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Review

Protein Degradation: The Role of Mixed-Function Oxidases

Valerie Daggett!

The mechanisms by which protein oxidation is mediated in the cell are of both biological and pharma-
cological importance. Oxidases responsible for the metabolism of xenobiotics catalyze the oxidative
inactivation of select enzymes. Oxidation mediated by mixed-function oxidase (MFO) systems
renders proteins more susceptible to proteolysis and, consequently, appears to be a signal for protein
degradation. The mode of action of MFO systems is discussed in detail for a specific, well-character-
ized system—the MFO-catalyzed oxidation of glutamine synthetase (GS). Findings for this system
are then generalized to help explain how other metabolic enzymes are oxidized by MFO systems. The
broader consequences of oxidative mechanisms are discussed. For example, the accumulation of
modified proteins during aging and in some premature aging diseases may be due in part to shifts in the
relative rates of oxidation and degradation for these proteins. Further, the oxidation of key metabolic
enzymes appears to be responsible for the bacteriocidal action of neutrophils. There is also some
evidence that the degradation of endogenous proteins increases following ingestion of, or exposure to,
agents that induce MFO activity.
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I. INTRODUCTION

Herein we examine the pathways of protein degradation
and discuss in detail those that involve protein oxidation as
the initial signal for degradation. Protein degradation pro-
tects a cell against the toxic accumulation of abnormal pro-
teins and proteins that are no longer necessary. This is of
pharmacological relevance because of the increasing
number of potential protein drugs. Some of the protein drugs
produced by genetic engineering and hybridoma technology
are contained in Table I. (See Ref. 1 for a more comprehen-
sive list.)
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Scheme I depicts the general pathways that are thought
to be involved in protein degradation. The equilibrium be-
tween folded and unfolded protein affects the proteolytic
cleavage of these molecules to degradation products. Many
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chemical modifications of proteins that facilitate proteolysis
have been reported. The degradation rate for a modified
protein is generally greater than that for the corresponding
unaltered, native protein. Chemical modification may alter
the degradation rate by modulating the unfolding equilib-
rium. (These relationships are discussed in Section II.)

Most of the available experimental data relate to intra-
cellular protein degradation. However, while intracellular
processes are important, in the case of protein drugs extra-
cellular degradation will also be an important determinant to
reaching the target site. It has been suggested that activation
of plasminogen by tissue plasminogen activator (TPA) pro-
vides the general mechanism for localized extracellular pro-
teolysis (2). The administration of TPA leads to the dissolu-
tion of blood clots in vivo, demonstrating a beneficial effect
of proteolysis with regard to protein drugs. It appears that a
limited number of cell surface peptidases is responsible for
hydrolyzing small biologically active polypeptides in all
tissues and organs. So, unlike the presumably specific inter-
actions between a peptide and its receptor, the inactivation
by peptidases is relatively nonspecific (3). There is evidence
that endopeptidase-24.11 is involved in the inactivation of
some neuropeptides in the brain (3). Although little work has
been done in this area, it is conceivable that regulatory pep-
tides in the immune and endocrine systems may be inacti-
vated in a similar manner, which can obviously affect the
therapeutic efficacy of such drugs.

The emphasis here is on factors that influence intracel-
lular protein degradation. Mixed-function oxidase-catalyzed
oxidation of proteins is an example of a chemical modifica-
tion (as depicted in Scheme I}, or ‘‘marking step,”” that facil-
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Table I. Some Protein Drugs Produced by Genetic Engineering

Epidermal growth factor

Hepatitis B vaccine

Human growth hormone

Human insulin

Interferons (o, B, v)

Interleukin (IL-2)

Malaria vaccine

Retrovirus vaccine

Tissue plasminogen activator (TPA)
Tumor necrosis factor (TNF)

itates proteolysis. The physiological significance of oxida-
tion as a signal for protein degradation includes the accumu-
lation of modified proteins during aging and in some
premature aging diseases. Further, the enzymatic oxidation
of key metabolic enzymes may be responsible for the bacte-
ricidal action of neutrophils.

II. PROTEIN DEGRADATION AND ITS RELATION TO
PROTEIN STRUCTURE

Intracellular protein breakdown protects the cell against
the toxic accumulation of abnormal polypeptides arising be-
cause of missense mutations, mistakes in RNA or protein
synthesis, incorporation of amino acid analogues, posttrans-
lational modifications, or intracellular denaturation. Orgel
(4) has suggested that the accidental production of abnormal
proteins will result in the accumulation of these erroneous
polypeptides. However, under normal conditions, proteins
that have been chemically modified, mutated, or otherwise
altered are almost invariably degraded very rapidly in the
cell (5).

A folded, native protein residues in a local minimum
energy conformation. The energy difference between a pro-
tein in the native and unfolded states is typically S to 15
kcal/mol, allowing the forms to interconvert quite rapidly
(on the millisecond—-second time scale) (6). Studies suggest
that the equilibrium between folded and unfolded states may
be more important in determining proteolytic susceptibility
than the native protein conformation per se (6,7). Therefore,
the overall rate of degradation might be governed in part by
the equilibrium concentration of unfolded (or partially un-
folded) forms of the protein, assuming that the unfolded
form is the substrate for proteolysis.

Rates of protein degradation in vivo vary greatly. Those
proteins degraded most rapidly in the cell generally catalyze
rate-determining steps of metabolic reactions (8), such that
their levels regulate the flux of metabolites. Correlations be-
tween protein structure and degradation rates have been
sought to explain the basis of protein turnover. Degradation
rates have been correlated with thermal stability (9), dissoci-
ation of stabilizing ligands (10), and susceptibility to proteo-
lytic cleavage (11). These observations are consistent with
the idea that an initial proteolytic cleavage is the rate-deter-
mining step in protein degradation and that cleavage is most
likely to occur in a transiently unfolded or partially unfolded
state. Therefore, an increase in the amount of nonnative
protein present might lead to increased degradation. A re-
cent finding suggesting that the half-life of a protein is a
function of its amino-terminal residue (the N-end rule) (12)
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may also be consistent with the contention that protein
cleavage is the rate determining step in protein degradation.
Bachmair er al. (12) suggest that the rate-determining step in
the degradation of long-lived proteins is slow aminopepti-
dase cleavage which exposes a destabilizing amino acid. The
destabilizing element is rapidly recognized and leads to deg-
radation according to the N-end rule.

Other observations are not consistent with a simple
proteolytic mechanism of degradation. For example, acidic
proteins are generally degraded more rapidly than are neu-
tral or basic ones (13), the rate of degradation is nearly pro-
portional to the amount of apolar surface area of the folded
protein (8), and proteins composed of large polypeptide
chains are degraded more rapidly than those composed of
small chains (14). A recent literature search revealed that
proteins that are rapidly degraded in eukaryotic cells contain
regions rich in proline (P), glutamic acid (E), serine (S), and
threonine (T)—the PEST hypothesis (15). This hypothesis
appears to be consistent with observations that acidic pro-
teins are generally degraded more rapidly than basic pro-
teins, as PEST proteins tend to be acidic. In view of con-
flicting observations regarding the determinants of protein
half-life, there is no reason to assume that the mechanism of
protein degradation is the same for every protein or that the
initial rate-determining step is necessarily proteolytic
cleavage. However, given what is now known of the factors
that affect protein degradation and the increasing interest in
the use of polypeptides as drugs or as carriers for drugs, it
may be possible to design proteins with controlled lifetimes
by, for example, attaching PEST sequences.

A. Chemical Modification

If the rate of protein degradation is governed in part by
the equilibrium concentration of unfolded protein, then in-
creases and decreases in degradation rates may be due to
factors that modulate the unfolding equilibrium. Chemical
modification may shift the distribution toward a higher con-
centration of unfolded species, thereby explaining the facile
degradation in vivo. At least nine such chemical modifica-
tions, ‘“‘marking’’ steps, that facilitate proteolytic attack are
known. These are listed in Table II. One such chemical mod-
ification, the oxidation of amino acids by mixed-function
oxidase (MFOQ) systems, is the primary focus of this paper.

Table II. Chemical Modifications of Proteins that Facilitate

Proteolysis
Chemical modification Ref. No.

Phosphorylation of serine and threonine residues 16
Formation of mixed disulfide derivatives of cysteine

residues 17
Carbamylation of lysine residues 18
Oxidation of nonheme iron sulfur centers 19
Conjugation of e-amino groups of lysine with ubiquitin 20
Ocxidation of methionine to methionine sulfoxide and

methionine sulfone 21
Deamidation of glutamine and asparagine residues 22
Glycosylation 23
Oxidation of amino acids by MFO systems 24
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B. Substrate Availability

Substrate availability can also modulate the unfolding
equilibrium. Bound substrate generally protects proteins
from degradation. Thus, substrate binding may shift the dis-
tribution toward a higher concentration of folded species.
Variations in substrate concentrations accompanying shifts
in the nutritional state of an organism could partially ac-
count for the diversity of turnover rates for different en-
zymes and for variations in the rates of degradation of indi-
vidual enzymes (24).

Substrate availability modulates the susceptibility of
glutamine synthetase (GS) to oxidative inactivation. GS is
adenylylated in its inactive form; the unadenylylated form is
the physiologically functional state (25). In the absence of
substrates, adenylylated GS is no more susceptible to oxida-
tion than the unadenylylated forms (26). Adenylylation of
native GS has no effect on susceptibility to degradation. In
the presence of one of three substrates—ammonia, gluta-
mate, or ATP—the inactivation of adenylylated GS by oxi-
dation is only slightly stimulated (27). If both ATP and gluta-
mate are present at physiological concentrations, the un-
adenylylated form is protected against oxidation; however,
oxidation of the adenylylated form increases fivefold under
the same conditions (27). The effect is directly proportional
to the extent of adenylylation. This dependence on adeny-
lylation has been found in every MFQO system studied and
appears to be important not only in metabolic regulation but
perhaps also in degradative regulation.

These results suggest that when there is a demand for
glutamine, glutamine synthetase is in its unadenylylated
state and protected against MFO systems. In the presence of
excess glutamine the enzyme exists in its adenylylated state
and can be readily oxidized. GS becomes susceptible to oxi-
dation under either of two conditions (27): (i) substrates are
not available, or (ii) cellular requirements for glutamine have
been met (in which case GS is adenylated and inactive).

Two other enzymes that are oxidized by MFO systems
have also been shown to be protected against oxidation by
the presence of their substrates. Phosphoenolpyruvate and
ATP decrease the susceptibility of pyruvate kinase to oxida-
tion, and ATP and 3-phosphoglycerate protect phosphogly-
cerate kinase (all at physiological concentrations) (28).

III. MIXED-FUNCTION OXIDASE-CATALYZED
OXIDATION OF PROTEINS

One of the critical pathways in the metabolism of many
xenobiotics, toxins, and carcinogens involves the two-elec-
tron reductive cleavage of molecular oxygen with concomi-
tant substrate hydroxylation as catalyzed by MFO systems.
Many enzymatic oxidations conform to the scheme below
(where M is a transition metal, typically copper or iron) (29).

0, \ Substrate
H,0, = O\ [M"*
HO:"

H,0" Oxidized product

The single-electron reduction of oxygen yields superoxide
(0;7), which may either disproportionate or accept another
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electron from a reducing agent to yield hydrogen peroxide
(H,0,). Hydrogen peroxide and superoxide are directly
damaging to cellular components. Further, they may interact
to form a more reactive species—the hydroxyl radical
(OH). The production of OH' via an iron-catalyzed reaction
of superoxide and hydrogen peroxide proceeds according to
a Haber—Weiss reaction, Eq. (1) (29).

3+
+ H,0, Fe

(0 0, + OH + OH- )
There is in vitro evidence supporting the production of hy-
droxyl radical via the reaction of hydrogen peroxide with
chelates of copper and iron (e.g., iron/histidinyl complexes)

in a Fenton-type reaction, Eq. (2) (30).

Fe(l) + H,0, — OH + Fe(Il) + OH~ )

Hydroxyl radicals react rapidly with most molecules by hy-
drogen abstraction, addition, or electron transfer reactions
3.

Demonstration of radical formation in vivo is difficult;
however, their existence is suggested by the presence of cat-
alase and glutathone peroxidase (which decompose H;0,)
and superoxide dismutase (which decomposes O;~). In fact,
superoxide dismutase and glutathione peroxidase are the
primary enzymatic antioxidants responsible for the mainte-
nance of safe levels of activated oxygen in vivo. There is a
variety of nonenzymatic antioxidants that also protect a cell
against activated oxygen, including glutathione, histidine,
uric acid, guanine, and vitamins A, C, and E. (For a more
thorough discussion see Ref. 32.)

Mixed-function oxidase systems, both enzymatic and
nonenzymatic, inactivate a variety of enzymes and render
them more susceptible to proteolysis. The most thoroughly
studied of these systems involves glutamine synthetase (GS)
as the target for inactivation. The following discussion fo-
cuses on the mechanism of GS oxidation.

A. Oxidation of Glutamine Synthetase: In Vitro Studies

Glutamine synthetase has been oxidized by the fol-
lowing enzymatic systems: cytochrome P-450 (isozyme 2),
P-450 reductase; NADH oxidase; xanthine oxidase; nico-
tinate hydroxylase; glucose oxidase; putidaredoxin reduc-
tase; putidaredoxin with or without P-450cam; and peroxi-
dase (24). Glutamine synthetase is also inactivated by non-
enzymatic systems comprised of ascorbate/molecular
oxygen/Fe(IIl) and Fe(II)/molecular oxygen. All of these
MFO model systems generate H,0, and Fe(Il). Fe(Il) pre-
sumably binds to a metal binding site on GS and is subse-
quently oxidized by H,0,. This reaction leads to the site-
specific generation of an activated oxygen species, which
then oxidizes a nearby amino acid(s).

1. Enzymatic MFO Systems

The mechanism of oxidation of GS was examined using
NADH oxidase and a reconstituted cytochrome P-450
system composed of P-450 (isozyme 2), P-450 reductase,
and NADPH (28). The proposed mechanism is as follows.
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(1) NAD(P)H + O, + H+-!\-/I-E9>HZO2 + NAD(P)+
(2) NAD(P)H + 2Fe(III)-MF-9>2Fe(II) + NAD(P)+ + H+
(3) Fe(Il) + H,0O, -—--- — activated oxygen + Fe(II)

(4) Activated oxygen + enzyme ---—- — oxidized enzyme

Scheme II

The proposed role of hydrogen peroxide is supported by the
finding that both catalase and peroxidase inhibit the inacti-
vation of glutamine synthetase (26). No oxidation occurs if
only H,0, is present. Support for the involvement of Fe(III)
comes from the observation that FeCl; stimulates produc-
tion of the oxidized enzyme. The importance of Fe(Il) is
demonstrated by the fact that both NADH oxidase and the
P-450 systems are capable of reducing Fe(III). Fe(Il) and
molecular oxygen catalyze the inactivation of glutamine syn-
thetase (26), whereas Fe(III) and molecular oxygen do not
(28), supporting reaction 2. Reaction 3 is supported by the
result that Fe(Il) and hydrogen peroxide together, but nei-
ther alone, catalyze the inactivation of glutamine synthe-
tase. The reaction of Fe(II) and H,0, generates activated
oxygen species (e.g., OH, O;7, 'O, etc.) (28).

The nature of the activated oxygen species has not been
identified. Hydroxyl radical participation has been refuted
by the failure of radical scavengers—mannitol, dimethyl
sulfoxide, and thiourea—to inhibit the oxidation reaction of
GS (28). Superoxide anion has also been ruled out, as super-
oxide dismutase does not inhibit the reaction (28). The reac-
tion is inhibited by exogenous histidine, which is generally
considered presumptive evidence for the role of singlet ox-
ygen in oxidase catalyzed reactions (33). An alternative ex-
planation is that histidine chelates necessary metal ions or
exerts its effect through allosteric interaction with glutamine
synthetase (27).

Even though free radical scavengers are ineffective in
inhibiting GS oxidation, oxygen radical involvement cannot
be ruled out. Because of the specific nature of the reaction,
only one histidine per GS subunit is modified regardless of
the MFO system employed, and reactions 2 and 3 in Scheme
II probably occur at a metal binding site or at the catalytic
site of GS. The generated radical may be inaccessible to
scavengers.

Oxidative modification of glutamine synthetase by a
system comprised of putidaredoxin reductase, putidare-
doxin, Fe(IlI), and NADH is partially inhibited by super-
oxide dismutase, DMSO, or histidine (27). When this sytem
is supplemented with P-450 (isozyme 2) the scavengers have
little or no effect. The same is observed for a system con-
taining xanthine oxidase, hypoxanthine, ferredoxin, and
Fe(III) (34). These results suggest that the type of activated
oxygen generated may be dependent on the MFO system
employed.

2. Nonenzymatic MFO Systems

A nonenzymatic system composed of ascorbate and
molecular oxygen has also been examined. Incubation of
glutamine synthetase with ascorbate, O,, and Fe(IIl) leads
to rapid loss of catalytic activity (27), mimicking the charac-
teristics of inactivation by the enzymatic MFO systems. The
main function of ascorbate may be to generate Fe(II). This
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supposition is supported by the finding that FeSO,, in the
presence of molecular oxygen, is able to catalyze the oxida-
tion of glutamine synthetase (27). Both the ascorbate and the
ferrous sulfate systems have the same characteristics as the
enzymatic MFO systems and therefore are good models for
the oxidative inactivation of enzymes.

B. The Site of Oxidation in GS

One of the 16 histidine residues per GS subunit is modi-
fied by both enzymatic and nonenzymatic MFO systems
(27). Loss of activity parallels loss of histidine. The struc-
ture of the modified histidine is still in question; however, it
is known that the modified residue contains a carbonyl
group (26). Photooxidation of free histidine gives aspartic
acid and urea via several unstable intermediate compounds
(35). In another enzyme system, generation of hydroxyl rad-
ical by copper/histidinyl complexes brings about the oxida-
tion of histidine to asparate (36). The investigators who
made this observation claim that the specificity of the attack
at the histidine is due exclusively to the location of the metal
at this residue.

The modified histidine of glutamine synthetase is essen-
tial for biosynthetic and glutamyl transferase activity (26),
but this histidine need not lie at the active site. Catalytically
active GS has divalent cations bound to several metal
binding sites (37). Oxidation of a histidine may destroy one
of these sites and prevent binding of the necessary cation.
The oxidized histidine may provide a specific recognition
site for proteases and/or render one or more peptide bonds
labile to attack. Studies with small synthetic peptides (5-10
residues) have shown that oxidation of the imidazole ring of
histidine renders the adjacent peptide bond more susceptible
to cleavage (38).

C. Compartmentalization Studies

The physiological significance of oxidative modification
by the P-450 system may be questioned, since P-450 is
present in the microsomal membrane, whereas glutamine
synthetase and the other enzymes observed to be inacti-
vated are cytosolic. Such physical separation may hinder
the effectiveness of the reaction, especially since the oxida-
tion of drugs by the P-450-linked reactions is mediated
through direct interaction of the oxidizable substrate with
specific binding sites on the enzyme (39). Nakamura and co-
workers (40) addressed this issue by examining the effects of
compartmentalization on the oxidation of GS.

The oxidative inactivation of GS occurs in the presence
of microsomes, suggesting that direct interaction between
P-450 and GS is not necessary. When glutamine synthetase
was partitioned from a purified, reconstituted P-450 system
using a semipermeable memrane, inactivation decreased
threefold. The reaction was inhibited when catalase was
added to either of the two compartments. That significant
inactivation occurred at all when glutamine synthetase and
the P-450 system were separated shows that freely diffusible
intermediates generated by the P-450 system are responsible
for the oxidation of GS and that direct complexation is not
required.
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D. Other Enzymes Inactivated by MFO Systems

Although the discussion thus far has focused on gluta-
mine synthetase, a variety of other enzymes has been shown
to be inactivated by MFO systems. Seventeen of twenty-six
enzymes examined have been found to be readily inacti-
vated by MFO systems (28,41). Many of these enzymes re-
quire a divalent metal cation for activity and many possess a
histidine residue at the catalytic site. However, while it has
been found that the inactivation of glutamine synthetase,
phosphoglycerate kinase (28), enolase (41), and superoxide
dismutase (42) involves the oxidation of just one histidine
residue, modification of other amino acids may be involved
in the inactivation of the other enzymes tested. MFO-cata-
lyzed oxidation is not indiscriminate; many enzymes are not
inactivated by exposure to MFO systems (41).

Since inactivation of these enzymes has not been exam-
ined in detail, it is not known whether the activated oxygen
species is the same in each case, but it is plausible that the
process is governed by reaction 3 in Scheme II or an analo-
gous reaction. Although these studies have focused on en-
zymes, other proteins should also be susceptible to oxida-
tion by MFO systems, suggesting that this reaction may be
important globally in regulation.

IV. INTRACELLULAR PROTEASES SPECIFIC FOR
OXIDIZED GS

The discovery of four intracellular proteases that pref-
erentially degrade the oxidized form of glutamine synthetase
supports the role of oxidative modification in intracellular
protein turnover (43). One of these is cathepsin D, which is
lysosomal in origin. The other three are cytosolic enzymes
—calpain I, calpain II, and alkaline protease.

The ratio of oxidized to native glutamine synthetase de-
graded by cathepsin D is pH dependent. At the pH optimum
of cathepsin D, pH 3-4, there is a two- to threefold increase
in the degradation of the oxidized form, but both forms of
GS are denatured at low pH values. At pH values between 4
and 5 the oxidized form is degraded 10 times more rapidly
than the native. This may be physiologically relevant since
the pH inside of lysozomes is about 4.7 (44).

A mixture of calpain I and calpain II degrades oxidized
glutamine synthetase 30 times faster than the native form.
Native GS is not a substrate for these enzymes. Alkaline
protease degrades oxidized glutamine synthetase 40- to 80-
fold more rapidly than the native enzyme at pH 8.0. At
higher pH values native GS is also degraded, which is pre-
sumably due to dissociation of the native dodecamer. Disso-
ciation of the subunits with urea mitigates the distinction
between oxidized and native GS by the proteases. This is
consistent with an earlier finding that there are decreased
subunit interactions in the oxidized form (45), which is prob-
ably an important determinant to proteolytic susceptibility.

Trypsin and papain-catalyzed proteolysis of GS has also
been examined. A two- to four-fold increase in degradation
of modified GS compared to. the native conformation was
observed for trypsin, while only a two-fold difference oc-
curred with papain. Since oxidative modification can be cat-
alyzed by several MFO systems present within the cell, it is
noteworthy that there are proteases within mammalian cells
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that recognize the oxidized form of GS under in vitro condi-
tions which mimic physiological states.

V. THE PHARMACOLOGICAL AND BIOCHEMICAL
SIGNIFICANCE OF OXIDATION AS A MARKER FOR
PROTEIN DEGRADATION

A. Aging

There are a number of proposed theories, both genetic
and nongenetic, to explain the phenomenon of cellular aging
(46). Each theory focuses on specific aspects of aging but
none is capable of explaining all of the known facts. Among
those theories that seem the most plausible are the codon
restriction (47), error (48), and cross-linking theories (49).

The codon-restriction theory of aging suggests that as a
result of differentiation, cells lose the ability to translate
some genetic information (47). This is supported by the ob-
servation that the types of tRNA synthetases present in a
cell change with age (47). The error theory proposes that
aging and subsequent death of a cell are the result of errors
that may occur at any step in the sequence of information
transfer, resulting in the formation of an altered protein. In-
accurate protein synthesis and inaccurate DNA synthesis
are coupled phenomena (48). It becomes difficult to separate
their effects, emphasizing the need to include both types of
errors in an attempt to explain cellular aging. The cross-
linking theory suggests that the accumulation of cross-linked
molecules may be responsible for the physical changes that
occur during aging (49). Many macromolecules develop
stable cross-linkages—cither intramolecular or intermolec-
ular—over time. The formation of cross-links alters the
physiochemical properties of molecules, thereby affecting
their normal function. The nonenzymatic addition of glucose
to proteins and DNA serves as an example (50,51).

The initial reaction of glucose with a protein involves
the formation of a Schiff base with the e-amino groups of
lysine or N-terminal a-amino groups. This complex then re-
arranges to a more stable Amadori product. Amadori
products can be converted to ‘“‘advanced glycosylation end
products’’ which cross-link proteins (51). In diabetes the
rate of age-associated collagen cross-linking is greatly accel-
erated (52). Cerami and co-workers (50) have shown that
aminoguanidine, a nucleophilic hydrazine compound, in-
hibits advanced glycosylation product formation and glu-
cose-derived cross-linking in vitro and in vivo when admin-
istered to diabetic rats. Their results demonstrate the poten-
tial of aminoguanidine, or related compounds, to prevent
reduced arterial elasticity, increased peripheral vascular re-
sistance, arteriosclerosis, and capillary basement membrane
thickening in diabetes and aging (50).

The aging of some cells has been associated with the
accumulation of modified, catalytically inactive forms of
several enzymes (41). These altered enzymes generally ex-
hibit a reduced specific activity and a decrease in their heat
stability (53). The inactive forms of many enzymes that are
readily oxidized by MFO systems accumulate with age;
among these are enolase, glucose-6-phosphate dehydroge-
nase, pyruvate kinase, and superoxide dismutase (41). Since
MFO systems are ubiquitous among mammals and because
it has been demonstrated that many key metabolic enzymes
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are susceptible to oxidative inactivation, the accumulation
of inactive enzymes during aging may be due in part to MFO
system-catalyzed reactions.

Variability in the specific activity of apparently homo-
geneous preparations of glutamine synthetase from different
batches of E. coli is accounted for by the presence of oxi-
dized enzyme with the same characteristics as the inactive
form generated in vitro by MFO-catalyzed oxidation reac-
tions (37). The difference in specific activity can be quantita-
tively evaluated by the extent of reaction with carbonyl re-
agents (37). This could account for the reduced specific ac-
tivity observed with other enzymes, if they too can be
oxidatively inactivated.

It has been suggested that the decrease in heat stability
of enzymes, with age, reflects spontaneous time-dependent
changes in protein conformation which become more evi-
dent when the half-lives of the proteins are increased via a
decrease in the rate of protein degradation (53). To deter-
mine if similar changes in stability can be caused by MFO-
catalyzed oxidation of proteins, glucose-6-phosphate dehy-
drogenase was incubated with a MFO system comprised of
ascorbate, Fe(Ill), O,, and EDTA (41). A biphasic pattern of
enzymatic heat inactivation similar to that observed for pro-
teins from ‘‘old’’ erythrocytes and cultured fibroblasts from
patients with accelerated aging diseases was observed. Un-
oxidized glucose-6-phosphate dehydrogenase exhibits heat-
inactivation kinetics similar to that observed for the enzyme
isolated from ‘“‘young’’ erythrocytes. Conformational
changes leading to the generation of less heat-stable forms of
some proteins can be obtained by exposure to MFO
systems.

If oxidative modification is a signal for protein degrada-
tion under normal conditions, then as aging proceeds it is
these otherwise normal intermediates in the degradative
pathway that accumulate due to some perturbation. Any one
of the following could perturb the pathway: (i) a decrease in
the activity and/or amount of specific proteases that attack
the marked enzyme; (ii) a decrease in intracellular levels of
agents that protect the enzyme from inactivation; (iii) a loss
in the ability of catalase, superoxide dismutase, glutathione
peroxidase, or nonenzymatic antioxidants to scavenge reac-
tive oxygen species generated by MFO systems; (iv) an in-
crease in the levels and/or activities of mixed-function oxi-
dases that catalyze the reactions, leading to unusually high
rates of oxidative damage.

The assertion that the accumulation of inactive en-
zymes may be due to loss of protection against oxidative
damage (iii) is supported by the finding that the amounts of
catalase, superoxide dismutase, and glutathione peroxidase
decrease with age (54). The importance of nonenzymatic
antioxidants has also been demonstrated. Calvin and co-
workers (55) have shown that L-buthionine sulfoximine, a
specific inhibitor of glutathione biosynthesis, induces severe
glutathione depletion and age-specific pathological changes
when administered to suckling rats. One of their most
striking observations was the development of dense cata-
racts that paralleled the depletion of lens glutathione. Nutri-
tional imbalances or metabolic disorders can explain the loss
of protection brought about by decreases in the concentra-
tions of substrates and cofactors (ii). Further, induction of
mixed function oxidases brought about by xenobiotics,
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toxins, and carcinogens could potentially cause the accumu-
lation of oxidized, inactive enzymes (iv).

The concentration of protein carbonyl groups in cul-
tured human fibroblasts increases progressively with age
(41). Cultured fibroblasts from patients with progeria and
Werner’s syndrome —genetic diseases characterized by ac-
celerated aging—have been used as models for aging
studies. Preliminary experiments show that the levels of
protein carbonyl groups in tissue samples from patients with
progeria or Werner’s syndrome are double those in cultured
cells from age- and sex-matched normal controls (40). How-
ever, evidence for the role of MFO systems in generating the
accumulated, oxidized proteins is still inconclusive.

B. Relationship Between the Oxidation of Proteins and Food
and Drug Metabolism

If MFO-catalyzed oxidation of proteins is a signal for
protein degradation, then protein turnover will be influenced
by factors that affect MFO activity (24). Thus, the intake of
certain food and drugs could affect protein degradation. The
administration of drugs that induce the P-450 system (e.g.,
barbiturates) could lead to increased protein degradation.
The addition of hexobarbital to a reconstituted P-450 system
stimulates the oxidative inactivation of GS threefold (40).
Hexobarbital is presumed to bind to P-450, leading to a par-
tial uncoupling of substrate oxidation and to a concomitant
increased production of hydrogen peroxide (40). Exposure
to toxins and carcinogens that induce P-450 activity may
also lead to increases in protein degradation, because of the
lack of specificity of most P-450 isozymes. High protein-to-
carbohydrate ratios increase microsomal MFO activity in
humans (54), suggesting that diets high in protein may lead
to an increase in the turnover of endogenous proteins. This
is a rather simplistic hypothesis, as other regulatory controls
have not been explicitly considered (e.g., protection by sub-
strates and the physiological concentrations of modulators
of MFO activity). However, it is an easily testable hy-
pothesis. A reconstituted P-450 system (as described in Sec-
tion III, A) can be supplemented with agents that induce
MFO activity, and the oxidative inactivation of GS, or other
MFO inactivatible enzymes, then monitored.

C. Neutrophil Action

Oxidative inactivation may play an important role in the
protection of higher organisms against bacterial infection.
Flavoproteins with NAD(P)H oxidase activity catalyze the
formation of activated oxygen species when polymorphonu-
clear leukocytes (neutrophils) are stimulated to undergo oxi-
dative burst (55). The activated oxygen species generated
can diffuse from the neutrophil, enter a target cell, and oxi-
dize proteins with the target cell (56). Incubation of acti-
vated neutrophils with intact cells of E. coli causes a loss of
bacterial GS activity (28). Disruption of bacterial metabo-
lism by the inactivation of GS and other key metabolic en-
zymes may be partially responsible for the bactericidal ac-
tion of neutrophils.

It has been shown that phagocytosing neutrophils inac-
tivate their own lysosomal enzymes in an oxygen-dependent
reaction (57). Thus, oxidative inactivation may also protect
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higher organisms from autolysis by lysosomal enzymes re-
leased from their own activated neutrophils.

V. SUMMARY

A number of different MFO systems catalyze the oxida-
tive inactivation of a variety of enzymes. These MFO
systems are widely distributed in mammals and many are
involved in the metabolism of xenobiotics. Oxidation
renders proteins more susceptible to proteolysis. The con-
tention that oxidation serves as a signal for protein degrada-
tion is supported by the existence of proteases that preferen-
tially degrade the oxidized form of GS. Many of the en-
zymes that are readily oxidized by MFO systems
accumulate in their inactivated forms during aging. Com-
pounds that induce MFO systems may increase protein de-
gradation. Much work has focused on the metabolism of
drugs, but it is also important to consider other processes
that may be occurring simultaneously, namely, the degrada-
tion of endogenous proteins.
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