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Probing the Structure of the S105 Hole
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For most phages, holins control the timing of host lysis. During the morphogenesis period of the infection cycle, canonical ho-
lins accumulate harmlessly in the cytoplasmic membrane until they suddenly trigger to form lethal lesions called holes. The
holes can be visualized by cryo-electron microscopy and tomography as micrometer-scale interruptions in the membrane. To
explore the fine structure of the holes formed by the lambda holin, S105, a cysteine-scanning accessibility study was performed.
A collection of S105 alleles encoding holins with a single Cys residue in different positions was developed and characterized for
lytic function. Based on the ability of 4-acetamido-4'-((iodoacetyl) amino) stilbene-2,2’-disulfonic acid, disodium salt (IASD), to
modify these Cys residues, one face of transmembrane domain 1 (TMD1) and TMD?3 was judged to face the lumen of the S105
hole. In both cases, the lumen-accessible face was found to correspond to the more hydrophilic face of the two TMDs. Judging by
the efficiency of IASD modification, it was concluded that the bulk of the S105 protein molecules were involved in facing the lu-
men. These results are consistent with a model in which the perimeters of the S105 holes are lined by the holin molecules present
at the time of lysis. Moreover, the findings that TMD1 and TMD3 face the lumen, coupled with previous results showing TMD2-
TMD2 contacts in the S105 dimer, support a model in which membrane depolarization drives the transition of $105 from homo-

typic to heterotypic oligomeric interactions.

H ost lysis at the end of the bacteriophage infection cycle is one
of the most common cellular fates in the biosphere. For most
phages, the holin controls the timing of lysis and thus the length
and fecundity of the infection cycle. The best-studied holin is the
S105 protein of phage lambda, one of two products of the lambda
S gene (Fig. 1 and 2), the other being the S107 antiholin (1-4).
Throughout the morphogenesis period of the infection cycle, S105
accumulates in the membrane without detectable effect on cell
physiology or membrane integrity. Suddenly, at an allele-specific
time, the S105 population is said to “trigger” to form lethal mem-
brane lesions. Triggering is detectable by a sudden halt in culture
growth and respiration, collapse of the membrane potential, mas-
sive ion leakage into the medium, and loss of viability. Moreover,
triggering can be imposed prematurely by causing a sudden re-
duction in the membrane potential, using energy poisons like 2,4-
dinitrophenol (DNP) and cyanide (5). The physiological effects
observed for the cell are due to the formation of micrometer-scale
membrane lesions, or holes, approximately 1 to 3 per cell and
averaging >340 nm in diameter (6), the largest membrane lesions
described in biology. The formation of these massive holes allows
folded, fully active cytoplasmic endolysins to be released nonspe-
cifically into the periplasm, resulting in rapid degradation of the
peptidoglycan (2, 7). The term “hole” was chosen to distinguish
these lesions from channels and pores that have been character-
ized in bacterial membranes (8).

The finding that the holes were of such unprecedented size
explained previous observations that S105 holes were nonspecific
with respect to heterogeneous endolysins and were permissive for
~0.5-MDa endolysin—{3-galactosidase chimeras (7). Similar non-
specificity and permissiveness for the large endolysin chimeras
had been noted for other holins, the Y holin from coliphage P2
and the T holin from coliphage T4 (9, 10). Recently, cryo-electron
microscopy (cryo-EM) studies revealed that both of these holins
formed similar micrometer-scale interruptions in the inner mem-
brane (IM) (11). Y, like S105, is a class I holin (three transmem-
brane domains [TMDs], with N in and C out), although they share
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no detectable sequence similarity (Fig. 1). However, T is a class III
holin, with a single TMD (N in and C out) (Fig. 1). The fact that
these unrelated holins all formed the micrometer-scale lesions
suggested that this terminal phenotype is a general feature of holin
function and thus the most common cytocidal membrane lesion
in the biosphere.

Other than the massive size, nothing is known about the struc-
ture of the hole formed by the canonical holins like S105, Y, and T.
The number of S105, Y, and T proteins present at the time of hole
formation is consistent with the notion that most, if not all, of the
available holin is involved in forming the hole perimeter, based on
the assumption that at least one of the TMDs in each holin mole-
cule is part of the hole wall (6). Here, we present the results of a
cysteine-scanning accessibility study for S105 assembled into the
micrometer-scale holes. The results are discussed in terms of a
general model for hole formation and thus for the temporal reg-
ulation of the phage infection cycle.

MATERIALS AND METHODS

Materials, strains, phages, plasmids, and growth media. The Escherichia
coli strain XL1-Blue, the lysis-defective thermoinducible prophage NASR,
and the lysis-proficient thermoinducible prophage NS105 (expressing
§105) have been described previously (12-15). In general, S105 was ex-
pressed from plasmid pS105, which carries the phage lambda lysis gene
cassette (SI05RRzRzI) under its native promoter, pR’. The other lysis
genes were inactivated by nonsense mutations, so that only S105 was
expressed. The bacterial strains, phages, and plasmids used in this work
are listed in Table 1. Media, growth conditions, and thermal induction of
the N lysis genes from a prophage and/or plasmid have been described
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FIG 1 Three topology classes of the holins. Shown are the membrane topologies of A $105, P2 Y, phage 21 $*', and T4 T. Both the borders of TMDs and the

numbers of charges in the loops are indicated.

previously (5, 14, 16, 17). Bacterial cultures were grown in standard LB
medium supplemented with ampicillin (100 pg/ml) and chlorampheni-
col (10 pg/ml) for the maintenance of plasmids and prophages, respec-
tively.

Standard DNA manipulations, PCR, site-directed mutagenesis, and
DNA sequencing. Isolation of plasmid DNA, DNA amplification by PCR,
DNA transformation, and DNA sequencing were performed as previously
described (17). Primers were obtained from Integrated DNA Technologies,
Coralville, IA, and were used without further purification. Single-cysteine
substitutions were made in the corresponding plasmids by site-directed mu-
tagenesis using the QuikChange kit from Stratagene as described previously
(17). pS105 was used as the template for all primers, except the cysteine mu-
tation primers (excluding A52V For/Rev). pS1055, ¢ was used as the template
for all of the cysteine mutation primers. The DNA sequences of all constructs
were verified by automated fluorescence sequencing performed at Eton Bio-
science Inc., San Diego, CA.

TCA precipitation. Culture aliquots of 1 or 5 ml were added to 111 .l
or 555 pl, respectively, of cold 6.1 N-trichloroacetic acid (TCA) and then
placed on ice for 30 min. The precipitate was collected by centrifugation
(15,000 rpm in a tabletop microcentrifuge or 3,000 rpm in a clinical cen-
trifuge) and washed once with acetone, resuspending the pellet com-
pletely. The pellets were air dried and resuspended in SDS-PAGE loading
buffer. Proteins were separated on SDS-16.5% PAGE with a 4% stacking
gel. Western blotting and immunodetection with anti-S antibodies were
performed as previously described (5).

Cysteine modification. Cultures were grown to an A, of 0.4, in-
duced by a thermal shift to 42°C for 15 min (14, 18), and aerated until the
time of holin triggering or, in the case of nonlethal S105 alleles, for 50 min
(16). Cells corresponding to 0.25 A5, unit were collected by centrifuga-
tion, washed twice with 1 ml Tris-buffered saline (TBS) buffer (25 mM
Tris-HCI, 150 mM NaCl, pH 7.2), and then resuspended in 0.25 ml of
TBS. Each sample was divided into two 125-pl aliquots. To one, 10 mM
4-acetamido-4'-((iodoacetyl) amino) stilbene-2,2’-disulfonic acid, diso-

dium salt (IASD) (Invitrogen), was added, and to the other, an equivalent
amount of water was added. After 30 min at room temperature, 50 mM
L-cysteine was added to quench any unreacted IASD. After 10 min, the
cells were diluted by the addition of 0.75 ml TBS, collected by centrifuga-
tion, washed twice with 1 ml TBS, resuspended in 100 pl PB (50 mM
phosphate buffer, pH 7), and extracted with 750 pl chloroform-metha-
nol-water (1:4:1). After incubation on ice for 30 min, the denatured and
delipidated proteins were collected by centrifugation at 13,000 X g for 5
min at 4°C. The protein pellets were washed once with 400 pl 95% meth-
anol and resuspended in 100 pl PEGylation buffer (10 M urea-1% SDS-1
mM EDTA-0.6 M Tris, pH 7; adapted from the work of Lu and Deutsch
[19]). Fifty microliters of each sample was transferred to a clean tube,
treated with 0.2 mM polyethylene glycol (PEG)-maleimide (Creative
Biochem) for 30 min at room temperature, and then precipitated with 1
ml cold ethanol. After being kept overnight at 20°C, proteins were col-
lected by centrifugation at 13,000 X g for 15 min at 4°C. The pellets were
air dried and resuspended in sample loading buffer for analysis by SDS-
PAGE (20). For experiments involving depolarization of the membrane, 1
mM DNP was added to the culture at the time of harvesting and used to
supplement TBS in each step until quenching with L-cysteine.

Western blotting. SDS-PAGE and Western blotting were performed
as described previously (21); 16.5% Tris-Tricine gels were used to separate
protein samples. An antibody raised in rabbit against the S105 C-terminal
peptide was used as the primary antibody to detect S105 protein variants
(22). Horseradish peroxidase-conjugated goat anti-rabbit secondary an-
tibody was from Pierce.

RESULTS

Cys-scanning mutagenesis of S105. S105 has a single Cys residue
in position 51 in the middle of TMD2. This position tolerates a Ser
substitution without loss of lytic function; in fact, the C51S
(8105.5,5) allele exhibits significantly early triggering (23). Using

*
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FIG 2 Primary structure of S105. The positions of single-cysteine substitutions are indicated above the sequence. In each case, the allele also contains the
Cys51Ser substitution, indicated by the asterisk. The three TMDs are boxed (17). The antiholin S107 has the same primary structure, except for two additional
residues, Met-Lys, at the N terminus. Plus and minus signs indicate charged amino acid residues.
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TABLE 1 Strains, phages, and plasmids

Probing the Structure of the S105 Hole

Strain, phage, or

plasmid Genotype and/or features” Source or reference
Strains
E. coli K-12 F~ araD139 A(argF-lac)U169 AfhuA rpsL150 relAl flbB5301 deoCl ptsF25 rbsR Laboratory stock
MC4100
E. coli K-12 recA endA1 gyrA96 thil hsdR17 supE44 relAl (F' proAB lacI"ZAM15::Tn10 [Tet']) Stratagene
XL1-Blue
Phages
A Cm" A(SR) stfcatz:tfa cI857 A(SR); replacement of stf and tfa genes (A nt 19996-22220) with the cat gene Laboratory stock
(33); A(SR); deletion of \ nt 4513645815 (13)
\-S105 cI857 SM1L; expresses S105 only Laboratory stock
Plasmids
pS105 \ lysis cassette under pR’ on the pBR322 backbone; SM1L allele; expresses S105 only 18
pS10505, Same as pS105 but with C51S mutation 17
PS105¢5,5.450v Same as pS105.5,¢ with addition of A52V mutation This study

“ nt, nucleotides.

the S105.5,5 allele as the parent, a collection of Cys substitution
alleles had been created previously for studies aimed at determin-
ing the membrane topology and genetic analysis of S105 (17, 18).
However, some of these alleles were found to be nonlytic, making
them unsuitable for probing the lumenal surfaces of the S105
holes. Using helical projections as a guide, site-directed mutagen-
esis of S105.5; was performed until there were multiple single-
Cys substitutions along each face of all three TMDs, in addition to
the N-terminal periplasmic domain and the cytoplasmic C-termi-
nal tail domain, all of which retained lytic function (Fig. 2 and
Table 2). In order to have an isogenic nonlytic control, each Cys
substitution was also introduced into S105¢5;s 45y~ In the wild-
type (wt) and C51S context, the A52V change abrogates S105 hole
formation and results in a holin protein that accumulates as a
harmless, stable dimer (18). In each case, the resultant triple mu-
tant, carrying C51S, A52V, and the particular Cys substitution,
retained the nonlytic phenotype (data not shown). Table 2 shows a
compilation of both the preexisting and new single-Cys alleles in the
C51S context, along with their triggering times. All the alleles exhib-
ited normal accumulation of protein after induction, irrespective of
Iytic functionality (Fig. 3). Neither the functional nor the nonfunc-
tional alleles exhibited detectable intermolecular disulfide bond for-
mation in samples taken by TCA precipitation from induced cultures
(data not shown). It should be noted that the nonfunctionality of
some of the Cys substitutions reinforces the extraordinary pheno-
typic sensitivity of the S105 protein, and holins in general, to conser-
vative substitutions throughout the TMDs (3, 18).

Analyzing the S hole by cysteine accessibility. To probe the
structure of the holin in the membrane, we used a variation of
cysteine-scanning accessibility (17, 24). This approach involves
treating whole cells expressing a particular S105 single-cysteine
substitution allele with the membrane-impermeant thiol reagent
IASD. After quenching the Cys modification reaction, cells are
solubilized with SDS-urea, and the extent of IASD modification is
assessed by derivatizing the remaining free cysteines with a high-
molecular-mass (5-kDa) derivative of methoxy-PEG-maleimide.
We first examined the accessibility of cysteines located in either
the periplasmic loop or the cytoplasmic domain of S105.5,5. As
can be seen in Fig. 4A, the His7 position at the N terminus of
S105¢5,5 shows protection from PEGylation by IASD treatment,
irrespective of being in the lytic (S105¢5,5) or nonlytic (S105¢5,5 sov)
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context, as expected for the periplasmic location. In contrast, the
protection of the cytoplasmic C-terminal positions (Ala94 and
Cys108) is efficient only for the lytic S105.5, version but not for
$105¢5,s, as2vs as expected, since IASD should pass freely through
the micrometer-scale S105 holes (25). Moreover, depolarization
of the membrane with DNP does not improve IASD labeling of the
C-terminal positions in the A52V context, as expected, since this
mutant is incapable of either premature or spontaneous triggering
(data not shown). We conclude that the nonlytic A52V variant
does not impair the impermeability of the cytoplasmic membrane
to IASD. In addition, positions all around TMD1 (Leul4, Alal5,
Ala23, and Ile24), TMD2 (Thr49, Cys51, lle53, lle54, and Ala55),
and TMD3 (positions Ser68, Ile74, Phe78, and Tyr81) exhibit no
IASD labeling in the context of this nonlytic allele. These data also
confirm the previous mapping of the three TMDs (17).

The most hydrophilic faces of TMD1 and -3 line the S105
hole. Since IASD penetrates the lesion formed by S105, it was
practical to use the IASD modification method to determine
which faces of the three S105 TMDs line the lumen of the hole.
For TMDI, positions Alal2, Leul4, Alal5, and Ala23 all
showed IASD protection from PEGylation to the same extent as
the N-terminal periplasmic residues, whereas positions Ilel3,
Alal6, Lys17, Gly20, Ile21, Ile24, Phe27, and Ala28 exhibited
no protection, despite the lytic functionality of each derivative
(Fig. 4A). In helical projection, the IASD-accessible and -inac-
cessible positions form continuous arcs roughly equivalent to
opposite faces of TMDI1 (blue arcs in Fig. 4B). Similar cluster-
ing into continuous arcs of accessible and protected positions
was observed for TMD3. In contrast, none of the seven posi-
tions tested in TMD?2 exhibited IASD accessibility, irrespective
of lytic function (Fig. 4A).

The simplest interpretation of these findings is that the S105
hole is lined by S105 molecules in which one face of TMD1 and
one face of TMD3 are oriented toward the aqueous lumen, with
the opposite faces and all of TMD2 embedded in the lipid or
masked by a protein-protein interface. Moreover, although thiol
accessibility is only a semiquantitative methodology, due to position
effects of thiol reactivity to both IASD and PEGylation reagents, nev-
ertheless, the extent of PEGylation and the difference in PEGylation
between the IASD-treated and untreated samples were nearly identi-
cal for the putative lumen-facing positions and the periplasmically
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TABLE 2 Amino acid changes in lytically functional single-Cys alleles
and triggering times of the alleles

Amino acid Amino acid residue Triggering time
position or change” (min)®
7 H7C 55
TMD1 positions
12 A12C 35
13 113C 30
14 L14C 35
15 A15C 20
16 Al6C 20
17 K17C 75
20 G20C 30
21 121C 20
23 A23C 75
24 124C 35
27 F27C 75
28 A28C 20
TMD?2 positions
45 V45C 30
49 T48C 60
51 C51 (parental) 35
53 153C 45
54 154C 65
55 A55C 45
57 F57C 50
TMD3 positions
68 S68C 55
69 S69C 30
71 L71C 70
72 A72C 50
74 174C 55
75 T75C 40
77 V77C 45
78 F78C 40
79 179C 70
80 G80C 55
81 Y81C 75
95 A95C 30
108 Stop108C 30

@ All changes are missense changes, and all are in the context of the C51S substitution.
b Triggering time in minutes after induction.

localized N-terminal position (His7). This indicates that nearly all of
the S105 molecules in the cell are actually involved in the formation of
hole walls.

DISCUSSION

The results presented here address for the first time the molec-
ular structure of the fatal membrane lesion, or hole, formed by
the lambda holin, S105. There are several important lessons.
The first is that essentially all of the ~10> holin molecules end
up facing the aqueous lumen of the hole; in other words, the
S105 molecules line the walls of the holes. Second, two of
the three TMDs of $105, TMD1 and TMD3, face the lumen of the
hole. These conclusions enable us to leverage previous findings
from cryo-electron microscopy and tomography, where it was
directly observed that, after triggering, S105 forms large (microm-
eter-scale) interruptions in the cytoplasmic membrane (6). The
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images could not distinguish between the simplest alternatives for
the nature of the interruptions, which would be either large aque-
ous channels or massive two-dimensional S105 aggregates, or per-
haps intermediate “Swiss cheese” structures with multiple chan-
nels embedded within the aggregates. Moreover, there was no
information about how much of the holin population actually
participated in hole formation. The results described here strongly
favor the simplest and most satisfying model, where all the holins
end up as units of the hole wall. The results are quantitatively
consistent with this perspective: 1 to 3 holes with an average
340-nm diameter per cell would mean 1 to 3 pm of hole wall
perimeter. An S105 holin with two TMDs facing the lumen would
occupy ~2 nm of wall perimeter, which is consistent with the
~10” S105 molecules per cell estimated from comparative West-
ern blotting. A corollary is that no host protein would be required
in the final structure of the hole, a notion supported by cross-
linking studies showing that S forms regular oligomers and, par-
enthetically, by the fact that S105 also forms lethal holes in yeast
and mammalian cells (18, 26, 27).

These are the first data that address the structure of the holes
and may provide a basis for modeling a pathway to hole forma-
tion. Cross-linking studies indicate that the homotypic inter-
face in the homodimer that dominates the untriggered mem-
brane involves the face of TMD2 occupied by Cys51. If it is
assumed that the hydrophilic faces of TMD1 and TMD3 that
eventually face the lumen of the hole must be sequestered from
the lipid in the homodimer, the simplest model would have
these faces sequestered intramolecularly (Fig. 5). The current
understanding of holin function is that massive aggregation
occurs after the holin, or rather the holin homodimer, reaches
a critical (two-dimensional) concentration, akin to the transi-
tion to purple membrane formation when bacteriorhodopsin
is induced (4, 28). One effect of this aggregation could be to
bring the intramolecularly sequestered hydrophilic surfaces
into adjacency, which might make a transition to intermolec-
ular sequestration feasible. Hydration of these intermolecular
interfaces by water molecules from either the periplasm or the
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FIG 3 S105 Cys substitution variants accumulate normally. Lanes (from left):
molecular mass marker, A12C variant, K17C variant, I53C variant, L71C vari-
ant, and F78C variant. The asterisk indicates a nonspecific band used as a
loading control.
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FIG 4 TASD protection analysis of S105. (A) Immunoblot analysis, as described in Materials and Methods. “PEG” indicate the positions of the PEGylated species.
IASD protection is indicated by an IASD-dependent decrease in the PEGylated species. (B) IASD-protected positions in TMDI, -2, and -3 map to the most
hydrophilic face. Helical projections of all three TMDs are shown, with hydrophilic residues represented as circles, hydrophobic residues as diamonds, acidic
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with decreasing hydrophobicity, with zero hydrophobicity coded as yellow. The charged residues are light blue. The blue and red boxes indicate positions
modified and not modified by IASD, respectively. The blue arcs indicate the lumen faces of TMD1 and TMD3.

cytoplasm could provide the driving force for a concerted re-
organization of the aggregate into the macroscopic holes. The
model in Fig. 5 makes specific predictions about heterotypic
intermolecular and intramolecular interfaces in the final hole;
these predictions can be tested by cysteine cross-linking stud-
ies, as was done for the TMD-TMD interactions of the LacY
permease (29).

This perspective is reinforced by parallels with the current
model for the pathway to pinholin-mediated lysis. Pinholins are a
distinct class of holins that mimic nearly every aspect of the ca-
nonical holin function, including accumulating as a harmless
dimer and then undergoing triggering. The prototype pinholin,
§%168, has class II topology (2 TMDs; N in and C in) (Fig. 1). For
$2'68, the product of triggering is not a few micrometer-scale
holes, as in the case of the canonical holins, but instead, ~10°
heptameric “pinholes,” in each of which a single TMD, TMD2,
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lines a lumen estimated to be ~2 nm in diameter (30). As shown
here for TMDI1 and TMD3 of S105, Cys-scanning accessibility
studies indicated that in the case of S*'68 as well, the most hydro-
philic face of TMD2 faces the lumen. Genetic analysis also suggests
that during the pathway to triggering, this face is sequestered, first
intramolecularly and then intermolecularly (31, 32).

For both canonical holins and pinholins, the membrane po-
tential plays a determinative role in the lysis pathway. Obvi-
ously, in the case of either the formation of a few micrometer-
scale holes by the canonical holins or of ~10° pinholes by the
pinholin, the cytoplasmic membrane would be completely de-
polarized. However, the key physiological feature of the holin
lysis timing program is that artificial depolarization of the
membrane causes premature triggering. By extrapolation, we
have suggested that in the normal pathway, a spontaneous de-
polarization event provides the free energy for the massive qua-
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FIG 5 General model of the S105 hole formation pathway. A top-down view of a
region of the cytoplasmic membrane is shown; each circle represents a helical
TMD. At least four steps, described in the text, are required for hole formation:
first, stable dimerization of  S; second, oligomerization; third, raft formation and
helical-face rearrangements; fourth, TMD1 and TMD?3 lining the lumen of the
hole. The three TMDs (green, TMD2; sectored, TMD1 and TMD3) in a single S
molecule are outlined. TMD1 and TMD3 contain two interacting faces, hydro-
philic (the face that is also accessible to IASD) and hydrophobic, represented by
blue and orange, respectively.

ternary rearrangements needed for hole formation (7, 28). In
the current model, the notion is that once a critical concentra-
tion of holin dimer is reached, large two-dimensional aggre-
gates, designated rafts, are nucleated and form rapidly (4, 7,
28). These raft prehole structures are proposed to be domi-
nated by intimated TMD-TMD helical packing and are thus
depleted in lipid, providing the basis for a local collapse of the
membrane potential. It seems likely that the primary effect of
the loss of polarization may be on the orientation of the TMD
helices in the bilayer, perhaps favoring a transition to the in-
termolecular sequestration of the hydrophilic faces or the re-
arrangement into the hole wall arrangement (Fig. 5).

Finally, taken together, the results presented here and the
previous analysis of the pinholin pathway suggest that it may be
feasible to predict the lumenal faces of other holins. Recently,
another holin, P2 Y, although lacking detectable similarity to
S105, has been shown to adapt the same topology and follow
the same general pathway, including triggering to form mi-
crometer-scale holes (9). It also has two TMDs that have faces
with widely disparate hydrophobic characters, but in this case,
they are TMD2 and TMD?3 rather than TMD1 and TMD3, as in
S105. Experiments are under way to test this prediction by
cysteine-scanning accessibility.
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