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Microwave assisted acid cleavage was applied directly to intact adenovirus type 5 to achieve denaturation
and proteolysis in a single reaction. The speed of the digestion, coupled with the simplicity of MALDI
analysis, allowed peptide products to be profiled in less than 5 min. Identification of peptides from a
range of proteins by MALDI-TOF confirms that both denaturation and proteolysis were achieved using
low concentrations of acetic acid (12.5%) and short incubations (1.5-2 min) at high temperatures (140 °C).
These conditions favor production of peptides that carry Asp on their C-termini. When this cleavage
reaction is carried out in highly enriched H;'80, a single atom of '80 is introduced site-specifically into
the carboxyl terminal. The labeling reaction is applied to label reporter peptides from human adenovirus
type 5 harvested from HeLa cells. Small peptide products of endogenous processing were also observed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Adenoviruses are commonly used as vectors in genetic engi-
neering and gene therapy [1] and, as such, have generated
continuing interest in new methods for their rapid characterization
(for example [2-4]). The adenovirus particle is a large macromolec-
ular assembly (M;~2 x 108 Da) composed of a double-stranded
DNA genome and multiple copies of at least 13 distinct proteins
[3,5-11]. Aviral protease is responsible for processing [12-14]. The
small proteome of the adenovirus served earlier as a model system
for the development in this laboratory of enzyme-catalyzed 80-
labeling [15]. In the present report adenovirus type 5 is revisited
to demonstrate the capability of Asp-selective rapid microwave
assisted acid cleavage [16-22] concurrently to denature a stable
protein complex and to cleave its proteins in a single reaction.

Much work in proteomics comprises comparative or quanti-
tative analysis, exploiting the capability of mass spectrometry to
measure ratios of stable isotope-labeled peptides. Differential sta-
bleisotope labels can be introduced into proteins (for example, ICAT
[23] and metabolic labeling [24] methods), or into their proteolytic
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peptide products (C-terminal-'80 [25] and iTraQ [26] methods).
Desirable attributes of labeling reactions include speed, complete
labeling, site specific labeling and the absence of contaminating
chemical by-products [27]. The feasibility is examined here of
incorporating one atom of 0-18 during Asp-selective microwave-
supported acid cleavage in highly enriched H,180.

Fig. 1 illustrates the dominant mechanism by which acid cleav-
age is thought to occur [28] in a protein, and the pathway by which
it is expected that a single atom of 180 would be incorporated
into proteolytic products. 180-labeling was first optimized on myo-
globin and ovalbumin, and then extended to label peptides from
human adenovirus type 5.The effect of acid type and concentration
on the extent of incorporation of the isotope label has been eval-
uated. The site of incorporation is confirmed using laser induced
dissociation.

2. Materials and methods

Human adenovirus type 5 (ATCC # VR-5) was cultured in HeLa
host cells (ATCC # CCL-2) following a published method [15]. HeLa
cells were grown in 150 cm? culture flasks to about 90% confluence,
and exposed to virus stock for 1.5 h with slow rocking. The virus
stock was removed and 2% FBS cell maintenance media was added.
As soon as cytopathic lysis was observed, at 2.0-2.5 days, the media
was removed, host cells were detached and all cells were collected
by centrifugation at 8000 x g for 20 min. The cells were washed
twice with 0.1 M PBS pH 7.1, resuspended in 10 mM Tris—HCl buffer,
pH 7.6, and the crude virus sample was subjected to analysis.
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Fig. 1. Mechanistic scheme for acid catalyzed cleavage at aspartic acid in a protein (28). Bolded O predicts incorporation of labeled oxygen atoms.

Acid cleavage was carried out in 12.5% aqueous acetic acid,
unless otherwise specified, in 200wl glass sample tubes in a
Benchmate microwave system (CEM Corp., Matthews, NC). The
temperature was maintained at 140 & 5 °C for 1.5-5 min by fluctu-
ation in the microwave power. Peptides were labeled by cleavage
in H,180, 97.7 at.% 180 normalized (Isotech Inc., Miamisburg OH).
Standard proteins were prepared at a concentration of 1 mg/ml in
deionized water.

MALDI spectra were measured on an Axima CFR Plus time-of-
flight mass spectrometer (Shimadzu Biotech, Columbia, MD) using
a 337 nm nitrogen laser. Spectra of peptide samples were acquired
in both linear and reflectron modes as averages of 100-200 profile
scans, using a-cyanohydroxycinnamic aid (10 mg/ml in 70%/30%
(v/v) acetonitrile/deionized water containing 0.1% trifluoroacetic
acid) as the matrix. In laser induced dissociation (LID) experi-
ments spectra were acquired in the reflectron mode as averages
of 250-500 profiles.

Nano-electrospray mass spectra were acquired using an LC
Packings Ultimate HPLC system (San Francisco, CA) interfaced to
a PE Sciex API QStar Pulsar I Q-TOF mass spectrometer (Concord,
ON). Peptide products were desalted using Cqg Ziptips (Millipore,
Bedford, MA) dried and redissolved in 40 nl 0.1% formic acid. Ten
microliter was loaded onto a 15 cm C;g reverse phase column (I.D.
75 pm) (LC Packings) and eluted with a flow rate of 0.20 pl/min
under a gradient of 3-97% acetonitrile/0.1% formic acid (solvent B)
in 90 min. Solvent A was 0.1% formic acid.

Bioinformatic searches were carried out using peptide masses or
sequence tags. All peptide [M+H]* masses between 900 and 2500,
obtained using MALDI-TOF mass spectrometry, were searched
using the RMIDB website [29]. Atolerance of 1.0 Da was allowed and
searches were performed against a custom database comprising
peptides formed in silico by Asp-specific cleavage of all adenovirus
protein sequences compiled from Swiss-Prot, Genbank, RefSeq and
TrEMBL.

Product ion spectra from laser induced dissociation were
searched by MASCOT with mass tolerances of £1.0Da and +1.5Da
for parent and fragment ions, respectively. Spectra were searched
against all NCBInr entries, using the “formic acid” cleavage option
and “other viruses” as the taxonomic search parameter. Nano-
electrospray MS/MS product ion spectra were searched with mass
tolerances of +0.3Da and +1.0Da for parent and fragment ions,
respectively. These spectra were searched against the Swiss-Prot
database using MASCOT's “other viruses” taxonomic classification
and a “formic acid” option modified in house [19] to accommodate
cleavage on both sides of Asp.

3. Results and discussion

Fig. 2 presents a MALDI-TOF spectrum of acid cleavage prod-
ucts from the adenovirus sample in the mass range 950-2450 (top),
and a control spectrum obtained from the adenovirus sample not
subjected to acid cleavage (bottom). The top spectrum confirms
that many peptides are formed by the acid cleavage reaction. In

the bottom spectrum small peptides are detected when no chem-
ical cleavage is employed. Virtually all of the ions detected in the
product mixture formed by acid cleavage could be assigned as virus
peptides based on their masses (Table 1). Among these, the identi-
ties of selected peptides were confirmed by partial sequencing by
LID and MS/MS (Table 1).

Table 1 indicates that 37 peptides are identified in the MALDI
spectrum (Fig. 2) from 8 proteins on the basis of molecular masses
and LID sequence tags. Another 9 peptides are listed from ESI
MS/MS experiments in order to strengthen the protein identifica-
tions and the argument for denaturation. A ninth protein, the minor
core protein (PV) was detected only by ESI. Hexon (PII) and penton
(PIII) proteins are well represented by peptides. The hexon protein
is the second most abundant (720 copies) in each virus, while the
penton protein Il has only 60 copies per virus. It is of special inter-
est that peptides are identified from the fiber protein (PIV), which
participates in attachment to host cells [30]. It is readily lost from
viral particles and is often not encountered in protein analysis [5]. It
may be retained in the samples studied here because they have not
been subjected to final cleanup by gradient centrifugation. The late
100 kDa protein is expressed later in the cycle of infection. In cases
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Fig. 2. MALDI-TOF mass spectra of peptides from adenovirus sample harvested at
48 h. Top: 2 min acid digestion; bottom: no digestion.
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Characterization of peptides detected by MALDI-TOF MS.

Protein Observed [M+H]* Calculated [M+H]* Peptide Confirmed by MS/MS MASCOT expect value
Hexon(PII) 11833 1183.4 D.SITQKKFLCD.R
1298.0 1298.5 V.DSITQKKFLCD.R
1350.7 1350.6 D.RNTELSYQLLL.D
1423.72 1423.7 D.PYYTYSGSIPYL.D ESI CID 0.036
1462.3 1462.7 D.YMNKRVVAPGLVD.C
1494.4 1493.6 G.DNLTPKVVLYSED.V
1530.7 1530.7 D.GEGYNVAQCNMTKD.W
1538.82 1538.7 D.PYYTYSGSIPYLD.G ESI CID 1.7e-5
1602.1 1601.9 D.RSQRLTLRFIPVD.R
1674.3 1674.9 D.RTRYFSMWNQAVD.S
1760.4 1761.0 D.VNMVLQSSLGNDLRVD.G
1818.2 1818.1 D.RLLTPNEFEIKRSVD.G
1886.8 1887.2 D.RSQRLTLRFIPVDRE.D
2002.8 2002.3 D.RSQRLTLRFIPVDRED.T
2002.8 2003.3 D.GTFYLNHTFKKVAITFD.S ESI CID 0.053
2040.7 2040.2 D.RTRYFSMWNQAVDSYD.P ESI CID 0.011
2060.8 2061.3 L.DSIGDRTRYFSMWKQAVD.S
2167.9 2167.4 D.NPNTYDYMNKRVVAPGLVD.C ESI CID 0.0034
2425.2 2424.7 D.RMYSFFRNFQPMSRQVVD.D
Penton (PIII) 994.8 995.1 D.VDAYQASLK.D
1011.0 1011.1 V.DAYQASLKD.D
1011.0 1011.2 D.TRNFRLGF.D
1126.3 1126.3 D.TRNFRLGFD.P
1573.5 1573.8 D.PQTGIRSWTLLCTP.D
1689.2 1688.9 D.PQTGIRSWTLLCTPD.V ESI CID 0.0057
2044.12 2044.1 D.PVTGLVMPGVYTNEAFHPD.I ESI CID 1.5e—6
2135.0% 21349 D.STFTQYRSWYLAYNYGD.P ESI CID 0.016
Va2 (PIVa2) 1016.9 1017.1 D.LILEHNYD.V
1462.3 1461.6 D.RDAVEQVTELWD.R
1658.2 1659.0 D.RLELLGQTLKSMPTA.D
2425.2 2425.9 D.LVRENMRVRDMLNEVAPLLR.D
24424 24428 Y.DVSDPRNIFAQAAARGPIAIIMD.E
Fiber (PIV) 1183.3 1183.3 D.PEYWNFRNG.D MALDI LID 0.023
1298.0 1298.3 D.PEYWNFRNGD.L ESI CID 9.7e-5
1412.8 1413.4 L.DPEYWNFRNGD.L
1674.3 1673.9 D.SQGNMQLNVAGGLRID.S
Hexon-associated (PIX) 1767.3 1767.0 D.LRQQVSALKASSPPNAV.- ESI CID 2.8e-5
Late 100 kDa 1498.82 1498.7 D.SLTAPSEFATTASTD.A ESI CID 1.9e-5
1802.8 1802.0 D.LWTAFNERSVAAHLAD.I
1858.12 1858.0 D.IASLNEVPKIFEGLGRD.E ESI CID 0.00048
2709.52 2709.3 D.AANAPTTFPVEAPPLEEEEVIIEQD.F ESI CID 2.3e-5
Minor capsid (PVI) 1350.7 1350.7 GVQSLKRRRCF (endogenous) MALDI LID
1655.0° 1655.9 D.LANQAVQNKINSKLD.P ESI CID 0.0037
Major core (PVII) 1197.5 1197.5 GLRFPSKMFGG (endogenous) MALDI LID
24424 24427 D.AIDAVVEEARNYTPTPPPVSTVD.A
Minor core (PV) 1919.12 1919.0 D.AAVQAVAAAASKTSTEVQTD.P ESI CID 2.7e-5

2 Indicates that peptide was only found in ESI mass spectra. D is shown at the carboxy terminus.

where LID and CID experiments are reported, Asp is confirmed to be
located at the carboxy-terminal of peptide products as previously
reported [16-22]. Obtaining high protein sequence coverage was
not an objective in this experiment, however it is anticipated that
additional peptides would be characterized by repeated injections
in HPLC-MSMS experiments.

Digestion of the intact virus with immobilized trypsin on the
MALDI sample plate produced few peptides (data not shown)
because the complex was not denatured. Tryptic digestion of aden-
ovirus proteins is typically preceded by separate denaturation with
detergents, reduction and alkylation steps [e.g., 3, 5-7] and takes
much longer than the 5 min required for microwave assisted acid
cleavage and MALDI-TOF profiling.

The smaller of the two endogenous peptides (m/z 1197.5)
detected in Fig. 2 (bottom) was identified by LID sequencing as

GLRFPSKMFGG. This sequence is part of the major core protein VII
[13,14], and the peptide has also been detected by others using
HPLC-based analyses [5,6]. Cleavage of this small peptide by the
adenovirus protease is reported to be required before incorporation
of the major capsid protein VII into the mature viron [14]. The other
peptide detected in the control spectrum, at m/z 1350.6, may also
be a product of endogenous cleavage. The human adenovirus minor
core protein VI is known to undergo processing by adenovirus pro-
tease at position 239 [13,14] to produce the peptide GVQSLKRRRCF,
which hasacalculated average [MH]* mass of 1350.6. This sequence
is also supported by an LID experiment. Adenovirus protease activ-
ity is required for the production of infectious virus particles and
the ability to detect these peptide products rapidly may be useful
to researchers evaluating protease inhibitors to prevent viral infec-
tions. In our studies the 2 peptides were not detectable in samples
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Fig. 3. Partial MALDI-TOF mass spectra of the peptide STRTQINKVVRFD produced
by acid digestion of ovalbumin in H,'®0 (top) and H,'80 (bottom).

harvested at 2 h and 4 h post-infection. They were clearly detected
in samples harvested at 24 h.

Using myoglobin and ovalbumin as model proteins, formic acid
(6.0% and12.5%) and acetic acid (6.0% and 12.5%) were evaluated
for efficient incorporation of the isotope label from H,!80. These
concentrations were already known to provide extensive cleavage
(16-19). Reaction times of 15s, 30, 90 s, 3 min, 5 min, 15 min and
30 min were evaluated at the constant temperature of 140 °C. Non-
specific or side-chain incorporation of isotopes was observed when
formic acid was used, and at extended reaction times in acetic acid.
Based on the extent of proteolysis and high incorporation of a single
isotope, 12.5% acetic acid and 90 s were chosen as standard labeling
conditions for the rest of the study. Partial mass spectra are shown
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Fig. 5. Partial MALDI-TOF mass spectrum of the peptide PEYWNFRNGD in solutions
of peptide products combined 1:1 by volume from labeled adenovirus (48 h harvest)
and unlabeled adenovirus (24 h harvest). lon intensities are shown in parentheses.

in Fig. 3 of a peptide, STRTQINKVVRFD, produced from ovalbumin
by cleavage at those conditions in H,'60 (top) and in H,'80 (bot-
tom). A single atom of 180 is found to be incorporated >90% in the
latter digestion.

In order to confirm that the label is incorporated at the carboxy-
terminal (see mechanism in Fig. 1), tandem mass spectrometry
experiments were performed. Fig. 4 shows a fragment ion spec-
trum of a peptide AQGAMTKALELFRND from myoglobin cleaved in
heavy water. The label is shown to be localized on the carboxy-
terminal Asp moiety, based on the 2 Da mass shift of the y ions
observed, and the absence of any mass increase in b ions formed.
The original protein carboxyl terminal of myoglobin, observed in
the peptide (D)IAAKYKELGRQG, remained unlabeled, and no evi-
dence of random labeling was observed among other myoglobin
peptides examined under these conditions.

Sequence b-ions y-ions
A 721 1665.9
Q 200.2 1594.8
G 2573 1466.7
A 3284 1409.6
] 459.5 1338.6
T 560.7 1207 4 b8
K 688.8 1106.3 760.3
A 759.9 978.1
y5
L 8731 907.0 667.2
E 1002.2 793.9
100 L 11153 684.7 1667.1
F 1262.5 5516
R 1418.7 404 .4
5 80 N 1532.8 248.2
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Fig. 4. Laser induced dissociation spectrum of the peptide AQGAMTKALELFRND produced by acid digestion of myoglobin. Inset is a list of predicted b and y ions.
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Peptide products that retain Asp at the C-terminus are preferen-
tially formed at digestion times <2 min [16-22]. Depending on the
incubation time, some of these peptides undergo a second hydrol-
ysis to lose C-terminal Asp. Loss of C-terminal Asp in this step was
observed to proceed as a second reaction with nonspecific incor-
poration of either 180 or 160, which originated within the peptide.

This rapid cleavage and isotope labeling technique was used
to follow the growth of human adenovirus type 5 in HeLa cells.
Fig. 5 shows isotope envelopes for the peptide PEYWNFRNGD from
the adenovirus fiber protein. Adenovirus was harvested from four
flasks 24 h after infection and digested in 12.5% acetic acid in H, 60
for 90 s. The virus was harvested from four culture flasks at 48 h and
digested in H,80. Aliquots of peptide products from the two sam-
ples were combined 1:1 by volume to produce the mass spectrum
shown. After subtraction of contributions by 13C isotope species,
the 160/180 ratio indicates the presence of approximately twice as
much virus in the 48 h incubation compared to the 24 h incuba-
tion, and indicates that the growth rate has not yet begun to level
off.

4. Conclusions

In some circumstances it may be advantageous to character-
ize viruses rapidly and with a minimum of processing. In the
present paper the capability of microwave assisted acid cleavage is
demonstrated to denature human adenovirus and simultaneously
to produce peptides without the addition of buffers and chaotropic
agents. This proteolytic reaction can also incorporate a single atom
of 180 quantitatively and site-specifically into peptides that end in
Asp. It is compatible with various automated proteomic workflows
[17,19,29].
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