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comparison to that seen with wild type MPO. Similar to the events
in Y173C, the apoproM251T acquired heme inefficiently, at levels
~ 10% of controls and expressed profoundly reduced peroxidase
activity. These data suggest that M251T transfectants incorporate
heme either inefficiently or with low affinity. Definition of the func-
tional impact of M251T may be especially informative because of
its proximity to D260, the residue in the light subunit covalently
bound to the heme group.

Solution of the crystal structure of human MPO at 1.8 Å (7) has
resolved many questions about the structure around the heme of
MPO, once the subject of considerable debate. The heme pocket is
in a crevice ~ 15-20 Å deep, formed by a core of helices. Solvent is
accessible via an open channel at the catalytic site, on the distal side
of the heme. Significant data implicate five residues in MPO in heme
binding. Histidines at residues 261 and at 502 represent the distal
and proximal ligands, respectively. As noted above, the M251T
mutation, because of its proximity to the distal histidine covalently
bound to heme, may be especially instructive. In addition to the
histidines, the heme is covalently bound to MPO through a methionyl
sulfonium linkage with M409 and through ester linkages to E408
and D260. Although crystal structures of other members of the
animal peroxidase family have not yet been solved, models based
on domain organization homologous with that of MPO suggest
that this format may apply to all proteins with the exception of the
sulfonium linkage. This covalent bond is seen only in MPO and
may explain both its unique enzymatic capacity to oxidize chloride
to the +1 state, forminig HOCl, and its peculiar spectral properties.

We are now completing a detailed molecular characterization of
a missense mutation in MPO causing MPO deficiency in a patient
identified by Dr. Kazuo Suzuki and colleagues in Japan (8). Pertinent
to the discussion above, the mutation, G501S, occurs immediately
adjacent to H502, the proximal ligand to the heme. Since glycine
at this position is conserved among all members of the animal
peroxidase family, we anticipated that such a mutation in the heme
pocket would not be tolerated. We predicted that G501S precursors
would remain in the ER and be degraded in the cytosolic proteasome.
Stably transfected K562 cells expressing G501S synthesize and
secrete the 90-kDa MPO precursor in normal fashion but the
precursor fails to undergo proteolytic processing to mature MPO
subunits. The G501S precursor associates transiently with CRT and
CLN with normal kinetics, undergoes normal oligosaccharide modi-
fication, and, contrary to our prediction, is not degraded in the
proteasome. G501S cell lysates lack peroxidase activity when judged
by the native gel analysis. Enzymatic inactivity coupled with the
failure of proteolytic processing to occur, a process dependent on
formation of proMPO, suggested that the G501S apoproMPO was
unable to acquire heme. However, when heme acquisition was
assessed by biosynthetically radiolabeling with the heme precursor

[14C]-δ-aminolevulinic acid, the G501S MPO precursor incorporates
heme. When corrected for the relative amount of MPO precursor
synthesized, the level of the heme-containing G501S precursor made
is ~ 38% of that for normal MPO. These data suggest that the matura-
tion arrest in G501S is at the level of proMPO. Stable transfectants
exhibit peroxidase activity when evaluated in a hydrogen peroxide
consumption as a more sensitive assay for MPO activity. In this
sensitive system, cell lysates of G501S expressing K562 cells exhibit
activity that was greater than background (i.e. non transfected K562
cells) but less than cells with endogenous MPO (i.e. PLB-985 cells)
or K562 cells stably transfected with wild type MPO. Additional
studies using recombinant protein recovered from transfected cells
will assess the spectral properties and chlorinating activity of
the G501S, thereby providing important new information about
structural features in the heme environs that mediate functional
consequences.

These studies examining the molecular consequences of naturally
occurring mutations on the structure and function of MPO reinforce
our conviction that defining the functional impact of specific geno-
types of MPO deficiency represents an informative strategy to probe
the structural determinants of normal MPO.
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SUMMARY: Autoantibodies to myeloperoxidase (MPO) are associated with small vessel systemic vasculitis. Interactions
of these autoantibodies with MPO target antigen, Fcγ receptors and β2 integrins at the neutrophil surface, can set in train
a sequence of intracellular signal transduction events that culminate with functional responses. These include a respiratory
burst with release of superoxide ions, degranulation, cytokine release, enhanced adhesion and induction of an accelerated
apoptotic program.
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Myeloperoxidase (MPO) is one target within the spectrum of
neutrophil and monocyte enzymes recognised by anti-neutrophil

cytoplasm antibodies (ANCA) occurring in patients with small
vessel systemic vasculitis. In addition to the location of MPO within
neutrophil azurophil granules, MPO and other target antigens for
ANCA are well described as being presented on the surface of
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‘primed’, i.e. cytokine-treated, neutrophils. Some evidence also
suggests that soluble MPO released by activated neutrophils may
bind to unstimulated neutrophils, thereby making them reactive to
anti-MPO antibodies, see (1). Certainly MPO is detectable on the
surface of neutrophils isolated from patients with acute vasculitis
(2).

 In vitro, the presence of MPO on the surface of primed neutrophils
allows the autoantibody to bind. This binding event is not sufficient
for functional activation of the cell. Additionally, ligation of the Fc
portion of the antibody to the Fcγ receptors on the neutrophil is
required, see (1), which then gives rise to the generation of reactive
oxygen species, degranulation, and the production of pro-inflamma-
tory cytokines. It is also now becoming clear that there are addi-
tional components to the system, importantly CD18 (3). Continuous
stirring of neutrophils during stimulation with ANCA inhibits the
usual superoxide production (4). It may be that the involvement of
CD18 stabilises the complex formed by ANCA or alternatively
causes its relocalisation to areas within the plasma membrane that
enable it to activate the NADPH complex. ANCA are able to induce
the expression of an activation epitope on CD11b (part of the CD11b/
CD18 β2 integrin complex), which may be important in ANCA-
induced neutrophil adhesion to vascular endothelial cells, and
possibly in the induction of signalling events also (5).

Investigation of the intracellular signal transduction pathways
induced by ANCA binding to neutrophils have shown differences
between the signal initiated by F(ab’) 2 fragments of the antibody
and those seen with whole IgG antibody, indicating that multiple
pathways are involved. ANCA binding to antigen instigates activa-
tion of G protein coupled pathways (6) whereas ligation of the Fcγ
receptor targets Syk kinase (3), protein kinase Cβ- see (1), and
calcium release (3). Both portions of the antibody are required for
protein kinase B activity (6) and both are able to activate Src kinase(s)
(3) and phosphatidylinositol-3 kinase γ- see (1). Also stimulated is
the small GTPase p21ras, which is known to be a molecular switch
providing the connection point for a number of pathways and
this may be pivotal in uniting the signals to provide a functional
response (6,7). It is noteworthy that the pathways triggered by ANCA
in neutrophils are clearly different to those seen with cross-linking
of Fcγ receptors, which may provide opportunities for therapeutic
interventions without concomitant down-regulation of the entire
immune response (1).

As well as the above effects, ANCA is also capable of inducing
neutrophils to undergo an accelerated rate of apoptosis (2). This has
been shown to be dependent on the production of reactive oxygen
species. Additionally the process is dysregulated with delayed
externalisation of phosphatidylserine occurring and consequently
reduced phagocytosis by macrophages. This leads to apoptotic
neutrophils progressing more readily into secondary cell lysis,
releasing their proteolytic cell contents which may cause bystander
injury. In a different process but still involving apoptosis, naturally
apoptotic neutrophils express increased amounts of MPO on their
surface (2) and potentially this could lead to opsonisation of the
cells by ANCA and their uptake by macrophages in a pro-inflam-

matory manner. However, cells expressing MPO during the process
of apoptosis are unresponsive to ANCA-induced signalling and do
not produce superoxide (2).

Less work has taken place to determine the role of the monocytes/
macrophages in development and progression of small vessel
vasculitis. Monocytes are capable of expressing MPO and are
therefore a legitimate target for ANCA. The cells are seen within
granulomas and glomerular crescents during active disease and so,
by implication, play a part. Monocytes are able to release reactive
oxygen species, cytokines/chemokines (MCP-1, IL-8, TNFα, IL-
1β, IL-12) and thromboxane in response to ANCA and consequently
may contribute to the local pro-inflammatory environment (8).

MPO-ANCA tend to be associated with non-granulomatous forms
of small vessel vasculitis, in contrast to proteinase 3 (PR3) ANCA
which are associated with granulomatous phenotypes. This has
prompted speculation as to whether the pathophysiology of vasculitis
is related to the type of ANCA. In our hands, MPO-ANCA collec-
tively tend to be more activating of neutrophils than PR3-ANCA
(2). However, the molecular reasons for this difference are not clear.
The ability of soluble MPO, but not PR3, to bind to the neutrophil
surface and support ANCA-induced activation has been proposed
as an explanation for the differences in the pathologic and clinical
expression of MPO-ANCA versus PR3-ANCA vasculitis. Further
elucidation of this intriguing problem may come from new murine
models involving MPO-ANCA and PR3-ANCA.
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