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ABSTRACT. We have isolated from a human prostate cDNA library a cDNA encoding a novel member of

the S100 family of EF-hand proteins. The encoded 99-amino acid protein, designated S100Z, is capable
of interacting with another member of the family, S100P. S100Z cDNA was cloned into a bacterial
expression system, and the S100Z protein was purified to homogeneity from bacterial lysates by a
combination of hydrophobic column and gel-filtration chromatography. Direct amino acid sequencing of

the 20 N-terminal amino acids confirmed that the sequence of the recombinant protein is identical to the
sequence deduced from the cDNA. Low-resolution structural data have been obtained using circular
dichroism and fluorescence spectroscopies, and equilibrium analytical centrifugation. These results show
that S100Z is a dimeric, predominanityhelical protein. Addition of calcium to a solution of S100Z
changes the fluorescence intensity of the protein, indicating that S100Z is capable of binding calcium
ions. Analysis of the calcium-binding isotherm indicates the existence of two calcium-binding sites with
apparent affinities on the order of 6 10f and 16 M~. Binding of calcium results in conformational
changes and exposure of hydrophobic surfaces on the protein. Using a PCR-based assay, we have detected
differences in the expression level of S100Z mRNA in various tissues. The highest levels were found in
spleen and leukocytes. S100Z gene expression appears to be deregulated in some tumor tissues, compared
to expression in their normal counterparts.

S100 proteins represent a group of small proteins that cancer cell lines4). On this basis, we chose to screen the
contain two calcium-binding motifs (EF-hands) in their human prostate cDNA library for possible S100P-interacting
primary sequencel( 2). Unlike another typical calcium-  proteins. We identified a cDNA clone encoding a novel
binding protein, calmodulin, S100 proteins are characterized protein of 99 amino acids. The amino acid sequence of the
by tissue and cell type-specific expression and exhibit various protein is highly similar to the sequences of members of the
metal binding properties3]. Although the exact biological ~ S100 family. We have cloned the cDNA for this protein into
functions of the S100 proteins remain to be determined, they a bacterial expression system and overproduced the recom-
seem to be associated with a wide variety of human diseasesinant protein inEscherichia coli Using biophysical meth-
and tumors §). ods, we show that the recombinant protein possesses unique

S100P is one of the least studied members of the S100secondary and tertiary structure, is capable of binding two
family, and it appears to be associated with prostate andcalcium ions per subunit with different affinity, forms
breast cancer developmert, 6). Our previous work has  noncovalent dimers in solution, and physically interacts with
implicated S100P as a calcium-dependent conformationalS100P in vitro. PCR-based assays demonstrate differences
switch (6). We have also demonstrated that it is capable of in the expression levels of the new gene in several human
binding a model peptide (melittin) in a calcium-dependent tissues, with the highest levels of expression found in
manner 7). To gain insight into the biological role of SI00P leukocytes and spleen. Expression of the gene also appears
in living cells, we set out to identify S100P binding partners. to be aberrant in certain human tumors.

The method that we chose was the yeast two-hybrid screen
(8). MATERIALS AND METHODS
S100P expression was shown to be differentially regulated

in androgen-dependent and androgen-independent prostat onstruction of Plasmids for the Yeast Two-Hybrid

creen
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Table 1: Sequences of the Primers Used in This Study

primer

AVGRO1
AVGRO02
AVGRO3
AVGRO04
AVGRO05
AVGRO6
AVGRO7
AVGRO08

sequence

5-CGAATTCATGACGGAACTAGAG
5-CCCGGATCCTCATTTGAGTCCTGT
5-GAGACAGCATAGAATAAGTGC
5-ATAAGAATGCGGCCGCATGACGGAACTAGAG
5-GAAGATCTTCATTTGAGTCCTGTCTT
5-ATGGGCCATATGGCTTCTAGC
5-TTTGGAATCACTACAGGGATG
5-CGCCGGATCCGCATGCCCACCCAGCTCGAG-
ATGGCCATGGAC
5-GCCAATGCAGGATCCCTGCAGTATTCCAGG-
CAGACCCCGTCCTGAGAGCGA
5-ATGCCCACCCAGCTCGAGATGGCCATGGAC
5-CTCAAGCAGCTTTCTCCAAAGCCCCCAAGC

AVGRO09

AVGR10
AVGR11

(Qiagen), digested witkcdRI andBanH] restriction endo-
nucleases, and ligated into pBridge linearized vittoRI
andBanHI. The BL21(DE3)E. coli strain was transformed
with the ligation reaction using aB. coli pulser (Bio-Rad)
and plated on YT agar plates containing 10@g/mL
ampicillin. Plasmid DNA containing &ad restriction site
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sequencing primer (AVGRO07), as described above for the
pBridge-S100P construct. The resulting construct was
designated pGAD424-S100P.

Yeast Two-Hybrid Screen

The yeast strain used in the screen was AH109 (Clontech).
As a first step, yeast cells were transformed with pBridge-
S100R, pBridge-S100E, or the pBridge vector (for use as
a negative control) using the one-step procedw®. Cells
were plated on synthetic complete (SC) agar plates lacking
tryptophan and containing 2% glucose. Colonies growing
on the selection plates were picked and grown in liquid SC
medium lacking tryptophan with 2% glucose. These liquid
cultures were transformed with the human prostate MATCH-
MAKER cDNA library (Clontech) by the high-efficiency
yeast transformation methodil). The cells were then plated
on SC agar selection plates lacking tryptophan, leucine, and
histidine, containing 10 mM 3-aminotriazole. Colonies
growing on the selection plates were picked, inoculated into
SC liquid medium lacking leucine, and cultured for at least

unique to the S100P gene was sequenced on an ABI 10020 generations to allow the loss of the S100P bait plasmids
genetic analyzer using the pBridge sequencing primer carrying theTRP1nutritional marker. Cells which had lost

(AVGRO03, Table 1). The resulting construct was designated
pBridge-S100p!

DNA-Binding Domain Plasmid Expressing a Second Copy
of the S100P Gendo allow for the formation of the S100P
heterodimer between th&AL4 DNA-binding domain-

the TRP1 plasmid were identified by replica plating. Plasmids
from such cells were isolated and used to transf&rngoli
strain MC1066 12) to further select for theEU2 nutritional
marker (MC1066 has a defect in the leucine biosynthesis
pathway, which can be complemented by the yé&32

S100P fusion protein and the native S100P, we cloned gene contained on the library plasmids). DNA from the

another S100P cDNA copy into the multiple cloning site Il
of pBridge. The complete S100P ORF was amplified by PCR
using forward (AVGRO04, Table 1) and reverse (AVGRO5,
Table 1) primers generatingotl and Bglll restriction sites,
respectively. The PCR product was purified with the
QIAquick PCR purification kit (Qiagen), digested witot

and Bglll restriction endonucleases, and ligated into the
pBridge-S100Pplasmid linearized wittNotl andBglll. The
ligation reaction was used to transform the BL21(DE3)
coli strain, and transformants were selected for ampicillin
resistance on YT agar plates containing 10@g/mL
ampicillin. Plasmids isolated from several ampicillin-resistant
colonies were digested b$ad restriction endonuclease.
Plasmids that produced two fragments upon digestion with
Sad (i.e., potentially carrying two copies of S100P) were

bacterial colonies growing on the minimal plates was isolated
and used to transform yeast carrying pBridge, pBridge-
S100R, or pBridge-S100Pto verify the yeast two-hybrid
interactions. Two DNA minipreps (a and b) from the
MC1066 colonies were used in tests for the repeated two-
hybrid interactions. Transformants were plated on SC plates
lacking tryptophan, leucine, and either histidine, adenine, or
both. At this step, the plates lacking histidine also contained
25 mM 3-aminotriazole, which increased the stringerid).(
Colonies growing on the selection plates were assayed for
p-galactosidase activity as described previousB).(Activa-

tion domain plasmids from the colonies exhibiting reporter
gene activity were recovered and sequenced on an ABI 100
genetic analyzer using the primer AVGRO7 (Table 1).

sequenced on an ABI 100 genetic analyzer using primercmning| of S100Z into the Expression Vector pGia

AVGRO6 (Table 1). The resulting construct, the bait plasmid,
was designated pBridge-S1Q0P

Activation Domain (AD) Plasmid Expressing the GAL4
AD—S100P Fusion Proteirhe PCR product used to create
the pBridge-S100Pplasmid was ligated into the unique
EcaRl andBanHlI restriction sites of the pGAD424 vector
(Clontech). The S100P recombinant was confirme®hyg

S100Z cDNA was amplified by PCR using the library
plasmid obtained in the yeast two-hybrid screen as a
template. The forward primer (AVGRO08, Table 1) generated
BanHI| and SpH sites upstream of the putative starting ATG
codon. The initiator ATG codon was determined by aligning
the S100Z sequence with the sequences of the other S100

digestion and automated DNA sequencing using the pGAD424family members. The reverse primer (AVGRO09, Table 1)

1 Abbreviations: G3PDH, glyceraldehyde-3-phosphate dehydroge-
nase; MTC panels, multiple-tissue cDNA panels; CD, circular dichro-
ism; AD, GAL4 transcriptional activation domain; BD, GAL4 DNA-
binding domain; pBridge-S10QFDNA-binding domain vector pBridge
carrying S100P cDNA expressed as a BD fusion; pBridge-S3,00P
DNA-binding domain vector pBridge carrying S100P cDNA expressed
as a BD fusion and another copy expressed as itself; pGIA-S100Z,
expression vector pGIA carrying S100Z cDNA; pGAD424-S100P,
transcriptional activation domain vector carrying S100P cDNA ex-
pressed as an AD fusion.

providedBanHI and Pst restriction sites 80 bases down-
stream of the TAA stop codon. The PCR product was
purified using a QlAquick PCR purification kit (Qiagen),
digested withSpH and BanHI enzymes, and ligated into
pGia linearized withSpH and BanHI. The presence of the
S100Z insert was confirmed I8ad digestion and automated
DNA sequencing of the entire gene using the T7 primer, as
described above for the pBridge-S1Q0&onstruct. The
resulting plasmid was designated pGia-S100Z.
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Expression and Purification of the Recombinant S100Z Industries, Inc.) as described previous$).(A quartz cell

with a 1 cmpath length was used. The buffer used in all
experiments was 25 mM Tris-HCI (pH 7.5), 0.2 mM EDTA,
and 3 mM DTT (buffer A) with or without 5 mM CaGl

The fluorescence emission spectrum of the unfolded S100Z
was recorded in the presence of 6.5 M guanidinium
hydrochloride. Fluorescence emission spectra of S100Z were
recorded using an excitation wavelength of 276 nm, and a

BL21(DE3)E. colicompetent cells were transformed with
the pGia-S100Z plasmid and growm1 L of 2x YT medium
at 37 °C to an optical density of 1.1 at 600 nm. S100Z
synthesis was induced by the addition of 1 mM isopropyl
[-D-thiogalactopyranoside to the culture medium, and the
culture was incubated for an additional 6 h. Induced cells

were harvested by centrifugation at 7§0@r 30 min at 4 protein concentration of 3@M. Emission spectra of the

°C. Cell pellets were resuspended in 40 mL of 50 mM TR :
sodium acetate buffer (pH 4.0) and passed through the I:renchexternal fluorescence probe, 8-anilino-1-naphthalenesulfonic

pressure cell. Cell debris was removed by centrifugation at zﬁﬁe(rAXIS;’ane; r:;g:gﬁgﬂ“i:;%g 3 r%tﬁ’\(l)? ;ggjt'r?nq mThe
2%?2;? (f:(;rlc?gmmlcnoent:nct:ré;gﬁ Solfjpleénmaﬁn;mazsgﬂiueztidntz protein concentration in the ANS fluorescence experiments
FastFlow phenyl-Sepharose (Pharmacia) column (3xcm was 9.5/M. All emission spectra were recorded using a step

- ! . resolution of 0.5 nm and an integration time of 3 s.
Jo ) eclorted 1 S0 mi sodu aceal (1) 39 “Tne Ca ratons of SI00Z were caied out using
colurmn two n.”nore times. and the column was washed with tyrosine residues of the protein as mter_nal fluorescence
10 column volumes of équilibration buffer. Bound S100Z probes. Samples: (125ﬂ_)_of_a 26#M solution of SlOOZ
was eluted from the column vita 6 Murea sdlution s100z M byffer A were titrated with increasing amounts of calcium
was refolded by a stepwise dialysis against Hecreasingunu.l the calcium concentration exceedgd .50 mM. An

. - excitation wavelength of 276 nm and an emission wavelength
concentrations of urea and several changes of Milli-Q water

and subsequently lyophilized. Lyophilized protein was dis- of 305 nm were used_ |n_aII experiments. The calc_lum
solved in 5% acetic acid ana 29 mercaptoethanol and concentration at each titration point was estimated using a
applied to a Sephadex G-75 gel-filtration column (2.5 em computer algorithm takmg into account constants for the
100 cm). S100Z-containing fractions were pooled .together association between calcium gnd EDTA and 'S reporteq as
and Iyop.hilized The S100Z purity was higher than 95% as pCa (“log[Ca]). The experiment was carried out in

: ) ; . ; triplicate, and average values are reported. The experimental
judged from Coomassie staining of SDS polyacrylamide gels.

” - . " data were fitted to the binding equation, assuming there are
Purified SlOOZ was squect_ed o 20 N-termmal sequencing calcium-binding sites per S100Z monomer and fluores-
cycles to confirm the identity of the recombinant protein.

cence changes are proportional to the fractional saturation

Circular Dichroism Spectroscopy for each site:
Circular dichroism experiments were performed on a Jasco _ Ky[ca] K [Ca’'] )
J-715 automatic recording spectropolarimeter as described - 1+ Kl[Ca2+] 1+ K2[Ca2+] ()

previously @). Far-UV CD spectra were recordeda 1 mm

rectangular quartz cell. The buffer that was used consistedwhereQ is the sum of fractional saturations of sites 1 and
of 5 mM Tris-HCI (pH 7.5), 0.2 mM EDTA, and 3 mM  2,K; is the association constant for the first binding site,
DTT (buffer B), with or without 5 mM CaGl The protein is the association constant for the second binding site, and
concentration was 0.44 mg/mL (38V). For recording the [Ca?'] is the free calcium concentration.

far-UVv CD spectrum of the unfolded S100Z, the buffer also
contained 6.5 M guanidinium hydrochloride and the protein
concentration was 0.22 mg/mL (18M). Near-UV CD Analytical ultracentrifugation experiments were performed
spectra of S100Z were recordeda 1 cmrectangular quartz ~ on a Beckman XLA ultracentrifuge. The absorbance in the
cell. A 2.1 mg/mL (182uM) solution of S100Z in buffer A cell was measured at 276 nm. Samples were allowed to
with or without 5 mM CaCJ was used in all near-UV CD  equilibrate at 25 000 and 30 000 rpm at@. Two different
experiments. Each far-UV and near-UV CD experiment protein concentrations (0.55 and 1.1 mg/mL S100Z in buffer
consisted of a minimum of five accumulations, and average A with or without 5 mM CaCJ) were used in the experi-
values are reported. The molar ellipticity of S100Z was ments. Cells with an optical path length of 1.2 cm were used.

Analytical Ultracentrifugation Experiments

calculated as Absorbance data were globally fitted to the equation
oM, Ar) =AM + E (3)
0] = 1
[©] 10C @) whereA(r) is the absorbance at any given radiugy is the

. ) . i absorbance at a reference radiyM is the molecular mass
where [B] is the experimental ellipticityMy is the mean 4t the species in the cell, arilis the baseline offseH is
molecular mass of amino acid residues in S100Z (taken t0ine constant equal to [(+ 7p)w?/(2RT), where? is the

be 116.6 Da)C is the concentration of S100Z in the solution partial specific volume of S100Z (0.755 &), calculated

@n milligrams per milliliter, andl is the optical path length according to refl4, p is the density of the solution (assumed
In centimeters. to be 1 g/mL), andv is the rotor angular velocityl§).

Fluorescence Spectroscopy Electrophoresis

Fluorescence measurements were performed on a Fluoro- Isoelectric focusing experiments were performed on a
Max spectrofluorimeter using DM3000F software (SPEX PhastSystem gel electrophoresis system (Pharmacia). S100P
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Table 2: Results of the Experiments Confirming S100P Expression and Dimerization irf Yeast

pGAD424 pGAD424-S100P
growth on His f-galactosidase growth on His f-galactosidase
medium activity medium activity
pBridge no no no no
pBridge-S100pP no no yes yes
pBridge-S100p no no yes yes

2To test S100P expression and dimerization in yeast, AH109 cells were cotransformed with the DNA-binding domain plasmids and transcriptional
activation domain plasmids in pairwise combinations as indicated in the table. Expression of the reporter genes was assessed by growth of the
transformants on the Hismedium and development of the productfrgalactosidase assays.

and S100Z were mixed together at a final concentration of RESULTS AND DISCUSSIONS
100 uM, incubated at room temperature for 24 h, and run

on PhastGel IEF 3-9 gels (Pharmacia). Gels were fixed with hybrid screen of the human prostate cDNA library using

20% trichloroacetic acid and stained by the fast Coomassiesmop as bait in search for possible S100P binding partners.
Blue method as recommended by manufacturer. Isoelectricg ¢, e proceeding with the actual screen, we determined
point§ of the_ samples_were determined using the isoelecmcwhether GAL4-S100P fusion proteins couI’d be expressed
focusing calibration kit (Pharmacia). in yeast and whether fusing S100P to the GAL4 DNA-
Lyophilized samples of S100P and S100Z were dissolved binding domain would affect the dimerization properties of
in 25 mM Tris-HCI (pH 7.5), 0.2 mM EDTA buffer ~ S100P. Another preliminary step was a test for the S100P
containirg 6 M urea and 2%f-mercaptoethanol. Samples interaction with the GAL4 transcriptional activation domain
were centrifuged at 130000 remove any insoluble material. alone. We cloned a copy of the S100P cDNA into an
Forty microliters of an S100P solution was mixed with either activation domain vector (AD, pGAD424), which also carries
200 or 400uL of S100Z, diluted with 10 mL of 25 mM  the GAL4 transcriptional activation sequence, creating a
Tris-HCI (pH 7.5), 0.2 mM EDTA, and 3 mM DTT, and pGAD424-S100P plasmid. When this plasmid was used
concentrated to a final volume of 13Q using Vivaspin 20 together with any of the pBridge-S100P constructs to
concentrators (Vivaproducts, Westford, MA). The samples cotransform yeast cells, the yeast transformants did grow on
were analyzed by electrophoresis on a 20% native polyacryl-the histidine-deficient medium in the presence of 10 mM
amide gel in Tris-glycine buffer (pH 8.3) under nondena- 3-AT, indicating an interaction of two S100P subunits (one

Yeast Two-Hybrid ScreeWe performed a yeast two-

turing conditions as described elsewheté)( from the BD-S100P fusion and another from the AD
S100P fusion). The results of these experiments are presented

PCR Analysis of S100Z Gene Expression in Human in Table 2. As can be seen from these results, cells with

Tissues either pBridge-S100Por pBridge-S100Pare not able to

grow on the selection plates when they are cotransformed

Human multiple-tissue cDNA panels | and Il and the with the pGAD424 vector. Similarly, when cells bearing
human tumor MTC panel (Clontech) were used as templatespGAD424-S100P are cotransformed with the pBridge vector,
in PCR-based assays of S100Z expression in human tissueggrowth on plates lacking histidine is not observed. On the
PCRs were carried out as follows. Each reaction mixture contrary, cells cotransformed with either pBridge-S100P
contained SuL of tissue-specific cDNA as a template (or 5 pBridge-S100Pand pGAD424-S100P grow on the selection
uL of milli-Q water as a negative control), 0.4M 5' plates lacking histidine. These results indicate that the S100P
(AVGR10) and 3(AVGR11) S100Z gene-specific primers, fusions are expressed in yeast, fusing S100P to the GAL4
0.2 mM dNTPs, 5 mM MgCl and 2.5 units of HotStarTag sequences does not prevent dimerization of the protein, and
DNA polymerase (Qiagen) in the final reaction volume of the S100P bait alone does not activate the reporter gene
50 uL. The thermal cycler (MJ Research) was programmed sufficiently to allow cells to grow on the selection plates.
for a total of 38 cycles with an initial activation step of 15 Therefore, the yeast two-hybrid screen was used to search
min at 95°C to activate HotStarTag DNA polymerase, a 30 for the putative S100P-binding partners.
s denaturation step at 9€, and a 2 min annealing/extension As described in Materials and Methods, we have trans-
step at 68C. During cycles 26, 30, 34, and 38, the annealing/ formed yeast AH109 carrying pBridge-S1Q0Rith the
extension time was increased to 5 min, and upon completionMATCHMAKER human prostate cDNA library. Out of
of cycles 26, 30, 34, and 38, the temperature was dropped7 x 10’ primary TRPI'LEU2" transformants plated on
to 15°C and 5uL samples were removed for further analysis. selective media, 19 exhibited growth within 1 week. These
PCR products were analyzed by electrophoresis on a 2%candidates were further tested to verify interaction as
agarose gel in TAE buffer. DNA bands were visualized by described in Materials and Methodd€U2-bearing plasmids
staining the gels with an ethidium bromide solution (@g3 isolated from 14 of them (labeled $R24P) were capable of
mL). PCR products obtained from the leukocyte, lung, colon, activating transcription of at least two of the reporter genes
ovary, and prostate cDNAs were further amplified in separate when they were transformed back into yeast carrying either
PCRs under the same conditions described above, except thgiBridge-S100Por pBridge-S100Pbut not pBridge alone;
the primer concentrations were increased tdvh Products three candidates (labeled 15P7P) activated transcription
of the amplification reactions were sequenced on an ABI of the reporters only in the presence of pBridge-S1ObEt
100 genetic analyzer using primer AVGR11 (Table 1) to not pBridge-S100R and two candidates did not activate
confirm their identities. transcription in the presence of either pBridge-SL00P
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CGGCCGCGTCGACGTGTCTTCTCCCCGGGTTTGGTGGCCTGCTTCTGGAGTGGTCAGTT
CTGCTGCCGAC

ATG CCC ACC CAG CTC GAG ATG GCC ATG GAC ACC ATG ATT AGA ATC
M P T Q L E M A M D T M I R I
P T Q L E M A M D T M I R I

TTC CAC CGC TAT TCT GGC AAG GCA AGG AAG AGA TTC AAG CTC AGC
F H R Y S G K A R K R F K L S
F H R Y ? G

AAG GGG GAA CTG AAA CTG CTC CTG CAG CGA GAG CTC ACG GAA TTC
K G E L K L L L Q R E L T E F

CTC TCG TGC CAA AAG GAA ACC CAG TTG GTT GAT AAG ATA GTG CAG
L S (of Q K E T Q L \4 D K I \ 4 Q

GAC CTG GAT GCC AAT AAG GAC AAC GAA GTG GAT TTT AAT GAA TTC
D L D A N K D N E \4 D F N E F

GTG GTC ATG GTG GCA GCT CTG ACA GTT GCT TGT AAT GAT TAC TTT
14 \%4 M \ 4 A A L T v A (o} N D Y F

GTA GAA CAA TTG AAG AAG AAA GGA AAA TAA
\'4 E Q L K K K G K stop

AGGAAGTTCGTGAATGCTAATCAAGGGCTAAATAAAGTGGAAAGCAGCATCCTTGAARA
TCATCGCTCTCAGGACGGGGTCTGCCTGGAATAGCACTGAATGTGTTTAGTAGTGCCTT
TGGCTTGGGGGCTTTGGAGAAAGCTGCTTGAGCCCTTCCCATGCTCATAAATTAGGTAA
GGAGCAGTGAGGAAGTGTCTACAGCAACCTCAGCCAATGTGATGTGCCTCTACAGCTGT
ATGAAGTAGATTCTCTGATTTTATCTTGAAATCCACACTTTCACAAAARAGARAAATCT
TTTACCATTTCTCATTNAAAAAGTAATATAAGNTTATTGTAGGGGGARATAATCARATG
TAATCTCATTACCCAAAATAATCCTGTACTTCTTATTCNATTTTCCTAGGCCTGTTCTA
TTTTTATGGTCTAAAATGAAATCNCCAAAAANTNTTTGTTTTTTTAGTCNNTTATAAAT
CACTGNTNTTAAAAAAAAAAAAAAAAAAARAAAACNNGGANTTTTTTTTNTNAAACCCNG
TNTTTATTGGTGGGCCATTATTTTT
Ficure 1: Sequence of candidate IPNA sequence of the cDNA insert of clone 9P. The sequence of the open reading frame starting with
the first methionine after GAL4-AD is given in triplets. The polyadenine tail of mRNA is double-underlined. The translation of the open
reading frame is given in bold and italicized. Results of the direct N-terminal amino acid sequencing of the recombinant protein produced
in E. coli are given below the translation of the open reading frame.

pBridge-S100R None of the candidates exhibited expression calcium-binding proteins (Figure 2), being most similar to
of the reporter genes when cotransformed with the pBridge S100A1 and S100P (57% of the sequence identical and 76%
vector. Of these 17 candidates that were capable of activatingsimilar and 52% of the sequence identical and 71% similar,
the reporter gene activity, candidate 9P exhibited the mostrespectively). Residues in the putative C-terminal EF-hand
rapid growth on the selective media (within 1 day) and the (“classical” EF-hand) that are known to be involved in

most rapid development of the blue color in theyalac- calcium binding 17) are conserved (D63, N65, D67, and
tosidase assay (within 2 h). Therefore, the analysis of this E74). Conservation of amino acid residues is also evident
candidate was pursued. in the putative N-terminal EF-hand (atypical EF-hand, Figure

Characterization of Candidate 9Fhe DNA sequence of  2). There are two cysteines in the novel protein sequence
the cDNA insert of candidate 9P is shown in Figure 1. A (C48 and C86), providing the potential to form covalently
BLAST search of the human genome with the DNA sequence linked dimers and possibly higher-order oligomers. The
of the candidate revealed that fragments of the sequence ar@redicted isoelectric point of the protein is 8.6, which is
located on chromosome 5 (reference number NT_006713.3),unusual for other members of the S100 family, since most
indicating that this is not a cloning artifact and homologous of them are acidic. This high pl value can be attributed to
sequences are indeed present in the human genome. Thehe four lysine residues present at the C-terminus of the
cDNA insert of the candidate contains an open reading frame polypeptide. Without the four lysines, the predicted pl would
encoding a polypeptide of 99 amino acids (starting with the be 5.4. These lysines are not due to the erroneous translation
first in-frame ATG codon after the GAL4 activation domain of the poly-A tail of the mRNA, because the poly-A tail of
sequence, Figure 1) fused to the GAL4 transcriptional the mRNA is clearly defined in the cDNA sequence (Figure
activation domain sequence. A BLAST search with the 1). Secondary structure estimates using the joint prediction
polypeptide sequence did not reveal any matches in theoption of the PELE secondary structure prediction software
databases. The predicted polypeptide sequence of the canfl8) suggest that 67% of the amino acid residues of the
didate is homologous to the members of the S100 family of polypeptide are in aro-helical conformation. Sequence
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ttt ot
2100% P ) [ R RYS ARKRFERSE! IR E a oD (KN MU
SI00AL (578, T6%) : A : OB SGEFLDA- - QKDVDANDKEMKE E cBcBuDEO )
S1002  (52%, 71%) y i) 2 AT SACHKYFEKAGLK-
$100A10 (45%, 70%) 8 OMEH: v M E KB E PG ELEN--QKDPLAMDKIMK DI OCK ¥ 2 x ITACNDYEVVHMEQKG
51008 (45%, 67%) E = B 2 11 SHFLEE=--IKEQEVMDEMMET & ‘ MA f TACHEFFEHE
510044 (45%, 66%) P X RERPSFLGK--RTDEAAFQEEMS] g! g‘ ‘ SCRAMMCNEFFEGFPDKQPREK-~
Rage-bp (46%, 658) R PKTLON--TKDOPT§DKEFODEEA E sk SRYLKTAHIDIHKE
S100B12 (44%, 65%) ) ANT TKN-- TKDKAV BDERFOGREANORE o ATALKARHYHTHKE
S100A2 (428, 65%) iz <BllF S FVGE -~ KVDEEGEKKEMGS BE a oRDHOBN - e T o el —
510089 (368, 65%) ) ) ESMRKDBONELKKE-NKNE MEDRETHA DK DHSEE WASHEKMHEGDEGPGHHHKPGLGEGTE
510045 (42%, 63%) P A i g 1 EMEESS ﬁ MES ] 5 0 E CMAYNDFFLEDNE -
$10046 (38%, 63%) S i ERROKBRT 1G5 - - KLODAEEAREME DR B0 BINEO cABALTYNEALKG
S100A11 (34%, 63%) A \AETK--NQKDPGVIDRMMKK ﬁlﬁ E AHAMACHDS FLKAVPSQKRT -
S100B13 (28%, 59%) ) vosgpexuxs v s GEAKET RKKKDLKIRKE
D9k (44%, 58%) ) BUENG 2 KERSO
5100A14 (32%, 58%) R RAFTE--NQEDPGVED-HMEK] 4] GERAVACHDSFLEAVEPSQK
5100a8 (30%, 57%) 2 L 1 KEKGADVWFEKE] H ? TEMGWOPTEKAMEKATESS -~
5100a3 (40%, 56%) P B E ATHWTPT--EFRECDYNEFMS' H K] RSBACEBCLYCHEYFEDCPSEPPCSQ
S100A7 (308, 56%) X KENFPNELSACDKKGTNYBADJFEKKEKNERKKEDRSBRLS LIGDRAT DY HKOSHGAAPCSGGS— -

Ficure 2: Sequence alignment of candidate 9p and 16 other members of the S10Q fagjliences of the S100 proteins were aligned

using CLUSTALW software 2, 53). Residues predicted to be involved in calcium coordination (according t87defre marked as

follows: %, backbone carbonyl; w, water molecule; T, monodentate side chain carboxylate or amide; and ¥, bidentate side chain carboxylate.
Numbers in parentheses indicate the percent sequence identity and the percent sequence similarity between S100Z and the corresponding
member of the S100 family. Residues conserved throughout the entire S100 family are highlighted in red; residues conserved in at least
75% of the family members are highlighted in green, and residues conserved in at least 60% of the family members are highlighted in
yellow.
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Ficure 3: Circular dichroism spectra of recombinant S100Z. (A) Far-UV CD spectrum of S100Z. (B) Near-UV CD spectrum of S100Z.
Dotted lines show the spectra of the apo form of the protein, and solid lines show the spectra of S100Z in the presence of 5.mM CaCl
The dashed line corresponds to the far-UV CD spectrum of S100Z in the presence of 6.5 M guanidinium chloride.

homology, the length of the polypeptide, and the presencebind calcium, we have used several biophysical methods:
of the EF-hand calcium-binding motifs in the primary circular dichroism and fluorescence spectroscopies and
sequence strongly suggest that the novel protein is a membeequilibrium analytical centrifugation.
of the S100 family. There is an accepted nomenclature for  Circular Dichroism.Circular dichroism spectroscopy is a
the S100 proteins located on chromosom&9).(Other S100 method widely used to obtain low-resolution structural data.
genes are located on chromosome 4 (S100P) or chromosomé&ar-UV CD spectroscopy is used to estimate secondary
21 (S100B). However, no DNA sequences corresponding to structure of the proteins; ellipticity minima at 208 and 222
the novel protein are located on chromosome 1, chromosomenm indicate that a protein is largely in aa-helical
4, or chromosome 21. This argues against the new gene beingonformation, while changes in the near-UV region of the
anotherS100A S100R or S100Bgene (9). We therefore CD spectrum reflect changes in the environment of the
name the novel S100 gei®100Z aromatic residues2(Q). The circular dichroism spectra of
Expression and Purification of Recombinant S108700Z S100Z are presented in Figure 3. The far-UV CD spectrum
cDNA was cloned into a bacterial expression system, and of the apoprotein displays two characteristic minima at
the protein product was purified to homogeneity as described208 and 222 nm, indicating that S100Z is predominantly
in Materials and Methods. The yield of the soluble recom- o-helical. Addition of 6.5 M guanidinium hydrochloride
binant S100Z was-20—25 mg/L of bacterial culture. The results in the loss of the far-UV CD signal, indicating that
recombinant protein was subjected to the 20 N-terminal under these conditions S100Z is completely unfold2@).(
sequencing cycles. As is illustrated in Figure 1, 20 N-terminal The near-UV CD spectrum of the apoprotein exhibits
amino acid residues of the protein are virtually identical to ellipticity minima at 262 and 268 nm, indicating that
the ones predicted from the cDNA sequence (the only phenylalanine residues of S100Z are in the unique packed
difference being the absence of the N-terminal methionine). environment 20, 21). Taken together, these results indicate
To verify that the recombinant protein possesses secondarythat recombinant S100Z possesses both secondary and
and tertiary structures and to determine if S100Z is able to tertiary structure reflective of a folded state.
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Addition of millimolar calcium concentrations to the
solution of S100Z does not produce significant changes in ~ 4e*5 1
the far-UV CD spectrum, suggesting that calcium has no
effect on the secondary structure of the protein. This is also @ 4e+5
the case with other S100 family members. Calcium does not ©
induce formation of the-helical structure but rather causes 2
reorientation of the helices with respect to each otBer(

28). The near-UV CD spectrum displays a small decrease
in ellipticity between 272 and 287 nm upon addition of 5
mM CaCh. This result indicates that there is no dramatic
change in the environment of the tyrosine residues in the
presence of calcium, but does not necessarily rule out the
possibility that S100Z is capable of binding the ion. For
example, calcium-responsive conformational changes could
occur without significantly affecting tyrosine residues of .
S100Z and would therefore not be detected by CD spec-  5¢*4 =
troscopy. In contrast to CD, fluorescence spectroscopy is a
more sensitive method of investigating possible calcium 0 ' T T ' '
b|nd|ng to S100Z. 300 320 340 360 380 400

Fluorescence Spectroscojfuorescence spectroscopy is Wavelength, nm
a useful tool for monitoring conformational changes in Feure 4: S100Z-calcium interactions monitored by tyrosine
proteins upon their interaction with ligand29j. Fluorescent  fluorescenceEmission spectra of the internal fluorescence probes
properties of the aromatic residues in the protein (primarily (Y19 and Y89): ¢ — —) emission of the apoprotein;{ emission
tyrosines and tryptophans) often change upon structural©f S100Z in the presence of 5 mM CaCand ¢--) emission in the

turbati ltina in_eith h in fl presence of 6.5 M guanidinium hydrochloride. The inset shows
perturbations, resulting In either a change In fluorescence changes in fractional saturation (assumed to be proportional to the

intensity, a shift in the maximum emission wavelength, or fluorescence changes) plotted as a function of calcium concentra-
both. Furthermore, use of an external fluorescence probe,tion: (®) average of three independent experiments at)dfi¢ of

such as 8-anilino-1-naphthalenesulfonic acid (ANS), for the experimental data to the binding equation (eq 2) with apparent
example, can provide additional information about structural ‘fi‘gf“lj\;'_a{t'fon constants ob5 10° M~ for the high-affinity site and

. . . - or the low-affinity site.
changes that are taking place in a protein upon ligand
binding. Binding of ANS to hydrophobic surfaces is thought
to produce increases in ANS fluorescence intengg). (If M~ for the high-affinity site and 1M~ for the low-affinity
any hydrophobic surfaces become exposed upon pretein site (Figure 4, inset). Furthermore, the increase in the ANS
ligand interaction, addition of the ligand (in our case calcium) fluorescence intensity upon addition of 4o the S100Z
to the protein solution will produce an increase in ANS solution (results not shown) indicates that calcium binding
fluorescence intensity. Using ANS as an external fluores- to S100Z exposes hydrophobic surfaces.
cence probe is particularly suitable for studies on S100 Equilibrium Analytical Ultracentrifugation.Most S100
proteins, which are thought to expose hydrophobic surfacesproteins exist as dimers in solution, a notable exception
upon interaction with calcium30—32). being calbindin D9k, which exists as a monom&s-(35).

To study calcium binding by S100Z, we have used both To analyze the oligomerization state of S100Z, we have
internal (tyrosines) and external (ANS) fluorescence probes. used equilibrium analytical ultracentrifugation. In analytical
S100Z has two tyrosine residues in its amino acid sequenceultracentrifugation experiments, the distribution of the light-
(Y19 and Y89) and no tryptophans, and upon excitation at absorbing species in the cell along the rotor radius depends
276 nm produces a characteristic fluorescence emissionon the molecular mass of the species, the stoichiometry of
spectrum (Figure 4). Addition of 6.5 M Gdm-HCI produces the association (if any association is taking place), and the
a dramatic increase in the emission spectrum intensity, equilibrium constant of the associatid3t( 37). Equilibrium
indicating that structural changes are taking place in the analytical ultracentrifugation experiments with S100Z were
presence of the denaturant; i.e., S100Z becomes unfoldedperformed in the presence or absence of calcium to test for
These results further support the conclusion from the CD possible effects of calcium on the oligomerization properties
experiments (Figure 3) that recombinant S100Z is folded. of S100Z. As illustrated in Figure 5, centrifugation pro-
Addition of 5 mM calcium to the solution of the native files in the presence of 0.2 mM EDTA or 5 mM &a
protein results in an increase in fluorescence intensity, asoverlap, indicating that calcium has no effect on the apparent
compared to that of the apo form of the protein. Because molecular mass of S100Z. A global fit of six experi-
calcium itself does not have fluorescence, the increase is mostents at two different rotor speeds to the model describing
likely due to structural rearrangements in the S100Z molecule sedimentation of a single ideal species (eq 2) produces
that are taking place upon interaction with calcium. There- an apparent molecular mass of the species in the cell of
fore, we conclude that S100Z is capable of binding the ion. 22.1 + 0.1 kDa. From the expected molecular mass of the
Assuming that the observed changes in fluorescence intensityS100Z monomer with the N-terminal methionine removed
in response to calcium are proportional to the degree of (11430 Da) and the apparent molecular mass obtained
calcium binding, we fit the data to the binding equation (eq in analytical centrifugation experiments, we conclude that
2). Results of the nonlinear regression analysis produceunder our experimental conditions S100Z exists as a dimer
apparent CH binding constants on the order 65 x 10° in solution.

3e+5

Fractional Saturation

3et+5

2e+57 | g 10 -8 6 4 22
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1e+5 {

Fluorescence Intensity
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Ficure 5: Analytical ultracentrifugation profiles of S100Z. (A) Samples were equilibrated at (A) 25 000 and (B) 30 000pexpérimental
data obtained in the presence of 0.2 mM EDTA;)(fit of the experimental data obtained in the presence of 0.2 mM EDTA to e®)2, (
experimental data obtained in the presence of 5 mM ga@d () fit of the experimental data obtained in the presence of 5 mM £acCl
to eq 2. Residuals of the fits shown are also included using the same symbols.

Physical Interaction of S100Z with S100Peast two- 1 2 3 4
hybrid experiments clearly established that S100Z and S100P
can interact in the context of the yeast two-hybrid system.
To demonstrate physical interaction between S100Z and
S100P in vitro, we took advantage of the fact that the two
proteins have very different isoelectric points (predicted pl
for S100P of 4.8, and a predicted pl for S100Z of 8.6). When ! +———S100/51002
S100P or S100Z is incubated alone and allowed to focus,
S100P bands are observed just above the bands correspond-
ing to the soybean trypsin inhibitor (pt 4.55). S100Z bands
focus at the other end of the gel, close to the lentil lectin
basic band (p+ 8.65). If a complex is formed between these ;
two proteins in a 1:1 ratio, it will have a predicted isoelectric LA
point of 5.6. Indeed, when the two proteins were incubated
together and allowed to focus, in addition to the two bands Ficure 6: S100P-S100Z heterocomplex formation as shown by

corresponding to S100P and S100Z, a third band migrating PAGE under nondenaturing conditions: lane 1, S100P alone; lane

: ; 2, S100Z alone (does not enter the gel); lane 3, S100P and S100Z
beltwteer: Eo?(me Ic_a;bggm anhyk?rase dB déptl 5-85t) ﬁ”d samples mixed at a 1:5 ratio; and lane 4, S100P and S100Z samples
p-lactoglobulin (pl= 5.20) was observed (data not shown). ixed at a 1:10 ratio. See Materials and Methods for details.

This indicates that S100P and S100Z are able to form a
complex under in vitro conditions. To further confirm this have been successfully used in a number of stud8s- (
result, the S100P/S100Z mixture was subjected to PAGE on46). The amount of cDNA in each panel has been normalized
a 20% gel under nondenaturing conditions (pH 8.3), as shownto the expression levels of several housekeeping genes to
in Figure 6. Under these conditions, the S100P, being anaccount for possible differences in the levels of transcriptional
acidic protein, migrates very fast (lane 1). In contrast, S100Z activity between different tissues. Therefore, differences in
(lane 2) will not enter the gel. However, the S100P/S100Z the amount of product obtained in PCRs under identical
mixture exhibits two distinct bands (lanes 3 and 4), one conditions are likely to represent true differences in corre-
corresponding to S100P and the other to the STHHRE0Z sponding mMRNA levels between different tissues represented
complex (Figure 6). on the MTC panel. The relative abundance of the mRNA of
Expression of the S100Z Gene in Human TissOes of interest can be estimated from the number of cycles after
the properties of S100 proteins is their tissue-specific which the PCR product is observed and/or band intensity,
expressionJ); therefore, we analyzed the tissue distribution provided that the reaction has not reached saturation, i.e.,
of S100Z mRNA expression using a variation of the RT- primers and dNTPs have not been depleted. It was shown
PCR analysis, multiple-tissue cDNA (MTC) paneB8{ (38—46, 49) that 22-25 cycles is sufficient to detect high-
46). The use of RT-PCR for the analysis of gene expression abundance mRNA and 250 cycles is sufficient to detect
has a major advantage over the more traditional RNA blotting high- to medium-abundance mRNAs; after-385 cycles,
techniques. RT-PCR can be 16600000-fold more sensitive  medium- to low-abundance mRNA will produce a distinctive
than Northern blotting, allowing the detection of very rare band, and after 38 cycles, even very rare transcripts can be
transcripts 47, 48). MTC panels provide an additional detected.
advantage by allowing more accurate assessment of tissue- We have used human MTC panels | and Il to study
specific gene expression due to the cDNA normalization and expression of the S100Z gene in normal tissues. Human MTC

<«——5100P
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Ficure 7: PCR-based assays of S100Z gene expression in normal human. t&sea®phoresis of the PCR products obtained in S100Z

cDNA amplification from the MTC panels on 2% agarose gels in TAE buffer. The forward primer for the PCR was designed to anneal to
the first 10 codons of the S100Z coding sequence. The reverse primer was designed to annedl imtitams3ated region (120 bases
downstream from the translation termination codon) to avoid amplification of homologous cDNA sequences corresponding to the other
S100 family members. Therefore, the expected size of the PCR product was 450 bases. As a positive control, primers for amplification of
a 983 bp fragment of the glyceraldehyde-3-phosphate dehydrogenase (G3PDH) gene (one of the housekeeping genes used for cDNA
normalization in MTC panels) were used.&) PCR products obtained from reactions using cDNAs from human MTC panel | as templates
(liver, skeletal muscle, kidney, pancreas, lung, placenta, brain, and heart) using S100Z-specific primers: samples analyzed by gel éectrophores
after 30 cycles (A), 34 cycles (B), 38 cycles (C), and expression of the control gene, G3PDH, in corresponding tissues from human MTC
panel | (D) (samples analyzed after 30 PCR cycles}: @&} PCR products obtained from reactions using cDNAs from human MTC panel

Il as templates (thymus, spleen, colon, ovary, leukocytes, small intestine, testis, and prostate) using S100Z-specific primers: 30 PCR cycles
(E), 34 cycles (F), 38 cycles (G), and expression of the control gene, G3PDH, in corresponding tissues from human MTC panel Il (H)
(samples analyzed after 30 cycles). Candidate 9P was used as a template in the positive control reactions. The brightest bands on the 100
bp DNA ladder lanes correspond to 500 (bottom) and 1000 bp (top).

panel | includes cDNA from brain, heart, kidney, liver, lung, produced due to the presence of S100Z mRNA in these
pancreas, placenta, and skeletal muscle. MTC panel lltissues and not due to overcycling; no bands are observed
includes cDNA from colon, ovary, peripheral blood leuko- in any of the negative controls after 38 PCR cycles. Direct
cytes, prostate, small intestine, spleen, testis, and thymusDNA sequencing of the PCR products from leukocyte, lung,
Because abnormal levels of S100 proteins are often observedolon, ovary, and prostate cDNAs (results not shown)
in human tumors3), and some of them were shown to be indicates that the amplified product corresponds to the S100Z
differentially expressed in different tumorsQ), we have cDNA and does not represent a known member of the S100
also analyzed S100Z expression in several tumor tissuesfamily.
using a human tumor MTC panel. The tumor MTC panel  Analysis of S100Z expression in tumor tissues shows that
includes cDNA from breast tumor (carcinoma GI-101), lung S100Z expression appears to be aberrant at least in some
tumors (carcinoma LX-1 and GI-117), colon tumors (adeno- tumors (Figure 8). For example, when cDNA from normal
carcinoma CX-1 and GI-112), prostate adenocarcinoma (PC-lung is used as a template, the PCR product is clearly visible
3), ovarian carcinoma (GI-102), and pancreatic adeno- after 34 cycles, while in both lung carcinomas that we
carcinoma (GI-103) propagated as xenografts in nude mice.analyzed, the S100Z band can be barely detected after 38
The results of PCR amplifications of cDNA from normal cycles. In cDNA from colon adenocarcinoma CX-1, S100Z
tissues are presented in Figure 7. Levels of the S100Zexpression could not be detected at all, while in normal colon,
transcript are clearly different between different tissues, S100Z cDNA is present. Colon adenocarcinoma Gl-112
indicating that S100Z expression is tissue-specific. The appears to have somewhat higher levels of S100Z expression,
highest levels of S100Z expression are observed in peripheralas compared to its normal counterpart. Finally, expression
blood leukocytes where the PCR product can be observedof S100Z could not be detected at all in breast carcinoma
after 30 PCR cycles. cDNA from pancreas, lung, placenta, GI-101, although we cannot conclude whether there is any
and spleen produces distinct bands after 34 cycles, indicatingdifference in S100Z expression between normal and tumor
medium to low levels of expression of S100Z. The level of breast tissue as normal breast cDNA was not included in
expression of S100Z in kidney, brain, heart, thymus, colon, either MTC panel | or Il. We did not observe any significant
ovary, small intestine, testis, prostate, liver, and skeletal variation in the glyceraldehyde-3-phosphate dehydrogenase
muscle is very low; bands can be observed after only 38 (G3PDH) expression profiles between different tissues, with
PCR cycles. Nevertheless, the observed PCR bands aréhe exception of testis where the level of expression of
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FicurRe 8: PCR-based assays of S100Z expression in human tumor

models cDNAs from the human tumor cDNA panel were used as

templates in PCRs: samples analyzed after 30 PCR cycles (A), 34

cycles (B), 38 cycles (C), and expression of the control gene,
G3PDH, in the tumor models (D) (samples analyzed after 30 PCR
cycles).

G3PDH is known to be low&2), indicating that assay
conditions were identical for all experiments. Therefore, we
conclude that the observed differences in the amount of
S100Z PCR product are due to different S100Z expression
levels between different tissues.

CONCLUSIONS

Using a yeast two-hybrid screen, we have identified a
novel member of the S100 family of calcium-binding
proteins, human protein S100Z which is capable of interact-
ing with S100P. To date, S100Z is the only protein known
to interact with S100P, although we cannot exclude the
possibility that other S100 family members are capable of
interacting with either S100P or S100Z. S100Z is a protein
with high a-helix content, capable of binding two calcium
ions per monomer with different affinities (apparent binding
constants of 5« 1078 and 16 M~%). Upon calcium binding,
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