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Cobalt is an essential microelements in many biological proc-
esses involving enzymatic activity. We found that Zn2+ and 
Mg2+, which are in the active site of native calf intestine alka-
line phosphatase (CIP), can be replaced by Co2+ directly in 
solution. The effect of Co2+ concentration on the substitution 
reaction was examined at ratios of [Co2+]/[CIP] from 0:1 to 8:1. 
The quantity of Zn2+ in CIP decreased progressively as the ra-
tio was increased, but the amount of Mg2+ changed in irrre-
gular fashion. A series of active site models of the reaction 
mechanism of CIP are proposed. Low pH was found to pro-
mote the replacement of Mg2+ by Co2+. To understand how 
the substitution affects the enzyme, we also solved the secon-
dary structure of CIP after reaction with Co2+ in different 
conditions.  [BMB reports 2008; 41(4): 305-309]

INTRODUCTION

Alkaline phosphatase (EC3.1.3.1) is a nonspecific phosphomo-
noesterase that hydrolyzes phosphomonoesters as well as the 
phosphate termini of DNA (1). It is characterized by a high pH 
optimum and broad substrate specificity (2, 3). It exists in or-
ganisms of all kinds and plays a vital role in survival under 
phosphate starvation (4, 5, 6). The X-ray crystal structure of 
bacterial alkaline phosphatase to 2.0 Å resolution in the pre-
senve of inorganic phosphate has been reported (7). The active 
site is a tight cluster of two zinc ions (3.9 Å separation) and 
one magnesium ion (5 Å and 7 Å from the two zinc ions). 
Recently the x-ray structure of human alkaline phosphatase has 
also been determined (8, 9).
    Calf intestine alkaline phosphatase (CIP) is also a dimeric met-
alloenzyme containing Zn2+ and Mg2+, with a molecular weight 
of 138000 including 12% carbohydrate (10). Substitution of the 
metal ions of a metalloenzyme is one of the mildest and most 
specific procedures presently available to chemically modify an 

enzyme. Cobalt is an essential component of many biological 
processes. Moreover, Co2+ is the only metal which substitutes 
for zinc in alkaline phosphatase to yield significant enzymatic 
activity when measured by steady-state kinetics (11). Some au-
thors have used Co2+ to substitute for the native metal ions of al-
kaline phosphatase (12, 13), starting from metal-free enzyme. 
Our research focuses on the substitution of cobalt ions for metal 
ions starting from native CIP. To explore the conformational 
changes of CIP during the course of substitution, we employed 
circular dichroism (CD), a well-known spectroscopic technique 
for obtaining information on the secondary structure of proteins 
(14,15), together with methods (SELCON3, CONTIN, CDSSTR) 
for estimating protein secondary structures from CD spectra (16, 
17, 18, 19). The assignments obtained from these methods gave 
six types of secondary structures: regular α-helix, αR; distorted 
α-helix, αD; regular β-strand, βR; distorted β-strand, βD; turns, T; 
and unordered, U. The results suggest that the metal ions in the 
active site influence the secondary structure and the activity of 
the enzyme.

RESULTS AND DISCUSSION

Substitution of the metal ions in CIP
Co2+ can replace the metal ions in native CIP directly in solution. 
Table 1 shows that the native enzyme contains 4.5 g-atoms of 
zinc and 2.6 g-atoms of magnesium. After reacting with cobalt 
chloride, the quantity of Zn2+ decreased gradually with in-
creasing molar ratio of Co2+ to CIP, and Mg2+ reached a mini-
mum when the molar ratio was 2:1, then rebound to 1.9g and 
1.7 g when the molar ratio increased to 4:1 and 8:1, 
resepctively. Since the ionic radii of Co2+ and Zn2+ are similar 
and these ions share the capacity to accept distorted geometries 
(20), and the coordinating ability of Co2+ is also greater than 
that of Zn2+ ions, Co2+ can gradually replace Zn2+ with in-
creasing concentrations of Co2+. 
    We propose a series of active site models to account for how 
Mg2+ content changes in the CIP (Fig. 1). When the molar ratio 
increased from 0:1 to 2:1, Mg2+ and Zn2+ were displaced by 
63.1% and 53.3% respectively (Table 1). The active site of CIP 
changed from model 1 to models 2 and 3, with model 2 the 
dominant form. When the molar ratio reached 4:1, Zn2+ was 
displaced by 60%, Mg2+ by 26.9%, and models 4 and 5 existed 
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pH Co(II)：CIP
(molar ratio)

Metal quantity / g·molar-1

∆Zn2+ / % ∆Mg2+ / % Enzyme activity
(%native)

Zn Mg Co

8.9
8.9
8.9
8.9
8.9
8.0
6.5
8.0
6.5

0︰1
1︰1
2︰1
4︰1
8：1
4︰1
4︰1
0︰1
0︰1

4.5
3.6
2.1
1.8
0
2.5
2.8
4.5
4.5

2.6
1.4
0.96
1.9
1.7
1.7
1.4
2.6
2.6

0
1.2
2.5
2.7
4.8
2.9
2.5
0
0

0
20
53.3
60

100
44.4
46.2
0
0

0
46.2
63.1
26.9
34.6
34.6
37.0
0
0

100
43.4
41.5
28.1
24.1
83.0
42.2
87.5
11.2

Table 1. Changes of the metal ions in CIP after reaction with cobalt chloride in different conditions ([Co(II)]/[CIP] varied from 0:1 to 8:1; pH varied 
from 6.5 to 8.9 at [Co(II)]/[CIP] of 4:1), and enzyme activity of the metal ions were replaced by Co2+ . (the samples were dialyzed against 10 mM 
Tris-HCl (pH 8.9) to eliminate un-bound metal ions)

Fig. 1. Active site models of CIP after incubation with different 
concentrations of Co2+ (at a molar ratio of 4:1)

Fig. 2. The CD spectra were taken at 25°C. The final concentration
of enzyme was 0.95 mg/ml (∆εM-1 cm-1 is given per residue molar
absorbance unit), after the active site ions were replaced at different
concentrations of Co2+. (A) The molar ratios of [Co2+]/[CIP] were 
0:1, 1:1, 2:1, 4:1 and 8:1 (curves 1 to 5). (B) pH effect on CD 
spectra of native CIP solution at pH 6.5 to 8.9 (curves 1 to 3). (C)
in a solution of constant Co2+ concentration (4:1) at pHs from 6.5
to 8.9 (curves 1 to 3)

in equilibriom with the former dominant so that the content of 
Mg2+ in the CIP increased. At 8:1, models 5 and 6 appeared to-
gether; at this point Co2+ was in great excess and could replace 
the Mg2+, so that model 6 was the dominant form, and the 
Mg2+ content of the enzyme was lower than at 4:1.
    The effects of pH on the substitution reaction are shown in 
Table 1. It can be seen that low pH favors the replaceent of 
Mg2+ by Co2+, but that the Zn2+ content increases as the pH 
decreases. This difference may result from conformational 
changes of CIP in solution at different pHs. 

Structure studies
Fig. 2A presents the changes of CD spectra. The native CIP sol-
ution gives double negative peaks, and the peak at 208 nm is 
higher than the peak at 222nm. The intensity and shape of the 
CD spectra changed when the Zn2+ and Mg2+ in CIP were re-
placed by Co2+. The average fractions of secondary structure 
estimated from the CD data are given in Table 2. The regular 

α-helix content was 7.2% and the distorted α-helix content 
was 10.3% in the native enzyme, while the two helical struc-
tures were reduced to 0.5% and 4.9%, respectively, when the 
molar ratio reached 2:1. There was also a substantial increase 
in the two kinds of β-strand structures as the molar ratio in-
creased from 0:1 to 2:1, which indicates that the β-strand con-
formation may be more stable than the α-helix when the Mg2+ 
in CIP decreases. At molar ratio 4:1, the Mg2+ in CIP increased 
compared with 2:1 and the content of regular α-helix was sim-
ilar to that of native CIP. When the molar ratio increased to 
8:1, the metal ions in CIP consisted almost entirely of Co2+ 
and Mg2+, and the two helical structures and regular β-strand 
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pH Co2+：CIP
Molar ratio

Fraction of secondary structure, %

α R α D β R β D T U

8.9
8.9
8.9
8.9
8.9
8.0
6.5
8.0
6.5

0:1
1:1
2:1
4:1
8:1
4:1
4:1
0:1
0:1

7.2
4.2
0.5
7.1
8.6
5.8
2.8
7.7

11.0

10.3
9.7
4.9
8.8

10.4
8.2
3.9

10.9
11.8

19.3
30.8
27.3
15.9
23.3
21.8
22.4
18.7
17.7

10.5
14.0
12.8
9.3

10.2
11.6
12.9
10.4
10.0

20.5
18.1
21.9
22.6
20.4
19.7
23.1
22.5
22.9

32.2
23.2
32.6
36.3
27.0
32.9
35.0
29.8
27.4

Table 2. Average estimates of the Secondary Structure Fractions of CIP Solutions obtained with the CDPro Software Package after reaction with co-
balt chloride in different conditions

increased to 8.6%, 10.4% and 23.3%, respectively, because 
Co-CIP and Zn-CIP have different conformations.
    Fig. 2B shows the pH-dependent changes of the secondary 
structure of native CIP in solution, and Table 2 shows that the 
content of regular α and distorted α-helix declined when pH 
increased from 6.5 to 8.9, while the two kinds of β-strand 
increased. Fig. 2C illustrates the significant change in the CD 
spectra of CIP when incubated with Co2+ at different pHs. 
Table 2 also reveals that the percentage of regular and dis-
torted α-helical structure decreased from 7.1% and 8.8% to 
2.8% and 3.9%, resepctively, while the two kinds of β-strand 
increased. This is because the Mg2+ in the active site of CIP 
plays a significant role in maintaining the structure of the 
enzyme. A decrease of Mg2+ causes changes in the micro-en-
vironment that disrupt the conformation of CIP.
    Studies on Escherichia coli alkaline phosphatase (ECAP) have 
shown the importance of the divalent metal ions: Mg2+ does 
not directly participate in the mechanism but is important for 
stabilization of the enzyme, whereas the two Zn2+ ions are di-
rectly involved in catalysis (21, 22). The Mg2+ can affect the 
structure and function of molecular chromophores (23) as well 
as of many enzymes (24, 25). Mg2+ plays an important role as 
a site-specific effector since it binds to the non-native structure, 
probably to the active site region, stabilizing transient con-
formations and guiding conformational reconstitution into pro-
ductive pathways (26). 

Changes of the activity of CIP
The changes of the activity of CIP are shown in Table 1. Activity 
gradually decreased due to the changes of Zn2+. The alkaline 
phosphatase reaction involves an attack of a serine alkoxide 
on the phosphorus of the substrate to form a transient covalent 
enzyme-phosphate complex followed by hydrolysis of the ser-
ine phosphate (27). When Co2+ replaces Zn2+ and Mg2+, it 
forms a very strong coordinate bond with Ser-102, so the activ-
ity of the enzyme decreases (28). When the pH was decreased 
from 8.0 and 6.5, and the molar ratio maintained at 4:1, activ-
ity declined to minimum of 8.3%. This suggests that CIP was 

denatured at low pH and could not be renatured completely at 
high pH (29). Activity at pH 8.0 was higher than at pH 8.9. 
The change of the enzyme activity was related to the content 
of Zn2+, which implies that Zn2+ plays an important role in 
CIP activity.

MATERIALS AND METHODS

Materials
CIP was obtained from TCI (Tokyo, Japan). The specific activity 
of the purified enzyme was 3.0 u/mg. p-Nitrophenyl phos-
phate (pNPP) was from Promega. All other chemicals were lo-
cal products of analytical grade. 

Protein concentration
Enzyme concentration was determined using an absorption co-
efficient A1%

278 of 7.60 (10).

CIP activity assay
Enzyme activity was determined at 25oC by following the in-
crease of absorbence at 402 nm per minute accompanying the 
hydrolysis of substrate (pNPP) with a molar absorption co-
efficient of 1.73 × 104 M-1cm-1. The reaction was initiated by 
addition of the enzyme and stopped by addition of 0.5 ml of 
0.5M NaOH.

Reaction of CIP with cobalt chloride
We used doubly distilled water in all the experiments, and the 
enzyme concentration was 5.7 mg/ml. The molar ratios of Co2+ 
to CIP were 0:1, 1:1, 2:1, 4:1, 8:1. Measurements of the effect 
of pH on the substituent reaction were done in 50 mM Tris-HCl 
buffer, at a molar ratio of Co2+ to CIP of 4:1. The pH titration 
was started at pH 8.9, following which the solution was titrated 
to pH 8.0 and pH 6.5 by the addition of 0.1 M HCl. During the 
titration, pH was monitored with a Pinnacle 545 pH meter.
    All samples were incubated at 4oC for a week, then dialyzed 
against 10 mM Tris-HCl (pH 8.9) to eliminate un-bound metal 
ions. The final enzyme concentration was 0.95 mg/ml; this was 
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used to determine the metal ion content of CIP, circular dichro-
ism (CD) spectra and enzyme activity.

Physical measurements
The Inductively Coupled Plasma (ICP) was recorded with a 
Thermo Jarrell ASH Corporation IRIS Advantage, and the con-
tent of metal ions per mole of CIP was calculated from a mo-
lecular weight of CIP of 138000. The secondary structure of 
CIP was determined with a Jasco J-810 spectropolarimeter fit-
ted with a 150-W xenon lamp. Quartz cells of 0.2-mm path 
length were used for all CD measurements, and the spectra 
were recorded in the far-UV region (200-240 nm) with a re-
sponse time of 8 s and scan speed of 50 nm/min. Three scans 
were accumulated and averaged for each spectrum after the 
background of the buffer solution or blank quartz slide was 
subtracted. In order to obtain the secondary structure fractions 
of CIP, the CDPro. software package was used; this consists of 
the three programs, SELCON3, CONTIN, and CDSSTR, and a 
program for determining tertiary structure class (CLUSTER). 
One of the major advantages of the CDPro software package is 
that the programs have been modified to accept any given set 
of reference proteins (CD spectra and secondary structure frac-
tions), and seven such reference sets are provided. Moreover, 
input data files for these three programs are identical. More in-
formation about CDPro is available at the following website: 
http://lamar.colostate.edu/sreeram/CDPro. The activity analysis 
was performed with a Varian Cary 100 UV-Vis spectropho-
tometer. All of these spectral analyses were completed at a 
room temperature of 25oC.
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