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Acetylxylan esterase from Caldanaerobacter subterraneus subsp. tengcongen-
sis (TTE0866) has an N-terminal region (NTR; residues 23-135) between
the signal sequence (residues 1-22) and the catalytic domain (residues 136—
324), which is of unknown function. Our previous study revealed the crys-
tal structure of the wild-type (WT) enzyme containing the NTR and the
catalytic domain. Although the structure of the catalytic domain was suc-
cessfully determined, that of the NTR was undetermined, as its electron
density was unclear. In this study, we investigated the role of the NTR
through functional and structural analyses of NTR truncation mutants.
Based on sequence and secondary structure analyses, NTR was confirmed
to be an intrinsically disordered region. The truncation of NTR signifi-
cantly decreased the solubility of the proteins at low salt concentrations
compared with that of the WT. The NTR-truncated mutant easily crystal-
lized in a conventional buffer solution. The crystal exhibited crystallo-
graphic properties comparable with those of the WT crystals suitable for
structural determination. These results suggest that NTR plays a role in
maintaining the solubility and inhibiting the crystallization of the catalytic
domain.

Acetylxylan esterase (AXE; EC3.1.1.72) hydrolyzes the
acetyl groups from acetylated xylan [1,2]. AXE has
been proposed to be the initial enzyme in the biodegra-
dation process of cellulose acetate (CA), a plastic used
for membrane materials, by decreasing the degree of

substitution (DS) by acetate [3-5].

Abbreviations

We studied AXE from Caldanaerobacter subterra-
neus subsp. tengcongensis (a synonym for Ther-
moanaerobacter tengcongensis MB4; TTE0866) because
this enzyme can uniquely deacetylate CA with a high
DS of up to 2.45 [6]. TTE0866 is classified as a carbo-
hydrate esterase family 4 (CE4) by carbohydrate-active

AEX, anion-exchange chromatography; AXE, acetylxylan esterase; BSA, bovine serum albumin; CA, cellulose acetate; CD, circular dichroism;
CE, carbohydrate esterase; DS, degree of substitution; GlcNAc, N-acetylglucosamine; HIC, hydrophobic interaction chromatography; IDR,
intrinsically disordered region; IMAGEJ, image processing and analysis in java; Ni-NTA, nickel-nitrilotriacetic acid affinity chromatography; NTR,
N-terminal region; PONDR, predictor of naturally disordered regions; SEC, size exclusion chromatography; WT, wild-type.
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enzymes (CAZy), which include enzymes that hydro-
lyze N- or O-acetyl groups of chitin and acetylxylan
[7-9]. TTEO0866 is composed of three regions: a signal
sequence (residues 1-22), an N-terminal region (NTR;
residues 23-135), and a catalytic domain on the C-
terminus (CE4 domain; residues 136-324). The amino
acid number of TTE0866 described in this report cor-
responds to the protein including the signal sequence.
We previously determined the crystal structure of wild-
type TTE0866 (WT), containing residues 23-324 (the
NTR and CE4 domains), to explain its high activity
toward CA with a high DS [10]. Although the active
site conformation of TTE0866 was highly similar to
that of other CE4 enzymes, the orientation of the tryp-
tophan residue (W264) near the active site was clearly
distinct. The orientation of W264 formed a uniquely
shaped cavity within TTE0866, which may contribute
to its reactivity toward CA with a high DS. In con-
trast, in the crystallographic analysis, the electron den-
sity of NTR was not observed. This indicates that the
NTR exhibits an undefined conformation or is trun-
cated during crystallization.

In this study, we investigated the functional role of
the NTR of TTE0866. The NTR of TTE0866 has sev-
eral characteristics, as suggested by sequence analysis
[10]. The NTR is mostly comprised of hydrophilic and
charged amino acid residues. The NTR was homolo-
gous to eight proteins, with approximately 30%
homology. All retrieved sequences were from the
region adjacent to the CE4 homologous region, and
seven were from the genus Thermoanaerobacter.
Despite these similarities, their functions have not yet
been elucidated. Additionally, a CE4 enzyme with a
functionally unknown disordered N-terminal region
has been reported [11]. Our study revealed the impor-
tance of the NTR in maintaining protein solubility.

Materials and methods

Preparation of WT, TTE*2°, TTE*4°, TTE2®%?,
TTE*S?, TTE*®®, TTEA'?, and TTEA"®

To examine the role of NTR, we prepared truncation
mutants: TTE*?*, TTE*°, TTE®2, TTE*®, TTE*¥,
TTEA' and TTEAHO, in which the N-terminal amino acid
residues were truncated by 20, 40, 52, 60, 80, 100, and 110,
respectively (Fig. S1). The gene encoding TTE0866 was
cloned into the pET-32b plasmid vector (Novagen, Madi-
son, WI, USA). PCR amplification was performed using a
Veriti200 thermal cycler (Thermo Fisher Scientific, Wal-
tham, MA, USA). Site-directed mutagenesis was performed
using a PrimeSTAR mutagenesis kit (Takara Bio, Shiga,
Japan) and a KOD Plus mutagenesis kit (Toyobo, Osaka,
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Japan). The primers used are listed in Table S1. E. Roset-
ta2 (DE3) pLysS cells (Novagen) harboring the expression
plasmid were cultured in Luria-Bertani (LB) medium, and
expression of the gene was induced by isopropyl B-D-1-
thiogalactopyranoside (IPTG). Purification of WT, TTE*%,
TTEA*, TTE**, and TTE*® was performed as previously
described [10]. Purification of TTE*®, TTE*'%, and
TTE*'"® was performed by a slightly modified procedure
using hydrophobic interaction chromatography (HIC) with
a HiTrap Butyl HP column (Cytiva, Tokyo, Japan) instead
of anion-exchange chromatography (AEX). Protein purity
was confirmed by SDS/PAGE. Protein concentrations were
determined by measuring absorbance at 280 nm using a
NanoDrop2000 UV-Vis spectrometer (Thermo Fisher Sci-
entific). Molecular weight (molar extinction coefficient; ¢)
of TTE*®, TTE**, TTE**2, TTEA®, TTE**, TTEA!?,
and TTEA''? are 34 510 (26 740 M Lcm™'), 32 010 (21 620
M tem™h), 29 849 (21 620 M 'em™!), 28 373 (20 340
M~ lem™), 27 588 (20 340 m'em™!), 25 299 (20 340
M tem™h), 22 941 (20 340 M~ t-em™!), and 21 908 (20 340

M~ em ™), respectively.

Preparation of WT and TTE*'? for enzymatic
reactions

We previously found that the active site of WT was occu-
pied by Ni*" jons taken up by nickel-nitrilotriacetic acid
affinity chromatography (Ni-NTA) during purification [10].
Therefore, to investigate metal dependency, we avoided the
use of Ni-NTA to purify WT and TTEA!1?.

Proteins from sonicated and heat-treated solutions of
recombinant E. coli were separated by AEX on a HiTrap
Q column (Cytiva). The fusion tag was cleaved using PreS-
cission protease (Takara Bio). Separation of the WT and
the fusion tag was performed by AEX using a HiTrap Q
column. The final purification step was size-exclusion chro-
matography (SEC) using a HiLoad 26/600 Superdex 75
prep-grade column (Cytiva).

Proteins from sonicated and heat-treated solutions of
recombinant E. coli were precipitated by a 40% saturation
concentration of the ammonium sulfate fraction. The next
purification step was AEX, using a HiTrap Q column. The
separation of TTE*!® and the fusion tag was performed by
HIC using a HiTrap Butyl HP column. The final purification
step was SEC using a HiLoad 26/600 Superdex 75 prep-
grade column. Purified WT and TTE*'® were dialyzed over-
night in the presence of 50 mm EDTA to remove metal ions,
and the solvent was substituted with 50 mm sodium phos-
phate buffer (pH 8.0) containing 150 mm NaCl.

Preparation of NTR fragment

For expression of the NTR fragment, we used the
NP°(EDDIE) expression system, a mutant of the N-
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terminal auto-protease from classical swine fever virus [12].
The gene encoding NP’ (EDDIE)-NTR was cloned into the
pET-11a plasmid vector (Novagen) using an In-Fusion HD
cloning kit (Takara Bio). E. coli BL21 (DE3) pLysS cells
(Novagen) harboring the expression plasmid were cultured
in LB medium, and gene expression was induced by IPTG.
Subsequent purification using the NP™(EDDIE) expression
system followed the procedures described by Goda et al.
[13]. The final purification step was AEX, using a HiTrap
Q column. Protein purity was confirmed by SDS/PAGE.
MALDI-TOF MS measurements, using a Bruker Autoflex
III mass spectrometer, showed that the molecular weight of
the NTR fragment was 13 039, which matched well with
the molecular weight calculated from the amino acid
sequence (13 076). Protein concentrations were determined
by measuring absorbance at 280 nm wusing a Nano-
Drop2000 UV-Vis spectrometer [molecular weight 13 076;
molar extinction coefficient (g) = 6400 M~ '-cm™'].

Circular dichroism (CD)

The CD spectra were obtained on a J-820 spectropolarime-
ter (Jasco, Tokyo, Japan) equipped with a Jasco PTC-423L
temperature controller using a 1 mm cuvette. The protein
solution (0.2 g-L™") contained 20 mm Tris—HCI buffer (pH
8.0) and 150 mm NaCl. Tj,-values were calculated by mea-
suring the CD signals at 222 nm from 20 to 90 °C.

Limited proteolysis

Proteolysis of NTR fragment and bovine serum albumin
(BSA) was performed using trypsin digestion at 25 °C in
15 mm sodium phosphate buffer (pH 7.0) and 50 mm
NaCl. For 4 pg of trypsin, 265 pg of the NTR fragment or
50 pg of BSA was used. Proteolysis was stopped by the
addition of 10% acetic acid. Digestion was examined by
separating the protein fragments using SDS/PAGE.

Size exclusion chromatography

Analytical SEC was performed using an AKTA FPLC
equipped with a Superdex 75 Increase 10/300 GL column
(Cytiva), where 100 pL of protein solution (1.0 mg-mL™")
was applied to the column and eluted with 20 mm Tris—HCl
(pH 8.0) buffer containing 150 mm NaCl. The UV absorp-
tion at 280 nm was monitored during the measurements.

Enzymatic activity

N-acetylglucosamine (GIcNAc) was purchased from Naca-
lai Tesque (Kyoto, Japan). (GlcNAc), s were purchased
from Tokyo Chemical Industry (Tokyo, Japan). (GIcNAc)g
was purchased from MegaZyme (Bray, Ireland). The reac-
tions were conducted using 2 mm substrate, 5 uM metal
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chloride, and 1 pm enzyme in 50 mM potassium phosphate
buffer (pH 8.0) and 150 mm NaCl. The reaction mixture
was incubated at 60 °C. The carboxylic acid concentrations
were determined three times every 10 min based on the
procedure reported by Sakai et al. [14] using a standard
curve plotted against the standard acetate (0-0.2 mm).

Protein solubility

The solubility of WT, TTEA®, TTEA%, TTEAS, TTEA®,
TTE*, TTEA', and TTE2'? to the buffers was evalu-
ated by quantifying the soluble protein concentration after
dialysis against 20 mm Tris—HCI (pH 8.0) buffer with 0 or
150 mm NaCl at 10 °C for 16 h.

After dissolving the ammonium sulfate precipitate of
WT and TTE*® into 20 mm Tris-HCI (pH 8.0) buffer
containing 100 mm NaCl, 100 pL of protein solution
(100 um) was dialyzed against 20 mm sodium phosphate
(pH 6.0) buffer, 20 mm Tris=HCl (pH 8.0) buffer, or
20 mm CHES-NaOH (pH 10.0) buffer containing 0, 50,
100, and 150 mm NaCl at 10 °C for 16 h. The dialyzed
solutions were centrifuged at 20 000 g for 30 min. The
supernatant volume was adjusted to 100 pL using a
microsyringe. Protein concentrations were determined by
measuring absorbance at 280 nm using a NanoDrop2000
UV-Vis spectrometer. The protein concentrations were
averaged over three independent experiments.

To check the effect of NTR on TTEA!? solubility, 200 pm
TTEA!® (50 pL) and 0, 100, 200, 300, and 400 pm NTR frag-
ments (50 pL) were mixed in 20 mm Tris—-HCI (pH 8.0) buffer
containing 100 mm NaCl. The protein solution was dialyzed
against 20 mm Tris—HCI (pH 8.0) buffer at 10 °C for 16 h.
The dialyzed proteins were centrifuged at 20 000 g for
30 min. The supernatant volume was adjusted to 100 pL
using a microsyringe. The amount of soluble TTEA!'% was
quantified by SDS/PAGE band intensity using image process-
ing and analysis in the JAVA (IMAGEJ) program [15].

Crystallization and structure determination

After dissolving the ammonium sulfate precipitation of
TTE*!% into 20 mm Tris—-HCI (pH 8.0) buffer containing
100 mm  NaCl  conditions, the protein  solution
(9.0 mg-mL™") was dialyzed against 20 mm Tris—-HCI (pH
8.0) buffer containing 100 mm NaCl. The solution obtained
was incubated at room temperature for 3 days to generate
protein crystals. Prior to flash-cooling in a nitrogen flow at
—180 °C, the crystals were cryoprotected with 20 mm Tris—
HCI (pH 8.0) buffer, 100 mm NaCl, and 25% glycerol.
Diffraction data were collected on the beamline BL45XU
at SPring-8 (Hyogo, Japan) using the zoo program [16].
Diffraction data from multiple crystals were merged using
the kamo program [17]. The diffraction data were inte-
grated using the xps package [18,19]. Scaling was
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performed using the AIMLEss program [20]. The initial phase
of the crystal was determined by molecular replacement
using MOLREP from the CCP4 suite based on the crystal
structure of TTE0866WT (Protein Data Bank (PDB) ID:
7FBW) [21]. Structural refinement was performed using
REFMACS from the CCP4 suite [22].

Results and discussion

Structural analysis of NTR

We examined the sequence characteristics of NTR
using predictor of naturally disordered regions
(PONDR) and ITUPred [23,24]. The NTR had a low-
homology repeated sequence (Fig. S2). The NTR exhi-
bits sequence identity only to the region adjacent to
the CE4 homologous domain from the genus Ther-
moanaerobacter (approximately  30% homology),
which is a highly hydrophilic region [10]. However, the
amino acid sequence of the NTR did not match any
functionally annotated proteins. Next, we applied mul-
tiple protein disorder prediction methods to the NTR
sequences. The disorder prediction in Fig. IA was
made using PONDR, which predicts disorder based on
sequence attributes typically found in regions that are
absent in X-ray and nuclear magnetic resonance struc-
tures [23]. The results showed that TTE0866 was dis-
ordered in Asn55 to Asn92, located in the NTR. The
disorder prediction shown in Fig. 1B was made using
IUPred, which predicts disorder by analyzing pairwise
energies between local protein sequences and predict-
ing the likelihood that they will form globular struc-
tures [24]. The results showed that TTE0866 was
disordered from Leu47 to Asp94 located on the NTR,
which matched well with the results obtained in
PONDR. The residues 23-46 were confirmed to be a
highly hydrophilic region similar to the residues 47-94
by the hydropathy plot described in the previous study
[10]. Thus, the majority of the NTR (72 of 113 resi-
dues, 64%) is a disordered region.

We examined the secondary structure of NTR using
circular dichroism (CD). CD spectra of WT (residues
23-324) and NTR fragment (residues 23-137) are
shown in Fig. 1C. The WT exhibited ellipticity minima
at 210 and 220 nm, typical of proteins composed of a-
helices and B-strands. By contrast, the NTR fragment
exhibited a single minimum at 200 nm, typical of
unstructured conformation [25,26]. The spectral shape
was similar to the CD spectrum with 60% random
coils in the sequence [27]. The percentage of random
coils was corresponding to the percentage indicated as
a disordered region in the prediction (64%). We con-
ducted limited proteolysis for the NTR fragment,
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Fig. 1. Properties of NTR. Disorder predictions of TTE0866 by (A)
PONDR and (B) IUPred. Predicted disordered regions are the
region above 0.5. (C) CD spectra of WT (black) and NTR (gray). (D)
NTR or BSA were incubated with trypsin for the indicated times.
Proteins were separated by SDS/PAGE and visualized by
Coomassie brilliant blue.
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based on the finding that protease cleavage is more
likely to occur in disordered regions than in structured
regions [28,29]. Bovine serum albumin (BSA) was used
as the control. The NTR fragment and BSA were
exposed to trypsin for 2, 10, and 30 min and analyzed
using SDS/PAGE. The NTR fragment was partially or
completely digested, whereas BSA resisted digestion
throughout the time course of the protease treatment
(Fig. 1D). The results of sequence analysis, CD spec-
tra, and limited proteolysis confirmed that the NTR
holds the known characteristics of intrinsically disor-
dered regions (IDRs) [30,31]. Although many IDRs
for hydrolases have been found, the average lengths of
IDRs are 44 and 12 amino acids for eukaryotes and
bacteria, respectively [32]. The percentages of proteins
with IDRs of 30 or more residues were 2.0%, 4.2%,
and 33.0% for archaea, eubacteria, and eukaryotes,
respectively [33]. Thus, the length of the NTR (113
amino acids) is unique among IDRs found within bac-
teria. To the best of our knowledge, this is the first
example of an IDR present in an extracellular enzyme
from a thermophilic anaerobic bacterium.

Properties of the NTR-truncated mutants

To examine the role of NTR, we investigated the stability
against temperature and denaturation for WT, TTEA?,
TTE*, TTE*?, TTE*®, TTE*’, TTE*'®, and
TTE*"? based on secondary structure analyses using
CD spectra. WT, TTEA?°, TTEA*, TTE*>2, TTEA%,
TTE*®, TTE*', and TTE2''® were successfully
obtained (Fig. 2A). SDS/PAGE of these truncation
mutants revealed a stepwise molecular weight decrease
resulting from truncation of the NTR. The CD spectra
of WT, TTE*®, TTE**, TTE**, TTE*®, TTE*¥,
TTEA'®, and TTEA''® suggested that the secondary
structure content increased as the truncated NTR
regions were extended (Fig. 2B). T,-values of WT,
TTEA' and TTEA''? were estimated as 78.4, 76.8, and
78.4 °C, respectively (Fig. S3). These results suggest that
thermostability is not significantly affected by NTR
truncation.

To understand the effect of NTR truncation on the
solution structure, the elution volumes of WT,
TTE*, TTE**, TTE*?, TTE*®, and TTE** were
investigated using analytical SEC. The elution volumes
of WT, TTE*®, TTE**, TTE*? TTE*®, and
TTE* were respectively observed at 10.6, 10.7, 11.0,
11.7, 122, and 12.8 mL (Fig. 2C). WT, TTE**,
TTE*, TTE*S?, TTE*®, and TTE*® exhibited single
peaks corresponding to molecular weights of 44 000,
43 000, 38 000, 31 000, 26 000, and 20 000, respec-
tively, based on the calibration standard. The
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Fig. 2. Properties of NTR truncation mutants. (A) SDS/PAGE for
WT, TTEA%, TTEA, TTEA®?, TTEA, TTEA®, TTEA'®, and TTEA®.
(B) CD spectra and (C) SEC analysis. SECs were normalized to the
peak tops of each sample. Samples: WT (black), TTE2?° (gray),
TTEA (yellow), TTE*®? (green), TTE*®® (purple), TTE*®® (brown),
TTEA'® (red), and TTEA"® (blue).

molecular weights of the monomers calculated from
the amino acid sequences of WT, TTEA?, TTEA%,
TTE*?, TTE*®, and TTE** were 34 000, 32 000,
30 000, 28 000, 27 000, and 25 000, respectively,
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roughly matching the estimated values. On the con-
trary, TTE*'% and TTE*''® gave two peaks: 10.5 and
123 mL for TTE2'’, and 10.7 and 12.5 mL for
TTE*''". The elution volume of the first peaks of
TTEA® and TTE*'" corresponded to molecular
weights of 46 000 and 43 000, respectively, and the
second peaks of TTEA'® and TTE*''® corresponded
to molecular weights of 25 000 and 23 000, respec-
tively, based on the calibration standard. The molecu-
lar weights of the monomers, calculated from the
amino acid sequences of TTEA'® and TTEA!'?, were
23 000 and 22 000, respectively. The first and second
peaks of TTEA'® and TTE*!® were expected to be
dimers and monomers, respectively. Based on the peak
area, the dimer-to-monomer percentage of TTEA!%
was 10% and 90%, and the dimer-to-monomer per-
centage of TTE*!® was 20% and 80%, respectively.
These results suggest that complete truncation of the
NTR causes dimerization of the protein.

Enzyme activities of the WT and NTR-truncated
mutant

The effect of NTR on the enzymatic activity was
investigated by comparing the catalytic activities of
WT and TTE*!®. (GIcNAc), ¢ were used as sub-
strates, and the released carboxylate (acetate) ions
were monitored by chemical methods [14].

Most functionally determined CE4 enzymes use diva-
lent metal ions such as Co”*, Ni**, and Zn*" [34-37].
Co?*, Ni?*, and Zn*" were added to the WT reaction
solution and the enzymatic activity toward (GIcNAc);
was measured. The results showed that the specific activ-
ity of WT was 0.027 4 0.005 U-mg . The specific activ-
ities in the presence of Co”*, Ni*, and Zn>" were
0.26 + 0.01, 0.22 + 0.01, and 0.094 + 0.014 U-mg™ ",
respectively. Thus, the optimum metal ion for TTE0866
was Co*".

The specific activities of WT and TTE*'% toward
(GIcNAc), ¢ are shown in Table 1. WT and TTEA'®
were inactive toward the GIcNAc monomer. The speci-
fic activities of the WT and TTE*'® increased as the
chain length of the substrate increased from
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(GlcNAc), to (GleNAc)g. Although the specific activity
of TTE*'® for each substrate was decreased by 54—
83% compared with the WT, the removal of the NTR
region did not completely lose its catalytic activity.

Protein solubilization by NTR

The solubilities of NTR-truncated mutants were exam-
ined. Ammonium sulfate precipitates of the WT,
TTEA?, TTEM, TTEAS, TTEA®, TTEAS, TTEA,
and TTE*"'® mutants were dissolved in 20 mm Tris—
HCl (pH 8.0) buffer containing 150 mm NaCl. The
WT, TTE*, TTE*, TTE*?, TTE*®, and TTE**
mutants were completely dissolved even after removing
NaCl by desalting the salt, whereas TTE*!% and
TTE*''® mutants formed precipitates and the protein
concentration in the solution decreased significantly.

WT and TTE*'% were dialyzed for 16 h in 20 mm
Tris—HCI (pH 8.0) buffer containing 0, 50, 100, and
150 mm NaCl. Soluble proteins at each salt concentra-
tion are shown in Fig. 3A. The supernatant protein
concentration, when dialyzed in 150 mm NaCl, was set
to 100%. The solubility of WT did not change with
salt concentration, suggesting high solubility of WT.
By contrast, the solubility of TTEA' was strongly
dependent on the NaCl concentration, which was sig-
nificantly lower at 0 M NaCl. The experiment was also
performed using 20 mm sodium phosphate buffer (pH
6.0) and 20 mm CHES-NaOH (pH 10.0) buffer
(Figs S4A,B). The results showed that WT was com-
pletely dissolved at pH 6.0 and pH 10.0, without being
affected by the NaCl concentration. TTE*!? showed
the lowest solubility with 0 m NaCl at pH 6.0 and pH
10.0, similar to the tendency at pH 8.0.

The solubility of TTE*!?’ was improved by addition
of the NTR fragment (Fig. 3B and Fig. S5). NTR
fragments (0, 50, 100, 150, and 200 pm) were added to
100 uv TTEA® in 20 mm Tris-HCI buffer (pH 8.0).
The solubility of TTEA' was comparable with that of
WT when an equal molar amount of NTR fragment
was added to TTE*'® (Fig. 3A). This indicates that
covalent linking of the NTR fragment is not necessary
to dissolve the catalytic domain of TTE0866.

Table 1. Substrate specificity of WT and TTE2'®. The substrate was incubated with 1 um WT and TTE2' for three times every 10 min at

60 °C, and released acetic acid was measured using chemical methods. One unit means the amount of enzyme that produces 1 pm-min~
products. The data were averaged over three independent experiments.

1

Specific activity (U-mg™")

(GlcNAC), (GlcNAC); (GlcNAC), (GlcNAC)s (GlcNAC)g
WT 0.075 + 0.002 0.27 + 0.01 1.1+ 0.1 2.2 4+ 0.1 2.8+ 0.1
TTEAM 0.018 + 0.015 0.045 + 0.010 0.35 + 0.05 0.81 + 0.02 1.3 + 0.1
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Fig. 3. Protein solubiliies of WT and TTEA'.  (A) Protein
concentration of the WT and TTE2'%° under 20 mm Tris—HCI (pH
8.0) containing 0, 50, 100, and 150 mm NaCl. Samples: 100 uv WT
(closed circles), 100 um TTEA'® (open circles), and 100 pm TTEAT
with 100 um NTR fragment (triangles). (B) The solubility of TTEA%°
(100 pm) in the presence of NTR fragment (0, 50, 100, 150, and
200 pv) in 20 mm Tris—HCI (pH 8.0). Proteins were separated by
SDS/PAGE and visualized by Coomassie brilliant blue (Fig. S5). The
band intensity was evaluated by imMAGEJ program. Values are
presented as the means + SD (n = 3).

TTEA' formed precipitates at low salt concentra-
tions. Precipitation was observed in 20 mm sodium
phosphate (pH 6.0), 20 mm Tris-HCI (pH 8.0), and
20 mm CHES-NaOH (pH 10.0) buffers. The precipi-
tates were crystalline (Fig. $6). TTE*'? dissolved in
20 mM sodium phosphate buffer (pH 6.0), 20 mm
Tris—=HCl (pH 8.0), and 20 mm CHES-NaOH (pH
10.0) buffer containing 100 mm NaCl were crystallized
during storage at room temperature for 3 days. Com-
paring the crystal sizes of the 0 M and 100 mm NaCl
conditions, a large number of small crystals were
observed under the low salt concentration, whereas rel-
atively large crystals were observed under the 100 mm
NacCl conditions.

IDR for crystallization inhibition of catalytic domain

Fig. 4. Crystallization of TTE2'®. Precipitation formed during
storage at room temperature for 3 days. Scale bars = 0.1 mm.

Structure determination of NTR-truncated
mutant

When the protein concentration was increased to pro-
mote crystallization, TTE*'% (9.0 mg-mL™") dissolved
in 20 mm Tris—HCI (pH 8.0) buffer containing 100 mm
NaCl crystallized during storage at room temperature
for 3 days (Fig. 4). X-ray crystallographic analysis was
performed using the crystalline particles. We success-
fully obtained the crystal structure of TTEA'. The
TTEA' crystal diffracted to 2.45 A resolution and
belonged to the space group 72,2,2;. The initial phase
was determined by molecular replacement. The crystal
structure was refined to Rpys and Reee of 19.1% and
23.0%, respectively. The data collection and refine-
ment statistics are summarized in Table 2. The elec-
tron density of residues 136-321 was clearly observed,
whereas that of residues 123-135 and 322-324 was not
found. The regions that could be clearly visualized in
the crystal structure were identical to the previously
determined crystal structure of the WT (observed
region: 136-321). In the superposition of both
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Table 2. Data collection and refinement statistics.

TTEA'C (residues 123-324)

Data collection
X-ray source
Wavelength (A)
Space group
Unit cell parameters (A)
Resolution range (A)
Rmerge (Cyo)a'b
Completeness (%)?
Total reflections®
Unigue reflections?®
Redundancy?®
lfo(l)?
CC0°

Refinement
Resolution range (A)?
Number of reflections®
Hcryst/Rfree (o/o)a,c,d
RMSD bond length (A)

BL456XU
1.0000
1212424

a=63.09, b=106.40, c= 117.78

39.91-2.45 (2.565-2.45)
17.0(91.2)

99.9 (99.9)

164 936 (18 190)

14 957 (16561)

11.0 (11.0)

14.3 (3.9)

0.993 (0.840)

39.94-2.45 (2.514-2.450)
14 234 (1529)

19.1 (26.5)/23.0 (29.6)
0.012

RMSD bond angle (°) 1.868
Number of atoms 1529
Protein 1488
Metal 1
Ligand 6
Water 34
Average B-factor
Protein 40.5
Ligand 64.1
Water 324
Ramachandran plot (%)®
Favored 95.7
Allowed 3.3
PDB code 7Y51

®Values in parentheses are for the highest-resolution shell;
meerge :Ehk\z‘}/hm — <lhkl>:/2hklzi/hk\,j: where Ihkl,J is the intensity
of the observation, and hy; and </> are the averages of the
symmetry-related  observations of a unique reflection.;
“Reryst = ZiFol — |Fol/ZiFo), where F, and F; are the observed and
calculated structure factor amplitudes, respectively.; ¢Riee Was cal-
culated using a randomly selected 5% of the dataset, which was
omitted from all the stages of refinement.; ®Ramachandran plots
were prepared for all residues, except glycine and proline.

structures, the positions of the main and side chains
were equivalent (root-mean-square deviations: 0.12 A;
Fig. S7).

The molecular interactions of NTR truncation were
investigated. Intermolecular contacts in the crystal
were visualized using symmetric operation, which dis-
plays neighboring symmetric molecules in a crystal lat-
tice. One molecule of the asymmetric unit (chain A)
was in contact with the —x, —y + 1/2 (chain A’), —y,
—z + 1/2 (chain A”), and —x + 1/2, —z (chain A’”)
symmetry operation of chain A through interfaces I,
II, and III, respectively (Fig. 5A). Interface I was com-
posed of electrostatic and hydrophobic interactions

K. Sasamoto et al.

(Fig. 5A,B). Two electrostatic interactions of interface
I with residues E138, K203, K204, D282, and E321
were observed around the N-terminus of both mole-
cules. In addition, electrostatic interactions of interface
I were observed among D260, D262, R265, and R275
residues and the same residues of the symmetric mole-
cule for a total of eight residues. The hydrophobic
interaction of interface I was observed among Y239,
1244, V254, V255, 1256, W257, 1285, and L320 resi-
dues and the same residues of the symmetric molecule
for a total of 16 residues. The electrostatic interaction
of interface II was observed among the E153, K154,
and D157 residues and the same residues of the sym-
metric molecule for a total of six residues (Fig. 5C).
The hydrophobic interaction of interface III was
observed among V211, Y215, 1246, A249, and L250
residues and the same residues of the symmetric mole-
cule for a total of 10 residues (Fig. SD).

Among interfaces I, II, and III, interface I had the
largest number of residues involved in molecular inter-
actions, with 34 residues. Therefore, interface 1 was
considered to form preferentially and more strongly
than the interfaces II and III. SEC results showed that
dimerization was observed in TTE?'® and TTEA''°
with almost truncated NTR, but not in WT to TTE*%
(Fig. 2C). This suggested that the cleavage of the
NTR promoted electrostatic interaction and assembly
at interface I to form a hydrophobically interacting
dimer (Fig. 5A,B). The symmetric interactions at inter-
faces II and III promoted the rapid assembly of dimers
to form crystals. Although our previous report could
not clearly refer to the presence of NTR in the crys-
tals, the present results suggest that NTR was cleaved
over a long crystallization time (6 months) and then
assembled and crystallized through electrostatic inter-
actions [10]. These results suggest that the NTR func-
tions in way to cover the molecular surface of the
catalytic domain and prevent dimerization, causing the
rapid formation of protein crystals.

Conclusion

In this study, we found that NTR was involved in the
prevention of crystallization of the catalytic domain in
TTE0866. The NTR was identified as an IDR by
sequence prediction, secondary structure analysis, and
limited proteolysis. The NTR fragment improved the
solubility of the NTR-truncated TTE*'?. As a result
of the decreased solubility, TTE*!'% was easily crystal-
lized in a conventional buffer solution without a pre-
cipitant, suggesting easy crystallization of the catalytic
domain. These findings provide new insights into the
role of the NTR region in CE4 proteins.
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Fig. 5. Molecular interaction of TTEA'®. (A) Molecular interfaces of chain A and A’, A", A""". Molecular interaction of (B) interface I, (C)
interface Il, and (D) interface Ill. Chain A is presented as a green ribbon and surface. Chain A", A", and A""" are presented as a gray ribbon.
The N-terminal amino acid residue (G136) is represented as a magenta sphere. The charged and hydrophobic amino acids are represented

as blue and red sticks, respectively.
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Table S1. Inverse PCR primers.

Fig. S1. NTR amino acid sequence of NTR truncation
mutants.

Fig. S2. Weak repetitive sequences of NTR.

Fig. S3. Temperature dependence of CD signals at
222 nm. Samples: WT (black), TTE*'® (red), and
TTE*'? (blue).

Fig. S4. Protein solubilities of WT and TTE*!'%. Pro-
tein concentration of WT and TTE*'% in (A) 20 mm
sodium phosphate (pH 6.0) and (B) 20 mm CHES-
NaOH (pH 10.0) containing 0, 50, 100, and 150 mm
NaCl. Samples: 100 pv WT (closed circles) and
100 pm TTE*'® (open circles). Values are presented as
the means + SD (n = 3).

Fig. S5. SDS/PAGE of TTE*'® (100 pm) in the pres-
ence of NTR fragments (0, 50, 100, 150, and 200 pm)
in 20 mm Tris—HCI (pH 8.0). Proteins were visualized
using Coomassie brilliant blue.
Fig. Se. Crystallization of
bars = 0.1 mm.

Fig. S7. Overall structure comparison of WT (PDB
ID: 7FBW) and TTE*!'. WT and TTE*'® are pre-
sented as magenta and green cartoons, respectively.
The sphere shows Ni*" ion.

TTEA!, Scale
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