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 ABSTRACT 

 
Hijack of the ubiquitin proteasome system is a recurring theme in host-pathogen 

interactions.  HIV-1 encodes at least three ‘accessory factor’ proteins, Vif, Vpr, 

and Vpu, each known to interact with and retarget a human ubiquitin ligase with 

deleterious consequences for the host.  The best characterized of the accessory 

factors is Vif, which is required for viral infectivity in T-lymphocytes.  In the 

absence of Vif, the APOBEC3 family of restriction factors is expressed in these 

cells and induces lethal hypermutation of the viral genome.  Vif serves as a viral 

countermeasure to APOBEC3 proteins by recruiting them to CUL5, a member of 

the CRL ubiquitin ligases, for K48-linked polyubiquitination thereby sentencing 

them to proteasomal degradation.  Affinity purification-mass spectrometry 

approaches implicate a large cast of cellular proteins as Vif interactors; the work 

in this dissertation focuses on understanding the functional significance of a 

small number of them for Vif.  In summary, we find the NEDD8 E2 enzyme 

UBE2F is critical for activation of the Vif-hijacked ubiquitin ligase, and is 

recruited to CUL5 by the RING-protein RBX2.  The NEDD8 pathway is 

druggable at the E1 step, and the UBE2F pathway represents a novel drug 

target for relatively specific inhibition of Vif.  Ligands influence the 

conformational state of Vif, a natively disordered protein. We find that Vif is able 

to simultaneously bind nucleic acids and components of the ubiquitylation 

machinery, resulting in a conformation with physical properties not observed in 

Vif complexes lacking either nucleic acid or ubiquitylation components.
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CHAPTER 1 

Introduction	  to	  “Regulation of HIV Vif by host factors” 
 
David J. Stanley 
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INTRODUCTION 

Evolutionary conflict between pathogens and the hosts they infect has given rise 

to adaptations on both sides of the host-pathogen interface that are specifically 

evolved to combat the other.  The Red Queen Hypothesis states that in order to 

remain competitive in a dynamic environment, an organism must continually 

adapt to shifting pressures.  Examination of the evolutionary record across 

humans and other primates reveals the accelerated evolution of innate immunity 

factors in the form of an increased level of non-synonymous changes to the 

genetic code, believed to be the product of selective pressure from viral 

countermeasures over the time-span of millions of years (7).  In some cases, 

these factors and their viral counterparts physically interact, and the 

evolutionary rate is particularly great at the molecular interface between them (6, 

21, 22, 33, 39). 

 

Competitive evolution between the HIV protein Vif and the human innate 

immunity factor APOBEC3G (A3G) has been especially well studied (4, 11, 32).  

While A3G is a cytoplasmic cytidine deaminase that is able to cause a lethal 

mutational load in the viral genome, Vif counteracts the restrictive effect of A3G 

using by binding and recruiting it to an E3 ubiquitin ligase for K48-linked 

polyubiquitylation leading to proteasomal degradation (12, 18, 23, 25, 36, 40).  

Specifically, the ligase belongs to the Culling-RING Ligase (CRL) family of which 

the well-characterized SCF complex is the founding member (2, 28).  CRLs 
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consist of an elongated Cullin (CUL) scaffold, and an E2-recruiting RING-box 

protein (RBX) subunit at the C-terminal end, and a substrate adaptor subunit 

(SR) at the N-terminal end (42).  Vif is but a single representative of the HIV 

accessory proteins, of which there are two others, Vpr and Vpu.  All three are 

known to hijack human CRLs; however, whereas Vif binds to CUL5, Vpr and Vpu 

utilize CUL4A and CUL1 respectively (24). 

 

A global analysis of physical interactions between HIV and human proteins using 

an affinity-purification approach coupled with mass spectrometry (AP-MS) 

recapitulated known interactors, and also suggested several novel associations 

(15).  Among the implicated interactors of Vif were the transcriptional regulator 

CBFβ, and RBX2.  We found that CBFβ is an obligate binding partner of Vif for 

its role as an countermeasure to A3G, and additionally found that sequestration 

of CBFβ by Vif away from its normal binding partners, the RUNX family of 

transcription factors, modulated the transcriptional program of the cell (16, 17).  

At the time of the AP-MS studies, the role of RBX2 in CRL biology was not well 

understood, and we therefore conducted experiments to determine the 

implications of a CUL5-RBX2 complex rather than the expected CUL5-RBX1 for 

the function and regulation of Vif (40). 

 

RBX2 dictates regulation of the Vif E3 ligase by the NEDD8 E2 UBE2F 

RING-domains are a common and modular fold that is typically found in 

ubiquitin E3 ligases, where they interact with and stimulate the conjugating 
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activity of E2 enzymes (9).  In the SCF complex, RBX1 interacts with both 

ubiquitin-conjugating enzymes UbcH5b and Cdc34 and the NEDD8-conjugating 

enzyme UBE2M.  NEDD8 is a ubiquitin-like protein, the conjugation of which to 

the CUL scaffold is critical for CRL function in metazoans (8).  Similarly to that of 

ubiquitin, an E1-E2-E3 cascade uses ATP to drive the conjugation of NEDD8 to 

substrate.  NEDD8ylation induces a large conformational change in the CUL 

CTD, both increasing the ubiquitylation rate and processivity of CRLs, and 

playing a role in the efficient sampling of the available SR pool (10, 29, 31), 

thereby enhancing the timely turnover of substrates - a critical step in a broad 

array of cellular pathways including cell-cycle control, transcription, DNA repair 

and signaling (28).  By analogy, HIV Vif requires CUL5 NEDD8ylation to degrade 

APOBEC3G (40). 

 

Initial experiments were puzzling, in that we were unable to NEDD8ylate CUL5-

RBX2 complexes in vitro using the E2 UBE2M; however, by cloning and 

expressing the full panel of known human E2 enzymes, we were able to find 

another E2, now known as UBE2F, that was able to function as a NEDD8 E2 and 

fully NEDD8ylate CUL5-RBX2.  Soon after this, a study was published detailing 

functional links between RBX1-UBE2M and RBX2-UBE2F pairs, confirming our 

unpublished result (13).  We went on to show a requirement of both RBX2 and 

UBE2F for efficient Vif-mediated escape of A3G restriction, and detailed 

molecular specificity determinants thereof.  Additiionally, we validated the 

inhibition of NEDD8 cascades as a proof of concept for the block of virally-
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hijacked CRLs, extending the potential use of the NEDD8 E1 inhibitor MLN4924 

(37).  These results are published, and fully described in Chapter 2 herein (38).  

 

Additional regulation mechanisms of CRL5 

Having established the RBX2-UBE2F NEDD8ylation pathway is a viable target 

for the semi-specific block of Vif-mediated A3G degradation, we sought 

additional cellular factors that might play a role in this process.  The Defective in 

Cullin Nedd8ylation (Dcn) protein in the yeast S. cerevisiea is thought of as a 

NEDD8ylation E3, promoting the conjugation step by binding both CUL and N-

terminally acetylated E2 tail, and is required for efficient substrate turnover (19, 

20, 34, 35).  In humans, the DCN-like (DCNL) family has five family members that 

share a conserved core PONY-domain with the yeast Dcn protein, and is 

tentatively thought to impart a layer of specificity to CRL NEDD8ylation (26, 27).   

 

An shRNA-knockdown screen for dependence of Vif-conferred infectivity in cells 

expressing A3G on the expression of individual DCNL proteins was 

inconclusive, and suggested that if DCNL-mediated enhancement of CUL5 

NEDD8ylation is indeed important there is likely some redundancy in the 

pathways (D. Crosby, personal communication).  Aside from a major 

dependence of CUL3 localized to the plasma membrane on DCNL3 for 

NEDD8ylation (26), no other phenotypes have been reported for knockdown of 

individual DCNL proteins despite significant effort to discern specificity in 

DCNL-CUL-N8E2 interactions (27).   
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Therefore, we asked whether interactions between NEDD8 E2s and DCNL 

proteins might be regulated not through specificity of molecular recognition, but 

through post-translational modifications that might control the physical 

interactions or activity of the pathway.  Proteome-wide studies detected acetyl-

lysine modifications in the N-terminal tail of both NEDD8 E2s (3), a region of the 

proteins that interacts both with DCNL and E1 enzyme in distinct conformations 

(14, 34).  Using a surface plasmon resonance-based assay with semi-synthetic 

UBE2F bearing acetyl-lysine modifications, we tested whether lysine acetylation 

controls the interaction between UBE2F and the DCNL family.  No strong 

dependence of UBE2F-DCNL Kd equilibrium binding constants on lysine 

acetylation was detected, but remains possible that the E1 step is regulated by 

this modification. These experiments are presented in Chapter 3.   

 

Characterization of the nucleic acid binding activity of Vif in complex with 

CBFβ and Elongins B and C 

When not bound to ligand, Vif displays significant amounts of conformational 

disorder and is known to bind RNA; these properties are known to be 

characteristic of RNA chaperones (1, 5, 30).  Given the precedence in our lab of 

a stabilizing influence on Vif exerted by the interaction with binding partners 

CBFβ and Elongins B and C, we asked whether the Vif-CBFβ-EloB-EloC (VCBC) 

complex could bind nucleic acids similarly to monomeric Vif, and if this 

association might provide further stabilization that could prove useful for 
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structural studies of Vif.  Little structural information on Vif is available despite 

very significant effort; the protein appears to be conformationally dynamic, and 

the stabilization of a specific conformation may enable experiments that will 

unlock a detailed biophysical understanding of Vif.   

 

We found that VCBC bound both RNA and DNA in a highly salt-dependant 

manner, and protected a ~12 nt fragment of poly(U) from degradation by RNAse 

A.  Relative to experiments using monomeric Vif (41), a different base specificity 

is found in our Kd measurements of VCBC with a panel of oligonucleotides 

representing all 8 standard homopolymeric RNAs and DNAs, but it remains 

unclear what drives the observed preference, or if it has biological relevance.  A 

preliminary physical characterization of the oligonucleotide-bound VCBC 

complex by gel filtration and small angle X-ray scattering (SAXS) suggests a 

conformational compaction relative to VCBC alone.  This series of experiments 

is described in Chapter 4. 
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ABSTRACT 

Cellular restriction factors help to defend humans against human 

immunodeficiency virus (HIV).  HIV accessory proteins hijack at least three 

different Cullin-RING ubiquitin ligases, which must be activated by the small 

ubiquitin-like protein NEDD8, in order to counteract host cellular restriction 

factors.  We found that conjugation of NEDD8 to Cullin-5 by the NEDD8-

conjugating enzyme UBE2F is required for HIV Vif-mediated degradation of the 

host restriction factor APOBEC3G (A3G).  Pharmacological inhibition of the 

NEDD8 E1 by MLN4924 or knockdown of either UBE2F or its RING-protein 

binding partner RBX2 bypasses the effect of Vif, restoring the restriction of HIV 

by A3G.  NMR mapping and mutational analyses define specificity determinants 

of the UBE2F NEDD8 cascade.  These studies demonstrate that disrupting host 

NEDD8 cascades presents a novel antiretroviral therapeutic approach 

enhancing the ability of the immune system to combat HIV.  
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AUTHOR SUMMARY 

The APOBEC3 family of editing enzymes catalyzes lethal hypermutation of 

retroviral genomes to block spread of virus in host.  HIV Vif targets APOBEC3 

family members for destruction by a cellular ubiquitin ligase containing CUL5.  A 

major goal in the design of the next generation of antiretroviral therapies is to 

find an inhibitor of Vif so that the activity of the APOBEC3 family of antiretroviral 

enzymes can be restored. We define a three-enzyme cascade that is required to 

activate Vif by addition of the ubiquitin-like NEDD8 protein to CUL5.  MLN4924, 

an anti-cancer compound currently in phase 1 clinical trials, inhibits the NEDD8 

cascade, blocks the action of Vif, and thus has potent anti-HIV activity.  

Furthermore, our studies define downstream drug targets in the NEDD8 cascade 

more selective for inhibition of HIV Vif.  We demonstrate pharmacological 

inhibition of HIV replication through a mechanism that restores the innate 

immunity provided by APOBEC3 enzymes by targeting a host pathway, 

providing additional candidates that could be further exploited for therapeutic 

development.  Inhibition of this NEDD8 cascade alone, or in combination with 

existing antiretroviral drugs could prove to be a useful treatment for HIV. 
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INTRODUCTION 

HIV relies on extensive interactions with the host in order to co-opt cellular 

transcription, mRNA export, translation and ESCRT pathways [1,2,3,4].  In 

addition, HIV must subvert the immune system to achieve a chronic infection [5].  

The global landscape of human-HIV protein interactions was recently reported, 

identifying a network of host pathways that could be potentially exploited to 

block viral replication [6].  However, physical maps do not provide evidence for 

function, and the task of validating the interdependences of HIV on host 

pathways remains an outstanding challenge required before alternative 

therapeutic strategies can be considered. 

 

The accessory proteins of HIV are considered to be prime targets because they 

often hijack the ubiquitin-proteasome pathway to downregulate restriction 

factors that would otherwise block the spread of virus in host [5].  For example, 

the APOBEC3 (A3) family of cytidine deaminases restricts retroviral replication to 

protect the infected host.  When HIV lacks the viral infectivity factor (Vif), A3G 

and A3F enzymes are packaged into virions and perform lethal editing of viral 

cDNA, which occurs at the reverse transcription step [7,8,9,10].  HIV Vif 

counteracts A3 enzymes by recruiting them to a Cullin-RING Ubiquitin Ligase 

(CRL) consisting of CUL5, a RING-box subunit (RBX), the canonical adaptor 

proteins Elongins B and C, and the recently described Vif-specific subunit core 

binding factor beta (CBFβ), which is normally involved in the control of 

transcription of RUNX genes [11,12,13,14].  These subunits form the CRL5Vif-CBFß 
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holoenzyme, which acts in the last step of a three enzyme E1-E2-E3 cascade 

responsible for forming K48-linked polyubiquitin chains on APOBEC3 family 

members, targeting them for degradation by the 26S proteasome 

[11,12,15,16,17]. 

 

Covalent modification of a conserved lysine in the C-terminal domain of the 

Cullin subunit with the ubiquitin-like protein NEDD8 is essential for CRL function 

in metazoans [18].  This requires the action of a three-enzyme E1-E2-E3 

cascade much like that of ubiquitin.  NEDD8ylation activates a CRL, thus 

promoting the degradation of its substrates - a critical step in a broad array of 

cellular pathways including cell-cycle control, transcription, DNA repair and 

signaling [19].  As such, HIV Vif requires CUL5 NEDD8ylation to degrade 

APOBEC3G [11].  Given the broad dependencies of cellular protein homeostasis 

on CRL function, a potent mechanism-based inhibitor of the NEDD8 E1, 

MLN4924, was developed and found to be effective in suppressing tumor 

growth in xenograft models of cancer and is currently in phase 1 clinical trials 

[19,20,21].  

 

In metazoans, there are parallel NEDD8 cascades wherein a single NEDD8 E1 

charges the E2s, UBE2M and UBE2F, to promote NEDD8 conjugation of CRLs 

containing RBX1 or RBX2 respectively [22].  The RBX subunit is a critical 

determinant of cascade selection by making specific interactions with the 

NEDD8 E2 [22].  An important but unresolved question is the identity of the 
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NEDD8 pathway responsible for activating the Vif-associated CRL responsible 

for A3G degradation.  Early studies on the Vif-CUL5 complex implicated RBX1 

as the RING subunit, since Vif co-immunoprecipitated with RBX1 in HIV-infected 

T-cells and overexpression of RBX1 or a mutant of CUL5 impaired in RBX1 

binding had a dominant negative effect on Vif function [11].  However, 

subsequent studies of endogenous Cullin complexes suggested that CUL1-4 

associate with RBX1, whereas CUL5 is normally in complex with RBX2 [22,23].  

In agreement, we recently found using tandem AP-MS that RBX2 is an integral 

part of the CUL5-Vif complex [6].  Here we define the NEDD8 cascade required 

for activation of HIV Vif and validate the concept that pharmacological inhibition 

of NEDD8 pathways can restore the restriction potential of the innate immune 

system.  The pan-CRL inhibitor MLN4924 restores the restriction potential of 

A3G.  The recently discovered NEDD8 conjugating enzyme UBE2F is the sole 

NEDD8 E2 necessary for Vif to counteract A3G, and the RING box protein RBX2 

is required for Vif to promote spread of HIV in CD4+ T-cells.  Structural and 

kinetic analysis of NEDD8 conjugation reveals how residues linking RBX2 to 

UBE2F impart specificity to the UBE2F NEDD8 cascade.  These results advance 

our understanding of the activation of CRL5Vif-CBFß by NEDD8 and suggest 

avenues by which Vif inhibition may be achieved. 
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RESULTS  

Pharmacological inhibition of the NEDD8 E1 with MLN4924 restores the 

restriction potential of A3G 

Given the requirement of CUL5 NEDD8ylation for Vif activity, we reasoned that 

pharmacological inhibition of the NEDD8 modification would block Vif-mediated 

A3G degradation and cripple HIV infectivity.  As proof-of-principle for the use of 

NEDD8 cascade inhibitors for antiretroviral therapy, we employed the recently 

described NEDD8 E1 inhibitor, MLN4924 [20].  A fully infectious molecular clone 

of HIV, HIVNL4-3, was co-transfected into HEK293 cells along with a mammalian 

expression construct containing A3G or empty vector.  These cells were then 

treated with increasing concentrations of MLN4924, and the infectivity of 

resultant virus determined.  Although increasing concentrations of MLN4924 did 

not significantly impact HIV infectivity in the absence of A3G (Fig. 1A, white 

bars), nanomolar concentrations of MLN4924 strongly reduced infectivity in the 

presence of A3G (Fig. 1A, black bars), indicating that MLN4924 impaired the 

ability of Vif to counteract APOBEC3G.  Parallel immunoblots indicated that the 

compound impaired degradation of A3G and restored the ability of A3G to be 

packaged (Fig. 1B).  Consequently and characteristic of A3G function, 

sequencing of viral genomic DNA from virus produced in the presence of 

MLN4924 revealed a significant increase in G to A mutations compared to virus 

produced in DMSO treated cells (Figs. 1C, S1A). It is important to note the 

dinucleotide context of the observed mutations, as A3G-dependent G-to-A 
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mutations are thought to occur preferentially in a 5’GG context resulting in 5’AG, 

whereas mutations in the 5’ GA context occur by other mechanisms 

[9,24,25,26,27].  Consistent with this, the mutational context was 89% 5’GG (39) 

and 11% 5’GA (5) in the MLN4924-treated group, whereas it was 100% 5’GA (7) 

in the MLN4924-naïve group. Together, these data lend direct evidence as to 

how MLN4924 restored the restriction potential of A3G. 

 

Vif requires the NEDD8 E2 UBE2F to counteract A3G 

Although inhibition of the NEDD8 E1 by MLN4924 potently restores the 

restriction potential of A3G, this compound inhibits NEDD8 conjugation of all 

Cullins and is toxic to CD4+ T-lymhocytes with a CT50 of 100 nM (Fig S1B).  We 

next sought to identify the NEDD8 cascade responsible for activating CRL5Vif-

CBFß, reasoning that definition of downstream targets might allow for more 

selective inhibition.  Initially, RBX1 was found to co-IP with Vif [11], but in a 

recent AP-MS study to identify new Vif-interacting partners we observed RBX2 

in complex with Vif [12].  Since the identity of the RBX subunit determines 

NEDD8 E2 selectivity, we asked which NEDD8 E2 is responsible for Vif function 

and thus HIV infectivity in the presence of A3G [22].  Accordingly, we knocked 

down different NEDD8 E2s followed by co-transfection of HIVNL4-3 and A3G-V5 

into HEK293T cells and performed single-cycle infectivity assays.  Knockdown 

of UBE2F but not UBE2M or non-silencing control reduced infectivity by 10-fold 

with a concomitant increase in cellular A3G levels (Fig. 2A,B).  
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To systematically address the requirement of UBE2F for viral infectivity, 

experiments were performed with a Vif-deficient provirus (HIVNL4-3∆Vif) with 

transfected A3G and increasing concentrations of Vif-FLAG, following 

transduction with shUBE2F, shUBE2M or the non-silencing control shRNA (Fig. 

2C).  In the absence of Vif, virus infectivity was significantly impaired in all three 

knockdowns.  With increasing amounts of Vif, knockdown of UBE2F blocked the 

ability of Vif to counteract A3G whereas non-silencing control and UBE2M 

knockdown had no effect on Vif function.  Parallel immunoblot analyses revealed 

that knockdown of UBE2F impaired the ability of Vif to block viral packaging of 

A3G, consistent with the infectivity data (Fig. 2D).   Additionally, the fraction of 

CUL5 containing the NEDD8 modification was reduced by knockdown of 

UBE2F, whereas knockdown of UBE2M had no effect on CUL5 NEDD8ylation in 

HEK293T cells (Fig. S2).  The role of UBE2F was confirmed using an RNAi-

knockdown and complementation strategy where expression of RNAi-immune 

UBE2F was able to partially restore the defect in viral infectivity observed when 

UBE2F was knocked down, decreasing the amount of APOBEC3G in cell lysates 

and packaged into virions (Fig. 2E,F).  We conclude that NEDD8ylation of CUL5 

by UBE2F is essential for viral infectivity. 

 

UBE2F stimulates polyubiquitin chain formation on APOBEC3G   

Previous studies indicate that formation of K48-linked ubiquitin chains on 

APOBEC3G is required for degradation and exclusion from virions and that 
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recombinant purified CRL5Vif-CBFß was able to catalyze synthesis of K48 linked 

chains on A3G [12,17,28].  Accordingly, we evaluated the effect of NEDD8 

conjugation on activity of recombinant purified CRL5Vif-CBFß as illustrated in Fig. 

3A.  We found that NEDD8ylation of CUL5 by UBE2F has a switch-like effect on 

formation of polyubiquitin chains on A3G but not the Vif-resistant deaminase 

A3A (Fig. 3B).  An additional specificity control indicates this NEDD8-conjugated 

E3 ligase was also inactive in polyubiquitin chain formation on the Vif-resistant 

mutant of A3G (D128K, D130K) (Fig. S3A,B)[29].  In contrast, UBE2M only 

weakly affected activity of CRL5Vif-CBFß, which correlated with a low level of CUL5 

NEDD8ylation (Fig. 3B,C).  These observations are explained by 15N-HSQC NMR 

spectra showing UBE2F binds RBX2 but UBE2M does not (Fig. 3D).  Consistent 

with the effect on viral infectivity, inhibition of the NEDD8 E1 by MLN4924 

blocks charging of UBE2F with NEDD8, explaining why MLN4924 is able to 

restore the restriction potential of A3G (Fig. S1C).  These results indicate UBE2F 

promotes activation of the polyubiquitin synthesis activity of CRL5Vif-CBFß in vitro.  

 

RBX2 is required for replication of HIV in non-permissive CD4+ T-cells 

We next evaluated the role of RBX2 in viral infectivity, since UBE2F is required 

for Vif function and previous studies indicate UBE2F forms a functional E2/RING 

pair with RBX2 [22].  Accordingly, we used shRNA to knockdown RBX1 or RBX2 

and assayed for replication of HIV in non-permissive H9 or permissive SupT1 

CD4+ T-cell lines that express high or very low levels of APOBEC3 restriction 
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factors, respectively [30].  Although stable knockdown of RBX2 had no effect on 

HIV spread through permissive SupT1 cells, knockdown of RBX2 resulted in a 

sustained suppression of HIV spread through non-permissive H9 cells (Fig. 

4A,B).  Indeed, the degree of RBX2 knockdown correlated with increased 

suppression of HIV spread through non-permissive H9 cells (Fig. S4).  

Transduction with non-silencing control shRNA did not hinder the replication of 

virus in either cell line (Fig. 4A,B).  Culture supernatant HIV p24 antigen 

concentrations were commensurate with the fraction of cells positive for HIV 

antigen expression as determined by immunofluorescence assay (data not 

shown).  Knockdown of RBX1 resulted in cell death in both H9 and SupT1 cells 

and precluded comparisons of viral replication.  The observed toxicity of RBX1 

knockdown is consistent with the established role of RBX1 as RING subunit of 

CRL1-4 [22].  In contrast, when RBX2 mRNA was reduced by more than 80%, 

greater than 90% of H9 cells were viable at 6 weeks post-transduction, as 

evidenced by trypan blue exclusion, and cells retained resistance to the stably 

integrated puromycin selective marker (data not shown).  These findings are 

consistent with recent interaction and functional studies indicating RBX2 is the 

RING subunit of CRL5 [6,22,23].  We conclude that the NEDD8 cascade 

containing UBE2F and RBX2 is critical for activation of CRL5Vif-CBFß  and the 

ability of HIV Vif to counteract A3 restriction factors. 

 

Specificity determinants of the UBE2F/RBX2 NEDD8 cascade 
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Previous domain-swapping experiments indicated the RING domain of the RBX 

subunit was a major specificity determinant for CRL conjugation by NEDD8 

conjugating enzymes [22].  The structural basis for specificity is not well 

understood, especially since RBX1 and RBX2 are 50% identical in amino acid 

sequence.  To understand in more detail how the RBX2 subunit of CUL5 

discriminates between NEDD8 cascades, we used NMR chemical shift changes 

to map the binding interface and reveal divergent surface residues that could 

provide a basis for specificity.  The binding surface mapped by NMR agrees well 

with other RING-E2 pairs, and guided our substitution analyses (Fig. S3C, top).  

We found two divergent surface regions centered on R63 and Q95 of RBX2 that 

line the interface with UBE2F, which is otherwise conserved with RBX1 (Figs. 

S3C,D).  If these surfaces are important for conferring NEDD8 E2 specificity, 

then swapping residues from these regions between RBX1 and RBX2 should 

restore function of UBE2M with RBX2.  An RBX2 mutant, RBX2(Swap4), was 

designed that swapped in four RBX1 residues to their equivalent positions in 

RBX2 (Figs. 5A and S3E).  We compared conjugation of NEDD8 to CUL5/RBX2 

or CUL5/ RBX2(Swap4) and CUL5/RBX1 to evaluate the role of divergent RBX 

residues in conferring NEDD8 E2 specificity.  Although CUL5/RBX1 complexes 

are not detected under physiological conditions, this heterodimer can be 

prepared by overexpression as described previously and serves as a positive 

control for NEDD8 conjugation by UBE2M [22,23,31,32]. 
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Conjugation of NEDD8 to CUL5/RBX1, CUL5/RBX2 or CUL5/RBX2(Swap4) was 

followed over time and revealed that UBE2M is able to conjugate CUL5/RBX1 

but not CUL5/RBX2.  Remarkably, CUL5/RBX2(Swap4) partially restored the 

ability of UBE2M to NEDD8ylate CUL5 (Figs. 5B,C  and S3F).  The ability of 

UBE2F to conjugate CUL5/RBX1 or CUL5/RBX2 was identical, and the Swap4 

variant of RBX2 had only a small effect on the ability of UBE2F to conjugate 

CUL5 (Fig. S3G-I).  These data indicate divergent residues of RBX2 block 

interactions with UBE2M and allow function with UBE2F.  

 

Similar analyses of divergent surface features of UBE2F identified an active site 

proximal loop extension spanned by residues Ser124 to Gly129 (Fig. S5A-C).  

Deletion of this loop insertion in UBE2F (∆Loop) reduced the rates of 

CUL5/RBX2 NEDD8ylation by more than 100-fold but did not affect binding to 

the RBX2 core domain as detected by NMR.  In contrast, mutation of Asn92 of 

UBE2F to alanine blocked binding as observed by NMR and reduced activity by 

nearly 3 orders of magnitude, consistent with its predicted position on the 

UBE2F/RBX2 interface (Figs. 5D-F, S5D,E).  HSQC NMR spectra indicate the 

mutants are folded (data not shown).  A homology model of the 

CUL5/RBX2/UBE2F complex based on a recent crystal structure of the C-

terminal domain of CUL1 in complex with RBX1 suggests the divergent loop of 

UBE2F may function to stabilize a catalytically active form of 

CUL5/RBX2/UBE2F that is poised for NEDD8 transfer (Fig. 5G) [33].   
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To evaluate the requirement for the unique loop insertion of UBE2F for HIV 

infectivity, UBE2F was knocked down in HEK293T cells followed by transient 

transfection of HIVNL4-3∆Vif in the presence of A3G and Vif and increasing 

amounts of RNAi-immune plasmid encoding wild-type or UBE2F (∆Loop).  A 

catalytically dead UBE2F (C116A) that cannot be charged with NEDD8 was 

incorporated as a negative control.  While UBE2F (C116A) was unable to rescue 

infectivity or A3G degradation by Vif, expression of wild-type UBE2F partially 

restored the defect in viral infectivity, when endogenous UBE2F was knocked 

down (Fig 6A,B).  Restoration of infectivity by wild-type UBE2F was dose-

dependent and correlated with a decrease in cellular and virion packaged A3G 

as detected by immunoblot (Fig 6A,B).  In contrast and in line with our 

biochemical data, titration of UBE2F (∆Loop) indicated that deletion of these 

UBE2F specific residues impaired its ability to complement UBE2F knockdown 

and restore infectivity, which was reflected in the absence of A3G degradation 

(Fig 6A,B).  These results indicate the unique loop insertion of UBE2F is 

important for viral infectivity, consistent with the strong requirement of the loop 

for UBE2F activity in vitro.  We conclude that the RBX2/UBE2F components of 

the metazoan specific NEDD8 cascade have evolved loop residues that act as 

specificity determinants during binding or promote the catalytic step, suggesting 

structural features that could be exploited for targeted pharmacological 

inhibition. 
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DISCUSSION       

CRLs are estimated to affect turnover of 10% of cellular proteins, and hijack of 

this enzyme superfamily is a common viral strategy to evade the host immune 

response [20,34].  Herein, we validate the concept that inhibition of NEDD8 

cascades required to activate CRLs restores the innate immunity provided by 

restriction factors (Fig. 7). Pharmacological inhibition of the NEDD8 E1 by 

MLN4924 restored the ability of A3G to restrict HIV by disabling the Vif-hijacked 

E3 ligase, CRL5VIF-CBFß.  Nanomolar concentrations of MLN4924 effected a strong 

increase in the amount of A3G detected in both HIV-infected cells and virions 

produced from these cells, resulting in significantly less infectious virions 

compared to those produced in untreated cells.  Exposure of HIV to MLN4924 

caused a significant increase in G to A mutations in the viral genomic DNA of 

progeny viruses, compared to inhibitor-naïve viruses, indicating that the loss in 

infectivity is due to A3G activity.  

 

As MLN4924 inhibits NEDD8ylation of all CRLs, we asked which NEDD8 E2 and 

RING-subunit were responsible for activating CRL5Vif-CBFß to potentially allow for 

more selective inhibition of NEDD8 conjugation.  Such a strategy, if successful, 

would allow inhibition of Vif while minimizing the perturbation of protein 

homeostasis observed in cells treated with MLN4924 [20].  The RING subunit of 

CRLs designates the NEDD8 cascade and recent studies established 

CUL5/RBX2 is the functional heterodimer in cells [12,22,23].  Consistent with 

these observations, we find the NEDD8 conjugating enzyme UBE2F is required 
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for HIV infectivity by acting as an essential activator of Vif-mediated degradation 

of A3G.  Furthermore, we observed that RBX2 is critical for the replication of HIV 

in CD4+ T-cells expressing APOBEC3 restriction factors.  These results are in 

line with previous work indicating that UBE2F and RBX2 are required for 

NEDD8ylation of CUL5 [22] and indicate the expanded NEDD8 cascade 

containing UBE2F is an important host pathway required for HIV infectivity. 

 

Our in vitro studies suggest UBE2F is an essential cofactor for Vif likely because 

NEDD8 conjugation imparts a switch-like response on the polyubiquitin chain 

synthesis activity of the CRL5Vif-CBFß ligase in a manner similar to that described 

for CRL1 (also known as the SCF) [35].  This effect requires specific interactions 

between UBE2F, RBX2, and CUL5 formed by residues at the periphery of the 

UBE2F-binding surface of RBX2, and a unique loop found in UBE2F that 

enhances NEDD8ylation activity for CUL5.  The interactions identified by our 

combined NMR, mutational and kinetic analyses are consistent with a recent 

crystallographic study showing how NEDD8~E2 thioester may be positioned by 

the RBX subunit and the Cullin C-terminal domain (CTD) for efficient conjugation 

[33].  The unique active site proximal loop of UBE2F is important for viral 

infectivity and was found to contribute 2 log-units to the rate of NEDD8 

conjugation but was dispensable for binding of RBX2.  These observations are 

consistent the notion that the active site proximal loop of UBE2F could stabilize 

the transition state for catalysis, possibly by directly binding CUL5, but more 

detailed structural and kinetic studies will be required to prove this point. 
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The results presented here are at variance with the initial identification of RBX1 

as the RING subunit of the Vif-CUL5 complex[11].  RBX1 was found to co-IP 

with Vif in HIV-infected T-cells, but the presence of RBX2 was not evaluated.  

Two experiments supported the function of RBX1 with Vif.  Overexpression of a 

mutant CUL5(∆RBX1) that blocked association with RBX1 was found to have a 

dominant negative effect on Vif function; however, this mutation disrupts a 

region of the CUL5 CTD that interacts with a strand conserved between RBX1 

and RBX2 (Fig. S3) [36]; therefore, the effect of this mutant may derive from a 

loss of RBX2 as well as RBX1 binding.  Additionally, it was shown that 

overexpression of RBX1 could inhibit Vif function, though RBX1 can interact with 

multiple ubiquitin and NEDD8 conjugating enzymes, so overexpression could 

titrate away E2 coenzymes required for endogenous CRL activity.  We suggest 

the initial detection of RBX1 in Vif immunoprecipitates may result from copurified 

CUL2, which together with CUL5, was recently detected by affinity-purification 

mass-spectrometry studies of Vif expressed in Jurkat T-cells [6].  The 

observation that knockdown UBE2F or RBX2 impairs the ability of Vif to 

counteract APOBEC3G is in line with a body of work showing CUL5/RBX2 form 

a functional heterodimer in metazoans [22,23,37].   

 

Prior studies indicate that NEDD8ylation of target CRL could be regulated, 

leading to the possibility that cofactors other than UBE2F and NEDD8 modulate 

Vif activity.  In support of this idea, it was found that UBE2F activity was 
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restricted to CUL5/RBX2 in vivo though it can function with RBX1 and RBX2 

when overexpressed in cells or at high levels in vitro [22].  Negative and positive 

regulation of CRL activity can be achieved at the level of RING/E2 association as 

reported in recent studies.  For example, Glomulin is an RBX1-specific binding 

factor that blocks association with ubiquitin conjugating enzymes thereby 

inhibiting chain formation activity of CRLs [38].  The yeast Defective in Cullin 

Nedd8ylation (DCN1) gene is required for the UBE2M homologue (UBC12) to 

promote NEDD8ylation of CUL1 (CDC53) [39].  Structural and functional studies 

indicate DCN1 and RBX subunits of the CRL work together as dual E3s to 

promote NEDD8 conjugation [40,41].  An important challenge for future work is 

to understand RBX2 and UBE2F-specific cofactors that modulate CRL5 activity 

and affect virus/host conflict through the Vif-APOBEC3 axis. 

 

The Vif-APOBEC3 axis has long been considered an attractive drug target [42].  

In terms of selectivity, direct and rational targeting of the interaction between Vif 

and APOBEC3 restriction factors would be ideal; however, high resolution 

structures of these complexes are unavailable and the absence of robust 

reconstituted systems for in vitro high-throughput screening have hampered this 

approach.  Accordingly, most efforts to inhibit Vif function to date have utilized 

cell-based high throughput screens [43,44].  Potentially promising lead 

compounds have been identified although selectivity and mechanisms of action 

are poorly understood [44,45,46].  MLN4924 represents an alternative approach 

to inhibiting Vif: it has a well-characterized mechanism of action; it is highly 
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selective for the NEDD8 E1 (over Sumo and Ubiquitin UBE1); it is validated in 

mouse models of cancer and currently in clinical trials [20,21].  It is tempting to 

speculate that MLN4924 might be useful for treating individuals infected with 

HIV and resistant to HAART but evaluation of efficacy and how this would be 

tolerated in the case of chronic infection remains a challenge for preclinical 

studies.   

 

Alternatively, inhibition of UBE2F would block activation of CRL5 but not CRL1-

4 and could therefore be a more selective route to Vif inhibition than MLN4924.  

Since Vif counteracts several A3 enzymes present in T-lymphocytes [5,30,47], 

selective targeting of UBE2F with small molecule inhibitors to reduce the activity 

of CRL5 could potentially unleash the restriction potential of A3 enzymes 

without perturbing the function of CRL1-4.  The recent discovery of a specific 

allosteric small molecule inhibitor of a ubiquitin E2 (hCDC34a) suggests selective 

inhibition of NEDD8 conjugating enzymes is indeed possible [48].  Inhibition of 

host pathways required for HIV infectivity such as NEDD8 cascades, in isolation 

or in combination with current antiretroviral therapies, could be an important 

strategy to avoid resistance mutations and could be a viable antiretroviral 

therapy. 
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MATERIALS AND METHODS 

Stable shRNA knockdown of host factors in HEK293T cells and single-cycle 

infectivity assay  

pLKO.I lentiviral vector plasmids expressing shRNA targeting UBE2M/F and a 

puromycin selectable marker were purchased from Open Biosystems: UBE2M: 

TRCN0000007259 ; UBE2F: TRCN0000034110.  A control pLKO.I lentivector 

plasmid expressing a scramble shRNA was obtained from Addgene [49].  

Lentiviral vectors pseudotyped with vesicular stomatitis virus glycoprotein G 

(VSV-G) were produced and normalized for p24 capsid content as previously 

described [50].  At day 1, HEK293T cells were transduced with shRNA vectors in 

12-well plates for 36 hours.  At day 3, transduced cells were replated in 6-well 

plates and stably transduced cells selected in 4 µg/ml puromycin (Invitrogen) for 

72 hours.  At day 5, transduced and selected cells were transfected with 

relevant plasmids to produce HIVNL4-3∆Vif or NL4-3-Luc reporter virus, in the 

presence or absence of exogenous APOBEC3G, and HIV Vif, using Fugene 6 

transfection reagent (Roche).  After 48 hours, virus was harvested and filtered 

using 0.45 µM filters (Millipore) to remove cell debris.  TZMbl reporter (in case of 

HIVNL4-3∆Vif or WT virus) or GHOST (in case of NL4-3-Luc reporter virus) cells 

were infected with virus normalized for p24 capsid content as determined by 

p24 ELISA (Pierce).  After 48 hours cells were lysed and luciferase activity 

determined using a Luciferase Assay Kit (Promega).  

To determine viral infectivity in the presence of MLN4924 (ActiveBiochem) 

, HEK293T cells were transfected for 24 hours with plasmid pNL4-



32 

3 WT before compound was added.  After 24 hours, virus was harvested and 

TZMbl cells infected with virus normalized for p24 capsid content as determined 

by p24 ELISA (Pierce) for 6 hours.  After 24 hours cells were lysed, and 

luciferase activity determined using a Luciferase Assay Kit (Promega).  For 

analysis of APOBEC3G incorporation in the viral particles, virus was 

concentrated by sucrose cushion ultracentrifugation as described previously 

[10].  Plasmids expressing APOBEC3G-V5 and Vif-FLAG were described 

previously [10].  HIVNL4-3∆Vif was produced by deletion of the Vif start codon and 

introduction of tandem stop codons introduced downstream in the Vif gene of 

the HIVNL4-3 WT plasmid.  All transfections were performed with the same total 

amount of DNA and were complemented with empty plasmid vector pcDNA3.1 

when either Vif, A3G or both were withheld from the experiment. 

 

Determination of G to A mutation rate in viral genomic DNA 

Viral gDNA mutation rates were determined as described previously by Russell 

et al. [51].  In short, virus was produced in the presence of A3G in HEK293T 

cells in the presence of 500 nM MLN4924 or DMSO.  The resulting virus was 

used to infect TZMbl cells and after 36 hours viral gDNA was prepared using 

QIAGEN Genomic DNA Purification kit (Qiagen).  HIV specific sequences were 

Taq PCR amplified using primers F: GTCTGTTGTGTGACTCTGGTAAC and R: 

CCTGTCTGAAGGGATGGTTGTAG and TOPO-TA subcloned (Invitrogen).  

Sequences were determined and the amount of G to A mutations counted in 

each viral sequence. 
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Immunoblots 

Immunoprecipitated complexes were separated by 15% SDS-PAGE and 

transferred to HyBond-ECL nitrocellulose membranes.  Following blockage in a 

5% milk TBS solution, membranes were probed with appropriate primary 

antibodies to FLAG-peptide (Sigma), V5 (R961-25, Invitrogen), Actin (Ab8227, 

Abcam), Myc (Ab9106, Abcam), tubulin (Ab4074, Abcam), UBE2F (15707, 

Abcam), UBE2M (Rockland Pharmaceuticals), RBX1 (Invitrogen), HIV p24 

(Ab9071, Abcam).  Appropriate secondary antibodies were applied and 

immnoblots were visualized by ECL. 

 

Ubiquitination assays 

Ubiquitination assays were performed at room temperature with the ubiquitin 

activating system containing: 2 mM ATP, human ubiquitin activating enzyme 

(UBE1) (200 nM), wild-type ubiquitin or variants (methylated or K48R) (75 µM), 4 

µM E2 (UBE2R1) in addition to 0.625 µM Vif E3 and 200 nM APOBEC3 proteins 

in buffer containing 30 mM Tris-Cl (pH 7.3), 100 mM NaCl, 5 mM MgCl2, in a 

total reaction volume of 10 ml. CRL5Vif-CBFß was pre-NEDD8ylated in conditions 

that included: 50 mM NaCl, 50 mM Tris-Cl pH 7.6, 2.5 mM MgCl2, 2 mg/ml BSA, 

2 mM ATP, 100 nM NEDD8 activating enzyme (NAE), 2 µM UBE2F, 30 µM 

NEDD8 and 4 µM Vif E3 ligase.  After 1 hr, the NEDD8 reaction mixture was 

diluted ~6 fold upon the addition of the ubiquitin activating system and 

substrate.  The ubiquitination reactions were quenched after 1 hr by the addition 
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of 2x SDS loading dye.  UBE1, NEDD8, and ubiquitin variants were purchased 

from Boston Biochem. Ubiquitinated A3 proteins were detected using a 

monoclonal anti-c-Myc antibody (Sigma).   

 

Protein expression and Purification 

All constructs and mutations were generated by standard PCR and restriction-

based cloning methods unless otherwise noted. HIS6-tagged UBE2F full–length 

or residues 26-185 (UBE2Fcore), GST-tagged UBE2M, HIS6-UBE2R1, HIS6-GB1-

tagged RBX2RING (44-113) were expressed in E. coli.  HIS6-GB1-tagged CUL5-

RBX2 was co-expressed in E. coli from a pRSF-Duet plasmid. All tags were 

removed by TEV protease or thrombin (Sigma). All proteins were subjected to 

size exclusion chromatography for the final purification.  The RBX2(Swap4) 

mutant was obtained by custom cDNA synthesis (Gene Art). All constructs were 

verified by sequencing of the entire open reading frame.  

For expression, plasmids encoding UBE2F, RBX2RING and CUL5/RBX2, were 

transformed into either E. coli BL21(DE3)-Star or BL21(DE3) (Invitrogen) cells 

and grown at 37 °C to an optical density of 0.4-0.6, incubated at 17 °C  until an 

optical density of 1.2 was reached and induced with 0.5 mM IPTG overnight.  

100 µM ZnCl2 was added to cultures harboring RING-containing constructs 

approximately one hour prior to induction.  Unlabelled, 15N- or 13C-labelled 

proteins were expressed in cells grown in LB media, M9 media supplemented 

with 1 gram of 15N NH4Cl, or M9 media supplemented with 2 grams of 13C-

glucose, respectively.   
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Unless otherwise noted, all proteins were purified at 4 °C according to the 

following protocol.  10 µM ZnCl2 was included in the buffers for all proteins 

containing a RING-domain.  Cells from 1L of culture were resuspended in 20 mL 

lysis buffer (20 mM HEPES pH=7.6, 500 mM NaCl, 10 mM imidazole, 0.1 % NP-

40, 10% glycerol, 10 mM β-mercaptoethanol, 1 mg/mL lysozyme (Sigma), 0.2 

tablet EDTA-free complete protease-inhibitor cocktail (Roche)), and incubated 

on ice for 20 minutes followed by sonication and high-speed centrifugation.  The 

soluble fraction was incubated with Ni-NTA resin (Qiagen) for 1 h, and loaded 

onto a gravity column.  The resin was then extensively washed with at least 30 

column volumes (CV) Lysis Buffer and 30 CV Wash Buffer (20 mM HEPES 

pH=7.6, 500 mM NaCl, 20 mM imidazole, 10 % glycerol 10 mM β-

mercaptoethanol).  Specifically bound proteins were eluted with 20 mL Elution 

Buffer (20 mM HEPES pH=7.6, 500 mM NaCl, 250 mM imidazole, 10 % glycerol 

10 mM β-mercaptoethanol) per 5 grams cell pellet.  Tags were removed by 

incubation with TEV protease overnight during dialysis against Dialysis Buffer 

(20 mM HEPES pH=7.6, 500 mM NaCl, 10 % glycerol, 1 mM DTT).  Cleaved 

tags, uncleaved proteins, and TEV protease were removed by two passages 

through a Ni-NTA gravity column.  Size exclusion chromatography into buffer 

(20 mM HEPES pH=7.6, 150 mM NaCl, 1 mM DTT) was used as a final 

purification step.  Proteins >95 % pure were then concentrated and used as-is, 

or aliquoted into single-use portions and flash-frozen in liquid nitrogen.  The 

NEDD8 E1 (NAE), NEDD8 containing an N-terminal PKA-site and GST-UBE2M 

were prepared as previously described [52].  Purified 6-protein CRL5Vif-CBFb 
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complex was obtained as described previously [12].  Recombinant A3A- and 

A3G-myc-His6 were purified from HEK293T cells as described [53,54]. 

 

NMR Spectroscopy 

All spectra were recorded at 20 ºC on Bruker spectrometers equipped with 

cryoprobes and processed with NMRPipe [55].  Backbone resonance 

assignments of UBE2Fcore and RBX2RING were obtained using standard triple 

resonance methodology [56].  Titration data were collected on a Bruker 800 

MHz spectrometer outfitted with a cryoprobe using 50 µM 15N-labelled protein 

and increasing amounts of unlabelled ligand in a standard buffer (100 mM NaCl, 

1 mM DTT and 25 mM HEPES, pH=7.5).  Chemical shift changes in titration 

series were analyzed using CCPNMR [57] and fit to standard ligand-binding 

curves in SigmaPlot.  

 

Stable knockdown of RBX1 and 2 in CD4+ T-cell lines and assay of viral 

spread 

Stable knockdown of RBX1 or RBX2 in H9 and SupT1 CD4+ T-lymphoblastoid 

cell lines was performed via VSV-G pseudotpyed lentiviral transduction 

employing the pGIPz shRNAmir lentiviral vector system from Open Biosystems.  

Cells were obtained from the National Institutes of Health AIDS Reagent 

Program and maintained in RPMI + 11.5% fetal calf serum (Hyclone) at 37°C, 

5% CO2.  The following shRNAmir constructs were utilized: RBX1, 

V3LHS_637679 and V3LHS_637677; RBX2, V2LHS_197071, V3LHS_408994, 
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and V3LHS_408992; Non-silencing scrambled control, RHS 4346.  VSV-G 

psedutoyped lentiviruses were produced in HEK293T cells as described above 

for pLKO.I lentiviral vectors.  Infectious titers (TU/mL) of pGIPz-derived 

pseudotyped lentiviruses were determined via serial dilution of virus over 

HEK293T cells followed by flow cytometric analysis for cellular green fluorescent 

protein (GFP) expression (visual indicator incorporated into the integrated pGIPz 

transgene cassette) 3 days following transduction.  H9 and SupT1 cells were 

transduced with 20 TU/cell via centrifugal inoculation at 1200 x g at 37°C for 2 

hours in media containing 8 µg/mL polybrene.  Input inoculum was then 

removed, the cells washed once with phosphate-buffered saline (PBS), and the 

media replaced.  Five to seven days following transduction, when T-cells 

exhibited strong transgene-driven GFP expression, puromycin (Invitrogen) 

selection was initiated at 2 µg/mL for 7 days and afterward reduced at 0.5 

µg/mL to maintain transgene expression.  Knockdown efficiency was 

determined 14 days following the initiation of puromycin selection via RT-qPCR. 

 

HIVNL4-3 and HIVNL4-3∆Vif (start codon deleted and tandem stop codons 

introduced downstream) were generated via transient transfection of HEK293T 

cells using Polyjet lipofection reagent (SignaGen) per manufacturer’s protocol.  

Three days following transfection, virus-laden culture supernatant was 

harvested, DNAse-treated with 20 µg/mL DNAse (Roche), 0.45 µm filtered, 

aliquoted, and stored at -80ºC.  Virus titers were determined via p24 ELISA as 

described above.   
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HIV spreading assays were performed via inoculation of 250K transduced H9 or 

SupT1 T-cells with 25 ng of HIV (corresponding to a multiplicity of infection of 

0.1) in 250 µL culture media in triplicate sets of wells in 96-well microtiter plates.  

Twenty-four hours post inoculation, input virus was aspirated, the cells washed 

with PBS, and the media replaced.  The infections were then monitored in 48-72 

hour intervals via immunofluorescence assay for cellular HIV antigen synthesis 

and via p24 ELISA in the culture supernatant for progeny virus production.   

 

RT-qPCR 

Transduced cells were lysed with QIAshredder columns (QIAGEN) and total RNA 

was isolated using RNeasy Mini Kit (QIAGEN).  On-column DNase digestion was 

performed using RNase-Free DNase Set (QIAGEN).  Total RNA was reverse 

transcribed with iScript Reverse Transcription Supermix (BIO-RAD), using a mix 

of oligodT and random primers in a 20 µL reaction according to the 

manufacturer's protocol.  Salt-free primers for RNAi target gene (RBX2: forward 

primer ACG TGG AGT GCG ATA CGT G; reverse primer ACA TTC TCC CCA 

GAC CAC AA, RBX1: forward primer TGC AGG AAC CAC ATT ATG GA; reverse 

primer GCG AGA GAT GCA GTG GAA GT) and reference gene (RPLP0: forward 

primer GCT GCT GCC CGT GCT GGT G; reverse primer TGG TGC CCC TGG 

AGA TTT TAG TGG) were generated (Integrated DNA Technologies) and cDNA 

levels were compared by quantitative PCR using SsoAdvanced SYBR Green 

Supermix (BIO-RAD) and CFX Connect Real-Time PCR Detection System (BIO-
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RAD).  All reactions were performed in triplicate and individual samples were 

normalized to the human gene RPLP0.  Relative gene expression was calculated 

using the ΔΔCq method as described by Livak and Schmittgen [58]. 

 

NEDD8ylation assays  

200 µM NEDD8 containing N-terminal PKA site was radiolabeled with 2,500 

units of PKA (NEB) and 7 ml of 32P(γ)-ATP (specific activity of 6000Ci/mmol) in a 

total reaction volume of 50 ml of PKA reaction buffer (NEB).  Pulse chase assays 

were performed at room temperature as previously described [22], with the 

following changes: the final concentration of E2 and CUL5 were 100 nM and 500 

nM respectively.  Reactions were visualized by phosphorimaging (Typhoon) after 

fractionation on 8-12% SDS-PAGE gels (Biorad), that were then dried and 

exposed to a storage phosphor screen overnight.  Data were quantified as a 

ratio of product (NEDD8ylated CUL5) to the total of substrate and product 

(NEDD8ylated CUL5 and UBE2~N8) using ImageQuant.  Initial rates were 

determined as described previously [41].   

Assays for inhibition of UBE2F charging were performed by pre-mixing NEDD8 

E1 and MLN4924 in for 10 minutes, and adding this to a second solution to give 

a final concentration of 12 µM UBE2F, 5 nM NEDD8 E1, 1.5 µM 32P-labelled 

NEDD8, 50 µM ATP and a variable concentration of inhibitor in 10 µL of 1X 

reaction buffer (same as above).  Reactions were stopped after 3 minutes by the 

addition of 1 equivalent of non-reducing SDS-PAGE loading dye containing 10 

mM EDTA.  Gels were visualized as above.  Bands were quantified by 



40 

comparison to a simultaneously exposed dilution series of a known 

concentration of 32P-NEDD8.  Data from multiple independent experiments was 

fit to a 4-parameter logistic equation, yielding an IC50 of 38 ± 4.3 n. 

 

Modeling 

The model of UBE2F/RBX2 was created using NMR chemical shift perturbations 

as HADDOCK restraints using PDB codes 2ECL and 2EDI as inputs [59].  The 

model of CUL5/RBX2/UBE2F was generated using the ALIGN command of 

PyMol and PDB codes 2ECL, 2EDI, 3RTR and 3EB6 as inputs [33,60].  
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FIGURE LEGENDS 

Fig. 1. Pharmacological Inhibition of NEDD8 E1 by MLN4924 blocks the 

ability of Vif to counteract A3G  

A, Single-cycle infectivity assay of HIVNL4-3 produced in HEK293T cells 

transfected with empty vector control (white bars) or V5-tagged A3G (black 

bars, 120 ng), 1 µg of NL4-3 proviral DNA and treated with indicated 

concentrations of MLN4924.  B, Parallel immunoblots indicating MLN4924 

restores steady-state levels of A3G in cells and packaging in virions.  C, 

Quantitation of G to A mutations in gDNA sequences from virions produced in 

cells treated with either DMSO or 500 nM MLN4924. 

 

Fig. 2. Vif requires the NEDD8 E2, UBE2F, to degrade A3G and mediate HIV 

Infectivity 

A, Knockdown of UBE2F but not UBE2M impairs viral infectivity.  HEK293T cells 

stably depleted for UBE2M (grey bars), UBE2F (white bars) or in non-silencing 

control shRNA (black bars) were transfected with 1 µg proviral DNA (NL4-3), 340 

ng A3G or empty vector and infectivity of produced virions was measured.  

Mean and 1 SD of duplicate experiments are graphed.  B, Immunoblots 

corresponding to experiments shown in panel A show an increase in A3G 

stability in cells treated with UBE2F shRNAs relative to cells treated with UBE2M 

or scramble shRNAs.  C, HIV requires Vif and UBE2F to fully neutralize A3G.  

Single-cycle infectivity assay of HIVNL4-3∆Vif produced in HEK293T cells stably 
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depleted for UBE2M (grey bars), UBE2F (white bars) or non-silencing control 

shRNA (black bars).  A3G (500ng) or empty vector was co-transfected with 1 µg 

HIVNL4-3∆Vif and increasing amounts of Vif-FLAG (0, 15, 100, or 350 ng). Values 

were normalized to the infectivity in absence of A3G and mean and 1 SD of 

duplicate experiments are graphed. D, Immunoblots corresponding to samples 

in panel C without Vif and with the highest amount of Vif, indicating reduction of 

cellular and virally packaged A3G depends on Vif and UBE2F but not UBE2M.  

E, Infectivity of HIVNL4-3∆Vif produced in HEK293T cells stably depleted for 

UBE2F (white bars), or non-silencing control shRNA (black bars) in the presence 

of transfected HIVNL4-3∆Vif (1 µg), A3G-V5 (500 ng), Vif-FLAG (+Vif, 100 ng), 

RNAi-immune UBE2F–myc (+UBE2F, 10 ng)) or empty vector controls indicated 

by –Vif and –UBE2F. Mean and 1 SD of duplicate experiments are graphed.  The 

presence of the RNAi-immune UBE2F vector in +Vif cells yielded a partial 

recovery of infectivity relative to control cells, but not in –Vif cells.  Partial 

complementation may be due to the confounding effects of a mixed pool of 

knockdown cells and the observation that transfection of larger amounts of 

UBE2F inhibit virus production (data not shown).  F, Immunoblots of cell lysates 

and virus particles corresponding to panel E.  The ability of Vif to promote 

degradation and reduce packaging of A3G is strongly reduced in UBE2F KD 

cells (lanes 1, 2, 5, 6), and partially recovered in the presence of transfected 

RNAi-immune UBE2F (lanes 3, 4, 7, 8). The asterisk indicates the observed band 

for endogenous UBE2F.  Long and short exposure times for the immunoblots 

are indicated. 
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Fig. 3.  UBE2F is required for activation of CRL5Vif-CBFß in vitro 

A, Diagram of the ubiquitination protocol used in panel B.  B, In vitro 

ubiquitination of A3G by recombinant CRL5Vif-CBFß with UBE2R1 as ubiquitin 

conjugating enzyme requires UBE2F.  Immunoblots of ubiquitination reactions 

containing myc-tagged A3G as the substrate show high-molecular weight 

polyubiquitin chains, require all protein components of the ubiquitin and NEDD8 

activating systems and are only observed when UBE2F (lane 9) but not when 

UBE2M (lane 10) is used as NEDD8 conjugating enzyme.  A3A is not susceptible 

to Vif and was used as a negative control.  C, Coomassie-stained SDS-PAGE of 

NEDD8ylation “pulse” reaction indicates that under conditions used in panel B 

indicate CUL5 is completely NEDD8ylated by UBE2F; only a minor fraction 

(<5%) is NEDD8ylated by UBE2M.  D, 15N-HSQC spectral overlays of RBX2RING 

in the presence and absence of ~100 µM, unlabeled full-length UBE2M (top) or 

UBE2F (bottom).   

 

Fig. 4.  RBX2 is required for viral spread through non-permissive CD4+ H9 T-cells  

A, HIV multiple round replication assays are shown for indicated viruses in Vif-

permissive (SupT1) or Vif non-permissive (H9) cell lines transduced with viruses 

producing either control (shSCR) or RBX2-specific (shRBX2-5) shRNAs.  Blue circles 

indicate shSCR treated cells infected with NL4-3 virus, yellow triangles indicate shSCR 

treated cells infected with NL4-3 virus lacking Vif, and red diamonds indicate shRBX2-5 
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treated cells infected with NL4-3 virus.  Points are the mean of three independent 

biological replicates, error bars indicate 1 SD.  B, Relative RBX2 mRNA knockdown 

normalized to non-silencing shSCR control as determined by RT-qPCR for the cell lines 

shown in panel A.  Bars indicate the average of triplicate measurements, error bars are 

1 SD. 

 

Fig. 5.  Structural basis for discrimination between NEDD8 pathways  

A, Surface representations of RBX1RING and RBX2RING with divergent surface residues 

(Swap4) targeted for substitution analysis.  Coordinates for RBX1, RBX2 were from 

PDB files 2EDI and 3DQV, respectively.  B, Time courses of NEDD8 transfer from 

UBE2M to indicated CUL5/RBX complexes and C, relative initial rates for NEDD8ylation 

normalized to CUL5/RBX1.  Error bars indicate standard deviation between at least two 

experiments. D, Excerpts from 15N-HSQC spectra of RBX2 titrated with increasing 

concentrations of unlabelled wild-type or mutant UBE2F.  E, Time courses for NEDD8 

transfer from wild-type and UBE2F mutants to CUL5/RBX2. Error bars indicate 

standard deviation between at least two experiments.  F, Relative initial rates for 

NEDD8ylation of CUL5/RBX2 normalized by wild-type UBE2F.  Error bars indicate 

standard deviation between at least two experiments.  G, Model of CUL5/RBX2/UBE2F 

complex based on CUL1/RBX1 crystal structure (3RTR) and cIAP2/UBE2D2 crystal 

structure (3EB6) [33,60].  UBE2F, RBX2 and CUL5 are shown in white, grey, and green 

respectively.  The catalytic cysteine of UBE2F and the NEDD8 acceptor lysine of CUL5 

(K724) are shown in orange; the unique loop insertion of UBE2F, blue; Asn92 of UBE2F, 
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yellow sticks; and residues of RBX2 targeted for Swap4 mutation, red.  Details of 

modeling can be found in the Experimental Procedures.   

 

Fig. 6. The UBE2F loop insertion is required for efficient viral infectivity 

A, Single-cycle infectivity assay of HIVNL4-3∆Vif produced from HEK293T cells stably 

depleted for UBE2F (white bars), or non-silencing control shRNA (black bars) in the 

presence of transfected HIVNL4-3∆Vif (1 µg), A3G-V5 (500 ng), Vif-FLAG (100 ng), and 

increasing amounts of RNAi-immune wild-type or ∆Loop UBE2F-myc (0.2, 1, 3 or 10 

ng), a catalytic mutant of UBE2F harboring a cysteine to alanine change at position 116 

(10 ng), or empty vector control (10 ng).  Mean and +-SD of duplicate experiments are 

graphed.  B, Immunoblots of cell lysates and virus particles corresponding to panel A. 

A3G levels in cellular lysates and virus particles in UBE2F KD cells transfected with 

increasing amounts of RNAi-immune UBE2F (compare lanes 3-6, left and right), 

catalytic mutant UBE2F (C116A) or increasing amounts of UBE2F (ΔLoop) (lanes 1, 2, 

7-10 left and right).  To discern A3G levels in the virion in the shSCR lanes the 

immnoblots were exposed longer and non-specific bands from the protein ladder 

became apparent, as indicated by an asterisk. 

 

Fig. 7. A model illustrating how inhibition of CUL5 NEDD8ylation leads to 

reduced infectivity of HIV 

Two enzymatic steps must take place in order for CRL5Vif-CBFß to be properly 

activated by NEDD8 conjugation, and therefore for A3G-degradation to take 



51 

place, in cells infected with HIV.  First, NEDD8 is loaded onto the E2 UBE2F by 

NAE.  The small molecule MLN4924 is able to inhibit this step, blocking 

degradation of A3G and thereby reducing viral infectivity.  Second, UBE2F is 

recognized by the RBX2 subunit of CRL5Vif-CBFß, and transfers NEDD8 to CUL5. 
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SUPPORTING INFORMATION 

Fig. S1.   Effects of MLN4924 on A3G activity, cell viability and charging of 

UBE2F  

A, Alternative representation of data from Fig. 1C as percentages of sequences 

containing the indicated range of G to A mutations.  B, Toxicity of MLN4924 in 

SupT11 CD4+ T-cell lines, a subclone of SupT1 [61].  The CT50 of MLN4924 

was determined via serial dilution of compound over 250K SupT1 cells in 

triplicate sets of cultures.  Residual cellular viability was determined via 

colorimetric (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

metabolic assay after three days of cell culture with compound.  Percent viable 

cells is calculated via comparison to drug-naïve (100% viable) and media (0% 

viable) controls. Error bars are 1 SD.  The vertical dashed line denotes the 50% 

cellular viability value at 120 nM MLN4924.  C, Charging of UBE2F by the 

NEDD8 E1 is inhibited in vitro by MLN4924.  Formation of NEDD8~UBE2F 

conjugates was monitored by following 32P-NEDD8 after incubation with NEDD8 

activating system and E2.  Percent inhibition is graphed, where error bars 

indicate the standard deviation for two independent experiments. 

 

Fig. S2.  Knockdown of UBE2F reduces CUL5 NEDD8ylation 

Immunoblots of CUL5 in extracts of virus producing HEK293T cells treated with 

shRNA for UBE2M, UBE2F and non-silencing control indicate the fraction of 
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NEDD8ylated CUL5 is reduced by shUBE2F but not shUBE2M or non-silencing 

control. 

 

 
Fig. S3.  Specificity of CRL5Vif-CBFß ubiquitin ligase for substrate and NEDD8 

conjugating enzymes. 

A, In vitro ubiquitination of A3G by recombinant CRL5Vif-CBFß is blocked in the 

double-mutant A3G(D128K,D130K).  Immunoblots of ubiquitination reactions 

containing myc-tagged wild-type or mutant A3G as the substrate and using 

wild-type and ubiquitin variants (Me-Ub or K48R) are shown.  The pattern for 

Me-Ub and K48R is similar, consistent with previous studies showing CRL5Vif-

CBFß can form K48 chains on Vif susceptible A3 substrates when UBE2R1 is used 

as E2 [12].  The asterisk indicates a non-specific band present in preparation of 

A3 proteins.  B, Coomassie-stained SDS-PAGE of NEDD8ylation “pulse” 

reaction indicates that under conditions used in panel A indicate CUL5 is 

completely NEDD8ylated in the reactions shown.  C, RBX2RING is shown, colored 

by chemical shift perturbation upon addition of UBE2Fcore (top), and including 

RBX1/2 conservation data, as cyan surface (bottom).  D, Conservation between 

RBX2 (top) and RBX1 (bottom) is mapped in cyan onto the respective NMR or 

crystal structure.  E, Plot of composite chemical shifts upon addition of 

UBE2Fcore to RBX2RING, as calculated by √((δHapo – δHbound)2 + ((δNapo – δNbound)/5)2).  

Horizontal lines indicate the mean chemical shift perturbation (black) or the 

mean plus one standard deviation (red).  Columns colored cyan indicate 
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conservation between RBX1 and RBX2.  Green coloration indicates positions 

chosen for swap mutations made in RBX2(Swap4).  Assigned secondary 

structure and domain organization is shown above.  Coordinates for UBE2F, 

RBX1 and RBX2 were derived from 2EDI, 3DQV and 2ECL respectively.  F, Raw 

kinetic data from pulse-chase NEDD8ylation experiments following transfer of 

32P-labelled NEDD8 from UBE2M onto various constructs as graphed in Fig. 5B.  

G, Kinetic data from pulse-chase NEDD8ylation experiments following transfer 

of 32P-labelled NEDD8 from UBE2F onto CUL5/RBX1, CUL5/RXB2 and 

CUL5/RBX(Swap4) indicating the Swap4 substitution does not significantly 

affect function with UBE2F.  H, Plots of data from G. (CUL5/RBX1, black circles; 

CUL5/RBX2(Swap4), green triangles; CUL5/RBX2, white squares) Error bars 

indicate standard deviation of measured P/(S+P) ratios for at least two 

independent experiments.  I, Relative initial rates for NEDD8ylation are shown as 

fit by solid lines in H.  Values are normalized to the rate of CUL5-RBX1. Error 

bars indicate standard deviation between at least two experiments. 

 

Fig. S4.  RBX2 knockdown efficiency has a reciprocal correlation with the ability 

of HIV to spread through non-permissive H9 T-cells. 

A, Spreading assays are shown for HIVNL4-3 viruses in Vif non-permissive (H9) cells 

stably expressing non-silencing shSCR control (blue circles) or RBX2-specific shRNAs 

(green triangles, red squares, and purple diamonds).  Points are the average of three 

independent biological replicates, error bars are 1 SD.  B, Relative RBX2 mRNA 
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expression determined by RT-qPCR is shown for the cell lines shown in A.  Error bars 

indicate the standard deviation calculated as described in Materials and Methods.  C, 

shRNA targeting RBX2 does not have an off-target effect on RBX1.  Relative RBX1 

gene expression determined by RT-qPCR is shown for the cell lines shown in Fig. 4A, 

indicating expression level of RBX1 mRNA in H9 or SupT1 cells treated with RBX2-

specific shRNAs.  The replication delay observed in H9 cells knocked-down for RBX2 is 

not due to adventitious knockdown of RBX1, as little to no change in RBX1 mRNA 

levels was observed in H9 or SupT1 cell lines stably expressing shRBX2-5 relative to 

the control.  Error bars indicate the standard deviation calculated as described in 

Materials and Methods. 

 

Fig. S5.  NMR analysis of UBE2F-RBX2 binding  

A, A model of the RBX2RING-UBE2Fcore complex is shown, based on chemical 

shift-derived restraints.  The model was created using the HADDOCK software 

package [59].  The RBX2RING surface is shown in white and UBE2Fcore is shown 

as a cartoon colored by chemical shift perturbation upon addition of RBX2RING.  

Low and high chemical shift perturbations correspond with grey and red 

coloration respectively.  The Cys116 side chain of UBE2F is shown in stick 

representation, with a yellow sphere representing the sulphur atom.  B, HSQC 

spectral overlays are shown for UBE2Fcore alone (black), or with the addition of 

384 µM RBX2RING (red). C, Plot of composite chemical shifts upon addition of 

RBX2RING to 15N-labelled UBE2Fcore, as calculated by √((δHapo – δHbound)2 + ((δNapo – 
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δNbound)/5)2).  Horizontal lines indicate the mean chemical shift perturbation 

(black) or the mean plus one standard deviation (red).  Columns colored blue 

indicate the perturbed loop residues, 124SIDGTG129.  Blue coloration indicates the 

unique loop residues, and yellow indicates Asn96.  Assigned secondary 

structure is shown above.  D, Raw time course data for Fig. 5E, as described in 

main text.  E, Quantification of UBE2F/RBX2 dissociation constant by NMR 

titrations.  Data points and fitted curves are shown for the titration of 15N-

labelled RBX2RING with either UBE2F (black) UBE2F(ΔLoop) (blue) or 

UBE2F(N92A) (yellow).  The D48 resonance is followed, as it is less broadened 

than more significantly perturbed residues in the interface. 
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Figure 2 
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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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Figure 7 
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Supplementary Figure 1 
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Supplementary Figure 2 
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Supplementary Figure 3 
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Supplementary Figure 4 
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Supplementary Figure 5 
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Abstract 

Modification of Cullin-RING ubiquitin ligases (CRLs) with NEDD8 is strictly required 

for efficient polyubiquitylation of substrates.  This process requires the involvement 

of a DCN protein, which binds both NEDD8 E2 and Cullin substrate and promotes 

the transfer of NEDD8 in an E3-like manner.  In humans there are five “DCN-like” 

proteins (DCNL1-5), and although the physical interactions within all possible DCNL-

CUL-E2 pairs have been systematically studied, it remains unclear whether DCN-

CRL specificity is a general principle of CRL regulation.  We set out to better 

understand DCN-CRL interactions by asking whether lysine acetylation sites in the 

N-terminal tails of the NEDD8 E2s identified by recent proteome-wide studies have 

any role in regulating NEDD8ylation of CRLs.  Protein semi-synthesis was used to 

construct full-length UBE2F containing specified lysine and/or N-terminal acetylation 

modifications.  Measurement of Ac-UBE2F-DCNL affinities by surface plasmon 

resonance generally agreed with prior work.  Small perturbations of measured 

affinities were observed in the cases of Ac-UBE2F(K7Ac) or Ac-UBE2F(K9Ac), 

suggesting a small role if any for lysine acetylation in the regulation of E2-DCN 

interactions.  
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INTRODUCTION 

Proteasomal turnover of proteins is a central process in cells that displays both 

ubiquity and substrate specificity (5, 11, 23).  The key to the co-existence of these 

qualities lies in the hierarchical organization of the ubiquitylation machinery.  At each 

level of the E1-E2-E3 cascade, an exponentially increasing number of enzymes 

make up the branching pathways that serve to pass ubiquitin from one of two E1 

ubiquitin-activating enzymes to one of several thousand substrates, comprising 

approximately 40% of the proteome (3, 10, 14).  Each edge of this network presents 

an opportunity for regulation.  The diversity in mechanism by which regulation of 

ubiquitylation is achieved is broad; non-ubiquitin post-translational modifications 

(PTMs), localization, conformational control and finely tuned temporal dynamics are 

all well represented (4, 15, 18).   

 

One large and particularly regulated family of ubiquitin ligases is the Cullin-RING 

ligases, or CRLs (21, 22).  The stability of roughly 10% of cellular proteins, or 25% of 

proteasome substrates, is controlled directly by CRLs (28).  Modularity in CRL 

composition, similarly to the hierarchy of the overall ubiquitin cascade, allows a 

small set of Cullin scaffold proteins to direct the assembly of a vast array of 

holoenzymes consisting of substrate receptor (SR), adaptor, and RING-protein 

subunits in addition to the scaffold.  
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A principle that has emerged in the last decade is that CRLs are continually 

undergoing a ‘NEDD8 cycle’, through which efficient sampling of the current pool of 

SR subunits is promoted (24).  NEDD8 is a small ubiquitin-like protein that over the 

course of the NEDD8 cycle is conjugated to CRLs by a NEDD8-specific E1-E2-E3 

pathway, and removed through interaction with the Cop9 Signalosome (CSN) (25).  

In the yeast S. cerevisiea, the Defective in Cullin Nedd8ylation (Dcn) protein 

promotes the conjugation step by binding both Cullin and N-terminally acetylated E2 

tail, and is required for efficient substrate turnover (12, 13, 26, 27).  The human DCN-

like (DCNL) family consists of five family members with significant sequence 

homology to the yeast protein, and is tentatively thought to impart a layer of 

specificity to CRL NEDD8ylation (15, 16).   

 

Recent proteome-wide studies of lysine acetylation identified sites near the N-

termini of both NEDD8 E2s (2).  The N-termini of NEDD8 E2s are important for both 

their interaction with E1 and DCN (8, 26).  Furthermore, examination of crystal 

structures of DCNL proteins with E2 N-terminal peptides suggests that hydrogen-

bonding between UBE2F K7 and DCNL3 E194 Lysine acetylation is possible (Fig. 

S1) (16).  Regulation through lysine acetylation has to date been primarily studied as 

it relates to the modification of histone tails, wherein it contributes to the epigenetic 

code, prompting us to ask whether the acetylation state of lysine residues in the N-

terminal tails of NEDD8 E2s influences the NEDD8ylation process (9).  
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Only a subset of PTMs found in cells are expected to modify protein function (1).  In 

order to interrogate whether lysine acetylation can perturb the physical interactions 

between NEDD8 E2s and other pathway components, we used a protein 

semisynthesis approach to construct full-length UBE2F containing specified N-

terminal and/or (ε)-lysine acetylation modifications (29).  Ambiguity remains in 

whether K7 or K9 of UBE2F was previously detected, as the sequence resolution 

obtained by IP/MS approaches is limited by the size of the detected peptide, and 

both lysines appear conserved in higher eukaryotes; therefore, both possible 

modifications were included in this analysis (Fig. S2) (2, 6).  Synthesized proteins 

containing a C-terminal biotin moiety were linked to streptavidin-coated surfaces, 

and binding constants for all E2-DCNL pairs were measured by surface plasmon 

resonance (SPR).  Although small differences in affinity were detected between that 

of WT and acetylated lysine-containing complexes, the greatest change was less 

than three-fold, indicating that lysine acetylation is likely not a key regulator of this 

interaction.  A subset of peptides used for the semisynthesis ligation reaction had 

weak reaction kinetics, and produced a mixture of full-length and un-ligated protein 

that was not separable by ion exchange or size exclusion chromatography.  While 

these mixtures were acceptable for use in the SPR assay, as only full-length protein 

can interact with DCNLs, they were not suitable for biochemical assays of NEDD8 

E1 charging activity.  The scope of this study is therefore limited to only one of two 

possible enzymatic steps at which lysine acetylation could influence NEDD8ylation 

of CRLs.  
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RESULTS & DISCUSSION 

Semi-synthesis of Ac-UBE2F containing acetyl-lysine at specified positions  

A major shortcoming, and in some cases virtue, of the heterologous expression of 

eukaryotic proteins in E. coli is the lack of endogenous systems in place for the 

modification of target proteins with PTMs that would normally be found on a protein in 

its true native state.  In some cases, it is possible to co-express an appropriate enzyme 

along with the target protein and achieve satisfactory homogeneity of purified protein, 

but this requires a working knowledge of enzyme-substrate relationships that is 

typically lacking (26).  Engineered orthogonal pyrrolysyl-tRNA synthetase / tRNA pairs 

have been recently reported that enable the incorporation of unnatural amino acids into 

proteins during bacterial expression (19).  While useful in cases in which a single 

modification is required, the number of plasmids and overall complexity of the system 

needed for the in vivo modification state increases when multiple unrelated 

modifications are desired.  Therefore, we chose to use a semi-synthetic strategy to 

produce di-acetylated UBE2F. 

 

Peptides corresponding to the amino-acetylated N-terminal 16 residues of UBE2F 

containing a C-terminal thioester were synthesized, and ligated through a 

transthiolesterificiation reaction to residues 17-185, to form the full-length protein after 

S-to-N acyl shift (17, 20, 29) (Fig. 2a).  An S17C mutation was necessary to enable 

chemistry, by leaving an N-terminal cysteine following removal of an N-terminal 6xHis-

GST tag used for initial affinity purification.  Cysteine is not the optimal residue in the 
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P1 site for TEV protease, but in this case is accommodated by the protease.  A 1-3 hr 

period of TEV protease treatment was sufficient to cleave substantial quantities of 

6xHis-GST-UBE2F, while avoiding the production of multiple protease products as 

observed in longer 15 hr time points by SDS-PAGE (Fig. 1a).  Separation of TEV 

protease products was achieved by size exclusion chromatography (Fig. 1b,c) followed 

by glutathione affinity chromatography to remove lingering 6xHis-GST contaminants.  

Electrospray mass spectrometry (ES-MS) confirmed the purity and correct mass of 

UBE2F17-185(S17C)~biotin (Fig. 2b, black).  The appearance of two distinct peaks with a 

mass difference of 226 Daltons is indicative of a mixed population of protein either 

ligated to biotin or not, due to imperfect in vivo ligation efficiency.  Incubation of the 

purified protein with 1 mM Ac-MLTLASKLKRDDGLKG peptide-thioester and 10 mM 

MESNA for 6 hours yielded fully ligated protein (Fig. 2b, orange).  Other peptides ((Ac) 

MLTLASK(Ac)LKRDDGLKG or (Ac)MLTLASK(Ac)LKRDDGLKG) yielded mixed 

populations of roughly 50-80% ligated protein (data not shown).   

 

We originally intended to utilize ligated proteins for both E3 (DCNL) and E1 (NAE1) 

interactions, but experiments with E1 were precluded by ligation product 

heterogeneity.  Although up to four species were present in some ligation products (+/- 

peptide, +/- biotin), these products are still useful for SPR experiments.  Protein lacking 

either peptide or biotin will not interact with DCNLs or the Streptavidin-coated SPR 

chip surface, respectively.  
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Lysine acetylation has only a small effect on UBE2F-DCNL affinity 

To examine whether lysine acetylation in the N-terminal tail of UBE2F controls the 

interaction with DCNLs, we used measured affinities between semi-synthetic UBE2F 

variants acetylated at the N-terminus and either K7, K9, or lacking lysine acetylation, 

(referred to as UBE2FNAc, UBE2FNAc,K7Ac, or UBE2FNAc,K9Ac hereafter).  Purified proteins 

containing a C-terminal biotin moiety were non-covalently deposited on a Straptavidin-

coated chip surface (Xantac), and increasing concentrations of DCNL core domains 

were flowed over the chip.  Initial experiments displayed good signal stability, and 

produced binding curves that fit very well to a single-site binding model (Fig. 3).  Some 

increase in the baseline sensorgram signal was observed after several repeated 

experiments, that led to an overall decrease in the dynamic range of signal observed, 

but did not affect affinities measured at the beginning or end of a run.  Regardless, 

further purification of the DCNL proteins by ion exchange chromatography largely 

resolved this issue and allowed the collection of datasets over multiple days. 

 

Multiple data sets were collected for all 15 UBE2F-DCNL pairs, and yielded good fits 

over the analyte concentration range of <10-6 M to ~10-3 M (Fig. 4).  The UBE2FNAc 

dataset was roughly in agreement with that reported by the Schulman group (16), with 

the the following exceptions: firstly, we report Kd values for UBE2FNAc–DCNL4 and 

UBE2FNAc–DCNL5, of ~80 µM and 160 µM respectively, whereas no value was 

previously reported. Secondly, we find that although the trend for UBE2FNAc–DCNL(1-3) 

interactions is the same with DCNL3 being the strongest interactor, the equilibrium 

constants measured are 10-fold greater than reported.  It is conceivable that the S17C 
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mutation in UBE2F, although distant from side chains directly contacting the DCNL 

partner, could inhibit the interaction in some manner, possibly by disfavoring the α–

helical conformation of the tail observed in E2-DCNL structures (16). 

 

The UBE2FNAc,K7Ac and UBE2FNAc,K9Ac datasets did not significantly deviate from that of 

UBE2FNAc, although some small changes were observed (Figs. 4, S3).  The overall 

trend was of slightly higher Kd values in the case of lysine acetylation.  Interestingly, the 

strongest effect was found to be for UBE2FNAc,K7Ac and UBE2FNAc,K9Ac with DCNL3, 

where 2- and 3-fold increases in Kd were measured, respectively.  Lysine acetylation 

perturbed the equilibrium constants for all other DCNL complexes only weakly, with no 

change in Kd  greater than 2-fold observed.  As lysine acetylation did not appear to 

strongly contribute to regulation of UBE2F-DCNL interaction, this line of inquiry was 

not pursued further. 

 

It remains entirely possible that acetylation of lysines in the N-terminal tails of NEDD8 

E2s could regulation CRL NEDD8ylation.  Importantly, in this study we have only 

queried the effect of lysine acetylation on UBE2F-DCNL interactions, whereas K3 of 

UBE2M was also found in an acetylated state by IP/MS (2).  Furthermore, due to 

heterogeneity of ligated protein products we were not able to conduct experiments to 

ask if the E1 step is affected by lysine acetylation.  An obvious future direction is to use 

alternative methods such as unnatural amino acid incorporation to produce 

homogeneously acetylated for use in E1 biochemistry (Fig. S4), where unlike 

interaction with DCNLs, N-terminal acetylation is not important. 
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Materials and Methods 

Protein expression and purification 

All proteins described herein were expressed in E. coli BL21(DE3)-Star cells.  Cells 

were grown at 37 deg. C to an optical density of A600=1, and chilled at 4 deg. C for 30 

minutes prior to induction at 16 deg. C for roughly 15 hours using a final IPTG 

concentration of 0.1-0.5 mM. UBE2FS17C(17-185) included a c-terminal biotinylation 

signal GLNDIFEAQKIEWHE’ and was coexpressed with the biotin ligase and 

supplemented with 10 mM biotin. 

 

UBE2FS17C(17-185)~biotin was expressed with an N-terminal 6xHis-GST fusion and 

purified by glutathione affinity chromatography, followed by partial removal of the 

fusion partner by TEV protease treatment for 1-3 hours and size exclusion 

chromatography immediately thereafter.  A second glutathione affinity step was used 

to remove remaining fusion partner.  Flow through at this stage was collected and 

concentrated and analyzed by SGS-PAGE and ESI-MS for purity and correct mass. 1X 

PBS pH=7.5 was used as a buffer throughout the purification.  

 

Core domains of DCNL1-5 corresponding to the conserved PONY domain were cloned 

and expressed with either an N-terminal 6xHis or 6xHis-GST fusion, and purified 

similarly to above with the following exceptions: TEV protease treatment was for 15h in 

order to completely remove fusion tags, and the following buffers were used for 

proteins not tagged with GST. Lysis buffer (20 mM HEPES pH=7.6, 500 mM NaCl, 10 
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mM imidazole, 0.1 % NP-40, 10% glycerol, 1 mM DTT), Wash Buffer (20 mM HEPES 

pH=7.6, 500 mM NaCl, 20 mM imidazole, 10 % glycerol, 1 mM DTT), Elution Buffer (20 

mM HEPES pH=7.6, 500 mM NaCl, 250 mM imidazole, 10 % glycerol, 1mM DTT), and 

Sizing Buffer (20 mM HEPES pH=7.6, 150 mM NaCl, 1mM DTT).  A final anion 

exchange step was used to prepare DCNL proteins for SPR experiments (HiTrap Q HP, 

GE).  

 

Native chemical ligation 

Lyophilized peptides were resolubilized to a concentration of 1-3 mM in small 

volumes of 1X PBS buffer (100-200 µL) with 20 mM MESNA.  Neutral pH was 

confirmed by the use of pH paper.  Solubility was good for the Ac-

MLTLASKLKRDDGLKG peptide, but some insoluble material remained after 

resuspension for the acetyl-lysine peptides.  This material was removed by 

centrifugation.   

 

The solution described above was mixed with an equal volume of 200-300 µM 

UBE2FS17C(17-185), to give a final concentration of ~1 mM peptide, 10 mM MESNA, 

100-200 µM protein, in 1 X PBS pH=7.5.  Reactions were allowed to proceed for 24 

hours, with time points being taken at 3, 6 and 24 hours.  Products were buffer 

exchanged into 1X PBS pH=7.5, 1 mM DTT by two passages through a PD-10 

column (Bio-Rad).  ESI-MS was used to analyze the reaction products, and 

successfully ligated products were stocked in aliquots at 20 µM. 
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Surface plasmon resonance 

Biotinylated proteins were deposited on a streptavidin-coated carboxymethyldextran 

sensor chip (Xantec) using a Biacore 2000 system (GE Healthcare).  Signals were 

stable after several hours of buffer flow (150 mM NaCl, 1mM DTT, 25 mM HEPES pH 

= 7.5). Increasing concentrations of DCNL proteins in the above buffer were flowed 

over the sensor chip, interspersed with buffer only. Triplicate or duplicate data sets 

for each ligand-analyte pair were processed in MATLAB with scripts based on prior 

work (K. Kuchenbecker, personal communication) and fit to a single side saturation 

binding model using a least squares algorithm.   

 



81	  

Figure Legends 

Figure 1  

A, SDS-PAGE analysis of products following treatment of 6xHis-GST-UBE2FS17C(17-

185) with TEV protease.  Varying degrees of cleavage are observed, depending on 

time (1 or 15 hours) and protein:protease molar ratio (1:60, 40, or 20).  B, Size 

exclusion chromatography of products resulting from cleavage of 6xHis-GST-

UBE2FS17C(17-185) with TEV protease.  Fractions analyzed in C are marked ‘SDS-

PAGE’, and fractions pooled for further purification are marked ‘Coll’.  C, SDS-PAGE 

analysis of fractions as indicated in B.  

 

Figure 2 

A, Schematic of the native chemical ligation reaction used to ligate acetylated 

peptides to UBE2FS17C(17-185).  B, ESI-MS spectrums of purified of pre-ligation 

UBE2FS17C(17-185) (black) and post-ligation Ac-UBE2FS17C (orange).  Double peaks 

are observed in each, indicated a mass difference of 226 Daltons, due to inefficiency 

in in vivo biotin ligation. 

 

Figure 3 

A, Raw SPR sensorgram data for increasing concentrations of DCNL2 against 

NoKAc.  Sensorgram curves are colored from black to blue, representing a 

concentration range from 350 nM to 450 µM.  B, Equilibrium response values from 

multiple experiments are scaled and plotted individually as blue dots.  Orange circles 
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indicate the fitted curve.  Residuals from the average response value compared with 

the fit are shown as inset. 

 

Figure 4  

Kd values are shown for all E2-DCNL pairs.  NoKAc, 7KAc, and 9KAc are represented 

by blue, green, or red bars respectively.  

 

SUPPLEMENTARY FIGURE LEGENDS 

Supplementary Figure 1 

K7 of UBE2F (orange) approaches E194 of DCNL3 (grey). Side chains are shown as 

sticks (PDB: 4GBA) (16). 

 

Supplementary Figure 2 

K7 and K9 of UBE2F are conserved across many eukaryotic species.  PHOSIDA 

database conservation information is shown (6). 

 

Supplementary Figure 3 

Fits used to determine all Kd values shown in Fig. 4 are shown. NoKAc, 7Kac, and 

9KAc data are shown in blue, green, or red respectively.   

 

Supplementary Figure 4 
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Modelling of the UBE2F sequence onto the crystal structure of Ubc12-APPBP1-

UBA3-NEDD8-MgATP (PDB ID: 2NVU) suggests that K7 of UBE2F could potentially 

be poised to interact with NAE1 (7). 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Supplemental Figure 1 
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Supplemental Figure 2 
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Supplemental Figure 3 
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Supplemental Figure 4 
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ABSTRACT 

The HIV Viral infectivity factor (Vif) Vif protein bypasses host defenses by 

promoting the degradation of the anti-viral APOBEC3 (A3) proteins through 

interaction with the Ubiquitin E3 ligase CUL5.  In addition to the protein-protein 

interactions that are necessary for A3 ubiquitylation, a number of other physical 

interactions have been reported between Vif and cellular factors, although the 

functional and phenotypic significance of these putative complexes is typically 

not well characterized.  Vif is a relatively small protein, and it remains unclear 

how the repertoire of distinct interactions attributed to Vif are accommodated.  

We show that Vif can simultaneously bind to nucleic acids and E3 ligase 

components.  Furthermore, gel filtration and SAXS analysis indicate that a 

conformational change takes place in Vif-CBFβ-EloB-Eloc (VCBC) upon binding 

to oligonucleotide.  Our results suggest that an unusually broad conformational 

landscape may be an adaptation by which Vif fulfills a variety of roles given 

limited genomic capacity, and that a full consideration of conformational 

plasticity will be necessary for a comprehensive structural understanding of Vif.  
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INTRODUCTION 

Circumvention of the host immune system is a ubiquitous pathogenic strategy.  

Human T-lymphocytes express a subset of the APOBEC3 (A3) family of cytidine 

deaminase enzymes that are able to reduce the invectivity of viral progeny 

through hypermutation of the viral genome, an effect that is overcome by the 

Viral infectivity protein (Vif) of HIV (7, 14, 22, 33).  Vif confers A3-resistance to 

HIV by assembling an E3 ubiquitin ligase complex that catalyzes the formation 

of K48-linked polyubiquitin chains on A3 proteins, thereby targeting them for 

proteasomal degradation (11, 31).  This is the most well characterized function 

of Vif, but numerous other roles and properties have been proposed, including 

but not limited to: non-degradative counteraction of A3 enzymes through both 

additional direct and indirect mechanisms (6, 17, 18, 24), proteasomal 

degradation of Vpr (28), oligomerization (27), cell cycle arrest (9), and RNA 

chaperone activity (1).  Proteomic studies in human cells indicate an unusually 

large array of potential Vif interactors, indicating that the full repertoire of Vif 

functions is possibly even more expansive than currently thought (3, 10). 

 

Vif is a small, highly basic protein that in the apo-state displays significant 

amounts of conformational disorder, a characteristic of RNA chaperones (1, 4, 

19).  Standard biochemical and biophysical techniques are generally not well 

suited to the study of natively disordered proteins, as disordered proteins are 

typically aggregation-prone and challenging to obtain at the concentrations 
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needed.  Introducing binding partners to disordered proteins can overcome this 

barrier, by stabilizing a specific conformation or assisting in folding (8).  Our lab 

has recently found that by co-expressing Vif with the transcription factor CBFβ 

as well as the E3 ligase components ElonginB and ElonginC (EloB/C) large 

amounts of a four protein Vif-CBFβ-EloB-EloC (VCBC) complex can be obtained 

that is folded, active, and aggregation-resistant (11, 12).  Previous attempts to 

stabilize Vif by co-expression with EloB/C alone failed to stabilize the full-length 

protein, but did result in biochemically tractable complexes of EloB/C with short 

peptides corresponding to the SOCS-box sequence found in the C-terminal 

region of Vif (23).  In agreement with these results, hydrogen-deuterium 

exchange experiments suggest that binding of EloB/C to Vif induces local 

folding in the same region (15).  Interestingly, whereas EloB/C intereacts with the 

C-terminal region of Vif, CBFβ is able to immunoprecipitate shorter fragments of 

Vif corresponding to N-terminal sequences not previously accessible to in vitro 

biochemistry (12).  Furthermore, binding to monomeric Vif of an oligonucleotide 

corresponding to the HIV TAR element induced both a degree of folding and the 

formation of high molecular weight complexes (2).  These studies illustrate the 

generality of a description of Vif conformation as highly dependant on the 

presence of binding partners, consistent with an emerging understanding of a 

strategy identified in an increasing number of viral proteins whereby 

conformationally plastic proteins are utilized to maximize the phenotypic 

potential of tightly constrained genetic coding capacity (5, 26, 30). 
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While the local conformation of Vif clearly depends on whether a specific region 

is bound to ligand, it is not known whether the disorder-to-order transitions 

observed thus far are exclusive, or if cooperativity between multiple ligands may 

play a role in determining the overall fold of Vif.  Understanding the relationship 

between the global fold of Vif and its ligand binding properties will allow the 

classification of the myriad Vif functions by conformation, and will be important 

for a complete description of the protein.  The stable heterotetrameric VCBC 

complex is a useful tool to begin to study the exclusivity of Vif complexes.  

VCBC displays a high degree of foldedness as measured by circular dichroism 

(12), and unlike other known Vif complexes this foldedness is necessarily 

present in both N- and C-terminal domains (2, 16). 

 

If the conformation of Vif in VCBC is specific to its function as a substrate 

receptor for an E3 ligase, other Vif ligands such as RNA/DNA will fail to bind 

VCBC or compete with CBFβ or EloB/C for Vif binding.  We tested this 

hypothesis by characterizing the interaction of VCBC with nucleic acids.  Gel 

shift and fluorescence anisotropy measurements demonstrate that VCBC is 

competent to bind nucleic acids, albeit with an altered base preference relative 

to that reported for monomeric Vif (32).  Complexes of VCBC with a minimal 

oligonucleotide were examined by gel filtration and small angle X-ray scattering 

(SAXS), and found to have a compacted shape relative to VCBC lacking bound 

oligonucleotide.  Thus, Vif is capable of simultaneously interacting with a 

surprising number of ligands.  Moreover, there is no conformational exclusivity 
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between substrate-receptor forming and nucleic acid-binding activities.  

However, it is important to note that the properties of nucleotide-bound Vif 

appear to differ; whereas nucleotide stimulated Vif oligomerization in other 

studies, DNA-VCBC is conversely more resistant to aggregation than VCBC 

alone (2, 12).  While binding of nucleotide is not exclusive to formation of the 

VCBC complex the overall properties of the Vif complex are drastically different, 

suggesting that the influence of each binding partner may be integrated by Vif 

into a functional state that can be influenced strongly by the association of a 

single ligand.  Further work to extend the initial observations reported here, and 

to examine co-occupancy of Vif among a broader panel of proposed interactors 

is warranted to extend our understanding of the relationship between ligand 

binding, conformation and function in Vif.
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RESULTS & DISCUSSION 

EMSA analysis of interactions between VCBC and homopolymeric RNA 

Although Vif has been shown to bind a variety of nucleic acids, it is not known 

how the nucleic acid-binding activity of Vif is influenced by the formation of the 

VCBC complex (1, 2).  Relative to monomeric Vif, VCBC has increased stability 

and foldedness (11, 12).  The electrophoretic mobility shift assay (EMSA) is a 

useful technique for the direct observation of stable protein-nucleic acid 

complexes in solution (5).  Therefore, we tested the ability of VCBC to bind 40-

mer homopolymeric oligonucleotides of each RNA base type that had been end-

labeled with 32P by native electrophoretic mobility shift assay (EMSA).   

 

Not all base types were accessible by this method; poly(G)40 and poly(A)40 

oligonucleotides were retained in the well, presumably due stable intermolecular 

interactions of these homopolymer types (21). Titration of poly(U)40 with 

increasing amounts of VCBC caused an apparent shift in the electrophoretic 

mobility of the labeled oligonucleotide that could be fit to a standard ligand 

binding equation, yielding a Kd of ~75 nM (Fig. 1A).  Interestingly, although 

poly(C)40 alone had a mobility indistinguishable from that of poly(U)40 indicating a 

lack of self-association, it failed to interact with VCBC at similar concentrations 

to poly(U)40 (Fig. S1).  Our finding that VCBC binds tightly to poly(U)40 contrasts 

with previously published work on monomeric Vif, in which it was reported that 

Vif bound preferentially to poly(G) and poly(A), but not poly(U) or poly(C) (32).  
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This apparent conflict suggests that the overall nucleic acid-binding properties 

of VCBC may differ from those of monomeric Vif. 

 

EMSA analysis of interactions between larger Vif complexes and poly(U)40 

Based on our result that VCBC may have altered nucleic acid-binding 

capabilityes relative to Vif alone, we asked whether the addition of CUL5-RBX2 

(C5R2) to form the six-protein C5R2-VCBC complex might further alter the 

properties of Vif.  Titration of poly(U)40 with pre-formed C5R2-VCBC yielded a Kd 

similar to that measured for VCBC.  However, the electrophoretic mobility of the 

larger complex appeared to be similar to that of VCBC alone (Fig. 2A).  We next 

directly compared the apparent gel shift of VCBC (V) to pre-formed or mixed 

C5R2-VCBC (V-C or V+C), and included C5R2 alone as a control (Fig. 1B).  

Surprisingly, all tested protein solutions produced gel shifts indistinguishable 

from that of VCBC; C5R2 failed to supershift the VCBC complex.  It was 

apparent from this experiment that C5R2 alone could bind poly(U), and we 

characterized this activity by performing an EMSA titration of poly(U)40 with 

C5R2 (Fig. 2B).  C5R2 bound more weakly poly(U)40, and unlike that of the Vif 

complexes, C5R2 data did not fit to a standard ligand binding curve; the use of 

a hill coefficient of n=1.77 was necessary to fit the data.  We hypothesize that 

the “basic channel” in the CTD of CUL5 may nonspecifically bind the negatively 

charged RNA backbone (13).  In order to determine whether a non-Vif substrate 

receptor could supershift C5R2, we performed an EMSA with SOCS2-EloB-

EloC-C5R2 and found that unlike the VCBC-C5R2 complex a slower 
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electrophoretic mobility was observed than for either VCBC or C5R2 alone.  

These results are puzzling, as they suggest that either the full 6-protein complex 

has the same mobility as the 4-protein complex, compared to which it has more 

than twice the mass and a significantly larger volume (12), or the 6-protein 

complex dissociates upon treatment with poly(U)40.  One explanation is that the 

cooperativity observed in C5R2 binding is indicative of self-association, and that 

poly(U)40 may induce aggregation of the protein that somehow liberates VCBC.  

A shortcoming of this explanation is that VCBC-like shifts are seen even for very 

low concentrations of VCBC-C5R2, at which no binding is observed for C5R2 

alone.  Alternatively, binding of RNA to VCBC could potentially disfavor 

engagement of VCBC with C5R2, although it is difficult to imagine how this 

could work, as the VCBC-C5R2 affinity is very tight (12).  Ongoing experiments 

in the lab aim to address this issue directly. 

 

VCBC protects a 12-nt fragment of poly(U) 

In order to define the minimal oligonucleotide ligand for VCBC, we synthesized 

long poly(U) body-labeled with 32P, and tested the ability of VCBC to protect 

fragments from degradation by RNAse A.  By comparison to fragments 

protected by yeast Upf1 which is known to protect an 11-nt fragment, VCBC 

protects a fragment 1 nt longer than Upf1, or 12 nt (Fig 3).  This result was 

confirmed by fluorescence polarization measurements of 20-, 15-, and 10-mer 

poly(U) oligonucleotides (Data not shown).  The 20- and 15-mers bound equally 
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well with high affinity, whereas binding of the 10-mer was impaired, in 

agreement with a minimal ligand size between 10 and 15 nt. 

 

VCBC has varying affinity for homopolymeric oligonucleotides 

Having defined a length requirement for VCBC-oligonucleotide binding, we then 

asked whether the base-type preference could be further defined than in the 

initial EMSA experiments by employing a fluorescence anisotropy assay using 

shorter, fluorescently labeled oligonucleotides.  15-mers of each of the 8 RNA or 

DNA base times were synthesized and used in competition binding experiments 

with either poly(U)15 or poly(dA)15 (Fig. 4).  Kd values varied over 100-fold, with 

poly(dT) binding most tightly (Kd= 4.9 nM) and poly(C) binding most weakly (743 

nM).  It is worth noting that poly(dT) is thought to lack any defined structure in 

solutionm whereas poly(C) can readily self-associate at neutral pH; however 

poly(G) does not fit this trend, binding only ~3-fold weaker than poly(dT) and 

having significant structure (21).  We selected poly(dT)15, being the tightest 

binder, for use in further experiments described herein. 

 

Binding oligonucleotide causes a compaction of VCBC 

Complexes between VCBC and oligonucleotides were readily formed, and gel 

filtration chromatography was performed on VCBC alone and bound to 

poly(dT)15.  Absorption at both 260 nm and 280 nm was recorded.  Specific 

differences between the two elution profiles are apparent:  the +poly(dT)15 

sample has both an increased A260/A280 ratio and an later elution volume relative 



105	  

to -poly(dT)15, indicative of nucleotide association and a decrease in the 

parameter Rs, or the steric exclusion radius, a term describing the mean span of 

a polymer in solution that correlates well with the elution volume (Fig. 5) (29).   

 

A change in molecular shape overt enough to be directly observable by gel 

filtration chromatography typically must correspond to a change in secondary or 

tertiary structure.  To begin to address the nature of this conformational change 

associated with oligonucleotide binding, we performed small angle X-ray 

scattering analysis (SAXS) on VCBC in complex with poly(dT)15 and not.  A 

significant decrease in the maximum scattering distanace (Dmax) was observed in 

plots of the real space pair distance function, P(r) (Personal communication, 

D.Y. Kim).  For each case, a molecular envelope was modeled using GASBOR 

(25).  A distinct compaction of the rod-like envelope of VCBC was observed 

when bound to poly(dT)15 (Personal communication, D.Y. Kim). 

 

Taken together, the gel filtration and SAXS-based observations support a model 

in which binding of oligonucleotide to the VCBC complex induces a 

conformational change (Fig. 6).  The nature of the conformational change 

remains at this point unclear.  It has been reported that binding of the TAR 

element sequence can promote a disorder-to-order conformational transition in 

the N-terminal domain of monomeric Vif, so it is tempting to speculate that a 

similar transition may be described by the observations we report here (2).  

However, the physical properties of the VCBC-DNA complex are quite different 
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than those reported for Vif-TAR (2).  Rather than induce oligomerization, we 

found that binding of DNA to VCBC increased stability and disfavored 

aggregation.   We favor a model in which the context of oligonucleotide binding 

is important in determining the physical properties of the complex, and depends 

on the presence or absence of other binding partners. 
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MATERIALS AND METHODS 

Protein purification 

VCBC was purified as described previously (12).  Whereas the HXB2 Vif 

sequence was used in previous studies from our lab, here we use a consensus 

Vif sequence we term Vifcons. 

 

Radiolabeling of RNA 

Oligonucleotides were end-labeled by polynucleotide kinase with [γ-32P] ATP, 

according to the manufacturer’s recommendations (New England Biolabs).  

Reaction products were purified by buffer exchange over an Illustra G-50 

column (GE Healthcare).   

 

Long poly(U) strands synthesized by poly(U) polymerase according to the 

manufacturer’s recommendations (New England Biolabs).  The RNA was body-

labeled by incorporation of [α-32P] UTP into product RNA during synthesis.  After 

30 minutes reactions were applied to a QIAgen RNAeasy Mini column to remove 

buffer exchange and remove short reaction products, and purified according to 

the manufacturer’s recommendations.  Eluate from the column was aliquoted 

and stored at -20° C.  

 

Gel shift assays 
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100 pmol probe RNA was mixed with varying amounts of protein in NEB Buffer 

2, and incubated at room temperature for 15 minutes.  Native gel 

electrophoresis followed by phosphorimagine was used to visualize the 

formation of RNA-protein complexes.  

 

RNAse protection assays 

1 µL of 2x10^5 cpm / µL body-labeled poly(U) was mixed with varying 2 µM 

VCBC, Upf1 or no water in 1/2X NEB Buffer 2.  RNAse A was added at a final 

concentration of between 2-10 µg / mL, and reactions were mixed and allowed 

to proceed for one hour.  Protected products were purified by two successive 

chloroform-phenol extractions followed by ethanol precipitation overnight at -

80° C.  Inclusion of glycogen at a final concentration of 15 µg / mL during 

ethanol precipitation was critical for the recovery of small RNAse protection 

products.  Protected fragments were visualized by denaturing gel 

electrophoresis and visualized by phosphorimaging. 

 

Fluorescence anisotropy 

5’ fluorescein-labeled poly(U)15  and poly(dT)15 were purchased from IDT.  All 

measurements were made using an Analyst AD system (LJL BioSystems).  For 

direct binding assays, VCBC was serially diluted into a solution containing 25 

mM HEPES pH 7.9, 25 mM NaCl, 1.25 mM MgCl2, 1 mM DTT, and 1 nM 

fluorescent probe. For competitive binding assays, a competitor oligonucleotide 
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was diluted into a solution containing containing 25 mM HEPES pH 7.9, 25 mM 

NaCl, 1.25 mM MgCl2, 1 mM DTT, 1 nM fluorescent probe, and VCBC at a 

concentration equal to the Kd value determined for probe-VCBC association.  All 

data was fit in SigmaPlot; direct binding experiments were fit using a single-site 

saturation binding model, and competitive binding experiments were fit as 

described (20). 

 

Gel filtration chromatography 

Gel filtration of VCBC complexes was performed over an Superdex 200 16/60 

column (GE Healthcare) equilibrated in the following buffer: 25 mM HEPES pH 

7.5, 1 mM DTT, on an AKTA Explorer FPLC (GE Healthcare).  Samples were 

filtered through a 0.45 µm filter prior to injection into a 2 mL sample loop.  UV 

Absorption was measured at 260 nm and 280 nm throughout the runs. 
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FIGURE LEGENDS 

Figure 1. Gel-shift analysis of interactions between Vif complexes and 

poly(U)-RNA 

A, VCBC binds 32P-r(U)40 with an apparent Kd of ~75 nM.  Species are indicated 

by cartoons adjacent to the associated band.   End-labeled 32P-r(U)40 is depicted 

by a red circle attached to a black line, and the VCBC complex is labeled.  B, 

VCBC, C5R2-VCBC, and C5R2 complexes with 32P-r(U)40 co-migrate by native 

gel electrophoresis.  C5R2-S2BC bound to 32P-r(U)40 runs more slowly than 

C5R2, as expected. Species are indicated by cartoons adjacent to the 

associated band. End-labeled 32P-r(U)40 is depicted by a red circle attached to a 

black line, and protein complexes are labeled. 

 

Figure 2. Modes of C5R2-VCBC and C5R2 interaction with poly(U)-RNA are 

distinct 

A, C5R2-VCBC binds 32P-r(U)40 with an apparent Kd of ~100 nM.  Species are 

indicated by cartoons adjacent to the associated band.  End-labeled 32P-r(U)40 is 

depicted by a red circle attached to a black line, and the C5R2-VCBC complex 

is labeled.  B, C5R2 binds 32P-r(U)40 with an apparent Kd of ~250 nM.  Species 

are indicated by cartoons adjacent to the associated band.  End-labeled 32P-

r(U)40 is depicted by a red circle attached to a black line, and the C5R2 complex 

is labeled.  C, Integrated intensities from bands in A and B are plotted and used 



111	  

to determine Kd values for C5R2-VCBC and C5R2 complexes with 32P-r(U)40.  

C5R2 alone displays cooperative binding. 

 

Figure 3. VCBC protects a ~12-base fragment of poly-r(U) from RNAse 

degradation 

A, RNAse A protection patterns are shown for either no RNAse control (lane 1), 

no VCBC control (lane 2), VCBC (lane 3 and adjacent as indicated above, and 

lane 5), or yeast Upf1 (lane 4 and adjacent as indicated above).  B, Intensity 

profiles of lanes from the gels shown in panel A, as labeled.  A dotted red line  

indicates the peak corresponding to fragments 12 bases in length. 

 

Figure 4. Base-type preference of VCBC 

A, Kd values are plotted for oligonucleotide-VCBC pairs as determined by 

fluorescence anisotropy under direct or competitive binding conditions.  Base 

type is indicated below.  Error bars indicate the standard deviation in Kd from 

multiple independent experiments. B, Representative curves are shown for fits 

used to determine values plotted in A, where data are colored as follows: dT15 is 

shown in black with circles, rU15 is shown in red with triangles, and rC15 is shown 

in blue with squares. Error bars indicate the standard deviation in <r> from 

multiple independent experiments.  

 

Figure 5. VCBC-dT15 has a decreased Rs relative to VCBC alone 
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A, Absorption curves at both 260 nm and 280 nm for gel filtration of VCBC in 

complex with dT15 or not.  Coloring is as indicated.  Difference in elution volume 

and A260/A280 ratio is apparent in inset, indicating a decrease in Rs. 

 

Figure 6. Vif conformation depends on ligand binding state 

A model illustrating the hypothesized trend toward increased folding and 

compaction in Vif concomitant with the recruitment of additional binding 

partners.  Monomeric Vif is mostly disordered.  Simultaneous association with 

CBFβ and EloB/C promotes a stable fold of Vif in which both the N- and C-

terminal domains are significantly structured.  Additional ligands such as 

oligonucleotides can promote further compaction of the VCBC particle, 

indicating either a change or increase in the folding state of Vif. 

 

SUPPLEMENTARY FIGURE LEGENDS 

Supplementary Figure 1. VCBC binds weakly to poly(C) 

A, Native gel shift analysis of VCBC binding to poly(C).  VCBC binds 32P-r(C)40 

with an apparent Kd of >250 nM.  Molecular species are indicated by cartoons 

adjacent to the associated band.  End-labeled 32P-r(U)40 is depicted by a red 

circle attached to a black line, and the well-shifted bound complex is indicated 

with an asterix.  
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Figure 1 
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Figure 2 
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Figure 3 

 

!
"

#$%&'(')

! " # * +

*$%,-.!)

+$%&'(')

!"$/0

! "&'(' -,-.!
12 134567$58



116	  

Figure 4 
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Figure 5 
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Figure 6 
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Supplemental Figure 1 
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