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Abstract

Sequence analysis of short fragments resulting from trypsin digestion of the thermolabile shrimp alkaline phosphatase
(SAP) from Northern shrimp Pandalus borealis formed the basis for amplification of its encoding cDNA. The predicted
protein sequence was recognized as containing the consensus alkaline phosphatase motif comprising the active site of
this protein family. Protein sequence homology searches identified several eukaryote alkaline phosphatases with which
the 475-amino acid SAP polypeptide revealed shares 45% amino acid sequence identity. Residues for potential metal
binding seem to be conserved in these proteins. The predicted 54-kDa molecular mass of SAP is smaller than previously
reported, but is consistent with our recent SDS-PAGE analysis of the native protein. Compared to its homologs, the
shrimp enzyme has a surplus of negatively charged amino acids, while the relative number of prolines is lower and the
frequency of aromatic residues is higher than in mesophilic counterparts. © 2001 Elsevier Science Inc. All rights
reserved.
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1. Introduction proteins are frequently bound to the cytoplasmic
membrane by a glycosyl-phosphatidylinositol
(GPD-modified amino acid in the proximity of the
carboxyl terminus (Low and Finean, 1977, Mi-
canovic et al., 1988). The first three-dimensional
structure of ALP was revealed from Escherichia
coli almost two decades ago (Wyckoff et al., 1983),
and no ALP crystal structure from eukaryotes has
yet been published. Although only partly homolo-

Alkaline phosphatases (ALPs) (E.C 3.1.3.1) are
orthophosphoric-monoester phosphohydrolases
usually requiring Zn** and /or Mg*" for enzyme
activity, which is optimal at high pH (Fernley,
1971; McComb et al., 1979). In eukaryotes, the
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metalloenzymes, also including some sulfatases
and phosphate-binding mutases (Galperin et al.,
1998). Despite all their similarities, ALP proteins
have highly diverged physiochemical properties,
and in bacteria, 10-fold variations in monomer
sizes (15-160 kDa) have been found (Fitt and
Peterkin, 1976; Goldman et al., 1990).

Examples of ALP substrates are DNA, RNA,
and ribo-, as well as deoxyribonucleoside triphos-
phates. In vitro, ALP is exploited in reactions,
such as the commonly known dephosphorylation
of DNA, to prevent self-ligations after restriction
endonuclease cleavage of cloning vectors, or to
dephosphorylate dNTPs present in PCR reaction
mixtures prior to DNA sequencing reactions
(Ruan et al., 1990). Heat-sensitive ALPs may be
inactivated by short incubations at temperatures
otherwise not harmful to the components present
in the reaction mixture (Hoffman and Jendrisak,
1990). Several ALPs of varying temperature-labil-
ity have been discovered or engineered from ani-
mals (Whitmore and Goldberg, 1972; Asgeirsson
et al., 1995) or bacteria (Kobori et al., 1984;
Shandilya and Chatterjee, 1995; de Prada and
Brenchley, 1997), but only the heat-sensitive en-
zyme from an Antarctic bacterium has been pub-
lished with sequence (Rina et al., 2000). The
latter enzyme, in contrast to bacterial ALPs in
general, shows specific activities almost as high as
its animal counterparts. An irreversible inactiva-
tion of the Northern shrimp Pandalus borealis
alkaline phosphatase (SAP) enzyme is achieved
by a short heat-treatment at 65°C. The ther-
molability of the shrimp enzyme is relatively mod-
erate, and studies on temperature vs. activity in
SAP showed a shift of 10°C towards lower tem-
perature compared to the calf enzyme (Olsen et
al., 1991). Despite this, SAP is quite stabile during
storage or at working conditions, and has an
advantageous high specific activity (> 2000 U/mg
protein). To our knowledge, there are no previous
publications on sequences of thermolabile ALP
protein or DNA from eukaryotes. Several at-
tempts to sequence SAP have revealed multiple
N-terminal ambiguities (not published), and these
attempts have thus failed. To circumvent this
problem, SAP was cleaved in small peptide frag-
ments and the sequences were used to isolate a
SAP cDNA. Sequence features and their context
are discussed in view of previous findings on
ALPs.

2. Materials and methods

2.1. Protein analyses

Shrimp alkaline phosphatase, purified to appar-
ent homogeneity as previously described (Olsen
et al., 1991), was kindly provided by the SAP
manufacturer Biotec ASA (Tromsg, Norway). A
single protein band was detected by staining with
coomassie blue or silver after electrophoresis in
10% NuPAGE Bis—Tris gel system (Novex) using
a running buffer of 2-(N-morpholino) ethane sul-
fonic acid containing 0.1% SDS, and the SAP
migration length was compared to the Mark12™
protein standard (Novex) for molecular weight
determination.

An analysis of total amino acid composition
was prepared by dissolving the lyophilized SAP
protein in 6 M HCI. The protein suspension was
hydrolyzed at 110°C for 24 h followed by evapora-
tion of HCI, before the samples were resuspended
in 0.2 M sodium citrate buffer, pH 2.2, and sub-
jected to HPLC for identification and mol.% de-
termination of amino acids in the hydrolyzed
product.

Lyophilized SAP protein was also submitted to
a commercial sequence analysis service (Innova-
gen, Sweden), where the protein was fragmented
by trypsin and the fragments were separated by
reverse-phase HPLC. More than 30 fragments
were produced and four of these were selected
for further analyses. Mass spectrometry-mediated
sequence analyses of the selected fragments
H23:18, H23:30, 5ReRP6:26 and 5SReRP6:17 pro-
duced 12, 10, eight and five amino acids in se-
quence, respectively. These amino acid sequences
were back-translated by standard codon predic-
tions, and degenerated oligonucleotides of for-
ward and reverse complementary sequences were
subsequently custom made (Eurogentec, Bel-
gium).

2.2. Shrimp ¢cDNA synthesis

Freshly collected P. borealis shrimps were dis-
sected and the individual hepatopancreas tissues
were stored on liquid nitrogen until use. mRNA
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was isolated from a single hepatopancreas by the
use of PolyATract® System 1000 (Promega).
Isolated mRNA was used for first-strand cDNA
synthesis before second-strand synthesis, and
cDNA amplification was performed following in-
structions given in the Smart™ PCR ¢DNA syn-
thesis kit (Clontech) and the Advantage cDNA
PCR kit (Clontech).

2.3. PCR and DNA sequence analyses

A small aliquot of the synthesized cDNA was
used as template in PCRs defined by pair-wise
combinations (forward and reverse directions) of
the protein-derived oligonucleotide primers. The
amplification reactions, having standard mixture
compositions, were run for 36 cycles (94°C, 10 s;
51°C, 10 s; 72°C, 1 min) in an Eppendorf gradient
thermocycler, and subsequent agarose gel elec-
trophoresis allowed PCR products to be detected.
The primer combination of 17F (GCITAYTG-
GAAYAAR) and 26R (CKYTCICCICCCAT-
DATIAC) gave a distinct amplification product.
To confirm the identity of the PCR product, it
was sequenced using the Thermo Sequenase
radiolabelled terminator cycle sequencing kit
(Amersham), exploiting the PCR primers for se-
quencing also.

Based on the DNA sequence found in the PCR
product, new, specific forward and reverse primers
for 5’ and 3’ rapid amplification of cDNA ends
(RACE) reactions were synthesized to fulfill the
requirements described for the use of Marathon™
cDNA amplification kit (Clontech). The SAP
gene-specific forward primer MalpF (ATT-
TCGTGGGAAGAATTCGACTTTGC) in com-
bination with the kit AP1 primer, having se-
quence identity to the ligated Marathon-adaptor,
defined one single-amplified 3'-RACE fragment.
DNA sequencing analysis confirmed that the
RACE products overlapped the internal fragment
PCR product sequence.

Sporadically, a 0.5-kb 5'-RACE fragment was
amplified using primer AP1 and antisense primer
MalpR (GATCTGCCAGCCTCCTGGAACCA).
DNA sequencing detected multiple signals for
almost the entire sequence positions. New 3’'-
RACE reactions using alternative gene-specific
primers gave similar negative results. Subcloning
5’-RACE product candidates in a vector before

sequencing revealed several false positives, but no
SAP-related sequences.

A final PCR was performed using primers SapF
(AARGCNTAYTGGAAYAARGAT) and SapR
(GAAGGTAATCATCTACATCTCA), and the
Pfu high-fidelity polymerase (Stratagene) for am-
plification of a SAP ¢cDNA (40 cycles of 94°C, 10
s; 55°C, 15 s; 72°C, 3 min). The resulting 1.5-kb
PCR product was analyzed for confirmation of
the obtained sequence.

2.4. Computer analysis

DNA and translation product sequence analy-
ses were performed mainly by the programs in the
Wisconsin Package Version 10.0 (Genetics Com-
puter Group, Madison, WI, USA). SAP sequence
homologs were searched in available databases by
FASTA (Pearson, 1990) or BLAST (Altschul et al.,
1997), and cLusTAL W (Thompson et al., 1994)
guided the alignment of homologous protein se-
quences, all programs hosted by the EMBL out-
station EBI Internet server. Presentation of mul-
tiple sequence alignments was prepared using the
GeneDoc program (Nicholas et al., 1997).

3. Results and discussion
3.1. Protein and cDNA analyses

The thermolabile SAP from Northern shrimp
hepatopancreas was previously shown to be a
dimeric enzyme with catalytically active subunits,
and the molecular mass of each subunit was mea-
sured as approximately 65 kDa (Olsen et al.,
1991). Later product sheets from the commercial
distributor United States Biochemicals (USB)
operate with a M, of 59 kDa. When purified SAP
was subjected to a SDS-PAGE electrophoresis
system of presumably higher resolution than orig-
inally used, we found that SAP migrates as a
homogenous protein of 5455 kDa (Fig. 1a). This
apparently pure protein was subjected to total
amino acid analysis (Fig. 1b), and to trypsin cleav-
age and subsequent amino acid sequence analyses
of four selected fragments (Fig. 1c). Search on
homology in published sequences of proteins, or
potentially encoding DNA, was limited by the
short SAP fragments available for query se-
quences, and significant protein homologies were
not identified.
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(a) (b) (©)

kDa Amino acid composition (%) Protein fragment sequences

97.4 Ala 9.6 AsptAsn  13.6 5ReRP6:17

66.3 Cys 02 Glu+Gln 11.7 AYWNK

554 e Phe 4.1 Met 1.9 H23:18
Gly 84 Pro 3.1 DINFRYASAAP(/V)K
His 28 Arg 5.2 5ReRP6:26
He 54  Ser 4.6 VIMGGERR

36.5 Lew 80 Thr 8.5 H23:30

31.0 Lys 42 Tyr 36 HLITDWLDDK
Val 4.9 Trp -

21.5

Fig. 1. Shrimp alkaline phosphatase protein analyses. (a) SDS-PAGE for molecular mass determination of purified shrimp alkaline
phosphatase (0.2 and 1 pg in lanes 2 and 3, respectively) by comparison to the standard size proteins (lane 1) after coomassie staining.
(b) Summarizes the relative content of amino acids in the purified acid-hydrolyzed protein. (c) Four peptide fragments were produced
by trypsin-cleavage of the protein, then the peptides were isolated by RP-HPLC and subsequently sequence-analyzed by MS.

DNA sequences were derived by back-transla-
tion of the four analyzed peptides, and degener-
ated gene-specific PCR primers were accordingly
synthesized. The PCR amplification was very sen-
sitive to the annealing temperature, and only one
set of primers (17F + 26R) yielded a distinct am-
plification product. The size of this product was
close to 600 bp (not shown), and DNA sequencing
revealed an open reading frame of a polypeptide
with similarities to known alkaline phosphatases.
A 3'-RACE reaction was carried out using a
primer sequence identical to a region harbored in
the 600-bp PCR product, and the 1.4-kb amplifi-
cation product contained a long, open reading
frame, an in-frame stop codon, and the polyA-tail.
A final PCR with primers from the cDNA ends
gave a product of 1.5 kb, which was analyzed and
found to confirm the contig sequences (Fig. 2).
No DNA homologs were detected in available
databanks. Specific problems related to the lack
of additional 5' cDNA sequence data are de-
scribed in Section 2. Possibly, this could reflect a
situation of 5’ heterogeneity analogous to the
problems previously experienced with the SAP
protein N-terminus. The number of amino acids
potentially missing in our data is discussed below.

3.2. Deduced protein sequence, substrate and metal
binding sites, and protein homologs

An open reading frame of the cDNA encodes a
polypeptide of 475 amino acids (Fig. 2) with a
theoretical molecular mass of 53 kDa. The de-
rived protein sequence is largely in agreement

with the total amino acid composition of the
native protein (see Fig. 1b). The four peptide
fragments from the purified protein are recog-
nized in the predicted SAP protein sequence, and
residues 80-88 (VTDSAASAT) encompass a se-
quence pattern corresponding to the consensus of
an alkaline phosphatase active site (PROSITE
PS00123). The results of sequence similarity
searches in protein databases clearly demon-
strated that SAP is a member of the eukaryote
ALP family. Three tissue-non-specific (liver/
bone /kidney) alkaline phosphatases from human
(Weiss et al., 1986), mouse (Terao and Mintz,
1987) and chicken (Crawford et al., 1995), and
one tissue-specific (gut) phosphatase from silk
moth (Itoh et al., 1991) share significant ho-
mology to the SAP protein (45% identity and
60% similarity), as displayed by the multiple se-
quence alignment (Fig. 3). Marginally lower ho-
mology to many other ALPs was detected.

A crystal structure of alkaline phosphatase from
Escherichia coli has been used to model the core
of the three-dimensional structure of mammalian
phosphatases by ‘considerable circumstantial evi-
dence’, and putative amino acid residues involved
in active site and metal binding were defined
(Kim and Wyckoff, 1990). The extrapolation of
data from E. coli suggested three binding sites of
divalent metal ions (two zinc and one magnesium)
in human ALP, and a serine working as a nucle-
ophile in the substrate-interacting cavity (Kim
and Wyckoff, 1990; Holtz and Kantrowitz, 1999).
These amino acids for the pocket of substrate
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AArGCnTAYyTGGAAYAArGATGCCCAAGATGCACTGGATAAACAGCTGGGGATAAAACTG

k A Y W N XK D A Q DAL DI X Q L G I K L 20
5ReRP6:17

CGAGAGAAGCAGGCCAAGAACGTGATCTTCTTCCTAGGAGACGGGATGTCCCTCAGTACA

R E XK Q A XK NV I F F L GD GGM S L S T 40
GTTACCGCAGCAAGAATCTACAAAGGTGGATTGACCGGGAAATTTGAACGGGAAAAGATT

v T A A R I ¥ K G G L T G K F E R E K I 60
TCGTGGGAAGAATTCGACTTTGCTGCTTTGAGTAAGACGTACAATACGGACAAGCAAGTG

S W E E F D F A A L 8 K T Y N T D K Q V 80
ACAGATAGTGCTGCCAGTGCCACAGCCTACCTCACTGGGGTGAAGACCAACCAGGGAGTC

T b S A A S A T A Y L T G V K TN Q G V 100
ATCGGCCTTGATGCCAATACCGTGAGAACAAACTGCTCTTACCAACTTGATGAATCCCTC

I G L D ANTVURTNZ CS Y QUL D E S L 120
TTCACTTACTCCATCGCCCATTGGTTCCAGGAGGCTGGCAGATCAACAGGTGTCGTGACA

F T Y S I A HW F Q E A G R S T G V V T 140
TCGACCAGGGTAACTCATGCTACTCCTGCAGGAACTTATGCTCACGTGGCTGACAGAGAT

s TR V T H AT P A G T Y A HV A D R D 160
TGGGAGAACGACAGTGATGTTGTCCACGACAGAGAAGATCCAGAAATATGTGATGACATA

W E N D S DV V HDIR ED P E I C D D I 180
GCTGAACAACTGGTATTCAGAGAACCTGGAAAGAACTTCAAGGTCATCATGGGCGGCGGT

A E Q L VvV F R E P G KN F K VI M G G G 200

5ReRP6:26

CGGCGTGGATTCTTTCCTGAGGAAGCGCTTGATATCGAAGATGGCATTCCAGGGGAAAGG

R R G F F P E EAL DI EDGTI P G E R 220
GAAGATGGCAAACACCTCATAACCGATTGGTTGGACGATAAGGCATCTCAGGGAGCCACA

E D G K H L I T D WL D D KA S Q G A T 240

H23:30

GCATCGTATGTCTGGAACCGAGATGATCTATTGGCTGTTGACATTCGAAACACAGACTAC

A S Y VWNIRDUDULULA AV D I RN T D Y 260
CTTATGGGACTGTTTTCATACACACATCTAGACACAGTTTTAACCAGAGACGCCGAAATG

L M G L F S Y THULDTV L TR DA E M 280
GATCCCACCTTgCCGGAAATGACAAAGYTCGCCATCGAAATGCTGACGAAGGATGAAAAT

p p T L P EMTIXK VA I EMTLTXK D E N 300
GGCTTTTTCCTCTTAGTAGAAGGTGGACGGATTGACCATATGCACCACGCCAATCAGATC

G F F L L VE G G R I DHEHEMUHEHEA ANOQI 320
CGTCAGTCGTTAGCGGAGACGCTGGACATGGAGGAAGCTGTATCCATGGCTCTCTCTATG

R Q s LA ETUL DMEEA AV S M AL S M 340
ACAGACCCAGAGGAAACAATCATTCTGGTCACAGCTGATCACGGTCACACTCTCACCATC

T b P E E T I I L V T A D H G H T L T I 360
ACTGGATACGCAGACAGGAACACCGATATTTTGGATTTCGCCGGCATCAGCGACTTGGAT

T G Yy A DRNTDTILUDVF A G I S DL D 380
GATAGGAGGTACACCATCCTGGACTATGGCAGTGGACCTGGATATCATATCACGGAAGAT

D R RY TTI L DY G S G P G Y HTI TE D 400
GGCAAACGTTACGAACCTACAGAGGAAGATTTGAAAGACATCAATTTCCGCTACGCATCG

G K R Y E P T E E DL K D I N F R Y A S 420

H23:18

GCAGCGCCCAAGCATTCAGTTACCCATGATGGCACAGACGTTGGTATTTGGGTCAACGGA

A A P K H SV THDGTDV G I WV N G 440
CCTTTCGCTCATCTCTTCACGGGTGTCTATGAAGAGAATTACATTCCCCACGCCTTGGCC

P F A H L F T G V Y E EN Y I P HA L A 460
TACGCAGCCTGCGTTGGTACAGGACGCACTTTCTGTGACGAAAAATGAGATGTAGATGAT

Yy A A CV G T GUR TF CD E K * 475

TACCTTCTTAAGTACATTAAAGATTGC (A)

Fig. 2. ¢cDNA and deduced protein sequence of thermolabile alkaline phosphatase from Pandalus borealis. The nucleotide sequence of
the amplified cDNA and the encoded 475 amino acid product are shown. Amino acids corresponding to the sequenced peptides of
native protein are underlined. The stop codon is marked by an asterisk and the polyA-tail is indicated (A),. Five nucleotide positions in
the 5'-sequence (lower case) are biased by the degenerated PCR primer used for amplification and sequencing, and the positions are
thus not specified. The N-terminal lysine residue (lower case) could alternatively be arginine. The P. borealis alkaline phosphatase
cDNA sequence submitted to GeneBank received the accession number AJ296089.

phosphate groups and for binding of metals are mammalian enzymes (Holtz and Kantrowitz,
fully conserved in SAP and its homologs (Fig. 3). 1999). The shrimp enzyme likewise contains histi-
Two more active site residues (aspartate-153 and dine in the corresponding positions 146 and 313.
lysine-328) have been identified in the E. coli A third site occupied by arginine is conserved in

enzyme, and they are replaced by histidine in the all the enzymes (positions 166 and 159 in E. coli
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Fig. 3. Sequence alignments of the shrimp alkaline phosphatase and homologous proteins. Proteins of high homology to SAP were
identified by BLAST and the sequences were aligned using CLUSTAL W. Identical amino acids are shaded (gray) and proposed metal
binding sites are highlighted (black background). The PROSITE PS00123 alkaline phosphatase active site motif including the serine
nucleophile is specified below its appearance, and predicted signal sequences in the SAP homologs are indicated. The homologous
ALPs are tissue-non-specific from mouse (accession no. P09242), human (P05186), chicken (Q92058), and tissue-specific from silkworm

gut (P29523).

and P. borealis, respectively), and was found to be
important for phosphate /substrate binding in the
E. coli ALP (Chaidaroglou et al., 1988).

The four aligned homologs of SAP have indi-
vidually been assigned as membrane-bound. How-
ever, prediction tests did not indicate a mem-
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brane GPI-anchor in SAP. The alignment shows
that SAP C-terminus ends 25-30 amino acids
earlier than the other ALPs. This could indicate
that the negative GPI-anchor prediction is cor-
rect, and that SAP is not membrane-bound. Addi-
tionally, various prediction tools failed to identify
transmembrane regions in the shrimp protein.
The theoretical calculated size of cDNA-derived
SAP is close to the < 55-kDa native protein mass
determined by SDS-PAGE. The minor difference
may suggest that 5—10 amino acids are missing in
our protein sequence, and from the alignment in
Fig. 3, it appears that the ALPs have an extension
of seven—nine N-terminal residues, in addition to
their signal peptide, compared to the SAP se-
quence. Thus, it is likely that the native mature
form of the shrimp enzyme contains approxi-
mately 482 amino acids, consistent with the
molecular mass as determined by the SDS-PAGE
analysis.

3.3. Cold-adaption, negative charge, and structural

flexibility

An interesting feature of SAP is its high nega-
tive charge compared to the homologs. This is
due to a considerable surplus of acidic residues
(17.2% Asp and Glu in SAP and 10.8-12.6% in
the other ALPs), while the levels of positively
charged residues are similar to the other ALPs
(9.5% Lys and Arg in SAP and 9.5-10.6% in the
homologs). The result is a pI of 4.5 in SAP,
whereas the homolog pl values range from 6.2 to
7.0. The highly temperature-sensitive phoA from
the psycrophilic bacterium TABS5 (Rina et al.,
2000) contains 10.7 and 9% negatively and posi-
tively charged amino acids, respectively, giving a
predicted pl of 5.5 which is notably higher than
the pI of the less temperature-sensitive SAP.
Thus, the frequent appearance of acidic residues
should not per se explain the moderate cold-
adaption of SAP. We would nevertheless like to
refer to our recent report of an antibacterial and
cold-active lysozyme-like protein from Icelandic
scallops (Nilsen et al., 1999). The protein was
found to have a considerably lower pl than its
primary structure homologs in marine, as well as
terrestrial, invertebrates, in that particular case
also due to a higher ratio of Asp and Glu with no
reduction in numbers of Lys and Arg. Although
isolated examples, possibly by chance, these two
examples of thermolabile or cold-active enzymes

in cold-adapted organisms may suggest evolution-
ary traits in (sub-)Arctic marine invertebrates.
Available sequence information from such organ-
isms is unfortunately very limited.

Cold-adapted enzymes are commonly accepted
to require structural flexibility (Gerday et al.,
1997), and this view was supported by the crystal
structure studies on the psycrophilic citrate syn-
thase from an Antarctic bacterium (Russell et al.,
1998). A locally fixed protein structure is often a
result of the rigid amino acid proline, which is
found to be less abundant in psycrophilic than in
mesophilic enzymes (Chessa et al., 1999; Geor-
lette et al., 2000), and SAP has a consistently low
proportion of Pro residues (2.7%) compared to
the homologous proteins (3.8-4.8%). Even lower
levels of Pro (2.0%) were found in phoA of the
psycrophilic TABS bacterium. The sequences
aligned in Fig. 3 and a previous alignment of
bacterial and yeast ALP sequences (Rina et al.,
2000) show that several of the Pro replacements
in SAP are not unique to the shrimp protein.
However, SAP is distinguished from the other
ALPs by the absence of Pro in the sequence up to
position 149. Finally, the relative amount of aro-
matic residues is almost 40% higher in SAP than
in the eukaryote proteins compared (relative fre-
quency of 9.4 and 7%, respectively), and in this
respect SAP resembles the TABS phoA.

The lack of direct structural data from eukary-
ote ALPs makes their structure predictions rea-
sonably tentative. Even more uncertainties are
added when an attempt is made to explain ther-
mal stability variations by 3-D structure differ-
ences. Determination of the crystal structure of
SAP by a collaborating group is now approaching
the final refinement stage. This will undoubtedly
provide much valuable information about the
thermolabile shrimp enzyme. Efforts to produce
recombinant SAP have been initiated and struc-
ture—function relationships can hopefully be stud-
ied in the near future.
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