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ABSTRACT: At low concentrations of a glutathione redox buffer, the protein disulfide isomerase (PDI) 
catalyzed oxidative renaturation of reduced ribonuclease A exhibits a rapid but incomplete activation of 
ribonuclease, which precedes the steady-state reaction. This behavior can be attributed to a GSSG-dependent 
partitioning of the substrate, reduced ribonuclease, between two classes of thiol/disulfide redox forms, those 
that can be converted to active ribonuclease a t  low concentrations of G S H  and those that cannot. With 
catalytic concentrations of PDI and near stoichiometric concentrations of glutathione disulfide, approximately 
4 equiv (2 equiv of ribonuclease disulfide) of G S H  are formed very rapdily followed by a slower formation 
of GSH, which corresponds to an additional 2 disulfide bond equiv. The rapid formation of RNase disulfide 
bonds and the subsequent rearrangement of incorrect disulfide isomers to active RNase are both catalyzed 
by PDI. In  the absence of GSSG or other oxidants, disulfide bond equivalents of PDI can be used to form 
disulfide bonds in RNase in a stoichiometric reaction. In the absence of a glutathione redox buffer, the 
rate of reduced ribonuclease regeneration increases markedly with increasing PDI concentrations below 
the equivalence point; however, PDI in excess over stoichiometric concentrations inhibits RNase regeneration. 

T h e  formation of disulfide bonds in extracellular, eukaryotic 
proteins requires both a source of oxidizing equivalents and 
a catalyst for the process. Cysteine-containing proteins are 
synthesized and cotranslationally inserted into the lumen of 
the endoplasmic reticulum in the reduced (SH) form. Di- 
sulfide bond formation occurs during or soon after translation, 
significantly preceding the appearance of the mature protein 
at the cell surface (Bergman & Kuehl, 1979, Peters & 
Davidson, 1982). Disulfide bond formation and rearrangement 
in in vitro oxidative folding systems is significantly slower than 
the in  vivo process, so the need for some in vivo catalyst has 
been recognized for some time (Goldberger et al., 1963). 

Protein disulfide isomerase (PDI),' an abundant protein of 
the endoplasmic reticulum, catalyses the oxidative folding of 
proteins in vitro (Lambert & Freedman, 1985) and most likely 
in vivo (Bulleid & Freedman, 1988). In vitro, oxidizing 
equivalents may be provided by a variety of disulfides (Hillson 
et al., 1984; Morin & Dixon, 1985; Varandani et al., 1975), 
but in vivo, the source of oxidizing equivalents is unknown. 
The enzyme was initially isolated by its ability to catalyze the 
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oxidative renaturation of proteins that contain disulfide bonds 
(Goldberger et al., 1963). PDI has been implicated in the 
oxidative folding process although recently a number of other, 
very diverse functions have been suggested for the protein 
(Cheng et al., 1987; Obata et al., 1988; Koivu et a]., 1987; 
Geetha-Habib et al., 1988; Wetterau et a]., 1990). 

In a glutathione redox buffer, PDI functions 
catalytically-multiple turnovers regenerate native RNase 
from the reduced form at the expense of oxidizing equivalents 
from GSSG (Lyles & Gilbert, 1991). However, PDI is a very 
abundant protein (Hillson & Freedman, 1984). If the enzyme 
were uniformly distributed in the cell, the intracellular con- 
centration would be about 20 pM (Lyles & Gilbert, 1991), 
comparable to the total cellular concentration of glutathione 
disulfide (Gilbert, 1990). The local concentration of PDI in 
the lumen of the endoplasmic reticulum would, naturally, have 
to be much higher, likely approaching the millimolar range. 
Because of its potentially high, local concentration in vivo, the 

' Abbreviations: PDI, protein disulfide isomerase; RNase, bovine 
pancreatic ribonuclease A; GSH, glutathione; GSSG, glutathione di- 
sulfide; DTT, dithiothreitol; cCMP, cytidine 2',3'-cyclic monophosphate. 
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stoichiometric reaction of reduced proteins with PDI should 
be considered. The experiments reported here reveal that 
stoichiometric concentrations of PDI not only catalyze the 
oxidative folding of RNase but can also directly provide ox- 
idizing equivalents for the process by utilizing its disulfide 
bonds as oxidizing agents. While this does not solve the 
problem of supplying net oxidizing equivalents to the lumen 
of the endoplasmic reticulum, it does raise the possibility that, 
in addition to its function as a catalyst, PDI may provide 
substantial redox buffering capacity. 

EXPERIMENTAL PROCEDURES 
Materials and Methods. The source of materials and the 

general methodology employed have been previously described 
(Lyles & Gilbert, 1991). 

Formation of GSH during the Reaction of RNase with 
GSSG. Incubations of RNase with 0.1 mM GSSG were 
initiated by the addition of fully reduced RNase (8.5 pM) to 
a solution of PDI (1.4 pM) containing 0.1 mM GSSG in 0.1 
M Trisacetate and 2 mM EDTA, pH 8.0,25.0 OC. A parallel 
reaction containing no PDI was also performed under the same 
conditions. At various times, aliquots were removed and di- 
luted into 1 M HCI and frozen in liquid nitrogen to stop the 
reaction. The GSH in the quenched samples was measured 
by the HPLC method of Alpert and Gilbert (1985). Parallel 
samples of the same composition were continuously assayed 
for RNase activity. In  the absence of PDI and RNase, no 
detectable GSH formation was observed. 

RNase 
(4.1-6.3 pM) was added to a cuvette containing various 
concentrations of PDI in 0.1 M Tris-acetate, pH 8.0, 2 mM 
EDTA, 25.0 OC, and 4.3 mM cCMP. The activity of RNase 
was followed continuously as previously described (Lyles & 
Gilbert, 1991). The extent of RNase activation was deter- 
mined from the amount of RNase activity observed after the 
initially rapid activation of RNase had stopped. The velocity 
of the reaction was determined immediately following a short 
(1-3 min) lag in the formation of active RNase. The effect 
of oxygen on the amount of RNase formed on incubation with 
PDI was also determined by incubating PDT and RNase in 
argon-degassed buffer and maintaining the samples under an 
atmosphere of humidified argon. RNase activity was deter- 
mined at approximately 60, 120, and 180 min after mixing 
by withdrawing aliquots and assaying for RNase activity at 
pH 5.0 by using a spectrophotometric assay for cCMP hy- 
drolysis. The change in RNase activity between the 120 and 
180 min time points was <20% for PDI concentrations greater 
than 2 pM. 

Titration of free cysteine in PDI in the presence of 6 M 
Gdn-HCI (pH 7.5) with Ellman's reagent (Ellman, 1959) 
showed 1.2 f 0.1 equiv of free cysteine per mole of PDI 
(55 130 kDa) (Yamauchi et al., 1987), and the stoichiometry 
of reduction of this preparation of PDI by GSH (Gilbert, 1989) 
showed three sequential reduction processes with a total di- 
sulfide bond content of 2.2-2.3 mol/mol of PDI. PDI con- 
centrations were routinely determined by the absorbance at 
280 nm (Eo,,% = l . l ) ,  which was determined by quantitative 
amino acid composition measurements. 

RESULTS 
Pre-Steady-State Formation of Active RNase. Under very 

specific redox conditions (low GSSG and low GSH), the first 
few minutes of the PDI-catalyzed oxidative folding of reduced 
RNase reveal kinetically complex behavior. After a shoft lag, 
the establishment of the steady-state velocity (Lyles & Gilbert, 
199 1 ) is preceded by a rapid (1-4 min) phase of active RNase 

Stoichiometric Oxidation of RNase by PDI. 
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FIGURE 1: GSSG dependence of active RNase formation observed 
in the PDI-catalyzed, oxidative folding of reduced RNase A. All 
reactions were performed at pH 8.0 (0.1 M Tris-acetate, 2 mM 
EDTA), 25.0 "C. Reactions were initiated by adding fully reduced 
RNase A (8.4 pM final concentration) to solutions containing PDI 
(1.4 pM) and different concentrations of GSSG. No GSH was added 
to the reaction mixtures. The concentration of active RNase was 
determined continuously as previously described (Lyles & Gilbert, 
1991). Initial GSSG concentrations were: A, 0.1 mM; B, 0.2 mM; 
c, 0.5 mM; D, 1.0 mM. 
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FIGURE 2: Effect of GSH concentration on the rapid phase of RNase 
formation observed in the PDI-catalyzed, oxidative folding of reduced 
RNase A. All reactions were performed at pH 8.0 (0.1 M Tris- 
acetate, 2 mM EDTA), 25.0 OC. Reactions were initiated by adding 
fully reduced RNase A (8.4 WM final concentration) to solutions 
containing PDI (1.4 pM) and 0.2 mM GSSG. The concentration 
of active RNase was determined continuously as previously described 
(Lyles & Gilbert, 1991). The initial GSH concentrations were (A) 
1.0 mM, (B) 0.5 mM, (C) 0.1 mM, and (D) 0.05 mM. 

formation after which the reaction slows to a lower steady-state 
velocity (Figures 1 and 2). The amount of active RNase 
formed in this rapid phase is significantly less than that ex- 
pected from complete activation of the RNase (8.4 pM), al- 
though sufficient GSSG is present to activate all of the added 
RNase. The amount of RNase activity recovered in the rapid 
phase of the reaction does not correspond to that expected from 
stoichiometric turnover of PDI (0.93 pM RNase). In the 
absence of GSSG, there is no significant activation of RNase 
above the small amount expected from stoichiometric turnover 
of PDI (see below), and in the absence of both PDI and GSSG 
there is no substantial increase in RNase activity during the 
30-60-min assay, suggesting that oxygen-dependent activation 
of RNase does not provide a significant source of oxidizing 
equivalents under these conditions. 

The concentration of GSSG affects the amount of active 
RNase formed during this rapid phase of the reaction. At low 
concentrations of GSSG (0.05-0.2 mM), virtually all of the 
RNase present is eventually converted to active enzyme (8.4 
pM) (Figure 1, curve A), but at higher GSSG concentrations, 
the amount of active RNase formed in the rapid phase declines 
sharply (Figure 1, curves B-D). At lower GSSG concentra- 
tions, the burst is preceded by a short lag. The length of the 
lag, in turn, decreases with increasing GSSG concentration 
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(Figure I ) .  While the lag and extent of the rapid RNase 
activation are GSSG-dependent, the actual velocity of RNase 
activation during the burst is virtually independent of the 
GSSG concentration. 

At a concentration of 8.3 pM RNase, the stoichiometric 
conversion of reduced RNase to the native enzyme by GSSG 
would yield, at most, 66 pM GSH (eq 1).  Additional GSH 

RNase(SH)* + 4GSSG - RNase(SS), + 8GSH (1) 

present during the reaction does rlot substantially affect the 
velocity of the fast activation phase (Figure 2); however, an 
increased GSH concentration increases the velocity of the 
steady-state reaction following the rapid phase and makes all 
of the RNase available for oxidative folding so that full RNase 
activity is regained. In  the presence of added GSH, the rapid 
pre-steady-state phase disappears not because the rate of this 
phase declines but because RNase activation continues at near 
the same rate unt i l  all of the RNase has been converted to 
active enzyme. 

At higher GSSG concentrations, the decrease in the amount 
of RNase formed during the rapid phase could result from 
either PDI inactivation or from a GSSG-dependent parti- 
tioning of reduced RNase into nonnative redox isomers 
(Creighton, 1978; Konishi et a!., 1982) that cannot be con- 
verted to active RNase at the low GSH concentration present 
during the assay. After completion of the rapid phase of the 
reaction in the presence of 0.5 mM GSSG, the reaction es- 
sentially stops when only 60% of the RNase has been converted 
to the active form (Figure 3A, curve 1). The addition of fresh 
PDI at this point (Figure 3A, curve 2) does not result in 
activation of additional RNase. Thus, the inability to com- 
pletely activate all of the RNase is not the result of a time- 
dependent PDI inactivation during the assay. In contrast, 
adding an additional aliquot of reduced RNase results in an 
activation of the added RNase that is virtually identical with 
that initially observed (Figure 3B, curve 2). The inability to 
completely renature RNase under these conditions does not 
arise from the effects of proline isomerization (Lang & 
Schmid, 1988), since full RNase activity can be recovered by 
adding GSH (1 mM) after a 30-min incubation of RNase with 
PDI and GSSG (4 mM) (data not shown). 

The redox isomer or isomers of RNase that are competent 
substrates for PDI are formed only slowly in the absence of 
PDI. Incubation of RNase with 0.5 mM GSSG in the absence 
of PDI for 10 min followed by the addition of PDI results in 
the same lag and burst that was observed when PDI was added 
initially (Figure 3C). 

Formation of CSH. At intermediate GSSG concentrations 
(0.05-0.1 mM), added GSH is not required to maintain the 
steady-state velocity, and RNase activation proceeds to com- 
pletion. Since oxygen-dependent processes do not contribute 
significantluy to disulfide bond formation under these con- 
ditions, this provides the opportunity to follow the thiol/di- 
sulfide exchange between RNase and GSSG by measuring the 
stoichiometric formation of GSH during the GSSG-dependent 
oxidation of reduced RNase. The formation of either an 
intramolecular disulfide or glutathione mixed disulfide in 
RNase results in the formation of 1 equiv of GSH per RNase 
thiol that is converted to the disulfide form (eqs 2 and 3). 

RNase(SH), + GSSG RNase(SS) + 2GSH (2) 

RNase(SH) + GSSG RNase(SSG) + GSH (3) 

With a reduced RNase concentration of 8.3 pM, 33 pM 
GSSG is required stoichiometrically to form the four disulfide 
bonds found in native RNase and 66 pM GSH would be 
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FIGURE 3: Effects of the addition of PDI or RNase after the rapid 
phase of RNase activation on the oxidative renaturation of reduced 
RNase. All reactions were performed at pH 8.0 (0.1 M Tris-acetate, 
2 mM EDTA), 25.0 OC, and were initiated at time zero by the addition 
of 8.5 fiM fully reduced RNase to a solution containing I .4 pM PDI 
and 0.5 mM GSSG. Further additions were made as indicated at 
the arrow. In all panels, curve 1 shows the effect of adding only buffer 
at the arrow. (A) Curve 2 is observed after adding additional PDI 
(1.4 fiM) at the arrow. (B) Curve 2 is observed after adding additional 
RNase (8.5 fiM) at the arrow. (C) Curve 2 is observed after adding 
PDI (1.4 fiM) at the arrow to an assay that initially included 8.5 fiM 
RNase and 0.5 mM GSSG but did not include PDI. 

formed. RNase oxidation and activity were examined by 
folding reduced RNase in the absence of added GSH, where 
the stoichiometric evolution of GSH from GSSG (0.1 mM) 
was monitored as a function time. Figure 4 confirms that, 
under these conditions, disulfide bond formation (evidenced 
by the generation of GSH) is significantly faster than the 
regain of ribonuclease activity (Givol et al., 1964). 

Both the catalyzed and uncatalyzed reactions quickly (< 1 
min) generate GSH concentrations equivalent to the formation 
of two intramolecular (or four intermolecular) disulfide bonds 
corresponding to 50% of the total GSH evolved during the total 
reaction (Figure 4). This rapid disulfide formation occurs 
without significant RNase activation (Figure 4). The unca- 
talyzed reaction slowly generates more oxidized RNase species 
(evidenced by further GSH release). On the other hand, the 
PDI-catalyzed yields more highly oxidized RNase species 
rather quickly (5 min). The total equivalents of GSH formed 
per RNase upon completion of the PDI-catalyzed reaction is 
7.8, very close the theoretical value of 8 for complete reaction, 
suggesting that almost all of the cysteine residue of RNase 
are present as intramolecular or intermolecular disulfides even 
in the early stages of the PDI-catalyzed reaction. For both 
the catalyzed and uncatalyzed reactions, the formation of 
disulfide bonds is significantly faster than the generation of 
enzyme activity, consistent with previous observations for the 
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FIGURE 4: GSH formation and oxidative activation of RNase resulting 
from the reaction of fully reduced RNase with GSSG. Fully reduced 
RNase A (8.4 pM final concentration) was added to a solution 
containing 0.1 m M  GSSG and 1.4 pM PDI (pH 8.0, 0.1 M Tris- 
acetate, 2 m M  EDTA). The formation of GSH as a function of time 
was detcrmincd by HPLC (Alpert & Gilbert, 1985). The activity 
of RNase was followed in a parallel, continuous assay. Results are 
shown as the fraction of the expected stoichiometric production of 
GSH or as thc fraction of expected active RNase A. The total amount 
of GSH formed (fraction = 1 .O) was 66 pM. Fully active RNase 
(fraction = I .O) corresponds to a concentration of 8.5 pM (A) Reaction 
in the absence of PDI; (m) GSH formed. Curve 2 is the fraction of 
active RNase measured in a parallel continuous assay under the same 
conditions. (B) Reaction in the presence of PDI; (0) GSH formed. 
Curve 2 is the fraction of active RNase measured in a parallel con- 
tinuous assay under the same conditions. 
uncatalyzed reaction (Hantgan et al., 1974; Konishi et al., 
1981; Wearne & Creighton, 1988). After the burst of 2 
disulfide bond equiv of GSH, the rate of the PDI-catalyzed 
formation of GSH is significantly faster than the uncatalyzed 
oxidation, showing that PDI, in fact, catalyzes the net 
GSSG-dependent oxidation of RNase as well as subsequent 
rearrangements to the active form. 

Stoichiometric Activation of RNase by PDI. In the absence 
of GSSG, the oxidizing equivalents necessary for the oxidative 
refolding of reduced, inactive RNase can be provided by PDI 
itself. The PDI added to initiate the oxidative folding of fully 
reduced RNase contains 2.2-2.3 disulfides/mol whereas 
RNase oxidation requires 4 disulfide equiv/mol of RNase. At 
substoichiometric PDI concentrations, only a fraction of the 
total RNase is converted to the active enzyme. The extent 
of RNase activation as a function of the molar ratio of 
[PDI] / [RNase] (Figure 5) in four independent experiments 
demonstrates that increasing concentrations of PDI activate 
increasing quantities of RNase until the concentration of 
disulfides provided by PDI equals the concentration of disulfide 
bonds to be formed in RNase. At the equivalence point, 1.5 
f 0.2 mol of PDI are required to regenerate 1 mol of RNase, 
indicating that 2.6 f 0.3 disulfide bond equiv is derived from 
each mole of PDI. Results obtained in argon-degassed buffer 
by using a discontinuous assay for the extent of RNase ac- 
tivation are comparable to those obtained by employing the 
continuous assay for RNase renaturation, suggesting a minimal 
contribution of oxygen to the formation of disulfides in RNase 
(Figure 5). 

The preparations of PDI used in these experiments contained 
between 1.1-1.3 mol/mol of free cysteine residues and 2.2-2.3 
mol of GSH-reducible disulfides/mol of PDI. The disulfides 

FIGURE 5: Dependence of the total amount of active RNase formation 
on the ratio of PDI to total RNase concentration in the absence of 
a redox buffer. All reactions were performed at pH 8.0 (0.1 M 
Tris-acetate chloride, 2 mM EDTA), 25.0 'C. RNase was added 
to reaction mixtures containing different concentrations of PDI. The 
vertical axis represents the maximum concentration of active RNase 
observed after the formation of active RNase had ceased: (0) 4.1 
pM RNase; (e) 6.4 pM RNase; (m) 5.5 pM RNase; (A) 5.0 pM 
RNase monitored by a discontinuous assay. The equivalence point 
is shown at a ratio of PDI to RNase of 1.5 f 0.2. 
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FIGURE 6: Dependence of the rate of the PD1-catalyzed oxidative 
folding of reduced RNase in the absence of a redox buffer on the 
concentration of PDI. All reactions were performed at pH 8.0 (0.1 
M Tris-acetate chloride, 2 mM EDTA). Fully reduced RNase A 
(4.1-6.3 pM final concentration) was added to solutions containing 
various concentration of PDI. PDI served as the sole source of 
oxidizing equivalents in the reaction. After a short lag (1.3 min), 
the initial velocity of the formation of active RNase was measured. 
The average velocities from three independent determinations are 
shown. The error bars indicate the standard deviation. 

in the preparation of PDI used in this study also clearly dis- 
played triphasic kinetics of reduction by GSH (Gilbert, 1989), 
indicating the presence of three types of disulfide bonds in PDI. 
The observed rate constants for each of the three phases of 
the reduction were comparable (f 15%) to the previously re- 
ported values (data not shown) (Gilbert, 1989). The presence 
of free cysteine residues in PDI under denaturing conditions 
has been reported previously (Carmichael et al., 1979) and 
suggests that at least two of the cysteines are present in both 
the thiol and disulfide forms. The disulfides are not inter- 
molecular. Non-reducing SDS gels of the alkylated protein 
showed <5% dimeric PDI (data not shown). 

Under conditions where the oxidizing equivalents for RNase 
activation are provided solely by the disulfide bonds initially 
present in PDI, the rate of RNase activation is a complex 
function of the concentration of PDI. At sub-stochiometric 
PDI concentrations, the rate is greater than first order in PDI 
concentration (Figure 6 ) ,  but concentrations of PDI exceeding 
the equivalence point decrease the rate of RNase refolding. 

DISCUSSION 
Rapid Activation of RNase. Under specific conditions (low 

GSH and low GSSG), the PDI-catalyzed oxidative renatu- 
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Disulfide Bond Formation. The formation of disulfide 
bonds in RNase (Figure 4) is even faster than RNase acti- 
vation. Within 1 min, the reaction of reduced RNase with 
GSSG results in the formation of 2 disulfide bond equiv. A 
typical thiol/disulfide exchange reaction involving normal 
cysteine residues of pK, 8.6 occurs with a second-order rate 
constant of about 150 M-I min-' at pH 8.0 (Gilbert, 1990). 
With a half-life of less than 0.5 min in the presence of 0.2 mM 
GSSG, the rapid reaction of GSSG with reduced RNase must 
occur with a rate constant that is at least 7000 M-l min-I. This 
is approximately 10-20-fold faster than the appearance of 
RNase with one disulfide bond observed by Wearne and 
Creighton (1988) under comparable conditions and may reflect 
both a statistical effect (RNase has eight cysteines) and the 
transient accumulation of mixed disulfides between RNase and 
glutathione. In the absence of PDI, the formation of additional 
disulfide bonds in RNase is comparable to that expected for 
freely accessible thiols (koh = 25 M-' min-I); however, the 
net oxidation of RNase is accelerated approximately 10-fold 
(kob = 2500 M-' min-I) by the presence of 1.4 pM PDI. Thus, 
PDI is not merely a catalyst for thiol/disulfide rearrangement 
but it also catalyzes net oxidation of the protein substrate. 

Stoichiometric Activation of RNase by PDI. In the pres- 
ence of sufficient PDI, no thiol/disulfide redox buffer is re- 
quired to oxidatively activate reduced RNase. The source of 
the oxidizing equivalents necessary to convert reduced RNase 
to the native, disulfide form can be provided by PDI itself. 

The cDNA sequence of bovine PDI (Yamauchi et al., 1987) 
indicates the presence of six cysteine residues. Previously 
(Gilbert, 1989), we reported seven cysteine residues on the 
basis of sulfhydryl and disulfide titrations; however, one of the 
seven cysteine residues in the complete cDNA sequence is in 
the signal sequence and should not be present in mature PDI. 
However, in the enzyme as isolated, not all of the six cysteine 
residues are present in disulfide bonds. In 6 M Gdn-HCI, 
different preparations of PDI show the presence of 0.8-1.3 mol 
of thiol per mole of PDI and 2.3-2.8 disulfide bonds can be 
reduced by GSH (Gilbert, 1989). Carmichael et al. (1979) 
have also detected free cysteine residues in PDI under dena- 
turing conditions. Under nondenaturing conditions, the cys- 
teines are not available for alkylation by iodoacetamide. 
Alkylation of the free cysteines by NEM does not affect ac- 
tivity, suggesting that the free cysteines are not essential for 
catalysis (Carmichael et al., 1979). 

Four of the six cysteine residues are located in two internally 
homologous regions of the PDI molecule that have sequence 
homology to thioredoxin (Edman et al., 1985; Freedman et 
al., 1988), a small redox active protein that contains two 
cysteine residues that can exist in either the dithiol or disulfide 
oxidation states. Hawkins et al. (1986) showed that reduction 
of PDI followed by the alkylation of two cysteines per mole 
completely destroyed the activity and suggested that alkylation 
occurred on one cysteine in each of the two thioredoxin-like 
domains. On the basis of the observed sequence homology and 
the recent observation that two of the disulfides are substrates 
for thioredoxin reductase (Lundstrom & Holmgren, 1990), 
it is tempting and reasonable to assign these centers to the 
active site (or sites) of the enzyme. 

A titration experiment (Figure 5) demonstrates that 1 mol 
of reduced RNase requires 1.5 f 0.2 mol of PDI to restore 
full activity. Since native RNase has four disulfides per mole, 
this suggests that PDI must supply 2.6 f 0.3 disulfide 
equiv-comparable to its total disulfide content. Thus, at least 
two, and perhaps all, of the disulfide sites of PDI are kinetically 
and thermodynamically competent to transfer oxidizing 

Scheme I :  Mechanism for the Initial Formation of Active RNase 
from the Reduced Protein at  Low GSSG and GSH Concentrations in 
the Presence of PDI 

[GSSG] INTERMEDIATE GOOD 
REDUCED e OXIDATION - PDI SUBSTRATES- ACTIVE 
RNAse [OSH] STATES RNAse 

POOR 
PDI SUBSTRATES 

ration of reduced RNase exhibits a rapid phase of RNase 
activation, which precedes the slower, steady-state velocity. 
The results are consistent with a kinetic model in which the 
initially reduced RNase rapidly partitions into two kinetically 
different popoulations of redox isomers-a population that can 
be converted to native, active RNase with the low concen- 
trations of GSH present during the assay and a population 
that cannot (Scheme I ) .  At the low GSH and GSSG con- 
centrations where these effects are observed, reversible in- 
terconversion of RNase redox isomers (equilibrium) would lead 
to complete conversion of all of the added RNase to the active 
enzyme rather than the partial activation that is observed. 

The rapid phase of RNase formation is preceded by a lag, 
comparable to the lag that precedes the steady-state reaction 
at higher glutathione concentrations (Lyles & Gilbert, 1991). 
The lag time decreases significantly with increasing GSSG 
concentration (Figure 1 )  and with increasing GSH concen- 
tration (Figure 2 ) ,  suggesting that the formation of the in- 
termediate(s) preceding the rate-limiting step of the PDI- 
catalyzed reaction is accelerated by both GSSG and GSH- 
consistent with the first step shown as an approach to equi- 
librium in the mechanisms of Scheme I. 

Although it decreases the lag time, increasing the concen- 
tration of GSSG significantly decreases the total amount of 
RNase that is activated during the fast phase (Figure I ) .  If 
the formation of both productive and nonproductive inter- 
mediates were dependent on GSSG with the same kinetic 
order, the partitioning between the two pathways would be 
fixed by the relative rate constants and would be independent 
of the GSSG concentration. 

On the other hand, increasing the GSH concentration, even 
in the presence of GSSG, rescues misoxidized RNase species 
that are not good PDI substrates and converts them to species 
that are (Figure 2). The addition of GSH, even long after 
the burst is over, quantitatively converts all RNase to the active 
form. Thus, at low GSH concentrations, the conversion of 
misoxidized species to active RNase must be slow. In Scheme 
I ,  GSH is shown as participating in the reversal of the for- 
mation of misoxidized forms and in their conversion to species 
that can productively lead to active RNase. The formation 
of active RNase from the correct PDI substrate is shown as 
not requiring additional GSSG or GSH, since the observed 
rate of the fast phase is independent of the GSH and GSSG 
concentration (Figures 1 and 2). 

The actual velocity during the rapid phase of the reaction 
is comparable to the maximum observed steady-state rate 
under optimum GSH and GSSG concentrations (Lyles & 
Gilbert, 199 I ) .  The pre-steady-state kinetics are observable 
not because the rate is particularly fast but because the 
steady-state rate is slow under these conditions. The overall 
mechanism shown in Scheme I is consistent with that suggested 
for the steady-state PDI-catalyzed reaction (Lyles & Gilbert, 
1991) and may represent the pre-steady-state behavior of the 
normal folding pathway(s) under a restricted set of redox 
conditions. 



624 

equivalents into the reduced protein substrate. Consequently, 
PDI has either multiple active sites or one active site that is 
capable of delivering the oxidizing equivalents from multiple 
disulfides. 

When PDI is the only source of oxidizing equivalents, the 
initial rate of RNase regeneration is a complex function of the 
PDI concentration. Under conditions of reduced RNase excess 
(low PDI, Figure 6), PDI will be present predominantly in the 
reduced form, and adding more PDI should simultaneously 
increase the amount of active enzyme (reduced PDI) and the 
amount of substrate (oxidized RNase). Thus, the velocity of 
the reaction would be expected to be proportional to the square 
of the added PDI concentration. However, rearrangement and 
redistribution of disulfide bonds among the redox isomers of 
the RNase substrate and/or PDI itself further complicates the 
dependence on the PDI concentration. 

After a stoichiometric equivalence of PDI has been added, 
excess PDI inhibits rather than accelerates the oxidative folding 
of RNase. Clearly, the disulfide form of PDI, which is in 
molar excess over RNase in the region where inhibition is 
observed, is not a catalyst of RNase renaturation under these 
conditions. This suggests that one or more of the reduced 
forms of PDI are the catalytic species and that the free cysteine 
residues observed in PDI do not catalyze RNase renaturation. 
The inhibition observed at high concentrations of PDI could 
be due to a direct inhibition by PDI binding to itself. Al- 
ternatively, the inhibition could result from oxidation of 
catalytically active PDI by the excess disulfide-containing PDI, 
which could result in the formation of PDI species with one 
or two disulfide bonds that are less active than in the fully 
reduced form of PDI. 

At the maximum velocity attained in the absence of a redox 
buffer, the apparent k, , /K,  for the reaction is approximately 
2 X IO4 M-' min-I. This is nearly 6-fold slower than the 
k , , , / K ,  observed at the optimum GSH and GSSG concen- 
trations for the reaction in a glutathione redox buffer (Lyles 
& Gilbert, 1991). The actual observed velocity is, however, 
similar. The 6-fold difference in second-order rate constant 
arises mainly from the increased concentration of PDI at the 
point of maximum rate. Limitation of the reaction by factors 
other than thiol/disulfide exchange, such as proline isomeri- 
zation (Lang & Schmid, 1988), could account for these results. 
Alternatively, the glutathione redox buffer could help maintain 
a more favorable distribution of substrate and/or PDI redox 
isomers. 

PDI is obviously capable of both providing oxidizing 
equivalents and catalyzing the oxidative folding of RNase. 
Whether or not this reflects an important property of the in 
vivo process remains to be determined. However, PDI must 
be present in very high concentrations in the lumen of the 
endoplasmic reticulum-approaching millimolar concentra- 
tions (Hillson & Freedman, 1984; Lyles & Gilbert, 1991). 
Regardless of its catalytic role, PDI, because of its high local 
concentration, must also contribute significantly to the redox 
buffering capacity of the endoplasmic reticulum. 

The ability of PDl to serve as a direct oxidant of RNase 
and presumably other proteins does not solve the problem of 
providing oxidizing equivalents to the endoplasmic reticulum. 
I f  the oxidant is GSSG, the question of how it gains access 
to the lumen of the endoplasmic reticulum must be resolved. 
Ziegler and Poulsen (1977) offered a suggestion in which a 
ubiquitous flavin monooxygenase situated as an integral 
membrane protein of the endoplasmic reticulum could provide 
oxidizing equivalents, originally derived from molecular oxy- 
gen, in the form of cystamine (+NH3CH2CH& They also 

Biochemistry, Vol. 30, No. 3, 1991 Lyles and Gilbert 

showed that this system, in conjunction with added PDI, could 
significantly accelerate the oxidative folding of reduced RNase 
(Poulson & Ziegler, 1977). 

PDI, 37318-49-3; RNase, 9001-99-4; GSSG, Registry No. 
27025-41-8; GSH, 70-18-8. 
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Oligosaccharide Structures Present on Asparagine-289 of Recombinant Human 
Plasminogen Expressed in a Chinese Hamster Ovary Cell Line? 
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ABSTRACT: The oligosaccharide structures linked to AmZs9 of a recombinant (r) variant (RS6’S) human 
plasminogen (HPg) expressed in Chinese hamster ovary (CHO) cells, after transfection of these cells with 
a plasmid containing the cDNA coding for the variant HPg, have been determined. Employing high- 
performance anion-exchange liquid chromatography mapping of the oligosaccharide units cleaved from the 
protein by glycopeptidase F, compared with elution positions of standard oligosaccharides, coupled with 
monosaccharide compositional determinations and analyses of sequential exoglycosidase digestions and specific 
lectin binding, we find that considerable microheterogeneity in oligosaccharide structure exists at  this sole 
potential N-linked glycosylation site on HPg. A variety of high-mannose structures, as well as bi-, tri-, 
and tetraantennary complex-type carbohydrate, has been found, in relative amounts of 1-25% of the total 
oligosaccharides. The complex-type structures contain variable amounts of sialic acid (Sia), ranging from 
0 to 5 mol/mol of oligosaccharide in the different glycan structures. Neither hybrid-type moleucles, 
N-acetylglucosamine bisecting oligosaccharides, nor N-acetyllactosaminyl-repeat structures were found to 
be present in the complex-type carbohydrate pool in observable amounts. Of interest, a significant portion 
of the Sia exists an outer arm structures in an (a2,6) linkage to the penultimate galactose, a novel finding 
in C H O  cell-directed glycosylation. We  conclude that considerable differences occur in the N-linked 
carbohydrate structures of C H O  cell-expressed HPg, in insect cell-expressed HPg [Davidson, D. J., Fraser, 
M. J., & Castellino, F. J. (1990) Biochemistry 29, 5584-55901, and in human plasma HPg  [Hayes, M. 
L., & Castellino, F. J .  (1979) J .  Biol. Chem. 254, 8668-8671, 8672-8676, 867746801, with both spec- 
ies-specific glycosylation and also protein-directed events of importance in the oligosaccharide trimming 
and processing that result. 

H u m a n  plasminogen ( [ G I u ’ I P ~ ) ~  is the plasma protein 
zymogen of the enzyme plasmin ([Ly~’~lPm), a serine protease 
with fibrinolytic and fibrinogenolytic properties. [Glu’IPg 
exists in the circulation as a single-chain glycoprotein con- 
taining 79 i amino acids (Forsgren et al., 1987; Malinowski 
et al., 1984; McLean et al., 1987; Sottrup-Jensen et al., 1978; 
Wiman, 1973, 1977) resolvable by affinity chromatography 
into two major variants (Brockway & Castellino, 1972), which 
are distinguishable by their respective extents of glycosylation 
at AsnZg9 (Castellino, 1983; Hayes & Castellino, 1979a-c). 
One form of the protein contains a biantennary complex ol- 
igosaccharide at  AmZs9, and the other lacks N-linked oligo- 
saccharide (Hayes & Castellino, 1979b), despite the presence 
of the required consensus tripeptide that directs N-based 
glycosylation at AsnZS9 (Powell & Castellino, 1983). Both 
forms of HPg contain 0-linked oligosaccharide at Thr346 
(Hayes & Castellino, 1979~) .  

We have shown previously that the cDNA for [Glu’IPg can 
be expressed in recombinant baculovirus-infected insect 
(SpodoptPru frugiperdu) cel Is ( W h itefleet-Smi t h et al., 1 989) 
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and have determined that the AsnZg9-linked oligosaccharides 
in the insect-expressed r-[GluI]Pg possess some differences 
from those found in the human plasma protein. In  the in- 
sect-expressed r-HPg, both complex-type and high-mannose- 
type oligosaccharide units are present (Davidson et al., 1990a). 

The carbohydrate of HPg influences the properties of this 
zymogen and its corresponding active enzyme. It has been 
found that HPg form 1 is glycosylated) binds differ- 
ently to lysine-like activation effector molecules (Brockway 
& Castellino, 1972) and fibrin than HPg form 2 (aglycosyl 
at AmZg9), is activated to HPm at a faster rate (Takada & 
Takada, 1983), and its corresponding HPm is more rapidly 
inactivated by its fast-acting plasma-derived inhibitor (Wiman 

I Abbreviations: CHO, Chinese hamster ovary; HPg and HPm, refer 
generically to human plasminogen and human plasmin, respectively; 
[Glu’IPg, native human plasminogen with Glu, residue 1, at the amino 
terminus; [Ly~’~lPg,  a proteolytically derived form of human plasmino- 
gen with Lys, residue 78, at the amino terminus; [Ly~’~lPm, human 
plasmin, which arises from [Glu’IPg by cleavage at the activation site, 
Arg561-Va1562, and also at Ly~”-Lys’~; EACA, c-aminocaproic acid; tPA, 
tissue plasminogen activator; r, recombinant; wt, wild type; NaDod- 
SO,/PAGE, sodium dodecyl sulfate/polyacrylamide gel electrophoresis; 
SNA, Sambucus nigra agglutinin; WGA, wheat germ agglutinin; NDV, 
Newcastle disease virus; Gal, galactose; GlcNAc, N-acetylglucosamine; 
Man, mannose; HPLC, high-performance liquid chromatography. 
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