
microLife , 2025, 6 , uqaf011 

DOI: 10.1093/femsml/uqaf011 
Ad v ance access publication date: 10 June 2025 

Research Article 

Heterodimerization of staphylococcal phage ϕ2638A 

endolysin isoforms and their functional role in bacterial 

lysis 

Léa V. Zinsli 1 ,†, Anna M. Sobieraj 1 ,†, Jiemin Du 

1 , Patrick Ernst 2 , Susanne Meile 1 , Samuel Kilcher 1 , Cedric Iseli 1 , Anja P. Keller 1 , 

Bir git Dreier 2 , P eer R. E. Mittl 2 , Andreas Plückthun 

2 , Martin J. Loessner 1 , Mathias Sc hmelc her 1 , Matthew Dunne 1 ,* 

1 Institute of Food Nutrition and Health, ETH, 8092 Zurich, Switzerland 
2 Department of Bioc hemistry, Univ ersity of Zurich, 8057 Zurich, Switzerland 
∗Corr esponding author. Micr eos GmbH, Wädenswil, 8820 Zurich, Switzerland. E-mail: mdunnetri@gmail.com 

Editor: [Axel Br akha ge] 
†Authors contributed equally to this work 

Abstract 

Bacteriopha ge endol ysins targeting Gram-positi v e bacteria typicall y featur e a modular ar c hitectur e of one or mor e enzymaticall y ac- 
ti v e domains (EADs) and cell wall binding domains (CBDs). Several endolysins also feature internal translational start sites (iTSSs) that 
produce short variant (SV) isoforms alongside the full-length (FL) endolysin. While the lytic activity of endolysins and their isoforms 
has been extensi v el y studied as e xo g enous ag ents, the purpose behind producing the SV isoform during the phage infection cycle 
remains to be explored. In this study, we used staphylococcal phage ϕ2638A as a model to determine the interplay between its FL 
endol ysin, Pl y2638A, and its SV isoform during phage infection. X-ray crystallography structures and AlphaFold-generated models 
ena b led elucidation of individual functions of the M23 endopeptidase , centr al amidase , and SH3b domains of Pl y2638A. Pr oduction of 
the SV isoform (amidase and SH3b) was confirmed during phage infection and shown to form a heterodimer complex with Ply2638A 

via interamidase domain interactions. Using g enetically eng ineered phag e variants, we show that production of both isoforms pro- 
vides an adv anta ge during pha ge infection as phages producing only one isoform presented delayed progeny phage release as well as 
impair ed l ytic acti vity, which w as partl y r estor ed thr ough complementation of the missing isoform pr otein. Inter estingl y, when ap- 
plied as an antimicrobial against Staphylococcus aureus in culture, the activity of Ply2638A remained constant regardless of SV isoform 

complementation. We propose that the SV isoform enhances the efficiency of cell lysis and progeny release at the end of the lytic 
c ycle, pro viding a functional explanation for iTSSs conservation across diverse phage genomes. 

Ke yw ords: bacteriophage; endolysin; Staphylococcus ; internal translational start site; phage engineering 
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Introduction 

Endol ysins ar e bacteriopha ge-encoded peptidogl ycan (PG) hydr o- 
lases produced during the end of the bacteriophage lytic cycle to 
degrade the bacterial cell wall and enable the release of pr ogen y 
pha ges. Giv en the global emergence and spread of antimicrobial 
resistance (AMR) (WHO 2020 ) ther e is significant inter est in de v el- 
oping endolysins as precision antimicrobial agents for treatment 
of bacterial infections and c hr onic conditions, wher e antibiotics 
lac k effectiv eness or ar e activ el y contr aindicated due to antibiotic 
stew ar dship initiatives. Recombinant endolysins effectively target 
Gr am-positiv e bacterial pathogens, suc h as Staphylococcus aureus ,
due to their ability to dir ectl y access and degrade the exposed PG 

layers (Fischetti 2010 ). This distinct mode of action compared to 
antibiotics also renders endolysins highly effective against antibi- 
otic r esistant pathogens, suc h as methicillin-r esistant S. aureus 
(MRSA), whic h caused mor e than 120 000 deaths attributable to 
AMR in 2019 (Murray et al. 2022 ), as well as dormant bacteria and 

biofilms (Gutierrez et al. 2014 , Olsen et al. 2018 ). 
Endol ysins tar geting Gr am-positiv e bacteria typicall y featur e a 

modular arc hitectur e (Sc hmelc her et al. 2012 ) consisting of one 
or more enzymatically active domains (EADs), cell wall bind- 
Recei v ed 25 August 2024; revised 3 May 2025; accepted 9 June 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
ng domains (CBDs) used for substrate recognition, and flexi- 
le linkers of variable length connecting these domains (Diaz et
l. 1990 , Sc hmelc her et al. 2012 ). EADs have evolved to cleave
pecific PG bonds found within their target bacterial cell walls,
nd contain activities such as, (i) N -acetyl- β- d -muramidases, (ii)
 ytic tr ansgl ycosylases and (iii) N -acetyl- β- d -glucosaminidases,
hic h all cleav e bonds within the sugar backbone of the PG; (iv)
 -acetylm ur amoyl- l -alanine amidases, whic h cleav e the amide
ond between sugar and peptide moieties; and (v) endopeptidases,
hic h cleav e differ ent peptide bonds within the stem peptide or

nterpeptide bridge connecting the sugar backbones of the PG 

Sc hmelc her et al. 2012 ). The combination of EADs with the abil-
ty to cleave specific PG structures, along with genus-, species-,
r ser ov ar-specific CBDs, is among the k e y ad v anta ges driving the
nterest in developing endolysins as precision antimicrobials ca- 
able of targeting pathogenic species while leaving commensal 
icrobiomes unaffected (Fowler et al. 2020 , Son et al. 2020 , Danis-
lodarczyk et al. 2021 ). Ther e is substantial structur al and func-

ional diversity among endolysins (Rahman et al. 2021 ). Compre-
ending the interplay between these diverse domains will not only

acilitate our efforts to impr ov e ho w w e engineer endolysins as
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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ntimicr obial a gents, but also helps unr av el the molecular intri-
acies of how endolysins naturally function during the final stages
f phage lysis upon their entry into the PG layers of the cell wall. 

Endol ysins tar geting Gr am-positiv e bacteria fr equentl y possess
n-fr ame, internal tr anslational start sites (iTSSs), resulting in the
xpression of two endolysin isoforms (Pinto et al. 2022 ). These
TSS-harboring endolysins can be categorized into two types: Type
, whic h hav e an iTSS between two EADs, leading to the produc-
ion of an enzymatic short variant (SV) isoform, consisting of a
ingle EAD and C-terminal CBD (SV EAD-CBD ), along with the full-
ength (FL) endolysin (Catalao et al. 2011 , Abaev et al. 2013 ); and
ype II, which have an iTSS between the last EAD and CBD, result-
ng in the coexpression of the CBD alone (SV CBD ) alongside the FL
ndol ysin (Pr oenca et al. 2015 , Dunne et al. 2016 , Zhou et al. 2020 ).
ultimers of varying FL and SV CBD stoichiometries have been ob-

erved for Type II iTSS endolysins (Proenca et al. 2015 , Dunne et
l. 2016 ), where the SV CBD isoforms form cell wall binding com-
lexes by interacting with the CBD domains of FL endol ysins, suc h
s formed by endolysins CTP1 L (2FL:2SV CBD ) (Dunne et al. 2016 )
nd LysIME-EF1 (1FL:3SV CBD ) (Zhou et al. 2020 ), r epr esenting the
nal form of the endolysin that presents maximum lytic activity.
o w e v er, r egarding Type I iTSS endolysins, little is known about

he role of the SV EAD-CBD isoform combined with the FL isoform in
aximizing bacterial l ysis. Furthermor e, an y complex formation

etween SV EAD-CBD and FL isoforms is unknown for this important
nd broad group of endolysins (Pinto et al. 2022 ). 

Sta phylococcal endol ysins typicall y hav e a thr ee-domain ar-
 hitectur e consisting of an N-terminal endopeptidase, a cen-
r al N -acetylm ur amoyl- l -alanine amidase, and a C-terminal CBD
f SH3b functional homology (Sc hmelc her et al. 2015 ). The en-
opeptidase is often a cysteine/histidine-dependent aminohydro-

ase/peptidase (CHAP) domain, as reported for a variety of well-
tudied sta phylococcal endol ysins fr om pha ges GH15 (Gu et al.
011 ), K (Sanz-Gaitero et al. 2014 ), Twort (Loessner et al. 1998 ), and
hi11 (Nav arr e et al. 1999 ). The endol ysin Pl y2638A fr om Staphy-

ococcus pseudintermedius phage ϕ2638A uses an N-terminal M23
ndopeptidase instead of a CHAP domain (Abaev et al. 2013 ), but
nter estingl y, this domain has e volv ed to tar get the same PG cleav-
ge site as the CHAP domains of the other staphylococcal en-
ol ysins mentioned abov e (Sc hmelc her et al. 2015 ). Pl y2638A also
as a Type I iTSS, which leads to coexpression of SV EAD-CBD con-
isting of the amidase and CBD (termed within as Ply SV ) along-
ide the FL isoform (Abaev et al. 2013 ). To the best of our knowl-
dge , iTSSs ha ve not been identified for staphylococcal endolysins
eaturing an N-terminal CHAP domain. The Pl y2638A nativ e iso-
orm combination (Ply WT ) has shown high in vitro activity against
. aureus and the ability to rescue mice from MRSA-induced sep-
icemia (Sc hmelc her et al. 2015 ). Using the Pl y2638A composi-
ion as a basic scaffold, more effective three-domain chimeric
ndol ysins hav e been engineer ed for ther a peutic a pplications,
uch as the potent antistaphylococcal endolysin MEndoB that fea-
ures an N-terminal CHAP domain (Roehrig et al. 2024 ), as well
s endolysins SA.100 and XZ.700 that more closely resemble the
ar ental Pl y2638A in domain or ganization, with XZ.700 shown to
e effective at reducing bacterial numbers in different S. aureus -

nduced skin infection models (Eichenseher et al. 2022 , Pallesen
t al. 2023 ), as well as for removing biofilms from titanium discs
imic king pr osthetic joint infections (Kuiper et al. 2021 ). 
While Ply2638A and other endolysins targeting different bacte-

ial pathogens have shown their potential as precision antimicro-
ials when applied exogenously, knowledge gaps still remain in
ur understanding of the interplay between endolysin domains
nd their isoforms, especially during phage lysis and PG degrada-
ion. Specifically, the biological benefit of Type I iTSS endolysins
roducing a truncated and active SV EAD-CBD isoform alongside the
L endolysin has remained elusive. 

In this study, Pl y2638A serv es as a model Type I iTSS endolysin,
nabling the structural characterization of the FL endolysin and
 functional investigation of its interplay with its SV isoform.
e aimed to understand why, when expressed together by the

ar ental pha ge ϕ2638A, they exhibited gr eater bacteriol ytic activ-
ty, with our investigation unveiling a surprising interaction be-
ween the two isoforms through their central amidase domains
hat may have implications for other Type I iTSS endolysins. 

aterials and methods 

acterial strains and growth conditions 

acterial strains used in this study are listed in Table 1 . Esc heric hia
oli strains w ere gro wn at 37 ◦C in Luria-Bertani (LB) medium (10 g/l
ryptone, 5 g/l yeast extract, 5 g/l NaCl, and pH 7.8) or LB-PE (15 g/l
ryptone, 8 g/l yeast extract, 6 g/l NaCl, and pH 7.8) medium. All
ta phylococcal str ains wer e gr own in br ain heart infusion (BHI, Bi-
life Italiana) at 37 ◦C. Staphylococcus xylosus l -forms used for phage
ngineering were grown in DM3 medium (5 g/l tryptone, 5 g/l yeast
xtract, 0.01% bovine serum albumin (BSA), 500 mM succinic acid,
 g/l sucrose, 20 mM K 2 HPO 4 , 11 mM KH 2 PO 4 , 20 mM MgCl 2 , and
H 7.3) at 32 ◦C as described (Kilcher et al. 2018 , Fernbach et al.
024 ). 

hage engineering and production 

ligonucleotide pairs used for phage engineering are provided in
able S1 . Synthetic genomes were in vitro assembled using poly-
er ase c hain r eaction (PCR)-gener ated fr a gments and Gibson as-

embly (NEBuilder HiFi DNA Assembly Master Mix, BioLabs) with
emplate DNA consisting of ϕ2638A WT gDNA that had been cir-
ularized through annealing of the terminal cos sites by heating
DNA to 65 ◦C for 10 min, follo w ed b y slo w cooling at room tem-
er atur e and ligation with T4 ligase (ThermoFisher). Circularized,
ynthetic genomes were dialyzed in distilled water and rebooted
n S. xylosus Sul27 l -form cells as described (Kilcher et al. 2018 ,
ernbach et al. 2024 ). In brief, SuL27 l -forms were grown in DM3
edium supplemented with Penicillin G (200 μg/ml) and phos-

homycin (500 μg/ml). After 48 h, the OD 600 of the l -form culture
as adjusted to 0.15 and the cells were mixed with the Gibson-
ssembled DNA or unmodified ϕ2638A gDNA (positive control),
upplemented with 23% (v/v) PEG 20 000 and incubated for 5 min
t room temperature . T he l -form transfection reaction was mixed
ith pr e warmed DM3 medium and assayed for mature phages af-

er 24 h incubation at 37 ◦C by soft agar o verla y using ½ BHI agar
lates (37 g/l BHI, 12 g/l agar) and 5 ml BHI soft agar (37 g/l BHI,
 g/l agar) spiked with 200 μl overnight grown S. pseudintermedius
854 cells. Single plaques wer e pic ked and confirmed by PCR and
anger sequencing (Microsynth, Switzerland). 

ha ge pr opa ga tion and purifica tion 

ild type (WT) and engineer ed pha ges wer e pr opa gated using
oft a gar ov erlays. 5 ml of soft BHI agar was spiked with 200 μl
og-phase S. pseudintermedius 2854 cells and 10 μl of phages at
10 10 PFU/ml and poured onto ½ BHI plates to produce semicon-
uent lysis after overnight, 37 ◦C incubation. Phage particles were
ashed out of the soft agar using 5 ml SM buffer per plate (100 mM
aCl, 8 mM MgSO 4 , and 50 mM Tris, pH 7.4) and filter-sterilized

0.2 μm) to obtain crude lysates. Lysates were further purified and
oncentrated by PEG precipitation (7% PEG 8000 and 1 M NaCl),

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf011#supplementary-data
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Table 1. Bacterial strains used in this study. 

S train R esistance A pplication O rigin 

E. coli BL21 Gold (DE3) Tet R Plasmid pr epar ation, cloning, 
pr otein expr ession 

Str ata gene 

E. coli XL-1BlueMRF’ Tet R Plasmid pr epar ation, cloning, 
pr otein expr ession 

Str ata gene 

S. aureus Co w an I 1 MSSA Activity assays Clinical isolate (ATCC 12598) 
Bohacek et al. ( 1971 ) 

S. pseudointermedius 2854 2 – Pha ge pr opa gation, pha ge assays Slopek and Krzywy ( 1985 ) 
S. xylosus L-form Pha ge r ebooting Fernbach et al. ( 2024 ) 
S. aureus BB270 (NCTC 8325 mec ) SH3b binding assays Maidhof et al. ( 1991 ) 
S. aureus BB270 (NCTC 8325 mec 
�femA ) 

SH3b binding assays Maidhof et al. ( 1991 ) 

S. aureus BB270 (NCTC 8325 mec 
�femB ) 

SH3b binding assays Maidhof et al. ( 1991 ) 

S. aureus BB270 (NCTC 8325 mec 
�femAB ) 

SH3b binding assays Hubscher et al. ( 2007 ) 

1 Kindl y pr ovided by A. S. Zinkernagel (Bohacek et al. 1971 ). 
2 Félix d’Hérelle Reference Center for Bacterial Viruses (Quebec City, QC, Canada). 
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follo w ed b y CsCl isop ycnic centrifugation and dialyzed twice 
against 1000 × excess of SM buffer. The purified and concentrated 

pha ge stoc ks ( ∼10 12 PFU/ml) wer e stor ed at 4 ◦C. 

Immunodetection of endolysin expression 

during phage infection 

250 ml of exponentiall y gr owing cultur es of S. pseudintermedius 
2854 (OD 600 ≈ 0.6, corresponding to 4.4 × 10 7 CFU/ml) were in- 
fected with 250 μl of the phage stock leading to a final concentra- 
tion of 4.4 × 10 7 PFU/ml (MOI of 1) of ϕ 2638A ply WT-HA , ϕ 2638A 

pl y FL-HA , and ϕ2638A pl y SV-HA . Tw o samples of 1 ml w er e dr awn
from the culture at 30-min intervals over 2 h. One sample was 
used to measure the OD 600 , the other sample was centrifuged,
OD-adjusted (OD 600 = 10), and frozen ( −20 ◦C) until analyzed. For 
SDS-PAGE analysis, 10 μl of the thawed bacterial suspensions were 
mixed with XT Sample Buffer (BioRad) supplemented with 50 mM 

DTT, heat denaturated at 100 ◦C for 10 min, and ran on TGX stain- 
fr ee pr ecast gels (Bio-Rad) for 40 min at 200 V. Proteins were trans- 
ferred onto a PVDF membrane using an iBlot Gel Transfer System 

(Invitrogen). Western blotting was performed using an anti-HA 

mouse monoclonal antibody (Alexa Fluor ® 488 anti-HA.11 Epi- 
tope Tag Antibody, BioLegend) as primary antibody diluted 1:1000 
in TBS-T (20 mM Tris, 150 mM NaCl, 0.1% Tween 20, and pH 7.4) 
supplemented with 5% BSA and horseradish peroxidase (HRP)- 
conjugated rabbit antimouse antibody (Cell Signaling Technolo- 
gies, USA) diluted 1:2000 as a secondary antibody. 

Recombinant protein construction, expression, 
and purification 

Oligonucleotides , templates , and constructed plasmids are listed 

in Table S2 . Gene fr a gments wer e gener ated by PCR using ϕ2638A 

gDNA as template prior to NdeI, XhoI, or BamHI (NEB) restric- 
tion enzyme-based cloning into plasmids pET302 or pET200 de- 
pending on the construct. Construct Ply FL was generated by site- 
dir ected m uta genesis of pET302_Pl y WT by m utating TTG > CTC 

at position Leu180 as pr e viousl y described (Abaev et al. 2013 ). In- 
dividual plasmids were transformed into E. coli strains (Table 1 ) 
and grown in LB media supplemented with ampicillin (100 μg/ml; 
pET302 and pQE30) or kanamycin (50 μg/ml; pET200) at 37 ◦C un- 
til earl y log-phase. Cultur es wer e cooled to 20 ◦C, induced with 

0.5 mM isoprop yl- β- d -thiogalactop yranoside, and incubated for 
18 h with agitation at 19 ◦C. Cells were harvested by centrifugation 
t 7000 × g for 15 min, resuspended in Buffer A (20 mM Na 2 HPO 4 ,
0% gl ycer ol, and pH 7.4) for proteins without a His-ta g and l y-
is buffer (50 mM Na 2 HPO 4 , 300 mM NaCl, 10 mM imidazole, 30%
l ycer ol, and pH 8) for His-tagged proteins at 4 ◦C, and lysed us-
ng a Fluid Po w er Pr essur e Cell Homogenizer (Stansted). Pr oteins

23-2638A, GFP, GFP_SH3b2638A, and GFP_SH3bLST harboring an 

-terminal His-ta g wer e purified by nic kel affinity c hr omatogr a-
hy, as described else wher e (Sc hmelc her et al. 2015 ). Pl y WT , Pl y FL ,
ly SV , Ami, and CBD were purified by cation exchange chromatog-
 a phy (CIEX) as follows: cell extr acts wer e centrifuged to r emov e
ell debris at 20 000 × g for 60 min prior to loading of a 5 ml HiTr a p
P-FF column on an ÄKTA purifier FPLC (GE Healthcare) equili-
rated with Buffer A. Loaded extracts were washed with the run-
ing buffer for 5 column volumes (CVs) and eluted with Buffer B

20 mM Na 2 HPO 4 , 1 M NaCl, 10% gl ycer ol, and pH 7.4) by a ppl ying
 linear gradient (50% in 10 CVs). All proteins underwent an addi-
ional purification step by size exclusion c hr omatogr a phy (SEC) on
 HiLoad 16/60 Superdex 200 prep grade column (GE Healthcare) 
n SEC Buffer (50 mM Na 2 HPO 4 , 500 mM NaCl, 5% gl ycer ol, and
H 7.4). Protein identity and purity were confirmed by SDS-PAGE,
ollo w ed b y Coomassie staining (InstantBlue TM , Sigma). Proteins
er e dial yzed into the following conditions: (i) for activity assays
nd SPR, PBS (10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 137 mM NaCl,
.7 mM KCl, and pH 7.4); (ii) for SEC-MALS, HEPES buffer (10 mM
EPES, 150 mM NaCl, 3.4 mM EDTA, 0.005% Tween20, and pH 7.4);
nd (iii) for crystallization, TRIS buffer (20 mM Tris–HCl, 150 mM
aCl, and pH 7.4). 

urbidity reduction assays 

or phage activity, an overnight culture of Staphylococcus pseudoin- 
ermedius 2854 was diluted 1:100 in fresh BHI, grown at 37 ◦C to
D 600nm 

∼0.5, and then diluted in fresh BHI to OD 600nm 

= 0.1 (cor-
esponding to ∼4 × 10 7 CFU/ml). 100 μl of cells were added to a
lear, flat bottom 96-well plate. Phage stocks were diluted in BHI
nd added to the cells at different titers ( ∼4 × 10 5 to 10 9 to PFU/ml)
o infect at a range of MOIs from 0.001 to 100. OD 600nm 

was mea-
ur ed e v ery 5 min ov er 18 h at 37 ◦C using a SPECTROstar Omega
pectr ophotometer (BMG Labtec h) with shaking befor e e v ery mea-
urement. For turbidity reduction assays (TRAs) performed with 

ndol ysin complementation, pha ges wer e supplemented with pu-
ified, r ecombinant endol ysin diluted in BHI prior to adding to the
ells providing final concentrations of 10 nM, 100 nM, or 1 μM. 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf011#supplementary-data
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Recombinant endolysin activity was determined as described
r e viousl y using pr emade and cryostoc ked S. aureus Co w an sub-
trate cells (Abaev et al. 2013 ). Substrate cells were diluted to
D 600nm 

of 2 in PBS and incubated with serial dilutions of en-
olysins alone and in indicated molar ratios. Optical density was
easur ed e v ery 30 s ov er 1 h. Lysis curv es wer e normalized and

ontr ol-corr ected (cells alone). Data analysis was performed as
r e viousl y described using a python script for automatization (Ko-
ndorfer et al. 2006 , Abaev et al. 2013 ). 

ime–kill assays 

n ov ernight cultur e of S. pseudointermedius 2854 was diluted 1:100
n fr esh BHI, gr own at 37 ◦C to OD 600nm 

∼0.5, and then diluted in
resh BHI to OD 600nm 

= 0.1 (corresponding to ∼4 × 10 7 CFU/ml).
00 μl of cells were added to a 1.5 ml Eppendorf tube. Pha ge stoc ks
ere diluted in BHI medium to titers between 4 × 10 7 to 4 × 10 9 

FU/ml with 500 μl added and mixed with the cells to r eac h MOIs
etween 1 and 100. At t = 0, 50 μl of the negative control (i.e. cells
ixed with pha ge-fr ee BHI) was tr ansferr ed to a dilution plate and

0 μl wer e seriall y diluted in PBS fr om 0 to 10 −7 . 20 μl were spot-
ed on BHI agar square plates with the plate tilting method. Reac-
ion tubes were incubated at 37 ◦C with shaking with 50 μl sam-
les tr ansferr ed to the dilution plate and 20 μl seriall y diluted and
lated e v ery hour for 6 h as described abo ve . CFUs were enumer-
ted after overnight incubation at 37 ◦C. 

ne step growth curve analysis 

00 μl of phage was added to 9.9 ml of log-phase S. pseudinter-
edius 2854 (OD 600 = 0.5) added to BHI br oth, ac hie ving 1 × 10 5 

FU/ml. Following a 5 min incubation at 37 ◦C for adsorption,
.1 ml of the mixture was centrifuged at 10 000 × g for 2 min
o r emov e unbound pha ges b y discar ding the supernatant. The
ellet was resuspended in 10 ml of sterile BHI, further diluted 10-
old, and incubated at 37 ◦C with constant shaking (170 rpm). At
efined intervals, 100 μ1 aliquots were collected, serially diluted
s needed, and titrated using the soft agar o verla y method. Phage
iters were monitored over 180 min to assess the onset of virion
elease . All assa ys were conducted in technical triplicate . T he first
10 min were used to fit an exponential fit in python on the av-
r a ge of the replicates: y = a · e ( b·x ) with a being the scaling factor
nd b the growth rate. 

EC coupled to multiangle light scattering 

or SEC coupled to multiangle light scattering (SEC-MALS) analy-
is, 50 μl of protein samples of recombinant Ply FL , Ply SV with vary-
ng ratios 1:1, 1:3, and 3:1 (w/w) at a concentration of 1 mg/ml
er e separ ated on a Superdex 200 10/30 column (GE Healthcare)
sing a LC1100 HPLC System (Ag ilent Technolog ies) coupled to an
ptilab rEX r efr actometer (Wyatt Tec hnology) and a miniDAWN

hree-angle light-scattering detector (Wyatt Technology). Protein
eparation was run in HEPES buffer (10 mM HEPES, 150 mM NaCl,
.4 mM EDTA, 0.005% Tween20, and pH 7.4). Data analysis was
erformed using the ASTRA 6 software (Wyatt Technology). 

urface plasmon resonance 

urface plasmon resonance (SPR) was performed using a Bia-
ore X system (GE Healthcare). The surface of a CMD500 L chip
Xantec) was activated with 70 μ1 of a 1:1 ratio of 0.4 M 1-
th yl-3-(3-dimeth ylaminopropyl)-carbodiimide (EDC) and 0.1 M
-hydroxysuccinimide (NHS). 35 μl of Ply FL (0.2 mg/ml) or Ami-
ase (0.02 mg/ml) in immobilization buffer (10 mM sodium ac-
tate, pH 4.2) was immobilized on the chip surface by amino cou-
ling in flow cell 2 at a flow rate of 5 μl/min, according to the rec-
mmendations of the manufacturer (Biacore, GE Healthcare Life
ciences). Flow cell 1 was treated in the same way with EDC and
HS with no protein immobilized on the surface. Deactivation of

he surface of both flow cells was done with 70 μ1 ethanolamine.
5 μl of the anal ytes (Pl y FL , Pl y SV , M23, Ami, and CBD) at concen-
rations 750 nM, 1 μM, 2.5 μM, and 5 μM ( Fig. S7 ) were injected at
 flow rate of 10 μ1/min in running buffer (PBS: 10 mM Na 2 HPO 4 ,
.8 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl, and pH 7.4). Associa-
ion and dissociation lasted 210 s and 720 s, r espectiv el y. Regener-
tion was performed by 5 μ1 injections of 10 mM glycine–HCl pH 2
etween the samples. Baseline and injection point alignment were
erformed and the contr ol-corr ected sensor gr ams wer e anal yzed
sing the BiaEvaluation software (GE Healthcare). 

luorescence cell-binding assays 

inding of GFP-tagged CBDs to different S. aureus strains was as-
essed as pr e viousl y described (Loessner et al. 2002 ). Staphylococcus
ureus BB270 wildtype and knoc k out str ains �femA , �femB , and
femAB wer e gr own to earl y log phase. Cells wer e harv ested by

entrifugation and resuspended in wash buffer (50 mM Na 2 HPO 4 ,
20 mM NaCl, 0.1% Tween20, and pH 7.4) to an OD 600 of 1.0. 20 μg
f His- and GFP-tagged SH3b-2638A and SH3b-LST or His-tagged
FP (contr ol) wer e added to 100 μl cells for 5 min, follo w ed b y
ashing twice with 0.5 ml wash buffer. Fluor escentl y labeled cells
er e r esuspended in 50 μl and e v aluated micr oscopicall y (Leica
CS SPE TM CLSM) using a HCX PL FLUOTAR 100 × oil objective and
5% laser po w er (excitation 488 nm, emission 501–561 nm). The
ma ges wer e pr ocessed with Leica LAS AF Lite 3 software. In addi-
ion, fluorescence intensities of labeled cells were quantified (ex-
itation 485 nm, emission 520 nm) using a FLUOstar Omega spec-
rophotometer (BMG LABTECH). Data sets were corrected against
he GFP control, with binding values normalized to the S. aureus
B270 wildtype, which was set to 100%. 

rotein crystallization 

rystallization scr eens wer e performed in 96-well format using
he sitting-dr op v a por -diffusion method at 20 ◦C using commer -
iall y av ailable scr eens (Hampton Researc h, CA, USA; Molecular
imensions, Suffolk, UK) with recombinant proteins in Tris buffer

20 mM Tris–HCl, 150 mM NaCl, and pH 7.4) concentrated to 7-
0 mg/ml. Crystals of the SH3b domain a ppear ed with a reservoir
omposition of 1% (w/v) Tryptone, 0.05 M HEPES pH 7.0, 12% (w/v)
EG-3350 (condition H11, PEG/Ion screen, Hampton Research).
rystals of the M23 peptidase domain a ppear ed with 0.2 M sodium
hloride, 30% (v/v) PEG-300, pH 5.7 (condition E5, GRAS Screen
, Hampton Researc h). Lar ger crystals wer e pr oduced after op-
imization of the conditions for subsequent hanging-drop vapor-
iffusion crystallization. The crystals were grown at 19 ◦C in hang-

ng drops containing 1 μ1 protein solution (10 mg/ml for SH3b and
 mg/ml for M23 peptidase) and 1 μ1 crystallization solution (1%
w/v) Tryptone, 0.05 M HEPES pH 7.0, 14% (w/v) PEG 3350 for SH3b
nd 0.2 M sodium chloride, 28% (v/v) PEG 300, pH 5.7 for M23 pep-
idase), against a 1 ml reservoir crystallization solution. Crystals
ere fished and cryoprotected in the same crystallization solu-

ions containing 30% gl ycer ol. 

-r ay crystallogr aphy da ta collection and 

efinement 
-r ay diffr action data was collected on the X06SA (PXI) beamline
t the Swiss Light Source, Paul Scherrer Institute, Switzerland, us-
ng an Eiger-16 M X (DECTRIS Ltd., Baden-Dättwil, Germany) pixel

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf011#supplementary-data
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Table 2. Crystallogr a phic data statistics for M23 peptidase and SH3b domains of Ply2638A. 

M23 p eptidase (aa 1–174) CBD (aa 393–486) 
D ata collection PDB ID: 6YJ1 PDB ID: 7AQH 

Space group P2 1 P1 
Cell dimensions 
a, b, c ( ̊A ) 33.89, 56.38, 110.49 62.13, 62.51, 66.171 
α, β, γ ( ◦) 90, 92.84, 90 111.01, 108.39, 90.18 
Wavelength ( ̊A ) 1.00 1.00 
Resolution range ( ̊A ) 39.44–2.3 (2.38–2.30) = 44.11–2.49 (2.58–2.49) = 

Unique reflections 17 866 (1664) 27, 918 (2454) 
Multiplicity 6.0 (5.7) 2.1 (1.9) 
Completeness (%) 95.06 (89.46) 90.91 (79.34) 
Mean I/ σ I 7.59 (4.10) 4.31 (0.68) 
Wilson B-factor 29.1 51.65 
R merge 0.1612 (0.5327) 0.0875 (0.6781) 
R meas 0.1761 (0.585) 0.1173 (0.9072) 
R pim 

0.0696 (0.235) 0.0775 (0.5982) 
CC1/2 0.986 (0.911) 0.992 (0.486) 
CC ∗ 0.996 (0.976) 0.998 (0.809) 

R efinement 

Number of reflections 
used 

17 794 (1663) 27 898 (2454) 

Reflections for R free 888 (84) 1396 (122) 
R work 0.2414 (0.2628) 0.2176 (0.3746) 
R free 0.3030 (0.3205) 0.2968 (0.4182) 
Number of atoms 
Protein 2713 6088 
Ligand/ion 2 n/a 
Water 110 85 
B-factors ( ̊A 

2 ) 
Protein 33.54 51.73 
Ligand/ion 27.64 n/a 
Water 39.54 46.57 
Ramac handr an plot (%) 
Favored 96.12 93.41 
Outliers 0 0.41 
R.M.S deviations 
Bond lengths ( ̊A ) 0.008 0.024 
Bond angles ( ◦) 1.31 1.14 

= Highest resolution shell is shown in parenthesis. 

 

 

 

a  

v  

w  

t  

t
 

(
u  

e  

s  

d  

a  

r

S
S  

(  

2
a  

X  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

icrolife/article/doi/10.1093/fem
sm

l/uqaf011/8159870 by U
niversity of Zurich user on 01 July 2025
detector at 100 K and wavelength 1.00 Å . Single datasets were 
collected and indexed, integrated, and scaled using XDS (Kabsch 

2010 ). For the M23 peptidase domain, a single dataset was col- 
lected to 2.3 Å resolution in the space group P2 1 . The structure 
w as solved b y molecular replacement using Phaser (McCoy et al.
2007 ) and a hybrid search model built from the enzymatic do- 
mains of various peptidase domains using Phenix.sculptor with 

two molecules identified in the asymmetric unit. For the CBD, a 
single dataset was collected to 2.8 Å resolution, indexed, inte- 
grated, and scaled using XDS with space group P1 (Kabsch 2010 ).
Cell content analysis suggested 7–10 molecules per asymmetric 
unit with eight molecules providing a Matthew’s coefficient of 2.71 
Å 

3 /Da and 54.7% solvent content. The structure was solved by 
molecular replacement using MolRep (Vagin and Tepl yak ov 1997 ) 
and the CBD of l ysosta phin (LST) (PDB ID: 5LEO) as a search model 
with a final eight molecules identified within the asymmetric unit.
Two HEPES molecules, each positioned centrally within the two 
clusters of four SH3b domains in the eight-domain asymmetric 
unit, w ere modeled. Ho w ever, these HEPES molecules do not inter- 
act with the SH3b domains and were thus considered to have no 
functional r ele v ance . For all constructs , successiv e r ounds of re- 
finement were performed using phenix.refine (Afonine et al. 2012 ) 
w
nd Coot (Emsley et al. 2010 ) to generate final models that were
alidated using MolProbity (Chen et al. 2010 ). The CheckMyMetal
ebserver (Zheng et al. 2017 ) was used to validate the coordina-

ion geometry of all metal ions . T he DALI server was used to iden-
ify structural homologs in the PDB (Holm et al. 2023 ). 

All structur e figur es wer e cr eated using PyMOL v ersion 2.5.3
Sc hr odinger LLC) with electrostatic surface potential calculated 

sing the Ada ptiv e Poisson-Boltzmann Solv er APBS plugin (Baker
t al. 2001 ). Crystallogr a phic data collection and r efinement
tatistics ar e pr ovided in Table 2 . Structur es and X-r ay diffr action
ata were deposited at the PDB under the accession codes 6YJ1
nd 7AQH for the Ply2638A M23 peptidase domain and SH3b CBD,
 espectiv el y. 

tructure prediction and analysis 

tructur e pr edictions wer e performed using AlphaFold 2.0
Jumper et al. 2021 ) and AlphaFold-Multimer (Evans et al.
022 ) downloaded from https:// github.com/ google-deepmind/ 
lphafold and installed on a HP Z6 workstation equipped with a
eon Gold 6354 CPU, 192 GB of RAM, an Nvidia RTX 2080TI GPU,
nd M2 SSD disks, running Ubuntu Linux 20.04. All predictions
ere assessed using internally generated confidence scores. Con- 

http://www.rcsb.org/structure/6YJ1
http://www.rcsb.org/structure/7AQH
https://github.com/google-deepmind/alphafold
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dence per residue is provided as a predicted Local Distance Dif-
er ence Test scor e (pLDDT; scor ed 0–100), with the av er a ge of all
esidues per model provided in the main text and figure legends.
 pLDDT ≥ 90 have very high model confidence, residues with 90
 pLDDT ≥ 70 are classified as confident, while residues with 70
 pLDDT > 50 have low confidence. 

ta tistical anal yses 

ll statistical analyses were conducted using Gr a phP ad Prism
.2.0 (Gr a phP ad Softwar e, San Diego, CA, USA). For the phage in-
ection assa ys , comparisons between engineered and wildtype
2638A pha ges wer e performed using unpaired Student’s t -tests.
ne-w ay ANOVA, follo w ed b y Dunnett’s multiple comparisons

est, w as emplo y ed to assess the differences among Pl y FL , Pl y SV ,
nd their combinations in TRAs . T he r elativ e binding of GFP-
agged SH3b domains to S. aureus cells was assessed using un-
aired Student’s t -tests. A significance level of P < .05 was consid-
r ed statisticall y significant. 

esults 

ptimal phage fitness requires expression of 
oth Ply2638A isoforms 

fter confirming the in vivo functionality of the ply2638A iTSS
Fig. 1 B) in producing the SV isoforms, we aimed to explore the
ole of both isoforms during phage infection and lysis. Staphylococ-
us pseudointermedius 2854 cultur es wer e infected with wildtype
2638A or engineered variants ϕ2638A ply FL and ϕ2638A ply SV en-
oding individual isoforms (Fig. 1 A) and the reduction in optical
ensity (OD 600 ) of the bacterial culture was measured over 8 h
sing TRAs (Fig. 1 C). The wildtype phage exhibited the most ef-

ecti ve infection d ynamics, reaching a maximum OD 600 of 0.48
ithin 2.3 h follo w ed b y a shar p and sustained r eduction in op-

ical density until a slight r egr o wth w as observed after ∼6.5 h. In
ontr ast, both engineer ed pha ges, ϕ2638A pl y FL and ϕ2638A pl y SV ,
xhibited a noticeable decrease in bacteriolytic activity compared
o wildtype. In both cases, the bacterial culture was able to grow to
igher maximum OD 600 values of 0.75 and 0.82 within 3.1 h and
.3 h, r espectiv el y, with the delay in l ysis leading to the turbid-
ty of both infections plateauing at higher optical densities . T he
 educed bacteriol ytic activity of both engineer ed pha ges was also
bserv ed at differ ent r atios of pha ge to bacteria ( ∼4 × 10 7 CFU/ml),
efined as the multiplicity of infection (MOI) r anging fr om 0.001 to
.0. Differences in activity became negligible when phage quan-
ities exceeded 10-fold the bacterial count (MOI > 10) ( Fig. S1 ).
he difference in bacteriolytic activity between these phages was
lso assessed using time–kill assays (TKAs) by measuring absolute
olony-forming unit (CFU) survival over 6 h ( Fig. S2 ). Sur prisingl y,
o w er pha ge concentr ations (MOIs of 0.1 or 1.0) r esulted in mini-

al bacterial killing by all thr ee pha ges despite r e v ealing clear dif-
erences in bacteriolytic activity when measuring OD 600 changes
sing TRAs. To address this, a higher MOI of 10 was tested, e v en
hough all three phages demonstrated similar activity profiles by
RA at this higher phage titer. Indeed, all three phages displayed

he same 4-log reduction in CFU levels within the first hour, with
o significant variation in bacterial counts over the remaining 6
. Postplating phage infection or endolysin activity could poten-
iall y further obscur e an y differ entiation in bacteriol ytic activity
etween the three phages using TKAs. 

To further investigate the difference in bacteriolytic dynam-
cs between the WT and single endolysin isoforms, we performed
ne-step growth curves to assess the timing of lysis and progeny
ha ge r elease. All thr ee pha ges demonstr ated the onset of lysis
ithin 110 min ( Fig. S3 ) to which an exponential fit to the aver-
ge of triplicate measurements was modeled (Fig. 1 D). While the
alculated growth rates were comparable across the three phages
 ϕ 2638A WT: 0.0407, ϕ 2638A ply FL 0.0473, and ϕ 2638A ply SV 0.0472),
mplying the overall replication kinetics per infective cycle re-

ained similar, a notable difference emerged in the scaling fac-
or, whic h was a ppr oximatel y an order of ma gnitude higher for the
ildtype phage ( ϕ2638A WT: 3.330 > ϕ2638A ply FL : 0.844 > ϕ2638A

l y SV : 0.408). This ele v ated scaling factor indicates a more rapid
nset of lysis for the WT and earlier release of progeny phages. Vi-
ually, this is evident in the growth curves, where a steeper rise in
hage titers is observed for the WT phage early in the time course.
n contrast, the onset of lysis from the single-isoform phages is
elayed, consistent with the observation of r educed bacteriol ytic
ctivity in Fig. 1 (C). Despite differences in one-step growth kinet-
cs, all three phages yielded comparable titers after propagation
nd purification, suggesting that although the final number of
r ogen y pha ges pr oduced is similar, the initial timing and dynam-

cs of their release differ significantly. T hus , the presence of both
ndolysin isoforms in the WT serves to optimize the timing and
urst dynamics of lysis but not ov er all pha ge pr oduction, whic h
ligns with the fact that only the endolysin gene is modified in the
ngineer ed v ariants. As the genes r esponsible for pha ge r eplica-
ion and assembly remain unaltered, the total number of progeny
ha ges pr oduced would be unaffected. 

We next sought to investigate if bacteriolytic activity of the en-
ineer ed pha ges could be r estor ed by supplementing pha ge infec-
ion with purified, recombinant Ply WT (containing a native mix of
L and SV isoforms after r ecombinant E. coli expr ession; Fig. 2 B
nd D), or Ply FL and Ply SV alone at three different concentrations
10 nM, 100 nM, and 1 μM) providing additional exogenous en-
ymatic activity against staphylococcal cells. When the wildtype
hage was complemented with 10 or 100 nM of any endolysin
 ariant, no discernible differ ences in turbidity r eduction wer e ob-
erv ed when compar ed to pha ge infection alone (n.p., no pr o-
ein control) (Fig. 1 F). Similar tr ends wer e observ ed for endol ysin
omplementation of ϕ2638A pl y FL , wher e no incr ease in bacteri-
lytic activity was evident compared to the phage-only conditions
Fig. 1 G). In contrast, when phage ϕ2638A ply SV was complemented
ith either Ply WT or Ply FL , turbidity reduction was more efficient

ompared to the phage alone or after supplementation with Ply SV 

ith the growth curve exhibiting characteristics of ϕ2638A ply FL 

nfection (Fig. 1 H). These observations were further supported by
ecreases in OD 600 max values (Fig. 1 E), which dropped to 0.66 ( P -
alue < .0001) and 0.69 ( P -value .0006) when complemented with
0 nM Pl y WT or Pl y FL , r espectiv el y, compar ed to the pha ge alone.
 10-fold increase in endolysin concentration (100 nM) produced
imilar effects, with no change for the wildtype or ϕ2638A ply FL 

ut an increase again in the bacteriolytic activity of ϕ2638A ply SV 

omplemented with either Ply WT or Ply FL ( Fig. S4 ). Interestingly,
upplementation of any phage with 1 μM Ply SV negatively affected
he bacteriolytic activity of all thr ee pha ges, with minimal v aria-
ion observed for 1 μM Ply FL or Ply WT complementation, suggest-
ng that Ply SV , at higher (atypical) concentrations than expected
uring phage infection, may interfere with phage infection and/or
he ability to effectiv el y l yse bacterial cells ( Fig. S4 ). 

l y FL and Pl y SV 

form an inter amidase domain 

eterodimer 
tructur al inv estigations of endol ysins harboring a Type II iTSS,
roducing SV CBD isoforms consisting of the CBD alone , ha ve

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf011#supplementary-data
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Figure 1. Ply2638A SV isoform is required for maximum bacteriolytic activity during phage infection. (A) Schematic overview of the endolysin genes of 
wildtype and engineered ϕ2638A phages. M23, M23 peptidase; Ami, amidase; CBD, SH3b cell wall-binding domain; ttg > ctc , codon modification that 
silences the iTSS to produce only FL endolysin. (B) Western blot time-course using an anti-HA monoclonal antibody to monitor hemagglutinin 
(HA)-ta gged endol ysin expr ession after pha ge infection of S. pseudointermedius 2854 cultur es. (C) Bacteriol ytic activity of wildtype and engineer ed 
phages (without the HA tag) against S. pseudointermedius 2854 was determined by 8-h TRAs at OD 600nm 

. Phages were added at an MOI of 0.1 (10 7 PFU/ml 
to 10 8 CFU/ml). (D) Exponential fit of early phage production during one-step growth analysis. Following initial adsorption of phages to the host, 
samples were collected at defined time points and plated to quantify phage titers over time. (E) The maximum optical density reached during 
individual infections is reported with or without endolysin complementation. Phage-only infected cultures (n.p.) are shown in color and were 
compar ed a gainst eac h other using unpair ed t -tests (ns, no significance; ∗∗∗, P -value = .0002). For eac h pha ge, the thr ee endol ysin-complemented 
conditions were compared against the phage-only control using a one-way ANOVA. Only significant differences are indicated with asterisks ( ∗∗∗: 
P -value = .0006; ∗∗∗∗: < .0001). (F–H) Phage infections were supplemented with 10 nM of recombinant Ply WT , Ply FL , or PLy SV or no protein (n.p.) as a 
control at the start of infection, with bacteriolytic activity measured using TRAs as described aboveFor panels C, F, G, and H, all experiments were 
performed as biological triplicates with technical triplicates and shown as mean ± standard deviation. For E, all experiments were performed as 
technical triplicates and shown as mean ± standard deviation. Certain data points may ov erla p due to highly similar trends across conditions; all 
replicate sets follo w ed comparable kinetic profiles excluding addition of PlySV or no endolysin added to ϕ2638A plySV in panel H. 
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Figur e 2. T he SV isoform forms an interamidase domain interaction with the FL Ply2638A. (A) SEC-MALS analysis of the Ply2638A heterodimer. The 
oligomeric state r epr esented by Pl y FL (blue), Pl y SV (gr een) and a 1:3 (w/w) mixture of Ply FL and Ply SV (gray) at a concentration of 1 mg/ml. The curves 
shown r epr esent the absor ption at 280 nm (peaks; right y -axis). The determined mass of the Pl y FL , Pl y SV , and the complex are shown by the data points 
on top of the corresponding protein peaks (left y -axis). (B) Schematic overview of the Ply2638A and the SV isoform with residues sitting at domain and 
linker boundaries highlighted. The arrow indicates the SV isoform translational start site (TTG) that is silent mutated to CTC for production of Ply FL 

alone. (C) AlphaFold 2.0 (Jumper et al. 2021 ) generated models of Ply FL and Ply SV colored as shown in panel B. (D) SDS-PAGE analysis of each construct 
produced and purified for SPR and SEC-MALS analysis. (E) SPR sensorgrams of the analytes Ply FL , Ply SV , and single domains M23 peptidase , Amidase , 
and CBD interacting with the ligand Ply FL immobilized on the c hip surface. Anal yte concentr ation was 2.5 μM for all five constructs. (F) Specific activity 
of Pl y WT , Pl y FL , Pl y SV , and differ ent r atios of Pl y FL and Pl y SV determined b y TRAs using S. aureus Co w an cells. Err or bars r epr esent standard de viations 
from the experiments that were performed in biological triplicates with technical triplicates each. A one-way ANOVA was performed to compare the 
specific activity of Ply WT to the other proteins and ratios (ns: nonsignificant; ∗: < .05; ∗∗∗∗: < .0001). 
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unv eiled distinct m ultimeric complexes between the two iso- 
forms , for instance , clostridial endolysin CTP1 L forms a heterote- 
trameric complex (2 FL and 2 SV CBD isoforms) (Dunne et al. 2016 ) 
(PDB ID: 5A6S) and enterococcal endolysins LysIME-EF1 (Zhou 

et al. 2020 ) (PDB ID: 6IST) and Lys170 (Xu et al. 2021 ) (PDB ID: 
7D55) assemble as heteropentameric complexes, featuring one 
FL and four SV CBD isoforms. In contrast, the formation of het- 
eromeric complexes by endolysins featuring a type I iTSSs, pro- 
ducing SV EAD-CBD isoforms with enzymatic activity, has not been 

explored, and no evidence of multimerization has been observed 

either in solution or in crystal structures. 
Size-exclusion c hr omatogr a phy combined with m ultiangle 

light scattering (SEC-MALS) was used to investigate potential com- 
plex formation between the two isoforms (Fig. 2 A, Fig. S5 ). When 

anal yzed separ atel y, eac h isoform exhibited a single peak close to 
their monomeric masses: Ply FL at 56.9 ± 0.3 kDa (expected mass,
55.5 kDa) and Ply SV at 40.8 ± 0.3 kDa (expected mass, 35.3 kDa) 
(Fig. 2 A). Ho w e v er, upon combining an excess of Ply SV with Ply FL 

(w/w ratio of 3:1), a higher molecular species, suggestive of a het- 
erodimer, was identified at a mass of 97 ± 1.2 kDa, suggesting that 
all Ply FL molecules were engaged with a single Ply SV , while the 
unbound Pl y SV r etained its monomeric state, with a calculated 

molecular weight of 42.6 ± 0.4 kDa. Inter estingl y, while the in- 
creased mass of the heterodimer suggests it would have a lo w er 
elution volume, factors such as hydrodynamic radius and the 
ov er all sha pe of the complexes can influence elution behavior.
These factors may account for the ov erla pping r etention volume 
observed with the FL protein. Complex formation did not occur at 
Pl y SV to Pl y FL r atios of 1:1 or 1:3 ( Fig. S6 ) , impl ying that an excess
of Ply SV was necessary for complex formation under the tested 

conditions . Furthermore , no homodimer formation was observed 

for either of the isoforms tested alone or in combination. 
To investigate how these proteins were interacting, and to iden- 

tify the domains involved in complex formation, binding experi- 
ments were conducted using SPR. Ply FL was immobilized as the lig- 
and and recombinant M23 peptidase , central amidase , SH3b CBD,
as well as the Pl y FL and Pl y SV isoforms wer e assessed as analytes 
(Fig. 2 E, Fig. S8 ). Dose- and construct-dependent interactions were 
observed for Ply FL , Ply SV , and the amidase domain alone, with the 
str ongest signals observ ed for the latter. Conv ersel y, the CBD and 

M23 peptidase domains sho w ed no interaction with Ply FL . To con- 
firm that the amidase domain of the FL isoform was responsible 
for the interaction, the amidase domain was immobilized on the 
chip surface and all analytes were tested at 1 μM. In addition,
four different concentrations of the amidase domain as the an- 
al yte wer e tested, showing dose-dependent interaction ( Fig. S9 ).
Ho w e v er, it was not possible to determine the equilibrium disso- 
ciation constants (K D ) due to challenges in attaining a steady state 
for the analytes . T his w as primarily caused b y difficulties in chip 

r egener ation and the high concentrations of immobilized ligands.
Combining data from SEC-MALS and SPR thus r e v eals the poten- 
tial for heterodimer formation between the two isoforms via in- 
teramidase domain interactions (Fig. 2 C). 

Building upon our observations with SEC-MALS, indicating an 

excess of Ply SV being required for heterodimeric complex forma- 
tion in solution, we performed TRAs to assess if combining the 
recombinant isoforms in different ratios (1:9, 1:1, and 9:1) would 

lead to observ able differ ences in bacteriolytic activity (Fig. 2 F).
Inter estingl y, Pl y FL alone exhibited an equivalent level of activ- 
ity as the r ecombinantl y pr oduced combination of both isoforms 
(Pl y WT ), whic h contr asted with pr e vious findings wher e Pl y FL ac- 
tivity was significantly lower than Ply WT when assessed pr e vi- 
ousl y (Abae v et al. 2013 ) under similar conditions with S. aureus 
ewman instead of S. aureus Co w an cells used here. Addition-
ll y, we observ ed m uc h lo w er activity for Pl y SV compar ed to Pl y WT 

nd Pl y FL , whic h a gain differ ed fr om these pr e vious observ ations
Abaev et al. 2013 ), where both isoforms exhibited comparable lev-
ls of activity. Ne v ertheless, her e the differ ences observ ed aligned
or e closel y with the expectation that a FL endolysin, featuring

w o EADs, w ould natur all y exhibit higher activity than a single
AD-containing SV EAD-CBD isoform. Given the comparable activity 
f Ply FL and Ply WT , it was unsurprising that Ply FL , when present in
 9:1 excess, closely resembled the activity of Ply WT , and how with
n incr easing pr oportion of Pl y SV (at r atios of 1:1 and 9:1) over-
ll activity decreased. These results mirrored our in vivo observa- 
ions with ϕ2638A pl y SV (Fig. 1 G), wher e pha ge complementation
ith the more active Ply FL led to an overall improvement in bac-

eriol ytic activity. Ov er all, while the pr esence of both isoforms en-
ances bacteriolytic activity during native phage infection, there 
eems to be no discernible adv anta ge in combining Ply FL with the
V EAD-CBD isoform when a pplied exogenousl y to staphylococcal 
ells under the current testing conditions. 

tructur al anal ysis of Pl y2638A and its 

ndividual domains 

 he disco v ery of heter odimerization between the Pl y2638A iso-
orms led us to assess the structural relationship of the ami-
ase domains through X-ray crystallography. Despite multiple at- 
empts, crystallization of the nativ e Pl y WT mixtur e, as well as
l y FL and Pl y SV individuall y, pr ov ed unsuccessful. Consequentl y,
e shifted our focus to crystallizing the individual domains of
l y2638A. Crystals diffr acting to 2.3 and 2.5 Å wer e used to de-
ermine the structures of the M23 endopeptidase (residues 1–174) 
Fig. 3 ) and SH3b (residues 393–486) domains (Fig. 4 ). Ho w e v er,
espite extensive testing, we were unable to obtain diffraction- 
uality crystals of the central amidase domain (residues 180–359).
espite this setback, AlphaFold 2.0 (Jumper et al. 2021 ) was used to
enerate models of the amidase domain (Fig. 5 ) as well as the two
ly2638A isoforms (Fig. 2 C). All three models presented high per-
esidue confidence scores (pLDDTs) of 87.7 (Ply FL ), 90.1 (Ply SV ), and
6.5 (Amidase), indicating their suitability for structural assess- 
ent. AlphaFold-Multimer (Evans et al. 2022 ) was used to predict

n amidase homodimer as well as the heterodimer of Ply FL and
ly SV ; ho w ever, all models presented poor interface pTM scores
typically below 0.2) with many predictions containing nonper- 

issible features such as intertwined loops between chains and 

onadjacent amidases domains, which prompted the omission of 
hese models from further assessment. 

23 peptidase domain features a restricted substrate 
ecognition site 
he M23 peptidase of Ply2638A (Met1–Ala156) features the con- 
erv ed β-sheet cor e structur e and catal ytic motifs of H(x) n D
for Ply2638A, n = 3) and HxH that is shared across this
ell-c har acterized famil y of zinc-dependent metallopeptidases 

Małecki et al. 2021 , Razew et al. 2022 ) (Fig. 3 A). Flanking the highly
onserv ed cor e ar e four v ariable loops (L1–L4) that cr eate the walls
f the negativ el y c har ged binding gr oov e whose composition de-
ermines PG binding specificity (Małecki et al. 2021 ) (Fig. 3 B and
). Inter estingl y, both Loops 1 and 4 of Pl y2638A ar e a ppr oximatel y

wice as long as the corresponding loops in available crystal struc-
ures of other related M23 peptidases (Fig. 3 E and F). Specifically,
oop 1 in Ply2638A spans 34 residues (Asp18 to Ala51) whereas
quivalent loops in the domain of structurally related bacteriocins 
ST (PDB ID: 4QPB and 4LXC; 17 residues) (Sabala et al. 2014 ) and

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf011#supplementary-data
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Figure 3. Analysis of the M23 peptidase crystal structure. Cartoon (A) and surface (B) representations of the Ply2638A M23 peptidase domain colored 
blue with catalytic and Zn 2 + (gray sphere) coordinating residues colored gray and shown as sticks . T he four variable loops that form the binding 
gr oov e peripher al to the activ e site ar e individuall y color ed with r esidues forming Loop 1 and Loop 4 indicated below. (C) The molecular surface of the 
peptidase domain colored according to its electrostatic surface potential ( ±5 kT/e) generated by Adaptive Poisson–Boltzmann Solver (APBS); red, 
negativ el y c har ged; white, neutr al; and blue, positiv el y c har ged r egions ( ±5 kT/e). (D) Electr ostatic surface potential ( ±5 kT/e) of the Pl y2638A 

peptidase domain is shown with a truncated Loop 1( �Loop1; �Glu35-Tyr41) to aid visualization of the active site. Estimated positions of individual PG 

residues within the active site are shown as colored circles based on the location of the tetraglycine ligand cocrystalized with LytM (PDB ID: 4ZYB; 
panel E) as well as pr e vious anal yses (Gr abowska et al. 2015 ). The scissile bond betw een d -Ala and Gly is sho wn as a black line. Belo w is the same 
structure oriented as indicated by the eye icon of the top image. (E) Electrostatic surface potential ( ±5 kT/e) of structurally related peptidase crystal 
structures of LST (PDB ID: 4LXC/4QPB), LytM (PDB ID: 4ZYB), and EnpA (PDB ID: 6SMK) (Małecki et al. 2021 ). Double-headed arrows highlight the 
widening at the end of binding gr oov e. (F) Cartoon r epr esentations of the same peptidase domains colored green with active site residues colored 
according to panel A, and with individual Loop 1 and 4 residues indicated below. 
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ytM (PDB ID: 4ZYB; 13 r esidues) (Gr abo wska et al. 2015 ), as w ell

s the endolysin EnpA of Enterococcus faecalis phage 03 (PDB ID:
SMK; 13 residues) (Małecki et al. 2021 ) are notably shorter. Simi-
arly, Loop 4 comprises 15 r esidues (Pr o140 to Gl y154), whic h con-
rasts with the shorter loops of 7, 8, and 7 residues of these related
23 peptidase domains, r espectiv el y. 
Another uncommon feature within Loop 1 of the peptidase

omain is the choice of residue used to stabilize the oxyanion
ntermediate of the cleav a ge r eaction. For the majority of M23
eptidase domains this residue is a tyrosine (e.g. Tyr270 in LST
nd Tyr204 for LysM). In Ply2638A, ho w ever, this role is played
y Arg32, a choice of amino acid akin to that found in Helicobac-
er pylori peptidase Csd3 (An et al. 2015 ) and EnpA. In the case
f EnpA, Arg21 was additionally proposed to contribute to the
tabilization of neighboring residues within the binding gr oov e
Małecki et al. 2021 ). As with other M23 peptidases, Loops 1 and 3
f the Ply2638A peptidase together form a deep and narrow bind-
ng gr oov e that mediates d -alan yl-gl ycine endopeptidase cleav a ge
t its center. Notably, an α-helical bulge introduced by the longer
oop 4 of Ply2638A extends the constricted and negativ el y c har ged



Zinsli et al. | 11 

Figure 4. Structural and functional analysis of Ply2638A SH3b crystal structure. (A) Structure of Ply2638A SH3b domain (residues 393–486; PDB ID: 
7AQH) colored from N- (blue) to C-terminus (red) with β-strands numbered. (B) Superposition of the Ply2638A (red) and LST (gray; PDB ID: 6RJE; 
Gonzalez-Delgado et al. 2020 ) CBD with the residues previously identified for LST SH3b as interacting with the cross-bridge (magenta) and the stem 

peptide (y ello w) that ar e also conserv ed in the Pl y2638A SH3b domain shown as stic ks. (C) Sc hematic of the S. aureus PG that is bound by the SH3b 
domain and cleaved (scissors) by the two enzymatic domains of Ply2638A. Enzymes femA and femB are responsible for biosynthesis of the second and 
third glycines and the fourth and fifth glycines of the crossbridge (Götz et al. 2006 ). (D) Sequence alignment of the Ply2638A and LST SH3b domains 
(56% identity) with the cross-bridge and peptide stem interacting residues that are conserved between the two domains highlighted. (E) Surface 
r epr esentation of two Ply2638A SH3b domains (cyan and red) with a fragment of PG consisting of components from the peptide stem and cross-bridge 
(P4–G5 complex; inset) superposed using the crystal structure of LST SH3b dimers cocrystallized with P4–G5 (PDB ID: 6RJE) (Gonzalez-Delgado et al. 
2020 ). Akin to panels B and D, cross-bridge and peptide stem interacting residues are colored magenta and y ello w, respectively. Re presentati ve 
fluor escence micr oscopy ima ges (F) and r elativ e (to wildtype) binding quantification (G) of GFP-fused SH3b domains of Pl y2638A and LST, decor ating 
wildtype and PG mutant strains of S. aureus BB270, demonstrating similar binding properties between the two SH3b domains. 
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binding gr oov e at its terminal end (Fig. 3 C), which is best visual- 
ized by removing the overhanging residues of Loop 1 (Fig. 3 D). In 

contrast, LST and LysM display a less constrained configuration 

in this region, while EnpA widens at this location (Fig. 3 E). This 
expansion has been associated with EnpA’s ability to bind and 

hydr ol yze a br oader r ange of PG structur es, specificall y d -Ala- 
Gl y/Ala/Ser, whic h explains its bacteriolytic activity against dif- 
ferent species, including staphylococcal and streptococcal species 
(Małecki et al. 2021 ). 

Building upon prior analyses of EnpA (Małecki et al. 2021 ) 
and drawing insights from the structure of LytM cocrystallized 

with tetr a gl ycine phosphinate (mimic king the ligand during cleav- 
a ge) (Gr abo wska et al. 2015 ), w e can estimate the placement 

of the scissile bond and the associated PG residues within the s
ctive site of the Ply2638A peptidase domain (Fig. 3 D). Unlike
ST and LytM, which serve as glycyl–glycine endopeptidases and 

arget the comparatively simple polyglycine crossbridge, the ex- 
ended binding gr oov e of Pl y2638A likel y accounts for its r ecog-
ition of both the stem peptide ( d -Ala- l -Lys- d -Glu- l -Ala) and
ol ygl ycine cr oss-bridge adjacent to the scissile d -Ala-Gly bond.
or instance, the bulkier Loop 4 of Ply2638A extends the nega-
iv el y c har ged gr oov e that would best accommodate the polyg-
 ycine cr ossbridge . T he prospect of cocrystallization with a com-
lete PG fr a gment holds pr omise in elucidating the intricate in-
erplay between these loops in gov erning substr ate specificity,
articularly for Loop 1, which would naturally exhibit more 
exibility than what is observed in the current static crystal

tructure. 
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Figure 5. Analysis of the AlphaFold-generated model of the Ply2638A amidase domain. (A) Cartoon structure of Ply2638A amidase domain generated 
by AlphaFold 2.0 (Jumper et al. 2021 ) colored from N- (blue) to C-terminus (red) with catalytic and Zn 2 + (gray sphere) coordinating residues colored 
white and shown as sticks. (B) Molecular surface of the amidase domain colored according to its electrostatic surface potential generated by APBS ( ±5 
kT/e); r ed, negativ el y c har ged; white, neutr al; and blue, positiv el y c har ged r egions . T he m ur amyltetr a peptide (MtetP) ligand r epr esentativ e of S. aureus 
PG, was modeled into the negativ el y c har ged activ e site by superimposing with the MtetP cocrystallized structure of the S. aureus autolysin, AmiA (PDB 
ID: 4KNL; Z-score 18.2; RMSD 2.3 Å ) (Büttner et al. 2014 ). (C) Superimposing Ply2638A (green) with LysGH15 (orange; PDB ID: 4OLS) (Gu et al. 2014 ), 
which sho w ed the highest structur al similarity based on DALI anal ysis (Z-scor e 27.2; RMSD 1.6 Å ) (Holm et al. 2023 ), r e v eals the same catal ytic and 
Zn 2 + coordinating r esidues, r epr esented as stic ks, in the same orientation for both structur es . T he loop region between α6 and α7 ar e color ed for 
Ply2638A (c y an) and LysGH15 (r ed). (D) Electr ostatic surface potential ( ±5 kT/e) of structur all y similar crystal structur e amidase domains fr om 

LysGH15 (Gu et al. 2014 ), AmiA (PDB ID: 4KNL; Z-score 18.2; RMSD 2.4 Å ) (Büttner et al. 2014 ), the Bacillus prophage Ba02 endolysin, PlyL (Z-score 19.8; 
RMSD 2.1 Å ) (Low et al. 2005 ), and the T7 lysozyme (PDB ID: Z-score 11.4; RMSD 2.6 Å ) (Cheng et al. 1994 ). All structures were modeled with MtetP in 
the active site as performed for Ply2638A in panel B. (E) Cartoon r epr esentations of the same amidase domains colored orange with active site residues 
colored according to panel A with the α6 and α7 loop region of LysGH15 highlighted. 
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he SH3b domain presents similar binding properties as 
ST 

H3b domains are one of the most common types of CBD iden-
ified for staphylococcal endolysins (Haddad Kashani et al. 2018 ).
he C-terminal SH3b domain of Pl y2638A shar es 56% sequence

dentity with the LST SH3b domain and displays an almost iden-
ical structure [PDB ID: 6RJE; DALI; (Holm et al. 2023 ) Z-score 19.2,
MSD 0.6 Å ] (Mitkowski et al. 2019 ) consisting of nine antiparal-

el β-strands ( β1–β10) (Fig. 4 A). The potent bacteriolytic activity of
ST has been associated with its ability to recognize both the pen-
a gl ycine cr ossbridge and the peptide stem of PG (Fig. 4 C) via two
ndependent binding sites located on opposite sides of its SH3b do-

ain (Gonzalez-Delgado et al. 2020 ). In addition to conservation
f both binding sites, the majority of pr e viousl y identified inter-
cting residues are also present in the Ply2638A SH3b structure,
uggesting a similar dual-site recognition mechanism for this en-
olysin (Fig. 4 B and D). SH3b-LST can bind (albeit at decreasing

e v els) PG obtained from S. aureus �femB and �femAB mutants,
hich contain cross-bridges of three or just one glycine, respec-

iv el y (Gonzalez-Delgado et al. 2020 ). Based on domain similar-
ty, we hypothesized that the SH3b of Pl y2638A pr esents a sim-
lar binding pattern to staphylococcal PG as the SH3b of LST.
o in vestigate this , we conducted fluor escence micr oscopy and
uantified the r elativ e cell binding of GFP-ta gged SH3b domains
r om Pl y2638A and LST a gainst v arious S. aureus str ains, includ-
ng a �femA mutant with a single glycine within the cross-bridge
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similar to �femAB (Fig. 4 F and G). Both GFP-tagged SH3b-2638A 

and SH3b-LST exhibited a significant decrease in binding, drop- 
ping to ∼20%, when the penta gl ycine cr oss-bridge was r educed 

to three glycine residues . Furthermore , both CBDs sho w ed min- 
imal residual binding ( < 10%) when the penta gl ycine bridge was 
reduced to just one glycine . T hese results agree with previous ob- 
servations for SH3b-LST. Importantly, the absence of significant 
differences in binding abilities between the two domains, along 
with their high structural similarity and pr eserv ation of the two 
binding sites identified for LST (including most shared residues) 
(Gonzalez-Delgado et al. 2020 ), str ongl y suggest that Pl y2638A can 

also interact with the crossbridge and peptide stem of staphylo- 
coccal PG. 

The central amidase domain of Ply2638A 

The central domain of Ply2638A (Leu180–Gly359) is a zinc- 
dependent, type 2 N -acetylm ur amoyl- l -alanine amidase 
(IPR002502) that is responsible for cleaving the amide bond 

between the glycan moiety (MurNAc) and the stem peptide 
( l -Ala) of PG (Fig. 5 A and B). The AlphaFold model of Ply2638A 

amidase shares high structural similarity with available crystal 
structures of amidase domains of other endolysins, including 
those of staphylococcal phage GH15, LysGH15 (PDB ID: 4OLS; 39% 

sequence identity, DALI (Holm et al. 2023 ) Z-scor e 27.2, r oot mean 

squar e de viation (RMSD) 1.6 Å ) (Gu et al. 2014 ), Bacillus anthracis 
pr opha ge Ba02, Pl yL (PDB ID: 1YB0; Z-scor e 19.8, RMSD 2.1 Å ) (Low 

et al. 2005 ), phage T7 lysozyme (PDB ID: 1LBA; Z-score 11.4, RMSD 

2.6 Å ) (Cheng et al. 1994 ), and the highly active amidase domain of 
S. aureus autolysin AtlA, AmiA (PDB ID: 4KNL; Z-score 18.2, RMSD 

2.4 Å ) (Büttner et al. 2014 ) (Fig. 5 D and E). The Ply2638A amidase 
employs the same group of zinc-binding residues, namely His206,
His314, and Cys322, as the other endolysin amidases LysGH15 
and Pl yL (Fig. 5 C). Additionall y, Pl y2638A shar es an essential 
catalytic glutamic acid (Glu270) with both endolysins (LysGH15, 
Glu282; PlyL, Glu90) as well as the AmiA autolysin (Glu324) 
(Büttner et al. 2014 ), in contrast to a tyrosine (Tyr46) as used by 
the T7 amidase (Cheng et al. 1994 ). Superposition of LysGH15 and 

Pl y2638A r e v ealed that the only notable compositional difference 
between the two amidases was an extension of ∼3 residues 
forming an alpha-helix within the loop between α6 and α7 of 
LysGH15 (Fig. 5 C). This loop extension was also not present in 

the PlyL or AmiA crystal structures, and its relevance is likely 
to be limited. Superimposing a m ur amyltetr a peptide (MtetP) 
r esembling sta phylococcal PG, whic h was cocrystallized within 

the active site of the AmiA amidase (PDB ID: 4KNL) (Büttner et 
al. 2014 ), with the other amidases provided insights into how 

these different amidases recognized PG. The three Staphylococcus - 
tar geting amidases, Pl y2638A, LysGH15, and AmiA, exhibit similar 
surface electrostatics . T he y feature a negati v el y c har ged binding 
gr oov e and a deep active site pocket capable of accommodating 
MurNAc , the sugar backbone , and the stem peptide . In all three ,
the scissile bond is positioned in close proximity to the active site 
zinc ion. Despite compositional differences between MtetP and 

E. coli PG, the E. coli phage T7 amidase accommodates the MtetP 
ligand in a similar orientation, ho w e v er, with a positiv el y c har ged 

binding gr oov e, r eflecting the enzyme’s specificity to w ar d the 
different E. coli PG (Cheng et al. 1994 ). 

F or most staph ylococcal endol ysins, whic h include an N- 
terminal CHAP domain (e.g. LysGH15) rather than an M23 pepti- 
dase (e.g. Ply2638A), the central amidase domain’s primary role 
has been proposed to enhance the endolysin’s affinity for tar- 
get cell walls. Bacteriolytic activity, on the other hand, has been 

proposed as a secondary function, with the CHAP domain con- 
ributing the majority of the bacteriolytic activity for these en-
olysins (Son et al. 2018 ). In contrast, the central amidase of
l y2638A has pr e viousl y demonstr ated higher bacteriol ytic activ-
ty than the M23 peptidase domain when either the M23 or the
midase domain were fused separately to the SH3b binding do-
ain (Abaev et al. 2013 ). Here, we also observe bacteriolytic ac-

ivity by Ply SV (Fig. 2 F). Using AlphaFold 2.0, we generated high-
onfidence models for a r epr esentativ e selection of amidase do-
ains from staphylococcal endolysins of different compositions,

ll of which had been previously investigated for their bacteri-
lytic activity and amidase functionality (Fig. 6 ). This selection in-
ludes the CHAP-Amidase-SH3b endolysins LysK (40% sequence 
imilarity to Pl y2638A) (Sanz-Gaiter o et al. 2014 ), LysSA12 (41%)
Son et al. 2018 ), and LysGH15 (39%; shown in Fig. 5 D) (Gu et
l. 2014 ), and the Amidase-SH3b endolysin LysP108 (41%; 100%
dentical to LysK) (Lu et al. 2021 ). To the best of our knowledge,
ly2638A is the only M23-Amidase-SH3b endolysin to have its ac-
ivity investigated. 

Furthermor e, onl y a limited number of structur all y analogous
ndolysins to Ply2638A have been identified from phage genomes 
y BLASTp analysis (Sayers et al. 2022 ). These include phages
P119-1 (GenBank AZB66744) and SPT99F3 (GenBank APD20014),
oth exhibiting > 97% sequence identity with Ply2638A. Conse- 
uently, we included another Ply2638A-like endolysin, LysSP15-1 

96%; GenBank MK075001), e v en though its activity r emains unin-
 estigated. Remarkabl y, all the amidase domains presented very
igh structural similarity (RMSDs between 0.2 and 1.6 Å when su-
erimposed to the Ply2638A amidase) and contained the same 
ctive site and Zn 

2 + coordinating residues. Using the Consurf 
ebserver (Ashkenazy et al. 2016 ), sequence conservation was 
apped onto the Ply2638A amidase domain ( Fig. S6 ) r e v ealing
 high degree of conservation within the negatively charged ac-
iv e site, contr asting with low le v els of conserv ation acr oss the
emaining molecular surface including in close proximity to the 
ocket accommodating the peptide stem component of the lig- 
nd. Suc h surface v ariation might potentiall y explain an y discr ep-
ncies in activity observed among amidase domains. 

Ne v ertheless, establishing a connection between structural dif- 
erences in these domains and their bacteriolytic activity remains 
 hallenging, particularl y without dir ect head-to-head compar- 
sons conducted under similar experimental conditions. As de- 
cribed abo ve , Ply2638A isoform dimerization occurs via the cen-
ral amidase domain. Ho w ever, none of the amidase crystal struc-
ur es discussed abov e, or those additionall y identified as struc-
ur all y similar using the DALI server, e.g. a Bacillus subtilis amidase
PDB ID. 3HMB; Z-score 18; RMSD 2.5 Å (Low et al. 2011 )) or the
isteria phage PSA endolysin amidase (PDB ID: 1XOV; Z-score 19.8;
MSD 2.1 Å ; Korndorfer et al. 2006 ) have been characterized or re-
orted to form homodimers . T he PlyL amidase (Fig. 5 E) is the only
xception, forming a trimer as the crystal asymmetric unit; how-
 v er, this has not been described or shown to bear any functional
ignificance. 

iscussion 

ndol ysins hav e emer ged as a pr omising class of antibiotic al-
ernatives, gaining significant attention in response to the grow- 
ng AMR crisis . T heir alternativ e mec hanism of action combined
ith their adaptability through protein engineering (Schmelcher 
nd Loessner 2021 ), and species-specific activity make endolysins 
ighl y effectiv e pr ecision antimicr obials. Of particular inter est ar e
ndol ysins tailor ed to combat sta phylococcal infections, exem- 
lified by the clinical assessment of Exebacase and Tonabacase 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqaf011#supplementary-data
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Figure 6. Analysis of re presentati ve amidase domains from other staphylococcal phage endolysins. AlphaFold 2.0 (Jumper et al. 2021 ) was used to 
generate high confidence models of Ply2638A (reported in Fig. 5 ) as well as re presentati ve staphylococcal endolysins LysK (O’Flaherty et al. 2005 , 
Becker et al. 2009 ), LysSA12 (Son et al. 2018 ), LysSP15-1 (GenBank: MK075001), and LysP108 (Lu et al. 2021 ). (A) LysSP15-1 features the same domain 
arc hitectur e as Pl y2638A, wher eas LysK and LysSA12 have an N-terminal cysteine, histidine-dependent amidohydrolases/peptidases (CHAP) domain 
instead of an M23 peptidase at the N-terminus. LysP108 features only an amidase attached to a C-terminal SH3b domain. LysSP15-1 has been 
predicted to also feature an iTSS akin to Ply2638A (Pinto et al. 2022 ). (B) Molecular surfaces of all four amidase domains colored according to their 
electrostatic surface potential generated by APBS ( ±5 kT/e); red, negatively charged; white, neutral; and blue, positively charged regions . T he 
m ur amyltetr a peptide (MtetP) ligand r epr esentativ e of S. aureus PG was modeled into the negativ el y c har ged activ e site by super positioning with the 
MtetP cocrystallized structure of S. aureus autolysin, AmiA (PDB ID: 4KNL; Z-score 18.2; RMSD 2.3 Å ) (Büttner et al. 2014 ). (C) Cartoon r epr esentations of 
the same amidase domains colored green (Ply2638A) and orange (others) with catalytic and Zn 2 + coordinating residues colored white and shown as 
sticks . T he α6 and α7 loop region of Ply2638A is also colored red and features an additional helical segment in LysK and LysSA12. All models presented 
high structural similarity to the amidase of Ply2638A with L ysK, L ysSA12, L ysSP15-1, and L ysP108 superpositioning with an RMSD (all atoms) of 0.75 Å , 
0.80 Å , 0.22 Å , and 0.54 Å , r espectiv el y. 
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ased on native endolysins PlySs2 (Schuch et al. 2014 ) and SAL-1
Jun et al. 2014 ), as well as engineered endolysins MEndoB (Roehrig
t al. 2024 ), and SA.100 and XZ.700 based on the Ply2638A scaffold
Eichenseher et al. 2022 ). While the bacteriolytic properties of en-
olysins has been well studied, the native function of endolysins
hat lyse the cell during the last stages of the pha ge l ytic cycle
 emains lar gel y unexplor ed, especiall y for endol ysins carrying a
ype I iTSS producing an enzymatic SV EAD-CBD isoform in addition
o the FL endolysin (Catalao et al. 2011 , Pinto et al. 2022 ). 

Here, w e sho w that the Type I iTSS isoforms of Ply2638A (Abaev
t al. 2013 ) display a tr ansient inter amidase inter action that medi-
tes the assembly of heterodimeric complexes in solution. While
ultiple attempts to crystallize and resolve the interamidase in-

eraction at atomic resolution were unsuccessful, AlphaFold 2.0
Jumper et al. 2021 ) enabled us to generate high confidence mod-
ls of both isoforms and the amidase domain alone. Unfortu-
ately, our efforts to predict the interamidase interaction using
lphaFold-Multimer (Evans et al. 2022 ) were unsuccessful. Pro-

ein modeling has been r e v olutionized b y suc h AI-driv en pr edic-
ion tools and excels at predicting single c hain pr oteins and cer-
ain complexes (Humphreys et al. 2021 , Gonzalez-Serrano et al.
023 , Pavlopoulos et al. 2023 ); ho w ever, there are still challenges
t modeling transient protein–protein interactions, especially for
ovel interfaces that have not been observed previously via em-
irical means , e .g. X-ra y crystallogr a phy, suc h as the inter amidase

nter action of Pl y2638A studied her e. Ne v ertheless, ongoing ad-
ancements in the field hold great promise for future improve-
ents for interface predictions (Calla wa y 2022 , Lee et al. 2023 ).

onsequentl y, in-depth atomic c har acterization of the inter ami-

ase interaction remains an area of future research. u  
The study of Pl y2638A inter amidase inter actions using SPR
nal ysis and SEC-MALS r e v ealed the pr esence of inter amidase in-
eractions and suggested the potential formation of Ply FL : Ply SV 

eter odimers. Notabl y, inter actions with immobilized Pl y FL wer e
bserv ed onl y in anal ytes containing an amidase domain, im-
lying that the amidase domain plays a crucial role in mediat-

ng the interactions . T his hypothesis was further supported when
he amidase domain alone was immobilized on the SPR chip
urface, and similar interaction patterns were observed. Over-
ll, our findings highlight the significance of the amidase do-
ain in mediating Pl y2638A inter actions and suggest that do-
ain composition can significantly impact binding dynamics.

urther studies are needed to quantify these interactions more
r ecisel y and to explore the functional implications of these
ndings. 

It is interesting to note that similar interactions between Type I
TSS isoforms have been suggested for an Mycobacterium smegmatis
ndol ysin LysPoll ywog (also featuring a centr al amidase domain),
o w e v er, this was based only on SEC data showing coelution of
he isoforms (Pinto et al. 2022 ). Ne v ertheless, this would imply

or e widespr ead occurr ence of this type of inter action among en-
olysins; ho w ever, the requirement for forming such isoform het-
rodimers and the positioning of amidase domains in such com-
lexes (i.e. whether the active sites are hidden or exposed) dur-

ng the lysis process remains unknown. There is a potential sce-
ario where, with exposed amidase active sites, the heterodimer
unctions in a manner similar to restriction enzyme homodimers
leaving palindromic DNA (Pingoud and Jeltsch 2001 ). In this hy-
othetical model, pairs of MurNAc- d -Ala on a cross-linked sub-
nit of PG could potentially be cleaved simultaneously by adja-
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cent amidase domains, facilitated by the loosening of the rigid PG 

structure via the action of the single M23 peptidase domain at the 
N-terminus of Ply FL ; ho w ever, additional structural data is needed 

to substantiate this proposition. 
The r equir ement of Type II iTSS endolysins for the SV CBD iso- 

form is clearly evident, as the additional CBD domains are essen- 
tial for forming the final mature endolysin complex (Proenca et al.
2015 , Dunne et al. 2016 , Zhou et al. 2020 ). In our study, we sought 
to investigate why phages targeting Gram-positive bacteria (Pinto 
et al. 2022 ) continue to utilize a Type I iTSS, whic h essentiall y r e- 
sults in production of a less active SV EAD-CBD isoform that is also 
not r equir ed for the stability or function of the higher activity FL 
isoform. The presence of the iTSS may be attributed to a gene fu- 
sion e v ent, potentiall y a common tr ait in endol ysin genes with 

tw o lytic domains, ho w ever, limited data is available to support 
this theory and does not explain why the iTSS would be retained 

when the dual-EAD FL isoform exhibits sufficiently high activity.
Ne v ertheless, as shown her e, while the wildtype and single iso- 
form ϕ2638A phages exhibited similar titers during production 

and no discernible differences during TKA analysis measuring ab- 
solute staphylococcal killing, the wildtype phage consistently dis- 
played superior bacteriolytic activity, as evidenced by optical den- 
sity reduction via TRA analysis, in comparison to the single iso- 
form phages. Similar results have been reported for the Mycobac- 
teriopha ge Ms6, wher e pha ge m utants pr oducing onl y one of two 
Type I iTSS isoforms were defective in the normal timing and com- 
pletion of host cell lysis and also produced smaller plaques upon 

plating (Catalao et al. 2011 ). 
Staphylococcal PG consists of repeating units of β-1,4- 

linked N -acetylglucosamine (GlcNAc) and N -acetylm ur amic acid 

(MurNAc). These gl ycan str ands ar e cr oss-link ed by a stem pe ptide 
attac hed to MurNAc, whic h is attac hed to another stem peptide 
via an interpeptide bridge (Sobral and Tomasz 2019 ). The PG of S.
aureus shows a high degree of cross-linking, ranging from 74% to 
92% (Vollmer and Seligman 2010 ). Detailed c har acterization of the 
PG structure of S. pseudointermedius (the host of ϕ2638A) are not 
available leading to hypotheses based on the S. aureus cell wall 
alone. Cr oss-linked PG featur es tw o MurN Ac- d -Ala bonds and a 
single l -Gly- d -Ala bond connecting the interpeptide bridge to the 
stem peptide, implying a 2-fold higher number of bonds requir- 
ing amidase cleav a ge compar ed to endopeptidase cleav a ge. Con- 
sequently, this may account for the necessity of Ply SV coexpres- 
sion, i.e . pro viding an additional amidase, to increase the likeli- 
hood of PG bond cleav a ge and facilitate more efficient bacterial 
cell lysis that ultimately enhances the release of progeny phages.
This phenomenon was indir ectl y shown within this study by the 
higher OD max observed by TRA when infecting S. pseudointermedius 
with either of the single isoform phages compared to the wildtype 
phage . T his could be attributed to a larger proportion of cells with 

partiall y degr aded cell walls due to the reduced capacity to fully 
degrade the PG by the single isoforms alone, r esulting fr om the 
lack of endopeptidase activity for ϕ2638A ply SV or the insufficient 
amidase activity by ϕ2638A ply FL . 

These structural limitations at the enzymatic le v el also appear 
to affect the timing of host cell lysis. One-step growth curve anal- 
ysis r e v ealed a markedl y higher scaling factor from exponential 
curve fitting, suggesting a faster onset of lysis in the WT phage.
This earlier l ysis likel y r esults fr om the cooper ativ e action of both 

endolysin isoforms and reflects a finely tuned timing mechanism 

to optimize burst dynamics . T his difference in lytic timing was 
also visually apparent in the growth curves, reinforcing the inter- 
pretation that dual-isoform systems confer a temporal, but not 
absolute, adv anta ge for phage fitness. 
Although both single isoforms demonstrated the ability to in- 
uce lysis and produce phage progeny, the subtle enhancement 

n PG degradation would represents a valuable marginal advan- 
age for dual-isoform Type I iTSS endolysins over their non-iTSS
ounterparts . T he slight impro vement in PG degradation would
 epr esent a mar ginal adv anta ge for dual isoform Type I iTSS en-
ol ysins ov er their non-iTSS counter parts that may explain the
r e v alence of Type I iTSS endolysins across successive phage gen-
rations and in many different phage genomes . In vestigating this
henomenon can be c hallenging, particularl y when studying it
hrough the external application of recombinant endolysins; the 
inetics of cleav a ge of particular bonds may be differ ent, when
he PG is attacked from the cytoplasmic side compared to the ex-
racellular side (as would occur natur all y during release of the
ndolysins via holin formation). Nonetheless, it is evident that 
ype I iTSS endol ysins possess a distinct in vivo fitness adv an-
age for the phage as shown in TRAs that, while subtle to discern
nder controlled laboratory conditions, is likely to manifest more 
r ominentl y in natur al envir onments. This mar ginal gain may be
 volutionaril y adv anta geous, as e v en subtle impr ov ements in l y-
is timing can translate into increased propagation efficiency un- 
er competitive or resource-limited conditions. Our kinetic data 
upports this, showing that the dual-isoform WT phage initiates 
r ogen y r elease earlier than its single-isoform counter parts, po-
entially conferring a re plicati ve edge in natural settings where
peed of infection cycles impacts fitness. 

Another inter esting observ ation is that for the thr ee-domain
rc hitectur e typical for staphylococcal endolysins, iTSSs have 
nly been identified for M23 peptidase–amidase–CBD constructs 
nd not for CHAP–amidase–CBD endolysins (Pinto et al. 2022 ). In
ontr ast to Pl y2638A, the amidase fr om CHAP–amidase–CBD en-
olysins seem to have only minimal bacteriolytic activity, which 

as led others to suggest the central amidase domain plays an
uxiliary role to improve binding of the endolysin to PG (Son et
l. 2018 ). In the case of staphylococcal CHAP–Amidase–CBD en-
olysins, it has been demonstrated that their bacteriolytic activ- 

ty pr edominantl y originates fr om the CHAP domain. This is e vi-
ent in studies involving various staphylococcal endolysins, such 

s LysSA12 and LysSA97 (Son et al. 2018 ), LysGH15 (Gu et al. 2014 ),
s well as LysK and ϕ11 (Nav arr e et al. 1999 , Becker et al. 2009 ).
runcation studies, in which either the CHAP or amidase domain
er e independentl y fused to the nativ e CBD, consistentl y r e v ealed

ignificantl y gr eater activity associated with the CHAP domain
ompared to the amidase, which typically displayed reduced or 
 v en negligible activity in these in vestigations . Since , most en-
ymatic activity in CHAP–amidase–CBD endolysins seems to be 
ssociated with the CHAP domain, retaining an iTSS leading to
oexpression of a low activity endolysin would not be beneficial
nd a waste of resources during phage infection. There are, how-
 v er, other Gr am-positiv e bacteria-tar geting endol ysins that fea-
ure a CHAP domain but no amidase domain and have an iTSS
Pinto et al. 2022 ). It is also important to note that CHAP–amidase–
BD endol ysins ar e typicall y found by pha ges tar geting S. aureus .
o w e v er, as Pl y2638A originates fr om a S. pseudointermedius pha ge,

he observed differences in the use of iTSSs and amidase activity
ould simply be due to species variation. 

In conclusion, the complexities of pha ge l ysis and the de v elop-
ent of multidomain structures like Ply2638A endolysins offer a 
ealth of knowledge to explore. We provide insights into the struc-

ural and functional attributes of Type I iTSS endolysin architec-
ures that may be instrumental in advancing the engineering of
ndol ysins as pr ecision antimicr obials. Our findings suggest that
he role of iTSS-driven isoforms may contribute to the temporal 
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egulation of lysis. By optimizing the kinetics of progeny release
but not increasing overall yield), the iTSS containing endolysin
rc hitectur e demonstr ates a e volutionary ada ptation str ategy. 
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