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Keywords: EHEP; phlorotannin binding; Eisenia hydrolysis-enhancing protein (EHEP), which is a novel protein that has

solutionless crystal mount; native-SAD; biofuel. been identified in Aplysia kurodai, protects B-glucosidases from phlorotannin
inhibition to facilitate the production of glucose from the laminarin abundant in
brown algae. Hence, EHEP has attracted attention for its potential applications
in producing biofuel from brown algae. In this study, EHEP was purified from
the natural digestive fluid of A. kurodai and was crystallized using the sitting-
drop vapor-diffusion method. Native and SAD (single-wavelength anomalous
diffraction) data sets were successfully collected at resolutions of 1.20 and
248 A using wavelengths of 1.0 and 2.1 A, respectively, from crystals obtained in
initial screening. The crystals belonged to space group P2,2,2; and contained
one EHEP molecule in the asymmetric unit. All 20 S-atom sites in EHEP were
located and the phases were determined by the SAD method using the S atoms
in the natural protein as anomalous scatterers (native-SAD). After phase
improvement, interpretable electron densities were obtained and 58% of the
model was automatically built.

1. Introduction

Dramatic global increases in fuel demands have prompted a
search for renewable energy sources. Biofuels are a promising
alternative to fossil fuels because of their lower cost, renew-
able supply and reduced greenhouse-gas emissions (Ellabban
et al.,2014). Brown algae are considered to be ideal feedstocks
for producing biofuels (Enquist-Newman et al., 2014) because
they contain large amounts of laminarin that can be digested
to glucose (Wei et al., 2013) and further converted to the
biofuel alcohol by the fermentation process (Demirbas, 2011).

The sea hare Aplysia kurodai consumes brown algae as a
staple food, using S-glucosidases (akuBGLs) as catalysts to
hydrolyze the glycosidic bonds to produce glucose (Tsuji et al.,
2013) and making it an excellent model for investigating the
biofuel production process. However, phlorotannin, which is
also abundant in brown algae (La Barre et al., 2010), inhibits
the hydrolytic reaction of akuBGLs (Tsuji et al., 2017).
Moreover, previous studies have reported that phlorotannin
also inhibits the activity of several other enzymes, such as
hyaluronidase (Shibata et al., 2002), a-glucosidase (Kellogg et
al., 2014) and o-amylase (Kellogg et al., 2014). Interestingly,
Eisenia hydrolysis-enhancing protein (EHEP), which was

S

5
\45"*“- recently identified in the digestive fluid of A. kurodai, protects
s akuBGLs from this inhibition by binding and then precipi-
© 2020 International Union of Crystallography tating with phlorotannin, despite not possessing a catalytic
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function (Tsuji et al., 2017). Furthermore, it has been shown
that EHEP is a novel and unique protein, with no proteins
with homologous amino-acid sequences occurring in any other
organism, and it also binds to analogs of phlorotannin such as
gallic acid and tannic acid (Tsuji et al., 2017). Consequently,
EHEP has a high potential for application in the biofuel
industry. However, EHEP precipitates after binding to
phlorotannin and cannot be recycled at present, limiting its
potential application in industry.

An understanding of the ligand-binding mechanism of
EHEP could provide information on how it can be recycled,
and knowledge of the three-dimensional structure of EHEP
will be indispensable for this. In this study, we conducted
crystallographic analysis of EHEP. Because EHEP is difficult
to crystallize reproducibly and is a novel and unique protein,
we attempted to use the crystals obtained in initial screening
to determine the structure of EHEP by single-wavelength
anomalous dispersion using the S atoms in the native protein
as anomalous scatterers (native-SAD) using a long wave-
length.

2. Materials and methods
2.1. Preparation and characterization of EHEP

Native EHEP (25 kDa; GenBank BAV38197.1; Table 1) was
purified from the natural digestive fluid of A. kurodai as
described previously (Tsuji et al., 2017). This protein was then
further purified using size-exclusion chromatography (SEC)
on a Superdex 200 10/300 GL column (GE Healthcare) which
was equilibrated with 20 mM sodium acetate buffer containing
100 mM sodium chloride pH 6.0. The purified EHEP was
examined by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and was concentrated to 15—
25mgml~' using Vivaspin-4 columns (Sartorius, Gottingen,
Germany) with a molecular-weight cutoff of 5.0 kDa.

A previous study predicted that native EHEP possesses a
signal peptide in its N-terminus (Tsuji et al., 2017). To confirm
the molecular weight of mature native EHEP, MALDI-TOF
mass-spectrometric analysis of purified EHEP was carried out
using an Autoflex IIT Smartbeam mass spectrometer (Bruker).
After SEC purification, the EHEP was demineralized using
ZipTip (Merck) pipette tips packed with C4 resin. The sample
for MALDI-TOF mass spectrometry was then prepared by
mixing 1 ul EHEP with 1 pl matrix (sinapinic acid). The
sample was applied onto the MALDI target plates and dried
with a drier for several minutes. Spectra were then acquired
and analyzed using the Flex Analysis software.

2.2. Crystallization

Initial crystallization screening was performed using the
sitting-drop vapor-diffusion method with the JCSG Core I-1V
Suites and the PEGs Suite crystallization kits (Qiagen, Hilden,
Germany) at 20°C. Protein solution (1 pl) was mixed with an
equal volume of reservoir solution. Initial crystals were
obtained under condition No. 48 [0.2 M lithium sulfate, 20%
polyethylene glycol (PEG) 3350] from the JCSG Core II Suite,

Table 1
EHEP production information.

A. kurodai

MVTKVLLVSLALFALGTCQVAVNLCTQYGWPNGN
YPDPYDCRKYISCNGAVATVMSCALGTVENPN
TRNCDAYGNVPICQYALPSPIVVTNICNQYGW
GNGNFYHPYNCAEYIGCANGLTTVNACGAGQY
YDQALGRCALAGTGYCRQYVFTPPPAPVVYPD
GFDTYCSANNLATGIHPDPYSCFEFSYVECTFGR
TTHMPCPAGLSFDRSLLVCDGNRYQNCGGNVL
VGK

Source organism
Complete amino-acid
sequence

condition No. 7 (0.2 M disodium hydrogen phosphate, 20%
PEG 3350) from the JCSG Core III Suite and condition No. 40
(0.1 M HEPES pH 7.5, 25% PEG 8000) from the PEGs Suite.
However, crystal formation could not be replicated under
these conditions. Therefore, crystallization screening was
reattempted using the Crystal Screen -crystallization kit
(Hampton Research, USA), which resulted in crystals
appearing under condition No. 25 (1.0 M sodium acetate,
0.1 M imidazole pH 6.5) and condition No. 37 (8% PEG 4000,
0.1 M sodium acetate). Unfortunately, the crystallization
conditions could not be further improved owing to the poor
reproducibility of crystallization. The detailed crystallization
conditions for the diffraction experiments are summarized in
Table 2.

2.3. Data collection and processing

For data collection, the crystals obtained from initial crys-
tallization screening were soaked in cryoprotectant solution
consisting of reservoir solution supplemented with 20% (v/v)
glycerol and placed under a cold nitrogen-gas stream at 100 K.
Native diffraction data were then collected at a wavelength
of 1.0000 A on beamline BL-5A at Photon Factory (PF),
Tsukuba, Japan using a crystal from initial screening obtained
under condition No. 48 from the JCSG Core II Suite. To
determine the structure of EHFP, native-SAD data sets were
collected using a long wavelength of 2.1000 A on beamline
BL-17A at PF using a crystal obtained under condition No. 25
of Crystal Screen by rescreening, since crystals could not be
obtained again from condition No. 48 of the JCSG Core II
Suite. To reduce X-ray absorption by the solution at the long
wavelength, the solutionless crystal-mounting method was
applied for native-SAD data collection (Kitago et al., 2005)
using solutionless crystal-mounting tools (solutionless loop
and AFERO extraction—freezing robot; SYSCON, Japan)
developed in our laboratory.

To increase the anomalous signal with high redundancy,
eight native-SAD data sets [720° of rotation per data set, a
total of 11 520 (8 x 720/0.5) frames] were collected by the
exposure of eight positions of a single crystal. All of the data
sets were then indexed, integrated, scaled and merged using
XDS/XSCALE (Kabsch, 2010). The data-collection and
processing statistics are summarized in Table 3.

3. Results and discussion

In this study, native EHEP was successfully obtained from
A. kurodai with high purity (Fig. la). Sequence analysis
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Table 2
Crystallization.

Crystal for native data set Crystal for SAD data set
Method Sitting-drop vapor diffusion Sitting-drop vapor diffusion
Plate type 96-well 96-well
Temperature (K) 293 293
Protein concentration (mg ml™") 15-25 15-25

Buffer composition of protein solution
Composition of reservoir solution
Volume and ratio of drop 2 ul, 1:1
Volume of reservoir (pul) 75

20 mM sodium acetate buffer pH 6.0, 100 mM NaCl
0.2 M lithium sulfate, 20% (w/v) PEG 3350

Table 3

Data collection and processing.

Values in parentheses are for the outer shell.

Native Native-SAD
Diffraction source BL-5A, PF BL-17A, PF
Wavelength (A) 1.0000 2.1000
Temperature (K) 100 100
Detector ADSC Quantum 315 PILATUS3 6M
Crystal-to-detector distance 90.93 193.15

(mm)

Rotation range per image (°) 0.5 0.5
Total rotation range (°) 180 720 x 8
Exposure time per image (s) 0.5 0.5
Space group P2,2:2, P2,2,2,
a, b, c(A) 42.1, 65.3, 66.4 422, 65.3, 66.5
o, B,y (°) 90, 90, 90 90, 90, 90

Resolution range A)
Total No. of reflections

No. of unique reflections

Completeness (%)
Multiplicity
(Ilo(I))

RmcasT ( % )

50-1.20 (1.27-1.20)
409883 (64023)
56777 (8863)

97.7 (95.4)

721 (7.22)

17.71 (3.94)

7.6 (52.2)

46.6-2.48 (2.54-2.48)
1295445 (61166)
12330 (822)

97.7 (85.5)

105 (74.4)

91.88 (37.69)

6.9 (14.2)

T Rueas = 2 pua(N(KD/INGikl) — 172 3, [(hkD) — (IREID)|/ Yy 32, Ti(hKI), where
I(hkl) is the observed intensity for a reflection and (/(hkl)) is the average intensity
obtained from multiple observations of symmetry-related reflections.

(http://www.cbs.dtu.dk/services/SignalP/) predicted that the 17
N-terminal amino acids represent a signal peptide. To confirm
this, purified native EHEP was analyzed by MALDI-TOF
mass spectrometry. The result showed that mature native
EHEP has a molecular weight of 22.582 kDa (Fig. 1b). This
value is consistent with the estimated molecular weight of
EHEP without the 19 or 20 N-terminal amino acids (22.667
and 22.568 kDa, respectively), indicating that these residues
are cleaved off during the maturation process. To clarify the
cleavage site, N-terminal sequencing was performed by
Edman degradation. However, the analysis failed because the
N-terminus seemed to be modified. Considering the effect of
chemical modification, the truncation of 20 residues is most
likely, although the modification has not yet been verified.

In initial crystallization screening, we obtained crystals
under five different conditions; however, only two conditions
(No. 48 of the JCSG Core II Suite and No. 25 of Crystal
Screen) produced high-quality crystals for the diffraction
experiment. Moreover, it proved to be difficult to reproduce
these crystals even when the same crystallization kits were
used or the conditions were expanded around the growth
conditions outlined in Section 2.2 by adjusting the pH and the
concentrations of buffer and precipitants (salt and organic

20 mM sodium acetate buffer pH 6.0, 100 mM NaCl
1.0 M sodium acetate, 0.1 M imidazole pH 6.5

2l 1:1

75

solvent). After obtaining a native data set at a resolution of
12A using a crystal obtained during initial screening (Figs. 2a
and 3a), we attempted to solve the structure of EHEP using
the molecular-replacement method. Since no homologous
protein or domain structure was available (identities of <28%
for a fragment of about half of full-length EHEP), we under-
took modeling using Phyre2 (http://www.sbg.bio.ic.ac.uk/
servers/phyre2) to provide a search model. However, this
failed to provide any answers. EHEP is a cysteine-rich protein,
and the diffraction ratio ((AF)/(F)) of the anomalous scat-
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Figure 1

Purification and characterization of EHEP. (a) Size-exclusion chromato-
graphy of SEC. Purified EHEP was checked by SDS-PAGE. Lane M
contains molecular-weight markers (labeled in kDa). (b)) MALDI-TOF
mass spectrometry of EHEP.
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Figure 2

()

Photographs of EHEP crystals. (a) EHEP crystal for the collection of native data. (b) EHEP crystal for the collection of native-SAD data cooled using a

solutionless loop.
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X-ray diffraction patterns of EHEP crystals. (a) Native data (using a wavelength of 1.0000 Aanda crystal-to-detector distance of 90.93 mm). (b) Native-
SAD data (using a wavelength of 2.1000 A and a crystal-to-detector distance of 193.15 mm).

tering of S atoms at a wavelength of 2.1 A is calculated to be
2.28% (0.57% at 1.0 A wavelength) (Hendrickson & Teeter,
1981), which is considered sufficient for native-SAD phasing.
Therefore, we tried to use the native-SAD method for
phasing. Native-SAD data were successfully collected using a
wavelength of 2.1000 A (Figs. 2b and 3b).

The preliminary X-ray diffraction pattern showed that the
crystals obtained from two conditions (from different Kkits)
were isomorphous and belonged to space group P2,2,2;.
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Figure 4

An initial electron-density map showing fragments of the EHEP
molecule. The fragments (stick representation) were built by
phenix.autosol based on an electron-density map contoured at the 1.50

level (gray).

Assuming the presence of one molecule per asymmetric unit,
the Matthews coefficient (Matthews, 1968) was estimated to be
1.83 A® Da~!, corresponding to a solvent content of 32.7%.
Using native-SAD data, all 20 S-atom sites were located using
SHELXC/D (Sheldrick, 2010) and model building was
performed using phenix.autosol in the Phenix software suite
(Liebschner et al., 2019) with rephasing and phase improve-
ment. This resulted in 58% of the structure of EHEP being
built automatically (Fig. 4). Full model building and refine-
ment are currently in progress.
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