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ABSTRACT The emergence and continued dominance of a Streptococcus pyogenes
(group A Streptococcus, GAS) M1T1 clonal group is temporally correlated with acquisition
of genomic sequences that confer high level expression of cotoxins streptolysin O (SLO)
and NAD1-glycohydrolase (NADase). Experimental infection models have provided evi-
dence that both toxins are important contributors to GAS virulence. SLO is a cholesterol-
dependent pore-forming toxin capable of lysing virtually all types of mammalian cells.
NADase, which is composed of an N-terminal translocation domain and C-terminal gly-
cohydrolase domain, acts as an intracellular toxin that depletes host cell energy stores.
NADase is dependent on SLO for internalization into epithelial cells, but its mechanism
of interaction with the cell surface and details of its translocation mechanism remain
unclear. In this study we found that NADase can bind oropharyngeal epithelial cells in-
dependently of SLO. This interaction is mediated by both domains of the toxin. We
determined by NMR the structure of the translocation domain to be a b-sandwich with
a disordered N-terminal region. The folded region of the domain has structural homol-
ogy to carbohydrate binding modules. We show that excess NADase inhibits SLO-medi-
ated hemolysis and binding to epithelial cells in vitro, suggesting NADase and SLO have
shared surface receptors. This effect is abrogated by disruption of a putative carbohy-
drate binding site on the NADase translocation domain. Our data are consistent with a
model whereby interactions of the NADase glycohydrolase domain and translocation do-
main with SLO and the cell surface increase avidity of NADase binding and facilitate
toxin-toxin and toxin-cell surface interactions.

IMPORTANCE NADase and streptolysin O (SLO) are secreted toxins important for patho-
genesis of group A Streptococcus, the agent of strep throat and severe invasive infec-
tions. The two toxins interact in solution and mutually enhance cytotoxic activity. We
now find that NADase is capable of binding to the surface of human cells independently
of SLO. Structural analysis of the previously uncharacterized translocation domain of
NADase suggests that it contains a carbohydrate binding module. The NADase transloca-
tion domain and SLO appear to recognize similar glycan structures on the cell surface,
which may be one mechanism through which NADase enhances SLO pore-forming ac-
tivity during infection. Our findings provide new insight into the NADase toxin and its
functional interactions with SLO during streptococcal infection.

KEYWORDS Streptococcus pyogenes, NADase, toxin, NMR spectroscopy, cell binding,
nuclear magnetic resonance, toxins

S treptococcus pyogenes (group A Streptococcus or GAS) deploys a sophisticated array
of virulence factors during invasive infections. Recent evolutionary studies of the

globally dominant M-type 1 (emm1) GAS clonal group and emerging emm89 strains
have suggested a critical role for two secreted toxins coexpressed from the same
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operon, streptolysin O (SLO) and NAD1-glycohydrolase (NADase) (1, 2). Genome analy-
sis of 3,615 emm1 GAS clinical isolates collected over more than 40 years found that a
key event temporally associated with the emergence of the currently dominant emm1
strain was recombination of a 36-kb region of the GAS chromosome that includes the
nga/slo operon encoding NADase and SLO (1, 3). This recombination event introduced
polymorphisms in the promoter that increased expression of both toxins as well as
amino acid substitutions in NADase that increased its enzymatic activity (2, 3). Similar
polymorphisms have been identified in invasive emm89 strains emerging in several
countries around the world (4, 5). Furthermore, deletion of NADase, SLO, or both toxins
decreases virulence in animal models of invasive infection. Zhu et al. found significant
attenuation of virulence of isogenic mutants harboring deletions of either toxin inde-
pendently or of the entire operon in mouse bacteremia, myositis, and subcutaneous
infection models (6).

SLO is a member of the cholesterol-dependent cytolysin family of toxins (7, 8). It
binds to host cells, oligomerizes, and inserts in the plasma membrane to form large
pores that result in lysis of most cell types including immune and epithelial cells. The
enzymatic function of NADase is to cleave NAD, and translocation of NADase into host
cells promotes cell death through degradation of intracellular NAD and depletion of
cellular energy stores (9–12). In combination with SLO, NADase enhances intracellular
survival of GAS in epithelial cells and professional phagocytes (13, 14). The two toxins
have an intimate relationship during pathogenesis in that interaction between NADase
and SLO after secretion from the bacterium is important for stability of both proteins
in solution (15). Subsequently, NADase requires the presence of SLO for translocation
into the host cell cytoplasm, a process termed cytolysin-mediated translocation (CMT)
(16). Although it was initially thought that NADase was introduced into the host cell
through the SLO pore, subsequent work suggests that pore formation is not necessary
for NADase translocation (17).

NADase consists of two distinct domains. The N-terminal ;194 amino acids encom-
pass a signal sequence (residues 1 to 37) and the translocation domain. Even small
deletions in this region decrease the amount of toxin translocated into the host-cell
cytoplasm in an in vitro infection model (18). The remainder of the protein comprises
the glycohydrolase domain, which is responsible for cleavage of NAD to nicotinamide
and ADP-ribose. The crystal structure of this domain has been solved (19, 20).
However, attempts to crystallize the entire toxin were unsuccessful. Modeling of the
translocation domain predicts it contains a glycan-binding domain (21). However, its
structure has not been experimentally determined. Mozola et al. also demonstrated
that NADase can alter the mechanism by which SLO binds to cells (21). These findings
suggest the possibility of an independent receptor for NADase although direct binding
of NADase to cells has not yet been demonstrated. Thus, the mechanism by which
NADase associates with epithelial cells and enters the cytoplasm remains incompletely
characterized.

In this study, we further investigated the interaction between NADase and oropha-
ryngeal epithelial cells. We show that purified NADase directly interacts with the sur-
face of oropharyngeal keratinocytes (OKP7), and that the translocation domain contrib-
utes to cell binding. We subsequently determine by solution NMR the structure of the
NADase translocation domain to be a b-sandwich with structural homology to bacte-
rial carbohydrate binding modules (CBMs) and an extended N-terminal largely disor-
dered region. Finally, we provide evidence that both NADase and SLO may interact
with similar cell surface structures. Our results provide new insight into how NADase
contributes to GAS pathogenesis by direct interaction with host cells and its cotoxin
SLO.

RESULTS
NADase binds to the surface of oropharyngeal keratinocytes in the absence of

SLO. Our laboratory has previously purified full-length NADase as well as recombinant
peptides corresponding to its translocation and glycohydrolase domains, both of
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which contribute to NADase binding to SLO (15). Although SLO is necessary for translo-
cation of NADase to the host cell cytoplasm, in vitro infection data suggest NADase
may bind to the host cell independently (21, 22). To investigate whether purified
NADase can bind to oropharyngeal keratinocytes (OKP7), we incubated OKP7 cells
with Alexa Fluor 488-labeled NADase or ovalbumin as a negative control. After 30 min
of incubation at 37°C, cells were washed, fixed, and analyzed by flow cytometry (Fig.
1A and B). Mean fluorescence intensities (MFI) were significantly greater for cells
treated with NADase (MFI 35.0) compared to cells treated with either phosphate-buf-
fered saline (PBS) (5.1) or ovalbumin (11.9) (P , 0.001). These data suggest that
NADase binds to oropharyngeal epithelial cells even in the absence of SLO. We per-
formed similar experiments with Alexa Fluor 488-labeled peptides corresponding to
the N-terminal translocation domain (residues 38 to 194, NT194) or the C-terminal gly-
cohydrolase domain (residues 190 to 451). Binding of both constructs was reduced
compared to the full-length toxin (Fig. 1) (P, 0.01).

As a complementary approach to flow cytometry, we used fluorescence microscopy
to visualize NADase binding to OKP7 cells attached to a glass cover slip. Representative
images show distinct punctate regions of NADase bound to the periphery of fixed ke-
ratinocytes (Fig. 1C and D). In contrast, we saw little to no fluorescence for the glycohy-
drolase domain alone or for the IFS negative control. IFS is an inhibitor of NADase,
which is encoded in the same operon, but is not secreted from the bacterium. We did
not expect IFS to bind to cells and included it as a negative control. The percentage of
cells with visible bound toxin was quantified from three independent experiments (Fig.
1D). The results are consistent with flow cytometry data in that the greatest binding
was observed for the full-length toxin.

These results imply that both domains are necessary for maximal binding of
NADase to oropharyngeal keratinocytes.

The structure of the NADase translocation domain is a b-sandwich with structural
homology to bacterial carbohydrate binding modules and it is preceded by a
disordered region. Although the crystal structure for the NADase C-terminal glycohy-
drolase domain has been solved, no experimentally determined structure is available
for the N-terminal translocation domain. We recently demonstrated that this domain is
important for NADase binding to SLO (15). The results above show that the transloca-
tion domain contributes to toxin association with epithelial cells. To better understand
how NADase interacts with its cotoxin SLO and with host cells, we used solution NMR
to solve the structure of the NADase translocation domain. Residue numbering in this
study was based on wild-type full-length NADase. Amino acids 1 to 37 correspond to
the signal sequence. The mature translocation domain starts at V38, and our construct
extended to residue N194 (157 total amino acids). G36 and P37 of our construct are
cloning and purification artifacts. We were able to assign 91% of 154 nonproline amide
backbone chemical shifts. A two-dimensional 1H-15N TROSY-HSQC spectrum is included
in the (Fig. S1 in the supplemental material). The solution structure of the translocation
domain (Fig. 2A and S2) has seven b-strands arranged into a b-sandwich with two
opposing antiparallel sheets. b-Strands are comprised of the following amino acids:
b1, V93 to K97; b2, R106 to V110; b3, K128 to Y134; b4, V140 to E146; b5, H156 to
E159; b6, R168 to V173; and b7, V190 to G193 The translocation domain also contains
a single small a-helix composed of residues K117 to K122 between b2 and b3 (Fig.
2B). Finally, the N-terminal region of the translocation domain, from V38 to ;S78,
exhibits the characteristic features of an intrinisically disordered region (IDR) (23).
Further chemical shift analyses of this region based on the model-free order parameter
RCI-S2 (24, 25) and neighbor corrected structural propensity (ncSP; https://pubs.acs
.org/doi/10.1021/ja105656t) indicate that the disordered region is not completely flexi-
ble but instead transiently adopts local secondary structure elements, which may be
stabilized upon interactions with SLO or another ligand (Fig. 2C and D).

Previous structural prediction of the NADase translocation domain was based on
sequence homology to CBMs (21). We used the experimentally determined NMR struc-
ture of the translocation domain to further investigate structural homologies. The
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closest homologs based on a DALI (26) search of the Protein Data Bank (PDB) (Fig. 3A
and B; Table 1) were family 32 CBMs (CBM32). They include a putative CBM from
EndoD of Streptococcus pneumoniae (27) and a CBM from a Clostridium perfringens gly-
coside hydrolase (28). We also queried whether there was any structural homology
with the lectin domain of lectinolysin, a cytolysin secreted by Streptococcus mitis (29).
A DALI-based comparison of the structured region of the NADase translocation domain
yielded an alignment to lectinolysin with a Z-score of 5.9 and root-mean-square devia-
tion (RMSD) of 3.3 Å (Fig. 3C; Table 1). CBMs can be associated with a calcium ion that
contributes to the overall structure. However, investigation of the effects of calcium on
the NADase translocation domain both by microcalorimetry and chemical shift pertur-
bation experiments of an 1H-15N TROSY-HSQC spectrum (Fig. S3 in the supplemental
material) did not reveal interactions with calcium. Glycan binding by CBM32 family
members typically requires both aromatic side chains that participate in P-stacking
interactions with carbohydrate rings and polar residues that form hydrogen bonds
with the sugar (30). An electrostatic potential map of the structure demonstrated an

FIG 1 NADase can bind to the surface of oropharyngeal keratinocytes in the absence of SLO. (A) Representative flow
cytometry data. Directly labeled NADase (Alexa Fluor 488) or its purified domains were bound to keratinocytes in
suspension. Cells were washed, fixed, and analyzed by flow cytometry. (B) Mean fluorescence intensity average of 3
independent experiments. Binding of NADase is significantly increased compared to an ovalbumin negative control,
the isolated NADase translocation domain, and the isolated glycohydrolase domain. (C) Confocal microscopy of
NADase constructs bound to oropharyngeal keratinocytes. Representative images of labeled toxin, in green, bound to
OKP7 cells. Cells were additionally stained with DAPI (blue) and phalloidin (magenta). (D) Quantitation of percent of
total cells with bound toxin. A total of .100 cells were counted by an observer blinded to the treatment condition.
NADase binding was significantly increased compared to its fragments or IFS. Statistical significance was detemined
by ANOVA with Tukey's posttest (****, P , 0.0001; ***, P , 0.001; **, P , 0.01).
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abundance of polar, positively charged residues (Fig. 3D) in the region predicted,
based on structural homologies discussed above, to mediate glycan binding. Similarly,
multiple solvent-exposed aromatic side chains could be identified (Fig. 3E). These
observations imply that the NADase translocation domain likely interacts with glycans.

High concentrations of NADase impede cell surface binding of SLO. NADase
was previously shown to affect host cell binding of SLO in an in vitro infection model
(21). We wondered whether the presence of NADase would similarly affect SLO binding
to OKP7 cells in vitro using purified toxins. We used SLO with G395V and G396V amino
acid substitutions, which lock the toxin in a monomer conformation (m-SLO) (17).
These amino acid substitutions eliminated oligomerization and pore formation as con-
founders in the assay. Based on the previously reported KD of interaction between SLO
and NADase, we tested cell binding of Alexa Fluor 488-labeled m-SLO at 20 nM in solu-
tion with unlabeled full-length NADase at 10 mM. Toxins were incubated with OKP7
cells at 37°C for 20 min, and then the cells were washed, fixed and assayed for fluores-
cence by flow cytometry (Fig. 4). Fluorescence in these experiments is representative

FIG 2 NADase translocation domain solution structure. The solution structure of the NADase translocation
domain contains a b-sandwich with a short a-helix at one end and an N-terminal disordered region. (A)
Ribbon representation of amino acids 76–194. B. Secondary structure topological schematic diagram shows
2 antiparallel b-sheets and an a-helix. (C) Random coil index-based (RCI) order parameters (S2), which are
calculated with experimentally determined chemical shifts (15N, 13Ca, 13Cb, 13C'). The lower values at the N-
terminus suggest increased disorder consistent with our NOE data. (D) Neighbor corrected structural
propensity scores calculated using experimentally determined chemical shifts. A positive value denotes
propensity for a-helix. A negative value denotes propensity for b-strand. Residues 42 to 46, 55 to 57, and
67 to 80 exhibit a propensity for b-strand; and residues 49 to 52 exhibit a propensity for a-helix. This
suggests they may adopt some secondary structure when interacting with SLO or a ligand.

NMR Structure of the NADase Translocation Domain Journal of Bacteriology

January 2022 Volume 204 Issue 1 e00366-21 jb.asm.org 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 0
6 

A
pr

il 
20

24
 b

y 
23

.2
36

.1
00

.1
96

.

https://jb.asm.org


of m-SLO binding to cells. We noted a robust fluorescent signal from cells exposed to
m-SLO alone (MFI 220.0). However, binding of m-SLO was significantly inhibited in the
presence NADase (MFI 46.73), an effect that was not seen for m-SLO and 10 mM IFS
(MFI 290.7) used as a negative control. Thus, a high concentration of NADase inhibits
m-SLO binding to the surface of oropharyngeal keratinocytes in vitro.

Substitutions to aromatic amino acids at the putative glycan binding site of
the translocation domain abrogate the cell-binding inhibitory effects of NADase
on SLO. SLO must interact with surface glycans for proper function and has high affin-
ity for carbohydrate structures with terminal galactose (31). Because of its homology to
CBMs, we wondered whether NADase might compete with SLO for cell surface glycans,
thereby inhibiting m-SLO binding to OKP7s as observed above. We thus hypothesized
that substitutions to aromatic amino acids predicted to be at the putative glycan bind-
ing site of the NADase translocation domain (Fig. 3E) would alter the inhibitory effect
of high concentrations of NADase on m-SLO cell surface interactions. We purified full-
length NADase with tyrosine to alanine substitutions at amino acid 151 (NADase Y151A)
and also at amino acids 120 and 121 (NADase Y120A,Y121A). As a mutagenesis control, we
additionally substituted H103 (NADase H103A) which is on the opposite pole of the
b-sandwich from the predicted site of glycan interaction. We then tested the ability of the
mutant NADase constructs to inhibit binding of Alexa Fluor 488 labeled m-SLO to OKP7
cells as assessed by flow cytometry (Fig. 5A). We found significantly reduced inhibition of

TABLE 1 Homology statistics for 3 carbohydrate binding modules depicted in Fig. 3 and identified by DALI structural homology search

Protein (PDB ID) Species Z-score RMSD (Å) % identity of structurally equivalent residues
CpGH31 CBM32-2 (4uap) Clostridium perfringens 7.3 3.5 16
EndoD, SpCBM32 (2xqx) Streptococcus pneumoniae 7.3 3.1 11
Lectinolysin, lectin domain (3le0) Streptococcus mitis 5.9 3.3 15

FIG 3 Structural comparison and analysis of NADase translocation domain. Pictured are alignments of
the NADase translocation domain (tan) with three carbohydrate binding domains (blue) identified
from a DALI search: CpGH31 CBM32-2 (PDB ID 4uap) from Clostridium perfringens (A); CBM32 of
EndoD (PDB ID 2xqx) from Streptococcus pneumoniae (B); lectin domain of lectinolysin (PDB ID 3le0)
from Streptococcus mitis. (D) Electrostatic potential of the NADase translocation domain focusing on
region predicted to bind possible glycan. Surface potential values are in kT/e. E. Aromatic residues in
predicted glycan binding domain (Y120, Y121, Y151, H177). W81, previously predicted to participate
in glycan binding, is depicted in red.
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m-SLO binding by NADase Y151A (MFI 91.00) and NADase Y120A,Y121A (MFI 163.0) com-
pared with wild-type NADase (MFI 46.73) or the mutagenesis control NADase H103A (MFI
32.97). Thus, the tyrosine substitutions at the putative carbohydrate binding site of the
NADase translocation domain abrogated the inhibitory effect of excess NADase on m-SLO
cell surface interactions. We further tested this effect on SLO binding to and lysis of red
blood cells (Fig. 5B) and found that NADase could inhibit the hemolytic effect of 0.5 nM
SLO with an IC50 of 1.64 mM. NADase H103A had a similar IC50 of 1.35mM. However,
NADase Y151A exhibited a signficantly increased IC50 of 4.63 mM (P = 0.0018 versus
NADase). We were unable to reach an IC50 for NADase Y120A,Y121A with concentrations
up to 20 mM. IFS as a negative control at the same concentrations as the NADase con-
structs had no effect on SLO-mediated hemolysis. Circular dichroism (CD) spectroscopy of
purified NADase Y151A and NADase Y120A,Y121A compared with wild-type NADase dem-
onstrated changes in CD spectra consistent with tyrosine substitutions but not suggestive
of disruption of secondary structure of the NADase toxin (Fig. 5C). The overall folded state
of the toxin constructs was also confirmed by dynamic light scattering which demon-
strated similar hydrodynamic radii for the NADase wild-type and mutant constructs (Table
2). We considered the possibility that high concentrations of NADase sequester SLO from
binding to the cell surface. If so, we would expect a decreased binding affinity between m-
SLO and NADase Y151A or NADase Y120A,Y121A, compared with wild-type NADase,
thereby freeing m-SLO for cell surface binding. We determined dissociation constants for
interactions of the mutant NADase constructs with m-SLO by biolayer interferometry (BLI)
as previously described (15). These experiments found no significant difference in binding
affinity between the toxins (Table 2). Although substitutions to tyrosine residues at the pu-
tative glycan binding site of the NADase translocation domain do not affect secondary
structure nor binding affinity to SLO, they clearly abrogate the in vitro inhibitory effect of
an overabundance of NADase on SLO binding to the cell surface. Fluorescence microscopy
to directly determine changes in epithelial cell interactions of NADase Y120A,Y121A and
NADase Y151A was not sensitive enough to demonstrate differences, consistent with a
multivalent interaction on the cell membrane rather than a 1:1 glycan receptor interaction.
Nevertheless, competition for cell surface binding in our experiments suggests that both
NADase and SLO can bind to similar glycan structures on the cell surface.

DISCUSSION

Studies of evolutionary changes that facilitated emergence of the globally domi-
nant GAS emm1 clonal group and newly emerging emm89 strains have implicated

FIG 4 NADase inhibits m-SLO binding to keratinocytes. Alexa Fluor 488-labeled m-SLO was added to
OKP7s in suspension either alone or with 10 mM NADase. Cells were then washed, fixed, and
analyzed by flow cytometry. Fluorescence under all conditions represents binding of m-SLO to cells
which is inhibited by excess NADase. Data were analyzed from three independent experiments by
ANOVA with Tukey's posttest (**, P , 0.01).
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polymorphisms in the promoter of the nga/slo operon resulting in increased expres-
sion of NADase and its co-toxin SLO (2). Animal models of pathogenesis also support
the importance in virulence of each toxin (6). NADase and SLO interact upon secretion
from the bacterium and presumably approach the host-cell membrane as a hetero-
dimer (15). SLO binds to cholesterol in the cell membrane and may utilize cell surface
glycans as additional receptors. Yet, physical association of SLO with the cell surface
can be modified or augmented by its interactions with NADase. Shewell et al. demon-
strated that SLO bound several glycans with the highest affinity for lacto-N-neotetraose
(LNnT) and that exogenous LNnT could inhibit SLO-mediated hemolysis, suggesting
that binding to a glycan was necessary for SLO pore formation on red blood cells (31).
Mozola et al. subsequently showed that in strains harboring mutations of the SLO car-
bohydrate binding site, NADase expression augmented SLO-mediated pore formation
in target cells (21). The authors suggested that NADase may bind to cells in association
with SLO and provide an alternative mechanism by which nonglycan-binding SLO can

FIG 5 Aromatic amino acid substitutions of the NADase translocation domain abrogate the inhibitory effect of
NADase on m-SLO cell binding. (A) The inhibitory effect of excess wild-type full-length NADase (10 mM) on cell
binding of m-SLO (20 nM) was abrogated by a Y151A substitution and Y120A and Y121A substitutions but not an
H103A substitution (negative control). (B) Similarly, NADase inhibited hemolysis by wild-type SLO (0.5 nM) with an IC50

of 1.64 mM. This effect was decreased for the NADase variants except for H103A. (C) Spectral variation of circular
dichrosim analysis was consistent with NADase tyrosine substitutions but not with disruption of secondary structure
or overall architecture of the toxin. Statistical analysis from at least three independent experiments was completed
with GraphPad Prism 9.0 using ANOVA with Tukey's comparison. (*, P , 0.05; ****, P , 0.0001).

TABLE 2 Biophysical characteristics of NADase and NADase variantsa

NADase variant
Hydrodynamic
radius (nm)

Biolayer interferometry
KD (95% CI)

NADase 3.896 0.67 12.18mM (9.70–15.41)
NADaseH103A 3.966 0.72 9.37mM (7.41–11.91)
NADaseY151A 4.516 0.52 8.00mM (6.49–9.88)
NADaseY120A,Y121A 5.236 0.97 6.22mM (4.57–8.47)
aHydrodynamic radius was determined by dynamic light scattering. KD for the interaction between m-SLO with
NADase or NADase variants was determined by biolayer interferometry.
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interact with the cell membrane. Finally, NADase depends on SLO for translocation
into the host-cell cytoplasm by CMT, a process that is independent of SLO pore forma-
tion (16, 17). Fundamental questions, however, remain unanswered regarding the
interaction of NADase and SLO with epithelial cells. Until now, it has been unclear
whether NADase is capable of binding to the cell surface independently of SLO.

In this study, we examined the ability of NADase to bind oropharyngeal epithelial cells.
We found that purified full-length NADase is capable of interacting with oropharyngeal ke-
ratinocytes, and that this interaction is dependent on both an N-terminal translocation do-
main and a C-terminal glycohydrolase domain of the toxin. These data are consistent with
published results showing that both domains of the NADase toxin are needed for CMT
(18), which must be preceded by toxin binding to targeted cells. The effects on transloca-
tion from deletion of either domain may, in part, be a result of decreased NADase binding.

An NADase receptor has not yet been identified. However, Mozola et al. have sug-
gested a possible glycan receptor based on sequence homology with CBMs (21). We
were able to experimentally determine the solution structure of the NADase transloca-
tion domain. A DALI structural homology search identified CBM32 family members,
which are type C topology CBMs (30). Our analysis of the NMR structure identified sev-
eral conserved features consistent with a CBM. The most common structural motif in
this family of proteins is the b-sandwich; NADase has four-stranded and three-
stranded ß sheets arranged into a sandwich configuration. The location of glycan bind-
ing for CBM32 members and other class C topology glycan binding modules is at the
edge of the characteristic b-sandwich. Critical residues for substrate recognition
include aromatic side chains, largely tryptophan and tyrosine, that form stacking inter-
actions with sugar rings of their ligands. In addition, polar residues are important for
hydrogen bonding interactions and increase affinity to their cognate carbohydrates
(30). The NADase translocation domain has several readily identifiable aromatic resi-
dues (Y120, Y121, Y151, and H177) at one end of the b-sandwich domain. Further ex-
amination of electrostatic potentials identified proximal basic regions that could partic-
ipate in hydrogen bonding for substrate recognition. Previous mutagenesis data have
implicated tryptophan 81 for potential glycan binding (21). Substitution of tryptophan
81 with alanine in a strain harboring an otherwise intact slo/nga operon reduced
NADase association with the membrane fraction of CHO cells and abrogated CMT of
the mutant toxin. Whether this substitution resulted in any change to the overall pro-
tein structure was not reported. In our NMR experiments, we observed nuclear
Overhauser effects (NOEs) between the aromatic ring of W81 and hydrophobic resi-
dues of b1, b6, and b7, representative of interactions with hydrophobic side chains
from residues in these strands (L94, I171, L187, and V190). These interactions render
the tryptophan side chain in our structure unavailable for glycan binding. Disruption of
these interactions could have an effect on the architecture or stability of the transloca-
tion domain and its interactions with the cell, SLO, or both. Alternatively, it is possible
that under different conditions, in the full-length NADase toxin, or in the presence of
SLO, the region containing W81 does not exhibit these intramolecular interactions and
the aromatic side chain of W81 may become available for carbohydrate recognition.

An aspect of the solution structure which differs from the structural homologs identi-
fied is the extended N-terminal disordered region of the translocation domain. Analysis of
its structural propensity based on experimentally determined chemical shifts suggests that
the region samples transient secondary structures and may participate in the architecture
of the globular domain under different conditions, potentially in the presence of full-length
NADase or SLO. However, these preformed structure elements may also become stabilized
upon interaction with the membrane or other ligand(s), an effect that has been described
for intrinisically disordered proteins (IDPs) and regions (IDRs) (23).

Based on the observations of Mozola et al. (21) showing enhancement of SLO binding
by NADase in an infection model, we initially hypothesized that high concentrations of
NADase above the KD for the interaction of the two toxins, allowing them to interact in an
in vitro model, would result in enhanced SLO cell surface interactions. However, a binding
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assay of m-SLO at nM concentrations and NADase at almost 3-log higher concentrations
instead resulted in inhibition of m-SLO binding to epithelial cells and inhibition of wild-
type SLO-mediated hemolysis. We considered whether interactions with NADase might
instead sequester SLO from interactions with the cell. Such a model would be inconsistent
with previous data suggesting the toxins associate in solution and may approach the
membrane as heterodimers (15, 21, 22). Nevertheless, we reasoned that if this hypothesis
were true, our amino acid substitutions of the translocation domain in full-length NADase
(NADase Y151A and NADase Y120A,Y121A) which abrogate the inhibitory effect on SLO
without disrupting the overall structure of NADase should exhibit lower affinity binding to
m-SLO. However, as determined by BLI, their KD was not significantly different from that of
wild type NADase. We subsequently concluded that high concentrations of NADase there-
fore compete with SLO for similar structures on the cell surface. Decreased inhibition by
NADase Y120A,Y121A and NADase Y151A implicate the substituted tyrosine residues in
the observed effect and are highly suggestive of oligosaccharide interactions on the cell
surface. The two toxins are not likely to compete for abundant cell surface glycans during
natural infection where they approach the membrane as a 1:1 heterodimer (15). However,
our in vitro competition data suggest that both toxins bind similar oligosaccharides. As
suggested by Mozola et al., interactions with SLO may therefore enhance cell binding of
NADase in vivo (21). The cumulative effect of a multidomain NADase and SLO heterodimer
binding to similar glycans may be to increase the avidity of NADase, overall interaction
with the cell surface, and subsequent translocation.

Lectinolysin from Streptococcus mitis is a cytolysin that harbors a lectin domain
which augments pore forming activity on platelets, although the same effect is not
seen for hemolysis (32, 33). This is presumably mediated by clustering of the toxin (29,
32). As the translocation domain of NADase has significant structural homology with
the lectin domain of LLY (Fig. 3), it is plausible that binding to cell surface glycans
could cluster NADase molecules by a similar mechanism. We also note that the N-ter-
minal domain of the NADase disordered region is largely positively charged.
Electrostatic interactions of this region, as often found in other IDPs (34), could be
directed at negative charges on the extracellular surface of the plasma membrane.
Based on our observations, a potential model for the demonstrated synergystic effect
of NADase on SLO pore formation and killing (15) is one in which interactions of SLO,
along with the structured and disordered regions of the NADase translocation domain,
with surface oligosaccharides help cluster the toxins and recruit, for instance, glyco-
sphingolipids on the cell surface. Cholesterol is known to be associated with the cer-
amide portion of glycosphingolipids; local enrichment with ceramides augments cho-
lesterol access by cholesterol-dependent SLO thereby increasing its lytic activity (35,
36). The net effect would thus be enhanced activity of streptolysin O.

In summary, we find that NADase can bind to oropharyngeal keratinocytes inde-
pendently of its cotoxin SLO. This interaction is dependent on the NADase glycohydro-
lase domain and the translocation domain, which is homologous to CBMs. At high con-
centrations, NADase competes with SLO for carbohydrate interactions on the cell
surface. NADase may therefore bind similar surface glycans as SLO, and at physiologic
concentrations, through interactions between the two toxins, NADase may enhance
clustering and activity of this critical cytolysin.

MATERIALS ANDMETHODS
Bacterial strains and growth conditions. E. coli NEB5a (New England Biolabs) were used for plasmid

manipulation and BL21 (New England Biolabs) were used for all protein expression. E. coli were grown in
Luria-Bertani broth at 37°C unless otherwise indicated. When necessary, antibiotics were added for E. coli at
the following concentrations: carbenicillin at 100 mg/ml, ampicillin at 100 mg/ml, and kanamycin at 50 mg/
ml.

DNA and plasmid manipulation. Plasmids for expression of NADase Y151A (pETnga_ifs_y151a),
NADase H103A (pETnga_ifs_h103a), and NADase Y120A,Y121A (pETnga_ifs_y120a_y121a) were constructed
from pETnga_ifs (15, 37). Primers are listed in Table S2 in the supplemental material and were used for
QuikChange site directed mutagenesis per the manufacturer's recommendations (Agilent Technologies Inc.,
CA).

The plasmid for expression of m-SLO was constructed again by QuikChange mutagenesis described
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above with primers as described in Table S2 in the supplemental material and template pETslo (15). The
resulting plasmid was named pETslo_g395v_g396v.

All constructs were sequenced to confirm fidelity of cloning and mutagenesis.
Protein expression, purification, and labeling. Full-length NADase was expressed in BL21 at 30°C

for 3 to 3.5 h. Toxin was then purified as previously described (37) omitting the anion exchange step.
Protein was exchanged into PBS or Tris300 buffer (20 mM Tris, 300 mM NaCl, pH 8.0) with 1 mM dithio-
threitol (DTT), during gel filtration or by dialysis after purification. NADase constructs with amino acid
substitutions were expressed and purified exactly as described for wild-type full-length NADase.

Initial expression and purification of the NADase translocation domain (NT194) was as previously
described (15) with few modifications. Expression was done at 30°C for 3 to 5 h. After initial protocol refer-
enced above, we concentrated protein in Vivaspin concentrators (GE Healthcare) and then further purified it
on a Superdex 75 10/300GL column in Tris300.

Monomeric SLO was purified from expression vector pETslo_g395v_g396v as previously described
for wild-type SLO (15).

NADase NT194 labeled with stable isotopes was expressed in minimal medium supplemented with
15N-NH4Cl,

13C-glucose, or both at 30°C for 5 h after reaching exponential growth. Triple-labeled samples
were expressed in 99% D2O supplemented with 15N-NH4Cl and

13C-glucose, after passaging in minimal
medium with 70% and 90% D2O. Once cultures reached mid-logarithmic phase in medium with 99%
D2O, they were induced with 0.8 mM IPTG at 30°C and allowed to express for 10 h. NMR samples were
purified as described for unlabeled samples and either buffer exchanged during gel filtration or dialyzed
after purification into NMR buffer (20 mM MES, 50 mM NaCl, pH 5.5).

IFS and the NADase glycohydrolase domain (190NADase) were purified as previously described (37).
Ovalbumin was purchased already pure (GE HEalthcare).

Toxin constructs were labeled with Alexa Fluor 488 for both flow cytometry and fluorescence micros-
copy. Alexa Fluor 488 NHS ester (Thermo) was added to protein in PBS per manufacturer instructions at
room temperature for 1 h. The reaction was then quenched with 100 mM Tris (pH 8.0) and the protein
was exchanged over a 2 ml Zeba spin column (Thermo) into Tris300 buffer with 1 mM DTT. The material
was then dialyzed extensively into the same buffer to remove any remaining free dye. Molar ratios of
dye to protein were determined with A280 and A495 measurements per manufacturer recommendations.
m-SLO was biotinylated with EZ-Link sulfo-NHS-LC-LC-biotin per the manufacturer's instructions
(Thermo). The reaction was carried out in PBS for 30 to 45 min at room temperature and then quenched
with 100 mM Tris (pH 8.0). m-SLO was then dialyzed into 20 mM Tris, 300 mM NaCl, 1 mM DTT, 0.01%
Tween, pH 7.4. Reaction efficiency was assayed with the Pierce biotin quantitation kit (Thermo).

NMR spectroscopy and structure determination. NMR samples were in 20 mM MES, 50 to 80 mM
NaCl, with or without 0.5 mM EDTA (pH 5.5), 10% D2O, and all experiments were at 303 K. The presence
or absence of EDTA did not alter NMR spectra (Fig. S4 in the supplemental material). Sequence specific
backbone assignment was completed using a standard suite of triple resonance experiments (38, 39)
using 15N-13C- and 85% 2H labeled ;500 to 750 mM NADaseNT194 on a Bruker Avance III HD spectrome-
ter operating at 600 MHz 1H frequency equipped with a cryoprobe. Experiments included TROSY versions
of the two-dimensional (2D) 1H-15N HSQC, 3D HNCA, 3D HNCACB, 3D HN(CA)CO, 3D HNCO, and 3D HN
(CO)CA. Side chain assignment and distance restrains were achieved acquiring a 3D 15N-edited NOESY-
TROSY-HSQC (mixing time, 80 ms) and a 3D 13C-edited NOESY (mixing time, 150 ms) spectra along with
the lower-dimensionality corresponding 2D 1H-15N TROSY-HSQC and 2D 1H-13C HSQC spectra using pro-
tein concentrations of 1 mM on a Bruker Avance III spectrometer operating at 800 MHz 1H frequency
equipped with a cryoprobe. NMR data were processed in NMRPipe (40). Spectral analyses were com-
pleted in CARA (41), Xeasy (42), and Sparky (T. D. Goddard and D. G. Kneller, SPARKY 3, University of
California, San Francisco). TALOS1 (24) was used for prediction of dihedral angles using available chemi-
cal shift assignments. Secondary structure was determined using TALOS-based chemical shift indexing
and validated by inspection of short- and long-range NOE data. Structure calculation was performed by
simulated annealing (SA) using XPLOR-NIH (43). A combination of NOE distance restraints, dihedral
restraints from TALOS1, and hydrogen bonding restraints based on determined secondary structure
were used for structure calculation. The simulated annealing bath was cooled from 1,000 K to 200 K with
20 steps. Simulated annealing structure calculations included 215 long-range NOEs, 294 short-range
NOEs, 158 dihedral angle restraints, and 50 hydrogen bonding restraints. One-hundred fifty structures
were calculated, and the 15 structures with the lowest energy displayed a backbone RMSD from their aver-
age of 1.083 6 0.145 Å and 1.896 6 0.154 Å for all heavy atoms (Table S1 in the supplemental material).
Structure quality determination was completed with MOLPROBITY (44) and PROCHECK (45) (Table S1).
Structures were visualized and rendered with PyMOL (46) and Chimera (47). Surface electrostatic potentials
were calculated with the Delphi web server (48, 49) and structural homologies were determined and calcu-
lated on the DALI server (50). The secondary structure schematic was drawn with Pro-origami (51). RCI-S2

were calculated using TALOS (24, 25, 52) and the ncSP score was calculated using the ncSP calculator web
server (53, 54).

NADase binding to OKP7 cells detected by flow cytometry. Primary immortalized human palate ke-
ratinocytes (OKP7, a gift from James Rheinwald) (55) were grown to near-confluence in a T75 plate in kerati-
nocyte serum-free medium (KSFM) as previously described (15). For initial flow cytometry experiments (Fig.
1), cells were then lifted by treating with 1.5 ml 0.25% trypsin-EDTA at 37°C for 5 to 7 min. We then added
DMEM plus 10% FBS and pelleted the cells. Cells were resuspended in KSFM and counted. They were then
washed twice and 500,000 cells per well were added to a 96-well U-bottom plate preblocked with 2% albu-
min in PBS. Cells were again pelleted and resuspended in 200 ml PBS/1 mM DTT containing 3 mM toxins
directly labeled with Alexa Fluor 488 as described above. Dye:protein molar ratios for each toxin were as
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follows: NADase, 0.4; glycohydrolase domain (190 NADase), 1.04; NT194NADase, 0.72; and ovalbumin, 0.514.
Cells were incubated at 37°C for 20 min then washed with 200 ml ice-cold PBS three times. They were then
fixed with 2% paraformaldehyde (PFA) at RT for 15 min, washed with PBS, and transferred to flow cytometry
tubes. We measured 10,000 intact cells for green fluorescence on a FACSCalibur (BD Biosciences) using stand-
ard protocols. Data from at least three independent experiments were visualized on FlowJo10.5.0 (FlowJo,
LLC) and analyzed by ANOVA with Tukey's comparison in GraphPad Prism 9 (GraphPad Software, Inc.).

NADase binding to OKP7 cells detected by confocal fluorescence microscopy. To avoid possible
detrimental effects of lifting cells with trypsin for toxin binding experiments, we additionally investi-
gated toxin binding using confocal microscopy. OKP7 (55) cells were seeded on glass coverslips in 24-
well plates and grown to near-confluence, (15) then washed with PBS three times. 300 ml of Alexa Fluor
488-labeled toxin at 1 mM concentrations in PBS/1 mM DTT were added to cells and incubated at room
temperature for 30 min. Dye:protein molar ratios (R) were as follows: NADase, 1.15; glycohydrolase do-
main, 1.04; translocation domain, 0.72; IFS, 2.3. Cells were then washed three times with ice cold PBS
and subsequently fixed with 4% PFA at room temperature for 15 min. They were then washed twice
with PBS, treated with 0.1% Triton X-100 and stained with DAPI at 2 mM and Alexa Fluor 647-conjugated
phalloidin (Thermo) at 13 mM. They were subsequently washed extensively with PBS/0.05% Tween 20
and then PBS and mounted with Prolong Gold (Thermo) on glass slides. Microscopy was completed on a
Zeiss LSM880 inverted confocal microscope with Airyscan at the Harvard Digestive Diseases Center Core
Facility. Images were processed with Zen imaging software (Zeiss). For binding quantitation, 2 � 2 tile
scans were collected, and cells were counted (.100) by an observer blinded to treatment allocations.
The number of cells with bound toxin are represented as a percentage of total. At least three independ-
ent experiments were completed, and the results were analyzed by ANOVA with Tukey's comparison in
GraphPad Prism 9 (GraphPad Software, Inc.).

Calcium binding experiments. Calcium binding to the NADase translocation domain was studied both
by calorimetry and by NMR spectroscopy. For calorimetry, protein was dialyzed twice in 1 L 20 mM Tris,
50 mM NaCl, 5 mM EDTA, 1 gm dry weight of Chelex and then twice with the same buffer but without EDTA.
This was done to make every attempt at removing calcium. We then used a MicroCal ITC 200 at the Center
for Macromolecular Interactions of Harvard Medical School with 420mM protein in the cell and 20 mM CaCl2
in the syringe at 30°C. The only effect we saw was from buffer dilution and visible in our negative buffer only
control. There was no clear calcium binding effect.

For NMR spectroscopy experiments, 15N-labeled NADaseNT194 was dialyzed into 20 mM MES, 50 mM
NaCl, 10 mM CaCl2, pH 5.5. A reference 2D 1H-15N TROSY-HSQC spectrum was then acquired at 600 MHz 1H
frequency. Protein concentration was 100 mM. We then dialyzed another NADaseNT194 sample over 2 days
initially in 20 mM MES, 50 mM NaCl, 2 mM EDTA (pH 5.5), and 1 g Chelex 100 resin (Bio-Rad) and then twice
in 20 mM MES, 50 mM NaCl, 1 mM EDTA (pH 5.5), and 1 g Chelex. A 2D 1H15N TROSY-HSQC spectrum of a
sample with a final protein concentration of 225mM was then recorded using exactly identical parameters as
for the above sample containing 10 mM CaCl2. Chemical shift perturbations and peak intensities were eval-
uated overlaying and comparing the two spectra in CARA. Garrett plot was calculated as previously described
(56).

BLI. BLI experiments were performed in an Octet RED384 system (Sartorius).
Binding of biotinylated m-SLO with NADase and NADase variants was assayed as previously described

for SLO and NADase (15). m-SLO was loaded onto streptavidin-coated sensor tips (Sartorius) at 50 nM con-
centrations. NADase and its variants were tested at 20mM with subsequent 2-fold dilutions to 312.5 nM final
concentration. Experimental parameters are as previously described (15). Buffer used throughout the experi-
ments was 20 mM Tris, 300 mM NaCl, 1 mM DTT, 0.05% Tween 20, pH 7.4. Data were double subtracted with
m-SLO negative and NADase/variant negative data. KD was determined from response saturation curves of
three independent experiments as previously described using Octet analysis software version 12.0 and
GraphPad Prism 9.0.

Monomeric SLO keratinocyte binding inhibition assays. Purified m-SLO was labeled with Alexa
Fluor 488 as described above. The resulting dye:protein molar ratio for m-SLO was 1.3. Binding assays were
carried out with slight modifications as described above for NADase binding to OKP7s detected by flow
cytometry. m-SLO concentrations in our assays were 20 nM in PBS, 1 mM DTT. When used in combination
with NADase, NADase variants, or IFS as our negative control, the second protein species was added to the
solution at 10mM concentrations. Toxins were incubated with cells at 37°C, 20 min, then washed three times
with ice cold PBS, fixed, and assayed by flow cytometry as described above. In this assay, any measured fluo-
rescence is representative of m-SLO binding to OKP7s. Statistical analysis was completed in GraphPad Prism
9.0 by ANOVA with Tukey's comparison using data from at least three independent experiments.

Hemolysis inhibition assays. Hemolysis assays were modified from previously described standard he-
molysis assays (57). Briefly, experiments were carried out in 96-well v-bottom plates. All conditions except our
negative control (PBS, 1 mM DTT) contained a final SLO concentration of 0.5 nM in PBS, 1 mM DTT. NADase,
IFS, and NADase variants were added to individual wells starting at 20 mM concentrations with subsequent
2-fold dilutions to 19.5 nM with a final volume per well of 300 ml. Thirty microliters of PBS-washed sheep
defibrinated ertyhrocytes (Remel) were then added to all wells and incubated at 37°C for 10 min. The plate
was centrifuged at 2,500 rpm, 10 min, 4°C. One hundred microliters of supernatant was transferred to an
ELISA plate and absorbance was measured at a 550 nm wavelength. Average absorbance values for 4 nega-
tive control wells (PBS alone) were subtracted and data normalized to the average absorbance from hemoly-
sis with 0.5 nM SLO in the absence of any additional proteins. Absorbance data were plotted versus concen-
ration of NADase, NADase variants, or IFS and a hemolysis IC50 was determined from concentrations where
only 50% hemolysis was achieved. Experiments were repeated at least 3 times and statistical significance was
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determined by ANOVA with Tukey's comparison. All data analysis, graphical representation, and statistical
analysis was completed with GraphPad Prism 9.0.

Circular dichroism (CD) spectroscopy. CD spectroscopy was carried out as previously described for
full-length NADase (37) in a JASCO J-815 spectropolarimeter at the Center for Macromolecular
Interactions of Harvard Medical School. NADase and its variants were dialyzed against 10 mM phos-
phate, 0.5 mM DTT, pH 8.0, and measured in a 10 mm stoppered quartz cuvette at 20°C using 0.5 nm
steps from 190 to 260 nm and a 1 nm bandwidth. Protein concentration for all species was 4 mM. Five
scans were collected, averaged and smoothed and a background only spectrum was subtracted. Data
were analyzed using GraphPad Prism 9.0.

Dynamic light scattering. The hydrodynamic radius of NADase and NADase variants was measured
by dynamic light scattering in a Malvern Zetasizer Nano ZS at protein concentrations of 1 mg/ml in PBS
at 30°C. Reported hydrodynamic radius was for monodisperse peaks representing species greater than
99% abundance by mass.

Data availability. Atomic structure coordinates and structural constraints have been deposited in
the Protein Data Bank (PDB) under accession number 7JI1. Chemical shift values have been deposited in
the Biological Magnetic Resonance Data Bank (BMRB) under accession number 30779. Additional data
that support the findings of this study will be supplied upon reasonable request.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 3.3 MB.
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