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(57) Claim
1. A mutated alkalme phosphatase enzyme encoded by an Escherichia coli phoA gene
differing from wild- -type Escherichia coli phoA. gene by at least one nucleotide base; said
mutated enzyme, as compared to alkaline phosphatase encoded by said wild-type phoA
gene, having (i) at least one amino acid mutation within about 20 A of the active site of
the enzyme, (ii) increased specific activity and (iii) conserved thermal stability.
4.  An engineered DNA sequence comprising a nucleotide 'sequence encoding an
alkaline phosphatase enzyme for expression in a unicellular host, wherein szid alkaline
‘phosphatase has at least one amino acid mutation as compared to wild-type Escherichia
coli alkaline phosphatase, and wherein said alkaline phosphatase has an increased specific
activity and conserved thermal stability as compared to wild-type Escherichia coli alkaline
phosphatase. B |
11. A plasmid characterlzed by an engmeered DNA sequence encoding an alkaline
phosphatase enzyme for expressxon in a unicellular host, wherein said alkaline
phosphatase has at least one amino acid mutation as compared to wild- -type Escherichia

coli alkaline phosphatase, and wherein said alkaline phosphatase has an increased specxﬁc :
activity and conserved thermal stability as compared to wild-type Escherichia coli alkaline f

phosphatase.
18. A unicellular host comprising a plasmid transformed with an enomeered DNA

sequence encoding an alkaline phosphatase enzyme for expression in the unicellular host,

wherein said alkaline phosphatase has at least one amino acid mutation as compared to

wild-type Escherichia coli alkaline phosphatase and wherein said alkaline phosphatase

L has an increased specific activity and conserved thermal stability as compared to wild-type
4 Escherichia coli alkaline phosphatase.
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(10) 656313

25. A method for determining the presence or amount of an analyte in a test sample,
said method characterized by the steps of:
a.  contacting the test sample sequentially or simultaneously with an indicator reagent
and a capture binding member, said indicator reagent comprising an alkaline phosphatase
enzyme directly or indirectly attached to a specific binding member,

wherein said alkaline phosphatase has at least one amino acid mutation as compared
to wild-type Escherichia coli alkaline phsophatase, and

wherein said alkaline phosphatase has an increased specific activity as compared to
wild-type Escherichia coli alkaline phosphatase; and
b. allowing said indicator reagent to bind to a member selected from the group
consisting of the analyte, said capture reagent and an ancillary specific binding member,
thereby forming an indicator reagent complex; and
c.  reacting said indicator reagent complex or free indicator reagent with an enzyme
substrate to produce a detectable signal and thereby determine the presence or amount of
analyte in the test sample.
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ABSTRACT

The present invention involves the construction of several mutations in the
Escherichia coli alkaline phosphatase gene, that result in the production of an enzyme having
an improved specific activity. The resultant mutant enzymes have up to 1.5- to 3s-fold
higher specific activity, while retaining a temperature stability that is significantly higher
than that of mammatian alkaline phosphatase enzymes. The utility of mutant E. coli alkaline
phosphatase as an enzyme label in binding assays is also demonstrated.
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Case No. 4781.US.01

ALKALINE PHOSPHATASE ENZYMES
HAVING IMPROVED SPECIFIC ACTIVITY FOR USE IN INDICATOR REAGENTS

BACKGROUND OF THE INVENTION
1. Eield of the Invention

The present invention relates to the modification of enzymes to improve their
biolngical properties. - In particular, the invention relates to the use of a geneticaily
10 engineered Escherichia coli (E. coli ) to produce alkaline phosphatase for use as a label in
, ' binding assays, wherein the enzyme has an enhanced specific activity and a high thermal
' - stability.

[ 1

¢ 2. ripti f Rel r

Alkaline phosphatase is used as a readily detectable labeling enzyme in various
diagnostic binding assays. For example, it is frequently used in heterogeneous enzyme
binding assays wherein it may be coupled, depending upon the type of analysis, to an antigen,

Cot ++ antibody or other specific binding member which will bind td the analyte of interest. - After

20+, binding has occurred, the newly formed binding complex may be separated from the reaction

""" mixture and detected by observing the presence or amount of alkaline phosphatase associated

S ' with the complex. The alkaline phosphatase is detected by adding an enzyme substrate and
ot .ving the extent of the resultant enzyme/substrate reaction.

‘ The criteria for choosing any particular enzyme for use as a label include: a high

2.53‘.:.specific activity (i.e., a high rate of catalysis or high velocity of the enzymatic reaction);
stability at high temperatures (usually a melting temperature of greater than 50-60°C);

. stability of the enzyme after conjugation to the specific binding member; the availability of

% easily quantifiable enzyme substrates for use in the enzyme detection reaction; the
availability of reaction product amplification methods; and suitable performance in the

30 assay (e.g., low background readouts). Temperature stability is a major concern for many
industrial applications of enzymes. Proteins vary with respact to their temperature
stability, and the melting temperatures (Tm) of different enzymes can range from less than
40°C to greater than 100°C.

Calf-intestinal alkaline phosphatase is often used as an enzyme label, exhibiting both

35 7 a high specific activity and a melting temperature %f about 5§5°C.  The enzyme and its
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conjugates are convenient to use in binding assays, and there are several methods of
amplifying the product of the detection reaction. The use of calf-intestinal alkaline
phosphatase as a label, however, still presents some disadvantages. These disadvantages
“include inadequate purity of some enzyme preparations and the presence of covalently linked
5 carbohydrates which are believed to contribute to higher backgro'und‘ readings when
determining assay results.. In addition, calf-intestinal alkaline phosphatase has a poor
temperature Stabil'ity after it is conjugated to a specific binding _member for use in a binding
assay. Because of these disadvantages, much research has been conducted involving the
search for and development of a new form of alkaline phosphatase which has both a specific
10 activity and a temperature stability more suitable for binding assays, especially those

' assays in which increased temperatures are reached.

' One approach chosen to overcome the disadvantages of the mammalian enzyme relies -

«
€

: ' upon the use of E. coli alkaline phosphatase which has an extremely high temperature

: ' stability in comparison with mammalian alkaline phosphatases. E. coli alkaline phosphatase
15 has aTm of about 95°C. Alkaline phosphatase can also be expressed in increased amounts

L from E. coli, if numerous copies of the corrésp:nding gene per cell are present. In addition,
the enzyme can be purified to hOmogeneity in a few steps. Alkaline phosphatase from E. coli,
however, has a lower specific activity than does calf-intestinal alkaline phosphataée. The
...+ maximum velocity of the catalytic reaction (kgat) for E. coli alkaline phosphétase is 60

201 ' sec, although considerable variation has been observed. This compares with a kcat'of

"'\ coli ¢'kaline phosphatase has a lower rate of catalysis than does calf-intestinal alkaline

phosphatase, it would be advantageous to improve the catalytic activity of the E. coli alkaline

phosphatase enzyme while simultaneously' conserving its more. favorable temperature

25°*.stability characteristic. o

o Recent progress in the field of protein engineering, such as site-directed
mutagenesis, computer-assisted molecular design, gene expression technologies, and the
availability of crystal or nuclear magnetic resonance structures, has made it feasible to
undertake projects aimed at modifying a specific characteristic of an enzyme. The

30 modifiable characteristics of an enzyme can be divided into two general classes: (1) those
characteristics that depend upon the local properties of the enzyme's active site, such as
substrate specificity, the velocity of the catalytic reaction (kéat),- the Michaelis constant
(Km), etc.; and (2) those characteristics that depend upon the global properties of the
protein structure, such as temperature stability, resistance to pfoteolysis -and é:!!osteric

35 regulation of the active site. The active site of an enzyme is typically 'com:posed of

!f_' 2
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approximately ten amino acid residues. In general, the amino acids in the active site
7 establish the processes that occur at the active site. Therefore, by changing the amino acid
residues that compose the active site, the catalytic effects of the enzyme can be changed.
~ Early efforts to modify the propenies of alkaline phosphatase relied rr_iainly upon the
5 chemical modification of the enzyme. For example, the enzyme was subjected to photo-
‘oxidation, or to treatment with mono- and dichloroacetyl-B-glycerophosphate; 2,3-
butanedione; phenylglyoxal and other compounds. Typically, these treatments reduced or
eliminated the enzyme's catalytic activily, thereby providing information on the function of
the enzyme (Coleman and Gettings, Adv. EnzYmol. 55: 351, 1983). After the treatment of
«i10 the enzyme with tetranitromethane (to nitrate the tyrosyl residues), followed by the

P " reduction of the nitrated residues to aminotyrosyl, the enzyme's phosphohydrolase activity -

aom aa=

‘! rose to 130% of the activity of the unmodified protein, whereas the phosphotransferase
"o activity was 350% of the normal value (Christen et al., Biochemistry 10: 1377, 1971).
<" such experiments demonstrated that certain enzymatic properties of alkaline phosphatase

:1"5. “could be improved by chemically modifyihg the enzyme. _The chemical modification
‘ procedures, however, are limited in that they have a low selectivity as to which amino acids
- in the enzyme are modified, and thus, a broad spectrum of amino acid residues can be
affected.
e : In addition, changes in the active or binding site of a protein can also be more
20 extensive than the change of a single amino acid (i.e., point mutation). For example,
v p}oteins that repress gene expression (repressors) »can!be converted into activators by
dhd changing_'sevéral of the acidic residues (Ma and Ptashne, Cell 48: 847-853, 1987). Most
mutations reduce the Tm, as evidenced by the work on the alpha subunit of tryptophan
synthetase (Yutant et al., Nature 267: 274-275, 1977). Neverthel'ess,' the replacement of
2.53:: . a few amino acids in the enzyme's sequence can significantly increase the enzyme's Tm, as
indicated by the results of the work on neutral protease of Bacillus stearothermophilus
(Imanaka et al., Nature 324: 695-697, 1986). o
The advent of recombinant DNA technology made it possible to modify or change a :
specific amino acid residue (site-directed mutagenesis) by modifying the gene which directs 1
30  the formation of alkalir;é"phdsphatase (phoA gene). In E. coli, the phoA gene is part of the 1
_ noncontinuous tamily of at least 18 genes which are involved in the regulation of phosphate
. binding, transport and metabolism. The nucleotide and amino acid sequences of the E. coli
phoA gene are well-known to those skilled-in-the-art (see Chang, Gene 44: 121-125,

1986).
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Through gene engineering, mutations of serine102 in the active site of the alkaline
~ phosphatase enzyme resulted in a 1,000-fold reduction in specific activity, thereby
~ demonstrating that this amino acid residue is critical for alkaline phosphatase activity (J.E.
Butler-Ransohoff et al., Abstracts of 1989 Alkaline Phosphatase Symposium, San Diego, CA,
5 1989). Alternatively, the substitution of serine with cysteine, which retains the hydroxy
group, lead to only a slight reduction of activity (Ghosh et al., Science 231: 145, 1986).'
The role of arginine166, a residue in the immediate vicinity of the enzyme's active site, was
also inveétigated by mutagenesis, and resulted in an approximately 50-fold reduction in
catalytic efficiency as compared to the native enzyme (Butler-Ransohoff et al., Proc. Natl.
10  Acad. S(ii. USA.,- 85: 4276, 1988 and Chaidaroglou et al., Bidchemistry 27: 8338, 1988).
The proteolytic elimination of 10 to 40 amiro acid residues from the amino terminus of
¢ alkaline phosphaiase has also been shown to’re,sillt in reduced temperature stability, while
"' the specific activity of the enzyme remained unchanged or only slightly reduced (Chlebowski
. “« et al., J. Biol. Chem. 264, 4523; 1989). "Several silent mutations in the phoA gene have |
115  also been documented from isolates of wild-type E. coli (DuBose et al., Proc. Natl. Acad. Sci.
~ USA 85: 7036, 1988). Most recently, the function of aspartic acid?0 in the active site of
E. coli alkaline phosphatase was in\)estigated by site-specific mutagenesis, wherein that
amino acid was replaced with alanine (Chaidaroglou, et al., Protein Engincering 3(2): 127-
G 132, 1239). The mutant enzyme exhibited about a 3-fold higher activity than the wild-
20:1 type enzyme, but the mutant enzyme also exhibited a substantial decrease in thermal '
- stability. '

1
t t ¢
[ L]

SUMMARY OF THE INVENTION
AN -
The present invention involves the construction of synthetic genes which control the
‘production of an alkaline phosphatase enzyme having an ehhanced catalytic activity as
‘compared to the wild-type enzyme. The enzymatié activity of the novel enzymes has been
increased as much as 36-fold as compared to the wild-type enzyme. Although the novel
30 enzymes have a lower thermal stability as compared to the wild-type énzyme, the thermal
' stability is conserved to the extent that the enzymes are s‘uitablq for use in binding assays,
i.e., the novel enzymes are not heat-inactivated under normal aséay conditions. Novel
enzymes, novel DNA sequences used to produce the enzymes, novel plasmids containing the
engineered DNA sequences, novel hosts containing the plaSmids. and assays utilizing the
35 novel enzymes in the form of indicator reagents are described.
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For example, according to a first embodiment of the present invention, there is
provided a mutated alkaline phosphatase enzyme encoded by an Escherichia coli phoA
gene differing from wild-type Escherichia coli phoA gene by at least one nucleotide base;
said mutated enzyme, as compared to alkaline phosphatase encoded by said wild-type

5 phoA gene, having (i) at least one amino acid mutation within about 20 A of the active
site of the enzyme, (ii) increased specific activity and (iii) conserved thermal stability.
Examples of the amino acid changes include the substitution of Val in place of Thrl®0, Ile
in place of Thrl®0, Arg in place of Lys328, Ala in place of Val®®, Asp in place of Alal03,
Cys in place of Alal03, Val in place of Thr!07 and Ser in place of Aspl0l. Dual amino

10 acid changes include amino acid mutations involving Ala in place of Val® and Arg in
place of Lys328, or Ala in place of Val377 and Gly in place of Ser413,

The present invention includes novel DNA sequences, suitable for insertion within a
vector, which involve a series of codons encoding an alkaline phosphatase enzyme,
wherein the alkaline phosphatase has at least one amino acid mutation as compared to

15 wild-type E. coli alkaline phosphatase, and wherein the alkaline phosphatase has an
increased specific activity as compared to wild-type E. coli alkaline phosphatase.
Plasmids containing such DNA sequences, as well as host celis containing such plasmids,
are also described. Unicellular hosts are used and are typically selected from bacterial
and fungal strains such as E. coli, Bacillus, Streptomyces, mammalian cells, yeast and

20 other fungi. The choice is not critical to the present invention, although all hosts may not
be equally efficient.

Furthermore, the present invention involves the use of such synthetic alkaline
phosphatase enzymes as enzyme labels in binding assays. Indicator reagents, useful for
determining the presence or amount of an analyte in a test sample, can be made by

25 attaching a specific binding member directly or indirectly to the novel enzymes. The

resultant indicator reagents are suitable for use in assay formats including, but not limited
to, sandwich assays, competitive assays and direct and indirect assay formats.

According to a second embodiment of the present invention there is provided an
engineered DNA sequence comprising a nucleotide sequence encoding an alkaline

30 phosphatase enzyme for expression in a unicellular host, wherein said alkaline
phosphatase has at least one amino acid mutation as compared to wild-type Escherichia
coli alkaline phosphatase and wherein said alkaline phosphatase has an increased specific
activity and conserved thermal stability as compared to wild-type Escherichia coli,
alkaline phosphatase.

35 According to a third embodiment of the present invention there is provided a
plasmid characterized by an engineered DNA sequence encoding an alkaline phosphatase
enzyme for expression in a unicellular host, wherein said alkaline phosphatase has at least

one amino acid mutation as compared to wild-type Escherichia coli alkaline phosphatase,

o
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5a
and wherein said alkaline phosphatase has an increased specific activity and conserved
thermal stability as compared to wild-type Escherichia coli alkaline phosphatase.
According to a fourth embodiment of the present invention there is provided a
unicellular host comprising a plasmid transformed with an enginecered DNA sequence
5 encoding an alkaline phosphatase enzyme for expression in the unicellular host, wherein
said alkaline phosphatase has at least one amino acid mutation as compared to wide-type
Escherichia coli alkaline phosphatase, and wherein said alkaline phosphatase has an
increased specific activity and conserved thermal stability as compared to wild-type
Escherichia coli alkaline phosphatase.

10 According to a fifth embodiment of the present invention there is provided a method
for determining the presence or amount of an analyte in a test sample, said method
characterized by the steps of:

a. contacting the test sample sequentially or simultaneously with an indicator
reagent and a capture binding member, said indicator reagent comprising an alkaline

15 phosphatase enzyme directly or indirectly attached to a specific binding member,

wherein said alkaline phosphatase has at least one amino acid mutation as compared
to wild-type Escherichia coli alkaline phosphatase, and

wherein said alkaline phosphatase has an increased specific activity as compared to
wild-type Escherichia coli alkaline phosphatase; and

20 b. allowing said indicator reagent to bind to a member selected from the group
consisting of the analyte, said capture reagent and an ancillary specific binding member,
thereby forming an indicator reagent complex; and

c.  reacting said indicator reagent complex or free indicator reagent with an
enzyme substrate to produce a detcctable signal and thereby determine the presence or
Do 25 amount of analyte in the test sample.

: Brief Description of the Drawings

“3 FIG. 1(a)-(c) depicts novel synthetic oligonucleotides used to construct the alkaline
AL phosphatase gene.

FIG. 2 displays the restriction map of plasmid pMA100.
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FIG. 3(a)-(b) depicts the nucleotide and amino acid sequences of the synthetic, wild-
type E. coli alkaline phosphatase.

FIG. 4 depicts the results of a binding assay for the detection of alpha-fetoprotein
using a novel indicator reagent of the present invention.

FIG. 5 depicts the results of a binding assay for the detection of a cancer antigen using
a novel indicator reagent of the present invention.

10 FIG. 6 depicts the time courses of irreversible thermoinactivation of conjugates
' containing calf-intestinal alkaline phosphatase and E. coli mutant alkaline phosphatase.

v FIG. 7 aupicts the nucleotide sequence of the synthetic plasmid pWM520.

15 The following symbols and abbreviations are used to denote base codes and amino

e acids:

Base codes:
. N A adenosine
R c cytosine
I G guanine
L T thymine

A
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Amino acid three-letter abbreviations:

Abbreviation Amino Acid Name Abbreviation ino Aci !
Ala Alanine Leu Leucine
Arg Arginine Lys Lysine
Asn Asparagine Met Methionine
Asp Aspartic Acid (Aspartate) Phe Phenylalanine
Cys Cysteine Pro Proline
Gin Glutamire Ser Serine
‘ Glu Glutamic Acid (Glutamate) Thr Threonine
Cea Gly Glycing Trp Trytophan
3 ' His Histidine Tyr Tyrosine
b lle Isoleuciiie val Valine
5 DETAILED DESCRIPTION OF THE INVENTION

The present invention provides novel alkaline phosphatase enzymes which have an
. enhanced specific activity, while the desirable temperature stability characteristic of the
., .. native enzyme has been conserved. The genetically modified enzymes are more thermostable
10 ' than calf-intestinal alkaline phosphatase, #xhibiting a minimum half-life of five minutes at
75°C (pH 7.5). [n addition, depending upon the assay conditions, the enzymatic activity of
the novel enzymes has been increased 1.5- to 36-fold cvier that exhibited by the native
enzyme. The largest increases in specific activity are observed when the enzymatic
s .0, activities of the novel enzymes are measured at about pH 10 in the presence of low
1°5°* concentrations of either Tris (0.05 M) or diethanolamine (0.05 M). The enhanced specific
activity has baen ac.complished through a combination of molecular modeling, genetic
_engineel;ing and site«_ji,rec!ed mutagenesis.
| Typically, !he-}arget sites for mutations in alkaline phosphatase were predetermined
- onthe basis of the enzyme's crystal structure (Sowadskl; et al., J. Mol. Biol. 186, 417- /
\‘2"6' 433; 1985). The criterion for the selection of a given amino acid as a target site was, tho*'l
amino acid's proximity to the active site of the enzyme molecule, in partncular ole ,Jroxlmv
to the catalytic residue, Ser102, S ‘\ {
To produce a defined amino acid change at a given site in the enzyme an approprlate
codon sequence encoding that amino acid was inserted into the phoA gene. Réindom amino acid
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changes were also accomplished by inserting the codon sequence NNN into the DNA sequence,
where N is any of four nucleotides. One constructed mutant fortuitously ca:ried two point
mulatidns. i.e., two amino acid changes, which were believed to bg a result of the chemical
modification of the synthetic: oligonucleotides used for gene synthesis.

Construction of novel plasmids

Once the initial set of suitably mutated DNA molecules was obtained, two protein
design strategies were used to produce mutant enzymes. First, different modified DNA
subsequences were introduced into a single gene, and the resultant clones were screened for
the production of mutant enzymes having a high specific activity. Second, a mutant DNA
molecule was used as a genetic background for a second round of mutagenes:s.

The first strategy involvec: designing and constructing a totally synthetic gene that
encoded alkaline phosphatase. The synthetic phc;A gene was synthesized using the Fokl
method as described in. "9-cwned and copending U.S. Patent Application Serial No. 131,973
filed December 11, 1987 and in Mandecki and Bolling, Gene 68, 101-107, 1988, which
are incorporated by reference herein. Twenty one synthetic oligonucleotides [Figure 1(a)-
(c)] were designed and individually cloned into a custom designed plasmid vector
(PWM500). Each synthetic oligonucleotide was then cut from the vector using Foki
restriction endonuclease. The resulting DNA fragments were designed such that, after
cleavage from the vector, the protruding ends of each fragment had unique sequences which
allowed the ligation of all 21 fragments in one reaction to produce a synthetic phoA gcne of
approximately 1600 base pairs.

The synthetic gene included the phoA ribosome binding site for the initiation of
translation (the mer.nanism by which the base sequence of the gene is transléted into the
amino acid sequence of a polypeptide chain) as well as the transcription terminator site
sequence (at which the synthesis of the mRNA chain complementary to the gene is
terminatcTj.  The synthetic gene was cloned into a synthetic plasmid vector, pWM518, the
canstruction of which is described beiow (Example 11). The vecta: was designed to have a
limited number of restriction sites to facilitate such procedures cloning, expression and
mutagenesis., The alkaline phosphatase exression levels from the plasmid carrying the
synthetic pho)\‘- gene (PMA100) approached ten milligrams of protein from one liter of cells
grown to an optical density of 1.5 at 550 nanometers. “An E. coli strain deficient in
chromosomal a':!galﬁfw‘\'é\?hosphatase gene was used for transformation and subsequent
fermentation to produ&.,the novel enzymes of the present invention. Such a strain includes
the MZ13b (F* lacX74, A(brnQR, phoA-, phoB-, proC-)24 tsxR, trpam, stR, 80D
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(proCt, proB*)xpw3, ©80) E. coli strain as described by Inouye et al., J. Mol. Biol. 110,
75-87 (1977), which is incorporated by reference herein.

A biolincaI assay was used to screen the resultant mutant E. coli organisms to
determine which clones predueed an alkaline phosphatase having an enhanced specific
activity. The clones were grown in media containing the substrate 5-bromo-4-chloro-3-
indole phosphate (BCIP). Colonies producing an alkaline phosphatase having a high specific
activity were detected by the blue color of the colonies due to the enzyme's reaction with the
substrate.

High expression levels of alkaline phosphatase by host cells were detrimental to the
color screening of colonies on indicator plates (small increases in expression level did not
manifesi themselves  as color changes to deeper blue). Therefore, to aid in distinguishing the
muta.at enzymes from native-like enzymes, the plasmids' alkaline phosphatase expressicn
levels were reduced by replacing. the native phoA ribosome binding site with a sequence that
is homologous to the native ribosome binding site but which is less efficient in the initiation
of translation. The resultant plasmid was designated pMA101. The phoA gene included a
group of five random nucleotides upstream of the initiator ATG codon. As a result,
expression of the enzyme was substantially reduced, and only a mutant enzyme with a high
specific activity would exhibit the dark blue color with the BCIP substrate. A library of
clones was generated containing about 1,000 clones expressing different levels of alkaline
phosphatase activity. A clone (pPMA101) expressing an alkaline phosphatase activity
appropriate for color screening was selected for further mutagenesis studies.

An oligonucleotide-directed double-strand break repair method (i.e., bridge
mutagenesis) was used to construct a synthetic plasmid vector as disclosed in Mandecki et
al., Proc Natl. Acad. Sci. 83, 7177-7181 {1986), which is incorporated by reference
herein. The use of this particular method, however, is not critical to the present invention.
The method:involves the introduction of mutations by cotransforming competent E. coli cells
with a denatuied linear plasmid and a synthetic oligonucleotide sequence which encodes a
suitabie mutation and which has twa "arms" that are homologous to the plasmid DNA
sequences in thefvicinity of the plasmid break. Because only a single-stranded
ollgonucleohde sequence is used for mutagene5|s. the method is especiaily advantageous for -
the mtroductnon of degenerate sequences into plasmid DNA.

In the procedure,/a synthetic oligonucleotide subsequencc/, that encoded a mutation in

o P

a subsequence of .@e “alkaline phosphatase gene, was clonP:! ‘mo the phoA gene of the plasmid
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vector to modify rather than replace the phoA gene. The synthetic oligonucleotide
subsequences were designed to carry to the target site either a defined or random codon
sequence which typically corresponded to a twenty amino acid chain. To introduce a
subsequence, the E. coli plasmid containing the phoA gene was either cleaved next to the site
5  targeted for mutagenesis (i.e., cut with a restriction endonuclease that cleaved the plasmid
only once, there being 25 such sites within the phoA gene), or the plasmid was cleaved with
two enzymes to liberate a restriction fragment which overlapped the site to be mutated. The
host cells were transformed by combining the: cells with the cleaved plasmid, the synthetic
oligonucleotide and DNA ligase. From a-single transtormation, 200 colonies were obtained.
10 Based upon color screening, which was fcilowed by DNA sequencing and an analysis of
purified protein, ten mutant E. coli strains were obtained which carried genes that
«v ro expressed an alkaline phosphatase having an increased specific activity. The mutants were:
Thr100 5 val (i.e., Threonine at the 100 position was replaced with Valine); Thr100 > ile;
‘' Lys328 5 Arg; Va9 > Ala; Asp101 > Ser; Ala103 > Asp; Ala103 5 Cys; Thr107 5 val; a
£ .' double mutant Lys328 5 Arg and Val®? > Ala; and a fortuitous double mutant Vai377 > Ala
+« ., and Ser415 > Gly.
. Alternative methods of preparing plasmid cloning vehicles which include such

genetic mutations can also be used, such as those described by Polisky et al., Proc. Natl.
Acad. Sci. USA, 73(11), 3900-3904 (1976); Siewert et al., U.S. Patent Number
VI , 4,375,514; and Itakura et al., U.S. Patent Number 4,704,362; which are incorporated by

L)

o reference herein.

~, ' " Analysis of Alkaline Phosphatase Mutants
The analyses for specific activity and temperature stability were performed on
25 highly purified protein material. In brief, the purification process involved the release of
:.5::'the periplasmic: protein by the formation of spheroplasts, ammonium sulphate precipitation
and chromatofocusing chromatography. The measurements of specific activity and the
Michaelis constant relied upon monitoring the kinetics of the conversion of an enzyme
substrate (e.g., p-nitropheny! phosphate) to form a chromogenic product. Temperature
, 30 stability was measured by moniioring the decay of enzyme activity at different
temperatures.
: The resultant novel enzymes and their properties are presented in Table 1. All of the
' mutant E. coli strains expressed alkaline phosphatase enzymes having specific activities that
: were higher than that of the native enzyme (23 represented by pMA1 00). Although each of
35 the mutant ?ymes were less temperature sté\ble}j than the na}ive enzyme, théy were all
/ i Y4 i/ :
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sngnmcantly more temperature stable than the mammalnan enzyme, calf-intestinal alkaline
pnosphatase

Table 1
Constructed Mutants

(1LMole/mg/min) (LM) stability
(half-life)
- pMA100 wild-type 60 30 6 min. at 95°C
pPMA110 val’77 > Ala 90 23 7 min. at 80°C
Ser415 5 Gly
pMA111 Thr100 5 va 123 20 21 min. at 85°C
pPMA112 Thel00 S |le 123 20 10 min. at 85°C
pPMA113 Lys328 5 Arg 220 94 10 min. at 85°C
pMA114 val99 > Ala 205 22 15 min. at 80°C
3 min. at 85°C
pMA115 Asp101 > Ser 290 56 14 miﬂ. at 80°C
2 rin. at 85°C
pPMA116 Lys328 5 Arg 190 74 5 min. at 75°C
Val99 > Ala <1 min. at 85°C
pMA117 Ala103 > Asp 133 144 22 min. at 85°C
pMA118 Ala103 5 Cys 105 75 29 min. at 85°C
pMA119 Thr107 s val 240 102 7 min. at 85°C
. calf-intestinal alkaline phosphatase 1800 10 9 min. at 65°C
Bt I- . N . . " I. I 6 I ! l I l
5 Before proceeding further with the description of the use nf alkaline phosphatase as a

label in binding assays, a number of terms will be defined. A vanety of assay techmques in
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which the novel labels are advantageous'zr used are also described.
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"Specific binding member" refers to a member of a specific binding pair, i.e., two
different molecules wherein one of the molecules through chemical or physical means
specifically binds to the second molecule. In addition to antigen and antibody specific binding

_-pairs, other specific binding pairs include, as examples without limitation, biotin and

avidirs, carbohydrates and lectins, complementary nucleotide sequences (as in DNA
hybridization reactions), complementary peptide sequences, effector and receptor
molecules, enzynie cofactors and enzymes, enzyme inhibitors and enzymes, a peptide
sequence and an antibody specific for the sequence or the entire protein, polymeric acids and
bases, dyes and protein binders, peptides and specific protein binders (e.g., ribonuclease,
S-peptide and ribonuclease S-protein), and the like. Furthermore, specific binding pairs
can include members that are analogs of the original specific binding member, for example
an\analyte-analog. If the specitio binding member is an immunoreactant it can be, for
example, an antibody, antigen, hapten, or complex thereof, and if an antibody is used, it can
be a monoclonal or polyclonal antihody, a recombinant protein, a mixture of two or more
antibodies, an antibody fragment, or mixtures thereof, as well as, a mixture of an antibody

. and other specific binding members. The details of the preparation of such antibodies and

their suitability for use as specific binding members are well known to those. skilled-in-
the-art. |

"An’'yte" refers to the compound or composition to Ge de'te’t‘:_-ted or measured in the
assay. The analyte can be any substance for which there exists a iiaturally occurring
analyte-specific binding member or for which an analyte-specifio binding member can be
prepared. Analytes include, but are not limited to toxihs; organic compounds, proteins,
peptides, amino acids, nucleic acids, hormones, ste!"oids, vitamins, drugs (including those
administered for therapeotic purposes as weII as those administered for illicit purposes),
and metabolltes of or antibodies: to any of 'ne above <ubstances The term "analyte” also
includes any antigenic substances, hap(ens, antnbodtes. and combinations thereof which are
of interest in immunoassays. The reageiits and 'nethods of the present invention can also be

“* designed to determine food product and environmental analytes of interest.

"Indicator reagent" refers to a specific binding member attached to a label. The
indicator reagent produces a detectable signal that is related to the amount of analyte in the
test sample. In general the indicator reagent is detected or measured after it is immobilized
upon a solid phase material, but free or unbound indicator reagent can also be detected or
measured to determine the result of an assay. The specific binding member of the indicator

. teagent can be a member of any specmc binding pair as described above. In the present

invention, the label component of the indicator reagent is.a synthetic alkaline phosphatase

k!
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having an enhanced specific activity. The enzyme label is used to convert an enzyme
substrate into a detectable product. The product can be detected by visual or instrumental
means. Amplification of the detectable signal can also be obtained by reacting the enzyme
with one or more substrates or additional enzymes to produce a detectable reaction product.

"Capture binding member" refers to a specific binding member which can directly or
indirectly bind the analyte or indicator reagent and which is typically bound or is capakie of
being bound to a solid phase, by covalent, noncovalent, adsorption or non-specific
mechanisms, or is capable of being precipitated, such that the capture binding member can
be separated from the test sample and other assav reagents.

"Capture reagent" refers to a capture binding member which is directly or
indirectly attached to a solid phase material to enable the separation of the capture binding
member, and analyte or indicator reagent that is bound thereto, from unbound analyte and
assay reagents. Typically, the attachment of the capture binding member to the solid phase
is substantially irreversible and can include covalent mechanisms. The capture reagent of
the present invention, however, is not limited to a capture binding member bound to an

. insoluble solid phase material. In an agglutination assay, the capture reagent can include a

capture binding member bound to a soluble carrier material such as bovine serum albumin
and the like.

"Solid phase material” refers to any suitable chromatographic, bibulous, porous or
capillary material or other conventional solid material, well known to those skilled-in-
the-art, used to immobilize specific binding members. In the present invention, the solid
phase material can include a fiberglass, cellulose or nyion pad for use in a flow-through
assay device having one or more layers containing one or more of the assay reagents; a
dipstick for a dip and read assay; a test strip for chromatographic (e.g., paper or glass
fiber) or thin layer chromatographic (e.g., nitrocellulose) techniques in which one or all of
the reagents are contained in separate zones of a single strip of solid phase material; or an
absorbent material well known to those skilled in the art. The solid phase material can also
include, without limitation, polyacrylamide beads, polystyrene beads or tubes, magnetic
beads, a microtitre plate or a glass or plastic test tube.

Natural, synthetic or naturally occurring materials that are synthetically modified,
can be used as a solid phase material including polysaccharides, e.g., cellulose materials
such as paper and cellulose derivatives such as diazobenzyloxymethylcellulose,
nitrocellulose, 2-aminophenylthioethércellulose. and cellulose acetate; silica; silicon
particles; inorganic materials such as deactivated alumina, or other inorganic finely divided

35  material uniformly dispersed in a porous polymer matrix, with polymers such as vinyl
‘ (( .
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chloride, viny! chloride polymer with propylene, and vinyl chloride polymer with vinyl
acetate; cloth, both natUraIly occurring (e.g., cotton) and synthetic (e.g., nylon); porous
gels such as silica gel, agarose, dextran, and gelatin; polymeric films such as polyacrylates;
protein binding membranes; and the like. The solid phase material should have reasonable
strength or strength can be provided by means of a support, and it should not interfere with
the production-of a detectable signal.

Optionally, the capture binding member of the capture reagent can be affixed to
particles, e.g., microparticles. These microparticles can serve as the solid phase material
and be retained in a column, suspended in a mixture of soluble reagents and test sample, or
retained and immobilized by another solid phase base material. By "retained and
immobilized" is meant that the microparticles, associated with the solid phase base
material, are not capable of substantial movement to positions elsewhere within that
material. The microparticles can be selected by one skilled in the art from any suitable type
of particulate material including those composed of polystyrene, polymethylacrylate,
polypropylene, polytetrafluoroethylene, polyacrylonitrile, polycarbonate cr similar ¢

. materials. The size of the microparticles is not critical, although it is preferr= i that the :
average diameter be smaller than the average pore size of the solid phase base material if
such is used. :

The present invention can also include a capture reagent that involves a capture
binding member that is not initially attached to a solid phase material. Once complex ‘
formation occurs between the assay components, the solid phase can be used as a separation
mechanism. For example, the reaction mixture can be contacted with the solid phase
material, and the newly formed reaction complex(es) are retained by the solid phase
material. Alternative methods can be used to perform this separation step, such as using a
solid phase which itself binds to the capture binding member; affixing to the solid phase a_ :
binding member that is specific for the capture binding member; or affixing to the solid
phase an agent, such as a charged substance, which will attraci and bind an oppositely :
charged substance that has been bound to the capture binding member, as disclosed in co-
owned and copending Patent Application No. 28660/89

‘830  which is incorporated by‘ reference herein. i

; "Ancillary specific binding member" refers to a specific binding member used in
b addition to the specific binding members of the capture binding member and the indicator
reagent which becomes a part of the detectable binding complex. One or more ancillary
specific binding members can be used in an asséy. For example,“an ancillary s‘peciﬁc
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binding member can be used in an assay where the indicator reagent is capable of binding the
ancillary specific binding member which is in turn capable of binding the analyte.

"Test sample" typically refers to a naturally occurring or artificially formed liquid
test medium suspected of containing the analyte of interest. The test sample is generally a

5 biological fluid or a dilution thereof. Biological fluids from which an analyte can be

determined include serum, whole blood, plasma, urine, saliva, amniotic and cerebrospinal
fluids, and the like. The test sample can also include a solid material (e.g., hair, tissue,
etc.) which has been modified to form a liquid test medium.

It will be appreciated by those skilled-in-the-art that the selection of any given i

10 binding member, ancillary binding member or solid phase material is generally not critical

to the present invention. The materials are chosen to optimize the assay results for a given

I

.1+, analyte or test sample.
] f

The novel enzymes of the present invention are advantageously used in solid phase

[ tt
]

Y heterogenous binding assays which include both sandwich and competitive assay methods.

et .
"1.5." Heterogeneous binding assay techniques involve the use of a solid phase material to which a

' ., .. member of ihe binding reaction becomes bound. Prior to detecting the label which indicates
the presence or amourt of analyte in the test sample, the immobilized reaction component is
separated from excess sample and assay reagents by removing the solid phase from the
reaction mixture.
29 "'. In a solid phase sandwich assay; the capture reagent typically involves a capture ‘
o  binding member which has been bound to a solid phase material. For example, the specific
binding member can be an immobilized antibody which will bind to an antigen-analyte in the
! ,Etest sample, or the specific binding member can be an immobilized antigen which will bind
to an antibody-analyte in the test sample. The capture reagent is contacted to a test sample,
25  suspected of containing the analyte, and to an indicator reagent comprising a second specific
‘.::.‘bmdmg member that has been labeled; for example, a labeled anti-analyte antibody. The
reagents can be mixed simultaneously or added sequentially, either singly or in combination. :
A binding reaction results in the formation of a capture reagunt/analyte/mducator reagent ‘ [
complex. The assay can also comprise the step of separating tho resultant complex from the = ‘
30 excess reagents and test sample. The complex retained on the solid phase material is detected
by examining the solid phase for the indicator reagent. If analyte is present in the sample,
then label will be present on the solid phase material. The amount of label which becomes. 1
» associated with the solid phase is directly proportional to the amount of analyte in the ,
‘ sample. ' |t
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The assays of the present invention can be carried out using any of the sandwich
assay formats, including the forward, reverse and simultaneous techniques. Typically, a
forward assay involves the contact of the test sample to the capture reagent followed by an
incubation period which is in turn followed by the addition of the indicator reagent. A

5 reverse assay involves the addition of the indicator reagent to the test sample followed by the

addition of the capture reagent after an incubation period. A simultaneous assay involves a
single incubation stap as the capture reagent and indicator reagent are both contacted to the
test sample at the sarie time.

In addition, the novel enzymes of the present invention can be used in an indirect

10 sandwich assay with the formation of a complex of capture reagent/analyte/anaiyte-specific
. binding member/indicator reagent. In this case, the additional analyte-specific binding
member is the ancillary specific binding member.

Compr:titive assays can a'so be carried out using the novel enzymes of the present
‘" invention. In a solid phase competitive assay, the capture reagent again typically involves a
3‘.‘5'.‘ capture bincing member which has been affixed to a solid phase material and which is

.., contacted with both test sample and an indicator reagent. The indicator reagent, however,
can be formed from an analyte or analyte-analog which has been conjugated with a label. A
binding reaction occurs and results in the formation of complexes of (1) immobilized
capture reagent/analyte complex and (2) immobilized capture reagentindicator reagent

20  complex. Alternatively, the immobilized specific binding member  be an analyte or

. "« analyte-analog with which the test sample analyte competes for binding to the indicator
reagent. In the competitive assay, the amount of label which becomes associated with the

‘ ' solid phase is inversely related to the amount of analyte in the sample. Thus, a positive test
sample will generate a decrease in signal.

25 In these binding assays, the presence ur amount of the analyte in the test sample is

:,::: s*usually determined by detecting the presence or amount of the label which has become

associated with the solid phase; although free or unbound indicator reagent may also be
detected. In the competitive assay, the more analyte present in the test sample the lower the
amount of label present on the solid phase. In the sandwich assay, the more analyte present

30 in the sample the greater the amount of label present on the solid phase.

/,,As specifically described in the following examples, several of the novel recombinant
enzynié‘:s were chemically coupled to different immunoglobulins to form conjugates for use
in‘enzyme immunoassays (EIA's). For example, mutant enzymes expressed by plasmids
pllA110, pMA111, pMA112, pMA113 and pMA115 were conjugated via various

35 heterobifunctional coupling reagents to an anti-aIpha-fetoproteiﬁ\‘mp’noclonal antibody
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(anti-AFP antibody). These antibody/enzyme conjugates were subsequently used in an EIA
as indicator reagents. For example, an AFP standard curve was prepared in an assay using
an anti-AFP antibody conjugated with the novel alkaline phosphatase enzyme from the
mutant plasmid pMA113. The pMA113 enzyme/antibody indicator reagent produced a
standard curve which was comparable to that generated with a mammalian enzyme/antibody
indicator reagent under similar assay conditions. The use of heterobifunctional coupling
reagents is well-known in the art, and no specific heterobifunctional coupling reagent is
essential to the novel indicator reagents of the present invention.

The novel alkaline phosphatase enzymes have also been chemically coupled to several
other proteins such as cancer antigen-125 and anti-carcinoembryonic antigen antibodies, a
cancer antigen 19-9 Fab fragment and a human chorionic gonadotropin antibody. All have
been used successfully in automated EIA's wherein the presence of alkaline phosphatase is
- detected upon the addition of an enzyme substrate to produce a detectable product and thereby
indicate the presence or amount of a reaction component. Many alkaline phosphatase
substrates are available for use in the binding assays which employ the alkaline phosphatase
. labels. Commonly used substrates are p-nitropheny! phosphate (pNPP), 5-chloro-4-
bromo-3-indolyl phosphate (XP), and methylumbelliferyl [phosphate (MUP). The MUP and
pNPP substrates are frequently used in immunoassays. As an alternative embodiment of the
binding assay, the indicator reagent can comprise a specific binding member labeled with an
enzyme substrate and the alkaline phosphatase enzyme is added to produce the detectable
signal.

EXAMPLES

Example 1
Preparation of Mutant and Synthetic Wild-type phoA Genes

a Ol leotide Synthesi
Although it was not essential to the present invention, a synthetic phoA gene was -
constructed to facilitate the mutagenesis of the alkaline phosphatase gene and the e’xpression1 "
of that gene. The structure of the synthetic gene was based upon the sequence for the wild-
type E. coli alkaline phosphatase gene disclosed by Chang et al., Gene 44, 121-125 (1986)
wQ_;ch is incorporated by reference herein. “The gene was engineered with an E. coli codon
35 prefe“re,nc'e and unique restrictiol(sites at intervals of approximately 50-100 base pairs.




To construct the phoA gene, the; Foki method of gene synthesis was used, as disclosed by
Mandecki et al., Gene, 68, 101-107 (1988) which is incorporated by reference herein.
The phoA gene saquence was divided into twenty-one oligonucleotide subsequences, each 73
bases in length. An additional thirty bases corresponding to Fokl arms were added to each
5 subsequence, to overlap and anneal to the cut plasmid DNA on each side of the cleavage site.
The oligonucleotides were synthesized on an Applied Biosystem 380B synthesizer
(Applied Biosystems, Foster City, CA) using 5'-dimethoxytrityl nucleoside B-cyanoethy!
phosphoramidites. The oligonucleotides were purified using gel electrophoresis (also
described in Gene, 68, 101-107, 1988) on 10% polyacrylamide gels (10%
10 polyacrylamide, 7.0 M urea, and 1 x TBE [89 mM Tris-borate, 89 mM boric acid, 2.0 mM
ethylenediamine tetraacetic acid (EDTA)]). The DNA was visualized by UV shadowing, and
: the band corresponding to a 103 base pair subsequence was excised from the gel. The
.. oligonucleotide was eluted from the portion of excised gel with one milliliter of Maxam's
' Elution Buffer (0.5 M ammonium acetate and 1 mM EDTA) at 37°C for 16 hours. To remove
é ' residual polyacrylamide, the eluted oligonucleotide was passed through a filter (0.2 uM
... Centrex filter; Schleicher & Schuell, Inc., Keene, NH). The purified oligonucleotide was
precipitated with five volumes of ethanol, resuspended in water (50 uL) and quantitated
using a Beckman DU-7 spectrophotometer (Beckman Instruments, Palo Alto, CA). The
sequences of the synthetic oligonucleotides are presented in Figure 1(a)-(c).

1

. v b. Cloning of DNA
The cloning of the synthetic oligonucleotides into a plasmid vector was ccomplished
' by the bridge mutagenesis protocol as described above. The plasmids chosen for cloning
were pWM500 and pWMS501, as described above.
25 The cloning vectors were cleaved with Smal restriction endonuclease. A cleaved
% plasmid (approximately 50 ng) was mixed with an oligonucleotide subsequence (20 pmoles)

in 30 microliters of denaturation buffer (10 mM KCIl, 5 mM Tris-HCl pH 8.0, 5 mM
MgS0Qy4, and 0.5 mM dithiothreitol). The samples were heated at 100°C for three minutes in

L]
e00¢

a boiliﬁg water b and were then cooled to room temperature for five minutes. The

30 samples were then mixed with chilled competent JM83 host cells (100 pl: ara, Af/ac-
proAB), strA, thi, ©80d, lacZAM15) as described by Vieira et al., Gene, 19, 259-268
(1982) which is incorporated by reierence herein. The JM83 cells were prepared by the
CaClp procedure as disclosed by Mandel et al., in J. Mol. Biol,, 53, 159-162 (1970) which
is Incorporated by reference herein. The tﬁlxt\ﬂre was chilled on ice for five minutes,

35 followed by a three minute heat-shock at 37°C. Approximately two milliliters of luria
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broth (LB) media (containing per liter: bacto-tryptone 10 g; bacto-yeast extract 5 g; and
NaCl 10 g; at pH 7.5) was added to the transformation mixture, and the mixture was
incubated at-37°C for one hour. The transformed cells were then concentrated by
centrifugation in a Sorvall GLC-2B table-top centrifuge (at 4,000 rpm for five minutes).
The cells were resuspended in LB media (100 pl) ard plated on LB plates containing 5-
bromo-4-chloro-3-indoyi -D-galactosidi (1.6 mg) and ampicillin (LB media/ampicillin;
100 pl at 25 mg/mL) for selection of colonies with ampicillin resistance, i.e., bacterial
cells containing plasmid. The plates were incubated at 37°C for 15 hours, and
transformants were scored by B-galactosidase color assay.

Four individual cell colonies were picked for each of the 21 cloned oligonucleotides.
Single colonies were inoculated into LB media (0.5 ml) containing ampicillin (100 pg/ml).
The cultures were grown at 37°C with constant agitation for five hours. Twenty-one
individual cell cultures (i.e., one culture corresponding to each oligonucleotide
subsequence) were then pooled and added to one liter of LB media containing ampicillin and
were grown for 2.5 hours to an optical density of 0.65 at 600 nanometers. Four separate

. cultures of the pooled subsequences were made in an attempt to avoid subclones containing

additional mutations which may have arisen during the synthesis of the oligonucleotide
subsequences. The cultures were amplified with chloramphenicol (final concentration 25
mM) and incubated at 37°C for 16 hours as disclosed by Frenkel et al., DNA, 5: 539-544
(1986) which is incorporated by reference herein.

c. Construction of DNA Fragment Inserts

The transformed cells were harvested by centrifugation (10,000 x g for five
minutes at 4°C.) The cells were lysed, and the plasmia ONA was purified on a cesium
chloride gradient as disclosed by Birnboim et al., Nucleic Acids Research, 7: 1513 (1979)
which is incorporated by reference herein.

The purified plasmid DNA of the four pooled preparations was digested with Fok! to
obtain DNA fragment inserts. Approximately 250 micrograms of pooled subsequence
plasmid DNA were digested with 200 units of Fokl in 500 microliters of a buffer solution
(20 mM KCl, 10 mM Tris-HCI pH 7.5, and 10 mM MgCly ) for 2.5 hours at 37°C. The
digests were electrophoresed on a 6% polyacrylamide gel, and the fragment corresponding to
a 73 base pair oligonucleotide subsequence was excised. The fragment elution was
performed substantially in accordance with the procedure used for the oligonucleotide ||
purification as described In Example 1. a., above.

19

g st

et o e e

R e



L]
(AN )

30

- 35

The purified Fokl fragments were resuspended in water (15 pl). An aliquot (0.5
ul) of each of the four samples was electrophoréised on a 0.8% agarose gel to approximately
determine the DNA concentrations that were proZiussil. Based on estimated quantitations, 4.5
micrograms of pooled Fokl fragments were obtained from each sample.

d. Mutant £, coli Strains

To produce a highly expressed, functional alkaline phosphatase protein, the twenty-
one fragment inserts were ligated with the synthetic plasmid, pWM518. In this expression
system, the synthetic phoA gene was under the control of the lactose promoter and the
ribosome binding site of the native phoA gene. Fifty nanograms of each fragment were used
for ligation with 150 nanograms of BamH|/Hindlll cleaved vector.

To be assured of obtaining a phoA gene without mutations, which was designated
PMA100, equal aliquots of the four plasmid preparations were combined. The restriction
map of pMA100 is illustrated in Figure 2, and the nucleotide and aumino acid sequences of the
synthetic, wild-type E. coli alkaline phosphatase, having unique restriction sites, are

. illustrated in Figure 3(a)-(b)., The ligation of the oligonucleotide subsequences and vector

was performed in a ligation mixture (10 ul: 60 mM Tris [pH 7.5); 5 mM MgCl2; 0.4 mM
adenosine triphosphate; and 10 mM dithiothreitol). Prior to the addition of the enzyme
ligase (T4 DNA ligase), the samples were incubated at 42°C for 15 minutes. and then placed
at 4°C for 1.5 hours. After the addition of ligase, the samples were incubated at 0°C for 16
hours. The ligation reaction was tested for completion by analysis on a §% acrylamide gel
(1/50 bis-acrylamide). The migration of the ligated material revealed a 3.5 kilobase
fragment corresponding to the full length phoA gene in pWM518, as well as a ladder of
partially ligated and unligated fragments. The ligated mixture was then transformed into
SCS-1 host cells (F-, recAt1, gyrA96, thi, hsdR17, (rk"mk*), SUpE44, relA1, ). )
Stratagene, San Diego, CA). The transformation procedure was peiirmrd in sccordance
with the procedure described by Hanahan, J. Mol. Biol. 166, 557-58t ¢1383), which is
incorporated by reference harein. SCS-1 cells (100 ul) were thawed and aliquoted into a
prechilled polypropylene tube (15 mL; Falcon 2059, Fisher Scientific, Pittsburgh, PA).
B-Mercaptoethanol (1.4 M, 1.7 pl) was added to the cells which were gently swirled for ten
minutes at 0°C. One nanogram of plasmid DNA was added to the cells to achieve the highest
transformation efficiency, l.e., the highest number of host cells containing replicated
plasmid. " Different dilutions of the mixture, as presented in Table 2, were studied. The
samples were incubated on ice for thirty minutes, heat pulsed in a 45°C water bath for 45

seconds and placed on ice for two minutes.-30C medium (0.9 ml) was added, and the samples
. ’ \'\ i
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were incubated (37°C for one hour while shaking at 225 rpm). (SOC medium contained,
per liter, bacto-tryptone 20 g, bacto-yeast extract 5 g, 10 mM NaCl, and 2.5 mM KClI,
mixed with 2 M filter-sterilized Mg solution [1 mI/10C ml of SOC; 1 M MgCl2 with 1 M
MgS0y4])., and 2 M filter-sterilized glucose solution {1 ml/100 ml of SCC].) After
incubation, the cells were concentrated by centrifugation at 1000 rpm for 10 minutes. The
resultant pellet was resuspended in SOC (200 ul) and plated on LB media containing
ampicillin (50 pg/ml).

Colonies which synthesized alkaline phosphatase were identified by their blue color
through the use of BCIP, suspended in water [100 ul; 20 mg/ml]), which was added to each
plate. The transformation efficiencies are listed in Table 2. SCS-1 cells were also
transformed with pUC9 plasmid DNA, a conventionally used control, (Bethesda Research
Laboratories, Gaithersberg, MD) for a comparative qualitative determination of the
transformation efficiencies. The overall transformation efficiency for the SCS-1 host cells
was approximately 2 x 107 colonies/ug pUCS DNA. The efficiency as described by
Stratagene is greater than 1 x 109 colonies/ug DNA.

Table 2
Transformation Efficiencies

Samples Ligation mixture DNA mber of Coloni
(1.0 i) Concentration

Sample 1 undiluted 120.0 ng 3 blue, 362 white
Sample 2 1:10 dilution 12.0 ng 3 blue, 124 white
Sample 3 1:25 dilution 4.8 ng 0 blue, 53 whité
Sample 4 1:50 dilution 24 ng 0 blue, 16 white
cut vector ligated undiluted 15.0 ng 68 white
pucs 1.0 ng ~20,000 white

Because only six transformants (six blue colonies) demonstrated the presence of a
functional synthetic phoA gene, the transformation protocol was repeated to obtain more
clones to analyze for the native sequence. A total of 16 colonies were picked from the
transformed SCS-1 cells, and plasmid DNA was isolated by miniprep procedure as disclosed
by Birnboim et al., Nucleic Acids Res. 7, 1513 (1979), which is incorporated by reference
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herein. An aliquot of each sample was digested with EcoRI and Hindlll and was
electrOphofesed on a 0.8% agarose gel along with molecular weighi markers (DNA/Hindll
fragments, ®X174 RF DNA/Haelll fr_’agmenis and one kilobase DNA ladder; Bethesda Research
Laboratories,, Gaithersburg. MD) Of the 16 samples digested, all appeared to contain a
fragment insert of 1.4 kilobases whlch corresponds in size with the full length alkaline
phosphatase gene. _

Four clones were picked from the 16 samples, and plasmid DNA was individually
isolated and purifie:i on a CsCI gradient as disclosed by Radloff et al., Proc. Natl. Acad. Sci.
57, 15141521 (1967), which is 'incorporated by reference herein. The samples were
sequencea by the St iger dideoxy method using multlple overlapping sequencing primers, as

disclosed by Sanger et al., Proc. Natl. Acad. Sci., 74, 5463-5467 (1977), which is

_incorporated by reference herein. All four samples contained the same mutations; C to T at

1191, T to C at 1220 and A to G at 1333. The first mutation was silent, but the remaining/
changes resulted ir the mutations of Vai377 > Ala and Ser415 > Gly. The resultant clone was

| designated pMA110.

e  Prepa N fas '” tic Wil I-. £ coli St .

~ A wild-type phoA gene (pMA100) was used as a basis for subsequent DNA -

modifications which encoded an alkaline phosphatase having an enhanced specific activity. In
addition, alkaline phosphatase from a synthetic wild-type organism was useful in the
evaluation of the mutant enzymes as well as their comparison to commercially available E.
coli alkaline phosphatase.  To produce the synthetic wild-type phoA gene, the existing
genetic mutations in the pMA110 plasmid needei’! to be repaired. Synthetic oligonucleotides,
made substantially in accordance with the prbtocc}-’@!» described in Example 1. a., were used to
replace the mutated sequences with wild-type s'ﬂdijences Due to the positioning of the
mutations, & Bglll/Sphl fragment correspondmg to 246 base pairs needed to be replaced.

The pMA110 plasmid (approximately 10 ug) was digested with Bg/ll (75 units) in
1x medium salt buffer (100 p.l 100 mM NaCl, 50 mM Tris-HCI pH 7.5 and 10 mM MgClo)
for 16 hours at 37°C To test for complete digestion, an aliquot was electrophoresed on a

0.8% agarose gel. The salt concentration was increased to 150 mM NaCl, and the DNA was

further digested with Sphl {60 units) at 37°C for 16 hours. The resuliant 32 kilobase
plasmid fragment was purified on a 5% polyacrylamide gel (1/50 blu-acrylamnde), and the
DNA was extracted substantially in accordance with the procedure described above in 1. a.

‘The excised mutart Bghl/Sphl fragmem was replaced with three complementary

synthetic oligonucleotides correspondmg to the native sequence of the Bgnl/Sphl fragment
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(each approximately 80 bases in length), comprising 247 base pairs. Approximately four

~ pmoles of each synthetic oligonucleotide were kinased using T4 DNA kinase (3.0 units;

Bethesda Research Laboratories, Gaithersburg, MD) at 37°C for 30 minutes in 1x ligation

- buffer (15 pl; 60 mM Tris-HCI pH 7.5, 5 mM MgClp, 0.4 mM ATP), as disclosed by

Richardson et al., Proc. Natl. Acad. Sci., 2, 815 (1971), which is incorporated by

= reference herein. The complementary oligonucleotides were annealed through incubation at

70°C for five minutes and slow cooling to 4°C for 1.5 hours. The annealed oligonucleotide

was then ligated to the 3.2 kilobase purified synthetic plasmid. The ligation, transformation

and incubation procedures were performed substantially in accordance with the procedures
described above, with the exception that the resultant synthettc plasmnds were cloned into
MZ13b host cells. :

Approxnmately 200 blue colonies and 120 white colonies were obtained. Four blue
colonies were svlected and a miniprep DNA was prepared substantially in accordance with

‘the brocedtttes»&escribed above. The region corresponding to the replaced _cr repaired
oligonucieotide subsequence was sequenced by the Sanger dideoxy method substantially in

. accordance with the procedures described above. All of ih2 sequenced clones contained the

wild-type phoA sequence. In comparing the colcr intensiiies of colonies obtained from '

'~ native and mutant alkaline phosphatase, the mutant colonies were darker blue than the

e e
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native colonies.

E xample 2
Modified Expression of Native phoA for Screemng of Mutants

" High sensltlvnty color screem g ; of those alkaline phosphatase mutants having an
tncreased specific activity was dtmcult due to the intense color exhnblted by native alkaline
phosphatase. To distinguish mutants from native alkaline phosphatase, it was necessary to
decrease tne express_ion of native phoA (i._e., it was necessary to obtain a light blde native
colony). Expression levels of alkaline 'phosphatase were reduced by replacing the Shine-
Delgarno Sequencez (GGAGA) of phoA with a degenerate sequence and screening for faint blue '
colonies by use of BCIP substrate.

To remove the native nbosome binding site, pMA1 00 (15 ug. from Example 1. e)

~was digested in 1x medium salt buffer wuth 75 units of BamHI at 37°C for 16 _hotlrs. The

salt concentration was increased to 150 mM NaCl, and the DNA was further digested with 75

t\,Jn"S of Sall at 37°C for 16 hours. The nbosome binding site was replaced by bridge

35

mutagenesus as descnbed |n Example 1 })y provudlng an oligonucleotide carrying a

i
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degenerative sequence at the appropriate position. Approximately 1,000 clones, expressing
varymg levels of alkaline phosphatase activity, werz generated.
'+ Three colonies, ranging from very light blue to medium blue, were |solated and
plasmtd DNA was prepared subsiantially in accordance with the protocol described in
5§ Example 1. To determine the structure of the mutated ribosome binding site generated in
each sample, Sanger dideoxy sequencing was again used substantialty in accordance with the
protocol described in Example 1. The sequencing results demonstrated that the
transformants which were eequenced had either: 1) a total deleticn of the ribosome binding
‘siteor2) a ribosome binding site containing the sequence ATGGC or CAATA. The sample
10 ‘corresponding to the ATGGC ribosome binding site exhibitea :he faintest blue color and was
given‘ the designation pMA101. The further mutagenesis of the phoA gene for increased _
specific activity was then perfbrmed and assayed using ihe pMA101 synthetrc plasmid
vector contammg native phoA with a mutated ribosome binding site.

R RN , Example_3
‘Mutagenesis of Native Alkaline Phosphatase

To increase the specific activity of alkaline phosphatase, the mutagenesis of the
enzyme was directed toward the enzyme"s active region or to @i area within about 10 A to
.20, about 20 A from the catalytic residue Ser!02. The amino acids targeted for mutagenesis
' : ‘ were Val99, Thr100, Asp101, Ala103, Thr107 and Lys328, The amino acids Val®?,
" Thr100, Asp101, A1a103 and Thr107 were of particular' interest for mutagenesis due to
.'*. i their proximity to the catalytic residue Ser102, Also of interest was Lys328, which
‘ carnes a positive charge and is in the immediate vicinity of the enzyme's active site.
25 . Mutagenesus of the Vai®9, Thr100 and Asp101 amino acids was accomplished by .
EIAL .bridge mutagenesis at the SnaBl restriction site of pMA101 and at the Clal restriction site
b ~for Lys328_ For Ala103 and Thr107, bridge mutagenesis was accomplished after digestion
of the pPMA101 plasmid with SnaBl and EcoRV. Synthetic eligom'rctedtidee were made, as
descnbed in Example 1, wheretn each synthetic oligonucleotide contained a degenerate
30 sequence for the amino acid to be mutated. A
' The standard procedure for bridge mutagenesis underwent a 5-fold increase in scale
to produce a Itbrary of clones containing all possible amino acid, substitutions for each
_fresudue mutated. The pMA101 vector (250 ng, from Example 2) was completely digested
with either SnaBl (for _rnutatl_ons at 9.9, 100 and 101), Clal (for the mutation-at -328) or
35 SnaBl and EcoRV (for the mutation at 103 and 107). Digested vector and one of the -
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. purified protein from each sample.

» e
LA KX J

synthetic oligonucleotides (100 pmoles) were mixed and heated for three minutes at 100°C.
The sample was cooled for five minutes and was added to competent JM83 cells (500 :l).
The transformation mixtures were incubated on ice for five minutes and then heat shockea at
- 37°C for three minutes. LB media (¢.0 ml) was added to each sample, and the samples were’
incubat,éd at 37°C for 60 minutes. Cells were pelleted by centrifugation, resuspended in LB

'media (100 pl), and spread on LB plates (containing 100 pg/ml ampicillin and 1.0 pg/mi

BCIP). The plates were incubated for 16'houifs at 37°C. Due to the decreased expression of
phoA caused by the mutated ribosome binding site, the plétes were incubated for ar.
additionai six hours at room temperature. Colonies with an intense, dark biue color, as
compared with background, were scored as phoA mutants ha\}ing an increased specific
activity. o . o
Blue cblonies were selected and min_ipreb DNA prepared for Sanger dideoxy
sequencing substantially in accordance with the procedure described in Example 1. The
mutation results are presented in Table 3. To obtain accurate data on the specific activity of -
the mutants, as compared to native alkaline phosphatase, it was also necessary to obtain
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- Table 3
Mutagenesis Results
¢ pPMA114 260 dark blue GCA; GCT
vai99 > Ala 330 light blue
3680  white
pMA111 and 112 23 dark blue GTA! ATC
Thr100 > Val 316 light blue
Thr100 > lle 7€ white
o pMA115 130 dark hlue TCA; TCC
' . Asp1 01, Ser 260 light blue
, 4200 white
, pMA113 11 dark blue CGA; AGA;
. Lys328 > Arg 320 light blue CGT
. . 16 white
pMA116 270 dark blue GCT
l.ys323 > Arg 490 light blue
Val®9 > Ala 1340 white
, pMA117 and 118 23 dark blue GAT; TGT
~ Ala103 5 Asp 141 light blue ,
‘ Ala103 5 Cys 180 white
' pMA119 15 dark blue GTG
Thr107 5 val 87 light blue [ X
. 166 white : -
L
5 Table 3 presents the transformation efficiencies for those amino acig/)—fmutations t
which resulted in mutant alkaline phosphatase enzymes having enhanced S\)@eciﬁc activity. L 1
~ ' L 4
The dark blue colonies represented those alkaline phosphatase mutants havm\g\‘van\,‘gnhanced ’\\
specific activity, the light blue colonies were mutants with a specific activity “c%mparable to. A
- native alkaline phosphatase, and the white colories were mutants with a decreased specific \\\ S #/’
10  activity. Because pMA113 (Lys328 > Arg) had a high specific activity, it was used for /D
subsequent mutagenesis, for example pMA116 was produced by further changing Val?9 to ///"/
. //
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Ala in the pMA113 plasmid. Codons obtained for each amino acid substitution were
determined by Sanger didoxy sequencing.

Example 4
Purification of Alkaline Phosphatase

To determine the enzyme kinetics of the native and the mutant alkaline phosphatase
enzymes, sufficient quantities of the enzymes had to be obtained. For each sample, a two
liter shaker flask fermentation procedure was performed. The starter culture was an
overnight culture of a single colony in LB media/ampicillin (40 ml) containing 20 mM
glucose. The addition of glucose repressed the organism's expression of alkaline '
phosphatase, which in the expression system of the present invention is controlled by the
lac promoter (Magasanik B, The Lactose Operon, Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY, 189-219, 1970.) The culture was grown in a flask (250 ml)
overnight at: 37°C with vigorous shaking. The culture was. centrifuged (4,000 x g) for ten

. minutes, the supernatant was discarded, and the pellet was resuspended in LB

20

media/ampicillin (40 ml). A six liter flask, containing two liters of LB medié/ampicillin,
was inoculated with the overnight culture and was incubated for approximately six hours at
37°C" with vigorous shaking.

The purification of alkaline phosphatase was conducted according to the following

.-, brocedure. Upon reaching an optical density of 1.3 to 1.4 at 600 nanometers, the
" transformed cells were harvested by centrifugation (4800 rem for 20 minutes at 4°C).. To

¢
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. extract the alkaline phosphatase, the cells derived from two liters of culture broth were
suspended in cold 0.15 M Tris-HCI buffer, pH 6.6 (80 ml; containing 0.9% NaCl and 6

mg/ml polymyxin B) as disclosed by Evans et al., the Journal of Infectious Diseases, 133,

. $97-S102 (1976), which is incorporated by reference herein. After incubating for seven

to ten minutes in a 37°C water bath, the cells were removed via centrifugation (8,000 x g
for five minutes at 4°C). A |

The polymyxin B extract was brought 1o 85% saturation with the slow addition of
solid ammonium sulfate at 4°C, and was then slowly stirred for 24 hours at 4°C. The
resuiting precnp:tate was harvested by centrifugation (8,000 x g for five minutes at 4°C)
and was resuspended in 0.02 M Tris-HCI buffer (pH 8.0, containing 1 mM MgCly).

N
Dialysis of the sample was carried out against 8 to 12 liters of 0.02 M Tris-HCI buffer (pH
8.0, containing 1 mM MgCIg) at 4°C. Subsequently, the samples were concentrated S- to

10 fold using an ultra-filtration cell (Amicon, Model 8050, Danvers, MA)
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Chromatofocusing of the aikaline phosphatases was performed on a fast protein liquid
chromatograph‘system (Pharmacia, Piscataway, NJ) using a Mono P HR 5/5 column and

Polybuffer 74 and 96 (Sigma Chemical Company, St. Louis, MO). The column was
equilibrated with 0.025 M bis-Tris-CH3COOH (pH 6.9, containing 1 mM MgClo). The

protein was eluted from the column with a Polybuffer-CH3COOH solution (pH 5.5;
containing 6% [v/v] Polybuffer 96, 6% [v/v] Polybuffer 74 and 1 mM MgCly). These
conditions provided a linear pH gradient from 6.5 to 5.5 wherein the active protein eluted at
a pH between 6.3 and 6.1. The Polybuffer was removed from the samples by gel filtration
chromatography on Sephadex G-75 equilibrated in 20 mM Tris (pH 8.0, containing 1 mM
MgClp). The resultant enzyme samples were then concentrated 3- to 6-fold using Amicon

Centricon-30 microconcentrators.

Example §
Analysis of Purified Alkaline Phosphatase

Characterization of the purified proteins included sodium dodecyl sulfate
polyacrylamide gel electrophoresis as disclosed by Laemmli, U.K., in Nature, 277, 680
(1970), which is incorporated by reference herein. Electrophoresis revealed a single
major band which represented greater than 98% of the total stained protein and which
20 corresponded to a molecular weight of 46,000 daltons, the expected size of a monomer of
J alkaline phosphatasr); The electrophoretic mobility under these conditions for each of the
" genetically engineered alkaline phosphatases was identical to the commercially available E.

coli alkaline phosphatase (Sigma).
The kinetic constants (Vmax and Km) of the resultant mutant enzymes were

25 measured using the enzyme substrates pNPP (Sigma) and 4-methylumbelliferylphosphate
S 0, (4 -MUP; Boehringer Mannheim, Indianapolis, IN) in 1 M Tris-HCI buffer (pH 8.0,
‘containing 1 mM MgCly) at 25°C. The conversion of the pNPP substrate to p- nltrophenol

was monitored by following the change in absorptnon at 410 nm

(e =1.62 X 104 M1 cm™1) using a Hewlett-Packard 9153A UV spectrophotometer. The
_ 30 release of methylumbelliferone from the 4-MUP substrate was monitored fluorimetrically
(A excitation = 340 nm; A emission = 465 nm; ¢ = 5.9 x 109 M-1 cm1). Initial rates
‘were determined gi'aphically from the first 5-10% of the reaction (r > 0.997). Values of
kcat and Km were obtained from the Lineweaver-Burk plots of six to eight points.

! : The results obtained for each of the énzymes are summarized in Table 4. All of the
, ) ;

35 mutant enzymes possessed a higher specific activity than did the native alkaline

28
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phosphatase, using either pNPP or MUP as substrates. In the determinations made with
pNPP, the increased specific activity of the enzyme ranged from a 1.6 to a 3.9 fold increase.
The Km value is most dramatically increased for the enzyme produced by mutant plasmid
pMA11é; while remaining relatively unchanged or slightly improved for all others. Thus,
the mutants possessed enhancs; . ecific activity and acceptable, if not beneficial changes in

Km.

Table 4
Kinetic Constants for the Mutant Enzymes i

RNPP Substrate 4-MUP Substrate
’ Vmax m Vmax Km
‘ f\'nkaline Phosphatase (ume! mg-1 min-1) (M) (umo!l mg-1 min-1) (M)

pMA100 56 30.1 106 9.3
o wild-type :

PMA110 90 23 182 14.4 §
val377 > Ala ;
Ser415 > Gly |
PMA111 123 19.8 190 10.1
. Thr109 5 va
FMA112 133 20.2 229 0.2
v Thrl100 5 y1g ';

' PMA113 220 94.4 217 47.7

Lys328 5 Arg

15 HCI, pH 7.5 at heating temperature, containing 1 mM MgClo) in a constant temperature

e

et The thermal stability of thc enzymes was measured according to the following :
procedure. The time course of irreversible thermoinactivation of each alkaline phosphatase
was measured by incubating a solution of the enzyme (20 pg/ml, prepared in 0.02 M Tris-

heating block and periodically removing samples to assay them at 25°C. First order rate

constants and half-lives for irreversible thermoinactivation were determined by linear ‘

regression in semilogarithmic coordinates, and correlation co@fficients of at least 0.97 were (.

obtained in all cases. Examples of the time courses of irreversible thermoinactivation for ‘ |

20 several of the alkaline phosphatasés.\§?t 85°C and PH 7.5, are shown in Table 5. 5
i :
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Table 5
Time Courses of Irreversible Thermoinactivation

Time | % Residual Activity

(min)  pMA100 pMAT11  pMA112
0 _ - 100 100 : 100
3 102 91 78
6 102 o 82 60
9 96 . 76 53
12 97 69 44

15 96 | 63 39

The results of similar studies for each the mutant enzymes are presented in Table 6. -
The mutant enzymes all underwent an irreversible thermoinactivation at a faster rate than

did the native alkaline phosphatase. The thermost_abilify of the mutant enzymes, however,
remained superior to the thermostability of the calf-intestinal alkaline phosphataseg which

‘has a half-life of six minutes at only 70°C under similar assay conditions.
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R Table 6
Thermostability of the Mutant Enzymes

or

.‘5". ‘

10

1

Alkaline Phosphatase Temperature - Rate ' Half:Lite
(°C) (min.-1) (min.)
pMA100 95 _ 0.126 5.5
wild;typ‘e '
pPMA110 ' 80 _ 0.100 6.9
Vali377 > Ala - .
Ser415 > Gly |
pMA111 85 0.031 22.6
Thr100 5 va : :
'pMA112 85 . 0.062 11.1
Thr100 > jie : : ' .
pMA113 .~ 85 0.064 10.8
Lys328 > Arg , '
PMA114 80 10.040 17.3
Val99 5 Ala '
pMA115 80 0.051 138
Asp101 5 Ser S :
. PMA116 - 75 0.138 _ 5.0
Lys328 5 Arg :

Val99 > Ala

Example 6 _
pH Effect on the Knnettc Constants of Alkaline Phosphatases

' The effects of pH on the kmetnc constants (Km and Vmax) were determuned for both
the mutant enzyme pMA115 (Asp101 > Ser) and calf-intestinal alkaline phosphatase

(Boehringer Mannheim, Indianapolis, IN). The measurements were made at 25°C using 4-

MUP as the substrate. The release of methylumbelliferone from the substrate was

monitored by following the increase in absorption at 360 nm (extinction coefficients were -

experimentally determined using methylumbeliiferone and are shown in Table 7) using a
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Hewlett-Packard 9153A UV Spectrophotometer. ‘Low ionic strength buffers (1=200)
containing 50 mM Tris (pH 8-9.5) or "0 mM diethanolamine (Sigma) (pH 9-11) and NaCl
(Sigma) were used. Initial rates were determined graphically from the first 5-10% of the
'reaction(r > 0.995). Values of Vmax and Km were obtained from the Lineweaver-Buik
5  plots of six to seven points. The conversion of Vmax to kcat was performed using molecular

~ weights of 150,000 daltons and 94,000 daltons for calf-intestinal and pMA115 alkaline
phosphatases, respectively, as well as using two active sites per dimer for both enzymes.
The results are shown in Table 7. '

10 : ' Table 7 _
pH Effect on the Kinetic Constants of Alkaline Phosphatases Using A-MUP as a Substrate

., pH  Extincon pMA115 Calf-intestinal

' Coefficient - _ '

! . Km Vmax kcat Km Vmax  kKeat
(M-1cm-1) ([l.M) (llM/mln) (Sec-1) (P»M) ("-M/mln) (590‘1)

8.0 109 x104 3.1 11.4 30 7.9  48.4 303
8.5 14x10% 6.7 265 69 18.2 58.7 367
9.0 1.62 x 194 50.3 66.2 173 43.9 91.9 574
9.5 165 x 104 410 176 459 111 140 875
,10.0 167 x 104 1660 262 684 348 181 1130
'10.5 168 x 104 3520 284 741 4762 632 3950
011.0 1.69 x 104 3630 239 623  1660C 1116 ~ 6980 o
§5° .« The values of Km and kcat increase with pH for both enzymes over nearly the entire :
~ pH range studied. The smallesi difference in k’cag‘ between the mutant E. coli and calf- i [

intestinal alkaline phosphatase exists at pH 10.0. At this pH, the calf-intestinal enzyme is
only 1.65 timey faster than the mutant E. coli enzyme. Even with the increased Km value at

.. PH 10.0, the novel enzymes are suitable for use as labels in aSSays. Similar experiments
20 .were conducted for these eniymes, as well as for the native E. coli alkaline phosphatase /
(PMA100), using pNPP as the substrate. The conversion of the pNPP substrate to p- _ i
‘nitrophenol was monitored by followi'ﬁg' the change in absorption at 410 nm (¢ = 1.62 x t ' |
104 m-1 cm1) using the Hewlett-Packard 9153A UV Spectrophotometer. The effect of pH
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oh kgat for these enzymes is shown in Table 8. The kcat for the novel enzyme PMA115 was
nearly 36 times higher than that of the wild type E. coli alkaline phosphatase at pH 10.0.

Table 8
Effect of pH on kcat of Alkaline Phosphatases Using pNPP as a Substrate

kcat-for Alkaline Phosphatases

pH pMA100 pMA115 Calf-Intestina!
8.0 8 35 345

| 8.5 10 78 480

N 9.0 12 154 760

' 9.5 13 255 1004
10.0 30 1068 2113
10.5 33 947 4675
11.0 28 927 7175

The trends observed for pNPP are similar to those obtained with 4-MUP: Kkgat
increases from pH 8 to 10, and the minimal difference in kgat between pMA115 and the
calf-intestinal alkaline phosphatase exists at pH 10.0 (2-fold difference exists). A large
difference between the kgat for native E. coli (pPMA100) and calf-intestinal alkaline
phosphatase exists throughout the pH range where, even at pH 10.0, there is a 70-fold
difference in kgat. The data clearly demonstrates that pMA115 is superior to the wild type

E. coli alkaline phosphatase because, in a comparison to the calf-intestinal enzyme, the
difference in kgat at pH 10.0 is redaced from 70-fold to a mere 2-fold.

Example 7
Use of Mutant Alkaline Phosphatase in a Sandwich EIA for Alpha-fetoprotein

“ An enzyme labeled anti-AFP antibody was prepared by first treating the mutant
enzyme (alkaline phosphatase from pMA113, prepared as described in Example 3) and the
=monoclonal anti-AFP antibody separately, as follows. A 50-fold molar excess of m-
maleimidobenzoyl-N-hydroxysuccinimide ester (SMCC) in N,N-dimethylformamide (DMF)
was added to an 0.6 mg/ml solution of alkaline phosphatase in 0.1 M phosphate buffer (pH
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7.2, containing 1 mM MgCl2; with a final DMF concentration of 5%). The reaction was
carried out for three hours at 25°C, after which the SMCC treated enzyme was dialysed
against an 0.1 M phosphate bufter (pH 7.2, containing 1.0 mM MgCl2) at 4°C for 18 hours.

A 5.8 mg/ml anti-AFP antibody solution in 0.1 M phosphate (pH 7.2, containing 1.0
mM MgCl2) was treated with a 500-fold molar excess of 2-iminothiolane for one hour at
25°C. The thiolated sample was then dialysed for 18 hours at 4°C against an 0.1 M
phosphate buffer (pH 7.2, containing 1 mM MgCl2). _

The SMCC treated enzyme'was added to the thiolated anti-AFP antibody at a 2 :1
(respectively) molar ratio and a one milligram/milliliter total protein concentration. The
reaction was stopped after four hours at 4°C by the addition of N-ethylmaleimide (final
concentration of 0.3 mM) for 30 minutes at 4°C, followed by 2-mercaptoethanol addition
(tnnal concentration of 1.0 mM), again for 30 minutes at 4°C.. The solution was then
dlalysed for 18 hours at 4°C agatnst a 20 mM Tris-HCI buffer (pH 8.0, containing 1.0 mM

| MgCl2).

The performance of the enzyme/anttbody indicator reagent was evaluated using the .

." Abbott lMx®-A_FP Assay protocol and reagents (Abbott Laboratories, Abbott Park, IL). The

substrate for the E. coli mutant alkaline phosphatase t,ndir’:ater reagents contained 1.2 mM

~ 4-MUP in 1.5 M Tris-HCI buffer (at pH 8.0, containing 1 mM MgCl2). The .

20
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enzyme/antibody indicator reagent was diluted to a final concentration of 1.3

micrograms/milliliter with indicator reagent diluent buffer from the assay kit an4 was then |
filtered (0.2 uM membrane). The indicator reagent was used to generate the standard curve

shown in Figure 4. Also included in Figure 4 is the standard curve obtained using a calf-
intestinal alkaline p?iosphatase-labeled'antt;A,FP antibody indicator reagert. The
correlation between the curves demonstrated that the mutant enzyme/antibody indicator
reagents can be used in an assay at concentrations as low as 1.3 micrograms/milliliter as,
compared to the mammalian enzyme/antibody irdicator reagent used at'approximately 0.8
micrograms/mrlltltter

Example 8
Use of Mutant Alkaline Phosphatase in a Sa‘ndwich EIA for Cancer Aritigen -

\ft antt -cancer antigen antibody fragment was labeled with a mutant alkaline

,' phosphatase according to the following procedure A solution of mutant alkaline phosphatase

from pMA115 (0.6 mg/ml, in an 0.1 M phosphate buffer, pH 7.2, containing 1.0, mM
MgCl2) was treated with a 450-fold molar excess q_t 2-lmtnc_>thlo_lane-. for 30 minutes at
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25°C with ger.tle. rjtation. The thiolated sample was desalted on a Sephadex G-25 column (1
x 45 cm) equilic 'atod and eluted with a 0.1 M phosphate buffer (pH 7.0, containing 0.1 M
: NaCl, 1.0 mM MgCIz and 0.1 mM ZnCl2).
| The antibody fragment was reacted with a 50-fold molar excess of succinimidyl 4-
5 (N-maleimidomathyl-1-tricapramide) cyclohexane carboxylate (30 atom linker),
’prepared in DMF (with a final DMF concentration of 15%) for 30 minutes at 25°C with
_gentle rotation. This sampte was then desalted on a Sephadex G-&5 column (1 x 45 cm)
"'equnlnbrated and eluted with a 0.1 M phosphaie buffer (pH 7.0, contairiing 0.1 M NaCl and §
mM EDTA).
10 The thiolated mutant alkaline phosphatase was mixed with the activated antibody
fragment at a molar ratio of 1.5:1, respectively. The reaction rnixture was gently rotated

for 15 hours at 2-8°C, and the reaction was terminated by the addition of N-ethylmaleimide

(io a final concentration of 0.1 mM). After one hour at 25°C, the sample was dialysed
'  against a Tris-HCI buffer (20 mM, pH 8.0 containing 1.0 mM MgCl2) for 18 hours at 4°C.
15 The resultant enzyme/antibody fragment indicator reagent was diluted to a final
. concentration of 3.7 micrograms/milliliter with indicator reageit diluent buffer and was
filtered, substantially in accordance with the procedure described in Example 7. The
indicator reagent was used, substantially in accordance with the assay procedure described

in Example 7, a sandwich assay to detect cancer antigen and to generate the standard cuive

20 shown in Figure 5. Also shown in Figure 5 is the standard curve obtained using a similarly
prepared calf-intestinal alkaline phosphatase/antibody fragment indicator reagent at an
assay concentration of 1.64 micrograms/milliliter. Considering the difference in indicator
r~agent concentration, the performance of the mutant enzyme/antibody" fragmerit iridicator
reagent is comparable to that of the mammalian enzyme/antibody fragment indicator

25 reagent The assay results demonstrated that an indicator reagent which uses the mutant
enzyme as a label can be used successfully in an EIA,

N ...~ Example 9 :
The Stabtlnty of Mutant A(kalme Phoxphatase/Bmdmg Member Indicator reagents
30 N

N

An enzym\)-labeled anti-AfP antibody was prepared substantially in accordance with

( the procedure described in Example 7, with the following exceptions: (1) a 0.6 mg/ml
) solution of mutant a%aline phosphatase from pMA110 (in 0.1 M phosphate buffer) was
»x/ treated for two hours at 25°C with a 50-fold molar excess of 30-atom linker dissolved in
35 " DM..(with a tinat\‘ DMF concentration of 15%) and (2) the activated enzyme and a thiolated
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antibody (prepared s'-:rbstarrtially in accordance with the procedure described in Example 7)
_were reacted at a 1:1 molar ratio for eight hours at 4°C. The resultant indicator reagent
2 '\'Nas“diluted to 15 micrograms/milliliter with indicator reagent diluent buffer (as described
in Example 6) and thermally stressed at 45°C. o
5 ~ To follow the time course of the indicator reagent's thermal mactnvatlon. samples
were removed from the heat over a period of 60 days, and the performance of the indicator
reagent was measured in accordance with the pretocol described in Example €. The aséay
results are presented in Figure 6 which also illustrates the time course of thermal
inactivation of a calf-intestinal alkaline phosphatase/anti-AFP antibody indicator re;'a,gent.
10 The indicator reagent cyntaining the E. coli mutant alkaline phosphatase lost less than 30%
of its initial slgnai "'after::so days at 45°C, whereas the mammalian enzyme/antibody
‘indicator reagent lost greater than 60% of its initial signal in only 20 days at 45°C. The
“thermal stability of the E. coli mutant en:;fme/antibody indicator reagent was far superior
‘ ./ to that of the mammalian enzyme indicator reagents. '
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S ‘ o . Example' 10
Site-directed conjugation of Mutant Alkaline PhOSpha'tase and Specific Binding Members

_ This expenment involved the preparatlon of a mutant E. coli alkaline phospnataee

.20 exhibiticg a high specific actlvrty and contammg one surface cysteine resndue ,Jer monomer.
The presence cf the reactive cysteine residue enabled the srte -specific covalent Imk ge of
the mutant enzyme to a specific binding member via a heteroblfunctronal crosslmkmg

reagent. This linking procedure eliminated the need to introduce thiols to the enzyme via the

_ nonapecmc chemical modification, using 2-iminothiolane, a3 descnbed in Examples 7 and
25 8 “The resultant specific binding member/enzyme conjugates have enhanced stability and a
lower mcudence of nonspecific binding in an EIA. :
o e ~ The enzyme was prepared substantially in accordance wrth the procedure describec
in Example 3, and the cysteine residus vas incorporated into the enzyme molecule,
. substantially in accordance with the stoced rre descnbed in Example 3, at a location which -
30 “.did not interfere with either the aqm)e site of the ‘enzy! mé or the monomer mterface The

y r%mhed enzyme was then con ugati’d toa specmc binding member by means of a

4 heterobrlunctlonal crossllnkmg agent such as m-maleimido-benzoyl-N-

h hydroxysuccimmrde ester or sucnnrmrdyl 4- (malenmndomethyn tncarpamnde
7 ' cyclohexane carboxylate), substantuar\lly in accordance with the procedures descrlbed in
) 3s5° Examples?anda \\ g .
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; Example 11
Construction of a Synihetic E. eoli Plasmid with Unique Restriction Sites

5 a) General
’ A synthetic E. coli plasmid was designed, constructed and shown to be a functional

“ == cloning vector. The Fokl method of gene synthesis (Mandecki and Bolling, Gene, 68, 101;

1988) was used to assemble the plasmid from 30 oligonucleotid .. The plasmid contained
synthetic modules for the B-lactamase gene, replication origin, /lacZ gene fragment and

10 letiéfbhing site, and is patté?ned after the pUC-type plasmids. The differences include the
re’f’hoval of nearly 50% cf the restriction sites present in pUC plasmids, the redustion of

' plasmid size o 205¢ base pairs and the introduction of transcription terminatois

‘

: . , ‘ " downstream of both the B-lactamase gene and /acZ fragment.  These changes facilitate a
:,‘ . .' nun};aer of techniques, such as clening, mutagenesis, expression and restriction analysis.
15000
\;"''b)  Design of the plasmid
.: ‘ The overall design of the synthetic plasmid of E. coli was based upon traits necessary
or desirable to a cloning/expression vector. One requirement was a low molecular weight to
facilitate manipulations and purification of restriction fragments derived from the vector.
20 Another favorable characteristic was the exclusion of as many restriction sites as possible,
whilg' introducing unique restriction sites at critical locations. Past experience has shown
_ﬁiat subsequent subcloning of a DNA fragment entails a distinct disadvantage when cloning
\'(L ﬂinto a vector with many diverse restriction sites.
The synthetic plasmid was divided into three separate cassettes. First, the origin of
25 - replication from pUC9 (Vieira and Messing, Gene, 19, 259-268; 1982) was chosen as the
DNA sequence which would constitute the ori region in the synthetic plasmid. The sequencé
¢« "« contains both the RNA | and RNA Il replication primer regions, as well as their respective
| promoters (Polisky, Maximizing Gena Expression, W.S. Reznikoff, Ed., Butterworths,
Boston, 1986). i
30 Second, the B-lactamase gerie of the pUC plasmids was chosen as a selection marker,
The gene included the natural P3 promoter (qusius et al., J. Biol. Chem., 257, 9205-
9210, 1982) found in pUCS and the strong phage fd gene VI/I transcription terminator
(Beck et al., Nucleic Acids Res. 5, 4494-4510, 1978). _In contrast to the ori region, the
nuc!eotide sequence for B-lactamase was changed to rémove several restriction sites. In

35 (tmoét cases (except 11e82 > Val and Val182 5 Ala) the amino acid sequence remained the same.
L :
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Approximately 60% of the naturally occurring restriction sites in the bla gere were

removed. | ‘

Third, the a-complementing /acZ gene fragment of pUC was also desirable because of

Slits /_usefulness as a cloning marker and its expression of heterologous fusion proteins, in
addition to having an ori region and ampicillin resistance gene. The /acZ sequence from
BUCQ was changed to reduce tive number of restriction sites analogous to the changes in the
B3-lactamase gene. The Smal site was maintained as a unique restriction site for the
insertion of any other desired site(s).

c)  Genetic constructions
A total of 25 oligonucleotides were synthesized for the construction of pWM510
"using the Fokl method of gene synthesis, and the oligonucleotides were cloned into the
J ‘ ‘ PWMS500 series of plasmids (Mandecki and Bolling, Gene 68, 101-107, 1988) as
! " described above. The plasmids were purified and sequence verified prior to excision of the

15 - individual fragmemé by. cutting with Fokl. All 25 fragments (ranging.in size from 40 base

. pairs to 82 base pairs) contained unique complementary four base pair overhangs which,
when annealed and ligated, formed a complete closed circular vector. The fragments were
ligated and transformed into SCS-1 competent cells [F-, recAl, endAl, gyrA96, thi, hsdR17,
(rk-, mkt), supE44, relAlA"]. Transformed cells were plated on LB plates containing
ampicillin. . Successfully transformed cells could survive and form colonies only if they
carried the intact plasmid containing functional origin of replication and B-lactaniase genes.

Ligation was performed using a shotgun ligation of all 25 Fokl fragments.

Approximately 38 transformants per ten milligrams of ligation mix were obtained (overall

transformation efficiency for SCS-1 cells was greater than 5 x 107 cells/mg supercoiled

PBR322 [as described in Bolivar, et al., Gene 2: 95-113,1977)).

‘ A total ¢f three colonies were picked from the plates. Of the three clones, two had -
S : correct Avall restriction patterns. A clone was picked, and plasmid DNA was isolated on a
o CsCl gradient for sequencing. Multiple sequencing primers were used for double-stranded
DNA sequence verification. Out of a total of 1659 base pairs, no sequence errors were
detected in-individual Fokl clones or in the assembled plasmid. The synthetic plasmid which
contained the ori region and a functional B-lactamase gene was designated pWM510.

In the second stage of plasmid engineering, the synthetic /acZ cassette (as described
in Yanish-Perron et al., Gene 33: 103-119, 1985) was cloned into the EcoRlI site of

PWM510, using the Fokl fragments presented in Figure 2. The cassette éomprised the lac;)

35 promoter, the lacZ gene fragment encoding 60 arnino-terminal amino acids of 8-
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galactosidas'e, fthe frpA tranecription terrni'nator (Christie et al., Proc. 'Natf. Acad. Sci. USA
78: 4180-4184, 1981) and the Smal site for the introduction of a multiple cloning site by
bridge mutagenesis. The cloning yielded plasmid pWM511. Although the /acZ cassette could
be ligated to EcoRl-cleaved pWM510 in either of two orientations, only clones expressing
-5 - the lacZ franscription unit in the same direction as B-lactamase mRNA or RNA Il were
recovered (from'2_0 clcnes tested). The orientation of the /acZ gene fragmient in pWM511 is
therefore the same as in pUC-type plasmids. The unique Fokl site located in the_ B-lactamase
~ gene was also removed i&'-zenable the use of the synthetic plasmid as a cl'oning vector for the
. Fokl method of gene synthesis. Because this particular method depends upon the principle of
{0 cutting out small gene fragments from a plasmid with Fokl, the absence of Fokl sites
: elsewhere in the plasmid greatly facilitates the purification of the small Fokl fragments.
_The removal of the Fok! siie was accomplished through bridge mulagenesis usinga
: ‘ , ‘ degenerate ollgonucleotlde to alter the Trp-Met amino acid sequence. Subsequent sequencing
. : showed that the sequence was changed to a Trp-Leu amino acid sequence. The Trp-Met
15 sequence corresponds to the DNA region at residues 1060 to 1064 (Figure 8). The sequence.
. of the oligonucleotide used for mutagenesis was: '

GGCAACAATTAATAGACTGGNNNGAAGCGGAT AAAGTTGCAGGACCACTACT

20  The pWM511 plasmid was linearized with Fokl, and the bridge mutagenesis method was used
to introduce the sequence change. Thisf conservative amino acid mutation caused no
observable change in ampicillin resistance. The plasmid conslruct_ wilhout the Fokl site was
named pWM515.

Deletion of the EcoRI region was achieved by cuttmg pWM515 with EcoRI/Smal and -

25 incorporating a synthetic duplex ollgonucleotlde containing the necessary base changes. The

‘synthetic plasmid construct was designated pPWM520. Bridge tnutagenesis was used to clone

: «the multiple cloning sites from phage M13 mp18 (as described in Yanish-Perron et al.,

Gene 33: 103-119, 1985) into the Smal site within the /acZ gene. This was done to
accommodate standard cloning protocols establishei! for pUC18. The construct containing the

_730 multiple clonmg site mp18 was named pWM518. The multiple clonmg site in pWM518

; follows 3

GAATTCGAGCTCGGT ACCCGGGGAT CCTCTAGAG T 3GACCT GCAGGCAT GCAAGCTT.
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Characterization of the synthetnc plasmid was of interest because it constituted the
first fotally synthetic repllcon. It is significantly dlfferent from its prototype, the pUC-
type plasmid. The synthetic plasmld when compared to pUC-type plasmids, contalned three
deletions, the totalrlength of which is 636 base pairs, as well as 70 point mmations. Nearly
50% of the restriction sites present in the pUC plasmids were removed; which is '

adi’)éntageods for restriction analysis or purification of DNA. In particular, the pWM519

plasmid contains only seven sites (including three sites incorporated by design to facilitate

manipulations) for restriction enzymes recognizing six base pair non-degenerate sequences.
There are 24 such sites in the pUC plasmid, not including the multiple cloning site. The low
number of such sites a{llews for the use of virtually any restriction enzyme having a six
base pair speeificity for cloning, as well as for the mutagenesis of cloned genes by

Lt

restriction fragment replacement with synthetic DNA or bridge mutagenesis. Plasmid

) pWM520 does not have cleavage sites for 75 restriction enzymes. The synthetic plasmnd is
3 mlsslng the P1 promoter for the B-lactamase gene. It contains the minimum length _
. repllcallon origin, two newly mtroduced transcnpnon terminators and the minimum length

- engineered lac promoter.

* It was shown that the plasmld can be stably propagated for at least 120 generations

(four passages on plates). Thus, the constructed fragment containing the replication origin -

(1349 - 1993 in. Tigure 8) was fully capable of sustaining stable replication. The plasmid
copy number was evaluated by scanning the density of plasmid DNA bands on an agarose gel,
measuring the yield of DNA from large DNA preparations and by assaying levels of B-
lactamase (Jones et al., J. Clinic. Microbiol. 15: 677-683.' 1982). The copy number was
found to be 3-4 times lower than that of pUC9, and equivalent to the pBR322 copy number. ‘
This observation was consistent with the recently determined sequence change in the pUC-
type plasmid origin of feplicaiion compared to pBR322 (G at 2990 in pBR322 changed to an

.::- A in a corresponding region of pUC plasmids; Milton et al., Focus, BRL-Gibco 10, 56,

1988), which seems to be conferring a higher copy number to pUC plasmids.

The sequence of the synthetic plasmid is presented in Figure 8. Transcription

terminators, -35 and -10 promoter regions, and fMet’-enc‘oding ATG triplets are underlined

in Figure 8. Horizontal arrows mdlcate transcription start sltes A vertical afrow
indicates the RNaseH cleavage site. Apostrophes indicate the division points and give the
sequences of Fokl fragments. The sequences of synthetic olngonucleondes were: arm 1 +
sequence between division points + overlap of fquf 3' terminal residues + arm 2. The Fokl
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fragments and cligonucleotides are numbered as indicated above the sequence. The'seqdence
qf fragment one is composed of two discontinuous sequences. Triangles define the lacZ
cassette.

All oligonucleotides used for construction of pWM510 were synthesized on an Applied
Biosystems 380A Synthssizer using 5'-dimethoxytrityl nucleoside B-cyanoethyl
phosphoramidites. Syntheses were carried out on 0.2 micromolar scale controlled pore
glass solid support with an average pore size of 1000 A. Oligonucleotides were purified by
gel electrophoresis. ‘

Cloning of the synthetic oligonucleotides was accomplished by the bridge mutagenesis
protocol. All four cloning vectors (pWM500, pWM50!, pWM502 and pWM507) used for
the Fokl method of gene synthesis were cut with Smal. Approximately 50 nanograms of
linearized vector was mixed with 20 picomoles of oligonucleotide in 30 microliters of
denaturation buffer (10 mM KCI, 5'20,’, mM Tris-HCI pH 8.0, 5.0 mM MgS0O4, 0.5 mM
dithiothreitol), and the mixture was fieated at 100°C for three minutes in-a boiling water
bath, The samples were cooled to room temperature for five minutes and transferred to 200

. milliliters of chilled corapetent JM83 cells (ara, D(lac-proAB), strA, thi, 80

laczDM15). Competent ceils were prepared by the CaCla procedure. The DNA/cell mixture
was chilled on ice for five minutes followed by a three minute heat shock at 37°C.
Approximately two microliters of LB media was added to the transformation mix, the cells
were incubated at 37°C for one hour, and then the cells were plated.

Plasmid constructs containing the Fokl fragments for the synthetic plasmid were
digested as follows. Approximately 200 nanograms of each plasmid was cut with 90 units of
Fokl (New England BioLabs, Beverly, MA). Reactions were carried out in 500 microliter
volumes containing 1x Fokl buffer (20 mM KCI, 10O mM Tris-HCI pH 7.5, 10 mM MgCl2
and 10 mM 2-mercaptoethanol) at 37°C for 2.5 hours. The insert-containing Fokl
fragments were then purified by polyacrylamide gel electrophoresis.

In the ligation. procedure, all 25 Fokl fragments (100 ng each) were joined together
in a single reaction (see above). The types of cloning vectors used were as follows:
pPWMS500 - for fragments 2 to 14 and 26 to 29; pWM501 - for fragments 15 to 18, 24 and
25; pWM502 - for fragments 19 to 23, and pWMS507 - for fragment 30.°

It will be appreciated by one skilled in the art that the concepts of the present
invention are equally applicable to other enzymes wherein the DNA encodiﬁg the enzyme has
beeii modified to produce an enzyme having an enhanced specific activity while conserving
the wild-type enzyme's temperature stability, or alternatively to produce an enzyme having

~
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an enhanced temperature stability while conserving the wild-iype enzyme's specific
activity.  The present invention is also applicable to the use of hosts other than E. coli,
including but not limited to, Bacillus, Streptomyces, mammalian cells and yeast and other
fungi, without undue experimentation, although all hosts may not be equally efiicient. The
embodiments described herein are intended as examples rather than as limitations and are
intended to encompass all equivalents and subject matter within the spirit and scope of the
invention as described above and as set forth in the following claims.
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- The claims defining the invention are as follows: | |
t. A mutated alkaline phosphatase enzyme encoded by an Escherichia coli phoA gene '

~ differing from wild-type Escherichia coli phoA gene by at least one nucleotide base; said
: mutated enzyme, as compared to alkaline phosphatase encoded by. said wild-type phoA

10

15

20

25

gene, having (i) at least one amino acid mutation within about 20 A of the active site of
the enzyme, (ii) increased specific activity and (iii) conserved thermal stability.
2. A mutated enzyme according to claim 1 characterized in that said amino acid

mutation is selected from the group consisting of Val in placev of Thrl00, Iie in place of

Thr!%, Arg in place of Lys328, Ala in place of Val%9, Asp in place of Ala103 Val in
place of Thr107 and Ser in place of Asp!0l.

3 A mutated enzyme according to claim 1 characterized in that said amino ac.d |
~mutation comprises Ala in place of Val and Arg in place of Lys328 or Ala in place of
'Val377 and Gly in place of Ser415 | o

4. An engineered DNA sequence compnsmg a nucleotlde sequence encoding an

alkaline phosphatase enzyme for expression in a unicellular host, wherein said alkaline
phosphatase has at least one amino acid mutation as compared to wild-type Escherichia
coli alkaline phosphatase, and wherein said alkaline phosphatase has an increased speciﬁ_c
activity and conserved thermal stability as compared to wild-type Escherichia coli alkaline
phosphatase. ‘

5. A sequence according to claim 4 characterized in that said amino acid mutation
occurs within about 20 A of the enzyme s active site. ‘

6. A sequence according to claim 5, wherein said amino acid mutatlon occurs within
about 10 A of said active site.

7. - A sequence according to claim 6, wherem said amino acid mutation occurs within
said active site.

8. A sequence according to claim 4 characterized in that said amino acid mutation is

selected from the group consisting of Val in place of Thrl®, Arg in place of Lys328, Ala
it piace of Val99, Asp in place of Alal03, Cys in place of Alal03, Val in place of Thrl07

“and Ser in place of Aspl0l,

.30

35

9. A sequence accordmg to claim 4 characterized in that said amino acid mutation
comprises Ala in place of Val9 and Arg in place of Lys328 or Ala in place of Val377 and
Gly in place of Ser415,

10. A sequence according to any one of claims 4 to 9 characterized in that said
unicellular host is selected-from the group consisting of strains of E. coli, Bacillus,
Streptomyces,' mammalian cells, yeast and other fungi.

11. A plasmid characterized by an engineered DNA sequence encoding an alkaline
phosphatase enzyme for expression in a unicellular host, wherein said alkaline
phosphatase has at least one amino acid mutatlon as compared to wild-type Escherichia
coli alkaline phosphatase, and wherein said alkaline phosphatase has an increased specific

w .
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activity and conserved thermal stablllty as compared to wnld-type Escherzchza colz alkaline
phosphatase. o

12. A plasmid according to clann 11 characterized in that sald amino acid mutatnon

occurs within about 20 A of the enzyme's active site.

10

13. A plasmid according to claim 12, wherein said amino acid mutation occurs w1thm

about 10 A of said active site.
14. A plasmid according to claim 13 wherem said amino acnd mutatlon occurs within

said active site.

15, A plasmid according to claim 11 characterized in that said amino acid mutation is

selected from the group consisting of Val in place of Thr100, Ile in place of Thr100, Arg

in place of Lys328, Ala in place of Val%, Asp in place of Ala103 Cys in place of Alal03,

15

© 20

25

Val in place of Thrl197 and Ser in place of Asp!01,

16. A plasmid according to claim 11 characterized in that said amino acid mutation
comprises Ala in place of Val®® and Arg in place of Lys328 or Ala in place of Val377 and
Gly in place of Ser4!5. _

17. A plasmid according to any one of clalms 11 to 16 characterized in that said
unicellular host is selected from the group consnstlng of strains of E. coli, Bacillus,
Streptomyces, mammalian cells, yeast and other fungi. '

18. A unicellular host comprising a plasmid transformed with an engineered DNA
sequence encoding an alkaline phosphatase enzyme for expression in the unicellular host,

wherein said alkaline phosphatase has at least one amino acid mutation as compared to

wild¥type Escherichia coli alkaline phosphatase, and wherein said alkaline phosphatase

‘has an increased specific activity and conserved thermal stability as compared to wild-type -

Escherichia coli alkaline phosphatase. : _
19. A host accordmg to claim 18 characterized in that saxd amino acid mutanon occurs
within about 20 A of the enzyme's active site.

20. A host according to claim 19, wherem said amino acid mutation occurs wnthm about

10 A of the enzyme's active site.

~ 21. A host according to claim 20, wherein said amino acid mutation occurs within sald

30
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active site. . _

22, A host according to claim 18 characterized in that said amino acid mutation is
selected from the group consisting of Val in place of Thrl00, Ile in place of Thrl00, Arg
in place of Lys328, Ala in place of Val%, Asp in place of Alal03, Cys in place of Alal03,
Val in place of The”'* .and Ser in place of Aspl0l,

23. A host accordmg to claim 18 characterized in that sald amino ac1d mutation

comprisés Ala in place of Val®? and Arg in place of Lys328 or Ala in place of Val377 and
Gly in place of Serd!5,

A\
tf’ v

@ﬂ/noom AR ' : N aacta

S e e i emimivem el o s

o

\
J

O




o

10

15

20

25

e . 45 P

24. A host accordmg to any one of claims 18 1023 characterized in that the unicellular
host is selected from the group consisting of ‘strains of E, coli, Bacillus, Streptomyces
mammalian cells, yeast and other fungi.
25. A method for determining the presence or amount of an analyte in a test sample,
said method characterized by the steps of: |
a.  contacting the test sample sequentially or simultaneously with an indicator reagent
and a capture binding member, said indicator reagent comprising an alkaline phosphatase
enzyme directly or indirectly attached to a specific binding member,

wherein said alkaline phosphatase has at least one amino acid mutation as compared
to wild-type Escherichia coli alkaline phsophatase, and

wherein said alkaline phosphatase has an increased specific activity as compared to
wild-type Escherichia coli alkaline phosphatase; and
b.  allowing said indicator reagent to bind to a member selected from the group
consisting of theAanalyte, said capture reagent and an ancillary specific binding member,
thereby forming an indicator reagent complex; and
c. reacting said indicator reagent complex or free indicator reagent with an enzyme
substrate to produce a detectable signal and thereby determine the presence or amount of
analyte in the test sample. |
26. A mutated alkaline phosphatase enzyme encoded by Escherichia coli phoA gene,
wherein said alkaline phosphatase has at least one amino acid mutation as compared to
wild-type Escherichia coli alkaline phosphatase, which mutated alkaline phosphatase is
substantially as hereinbefore described with reference to any one of the Examples.

27.  An enginee:d DNA sequence comprising a nucleotide sequence encoding a mutated

alkaline phosphatase enzyme for expression in a unicellular host, which DNA sequence is
substantially as hereinbefore described with reference to any one of the Examples.

28. A plasmid characterized by an engineersd iIJNA sequence encoding an alkaline
phosphatase enzyme for expression in a unicellular host, substantially as hereinbefore

‘described with reference to Figure 3 of the accompanying drawings.

29. A unicellular host comprising a plasmid transformed with an engineered DNA
sequi:r e encoding a mutated alkaline phosphatase enzyme for expression in the
unicetiular host, substantially as hereinbefore described with reference to any one of the
Examples‘ ‘ )

30. A method for determining the presence or amount of an analyte in a test sample
substantlally as hereinbefore descrxbed with refercnce to Example 7 or Example 8.

Da{ed 21 September, 1994
Abbott Laboratories
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ALK1

10 20 30 40 50
AGGATGCGGA TCCCCGATCT TGTACATGGA GAAAATAAAG TGAAACAGTC

60 70 80 90 100
GACTATTGCA CTGGCACTCT TACCGTTACT GTTTACCCGG GAATTCACAT CCG

ALK2

10 20 30 40 50
AGGATGCGGA TCCCCACCCC TGTGACAARAA GCCCGTACAC CAGAAATGCC

€90 70 80 S0 100
TGTTCTCGAA AACCGGGCTG CTCAGGGCGA TATTACTGGG GAATTCACAT CCG

ALK3

10 20 30 40 50
AGGATGCGGA TCCCCACTGC ACCCGGGGGT GCGCGCCGTT TAACGGGTGA

; 60 70 80 90 100
CCAGACTGCA GCTCTGCGCG ATTCTCTTAG CGATAAACGG GAATTCACAT CCG

FIG. 1(a)
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ALK4
10
AGGATGCGGA

20
TCCCCAAACC

60
TGGTATGGGG

70
GACTCGGAAA

ALKS
10
AGGATGCGGA

60
TATAGATGCC

20
TCCCCAACTA

70
TTACCGTTAA

ALK6
10
AGGATGCGGA

20
TCCCCCACTA

60
CTACGTAACC

70
GACTCGGCTG

30
GGCAAAAAAT

40 50
ATTATTTTGC TGATTGGCGA

80
TTACCGCGGC

90 100

ACGTAACTGG GAATTCACAT CCG

30
TGCCGAAGGT

40 50
GCGGGCGGCT TTTTTAAAGG

90 100
CACTCACTGG GAATTCACAT

80

CCGGGCAATA CCG

30
TGCGCTGAAT

40 50
AAAAAAACCG GCAAACCGGA

80 90 100
CATCAGCAAC CGCCTGGTGG GAATTCACAT CCG

FIG. 1(ai)
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ALK7

10 20 30 | 40 50
AGGATGCGGA TCCCCTGGTC AACCGGTGTC AAAACCTATA ACGGCGCGCT

60 70 80 90 100 |
'GGGCGTCGAT ATCCACGAAA AAGATCACCC AACGATCCGG GAATTCACAT CCG

FI1G. 1(aqii)
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ALKS : '
10 20 39 40 50
AGGATGCGGA TCCCCATCCT GGAAATGGCA AAAGCAGCTG GTCTGGCGAC

o
</“' 60 70 80 90 100 - s
;CG TAACGTT TCTACCGCAG AGTTGCAGGA CGCCACACGG GAATTCACAT CCG

: .\:\"f\ ::\N;ALK 9 s | ’
: e . | 20 40 50
AGGATGCGGA TCCCCACACC CGCTGCGCTG GTGGCACALG TGACTAGTCG

060 70 80 90 100
CAAATGCTAC GGTCCGAGCG CGACCAGTGA AAAATGTCGG GAATTCACAT CCG

//2\ ALK10

10 20 30 40 50

:/ | AGGATGCGGA TCCCCTGTCC GGGTAACGCG TTGGAARAAG GCGGAAAAGG

/..T_:f:\
!
J
Y4

\ /J 60 70 80 90 100
ATCTATTACC GAACAGTTGC TGAATGCTCG TGCCGACGGG GAATTCACAT CCG

N

| s
\\‘\
AN FIG. 1(b)
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ALK1l1

coda - 0. 40 so
AGGATGCGGA TCCCCGACGT TACGCTTGGC GGCGGCGCAA AAACCTTTG™ . ...

60 70 80 90 100

_~TGAKACGGCA ACCGCCGGCG AATGGCAGGG AAAAACTCGG GAATTCACAT CCG-

10 20 30 40 50
AGGATGCGGA TCCCCACTCT TCGCGAACAG GCACAGGCGC GTGGTTATCA

60 70 80 950 100
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