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A B S T R A C T

Streptomyces mobaraenesis transglutaminase (smTG) can be used for site-specific labeling of proteins with
chemical groups. Here, we explored the use of modified smTG for the biosynthesis of nanobody-fluorophore
conjugates (NFC). smTG catalyzes the conjugation of acyl donors containing glutamine with lysine-containing
acceptors, which can lead to non-specific cross-linking. To achieve precise site-specific labeling, we employed
molecular docking and virtual mutagenesis to redesign the enzyme’s substrate specificity towards the peptide
GGGGQR, a non-preferred acyl donor for smTG. Starting with a thermostable and highly active smTG variant
(TGm2), we identified that single mutations G250H and Y278E significantly enhanced activity against GGGGQR,
increasing it by 41 % and 1.13-fold, respectively. Notably, the Y278E mutation dramatically shifted the enzyme’s
substrate preference, with the activity ratio against GGGGQR versus the standard substrate CBZ-Gln-Gly rising
from 0.05 to 0.93. In case studies, we used nanobodies 1C12 and 7D12 as labeling targets, catalyzing their
conjugation with a synthetic fluorophore via smTG variants. Nanobodies fused with GGGGQR were successfully
site-specifically labeled by TGm2-Y278E, in contrast to non-specific labeling observed with other variants. These
results suggest that engineering smTG for site-specific labeling is a promising approach for the biosynthesis of
antibody-drug conjugates.

1. Introduction

Streptomyces mobaraenesis transglutaminase (smTG) catalyzes the
formation of a covalent bond between a glutamine residue from an acyl
donor and a lysine residue from an acyl acceptor [1]. Due to its catalytic
crosslinking function, smTG has been widely used for site-specific la-
beling of protein-based drugs and in the conjugation of antibody-drug
conjugates (ADCs) [2,3]. However, non-specific labeling at multiple
glutamine sites within target proteins can result in an unstable labeling
ratio [4,5], posing potential risks for ADCs [6]. smTG exhibits high
selectivity towards acyl donors, favoring hydrophobic residues or resi-
dues with large uncharged side chains adjacent to the N-terminal of
glutamine, and disfavors residues without side chains [4,7]. Therefore,

engineering smTG to alter its substrate preferences can be a promising
strategy for achieving a stable labeling ratio in ADCs and site-specific
labeling of proteins.

To characterize the substrate preferences of smTG, a previous study
using phage display revealed that smTG exhibited high affinity towards
the peptide WALQRP [8]. Conversely, it showed very low activity
against the peptide GQR, as identified through peptide array analysis
[9]. Similarly, the peptide sequence GGGQRGG, which is akin to GQR,
was also not favored by smTG, as confirmed using amplified peptides [4,
7]. smTG-induced protein labeling, such as the conjugation of interferon
and growth hormone with PEG, can extend the half-life of these proteins
in the human body [2]. However, the uncertainty regarding the conju-
gation site and the polymer-PEG ratio significantly impacts its utility.
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Zhao et al. [10] conducted directed evolution on smTG and identified
five mutants that efficiently recognize and modify the Gln141 of human
growth hormone, demonstrating the feasibility of modifying smTG
substrate preferences to achieve specific labeling. Steffen et al. [11]
reported that Kutzneria albida transglutaminase displayed significantly
different substrate preferences compared to smTG, showing hyperac-
tivity towards the peptide sequence YRYRQ. They demonstrated that
fusing YRYRQ to the C-terminal of immunoglobulin G enables
site-specific labeling. This inspired our study to modify smTG and use
fusion tags for inducing protein site-specific labeling.

Emerging tools for protein structure modeling and virtual muta-
genesis have significantly benefited the rational design process [12–14].
Designing enzyme substrate specificity is a complex task that requires
not only an accurate enzyme structure but also a highly precise docking
pose, since serial mutations need to be introduced into the enzyme in the
docking pose to calculate binding energy changes [15]. Previous stra-
tegies have emphasized the importance of conformation sampling in
enzyme-substrate docking [16,17]. Larger sampling sizes enhance the
search for accurate enzyme-substrate binding poses, with the distance
between catalytic residues and binding energy being crucial for deter-
mining pose accuracy [18]. According to the ‘Theozyme’ theory, there is
an ideal distance between the catalytic residue of an enzyme and the
residue being attacked on a substrate [19,20]. This distance constraint
allows the catalytic reaction to occur even if the enzyme binds the
substrate in different poses. The Rosetta script can apply these distance
constraints to filter poses that meet the required distance criteria [21].
Therefore, combining docking with distance constraints and virtual
mutagenesis provides a robust solution for computationally screening
potential mutations.

In our previous study, we engineered Escherichia coli for the secretory
expression of active smTG, finding that an N-terminal FRAPD tag
remained due to protease cleavage [22]. This residual tag can signifi-
cantly enhanced the thermostability of smTG. We also modified several
smTG variants and discovered FRAPD-smTG-S2P–S23V–Y24N-
E28T-S199A-A265P-A287P–K294L (TGm2) exhibited notably higher
thermostability and specific activity than smTG [13,23]. This variant
displays a theoretical pI of 7 and does not display a strong surface
charge, minimizing interference with substrates containing charged
residues. Since both smTG and TGm2 exhibited the same ratio of 0.05
against the peptide GGGGQR compared to the standard substrate
CBZ-Gln-Gly [9], we selected TGm2 as the modification target. This
study introduced a structure-based rational design method, using mo-
lecular docking and virtual mutagenesis of substrate-binding residues to
select beneficial variants. Variants were chosen based on the binding
delta delta Gibbs free energy (ddG), and the top 20 variants were vali-
dated experimentally. For site-specific labeling of nanobodies, we first
expressed and purified 1C12 [24] for nanobody-fluorophore conjuga-
tion (NFC) assay. We then conducted a case study by using 7D12 [25] to
validate the site-specific labelling capacity induced by modified smTG.
We investigated the mechanism behind the increased specific activity
through molecular dynamics simulation.

2. Materials and methods

2.1. Materials

The plasmid pETDUET/pelB-TrxA-proH-TGm2/TAMEP for active
secretory expressing TGm2 was constructed in our previous study [22],
where proH and TAMEP are the pro-region from Streptomyces hygro-
scopicus transglutaminase and transglutaminase activating metal-
loprotease [22,26]. The gene encoding for pelB-proH-smTG (smTG
GenBank accession number: EU301664) was synthesized and cloned
into pETDUET/pelB-TrxA-proH-TGm2/TAMEP to replace the original
expression cassette of pelB-TrxA-proH-TGm2 conducted by GENEWIZ
(Suzhou, China). The gene encoding for 1C12 (GenBank accession
number: CAA2601632.1) and 7D12 (GenBank accession number:

4KRL_B), and the fusion tag GGGGQR were synthesized by GENEWIZ,
and cloned into pET-22b obtaining pET-22b/1C12-GGGGQR and
pET-22b/7D12-GGGGQR (the expression cassette was shown in
Table S1). To enable the exposure of His-tag and GGGGQR tag for pu-
rification and site-specific labelling purpose, we added a short GSS
linker prior to His-tag and GGGGQR tag, respectively.

2.2. DNA manipulation

Polymerase chain reaction (PCR) was conducted to introduce point
mutations into TGm2 and smTG using pETDUET/pelB-TrxA-proH-
TGm2/TAMEP and pETDUET/pelB-proH-TGm2/TAMEP as template,
respectively. The gene encoding for the fusion tag GGGGQR was
removed from pET-22b/1C12-GGGGQR by PCR. The primers used for
PCR were listed in Table S2, and the achieved linearized PCR products
were circularized using one-step cloning (ClonExpress II One Step
Cloning Kit, Vazyme) or Blunting Kination Ligation Kit (TaKaRa, Dalian,
China) before competent cells transformation. The.

2.3. Protein expression and purification

All plasmids were chemical transformed into E. coli BL21 (DE3), and
single colony was cultured using LB medium under 37 ◦C for 10 h in a
shaking incubator. The initial culture was transferred into TB medium
by a percentage of 2 %, the induction was carried out by supplemented
IPTG to 0.1 mM while the cell density (OD600) reach 1.0, the cells were
continuously cultivated under 20 ◦C for 40 h. Cells were spun down by
centrifugation, and the supernatant was collected for purification. Af-
finity purification was carried out using HisTrap column (GE health-
care). The columnwas pre-equivalent by a solution contains 50mMTris-
HCl, 100mMNaCl and 15mM imidazole, pH 7.8. After sample injection,
the column was washed using the same solution as pre-equivalent, and
proteins fused with His-tag was eluted with solution contains 50 mM
Tris-HCl, 100 mM NaCl and 150 mM imidazole. Size exclusion chro-
matography (SEC) was carried out using HiLoad™ 26/600 Superdex™
200 pg column (GE Healthcare, New York, USA) to desalt protein so-
lution. smTG variants were finally eluted in a buffer of 50 mM Tris-HCl,
pH 8.0, and nanobody was eluted using PBS, pH 7.5. The concentration
of purified proteins were determined using Bradford assay according
manufacturer instructions (Beyotime, Shanghai, China).

2.4. Transglutaminase activity assay

To measure transglutaminase activity against CBZ-Gln-Gly, the
substrate solution was as follows: Tris-HCl 200 mM, 100 mM hydrox-
ylamine, 10 mM GSH, 30 mM CBZ-Gln-Gly, pH 6.0. To measure the
activity against peptide GGGGQR, the substrate solution was as follows,
Tris-HCl 200 mM, 100 mM hydroxylamine, 10 mM glutathione reduced
(GSH), 30 mM GGGGQR, 20 % (v/v) DMSO, pH 6.0. To measure the
activity, protein samples and substrate solution were pre-warmed under
37 ◦C for 5 min. The reaction lasts for 10 min under 37 ◦C and termi-
nated by adding 60 μL termination solution. The termination solution
obtained by mixing same volume of 3 M HCl, 12 % trichloroacetic acid
and 5 % FeCl3⋅H2O (in 0.1 M HCl) [27]. The reaction solution was
centrifuged and measure the extinction citation under 525 nm wave-
length using microtiter plate reader (FluoStar, BMG Labtech GmbH,
Offenburg). The reference sample was made by adding 60 μL of sample
protein to 60 μL termination solution and reacted at 37 ◦C for 10 min,
followed by adding 150 μL substrate solution. The reaction produced 1
μmol L-glutamic acid γ-monohydroxamater per min was defined as 1 U
of transglutaminase activity [13].

2.5. smTG variants catalyzed NFC

The purified nanobody was prepared at a concentration of 2 mg/mL
in PBS (pH 7.5) with the addition of 10 mM GSH. The fluorophore
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biotin-PEG(10000)-(Lys)3-Lys(Dansyl) was synthesized by Sangon
Biotech (Shanghai, China) and dissolved in water at a concentration of
50 mg/mL. For the catalytic reaction, 1 mL of the nanobody solution was
combined with 200 μL of the fluorophore solution, followed by the
addition of 100 μL of smTG variants at a concentration of 1 mg/mL. The
reactionmixture was incubated at 37 ◦C for 1 h to complete the catalysis.
After incubation, the samples were treated with 8 M urea at a 1:3 ratio,
followed by centrifugation. The supernatant was then collected for
loading onto size-exclusion chromatography (SEC).

2.6. Thermostability analysis

The smTG variants were adjusted to a concentration of 1 mg/mL, and
their melting temperature (Tm) was determined using a differential
scanning calorimeter (Nano-DSC, TA Instruments, New Castle, USA).
The system was maintained at a pressure of 3 atm, and the temperature
was increased from 40 ◦C to 90 ◦C at a rate of 1 ◦C per minute. The
enthalpy change data collected during the scan were used to calculate
the Tm.

2.7. Building rosetta scripts for molecular docking and virtual
mutagenesis

The Rosetta script for molecular docking were built using Crea-
teDistanceConstraint mover, HighResDocker mover, Inter-
faceAnalyzerMover [28], MinMover and FastRelax [29] mover, and
AtomicDistance filter to enable all exported docking poses satisfied our
preset distance restraint (Table S3). The enzyme monomer structure file
was written with its substrate to obtain a combined file, followed using
the molecular docking script to search the accurate docking poses
(Table S3). Discovery studio Libdock were also carried out to align with
our built Rosetta dock script, and the parameters were shown as
Table S4.

The virtual mutagenesis script was built using SavePoseMover,
InterfaceDdGMover, FastDesign mover, FastRelax mover, MinMover,
and ReportToDB mover (Table S3). The docking pose was used as the
input binding structure, and its binding score was calculated before
mutation. After mutations was introduced into enzyme, the binding
structure was refined using MinMover and FastRelax mover, and the
obtained binding score was used to calculate the binding ddg (Table S5).

2.8. Molecular dynamics simulation

The structure of FRAPD-TGm2 was modeled by AlphaFold-2 and
refined using Rosetta relax [13]. The TGm2 variants carried single
mutations were modeled by Rosetta remodel using FRAPD-TGm2 as
template [30]. Peptide GGGGQR was built using Rosetta BuildPeptide,
and molecular docking was carried out using our self-wrote Rosetta
script. Molecular dynamics (MD) simulation on enzyme-substrate com-
plex was performed by Gromacs-2020 (Uppsala University, Uppsala,
Sweden) that the complex structures were embedded with FF14sb force
field, and solvated in SPC/E water in a cubic box with 1.2 nm to the
horizon [31,32]. The system was neutralized and ion charged by Na+

and Cl− . The solvated structures were energy minimized through
steepest descent step that both short-range van der Waals and
short-range electrostatic interactions were truncated at 14 Å.
Isochoric-isothermal ensemble (NVT) and isothermal-isovolumetric
ensemble (NPT) were carried out under 300 K for 100 and 200 ps,
respectively. The simulation was carried out under 330 K for 100 ns.

3. Results

3.1. Developing rosetta script for molecular docking and virtual
mutagenesis

To evaluate the performance of our custom-built Rosetta docking

script, we compared its results with those obtained using Discovery
Studio Libdock [33]. According to the “Theozyme” theory, the catalytic
residue and the atom being attacked must be in close proximity to
facilitate catalysis, such as a nucleophilic attack [19,20]. We measured
the distance between the SG atom in Cys64 of smTG and the C-beta atom
in the OAS of the co-crystallized acyl donor, showing it to be 5 Å (Fig. 1).
Due to differences between the residues OAS and Gln, using the same
distance for the SG atom in Cys64 of smTG and the C-beta atom in Gln of
GGGGQR was not feasible, as it could result in strong repulsion forces.
Therefore, we applied a more tolerant distance constraint, filtering out
any docking poses of TGm2 with GGGGQR where this distance exceeded
6.1 Å.

Using our Rosetta docking script, we generated 100 docking poses,
automatically filtering out those that did not meet the distance con-
straints, ultimately retaining 22 binding complexes (Fig. 1). Discovery
Studio Libdock exported 28 docking poses, with Pose1, Pose2, and Pose4
satisfying the distance constraint (Fig. 1). The overall energy of the
docking complex was used to represent binding affinity and the accuracy
of the binding pose. Over 95 % of the docking complexes achieved using
our script displayed lower overall energy than those obtained by Lib-
dock (Fig. 1), indicating a fully refined binding complex with correct
enzyme-substrate interaction. The complex structure with the lowest
score showed a distance of 4.1 Å between the SG and C-beta atoms
(Fig. 1). This structure was further used as input for virtual mutagenesis
and ddG calculation.

Previous strategies have highlighted that substrate preference
modification can be achieved by introducing novel bonds between en-
zymes and substrates through mutagenesis [34,35] Therefore, we used
energy terms to evaluate local energy changes upon mutation, repre-
senting local interaction networks. We designed a Rosetta script to track
energy changes upon single mutations by integrating repack and mini-
mization modules. Additionally, InterfaceDdGMover was used to
calculate ddG after mutations. Substrate binding site prediction revealed
17 key residues critically affecting acyl donor binding in the catalytic
pocket of smTG, including residues 62–65, 75, 252–256, 276–280, and
285 [36]. Considering that neighboring residue mutations can result in
the backbone movement of selected residues, we further included 2
residues flanking the predicted binding residues, extending our virtual
scan library to residues 60–67, 73–77, 250–258, and 274–287 (Fig. 2). In
silico saturation mutagenesis on TGm2 was performed using our Rosetta
energy scan script, selecting the top 20 single mutations with the lowest
binding ddG for experimental validation (Fig. 2).

3.2. Characterizing substrate specific activity of TGm2 variants

The plasmids carrying single mutations on TGm2 were transformed
into E. coli. The recombinant smTG variants were purified and initially
characterized their activity against CBZ-Gln-Gly and the peptide
GGGGQR. We measured the specific activity of the secretory expressed
active smTG variants, finding that only V252Q, Y278E, and G250H with
detectable activity against both substrates. These results suggested that
mutations within the catalytic pocket of TGm2 may disrupt enzyme
folding, leading to undetected activity in the extracellular fraction.
TGm2 variants with single mutations V252Q, Y278E, and G250H were
purified from the extracellular fractions (Fig. 3a). To verify the signifi-
cance by engineering the substrate binding pocket to modify enzyme
preferences, we also purified smTG variants including smTG-
S23V–Y24N–K294L (TGm) and smTG-S2P–S23V–Y24N–S199A-K294L
(TGm1). These two variants have previously been shown to exhibit
higher specific activity against CBZ-Gln-Gly and greater thermostability
compared to smTG [13] (Fig. 3a–S1).

We compared the specific activity of smTG variants, showing that
except for TGm2-Y278E and TGm2-G250H, all other variants displayed
an activity ratio for peptide GGGGQR to CBZ-Gln-Gly of approximately
0.05 (Table 1), despite significant differences in specific activity against
CBZ-Gln-Gly. TGm2 exhibited the highest activity against CBZ-Gln-Gly
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at 68 U/mg, while its activity against peptide GGGGQR was 3.42 U/mg
(Table 1). These results confirmed that engineering the substrate bind-
ing pocket can enhance its activity towards a specific target. The single
mutation Y278E showed much lower activity against CBZ-Gln-Gly at
5.18 U/mg, but its activity against peptide GGGGQR was 4.81 U/mg,
which is 41 % higher than TGm2 (Fig. 3b). Notably, the activity ratio for
peptide GGGGQR to CBZ-Gln-Gly for TGm2-Y278E reached 93 %, the
highest among all variants. To assess the impact of the Y278E mutation,
we introduced it into smTG and measured its specific activity. The
smTG-Y278E variant showed significantly enhanced activity against
GGGGQR, reaching 2.33 U/mg, but reduced activity against CBZ-Gln-
Gly at 2.19 U/mg. The activity ratio for GGGGQR versus CBZ-Gln-Gly
was 0.94 (Table 1), similar to the trend of TGm2-Y278E, confirming
its effect on altering smTG substrate preferences. However, the Tm of
TGm2-Y278E was 66.2 ◦C, 1.6 ◦C lower than TGm2, suggesting a

destabilized effect of Y278E mutation (Fig. S2).
Among these variants, TGm2-G250H exhibited the highest activity

against peptide GGGGQR at 7.3 U/mg, which is 1.13-fold higher than
TGm2 (Fig. 3b). However, this increase in specific activity against
GGGGQR resulted in a 28 % reduction in activity against CBZ-Gln-Gly
(Table 1). The activity ratio of TGm2-G250H for GGGGQR versus CBZ-
Gln-Gly was 0.17, indicating a continued preference for CBZ-Gln-Gly
as the substrate (Fig. 3b).

3.3. smTG variants induced site-specific labeling

Nanobody 1C12 naturally contains seven Gln residues. To verify the
site-specific labeling ability of modified smTG variants, we generated
1C12 fused with the GGGGQR tag (Fig. 4a). The nanobodies were pu-
rified from E. coli (Fig. S3), and labeling was performed using the

Fig. 1. Analysis of docking poses achieved using Discovery Studio Libdock and Rosetta script
The docking poses were achieved by restricting the distance between the SG atom in Cys64 of TGm2 and the C-beta atom in Gln of GGGGQR do not exceed 6.1 Å. The
left table showed the energy of docking complex that satisfied the distance constraints, and the right figures showed the docking complex achieved by crystallization
(PDB: 6gmg), Discovery Studio Libdock (Pose1, Pose 2, Pose 4), and our created Rosetta script (1_0091).

Fig. 2. Prediction of binding ddG using Rosetta script
The left figure showed the residues for virtual mutagenesis (red color), and the right figure showed the binding ddG of single mutations achieved by our created
Rosetta script. Noted that the right figure only provided the top 20 ranked single mutations based on the ddG result.
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synthetic biotin-PEG(10000)-(Lys)3-Lys(Dansyl). Initially, we per-
formed non-specific labeling based on 1C12 and fluorophore, evaluating
the efficiency of smTG, TGm2, TGm2-G250H, and TGm2-Y278E. After
treatment, the samples were fully denatured and subjected to SEC
analysis. The negative control without smTG variants displayed two
peaks at 200–250 mL, corresponding to the elution of 1C12 (without the
fusion tag) and biotin-PEG(10000)-(Lys)3-Lys(Dansyl) (Fig. 4b). In
contrast, samples treated with smTG, TGm2, and TGm2-G250H showed
multiple peaks, while TGm2-Y278E treatment resulted in nonobvious
peak before the two primary peaks at 200–250 mL (Fig. 4b). Next, we
prepared 1C12-GGGGQR for validating the site-specific labeling effi-
ciency of smTG variants. SEC analysis revealed multiple peaks (peak
1–4) following treatment with smTG, TGm2, and TGm2-G250H, while
TGm2-Y278E resulted in an obvious single peak (peak 5) preceding the
double peaks at 200–250 mL (Fig. 4c).

To confirm that TGm2-Y278E specifically labels the fusion tag
GGGGQR, we analyzed the eluted samples using matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF
MS). For 1C12-GGGGQR treated with TGm2, peak 1–4 were identified
that corresponded to the molecular weight of 1C12-GGGGQR labeled at
4–7 sites with biotin-PEG(10000)-(Lys)3-Lys(Dansyl) (Fig. S4). Peak 5
from TGm2-Y278E treatment had a molecular weight matching a single
site labeling (Fig. S4). To further confirm that TGm2-Y278E induces site-
specific labeling of the GGGGQR tag, we cleaved the sample from peak 5
using trypsin. One of the resulting fragments had a molecular weight
consistent with the total weight of FWGQGTLVTVSSGGGGQR and

biotin-PEG(10000)-(Lys)3-Lys(Dansyl) (Fig. S5). These results indicate
that TGm2-Y278E catalyzes a single site-specific labeling event,
compared to the multiple labeling sites observed with other smTG
variants.

To validate this approach, we conducted a case study using nano-
body 7D12 fused with the GGGGQR tag (Fig. S3). 7D12 contains six
native Gln residues (Fig. 4d). When mixed with fluorophore and treated
with TGm2 and TGm2-Y278E, SEC analysis revealed three peaks prior to
the final two peaks at 200–250 mL (Fig. 4e). The molecular weights of
these peaks (peak 1–3) corresponded to labeling at 3–5 sites by biotin-
PEG(10000)-(Lys)3-Lys(Dansyl) (Fig. S6). In contrast, treatment with
TGm2-Y278E again produced a single peak (peak 4) preceding the final
two, with the molecular weight consistent with 7D12-GGGGQR labeled
by a single fluorophore molecule (Fig. 4e–S6). These results demonstrate
that TGm2-Y278E consistently induces single-site labeling for both
1C12-GGGGQR and 7D12-GGGGQR.

3.4. Molecular dynamics simulation

To investigate the mechanism underlying the enhanced substrate
preferences, MD simulations were conducted based on the docking
complexes of TGm2 vs GGGGQR, TGm2-G250H vs GGGGQR, and
TGm2-Y278E vs GGGGQR. RMSD analysis revealed that all enzymes
exhibited stabilization after 5 ns of simulation, with TGm2-G250H
showing the highest fluctuation [13] (Fig. 5a). Notably, peptide
GGGGQR showed the least fluctuation when bound to TGm2-Y278E
(Fig. 5b), indicating a tight binding. RMSF analysis indicated that
while modifications in substrate preferences did not significantly alter
the flexibility of substrate-binding loops (Fig. 5c), certain regions (res-
idues 95–102, 181–185, 207–210, 265–270, 295–297, and the N-ter-
minal FRAPDDP region) showed increased flexibility in TGm2-G250H
and TGm2-Y278E (Fig. 5c), though these were outside the catalytic
center (Fig. S7). Thus, key binding residues within the catalytic pocket
likely play a crucial role in substrate binding and orientation, potentially
influenced by overall structural flexibility.

Analysis of the distance between the SG atom of Cys64 in TGm2
variants and the C-beta atom of the Gln residue in GGGGQR throughout
the simulation revealed that TGm2-Y278E vs GGGGQR maintained the
shortest distance consistently below 6 Å (Fig. 5d), indicating favorable
exposure for nucleophilic attack. In contrast, TGm2-G250H vs GGGGQR
and TGm2 vs GGGGQR maintained distances around 11 Å and 21 Å,
respectively, suggesting less optimal exposure (Fig. 5d).

Inter-molecule interaction analysis [37] indicated that TGm2-G250H
vs GGGGQR exhibited the highest binding affinity in the last 10 ns of
simulation, while TGm2-Y278E vs GGGGQR showed the lowest

Fig. 3. Substrate preferences validation of single mutations (a) Visualization of purified smTG variants on SDS-PAGE; (b) Specific activity towards substrate CBZ-Gln-
Gly and peptide GGGGQR of smTG variants. Statistically significant differences analysis carried out using Excel Variance Analysis that the obtained p value com-
parison between the catalytic activity against GGGGQR of TGm2 and TGm2-Y278E was indicated with an asterisk.

Table 1
Activity against CBZ-Gln-Gly and peptide GGGGQR of smTG variants.

Mutations Activity (CBZ-Gln-
Gly, U/mg)

Activity (GGGGQR,
U/mg)

Ratio (GGGGQR vs
CBZ-Gln-Gly)

smTG 24.92 1.22 0.05
TGm 36.29 1.93 0.05
TGm1 49.12 2.46 0.05
TGm2 68 3.42 0.05
TGm2-
V252H

49.02 2.77 0.06

TGm2-
Y278E

5.18 4.81 0.93

TGm2-
G250H

44.90 7.30 0.17

smTG-
Y278E

2.33 2.19 0.94

*TGm: smTG-S23V–Y24N–K294L.
*TGm1: smTG-S2P–S23V–Y24N–S199A-K294L.
*TGm2: smTG-S2P–S23V–Y24N-E28T-S199A-A265P-A287P–K294L.
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(Fig. 6a). Analysis of enzyme residue contributions revealed that key
binding residues for TGm2 vs GGGGQR were located outside the acyl
donor binding area (Fig. 6b). Cluster analysis highlighted that the top
three clusters, which represented the majority of structures, showed the
substrate positioned away from the catalytic center for TGm2 (Fig. S8).
In contrast, for TGm2-G250H vs GGGGQR and TGm2-Y278E vs
GGGGQR, the top three clusters depicted the substrate around the cat-
alytic center (Fig. S8). Residues F251, V252, F254, N276, H277, and

L285 were identified as making significant contributions to substrate
binding for TGm2-G250H and TGm2-Y278E (Fig. 6c–e).

4. Discussion

In this study, we developed a Rosetta script for high-resolution mo-
lecular docking and virtual mutagenesis. Using TGm2 and its unfavor-
able substrate peptide GGGGQR as targets, we compared our docking

Fig. 4. Characterizing site-specific labelling induced by TGm2 variants
The sequence of nanobody 1C12-GGGGQR (a) and 7D12-GGGGQR (d), the Gln residues were highlighted. The GSS linker (single underline) and GGGGQR tag (double
underline) were colored in red. A red arrow was used to indicate the trypsin cleavage site; SEC analysis was conducted on crosslinking induced by smTG variants for
(b) 1C12, (c) 1C12-GGGGQR, and (e) 7D12-GGGGQR, with peaks in (c) and (e) numbered. The eluted samples were used for MALDI-TOF MS analysis (shown in
Figs. S4, S5, S6). The SEC elution flow rate was set at 1 mL/min.

Fig. 5. Molecular dynamics simulation analysis (a) RMSD analysis for enzyme; (b) RMSD analysis for substrate peptide GGGGQR; (c) RMSF analysis; (d) Distance
analysis between the SG atom of TGm2 variants’ Cys64 and the C-beta atom of Gln residue in GGGGQR. Molecular dynamics was carried out using Gromacs-2020.
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script’s performance with Discovery Studio Libdock. Our script pro-
duced reliable and refined TGm2 vs GGGGQR complex structures. Based
on these docking poses, we conducted virtual mutagenesis on the cata-
lytic pocket residues and experimentally validated the top 20 single
mutations. We identified two variants with significantly increased ac-
tivity against GGGGQR, dramatically altering their substrate preference.
These engineered TGm2 variants were used to catalyze NFC, with
TGm2-Y278E demonstrating high regioselectivity in labeling nano-
bodies fused with GGGGQR. MD simulations highlighted the importance
of engineering catalytic pocket residues to modify substrate preferences.
This work provides a strategy for rationally engineering enzyme sub-
strate specificity.

smTG-induced protein site-labeling was used to engineer antibody-
drug and antibody-small molecule conjugations for disease treatment
or immunoassays [24,38,39]. Antibody-drug conjugates (ADCs) can be
generated through chemical synthesis or enzyme catalysis using phos-
phopantetheinyl transferase, protein farnesyltransferase, or

formylglycine-generating enzyme [40–44]. Chemical synthesis enables
a consistent antibody-drug ratio [40,41], but enzyme catalysis is cleaner
with fewer unwanted byproducts and reduced energy consumption
[45]. However, enzyme substrate preferences can affect the
antibody-drug ratio, influencing ADC efficiency or causing toxicity [46].
Thus, achieving steady, site-specific labeling by enzymes remains chal-
lenging. Here, we aim to modify the substrate preferences of smTG by
engineering the catalytic pocket. The single mutation Y278E enhances
the specific activity against GGGGQR for both smTG and TGm2,
increasing their preference for GGGGQR over CBZ-Gln-Gly. In contrast,
other variants like TGm and TGm1, despite having significantly higher
activity against CBZ-Gln-Gly, maintained an activity ratio of 0.05 for
GGGGQR to CBZ-Gln-Gly. This confirms the effectiveness of rationally
designing the substrate binding pocket to enhance specific activity.

Engineering substrate preferences was hard to achieve, it relied on
the researcher’s experience and the support of acknowledging the key
binding residues [35,47]. Rational design enzyme substrate specificity

Fig. 6. Enzyme-substrate interaction analysis (a) Overall binding affinity between enzyme and substrate; (b) (c) (d) Residue decomposition for enzyme-substrate
binding; (e) Visualization of key residues for enzyme-substrate binding. Binding affinity calculated using gmx_MMPBSA [52] of TGm2 variants with GGGGQR.
The end 10 ns of the simulation was used for analysis.
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focuses on enhancing the binding affinity between enzyme and substrate
[13,48,49], since easy to capture substrates may provide more possi-
bilities for catalysis. Generally, analyzing the interaction network be-
tween enzyme and substrate is important to find out the key binding
residues [50,51]. In this study, we designed molecular docking and
virtual mutagenesis methods based on Rosetta script for achieving an
accurate enzyme-substrate pose and predicting mutations that can
enhance the enzyme-substrate binding affinity [21]. Our result showed
that three out of the 20 predicted variants could be purified after
fermentation, and two displayed higher activity against its not favored
substrate peptide GGGGQR. The single mutation Y278E changed the
substrate preferences from 0.05 to 0.93, obviously affected the regio-
selectivity of smTG [4,7]. However, most variants were not stable and
not able to be purified, highlighting that mutating residues within the
catalytic center may negatively influence the folding of smTG.

Even though we have used our developed Rosetta scripts for engi-
neering the substrate preference of smTG, but the success rate of 10 %
was relative low. Thus, the developed scripts can be further improved,
requiring more experimental data to optimize the protocol. Meanwhile,
we showed the engineered smTG can be utilized to generate NFC, its
further utility for generating ADC, and critical assessment of the
generated products needed to be performed to ensure the feasibility.
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