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ABSTRACT: The transglutaminase (TGase) from Streptomyces
mobaraensis catalyzes transamidation reactions in a protein
substrate leading to the modification of the side chains of Gln
and Lys residues according to the A-CONH2 + H2N-B → A-
CONH-B + NH3 reaction, where both A and B can be a protein
or a ligand. A noteworthy property of TGase is its susbstrate
specificity, so that often only a few specific Gln or Lys residues can
be modified in a globular protein. The molecular features of a
globular protein dictating the site-specific reactions mediated by
TGase are yet poorly understood. Here, we have analyzed the reactivity toward TGase of apomyoglobin (apoMb), α-lactalbumin
(α-LA), and fragment 205−316 of thermolysin. These proteins are models of protein structure and folding that have been
studied previously using the limited proteolysis technique to unravel regions of local unfolding in their amino acid sequences.
The three proteins were modified by TGase at the level of Gln or Lys residues with dansylcadaverine or carbobenzoxy-L-
glutaminylglycine, respectively. Despite these model proteins containing several Gln and Lys residues, the sites of TGase
derivatization occur over restricted chain regions of the protein substrates. In particular, the TGase-mediated modifications occur
in the “helix F” region in apoMb, in the β-domain in apo-α-LA in its molten globule state, and in the N-terminal region in
fragment 205−316 of thermolysin. Interestingly, the sites of limited proteolysis are located in the same chain regions of these
proteins, thus providing a clear-cut demonstration that chain flexibility or local unfolding overwhelmingly dictates the site-specific
modification by both TGase and a protease.

Transglutaminases (TGases) are enzymes that catalyze the
cross-linking between ε-amino groups of lysine (Lys)

residues and γ-carboxamide groups of glutamine (Gln) residues
of proteins through the formation of ε-(γ-glutamyl)lysine
isopeptide bonds.1 This intermolecular cross-linking reaction is
a most relevant and physiologically important enzymatic
reaction of TGase,2 but this is also of biotechnological interest
for the production of protein derivatives. Indeed, as outlined in
Figure 1, TGases can catalyze the conjugation of alkylamine-
containing chemical moieties to Gln residues of proteins.3 The
modification of proteins at the level of Lys residues is also
feasible, even if less exploited, requiring a ligand containing a
Gln residue or a Gln analogue.4,5 Because mammalian TGases
are not suitable for biotechnological applications because of
their high cost of production and their availability in small
quantities, a microbial TGase extracted from Streptomyces
mobaraensis is preferred for these purposes.6 Indeed, microbial
TGase is available in large quantities and is easier to handle
because at variance from mammalian TGases the microbial
form is calcium-independent and has a molecular mass nearly
half that of mammalian TGases (i.e., 37.9 kDa). The
applications of microbial TGase include food treatment, tissue
engineering, leather processing, and, in particular, protein
derivatization.6,7 In this respect, it has been used to conjugate a
variety of chemical moieties, such as fluorescent probes,8

radionuclide chelating agents for diagnostic and therapeutic
applications,9 functional molecules such as DNA10 and lipids,11

and polymer chains of pharmaceutical interest such as
poly(ethylene glycol) (PEG),12 to proteins as well as for
immobilization of protein onto solid supports.13

The main advantages of the TGase-mediated protein
conjugation compared to chemical reactions reside in the fact
that the modification of a protein substrate occurs under
physiological conditions and, more importantly, in the
exceptional selectivity of the reaction at the level of specific
Gln residues, thus leading to the production of homogeneous
protein bioconjugates. In recent studies, it has been
demonstrated that microbial TGase can be successfully used
for the enzymatic PEGylation of proteins, sometimes leading to
the conjugation of a PEG moiety at a unique Gln residue
among the many Gln residues of the protein substrate.12,14,15

The specificity determinants have been studied for the
mammalian enzymes using model peptide and protein
substrates, while less information is available for microbial
TGase.5,16−19 In general, these studies revealed that there is no
obvious consensus sequence around the Gln residues modified

Received: July 26, 2012
Revised: October 8, 2012
Published: October 19, 2012

Article

pubs.acs.org/biochemistry

© 2012 American Chemical Society 8679 dx.doi.org/10.1021/bi301005z | Biochemistry 2012, 51, 8679−8689

pubs.acs.org/biochemistry


by TGases and that both the amino acid sequence and the local
conformation near Gln residues can contribute to enzyme
specificity.16,19,20 Some structural requirements for the Lys
derivatization have been analyzed using human erythrocyte
TGase, but an understanding of the structural features of the
site of enzymatic attack is still vague.21 Perhaps microbial and
mammalian TGases can display some differences in the sites of
modification with protein substrates,5,12,22 considering that
there are substantial structural differences between the human
and microbial TGases.23

Here, we demonstrate that the selectivity of the derivatiza-
tion reaction catalyzed by microbial TGase can be explained
solely by the presence of Gln or Lys residues embedded in
flexible or disordered regions of the globular protein substrate.
We report the results of TGase-mediated labeling experiments
at the level of both Gln and Lys residues conducted on the
model proteins apomyoglobin [myoglobin devoid of heme
(apoMb)], α-lactalbumin (α-LA), and fragment 205−316 of
thermolysin (205−316Th). These proteins all contain several
Gln and Lys residues that can be potentially modified by TGase
(Figure S1 and Table S1 of the Supporting Information), but
these proteins can be modified at very specific Gln or Lys
residues. Of interest, the sites of TGase-mediated derivatization
and the sites of hydrolysis by proteases in limited proteolysis
experiments occur in the same chain regions of the protein
substrates. In the past, in our laboratory we conducted
systematic studies of the molecular aspects of the limited or
site-specific proteolysis of globular proteins,24−26 demonstrat-
ing that the specific chain fissions invariably occur in regions of
the protein substrate characterized by local unfolding.
Consequently, we conclude that chain flexibility or protein
disorder is the overwhelming parameter dictating the selectivity
of the reaction by both TGase and a protease. Finally, we
advance the hypothesis that other enzymatic site-specific
protein modifications can be explained in terms of a disordered
protein substrate.

■ EXPERIMENTAL PROCEDURES

Materials. TGase from S. mobaraensis was purchased from
Ajinomoto Co. (Tokyo, Japan), whereas bovine α-LA (type I,
calcium-saturated), horse heart myoglobin (Mb), thermolysin
(Th) from Bacillus thermoproteolyticus, and V8 protease from
Staphylococcus aureus were from Sigma-Aldrich (Milwaukee,
WI). Carbobenzoxy-L-glutaminylglycine (ZQG) and dansylca-
daverine (DC) were purchased from Sigma, while porcine
trypsin was from Promega (Madison, WI). All other chemicals
where purchased from Sigma. ApoMb was obtained from horse
heart myoglobin by removal of heme using the acetone
extraction procedure.27 205−316Th was prepared by limited
proteolysis of the protein as previously described.28 Protein
concentrations were determined on the basis of the absorbance
at 280 nm.29 Aliquots of the reaction mixtures were analyzed by
RP-HPLC using an Agilent series 1100 HPLC system with an
on-line UV detection from Agilent Technologies (Waldbroon,
Germany). The separation conditions such as the gradients of
acetonitrile (ACN) with 0.085% TFA and water with 0.1% TFA
and the RP column used for these analyses were optimized for
each protein (see below).

TGase-Mediated Conjugation of DC and ZQG to
ApoMb. ApoMb was dissolved in 0.1 M phosphate buffer
(pH 7.0) at a concentration of ∼0.8 mg/mL. For the reactions
with DC and ZQG, the apoMb/ligand molar ratio was 1/25
(the stock solution DC concentration was 20 mg/mL in
methanol, while the ZQG concentration was 34 mg/mL in
DMSO). TGase was added at an enzyme/substrate (E/S) ratio
of 1/50 (w/w), and the reaction mixtures were incubated at 25
°C. Aliquots were collected after 1, 4, and 6 h, and reactions
were stopped by lowering the pH with an aqueous solution of
1% TFA for the reaction with DC or by addition of a solution
of iodoacetamide (final concentration of 100 μM) for the
reaction with ZQG. Aliquots of the reaction mixtures were
analyzed by RP-HPLC using a C18 Phenomenex column (150
mm × 4.6 mm) by applying a two-step gradient from 5 to 40%
ACN over 5 min and from 40 to 47% ACN over 17 min.
Fractions collected from the RP-HPLC analyses were
lyophilized and analyzed by MS.

Figure 1. (A) Schematic drawing of the two possible reactions of TGase-mediated protein derivatization. Protein conjugation can be directed either
at the level of Gln residues using an amine-containing ligand or at the level of Lys residues with a Gln-containing ligand. (B) Chemical structures of
the model substrates used in the TGase-mediated reactions. The amine-containing ligand is dansylcadaverine (DC), while the Gln-containing ligand
is carbobenzoxy-L-glutaminylglycine (ZQG).
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TGase-Mediated Conjugation of DC and ZQG to α-LA.
α-LA was dissolved (∼0.9 mg/mL) in 20 mM Tris and 5 mM
EDTA (pH 7.5) for apo-α-LA and in 20 mM Tris-HCl and 8
mM CaCl2 (pH 7.5) for the holo form of the protein. The apo-
and holo-α-LA solutions were mixed with a solution 20 mg/mL
DC (in DMSO) at an α-LA/DC molar ratio of 1/30, while
TGase was added to the reaction mixtures at an E/S ratio of 1/
50 (w/w). The reactions were allowed to proceed at 37 °C, and
aliquots were collected after 0, 1, 5, 10, and 30 min for apo-α-
LA and 0 min, 30 min, and 2 h for holo-α-LA. The TGase-
mediated reaction was inhibited by addition of an equal volume
of an aqueous solution of 1% TFA. Aliquots of the reaction
mixtures were analyzed by RP-HPLC using a C4 Phenomenex
column (150 mm × 4.6 mm) by applying a two-step gradient
from 5 to 30% ACN over 5 min and from 30 to 50% ACN over
20 min. Fractions collected from the RP-HPLC analyses were
lyophilized and analyzed by MS.
For the derivatization with ZQG, the same solutions of apo-

and holo-α-LA described for the modification with DC were
used. ZQG (34 mg/mL in DMSO) was added to the two
protein solutions at a molar ratio of 1/50 (α-LA/ZQG), while
TGase was added at an E/S ratio of 1/50 (w/w). The reaction
mixtures were incubated at 37 °C and the reactions stopped by
the addition of a solution of iodoacetamide (final concentration
of 100 μM). Aliquots were removed after 0 min, 5 min, 15 min,

30 min, 1 h, and 2 h both for holo- and apo-α-LA and analyzed
by RP-HPLC as described above for the reaction with DC.

TGase-Mediated Conjugation of DC and ZQG to 205−
316Th. 205−316Th was dissolved in 0.1 M phosphate buffer
(pH 7.0) at a concentration of ∼0.8 mg/mL. For the reaction
with DC, a protein/substrate molar ratio of 1/50 was used
(stock solution of 20 mg/mL DC in methanol), while in the
case of the modification with ZQG, the molar ratio was 1/10
[stock solution of 8 mg/mL ZQG in 0.1 M phosphate buffer
(pH 7.0)]. In both reactions, TGase was added at an E/S ratio
of 1/25 (w/w). Reaction mixtures were incubated at 25 °C, and
aliquots were removed after 0, 1, 2, 4, 6, and 24 h. The
enzymatic reaction was stopped by lowering the pH with an
aqueous solution of 1% TFA for the reaction with DC or by
addition of a solution of iodoacetamide for the reaction with
ZQG. RP-HPLC analyses were performed on a C18
Phenomenex column (150 mm × 4.6 mm) by applying a
two-step gradient from 5 to 40% ACN over 5 min and from 40
to 60% ACN over 25 min. Fractions collected from the RP-
HPLC analyses were lyophilized and analyzed by MS.

Proteolytic Digestion of DC- and ZQG-Modified
Proteins. DC- or ZQG-modified α-LA derivatives purified
from the RP-HPLC analyses were dissolved in 50 mM
NH4HCO3 (final protein concentration of ∼0.35 mg/mL),
and stock solutions containing V8 protease and trypsin were

Figure 2. TGase-mediated conjugation of apoMb at Gln and Lys residues. (A) RP-HPLC analyses of the TGase-mediated derivatives of apoMb. A
dashed line and a straight line indicate the chromatograms of native apoMb and the DC- and ZQG-conjugated species, respectively, after reaction for
4 h. (B) Scheme of the secondary structure of the 153-residue polypeptide chain of holoMb.32 The eight helices (A−H) are indicated by boxes, and
the amino acid sequence of helix F is explicitly shown. The sites of TGase-mediated modification of apoMb at Gln91, Lys96, and Lys98 are denoted
with arrows. The sites of initial proteolytic cleavage of apoMb by thermolysin (Th), subtilisin (Su), trypsin (Tr), and chymotrypsin (Ch) are also
shown.33
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added to yield a final E/S ratio of 1/25 for V8 protease and 1/
50 for trypsin (w/w). Proteolysis was allowed to proceed at 37
°C overnight, and then the mixture was acidified with an
aqueous solution of 1% formic acid and 7 mM TCEP to yield a
final TCEP concentration of 2.5 mM. Samples were then
incubated for 3 h at 37 °C to allow the reduction of the
disulfide bonds and then analyzed by ESI-MS and MS/MS. The
DC derivatives of apoMb and DC- or ZQG-modified 205−
316Th (∼0.5 mg/mL) were digested with trypsin at an E/S
ratio of 1/100 (w/w) in 0.1 M NH4HCO3 overnight at 25 °C,
while the ZQG derivatives of apoMb were similarly digested
using both trypsin and V8 protease. Because apoMb and 205−
316Th do not contain disulfide bridges, for these samples the
TCEP reduction step was omitted. Digestion mixtures were
diluted with equal volumes of 0.1% formic acid in an ACN/
water mixture (1/1) and then analyzed by ESI-MS and MS/
MS.
Mass Spectrometry Analyses. Mass spectrometry-based

analyses were performed with a Micromass (Manchester, U.K.)
Q-Tof Micro mass spectrometer equipped with an electrospray
source (ESI-MS). Samples were dissolved in 0.1% formic acid
in an ACN/water mixture (1/1) and analyzed in MS and MS/
MS mode. Measurements were taken at a capillary voltage of 3
kV and at cone and extractor voltages of 35 and 1 V,
respectively (positive ion mode). Tandem MS (MS/MS)
analyses of the modified peptides were conducted on the Q-Tof
Micro mass spectrometer at variable collision energy values
using argon as the collision gas. External calibration was
performed using a solution of 0.1% phosphoric acid in 50%
aqueous ACN for peptide mass determination, whereas for
protein analysis, a solution of 10 μM horse heart apomyoglobin
in 50% (v/v) aqueous acetonitrile with 0.1% (v/v) formic acid
was used. Instrument control, data acquisition, and processing
were achieved with Masslynx (Micromass).

■ RESULTS AND DISCUSSION
Apomyoglobin. Horse apomyoglobin (apoMb), myoglo-

bin without the heme, is a small monomeric protein of 153
amino acid residues that contains 6 Gln and 19 Lys residues
(Figure S1 and Table S1 of the Supporting Information). In
this study, apoMb has been modified by TGase at the level of
Gln residues using dansylcadaverine (DC) as the amino donor
(Figure 1B) and, in a separate experiment, at the level of Lys
residues using carbobenzoxy-L-glutaminylglycine (ZQG) as the
Gln-containing substrate. In the case of Gln conjugation in the
presence of DC, RP-HPLC analysis of the reaction mixture
after incubation for 4 h reveals the complete derivatization of
apoMb and the formation of two main products (Figure 2A).
ESI-MS analysis allowed us to identify the products as mono-
and di-DC conjugates (Table S2 of the Supporting
Information), and fingerprinting analysis of these derivatives
provided evidence that Gln91 is the major site of derivatization
and Gln152 a very minor one (Table S3 of the Supporting
Information). Indeed, no evidence of singly modified Gln152 is
detected in the digestion mixture of apoMb1DC, indicating that
modification at this site is much slower than that at Gln91.
RP-HPLC analysis of the reaction mixture of apoMb with

ZQG after incubation for 4 h reveals the disappearance of the
chromatographic peak corresponding to native apoMb and
formation of three new peaks with similar intensities (Figure
2A). The protein species eluting in these peaks were identified
by ESI-MS analysis as two different mono-ZQG derivatives and
one di-ZQG derivative of apoMb (Table S2 of the Supporting

Information). ESI-MS analysis of the apoMb monoderivatives
after digestion with trypsin and V8 protease allowed us to
identify Lys96 and Lys98 as the two sites of modification.
Indeed, in the apoMb derivative conjugated to two molecules of
ZQG, both Lys96 and Lys98 are modified (Table S3 of the
Supporting Information). Overall, the TGase-mediated reaction
of apoMb with both DC and ZQG is very specific, despite the
many Gln and Lys residues present in apoMb (see Figure S1
and Table S1 of the Supporting Information). Interestingly, the
amino acid residues that are reactive toward TGase (Gln91,
Lys96, and Lys98) are all located in the region of helix F of
apoMb (Figure 2B), with the exception of Gln152 that is
located at the C-terminal end of the 153-residue chain of the
protein.
The heme-free apoMb has long been used by numerous

investigators as a model protein for studies of protein folding
and stability.30,31 In the past, for the sake of simplicity, the
structure of apoMb was often assumed to be similar to that of
the heme-containing myoglobin (holoMb), which in the crystal
state shows the classic globin fold constituted by eight helices
(named A−H) (Figure 2B).32 With a view of probing the
structure and dynamics of apoMb through the limited
proteolysis approach, in our laboratory we have conducted a
series of proteolysis experiments utilizing subtilisin, thermoly-
sin, chymotrypsin, and trypsin.33 At neutral pH and 25 °C,
these proteases initially cleave apoMb in a very restricted region
of the 153-residue chain (see Figure 2B), which in the crystal
state of holoMb encompasses helix F (residues 82−97). When
reacted under identical experimental conditions, holoMb was
instead fully resistant to proteolysis.33 The results of limited
proteolysis experiments, therefore, indicate that in apoMb the
chain segment corresponding to helix F in holoMb is highly
flexible or disordered.24−26 The conclusions reached from
proteolysis experiments with apoMb were in agreement with a
number of additional experimental and theoretical studies of
the structure and dynamics of apoMb.30 In particular, the
structural characterization of apoMb by NMR spectroscopy
evidenced that the segment of residues 82−102 is disordered.34
The overall results of the TGase-mediated modification of

apoMb at the level of Gln and Lys residues indicate that the
enzymatic modification occurs at the level of the region
encompassing helix F, shown previously to be the most flexible
or unfolded region in apoMb.34 Gln152, which is a secondary
site of modification, is located at the flexible C-terminus of the
protein chain, as given by NMR measurements.34 The
observation that the modification at Gln152 by TGase occurs
slower than that at Gln91 can be explained also in light of its
proximity to the negatively charged carboxylate of the C-
terminus of the protein. Indeed, negative charges near Gln
residues can slow the enzymatic modification because of the
unfavorable interaction of the polypeptide substrate with the
negatively charged active site of microbial TGase.23,35

An exception to the correlation between the flexibility of the
protein substrate and the specificity of the TGase-mediated
reaction appears to be Lys87, which is also in the region of helix
F but is not modified. Lys87 is followed by Pro88, and this fact
likely can account for the resistance to modification. Indeed,
similar effects of the cyclic amino acid Pro are known for
proteases, which typically do not hydrolyze X−Pro peptide
bonds. For example, trypsin cleaves peptide bonds specifically
at the C-terminal side of Lys and Arg residues, but when these
residues have a Pro residue at their carboxylic side, they become
highly resistant to cleavage.36 Indeed, trypsin does not
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hydrolyze the Lys87−Pro88 peptide bond in limited proteolysis
experiments conducted with apoMb.33 The effect of Pro on the
TGase reaction has not been studied so far for Lys residues,
whereas it has been demonstrated that Gln residues located N-
terminally to Pro residues react at a very slow rate37 or their
derivatization is completely inhibited, as in the case of the
TGase-mediated modification of G-CSF.38 Therefore, our
results appear to indicate that Pro also has an inhibitory effect
on Lys derivatization by TGase.
α-Lactalbumin. α-LA is a calcium binding protein39 whose

polypeptide sequence contains 6 Gln and 12 Lys residues that
can be potentially derivatized by TGase (Table S1 of the
Supporting Information). The three-dimensional (3D) struc-
ture of α-LA is characterized by two domains, a discontinuous
helical domain with four α-helices denoted A−D, comprising

regions of residues 1−39 and 81−123 and a β-sheet/coil
domain (β-domain), which encompasses the rest of the
polypeptide chain (Figure S1 of the Supporting Information).40

For the past few decades, α-LA has been extensively studied as
a model of protein folding, and in particular, the partly folded
or molten globule state that it acquires at acidic pH (A-state) or
upon removal of calcium at neutral pH has been extensively
investigated.41 Here, we analyze the reactivity of Gln and Lys
residues of apo-α-LA in its molten globule state at neutral pH
and moderately high temperatures. The derivatization reaction
of apo-α-LA was indeed performed at 37 °C, while with the
other two protein substrates, apoMb and fragment 205−316 of
thermolysin (see below), the TGase reaction was conducted at
25 °C. These experimental conditions were those previously

Figure 3. TGase-mediated conjugation of apo-α-LA at Gln and Lys residues. (A) RP-HPLC analyses of the TGase-mediated derivatives of apo-α-LA.
A dashed line and a straight line indicate the chromatograms of native apo-α-LA and the DC-conjugated (left) and ZQG-conjugated (right) species
at different reaction times. The initial and major reaction after 1 min occurs at Gln39, while a very minor derivatization of Gln54 (*) has been
detected by ESI-MS. (B) Scheme of the secondary structure of α-LA. The four α-helices (A−D) and the three β-strands (S1−S3) along the 123-
residue chain of the protein are indicated by boxes.40 The amino acid sequence of the region of residues 34−57 encompassing the β-strands of the
protein is explicitly shown, and the sites of TGase modification at Gln39, Gln43, and Gln54 are indicated. The initial sites of limited proteolysis of
apo-α-LA by proteinase K (K) and chymotrypsin (Ch) are indicated by long arrows, while short arrows indicate secondary sites of cleavage.42,43
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used in our laboratory to conduct limited proteolysis
experiments with these proteins.42,43

The TGase-mediated derivatization of Gln residues of apo-α-
LA with DC occurs very fast, as observed from the RP-HPLC
analyses of the reaction mixture (Figure 3A). Indeed, after
reaction for 1 min, the product is a monoderivative species
eluting with a slightly higher retention time compared to that of
the native protein (Table S4 of the Supporting Information).
After reaction for 10 min, the chromatographic peak
corresponding to the native protein has disappeared and two
new peaks are detected in the chromatogram, corresponding to
mono-, bi-, and triderivatives of the protein (Table S4 of the
Supporting Information). To identify the sites of initial
modification, the monoderivative species produced after
reaction for 1 min was subjected to mass fingerprinting
analysis. Gln39 was identified as the first site of TGase
modification (Table S5 of the Supporting Information), while
Gln54 is only partly derivatized. The same analysis was
performed on the bi- and triderivatives produced after
incubation for 10 min, and Gln43 and, to a minor extent,
Gln65 were identified as secondary sites of modification (Table
S5 of the Supporting Information). The results reported here
differ somewhat from those of previous studies of the reactivity
to TGase of Gln residues of apo-α-LA, where Gln54 or Gln39
and Gln43 were identified as preferential sites of modifica-
tion.44,45

The TGase-mediated derivatization of apo-α-LA incubated in
the presence of ZQG proceeds much more slowly than the
derivatization of Gln residues with DC. Indeed, RP-HPLC
analysis of the reaction mixture after incubation for 5 min
shows the formation of a new chromatographic peak with a
slightly higher retention time but a low intensity (Figure 3A).
This peak was shown by ESI-MS analysis to contain a mono-
ZQG derivative of α-LA (Table S4 of the Supporting
Information) conjugated at the level of one Lys residue
(Lys16, Lys58, Lys114, or Lys122), as determined by mass
fingerprinting analysis (Table S5 of the Supporting Informa-
tion). RP-HPLC of the reaction mixture after incubation for 2 h
still showed the presence of the peak corresponding to the
native protein, together with four additional poorly separated
peaks, which by MS were shown to contain mono-, bi-, and tri-
ZQG derivatives of α-LA (Table S4 of the Supporting
Information). After incubation for 2 h, we also detected the
presence of protein dimers and dimer species conjugated to up
to three molecules of ZQG. Overall, the Lys modification of
apo-α-LA by TGase is slow and not specific.
In previous studies,40,42,43 we have shown that limited

proteolysis of apo-α-LA in its molten globule state occurs at a
rather short region of the 123-residue chain of the protein, from
approximately residue 34 to 56, encompassing the three β-
strands (β-domain) in the native protein (Figure 3B).
Therefore, limited proteolysis experiments indicated that in
the molten globule of apo-α-LA the chain region corresponding
to the β-domain of the native protein is flexible or unfolded,
whereas the helical domain remains folded, in agreement with
the results of other physicochemical measurements.41,46 Here,
we show that the TGase-mediated derivatization of apo-α-LA at
Gln residues is rather specific, the first site of DC conjugation
being Gln39, followed by a slower reaction at Gln43, Gln54,
and Gln65. Most interestingly, the modified Gln residues are all
located in the disordered region encompassing the β-domain,
shown to be flexible or disordered by limited proteolysis
experiments and physicochemical measurements (Figure 3B).

While the TGase-mediated reaction at Gln residues occurs
fast, the reactivity of Lys residues of apo-α-LA in the presence
of the acyl donor ZQG is much slower (see Figure 3A). The
reason for the observed lower reactivity, as well as specificity, of
the TGase reaction at Lys residues of α-LA can be envisaged in
the absence of Lys residues in the amino acid sequence
encompassing the flexible β-domain region. Indeed, there are
no Lys residues in the region of residues 17−57 (see Figure S1
of the Supporting Information). Nevertheless, in apo-α-LA
there is a substantial weakening of native tertiary interactions,
as indicated by the consistent reduction of the circular
dichroism signal in the near-UV region and by NMR data.43

TGase in apo-α-LA can thus derivatize, albeit with low
efficiency, also Lys residues, even if outside the disordered β-
domain (see above). In this study, we have conducted limited
proteolysis experiments on apo-α-LA with trypsin (Figure S4
and Table S6 of the Supporting Information) to attempt to
correlate the Lys reactivity in apo-α-LA observed with TGase
with that of trypsin. Indeed, trypsin hydrolyzes a protein
specifically at the level of Lys and Arg residues, and these
residues are absent in the β-domain region of the protein (see
Figure S1 of the Supporting Information). Like TGase, the
initial sites of nicking of trypsin are also randomly distributed
along the polypeptide chain of α-LA (see Figure S4 and Table
S6 of the Supporting Information), while under identical
conditions, proteases with broad substrate specificity (e.g.,
chymotrypsin and proteinase K) initially hydrolyze the protein
selectively at the level of the β-domain (Figure 3B). Therefore,
we see a parallel of Lys modification by TGase and trypsin in
that both modify the apo-α-LA substrate slowly and with poor
selectivity, because amino acid residues suitable for both
enzymes are absent in the disordered β-domain region.
Here, we also have investigated the reactivity to TGase of the

calcium-bound form of α-LA (holo-α-LA), which was shown
before to be resistant to proteolytic digestion.42,43 It was found
that the holoprotein is fully resistant to the TGase-mediated
modification at Gln with DC, as given by RP-HPLC and MS
analysis of the reaction mixture (not shown). A simple
interpretation of the lack of reactivity of Gln residues is that
the folded and rigid structure of the native holoprotein prevents
the enzymatic reaction of TGase. On the other hand,
incubation of holo-α-LA with TGase in the presence of ZQG
leads to the quantitative modification of the protein at Lys, as
shown by the RP-HPLC analysis of the reaction mixture after
incubation for 2 h (Figure S5A of the Supporting Information).
ESI-MS and mass fingerprinting analysis identified the product
of the reaction as a monoderivative and Lys122 as the site of
modification (Tables S4 and S5 and Figure S3 of the
Supporting Information). The reactivity of Lys122 can be
explained by considering that the N- and C-terminal ends of
the polypeptide chains of globular proteins usually are quite
flexible. Moreover, the flexibility at the C-terminus of holo-α-
LA results also by an examination of the temperature or B
factor profile along the 123-residue chain of the protein (Figure
S5B of the Supporting Information).47,48 Indeed, the B factor
provides a graphic image of the degree of mobility existing
along a protein chain, and the highest values of this factor occur
at the C-terminal end of the protein chain. Thus, the highly
specific derivatization of Lys122 in holo-α-LA derives from the
high flexibility of the substrate.

Fragment 205−316 of Thermolysin. The C-terminal
fragment 205/206−316 is capable of folding into a nativelike
structure in a manner independent of the rest of the
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polypeptide chain, thus possessing protein domain proper-
ties.49−52 Here, we explored the TGase modification at both
Gln and Lys residues of fragment 205−316, containing in its
amino acid sequence seven Gln and seven Lys residues (Figure
S1 and Table S1 of the Supporting Information). Analysis by
RP-HPLC and ESI-MS of the reaction mixture with DC after
reaction for 6 h showed that the N-terminal Met can be partly
removed during the reaction (Figure 4A), as shown by the ESI-
MS data (Table S7 of the Supporting Information). Because
the removal of Met205 occurs when the fragment is incubated
in the presence of TGase only and without DC or ZQG (data
not shown), it seems that the TGase sample likely is
contaminated by a protease. Indeed, the commercial prepara-
tion of TGase used in this study is produced by fermentation of
a strain of S. mobaraensis, and it has already been suggested that
it can contain a cosecreted protease.53 The reaction with TGase
and DC leads to a derivative that elutes at a retention time that
is higher than that of the original fragment, corresponding to a
monoderivative of fragment 205/206−316 with DC linked at
Gln225 (Figure 4A and Tables S7 and S8 of the Supporting
Information). Prolonged incubation of the reaction mixture for
up to 24 h yields a doubly derivatized species of fragment 206−

316, and Gln246 was identified as the second site of
derivatization (Tables S7 and S8 of the Supporting
Information). The conjugation reaction at Gln225 appears to
be quite slow, probably because of the presence of nearby
Asp226 (Figure 4B). The negatively charged side chain
carboxylate of Asp226 can make difficult the interaction of
the substrate at the negatively charged active site of TGase (see
also above).23,35

The Lys conjugation of fragment 205−316 to ZQG occurs
much faster than the Gln conjugation, because the RP-HPLC
analysis of the reaction mixture after incubation for 6 h reveals
the full disappearance of the chromatographic peak of the
fragment and the appearance of two poorly separated peaks,
identified by ESI-MS as mono- and biconjugated fragment
derivatives (Figure 4A and Table S7 of the Supporting
Information). Derivatives of fragments 206−316Th and 208−
316Th were also detected, likely because of a proteolytic
digestion during the incubation with the commercial sample of
TGase (see above). Trypsin digestion of the ZQG derivatives
followed by ESI-MS analysis demonstrated that the first site of
modification is at Lys219, while the secondary site is at Lys210
(Table S8 of the Supporting Information). Further incubation

Figure 4. TGase-mediated conjugation of 205−316Th at Gln and Lys residues. (A) RP-HPLC analyses of the TGase-mediated derivatives of 205−
316Th. A dashed line and a straight line indicate the chromatograms of the native thermolysin fragment and of the DC- and ZQG-conjugated
species, respectively, after reaction for 6 h. (B) Scheme of the secondary structure of 205−316Th.51,52 The three helices (H1−H3) are depicted as
boxes. The amino acid sequence of the N-terminally disordered region of residues 205−256 is explicitly shown, and the sites of TGase-mediated
modification at Gln225, Gln246, Lys210, Lys219, and Lys239 are denoted by arrows. The sites of initial proteolytic cleavage of the fragment by
thermolysin (Th), subtilisin (Su), trypsin (Tr), and chymotrypsin (Ch) are also shown.49
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of the reaction mixture for up to 24 h yields a third site of
modification, identified as Lys239 (Table S8 of the Supporting
Information). The TGase reaction at Lys appears to occur in a
stepwise fashion, because the preferential site of modification is
Lys219, followed by Lys210 and Lys239.
In previous studies, limited proteolysis experiments were

conducted on the cyanogen bromide fragment of residues 206−
316 of thermolysin with the aim of defining the minimal size of
a fragment capable of an independent folding.49 This fragment
was digested with several proteases (Figure 4B), and it was
found that proteolysis occurred only in the N-terminal region,
leading to the rather short fragment of residues 255−316 that is
quite resistant to further digestion with subtilisin, implying a
tightly folded conformation.26 NMR measurements on 205−
316Th confirmed the disordered N-terminal region (approx-
imately residues 205−261) and a folded and nativelike helical
structure in the C-terminal region.51,52 Overall, the results of
the derivatization of Gln and Lys residues of 205−316Th with
TGase correlate with those of limited proteolysis, because
TGase and proteases attack the fragment substrate at its
disordered N-terminal region (see Figure 4B).

■ CONCLUSIONS
Here, we have convincingly shown that the site-specific
reactions mediated by microbial TGase occur in flexible or
disordered regions of the polypeptide substrates. In this study,
we have used as model proteins apoMb, apo-α-LA, and 205/
206−316Th, previously subjected in our laboratory to system-
atic limited proteolysis experiments. The main finding is that
both TGase and proteases can selectively attack these model
proteins in their disordered chain regions, as outlined in Figure
S6 of the Supporting Information. The fact that both TGase
and proteases appear to recognize similar molecular features in
their polypeptide substrates is in keeping with the notion that
TGase can be considered a “reverse protease” synthesizing
instead of hydrolyzing amide moieties (see Figure 1) and the
fact that the active site of TGase is given by the catalytic Cys-
Asp-His triad typical of Cys proteases such as papain.23

Therefore, we are inclined to conclude that the molecular
features that dictate a site-specific proteolytic event on globular
proteins apply also to TGase-mediated selective reactions.
Here, we report the experimental results obtained with
microbial TGase, and therefore, one could argue that the
results with the microbial enzyme do not necessarily apply to
those that can be obtained with other mammalian TGases,
considering their significant differences in terms of amino acid
sequence, molecular mass, and 3D structure. Nevertheless, we
have analyzed a number of published mammalian TGase-
mediated modifications of proteins with known 3D structures
and dynamics and concluded that chain flexibility or local
unfolding can invariably account for the observed site-specific
modifications (to be published).
Site-Specific Derivatization of Gln Residues. The rate-

limiting step for the TGase-mediated catalysis involves the
interaction of a Gln residue of a polypeptide substrate with the
Cys64 residue of the enzyme’s active site, forming a reactive
thioacyl moiety. Once the reactive thioester intermediate is
formed, it undergoes a reaction with a primary amine, leading
to an amide bond, as schematically shown in Figure 5. The
polypeptide substrate should bind at the catalytic Cys64
residue, which in microbial TGase is buried at the bottom of a
16 Å deep cleft (Figure 5A).23 Moreover, alanine scanning
mutagenesis studies on this enzyme indicated that an extended

surface along the active site cleft is involved in the recognition
of a protein substrate, larger than the one involved in the
interaction with a small molecule as ZQG.54 In this respect, the
interaction between TGase and a protein substrate is similar to
that described for proteases.14,55 In this case, the protease
hydrolysis requires the interaction at the enzyme’s active site of
a stretch of up to 12 amino acid residues of the polypeptide
substrate, as given by modeling studies.56 Moreover, the
analysis of many crystallographic structures of polypeptide

Figure 5. Interaction of a polypeptide substrate at the active site of
TGase. (A) Three-dimensional structure of microbial TGase from S.
mobaraensis (PDB entry 1IU4).23 The numbers 1 and 331 indicate the
N- and C-terminus, respectively, of the 331-residue chain of TGase.
The active site area of the enzyme is circled, and the catalytic residue
Cys64 is indicated. Clearly, Cys64 is quite buried in the protein
interior. (B) Schematic drawing of the TGase-mediated derivatization
of a protein substrate at the level of Gln residues. The key step in the
enzymatic reaction involves formation of the thioacyl−enzyme
intermediate at the level of Cys64. (C) Schematic representation of
the binding of a polypeptide substrate at the active site of TGase. A
10−12-residue segment of a polypeptide chain interacts with its side
chain residues (P) at a series of subsites (S) of TGase. The P1 side
chain residue interacting with the S1 binding site of TGase is the
carboxamido side chain group of a Gln residue. The scheme highlights
the fact that the polypeptide substrate interacts at the enzyme’s active
site in an extended conformation (see the text). The figure and
nomenclature are adapted from the representation of a similar binding
of a polypeptide substrate at the protease’s active site introduced by
Schechter and Berger.58
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substrates bound to proteases revealed that the efficient binding
at the active site invariably involves a polypeptide substrate in
an extended conformation.57 Clearly, significant backbone
flexibility is required for the productive binding of a
polypeptide substrate at the protease’s active site, thus
explaining why folded globular proteins are rather stable to
digestion while the unfolded ones are much more easily
attacked by a protease. These data support the nomenclature
used for describing the interaction of a polypeptide substrate at
the protease’s active site introduced by Schechter and Berger.58

An at least 10−12-residue segment of the polypeptide substrate
interacts with its side chain residues (P) at a series of subsites
(S) of a protease. Considering the strong correlation between
sites of TGase reactions and sites of proteolysis demonstrated
herein, we propose that a similar representation can be used to
describe the interaction of a polypeptide substrate at the
TGase’s active site (see Figure 5C). Therefore, the site-specific
modification by TGase at Gln residues requires that this residue
be embedded in a flexible or disordered region of a protein
substrate, as firmly demonstrated by the results of our study.
Site-Specific Derivatization of Lys Residues. The ε-

amino group in Lys residues is spaced from the polypeptide
backbone by four carbon atoms, and this exposed alkylamino
chain can in principle react easily with the thioacyl ester
intermediate to form the amide bond (see Figure 5B).3 Indeed,
the reactivity of Lys residues toward TGase-mediated reactions
is considered to be less site-specific than that for Gln residues.
However, we demonstrate here that some backbone flexibility is
also required for the TGase-mediated reaction at Lys. Indeed,
in apoMb and fragment 205−316, the Lys modification occurs
selectively only in the disordered regions of these proteins (see
Figures 2B and 4B). Moreover, with the rigid and folded holo-
α-LA, a strikingly selective modification occurs at the level of
the Lys122 residue that is located at the flexible C-terminal end
of the polypeptide chain, while many other Lys residues of the
protein do not react with TGase. The requirement of chain
flexibility also explains why only a Lys residue embedded in a
large loop in an engineered alkaline phosphatase can be
modified by TGase.59 Similarly, the TGase-mediated mod-
ification of human growth hormone occurs specifically at
Lys145, this residue being embedded in a disordered region of
the protein (residues 134−149) prone to limited proteolysis.60

Therefore, our results overall demonstrate that, besides Gln,
Lys derivatization by TGase requires some flexibility of the
protein substrate. The site-specific modification at Lys has not
been exploited so far for preparing bioconjugates of proteins,
but it seems that with some protein substrates Lys
derivatization can provide the advantages already proven with
the TGase modification at Gln.
Outlook. Previous studies of the determinants of TGase

specificity identified amino acid sequence requirements for Gln
modification.5,35,61 Different rates of reaction were indeed
measured upon variation of the charge and hydrophobicity of
the amino acid sequence near the Gln residue. These
observations can be related to analogous results obtained in
studying the substrate specificities of proteolytic enzymes (see
the ExPASy website at http://web.expasy.org/peptide_cutter/
peptidecutter_enzymes.html), such as the inhibitory effect on
tryptic cleavage of negatively charged amino acid residues near
Lys and Arg residues. In the case of TGase, the preferred
substrate sequences are expected to influence the modification
reaction when short and flexible peptides are used as substrates,
while flexibility or unfolding is the most critical parameter in

dictating the enzymatic reaction in the case of globular protein
substrates. In other studies, it was proposed that the surface
accessibility of a reactive Gln (or Lys) could dictate the TGase-
catalyzed modification.16 However, surface exposure alone does
not justify at all the fact that plenty of exposed Gln (and Lys)
residues in native globular proteins with known 3D structures
do not react with TGase.14 Instead, our data indicate that a
local unfolding of the chain region of a polypeptide substrate
strongly favors a site-specific protein modification by TGase,
provided that a Gln or a Lys residue is present in that region.
Therefore, it is possible to predict the site(s) of TGase-
mediated modification of a protein on the basis of its structure
and dynamics and, consequently, the likely effects on its
physicochemical and functional properties.
It is tempting to propose that the molecular features herein

emphasized for a specific enzymatic reaction with TGase or a
protease on a polypeptide substrate can also be extended to
other site-specific enzymatic reactions occurring with proteins,
such as phosphorylation, glycosylation, and other reactions. For
example, it is intriguing to observe that the TGase-mediated
PEGylation of G-CSF occurs at Gln134, while in vivo
glycosylation occurs at the nearby Thr133.38 Protein disorder,
therefore, appears to be important in a variety of biomolecular
recognition processes of proteins.62,63 In summary, we
hypothesize that the requirement of disordered regions in the
protein substrate for an effective interaction at the enzyme’s
active site applies to TGases and proteases, and likely to other
enzymes that in vivo perform site-specific post-translational
modifications of proteins.
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