
Developmental and Comparative Immunology 128 (2022) 104324

Available online 23 November 2021
0145-305X/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Extended cleavage specificity of a Chinese alligator granzyme B 
homologue, a strict Glu-ase in contrast to the mammalian Asp-ases 

Jinhye Ryu a, Zhirong Fu a, Srinivas Akula a, Anna-Karin Olsson b, Lars Hellman a,* 

a Department of Cell and Molecular Biology, Uppsala University, Uppsala, The Biomedical Center, Box 596, SE-751 24, Uppsala, Sweden 
b Department of Medical Biochemistry and Microbiology, BMC, Box 589, SE-751 23, Uppsala, Sweden   

A R T I C L E  I N F O   

Keywords: 
Cytotoxic T cells 
Granzyme B 
Apoptosis 
Caspase 

A B S T R A C T   

Granzyme B (GzmB) is primarily expressed by mammalian cytotoxic T cells and serves as one of the key com-
ponents in the defense against viral infection by the induction of apoptosis in virus infected cells. By direct cell to 
cell contact and delivery into target cells by perforin, cytotoxic T cells activate apoptosis through the action of 
GzmB by both caspase-dependent and -independent pathways. In search for early ancestors of GzmB we have in 
the current study identified and characterized a GzmB homologue from a reptile, the Chinese alligator. This 
enzyme is encoded from the same locus as the mammalian counterparts, the chymase locus. Phage display 
analysis of the cleavage specificity of the recombinant alligator enzyme (named MCP1A-like) shows that it is a 
relatively strict Glu-ase, with strong preference for glutamic acid in the P1 position of a substrate. The majority of 
mammalian GzmB:s are, in marked contrast to the alligator enzyme, relatively strict Asp-ases. The alligator 
enzyme also showed strong preference for Ala, Pro and Gly in the P2 position and Val in the P3 position indi-
cating that it has a narrow specificity, similar to the mammalian counterparts. Analysis of the three amino acids 
forming the substrate binding pocket (S1 pocket) in three amphibian homologues to MCP1A-like, from the frogs 
Xenopus laevis and Xenopus tropicalis, shows that these amphibian enzymes have similar substrate binding pocket 
as their mammalian counterparts. This finding, together with the apparent lack of GzmB homologs in fish, in-
dicates that the ancestor of GzmB did appear with the amphibians at the base of tetrapod evolution. This study is 
a first step in a larger effort to understand the evolutionary processes involved in shaping anti-viral immunity in 
non-mammalian vertebrates.   

1. Introduction 

Cells of several of the hematopoietic cell lineages store very large 
amounts of serine proteases within cytoplasmic granules for rapid 
release upon activation (Hellman and Thorpe, 2014; Akula et al., 2015). 
These proteases are stored in their active form in tight complexes with 
the negatively charged and heavily sulfated carbohydrates heparin or 
chondroitin sulfate (Ronnberg et al., 2012). All of these hematopoietic 
serine proteases belong to the large family of chymotrypsin-related 
serine proteases (Hellman and Thorpe, 2014; Akula et al., 2015). Such 
proteases are primarily expressed by cytotoxic T cells (CTLs) and natural 
killer (NK) cells, neutrophils, mast cells and basophils, but not in B-cells, 
macrophages, dendritic cells and very small amounts in eosinophils. 
These hematopoietic serine proteases are in mammals encoded from 
four different loci, the mast cell tryptase locus, the met-ase locus, the 

chymase locus and the T cell tryptase locus, also named the granzyme 
A/K locus (Akula et al., 2015). Several of these proteases are expressed 
by activated cytotoxic T cells and NK cells where they take part in the 
killing of virus infected cells. These T and NK cell expressed granule 
proteases are named granzymes. Two of these granzymes (Gzm), GzmA 
and K, have trypsin like cleavage specificity, with preference for an 
arginine (Arg) in the P1 position of substrates (Van Damme et al., 2010; 
Bovenschen et al., 2009). These two granzymes are both encoded from 
the T cell tryptase locus. Another granzyme, GzmB, is encoded from the 
chymase locus of mammals (Akula et al., 2015). The chymase locus also 
encodes one or several related granzymes. Only one additional such 
granzyme is found in the human chymase locus, the GzmH, whereas 
multiple such granzyme genes are present in both the mouse and the rat 
chymase locus (Akula et al., 2015). 

In all mammals analyzed GzmB cleaves preferentially after aspartic 
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acid and is therefore defined as having Asp-ase specificity, whereas 
granzyme H has chymotryptic activity with preference for aromatic 
amino acids in the P1 position of a substrate (Waugh et al., 2000; 
Edwards et al., 1999). One additional granzyme is found in the human 
genome, GzmM. This protease is encoded from the met-ase locus 
together with several neutrophil expressed proteases. GzmM is mainly 
expressed by NK cells and shows primary specificity for methionine or 
Leucine, being a met-ase (Mahrus et al., 2004; de Koning et al., 2009; de 
Poot and Bovenschen, 2014). The most well characterized of these 
granzymes is granzyme B. GzmB is involved in both caspase dependent 
and independent induction of apoptosis in cells infected with intracel-
lular parasites, such as viruses and bacteria that reside inside infected 
cells, like mycobacteria (Shresta et al., 1995; Waterhouse et al., 2005). 

GzmB has been found in all major branches of mammals including 
monotremes, marsupials and placental mammals (Akula et al., 2015; Fu 
et al., 2016, 2020). In search for the early ancestors of GzmB we have in 
the current study analyzed the extended cleavage specificity of a GzmB 
homologue from the Chinese alligator, the first non-mammalian gran-
zyme B homologue to be analyzed. This enzyme named Chinese alligator 
MCP1A-like was found to be a highly specific Glu-ase, with specificity 
for glutamic acid over aspartic acid in the P1 position of substrates. This 
shows that the enzyme, although with specificity for negatively charged 
amino acids, differ slightly from the mammalian enzymes that instead 
have specificity for aspartic acid in the P1 position of substrates. To 
further determine when during evolution the GzmB-like enzymes 
appeared, we studied three amphibian homologues to the alligator 
MCP1A-like enzyme. The analysis of the three amino acids which form 
the binding pocket for the P1 residue of the substrate of these enzymes, 
the S1 pocket, in the American and the Western clawed frogs, shows that 
the three enzymes encoded from the chymase locus in these two am-
phibians also have amino acids in these positions that indicate speci-
ficity for negatively charged residues in the P1 position of substrates, 
similar to both the mammalian and the alligator enzymes. This indicates 
that GzmB-like enzymes have been an important part of our defense 
against intracellular pathogens in all tetrapods, and that GzmBs or GzmB 
homologs have been around for more than 400 million years of verte-
brate evolution (Byrne et al., 2020; Ahlberg, 2021). 

2. Materials and methods 

2.1. Production and purification of the recombinant alligator granzyme B 
homologue 

The sequence of Chinese alligator granzyme B homologue, named 
Chinese alligator MCP1A-like, was retrieved from the NCBI database. 
The sequence was ordered as a designer gene from GenScript (Piscat-
away, NJ, USA), inserted in the mammalian expression vector pCEP-Pu2 
and sequence verified. The construct contains a signal sequence, an N- 
terminal His6-tag and an enterokinase site (EK) (Signal sequence- 
HHHHHHDDDDK-active protease). The His and EK sites were added 
for purification and later activation purposes. The vector was transfected 
into the human embryonic kidney cell line HEK293-EBNA for expression 
of the recombinant enzyme. After purification on Ni2+-NTA agarose the 
enzyme was activated by the addition of 1 μl entero-kinase into 90 μl of 
the eluted recombinant protein. The sample was mixed, followed by a 
37 ◦C incubation for 5 h to activate the protease. The purity and acti-
vation was then determined by separation on 4–12% pre-cast SDS-PAGE 
gels (Invitrogen, Carlsbad, CA, USA). 2.5 μl Sample Buffer, containing 
Sodium dodecyl sulfate (SDS), and 0.5 μl β-mercapto-ethanol was added 
to 10 μl protein followed by 85 ◦C heating and SDS-PAGE gel electro-
phoresis. Overnight staining in colloidal Coomassie staining solution 
followed by de-staining by several washes was performed to enable the 
visualization of the protein bands (Neuhoff et al., 1988). 

2.2. Determination of cleavage specificity by phage display 

A library of T7 phages was designed to contain a random nonameric 
peptide followed by a His6-tag at the C-terminus of the capsid protein. 
This library containing approximately 50 million independent phages 
was used to determine the cleavage specificity of the Chinese alligator 
MCP1A-like. 250 μl nickel–nitriloacetic acid (Ni2+-NTA) beads was used 
to immobilize the phages based on the interaction with His6-tags by 
mixing and gentle agitation at 4 ◦C for 1 h. 1.5 ml of washing buffer (1M 
NaCl, 0.1% Tween-20 in PBS, pH 7.2) was then added to remove un-
bound phages. This was repeated 10 times to ensure proper washing. 
The beads were then washed two times in 1.5 ml PBS and suspended in 
PBS to a total volume of 500 μl. An appropriate amount of recombinant 
protease was then added into the Eppendorf tubes followed by gentle 
agitation overnight at 37 ◦C. One tube without protease was set as 
control. 

Phages containing peptide sequences cleavable by the protease were 
released from the Ni2+-NTA beads. The released phages were separated 
from the uncleaved and thereby bead-bound phages by centrifugation 
enabling the recovery of the cleaved phages from the supernatant. 15 μl 
Ni2+-NTA beads were first added to the supernatant in order to remove 
phages that still had His6-tags but had been released by other means 
than cleavage, ensuring that the His6-tags had been removed on all the 
phages in the supernatant. To the remaining beads, 100 μl of 100 mM 
imidazole was added to elute the phages from the Ni–NTA beads to 
determine the number of phages initially bound. In order to determine 
the number of phages detached from the Ni2+-NTA beads by the pro-
tease, a serial dilution of the supernatant was plated onto LA-Amp plates 
together with 3 ml of 0.6% top agarose, 300 μl of Escherichia coli (BLT 
5615) and 100 μl of 100 mM isopropyl β-D-1-thiogalactopyranoside 
(IPTG). Ten ml of E. coli (BLT 5615) was prepared to amplify the 
remaining phages for the next round of selection. To this culture 100 μl 
of a 100 mM solution of IPTG was added to induce the expression of T7 
phage capsid protein. The bacteria lysed after approximately 2 h of 
gentle agitation at 37 ◦C, and the lysate was centrifuged to remove cell 
debris before starting the next round of selection directly the same day. 

After 6 rounds of selection, 120 plaques were picked by glass Pasteur 
pipettes from LA-Amp plates after plating in top agarose and the plugs 
were transferred into Eppendorf tubes containing phage extraction 
buffer (100 mM NaCl, 6 mM MgSO4 in 20 mM Tris-HCl, pH 8.0). The 
phages were extracted from the agarose by vigorous shaking for 30 min 
at 4 ◦C. Polymerase chain reaction (PCR) was then performed to amplify 
the region of phage DNA encoding the random nonamer region. The 
quality and quantity of the amplified DNA was determined by gel 
electrophoresis and the 96 samples with best DNA quality were sent in a 
microtiter plate for sequencing to Eurofins (Ebersberg, Germany). 

2.3. Generation of recombinant substrates for the analysis of the cleavage 
specificity 

To verify the result from the phage display we use a new type of 
recombinant substrates. The recombinant substrates were produced in 
the pET21 vector for bacterial expression. This vector had been modified 
to carry two copies of the E. coli thioredoxin (Trx) gene. A His6-tag was 
inserted in the C-terminal end of the second copy of the Trx for purifi-
cation with Ni2+-NTA beads (see Fig. 5A). Substrate sequences were 
inserted between the two thioredoxin molecules by the use of two 
complementary oligonucleotides. The oligonucleotides were ordered to 
match the sticky ends of two unique restriction sites (BamH I and SalI) 
followed by ligation and cloning. Individual clones were picked and 
sequenced to ensure the correct linker sequence. The verified plasmids 
were then transformed into the E. coli Rosetta Gami strain for protein 
expression (Novagen, Merck, Darmstadt, Germany). The transformed 
bacteria were gown overnight. In the morning 10 ml of the culture was 
added to 90 ml of LB-Amp in a new E-flask and incubated at 37 ◦C for 1 h 
until the OD (600 nm) reached 0.5. Recombinant protein expression was 
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then induced in the culture by addition of IPTG to a final concentration 
of 1 mM and incubated at 37 ◦C for an additional 3 h under vigorous 
shaking. The bacteria were centrifuged at 3000 rpm for 12 min at 4 ◦C, 
resuspended in 25 ml PBS containing 0.05% Tween followed by an 
additional centrifugation where-after the pellet was dissolved in 2 ml 
PBS. 

Sonication was then used to open the cells to release their cellular 
contents. Sonication was performed for 30 s. This was repeated 5 times 
to ensure efficient breaking of the cell wall. Cooling on ice after every 30 
s of sonication was important for avoiding overheating and possible 
protein denaturation. The debris was removed by centrifugation at 
13,000 rpm for 3 min at 4 ◦C and the supernatant was transferred into 
new tubes. 250 μl Ni2+-NTA slurry (50:50; Qiagen, Hilden, Germany) 
was added and the samples were incubated for 45 min in cold room 
under slow rotation. The Ni2+–NTA beads were then transferred into a 2 
ml syringe with a glass filter in the bottom of the syringe. The beads were 
washed 3 times with 1 ml, 2 ml and 2 ml of washing buffer (PBS, 0.05% 
Tween 20, 10 mM Imidazole and 1M NaCl) and the protein was then 
eluted in six fractions, 100 μl for the first fraction and 200 μl for the 
following fractions of elution buffer (PBS, 0.05% Tween 20, 100 mM 
imidazole). 

Each eluted fraction was analyzed on SDS bis Tris 4–12% gradient 
PAGE gels by mixing 10 μl of protein sample with 2.5 μl 4× sample 
buffer and 0.5 μl β-mercapto-ethanol, followed by heating for 8 min at 
85 ◦C. The protein concentration for each fraction was estimated by 
comparing with a control sample for which the concentration was 
already known. The fractions were diluted into similar concentration as 

the control sample and 50 μl of the dilutions were mixed with 3 μl 
diluted Chinese alligator MCP1A-like (based on the activity of the 
enzyme) leaving at room temperature for the reaction at time points 0, 
15, 45 and 150 min respectively. Sample buffer was used to stop the 
reaction and 0.5 μl of β-mercapto-ethanol was then added to each 
sample before heating for 8 min at 85 ◦C. The results from the cleavage 
reactions were analyzed on 4–12% pre-cast SDS-PAGE gels (Invitrogen) 
and the gels were stained overnight in colloidal Coomassie staining so-
lution followed by de-stained for several hours, first once in 30% 
methanol then in pure water (Neuhoff et al., 1988). 

3. Results 

3.1. Phylogenetic analysis and gene organization 

A screening of the NCBI database for homologs to human and mouse 
mast cell chymase and granzyme B resulted in the identification of 
chymase locus-related genes in several reptile and amphibian species 
(Fig. 1). None of the bordering genes found in the human locus is present 
in the three contigs that are characterized for the Chinese alligator. 
However, one of the bordering genes found at one end of the human 
chymase locus is present in the corresponding locus in the American 
alligator, the SDR39U1 gene (Fig. 1). The bordering gene in the Amer-
ican alligator shows that these reptile and amphibian enzymes are 
located in the classical chymase locus similar to the mammalian en-
zymes (Fig. 1). 

A phylogenetic analysis of these reptile and amphibian genes 

Fig. 1. The chymase locus and a related locus of a panel of non-mammalian tetrapod species. An in-scale figure of a panel of non-mammalian tetrapods ranging from 
amphibians to birds. The genes are color coded. The human locus is present as a reference. In the human locus the granzymes are shown in dark blue, α-chymases in 
light blue, β-chymases as blue with a darker tint and cathepsin G in green. In the amphibians and reptiles the genes cannot be assigned to any of the major groups of 
mammalian enzymes and are therefore shown in a light-dark blue color. The genes for which we have produced recombinant proteins are marked by black stars. The 
protease genes within an additional locus present in birds, reptiles and amphibians but that has been lost in mammals are shown in orange. The protease of interest in 
this study Chinese alligator MCP1A-like is marked by a yellow arrow. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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together with a larger panel of vertebrate hematopoietic serine proteases 
also showed that the alligator and frog enzymes cluster with the chy-
mase locus encoded proteases from mammals (Fig. 2). By looking at the 
three amino acids forming the substrate binding pocket, the S1 pocked 
specified by residues 189, 216 and 226 using chymotrypsinogen 
numbering, we can also see that one of the alligator enzymes, Chinese 
alligator MCP1A-like, shows clear similarity to the mammalian GzmBs. 
The predicted substrate binding pocket, which are lined by the three 
amino acids Thr189, Gly216 and Lys226 in the Chinese alligator enzyme is 
similar to most other GzmBs, which have Ser189, Gly216 and Arg226, 
indicating that the alligator enzyme also has preference for negatively 
charged amino acids in the P1 position of substrates. 

3.2. Purification and activation of recombinant Chinese alligator 
granzyme B homologue 

The Chinese alligator MCP1A-like was produced as recombinant 
enzyme in a mammalian cell line, HEK293-EBNA. An N-terminal His6- 
tag was added to the enzyme to enable purification from the conditioned 
media by the use of Ni2+-NTA agarose. An enterokinase site (EK) was 
added to be able to remove the His6-tag and to obtain an enzymatically 
active protease. Following purification, the enzyme was activated by the 
cleavage with EK for 5 h at 37 ◦C to remove the His6-tag and the EK site. 
The cleavage results in the reduction in size of the protein by 1.5-2kD, 
which was confirmed by SDS-PAGE analysis (Fig. 3A). Due to the rela-
tively high molecular weight of the protein, including high carbohydrate 
content, the size difference is not so evident as for many other he-
matopoietic serine proteases that we have produced using the same 
strategy. This protease has three potential N-glycosylation sites and 
based on the high molecular weight and double band on gel it is likely 
that all three sites are used for carbohydrate addition (Fig. 3B). The 
amino acid core only has a molecular weight of 24868 Da and the size on 
gel of this protease is between 46 and 53 kDa (Fig. 3A and B). 

3.3. Determination of the extended cleavage specificity by substrate phage 
display 

A phage T7 library was used to determine the extended cleavage 
specificity of the Chinese alligator MCP1A-like. This library contains 
approximately 50 million phage clones and each clone expresses a 
unique random sequence of nine amino acids. The analysis of the Chi-
nese alligator enzyme was performed over six rounds of selection and 
the result showed approximately 293 times more phages compared to 
the PBS control. One hundred and twenty individual phage colonies 
were picked and a region of approximately 300bp including the coding 
region for the nine amino acid random region was amplified by PCR. 
Following gel analysis of the PCR products, 96 of the PCR products with 
the most distinct bands were sent for sequencing. The sequencing results 
were translated into amino acid sequences and the nine amino acid 
random region of each sequence was aligned by hand based on common 
sequence characteristics (Fig. 4). 

The Chinese alligator enzyme was found to show a strong preference 
for glutamic acid (Glu) in the P1 position (Fig. 4). A preference for Val in 
the P3 position and Ala, Pro and Gly in the P2 position was also observed 
indicating that it is an enzyme with relatively narrow specificity similar 
to the mammalian counterparts. 

3.4. Verifying the consensus sequence by the use of recombinant protein 
substrates 

To verify the sequences obtained from the phage display analysis we 
used a new type of recombinant protein substrates that has proven very 
useful for this type of analyses, the two-thioredoxin (Trx) system 
(Gallwitz et al., 2010, 2012; Andersson et al., 2010; Thorpe et al., 2012, 
2016; Chahal et al., 2015; Fu et al., 2015). This system is based on the 
coding region for the Escherichia coli redox protein thioredoxin. Two 

copies of this sequence are positioned in tandem in the vector PET21. In 
the linker region between the two Trx molecules is the sequence to be 
analyzed inserted by ligating double stranded oligonuclotides into two 
restriction sites, a BamHI and a SalI site. The consensus sequence ob-
tained for the P5 to P4’ positions in the phage display analysis and 
several variants of these sequences were designed and produced as re-
combinant substrates in this system. The aim was to test and confirm the 
results of the phage display alignment and to determine the impact of 
individual amino acids in the different positions surrounding the 
cleavage site. We have produced more than 330 such 2xTrx substrates in 
previous studies, when initiating the analysis of the Chinese alligator 
granzyme B homologue. However, only few of the existing substrates 
were suitable for the analysis of this enzyme, due to its P1 preference for 
Glu, the first such enzyme we have analyzed. A number of new sub-
strates were therefore produced. Double stranded oligonucleotides 
encoding the consensus substrates and a number of variants of these 
substrates were designed, ordered and ligated into the 2xTrx substrate 
vector. A His6-tag has been added in the second Trx molecule for more 
easy purification (Fig. 5A). The vectors carrying the target sequences 
were transferred into E. coli Rosetta gami for expression and purification. 
The purified 2xTrx proteins were then used to analyze the specificity of 
the Chinese alligator enzyme (Fig. 5B). 

The substrate cleavage analysis of the alligator enzyme confirmed 
the Glu-ase specificity observed from the phage display analysis. A 
marked reduction in cleavage efficiency, of approximately 10 times, was 
detected for the substrate sequence where we had replaced the glutamic 
residue in the P1 position, with another negatively charged amino acid, 
an aspartic acid (Fig. 5C). This result demonstrated the high specificity 
of the Chinese alligator enzyme for Glu over Asp in the P1 position of 
substrates. We had also observed a preference for Val in the P3 position 
and for Ala, Pro and Gly in the P2 position (Fig. 4). Replacing Val in the 
P3 position with a Gly resulted in a 20-30-fold reduction in cleavage 
efficiency, which shows a major importance for Val in this position 
(Fig. 5E). The amino acid in the P2 position was found to be of lower 
importance as exchanging an Ala with a Leu resulted in a 3-4-fold 
reduction cleavage rate. We also observed that Ala and Pro was 
favored over Gly in this position (Fig. 5D). A minor effect of replacing 
Arg with Val in the P3′position was also observed, but no effect by 
replacing Val in the P1′position with Phe, a larger aromatic amino acid 
was seen (Fig. 5C). 

3.5. Sequence alignment of reptile and amphibian chymase locus encoded 
proteases 

The amino acid sequences of the still uncharacterized reptile and 
amphibian chymase locus encoded enzymes were aligned to compare 
amino acids in and around the active site. By looking at three residues, 
189, 216 and 226, forming the S1 pocket we can obtain clues as to their 
primary specificity (Fig. 6). From the alignment we can see that human, 
mouse, opossum and platypus granzyme B, which all are used as refer-
ence proteases with asp-ase activity, have the triplets TGR, AGR, AGR 
and SGR respectively, whereas human Cma1, the α-chymase, and human 
granzyme H, which both are chymases have the triplets SGA and TGG, 
respectively (Fig. 6). Due to the presence of a positively charged arginine 
residue in position 226 (i.e. the R in TGR, AGR, AGR and SGR), human, 
mouse, opossum and platypus granzyme B do prefer negatively charged 
amino acids in the P1 position of the substrate and thereby they are Asp- 
ases. By using the same criteria, we can see that the Xenopus enzymes 
(the two American clawed frog and one Western clawed frog sequences), 
which all have the triplets SGR, most likely are Asp-ases and thereby 
GzmB homologs (Fig. 6). Similarly, the Chinese alligator MCP1A-2, with 
a SGK triplet, and the turtle, Gopherus evgoodei, GzmBL, and MCP1A-Like 
1 and 2, with AGR triplets, are likely granzyme B homologs. These 
findings indicate that granzyme B already appeared in amphibians, but 
seems to have been lost in birds. Several proteases with SGS or AGS 
triplets, are also found in the turtle indicating that they are classical 
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Fig. 2. A phylogenetic tree of selected chymase locus genes. A phylogenetic tree was constructed based on the relationships among chymase locus genes of a number 
of tetrapods using both MrBase analysis program and Maximum-likelihood algorithm. The enzyme of major interest for this study, the Chinese alligator MCP1A-like, 
is marked by a large orange arrow. Other enzymes of particular interest for this study are marked by smaller arrows in yellow. Panel A shows a highly compressed 
version of all the genes involved in the analysis just to show that the chymase locus encoded genes form a clearly defined separate branch in the tree. Panel B shows 
an enlargement of the chymase locus encoded genes from panel A. For details of the different genes and the accession numbers see an earlier publication on the 
evolution of the hematopoietic serine proteases involving enlarged figures of also the genes encoded from the met-ase locus, the granzyme A/K locus and the fish 
serine proteases (Akula et al., 2015). A larger review on the evolution of the chymase locus has also recently been published (Akula et al., 2021). (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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chymases due to the S in position 226 (Fig. 6). However, in the turtle we 
also find one enzyme with a LVS triplet, the cathepsin G-like (CtsGL), 
indicating that it may be an elastase as the presence of both a Leu and a 
Val residue may limit the space in the pocket so that large aromatic 
amino acids may not be able to enter, or a Leu-ase similar to what has 
been seen for both rabbit and guinea pig mast cell chymases (Fig. 6) 
(Zhongwei et al., 2019). In the Chinese alligator there are also two 
proteases, MCP1A-1 and MCP1A-3, with SGD and SGE triplets and one 
American alligator sequence with SGE (Fig. 6). The negatively charged 
residues Asp and Glu in position 226 indicate that these proteases prefer 
positively charged amino acids in the P1 position of substrates. How-
ever, human cathepsin G, with triplet AGE, is both a classical chymase 
with preference for large aromatic amino acids like Phe and Tyr but also 
accepts Lys in the P1 position (Thorpe et al., 2018). The three alligator 
proteases most likely also display such dual activity, chymase and 
tryptase, due to the similarity in the triplets of the S1 pocket. 

4. Discussion 

The analysis of the primary and extended specificity of the Chinese 
alligator MCP1A-like enzyme shows that it is a close homologue of the 
GzmB enzymes of mammals. The selection of this enzyme for analysis 
was based on its three amino acids forming the S1 pocket of the enzyme. 
The other enzymes in both the Chinese and the American alligator 
chymase locus have other triplets indicating that they are either pure 
chymases or dual enzymes with both chymase and tryptase activity, 
similar to the human mast cell chymase and cathepsin G, respectively. 
The S1 pocket is the part of the enzyme that accommodates the P1 
residue of the substrate. We could see that the amino acid 226, which is 
one of the three amino acids forming the pocket in this enzyme was a 

Fig. 3. SDS-PAGE gel of the Chinese alligator granzyme B-like enzyme used in 
this study. The Chinese alligator enzyme was produced as an inactive enzyme 
containing an N terminal His6-tag and an enterokinase site. The enzyme was 
produced in the human cell line HEK293-EBNA with the episomal vector pCEP- 
Pu2. Entrokinase (EK) was used to cleave of the N-terminal tail to activate the 
chymase. Panel A shows the inactive enzyme with the N-terminal purification 
tag and the active enzyme analyzed by separation on a 4–12% gradient SDS- 
PAGE gel and visualized with Coomassie Brilliant Blue staining. PAGE Ruler 
was used as marker. M: marker; +EK: with entrokinase; -EK: without entroki-
nase. The arrow indicates the position of the recombinant Chinese alligator 
enzyme. The more prominent band above the recombinant enzyme is bovine 
serum albumin originating from the cell medium. Panel B shows the amino acid 
sequence of Chinese alligator MCP1A-like with the catalytic triad marked in 
red, the amino acids of the S1 pocked in blue and the three potential N- 
glycosylation sites in green. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Phage display analysis of Chinese alligator MCP1A-like after six rounds 
of selection. After the last round of selection, the released phages were collected 
for sequencing. The amino acid sequences were aligned into a P5–P4’ consensus. 
The cleavage occurs between positions P1 and P1’. The amino acids are color 
coded according to their side chain properties as shown in the bottom corner of 
the figure. The cleavage site is marked with red arrow heads. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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lysine. In almost all the mammalian enzymes, residue 226 is instead an 
arginine, another positively charged amino acid. All the mammalian 
enzymes prefer aspartic acid in the P1 position whereas the alligator 
enzyme instead prefers glutamic acid. The switch of positively charged 
amino acid, Lys instead of Arg, in the bottom of the pocked is most likely 
responsible for this difference in primary specificity. This effect is most 
likely not an effect of charge but instead a difference in size of the 
negatively charged amino acid. 

By looking at the three S1 pocket forming amino acids in the 
American and Western clawed frogs, two amphibians, we can see that all 
three of their chymase locus-encoded proteases have triplets similar or 
identical to the reptile and mammalian granzyme B; s indicating that 
they also are true GzmB homologs. All three of them have SGR triplets 
(Fig. 6). In addition, the lack of enzymes with a triplet characteristic for 
chymase activity or a triplet characteristic of the dual enzyme activity 
similar to human cathepsin G, chymase and tryptase, indicates that frogs 
lack enzymes with similar activity as human mast cell chymase or 
human cathepsin G. The presence of an Arg 226, instead of a Lys 226 as 
in the Chinese alligator enzyme, but similar to the Arg 226 of the 
mammalian enzymes also indicate that all the amphibian enzymes also 

have Asp-ase activity. The finding that all three frog enzymes most likely 
are GzmB homologs and that enzymes with chymase or dual chymase 
and tryptase activity is lacking also gives strong support for that GzmB is 
the first enzyme of the chymase locus to appear during vertebrate evo-
lution. In addition, no direct homologue of a chymase locus or chymase 
locus-related gene have been observed in any of the different fish species 
analyzed, indicating and that this locus first appear with the amphibians 
during early tetrapod evolution (Akula et al., 2015). The natural ques-
tion is then if fishes can manage without GzmB or a GzmB like enzymes 
or if other enzymes with similar targets but different specificities have 
appeared in the place of tetrapod GzmBs? We have identified one po-
tential such enzyme in the Channel catfish (Ictalurus punctatus), an 
enzyme named catfish granzyme-like I (Thorpe et al., 2016). This 
enzyme was found to be a highly restrictive enzyme with Met-ase 
specificity (Thorpe et al., 2016). One potential target has been identi-
fied for this enzyme, catfish caspase 6. This catfish caspase may, similar 
to mammalian caspase 3, be involved in apoptosis induction in target 
cells (Thorpe et al., 2016). This catfish enzyme may be an early gran-
zyme M homologue in fish. The question is then if fish also have a more 
direct granzyme B homologue? No such enzyme has so far been 

Fig. 5. Analysis of the cleavage specificity of 
Chinese alligator MCP1A-like by the use of 
recombinant protein substrates. In panel A, 
the overall structure of the recombinant 
protein substrates used for the analysis of the 
cleavage by Chinese alligator MCP1A-like is 
depicted. The sequences analyzed were 
positioned between two thioredoxin mole-
cules with a His6-tag attached to the C ter-
minal of the second Trx molecule. Two 
unique restriction sites (BamHI and SalI) 
were used for the insertion of the target se-
quences between the two thioredoxin mole-
cules. Panel B shows a schematic example of 
this type of analysis. In panels C, D and E the 
results from the cleavage of a set of different 
substrates are presented. The sequences and 
the time in minutes of cleavage are indicated 
above the lanes of the different samples. The 
bands of a size of approximately 26 kDa 
represent un-cleaved substrates and those 
between 10 kDa and 15 kDa represent 
cleaved substrates. The difference in size of 
the cleaved bands are caused by the presence 
of the His6-tag and the EK site in the C-ter-
minal end of one of the Trx molecules, rep-
resenting the upper band. The amino acid 
residues that differ from the consensus 
sequence are marked in red. The cleavage 
sites are marked with red arrow heads. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the Web version of this article.)   
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identified, to our knowledge. 
No traces of the classical chymase locus is found in the present ver-

sions of the chicken, the zebrafinch and the green anole genomes indi-
cating that this locus has been lost in some reptiles and in birds and the 
apparent question is then, as for the fishes, how birds and some reptiles 
can manage without a granzyme B (Fig. 1). Amphibians, reptiles and 
birds have another locus that may have been part of an early chymase 
locus, a locus that has been lost in mammals (marked in orange in 
Fig. 1). This locus is in frogs located close to the genes of the classical 
chymase locus indicating that it initially may have been part of the same 
locus (Fig. 1). We are presently analyzing members of this locus to see if 
any of these enzymes in chicken have taken over the role of the classical 
granzyme B (marked with black star in Fig. 1). We are also screening for 
potential members of other loci in birds and fishes that may serve as 
functional homologs of granzyme B in these species. 

This analysis of the cleavage specificity of this Alligator granzyme B 
homologue is together with the analysis of the different hematopoietic 

serine proteases in fish the first step in a larger effort to understand the 
evolutionary processes involved in shaping anti-viral immunity in non- 
mammalian vertebrates. 
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