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Abstract
Human monoclonal antibodies derived from B cells of HCV infected individuals provide information
on the immune response to native HCV envelope proteins as they are recognized during infection.
Monoclonal antibodies have been useful in the determination of the function and structure of specific
immunogenic domains of proteins and should also be useful for the structure/function
characterization of HCV E1 and E2 envelope glycoproteins. The HCV E2 envelope glycoprotein has
at least three immunodistinctive conformation domains, designated A, B, and C. Conformational
epitopes within domain B and C are neutralizing antibody targets on HCV pseudoparticles as well
as from infectious cell culture virus. In this study, a combination of differential surface modification
and mass spectrometric limited proteolysis followed by alanine mutagenesis was used to provide
insight into potential conformational changes within the E2 protein upon antibody binding. The
arginine guanidine groups in the E2 protein were modified with CHD in both the affinity bound and
free states followed by mass spectrometric analysis, and the regions showing protection upon
antibody binding were identified. This protection can arise by direct contact between the residues
and the monoclonal antibody, or by antibody-induced conformational changes. Based on the mass
spectrometric data, site-directed mutagenesis experiments were performed which clearly identified
additional amino acids residues on E2 distant from the site of antibody interaction, whose change to
alanine inhibited antibody recognition by inducing conformational changes within the E2 protein.
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1. Introduction
Hepatitis C virus (HCV) infects over 170 million people worldwide, and most of the infections
develop into chronic hepatitis. This is one of the most prevalent causes of liver cirrhosis and
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represents the most frequent indication for liver transplantation. All cases of infection carry an
increased risk of hepatocellular carcinoma, which may be further exacerbated by co-infection
with hepatitis B [1]. HCV is a small, enveloped positive-strand RNA virus belonging to the
Flaviviridae family [2]. The ~ 9.5 kb genome of HCV encodes a single polyprotein between
3010 and 3033 amino acids [1]. This polyprotein is processed co-and posttranslationally
generating the structural proteins Core, E1, E2, and p7, as well as six nonstructural proteins.
The two envelope proteins E1 and E2 are heavily N-glycosylated, with 6 and 11 sites of
glycosylation respectively [3]. E1 and E2 are believed to be type 1 transmembrane proteins
with N terminal ectodomains and C terminal hydrophobic anchors, and together they are
expected to form the viral envelope [4].

Presently, the only available therapy for HCV infection is interferon α (IFN) in combination
with ribavirin [5], but this treatment can have adverse side effects. Consequently, the
development of a vaccine against hepatitis C remains a high priority goal. It has been reported
that the presence of neutralizing antibodies against the E2 protein correlates with protection
from HCV infection, suggesting that E2 is a good candidate for a vaccine against hepatitis C
[6]. Thus, there has been a significant level of interest in characterizing the E2 protein and its
antigenic regions. The majority of reported human monoclonal antibodies (HMAbs) and
recombinant HMAbs against E2 have been characterized as recognizing conformational
epitopes. These includes antibodies that are effective as well as ones that are ineffective in
inhibiting binding of E2 to CD81, followed by subsequent entry into target cells of HCV
pseudoparticles (HCVpp) or HCV cell culture infectious virus (HCVcc) [6-8].

Based on cross-competition binding studies of HMAbs against the E2 glycoprotein, at least
three immunogenic conformational clusters of epitopes, designated as domains A, B and C,
have been described that are accessible on the surface of the HCVpp [6,7]. It has also been
reported that epitopes within domains B and C are targets of HCVpp-and HCVcc-neutralizing
antibodies [9]. Particularly, these two domains (B and C) contain epitopes that are conserved
among diverse genotypes 1a, 1b, 2a and 2b [7]. Although domain A contains only non-
neutralizing epitopes, it is rich in cysteines that are potentially involved in formation of a
number of disulfide bonds believed to be important for the proper folding of the E2 protein.
Yagnik et al. predicted that there are four disulfide bridges that are involved in maintaining the
structure of the protein [10]. Interestingly, low pH-treated HCVpp lead to a greater exposure
of domain A epitopes resulting in a 50% fold increase in antibody binding [6,7]. Keck et al.
investigated the functional relationship between the non-neutralizing domain A antibodies and
the neutralizing domains B and C antibodies. They found that the epitopes recognized by
domain A antibodies are in spatial proximity to domain C epitopes, as well as with a more
sequentially distant epitope in domain B [6,7]. The same studies indicated that, in a low pH
environment the conformation of E2 changes and this might increase the exposure of certain
amino acids that were previously buried.

Recently, a number of HMAbs to conformational epitopes on HCV proteins were found to be
potential candidates with high virus neutralization potency [11,12]. These antibodies recognize
conserved epitopes across diverse HCV genotypes. Several studies indicated that increased
viral diversity in the hypervariable region of the HCV E2 envelope gene is associated with lack
of control of infection [13]. The outcome of the HCV infection may be dictated by escape
mutations in the epitopes targeted by CD8+ cytotoxic T lymphocytes (CTL) [14,15]. Moreover,
amino acid substitutions can also alter CTL recognition of variant peptide major
histocompatibility complexes (MHC) [16]. CTL escape mutants are found during HCV
infection in humans. The loss of epitope phenotype can also occur when amino acid anchor
residues required for MHC binding are mutated [14]. Amino acid substitutions within CTL
epitopes can also alter proteosomal processing causing epitope destruction before transport to
the endoplasmic reticulum (ER) for MHC binding [17]. These escape mutations can include
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not only mutations within the antibody binding region but also mutations outside of the
recognition surface that induce conformational changes in the native structure leading to
reduced access to the antibody recognition region. It has been shown by X-ray crystallography
that binding of a monoclonal antibody (mAb) to a viral envelope protein, e.g., HIV gp120, can
induce conformational changes [18].

Mass spectrometry (MS) is increasingly used to identify protein complexes and to elucidate
protein structure and in particular for proteins that are not amenable to classical structural
techniques. MS using MALDI and/or ESI [19-21] is becoming widely used in the determination
of protein structures and of protein:protein interactions, especially when used in conjunction
with limited proteolysis and chemical modification [22-25]. Differential surface modification
experiments can identify differences in residue reactivity as a function of conformational
changes of the protein upon interaction with the antibody, or by steric hindrance due to
proximity of the antibody. Modification under conditions that retain the native conformation
provide information on which residues are on the surface (accessible and reactive), and which
are buried in the core of the protein (non-accessible and non-reactive). Only residues that are
accessible or have higher reactivity will be modified chemically, however the extent of
derivatization can also be affected by steric interactions [23,26]. Additionally, free amino
groups are highly sensitive to their chemical environments, and, therefore, their reactivity may
be influenced by factors that alter their pKa or surface accessibility [26]. In addition to chemical
modification, limited proteolysis experiments are particularly useful for studying antibody–
antigen interactions, allowing for quick determination of the regions involved in antibody
recognition [27]. In alanine scanning mutagenesis, the residues in a linear epitope are
individually substituted with alanine, and binding to the antibody is probed. In addition, sites
specific mutagenesis of the residues results in exchange either with a conservative substitution,
or with a residue that changes the properties of the amino acid considerably. These approaches
allow the characterization of the critical binding residues which are essential for interaction
with the antibody [28].

In the present paper, the possibility of conformational changes on E2 upon antibody binding,
as well as the elucidation of critical residues involved in antibody binding were investigated
by a combination of differential surface modification and limited proteolysis with mass
spectrometric characterization of the products, and by alanine scanning mutagenesis [29-31].
These results provide insight into conformational changes within the E2 protein as a result of
antibody binding, as well as a more detailed look into the effect of mutational induced
conformational changes on distant antibody binding.

2. Materials and methods
Materials

Sodium tetraborate-decahydrate, GnHCl, 1,2-cyclohexanedione (CHD), ammonium
bicarbonate, dithiothreitol, GNA, p-nitrophenyl phosphate disodium hexa-hydrate
(phosphatase substrate) and 96% formic acid were purchased from Sigma-Aldrich (St. Louis,
MO). BS3 was purchased from Pierce, Rockford, IL. Alkaline phosphatase-conjugated goat
anti-human IgG (H+L), alkaline phosphatase-conjugated goat anti-mouse IgG (H+L) and
sequencing grade-modified trypsin were obtained from Promega (Madison, WI).
Endoproteinase GluC was purchased from Roche Diagnostics Corporation (Indianapolis, IN).
Acetonitrile was purchased from Caledon Laboratories, Ltd. (Georgetown, Ontario). Purified
water (17.8 MΩ) was obtained from an in-house Hydro Picopure 2 system. All chemicals were
used without further purification unless otherwise specified. The anti-E2 CBH-5, CBH-7,
CBH-4D and -4G HMAbs have been previously described [7,32]. The murine HMAb to the
c-myc epitope was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). FITC-
conjugated goat anti-human IgG, Fc γ fragment-specific and R-phycoerythrin-conjugated F
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(ab’)2 fragment goat anti-mouse IgG (H+L) were obtained from Jackson Immuno Research
(West Grove, PA).

Protein
Hepatitis C virus E2 envelope glycoprotein (recombinant) was purchased from Austral
Biologicals (San Ramon, CA). The protein was expressed in CHO cells, and it covers the HCV
sequence from Ala384 to Lys715.

Cells and culture conditions
HEK 293T cells were obtained from the American Type Culture Collection (Manassas, Va.),
and grown in Dulbecco’s minimal essential medium (Invitrogen, Carlsbad, CA) supplemented
with 10% FCS (Gemini Bioproducts Inc. Calabasa, CA).

Preparation of immobilized antibodies
CNBr activated sepharose beads were activated in accordance with the procedures described
previously [33,34]. Briefly, a 60 μl aliquot of washed beads was added to each of two CRCs
(USB Corporation, Cleveland, OH). The CNBr-coupling product was prepared in a 0.8 ml
micro-column which permits extensive washing without significant loss of material. Twenty
micro-liters (48 μg) of the secondary antibody, anti-human Fc-specific IgG, was added to each
column and incubated for 2 h in 80 μl of 100 mM NaHCO3, 150 mM NaCl, pH 8.2, with slow
rotation. The columns were rinsed, and a 20 μl (50 μg) aliquot of primary antibody CBH-5 was
added to one of the tubes while 50 μl of PBS (pH 7.2) was added to the other tube to serve as
a control. The beads were incubated for 2 h at room temperature with slow rotation, drained,
and washed three times with 0.5 ml of PBS. The CBH-5 HMAb antibody was affinity captured
from solution and cross-linked to the Fc-specific antibody with BS3 as previously described
[33]. A solution of 10 mM BS3 was prepared in PBS buffer (pH 7.2). A 10 μl aliquot was
added to the beads and incubated in the dark with rotation for 45 min. The beads were washed
twice with 100 μl of 100 mM Tris, pH 8.0, and then resuspended in 50 μl of PBS. The beads
were washed three times with 0.4 ml of PBS. A 20 μl aliquot of the beads was set aside as a
control, while the remainder was used to bind the E2 protein to form the immobilized
antigen:antibody complex. A 100 μl aliquot of a protein solution containing 20 μg of E2 was
added to the CRC. Both CRCs were rotated at room temperature for 3 h. The beads were then
drained and rinsed with PBS.

Limited proteolysis
The immobilized antigen: antibody complex was digested for 2 h with 0.5 μg trypsin (Promega,
Madison, WI) in 300 μl PBS buffer (pH 7.2) at room temperature and 1:200 enzyme: substrate
ratio. Supernatant non-epitope peptides were drained by pressurizing the column with a
syringe, and the matrix material was washed three times with 0.4 ml PBS buffer before MALDI-
TOF MS analysis of the beads. Under the immobilization and proteolytic digestion conditions
employed, IgG antibodies are usually highly stable towards degradation, as established in
previous studies.

Site-directed mutagenesis
The cell surface expressed form of the E2 glycoprotein produced as an HA-1bE2384-661-cmyc
fusion protein has been previously described [6,35]. The plasmid pDisplay-38 carrying this
fusion protein was used to construct the mutants. Residues located within regions identified
by mass spectrometric analysis were subjected to alanine replacement mutagenesis by using
the QuikChange II Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). The positions of
the mutated residue are indicated followed by a number corresponding to the positions of the
polyprotein reference strain H (GenBank access number AF009606) [36]. Two alanine residues
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at sites 490 and 499 were substituted with glycine. Mutagenic oligonucleotide primers were
designed according to the manufacturer’s instruction and synthesized by Operon
Biotechnologies (Huntsville, AL). The full-length E2 sequences of all the constructs were
verified (Sequetech, Mountain View, CA). The resulting plasmids were transfected into
HEK293T cells for transient protein expression using the calcium-phosphate method [37].

Chemical modification of arginine residues
Modification of arginine residues was done as previously described [23]. Briefly, in the control
reaction 1 μM (7.5 μg) of E2 protein was modified with 30 mM CHD in 150 μl 100 mM sodium
borate buffer (pH 9.0) at 37°C for 2 h, quenched with 1% trifluoroacetic acid and the mixture
directly injected onto a C4 HPLC column. For the modification reaction of the immune
complex, the antibody: antigen immune complex was first formed by mixing 1 μM E2 and 2
μM CBH-5 HMAb for 2h at room temperature. Afterwards, 30 mM CHD in 150 μl 100 mM
sodium borate buffer (pH 9.0) was added to the immune complex solution and the reaction was
performed at 37°C for 2 h and quenched with 1% trifluoroacetic acid. The modified E2 was
separated from the antibody by liquid chromatography. Collected fractions were lyophilized,
and then analyzed by MALDI-TOF MS. The fractions found to contain the E2 protein were
combined and lyophilized to dryness. In both experiments, the E2 protein was denaturated by
using a solution containing 4 M GnHCl and 10 mM dithiothreitol for 1.5 h at 65°C. The reaction
mixture was cooled, and 200 μl of 100 mM Phosphate buffer (pH 7.5) were added and PNGaseF
(2 units) (Sigma-Aldrich, St. Louis, MO) deglycosylation was performed for 24 h at 37°C.
Further cleavage of the protein was accomplished with trypsin (using a 1:20 enzyme: substrate
ratio) and endoproteinase GluC (1:20 enzyme: substrate ratio). nanoLC/MS/MS analyses were
performed on the resulting peptides.

Binding of CBH-5 to E2 mutants by two-color flow cytometry analysis
E2 mutant-transfected HEK293T cells were incubated with anti-E2 CBH-5 HMAb at 5 μg/ml
in 100 μl of staining solution (PBS plus 2% FCS) for 20 min at room temperature. After
washing, the cells were incubated with FITC-conjugated Goat anti-human IgG and R-
phycoerythrin conjugated goat anti-mouse IgG, diluted as recommended by the manufacturer,
for 20 min at room temperature to detect E2 glycoprotein and c-myc expression respectively.
After additional washing, cells were fixed in 1% paraformaldehyde and analyzed using a FACS
Calibur apparatus (BD Biosciences, San Jose, CA). The ability of each E2 glycoprotein mutant
to bind to CBH-5 was normalized by E2 glycoprotein expression as monitored by c-myc
expression and by calculating the ratio of the mean FITC (CBH-5) intensity over the mean
phycoerthyrin (PE) intensity. These values were then displayed as a percent of the values
observed for wild type (wt) E2.

Binding of CBH-5 to E2 mutants by ELISA
The FACS data were corroborated by measuring the CBH-5 binding to the mutant E2 proteins
by ELISA. Microtiter plates were coated with 500 ng per well of GNA, followed by blocking
with BLOTTO, consisting of 2.5% nonfat dry milk and 2.5% normal goat serum in TBST (20
mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20) for 1 h. The expressed wt and mutant
E2 glycoproteins present in transfected HEK293T cells were prepared by lysing cells in a buffer
(10 mM Tris HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP 40, 0.5% sodium deoxycholate)
on ice for 15 min. The lysates were then clarified by centrifuging at 18,000 g for 15 min. The
lysis pellet was discarded and the supernatants were captured onto GNA coated plates. The
bound E2 glycoproteins were detected by anti-E2 CBH-5 HMAb, followed by AP-conjugated
goat anti-human IgG and further developed with p-nitrophenyl phosphate disodium hexa-
hydrate. The absorbance was measured at 405 and 570 nm. Values for substrate development
were derived by measuring absorbance at 405 nm and subtracting the background reading at
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570 nm. These values for mutant E2 proteins were then displayed as a percent of the values
observed for the wt E2.

Liquid chromatography
The separation and purification of modified proteins was achieved using a Hewlett Packard
1100 HPLC system (Wilmington, DE) equipped with a Vydak C4 column (4.6 mm i.d., 5 μm
particles) (Grace Vydac, CA), a diode array detector, and a fraction collector were used.
Gradient elution was carried out with two solvents: A: water, 0.1% trifluoroacetic acid and B:
90% acetonitrile, 10% water, 0.1% trifluoroacetic acid. A linear gradient at 1 ml/min from 5%
B to 60% B over 50 min was used to purify the proteins. Fractions were collected, lyophilized,
and redissolved in 50 μl 60% acetonitrile, 0.1% formic acid just prior to MALDI-TOF MS
analysis.

Mass spectrometry
MALDI-TOF mass spectra were acquired on a Voyager DE-STR mass spectrometer from
Applied Biosystems (Framingham, MA) equipped with a nitrogen laser (λ=337 nm). The
measurements were performed in the reflector and linear positive ion modes. Samples (0.5
μl) were spotted onto a 100 sample stainless steel MALDI plate and mixed on target with 0.5
μl of a saturated solution of α-cyanohydroxycinnamic acid in 45:45:10 (v:v:v)
water:ethanol:formic acid. Due to the small sample amounts and a relatively high salt content
in the analyte solution, the salts were removed by washing the sample target with 50 mM
ammonium acetate as follows. After complete drying, the target spot was covered with 5 μl of
a 50 mM solution of ammonium acetate in water (pH 4.0), which was carefully absorbed after
10 s with a wiping tissue. The spot was then recrystallized by addition of 1 μl acetonitrile/0.1%
formic acid (2:1); this resulted in a fine crystalline matrix. This sample preparation procedure
significantly improved signal/noise ratios due to reduction of adduct signals, and generally
resulted in highly reproducible spectra. The MS spectra were calibrated externally using a
mixture of standard peptides with a mass accuracy of greater than 0.01%. Data were acquired
using an accelerating voltage of 23000 V, a grid percentage of 65%, and a delay time of 200
nanoseconds for reflector ion mode and an accelerating voltage of 25000 V, a grid percentage
of 85%, and a delay time of 400 nanoseconds for linear ion mode analyses.

NanoLC/MS/MS analyses were performed on a Waters Q-Tof Premier mass spectrometer
equipped with a nanoAcquity UPLC system and a NanoLockspray source (Waters, Milford,
MA). Separations were performed using a 3 μm nanoAquity Atlantis column dC18 100 μm ×
100 mm (Waters) at a flow rate of 300 nl/min. A nanoAquity trapping column 5 μm C18 180
μm × 200 mm (Waters) was positioned in-line with the analytical column. Trapping of a 2 μl
aliquot of the digested sample was performed for 3 min at 5 μl/min flow rate, and then separated
on the analytical column. Peptides were eluted using a linear gradient from 98% A (water/0.1%
formic acid (v/v)) and 2% B (acetonitrile/0.1% formic acid (v/v)) to 95% B over 60 minutes.
Mass spectrometer settings for MS analyses were as follows: capillary voltage of 3.5 kV, cone
voltage of 30 V, collision energy of 8.0 V, and scan range of 200-2000 Da. MS/MS data were
acquired using a data dependent acquisition method selecting collision energies based on mass
and charge state of the candidate ions. Peptides were identified by mass and charge
measurement with in silico digestion using the GPMAW 6.0 General Protein/Mass Analysis
for Windows (Lighthouse Data 2003, Odense, Denmark) [38], and the BioLynx Protein/
Peptide Editor, feature of MassLynx V4.0 (Micromass, UK).
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3. Results
Limited proteolysis

Limited proteolysis was carried out using E2 glycoprotein and immobilized CBH-5, a
neutralizing HMAb recognizing an epitope on the E2 glycoprotein [6]. The sequence of the
E2 glycoprotein that was used in this study is hepatitis C subtype 1a, and it covers from Ala383
to Lys715 of the HCV-1a polyprotein (GenBank access number AF009606). After binding the
E2 glycoprotein to the immobilized CBH-5 the MALDI-TOF mass spectrum of the
immobilized antibody beads showed the presence of the protein attached to the antibody beads
(Figure 1). The 11 consensus glycosylation sites on E2 [3], are predominantly, [39] but not
exclusively (paper submitted), occupied by high-mannose glycans. As shown in Figure 1, the
MALDI-TOF mass spectrum of the intact protein contains broad peaks representing singly,
doubly and triply charged ions. E2 has a theoretical molecular weight of 36.5 kDa, but the
observed mass of the singly charged ion in the MALDI-TOF mass spectrum was approximately
50 kDa, indicating significant N-linked glycosylation with extensive heterogeneity. The
protein was digested with trypsin; the supernatant was removed and retained, and the
immobilized antibody beads were extensively washed. The beads were then analyzed by
MALDI-TOF MS and only one large fragment, a singly charged ion of m/z 5532.40 was found
to remain bound to the antibody beads (Figure 2). This observed molecular weight does not
correspond to an unmodified tryptic peptide but does correspond to the tryptic fragment
(462-500) containing a Man5GlcNAc2 (1216.6 Da) type glycan at position N476, determined
with a mass accuracy better than 0.01% (Figure 2). Previous studies showed that the consensus
glycosylation site N476 had a varying level of conservation of 97% among E2 genotype 1a,
18% for 1b and absent from the sequences of HCV E2 genotype 5 [3]. The tryptic peptide
(462-500) did not undergo further cleavage with trypsin because arginines residues Arg483
and Arg492 are directly followed by a proline residue and trypsin will not cleave after arginine
in this case. Further digestions with endoproteinase GluC (data not shown) lead to the loss of
affinity, indicating that the peptides resulting from the two cleavages are insufficient for
recognition by the antibody. This experiment was also performed with the deglycosylated E2
protein, but the protein did not bind to the antibody beads. This experiment indicated that some
or all glycans are necessary but not sufficient for antibody binding, although they might not
necessarily be a part of the CBH5 epitope. Figure 3 shows the amino acid sequence of the E2
protein along with the tryptic peptide (462-500) which was bound to CBH-5.

Modification of the arginine residues in free and affinity bound E2
To identify critical residues on E2, differential surface modification was applied; specifically,
using arginine modification with CHD [23]. CHD-derivatized E2 was analyzed by nanoLC/
MS/MS as described in the Materials and methods. Modification of arginines with CHD results
in the formation of an N7,N8-(dihydroxy-1,2-cyclohexylidine)-derivative corresponding to a
mass increase of 112 Da per modified arginine residue [23]. After HPLC purification, the
derivatized protein was subjected to PNGaseF deglycosylation to remove the N-linked glycans,
followed by trypsin and GluC digestion. These peptides were then separated and analyzed by
nanoLC/MS/MS. Modified peptides were identified from the resulting chromatogram based
on their mass shifts per modified guanidino group. The mass spectrometric analyses showed
modification of nine of 19 arginines in free E2 antigen (control) (Table 1).

In the immune complex sample, mass spectrometric peptide-mapping analyses showed
selective modification of six arginines after CHD derivatization. Only three residues showed
decreased accessibility in the immune complex in comparison with the control sample,
indicating that those arginine residues are shielded upon antibody binding (Table 1). The GluC
peptide (585-591) CFRKYPE containing Arg587, was only observed as CHD modified in the
control sample (doubly charged ion of m/z 527.22) and only seen unmodified by CHD in the
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immune complex (doubly charged ion of m/z 471.22). This indicates that this Arg587 is part
of the antibody recognition surface (which does not necessarily mean that the Arg is actively
involved in binding to the antibody). The tandem mass spectrum shown in Figure 4 contains
the fragment ions resulting from peptide (585-591) backbone cleavage [40]. The y5 fragment
ion of m/z 804.42 and the b3 ion (m/z 500.23) resulting from the N-terminus fragmentation of
the (585-591) peptide and corresponding to a mass increase of 112 Da compared to the
unmodified protein also indicates that Arg587 has been modified.

By comparing the relative abundances of two peptides of interest by normalizing the data to
an unrelated ion found in the mass spectra of both the control and immune complex samples,
additional differences in the mass spectrometric data between the control and the immune
complex were identified. Upon PNGaseF reaction, the glycosylated Asn623 (NYT) was
converted to aspartic acid as observed in the mass spectrum by an increase in mass of 1 Da.
The triply charged ion of m/z 968.19 was found to correspond to the GluC peptide (615-637)
LWHYPCTINYTIFKVRMYVGGVE, with Arg630 CHD modified both in the control and
immune complex samples. In the E2 control mass spectrum, the relative abundance of the
peptide (615-637) is 25% when normalized to a non-arginine containing peptide, while the
abundance decreases to 9% in the immune complex mass spectrum (Figure 5 A, B). These
differences in peptide abundances suggest strong protection of Arg630 upon antibody binding.
Considering that Arg630 was found modified in both experiments, it may be assumed that this
particular arginine is not directly involved in antibody binding, but that it is either in close
proximity to the CBH-5 binding site and protected by steric interactions between the antibody
and antigen or that a conformational change is induced upon antibody binding which leads to
reduced accessibility in the complex and correspondingly reduced reactivity. Moreover, the
shorter tryptic peptide (615-628) (doubly charged ion of m/z 900.44), also showed a decreased
abundance when the protein was bound to the antibody indicating reduced access to the
cleavage site (data not shown). Furthermore, the triply charged ion of m/z 793.06 corresponding
to the peptide (611-628) showed decreased abundance from the immune complex, in
comparison with the control sample, indicating decreased access by the protease, even though
Arg614 was not modified in either experiment (likely due to lack of a nearby proton acceptor).
This result emphasizes the involvement of the same overlapping region LWHYPCTINYTIFK
(615-628) in CBH-5 antibody binding. In the chemical modification experiment of the immune
complex, residues Arg630 and 651 were CHD modified, but the peptides encompassing those
residues showed some protection upon CBH-5 antibody binding. The partial modification of
Arg630 and 651 was indicated only by the decreased abundance of the peptides (615-628),
(615-637) and (649-655) in the immune complex sample. This result can be explained by
conformational changes in either the protein structure or in the conformation of the glycans in
the presence of the antibody. The CHD modification experiments were performed in triplicate,
and the ions of interest were screened against three independent unrelated ions. The relative
abundances of arginine 614, 630 and 651 in the free E2 and affinity bound antigen: antibody
(E2/CBH-5) complex are presented in Table 2 and exhibit differences between the control and
immune complex samples. The lower abundances of the peptides containing these residues in
the immune complex sample suggests either that these amino acids are close to the affinity
binding site of the neutralizing CBH-5 HMAb or that their accessibility is altered by a
conformational change upon complex formation.

Site-directed mutagenesis
In contrast to the MS experiments which identified residues whose reactivity is modified after
antibody binding, alanine scanning mutagenesis was performed to define how mutations of
specific residues on E2 may affect antibody binding and to identify specific residues that are
critical to the interaction of E2 with CBH-5 either directly or via a conformational change.
Based on the mass spectrometric data, a series of proteins mutated at sites between 481-500,
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615-628 (which showed protection in the limited proteolysis and chemical modification) and
four arginine residues, 587, 614, 630 and 651, (which showed protection by the antibody) were
obtained by site-directed mutagenesis (Figure 6). For these mutants, the effect on CBH-5
binding was analyzed by transfecting cells with plasmids encoding E2-cmyc fusion protein.
Mutant E2 proteins were assessed for their reactivity with CBH-5 by two-color flow cytometry,
and confirmed by GNA capture ELISA (data not shown). Because c-myc is a C-terminal tag,
the amount of c-myc detected by PE-anti-c-myc is a good indicator of full-length E2 expression.
Thus, c-myc expression was used as an internal control to normalize the level of E2 expression.
To evaluate the percentage of CBH-5 binding activity, E2/c-myc ratios were determined for
each mutant and compared to the ratio obtained with wt protein.

A significant reduction in CBH-5 HMAb binding was observed when Cys494, Val497 (Figure
6 A), His617, Tyr618, Pro619, Thr621, Phe624 (Figure 6 B), and Arg614 (Figure 6 C) were
replaced by an alanine. In fact, CBH-5 binding to these mutants was reduced to less than 10%
of that bound to the wt protein. Because the Cys494 mutant showed a global effect on
maintaining E2 structure in our previous studies (unpublished data), the role that it plays in
CBH-5 antibody binding is unclear at this point, although it’s involvement in disulfide bonds
would indicate a critical role in maintaining the protein’s native conformation. In addition,
mutations of the residues located at positions Ala499 (Figure 6 A), Asn623 and Ile626 (Figure
6 B) led to approximately 80% reduction in binding of CBH-5 to E2 compared to wt.
Interestingly, substitutions in a larger region covering residues at positions Pro493, Gly495,
Ile496, Pro498, Ser500 (Figure 6 A), Leu615, Trp616, Cys620, Val622, Thr625, Phe627,
Lys628 (Figure 6 B), Arg587 and Arg630 (Figure 6 C), could weaken CBH-5 interaction with
E2 by approximately 50%, as compared to the wt protein, indicating that these residues can
affect CBH-5 HMAb binding to different HCV genotypes and/or isolates. Collectively, these
findings suggest that eight critical amino acids (Cys494, Val497, Arg614, His617, Tyr618,
Pro619, Thr621 and Phe624) significantly affect binding of CBH-5 HMAb.

In addition to the alanine scanning results described in Figure 6, we assessed whether the amino
acids mutated above specifically affect only the interaction of E2 with CBH-5 or also have an
affect on the interaction of E2 with other HMAbs, which might indicate a potential
conformational change of the E2 protein affecting antibody binding. To examine this
hypothesis, the alanine scanning mutagenesis was expanded just beyond the region identified
by mass spectrometry, starting with amino acid Lys500 to Thr510, as well as the region
encompassing Tyr611 to Arg614 and Met631 to Glu637. For this study three other HMAbs
against E2 were tested, CBH-4D and CBH-4G, which are non-neutralizing and directed against
domain A, as well as the neutralizing CBH-7 HMAb directed against a different epitope within
domain C [7,9]. The GNA analysis results of the binding between domain A, B and C HMAbs
to the alanine mutants are presented in Figure 7. These results indicated that the eight knock
down mutations identified and described above have similar effects on recognition by
antibodies to all three domains, showing a decreased or complete loss of affinity towards all
four antibodies that were tested. To differentiate whether a global conformation change
occurred with each highlighted mutation (in Figure 7); HCVpp were produced with each
mutant. Wild-type HCVpp is a robust means to analyze functional envelope proteins involved
in virus attachment and entry [41]. These HCVpp contain fully functional envelope
glycoproteins that preferentially infect human hepatocytes and hepatocellular cell lines. The
envelope proteins are at least in part noncovalent E1E2 heterodimers and their recognition by
a panel of human monoclonal antibodies (HMAbs) to conformational epitopes on E2 confirms
the expression of native antigenic structures [35]. None of these HCVpp mutants were
infectious compared to wt HCVpp consistent with a global change at these sites (Figure 8).

Moreover, an extended alanine scanning mutagenesis experiment starting with Lys500 through
Thr510 was performed indicating specific amino acids in this extended region that, upon
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alanine mutation, results in a partial decrease or complete loss of binding affinity to the CBH-5
HMAb (Figure 9). Substitutions at Val502 and from Gly504 to Phe509 led to reduced or no
binding with both CBH-5 and -4G. In the Cys503A mutant, binding to CBH-5 was eliminated
although binding to CBH-4G was retained. These results suggest that Cys503 could be involved
in a disulfide bridge leading to a more localized structural change affecting only CBH-5.
Interestingly, C508A mutation destroys binding to CBH-4G as well as it does with CBH-5
HMAb (Figure 9). Again, these results would be consistent with either a significant
conformational change or possibly a change in binding due to a change in hydrophobicity/
hydrophilicity or polarity of the residues. Further experiments similar to ones described above
were performed on the extended alanine mutation in the regions Tyr611 to Arg614, and Lys628
to Glu637. Major differences in the loss of affinity were seen with mutation at amino acids
Tyr611 and Arg614. As previously discussed Arg614 was found to be partially shielded by the
antibody in the mass spectrometric differential modification experiments.

4. Discussion
Known conformational changes in Flaviviridae

To date there is no crystal structure available for the HCV E2 protein, a protein belonging to
the Flaviviridae family [2,42]. It was reported that a significant amount of structural data
relating to potential sites of interaction between the antibodies and HCV E2 could be obtained
by using neutralization escape mutants [14,17]. These data were used to model the structure
of the Flavivirus E protein [43]. Interestingly, similar to the HCV E2 protein, each of the three
domains contributing to the exterior face of the E protein can induce and bind neutralizing
antibodies. Furthermore, antibodies against Flavivirus E protein primarily recognize a site
involving residues of the highly conserved fusion peptide loop, which is a cryptic epitope and
largely inaccessible on the surface of native infectious virions [43]. Moreover, similar viruses,
such as the Tick Borne Encephalitis Virus (TBEV) have been previously described [44,45].
These studies showed that Flavivirus envelope glycoprotein E from TBEV shows functional
similarity to HCV E2, and the application of fold recognition structures highlighted the
similarity between TBEV and HCV E2 [10,44]. Furthermore, both viruses undergo structural
rearrangements at low pH environments that hypothetically lead to the exposure of initially
buried hydrophobic residues. This pH-induced process is believed to be part of an endocytosis
entry pathway [46]. HCV E2 envelope glycoprotein has been shown to undergo conformational
changes as a result of a change in pH [10]. Keck et al. have also shown that a neutralizing
HMAb, CBH-5, cross-competes to a moderate degree with a related group of non-neutralizing
HMAbs, designated as domain A [7]. One hypothesis to explain these results is that when a
domain A HMAb binds, it induces a conformational change in the E2 protein. To explore this
possibility and to obtain more structural information about the E2 glycoprotein, a series of
experiments designed to probe potential conformational changes in E2 were undertaken.

Experimental approach
In the present study, critical residues in the E2 protein that affect and/or are affected by binding
of HMAbs were identified. Limited proteolysis and differential chemical modification
combined with mass spectrometric product elucidation was used to identify residues either
directly involved in the interaction between the antibody CBH-5 and E2 and/or whose reactivity
is affected by the presence of the antibody, either by steric hindrance or by a conformational
change. In the differential modification approach a specific reagent is used to modify solvent-
accessible residues which can provide structural information by determining which residues
are more reactive and, thus, on the surface of the molecule [22-25]. Therefore, these
experiments are a valuable method for determining critical amino acids involved in antibody
binding and/or to modify residues whose surface accessibility (and, thus, reactivity) is affected
by interaction with the mAb.
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A complementary set of alanine-scanning mutagenesis experiments was performed on the
critical regions identified by mass spectrometry. This mutagenesis approach identified residues
for which a mutation to alanine affects antibody binding either by affecting E2 residues
involved in HMAb recognition or by causing a change in E2 conformation that inhibits
subsequent antibody interaction. That is, the alanine scanning experiments uncover effects
occurring prior to and affecting antibody binding, while the MS experiments uncover effects
subsequent to antibody binding.

Changes in conformation due to antibody binding
The mass spectrometric analyses indicated that peptides (462-500) and (615-628) interact
strongly with the CBH-5 HMAb. Interestingly, these peptides overlap the predicted E1/E2
dimerization domains [47]. The CHD arginine modification experiments furthermore revealed
three arginine residues that showed decreased abundances when the protein was bound to the
antibody: Arg587, 630 and 651 located near domain A which is required for recognition by all
mAbs. Moreover, our results indicate that a significant conformational change occurs upon
CBH-5 binding, strongly affecting the region 579-644 whose presence is required for
recognition by all of the antibodies as previously determined [9]. The alanine scanning
mutagenesis data indicate that the following residues strongly affect E2/CBH-5 binding:
Cys494, Val497, His617, Tyr618, Pro619, Thr621 and Phe624. In the E2 homology model
described by Yagnik et al, the locations of these amino acids that are critical for maintaining
the native structure of the E2 protein (as determined by alanine scanning mutagenesis) are
found to encompass two different regions of the molecule: one in the N-terminal part of the
molecule, near the hyper variable region 2 (HVR2) and a second fragment located in the middle
of the E2 glycoprotein sequence, in the previously defined domain B [9,10]. Furthermore,
previous epitope mapping studies on HCV showed that the mAb D32.10 produced by
immunizing mice with an HCV-enriched pellet binds the HCV particles derived from serum
of different type HCV 1a- and HCV 1b-infected patients [48]. Moreover, this mAb has been
shown to recognize both HCV envelope proteins E1 and E2. The epitope recognized by D32.10
on E2 determined using a phage display peptide library showed that the following regions in
E2 are involved in binding the antibody: (480-494) and (613-621). The mass spectrometric
results obtained using the CBH-5 HMAb also indicate interaction with similar regions of the
protein, (462-500) and (615-628). Overall, these results show the critical amino acids which
were recognized by antibodies against all three domains of the HCV E2 protein. In addition,
our data indicate two distinct regions that are important in maintaining the native structure of
the E2 protein, which are also similar to the regions involved in/or affected by CBH-5 HMAb
binding. Furthermore, these results suggest that binding of CBH-5 HMAb to native E2 induces
a conformational change in the protein structure.

Changes in conformation induced by alanine scanning mutagenesis
In the alanine scanning mutagenesis experiments, the structure of the protein is altered prior
to the binding of the antibody, so the possibility of a conformational change of the antigen that
may affect binding of similar antibodies directed against different E2 domains cannot be
excluded. These experiments indicated that structural alterations of E2 protein result in partially
competitive binding of antibodies directed to different E2 domains. Present data indicate that
the interaction of the antibody with the antigen triggers conformational changes in the viral E2
envelope protein. Several studies have indicated that alanine mutations may interfere with
antibody recognition and binding. Zimbwa et al., have shown that polymorphism within known
antigenic sites results in loss of immune recognition in an HIV type 1 antigen processing mutant
[49]. Furthermore, amino acid substitution can enable immune escape by interfering with the
processing of the optimal peptide antigen recognized by a specific antibody. Cao et al.,
indicated that mutation of some conserved amino acids in HIV gp41 leads to changes in
structure and function of the protein [50]. A single amino acid mutation in the viral envelope
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glycoprotein was reported to abolish virus infectivity in CD4+ T lymphocytes, as well as to
significantly decrease the stability of the mutant protein compared with the wt virus [51]. Our
data suggest that, upon alanine mutation, loss in binding is due to a conformational change
which affects antibody recognition as well as correct folding of the protein. However, these
data indicate that the loss in binding is due to both removal of contact residues as well as to a
major conformational change of the protein upon alanine mutation.

Glycosylation and conformational changes
In the early secretory pathway, the glycans play a role in protein folding and certain sorting
events. Previous studies showed that viral envelope proteins usually contain N-linked glycans
that may play a major role in their folding, entry functions or in modulating the immune
response [46,52,53]. In a recent paper, Helle et al. describes the neutralizing activity of anti-
HCV antibodies, and they found that this neutralization is modulated by specific glycans on
the E2 protein [54]. In addition, they observed that HCVpp containing non-glycosylation
mutants at positions N476 and N540 were more sensitive to neutralization by all the mAb
tested, among them the CBH-5 HMAb. A decreased level of inhibition of the wt N476
glycosylation site compared with the non-glycosylated alanine mutants might be explained by
a local conformational change induced by the alanine mutations. This observation seems in
contradiction with the mass spectrometric results which indicated that the N476 glycosylation
site might be involved in the antibody binding. However, the mass spectrometric analyses were
performed with intact, glycosylated wt E2 protein, whereas Helle et al. used single
glycosylation mutants to test their neutralizing effect against different antibodies [54]. Thus,
alanine mutation of a single glycosylation site has no apparent effect on the ability of the
antibody to bind E2 protein, in comparison with the intact wt glycosylated E2 protein which
most probably has a conformation that is required for antibody-antigen recognition.
Furthermore, the mutation-binding data suggests that there is a conformational change induced
by the single site mutation, which reduces but does not eliminate the affinity of neutralizing
antibodies for the E2 glycoprotein. Moreover, initial removal of the glycans of E2 glycoprotein
before binding the protein to the antibody results in a significant change in conformation and
abolishes CBH-5 HMAb binding.

Based on Yagnik’s homology model, it is hypothesized that the glycans on E2 define the
extracellular surface of the molecule [10]. Consequently, the critical residues that were
determined herein should be located on the same side of the protein as the glycan molecules.
Furthermore, changes that were observed in surface reactivity of these residues not located on
the same side of the E2 molecule in the homology model might be due to large conformational
changes of E2 protein rather than protection by the HMAb. Moreover, based on the homology
model, the critical residues were found in the same region where CD81 binding occurs [55],
as well as in the region of the E1/E2 association sites, regions which are physically located in
close proximity in the model. It was shown that these regions are exposed in the E2 homology
model and they contain a high number of charged polar residues [10]. Both these regions
contain the “WHY” motif which has been shown to be involved in the heteromeric association
between HCV-E1 and E2 proteins [47]. Mutations of residues in these regions, especially
cysteine residues, most likely trigger a significant conformational change. One possible
explanation for our results is that the E2 protein has two (or more) conformationally stable
states with a relatively low energy barrier between them. Disruption of key structural residues
(alanine scanning mutagenesis), increased steric interactions (antibody binding experiments)
or changes in electrostatic interactions (by pH changes) can then lead to collapse of one
conformation into an alternate low energy conformation.
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Summary
The data presented in this manuscript suggest that, upon antibody binding, there is a significant
conformational change in E2. Moreover, by coupling mass spectrometry-based approaches
with mutagenesis techniques, critical residues on E2 protein that are recognized by antibodies
against all three domains were identified, and two distinct regions that are important to maintain
a native structure of the protein have also been determined. More detailed conformational
studies on the E2 glycoprotein and the epitope recognized by the CBH-5 HMAb are currently
underway in our laboratories. In conclusion, the information presented in this paper provides
new insights to the unsolved structure of the E2 glycoprotein, and these results should lead to
a better understanding of the hepatitis C virus E2 envelope glycoprotein function and antibody-
antigen recognition structure.
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Abbreviations
GNA  

galanthus nivalis antigen

AP  
alkaline phospathase

FACS  
fluorescent-activated cell sorting

FITC  
fluorescein isothiocyante

FCS  
fetal calf serum

BS3  
bis(sulfosuccinimidyl)suberate

GnHCl  
guanidine hydrochloride

PBS  
phosphate buffered saline

CRC  
compact reaction columns

MALDI  
matrix assisted laser desorption/ ionization

ESI  
electrospray ionization

TOF  
time of flight
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ESI-MS/MS  
electrospray-tandem mass spectrometry

LC/MS/MS  
liquid chromatography-tandem mass spectrometry

HPLC  
high performance liquid chromatography
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Fig. 1.
MALDI-TOF mass spectrum (mass range 10,000–100,000Da) of E2 glycoprotein affinity
bound to CBH-5 HMAb on CNBr activated sepharose beads. The singly, doubly, and triply
protonated molecule ions are marked. The broadness of the peaks is due to the extensive
glycosylation of E2.

Iacob et al. Page 18

Biochim Biophys Acta. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
MALDI-TOF mass spectrum of the glycosylated peptide (462–500) that remained affinity
bound to the beads after limited proteolysis of the E2/CBH-5 HMAb complex with
endoproteinase trypsin. The spectrum shows the singly protonated peptide of m/z 5532 Da.
The doubly doubly protonated molecule is also observed of m/z 2766. The mass difference of
1216 Da between the theoretical and experimental values is due to the presence of N-linked
glycans at position N476, indicating the presence of a high-mannose type glycan
(Man5GlcNAc2). The peaks marked with an asterisk * denote background ions.
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Fig. 3.
Amino acid sequence of E2 protein (absolute numbering: amino acids 383–715) from strain
HCV-1a. The positions of the residue are indicated corresponding to the positions of the
polyprotein of reference strain H (GenBank access number AF009606) [36]. The peptide
fragment that remained affinity bound to the CBH-5 HMAb in the limited proteolysis
experiment (462-500) is indicated in bold and italics.
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Fig. 4.
ESI-MS/MS of the precursor doubly protonated molecule of m/z 527.22 corresponding to the
GluC peptide (585–591) with the sequence CFRKYPE. The Arg587 is modified with 1,2-
cyclohexanedione. The modification took place only in the E2 control sample, in the immune
complex Arg587 was not modified. Fragment ions b and y that are denoted by an asterisk *
contain the modified arginine residue.
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Fig. 5.
Mass spectrum representing the overlay of the peptide of interest (615-637) showing the triply
protonated molecule of m/z 968.19, normalized to a non-arginine containing ion, a doubly
charged ion of m/z 1135.18 (marked with an asterisk *) found in both experiments. Compared
to the control sample (A), the mass spectrum shows a significant change in the relative
abundance when the E2 protein was bound to the CBH-5 HMAb (B) indicating protection by
the antibody.
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Fig. 6.
Alanine replacement based on MS data identifies a number of residues critical for CBH-5
binding. E2-c-myc fusion mutant proteins were expressed in HEK293T cells and cells were
analyzed by FACS. The wt sequences that are illustrated correspond to the reference strain H
(GenBank accession number AF009606). The y-axis of plots A, B and C show the position of
the residues that are critical to the antibody binding. CBH-5 HMAb binding to each mutant is
expressed as the percent of fluorescence intensity value normalized by the intensity of c-myc
binding and divided by CBH-5 binding to the wild-type on the (x-axis). (A) and (B) are two
discontinuous regions corresponding to two immune complex protection sites during tryptic
digestion respectively at amino acids 481-500 and amino acids 615-628. (C) Four arginine
sites, 587, 614, 630 and 651, that are protected from CHD modification or showed decreased
intensities in the mass spectra upon antibody binding are illustrated. The experiments were
done by two independent transfection and FACS followed by GNA capture ELISA.
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Fig. 7.
GNA analysis of binding of domain A, B and C antibodies to the alanine mutants 492-498 and
614-624. The eight amino acids that are critical for the antibody binding are presented in bold.
The numbers in the beginning of the peptides correspond to the position in the polyprotein of
reference strain H (GenBank accession number AF009606). The expressed wt and mutated E2
glycoproteins present in HEK293T cell lysates were captured onto GNA coated plates. The
bound E2 glycoproteins were detected by anti-E HMAbs, followed by AP-conjugated goat
anti-human IgG and further developed with p-nitrophenyl phosphate disodium hexa-hydrate.
E2 concentration was normalized by quantification of a c-terminal myc tag on the recombinant
proteins. The y-axis depicts binding values for each E2 alanine mutant as a percentage of the
binding observed with wt E2.
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Fig. 8.
HCVpp mutants do not infect Huh-7.5 cells: (A) the luciferase activity of the HCVpp mutants
in which the eight amino acids found to be critical for mAb CBH-5 binding have been mutated
to Ala was measured against the genotype HCVpp 1B. The activity assay is measured on the
y-axis, and it shows that the mutants had no effect on the Huh-7.5 cells. (B) Immuno-
Fluorescence staining indicating the HCV E2 expression against the mAb AP33: the staining
of the control HCVpp 1B and the mutants shows that HCVpp mutants have no effect on the
E2 protein expression which is unchanged for all eight mutants analyzed.

Iacob et al. Page 25

Biochim Biophys Acta. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 9.
GNA analysis of binding of domain A and B antibodies to the alanine mutants 501-510. The
numbers in the beginning of the peptides correspond to the position in the polyprotein of
reference strain H (GenBank accession number AF009606). The expressed wt and mutated E2
glycoproteins present in HEK293T cell lysates were captured onto GNA coated plates. The
bound E2 glycoproteins were detected by anti-E2 HMAbs, followed by AP-conjugated goat
anti-human IgG and further developed with p-nitrophenyl phosphate disodium hexa-hydrate.
E2 concentration was normalized by quantification of a c-terminal Myc tag on the recombinant
proteins. The y-axis depicts binding values for each E2 alanine mutant as a percentage of the
binding observed with wt E2.
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Table 1
Arginine residues on E2 modified by 1,2-cyclohexanedione (CHD) identified by mass spectrometry

Modified arginine residues Shielded residues
E2-control CBH5-E2 complex

455, 460,521
587, 596, 630
639, 648, 651

455, 460, 521,
596, 639, 648

587
630, 651a

a
The two-arginine residues Arg630 and Arg651 were CHD modified in both control and immune complex, but the peptides containing those residues

showed decreased intensities in the immune complex sample, indicating that they are involved in the antibody binding.
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Table 2
The relative abundances ratios of the control versus the immune complex

Peptide Abundances % E2-
controla

Abundances %
CBH5-E2 complexa Ratiosb

615-628 LWHYPCTINYTIFK 60 14 0.23
611-628 YPYRLWHYPCTINYTIFK 28 8 0.28
615-637 LWHYPCTINYTIFKVRMYVGGVE 25 9 0.36
649-655 GERCDLE 23 7 0.30

a
Average of three independent mass spectrometric measurements of the ion of interest against an unrelated ion present in all measurements

b
Entries are the ratio of the relative abundance calculated between the control and the immune complex sample. The changes in abundances in the presence

of the antibody were determined by dividing the values. Values significantly less than 1.0 indicate a decrease in reactivity, suggesting protection upon
antibody binding.
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