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Pneumolysin (PLY) is a cholesterol-binding, pore-forming
protein toxin. It is an important virulence factor of Streptococ-
cus pneumoniae and a key vaccine target against pneumococcal
disease. We report a systematic structure-driven approach that
solves a long-standing problem for vaccine development in this
field: detoxification of PLY with retention of its antigenic integ-
rity. Using three conformational restraint techniques, we ratio-
nally designed variants of PLY that lack hemolytic activity and
yet induce neutralizing antibodies against the wild-type toxin.
These results represent a key milestone toward a broad-spec-
trum protein-based pneumococcal vaccine and illustrate the
value of structural knowledge in formulating effective strategies
for antigen optimization.

Infections by Streptococcus pneumoniae cause an estimated 1
million deaths worldwide, and the development of an accessible
and universal vaccine against pneumococcal disease is a global
health priority (1). Several efforts are currently under way to
design and develop vaccines based on conserved S. pneumoniae
protein antigens (2). In contrast to successes with small-mole-
cule drugs, the structure-based design of vaccines is still in its
infancy (3). This is understandable given that vaccine antigens
are generally complex biological macromolecules. The role of
structure-driven methods in vaccinology is poised to expand,
however, owing to recent advances in experimental and com-
putational structural biology (3). The vast wealth of informa-
tion currently available in bioinformatics databases can be
mined and applied to the prediction of unknown three-dimen-
sional protein structures as well as the design of new proteins
with novel functionality (4 —6). Furthermore, emerging molec-
ular dynamics simulation techniques have made it possible to
venture beyond static conformational snapshots and into com-
putational modeling of the functionally relevant motions of
proteins in their natural environments (7, 8). As proof of con-
cept that these tools are now sophisticated enough to enable
vaccine antigen design, we have engineered the major choles-
terol-dependent cytolysin of S. pneumoniae into a detoxified
form that retains its protective antigenicity.
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To date, vaccination strategies against S. pneumoniae have
focused on its capsular polysaccharide as the source of protec-
tive antigen in vaccine formulations (9). However, this
approach covers only a limited number of serotypes, and pro-
duction issues make polysaccharide conjugates inaccessible in
sufficient quantity to the population most in need in developing
countries (10). As a result, research efforts are now being
directed toward recombinant protein vaccines, which are
cheaper, more robust, and easier to manufacture in comparison
with conjugates and also have the potential to provide coverage
against all serotypes (2, 10).

A leading candidate for such a protein-based vaccine is pneu-
molysin (PLY)?: it is an important virulence factor of S. pneu-
moniae (11, 12), is highly conserved across all serotypes (13), is
immunogenic in humans (14, 15), and has shown protection in
numerous animal models of infection (16 -18). However, PLY
is a toxin that oligomerizes to form large pores in the mem-
branes of target host cells (19). The native protein is therefore
undesirable for use as a human vaccine antigen. Less toxic
mutant forms have been described but have generally retained
some degree of hemolytic activity (20). Historically, the best
characterized of these is PdB (PLY(W433F)), which possesses
~1% of the hemolytic activity of native PLY (21). More recently,
completely inactive PLY mutants have been discovered by
scanning mutagenesis (22); however, the mechanism of their
attenuation is not well understood.

The objective of this study was to identify and introduce
amino acid modifications that completely detoxify PLY by
arresting its transitioning to the pore-forming state without
compromising its ability to elicit neutralizing antibodies against
the native toxin. To achieve this goal, we applied a targeted
genetic detoxification approach based on insights into the tox-
in’s putative three-dimensional structure and functional
mechanics. The first step in the computational design process
was the prediction of atomic resolution structures of PLY in its
water-soluble, prepore, and pore-forming states. Contact maps
and dynamic domain analyses were then used to formulate
strategies for stabilization and detoxification. The resulting
protein designs were cloned, purified, and validated experi-
mentally by their ability to elicit antibodies that neutralized the
wild-type toxin.

3 The abbreviations used are: PLY, pneumolysin; PFO, perfringolysin O; DSC, dif-
ferential scanning calorimetry; MACPF, membrane attack complex/perforin.
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EXPERIMENTAL PROCEDURES

Construction of Structural Models—A model of soluble wild-
type PLY was constructed by comparative modeling using a
published x-ray crystallographic three-dimensional structure
of perfringolysin O (PFO) as the template (Protein Data Bank
code 1PFO) (23). Template coordinates were obtained from the
RSCB Protein Data Bank (24). Models of the prepore and pore-
forming conformations were based on Ca traces of PFO fit into
cryo-electron microscopy maps of prepore and pore-forming
states of PLY (Protein Data Bank codes 2BK1 and 2BK2) (25).
Computational modeling was performed using Discovery Stu-
dio® 2.1 (Accelrys). Sequence alignments were generated using
the align multiple sequences protocol, and homology models
were constructed with MODELLER (26). Twenty-five models
of each conformation (soluble, prepore, and pore-forming)
were predicted, and the best models of each category were
selected based on the probability density function energy
scores.

Dynamic Domain Analyses—Dynamic domain analyses were
carried out using the Hingefind algorithm (27).

Contact Map Calculation—Contact matrices for the soluble
and pore-forming conformations were independently gener-
ated using Discovery Studio® 2.1 with the Ca-to-Ca cutoff dis-
tance set at 7 A. A superposition of the two contact maps was
then obtained by plotting on common axes.

Cloning—The ply gene was PCR-cloned from the genome of
S. pneumoniae strain R36A into the Ndel/Xhol sites of pET-
28a (Novagen) for expression of His-tagged protein. Expression
constructs for PLY mutants were created from this plasmid
template by site-directed mutagenesis using the QuikChange
Multi-Site-directed mutagenesis kit (Stratagene). All muta-
tions were verified by sequencing.

Protein Purification—Recombinant His-tagged proteins
were expressed in Escherichia coli BL21(DE3) grown in Over-
night Express Autoinduction System 1 medium (Novagen) at
25 °C for 24 h. Protein from the soluble fraction was purified
using Ni* " -nitrilotriacetic acid-agarose (Qiagen) according to
the manufacturer’s instructions. Protein purity was assessed by
SDS-PAGE (=85% in all cases).

Differential Scanning Calorimetry (DSC)—DSC measure-
ments were performed on a VP-Capillary DSC microcalorim-
eter with an autosampler (MicroCal, Northampton, MA). Pro-
tein samples were loaded onto a 96-well plate and then loaded
automatically and sequentially into a 0.325-ml analysis cell.
Samples were heated at a scan rate of 1 °C/min (temperature
range of 20— 80 °C) at a constant pressure of 42—44 p.s.i. The
heat capacity profiles were recorded using VP Viewer Version
1.2 software. The transition temperature and enthalpy of tran-
sitions were determined using MicroCal Origin™ Version 7.0
software.

CD Spectroscopy—Samples were analyzed using a Jasco
Model 810 CD spectropolarimeter. The CD spectra were
recorded in the range of 170-280 nm using a 0.1-cm path
length quartz cell. Spectra were obtained by scanning at 50
nm/min. Data were converted to molar ellipticity [6] expressed
in degrees cm?/dmol and plotted using the instrument-specific
software.
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Hemolysis Assay—Membranolytic activity was measured
using an in vitro hemolysis assay. Purified PLY mutants were
serially diluted (2-fold) in a round-bottom microtiter plate in
Hanks’ buffered saline (Invitrogen) supplemented with 0.5%
bovine serum albumin (Sigma). Washed sheep red blood cells
(Rockland Immunochemicals) were added to each well (1.5%
(v/v) final concentration), and the plate was incubated for 30
min at 37 °C. Intact cells were removed by centrifugation, and
supernatants were transferred to a flat-bottom plate to measure
hemoglobin release by absorbance at 540 nm. Percent lysis val-
ues were graphed versus protein concentration (milligrams/
milliliter), and specific activity was taken as the inverse of the
concentration at which 50% erythrocyte lysis was achieved.

Antiserum Generation—Antisera were generated in rats
using protocols approved by an internal Animal Care Commit-
tee. Animal handling adhered to all guidelines outlined by the
Canadian Council on Animal Care. Antibody titers were
assessed by ELISA using wild-type PLY as the coating antigen.

Neutralization Assay—Toxin neutralization was tested using
an in vitro hemolysis inhibition assay. Because free cholesterol
inhibits PLY activity (28), antisera were first depleted of choles-
terol by precipitation with dextran sulfate (Dextralip® 50,
Sigma). Antisera were then serially diluted (2-fold) across a
round-bottom microtiter plate in Hanks” buffered saline sup-
plemented with 0.5% bovine serum albumin. Wild-type PLY
was added to each well (10 ng), and the plate was incubated for
30 min at 37 °C to allow antibody binding. Washed sheep red
blood cells were then added to each well (0.75% final concen-
tration), and the plate was incubated for another 30 min at
37 °C. Intact cells were removed by centrifugation, and super-
natants were transferred to a flat-bottom plate to measure
hemoglobin release by absorbance at 540 nm. Percent lysis val-
ues were graphed versus antiserum dilution, and the neutraliz-
ing titer was taken as the inverse of the dilution at which 50%
inhibition of lysis was achieved.

RESULTS

Prediction of PLY Three-dimensional Structures—Distinct
conformations of PLY were modeled to analyze the series of
inter- and intradomain rearrangements that drive its transfor-
mation from the water-soluble state to the membrane-associ-
ated prepore state and ultimately the membrane-inserted pore-
forming state (29). Both low-resolution structures of PLY and
high-resolution coordinates of its homolog, PFO, were used as
templates to guide model construction (25, 30, 31). These mod-
els represent snapshots of key conformational states sampled
by a molecule of PLY as it converts from a soluble monomer to
an oligomeric transmembrane pore-forming structure (Fig. 1).
The transition from the water-soluble monomer to the mem-
brane-bound prepore oligomer is characterized by significant
structural reorganization (25). One of the initial steps may
involve modest deformation of the D2 domain and the twisting
and bending of the D4 domain relative to D1-D3 (Fig. 1, STEP
1). The most remarkable internal structural rearrangements are
those associated with the transformation of the prepore state to
the membrane-inserted pore-forming conformation (Fig. 1,
STEP 2). These rearrangements include crumpling of the D2
B-sheet, separation of D3 from D2, and uncoiling of two helical
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FIGURE 1. Homology models of three distinct conformations of PLY illustrate a stepwise mechanistic model for the transformation of PLY from the
water-soluble to the pore-forming conformation. The structural domains of PLY are labeled D1, D2, D3, and D4, and colored cyan, gray, red, and blue,
respectively. For clarity, oligomeric partners and the host cellmembrane are excluded from the rendering of the prepore and pore-forming conformations. The
locations of some amino acids pairs that were linked via disulfide bridging are shown as spheres. The yellow spheres represent amino acid pair Glu-159 and
Thr-348, and the brown spheres represent Thr-65 and Gly-293. The blue sphere represents Cys-428. Rendering was done using VMD (47).

regions in D3 into an extended membrane-traversing B-sheet
that constitutes the interior lining of the pore. Forty-four oligo-
meric partners, contributing a total of 176 3-strands, assemble
into a pore measuring ~260 A in diameter (25).

Analyses of Structural Models and Design of Detoxified
Mutants—The computationally modeled structures of various
conformations of PLY were used to develop strategies for its
detoxification. The hypothesis was that PLY could be rendered
inactive by trapping it in the soluble or prepore conformation.
The three main approaches adopted to prevent structural rear-
rangement of the toxin to the pore-forming state were the fol-
lowing: (@) introduction of conformation-trapping intramolec-
ular disulfide bridges, (b) engineering of rigidity-conferring
mutations at mechanical hinge regions, and (c) introduction of
steric hindrance at conserved Gly residue positions.

Conformational Trapping Using Disulfide Linkages—This
approach has been previously applied to structural studies on
the related toxin PFO (32). It was shown that a mutant form of
PFO featuring a disulfide linkage between domains 2 and 3 was
able to assemble into a prepore complex but did not convert to
the pore-forming state. Similarly, it was demonstrated that
disulfide cross-linking of two B-stands in domain 3 of PFO pre-
vented prepore oligomerization and membrane insertion even
though membrane binding was not significantly affected (33).

The typical Ca-Ca distance for disulfide-bridged cysteine
residues in proteins is reported to be ~6.5 A (34, 35). To accom-
modate inherent protein flexibility, we used a slightly higher
Ca-Ca value of 7 A to calculate contact matrices for both the
soluble and pore-forming conformations of PLY (Fig. 2). These
matrices enabled the identification of residue pairs that could
potentially be linked by disulfide bridges. The suitability of res-
idue pairs as candidates for disulfide-trapping mutations was
further assessed by visual examination of the structural models.
Particular attention was paid to residue pairs at interdomain
boundaries based on the expectation that the introduction of
interfacial disulfide bridges would prevent the relative displace-
ment of domains. An important consideration, besides the
magnitude of Ca-Ca separation, was the directionality of
Ca-Cp bond vectors. Residue pairs fulfilling one of the follow-
ing criteria were targeted for mutation to Cys: (i) within the 7-A
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FIGURE 2. Overlay of contact maps of the soluble and pore-forming con-
formations of PLY. Points shown as blue circles represent residue pairs
whose Ca atoms are within 7 A of each other in the three-dimensional struc-
tural model of the soluble form. Red triangles represent residues in similarly
close proximity in the pore-forming conformation. Off-diagonal points are
particularly noteworthy because they represent close three-dimensional
proximity between residues that are distant in the amino acid linear
sequence. Isolated blue or red points represent contacts presentin only one of
the two conformations. The positions of cysteine substitutions in the disul-
fide-trapped mutants designed in this study are labeled.

Ca-Ca cutoff distance and with side chains suitably oriented
for disulfide bonding in the initial soluble state but spatially too
distant for disulfide linking in the final pore-forming conforma-
tion or (ii) within the disulfide cutoff distance in both the solu-
ble and pore-forming conformations but with side chain orien-
tations suitable for disulfide bridging only in the soluble state.
To prevent formation of unintended intermolecular disulfide
linkages, the sole free Cys at position 428 of native PLY was
mutated to Ala (known to have no effect on toxin activity (36)).
Designs 1, 2, and 6-9 in Table 1 fulfilled the first criterion
defined above, whereas Designs 3-5 fulfilled the second crite-
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TABLE 1
List of mutants designed in this study

For each design, the amino acid modifications made and the rationale behind the changes are specified.

Ca-Ca (A)
Design no. Mutation(s) Modified domains Soluble Pore-forming Rationale
1 G25C, E159C, C428A D2-D3 5.7 50.4 Constrained via disulfide bond
2 E159C, T348C, C428A D3-D2 6.8 52.0 Constrained via disulfide bond
3 G294C, L327C, C428A D3-D1 4.9 4.2 Constrained via disulfide bond
4 G293C, 1329C, C428A D3-D1 6.4 5.7 Constrained via disulfide bond
5 T65C, G293C, C428A D1-D3 5.7 4.6 Constrained via disulfide bond
6 Q160C, Y350C, C428A D3-D2 6.6 56.7 Constrained via disulfide bond
7 Q160C, T348C, C428A D3-D2 6.7 55.6 Constrained via disulfide bond
8 G25C, Q160C, C428A D2-D3 7.7 54.0 Constrained via disulfide bond
9 K34C G388C D2-D4 4.1 18.2 Constrained via disulfide bond
10 E29P D2 Hinge stiffening
11 E352P D2 Hinge stiffening
12 E29P, E352P D2 Hinge stiffening
13 G243V D1 Introduce steric hindrance at conserved Gly positions
14 G293A D3 Introduce steric hindrance at conserved Gly positions
15 G293T D3 Introduce steric hindrance at conserved Gly positions
16 G293V D3 Introduce steric hindrance at conserved Gly positions
17 G294P D3 Introduce steric hindrance at conserved Gly positions
18 G293C D3 Introduce steric hindrance at conserved Gly positions

rion. It is evident from Table 1 that, in some cases, Ca-Co
separations in the soluble form differ from corresponding dis-
tances in the pore-forming state by as much as 50 A. Such dra-
matic disparities suggest that disulfide trapping could effec-
tively prevent the structural rearrangements required for pore
formation, and hence toxicity, as hypothesized.
Rigidity-conferring Mutations at Mechanical Hinge Regions—
Protein domains that move relative to each other during pore
formation and the associated hinge regions were identified
using the Hingefind algorithm (27). Coordinates of the soluble
and pore-forming conformations were provided as input.
Through least-squares superposition of the two configurations,
PLY was partitioned into geometrically preserved domains that
move as rigid bodies relative to each other (Fig. 34). Hinge axes
between the dynamic domains were then determined. Consid-
ering movements between physically connected regions only,
the domains colored yellow and orange in Fig. 3 undergo the
largest relative displacement. The 117° effective rotation
between them reflects the extensive deformation of D2 during
pore formation. The interface between these two regions was
thus chosen as the focal point for the introduction of hinge-
stiffening mutations. A pictorial view of the Hingefind result
showing the axis of rotation of the yellow domain relative to the
orange domain is presented in Fig. 3B. When designing hinge-
stiffening mutants of PLY, candidate amino acids for mutation
were selected by taking into account the following: (i) proximity
to the hinge axis, (ii) the magnitude of change the backbone
dihedral angles undergo in transitioning from the soluble to the
pore-forming conformation, and (iii) the compatibility of back-
bone dihedrals in the soluble state with ¢ and i angles typical of
Pro. The range of ¢ and s angles accessible to Pro is limited by
its pentagonal ring that connects the Ca atom to the backbone
nitrogen atom. As a result, the ¢ angle is restricted to approxi-
mately —60°, whereas the iy angle clusters around two regions
in the Ramachandran plot, —35° (a-region) and +150° (3-re-
gion) (37). Listed in Table 2 are backbone dihedral angles of
nine residues in closest proximity to the rotation axis described
in Fig. 3B. Table 2 shows that Glu-29, Glu-50, and Glu-352 best
match the previously stated selection criteria for Pro substitu-
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FIGURE 3. Structural transitions of PLY. A, structural alignment of the solu-
ble and pore-forming conformations of PLY. The largest dynamic domain
(colored cyan in the soluble conformation) was used as the reference for
superposition. Domain partitioning was done using the Hingefind algorithm
with a tolerance of 5.0 A (27). Other dynamic domains identified are shown in
blue, red, orange, and yellow, whereas regions that could not be portioned
into a dynamic domain are purple. B, the soluble conformation is used to
illustrate the movement of the orange domain relative to the yellow domain.
The axis of rotation is shown as a yellow arrow, with its orientation represent-
ing a left-handed 117° rotation about the axis. The pivot pointin the middle of
the arrow is connected to domain centroids to illustrate the rotation angle.
Residues in close proximity to the axis are rendered as spheres, with the posi-
tion of the two hinge residues modified to prevent interdomain rotation
(Glu-29 and Glu-352) highlighted in green. The images were produced with
VMD (47).

tion. Three variants of PLY were thus designed based on the
result of the Hingefind analysis: PLY(E29P), PLY(E352P), and
PLY(E29P,E352P). These are designated as Designs 10-12 in
Table 1. In all three, the modified positions are located in D2,
where the backbone flexibility restrictions imposed by Pro are
expected to prevent the twisting and bending of the B-sheet
linking D1 to D4, which appears to be necessary for the confor-
mational transition from the soluble to the pore-forming state
(see Figs. 1 and 3).

Introduction of Steric Hindrance at Conserved Glycines—
Two recent studies have revealed the existence of structural
similarity between the bacterial cholesterol-dependent cytoly-
sin family of proteins (to which PLY belongs) and proteins con-
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TABLE 2
Mechanical hinges of PLY identified by the Hingefind algorithm

Comparisons of backbone ¢ and i dihedral angles (in degrees) for each hinge residue in the soluble and pore-forming conformation are shown.

Hinge residue

Ile-28 Glu-29 Asn-30 Arg-48 Lys-49 Lys-50 Tyr-350 Val-351 Glu-352
@
Soluble —104 —68 —112 —115 —127 —=79 —110 -89 —82
Pore —137 =77 —56 —179 —78 —144 —149 —156 —41
Soluble 122 —47 136 134 132 116 152 105 110
Pore 171 —111 120 —166 —51 106 —117 —169 —43
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FIGURE 4. Specific activity of engineered PLY mutants under nonreducing conditions. An absence of a gray barindicates undetectable levels of activity. For
activity under reducing conditions, see supplemental Fig. S2. HU, hemolytic units.

taining membrane attack complex/perforin (MACPF) domains
(38, 39). Despite an overall lack of sequence similarity between
cholesterol-dependent cytolysin toxins and the MACPF
domain, some core structural elements and three Gly residues
are conserved (supplemental Fig. S1). In PLY, the conserved
glycines correspond to Gly-243, Gly-293, and Gly-294. The
structural and functional similarities between these two dis-
tinct classes of pore-forming proteins suggest that they share a
common mechanism and that the three conserved glycines may
play an important role in pore formation (39). These Gly resi-
dues were therefore targeted for substitution with amino acids
of varying side chain sizes, with the goal of sterically hindering
the conformational transition from the soluble to the pore-
forming state. Substitution of a small residue like Gly with a
larger one was predicted to increase the energy barrier to con-
formational transition from the soluble to the pore state by
reducing backbone dihedral space and restricting the torsional
rotation of nearby side chains of surrounding residues. The
mutations evaluated for this strategy are listed in Table 1
(Designs 13—18), with the rationale summarized briefly as fol-
lows. Because Gly-243 is located at a bend in a long -strand
that connects D1 and D3 (supplemental Fig. S1), it was substi-
tuted with Val, a larger amino acid that is also typically a
B-strand former and hence likely to preserve local secondary
structure (40). On the other hand, Gly-293 and Gly-294 are
located in a loop connecting two short 3-strands in D3. Several
amino acids (Ala, Thr, Val, and Cys) were substituted for Gly-
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293 to explore the effect of side chain size. The G294P mutation
was inspired by previous studies with unrelated proteins dem-
onstrating that Pro residues in loop regions increase conforma-
tional stability by enhancing the rigidity of the loop (41, 42).

Generation of Recombinant Proteins—Mutant proteins were
expressed and purified using standard techniques (see “Exper-
imental Procedures”). Initially, the quality of the mutant pro-
teins was assessed by comparing their DSC profiles with those
obtained using the wild-type active protein (supplemental
Table S1). In the case of disulfide-constrained mutants, it was
also possible to show the maintenance of correct overall con-
formation by reducing the disulfide constraints and demon-
strating the reacquisition of hemolytic activity (supplemental
Fig. S2). Ultimately, the ability to elicit antibodies that neutral-
ized native PLY was the critical test of mutant protein quality
(discussed below).

Toxin Activity of Mutant PLY Proteins—The toxin activity of
the PLY mutants was measured using a hemolysis assay
designed to monitor the pore-induced release of hemoglobin
from red blood cells by absorbance spectroscopy (see “Experi-
mental Procedures”). Specific hemolytic activities are summa-
rized in Fig. 4, with results grouped according to class of muta-
tion. In agreement with published data (21), PdB was 100-fold
less active than wild-type PLY, and the mutation C428A (36)
did not affect toxin activity. Consequently, PdB hemolytic
activity was used as the benchmark for improvement, and the
PLY(C428A) substitution was incorporated into the disulfide-
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constrained designs to prevent the unwanted formation of dis-
ulfides with the endogenous Cys. Most of the novel PLY
mutants were less hemolytic than PdB, and many were com-
pletely inactive (=100,000-fold less active than wild-type PLY,
below the assay limit of detection) (Fig. 4).

Antigenic Integrity of Mutant PLY Proteins—To test whether
the attenuated mutants were still able to elicit neutralizing anti-
bodies, antisera were generated against these proteins. Immu-
nogenicity of the mutant proteins was confirmed by determi-
nation of PLY-specific IgG titers and by testing their ability to
neutralize the wild-type toxin (see “Experimental Procedures”).
All mutants elicited IgG titers similar to wild-type PLY (supple-
mental Table S2). Neutralization titers of antisera were similar
to that of the control serum raised against wild-type PLY with
the exception of two mutants; the neutralization titers of anti-
PLY(E352P) and anti-PLY(E29P,E352P) antisera were 4- and
64-fold less effective than that of the control serum, respec-
tively (supplemental Table S2). This observation suggests that
PLY(E352P) and PLY(E29P,E352P) may have adopted non-na-
tive conformations compared with wild-type PLY and would
thus be less effective vaccine antigens. This interpretation is
supported by thermal stability data obtained by DSC: the ther-
mal transition midpoint temperature (7',,) of PLY(E29P,E352P)
was nearly 7 °C lower than that of wild-type PLY (7, = 43.0 °C
versus 49.8 °C for wild-type PLY) (Fig. 54). In addition, the pro-
file of the PLY(E29P,E352P) thermal transition (Fig. 54) sug-
gests that the protein would be at least partially unfolded at
the body temperature of the immunized rats. This is further
supported by CD spectroscopy experiments that showed
PLY(E29P,E352P) had a different secondary structural profile
compared with wild-type PLY (Fig. 5B). Based on these results,
PLY(E352P) and PLY(E29P,E352P) were deemed to be struc-
turally compromised and unsuitable as vaccine candidates.

DISCUSSION

Using a systematic structure-driven approach, we have
solved a long-standing problem in pneumococcal vaccine
development: detoxification of the key virulence factor PLY
with retention of its antigenic integrity. Our objective was to
identify and introduce modifications into PLY that could pre-
vent its transition from the soluble to the pore-forming state
while retaining its ability to elicit neutralizing antibodies. In all,
11 of our designs met these criteria.

The premise that Gly-293 would be critical to PLY activity
was inspired by the recently demonstrated commonality of
structural folds between cholesterol-dependent cytolysins and
MACPF domain proteins and the observation that specific Gly
residues also appeared to be conserved between these protein
families (38, 39). This hypothesis was validated by experiments
in which we substituted Gly-293 and Gly-294 with side chains
larger than Ala to generate mutants that lost hemolytic activity
(Fig. 4). Both Gly residues are well conserved in cholesterol-de-
pendent cytolysins and MACPF domain proteins (38, 39).
Therefore, for this class of mutants, we propose a mechanism of
inactivation in which large side chains introduce steric interfer-
ence. This would impede the conformational progression of
PLY to the competent pore-forming state. The structural
model of PLY indicates that large amino acid residues at posi-
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tion 293 are subject to steric hindrance from three neighboring
side chains: Thr-65, Asn-66, and Ile-329. Extrapolating our
findings, we predict that the pore-forming activity of MACPF
proteins would be similarly impeded by the introduction of
large residues at the positions equivalent to Gly-293 and Gly-
294 of PLY (e.g. Gly-270 and Gly-271 in Photorhabdus lumine-
scens MACPF).

Computer models of the multiple PLY conformational states
were instrumental to our antigen-engineering efforts involving
disulfide bonds. Of nine in silico designs featuring disulfide
constraints, seven were rendered completely inactive, another
had its hemolytic activity reduced by 3 orders of magnitude
relative to wild-type PLY, and one mutant (PLY(K34C,G388C))
was not attenuated as intended (Fig. 4). Exposure of these
mutants to reducing conditions led to the recovery of hemolytic
activity where expected (supplemental Fig. S2). We conclude
from these data that the mechanism of detoxification
involves the disulfide trapping of PLY in conformations that
are incapable of proceeding through one or more steps of
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association and assembly into oligomeric membrane-span-
ning pores. Of particular note is the disulfide-constrained
mutant PLY(T65C,G293C,C428A), which seems to be attenu-
ated via a dual mechanism, one aspect of which depends on
disulfide trapping and the other of which depends on alteration
of the conserved Gly-293 residue. Such redundancy in detoxi-
fication mechanisms is highly attractive from a vaccine safety
point of view. The successful formation of a disulfide bond in
this mutant was verified by DSC (supplemental Table S1) and
free thiol-scavenging experiments using Ellman’s reagent (data
not shown). We attribute its lack of activity under reducing
conditions to the effect of the G293C mutation alone (Fig. 4)
because T65C by itself does not affect PLY activity (data not
shown). Also noteworthy is PLY(G293C,1329C,C428A), whose
hemolytic activity was 3 orders of magnitude lower than that of
wild-type PLY under nonreducing conditions. The partial inac-
tivation of this mutant indicates that the Cys-293-Cys-329
disulfide bond impedes but does not completely prevent con-
formational changes required for membrane insertion. In addi-
tion, a disulfide bond between residues 293 and 329 is predicted
to pull the side chain of residue 293 away from two of its nearest
and largest neighbors, Thr-65 and Asn-66, thus reducing steric
hindrance to pore-forming conformational change. Upon
reduction of the disulfide bond, restoration of steric interfer-
ence between the side chains of Cys-293, Thr-65, and Asn-66
results in complete inactivation. We therefore conclude that
steric effects resulting from the G293C modification are a more
effective inactivation mechanism than the linking of D3 domain
residue 293 to D1 domain residue 329 via a disulfide bond.

The final class of mutants in this study had rigidity-confer-
ring Pro substitutions introduced at hinge residue sites as a
strategy for detoxification. Although computational tools for
dynamic domain and hinge prediction have been in existence
for over a decade, examples of the practical application of these
tools in protein design are rare (27). All PLY mutants designed
based on this approach showed reduced hemolytic activity,
with PLY(E29P,E352P) being completely attenuated. Despite
the success of this strategy in attenuating toxin activity, the
concomitant decrease in neutralizing antibodies elicited by
PLY(E352P) and PLY(E29P,E352P) makes these mutations less
interesting from a vaccine development perspective.

Achievement of safety and efficacy is the ultimate challenge
in vaccinology. Antigen modifications intended to eliminate
toxicity may have unexpected effects on the correct presenta-
tion of protective epitopes. Therefore, our engineered PLY
mutants were prioritized not only by loss of hemolytic activity
but also by their ability to elicit neutralizing antibodies.
PLY(T65C,G293C,C428A), which is attenuated by a dual
mechanism and elicits the desired antibody response, is cur-
rently in Phase I clinical trials.

Although genetic detoxification of bacterial toxins has been
reported (43, 44), the application of rigorous structure-driven
methods to identify suitable mutation sites is yet to be fully
exploited. As demonstrated herein, structure-based antigen
design is a viable approach for eliminating toxin activity while
retaining the features necessary for inducing neutralizing anti-
bodies. Historically, chemical methods like formalin inactiva-
tion have been used to detoxify virulence factors (45). However,
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these methods are less desirable from a regulatory and produc-
tion standpoint due to their nonspecific nature. A systematic
structure-guided approach has the potential to save time and
resources in vaccine development and holds promise for mak-
ing progress on difficult but critical antigen targets that have
thus far defied traditional approaches (46).
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