Microbiology (1998), 144, 3387-3395

Printed in Great Britain

Three new members of the serine-aspartate
repeat protein multigene family of
Staphylococcus aureus

Elisabet Josefsson,' Kirk W. McCrea,? Deirdre Ni Eidhin,’
David O’Connell,' Jos Cox,®> Magnus Hook? and Timothy J. Foster’

Author for correspondence: Timothy J. Foster. Tel: +353 1 6082014. Fax: +353 1 6799294.

e-mail: tfoster@tcd.ie

1 Department of
Microbiology, Moyne
Institute of Preventive
Medicine, Trinity College,
Dublin 2, Ireland

2 Institute of Biosciences and
Technology, Texas Medical
Center, 2121 West
Holcombe Boulevard,
Houston, TX 77030-3303,

Three new genes encoding the serine-aspartate (SD) repeat-containing
proteins SdrC, SdrD and SdrE were found in Staphylococcus aureus strain
Newman. The SD repeats had earlier been found in the S. aureus fibrinogen-
binding clumping factors CIfA and CIfB. The cIfA and cIfB genes encode high-
molecular-mass fibrinogen-binding proteins that are anchored to the cell
surface of S. aureus. The sdr genes now reported are closely linked and
tandemly arrayed. The putative Sdr proteins have both organizational and
sequence similarity to CIfA and CIfB. At the N-terminus, putative secretory

USA signal sequences precede approximately 500 residue A regions. The A regions

3 Department of
Biochemistry, University of
Geneva, 30 quai Ernest
Ansermet, 1211 Geneva 4,
Switzerland

of the Sdr and CIf proteins exhibit only 20-30% residue identity when aligned
with any other member of the family. The only conserved sequence is the
consensus motif TYTFTDYVD. The Sdr proteins differ from CIfA and CIfB by
having two to five additional 110-113 residue repeated sequences (B-motifs)

located between region A and the R-region. Each B-motif contains a consensus
Ca? -binding EF-hand loop normally found in eukaryotic proteins. The
structural integrity of recombinant SdrD(B1-B5) protein comprising the five
B-repeats of SdrD was shown by bisANS fluorescence analysis to be Ca? -
dependent, suggesting that the EF-hands are functional. When Ca? was
removed the structure collapsed to an unfolded conformation. The original
structure was restored by addition of Ca? . The C-terminal R-domains of the Sdr
proteins contain 132-170 SD residues. These are followed by conserved wall-
anchoring regions characteristic of many surface proteins of Gram-positive
bacteria. The sdr locus was present in all 31 S. aureus strains from human and
bovine sources tested by Southern hybridization, although in a few strains it
contained two rather than three genes.

protein
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INTRODUCTION

Staphylococcus aureus is an important cause of noso-
comial infections, particularly those of trauma and
surgical patients, and infections associated with in-
dwelling medical devices (Rupp, 1997; Kernodle &
Kaiser, 1997). The bacterium expresses a panel of

Abbreviations: bisANS, 4,4'-dianilino-1,1’-binaphthyl-5,5-disulphonate;
SD repeat, serine-aspartate repeat.

The GenBank accession numbers for sdrC, sdrD and sdrE are AJ005645,
AJ005646 and AJ005647, respectively.

adhesins of the MSCRAMM type (Patti et al., 1994a)
that bind extracellular matrix proteins such as fibro-
nectin (Signas et al., 1989), fibrinogen (McDevitt ef al.,
1994), collagen (Patti et al., 1992) and elastin (Park et al.,
1991). Many of these MSCRAMMSs have been shown to
act as virulence factors in animal models of staphylo-
coccal infections (Foster et al., 1997).

S.  aureus  expresses two  fibrinogen-binding
MSCRAMMSs that are structurally related, called
clumping factor A and B (CIfA and CIfB) (McDevitt et

al., 1994; N1 Eidhin et al., 1998). The clfA and clfB genes
are not closely linked and are probably monocistronic.
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Fig. 1. Structural organization of proteins in the SD-repeat multigene family of S. aureus Newman. In region A the thick
broken line represents the TYTFTDYVD motif. In the region A of CIfA and in region B the thin broken line represents an
EF-hand loop. S, signal sequence; A, putative ligand-binding A region; B, B repeat; R, dipeptide DS repeats; W, short
wall-spanning region; M, membrane-spanning segment. The LPXTG motif occurs between domains W and M.

The proteins mediate cell clumping in a solution of
fibrinogen and attachment of bacterial cells to im-
mobilized fibrinogen. CIfA and CIfB are virulence
factors which mediate bacterial attachment to indwell-
ing medical devices that have become coated with
plasma proteins, to blood clots in damaged tissue, and
to platelet-fibrin thrombi on damaged heart valves in a
rat model of endocarditis (McDevitt et al., 1994;
Moreillon et al., 1995; N1 Eidhin et al., 1998; Vaudaux
et al., 1995).

The CIfA and CIfB proteins have the same domain
organization (McDevitt et al., 1994; N1 Eidhin et al.,
1998; Fig. 1), which includes features characteristic of
surface proteins on Gram-positive bacteria. A long
signal sequence (S) is followed by an approximately 500
residue region (A) encompassing a unique sequence.
Region R, which is composed of serine-aspartate (SD)
repeating dipeptides, links region A to the cell-wall-
anchoring region W. The C-terminal end includes a
transmembrane region (M) and a short cytoplasmic tail
composed largely of positively charged residues. The
ligand-binding A domains in CIfA and CIfB are not
closely related, with only 27% identical residues. In
contrast, the C-terminal sequences are quite similar.
The R-domain in CIfA from strain Newman is com-
posed of 154 repeats of the SD dipeptide (308 residues)
and in CIfB it is 128 repeats (256 residues). The length of

the R-domains of CIfA and CIfB varies in different
strains (McDevitt & Foster, 1995). The dipeptide is
encoded by an 18 bp repeat motif GAY TCN GAY TCN
GAY AGY. At least 70 residues from region R of CIfA
are required for functional expression of the ligand-
binding A region on the bacterial cell surface (Hartford
etal.,1997). CIfA and CIfB are anchored to the cell wall,
via an LPXTG motif present in the W-domains
(Schneewind et al., 1995).

The clumping factor CIfA binds to two distinct sites in
the-y chain of fibrinogen that are also recognized by the
fibrinogen-binding mammalian integrins, «llbg3 and
aMp2 (O’Connell et al., 1998, and unpublished). CIfA
and the platelet integrin allbg3 bind to the extreme C-
terminus of the fibrinogen y chain (McDevitt et al., 1997 ;
Kloczewiak et al., 1984), whereas CIfA and the leucocyte
intergrin «Mp2 share a binding site located in the central
part of the y chain (Altieri et al., 1993; D. O’Connell and
others, unpublished). The binding of CIfA and «IIbg3 to
fibrinogen is regulated by divalent cations, and both
proteins contain sequence motifs that could form EF-
hands. An EF-hand loop is formed by a stretch of 12
residues that displays six or seven peptide oxygens in the
correct geometry for the coordination of divalent cations
(da Silva & Reinach, 1991). Also, the binding of CIfA
and «Mp2 to the internal site in the y chain appears to
involve the newly discovered cation-binding MIDAS
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motif (DXSXS) which is present in both molecules (Lee
et al., 1995; D. O’Connell and others, unpublished).

Southern hybridization analysis of S. aureus Newman
genomic DNA with a labelled DNA probe comprising
the part of the clumping factor c/fA gene encoding the
region R SD dipeptide revealed three HindlIII fragments
in addition to the 68 kb fragment carrying clfA itself
(McDevitt et al., 1994). We recently showed that the
27 kb HindIll fragment carries the clfB gene, which
encodes CIfB (N1 Eidhin et al., 1998). Here we set out to
analyse the other clfA-region R-hybridizing loci to
determine if these also encode surface proteins. Three
new genes were cloned and sequenced. Each has the
potential to encode a surface protein with structural and
sequence similarity to CIfA and CIfB. The three genes
are closely linked and are distinct from clfA and clfB by
encoding a novel repeated motif (B) located between
regions A and R. Each B motif has a cation-binding EF-
hand and we show that the structural integrity of the B-
motif is cation dependent.

METHODS

S. aureus strains. These are shown in Table 1.

DNA manipulations. These were performed by standard
techniques (Ausubel et al., 1987; Sambrook et al., 1989).

Cloning the sdrlocus. A library of S. aureus Newman genomic
DNA made in A\GEM-12 was screened by plaque hybridization
using a region R specific probe derived from clfA (N1 Eidhin et
al., 1998). One chimeric phage from this library, 1A6-2, was
used in this study. A 3-8 kb HindIll fragment was cloned

directly from genomic DNA into pBluescript SK(+)
(Stratagene), forming pCl.

DNA sequencing. Automated DNA sequencing was per-
formed by primer walking of the 39 kb HindIIl fragment
clone in pC1 (sdrC and the 5" end of sdrD) and pE]J3 (sdrD),
and with nested deletions generated by Erasa-Base (Promega)
of plasmids pE]J1 and pE]J2 (sdrE).

Southern hybridization. Genomic DNA isolated by the
method of Lindberg et al. (1972) was cleaved with HindlIIl,
fractionated on a 1% agarose gel and transferred to a Nylon
N* membrane (Amersham) by the method of Southern (1975).
Filters were hybridized with probes specific for region A of
sdrC, sdrD and sdrE, and for region B1-BS5 of sdrD. Fragments
were amplified by PCR using primers shown in Table 2 and
cloned into pQE30 (Qiagen). They were excised and labelled
by the random primer method incorporating fluorescein
(Amersham). Hybridization was recognized with anti-
fluorescein—horseradish peroxidase conjugate and Enhanced
Chemiluminescence (Amersham).

Expression of recombinant protein. DNA encoding the five B
repeats of SdrD was amplified from pEJ3 DNA by PCR using
the primers listed in Table 2 and VENT polymerase (New
England Biolabs) and cloned into the expression vector pQE30
(Qiagen). The strategy employed was to place unique re-
striction sites in 5 extensions to the primers allowing
directional cloning into the multiple cloning site of the
expression vector to form in-frame fusions with sequences
encoding the hexa-histidine tags. In addition codons for
glutamine (CAA) and glutamate (GAA) were introduced into
the forward primer between the BamHI site and the first
codon for repeat B1 (GTA). This was done in order to
facilitate removal of the His-tag from the recombinant protein.
The recombinant plasmid was transformed into Escherichia

Table 1. Bacterial strains

SA128, SA240
GH13

Cowan 1
Webb

P1

M60

V8

Todd555

RN4282

TC192 (= FRI1169), 413

Dublin MRSA

Guy’s Hospital MRSA

Archetypal adherent strain

Endocarditis isolate.

Rabbit virulent derivative of
ATCC 25923

Bovine mastitis isolate

V8 protease producer

TSST-1 producer

TSST-1 producer

TSST-1 producer

Strain Properties Source* or reference
Newman Archetypal clumping factor Duthie & Lorenz (1952)
Phillips Osteomyelitis isolate Patti et al. (1994b)

8325-4 Laboratory strain Novick (1967)

R19826 Bovine mastitis isolate A. J. Guidry!

PSA10.6, 20-1, 3, 4.2, 5 Bovine mastitis isolates V. Kapur?

AB, RRPL, JG, DA, NJ Endocarditis isolates L. Baddour®

FB, JB Osteomyelitis isolates L. Baddour

SA1048, SA1066, MSA932 Human isolates (disease?) V. Kapur

Coleman et al. (1985)
Poston & Li Saw Hee (1991)
ATCC 12598, NCTC 8530
Tompkins et al. (1990)
Sherertz et al. (1993)

Anderson (1976)
ATCC 49775

Clyne et al. (1988)
Kreiswirth et al. (1983)
de Azevedo et al. (1985)

*1, Immunology and Disease Resistance Laboratory, Livestock and Poultry Science Institute,
Agricultural Research Service, USDA, Beltsville, MD, USA; 2, Dept of Veterinary Pathobiology,
University of Minnesota, St Paul, USA; 3, Dept of Medicine, University of Tennessee Medical Center

at Knoxville, USA.
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Table 2. Primers

Region to be amplified F/R*

Primer sequence

CCC.GGA. TCC.GCA.GAA.CAT.ACG.AAT.GGA.G
CCC.AAG.CTT.ACT. TTT.GGT.CGC.CAT.TAG.CAG
CGC.GGA.TCC.CAG.GCA.GAAAGT.ACT.AAT.AAA.GAATTG
CC.GCG.GTC.GAC.TTC.TTG.ACC.AGC.TCC.GCCACT.TTG
C.GCG.GGA.TCC.CAG.GCT.GAA. AAC.ACT.AGT.ACA.GAA.AAT.GCA
CGC.AAG.CTT.CTT.TTC.TTC.AGG. TTT.AAC.AGT.ACC
C.GCG.GGA. TCC.CAA.GAA.GTA.TAT.AAAATT.GGT.AAC.TAC

sdrC region A F
sdrC region A R
sdrD region A F
sdrD region A R
sdrE region A F
sdrE region A R
sdrD B1-BS F
sdrD B1-B3 R

CGC.AAG.CTT.TGA. TGT.TTC.TTC.TTC.GTA.GTA.GCC

*F, forward; R, reverse.

Restriction sites in the 5" extensions of primers are underlined. The double-underlined codons are those that specify additional amino

acids at the N-terminus and C-terminus of B1-B5.

coli XL-1 Blue (Stratagene). Expression of the recombinant
protein and its purification was as described by O’Connell et
al. (1998). The His-tag was removed by the TAGZyme system
(Unizyme Laboratories), after which the SdrD(B1-BS5) protein
had additional amino acids GSQE at the N-terminus and
SKLN at the C-terminus. The N-terminal sequence of the
protein was verified by amino acid sequencing.

bis-ANS fluorimetry. The Ca®'- and Mg?®'-dependent changes
in the hydrophobic core of the SdrD(B1-B5) protein were
followed by monitoring the fluorescence properties of 4,4’
dianilino-1,1’-binaphthyl-5,5’-disulphonate (bisANS) as de-
scribed by Pan & Johnson (1996). Solutions of 30 pM bisANS
and 2 uM metal-free SdrD(B1-BS) protein in 50 mM Tris/
HCI, pH 7-5, 150 mM KCI were excited at 370 nm and the
emission spectra recorded with slits of 5 nm. EGTA (20 uM),
MgCl, (2 mM) or CaCl, (20 uM and 2 mM) were added to
obtain the metal-free, Mg?* or Ca®" forms, respectively. The
estimated accuracy of the method is +4%.

RESULTS
Identification of the sdr locus

Recombinant phage 1A6-2 was cloned from a library of
S. aureus Newman genomic DNA constructed in the 4
replacement vector AGEM-12 (N1 Eidhin et al., 1998).
The phage was recognized by plaque hybridization with
a probe specific for the region-R-encoding sequence of
clfA. Mapping, subcloning and sequence analysis
revealed that 2A6-2 contained two complete ORFs (sdrD
and sdrE) and one partial ORF (sdrC) with sequence
similarity to c/fA and clfB (Fig. 2).

In addition a 3-9 kb hybridizing HindIIl fragment from
S. aureus Newman was cloned directly into the plasmid
vector pBluescript SK(+), forming pC1. Mapping and
sequencing revealed that the 39 kb HindIIl fragment
overlapped the ‘left’ end of the 1A6-2 clone, providing a
complete orf (sdrC) and the 5’ part of another gene (Fig.
2).

In summary, the locus carries three tandemly linked
genes which we have called sdrC, sdrD and sdrE (S-D
repeat-containing proteins) with the potential to encode
surface proteins related to CIfA and CIfB. Along with
clfA and clfB they form a multigene family (Fig. 1).

DNA sequence of the sdr locus

The sdr locus comprises three ORFs, sdrC, sdrD and
sdrE, of 2841, 3945 and 3498 bp, respectively. The 5’
parts of the sdr genes encode the putative signal
sequences of the Sdr proteins and are preceded by
ribosome-binding sites, GGAG. Extending 5" from the
ribosome-binding site of each ORF are 70 bp that are
approximately 54 % identical, preceded by 48 bp con-
served sequences (75% identity between the three
sequences). It is possible that the conserved 5’ regions
contain transcriptional regulatory signals. DNA
sequence similarity was also evident in the 3 parts of
each ORF encoding the SD repeats (region R) and C-
terminal wall-anchoring motifs. The sequence similarity
extended 40 bp downstream from each ORF and in-
cluded a putative transcription-termination signal. The
sdrC and sdrD genes are separated by 369 bp while sdrD
and sdrE are separated by 397 bp. The relatively large
intergenic regions may suggest that sdrC, sdrD and sdrE
are transcribed independently.

Amino acid sequence of the Sdr proteins

The overall organization of the Sdr proteins is very
similar to that of the CIfA and CIfB proteins (Fig. 1).
Each Sdr protein has a putative signal sequence of 50-52
residues followed by an A region of 445-554 residues.
The Sdr proteins differ from CIfA and CIfB by the
presence of additional B motifs of 110-113 residues
which are present as two, three or five tandem repeats in
SdrC, SdrE and SdrD, respectively. The C-terminal
domain organization of the SdrC, SdrD and SdrE
proteins is very similar to that of CIfA and CIfB, with R
domains of 170, 132 and 166 SD residues, respectively,
followed by C-terminal cell-wall-anchoring motifs, viz.
an LPXTG motif, a hydrophobic membrane-spanning
domain and positively charged residues at the extreme
C-terminus.

The putative signal sequences of the Sdr proteins are
75-90% identical. The CIfA and CIfB signal sequences
are markedly less related to those of the Sdr proteins
(37-46% identity).
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Fig. 2. The sdr locus of S. aureus strain

A6-2 Newman. Shown above the restriction map

C—+ - is the extent of the locus carried by

_"ELH recombinant plasmids and by the-AGEM

pEJ2 clone A6-2. The boxes at the extremity of

pEJ3 1000bp the /A6-2 clone represent the left and right

pC1 — arms of the vector. The filled boxes within

C S the sdr genes indicate the positions of the

éHc c SH CH EE C CN ES s E sequences encoding the SD repeats; the

Ll Nl 11 | | [ | 4 hatched boxes indicate those encoding B

i repeats. Restriction enzyme cleavage sites

— Y | E— Y are abbreviated as follows: E, EcoRI; C, Clal;

sdrC sdrD sdrE H, Hindlll; N, Ncol; S, Scal.
SArCB1  KYNLGDYVWEDTNKDGKQ--DANEKGIKGVYVILKDSNGK-ELDRTTTDENGKYQFTGLSNG-TYSVEFST-PAGYTPTTANVGTDDAVDSDGLTTTGVIKDADNMTLDSGIYKTP~
SdrCB2 KYSLGDYVWYDSNKDGKQ--DSTEKGIKGVKVTLQNEKGE-VIGTTETDENGKYRFDNLDSG-KYKVIFEK-PAGLTQTGTNTTEDD-KDADGGEVDVTITDHDDFTLDNGYYEEET
SArDBl  VYKIGNYVWEDTNKNGVQ--ELGEKGVGNVTVTVFDNNTNTKVGEAVTKEDGSYLIPNLPNG-DYRVEFSNLPKGYEVTPSKQGNNEELDSNGLSSVITVNGKDNLSADLGIYKP-~
SArDB2  KYNLGDYVWEDTNKNGIQ--DQDEKGISGVTVTLKDENGN-VLKTVTTDADGKYKFTDLDNG-NYKVEFTT-PEGYTPTTVTSGSDIEKDSNGLTTTGVINGADNMTLDSGFYKTP~
SArDB3  KYNLGNYVWEDTNKDGKQ--DSTEKGISGVTVTLKNENGE-VLQTTKTDKDGKYQFTGLENG-TYKVEFET-PSGYTPTQVGSGTDEGIDSNGTSTTGVIKDKDNDTIDSGE YKP-~
SArDB4  TYNLGDYVWEDTNKNGVQ--DKDEKGISGVTVTLKDENDK-VLKTVTTDENGKYQFTDLNNG-TYKVEFET - PSGYTPTSVTSGNDTEKDSNGLTTTGVIKDADNMTLDSGF YKTP-
SdrDB5 KYSLGDYVWYDSNKDGKQ-~-DSTEKGIKDVKVTLLNEKGE-VIGTTKTDENGKYCFDNLDSG-KYKVIFEK-PAGLTQTGTNTTEDD-KDADGGEVDVTITDHDDFTLDNGYYEEET
SArEB1  LYKIGDYVWEDVDKDGVQGTDSKEKPMANVLVTLTYPDG--TTKSVRTDANGHYEFGGLKDGETYTVKFET - PTGYLPTKVNGTTDGEKDSNGSSVTVKINGKDDMSLDTGFYKEP~
SArEB2 KYNLGDYVWEDTNKDGIQ-~-DANEPGIKDVKVTLKDSTGK-VIGTTTTDASGKYKFTDLDNG-NYTVEFET -PAGYTPTVKNTTADD-KDSNGLTTTGVIKDADNMTLDRGFYKTP~
SArEB3

K akokkk ok Lk.k Kk * * ok . *

KYSLGDYVWYDSNKDGKQ~-~-DSTEKGIKDVTVTLONEKGE-VIGTTKTDENGKYRFDNLDSG-KYKVIFEK~ PAGLTQTVTNTTEDD -KDADGGEVDVTITDHDDFTLDNGYFEEDT

Lkox

* ok k k k * K * ook Lok ok k.

Fig. 3. Alignment of the B repeats of the Sdr proteins by CLUSTAL w. Three conserved stretches are underlined. Asterisks
(*) indicate identical residues; colons (:) indicate functionally conserved residues; dots (.) indicate functionally similar
residues. The broken line above the alignment indicates the position of the potentially functional EF-hand | in CIfA.

In the Sdr proteins the SD dipeptide array in the R
regions rarely breaks down (two variant residues in
SdrC, two residues in SdrD and none in SdrE). In the R
regions of CIfA and CIfB there is some drift away from
S and D residues, particularly at the end of the regions
(McDevitt et al., 1994, N1 Eidhin et al., 1998).

The A regions of SdrC, SdrD and SdrE were aligned with
each other and with the A regions of CIfA and CIfB. In
any pairwise combination the sequence identity was
21-30% (data not shown). Only one stretch of amino
acids is present in all five proteins. The consensus
sequence for this motif is T/ITY/FT/VFTD/NY V
D/N, with the first residue of alternatives being present
in 4/5 cases except the last D/N, where D is present in
3/5 cases. The motif occurs in the C-terminus of the EF-
hand I of CIfA which is implicated in cation-regulated
ligand binding (O’Connell et al., 1998). The MIDAS-
like motif (DXSXS) in CIfA and CIfB is not apparent in
SdrC, SdrD or SdrE.

The B motifs of SdrC, SdrD and SdrE were aligned (Fig.
3) and compared. The B motifs lying adjacent to region
R in each protein were the most highly related (95-96 %
residue identity). The middle B motif of SdrE, the three
central B motifs of SdrD and the first B motif of SdrC
form a second cluster with 65—85% residue identity.
The first B motifs of SdrD and SdrE were quite different
from each other (42% identity) and from their
neighbours (48 and 52 % identity). In each B motif three
distinct conserved regions, with 36 %, 32% and 20 %
identity, were noted (Fig. 3). The first contains a

T T T T T T T T T
800 (- e
[0}
2~
o2
gE 600 e
[
—
38 \
5 400 20 M Ca?* A .
%) N
zL
< ®©
QL
Qa
200 - / B
i
bisANS alone

440 460 480 500 520 540 560 580 600

Wavelength (nm)

Fig. 4. Hydrophobic exposure as monitored by fluorescence
enhancement of bisANS: spectra of 40 uM bisANS in the
presence of 2 UM recombinant SdrD(B1-B5) repeat domain in
the absence of divalent cations (dotted lines), in the
presence of 20 UM Ca?* (thin solid line), 2 mM Ca?* (thick solid
lines) or 2 mM Mg 2* (dashed line) as described in Methods. The
dashed-dotted line represents the fluoresence of 40 uM bisANS
alone.

potential cation-binding EF-hand loop with strong
similarity to the consensus (Krestinger, 1987).

The wall-anchoring regions C-terminal to region R are
very similar for the Sdr group of proteins (83-97 %
identical) while similarities to the CIf proteins are much
lower (37—44%).
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Fig. 5. Southern hybridization analysis.
Genomic DNA of S. aureus strains was
cleaved with Hindlll, fractionated on a 1%
agarose gel, transferred to a Nylon
membrane and probed with labelled sdrD
B1-B5 DNA. Lane 1, Phillips; lane 2,
Newman; lane 3, 8325-4; lane 4, PSA 10.6;
lane 5, PSA 20-1; lane 6, PSA 3; lane 7, PSA
4.2; lane 8, PSA 5; lane 9, SA1048; lane 10,
SA1066; lane 11, R19826; lane 12, MSA932;
lane 13, AB; lane 14, RRPL; lane 15, JG; lane
16, DA; lane 17, NJ; lane 18, FB; lane 19, JB;
lane 20, SA128; lane 21, SA240; lane 22,
GH13; lane 23, Cowan 1; lane 24, Webb;
& lane 25, P1; lane 26, M60; lane 27, V8; lane
28, Todd 555; lane 29, TC192; lane 30,
-~ RN4282; lane 31, 413.

The structural integrity of the B motifs is cation
dependent

The hydrophobic core of a protein can be monitored
with particular fluorescent probes such as bisANS
(Vanderheeren & Hanssens, 1994; Gibbons &
Horowitz, 1995). Fig. 4 shows that, whereas bisANS
alone fluoresced weakly with a 4, of 523 nm, addition
of a recombinant protein encompassing the five B motifs
of SdrD [SdrD(B1-BS5)] enhanced the fluorescence and
led to a pronounced blue shift. The metal-free protein
shows the highest enhancement, with a 4, of 500 nm,
and addition of 2 mM Mg?>* did not change this
enhancement. Addition of micromolar Ca*" concen-
trations to the metal-free SdrD(B1-B35) protein led to a
2-5-fold (4 0-1) decrease in fluorescence, with a 4, of
510 nm; addition of millimolar concentrations of Ca®*
caused a further small decrease. Together with other
conformational studies (not shown) our data indicate
that the metal-free protein displays an unfolded con-
formation with a weak hydrophobic core. Mg®* does
not modify this conformation significantly, but binding
of Ca®* to high-affinity sites in the protein leads to the
formation of a compact conformation with a solvent-
shielded hydrophobic core. The effects of the metal-free
and Ca®*-saturated protein on bisANS fluorescence are
reminiscent of Nereis sarcoplasmic Ca*"-binding pro-
tein, where the Ca*" form is well structured, whereas the
metal-free form has characteristics of an early folding
intermediate (Precheur et al., 1996).

The sdr genes are widespread in S. aureus isolates

In order to determine how widespread sdrC, sdrD and
sdrE are in different S. aureus strains, a set of 31 strains
from diverse human and bovine sources were examined
by Southern hybridization using probes specific for the
B-motif-encoding sequences of sdrD and the region-A-

encoding sequences of sdrC, sdrD and sdrE. Initially,
HindIlI-cleaved genomic DNA was hybridized with the
B motif probe (Fig. 5). In the parental strain, Newman,
the A region of sdrD contains HindlIl sites that result in
two hybridizing fragments, one containing sdrC with
the 5" end of sdvD, and the other with the 3’ end of sdrD
and sdrE (Fig. 2). As expected, the B-motif-specific
probe recognized two HindIIl fragments, of 3-9 kb and
approximately 12 kb (Fig. 5, lane 2; McDevitt et al.,
1994). The majority of strains tested also had two
HindIll fragments that hybridized with the region B
probe (Fig. 5). The smaller HindIIl fragments of these
strains usually hybridized with the sdrC and sdrD
region-A-specific probes whereas the larger fragments
hybridized to both the sdrD and sdrE probes (data not
shown). Two exceptions were Phillips and 8325-4,
which failed to hybridize to the sdrC or the sdrE region
A probes, respectively (data not shown). The region B
probe hybridized to a single HindIll fragment in six
strains (PSA20.1, PSA3, PSA4.2, RRPL, P1 and V8).
These strains hybridized to all three sdr region A probes
with the exception of PSA20.1 and PSA4.2, which failed
to hybridize with the sdrE and sdrC region A probes,
respectively (data not shown). These results indicate
that at least two sdr genes are present in a wide range of
S. aureus isolates from human and animal sources,
which implies that the genes are expressed and that the
proteins confer properties of importance to the bacteria.

DISCUSSION

A new subfamily of putative cell-wall-associated
proteins in S. awureus is reported in this paper. The
common denominator is the presence of a R region
composed largely of SD repeated dipeptides. The sdrC,
sdrD and sdrE genes form a subgroup within the family
and are characterized by encoding repeated B motifs
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which are not present in the CIfA and CIfB proteins. The
sdr genes seem to be present in a broad spectrum of S.
aureus isolates according to DNA hybridization data.

The A regions of the five SD repeat proteins are
sufficiently related (21-30 %) to conclude that they have
a common origin, but they are diverse enough to suggest
that they bind to different ligands and have different
functions. This is already obvious from comparing the A
regions of CIfA and CIfB. The A region of CIfA binds the
fibrinogen y-chain while CIfB, which also binds
fibrinogen, recognizes sites in the a- and p-chains. It
seems likely that the A domains of SdrC, SdrD and SdrE
interact with host proteins, but these ligands have not
yet been identified.

The A regions of the fibronectin-binding MSCRAMMs
FnBPA and FnBPB of S. aureus (McDevitt et al., 1994)
and the fibronectin-binding MSCRAMM F2 of
Streptococcus pyogenes (Caparon & Hanski, 1996) have
similarity to the A regions of the CIf-Sdr proteins. A
common feature of the different A domains in the Clf-
Sdr family is the presence of a conserved sequence motif :
TYTFTDYVD. In the Sdr and CIf proteins this motif is
highly conserved, while a degenerate version occurs in
fibronectin-binding MSCRAMMS, as well as the
collagen-binding protein Cna (unpublished data). The
importance of this motif is currently unknown.

It was recently reported that a Staphylococcus
epidermidis strain expressed a fibrinogen-binding pro-
tein Fbe with a similar domain organization to CIfA
(Nilsson et al., 1998). Examination of Fbe reveals an A
region typical of the A regions of the CIf-Sdr family
described here, except that Fbe has 41 % identity with
SdrE region A, whereas its similarity to A regions of the
other proteins is 24-30 %, close to the level of similarity
between the A regions of the S. aureus proteins. The Fbe
A region contains a TYTFTDYVD motif. In addition
Fbe has two B repeats and is thus a member of the Sdr
protein subfamily reported here.

The repeated B motifs are the common denominator of
the subgroup of SD repeat proteins described here.
These motifs are found in different numbers in the three
Sdr proteins from strain Newman. The B motifs bind
Ca?" as suggested by the presence of a well-defined 12
residue cation-binding EF-hand loop. Indeed, the struc-
tural integrity of the five B repeats from SdrD expressed
as a recombinant protein in E. coli is cation dependent.
The protein unfolds to a typical molten globule state
when Ca*" is removed. Since only micromolar concen-
trations of Ca** are enough to induce the folded state, it
must be assumed that the cation-binding sites are always
occupied and that this domain of the protein is always
fully folded when expressed on the bacterial surface. It is
unlikely that the structure of the B motif will be
regulated by fluctuating Ca®* levels, since Ca®* is present
in blood at 1-2 mM, although concentrations can vary
more in the extracellular spaces (Brown et al., 1995).

There are clear distinctions between the individual B
motifs. The most conserved units are those located

adjacent to the R regions (SdrC B2, SdrD BS5 and SdrE
B3). They differ from the rest at several sites, especially
in the C-terminal half. A noteworthy structural detail is
that adjacent B repeats are always separated by a proline
residue present in the C-terminal region, but a proline
never occurs between the last B repeats and the R region.
Instead this linker is characterized by a short acidic
stretch. These differences suggest that the end units have
a different structural or functional role compared to the
other B motifs. The N-terminal B motifs of SdrD and
SdrE could be said to have drifted apart from the others,
since there are numerous amino acid alterations, in-
cluding small insertions and deletions, whereas the
remaining internal B motifs are more highly conserved
even when comparing the C-terminal end units with
those in the middle. Taking these findings together,
there seems to be a purpose for the existence of two
different kinds of B motifs. Note that each of the three
Sdr proteins has at least one B motif of each kind.
Perhaps two units, one of each kind, is the minimum
combination needed for function or correct folding.

The B motifs also display some homology to the B
repeats of the collagen-binding protein Cna of S. aureus
(unpublished data). Each Cna B repeat consists of two
different but related halves, and one Cna B repeat
corresponds to two Sdr B repeats: e.g. SdrD B2B3 has
22 % identity to Cna B1 and B2.

Have the repeated B motifs a structural role in surface
display or do they bind ligands? Here the number of B
units in each surface protein could be of relevance.
Either the number of repeated motifs reflects the
magnitude of ligand binding activity, or perhaps the
number is not crucial, as long as at least two are present
in a structural role such as displaying the A regions. It is
possible that the B motifs in conjunction with the R
regions are necessary for displaying the ligand-binding
domain at some distance from the cell surface. The R
regions of the Sdr proteins are shorter than those of CIfA
and CIfB although even the smallest is of sufficient
length to mediate efficient surface expression of CIfA
region A, at least in a capsule-negative host (Hartford et
al., 1997). Whatever the function of the B domains, it is
possible that the number could vary in different S.
aureus strains due to unequal crossing over.

The higher level of sequence identity in the regions
encoding the signal peptides and the membrane—wall-
spanning regions when comparing the Sdr proteins with
each other rather than with CIfA or CIfB suggests a more
recent amplification of a primordial sdr gene. On the
other hand the A regions of all five proteins are much
less conserved. The A regions of the Sdr proteins are no
more similar to each other than they are to CIfA or CIfB.
This could be a result of selective pressure to avoid
immune responses and /or to acquire new ligand-binding
activities. In contrast, the greater conservation of the B
motifs and the R region may reflect more limited
exposure to antibodies or the functional importance of
specific sequences. This type of structural diversity is
reminiscent of the M proteins of Streptococcus
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pyogenes, where the signal sequences are very similar,
the most N-terminal residues of the mature proteins the
most divergent, and the C-terminal sequences are more
closely related (Kehoe, 1994).

Based on the genetic analysis reported in this paper a
new subfamily of S. aureus surface proteins with a
potential to function as adhesins is described. Future
work will aim to determine the conditions under which
the Sdr proteins are expressed, the ligands to which they
bind, and the role of the B repeats.
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