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Peroxynitrite Inactivates Carbonic Anhydrase II by Releasing Active Site Zinc Ion
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Peroxynitrite enters erythrocytes through band 3 anion exchanger and oxidizes cytosolic proteins therein. As a
protein associated with band 3, carbonic anhydrase II may suffer from peroxynitrite-induced oxidative
damages. Esterase activity of carbonic anhydrase II decreased as the concentration of peroxynitrite increased.
Neither hydrogen peroxide nor hypochlorite affected the enzyme activity. Inactivation of the enzyme was in
parallel with the release of zinc ion, which is a component of the enzyme's active site. SDS-PAGE of
peroxynitrite-treated samples showed no indication of fragmentation but non-denaturing PAGE exhibited new
bands with lower positive charges. Western analysis demonstrated that nitration of tyrosine residues increased
with the peroxynitrite concentration but the sites of nitration could not be determined. Instead MALDI-TOF
analysis identified tryptophan-245 as a site of nitration. Such modification of tryptophan residues is responsible
for the decrease in tryptophan fluorescence. These results demonstrate that peroxynitrite nitrates tyrosine and
tryptophan residues of carbonic anhydrase II without causing fragmentation or dimerization. The peroxynitrite-
induced inactivation of the enzyme is primarily due to the release of zinc ion in the enzyme's active site.

Key Words : Carbonic anhydrase, Peroxynitrite, Inactivation, Zinc

Introduction

Blood can encounter various reactive oxygen and nitrogen
species. Vascular and immune cells produce nitric oxide,
superoxide, hydrogen peroxide, and hypochlorite. Nitric
oxide and superoxide react very rapidly (k~1010 M−1s−1) to
produce peroxynitrite, a strong oxidant that oxidizes and
nitrates biological molecules.1 Endotoxin-induced generation
of peroxynitrite has been demonstrated in blood plasma.2

Once formed in plasma, peroxynitrite can cross the
erythrocyte membrane in the anionic form through band 3
anion exchanger and in the protonated form by passive
diffusion.3 In the cytosol of erythrocytes, peroxynitrite
oxidizes hemoglobin,4 modulates tyrosine-dependent signal
transduction,5,6 and depletes glutathione.7 Hydrogen peroxide
can also diffuse into erythrocytes and oxidize hemoglobin.8,9

Hypochlorite causes damage to the erythrocyte membrane
and membrane proteins10 but the damage to cytosolic com-
ponents has not been characterized.

Carbonic anhydrase is found in almost all organisms and
involved in diverse biological processes including photo-
synthesis, the formation of ocular fluid, and the CO2

exchange between the blood and tissues.11 The enzyme
catalyzes the reversible hydration of carbon dioxide: CO2 +
H2O = H+ + HCO3

−. Human carbonic anhydrase II (CA II) is
an extremely efficient enzyme with kcat~106 s−1. The enzyme
contains a Zn2+ ion in its active site which is coordinated by
three histidine ligands. CA II binds to band 312 and ion
channels13 and modulates their functions. Since band 3
serves as the entrance channel for peroxynitrite, it is worth
analyzing the interaction of CA II with peroxynitrite.

In this study, we demonstrated that peroxynitrite inacti-
vates human CA II by releasing zinc ion from the active site.
The protein moiety of the enzyme was also damaged by
peroxynitrite.

Experimental Section

Materials. Human carbonic anhydrase II was purchased
from Sigma (St. Louis, MO, USA). Antinitrotyrosine antibody
was from Upstate Biotechnology (Lake Placid, NY, USA)
and ECL Western blotting detection reagents were from
Amhersham (Buckinghamshire, UK). FluoZin-3, a Zn2+ probe,
was obtained from Molecular Probes (Eugene, OR, USA).
All other chemicals were from Sigma. Peroxynitrite was
prepared by the reaction of H2O2 and isoamyl nitrite.14

Concentration of peroxynitrite was measured spectrophoto-
metrically by using ε = 1670 M−1cm−1. Buffer (0.1 M TrisHCl,
pH 7.4) was treated with Chelex-100 to remove trace metal
ions.

Enzyme activity measurements. Human CA II (10 µM)
was treated with peroxynitrite of a given concentration and
incubated at 35 oC for 30 min. An aliquot (100 µL) of the
peroxynitrite-treated enzyme was added to 1.9 mL Tris
buffer and 0.9 mL p-nitrophenylacetate. Increase in the
absorption at 348 nm was monitored by using a Hewlett-
Packard HP 8483 spectrophotometer (Palo Alto, CA, USA).

Quantitation of released zinc ion. FluoZin-3, upon
binding Zn2+, fluoresces at 516 nm when excited at 494 nm.
The peroxynitrite-treated samples were diluted to a final
enzyme concentration of 1 µM. FluoZin-3 (2 µM) was
added and the fluorescence spectrum was obtained by using
SLM-Aminco AB-2 luminometer (Urbana-Champaign, Il,
USA).

Western blotting. Samples were subjected to 10 % SDS-
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PAGE and the protein bands were transferred to nitrocellulose
membrane. Western blotting was performed by using anti-
nitrotyrosine antibody and ECL Western blotting detection
reagents.

MALDI-TOF mass spectrometry. The peroxynitrite-
treated samples were hydrolyzed by adding trypsin. MALDI-
TOF spectra were obtained on a Applied Biosystems
Voyager-DE STR spectrometer (Foster City, CA, USA).
Experimentally obtained peptide masses were entered into
the ProteinProspector program for comparison to the known
sequence of human CA II.

Results

Vascular and immune cells produce various ROS/RNS that
can attack erythrocytes. The primary ROS/RNS include
superoxide and nitric oxide, from which H2O2 and per-
oxynitrite are formed. In addition, neutrophil produces
HOCl which is involved in killing of invading pathogens.
Therefore H2O2, HOCl, and peroxynitrite are three major
species in the blood that may affect the activity of carbonic
anhydrase II in erythrocytes.

We incubated human CA II in 1 mM each of these
oxidants and measured the esterase activity of the enzyme.
As shown in Figure 1, H2O2 did not alter the activity of CA
II whereas HOCl reproducibly enhanced the activity by
~30%. S-nitrosothiols, which donate nitric oxide, did not
affect the enzyme activity (not shown). Peroxynitrite was the
only oxidant that inactivated CA II by ~50%.

We next measured the concentration dependence of the
inactivation. Figure 2 shows that the activity of CA II (filled
circles) decreased as the peroxynitrite concentration increased.
About 30% of the activity was lost when the enzyme was
incubated with 200 µM peroxynitrite, which is in 20-fold
excess of the enzyme.

CAII contains a zinc ion in the active site that participates

in CO2 binding and hydration.11 We measured the concen-
tration of free Zn2+ in the solution to see if the enzyme
inactivation by peroxynitrite was due to the release of Zn2+.
As shown in Figure 2 (open circles), Zn2+ was released pro-
portionally from the enzyme as the peroxynitrite concen-
tration was increased. Other than the slight discrepancy at
200 µM, the degree of inactivation was well correlated with
the loss of Zn2+.

We next employed polyacrylamide gel electrophoresis
(PAGE), under denaturing and non-denaturing conditions, to
examine any alterations induced by peroxynitrite in the
enzyme structure. The SDS-PAGE (Fig. 3, upper panel) of
the untreated sample exhibited a band at ~30 kD. Upon
increasing the concentration of peroxynitrite, the intensity of
this band did not change and no new bands appeared. This
suggests that the peroxynitrite treatment did not result in
fragmentation or oligomerization of the protein moiety of
CA II.

Unlike SDS-PAGE, there were distinct changes in non-
denaturing PAGE as shown in the middle panel of Figure 3.
The untreated sample showed a single band but as the
peroxynitrite concentration increased, there appeared addi-
tional bands in a ladder-like pattern. It may reflect either the
loss of Zn2+ or oxidation of amino acid residues resulting in
a net decrease in the positive charge.

Tyrosine and tryptophan residues are major sites of
peroxynitrite-induced nitration in proteins. 3-Nitrotyrosine,
a reaction product of peroxynitrite and tyrosine, can easily
be detected by Western blotting using antinitrotyrosine
antibody. The lower panel of Fig. 3 shows that the concen-
tration of 3-nitrotyrosine increased with the peroxynitrite
concentration. The result is not surprising considering that

Figure 1. Effects of oxidants on the activity of carbonic anhydrase
II. CA II (10 µM) was incubated with 1 mM each of the oxidants at
35 oC for 30 min. The enzyme's esterase activity was measured by
the method described in Experimental Section.

Figure 2. Peroxynitrite-induced inactivation of carbonic anhydrase
II and release of Zn2+. CA II (10 µM) was incubated with a given
concentration of peroxynitrite at 35 oC for 30 min. The enzyme
activity and the concentration of released Zn2+ were determined
according to Experimental Section.
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human CA II contains seven tyrosine residues.
In order to identify the nitrated residue(s), we digested the

samples with trypsin and obtained MALDI-TOF spectra.
Nitration should increase the molecular weight by 45.
Unfortunately we were not able to identify a tyrosine residue
that was nitrated. Instead, we identified a band at MW=2786
whose intensity decreased with a concomitant increase in the
band at MW=2831. Searching a data base, we found a
matched peptide containing amino acid residues 229-252,

LNFNGEGEPEELMVDNWRPAQPLK. Since this fragment
does not contain a tyrosine residue, we suggest that trypto-
phan-245 was partially nitrated.

Human CA II has seven tryptophan residues so that it
exhibits strong fluorescence when excited at 280 nm. We
measured the fluorescence intensity at 350 nm to estimate
modification of tryptophan residues by peroxynitrite. As
shown in Figure 5, the tryptophan fluorescence decreased
with the concentration of peroxynitrite due to either
oxidation or nitration of tryptophan residues. We also
measured ANS fluorescence to estimate the exposure of
hydrophobic interior of the peroxynitrite-modified CA II.
Absence of the increase in the ANS fluorescence intensity
indicated that peroxynitrite did not cause a large change in
the protein structure (data not shown).

Discussion

Among the isoforms of carbonic anhydrase, CA III has
been studied most extensively for oxidation15 and modi-
fication16,17 by ROS/RNS. Interaction of CA II and ROS/
RNS has not been studied although it binds to band 3
through which superoxide and peroxynitrite enter erythro-
cytes.3

Hydrogen peroxide, hypochlorite, and peroxynitrite repre-
sent the major oxidants produced in the blood. We showed
that only peroxynitrite inactivated CA II. Hydrogen peroxide
normally reacts with redox active transition metals such as
Fe and Cu to produce extremely strong oxidants. Zinc ion in
CA II is not redox active so that a direct reaction between
Zn2+ and H2O2 is not likely. Even if H2O2 oxidized the single
cysteine residue of CA II, it is not responsible for the
enzyme inactivation. Interestingly, hypochlorite significantly
enhanced the CA II activity. Since the major targets for
hypochlorite are cysteine and methionine,18 we again assume
that the oxidation of sulfur-containing amino acid residues
can not be a cause for the enzyme inactivation.

Peroxynitrite is known to cross-link proteins via dityrosine
formation.19 It also frequently causes oxidative fragmen-
tation of proteins.20 Human CA II has eight tyrosine residues
that may be cross-linked when oxidized by peroxynitrite.
The SDS-PAGE pattern in Figure 3, however, shows that
peroxynitrite caused neither dimerization nor fragmentation
of the protein. Instead, non-denaturing PAGE exhibited new
bands with lower negative charges. Oxidation of proteins
often results in reduction of positive charges as exemplified
by oxidized low density lipoprotein.21 The ladder-like pattern
we observed, however, may be due to loss of metal ions (i.e.
Zn2+). A similar phenomenon was observed when Cu,Zn-
superoxide dismutase was oxidized by ozone,22 singlet oxygen,
or peroxynitrite (unpublished data).

3-Nitrotyrosine is a hallmark of modification of proteins
by peroxynitrite.23 Western blots clearly demonstrated produc-
tion of 3-nitrotyrosine in peroxynitrite-treated CA II.
Efficient nitration of tyrosine residues can be explained by
the fact that most of the tyrosine residues in CA II are
exposed to the surface of the protein. Quantitation of nitrated

Figure 3. Polyacrylamide gel electrophoreses and Western blots of
the peroxynitrite-treated carbonic anhydrase II. CA II (10 µM)
samples treated with given concentrations of peroxynitrite were
subjected to 10% SDS-(upper panel) and 12% non-denaturing
(middle panel) PAGE and stained with Coumassie blue. Western
blots (lower panel) were obtained by using antinitrotyrosine
antibody and ECL reagents.

Figure 4. MALDI-TOF mass spectrometry for the identification of
nitrated residues. Untreated (upper) and 1 mM peroxynitrite-treated
(lower) CA II were hydrolyzed by trypsin and their MALDI-TOF
mass spectra were obtained. Note that the intensity of the band at
2786 decreased with a new band appearing at 2831. The mass
difference of 46 corresponds to nitration.
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tyrosine by Western blotting is practically impossible so that
we were not able to correlate tyrosine nitration with the
enzyme inactivation. Attempt to identify the nitrated tyro-
sine residues was not successful possibly due to a low
concentration of nitrated tyrosine. Instead, MALDI-TOF
mass spectrometry identified tryptophan-245 as the site of
nitration. Tryptophan can be nitrated by peroxynitrite24 and
by nitrogen dioxide generated by peroxidatic oxidation of
nitrite.25 The indole ring of trp-245 is completely exposed in
the structure of human CA II (1avn.pdb) so that it is prone to
attack by peroxynitrite. It is not clear that the nitration of
tryptophan is related to the release of Zn2+.

In summary, we demonstrated that peroxynitrite nitrates
tyrosine and tryptophan residues of carbonic anhydrase II
without causing fragmentation or dimerization of the protein.
The peroxynitrite-induced inactivation of the enzyme is due
to the release of the zinc ion in the enzymes active site.
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Figure 5. Decrease in tryptophan fluorescence as a function of
peroxynitrite concentration. Fluorescence spectra of the samples in
Figure 2 were obtained by exciting at 280 nm. The relative
fluorescence intensity was measured at 350 nm.


