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The Selfish Organization of the Overlapping HIV-1 Genes tat and rev 

Jason Dionisio Fernandes 

Abstract 

Many genomes contain overlapping genes in which nucleotides are shared in 

alternative open reading frames.  Despite the fact that this phenomena occurs quite 

frequently in viruses, the manner in which shared nucleotide sequence impacts protein 

evolution has not yet been fully elucidated.  We propose two simple models: 1) A 

“selfish” arrangement in which one protein dictates the coding sequence of the other 

and 2) A “compromising” model in which a group of nucleotides encodes critical 

residues in both frames, thereby forming a viral Achilles’ heel that must satisfy multiple 

selection pressures.   

To test these models, we examine human immunodeficiency virus type 1 (HIV-1) 

which contains substantial coding overlap including the essential, regulatory genes tat 

and rev. Tat and Rev play known and critical roles in the production and processing of 

the viral RNA, making them ideal candidates for study.   Here we combine statistical 

analyses of existing patient data, a residue-resolution, functional dissection of Tat and 

Rev, and directed evolution experiments that decouple the overlapped regions to 

demonstrate that the selfish organization of the tat/rev overlap minimizes the 

constraining effects of overlapped reading frames.  This arrangement of overlapped 

genes may extend to other overlapped genes and also represent an important 
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mechanism for the creation of genomic novelty and post-transcriptional regulation in 

small genomes.  
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Introduction to Overlapped Genes  

The genetic code is interpreted as triplets of bases; as a result any DNA sequence can 

encode protein information in one of six reading frames (Figure 1, Appendix C1).  

Although transcription and post-transcriptional machinery typically interact with a 

nucleic acid to translate only a single frame, overlapping genes, in which genes share 

nucleotides but encode different protein products, have been found to naturally occur 

in a wide variety of species from bacteriophage to mammals1,2.  Indeed, coding overlap 

is quite common in viruses with estimates of 56-75% of viruses containing at least a 

single instance of overlap3,4, and potentially thousands of overlapping genes in 

mammals2. Despite the relative frequency of this phenomenon, much remains unknown 

about the relative costs and benefits of this arrangement of genes.    

Evolutionary Origins of Overlaps 

Overlaps occur via the “overprinting” of an ancestral gene5. Overprinting can occur 

when an alternate start codon arises internally in a gene or when an existing stop codon 

is lost and causes one gene to extend into the reading frame of another.  However the 

set of selection pressures that lead to the creation of overlaps remains disputed.   

Pressures commonly cited include: the need for genomic novelty, constraints on 

genome size, and mechanisms of post-transcriptional regulation3,4,6–9.  

The genomic novelty model suggests that overlaps are an important aspect of de novo 

gene creation, a process which allows an organism to explore entirely new regions of 

protein-coding evolutionary space7.     Existing genes have several advantages as sites 
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for de novo gene creation as they exist in parts of the genome which are actively 

transcribed and translated.   Thus a simple change in splicing, translation initiation, 

ribosomal slippage, or stop read-through can take an existing nucleic acid sequence and 

produce a novel protein that can subsequently be shaped by evolutionary pressures.  

Moreover, overlapping proteins tend to have unique structural properties that tend 

towards intrinsic disorder and allow a more diverse sampling of protein space than the 

classic well-structured folds found so often in single-frame genes7,8. 

The genome size model suggests that factors such as polymerase fidelity, and physical 

packaging considerations, such as cell or capsid size, constrain genome size.  Indeed, 

there is a general positive correlation between genome size and proportion of overlap, 

however the underlying factor driving this relationship appears to vary3.  For instance, 

although the constraint between cell/capsid size and genome length makes intuitive 

sense10, correlations between overlap proportion and capsid size appears to be largely 

driven by small, icosahedral viruses and less true for those with flexible capsids4. 

Similarly, the relationships between polymerase error rate and genome size remains 

controversial.  Several studies have shown a negative correlation between these two 

factors as large genomes with high error rates are susceptible to lethal point mutations 

(e.g. the creation of unwanted stop codons)3,6.  Under this model, overlaps can have 

protective effects as they allow smaller genomes and thus fewer lethal point mutations 

per cycle; however this benefit may be offset if that the chance of lethality doubles due 

to the presence of constraints from the other frame.  Simple simulation studies have 

shown this protective effect of overlaps on mutation rate; however these studies 
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underestimate the effect of point mutations on a protein as they are not able to 

estimate the effect of each mutation on protein function3.  Moreover the relationship 

between polymerase error rate and overlap proportion appears to vary depending on 

the sets and types of viruses examined4.  

The post-transcriptional regulation model suggests that the arrangement of the genes in 

shared nucleotides may serve to regulate more complex biological networks via 

coexpression and coevolution.  Several recent studies in both humans and viruses have 

provided exciting examples that hint at this behavior.  In all retroviruses, the ratio of the 

overlapping viral proteins Gag and Gag-Pol is fixed at approximately 10:1 and disruption 

of this ratio, in either direction, inhibits replication.  In some viruses this ratio is 

maintained by stop-codon read-thorough, while in others it is the product of ribosomal 

slippage.  Thus it appears that, despite disparate molecular mechanisms, overlapped 

frames are essential in regulating essential protein ratios in all retroviruses11.  This 

behavior is also seen in the RNA virus influenza A where the ratio of the NS1 and NEP 

proteins is tightly controlled by regulation of the splicing of two overlapped frames12. 

Control of this ratio is essential in maintaining a “molecular clock” that correctly times 

the course of viral replication.  Even in higher order organisms, overlapping proteins 

appear to have complex interactions with one another: the human protein ALEX 

physically interacts with its overlapping partner XLα513,14, and the overlapping genes 

INK4 and ARF both regulate tumor suppression pathways15.   
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Each of the selective forces discussed in these models is likely to play important roles in 

shaping the evolution a dual-coding frame region.  However the degree to which each 

force impacts the residue and codon-level evolution of each alternative reading frame 

remains largely unknown.  For that reason, we decided to explore the effect of evolution 

in overlapped genes in a representative and experimentally tractable system.   

HIV-1 as a Test Case for Studying Overlaps 

HIV-1 contains 8 distinct areas of coding overlap (Figure 2) constituting ~8% of its entire 

genome. This is only slightly higher than the viral average of ~5%, but fairly typical for 

the lentiviruses as a whole.  Moreover, HIV-1’s genome is well mapped, sequence 

datasets are readily available, and most of its genes are well studied with established 

functions.  Together, these factors allow us to investigate how selection pressures acting 

on a single, overlapped gene have the potential to impact the evolution of its offset 

counterpart.   

Additionally, HIV-1 is a pathogen of particular scientific interest as it is the causative 

agent of Acquired Immunodeficiency Syndrome (AIDS) a disease which, as of 2011, 

afflicts more than 34 million worldwide and leads to nearly 1.7 million deaths a year16.  

Identifying potential weak points under multiple selection pressures, and understanding 

the evolutionary constraints of this virus is a critical area of scientific research.  

Introduction to Rev and Tat 
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The overlapped HIV-1 genes rev and tat pose a particularly suitable pair for the study of 

overlapped genes.  Both are essential in viral replication and their retroviral orthologues 

have previously served as models in statistical analyses of overlapped evolution17,18 

(Figure 3).  Tat is a transcriptional activator responsible for transcriptional elongation at 

the HIV-1 promoter via its interactions with host transcription machinery and the viral 

RNA trans-activation response element (TAR)19,20 (Figure 4).  Rev is responsible for the 

nuclear export of partially and unspliced viral RNAs that encode essential late-stage viral 

proteins.  Rev binds a viral RNA element known as the Rev Response Element (RRE) in a 

highly cooperative manner and then guides these intron-containing RNAs through the 

nuclear pore via interactions with host nuclear export machinery21–23 (Figure 4).    In 

addition to their extensive nucleotide overlap, both Tat and Rev have well characterized 

functional domains and partial crystal structures (Figure 3) 24–26.    Curiously their partial 

crystal structures do not share any nucleotides, suggesting that the viruses may make 

structural and functional tradeoffs.  The potential for either coupling or conflict between 

the two proteins, given their genetic arrangement and established molecular 

mechanisms, makes them intriguing candidates for detailed study.  

Models for Evolution of Tat and Rev  

Two simple models can be posited when examining the evolutionary consequences of 

overlapped genes at the residue level.  The first model is a “selfish” model in which one 

gene dominates and effects the amino acid composition of the other with no known 

benefit to the second gene.  The second model is a “compromising” model in which 
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both proteins share nucleotides that encode functionally beneficial amino acids in both 

frames. These occurrences could be thought of as an evolutionary “Achilles’ heel”; 

targeting such a position with a therapeutic would drastically hinder escape as any 

mutation would have to satisfy functional constraints in both frames. 

To differentiate between selfish and compromising regions of Tat and Rev we use three 

major approaches each of which is the subject of its own chapter.  Chapter 2 focuses on 

patient datasets that we examine for signatures of conservation and attempt to 

attribute the conservation to a particular frame.  Through this analysis we are able to 

determine regions of the gene which appear to act selfishly and which ones appear to 

compromise.  In Chapter 3 we perform comprehensive alanine scanning of both 

proteins to determine the functional contributions of each side chain to each protein.  

This allows us to validate the classifications of the selfish and compromising sites from 

Chapter 2.  Surprisingly, we find that all sites in Tat and Rev act selfishly and 

compromising signatures of conservation are likely driven not by function, but by 

requirements of the genetic code.   In Chapter 4, we develop a system to decouple the 

overlap and perform directed evolution selection experiments to show that conserved 

sites that do not appear to be functionally important can in fact freely mutate.  Those 

sites that are restricted by function, however, remain conserved though their codon 

usage patterns differ from the patient datasets.  Taken together these finding suggest 

that, on a residue level, evolution of the individual genes has been selfish and thereby 

avoided the pitfall of an Achilles’ heel.  Analysis of literature studies of other viruses 

suggests that this arrangement of overlapped genes is not unique to HIV-1, but is likely a 
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more general outcome of the evolution of overlapped frames.   Finally, Chapter 6 

provides a more focused examination of Rev function through an examination of Rev’s 

interactions with host factors.  
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Figure Legend 

Figure 1: Interpretation of the Genetic Code 

All six possible reading frames for a given sequence of double stranded DNA.  Reading 

frames can start with the first (0), second (+1) or third (+2/-1) nucleotide listed on the 

sense stand.  Each frame has reverse complement analog also read in the 5’ 3’ 

direction.   Boxed codons representing the translation product of the labeled frames are 

shown with the DNA sequence. 

 

Figure 2: Organization of the HIV-1 Genome 

Structure of the HIV-1 genome: HIV-1 consists of 9 genes, 8 of which have coding 

overlap (gray boxes) with at least one other protein.  Only nef does not overlap with a 

coding region while rev is entirely contained within overlapping regions. One 3-way 

coding region (blue box) exists in which rev (red), tat(blue) , and env are all translated. 

    

Figure 3: Schematic of the Tat/Rev overlap 

A)  Genomic organization of tat and rev.  Both proteins are encoded by two overlapping 

exons (intron represented with dashed lines).  Additionally the 5’ end of tat overlaps 

with the 3’ end of vpr and the 3’ end of rev is entirely contained within env.  The second 

exon of both genes overlaps with env.  Nucleotide numbering (HXB2) and protein 

sequence (NL4-3) are shown.  Respective reading frames and codon arrangements are 
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shown in the inset.    B) Functional organization of Tat and Rev. Previously characterized 

domains are annotated on 2D representations of the protein.  The protein maps are 

staggered to accurately represent the nucleotide overlap. OD indicates the Rev 

oligomerization domains.  C) Structural organization of Tat and Rev. Crystal structures of 

Tat (left, residues 1-49) and Rev (right, residues 9-70) with the domains highlighted in B) 

colored.  

Figure 4: Function of Tat and Rev  

A) In the absence of Tat: an inactive form of the host elongation factor PTEFb is bound 

at the promoter and transcriptional elongation is defective.  When Tat is present 

inhibitory portions of the complex are ejected through interactions with TAR and PTEFb. 

PTEFb then becomes active, correctly phosphorylating Pol II and allowing productive 

elongation.  B) In the absence of Rev: full-length transcripts are spliced in the nucleus by 

the cellular splicing machinery prior to export to the cytoplasm.  These fully spliced 

transcripts encode early-stage HIV proteins, including Rev.  Rev enters the nucleus via its 

NLS where it  binds the RRE and allows unspliced and partially spliced RNAs to 

circumvent splicing and enter the cytoplasm via an interaction with the host export 

factor Crm1.  Once in the nucleus these RNAs can be translated or packaged into virions.  
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Introduction 

The massive effort to eradicate HIV-1 has resulted in the availability of a vast amount of 

patient sequence data.  Most notably the Los Alamos National Laboratory provides a 

sequence compendium of every sequence isolate deposited in Genbank since 19871.  

We sought to examine these datasets to see if we could find signatures of protein 

selection in overlapping frames and attribute that signature to a particular frame.  We 

first performed this analysis on the entire HIV-1 genome to determine general 

distinguishing features of overlaps before focusing on the tat/rev overlap. 

Challenges in Estimating Selection of Overlapped Reading Frames 

Analyses of selection from sequence data is traditionally performed by calculating the 

rate of non-synonymous (dN) versus synonymous substitutions (dS).  However, 

interpretations of these studies in overlapping areas is difficult as most evolutionary 

models require assumptions, such as a constant rate of neutral substitution, that are not 

true in these regions.  Although techniques exist for analyzing overlapped genes, these 

strategies are not able to accurately generate site-specific rates2–4. Despite these 

caveats, evolutionary analyses of the entire HIV-1 genome report the surprising findings 

that overlapped areas have relatively poor conservation, a high rate of synonymous 

substitution, and a high rate of positive selection 5,6.  A more recent study using 

molecular clock estimates appears to dispute these findings: the authors find that 

overlapped regions experience a lower rate of evolution than non-overlapped regions 7.  

However the authors caution that these correlations are weak as their models required 
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the elimination of a significant portion of overlapped areas.  Moreover, their datasets 

follow the evolutionary dynamics of whole genomes from 15 individuals infected from 

the same source as opposed to the other studies which reflect a much larger degree of 

viral diversity from thousands of sequences.   Because of these complications we sought 

to use simple metrics (alternative metrics provided in Appendix C.3-6) to provide a 

coarse picture of the evolutionary landscape of HIV-1 overlaps that would then be 

further refined by experimental evidence.  

Methods 

Generation of Patient Datasets for Analysis 

The Los Alamos HIV-1 Sequence Database (hiv.lanl.org) provides curated, high-quality 

alignments for each HIV-1 protein1.  The sequences represented in these alignments 

represent a highly diverse range of proviruses isolated from infected patients and are 

filtered to remove sequences with poor quality reads, large insertions and multiple 

frameshifts.  After filtering, these sequences represent approximately 1000 sequences 

for each protein (Table 1).  Each region of each protein was then divided into areas of 

one, two, or three coding overlaps and statistics generated for each region.  Residues 

which flank overlapped areas were discarded in the analysis.  Gaps were eliminated and 

numbering made to match the HXB2 reference sequence.  Additionally for the rev and 

tat exons nucleotide sequences were downloaded so that comparisons could be made 

at both the codon and amino acid level (Appendix C3).   

Shannon Entropy Provides a Metric for Sequence Analysis of Overlaps 
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In order to examine evolutionary characteristics of the overlap compared to the rest of 

the exome, we calculated the Shannon entropy of each position of the alignment.  

Shannon entropy is a well-defined information theory metric: 

𝐻 (𝑝 , 𝑝 , … , 𝑝 ) = − 𝑝 𝑙𝑛(𝑝 )   

where Hn represents the Shannon entropy of a position in the alignment, n. For each of 

these positions there is a probability pi of amino acid i (there are 21 states; ones for 

each amino acid, an additional state for the codon).  This means that, for any given 

position in the alignment the Shannon entropy of a site has a minimum value of 0 at a 

perfectly conserved position, and a maximum value of 3.04 at a perfectly distributed 

position.  Conceptually, Shannon entropy reflects the uncertainty of the identity of a 

residue given an alignment and provides a more sophisticated metric than sequence 

conservation, yet requires no assumptions about selection or substitution rate.   

Furthermore this metric has successfully been used to quantify diversity in viral 

sequences, to identify interaction surfaces on proteins, and to analyze overlapping 

reading frames8–10.    We performed this analysis for each protein in HIV-1 using the full 

filtered web alignment (Table 2, Figure 1). 

Overlapped Regions in HIV-1 Have a Higher Mean Entropy than Single Coding Regions 

Of the seven genes that contain both single and multiple frame regions, five showed 

higher entropies in the overlapped areas (Figure 1).  Indeed, looking globally, multiple 

coding regions had a higher mean entropy than single coding regions (Figure 2).   
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Furthermore, this pattern held for Tat, Rev (comparing two and three coding regions) 

and Env, which are the areas of particular interest in this work.  For detailed analysis of 

the Rev-Tat overlap, filtered alignments containing nucleotide information from (HXB2 

numbering) 5831-6045(tat exon 1) and 8379-8653 (rev exon 2) were downloaded, and 

the analysis was repeated, using both codon based statistics and the appropriate open 

reading frames (Appendix C3).  We also computed global entropy means for each area 

of overlap (1 frame, 2 frame and 3 frames) and compared their distributions to random 

sampling of the whole exome.  The 2 frame region had a statistically significant different 

entropy distribution than the whole exome (p = 0.02) , while the 3 frame region, despite 

its low number of datapoints,  approached significance (p = 0.07)   (Figure 2). 

Classification of Residues by Relative Entropy 

We defined a concept of a  “relative entropy”  in  which  the  raw  entropy  of  each  residue  

was normalized by the mean of the global single frame entropy.  We reasoned that the 

one frame mean entropy represented an average of values coming from functionally 

required sites (low entropy sites) as well as those sites undergoing neutral drift or active 

selection all driven by pressures from the single coding frame.  Therefore sites with an 

entropy below the mean should have a higher-than-average probability of playing an 

important functional role.  This assumption was supported by the observation that 

overlapped regions appeared to have a more complex set of pressures coming from 

multiple frames, as seen in their overall higher median entropy and broad quartiles 

(Figure 1, Table 1).  Furthermore, the use of a relative entropy normalized by the mean 
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has been successfully used to assess the functional importance of individual residues in 

PDZ binding domains11.   In following with this line of reasoning, we inferred that those 

residues whose side chains appeared to be making substantive contributions to protein 

function, would likely have a  relative entropy less than one (as they bear a signature of 

conservation equivalent to, or better than, the single frame equivalent).  This analysis 

was performed for each site in Tat and Rev (Figure 3).  

Pairing of Overlapped Residues  

We paired residues from Tat and Rev that shared two nucleotides;  for instance, M1 of 

Rev (atg) shares two nucleotides (at) with Y47 of Tat (tat).  Alternative groupings results 

in a commonality of only 1 base and conveys minimal information as this nucleotide is 

the wobble base of Rev.  Grouping the residues in two nucleotide manner, we graphed 

Rev relative entropy vs. Tat relative entropy and classified residues according to their 

positioning within logarithmic quadrants around (1,1) (Figure 4).  Sites in Quadrant 1 

(Snone) have high entropies in both proteins and represent non-conserved positions that 

do  not  appear  to  be  critical  for  either  protein’s  function.    Residues  in  Quadrants  2  (STat) 

and 4 (SRev)  are  “selfish”  sites  that  appear  to  be  making  functional  contributions  

exclusively to either Tat or Rev respectively.  Quadrant 3 (Sboth) on the other hand 

represents  the  “compromising” Achilles’  heel  residues:  sites  in  this  quadrant  are  

conserved at the amino acid level in both proteins.  A complete listing of residues and 

their absolute entropies is given in Table 3. 

Results & Discussion   
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Coding Overlap Appears to be a Relatively Weak Restraint on Protein Evolution 

Conventional thinking about overlaps has posited that the presence of an additional 

selection pressure via an offset reading frame should drive higher conservation than a 

single reading frame7,12.  Indeed, this behavior has been observed in regions of 

coding/non-coding overlap in HIV-1, where RNA structure can act as an additional 

restraint on protein evolution13.  These results suggest that, in HIV-1, this conventional 

model is incorrect.  In independent studies, Snoeck et al. found a high rate of positive 

selection in overlapped areas while Ngandu et al. found a high rate of synonymous 

substitution in overlapped areas5,6.  These seemingly conflicting results can perhaps be 

resolved by our observations which demonstrate that an overall low amount of 

conservation means that a high rate of neutral substitution in one frame will almost 

certainly lead to a high rate of non-synonymous substitution in the other, thereby giving 

the appearance of positive selection. These results would be in keeping with the overall 

higher entropy observed in multiple reading frames.   

Interestingly these findings may also reflect a difference between the structural 

organization of overlapped and non-overlapped proteins.  Two studies have found that 

protein structural considerations are far more likely to drive conservation than the 

number of reading frames utilized5,14.  This finding suggests that the traditional 

manifestation of protein function via structure may be very different than in a multiple 

reading frame than a single frame one; indeed, most overlaps appear to code 

intrinsically disordered proteins and therefore have a high mutation tolerance15.  
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Conversely, well –structured, single reading frame regions are much more susceptible to 

loss of function via point mutation as demonstrated by mutational studies  of HIV 

capsid16.  Thus the lower rate of conservation observed in these dual frame regions may 

represent a greater mutational tolerance conferred by the structural properties of 

overlapped proteins. 

Classification of Sites as Selfish or Compromising 

Pairing the sites in Tat and Rev allows us to identify candidate compromising and selfish 

positions solely based on their relative entropies .  The sites classified as STat and SRev 

appear to be the most confident classifications as they have only one apparent 

conservation signature.  Only one site appears in the STat grouping: R56 of Tat which is 

part  of  Tat’s  functionally  required  ARM.  The  corresponding  Rev  residue,  E10,  is  poorly  

conserved and has no known functional role, making the dedication of these nucleotides 

to Tat unsurprising.  Similarly the residues identified as selfish for Rev (Table 3) map to 

known Rev domains (the Rev ARM and OD) and do not correspond to known Tat 

domains.  Although it is tempting to dismiss the category of residues classified in Snone as 

simply  unused  “genetic  potential”,  it  is  important to note that they may be important 

for Env, or have functions that are currently unknown and insensitive to detection by 

this technique.    Indeed a few residues known to be important for Rev structure and 

function (V16, L18, I55) appear to miss our significance cutoff as they have simple 

requirements of hydrophobicity as opposed to the requirement of a particular amino 

acid.     
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Most curious though, are the potential compromising residues,  Sboth , which show 

strong conservation in both frames.   Most of these residues have well defined roles in 

either the Tat ARM (R49, K50, K51, R52, R55) or Rev ARM (N40, R42, R43, R46), but their 

cognate residues in the Rev N-terminus and C-terminus have more controversial roles.  

The Rev N-terminus has been proposed to interact with several host factors including 

hnRNP A1 and hnRNP  Q,  while  deletion  of  Tat’s  C-terminus appears to slightly hinder 

viral replication in cell culture17,18.  However, although the residues in Sboth are good 

candidates for compromising sites, it is still possible that the low entropy is driven only 

by a requirement in one frame.  In essence they may still be selfish positions that give 

the appearance of functional conservation simply because of restrictions imposed by 

the offset genetic code.  Therefore to fully investigate the role of these residues, we 

require a more complete understanding of each residue’s role in protein function: the 

subject of Chapter 3.        

Summary & Conclusions 

By examining the entire HIV-1 genome using Shannon entropy as a statistical measure of 

variability, we found that overlapped regions had a higher overall variability than single 

frame regions.  This counter-intuitive result suggests that the structural constraints 

imposed by ordered proteins are, in fact, greater than the imposition of an additional 

reading frame on an already poorly structured protein.  Using the 1-frame region mean 

as a normalization factor for our entropy values, we classified shared sites in the overlap 
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as important to both, neither, or one of the proteins.  We found several sites that, based 

solely on relative entropy calculations, appeared to contribute to both proteins.    
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Figure 1: Shannon Entropy Distribution across the HIV-1 Genome. Box and whiskers 

plots (min, max, median) are shown for each area of overlap (1, 2 or 3).  The leftmost 

boxes  represent  the  3’  end  of  the  genome  and  the  rightmost  end  represents the  3’  end.    

For each overlapped area, entropies calculated from the same nucleotide sequence but 

different coding frames are shown. Single frame regions are colored red and three 

frame regions are colored purple. Overlapped areas tend to have higher median entropy 

as well as a broader range.   

Figure 2: Entropy Analysis of the HIV-1 Exome. Box and whiskers plots for the global 

behavior of 1, 2 and 3 frame reading regions of the HIV-1 genome;  2 and 3 frame 

distributions represent the union of entropies from all residues entirely within the 

overlapping areas.  Median, max, min, 1st and 3rd quartile values are all shown, and the 

mean value for each distribution is marked with an X.  The means rises in a statistically 

significant manner in the 2 frame regions (p = 0.02).  

Figure 3: Entropy Heat Map of Tat and Rev. Heat map showing the relative entropies of 

Tat and Rev residues in an overlapped context.  Red indicates a low entropy (high 

conservation) while dark blue indicates a high entropy (low conservation).   

Figure 4: Classification of Sites by Relative Entropy. Entropy scatter plot of residue pairs 

(sharing 2 nt, i.e. Rev M1 and Tat Y47) in the tat/rev overlap.  The pairs can be grouped 

into four classes (colored) depending on their relative entropy in both proteins.  

Residues appear to either being selfish selected for one protein (SRev or STat , i.e. 

quadrants II and IV), both(Sboth i.e. Quadrant III) or neither (Snone, Quadrant I). 



 

30 
 

 

 

 

Gene Number of 
Sequences Used 

Gag 3120 
Pol 1805 
Env 2869 
Rev 1542 
Tat 1443 
Vif 2086 
VpU 2713 
VpR 1819 
Nef 2707 

 

Table 1: Number of Sequences Used in the Analysis of Each Protein
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Table 2: Summary of Entropy Statistics Across the HIV-1 Genome 

Summary table of entropy statistics and region definitions of areas of overlap for the 

HIV-1 genome.  Numbering follows the HXB2 reference strain. *Stop codon included in 

numbering. Fractional residues indicate how much of the codon is included in the 

overlap (i.e. 71.66 means residue 72 has 2 nt in the region). 

1 frame 
nt 

start 
nt 

end 
aa 

start 
aa 

end* 
avg 

entropy 
standard 
deviation frame 

Length 
(nt) 

Gag 790 2084 1 431.66 0.31 0.41 1 1294 
Pol 2293 4229 69.33 986.33 0.19 0.30 3 1936 
Vif 5097 5558 18.66 172.66 0.43 0.47 1 461 
Vpr 5620 5830 20.33 90.66 0.35 0.46 3 210 
Tat 5851 5969 6.66 46.33 0.45 0.59 2 118 
Vpu 6062 6224 1 54.33 0.71 0.55 2 162 
Env 6311 8378 28.66 718 0.59 0.68 3 2067 
Env 8654 8795 809.66 857 0.61 0.48 3 141 
Nef 8797 9417 1 207 0.48 0.50 1 620 
         

2 frames 
nt 

start 
nt 

end 
aa 

start 
aa 

end* 
avg 

entropy 
standard 
deviation frame 

Length 
(nt) 

Gag/Pol 2085 2292           207 
Gag     431.66 501 0.58 0.51 1   
Pol     1 69.33 0.63 0.46 3   

Pol/Vif 5041 5096           55 
Pol     985.33 1004 0.21 0.27 3   
Vif     1 18.66 0.12 0.16 1   

Vif/Vpr 5559 5619           60 
Vif     172.66 193 0.51 0.26 1   
Vpr     1 20.33 0.26 0.26 3   

Vpr/Tat 5831 5850           19 
Vpr     90.66 97 0.39 0.37 3   
Tat     1 6.66 0.26 0.24 2   

Tat/Rev 5970 6045           75 
Tat     46.33 71.66 0.76 0.57 2   
Rev     1 25.33 0.50 0.51 3   

Vpu/Env 6225 6310           85 
Vpu     54.33 83 0.81 0.52 2   
Env     1 28.66 0.83 0.48 3   

Rev/Env 8470 8653           183 
Rev     55.66 116 0.76 0.47 2   
Env     748.33 809.66 0.58 0.44 3   

         
3 frames 

nt 
start 

nt 
end 

aa 
start 

aa 
end* 

avg 
entropy 

standard 
deviation frame 

Length 
(nt) 

Tat/Rev/Env 8379 8469           90 
Tat     71.66 102 0.84 0.48 1   
Rev     25.33 55.66 0.48 0.53 2   
Env     719 748.33 0.71 0.47 3   
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Table 3: Classification of Residues by Relative Entropy.  Grouping of each site by 

relative entropy.  The position, identify and relative entropy values are shown for each 

site.  
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Figure 2 
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Chapter 3 

 

Functional Screening of Tat and Rev
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Introduction 

Tat and Rev have well established functions in the viral replication cycle.  Tat acts as a 

transcriptional activator allowing productive elongation from the HIV promoter through 

interactions with the cellular elongation factor PTEFb and the viral RNA element TAR 1–7.  

Rev allows intron containing mRNAs that encode essential viral proteins to circumvent 

the cellular splicing machinery and enter the cytoplasm where they can be translated or 

packed into virions8,9.  Because of their essentiality in HIV-1 replication, these proteins 

have been subjected to extensive mutagenesis in a wide variety of contexts 6,10–12.  

However, to date, there has been no systematic and comprehensive scan that examines 

the contributions of each residue to each protein’s function.  In this chapter, we 

perform such a screen and use the results to validate the classifications of residues from 

Chapter 2.    

Alanine Scanning Provides a Mechanism of Measuring Side Chain Contributions 

Point alanine mutations have proven useful in generating high resolution epitope maps 

of proteins as these mutations minimize disruptions to global protein structure while 

minimizing a single side chain13. Alterations in function and protein structure can 

therefore be directly linked to a single site on the protein.  We generated such maps for 

Tat and Rev using cell based reporters specific to their established functions. 

Methods 

Generation of Tat and Rev point mutants 
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In order to generate every possible for Tat and Rev we performed whole plasmid site-

directed mutagenesis on mammalian expression plasmids containing sequence 

corresponding to mature RNAs of tat and rev.  Reference Tat was cloned in a pcDNA4-

TO-CStrep backbone while Rev was cloned similarly in a pcDNA4-TO-Nstrep vector.  To 

create each alanine point mutant we performed 200 independent site directed 

mutagenesis reactions (one for each position in each protein) in which the targeted 

codon had its first two bases changed to GC to encode an alanine.  Each mutagenesis 

oligonucleotide had 15 flanking nucleotides on each side of the mutation site.   Initiator 

methionines and reference alanines (Rev: A2, A37, A68, Tat: A21, A42, A58, A67) were 

left unmutated.   Each mutant was sequenced and tested for expression by Western 

blot.   

Cell-based Reporter Assays for Tat and Rev 

For the Tat reporter assay, the Tat mutant and a renilla control were transfected into a 

previously described cell line harboring an integrated copy of firefly luciferase under 

control of the HIV-1 LTR14.  1 ng of Tat DNA was transfected in a 96 well dish; 24 hours 

later cells were lysed,  and renilla and luciferase values were measured using a 

luminometer.  For the Rev assays 250 ng of pCMVgagpolRRE  were cotransfected with 

20 ng of a Rev mutant into 293 cells in a 24 well format15.  Transfections were carried 

out using Polyjet (Signagen) in triplicate for each mutant.  Cells were then lysed in 50 

mM Tris 7.5, 150 mM NaCl, 0.5% NP-40 and intracellular p24 levels measured by ELISA. 
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Resulting activities were normalized by the activity of the reference sequence with the 

native alanines serving as positive controls and empty vector serving as a negative 

control (Figure 2).  These relative activities were grouped in a manner similar to the 

entropy analysis (Figure 3, Figure 4). 

Results and Discussion 

Alanine Scanning Using Cell-Based Reporters Provides a Residue Resolution Functional 

Map of Each Protein 

In order to determine how accurately the entropy analysis from Chapter 2 recapitulated 

the contribution of each residue to protein function, we generated complete and 

separate sets of alanine point mutants for both Tat and Rev in standard mammalian 

expression vectors.  This approach had the advantage of removing the overlap as each 

protein was tested, independently of the other, for its known function in a cell-based 

reporter.  The activity of each Tat mutant was determined by its ability to transactivate 

a cell line containing an integrated firefly luciferase gene under the control of the HIV 

promoter14.  For the Rev mutants, activity was tested by cotransfection of the mutant 

and a RRE containing gag-pol reporter construct that produced p24 only in the presence 

of Rev (Figure 1)15.  In both cases activities were normalized to the activity of the 

reference sequence to produce relative activities. Loss of function indicated a functional 

contribution of the mutated side chain.   This dataset is the first mutagenesis screen that 

provides complete and systematic coverage in consistent cell-based reporter assays for 

both Tat and Rev function  (Figure 2).  
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Alanine Scan Accurately Recapitulates the Current Structural Understanding of Tat and 

Rev 

Mapping the functional data onto the existing partial crystal structures of Tat and Rev 

clearly illustrates the known interfaces for both proteins (Figures 3 & 4).  The activation 

domain (AD) of Tat was solved in complex with the host transcriptional complex PtefB 

(consisting of Cyclin T1 and CDK9)16.  Tat mutations that abrogate function include 

important structural cystenies, and residues buried in the Tat-cyclin interface (Figure 

3BC).  Unfortunately the Tat ARM is not present in the structure and, therefore, cannot 

be visualized structurally, although mutation of the ARM appears to impair function.  

The Rev crystal structure consists of an N-terminal region containing the ARM flanked by 

the OD17,18.  Both domains are clearly illustrated via the reporter data with mutations in 

the ARM diminishing but not abolishing function.  Although the structures of the Rev C-

terminus remains unknown, a peptide structure of the Rev NES bound to its export 

factor Crm1 has been solved19.  Analysis of this structure reveals that mutation of each 

binding residue severely inhibits Rev function (Figure 4B).          

Analysis of Residue Classifications based on Reporter Activity 

Plots of the entropy data versus the functional data for each of the proteins (Figure 3) 

revealed several expected correlations.  As our mutations resulted in the loss of a side 

chain and our entropy analysis was most sensitive to signatures of conservation, we 

emphasized loss of function mutations.   In order to validate our relative entropy 

approach from Chapter 2,  we  examined  Tat’s  large single frame region which 
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corresponds to its activation domain. As the only known selection pressure in this region 

is Tat function, we expected there to be a strong correlation between relative entropy 

and relative activity (i.e. sites which are strongly conserved are essential to protein 

structure and function). Majority of sites (81%) with a relative entropy less than 1 had a 

detrimental effect on activity, and those with high entropy generally appeared 

amenable to mutation (Figure 3A).   Only one site, F32, had a significant loss in activity 

yet a high entropy; analysis of the patient data sets indicates that this site has tolerance 

for several bulky amino acids (F/W/Y) but not alanine. 

We then examined the effectiveness of the entropy analysis matched in the multiple 

reading frame regions where selection pressures are less clear.   Mutations of Snone 

residues  did  not  generally  affect  either  protein’s  function,  while  STat affected only Tat 

and SRev affected only Rev.  This behavior can clearly be seen in Figure 3B & Figure 3C. 

SRev sites act equivalently to Snone sites when considering only Tat entropy and activity; 

likewise STat sites act like Snone when considering only Rev entropy and activity.   Notably, 

some Snone sites show a loss of activity perhaps reflecting a moderately mutable site but 

with fragility to alanine, similar to the F32 case in the Tat single frame region.    

Curiously, some of the Sboth residues had no noticeable effect on the function in at least 

one of the assays, despite the fact that these residues are highly conserved in viruses.  

To see if any single nucleotide contributed to both known functions of Tat and Rev we 

graphed the relative activity of overlapped residues against one another (Figure 4).  

Plotting the residues and performing classifications solely on relative activities, we find 
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no sites remain in the Sboth grouping.  This implies that, for these roles of Tat and Rev, no 

single nucleotide appears to be selected on a functional level for both proteins. 

The Tat/Rev Ovlerap Has No Compromising Residues 

Despite the entropic classification of multiple residues in the Sboth category, functional 

data suggests the source of high conservation in these pairings always came solely from 

the functional requirement of a single protein and the subsequent restrictions imposed 

by the genetic code.  This startling result implies that the individual nucleotides in the 

overlap have individual been parceled out for a single protein and that there exists no 

nucleotide that encodes a functionally important residue for both proteins.   

The reclassification of residues based on activities reflects several strengths and 

weaknesses of our previous entropy-based classifications (Table 1).  Most importantly, 

no residue moves from STat to SRev indicating that the relative entropy metric is able to 

clearly distinguish the difference between strong conservation signals of two separate 

proteins’  function.      Moreover,  the  elimination  of  the  Sboth category results in many 

residues moving to classifications in line with known domain organization of Tat and 

Rev.  Majority of the residues moving from Sboth to STat make up the Tat ARM (Tat 

residues K50, K51, R52, R53, R55, and R56)5 while those moving from Sboth to SRev  make 

up  the Rev OD (Rev I19) and ARM (Rev N40)7,11,20.  However several limitations of our 

entropy metric are highlighted in other reclassifications.  The transitions from Snone to 

either SRev or STat provide several examples of these limits.   Despite having a relatively 

low absolute entropy, Tat residue R53 just misses correct classification, indicating that 
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threshold cutoff, based on the global one-frame entropy conservation, maybe be too 

conservative.  Similarly this method is insensitive to mutations between amino acids of 

similar chemical properties and functionally critical positions such as Rev L18 and L21 

which easily transition between I and L miss the significance threshold. Using a reduced 

amino acid alphabet by grouping similar amino acids overcomes this problem but results 

in a loss of sensitivity at sites across the protein and depends on the manner in which 

amino acids are grouped (Appendix C2).   

Surprisingly several residues move into the Snone category indicating that, despite a 

strong signal of conservation, these residues do not appear to make any contribution to 

protein function.  One possible explanation for these transitions is that the entropy 

analysis is correct, but a single mutation to alanine may simply be insufficient to disrupt 

a functional interface and thus escapes detection in our assay. A trivial case displaying 

this inability of alanine mutations to fully capture the mutational space of each protein 

is seen in site TatG48/Rev A2 which has a low entropy for both sites; as the reference 

sequence has a potential critical alanine we are not able to accurately probe the 

functional significance of that position.    Another explanation for the behavior of these 

sites involves selection pressures outside our assay such as requirements of Envelope (in 

the 3 frame region) or unknown Tat and Rev functions.  A simple example of an outside 

pressure missing from our reporter system is seen in the sites Tat K71/Rev S25 and Tat 

P73/Rev P27.  These sites overlap contain essential parts of splice donor and acceptor 

sequence at the exon/intron boundaries of the tat/rev coding region.  In a viral context 
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conservation of this site is essential; however our reporter system uses a mammalian 

expression construct based upon cDNA where this splicing is irrelevant.    

Although the combination of our entropy and functional analysis establishes a clearer 

picture which indicates that tat and rev are organized in a selfish manner with no 

compromising sites, the question remains why certain selfish sites appear to be 

conserved in both frames.  If the high conservation of the functionally selfish Sboth 

residues is driven solely by functional requirements in one frame (with sequence 

constraints imposed by the genetic code conserving the alternate frame), then, in an 

uncoupled context, these reclassified residues should be free to mutate.  If, however, 

these sites are conserved for reasons such as alternative function, then they should 

remain conserved even when the constraint of the overlap is removed.  In Chapter 4 we 

establish an experimental methodology to directly address this question. 

Summary 

We determined the functional contribution of each residue in both Tat and Rev and 

compared these values to our relative entropy values.  We find that, based on activity 

data, no site fits the Sboth classification.  It appears that the entropy signatures identified 

in these residues may be due to requirements of the genetic code, or selection 

pressures absent in our functional assays.   
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Figure Descriptions 

Figure 1: Schematic of the Reporter Assays.  A) Tat function is probed using a cell line 

containing the firefly luciferase gene under the control of the HIV-1 promoter. In the 

absence of Tat, transcriptional elongation is defective and no luciferase is produced.  In 

the presence of reference Tat or a point mutant luciferase production is indicative of 

Tat-mediated activation.  B)Rev function is used by cotransfection of a reporter 

consisting of a truncated HIV-1 genome.  In the absence of Rev, the gag mRNA is spliced 

and no gag is expressed. Gag expression is indicative of Rev-mediated export.         

Figure 2: Comprehensive Alanine Scanning of Tat and Rev. Relative activities of each 

alanine mutant.  Activities are normalized to an average reference value performed in 

parallel with the mutants.  Error bars represent the standard deviation from 5 biological 

replicates.   Activities of Tat mutants are shown in A) and Rev in B). 

Figure 3: Structural Heat Map of Tat A) Crystal structure of residues 1-49 of Tat with 

reporter data overlayed.  Several interfaces, including a cluster of structural B) cysteines 

and the C) cyclin contact surface are clearly visible.  CDK9 is shown in yellow and Cyclin 

T1 in green.          

Figure 4: Structural Heat Map of Rev A) Crystal structure of Rev residues 9-63 with 

reporter data overlayed.  The ARM and OD are clearly visible.  B) Structure of a peptide 

consisting of the Rev NES (LQLPPLERLTL) in complex with Crm1 and with reporter data 

overlayed.  All binding residues show a loss of function.  
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Figure 5: Comparison of Relative Entropies and Activities A) Correlation between 

relative entropy and activity in the single frame region of Tat is relatively strong as most 

residues with low entropy also exhibit low activity. B) Scatter plots of relative entropies 

from the patient data vs. relative function for both Tat and Rev C). Colors from the 

classifications made solely on relative entropy are also shown. 

Figure 6: Comparison of Relative Activities of Shared Residues. Scatter plot of Tat and 

Rev activities with residues that share 2 nt once again paired. Coloring represents class 

assignments made on relative entropies. No residues fit the Sboth classification based on 

activity data.  
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Reclassified to Stat 
         

Tat Rev   

Residue Activity Entropy Residue Activity Entropy 
Previous 
Class 

Y47 0.96 0.45 M1 1.00 0.14 Sboth 
R49 0.78 0.17 G3 1.56 0.19 Sboth 
K50 0.31 0.17 R4 1.50 0.17 Sboth 
K51 0.47 0.15 S5 1.60 0.50 Sboth 
R52 0.44 0.38 G6 2.00 0.48 Sboth 
R55 0.28 0.13 D9 1.52 0.34 Sboth 
R53 0.35 1.13 D7 1.74 1.30 Snone 
R57 0.77 3.09 E11 0.99 3.42 Snone 

       Reclassified to Srev 
    Tat Rev   

Residue Activity Entropy Residue Activity Entropy 
Previous 
Class 

Q60 1.04 3.41 R14 0.49 3.76 Snone 
T64 1.39 3.57 L18 0.76 3.19 Snone 
A67 1.00 4.15 L21 0.93 3.64 Snone 
K85 1.54 2.10 R39 0.33 1.84 Snone 
Q72 1.52 0.06 N26 0.05 0.08 Sboth 
H65 1.45 0.99 I19 0.32 0.21 Sboth 
T82 1.44 0.61 Q36 0.31 0.35 Sboth 
E86 1.75 0.57 N40 0.71 0.17 Sboth 

       Reclassified to Snone 
    Tat Rev   

Residue Activity Entropy Residue Activity Entropy 
Previous 
Class 

G48 1.42 0.13 A2 1.08 0.13 Sboth 
Q66 1.34 0.11 K20 1.62 0.79 Sboth 
K71 1.30 0.97 S25 1.84 0.50 Sboth 
P73 1.81 0.49 P27 2.04 0.09 Sboth 
S75 1.94 2.16 P29 1.87 0.08 Sboth 
G79 1.44 0.55 G33 1.95 0.17 Sboth 
P73 1.81 0.49 P27 2.04 0.09 Sboth 
G83 1.47 0.22 A37 1.23 0.12 Sboth 
D80 1.19 2.09 T34 1.05 0.83 Srev 
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Table 1: Reclassification of Residues Based Upon Reporter Data.  Residues whose classification 

changes upon consideration of the reporter data is shown. Residues originally in Sboth are 

colored purple, STat blue, SRev red, and Snone black.
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Chapter 4: Development of a Decoupled, Directed-Evolution 
Viral Platform
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Introduction 

In order to fully test our model of the tat/rev overlap, we required an experimental 

system that could allow the decoupled evolution of both proteins.  Furthermore, this 

system would ideally measure fitness in the biologically meaningful context of viral 

replication.  Unfortunately, HIV-1’s complex splicing and  low tolerance for direct 

repeats making  “refactoring”  strategies, in which one gene is inactivated in its 

endogenous position and reinserted immediately downstream of the first stop codon, 

impractical 1.  In order to overcome these obstacles we engineered decoupled viruses by 

inactivating either rev or tat and moving a synonymous copy of the inactivated gene into 

the only non-overlapping gene in the HIV-1 genome, nef. 

To test the robustness of this system, we then performed competition assays between 

viruses with known fitness in a variety of starting ratios.  Lastly we demonstrated the 

ability of this system, in combination with directed evolution, to  find  “plastic”  and  fixed  

positions that are otherwise masked by the overlap.          

Methods 

Creation of Uncoupled Viruses  

To facilitate repurposing nef to express Rev or Tat, HIVNL4-3, an infection molecular clone 

was modified to introduce Sac II and Xba I restriction sites in place of the nef start ATG 

codon via site-directed mutagenesis.   The native rev locus was deleted via mutagenesis 

from ATG to ACG (non-coding in the overlapping Tat frame) and a stop codon was 

substituted at Rev Y23 (also non coding in tat)2. The endogenous tat locus was deleted 
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via mutagenesis of the start codon to ACG (silent in VpR) followed by the introduction of 

tandem stop codons at K12 and S16.  To introduce rev or tat cDNA into nef  it was 

necessary to synonymously substitute codons (tat-CS/rev-CS) to void direct repeat 

deletion during reverse transcription3 (Figure 1). 

Creation of Proviral Libraries 

Pools of 33 nt primers were synthesized (IDT) containing one completely degenerate 

codon (NNN) in the middle of the primer.   Overlap extension PCR was then performed 

on plasmids containing either the rev-CS or tat-CS as template.  These PCR products 

were then cloned into the appropriate knockout molecular clone in the SacII/XbaI 

cloning site.  Transformation efficiency was judged by plating a portion of the ligation 

and a minimum of 250 colonies was used to generate a single proviral library 

representing randomization of a single residue.  Although this methodology was applied 

to each site in tat-CS and rev-CS, only 3 libraries, Rev N40X, Rev L81X and Rev E47X, 

were selected for establishing the feasibility of this system to detect uncoupled fitness 

values.  Additionally 4 simpler pools consisting of mutants (L12 (ref), L12A, L12D) with 

established replication kinetics were generated to test the effect of initial population 

ratios on fitness.   These pools consisted of 9:1 and 1:9 ratios of L12:L12A and 9:1 and 

1:9 ratios of L12:L12D.    

Viral Selection and Generation of cDNA 

Each pool of virus was raised separately and complemented with reference Rev and Tat 

in trans to generate virus in HEK293T cells.  Briefly, 60K cells were transiently 
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transfected with 200 ng of provial plasmid, and 2 ng each of pcDNA mammalian 

expression vectors containing tat or rev using polyethylenimine (PEI) at a 1:5 ratio of the 

DNA:PEI.  Virus laden supernatant was collected 48 hours following transfection, cleared 

of cells via low speed centrigufation, DNAse I treated to remove input plasmids, ad 

stored at -80°C. Virus titers were determined by ELISA and virion-associated RNA was 

extracted from 100 uL using Qiagen RNeasy kits to determine the diversity of the viral 

population at inoculation.. Selection assays were initiated via centrifugal inoculation of 1 

million SupT1 T-cells with 5ng p24 and 8 ug/mL polybrene for 2 hours at 1200 x g at 32°C 

in 96-well microtiter plates.  Following inoculation, cells were washed twice with PBS to 

remove input virus and 250 uL media (RPMI-HEPES + 10% fetal calf seum) replaced per 

well.  The infections were then monitored by immunofluorescence assay for cellular HIV 

antigen synthesis and by supernatant p24 ELISA to quantify progeny virion release.  At 7 

and 14 days post inoculation, time points correlating with peak infection for reference 

or defective viral pools, respectively (data not shown), 100 uL of virus-laden supernatant 

was collected, cleared of cells, and the virion-associated RNA content extracted via 

RNeasy (Qiagen) and DNAse I-treated (Roche).  Once all RNA sample were collected, 

cDNA were generated from 10uL of extracted RNA (correlating roughly to 100 ng of p24) 

using the BioRad (Hercules, CA) iScript Advanced cDNA synthesis kit primed with oligo 

dT and random hexamers. 

Next Generation Sequencing 
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Amplicon specific primers were used to extract  175-nt fragments containing the 

randomized codon and add Illumina adapter sequence. Each amplicon specific primer 

consisted of a pool of 1-4  random  nucelotides  appended  immediately  5’  of  the  region  of  

interest in order to increase basecall diversity during the NGS runs.     A second step PCR 

added barcode sequences (courtesy J. DeRisi) and the remainder of the adapter.   DNA 

from each selection experiment was quantified using via qPCR (Kapa Biosciences) and 

then pooled in equal amounts and gel extracted to create the NGS library.  Library 

quantification was then performed using qPCR (Kapa Biosciences) and then sequenced 

using PE150s on either MiSeq (Illumina). On average each run produced 10 million 

reads.  Samples representing proviral DNA, pre-selection viral RNA, and post-selection 

RNA from two different time points were all sequenced.    

Analysis of NGS Data  

Barcodes were used to identify the random codon under selection and frequencies of 

each codon were calculated pre and post selection.   Simple ratios of enrichment of 

post-selection: pre-selection were directly computed.  Additionally a logarithmic relative 

frequency score relative to reference were calculated in a manner similar to McLaughlin 

et al.4:  

∆𝐸 = log
𝑓 ,

𝑓 , − log
𝑓 ,

𝑓 ,  
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where the relative frequency of an amino acid x at position i is greater than 0 if that 

amino acid is more fit than reference and less than 0 if it is less fit.  The average value of 

a position i was calculated across all amino acids x.    

Results and Discussion 

Creation of Uncoupled Viruses 

Engineering a virus that replicates with tat and rev unconstrained one another would 

allow us to convincingly demonstrate our conclusion that there are no compromising 

positions in the tat/rev overlap.   To create this virus we decided to move one of the 

genes to the nef locus.    This  position  in  the  genome  has  several  advantages.    First,  the  5’  

end of nef has no coding or non-coding overlap (although the 3’  UTR  which overlaps 

with  the  3’  end of nef should not be disturbed).  Second, nef is dispensable in cell 

culture, as  Δnef  viruses  replicate  at  rate  near  equivalent  to  reference (Figure 3).  Indeed 

reporter genes have a long history of insertion into nef5.  Finally, nef is positioned in the 

genome such that splicing patterns that give rise to  tat and rev also produce nef; 

therefore the timing and expression of our engineered genes should be reasonably 

similar to reference.  Indeed this approach has already been utilized in mutational 

studies of Tat 6.    However, simple insertion of reference sequence into nef produces  

direct repeats that lead to non-productive template switching during reverse 

transcription3.  Therefore we performed synonymous substitutions to maximize 

nucleotide divergence from the reference sequence, thus creating create codon-

swapped versions of tat (tat-CS) and rev (rev-CS).  The engineering of these genes into 
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nef  resulted in the creation of decoupled viruses we termed TxR(rev-CS in nef) and (tat-

CS in nef) xRT  (reference = TRx). 

Establishment of an Experimental Workflow to Measure the Fitness of Codons in a Non-

overlapped Context 

As our goal was to create an experimental workflow (Figure 3) that could be used to 

measure codon fitness using libraries consisting of a mixture of point mutations of Tat 

and Rev we performed careful measurements of the replication kinetics of our 

decoupled reference viruses in high throughput formats.  We found that replication 

continued steadily before peaking approximately at 10 days (Figure 4).  We decided to 

harvest viruses at an early time point where our directed evolution should be the 

dominant force of evolution (as opposed to RT-mediated mutation and recombination) 

as well as a later time point in case some of the viruses had very few viable codons.   

Creation of Directed Evolution Libraries 

We then sought create randomized libraries that could be used to measure the 

experimental fitness of individual residues of Tat and Rev in an uncoupled context.  

Therefore, we created three separate libraries (Rev N40X, Rev E47X, Rev L81X), based 

upon the TxR virus, with the indicated codon mutated to NNN.  Each library contained 

consisted of mixture of all 64 codons at these positions.  These residues were chosen for 

their known functional requirements, activity in the reporter assay, and entropy 

signatures.  N40X is a highly conserved residue which makes a specific contact to the 

high affinity binding site on the RRE and is therefore necessary in Rev-RRE recognition.  
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However despite this requirement, the alanine mutation has intermediate activity in our 

reporter assay.  L81 was chosen for its low entropy signature and complete loss of 

activity in the reporter assay.  Finally E47 was chosen for its relatively poor conservation 

and reference activity in the alanine scan.  

Sequencing of Proviral Libraries 

Each of our three directed evolution libraries (N40X, E47X, L81X) was sequenced on a 

MiSeq to determine the diversity and biases of the library.  All libraries produced reads 

for every codon although N40X exhibited some sequence specific bias and all libraries 

appeared to have the reference rev-CS codon over-represented (most likely reflecting 

an artifact of the cloning procedure).    

Determination of the Effect of Library Bias on Selection 

In order to determine if the large variability in the number of sequences of each codon 

in our proviral libraries would affect our calculations of fitness, we performed a pilot 

experiment involving libraries composed of known ratios of known relative fitnesses.  

For these libraries we used TxR viruses harboring either reference rev-CS, L12A or L12D 

viruses.  These viruses were harvested from individual clones and replicated in isolation.  

L12A has replication kinetics roughly equal to reference while L12D is much less fit 

(Figure 6).  We performed four separate selection experiments; in two experiments 

L12:L12A was competed at 1:9 and 9:1 ratios and in the other two experiments the 

ratios were repeated but with L12:L12D.  We reasoned that for the L:A comparisons the 

virus should maintain their input ratios, while the L:D comparisons should give us an 
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idea of the sensitivity of our assay.  For each experiment, we computed  a relative 

fitness score in the manner of McLaughlin et al. 4.  As expected, the L:A experiments 

produced similar results ( a score of 0 indicates fitness equivalent to wildtype) 

regardless of the time point or input ratio. The L:D experiments successfully 

recapitulated the L12D genotype as drastically less fit, with the time point and input 

ratio only effecting the final score by  a maximum of 15%.  Together these results gave 

us confidence that our assay would be sensitive to fitness disparities even in the face of 

an unequally distributed starting population.   

Selection of Three Uncoupled Rev Sites 

We then conducted the complete experimental workflow for the three previously 

described libraries (Rev N40X, Rev E47X, Rev L81X).  Viruses were harvested at 7 and 12 

days and sequenced according to the workflow (Figure 7).  For all viruses there was 

negligible difference between the proviral plasmids and the viral input, indicating that 

no selection was occurring in the packaging line.  Although unsurprising, this result was 

necessary to ensure that our results were not skewed by factors such as dominant 

negative phenotypes that could change our initial library composition.  Furthermore, 

there was little difference between the t7 and t12 timepoints indicating that the 

population had already began to fix by day 7. 

N40X Mirrors the Requirement of Specific RNA Binding 

The N40X library displayed a strong selection for asparagine, with over 60% of the reads 

containing one of the two asparagine codons by the end of the experiment (up from an 
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input of 3.6%). A previously determined NMR structure of the Rev ARM in complex with 

the high affinity binding site of the RRE revealed that N40 is critical in determining 

specificity via a contact with a G:A base-pair7.  Although this makes the selection for 

asparagine unsurprising, it is in stark contrast with the 70% activity of the N40A mutant 

in the reporter assay.  The difference reflected between the two assays may reflect 

differences between levels of expression in each context; however even taking this 

difference into account, a 30% loss of activity is likely to be a major disadvantage in a 

competition assay.  In fact, by the end of the experiment the four alanine codons make 

up roughly 8% of the population indicating that, though those viruses may be replication 

competent, they are at a significant selective disadvantage.  Curiously, the replication 

data closely mirrors the patient data with a strong preference of asparagine and a slight 

tolerance of arginine.  This is in keeping with our previous conclusion that this position 

in the genome is dedicated mostly to functional constraints from Rev. 

L81X Demonstrates the Structure-Function Requirements of Rev 

Rev residue L81 is a critical binding residue in the Rev NES which directly contacts the 

host export factor Crm18.   Disruption of this interface prevents nuclear export as 

evidenced by our own reporter data as well as thorough mutational and structural 

studies9–11.  From a structure-function perspective, Rev requires a bulky hydrophobic 

amino acid to correctly form an interface with Crm1.  Our selection experiment is 

consistent with this structure-based  understanding  of  L81’s  function, as all 6 leucine, 

and 2 of the 3 isoleucine codons, show signs of positive selection.  In patient sequences, 
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Rev strongly favors the CTN  leucine codons, perhaps reflecting the difficulty of the virus 

to take multiple steps through sequence space to reach the other codons which display 

fitness in our randomized library.     

E47 is a Plastic Spot on Rev 

While N40 and L81 demonstrate strong purifying selection due to Rev function, E47 

appears to a relatively plastic position. In patient isolates, it commonly manifests as one 

of two amino acids with very different chemical properties:  glutamic acid and alanine.  

Additionally, the E47A mutant has essentially reference activity in our reporter assay.  

Despite the seeming plasticity of this position, the residue rarely samples other amino 

acids, possibly because of constraints imposed by overlapping proteins.  We expected 

that our library should freely sample a large number of residues once removed from this 

constraint.  Indeed, the results of our experiment indicate that E47X does not display 

strong positive selection for any particular codon.  However, several codons, such as the 

four proline codons and the three stop codons, display negative selection.  These 

detrimental mutations are consistent with our understanding of Rev: a premature stop 

would  eliminate  Rev’s  essential  NES, and a proline would likely disrupt the helical 

structure  of  Rev’s  ARM  in  which  E47  is  nestled.    Thus, E47 demonstrates the existence of 

extremely plastic sites on Rev, yet whose degree of plasticity is potentially masked by 

alternative frames.   

Summary  
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This chapter established a platform to examine the fitness of each codon at a given 

position in either tat or rev in an uncoupled context.  We demonstrated with three 

sample libraries that, once removed from constraints from another protein, certain 

position still require a particular amino acid, others may sample a larger group of 

chemically similar amino acids that they would not otherwise, and finally some may 

sample a large variety of chemically dissimilar amino acids.      
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Figure Descriptions 

Figure 1: Scheme for the design of uncoupled viruses.  A cloning site was introduced 

into  the  5’  end  of  nef  (which  was  inactivated  through  the  removal  of  its  start  codon)  to  

create the reference virus TRx.  Then codon-swapped (Tat-CS or Rev-CS) versions of 

either tat or rev were cloned into the locus to create xRT and TxR viruses.  To create 

libraries versions of Rev CS randomized at a particular position of interest were cloned 

into the  TxR backbone.   

Figure 2: Flowchart for Uncoupled Evolution Experiments. Libraries harboring the 

codon swapped gene with a single randomized amino acid are cloned into the provirus.  

Viral particles are then generated in a packaging line.  The viruses are then used to 

infect T cells and RNA is harvested at pre-determined time points.  The RNA is reverse 

transcribed into cDNA and prepped for NGS via the addition of adapters and barcodes. 

Figure 3: Replication Rates of Uncoupled Viruses.  Elimination of nef and substitution of 

rev-CS confers minimal defects in viral replication.     

Figure 4: Time Course for Viral Replication. Replication kinetics in a 96 well dish 

demonstrate that infection continues to increase before peaking around day 9. 

Figure 5: Diversity of Proviral Libraries.  Distributions of the three directed evolution 

libraries pre-selection.  Each library appears to have a slight overrepresentation of the 

wild-type codon and a large degree of variability between the most and least frequent 

codon. N40 appears to have a particularly biased distribution with CNN codons 
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underrepresented.  Despite this, sequence coverage is able to accurately estimate pre- 

and post-selection levels of each codon.    

Figure 6: Selection of Viruses with Known Relative Fitnesses.  Mutants of Rev L12 (A 

and D) were replicated in mixtures of 1:9 or 9:1 (mutant:reference).  A) Replication 

growth curves of ref, L12A and L12D.  L12 is as fit as A12 and much more fit than D.  B) 

Results of the viral competition experiment at two different time points. Ratios 

correspond to the number of reads for each codon from harvested virus at either day 7 

or day 12.  L12A and reference maintain their input ratios while L12D experiences 

negative selection.  Frequency scores relative to reference are also shown.   

Figure 7: Heatmaps of Directed Evolution Libraries.  Heat maps showing the fitness 

landscape for each codon at Rev positions 40, 47 and 81.  Each column represents a 

codon (denoted by it’s translation product above it) and each row represent a ratio 

between the number of reads of that codon at different conditions.  The first row shows 

the ratio of proviral DNA/viral input (t0) while the other two represent ratios between 7 

(t7) and and 12 (t12) days of selection and the viral input (t0).
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Conclusions, Impact and Future Directions
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Introduction 

We carried out analyses on two different datasets and established a platform to build a 

third to determine if the overlapping coding regions of tat and rev contained regions 

that were under selective constraints between both proteins.  Together, these data are 

the strongest evidence to date that the tat/rev overlap evolves each protein almost 

independently.  In this chapter we discuss the implications of this phenomena, its 

application to other systems, and future experiments.  

Discussion 

Comparison to Existing Models 

In Chapter 1, we described several simple models of overlap evolution: the genome size 

model, the genomic novelty model, and the post-transcriptional regulation model.   We 

will now revisit these models and discuss them in light of the results of this work. 

Genome Length Considerations do Not Adequately Explain the tat/rev Overlap  

As mentioned previously, the correlations between overlap proportion, polymerase 

fidelity, capsid size and genome length remain controversial1–3. For HIV-1, capsid size 

seems to have a weak influence on genome size as the virus is capable of packaging 

genomes almost double its normal size 4.  Additionally, the decoupled viruses created in 

Chapter 4 increase the genome by the size of the overlap with no significant loss in 

fitness. Finally, the existence of overlaps in mammals, where the genomic savings of an 

overlap constitute an insignificant percentage of the entire genome, indicates that 
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genome length is not the sole reason for the existence of overlaps5.  The relationship 

between genome size and the presence of overlap should not be ignored given the 

preponderance of overlapping genes in small viral genomes2; however it does not 

appear to be the dominant pressure appears in the tat/rev overlap.  

Genomic Novelty and Intrinsically Disordered Proteins 

Multiple groups have noted that overlapped proteins have unique structural 

properties6,7. For instance, overlapped proteins have a propensity for intrinsic disorder 

which may make the proteins highly adaptable for multiple functions.  Indeed Tat and 

Rev appear to be highly tolerant to mutation when compared to similar mutational 

scans of well-structured viral proteins such as capsid8.  Not only does this structural 

arrangement allow robustness in the face of mutation, but it also promotes the use of 

short linear motifs which are highly adaptable5,9.  Furthermore the intrinsically 

disordered backbone can confer advantages, via aggregation and interactions with host 

proteins, in evading cellular surveillance mechanisms such as the immune system and 

the proteasome5,6,10–12.   

Post-transcriptional Regulation Remains a Possible But Poorly Defined Justification for 

the tat/rev Overlap 

Beyond these inherent structural properties, overlaps also carry a potential benefit in 

post-transcriptional regulation.  This behavior is seen in the influenza A virus, all 

retroviruses, and several human genes 5,13–15.  Given that tat and rev have linked 

functions in the production and regulation of the viral RNA, it is entirely possible that 
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the genetic arrangement of these genes, which is largely conserved across the 

lentiviruses, helps encode important regulatory control mechanisms for viral 

replication16,17.  Indeed there is evidence that over-expression of Rev in a viral context 

can inhibit viral replication, potentially through feedback on Tat mRNA production 

(Figure 1).  However the ability of the TxR virus to replicate indicates that this circuit is 

sufficiently robust to biologically relevant changes in timing and expression; it remains 

to be seen if Rev-mediated feedback on Tat is a significant selection pressure in either of 

these  protein’s  evolution.      

Overlaps May Protect Against Non-Productive Mutations 

One way overlaps could confer a selective advantage is via protection from non-

productive or lethal mutations.  Surveys of point mutations in viruses have found that 

the average mutation has a negative fitness cost18. An overlap restricts the available 

mutational subspace, even in a selfish arrangement.  For instance strict functional 

requirements from one frame may prevent the other frame from entering a non-

productive state (Figure 2A).  In this way, even though the overlap restricts the actual 

mutational subspace, it disproportionately decreases the occupancy of the non-

productive subspace and thus mitigates any decrease in viral diversity.   

Overlaps as an Alternative to Gene Duplication 

In large viruses or higher order organisms, genomic novelty in response to a selection 

pressure can often evolve via gene duplication, adaptation and genome 

compression19.  An alternative mechanism, possibly preferentially deployed in viruses 



85 
 

with small genomes where gene duplication may not be feasible, can occur through de 

novo gene creation via an overlapped reading frame.  In the process of adaptation, the 

genes segregate their functional  domains,  thus  avoiding  a  potential  Achilles’  heel  and 

circumventing the need for genome compression (Figure 2B).  In this model overlaps 

arise as adaptive changes, not as penalties in response to other pressures.  Instead they 

are optimal solutions that take advantage of small, highly-adaptable functional domains 

templated onto an intrinsically disordered scaffold while working in the constraints 

imposed by the genome.     

Therapeutic Implications of Overlaps 

Although selfish organization is an elegant outcome to minimizing functional restraint, 

this organization appears to damper the prospects for therapeutically targeting an 

overlap.  However other studies demonstrate that, although evolution has sought to 

minimize the penalty by occupying a selfish portion of sequence space, mutational 

escape is still constrained.  Rhesus monkeys infected with SIV can generate a T-cell 

epitope that targets the region of Tat that overlaps with Vpr.  Production of this epitope 

results in nonsynomous mutations to Tat, yet the virus mutates synonymously with 

respect to Vpr20.    In  essence  this  creates  an  artificial  “compromising”  position  via  

selection pressure by the host.  A combination of epitopes might be successful in such 

cases as the overlap, by definition, decreases the viral mutational space.   Indeed HBV, 

which has an astounding 50% gene overlap, appears to take pre-emptive steps to avoid 
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mutational trapping by the immune system by preferentially avoiding potential CTL 

epitopes in overlapped areas21. 

Interestingly studies analyzing areas of overlap with non-coding elements show existing 

constrained variability and evolution 22,23.  The discrepancy between coding/coding and 

coding/non-coding overlap may reflect different constraints between the offset genetic 

code and base-pairing considerations.  Given that the aforementioned SIV experiments 

demonstrate that coding overlaps have some mutational constraint (even in a selfish 

arrangement), coding/non-coding overlaps may be additional ripe targets for therapy.     

Mildly Selfish Sites   

Although we have proposed two discrete models, a selfish model and a compromising 

model, these two models truly represent extremes upon a continuum.  For instance, our 

analysis revealed several sites that were strongly conserved in a single characteristic 

rather than a single amino acid.  This was most drastically seen in our mutation of Rev 

L81, but other residues such as Rev L21 transition frequently through both leucine & 

isoleuicine codons.  Even a seemingly plastic residue like Rev E47, which does not 

appear to possess a particular biochemical characteristic, has several codons which it 

actively selects against (i.e. proline and stop codons).     Thus although it appears that 

each individual nucleotides in the overlap has been parceled out for a single protein, 

there are likely weak constraints that constitute weak compromises between the two 

proteins.  Such behavior would most clearly be seen from a comprehensive survey of all 

sites in the overlap in the decoupled system. 
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Optimization of the Genetic Code 

Although  Francis  Crick  famously  called  the  genetic  code  “a  frozen  accident”24, several 

groups have argued that the genetic code is in fact optimal in several considerations, 

including the creation of new genes25,26. Even amongst overlaps biases, certain biases 

are clear with +1 framshifts being the most common manifestation of overlaps and 

reverse complement overlaps rarely seen 2.  Although we attempted cursory 

investigation into this phenomena we were unable to discover any specific pattern 

except to note that arginine-rich proteins such as Rev and Tat are ideal for overlaps as 

these codons are six fold degenerate and allow preservation of particular characteristics 

in different frameshifts (Appendix C).   

Independent Evolution of Reading Frames in Other Viruses 

Although this study is the first to examine independent evolution of overlaps on a 

residue level, several other studies, performing gene wide dN/dS calculations have 

found observed the trend in which one gene displays a high mutation rate in response 

to conservation in another27.  This behavior has been seen in potato leafroll virus, HBV, 

SIV and some papillomaviruses20,28,29. This suggests that selfish organization may be a 

general outcome of having two overlapped frames.  

Complete Survey of All Residues 

Chapter 4 clearly demonstrates the feasibility of directed evolution and selection for 

specific sites in a decoupled viruses.  This method is generalizable to all sites in either 
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protein and comprehensive mutation of each site would convincingly show the presence 

or absence of any compromising sites.  Furthermore analysis of these sites would 

demonstrate  if,  in  avoiding  an  an  Achilles’  heel,  either  protein  has  made  functional  

sacrifices that can be optimized in a non-overlapped context.  A complete dataset of all 

sites would further  allow  critical  analysis  of  the  “protective  effect”  model  of  overlaps  as, 

with the fitness of all codons at every position, direct comparisons could be made 

between  the fitnessess permitted and prevented by an overlapped architecture.    

 Summary 

Taken together these data demonstrate a minimal negative impact on viral fitness 

imposed by the overlap.  This is in stark contrast with the traditional dogma that 

overlaps are a large fitness cost driven by other considerations such as limitations on 

genome size1–3.   Indeed, the usual corrally of this model, that constraints from both 

frames should drive high conservation, appears to be untrue for HIV-1 as overlaps have 

a higher sequence entropy than non-overlapped areas.  Rather it appears the existence 

of overlaps is the result of a confluence of both positive and negative selection 

pressures including the need for genomic novelty, restrictions on genome length, and 

possibly, though it lies outside the scope of this work, post-transcriptional control.   

It is likely that the trends observed here are not an isolated case, but rather that this 

unilateral division of genetic information between overlapping genes is a common and 

clever evolutionary outcome that satisfies this mix of positive and negative pressures.  

Immune targeting and evolutionary analysis of overlaps suggests this modular 
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organization exists in several viruses such as HCV and Paramyxovirinae  although their 

overlaps have yet to be completely and systematically dissected7,20,21,27.  The tat/rev 

overlap then is a logical evolutionary outcome, where each gene has selfishly claimed 

individual nucleotides for itself and thus incurred little to no functional penalty while 

still reaping the evolutionary rewards of an overlap.  Indeed, overlaps in all viruses merit 

further analysis based on their impact in the context of viral evolution as a whole, rather 

than just dismissal as a disadvantageous consequence of other selection pressures. 
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Figure Descriptions 

Figure 1: Inhibition of Viral Replication by Rev Overexpression 

A cell line overexpressing Rev inhibits viral replication, possibly by repressing the 

production of Tat mRNA.  This may be part of a larger role for the tat/rev overlap in the 

post-transcriptional control of a biological network.  However this behavior has yet to 

be shown in a biologically relevant context.    

Figure 2: Model for Fitness Advantages of an Overlap 

A)  “Pipe”  network  of  codon  fitness  network.    Nodes  represent  codons  (with  reference  

codon in the center) and connections represent evolutionary pathways (i.e. point 

mutations). Dashed connections indicate pathways that are no longer possible in the 

context of an overlap.  Nodes are colored to represent fitness relative to reference: red 

nodes are less fit, neutral are white, and more fit residues are blue. 

B) Potential mechanisms of adaptation in viruses.  Large viruses with low mutation rates 

can accommodate multiple gene duplication events and then evolve functions from that 

scaffold (red and black boxes) in the face of selection pressure.  Eventually only the 

needed functions are kept (blue, red) and the rest of the duplications are discarded.  For 

small genomes, gene duplication may be infeasible and genomic novelty may arise 

simply by creating an alternative frame within an existing gene (black box).  That gene is 

adapted  and  its  functional  domains  isolated  in  nucleotide  sequence  space  (the  “driving  

apart”  of  the  genes).    No  subsequent  compression is required.
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Introduction 

Although evolutionary studies of Tat and Rev provide an interesting case study of the selective 

forces that must be balanced within an overlapping reading frame, we are also interested in the 

specific mechanisms of viral protein function.  In order to focus our effort, we concentrated on 

studying the details of Rev function by generating physical interactions maps between Rev and 

human host proteins1.       

Protein-Protein Interaction Maps Provide a Deeper Understanding of Protein Function  

Within the cell, most proteins organize into larger functional complexes through 

protein-protein interactions (PPI). As most complex biological processes involve at least 

one multiprotein complexes, discovering and defining PPIs has become essential in 

achieving a better understanding of basic biological mechanisms2–5. Affinity purification 

coupled to mass spectrometry (AP-MS) is one of the most commonly used techniques to 

generate PPI network data. The AP-MS technique allows identification of complexes in 

their native context, produces a much lower false positive rate compared to other 

approaches, and is more amenable to complex identification6.  AP-MS has also been 

employed to generate host-virus interactomes with success, and allows purification of 

protein complexes within the context of infection7. Global analyses of AP-MS maps have 

helped shape our view of protein complexes as the molecular machinery of the cell.      

HIV-1 Requires Host Factors for Viral Replication and RNA export 

The HIV-1 genome contains only nine genes encoding approximately fifteen proteins8.  

These proteins participate in a myriad of biological processes including, but not limited 
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to, receptor trafficking, RNA export, transcription, and ubiquitination9. Such a wealth of 

processes and minimal genomic information implies that virus is especially reliant on 

host factors in order to successfully replicate and spread.  

As discussed in previous chapters, Rev has several well characterized interactions with 

host proteins. Rev contains a hydrophobic NES that recruits the host export factor Crm1 

(XPO1) and forms a ternary complex with Ran.  Several other proteins have been 

implicated in Rev function, but their roles remains less well characterized.  The dead box 

helicase DDX3 is thought to attach to Rev-Crm1 complexes and remodel RNA cargoes in 

a manner that facilitates transit across the nuclear pore10.  Other  interactions of note 

include the recognition of Rev’s NLS by B23 (Nucleophosmin) and importin-beta which 

allow nuclear localization of Rev11,12.  In addition to RNA export, alternative Rev 

functions in translation and splicing have been suggested yet remain controversial13,14.  

More recent work has shown that RNA nuclear export and encapsidation are coupled 

processes, raising tantalizing post-transcriptional roles for Rev15–17.  

Packaging and Cellular Trafficking of RNA is Linked to Rev-RRE Nuclear Export 

It is possible to alter HIV-1 RNA export to proceed in a Rev independent manner.  Two 

common approaches are the removal of instability elements via codon optimization, or 

the substitution of RRE for a constitutive transport element (CTE).  Either of these 

modifications allows RNA export to proceed through the default cellular pathway 

mediated by Nxf1. Interestingly, simply changing the RNA export pathway from Crm1 to 

Nxf1 allows HIV-1 to overcome a virion assembly defect encountered in murine cells17,18.  
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The linkage between RNA export and virion assembly is further strengthened by studies 

which show that viral RNAs exported by Crm1 pathways do not efficiently dimerize or 

co-package with viral RNAs exported by Nxf116.     These results suggest that the 

cytoplasmic fate of an RNA is at least partially influenced by the manner of its exit from 

the nucleus.  A key difference between these two modes of export is the presence of 

Rev, suggesting that Rev may be a key determinant in downstream functions such as 

packaging and assembly15.  In order to examine this possibility, we characterized a Rev 

“interactome” to find candidate host interaction partners that might be involved in 

these cytoplasmic roles of Rev.        

Methods 

Creation of an Affinity Tag and Purification System 

A dual affinity tag containing a 2xStrep-3xFLAG vector spaced by a glycine-serine linker 

was synthesized and cloned into pcDNA4-TO to create pcDNA4-TO SF.  This vector also 

contains a TEV cleavage site in between the Strep II (Novagen) and 3xFlag (Sigma).  A 

corresponding N-terminal vector pcDNA4-TO FS as well as single tag versions (pcDNA4-

TO Nstrep, pcDNA4-TO NFlag, pcDNA4-TO CFlag and pcDNA4-TO CStrep) were also 

created.   Sequences  corresponding to NL43 and HXB2 reference strains of Rev were 

cloned into this vectors using Afl II and Not I.  This affinity tag combination was selected 

based on tests compared to His-Flag versions as well as literature analysis of common 

AP tags6,19,20.  This system was also used to characterize interactions for all HIV-1 

proteins described in a separate work3,21. 
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Large Scale Affinity Purification of Rev 

HEK293 cells were cultured and plated onto four 15 cm dishes per each set of 

experimental conditions.  At 60-75% confluency cells were transfected with 5 ug of 

pcDNA4-TO- FS Rev  per plate.  Transfection mixtures were prepared at a 1:5 ug DNA:ul 

Polyjet (SignaGen) according to manufacturer’s instructions.  Cells were grown for 24-48 

hours post-transfection.   

Cell were washed with PBS, pelleted and resuspended in 1  ml/plate cold lysis buffer 

(0.5% NP40, 50 mM Tris–HCl pH 7.4; 150 mM NaCl, 1 mM EDTA, protease and 

phosphatase inhibitors).  In order to test the optimal conditions for Rev purification we 

tested several purification conditions.  High salt (500 mM NaCl and low salt 50 mM NaCl 

conditions  were also tested) lysates were prepares as were standard RNAsed lysates 

(RNAse A/T1 was added to both the lysis and wash buffers)22.  Finally one set of dishes 

was used to test a hypotonic fractionation protocol. Lysis of the pellet was first 

performed with hypotonic lysis buffer (10 mM HEPES 7.9, 1.5 mM MgCl2, 10 mM KCl 0.5 

mM DTT) and dounce homogenization to make the cytoplasmic fraction.  Nuclei were 

then washed with a sucrose cushion before being lysed in standard lysis buffer.  All lysis 

and purification steps took place at 4°C After 30 minutes of incubation, lysates were 

pelleted to remove the insoluble fraction.      

For large scale purifications binding was done on column.  Briefly 100 ul of Strep Tactin 

Sepharose (Novagen) were packed onto plastic 2 mL column and washed 5x with ice 

cold lysis buffer.  Lysates were then bound to the column with the flow through re-
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collected and passed over the column a second time.  After the second binding step 

columns were washed 2x (volume equivalent to lysate) with lysis buffer and then 3x 

with wash buffer (lysis buffer without detergent).  Columns were then eluted 5x with 

100 ul 2mM desthiobiotin elution buffer.  After elution binding was repeated on a fresh 

column with M2 3xFLAG agarose and eluted with 100 ug/ml 3xFLAG peptide  and 0.05% 

RapiGest.   Samples were then analyzed by Western and silver stain for recovery of the 

bait and samples submitted for in-solution mass spectrometry analysis as described 

previously3,21.   These experiments produced a large list of candidate host partners for 

Rev.   

Purification of Rev and Identified Interactors 

As overexpression of known interaction partners can force Rev into biologically relevant 

complexes we also performed experiments in which Strep tagged Rev was coexpressed 

with 3xFLAG-tagged versions of known host cofactors Ran (or RanQ69L, which cannot 

hydrolyze GTP23), and Crm1.  Additionally we tagged several candidate factors to 

validate their interaction with Rev and further characterize their proteomes.    For these 

experiments single FLAG or Strep purifications were performed with GFP-FLAG acting as 

a negative control.     For smaller scale experiments, purifications were performed in 

batch with 1 hour binding and 10 minute washes21.   

SILAC Affinity Purification of Rev 

Several of the interesting Rev alanine mutants (R35A, L81A, and V109A) identified in 

Chapter 3 were purified using stable isotope labeling by amino acids in cell culture 
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(SILAC).  Cells were grown in labeled media using SILAC kits (Thermo) supplemented 

with either 13C 15N lysine/arginine (heavy) or standard lysine/arginine (light).  Samples 

were performed in duplicate with labels switched for reference and mutant.  Single 

step, large-scale strep purifications were performed in batch as described above.  Prior 

to IP a Bradford assay was performed and heavy and light mutant and reference 

samples were mixed to equal concentrations.  Samples were then analyzed on an 

Orbitrap and z-scores computed for all purified proteins.       

Reporter Assays 

Candidate interactors identified by AP-MS were cloned into pcDNA-TO FLAG vectors. We 

then tested the effects of overexpression (0- 100 ng) of these factors in our gag-pol-RRE 

assay.    

Co-localization Assays 

Rev was cloned into a vector containing a GFP tag while host interactors were tagged 

with mCherry.  Plasmids were transfected into 293 cells seeded on chambered slides 

and analyzed on a Nikon Ti-E Microscope 24 hours later. ImageJ was used to merge 

channels.   

Results and Discussion 

Defining the Rev Interactome Presents Many Unique Challenges   

Characterization of the Rev proteome remains a daunting but intriguing challenge.  

Despite Rev’s small size, its propensity to bind RNA results in a large amount of noise via 
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non-specific RNA-mediated interactions.  Despite this, one previous study has 

attempted to characterize the Rev interactome through in vitro reconstitutions of Rev-

RRE export complexes24.  The authors identified several RNA helicases that appear to 

modulate Rev function but also note a high degree of non-specific interactions and 

require a sophisticated scoring system to filter signal from noise.  Our own studies 

focused on in vivo complexes which allowed us to examine interactions, both relevant 

and artifactual, outside of the Rev-RRE-Crm1 complex.  Although we observed some of 

these same helicases in our purifications we were unable to confidently identify them as 

relevant interactors as a comparison of AP-MS datasets of other HIV proteins showed 

limited specificity for these proteins1.    

Purification of Rev Under Varied Conditions 

In order to test how dependent the interactome of Rev was on the conditions of 

purification of Rev we varied several conditions including salt (high/standard/low) the 

affinity tag used (FLAG or Strep), subcellular fractionation (cytoplasmic/nuclear 

fractions) and RNAses (Figure 1A).  For these experiments we performed single step 

purifications as concurrent studies showed that post-purification analysis of two parallel 

but separate purification conditions was more effective increasing signal:noise than a 

single two step purification (which resulted in a large loss of signal)1.      Surprisingly, no 

condition identified Crm1 or Ran consistently, most likely reflecting difficulties in 

detecting a transient and low abundance complex.  In order to minimize these 

difficulties we performed Strep purifications of FS RanQ69L coexpressed with His-Flag-
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Crm1, and Flag-Rev.  This purification procedure, in combination with the addition of 

0.2% deoxycholate to the lysis buffer produced detectable complexes by Western, 

although MS analysis only semi-consistently detected Ran and failed altogether to 

detect Crm1 (Figure 1BC).  The varied sets of purification conditions provided no clear 

correlation between higher quality MS results.  High salt conditions resulted in a more 

complete lysis of the nucleus and identification of more proteins, but were 

experimentally difficult to work with due to their high viscosity.  Strep purifications 

yielded a higher recovery of the bait but had identifiable tag specific noise making FLAG 

purifications an important orthogonal approach.  Fractionation resulted in an overall 

loss of signal indicating that significantly more material would be required for adequate 

MS identification.  The results of these experiments were combined and scored based 

on repeatability, functional annotation, and literature evidence to assemble a list of 

candidate interactors (Table 1, Table 2)1. 

TMEDs: An Intriguing Family of Candidates  

One class of proteins consistently found in Rev purifications are the transmembrane 

emp24 domain-containing proteins.  This family of proteins is involved in the early 

secretory pathway and thought to sort cargo into vesicles25.  Our screen identified 5 

different TMED proteins (Table 3).  We cloned tested them for interactions with a Strep 

tagged Rev (Figure 2A/B).  All TMEDs successfully recovered Rev.  Domain mapping 

experiments of the Rev-TMED interactions further showed requirement of Rev’s 

unstructured C-terminus but not the N-terminus (Figure 2C).     We also sought to 
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characterize the TMEDs in higher order complexes.  MS analysis of TMED pulldowns 

identified our flag-tagged versions in complex with endogenous TMEDs (Figure 2D), 

suggesting that these interactions may constitute a larger multi-protein complex.   

A Role for TMEDs in RNA Trafficking 

The TMED-Rev interaction is intriguing given Rev’s potential to influence RNA fate in the 

cytoplasm.  The steps from nuclear export to encapsidation still remain largely 

unknown.   Studies of HIV-1 RNAs labeled using MS2 binding sites and MS2-GFP have 

shown that HIV-1 RNAs move along endosomes, sites where TMEDs may be present26. 

Although this endosomal trafficking is not required for HIV-1 spread, it appears that this 

pool of RNAs may play a role in cell-to-cell transmission.  Furthermore, expression of 

Rev in trans has been shown to enhance encapsidation15.  Given their location in a 

cellular compartment where trafficking to the membrane, and encounters with Env or 

Gag are possible, the Rev-TMED interaction may provide a mechanism for the packaging 

and assembly differences between Rev and Nxf1 mediated export.      

Overexpression of TMEDs has Negligible effect in Gag-Pol Reporter System 

Despite the strong evidence for a physical interaction between TMEDs and Rev, 

overexpression of TMEDs appears to have minimal effect on Rev-mediated export.  

However this is not an entirely unexpected result as the most likely role for TMEDs is 

downstream of export and not likely to be captured in this assay. (Figure 3)   

TMED9 Changes Rev Localization  
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Expression of GFP-Rev is primarily nuclear with a diffuse cytoplasmic signal.  TMED9 and 

TMED4 appear to have purely cytoplasmic location with discrete puncta near the 

membrane.  Co-expression of TMED9 and Rev appears to cause Rev to persist in the 

cytoplasm, suggesting that a direct TMED9-Rev interaction occurs in vivo.  No such 

effect is seen with TMED4.  (Figure 4) 

SILAC Analysis of Alanine Mutants  

Three mutants were selected for SILAC analysis based on their activity in the reporter 

assay as well as their known functions.  R35A is a particularly deleterious mutation in 

the ARM and should function to reduce Rev activity.  L81A is a completely non-

functional mutation of the NES and should remain nuclear.  V109A has particularly 

diminished activity but no known functional role.  R35A and L81A produced expected 

results with L81A having low amount of cytoplasmic interactions and R35A displaying 

decreased RNA binding likely through the loss of an arginine.  Our AP-MS study 

confidently purified our candidate interactors; however the only statistically significant 

changes in both replicates occurred between V109A and several SRP proteins.  While 

these proteins were not candidates from the initial screen, it is intriguing that machinery 

related to the ER appears to map to an unknown domain on Rev.   (Table 4)    

Post-Translational Modifications of Rev 

MS analysis of Rev identified definitive phosphorylation of serine 8 (E-value 1.7x10-7) 

and possible phosphorylation of serine 67 (1.7 x 10-5).  Serine 8 forms a classic casein 

kinase II site, and its phosphorylation has been linked to the down-regulation of Rev 
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function27.    Gly-Gly modification of lysine 20   was also detected (4.1x10-8).  This is likely 

the reason for Rev to occasionally appear as a doublet.  Excision and MS analysis of the 

upper band shows this modification; the lower band has peptide coverage of lysine 20, 

but shows no modification.  This modification is traditionally thought to be a sign of 

ubiquitination via ISG1528. 

Summary 

Biologically meaningful proteomic characterization of Rev remains a challenge.  The 

transience of known functional interactions makes it difficult to determine standards for 

“optimal purifications” and Rev’s RNA binding properties cause many RNA binding 

proteins to consistently co-purify with it.  However Rev appears to be able to influence 

events far downstream of RNA export and interacts with a large amount of ER-

associated machinery.  Further work is needed to fully understand the relevance of 

these interactions in the context of HIV-1 replication.  
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Figure Descriptions 

Figure 1: Silver stain of a Variety of Rev Purifications.  A) Purifications performed with a 

normal lysis (Strep and FLAG), high salt (500 mM), low salt, (50 mM), RNAse or 

fractionation conditions (Nuclear and Cytoplasmic).  All purifications are single step 

Strep Purifications except for the FLAG purification which is an analogous, single-step 

FLAG purification.  A Marker (M) is shown to the far left.  B) Purification of a Rev-Crm1-

RanQ69L complex.  Flag-Rev, Crm1 HF and RRE are coexpressed with RanQ69L SF.  A 

Strep pulldown is performed on RanQ69L and all componenets are visualized with FLAG 

antibody.  Alternatively nickel resin is used to purify Crm1 HF and FLAG visualization 

once again.  C) Silver stain of Rev, Ran, and Crm1 baits submitted for MS analysis.  Rev’s 

RNA binding activity gives it a relatively high background.   

Figure 2:  A) Silver stain FLAG Purifications of TMEDs +/- Rev.  Each TMED succssefullly 

co-purifies with Rev.  GFP is shown as a negative control.  B) Western blots of TMED 

pulldowns.  GFP and Tat are shown as specificity controls. Numbers represent MIST 

scores from Jager et al. (figure is reproduced and modified from this work)1   C) Domain 

mapping of Rev-TMED interaction.  All TMEDs require residues 9-116 for the interaction.  

Crm1 is a positive control and GFP is a negative control. D) TMED pulldowns (in the 

absence of Rev) submitted for AP-MS analysis.  Network diagram shows which TMED 

bait recovers another (bait points to partner) or is recovered by a different TMED.   

Figure 3: Titration of interactors in the presence of 50 ng Rev and 200 ng RRE reporter.  

GFP shows a slight enhancement of reporter activity indicating the uncertainity of the 
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assay.  SAM68, a previously established Rev interactor29 acts as a control showing a 

clear excitation of the reporter while Tmed9 has no clear effect.   

Figure 4: Expression of GFP-tagged Rev and mCherry tagged TMEDs.  Rev shows a 

nuclear localization while Tmed9 and 4 show cytoplasmic localizations.  An NLS-GFP 

functions as a control. Coexpression of Tmed9 and Rev results in cytoplasmic 

colocalization while no such phenotype is seen with Tmed4.   
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Table 1: 100 top candidates from combination of Rev proteomics studies.  Candidates 

were scored on repeatability after filtering common AP-MS noise.  
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Table 2: Top 40 candidates filtered by raw scores from Table 1, functional annotation 

and literature searches.  

 

 

 

Table 3: TMED proteins identified in proteomic screen with raw rankings from Table 1 

and subfamily membership.   

 

 

Table 4: Statistically Significant and Consistent changes in SILAC AP experiments for 

V109A vs reference. Both columns represent the heavy:light ratio suggesting that V109A 

preferentially associates with these proteins compared to reference.  

Name Rank Subfamily

TMED1 12 gamma

TMED10 40 delta

TMED9 41 alpha

TMED4 128 alpha

TMED2 337 beta
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Concluding Remarks 

The work outlined here represents the most in-depth dissection of a set of overlapping 

genes to date.  The focus on residue level dissections of entropy, function, and fitness 

provide strong evidence for selfish organization of overlapped genes.  It is our hope that 

these experiments further the rethinking of overlaps in the context of adapative 

evolution instead of as artifacts of additional selection pressures.     

 

Furthermore much work remains to be done in characterizing the molecular details of 

the functions that have evolved under this unique set of pressures.  Our work on 

proteomic characterization of Rev interaction partners suggests that there still much to 

discover about the roles of these proteins in viral replication.   
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Appendix A 

List of Common Abbreviations 

 

AD:  Activation Domain 

AP-MS:  Affinity Purification-Mass Spectrometry  

ARM:  Arginine Rich Motif 

dN:  Rate of non-synonymous substitution 

dS:  Rate of synonymous substitution  

FFL:  Firefly luciferase 

HCV:  Hepatitis C Virus 

HIV-1:   Human Immunodeficiency Virus type 1 

LTR:  Long Terminal Repeat 

NES:  Nuclear Export Sequence 

NLS:  Nuclear Localization Sequence 

OD:  Oligomerization Domain 

p24:  HIV capsid 

RBD:  RNA Binding Domain 

RNP:  Ribonucleoprotein   

SIV:  Simian Immunodeficiency Virus 

TMED:  Transmembrane emp24 domain-containing protein 
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Appendix B:Supplemental Figures 

 

Figure Descriptions 

Figure B-1: The Gentic Code.  Interpretation of codons in the standard genetic code.  

 

Figure B-2:  Groupings of Amino Acids by Similar Characteristics.  Modified  from: 

Livingstone, C. D. and Barton, G. J. (1993), "Protein Sequence Alignments: A Strategy for 

the Hierarchical Analysis of Residue Conservation", Comp. Appl. Bio. Sci., 9, 745-756. 

Figure B-3: Unfiltered Protein Alignments. Raw protein alignments (not HXB2 

numbering) of A) Tat and B) Rev. Note the common occurrence of Rev extensions 

including a fairly common QSQGTET insert in the C-terminus.  Conservation and quality 

scores are included with the alignments. 

Figure B-4: Mean Pairwise Distance Plots for Tat and Rev.  Mean Pairwise Distance 

(MPD) is a useful metric to measure how frequently and drastically a codon mutates.  

MPD reflects the average number of nucleotide differences between all codons at a 

particular position in the alignment (0 = conserved codon, 3 = codons that differ by all 3 

nt).  MPD plots for Tat and Rev are provided here as they provide a deeper, nucelotide 

based analysis instead of simply looking at protein identity.  MPD is plotted as nt from 

the Tat start (1 = A of Tat ATG) considering only the mature (i.e. introns ignored) mRNAs 

of Tat and Rev.   

Figure B-5:   Synonmous Rates of Evolution. Site-specific ds values calcuated according 

to the Nei-Gojobori method. Each site is represented by 3 data points so that all 3 
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curves can be properly shown and offset.  Values were computed along the entirety of 

Tat, Rev, and the overlapping portion of Env.   

Figure B-6: Non-synonmous Rates of Evolution. Figure B-5:   Site-specific dn values 

calcuated according to the Nei-Gojobori method. Each site is represented by 3 data 

points so that all 3 curves can be properly shown and offset.  Values were computed 

along the entirety of Tat, Rev, and the overlapping portion of Env. 

Figure B-7: Representative Flow Cell Image and Q-Score Distribution.  Pictured is a flow 

cell image from a succseful MiSeq run.  Q score distrubtions show that ~98% of called 

bases had a quality score of 40 (1:10,000 error rate) or better. 

Figure B-8: Biochemical Implications of Different Overlapped Architectures. The effect 

of overlapped reading frames can be represented by a single codon as a dipeptide (the 

codon is flanked with random nucleotides).  Thus any single codon encodes a list of 64 

possible dipeptides.  By BLASTing this list against the list generated by the list produced 

by synonymous codons we can determine how constraining or variable the requirement 

of an amino acid is to the other frame.   High scores indicate that that part of the 

dipeptide maintains a particular characteristic while a low score indicates a wide variety 

of disparate substitutions.  For instance a requirement of W, TGG, fixes the +1 frame as 

G (GGN) and scores highly. 

Figure B-9: Phylogenetic History of Retroviruses.  Only a few families possess Rev 

and/or Tat orthologues (the lentiviruses, the delta retroviruses and the beta 
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retroviruses).  Although it is unclear which gene is older, both genes appear to predate 

the HIV-1 accessory factors, vif, vpr, vpu and nef.  

Figure B-10: Organization of the tat/rev Overlap in Other Viruses 

Despite the large sequence and mechanistic diversity amongst different tat and rev 

orthologues, the positioning of rev +1 of tat seems to hold true.  A notable exception is 

the oldest known lentivirus RELIK.  RELIK’s Rev and Tat remain poorly characterized and 

it is possible that they contain second, overlapping exons.   
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Figure B-1: The Standard Genetic Code 

 
Second Letter T   C   A   G   

  F T TTT Phe F TCT Ser S TAT Tyr Y TGT Cys C T T 

i   TTC Phe F TCC Ser S TAC Tyr Y TGC Cys C C h 

r   TTA Leu L TCA Ser S TAA Stop * TGA Stop * A i 

s   TTG Leu L TCG Ser S TAG Stop * TGG Trp W G r 

t C CTT Leu L CCT Pro P CAT His H CGT Arg R T d 

    CTC Leu L CCC Pro P CAC His H CGC Arg R C   

L   CTA Leu L CCA Pro P CAA Gln Q CGA Arg R A L 

e   CTG Leu L CCG Pro P CAG Gln Q CGG Arg R G e 

t A ATT Ile I ACT Thr T AAT Asn N AGT Ser S T t 

t   ATC Ile I ACC Thr T AAC Asn N AGC Ser S C T 

e   ATA Ile I ACA Thr T AAA Lys K AGA Arg R A E 

r   ATG Met M ACG Thr T AAG Lys K AGG Arg R G R 

  G GTT Val V GCT Ala A GAT Asp D GGT Gly G T   

    GTC Val V GCC Ala A GAC Asp D GGC Gly G C   

    GTA Val V GCA Ala A GAA Glu E GGA Gly G A   

    GTG Val V GCG Ala A GAG Glu E GGG Gly G G   

 

Figure B-2: Amino Acid Groupings
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