Research Papers i ikaE it

i’-f%ﬂi% 541 vtk
Pro ess in Biochemistry and Biophysics
J 2013 40(6): 565~577

Insights Into The Working Mechanism and

Unfolding Property of Arthrobacter
chlorophenolicus Amylosucrase

LIU Ming", LI Ping?, LIU Bin?, SU Ji-Guo®, WANG Cun-Xin®"
g g >
(" Institute of Materia Medica, Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing 100050, China;
Y g & jing
? Institute of Process Engineering, Chinese Academy of Sciences, Beijing 100190, China;
3 College of Life Science and Bioengineering, Beijing University of Technology, Beijing 100124, China;
9 College of Science, Yanshan University, Qinhuangdao 066004, China)

Abstract Amylosucrase (AS) is a kind of glucosyltransferase (E.C. 2.4.1.4) belonging to the glycoside hydrolase (GH) family 13. In
the presence of an activator polymer, in vitro, AS is able to catalyze the synthesis of an amylose-like polysaccharide composed of only
a-1,4-linkages using sucrose as the only energy source. Unlike AS, other enzymes responsible for the synthesis of such amylose-like
polymers require the addition of expensive nucleotide-activated sugars. These properties make AS an interesting enzyme for industrial
applications. In spite of the great application potential, industrial applications of AS were largely hampered by its low stability. In this
work, the structure of Arthrobacter chlorophenolicus amylosucrase (AcAS) was modeled according to crystal structures of Neisseria
polysaccharea amylosucrase (NpAS) and Deinococcus geothermalis amylosucrase (DgAS). The structural difference of the three AS
were investigated for the sake of exploring the working mechanism of AcAS. The dynamics and functional motions of AcAS were also
investigated by the Gaussian network model (GNM). Based on GNM, it was found that AcAS can be divided into two regions with
different moving directions. Finally, the unfolding property of AcAS was studied by the iterative GNM, and several kinetically weak
regions were identified on the basis of the predicted unfolding pathway. These discoveries may be helpful to the industrial development
of AS.

Key words amylosucrase, homology modeling, unfolding, GNM, iterative GNM
DOI: 10.3724/SP.J.1206.2013.00044

Amylosucrase(AS) is a kind of glucosyltransferase
(E.C.2.4.1.4) belonging to the glycoside hydrolase
(GH) family 13 according to the carbohydrate-active
enzymes classification!". The first AS was identified
in Neisseria perflava as early as 1946 M. Several
decades later, MacKenzie et al.P identified intracellular
AS in six other Neisseriae species, and later an
extracellular Neisseria polysaccharea AS (NpAS) was
discovered®. Until recently AS has only been found in
bacteria from the genus of Neisseria”, Deinococcus™?,
Alteromonas ' and A rthrobacter™. NpAS is the only
AS for which several structures, alone or in complex
with sucrose substrate or products are available to
datel> ], According to crystal structures, AS possesses
the characteristic (B/a)s-barrel catalytic A domain, a

B domain between B3 and «3 of the -catalytic
A domain, and a C-terminal domain consisting of a
sandwich of two Greek key motifs. In addition to
these common structural features of GHI13, AS
also possesses two unique domains: an «-helical
N-terminal domain and a B' domain between 37 and
a7 of the catalytic core, which is suggested to be
involved in the polymerase activity of this enzyme.

The B and B' domains contribute largely to the
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formation of the active site pocket!”.

Unlike many other enzymes of the GH13, which
mainly degrade polyglucan, AS is a very exceptional
one since its main role is to catalyze the produce of the
insoluble polysaccharides. In the presence of an
activator polymer i.e. glycogen, in wvitro, AS is
able to catalyze the synthesis of an amylose-like
polysaccharide composed of only a-1, 4-linkages using
sucrose as the only energy source™. In the absence of
glycogen, the reaction pathways however become
much more complicated, including polymer synthesis,
hydrolysis of sucrose, synthesis of smaller
maltosaccharides, and synthesis of sucrose isoforms!.
Hydrolysis, however, is always a minor side reaction
under each circumstance. The function of AS in vivo is
undoubtedly  the

oligosaccharides, which is clearly demonstrated by the

extension of  glycogen-like
formidable increase in k. observed when glycogen is
present!'”. In contrast to AS, other enzymes responsible
for the synthesis of such amylose-like polymers require
the addition of
sugars!®. Amylosucrase can also be used to modify the

expensive nucleotide-activated
structure of polysaccharides such as glycogen by the
addition of «-1, 4-linked glucosyl units ). These
properties make AS a kind of interesting and
promising enzyme for industrial applications.

Among the AS discovered so far, NpAS is the one
which is studied most. Although of great potential for
industrial applications, NpAS suffers from a low
catalytic efficiency on sucrose alone (k.=1+s") and a
weak thermostability (z,,[50C ]=3 min), limiting its
industrial development®. Directed evolution has been
catalytic
thermostability of NpAS . Searching for more

attempted to improve efficiency and
thermostable and efficient enzymes in the natural
diversity is another alternative that has motivated the
AS from
Deinococcus geothermalis (DgAS)®), and Deinococcus
radiodurans (DrAS)®. DrAS possesses similar stability

and activity properties with NpAS. With a specific

biochemical characterization of the

activity of 44 U emg~' at the optimal temperature of
50C, the recombinant DgAS is the most thermostable
AS characterized to dateP. Previously, we thoroughly
investigated the structure, dynamics and unfolding
properties of NpAS and DgAS to explain the reason
why DgAS is more stable than NpAS and reveal novel

insights into rational design on thermostability P

Recently, Seo es al/!". found a new AS (AcAS) from
Arthrobacter  chlorophenolicus A6  which is a
Gram-positive actinobacterium capable of surviving
under psychrophilic conditions. Their studies indicates
that AcAS is considerably heat-labile and exerting its
function as a monomer. Besides, AcAS produce more
soluble maltooligosaccharides and less insoluble
glucan than NpAS. Until now, the crystal structure of
AcAS has not been experimentally determined. In
order to figure out the detailed working mechanism of
AcAS, the 3D structure of AcAS was built by
homology modeling and the structures of AcAS, NpAS
and DgAS were carefully and thoroughly investigated.
In addition, the Gaussian network model (GNM) and
iterative GNM methods are also applied to gain insight
into the dynamics of three AS and unfolding property
of AcAS, and hopefully the results revealed in the
current work can be used as guides for practical
developments on the AS in the future.

1 Materials and methods

1.1 AcAS structure modeling

The sequence of the A rthrobacter chlorophenolicus
amylosucrase (AcAS) was obtained from the Universal
Protein Resource Knowledgebase (UniProtKB) with
accession number BSHONS. The crystal structures of
NpAS and DgAS with the highest resolution were
selected as templates. The sequence of AcAS was
aligned with NpAS and DgAS with CLUSTALX 2.
The 3D model of AcAS was generated according to
the standard protocol of MODELER !, The model
with the best score was then minimized by NAMD 4,
Altogether, 1 000 steps of steepest descent and 2 000
steps gradient
performed. Finally, a Ramachandran plot was obtained
using the PROCHECK ™! program to verify the quality
of the model.
1.2 GNM

The GNM was first proposed by Bahar et al. ™
within such a minimalist mindset to explore the role

of conjugate optimization were

and contribution of purely topological constraints,
defined by the 3D structure of protein. The GNM
describes a three-dimensional structure of protein as an
elastic network of Ca atoms connected by harmonic
springs within a certain cutoff distance. The cutoff
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distance is usually taken as 7.0 A, based on the radius
of the first coordination shell around residues observed
in PDB structures . GNM is more accurate when
evaluating the deformation magnitudes, or the
distribution of motions of individual residues™. The
detailed descriptions for GNM could be found in our
previous study®'.
1.3 Iterative GNM

The traditional GNM can only explore the
dynamics of the target protein with a specific

conformation. By breaking each "weak" contact
between nodes step by step, we have shown the
unfolding processes of proteins can be predicted by the
iterative GNM, with a reasonable accuracy™ 3!,

In this work, the iterative GNM was employed to
predict the unfolding behavior of the two AS. When
applying the iterative GNM, the interactions between
residues are divided into the covalent and the
non-covalent ones. In contrast to the traditional GNM,
the interactions between the covalent and the
non-covalent bonded ones are treated differently. The
spring constants between all pairs of non-bonded
residues within the cutoff distance are treated equally,
i.e. a single force constant y is employed. The
strengths of the interactions between all covalently
bonded pairs are defined by c¢vy, where ¢ is coefficient
and can be determined by fitting predicted fluctuations
against the crystallographic B-factors B%. Considering
all contacting residues, the internal Hamiltonian of the
system can be defined by Equation(1),

Vzé—y[AR"(F@E)AR] 1)

where y is the force constant of the harmonic
spring connecting each node; AR represents the
3N-dimensional column vector for fluctuations; E is
the third-order identity matrix; & represents the
operation of direct product; and I" is the N x N
symmetric Kirchhoff matrix in which the elements are
defined as:

~c if li—jl=1
-1 ifli-j1>1 and R;<r,

I= . @)
0 if li—j>1 and R;>r,

_Ej,j;éiri' if i=j

As the temperature of the system is gradually
increased, the native contacts among residues are
expected to
manner ™. The philosophy held by this method,

break in a fluctuation-dependent
therefore, is that the weakest interaction will be broken
first. In order to take the stochastic nature of thermal
denaturation into consideration, one can incorporate
some noise into the calculations during the real
simulation processes®™. In this work, the native contact
to be removed in each step was randomly selected
from contacts with the first three largest fluctuations,
and the calculations were performed 100 times for
each AS to get more reasonable results. The detailed
information for this method could also be found in our
previous study®'.

2 Results and discussion

2.1 Homology modeling of AcAS

To improve the accuracy of modeling structure,
the crystal structure of NpAS (PDB:1G5A) and DgAS
(PDB:3UCQ) with highest resolutions were selected as
templates to build the structural model of AcAS. The
sequence alignment of AcAS with NpAS and DgAS is
shown in Figure 1. The asterisk represents identical
amino acids present in three protein sequences. The
sequence identities between AcAS and NpAS, DgAS
are up to 57% and 44%, respectively.

In total, one hundred 3D models of AcAS were
generated using the known structure of NpAS and
DgAS with MODELER. The model having the best
score was considered as initial model of AcAS. The
initial model was refined using energy minimization in
NAMD, to allow the structure to relax gradually into a
final conformation. The refined model was then further
validated using PROCHECK to perform full geometric
analysis as well as stereo chemical quality of a protein
structure. According to the results from PROCHECK
91.2% residues of the refined model were located in
the favored region, 8.3% in the additional allowed
region, 0.5% in the generously allowed region and no
non-Gly residues were found in the disallowed region
(Figure 2). Therefore, the
considered as reasonable and could be employed for

refined model was

further analyses.
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"*" represents identical amino acids,

Psi(degrees)

Fig. 2 Ramachandran plot of the structure of AcAS
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Fig. 1 Sequence alignment result of AcAS with the template NpAS and DgAS
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2.2 Detailed comparison between the structures
of AcAS and NpAS/DgAS

AcAS, NpAS and DgAS are constituted by 643,
628 and 650 residues, respectively. The full length
AcAS can also be divided into five domains: A (97~
191, 268~ 402, 468 ~ 560), B (192~ 267), B' (403~

| T 467), N (1~96) and C domains (561 ~ 643).

|,71 According to sequence alignment, AcAS is more

: | similar with NpAS. Among the five regions, A, B and

— J_IJ ‘ B' domains are much more conserved than N and

e » C domains. For example, the B' domain of AcAS

i/?fa 532+ shares 75% and 62 % identical residues with those of

_180 135 90 _45 (I) 4|5 90A 13|5 180 NpAS and DgAS. As to the N and C domains of
Phi(degrees) AcAS, however, they share less than 30% identical

residues with those of NpAS and DgAS. Based on this
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fact, it is suggested that the structural model for the A,
B and B' domains of AcAS should be more accurate
than those for the N and C domains. In order to
improve the accuracy of the structural model for the N
and C domains, we also tried to employ some other
fragments-assemble methods, such as Rosetta and
I-TASSER. On the whole, these fragment-based
methods performed no better than the traditional

comparative modeling method according to the results
of PROCHECK (data not shown). Since the N and C
domains are generally believed to be not critical to the
function of AS, it is suggested that the structure model
for the N and C domains of AcAS are acceptable. The
detailed identity between each domain of AcAS and
NpAS/DgAS are listed in Table 1.

Table 1 The sequence identity of five domains between AcAS and NpAS/DgAS

NpAS DgAS
Identity
N A B B' C N A B B' C

N  24% 25%
A 66% 47%

AcAS B 63% 52%
B' 75% 62%
C 28% 23%

The catalytic domain A of AcAS adopts the
typical (B/a)g-barrel of GH family 13. The active site is
highly conserved with respect to that of NpAS and
DgAS (Figure 3a). D286 and E328 of NpAS are
critical to its catalytic functions. They are responsible
to the formation of a covalent glucosyl-enzyme

intermediate. D286 acts as nucleophile and E328 as a
general acid/base catalyst (proton donor)®>™, In AcAS
and DgAS, the corresponding positions are also
occupied by the same type of residues (E335 and D293
in AcAS, and E326 and D284 in DgAS). Beside the
two catalytic residues, in NpAS, there are another

Fig. 3 The structure superimpose of AcAS (green), NpAS (purple) and DgAS (orange)
Hydrogen bonds were represented by dotted line (cyan).
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three important residues: H187, H392 and D393,
which are known to play assistant roles in the catalysis
process. Particularly, D393 has been proved to act as a
stabilizer of the glucosyl-enzyme intermediate. In
AcAS and DrAS, all the corresponding positions are
also conserved, indicating they share the similar
catalytic mechanism with NpAS. Above the catalytic
site, there is an oligosaccharide binding site (OB1)
which is composed of surface residues of B, B' and A
domains. Most residues that constitute OBI are
conserved among the three AS except R226 (NpAS
numbering). R233 of AcAS is corresponding to R226
of NpAS, whereas the corresponding position in DgAS
is substituted by P219 (Figure 3a). It is pointed out that
the proline substitution in DgAS is responsible for
yielding more sucrose isomers (with almost equivalent
amounts of trehalulose and turanose) than NpAS B4,
Because of the conserved R233, the isomerization
activity of AcAS is similar to NpAS, rather than
DgAS!,

According to the NpAS in complex with
maltoheptaose (PDB code: 1MWO), there is another
oligosaccharide binding site (OB2) which is nearby the
catalytic site and OBI. In the OB2 site, A362, E365,
D413, H414, F417, D427, G428, S429, R432, and
ES583 participate in the oligosaccharide binding, either
through hydrogen bonds or VDW interactions. Most of
these residues in AcAS are conserved with respect to
NpAS except E365, D427 and ES583. In NpAS, the
negatively charged D427 forms a hydrogen bond with
the maltoheptaose with its sidechain carboxyl. This
corresponding position of AcAS is however occupied
by a proline residue (P434) (Figure 4). The substitution
destroys the hydrogen bond interaction and may
introduce unfavorable effect to binding owing to its
different physiochemical property. E365 and E583 of
NpAS also interact with the oligosaccharide through
hydrogen bonds. In AcAS, both of these two positions
are substituted by aspartate. Although glutamate and
aspartate are similar in physiochemical property, the
latter's sidechain is a carbon atom shorter than that of
the former. These shorter side-chains cannot form the
hydrogen bonding interactions with maltoheptaose
(Figure 4). All of these changes may reduce the affinity
for oligosaccharide and lead to a weaker
oligosaccharide binding at OB2 site in AcAS. It is
reported that the OB2 site provides an anchoring
platform to capture the polymer and direct the
branches towards the OB1 acceptor site for elongation™.

Therefore, compared with NpAS, the elongation
activity of AcAS is weakened owing to the weaker
affinity between OB2 site and oligosaccharide. This
property may make AcAS to synthesize more soluble
oligosaccharides and less insoluble glucan by AcAS
than NpAS!!. Interestingly, DgAS and DrAS also have
lower affinity towards maltooligosaccharides due to
the replacement of D413 and D427 in NpAS by an
alanine and a proline® *. That probably explains why
the polymerization activity of AcAS is more analogous
to DgAS and DrAS rather than to NpAS.

e (]
e A362 E583 d
A369 D596
H4l4
E365 "

7\

Fig. 4 The oligosaccharide binding site OB2
on AcAS (green) and NpAS (purple)
Hydrogen bonds were represented by dotted line (cyan).

As far as the length of A domain is concerned,
AcAS is the same as NpAS but are 10 residues shorter
than that of DgAS. There are mainly five insertions in
DgAS, namely *'RAHHG** (D1_Dg, abbreviation for
difference region 1 in DgAS), “°GRIE® (D2 Dg),
WLETG*(D3_Dg), *IGEGE* (D4_Dg) and *PLG*®
(D5_Dg). D1_Dg is a part of the extended loop region
(*LGTRAHHGKV*, see Figure 3c) which is
important to the formation of DgAS dimer.
Particularly, the salt-bride formed between R341 of
one monomer and D84 of another, together with that
formed between R74 and E25, are critical to the
stabilization of the DgAS homodimer™¥. However, the
vital salt bridge formers E25, R74 and D84 in DgAS
dimer are not conserved in AcAS and are substituted
by P37, A88 and H98, respectively. Therefore, AcAS
is not able to form a dimer owing to lack of the
extended loop and the two pivotal salt-bridges. D2 Dg
and D3_Dg prolong two helixes of DgAS (Figure 3b) a
turn, respectively. This makes the “*LETGDPGRIE*"
region form an additional hydrogen bonds network
(Figure 3b). The hydrogen bonds network reinforces
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the interaction between A and B' domain, which may
therefore contribute to the stability of DgAS. The
length of B and B' in AcAS is the same as NpAS, but
they are found shorter than that in DgAS. Domain B is
composed of 76 amino acid residues in AcAS (vs 81
residues in DgAS). The five longer residues
PIGEGE* (D4 _Dg) in DgAS is an additional loop
organized in two antiparallel B-strands (Figure 3d).
This insertion make the turn between the two
antiparallel B-strands flatter. In addition, according to
the complex structure of NpAS and sucrose molecules
(PDB code: 1IMW3), there is a surface sucrose binding
site in B domain and residues N207, Y210, N258 and
S260 are important for the sucrose binding. In AcAS,
N207, Y210 and S260 are however substituted by
D214, W217 and A267, respectively (Figure 3e). It is
suggested that the surface sucrose binding site may be
absent from AcAS.

The C domain of AcAS is composed of 83 amino
acid residues, whose length is similar to DgAS (85
amino acid residues). However, the C domain of
NpAS is only composed of 75 amino acid residues. In
sequence, AcAS has a conspicuous six residues
insertion region **GSPPES® (D1_Ac, abbreviation for
difference region 1 in AcAS) to NpAS, and DgAS has
a three residues insertion region *PLG™ (D5 Dg).
The D5 Dg belong to an eight residues loop
(**RDHPLGGM*") of DgAS which is found to interact
through polar interactions with D1_Dg (**RAHHG**)
from A domain of the second monomer and play a key
role in the dimer formation Y. In AcAS, the
corresponding loop (**PPE™, see Figure 3f) is three
residues longer than that of DgAS. The longer loop
may introduce the steric hindrance for the
dimerization, and it may partially explain why AcAS
exert its function as a monomer.

Additionally, another oligosaccharide binding site
(OB3) was found to be situated at the surface of
domain C in NpAS™. In OB3 site, N560, N562 and
F599 are identified as key residues for oligosaccharide
binding. However, in AcAS, N560 and N562 were
respectively replaced by an alanine and a histidine,
which break the hydrogen bonding interactions with
oligosaccharide. It is therefore presumed that AcAS
probably doesn't have the third oligosaccharide
binding site. The defectiveness of OB3 site could also
lead to the weaker affinity for oligosaccharide in AcAS
and might partially contribute to the weaker elongation
activity of AcAS.

2.3 Comparison among the dynamics of the
three AS

Motions captured by the elastic models of a
protein, specifically the first few slowest modes are
global in nature and have been reported to capture the
biologically and functionally relevant motions of a
protein® . They are able to represent conformational
changes around the native state and allow
capturing more energetically accessible structural
rearrangements “!. The slowest modes have also been
shown to correlate with the experimental observations
of conformational changes of proteins® #,

In order to capture the global motions of the three
AS, the cross correlation for the slow motions of the
three AS were calculated. Since the modes with low
frequency correspond to functional motions and those
with high frequency correspond to localized motions,
only the slow modes are used to improve the
signal/noise ratio. Here the first 40 modes are used for
AcAS, NpAS and DgAS. The results for AcAS, NpAS
and DgAS are depicted in Figure 5a~ c, respectively.
From Figure 5a, we found the cross correlation map
for the first slowest mode of the AcAS can be roughly
divided into two regions based on correlations. The
first region is constituted by residues from 1 to 343.
This region includes the N, B and the major half of the
A-domain (al ~a5 and Bl ~B5). These parts,
therefore, may move with a concerted manner since
they are topologically connected. The second region is
composed of the residues 344 to 643. These residues
constitute the B', C and the minor half of A-domain
(a6~ a8 and B6~ B8). Probably, the motions of these
parts are also weakly coupled together according to the
cross correlation map. Besides, it is noticed that the
motions of the C domain are highly concerted, with an
average correlation over 0.6. This just reflects the
topology of the C domain, which is purely constituted
by tightly packed B-sheets. According to Figure 5a, the
motions of the first region and the second region of
AcAS are negatively correlated, which means the two
regions may move along with two different directions.
Except these features, we also notice that the residues
from 100 to 260, representing the B and a part of the
A-domain (al ~a3 and Bl ~B3) are weakly
correlated with the second region, reflecting the
topology of the local structure. Although the overall
feature of the cross correlation map of three AS are
closely similar, it is found that the cross correlation for
the first region in AcAS are the weakest one and DgAS
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has a slightly stronger cross correlation whatever in the
first region or the second region. It is suggested that
the packing of the first region in AcAS is the loosest
and DgAS has the tightest packing of local structures.
These may partially explain why AcAS is heat-labile!"
and DgAS is the most thermostable AS among the
three ASPL.
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Fig. 5 The cross-correlation maps for the first 40
slow modes of AcAS (a), NpAS (b) and DgAS (c)
The A domain is decomposed into three parts because of the two
insertion domains, i.e. B and B'. Al part is composed of al ~ a2 and
B1 ~B3. A2 part is composed of a3 ~ a6 and B4 ~B7. A3 part is
composed of a7~ a8 and 8.

2.4 The unfolding property of AcAS
Understanding the unfolding process of a protein
is of great importance for the rational design of kinetic
stability. Kinetic stability is a measure of how rapidly a
a particularly
consideration for proteins that unfold very slowly or
aggregation or
proteolytic degradation. In cases such as these, it is not

protein unfolds. It is important

denature irreversibly, such as
the free energy difference between the folded and
unfolded state that is important. That will only
influence the equilibrium between the folded and
unfolded state, however, it is not an equilibrium
process anymore. The important thing is the free
energy difference between the folded and the transition
states (activation energy), for it is the magnitude of this
difference that determines the rate of unfolding and
hence inactivation. Clearly, it would be very helpful
for the rational design if we could gain some
information of the unfolding sequence of AcAS ahead
of the time consuming design and validation cycles.
With the prior knowledge of the unfolding properties
of AcAS, one can reinforce the weak parts specifically,
thus slowing down the unfolding paces and hence the
inactivation tendency. In order to figure out the
unbinding processes of AcAS, the iterative GNM was
performed as described in the method section. For the
sake of clarity, the connections between nodes are
into two types: the
connections and the

decomposed intra-domain

inter-domain  connections.
Obviously, the broken of the intra-domain connections
in one domain mainly describe the unfolding of the
domain itself, namely the unfolding of secondary
structures. In contrast, the broken of the inter-domain
connections stand for the unfolding around the
interface between domains. Here, the unfolding curves
for each domain and the interfaces between domains of
AcAS are displayed in Figure 6a and b, respectively.
The disconnection order for the intra and inter domain
connections together describe the whole unfolding
process of each domain.

According to Figure 6, before loss-number-of-
native contact (LNNC) = 265, the inner connections of
B and N domain disconnect quickly. The inter
connections of B domain with A domain were also
broken very fast, however, the connections between
the N and A domain remained untouched until around
the LNNC =500. The inter connections of N domain
still remained 58% until the 1350th step and began to
decrease quickly within 130 steps to zero. These
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suggest that N domain is coupled well with A domain
in AcAS. The C-domain collapsed rapidly at LNNC=
265 and LNNC =750 and became fully unfolded
around the 850th step, at which the other domains still
than 50%
inter-domain connections between C and A domains

remained more intra contacts. The

were also disconnected simultaneously. It is indicated

—~
o
~

Percentage of native contacts

500 1000 1500

LNNC

2000

that the topology structure of C domain in AcAS are
the least compact among the five domains. On the
contrary, the secondary structures of B and B' domains
broke slowly until the 1090th and 1540th step,
respectively. This suggests the topology structures of B
and B' domains are more compact than the others.

G

Percentage of native contacts

1500 2000

500 1000
LNNC

Fig. 6 The unfolding curves for each domain of AcAS

The unfolding curves for the intra and the inter domain contacts of AcAS are displayed in (a) and (b), respectively. —: N; —: B; —: B'; —: A; —: C.

Although the unfolding curves can tell the overall
unfolding sequence for each domain, it cannot display
the details of the unfolding process. In order to
monitor the details in the unfolding process of AcAS,
the contact map was plot and saved every 10 steps.
Since there are about two hundred plots for the whole
unfolding process of each AS, these plots are mainly
submitted to the supplementary materials for the sake
of saving space. Only the contact maps for the native
states and the LNNC = 100, 200 and 500 states of
AcAS are given by Figure 7a~d, respectively. Here
we arbitrarily define a contact as the weak if it was
broken within 500 steps, i.e. breaking approximately
20% of the total contacts. According to these figures,
the kinetically weak regions of the AcAS were
identified, and the results are displayed in Figure 8.
Since the contacts within each secondary structure are
relatively strong than those between two close
secondary structures, most weak regions of each
domain are found to be located around the interface
between two domains

Understanding the information about these weak
regions ahead of time will be quite helpful for our
following design and validation cycles. The kinetically
weak regions of AcAS are depicted by Figure 8. Being
the starting point of the unfolding (Figure 6a), the
contacts associated with the N and C domain of AcAS

are of course apt to be broken. In domain N, the
contacts among three «-helixes (region [ ), i.e.
“LSRER?, *ADPAF® and "ALVVQAA™,
disconnected at the very beginning of the unfolding

Wwere

process. For domain C, there are three weak regions,
namely P641~ P642(region II ), P582~ ES584(region V)
and A598 ~1630 (region V). Weak regions of N and
C domain are mainly located in the intra-domain,
which is consistent with the unfolding curve. Based on
the unfolding curves for these two domains, it is found
that they do not show large scale unfolding before the
500th step (Figure 6b). To exemplify the applications
of the predicted weak regions on stability engineering,
some suggestions on design were given as follow. A75
and A76 locate at an a-helix, forming a hydrophobic
core with F39 at another «-helix. In DgAS, the
corresponding positions are M61 and L62. According
to the structural model of AcAS, it is found the
packing between A75/A76 and F39 is not good
enough. Based on calculation, substituting A75 and
A76 with methionine residues could improve VDW
interactions by 1.35 and 2.68 kcal *mol-', respectively.
A598 is located at the B-turn of the C domain.
Empirically, alanine residue is not a good turn-maker.
According to Ramachandran plot, it is found that the
dihedrals for the backbone of A598 are suitable for the
proline residue. Because of its special side-chain,
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proline residues are prone to locate at turns. Properly
substituting a residue with a proline residue can
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notably decrease the conformational entropy of the
unfolded state, and thereby stabilizing the protein.
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Fig. 7 The contact maps for the native (a), LNNC= 100 (b), 200 (c) and 500 (d) states of AcAS

Each contact is represented by a "+" mark.

Fig. 8 Weak regions revealed by the iterative
GNM for AcAS
Weak regions are represented by yellow spheres. The center of each
sphere locates at the geological center of each weak region and the
diameter of the sphere roughly reflects the size of the weak region. The
used color code: catalytic domain A (red), domain N (blue), domain C
(cyan), domain B (orange) and domain B' (yellow).

According to the contact map of the native state
of AcAS (Figure 7a), it is found that there are only a
few connections between the B and B' domain. The
involving residues are 1235, F236 and P237 in the
B domain as well as F443, D445 in the B' domain
(region VI ). These connections were broken at the
beginning of the unfolding process as well (around
LNNC = 80). Actually, these residues constitutes the
important geometrical door of the main active site of
AcAS, therefore, the contacts between these residues
are likely critical for the functions of the enzyme.
Since these critical connections break at a very early
stage, AcAS may become inactive at the beginning of
the unfolding process. This may partly account for the
reason why AcAS is notoriously susceptible to heat.
Another weak region of domain B (region IV ) is
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located around the interface with the A domain (A2
part), which is composed of an «-helix in B domain
and a loop in A-domain. The two weak regions of
B domain explain why the unfolding curve for inter
contacts of B domain drop sharply during the first 80
steps (Figure 6). It is known that the domain B and B'
are very important for the activity and specificity of
AS™, therefore the connections among the B, B' and A
domains are likely crucial for the enzyme functions
and the weak regions [V and V could be an ideal
place for engineering to enhance the stability of AcAS.
The rest two weak regions are located in the domain
A:E147~ P509(region Il ) and S398~ H519(region VII).
These two regions are also important to the functions
of AcAS. Therefore, these regions could also be
suitable regions for engineering.

3 Conclusions

Compared with DgAS, AcAS exert its functions
as a monomer. This can be mainly attributed to its lack
of the extended loop (i.e. *'RAHHG™ in DgAS) and
two pivotal salt-bridges. In addition, the three residues
longer loop (**PPE™®) in AcAS may be harmful to the
dimer formation due to the introduction of steric
hindrance. On the whole, most functionally important
residues of AcAS are identical to those of NpAS. This
fact implicates the functions of AcAS are similar with
those of NpAS. For example, with the conserved R233
in active site, the isomerization activity of AcAS may
be similar with that of NpAS. On the other hand,
owing to the weaker oligosaccharide binding at OB2
site and the defectiveness of OB3 site, the elongation
activity of AcAS may be quite different with that of
NpAS. This just account for the lower yield of
insoluble glucan and increased yield of soluble
maltooligosaccharides catalyzed by AcAS. According
to the results of GNM, the structure of AcAS can be
roughly divided into two regions. The motions of the
two regions are negatively correlated, which suggests
they move along different directions. These functional
motions may be important to the binding of the
receptor molecule and the glucose. Finally, through
thoroughly investigating the unfolding pathway of
AcAS, we discovered eight kinetically weak regions
which could be suitable regions for engineering. In
particular, the weak regions IV and V, which locate at
the interface between B and B'A domain, are
proposed as the ideal place for engineering to enhance
the stability of AcAS.

In conclusion, the 3D structure of AcAS was
modeled using the crystal structures of NpAS and
DgAS as templates. The functions and dynamics
properties of AcAS were then thoroughly investigated.
The working mechanism of AcAS is similar with that
of NpAS however with some distinct differences. The
unfolding properties of AcAS were also carefully
studied to reveal novel insight into rational design on
thermostability. Based on the results of the iterative
GNM, some kinetically weak regions of AcAS were
identified. It was suggested these regions should be
ideal places for stability engineering. Hopefully these
useful to the

discoveries can be industrial

developments of AS.
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