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Abstract. The endoplasmic reticuium is a preferred compartment for several cellular
processes {e.g.: glucose-6-phosphatase system, triglyceride and cholesterol synthesis,
different steps of drug metabolism), its metabolic status and regulatory mechanisms
are well characterized both in health and in several metabolic disorders. However, the
regulation of oxidative protein folding, the chaperone-catalyzed formation and
isomerization of protein disulfide bridges is rather poorly characterized. The influence
of different metabolic pathways in disulfide bond formation and their changes under
metabolic disorders are practically unknown in mammals. Recent studies uncovered a
few connections between intermediate metabolism and oxidative protein folding.
Here we summarize these data and our recent findings on changes of oxidative protein
folding in diabetes. Qur results suggest a possible role of smail molecular redox
systems in the regulation of oxidative protein folding, and can help us to map the
metabolic links of the folding process.

Introduction

Subcellular compartmentalization was undoubtedly one of the major steps of evolution.
Separation, besides many other consequences (e.g. enhanced effectiveness of enzyme
reactions), helped the development of the more sophisticated regulation characteristic to
complex organisms. Beyond the intra-compartmental regulation, the communication
between the lumen of the compartment and the cytoplasm is also under tight control. In
recent years a growing number of studies proved that there are direct structural and
functional connections between the different subcellular compartments (e.g. between
mitochondria and the endoplasmic reticulum (ER), phagosomes and the ER, as well as the
nuclear membrane and the ER; see refs. 1-3). These interactions can also affect the different
intra-compartmental pathways resulting in a more combined regulatory network of the
metabolism and cellular homeostasis.

Taken into consideration the above complexity of regulatory pathways, it is not
surprising that the regulation and the metabolic integration of some ER-specific processes
are ill defined. One of them is protein disulfide bond formation, which is a redox process
and requires the contribution of several proteins and small molecules [4]. Disulfide bond
formation is integrated to other metabolic pathways, but the precise manner of these
regulatory links 1s not yet uncovered.
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Diabetes mellitus is a severe metabolic disorder causing significant changes not
only in the carbohydrate balance, but in many other pathways. In our recent experiments we
identified the changes of the endoplasmic reticulum redox folding in diabetes [5, 6; G.
Nardai, K. Stadler, E. Papp, T. Korcsmaéros, J. Jakus and P. Csermely, submitted for
publication) indicating a possible interaction between intracellular metabolism and
disulfide bond formation. These results, as well as some hypotheses based on them are
summarized below.

1. ER: its Metabolic Links

Many cellular functions are associated to the ER (Table 1.). Compartment-associated events
are not independent from other cellular functions, but they probably need special pathways.
E.g.: transport systems have to be integrated to the overall cellular homeostasis. Here we
briefly summarize the metabolic relations of the most important ER functions in
mammalian cells.

Table 1. Cellular Events Associated to the Endoplasmic Reticulum

Glucose-6-phosphatase system Phospholipid synthesis
Termination of the hexuronic acid cycle | Sphingolipid synthesis

Gulonolactone oxidase Triglyceride synthesis
Glycoprotein synthesis Fatty acid elongation
Disulfide bond formation Fatty acid desaturation

Protein quality control Cholesterol synthesis

Protein complex assembly Cholesterol conjugation
Peptide loading and assembly Microsomal drug metabolism
of MHC-complexes Ca'*-storage

Ca"*-storage: the ER is the most important compartment of intracellular calcium
storage and release. Intracellular calcium level has a well defined role in the regulation of
numerous metabolic pathways (e.g. via the Ca"-calmodulin complex; 7). It is well-known
that the calcium storage is ATP-dependent and mediated by a family of Ca™-ATPases.
However, it was also demonstrated that the luminal, Ca"'-binding proteins of the ER can
also modulate the Ca"™ -transport [8].

Carbohydrate metabolism: glucose-6-phosphatase is located into the ER in the liver,
so the final step of the blood glucose generation is associated to this compartment. In spite
of the separation of glucose-dephosphorylation, it is under strict metabolic control [9]. The
activity of the glucose-6-phosphatase itself is increased by its substrates. Adrenergic
hormones and glucagon also stimulate the enzyme. Conversely, glucose-6-phosphatase is
inhibited by amphiphilic compounds, such as fatty acids and acyl-CoA-s. The expression of
glucose-6-phosphatase is increased by glucocorticoids, starvation and diabetes [9]. The
synthesis of amino-sugars is also connected to the metabolism by its substrate and energy
supply.

Lipid metabolism: numerous important, rate limiting steps of lipid metabolism are
also confined to the ER. These are usually classical, integrated parts of the metabolism and
their regulation is well-understood. Fatty acid chain elongation is affected by the malonyl-
CoA concentration and the NADPH level. Desaturation of the fatty acid chain is NADP*-
dependent and the metabolic state of the cell itself defines the activity of the desaturating
enzyme. Triglycerol synthesis requires ATP and is linked to the glycolysis by glycerol-3-
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phosphate. The key enzyme of the cholesterol synthesis, HMG-CoA reductase is also an
ER protein [10]. Besides many well-known regulatory mechanisms, HMG-CoA reductase
activity is also regulated by the modulation of the enzyme level, thus ERAD (endoplasmic
reticulum associated degradation) is also involved in the cholesterol metabolism by
degrading this unstable protein [11]. Generation of phospholipids occurs in the ER and is
under metabolic control {12].

Drug metabolism: each of the three phases of the microsomal drug elimination
process is somehow linked to the intermediate metabolism. During the first phase,
substrates are prepared for conjugation by introducing highly reactive groups mainly by
oxidative reactions. Enzymes are involved in this process are oxido-reductases (NADPH-
cytochrome P450-reductase, cytochrome P450s) using cofactors shared by other metabolic
pathways (NADPH, FADH;). Induction of the first phase results in the acceleration of
NADPH production by e.g. the pentose-phosphate pathway and heme-synthesis {13]. The
latter is required for the cytochrome P450 holoenzyme assembly. In the second phase the
substrates become conjugated, where the synthesis of the conjugating molecules (e.g.:
glutathione, 3-phospho-adenosine-5-phosphosulphate, UDP-glucuronic acid) is an ATP-
requiring process. The third phase is the transport phase, when the water-soluble products
are delivered from the ER. Non-specific transport systems and ABC transporters are also
involved in this process, thus the competition of different metabolic and drug particles and
the energy supply of the cell can all influence the procedure.

Postiranslational changes of the protein structure: numerous posttranslational
modifications happen in the ER. One of the most important among them is the formation
and isomerization of disulfide bonds, we discuss later. Glycoprotein and lipoprotein
synthesis are both ATP-dependent processes linked to the carbohydrate, amino sugar and
lipid metabolism but the details of their regulation are not clearly resolved yet [14, 15].
Protein transport through the ER membrane, posttranslational modifications, quaternary
structure assembly and quality control are all molecular chaperone-dependent processes.
This is a general and essential cellular function, but its connections with the intermediate
metabolism are poorly understood.

Oxidative folding: as one of the most important posttranslational modifications, the
formation and isomerization of disulfide bridges also occurs in the ER [4]. Secreted and
plasma membrane proteins require disulfide bonds to stabilize their tertiary-quaternary
structure. The luminal environment seems to be optimal for the oxidative protein folding
pathway: it has a unique and strictly regulated oxidizing milieu (the redox potential is about
-160 mV), a high chaperone concentration (stabilizing non-native, reversibly unfolded
structures), a quality control and a degradative machinery to eliminate misfolded
polypeptides. The first step of the procedure is the import of the nascent polypeptide chain
from the ribosomes to the ER lumen. Leaving the transmembrane channel the polypeptide
chain becomes associated with molecular chaperones (e.g. Grp78/BiP, Grp94, protein
disulfide isomerase, etc.), which keep the nascent chain in a folding-competent state and
prevent its aggregation [16]. Some of these chaperones are not involved directly in disulfide
bond formation, but others, such as protein disulfide isomerase (PDI) and related enzymes
(e.g. ERp57, ERp72, etc.) are themselves protein-disulfide oxido-reductases catalyzing
redox folding reactions [17]. During the reaction the protein substrate binds to the oxidized
PDI. This event stabilizes the polypeptide chain. Then a mixed disulfide is formed between
PDI and the substrate as a next step the new disulfide bond of the substrate protein is
generated [18]. Finally, the oxidized substrate either binds to PDI starting a new redox
cycle or dissociates from the chaperone in its native conformation and transported to the
Golgi system.

One of the most interesting questions is the redox regulation of oxidative protein
folding. Disulfide bond formation is coupled to chain of redox reactions, which have not
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been elucidated yet in details. During disulfide bridge synthesis PDI gets reduced and its re-
oxidation is carried out by a luminal oxido-reductase, Erol-L in vivo [19] and small
molecular oxidizing agents (e.g. oxidized glutathione, dehydroascorbate, hydrogen
peroxide, etc.) in vitro. Erol-L is a 56 kDa glycoprotein containing a FAD prosthetic group,
which is involved in the redox reactions. However, the final, potentially cytoplasmic
electron acceptor has not been identified yet. In yeast molecular oxygen is able to support
oxidative folding directly, but in mammalian cells O; seems to be inefficient as an
oxidative source [20].

The role of glutathione is under re-evaluation. Reduced and oxidized glutathione
form an important redox buffer of the ER. Contrary to recent theories, glutathione is not
involved in the PDI-catalyzed disulfide bond formation directly. However, its high luminal
concentration, the glutathione/protein mixed disulfides, and the glutathione-specific
transport systems all suggest that glutathione must have an important role in disulfide bond
formation. It is hypothesized that reduced glutathione works as a counterbalance of the
oxidative pressure caused by Erol-L [21], or glutathione participates in the redox cycle of
Erol-L-independent protein disulfide oxido-reductases (most probably ERp57, ERp72,
etc.).

A further possible contributor of the luminal redox cycle is the
ascorbate/dehydroascorbate redox pair. Its microsomal concentration is in the millimolar
range. Ascorbate is a key co-factor of several synthetic pathways as well as the luminal
antioxidant defense [22]. Dehydroascorbate is transported into the ER lumen and its
involvement in the protein thiol modification has been substantiated by some published
[23] as well as our latest (see below) results.

2. Diabetic Changes of the Oxidative Folding

Diabetes mellitus is described as a complex metabolic disease characterized by the absolute
or relative shortage of insulin. In diabetes the integration of the cellular metabolism is
disrupted causing the disturbances of not only the carbohydrate, but the lipid, amino acid
and other metabolic pathways as well. In general, catabolic pathways are preferred and
anabolic-synthetic pathways are inhibited in diabetes. One of the consequences of the
metabolic disorganization is the increased generation of reactive oxygen species, ROS [24].
The oxidative stress is initially prevented by various antioxidative defense systems, but
later on these mechanisms become exhausted, and oxidative damage develops. The
accelerated production of ROS is the result of the disorganized function of the
mitochondria, glucose autooxidation, and the free radicals generated by the non-
enzymatically glycated proteins [25]. These changes are typical of the extracellular space,
but the signs of the oxidative stress are also detectable in intracellular compartments.
Parallel to these changes there is an altered level and function of antioxidant redox buffers,
such as glutathione and ascorbate. Both the level and the regeneration of reduced
glutathione are decreased [26]. In diabetes the total cellular level and the ratio of
ascorbate/dehydroascorbate are lowered [27, 28] and the luminal transport of
dehydroascorbate can be also compromised by the high glucose level in the liver [29].
Beyond oxidative stress the cellular disorders mentioned above can lead to an enhanced
protein damage and consequently to an increased demand of chaperone function.

G. Nardai et al. / Metabolism and Oxidative Protein Folding 105

Table 2. Diabetic Changes of the ER Redox State
Control and diabetic rat liver microsomal fractions were analyzed before (A) and after (B) the treatment of
small molecular oxidants by Ellman’s method and by enzymatic determination of GSH/GSSG level. GSH,
reduced glutathione; GSSG, oxidized glutathione; DHA, dehydroascorbate; Asc, ascorbate; FAD, flavine
adenine dinucleotide.

A B
control diabetic Total -SH content

Total —SH content (nmol (nmol -SH/mg protein)

-SHimg protein) 133 15 il control 56+5

Protein ~SH content diabetic 79+8

{umol-SHime proisiy || - %5 | a8 diabetic + GSSG Bl

GSH/GSSG ratio 1924006 [ 22503 diabetic + DHA 594
diabetic + Asc 68 +4
diabetic + FAD 707

Recently, using an animal model (streptozotocin induced diabetes in young, Wistar
rats) we studied the diabetic changes of the ER luminal molecular chaperones and oxidative
folding. Liver microsomal fraction was isolated and its redox parameters, chaperone levels
and chaperone redox states were determined. Surprisingly, we found that in spite of the
oxidative changes of the extracellular space, the redox environment of liver microsomal
vesicles was shifted to a more reducing state compared to controls (Table 2.A)[5]. Diabetic
microsomal redox status was characterized by increased total disulfide content and by and
increased protein-thiol: disulfide ratio. The dehydroascorbate reductase activity was also
higher in diabetes [5]. Neither the general chaperone levels, nor the level of protein
disulfide oxido-reductases showed significant changes.

control  diabetic control diabetic
4 : by ) Ly TR
ERp57
AMS + + + + +
oxidant| - - Asc | DHA |GSSG

Figure 1. Diabetes-Induced Redox Changes of Protein Disulfide Isomerases
Control and diabetic rat liver microsomal fractions were isolated. The redox state of protein disulfide
isomerases was determined before and after the in vitro treatment with small molecular oxidants by the thiol
specific agent, AMS performing a subsequent nonreducing SDS-PAGE.

However, the redox state of the chaperones involved directly in the disulfide bridge
synthesis has been changed. Using AMS-(4-acetamido-4’-maleimidylstilbene-2, 2’-
disulfonic acid)-labeling and consequent nonreducing SDS-PAGE separation, the
appearance of a more reduced fraction of PDI and ERp57 was detectable (Fig. 1.), parallel
with a more oxidized status of the Erol-L. The redox state of other chaperones, which are
not involved directly in the disulfide bond formation, was unchanged.
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The reduced state of protein disulfide isomerases means that the cysteines in their
catalytic site are in a thiol form causing a switch from the disulfide bond formation to the
isomerase activity [4]. The presence of the oxidized Erol-L and the fact that the in vitro
treatment of diabetic microsomes by FAD was inefficient to reoxidize the luminal protein
thiols (Table 2.B) seem to exclude a lowered Erol-L function or FAD shortage as reasons
for the reduced and possibly less functional state of PDI. Further experiments proved that
contrary to FAD, the treatment of microsomes by oxidized glutathione and
dehydroascorbate could re-oxidize the microsomes (Table 2.B) and restore the original
(more oxidized) form of protein disulfide isomerases (Fig. 1.). These data also emphasize
the importance of a stable redox environment and the small molecules in redox protein
folding. These points also constitute important links, where the cellular metabolism can
influence and regulate the ER oxidative protein folding.

p— E;E GSH/GSSG
5—8

ERAD'_______ degradation

SH SH

SH SH

Asce/DHA

DHA

Figure 2. Summary of Changes in ER Redox Protein Folding in STZ-Diabetes
Protein disulfide isomerases (PDI-s) become more reduced in the lumen of the endoplasmic reticulum in
diabetes, and are unable to assist to secreted proteins for their correct oxidative folding. Both oxidized
glutathione as well as dehydroascorbic acid are able to reverse this effect, The protein helping the reoxidation
of PDI-s, Erol-L becomes more oxidized, either as a compensation for the defect in PDI function or reflecting
a block in the oxidative chain after Erol-L. Proteins remain partially unfolded, and most probably leave the
ER via retrograde transport and proteasomal degradation causing a defect in hepatic protein secretion. Asc,
ascorbic acid; DHA, dehydroascorbic acid; ERAD, endoplasmic reticulum associated protein degradation;
Erol-L, endoplasmic reticulum oxidoreductinl-L; ERp57, protein disulfide isomerase; FAD, flavine adenine
dinucleotide; GSH, reduced glutathione; GSSG, oxidized glutathione; PDI, protein disulfide isomerase; ~SH,
sulfhydryl.

3. Possible Links between Metabolic Pathways and Oxidative Folding

The chapemnc-mediated disulfide bridge formation process is highly redox sensitive. Both
reductive and oxidative dominance inhibit the pathway [30, 31]. In spite of their
importance, the events sustaining the luminal redox homeostasis have not been clearly
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identified yet. NADPH-dependent oxidases, sulfhydryl oxidases and the vitamin K cycle
were all suspected to influence the redox potential [32, 33]. In these processes the substrate
and cofactor supply integrates these processes to the general metabolism. The reduced and
oxidized forms of glutathione are thought to form the most important redox buffer of the
ER. However, there are some problems about their role in the formation of the relatively
oxidizing environment of the lumen. First, more than 50% of the luminal glutathione
content forms mixed protein disulfides [34), second, the import of oxidized glutathione is
much less effective than that of the reduced form [35]. Our data from diabetic rats also
suggest that a discrepancy can be between the real luminal redox state and the ratio between
oxidized and reduced glutathione (data not shown). These observations support the
hypothesis mentioned above, that glutathione can be a counterbalance of the oxidative
pressure mediated by Erol-L.

Intriguingly, one of the most important participants of the microsomal redox balance
has not yet been discovered in mammals. The final oxidative source of the disulfide bond
formation is still unknown. This oxidative agent most probably acts on the FAD prosthetic
group of Erol-L. In some experiments addition of external FAD was able to influence
luminal redox state suggesting the existence of a microsomal FAD transport and exchange
system [36). These results indicate the possible importance of the cellular FAD level
preserved by different metabolic pathways.

Results of the diabetes study summarized above raise also the possible involvement
of the ascorbate/dehydroascorbate redox pair in oxidative protein folding and luminal redox
state. Ascorbate and dehydroascorbate are essential for human organisms. Ascorbate is an
essential cofactor of the collagen, carnitine, catecholamine and peptide hormone syntheses
[22]. Ascorbate is a potent antioxidant; its regeneration from dehydroascorbate requires
NADPH or glutathione. By this effect dehydroascorbate stimulates the pentose phosphate
pathway and glutathione synthesis. In higher concentration it inhibits facilitative glucose
transport, hexokinase, glyceraldehyde-3-phosphate dehydrogenase and glucose-6-phosphate
dehydrogenase [37 and refs. inside]. Although the metabolic relations of ascorbate are quite
well mapped we do not know how it participates in redox protein folding. Its concentration
in the ER lumen is in the low milimolar range. The import of dehydroascorbate is preferred
and the transporter is blocked by high concentration of glucose [28]. Inside,
dehydroascorbate reductases, such as PDI or glutathione (or protein thiols?) can reduce
dehydroascorbate back to ascorbate [38]. We hypothesize that ascorbate can be an
alternative counterbalance of the oxidative effects and dehydroascorbate can participate in
the redox cycle of other, Erol-L-independent protein disulfide oxido-reductases, such as
ERp57 (Fig. 2.).

4. Conclusions

The metabolic links and regulation of disulfide bond formation are still rather unexplored,
while other relations of redox protein folding were intensively studied. Recently the
importance of several small molecular redox systems in the thiol-disulfide exchange was
uncovered, but the most important question - the final oxidative source of the process - is
still unanswered. Nevertheless, these small molecular redox systems (such as
oxidized/reduced glutathione, ascorbate/dehydroascorbate, FAD/FADH;) give us already
important clues, how the oxidative protein folding is integrated to the cellular metabolism.
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