element cycles are already being manifested
in high-clevation forests in the eastern Unit-
ed States and Europe (28).
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Modification of the Active Site of Alkaline
Phosphatase by Site-Directed Mutagenesis

SouMITRA S. GHOSH, SUSAN CLARK BOCK, STEVEN E. ROKITA,

Emir TaomAas KAISER*

The catalytically essential amino acid in the active site of bacterial alkaline phosphatase
(Ser-102) has been replaced with a cysteine by site-directed mutagenesis. The resulting
thiol enzyme catalyzes the hydrolysis of a variety of phosphate monoesters. The rate-
determining step of hydrolysis, however, is no longer the same for catalysis when the
active protein nucleophile is changed from the hydroxyl of serine to the thiol of
cysteine. Unlike the steady-state kinetics of native alkaline phosphatase, those of the
mutant show sensitivity to the leaving group of the phosphate ester.

HEMICAL MODIFICATION AND RE-
combinant DNA studies directed
toward the substitution of active site
nucleophiles by other potentially competent
nucleophiles have so far been limited to acyl
transfer enzymes (1, 2). In every case, either
the nucleophilic' thiol of a cysteine was
replaced by the nucleophilic hydroxyl of a
serine or the converse substitution was ef-
fected. The general result of these modifica-
tions was to lower considerably the catalytic
activity of the mutated enzymes relative to
native enzymes toward all but the most
highly activated substrates. The catalytic
path of most acyl transfer reactions involves
the formation and decomposition of tetrahe-
dral intermediates; since it is the efficiency of
these reactions that often dictates the overall
enzyme activity, serine-cysteine substitu-
tions may not be well tolerated because of
stringent geometric requirements of the ac-
tive site proton transfer system for a particu-
lar molecular environment. Thus, mutation
of the active site nucleophile may result in a
substantial retardation in the rate of one or
more important proton transfer steps.
We now report our observations on the
consequences of changing the nucleophilici-

ty of a crucial amino acid side chain at an
active site in an enzyme catalyzing another
type of group transfer reaction, one that
does not require rapid proton transfer in a
step affecting the rate. The model system
that we investigated is the hydrolysis of
phosphate monoesters catalyzed by Esche-
richia coli alkaline phosphatase (BAP) (3).
The amino acid sequence (¢4) and x-ray map
(3.4 A) of BAP (5), a Zn(II) metalloprotein,
have been described.

Alkaline phosphatase—catalyzed phos-
phate ester hydrolysis is initiated by attack of
Ser-102 on the phosphoryl group to give a
phosphorylated enzyme intermediate that
can be isolated at low pH (6). Subsequently,
the phosphorylated enzyme is hydrolyzed
and the free enzyme is regenerated. Spectro-
scopic and kinetic evidence (7, 8) indicate
that at acidic pH the dephosphorylation of
intermediate I (Fig. 1) is rate-limiting while
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Table 1. Kinetic parameters for the action of BAP and TAP on 4-nitropheny! phosphate and 2,4-dinitrophenyl phosphate (15).

4-nitropheny! phosphate

2,4-dinitrophenyl phosphate

kear/K, koK
Buffer Enzyme carttm cavttm
car (s K (M) M7 sec™) g (sec™h) K (M) M sec™)
50 mAf tris TAP 4.6 41x107° 1.1 x 108 15 35x%x10°° 4.3 x 108
50 mAM NaCl, pH 7.5 BAP 19 55 x10°¢ 3.5 x 108 18 5.6 x 107¢ 3.2 x 108
1M tris TAP 4.3 3.9 x107* 1.1 x 10#
pH 8.0 BAP 73 1.3 x 1073 5.5 x 108
Mst®R
R10H Ho0 Hinf 1%
Ky ) k3 Ky \ — .
RI0P === Ry0PE £op oy fepi 5'- ACC GAC TCG GCT GCA TCA GCA -3
i I
K.y Kep ks Tk, BAP ser
Ro0H F N— threasp 102 - g/a-ala: ser-ala —-C
Tri 03 o5 108
(Tris) ‘ TAP 60 10l cys 1 08 1
R0P+E 5'- ACC GAC TGC GCA GCA TCA GCA -3
§
Fig. 1 (left). Scheme for alkaline phosphatase—catalyzed phosphate ester hydrolysis. Both Mt 1
R,, and R, designate cither an alky! or an aromatic group.  Fig. 2 (right). DNA Hinf 17
coding sequence and amino acid sequences of the active site fragment of BAP and TAP. . ‘
(Bottom) Primer oligonucleotide used for site-directed mutagenesis. 66 CTG ACG CGT CGT AGT CG°

at alkaline pH the release of phosphate from
intermediate II is rate-determining. Wheth-
er or not pentacoordinate phosphorus spe-
cies lie along the pathway for the formation
and decomposition of the phosphoryl en-
zyme is unclear. However, if such penta-
coordinate species are formed, they should
be very unstable, not requiring proton trans-
fer from an enzyme-bound group for their
decomposition.

Thiol alkaline phosphatase (TAP), Ser-
102 — Cys-102, was generated by exten-
sion of the synthetic oligonucleotide (9)
shown in Fig. 2. In addition to incorporat-
ing base substitutions necessary for chang-
ing the wild-type Ser-encoding triplet into
one designating Cys, this oligonucleotide
was designed to generate a restriction map
that is different between the murtant and the
wild type. Substitution of the codon specify-
ing Ser (TCG) with that for Cys (TGC)
eliminates a Hinf I restriction site, and an
additional, silent, change of the third posi-
tion of the Ala-103 codon (T to A) created
an Mst I site.

The template for the mutagenesis was
pEMBLY (10) containing a 6.4-kb DNA
fragment with the Escherichin coli pheA struc-
tural gene (11). This plasmid contains an
origin of replication for f1 phage in addition
to its colEl origin of replication. Single-
stranded circular DNA containing the cod-
ing strand of the phoA gene was obtained
when the bacterium harboring this plasmid
was superinfected with helper phage (IR-1).
The synthetic 19-base oligonucleotide cor-
responding to the noncoding strand of TAP
(Fig. 2) was used to prime DNA synthesis
and convert the single-stranded template
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into double-stranded circular DNA. Mutant
plasmids were resolved after two rounds of
transformation and identified by colony
screening with the same *2P-labeled 19-base
oligomer. The presence of the desired muta-
tion was verified by restriction digest studies
showing the concurrent appearance of Hinf
I resistance -and Mst I sensitivity in the
plasmid DNA, as well as by direct nucleo-
tide sequencing. The entire protein-encod-
ing region of the TAP gene was sequenced
to check that no other mutations had oc-
curred. Except for the desired changes in the
DNA sequence encoding Ser-102 to Ala-
103, the DNA sequence for TAP is identical
to that of the wild-type gene. Because TAP
expression levels were low in pT4-1, the
original pEMBL9 mutant, the 6.4-kb Pst I
fragment containing the phod coding region
was transferred into pBR322. The resulting
plasmid, pT4391, was then used for TAP
expression. The bacterial hosts were E. coli
strain AW1043 [A(lac) galU galK A(len-
ara) phoA-E15 proC::'Tn5] and its male de-
rivative (F' tet), both of which contain a
partially deleted alkaline phosphatase gene,
or MPh44[A(pheA-proC) phoR  tsx::Tn5],
which contains no alkaline phosphatase
structural gene and is mutant in the phoR
regulatory gene.

When the phoR wild-type strain AW1043
was used as the host for TAP production,
the cells were fermented in MOPS medium
(12) containing 0.1 mAM KH,PO, and tetra-
cycline (25 wg/ml) and harvested an hour
into the stationary phase. When MPh44, a
phoR minus strain, was used as the host, the
cells were grown under the same conditions
but harvested during late log phase. The

cells were collected in the presence of phen-
yimethylsulfonyl fluoride, washed, and
treated first with cold hypertonic (sucrose)
solution and then with cold hypotonic solu-
tion (water). The periplasmic fraction was
then isolated and passed through an Affigel
Blue (Bio-Rad) column. Alkaline phospha-
tase is not retained by Affigel Blue and is
further purified by ion-exchange chroma-
tography with DEAE-cellulose (15 ma to
200 mM NaCl gradient in 10 mad tris, pH
7.5). The electrophoretic mobility of TAP
was identical to that of BAP on sodium
dodecy! sulfate (SDS)-reducing polyacryl-
amide electrophoresis. Gel filtration of BAP
and TAD on a Bio-Gel P-150 column indi-
cated that the enzymes are both dimeric,
with a molecular weight of approximately
90,000. Kinetic analysis of catalysis by TAP
was performed on solutions to which no
additional metal ions were added. Although
it has been reported that the Zn(II) and
Mg(II) are dependent on the action of BAP
(13), added Zn(II) up to 1 mM did not
activate TAP in our experiments.

TAP is an effective catalyst in the hydroly-
sis of some phosphate monoesters. The most
striking difference between the natural Ser-
containing enzyme and the Cys murant is
their contrasting selectivity to various sub-
strates. In 1M tris at 10 mM substrate
concentration, BAP hydrolyzes the sub-
strates PNPP, 2-naphthyl phosphate, and
DNPP at equal rates even though the leav-
ing group tendencies of the alcohols differ
greatly. In contrast, the hydrolytic ability of
TAP is greatly affected by properties of the
leaving group. 4-Nitrophenolate is a better
leaving group than 4-methylumbelliferone
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and both are superior to 2-naphthol. Conse-
quently, TAP’s catalytic efficiency toward
PNPP is substantially greater than its action
on 4-methylumbelliferyl phosphate and 2-
naphthyl phosphate (at 10 mA{ substrate,
IM tis (pH 8.0), relative rate ratios are
1:0.37:0.06, respectively). This trend is re-
inforced by the comparisons presented in
Table 1; the ke value of TAP for the
hydrolysis of DNPP is three times greater
than the corresponding value for the hydrol-
ysis of PNPP, while the kg, values of BAP
are nearly identical for both substrates. Al-
though the %, value of DNPP turnover for
TAP is comparable to that for BAP, the rate-
determining step may not be equivalent to
BAD because TAP is unusually sensitive to
the chemistry of the phenolic product. An
expected result of the Ser to Cys mutation
was the relative shift of the pH profile for
TAP versus BAP activity (Fig. 3). Under
both reaction conditions listed, the pH for
maximum TAP activity is lower than that
for BAP. Since the rates of hydrolysis of
PNPP at pH 7.5 and 8.0 for each enzyme
are quite similar, comparison of the kinetic
constants of BAP and TAD at their respec-
tive pH optima (Table 1) highlights another
significant difference between the two en-
zymes: a fourfold increase of the ke, value
for BAP in 1M tris versus 50 mA/ tris was in
accord with the expected dependence of
enzyme activity on buffer concentration.
The nucleophilic tris acts as a phosphoryl
group acceptor (Fig. 1) (6) for the phos-
phorylated intermediate of BAP, and thus
enhances the observed kg, values. In con-
trast, the ke, value for TAP under the same
conditions did not show a dependence on
tris. If phosphorylation of the enzyme re-
mains rate-controlling in the presence of
tris, then this result would be expected.

All the characteristics of the mutated alka-
line phosphatase presented thus far are con-
sistent with the replacement of the wild-type
active site nucleophile, serine hydroxyl, by a
cysteine thiol. However, the identity of the
catalytically important nucleophile came un-
der question when the thiol of TAP’s active
site could not be easily modified by thiol-
directed reagents.

Neither  5,5'-dithiobis(2-nitrobenzoic
acid), 6,6’-dithiodinicotinic acid, nor 4,4’-
dipyridy! disulfide reacted with TAP as puri-
fied from chromatography or after EDTA
treatment. The lone free Cys of TAP, not
present in BAP, could only be titrated after
the enzyme was denatured. When TAP was
treated with both EDTA and 6 guanidine
hydrochloride, a free thiol to polypeptide
ratio of 0.97 was determined by titration
with 4,4’-dipyridyl disulfide. Furthermore,
the mixed disulfide formed between TAP
and 4-thiopyridone could be isolated and
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treated with excess 2-mercaptoethanol to
release stoichiometric amounts of 4-thiopyr-
idone. Other compounds unable to modify
the active site cysteine of undenatured TAP
include 4-chloro- and 4-hydroxymercuri-
benzoate, Hg(II), iodoacetate, and iodoaceta-
mide.

Steric constraints are probably not the
limiting factor for reaction between the thiol
of TAP and the modifying reagents since a
number of substrates bind to the active site
during catalytic turnover. The lack of thiol
reactivity can best be explained on the basis
of the known x-ray map for the natural
enzyme, BAP (5). The Ser hydroxyl of BAP
is within the ligand binding distance of the
active site Zn(II) and, therefore, when the
Ser is replaced with a Cys of TAP the thiol
may complex the Zn(II). This could suggest
that the thiol of TAP may not be the
catalytically active nucleophile. Thus, we
considered the possibility that TAP does not
use the same catalytic mechanism as BAP
but might use a carbonic anhydrase-type
mechanism in which water ligated to Zn(II)
is the crucial nucleophile. The lack of thiol
modification in TAP is most likely caused by

100
90|
80
70k
60
SO 4
40
30r
20r 4
tOF 4

100
80
80
70
60
50
40 4

Maximal! velocity (%)

30+ 4
201 4
O p

T N ST R S S
68 70 72 74 76 7.8 80 82 84 81.6 8:8 9.0
pH

Fig. 3. pH dependence of rate of hydrolysis of
PNPP at 25°C catalyzed by BAP and TAP at
constant substrate concentration. BAP, 0.14 g
in 1 ml of reaction mixture; TAP, 0.7 pgin 1 ml
(a) 50 ma tris, 10 ma PNPP; (b) 1M tris, 1 mM
PNPP.

the proximity of the Zn(II), but this alterna-
tive mechanism is definitely not consistent
with the following experiment. o

Phosphate ester hydrolysis catalyzed by a
Zn(II)-water complex would not allow for
the transphosphorylation activity of native
alkaline phosphatase. For BAP, Ser-102 is
clearly the active nucleophile; a phosphoryl-
enzyme intermediate can be detected and
trapped by acceptors such as tris (7, 14). A
phosphorylated enzyme intermediate is also
evident for the thiol-containing TAD by the
effect of tris during catalytic turnover. In the
presence of a nonnucleophilic buffer (such
as MOPS), TAP catalyzes the hydrolysis of
PNPP to produce inorganic phosphate (P;)
and nitrophenolate in a ratio of 1:1 as
expected. However, in the presence of in-
creasing concentrations of tris, the amount
of P; released decreases markedly, as it does
with BAP (7). Since less P; is formed than
nitrophenolate, a substantial degree of trans-
phosphorylation must have occurred to pro-
duce a phosphorylated tris derivative. Trans-
phosphorylation catalyzed by TAP would
result from a covalent phosphoryl-enzyme
intermediate analogous to the one formed
during the catalytic cycle of BAP (Fig. 1).
The phosphorylated TAP derivative could
not be detected directly by frecipitating the
enzyme in the presence of *?P; at low pH.

The observation that the catalytic efficien-
cy of TAP is not affected by tris concentra-
tion, but is affected by the characteristics of
the phenolic derivative produced during
turnover, leads to the hypothesis that the Ser
to Cys mutation described above has
changed the rate-determining step of cataly-
sis from dephosphorylation or release of P;
to the formation of the phosphoryl-enzyme
intermediate. We have shown through our
work on alkaline phosphatase that for an
enzyme catalyzing a phosphoryl group
transfer reaction it is possible to change the
active site nucleophile and still observe high
keqr values.
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Specific Immunosuppression by Immunotoxins

Containing Daunomycin

E. DienER, U. E. DINER, A. SINHA, S. XIE, R. VERGIDIS

Daunomycin, when conjugated with a targeting antigen by an acid-sensitive spacer,
remains inactive at the intravascular pH of 7 but becomes active after cleavage within
the acidic lysosomal environment of the target cell. This observation made it possible
to construct cytocidal compounds that caused antigen-specific suppression of murine
lymphocyte function. When daunomycin was coupled to the hapten conjugate of
ovalbumin by an acid-sensitive cis-aconityl group, it caused hapten-specific impairment
of immunocompetence in murine B lymphocytes in vitro and in vivo. Furthermore, the
response by T lymphocytes to concanavalin A in vitro was selectively eliminated by a
conjugate between daunomycin plus the acid-sensitive spacer and a monoclonal

antibody specific for T cells.

THE SPECIFIC TARGETING OF CY-
tocidal drugs to selectively eliminate
undesirable cells has met with only
limited success, particularly in vivo (1). Re-
cently, various toxins, including ricin, have
proved to be specifically cytotoxic in vitro
and, in a few cases, in vivo after conjugation

Fig. 1. TNP- or NIP-spe- 10° ;
cific immunosuppression .
induced in vitro with 7
TNP-OVA-(CA-DM) or 7
NIP-OVA-(CA-DM). In 7

each group, interconnect- - T
ed symbols represent treat-
ment of  splenocytes
(4 x 10° cells per millili-
ter) for 2 hours at 4°C
with the indicated conju-
gate at 50, 100, 250, and
500 wg/ml. M, medium
alone; T, TNP,-OVA;
Tie, TNP;-OVA-(CA-
DM)s6; T74, TNP-OVA-
(CA-DM)72; N, NID;-
OVA, N3.6, NIP;-OVA-
(CA-DM)s6. The treated
cells were washed and
challenged with TNP-Ba .
(closed circles) or NIP-Fi-

coll (open circles) in vitro

for 4 days. Mean numbers

of antibody-forming cells

(AFC) = standard de-

viation are indicated on 10

i1 11

i

AFC per 10°% cultured cells

to antibodies raised against cell surface
markers (I-4). The clinical potential of im-
munotoxins includes the immunotherapy of
cancer and the alleviation of various im-
munoregulatory disorders and allograft re-
jection. For example, clones of B lympho-
cytes may be selectively eliminated by the

<t

the ordinate.
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specific binding of the antigen-toxin conju-
gate to cell surface immunoglobulin recep-
tors. Such studies have involved the specific
deletion in vitro of B lymphocytes by ricin
that had been conjugated to antigens, in-
cluding self antigens such as acetylcholine
receptors and thyroglobulin (5-7).

Unfortunately, the use of tozic peptides
such as ricin raises the serious problem of
nonspecific toxicity, a formidable obstacle
for application in vivo (4). For this reason,
we have used daunomycin (DM) as a cytoci-
dal drug in conjunction with a targeting
hapten-coupled protein (8). When directly
linked to a protein carrier by reaction with
an amino group, DM tends (in some cases)
to lose its cytocidal potential (9). This prob-
lem was overcome through the introduction
of an acid-sensitive spacer such as a css-
aconityl group (CA) berween carrier and
drug (10). The carrier—(CA-DM) conjugate
remained stable at the intravascular pH of 7
but once endocytosed by the target cell, the
drug was cleaved in the intralysosomal acid
environment and entered into the cyto-
plasm. Intercalation of DM appears to make
template DNA unavailable to DNA and
RNA polymerases (11, 12).

We report here that trinitrophenol
(TNP)-, 4-hydroxy-3-iodo-5 nitrophenyl-
acetic acid (NIP)-, and fluorescein (FLU)-
ovalbumin (OVA) conjugates, when cou-
pled to CA-DM, are capable of inducing
hapten-specific immunosuppression in mu-
rine lymphocytes in vitro and in vivo. We
also demonstrate that conjugates between a
T-cell-specific monoclonal antibody (anti-
Thy 1.2) and CA-DM selectively suppress
the proliferative response by murine spleen
cells to the T-cell mitogen concanavalin A
(Con A). This effect probably reflects the
selective binding of the drug-antigen conju-
gate to target B or T lymphocytes bearing
surface receptors for the hapten or anti-Thy
1.2, respectively.

To prepare CA-DM, a modified version
of the method of Shen and Ryser (10, 13)
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