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Virus particles are stable yet exhibit highly dynamic
character given the events that shape their life cycle.
Isolated from their hosts, the nucleoprotein particles
are macromolecules that can be crystallized and studied
by x-ray diffraction. During assembly, maturation and
entry, however, they are highly dynamic and display
remarkable plasticity. These dynamic properties can
only be inferred from the x-ray structure and must be
studied by methods that are sensitive to mobility. We
have used matrix-assisted laser desorption/ionization
mass spectrometry combined with time resolved, lim-
ited proteolysis (Cohen, S. L., Ferre-D’Amare, A. R.,
Burley, S. K., and Chait, B. T. (1995) Protein Sci. 4, 1088 -
1099; Kriwacki, R. W., Wu, J., Tennant, T., Wright, P. E,,
and Siuzdak, G. (1997) J. Chromatogr. 777, 23-30;
Kriwacki, R. W., Wu, J., Siuzdak, G., and Wright, P. E.
(1996) J. Am. Chem. Soc. 118, 5320-5321) to examine the
viral capsid of flock house virus. Employing less than 10
pg of virus, time course digestion products were as-
signed to polypeptides of the subunit. Although surface
regions in the three-dimensional structure were suscep-
tible to cleavage on extended exposure to the protease,
the first digestion products were invariably from parts
of the subunit that are internal to the x-ray structure.
Regions in the N- and C-terminal portions of the sub-
unit, located within the shell in the x-ray structure, but
implicated in RNA neutralization and RNA release and
delivery, respectively, were the most susceptible to
cleavage demonstrating transient exposure of these
polypeptides to the viral surface.

The protein capsid of virions is a noncovalent association of
protein subunits that is responsible for an array of functions,
including cell attachment, cell entry, and RNA release. Mobile
regions associated with these events can only be inferred from
inherently static methods such as x-ray crystallography (4) and
cryo-electron microscopy ( 5). To better understand the dy-
namic nature of the viral capsid it is necessary to develop
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methods that are sensitive to functional mobility. One recently
developed method has combined limited proteolysis with mass
spectrometry (1-3) to explore protein/DNA (1) and protein/
protein interactions (2, 3). While previous applications of mass
spectrometry to viruses have either focused on characterizing
protein and DNA structure (6-11) or the intact virus (12), here
we have applied the proteolysis method with matrix-assisted
laser desorption/ionization mass spectrometry (MALDI-MS)!
to study the surface-accessible regions of the viral particle.

MALDI-MS typically provides picomole sensitivity and accu-
racy on the order of 0.05% (i.e. = 0.5 Da on a 1000-Da peptide)
and therefore offers a useful method for identifying the prote-
olysis products of the virus. The limited proteolysis/MALDI-MS
experiments were performed on flock house virus (FHV), a
non-enveloped, icosahedral, RNA animal virus (Fig. 1) with
dimensions similar to the rhino and polio viruses (~300 A). Its
protein coat or capsid is composed of 180 copies of a single gene
product, protein a, which is autocatalytically cleaved to pep-
tides, B and v, during maturation (13). By using time-resolved
proteolysis followed by MALDI-MS it was expected that the
reactivities of virus particles to different proteases would be a
reflection of the structure present on the surface of the viral
capsid. In this study we present evidence for the transient
exposure of internal viral capsid protein domains and the fur-
ther use of mass spectrometry to elucidate the functional dy-
namics of the protein complexes (2, 3).

MATERIALS AND METHODS

MALDI-MS mass analysis was conducted using a Perceptive Biosys-
tems Voyager Elite equipped with delayed extraction and a nitrogen
laser. All analyses were conducted using 0.5 ul of 3,5-dimethoxy-4-
hydroxycinnamic acid (Aldrich) in a saturated solution of acetonitrile/
water (50:50) 0.25% trifluoroacetic acid. External calibration typically
was accurate to 0.05% and allowed unequivocal assignment of most
proteolytic fragments.

FHV was prepared in Drosophila cells (Schneider’s line 1) suspended
to 4 % 107 cells/ml in a complete growth medium containing Schneider’s
insect medium with 15% fetal bovine serum (CGM). FHV was added at
a multiplicity of 120 plaque-forming units/cell and allowed to attach for
1 h at 26 °C. Cells were then sedimented and resuspended to 5 X 10°
cells/ml in CGM. Aliquots were distributed onto 100-mm tissue culture
plates and incubated at 26 °C. At 15 h postinfection, the medium was
removed and monolayers were rinsed with 10 ml of ice-cold HE buffer
(0.1 M HEPES (pH 7.0), 10 mM EDTA, 0.1% 2-mercaptoethanol, 0.1%
bovine serum albumin). Cells were lysed in 2 ml of ice-cold HE buffer
containing 1% (v/v) Nonidet p-40. Nuclei and cell debris were removed
from the lysate by centrifugation for 5 min at 4 °C in a table top
centrifuge. Supernatant containing the virus was pelleted through 2-ml
sucrose gradients (10-30% (w/w) in HE buffer without bovine serum
albumin) at 100,000 rpm for 13 min. Pellets were resuspended in 400 ul
of 5 mm CaCl, 0.1% 2-mercaptoethanol buffered with HEPES (pH 7.0).

Proteolytic digests were conducted at 25 °C and 1 mg/ml virus. The
endoproteases trypsin, clostripain (Arg-C), protease V8 (Glu-C), and
Lys-C were purchased from Promega (Madison, WI). Endoproteinase
Asp-N was obtained from Calbiochem (Table I). The activity of all the
enzymes was verified with control peptides. Trypsin reactions were
carried out in 25 mM Tris-HCI (pH 7.7), 1 mm EDTA, All others enzymes
were in the manufacture’s recommended reaction buffer. Enzyme to
virus to ratio (w:w) was adjusted to 1:3000 to achieve time-resolved
cleavage beginning with a sampling rate of one per minute 1 min to
24 h. Reaction volume was 10—20 ul and 0.5 pl was removed from the
reaction at each time point and placed directly on the MALDI analysis

! The abbreviations used are: MALDI-MS, matrix-assisted laser de-
sorption/ionization mass spectrometry; FHV, flock house virus; CPY,
carboxypeptidase Y; TLCK, N*-p-tosyl-L-lysine chloromethyl ketone.
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