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the Tamogitake mushroom

Yoshimitsu Takakura’, Masako Tsunashima®, Junko Suzuki', Satoru Usami’, Yoshimitsu Kakuta?,
Nozomu Okino?, Makoto Ito? and Takeshi Yamamoto'

1 Plant Innovation Center, Japan Tobacco, Inc., Shizuoka, Japan
2 Department of Bioscience and Biotechnology, Graduate School of Bioresource and Bioenvironmental Sciences, Kyushu University,

Fukuoka, Japan

Keywords
avidin; biotin binding; crystal structure;
Escherichia coli; interaction

Correspondence

Y. Takakura, Plant Innovation Center, Japan
Tobacco, Inc., 700 Higashibara, Iwata,
Shizuoka 438-0802, Japan

Fax: +81 538 33 6046

Tel: +81 538 32 8291

E-mail: yoshimitsu.takakura@ims.jti.co.jp

(Received 24 November 2008, revised 22
December 2008, accepted 24 December
2008)

doi:10.1111/j.1742-4658.2009.06879.x

Novel biotin-binding proteins, referred to herein as tamavidin 1 and
tamavidin 2, were found in a basidiomycete fungus, Pleurotus cornucopiae,
known as the Tamogitake mushroom. These are the first avidin-like
proteins to be discovered in organisms other than birds and bacteria. Tam-
avidin 1 and tamavidin 2 have amino acid sequences with 31% and 36%
identity, respectively, to avidin, and 47% and 48% identity, respectively, to
streptavidin. Unlike any other biotin-binding proteins, tamavidin 1 and
tamavidin 2 are expressed as soluble proteins at a high level in Escherichi-
a coli. Recombinant tamavidin 2 was purified as a tetrameric protein in a
single step by 2-iminobiotin affinity chromatography, with a yield of 5 mg
per 100 mL culture of E. coli. The kinetic parameters measured by a BIA-
core biosensor indicated that recombinant tamavidin 2 binds biotin with
high affinity, in a similar manner to binding by avidin and streptavidin.
The overall crystal structure of recombinant tamavidin 2 is similar to that
of avidin and streptavidin. However, recombinant tamavidin 2 is immuno-
logically distinct from avidin and streptavidin. Tamavidin 2 and streptavi-
din are very similar in terms of the arrangement of the residues interacting
with biotin, but different with regard to the number of hydrogen bonds to
biotin carboxylate. Recombinant tamavidin 2 is more stable than avidin
and streptavidin at high temperature, and nonspecific binding to DNA and
human serum by recombinant tamavidin 2 is lower than that for avidin.
These findings highlight tamavidin 2 as a probable powerful tool, in addi-
tion to avidin and streptavidin, in numerous applications of biotin-binding
proteins.

Avidin from chicken egg-white and its bacterial ana-
logue, streptavidin, from the actinobacterium Strepto-
myces avidinii are homotetrameric proteins that bind
biotin with very high affinity at K4 values of 6 x 107'°
and 4 x 107'* M, respectively. This level of affinity is
the highest known in nature between a ligand and a
protein [1]. The (strept)avidin—biotin interaction is of
great technical value and is widely employed or exam-

Abbreviations

ined as a universal tool in numerous medical, biologi-
cal, biochemical and biotechnological applications
[2-4]. Each monomer of (strept)avidin noncovalently
binds one molecule of biotin. A biotin molecule bound
to a monomer contacts with another monomer
through the dimer—dimer interface, and this inter-
subunit contact is essential for exceptionally high
affinity [5-7].

AVR protein, avidin-related protein; CAPS, 3-(cyclohexylamino)-1-propanesulfonic acid; IPTG, isopropyl thio-B-pD-galactoside; SPR, surface

plasmon resonance.
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Avidin was originally discovered during the study of
biotin [8], whereas streptavidin was discovered during
screening for antibiotics [9,10]. Avidin is a basic glyco-
protein [11], whereas streptavidin is a neutral protein
without carbohydrate chains [12]. Avidin and steptavi-
din have different amino acid compositions [13,14]; the
overall identity between the two proteins in the primary
structure is only approximately 30%. By comparison,
analysis of the crystal structure of avidin and streptavi-
din has revealed a similar arrangement of amino acids
in the biotin-binding pockets of both proteins [5,6].

Certain properties of these proteins are undesirable
in various applications. For example, it is quite diffi-
cult to express avidin and streptavidin as soluble pro-
teins in Escherichia coli. As these proteins tend to
accumulate in inclusion bodies, renaturation and
tedious downstream processing are required in the
preparation of active proteins [15,16]. Expression in
E. coli is preferable because of the low cost of produc-
tion and the potential for further engineering; thus,
biotin-binding proteins that can be efficiently produced
in E. coli are highly sought after. A drawback specific
to avidin is its high level of nonspecific binding to vari-
ous biological components at physiological pH [17,18];
this high level of nonspecific binding is probably a
result of the high isoelectric point of avidin
(pI ~ 10.5), limiting the application of the protein.

Other organisms represent alternative sources for
improved biotin-binding proteins. Historically, avidin
and streptavidin were the only known biotin-binding
proteins; however, there have been several reports of
avidin-like proteins in birds and bacteria. For example,
avidin-related (AVR) proteins, which are encoded by
avidin-related genes (avr genes), share a sequence iden-
tity of 68-78% with avidin [19]. When the AVR pro-
teins are produced in insect cells, differences are found
in some of the protein properties when compared with
avidin, including p/, glycosylation and biotin binding
[20]. Avidins from egg-white of duck, goose and
ostrich show different immunological cross-reactivity
when compared with avidin from chicken [21]. Fur-
thermore, biotin-binding proteins sharing a sequence
identity of over 98% with streptavidin have been puri-
fied from Streptomyces venezuelae, and termed strepta-
vidin vl and streptavidin v2 [22]. Recently, avidin-like
proteins, termed bradavidin and rhizavidin, have also
been found in nitrogen-fixing symbiotic bacteria, and
their potential for medical applications has been dem-
onstrated [23,24]. However, only a limited number of
biotin-binding proteins have been characterized in
detail, and there has been no report to date of such
proteins occurring in organisms other than birds and
bacteria.
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Novel avidin-like biotin-binding proteins were discov-
ered in a basidiomycete fungus, Pleurotus cornucopiae
(the Tamogitake mushroom), during investigations of
antifungal proteins from edible mushrooms. The unique
and useful properties of these novel biotin-binding
proteins are reported in this study.

Results

Antifungal protein from P. cornucopiae

In the screening for antifungal proteins from edible
mushrooms with activity against Magnaporthe grisea,
which is a causal agent of rice blast, a crude protein
from P. cornucopiae (known as the Tamogitake mush-
room) showed strong antifungal activity. The antifungal
protein was purified from P. cornucopiae via three chro-
matographic steps and heat treatment. SDS-PAGE
revealed that the purified fraction contained a single
15 kDa polypeptide (Fig. 1A). The N-termini of the
purified protein, and two kinds of 14 kDa peptide from
the lysyl endopeptidase and the V8 protease digests of
the protein, were sequenced. Because these sequences
overlapped partly, a single stretch of 67 amino acid
residues was determined (Fig. 2). A database search
revealed that this sequence shared significant homology
with streptavidin from S. avidinii, an avidin-like biotin-
binding protein. If the protein from P. cornucopiae has
the ability to bind biotin, which is known as an essential
factor for the growth of M. grisea, depletion of biotin
should result in antifungal activity. We showed that the
addition of biotin to the assay medium abolished the
antifungal activity induced by this protein, as in
the case of avidin and streptavidin (Fig. 1B). This
provided the first indication that the antifungal protein
was a biotin-binding protein.

cDNA cloning and primary protein structures of
tamavidins

Two PCR products were amplified from P. cornucopiae
cDNA with degenerate primers based on the deter-
mined amino acid sequence (Table 1). One PCR prod-
uct (from TMF2 and TMR2) encoded a peptide
sequence identical to the corresponding region of the
experimentally determined amino acid sequence. This
clone was used as a screening probe and a full-length
cDNA clone of 671 bp, which encoded a protein of
143 amino acids, was obtained. The protein shared a
sequence identity of 47% and 31% with streptavidin
and avidin, respectively (Fig. 2). Therefore, the protein
and gene were termed tamavidin 1 (for tamogitake
avidin 1) and taml, respectively. The p/ of tamavidin 1
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Fig. 1. Purification of an antifungal protein from P. cornucopiae. (A)
Silver-stained SDS-PAGE during purification. The arrow indicates
the purified protein. (B) Antifungal activity of the purified protein
and biotin-binding proteins. The growth of M. grisea in a microtitre
plate was inhibited by the proteins, and the activity was abolished
by biotin.

(M1 to E143) was calculated to be 6.2, and no cysteine
residues were present. The N-terminus of the purified
protein corresponded to L8 of the deduced amino acid
sequence. The molecular mass of 15 kDa determined
by SDS-PAGE for the purified protein was close to
the 15 158 Da calculated for the peptide between L8
and E143, which was thus considered as the mature
protein of tamavidin 1.

The second PCR product (from TMF1 and TMRI1)
encoded a polypeptide sharing 75% sequence identity
with the experimentally determined amino acid
sequences. A full-length ¢cDNA clone of 840 bp,
obtained as described above, encoded a protein of 141
amino acids showing a sequence identity of 66%, 48%

Novel biotin-binding proteins

and 36% with tamavidin 1, streptavidin and avidin,
respectively (Fig. 2). The second protein and gene were
termed tamavidin 2 and tam2, respectively. The pl of
tamavidin 2 (M1 to K141) was calculated to be 7.4, and
a cysteine residue, C135, was present in the C-terminal
region. Tamavidin 1 and tamavidin 2 showed no signifi-
cant amino acid sequence identity to bradavidin.
Nucleotide sequence data are available in the
DDBJ/EMBL/GenBank databases under the accession
numbers AB102784 for taml and AB102785 for tam?2.

Many of the amino acid residues involved in biotin
binding in avidin and streptavidin [5,6] were well con-
served in tamavidin 1 and tamavidin 2, but there were
some notable differences. For example, the amino acid
residues corresponding to N49, W79 and T90 in strep-
tavidin were E40, F69 and S80, respectively, in tamavi-
din 1, and the residue corresponding to N49 in
streptavidin was D40 in tamavidin 2 (Fig. 2).

The avidin fingerprint string, WXN(E/Q/N/D)
XGSXM/L/F)X(1/V)X7.12GX(F/Y)X17.36(F/W)XVX
(F/W)X;5.10(S/A)X(T/S)X(W/F)XG X5 14M/I/F/L) XXX
(W/Y)X1621(D/N)XF, has been proposed previously
[23]. This string is also well conserved in tamavidin 1
and tamavidin 2, with specific differences including
a sixth residue of G in the conserved string instead
of N in tamavidin 2, and an 11th residue of I/V in
the conserved string instead of L in tamavidin 1 and
tamavidin 2.

Expression of tamavidins in E. coli

The full-length open reading frames from cDNAs of
tamavidin 1 (M1 to E143) and tamavidin 2 (M1 to
K141), and the open reading frames for putative
mature proteins of tamavidin 1 (L8 to E143) and tam-
avidin 2 (L8 to Kl141) with a translation initiation
codon, were integrated into the expression vector
pTrc99A. The recombinant proteins were expressed at
a high level from both of the full-length versions.
These proteins were clearly visible as major bands in
SDS-PAGE (Fig. 3A) and reached 10% of the total
soluble proteins extracted at pH 11 from E. coli. By
comparison, expression was not detected in E. coli
transformed with the truncated versions (data not
shown).

Attempts were then made to purify the recombinant
proteins from the extracts using 2-iminobiotin. Recom-
binant tamavidin 2 was successfully purified in a single
step by column chromatography with 2-iminobiotin—
agarose (Fig. 3B). The yield of the recombinant
protein was approximately 2 mg (> 95% purity)
from 100 mL of the E. coli culture incubated with
1 mM isopropyl thio-B-D-galactoside (IPTG) at 25 °C
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Fig. 2. Amino acid sequences of biotin-binding proteins. The full-length sequences of tamavidin 1 and tamavidin 2 and the mature
sequences of streptavidin (GenBank accession number P22629) and avidin (P02701) are aligned. Residues conserved in three or more of the
sequences are shown in white type. Arrows and bars indicate the localization of the successive B-strands and helices, respectively, based
on the crystal structure of tamavidin 2 (Fig. 4B). The N-terminal amino acids experimentally determined for the purified protein are underlined
in grey. Residues that interact directly with biotin in tamavidin 2 (Fig. 5), streptavidin [5] and avidin [6] are marked by asterisks beneath each

sequence

Table 1. Primers used in this study. Alternative bases for a certain
position are shown in parentheses (I, inosine). Restriction sites are
shown in italic type.

Primer Sequence (5~ to 3')

TMF1 GT (A/G) TT (C/T) TC (A/G) AAI (G/C) (A/T) IAC
(A/G/C/T)

TMF2 CCIA (A/G) IGT (A/G/C/T)AC (A/G/C/T)
CC(C/T) TG (A/G/C/T)CC

TMR1 AC (A/G/C/T)GG (A/G/C/T)AC (A/G/C/T) TGGTA
(C/T)BA(C/T)G

TMR2 GA (A/G) (C/T)TIGGI (A/T) (G/C) (A/G/C/T)AC

(A/G/C/T)ATGAA

TM100N-BspH CCCATCATGAAAGACGTCC

TM100C-Hin TGAAAAGCTTTCACTCGAACTTCAAC
TM75N-BspL ACCAACATGTCAGACGTTCAA
TM75C-Hin ATGAAAGCTTTTACTTCAACCTCGG
BradN-BspH TCATGAGGCACTTCAACG

BradC-Hin GCGAATTCAAGCTTCTACTTCTTGGTGTTC

for 5h, with a recovery rate of approximately 80%
(Table 2). The yield was 13 times higher than that
observed for bradavidin expressed under the same con-
ditions (Table 2). When the culture period was pro-
longed to 22 h, the yield of recombinant tamavidin 2
increased by 2.5-fold (5 mg per 100 mL of culture)
(Fig. 3B, Table 2). Thus, tamavidin 2 is a biotin-bind-
ing protein that can be prepared efficiently in sufficient
quantity by expression in E. coli. Further protein char-
acterization focused on tamavidin 2.

By comparison, the recovery rate for recombinant
tamavidin 1 by 2-iminobiotin chromatography was
very low, and the yield was only 0.01 mg from

1386

100 mL of the E. coli culture. A large proportion of
the recombinant protein was found in the flow-
through fraction. Conversely, when the extract was
applied to a biotin—agarose column, virtually all
recombinant tamavidin 1 bound tightly to the column
and could not be eluted. Thus, tamavidin 1 did not
appear to bind 2-imminobiotin, despite a strong affin-
ity for biotin.

Molecular mass and subunit association
of tamavidins

The molecular masses of recombinant tamavidin 1 and
tamavidin 2 were estimated by gel filtration chroma-
tography to be 50 and 47 kDa, respectively. By com-
parison, the apparent molecular masses of tamavidin 1
and tamavidin 2 were estimated to be 16 and
15.5 kDa, respectively, by SDS-PAGE under denatur-
ing conditions (Fig. 3A), and 60 kDa when heat treat-
ment was omitted before loading (Fig. 3C for
tamavidin 2). In addition, two bands at 15.5 and
30 kDa were observed for tamavidin 2 by SDS-PAGE
when the sample was treated at 95 °C without reduc-
ing agent (Fig. 3C). These data suggest that both
tamavidin 1 and tamavidin 2 are homotetramers in the
native form, and that dimers of tamavidin 2 form
under certain conditions.

MALDI-TOF MS analysis of recombinant tamavi-
din 2 revealed a large peak at m/z = 15 146, corre-
sponding to the monomer, and two small peaks at
m/z = 30 335, corresponding to the dimer, and
m/z = 60 932, corresponding to the tetramer. When
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Y. Takakura et al. Novel biotin-binding proteins

Temperature RT 95 RT 95 95

2-mercaptoethanol - - + + +
Biotin - - - - + M
94
> | - — = 67
43
> - 30
20
> — | —
14
(kDa)

Fig. 3. SDS-PAGE stained with Coomassie brilliant blue of biotin-binding proteins expressed in E. coli. (A) Total soluble proteins extracted in
CAPS buffer (pH 11) from cells of E. coli cultured in Luria—Bertani broth containing 1 mm IPTG at 25 °C for 5 h. Arrows indicate the
expressed proteins (tamavidin 1, 16 kDa; tamavidin 2, 15.5 kDa). (B) 2-Iminobiotin column chromatography of tamavidin 2 expressed in
E. coli cultured in Luria—Bertani broth containing T mm IPTG at 25 °C for 22 h. Arrowhead indicates the purified tamavidin 2. (C) Tamavidin 2
was incubated with or without 2-mercaptoethanol in 1x SDS sample buffer at room temperature (RT) or 95 °C (95) with or without biotin.
Size markers are in lane M. Monomer, dimer and tetramer are shown with filled, grey and open arrowheads, respectively.

Table 2. Protein characteristics. The association rate constants (k,) to biotin of tamavidin 2 and other biotin-binding proteins, measured by a
BlAcore biosensor, are indicated. The yields of the recombinant protein affinity purified from the soluble protein of E. coli cultured at 25 °C
for 5 h are shown. At the transition temperature (7;), half of the protein is tetrameric and the other half is monomeric in the absence (first
value) and presence (second value) of biotin. At T, the activity of fluorescence quenching becomes half of that in the nonheated protein
sample. The calculated isoelectric points (p/) and the degree of nonspecific binding to DNA and human serum protein are also indicated.

Association rate Thermal stability

constant (k,) to

Yield of protein
expressed in E. coli

Nonspecific binding

SDS-PAGE Fluorescent biotin
biotin-LC-BSA? (mg per 100 mL (DNA and human
Protein (M7s7h culture) T, (°C) T, (°C) pl serum protein)
Tamavidin 2 (1.0 £ 0.3) x 10° 2 (5)° 78 99.9 < 85.2 + 0.1 7.4 Low
Streptavidin (1.4 £0.4) x 10° NT® 724 100¢ 743 + 0.7 6.1 Low
Avidin (2.0 £ 0.3) x 10° 0.1° 58¢ 100¢ 788 £ 0.4 95 High
Bradavidin (8.7 +3.7) x 10° 0.15 65 85 NT 6.3 NT

@ Tamavidin 2 and bradavidin were prepared in this study. Avidin (egg-white) and streptavidin (S. avidini) were from Sigma. ° Yield after 22 h
of incubation in parentheses. ° NT, not tested. ¢ Bayer et al. [32]. © Airenne et al. [30]. F Nordlund et al. [23].

the recombinant protein was treated with biotin, the
peaks representing the dimers and tetramers were
markedly higher (data not shown), suggesting that
biotin binding promoted the formation of the
tetrameric quaternary structure.

Furthermore, the fluorescence from 1 nmol of
biotin—4-fluorescein ~ was  compensated for by
0.274 nmol of recombinant tamavidin 2, indicating
that 1 mol of tamavidin 2 bound 3.6 mol of biotin—4-
fluorescein. Similarly, 1 mol of streptavidin bound
3.4 mol of biotin—4-fluorescein in this assay. Therefore,

as for streptavidin, it is probable that one molecule of
tamavidin 2 binds four molecules of biotin (one
molecule per subunit).

Kinetic parameters of tamavidin 2 for binding to
biotin and 2-iminobiotin

The interaction between tamavidin 2 and biotin or
2-iminobiotin was examined using the surface plasmon
resonance (SPR)-based BIAcore biosensor (Table 2).
The on-rate of biotin binding of recombinant
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tamavidin 2 was 1.0 x 10® m~"s™!. This value was com-
parable with but slightly lower than that of streptavidin
(1.4 x 10° M~"s™"), half that of avidin and two orders of
magnitude higher than that of bradavidin. The off-rates
of biotin binding of recombinant tamavidin 2, streptavi-
din and avidin were low, and below the measurable limit
of 5x 107 s7! of the biosensor system. The off-rate of
bradavidin was (1.6 + 1.1) x 10™* s™'. The on- and off-
rates of 2-iminobiotin binding of tamavidin 2 were
determined to be (1.0 £ 0.2)x 10* M 's™' and
(8.7 + 2.0) x 10™* 57!, respectively, with a resulting
dissociation constant of (8.7 + 2.0) x 107 M. These
values were similar to those reported previously for
avidin (1.6 x 10* M™"s™', 3.1 x 107 s™" and 2.0 x
107% M, respectively) [18]. These results suggest that
tamavidin 2 has high affinity for biotin and 2-iminobio-
tin at a similar level as avidin and streptavidin.

Crystal structure of tamavidin 2

The crystal structure of the recombinant tamavidin
2-biotin complex was refined to a resolution of 1.3 A
(Table 3). Structural data are available in the Protein
Data Bank database under the accession number
27ZSC for the tamavidin 2-biotin complex. Two tam-
avidin 2-biotin complexes appear in an asymmetric
unit (Fig. 4A, monomers 1 and 2, and monomers 3
and 4). Two of the biotin-binding pockets are embed-
ded in the asymmetric unit, and each pocket is formed
mainly within a monomer. Interestingly, each mono-
mer contributes the tryptophan at position 108 (W108)
to its partner as an additional component of the bio-
tin-binding site. The area of the interface between
monomers 1 and 2 (3 and 4) is, however, smaller than
that between monomers 1 and 4 (2 and 3).

Tamavidin 2 is a tetramer with D2 symmetry
(Fig. 4A), and each monomer is an eight-antiparallel
B-stranded B-barrel structure with two helices
(Fig. 4B). Superposition of the two monomers in the
asymmetric unit led to an rmsd value of 0.19 A for
122 Ca atoms. Thus, the monomers are identical. The
overall three-dimensional structures determined for
tamavidin 2 are markedly similar to those of strepta-
vidin and avidin (Fig. 4C). Superposition of tamavi-
din 2 and streptavidin and of tamavidin 2 and avidin
resulted in relatively low rmsd values of 0.92 A (for
114 Co pairs) and 1.37 A (for 106 Ca pairs), respec-
tively. There was a high degree of similarity within
the B-barrel folds among the three proteins, and dif-
ferences in the structures occurred in several of the
loop regions (Fig. 4C). The number of residues in the
loop region (S36 to V41) between the third and
fourth B-strands of tamavidin 2, which was expected

Y. Takakura et al.

Table 3. Data collection and refinement statistics for X-ray crystal-
lography of tamavidin 2-biotin complex.

Data collection
Space group C2

Unit cell parameters a=7838A
b =80.02 A
c=5573A
B =132.32°

Beam line PF NW12

Wavelength (A) 1.000

Resolution range (A) 50.0-1.3

Number of reflections

Observed/unique 238 286/61 099

Redundancy 3.9(3.7)

Reym®® 0.118 (0.470)

I/ ()? 2.0 (1.0

Completeness (%) 97.4 (100)
Refinement statistics

Resolution range (A) 18.7-1.3

Number of reflections

Working set/test set 57 683/3072

Completeness (%) 97.5

Reryst® (%)/ Riree® (%) 19.9/23.8
Rmsd

Bond length (A)/bond angles (deg) 0.008/1.4
Average B-factor (A?)/number of atoms

Protein 10.8/2061

Biotin 8.5/32

Glycerol 34.7/54

Mg 17.8/3

Water 29.1/450
Ramachandran analysis

Most favoured (%) 90.9

Allowed (%) 8.1

Generously allowed (%) 0.5

Disallowed (%) 0.5

?Values in parentheses are of the highest resolution shell.
® Rym = S2(1 — (I))/ 32(/), where [ is the intensity measurement
of a given refraction and (/) is the average intensity of multiple
measurements of this refraction. © Ry = >.|Fobs — Feall 2 Fobs:
where Fops and F, are the observed and calculated structure factor
amplitudes. © Riee value was calculated for Reryst using only an
unrefined randomly chosen subset of reflection data (5%).

to become ordered on binding of biotin, as reported
in avidin and streptavidin [5,6], was the same as that
for streptavidin and shorter than that for avidin by
three residues.

The overall polar and hydrophobic interactions of
biotin with tamavidin 2, streptavidin and avidin were
similar. In tamavidin 2, the four tryptophan residues
(W69, W80 and W96 in one monomer and WI108 in
another) comprised the hydrophobic core of the
biotin-binding site, which was identical to that in
streptavidin (Fig. 5). In avidin, the composition of the
hydrophobic core residues was different and comprised
five hydrophobic residues (two F and three W

1388 FEBS Journal 276 (2009) 1383-1397 © 2009 The Authors Journal compilation ® 2009 FEBS
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Fig. 4. Crystal structure of tamavidin 2. (A)
Quaternary structure of the tamavidin
2-biotin complex. There are two monomers
in the asymmetric unit [monomer 1 (pink)
and monomer 2 (yellow)/monomer 3 (blue)
and monomer 4 (green)]. (B) Ribbon diagram
of a monomer of the tamavidin 2-biotin
complex. Eight B-strands (S1-S8) and two
helices (H1, H2) are shown. (C) Stereo-
figures of superposition in the tamavidin
2-biotin complex (green), streptavidin-biotin
complex (blue) and avidin-biotin complex
(red).

residues). In tamavidin 2, the biotin bicyclic ring
formed hydrogen bonds with six residues (N14, S18,
Y34, S36, T78 and DI116) (Fig. 5). The hydrogen-
bonding networks in this region were conserved among
all three proteins. In contrast with these similarities,
the hydrogen-bonding interactions with the biotin car-
boxylate were different among the three proteins. Only
one hydrogen bond was formed between tamavidin 2
and biotin carboxylate (Fig. 5). The hydrogen bond
with S76 of tamavidin 2 was equivalent to that with
S88 of streptavidin and that with S75 of avidin.
Another hydrogen bond was formed between biotin
carboxylate and streptavidin (Fig. 5, N49 main chain),
and four more hydrogen bonds were formed between
biotin carboxylate and avidin.

The C-terminal region (E125 to the C-terminus) of
recombinant tamavidin 2 appeared to be crystallo-
graphically disordered, and a single cysteine residue
(C135) was present in the region. Dimer formation
detected by electrophoresis (Fig. 3C) was most

Novel biotin-binding proteins

probably the result of the intermonomeric disulfide
bridge between the cysteines. If this is the case, the
bridge should have formed between monomers 1 and
3, and between monomers 2 and 4 (Fig. 4A), based on
the three-dimensional distances.

Immunological comparison of tamavidin 2 with
the other biotin-binding proteins

The antibody raised against recombinant tamavidin 2
did not react with avidin or streptavidin in ELISA.
Similarly, the antibodies raised against avidin and
streptavidin did not react with tamavidin 2. These
results suggest that tamavidin 2 is immunologically
distinct from avidin and streptavidin.

Thermal stability of tamavidins

The thermal stabilities of recombinant tamavidin 1
and tamavidin 2 were compared with those of other
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Fig. 5. Superposition of the biotin-binding sites of tamavidin 2 (green) and streptavidin (blue), and the bound biotins (grey for tamavidin 2
and blue for streptavidin). The electron density maps (omit F, — F. map contoured at 4.5c) of biotin bound to tamavidin 2 are shown. The
amino acid residues of tamavidin 2 and streptavidin are shown in green and black, respectively. *\WW108 in tamavidin 2 comes from another
monomer, as does W120 in streptavidin. Conserved hydrogen bonds are represented by yellow broken lines. Unique bonds in the tamavidin
2-biotin complex, where a water molecule functions to bridge the hydrogen bond, and a unique hydrogen bond in the streptavidin—biotin

complex are represented by black and red broken lines, respectively.

biotin-binding proteins. The transition temperatures
(T,) of tamavidin 1 and tamavidin 2, in which half of
the protein is in the tetrameric form and the other half
is in the monomeric form in SDS-PAGE in the
absence of biotin, were 76 and 78 °C, respectively. The
T, value for tamavidin 2 was higher than the reported
values for avidin, streptavidin and bradavidin by 20, 6
and 13 °C, respectively (Table 2). The thermal stabili-
ties of recombinant tamavidin 1 and tamavidin 2 in
the presence of biotin were extremely high; the proteins
mostly remained in the tetrameric form, despite treat-
ment at 99.9 °C. The temperature causing 50% reduc-
tion of the biotin—4-fluorescein binding activity of
recombinant tamavidin 2 was calculated to be 85.2 °C,
whereas this temperature for streptavidin and avidin
was 74.3 and 78.8 °C, respectively (Table 2). These
results indicate that tamavidins are more stable than
avidin and streptavidin at high temperatures. The
storage stability of tamavidin 2 is also very high; the
biotin-binding activity of recombinant tamavidin 2
rarely decreased in solution at 4 °C, at least for 1 year.

Nonspecific binding activity of tamavidin 2

The nonspecific DNA-binding activity of recombinant
tamavidin 2 was markedly lower than that of avidin and
similar to that of streptavidin (Table 2). In addition, the
nonspecific binding of recombinant tamavidin 2 to
human serum proteins was significantly lower than that
of avidin and similar to that of streptavidin (Table 2).

Discussion

Tamavidin 1 and tamavidin 2 are novel biotin-binding
proteins from a basidiomycete fungus. They are the
first avidin-like proteins found in organisms other than
birds and bacteria. Our preliminary study indicated
that other basidiomycete fungi appear to have biotin-
binding activity (data not shown). Thus, avidin-like
proteins may not be rare in fungi and such proteins
may be more widely distributed than previously
thought. Previous reports of biotin-binding activity in
frog egg jelly [25] and in turtle eggs [26] also imply the
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presence of biotin-binding proteins in amphibians and
reptiles.

The biological significance of biotin-binding proteins
in an organism of origin remains unclear. One hypoth-
esis is that these proteins may be involved in defence
against microorganisms. Avidin is induced by E. coli
and viral infection and by cellular damage in chickens
[27,28]. Streptavidin was discovered as an antimicro-
bial agent in culture filtrates of S. avidinii in the
screening of antibiotics [9,10,12]. In this study, we have
shown that tamavidin 1 inhibits the fungal growth of
M. grisea by causing the deficiency of biotin (Fig. 1B).
It is of interest to investigate whether tamavidins are
induced by biotic or abiotic stress.

Tamavidins have strong binding activity for biotin.
The association rate constant (on-rate) of tamavidin 2
to biotin was comparable with the values for avidin and
streptavidin (Table 2). The dissociation rate constant
(off-rate) of tamavidin 2 to biotin was lower than the
detection limit of the BIAcore® 3000 biosensor, as were
the values for avidin and streptavidin to biotin. More-
over, the dissociation constant (K4) of tamavidin 2 to
2-iminobiotin was similar to that of avidin. Thus, these
results suggest that tamavidin 2 is usable in a diverse
range of applications of avidin—biotin technology.

The on-rates of biotin binding of avidin and strepta-
vidin obtained from our SPR data were lower than
those measured in the previous solution studies [1,29]
by at least one order of magnitude. This discrepancy
may be a result of the limitation of surface-based
methods, as described previously [29]. Future work
should include the measurement of rate constants for
the biotin binding of tamavidin 2 in free solution.

In this study, X-ray crystallographic analysis depicted
a striking homology between tamavidin 2 and
(strept)avidin in the secondary, tertiary and quaternary
structures, as well as in the distributions of polarity and
hydrophobicity of the amino acid residues binding bio-
tin. Investigations of the crystal structure of tamavi-
din 2 also detected differences between tamavidins and
(strept)avidin. For example, tamavidin 2 has a smaller
number of hydrogen bonds with biotin carboxylate than
do either avidin or streptavidin. These differences in
hydrogen bonding may explain the slightly lower associ-
ation rate constant (k,) of tamavidin 2 to biotin com-
pared with those of avidin and streptavidin to biotin.

Unlike other biotin-binding proteins, the tamavidins
were expressed at a very high level in E. coli as soluble
proteins. It has been reported that streptavidin and
avidin are produced in E. coli at 3.9-6.5 mg per
100 mL [15] and 2 mg per 100 mL [16] of culture,
respectively. However, in both cases, the proteins
become localized within insoluble inclusion bodies and
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must be solubilized by strong denaturing agents, such
as a high concentration of guanidine hydrochloride,
and must be allowed to refold by repeated dialysis. By
comparison, tamavidin 2 was readily purified in a sin-
gle step by 2-iminobiotin affinity chromatography with
a yield of 5 mg per 100 mL of E. coli culture without
method optimization (Fig. 3B, Table 2). The potential
exists for improvement in the production of tamavi-
din 2 by optimization of the culture conditions, for
example by using a fermenter.

When avidin is expressed in E. coli, a part of the
expressed protein is soluble, but its expression level is
low (0.1 mg per 100 mL of culture) [30]. Bradavidin
from Bradyrhizobium japonicum can be expressed in
E. coli with a yield of 0.15 mg per 100 mL of culture
under the conditions used in this study (Table 2).
Similarly, the yield of rhizavidin from Rhizobium etli
in E. coli in a soluble form has been reported to be
0.4 mg per 100 mL of culture [24]. Furthermore, a
recent study has indicated that a bacterial signal
peptide increases the expression of avidin in E. coli in
soluble form to 1 mg per 100 mL of culture [31]. By
comparison, the yield of tamavidin 2, which was solu-
ble without signal peptides and other modifications,
was markedly higher than that of avidin and other
avidin-like proteins by 5- to 50-fold. Further studies
are needed to determine the underlying differences
between tamavidins and other biotin-binding proteins,
including the higher expression in E. coli, and the
mechanism underlying the lack of growth inhibition of
E. coli on possible depletion of biotin by tamavidins.

Commercially, avidin is purified from egg-white and
streptavidin is purified from culture filtrates of S. avidi-
nii, thus posing problems including batch-to-batch fluc-
tuations in quality [32,33]. Furthermore, S. avidinii
requires lengthy culture periods of up to 10 days, and
the processes required to purify the proteins from het-
erogeneous molecules are time consuming and labori-
ous. Avidin and streptavidin can be produced in
baculovirus-infected insect cells [34,35] and streptavidin
can be produced using a special strain of Bacillus sub-
tilis in a special biotin-free medium [36,37], but these
alternatives are relatively inefficient and costly and
require a high level of technical expertise. Therefore,
tamavidin 2, which can be expressed at high levels in
E. coli and readily purified, has a clear advantage over
other biotin-binding proteins for low-cost production
and further engineering potential.

The stability of biotin-binding proteins at high
temperatures is a critical factor in many applications. If
biotin-binding proteins can withstand temperatures
higher than 95 °C, PCR may be performed. Efforts to
enhance the thermal stability of streptavidin and avidin
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have been made by introducing intermonomeric disul-
fide bridges [38,39] or by partial replacement of a short
stretch of the sequence with the corresponding region of
an AVR protein [40]. Tamavidin 2 is ideal for high-tem-
perature applications and further engineering because
its thermal stability (7}, for binding to fluorescent bio-
tin) is higher than that of streptavidin and avidin by
approximately 11 and 6 °C, respectively (Table 2).

Avidin has a high isoelectric point (p/ ~ 10.5) and is
notorious for the high level of charge-driven nonspe-
cific binding of various biological molecules [17,18]. In
addition, a carbohydrate moiety of avidin, which
accounts for 10% of the molecular mass of the pro-
tein, is a source of nonspecific binding activity. There-
fore, avidin derivatives with reduced charges and
without carbohydrate chains have been developed by
chemical and enzymatic modifications or by genetic
engineering [18,41]. The low p/ values of tamavidin 1
(calculated pf value of 6.2) and tamavidin 2 (calculated
pI value of 7.4) may overcome the problems associated
with charge-driven nonspecific binding activity. In this
study, we confirmed that the nonspecific binding activi-
ties of tamavidin 2 for DNA and human serum pro-
teins were clearly lower than those of avidin and
comparable with those of streptavidin (p/ ~ 6)
(Table 2). This result suggests that tamavidin 2 has the
potential for the specific detection of DNA or compo-
nents of human serum in basic and applied studies.

The nature of the difference between tamavidin 1
and tamavidin 2, and its biological significance, are
poorly understood. It was noted during the screening
of cDNA that the steady-state mRNA level of tamavi-
din I was 20 times higher than that of tamavidin 2
(data not shown). Tamavidin 1 should be much more
abundant in the mushroom. Thus, in this study, it
appears that tamavidin 1 is the primary antifungal
protein purified from P. cornucopiae.

Although tamavidin I and tamavidin 2 were effi-
ciently expressed in E. coli at high levels, tamavidin 2
showed high binding activity to 2-iminobiotin, whereas
that of tamavidin 1 was poor. It has been reported
that the affinity of the W79F mutant of streptavidin
for 2-iminobiotin is less than that of wild-type strepta-
vidin, whereas the affinity of this mutant for biotin is
as high as that of wild-type streptavidin [42]. The
amino acid residue corresponding to tryptophan (W)
at position 79 in streptavidin is phenylalanine (F) in
tamavidin 1 and tryptophan (W) in tamavidin 2
(Fig. 2). This may partly explain the reason for the
poor binding of tamavidin 1 to 2-iminobiotin and the
strong binding to biotin.

This study clearly demonstrates the advantages of
tamavidin 2 over avidin, streptavidin and other biotin-
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binding proteins. Thus, tamavidin 2 has potential as a
powerful and versatile tool in a wide range of applica-
tions utilizing (strept)avidin—biotin technology. Tamavi-
din 2 also has potential as a unique model protein in
studies of intersubunit and ligand—protein interactions.

Experimental procedures

Purification of antifungal protein

Protein was extracted from P. cornucopiae fruit bodies,
which were obtained from a local market (Iwata, Japan), in
Buffer A (50 mm Tris/HCl, pH 8.0, containing 50 mM
NaCl). The crude protein sample (150 mg) was loaded onto
an anion-exchange column [1.5 cm in diameter x 10 cm in
length; filled with Q Sepharose FF (Amersham Biosciences,
Piscataway, NJ, USA)] pre-equilibrated with Buffer A. The
protein was eluted with a linear gradient of increasing NaCl
concentration. The fractions (120-240 mm NaCl) were
assayed for antifungal activity against M. grisea in microti-
tre plates according to the procedure described previously
[43]. The active fractions were pooled, heat-treated at 65 °C
for 20 min and applied to a second anion-exchange column
(MonoQ HR 5/5; Amersham Biosciences) pre-equilibrated
with Buffer A. The fractions (200-260 mm NaCl) with anti-
fungal activity were pooled, concentrated and subjected to
gel filtration chromatography on Superose 6 HR10/30
(Amersham Biosciences) pre-equilibrated with Buffer A.
Each fraction was assayed for antifungal activity and then
separated by SDS-PAGE [44] on 15% gels. Proteins were
stained by Coomassie brilliant blue G-250 (Sigma, St Louis,
MO, USA) or by a silver staining kit (Wako Pure Chemi-
cals, Osaka, Japan). The molecular masses of the proteins
separated by SDS-PAGE were estimated on the basis of the
mobility of the low-molecular-mass electrophoresis calibra-
tion sample consisting of phosphorylase b (molecular mass,
94 kDa), BSA (67 kDa), ovalbumin (43 kDa), carbonic
anhydrolase (30 kDa), trypsin inhibitor (20.1 kDa) and
a-lactoalbumin (14.4 kDa) from Amersham Biosciences.
The 15 kDa band of the active fraction was excised,
digested partially by lysyl endopeptidase (Wako Pure
Chemicals) or V8 protease (Wako Pure Chemicals) in the
gel, and separated again by SDS-PAGE. The amino acid
sequence was determined with a G1005A Protein Sequenc-
ing System (Hewlett Packard, Palo Alto, CA, USA).

Construction of a cDNA library and isolation of
full-length cDNAs

Total RNA was extracted from a fruit body of P. cornuco-
piae by the conventional SDS—phenol method. Poly(A)”"
RNA was purified from total RNA using an mRNA purifi-
cation kit (Amersham Biosciences). A ¢cDNA library was
constructed using a ZAP cDNA synthesis kit (Stratagene,
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La Jolla, CA, USA) and Gigapack Gold packaging extract
(Stratagene). The sense (TMR1 and TMR2) and antisense
(TMF1 and TMF2) primers, corresponding to the experi-
mentally determined amino acid sequence of the purified
protein, were designed for PCR (Table 1). PCR was per-
formed with ExTag DNA polymerase (Takara Biochemi-
cals, Shiga, Japan). The PCR products were cloned into
pCRII (Invitrogen, Carlsbad, CA, USA). The products
from two primer combinations (TMF2/R2 and TMF1/R1)
were excised by EcoRI digestion from pCRII, gel purified,
labelled with [*>P]JdCTP using a Multiprime DNA labelling
system (Amersham Biosciences) and used as hybridization
probes in the screening of full-length cDNAs. cDNA clones
were recovered as plasmid DNA (pBluescript) by in vivo
excision and subjected to sequence analyses.

Expression in E. coli

The open reading frame was amplified from a raml cDNA
clone using the primer pair TM100N-BspH and TM100C-
Hin (Table 1), and cloned into pCRII. After the sequence
had been verified, the cloned PCR product was excised by
BspHI and HindIII digestion and cloned between the Ncol
and Hindlll sites of the expression vector pTrc99A (Amer-
sham Biosciences). Similarly, the PCR product from the
primer pair TM75N-BspL and TM75C-Hin (Table 1) was
digested with BspLU 11 and HindIIl to clone tam2 into
pTrc99A.

The bradavidin gene [23] was PCR amplified by the
primers BradN-BspH and BradC-Hin (Table 1) from a col-
ony of Bradyrhizobium japonicum NBRC14792. After the
sequence had been verified, the PCR product was digested
with BspHI and HindlIll, and cloned between the Ncol and
HindI11 sites of pTrc99A.

The E. coli strain BL21, harbouring one of the expression
vectors, was grown in Luria—Bertani broth containing
ampicillin at 37 °C until the absorbance at 600 nm (Aggg)
reached between 0.5 and 0.8. Then, 1 mMm (final concentra-
tion) of IPTG (Wako Pure Chemicals) was added to the
culture, which was then shaken further for 5 h or overnight
in flasks at 25 or 37 °C. The bacterial pellet was collected
by centrifugation and stored at —80 °C until analysis.

Iminobiotin column chromatography and
preparation of antibodies

Iminobiotin—agarose column chromatography was per-
formed according to Hofmann er al. [45] with some modifica-
tions. Typically, total soluble proteins were extracted from
the bacterial pellet from 25 mL of the culture in 3 mL of
50 mm 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS)
(Sigma) buffer, pH 11.0, containing 50 mMm NaCl, and cell
debris and proteins were
by centrifugation. Then, the supernatant was passed through
a 2-iminobiotin—agarose (Sigma) column (0.5 cm in diame-

insoluble removed
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ter X 3 cm in length) pre-equilibrated with the same buffer.
After the flow-through fraction had been obtained, the col-
umn was washed with 5 mL of 50 mm CAPS at pH 11.0 con-
taining 500 mM NaCl. The recombinant protein was eluted
with 1.5 mL of 50 mmM ammonium acetate at pH 4.0. The
purified protein (tamavidin 2) was used to raise antibodies in
rabbits. Biotin—agarose column chromatography was per-
formed according to Laitinen et al. [46]. The protein was
eluted with 1.5 mL of 50 mM ammonium acetate at pH 4.0,
100 mm glycine at pH 2.8 or 400 mM acetic acid.

Quantification of purified tamavidin 2

The molar extinction coefficient of recombinant tamavi-
din 2 was calculated to be 41 750 M~ 'cm™"subunit™"' at
280 nm (0.68 at 0.25 mgmL™") from its amino acid
sequence. The affinity-purified recombinant protein was
dialysed against 10 mM ammonium acetate and lyophilized.
The dry protein powder (3 mg) was measured, dissolved in
20 mM potassium phosphate buffer at pH 6.5, and diluted
to 0.25 mgmL™'. The actual absorbance value at 280 nm
was 0.67, which was 98% of the theoretical value, indicat-
ing that the concentration of the recombinant protein could
be calculated from 4,5y measurements. Molar extinction
of 24280 [47], 41820 [48] and 39 380
M~ lem™subunit™! [23] at 280 nm were used for avidin,
streptavidin and bradavidin, respectively.

coefficients

Gel filtration chromatography

The recombinant tamavidins were subjected to gel filtration
on Superose 6 HR10/30 pre-equilibrated with 50 mm
Tris/HCI, pH 8.0, containing 500 mm NaCl. The column
had been calibrated with the gel filtration standard sample
consisting of thyroglobulin (molecular mass, 670 kDa),
y-globulin (158 kDa), ovalbumin (44 kDa), myoglobin
(17 kDa) and cyanocobalamin (1.35 kDa) from Bio-Rad
Laboratories (Hercules, CA, USA).

Mass spectrometry

Recombinant tamavidin 2 was dissolved in 0.1% trifluoro-
acetic acid and 50% CH3;CN at a concentration of
10 mgmL™", purified by ZipTip C4 (Millipore, Bedford,
MA, USA) and applied to a MALDI plate. After air dry-
ing, sinapinic acid was added to the sample as the matrix
solution. After air drying again, the sample was subjected
to MALDI-TOF MS (AXIMA-CFR, Shimadzu Biotech,
Kyoto, Japan).

Assay using fluorescent biotin

The activity of binding of biotin—4-fluorescein (Molecular
Probes, Inc., Eugene, OR, USA) was assayed by the method
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reported by Kada er al. [49]. When biotin—4-fluorescein is
bound to biotin-binding proteins, the fluorescence is
quenched. Briefly, 200 uL of assay buffer (50 mm NaPOy,
100 mm NaCl, 1 mm EDTA, pH 7.5 containing 0-
486 pmol of the proteins and 1 nmol of biotin—4-fluroescein
were incubated at room temperature for 10 min in a microti-
tre plate. The fluorescence in each well was measured with a
LAS-3000 imaging system (FUJIFILM, Tokyo, Japan).

Analysis of protein-biotin interactions and
kinetics by the BlAcore biosensor

Kinetic parameters (k, and kq) were evaluated with a BIA-
core® 3000 biosensor based on SPR (BIAcore Inc., Uppsala,
Sweden). BSA was conjugated with the N-hydroxysuccini-
mide ester of biotin (EZ-Link® NHS-LC-biotin; Pierce
Biotechnology Inc., Rockford, IL, USA) and coupled to a
CMS5 sensor chip. Biotin-conjugated BSA was prepared
according to Qureshi et al. [48] and immobilized on the dex-
tran matrix of the sensor chip using the amine coupling
method. There were four flow cells per sensor chip for the
BIAcore® 3000 system. The conjugate was immobilized on
the second and fourth flow cells (FC-2 and FC-4, respec-
tively) to 200-300 resonance units. The first and third flow
cells (FC-1 and FC-3) were used as negative controls (BSA
only) for background correction. The recombinant tamavi-
din 2 was passed through FC-1 and FC-2, and avidin
(Sigma), streptavidin (Sigma) or bradavidin (purified by a
2-iminobiotin column in this study) was passed through
FC-3 and FC-4 in a running buffer [10 mm Hepes, pH 7.4,
150 mM NaCl, 3 mm EDTA, 0.005% Surfactant 20 (BIAcore
Inc.)] at a flow rate of 20 pL-min~" for 2 min. Dissociation of
the sample was monitored in running buffer for 60 min. As it
was impossible to dissociate biotin-binding proteins (tamavi-
din 2, avidin and streptavidin) from the sensor chip, the chip
could not be regenerated. Instead, protein samples of 3.125,
6.25, 12.5, 25, 50 and 100 nM were measured in order of
increasing concentration. All measurements were performed
at 25 °C. Association rate constants (k,) and dissociation
rate constants (ky, obtained only from bradavidin) for the
interactions between the samples and biotin were calculated
from the sensorgrams obtained by a nonlinear, global fitting
method using the BIAcore data analysis software BIAevalua-
tion 4.1. As the regeneration process was not performed, the
Rmax value (maximum binding quantity of the samples)
decreased gradually whenever the samples were measured at
each concentration. Therefore, the data were analysed by
local fitting at each concentration. Only the data originating
from the concentrations that could be approximated to the
1:1 (Langmuir) binding model were adopted. Molecular
masses of 60.9 kDa for tamavidin 2, 63.1 kDa for avidin,
53.4 kDa for streptavidin and 57.5 kDa for bradavidin [23]
were used. For 2-iminobiotin binding, EZ-Link® NHS-imi-
nobiotin (Pierce Biotechnology Inc.) was used. In this case,
the biotin-binding protein (10 mm acetic acid buffer, pH 5.0)
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was immobilized to 4000-6000 resonance units on the sensor
chip as described, and iminobiotin—BSA was used as the sam-
ple at concentrations of 18.75, 37.5, 75, 150, 300 and 600 nm.
The running buffer consisted of 50 mM borate buffer,
pH 9.5, 150 mMm NaCl and 0.005% Tween-20. The dissociation
was measured for 10 min. The dissociation constant (K4) was
calculated from ky/k,. All other conditions and the data
mining method were the same as those for biotin-binding.

Crystallization, X-ray data collection, structure
solution and refinement of tamavidin 2

The complex between recombinant tamavidin 2 and biotin
was prepared using a 1 : 10 molar ratio, and excess biotin
was removed by gel filtration. Crystallization was carried
out at 20 °C using the hanging-drop vapour-diffusion
method. After the protein solution (6.8 mg-mL™" recombi-
nant proteins in 25 mM Mes, pH 6.0, 100 mm NaCl) and a
reservoir solution (25% PEG 3350, 0.2 M MgCl, and 0.1 m
Bistris, pH 5.5) had been mixed in a ratio of 1:1 (v/v),
crystals were grown for 14 days.

A single crystal was transferred to crystallization solution
containing 25% (v/v) glycerol. The crystal was mounted on
a cryo-loop and then flash-cooled in a stream of nitrogen gas
at 100 K using a cryosystem (Rigaku Corp., Tokyo, Japan).
X-Ray diffraction data were collected using a Quantum 210
CCD detector (ADSC, Poway, CA, USA) and synchrotron
radiation (1.000 A wavelength) at the beamline NW12 at PF
(Ibaragi, Japan). Diffraction data were processed with the
program package HKL2000 [50]. The crystals belonged to
the space group C2. The unit cell parameters were
a=7838A, b =80.02A, ¢c=5573A and p = 132.32°.
Data collection statistics are summarized in Table 3.

The crystal structure of recombinant tamavidin 2 was
determined by molecular replacement using MOLREP [51].
Streptavidin (Protein Data Bank accession entry 1SLG)
was used as the searching model. The tamavidin 2 model
was built automatically with ARP/WARP [52], and manually
modified with the cooT program [53]. Several iterative
rounds of model building were performed in cooT and
refined using REFMACS [54]. Finally, two monomers of
tamavidin 2 (S2-T124), two biotin, nine glycerol, three
magnesium ions and 450 water molecules were located and
included in the refinement. R factor and Rp.. values for the
structure were 19.9% and 23.8%, respectively. The quality
of the structures was evaluated with PROCHECK [55]. All
statistics for refinement are given in Table 3.

ELISA for immunological cross-reactivity

Recombinant tamavidin 2, streptavidin and avidin at
50 pgmL™" in 50 mm sodium carbonate buffer (pH 9.5)
were attached to a microtitre plate at 25 °C for 4 h and
blocked with NaCl/P; containing 0.05% Tween-20
(NaCl/P;-T). Polyclonal rabbit antibodies against each
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protein were diluted 1 : 2000 with NaCl/P;-T and incubated
with protein-coated plates at 25 °C for 1 h. After washing
with NaCl/P;-T, goat anti-rabbit IgG alkaline phosphatase
(Bio-Rad Laboratories) diluted 1 : 5000 in NaCl/P;-T was
used as a second antibody at 25 °C for 1 h. Finally, p-nitro-
phenyl phosphate (1 mgmL™, Sigma) was used as a
substrate molecule, and the absorbance at 450 nm was
measured by a microplate reader (Infinite M200; Tecan
Group Ltd, Médnnedorf, Switzerland).

Thermal stability of proteins

To determine the transition temperatures (7;) [32], the pro-
teins (0.2 pg-uL™") were incubated in 1x SDS sample buffer
(50 mm Tris/HCI, pH 6.8, 3% 2-mercaptethanol, 1% (w/v)
SDS, 10% glycerol) at various temperatures (25, 50, 60, 70,
75, 80, 90 and 99.9 °C) and subjected to SDS-PAGE. The
temperatures at which half of the protein was tetrameric and
the other half was monomeric, in the absence and presence
of biotin, were calculated. For the assay using fluorescent
biotin, proteins were incubated at various temperatures (25,
50, 60, 70, 80 and 90 °C) for 20 min in 20 mM potassium
phosphate buffer (pH 7.0). The proteins were then added to
150 pL of the assay buffer containing biotin—4-fluroescein in
the wells of a microtitre plate. After incubation at room
temperature for 20 min, the fluorescence was measured at an
excitation wavelength of 460 nm and an emission wave-
length of 525 nm using an Infinite M200 microplate reader
(Tecan Group Ltd). The temperature 7, at which the activ-
ity of fluorescence quenching in the heated protein sample
was half that in the nonheated (room temperature) protein
sample was calculated.

Nonspecific binding of DNA

Nonspecific binding of DNA was determined according to
the method described by Marttila e al. [18]. Briefly, several
amounts of salmon sperm DNA were blotted onto a
Hybond N* nylon membrane (Amersham Biosciences),
and the blot was incubated with avidin, streptavidin or
tamavidin 2. After washing, the blot was incubated with
avidin antibodies (Abcam Inc., Cambridge, MA, USA),
streptavidin antibodies (Sigma) or tamavidin 2 antibodies,
prediluted to the same titre. The goat anti-rabbit IgG alka-
line phosphatase (1 : 1000 dilution) was used as secondary
antibody, and the blot was stained with an Alkaline Phos-
phatase Substrate Kit II (Vector Laboratories, Inc., Burlin-
game, CA, USA); the signal intensity was quantified by the
LAS-3000 imaging system.

Nonspecific binding of human serum protein

Biotin-binding proteins were covalently immobilized to
Dynabeads M-270 Carboxylic Acid (Dynal Biotech, Oslo,
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Norway) according to the manufacturer’s instructions. The
beads were incubated in NaCL/P; containing 0.5 pgmL™" of
human serum protein for 1 h at room temperature, washed
three times with NaCl/P;-T and resuspended in 2x SDS
sample buffer, and then heated at 70 °C for 40 min to peel
human serum protein. After the beads had been removed,
the supernatant was subjected to SDS-PAGE. The gel was
stained with a silver stain kit (Wako Pure Chemicals), and
the intensity of the protein bands was quantified by the
LAS-3000 imaging system.

General methods

DNA was manipulated according to the methods described
by Sambrook et al. [56]. Restriction endonucleases were
from Takara Biochemicals or Roche Diagnostics K. K.
(Tokyo, Japan). DNA was sequenced by the dideoxy chain
termination method [57] with an ABI PRISM fluorometric
autocycle sequencer (Model 310 Genetic Analyser, Applied
Biosystems, Foster City, CA, USA). Both DNA strands
were sequenced. DNA and amino acid sequences were anal-
ysed by GENETYX-WIN version 8 (Genetyx Co, Tokyo
Japan), and database searches were performed using the
BLAST program in GenBank.
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