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Functional Analysis of a Class I Holin, P2 Y
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Y is the putative holin gene of the paradigm coliphage P2 and encodes a 93-amino-acid protein. Y is predicted to be an integral
membrane protein that adopts an N-out C-in membrane topology with 3 transmembrane domains (TMDs) and a highly charged
C-terminal cytoplasmic tail. The same features are observed in the canonical class I lambda holin, the S105 protein of phage
lambda, which controls lysis by forming holes in the plasma membrane at a programmed time. S105 has been the subject of in-
tensive genetic, cellular, and biochemical analyses. Although Y is not related to $105 in its primary structure, its characterization

might prove useful in discerning the essential traits for holin function. Here, we used physiological and genetic approaches to
show that Y exhibits the essential holin functional criteria, namely, allele-specific delayed-onset lethality and sensitivity to the
energization of the membrane. Taken together, these results suggest that class I holins share a set of unusual features that are
needed for their remarkable ability to program the end of the phage infection cycle with precise timing. However, Y holin func-
tion requires the integrity of its short cytoplasmic C-terminal domain, unlike for $105. Finally, instead of encoding a second
translational product of Y as an antiholin, as shown for lambda S107, the P2 lysis cassette encodes another predicted membrane
protein, LysA, which is shown here to have a Y-specific antiholin character.

H olins are small phage-encoded membrane proteins that con-
trol the length of the bacteriophage infection cycle by deter-
mining the time of host lysis (1, 2). Almost all of the experimental
work done on holin function at the physiological or molecular
level has been focused on a few holin genes: lambda S, phage 21
%! and T4 t. These genes encode the holins S105, S?'68, and T,
which are, respectively, the prototypes of three distinct holin
classes, distinguished by their experimentally determined mem-
brane topologies (Fig. 1A). S105 has class I topology, with three
transmembrane domains (TMDs) arranged N-out C-in, whereas
$?'68 has class IT topology, with two TMDs arranged N-in C-in. As
of the last major review, ~90% of the >100 genes from phages
and prophages of eubacteria that have been assigned as putative
holins fit into either class I or class II, based on predicted topology
using widely accepted algorithms (1). These predicted holins are
very diverse, with 12 and 14 unrelated sequence families grouped
into classes I and II, respectively. Class III topology, with a single
TMD and a large periplasmic domain, is restricted to the sequence
homologs of protein T, the holin of T4. These proteins are found
onlyin phages of the large myophage class of T4-like phages and in
the large siphophage class of T5-like phages.

Despite this diversity, holins share some universal functional
features, based mainly on extensive work that has been done with
these three holin paradigms. Holin genes are turned on at the
beginning of viral morphogenesis, so that the holins accumulate
continuously and harmlessly in the cytoplasmic membrane while
the viral structural proteins are synthesized and the virus particles
are assembled. For the class I and II prototypes, S105 and S*'68,
the holins accumulate as harmless, mobile dimers in the mem-
brane (3-6). There is no detectable effect on membrane integrity,
respiration, proton motive force (PMF), or energy metabolism
until there is a sudden irreversible holin-mediated halt of respira-
tion, collapse of the PMF, release of small ions and small mole-
cules, and loss of viability. This event is designated holin “trigger-
ing” (1, 2). For the class I and class II prototypes S105 and S*'68,
these effects have been shown to be caused by the sudden forma-
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tion of lethal membrane lesions, or holes. Moreover, the triggering
of these paradigm holins can be provoked prematurely by treat-
ment with energy poisons, indicating that the timing of hole for-
mation depends on the energization of the membrane. In the ab-
sence of holin function, lysis does not occur, so that virions and
endolysins continue to accumulate indefinitely in the cytoplasm;
the lysis defect is instantly relieved by the addition of chloroform,
in effect constituting chemical complementation of the hole-
forming function.

Despite these phenotypic commonalities, the prototype holins
also exhibit unique features. The holes formed by S105 are known
to be very large, capable of releasing molecules the size of the
homotetrameric 0.5-MDa 3-galactosidase enzyme in vivo (7). Pu-
rified S105 forms highly multimeric rings in detergent, estimated
at >70 copies per ring (8). In contrast, the $*'68 holin forms very
small heptameric pores, estimated to be ca. =2 nm in diameter,
both in vivo and, when purified, in detergent (9). The S105 protein
is extremely sensitive to missense mutations within the TMDs,
with single amino acid changes causing dramatic acceleration, re-
tardation, or abolishment of the triggering time (10, 11). This has
been interpreted as an indication that the timing of holin trigger-
ing involves packing of the TMD helices within the bilayer.

No other class I holin protein has been studied in detail, so it is
unclear how many of the striking features of S105 are characteris-
tic of other holins of this class, unrelated in terms of their se-
quence. Among the paradigm phages, coliphage P2 has a lysis
cassette that includes a putative holin gene, Y, encoding a protein
with predicted class I topology, adjacent to the gene for the endo-
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Functional Analysis of P2 Y
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FIG 1 Genes, sequences, and topologies. (A) Membrane topologies of P2 Y, A $105, phage 21 S*!, T4 T, and P2 LysA (see panel D). Three topology classes of the
holins are indicated by Roman numerals. (B) The lysis cassettes of A and P2. X genes S, R, Rz, and RzI are shown along with late promoter pR’. P2 genes Y, K, lysA,
lysB and lysC are shown along with late promoter pO. Genes are color coded according to their primary structure homology. Hatching pattern corresponds to
homologous function. (C) Primary structures of Y (top) and S (bottom). Insertion, deletion, and missense changes relevant to the text are shown. Mutations are
indicated above the Y sequence, color coded to phenotype: red = nonlytic; green = early lysis; black = normal lysis timing. Dual-start residues for S107 and S105
are indicated by # signs and the extent of the ATMD1 and ACTD deletions. Asterisks indicate the Ala52 residue in S105 and Gly52 in Y, chosen as analogous small
residues in the central region of TMD2. (D) Primary structure and predicted topology of LysA. TMDs 1 and 2 were predicted by the algorithms TMHMM (27)
and TMPRED (28). Both programs predicted a single TMD between 91 and 121. However, the homologous Y protein from a P2-like prophage in Enterobacter
sp. 638 has a Lys residue at the position equivalent to Trp108 in Y, indicated by an asterisk, strongly suggesting that there are two TMDs in this hydrophobic
stretch. This allows the highly basic N and C termini of LysA to be located in the cytoplasmic phase.

lysin, K (Fig. 1B). Ziermann et al. (12) constructed a P2 Y, mu-
tant and showed that it exhibited a lysis defect that was suppress-
ible by the addition of chloroform, indicating that Y functioned as
the P2 holin. Here, we report the results of experiments designed
to test this notion rigorously and to determine whether Y shares
the extensively described physiological and biochemical features
of the lambda S105 holin. The results are discussed in terms of a
general model for holin topology and function.

MATERIALS AND METHODS

Materials, strains, bacteriophages, plasmids, and growth media. The
strains, phages, plasmids, and primers used in this study are listed and
described in Table 1. The plasmids pYRRzRz1 (renamed pKT1-Y) and
pYRamRzamRzlam (renamed pKT2-Y) are derivatives of the plasmid
pS105, a medium-copy-number plasmid that has the entire \ lysis cassette
under its native late promoter (13). The media, growth conditions, and
thermal induction of the \ lysis genes from a prophage and/or plasmid
have been described previously (13-15). All associated mutants were
made by a commercially available error-prone PCR kit (Stratagene) and
standard site-directed mutagenesis (14). Bacterial cultures were grown in
standard LB medium supplemented with ampicillin (Amp) (100 pg/ml)
and chloramphenicol (Cam) (10 pg/ml) (LBAmpCam) for the mainte-
nance of plasmids and prophages, respectively.
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Yarampi: OF Yac.ierm Was expressed from pKT1-Y as mentioned above.
The Y gene was replaced by the truncated Y, ;,,p; gene (renamed pKT1-
Yarmpr) or truncated Yac ., gene (renamed pKT1-YAc ierm)- Either
PKTI-Yrppy OF PKT1-Y A torm Was expressed in trans to full-length Y.
Two lysogenic strains were used for the expression of Y:
MC4100AfhuA(NCamASR) was used for the expression of Y and the
lambda lysis genes R, Rz, and RzI from pKT1; and MC4100 (\-Y) was used
for the expression of Y and the lambda lysis genes R, Rz, and RzI from the
integrated prophage. lysA was expressed from pS105 without the entire
lysis cassette and under lambda native late promoter (renamed plysA).
plysA was expressed in trans to MC4100 (A-Y) and MC4100 (N-S105).
MC4100 (N-S105) was used for the expression of S105 and the lambda
lysis genes R, Rz, and Rzl from the integrated prophage.

Mutagenesis of P2 Y. Error-prone PCR with Mutazyme II DNA poly-
merase was performed using the GeneMorph II random mutagenesis kit
(Stratagene) as recommended by the supplier. Each amplification reac-
tion mixture (50 wl) contained 0.1 uM (each) of the primers pKT1-Yfor
and pKT1-Yrev (Table 1), 40 pM (each) the deoxynucleoside triphos-
phates (ANTPs), 5 pl of 10X Mutazyme II buffer, 4.5 pg of pKT1-Y
template, and 1 pl of Mutazyme II DNA polymerase. PCR was done with
the following program: initial 5 min at 95°C, 20 cycles of amplification (30
sat 95°C, 30 s at 44°C, and 1 min at 72°C), and final 10 min hold at 72°C.
PCR products were treated with Dpnl, digested with Ndel and HindIII,
which are the restriction sites flanking the Y gene, and then religated back
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TABLE 1 Strains, phages, plasmids, and primers used in this study

Phage, strain, plasmid,

or primer Genotypes and relevant features or sequence Source or reference
Phages
X\ Cmr A(SR) stf::cat::tfa 1857 A(SR); replacement of stf and tfa genes (N nt 19996—22220) with cat gene; Laboratory stock
A(SR)(29); deletion of N nt 45136—45815 (10)
\-S105 cI857 Syyy1; encodes S105 only Laboratory stock
\-Y cI857; S105 deleted, replaced by Y (nt 6691-6997 of phage P2) This study
Strains
MC4100 E. coli K-12 F~ araD139 A(argF-lac)U169 AfhuA rpsL150 relAl flbB5301 deoC1 ptsF25 rbsR 30
XL1-Blue E. coli K-12 recAl endA1l gyrA96 thi-1 hsdR17 supE44 relAl lac [F" proAB lacl"ZAM15::Tn10 (Tet")] Stratagene
Plasmids
pS105 \ lysis cassette under pR’ on pBR322 backbone; Sy, allele, encodes S105 only 13
pKTI1-Y Isogenic to pS105; S105 replaced by Y (nt 6691-6997 of phage P2) This study
pKT2-Y Isogenic to pPKT1-Y; R 50 k60am RZs100am RZlw3sam This study
pKT2-Yam Isogenic to pKT2-Y; Y6, This study
pKT2-S105 Isogenic to pS105; Rysyum k60am RZs100am Relw3sam This study
pKT1-YAC-term Isogenic to pKT1-Y; Arg86 to GIn93 deleted This study
pKT1-YATMD1 Isogenic to pKT1-Y; Ser7 to Lys22 deleted This study
pKT1-Y+K Isogenic to pKT1-Y; one Lys inserted after first Met This study
pKT1-Y + 2K Isogenic to pKT1-Y; two Lys inserted after first Met This study
pLysA Isogenic to pS105; SI05RRzRzI deleted and replaced by lysA (nt 7487 to 7934 of phage P2) This study
pc-mycR::lacZ mycR::lacZ replacement of luc in pZA32-luc 7

Primers
pKT1-Yfor 5'GCGGTATTTCACACCGCACCTGGTGCACTCTCAG3’
pKT1-YRev 5'CTGAGAGTGCACCAGGTGCGGTGTGAAATACCGC3'

into Ndel- and HindIII-digested pKT1-Y as described above. The ligated
DNA was transformed into XL1-Blue, and the transformant colonies (~500
colonies) were slurried and used to prepare a plasmid library. This DNA was
transformed into the lysogenic host MC4100(ACm*A(SR)). The transfor-
mants were again slurried in 25 ml of LBAmpCam and aerated at 30°C. After
standard thermal induction at A5, of ~0.2 and lysis, the lysate was passed
through a 0.45-pm filter to collect the cells that did not undergo lysis. The cells
collected on the filter were resuspended in 5 ml LBAmpCam, and the resus-
pended cells were used to prepare plasmid DNA in a final volume of 50 p.l. For
each iteration of the screening process, 1 pl of this lysis-defective-enriched
library was transformed into MC4100(NCm"A(SR)). Forty individual trans-
formants were inoculated onto 5 ml of LBAmpCam and grown at 30°C in a
roller drum until the cultures were in mid-logarithmic phase. Fifty microliters
of each culture was reserved and then the tube cultures were transferred to a
rack, shaken in a 42°C water bath for 15 min, and then shaken in a 37°C water
bath for 65 min. Typically, ~60% of the induced tube cultures underwent
visible lysis. Nonlysed cultures were treated with 50 pwl CHCI; to test for
endolysin accumulation. Typically, 90% of the nonlysing cultures lysed upon
the addition of CHCl;, which is consistent with an absolute defect in the
function of the Y holin. These presumptive Y mutants were grown to satura-
tion from the reserved culture and were used for plasmid preparation and
DNA sequencing. Of a total of 120 transformants, 72 exhibited an absolute
lysis defect that was complemented by CHCL,. Of these, 64 transformants had
at least one mutation in the Y gene. Of these, 43 had a single mutation, 15 had
two mutations, and 6 had more than two mutations. Of the 72 mutations, two
were —1 frameshifts, and the rest were single-base changes, approximately
evenly distributed between transversions and transitions. All of the mutants
that had a single nonsilent mutation are listed in Table 2. The mutant library
is not saturated because only two of the 18 nonsense mutations accessible by
a single base change were isolated.

Growth conditions, inductions, and TCA precipitation. For lysis
curves and protein expression experiments, overnight cultures were used
to inoculate 25-ml cultures of LB supplemented with the appropriate
antibiotic. The cells were grown at 30°C to an A5, of ~0.2 (for lysis
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curves) and an As5, of ~0.4 (for protein expression experiments), ther-
mally induced by aeration at 42°C for 15 min, and then returned to 37°C.
A plaque-forming titer of progeny phage was determined as described
previously (10). For protein expression experiments, 1-ml samples were
removed from the growing cultures and added to 100% trichloroacetic
acid (TCA) on ice. The samples were incubated for 30 min and centri-
fuged at maximum speed in a tabletop microcentrifuge at 4°C. The super-
natant was removed and the pellet was resuspended in 1 ml cold acetone,
vortexed, and spun at maximum speed in the tabletop microcentrifuge at
4°C. The acetone wash was repeated, and the supernatant was removed
carefully after the final spin. The pellet was air-dried overnight and resus-
pended in 2X reducing sample loading buffer for SDS-PAGE. Western
blotting was done with an antibody directed against the C terminus of Y
(GenScript).

Antibodies. Antibodies against the peptide CEIAIQRRFKGRGKQ
corresponding to the C-terminal sequence of Y (Fig. 1C) were prepared
and affinity purified by GenScript.

Site-specific photocrosslinking. A 25-ml culture of MC4100
AfhuA(NCamASR) carrying the desired plasmid was thermally induced
and harvested at an A5, of ~0.5 or 45 min after induction. One-milliliter
samples of different Yalleles were collected by centrifugation, and the cell
pellet was resuspended and washed twice in 1 ml phosphate-buffered
saline (PBS) (pH 7.2), 2 mM EDTA (pH 8.0), and 1 mM phenylmethyl-
sulfonyl fluoride (PMSF). The cell pellet was then resuspended in 200 .l
PBS and pipetted into a sterile petri dish (15-mm diameter per well, 24
wells per dish), and 2 pl of 100 mM 4-maleimidobenzophenone (MBP)
(Sigma) prepared in dimethylformamide, or 1 pl of dimethylformamide
for the mock treatment, was added. The mixture was incubated at room
temperature for 30 min in the dark, after which 2 pl 1 M dithiothreitol
(DTT) was added to quench unreacted MBP. The samples were placed on
ice and irradiated with 366-nm light using a handheld lamp for 30 min.
Samples were mixed with 2X sample loading buffer and analyzed by SDS-
PAGE and then by Western blotting using Y-specific antibody.
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TABLE 2 Mutant alleles of Yisolated in this study

Functional Analysis of P2 Y

Amino acid Residue amino Codon change for Lysis triggering Origin of
position” acid change” mutation® time (min)“ Hydropathicity” No. mutation®
Wild type 30

Insertion at 2 +Lys +AAA - S
Insertion at 2 +LysLys +AAAAAG - S
2 Thr—Arg ACA—AGA - —0.7>—4.5 1

9 Leu—GIn CTG—CAG (90) 3.8——3.5 1

10 Ser—Pro TCG—CCG - —0.8——1.6 1

15 Gly—>Glu GGG—GAG - —0.4—>—3.5 1

17 Leu—Pro CTG—CCG - 3.8——1.6 1

02 Lys—Met AAG—ATG - -3.9—1.9 1

25 Ala—Val GCC—GTC 12 1.8—4.2 1

41 Leu—Phe CTC—TIC - 3.8—2.8 3

42 Gly—Cys GGT—TGT - —0.4—2.5 1

43 Gly—Cys GGT—TGT - —0.4—2.5 3

43 Gly—Asp GGT—GAT - —0.4—-3.5 2

45 Val—Asp GTC—GAC - 4.2—>-35 2

45 Val—Phe GTC—TIC - 4228 2

46 Ser—Ala TCG—GCG - —0.8—1.8 1

46 Ser—Cys TCG—TGC 30 —0.8—2.5 1 S
49 Ala—Asp GCC—GAC - 1.8—>-35 1

49 Ala—Thr GCC—ACC - 1.8——0.7 1 S
50 Gly—Ala GGT—GCT - —0.4—1.8 S
50 Gly—Cys GGT—TGT - —0.4—2.5 S
50 Gly—Asp GGT—GAT - —0.4——3.5 1

50 Gly—Ser GGT—AGT - —0.4—-0.8 S
50 Gly—Val GGT—GTT - —0.4—4.2 S
53 Leu—Pro CTG—CCG - 3.8——1.6 1

53 Leu—Met CTG—ATG 12 3.8—1.9 1

54* Val—fs GTG—TG - 1

(55) Gln—stop CAG—TAG - —3.5—>NA 1

61 Leu—Pro CTG—CCG - 3.8——1.6 1

62 Pro—Ser CCA—TCA - —1.6——-0.8 1

65 Cys—Gly TGC—GGC 15 2.5—>-0.4 S
(65) Cys—>stop TGC—TGA — 2.5—>NA 1

66 Gly—Asp GGC—GAC - —0.4—>—3.5 1

66 Gly—Val GGC—GTC - —0.4—4.2 1

69 Ser—Phe TCC—TTC - -0.8—2.8 2

70 Met—lle ATG—ATT 12 1.9—4.5 1

74 Ala—Thr GCC—ACC 12 1.8—-0.7 1

75 Gly—Ser GGT—AGT - —0.4—-0.8 2

76* Tyr—fs TAT—AT - 2

87 Phe—Ser TTT—>TCT - 2.8——0.8 1

“ See Fig. 1C. All changes are missense changes except the two insertions (Lys and LysLys) at position 2, two frameshift mutants (denoted by asterisks), and two nonsense mutants

(parentheses). Positions in TMDs 1, 2, and 3 (from top to bottom) are indicated by boxes.
b fs, frameshift.

¢ Altered bases are in bold italic type.

“ Triggering time in min after induction. Parentheses indicate gradual lysis. —, nonlytic.

¢ Change in hydropathic character (31). Bold or underlined entries indicate increased hydrophobicity for lysis-defective alleles or decreased hydrophobicity for early-lysis alleles,

respectively. NA, not applicable.
/Number of times isolated for error-prone PCR mutants.
£, site-directed mutagenesis. All others were obtained by random error-prone PCR.

RESULTS

Y exhibits holin function. As a first step in characterizing the lytic
function of P2 Y, we cloned the Y gene into plasmid pS105 (13),
replacing the S105 gene in the lambda lysis cassette (Fig. 1B). In-
serts in this plasmid are expressed in the proper temporal and
transcriptional context by inducing a lysis-defective prophage,
NcamASR, resulting in trans-activation of the plasmid-borne
lambda late promoter, pR’, by the phage-encoded late gene acti-
vator, Q. The resulting hybrid lysis cassette, YRRzRzI, in plasmid
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pKT1-Y, was found to cause abrupt lysis ~30 min after induction
(Fig. 2A). Since R and RzRzI are known to encode a soluble endo-
lysin and a two-component spanin, respectively, this result
strongly suggests that Y is a functional holin. However, inappro-
priate expression of a membrane protein or membrane-active tox-
ins can suppress a holin lysis defect, presumably by nonspecific
damage to the membrane, allowing the escape of endolysins that
are sufficient to destroy the cell wall (12). To eliminate this possi-
bility, cells induced for the Y-RRzRzI chimera were tested for sen-
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FIG 2 (A) P2 Y has lytic properties of a holin. Inductions: pKT1-Y,,,,, with
CHCI, added at 65 min ([J); pKT1-Y,,,, with cyanide added at 20 min and
CHCI, at 65 min (H); pKT1-Y, with CHCl; added at 20 min (A); pKT1-Y, with
cyanide added at 20 min (@); pY (O). (B) Inducible lethality of P2 Y. Induc-
tions: pKT2-Y (O); pKT2-Y, with 2,4-dinitrophenol (DNP) added at —60 min
(®@); pKT2-Y, with potassium cyanide (KCN) added at —60 min (®); pKT2-
Y, (O); pKT2-Y,,,, with DNP added at —60 min (M); pKT2-Y,,,,, with KCN
added at —60 min (V). (C) Lysis phenotypes of P2 Y mutants. Inductions:
pKT1-Y (A), pKT1-Y 4q (X), pKT1-Y}7p (O), pKT1-Yipoy (A), pKT1-
Y5y (1), PKT1-Ys 6 (@), pKT1-Y  yor (), PKT1-Y, 557, (€), PKT1-Y g5
(M), pKT1-Yyy701 (¥), PKT1-Y 740 (W), and pKT1-Y 56 (V).

sitivity to the addition of energy poisons; premature triggering
was unambiguously demonstrated (Fig. 2A), as has been shown
for the prototype holins of classes I, II, and III (16). Moreover,
even in the absence of endolysin and spanin function, Y exhibits
inducible lethality, and, like S105 and $*'68, the addition of energy
poisons triggers lethal function (Fig. 2B). Thus, Y exhibits all the
physiological characteristics that are unique to the well-character-
ized holins.

Single amino acid changesin Y have dramatic and unpredict-
able effects on lysis timing. For the prototype holins of class I and
11, a striking common feature has been that relatively conservative
missense changes, especially in the TMD sequences, have led to
dramatically altered lysis timing compared to that in the wild type
(WT), either advancing or retarding the triggering time (4, 10, 11,
17, 18). To see if the same was true for Y, site-directed mutagenesis
was used initially to probe key positions in the TMDs for timing
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FIG 3 Y mutants accumulate normally. Lane 1, molecular mass marker; lane
2, pKT1-Y; lane 3, pKT1-Y 455 lane 4, pKT1-Ygye5; lane 5, pKT1-Y 55,55 lane
6, pPKT1-Y 5045 lane 7, pKT1-Y 505 lane 8, pKT1-Y 5005 lane 9, pKT1-Y 5 4015
lane 10, pKT1-Y ypppy; lane 11, pKT1-Yam.

phenotypes. In S105, alleles with missense changes at a central
residue in TMD2, Ala52, block plaque formation for opposite rea-
sons: S105,5,y is completely nonlytic, whereas S105 5,5 causes
lysis before the first virion is assembled (10, 11). An alignment of
Y and S105 suggested that a residue analogous to Ala52 in S105
would be Gly50 in P2 Y (Fig. 1C, see asterisks). Indeed, the G50V
mutation in Y eliminates lytic function without affecting accumu-
lation, similar to the A52V mutation in S105; but, unlike in posi-
tion 52 in S105, the substitution of small residues (Ala, Ser) in this
position causes the loss of lytic function (Fig. 2C; Table 2). To
address further the mutational sensitivity of the P2 holin timing
function, a library of point mutations was generated by error-
prone PCR and selected for either defective or early lysis. A sum-
mary of the timing phenotypes of all the site-directed mutants and
mutants obtained from the PCR library is shown in Table 2 and
Fig. 1C, and representative lysis phenotypes are illustrated in
Fig. 2C. As in lambda S105, missense changes in all three TMDs
were found to abolish lysis, including some relatively conservative
mutations, like L41F, V45F, S46A, and G75S. Moreover, a number
of missense changes led to early lysis phenotypes, including A25V,
L53M, M701, and A74T (Fig. 2C; Table 2). These timing pheno-
types could not be explained by profound changes in the hydro-
phobic character of the substituted residues; both increases and
decreases in hydrophobicity are associated with both early lysis
and lysis-defective mutations (Table 2). The phenotypes also can-
not be ascribed to a differential accumulation of Y protein; all the
alleles supported normal accumulation of Y, as determined by
Western blotting (Fig. 3). Thus, although the mutagenesis was not
saturated, it was sufficient to show that P2'Y, like S105, appears to
have the same extreme and unpredictable sensitivity to missense
changes in the TMDs. Considering this with the detailed studies
on lambda S105 and $*'68, we conclude that the ability of conser-
vative changes in TMD sequences to cause a profound alteration
of the triggering time is a common feature of holin proteins.
Requirement for C-terminal cytoplasmic domain. The most
conserved feature of class I and II holins is that the most distal
TMD is followed by a short C-terminal cytoplasmic tail enriched
in basic residues (1). It has been reported that the cytoplasmic
C-terminal domain (CTD) of lambda S105 is not necessary for
host cell lysis, but instead plays a regulatory role in lysis timing (11,
19, 20). Site-directed mutagenesis experiments with S105 indi-
cated that lytic function was retained as long as one positive-
charge residue remained at the C terminus and that the timing of
lysis was sensitive to the number of basic residues encoded in the
C-terminal tail, with a more-positive charge being associated with
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FIG 4 (A) Deletion of the Y CTD inactivates holin function. Inductions in
trans to NCamASR: no plasmid (O), pKT1-Y (@), pKT1-Yc_erm (8), and
\-Y lysogen harboring pKT1-Y ¢ e, (). (B) LysA delays Y-mediated lysis.
Inductions in trans to A-Y: no plasmid (O) and plysA (@). Inductions in trans
to A-S105: no plasmid ([J) and plysA (B). (C) Yarmp; delays Y-mediated
lysis. Inductions in trans to A\CamASR: no plasmid (@), pKT1-Y 1y, (&),
and pKT1-Y (M). Inductions in trans to X\-Y: no plasmid (O) and pKT1-
Yarmp: (OD).

delayed triggering time. We tested whether the highly charged
C-terminal tail of Y served a similar function by constructing
Yacrn in which the last 8 codons, Arg86 to GIn93, were deleted
(Fig. 1C), so that the Y, product has only a single basic residue
at the C terminus, instead of five in the parental protein. Unlike
the S105, 1, which terminates with the single positively charged
residue Arg93 and has an extreme early lysis phenotype (19),
Yacrp has an absolute lysis defect (Fig. 4A). Since the antibody
against Y recognizes a C-terminal epitope, it was not possible to
rule out the possibility that Y, o1, does not accumulate. However,
in trans to the parental Y allele, Y, is as functional as the WT
gene (Fig. 4A). The simplest interpretation is that the C-terminal
domain must be present in some n-mer state for Y to function but
that not all protomers of the #n-mer have to have the domain. In
any case, we conclude that the C-terminal cytoplasmic domain of
Y is essential for Y function in vivo, marking a distinct difference
from the canonical class I holin, S105.

Sizing the Y hole. Early in the molecular characterization of
the canonical class I holin S105, it was shown that the holes were
lethal and nonspecific for endolysins. An indication of the size of
these holes was obtained using fusion constructs in which the
lambda R endolysin gene was fused to the full-length lacZ gene,
thus creating a chimera of >1,100 codons encoding a hybrid
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FIG 5 (A) Sizing the Y hole. Inductions in trans to A\KanA(SR); pKT2-Y and
pe-mycR::lacZ (O); pKT2-Y and pe-mycR::lacZ, with CHCL; added at 25 min
(@); pKT2-S105 and pc-mycR::lacZ (O); pKT2-S105 and pe-mycR::lacZ, with
CHCl, added at 25 min (H); pKT2-Y, with CHCl, added at 80 min (®) and
pc-mycR::lacZ (A). (B) Premature Y holes are permissive for R endolysin but
not the endolysin-f-Gal hybrid. pKT2-Y and pc-mycR, with KCN added at 15
min (H); pKT2-Y and pc-mycR::lacZ (@); pKT2-Yam (O).

R-Bgal enzyme (7). In addition, the chimeric gene was modified to
encode an N-terminal c-myc tag, to allow for monitoring of the
production and stability of the hybrid protein. When this fusion
gene was substituted for the parental R gene, the lytic and plating
capacities of the phage were unaffected. Moreover, it was demon-
strated not only that R-Bgal was produced as an uncleaved stable
120-kDa polypeptide but also that the hybrid protein was fully
active as an endolysin and also as a homotetrameric (3-galactosi-
dase of ~0.5 MDa. To ask whether Y also formed holes of such
capacity, plasmids encoding the c-mycR-lacZ fusion were induced
in both S* R~ and Y" R~ contexts (Fig. 5A). The results show
unambiguously that the Y holin is permissive for the R-Bgal hy-
brid protein, suggesting that the nonspecificity of the Y hole is, like
S105, due to a very large pore size in the membrane. However,
when the Y holin was prematurely triggered by the addition of
cyanide, lysis was observed with the WT R endolysin but not the
R-Bgal fusion (Fig. 5B). This indicates that the holes formed by
premature triggering are much smaller than those formed at the
spontaneous triggering time, which is consistent with similar ob-
servations with the lambda holin (7).

Lysis deficiency of Y mutants is associated with an oligomer-
ization defect. If membranes are treated with the membrane-per-
meable amine-specific cross-linker dithio-bis(succinimidyl pro-
pionate) (DSP), S105 can be trapped in covalent oligomeric states,
up to at least n equal to 5; by this criterion, almost all lysis-defec-
tive S missense alleles are defective in oligomerization (14). To
distinguish the molecular differences between the functional and
nonfunctional alleles of Y, we attempted the same analysis, but
treatment with DSP did not generate oligomeric species that were
detectable by immunoblotting (data not shown). However, the
presence of the single Cys residue at position 65 (Fig. 1C) made it
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FIG 6 (A)Y, but not defective Y proteins, can be cross-linked into high-order
oligomers. Photoactivated MBP cross-linking of whole-cell samples. Cells car-
rying either pKT2-Y (lanes 1 to 6) or pKT1-Y| ,p (lanes 7 to 12) were induced,
labeled with MBP, and UV activated for the indicated lengths of time, in
minutes, as described in Materials and Methods. (B) Lysis-defective Y proteins
lose the ability to be cross-linked into high molecular weight (MW) species.
Cultures carrying the indicated plasmids were induced, labeled with MBP, and
UV-irradiated for 30 min (even-numbered lanes) or not (odd-numbered
lanes). Lanes 1 and 2, Y; lanes 3 and 4, L9Q; lanes 5 and 6, L17P; lanes 7 and 8,
A49T; lanes 9 and 10, G75S; lanes 11 and 12, K22M; lanes 13 and 14, L53P;
lanes 15 and 16, G66D; monomer (asterisk), dimer (2 asterisks). Molecular
weights are shown in thousands.

possible to use the membrane-permeable photoactive heterobi-
functional cross-linker MBP (21). When whole-cell samples that
were treated with MBP and irradiated for increasing times were
analyzed by immunoblotting, we observed that most of the Y pro-
tein became cross-linked in species that correspond to a dimer and
also to high-order aggregates that are unable to enter the resolving
gel, as is shown for the representative alleles in Fig. 6A. In contrast,
when the same treatment was performed with cells expressing
lysis-defective missense Y mutants, irradiation had a reduced or
no effect on the amount of the monomeric species. The dimer
species was more prevalent and the high-order aggregates were
severely reduced or absent for the lysis-defective Y proteins
(Fig. 6B). The Leu9GIn mutation exhibits the weakest molecular
phenotype, showing only a reduced amount of the higher-order
cross-linked species, which is consistent with the leaky lysis defect,
with lysis beginning at about 90 min (Fig. 2C). The simplest inter-
pretation is that Y undergoes dimerization and then higher-order
oligomerization and that the mutants are blocked at different
stages of oligomerization. Thus, for lethal function, Y shares with
S105 the requirement for high-order oligomerization that is de-
tectable by cross-linking (14).

LysA exhibits Y-specific antiholin character. For each of the
prototype holins of classes I, II, and I1, there is a specific antiholin.
In the first two cases, the lambda S gene and the S*' gene of lamb-
doid phage 21 encode both the holin and antiholin, by virtue of
alternate translational start codons (e.g., holin S105 and antiholin
S107 from translational initiations at codons 3 and 1, respectively)
(Fig. 1C). Such “dual-start” motifs are a very common feature in
genes identified as encoding class I and class II holins (1, 22). In
contrast, in phage T4, the holin T is inhibited by a specific antiho-
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lin encoded by gene rI. Moreover, genetic evidence also suggests
that in phage P1, the holin LydA is inhibited by LydB, which is
encoded by the adjacent gene (23-25). Since Y has only a single
start codon, we wondered whether one of the genes in the P2 lysis
cassette encoded an antiholin. The P2 lysis cassette is syntenic with
the lambdoid lysis cassette, with holin, endolysin, and spanin
genes arrayed in a cluster, except for a single gene, lysA, which is
interposed between the endolysin gene K and the spanin gene
lysBC (Fig. 1B). LysA is predicted to be an integral membrane
protein with four TMDs (Fig. 1A and D). Indeed, Ziermann et al.
(12) constructed P2lysAam and reported that cells infected with
this construct underwent lysis ~10 min earlier than cells infected
with the isogenic WT phage. To test the hypothesis that LysA
might serve as a specific antiholin for P2 Y, we constructed a plas-
mid that would express lysA from the A late promoter in trans to
either induced \-Y or the isogenic parental . Induction of N\-Y
lysogens transformed with the lysA construct resulted in lysis ~10
min later than the same lysogen transformed with the isogenic
vector (Fig. 4B), with an ~50% increase in the yield of PFU (1.4 X
10° PFU/ml versus 9.3 X 10® PEU/ml) in the final lysate, without
affecting the accumulation of Y (data not shown). These results
indicate that LysA causes a delay in lysis by retarding the lethal
action of Y and thus allows continued virion morphogenesis. In
contrast, the IysA plasmid had no effect on lysis of the induced
parental \ lysogen, demonstrating that the LysA-mediated inhibi-
tion of lysis is Y specific, supporting the hypothesis that LysA is the
P2 antiholin.

TMDI1 is essential for holin activity and can be converted
into an inhibitory domain. The S107 antiholin exerts its inhibi-
tory function as a consequence of the ectopic localization of
TMD1, which is prevented from entering the bilayer by virtue of
the positively charged Lys residue at position two (Fig. 1C), which
is missing in S107. Since Y does not have a dual-start motif and
appears to have a cognate antiholin encoded by a distinct gene,
lysA, we wondered if there was something intrinsic about the
TMD1 of Y that prevents P2 from using the more genomically
parsimonious dual-start motif for encoding antiholins. First, we
tested whether TMD1 was essential for Y function by constructing
an in-frame deletion of codons Ser7 to Lys22 (Fig. 1A and C). The
Yarap; allele proved to be nonlytic in the context of the phage
induction (Fig. 4C), although the deletion product accumulated
normally (Fig. 3). Thus, as in $105, TMD1 is essential for the lethal
function of Y. Next, we tested whether Y might be converted to
dual-start regulation by constructing Y alleles with one (Y, ) or
two (Y, ,x) extra Lys residues at the N terminus, making these the
equivalent of the antiholin products of lambda S (5107, with one
Lys residue at the N terminus) and the homologous P22 gene 13
(gp13,0s with two Lys residues at the N terminus) (26). Both
modified alleles exhibited an absolute lysis defect (Fig. 7A), al-
though the gene products accumulated normally in the mem-
brane (data not shown). Importantly, both modified Y alleles ex-
hibited a specific antiholin phenotype, blocking the triggering of Y
but not S105, when expressed in trans (Fig. 7C). As for S105, the
simplest interpretation of these results is that an extra positively
charged residue at the N terminus of Y prevents the entry of
TMD1 into the membrane, creating a dominant negative mutant
protein. Importantly, however, neither modified Y allele might be
triggered by the depolarization of the membrane with cyanide,
either to release endolysin or to form lethal lesions in the mem-
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FIG 7 (A) Y, and Y, are absolute defective holins. Inductions: pKT1-Y
(O); pKT1-Y, «, with CHCI, added at 80 min (®); pKT1-Y, 5, with CHCI,
added at 80 min (H). (B) Y, x and Y, , have no lethality. Inductions; pKT1-Y
(O); pKT1-Y, g, with KCN added at —50 min and CHCI; at 30 min (®);
pKT1-Y ,,x, with KCN added at —50 min and CHCl; at 30 min (H). (C) Y ¢
and Y, are dominant negative and Y specific. Inductions: Lambda S105
lysogen harboring pKT1-Y ,  (O) or pKT1-Y, 5, ((J). Lambda Y lysogen har-
boring pKT1-Y, ¢ (@) or pKT1-Y ., (H).

brane (Fig. 7B), indicating that a dual-start motif might be neces-
sary, but not sufficient, to generate a functional antiholin.

DISCUSSION

Prior to this work, only three holins have been studied in detail:
S105, S?'68, and T, the prototypes of topology classes I, IT, and 111,
respectively. Of these, only the first two have been purified bio-
chemically (8, 13), and only one, S105, is a canonical large-hole-
forming holin that allows the release of a prefolded soluble endo-
lysin. Class I holins are the most numerous in terms of holins that
have been annotated in the database (1, 2), and thus, it was im-
portant to see if the many striking features of the well-studied
lambda S105 were representative of this important topological
class. The predicted membrane topology for Y is three TMDs with
N-out C-in, as was demonstrated for S105. The results presented
here show that some of these features are common to both S105
and Y and thus may be considered representative of type I holins
as a whole:

Potential-sensitive lethality. It was shown previously that the
$105 holin exerted potential-sensitive lethality when induced, in-
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dependent of the other proteins required for lysis, the endolysin
and the spanin. The lethality is manifested as a sudden halt in
culture growth after induction and is associated with a loss of
viability, i.e., the triggering phenomenon. Y fully shares this char-
acteristic (Fig. 2B). The potential sensitivity is reflected in the fact
that the collapse of membrane energization with energy poisons
causes premature triggering; Y also exhibits this feature (Fig. 2A).
Since the accumulation of any membrane protein can lead to le-
thality and membrane dysfunction, the susceptibility of S105 and
Y to premature lethal triggering by the addition of energy poisons
can now be regarded as the definitive feature of holins, and espe-
cially the common class I holins.

Sensitivity of the timing function to conservative amino acid
changes in the TMDs. Perhaps the most striking aspect of S105 is
its extreme sensitivity of the triggering time even to conservative
missense substitutions, especially in the TMDs (10). For example,
in $105, changes in a central residue in TMD?2, Ala52, to Gly or Val
both result in the loss of plaque-forming ability, but for opposite
reasons (11). The Ala52Val protein accumulates in the membrane
but never causes triggering, and thus plaque formation is abol-
ished because lysis does not occur. In contrast, the Ala52Gly pro-
tein causes lysis at 20 min, at about the time that the first progeny
virion appears in the cytoplasm; plaque formation is thus
squelched because lysis is too early. Our initial attempts to see if Y
exhibited similar phenotypic traits led us to do site-directed mu-
tagenesis on the TMD?2 residue predicted to be analogous to Ala52
(Fig. 1C). Although we were correct in judging Gly50 to be a res-
idue important for lysis function, it turned out that all changes in
this residue resulted in an absolute lysis-defective phenotype, in-
cluding for Gly50Ala and Gly50Val, without affecting accumula-
tion of the holin (Fig. 1C; Table 2). However, when we conducted
random mutagenesis of Y, we were able to isolate both lysis-defec-
tive and early lysis alleles with rather conservative missense
changes. For example, Leu41Phe, Val45Phe, Gly66Val, and
Gly75Ser inactivate Y, whereas Ala25Val, Leu53Met, Cys65Gly,
Ala75Thr, and Met79]le cause extremely early lysis. Importantly,
these changes in lysis timing are not associated with changes in
protein accumulation or membrane localization for either S105 or
Y (Fig. 3). It should be noted that early lysis phenotypes were also
found for some missense and suppressed amber mutations in the
TMDs of another putative class I holin, gpXXXV of the tectivirus
phage PRDI, although no protein accumulation studies were
done (18). Based on mutagenesis studies on the S gene, as well as
studies with a green fluorescent protein (GFP)-tagged S105 holin,
a model has been proposed in which the triggering time of S105
depends on the kinetics of formation of large two-dimensional
arrays, or “rafts” of holin proteins. These rafts are proposed to
exclude lipids as a result of intimate intermolecular helical
packing interactions between the TMDs of the holin proteins.
Conceptually, the exclusion of lipids from within the rafts
would allow hole formation to occur by reorientation of the
holin molecules, such that a relatively hydrophilic surface of
one or more TMDs faces the lumen of the hole. In this scenario,
the radical phenotypic variation observed for relatively conser-
vative missense changes would derive from the disruption or
enhancement of helix-helix packing in the raft state. The re-
sults reported that Y shares with S105 the same extreme sensi-
tivity to missense changes within the TMDs; this provides ad-
ditional support for this perspective and suggests that this
model might be applicable to all class I holins.
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Antiholin function and sensitivity of hole formation to the
topology of TMD1. The data presented here show that P2 LysA
expressed in trans can retard Y triggering but not S105 triggering
(Fig. 4B), indicating that LysA is the P2 antiholin. In this light, the
rather weak lysis timing phenotype associated with P2lysA,,,,,, with
only a 5- to 10-min early onset of lysis, is not unexpected. Similar
small advances in triggering times were associated with the equiv-
alent antiholin-defective mutants of S and $°/, and T4 I lysis
timing is unaltered compared to the WT. It should be noted that in
all three cases, overexpression of the antiholin resulted in a com-
plete blockage of holin triggering. Repeated efforts to achieve a
greater lysis delay using overexpression constructs for lysA in trans
to the P2 lysis cassette were unsuccessful (data not shown). It is
possible that a physiological signal is needed to activate LysA, as in
the case of T4 RI during T4 lysis inhibition; efforts are under way
to look for IysA missense mutants that are nonpermissive for lysis.

It is interesting that despite the identical topology, the fact that
TMD1 is required for Y function and that the deletion of TMD1
creates a dominant negative allele, it was not possible to convert Y
to a functional antiholin by adding one or two basic residues to the
N terminus, as is the case in the S107 and gp13,,4 antiholins of A
and P22. Although the altered Y proteins had a Y-specific inhibi-
tory character, collapsing the membrane potential did not rescue
lytic function. Thus, the addition of a positively charged residue at
the N terminus of TMD1 is not sufficient to generate a useful
antiholin protein, which presumably must be both inhibitory dur-
ing the latent period and activatable by membrane depolarization
at the triggering time. The simplest interpretations are that the
addition of the basic residues does not prevent the entry of TMD1
into the bilayer but abrogates Y function in another fashion or that
the depolarization of the membrane does not restore proper
TMD1 localization. Thus, it seems that Y would have to have more
changes than just a dual start to encode a useful antiholin product,
presumably accounting for the necessity of a distinct gene to en-
code an antiholin. The most striking difference between the
TMD1s encoded by S and Y is that the former has the sequence
KEQGIG, which is both hydrophilic and high in turn propensity,
in the middle of the helix, where Y has the much more hydropho-
bic sequence GVLIVV. It will be of interest to select suppressors of
the Y, ¢ lysis defect to see if they confer intrinsic antiholin prop-
erties.

Involvement of the cytoplasmic C-terminal domain. In S105,
the cytoplasmic CTD is largely dispensable, requiring only that at
least one positively charged residue, Lys92, be present, presum-
ably to secure TMD3 in its proper topology. Indeed, shortening
the C-terminal domain caused the lysis timing to become progres-
sively earlier, suggesting that the highly positively charged cyto-
plasmic tail played a regulatory role, possibly by interacting with
the anionic surface of the cytoplasmic membrane. However, in Y,
similar deletions inactivate the holin function, suggesting that the
C-terminal cytoplasmic domain of Y plays a direct role in hole
formation, rather than a regulatory one. Taken together, this sug-
gests that the dispensability and regulatory function of the cyto-
plasmic CTD cannot be taken as a general property of class I ho-
lins. In this light, it should be noted that the N CTD (23 residues)
is much longer than the Y CTD (14 residues); it will be interesting
to see if the size difference is indicative of regulatory or hole-
forming function.

Hole formation. A key functional difference between holins
and other proteins that are involved in the export of proteins
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across the bilayer is the size of the membrane channels involved.
As noted above, in the case of S105, it was shown that a prefolded
R-Bgal chimera of nearly 0.5 MDa was fully functional as an en-
dolysin. Here, we have shown that the same is true for P2 Y
(Fig. 5A), indicating that this is a feature common to class I holins.
Recently, cryo-electron microscopy (cryo-EM) and tomography
have revealed that the S105 lesions might be visualized as inter-
ruptions in the cytoplasmic membrane. These lesions were mas-
sive and heterogeneous, with an average diameter of ca. =300 nm,
with some extending to micron size. We presume that these inter-
ruptions constitute the large nonspecific holes required for the
escape of the R-Bgal chimera to the periplasm. Although the fine
structure within the large interruptions is still unclear, the sizes
observed are consistent with the notion that all of the holin pro-
teins present at the time of triggering go into lining the holes. It
will be important to conduct similar cryo-EM studies on Y and
other holins to determine whether these lesions are a common
feature of class I holins and, if so, how the holin molecules are
arranged within them. In addition, the fact that both Y and S105
apparently form much smaller holes when triggered prematurely
suggests that the surprising size of the holes, far bigger than what is
needed to effect the release of the typical phage endolysin, is a
consequence of the timing mechanism rather than an evolution-
arily selected feature.

Oligomerization. The results presented here show that the
functional Y protein can be cross-linked into multimers in vivo,
and that lysis-defective Y mutants show a defect in this property,
which are features shared by S105 and S105 lysis-defective mu-
tants, respectively. In addition, in both cases, a dimeric species can
be generated by cross-linking, and this species can be detected
irrespective of the lytic function of a Y or S allele. This suggests that
one of the fundamental properties of class I holins is the propen-
sity for homo-oligomerization. In addition, multiple lines of evi-
dence indicate that for S105, a dimeric species appears to be the
mobile intermediate in the lysis pathway that exists before trigger-
ing. The presence of the dimeric cross-linking product in both Y
and Y mutants is at least consistent with the notion that this too is
a common feature of class I holins.
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