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ABSTRACT: The fiber protein purified from the pool of nonincorporated viral protein after infection of
cells with adenovirus type 5 exists as two forms separable by reverse-phase HPLC. As determined by
mass spectrometry, this heterogeneity results from a difference in one O-linkedN-acetylglucosamine
(GlcNac). A western blot analysis using a monoclonal antibody directed against the GlcNac motif showed
that only one of the two forms reacted with the antibody, suggesting that one form carries a single GlcNac
and the other form has none. The ratio of glycosylated to nonglycosylated forms of fiber, which is about
1, is conserved in assembled viruses. After digestion of glycosylated fiber with endoproteinase GluC,
isolation of the glycosylated peptide by reverse-phase HPLC, and chemical derivatization using
dimethylamine, the site of glycosylation was located in the fiber shaft at serine 109 by mass spectrometry.
Elimination of glycosylation by site-directed mutagenesis of fiber should help to understand the function
of this postranslational modification.

Among the capsid proteins of adenovirus, the fiber protein
plays a key role in virus adsorption to various cell receptors
(1, 2), allowing infection of a wide variety of cell types.
The adenovirus fiber is located at each of the 12 vertices of
the viral icosahedron. Fiber consists of a homotrimer divided
into three domains, a C-terminal globular head, the knob, a
long thin shaft, and an N-terminal tail that anchors the fiber
to the capsid via direct interactions with the penton base
protein (3-5). It has been shown previously that Ad5 and
Ad2 fibers contained an O-linkedN-acetylglucosamine (O-
linked GlcNac)1 (6-8). Fiber glycosylation seems to be a
specific feature of Ad2 and Ad5 since fibers from other
adenovirus serotypes do not apparently contain this modi-
fication (7). Although it has been suggested that fiber
O-linked glycan might be important for fiber assembly or
stabilization, the functional role of this modification remains
obscure.

Proteins containing O-linked GlcNac are predominantly
localized in the cytoplasm and nucleus of eukaryotic cells.
Although little is known about the precise role of O-linked
GlcNac modification of proteins, it seems important in a
number of fundamental cellular events such as transcription,
translation, nuclear transport, and cytoskeletal assembly
(reviewed in ref9).

To date, no consensus sequence has been identified for
the O-glycosylation of Ser or Thr residues. It usually occurs
in Ser/Thr-rich domains containing proline residues. Thus,
identification of the glycosylated sites is a challenging
problem that requires a biochemical characterization of the
glycosylated protein including protease treatment and isola-
tion of the glycosylated peptides. Mass spectrometry is
particularly suited for the rapid and sensitive sequencing of
peptides, and direct identification of glycosylation sites has
been achieved in a number of favorable cases (10, 11).
However, due to the lability of the glycosidic bond, a
chemical modification of the glycosylated peptide is often
necessary in order to generate more stable derivatives prior
to mass spectrometry analysis (12-15).

In this study, it is shown that the Ad5 fiber is partially
modified by an O-linkedN-acetylglucosamine. Peptide
mapping associated with mass spectrometry allowed the
identification of a single glycosylation site.

MATERIALS AND METHODS

Chemicals.Modified porcine trypsin sequencing grade was
from Promega. Endoproteinase GluC sequencing grade,
R-cyano-4-hydroxycinnamic acid, dimethylamine, and ethane-
thiol were from Sigma.

Purification of Fiber.Fiber was purified from the lysate
of infected cells essentially as previously described (16).
Briefly, E1 complementation cells were infected with
AdTG6401 (17) at MOI 5. Cells were harvested 48 h after
infection and washed in 50 mM phosphate buffer, pH 7.0.
Washed cells were resuspended in 50 mM phosphate buffer,
pH 7.0, containing a mixture of proteases inhibitors (Com-
plete, Boehringer), disrupted by successive freezing and
thawing, and subsequently centrifuged at 3000g for 10 min
to remove cell debris. The supernatant was loaded on a
cesium chloride gradient and centrifuged for 2 h at30000
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rpm in a SW40 rotor (Beckman). The material above the
virion band was collected and dialyzed against 50 mM
potassium phosphate buffer, pH 6.8 (buffer A) overnight at
4 °C. After dialysis, the supernatant was loaded at 1 mL/
min on a Hitrap DEAE-FF column (Amersham Biosciences)
equilibrated in buffer A. The flow-through was collected and
directly applied onto a column of hydroxylapatite (macroprep
ceramic type I, Bio-Rad) equilibrated in buffer A. Fiber was
eluted with a linear gradient from 50 to 250 mM potassium
phosphate buffer, pH 6.8, in 30 min.

SDS-PAGE.SDS-PAGE analysis was performed in 12%
SDS-polyacrylamide gels in a Tris-glycine buffer (Novex).
Proteins were stained with colloidal Coomassie blue G250
(18).

Western Blot.Proteins were denatured and resolved on a
Nupage 10% polyacrylamide Bis-Tris gel using MOPS as
the running buffer (Invitrogen). The fiber protein was
identified with a polyclonal antiserum directed against the
knob domain of the Ad5 fiber (serum E642, 1:3000; obtained
from R. Gerard); the glycosylation state was identified with
a monoclonal anti-glycosylation antibody (hybridoma su-
pernatant RL2, 1:50; obtained from P. Boulanger). The
secondary antibodies used were HRP-conjugated anti-rabbit
IgG and HRP-conjugated anti-mouse IgG. The enhanced
chemiluminescence detection system (ECL; Amersham) was
used to detect the protein.

Proteolysis.HPLC-purified fiber was digested with either
trypsin or endoproteinase GluC. HPLC fractions containing
fiber were dried in a SpeedVac and resuspended in digestion
buffer. Trypsin digestion were performed overnight at 28
°C in 25 mM ammonium bicarbonate, pH 8.0. The ratio of
trypsin to fiber was 1/5 to 1/10. GluC digestions were
performed at 32°C in either 100 mM ammonium bicarbonate
or 100 mM phosphate buffer, pH 8.0. The enzyme to fiber
ratio was 1/20 to 1/40.

ReVerse-Phase HPLC.Fiber was routinely analyzed by
RP-HPLC (HP1090; Agilent) on a C4 Jupiter column (150
× 2.0 mm; Phenomenex) at 0.2 mL/min and 60°C. Solution
A was 0.1% trifluoroacetic acid (TFA) in water; solution B
was acetonitrile/2-propanol (50:50 v/v) containing 0.1% TFA.
Fiber was eluted with a linear gradient from 20% to 60%
solution B in 40 min. UV absorption was monitored at 215
nm.

Tryptic or GluC digests were analyzed on a C18 Uptishere
column (300 Å, 3µm, 150 × 2.1 mm; Interchim) at 0.2
mL/min and 50 °C. Peptides were eluted with a linear
gradient of aqueous acetonitrile containing 0.1% TFA from
5% to 65% in 60 min. UV absorption was monitored at 215
nm.

â-Elimination/Alkylation. Alkaline deglycosylation by
dimethylamine and subsequent alkylation by ethanethiol were
performed as described previously (15). After solvent
evaporation using a Speed Vac, HPLC-purified peptides were
incubated for 5-8 h in 100µL of a mixture of 2-propanol/
dimethylamine/ethanethiol (1:1:1 v/v/v) at 45°C. The
reaction was stopped upon elimination of the reagents by
evaporating centrifugation in a Speed Vac.

Mass Spectrometry Analyses. (A) MALDI-MS.A saturated
solution of the matrixR-cyano-4-hydroxycinnamic acid (0.5
µL) in acetone was deposited onto the sample probe. After
drying, 0.5µL of 2% TFA in water was added to the matrix
surface and mixed with 0.5µL of the tryptic digest and 0.5

µL of a saturated solution of the matrix in acetonitrile/water
(50:50). Samples were dried in an air vacuum apparatus.
Spectra were obtained on a MALDI time-of-flight instrument
(Biflex, Bruker) operated in either reflectron or linear modes.
Spectra were mostly externally calibrated using a mixture
of synthetic peptides of known masses, Arg-Leu-enkephalin,
angiotensin, substance P, bombesin, and ACTH, with
monoisotopic masses respectively atm/z 712.37, 1046.54,
1347.73, 1619.82, and 2465.19. Measured masses were
monoisotopic or average depending on the type of experiment
(see text).

Before MALDI-MS, peptides were occasionally concen-
trated on ZipTip (Millipore) following the instructions of
the manufacturer.

(B) MALDI-MS/MS.Samples were deposited on the target
using the dried droplet method. The sample (0.5µL) was
mixed on target with 0.5µL of a saturated solution of the
matrixR-cyano-4-hydroxycinnamic acid in acetonitrile/water
(50:50). MALDI-MS/MS spectra were recorded on an
Ultraflex mass spectrometer (Bruker). The instrument was
calibrated using the fragment ions of angiotensin with
monoisotopic mass atm/z 1046.54.

(C) Liquid Chromatography-Mass Spectrometry.Analy-
ses was performed on a triple-quadrupole mass spectrometer
equipped with an electrospray source (QuattroII, Micromass),
operating in the positive mode. During on-line LC-MS,
spectra were scanned overm/z 400-1600 for 6 s, and the
resolution was adjusted so that the peak atm/z 998 from
heart myoglobin was 1.5 wide at the base. The mass
spectrometer was calibrated using the multiply charged ions
produced by a separate introduction of horse myoglobin
(16951.48 Da). Fiber was eluted in the conditions described
above using a C4 Jupiter column (150× 2.0 mm) coupled
to the mass spectrometer.

Nanoelectrospray Mass Spectrometry. (A) Q-TOF Mass
Spectrometer.MS and MS/MS mass measurements were
performed with a Q-TOF 2 hybrid quadrupole/time-of-flight
mass spectrometer (Micromass) equipped with a Z-spray ion
source. The instrument consists of an electrospray ionization
source, a quadrupole mass filter operating as a variable band-
pass device, a hexapole collision cell, and an orthogonal
acceleration time-of-flight (TOF) mass analyzer. The MS and
MS/MS analyses were performed with Protana medium
NanoES spray capillaries. The instrument was calibrated
using fragment ions of GFP.

(B) Ion-Trap Mass Spectrometer.Tandem mass spectra
were acquired on an ESQUIRE 3000+ Ion-Trap mass
spectrometer (Bruker) equipped with a nanospray ion source.
MS/MS analysis was performed with Protana medium
NanoES spray capillaries. Calibration of the Ion-Trap
analyzer was performed by using the multiply charged ions
produced by the following peptide mixture, Arg-Leu-
enkephalin, angiotensin, substance P, bombesin, and ACTH,
with monoisotopic masses respectively atm/z) 712.37 (1+)
and 356.68 (2+), m/z ) 1046.54 (1+) and 523.77 (2+), m/z
) 1347.73 (1+) and 674.36 (2+), m/z ) 1619.82 (1+) and
810.41 (2+), andm/z ) 1233.09 (2+).

RESULTS

Ad5 Fiber Is Heterogeneous.Ad5 fiber was partially
purified from the cellular pool of nonincorporated viral capsid
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proteins by a two-step procedure using DEAE and hydroxyl-
apatite chromatographic separations essentially as described
by Boulanger and Puvion (16). A prominent protein band at
about 62 kDa was identified as being fiber after in-gel trypsin
digestion and analysis of the tryptic peptides by MALDI-
TOF mass spectrometry. Trimerization of fiber was assessed
by an SDS-PAGE separation of the partially purified protein
without boiling it in the sample buffer (19). Under these
conditions, fiber migrates at aMr consistent with that of a
trimer (not shown).

Purified fiber was further analyzed by RP-HPLC using a
linear gradient of aqueous acetonitrile/2-propanol (50:50 v/v)
at 60 °C (Figure 1). Peaks were collected, dried, digested
by trypsin, and analyzed by MALDI-MS. Fiber was identi-
fied in both peak A and peak B.

To investigate whether the difference between the two fiber
peaks on HPLC resulted from a difference in mass, the
column was coupled to an electrospray mass spectrometer.
The measured average masses of the A and B forms of fiber
were 61842.51( 4.27 and 61637.82( 2.25 Da, respectively.
The mass difference of 204.69 Da between these peaks was
consistent with the presence of anN-acetylglucosamine
(GlcNac) motif (expected difference 203.19 Da) already
shown to be present on fiber (6-8). Thus a difference in
glycosylation might explain the heterogeneity of fiber
observed on RP-HPLC.

Identification of the O-Glycosylated Peptide.To confirm
this result, fiber was purified by RP-HPLC using a steep
gradient of acetonitrile/2-propanol at 60°C. Fiber A and B
forms were collected in the same tube, dried in a Speed Vac,
and digested overnight with trypsin. The trypsin-generated
peptides were analyzed by MALDI-MS searching for a mass
increment of 203 Da between two signals indicative of the
presence of a GlcNac motif. The data obtained, together with
the data generated from previous in-gel digested fiber,
resulted in about 40% protein sequence coverage up tom/z
3000 with no indication of the presence of a glycosylated
peptide (not shown). Since trypsin should generate several
large peptides from fiber, the analysis was performed also
in the linear mode up tom/z7000. To obtain a more accurate
mass determination, spectra were internally recalibrated using
fiber peptides atm/z3646.15 and 6162.72. The mass signals
of the expected six largest peptides which represented about
42% of the protein sequence were observed. Interestingly, a
mass difference of 203.27 Da betweenm/z 4779.27 andm/z
4982.54 was observed (Figure 2). This indicated that the
peptide of calculatedm/z4779.51 (average) whose sequence
is comprised between Ser95 and Lys141 should carry a GlcNac
motif. This observation is in agreement with previous work
which localized the glycosylation site between residues 18

and 194 (7). This result was confirmed when the A and B
forms were collected separately after RP-HPLC, digested
with trypsin, and analyzed by MALDI-MS in the linear
mode. The signal atm/z 4982 was only observed in the
tryptic digest of the A form, whereas the signal atm/z 4779
was only observed in the tryptic digest of the B form (not
shown.). This result was consistent with the fact that the A
form has a molecular mass increment of about 203 Da with
respect to the B form.

Glycosylated and nonglycosylated forms of the peptide
Ser95-Lys141 were purified by RP-HPLC after digestion of
fiber with trypsin. For this, the tryptic digests of the A and
B forms of fiber were separately fractionated by RP-HPLC
on a C18 column. The HPLC traces were identical except
for the two peaks indicated by the arrows in Figure 3. These
peaks were collected and identified by MALDI-MS. The
peak collected from the tryptic digest of the A form of fiber
(Figure 3A) corresponded to the glycosylated peptide Ser95-
Lys141 with a measured average mass atm/z 4982. The peak
collected from the tryptic digest of the B form of fiber (Figure
3B) exhibited a signal 4779 corresponding to the nongly-
cosylated peptide Ser95-Lys141. This peptide contained 11

FIGURE 1: RP-HPLC analysis of partially purified fiber. Peaks A
and B contained fiber as determined by MALDI-TOF mass
spectrometry.

FIGURE 2: MALDI-TOF mass spectrum of Ad5 fiber purified by
RP-HPLC obtained in the linear mode. Indicatedm/z are averaged
values. Numbers in parentheses are the amino acid position of the
corresponding tryptic peptides.

FIGURE 3: RP-HPLC analysis of the A form (A) and B form (B)
of fiber digested with trypsin. Arrows indicate the peptide Ser95-
Lys141 of mass 4982 in (A) and 4779 in (B) measured by MALDI-
TOF mass spectrometry.
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serine and threonine residues which could be potentially
O-glycosylated.

To further localize the glycosylation site on the peptide
Ser95-Lys141, we took advantage of the presence of glutamic
acid residues to further cleave both the glycosylated and
nonglycosylated forms with endoproteinase GluC. The
glycosylated and nonglycosylated peptides purified as de-
scribed above were incubated overnight in 100 mM sodium
phosphate buffer, pH 7.8, at 32°C. In this condition,
endoproteinase GluC should cleave at the C-terminus of Glu
and Asp. The digests were desalted, concentrated on a ZipTip
(Millipore), and analyzed by MALDI-MS. The expected
monoisotopic masses are listed in Table 1.

Digestion of nonglycosylated peptide Ser95-Lys141 with
GluC generated signals atm/z 689.30, 1017.26 (plus the
corresponding Na+ and K+ adducts atm/z 1039.36 and
1055.28, respectively), and 3107.31 that corresponded to a
missed cleavage at Asp139 (expected 3107.62) (Figure 4A).
Signals atm/z 689.45 and 3107.86 were observed for the
GluC digest of the corresponding O-glycosylated form
(Figure 4B). No signal was observed either atm/z 1017.54
or at m/z 1220.62. However, signals atm/z 1242.55 and
1258.55 which might correspond to the Na+ and K+ adducts
of m/z 1220.62 (expectedm/z 1242.61 and 1258.58, respec-
tively) were observed. These results strongly suggested that
the peptide Ile101-Glu110 contained the GlcNac group.

GluC treatment of the whole fiber was used to isolate
peptide Ile101-Glu110 in its glycosylated and nonglycosylated
forms. For this, the A and B forms of fiber were purified
separately by RP-HPLC and digested with GluC in 25 mM
ammonium bicarbonate, pH 8.0, overnight at 32°C. The
peptides generated were separated by RP-HPLC on an
Uptishere C18 column (Figure 5). The UV traces were
identical except for those peaks indicated by the arrows at
retention times 24 and 25 min. These peaks were collected,
concentrated on ZipTip, and analyzed by MALDI-TOF MS
for identification. The peak at RT) 25 min corresponded
to the nonglycosylated peptide101ISAPLTVTSE110 with
signals atm/z 1017.31 ([M+ H]+), 1039.36 ([M+ Na]+),
and 1055.32 ([M+ K] +) (Figure 5B). The peak at RT) 24
min corresponded to the same peptide but glycosylated with
signals atm/z 1242.60 ([M + Na]+) and 1258.54 ([M+
K] +) (Figure 5A). A small signal atm/z 1017.48 was
observed, resulting probably from a partial deglycosylation
during analysis. The [M+ H]+ ion of the glycosylated
peptide was not observed.

For further characterization, the A and B forms of fiber
were no longer separated but collected together from RP-
HPLC and digested by GluC, and the two peptides were
isolated with a C18 column. Since the recovery of these
peptides was very low with respect to the amounts of fiber
treated, the conditions of digestion of fiber by GluC were
modified. First, it was observed that digestion in phosphate
buffer was at least two times more efficient than in

Table 1: Expected Monoisotopic Masses upon Cleavage of Ser95-Lys141 Peptide by Endoproteinase GluC with and without the Presence of
GlcNaca

a NG ) nonglycosylated. The asterisk indicates a missed cleavage at Asp139 was observed.

FIGURE 4: MALDI-TOF mass spectrum of nonglycosylated (A)
and glycosylated (B) Ser95-Lys141 peptide after digestion with
endoproteinase GluC.
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ammonium bicarbonate buffer. Second, the HPLC-purified
fiber dried by centrifugal evaporation was poorly soluble
when resuspended in GluC digestion buffer. Thus, dried
HPLC-purified fiber was first solubilized in a small volume
of a mixture of 25:75 acetonitrile/water containing 0.1%
TFA. After a brief sonication, the solution was diluted with
100 mM phosphate buffer, pH 8.2, to a final concentration
of 5% acetonitrile. The pH of the diluted solution was 8.0.
Although some insoluble material appeared after dilution,
the peptide recovery was improved by a factor of about 5 in
these conditions.

A direct identification of the glycosylation site by tandem
mass spectrometry using a Q-TOF instrument was attempted.
Glycosylated and nonglycosylated peptide were both submit-
ted to fragmentation. MS/MS analysis of [M+ H]+ at m/z
1017 for nonglycosylated peptide generated a majority of b
ions together with internal fragments that allowed a complete
coverage of the sequence ISAPLTVTSE (not shown).
Unfortunately, MS/MS analysis of the glycosylated peptide
resulted in the release of the glycan moiety from the peptide
generating an intense signal atm/z 204 (not shown). Thus,
a chemical approach aiming to obtain more stable derivatives
was attempted.

â-Elimination/Alkylation. Various chemical treatments
based on aâ-elimination strategy have been proposed (12-
14). In a method developed by Czeszak and co-workers
deglycosylation is performed by alkaline treatment with
dimethylamine followed by subsequent tagging of the
transient dehydro species with ethanethiol prior to tandem
mass spectrometry (15). In this method, the identification
of the glycosylation site is based on a mass increment of
+44 Da of the originally glycosylated amino acid compared
to the nonglycosylated amino acid.

Consequently, glycosylated and nonglycosylated Ile101-
Glu110 peptides isolated as described above were incubated
with a mixture of 2-propanol/dimethylamine/ethanethiol for
5 h at 45°C. After elimination of the reagents by centrifugal
evaporation, samples were resuspended in aqueous aceto-
nitrile containing 0.1% TFA and analyzed by MALDI-MS.
The mass spectrum of the nonglycosylated peptide remained
unchanged upon treatment, indicating that the reaction did
not affect free Ser or Thr residues (not shown). From the
mass spectrum of the glycosylated peptide, signals atm/z
1044.66, 1066.67, 1083.62, 1242.74, and 1258.74 were
observed (not shown). The presence of signals atm/z1242.74
and 1258.74, representing the [M+ Na]+and [M+ K]+ ions,
indicated that the reaction was not complete.m/z 1083.62
might represent a [M+ Na]+ ion originating from a sodium
adduct of the glycosylated peptide having reacted (i.e.,
1242.61-221.09 for deglycosylation+ 62.02 for thio-
ethylation) 1083.54) according to Scheme 1a. Signals at
m/z 1044 and 1066 could not be assigned according to the
reaction described in Scheme 1a. However, as already
described with other alkylamines (12, 14), an addition of
dimethylamine to the unsaturated amino acid intermediate
instead of ethanethiol, according to Scheme 1b, might
account for a signal atm/z 1044.

In this case, a mass difference of-176.03 Da (i.e.,
-221.09 for deglycosylation and+45.05 for addition of
dimethylamine) should be observed. Accordingly,m/z1066.67
might originate from the [M+ Na]+ ion at m/z 1242,m/z
1044.66 representing the corresponding [M+ H]+ ion. To
test this hypothesis, ethanethiol was omitted from the reaction
mixture, and the glycosylated peptide was incubated for 8 h
at 45°C with only dimethylamine and 2-propanol. In these
conditions, only signals atm/z 1044 ([M + H]+), 1066 ([M

FIGURE 5: RP-HPLC analysis of the A form (A) and B form (B) of fiber digested with endoproteinase GluC. Inserts are MALDI-TOF mass
spectra of peaks indicated by the arrows.
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+ Na]+), and 1082 ([M+ K] +) were observed (Figure 6).
m/z 1044, which was the most abundant ion produced, was
further subjected to MS/MS analyses.

Identification of the Glycosylation Site.The molecular ions
described above were subjected to MALDI-MS/MS analysis.
First attempts on isolated [M+ Na]+ ions, i.e.,m/z 1039,
1242, and 1083, resulted in noninformative fragmentation
spectra (not shown). On the contrary,m/z 1044, which was
expected to be a [M+ H]+ ion, showed predominantly
fragmentation ions of the b and y series together with
numerous internal fragments (Figure 7). According to the
hypothesis mentioned above,m/z 1044 should result from
an alkaline deglycosylation of the glycosylated peptide and
subsequent addition of dimethylamine on the unsaturated
intermediate formed. In such case, one would expect a mass
increment of+27 Da of the formerly glycosylated amino
acid with respect to the nonglycosylated amino acid. The
101ISAPLTVTSE110 peptide contains four potential O-gly-
cosylation sites. Fragment ions from b2 through b8 were
found with values corresponding to unmodified amino acids
that indicated that neither Ser102, Thr106, nor Thr108 was
modified. By deduction, Ser109 should be the candidate.
Unfortunately, fragment ion b9 which corresponds to cleavage
of peptide bond Ser109-Glu110 was absent. However, all y
fragment ions containing Ser109 (i.e., y2 through y9) were
present and showed a mass increment of+27 Da identifying
Ser109 as the O-glycosylation site.

Further confirmation of the location of the glycosylation
site at Ser109 was achieved with nanoES-MS/MS experiments
on the glycosylated peptide treated with dimethylamine using
an Ion-Trap instrument. The [M+ H]+ ion at m/z 1044.5
subjected to an MS/MS analysis produced both b and y ions.
Fragment ions from b4 to b8 were present and had expected
mass values corresponding to unmodified amino acids. A
specific mass increment of+27 Da was observed for b9,
confirming that Ser109 was formerly O-glycosylated. Frag-
ment ions from y3 to y9 were observed; all contained Ser109

and had a mass increment of+27 Da (not shown).
The possibility that minor forms of the peptide in which

glycosylation could have occurred on hydroxyamino acids

other than Ser109 was investigated. Fragmentation spectra
were examined for theoretical signals corresponding to
fragments containing possibly deglycosylated/dimethyl-
aminylated Ser102, Thr106, or Thr108. Although a few signals,
very low in intensity, that could correspond to discrete
fragments in each spectrum, were observed, the remaining
signals did not support the hypothesis of glycosylation at
any other site than Ser109.

Status of the Fiber in AdenoVirus Capsid.Since the fiber
that was studied here was purified from the pool of capsid
proteins that was nonincorporated into virus particles, the
modification status of fiber in the viral capsid had to be
determined. To address this question, purified virions
(AdTG6401) were injected on a C4 Jupiter column (150×
2.1 mm) under the conditions described in the Material and
Methods section for fiber analysis. Since the relative amount
of fiber with respect to the other proteins of the viral capsid
is low and since fiber coelutes partly with hexon, it was not
possible to analyze the HPLC profile of fiber in whole virus

Scheme 1:â-Elimination of GlcNac from Glycosylated Ser
or Thr by Dimethylamine and Addition of Ethanethiol to the
Dehydro Intermediate (15) (a) and Results Suggesting a
Concomitant and Preferred Addition of Dimethylamine to
the Dehydro Intermediate (This Work) (b)

FIGURE 6: MALDI-TOF mass spectrum of O-glycosylated peptide
101ISAPLTVTSE110 treated with dimethylamine for 8 h at 45°C.

FIGURE 7: MALDI-TOF/TOF spectrum of O-glycosylated peptide
101ISAPLTVTSE110 treated with dimethylamine. The asterisks
indicate a mass increment of+27 Da. Nonlabeled peaks represent
internal fragments.
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from the UV trace. To overcome this difficulty, fractions
corresponding to the retention time of the A and B forms of
fiber on RP-HPLC were collected and analyzed by western
blot using an anti-fiber antibody. As a control, the same
experiment was performed with purified fiber. A and B forms
of fiber were equally recognized by the antibody (Figure 8A).
A similar profile was obtained from the whole virus (Figure
8B), indicating that the A and B forms of fiber were both
present in viral particles. The same samples were assayed
with a monoclonal antibody that recognizes O-linked GlcNac
(20). Only the A form of purified fiber was recognized by
the antibody, which indicated that the B form does not
contain an O-linked GlcNac. The same observation was made
for the whole virus. Thus the A form of purified fiber and
fiber incorporated into virus contained most likely one
GlcNac residue, whereas the B form had none.

DISCUSSION

In this study it has been shown that the adenovirus fiber
protein purified from the pool of nonincorporated capsid
proteins in infected cells exists as a mixture of O-glycosylated
and non-O-glycosylated forms in roughly equal amounts. It
has been shown that both forms of fiber were equally
incorporated in the viral capsid since the same ratio of
glycosylated and nonglycosylated forms is found in the
purified viral particles.

The glycosylated fiber is likely a monoglycosylated form
since only the A form, which differs from the B form by
one GlcNac, is recognized by an antibody directed toward
the GlcNac motif. Furthermore, whereas 82% of the fiber
sequence was covered by MALDI-MS experiments, only one
glycosylated peptide was found. Thus the relative number
of GlcNac per polypeptide chain should be lower than 1.
Previous studies reported an estimation of the number of
GlcNac residues per polypeptide chain which varied from 3

to 4 and 1.7 to 2.5 for adenovirus type 2 and type 5 fibers,
respectively (8). It would be interesting to check if these
differences result from the cell line used to produce the
viruses. Actually, the ratio of glycosylated to nonglycosylated
fiber might be dependent on the activity of the galactosyl
transferases which might vary from cell to cell.

MALDI-MS experiments on the A and B forms of fiber
digested by trypsin resulted in the identification of one
peptide sequence of 47 amino acids (Ser95-Lys141) whose
measured mass was in agreement with the presence of a
GlcNac residue. This peptide had 11 potential sites of
O-glycosylation. However, its relatively high molecular mass
(m/z 4982, average) was not suitable for an extensive MS/
MS analysis. Digestion of the glycosylated and nongly-
cosylated forms of fiber with endoproteinase GluC followed
by RP-HPLC separation allowed the identification of a
peptide of 10 amino acids (101ISAPLTVTSE110) which
contained the GlcNac residue. MALDI-MS analyses revealed
that signals corresponding to almost exclusively cationized
[M + Na]+ and [M + K] + ions were observed.

Sites of attachment of the glycan moiety have usually been
estimated by the presence of blank cycles following Edman
degradation of O-glycosylated peptides (21-23). Recognition
of GalNac-O-Ser/Thr-PTH derivatives during Edman deg-
radation has been published (24). This requires, however,
sequencing amounts of glycosylated peptides usually in the
nanomolar range. Alternatively, tandem mass spectrometry
has been proposed to elucidate O-glycosylation sites in
proteins (25-28). The major drawback of this method is that
the glycan moiety is labile and a substantial loss of O-linked
sugar is observed during collision-induced or post-source
decay fragmentation. The fragment ions retaining the glycan
are usually of low abundance or absent, which makes the
identification of the glycosylation sites difficult. To overcome
this difficulty, several publications proposed a concomitant
deglycosylation and tagging of the glycosylation site, result-
ing in derivatives more stable to analysis by MS/MS
techniques (12-15).

Preliminary MS/MS analysis of the O-glycosylated form
of this peptide resulted in a loss of the glycan moiety
restoring the molecular ion corresponding to the nongly-
cosylated peptide and, thus, preventing any identification of
the glycosylation site. Therefore, a strategy employing a
chemical labeling of the glycosylation site afterâ-elimination
was attempted. Deglycosylation by dimethylamine and
concomitant labeling of the unsaturated intermediate by
ethanethiol (15) resulted in the formation of the expected
derivative which was actually a [M+ Na]+ ion. Together
with this derivative, unexpected products resulting from the
direct addition of dimethylamine to the unsaturated inter-
mediate instead of ethanethiol were observed. The introduc-
tion of an alkylamine group in the peptide led to the
production of an intense signal which corresponded to an
[M + H]+ ion. No informative fragmentation could be
obtained from the thioethylated [M+ Na]+ ion subjected to
MS/MS analysis. On the contrary, the fragmentation spec-
trum of the dimethylaminylated [M+ H]+ ion obtained with
different techniques unambiguously locates the formerly
O-linked GlcNac on Ser109.

Mutation of serine 109 to alanine results in complete loss
of fiber glycosylation in viral particles, confirming our
identification of the glycosylation site (M. Lusky, unpub-

FIGURE 8: RP-HPLC analysis of purified fiber from the cellular
pool of nonincorporated viral proteins (A) and whole virus
AdTG6401 (B). Shaded areas indicate fractions collected and
assayed by western blot for anti-fiber and anti-GlcNac antibodies.
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lished observation). It is not known whether this partial fiber
glycosylation plays a role in viral assembly or any other
aspects of the viral life cycle. The functional analysis of the
mutant is currently under evaluation and will help to decipher
the role of fiber glycosylation.

Recombinant human adenoviruses are good candidates as
gene therapy vectors. They are well tolerated and able to
transfer therapeutic genes to a wide variety of cells (29).
However, preexisting neutralizing antibodies to viral capsid
proteins may reduce the efficacy of gene transfer. Interest-
ingly, it was shown that a temperature-sensitive fiber mutant
of type 5 adenovirus, which fails to glycosylate its fiber at
the nonpermissive temperature, produces trimeric fibers with
no immunoreactivity toward anti-fiber sera (30). Since fiber
appears to have a key role in the production of neutralizing
antibodies against the virus (31), a virus less sensitive to
preexisting immunity might be of value for gene therapy.
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