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ABSTRACT. Calcium binding protein 40 (CBP40) is a €abinding protein abundant in the plasmodia of
Physarum polycephalun®BP40 consists four EF-hand domains in the COOH-terminal half and a putative
o-helix domain in the NkEterminal half. We expressed recombinant proteins of CBP4Bsitherichia

coli to investigate its C&-binding properties. Recombinant proteins of CBP40 bound 4 mol éf Ca
with much higher affinity (pCa, = 6.5) than that of calmodulin. When residues196 of thea-helix
domain were deleted, the affinity for Eadecreased to pGa= 4.6. A chimeric calmodulin was generated

by conjugating thex-helix domain of CBP40 with calmodulin. The affinity of €afor the chimeric
calmodulin was higher than that for calmodulin, suggesting thatcithelix domain is responsible for the
high affinity of CBP40 for C&". CBP40 forms large aggregates reversibly in & @ependent manner.

A mutant protein with a deletion of Nl-terminal 32 residues, however, could not aggregate, indicating
the importance of these residues for the aggregation. The aggregation occurs above micromolar levels of
C&* concentration, so it may only occur when CBP40 is secreted out of the plasmodial cells.

The life cycle of the acellular slime mol&hysarum for C&* is not very high, being at pGa = 5. Interaction
polycephalunincludes microscopic, uninucleated amoebae with target proteins, such as myosin light-chain kinase,
and macroscopic, multinucleated plasmodia. The mRNA increases its Ca affinity sufficiently to explain its physi-
LAV1-2 is expressed specifically in plasmodiBand the ological relevance5—7). Similarly, when CaM formed a
gene is replicated early in S-phas®).(LAV1-2 mRNA complex with mastoparan, it also acquired the highet"Ca
represents 2.4% of plasmodial mRNA) (indicating that it affinity (8). The binding of the target proteins or mastoparan
encodes a major protein. The cDNA for LAV1-2 has been to the exposed hydrophobic surfaces in the N- and C-domains
isolated from a plasmodia-specific cDNA library and the of CaM stabilizes the Ca-bound stateq, 8—12).
nucleotide sequence was determin8d Comparison with However, the affinities for Ca of the C&"-binding
protein sequence motifs showed that LAV1-2 contains four proteins such as neurocalan(13), recoverin (4, 15), and
EF-hand domains. However, the Tainding properties of  BM-40 (16) are sufficiently high compared with that of the
LAV1-2 have not been confirmed biochemicall) ( target-free CaM. In these proteins, it has been suggested that

Calmodulin (CaM) is a typical Ca-binding protein with the intramolecular association of the EF-hand domain at the
four EF-hand motifs. It is known that the affinity of CaM COOH-terminus with thea-helix domain at the Nk
terminus is important for the high €aaffinity.
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CBP40 and then cloned them into pET21d (Novagen, Madison, WI)
via the same two unique restriction sites.

AN32 CBP40 For constructing the chimeras of CBP40 CaM and
AN32CBP40+ CaM, the DNA sequences coding residues

AN113 CBP40 of 1-211 and 33-211 in CBP40, respectively, were gener-

ated by PCR with primers containing additional flanking

AN196 CBR40 sequences. Then each PCR product was inserted into the
NH.-terminus of native CaM sequence.

CaM The sequences of each engineered recombinant CBP40
mutant and chimera were confirmed by the dideoxy chain-

CBP40 + CaM termination method on an Applied Biosystems model 377
automated DNA sequencer.

AN32 CBP40 + CaM

Expression and Protein Purificatiol©BP40 mutants were
expressed ifEscherichia coliBL21(DE3). A 1-L culture of
TSoaa Luria broth (LB) medium containing ampicillin (50 mL™2)
was grown at 37C until the absorbance at 600 nm reached
~ 0.5, when expression was induced with 1 mM isopropyl

B corio sr-mnm swamn B caxsr-mm vomsn 1-thio5-p-galactopyranoside (IPTG). After 3 h, cells were
Ficure 1: Schematic diagram of constructs of CBP40, truncated harvested_ by centrifugation and resuspendec_] in 30 mL of
CBP40, CaM, and chimeric CaMs. The first row indicates a model 20 MM Tris (pH 7.5), 50 mM KCI, 25 mM sodium EDTA,
of the structure of CBP40. CBP40 has distinct sequences at the0.1 mM phenylmethanesulfonyl fluoride, and »@/mL
NH-terminal and COOH-terminal halves. The hitérminal half pepstatin A (Sigma, St. Louis, MO) and stored-&80 °C.
consists of coaggregation domain (hatched barspahelix domain After the suspension was thawed in cold water, bacterial cells

(dotted rectangles). The solid and cross-hatched rectangles indicat . : . e .
the C&*-binding loops of EF-hand domains of CBP40 and CaM. Svere homogenized twice on ice by ultrasonification (Sonifier

respectively. The second row shows the deletion of the coaggre-200, Branson, Danbury, CT) each for 1 min with a 1-cm
gation domain at residues-B2. The third and fourth rows show  tip, 50% cycles, output 6. The homogenate was ultracen-
the deletions at residues-113 and +-196, respectively. The fith  trifuged at 100009 for 60 min. The resultant supernatant
row shows calmodulin. The sixth and seventh rows show the a5 subjected to ammonium sulfate fractionation. The mutant

chimeric proteins between CBP40 and CaM, in which residues . . .
1211 an% 33211 of N. B. CBP40, respectively, are connected proteins were purified from the fraction by column chroma-

to the NH-terminus of CaM. CBP40 and\N32CBP40 are  tography using a combination of butyl-Toyopearl 650 M and
recombinant forms of 40 kDa and 38 kDa, respectively, f'ca ~ DEAE-Toyopearl 650 M (Tosoh, Tokyo, Japan), and then

binding proteins detectable ihysarumplasmodia. any minor contaminants were removed by Hiprep Sephacryl
HR-200 (Amersham Pharmacia Biotech Inc., Uppsala,
Sweden). These columns were incorporated into a model

Japan), unless otherwise stated. All other chemicals wereL6200 high-performance liquid chromatography system

commercial products of a reagent grade. Solutions were madgHitachi, Tokyo, Japan).

in MilliQ water (Millipore, Bedford, MA). Calcium Binding Studies he extent of C& binding was

PCR Cloning and Protein Engineeringotal RNA from ~ measured by the flow dialysis method witfCaCh (Du-
plasmodia was obtained by the AGPC (acid guanidinium PONt=NEN) in 0.1 M NaCl and 20 mM MOPS/NaOH (pH
phenot-chloroform) method 19) and purified by selective ~ 7:0) at 25°C. In some experiments, we add 1 mM
precipitation with 3 M LiCl/6 M urea 20). Poly(A)-rich dithiothreitol (DTT) or 1 mM MgC} to this solution. The
RNA was obtained by using Oligotex-dT30 (Japan Roche, Méthod was described in detail by Nakashima et 25).
Tokyo, Japan). The first strand of cDNA was synthesized The protein concentrations used for the m_easu_rement were
by the method of Krung and BergezX) with avian reverse 407200 uM. A constant loss of the rgdlzoagtlvg ligand
transcriptase (Life Technologies, MD) and oligo (dT) primer. INtrinsic to our system and the nonspecific:Cainding to
The remaining RNA was digested with RNase H. The the flow dialysis apparatus was _correct@d,(ZS). )
plasmid pLAV1-2 encoding CBP40 was subcloned by PCR We repeated the same experiments several times. Mac-

based on the reported LAV1-2 nucleotide sequence. TherOSCOpiC dissociation constants for_@aof the. CE.’P40
plasmid pCaM encodinghysarumcalmodulin (CaM) was mutants and CaM were obtained by fitting the titration data

cloned by the rapid amplification of cDNA end22) with to th'e'Adan'—KIotz mu.ltls!te-bmdmg' equat|on2(6) Fhat was
redundant oligonucleotides based on the already reportedmo_dlfled for the C&'-binding data with flow dialysis method
amino acid sequenc8)( The deduced amino acid sequence @)
was in complete agreement with that obtained by peptide 2 3 4
mapping 23). y = (XK, + 2xXTK K, + 3xTK KK, + 4XTK KKK )/

The recombinant plasmids related to CBP40, CaM, and (1 + X/K; + XK K, + 3K KK + XK KK K,) + jx
deletion mutants were generated by PCR with pLAV1-2 and
pCaM (see Figure 1 for their topology). We amplified wherey is the number (mol/mol) of bound €3 x is the
CBP40 (residues-1355), AN32CBP40 (residues 3355), concentration of free C&, K;—K, are the macroscopic
AN113CBP40 (residues 11855), AN196CBP40 (residues  dissociation constants, ap the slope term for nonspecific
197-355), and CaM (residues-1149), in which restriction binding (see Table 1). The half-saturating concentration of
sites forNcd and EcoRl were constructed on either end, Ca&" in the titration curve is represented as p&a

% Coaggregation DOMAIN Oa-HELIX DOMAIN
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Table 1: C&" Binding to CBP40 Mutants
macroscopic dissociation constanisA)

Kl Kz K3 K4 R? pCaUzb Hill ]
AN32CBP40 0.0144 0.0961 0.862 6.91 0.991 6.5 0.5 -—-355
AN113CBP40 43.69 4.01 0.0438 7.78 0.989 5.7 26 —36.8
AN196CBP40 4.11 642.3 54.70 0.044 0.995 4.6 2.2 30.3
CaM 2.747 1.338 4.93 5.27 0.957 52 1.3 98.9
CBP40+ CaM 0.501 1.89 2.08 0.052 0.980 6.0 1.6 36.6
AN32CBP40+ CaM 0.125 4.40 0.229 1.40 0.982 6.1 1.6 —18.8

a Each set of macroscopic dissociation constants (micromark., Ks, andKs, gives the corresponding best-fit curve (shown in Figures 4 and
5) to the Adair-Klotz equation® pCa, denotes the half-saturating concentrations of the titration curéesd Hill refer to the correlation coefficient
and Hill coefficient, respectively. is the slope term for nonspecific binding.

Gel-Permeation-Studie§ o examine disulfide bridge in  the concentrated Cagto 0.5 mM in the final concentration
CBP40 andAN32CBP40, a Superose 6 prepacked HR 10/ followed by chelating Cd by 5 mM EDTA. The sample in
30 column (Amersham Pharmacia Biotech Inc., Uppsala, the cuvette was agitated every 5 min.
Sweden) was equilibrated in 0.1 M NaCl and 20 MM MOPS/  Other ProceduresSDS-PAGE was performed as de-
NaOH (pH 7.0) with or without 10 mM DTT, and 1Q@ scribed by Blattler et al.30) using the buffer system of
samples were analyzed at 0.4 mL/min. Standards used to_aemmli (31) and the proteins were stained with Coomassie
calibrate the gel-permeation columns (and their Stokes radii) Brilliant Blue. For the quantification of the protein bands,
were thyroglobulin (8.5 nm), apoferritin (6.1 nm), catalase we subjected the gels after SBBAGE to a densitometry
(5.2 nm), aldolase (4.6 nm), bovine serum albumin (3.6 nm), scanner GT-6500ART (Epson, Tokyo, Japan) connected to
and myoglobin (2.1 nm). The Stokes radius for each protein 3 Power Macintosh 6300/120 computer (Apple Japan Inc.,

standard was calculated from references descripédg). Tokyo, Japan) to quantify with NIH image software (version
Distribution coefficients Kp) were calculated from the  3.0). Some gels after SDSAGE were blotted onto a poly-
elution volume according to the equatiéi = (Ve — Vo)/ (vinylidene difluoride) membrane (Millipore, Bedford, MA).
(Vi — Vo), whereVe is the elution volume of the peak, is Bands were excised and sequenced with an Applied Bio-

the void volume of the column as determined with blue systems model 477 automated protein sequencer connected
dextran W ~2 x 10°), andV, is the total column volume.  to a model 477A analyzer. All recombinant proteins were
The Stokes radii ) of CBP40 andAN32CBP40 were  more than 95% pure as judged by SEBAGE (see Figure
determined graphically from a linear plot of-fog Kp)*?2 3). Secondary structure predictions including Ch&asman
versusRs for standards in the column. program and motif site search were analyzed using the
Cross-Linking StudiesAs an alternative examination of  computer programs MacDNASIS Pro 3.6 (Hitachi Software
disulfide bridge, we subjected CBP40AN32CBP40 to the Engineering, San Bruno, CA).
chemical cross-linking with BSthe activity of which is not Nucleotide Sequence Accession NumB&e nucleotide
affected by the reducing agen9 (Pierce Chemical Co.,  sequence oPhysarumCaM has been directly submitted to

Rockford, IL). CBP40 0AN32CBP40 (1uM each) in 0.1 e DDBJI/EMBL/GenBank nucleotide sequence databases
M NaCl and 20 mM MOPS/NaOH (pH 7.0) with presence | ;nder the accession number AB022702.

and absence of 10 mM DTT was mixed with 5 mM B8

the final concentration. The mixture was incubated at@5 RESULTS

for 2 h. Then, the effects of cross-linking were analyzed by

sodium dodecyl sulfatepolyacrylamide gel electrophoresis ~ Primary Structure of CBP4A0CBP40 was a major C&

(SDS-PAGE) (see below). binding protein in plasmodia dPhysarum polycephalum
Detection of C&-Dependent AggregationCBP40 or where CBP40 was in two forms of 40 and 38 kDa. The molar

AN32CBP40 (10uM each) dissolved in 0.1 M NaCl and ratio of 40 to 38 kDa forms in the plasmodial lysate was 4:1

20 mM MOPS/NaOH (pH 7.0) was mixed with 0.5 mM (data not shown). The 38-kDa peptide was revealed to be a

EGTA or 0.5 mM CaCl. Then, the mixture was incubated fragment of the 40-kDa peptide missing the Nidrminal

for 30 min at 25°C, followed by the observation with a 32 residues (Mét-Lys*) by direct amino acid sequencing.

dark-field microscope. In some experiments, the concentra- The COOH-terminal half (197355 residue) of CBP40

tion of C&* was varied in a stepwise manner. To quantify contained four EF-hand domains (residues2301, 265~

the aggregation, mixtures were centrifuged at 10@000 276, 295-306, and 322343). We compared the EF-hand

40 min at 25°C to precipitate aggregates. The supernatants domains of CBP40 with those of CaM (Figure 2) and found

and precipitates were separately subjected to -SPSGE little similarity. In CBP40, the dendrogram (Figure 2B)
after the precipitates were dissolved with an equal volume suggests that domains Il and IV are most similar, that these
of the above buffer. two in turn are more similar to domain Ill, and that domain

The reversibility of the aggregation was examined spec- | is most dissimilar of all. The Gly residue in the middle of
trophotometrically. An aliquot of CBP40 at 1M in 0.1 M the loop of an EF-hand domain is considered important,
NaCl and 20 mM MOPS/NaOH (pH 7.0) was taken into a because the side chain of residues other than Gly may disturb
quartz semimicro cuvette, and the absorbance at 350 nm washe structure of the motif32). However, in domains Il and
monitored continuously with an Ultrospec 2000 spectropho- IV of CBP40, this residue is replaced by ASpand Lys38
tometer (Amersham Pharmacia Biotech Inc., Uppsala, Swe-respectively (Figure 2A). In the case of CaM, the 8-residue
den). We detected changes in the absorbance upon addinginker between domain Il and lll (there are 25 residues
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CBP4O-1 205%
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CBP40-1V 224%
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Ficure 2: Structure of EF-hand domains BhysarumCBP40 and CaM. (A) Comparison of four EF-hand domain structughgarum

CBP40 (top) and CaM (bottom). The diagrammatic representation shows EF-hand domain (cylinders) and linker chains of these proteins.
The amino acid sequence of the?C&inding loop is shown under each EF-hand domain. X, Y, Z abd —Y, —Z represent positions

of amino acids coordinating to €ain EF-hand domainst indicates a position where any amino acid is acceptable. (B) Dendrogram of
these EF-hand domains in CBP40 and CaM. This dendrogram was generated by progressive alignment UPGMA methods (Mac DNASIS
Pro 3.6, Hitachi Software Engineering).

1 2 3 4 5 6

between the domains) forms the handle of a dumbbell-shaped

structure and functions as a flexible tether, which was MK
proposed by Persechini and Kretsing8B)( The terminal 66 K+
lobes enfold a portion of the target to be activated12).
However, unlike CaM, the corresponding linker in CBP40 2K+
is very short, consisting of a single L®&bresidue (Figure
2A). 0K=>
The NH,-terminal half (residues-1196) consists of an
a-helix-rich region at residues 3310, which was estimated -
by Chou-Fasman secondary structure prediction, and con- 17K+ -

tains the RGD sequence at residues-1146 that is crucial
for interaction with its cell surface receptoB4). It also Ficure 3: Purified recombinant CBP40s and chimeric CaMs. The

; C.X- : purity of several mutants was examined by SEFRAGE. Samples
contains a consensus sequence (S-G-X-G) for a glycosami applied to each lane were as follows: CBP40 (lanAN32CBP40

noglycan core domain3p, 36) at residues 166169.  (3ne 2) AN113CBPA0 (lane 3AN196CBPA40 (lane 4), CaM (lane
However, the above functions of RGD sequence and S-G-5) CBP40+ CaM (lane 6), andAN32CBP40+ CaM (lane 7).

X-G sequence remain to be confirmed with CBP40 by the
independent experiments. o S
Expression of the Wild-Type, Truncated, and Chimeric ~C&' Binding of Truncated CBP40She C&'-binding
CBP40sWe constructed recombinant CBP40 to investigate activities of CaM and each of the truncated CBP40s were
its C&*-binding properties. Wild-type and mutant CBP40s Measured in 0.1 M NaCl and 20 mM MOPS/NaOH (pH 7.0)
were cloned into the high-level expression vector pET21d at 25°C by the flow dialysis method. The results ofCa
(37). The CBP40 construct contained the open reading framePinding measurements are summarized in Figure 4, and
sequence of LAV1-2. Three truncated CBP4ON32CBPA40, macroscopic dissociation constants obtained from the best-

AN113CBP40, andAN196CBP40, consisting of residues fit curves satisfying a modified AdaitKlotz equation (see
33-355, 114-355, and 197355, respectively. In addition, Materials and Methods) are summarized in Table 1. We also

two chimeras in which the Niterminal halves of CBP40  €xamined the Ca-binding activity of CaM and\N32CBP40,
and AN32CBP40 were connected to the Ntérminus of one (_)f the truncgte_d CBP40s (see below), under the above
CaM were also engineered; the resulting constructs areconditions containing 1 mM DTT and 1 mM Mg£l
referred to as CBP48 CaM andAN32CBP40+ CaM and However, the activity was not altered (data not shown).
are shown schematically in Figure 1. We measured G4 binding to the EF-hand domain using

CBP40 was expressed kh coli strain BL21(DE3), which AN196CBP40 (residues 19855) and found that the
contains the T7 RNA polymerase gerg8) Growth at 37 maximum C&" binding to AN196CBP40 was 4 mol/mol.
°C, until an OQo of 0.5 was reached, followed by IPTG The C&"-binding curve showed pGa of 4.6 (Figure 4,
induction resulted in a high level of expression of all seven closed®, and Table 1). The affinity oAN196CBP40 for
constructs, and average yields were-23 mg of protein/L Ca* was lower than that of CaM with a pggof 5.2 (Figure
of LB medium. Analysis by SDSPAGE as shown in Figure 4, <, and Table 1). Binding of G4 to AN196CBP40 was
3 confirmed the purity of proteins. highly cooperative with a Hill coefficient of 2.2.
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Mol Ca2*/Mol CBP40

pCa

Ficure 4: C&" binding to truncated CBP40s. €abinding was
measured by the flow dialysis method wifitaCh in 0.1 M NacCl
and 20 mM MOPS/NaOH (pH 7.0) at Z&. (O) AN32CBP40;
(®) AN113CBP40; ®) AN196CBP40; {) CaM. Solid lines show
the best-fit curves to the AdaiKlotz equation (eq 1) for each set
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Mol Ca2*/Mol Chimeric CaM

Ficure 5. C&" binding to chimeric CaMs. Ca binding experi-
ments were carried out under the same conditions shown in Figure
4. (@) CBP40+ CaM; (O) AN32CBP40+ CaM. Curves were
generated according to the Adaklotz equation with the param-
eters presented in Table 1. For the purpose of comparison, #ie Ca

of data. Parameters for the best-fit curves are summarized in Tablebinding curve for CaM from Figure 4 is superimposed as a thick

1.

We measured Ca binding to AN113CBP40 (residues
114—355) in which a half of the Nkterminal domain was
linked to AN196CBP40. AN113CBP40 showed higher
affinity for Ca?™ than CaM and gave the high Hill coefficient
of 2.6 (Table 1 and Figure 4), indicating that the Nkt
terminal domain of 114196 is responsible for elevating
affinity for Ca?".

Further extension of the N-terminal domain, generating
AN32CBP40 (residues 3355, equivalent to the 38-kDa
protein found in the plasmodial cell), resulted in a remarkable
difference in affinity for Ca" with a pCay, of 6.5 (a 100-
fold increase) and apparent negative cooperativity with a Hill
coefficient of 0.5 (Figure 40, and Table 1). Thus, the
addition of NH-terminal domains elevates the affinity for
C&" by altering the C&-binding properties from the positive
to the negative cooperativity. As a result, two high-affinity
C&" bindings are observed separately from the other two
C&" bindings.

Unfortunately we could not measure €abinding to

parent CBP40, because the measurement was hampered b

its Ca&"-dependent aggregation (see below). Therefore, we
considered that Ca binding to CBP40 should be similar to
that of AN32CBP40. The rationale will be described in the
following section.

C&* Binding to Chimeric CaMsAs stated in the previous
section, the affinity of CBP40 for Ca was increased by
fusion of the NH-terminal domains. To evaluate the
functional contribution of C&-binding sites and the NH
terminal domains, two kinds of chimeric CaMs were
constructed by adding the NHerminal domains of CBP40
to CaM (Figure 1). The Ca-binding activities of two
chimeric CaMs are shown in Figure 5 and Table 1. Th& Ca
binding curves of CBP4@- CaM (Figure 5,@, and Table
1) and AN32CBP40+ CaM (Figure 5,0, and Table 1)
showed pCag, values of 6.0 and 6.1, respectively, with the
same Hill coefficient of 1.6. Thus, no significant differences
in the C&" affinity and cooperativity are found between these
two chimeric CaMs. The affinities of both chimeric CaMs
for C&" are much higher than that of original CaM (Figure
5, Table 1). This high Ca affinity resembles that of
AN32CBP40. However, unlikAN32CBP40, both chimeric
CaMs showed positive cooperativity with Hill coefficients
of 1.6 in a similar way to original CaM. The molecular

solid line.

mechanism underlying the cooperativity remains to be
investigated.

It must be noted again that the Tebinding profiles of
both chimeras are not different from each other, although
AN32CBP40+ CaM lacks the NHterminal 32 residues of
CBP40. This result suggests that these residues are not
involved in the C&™-binding activity of CBP40, giving
rationale to our consideration that the?G#inding profile
of CBP40 should be the same as thandf32CBP40, which
lacks these residues.

Cat-Dependent Aggregation of CBP4@BP40 and
AN32CBP40 were incubated in the presence or absence of
Ca&" and subjected to dark-field microscopic observation
(data not shown). In the presence of?Gdarge structural
bodies were observed with CBP40. The minimum dimension
was about 1G:m. With AN32CBP40, such aggregates were
not observed.

We subjected CBP40 to incubation in the presence of
rious conditions of Ca and precipitated the resulting
ggregates by centrifugation. The amount of precipitated
CBP40 (Figure 6AQ) increased with the increase in €Ta
concentration. The C&dependent profile of CBP40 showed
a steep rise starting fromM Ca?* and reached the plateau
at 100 uM Ca&*. Unlike CBP40,AN32CBP40 was not
precipitable whether Ga was present or not (Figure 6A,
@). Similarly, the fusion proteins of CBP46 CaM cannot
form aggregates in the presence ofCélata not shown).

Under the assumption that €abinding of CBP40 is
similar to that ofAN32CBP40 as described above, CBP40
may have two high-affinity Ca-binding sites and two low-
affinity Ca?*-binding sites. The high-affinity sites bind &a
below the micromolar level of Ga concentration but do
not form aggregates. Above the micromolar level of'Ca
concentration, where the low-affinity sites bind*CaCBP40
starts to aggregate (Figure 6A).

The reversible nature of aggregation of CBP40 was
demonstrated by monitoring the absorbance at 350 nm of
CBP40-containing solution (Figure 6B). In the absence of
C&", the absorbance remained in the basal level. Upon the
addition of C&", it was increased abruptly. Upon the addition
of EDTA to chelate C&, we observed a decrease in the
absorbance due to the disappearance of the aggregate.
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Ficure 6: C&*-dependent aggregation of CBP40. (A) CBP4) (
or AN32CBP40 @) was incubated for 30 min at 2% in 0.1 M
NaCl and 20 mM MOPS/NaOH (pH 7.0) with various concentra- (B)
tions of C&". After the incubation, the mixture was subjected to
centrifugation. Amounts of precipitates were quantified by SDS
PAGE. The error bars cAN32CBP40 are too small to be drawn.
(B) Reversibility of aggregation of CBP40. After the aggregation 0.90 -
of CBP40 was induced by adding €40.5 mM), the aggregates s
were dispersed by chelating €aby adding EDTA (5 mM). The Q 080 | r=09986  CBP40(DTT) —=—so

absorbance at 350 nm was monitored with a spectrophotometer =
continuously. The error bars are from 6 experiments.

Without additional C&", CBP40 was as soluble as
AN32CBP40 as shown in Figure 6A. However, they were
not monomeric. When CBP40 andN32CBP40 were
applied to the gel-filtration column, they were separately
eluted (Figure 7B, open circles with double arrows). The 0.40 |
Stokes radii of CBP40 andAN32CBP40 were 11.4 and 3.6
nm, respectively. Such a large difference is unexpected, when 0 20 40 60 80 100 120
we consider their mobility in SDSPAGE (Figure 3, lanes
1 and 2). Rs

We subjected CBP40 to cross-linking under comparable FIGURE 7: Intermolecular disulfide bridge in CBP40 AN32CBP40.

it ; i indi i il (A) Detection by the cross-linking experiment. CBP40 (1) or
conditons for the gel filration, finding that ts mobilty wass ({75540 (o) were incubated with 5 it BSat 25C
above a in (Figure , lane 1). for 2 h in thepresence or absence of 10 mM DTT, and the proteins

However, the cross-linkedN32CBP40 showed a mobility  \ere subjected to SDPAGE. Samples were treated without (lanes
of 76 kDa (Figure 7A, lane 3). Thus, CBP40 ahN32CBP40 1 and 3) and with (lanes 2 and 4) DTT; CBP40 (lanes 1 and 2) and
are oligomer and dimer, respectively, in the solution that does AN32CBP40 (lanes 3 and 4). (B) Detection with gel-permeation
not contain C& . column chromatography. Each samples were applied to Superose
. . . . 6 columns in the presence or absence of DTT. Arrows, in the

We added DTT to oligomeric CBP40 and dimeric presence of DTT; double arrows, in the absence of DTT.
AN32CBP40 in the absence of €across-linked, and then

subjected the products to SDPBAGE. They moved as single  Scheme 1

Apoferritin
*“ Catalase
CBP40 (+DTT) § _*Aldolase

BSA

2~ "Myoglobin
L L

0.70 AN32CBP40 (-DTT) /Thyroglohulin
0.60 |-
P

0.50

(-logKv)

AN32CBP40 (+DTT)

bands at 40 and 38 kDa (Figure 7A, lanes 2 and 4), ot vcan

respectively, indicating that they disassembled to monomer. CBP40; Monomer = Otigomer e Aggregate

We confirmed the monomeric nature under the reduced —

conditions by the gel-filtration experiment; when CBP40 and -

AN32CBP40 were loaded on the gel-filtration column in the AN32CBP40; Monomer —— Dimer <X% No aggregate

buffer containing DTT, they were eluted at the Stokes radius e e

of 2.7 nm (Figure 7A,x with arrows). Under the standard conditions in this study, i.e., without

The cross-linking experiments were also carried out in the additional DTT and C&, CBP40 andAN32CBP40 are
presence of Ca. The cross-linked\N32CBP40 moved at  oligomer and dimer, respectively. The addition of?Cat
76 kDa in SDS-PAGE, indicating dimeric nature (data not about micromolar concentrations causes CBP40 to form large
shown). On the other hand, cross-linked CBP40 was aggregates. There is a direct path in which CBP40 forms
absolutely insoluble even in the buffer containing SDS and aggregate from monomer, because CBP40 was aggregated
did not enter the SDSpolyacrylamide gel (data not shown). by C&" even if DTT is present (data not shown). On the

In summary, molecular forms of CBP40 ant32CBP40 other hand,AN32CBP40 remains dimeric and does not
change depending on their solvent according to Scheme 1.aggregate even if the €aconcentration is increased.
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DISCUSSION linking experiments (Figure 7A, lane 3). The disulfide bridge

. . . was indicated by the experiments thaN32CBP40 was
The present study reveals that (i) the amino acid sequenceyiided into monomers when DTT was included as a

of the EF-hand domain of CBP40 is unique when compared .o 4 ,cing agent (Figure 7A. lane 4. and Figure 7B). Because
with_that of other EF-hand proteins; (ii) tlehelix dpmain Cyszssisgthg sole( C?/s resid’ue mNé2CBP4%, we sgeculate
_(reskldue§ 32#9? OéAbNSdZ.CBP‘lO. P'aysf an aCt'VE ro(;e that it forms a dimer by a disulfide bridge between the®ys

in keeping high C#-binding activity of its EF-han residues. The Ca-binding activities are not altered whether

domains; (iii) the C&'-binding of CBP40 as examined with N 35CBP40 forms monomer or not, because they are similar
AN32CBP40 shows apparent negative cooperativity; and (V) jrespective of the presence of DTT as described in the text.

CB.P4O forms Iargg aggregates in t_he presence of Gar The conserved Ca-binding activity is in accordance with
which the NH-terminal peptide (residues-B2) is respon- e gact that Cy%¥°residue is not included in the &abinding

sible. We will discuss the molecular mechanisms causing loop of EF-hand domains as shown at the top of Figure 2A
these features and their physiological role in the following. There are a few other &binding proteins that consist '

(1) EF-Ha'nd Structurg of CBPf‘.the sup'erfamily of EF- " of a-helix and EF-hand domains. They are neurocaltin
hand proteins is furnished with E-he’@koc_;p—F-hele (13), recoverin 14, 15, and BM-40 (6). The crystal
structur%s ?ndh_makes u%th,\i _Iarges?*(;lan(z:_ng _prote|_?_h structure of BM-40, recently reported by Hohenester et al.
group S ) n this group, CaM is the most ubiquitous. The (16) revealed the close association of the EF-hand domain
amino acid sequence of CBP40 shows very little similarity yin helix A of thea-helix domain. The mode of association
to thle CZM EF—har]ld domhaln. Thfe Er']:'haEng gomc;’:un of C.BP4? has some similarity with the complex of CaM and its target
:S aiso :llergent rlor?]t obse of ot erd h_ aEFl_ﬁ)rot;lns O peptide. In both cases, an amphiphilic helix intrudes into
ower eukaryotes. It has been argued that 5 &Ca hydrophobic core of the EF-hand domain. Such a tight
binding protein ofTrypanosoma bruceis highly homolo- 5544 ciation may stabilize abound to EF-hand domain.

gous to the EF-hand domain.of CBPA) Ho.weve.r, this A similar mechanism can be expected to be responsible for
is not correct, because there is no close relationship betweeqhe high C&" affinity of AN32CBP40

CFieard CoP 0wt he S eioop Ehelsiucures (o) bysioogal Role o CaP0 in Plasodie
P . : b y cytosolic C&" concentration is at the 0AM level (44) and

of the EF-hand domgm of CBP4.O IS unique. ... the extracellular Cd concentration should be much higher.
T+here are several important side chains for coordinating Therefore, CBP40 binds €aonly at its high-affinity sites
Cz* by seven oxygen ligands of the E-hetiloop—F-helix in the cell. C&* binding at the low-affinity sites occurs only

structures of thg EF-hand superfamily. Apove aI.I, a Gly when it is secreted from the cell, where CBP40 should be
residue in the middle of the loop structure is considered to assembled

be important §2). The Gly residue is replaced by Asp and It is known that when the plasmodial vein suffers me-

Lys in domains Il and IV of CBPA0, respectively. Therefore, chanical wounds, the damaged area is covered by insoluble
it may be expected that these domains are unable to bind ' g y

' : fibrous material. Recently, CBP40 has been reported to be
Cé&". However, CBP40 binds 4 mol of €dmol (Figure ’ :
4), indicating that domains Il and IV can indeed E)ingdzta a substrate foPhysarumtransgIutamma_lse, ar_1d the CBP40
Si,nce the C&-binding loops in the EF-hand domains of may WOF" as a transducer of the signal in response to
CBP40 show little similarity to those of CaM (Figure 2), plasmodial damagedf). Theref(_)re, CBP40 may steBm the
this unexpected Ca binding may result from some com- loss of the cytoplasm and repair the damaged area Y- Ca
pensating effects of residues in the loop on the unfavorabledeDendent self-assembly when the cell membrane is broken.

substitutior_ws for invariant Gly, leading to a more limited AcKNOWLEDGMENT
range of dihedral angles allowed by these residues.
(2) High Affinity of AN32CBP40 for C&". CaM activates We thank Yuki Hanyuda and Yukie Roppongi for their
several enzymes, such as myosin light-chain kinase, in aexcellent technical assistance.
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