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ABSTRACT To monitor structural changes during the binding of Pi to the active site of mammalian alkaline phosphatase in
water medium, reaction-induced infrared spectroscopy was used. The interaction of Pi with alkaline phosphatase was triggered
by a photorelease of ATP from the inactive P3-[1-(2-nitrophenyl)]ethyl ester of ATP. After photorelease, ATP was sequentially
hydrolyzed by alkaline phosphatase giving rise to adenosine and three Pi. Although a phosphodiesterase activity was detected
prior the photorelease of ATP, it was possible to monitor the structural effects induced by Pi binding to alkaline phosphatase.
Interactions of Pi with alkaline phosphatase were evidenced by weak infrared changes around 1631 and at 1639 cm�1,
suggesting a small distortion of peptide carbonyl backbone. This result indicates that the motion required for the formation of the
enzyme-phosphate complex is minimal on the part of alkaline phosphatase, consistent with alkaline phosphatase being an
almost perfect enzyme. Photoproduct 2-nitrosoacetophenone may bind to alkaline phosphatase in a site other than the active
site of bovine intestinal alkaline phosphatase and than the uncompetitive binding site of L-Phe in bovine intestinal alkaline
phosphatase, affecting one-two amino acid residues.

INTRODUCTION

Alkaline phosphatases (AP, EC 3. 1. 3. 1.) are homodimeric

metalloenzymes common in both eukaryotes and prokar-

yotes (Fernley, 1971; Reid and Wilson, 1971). Sequence

comparisons between different AP indicated about 25–30%

homology between mammalian AP and Escherichia coli AP
(Bradshaw et al., 1981; Kam et al., 1985; Chang et al., 1986;

Weiss et al., 1986; Berger et al., 1987; Henthorn et al., 1988;

Millán, 1988; Kim andWyckoff, 1990; Weissig et al., 1993).

Four structural genes encoding human AP have been cloned

(Kam et al., 1985; Millán, 1986; Henthorn et al., 1987;

Millán and Manes, 1988) corresponding to three tissue-

specific AP genes located in chromosome 2 (germ-cell,

placenta, and intestinal) and one tissue-nonspecific AP gene

located in chromosome 1 (Moss, 1992). The mammalian AP,

in contrast to the E. coli AP, is a membrane-anchored protein

and contains a glycosylphosphatidylinositol anchor linked to

the C-terminal carboxyl group of the protein (Low and

Finean, 1977; Redman et al., 1994; Ferguson, 1999). Despite

differences in their sequences and structures, E. coli AP

and mammalian AP catalyze the hydrolysis of almost any

phosphomonoester with release of inorganic phosphate and

alcohol (Fernley, 1971; Reid and Wilson, 1971). Residues

involved in the coordination of two Zn21 and one Mg21 ions

in the active site and the catalytic serine are preserved from

E. coli AP (Kim and Wyckoff, 1990) to human placenta AP

(Le Du et al., 2001), whereas most of the surrounding

residues are different. This suggests that the mechanisms of

catalytic reactions are similar for both enzymes, although

mammalian AP are inhibited uncompetitively by L-Phe or

L-Arg, whereas E. coli AP are not (Fishman and Sie,

1970,1971; Lin et al., 1971; Byers et al., 1972; Hummer

and Millán, 1991; Hoylaerts et al., 1992). During the hy-

drolysis of phosphate ester by AP, a serine group of AP is

phosphorylated. The transient phosphoenzyme is subse-

quently hydrolyzed to give a noncovalent enzyme-phosphate

complex. Under acidic conditions (pH , 6), the hydrolysis

of the phosphoenzyme (k3, Scheme 1, taken from Holtz and

Kantrowitz, 1999) is rate limiting, whereas dissociation of

the noncovalent complex of enzyme with bound phosphate

is rate limiting at pH $ 8 (k4, Scheme 1) (Chlebowski and

Coleman, 1972; Hull et al., 1976; Chlebowski et al., 1977;

Gettins and Coleman, 1983). The phosphoenzyme may react

with alcohol to form a phosphate ester which dissociates

from the enzyme (k5 and k6, Scheme 1).

Crystal structure, computer modeling and site-directed

mutagenesis on human placental AP revealed that amino

acids strictly necessary to perform the catalysis are preserved

with respect to E. coli, whereas a hydrophobic pocket in the

vicinity of an active site may account for the specific

uncompetitive inhibition of placental AP (Le Du et al., 2001;

Kozlenkov et al., 2002; Le Du and Millán, 2002). In

addition, x-ray observations confirmed the importance of

Asp and Glu residues in the catalytic activity of mammalian

placental AP. Asp-91 (numbering for the human placental

AP), in the vicinity of catalytic Ser-92, is in a hydrogen-

bonding distance of Asn-84 (Le Du et al., 2001). Asn-84,

Tyr-367, and Glu-429 are probably involved in the allostery
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(Hoylaerts et al., 1997; Manes et al., 1998; Le Du et al.,

2001; Kozlenkov et al., 2002). To probe the mechanisms of

hydrolysis by AP, the interaction between vanadate and E.
coli AP has been determined by x-ray crystallography (Holtz

et al., 1999). Unlike the phosphate ion, vanadate forms five-

coordinate complex, mimicking a transition state analog.

Comparison between E. coli AP-vanadate complex and the

noncovalent E. coli AP-Pi complex indicates that active site

residues moved only slightly (Holtz et al., 1999). The x-ray

structure of mammalian placental AP (Le Du et al., 2001),

shows that the amino acid residues in the active site are

preserved as compared with the x-ray structure of E. coli AP.
The conformational changes of mammalian AP induced by

Pi binding in water medium were not reported. Based on the

similarity of the active site in E. coli AP and mammalian AP,

one would expect that Pi binding in mammalian AP would

induce similar conformational effects than in E. coli AP. Due
to the electrostatic interactions between phosphate groups

and charged side chain residues, water molecules may play

a role in mediating such interactions.

In this work, we investigated the structural changes of

mammalian AP in water medium caused by ligand binding

in the active site, by using reaction-induced infrared differ-

ence spectroscopy (RIDS). RIDS cannot provide a detailed

structure of the whole protein as x-ray data do. However,

RIDS allows us to measure very small deviations at a single

vibrational group, caused by the effects of substrate bindings

in the active site of enzymes in water medium (Mäntele,

1993; Siebert, 1995; Cepus et al., 1998; Zscherp and Barth,

2001; Barth and Zscherp, 2002). By taking advantage of

the knowledge of the resolved 3D structure of the whole

mammalian AP and by measuring small fluctuations of

structure changes, we can provide specific details on the

deviation of structural changes, such as the magnitude of

structural changes (approximate number of amino acids

implicated in the ligand binding) as well the changes in

hydrogen bond strengths affecting peptide backbone and

side chain residues.

EXPERIMENTAL PROCEDURES

Materials

Bovine intestinal alkaline phosphatase (IAP) was a product of Sigma (St.

Quentin Fallavier, France). The salts were removed by washing IAP in 2H2O

buffer (or H2O buffer for the nondeuterated samples) containing 100 mM

Tris-HCl, p2H ¼ 7.0 (or pH 7.4, respectively), 10 mM MgCl2, filtered

through millipores (MW, cutoff 30,000). Its purity was checked by gel-

electrophoresis. Tris-HCl, Adenosine, were purchased from Roche (Meylan,

France). The photolabile ‘‘NPE-caged ATP’’, P3-[1-(2-nitrophenyl)]ethyl

ester of ATP was obtained from Molecular Probes Europe (Leiden, the

Netherlands).

Infrared spectra of samples in 2H2O buffer

Purified IAP (10 mg/ml corresponding to 0.09 mM assuming a 114-KDa

dimeric enzyme) were dissolved either in buffer A or in buffer B. 2H2O

buffer A contained 100 mM Tris-HCl, p2H¼ 7.0, 10 mMMgCl2 and 2.5–10

mM NPE-caged ATP with or without 5 mM adenosine. 2H2O buffer B

contained 100 mM phosphate, p2H¼ 7.0, 10 mMMgCl2 and 4–8 mMNPE-

caged ATP with or without 5 mM adenosine. Control samples without

protein were prepared under the same conditions. The p2H was measured

with a glass electrode and was corrected by a value of 0.4 (p2H 7.0¼ pH 7.4,

Glasoe and Long, 1960). Freshly prepared samples were loaded between

two circular CaF2 windows separated by a 50 mm thick Teflon spacer. They

were incubated for 10 min in the dark, before infrared measurements. The

infrared cell was thermostated at 20�C with a circulating bath. The optical

resolution was 4 cm�1 but spectral points were encoded every 2 cm�1. Col-

lected were 256 scans during about 4 min, coadded and Fourier trans-

formed. Then the sample was illuminated for 120 s by means of a 150 W

xenon lamp (without filter) to induce complete photorelease of substrates

from their cage. The reaction-induced infrared difference spectra (RIDS) of

the sample were obtained by subtracting the spectrum measured before

illumination from the spectrum measured after the illumination. Five sets of

RIDS corresponding to samples in buffer A, whereas three sets of RIDS

corresponding to samples in buffer B were measured and coadded to obtain

a better signal/noise ratio. The final RIDS were corrected for water-vapor

absorption according to Goormaghtigh et al., 1994.

Infrared spectra of samples in H2O buffer

Purified IAP (50 mg/ml corresponding to 0.45 mM assuming a 114-KDa

dimeric enzyme) was prepared in H2O buffer, containing 200 mM Tris-HCl,

pH ¼ 7.4, 10 mM MgCl2 and 20 mM NPE-caged ATP. The same buffer

without IAP was used as a control. Freshly prepared samples were loaded

between two circular CaF2 windows separated by a 6 mm thick Teflon

spacer. The RIDS were determined under the same conditions as described

above. Three sets of RIDS were measured and coadded to obtain a better

signal/noise ratio.

RESULTS

Reaction infrared difference spectra of IAP
induced by the photorelease of ATP in
2H2O Tris-HCl buffer

NPE-caged ATP, protected by a photolabile (2-nitrophenyl)-

ethyl group, should not be hydrolyzed by IAP. The 120s

illumination induced photolysis of NPE-caged ATP by

forming ATP and a 2-nitrosoacetophenone. Since IAP,

a proficient phosphomonoesterase, catalyzes a terminal

phosphoryl group (Fernley, 1971), the released ATP is hy-

drolyzed mostly by a stepwise production of three Pi by
forming sequentially ADP, AMP, and adenosine (Fig. 1).

However, NPE-caged ATP can be hydrolyzed before the

photolysis due to the very low activity of phosphodiesterase

of IAP (O’Brien and Herschlag, 2001), especially in the case

of relatively high concentration of IAP.

SCHEME 1

3874 Zhang et al.

Biophysical Journal 86(6) 3873–3881



The RIDS, measured before and after photolysis of NPE-

caged ATP and complete hydrolysis of ATP by low

concentration of IAP, should indicate structural changes

caused by the interactions of IAP with adenosine, three Pi,
and photoproduct, 2-nitrosoacetophenone. To determine

their respective contributions to the RIDS of NPE-caged

ATP and IAP, several control experiments were performed.

Tris(hydroxymethyl)aminomethane was used as a buffer

since it is a good phosphate acceptor, favoring the formation

of a Tris-phosphate complex and its dissociation (k5 and k6,

Scheme 1) bypassing the dissociation of inorganic phosphate

from the enzyme (k3, Scheme 1) (Trentham and Gutfreund,

1968). The pH of the solution was set at 7.4, which has the

advantage to slow down the activity of IAP by a factor of

about 35 times as compared with the pH set at 10.5

(Sarrouilhe et al., 1993), whereas the secondary structure of

IAP is preserved over the pH range from 7.4 to 10.5 (de La

Fournière et al., 1995). The overall infrared spectrum of IAP

in the amide-I and amide-II regions was identical to that

of IAP previously reported (de La Fournière et al., 1995;

Bortolato et al., 1999). UV illumination of IAP without NPE-

caged ATP did not produce any infrared changes (results not

shown), thus indicating that UV illumination did not affect

the secondary structure of IAP. Photoconversion of NPE-

caged ATP without protein in Tris-HCl buffer (trace i of
Fig. 2), induced in the infrared spectrum, two negative

bands located at 1527–1530 cm�1 and at 1346–1348 cm�1

(signaling the disappearance of the nitro group) and a positive

band located at 1688–1684 cm�1 (indicating the formation

of a carbonyl group) (Barth et al., 1990, 1997). The RIDS of

NPE-caged ATP with IAP in Tris-HCl buffer (trace ii of Fig.
2) is dominated by the photo conversion of NPE-caged ATP.

However, small but reproducible changes were observed in

the difference spectra (trace iii of Fig. 2), corresponding to

spectrum ii minus spectrum i. The 1685–1688 cm�1, 1527–

1530 cm�1, and 1346–1348 cm�1 bands associated to the

photo conversion of NPE-caged ATP were used to normalize

the contributions from the photolytic release of the NPE-

caged nucleotide between samples (Barth et al., 1991; Cepus

et al., 1998; Butler et al., 2002). The difference infrared

spectra should reflect structural changes caused by binding

of Pi, adenosine, or 2-nitrosoacetophenone, since infrared

spectra were measured before and 5 min after photolysis to

ensure complete hydrolysis of ATP by IAP. The structural

alterations observed in the 1800–1300 cm�1 region (trace iii
of Fig. 2) were accompanied by changes in phosphate vibra-

tions (Fig. 3). As reported (Barth et al., 1990, 1997; Cepus

et al., 1998), the photolysis of NPE-caged GTP or NPE-

caged ATP in the absence of protein induced a positive band

at 1124–1120 cm�1 as well as two negative bands at 1078

cm�1 and 1060 cm�1 (trace i of Fig. 3) indicative of the

release of nucleotide from its cage. Photolysis of NPE-caged

ATP in the presence of IAP (trace ii of Fig. 3) induced

changes of phosphate groups caused by the catalytic activity

of IAP, indicating complete hydrolysis of ATP. There was

no time dependence of the infrared changes after 2 min

photolysis and after 5 min collecting the infrared spectra. The

magnitude of structural changes of IAP was assessed by

determining the ratio of intensities of amide-1 band of IAP in

the presence of NPE-caged ATP before photolysis (spectrum
i in Fig. 4) and its corresponding amide-I change in the RIDS

FIGURE 2 Reaction-induced infrared difference spectra of intestinal

alkaline phosphatase induced by the photorelease of ATP in 2H2O.

Reaction-induced infrared difference spectra in the 1800–1300 cm�1 region.

(Trace i) RIDS of caged ATP without AP. (Trace ii) RIDS of caged ATP

with IAP. (Trace iii) Corrected RIDS of caged ATP with IAP corresponding

to the difference: spectrum iiminus spectrum i. The corrected RIDS reflected
structural changes caused by binding to IAP after photorelease of ATP

from its cage and sequential ATP hydrolysis by IAP. Buffer composition

was 100 mM Tris-HCl, p2H ¼ 7.0, 10 mM MgCl2, and 5 mM caged ATP

with or without 10 mg/ml (0.09 mM) IAP.

FIGURE 1 Reaction scheme for the photolysis of caged ATP and the

hydrolysis of ATP by intestinal alkaline phosphatase.
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of IAP in the presence of NPE-caged ATP (spectrum ii in
Fig. 4). The COBSI index (Barth et al., 1996), which is the

ratio of intensities DA/2A, was 0.0085. This value corre-

sponded to 2 amino acids per monomeric IAP, involved in

the structural changes of IAP caused by the binding of Pi,
adenosine, or photoproduct.

Reaction infrared difference spectra of IAP
induced by the photorelease of ATP in
H2O Tris-HCl buffer

The same experiment, as described above, was performed

in H2O Tris-HCl buffer instead of 2H2O Tris-HCl buffer.

To compensate for the low absorbance due to the small

pathlength of the infrared cell (6 mm instead of 50 mm), the

IAP concentration was increased from 0.09 mM (10 mg/ml)

to 0.45 mM (50 mg/ml). The RIDS of NPE-caged ATP in

Tris-HCl buffer pH 7.4 (trace i of Fig. 5) indicated the three

characteristic 1685–1688 cm�1, 1527–1530 cm�1, and

1346–1348 cm�1 bands associated to the photoconversion

of the NPE-caged ATP, as well as the phosphate bands

related to ATP spread over the 950–1150 cm�1 region. The

RIDS of IAP in the presence of NPE-caged ATP in H2O

Tris-HCl buffer pH 7.4 (trace ii of Fig. 5), indicated that the

phosphate bands around 950–1150 cm�1 disappeared. In

contrast, new bands appeared in the phosphate region around

950–1150 cm�1 in the RIDS of IAP with NPE-caged ATP in
2H2O Tris-HCl buffer p2H 7.0 (trace ii of Fig. 3). These
results would suggest that IAP hydrolyzed NPE-caged ATP

in H2O Tris-HCl buffer pH 7.4, before its photorelease, due

to its phosphodiesterase activity, which became not

negligible at relatively high IAP concentration (0.45 mM).

Small changes in the amide-I region were observed in the

difference spectra (trace iii of Fig. 5), corresponding to

spectrum ii minus spectrum i. The small differences were

better evidenced in trace i of Fig. 6 and were compared with

RIDS of IAP with NPE-caged ATP in 2H2O Tris-HCl buffer

(trace ii of Fig. 6). Both RIDS were different in band shape

and magnitude. The negative 1631 cm�1 and the 1622 cm�1

positive amide-I band with the positive 1586 cm�1 and the

negative 1577 cm�1 side-chain bands observed in the RIDS

of IAP in 2H2O Tris-HCl buffer (trace ii of Fig. 6)

disappeared almost completely in the RIDS of IAP in H2O

Tris-HCl buffer (trace i of Fig. 6).

Origin of structural changes of IAP after
photolysis of NPE-caged ATP

Since the structural changes of IAP were relatively small, the

reproducibility of structural changes of IAP was assessed

over concentrations of NPE-caged ATP ranging from 2.5

mM to 10 mM. Relatively high amount of NPE-caged ATP

and small amount of IAP (down to 0.09 mM) permitted us to

increase the fraction of nonhydrolyzed NPE-caged ATP,

since the phosphodiesterase activity of IAP cannot be

FIGURE 4 Determination of magnitude of structural changes of intestinal

alkaline phosphatase caused by the photorelease of ATP in 2H2O and its

hydrolysis. Trace i is the infrared spectrum of caged ATP with IAP before

photolysis. Trace ii is the corrected RIDS of caged ATP with IAP. Its

absorbance scale was expanded 20 times comparatively to the scale for the

upper spectrum. For both traces, the buffer composition was 100 mM Tris-

HCl, p2H ¼ 7.0, 10 mMMgCl2, and 5 mM NPE-caged ATP with 10 mg/ml

(0.09 mM) IAP. The calculated intensity of IR spectrum (trace i),

corresponding to A, and the calculated intensity of RIDS (trace ii)
corresponding to DA, are indicated by shaded surface. The DA/2A ratio, in

the 1760–1600 cm�1 region, permitted the determination of the magnitude

of peptide backbone structural change of IAP induced by the photorelease of

ATP and its hydrolysis.

FIGURE 3 Reaction-induced infrared difference spectra of intestinal

alkaline phosphatase produced by the photorelease of ATP in 2H2O.

Reaction infrared difference spectra in the phosphate region. (Trace i) RIDS
of caged ATP without IAP. (Trace ii) RIDS of caged ATP with IAP. Buffer

composition was 100 mM Tris-HCl, p2H ¼ 7.0, 10 mM MgCl2 and 5 mM

caged ATP with or without 10 mg/ml (0.09 mM) IAP.
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neglected. The successive traces (from bottom to top) in Fig.

7 corresponded to the RIDS of IAP in 2H2O Tris-HCl buffer

with increasing NPE-caged ATP concentrations. Each RIDS

of IAP with NPE-caged ATP was corrected for the induced

absorption caused by the photolysis of NPE-caged ATP

alone. All the RIDS indicated four positive peaks located at

1671 cm�1, 1659–1655 cm�1, 1622 cm�1, and 1585 cm�1,

as well as three negative peaks at 1639 cm�1, 1631 cm�1,

and at 1576 cm�1. The structural changes observed in the

1700–1600 cm�1 region corresponded mostly to structural

alterations of the peptide backbone of IAP. The 1585 cm�1

and 1576 cm�1 bands may correspond either to side-chain

vibrations of arginine, or to carboxylate groups of Asp or Glu

residues (Chirgadze et al., 1975; Venyaminov and Kalnin,

1990; Goormaghtigh et al., 1994a,b; Barth, 2000). The

intensities of the 1639 cm�1, 1631 cm�1, and 1576 cm�1

negative peaks, as well as the 1622 cm�1 and 1585 cm�1

positive peaks, increased by two- to threefold with increasing

concentrations of NPE-caged ATP from 2.5 mM to 10 mM

(Fig. 7). The increase of the initial NPE-caged ATP

concentration and the low IAP concentration could contrib-

ute both to the increase of nonhydrolyzed NPE-caged ATP,

before the photolysis. Under these conditions the phospho-

monoesterase activity can be monitored. Furthermore, the

inorganic phosphate is a competitive inhibitor of IAP with

Ki ¼ 1.86 6 0.1 mM (determined in this work under the

same conditions as for IR samples), inferring that the struc-

tural changes could not have been solely promoted by the

interactions of Pi with IAP. Indeed, a partial saturation of

Pi binding would have been observed, since after complete

ATP hydrolysis, three inorganic phosphates were released

from 2.5–10 mM NPE-caged ATP, leading to 80–94%

saturation of Pi binding site of IAP.

These findings suggest that, in addition to inorganic

phosphate, other products such as adenosine or 2-nitroso-

acetophenone may interact with IAP. To determine the con-

tributions of each of them, several controls were performed.

First, a 100 mM phosphate buffer p2H 7.0 was used

instead of 100 mM Tris-HCl buffer p2H 7.0, to saturate the Pi
binding site of IAP. The RIDS of NPE-caged ATP with IAP

in 100 mM Tris-HCl buffer p2H 7.0 and 10 mM Mg21 (Fig.

8 A) was slightly different from that of NPE-caged ATP with

IAP in 100 mM phosphate buffer p2H 7.0 and 10 mMMg21

(Fig. 8 B). Four positive peaks located at 1671 cm�1, 1655–

1658 cm�1, 1622–1623 cm�1, and 1596 cm�1, 1585 cm�1

remained unaffected during the change of buffer, suggesting

that they are not due to the interactions between inorganic

phosphate and IAP. The intensities of the negative peaks

located around 1631 cm�1 and 1639 cm�1 decreased in

intensity when the Tris-HCl buffer was changed for the

phosphate buffer.

Second, control samples containing 5 mM adenosine were

used to saturate the eventual adenosine-binding site of IAP.

The RIDS of 5 mM NPE-caged ATP with IAP but without

adenosine in Tris-HCl buffer p2H 7.0 (Fig. 8 A) was almost

identical to that of NPE-caged ATP with IAP and 5 mM

adenosine in the same buffer (Fig. 8 C). Similar RIDS of IAP

in phosphate buffer without (Fig. 8 B) or with adenosine (Fig.
8 D) were obtained. Taken together, the results presented in

Fig. 8 suggest that adenosine did not interact with IAP.

FIGURE 6 Comparison of reaction-induced infrared difference spectra of

intestinal alkaline phosphatase produced by the photorelease of ATP from

NPE-caged ATP in H2O and in 2H2O buffers. (Trace i) Corrected RIDS of

NPE-caged ATP with IAP in H2O buffer. Buffer composition was 200 mM

Tris-HCl, pH ¼ 7.4, 10 mM MgCl2, and 20 mM NPE-caged ATP with

50 mg/ml (0.45 mM) IAP. The residual 1687 cm�1 peak (indicated by

a star) corresponds probably to the carbonyl group of the photoproduct,

2-nitrosoacetophenone. (Trace ii) Corrected RIDS of NPE-caged ATP with

IAP in 2H2O buffer. Buffer composition was 100 mM Tris-HCl, p2H ¼ 7.0,

10 mM MgCl2, and 5 mM NPE-caged ATP with 10 mg/ml (0.09 mM) IAP.

The absorbance scales of the spectrum i has been expanded two times

comparatively to the scale for the spectrum ii.

FIGURE 5 Reaction-induced infrared difference spectra of intestinal

alkaline phosphatase induced by the photorelease of ATP in H2O.

Reaction-induced infrared difference spectra in the 1800–900 cm�1 region.

Trace i is the RIDS of NPE-caged ATP without IAP; trace ii is the RIDS of

NPE-caged ATP with IAP; trace iii is the corrected RIDS of NPE-caged

ATP with IAP corresponding to the difference: spectrum ii minus spectrum

i. Buffer composition was 200 mM Tris-HCl, pH ¼ 7.4, 10 mMMgCl2, and

20 mM NPE-caged ATP with or without 50 mg/ml (0.45 mM) IAP.

Active Site of Alkaline Phosphatase 3877

Biophysical Journal 86(6) 3873–3881



Thirdly, RIDS of 0.09 mM IAP in Tris-HCl buffer p2H 7.0

containing 5 mM NPE-caged ATP, 10 mM Mg21, and

50 mM L-Phe (an uncompetitive inhibitor of IAP as well as

a derivative of 2-nitrosoacetophenone) was identical to the

RIDS of IAP under the same conditions but without L-Phe

(results not shown). This indicates that the uncompetitive site

of IAP was not involved in the structural changes. The

infrared changes observed at 1631 cm�1 and 1639 cm�1

could indicate interactions between phosphate groups with

IAP although other interpretations cannot be excluded. The

peaks located at 1670–1671 cm�1, 1651–1658 cm�1, and

1596 cm�1 may signal interactions between IAP with

2-nitrosoacetophenone.

DISCUSSION

Light-induced infrared difference spectroscopy

The basic idea of difference infrared spectroscopy is to get

rid of the enormous background absorbance from the many

groups of the protein not involved in the ligand binding. Any

absorbance related to protein moiety and to buffer which

do not participate in the ligand binding is canceled in

the difference infrared spectrum. Although one can obtain

a difference spectrum by comparing the infrared spectra of

different samples, the experimental errors due to protein or

buffer concentrations are often larger than the expected

differences caused by ligand binding. Therefore, photolytic

release of substrate from inactive caged-substrate enables

investigation of molecule-protein reaction directly in the

cuvette, thereby minimizing experimental errors due to

protein and buffer concentrations (Mäntele, 1993; Siebert,

1995; Cepus et al., 1998; Zscherp and Barth, 2001; Barth and

Zscherp, 2002). NPE-caged ATP was selected as alkaline

phosphatase substrate since it is commercially available and

it is conveniently used to monitor structural changes caused

by nucleotide binding (Troullier et al., 1996; Raimbault et al.,

1997; Von Germar et al., 1999; Geibel et al., 2000; Allin and

Gerwert, 2001; Granjon et al., 2001; Butler et al., 2002;

Kirilenko et al., 2002; Liu and Barth, 2003).

Structural changes related to phosphate-binding
induced changes in the active site

The overall infrared changes that were observed in the

amide-I region, after photorelease and complete hydrolysis

FIGURE 8 Reaction-induced infrared difference spectra of intestinal

alkaline phosphatase produced by the photorelease of ATP. Effects of Pi

and adenosine on the structure of IAP. Trace A is the RIDS of IAP without

adenosine in Tris-HCl buffer (5 mM caged ATP with 10 mg/ml (0.09 mM)

IAP in buffer containing 100 mM Tris-HCl, p2H¼ 7.0, and 10 mMMgCl2).

Trace B is the RIDS of IAP in phosphate buffer (5 mM caged ATP with

10 mg/ml (0.09 mM) IAP in buffer containing 100 mM phosphate, p2H ¼
7.0, 10 mM MgCl2). Trace C is the RIDS of IAP in the presence of

adenosine (5 mM caged ATP with 10 mg/ml (0.09 mM) IAP and 5 mM

adenosine in buffer containing 100 mM Tris-HCl, p2H ¼ 7.0, 10 mM

MgCl2). Trace D is the RIDS of IAP in the presence of adenosine and

phosphate (5 mM caged ATP with 10 mg/ml IAP and 5 mM adenosine in

buffer containing 100 mM phosphate, p2H ¼ 7.0, 10 mM MgCl2).

FIGURE 7 Reaction-induced infrared difference spectra of intestinal

alkaline phosphatase produced by the photorelease of ATP. Effects of the

increase of the NPE-caged ATP concentration on the structure of IAP. Trace

A is the RIDS of 10 mM caged ATP with IAP. Trace B is the RIDS of

7.5 mM caged ATP with IAP. Trace C is the RIDS of 5 mM caged ATP

with IAP. Trace D is the RIDS of 2.5 mM caged ATP with IAP. All the

RIDS were corrected for the contribution of photolysis of NPE-caged ATP

in the infrared spectra (see Fig. 2). Buffer composition was 100 mM

Tris-HCl, p2H ¼ 7.0, 10 mM MgCl2, and 10 mg/ml (0.09 mM) IAP with

the indicated concentrations of NPE-caged ATP.
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of 5 mM ATP by mammalian IAP in aqueous solution,

corresponded to the involvement of 2 amino acid residues

per monomer IAP, based on the ratio of infrared intensities

as determined by COBSI index. This index is a measure

of change of backbone structure and interactions and may

underestimate the number of amino acid residues affected,

due to band overlapping (Barth et al., 1996; Scheirlinckx

et al., 2001). We cannot neglect the phosphodiesterase

activity of IAP, before the photorelease of ATP from the

NPE-caged ATP, especially when the IAP concentration was

high (0.45 mM dimeric IAP in H2O Tris-HCl buffer),

contributing to underestimation of the number of amino acid

residues affected. The phosphodiesterase activity, although

very small (it is about 106 times lower than the mono-

phosphoesterase activity) was clearly assigned to E. coli
alkaline phosphatase and not to any phosphodiesterase

contaminant (O’Brien and Herschlag, 2002). Therefore,

to better observe the structural changes caused by the

phosphate binding, it was necessary to decrease IAP

concentration (down to 0.09 mM) and to increase the

NPE-caged ATP (from 2mM to 10 mM). The comparison of

the RIDS of IAP in 100 mM Tris-HCl buffer pH 7.4,

favoring the formation of a Tris-phosphate complex and its

dissociation (k5 and k6, Scheme 1) (Trentham and Gut-

freund, 1968) or in 100 mM phosphate buffer (saturating the

active site with Pi) allowed us to identify putative infrared

changes associated with phosphate groups. These changes

consisted in a decrease in intensities of the infrared bands

located at 1631 cm�1 and at 1639 cm�1, suggesting a very

small distortion of the peptide carbonyl backbone. Based

on the relative ratio of infrared intensities, these changes

corresponded to less than one amino acid residue. Whether

the changes in the intensities of the two bands are solely

related to the interactions of phosphate groups with IAP

remains to be further investigated. Nevertheless, these results

indicate that the difference between IAP and IAP-Pi com-

plex in water medium involved only very small structural

changes. Recently, x-ray diffraction data indicated that

VO3�
4 was bound in the active site of E. coli AP, providing

a structural model for the transition state in the enzyme

catalyzed reaction (Holtz et al., 1999). Comparison between

E. coli AP-vanadate complex and E. coli AP-Pi complex

shows that the active site residues move only slightly to

accommodate the transition state (Holtz et al., 1999). Our

work indicates that Pi binding induced only minimal

structural changes for the mammalian IAP, in accordance

with the x-ray results on E. coli AP. In addition, RIDS did

not reveal that water molecules could affect the confor-

mational changes induced by Pi-binding. Although water

molecules may surround the charged Pi groups, it appears
that the binding of Pi to IAP in aqueous medium had no

additional structural effects on IAP. This tends to suggest

that Pi or vanadate binding involve only elastic collisions

and is consistent with alkaline phosphatase being a ‘‘perfect

enzyme’’ at pH range from 7 to 8 (Simopoulos and Jencks,

1994; O’Brien and Herschlag, 2001,2002), where kcat/Km (as

determined for the E. coli enzyme) is maximum. The

mechanism of Pi inhibition is probably not associated with

conformational changes but Pi may serve passively to hinder

the active site.

Structural changes due to the interaction of
2-nitrosoacetophenone with alkaline phosphatase

The photolysis of NPE-caged ATP produced 2-nitrosoaceto-

phenone (free cage) and ATP, which was sequentially

hydrolyzed by IAP giving rise to adenosine and three Pi.
Since only a part of the RIDS could be assigned to the

conformational changes induced by the interactions of Pi
with IAP, the remaining part could be related to the

interactions of adenosine, 2-nitrosoacetophenone or NPE-

caged ATP with IAP. Indeed, saturation of Pi, interacting
with the active site, did not completely hinder the infrared

changes, thus indicating that Pi binding could not have

induced all the infrared changes. Addition of 5 mM of

adenosine did not prevent the infrared changes, suggesting

that adenosine did not interact with IAP. Therefore, it was

concluded that NPE-caged ATP or 2-nitrosoacetophenone

could induce structural changes at 1670–1671 cm�1, 1651–

1658 cm�1, and 1596 cm�1, affecting at least one or

two amino acid residues of the peptide backbone when

considering the ratio of infrared intensities in the amide-I

region. The location of the binding site of 2-nitrosoaceto-

phenone with IAP is outside of the active site of IAP and the

uncompetitive binding site of L-Phe in IAP, since the

addition of 100 mM phosphate or 50 mM L-Phe in IAP

samples could not prevent completely the infrared changes

of the protein in the amide-I region.
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