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Pseudomonas chlororaphis phage 201�2-1 produces a
large structurally complex virion, including the products
of 89 phage genes. Many of these proteins are modified by
proteolysis during virion maturation. To delineate the pro-
teolytic maturation process, 46 slices from an SDS-poly-
acrylamide gel were subjected to tryptic digestion and
then HPLC-electrospray ionization-tandem mass spec-
trometry analysis. The scale of the experiment allowed
high sequence coverage and detection of mass spectra
assigned to peptides with one end produced by trypsin
and the other end derived from a maturation cleavage
(semitryptic peptides). Nineteen cleavage sites were de-
tected in this way. From these sites, a cleavage motif was
defined and used to predict the remaining cleavages re-
quired to explain the gel mobility of the processed
polypeptide species. Profiling the gel with spectrum
counts for specific polypeptide regions was found to be
helpful in deducing the patterns of proteolysis. A total of
29 cleaved polypeptides derived from 19 gene products
were thus detected in the mature 201�2-1 virion. When
combined with bioinformatics analyses, these results re-
vealed the presence of head protein-encoding gene mod-
ules. Most of the propeptides that were removed from the
virion after processing were acidic, whereas the mature
domain remaining in the virion was nearly charge-neutral.
For four of these processed virion proteins, the portions
remaining in the mature virion were mutually homologous.
Spectrum counts were found to overestimate the relative
quantity of minor polypeptide species in the virion. The
resulting sensitivity for minor species made it possible to
observe a small amount of general proteolysis that also
affected the virions. Molecular & Cellular Proteomics 9:
940–951, 2010.

There has been a resurgence in interest in bacteriophages
because of their potential for use in phage therapy (1, 2), their
role at the base of the food chain (3–5), their abundance in
metagenomic data (6), and their content of the last great
unexplored repository of genetic diversity (7) and as models

of complex macromolecular assemblies (8, 9). In bacterio-
phage genomics, there is a bewildering array of different
genomes to characterize. Biochemical or genetic data are
available for only a few prototypical phages. Most of the
characterization of new phage genomes is derived by se-
quence comparison with other phages. This is complicated
by the fact that phages distribute into a dozen or more
groups with intergroup divergence of phage genes being
greater than interkingdom divergence of cellular genes (10).
Hence, phage-to-phage sequence comparison is often at or
beyond the limit of the most advanced profile methods. Yet
progress can still be made in modeling the biology of new
viruses through observation of structural homology and
seeking analogous features between new phage forms and
established prototypes. The most abundant bacteriophages
are the tailed phages, and the most divergent and challeng-
ing of them to characterize at the sequence level have been
the giant phages of Pseudomonas (�KZ (11), EL (12), and
201�2-1 (13)). Sequence comparison within this group is
able to align many genes between 201�2-1 and �KZ, re-
flecting their assignment to a separate phage genus (14).
Although many genes in the third phage, EL, are detectably
homologous to genes of the �KZ-like phages, others exhibit
a low degree of similarity that makes assigning homology
questionable (13). This three-phage group has not been
given a taxonomic name, so we refer to them as the “�KZ-
related” phages. That there is any prototype among well
characterized phages for this group is mainly established by
structural homology stemming from the physical character-
ization of the �KZ virion (9).

Cryoelectron microscopy (cryo-EM)1 studies of the �KZ
virion have indicated a distant structural similarity of the
capsid shell to the prototypical enterobacteria phage T4 (9),
and electron microscopy studies of all three �KZ-related
phages reveal a complex contractile tail for which T4 is also
the structural paradigm. However, the �KZ-related phages
have much more complex virions than T4 or any other
characterized phage. Thirty proteins have been cataloged
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by MS in a tailless mutant of �KZ (15) in contrast to the 13
proteins that form the T4 head (16). Our previous MS study of
phage 201�2-1 identified at least nine proteins that had ap-
parently been cleaved to a smaller size from their initial trans-
lation products. This is also analogous to T4, which expresses
a prohead protease that cleaves the major capsid protein, a
scaffold protein, a vertex protein, and seven other proteins,
including itself, during the phage maturation process (16).
Four of the processed T4 proteins are injected into the cell
during the infection process (16, 17). The virion proteins of
201�2-1 include subunits of an RNA polymerase (13). Hence,
it appears that at least some of the processed proteins of the
�KZ-related phages are also likely to be injected into the cell.
However, our initial MS survey (13) was insufficient to estab-
lish the mature ends of the processed proteins, which is
critical information, for example, in fitting the proteins into
cryo-EM electron density maps or for defining domain bound-
aries for protein family construction, and we suspected that
there was additional processing that had not yet been de-
tected. Therefore, we mounted a more extensive MS study of
the 201�2-1 virion to completely define the proteins present
within it.

Complicating the task of defining the mature ends of the
virion proteins is the realization that phages mature in a hostile
environment full of other proteases expressed by the host
cells. Unlike a recombinant protein preparation, phages are
not produced in genetically engineered bacteria that lack a
cytoplasmic stress response protease. Moreover, protease
inhibitors cannot be added prior to cell lysis to protect the
virion proteins from the many proteases of the periplasmic
space because intracellular phage maturation is dependent
on protease action. Phages have evolved to resist generic
protease attack, and most virologists ignore the possibility of
general proteolysis of their phage preparations altogether. For
example, protease inhibitors are never included in phage
preparations because they are toxic to bacteria and may,
therefore, interfere with phage infectivity. However, when
analyzing a large number of mass spectra as we have done
here, evidence of general proteolysis is mixed in with evi-
dence of cleavage by the prohead protease. To separate
these different kinds of cleavages, we used sequence pro-
file methods to infer the cleavage site specificity of the pro-
head protease and plotted spectrum counts (SCs) for each
protein fragment in each slice to visualize the distinction be-
tween completely cleaved sites and sites cleaved in only a
small fraction of proteins. Finally, GBrowse (18) was used to
visualize sequence coverage and to plot cleaved segments
along a genomic coordinate system in the context of other
information about the corresponding genes. By this combined
approach, the observed cleavage patterns provided addi-
tional insight into the possible functions of the head proteins
in these phages.

EXPERIMENTAL PROCEDURES

The phage 201�2-1 virion preparations were generated as de-
scribed (13), including use of step and buoyant density centrifuga-
tions in CsCl. SDS-PAGE was performed as described (19) with the
exception that the phage was first heated to 75 °C for 4 min and then
treated with 0.1 �g/ml DNase. Preliminary experiments were con-
ducted to determine the maximum SDS gel protein load that did not
overtly smear the banding pattern. Phage proteins (isolated from
�1 � 1011 particles) were fractionated by one-dimensional SDS-
PAGE and then stained with Coomassie Blue. The gel lane was
manually dissected to 46 slices with care taken to avoid transecting
visible Coomassie-stained bands. After digestion in situ with trypsin
(Promega), the digests were analyzed by HPLC-ESI-tandem MS on a
Thermo Fisher LTQ fitted with a New Objective PicoView 550 nano-
spray interface. On-line HPLC separation of the digests was accom-
plished with an Eksigent NanoLC micro-HPLC system: column, Pico-
FritTM (New Objective; 75-�m inner diameter) packed to 11 cm with
C18 adsorbent (Vydac 218MS; 5 �m, 300 Å); mobile phase A, 0.5%
acetic acid (HAc), 0.005% TFA; mobile phase B, 90% acetonitrile,
0.5% HAc, 0.005% TFA; gradient, 2–42% B in 30 min; flow rate, 0.4
�l/min. MS conditions were as follows: ESI voltage, 2.9 kV; isolation
window for MS/MS, 3; relative collision energy, 35%; scan strategy,
survey scan followed by acquisition of data-dependent CID spectra of
the seven most intense ions in the survey scan above a set threshold.
Dynamic exclusion was used with a repeat count of 3 and a duration
of 30 s. Mascot (Matrix Science, London, UK) was used to search the
uninterpreted CID spectra against a locally generated 201�2-1 pro-
tein database (13) that had been concatenated with the Swiss-Prot
(version 51.6) database, totaling 216,849 sequences. Methionine
was considered as a variable modification, and semitrypsin was
selected as the proteolytic specificity. Mass tolerances for the
Mascot searches were 1.0 Da for precursor ions and 0.8 Da for
fragment ions. Determination of probabilities of protein identifica-
tions and cross-correlation of the Mascot results with X! Tandem
were accomplished by Scaffold (Proteome Software, Inc., Portland
OR). Unless otherwise noted, a 95% confidence limit was used for
assignment of peptides.

The tandem MS results obtained from the digest of each gel slice
were searched separately using Mascot, and the data files were either
evaluated individually or combined into data sets for processing by
Scaffold (“MudPIT”). Searches for mass spectra matching unpre-
dicted open reading frames were carried out with DNA ProteoIQ
(BioInquire, Athens, GA). Spectrum count profiles were produced by
Microsoft Excel from a spectrum count data file exported from Scaf-
fold. For more detailed SC gel profiling, a Perl script was written to
process the spectrum report written by Scaffold and produce a sim-
ilarly formatted spectrum count data file featuring the profile of pep-
tides belonging to specific subregions of the gene product. The
program may be obtained from S. C. Hardies. A cleavage site motif
logo was produced using WebLogo (20). A hidden Markov model
(HMM) corresponding to the logo alignment was prepared with a local
implementation of the Sequence Analysis and Modeling System (21,
22) using prior information to set the probability of novel residues
occurring in the motif as specified in the associated w0.5 model
building script. The resulting HMM was manually edited to set gap-
ping probabilities to zero and to make a glutamate at position �1
mandatory based on the observed invariance of this residue. With
gaps disallowed, the HMM scoring algorithm essentially becomes a
simple profile matching engine that scores for consistency with the
profile as visualized by the logo. GBrowse was implemented as
described (13, 18). Perl scripts were written to read Scaffold spectrum
reports and Sequence Analysis and Modeling System output files and
to graph peptide coverage and cleavage motifs within GBrowse as
sequence features.
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The SC/molecular mass where indicated for each observed gene
product (gp) was calculated and taken as a crude indicator of abun-
dance as described (13). Proteins of known abundance in the virion
exhibited SC/molecular mass as follows: gp200 (capsid protein, 1,570
copies/virion), 31.4; gp30 (sheath, 264 copies/virion), 16.5; and tape
measure/cell-puncturing device (three copies/virion), 1.2. The effi-
ciency of detection of SC from different proteins was assumed to vary
widely; hence, SC/molecular mass was used only to infer that pro-
teins with SC/molecular mass in the range of 1 or below are likely to
be present in few copies or even less than one copy per virion, and
proteins with SC/molecular mass greater than 10 are probably pres-
ent in over 100 copies per virion. Results were generally consistent
with our previous study (13) with only one protein previously consid-
ered to be abundant, gp146, falling markedly below this threshold in
the current study.

RESULTS

From analysis of the HPLC-ESI-MS/MS data, 14,643 mass
spectra were assigned to 1,567 201�2-1 tryptic peptides. A
breakdown of the data by slice can be found in sup-
plemental Table 1. Peptides were detected from 13 additional
virion-associated proteins beyond those reported previously
(13). The newly observed virion-associated proteins included
the following: gp4, gp71, gp118, gp122, gp127, gp161,
gp249, gp270, gp272, gp355, gp383, gp406, and gp429. This
brings the total number of genes encoding virion-associated
proteins in 201�2-1 to 89. All of the previously undetected
virion proteins were observed in slices consistent with their
unprocessed molecular masses, and all were found with rel-
atively low SC/molecular mass, suggesting a low copy num-
ber per virion. SC/molecular mass is tabulated for these and
other unprocessed virion proteins in supplemental Table 2.
Observation of these additional low abundance proteins is
consistent with the larger number of gel slices having permit-
ted detection of a wider dynamic range of protein quantity.
Because these newly observed proteins were apparently
present in low abundance, we cannot exclude that they might
be nonspecifically absorbed to the virions.

Semitryptic Spectra and SC Gel Profiles—In addition to
detecting new virion proteins, substantial additional evidence
was recovered to clarify the cleavage patterns of the known
virion proteins. Fig. 1 shows a Coomassie-stained image of
the gel prior to MS analysis with polypeptide species labeled
in the slices where they have maximum SC. Each polypeptide
species indicated in red was concluded to have been post-
translationally cleaved based on the analysis discussed be-
low. Fig. 2 illustrates the approach used to determine that one
gene product, gp455, had been cleaved to three mature
polypeptides. In our previously reported experiment (13),
gp455 migrated on the SDS-PAGE gel as if it were only half its
predicted size, but there was coverage of peptides over most
of the protein sequence. In the experiment described here,
three semitryptic peptides were identified originating from
gp455 (Fig. 2B, red), revealing that gp455 was not simply cut
in half. Included in the processing pattern was a small, N-
terminal fragment (corresponding to residues 20–151) that

had been cleaved from the initial translation product, and
small propeptides on either side had apparently been re-
moved from the virion. However, it was necessary to use the
approach described below to elucidate the remainder of the
processing pattern of this protein.

Isolation of protein from a larger number of phage particles
in the current study compared with our previous report (13)
permitted confident assignment of substantially more tandem

FIG. 1. SDS-PAGE of 201�2-1 virion proteins. The boundaries of
slices that were digested and analyzed by MS are shown immediately
to the right of the gel. Each virion protein is listed next to the slice
containing its maximum SC. For virion proteins listed in red, the
polypeptide has been altered by proteolytic cleavage by the prohead
protease. In cases where more than one polypeptide segment re-
mained in the virion, the segments have been annotated with N, M, or
C to indicate N-terminal, middle (if present), and C-terminal seg-
ments, respectively.
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mass spectra. This made it possible to plot the number of
mass spectra assigned to peptides for each protein (the SC)
across the gel slices to form a robust gel profile revealing the
distribution of the polypeptide (Fig. 2A). In experiments with
many fewer spectra or without an attempt to count the num-
ber of spectra per slice, the gene products often appear to be
smeared over a broad range of slices. In those cases, it is
easy to be fooled into believing that the main peak of the
protein had migrated in the slice corresponding to its full-
length translation product when it actually had migrated like a
shorter polypeptide. As a result, internal cleavages can be
overlooked as was the case with the N-terminal gp455 frag-
ment described above. However, with the ability to examine
an SC profile with significant depth in the SC dimension, a
clear peak position emerges for each polypeptide species.
With knowledge from the semitryptic peptide data that resi-
dues 20–151 of gp455 comprise a separate polypeptide frag-
ment, we plotted SC from that range as shown in Fig. 2
(magenta). The number of assigned peptides for residues

20–151 peak in slice 40 was consistent with the calculated
size for this N-terminal segment (gp455N). Another semitryp-
tic fragment from gp455 defined the end of an additional
mature polypeptide that begins at residue 180. But a polypep-
tide from 180 to the C terminus is too large to be migrating in
and below slice 25 where the gp455 peptides from this region
of the sequence were found. Dividing the region roughly in
half and separately plotting the corresponding peptides re-
vealed that the gel has resolved a middle (gp455M) and C-
terminal (gp455C) segment (Fig. 2A). However, there were no
semitryptic peptides assigned to indicate exactly which cleav-
age sites define these two segments.

Cleavage Motif—To understand more exactly the ends of
the gp455M and gp455C segments and similar instances in
others of the processed proteins, it was necessary to devise
a method to recognize the cleavage motif. The three semit-
ryptic peptides detected in gp455 exhibited cleavage after a
glutamate. The bacteriophage T4 prohead protease cleaves
the major T4 capsid protein and others after glutamate (7, 18).
The major capsid proteins of the related phages �KZ and EL
are also cleaved after glutamate (11, 12). Nineteen semitryptic
peptides detected in 201�2-1 virion proteins (including
gp455) exhibited cleavage after glutamate (Table I). However,
because of the abundance of glutamate residues in the
201�2-1 proteome, simply considering every glutamate to be
a prospective prohead protease cleavage site was not helpful
in further defining the ends of the cleaved species. Therefore,
a more restrictive prohead protease motif was sought by

FIG. 2. Analysis of gp455 proteolytic processing. A, SC gel pro-
file. Detected peptides have been subdivided into N-terminal, middle,
and C-terminal regions covering the residue ranges indicated. No
peptides were detected in other slices or outside of the indicated
ranges. B, peptide coverage. Semitryptic peptides are indicated in
red. Above the plot, the bit score of prospective cleavage sites is
indicated by the height of a vertical arrow. A horizontal line is drawn,
dividing cleavage motifs that were considered high scoring from
those considered low scoring as described in the text. The two
cleavage sites indicated as “duplicated” arose through a domain
duplication. Horizontal arrows indicate the inferred gp455N, -M, and
-C polypeptide segments. C, correspondence of the �KZ homolog
gp303. Black boxes indicate regions of similarity as detected by Blast.
Vertical arrows indicate bit scores of prospective cleavage motifs. The
thin line to the left is an extended N-terminal region that is not present
in 201�2-1 gp455. The connector between the two boxes indicates
that this region is deleted relative to 201�2-1 gp455.

TABLE I
Cleavage sites of 201�2-1 proteins determined by detection of semi-

tryptic peptide

gp Residuea Siteb

148 113 ISQE ATLAc

151 166 ASLE DGADc

155 13 VSTE DFADc

155 327 AALE ATAV
158 60 LSLE ATDQ
193 139 GSLE GYAD
238 64 ISTE ALSI
246 16 IANE SVSH
246 128 TSVE EHSD
246 203 ASIE RYIE
246 258 VSLE ATGV
247 50 TALE NIDPc

271 61 VAVE DHFD
274/3 275 VTFE TYQD
280 15 KGLE SADG
280 72 VSAE SATV
455 20 VSNE DAFDc

455 151 PGME HYNP
455 179 ISNE GLIAc

a The coordinate of the conserved glutamate immediately preced-
ing the cleavage.

b Sequence identified in a semitryptic fragment is underlined.
c Peptide assigned with a minimum peptide identification probabil-

ity �95% according to Scaffold.
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examining the alignment of the 19 established 201�2-1 cleav-
age sites.

The cleavage motif defined by the 19 semitryptic peptides
is represented by the sequence logo in Fig. 3. The logo is
scaled to reveal the frequency at which individual residues
appear beyond the expectation for a random sequence of the
same composition (20). Fig. 3 shows that besides the require-
ment for glutamate at �1 there are several other preferences
in the residues at the cleavages sites. Most prominently, there
is a preference for a short side chain amino acid at �3. The
logo, besides giving a visual impression of the preferences of
the protease, carries quantitative information as well. By def-
inition, a logo is scaled such that the likelihood of matching
one of the listed letters in a random sequence is 2 to the
power of the height of the stack of letters (23). Summing the
heights of the logo from �5 to �7 gives a total bit score of
11.5 counting the glutamate at �1 or 7.7 without counting the
glutamate. This corresponds to one false positive per �3,500
residues or one false positive per �200 glutamate residues.
These numbers indicate that there is enough information
available to use sequence recognition to aid finding the cleav-
ages sites. Actual search strategies can be expected to pro-
duce more false positives than this theoretical limit, but the
theoretical limit provides a performance target for the design
of the search strategy. We were able to implement a search
strategy described below that has some flexibility for includ-
ing residues in the motif that are not in the training set and still
limited false positives to one per 1,200 residues. Because
there is a large number of glutamates in the phage proteome,
this degree of specificity will still produce many false matches.
Motif matching alone probably can never eliminate false pos-
itives because access to the prospective cleavage site within
the tertiary structure of the protein must be a factor. However,
by limiting the search to sites in appropriate positions to
explain the SDS gel mobility of the respective polypeptide
species and to regions consistent with the tryptic peptide
coverage, the specificity embodied in the logo was sufficient
to allow the recognition of a likely cleavage site in every case.

To establish a probabilistic scoring strategy for the pro-
spective cleavage sites, the aligned cleavage sites repre-
sented in the logo from positions �5 to �7 were converted to
an HMM. The HMM was used to search 201�2-1 protein

sequences for consistency with the logo. The bit scores of
matching sites in gp455 are represented by the heights of the
vertical arrows in Fig. 2B. A threshold was drawn (Fig. 2B,
horizontal line) that separated the high scoring sites in posi-
tions to explain the detected polypeptides from lower scoring
sites that were distributed more randomly. To estimate the
confidence in a high scoring site, the frequency of high scor-
ing sites that were presumed to arise by random chance in
non-virion 201�2-1 proteins was determined as was the fre-
quency of high scoring sites in the proteins known to be
processed. High scoring sites appeared 6 times more often in
processed proteins (one per 200 residues) than in non-virion
proteins (one per 1,200 residues). From these numbers, the
confidence from the sequence match alone that a high scor-
ing site is an authentic cleavage site can be set at 5/6 or about
80%. In the case of gp455, the two sites indicated in Fig. 2B
were favored as the boundaries of the mature gp455M and
gp455C polypeptides. This would indicate that there is an
internal propeptide between these two segments that is also
removed from the virion. An additional high scoring cleavage
motif occurred in the middle of that prospective propeptide.
Clustering of high scoring cleavage sites within prospective
propeptides was a common occurrence among the pro-
cessed set of 201�2-1 genes (not shown). Hence, we hypoth-
esize that these sites are also cleaved. The biological impor-
tance could be that redundancy in sites assures that
important cleavages take place or that cutting the propep-
tides to smaller pieces helps them to clear out of the virion.
Evidence for heterogeneous cleavage at clustered cleavage
motifs is given below for the major capsid protein.

The graphic in Fig. 2B is a snapshot from a dynamic
GBrowse display through which we were able to collate other
analytical information with the MS results. Fig. 2C shows a
comparison for the �KZ homolog KZ gp303 and 201�2-1
gp455. This comparison reinforces the cleavage site predic-
tions in several ways. �KZ has two segments of BlastP sim-
ilarity to 201�2-1 gp455 (Fig. 3C, black boxes) that corre-
spond to the projected mature N and M segments of gp455.
High scoring cleavage motifs are predicted for the N segment
and the beginning of the M segment of �KZ gp303, although
the propeptide separating segments N and M appears to have
been deleted. The �KZ gp303 reading frame ends at the site
projected for cleavage of the M segment in 201�2-1. This
supports the conclusion that the projected C terminus of
gp455M is at the end of a self-contained protein domain. That
projected cleavage site scored well by the HMM search algo-
rithm even though it contained a residue (Gly) in position �2
that was absent in the training set. Probabilistic scoring meth-
ods can allow the accumulated bit score of well matching
positions to overrule mismatching positions in this way. With-
out this property, it would not be possible to incorporate
weakly preferred residues into a motif description. Using Psi-
Blast the �KZ gp303 C-terminal segment matched to both
gp455M and gp455C segments. This revealed that the M and

FIG. 3. Sequence logo representing 19 cleavage sites confirmed
by detection of semitryptic peptide.
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C segments of gp455 are derived by a domain duplication.
The site projected by the HMM search for the beginning of the
gp455C segment, therefore, is homologous to the site con-
firmed by semitryptic peptide data at the beginning of the
gp455M segment.

In some cases, the �KZ sequence that aligned with the
established 201�2-1 cleavage did not conform to the cleav-
age motif, but instead there was a new high scoring motif
nearby. Both cleavages defining gp455N and the homologous
region in �KZ gp303 are examples of this effect. We suspect
that redundant cleavage sites often come and go during evo-
lution, thus allowing drift in the exact cleavage position while
conserving the overall processing pattern.

Heterogeneity in Programmed Processing—The major cap-
sid protein, gp200, is the 201�2-1 protein with the most prior
knowledge about proteolytic processing. gp200 is the homo-
log of the major capsid proteins of �KZ and EL for which
prohead protease processing sites have been identified by
Edman degradation (11, 12). There were no semitryptic spec-
tra observed to indicate where the prohead protease cleavage
site is located in 201�2-1 gp200. In general agreement with
�KZ and EL, the gp200 tryptic peptides with high SC were
located downstream of the homologous prospective cleavage
site. For example, the first peptide positioned downstream of
the prospective cleavage at residue 161 that was assigned
with high confidence was detected 45 times in the combined
MudPIT data set (Fig. 4). However, there were two assigned
peptides (detected once each) upstream of residue 161 that
extended peptide coverage to residue 135. These results
would be consistent with a situation in which the majority of
mature gp200 molecules start at position 162, similar to the
case in �KZ and EL, with a small fraction of mature capsid
polypeptides extending upstream. This hypothesis is sup-
ported by recognition of both positions 131 and 161 as high
scoring cleavage motifs by the cleavage motif HMM. Similarly,
both sites were conserved as high scoring sites in �KZ.
Although the EL sequence is not objectively alignable in this
region, the sequence immediately upstream of the estab-

lished mature end was also a high scoring cleavage motif. We
propose that positions 131 and 161 are redundant cleavage
sites that assure that this critical maturation event goes to
completion. In a small minority of molecules, cleavage at 161
is missed by the prohead protease, resulting in a polypeptide
that extends to residue 132.

A second element of heterogeneity was found at the C
terminus of the major capsid protein in the form of a C-
terminal extension created by terminator suppression. Al-
though the initial gene predictions had not indicated a reading
frame in this region (13), tblastn detected sequence similarity
with the �KZ genome past the gp200 and �KZ gp120 C
termini and into a genomic region with no other assigned
function. To seek any missed translated regions, all acquired
mass spectra were searched versus all 201�2-1 sequences
translated in all six frames. This resulted in detection of 10
spectra assigned to three peptides encoded downstream of
the capsid stop codon. A plot of those 10 spectra by slice
revealed a peak one slice above the peak slice for the major
capsid protein (not shown). To be in this gel position indicates
that the peptides belong to an extended version of gp200 and
are not the product of an independent translational initiation.
C-terminal extension through frameshifting is a known strat-
egy for decorating a fraction of a major capsid protein with an
extra exterior domain (24). In gp200, the extension consists of
29 residues and is generated by terminator read-through
rather than programmed frameshifting.

Partial Cleavages in Exposed Regions of Major Capsid Pro-
tein—The SC gel profile of the major capsid protein (Fig. 5A)
reveals a great deal more heterogeneity than expected from
interaction with the prohead protease. gp200 is expected to
be present in 1,560 copies per virion (13), far higher than any
other 201�2-1 protein, and is the predominant component
of the intense band in slice 10 (Fig. 1). However, spectra
assigned to gp200 are found in all slices of the gel. The
down-gel SC profile for gp200 exhibits several major shoul-
ders, and a number of the mass spectra were assigned to
semitryptic peptides. Carryover in the HPLC is not an ex-
planation for these down-gel smears because the slice di-
gests were analyzed from the bottom of the gel to the top.
There is no precedent for a major capsid protein to be
proteolytically processed beyond removal of an N-terminal
region, yet the shoulders are superficially like the separate
peaks indicating processing in gp455. As discussed below,
we have concluded that these shoulders are caused by
cleavage of a fraction of the gp200 molecules by proteases
other than the prohead protease. Most of the virion proteins
exhibited down-gel smears of SC, and many exhibited semi-
tryptic spectra that did not conform to the criteria discussed
above for prohead protease processing. We explored all of
the patterns for all of the proteins carefully to distinguish these
other kinds of proteolytic attack from the actions of the pro-
head protease. The results for gp200 are discussed further
below.

FIG. 4. Heterogeneous processing of major capsid protein. The
spectrum count of tryptic peptides assigned within slice 10 is given
above the gp200 sequence. The count of 45 listed for VVTVGYNLAAS
includes 20 spectra for peptides having additional residues to the left
or right due to missed trypsin cleavages. Residue numbers refer to
gp200. High scoring cleavage motifs are in red. Residues after which
trypsin should cleave in gp200 are in blue. Cleavage at the indicated
position for �KZ gp120 and EL gp78 was established by Edman
degradation (11, 12).
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The gp200 semitryptic peptides shown in Fig. 5B can be
divided into two categories. Semitryptic peptides of the first
type (Fig. 5B, pink) are found in slice 10 where the intact
protein migrates, which is inconsistent with putative cleavage
having occurred prior to SDS-PAGE. These are presumed to
be either misassigned spectra or nonspecific trypsin cleav-
ages. These were all assigned with confidence �95% by
Scaffold. It is apparent that relying on high confidence assign-
ments of semitryptic spectra to indicate a cleavage without
some other form of corroboration can be misleading.

The other gp200 semitryptic peptides (Fig. 5B, red) each
appeared in a lower slice, consistent with the expected mi-
gration of a polypeptide ending at the inferred non-trypsin
cleavage site. These cleavages occurred at residue 79 and in
a cluster at positions 201, 205, and 217. These sites are at the
boundaries of a domain called the stabilizing domain (SD; Fig.
5C) recognized by sequence similarity to the T4 major capsid
protein (9, 26). SD is a small domain that contacts an adjacent
capsid protein and is connected to its parent capsid protein
by long extended linker chains that drape across the exterior
surface of the capsid. The presence of these semitryptic
peptides suggests that cleavages have occurred within these
exposed linker regions. The cleavage at residue 79 appears to
generate the semitryptic peptides found in slice 44 and the
major shoulder found in slice 13 (Fig. 5A). The cleavages in
the 201–217 region appear to generate the peak in slice 17.
The N-terminal companion fragment to the species in slice 17,
if intact, should appear in slice 30. Instead, peptides almost
exclusively derived from the N-terminal region are scattered
below slice 37, and peptides from the SD domain itself are

relatively scarce outside of the main peak in slice 10. This
leads to the impression that gp200 molecules that were
cleaved once in the SD region were often then cleaved again
and that some fraction of the gp200 molecules has lost the SD
domain altogether. To have been physically lost from the
sample, the SD domain would have to have been removed
before the CsCl gradient, implying that the virion can sustain
some degree of proteolytic damage without releasing its DNA.

The cleavages within gp200 discussed above were all after
an aspartate (Fig. 5D), and there was no relationship between
the sequences in these cleavage sites and the prohead pro-
tease motif. This indicates that another protease, presumably
produced by the host and probably acting after lysis, attacked
the virions from the exterior. The down-gel “smearing” sug-
gests that there was cleavage at a heterogeneous collection
of sites, not just at those sites indicated by the assigned
semitryptic peptides. In extending this analysis to others of
the abundant virion proteins, the preference for cleavage after
aspartate was not universal. However, the tendency to cleave
at heterogeneous sites clustered at domain boundaries was
observed in other proteins (not shown). A defining property of
non-prohead protease cleavages was that they were always
partial. In all cases, the major peak of SC from all subregions
was in the slice with the intact major polypeptide. Hence, a
large proportion of each virion protein was not cleaved at all
by a non-prohead protease. We believe that the non-prohead
protease cleavages represent proteolytic damage inflicted on
the virion by protease it encounters in its microenvironment.
As expanded under “Discussion,” we believe that the amount
of non-prohead protease cleavage is exaggerated by SC and

FIG. 5. Processing of gp200 (major capsid protein). A, SC gel profile. The protein sequence has been subdivided into the following regions:
N (before the stabilization domain), M (stabilization domain including linker regions), and C (after stabilization domain). B, sequence coverage
for peptides assigned at �95% confidence. Semitryptic peptides are shown in red and pink. The pink peptides migrated in slice 10, which
would indicate a derivation from an intact gp200 molecule rather than from a cleaved species. The slice numbers of species produced by the
respective cleavages are indicated below the sequence coverage plot. S17 and S44 are slices where the indicated semitryptic peptides are
found. For each cleavage, the slice number of the remainder of gp200 that can be inferred to have been produced is indicated next to a dashed
line. The inferred partner to the S17 species is expected to be in slice 30 if intact, but instead its components are scattered below slice 37.
S10 is the slice number of gp200 cleaved only by the prohead protease. C, position of gp200 domains. The core domains are those in common
with T4 and HK97 major capsid proteins, whereas the SD domain is in common with T4 but not HK97 major capsid proteins (26). Endo refers
to an endothiapepsin domain peculiar to �KZ-related phages (9). D, location of non-prohead protease cleavages within the gp200 sequence.
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that most of the protein in the virion survives in an undamaged
form.

DISCUSSION

The principles derived from the study of gp455 and gp200
were applied to all 201�2-1 virion proteins, revealing 29 pro-
cessed polypeptides derived from 19 different initial transla-
tion products (Fig. 6 and Table II). As illustrated under “Re-
sults” for gp455, assignment of a processed polypeptide
fragment was based on a combination of two criteria: 1) the
SC gel profile for tryptic peptides from a subregion of the gene
product exhibited a peak in a slice consistent with a segment
of lower molecular mass than the full-size gene product and 2)
the required cleavage(s) to produce such a segment could be
justified based on either the observation of a semitryptic
peptide or a match to the prohead protease cleavage motif.
We believe that this process for cleavage assignment is sub-
stantially more accurate than just correlating peptide cover-

age with apparent molecular mass from gel migration. The
motif matching criterion caused us to reject the processing
hypothesis in a number of cases where a gene product lacked
peptide coverage on an end. Such regions were often either
lacking or very rich in arginine and lysine, explaining why they
would have been poorly sampled by MS of trypsin-generated
peptides. The higher molecular mass resolving power of the
46-slice gel was less helpful than one might have expected for
rejecting the hypothesis that a polypeptide had been cleaved
to a smaller species. A plot of molecular mass versus peak
slice number of all unprocessed polypeptides showed a var-
iability of two slices relative to the regression line (not shown).
Hence, reliance on gel mobility alone to predict removal of a
region lacking tryptic peptide coverage could easily generate
many incorrect indications of proteolytic processing.

Because we used SDS gel mobility to define where to look
for prospective cleavage sites, the variability in SDS gel mo-
bility was a factor in determining the confidence in the cleav-

FIG. 6. Regions of 201�2-1 genome encoding processed virion proteins. Genomic segments from the full GBrowse display of 201�2-1
were juxtaposed, and protein features were mapped onto the corresponding genes. Green arrows, proteins detected by mass spectrometry;
dark green arrows, virion proteins that were determined to be abundant (13); diagonally striped green arrows, virion-associated proteins newly
detected in this study; orange outlined arrows, proteins for which the �KZ homologs were found to be present in a tailless mutant (15); gray
arrows, non-virion proteins; purple horizontal bars, a region of sequence homology found in several 201�2-1 proteins; red horizontal bars, a
region with greater than one net negative charge per 10 residues; pink horizontal bars, a region with greater than one net negative charge per
20 residues. Peptide coverage is indicated as follows in the boxed regions below each gene glyph: green, tryptic peptide coverage; red,
semitryptic peptide. Triangles above the peptide coverage boxes indicate prohead protease cleavage sites: dark blue, established by a
semitryptic peptide; cyan, predicted by motif searching. Thin black arrows below the peptide coverage boxes correspond to the position of a
mature polypeptide and corresponding slice number. Two alternative interpretations are shown for gp155N. RNAP, RNA polymerase.
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age site predictions. The range of possible end points for a
fragment based on gel migration and peptide coverage could
usually be confined to about 30 residues. The properties of
the cleavage prediction model with respect to false positive
and false negative predictions (see “Results”) should usually
produce a correct prediction given that the cleavage site is
known to within 30 residues. However, some false predictions
are possible, and in particular, propeptides less than 30 res-
idues may have been missed. The strength of the cleavage
site predictions was mainly drawn from the large number of
sites defined by semitryptic fragments that were used to train
the prediction HMM. In phages with fewer processed pro-
teins, it would be necessary to draw on cleavage sites from

proteins in homologous phages to derive a well trained model.
The most critical property of the cleavage model is the rate of
false positive prediction; hence, we believe that the negative
control performed by screening all of the nonstructural pro-
teins of the phage to establish this rate is crucial for using this
strategy.

As illustrated for gp200 (see “Results”), non-prohead pro-
tease cleavages were found to also produce down-gel peaks
and shoulders and generate semitryptic peptides. Non-pro-
head protease cleavages were easily distinguishable from
prohead protease cleavages because they were “partial,” that
is most of the SC from the entire protein sequence migrated
with the intact polypeptide, not the fragmented polypeptide.
Moreover, the cleavages suggested by the those semitryptic
fragments did not conform to the prohead protease cleavage
motif. We considered the possibility that some of the major
down-gel peaks and shoulders may have been derived from
partial cleavages by the prohead protease at low scoring
cleavage motifs. However, we could find no correlation be-
tween the apparent sizes of the fragments represented by
down-gel peaks and shoulders and the positions of low scor-
ing motifs. Instead, as described in detail for gp200 (see
“Results”), the down-gel material appeared to be consistent
with partial proteolysis by other proteases presumably not
encoded by the virus. Some degree of general proteolysis is
hardly surprising because the virus is released on lysis into a
soup of periplasmic proteases. The periplasm is the digestive
compartment of the bacteria where proteins are degraded to
amino acids for transport into the cell.

In this study, the patterns of generalized proteolysis form a
background from which the prohead protease cleavages had
to be distinguished. For the major capsid protein, the pattern
of these cleavages correlates with the domain structure and
exposed surfaces of the protein. One could design an exper-
iment to use such information to clarify the structure of virion
proteins whose conformation is not known; it could also be
used to study the inactivation of virions in the environment. In
such studies, protease inhibitors should be used starting in
the buoyant density step of the virus preparation. That step
separates intact viruses from empty heads, which would log-
ically carry a different cleavage pattern. Protease inhibitors
would prevent subsequent development of empty heads that
might be acted upon by proteases still contaminating from the
cell lysate. We explored whether the gp200 SC migrating
down-gel of its main peak (Fig. 5A) might correspond to the
fraction of degraded virions in our virus preparation. The ratio
of Coomassie staining in low abundances slices versus the
intensely staining slice 10 (Fig. 1) was much less than the ratio
of total SC among the same slices (not shown). We, therefore,
believe that the virus preparation was not substantially de-
graded after purification but rather that spectrum counting is
disproportionately sensitive to sampling low abundance
polypeptide species. The use of dynamic exclusion was prob-
ably a major contributor to this effect.

TABLE II
Prohead protease-processed segments of 201�2-1 virion proteins

gpa Slice
Residues Molecular

massb SCc SC/molecular
massd

Start Stop

kDa

148 25 114e 414 (C)f 34.9 134 3.8
151N 45 1 112 11.9 91 7.6
151C 28 167e 400 (C) 26.4 262 9.9
154 17 80 426 (C) 40.3 46 1.1
155N 27 14e 275 27.8 67 2.4
155Na 27 14e 139 13.1 67 5.1
155C 25 328e 608 (C) 30.7 378 12.3
156N 46 86 157 8.0 23 2.9
156C 28 158 387 (C) 25.5 135 5.3
157 24 208 489 (C) 31.4 225 7.2
158 24 61e 378 (C) 34.9 48 1.4
159 25 631 922 (C) 31.3 369 11.8
193 28 140e 381 (C) 27.2 472 17.4
200 10 162 746 (C) 65.1 2045 31.4
214N 33 1 208 22.9 23 1.0
214C 9 217 917 (C) 78.6 64 0.8
238 27 65e 316 (C) 28.6 165 5.8
246N 32 17e 128e 11.7 95 8.1
246M 43 129 203e 7.8 35 4.5
246C 17 258e 613 (C) 38.7 761 19.7
247 21 51e 397 (C) 38.8 191 4.9
268 29 1 225 24.7 99 4.0
271 10 61e 629 (C) 63.6 396 6.2
274/3N 25 1 275e 32.5 35 1.1
274/3C 4 276 1500 (C) 137.2 327 2.4
280N 46 16e 72 6.1 �7 �1.1
280C 40 73e 199 (C) 13.5 100 7.4
455N 40, 41 21e 151e 15.0 17 1.1
455M 26 180e 453 30.7 44 1.4
455C 28 521 768 (C) 28.5 140 5.3

a The gene product name is appended with N (for N-terminal), M
(for middle), or C (for C-terminal) when more than one segment of a
gene product was detected in the virion. gp155N and gp155Na are
alternative interpretations of the N-terminal gp155 segment (see text).

b The molecular mass was calculated from the sequence.
c SCs were summed over all slices. The peak of gp280N may be off

the bottom of the gel.
d SC/molecular mass values were calculated as a rough indicator of

abundance of the polypeptides per virion according to Ref. 13. Based
on comparisons of values for the major capsid protein, sheath protein,
and tape measure protein, a value of SC/molecular mass over 10
probably represents more than 100 molecules per virion.

e Confirmed by a semitryptic spectrum. Semitryptic spectrum as-
signments were above 95% confidence except as noted in Table I.

f A coordinate is appended with (C) for an end defined by the stop
codon.
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Assignment of the processed polypeptides through corre-
lation of SC gel profiles and termini indicated by semitryptic
peptides or matches to the prohead protease cleavage motif
appeared unambiguous, except for peptide fragments map-
ping in the N-terminal regions of gp155 and gp246. Both ends
of gp246N were defined by semitryptic peptides, but the
peptides were found in a slice associated with a much larger
molecular mass than that polypeptide would have. The reason
for this discrepancy did not become clear until after GBrowse
was used to correlate other properties of the sequences with
the peptide coverage (Fig. 6). The relevant feature was the
content of high negative charge (i.e. high concentration of
acidic residues) indicated by the red or pink bars in Fig. 6.
Searching for this pattern was motivated by the hunt for a
likely scaffold protein (see below). Polypeptides of high neg-
ative charge are known to exhibit abnormally slow migration in
SDS-PAGE (27). gp264N has greater than one net negative
charge per 10 residues, thus explaining its slow migration.
With the realization that a number of other regions within the
201�2-1 virion proteins were highly acidic, we examined
those regions for assignments that might have been misled by
a similar slow migration phenomenon. Another possible case
occurs for gp155N. The peptide coverage is confined to a
small negatively charged region. There are prohead protease
motifs that could produce a gp155N polypeptide consistent
with normal SDS gel migration. But if the fragment migrates
anomalously slowly like gp246N, then there is a different
C-terminal protease motif that could produce a smaller frag-
ment and still include all the observed peptides. Both possi-
bilities are indicated in Fig. 6.

Understanding Function of 201�2-1 Protein Processing—If
all of the 201�2-1 proteins that are processed by the prohead
protease are involved in head maturation, there should be a
correspondence between these proteins and the �KZ ho-
mologs that were detected in a tailless mutant (Fig. 6, genes
with orange outlines, and Ref. 15). There is a reasonable,
although not complete, agreement between these two sets of
gene products. For one of the processed 201�2-1 proteins,
gp193, there is no similar sequence in �KZ at all. However,
there were processed 201�2-1 proteins that do have �KZ
homologs that did not appear in the tailless mutant data.
Although it is possible that the tailless mutant is missing some
head proteins in addition to its tail proteins, we think that this
is not the case. The processed 201�2-1 proteins whose ho-
mologs are missing from the �KZ tailless mutant data (gp154,
gp158, gp214, gp238, and gp280) are of low abundance in the
201�2-1 virion, and the abundance of their �KZ homologs
may have been below the threshold of detection by MS in the
analysis of the tailless mutant. We feel it is likely that the head
proteins are similarly extensively processed in the other �KZ-
related phages. In examining the sequences of the homolo-
gous �KZ proteins, we found that about half of the cleavage
sites have a high scoring cleavage motif in the homologous
position, and the others have a high scoring cleavage motif

nearby (not shown). We, therefore, believe that the �KZ-
related phages as a group have an unprecedented number of
processed head proteins and that this follows from having an
unprecedented total number of head proteins. Electron mi-
croscopy (28), atomic force microscopy (29), and cryo-EM (9)
studies have suggested that the �KZ-like phages have an
inner head body, which should account for at least some of
the head proteins. It is unclear at this time whether the inner
body plays a structural role in organizing the capsid or rep-
resents a bolus of proteins prepared for injection into the cell.
Whereas it was once thought that only the phage DNA en-
tered the cell on infection, it is now appreciated that many
phages also introduce proteins (30).

In a study of T4 head proteins (31), it was found that
N-terminal propeptides often contained a capsid targeting
sequence that was responsible for assembling the protein into
the prohead. The subsequent removal of these propeptides
prepares the proteins for injection into the cell. Although we
have not yet identified a capsid localization sequence, the
abundance of head proteins with propeptides suggests that a
similar assembly principle is at work in �KZ-related phages.
Our initial characterization of phage 201�2-1 indicated that
the virion contained several subunits of an RNA polymerase
(13). One of these subunits (Fig. 6, gp274/3) has now been
found to be processed, consistent with the use of a propep-
tide to attain an interior head location. However, other virion-
associated 201�2-1 RNA polymerase subunits (gp139 and
gp275) do not appear to have propeptides. So, there may be
more than one way to assemble a protein into the head of
201�2-1 and its related phages.

Connection between Head and Tail Assembly—There is one
major difference in proteolytic processing between 201�2-1
and �KZ. The results of Edman degradation indicated that the
�KZ gp181 protein, which includes the tail lysozyme domain,
is processed (11); however, we found no evidence for proc-
essing of the 201�2-1 homolog (gp276). The tail lysozyme is
on the end of the tail that is distal from the head. The prohead
protease is thought to be confined to the head before it
becomes activated and then to proteolytically inactivate itself
and mostly leave the head during maturation (32). Prohead
protease activity presumably has to be tightly confined to the
head because leaking into the cytoplasm and cleaving other
head proteins prior to assembly would stop the assembly
process. Yet we found that the cleavage site for tail protein
�KZ gp181 is a high scoring match to the prohead protease
processing motif (not shown), implying that it is cut by the
prohead protease. This would seem to require that �KZ
gp181 associates with the head to be cleaved. We believe
that is exactly what happens. The lysozyme domain of the tail
protein in both phages accounts for only a small portion of the
C terminus of a very large protein. We assign the rest of KZ
gp181 and its homologs to be the tape measure protein,
which extends the length of the tail. This assignment is sup-
ported not only by the size of KZ gp181 but also by a signif-
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icant content of predicted � helical and coiled coil structure,
both characteristic of tape measure proteins (33, 34). A fusion
of the tail lysozyme with the tape measure has been reported
for several other phages (35, 36). The cleavage site in �KZ
gp181 is near the N terminus of the tape measure domain,
which must come into close proximity to the head in the final
stage of assembly. Hence, we propose that the cleavage of
the �KZ tail lysozyme/tape measure protein occurs during tail
attachment to the prohead.

Clustering of Head Structure Genes—One strategy for char-
acterizing a new phage genome that has many novel genes is
to use any clues available to organize the novel genes into
functional clusters. Genes of an underlying common function-
ality often cluster in phage genomes. The usual explanation
for clustering is that genes that are coadapted to function
together stay together and under a regimen of horizontal
transfer become clustered together to transfer together. The
�KZ-related phages lack the single global head structure
gene organization common to many tailed phages (25). How-
ever, Fig. 6 reveals that the head structure genes of 201�2-1,
including those inferred by the detection of prohead protease
processing or by the presence of the �KZ homolog in the
tailless mutant, are found in several clusters. Of these, a
homolog of gp193 is not found in �KZ (13), and the clusters
containing gp243–249 and gp452–456 are not found in the
related phage EL. So the genes within those regions may be
considered to encode auxiliary functions rather than proteins
that participate in the conserved head assembly program of
the �KZ-related phages. The largest remaining cluster is en-
riched in genes encoding proteins with extensively negatively
charged N-terminal propeptides (gp154, gp155, gp156,
gp157, gp158, and gp159). This property is typical of scaffold
proteins. These propeptides also have patches of predicted
coiled coil-like structure, which is also a characteristic of
scaffold proteins. Hence, the scaffold function may be per-
formed by one or more of these proteins. Of these, the portion
of gp155 and gp159 that remains in the capsid is relatively
abundant (Table II). The amount of propeptide that would
have been present in the prohead would have also been
abundant as appropriate for carrying out a scaffold function.

Summary—The current study takes an important step to-
ward inferring the functions of the 201�2-1 head proteins.
Much work remains to be done. Defining the mature polypep-
tides aids making better protein profiles and hidden Markov
models. Homologs of several known proteins are expected to
be within the �KZ-related head and should eventually be-
come ascertainable by these methods. These include identi-
fication of the portal protein, the rest of the RNA polymerase
subunits, and the protease itself. The masses of several do-
mains making up the �KZ capsid vertex have been estimated
by cryo-EM (9). These proteins are known to be present in 55
copies per virion. So a combination of defining the mature
polypeptides and better copy number estimates should allow
assignment of the vertex proteins. An interesting set of genes

is gp154, gp155, gp156, gp157, gp246, and gp247. The ma-
ture segments of these genes are all homologous to each
other, although profile methods are required to produce an
alignment (Fig. 6, purple bars). We have aligned these do-
mains and their homologs from the other �KZ-related phages
and submitted the family to the Pfam protein family database
(PF12699). At this time, that profile does not match any other
sequence. However, as additional genomes and metage-
nomes are sequenced and scanned against Pfam, we expect
that additional homologs will be found that help to clarify the
nature of this novel gene family. Finally, the now well estab-
lished processing pattern in phage 201�2-1 is available to
predict the mature polypeptides formed in the other �KZ-
related phages.
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