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ABSTRACT Streptococcus pneumoniae is a leading human pathogen uniquely char-
acterized by choline moieties on the bacterial surface. Our previous work reported a
pneumococcus-specific chimeric lysin, Cly), which combines the CHAP (cysteine,
histidine-dependent amidohydrolase/peptidase) enzymatically active domain (EAD)
from the PlyC lysin and the cell wall binding domain (CBD) from the phage SPSL1
lysin, which imparts choline binding specificity. Here, we demonstrate that the lytic
activity of ClyJ can be further improved by editing the linker sequence adjoining the
EAD and CBD. Keeping the net charge of the linker constant, we constructed three
ClyJ variants containing different lengths of linker sequence. Circular dichroism
showed that linker editing has only minor effects on the folding of the EAD and
CBD. However, thermodynamic examination combined with biochemical analysis
demonstrated that one variant, ClyJ-3, with the shortest linker, displayed improved
thermal stability and bactericidal activity, as well as reduced cytotoxicity. In a pneu-
mococcal mouse infection model, ClyJ-3 showed significant protective efficacy com-
pared to that of the ClyJ) parental lysin or the Cpl-1 lysin, with 100% survival at a
single ClyJ-3 intraperitoneal dose of 100 wg/mouse. Moreover, a ClyJ-3 dose of 2 ug/
mouse had the same efficacy as a ClyJ dose of 40 ug/mouse, suggesting a 20-fold
improvement in vivo. Taking these results together, the present study not only de-
scribes a promising pneumococcal lysin with improved potency, i.e., ClyJ-3, but also
implies for the first time that the linker sequence plays an important role in deter-
mining the activity of a chimeric lysin, providing insight for future lysin engineering
studies.

KEYWORDS bacteriophage lysin, chimeric lysin, Streptococcus pneumoniae, linker
editing, antimicrobial therapy, bacteriophage, chimera, lysin

treptococcus pneumoniae is a Gram-positive pathogen that causes a large range of

infections, from superficial otitis media to severe invasive diseases, such as menin-
gitis and community-acquired pneumonia (1, 2). Due to the increased transmission of
antimicrobial resistance and the lack of efficient vaccines that can cover all pneumo-
coccal serotypes (3), S. pneumoniae continues to be responsible for an annual 1.3
million deaths in children younger than 5 years old (4). A global retrospective investi-
gation also revealed that drug-resistant S. pneumoniae is an alarming threat worldwide
(5). This urgent situation prompted the U.S. Centers for Disease Control and Prevention
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(CDQ) to call for aggressive and immediate action to halt the spread of drug-resistant
pathogens (6). In this context, bacteriophage and bacteriophage-derived therapeutics
are progressively attracting interest as alternative antimicrobials.

One group of promising bacteriophage-derived therapeutics are peptidoglycan
hydrolases, known as endolysins, or lysins, which selectively digest select bonds of the
peptidoglycan and lead to lysis of the host bacterium “from within” (7). Lysins alone are
capable of directly killing Gram-positive bacteria with high efficacy when added
exogenously as recombinant proteins, a process known as lysis “from without” (8, 9).
Lysin-based experimental therapies have shown efficacy in several animal infection
models (10-12), and some are currently being evaluated in human clinical trials,
including the Staphylococcus aureus-targeted lysins CF-301 (ClinicalTrials.gov registra-
tion no. NCT03163446) and SAL-200 (ClinicalTrials.gov registration no. NCT03089697).

Lysins derived from bacteriophage that target Gram-positive bacteria usually consist
of two distinct functional domains, an N-terminal enzymatically active domain (EAD)
responsible for the murein hydrolase activity and a C-terminal cell wall binding domain
(CBD) that usually recognizes specific secondary cell wall polysaccharides of a target
bacterium (7). These two domains are intrinsically connected by a linker sequence,
whose function has yet to be fully understood.

Choline moieties located in the pneumococcal teichoic and lipoteichoic acids serve
as the binding substrate for several pneumococcal lysins, including Pal (13) and Cpl-1
(14), as well as the major autolysin of pneumococci, LytA (15). The CBDs of these
enzymes contain homologous choline binding modules (CBMs) responsible for this
binding specificity (16). One notable exception is the Cpl-7 lysozyme, encoded by the
pneumococcal Cp-7 bacteriophage, whose CBD is made of three identical CW_7
repeats that share low homology to the CBMs and has been shown to bind directly to
the peptidoglycan rather than the choline-containing teichoic acids (17). For the
enzymes that do contain CBMs, binding to choline triggers dimerization of the en-
zymes, and this dimerization has been shown to be necessary for full peptidoglycan
hydrolytic activity, at least in the case of the Cpl-1 lysozyme and the LytA amidase
(18, 19).

Our previous work reported engineering of a pneumococcus-specific chimeric lysin,
ClyJ, which contains a unique CHAP (cysteine, histidine-dependent amidohydrolase/
peptidase) EAD and a typical CBM-containing CBD (20). In the present study, we further
demonstrate that ClyJ forms a choline-dependent dimer and that its bactericidal
activity can be improved by additional engineering of the linker sequence. Notably, one
such engineered construct, ClyJ-3, was found to have improved activity in vitro and in
vivo in @ murine pneumococcal bacteremia model.

RESULTS

Design of ClyJ variants with linkers varying in length and flexibility. The
chimeric lysin ClyJ is made up of a CHAP EAD that originated from the PlyC lysin and
the CBD from gp20, a putative lysin encoded by the Streptococcus phage SPSL1 (20).
The CBD of ClyJ contains a typical CBM that resembles CBMs from the pneumococcal
autolysin LytA and the Cpl-1 lysin; i.e., it harbors six choline binding repeats and a
C-terminal tail (see Fig. S1 in the supplemental material). Based on an understanding of
the cooperative function between pneumococcal EADs and their CBDs, we hypothe-
sized that the linker between EAD and CBD could play a role in facilitating the fitness
of the EAD and CBD for their independent substrates located on the target bacterial cell
wall. To test our hypothesis, we created several ClyJ variants in silico with linkers of
various lengths. Previous studies have demonstrated that the charge of the EAD and/or
CBD influences the activity of a lysin (21, 22). Therefore, to avoid introduction of such
variables, we kept the net charge of the linker sequence constant in the design of the
ClyJ variants (Fig. 1) by adding only neutrally charged glycine (G) or serine (S) amino
acids (Fig. S2). The original linker of Cly) is composed of the 24 amino acids (aa)
preceding the CBD of gp20 as well as two nonnative GS amino acids introduced by
BamHI during cloning. The ClyJ-1 and ClyJ-2 variants were designed with elongated
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FIG 1 Schematic composition and characteristics of ClyJ and its variants. The CHAP EAD is labeled in
cyan, the linker is in gray, and the CBM CBD is in purple. The start and end positions of each domain are
indicated. The flexibility analysis was performed by using FlexPred online software (https://bio.tools/
FlexPred). Fcnp, the flexibility of the enzymatically active domain; *F ;.. the flexibility of the linker
divided by the number of amino acids in the linker; Fzp, the flexibility of the cell wall binding domain;
Froar the flexibility of the full-length lysin.

linkers, whereas ClyJ-3 had a significantly truncated linker (Fig. S2). Predicted flexibility
analysis revealed that the linkers from the ClyJ variants showed a range in degrees of
elasticity that influenced the overall flexibility of the EADs and CBDs (Fig. 1). Each ClyJ
variant was then cloned, expressed in Escherichia coli, and purified as a soluble protein
similar to the parental ClyJ (Fig. S3).

Linker editing shows minor influence on the structure of ClyJ variants. Because
linker sequences have been shown to play a role in the structure-activity relationships
of proteins (23, 24), we analyzed the secondary structure of ClyJ and its variants by
circular dichroism (CD) to assess proper protein folding. Results showed that the
spectra of ClyJ and ClyJ-1 most resemble each other (Fig. 2a and b) and that the spectra
of ClyJ-2 and ClyJ-3 were also very similar to each other (Fig. 2c and d). However, the
differences between the two groups are due to differences in the molar ellipticity
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FIG 2 Circular dichroism spectra of ClyJ and its variants. The UV spectra of ClyJ (a), ClyJ-1(b), ClyJ-2 (c),
and ClyJ-3 (d) were scanned from 190 to 260 nm (0.1-cm path length) at room temperature in the
absence or presence of 50 mM choline.
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FIG 3 Thermal unfolding profiles for ClyJ and its variants. The profiles of ClyJ (a), ClyJ-1(b), ClyJ-2 (c), and
ClyJ-3 (d) were determined by nanoDSF from 25 to 90°C in the absence or presence of 50 mM choline.
Values on the y axis represent the first derivative of the ratio of fluorescence at 350 nm and 330 nm.

intensities. Minor changes in CD profiles were observed for the four proteins below
195 nm, which may due to the existence of an a-helix in the linker-editing region or
optically active buffer components. However, all four proteins had UV peaks at 226 and
224 nm in the absence and presence of choline, respectively, suggesting similar folding
and responses to choline in all four. Additional analysis revealed that the composition
of the secondary structural components for all four enzymes is nearly identical (Table
S1), and minor variations upon binding choline are uniformly seen in all variants. We
further used I-TASSER to perform structural predictions for Cly) and its variants. Each
prediction showed a similar structure with a barrel-like EAD and a single layer B-hairpin
contained within the CBD (Fig. S4). However, the predicted surface shape of ClyJ-3 is
quite different from that of the other variants, showing a C-like shape, while the others
displayed a straight-line shape (Fig. S4).

ClyJ-3 has improved thermal stability and forms a choline-dependent dimer.
Next, we assessed the thermal stability of ClyJ and its variants using nano-differential
scanning fluorimetry (nanoDSF). Results showed that the thermal transition tempera-
ture increases from 41.8°C for ClyJ to 43.8°C for ClyJ-3, the variant with the shortest
linker sequence (Fig. 3a and d and Table S2). The single peaks noted for ClyJ, ClyJ-1, and
ClyJ-3 indicate that the two domains, EAD and CBD, unfold together (Fig. 3a, b, and d).
In contrast, ClyJ-2, with the longest linker, showed two transition temperatures, 43.1°C
and 53.5°C, suggesting that the two functional domains unfold independently (Fig. 3c).
In the presence of choline, two thermal transition peaks were noted for each enzyme,
one near the transition temperature without choline and one ~15°C higher (Table S2).
Presumably, the lower temperature represents the unfolding of the EAD, and the higher
temperature is the transition of the CBD, stabilized by choline. Toward this end, the
BS(PEG), chemical cross-linker, a homobifunctional regent for covalent conjugation
between amine-containing molecules, was used to confirm the presence of a dimer for
ClyJ when it is exposed to 50 mM choline (Fig. S5), suggesting that the ClyJ variants
should, like Cpl-1 and LytA, form choline-dependent dimers.

ClyJ-3 has improved lytic activity compared to that of ClyJ and Cpl-1. We
evaluated the bactericidal activities of ClyJ and its variants against two pneumococcal
strains, NS26 and NS20, under equal molar concentrations. The variants ClyJ-1 and
ClyJ-2 maintained bactericidal activity comparable to that of the parental ClyJ, effecting
a 3- to 4-log10 drop in viability in 60 min, depending on the strain (Fig. 4a and b). In
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FIG 4 ClyJ-3 shows improved bactericidal activity. (a and b) Comparison of the bactericidal activities of
ClyJ and its variants. S. pneumoniae NS26 or NS20 cells were treated with an equal molar concentration
(0.69 uM) of either ClyJ or a variant at 37°C for 60 min, as indicated. (c) Comparison of the bactericidal
activities of ClyJ-3 and Cpl-1. Multiple pneumococcal cells were treated with an equal molar concentra-
tion (0.29 uM) of ClyJ-3 or Cpl-1 at 37°C for 10 min. The number of residual CFU in each treatment was
determined by plating 10-fold serial dilutions on THY agar and compared to that of the PBS-treated
control by a two-tailed Student’s t test. Data are shown as means * standard deviations. ns, not
significant; ***, P < 0.001.

contrast, ClyJ-3 exhibited significantly (P < 0.001) elevated bactericidal activity, effect-
ing a ~1.32- and ~2.18-log10 increase in killing activity for S. pneumoniae NS26 and
NS20, respectively, compared to activity of the parental ClyJ (Fig. 4a and b).

Next, we compared the bacteriolytic activities of ClyJ-3 and ClyJ against an extended
range of streptococcal species, including an additional 18 S. pneumoniae strains, as well
as representative strains of Streptococcus mutans, Streptococcus gordonii, Streptococcus
ratti, Streptococcus salivarius, Streptococcus parasanguinis, and Streptococcus intermedius
in a turbidity reduction assay. As shown in Fig. 5, all S. pneumoniae strains were as
sensitive to ClyJ-3 as they were to ClyJ, and more than half (11/18) showed increased
bacteriolytic sensitivity to ClyJ-3, including TIGR4, GB2092 (serotype 4), DCC1494
(serotype 14), 765, and DCC1335 (serotype 9 V). As expected, both ClyJ and ClyJ-3 were
bacteriolytic only toward S. pneumoniae strains, highlighting the species-specific tar-
geted nature of these enzymes.

We also benchmarked the bactericidal activity of ClyJ-3 to the well-known pneu-
mococcal lysin, Cpl-1, against multiple pneumococcal strains using equal molar con-
centrations (0.29 uM) in a log-fold killing assay. The results showed that ClyJ-3 has a
significantly higher (P < 0.001) bactericidal profile than Cpl-1 against all strains tested,
with four of the strains (4/10) completely sterilized (Fig. 4c).

ClyJ-3 shows reduced cytotoxicity compared to that of ClyJ. Our previous study
demonstrated cytotoxicity for ClyJ at concentrations of >250 ug/ml (20), a defect that
may potentially halt its further pharmaceutical development. As a response to this
issue, we ascertained the toxicity of ClyJ and ClyJ-3 to two different epithelial cell lines,
Caco-2 and CHO-K1. Similar to what was previously observed, ClyJ showed notable
toxicity against both cell lines at high doses, specifically, at >500 wg/ml for the Caco-2
cell line (Fig. 6a) and at >125 pg/ml for the CHO-K1 cell line (Fig. 6b). In contrast, >92%
relative viability was observed for both cell lines after exposure to 500 wg/ml of ClyJ-3
(Fig. 6), indicating that ClyJ-3 has an improved safety profile compared to that of the
ClyJ parental lysin.

ClyJ-3 shows improved protective efficacy in a mouse infection model. The
above results suggest that ClyJ-3, with the shortest linker and least flexibility, has
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FIG 5 Expanded host range susceptibility. The susceptibility levels of various streptococcal strains to
bacteriolytic activity of ClyJ or ClyJ-3 were tested in a turbidity assay. Each strain was treated with
25 ug/ml of ClyJ or ClyJ-3 for 20 min, and the decrease in the OD,, was recorded by a microplate reader.
The activity of each lysin is expressed as the difference in the decrease in the OD4,, between lysin-treated
wells and PBS-treated wells [—~ODgq, = (initial ODggq (ysin-treated weiy = fIN@l ODgo gysin-treated weny) — (initial
ODgoo (pBs-treated wety — 1N@l ODgoq (pas-treated wei)l- The lytic activity of ClyJ-3 was compared to that of ClyJ
by a two-tailed Student’s t test. Data are shown as means * standard deviations. *, P < 0.05.

improved lytic and bactericidal activity over its parental lysin, ClyJ, as well as over the
most studied natural pneumococcal lysin, Cpl-1. To further establish these findings in
vivo, we assessed the protective efficacy of ClyJ-3 in a mouse pneumococcal septicemia
model using a previously demonstrated pathogenic strain, S. pneumoniae NS26 (20).
One hour after intraperitoneal administration of 8 X 107 CFU/mouse of NS26, mice
were randomly separated into 8 therapeutic groups. As shown in Fig. 7a, ClyJ-3 fully
protected mice (12/12) from lethal pneumococcal infection at a dose of 100 wg/mouse,
and a dose of 50 ug/mouse provided 83% protection (10/12). ClyJ was less effective,
providing 58% (7/12) and 50% (6/12) protection at doses of 100 and 50 wg/mouse,
respectively. When the same experimental parameters were extended to Cpl-1, efficacy

a Caco-2 b CHOK1
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FIG 6 ClyJ-3 has reduced cytotoxicity compared to that of ClyJ. Caco-2 (a) and CHO-K1 (b) cells were
exposed to different concentrations of enzyme (0, 125, 250, and 500 ug/ml) for 48 h, and the relative
viability of cells after each treatment was determined by MTT assay.
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FIG 7 ClyJ-3 shows improved protective efficacy in vivo. (a) ClyJ-3 protects mice from lethal S. pneu-
moniae infection with higher efficacy than ClyJ and Cpl-1. Female BALB/c mice (6 to 8 weeks old) were
injected intraperitoneally with 8 X 107 CFU/mouse of S. pneumoniae NS26 and divided randomly into 8
groups. At 1 h postinfection, groups (n = 12) received a single intraperitoneal dose of 50 or 100 ng/
mouse of Clyl, ClyJ-3, or Cpl-1, 100 ng/mouse of penicillin G, or an equal volume of PBS buffer. (b)
Establishment of an equivalent dose of ClyJ and ClyJ-3 in vivo. Female BALB/c mice (6 to 8 weeks old)
were injected intraperitoneally with 3.8 X 107 CFU/mouse of S. pneumoniae NS26. At 1 h postinfection,
groups (n = 12) received a single intraperitoneal dose of 40 pg/mouse of ClyJ, 2 ng/mouse of ClyJ-3, or
an equal volume of PBS buffer. The survival rates for all groups were recoded for 10 days. Survival curves
were analyzed by log rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests. *, P < 0.05; ***, P < 0.01.

fell to 30% (4/12) at 100 ug/mouse and to 17% (2/12) at 50 wg/mouse, the same
efficacy as seen with penicillin G at 100 wg/mouse. Collectively, these results show that
ClyJ-3 has significantly improved protective efficacy in vitro and in vivo compared to
that of its parental lysin, ClyJ, and the natural lysin, Cpl-1.

We further compared the protective efficacies of ClyJ-3 and its parental lysin, ClyJ,
in the pneumococcal mouse model with lower enzyme doses. As shown in Fig. 7b, an
intraperitoneal injection of 3.8 X 107 CFU/mouse of S. pneumoniae NS26 caused a
mortality rate of 90% (9/10) in the phosphate-buffered saline (PBS)-treated group,
whereas 40 wg/mouse of ClyJ or 2 ug/mouse of ClyJ-3 protected 30% of infected mice
(3/10). These results indicate that an equivalent dose of ClyJ-3 is about 20 times lower
than that of its ClyJ parental lysin.

DISCUSSION

The increased emergence of antimicrobial-resistant S. pneumoniae is requiring
global efforts to discover new therapeutics that have alternative mechanisms of action.
Currently, bacteriophage-derived lysins are considered one of the most promising
nontraditional therapeutics due to several unique attributes, including the following: (i)
high efficacy/lytic activity, (ii) low possibility of evoking resistance, (iii) strict specificity
for target pathogens, (iv) broad bacteriophage sources to derive new lysins, and (v)
good feasibility for engineering. In this study, we reported a novel engineering strategy,
i.e., linker optimization, for improving the lytic activity of a chimeric lysin, ClyJ, whose
safety and efficacy profiles were demonstrated in our previous work (20).

Recent engineering efforts suggest that the EAD and CBD elements from different
lysins can be fused to create novel combinations, or chimeric lysins, that are endowed
with unique attributes. These include enhanced activity (25, 26), extended host range
(27), reduced immunogenicity (28, 29), or elongated half-life (30, 31). While some of
these studies were based on trial-and-error domain shuffling, others incorporated
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rational bioengineering concepts. Out of this work, a few basic rules emerged that
guide current engineering approaches, such as the charge of the functional domains.
Because bacterial surface carbohydrates are usually negatively charged, lytic activities
of lysins have been improved by enhancing the positive charge of the EAD (22) or by
converting a negatively charged CBD to a positive charge (21). However, to date, the
nature or length of the linker sequence between the EAD and CBD has not been taken
into consideration for engineering efforts.

In the present study, we have demonstrated, for the first time, that the linker
between the EAD and CBD also plays an important role in determining the activity of
a lysin. The linker can influence the flexibility of the various domains through structure-
function relationships. In the case of ClyJ-3, our analysis revealed that the predicted
flexibility of the full-length protein was decreased despite the fact that the CBD
increased in flexibility compared to levels in CBDs from other ClyJ variants. These traits
were found to correlate to improved thermal stability and activity in ClyJ-3 compared
to levels in parental ClyJ. Although it is not presently clear why modifications of the
linker sequence affect the overall properties of the chimeric endolysin, several possi-
bilities exist. Among these, the reduced overall flexibility of ClyJ-3 may increase its
structural rigidity. Alternatively, the motion of the CBD relative to that of the EAD may
be higher in ClyJ-3 than in the parental ClyJ.

Notwithstanding the above contributions of flexibility, it is also possible that the
physical length of the linker could have an influence on the spatial distance between
the EAD catalytic center and the CBD substrate binding center. To achieve efficient cell
lysis, the EAD and the CBD should bind to their separate substrates simultaneously. If
the linker is too short or too long, it would presumably disturb the cooperative
mechanism of action of these two domains. Previous studies have demonstrated that
the distance between the EAD catalytic center and choline binding site 2 is ~37 A for
Cpl-1 (32), indicating a defined distance between these two domains. Considering that
the linker of ClyJ-3 (6 aa) is significantly shorter than that of its parental lysin ClyJ (26
aa), it is conceivable that the spatial distance between the EAD catalytic center and the
choline binding center would change as a response to the varied linker length. On
the other hand, the putative bent shape of ClyJ-3 reveals a shortened distance between
the EAD catalytic center and the CBD binding center, which may be another factor
contributing to the improved bactericidal properties. Although the predicated struc-
tures of ClyJ variants offer a clue to understand this statement, the crystal structures of
ClyJ and its variants still need to be established.

In summary, we report here a novel strategy, i.e., linker optimization, to edit the
chimeric lysin, ClyJ, for improved bactericidal activity. As a result, ClyJ-3 has been
demonstrated to possess enhanced thermal stability, reduced cytotoxicity, and im-
proved activity both in vitro and in an animal infection model. The editing strategy
reported here not only creates potential candidates against pneumococcal infections
but also provides new insights into understanding the rules for engineering chimeric
lysins against other pathogens.

MATERIALS AND METHODS

Bacterial strains. Bacterial strains used in this study are listed in Table S3 in the supplemental
material. S. pneumoniae strains were cultured in THY (Todd-Hewitt broth containing 0.5% yeast extract)
medium statically at 37°C with 5% CO,. Other Gram-positive bacteria were grown in brain heart infusion
(BHI) broth at 37°C. Escherichia coli BL21(DE3) was grown in lysogeny broth (LB) medium.

Construction of ClyJ variants. ClyJ variants ClyJ-1, ClyJ-2, and ClyJ-3 were constructed by overlap
PCR using site-specific primers (Table S4) according to standard methods described elsewhere (33).
Specifically, for ClyJ-1 construction, primers ClyJ-1-F1, ClyJ-1-R1, ClyJ-1-F2, and ClyJ-1-R2 were used; for
ClyJ-2, primers ClyJ-2-F1, ClyJ-2-R1, ClyJ-1-F2, and ClyJ-1-R2 were used; for ClyJ-3, primers ClyJ-1-F1,
ClyJ-3-R1, ClyJ-3-F2, and ClyJ-1-R2 were used. All constructs were inserted in the Ncol and Xhol sites of
a pET28b(+) vector, transformed into E. coli BL21(DE3) cells, and verified by direct DNA sequencing
analysis.

Protein expression and purification. All proteins used in this study were purified from E. coli
BL21(DE3) cells by nickel-nitrilotriacetic acid columns according to the supplier’s instructions. Briefly,
mid-log-phase cells were induced with 0.2 mM isopropyl 3-p-thiogalactoside (IPTG), incubated at 16°C for
18 h, and harvested for protein purification. Column washing and eluting were performed with 60 and
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250 mM imidazole, respectively. After being dialyzed against PBS buffer (137 mM NaCl, 2.7 mM KCl,
43 mM Na,HPO,H,O, 1.4mM KH,PO,, pH 7.4), collected proteins were then passed through a
Detoxi-Gel endotoxin removing gel (Thermo Scientific), filter sterilized, and stored at 4°C until
needed. The residual endotoxin level was determined by an EndoLISA kit (enzyme-linked immu-
nosorbent assay [ELISA]-based endotoxin detection assay; Hyglos GmbH) according to the manu-
facturer’s instructions and confirmed a low level of endotoxin (<0.5 endotoxin units [EU]/mI).
Protein concentration was quantified by a Bradford assay, using bovine serum albumin (BSA) as a
standard.

Bacteriolytic and bactericidal assays. Lysin bacteriolytic activity was measured via a turbidity
reduction assay as described previously (34). Briefly, overnight cultures of bacteria were washed once
with PBS (pH 7.4) and resuspended in PBS to a final optical density at 600 nm (ODg,) of ~1.0, and 190 ul
of cells was incubated with 10 ul of each lysin (to a final concentration of 25 pg/ml) in 96-well plates
(Corning, USA) at a total volume of 200 ul. The decrease of absorbance at ODg,, was monitored every
15 s for 20 min on a SpectraMax 190 spectrophotometer (Molecular Devices, San Jose, CA). Controls were
run in parallel and used an equal volume of PBS buffer in place of the enzyme. The activity of each lysin
was expressed as the difference in the decrease of the ODg,, at 20 min between lysin-treated wells and
PBS-treated wells [—ODg,, = (initial ODgyq (ysin-treated well) ~ final ODgq, (ysin-treated well) (initial
ODeoo (ps-treated wety — fiNal ODgoo (pes treated wein)]-

The decrease in S. pneumoniae in viable cell number (i.e., bactericidal assay) after treatment with each
lysin was determined by plating serial dilutions on THY agar. Specifically, for comparison of the lytic
activities of ClyJ, ClyJ-1, ClyJ-2, and ClyJ-3, pneumococcal cells were treated with an equal final molar
concentration of each lysin (0 or 0.69 uM [i.e., 23.5 ng/ml for ClyJ-3]) at 37°C for 60 min; for comparison
of the activities between ClyJ-3 and Cpl-1, pneumococcal cells were treated with an equal final molar
concentration of each lysin (0 or 0.29 uM [i.e.,, 10 png/ml for ClyJ-3]) at 37°C for 10 min. Counts of residual
CFU in each treatment were determined by plating 10-fold serial dilutions on THY agar and incubation
overnight at 37°C. All experiments included at least three biological replicates.

Nano-differential scanning fluorimetry. The thermal stabilities of ClyJ and its variants were
analyzed by a nano-differential scanning fluorimetry (nanoDSF) method using a Prometheus NT.48
instrument (NanoTemper Technologies, CA). The intrinsic emission fluorescence levels of each protein
(100 pg/ml) at 350 and 330 nm were monitored over a temperature range of 25 to 90°C (increasing step
of 0.8°C/min) in the absence or presence of 50 mM choline, using dialysis buffer without or with 50 mM
choline as controls, respectively. The first derivative of the ratio of fluorescence at 350 nm and 330 nm
(1st derivative of F,5,/F;,) was calculated automatically by the PR.ThermControl software supplied with
the instrumentation. Samples were measured in triplicates. The thermal unfolding transition temperature
(T,,) corresponds to peaks of the 1st derivative of Fy50/Fs;.

Circular dichroism. The circular dichroism spectra of ClyJ (650 wg/ml), ClyJ-1 (1,000 ng/ml), ClyJ-2
(1,000 wg/ml), and ClyJ-3 (750 wg/ml) in 20 mM Tris-HCl (pH 8.0) were collected with an Applied
Photophysics Chirascan Plus circular dichroism spectrometer (Leatherhead, UK) from 190 to 260 nm
(0.1-cm path length) at room temperature in the absence or presence of 50 mM choline. The spectra of
air and buffer were recorded as background and baseline, respectively. The secondary structure was
calculated by the CDNN software, version 2.1, supplied by the instrument manufacturer.

Cross-linking analysis. To analyze polymerization, ClyJ was cross-linked with 1.5 mM BS(PEG),
(Sigma-Aldrich, Shanghai, China) in the absence or presence of 50 mM choline and run on a 12%
SDS-PAGE gel.

Cytotoxicity determination. Caco-2 and CHO-K1 cells (~5 X 103 cells/well) were inoculated in a
96-well plate 1 day before the experiment. Cells were exposed to various concentrations of ClyJ or ClyJ-3
(0, 125, 250, and 500 pg/ml) for 24 h, and residual cell viability was determined by addition of 250 wg/ml
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] and incubated for another 4 h. The
resulting formazan salt in each well was dissolved with 200 ul of dimethyl sulfoxide (DMSO) and
colorimetrically analyzed by a Synergy H1 microplate reader (BioTek, VT) at 570 nm. The relative viability
of cells after each treatment was normalized and compared to that of the PBS-treated control wells.

Structure prediction of ClyJ) and its variants. The three-dimensional (3D) structures of ClyJ and its
variants were predicated by the I-TASSER online service (35) and further analyzed by PyMOL.

Mouse infection model. All mouse infection experiments were performed in an animal biosafety
level 2 (ABSL-2) lab, and all experimental methods were carried out in accordance with the regulations
and guidelines set forth by the Animal Experiments Committee of the Wuhan Institute of Virology,
Chinese Academy of Sciences. All experimental protocols were approved by the Animal Experiments
Committee of the Wuhan Institute of Virology, Chinese Academy of Sciences (WIVA17201602). During the
experiment, animals were randomized and cared for in individually ventilated cages according to a set
of animal welfare and ethical criteria, and euthanized at the end of observation.

In the mouse systemic infection model, female BALB/c mice (6 to 8 weeks old) were injected
intraperitoneally with S. pneumoniae NS26 at a single dose of 8 X 107 CFU/mouse and divided randomly
into multiple groups. Bacterial burdens in blood and organs at 1h postinfection were confirmed by
plating on THY agar as described previously (20). At 1 h postinfection, these groups received a single
intraperitoneal dose of 50 or 100 ug/mouse of ClyJ, ClyJ-3, or Cpl-1 (n = 12 for each group), 100 ng/
mouse of penicillin G (n = 12), or an equal volume of PBS buffer (n = 12). To compare the protective
efficacies of ClyJ and ClyJ-3 in a low-enzyme dose, female BALB/c mice (6 to 8 weeks old) were injected
intraperitoneally with 3.8 X 107 CFU/mouse of S. pneumoniae NS26, randomized, and received either a
single dose of 40 ug/mouse of ClyJ (n = 10), 2 wg/mouse of ClyJ-3 (n = 10), or an equal volume of PBS
buffer (n = 10). The survival rates for all groups were recorded for 10 days.
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Data availability. Sequences of ClyJ and its variants ClyJ-1, ClyJ-2, and ClyJ-3 described have been
deposited in GenBank under accession numbers MN711694, MN711695, MN711696, and MN711697,
respectively.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
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