146 [115] was double-digested with 50 units each of “High Fidelity” EcoRI 

and PvuII in 100 µl using the supplied buffer and protocol.  After 3 hours, DNA was recovered by 

phenol-chloroform extraction, ethanol precipitation, and then treated with 20 units of CIP for 2 

hours at 37°C in 100 µl of the supplied NEB restriction digest buffer 3.  Dephosphorylated vector 

was recovered by phenol-chloroform extraction, ethanol precipitation, and quantified using 

absorbance at 260 nm.  The quality of the vectors for the fidelity assay was assessed in two ways: 

(a) ligation (see below) of the vector preparation in the absence of insert; and (b) re-ligation of the 

vector preparation and PvuII-EcoRI cleaved fragment (recovered from agarose gels after cleavage 

of pBS∆PvuII1146 but before dephosphorylation as described above).  Vectors from (a) that did not 

produce any white or faint blue colonies and very few blue colonies in the complementation assay 

(see below), and those producing colony mutation frequencies of less than ~0.003 (1 white or faint 

blue colony in ~333 total) in b were used in the  fidelity assays.   
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Ligation of PCR fragments into vectors and transformation for the PCR-based lacZα-

complementation fidelity assay.  The cleaved vector (50 ng, ~0.025 picomoles) and insert 

fragments (0.05 picomoles) were ligated at a 1:2 (vector:insert) molar ratio using a rapid DNA 

ligation kit.  Ligation and transformation of E. coli GC5 bacteria were carried out as previously 

described [296].  White or faint blue colonies were scored as harboring mutations while blue 

colonies were non-mutated.  Any colonies that were questionable with respect to either being faint 

blue or blue were pick and replated with and approximately equal amount of blue colony stock.  

Observing the faint blue colony in a background of blue colonies made it easy to determine if the 

colony was faint blue rather than blue. 

Gapped plasmid-based based lacZα-complementation fidelity assay.  The gapped version of 

the plasmid pSJ2 was prepared as described [297].  One nM of the gapped plasmid was filled by 

100 nM RT at 37°C in 20 µl of buffer containing 50 mM Tris-HCl, 80 mM KCl, 1 mM DTT, 2 µg 

of bovine serum albumin, and varying concentrations of dNTPs and MgCl2 (as indicated in 

legends).  The reaction pH was 7.7.  Reactions with 2 mM Mg2+ (100 µM or 5 µM dNTPs) were 

carried out for 30 min and reactions with 0.25 mM Mg2+ were performed for 4 hours.  Reactions 

were terminated by heating at 65°C for 15 min.  After confirming complete extension by restriction 

digestion analysis (see [297]), ~1 µl of the remaining original mixture was transformed into E.coli 

GC5 cells. The colony mutation frequency (CMF) was determined using blue-white screening as 

described above. 

Mismatched primer extension assays.  The approach used for these assays was based on previous 

results [300].  The template (5'-GGGCGAATTTAG(G/C)TTTTGTTCCCTTTAAGGG 

TTAATTTCGAGCTTGG-3') used in these assays was a modified version of the template 

originally described in [301].  The underlined nts in parentheses indicate that templates with either 
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a G or C at this position were used.  The DNA primer                                                                                                   

(5'-TAACCCTCACTAAAGGGAACAAAAX-3') used in the assays was 5' radiolabeled and 

hybridized to the template at a 1:1 ratio as described above.  The “X” at the 3' end of the primer 

denotes either G, A, T, or C (see Fig. 2-4).  Matched or mismatched primer templates (14 nM final) 

were incubated for 3 min at 37°C in 10.5 ul of buffer containing 50 mM Tris-HCl, 1 mM 

dithiothreitol, 80 mM KCl, varying concentrations of MgCl2, and increasing concentrations of the 

next correct dNTP substrate (dCTP for this template).  The reaction pH was 7.7.  Reactions were 

initiated by adding 2 µl of HIV RT (2 nM final concentration) and terminated by adding 2X loading 

buffer.  All reactions involving matched primer-templates were carried out for 2 min.  Reactions 

with mismatched primer-templates were carried out for 5 min (0.5, 1, 2, and 6 mM free Mg2+ 

reactions).  At 0.25 mM Mg2+, mismatched primer-templates with a C.C or G.A were extended for 

20 min and all other mismatches were extended for 15 min.  The reactions were then 

electrophoresed on 16% denaturing polyacrylamide gels, dried, and imaged using a Fujifilm 

FLA5100 phosphoimager.  Steady-state kinetic parameters 𝐾𝐾𝑚𝑚, and  𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚were then calculated as 

described below.  The amount of free Mg2+ in each reaction was adjusted according to the dNTP 

concentration because dNTPs are the major chelators of Mg2+ in the reactions.  The concentration 

of free Mg2+ was calculated using the formula:  

 

[𝑀𝑀𝑀𝑀] = 0.5(𝑀𝑀𝑡𝑡 +  𝑀𝑀𝑡𝑡 +  𝐾𝐾𝑑𝑑) − 0.5((𝑀𝑀𝑡𝑡 +  𝑀𝑀𝑡𝑡 + 𝐾𝐾𝑑𝑑)2 −  4𝑀𝑀𝑡𝑡𝑀𝑀𝑡𝑡)0.5 
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Where 𝑀𝑀𝑡𝑡, 𝑀𝑀𝑡𝑡, and [MD] represent the concentration of total Mg2+, total dNTP, and Mg2+ bound 

to the dNTPs, respectively.   The equilibrium dissociation constant ( 𝐾𝐾𝑑𝑑) for dNTP and Mg2+ was 

assumed to be the same as that of ATP, (𝐾𝐾𝑑𝑑= 8.9 x 10-6 M).   

Running-start misincorporation assays.  The approach used for these assays was based on 

previous results [298].  Reactions were performed as above using the same template but with a 

primer (5'- GAAATTAACCCTCACTAAAGGGAAC -3') (Fig. 2-4) which does not have the last 

five nts at the 3' end and has 5 additional bases at the 5' end.  Unlike mismatch extension assays, 

all reactions were performed for 3 min at 37°C.  The nucleotide directed by the homopolymeric T 

run on the template running (dATP) was kept at a constant saturating concentration (55 μM) and 

the nucleotide to be misinserted (for example, dTTP for measuring C-T misinsertion kinetics) was 

added at increasing concentrations in these reactions.  Reactions were resolved and processed as 

described above. 

Velocity measurements and calculation of 𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎 and 𝑲𝑲𝒎𝒎 for steady-state assays and 

calculation of extension rates for RNA-directed DNA synthesis in the PCR-based fidelity 

assay.  Velocity measurement and calculation of 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐾𝐾𝑚𝑚 were conducted as described 

previously for mismatch extension [300] and running-start assays [298].  Extension rate 

determinations for DNA synthesis on the 760 nucleotide RNA template were performed as 

described previously [266].    
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3.3 Results 

3.3.1 HIV RT shows greater fidelity with low Mg2+ in the PCR-based and plasmid-based 

lacZα-complementation fidelity assays.   

Both PCR and plasmid-based lacZα-complementation assays were used to measure the 

fidelity of HIV RT.  The PCR-based assay was a modified version of an assay used previously to 

examine the fidelity of poliovirus 3Dpol [296, 302] (refer to Fig. 2-2).  The 115 nucleotide region 

screened for mutations is shown in Fig. 2-2C.  All frameshift mutations and several substitutions 

(see legend) in this region can be detected in the assay [6].  The assay essentially mimics the 

reverse transcription process since both RNA- and DNA-directed RT synthesis steps are 

performed.  As two rounds of synthesis are performed over the same 115 nucleotide region, the 

assay actually scores 230 total nts.  Although there are several steps where background mutations 

can be introduced, most of the background can be accounted for by performing a control in which 

plasmid DNA is PCR amplified to produce an insert identical to those produced in the complete 

assay.  These inserts should comprise all error sources except the errors derived from HIV RT and 

T3 RNA polymerase.  In our assays, an average background colony mutation frequency (CMF, 

number of white or faint blue colonies divided by total colonies) of 0.0021 ± 0.0008 was obtained 

for the 16 experiments performed (Table 3-1).  This corresponds to 1 white or faint blue colony in 

every ~500 colonies.  This background is higher than some phage-based assays [6, 104, 105] but 

comparable to others [335, 336].   

In the PCR-based assay, in vitro conditions that maximize RT activity (6 mM total 

Mg2+/100 µM dNTPs) consistently showed the highest CMF with about 1 in every 120 colonies 

(CMF of 0.0083 after background subtraction) showing mutations (Table 3-1).  Decreasing the 

total Mg2+ concentration to 2 mM produced a modest (less than 2-fold) decrease in CMF at both           
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100 μM and the more physiological 5 μM dNTP concentration (Section 3.1), indicating a small 

increase in fidelity.  However, statistical analysis (p-values in Table 3-1) suggested there was not 

a reliably significant difference between results at 2 mM and 6 mM Mg2+.  The 2 mM Mg2+ results 

also suggest that the total dNTP concentration in the reactions is not a major determinant of fidelity 

as there was no difference in CMFs between the 5 and 100 μM conditions.  In contrast, a highly 

significant (p=0.003) increase in fidelity of about 5-fold over 6 mM reactions was observed with 

0.25 mM total Mg2+ and 5 μM dNTP.  Reactions with 0.25 mM total Mg2+ and 100 μM dNTPs 

produced about a 9-fold increase in fidelity.  Note that with this condition, free Mg2+ in the 

reactions was only 0.07 mM.  However, the CMFs were on average, less than twice the assay 

background.  Hence, although it is tempting to attribute the further increased fidelity to the very 

low Mg2+ concentration (0.07 mM) in these reactions, assay limitations preclude this conclusion.  

Overall the results show that low concentrations of free Mg2+ (~0.25 mM) reported in lymphocytes 

(section 3.1) dramatically increase the fidelity of HIV RT. 

Other retroviral reverse transcriptases including MuLV RT, have been reported to have 

higher fidelity than HIV RT (sections 3.1 and 3.4) in vitro.  The fidelity of MuLV RT was tested 

in the PCR-based assay with the 6 mM total Mg2+/100 µM dNTP or 0.25 mM total Mg2+/5 µM 

dNTP conditions.  Consistent with previous results, MuLV RT was ~3-fold more accurate than 

HIV RT with the higher Mg2+ concentration commonly used in in vitro reactions (Table 3-1).  

However, unlike HIV RT, there was no improvement in fidelity with the low Mg2+ condition.  

Under this condition, the fidelity of the two RTs was essentially the same.  
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Table 3-1. Colony mutation frequencies for various Mg2+ and dNTP concentrations in PCR-based lacZα-
complementation assay 

aExp# 

b,cBkg 
(CMF x 

10-3) 

c6 mM MgCl2 

5.6 mM free 
100 μM dNTPs  

(CMF x 10-3) 
HIV RT 

c2 mM MgCl2 

1.98 mM free 
5 μM dNTPs 
(CMF x 10-3) 

HIV RT 

c2 mM MgCl2 

1.6 mM free 
100 μM dNTPs 

(CMF x 10-3) 
HIV RT 

c0.25 mM MgCl2 
0.24 mM free 
5 μM dNTPs 
(CMF x 10-3) 

HIV RT 

c0.25 mM MgCl2 
0.07 mM free 
100 μM dNTPs 

(CMF x 10-3) 
HIV RT 

c,d6 mM 
MgCl2 

5.6 mM free 
100 μM dNTPs  

(CMF x 10-3) 
MuLV RT 

c,d0.25 mM 
MgCl2 

0.24 mM free 
5 μM dNTPs  
(CMF x 10-3) 

MuLV RT 

1 6/4150 
1.4 

32/3637 
8.8 (7.4)       

2 6/4600 
1.3 

37/4281 
6.9 (5.6)       

3 5/1967 
2.5 

27/1961 
14 (12)       

4 13/4560 
2.9 

51/4583 
11 (8.1)       

5 4/5714 
0.7    30/10362 

2.9 (2.2) 
   

6 24/8276 
2.9    12/2597 

4.6 (1.7) 
   

7 2/1153 
1.7  16/2137  

7.4 (5.7)  6/2164 
2.7 (1.0) 

   

8 4/4565 
0.8  38/8050 

4.7 (3.9)  30/10362 
2.8 (2.0) 

   

9 5/1605 
3.0  10/1041 

9.6 (6.6) 
13/1354 
9.6 (6.6)     

10 7/2942 
2.4   26/3318 

7.8 (5.4)  13/3585 
3.6 (1.2) 

  

11 6/2036 
2.9   10/1358 

6.4 (3.5)  5/1310 
3.8 (0.9) 

  

12 13/3691 
3.5   20/2224 

8.9 (5.5)  6/1503 
4.0 (0.5) 

  

13 6/2608 
2.3   16/1639 

9.8 (7.5)     

14 6/2998 
2.0      5/1323 

3.8 (1.8) 
8/1622 
4.9 (2.9) 

15 7/2464 
2.8      23/3720 

6.2 (3.4) 
20/3402 
5.9 (3.1) 

16 4/2611 
1.5      7/1800 

3.9 (2.4) 
9/2255 
4.0 (2.5) 

eAvg. 
±S.D. 

2.1± 
0.8 

10±3.1 
(8.3±2.7) 

7.2±2.4 
(5.4±1.3) 

8.5±1 
(5.7±1.5) 

3.3±0.9 
(1.7±0.5) 

3.8±0.2 
(0.9±0.4) 

4.9±0.9 
(2.5±0.8) 

4.9±1.0 
(2.8±0.3) 

fp-
value 

  0.157 0.110 0.003 0.006 0.017 0.019 

gRel. 
Fidelity 

 1 1.5 1.5 4.9 9.2* 3.3 3.0 

aIndependent experiments performed at different times.  In typical experiments, 1500-3500 colonies were scored for each condition. 
bIn background assays, plasmid pBSM13ΔPVUII (Fig, 2-2B) was used as a template in PCR reactions to generate the insert that was scored in the assays.  
See the Results section for a discussion of the background calculation.  Numbers shown are the "colony mutation frequency" (CMF) defined as white + 
faint blue colonies divided by total colonies.  Refer to section 3.2.2 for details. 
c(White + faint blue)/Total colonies is shown on top while the colony mutation frequency for experiments under the listed condition are shown below.  
This frequency minus the background frequency from column two is in parentheses. 
dAssays were performed with MuLV RT from New England Biolabs.  All other reactions were with HIV RT.  
eAverages ± standard deviations from the experiments in the column are shown. 
fValues were calculated using a standard Student’s t-test and the background subtracted values from each condition. All values were scored against the 
6 mM Mg2+ 100 µM dNTP condition. 
gRelative Fidelity, all values are relative to the 6 mM Mg2+ 100 μM dNTP average CMF-Bkg. value (8.3 x 10-3).  The 0.0083 value was divided by the 
average CMF-Bkg. value for each condition to determine relative CMF.  Higher numbers indicate greater fidelity. 

*CMF values for this condition were on average less than 2 times the background.  Hence the values are near the limits of this assay with respect to 
quantitative reliability.   
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To further confirm results with the PCR-based assay, a second gapped plasmid-based 

lacZα-complementation fidelity assay was performed.  This assay is similar to the phage-based 

lacZα gap-filling assay, except that the gap filled by the polymerase is in a plasmid construct.  

After filling, the plasmid is directly transformed into bacteria, and bacterial colonies rather than 

phage plaques are scored by blue-white screening [297].  Like most phage-based assays, the assay 

screens a large region (288 nts) of the lacZα gene, including the promoter sequence.  Although this 

assay does not mimic all the steps or reverse transcription, it avoids the enzymatic (T3 RNA 

polymerase and Pfu polymerase) background issues of the PCR-based assay.  The results (Table 

3-2) were in strong agreement with the PCR-based assay (Table 3-1).  Fidelity was lowest with 6 

mM (5.6 mM free) Mg2+, improved about 2-fold between 1.98 and 0.6 mM free Mg2+, and 

improved dramatically (~7-fold) under more physiological conditions (0.24 mM free Mg2+/5 μM 

dNTPs).  Once again, results from the plasmid based lacZα-complementation assay are in 

agreement with the PCR-based assay and the fidelity of RT is considerably high under 

physiological Mg2+ concentrations.  
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3.3.2 Estimation of mutation frequency from CMF and sequencing data.   

For the PCR-based assay, an estimate of the base misincorporation frequency can be made 

from the CMFs in Table 3-1 and the sequencing results in Fig. 3-1.  Calculations depend on the 

proportion of errors that were deletions or insertions (indels) vs. substitutions, and whether a 

particular substitution error produces a white or faint blue phenotype.  Indels result in frameshift 

mutations that are always detected as white or faint blue colonies.  In contrast, less than half of the 

substitutions made in the assay result in a mutant phenotype [6].  Sequencing of mutant colonies 

from experimental controls showed that 19/24 (~79%) had deletion mutations near the PvuII site 

(Fig. 2-2), probably resulting from inaccurate cleavage or ligation errors.  Since the Pfu PCR step 

is the only polymerase step in the controls, if mutations made during plasmid amplification in the 

bacteria are ignored, then only 5/24 errors (21%) in the controls resulted from Pfu during PCR.  

This translates to a Pfu-derived CMF of ~0.0021 (the average CMF value for the control assays in 

Table 3-1) x 0.21 or 0.0004 which is one Pfu-derived error per 2500 colonies (note that this 

Table 3-2. Colony mutation frequencies for various Mg2+ and dNTP concentrations in plasmid-based 
lacZα-complementation assay 

aTotal Mg2+ 

(free Mg2+) 
mM 

Total 
dNTPs 
μM 

White & 
Faint blue 
colonies 

Total 
Colonies 

cColony 
Mutation 
Frequency 

(CMF) x 10-3 

cCMF-
Bkg. x 
10-3 

dRelative 
Fidelity 

ep-
value 

bBackground 17 10138 1.7 --   
6 (5.6)  100  71 4328 16 14 1  

2 (1.98)  5  27 2866 9.4 7.7 1.9 0.0066 
2  (1.6) 100  117 12602 9.3 7.6 1.9 <0.0001 

1.5 (1.1)  100  51 5983 8.5 6.8 2.1 <0.0001 
1 (0.6) 100  54 6492 8.3 6.6 2.1 <0.0001 

0.25 (0.24)  5  19 5195 3.7 2.0 7.0 <0.0001 
aFree Mg2+ was calculated as described in materials and methods using the dissociation constant for Mg2+ and ATP. 
bBackground was determined by transfecting plasmids with unfilled gaps into bacterial.  Numbers shown are the "colony 
mutation frequency" (CMF) defined as white + faint blue colonies divided by total colonies.  Refer to section 3.2.2 for details. 
cNumbers shown are the colony mutation frequency as described above.  The frequency minus the background frequency from 
the first row (see “b” above) is shown in the column marked CMF-Bkg.   
dAll values are relative to the 6 mM Mg2+ 100 μM dNTP CMF-Bkg. value (0.014).  The 0.014 value was divided by the CMF-Bkg. 
value for each condition to determine relative CMF.  Higher numbers indicate greater fidelity.  
eValues were calculated using a Chi square analysis after performing the background correction by subtracting (0.0017 x total 
colonies) from the white and faint blue colonies for each condition. All values were scored against the 6 mM Mg2+ 100 µM dNTP 
condition.  
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estimation is a rough approximate as it is based on only 5 recovered mutation).  This is consistent 

with a mutation rate for Pfu in the ~1-2 x 10-6 range reported by others (see example calculation 

below) [337].  The fact that background mutations were mostly ligation errors outside the region 

scored for mutations, made it relatively easy to distinguish mutations resulting from HIV RT (or 

T3 RNA polymerase (see section 3.4)) in the experimental sequences.  Excluding these 

background mutations, in experiments with 6 mM Mg2+/100 μM dNTPs, ~28% (7/25) of recovered 

mutations were indels and ~72% (18/25) substitutions.  This was similar to proportions determined 

in this laboratory under comparable conditions [115], although there has been significant variation 

depending on particular investigators and version of the lacZα-complementation assay used [104, 

105, 328, 331, 338-340].  The assay used here included 230 nts (115 from each round of RT 

synthesis) of the lacZα gene (see Fig. 2-2).  Based on the proportion of substitutions to indels from 

Fig. 3-1, the average CMF of 0.0083 from Table 3-1, and using a 33.6% detection rate for 

substitutions in this region (see Fig. 2-2C and accompanying legend), the mutation frequency for 

the 6 mM Mg2+/100 μM dNTP condition would be 8.3 x 10-5, or ~1 error per 12,000 incorporations 

((0.0083 x 0.35)/230 = 1.3 x 10-5 for indels, and ((0.0083 x 0.65)/230)/0.336 = 7.0 x 10-5 for 

substitutions, total is 8.3 x 10-5 for both.  Some mutations (4 in the 6 mM condition and 6 in the 

0.25 mM condition) were recovered as part of compound mutations as indicated in Fig. 3-1.  For 

calculation purposes, these were counted as a single substitution if they were recovered with 

another substitution and were counted only in the indel category if they were recovered with a 

deletion or insertion.  Using this approach, for calculation purposes with 6 mM Mg2+ and 100 µM 

dNTPs, 7/20 (35%) and 13/20 (65%) of the mutations were indels or substitutions, respectively.   

For the more physiological condition of 0.25 mM Mg2+/5 μM dNTPs, the average CMF 

from Table 3-1 was 0.0017.  Results showed a greater proportion of indels with ~59% (63/106), 
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and ~41% substitutions (43/106).  The same approach yields a mutation frequency of 1.3 x 10-5, 

or ~1 error per 77,000 incorporations.  This number suggests a fidelity for RT in vitro that is similar 

to replication in cells [95, 103, 112, 334].  Note that the stated proportions of indels vs. substitutions 

underrepresents RT’s propensity for making substitutions as only about 1/3 (see above) of the 

possible substitutions are detectable.  Also note that the calculations for error frequency would 

include error contributions from T3 RNA polymerase (see above), so the actual mutation 

frequency for HIV RT may be somewhat lower (section 3.4).   
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It is also possible to estimate the mutation frequency using the plasmid-based assay results 

(Table 3-2).  As no sequencing data were acquired, it is only possible to obtain a combined error 

rate for both substitutions and indels.  These calculations yield a mutation rate of 7.1 x 10-5 for            

Figure 3-1: DNA sequence analysis from the PCR-based lacZα-complementation fidelity 
assay. The 115 base region analyzed for mutations is shown (see Fig. 2-2).  The coding strand for 
lacZα is shown in the 5ʹ-3' direction (bottom strand in Fig. 2-2C).  Numbering is as shown in         
Fig. 2-2C.  Deletions are shown as regular triangles, insertions are shown as downward triangles 
with the inserted base shown adjacent to the downward triangle, unless it was same as the base in 
a nucleotide run, and base substitutions are shown directly above or below the sequence.  
Substitutions shown correspond to the recovered sequence for the coding strand; however, these 
mutations could have occurred during synthesis of the non-coding strand as well (i.e. a C to A 
change shown here could have resulted from a C to A change during synthesis of the coding strand 
or a G to T during synthesis of the non-coding strand) (Fig. 2-2).  Mutations recovered from HIV 
RT at 6 mM Mg2+ and 100 μM dNTPs, and mutations from background controls are shown above 
the sequence as open triangles and normal text or filled triangles and bold italicized text, 
respectively.  Mutations from HIV RT at 0.25 mM Mg2+ and 5 μM dNTPs are shown below the 
sequence. Individual sequence clones which had multiple mutations (more than one mutation 
event) are marked with subscripts adjacent to the mutations.  Several clones with deletions (either 
single or multiple deletions) at positions 181-183, just outside of the scored region were also 
recovered (not shown).  This was the dominant mutation type recovered in background controls 
(19 out of 24 total sequences) and probably resulted from improper ligation events or damaged 
plasmid vectors (see Results).  Two out of 22 HIV RT-derived sequences at 6 mM Mg2+ and 62 
out of 162 HIV RT-derived sequences at 0.25 mM Mg2+ also had these deletions. 
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6 mM Mg2+/100 μM dNTPs and 1.0 x 10-5 for 0.25 mM Mg2+/5 μM dNTPs (see Ref. [297] for 

calculation details).  These figures are in strong agreement with those calculated from the PCR-

based assay.  

3.3.3 Analysis of fidelity by steady-state kinetics also demonstrates higher fidelity with low 

Mg2+.   

Kinetic assays have been used by many groups as a reliable way to estimate polymerase 

fidelity (reviewed in [98, 304, 305]).  A major strength of this approach is the ability to analyze 

individual types of misincorporations, and also the extension of primers with mismatches at the 3' 

end.  One drawback is that these assays are typically performed with just a small set of sequences, 

so the effect of sequence context on fidelity is limited [341].  In addition, high non-physiological 

concentrations of some nucleotides are required to force measurable misincorporation or mismatch 

extension in the time scale of the assay.  Therefore the assays are non-physiological with respect 

to dNTP concentrations, however, physiological levels of Mg2+ can be evaluated.  We performed 

both mismatched primer extension and running-start assays using the constructs shown in                

Fig. 2-4A, which we have used previously in fidelity assays [301].  The running-start assays test 

RT’s ability to misincorporate at a template C or G residue (depending on construct) after a 

“running-start” on a run of T’s immediately downstream of the primer 3' terminus.  Assays shown 

in Table 3-3 evaluated these reactions at different concentrations of free Mg2+.  Since large 

amounts of nucleotides are often added to these types of reactions to force misincorporation, 

concentrations of total Mg2+ were altered as described in Section 3.2.2 to obtain the desired free 

Mg2+ concentration.  Misincorporation ratios and relative fidelity (compared to the 6 mM free 

Mg2+ condition which showed the lowest fidelity) were determined by comparing the rate of 

misincorporating an A nucleotide, to the rate of adding the correct G nucleotide opposite a C in 
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the template.  Experiments were analyzed on denaturing PAGE gels (Fig. 3-2A).  Similar to what 

was observed in the lacZα-complementation assays, fidelity increased modestly between 6 and    

0.5 mM Mg2+, reaching almost 3-fold greater by 0.5 mM.  Statistical analysis indicated fidelity 

values for 2 and 1 mM Mg2+ were not statistically different compared to the 6 mM Mg2+ condition.  

A large increase to ~7-fold greater fidelity was observed at 0.25 mM Mg2+.   

 

 

 

 

 

 

 

 

 

Figure 3-2: Representative experiments for running-start misincorporation and 
mismatch extension assays.  (A) Running-start misincorporation of C.A base pair at 0.25 and        
2 mM Mg2+.   Reactions were performed on the primer-template shown in Fig. 2-4A for                
3 minutes with a final free Mg2+ concentration of 0.25 or 2 mM (adjusted according to the 
total concentration of dNTPs in each reaction using the  𝑲𝑲𝒅𝒅 values of Mg2+ and ATP). A fixed 
concentration of dATP = 55 µM was used in all running-start reactions for elongation of the 
primer to the target site.  The concentration of the target nucleotide (dATP for C.A insertion) 
in each lane was from l-r: 0, 400, 630, 1380, 2610, and 3660 µM.  For other base pair 
misinsertions noted in the Table 4, the target nucleotide was changed according to the desired 
misinsertion.  -E lane corresponds to no enzyme added. (B) Extension of a mismatched 
primer-template with a C.A 3ʹ terminus, using 0.25 and 2 mM Mg2+. Reactions were 
performed on the primer-template shown in Fig. 2-4B for the indicated time with a final free 
Mg2+ concentration of 0.25 or 2 mM (adjusted as described above).   The concentration of the 
next correct nucleotide (dCTP) in each lane was from l-r: 0, 50, 100, 200, 400, 630, 1200 and 
1870 µM.  All mismatched primer- templates were extended for 5 minutes at 2 mM Mg2+ 
whereas in 0.25 mM Mg2+, primer -template constructs with a 3' temini of C.C and G.A were 
extended for 20 minutes and all other mismatched primer-templates were extended for 15 
minutes. 
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Table 3-3:  Running-start misincorporation assay with various Mg2+ concentrations 
aBase 
pair  

b[Mg2+] 
mM 

c𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚,𝑟𝑟𝑟𝑟𝑙𝑙  

d𝐾𝐾𝑚𝑚  

µM 

e𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝐾𝐾𝑚𝑚⁄  

µM-1 

fMisinsertion 
ratio, 𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖 

gRel. 
Fidelity 

hp-
value 

C.G 

6 1.5 ± 0.3 0.16 ± 0.06 9.4 ± 1.7 1 

 

2 2.9 ± 1.1 0.68 ± 0.33  4.3 ± 1.3 1 

1 3.1 ± 1.9 0.82 ± 0.43 3.8 ± 0.4 1 

0.5 2.3 ± 1.1 0.72 ± 0.27 3.2 ± 0.8 1 

0.25 3.5 ± 2.6 1.3 ± 0.32 2.7 ± 1.8 1 

C.A 

6  0.47 ± 0.10 282 ± 24 1.7 (± 0. 5) x 10-3 1.8 (± 0.5) x 10-4 1  

2 0.50 ± 0.06 825 ± 217 6.1 (± 1.1) x 10-4 1.5 (± 0.3) x 10-4 1.2 0.50 

1  0.41 ± 0.06 1025 ± 189 4.0 (± 0. 5) x 10-4 1.1 (± 0.1) x 10-4 1.6 0.13 

0.5 0.46 ± 0.06 1841 ± 143 2.5 (± 0.2) x 10-4 7.8 (± 0.7) x 10-5 2.3 0.061 

0.25  0.31 ± 0.14 4574 ± 1221 6.8 (± 2.9 ) x 10-5  2.5 (± 0.8) x 10-5 7.2 0.00079 
aRefer to the running-start constructs in Fig. 2-4A.  In this assay incorporation of a correct G residue at a template C 
was compared to incorporation of an incorrect A residue at this same position.  All assay included saturating 
concentrations of dATP to produce a “running-start” over the 4 template T nucleotides that preceded the C. 
bThe concentration of free Mg2+ in the reactions is shown.  Free Mg2+ was calculated as described in materials and 
methods using the dissociation constant for Mg2+ and ATP. 
c𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚,𝑟𝑟𝑟𝑟𝑙𝑙 = 𝐼𝐼𝑖𝑖 𝐼𝐼𝑖𝑖−1⁄  where 𝐼𝐼𝑖𝑖  is the sum of band intensities at the target site and beyond, 𝐼𝐼𝑖𝑖−1 is the intensity of the 
band prior to the target band.  See materials and methods for a description.  Values are averages from at least 3 
experiments ± standard deviation. 
dRefers to the Km of the nucleotide being incorporated at the target site (dGTP for C.G and dATP for C.A).  Values 
are averages from at least 3 experiments ± standard deviation. 
eValues are averages from at least 3 experiments ± standard deviation.  
f𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖 is the ratio of {𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚/𝐾𝐾𝑚𝑚 (𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚ℎ)}/{𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚/𝐾𝐾𝑚𝑚 (𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚ℎ)} at each Mg2+ concentration respectively.  Values 
are averages from at least 3 experiments ± standard deviation.   
gValues are relative to the 6 mM Mg2+ condition.  Determinations were made by dividing the misinsertion ratio at 6 
mM by the ratios at the other Mg2+ concentrations.  Higher values indicate greater fidelity.  
hValues were calculated using a standard Student’s t-test. All values were scored against the 6 mM Mg2+ condition. 
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In a second running-start analysis, different mismatches opposite a C or G in the template 

strand were measured at 2 mM and 0.25 mM free Mg2+ (Table 3-4).  A pronounced increase in 

fidelity was observed at the lower concentration for all mismatches, with the exception of G.A.  

Two mismatch types (C.T, C.C) showed a 2-fold increases in fidelity (note that “Relative Fidelity” 

in this table is relative to the 2 mM Mg2+ reactions rather than 6 mM as was done in Table 3-3), 

while two other (C.A and G.T) showed ~6-fold greater fidelity with lower Mg2+.  In general, 

fidelity differences were greater for mismatches that tend to be easier for polymerases to make 

(e.g. C.A and G.T), and lesser for those that are more difficult to make (e.g. C.T, C.C, and G.A). 

Table 3-4:  Running-start misincorporation assay of various mismatches at 0.25 mM or 2 mM Mg2+ 

aBase 
pair  

b[Mg2+] 
mM 

c𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚,𝑟𝑟𝑟𝑟𝑙𝑙  

d𝐾𝐾𝑚𝑚  

µM 

e𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝐾𝐾𝑚𝑚⁄  

µM-1 

fMisinsertion 
ratio, 𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖 

gRel. 
Fidelity 

hp-
value 

C.G 2 2.9 ± 1.1 0.68 ± 0.33  4.3 ± 1.3 1 

 0.25 3.5 ± 2.6 1.3 ± 0.32 2.7 ± 1.8 1 

G.C 2  1.4 ± 0.26 1.2 ± 0.64 1.2 ± 0.6 1 
0.25  3.0 ± 0.96 3.4 ± 1.66 0.9 ± 0.5 1 

C.T 2  0.55 ± 0.14 1863 ± 670 2.9 (±0.33) x 10-4 6.7 (± 2.6) x 10-5 1 0.014 0.25  0.18 ± 0.06 2004 ± 582 8.9 (± 3.8) x 10-5 3.3 (± 0.8) x 10-5 2.0 

C.A 2 0.50 ± 0.06 825 ± 217 6.1 (± 1.1) x 10-4 1.5 (± 0.3) x 10-4 1 4.7 x 10-5 0.25  0.31 ± 0.14 4574 ± 1221 6.8 (± 2.9 ) x 10-5  2.5 (± 0.8) x 10-5 6 

C.C 2  0.09 ± 0.07  312 ± 166 2.9 (± 0.8) x 10-4 6.7 (± 1.9) x 10-5 1 0.040 0.25  0.24 ± 0.11 2666 ± 478 9.0 (± 2.8) x 10-5 3.3 (± 0.9) x 10-5 2.0 

G.T 2  0.36 ± 0.16 242 ± 50 1.5 (± 0.9) x10-3 1.3 (± 0.8) x10-3 1 0.065 0.25 0.29 ± 0.05 1488 ± 628 1.9 (± 0.7) x 10-4 2.1 (± 0.8) x 10-4 6.2 

G.A 2  0.38 ± 0.11 1515 ± 85 2.5 (± 0.6) x 10-4 2.1 (± 0.5) x 10-4 1 
0.25 

0.25 0.14 ± 0.06 427 ± 23 3.3 (± 2.5) x 10-4 3.7 (± 1.5) x 10-4 0.6 
aRefer to the running-start constructs in Fig. 2-4.  The particular mismatch that was measured after incorporation of 
a run of A’s over a run of T’s on the template is shown in the column. 
bThe concentration of free Mg2+ in the reactions is shown.  Free Mg2+ was calculated as described in materials and 
methods using the dissociation constant for Mg2+ and ATP. 
c𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚,𝑟𝑟𝑟𝑟𝑙𝑙 = 𝐼𝐼𝑖𝑖 𝐼𝐼𝑖𝑖−1⁄  where 𝐼𝐼𝑖𝑖  is the sum of band intensities at the target site and beyond, 𝐼𝐼𝑖𝑖−1 is the intensity of the 
band prior to the target band.  See materials and methods for a description.  Values are averages from at least 3 
experiments ± standard deviation. 
dRefers to the Km of the nucleotide being incorporated at the target site (dGTP for C.G and dATP for C.A).  Values are 
averages from at least 3 experiments ± standard deviation. 
eValues are averages from at least 3 experiments ± standard deviation.  
f𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖 is the ratio of {𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚/𝐾𝐾𝑚𝑚 (𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚ℎ)}/{𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚/𝐾𝐾𝑚𝑚 (𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚ℎ)} at each Mg2+ concentration respectively.  Values 
are averages from at least 3 experiments ± standard deviation. 
g Relative fidelity values are relative to the 2 mM condition for each mismatch type.  Determinations were made by 
dividing the misinsertion ratio at 2 mM by the ratio at 0.25 mM.  Higher values indicate greater fidelity.  Values are 
averages from at least 3 experiments ± standard deviation. 
hValues were calculated using a standard Student’s t-test.  Misinsertion ratio values from experiments at 0.25 mM 
Mg2+ were compared against the 2 mM Mg2+ condition listed above for each mismatch type. 
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 A second set of assays was used to examine the ability of RT to extend primers with 

mismatched 3' termini (Fig. 2-4B).  Table 3-5 shows results from extension reactions with a C.A 

mismatch at various Mg2+ concentrations.  The results were similar to the running-start results with 

the C.A misincorporation (Table 3-3).  Extension of the mismatch was more difficult as the 

concentration of Mg2+ decreased, but there was not a significant difference in comparison to the 6 

mM Mg2+ result until the Mg2+ was lowered to 0.5 mM (as indicated by p-values).   

 

 
 

 

 

 

 

 

Table 3-5:  Extension of C.A mismatched primer-template with various Mg2+ concentrations 
aBase 
pair 3’ 

end 

b[Mg2+] 
mM  

c𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
 

%/min 

d𝐾𝐾𝑚𝑚  

µM 

e𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝐾𝐾𝑚𝑚⁄  

 

fStandard 
extension 

efficiency, 𝑓𝑓𝑟𝑟𝑚𝑚𝑡𝑡 

g Rel. 
Fidelity 

hp-
value 

C.G 

6  36.4 ± 7.7 0.61 ± 0.10  59.7 ± 12.7 1 

 

2  21.4 ± 2.0 0.37 ± 0.13  57.8 ± 19.2 1 

1  23.8 ± 3.6 0.44 ± 0. 08  54.1 ± 5.0 1 

0.5 23.2 ± 3.1 0.42 ± 0.07  55.2 ± 2.8 1 

0.25  24.1 ± 10.8 0.41 ± 0.01 58.8 ± 28.1 1 

C.A 

6 9.6 ± 3.6 204 ± 122 4.7 (± 0.14) x 10-2 7.8 (± 0.15) x 10-4 1  

2  11.1 ± 2.9 445 ± 188 2.5 (± 0. 57) x 10-2 4.3 (± 0.94) x 10-4 1.8 0.10 

1 11.2 ± 4.0 507 ± 194 2.2 (± 0.57) x 10-2 4.0 (± 0.10) x 10-4 2.0 0.11 

0.5 4.4 ± 1.4 311 ± 153 1.4 (± 0.3) x 10-2 2.5 (± 0.71) x 10-4 3.1 0.055 

0.25  4.4 ± 3.9 1546 ± 714 2.8 (± 1.9) x 10-3  4.8 (±3.4) x 10-5 16.3 0.0067 
aRefer to the mismatch extension constructs in Fig. 2-4.  In this assay primers with a matched C.G or a mismatched C.A 
at the 3' end were extended.   
bThe concentration of free Mg2+ in the reactions is shown.  Free Mg2+ was calculated as described in materials and 
methods using the dissociation constant for Mg2+ and ATP. 
c𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum velocity of extending each primer- template construct.  See materials and methods for a 
description.  Values are averages from at least 3 experiments ± standard deviation 
dRefers to the 𝐾𝐾𝑚𝑚 of the next correct nucleotide being added (dCTP for C.G and C.A extension).  Values are averages 
from at least 3 experiments ± standard deviation 
eValues are averages from at least 3 experiments ± standard deviation .  
f𝑓𝑓𝑟𝑟𝑚𝑚𝑡𝑡 is the ratio of {𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚/𝐾𝐾𝑚𝑚 (𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚ℎ)}/{𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚/𝐾𝐾𝑚𝑚 (𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚ℎ)} at each Mg2+ concentration respectively.  Values are 
averages from at least 3 experiments ± standard deviation.   
gValues are relative to the 6 mM condition.  Determinations were made by dividing the standard extension efficiency 
at 6 mM Mg2+ by this same value at other Mg2+ concentrations.  Higher values indicate greater fidelity.  
hValues were calculated using a standard Student’s t-test. All values were scored against the 6 mM Mg2+ condition. 
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Extension of several mismatch types was also examined at 0.25 mM and 2 mM Mg2+.  Once 

again, extension was more difficult with lower Mg2+ and the magnitude of difference was 

dependent on the particular mismatch (Table 3-6).  Small but insignificant differences were 

observed for G.A and G.T, while C.C, C.T, and C.A mismatches showed more significant 

difference.  In this regard, the mismatch extension assays differed from the misincorporation 

assays in that there was not a clear trend for Mg2+ showing a greater effect with mismatches that 

are easier to make. 

 

 

Table 3-6: Mismatched primer extension at 0.25 or 2 mM Mg2+  
aBase pair 
at the 3’ 

end 

b[Mg2+] 
mM  

c𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
 

%/min 

d𝐾𝐾𝑚𝑚  

µM 

e𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝐾𝐾𝑚𝑚⁄  

 

fStandard 
extension 

efficiency, 𝑓𝑓𝑟𝑟𝑚𝑚𝑡𝑡 

gRel. 
Fidelity 

hp-
value 

C.G 2  21.4 ± 2.0 0.37 ± 0.13  57.8 ± 19.2 1 

 0.25  24.1 ± 10.8 0.41 ± 0.01 58.8 ± 28.1 1 

G.C 2  39.9 ± 14.5 0.27 ± 0.13 147.8 ± 40.6 1 
0.25  18.7 ± 3.7 0.14 ± 0.03 133.6 ± 14.3 1 

C.T 2  21.2 ± 2.7 500 ± 181 4.2 (± 1.8) x 10-2 7.3 (± 3.3) x 10-4 1 0.013 0.25  3.1 ± 0.42 748 ± 57 4.1 (± 0. 59) x 10-3 7.1 (± 1.0) x 10-5 10 

C.A 2  11.1 ± 2.9 445 ± 188 2.5 (± 0. 57) x 10-2 4.3 (± 0.94) x 10-4 1 5.2 x 10-5 0.25  4.4 ± 3.9 1546 ± 714 2.8 (± 1.9) x 10-3  4.8 (±3.4) x 10-5 8.9 

C.C 2  0.70 ± 0.29  77 ± 14 9.1 (± 2.2) x 10-3 1.6 (± 0.38) x 10-4 1 0.027 0.25  0.20 ± 0.01 61 ± 34 3.3 (± 2.1) x 10-3 5.6 (± 3.6) x 10-5 2.9 

G.T 2  18.6 ± 3.3 157 ± 44 0.12 ± 0.03 8.1 (± 2.5) x10-4 1 0.13 0.25  8.6 ± 1.5 120 ± 6 7 .2 (± 1.4) x 10-2 5.4 (± 1.1) x 10-4 1.5 

G.A 2  0.95 ± 0.04 196 ± 50 4.8 (± 1.6) x 10-3 3.2 (± 1.0) x 10-5 1 
0.23 

0.25  0.50 ± 0.30 169 ± 13 2.9 (± 1.6) x 10-3 2.2 (± 1.3) x 10-5 1.5 
aRefer to the mismatch extension constructs in Fig. 2-4.  In this assay primers with a matched C.G or a mismatched C.T, 
C.A, or C.C at the 3' end were extended on one construct.  A second construct with a matched G.C or mismatched G.T or 
G.A was also used.     
bThe concentration of free Mg2+ in the reactions is shown.  Free Mg2+ was calculated as described in materials and 
methods using the dissociation constant for Mg2+ and ATP. 
c𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum velocity of extending each primer- template construct.  See materials and methods for a 
description.  Values are averages from at least 3 experiments ± standard deviation.  
dRefers to the 𝐾𝐾𝑚𝑚 of the next correct nucleotide being added (dCTP for C.G, C.T, C.A, and C.C or dGTP for G.C, G.T, and G.A 
extensions).  Values are averages from at least 3 experiments ± standard deviation. 
eValues are averages from at least 3 experiments ± standard deviation.  
f𝑓𝑓𝑟𝑟𝑚𝑚𝑡𝑡 is the ratio of {𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚/𝐾𝐾𝑚𝑚 (𝑚𝑚𝑚𝑚𝑠𝑠𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚ℎ)}/{𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚/𝐾𝐾𝑚𝑚 (𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚ℎ)} at each Mg2+ concentration respectively.  Values are 
averages from at least 3 experiments ± standard deviation.    
gValues are relative to the 2 mM condition.  Determinations were made by dividing the standard extension efficiency at 2 
mM Mg2+ by the extension efficiency at 0.25 mM Mg2+.  Higher values indicate greater fidelity.  
hValues were calculated using a standard Student’s t-test.  Misinsertion ratio values from experiments at 0.25 mM Mg2+ 
were compared against the 2 mM Mg2+ condition listed above for each mismatch type. 
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Overall, results from running-start and mismatch extension assays are in strong agreement 

with the lacZα-complementation assays in showing that fidelity improves at lower Mg2+ 

concentrations, and is  higher at the proposed physiological levels in lymphocytes [322, 325].  Both 

misincorporation (as determined by running-start assays) and mismatch extension (as determined 

with mismatched primer-templates) are influenced, suggesting that both steps involved in fidelity 

are affected by Mg2+ concentrations.                 

3.4 Discussion 

 The results demonstrate that the fidelity of HIV RT can be dramatically changed over just 

a small range of Mg2+ concentrations.  Using concentrations optimized for RT catalysis (2-6 mM) 

resulted in about 5- to 7-fold lower fidelity than with concentrations closely mimicking free Mg2+ 

in lymphocytes (~0.25 mM) (Tables 3-1 and 3-2).  Fidelity assays, including both steady-state and 

lacZα-complementation assays, showed only modestly lower fidelity with 6 mM vs. 2 mM or even 

0.5 mM (in steady-state assays) Mg2+ (Tables 3-1, 3-2, 3-3, and 3-5).  In contrast, a dramatic 

increase in fidelity was observed at 0.25 mM Mg2+.  This may mean that HIV RT fidelity is only 

modestly sensitive to Mg2+ concentrations above 0.5 mM Mg2+.   

Significant changes in fidelity in response to Mg2+ concentrations have also been 

demonstrated for Taq polymerase [342].  Results showed that fidelity was highest when the 

concentrations of total dNTPs and Mg2+ were equal.  When Mg2+ was present in excess, fidelity 

decreased by an order of magnitude or more for some mutation types.  Like HIV RT (Tables 3-4 

and 3-6), the enhanced fidelity with Taq resulted from both a lowered misincorporation rate, and 

lowered ability to extend mismatched primer-templates.  Importantly, the higher fidelity for Taq 

observed under these conditions, also resulted in a reduced rate of synthesis [342].  This is why 

PCR reactions are typically performed with Mg2+ in excess over dNTPs.  Interestingly, both Vent 
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and Pfu, thermostable polymerases with proof-reading activity, showed reduced fidelity with low 

Mg2+ concentrations [337].  Therefore, higher fidelity with lower Mg2+ does not appear to be a 

general property of all polymerases.  This was also the case with MuLV RT where fidelity was 

unaffected in high vs. low Mg2+ (Table 3-1).  In addition to Mg2+, other experiments have shown 

that non-physiological acidic pH (~5-6.5) can improve the fidelity for several polymerases, 

including HIV RT [343, 344].  For HIV RT, enhanced fidelity at a lower pH seemed to result 

mostly from an inability to extend mismatched primer-templates rather than a lowered rate of 

misincorporation.  Our experiments were conducted at pH 7.7 which is slightly higher than normal 

physiological cytosolic pH (~7.2).  However, we also tested the 2 mM Mg2+/100 μM dNTP and                                  

0.25 mM Mg2+/5 μM dNTP conditions at pH 7.1 and found that the pH did not significantly alter 

fidelity (data not shown).  These experiments suggest that RT fidelity is not particularly sensitive 

to pH within this limited near-physiological range.   

The reason why lower Mg2+ concentrations increase HIV RT (or Taq) fidelity remains to 

be determined.  Reverse transcriptase has at least 3-4 binding sites for divalent cations, 2 in the 

polymerase active site and 1-2 in the RNase H active site (see section 3.1).  It is possible that more 

sites exist.  For example, E. coli polymerase I may have as many as 21 divalent cation binding 

sites and the roles, if any, for those sites not involved in catalysis are unknown [309].  Analysis of 

retrotransposon RTs suggests that the two binding sites in the polymerase active site domain have 

vastly different affinities for Mn2+ and Mg2+, and occupation of one vs. two sites and interactions 

between the sites can significantly alter RT enzymatic properties [267, 345].  Nucleic acid binding 

titrations of HIV RT also suggest two or more binding states that are dependent on the 

concentration of Mg2+ [346].  The results presented here are, at least in principle, consistent with 

RT binding sites that have broadly different affinities for Mg2+ controlling fidelity.  All the assays 
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(Tables 3-1 to 3-6) showed a modest effect on fidelity between ~1-6 mM Mg2+, and a much more 

significant change at low Mg2+ concentrations.  This suggests that a high affinity binding site which 

is fully occupied at the higher Mg2+ levels may enhance fidelity upon titration.  Interplay between 

this site and lower affinity site(s) may also effect fidelity as was proposed for altering other 

properties for retrotransposon RTs [267, 345].  It is also conceivable that divalent cation binding 

in the RNase H site could influence fidelity, as active site mutations in this domain that eliminate 

RNase H activity can effect fidelity [347].  Finally, the progressive reduction in enzyme efficiency 

as represented by 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚/ 𝐾𝐾𝑚𝑚 values in Tables 3-3 and 3-5 as the Mg2+ concentration is gradually 

reduced suggests that the increased fidelity may be a function of the lower velocity of the reaction, 

which increases the residence time on each template base and therefore affords better 

discrimination.  We are pursuing further experiments with the hope of uncovering further 

mechanistic details for these observations.   

Sequencing results indicated that the proportion of indels vs. substitutions increased in the 

0.25 mM vs. 6 mM Mg2+ conditions (Fig. 3-1).  A significant decrease in substitutions would be 

predicted based on the running-start assay results (Tables 3-3 and 3-4), so it is possible that low 

Mg2+ increases fidelity mainly by lowering substitutions rather than altering indel rates.  The 

spectrum of mutations obtained with low Mg2+ showed both differences and similarities from what 

has been observed in cells over a similar region of the lacZα gene.  In the cellular experiments, the 

ratio of substitutions to indels was skewed toward the former, with a high proportion of G to A 

mutations [95, 103, 334].  This mutation type along with T to A were the most common 

substitutions observed in the current work with each comprising 9 of 43 total substitutions.  

However, the frequency of G to A mutations is still significantly greater in the cellular assays than 

our assays (see below).  The two main hotspots for indels in our assays with low Mg2+ (Fig. 3-1) 
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also matched indel hotspots observed in cellular assays from other groups [95, 110, 334].  There 

are also differences even between cellular experiments, with one group calculating a much lower 

rate for the proportion of frameshifts to total recovered mutations than was determined by others 

(~5% vs. >25%) [95, 103].  A recent report found that although the HIV mutation rate for different 

cell types was near constant, the spectrum of mutations observed was significantly different [348].  

This suggests there may be several factors determining the reverse transcription mutation spectrum 

including cell type, RT subtype, and the particular assay system used to score mutations.  A future 

goal is to obtain a much larger mutational spectrum dataset in vitro that will allow a more 

comprehensive comparison between mutations made by RT in vitro and those made during reverse 

transcription and replication in cells. 

 Comparing cellular and in vitro mutation spectrums is complicated by several factors.  In 

the in vitro assays performed here or in other reports using an RNA template, T3 or a comparable 

RNA polymerase is used to make the RNA template.  Like the RNA polymerase II enzyme in cells 

that synthesizes the HIV genome, the error spectrum of T3 and other phage polymerase is 

unknown.  Contributions to the sequence profile from this enzyme are likely small in the 6 mM 

Mg2+ conditions, for which the CMFs were far above the assay background (Table 6), but more 

significant with 0.25 mM Mg2+.  Pfu polymerase, used in the PCR step, has very high fidelity 

(mutation rate of ~1-2 x 10-6 [337]), so its contribution at both Mg2+ conditions would be small  as 

was demonstrated (see 3.3).  As mentioned in 1.3.3, additional cellular factors can also affect the 

fidelity of reverse transcription process and it is impossible to mimic the effects of the cellular 

proteins in a test tube. 

Interestingly, results suggest that suboptimal Mg2+ concentrations, though modestly 

decreasing RT’s catalytic activity, actually improve DNA synthesis efficiency.  Using an in vitro 



 

96 
 

system with a DNA primer and RNA template to mimic the synthesis of strong-stop minus strand 

DNA (-sssDNA), lower Mg2+ levels (~0.1 mM) yielded significantly higher quantities of -sssDNA 

than reactions performed in higher concentrations (2-6 mM) [299].  The authors suggest that 

stabilization of some template secondary structures by higher Mg2+ leads to more RT pausing.  The 

paused complexes are susceptible to more extensive RNase H cleavage that can destabilize the 

nascent DNA-RNA template interaction, leading to dissociated “dead-end” DNA synthesis 

products and “stalled” RT complexes.  We conducted similar experiments on the RNA template 

used for the PCR-based fidelity assay.  At physiological dNTP concentrations (5 μM) reactions 

were modestly more efficient with lower Mg2+, showing a decrease in some pause sites and 

increase in fully extended products (Fig. 3-3). 

3.5 Contributions 

This chapter was published on August 2014 in the vol. 88 no. 15 issue of the journal 

“Journal of Virology” (DOI: 10.1186/s12858-015-0041-x) with myself (VA), Brian. J. Keith 

(BK), Bernard. A. Connolly (BC), and Jeffrey. J. DeStefano (JD) as authors [10].  I conducted all 

of the plasmid-based fidelity assays, all of the steady-state assays, and some of the PCR-based 

fidelity assays.  JD conducted some of the PCR-based fidelity assays.  BK and BC provided critical 

reagents for the plasmid-based fidelity assays.  VA and JD participated in design of the 

experiments.  VA, BC, and JD critically reviewed the manuscript and all authors approved the 

final manuscript. 
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Results presented here indicate that the low free Mg2+ levels in lymphocytes leads to an 

increase in HIV RT fidelity, perhaps by several-fold.  This brings the fidelity determined in vitro 

in line with that observed in cell culture, both having mutation rates in the ~1-3 x 10-5 range [95, 

Figure 3-3: Time course of HIV RT synthesis on the ~760 nucleotide 
RNA template used in the PCR-based α-complementation assay.  Shown 
is an autoradiogram with extension of a 20 nucleotide 5' P-32 end-labeled 
DNA primer on the RNA template used for round 1 synthesis by HIV RT 
(see Fig. 2-2).  Full extension of the primer resulted in a 199 nucleotide 
product.  A DNA ladder with nucleotide size positions is shown on the left.  
Concentrations of total and free Mg2+ and dNTPs are indicated above each 
lane.  Positions of some prominent DNA synthesis pause sites (P) are 
indicated on the right.  Reactions were performed for (1-r) 15s, 30s, 1m, 2m, 
4m, or 8m at each condition.  A minus enzyme control (-E) is also shown.  
Refer to 3.2.2 for details. 
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103, 334].  It also brings HIV RT fidelity in vitro in the range of the in vitro fidelity of other RTs 

(20).  Interestingly, although the fidelity of several RTs (e.g. AMV and MuLV RTs) is reported to 

be greater than HIV RT in vitro, cell culture analysis suggests similar fidelities for the viruses  

[112].  The cellular results are much more consistent with the findings in this report that show 

MuLV and HIV RTs have similar fidelity under more physiological conditions (Table 3-1).  

Although it is not clear why HIV RT fidelity is sensitive to Mg2+ levels while MuLV RT is not, 

HIV RT has a much lower Km for dNTPs than MuLV RT, a property that allows HIV to replicate 

in macrophages where the concentration of dNTPs is extremely low [326].  As dNTPs bind in 

conjunction with Mg2+, this suggests that one or more of the cation binding sites on these enzyme 

have significantly different properties.   

Finally, it could be argued that the concentration of free Mg2+ in lymphocytes may fluctuate 

(e.g. during the cell cycle as nucleotide pools change), and the 0.25 mM level quoted here is based 

on limited data.  Therefore, the level could be higher or even lower, and more work would be 

required to unequivocally determine the free Mg2+ concentration in lymphocytes under different 

conditions.  Although this is true, results presented here for fidelity, and from others for RNA-

directed DNA synthesis [299], show that in vitro conditions using low Mg2+ concentrations yield 

results that are more consistent with those determined or predicted in cells.  This consistency 

represents a strong argument for those conditions more closely matching cellular conditions, at 

least for replication in rapidly dividing culture cells.   
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Chapter 4 : Physiological Mg2+ conditions in vitro significantly alters the 

inhibition of HIV-1 and HIV-2 Reverse Transcriptase by nucleoside and       

non-nucleoside inhibitors 

 

4.1 Introduction 

Highly active antiretroviral therapy (ART), since its introduction in the early nineties 

(1990), has changed HIV from a death sentence to a manageable, though lifelong, condition 

(section 1.4).  However, issues concerning drug resistance, side-effects of the drugs, availability, 

cost, and delivery infrastructure still remain major concerns, highlighting the need for development 

of new drugs with better efficacy (see section 1.4.3).  A better understanding of the efficacy, 

interactions between drug and drug-target, and mechanism of action of the existing anti-HIV drugs 

is pivotal for designing novel drugs.  Reverse transcriptase (RT), the DNA polymerase of HIV, is 

one of the main targets for ART [313].  Nucleoside reverse transcriptase inhibitors (NRTIs) and                             

non-nucleoside reverse transcriptase inhibitors (NNRTIs) targeting RT are heavily used in the 

ART therapy (section 1.4.1 and [349, 350]). 

 HIV RT polymerase and RNase H activities, on homopolymeric templates, were found to 

be optimal at 3-8 mM and 4-12 mM Mg2+ respectively [351-354], hence most in vitro assays use 

high Mg2+ levels.  Studies examining the mechanism of action and resistance against NRTIs and 

NNRTIs are also usually studied in in vitro reactions with optimal, ~5-8 mM Mg2+ [355-360].    

However, the concentration of free Mg2+ in lymphocytes is only ~0.25-0.50 mM, despite higher 

concentrations (~10 mM) of total cellular Mg2+ [322, 325].  The concentration of available Mg2+ 

can have profound effects on the properties of HIV RT.   At physiological Mg2+ concentrations, 
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though primer extension is modestly slower, the fidelity of HIV-1 RT is increased several-fold and 

thereby bringing the in vitro error rate of HIV-1 RT close to the cellular estimates of reverse 

transcription fidelity (Chapter 3) [10].  RNA-directed ssDNA synthesis reactions performed with 

HIV-1 RT also led to more efficient ssDNA synthesis with less polymerase pausing, and lowered 

RNase H cleavage in low Mg2+ levels [299].  These results at suboptimal Mg2+ concentrations, 

suggest that although RT’s catalytic activity is modestly decreased, the DNA synthesis efficiency 

and fidelity are improved, and indicate that interactions between RT and RT inhibitors could also 

be affected by Mg2+ concentration.   

Previous experiments showed that low Mg2+ concentrations increased the ability of             

HIV-1 RT to unblock primers with 3ʹAZT and decreased the sensitivity of HIV-1 RT for AZTTP 

and other NRTIs [299].  The authors suggested that the observed effects may be due to a 

combination of diminished RNase H activity at low Mg2+ and altered interactions with NRTIs, 

although the exact mechanism was not investigated.  Potency of the NNRTIs, which form a very 

critical component of the ART regime, in physiologically relevant low Mg2+ concentrations is 

largely unknown.  Determining the underlying mechanism for the observed Mg2+ sensitivity of 

NRTIs and the effect of physiological Mg2+ levels on NNRTIs may lead to a better understanding 

of how these inhibitors function in cells.  Examination of HIV-2 RT could help shed light on this 

subject as, despite showing significant amino acid sequence homology to HIV-1 RT, this enzyme 

demonstrates marked differences in inhibition by RT inhibitors.  HIV-2 RT is structurally different 

at the “NNRTI pocket” [83] compared to HIV-1 RT, and is not inhibited by most NNRTIs [361].  

This fact, along with the resistance shown by HIV-2 against HIV-1 protease and fusion inhibitors 

has led to limited treatment options against HIV-2 infections [362]. 
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Here, I show that low Mg2+ conditions dramatically alter RT’s susceptibility to NRTIs and 

NNRTIs: HIV-1 and HIV-2 RT discriminate against NRTIs with modified 3′- hydroxyl (-OH) 

groups better at physiologically relevant low Mg2+ concentrations compared to optimized in vitro 

conditions.  In experiments conducted on a DNA template, NRTIs with 3′- azido (AZT), 3′- thiol 

(3TC), and 3′- dideoxy (ddC, ddG) groups showed an ~4 to 5-fold decrease in inhibition at low 

Mg2+ (0.25 mM) compared to elevated Mg2+ concentrations (6 mM).  However, a novel class of 

NRTIs referred to as translocation-defective RT inhibitors (represented by EfdATP), which has a 

3′-OH group, inhibited both HIV-1 and HIV-2 RT with similar efficiency at both low and high 

Mg2+ concentrations.  Steady-state kinetic analyses revealed that a lower kcat as well as a higher 

Km for the 3′-OH-modified NRTIs resulted in decreased potency of these inhibitors against          

HIV-1 and HIV-2 RT in low vs. high Mg2+ conditions.  In contrast, NNRTIs inhibited HIV-1 RT 

~4-fold better in low Mg2+ vs. high Mg2+ concentrations, suggesting that Mg2+ also affects the 

interactions between NNRTI and “NNRTI pocket” of HIV-1 RT.  Several drug-resistant HIV-1 

RT mutants were also examined and showed similar trends.  This chapter, in addition to 

highlighting the need for studying RT inhibitors in physiologically relevant Mg2+ concentrations, 

also lends insight into “Rational Drug Design” strategies by implicating interactions between the 

dNTP 3′-OH group and RT in stabilizing binding interactions.  Future inhibitors that either retain 

or mimic this group (structurally/chemically) may be more effective and more difficult to 

overcome through development of resistance. 
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4.2 Materials and Methods 

4.2.1 Materials 
 

Calf intestinal alkaline phosphatase (CIP), T3 RNA polymerase, “High Fidelity” (PvuII 

and EcoRI) and other restriction enzymes, T4 polynucleotide kinase (PNK), and MuLV RT were 

from New England Biolabs.  DNase (deoxyribonuclease)-free RNase (ribonuclease), 

ribonucleotides, and deoxyribonucleotides were obtained from Roche.  RNase free-DNase I was 

from United States Biochemical.  Rapid DNA ligation kit, RNasin (RNase inhibitor), and the 

phiX174 HinfI digest DNA ladder was from Promega.  Radiolabeled compounds were from 

PerkinElmer.  Pfu DNA polymerase was from Stratagene.  Exonuclease-free Klenow fragment of 

E. coli DNA polymerase I was from United States Biological.  DNA oligonucleotides were from 

Integrated DNA Technologies.  G-25 spin columns were from Harvard Apparatus.  RNeasy RNA 

purification and the Plasmid DNA Miniprep kits were from Qiagen.  X-gal was from Denville 

Scientific, Inc.   Isopropyl-D-thiogalactopyranoside (IPTG) and media were from Gibco, Life 

Technologies.  AZTTP, ddCTP, and ddGTP were obtained from Perkin Elmer and United States 

Biologicals.  Nevirapine (NVP) and Efavirenz (EFV) were obtained from the NIH AIDS Research 

and Reference Reagent Program.   All other chemicals were obtained from Fisher Scientific, VWR, 

or Sigma. 

4.2.2 Methods 

 Preparation of enzymes. The clones (pRT66 and pRT51) for HIV-1 RT were a generous 

gift from Dr. Michael Parniak (Professor Emeritus, University of Pittsburgh) [363].  All the wild 

type and the mutant proteins of HIV-1 RT were derived from the HXB2 strain.  Wild type HIV-1 

RT was prepared as described [294].  This enzyme is a non-tagged heterodimer consisting of equal 

proportions of p66 and p51 subunits.  After induction with IPTG, the two plasmids express the p66 
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and p51 subunits.  Bacterial cells individually expressing the p66 and p51 subunits were harvested 

by centrifugation at 4000 rpm for 30 min.  The cell pellet was weighed and stored at -80°C.  Cell 

pellets of both the subunits were mixed and resuspended in the buffer A (50mM Tris–HCl, pH 7.9, 

60mM NaCl, 10% glycerol, and 1mM of 2-mercaptoethanol).  The cell suspension was sonicated 

and the debris was removed by ultracentrifugation.  The clarified lysate was purified through the 

Q-Sepharose column followed by the RESOURCE S column.  Non-tagged recombinant forms of 

HIV-1 reverse transcriptases with the mutations D67N, K70R, T215F, K219Q and K65R were 

provided generously by Dr. Michael Parniak [363, 364].  

The plasmid clones for the HIV-1 mutant RT with the K103N mutation and the HIV-2 RT 

were provided as a gift by Dr. Stephen Hughes (National Cancer Institute).  HIV-2 RT was derived 

from the strain ROD (GenBank accession no. HIV2ROD).  After induction with IPTG, these 

plasmids express the His-tagged version of the respective RT along with the protease (PR).  

Approximately half of the RT in the bacteria is converted into the small subunit by PR [365].  Both 

the HIV-1 K103N and HIV-2 RTs were purified in the same manner, as described in [365], but 

with a small modification. The order of the purification columns were reversed.  The bacterial cell 

lysates were first purified through a Q-Sepharose column.  RTs, bound to the Q-sepharose column, 

were eluted and then purified through a nickel-nitrilotriacetic acid (Ni-NTA) metal affinity 

column.  Aliquots of HIV RT were stored frozen at -80°C and fresh aliquots were used for each 

experiment. 

5’end-labeling of primers. Reactions for labeling various primers were done in a 50-µl 

volume of the reaction buffer [70mM Tris-HCl (pH = 7.6), 10mM MgCl2, 5mM dithiothreitol 

(DTT)] containing 50 pmol of the oligo, 5 µL of ɣ-32P ATP (3,000 Ci/mmol, 10 mCi/mL), and 10 

units of T4 polynucleotide kinase.  The reaction mixture was incubated for 60 minutes at 37°C, 



 

105 
 

and then the PNK was heat inactivated for 15 minutes at 70°C.  The material was then run through 

a Sephadex G-25 spin column. 

Nucleic Acid Hybridization. Primer–template hybrids were prepared by mixing the 

template and end-labeled DNA primer at the mentioned ratio in buffer containing 50mMTris-HCl 

(pH 8), 80mMKCl, and 1mM dithiothreitol (DTT).  The mixtures were heated to 65 °C for 5 min 

and then cooled slowly to room temperature. 

 Polyacrylamide gel electrophoresis.  Denaturing polyacrylamide gels (6, 8, and 16% 

w/v), native polyacrylamide gels (15% w/v), and 0.7% agarose gels were prepared and run as 

described [295]. 

 Primer extension reactions.  Radiolabeled primer extension reactions were performed to 

study the inhibition of extension by NRTIs and NNRTIs.  For each reaction, 15 nM of the 

radiolabeled primer (5′-TTGTTGTCTCTTCCCCAAAC-3′) was hybridized with 22.5 nM of the 

template (5′- TGGCCTTCCCACAAGGGAAGGCCAGGGAATTTTCTTCAGAGCAGACCAG 

AGCCAACAGCCCCACCAGAAGAGAGCTTCAGGTTTGGGGAAGAGACAACAA- 3′) at a 

ratio of 1:1.5.  Hybrids (Fig. 4-1) were pre-incubated for 3 minutes at 37°C in 8.5 µl of reaction 

buffer (50 mM Tris-HCl, 1 mM DTT, and 80 mM KCl)  along with 6 mM or 0.25 mM free Mg2+, 

5 µM dNTPs,  and varying concentrations of the NRTIs (as mentioned in the figure legend).  

Extension was initiated by adding 4 µl of recombinant RTs (final concentration of 100 nM at 

similar activities of primer extension).  After 30 minutes of extension, the reactions were 

terminated by adding 12.5 µl of the 2X loading dye (90% formamide, 10 mM EDTA (pH 8.0), and 

0.025% bromophenol blue and xylene cyanol).  NNRTIs were dissolved in 50% dimethyl sulfoxide 

(DMSO).  For primer extension reactions with NNRTIs, RTs were pre-incubated with the NNRTI 

at room temperature for 10 minutes before extension of the hybrids was initiated.  Samples were 
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then resolved on 8% denaturing urea gel, dried, and imaged using a Fujifilm FLA-5100 or FLA-

7000.  Since dNTPs and the NRTIs are the major chelators of the divalent cations in these reactions, 

the amount of free Mg2+ in each reaction was adjusted according to the total dNTP and the inhibitor 

concentration.  The approximate concentration of free Mg2+ was calculated using the formula:  

[𝑀𝑀𝑀𝑀] = 0.5(𝑀𝑀𝑡𝑡 +  𝑀𝑀𝑡𝑡 +  𝐾𝐾𝑑𝑑) − 0.5((𝑀𝑀𝑡𝑡 +  𝑀𝑀𝑡𝑡 + 𝐾𝐾𝑑𝑑)2 −  4𝑀𝑀𝑡𝑡𝑀𝑀𝑡𝑡)0.5 

Where 𝑀𝑀𝑡𝑡, 𝑀𝑀𝑡𝑡, and [MD] represent the concentration of total Mg2+ or Zn2+, total dNTP, and 

Mg2+ or Zn2+ bound to the dNTPs, respectively.   The equilibrium dissociation constant ( 𝐾𝐾𝑑𝑑) for 

dNTP with Mg2+ was assumed to be the same as that of ATP with Mg2+, (𝐾𝐾𝑑𝑑= 89.1 x 10-6 M) [299].  

This assumption leads to an approximate value for the free concentration of Mg2+ in reactions.  

Primer rescue assay. Primer rescue experiments were conducted according to previously 

published results [360].  Unlabeled AZTMP-terminated primer was first prepared by incubating                    

200 pmol of the primer (5′- CTACTAGTTTTCTCCATCTAGACGATACCAGA-3′) with 100 µM 

AZTTP and 45 units of terminal transferase. AZTMP-terminated primer was then 5ʹ-labeled as 

described above.  The labeled primer was then run on a 15% denaturing gel to isolate the primers 

with the AZTMP at the 3ʹ end.  5 nM of the gel purified primer was annealed with 20 nM of the 

template (5′GAGTGCTGAGGTCTTCATTCTGGTATCGTCTAGATGGAGAAAACTAGT 

AG-3′).  The hybrid was incubated with 200 nM HIV-1 RT or AZTres RT (at similar activities of 

primer extension), 0.25 or 6 mM free Mg2+ (Mg2+ adjusted according to the concentration of ATP), 

and varying concentrations of ATP, as indicated, in 10 µl of buffer containing 50 mM Tris-HCl, 1 

mM DTT, and 80 mM KCl for 30 min at 37°C.  The reaction was terminated by heating at 90°C 

for 5 min.  The total free Mg2+ in 0.25 mM Mg2+ reactions was adjusted to 6 mM before proceeding 

to the next step.  The samples were placed on ice for 5 min, followed by addition of 3.5 µl of the 

same reaction buffer containing exonuclease-free Klenow fragment of E. coli DNA polymerase I 
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(0.1 units/µl) and 100 µM dNTPs.  The samples were incubated at 37°C for 30 min. The reaction 

was terminated by addition of the loading dye and the samples were separated by electrophoresis 

on a 12% denaturing gel. 

Single nucleotide incorporation assay. These assays were performed as described in 

[326].  Four different 19-mer DNA templates containing sequence variations (N) at the 5ʹ end 

nucleotide (5ʹ-NTGGCGCCCGAACAGGGAC-3ʹ) and a 5ʹ end labeled 18-mer DNA primer                                                 

(5ʹ-GTCCCTGTTCGGGCGCCA-3ʹ) was used for the assay (Fig. 4-1). The nucleotide at the 5ʹend 

of the primer determines the dNTP or the NRTI to be measured.  Primer- template hybrids were 

generated by mixing the radiolabeled primer and template in the ratio of 1:1, as described above, 

in the reaction buffer (50 mM Tris-HCl, 1 mM DTT, 80 mM KCl, and 0.1 mg/ml BSA).                     

The primer-template hybrids (10 nM) were pre-incubated in 8 µl of the reaction buffer along with 

5 µM (dT)20 and 0.25 or 6 mM free Mg2+ ( Mg2+ adjusted according to the concentration of the 

nucleotide or the NRTI) at 37°C for 3 minutes.  Reactions were initiated by adding 2 µl of RT 

proteins (at similar activities of primer extension) (0.8 or 1.6 nM according to the template) and 

the reaction was incubated at 37 °C for different times (in order to make sure > 60 % of the primers 

are extended at the highest nucleotide concentration) according to the enzyme and the nucleotide 

to be incorporated.  HIV-1 RT reactions were done for the following times: dATP and EfdATP 

reactions for 2 minutes (6 mM Mg2+) and 4 minutes (0.25 mM Mg2+); dCTP and ddCTP reactions 

for 2 and 4 minutes, respectively, at 6 mM Mg2+, 4 and 30 minutes, respectively, at 0.25 mM Mg2+; 

dTTP and AZTTP reactions for 4 minutes at 6 mM Mg2+, 10 and 30 minutes, respectively, at              

0.25 mM Mg2+.  HIV-2 RT reactions were done for the following times: dATP and EfdATP 

reactions for 2 minutes (6 mM Mg2+) and 4 minutes (0.25 mM Mg2+); dCTP and ddCTP reactions 

for 4 minutes at 6 mM Mg2+, 10 and 30 minutes, respectively, at 0.25 mM Mg2+; dTTP and AZTTP 
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reactions for 2 minutes (6 mM Mg2+), 10 and 30 minutes, respectively, at 0.25 mM Mg2+.  

Reactions measuring dTTP and AZTTP incorporation by AZTr RT were performed for 4 and 10 

minutes at 0.25 mM Mg2+ and 2 minutes at 6 mM Mg2+.  dCTP and ddCTP reactions by K65R RT 

were performed for 2 and 4 minutes at 6 mM Mg2+ and 10 and 30 minutes at 0.25 mM Mg2+.  

Reactions were terminated with 10 µl of the loading dye and the products were resolved on a 15% 

denaturing gel.  The percent of primer extension in each reaction was calculated by determining 

the ratio of extended vs. total (extended and unextended) primers.  The calculated percentage of 

primer extension was plotted against the concentration of the measured nucleotide or the NRTI. 

Steady-state constants kcat and Kd were then calculated by standard curve-fitting using the 

Sigmaplot 10.0 software.  

Assays to determine half maximal inhibitory concentration (IC50). The template which 

was extended by HIV-1 RT with maximum efficiency (5ʹT) in the previous experiment                    

(Table 4-1) was chosen for this assay.  These assays were performed as stated in [366].  The levels 

of catalysis by recombinant HIV-1 and HIV-1 K103N RT enzymes were determined by measuring 

the percentage of extension of the labeled hybrid in the presence of different amounts of NNRTIs.  

The NNRTI compound to be evaluated, (NVP), was serially diluted in 50% DMSO.  The reaction 

mixtures containing 150 nM labeled primer-template, 100 µM dATP, 0.25 mM or 6 mM free Mg2+ 

(adjusted according to the concentration of dATP), and 5% DMSO was pre-incubated at 37°C for 

3 minutes in a total volume of 8.5 µl of the reaction buffer (see above).  25 nM of the wild type 

HIV-1 or K103N RT (at similar activities of primer extension) was pre-incubated with different 

dilutions of NVP (as mentioned in the figure legends) for 10 minutes at room temperature.   

Reaction was then initiated by adding the NVP-RT mix to the primer-template hybrid.  After 3 

minutes of extension, the reactions were stopped by adding 12.5 µl of the 2X loading dye and the 
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samples were resolved in a 15% denaturing polyacrylamide-7M urea gel.  The percentage of 

primer extension at each concentration of NVP was determined.  The IC50 value was determined 

by plotting the percentage of primer extension relative to the logarithm of the inhibitor 

concentration.  A 4-parameter logistic equation was used for curve-fitting with SigmaPlot 10.0 

software to obtain IC50 for Nevirapine at different conditions. 

4.3 Results 

4.3.1 Low Mg2+ conditions decrease the inhibitory effect of NRTIs lacking a 3′-OH group. 

I first tested the influence of the free Mg2+ concentration on NRTI inhibition of                          

DNA-dependent DNA synthesis by HIV-1 and HIV-2 RT.  A 100 nucleotide-region from the HIV 

gag gene hybridized to a 32P labeled 20 nucleotide primer (Fig. 4-1) was used for ssDNA synthesis 

at different Mg2+ concentrations in the presence of the following triphosphorylated NRTIs (all of 

which lack a 3′-OH group):  zidovudine (AZTTP), zalcitabine (ddCTP), ddGTP, and lamivudine 

(3TCTP) (Fig. 4-2).  These NRTIs compete with cellular dNTPs as substrate for HIV RT and 

induce chain termination after getting incorporated into the elongating DNA [367].  Inhibition of 

HIV-1 RT DNA synthesis by these NRTIs was highly Mg2+-dependent.  In the experiment shown 

in Fig. 4-3, the amount of total dNTPs was constant (5 µM each) and the amount of NRTI inhibitor 

was chosen such that little or no full-length DNA synthesis product was observed at the highest 

Mg2+ concentration used (6 mM free Mg2+).  A pronounced decrease in inhibition of DNA 

synthesis was observed as the concentration of Mg2+ was decreased.  This was evident from an 

increase in the amount of fully extended products and a decrease in the intensity of                        

NRTI-terminated products.  The presence of weak (hydrogen, ddCTP and ddGTP), moderate 

(thiol, 3TCTP) or stronger (azido, AZTTP) electronegative groups at the 3′-position of the 

analogue did not affect the general trend of Mg2+-dependent decrease in inhibition.   
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 The common theme of the inhibitors tested above is the lack of a 3' hydroxyl group          

(Fig. 4-2).  To examine the role of the 3' hydroxyl in stabilizing nucleotide binding at low Mg2+ 

concentrations,   another type of NRTI referred to as “translocation defective RT inhibitor” [368, 

369] was tested.  This new class of drugs (represented by EfdATP) has been shown to inhibit HIV 

replication at low concentrations with very low toxicity and is highly effective in protecting 

humanized mice from HIV infections [370].  Translocation inhibitors, despite retaining the 3′ 

hydroxyl group, inhibit RT by multiple mechanisms [369].  EfdA, stabilizes the enzyme in the pre-

translocation site preventing the enzyme from translocating to the next site on the template [371], 

primarily acting as a chain terminator by blocking RT translocation.  In some cases, EfdA functions 

as a delayed chain terminator allowing incorporation of an additional dNTP before blocking DNA 

synthesis.  EFdA-TP can also be more efficiently misincorporated than dATP by RT, leading to 

mismatched primers which are extremely hard to extend and are protected from excision [369].  

Unlike other NRTIs, chain termination by EFdATP was essentially unaffected by                                   

Mg2+ concentration (Fig. 4-3).  Both the amount of full-length products and the intensities of the 

EfdA-terminated products were similar at all tested Mg2+ concentrations.  In addition to supporting 

the idea that a 3' hydroxyl group is important for stabilizing binding at low Mg2+ concentrations, 

this finding also provides insight for the high efficacy of translocation inhibitors in cell culture.  

EFdA inhibited HIV-1 replication in activated peripheral blood mononuclear cells with an EC50 of 

0.05 nM [371]. 
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B   
 
     ACCGCGGGCTTGTCCCTG-5' 
5'- NTGGCGCCCGAACAGGGAC -3' 
 
N= A, T, G, or C (as shown in Tables) 

3’ 5’ 

20                                                     100 1                                                      

Figure 4-1: Schematic representation of the primer-template hybrids used 
to monitor RT inhibition. A) Primer-template hybrids used in primer extension 
assays.  Numbers indicate size in nts.  Primers labeled at 5′-end were hybridized 
to the 100 nt DNA from the HIV gag region of the genome (nts 1647-1746 of 
HXB2) and reactions were performed with 5 µM dNTPs and the indicated 
amount of NRTIs or NNRTIs with increasing concentrations of MgCl2.  B) 
Primer-template constructs used in the steady-state assays.  The sequence of the 
DNA constructs used in the steady-state assay is shown.  Different templates 
with a different nucleotide at the 5′ end (N) and a common primer was used in 
these assays.  Reactions were performed with different nucleotides or the 
corresponding analogues for times indicated in the table legend. 
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Figure 4-2: Structures of HIV RT inhibitors used in the study. All nucleoside RT 
inhibitors except EfdA are analogues of natural dNTPs, with a modified 3′ group. 
EfdA has modifications in other side chain positions but retain a functional 3′-OH 
group. Non-nucleoside RT inhibitors are not nucleoside analogues and have a 
completely different structure. Figure adapted from [1]. 
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Figure 4-3: HIV-1 RT shows lower inhibition by NRTIs lacking a 3′-OH group at lower Mg2+ 
concentrations. Extension with 100 nM wild type HIV-1 RT was monitored with increasing concentrations 
of Mg2+ (l-r) 0.25, 0.5, 1, 3, and 6 mM and 5 μM dNTP for 30 min along with the indicated concentrations 
of the NRTI.  M represents size marker in nts . -Enz. represents reactions in the absence of enzyme.  Decrease 
in the total amount of fully extended products along with a corresponding increase in the intensity of 
premature termination products was observed for AZTTP, ddCTP, ddGTP, and 3TCTP, when Mg2+ was 
increased.  EfdATP inhibition was however not altered by Mg2+ levels. 
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 I then examined if inhibition of HIV-2 RT by NRTIs varies depending on the concentration 

of Mg2+.  Though HIV-1 and HIV-2 RTs have similar polymerase activity [372, 373], there are 

notable differences with some biochemical properties.  HIV-2 RT is less processive than HIV-1 

RT [365, 373, 374], and this effect is enhanced under reduced dNTP pools [365].                             

RNase H activity of HIV-2 RT is about ten-fold lower than that of HIV-1 RT [372].  There are 

also some reported differences in the susceptibility to zidovudine [375] and HIV-2 RT is not 

inhibited by 1st generation NNRTIs [376].  However, inhibition of HIV-2 RT DNA synthesis by 

the NRTIs tested above showed a very similar trend in comparison to HIV-1 RT with lower Mg2+ 

concentrations (Fig. 4-4).  The levels of the various NRTIs required to observe little or no 

inhibition at the highest Mg2+ concentration were also similar, although HIV-2 RT was less 

sensitive than HIV-1 RT to 3TCTP.   EfdATP displayed potent inhibition of HIV-2 RT suggesting 

that it may also be effective in treating HIV-2 infections.  Thus, inhibition of HIV-1 and HIV-2 

RT DNA synthesis by NRTIs lacking a 3′-OH group is reduced at more physiological Mg2+ levels, 

suggesting that both RTs discriminate against these analogues with better efficiency under these 

conditions.              
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4.3.2 Steady-state kinetic analyses reveal lower affinity as well as slower kinetics of NRTIs 

lacking a 3′-OH group for HIV-1 and HIV-2 RT.   

To further examine the mechanism for decreased NRTI sensitivity with low Mg2+, the Vmax, Km, 

and kcat for incorporation of AZTTP, ddCTP, and EFdATP by HIV-1 RT was determined using a 

steady-state assay that examines incorporation of a single nucleotide on a short template              

(Fig. 4-1,Table 4-1) [326].  The efficiency of incorporation (as judged by kcat/Km) of both the 

natural substrates (dTTP, dCTP, and dATP) and nucleotide-analogue inhibitors (AZTTP, ddCTP, 

and EfdATP) was calculated at 6 mM and 0.25 mM free Mg2+.  Efficiency of incorporation of the 

natural substrates decreased when using the lower Mg2+ condition (e.g. 4.1-fold for dATP,                

Figure 4-4: HIV-2 RT also shows lower inhibition by NRTIs lacking a 3′-OH group at lower Mg2+ 
concentrations. Primer extension reactions were performed with 100 nM wild type HIV-2 RT, 
increasing concentrations of Mg2+ (l-r) 0.25, 0.5, 1, 3, and 6 mM, 5 μM dNTPs, and the indicated 
concentrations of the NRTIs for 30 min.  -Enz.is reaction with no enzyme.  A similar inhibition profile 
to that of HIV-1 RT was observed for AZTTP, ddCTP, ddGTP, 3TCTP, and EfdATP. 
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Table 4-1), consistent with the decreased extension rate observed at the low Mg2+ condition [10].  

However, the efficiency of nucleotide analogue inhibitors lacking a 3′-OH group decreased to a 

much greater extent with 0.25 mM Mg2+ (e.g 19-fold for AZTTP).  The results with dCTP and 

ddCTP at 6 mM and 0.25 mM Mg2+ also displayed a similar pattern (Table 4-1).  This results in 

AZTTP and ddCTP being less competitive vs. the natural nucleotide with low Mg2+.  Lower 

affinity for AZTTP and ddCTP (higher Km values compared to the natural substrate at 0.25 mM 

Mg2+) as well as intrinsically slower kinetics for AZTTP and ddCTP (lower kcat values at 0.25 mM 

Mg2+) contributed to the observed results.  In contrast, a comparable decrease in efficiency was 

observed at 0.25 mM Mg2+ for both dATP and EFdATP (3.3- and 4.3-fold, respectively), 

consistent with the fact that EfdATP inhibition is unaffected by Mg2+ concentrations (Fig. 4-3).  

 HIV-2 RT, indeed, showed a very similar decrease in efficiency of incorporation of 

nucleotide analogue inhibitors without a 3′-OH group at low Mg2+ conditions (Fig. 4-4).  The 

decrease in efficiency of the natural substrates at 0.25 mM Mg2+ (8-fold and 2.2-fold for dTTP and 

dCTP, respectively) was completely overshadowed by a more dramatic decrease in the efficiency 

of AZTTP (34-fold) and ddCTP (22-fold).  With HIV-2 RT, slower kinetics (i.e. a lower kcat) for 

AZTTP and ddCTP incorporation was most responsible for the observed results (Table 4-2).  The 

decrease in efficiency observed at 0.25 mM vs. 6 mM Mg2+ for dATP and EFdATP were 

equivalent (5.2-fold and 6.1-fold, respectively).  These results are consistent with EFdATP 

maintaining potent inhibition against both HIV-1 and HIV-2 RTs with low Mg2+                                    

(Figs. 4-3 and 4-4).         
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Table 4-2: Vmax, Km, and kcat determinations for TTP and AZTTP, dCTP and ddCP, or dATP and 
EFdATP at different Mg2+ concentrations using HIV-2 RT 

 
aCondition 

Vmax 
(nM/min) 

bkcat  
(min-1) 

Km (µM) 
kcat/ Km 

c(fold 
decrease) 

dp value 

HIV-2 RT 

6 mM Mg2+ dTTP 0.48 ± 0.07  1.2 ± 0.19 3 ± 0.99 0.40 - 
0.25 mM Mg2+ dTTP 0.25 ± 0.09  0.31 ± 0.11 6.1 ± 1.1 0.05 (8) 0.001 
6 mM Mg2+ AZTTP 0.82 ± 0.45 1.5 ± 0.44 4.4 ± 1.8 0.34 - 
0.25 mM Mg2+ AZTTP 0.05 ± 0.03  0.07 ± 0.04 7.2 ± 1.5 0.01 (34) 0.001 
6 mM Mg2+ dCTP 1.2 ± 0.23  0.78 ± 0.15 6.9 ± 2 0.11 - 
0.25 mM Mg2+ dCTP 0.42 ± 0.02  0.26 ± 0.01  5.3 ± 2.4  0.05 (2.2) 0.01 
6 mM Mg2+ ddCTP 0.99 ± 0.63 0.62 ± 0.39 5.1 ± 2.3 0.12 - 
0.25 mM Mg2+ ddCTP 0.09 ± 0.07  0.06 ± 0.01 9.7 ± 2.3 0.006 (20) 0.01 
6 mM Mg2+ dATP 1.6 ± 0.28  1.99 ± 0.35 3.5 ± 0.43 0.57 - 
0.25 mM Mg2+ dATP 0.45 ± 0.19  0.56 ± 0.24  5.3 ± 3.1  0.11 (5.2) 0.005 
6 mM Mg2+ EfdATP 1.2 ± 0.43  1.9 ± 0.35  0.76 ± 0.25  0.54 - 
0.25 mM Mg2+ EfdATP 0.29 ± 0.02  0.18 ± 0.01 1.4 ± 0.38 0.13 (6.1) 0.03 

a- Assays were conducted with a 20 nucleotide template and 19 nucleotide 5' end labeled primer as described [326]. The 
single template-directed nucleotide was a T opposite an A, a C opposite a G, or an A opposite a T for AZT, ddCTP, and 
EFdATP, respectively.  All assay used 0.4, 0.8, 1.6 nM RT. Results were ave. of 3 exp. ± S.D. 
b- kcat was calculated by dividing Vmax by the enzyme concentration.  
c- Fold decrease in enzyme efficiency (as judged by kcat/ Km) compared to the 6 mM result (number above) with the same 
nucleotide or inhibitor. 
d- Values were calculated using a standard Student’s t-test.  

  

Table 4-1: Vmax, Km, and kcat determinations for TTP and AZTTP, dCTP and ddCP, or dATP and 
EFdATP at different Mg2+ concentrations using HIV-1 RT 

 
aCondition 

Vmax 
(nM/min) 

bkcat  
(min-1) 

Km (µM) 
kcat/ Km 

c(fold 
decrease) 

dp value 

HIV-1 RT 

6 mM Mg2+ dTTP 1.1 ± 0.1  1.3 ± 0.09 2.3 ± 0.2 0.57 - 
0.25 mM Mg2+ dTTP 0.65 ± 0.07 0.81 ± 0.09 5.7 ± 0.7 0.14 (4.1) <0.001 
6 mM Mg2+ AZTTP 0.95 ± 0.08 1.2 ± 0.09 2.3 ± 0.4 0.52 - 
0.25 mM Mg2+ AZTTP 0.26 ± 0.01 0.32 ± 0.01  12 ± 1 0.027 (19) <0.001 
6 mM Mg2+ dCTP 2.1 ± 0.1 1.0 ± 0.1 1.3 ± 0.4 0.77 - 
0.25 mM Mg2+ dCTP 1.4 ± 0.1 0.68 ± 0.03 3.9 ± 1.7 0.17 (4.5) 0.05 
6 mM Mg2+ ddCTP 1.4 ± 0.2 0.72 ± 0.08 5.0 ± 0.3 0.14 - 
0.25 mM Mg2+ ddCTP 0.23 ± 0.05 0.12 ± 0.03 12.5 ± 3.5 0.01 (18) < 0.001 
6 mM Mg2+ dATP 2.1 ± 0.2  2.6 ± 0.3 2.2 ± 0.8 1.2 - 
0.25 mM Mg2+ dATP 0.72 ± 0.08 0.90 ± 0.09 2.5 ± 1.1 0.36 (3.3) 0.1 
6 mM Mg2+ EFdATP 0.72 ± 0.02  0.90 ± 0.01 1.1 ± 0.1 0.82 - 
0.25 mM Mg2+ EFdATP 0.53 ± 0.27 0.66 ± 0.35 3.5 ± 2.2 0.19(4.3) 0.1 

a- Assays were conducted with a 20 nucleotide template and 19 nucleotide 5' end labeled primer as described [326]. 
The single template-directed nucleotide was a T opposite an A, a C opposite a G, or an A opposite a T for AZT, ddCTP, 
and EFdATP, respectively.  All assay used 0.8 nM RT. Results were ave. of 3 exp. ± S.D. 
b- kcat was calculated by dividing Vmax by the enzyme concentration (0.8 nM).  
c- Fold decrease in enzyme efficiency (as judged by kcat/ Km) compared to the 6 mM result (number above) with the same 
nucleotide or inhibitor. 
d- Values were calculated using a standard Student’s t-test. 
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4.3.3 Mg2+ conditions do not affect the ATP-dependent rescue efficiency of AZT-terminated 

primers.   

Next, I examined if the concentration of Mg2+ impacts the ability of HIV-1 and HIV-2 RT 

to excise the AZTTP by reversing the polymerization reaction using a pyrophosphate donor            

[148, 360].  HIV-1 RT in vitro can use inorganic phosphate, pyrophosphate, or ATP as a 

pyrophosphate donor, but physiologically uses ATP [148, 360, 377, 378].  The most common form 

of HIV-1 resistance to AZT is enhancing the ATP-mediated excision activity [378].  The primer 

rescue assay [360] was used to measure ATP-dependent removal of AZT terminated primers.  

Previous experiments on a RNA template indicated that low Mg2+ concentrations led to an increase 

in the ability to unblock primers with 3ʹ AZT [299].  The authors suggested that the reduced RNase 

H activity at low Mg2+ would allow more time for unblocking before RNase H activity degraded 

the RNA to the point where the primer dissociated from the template.  Experiments shown here on 

a DNA template showed that the unblocking activity of HIV-1 and HIV-2 RT was not affected by 

the concentration of Mg2+ (Fig. 4-5), supporting the idea that diminished RNase H activity may be 

the reason for the previously observed results  [299].  HIV-2 RT showed much lower ability than            

HIV-1 RT to unblock AZT-terminated primers, at both high and low Mg2+ (Fig. 4-5), as has been 

shown previously [359].  In contrast to HIV-1 RT, HIV-2 RT primarily develops resistance against 

AZT by selecting for the Q151M mutation [154], thereby increasing the ability of HIV-2 RT to 

discriminate against the analogue [359].  The results presented here suggest that the Mg2+ 

concentration has no significant effect on the ATP-dependent unblocking activity of HIV RT. 
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4.3.4 NNRTIs are more effective against HIV-1 RT at low Mg2+ conditions.  

Non-nucleoside reverse transcriptase inhibitors are non-competitive inhibitors, which bind 

at a hydrophobic site in the p66 subunit of the heterodimer [379].  NNRTIs bind very close to the 

polymerase active site, at ~10 Å from the active site [380], and inhibit the enzyme by slowing the 

rate of catalysis [381].  In the experiment monitoring inhibition of RT synthesis by NNRTIs at 

different Mg2+ concentrations, the amount of NNRTI inhibitor was chosen such that little or no 

full-length DNA synthesis product was observed at the lowest rather than highest (as in the NRTI 

experiments) Mg2+ concentration used (0.25 mM free Mg2+).  Interestingly, first generation 

Figure 4-5: ATP-dependent unblocking of chain-terminated primer by 
different RTs was not affected by Mg2+ concentrations.  Primer unblocking 
experiments were performed using the primer-rescue assay described in section 
4.2.2.  Primer unblocking activity by HIV-1, HIV-2, and the AZTr RT was 
similar in both 0.25 and 6 mM Mg2+.  As expected, the unblocking efficiency of 
different RTs was in the following order: HIV-1 AZTr > HIV-1 > HIV-2. 
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(Nevirapine (NVP) and Efavirenz (EFV)) and second generation (Rilpivirine (RPV)) NNRTIs 

were more potent in inhibiting HIV-1 RT at low Mg2+ concentrations than at high Mg2+ (Fig. 4-6).  

A decrease in the amount of fully extended products and an increase in the intensity of premature 

termination products was observed with decreasing Mg2+ levels.  The half-maximal inhibitory 

values (IC50) of NVP at 6 mM and 0.25 mM Mg2+ were also measured (Table 4-3).  Consistent 

with the above results, there was a ~4-fold decrease in the IC50 value of NVP at 0.25 mM Mg2+, 

confirming the increased potency of NVP at the lower Mg2+ condition.  These results suggest that 

NNRTIs may be more potent in cells than would be predicted from commonly used in vitro RT 

assays and that Mg2+ affects the interactions between NNRTI and the NNRTI binding pocket of 

the enzyme in an inverse manner compared to that of NRTIs.  Consistent with the published data, 

HIV-2 RT was not inhibited by these first generation NNRTIs in any of the tested Mg2+ conditions 

(Fig. 4-6 and data not shown).  HIV-2 RT, with positional changes of conserved residues and 

significant side-chain differences compared to HIV-1 RT [83], does not bind these NNRTIs.  

Second-generation NNRTIs have several advantages over the first generation NNRTIs such as 

improved tolerability profile and better genetic barrier of resistance compared to efavirenz and 

efficiently inhibits HIV-1 RT resistant to the first generation NNRTIs [382].  RPV also showed a 

similar pattern of inhibition against HIV-1 RT, with better inhibition observed at lower Mg2+ 

concentrations compared to high Mg2+ (Fig. 4-6).   

 

 

 

 



 

121 
 

  
Figure 4-6: HIV-1 RT is inhibited by NNRTIs better at lower Mg2+ concentrations. Primer extension reactions 
were performed with 100 nM wild type HIV-1 RT or HIV-2 RT, 5 μM dNTPs, the indicated concentrations of the 
NNRTIs, and increasing concentrations of Mg2+ (l-r) 0.25, 0.5, 1, 3, and 6 mM for 30 minutes. M and -Enz. are same 
as other primer-extension images. Increase in the total amount of fully extended products by HIV-1 RT was observed 
for NVP, EFV, and RPV, when Mg2+ was increased.  HIV-2 RT was not inhibited by EFV 
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4.3.5 Drug-resistant HIV-1 RTs are also sensitive to changes in Mg2+ concentration.   

HIV-1 RT develops resistance against NRTIs primarily by two mechanisms: increased 

exclusion by discriminating against the NRTIs and ATP-dependent primer unblocking by excision 

of the incorporated NRTI.  NRTI drugs such as Zalcitabine, Lamivudine (3TC), dideoxyinosine, 

and Stavudine (d4T) selects for mutations in RT which confers resistance through the exclusion 

mechanism via K65R and other  mutations [383-386].  Resistance to the thymidine analog class 

of NRTIs such as 3'-azido-3'-deoxythymidine (AZT) is conferred by facilitating excision of the 

incorporated AZTMP from the growing chain of DNA through thymidine analog mutations 

(TAM) such as the K70R and the T215F mutations [145, 378].  Since wild type HIV-1 RT showed 

increased exclusion of NRTIs in low Mg2+ conditions (Fig. 4-3), exclusion by HIV-1 drug-resistant 

RTs was tested in different Mg2+ conditions.  HIV-1 RTs with a K65R mutation (referred to as 

Table 4-3: IC50 determinations for NVP with WT HIV-1 and  
HIV-1 K103 N RT at 0.25 and 6 mM Mg2+ 

 
aCondition bIC50 (µM) 

cFold decrease       
d(p value) 

HIV-1 RT 6 mM Mg2+  16 ± 0.47 - 
0.25 mM Mg2+ 4.3 ± 0.69 3.7 (<0.00001) 

K103N RT 6 mM Mg2+  49 ± 4.7 - 
0.25 mM Mg2+  14 ± 2.6 3.5 (0.0003) 

a- Assays were done as described in section 4.2.2. The single template-
directed nucleotide used in this assay was a dATP opposite T (5′T template). 
All assays used 25 nM RT.  
b- Half-maximal inhibitory values (IC50) were calculated, as described in 
Materials and Methods, from the relationship between the concentration of 
nevirapine and percent of inhibition achieved at the particular inhibitor 
concentration. Results were ave. of 3 exp. ± S.D.  
c- Fold decrease in IC50 values compared to the 6 mM result (number above) 
with the same RT. Lower IC50 value at 0.25 mM Mg2+ confirms better 
inhibition with the lower Mg2+. 
d- Values were calculated using a standard Student t test. 
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RTK65R) or D67N, K70R, T215F, and K219Q mutations (referred to as AZTr RT) were used to 

check the impact of Mg2+ concentrations on the exclusion of ddCTP and AZT, respectively.  

Inhibition of RTK65R by ddCTP showed a similar Mg2+-dependent pattern to that of wild type 

HIV-1 RT.  An increase in fully extended products and a decrease in the intensity of NRTI-

terminated products was observed with decreasing Mg2+.  As expected, a higher concentration of 

ddCTP was required to observe a level of inhibition comparable to wild-type HIV-1 with RTK65R 

(Fig. 4-7).  When the assay was performed with the same level of ddCTP that was used with wild-

type RT, although the effects of Mg2+ were still evident, incorporation of ddCTP (judging from 

the presence and intensity of premature termination sites) was greatly reduced.  Steady-state 

kinetic analysis were consistent with RTK65R excluding ddCTP more effectively in low Mg2+ 

(Table 4-4).  Overall, the results were consistent with the K65R mutation conferring greater 

resistance to ddCTP but retaining sensitivity to Mg2+.  Further, they suggest that RTK65R is more 

effective in the low Mg2+ conditions present in cells (see section 4.1) compared to the high 

conditions used in typical in vitro drug assays.  

Similar to RTK65R, AZTr RT also remained sensitive to changes in Mg2+, showing greater 

exclusion of AZTTP as Mg2+ was decreased (Fig. 4-7).  Profiles observed with AZTr were similar 

to wild-type, as both enzymes had similar efficiency incorporating AZTTP (Fig. 4-7 and                

Table 4-4).  As stated above, AZTr RT primarily confers resistance against AZT through the 

excision pathway.  As was the case with HIV-1 and HIV-2 wild type RTs, Mg2+ did not have a 

significant effect on the unblocking activity of AZTr RT, although this activity was higher with 

AZTr RT than wild-type enzymes as expected (Fig. 4-7). 

HIV-1 RT resistance against NNRTIs develops through mutations in the NNRTI binding 

pocket of the enzyme.  Lys103Asn (K103N) mutation is 10- fold to 100-fold more resistant than 
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wild type HIV-1 to most NNRTIs including nevirapine, efavirenz, and TIBO [387-389].  K103N 

RT was evaluated to see if Mg2+ affects the mutated NNRTI binding pocket in a similar manner to 

the wild type enzyme.  K103N, as expected, was more resistant than wild type RT to NVP, and 

showed a similar pattern of increased sensitivity against NVP at low Mg2+ compared to the high 

Mg2+ condition (Fig. 4-7).  IC50 values decreased ~4-fold at low Mg2+ conditions compared to the 

high Mg2+ (Table 4-3).   This shows that K103N RT, although resistant to NVP, may not be as 

resistant as suggested by the previous in vitro experiments at the elevated Mg2+ concentrations. 

 Overall, the results highlight the need for the use of physiological Mg2+ conditions when 

studying the RT inhibitors.  Elevated Mg2+ concentrations compromise RT’s ability to discriminate 

against the modified 3′-OH group of the incoming nucleotide and weakens the binding of NNRTI 

to the NNRTI binding pocket.  Our results also suggest that optimized in vitro conditions may have 

misrepresented the magnitude of resistance developed by the resistant mutants.  
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  Figure 4-7: HIV-1 drug resistant mutant RTs also show Mg2+- dependent sensitivity 
to NRTIs and NNRTIs. Primer extension reactions, performed in the same conditions 
as of Fig. 4-2, with 100 nM of the indicated drug resistant RT are shown.  Increasing 
concentrations of Mg2+ (l-r) are 0.25, 0.5, 1, 3, and 6 mM.  M and -Enz. are same as other 
primer-extension images.  The inhibition profiles for AZTr RT was very similar to        
HIV-1 RT. K65R and K103N RTs also showed similar Mg2+- dependent inhibition to 
HIV-1 RT, but only at higher concentrations of the inhibitor. 
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4.4 Discussion 

 In this chapter, I show that elevated Mg2+ conditions in in vitro reactions misrepresent the 

potency of RT inhibitors.  When studied in lower, more physiological Mg2+ conditions, some 

NRTIs show less inhibition, whereas some NNRTIs show greater inhibition than in high Mg2+ 

conditions typically used in vitro (see Tables 4-1 and 4-2 and Figs. 4-3 and 4-4).  The results 

presented with EfdATP also highlight that the 3' hydroxyl group is more important for stabilizing 

binding of NRTIs at low Mg2+ concentrations, and the elevated Mg2+ conditions underrepresents 

the significance of the interaction between the  3ʹ-OH group and RT.  Of course, inhibition of 

reverse transcription by NRTIs and NNRTIs in cellular conditions might be affected by cellular 

and/or viral proteins involved in the reverse transcription complex, as well as other cell factors not 

included in our studies.   

 Steady-state analyses at high (6 mM) and low (0.25 mM) Mg2+ revealed that both dNTP 

and NRTI incorporation was less efficient (as judged by kcat/Km) in low Mg2+ (Tables 4-1 and                

Table 4-4: Vmax, Km, and kcat determinations for TTP and AZTTP incorporation by  AZTr RT; dCTP and ddCTP by  RTK65R  
at  6 mM and 0.25 mM Mg2+  

 
aCondition 

Vmax 
(nM/min) 

bkcat  
(min-1) 

Km (µM) 
kcat/ Km 

c(fold 
decrease) 

dp value 

AZTr RT 

6 mM Mg2+ dTTP 1.6 ± 0.2  1.6 ± 0.2 4.8 ± 0.49 0.33 - 
0.25 mM Mg2+ dTTP 0.55 ± 0.22 0.55 ± 0.22 2.2 ± 1 0.25 (1.3) 0.05 
6 mM Mg2+ AZTTP 1.3 ± 0.01 1.3 ± 0.01 5.2 ± 0.98 0.25 - 
0.25 mM Mg2+ AZTTP 0.32 ± 0.05 0.32 ± 0.05  5.5 ± 1.8 0.06 (4.2) 0.009 

RTK65R 

6 mM Mg2+ dCTP 1.5 ± 0.36 0.75 ± 0.18 1.6 ± 0.52 0.59 - 
0.25 mM Mg2+ dCTP 0.24± 0.02 0.12 ± 0.01 1.0 ± 0.37 0.15 (5.2) 0.007 
6 mM Mg2+ ddCTP 1.1 ± 0.08 0.53 ± 0.04 6.2 ± 0.3 0.08 - 
0.25 mM Mg2+ ddCTP 0.07 ± 0.04 0.03 ± 0.02 9.1 ± 0.5 0.003 (27) <0.001 

a- Assays were conducted with a 20 nucleotide template and 19 nucleotide 5' end labeled primer as described in section 
4.2.2. The single template-directed nucleotide was a T opposite an A, a C opposite a G for AZT and ddCTP respectively. 
All assay used 0.8 or 1.6 nM RT. Results were ave. of 3 exp. ± S.D. 
b- kcat was calculated by dividing Vmax by the enzyme concentration.  
c- Fold decrease in enzyme efficiency (as judged by kcat/ Km) compared to the 6 mM result (number above) with the same 
nucleotide or inhibitor. 
d-  p values were calculated using a standard student’s t test for kcat/ Km values between 0.25 and 6 mM Mg2+.  
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4-2).  This is consistent with RT showing higher catalytic activity with high Mg2+ concentrations 

[10, 299].  The magnitude of the decrease in efficiency, however, was typically several-fold greater 

for NRTIs without 3ʹ-OH groups, resulting in less efficient incorporation of these NRTIs in primer 

extension reactions as the concentration of Mg2+ is decreased.  Discretion is advised when using 

steady-state kinetic analyses to quantify the inhibition of HIV-1 or HIV-2 RTs by NRTIs.  The 

efficiency of incorporating nucleotides and NRTIs is sequence-dependent [390] and the kinetic 

assays presented here using a specific sequence and incorporation at the end of the template may 

not fully reflect the efficiency of RT to incorporate the nucleoside analog and dNTPs at other 

sequences or template locations.  However, the kinetic assays were in general agreement with the 

assays that measure incorporation over several different sites (like those in Figs. 4-3 and 4-4), 

which provide a better qualitative representation of viral genome replication.   

Studies comparing the different analogs of EfdA also highlighted the contribution of the 

3ʹ-OH group for the potency of EfdA inhibiting HIV infection [371].  EfdA inhibited HIV-1 

replication in phytohemagglutinin-activated PBMCs with an EC50 value of 0.05 nM, whereas 

EfddA, the analog of EfdA lacking the 3ʹ-OH group, had an EC50 value of 570 nM [371].  EfdATP, 

after incorporation into the growing DNA strand, locks the enzyme in the pre-translocation             

(N site), thereby preventing the binding of the next correct nucleotide.  HIV-1 RT is able to unblock 

the EfdA-terminated primers locked at the N site efficiently, however facile reincorporation of 

EfdATP due to the 3ʹ-OH and the 4ʹ-ethynyl groups maintains the potency of inhibition [371].  The 

stabilizing effect of the 3ʹ-OH group of EfdA is strongly reflected in our kinetic and primer 

extension experiments.    

The results presented in this chapter agree with the mechanism proposed by Goldschmidt 

et. al. to explain the increased discrimination against NNRTIs at the low Mg2+ concentration [299].   
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Crystal structures of RT with the primer-template complex [391] show that three networks of 

interactions maintain the deoxyribose and phosphate parts of the dNTP: i) side chains of D113, 

Y115, F116 and Q151 and the main chain of D113 and Y115 with the 3ʹ-OH group of the dNTP. 

ii) side chains of R72 (with the β phosphate) and K65 (with the ɣ phosphate) with the convex face 

of the triphosphate group [391]. iii) a non-bridging oxygen, on the concave face, from each 

phosphates of the triphosphate with a Mg2+ ion; while the α phosphate also interacts with the 

second Mg2+ ion.  The authors suggested that RT can function with reasonable efficiency when 

one of the three interaction sets are perturbed but simultaneous perturbations of two networks 

results in a more pronounced reduction in efficiency.  The results in this chapter show that at low 

Mg2+ conditions, destabilizing both the Mg2+ network and the 3ʹ-OH network results in poor 

incorporation efficiency for NRTIs without 3ʹ-OH.  Whereas, destabilizing either the Mg2+ 

network alone (EfdATP at low Mg2+) or the 3ʹ-OH network alone (AZT and ddCTP at high Mg2+) 

result in a less severe decrease in efficiency.  In addition, our kinetic analyses suggests that the 

altered conformation affects mostly the ddNTP catalysis step (as judged by a decrease in kcat), 

although binding (as judged by an increase in Km) is also affected to a lesser extent.   

The results with NNRTIs are consistent with experiments showing that the binding of some 

NNRTIs (O-TIBO and Cl-TIBO) to HIV-1 RT is better with no Mg2+ as opposed to high Mg2+ 

levels (10 mM) [381].  The authors hypothesized that Mg2+ interactions with the active site 

aspartate residues may impede the binding of NNRTIs to the “NNRTI pocket” of RT.  NNRTIs 

bind HIV-1 RT near the polymerase active site [369] containing the conserved aspartate residues 

(D110, D185, D186), which interact with two Mg2+ ions during catalysis [391] .  In fact, the 

structural mechanism for the inhibition of HIV-1 RT by NNRTIs is through distortion of the active 

site aspartates [392].  When possible interplay between the catalytic active site and the NNRTI site 
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was examined, the binding affinities of the NNRTIs in the presence of Mg2+ decreased [381].  

Equilibrium dissociation constant values (KD) of O-TIBO and Cl-TIBO, in the presence of 10 mM 

Mg2+, increased 3.5-fold and 6-fold compared to the KD values in the absence of Mg2+.  It is 

plausible that interactions between Mg2+ ions and the aspartate residues hinder the binding of 

NNRTIs, while once the inhibitor is bound, the dissociation rate is governed by its intrinsic affinity 

for RT [381].  The authors could not detect a similar Mg2+-dependent change in the KD of NVP but 

our results suggest that NVP and EFV may be affected by the high Mg2+ conditions similarly.  

Increased binding affinity may explain the observed increase in potency of NNRTI in the low Mg2+ 

condition (Fig. 4-6 and Table 4-3).   

4.5 Concluding remarks           

The results presented here demonstrate that interactions between NRTIs and NNRTIs are 

highly dependent on Mg2+ conditions and are misrepresented by results of experiments performed 

using conditions at which HIV-RT shows maximum catalytic activity.  For NRTIs, the lack of a 

3ʹ-OH seem to play an important role, as the NRTI translocation inhibitor EfdA containing a 3ʹ-

OH group was unaffected by Mg2+ concentration.  The results could have potential implications 

for computer aided drug design strategies, especially for quantitative structure activity relationship 

studies (QSAR).  Several strategies such as QSAR, molecular docking, and virtual screening 

against HIV RT are currently being undertaken in an attempt to develop novel HIV small-molecule 

inhibitors [393].  The results also strongly emphasize the need to use physiological amounts of 

free Mg2+ when studying future RT inhibitors. 
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4.6 Contributions 

The experiments in this chapter were performed by me (VA) in collaboration with                

Stefan. S. Sarafianos (SS) and Jeffrey. J. DeStefano (JD).  I conducted all of the primer-extension 

assays, primer-rescue assays, assays to determine half-maximal inhibitory concentrations and most 

of the steady-state single nucleotide incorporation assays.  JD conducted some of the single-

nucleotide incorporation assays.  SS provided critical reagents for the primer extension assays.  

VA and JD participated in design of the experiments.  VA, SS, and JD critically reviewed the 

interpretation and discussion of the results.  This chapter will be submitted to the journal 

“Retrovirology” for publication. 
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Chapter 5 : General Discussion 
 

Nucleic acid polymerases have probably been the most heavily studied of all enzymes.  

Their biological role — to faithfully copy the genetic material — is a function necessary for 

continuous cell division of unicellular and multicellular organisms.  Pols, perhaps more than any 

other proteins, are responsible for the remarkable diversity and development of complex 

organisms.  Despite the remarkable fidelity of the overall process, errors made by pols serve as 

one of the major driving forces for generating diversity.  Several important techniques like PCR, 

RT-PCR, cloning, and other molecular biology techniques heavily employ pols.  The importance 

of these enzymes explains why they have been so heavily studied.  Despite thousands of reports 

describing mechanistic details of nucleotide incorporation, our understanding of pols is not 

complete.  Fidelity, substrate recognition, processivity (avg. number of nts added in a single 

binding event between pol and the primer-template) of pols, and how these properties relate to the 

enzyme function continue to be heavily investigated. 

HIV RT is known for uncommonly low fidelity with a mutation rate in in vitro assays 

several-fold higher than other RTs (Section 1.3.3).  In Chapter 2, I show that the fidelity of RT can 

be influenced by alternative divalent cations in different ways.  Previously, it has been found that 

alternative divalent cations such as manganese (Mn2+) and cobalt (Co2+) can decrease the fidelity 

of HIV RT, consistent with the notion that these cations are promutagenic.  However, I show that 

the promutagenic cations are mutagenic only at extremely high concentrations.  I also show strong 

data indicating that HIV RT has higher fidelity in the presence of zinc (Zn2+), the first clear 

demonstration that an alternative divalent cation can enhance fidelity.  Alpha complementation 

assays, performed with cation conditions optimized for nucleotide catalysis, show that the fidelity 

of DNA synthesis by HIV-1 RT is approximately 2.5 fold greater in Zn2+ when compared to Mg2+.  
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Consistent with this, in steady-state assays RT extended primers with mismatched 3' nucleotides 

poorly, and inserted incorrect nucleotides less efficiently using Zn2+ than Mg2+.  Mn2+ and Co2+, 

indeed, decreased the fidelity of RT at highly elevated concentrations (6 mM), in agreement with 

previous literature.  However, the fidelity of HIV RT with Mn2+ and Co2+ remains similar to Mg2+ 

at lower concentrations that are optimal for catalysis.  This challenges the notion that alternative 

cations capable of supporting polymerase catalysis are inherently mutagenic, and the observed 

effects in previous reports may result from other mechanisms discussed in section 2.4.  It remains 

to be investigated if Zn2+ can be used to improve the fidelity of commercially available RT PCR 

reactions.  Although Zn2+ slows down the catalysis rate of HIV RT, doping RT PCR reactions with 

small amounts of Zn2+ may result in an increase in fidelity without compromising too much on the 

catalysis rate.  Experiments measuring the fidelity of HIV RT in different Mg2+-Zn2+ combinations 

will be interesting to pursue.   

Alternative divalent cations may not have a big impact on the fidelity of HIV reverse 

transcription in cells, due to the tight regulation of their physiological concentration.  The 

availability of divalent cations in cells is carefully controlled by a combination of ion transporters, 

cation binding proteins, and sequestration within specific cell organelles.  Tight regulation is 

needed because some of the divalent cations have the ability to inhibit or alter the activity of several 

enzymes.  Zinc, which is a component of several zinc finger containing enzymes, is important for 

several processes in the cells [251, 394, 395].  The concentration of available free Zn2+ is in the 

low nM range despite a total concentration of ~0.1-0.5 mM in cells [251, 282, 396, 397], whereas 

a total of ~2.5- 3 µM Mn2+ is present in red blood cells [255, 256] and Co2+ is present in the                     

low µM range in serum [257] .  Zn2+ is a potent inhibitor of many enzymes including several cell 

enzymes, viral polymerases, and TY1 RTs [260-264].  The mechanism by which Zn2+ inhibits HIV 
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RT was recently solved [266].  Zinc induces the formation of a “dead-end” RT-Zn2+-(primer-

template) complex since it ties up RT- potentially for hours - in a complex that is from a kinetic 

perspective, minimally productive.  It will be interesting to check which particular step of the 

catalysis is affected by Zn2+ to result in an increase in fidelity of HIV RT.  Crystal structures of 

polymerase ternary complexes with Zn2+ in the polymerase active site may give us a better 

understanding of the mechanism of polymerase function and fidelity with Zn2+.  It is also possible 

to investigate if Zn2+ prevents transition between the different catalytic states by examining the 

kon/off rates using the 65Zn isotope to determine which cation is occupying the enzyme’s metal ion 

binding sites under various catalytic states.  Zn2+ could also restrict enzyme catalysis due to an 

allosteric effect by binding on sites other than the active site on the enzyme.  It is possible to verify 

if this is the case by performing the kon/off  rate determination experiments using the 65Zn isotope.   

In Chapter 3, I showed that physiological concentration of Mg2+ increased the fidelity of 

HIV RT in the test tube to the levels observed in cells.  These “cellular conditions”, though 

suboptimal with respect to RT catalytic activity, produce optimal DNA synthesis with respect to 

production of long DNA products.  Therefore, it is conceivable that HIV RT has evolved to 

function with optimal efficiency under these conditions despite modestly lowered catalytic activity 

and that the conditions used in previous experiments lead to misrepresentation of RT’s fidelity.  

Understanding RT’s fidelity and other biochemical properties at a mechanistic level using 

conditions that represent the cellular environment will allow an accurate assessment of the effect 

of drug-resistance mutations on enzyme activity and function.  This is especially relevant given 

accumulating evidence suggesting that viruses survive near the edge with respect to fidelity, 

sacrificing accuracy for the enhancement of genetic diversity [398-408].  The possibility of 
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exploiting this to push viruses over the edge is the basis for lethal mutagenesis, an idea under 

intensive study [399, 401-403, 409-413]. 

However, it is challenging to directly relate the results observed in vitro to the properties 

of RT in cells.  It is not possible to completely mimic every effect of cellular conditions on the 

properties of RT in a test tube.  Several additional cellular factors play a role in the fidelity of 

reverse transcription and it is not possible to include all the cellular factors in an in vitro reaction.  

It will be interesting, however, to see if we can mimic the small molecule milieu of the cell in an 

in vitro reaction.  This can be achieved either by looking at the literature and adding physiological 

levels (levels present in the cytoplasm of lymphocytes) of the relevant small molecules such as 

dNTPs, rNTPs, Mg2+, polyamines, amino acids,  NAD+ and related compounds, glutathione, and 

monovalent cations like K+ , Na+, and Cl-.  An alternative to reconstituting small molecule milieu 

in vitro is to develop a minimally-invasive protocol for extracting the small molecular fraction 

from cells, which can then be used to perform cell-free assays of reverse transcription.  Our lab is 

investigating both these strategies to create an in vitro system which is more representative of the 

small molecule environment present inside the cells.  These experiments to test potential effects 

of other cellular small molecule components in addition to dNTPs and Mg2+ will help us identify 

if other small molecules have a significant impact on the behavior of HIV RT.  Developing an in 

vitro assay which better represents the small molecule environment present in cells might also be 

useful for assaying future RT inhibitors and the drug-resistant mutants (see below).   

Although the effects seen on HIV RT fidelity by decreasing Mg2+ concentration in in vitro 

reactions are dramatic, it remains to be seen if fidelity can be modulated in cellular reactions by 

modulating the intracellular concentration of free Mg2+.  Intracellular concentration of free Mg2+ 

can be increased.  Previous results indicate that incubating cultured cells in elevated Mg2+ medium 
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can increase the level of free Mg2+ in the cells [414].  It will be interesting to check the fidelity of 

reverse transcription in cells incubated with different concentration of Mg2+.  A vector-based 

lacZα-complementation-based system which can be used to measure the fidelity of reverse 

transcription in cells has been developed by others [103].  This system has already been used to 

determine the fidelity of HIV replication in cells and to catalog the types of mutations made by 

wild type and drug-resistant HIV RTs [103, 415].  In Chapter 3, most of the ~6-fold improvement 

in fidelity occurred below 0.5 mM Mg2+ as there was only about a 2-fold improvement from 6 mM 

to 0.5 mM.  This suggests that the effect of Mg2+ on fidelity can be tested in HIV infected cells.  

Though obtainable increases in cellular free Mg2+ may be modest (up to about 1 mM [414]), the 

in vitro fidelity results imply that this increase will have a pronounced effect on the fidelity of 

reverse transcription.    

Efficiency of RT inhibitors in in vitro reactions is also dependent on the amount of free 

Mg2+ in the reaction (Chapter 4).  NRTIs lacking the 3ʹ-OH group inhibited RT with less efficiency 

in vitro in low Mg2+ than in high Mg2+.  Steady-state kinetic analyses revealed that the reduced 

inhibition by NRTIs lacking the 3ʹ-OH in low Mg2+ resulted from less efficient incorporation of 

these analogues under these conditions.  In contrast, EFdATP was incorporated with similar 

efficiency to its analogue dATP at low Mg2+ concentration.  NNRTIs, on the other hand, displayed 

better inhibition efficiency in low Mg2+ compared to high Mg2+.  Drug-resistant HIV-1 RT mutants 

also displayed the Mg2+- dependent difference in susceptibility to NRTIs and NNRTIs – although 

the overall resistance pattern shown by the drug resistant mutants remained similar, the magnitude 

of resistance was misrepresented using high Mg2+ conditions.  It is interesting to speculate that it 

is possible that NRTI drug resistant mutants work globally by weakening the 3ʹ-OH network 

interactions (Section 4.4) via selecting for mutations in HIV RT, which might allow RT to 
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discriminate against NRTIs better.  Testing different drug resistant mutant RTs in low Mg2+ 

conditions might give us important clues to suggest if this hypothesis holds true.   

The results presented in Chapter 4 also highlight the importance of 3ʹ- OH group for 

incorporation by HIV RT.  Previous experiments looking at these inhibitors may have overlooked 

the functional importance of this group because all NRTIs get incorporated by HIV RT with 

reasonably good efficiency, when high Mg2+ concentrations are available.  This is an important 

finding relevant to the rational drug design strategy, where new drugs or modifications of existing 

drugs are created based on structural, biochemical, and computational information.  Designing 

future RT inhibitors which can mimic the 3ʹ- OH structurally or functionally might confer 

beneficial advantages over the existing antiviral drugs.  Comparison of the existing NNRTIs for 

efficiency in low Mg2+ conditions in vitro might lead to identification of functional groups required 

for efficient inhibition. 

Similar to the experiments monitoring the fidelity of HIV replication in cells incubated 

with different Mg2+, it will also be interesting to check the susceptibility of wild-type and drug-

resistant viruses to NRTIs and NNRTIs in elevated intracellular Mg2+ concentration.  If the in vitro 

observations made in Chapter 4 hold true, wild type and drug resistant viruses will show greater 

susceptibility to NRTIs without 3ʹ-OH and lesser susceptibility to NNRTIs when Mg2+ levels are 

raised.  It is important to evaluate the results from these experiments with considerable caution, as 

changes in the concentration of Mg2+ in cells could also affect other cellular or viral proteins, 

which in turn might have a direct or indirect effect on reverse transcription.   
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Overall, this work has uncovered novel ways in which divalent cations affect the property 

and behavior of HIV RT in vitro.  Interestingly, fidelity of both HIV-1 RT (Chapter 3) and HIV-2 

RT (unpublished data) increases by decreasing the concentration of Mg2+ in in vitro reactions, 

whereas the fidelity of  the related avian myeloblastosis virus (AMV) and murine leukemia virus 

(MuLV) RTs is not affected by changing the concentration of Mg2+.  The fidelity of HIV RT, thus, 

is comparable to AMV and MuLV RT when compared in physiologically relevant concentration 

of Mg2+.  The results presented here challenge the notion that HIV RT is exceptionally error prone 

and underscores the importance of using physiologically relevant low levels of Mg2+ when 

studying other properties of wild type and mutant HIV RTs in the future. The work also highlights 

the need for testing the efficiency of future RT drugs in vitro in low Mg2+ concentration, and more 

importantly indicates that designing future NRTIs which can mimic the function of an –OH group 

at the 3ʹ position may yield more potent NRTIs.      
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Appendix I: Establishing optimal growth conditions of a chronic persistent 

virus: Lymphocytic Choriomeningitis Virus – Clone 13. 

 

AI.1 Introduction 
 

In the context of chronic infections such as HIV, where the virus persists in the body 

(Section 1.1.3), T cell dynamics play an important role.  During HIV infection, the viral titers rise 

rapidly during the initial phase of the infection along with a concurrent depletion of CD4+ T cells 

[416].  But the immune system recovers briefly with the appearance of HIV specific CD8+ T cells, 

and this partial retaliation of the immune system results in a decline in viremia.  Usually, this 

decline in viremia plateaus and the virus establishes latent reservoirs and enters the chronic phase 

of infection (Section 1.1.3).  The chronic phase of HIV infection is also associated with the 

depletion of the CD4 T cell pool.  Eventually, critical populations of effector CD4+ T-cell 

population decline, as CD4+ T cell homeostasis fails, below the level necessary to prevent 

opportunistic infections.  CD4+ T cells are required for optimal CD8 responses, as CD4 T cells 

perform multiple helper functions that play a central role to the overall immune responses.  Some 

of the helper functions include activating professional antigen-presenting cells such as dendritic 

cells, guiding naïve T cells to the sites of priming and activated T cells to the site of infection by 

secreting chemokines and cytokines, and producing cytokines such as IL-2 and IL-21 which can 

support CD8+ T cells [417-420].  Loss of CD4+ T cells during the course of an infection probably 

feedbacks on the CD8+ T cells response as well, rendering them less effective [421, 422].    The 

primary role of CD8+ T cells is to identify and eliminate infected cells in response to an infection.  

When CD8+ T cells encounter foreign antigen, they undergo marked proliferation and kill the 

infected cell that expresses the target antigen [423].  During chronic and persistent viral infections 
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such, the large and persistent viral load during the entire course of the infection cycle results in 

exhaustion of CD8+ T cells as well.  HIV is unique among other chronic viral infections in that in 

addition to CD8 T cell exhaustion, CD4 depletion also contributes to weakening the immune 

response. 

Lymphocytic choriomeningitis virus (LCMV) is a common infection in mice, best known 

for its application in immunological studies.  Several key concepts such as Major 

Histocompatibility Complex (MHC) restriction, persistent infections, T cell memory, and T cell 

exhaustion emerged using LCMV studies (reviewed in [424]).  LCMV- clone 13 (LCMV-13) and 

LCMV Armstrong are two most commonly used strains of LCMV.  LCMV Armstrong is the 

original strain of LCMV discovered by Charles Armstrong, while studying epidemic encephalitis.  

LCMV Armstrong strain induces a robust cytotoxic T lymphocyte (CTL) response in the host and 

is subsequently cleared rapidly by the host, resulting in an acute infection.  However,                    

LCMV-clone 13 (LCMV-13) is associated with functional impairment, T cell exhaustion, deletion 

of viral specific CD8+ T cell responses, and can persist in the host organism indefinitely, causing 

a chronic infections.  LCMV-13 is an excellent model to study T cell exhaustion in chronic 

infections and remains an active platform for biological research.  Immune studies using LCMV 

offer benefits such as defined immune-dominant and subdominant epitopes and defined tetramers 

for enumeration of virus-specific T cell populations [424].  LCMV-13 infection model can be used 

to study CD4+ and CD8+ T cell exhaustion, which occurs in human chronic infections such as 

HIV, hepatitis B virus, and hepatitis C virus.  Studying T cell exhaustion using LCMV-13 vs. HIV 

also has an added advantage in that LCMV is a natural mice infection and hence there are excellent 

animal models established for LCMV infections. 
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Both LCMV and HIV produce a significant amount of defective interfering (DI) particles 

during replication.  DI particles are spontaneously generated virus particles in which a critical 

portion of the viral genome is lost or damaged due to error prone replication or genome not getting 

packed inside the virus particle.  HIV and LCMV have a particularly high ratio of DI particles to 

infectious virus particle, which is a very common problem associated with propagation of both 

viruses.  It is important to get an efficient infectious titer of LCMV for performing experiments 

with the animal models.  LCMV particles are extremely labile and temperature sensitive and the 

amount of DI particles in the seed stock can dramatically decrease the infectious titer value.  

Therefore, it is important to establish the appropriate multiplicity of infection and harvest time 

point that will yield optimal infectious titer values of LCMV.  LCMV infectious particles can be 

tittered using a plaque assay; however, LCMV shows poor cytopathic effects requiring lengthy 

periods of incubation to observe plaques and poor visualization.  I attempted to establish the 

optimum growth conditions to generate useful and reportedly typical infectious particle count         

(~1 x108 PFU/ml) of both LCMV-13 and LCMV Armstrong and optimize the plaque assay for 

visualizing LCMV plaques.  The experience obtained by propagating LCMV would also be useful 

in performing the experiments monitoring the fidelity and inhibition of HIV in cells with higher 

intracellular Mg2+ (Chapter 5). 

AI.2 Materials 

Baby hamster kidney cell, line 21 (BHK-21), Vero cells (African green monkey kidney 

cells), T175 tissue culture flasks, 6-well Petri plates, 48-well microtiter plates, Agarose, 0.5% 

neutral red solution. 

BHK propagation media: Dulbecco's high glucose minimal essential medium (500 ml),  10 ml   

200 mM glutamine, 50 ml heat-inactivated fetal bovine serum, 5 ml pen/strep solution.  
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Vero cell propagation medium: Eagle minimal essential medium (500 ml), 5 ml 200 mM 

Glutamine, 50 ml heat inactivated fetal bovine serum, 5 ml pen/strep solution. 

LCMV plaque assay medium: 250 ml 2X Eagle minimal essential medium without phenol red,     

5 ml 200 mM glutamine, 25 ml heat inactivated fetal bovine serum, 5 ml pen/strep solution. 

AI.3 Results 
 

AI.3.1 Optimizing plaque assay to monitor LCMV plaques. 

Historically, LCMV was assayed by a lethal dose assay in mice.  Although the assay is very 

sensitive, as little as one plaque forming unit (PFU) of virus could kill an intracerebrally inoculated 

mice, the assay is very expensive and time consuming.  Therefore, the plaque assay for these 

studies was performed according to [425].  Plaque assay on Vero cell monolayers has been the 

most commonly used technique to assay LCMV.  LCMV plaque assay was performed according 

to the following procedure. 

1. Vero cells were seeded onto six-well Petri plates, at a density of 5x105 cells/ml on the day 

before infections. 

2. The next day the monolayers were ~80% confluent.  The medium was replaced with 1 ml 

of fresh Vero propagation medium. 

3. A series of 10-fold dilutions of the stock virus sample were prepared in 48-well microtiter 

plates by serially transferring 20 μl of the inoculum to 180 μl medium, changing pipet tips 

after each transfer.  

4. 100 μl of the dilution was added to the Vero cell monolayers. 

5. The plates were incubated at 37οC for 60-90 minutes in a 5% carbon dioxide incubator, 

with occasional rocking every 20-30 minutes. 
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6. Agarose overlay was prepared by combining equal volumes of 2x plaque assay medium 

with recently boiled 1% agarose solution.  The agarose solution was maintained in a 50°C 

water bath for at least 10 minutes.  

7. The medium in the wells of the 6 well plate was removed and ~4 ml agarose overlay was 

added to each well.  The agarose overlay was allowed to solidify for 15 minutes in room 

temperature and then placed in the incubator. 

8. The plates were incubated for 4 days at 37°C in 5% CO2 incubator. 

9. On the fourth day, plates were stained with 1.5 ml of a 1:20 dilution of 0.5 % neutral red 

solution made up in 1:1 2x plaque assay medium and 1% agarose.  

10. The plates were incubated overnight at 37°C in 5% CO2 and the plaques were visible for a 

period of 48 hours after staining. 

Both LCMV Armstrong and LCMV-13 strains were assayed using the above procedure.  

LCMV Armstrong formed bigger plaques which were visualized more easily using the neutral red 

staining procedure compared to the plaques formed by LCMV-13 (Fig. AI-1).  Four stocks for 

LCMV, two for each strain were available (LCMV-13 and LCMV Armstrong harvested after 

infection with MOI of 0.1 and 0.5 at 48 hours), and all four stocks were assayed (Table AI-1).  

Infectious titer values obtained for LCMV Armstrong (Plaque forming units /ml; PFU/ml) were 

within the optimal range for in vivo studies while the titer values obtained for LCMV-13 were low 

(Table AI-1).  It is possible that the original stock used to grow up the LCMV-13 stocks had a high 

amount of DI particles, and so an experiment to monitor growth kinetics of the LCMV-13 stocks 

at different multiplicity of infection was next performed.   
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Table AI-1. Titer values of the stock LCMV-13 and LCMV Armstrong 
aliquots 

LCMV strain MOI Average Titer (PFU/ml) 

LCMV 13 0.1 2 x 107 

LCMV 13 0.5 8 x 106 

LCMV Armstrong 0.1 2 x 107 

LCMV Armstrong 0.5 6 x 108 

Figure AI-0-1. Plaques obtained from plaque assay of LCMV-13 and LCMV Armstrong. 
Plaques are visualized as circular unstained clearing of monolayers, whereas the live cells are 
stained by the neutral red stain.  LCMV Armstrong plaques are bigger in size and visualized 

better using neutral red stain. 
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AI.3.2 Establishing optimum growth conditions for LCMV-13 to obtain a higher infectious 

titer. 

LCMV can be propagated in a wide variety of cell lines as the LCMV alpha-dystroglycan 

receptor is a ubiquitous protein which enables the virus to grow in multiple cell lines.  Baby 

hamster kidney cells, specifically BHK21 cells, are known to produce high titers of LCMV.   

Usually, desirable titers can be obtained at 48 hours post infection by inoculating monolayers with 

an MOI of 0.03-0.1 PFU/ cell or using a lower MOI of infection and longer incubation (72 hours).  

LCMV 13 was propagated at MOIs of 0.01, 0.05 and 0.1 and virus was harvested at 48 and 72 

hours post infection.  LCMV was propagated according to the following procedure [425]. 

1. Approximately 5 x 106 BHK-21 cells were seeded onto T175 flasks a day prior to infection.  

2. When the flasks were ~ 75% confluent, culture fluid was decanted and the 3 ml virus 

inoculum was added to the flasks.  Assuming 2 x107 cells/flask during the infection, the 

flasks were infected with volumes of the LCMV 13 stock corresponding to MOI of 0.01, 

0.05, and 0.1.  The flasks were incubated at 37°C in 5% CO2 incubator for one hour with 

rocking every 10-15 minutes. 

3. After 1 hour, 37 ml of medium was added to the flasks and were incubated for 3 days.  

4. At 48 hours post infection, the virus-containing cell culture fluid was obtained by decanting 

~10 ml of the culture fluid and pelleting cells away by centrifuging at 1200 RPM for 10 

minutes at 4° C.  

5.  The virus samples were aliquoted on ice and snap frozen on dry ice and ethanol.  The 

frozen aliquots were then stored at -80° C. 

6. The procedure was repeated in 72 hours. 
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7. Aliquoted samples were assayed using the plaque assay, as described above. 

The best titers of LCMV-13 were generated using a MOI of 0.1 and harvesting virus at 48 

hours post infection. (Table AI-2).  The LCMV-13 viral stocks obtained using MOI of 0.05 and 

0.1 and rescued after 48 and 72 hours post infection, can be used in in vivo studies.  Infections 

using a lower MOI confers the advantage of diluting the DI particles out, giving the infectious 

LCMV particles a better chance to replicate and yield a better infectious titer. 

 
 

 

 

 

 

 

 

 

 

  

Table AI-2. LCMV-13 titer values at different MOI and time of 

infection 

MOI Rescue time point Average Titer (PFU/ml) 

0.01 

48 hours 3 x 107 

72 hours 1 x 107 

0.05 

48 hours 1 x 107 

72 hours 1 x 108 

0.1 

48 hours 1.3 x 109 

72 hours 9 x 108 
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AI.4 Concluding remarks 

Optimal titer values for LCMV-13 can be obtained using a MOI of 0.1 and by rescuing 

viruses at 48 hours post infection.  Growth conditions of LCMV likely depend on the nature of the 

seeding stock (the infectious titer of the seeding stock), where the optimal MOI and rescue time 

point may differ accordingly.  The results of these experiments are key for building capabilities to 

study T cell exhaustion using the LCMV mouse model of chronic viral infection.  

AI.5 Contributions 

The experiments in this chapter were performed by me (VA) in collaboration with                

Kelly Huang (KH) as part of my curricular practical training (CPT) at MedImmune, LLC.  I 

conducted all the plaque assays and the experiment to monitor the LCMV virus growth dynamics.   

VA and KH participated in design of the experiments.  VA and KH critically reviewed the 

interpretation and discussion of the results. 
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