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ABSTRACT: We have identified a denitrase activity in macrophages that is upregulated following macrophage
activation, which is shown by mass spectrometry to recognize nitrotyrosines in the calcium signaling
protein calmodulin (CaM). The denitrase activity converts nitrotyrosines to their native tyrosine structure
without the formation of any aminotyrosine. Comparable extents of methionine sulfoxide reduction are
also observed that are catalyzed by endogenous methionine sulfoxide reductases. Competing with repair
processes, oxidized CaM is a substrate for a peptidase activity that results in the selective cleavage of the
C-terminal lysine (i.e., Lys148) that is expected to diminish CaM function. Thus, competing repair and
peptidase activities define the abundances and functionality of CaM in modulating cellular metabolism in
response to oxidative stress, where the presence of the truncated CaM species provides a useful biomarker
for the transient appearance of oxidized CaM.

Chronic inflammatory responses associated with biological
aging contribute to a loss of robustness associated with aging
as well as many age-related pathologies (1). The ability to
keep the inflammatory response in check, and thus minimize
associated oxidative damage, is fundamental to the retention
of cell function. Endogenous antioxidant defense mechanisms
(e.g., catalase and superoxide dismutase) as well as vital
repair enzymes (e.g., methionine sulfoxide reductase, per-
oxiredoxins, and isoaspartyl methyltransfereases) function
in concert to maintain protein activities critical to cell
functions and healthy aging (2-6). Likewise, an endogenous
denitrase enzyme activity has been proposed by Murad and
co-workers that may function to repair nitrated tyrosines in
proteins (7, 8), and potentially to reversibly modulate protein
function (9).

The reversible nitration of Tyr may have considerable
functional significance given (i) the potential of nitration to
block phosphorylation of Tyr and (ii) the involvement of
tyrosine kinases in mediating cellular signaling (10-15).
Thus, the accumulation of nitrotyrosines (nTyr)1 in proteins
in numerous chronic and age-related diseases may result from

an aberrant repair pathway involving the proposed denitrase
activity. Alternatively, the accumulation of nitrated proteins
during aging may simply be the result of increases in the
level of generation of reactive nitrating species or declines
in overall rates of protein degradation.

A denitrase activity has been postulated in a range of
different tissues on the basis of the time-dependent loss of
immunoreactivity against nTyr in selected cellular proteins
(7, 8, 16-19) (Scheme 1). In prior reports, Murad and co-
workers demonstrated a denitrase activity that acted against
two exogenously nitrated proteins added to activated cell
lysates, i.e., albumin and histone H1.2 (7, 8). In the case of
histone H1.2, this protein is an endogenous substrate of the
denitrase activity. In contrast, the majority of nitrated cellular
proteins were insensitive to the denitrase activity, suggesting
that the denitrase “activity has some substrate specificity”
(8). Indeed, Murad and co-workers demonstrated that nitrated
Cu/Zn SOD was not a substrate for the denitrase activity
(7). Subsequent reports have demonstrated a reversible
appearance of immunoreactive proteins in response to bouts
of hypoxia-anoxia that were resolved using two-dimensional
SDS-PAGE against nitrotyrosine antibodies in mitochondria
isolated from rat liver, including manganese superoxide
dismutase, enoyl-CoA hydratase, acetyl-CoA acyltransferase,
electron transport flavoprotein, and malate dehydrogenase
(18). These results suggested that the reversible nitration of
proteins in response to environmental insults may have a
signaling role in affecting tyrosine kinase activity (18). In
no case were individual sites of nitration resolved, nor was
the protein product that was no longer immunoreactive using
antibodies against nitrotyrosine identified.

The observed denitrase activity has been suggested to
involve a specific enzyme activity that acts on nitrated
proteins to diminish the toxicity of reactive nitrogen species,
resulting from the upregulation of inducible nitric oxide
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synthase (iNOS), since this denitrase activity is upregulated
upon exposure of animals to endotoxins, is retained by a 10
kDa membrane, is heat and protease sensitive, exhibits
selectivity against specific nitrated proteins, and is prefer-
entially observed in some tissues (e.g., spleen, lung, and
activated macrophages) (7, 8). However, the interpretation
of a loss of nTyr immunoreactivity remains ambiguous, as
antibodies against nTyr may be epitope-specific, varying with
oxidant-induced changes in protein conformation and the
overall efficacy of the antibody (19-22). Furthermore, the
nonenzymatic modification of nTyrs to form amino-Tyr or
other Tyr adducts is possible in cellular lysates (23). Thus,
unambiguous confirmation of the involvement of a denitrat-
ing enzyme requires the identification of the reaction
product(s) associated with the loss of immunoreactivity.

To this end, we have examined the nitration of macrophage
proteins following activation with lipopolysaccharide (LPS)
endotoxin and the possible selectivity of the denitrase activity
against the calcium signaling protein calmodulin (CaM),
which has previously been shown to function as a central
regulator in modulating macrophage activation (24, 25).
High-resolution reversed-phase liquid chromatography coupled
with Fourier transform ion cyclotron resonance mass spec-
trometry (LC-FTICR MS) facilitated the identification of
various oxidized and nitrated forms of CaM isolated from
activated macrophage lysates, which is distinguished from
endogenously modified CaM due to the addition of a His
tag at the N-terminus. We resolve that lysates obtained from
activated macrophages act on nTyr in CaM to restore the
native Tyr structure. Furthermore, competing with this repair
process is a protease activity that selectively recognizes
oxidized CaM to cleave a C-terminal Lys, which is expected
to diminish CaM function.

EXPERIMENTAL PROCEDURES

Materials. The pBluescript II SK vector was purchased
from Stratagene (La Jolla, CA). The following antibodies
were used: a monoclonal antibody against glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (AbCaM, Cambridge,
MA) and a polyclonal antibody against full-length CaM (sc-
5537) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
Antibodies against nTyr were generously provided by J.
Beckman of Oregon State University (Corvallis, OR) (26,
27). RAW 264.7 murine macrophages were obtained from
B. D. Thrall of Pacific Northwest National Laboratory.

Calmodulin Mutagenesis, Expression, and Purification.
The coding region for chicken CaM [accession number
MCCH (PIR database) or P02593 (SWISS-PROT database)]
was excised from a pBluescript II SK vector (28); a histidine
tag with a polyglycine linker (GHHHHHHGGGGGIL) was

added to the 5′-end of the intact CaM gene (amino-terminal
tag in the expressed protein), and the resulting construct was
subcloned into the pET-15b vector prior to transformation
into Escherichia coliBL21(DE3) for protein overexpression.
Subsequent steps relating to CaM expression and purification
are as previously described (28, 29).

Oxidation of CaM. A 15-30-fold molar excess of perox-
ynitrite (BD Bioscience, San Diego, CA) was used to oxidize
CaM, as previously described (28). Confirmation of nTyr
was determined from the appearance of an absorbance peak
at 430 nm following the addition of NaOH, whereε430 )
4400 M-1 cm-1 at pH 10.0 (30).

Reduction of CaM. Oxidized CaM (40µM) was incubated
with a methionine sulfoxide reductase B/A fusion protein
containing activities against both theR- andS-stereoisomers
of Met(O) (4 µM) in 50 mM NH4HCO3 (pH 7.7) and 10
mM dithiothreitol (DTT) for 4 h at room temperature to
enzymatically reduce Met(O) to Met (31). Nitrated Tyr in
CaM was subsequently reduced to form an amino-Tyr upon
addition of dithionite to serve as an authentic standard, made
as a 1 Msodium dithionite solution in 25 mM boric acid
(pH 8.9), essentially as previously described (21). Briefly,
2.8 µL of dithionite was added to CaM (7.7µM) to a final
volume of 1 mL, and the mixture was incubated with rotation
for 5 min. CaM was subsequently extensively desalted using
a spin column, and isolated CaM was buffer exchanged into
50 mM NH4HCO3 (pH 7.4) prior to mass spectrometric
analysis. Loss of nTyr was confirmed by decreases in the
absorption spectra (ε381 ) 2200 M-1 cm-1) (28), which
indicated a conversion efficiency of>82%.

Cell Culture Procedures. RAW 264.7 macrophages were
grown to ∼70% confluence, and cellular lysates were
prepared following their activation with bacterial antigen LPS
(either 10 ng/mL or 5µg/mL) as previously described (24).

Lysate Incubation. His-tagged CaM (10µg/mL) was added
to cellular lysate (2-4 mg/mL) obtained from either quies-
cent or activated macrophages and incubated at 37°C for 4
h. Following incubation, lysate was used for Western
immunoblotting or the His-tagged CaM was affinity purified
and dialyzed into 50 mM NH4HCO3 (pH 7.4) prior to mass
spectrometry analysis.

ReVersed-Phase LC Separations and Mass Spectrometric
Analysis. Intact CaM oxiforms (0.5µg) were separated using
a C5 reversed-phase stationary phase, essentially as previ-
ously described (32). A gradient varying from mobile phase
A [i.e., 0.05% trifluoroacetic acid (TFA), 0.2% acetic acid,
5% 2-propanol, 15% acetonitrile (ACN), and 79.75% water]
to mobile phase B [i.e., 0.1% TFA, 9.9% water, 45%
2-propanol, and 45% ACN] at a rate of∼0.5%/min was
employed. Electrospray ionization utilized a chemically
etched fused-silica needle to interface the LC system to a
modified Bruker 12 T APEX-Q FTICR mass spectrometer,
as previously described (33). One mass spectrum was
recorded every 2 s, and an average of three mass spectra
was used for data analysis.

Intact protein LC-FTICR mass spectra were processed
using software developed in-house, available for download
at http://ncrr.pnl.gov/software/, as described previously (34).
Briefly, isotopic distributions were converted to neutral
masses, which were then clustered into “unique mass classes”
(UMCs) or LC-MS features, i.e., the same peptide detected
repeatedly as it elutes from the LC column. The mass

Scheme 1: Nitration of Protein-Associated Tyr (a) and
Proposed Pathways Associated with the Selective Loss of
Immunoreactivity against nTyr Involving either Formation of
Amino-Tyr (b) or a Repair Activity Involving a Putative
Denitrase Activity (c) (7, 8, 23, 40)

Nitrotyrosine Repair in Calmodulin Biochemistry, Vol. 46, No. 37, 200710499



measurement accuracy for on-line LC-MS operation was
estimated to be<15 ppm, on the basis of the mass variation
within the UMCs. Once the UMCs were defined, constituent
mass spectra (members of each UMC) were summed and
reprocessed to improve the signal-to-noise ratio for low-
abundance species. External calibration was employed, and
median masses obtained using all isotopically resolved charge
states are reported. The number of distinct intact proteins
was calculated by counting the UMC clusters. UMC masses
were searched against the theoretical database (containing
all possible combinations of oxi- and nitro-CaM forms) for
tentative intact protein identifications.

CaM oxiforms common between samples prior and after
macrophage lysate exposure were used for alignment of
individual two-dimensional displays to provide the means
of profiling intact protein abundances. To align and normalize
LC-MS data sets generated for unmodified and oxidized
CaM samples, we have used a stable isotope-labeled internal
reference (i.e., oxidized doubly labeled [13C,15N]CaM).

Alternatively, following its isolation, CaM (1.0 mg/mL)
was denatured (i.e., 7 M urea, 2 M thiourea, and 5 mM DTT)
and incubated for 30 min at 60°C prior to addition of trypsin
(2% by weight ratio of total protein) and overnight digestion
in 0.1 M NH4HCO3 (pH 8.4) and 1 mM CaCl2 at 37 °C.
LC-MS/MS analysis of the digest was performed using a
reversed-phase capillary LC system described previously (32)
and a Finnigan LTQ-FT mass spectrometer (ThermoElectron
Corp., San Jose, CA). FTICR spectra (1× 106 AGC) were
collected for 400< m/z < 2000 at a resolution of∼10000,
followed by five data-dependent LTQ-FT MS/MS acquisi-
tions. Peptide MS/MS data were processed using Sequest
(ThermoElectron, San Jose, CA), and peptide identifications
were filtered using the rules suggested by Washburn et al.
(35).

RESULTS

Loss of ImmunoreactiVity against nTyr in CaM following
Macrophage ActiVation. Nitrated proteins were identified in
whole cell lysates from quiescent RAW 264.7 macrophages
following immunoblotting using antibodies against nTyr
(Figure 1A). Consistent with the known sensitivity of CaM
to nitration (28), there is a major nitrated protein near 16
kDa that comigrates with a CaM standard and whose
immunoreactivity is preferentially lost following macrophage
activation with LPS (Figure 1B). The band intensities of other
nitrated proteins also decrease, albeit to a smaller extent.
Likewise, there is a selective loss of immunoreactivity
associated with nitrated CaM that is very sensitive to
macrophage activation using minimal amounts of added LPS
(Figure S1 of the Supporting Information). Under these
conditions, the immunoreactivity of the majority of nitrated
proteins is unaffected by macrophage activation. These
results are consistent with prior observations that the im-
munoreactivities of the majority of nitrated proteins are not
substantially affected by macrophage activation and the
associated oxidative burst, despite substantial increases in
the level of nitric oxide and other reactive oxygen and
nitrogen species (Figure 1C) (7).

The LPS-induced loss of nTyr immunoreactivity in CaM
was confirmed by the addition of nitrated CaM to cellular
lysates prepared from either quiescent or activated macroph-

ages (Figure 1D). In all cases, nitrated CaM (75 ng) was
incubated with cellular lysates (15µg) for 4 h at 37°C. There
is no loss of total CaM protein abundance following
incubation of nitrated CaM in cellular lysates prepared from
either quiescent or activated macrophages (Figure 1D).
However, using lysates obtained following macrophage
activation with LPS, there is a substantial loss of the
immunoreactivity of nTyr in CaM. Thus, following a short
period of macrophage activation (i.e., LPS exposure for 0.5
h), there is an approximately 30% decrease in immunore-
activity against nitrotyrosines, while the immunoreactivity
against nitrotyrosines in CaM is largely abolished (i.e.,>60%
decrease in immunoreactivity) using cell lysates prepared
from fully activated macrophages, i.e., resulting from
exposure to LPS for 19 h. These results are consistent with
the presence of a putative denitrase activity in activated
macrophages. Alternatively, the formation of aminotyrosines
or protein structural changes associated with other repair
enzymes (involving, for example, the action of methionine
sulfoxide reductases) may alter the immunoreactivity of the
nitrotyrosines.

Repair and CleaVage of Oxidized CaM. Intact protein mass
spectrometry was used to assess possible post-translational
modifications or changes in the level of oxidation or nitration
of His-tagged CaM following incubation with cellular lysates
from fully activated macrophages (following exposure to LPS
for 19 h), for which the nTyr immunoreactivities are
substantially diminished (Figure 1D). A single major peak
is observed for His-tagged CaM with an average mass of
18 098.02 Da that agrees with its theoretical mass (i.e.,

FIGURE 1: Loss of immunoreactivity against nitrated CaM upon
macrophage activation. (A) Immunoblots against nTyr (left lane)
and CaM (right two lanes) from lysate (15µg) derived from RAW
264.7 macrophages or authentic CaM standard (0.2µg). (B) LPS-
dependent changes in the abundance of nitrated proteins in
macrophage lysates (15µg). (C) Nitrite production associated with
macrophage activation following exposure to LPS (10 ng/mL) for
the indicated times. All cells were plated for a total of 19 h before
measuring nitrite levels, as previously described (24). (D) Immu-
noblots against nTyr (top panel), total CaM (middle panel), or the
loading standard glyceraldehyde-3-phosphate dehydrogenase (GAP-
DH) (bottom panel) following incubation of nitrated CaM (75 ng)
in lysate (15µg) for 4 h at 37°C. Lysates were derived from either
control (i.e., no LPS exposure) or activated macrophages prepared
following exposure to LPS for either 30 min or 19 h. Endogenous
CaM represents less than 20 ng of protein in 15µg of lysate (24).
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18 098.04 Da) within 1.1 ppm (Figure 2). Following incuba-
tion of unoxidized CaM with cellular lysates, there are no
significant changes in the mass of His-tagged CaM, as
indicated by the retention of the major peak at 18 097.93
Da (5.5 ppm); no cleavage products or oxidative modifica-
tions are observed.

Pretreatment of CaM with a 15-fold molar excess of
peroxynitrite results in multiple CaM oxiforms (CaMox)
corresponding to a heterogeneous mixture of species involv-
ing the oxidation of one to nine Met residues to their
corresponding methionine sulfoxides [Met(O)] and/or the
nitration of either one or two of the Tyr residues to nTyr, as
previously characterized (28). Under these conditions, there
is reduced spectral intensity associated with unoxidized His-
tagged CaM (i.e., 18 098 Da); CaM oxiforms are manifested
as a series of peaks with masses higher than that of
unoxidized His-tagged CaM (Figure 2). Significant peak
intensities are associated with masses greater than 18 242
Da (i.e., CaM with all nine Met residues oxidized), which
represent CaM oxiforms that also include nTyr.

Following incubation of CaMox with cellular lysates from
activated macrophages, a broad shift in the distribution of
CaM oxiforms toward lower masses occurs, and multiple
new CaM oxiforms appear with masses of less than 18 098
Da (unoxidized CaM). The broad shifts in the spectrum

toward lower masses are consistent with the ability of
endogenous methionine sulfoxide reductases in lysates to
reduce Met(O) in CaM (4, 31, 36). The appearance of new
species with masses below that of unoxidized CaM suggests
that an endogenous peptidase activity selectively cleaves the
C-terminal Lys148 from CaMox, resulting in a mass decrease
of 128 Da. Indeed, a similar cleavage of the C-terminal Lys148

is observed in CaM isolated from either oxidatively sensitive
regions of the brain (37, 38) or neurons in culture that were
treated with paraquat (T. D. Williams and A. Zaidi, unpub-
lished observations). An additional feature in the spectrum
associated with the loss of water is observed for both wild-
type and oxidized CaM, as previously observed (39).

LC-FTICR Resolution of CaM Oxiforms. Due to the high
degree of similarity between various CaM oxiforms present
in considerably different amounts, their separate arrival into
the mass spectrometer is a prerequisite for successful MS
characterization. Therefore, the combination of high-resolu-
tion protein separations and effective high-performance MS
analysis of small samples proved to be critical for identifica-
tion of individual CaM oxiforms corresponding to homoge-
neous species with variable numbers of Met(O) and nTyr
residues (Figure 3).

Prior to oxidation, the majority of detected species
correspond to unmodified CaM, eluting at a normalized
retention time (NRT) of 0.76 with an average mass of
18 098.02 Da (Figure 3A). Following oxidation of CaM with
peroxynitrate, we resolve approximately 500 different CaM
oxiforms of the 2048 theoretically possible species (i.e., 29+2),
differing in the position and number of Met(O) and nTyr
residues, with NRTs varying between 0.4 and 0.8 and masses
varying from 17 970 to 18 332 Da (Figure 3B). Two-
dimensional LC-MS displays shown in Figure 3 plot
detected neutral monoisotopic masses versus normalized
retention times; each spot therefore corresponds to a par-
ticular CaM oxiform containing an integral number of Met-
(O) and nTyr residues. For example, unoxidized CaM has
the same coordinates in the LC-MS display of this mixture
of oxidized species (Figure 3B) as in the display obtained
for unoxidized CaM (Figure 3A) [an NRT of 0.76 and an
average mass of 18 098.11 Da (3.9 ppm)], while nitrated
CaM containing either one or two nTyr residues [but no Met-
(O)] elutes with NRT values of 0.77 and 0.79 with masses
of 18 142.90 Da (7.1 ppm) and 18 187.80 Da (12.6 ppm),
respectively (designated as spots 1 and 2, respectively, in
Figure 3B). In comparison, oxidation of Met residues to their
corresponding Met(O) residues results in a reduction in
retention times due to increases in polarity and corresponding
increases in mass that range from 16 Da for the oxidation
of a single Met to 144 Da upon oxidation of all nine Met
residues in CaM. In contrast, nitration of Tyr to form nTyr
results in a small increase in the retention time on the reverse-
phase column, suggesting that associated protein conforma-
tional changes reduce the overall polarity of the nitrated
protein. As a result of this increase in retention time upon
nitration of Tyr, the relative intensities of homogeneously
nitrated CaM species containing no methionine sulfoxides
can be unambiguously resolved in the two-dimensional
representations of the LC-FTICR data, allowing facile
resolution of changes in the relative abundance of these
species upon exposure of CaMox to cell lysates (Figure 3B).

FIGURE 2: Selective repair and cleavage of oxidized CaM. Averaged
intact protein mass spectra acquired during the reversed-phase LC
separation of unoxidized His-tagged CaM or partially oxidized His-
tagged CaM (i.e., CaMox) prior to (red spectra) and following (black
spectra) incubation with lysate from activated RAW 264.7 mac-
rophages. His-tagged CaM was incubated with a 200-fold excess
(mass/mass) of lysate (approximately 4 mg/mL) for 4 h prior to
affinity isolation of CaM using a Ni2+ affinity column and LC-
MS analysis. Prior to lysis, macrophages were exposed to LPS for
19 h. Mass spectra were acquired with high resolution (i.e.,
∼150000) to ensure isotopic resolution for all detected protein
species. The theoretical average mass of His-tagged CaM is
18 098.04 Da and increases by 16 Da upon oxidation of Met or 45
Da upon nitration of Tyr. Vertical dashed lines border CaM species
separated by a loss of 128.2 Da from individual CaM oxiforms
due to cleavage of Lys148. The filled circle indicates the position
of fully oxidized His-tagged CaM in which all nine Met residues
are oxidized to their corresponding Met(O) (i.e., 18 242.0 Da).
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Repair of Nitrotyrosines in CaM. Following incubation
of His-tagged CaMox with cellular lysates, and their purifica-
tion by Ni2+ affinity columns, similar protein yields are
obtained for both unoxidized and oxidized CaM from lysates.
Most importantly, there is a dramatic reduction in the
complexity of the two-dimensional display obtained for
CaMox following incubation with cellular lysates, consistent
with the reduction of Met(O) and nTyr (Figure 3B) (see
Figures S2 and S3 of the Supporting Information for
assignments of individual spectra). The loss of nTyr is
apparent from the large reduction in the spectral intensity
associated with doubly nitrated CaM (Figure 3C) and is
consistent with the substantial reduction in the overall
intensity of the CaM oxiforms that include nTyr (species
with masses of greater than 18 242 Da) (see Figures S2 and
S3 of the Supporting Information). There are corresponding
increases in the relative abundances of CaM containing either
zero or one nTyr (data not shown). In no case are CaM
species observed with amino-Tyr, whose coordinates in the
two-dimensional display were identified using an authentic
standard (data not shown; the amino-Tyr-containing CaM
LC-MS coordinates are indicated as a solid circle in Figure
3B). These latter results indicate that nTyr residues in CaM
are substrates for reduction following macrophage activation
and rule out their conversion to amino-Tyr, formation of
which is possible through both enzymatic and nonenzymatic
mechanisms (23, 40, 41). Thus, these results demonstrate
an inducible denitrase activity in activated macrophages that
functions to restore nTyrs to their native structure.

C-Terminal CleaVage of Lys148 in Oxidized CaM. In
addition to substantial amounts of repair, a fraction of CaMox

is cleaved to generate a truncated species with a mass 128
Da below the mass of CaMox (Figure 3B). In all cases, paired
species were identified linking the truncated CaM to a parent
species with a mass difference of 128 Da (see Figure S3 of
the Supporting Information). These results are consistent with
prior observations that the C-terminal Lys148 is cleaved in a
subpopulation of CaM isolated from oxidatively sensitive
regions of the brain (37, 38).

Confirmation of the identity of the cleavage product was
accomplished using LC-MS/MS measurements using a more
extensively oxidized CaM sample, which increases the
abundance of the cleavage product. His-tagged CaM was
purified from cellular lysates and digested with trypsin,
permitting sequence identification of the C-terminal peptides
of CaM by LC-MS/MS (Figure 4). LC-MS/MS data
confidently identified eight different peptides derived from
the C-terminus of CaMox. A large portion of the peptides
(i.e., 25%) were cleaved at Lys148 (Figure 4A), indicating
the presence of an endogenous peptidase activity that
recognizes CaMox to selectively cleave the C-terminal Lys148.

DISCUSSION

Summary of Results. Using LC-FTICR to resolve oxi-
dized and nitrated CaM species, we report that nTyr residues
in CaM are substrates for a denitrase activity that is
upregulated following macrophage activation, which func-
tions to restore the native structure of protein-bound Tyr in
CaM (Figures 1-3). Furthermore, oxidized CaM is recog-
nized for cleavage by an endogenous peptidase that selec-
tively cleaves the C-terminal Lys148 (Figure 4). Additional

FIGURE 3: LC-FTICR identification of a denitrase activity. Two-dimensional displays depicting resolved intact protein masses of individual
CaM species detected using reversed-phase separation for unoxidized CaM (A) or partially oxidized CaM (i.e., CaMox) (B), either prior to
(red symbols) or following (black symbols) incubation with cell lysate from activated macrophages and subsequent purification of His-
tagged CaM using Ni2+ affinity chromatography. The mass of unoxidized CaM is indicated with blue arrows. Positions are also indicated
for nitrated CaM containing one or two nTyr residues, but no Met(O) (i.e., spots labeled 1 and 2 in panel B). Normalized spectral intensities
for doubly nitrated CaM species (no oxidized Met residues) are shown in panel C and correspond to mass spectra associated with spot 2
in panel B. Retention times are normalized to allow direct comparisons between subsequent runs using oxidized and unmodified CaM as
standards. A solid circle and a dashed oval in panel B represent CaM oxiforms that contain amino-Tyr (not detected) or following cleavage
of Lys148 (see Figure 4), respectively.
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reduction of Met(O) in CaMox involves the action of
endogenous methionine sulfoxide reductase enzymes, which
act to further reduce the extent of oxidative damage to CaM
and restore the native protein fold necessary for efficient
calcium signaling (36, 42). Thus, the distribution of CaM
species is likely to represent the product of competing
pathways involving repair enzymes and proteases, which
together modulate calcium signaling in macrophages through
the modulation of CaM function.

CaM and Macrophage ActiVation. CaM represents the
central regulator in mediating macrophage activation (24,
25, 43). Specifically, CaM is responsible for the formation
of nitric oxide through the activation and stabilization of
iNOS that is necessary for bacterial killing (24). Additional
regulation is apparent in the CaM-dependent modulation of
inflammatory cytokine release (25). Furthermore, both Tyr99

and Tyr138 in CaM are substrates of tyrosine kinases, which
function to modulate CaM-dependent target activation (44-
47). Thus, given that nitration can interfere with Tyr
phosphorylation by tyrosine kinases (2), the presence of a
cellular denitrase that is upregulated following macrophage
activation is central to the maintenance of tyrosine kinase-

dependent signaling pathways under conditions of oxidative
stress.

Additional regulation of CaM function is possible through
specific structural changes that result from the nitration of
Tyr138 or proteolysis of Lys148 in CaM. Prior measurements
indicate that there is a structural uncoupling between the
opposing domains of CaM as a result of either the disruption
of the hydrogen bond between Tyr138 and Glu82 or deletion
mutations that destabilize the C-terminal helix that contains
Met144 and Met145 (48, 49). These results suggest that either
nitration of Tyr138 or proteolysis of Lys148 is likely to disrupt
the structural coupling between the opposing domains of
CaM and has the potential to modify the productive associa-
tion between CaM and different target proteins.

Substrate Specificities of the Denitrase ActiVity. The
denitrase activity identified by Murad and co-workers is
known to act selectively on a limited number of target
proteins and, in agreement with our measurements, does not
recognize the majority of nitrated proteins in activated
macrophages (7, 8) (Figure 1, and Figure S1 of the
Supporting Information). Histone H1.2 was identified to be
an endogenous substrate of the denitrase (7). Our observation
that CaM is nitrated under cellular conditions and is a
substrate for the denitrase represents the second identified
physiological substrate for the denitrase. Possible reasons
underlying the selectivity of the denitrase against selected
target proteins, including CaM, may be related to the
accessibility of protein-associated nTyr to the active site of
the denitrase, which in many cases may be limited in the
native structure. In the case of CaM, we know from prior
experiments that there are large reductions in secondary
structure following nitration with peroxynitrite that is related
to the oxidation of sensitive methionines to their correspond-
ing methionine sulfoxides (6, 28). These results suggest that
the denitrase activity may act selectively on nitrotyrosines
within conformationally disordered protein sequences, which
may explain the inability to identify a general denitrase
activity that acts on the majority of nitrated proteins (7, 8).
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Additional data mentioned in the text showing immuno-
blots of the relationship between endogenous nitration and
LPS concentrations (Figure S1) and intact protein LC-
FTICR data showing resolution of CaM oxiforms with
annotation prior to (Figure S2) and following (Figure S3)
incubation with activated macrophage lysate. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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