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A putative pullulanase-encoding gene from Strepfococcus pneumoniae was identified by screening a genomic
expression library with human convalescent-phase serum. The 3,864-bp gene encoded a 143-kDa protein.
Surface location and pullulanase activity of the protein, designated SpuA, was demonstrated. SpuA was present
in all investigated pneumococcal isolates of different serotypes. The spud 5’ end was highly conserved among
clinical isolates except for a 75-bp region. The properties of SpuA reported here indicate that this novel
immunogenic surface protein might have potential as a vaccine target.

Streptococcus pneumoniae is an important infectious agent of
humans who are at the extremes of age or who are immuno-
compromised. It is responsible for invasive diseases like pneu-
monia, sepsis, and meningitis, as well as less severe but highly
prevalent infections such as sinusitis and otitis media. Al-
though capsular polysaccharides from S. pneumoniae have long
been considered effective immunogens against pneumococcal
infection, pneumococcal proteins are thought to form the basis
of novel vaccines. To identify novel pneumococcal proteins
that are immunogenic in humans we screened a genomic DNA
expression library of S. pneumoniae using human convalescent-
phase serum. Twenty-three clones encoding pneumococcal
polypeptides were identified which had been immunogenic to
the host during invasive pneumococcal disease or prior colo-
nization (10). The sequences of the inserts of clones SP-21 and
SP-74 were found to be highly homologous to a putative gene
from the pneumococcal genome (contig 3836, nucleotides [nt]
140,383 to 136,542) published by The Institute for Genomic
Research (http://www.tigr.org). The sequence of the complete
gene from S. pneumoniae strain 3.B (clinical isolate, serotype
1) was analyzed and deposited in GenBank (of the National
Center for Biotechnology Information) (see below). The gene
was homologous to the 3’ region of the Bacillus sp. gene en-
coding alkaline amylopullulanase (apuA), encoding the site
with pullulanase activity (5). Therefore, the pneumococcal
gene (3,864 nt) was designated spuA (for S. pneumoniae pul-
lulanase A). Southern blot analysis demonstrated that spuA is
a single-copy gene (data not shown), and comparison with the
pneumococcal genome (http://www.tigr.org) indicates that the
mRNA is monocistronic. spud encoded a protein of 1,287
amino acid residues (Fig. 1), with a predicted molecular mass
of 143,317 Da. The calculated molecular mass correlates with
the molecular mass of the main protein band determined by
Western blot analysis (~140 kDa) using a specific polyclonal
rabbit serum raised against the N-terminal fragment (amino
acids [aa] 118 to 542) of SpuA. In addition, Western blot
analysis demonstrated the continuous presence of SpuA during
all growth phases (Fig. 2).

For prediction of protein localization and motif identifica-
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tion, the PSORT WWW server (http://psort.nibb.ac.jp), the
Motif WWW server (http://motif.genome.ad.jp), and the Pfam
search engine at the Sanger Institute (http://www.sanger.ac.uk
/Software/Pfam) (2, 9) were used. Analysis of the spud deduced
amino acid sequence revealed, at amino acids 670 to 674, a
YNWGY motif that is common to pullulanases (1). In addi-
tion, four regions (I, IL, I1I, and I'V), that are conserved in amy-
lolytic enzymes and form a catalytic domain (aa 717 to 723, aa
781 to 789, aa 812 to 817, and aa 897 to 903) with the putative
catalytic triad Asp,gs-Glusg,4-Aspog, (Fig. 1) were identified.
Moreover, tryptophan residue Wy, and tyrosine residue Ygo;,
in regions III and IV, respectively, are specific for pullulanases.

Functional analysis was performed by electrophoresis of
pneumococcal extract in native 6% polyacrylamide gels at 4°C.
For analysis of pullulanase activity, gels containing 0.15%
Red-pullulan (Gamma Chemie, Munich, Germany) were in-
cubated in buffer A (0.1 M NaAc, 1 mM dithiotreitol [pH 6.0])
for 3 h at 37°C. For analysis of a-amylase activity, gels con-
taining 1% soluble starch were stained with I, and Lugol’s
iodine solution as described by Brooker and McCarthy (3) and
Satoh et al. (7), respectively. Functional analysis confirmed the
results from the deduced amino acid analysis and showed that
a protein with pullulanase activity corresponded to a protein
recognized by anti-SpuA (Fig. 3). Immunoblotting of the super-
natant revealed a very weak but visible band as well. As we did

TABLE 1. Grouping of investigated pneumococcal strains*

No. of strains with spud of sequence type:

Serotype
I I I

1 4 2 1
2 1

4 1
6A 1

6B 2

7F 3

9V 1
14 3

18C 1

18F 1

19F 1 1
23F 1

“ Grouping is based upon the 5" region of spud showing variation within a
75-bp region. The strains are divided into three sequence types based upon the
presence of all or the absence of 21 or 66 nucleotides.
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A
1 MRKTPSHTEK KMVYSIRSLK NGRGSVLIGA SLVLLAMATP TISSDESTPT TNEPNNRNTH TLAQPLTDTA AGSGKNHEDI SSPGNANARL EKTEEKPATE 100

A B

101 PT’IIPAIASPAD PAPQTGQODRS SEPT*TSPV TTETKAEEPI EDNYFRIHVK KLPEENKDAQ GLWTWDDVEK PSENWPNGAL SFKDAKKDDY GYYLDVKLKG 200

201 EQAKKISFLI NNAGKNLEIG DKSVERLVPK MNEAWLDQDY KVFSYEPQPA GTVRVNYYRT DGNYDKKSLW YWGDVRNPES AQWPDGTDFT ATGKYGRYID 300

FN type III

301 IPLNEAAREF GFLLL@SKQ GDDVKIRKEN !KFTQLKNBS QIFLKDDDES IYTNPYYVHD IRMTGAQHVG TSSIESSFST LVGAKKEDIL KHSNITNHLG 400

401 NRVTITDVAI DEAGKKVTYS GDFSDTKHPY TVSYNSDQFT TKTSWRLKDE TYSYDGKLGA DLKEEGKQVD LTLWSPSADK VSVVVYDKND PDKVVGTVAL 500

501 EKGERGTWKQ TLDSTNKLGI TDFTGYYYQY QIERQGKTVL ALDPYAKSLA AWNSDDAKID DAHKVAKAAF VDPAKLGPQD LTYGKIHNFK TREDAVIYEA 600

601 HVRDFTSDPA IAKDLTKPFG TFEAFIEKLD YLKDLGVTHI QLLPVLSYYF VNELKNHEHL SDYASSNSNEMNWGYDPONYF SLTGMYSSDP KNPEKRIAEF 700

701 KNLINEIHKR GMGAII[DVVY NHWAKVDIFE DLEPNYYHFM DADGTPRTSF GGGRLGTTHH MTKRLLVDSI KYLVDTYKVD [GFRFDMMGDH DAASIEEAYK 800
*

v

801 AARALNPNLI MLGEGWRTYA GDENMPTKAA DQDWMKHTDT VAVFSDDIRN NLKSGYPNEG QPAFITGGKR DVNTIFKNLI AQPTNFEADS PGDVIQVIAA 900
*

v

901 HDNURIFDIT AQSIKKDPSK AENYAEIHRR LRLGNLMVLT AQGTPFIHSG QEYGRTKQFR NPAYRTPVAE DKVPNKEHLL RDKDGNPFDY PYFIHDSYDS 1000
*

1001 SDAVNKFDWT KATDGKAYPE NVKSRDYMKG LIALRQSTDA FRLKSLQDIK DRVHLITVPG QNGVEKEDVV IGYQITAPNG DIYAVFVNAD EKAREFNLGT 1100

1101 AFAHLRNAEV LADENQAGSV GIANPKGLEW TEKGLKLNAL TATVLRVSQN GESHESTAEE KPDSTPSKPE HQNEASHPAH QDPAPEARPD STKPDAKVAD 1200

1201 AENKPSQATA DSQAEQPAQE AQASSVKEAV RKESVENSEK ENIEATPDRQ AELPNTGIKN ENKLLFAGIS LLALLGLGFL LKNKKEN 1287

FIG. 1. The deduced amino acid sequence of spud (GenBank accession no. AF217414). The N-terminal part of SpuA encoded by inserts of clones SP-21 and SP-74
is depicted in bold. The four conserved regions, designated I, II, III, and IV, which form the catalytic domain are boxed. The amino acids marked with asterisks in boxes
IL, II1, and IV form the putative catalytic triad Asp;gs-Glug;4-Aspgg,. A YNWGY sequence motif is marked with a gray box. An LPXTG motif, typical for cell wall
anchoring in gram-positive cocci, is overlined. A boxed fibronectin type IIT repeat signature is named FN type III, and two 18-amino-acid repeats are underlined.
Possible O-glycosylated amino acid residues are indicated in white on a gray background. The 7 boxed amino acid residues annotated with A are absent in spuAd
sequence type III. The 22 boxed amino acid residues annotated with B are absent in spuA sequence type II.

not solubilize the peptidoglycan, the amount of soluble SpuA is
probably primarily due to autolysis of pneumococci. No corre-
sponding a-amylase activity could be detected in the pullula-
nase-containing extracts (data not shown). However, it cannot
be completely ruled out that SpuA contains such activity as,
e.g., properties of amylolytic enzymes vary and can be linked to
environmental circumstances.

The deduced amino acid sequence of spuAd revealed the
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FIG. 2. Expression of SpuA during different growth phases. (A) Polyacryl-
amide gel electrophoresis of whole-cell extracts from S. pneumoniae strain 3.B
harvested from the same culture as the optical density at 621 nm increased. The
gel was Coomassie brilliant blue stained. (B) Western blot analysis of whole-cell
extracts (the same as those used for polyacrylamide gel electrophoresis) with
anti-SpuA. Lanes M, molecular mass standard sizes shown at left; all other lanes
are labeled with optical density values of the culture.

presence of a fibronectin type III repeat signature, two 18-
amino-acid repeats, and several potential O glycosylation sites,
whose functions in SpuA are presently unknown (Fig. 1). Al-
though no clear signal sequence was present, the LPXTG motif
at the carboxy terminus (Fig. 1) represents a typical sequence
of gram-positive bacteria, indicating that the protein is at-
tached to the cell wall (4, 6, 8). The LPXTG motif was pre-
ceded by a typical proline-rich segment, thought to span the
cell wall, and was followed by a hydrophobic transmembrane
domain with several positively charged amino acids at its tail
(Fig. 1). Immunocytometric analysis and immunofluorescence
microscopy with anti-SpuA confirmed the surface localization
of SpuA (data not shown). Considering the cellular localiza-
tion of SpuA, SpuA might play a role in colonization and may
solubilize mucus or affect exposition of host glycoconjugates
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FIG. 3. SpuA functional analysis. The same polyacrylamide gel in which the
S. pneumoniae strain 3.B native whole-cell extract (P) and the culture superna-
tant (S) were separated was used for Western blot analysis (A) and detection of
pullulanase activity (B). The protein band recognized by anti-SpuA and possess-
ing pullulanase activity is indicated by arrows. Lane M, molecular mass standard
(sizes shown at right).
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210

NOTES 7143

309

I AGCTGGCTCTGGTAAGAACGAAAGTGATATTTCTITCACCTGGAAATGCAAACGCTTCCCTAGAGARAACAGAAGARAAACCTGCAACAGAGCCAACARCT

IT AGCTGGCTCTGGTAAGAACGAAAGTGATATTTCTTCACCTACAAATGCAAACGCTTCCCTAGAGAAAACAGAAGARRAACCTGCAACA- ~=———mm—

ITT AGCTGGCTCTGGTAAGAACGAAAGTGATATTTCTTCACCTGGARATGCAAACGCTTCCCTAGAGAARACAGAAGAAAAACCT GC-~~—— =~ mm— ==~

310

409

I CCTGCTGCAAGCCCAGCCGATCCAGCACCACAAACTGGACAAGATCGTTCAAGTGAGCCAACTACTTCTACTAGTCCAGTAACAACTGAAACTAAGGCAG

B T

————— GAGCCAACTACTTCTACTAGCCCAGTAACAACTGAAACTAAGGCAG

ITI --TGCTGCAAGCCCAGCCGATCCAGCACCACAAACTGGACAAGATCGTTCAAGTGAGCCAACTACTTCTACTAGT CCAGTAACAACTGAAACTAAGGCAG

FIG. 4. Nucleotide sequence comparison of the region from nucleotide 210 to nucleotide 409 of spud. Three sequence types (types I, II, and III) could be
distinguished in the 5" end of the spud gene (nucleotides 72 to 834) from 25 pneumococcal strains representing 12 distinct serotypes. The nucleotides that differed
between the three types are depicted in bold. Short sequence repeats are underlined. The absence of nucleotides is depicted by a minus.

for the pneumococcus by its a-1,6-glucanohydrolase activity.
On the other hand, SpuA might contribute to virulence or
survival of pneumococci in the host by scavenging potential
carbon sources.

Western blot analysis with native extracts from 41 pneumo-
coccal strains of 17 distinct serotypes with anti-SpuA showed
that SpuA was recognized in all extracts, indicating that SpuA
is serologically highly conserved. Western blot analysis using
native extracts of Escherichia coli, Klebsiella oxytoca, Staphylo-
coccus aureus, Moraxella catarrhalis, Bacillus subtilis, Entero-
coccus faecalis, and Streptococcus bovis showed no immunore-
active band (data not shown).

DNA sequence analysis of the 5’ end of the spuA genes of 25
distinct pneumococcal strains representing 12 serotypes dem-
onstrated limited variation. However, one 75-bp stretch dif-
fered among pneumococcal strains. Based upon the presence
of all nucleotides and absence of 21 or 66 nucleotides the
strains could be divided into three sequence types (Table 1 and
Fig. 4). The differences include the missense of 7 or 22 amino
acids, with an overlap of 2 amino acids (Fig. 1). The pneumo-
coccal strains of serotypes 1 (n = 7) and 19F (n = 2) are
distributed among the three and among two spuA sequence
types, respectively. In contrast, the strains of serotypes 6B (n =
2), 7F (n = 3), and 14 (n = 3) each group within one sequence
type. In addition, the 5" spuA gene fragments of the serotype 4
pneumococcal strain and the serotype 4 type strain used for
genome sequencing (http://www.tigr.org) were identical. Fur-
thermore, the 5’ spuA sequence of strain D39 and its unen-
capsulated derivative, R6x, were identical.

The four regions forming the catalytic domain of amylolytic
enzymes, like SpuA, are strongly conserved and therefore
highly homologous between microorganisms and mammals. In
that respect this region of SpuA is not suitable for vaccine
development. In contrast, the N-terminal half of SpuA shows
interesting characteristics, as this region is immunogenic, lo-
cated at the surface of the pneumococcus, and species specific.
Furthermore, the 5’ region of spuA is highly conserved, except
for a 75-bp region, and SpuA is present in all investigated
pneumococcal strains. Inactivation of SpuA and virulence
studies will enable us to understand its role in the pathogenic-
ity of the pneumococcus.

Editor: S. H. E. Kaufmann

Nucleotide sequence accession number. The sequence of the
complete spuA gene for S. pneumoniae strain 3.B was depos-
ited in GenBank under accession number AF217414.
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