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Abstract

HIV-1 Vif, an accessory protein in the viral genome, performs an important role in viral
pathogenesis by facilitating the degradation of APOBEC3G, an endogenous cellular inhibitor of
HIV-1 replication. In this study, intrinsically disordered regions are predicted in HIV-1 Vif using
sequence based algorithms. Intrinsic disorder may explain why traditional structure determination
of HIV-1 Vif has been elusive, making structure based drug design impossible. To characterize
HIV-1 Vif’s structural topology and to map the domains involved in oligomerization we used
chemical cross-linking, proteolysis and mass spectrometry. Cross-linking showed evidence of
monomer, dimer and trimer species via denaturing gel analysis and an additional tetramer via
western blot analysis. We identified 47 unique linear peptides and 24 (13 intramolecular; 11
intermolecular) non-contiguous, cross-linked peptides, among the noncross-linked monomer,
cross-linked monomer, cross-linked dimer and cross-linked trimer samples. Almost complete
peptide coverage of the N-terminus is observed in all samples analyzed, however reduced peptide
coverage in the C-terminal region is observed in the dimer and trimer samples. These differences
in peptide coverage or “protections” between dimer and trimer indicate specific differences in
packing between the 2 oligomeric forms. Intramolecular cross-links within the monomer suggest
that the N-terminus is likely folded into a compact domain, while the C-terminus remains
intrinsically disordered. Upon oligomerization, as evidenced by the intermolecular cross-links, the
C-terminus of one Vif protein becomes ordered by wrapping back on the N-terminal domain of
another. In addition, the majority of the intramolecular cross-links map to regions that have been
previously reported to be necessary for viral infectivity. Thus, this data suggests HIV-1 Vifisin a
dynamic equilibrium between the various oligomers potentially allowing it to interact with other
binding partners.

Keywords
HIV-1 Vif; Oligomerization; Intrinsic Disorder; Mass Spectrometry; Topology

"Corresponding author: Department of Biochemistry and Molecular Pharmacology, University of Massachusetts Medical School, 364
Plantation St. LRB 923, Worcester, MA 01605, Phone: 508-856-8008. Fax. 508-856-6464. Celia.Schiffer@umassmed.edu.
Tauthors contributed equally to this work



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 2

INTRODUCTION

The Human Immunodeficiency Virus type-1 accessory protein, viral infectivity factor or
Vif, is a 23 kDa highly basic protein (pl 10.7) that is conserved in all lentiviruses except
equine anemia infectious virus. Over the last several years, the function and interactions of
HIV-1 Vif have been extensively investigated 174. HIV-1 Vif has potential interactions with
many viral and cellular macromolecules: APOBEC3G, an endogenous cytidine deaminase 5
6, along with other family members such as APOBEC3F 7' 8, HIV-1 Gag 9, HIV-1 protease
10, viral RNA 11+ 12, and 2 proteins in a cullin-RING ligase complex: Cullin5 13715 and
elongin C 16718 . When HIV-1 Vif is absent or non-functional, post-infection viral
replication and viral production in “non-permissive” primary CD4 T-cells is dramatically
reduced. This reduction or inhibition in viral production is likely due to the irreversible
effects of the cellular enzyme APOBEC3G found in nonpermissive cells, which inhibits
viral replication possibly through its deaminase activity or by preventing the build-up of
reverse transcripts 6 19723. HIV-1 Vif binds APOBEC3G and targets it for proteosomal
degradation through a cullin-RING ligase complex which includes interactions with elongin
C and Cullin5 in the Cullin5-elongin BC complex and may also block APOBEC3G’s
translation 13+ 15+ 16+ 24728. Specifically, HIV-1 Vif’s Socs box motif interacts with
elongin C 16718 and an HCCH Zinc binding motif in HIV-1 Vif binds Cullin5 13715.
Therefore, it is likely that HIV-1 Vif’s interactions with other macromolecules are important
to its function in suppressing the affects of APOBEC3G.

The lack of or slowing of disease progression to AIDS in HIV-1-infected patients has been
correlated with mutations in the HIV-1 Vif gene 29731. Therefore, blocking HIV-1 Vif’s
ability to inhibit APOBEC3G might allow the anti-viral effects of APOBEC3G to prevent
the spread of HIV-1 infection. Inhibiting HIV-1 Vif function could therefore potentially
suppress viral replication. Thus, HIV-1 Vif is considered a viable therapeutic target either
for structure-based inhibitors or as a potential vaccine candidate.

To develop HIV-1 Vif into a viable therapeutic target, a clear understanding is needed of the
molecular mechanisms of HIV-1 Vif function, including its oligomerization and interactions
with putative functional partners. To date, little biochemical data is available on HIV-1 Vif
and, more importantly, no structural data. This lack of data is partially due to an inability to
express high levels of soluble recombinant protein using either prokaryotic or baculovirus
expression systems. However, as we will show, regions of HIV-1 Vif are very likely to be
intrinsically disordered. Intrinsically disordered proteins have extensive regions that lack a
fixed tertiary structure 32, and they are characterized by a high net charge and low overall
hydrophobicity 33+ 34. In addition, proteins with regions known to be disordered tend to
bind a large and diverse set of proteins and nucleic acids 34 35. The above properties of
intrinsically disordered proteins are also known characteristics of HIV-1 Vif.

Although a lack of structural or biochemical data for HIV-1 Vif exists, homo-
oligomerization has been implicated in its function. A putative oligomerization domain has
been found to map to amino acid residues 151-164. If this region is deleted or mutated,
HIV-1 Vif function is significantly reduced 36. More specifically, residues 161-164, which
map to the PPLP domain of HIV-1 Vif, have been shown to be necessary for HIV-1 Vif
oligomerization 37. In addition, peptides corresponding to the region 153-171 drastically
reduced the number of HIV-1 Vif oligomers observed. Adding these short peptides also
inhibits HIV-1 replication in nonpermissive cells, presumably by competing with the
functionally necessary step of oligomerization in HIV-1 Vif 37. Taken together, these data
suggest that the oligomerization domain in HIV-1 Vif is residues 151-171.
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In this study, intrinsically disordered regions of HIV-1 Vif have been predicted using
sequence analyses algorithms. These regions may explain why traditional structure
determination, and thus structure based drug design, has been elusive. Mass spectrometry
(MS) is an ideal method to obtain structural information at the level of individual amino
acids for proteins like HIV-1 Vif, which are difficult to express in large quantities. In
contrast to other biophysical and structural techniques, MS uses only hanogram amounts of
protein, as opposed to milligrams 38744. Using a novel approach involving short covalent
chemical cross-linkers, proteolysis and various forms of MS techniques, we have identified
HIV-1 Vif oligomer (protein-protein) interactions. By determining a series of these
interactions, we also obtained a low-resolution structural map of HIV-1 Vif. For the first
time, we report data on the structural topology of HIV-1 Vif, map the domains involved in
HIV-1 Vif oligomerization, and propose a mechanism in which Vif may bind other proteins.

MATERIALS AND METHODS

HIV-1 Vif

APOBEC3G

This protein, which had been expressed and purified by Immunodiagnostics, Inc., Woburn,
MA, was obtained from the AIDS Research and Reagent Program or directly from
Immunodiagnostics, Inc. According to the manufacturer’s product sheet, the HIV-1 Vif
protein was strain HXB2, expressed in £scherichia coli with a 6X His tag that is cleaved
under native conditions, stored in 50mM Tris, pH 8.0, 150mM sodium chloride, and was
>99% pure. Several different lots of HIV-1 Vif protein were obtained and all gave consistent
results.

This protein, which had been expressed and purified by Immunodiagnostics, Inc., Woburn,
MA, was obtained from the AIDS Research and Reagent Program. According to the
manufacturer’s product sheet, the protein was expressed in £. coliwith a 6X His tag and
purified to >95% purity via preparative SDS-PAGE and stored in PBS, 30% glycerol, 0.1%
sarcosyl, or it was expressed in baculovirus with a T-tag fusion protein and purified to >95%
purity using (NH4)»SO4 fractionation and immuno-affinity chromatography and finally
stored in 20mM Tris, pH 8.0, 0.1M sodium chloride, 0.01% sarcosyl.

Co-Immunoprecipitation

HIV-1 Vif was immunocaptured on an EZview™ Red Protein A Affinity gel (Sigma) using
an anti-Vif antibody (TGO001 obtained from the NIH AIDS Research and Reagent Program).
The Protein A Affinity gel with HIV-1 Vif immobilized was washed with 20 mM Tris, pH
8.0, 0.5 M sodium chloride buffer and incubated with APOBEC3G overnight at 4°C. After
APOBEC3G incubation, the beads were washed again and the HIV-1 Vif-APOBEC3G
complex was eluted from the gel via boiling. The samples were then run on a 16% Tris-
Glycine SDS PAGE gel and western blotted using an antibody for APOBEC3G. The same
protocol was followed for APOBEC3G, where APOBEC3G is immunocaptured on the
Protein A Affinity gel using an anti-APOBEC3G antibody and western blotted using a
HIV-1 Vif antibody (TG001).

Cross-linking of HIV-1 Vif

The “zero length” cross-linking agent, EDC (1-ethyl-3-[3-dimethylaminopropyl]
carbodiamide; Pierce), and sulfo-NHS (N-hydroxysuccinimide; Pierce) were prepared
freshly as 0.1 M stock solutions in deionized water. The cross-linking reaction was
performed in solution as described 45. The HIV-1 Vif protein (5 mg/ml) was diluted in 50 pl
activation buffer (0.1 M MES, pH 6.0, 0.5 M NaCl) to 0.66 mg/ml, 1 ul of the EDC stock
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solution was added to give a final EDC concentration of 2 mM, and 2.5 pl of sulfo-NHS
stock solution was added to give a final concentration of 5 mM. To avoid random protein-
protein interactions, cross-linking was performed in dilute solution. Preliminary experiments
determined that the minimal time required for optimal cross-linking in solution was 15
minutes. Thus, the cross-linking reaction was conducted at room temperature for 15 minutes
and quenched by adding SDS PAGE gel loading dye with 2-mercaptoethanol. The resulting
mixture of HIV-1 Vif oligomers was resolved on a 16% SDS-PAGE gel along with a
noncross-linked HIV-1 Vif protein, allowing each species to be individually proteolyzed.
Similar cross-linking results were obtained using multiple lots of the HIV-1 Vif protein. The
density of the Coomassie blue-stained gel bands was determined using UVP Bio-imaging
System EPI Chemi Il Dark Room and LabWorks 4.0 software. Cross-linking experiments
can only be performed /n vitro using purified proteins.

HIV-1 Vif-specific oligomers were identified by western blot analysis using a monoclonal
antibody to HIV-1 Vif (TG001) obtained from the NIH AIDS Research and Reagent
program. Proteins were transferred from a SDS PAGE gel to nitrocellulose membrane at 200
MAMPS for 2 hours at 4°C. After transfer, the membrane was treated with blocking buffer
(10 mM Tris-HCI, pH 8.0, 0.3 M NaCl, 0.25% Tween, and 5% milk) for approximately 4
hours at room temperature. After blocking, the membrane was incubated overnight at 4°C
with a 1:20,000 dilution of the HIV-1 Vif monoclonal antibody in blocking buffer. The
membrane was then washed 6 times with blocking buffer without milk and incubated at
room temperature for 1 hour with goat anti-mouse secondary antibody (1:40,000). The
membrane was then washed 6 times and developed using the Pierce Supersignal ECL kit
and a Kodak X-Omat machine.

Preparation of Samples for Mass Spectrometry (MS)

Four samples of HIV-1 Vif (the noncross-linked monomer band and the cross-linked
monomer, dimer, and trimer) were in-gel digested in preparation for MALDI-TOF MS, LC-
ion trap-MS, and LC-QTof-MS analyses in the presence or absence of heavy water (180) 46
47. Heavy water (180) was used in order to label peptides and cross-links. Therefore,
peptides digested in the presence of 180 water will be 4 mass units larger than those digested
in the presence of 180 water and cross-linked peptides will be 8 mass units larger. Tryptic
and chymotryptic in-gel digestion was performed using the Calbiochem ProteoExtract™
All-in-one Trypsin Digestion Kit according to the manufacturer’s protocol or as described
48. Briefly, gel bands containing each oligomer were excised and cut into small pieces. One-
half was digested in an Eppendorf tube in the presence of 180 water, and the other half was
digested in an Eppendorf tube in the presence of 180 water. The gel pieces were washed 2
times with wash buffer (50 mM ammonium bicarbonate in 50% ethanol) at room
temperature. Gel slices were shrunk in 100% ethanol, and incubated for 1 hour at 56°C with
50 mM ammonium bicarbonate containing DTT. After cooling to room temperature, the gel
slices were incubated with iodoacetamide for 30 min at room temperature in the dark,
washed, shrunk, and dried. Dried gel slices were digested overnight with trypsin (1 pl of 8
ng/ul) at 37°C in the presence of either 160 or 180 water. Peptides were extracted using 50
mM ammonium bicarbonate and 50% N,N-dimethyl formamide and evaporated to dryness
using a SpeedVac. Dried peptides were dissolved in 2% acetonitrile, 0.1% TFA. Finally,
peptides digested in the presence of 160 water were added to their corresponding half
sample digested in the presence of 180 water.

Peptide Analysis using Reflectron MALDI-TOF MS

The peptides extracted from each chosen band were purified using an Omix C18 ZipTip
reverse-phase cleanup pipette tip. The ZipTip was prewashed with 50% acetonitrile and
equilibrated with 0.1% trifluoroacetic acid (TFA). The peptides were aspirated 5 times
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through the ZipTip to bind them. The ZipTip was then washed by repeated aspiration of 10
ul of 0.1% TFA, and the peptides were eluted by repeated aspiration of 5 pl of 50%
acetonitrile containing 0.1% TFA. The eluate (1 ul) was spotted onto a MALDI-TOF MS
target plate with 1 pl of 20 mg/ml a.-cyano-4-hydroxycinnamic acid matrix (a.-cyano) in
50% acetonitrile, 0.1% TFA, and air dried. Analyses were performed using a Waters
MALDI L/R MALDI-TOF mass spectrometer in the reflectron mode to acquire spectra from
m/z 400 — 6000. Each spectrum was the sum of 500 laser shots and was lock-mass calibrated
using a mixture of synthetic peptides in the lock-mass well. MALDI-TOF heavy water
experiments were repeated in triplicate.

Liquid Chromatography Mass Spectrometry (LC-ion trap-MS) of Peptide Fragments

A ThermoFinnigan LTQ linear quadrupole ion trap MS equipped with a Finnigan Surveyor
HPLC pumping system was used to perform capillary HPLC nanoelectrospray (NESI) MS
and data-dependent MS/MS analyses of the HIV-1 Vif digests. Samples (1-5 pl) were
injected into a 35 pl/min flow of 2% acetonitrile in 0.1% formic acid onto a 300 um x 5 mm
C-18 Pepmap trapping column (LC Packings) using a manual NanoPeak injection valve
(UpChurch Scientific). A 30 min solvent gradient from 5 to 50% acetonitrile in 0.1% formic
acid was then passed in the reverse direction at 200 nl/min through the trapping column. The
trapping column eluate was passed through a 75 pm ID x 10 cm ProteoPrep Il packed
PicoFrit HPLC column/electrospray emitter (New Objectives, Inc.) installed in the NESI
source of the mass spectrometer. Positive ion ESI MS were acquired during the elution with
one full scan MS followed by data-dependent MS/MS product ion spectra (35% normalized
collision energy) of the 10 most intense ions from the full scan MS. The NESI source was
operated with the source at 1.8 kV and capillary at 250°C.

LC-QTof-MS Mass Spectrometry of Peptide Fragments (Q-Tof)

A Waters Q-Tof Premier Mass Spectrometer equipped with a Waters CapLC HPLC
pumping system was used to perform capillary nanoelectrospray (NESI) MS and data-
dependent MS/MS analyses of the HIV-1 Vif digests. Samples (1-5 ul) were injected into a
12 ul/min flow of 2% acetonitrile in 0.1% formic acid onto a CAPTRAP (Michrome
Bioresources, Inc.) trapping column using a manual NanoPeak injection valve. A 30-min
solvent gradient from 2 to 98% acetonitrile in 0.1% formic acid was then passed through the
trapping column in the reverse direction at 200 nl/min. The trapping column eluate was
passed through a 75 um ID x 10 cm ProteoPrep Il-packed PicoFrit column/electrospray
emitter (New Objectives, Inc.) installed in the NESI source of the mass spectrometer. Data-
dependent positive ion NESI MS were acquired during the elution with one full scan MS
followed by MS/MS product ion spectra of the 4 most intense ions from the full scan MS
lock mass. The NESI source was operated with the source at 2.7 kV and capillary at 200°C.

Data Analysis

Peptides were identified from molecular weight and MS/MS sequence data using SEQUEST
and analyzed using PAWS (Protein Analysis Worksheet), GPMAW (General Protein Mass
Analysis for Windows), and MassLynx software tools 43. PAWS was used to match peptide
MH?* ions observed in the MALDI-TOF MS data to sequences from HIV-1 Vif, and
GPMAW was used to similarly match sequences from both normal peptides and cross-
linked peptides observed in MALDI-TOF MS and LCMS (ion trap and QTof) analyses.
MassLynx was used to analyze MALDI-TOF spectra and to identify 160 and 180 ion pairs
from linear and cross-linked peptides. Mass identity assignments of cross-links were made
using the following criteria: 1) Trypsin-specific cleavages (R or K) were considered. 2)
Since cross-linking reactions form amide bonds between lysine side-chain amine groups and
glutamic acid or aspartic acid side-chain carboxyl groups, all identified cross-linked peptides
must contain at least one Lys residue in one of the peptides and at least one Glu or Asp
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residue in the other. 3) Cross-links were assigned only if the ions were present in cross-
linked samples and absent in the noncross-linked control. 4) Intramolecular cross-linked
peptides were identified by their presence in the monomer cross-link sample. 5)
Intermolecular cross-links were inferred when cross-links were only seen in the cross-linked
dimer or cross-linked trimer but not in the monomer 49. 6) A crosslink had to be present in
at least 2 out of 3 experiments to be accepted. 7) In heavy water experiments when the
protein is cleaved with trypsin, 2 atoms of 180 are incorporated into the carboxy terminus of
each peptide, resulting in a mass shift of +4 Da for a linear peptide and +8 Da for a cross-
linked peptide. Therefore, linear peptides were assigned if a mass shift of +4 Da was
observed and cross-linked peptides were assigned if a mass shift of +8 Da was observed 46
47.

Although high molecular weight cross-links are prone to less accurate mass matches, as the
signal-to-noise ratio may affect mass accuracy, particular care was taken to ensure the
accuracy of the identified cross-links (Supplemental Table 11). These cross-links were only
identified if they were reproduced in more than one sample and had the appropriate heavy
water label. The majority of the data is within an acceptable parts-per-million (ppm) range;
however the few values that diverge slightly meet the other criteria for being cross-linked
and are still less than one Dalton different from the theoretical mass.

Structure Predictions

RESULTS

Intrinsically disordered regions of HIV-1 Vif were predicted from PONDR®, Predictors of
Natural Disordered Regions, which utilizes sequence based algorithms 50: 51. Access to
PONDR® was provided by Molecular Kinetics (6201 Las Pas Trail-Ste 160, Indianapolis,
IN 46268; 317-280-8737; main@molecularkinetics.com). VL-XT is copyright©1999 by the
WSU Research Foundation all rights reserved. PONDR® is copyright©2004 by Molecular
Kinetics, all rights reserved. In addition to the prediction of intrinsic disorder, a consensus
secondary structure prediction was obtained from the Pole Biolnformatique Lyonnais
website using Network Protein Sequence Analysis 52.

Co-Immunoprecipitation of HIV-1 Vif with APOBEC3G

The HIV-1 Vif protein obtained from Immunodiagnostics was determined to be biologically
functional by co-immunoprecipitating it with its known binding partner, APOBEC3G.
HIV-1 Vif binding was detected both to immobilized APOBEC3G expressed in either £.
coli or baculovirus, and APOBEC3G binding to immobilized HIV-1 Vif (1A). These results
suggest that the HIV-1 Vif protein obtained was in a biologically relevant form and thus
folded and functional.

HIV-1 Vif forms higher order oligomers in vitro

To isolate oligomeric forms of HIV-1 Vif, chemical cross-linking experiments were
performed. Higher order oligomers of HIV-1 Vif were observed /n vitro using the
heterobifunctional zero-length cross-linker, EDC. Denaturing PAGE analysis of cross-linked
HIV-1 Vif showed the presence of cross-linked monomer (24 kDa), cross-linked dimer (48
kDa), and cross-linked trimer (72 kDa) forms of the HIV-1 Vif protein (Figure 1B, lane 3).
The oligomers of HIV-1 Vif were confirmed via western blotting and in addition to the
monomer, dimer and trimer forms, a cross-linked tetramer was observed (Figure 1C, lane 2).
Densometric analysis of the Coomassie-stained SDS PAGE gel suggests that approximately
46% of the reaction product is cross-linked monomer, 39% is cross-linked dimer, and 15%
is cross-linked trimer (Figure 1B, lane 3). A noncross-linked sample of HIV-1 Vif, run as a
control, showed a band consistent with a HIV-1 Vif monomer (Figure 1B, lane 2). In the
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western blot of the noncross-linked monomer, a small amount of HIV-1 Vif dimer is
present, which is sometimes observed for oligomeric proteins under reducing and denaturing
conditions (Figure 1C, lane 1). The cross-linked monomer, dimer and trimer were analyzed
using mass spectrometry to gain insight into HIV-1 Vif’s topology as well as to map the
oligomerization domains.

Structure Predictions

Prior to analysis of the cross-linked HIV-1 Vif samples by mass spectrometry, PONDR®,
Predictors of Natural Disordered Regions, was used to determine regions of intrinsic
disorder in HIV-1 Vif by submitting the HXB2 HIV-1 Vif sequence 50:51. This program
uses four different predictor routines to suggest regions of intrinsic disorder. Only one of the
four predictors, VL-XT, predicted the N-terminus of HIV-1 Vif to be disordered, and two of
the predictors, VL-XT and XL1-XT, predicted two short regions (possibly extended loops)
between residues 50-63 and 87-100 to be disordered. However, all four of the predictors,
unanimously predicted the C-terminus to be disordered (Figure 2A). Therefore, this suggests
the C-terminus of HIV-1 Vif is intrinsically disordered. In addition to predicting regions of
intrinsic disorder, HIV-1 Vif’s secondary structure was predicted using the Pole
Biolnformatique Lyonnais Network Protein Sequence Analysis (NPS) secondary structure
consensus prediction program because intrinsically disordered proteins often do have
defined secondary structure (Figure 4A) 52. The majority of HIV-1 Vif’s secondary
structure is predicted to be random coil, however, there is predicted secondary structure: the
ordered N-terminus is predicted to consistent of mostly beta-sheets and one alpha helix and
the disordered c-terminus is predicted to consistent of mostly alpha helixes.

Identification of Noncross-linked Linear Peptides

Detailed examination of the linear peptide coverage can elucidate the regions of HIV-1 Vif
that are protected from protease digestion upon folding and oligomerization 53. Because the
cross-linking reaction is not 100% efficient, some peptides may be observed with
diminished intensity in regions that are important for oligomerization. Noncross-linked
HIV-1 Vif, cross-linked monomer, cross-linked dimer, and cross-linked trimer were excised
from gels, trypsin digested separately in the presence of 160 and 180 water, and analyzed
using reflectron MALDI-TOF MS, LC-ion trap-MS, and LC-QTof-MS. Gel bands were
digested in the presence of 180 water in order to label peptides and cross-links for
identification. During trypsin cleavage two oxygens are added to the C-terminus of each
peptide, therefore peptides digested in the presence of 180 water will be 4 mass units larger
than peptides digested in 160 water and cross-links will be 8 mass units larger than their
unlabelled counterparts. For example, Figure 2B shows a region of the MALDI-TOF
spectrum representing a peptide where an MH+ ion (m/z 728.351) is seen for the unlabelled
peptide (180), and 4 Da higher, an MH+ ion (m/z 732.367) is seen for the labeled peptide
(180). The ion at m/z (mass-to-charge ratio) 728.351 corresponds to a theoretical mass of
728.351 for the peptide 37-41. All the experimental peptides identified via MALDI-TOF
were identified in a similar manner to above, and their parts per million and mass difference
from the theoretical mass, are shown in Supplemental Table I.

All three mass spectrometry techniques mentioned above and both trypsin and chymotrypsin
digests were used to identify peptides that provide 100% sequence coverage for the
noncross-linked sample, 99% coverage for the cross-linked monomer, 95% for the dimer
and 83% for the trimer (Figure 3 and Figure 4). The difference in coverage (particularly in
the C-terminus) between monomer, dimer and trimer suggests that the dimer and trimer
samples have more protected areas, which indicates conformational change due to
oligomerization. Analysis of the MALDI-TOF MS, LC-ion trap-MS, and LC-QTof-MS data
shows complete peptide sequence coverage for all samples analyzed from residues 1-91.
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The monomer, dimer and trimer samples have an area of protection around residues 92-94
(KKR), which may be due to a conformational change or possibly due to trypsin cleavage at
each site, creating single residue peptides. The trimer sample, but not the monomer or dimer
sample, has an area of protection from residues 107-121 (IHLYYFDCFDSAIR), suggesting
that these residues may be involved in trimerization. This region in the trimer is also well
conserved and contains several aromatic residues and one of the 2 cysteines in the protein
suggesting this is a functional domain in the trimer. From residues 122-147, there is almost
complete peptide coverage in all samples analyzed. The peptide coverage in the C-terminal
domain of the dimer and trimer is reduced, or in other words the “protection” is increased,
suggesting that this region is involved in oligomerization of the protein, consistent with a
previous report that the oligomerization domain is from residues 151-171 36+ 37. For
example, the trimer sample shows an area of protection from residues 148-157
(LALAALITPK), and a region of protection is seen from 169-173 (LTEDR) in the dimer
and trimer. In addition, the sample digested with chymotrypsin contains a peptide in the
noncross-linked and cross-linked monomers, corresponding to residues 151-174. This
peptide is lost in the dimer and trimer, supporting the importance of this region for
oligomerization. The different areas of protection observed between the dimer and trimer
samples suggest changes in the details of interactions as the protein oligomeric state
transitions from dimer to trimer (Figure 3 and Table I). Finally, the “protection” observed in
the C-terminus of the dimer and trimer sample are consistent with these regions becoming
more ordered upon oligomerization.

Identification of Cross-linked Peptides

In addition to the linear peptides, cross-linked peptides were observed using reflectron
MALDI-TOF MS labeled with heavy water (180). Cross-linked peptides were identified via
MALDI-TOF MS by the presence of peaks not seen in the noncross-linked sample and a +8
Da mass shift obtained from the incorporation of four 180s in the two cross-linked peptides.
All the experimental cross-links identified via MALDI-TOF, with their parts per million and
mass difference from the theoretical mass, are shown as supplemental data (Supplemental
Table I1). For example, Figure 2C shows a region of the MALDI-TOF spectrum from an
intermolecular cross-link seen only in the dimer and trimer, where an ion (m/z 3068.305) in
the trimer sample is seen for the unlabelled (60) cross-link and 8 mass units away, an ion
(m/z 3076.720) is seen for the labeled (180) cross-link. For this high molecular weight range
there is a good correlation, less than half a Dalton, between the m/z ion at 3068.305 and a
theoretical m/z ion of 3068.710 for the cross-linked peptides 51-63 linked to 159-173.

Thirteen intramolecular cross-links were identified in all cross-linked samples but not in the
noncross-linked control (Table 1), in which two of these intramolecular cross-links map to
the same residues, and so appear only once in Figure 4B (E45 to K92). This core of
intramolecular cross-links seen in all 3 samples are between distinct and distant residues
separated in sequence, indicating that HIV-1 Vif is compactly folded as cross-linking
suggests these residues are close to each other in 3-dimensional space. In addition, one
cross-linked peptide, 23-34 linked to 159-172, is specific to the monomer sample,
suggesting a possible conformational change upon oligomerization (Table Il and Figure 4B).

Intermolecular cross-links were observed in the cross-linked dimer and trimer samples
(Table Il and Figure 4C, D). These intermolecular cross-links were identified by their
presence in the dimer and/or trimer sample but not in the noncross-linked or cross-linked
monomer samples, and by the presence of a +8 Da mass unit shift. Seven cross-links specific
to the trimer and 4 in both the dimer and trimer were identified. The majority of cross-links
observed in the cross-linked dimer and trimer mapped to the N- and C-termini of the protein.
The trimer also contained a set of cross-links that mapped to the C-terminus of each
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respective monomer, suggesting that along with an N- to C-terminus interaction in the
trimer, there is also a C- to C-terminus interaction.

Overall, cross-link sequence coverage was observed in 62.5% of the monomer, 69.3% of the
dimer, and 69.8% of the trimer. Complete cross-link sequence coverage is not expected
since cross-linked fragments are likely to exist in digested dimers and trimers above 4000
Da. Molecular weights greater than 4000 are difficult to uniquely identify, given the current
technology. The differences in levels of coverage observed between cross-links in the
monomer and those in the dimer and trimer suggest a conformational change that allows the
C-terminus to become more accessible to cross-linking, and therefore suggesting the region
becomes more ordered upon higher order oligomerization. The redundancy in intermolecular
cross-links indicates that oligomerization occurs in a unique, specific manner that is likely
functionally significant and not due to nonspecific aggregation. The intramolecular cross-
links observed give insight into the tertiary fold of the HIV-1 Vif protein, whereas the
intermolecular cross-links give insight into the quaternary fold of the homo-oligomer
(Figure 4, Figure 5 and Table II).

DISCUSSION

HIV-1 Vif interacts directly or indirectly with APOBEC3G, an endogenous cellular inhibitor
of HIV-1 replication, and targets it for proteosomal degradation through a cullin-RING
ligase complex, thus allowing the virus to replicate. The proteosomal degradation of
APOBEC3G depends on HIV-1 Vif binding members of the cullin-RING ligase complex
such as elongin C and Cullin5. HIV-1 Vif binds elongin C through its SOCS box domain
which appears to be regulated by phosphorylation of the SOCS box 6+ 16' 24+ 26, and HIV-1
Vif binds Cullin5 through a HCCH zinc binding motif 13715. This function of HIV-1 Vif
makes it a critical factor in HIV-1 infectivity and viral spread, and hence provides an ideal
target for antiviral agents. In addition, to APOBEC3G, elongin C and Cullin5, Vif has also
been shown to bind a host of other proteins including HIV-1 NCp7 (Gag) and HIV-1 viral
RNAQ9- 12: 54+ 55, High resolution structural data would help to identify residues involved
in protein folding and in interactions with other proteins at the atomic level. This data would
also provide insight into the protein interfaces and residues that are potential targets for
antiviral strategies, similar to the insights used for exploring structure-based inhibition of
HIV-1 protease 56. However, to date no structural information exists on HIV-1 Vif at the
atomic level or any biophysical information at the single amino acid level. This lack of
information is partly due to the inability to express soluble HIV-1 Vif at amounts needed for
conventional high-resolution structural techniques. Because of this inability to express large
quantities of soluble HIV-1 Vif, experiments such as gel filtration or analytical
centrifugation are also not possible. We, therefore, utilized techniques that require small
amounts of protein to map the topology of HIV-1 Vif. Specifically we used cross-linking,
proteolysis and state-of-the-art mass spectrometry (LC-QTof-MS, LC-ion trap-MS and
MALDI-TOF MS) techniques 38: 40: 43 46: 47 to obtain data on the topology and
oligomerization of HIV-1 Vif.

The cross-linking analysis of HIV-1 Vif resulted in the elucidation of a variety of oligomeric
states: monomer, dimer and trimer. Proteolytic digestion and comparison of the resulting
peptides from these cross-linked oligomers and a noncross-linked sample allowed the
determination of many key aspects of the tertiary and quaternary structure of HIV-1 Vif.
Linear peptides were identified that cover the entire protein for both the noncross-linked and
cross-linked monomers of HIV-1 Vif. In the dimer and trimer, however, certain regions of
the oligomer are not observed, indicating that cross-linking has “protected” them from
proteolysis. Such protected linear peptides are observed in the dimer and trimer at residues
169-173 and in the trimer alone at 107-121 and 148-157. The difference in protection
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between the dimer and trimer indicates specific differences in packing between the two
oligomers, likely reflecting an increase in order upon oligomerization.

In addition to linear peptides, 24 specific intra- and intermolecular cross-links were also
identified in the various oligomeric states (Figure 4). These observed cross-links are not due
to nonspecific aggregation since only a limited number of lysines and aspartic/glutamic acid
residues in HIV-1 Vif are involved. In fact, only 9 of 14 (64.29%) lysines are involved in
cross-links and 7 of 16 (43.75%) acidic residues are involved in cross-links, where the
combination of possible cross-links is 224 if all lysines randomly interacted with all possible
acids. Since the “zero-length” cross-linking agent, EDC, only links groups that are within 5
A, the cross-links that are observed are specific and not the result of non-specific
aggregation. Multiple, essentially redundant cross-links, are also observed between similar
regions of the protein particularly in the N-terminus, indicating a specific fold. Thirteen
cross-links were observed in the cross-linked monomer, dimer and trimer, and are therefore
intramolecular. Ten of these intramolecular cross-links are within the amino-terminal half of
HIV-1 Vif, indicating that this region is likely folded into a compact domain. Only one
cross-link is observed between residues 171 and 181 in the carboxy-terminal half of HIV-1
Vif, indicating that this region is likely less ordered in the monomer. Between the two
domains there are only three cross-links (between residues: 2 and 141; 2 and 176; and 26
and 171) and none in the last 16 residues of the protein (Figure 4B), indicating minimal
interactions between N- and C-terminal regions of the protein within the monomer.

Additional specific intermolecular cross-links were observed in the dimer and trimer of
HIV-1 Vif. Four cross-links observed in the dimer are also observed in the trimer, where
they link residues in the amino half of the protein, between 34 and 92, with residues in the
carboxyl half of the protein, between 134 and 176. An additional 6 cross-links are observed
in the trimer. Two of these cross-links involve more extensive interactions between the two
termini of the protein, and the remaining 4 intermolecular cross-links occur within the
carboxy quarter of the protein, between residues 158 to 192. This observation suggests that,
in contrast to its disordered structure as a monomer, the carboxy-terminal domain becomes
more ordered upon dimerization and trimerization.

Proteins that contain regions of intrinsic disorder are characterized by having regions with
poorly defined tertiary structure when studied in isolation. These proteins become more
ordered upon oligomerizing or binding to other biological macromolecules 32+ 35. In
addition, intrinsically disordered proteins have high net charge and low overall
hydrophobicity 33 34. Interestingly, both of these characteristics are attributable to HIV-1
Vif. The propensity for being intrinsically disordered can be successfully predicted from a
protein’s sequence utilizing analysis programs such as PONDR® in the Database of Protein
Disorder (DisProt) 50+ 51. In fact, PONDR VL-XT successfully predicted that regions of
p53 and Mdm2 had intrinsic disorder 57. In p53 PONDR VL-XT predicts the middle portion
of the protein is ordered, while both the N-and C-termini are predominantly disordered,
which was experimentally confirmed by NMR. In addition “disorder-to-order transitions”
have been observed in p53 to occur both upon tetramerization and upon other proteins
binding. Similarly in Mdm2, the p53 binding domain has been predicted and confirmed to
be ordered while other regions are confirmed to undergo “disorder-to-order transitions” 57.
Interestingly, Mdm?2 targets p53 for proteosomal degradation in an analogous fashion to
HIV-1 Vif and APOBEC3G.

When the HIV-1 Vifyxgo sequence is submitted to PONDR® 51 all four predictors score the
C-terminus as being highly disordered (Figure 2A). Only one of the four predictors suggests
that the N-terminus might also be disordered. However, our mass spectrometry data, with
ten internal cross-links within the N-terminus strongly supports that it is predominantly
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ordered unlike the C-terminus where only one internal cross-link was observed (Figure 4B).
Thus, the C-terminus of monomeric HIV-1 Vif is likely intrinsically disordered and may
become more ordered upon oligomerization. This model is supported by our cross-linking
data, since four new cross-links (Figure 4C) and another six additional cross-links (Figure
4D) were obtained in the C-terminus for the dimer and trimer, respectively. Figure 5 shows a
2-dimensional schematic of how HIV-1 Vif may homo-oligomerize based on observed areas
of protection and cross-links from the mass spectrometry analysis: with the carboxy termini
becoming more structured as oligomerization occurs. This is consistent with the secondary
structure prediction (Figure 4A) where the twists and turns correspond to areas predicted to
be random coils. The ordering of HIV-1 Vif upon oligomerization is consistent with the
behavior of other intrinsically disordered proteins that become more ordered upon binding
other biological macromolecules 32+ 35.

Thus, in the absence of high resolution structural data, we have successfully obtained
information on the oligomeric state and molecular topology of HIV-1 Vif using state-of-the-
art cross-linking and mass spectroscopy techniques that have been extensively used with
other proteins 38 40: 43 46: 47. This data both from identification of peptide protection and
identification of specific cross-links complements and expands previous reports on the
identification of important residues and regions of HIV-1 Vif required for HIV-1 infectivity.
Data from single or multiple site directed mutagenesis experiments showed that 20 residues
either individually or in combination reduced viral infectivity by greater than 85% and that
another 9 residues reduced infectivity greater than 50% 58. Our mass spectrometry data
overlaps with 27 of these 29 sites that have been identified as being important for infectivity.
Three variants [(Q105A, L106A, 1107V); (Y111A, F112A); (C114S)] containing 6 of the 27
sites of mutation that reduce infectivity by greater than 85% 58 overlap directly with a
protected peptide we observed in the trimer (107-121). This protected peptide contains
H108, C114 and 1120 which are important in Cullin5 binding 13715. Thus the fact that 107—
121 is protected in the trimer may imply trimerization is essential for HIV-1 Vif activity,
perhaps by facilitating Cullin5 binding by the displacement of one or more HIV-1 Vif
monomers. Another 21 of these important residues map near two separate cross-links that
only occur upon dimer and trimer formation. Five of these 21 residues, in three variants
[(P161A, P162A, L163A); (P164A); (S165A)], map adjacent to a cross-link of K160 to D61.
The remaining sixteen of these 21 residues map to the region contiguous with K34 cross-
linking with E134 where 4 variants [(W38A, F39A, Y40A); (H43A, Y44A); (C133S);
(S144A, L145A, Q146A)] affect infectivity by greater than 85% and three variants [(M29A,
Y30A, 131V); (Y135A, Q136A); (N140A, K141A)] affect infectivity by greater than 50%
58. Our cross-linking data of K34 linking with E134 indicates that these essential regions,
29-44 and 133-146, are close together in three-dimensional space. This implies in the dimer
and trimer these regions likely come together to form a single molecular surface creating a
“hotspot” for biological activity possibly facilitating Cullin5 binding through C133 of the
HCCH zinc binding motif 13715.

The HIV-1 viral RNA binding site in HIV-1 Vif, residues 1-64, further supports the
proposed “hot spot” for biological activity since it overlaps with “hot spot” residues 29-44.
RNA binding activity was significantly reduced by the following HIV-1 Vif mutants:
W11A, Y30A, and Y40A 55, which in the case of Y30A and Y40A, are adjacent to the
proposed “hotspot” for biological activity. In addition, HIV-1 Vif’s binding to viral RNA
appears to occur in a cooperative manner resulting from HIV-1 Vif multimers binding to the
viral RNA 12.

Peptide protection data in the dimer and/or trimer of residues 148-157 and 169-173 and

cross-links at residues 158, 160, and 170 are also consistent with the previously identified
oligomerization domain, 151-171 36+ 37. In fact, 148-157 overlaps with the SOCS box,
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residues 145-169, where HIV-1 Vif interacts with elongin C in the elongin BC complex.
This is similar to the trimer specific peptide protection of residues 107-121 corresponding
with Cullin5 binding. In addition, the oligomerization domain is also adjacent to and
overlapping with the putative HIV-1 NCp7 (Gag) binding site, residues 157-179 54.
Therefore, our protection and cross-linking data not only is consistant with the previously
reported oligomerization domain, but the overlap of this region with the NCp7 (Gag)
binding site may suggest that Gag is important for HIV-1 Vif function. A possible molecular
mechanism is that the Cullin5-elonginBC complex displaces one (or more) of the HIV-1 Vif
monomers thereby inducing a conformational change that may also facilitate the binding and
targeting of APOBEC3G for degradation. Therefore, the structurally important regions
identified from our mass spectrometry analysis in HIV-1 Vif likely undergo a “disorder-to-
order” transition upon oligomerization or binding to other macromolecules such as Cullin5,
elongin C, viral RNA, and HIV-1 NCp7 (Gag).

Although HIV-1 Vif is not highly conserved the majority of our cross-links and peptide
protections occur at residues that are conserved among HIV-1 subtypes. Among those
residues in cross-links, E2, D14, K22, K26, and E34 in the N-terminus and E134, K141,
K158, K160, K171, and K176 in the C-terminus cluster as two regions of high sequence
conservation. Conservation of these residues along with cross-linking data is consistent with
residues 29-44 and 133-146 being a “hotspot” for HIV-1 Vif’s biological activity. The
sequence of HIV-1 Vif is not conserved among other lentiviral Vifs. However, like HIV-1
Vif, PONDR® predicts that the C-terminus of HIV-2 and SIV Vif are both disordered.
Therefore, these lentiviral Vifs may undergo a similar “disorder-to-order” transition upon
oligomerization and binding of other macromolecules similar to the one proposed for HIV-1
Vif.

This first study of HIV-1 Vif’s molecular structure allows us to develop the following
hypothesis: HIV-1 Vif monomers are likely in dynamic equilibrium between various homo-
oligomers (dimer and trimer), Cullin5-elonginBC complex, APOBEC3G and possibly other
biological macromolecules such as HIV-1 NCp7 (Gag) and HIV-1 viral RNA. The HIV-1
Vif monomer will likely only exist transiently with an N-terminal region that has a defined
topology while the C-terminus is intrinsically disordered. This disorder may facilitate the
dynamic equilibrium of the various complexes. Upon binding other macromolecules the
structure of the C-terminus of the HIV-1 Vif monomer becomes more defined, which is
what we observed in molecular detail upon the formation of HIV-1 Vif dimers and trimers in
the C-terminal region (Figures 4 and 5). Specifically, this increase in structure, or “disorder-
to-order” transition, is likely to be critical to HIV-1 Vif’s function in viral infectivity, as
regions where we observed specific cross-links and protected peptides correspond to
previously identified regions critical to viral infection. Further structure determination and
biochemical analysis of these complexes must be performed in order to better elucidate the
specifics of these interactions as future inhibitor design will involve disruption of one or
more of these critical interactions involved in HIV-1 Vif function.
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Vif virion infectivity factor

MALDI-TOF matrix-assisted laser desorption/ionization-time of flight
LC-iontrap-MS ion trap liquid chromatography mass spectrometry

LC-QTof-MS quadrupole time of flight liquid chromatography mass spectrometry
m/z mass-to-charge ratio
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Figure 1. HIV-1Vif isfunctional and can form higher order oligomers

(A) Co-immunoprecipitation of HIV-1 Vif with APOBEC3G. Vif (APOBEC3G) was
immobilized on Protein A affinity beads, incubated overnight with APOBEC3G (Vif), and
eluted via boiling. Lane 1. Immobilized APOBEC3G interacts with HIV-1 Vif. Lane 2:
Immobilized HIV-1 Vif interacts with baculovirus-expressed APOBEC3G. Lane 3:
Immobilized HIV-1 Vif interacts with £. coli-expressed APOBEC3G. The higher molecular
weight bands observed are the result of heavy chains, light chains, and Protein A
background routinely observed in immunoprecipitations. (B) SDS PAGE analysis of HIV-1
Vif cross-links. Lane 1. Molecular weight markers (kDa). Lane 2: Noncross-linked HIV-1
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Vif control that is predominately monomer (23 kDa). Lane 3: EDC cross-linked HIV-1 Vif,
with evidence for a dimer (46 kDa) and trimer (69 kDa). (C) Western blot of HIV-1 Vif
cross-links. Lane 1: A noncross-linked HIV-1 Vif control that is predominantly monomer,
with a small amount of dimer. Lane 2: EDC cross-linked HIV-1 Vif, with evidence for
dimer, trimer and tetramer forms.
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Figure 2. Analysisof HIV-1Vif using reflectron MALDI-TOF-M S

The mass spectrometry data presented here represents an example of the spectra of a peptide
(Figure 2B) and a cross-link (Figure 2C) in Tables 1 and 2, respectively. m/z represents the
mass-to-charge ratio of the ion and in the case of a singly charged ion represents the
peptides MH+ (molecular weight). (A) Predicted regions of intrinsic disorder for HIV-1 Vif
using PONDR®), Predictors of Natural Disordered Regions 50:51. The four colors indicate
four separate predictor algorithms: blue VL3, red VL-XT, yellow XL1-XT, and green CaN-
XT. (B) An unlabelled peptide at m/z 728.351 and its labeled (180) counterpart 4Da larger
at m/z 732.367. This peptide corresponds to residues 37-41 in the protein. (C) An unlabelled
intermolecular cross-linked peptide at m/z 3068.305 and its labeled (80) counterpart 8Da
larger at m/z 3076.720. This region corresponds to a cross-link between peptides 51-63 and
159-173 and is only seen in the dimer and trimer. The arrow indicates the beginning of the
+8 Da ion series.
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Figure 3. Peptide Sequence Coverage Map from MALDI-TOF, LC-ion trap-M S, and L C-QTof-

M S Data

Coverage maps of tryptic and chymotryptic peptides identified from MALDI-TOF, LC-ion
trap-MS, and LC-QTof-MS, and tryptic cross-links identified from MALDI-TOF. Peptides
and cross-links were identified via comparison of the experimental molecular weight with a
list of theoretical molecular weights calculated from ProteinProspector or GPMAW as well
as by a corresponding ion 4Da larger for a peptide and 8Da larger for a cross-link. (A)
Noncross-linked. (B) Monomer. (C) Dimer. (D) Trimer. Identified regions are those that are
cross-linked to each other and those that are protected. Black: peptides; blue: intramolecular
cross-links; red: cross-links in the dimer and trimer; green: trimer cross-links.
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Figured. Crosslinksof HIV-1 Vif

Schematic diagram of cross-links observed in different oligomeric states of HIV-1 Vif that
were analyzed by MALDI-TOF and heavy water labeling. (A) Consensus secondary
structure prediction for HIVV-1 Vif 52. Red: beta-sheet. Blue: alpha-helix. Purple: random
coil (B) Cross-links observed in the monomer sample. (C) Cross-links observed in the dimer
sample and shown going from both the N- to C-terminal and from the C-to N-terminal
regions. (D) Cross-links observed in the trimer and shown going from both the N-to C-
terminal and from the C- to N-terminal regions. Cross-linking: Dotted lines indicate that
cross-links appeared in both the dimer and trimer samples. The blue bars represent peptide
coverage for each oligomeric state.
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C terminus

terminus

C terminus

\‘@

C terminus

Figure5. Topology and Multimerization of HIV-1 Vif

(A) Intramolecular cross-links suggest that the N-terminus is folded into a compact domain
and the C-terminus is less structured. The HIV-1 Vif monomer is globular in shape. (B and
C) Schematic of how the HIV-1 Vif dimer and trimer may fold. The carboxyl terminus
becomes more ordered upon oligomerization.
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