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Abstract

The glycosylation state of envelope glycoproteins in Human and Simian Immunodeficiency
Viruses (HIV/SIV) is critical to viral infectivity and tropism, viral protein processing, and in virus
evasion of the immune system. Using a rapid fluorescent two-dimensional gel based method
coupled with enzymatic pre-treatment of virus with PNGase F (Peptide: N-Glycosidase F) and
fluorescent 2D gels or 2D gel Western blotting, we show significant differences in the
glycosylation patterns of two SIV strains widely used in animal models of HIV disease and
vaccine studies. We also demonstrate the modification of a host protein important in HIV biology
(HLA-DR) by O-GlcNAc. Further, this experimental pipeline allows for the identification of the
modified protein and the site of N-linked glycosylation by fluorescent two-dimensional gel
electrophoresis coupled with mass spectrometry (MS) and the qualitative and semi-quantitative
assessment of viral glycosylation. The method is fully compatible with downstream glycomics
analysis. This approach will permit correlation of virus glycosylation status with pathological
severity and may serve as a rapid screen of viruses from physiological samples for further study by
more advanced MS methodology.

Keywords

HIV-1; SIV; Glycosylation; O-GIcNAc; N-Linked Glycans; Mass Spectrometry; Proteomics;
Two-Dimensional Gels; DIGE; Fluorescence

Introduction

Glycosylation of HIV and SIV proteins plays central roles during multiple stages of the
infectivity cycle. During infection, viral glycoproteins influence binding of viral surface
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proteins gp120 and gp41 to host cell CD4 and co-receptor [1] and can enhance the
interactions of HIV and SIV with different cell types, including dendritic cells [2].
Following infection, glycosylation is required for cleavage of the envelope precursor protein
(gp160) into gp120 (ENV) and gp41 (transmembrane protein) [3]. Upon release of the virus,
glycosylation remains vital to immune evasion, since changes in envelope glycosylation
allow the virus to evade immune responses [4,5]. Glycosylation of viral proteins has thus
been an important consideration in vaccine design [6,7]. Despite the recognition of the
importance of glycosylation by the field, to date, methods to assess glycosylation rapidly
and globally remain limited. Existing approaches have relied on the exogenous expression of
large quantities of viral proteins in non-physiological expression systems and require
extensive efforts by mass spectrometry to thoroughly identify which oligosaccharide
modifications are found at which residue(s) [8-10]. A rapid, sensitive method to assess
glycosylation globally would assist in the characterization of strains exhibiting differential
pathogenicity and, ultimately, in the development of effective vaccines.

The experimental pipeline presented here addresses current methodological shortcomings
and is intended as a complement to existing mass spectrometry approaches as a rapid, initial
qualitative and semi-quantitative screen of HIV/SIV glycosylation. The approach combines
a differential in-gel electrophoresis (DIGE) technique [11] with one-dimensional and two-
dimensional gel electrophoresis (LDE, 2DE), coupled with enzymatic removal of N-linked
glycans [12] for direct analysis or with immunological detection of specific targets. In this
manner, the degree of modifications of viral proteins with N-linked glycans can be
determined by looking for spots that disappear following enzymatic treatment or by direct
detection of specific oligosaccharides by Western blotting (Supplemental Figure 1 (S1)).
This pipeline is also compatible with direct carbohydrate extraction from gels for glycomics
studies[13] (Figure S1 shaded area). Although success was limited by protein abundance, we
were able to map five glycosylation sites out of the 20 possible sites in HIV ENV. Of
significance, we found dramatic differences in gp120 glycosylation patterns between two
SIV strains widely used in animal models of HIV disease and vaccine studies and show for
the first time by fluorescent Western blotting the O-GlcNAc madification of virus-
associated HLA-DR. These findings have the potential to enhance understanding of viral
pathogenicity to allow for better structural modeling of viral proteins, and to aid in
understanding vaccine trial results and designing better vaccines.

Virus production

Viruses were purified as previously reported [14]. Briefly, viruses were isolated from
clarified cell culture supernatants by ultracentrifugation. The first round of
ultracentrifugation was through 25 to 50% sucrose gradients (Beckman CFTU rotor,
Beckman, Carlsbad, CA). Virus was identified by UV absorption at 254 and 280 nm. Peak
UV fractions were pooled, diluted to below 20% sucrose with TNE buffer (0.01 M Tris-HCI
(pH 7.2), 0.1 M NaCl, and 1 mM EDTA in double deionized water), ultracentrifuged to a
pellet (Beckman SW-28 Rotor, 100,000 X G for 1lhour), and resuspended in TNE buffer.
Samples were stored at —80°C.

PNGase F treatment

PNGase F was obtained from New England Biolabs (Ipswich, MA) and used according to
the manufacturer’s instructions. Briefly, 1/10 volume of 10X lysis buffer (5% SDS, 10%
beta-Mercaptoethanol) was added to virus, and the solution was boiled for 5 min. NP40 was
added to a final concentration of 1%, and the solution was adjusted to 50mM Sodium
Phosphate, pH 7.5, for the reaction to proceed. The sample was split into half and PNGase F
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(2U per 10ug of protein) was added to one of the solutions. Both solutions were incubated at
37 degrees for 1 hour (PNGase F treated and control). Samples were then precipitated with
trichloroacetic acid (TCA)/acetone. TFA was added to a final concentration of 15% and
incubated for 16 hrs at 4°C. The sample was spun for 15 minutes at 15000 X g in a
microfuge (Beckman) and washed with 15% ice cold TCA for 1 minute. It was repelleted as
above, then washed twice with—20°C acetone. Samples were dried using a SpeedVAC
(Thermo). Samples were resuspended in buffer for fluorescent labeling as described below.

2DE and fluorescent labeling

2DE analysis of HIV and SIV was performed as previously described [15], except
fluorescent labeling of samples was done (according to manufacturer’s instructions, GE
Healthcare, Piscataway NJ). Briefly, protein samples (at 2mg/ml to ensure consistency) were
prepared in 8M urea, 2M thiourea, 4% ASB-14, 50mM tris pH8.0, and labeled with the
indicated Cy Dye (GE Healthcare, Piscataway NJ) at a dye ration of 400pmol:50ug of
protein. The reaction was kept on ice for 30 minutes in the dark. Samples were quenched
with 2.5% v/v of dye with 1M free lysine for 10 min at room temperature in the dark after
vortexing and brief centrifugation (1s pulse). Samples were isoelectrically focused in sample
buffer containing 8M urea, 2M thiourea, 4% CHAPS, 1% w/v DTT, 1.5% v/v HED and
0.5% ampholytes at the indicated pH range of the strip (see figure legends). Voltage steps
were: overnight rehydration at 50V; 150V, 1hour; 300V, 1 hour; 600V lhour; linear ramp to
1000V in 1 hour; 1000V for 1 hour; linear ramp to 10000V in 1 hour; 10000V for 35 000
KVh (18 cm strips) or at 8 000V for 8 000KVh (7cm strips). Strips were reduced and
alkylated as previously described[15] during equilibration in a 4% SDS solution and
transferred to the second dimension using in-house bis-tris gels or precast 4-12% gels
(Novex, Invitrogen). Gels were either silver stained and scanned as previously described
[15] or the fluorescent gels were imaged using a Typhoon 9400 (GE Healthcare) at 50
microns for 10cm gels, and 100 microns for 20 cm gels. PMT voltages were adjusted to
ensure that intensities were within the linear range of the instrument and to correct for any
minor errors in protein loading as per the manufacturer’s instructions (intensity of capsid
protein was compared).

2D Gel Analysis

Tandem MS

Gel images were processed by Progenesis ™ Workstation 2005 (2005, Nonlinear
Dynamics, Newcastle, UK) automatic analysis. Following the automated analysis, the
images were manually evaluated for boundary and match correction. The volumes of the
identified spots were modified using Progenesis ™ backgound subtraction and normalized
by total spot volume. Proteins of interest were identified by tandem MS. Regulated proteins
with identical identifications and spot patterns indicative of PTMs (horizontal trail) had their
cumulative detected values for volume summed and compared between sample conditions.

Tandem MS was performed as previously described [16]. Briefly, samples were excised
from 2D gels and digested as previously described with sequencing grade modified trypsin,
as per the manufacturer’s instructions (Promega, Madison, WI) at an enzyme-to-substrate
ratio of 1:50 and at 37 °C overnight (>12 h). 10% trifluoroacetic acid was added to stop the
digestion. ESI-MS/MS of tryptic peptides was performed either on an LTQ-ion trap-MS/MS
instrument (Thermo Finnigan, San Jose, CA) with an Eskigent nano-liquid chromatography
system (Eksigent, Dublin, CA) at The Technical Implementation and Coordination Core,
Johns Hopkins University, Baltimore, MD, or on an Orbitrab-LTQ ion trap-MS/MS
instrument (Thermo Finnigan, San Jose, CA) with an Agilent nano-liquid chromatography
system in the authors’ laboratory (Agilent. Santa Clara, CA). Peptides were separated with a
1% / minute AB linear gradient over 60 minutes as previously described [16].
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Database Searching

For the experiments performed on the LTQ instrument, tandem mass spectra were extracted
and deisotoped by Mascot Distiller version 2.0. (Matrix Science, www.matrixscience.com,
London, UK). Charge state deconvolution was not performed. Mascot (Matrix Science;
version 2.0.01) was used to first identify peptides against the NCBInr release 20060312 for
human-specific searches or against TTEMBL release 20060207 for virus-specific searches
using trypsin as the enzyme specified for digestion, allowing for up to one missed cleavage.
For MASCOT, parent mass tolerance was set to 1.5, and MS/MS tolerance to 0.8.
Instrument settings were set to ESI-TRAP. All MS/MS samples were then analyzed using
X! Tandem (www.thegpm.org; version 2006.04.01.2). X! Tandem was set up to search
subset databases of all of the original hits identified by MASCOT, also assuming trypsin
digestion and allowing for up to 1 missed cleavage. Deamidation of asparagine
(deglycosylation N->D) and oxidation of methionine were specified in X! Tandem as
variable modifications. Oxidation of methionine and iodoacetamide derivatives of cysteine
were specified in Mascot as variable modifications. For the experiments using the Orbitrap-
MS, tandem mass spectra were extracted, charge state deconvoluted and deisotoped by
BioWorks version 3.3. All MS/MS samples were analyzed using Sequest (ThermoFinnigan,
San Jose, CA,; version v.27, rev. 11) and X! Tandem (www.thegpm.org ; version
2007.01.01.2). X! Tandem was set up to search a subset of the siv_and_hiv_uniprot_trembl
database assuming the digestion enzyme trypsin. Sequest was set up to search the
siv_and_hiv_uniprot_trembl database (extracted from TREMBLE / SWISSPROT
20060207, 152212 entries) assuming the digestion enzyme trypsin. Sequest was searched
with a fragment ion mass tolerance of 0 Da and a parent ion tolerance of 1.8 Da. X! Tandem
was searched with a fragment ion mass tolerance of 0.50 Da and a parent ion tolerance of
1.8 Da. Deamidation of asparagine (deglycosylation N->D) and oxidation of methionine
were specified in Sequest as variable modifications. Deamidation of asparagine
(deglycosylation N->D) and oxidation of methionine were specified in X! Tandem as
variable modifications.

Criteria for protein identification

Scaffold (version Scaffold-01_06_19, Proteome Software Inc., Portland, OR) was used to
validate MS/MS based peptide and protein identifications. Peptide identifications were
accepted if they could be established at greater than 95.0% probability as specified by the
Peptide Prophet algorithm [17]. Protein identifications were accepted if they could be
established at greater than 99.0% probability and contained at least 2 identified peptides.
Protein probabilities were assigned by the Protein Prophet algorithm [18]. Proteins that
contained similar peptides and could not be differentiated based on MS/MS analysis alone
were grouped to satisfy the principles of parsimony (Table 1, Supplemental tables 1, 2 and
4). The theoretical pl and mass values were recorded from the National Center for
Biotechnology Information (NCBI) entry. To validate potential N to D conversions (from
PNGase treatment), sequences with potential N to D conversion spectra were manually
validated to ensure that there was at least one b or y ion (major fragmentation ions) on either
side of the modified amino acid in the fragmentation spectrum, given the higher mass
resolution for the fragmentation spectra (in the LTQ). With data generated from the Orbitrap
showing a deamidation of the parent ion, we allowed for substation of minor ions in manual
validation. Data were processed in an unbiased fashion. Once a potential modification was
identified, we examined the sequence manually to ensure that a consensus N-linked
glycosylation sequon was utilized (Asn-X-Ser/Thr, where X is not Pro), and assigned a hit
only if the sequence existed. We cannot exclude the possibility that there are non-canonical
sequences that may have N-linked modifications. Identifications based on one peptide have
not been reported, and any peptides associated with Keratin have not been reported
(supplemental tables 1, 2 and 4).
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OGIcNAc blotting

Results

OGIcNACc Western blots were done as previously described [19], with modifications for
fluorescent western blotting (below). Briefly, HIV was fluorescently labeled and run on 7cm
3-11 IPG strips and then on 4-12% Bis-Tris gels. The gels were then transferred to low
background PVDF (Millipore), blocked overnight with 3% milk in Tris-buffered saline/
0.1% Tween 20 at 4°C, and probed as described [19]. We modified the protocol by probing
the anti-OGIcNAc IgM with a Cy5-labeled secondary antibody (false coloured blue during
scan; Jackson Immunoresearch, West Grove, PA) and scanned the images using a BioRad
Molecular Imager Fx Pro Fluorescent Imager. PNGase-treated samples at higher loads (250
ug each) were run as described above on large-format (25 cm) 2D gels. Proteins spots were
mapped to these gels, excised, digested and identified by mass spectrometry as described
above.

Differential display of laboratory-adapted SIV and HIV strains show remarkable differences
in their protein compositions and glycosylation status

To demonstrate both qualitative and semi-quantitative differences between various
laboratory-adapted strains of SIV and HIV (see methods), viruses normalized based on the
quantity of the structural protein capsid (CA, p24 for HIV and p27 for SIV were used as an
internal standard to normalize by particle number by ELISA, not shown) prior to analysis by
two-dimensional electrophoresis (2DE) (Figure 1), were assessed by dual-in-gel-
electrophoresis (DIGE) technique, where two viruses are simultaneously analyzed in the
same gel using different fluorescent labels (Figure 1, Top panel SIV, Bottom, HIV). The two
SIV strains were selected as they are widely used in animal models of HIV disease and
vaccine studies[20-27]. SIVpac 239 (MAC) was originally isolated from Rhesus Macaques
(Macaque mulatta)[20] and SIVne (MNE) was isolated from Southern Pig-tailed
Macaques (Macaca nemestrina)[28] and SIVne CIE11s was a subclone of SIVyng
derived from HUT78 cells[25]. These non-human primate animal models represent the
fundamental backbone of HIV pathogenesis and vaccine research. Similarly, the HIV strains
were selected as these laboratory-adapted strains are used in invitro studies showing
significant differences in the induction of anergy and apoptosis in patient-derived PBMCs,
putatively by a mechanism of IFN-q secretion and induction of TRAIL (T-Cell Related
Apoptosis Inducing Ligand) expression in cells [29,30]. The SIV and HIV viruses have been
propagated in different T-cell lines (H9, HUT78 or SUPT1) or a T-cell B-cell hybrid line
(CEMX174) which is indicated in the nomenclature for the HIV and SIV strains (HIV N /
T1; HIVpn/H9 and SIVgne / HUT78 andSIVac / SUPTL ). As shown in Figure 1, the
protein composition of the virus preparations with regard to one another varied dramatically.
It is difficult to make direct conclusions of the glycosylation status of host-derived proteins
directly packaged into viruses, since the presence of microvesicles in these virus
preparations [23] means that they may or may not be virion-associated. However, since
these preparations are used in animal challenge experiments (SIV) or in vitro pathogenesis
studies (HIV) in the direct form shown here, including microvesicle contamination,
qualitative assessment of all protein differences may be extremely useful in determining
differences in responses attributable to the host proteins regardless of whether they are virus
associated or microvesicle associated. Differences in viral proteins can be assessed without
ambiguity, since viral proteins are excluded from microvesicles [31]. This allows the
determination of the level of post-translational modifications of viral proteins, since virus
input is normalized by particle number (CA, above; see boxes in Figure 1 for selective
differences in the viral surface glycoprotein, gp120 between each virus).

Proteomics. Author manuscript; available in PMC 2009 December 1.
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Differences were expected between the SIV strains as they have different amino acid
sequences for the ENV protein, and SIV g has a truncated transmembrane protein which
can result in different glycosylation levels [32]. However, the differences in ENV
glycosylation that were observed were surprising, both in the extent of glycosylation but
also in the degree of isoelectric point shift in the glycosylation patterns for SIVpyNE,
suggesting the differential incorporation of a negatively-charged oligosaccharide [33,34].
The level of gp120 incorporation into the ENV in the HIV strains (molecular clones of each
other but isolated from different cell types) was near the limit of detection, so no obvious
differences were observed. The following three sections of the experimental pipeline
(Supplemental Figure 1) are used to identify those proteins with N- and then O-linked
glycosylation; to determine the degree of glycosylation in a semi-quantitative manner; and
to identify the modified residue(s) by MS.

Carbohydrate staining of glycosylated residues in HIV and SIV laboratory-adapted strains,
and 2DE confirms that the different isoelectric point isoforms of gp120 are glycosylated

To demonstrate the extent of viral envelope protein glycosylation, a general carbohydrate
stain (ProQ Emerald, GE Healthcare) was used on 1 dimensional SDS-PAGE gels of HIV
and SIV, where viral input was normalized to the capsid protein. Figure 2 confirms
glycosylation of the ENV protein (compare signal from the sample to signal-to-noise of
glycosylated markers indicated with an * to unglycosylated markers), and suggests that
significant differences can be attributed to the amount of envelope and the extent of
glycosylation. SIVpne Was the most highly glycosylated of these viruses. In fact, different
isoforms of ENV were glycosylated when observed using a combined staining technique
with fluorescently-labeled virus in a 2D gel (Figure 2B). We were unable to detect
glycosylation in the other HIV and SIV viruses with confidence using this method due to
limitations in the sensitivity of the assay, leading us to the next step in the experimental
pipeline, wherein we use enzymatic cleavage of N-linked glycans.

PNGase F treatment in combination with Cy dye labeling reveals the complexity
associated with glycosylation, and concentrates gp120 to detectible levels in HIV by 2DE

To determine the extent of N-linked glycosylation of ENV, virion preparations were treated
with PNGase F, an enzyme that specifically removes the N-linked sugar from the modified
asparagine residue (Supplemental Figure 2, mechanism of enzyme action). Samples were
labeled Cy3 (control, green) or Cy5 (PNGase F-treated, red), prior to 2DE and were
normalized based on the quantity of the structural protein capsid (CA) prior to analysis by
two-dimensional electrophoresis (2DE). As illustrated in Supplemental Figure 2, during the
reaction with PNGase F, the asparagine residue is converted to an aspartic acid residue,
resulting in an acidic shift and molecular weight reduction of the treated sample. For
example, a collapsing of the glycosylated charge trains (Cy3, green) occurs with appearance
of red spots (cy5) that are of a lower molecular weight and are shifted to the acidic side of
the IPG strip (Figure 3, top panel). Comparison of the two different HIV and SIV strains
illustrates the differences in both the degree of glycosylation and the degree of incorporation
of some glycosylated host proteins (Figure 3, top panel). Since relative quantitation of gp120
is often an issue due to low incorporation of the proteins into the virion, deglycosylation has
the additional benefit of concentrating these proteins at a single isoelectric point and
molecular mass, allowing for potentially more accurate quantitation than obtained by other
techniques like HPLC, where changes in glycosylation can cause spreading of retention
times [35]. The enzymatic removal is efficient and complete as illustrated in Figure 3.
Region A demonstrates the near-complete disappearance of signal following PNGase F
treatment of either SIV or HIV. In addition, this method allows the separation and
quantification of gp120 from SIV and HIV: the virus-specific proteins migrate at
approximately the same apparent molecular mass and isoelectric point prior to N-linked

Proteomics. Author manuscript; available in PMC 2009 December 1.



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

1duasnuey Joyiny vd-HIN

Graham et al.

Page 7

deglycosylation, but not after deglycosylation (Figure 3, Region B shows the appearance of
the deglycosylated gp120 in SIV, but not HIV compare circled regions and bar graphs
comparing ratios— whereas region C shows the appearance of gp120 in HIV, but not in
SIV).

To test the applicability of this method for relative quantitation of gp120, we assessed the
normalized spot volume for gp120 in the PNGase-treated gels for HIV )y / H9 and

SIV mne / HUTT78. Although the levels of gp120 for SIVpac were below the limits of
detection by this assay, which was not surprising given previous findings showing low
levels of gp120 incorporation in this strain [36], it was possible to compare the amount of
signal contributed by gp120 in the two HIV strains and SIVng. These results show that, by
assessing only the amount of gp120 by fluorescent methods and examining the fully
glycosylated protein, SIVnE contained approximately 4.3 fold greater amounts of gp120
than the HIV strains (Supplemental Table 3: “gp120 quantitation™). In fact, the amount of
gp120 signal detected in de-glycosylated samples gels, SIVpne Was shown to contain
approximately 1.4 fold more gp120 than the HIV strains (Supplemental Table 3 “gp120
quantitation”). This is in agreement with recent findings by Zhu and colleagues, who
calculated an approximate 5.7 fold increase in the number of SIV trimers in the mutant virus
used in this experiment as compared to HIV [32]. It has been suggested that a truncated
transmembrane protein in SIVng is responsible for the increased incorporation of gp120
[36]. The quantitation results, based upon the signal for deglycosylated virus, indicate that
findings based upon glycosylation may somewhat overestimate the amount of gp120 in
highly glycosylated viruses, and that the levels of gp120 in HIV are potentially slightly
higher in comparison with the mutant strain of SIV than previously reported [32,37]. These
results are only an estimate of abundance, as multiple replicates containing an internal
standard were not used to obtain statistics or variability associated with this measure.

Identification of proteins with putative N-Linked glycosylation modifications and the sites
of N-linked glycosylation in gp120 by tandem mass spectrometry

Thoroughly mapping all gp120 glycosylation sites was beyond the scope of our aims and
would require extensive high resolution mass spectrometry and highly purified recombinant
proteins as previously reported [9]. Rather, we wished to demonstrate the rapid applicability
of a 2D gel-based approach for profiling viruses derived from infected cells. Therefore, we
identified the spots corresponding to a deglycosylated protein by lower resolution MS
methods (LTQ-MS) and selectively performed high resolution MS (LTQ-Orbitrap) on one
HIV and SIV strain to demonstrate the utility of the method for determining site-specific
usage of N-Linked glycosylation in gp120 as previously reported [9]. We identified spots
demonstrating above a 10 fold change in abundance from Progenesis analysis by mass
spectrometry using large-format gels (18 cm gels - See Supplemental Figures
3-6;Supplemental table 1 “viral peptides -LTQ” and supplemental table 2 “host peptides —
LTQ.” The spot humbers corresponding to the identified proteins are indicated in the gel
images and protein tables). Of the host proteins identified, several have been previously
shown to be incorporated into virions [37,38]; however, caution should be used in the
interpretation of these data, as many of these proteins could be contaminants from
microvesicles or highly abundant serum proteins that have adsorbed to the virus. Further,
since there is no way to ensure normalization of host proteins (there may be varying
amounts of contaminants), we have not presented any quantitative data on host proteins but
only for viral proteins where viral particles have been carefully normalized for capsid
protein.

The site-specific usage of N-linked glycoslyation in gp120 was determined by using 1D gels
of PNGase F-treated and control HIV samples (Supplemental Figure 7). MS/MS data
(ThermoFinnigan LTQ or LTQ-Orbitrap with nano-electrospray source) was analyzed using
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Mascot or Sequest software followed with a second round of searching using the X-
TANDEM algorithm (see methods) to identify the deamination of ASN to ASP shift upon
deglycosylation by PNGase F (see methods). Table 1 summarizes the modified N-linked
residues of gp120 determined from the MS/MS spectra analysis (see Supplemental figures
8-11 for spectra). We identified two sites in HIV and 1 site in SIV for gp120 glycosylation
that showed a potential N-linked glycosylation sequon (Asn-X-Ser/Thr, where X is any
amino acid except proline), which we deemed necessary to call a “hit” (see methods). The
peptides were then aligned to a reference HIV sequence by using the online tool EpiAlign
(available at http://www.hiv.lanl.gov/content/hivdb/EPILIGN/EPI.html). To determine the
structural regions in gp120 where these sites occurred, the residues were manually matched
to the regions reported by Modrow and colleagues [39]. As shown in Table 1, modified
residues were found in variable region (V) V3 (residue 411) in HIV. This critical antigenic
region of gp120 often masks neutralization epitopes [40]. Two of these sites were previously
observed in HIV-1 produced from CHO cells, and agree with our findings in that they were
also found to be PNGase F sensitive [41]. Sites at less critical regions were also found,
including intervening (1) region 2 (residues 355 and 356).

Presence of O-GIcNAc of viral-associated proteins

O-linked glycosylation could be contributing to the residual signal of the
generalcarbohydrate staining in the samples following PNGase F treatment (Figure 2).
Therefore, fluorescent Western blotting was carried out using an antibody specific to the O-
GIcNAc moiety (see methods) on control virus (Figure 4, bottom left panel; PNGase F-
treated sample was labeled with Cy3 (green); O-GIcNAc antibody (blue)). Of note, the
antibody binding is out-competed with 100mM free GIcNAc (see Supplemental Figure 12),
confirming the specificity of this antibody. Three distinct protein spots were shown to be
specifically O-GIcNAc modified (Figure 4), which, although much less sensitive than
enzymatic detection reactions (compare bottom right panel to bottom left panel), allowed
easy matching of protein spots for identification by mass spectrometry. The spots containing
O-GIcNAc corresponded to a mixture of peptides for moesin, erythrocyte membrane protein
band 4.1-like 2, both ERM (eosin-radexin-moesin) family members (spot 45, Supplemental
Figure 6, Supplemental Table 2); HLA-DR and Pan-leukocyte antigen (CD53) (spot 32,
Supplemental Figure 5, Supplemental Table 2); polyubiquitin C and polymerase (Spots 20,
Supplemental Figure 6, Supplemental Table 2). All identifications matched the observed
molecular mass. Since O-GIcNAc is a labile modification by the tandem MS methods used
in this study, we were unable to map the site of usage to verify which peptide and position
was used.

The observations that there are significant differences at the level of glycosylation (and host
protein incorporation) between different viruses (Figures 1 and 3) supports the proposal that
this platform should be used to observe virus isolated from individual patient cell types and
at different time points. This will provide increased understanding at the clinical level of the
extent or level of glycosylation. An obvious limitation to this approach is virus production.
From a patient standpoint, cells would have to be isolated, any drug therapies washed out,
and virus cultured and expanded for approximately two weeks to obtain sufficient virus to
do these assays; however, these methods are already well established [42]. By increasing the
amount of fluorescent label, it is possible to perform an entire pipeline using less than 5 ug
of total protein, which is approximately equivalent to 500 nanograms of p24 equivalents or
less (See Supplemental Figure 13 demonstrating resolution of gp120). Although currently
this amount of protein pushes the limits for identifications by mass spectrometry, this
limitation can be addressed by preparing detailed 2D maps of viruses and/or Western
blotting of the patient-derived virus following our 2D analysis to confirm protein
identification by antibodies with high specificity to viral proteins.
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Discussion

Glycosylation is a fundamentally important process in HIV and SIV biology. It is one of the
major mediators of virus binding [1], is required for proper processing of the viral envelope
proteins [3] and is key in immunologic escape [4,5,43,44]°. From a vaccination standpoint,
differences in glycosylation can change how antigen presenting cells interact with the
vaccine [45] , and obviously change the nature of the immune responses.

The SIV strains chosen for this study have been widely utilized in the most relevant animal
models for HIV pathogenesis and vaccine research [20,22-28]. Therefore an understanding
of the fundamental differences between these viruses may help to explain some of the
differences in disease progression observed between the non-human primate models of HIV
disease[46-51]. Regarding proteins differentially expressed in these preparations, although
we cannot attribute the presence of absence of these proteins to virions or microvesicles, it is
important to note that these proteins themselves can elicit immune responses. For example it
has been shown that animals immunized with HLA-DR can confer resistance against
challenge with SIV[52]. Therefore even the basic information obtained from a 2DE-DIGE
experiment (Figure 1) may be revealing.

Although our success in identifying glycosylation site usage is limited in comparison to
more recent studies using recombinant sources of ENV protein [9], we have shown
glycosylation site usage in regions of the virus used in immune evasion and CD4 binding
(V3) in physiologically relevant sample sources and did obtain high sequence coverage for
gp120 (Supplemental Tables 1,2 and 4). We were not surprised at the limited observation of
gp120 glycosylation sites from our 1D gel experiments since we were only able to load 25ug
per lane or 10 fold less gp120 than on a 2D gel. Direct assessment of spots from a 2D gel
using MALDI-TOF/TOF or FT-ICR instrument and direct comparison of fully glycosylated
and de-glycosylated spectra and the use of 018 labeled water to minimize the likelihood of
false positives would likely increase the identification of putative glycosylation sites as
recently reported [53]. The low extraction efficiency associated with gel-based methods is
also likely responsible for the low number of modified peptides observed. It is therefore
likely that if HPLC methods were used to first purify gp120 from the virus preparations [36]
then much higher sequence coverage could be obtained; however, information on post-
translational modifications imparted by different oligosaccharides would be lost, as these are
best visualized by a 2D gel method. Further this method is extremely rapid as results may be
interpreted directly at the 2D gel level.

Although many studies have used site directed mutagenesis to change potential
glycosylation sites of HIV and SIV [54] , there is a paucity of findings of actual in vivo
glycosylation sites due to the very large amounts of virus required to make this
determination. Our experimental pipeline allows the determination of the actual usage of
glycosylation sites in complex mixtures of virions. Furthermore, we can also address the
issues of relative ENV incorporation and ENV heterogeneity in a sample. For instance, it
has been estimated that HIV virions contain 7-10 trimers of gp120 based upon the amount of
ENV protein [36]. However, is this ENV homogenous or heterogeneous with regard to
glycosylation? The data presented in this study show that the heterogeneity observed with
regard to isoelectric point is likely due to compositional changes in the N-linked
carbohydrates rather than site utilization given the relative uniformity of molecular masses
observed. Further studies will be required to determine the exact oligosaccharide
composition for this viruses used in this study.

Finally, the role of O-GIcNAcylation in cell biology has only begun to be recognized [55].
Our results show that HLA-DR is O-GIcNAc modified (Figure 4). Many reports in the
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literature describe the specific incorporation of HLA-DR into HIV [38], but the specifics of
this mechanism are still unknown. Although the role of the invariant chain in HLA-DR
shuttling to endosomes has been well described [56], it is unclear what properties O-GIcNAc
modifications of the cytoplasmic tail (O-GIcNAc transferase is localized to the nucleus and
cytoplasm) of HLA-DR might confer. The immunological implications of our findings may
potentially shed light on the specific nature of HLA incorporation into viral particles. These
findings again raise the question of the significance of host protein incorporation into virion
particles [57]. Using this methodology, one can track the presence and absence of different
host proteins at a global level, and determine if there are differentially glycosylated forms of
host proteins that are more highly enriched than in the cell, and potentially have different
functions than their unmodified counterparts. The pilot results presented here suggest there
will be dramatic differences in host protein composition depending on what cell type the
virus is isolated from and the status of the cell at that time (Figure 1).

Collectively, these data will hopefully help to overcome some specific challenges facing
vaccine design regarding antigen quality control, and help to provide an alternative method
of validation for studies examining viral sequences and correlation of viral sequence with
pathogenicity [58]. This is important since examination of the nucleic acid sequence
information of virions alone cannot consider differences present at the level of glycosylation
(or other post translational modifications observable by 2DE) between different infected
target cells (Figure 3). Since glycosylation status can change based upon the state of the host
cell [59], be induced by inflammation [60], or be unique to different cell types [33,34,61],
such studies would overlook differences at the level of this important post-translational
modification. Due to this limitation, even very well controlled studies that conclude that the
ENV glycoprotein is not responsible for changes in pathogenicity may have overlooked the
possibility that differences in glycosylation in ENV may be responsible for the effect
[29,30]. By applying our methods retrospectively to viruses that have been extensively
studied and used in vaccine studies, like the SIV strains used in this study [21,62], we may
be able to better understand the types of results that were obtained, and potentially
understand why certain vaccine trials failed to protect.

Conclusion

From a broad standpoint we present a combined approach for assessing the state of
glycosylation globally, and also a method of identifying the specific modified amino acid
residues that are utilized in vivo (see Supplemental Figure 1, “Workflow for assessing
glycosylation™). From a clinical standpoint, it can be expected that by understanding
glycosylation we could potentially make immediate impacts in the clinic. It has already been
shown that general inhibitors of glycosylation, or natural compounds that bind to
glycosylated proteins, can prevent or attenuate virus pathology [63, 64]. The identification
of specific carbohydrate modifications that correlate to pathogenicity will hopefully allow
for more specific targeting of pathways or specific small molecular interfering substances
that will neutralize the activity of the identified carbohydrate moieties. By combining the
techniques presented here with emerging methods in glycobiology [65] we hope to shorten
the time from discovery to clinical translation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIVyne/ HUT78
SIVyac/ SUPT1

HIV,/HO
HIV /T4

Figure 1. Comparison of SIV and HIV strains, illustrating the differences in viral and host

protein composition

Two-dimensional gel electrophoresis with fluorescent labeling of 50ug of capsid protein
equivalents for each virus was used to compare SIVne /HUT78, Cy3-labeled (green), and
SIVmac / SUPTL, Cy5-labeled (red) (top panel) and HIV N / H9, Cy3-labeled (green), and
HIVpn / T1, Cy5-labeled (red) (bottom panel). The region containing gp120 in SIV and
HIV is indicated as box 1 and 2 respectively, and the representative three-dimensional
protein abundance plot is presented for each region below. Gels were visualized by

fluorescent scanning.
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Figure 2. Pro-Q emerald staining (general carbohydrate stain) demonstrating the degree of
glycosylation in HIV and SIV by 1 and 2-dimensional gel electrophoresis

Virus was normalized to capsid protein, and subjected to one-dimensional electrophoresis
(left panel, approximately 10 pg of total protein each per lane), followed by staining with
Pro-Q emerald to show differences in glycosylation. Notation is truncated. In the right panel,
15 pg of SIVne Was labeled with Cy5, mixed with 35ug of unlabelled sample and
subjected to two-dimensional gel electrophoresis followed by staining with Pro-Q emerald.
Gels were visualized by fluorescent scanning. Region A corresponds to region A in Figure
1. * - represents molecular weight markers that are glycosylated.
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Figure 3. PNGase F treatment of HIV and SIV and assessment by fluorescent 2-dimensional gel

electrophoresis

Equal amounts of either HIV or SIV (strain indicated in white inlaid) were first treated with

Peptide N-Glycosidase F (PNGase F) or with control buffers, labeled with either Cy3-
control (green) or Cy5-PNGase F (red), and then subjected to two-dimensional

electrophoresis (15 pg of each, for a total of 30ug per gel). Deglycosylation by PNGase F
results in a decrease in molecular mass, and an acidic shift if the N-linked glycan is neutral
(conversion of asparagines to aspartic acid). Gels were visualized by fluorescent scanning.
In the bottom panel, regions identified as gp120 were analyzed by PROGENESIS software
(see methods) and relative ratios of signal between glycosylated and deglycosylated gels

were compared.
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Figure 4. PNGase F removal of N-Linked Glycans and subsequent visualization of O-GIcNAc
modified proteins in HIVn/T1 by standard and fluorescent Western Blotting

The results from figure 2 are shown with the addition of results for PNGase F treatment of
the same samples (PNGase F). Control virus (HIVn/T1, 50 pg) was subjected to two-
dimensional electrophoresis and transferred to PVDF. The blot was then probed with
antibodies specific to O-GIcNAc and developed with an anti-mouse IgM-HRP conjugate
(bottom left panel). Alternatively, following removal of N-linked glycans, HIVn/T1 was
Cy3-labeled (Green, 50 pg) and subjected to two-dimensional electrophoresis and then
transferred to low-background PVDF. The blot was then probed with antibodies specific to
OGIcNACc and subsequently with Cy2-labeled (blue) anti-mouse IgM. The blot was
visualized by fluorescent scanning (bottom right panel).
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