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Transglutaminases are protein cross-linking and protein-modifying enzymes

that have attracted considerable interest due to their causal involvement in

various diseases and versatility in industrial applications. In particular,

microbial transglutaminases (MTG) from Streptomyces bacteria have man-

aged in recent years to evolve from simple food additives to specialized

enzymes for the site-directed modification of therapeutic proteins. The

review summarizes relevant studies from the beginning dealing with the

occurrence, production, structure, catalysis, and substrate molecules of

MTG enzymes. It also addresses biotechnological procedures with MTG

from S. mobaraensis (SmMTG) as the most prominent representative in

focus. Reassessment of the available data revealed unexpected insights into

catalysis of SmMTG and other transglutaminases, suggesting selection of

glutamine donor proteins by subsites at the front vestibule and the exis-

tence of distinct lysine pockets. Flexibility of the SmMTG-accessible glu-

tamine donor substrate regions seems to be more important than the

glutamine environment. Nevertheless, residues in close vicinity to glutami-

nes also determine interaction with the SmMTG subsites. The apparent

lack of subsites for lysine donor proteins suggests self-assembly of the sub-

strate proteins prior to enzymatic cross-linking. The study of natural sub-

strate proteins, especially their mutual interaction, is proposed to further

illuminate catalysis of SmMTG. To this end, structure and function of the

characterized substrate proteins from S. mobaraensis are discussed in con-

clusion.

Preliminary remarks

The objective of the present review is microbial transg-

lutaminase (MTG), which has attracted the author for

more than thirty years. During this time, MTG

enzymes from Streptomyces mobaraensis and other

Streptomyces bacteria have been evolved from simple

additives that improve the manufacture and properties

of foods to exceptional tools that enable the site-

specific attachment of new functionalities to therapeu-

tic proteins. Especially, methods dealing with the

MTG-mediated production of antibody–drug conju-

gates have promoted recent progress in this regard.

Therefore, MTG structure as a determinant of
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catalytic specificity and function will be the focus of

this review. Unfortunately, MTG function in the life

of Streptomyces bacteria has not received the same

attention as its use in biotechnological applications.

Our knowledge is like a white map that needs to be

filled with lines, and it is to be hoped that the biologi-

cal role of MTG will soon be studied with more enthu-

siasm than in the past to fully understand catalysis.

Multifunctional transglutaminases—a
family of protein-modifying enzymes

Transglutaminases (R-glutaminyl peptide: amine

c-glutamyltransferase, TGase, EC2.3.2.13) are multi-

functional enzymes being present in all kingdoms.

They not only cross-link proteins between glutamine

and lysine residues (Fig. 1A) but also catalyze various

other modification reactions. The linkage of primary

amines to endo-glutamines yields protein conjugates

with new molecular entities (B). The irreversible

hydrolysis of glutamines, whether substituted (removal

of amines) or not (removal of ammonia), lowers the

isoelectric point of the substrate proteins by increasing

the negative charge (C). Endo-glutamyl ester formation

(D), protein disulfide isomerase, and nuclease activities

are also attributed to TGases.

Pioneering work was done in the middle of the last

century by Heinrich Waelsch, John Folk, Laszlo Lor-

and, and coworkers [1–3], after the discovery of a

fibrin-clotting component in blood, the blood coagula-

tion factor XIII (FXIII), and a tissue transglutaminase

(TGC, TG2) in guinea pig liver (gTG) [4–6]. The deter-

mination of Ne-c-glutamyllysine isopeptide bonds [2]

and other analytical methods (Appendix S1) were then

used to detect other TGases in tissue and body fluids.

At a time when biotechnology had just begun, gTG

became the most studied TGase as abundant amounts

in guinea pig liver facilitated the purification proce-

dure. Quaternary structure and the need of zymogen

activation by thrombin limited the use of FXIII as

model enzyme [3]. From this point of view, the crystal-

lization of FXIII and the determination of the first

transglutaminase structure by Teller and colleagues are

outstanding in history of the transglutaminase enzymes

[7]. TGases from animals and plants, their physiologi-

cal role, and causative involvement in many diseases

have been extensively studied since then but cannot be

objective of this overview. Readers are referred to

recent reviews on these topics [8–11].
Mammalian transglutaminases such as tissue TG2

and the thrombin-processed FXIII subunit A have a

multi-domain structure consisting of N-terminal sand-

wich, active core, and two C-terminal barrel domains

(Fig. S1). They contain many unbridged cysteines and

form as inactive enzymes a compact (‘close’) molecular

structure that is stabilized by GDP and GTP in TG2

[12]. Activation by Ca2+ causes conformational move-

ments of the barrel domains toward an ‘open’ (active)

enzyme structure that is accessible to target proteins

[13]. Guinea pig liver gTG was also used in early

attempts to modify food proteins [14], but elaborate

production procedures, low oxidation stability, suscepti-

bility for heavy metals, and enzyme activation by Ca2+-

restricted broad applications. In this light, the discovery

of a small, Ca2+-independent transglutaminase in cul-

ture supernatants of the Streptoverticillium strain

S-8112 by two teams of the Japanese companies

Ajinomoto and Amano Pharmaceutical represents a

major advance in industrial protein modification proce-

dures [15]. Molecular cloning and crystal structure anal-

ysis then revealed sequence and structure of microbial

transglutaminase (MTG) [16,17], the culture of S. mo-

baraensis DSM 40847, formerly Streptoverticillium (Sv.)

mobaraense, [18] an efficient production strain

Fig. 1. Protein modification reactions

mediated by transglutaminases. (A) Protein

cross-linking between endo-glutamines and

endo-lysines; (B) Protein conjugation with

primary amines. The biotin moiety can be

replaced by any payload; (C) Hydrolysis of

protein glutamines; (D) Protein conjugation

with x-hydroxyceramide. The extension of

the fatty acid hydrocarbon chain and the

ceramide moiety are symbolized by R.
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(Fig. S2A,B). While many MTG-modified foods quickly

entered the global markets, the production of biomateri-

als and protein conjugates has attracted more attention

in recent years. Using the keyword ‘microbial transglu-

taminase’, the PubMed database (https://www.ncbi.

nlm.nih.gov/pubmed/) revealed a considerable but not

complete number of publications (596 reports in total,

effective date 04.01.2021), continuously increasing from

the first (36, still influenced by a restrictive sales policy)

over the second (133) to the last decade (427).

Various genome sequences of MTG-producing

Streptomyces bacteria and many MTG sequences are

now available. Several studies focused on optimizing

the catalytic fold and deciphering MTG recognition

sites for substrate proteins and peptides. Accordingly,

discussion of the essential amino acids, affecting

structural integrity and catalytic function of MTG, is

a central task of this review. Of similar importance,

the structural requirements of MTG for the glutamine

and lysine donor proteins reflect the state-of-the-art

of catalysis.

Occurrence of microbial
transglutaminases in nature

A recent bioinformatic survey revealed more than 8000

protein sequences annotated as transglutaminases

(TGases) in the PFAM database, also proposing classi-

fication of the putative microbial enzymes into five dif-

ferent groups [19]. BLASTN search using the NCBI

genome database yielded six complete and 85 draft

Streptomyces genomes exhibiting a single gene for

SmMTG-like transglutaminases (effective date

18.11.2019). Inspection of the gene loci suggested

MTG acquisition by horizontal gene transfer (HGT)

as conserved gene clusters are missing, and tgase gene

environment varies from species to species. The lack of

MTG genes in the genome of the majority of strepto-

mycetes, especially in the genomes of the type strains

Streptomyces coelicolor A3(2) and Streptomyces griseus

subsp. griseus IFO 13350, may be further indicative

for HGT.

In the past, the intracellular transglutaminase from

Bacillus subtilis (BsMTG), which cross-links GerQ of

the endospore protein coat, was considered an alterna-

tive candidate for catalyzing protein modification reac-

tions [20,21]. The small BsMTG enzyme differs from

SmMTG in molecular size and structure without shar-

ing structural homology (Fig. S2C). However, versatil-

ity of BsMTG proved to be limited as the

manufacturing procedure is challenging, possibly due to

the presence of two cysteines [22]. Transglutaminases

have been further characterized in Streptococcus suis

[23], Pseudomonas aeruginosa [24], and Kutzneria albida

[25]. Only the enzyme from the latter bacterium shows

some structural similarity with SmMTG, especially in

the near of the catalytic amino acids (Fig. S2D). More-

over, the Bordetella dermonecrotic toxin (1464 aa in

size) [26] and the Escherichia coli necrotizing factor 1

(1014 aa) [27] include C-terminal TGase domains

(284 aa and 282 aa, respectively) that activate small rho

GTPases of the host by glutamine c-carboxamide

hydrolysis or polyamine incorporation. The eucaryotic

slime mold Physarum polycephalum [28] and oomycetes

such as Phytophora sojae [29] may be additional

sources for MTG production, but the enzymes require,

like animal and plant TGases, Ca2+ activation. In sum-

mary, properties of the characterized transglutaminases

limit their general use for industrial applications with

exception of MTG from Streptomyces spp. and, possi-

bly, from K. albida.

Production of transglutaminase by
Streptomyces bacteria

Secretion of transglutaminase during culture of

Streptomyces bacteria

The Streptoverticillium strain S-8112 from soil achieved

the highest MTG activity of about 2.5 U�mL�1 after

reaching the stationary growth phase [15] (for growth

and genetic stability see Appendix S1). Specific anti-

bodies revealed the export of MTG as a zymogen

when S. mobaraensis DSM 40847 was allowed to grow

for 24 h [30]. In shaking flasks, activation starts after

35–45 h and is usually completed two days later. More

typically, according to the results of numerous experi-

ments under similar conditions, the complete process-

ing of the zymogen is a rare event, and culture of

more than 70–90 h causes proteolytic degradation of

SmMTG. Prolonged culture further promotes the for-

mation of inactive MTG by auto-catalytic glutamine

deamidation, which gradually lowers the isoelectric

point of SmMTG from pI 8.9 [15] or pI 8.0 [30] to pI

6.4 (R. Pasternack, E. Dech�ene & H.-L. Fuchsbauer,

unpublished). The recent purification of two SmMTG

variants differing in charge may be consistent with this

observation [31].

Processing of the MTG zymogen, indicated by a

decrease in protein size and an increase in transamida-

tion activity, was observed during submerged culture of

various streptomycetes. The transglutaminase-activating

metalloprotease (TAMP), which was isolated from sur-

face colonies of S. mobaraensis, is usually absent, and

only traces were immunologically detected in the death

phase of S. mobaraensis [32]. However, low azocasein
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degradation activities (up to 0.08 AU�h�1) and MTG

activation by a serine and a metalloprotease have been

reported in Streptomyces hygroscopicus and S. mo-

baraensis [33]. The observation is consistent with the

fact that a cascade of proteases, including trypsin- and

chymotrypsin-like serine proteases, is involved in aerial

hyphae formation of Streptomyces bacteria [34–36].
Unfortunately, protein accumulation mediated by cetyl-

trimethyl ammonium bromide precipitation was not suf-

ficient to show a protease band [33]. In addition, auto-

activation was observed in S. hygroscopicus, thus show-

ing cysteine protease activity of ShMTG [37]. Auto-

processed ShMTG was active but could not activate the

MTG zymogen.

Transglutaminase processing and regulation

The metalloprotease TAMP cleaves the SmMTG

zymogen at the amido-side of Phe(�4), thus leaving

the tetrapeptide FRAP at the mature N terminus [32].

The tetrapeptide is removed by an AP-specific tri/te-

trapeptidyl aminopeptidase (TAP) that is secreted by

S. mobaraensis in an early stage of culture [38,39]

(Table S1). Flexibility of the FRAP loop and the

specific recognition sequence also enable chymotrypsin

and trypsin to remove the propeptide by cleaving the

Phe–Arg and Arg–Ala peptide bonds [38]. TAP, how-

ever, only cuts the remaining tripeptide from RAP-

MTG [38]. Processing of AP-MTG fails for unknown

reasons, although APpNA is a useful substrate of

TAP. A Leu/Phe aminopeptidase, secreted by S. mo-

baraensis, is possibly involved in the final processing of

trypsin-activated SmMTG [S14] (Table S1).

Apart from MTG and TAP, the secretome of

S. mobaraensis contains the TAMP inhibitory protein

SSTI [32], a variant of the Streptomyces subtilisin inhi-

bitors (SSI) [40], and a substrate of MTG [41]

(Table S1). The subtilisin-binding site of SSTI between

a-helix 2 and b-sheet 3 differs from the first character-

ized SSI of Streptomyces albogriseolus S-3253 [40] in

the replacement of methionine for lysine. Hence,

Lys-70 enables SSTI to act not only as a subtilisin and

trypsin inhibitor but also as a lysine donor protein of

SmMTG [42]. The conserved SLYAP motif at the N

terminus of SSTI and the adjacent glutamine pair

(QQSLY) were recently determined as inhibition and

glutamine donor sites of TAMP and SmMTG [43].

The extension peptide and the N-terminal stretch fur-

ther include repetitive AP motifs that may enable TAP

to truncate SSTI like TAMP-activated SmMTG. In

fact, SSTI labeling mediated by SmMTG suggests loss

of the glutamine-binding site during culture of S. mo-

baraensis [41].

Other soluble SmMTG substrate proteins are pro-

duced during submerged culture of S. mobaraensis

(Appendix S1, Table S1) [44–46]. They have in com-

mon that they are secreted substantially before

SmMTG activation occurs [45]. The activating pro-

tease TAMP is likely retained in the cell wall by a

C-terminal convertase domain [S14] that lacks in other

metalloproteases of the thermolysin family.

Purification and properties of microbial

transglutaminases

The purification of transglutaminase from culture

supernatants of Streptomyces is as simple as the recov-

ery of His-tagged enzymes. Ethanol precipitation

(30–50 vol%) followed by ion exchange chromatogra-

phy is usually sufficient to obtain the highly purified

enzyme (see also Appendix S1).

Microbial transglutaminase from Streptomyces is

much smaller than mammalian and plant transglutami-

nases due to its single-domain structure of about

38 kDa (Tables S1 and S2) [47]. Although the isoelec-

tric point depends on glutamine auto-deamidation dur-

ing culture, the reported data of pI 8.9 [15] and pI 8.0

[30] shows that MTG is usually a positively charged

protein at pH 6.0. The pH optimum ranges from pH

5.0 to pH 8.0 (Table S2). Acidification below pH 4.0

causes SnMTG and MTG enzymes from other Strep-

tomyces spp. to precipitate (Appendix S1, Refs S26,

S27). Activity is usually lost at temperatures above

50 °C, even though thermal denaturation may occur at

37–45 °C. ShMTG, characterized by DSC, revealed a

transition temperature of 60.2 °C [48]. The propeptide

stabilizes SmMTG to resist heating at 60 °C for at

least 1 h, which causes complete inactivation of the

mature enzyme in parallel [30]. The high sensitivity to

disulfide reagents (Appendix S1, Refs S15,S19), elec-

trophilic inhibitors [15,S15,S16,S19], and heavy metals

[15,S15] such as cystamine (2,20-dithiobisethanamine),

5,50-dithiobis(2-nitrobenzoic acid), N-ethyl maleimide,

iodoacetic acid, ZnCl2, PbAc2, CuCl2, and para-

chloromercuribenzoate further proves that the only

MTG cysteine is essential for catalysis. Transglutami-

nases, among them MTG, have also been shown to be

inhibited by a natural melanin macromolecule from

Streptomyces lavendulae, most likely by nucleophilic

addition of the catalytic cysteine thiolate to the

o-quinone moieties of the inhibitory molecule [49].

The need to refold inclusion bodies led to the dis-

covery of a stable SmMTG intermediate at pH 4.0.

Investigation of the intermediate and other methods

that support refolding of SmMTG is described in the

Appendix S1.
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Transglutaminase catalysis

The catalysis mechanism of transglutaminases (TGase)

has been extensively studied by the admirable work of

Folk and colleagues using guinea pig liver gTG as

model enzyme. The results are summarized in excellent

reviews [2,50] and will be briefly revived here (Fig. S3).

In general, the active site of all TGase enzymes

includes a catalytic triad consisting of cysteine,

histidine, and aspartate to catalyze two consecutive

ping-pong reactions, similar to cysteine proteases. When

a glutamine donor substrate, a protein in general, has

entered the catalytic core of TGase (Fig. S3A), the cys-

teine thiolate attacks the c-carboxamide sidechain to

form the tetrahedral oxyanion, most likely from the

re-side, if the leaving amido group is directed to his-

tidine or aspartate (Fig. S3B). A proton relay system,

which is not understood, then enables the elimination

of ammonia and ammonium ions to form the thioester

intermediate (Fig. S3C). Study of the binary transition

state structure is not possible because the thioester

hydrolyzes in the absence of primary amines (Fig. 1C).

For this reason, it remains unclear where the energy for

thioester bond formation comes from. The high-energy

complex then reacts with amine nucleophiles, which can

be a lysine donor protein, a polyamine, or another pri-

mary amine with any payload (Fig. 1). Noticeably,

cross-linking occurs via a transition state consisting of

three proteins. After a second oxyanion intermediate is

formed (Fig. S3D), the catalytic cysteine thiolate is dis-

placed, and transglutaminase dissociates from the pro-

tein conjugate or the cross-linked proteins (Fig. S3E).

Structure and function of
transglutaminases from Streptomyces
bacteria

Sequence homology

The primary structure of the known Streptomyces

transglutaminases is highly conserved (Fig. S4), shar-

ing 72.1–78.6% [UniProt ID A0A0D7CI14 (S. natalen-

sis) vs A0A445N4D8 (S. netropsis)] identity with the

type enzyme (prepro-MTG) from S. mobaraensis DSM

40847 (P81453). An unexpected BLASTP result was

the discovery that MTG (A5PHK1) from the recently

sequenced Saccharomonospora viridis is identical to

SmMTG [51]. The thermophilic bacterium, which was

originally isolated from composted manure heaps, is

Gram-negative, although it belongs to the Gram-

positive actinomycetes [52]. Furthermore, MTG

sequences from S. mobaraensis are listed under at least

ten UniProt ID codes, which are identical (M3C567,

Q2VI01, Q6RET8; 99–100% identity), slightly differ-

ent (Q6RET9, Q5UCB5, Q8KNY5, Q84AM9; 88.5–
92.5%), or significantly different (Q6TGB5; 76.8%) to

the reference protein P81453. The Q6E0Y3 variant

shares, apart from a single point mutation (P225S),

the same sequence with mature P81453 but is altered

by an exchange of two terminal stretches downstream

from Gly286. One of the inserted peptides, CHACL-

TRASSATG, contains a CxxC motif that is typical for

peptidoglycan-binding protein disulfide isomerase,

thioredoxin, and ferredoxin proteins. It should also be

noted that the catalytic Asp-255 is replaced by glycine

in the S. mobaraensis variant Q6RET8.

Significance of the signal peptide for the

production of transglutaminase

From the very beginning, the discovery of microbial

transglutaminase triggered a race to develop industrial

production procedures and to apply for patents, which

seems to continue to this day. The data revealed signifi-

cance of the signal and the propeptides for secretion and

folding of microbial transglutaminases. Appendix S1

summarizes some highlights of the recombinant produc-

tion procedures (Table S3) and the protein export in

Streptomyces bacteria.

The production of SmMTG with Sec-dependent

pelB accumulates inclusion bodies in E. coli [S39,S60],

while ShMTG may be translocated with both pelB

and the native leader sequence [S43]. Although the

signal peptides preceding Streptomyces MTG are

highly conserved (Fig. S4), they probably favor either

the Sec or the Tat secretion pathway (Table 1,

Appendix S1). Among the enzymes used in recombi-

nant production procedures (Table S3), the signal

peptide sequence motifs R-R-(A/R/S)-L-(V/L) of

SmMTG [16,30], ScMTG [S16,S18], SpMTG [S21],

and ShMTG [S43] are shared with those of Tat-

exported Streptomyces proteins [S56,S61–S64]. In con-

trast, a glutamine interrupts the twin arginine pair of

SfMTG [S20] and SnMTG [S27], thus suggesting

more a Sec-like protein transport as was shown for

phospholipase D from Streptomyces cinnamoneus [S58]

and the Streptomyces subtilisin inhibitor from Strepto-

myces lividans [S59].

Efficient production procedures in E. coli were fur-

ther reported for the transglutaminase-activating met-

alloprotease (TAMP) [53], the MTG-processing tri/

tetrapeptidyl aminopeptidase (TAP) [39], the TAMP

inhibitor (SSTI) [43], the papain inhibitory protein

(SPI) [54], the Dispase autolysis-inducing protein

(DAIP) [55], and the b-lactamase Sml-1 [46] from

S. mobaraensis. While TAP, SSTI, SPI, DAIP, and
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Sml-1 were fused to Sec-dependent pelB, TAMP

export required the native signal peptide to yield the

functional enzyme. The TAMP signal peptide includes

like SmMTG a Tat recognition sequence (RRAVA)

suggesting that both enzymes prefer intracellular pro-

tein folding and membrane passage through the

TatABC channel (Table 1). However, unlike many

proteins from S. coelicolor and S. scabiei [S62,S65–
S67], Tat preference of SmMTG and TAMP is not yet

proven, and only the published production procedures

suggest the usefulness of native MTG signal peptides.

For instance, ScMTG [S44] and ShMTG [S46] are

secreted with high yields if the full-length genes were

used to transform S. lividans. Moreover, overexpres-

sion of TatABC transport proteins significantly

increased SmMTG secretion in Corynebacterium glu-

tamicum (Table S3) when the zymogen was fused with

Tat-dependent TorA rather than Sec-dependent CspA

signal peptide [S41].

Almost all MTG proteins further contain a single,

highly conserved cysteine in the sequence of the signal

peptide (Fig. S4). These cysteines can be modified by

lipids to anchor proteins to the cell membrane. How-

ever, MTG enzymes lack the essential lipobox for

lipoprotein diacylglycerol transferase binding [56] and

are secreted without a doubt. We hypothesize that,

besides the propeptide, a disulfide bridge between the

catalytic and signal peptide cysteines keeps folded

MTG inactive until Tat translocation is complete.

Significance of the propeptide and activation of

transglutaminase

As emphasized, propeptides play an important role in

protein folding and inhibition of the Streptomyces

transglutaminases. While the inactivation peptide of

SmMTG consists of 45 amino acids, 3–11 additional

residues are inserted between Ala-65 and Ala-66 (pro-

tein numbering with signal peptide) in most of the other

variants (Fig. S4). The N termini of the pro- and

mature domains are characterized by acidic residues

that most likely prevent proteolytic degradation by

aminopeptidases such as TAP. Removal of the first

propeptide residues (30ASGGDG35) reduced the secre-

tion of ShMTG by E. coli, and further truncation by
36EREGSYAETH45 yielded insoluble protein aggregates

[S43]. The removed decapeptide includes the conserved

SYAET stretch, which covers as a small a-helix the

active site of SmMTG from the rear vestibule

(Fig. S2A) [57]. In addition, Tyr-42 (ShMTG Tyr-41)

and Tyr-46 (only available in SmMTG) were shown to

be essential for SmMTG inhibition and folding [57].

The active site of SmMTG is further covered by a long

a-helix that forms a L-shaped structure with the small

Table 1. Signal peptides encoding Sec- or Tat-mediated secretion of various proteins. Basic amino acids, cysteines, and the Sec/Tat export

and signal peptidase-binding sequences are printed bold. Predicted pathways are given in square brackets.

Source Enzyme Signal peptide sequence Pathway Ref.

S. mob. Transglutaminase MRIRRRALVFATMSAVLCTAGFMPSAGEAAA [Tat] [16,30]

TAMP MRPTPQRRAVATGALVAVTAMLAVGVQTTSANA [Tat] [53]

TAP MRKALRSLLAASMLIGAIGAGSATAEAASITAP [Sec] [39]

SSTI, TAMP inhib. MRYITGGIALGSALILGSLVGAGATASATPAPAPA [Sec] [43]

SPI (expansin) MREFRRVRRVRFAACALVAAATGITLAAGPASA [Sec] [54]

DAIP MKRMGWAVTAAVTTIVLAQSSLAAQA [Sec] [55]

b-Lactamase Sml-1 MPKLSLRIRGKALGFTAALAVGAAALTGPATA [Sec] [46]

S. cin. Transglutaminase MHKRRRLLAFATVGAVICTAGFTPSVSQAASS [Tat] [S16,S18]

S. hyg. Transglutaminase MYKRRSLLAFATVSAAIFTAGVMPSVSHA [Tat] [S43]

S. pla. Transglutaminase MYKRRSLLAFATVGALICTAGVMPSVSHA [Tat] [S21]

S. fra. Transglutaminase MYKRQRFLAFATVGAVICTAGSTPSLSQA [Sec] [S20]

S. net. Transglutaminase MNKRQRFLAFATVGAVICTAGFTPSLSQAA [Sec] [S27]

S. chr. Phospholipase D LASFSPRRRTVVKAAAATAVLAGPLAAALPARA Tat [S61]

S. cin. Phospholipase D LLRHRLRRLHRLTRSAAVSAVVLAALPAAPAFA Sec [S58]

S. liv. Xylanase C PLNGMSRRGFLGGAGTLALATASGLLLPGTAHA Tat [S56]

S. coe. Agarase (dagA) MVNRRDLIKWSAVALGAGAGLAGPAPAAHA Tat [S62]

S. coe. bc1 [Fe-S] subunit KESVIGRRKLIRNTMLGALTLVPLSGVV Tat [S63]

S. liv. FKBP MRRRSLLIAVPTGLVTLAACG Tat [S64]

S. liv. Subtilisin inhibitor MRNTARWAATLGLTATAVCGPLAGASLASPATAPA Sec [S57]

C. glu. TorA, MTG export MNNNDLFQASRRRFLAQLGGLTVAGMLGPSLLTPRRATA Tat [S41]

C. amm. CsbA, MTG export MKRMKSLAAALTVAGAMLAAPVATA Sec [S40]
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a-helix. By this means, the conserved sequence motif
56INALN60 fills the space to the catalytic amino acids

by Ile-56, Asn-57, and Asn-60. The structure of

SmMTG between Pro-64 and Pro-76 (including the

extension peptides of other MTG variants) remains elu-

sive due to the high flexibility of this region. The char-

acterized binding site for activating proteases,
73FRAP76, is largely shared by other transglutaminases,

even though some modifications occur by amino acid

deletion or substitution (Fig. S4).

The in vitro activation, which is essential for many

recombinant production procedures, was already

demonstrated with the discovery of the SmMTG

zymogen [30]. Bacillolysin from Paenibacillus polymyxa

(trade names Dispase, Gentlyase), a metalloprotease of

the thermolysin family M4 with P10-specificity, cleaves
the peptide bond between Ser(�5) and Phe(�4) with-

out obvious degradation of the active enzyme

(Table S4). The same peptide bond is hydrolyzed by

the highly specific transglutaminase-activating metallo-

protease (TAMP) from S. mobaraensis [32]. However,

it should be noted that both proteases, Dispase and

TAMP, truncate the oligohistidine tag at the C termi-

nus of recombinantly produced SmMTG [53,S69].

Phe-(�4) and Arg-(�3) of the protease-binding motif

further enables MTG activation by chymotrypsin,

trypsin, and other serine proteases, but degradation

and loss in MTG activity were observed in many cases

(Table S4). It would be of some interest to investigate

whether the serine protease, discovered in S. hygro-

scopicus [33], activates the zymogen as specifically as

TAMP and is inhibited by SSTI. However, this project

requires the production of a series of serine proteases

from S. mobaraensis or other MTG-producing Strepto-

myces variants in E. coli as purification from culture

supernatants seems to be difficult due to low protease

concentrations [33].

The protease-binding site was further modified to

produce structurally homogenous MTG with the

mature N-terminal peptide [58,S38,S49] (Table S4). In

addition, specific activation was targeted by the intro-

duction of a rhinovirus C3 cleavage site [S70], linker

peptides [S71], intein [S53], the split production of

propeptide and mature domain [S51], and auto-

maturation [S54]. Whether specificity and efficiency of

TAMP and Dispase were achieved by these

approaches cannot be estimated due to the lack of

comparative experiments.

Tertiary structure of microbial transglutaminase

The MTG structures yet determined accommodate

four (mature SmMTG), one (SmMTG zymogen), or

two molecules (inhibited SmMTG) per asymmetric

crystal unit [17,57,59]. N-terminal extension by

methionine or deletion of Asp-1 disturbs the crystal

package of the mature enzyme [17]. SmMTG adopts a

disk-like structure shaped by 8 anti-parallel b-strands
and 12 a-helices, which surround the hydrophobic pro-

tein core of 7 b-sheets (Fig. 2A). A cleft of ~ 16 �A

depth includes the catalytic triad consisting of Cys-64,

Asp-255, and His-274 (mature enzyme numbering).

The orientation of Cys-64 and His-274 at the cleft bot-

tom indicates that glutamine and lysine donor proteins

enter the enzyme from opposite directions (Fig. S3).

The front view, the endo-glutamine-binding site, shows

on the left side the a-helix cluster a1/a2/a3 with Cys-64

at the top of the a2/a3 turn and b-strands (b1/b6/b7)
behind, from which the N terminus (D1-P12) and the

extended b6/b7 loop (N276-M288) rise (Fig. 2A). These

structural elements form the left cleft wall of substan-

tial rigidity as low B factors suggest [17]. In contrast,

the right cleft wall, established by the loops between

b4/b5 (D233-N253) and a12/b8 (E300-D306), seems to

be more flexible showing the highest B factor at the

b4/b5 loop tip. Moreover, the amino acids Tyr-62,

Val-65, Trp-69, Tyr-75, Ile-240, and Phe-254 determine

a hydrophobic region in close vicinity to Cys-64, called

the front vestibule [17], which was predicted to interact

with acyl donor proteins (Fig. 2B).

SmMTG in complex with the inhibitory peptide

DIPIGS*KMTG (IP), which contains the irreversibly

binding glutamine mimic Ser-O-CO-CH2Cl (S*), pro-

vided deeper insights into the binding mode of glu-

tamine donor proteins [59]. Three amino acids of IP

occupy the SmMTG cleft bottom, that is, IP Ser*-6
covalently bound to Cys-64 (Ser-O-CO-CH2-S-Cys), IP

Gly-5 in backbone hydrogen bond (carboxy oxygen)

with the SmMTG Tyr-278 amide, and IP Ile-4

(Fig. 2C). A second hydrogen bond is formed between

the IP Ser*-6 carboxy oxygen and the SmMTG Cys-64

amide. These observations are consistent with an ear-

lier docking model, which predicted H-bonds between

SmMTG Cys-64 or Val-65 amide and the tetrahedral

cbzQG oxyanion intermediate as well as between the

SmMTG Tyr-278 amide and the cbz urethane oxygen

[60]. In both cases, the N-terminal peptide moiety, that

is, IP 1DIPIG5 and the cbz protecting group, faces the

front vestibule.

The IP Ile-4 side chain further fills the hydrophobic

pocket shaped by SmMTG Tyr-62, Val-65, and

Phe-254 of the predicted accommodation area for glu-

tamine donor substrates [17] (Fig. 2C). Alanine substi-

tution of Tyr-62 only revealed a small effect on

SmMTG-mediated cbzQG hydroxamate formation,

while activity of the V65A and F254A exchange
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variants was reduced almost to zero [60]. The IP ter-

mini, which rise to the cleft entrance, also interact with

the enzyme. Hydrogen bonds are established by the e-
amino group of IP Lys-7 with both the SmMTG

Asp-3 d-carboxylate and the Tyr-278 hydroxyl group

as well as the IP Pro-3 backbone carboxy oxygen with

the SmMTG Asn-253 d-carboxamide. Moreover, ori-

entation of IP Ile-2 to SmMTG Ile-240 suggests

hydrophobic interactions between the residues. In

total, seven SmMTG amino acids (Asp-3, Tyr-62,

Cys-64, Val-65, Ile-240, Asn-253, Tyr-278) contribute

to the IP binding. The side chain of Asn-253 at the

entrance to Cys-64 could also act as a guide for the

entering c-carboxamide group of substrate glutamines

as alanine substitution yielded complete SmMTG inac-

tivation, but this hypothesis has to be verified [60].

In SmMTG, Asp-255 may be more involved in proton

transfer than His-274. The distance of Cys-64 to Asp-255

is smaller, and substitution of Asp-255 with alanine

reduced activity to background levels [17,60]. Apart from

Cys-64 and Asp-255, the exhaustive replacement of

SmMTG amino acids by alanine further showed that

Gly-63, Asn-253, Phe-254, Tyr-256, and His-277 are

essential for maintaining the catalytic activity [60]. In

contrast, the H274A exchange variant still exhibits

residual activity of 40% and 90% toward small (cbzQG)

and large (ovalbumin) substrate molecules, respectively,

thus demonstrating the minor role of His-274 for

SmMTG catalysis. His-274 is thought to be involved in

the orientation of the lysine donor substrate at the back

of SmMTG, which is also referred to the rear vestibule

[17]. This binding site is lined by negatively charged

amino acids (Glu-249, Glu-300, Asp-304), which are inte-

grated into the more flexible b4/b5 and a12/b8 loops

(Fig. 2D).

Remarkably, the covalent binding of the inhibitory

peptide barely influenced the positions of the catalytic

amino acids. The rigid cleft wall also remained

unchanged by the interaction with IP Lys-7 (Fig. 2D,

right side). In contrast, IP binding moved the flexible

b4/b5 loop between Pro-244 and Phe-251 to the front

vestibule (Fig. 2D, left side).

Functional amino acids influencing

transglutaminase activity and thermostability

The influence of the N-terminal peptide (D1-G25) on

enzyme activity was recognized at a time when the ter-

tiary structure of SmMTG was revealed [17,61,62].

Incorporation of 15N-labeled NH4Cl into food proteins

Fig. 2. Functional amino acids of microbial transglutaminase from Streptomyces mobaraensis. a-Helices, b-strands, and the cleft wall loops

are colored cornflower blue, turquoise, and orange. Catalytic and predicted functional amino acids are shown in a stick representation. The

secondary structure numbering follows PDB entry 1IU4. (A) Front view of SmMTG; (B) predicted front vestibule consisting of Tyr-62, Val-65,

Trp-69, Tyr-75, Ile-240, and Phe-254 [17]; (C) SmMTG in complex with DIPIGS*KMTG (6GMG) [59]. The amino acids of the inhibitor, which

occupy the cleft bottom of the enzyme, are colored forest green. Hydrogen bonds are depicted by orange dashed lines; (D) rear view and

predicted rear vestibule of SmMTG [17,59]. The structures of SmMTG (1IU4) and inhibited SmMTG (6GMG) are superimposed.
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showed increased 14N/15N exchange rates when

SmMTG was truncated by Asp-1 [62]. Asp-1 seems to

be flexible (cf. Fig. 2D) and to have some influence on

the catalytic cysteine as NMR difference spectra of

Met-SmMTG and DAsp-SmMTG suggested [63]. Fur-

ther removal of up to five amino acids from the N ter-

minus proved that elimination of Asp-1, Ser-2, and

Asp-3 successively increases enzyme activity without

changing substrate specificity, but further shortening

by Asp-4 and Arg-5 yielded inactive SmMTG variants

[63]. Neither small (cbzQG) nor large glutamine donor

substrates (ovalbumin) were modified by the D1–4- and

D1–5-SmMTG variants, so the authors suspected the

strong impairment of the protein structure. Noticeably,

the replacement of Ser-2 by arginine (S2R), aspartate

(S2D), and tyrosine (S2Y) revealed great differences in

small and macromolecule binding by SmMTG. While

all SmMTG variants mediated the formation of

cbzQG hydroxamate, S2D and S2Y failed to incorpo-

rate 15N-labeled NH4Cl into ovalbumin [63].

In the following decades, great efforts were made to

increase thermostability and activity of SmMTG by

bioengineering. The first random mutagenesis approach

selected heat-resistant and heat-sensitive SmMTG vari-

ants from a library of 5500 E. coli clones [64]. The most

effective SmMTG variants were point-mutated in the

N-terminal stretch upstream of Gly-25 (Fig. S5A),

increasing the half-life of FRAP-SmMTG from 1.7 min

(wild-type) to 4.6 min (S2P) at 60 °C. Heat-sensitive

positions were also found in the terminal peptide (P9L,

A10T, G25S). The combination of several hot spots

then yielded the S23V/Y24N/K294L and S2P/S23Y/

Y24N/H289Y/K294L SmMTG exchange variants,

which showed significantly higher heat-resistance com-

pared with the wild-type enzyme at 60 °C [65,S72].

The already mentioned alanine screen further revealed

the great influence of various amino acids on SmMTG

activity against small (cbzQG) and large (ovalbumin)

substrate molecules [60] (Fig. S5B). While alanine substi-

tution of Gly-63, Cys-64 (catalytic), Asn-253, Phe-254,

Asp-255 (catalytic), Tyr-256, and His-277 resulted in

inactive variants [residual activity of < 5% (cbzQG) and

< 2% (ovalbumin)], reduced activity with ovalbumin was

observed for Arg-26 (18%), Val-65 (10%), Tyr-75 (5%),

Val-252 (6%), His-274 (9%), Asn-276 (2%), and Phe-305

(19%) mutations. A more rational approach including a

library of 24 000 clones then uncovered Y75F, S199A,

and M16T as the most effective SmMTG exchange vari-

ants with 1.5–1.7-fold cbzQG transamidation activity

[66]. However, benefit of the S199A variant was lost

when mature SmMTG and not FRAP-SmMTG was

mutated. Recently, the combination of disclosed

SmMTG hot spots confirmed earlier results but could

not contribute to the further improvement of thermosta-

bility and specific activity [S73]. Moreover, a huge library

of SmMTG zymogen variants was generated by error-

prone PCR [58]. Screening of 3x108 clones by yeast sur-

face display showed that MTG variants exhibiting signifi-

cantly enhanced enzyme activity could not be produced

by this comprehensive approach.

Microbial transglutaminase was further mutated for

the site-specific modification of human growth hor-

mone (hGH) and monoclonal antibodies (mAb)

[67,68]. The Y62A exchange variant of SlMTG showed

enhanced PEGylation activity and improved hGH

Gln-141 selectivity [67]. The complete transamidation

of glycosylated mAb heavy chain Gln-295 was

achieved using the SmMTG exchange variants D4E/

G250S and A212S/G250S [68]. However, enzyme

amounts of 100 U/ml and incubation for 40 h are

rather unusual reaction conditions favoring glutamine

deamidation.

Illuminating structure of SmMTG by

reassessment of the available data

Great efforts were made to increase SmMTG activity

and selectivity by mutation, but the results remained

poor. SmMTG seems to be an enzyme that has

matured in evolution. In our opinion, the available

crystal structures [17,59] and the alanine screen results

[60] shed sufficient light on essential SmMTG amino

acids involved in catalysis (Fig. 3), which will be

briefly summarized here to conclude the section.

SmMTG contains like other transglutaminases the

amino acids Cys-64, Asp-255, and His-274 at the bot-

tom of the catalytic cleft [17] (Fig. 3A). The inhibitory

peptide (IP), DIPIGS*KMTG [59], is linked to the

front vestibule of SmMTG (B–D, note the edited war-

head) and provides evidence for two subsites, which

may select glutamine donor proteins and peptides (G,

H). Essential SmMTG amino acids, uncovered by the

individual alanine replacement [60], are 63GCV65 (C),
252VNFDY256 (D), and 274HGNH277 (E,F). Asn-253

may be involved in glutamine orientation to support

the nucleophilic addition of Cys-64 as mentioned.

The Cys-64 thiolate most likely attacks the glutamine

c-carboxamide carbon from the re-side (cf. Fig. S3) as

the c-carboxy oxygen forms a H-bond with the Cys-64

amido hydrogen [59]. Asn-276/His-277 and Val-252 fur-

ther separate glutamine and lysine-binding sites by

forming a tight bottleneck (E). Another barrier consist-

ing of conserved Arg-26/Tyr-302/Phe-305 probably

completes the lysine pocket (F). It restricts the access of

lysine donor proteins from the rear vestibule and sug-

gests amino group insertion from the cleft entrance.
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Subsites providing for substrate selectivity seem to be

only available at the front vestibule (G,H). Tyr-62, Val-

65, Trp-69, Tyr-75, and Phe-254 form a hydrophobic

hole that accommodates IP Ile-4 [59] (G). A second

SmMTG subsite shaped by 238RNIP241, Asn-253, and

Arg-208 interacts with the IP Ile-2 (H). The positively

charged arginine residues also suggest interaction of the

subsite with acidic amino acids.

Following the protease nomenclature of Schechter

and Berger [69], we propose to refer to the glutamine

accommodation subsites as G1, G2, G3, etc., corre-

sponding to G2 and G4 of inhibited SmMTG. Binding

of glutamine donor proteins to the rear vestibule,

which would require G10, G20, G30 etc., nomenclature,

can be excluded. Amine subsites (if any) are named

A1, A2, A3, etc., correspondingly. In comparison, ori-

entation of the substrate proteins in two directions is

possible, indicating designations such as . . .T30-T20-
T10-Q-T1-T2-T3. . . and . . .T30-T20-T10-K-T1-T2-T3. . .

This means that Ile-2 and Ile-4 are the T40 and T20

positions of the inhibitory peptide docking to the sub-

sites G2 and G4 of SmMTG.

Interestingly, the K. albida transglutaminase

(Fig. S2D) shares nearly the same structure with

mature SmMTG despite low sequence identity of

24.9% [25]. Essential stretches such as 45GCI47

(SmMTG: 63GCV65), 172VNFDY176 (252VNFDY256),

and 188HANH191 (274HGNH277) are strictly con-

served. The amino acids that complete the lysine

pocket are even the same: Arg-208 (Arg-26) and Tyr-14

(Tyr-302). Moreover, it seems likely that glutamine

selectivity is provided by two subsites around Ile-47

(SmMTG-G2: Val-65) and Tyr-165 (SmMTG-G4:

Ile-240).

A B C D

E F G H

Fig. 3. Amino acids presumably involved in SmMTG catalysis. (A) Catalytic triad of SmMTG (PDB 1IU4); (B) inhibited SmMTG (6GMG) with

modified warhead (exchange of Ser*-6 for Gln); (C, D) SmMTG amino acids involved in inhibitor binding; (E) amino acids separating

glutamine and lysine-binding sites; (F) amino acids shaping the putative lysine pocket; (G) amino acids forming the SmMTG subsite G2

(nomenclature proposal see text); (H) amino acids forming the SmMTG subsite G4.
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A comparison of SmMTG (Fig. 3, Fig. S6A) with

mammalian and fish transglutaminase shows glutamine

and lysine-binding sites similarly separated by tight

bridges of tryptophan residues (Fig. S6B–D). The

resulting eyelets are sealed by the catalytic cysteine in

the ‘closed’ structures of human TG2 and FXIII

(Fig. S1, Fig. S6B,C). The fact that the access of acyl

donor and acceptor proteins are strictly compartmen-

talized by conserved amino acids is best illustrated by

fish TGase. In addition to the Trp-236/Trp-329 bar-

rier, an overlying salt bridge between Glu-237 and

Arg-324 is likely to provide for the individual thread-

ing of glutamine and lysine sidechains from the cleft

entrance (Fig. S6D).

Since the catalytic core of transglutaminases is simi-

lar, self-assembly of the substrate proteins is hypothe-

sized that precedes cross-linking and enables the

simultaneous uptake of the glutamine and lysine resi-

dues by the enzymes, especially by SmMTG (Fig. S7).

Structural requirements for
transglutaminase substrates

The study of transglutaminases over several decades

has shown that there is no consensus sequence at

either the glutamine or lysine-binding sites of substrate

proteins. While glutamines determine selectivity of the

enzymes, the requirements for lysine residues and pri-

mary amines are comparably low. Significant differ-

ences in glutamine recognition by SmMTG caused us

to consider peptides, pharmaceutical proteins, and nat-

ural proteins separately.

Requirements for primary amines

Transglutaminases only incorporate primary amines

into glutamine donor proteins and peptides, showing

high affinity for histamine and glycine ethylester as

examples [70,S1]. Polar functions restrict conjugation

with endo-glutamines, especially if they are contigu-

ous to the amino group. Several studies demonstrated

the importance of aliphatic, lysine-like spacer groups,

the stereochemical preference for L-lysine, and the

low significance of the lysine sequence environment.

Hydrophobic residues at the N-side of lysine appear

to improve affinity of gTG and FXIIIa for the hep-

tapeptide acGGLKGGG compared with acGGGK

GGG [71,S74]. Large aromatic substituents attached

to alkylamine hydrocarbon chains of about 7.2 �A

length further support the incorporation of amines

[72]. A good example may be monodansylcadaverine,

which is used for protein labeling and activity mea-

surement [S2,S3].

Similar investigations with microbial transglutami-

nases showed the same influence of spacer, polar groups,

and branching on amine preference [73,S26,S75]. Small

amino acids (Gly, Ala) at the N- or C-sides were pre-

ferred to bulky or charged residues to ligate lysine dipep-

tides to citraconylated aS1-casein [74]. Furthermore,

study of the trypsin inhibitor from Streptomyces longis-

porus, STI2, whose inhibitory and cross-linking site,

Lys-70, is in a flexible loop, shows that the exchange of

Ile-67 (I67S) and Asn-69 (N69R) had the most favorable

effect on SmMTG activity [42] (Table S5). It should be

noted, however, that these mutations could impair for-

mation of the loop-stiffening Cys-68/Cys-98 bridge.

STI2-like effects of adjacent amino acids on lysine donor

sites were not observed in other proteins (cf. Table S6).

Interestingly, the STI2 stretch 67ICNKL71 shares nearly

the same sequence motif with the C-terminal peptide
119LCEKL123 of de-calcinated a-lactalbumin (apo-a-
LA), which has been identified as an acyl acceptor site

for SmMTG [75]. Also, in this case, the removal of Ca2+

could have an impact on the Cys-6/Cys-120 bridge sta-

bility. The same authors [75] further showed that

SmMTG has access to Lys-96 and Lys-98 of heme-less

apo-myoglobin (apo-Mb). The Mb 96KHK98 motif was

frequently used as lysine donor (tag) sequence in MTG-

mediated conjugation reactions (cf. Table 3 and

Table S6).

Glutamine peptide sequences for microbial

transglutaminase

Motoki and colleagues already reported in their first

study that MTG from Streptoverticillium S-8112 recog-

nizes the dipeptide cbzQG as glutamine donor sub-

strate like guinea pig liver gTG [15]. Q/N exchange or

peptide shortening completely abolished binding to

SmMTG (Table 2). The carboxy extension by glu-

tamine, glycine, or an ester function improved

SmMTG affinity, but glycine insertion at the glu-

tamine N-side had the opposite effect. Significance of

the N-side was further demonstrated by G3QG3-based

heptapeptides [76]. The reference molecule, G3QG3,

was not a substrate of SmMTG, but substitution of

glycine by hydrophobic and polar groups in the posi-

tions �1 and �2 achieved 30–55% of the cbzQG

transamidation rate (Table 2). Similarly, N-acetylated

tripeptides obtained by combinatorial synthesis could

not exceed cbzQG efficiency [77].

The requirement for glutamine-binding sites was

further studied by SmMTG-mediated labeling of

threadfin bream myosin peptides [78] and huge pep-

tide libraries obtained by phage [79] and mRNA [80]

display (Table 2). Reference to cbzQG cannot be
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made as comparative measurements were not per-

formed. Interestingly, the occurrence of glutamate

and hydrophobic amino acids upstream from the

SmMTG-accessible myosin peptide glutamines corre-

sponded with those of the most reactive heptapeptides

G(L/V)GQG3 and G2(L/E/V)QG3 [76,78]. Further-

more, the YELQRPYHSELP peptide from phage dis-

play has a similar upstream sequence, but glutamate

substitution by alanine improved affinity of SmMTG

[79]. The common sequence motif, ALQRP, suggests

the interaction of Ala-Leu with the hydrophobic sub-

site G2 (at Val-65) of SmMTG, while Arg(+1) may

form hydrogen bonds with Asp-3 and Tyr-278 (cf.

Fig. 2C). Therefore, ALQRP may have the same ori-

entation as the SmMTG inhibitory peptide [59],

which faces the front vestibule with the amino termi-

nus. In contrast, the most effective peptide of the

mRNA library, RLQQP, is more likely to occupy

SmMTG in opposite direction [80]. Recently, a com-

binatorial synthesis based on cbzFGX1QX2PYNH2

[81] showed that GX1QRP-containing peptides,

among them cbzFGLQRPYNH2 (Table 2), cannot be

linked to the lysine tetrapeptide acKAYANH2 by

MTG, which contradicts the results of Hitomi et al.

[79]. The efficiency of cbzFGLQGPYNH2 and

cbzFGLQSPYNH2 could be explained by the assump-

tion that MTG bind these peptides in the N-C and

C-N direction equally. Other reasons are plausible

because the used MTG was not specified.

Nevertheless, usefulness of peptide sequences such as

ALQRP, ALQSG, and ALQAY has been proven in the

SmMTG-mediated synthesis of cyclic peptides [82]. Fur-

thermore, besides cbzQG [S76–S79], LLQG [S80–S85],
and EAQQIVM [S86,S87], proven tags for mammalian

transglutaminases [S88], WALQRPH was fused to pro-

teins without accessible glutamines [S89,S90], thus allow-

ing SmMTG-mediated labeling, immobilization, and

conjugation reactions (Table S6). Moreover, strep tag I,

modified by Tyr-Lys (YKAWRHPQFGG) and other

amino acids, was shown to be a useful acyl donor and

Table 2. Glutamine donor sequences of MTG substrate peptides. MDC, monodansylcadaverine; MBC, monobiotin cadaverine.

Sequence position

Acyl acceptor Efficiency (%) Ref.�5 �4 �3 �2 �1 Gln +1 +2 +3 +4 +5

Cbz Q G H2NOH 100 [15]

Cbz Q G OEt 122

Cbz Q Q G 288

Cbz G Q G G 126

Cbz G G Q G 27

Cbz Q G MDC 100 [76]

Cbz Q F 86

G G G Q G G G 0

G L G Q G G G 55

G G L Q G G G 35

Cbz Q G MDC 100 [77]

Ac Y Q W 87

Ac Y Q R 87

Ac P Q R 111

E G S L E Q E K MBC [78]

E L Q A R

E A E F Q K

N V Q G Q L K

V A E Q E L V D ASER

E V D A E Q R

Y E L Q R P Y H SELP MBC [79]

W A L Q R P Y T LTES

W A L Q R P H Y SYPD

Y A L Q R P Y H SELP

R L Q Q P Lys6-beads [80]

Cbz F G L Q S P Y NH2 AcKAYANH2 > 90a [81]

Cbz F G L Q G P Y NH2 > 90a

Cbz F G L Q R P Y NH2 0a

aProduct formation (%) after incubation for 40 min.
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acceptor tag in SmMTG-mediated protein cross-linking

reactions [S91,S92].

Glutamine donor sequences of globular proteins

The high specificity of microbial transglutaminase has

caused many researchers to investigate the occurrence of

glutamine donor sites in pharmaceutical proteins and

other proteins of interest. After many years of research

with not always consistent results (Table 3), it is sobering

to reconfirm the lack of glutamine consensus sequences

for SmMTG. The screening for glutamine donor proteins

is like looking for a needle in a haystack, and every pre-

diction seems to be arbitrary. However, the studies suc-

ceeded in discovering some general findings.

Glutamines, accessible for MTG, are thought to occur

in flexible, disordered regions, which was originally

shown for Gln-74 of human interleukin 2 (hIL-2)

(Table 3, Fig. 4A) and predicted by Kashiwagi et al.

[17,83]. The concept was then extended by the assump-

tion that local unfolding of substrate proteins may be a

general prerequisite for the interaction with proteases

and transglutaminases [75]. As with glutamine peptides,

the glutamine environment of proteins further determines

the affinity of MTG. However, in protein substrates stud-

ied with SmMTG, charged and bulky residues occupy

both sides of accessible glutamines (Table 3). While N-C

or C-N orientation remained largely undetermined, the

SmMTG preference for peptide sequence motifs

(Table 2) gives some indication on the binding direction.

Like WALQRPHYSYPD [79], the donor sites of

hIL-2 (Gln-74) [83], de-calcinated or reduced bovine

a-lactalbumin (aLA, Gln-43, Gln-54) [75,84–87], heme-

less apo-myoglobulin (apo-Mb, Gln-91, Gln-152) [75],

or thermolysin (Gln-225, Gln-246) [75] contain

uncharged, hydrophobic amino acids at the N-side of

glutamine (Table 3). In contrast, amino acids of aLA
(Gln-39, Gln-43, Gln-54, Gln-65), human granulocyte

Table 3. Glutamine and lysine donor sites of globular proteins for MTG binding. Glutamine and lysine residues are printed bold. hIL-2,

human interleukin 2; a-LA, bovine alpha-lactalbumin; hMb, horse myoglobin; hG-CSF, human granulocyte colony-stimulating factor; hGH,

human growth hormone; mAb, monoclonal antibody; HC, heavy chain; hIFN, human interferon.

Protein

Gln

no.

Accessible

glutamines

Glutamine

sequence

Lys

no.

Accessible

lysines Lysine sequence Ref.

hIL-2 6 Q74 VLNLAQSKNFH 10 [83]

a-LA 6 Q39

Q43

Q54

Q65

Q117

SGYDTQAIVQN

TQAIVQNNDST

EYGLFQINNKI

WCKDDQNPHSS

SEKLDQWLCEK

12 K5

K13

K16

K58

K108

K114

K122

EQLTKCEVFR

VFRELKDLKGY

ELKDLKGYGGV

FQINNKIWCKD

YWLAHKALCSE

ALCSEKLDQWL

QWLCEKL

Apo (Ca2+-free)

Apo, 50 °C

Apo, 30 °C

Apo

Holo, DTT

Holo, GSH

Q54

Q39,43,54,65,117

Q39,43

Q39 > Q43,54,65

Q54

Q39,43

3 K

K5,13,16,108,114

K13,16,108,114

K16,58,114,122

K5

K13,16

[84]

[85]

[75]

[86]

[87]

hMb 6 Q91 LKPLAQSHATK 19 K96 QSHATKHKIPI [75]

Q152 KELGFQG K98 HATKHKIPIKY
Thermolysin

(205–316)

7 Q225 RYTGTQDNGGV 7 K219 PDHYSKRYTGT [75]

Q246 AYLISQGGTHY K210 MSDPAKYGDPD
hG-CSF 17 Q134 ALQPTQGAMPA 4 [88]

hGH 13 Q40 YIPKEQKYSFL 9 K145 KQTYAKFDANS [89]

Q141 GQAFKQTYAKF
Calcitonin 2 Q20 ELHKLQTYPRT 2 [90]

mAb, HC

(deglycos.)

18 Q3

Q295

VKVSCQASGYR
KPREEQYNSTY

35

K340

K447

TISKAKGQPRE
SLSPGK-aa* (*aa not D,E,

P)

[91]

[92]

[93]

[94]

hIFN a-2b 12 Q101 EACVIQGVGVT 11 K164 ESLRSKE [95]

Avidin 4 (Q126) TRLRTQKE 9 K58 ENTINKRTQPT [96]

K127 RLRTQKE
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colony-stimulating factor (hG-CSF, Gln-134) [88],

human growth hormone (hGH, Gln-141) [89], calci-

tonin (Gln-20) [90], the heavy chain of human mono-

clonal antibodies (hmAb-HC, Gln-295, Gln-3) [91–94],
and human interferon a-2b (hIFNa, Gln-101) [95] are

more likely to interact at the glutamine C-side with the

subsites of SmMTG. A few glutamines (Gln-117 of

apo-aLA, Gln-40 of hGH, Gln-126 of avidin)

[85,89,96] are surrounded by charged amino acids or

bridged cysteines that usually interrupt SmMTG bind-

ing (Table 3). In fact, these residues are considered as

minor glutamine donor sites of SmMTG, but a dearth

of kinetic measurements under the same conditions

makes the comparison difficult. Almost all character-

ized glutamines are in large, disordered loops (Gln-65

of apo-aLA, Q152 of hMb, Q134 of G-CSF, Gln-141

of hGH) or at the border between loop and secondary

structure (Q74 of hIL-2, Q40 of hGH, Q295 of hmAb,

Q101 of hIFNa) (Fig. 4). The modification of helical

Gln-91 of horse apo-Mb by SmMTG could be

explained with the removal of the porphyrin molecule.

In any case, rigid structures appear to restrict SmMTG

access to the glutamines of globular proteins.

Although the acyl donor sites of several globular

proteins were determined (Table 3), only a single tag

sequence, helical 88PLAQSH93 of hMb was fused to

anti-hen egg-white lysozyme antibody, alkaline phos-

phatase, or E. coli biotin ligase [S93–S96] (Table S6).

The myc tag (410EQKLISEEDL419) of the human tran-

scription factor myc proto-oncogene protein (hMyc)

and the S-tag (32AKFERQHMDS41), a substrate-

binding sequence of bovine RNaseI, were not shown

to be MTG binding sites with the whole proteins [S93,

S97–S99]. The helical glutamine positions and charged

residues in close vicinity are likely to disturb the inter-

action of SmMTG with hMyc and bRNaseI. Neverthe-

less, the discovery of unnatural SmMTG glutamine

donor substrates may be a big step forward in the site-

specific modification of therapeutic proteins. Many

reports deal with the enzymatic antibody–drug conju-

gation and protein PEGylation (for recent reviews see

Refs [97,98]). However, due to the diversity of the

identified glutamine and lysine sequences and lack of

comparative measurements, the studied proteins do

not provide deeper insights into the catalytic mecha-

nism of the MTG enzymes.

Natural substrate proteins of transglutaminase

from Streptomyces mobaraensis

The biological function of SmMTG is largely

unknown. Investigation of a knockout mutant from

S. hygroscopicus revealed the requirement for transglu-

taminase in the development of aerial hyphae [99].

Expression of the substrate proteins and time-

dependent changes in the protein level remain to be

examined. The characterized substrate proteins from

Sv. mobaraense are secreted under submerged culture

conditions [41,44–46], although other SmMTG sub-

strate proteins such as the long chaplin SmChp1 and

rodlin-1 (Rdl1) are likely retained in the cell wall

(Table 4).

Glutamine donor sites were determined for three out

of six characterized substrate proteins (Table 4).

Although sequence homology is missing, hydrophobic

and uncharged amino acids predominate the N-side of

Fig. 4. Glutamine donor sites of globular

proteins for SmMTG binding. The glutamine

residues are colored orange red, the

determined binding sites are labeled and

depicted in a stick representation.

(A) Human interleukin 2 (PDB 1M49);

(B) de-calcinated bovine a-lactalbumin

(1F6R); (C) horse myoglobulin (1AZI). The

porphyrin moiety is removed; (D) C-terminal

domain of thermolysin (2TLX); (E) human

granulocyte colony-stimulating factor

(5GW9); (F) human growth hormone

(1HGU); (G) part of human antibody heavy

chain (1HZH); (H) human interferon a-2b

(2HYM).
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the SmMTG-accessible glutamines. In contrast to arti-

ficial peptides and globular proteins (Table S6 and

Table 3), bulky aromatic residues are absent. Notice-

ably, the characterized glutamines of natural substrates

are in protein regions of high flexibility (Figs. 5–7).
The glutamine pair of SSTI occupies an unresolved

extension (pro)-peptide close to the TAMP (SmMTG-

activating metalloprotease) inhibition site [43,53]. In

DAIP, Gln-39 is found in a large loop ranging from

Tyr-25 to His-45 [55]. Only Gln-6 of SPIp seems to be

frozen by strong attachments of the N-terminal pep-

tide to the protein body [54]. Conformational changes,

shown for the inhibitory peptide in complex with

SmMTG [59], may considerably enhance flexibility of

the terminal SPIp peptide, but also raise the question

of why a protein should change the structure, just so

the enzyme can find a binding site?

Under in vitro conditions, SmMTG usually cross-

links disordered proteins such as casein but cannot

readily form the ternary encounter complex with

native and natural substrate proteins, as indicated by

intramolecular cross-linking or glutamine deamidation

reactions [41,44,46]. To obtain cross-linked protein

aggregates, substrate assembly should precede

SmMTG binding for several reasons: (a) A shaken cul-

ture of S. mobaraensis disrupts protein assembly and

spore envelope formation that cell wall proteins are

released; (b) detergents, which are secreted by strepto-

mycetes [100], favor the formation of substrate protein

aggregates in the presence of SmMTG [41,44]; (c) the

SPIp protein is probably equipped with an N-terminal

hinge region, which could facilitate access of SmMTG

to Gln-6 and Lys-7 [59]; (d) the catalytic center of

SmMTG suggests pairwise uptake of the glutamine

and lysine residues as already discussed (Fig. 3); and

(e) self-assembly and cross-linking by BsMTG were

shown for GerQ, an endospore coat protein from

B. subtilis [21]. Therefore, if protein assembly is a pre-

requisite of protein cross-linking as hypothesized, the

natural substrate proteins from Sv. mobaraense should

provide more information on the interaction with

SmMTG through their determined function.

Is self-assembly of natural SmMTG substrate

proteins determined by the structure?

SSTI is a homo-dimeric multifunctional protein, whose

subunits are glued together by a series of b-strands
(Fig. 5A). The adjacent binding sites for SmMTG

(Gln-(�1)/Gln-(�2)) and TAMP (Leu-2/Tyr-3) are

located at the interface of both subunits but could not

be resolved due to high flexibility. The Lys-70 residue,

opposite to the SmMTG and TAMP-binding sites, is

the serine protease inhibition and SmMTG acyl accep-

tor site in homologous STI2 [42]. The overlay of SSTI

with SSI from S. albogriseolus in complex with subtilisin

BPN’ proves that Lys-70 cannot be the glutamine

acceptor site for SmMTG without loss of the inhibitory

activity (Fig. 5B). The opposite arrangement of both

inhibition sites further implicates opposite binding of

two subtilisin molecules. Assuming that Lys-70 is

located at the aerial hyphae surface to parry hostile pro-

teases, one subunit faces the cell wall. For these reasons,

SSTI is likely to dissociate prior to cross-linking, which

has already been observed in the inhibition of TAMP

[43]. The most obvious acyl acceptor site is then Lys-34,

which is flanked by two prolines and close to the tandem

glutamine acyl donor site (Fig. 5C). The alternative resi-

due, Lys-89, appears to be stiffened by strand b4 and

may be more involved in substrate protein assembly.

Table 4. Glutamine and predicted lysine donor sites of natural SmMTG substrate proteins. Accessible glutamines and the predicted lysines

are printed bold.

Protein Gln no. Accessible glutamines Acyl donor sequence Lys no. Predicted lysines Acyl acceptor sequence Ref.

SSTI 6a Q(�2)

Q(�1)

PAPAAQQSLYA

APAAQQSLYAP

8a K34

(K89)

LNCMPKPSGTH

EGQRVKYEHTF

[43]

DAIP 5 Q39

(Q298)

(Q345)

TTGTLQSVSYT

YGTYFQAYGTD

GLEEVQIHH

10 K14

K160

APSCTKVTGDG

WKPLGKLAFGP

[55]

SPIP 3 Q6 DIPIGQKMTGK 6 K7

K107

IPIGQKMTGKT

NGITWKFVR

[54]

b-Lactamase 15 19 [46]

Chaplin-1 7b Q227

Q228

AHRPAQQAAVE

HRPAQQAAVEE

6 [105]

Rodlin-1 8 4 [105]

aPer subunit.; bMature protein without glutamines of the signal peptide (1 Q) and the C-terminal peptide (2 Q), which are removed by signal

peptidases and sortases, respectively.
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It should also be noted that both SSTI cysteine bridges

are located near the subtilisin and the predicted MTG

lysine-binding sites.

The Dispase autolysis-inducing protein (DAIP) is a

seven-bladed b-propeller with high affinity for neutral

metalloproteases [44,55] (Fig. 6A/B). Protein twisting

results in inhibition or autolysis of bound bacillolysin,

thermolysin, aureolysin, and pseudolysin [101,102].

Three DAIP glutamines were biotinylated by SmMTG

with sufficient velocity, but Gln-39 was the most reac-

tive residue by far [55]. Recently, the crystal structure

of DAIP in complex with the C-terminal fragment of

thermolysin was determined [101] (Fig. 6C). The over-

lay with thermolysin provided evidence that Gln-298

and Gln-345 are covered by the target proteases and

inaccessible for SmMTG (Fig. 6D). Moreover, Phe-

297, adjacent to Gln-298, was shown to be involved in

twisting of the bound protease substrates [102]. If

DAIP also participates in the defense of proteases at

the hyphal surface of S. mobaraensis, the upper

(protease-binding) side of DAIP should be oriented to

the air as proposed for SSTI. Based on this model,

two DAIP lysines, Lys-14 and Lys-160, are predicted

to be the SmMTG acyl acceptor sites (Table 4,

Fig. 6D). Remarkably, the only cysteine bridge of

DAIP is next to Lys-14 as in the case of SSTI Lys-34

and Lys-70.

The biological function of the Streptomyces papain

inhibitor (SPI) is unclear. The SPI protein (SPIp) was

originally purified from culture supernatants of S. mo-

baraensis with coeluting chymostatin derivatives as the

active compounds (SPIac) [45,103]. The recombinant

production demonstrated inactivity of SPIp [54], but

evidence, showing the interaction of the SPIac com-

pounds with SPIp, could not be obtained so far [103].

Nevertheless, the double-w-b-barrel protein SPIp,

structurally related to the N-terminal D1 domain of

expansins (Fig. 7A), was used as model substrate to

shed light on SmMTG catalysis [54]. Exhaustive sub-

stitution of charged amino acids suggested the absence

of strong SPIp interactions with SmMTG. Similar to

SSTI, the sole acyl donor site, Gln-6, is opposite to an

inverse thioredoxin motif, 74KCPSC78, which can be

speculated to be the potential (if any) binding site for

the SPIac aldehydes. In this hypothetical case, the chy-

mostatin analogues are bound either by nucleophilic

Fig. 5. Structure of SSTI from Streptomyces mobaraensis. Glutamine and lysine residues are shown in orange red and turquoise. The N-

terminal peptides are depicted by blue and red filled circles. (A) SSTI (PDB 6I0I) showing the subtilisin/trypsin binding site and the sequence

of the unresolved extension peptide for SmMTG and TAMP binding; (B) overlay of SSTI from S. mobaraensis (tan) with SSI (SIC2) from

Streptomyces albogriseolus (light sea green) in complex with subtilisin BPN’ (cornflower blue); (C) SSTI subunit in complex with subtilisin

BPN’ showing putative acyl acceptor sites for SmMTG. SaSSI was removed for clarity.
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addition to the reduced cysteines Cys-75/Cys-78 or to

the adjacent lysines Lys-11/Lys-74 (Fig. 7B). Further

assuming that SPIac is incorporated into the hyphal

chaplin-rodlin envelope with 74KCPSC78 oriented to

the air, the most probable acyl acceptor sites of

SmMTG are Lys-7 and Lys-117 (Table 4).

Other natural substrate proteins (Sml-1, Chp1,

Rdl1) of SmMTG that have been characterized so far

remain to be studied in more detail. The b-lactamase

Sml-1 has an N-terminal helix interspersed with glu-

tamines and glutamine pairs [46]. It could be an attrac-

tive model protein to substantiate the hypothesis of

Fontana and colleagues [75] that local unfolding (trig-

gered by protein assembly) supports cross-linking by

transglutaminases. The aerial hyphae proteins, the

chaplins and rodlins, may be the missing links of

Fig. 6. Structure of DAIP from

Streptomyces mobaraensis. Glutamine and

lysine residues are shown in orange red and

turquoise. (A) Top view (upper side) of the

seven-bladed b-propeller (PDB 5FZP)

showing the reactive glutamines in a stick

representation. The N-terminal peptides are

depicted by blue and red filled circles; (B)

side view of DAIP rotated by ~ 90°; (C)

DAIP in complex with the C-terminal

thermolysin domain (CTD, sea-blue, 6FHP);

(D) overlay of the DAIP CTD complex with

thermolysin (cornflower blue, 1TLX). The

proposed lysine donor sites are indicated.

Fig. 7. Structure of SPI from Streptomyces mobaraensis. The SPIp termini are indicated by blue and red filled circles, and the glutamine and

lysine residues are colored orange red and turquoise. (A) View on the sole glutamine donor site (Gln-6) of inactive SPIp (PDB 5NTB); (B)

proposed functional lysines of SPIp. The putative hinge between Lys-7 and Met-8 is indicated by a black arrow. An active SPIac variant, H-

Tyr-Val-Cam-NHCONH-Tyr-OH (Cam, L-capreomycidine), is shown above the green colored SPIp
74KCSPC78 motif.
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natural protein assembly, but study of the intrinsically

disordered proteins is challenging. The glutamine pair

(Gln-227/Gln-228) of Chp1 near the sortase-binding

motif 238LAXTG242 is most likely the acyl donor site

for SmMTG binding [104,105,S13]. However, glutami-

nes of the fibril-forming zipper peptide (Gln-5) [106]

and both chaplin domains (Gln-21, Gln-68) are also

slowly biotinylated by SmMTG in solution. The

attempt to determine the SmMTG-accessible glutami-

nes of compressed Chp1 on PVDF membranes yielded

unclear results, even though stable Langmuir–Blodgett
films were reproducibly established [105]. We assume

that small chaplins, lipids, teichoic acids, or other

hyphal compounds are missing to stabilize the

SmChp1 structure during film transfer.

In conclusion, it should be mentioned that glu-

tamine tags derived from the natural substrate proteins

SPIp (Gln-6) and DAIP (Gln-39) were successfully

fused with the monoclonal antibody trastuzumab to

produce antibody–drug conjugates [S100]. The most

efficient tag sequence for SmMTG binding was the

N-terminal peptide of SPIp (Table S6).

Concluding remarks

Although transglutaminase from S. mobaraensis,

SmMTG, has emerged as a powerful tool for the site-

specific modification of functional proteins in recent

years, the enzyme is not fully understood. We had to

realize that the mature enzyme needs, like proteases, a

chaperone-like folding aid, usually the propeptide, to

adopt the active structure. High yields of the SmMTG

zymogen have been obtained with several hosts, but

protein export and proteolytic activation still await

optimization. Especially, the appropriate signal pep-

tide, the translocation proteins involved, and the natu-

ral activation proteases could contribute to more

efficient SmMTG production procedures.

Mature SmMTG appears to have an already opti-

mized structure. The activity was not decisively

improved by mutagenesis, only the thermoresistance to

some extent. Undoubtedly, the catalysis-determining

residues revealed by exhaustive alanine substitution

belong to the most conserved amino acids in Strepto-

myces transglutaminases. They clearly define distinct

glutamine and lysine uptake pockets that seem to

occur equally in mammalian, fish, and K. albida trans-

glutaminases. Additional subsites at the front vestibule

provide selectivity to modify only the physiologically

relevant glutamines of substrate proteins and peptides.

The binding of SmMTG to substrate proteins

remains enigmatic due to the lack of conserved glu-

tamine and lysine recognition motifs. The exchange of

charged amino acids for alanine refuted strong interac-

tions between the glutamine donor substrate SPIp and

the enzyme. Flexibility and local unfolding seem rather

to be the prerequisites for SmMTG to attach to glu-

tamines of native proteins. Small and uncharged

amino acids around substrate glutamines may further

promote the attachment of SmMTG, even though

bulky and negatively charged amino acids are present

in the characterized glutamine sequences of artificial

peptides and non-natural substrate proteins. Poten-

tially, the arginine-containing SmMTG subsite may

attract anionic residues but this cannot be predicted as

N-C or C-N orientation was not revealed. Only the

inhibitory peptide derived from SPIp was shown to

direct the terminal amino group to the front vestibule

of SmMTG. Orientation of both termini to the cleft

entrance of SmMTG without coverage of the lysine

pocket leads to the assumption that self-assembly of

the substrate proteins precedes cross-linking. Major

conformational changes during protein association,

triggered by specific hinge regions or secondary struc-

ture unfolding, could further support SmMTG-

mediated cross-linking. The natural substrate proteins

SPIp and Sml-1 might be good candidates to verify the

hypothesis.

To gain new insights in catalysis, the biological role

of SmMTG has to be studied, at least in our opinion.

SmMTG is probably involved in the formation of aer-

ial hyphae and spores since gene disruption yielded

bald colonies in S. hygroscopicus. The cell wall of aer-

ial mycelium is covered by hydrophobic proteins, the

chaplins (coelicolor hydrophobic aerial proteins) and

rodlins (rod-forming proteins), that assemble to

amyloid-like rodlet structures. S. mobaraensis exhibits

genes for 3 rodlins and 6 chaplins. SmChp1 and

SmRdl1 were shown to be glutamine donor substrates

of SmMTG, even though as soluble, disordered pro-

teins. Other natural substrate proteins against serine

(SSTI, SPI), cysteine (SPI), and metalloproteases

(SSTI, DAIP) are predicted to act at the surface of

aerial hyphae. A future task could be the investigation

of such natural SmMTG substrate proteins to under-

stand cross-linking of self-assembled aggregates. Anal-

ysis of the aerial hyphae may help to discover other

promising protein candidates that build the outer pro-

tein envelope similar to the ~ 70 endospore coat pro-

teins of B. subtilis.
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