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modification
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% Check for updates Branching enzymes (BEs) confer to a-glucans, the primary energy-storage

reservoir in nature, a variety of features, like slow digestion. The full catalytic
cycle of BEs can be divided in six steps, namely two covalent catalytic steps
involving glycosylation and transglycosylation, and four noncatalytic steps
involving substrate binding and transfers (SBTs). Despite the ever-growing
wealth of biochemical and structural information on BEs, clear mechanistic
insights into SBTs from an industrial-performance perspective are still missing.
Here, we report a Rhodothermus profundi BE (RpBE) endowed with twice as
much enzymatic activity as the Rhodothermus obamensis BE currently used in
industry. Furthermore, we focus on the SBTs for RpBE by means of large-scale
computations supported by experiment. Engineering of the crucial positions
responsible for the initial substrate-binding step improves enzymatic activity
significantly, while offering a possibility to customize product types. In addition,
we show that the high-efficiency substrate-transfer steps preceding glycosyla-
tion and transglycosylation are the main reason for the remarkable enzymatic
activity of RpBE, suggestive of engineering directions for the BE family.

a-glucans, mainly referring to starch and glycogen, are the pre-
dominant carbohydrates accumulated for energy storage in nature’;
their utilization, for instance, as main human diet constituents and
food-industry raw materials, is increasing globally because of their low
cost, wide distribution, and renewability>*. Branching enzymes (BEs;
EC number 2.4.1.18 at https://www.brenda-enzymes.org/), which pos-
sess distinctive functions of creating a«—1,6-glucosidic linkages on the o
-1,4-glucoside-linked glucan chains, can alter the physicochemical
properties of a-glucans, and accordingly modulate their biological

functions®’. It would be, therefore, extremely valuable to have a
complete understanding of the functional mechanism of BEs to help
develop mechanism-based enzyme-engineering strategies aimed at
improving enzymatic performance and at synthesizing specific
products.

BEs are distributed ubiquitously in nature®®. The first primary
structure information on BE was on the enzyme from Escherichia coli
(E. coli) defined in 1986° and subsequently discovered to be homo-
logous to amylolytic enzymes'’. To date, numerous BEs have been
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characterized, including the elucidation of their three-dimensional
structure, and they have been categorized in the glycoside-hydrolase
(GH) family 13 and 57"°" in the carbohydrate-active enzymes database
(CAZy; www.cazy.org)". BEs possess a-1,4-glucoside-linkage hydro-
Iytic activity and a-1,6-glucoside-linkage creating activity, producing
branching patterns, i.e., the transglycosylation function®. Although the
covalent catalytic steps have been elucidated’, the product properties
of BEs from different species and their variants are very diverse; the
mechanistic basis for their functional discrepancy in this respect
remains somewhat unclear”.

In a directed evolution study of cyclodextrin glucanotransferase
into an a-amylase, Kelly et al. have provided an early evidence for the
potential correlation of the enzyme-substrate binding mode with
product specificities'; the findings of Ban et al. further supported this
correlation”. By means of crystallographic experiments, a number of
research groups, e.g., Feng et al. (PDB codes 4LPC and 5E67)*°%, Chaen
etal. (PDB code 3VU2)%, Froese et al. (PDB code 5CLW)*, Gavgani et al.
(PDB code 7ML5)*, and Fawaz et al. (PDB code 8SDB)* have explored
possible binding modes of substrates on the outside of the active
region of BEs. The only experimental evidence of polysaccharide
binding to the active-site cleft came from Hayashi et al”’. Based on their
findings, one possible substrate binding mode during transglycosyla-
tion was proposed. However, although much attention has been given
in recent years to the noncovalent interactions of BEs with poly-
saccharides, crystallographic data only provide limited substrate
binding clues, and the detailed SBTs through the entire catalytic pro-
cess have not yet been decrypted.

In this contribution, we report a Rhodothermus profundi BE
(RpBE), which possesses twice as much activity (total activity, including
hydrolysis and branching activity) as the commercial BE from Rho-
dothermus obamensis (RoBE; also known as RoGBE; Branchzyme®,
Novozymes)®. Based on the modeled RpBE structure, we unveil its
distinctive SBTs mechanism by means of large-scale enzyme-substrate
docking, molecular dynamics (MD) simulations, as well as one- and
two-dimensional free-energy calculations. We also perform biochem-
ical studies to support the proposed mechanism, and further conduct
mechanism-based enzyme engineering to improve the performance of
RpBE. In general, the present work, at the confluence of theory and
experiment, brings a fundamental understanding of noncovalent
interactions of BE with their substrates; the engineering avenues
brought to light by the SBTs are expected to promote further devel-
opment of these industrially important BEs.

Results

Characteristics of RpBE

Thermostability and activity are some of the key parameters for the
industrial use of BEs'. We performed a sequence search with Blastp
through the NCBI web server (https://www.ncbi.nlm.nih.gov/) to find
highly homologous sequences with the industrial RoBE in thermophilic
bacteria (see homology analysis in Supplementary Fig. 1). Nine
uncharacterized BEs, consisting of enzymes secreted by R. profundi
DSM 22212 (RpBE), Desulfurococcaceae archaeon (DaBE), Chloroflexi
bacterium (CbBE), Thermosynechococcus elongatus (TeBE), Hydro-
genobacter hydrogenophilus (HhBE), Myxococcales bacterium (MbBE),
Thermoplasmata archaeon (TaBE), Limisphaera ngatamarikiensis
(LnBE), and Thermobifida halotolerans (ThBE) were chosen and pro-
duced recombinantly. We then measured the thermostability of the
above BEs, and further compared them with three characterized BEs,
i.e., RoBE and enzymes from Aquifex aeolicus (AaBE) and Butyrivibrio
fibrisolvens (BfBE).

As shown in Fig. 1, RpBE possesses the highest activity at 60 °C and
around neutral pH (the detailed information is provided in Supple-
mentary Fig. 2 and Fig. 3a); it has approximately twice the activity of
the commercial RoBE. Furthermore, the branching degree of amylose
after catalysis with RpBE reached 14.3% (see nuclear magnetic
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Fig. 1| Characteristics of BEs. Activity measurement for the twelve BEs at their
optimal reaction conditions. The vocabulary activity (ordinate) denotes the total
activity, consisting of hydrolysis and branching activity. The bars and the error bars
are the average and standard deviation of triplicates (n =3 independent experi-
ments), respectively. Source data are provided as a Source Data file.

resonance spectroscopy results in Supplementary Fig. 3b), which is
much higher than that of the wild-type (WT) RoBE and of its variants'.
Additionally, it has been reported that the degree of polymerization
(DP) of the a-1,6-glucoside-linked branching chain affects
digestibility”’?%. As illustrated in Supplementary Fig. 3c, with RpBE
catalysis, the DP distributes in 2-8, which contributes to a healthy, slow
digestion, suggesting excellent performance of RpBE.

Structural feature

Nowadays, computer-based structure prediction has become a pow-
erful tool to provide three-dimensional protein structure models to
help decipher enzymatic biological functions®. AlphaFold*’, the state-
of-the-art artificial intelligence (Al) algorithm developed by DeepMind,
can predict three-dimensional protein structures with atomic accu-
racy. Powered by AlphaFold v2.0, the openly accessible AlphaFold
Protein Structure Database (https://alphafold.ebi.ac.uk)® contains
over 200 million predicted structures, the accuracy of which has been
demonstrated to be competitive with the ones obtained by traditional
crystallographic methods®. Among the determined BE crystals to date,
as reported in Supplementary Table 1, RpBE has the highest sequence
homology of 93.4% with RoBE (PDB code 6JOY). Such a high homology
will contribute to improving the accuracy of model construction.
Consequently, the three-dimensional structure of RpBE constructed
with AlphaFold v2.0 possesses a remarkable average model confidence
of 96.4. The unified estimation data in Supplementary Table 2 analyzed
by the ResQ server (https://zhanggroup.org/ResQ/)* further suggests
the soundness of the constructed RpBE model. The 3D RpBE structure,
as depicted in Fig. 2a, indicates that the enzyme is composed of three
structural domains, in which domain A is the catalytic area, containing
the active-site cleft and catalytic site. Furthermore, at the center of
domain A, there is a (8/a)g barrel (see Fig. 2b), according to which,
RpBE is classified in the GH 13 family'. The catalytic triad, which is
located at the top of the (8/a)g barrel, and consists of residues D305,
E356, and D424, is responsible for the hydrolysis and transglycosyla-
tion reactions.

As shown in Supplementary Fig. 4, three loops (loop 1: 105-114,
loop 2: 257-274, and loop 3: 314-328; RpBE numbering) lie on the side
of the active-site cleft and may affect the enzyme-substrate associa-
tion. RpBE loops 2 and 3 are very similar to the relevant ones of the BE
crystal from Cyanothece sp. ATCC 51142 (CceBE1, PDB code 5GQU; see
Supplementary Fig. 4,5). In RoBE (PDB code 6JOY), loops 2 and 3,
however, adopt different conformations and exhibit the highest flex-
ibility in the three BEs, especially loop 3. We, therefore, reason that
when the enzyme interacts with the substrate, RoBE and CceBE1 loops 2
and 3 do not undergo significant conformational changes like the
corresponding loops in RoBE. Furthermore, we found that the
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Domain N

Fig. 2| RpBE structure. a Three domains (N, A and C) of RpBE, in which the catalytic
domain is known as the A domain, containing the active-site cleft and catalytic
residues. The vertical lines represent the approximate partition of the three

Domain C

domains. b (8/a)s barrel structure. D305, E356, and D424, shown in a licorice
representation and colored in yellow, constitute the classical catalytic triad in the
GH13 family.

conformation and flexibility of loop 1 vary between the three enzymes,
suggesting significant structural differences across species.

We further conducted crystallographic experiments in the hope
of providing experimental evidence for the conformation of the
important loop 2. We have obtained the RpBE crystal with a 2.9 A
resolution (PDB code 8ZQA, see Supplementary Table 3). Our findings
are in line with the structural prediction of AlphaFold v2.0 (see Sup-
plementary Fig. 6a, b); the conformation of loop 2 in the RpBE crystal is
similar to that from the AlphaFold modeling of RpBE and CceBE], albeit
quite different from that in RoBE (see Supplementary Fig. 6c). There-
fore, despite the high sequence similarity between RpBE and RoBE, the
conformation of loop 2 can prove to be different between the two
structures. The pronounced flexibility of loop 3, however, precluded
access to its electron density. Given the similarity between modeled
and experimental structures, as well as the low resolution of the crystal
structure, it is reasonable to perform computational work using the
modeled structure.

Donor-substrate initial binding (step i)
On the basis of the constructed RpBE structure described above, we first
defined the process of generating the branching product from a linear
polysaccharide with BE catalysis, which consists of (i) donor-substrate
initial binding, (ii) donor-substrate transferring to the catalytic position,
(iii) glycosylation, (iv) acceptor-substrate initial binding, (v) acceptor-
substrate transferring to the catalytic position, and (vi) transglycosyla-
tion (see Fig. 3). Steps (iii) and (vi) are covalent catalysis obeying a well-
defined mechanism, while the noncovalent SBTs investigated in the
present work involve the other four steps, i.e., (i), (ii), (iv), and (v). To
explore as many enzyme-substrate initial binding modes as possible
(step i), we defined a broad substrate binding surface on the active-site
cleft side throughout the three domains (N, A, and C) of RpBE (see
Supplementary Fig. 7), which contains 138 residues used in the mole-
cular docking process (see Supplementary Table 4). Regarding the
substrate selection for docking, maltoheptaose (G7)—an oligosacchar-
ide, is the most common linear substrate model obtained in BE-substrate
crystal complexes”*°%, and the only polysaccharide that binds to the
active-site cleft to date”. Additionally, as shown in Supplementary
Fig. 3¢, maltodecaose (G10) is the minimum glucan length necessary for
the RpBE reaction to be observed. We, therefore, employed both G7 and
GI0 as substrates to dock with RpBE, and compared their binding poses.
Docking can generate useful and testable experimental hypoth-
eses, albeit many challenges in enzyme-glycan docking remain to be
addressed. The HADDOCK web server***, GlycoTorch Vina*, and Vina-
Carb” are the main software currently available to perform glycan
docking. We chose the HADDOCK web server based on the following
reasons: (i) the refinement step using MD simulations greatly con-
tributes to optimizing the binding pose of the substrate on the

enzyme, which is not available in other docking software; (ii) the
clustering information, which reflects the number of polysaccharides
lying at a similar location, is an important indicator to evaluate dif-
ferent poses; and (iii) the user-friendly interface enables protein
engineers and biotechnologists to run docking procedure without the
need of programming skills and local high-performance computers.
The HADDOCK web server, with version 2.4 of the program, was
therefore employed to perform the 50,000 enzyme-substrate rigid
docking attempts to get a sufficient number of polysaccharide binding
poses. The top 1000 generated structures of the complex were
selected, and subsequently subjected to semi-flexible refinement as a
preamble to a final refinement with short MD simulations in water.
Root mean square deviation (RMSD) values for assessing structural
stability, and the energies, such as van der Waals and electrostatic
force were calculated for these refined structures. Structural clustering
based on the distance RMSD over atomic positions®® reflects the
number of polysaccharides lying at a similar location. The optimal
binding poses in clusters i-iv are named accordingly poses i-iv.

As illustrated in Supplementary Fig. 8a, b, the optimal con-
formation of G7 binding to RpBE is very similar to that of G10. Sup-
plementary Fig. 8c, d, however, indicate that G10 adopts a twisted
conformation, wherein three glucosyl rings do not interact with the
enzyme. The electrostatic interaction energy in the optimal RpBE-G10
complex is much lower than that in the optimal RpBE-G7 complex (see
Supplementary Table 5 and Table 6). These results suggest that com-
pared to G10, using G7 as a substrate is more conducive to exploring
enzyme-substrate association. Furthermore, in a previous work, Ban
et al. employed G7 binding to RoBE in order to examine potential
mutation sites that affect enzyme activity”. These theoretical investi-
gations of G7 binding to BEs, together with the numerous BE-G7
crystallographic complexes (PDB codes 5GQX, 4LPC, 5CLW, to cite a
few) obtained experimentally”’*°* led us to focus on RpBE-G7 asso-
ciation in the present study.

As depicted in Fig. 4a, we align the RpBE-G7 complex (pose i) with
the CceBE1-G7 complex. Additionally, Fig. 4b indicates that in the RpBE-
G7 complex, seven residues interact with the polysaccharide chain,
wherein residue W270 (RpBE numbering) is the conserved residue,
corresponding to residue W399 in the CceBE1-G7 complex. We further
detected the binding affinity between RpBE and G7 using isothermal
titration calorimetry (ITC) experiment, which is —4.1 + 0.2 kcal/mol (see
Supplementary Fig. 9). Ban et al. also aligned their docking RoBE-G7
complex with the CceBE1-G7 complex, and deduced a possible con-
formation of a long-chain substrate binding to RoBE through the poses
of the two G7 substrates. In light of the result of our alignment, we
suggest the possible conformation of a long-chain donor substrate
binding to RpBE (see Supplementary Fig. 10; named CceBE1 G7-pose
i here).
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Fig. 3 | Schematic diagram of the whole process for generating the branching  acceptor chain (cyan) binds to the enzyme. In (e), step v, the acceptor chain moves
product. In (a), step i, the substrate is G7. The constructed RpBE was employed as  to the catalytic position and prepares for transglycosylation, wherein the donor

the structural model; For clarity, the enzyme is displayed with an opaque repre- chain (green) will be linked as a branch to the hydroxyl on C6 of the cyan acceptor
sentation in a, but with a semi-transparent one in b,d and e. In (b), step ii, D305, chain. ES Il denotes the enzyme-substrate complex before transglycosylation. In (f),
E356, and D424 form the catalytic triad in RpBE. ES I denotes the noncovalent step vi, TS2 and EP denote the transition state in transglycosylation and the non-

enzyme-substrate complex before glycosylation. In (c), step iii, TS1 and Cl denote  covalent enzyme-product complex after catalysis, respectively; the product is the
the transition state in the course of glycosylation and the formed enzyme-substrate ~ -1,6-glucosidic branching glucan.
covalent intermediate (CI) after glycosylation, respectively. In (d), step iv, the
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Fig. 4 | SBTs for glycosylation. a Alignment of pose i with the substrate in the
CceBE1-G7 complex. The carbon atoms of the substrates in the CceBE1-G7 complex
(PDB code 5GQX) and the RpBE-G7 complex (pose i) are colored in blue and green,
respectively. In the center of RpBE, the catalytic triad is highlighted in pink.

b Enzyme-substrate interaction in pose i. The polysaccharide chain and its adjacent
residues are displayed as a licorice representation, the carbon atoms of which are

colored in green and cyan, respectively. ¢ Average interaction energy of the poly-
saccharide chain with the adjacent residues in pose i. d Time series of the inter-
action energies of residues D269 and W270 with the polysaccharide chain in pose i.
e Interaction energies of the catalytic triad with the polysaccharide chain in pose i.
Source data for c-e are provided as a Source Data file.

Donor-substrate transfer for glycosylation (step ii)

To identify the key residues that play a noteworthy role in the step ii,
we perform ps-scale MD simulations and calculated the interaction
energies of the polysaccharide chain with the adjacent residues in
binding pose i. Among the seven interacting residues, as shown in
Fig. 4c, D269 and W270 are the two ones that interact the strongest
with the polysaccharide chain. We further found that the interaction
energy of residue W270 with the polysaccharide chain is constant,
while dynamic and extremely strong interactions were observed
between residue D269 and the polysaccharide chain (see Fig. 4d). We
reason that residue D269 is the decisive residue for the substrate
transfer. To investigate the importance of residue D269 experimen-
tally, we performed alanine replacement at this position, and found
that only 16.0% relative activity remained (see Supplementary Fig. 11).
We further conducted circular dichroism (CD) spectroscopy experi-
ments and found that the variant is properly folded (see Supplemen-
tary Fig. 12a). The decrease in enzyme activity is, therefore, due to the
disruption of the interaction between D269A and the substrate.

In the active site of RpBE, residues D305, E356, and D424 form the
catalytic triad of the enzyme. We analyzed the interaction energies of
the catalytic triad with the polysaccharide chain in pose i and found
that residue D305 possesses the strongest affinity for the substrate
(see Fig. 4e). To confirm experimentally the importance of residue
D305 in catalysis, we performed alanine replacement at this position,
which, as expected, resulted in an almost complete loss of activity
(5.6% relative activity remained; see Supplementary Fig. 11). The CD
spectroscopy experiment indicates that the variant is properly folded
(see Supplementary Fig. 12b). Given the key functions of residues D269
and D305 in substrate transfer, we propose that after the initial step i

(initial donor-substrate-enzyme binding), step ii consists first in resi-
due D269 grabbing the substrate and releasing it in the active site
region, i.e., the ‘G-R’ actions. Then, D305 competes for substrate
interactions with D269 and finally stabilizes it in the catalytic position,
i.e., the ‘C-S’ actions. The competing action of D305 is thought to occur
simultaneously with the releasing action by D269.

To decipher the detailed mechanism of ‘G-R/C-S’ actions mediated
by residues D269 and D305, we performed two-dimensional free-
energy calculations by defining the distance reaction coordinates,
namely the distance separating the center of mass (COM) of the -1
glucosyl ring from residues D269 and D305 (RCs; see Fig. 5a). The free-
energy landscape shown with a minimum free-energy path (see Fig. 5b)
indicates an extremely favorable free energy for residue D269 inter-
acting with the polysaccharide chain (site I). This result also implies that
the grabbing action by this residue could be the dominant force for the
polysaccharide chain approaching the active site. Furthermore, the
processes from site I to site Il (‘R/C’ actions), and from site Il to site III
(‘C-S’ actions) overcome approximately 0.3 kcal/mol and 1.8 kcal/mol
free-energy barrier, respectively (see Fig. 5b, c).

To explore the universality of ‘G-R/C-S’ actions in the BE family, we
performed a structure alignment of RpBE with CceBE1 (PDB code
5GQU)". Residues W198 and W270 in RpBE are the frame residues that
stabilize the polysaccharide chain, which correspond to residues W327
and W399 in CceBE1 (see Supplementary Fig. 13a). However, the resi-
dues are of a different nature at position 268 (P268 in RpBE corre-
sponding to K397 in CceBEl). We infer that residue replacement at
position 268 may influence the ‘G-R’ actions of D269 and further
modulate enzyme activity. To verify this hypothesis, we performed
saturation mutagenesis at this position in RpBE, and found that the
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Fig. 5 | Free-energy calculations for ‘G-R/C-S’ actions mediated by residues

D269 and D305. a Defined RCs. d; denotes the distance between the COM of the -1
glucosyl ring and residue D305. & denotes the distance between the COM of the -1
glucosyl ring and residue D269. Two-dimensional free-energy landscape (b) and (c)
potential of mean force characterizing the polysaccharide chain approaching the
catalytic position. The thick red line in (b) highlights the least free-energy pathway®®
for the polysaccharide chain movement to the catalytic position. In (b), So (site I)
corresponds to the initial position that residue D269 interacts with G7, and S; (site
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111), the final stable position that G7 has reached the catalytic position and stabilized
by residue D305. d Two-dimensional free-energy landscape characterizing the
polysaccharide chain approaching the catalytic position with P268A replacement.
e One-dimensional free-energy profile, or potential of mean force, characterizing
residue D269 approaching residue D305 in the polysaccharide-free model. d,
denotes the distance of the COM between residues D269 and D305. Source data for
c,e are provided as a Source Data file.

variants are properly folded (see CD spectroscopy results in Supple-
mentary Fig. 12c-e for three randomly selected variants), but the
activity in each variant has been impaired (see Supplementary Fig. 14).

To explain this phenomenon from a mechanistic perspective, we
carried out two-dimensional free-energy calculations for the P268A
variant (the best replacement in the nineteen negative ones, which still

retained 26.9% relative activity) following the identical parameters of
Fig. 5b. As shown in Fig. 5d, there are no free-energy low-lying lands at
the sites of I, I, and III, which imply that the ‘G-R/C-S’ actions mediated
by residues D269 and D305 have been destroyed. To further clarify the
cause behind it, we performed one-dimensional free-energy calcula-
tions for the WT RpBE and the P268A variant to investigate the process

Nature Communications | (2024)15:8760


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53018-6

C2 d @ 57 Polysaccharide:residues
0
— 20 = = | ) =
< ; : T 10
PO ¥ AU U NIPOY. A I S g E 54
€ 15- 17A 3 s
] = ~
B e T 107
2 404 Posel 4 4
Pose Il ) 157
5 0 2|0 4‘0 G|0 8|0 160 -200 T T T T T 1 '20 T T T T T T T T T T T T
0 20 40 60 80 100 ™ 0 A B SVax D D oD o\ D W0
P S S LS U N D e 2Ny
Time (ns) Time (ns) DEICER R G LR o o i L 4

Fig. 6 | SBTs for transglycosylation. a Docking results of the acceptor poly-
saccharide chains (cyan and white) for transglycosylation. The carbon atoms of the
donor polysaccharide chain in the active-site cleft are colored in green.

b Hydrogen-bonding interactions of the acceptor polysaccharide chain (pose I)
with the adjacent twelve residues. The polysaccharide chain and the adjacent
residues are shown in a licorice representation, and their carbon atoms are colored

in cyan and orange, respectively. ¢ Distance (A) separating the COM of the poly-
saccharide chain and the catalytic triad with the time course in each assembly. A
distance greater than 17 A means that the polysaccharide chain has separated from
the active-site cleft. d and e Interactions of the polysaccharide chain with the
protein and the adjacent residues, respectively. Source data for c-e are provided as
a Source Data file.

of D269 approaching D305 in a substrate-free model (there is no
polysaccharide in the active-site cleft). As depicted in Fig. Se, the free
energy is favorable for D269 approaching D305, which will help D269
deliver the polysaccharide to D305 to facilitate the subsequent releasing
action of D269 and the competing action of D305. In contrast, in the
P268A variant, the free energy is very unfavorable for D269 approach-
ing D305, thereby hindering the “R/C” actions. P268 is, therefore, con-
sidered to play a role in the process of D269 approaching D305.

We aligned the WT RpBE with the P268A variant, and found that
the orientation of D269 is not altered by mutagenesis. Loop 2,
including P268 and D269, plays an important role in enzyme-substrate
association. Furthermore, as shown in Supplementary Fig. 5, loop 2
possesses a high flexibility. Proline, which has the feature of conferring
structural stability, can stabilize loop 2. We, therefore, infer that P268
can modulate the motion of loop 2 in enzyme-substrate interaction to
promote the approach of D269 towards D305. In addition, we aligned
the RpBE with RoBE (PDB code 6JOY)*, whereas the latter possess a
long, flexible loop (see Supplementary Fig. 13b). The sequence align-
ment results at that region suggested that ten out of the set of twelve
BEs possess the P and D assembly, including the RoBE (see Supple-
mentary Fig. 15). Therefore, we reason that P268 and D269 in con-
junction with the short loop 2 may be the result of natural evolution,
endowing the RpBE with superior activity.

Acceptor-substrate initial binding for transglycosylation

(step iv)

After glycosylation, as depicted in Fig. 3d, a new polysaccharide
(shown in cyan) binds the enzyme as an acceptor chain. The donor
polysaccharide chain (shown in green) remained at the active-site cleft

will act as a branch to link to the acceptor chain by the transglycosy-
lation. To elaborate on step iv, as shown in Supplementary Fig. 16 and
Table 7, we chose 85 residues as the docking surface and docked a new
G7 chain to the enzyme-donor substrate complex. As illustrated in
Fig. 6a, pose | which possesses the largest cluster, containing
479 structures, is the optimal form, while the cluster of pose Il consists
of 110 structures (see Supplementary Table 8). Furthermore, we found
that the polysaccharide chain (white) in the optimal complex structure
of pose Il did not reach the catalytic position. The above results sug-
gest that pose | corresponds to the most likely acceptor-substrate
binding mode prior to transglycosylation. Additionally, as depicted in
Fig. 6b, twelve residues are found to form hydrogen-bonding inter-
actions with the polysaccharide chain (pose I), namely D314, S316,
R317, H385, R392, D424, E425, G429, K430, G431, T435, and K436.

Acceptor-substrate transfer for transglycosylation (step v)

We performed MD simulations to investigate the dynamic movement
of the acceptor polysaccharide chains in poses I and Il. As depicted in
Fig. 6¢, although the polysaccharide chain in pose I interacts with the
enzyme much longer time than the one in pose Il, the distance
separating the COM of the polysaccharide chain and the catalytic
triad both reach 17 A within 100 ns, which reflects physical separation
of the polysaccharide chains from the active-site cleft. Furthermore,
Fig. 6d indicates that the interaction energy of the polysaccharide
chain with the enzyme decreases gradually with time. As shown
in Fig. 6e, we calculated the interaction energies of the polysaccharide
chain with the twelve adjacent residues, and found that residue
E425 is undoubtedly the most important residue, and dominates
step v.
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Fig. 7 | Free-energy calculation of residue E425 attracting acceptor poly-

saccharide for transglycosylation. a Diagrammatic sketch of the constructed ClI,
wherein residue E425 interacts with the polysaccharide chain (cyan) by hydrogen
bonds. b Defined RC, i.e., d3, denotes the distance of the COM between residue E425
and the glucosyl ring. ¢ Free-energy profile characterizing the polysaccharide chain
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in pose I transferring to the catalytic position. In (c), the long black arrow denotes
the direction of the acceptor polysaccharide chain approaching the catalytic
position. The lowering in energy at the position pinpointed by the small black arrow
indicates that the polysaccharide chain has been stabilized by residue E425. Source
data for c are provided as a Source Data file.

In the constructed CI complex, as illustrated in Fig. 7a, we found
that the position and orientation of E425 are conducive to attract the
acceptor polysaccharide chain and further stabilize it in the catalytic
position (named ‘A-S’ actions here). To investigate the role of residue
E425 more in depth, we explore the process of the polysaccharide
chain approaching the catalytic position through one-dimensional
free-energy calculations (see the defined RC in Fig. 7b). The free-energy
profile in Fig. 7c suggests that the transfer process of the acceptor
polysaccharide chain to the catalytic position overcomes 3.4 kcal/mol
free-energy barrier. Finally, the polysaccharide chain has been stabi-
lized in the catalytic position by residue E425. To further understand
the function of this residue, we performed saturation mutagenesis on
it. The CD spectroscopy results in Supplementary Fig. 12f-h indicate
that the three randomly selected variants are properly folded, whereas
the experimentally measured activity decreased in all cases (see Sup-
plementary Fig. 17). The least damaging replacement out of the nine-
teen variants is by aspartate, which possesses similar properties as the
original glutamate, but only retained 27.2% relative activity. The
sequence-alignment results in Supplementary Fig. 15 indicate that all
the twelve BEs possess the same E at that site, suggesting that E425 in
RpBE is the optimal solution by natural evolution.

SBTs mechanism-based enzyme engineering

In RpBE, residues P268, D269, D305, and E425, as well as the short loop
2 enable the enzyme to execute efficiently the crucial ‘G-R/C-S’ and ‘A-
S’ actions and mediate substrate transfer, which accordingly could
point to further engineering for the BE family. In view of the proposed
mechanism, we turned our attention to step i, the initial donor-
substrate binding for glycosylation. The Rosetta software (https://
www.rosettacommons.org)*® was employed to improve enzyme-
substrate association (see Supplementary Table 9). The experimental
results for all the forty-seven variants are reported in Supplementary
Table 10, wherein the top ten are shown in Fig. 8a. As depicted in
Fig. 8b, seven mutation sites, i.e., A243, K436, G431, G429, P420, L421,
and H385, lie around the CceBE1 G7-pose i, which includes four of the
five top variants, i.e., A243T (1.7-fold increase), K436R (1.5-fold
increase), G431N (1.5-fold increase), and G429M (1.4-fold increase). Our
enzymatic kinetic experiments indicate that in the top two variants
(A243T and K436R), the K, values decrease by 44.2% and 46.5%,
respectively, suggesting enhanced enzyme-substrate affinity (see
Supplementary Table 11). We, therefore, conclude that enhancing the
enzyme-substrate affinity around the CceBE1 G7-pose i is a potent
strategy to improve enzyme activity.

We further measured DP of products for the top two variants and
found that the ratios of DP 4-9 have been improved markedly (see
Fig. 8c). The largest significant differences are found in DP 5 (27.3%
increase with A243T, **p<0.001) and DP 8 (21.4% increase with

K436R, **p < 0.001). Intriguingly, the increased ratios in DP 4 and DP 5
with A243T catalysis are higher than those with K436R. The two var-
iants have a similar increased ratio in DP 6. However, in DP 7-9, the
increased ratios with K436R catalysis are higher than those by A243T.
The present results, therefore, imply that we can engineer the residues
around A243 to produce high-level DP 4-5 branching chains, while
design the residues around K436 to acquire products with abundant
DP 7-9, which could help product customization with specific DP.

Discussion

The feature of controlling the branching point and length in an «-
glucan chain is the foundation for industrial applications for BEs,
playing an irreplaceable role in the food industry'. Unveiling the key
functional mechanism of BEs and further identifying directions for
enzyme engineering are desirable for promoting their industrial use,
which is admittedly still in infancy. Many initiatives, for instance, those
of Hayashi et al”., Ban et al'**., and Fawaz et al*. have explored pos-
sible enzyme-substrate initial association to guide BE engineering,
while a systematic understanding of the underlying molecular
mechanism is still lacking. Here, we characterized the RpBE and deci-
phered its SBTs for the entire process of product generation by means
of computational methods, contributing a substantial knowledge
advancement in noncovalent enzyme-substrate interactions, which are
crucial for activity. Mechanism-guided mutagenesis produced variants
of augmented enzymatic activity, thereby reinforcing previous find-
ings that identification of the optimal initial enzyme-substrate asso-
ciation and further modulation of the enzyme-substrate affinity are
reliable strategies to improve enzyme performance. In addition, we
found that the specific DP ranges, such as the high-abundance DP 4-5
or 7-9, can be modulated, which paves the way for producing specific
a-glucans. In general, the present work, resting upon a synergistic
combination of theory and experiment, is envisioned to help drive the
use of BEs as the decisive enzymes to promote a-glucan utilization in
the food and health industries.

Methods

Enzyme production

The gene sequences of twelve BEs (Supplementary Data 1) were syn-
thesized by GENEWIZ (Suzhou, China) and cloned into the pET28a
expression vector (Thermo Fisher Scientific, Waltham). The recombi-
nant proteins were expressed in E. coli BL21 (DE3). The variants of RpBE
were generated by Rosetta Cartersian_ddg following the software
protocols and created experimentally by site-specific mutagenesis via
the primers listed in Supplementary Table 12. The inducible expression
of DE3 and purification of the His-tag labeled enzymes were carried out
following the manufacturer’s protocols®. Enzyme concentration of the
purified enzymes was measured by Quick Start™ Bradford Protein
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Fig. 8 | Enzyme engineering. a Top ten variants amid the forty-seven ones. The WT
RpBE is regarded as possessing 100% enzyme activity. b Mutation sites (shown in
sphere) around the CceBE1 G7-pose i. The catalytic triad is shown in a licorice

representation, and colored in yellow (carbon atoms). ¢ Distribution of the glycan
chain length. The data without enzyme catalysis are not shown for clarity. The two-

tailed p values were obtained by the unpaired t test analysis using Graphpad Prism
8. No adjustment was made for multiple comparisons. The bars and the error bars
are the average and standard deviation of triplicates (n =3 independent experi-
ments), respectively. Source data for a, c are provided as a Source Data file.

Assay kit (Bio-Rad Laboratories, Veenendaal, Netherlands) and purity
verified by SDS-PAGE.

Activity assessment

The enzymatic activity was detected via the iodine-staining protocol
with appropriate modifications**>*>, Potato amylose type Ill (Sigma-
Aldrich) was dissolved in pure DMSO at a concentration of 100 g/L and
used as the mother liquid. 1.25 mg/mL amylose and the enzyme were
mixed in sodium phosphate buffer (pH 7.0, 50 mM) and incubated at
relevant temperatures for 20 min. The reaction was terminated by
boiling for 15 min; the mixture was cooled to room temperature sub-
sequently. Then 10 pL reaction solution was mixed with 150 pL iodine
solution in a 96-well plate (aqueous solution of 0.0127% 12 (w/v) and
0.035% KI (w/v)) and kept at room temperature for 10 min to allow the
color development. The absorbance at 660 nm was measured for the
mixed solution. Furthermore, to maintain the absorbance within a
reasonable range of 0.2-0.8, enzymatic dosages in the reaction system
were adjusted appropriately. One unit of enzyme activity was defined
as the amount of enzyme required to reduce the absorbance value by
1% per minute.

Branching degree
The branching density of BEs was measured by 'H-NMR spectroscopy.
After dissolving the samples in 0.6 mL of D,0, the NMR spectra were

recorded through a Varian Inova 600 spectrometer at 313 K. Then the
acquired data was processed by MestReNova software and underwent
Whittaker Smoother baseline correction and zero filling up to 32 k
complex points. The branching density was calculated by the division
of the peak area of a-1,6-linkage signal at 4.98 ppm on the combined
peak areas of the signals at 4.98 and 5.39 ppm.

DP analysis

Lyophilized samples of amylopectin (10 mg) were dispersed in 2.0 mL
sodium acetate buffer (50 mM, pH 4.5) and then treated with 1U/mL
pullulanase and 2 U/mL isoamylase at 40 °C for 16 h. The reaction was
halted by boiling for 15min. Then the samples were centrifuged at
20,000 x g for 10 min. The supernatants were further filtered through a
0.22 um membrane to obtain the debranched amylopectin, i.e., linear
dextrin or short-chain amylose. Then the debranched amylopectin was
catalyzed by BEs to add a-1,6-glucoside-linked branching chains. The
branching products were further debranched. Dionex ICS-6000 system
(Thermo Scientific, USA), equipped with a pulsed amperometric detec-
tor and a Dionex CarboPac™ PA1 column (250 x 2 mm), was employed to
analyze the oligosaccharides through the high-performance anion
exchange chromatography. The elution of oligosaccharides was
achieved by performing a NaOH gradient in sodium acetate buffer. To
determine the elution time of each component qualitatively, malto-
oligosaccharides with a DP 1-7 were used as reference standards.
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Crystal structure determination

Crystallization experiments were conducted at 25 °C using the sitting-
drop vapor-diffusion method. 10 mg/mL protein was mixed with
reservoir solution in a 1:1 ratio. The crystals were obtained using the
“1-28” condition of the Morpheus Il screen kit (Molecular Dimensions;
0.1M buffer System 4, 31% Precipitant Mix 8, and 4 mM Alkalis).
Crystals were tested and X-ray diffraction data collected at beamlines
BL10U2, BL17B, BL18U1, and BL19U1 of the National Facility for Protein
Science in Shanghai (NFPS). The crystals were mounted in a cryoloop
and soaked with 20% glycerol before data collection at 100 K. The
diffraction images were processed using HKL2000*. Crystals were
solved by the molecular replacement (MR) method with the Phaser
program* from the Phenix*¢ suite using the AlphaFold modeling of
RpBE. Further refinement was carried out using programs of Phenix
Refine*” and Coot*. Before structural refinements, 5% of randomly
selected reflections were set aside for calculating Ry..'’ as a monitor.
The data collection, processing, and refinement statistics can be found
in Supplementary Table 3.

Kinetic Assay

Potato amylose type Il (Sigma-Aldrich) was used as a substrate to
perform the kinetic Assay. The enzyme activity was measured at the
substrate concentrations from 0.1 to 5 mg/mL, following the protocol
described above. GraphPad Prism 8 (GraphPad Software Inc., San
Diego, CA, USA) was employed to analyze the results and obtain the
enzyme kinetic constants.

ITC test

ITC experiments were conducted on a MicroCal PEAQ-ITC system
(Malvern Panalytical Ltd) at 25°C. To determine the binding affinity
between G7 and RpBE, 2 ul 8 mM G7 was titrated into 45 pM enzyme
solution. As the control group, 2 ul 8 mM G7 solution was titrated to
the 10 mM Phosphate Buffer (pH 7.4). The results were analyzed using
the ITC evaluation software provided by the manufacturer.

CD spectroscopy experiment

CD spectropolarimetry (Applied Photophysics, Britain) was employed
to detect whether the proteins are properly folded. The WT enzyme
and the variants are dissolved in 10 mM Phosphate Buffer (pH 7.4), and
the final concentration for each sample is 0.2 mg/mL. Three scans from
180 to 260 nm at 1 nm intervals were accumulated and averaged. The
background of the Phosphate Buffer was subtracted from the CD data.

Enzyme-substrate docking

All the enzyme-substrate associations were investigated using the
HADDOCK Web Server (https://bianca.science.uu.nl/haddock2.4/).
The docking procedures were carried out following the HADDOCK
protocols.

MD simulations

The computational assays built for the investigation of the substrate
movement after initial binding were simulated following protocols
published previously**=>, The molecular assemblies were solvated in
an equilibrated box of water and neutralized by adding Na* ions to the
solution. During glycosylation, E356 is protonated. Each enzyme-
substrate complex was pretreated by 5000 steps of energy mini-
mization and 100 ps MD simulation, gradually relaxing harmonic
restraints: (i) restraint of enzyme and substrate; and (ii) restraint of
substrate. Then, a 2.2-ps MD simulation was performed, devoid of
geometric restraints, for the five assemblies. The particulars for each
molecular assembly are provided in Supplementary Table 13. NAMD
2.14°* was employed to perform the MD simulations with the
CHARMMB36 force field” " and the TIP3P water model*®. All the simu-
lations were carried out at 300 K and 1 atm. The temperature and the
pressure were controlled by Langevin dynamics and the Langevin

piston method, respectively”*°. The Shake/Rattle and Settle algo-
rithms were utilized to constrain the length of the covalent bonds
involving hydrogen atoms to their equilibrium value® . The interac-
tion energy is defined as the sum of the electrostatic interaction energy
and the van der Waals interaction energy. Visualization and analysis of
the trajectories were achieved with the VMD 1.9.4 program®* and
PyMOL molecular graphics system (version 2.4 Schrodinger, LLC).

Free-energy calculations

The computational assays built for the investigation of the substrate
transferring to the catalytic position during the whole process of
enzyme interacting substrate and the process of D269 approaching
D305 were simulated following the protocols described above. The
free-energy profiles underlying these processes were determined
using the well-tempered meta-eABF (WTM-eABF) algorithm®. A 2-us
free-energy calculation was performed for the five assemblies. The
details for each molecular assembly are provided in Supplementary
Table 14.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw data generated in this study, the interaction-energy scripts,
and simulation files have been deposited in the Figshare database
under https://doi.org/10.6084/m9.figshare.26500141. Crystallographic
data for the WT RpBE has been deposited at the Protein Data Bank with
accession code 8ZQA. Source Data are provided with this paper as
source data file. Source data are provided with this paper.
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