
ISSN 0006-2979, Biochemistry (Moscow), 2023, Vol. 88, No. 9, pp. 1356-1367 © Pleiades Publishing, Ltd., 2023.
Russian Text © The Author(s), 2023, published in Biokhimiya, 2023, Vol. 88, No. 9, pp. 1642-1654.

1356

 Production and Characterization of Photorin, 
a Novel Proteinaceous Protease Inhibitor 

from the Entomopathogenic Bacteria Photorhabdus laumondii 
  Igor M. Berdyshev1#, Anastasia O. Svetlova1#, Ksenia N. Chukhontseva1, 

Maria A. Karaseva1, Anna M. Varizhuk2, Vasily V. Filatov3, Sergey Y. Kleymenov4,5, 
Sergey V. Kostrov1, and Ilya V. Demidyuk1,a*  

 1National Research Centre “Kurchatov Institute”, 123182 Moscow, Russia
2Moscow Institute of Physics and Technology (National Research University), 

141701 Dolgoprudny, Moscow Region, Russia
3Semenov Federal Research Center for Chemical Physics, Chernogolovka Branch, Russian Academy of Sciences, 

142432 Chernogolovka, Moscow Region, Russia
4Bach Institute of Biochemistry, Research Center of Biotechnology, Russian Academy of Sciences, 

119071 Moscow, Russia
5Koltzov Institute of Developmental Biology, Russian Academy of Sciences, 119334 Moscow, Russia

ae-mail: ilyaduk@yandex.ru 

 Received April 13, 2023
Revised May 27, 2023

Accepted June 17, 2023 

Abstract— Entomopathogenic bacteria of the genus Photorhabdus secrete protease S (PrtS), which is considered a virulence 
factor. We found that in the Photorhabdus genomes, immediately after the prtS genes, there are genes that encode small 
hypothetical proteins homologous to emfourin, a recently discovered protein inhibitor of metalloproteases. The gene of 
emfourin-like inhibitor from Photorhabdus laumondii subsp. laumondii TT01 was cloned and expressed in Escherichia coli 
cells. The recombinant protein, named photorin (Phin), was purified by metal-chelate affinity and gel permeation chroma-
tography and characterized. It has been established that Phin is a monomer and inhibits activity of protealysin and thermo-
lysin, which, similar to PrtS, belong to the M4 peptidase family. Inhibition constants were 1.0 ± 0.3 and 10 ± 2 μM, respec-
tively. It was also demonstrated that Phin is able to suppress proteolytic activity of P. laumondii culture f luid (half-maximal 
inhibition concentration 3.9 ± 0.3 nM). Polyclonal antibodies to Phin were obtained, and it was shown by immunoblotting 
that P.  laumondii cells produce Phin. Thus, the prtS genes in entomopathogenic bacteria of the genus Photorhabdus are 
colocalized with the genes of emfourin-like inhibitors, which probably regulate activity of the enzyme during infection. 
Strict regulation of the activity of proteolytic enzymes is essential for functioning of all living systems. At the same time, 
the principles of regulation of protease activity by protein inhibitors remain poorly understood. Bacterial protease-inhibitor 
pairs, such as the PrtS and Phin pair, are promising models for in vivo studies of these principles. Bacteria of the genus 
Photorhabdus have a complex life cycle with multiple hosts, being both nematode symbionts and powerful insect patho-
gens. This provides a unique opportunity to use the PrtS and Phin pair as a model for studying the principles of protease 
activity regulation by proteinaceous inhibitors in the context of bacterial interactions with different types of hosts. 
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INTRODUCTION

Proteolytic enzymes play a vital role in functioning of 
all live systems. Activity of proteases is under strict control, 
which ensures high selectivity of their action and prevents 
aberrant proteolysis. One of the factors regulating activity 
of proteolytic enzymes are endogenous selective protein-
aceous protease inhibitors (PPIs). Functions of PPIs have 
been elucidated in detail in some important cases [1-5], 
however, general principles of regulation of protease ac-
tivities by PPIs in live systems remain poorly understood.

Bacterial protease–inhibitor pairs are in our opin-
ion very promising models for investigation of the prin-
ciples of in  vivo regulation by proteinaceous inhibitors. 
Main advantage of the suggested model is wide avail-
ability of biological systems, their lower complexity, 
and convenience from the experimental point of view. 
Furthermore, existence of a large number of ortholo-
gous protease–inhibitor pairs in bacteria from different 
taxa allows considering regulation from the evolution-
ary perspective. However, very little is known about the 
bacterial PPIs in comparison with the eukaryotic ones. 
In particular, the database of peptidases and their protein-
aceous inhibitors MEROPS (www.ebi.ac.uk/merops/) 
[6] currently includes 18,000 sequences of bacterial ori-
gin and more than 155,000 sequences of eukaryotic PPIs 
(as of March  22, 2023). Natural targets and biological 
functions have not been elucidated for the majority of 
bacterial PPIs. At the same time, in some cases estab-
lishing of functional connections between bacterial pro-
teases and their inhibitors could be achieved based on 
localization of their genes in the same operon [7].

Recently we have discovered a new family of pro-
teinaceous inhibitors of metalloproteases, family I104 in 
the MEROPS database (www.ebi.ac.uk/merops/cgi-bin/
famsum?family=I104), and characterized a prototype of 
the family, emfourin (M4in) from Serratia proteamac-
ulans. Genes of the emfourin-like inhibitors (ELIs) in 
bacteria and archaea are co-localized with the genes of 
homologues of protealysin (Pln) from S. proteamaculans 
[8,  9], protealysin-like proteases (PLP) from the pepti-
dase family M4 (www.ebi.ac.uk/merops/cgi-bin/famsum?
family=M4). In S. proteamaculans the genes of ELI and 
PLP form a bicistronic operon, however, in many oth-
er bacterial species these are, likely, two independent 
genes, but located one after another. It has been demon-
strated for M4in that it strongly inhibits Pln. Hence, it 
is likely that PLPs are natural targets of ELIs, and that 
these proteins probably are associated with common bio-
logical functions [7].

Biological role of ELIs and PLPs is poorly under-
stood. However, there are data available indicating par-
ticipation of PLPs in penetration of bacteria into human 
cells [10-14], suppression of immune system of insects 
[15, 16] and fish [17], as well as destruction of the pro-
teins in plant cell wall [18,  19]. Moreover, it has been 

suggested that ELI and PLP are elements of an unidenti-
fied system of interbacterial competition [7, 20]. Hence, 
PLPs are probably multifunctional proteins involved in 
the interaction of bacteria with higher organisms and, in 
particular, in pathogenesis, as well as in interactions of 
bacteria between themselves, while ELIs control activi-
ty of PLPs in all mentioned situations. Based on this it 
is only logical to suggest that the ELI–PLP pair could 
serve as a model for investigation of principles of regu-
lation of proteolytic activity by proteinaceous inhibitors. 
Success of such studies would obviously significantly de-
pend on the selection of the model organism.

Entomopathogenic bacteria of the Photorhabdus ge-
nus seem to be most promising in this regard. The most 
investigated representative of this genus is Photorhab-
dus laumondii subsp. laumondii TT01 (TT01) (former-
ly known as Photorhabdus luminescens subsp. laumon-
dii TT01). These bacteria have a complex lifecycle acting 
either as symbionts of nematodes from the Heterorhab-
ditidiae family, or as strong insect pathogens, which pro-
vides a unique opportunity to investigate various types of 
interactions of bacteria with their hosts [21]. It should 
be mentioned in the context of our discussion that the 
Photorhabdus cells invade the cells of rectal gland in 
nematodes [22] and manipulate immune system of the 
infected insects [21]. Moreover, bacteria of the Pho-
torhabdus genus exhibit antibacterial and antifungal ac-
tivity [23,  24]. PLPs from several Photorhabdus strains 
(proteases S, PrtS) have been characterized to a varying 
degree [15, 16, 25, 26].

The published data allow concluding that PrtS is 
likely not the main insectotoxin in the bacteria, but, at 
the same time, it likely participates in interaction of bac-
teria with the insect immune system affecting antibacte-
rial peptides and inducing melanization process  [15, 16]. 
However, these data are fragmentary, and biological 
functions of PrtS, as well as other PLPs, should be in-
vestigated further. Many assumed functions of PLPs 
presumably are realized in Photorhabdus, and this model 
seems to be promising for investigation of these enzymes. 
In particular, it could be used for investigation of regula-
tion of activity of PLPs with the help of ELIs. However, 
currently there are no data on ELIs in the bacteria of the 
Photorhabdus genus.

In the Photorhabdus genomes the genes encoding 
hypothetical proteins homologous to M4in are located 
immediately after the prtS genes. In this study one of 
these genes (from TT01) was for the first time cloned 
and expressed in the Escherichia coli cells. The recom-
binant protein, named photorin (Phin), was purified and 
characterized. It was shown that Phin inhibits PLPs and 
is produced by the TT01 cells. The obtained data indi-
cate that the ELI–PLP pair is functional in the bacteria 
of Photorhabdus genus, and that these bacteria could be 
used as a model to investigate principles of regulation of 
protease activity by proteinaceous inhibitors.
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MATERIALS AND METHODS

General techniques. Protein concentration was de-
termined using a modified Bradford assay with IgG as 
a standard [27, 28].

Concentration of purified proteins in solution was 
determined from absorption at 280  nm using extinc-
tion coefficients calculated with the help of the Prot-
Param service (https://web.expasy.org/protparam/): ε280 =
= 52,370 M−1 · cm−1 – for Pln, ε280 = 58,200 M−1 · cm−1 – 
for thermolysin (Tln), and ε280 = 11,460 M−1 · cm−1  – 
for Phin.

Proteins were analyzed with electrophoresis in a 
15% polyacrylamide gel containing 0.1% sodium dodecyl 
sulfate according to Laemmli [29]. Protein bands were 
stained with Coomassie Brilliant Blue  G-250 (Reanal, 
Hungary). Precision Plus Protein Unstained Standards 
(Bio-Rad, USA) were used as molecular weight markers.

Transformation of E. coli cells with a DNA plasmid 
was carried out as described previously [30]. An  E. coli 
TG1 strain was used for production of plasmids. 
DNA  was purified with the help of Plasmid Miniprep 
or Cleanup Standard reagent kits (Evrogen, Russia).

Gel permeating chromatography was performed 
on a Superdex  75 10/300  GL column (GE Healthcare, 
Sweden). Column was calibrated with the help of a Gel 
Filtration Markers Kit for Protein Molecular Weights 
6500-66,000 Da (Sigma-Aldrich, USA).

Sequencing of the produced genetic constructs as 
well as synthesis of all used oligonucleotides was per-
formed in the Evrogen company.

Cloning of the photorin gene and construction of 
expression vector. Strain P.  laumondii subsp. laumon-
dii TT01 (TT01) was obtained from the German Col-
lection of Microorganisms and Cell Cultures (strain 

DSM  15139, access number in RefSeq NC_005126.1). 
TT01 cells were cultivated overnight with aeration at 
30°C in Lennox LB [31]. Cells from 1 ml of the bacterial 
suspension were precipitated with centrifugation (4000g, 
10 min), re-suspended in 100 μl of deionized water, 
heated at 95°C for 10 min, and centrifuged (13,000g, 
10 min). Supernatant (1 μl) was used for PCR with 
Pfu DNA polymerase (SibEnzyme, Russia) and pairs 
of oligonucleotide primers EcoRI_D1 and TT01_R1 
or TT01_D2 and HindIII_R2 (Table 1). PCR prod-
ucts after purification were used together with primers 
EcoRI_D1 and HindIII_R2 for overlap extension PCR. 
The obtained fragments of the TT01 genome containing 
genes prtS (PLU_RS06905) and phin (PLU_RS06900), 
as well as f lanking regions were purified, treated with 
restrictases EcoRI and HindIII (New England Biolabs, 
USA), and used for cloning. Fragment of the pBR322 
plasmid was used as a cloning vector, which was ampli-
fied with the use of HindIII_R3 and EcoRI_D3 primers 
(Table 1), purified, cleaved with the same enzymes, and 
ligated using a Quick-TA T4 DNA ligase (Evrogen) with 
the fragment of the TT01 genome mentioned above. 
The obtained plasmid was named pTT01.

In order to construct expression plasmid pET-Phin, 
phin gene was amplified using pTT01 as a template and 
primers FauNDI_D4 and XhoI_R4 (Table 1). For clon-
ing, the sites FauNDI and XhoI were inserted into 
the primers. In addition, a site was inserted into the 
XhoI_R4 primer that mediated introduction of an ad-
ditional sequence that encoded six histidine residues in 
front of the phin gene stop codon (shown in bold in the 
primer sequence, Table 1). PCR products were purified, 
treated with restrictases FauNDI (SibEnzyme) and XhoI 
(New England Biolabs), and ligated with the pET-23a 
vector cleaved with the same enzymes.

Table 1. Primers used

Primer name Sequence

EcoRI_D1 TCAAGAATTCGCAAAAAACTGGATATGATTTTCCATC

TT01_R1 TCATTGAACGAATCCCTAC

TT01_D2 GTAGGGATTCGTTCAATGA

HindIII_R2 CTCGAAGCTTTAATCCGCCAATTGTTGTGATCCACG

HindIII_R3 ACTCAAGCTTCCGGATCTGCATCGCAGGATG

EcoRI_D3 ATGAGAATTCTTGAAGACGAAAGGGGGCCTCGT

FauNDI_D4 GGAACATATGAATAATAAAACGCTCAA

XhoI_R4 GAATCTCGAGTTAATGGTGATGGTGATGGTGACCACCCTTTTTGTCGGT

Note. Restriction sites of EcoRI, HindIII, FauNDI, and XhoI are underlined. Site mediating introduction of an additional sequence encoding six 
histidine residues prior to the stop codon in the phin gene is shown in bold.
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Structures of all cloned fragments were confirmed 
by sequencing.

Preparation of photorin. E.  coli BL21 (DE3) cells 
(Novagen, USA) transformed with the pET-Phin plas-
mid were cultivated with shaking in 250  ml of a medi-
um containing (per 1 liter) Na2HPO4 – 7.1 g, KH2PO4 – 
6.8 g, (NH4)2SO4 – 3.3 g, MgCl2 × 6H2O – 3.3 g, glyc-
erol – 5 g, peptone – 10 g, yeast extract – 5 g, glucose – 
25 g, lactose – 50 g, and ampicillin – 100 mg at 37°C for 
3 h, and next at 16°C for 72 h. Cells were precipitated 
with centrifugation (4000g, 4°C, 10 min), resuspend-
ed in 25 ml of 50 mM Tris-HCl (pH 8.0), and treated 
with ultrasound at 4°C two times over 5 min (1-s pulse 
and 2-s pause). Cell lysate was centrifuged (9000g, 4°C, 
10 min), and supernatant was loaded onto a column 
with 1 ml of a Nickel XPure Agarose Resin (UBPBio, 
USA) equilibrated with 50 mM Tris-HCl (pH 8.0). Col-
umn was first washed with the same buffer and next Phin 
was eluted with a linear imidazole concentration gradi-
ent (0-250  mM) in the same buffer. Fractions contain-
ing Phin (as determined from the results of electropho-
retic analysis) were combined and concentrated using 
a Vivaspin Turbo 15 ultrafiltration device with 5 kDa 
MWCO (Sartorius, Germany). The obtained sam-
ple was loaded onto a Superdex  75 10/300  GL column 
equilibrated with 50 mM Tris-HCl (pH 7.4) contain-
ing 150 mM NaCl followed by elution with the same 
buffer with f low rate 0.5 ml/min. Fractions contain-
ing highest amount of Phin (determined with electro-
phoretic analysis) were combined and dialyzed twice 
(6 and 16 h) against 100 volumes of 50 mM NH4HCO3 
using a SnakeSkin dialysis tubing with 3.5 kDa MWCO 
(Thermo Fisher Scientific, USA) at 4°C. After dialysis 
the Phin solution was centrifuged (8600g, 4°C, 15 min), 
and supernatant was lyophilized.

Mass-spectrometry analysis. Lyophilized prepa-
ration of purified Phin was dissolved at concentra-
tion 5 μM in a water/methanol/formic acid mixture 
[50/49.5/0.5 (v/v)]. Mass-spectrometry analysis was car-
ried out with an Exactive Orbitrap instrument (Thermo 
Fisher Scientific) equipped with a special ion source [32]. 
The protein molecular mass was calculated from the ar-
ray of peaks corresponding to multiply-protonated pro-
tein molecules in the obtained electrospray ionization 
mass spectra.

Differential scanning calorimetry (DSC). Measure-
ments were carried out at Phin concentration 4.2 mg/ml 
with a MicroCal VP-Capillary DSC (Malvern Instru-
ments, USA). DSC experiments and data processing 
were conducted as described previously [7].

Circular dichroism spectroscopy (CD). CD spectra 
were recorded with a Chirascan VX spectrophotometer 
(Applied Photophysics, United Kingdom) at room tem-
perature with optical path length 0.05 cm. Phin was dis-
solved at concentration 0.15 mg/ml in a 10 mM Tris-HCl 
buffer (pH 7.4), centrifuged at 8600g and 4°C for 5 min, 

and spectrum of a supernatant was recorded. Spec-
tra were analyzed with the help of DichroWeb program 
using CDSSTR method and standard data set 4 [33]. 
Standard deviation values for each structural type were 
calculated only for the DichroWeb predictions with to-
tal sum of the secondary structure fractions of 100%. 
PDBMD2CD web server was used for predicting CD 
spectra and calculation of the fractions of secondary 
structures based on 3D structures [34].

Immunoblotting. Electrophoretically homogenous 
preparation of Phin was used in the NPO BioTest Siste-
my (Russia) for immunization of rabbits using a stan-
dard protocol. The obtained antiserum was used for 
conducting immunoblotting according to the technique 
described previously [35]. Purified Phin was used to test 
specificity of the obtained antibodies.

For analysis, TT01 were cultivated for 48 h with 
aeration at 30°C in Lennox LB [31]. Aliquots (100 μl) of 
bacterial suspension were taken 16, 24, 30, and 48 h after 
the start of cultivation. Cells were precipitated by centrif-
ugation (6000g, 10 min) and re-suspended in 100 μl of 
a buffer containing 125 mM Tris-HCl buffer (pH 6.8), 
2% SDS, 5% β-mercaptoethanol, 2 mM 1,10-phenan-
throline, 0.01% bromophenol blue, and 20% glycerol. 
Supernatant (culture f luid) was treated with 100 μl of 
50% TCA, centrifuged (10,000g, 10 min), precipitate was 
washed with acetone to remove TCA, and 100 μl of the 
same buffer was added to it. The samples of cells and cul-
ture f luid were incubated for 5 min at 95°C. Following 
incubation, the samples were diluted with the same buffer 
based on the differences of optical density of the initial 
bacterial suspension, so that 15 μl of the obtained solu-
tion (amount used for electrophoretic analysis) contain 
material corresponding to 100 μl of bacterial suspension 
with optical density of 1 unit. Proteins were separated 
with the help of SDS-electrophoresis in a 16% polyacryl-
amide gel using Tris-Tricine buffer system [36].

Determination of protealysin and thermolysin inhibi-
tion constants by photorin. Analysis of inhibitory effect 
of Phin on Pln and Tln was carried out using an inter-
nally quenched f luorescent peptide substrate 2-amino-
benzoyl-L-arginyl-L-seryl-L-valyl-L-isoleucyl-L-
(ε-2,4-dinitrophenyl)lysine (Abz-RSVIK(Dnp)) (Pep-
tide 2.0, USA) [37] as described previously [38]. Fluores-
cence (excitation wavelength – 320 nm; emission wave-
length – 420 nm) was recorded with a CLARIOstar Plus 
multi-mode microplate reader (BMG LABTECH, Ger-
many). Reaction was carried out in a 50 mM Tris-HCl 
buffer (pH 7.4). Concentrations of Pln and Tln in the 
reaction mixture were 50 pM, of Abz-RSVIK(Dnp) – 30 
or 90 μM. Phin concentrations in the case of Pln were 
0.5, 1, 2, 4, 6, and 8 μM, and in the case of Tln – 1, 5, 
10, 20, 30, and 40 μM. Three independent measure-
ments were obtained for each experimental condition.

In the case of slow binding of inhibitor with the 
enzyme, kinetic curves were approximated with the 
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Fig. 1. Purification of recombinant photorin (Phin) and analysis of the purified protein. a) Electrophoretic analysis of Phin preparation at different 
purification steps; b) analysis of purified Phin with the help of gel permeation chromatography on a Superdex 75 10/300 GL column. M, Molec-
ular mass standards; CL, supernatant of cell lysate; MCAC and GPC, samples after metal-chelate affinity chromatography and gel permeation 
chromatography, respectively.

integrated rate equation, and inhibition constants 
were calculated as described previously [39]. Inhibi-
tion constants Ki both for Pln and Tln were obtained 
using the Dixon method [40,  41]. Isomerization con-
stant Ki

* for Pln was calculated in two steps using equa-
tions (1) and (2):

ka = k−4 +  
k+4[I]

Ki (1 + [S] / KM) + [I]
, (1)

Ki
* = Ki 

k−4

(k+4 − k−4)
, (2)

Calculations for Pln were performed using Michae-
lis constant KM = 35 μM [37]. Data analysis was carried 
out with the help of GraphPad Prism version  8.0 pro-
gram (GraphPad Software, USA).

Inhibition of activity of the P.  laumondii subsp. 
laumondii TT01 culture f luid by photorin. TT01 cells 
were cultivated for 24  h with aeration at 30°C in Len-
nox LB [31]. Cells were precipitated by centrifugation 
at 4000g for 10 min. Supernatant was diluted 1000-fold 
with 50  mM Tris-HCl buffer (pH  7.4), and 10  μl of 
the obtained solution were used for measuring activity 
as described above for Pln and Tln. Concentration of 
Abz-RSVIK(Dnp) in the reaction mixture was 30 μM, 
Phin concentrations  – 1, 2.5, 5, 7.5, and 10  nM. Rate 
of the substrate hydrolysis in the presence of inhibi-
tor was determined from the linear region of the kinet-
ic curves corresponding to the range 150-300 s after the 
start of f luorescence recording. IC50 was calculated using 
non-linear regression with the help of GraphPad Prism 
program.

RESULTS

Preparation of photorin. Gene of the putative em-
fourin-like inhibitor from the P.  laumondii subsp. lau-
mondii TT01 genome was cloned, modified to introduce 
a His6-sequence at the protein C-terminus, and ex-
pressed in E. coli cells. The recombinant protein named 
photorin  (Phin) was purified to electrophoretic homo-
geneity with the help of metal-chelate affinity chroma-
tography (MCAC) and gel permeation chromatography 
(GPC); purification progress is presented in Fig. 1a and 
Table 2.

Average molecular mass of the purified Phin de-
termined experimentally using mass spectrometry 
(12,517.1  Da) is in good agreement with the theoretical 

Table 2. Recombinant photorin (Phin) purification

Purification 
stepa

Total 
protein 

(mg)

Phin 
content 

(%)b

Yield 
(%)

Purification 
rate

Cell lysate 138 38 100 1.0

MCAC 48 86 80 2.3

GPC 10 98 20 2.6

a) MCAC – metal-chelate affinity chromatography; GPC, gel perme-
ation chromatography.
b) Phin content was estimated with help of densitometry of pro-
tein bands in electrophoresis gels stained with Coomassie Brilliant 
Blue G-250.
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Fig. 2. Analysis of accumulation of photorin in the cells and culture 
f luid of P.  laumondii subsp. laumondii TT01 using immunoblotting. 
C, cells TT01; CF, culture f luid; Phin, recombinant Phin (0.5 ng).

molecular mass of the protein (12,517.81 Da) calculated 
based on the protein sequence deduced from the gene 
and including N-terminal methionine and C-terminal 
His6-sequence.

Based on the results of GPC analysis, molecular 
mass of the purified Phin was around 15.4 kDa (Fig. 1b). 
This value is slightly higher than the calculated mass 
likely due to the structural features of the protein. At the 
same time this result indicates that the main form of 
Phin in solution is a monomer.

Photorin is present in the cell and culture f luid of 
P.  laumondii. It was demonstrated with the help of im-
munoblotting using rabbit polyclonal antibodies against 
Phin that Phin is accumulated in the cell and culture 
f luid of TT01 during batch cultivation (Fig. 2). Amount 
of the detected protein changes in the course of cultiva-
tion. Maximum amount of Phin was detected 24-30 h 
after inoculation, which corresponds to the beginning of 
the stationary phase of bacteria growth. In the late sta-
tionary phase (48 h) amount of Phin decreases signifi-
cantly, which likely is associated with regulation of the 
phin gene activity with participation of Quorum Sensing.

Unexpectedly it was found that the inhibitor is de-
tected in the cells and in the culture f luid of P. laumondii 

in approximately equal amounts. Intracellular localiza-
tion of M4in was previously demonstrated, which cor-
relates with the absence of known sorting signals in the 
ELI sequences (including the Phin sequence) [7]. It is 
likely that the release of Phin from the cells is non-spe-
cific and is due to the features of TT01. Furthermore, 
immunoblotting results demonstrate that after the end 
of logarithmic growth phase (24, 36, and 48 h) protein 
detected outside the cells has lower molecular mass 
than that of the intracellular protein. Moreover, there is 
much more significant decrease of the content of extra-
cellular Phin in the late stationary phase than of the in-
tracellular. This could indicate instability of Phin in the 
extracellular medium, but, at the same time, could be 
associated of unknown regulatory systems. One way or 
another, the obtained data imply that the issue on cel-
lular localization of ELI remains unclear. This, however, 
does not affect the main conclusion from the described 
experiment: phin gene is expressed in the cells of the 
P. laumondii subsp. laumondii TT01, a natural producer 
of the inhibitor.

Photorin secondary structure. Secondary structure 
of Phin was evaluated with the help of CD spectrosco-
py. Analysis of the spectrum (Fig. 3) showed that relative 
contributions of α-helices, β-sheets, turns, and regions 
without regular secondary structures were 14 ± 5, 34 ± 2, 
23 ± 3, and 30 ± 2%, respectively. The corresponding val-
ues calculated from the 3D structure of M4in [42,  43], 
prototype of the I104 inhibitor family to which Phin be-
longs, are 32 ± 3, 23 ± 9, 19 ± 5, and 27 ± 3%.

Hence, secondary structures of Phin and M4in dif-
fer significantly, which is unsurprising considering sig-
nificant differences in the protein sequences (25% iden-
tity and 47% similarity). At the same time, despite of 
the almost 2-fold difference in the fraction of α-helices, 

Fig. 3. CD spectrum of photorin.



BERDYSHEV et al.1362

BIOCHEMISTRY (Moscow) Vol. 88 No. 9 2023

Fig. 4. Differential scanning calorimetry thermogram of photorin. 
Black and gray curves represent first and second round of heating, 
respectively.

both molecules are characterized with high fractions of 
α- and β-structures. These indicates that both these pro-
teins belong to the same structural class α + β and could 
have common type of folding.

Thermostability of photorin. Thermal denaturation 
of Phin was investigated using the DSC method (Fig. 4). 
Phin demonstrated one thermal transition with maxi-
mum (Tmax) at 60.2°C. Total calorimetric enthalpy (ΔHcal) 
for Phin was 130.7 kJ/mol. Thermal denaturation of Phin 
was almost completely irreversible, because the second 
heating of the sample revealed ΔHcal = 12.2 kJ/mol, 
which corresponded to only 9% of the initial calorimet-
ric enthalpy. The third and fourth heating resulted in the 
decrease of enthalpy to 6% and 5% of the initial value, 
which corresponded to the standard drop of enthalpy of 
the reversible thermal denaturation with every subse-
quent heating.

Thermostability of Phin is close to thermosta-
bility of M4in, prototype of the I104 family, for which 
Tmax = 61.2°C. However, unlike in the case of Phin, de-
naturation of M4in is completely irreversible, demon-
strates three thermal transitions, and is characterized 
with ΔHcal = 62.8 kJ/mol [7].

Denaturation enthalpy is determined by the to-
tal number of non-covalent interactions that stabilize 
a protein globule [44]. Increase of enthalpy in the case 
of Phin could be explained by the lower, in comparison 
with M4in, fraction of the regions with non-regular sec-
ondary structure and presence of more tightly packed 
regions, where stronger stabilizing interactions could be 
realized. Moreover, Tmax is determined not only by the 
number of bonds, but also by their strength, localization, 

and other factors. Hence, the results of DSC, as well 
as the results of CD spectroscopy, indicate significant 
structural differences between Phin and M4in, which, at 
the same time, do not result in the significant differenc-
es in their thermostability.

Photorin inhibits protealysin and thermolysin through 
different mechanisms. Inhibitory activity of Phin against 
Pln and Tln was investigated. Kinetic curves obtained for 
inhibition of Pln by Phin had the shape characteristic for 
the slow-binding inhibitors and corresponded to the in-
tegrated rate equation [39] for this type of inhibition (in 
all cases R2 was above 0.98). Values of the initial reac-
tion rate (v0) and apparent first-order rate constant (ka) 
obtained using non-linear regression were used for 
constructing diagnostic diagrams (Fig.  5, Pln  +  Phin). 
Hyperbolic character of the dependencies of v0 and ka 
on Phin concentration indicates two-step mechanism 
[equation  (3)], in which the rapidly formed initial en-
zyme–inhibitor complex  (EI) is subjected to slow con-
formational transitions into the isomerized complex EI*:

E + I ⇌ EI ⇌ EI*. (3) 

Based on this, equilibrium inhibition constant 
(Ki = k−3/k+3) was determined from the set of obtained v0 
values using Dixon method. To calculate rate constants 
k−4 and k+4, the dependence of ka on Phin was approxi-
mated with the equation (1) (Fig. 5, Pln + Phin). Equi-
librium isomerization constant (K i

*) was calculated using 
equation (2). The obtained constant values are presented 
in Table 3.

In general, conformational changes during inter-
action of an inhibitor with the enzyme could occur ei-
ther before the initial contact of these molecules (con-
formational selection) or after (induced-fit) [45,  46]. 
The two-step mechanism described by the equation (3) 
and characteristic for the interaction between Phin and 
Pln represents the simplest case, when inhibitor bind-
ing occurs fast in comparison with the following con-
formational changes. This mechanism is realized under 

k+3

k−3

k+4

k−4

Table 3. Inhibition constants of protealysin  (Pln) and 
thermolysin (Tln) by photorin (Phin)a

Constants for Phin Pln Tln

Ki (μM) 1.0 ± 0.3 10.2 ± 1.9

k–4 (10–4⋅s–1) 3.5 ± 0.6 n/a

k+4 (10–3⋅s–1) 2.0 ± 0.4 n/a

Ki
* (nM) 153 ± 46 n/a

Note. a Values are presented as a mean ± standard error; n/a – not ap-
plicable.
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Fig. 5. Kinetic curves of the hydrolysis of Abz-RSVIK(Dnp) substrate by protealysin  (Pln) and thermolysin  (Tln) in the presence of photo-
rin (Phin) and determination of inhibition constants. Kinetic curves were obtained for varying concentration of the inhibitor and two substrate 
concentrations (30 and 90 μM). Abz-RS is a product of the substrate hydrolysis. Dependence of 1/v0 and ka values for Pln and dependence of 
the 1/v values for Tln on Phin concentration were used for calculation of inhibition constants. The values are presented as a mean ± standard error.

conditions of high excess of inhibitor versus enzyme (in 
our experiments Phin concentration was at least four or-
ders of magnitude higher than the Pln concentration). 
Therefore, this mechanism could be considered as a 
mechanism of induced fit  – conformational adaptation 
of the enzyme to inhibitor or vice versa [47].

Hence, Phin, similar to M4in, is a slow-binding 
competitive inhibitor of Pln, but inhibits this enzyme 
significantly weaker. It was also found that Phin interacts 
with Pln according to the two-step mechanism, unlike 
M4in, which acts according to one-step mechanism with 
slow formation of the enzyme–inhibitor complex [7]. 
However, differences in the mechanisms are most likely 
associated with the different reaction conditions used in 
the experiments, which are determined by crucial differ-
ences in the binding efficiency.

Fig. 6. Inhibition of activity of P.  laumondii subsp. laumondii TT01 
culture f luid by photorin (Phin). IC50,  half-maximal inhibitory con-
centration.

Kinetic curves describing interactions of Phin with 
Tln looked slightly curved (Fig.  5, Tln + Phin). At the 
same time, they are poorly approximated by the inte-
grated reaction rate equation for slowly binding inhibi-
tors [39], but are described well by the linear regression 
model (R2 > 0.98). That is why in this case K i was calcu-
lated according to the Dixon method for classic mecha-
nism of inhibition (Table 3).

Thus, Phin is a classical inhibitor of Tln, which, 
likely, is determined by the structural differences in the 
active sites of Tln and Pln [48] – two enzymes belong-
ing to one structural family of peptidases, but not by the 
structural differences of inhibitors. Unfortunately, cur-
rently there are no data on mechanism of Tln inhibition 
by emfourin.

Ability of culture fluid of P.  laumondii to hydrolyze 
Abz-RSVIK(Dnp) is inhibited by photorin. Culture f luid of 
P. laumondii subsp. laumondii TT01 after 24 h of growth 
exhibits significant activity towards the Abz-RSVIK(Dnp) 
substrate [~4000 μmol/(min·ml)]. This activity is effec-
tively suppressed by Phin, half-maximal inhibitory con-
centration IC50 is 3.9 ± 0.3 nM (Fig. 6).

DISCUSSION

In this study we obtained for the first time the data 
allowing to suggest that the protease S from P.  laumon-
dii subsp. laumondii TT01 (TT01) has a specific inhib-
itor  – photorin. Phin is a second characterized inhibi-
tor from the family I104 (according to classification of 
the MEROPS database). Comparison of Phin with an-
other known representative of this family, its prototype 
emfourin (M4in), demonstrates that these two proteins 
differ significantly. Their sequences have only a quarter 



BERDYSHEV et al.1364

BIOCHEMISTRY (Moscow) Vol. 88 No. 9 2023

of identical and around half of similar amino acid resi-
dues, which explains the differences in their secondary 
structure observed with the help of CD. Structural dif-
ferences entail the differences in the processes of protein 
melting and, which is more important, differences in 
their inhibitory capacity.

The inhibitory action of Phin was investigated with 
respect to Pln and Tln, metalloproteases from differ-
ent evolutionary groups of the M4 family (according to 
MEROPS classification). It was revealed that the mech-
anism of inhibition of Pln by photorin is different from 
the case of M4in, and inhibition constants are by 3 (K i

*) 
and 4  (K i) orders of magnitude higher (K i for M4in is 
52  pM [7]). This result does not seem unexpected, be-
cause Pln is a natural target of M4in, and Phin should 
be optimized for interaction with PrtS. Efficient sup-
pression of hydrolysis of the peptide substrate of the 
protealysin-like proteases [37] by the culture f luid of 
TT01, the main protease of which is PrtS [49] supports 
suggestion of such optimization. Half-maximal inhibito-
ry concentration (IC50) in this case is in the nanomolar 
range, i.e., approximately 40-fold lower than the K i

* ob-
served in the case of Phin affecting Pln activity. The ac-
tivity of Tln, which is not PLP, unlike Pln and PrtS [50], 
is suppressed by Phin even by one order of magnitude 
less than the activity of Pln (Table  3). Therefore, com-
parison of the available data on the inhibitory capacity of 
Phin and M4in indicates an evolutionary adaptation of 
the inhibitors of the M104 family to their natural targets, 
PLPs, from the same organisms.

Considering association of Phin and PrtS, it should 
be emphasized that organization of their genes in P. lau-
mondii is different from the organization of corre-
sponding genes of the inhibitor and protease in S. pro-
teamaculans. In this bacterium the genes pln and m4in, 
as mentioned above, form a bicistronic operon, where 
the stop codon of the protease gene overlaps with the 
start codon of the inhibitor gene indicating translation-
al coupling [7]. In the case of the genes prtS and phin, 
analysis of the TT01 genome sequence shows that in 
the intergenic region with the length of 160 bp there is 
a promoter in front of the inhibitor gene. Hence, in the 
case of P. laumondii, protease and inhibitor are encod-
ed by the autonomous genes located one after another, 
which indicates differential regulation of transcription of 
these genes.

Differences in regulation of expression of the prote-
ase–inhibitor pair of genes likely are associated with the 
differences in their functions, which the proteins encod-
ed by these genes have in different bacteria. Independent 
control at the transcription level allows f lexibility in the 
control of the ELI/PLP ratio in the cell, while integra-
tion of the genes in one operon with translation coupling 
provides the possibility to fix this parameter. Taking 
into consideration probable multifunctionality of PLPs, 

it could be suggested that the independent regulation is 
required for realization of some functions of these pro-
teases, but is excessive for others. In particular, decrease 
of the ELI/PLP ratio, which requires independent reg-
ulation, could be, for example, a trigger of an attack on 
the host immune system. And in the case when inhibitor 
plays a role of antitoxin in the system of interbacterial 
competition, it is sufficient that its concentration in the 
cell would be proportional to the protease concentra-
tion. On the other hand, independent regulation allows 
realization of both variants, and, in general, obviously, 
has high potential. In this context, independent regula-
tion of genes likely emerges together with the increase of 
functions of the ELI/PLP pair.

Presence of Phin in the culture f luid, unlike in the 
case of M4in found only intracellularly, also implies 
possible differences in the functions of these inhibitors. 
The action of Phin, present extracellularly, could be as-
sociated with regulation of the PrtS activity in the me-
dium. At the same time, other enzymes could also be 
targets of Phin. These could include thermolysin-like 
proteases produced by the competing microorganisms, 
or protease of the host organism. Hence, it cannot be 
ruled out that Phin has biological functions not associated 
with the activity of PrtS.

It must be mentioned in conclusion that the pair 
Phin and PrtS in the bacteria of Photorhabdus genus 
could be a very promising model for investigation of 
fundamental principles of proteolysis regulation. How-
ever, these studies should be preceded by investigation 
of the functions of these proteins in Photorhabdus and 
by the detailed characterization of interactions between 
Phin and PrtS.
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