
Introduction
Protein disulfide isomerase (PDI) is a homodimeric
enzyme that is primarily located within the endoplas-
mic reticulum (ER) (1, 2) where it assists in the folding
of newly synthesized proteins (3). The ability of PDI to
catalyze protein disulfide bond formation, reduction,
or isomerization (4) is a function of the redox state of
the protein substrate and of the thiol redox state of the
local microenvironment. The catalytic site of PDI con-
tains a CGHC sequence found in both subunits of the
homodimer. Disulfide exchange essentially involves
breakage and formation of protein disulfide bonds by
thiol–disulfide interchange involving the two active site
cysteines, leading to an accumulation of the set of
disulfides consistent with the most stable conforma-
tional state for a polypeptide. The enzyme shows little
specificity in its protein substrates and acts on a wide
variety of proteins ranging from small, single-domain
proteins to large oligomers with multiple domains. In
addition to its isomerase activity, PDI also manifests
chaperone-like activity (5) and is also an essential sub-
unit of prolyl-4-hydroxylase (6, 7) and of the microso-
mal triglyceride transfer protein complex (8).

The location and role of PDI within the ER have been
well established (5, 9). In addition, PDI has recently been
found on the plasma membrane of several cell types (10,
11), including megakaryocytes and platelets (12, 13). In

certain cases, surface-associated PDI is reported to be
secreted from cells; e.g., rat exocrine pancreatic cells
transport PDI to the plasma membrane and secrete it
into the acinar lumen (10). Additionally, activated
platelets have been reported to release PDI (12).

Presently, several functions have been attributed to cell-
surface PDI. In human thyroid cells, surface PDI is
responsible for the shedding of the ectodomain of thy-
rotropin (14). On the platelet surface, PDI has been
shown to catalyze the isomerization of disulfides in sur-
face-associated thrombospondin 1, subsequently altering
its binding to neutrophil cathepsin (15). Surface PDI has
also been shown to reduce disulfide bonds established
between a ligand and a cell-surface receptor. Specifically,
Ryser and colleagues (16) have shown that activation and
translocation of receptor-bound diphtheria toxin, as well
as entry of receptor-bound human immunodeficiency
virus, require the presence of cell-surface PDI.

Nitric oxide (NO) is a heterodiatomic free radical with a
wide range of physiological actions. Its expanding range
of functions includes neurotransmission, regulation of
platelet function, blood pressure control, and a role in the
immune system’s ability to kill tumor cells and intracel-
lular parasites. More specifically, vascular NO induces
vasorelaxation and inhibition of platelet function, in part
via soluble guanylyl cyclase activation. NO is transported
in the vasculature in the form of S-nitrosothiols involving
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Since thiols can undergo nitrosation and the cell membrane is rich in thiol-containing proteins, we con-
sidered the possibility that membrane surface thiols may regulate cellular entry of NO. Recently, protein
disulfide isomerase (PDI), a protein that catalyzes thio–disulfide exchange reactions, has been found on
the cell-surface membrane. We hypothesized that cell-surface PDI reacts with NO, catalyzes S-nitrosation
reactions, and facilitates NO transfer from the extracellular to intracellular compartment.  We observed
that PDI catalyzes the S-nitrosothiol–dependent oxidation of the heme group of myoglobin (15-fold
increase in the rate of oxidation compared with control), and that NO reduces the activity of PDI by 73.1
± 21.8% (P < 0.005). To assess the role of PDI in the cellular action of NO, we inhibited human ery-
throleukemia (HEL) cell-surface PDI expression using an antisense phosphorothioate oligodeoxynu-
cleotide directed against PDI mRNA. This oligodeoxynucleotide decreased cell-surface PDI content by 74.1
± 9.3% and PDI folding activity by 46.6 ± 3.5% compared with untreated or “scrambled” phosphorothioate
oligodeoxynucleotide–treated cells (P < 0.0001). This decrease in cell-surface PDI was associated with a sig-
nificant decrease in cyclic guanosine monophosphate (cGMP) generation after S-nitrosothiol exposure
(65.4 ± 26.7% reduction compared with control; P < 0.05), with no effect on cyclic adenosine monophos-
phate (cAMP) generation after prostaglandin E1 exposure. These data demonstrate that the cellular entry
of NO involves a transnitrosation mechanism catalyzed by cell-surface PDI. These observations suggest a
unique mechanism by which extracellular NO gains access to the intracellular environment.
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either low–molecular weight thiols or serum albumin (17).
Unlike most small signaling molecules that depend

upon interactions with specific receptors, transporters,
or channels for their entry into cells, NO is currently
thought to diffuse freely from its source of synthesis
across effector cell membranes nonspecifically. Because
of its relatively low reactivity compared with other bio-
logical free radicals, small size, and rapid diffusibility, it
is presumed that the key to its regulation lies at the level
of synthesis. Furthermore, in contrast to other biologi-
cal free radicals such as superoxide anion, it has been
suggested that the charge neutrality of NO may facilitate
its diffusion across cell membranes (18).

However, because thiols can liberate NO from S-
nitrosothiols, and under certain conditions can react with
nitrosonium equivalents, it is possible that cellular entry
of NO may be regulated by transnitrosation reactions
with thiols at the level of the plasma membrane. Cell
membranes contain a significant thiol pool (19–21), and
surface PDI is one member of this pool. There are several
reasons why we hypothesized that PDI is a likely candidate
for specific reactivity toward NO on the cell surface. First-
ly, the active site of PDI includes two cysteinyl residues
(hence, two thiol groups), one of which has an anom-
alously low pK (22), rendering the resulting thiolate anion
susceptible for reaction with nitrosonium ion or facilitat-
ing its nucleophilic attack of an –S-NO  bond. Secondly,
the reducing environment on the extracellular surface of
cells, which is believed to be maintained by PDI, is crucial
for the formation of an –S-NO bond. Thirdly, PDI is
involved in thiol–disulfide exchange reactions, which are
mechanistically akin to thiol–S-nitrosothiol exchange
reactions. And finally, transfer of nitrosonium ions from
one thiolate ion to another (transnitrosation) may be an
important mechanism for the biological effects of S-
nitrosothiols (RSNO). These reactions occur rapidly in
vitro and in vivo under physiological conditions and are
involved in the biological functions of NO in vivo (23).

Thus, the specific objectives of the present study were
to (a) test the ability of PDI to catalyze transnitrosation,
(b) study the effect of NO on the thiol–disulfide exchange
activity of PDI, and (c) examine the effect of inhibition of
cell-surface PDI expression on the intracellular bioavail-
ability of extracellular NO. To address these objectives, we
used the human erythroleukemia (HEL) cell line and
measured RNase folding activity and NO-dependent
cyclic guanosine monophosphate (GMP) accumulation
in cells in which PDI mRNA translation is suppressed.

Methods
Reagents and solutions. RNase T1 was a generous gift of C.N. Pace
(Texas A&M University Health Science Center, College Station,
Texas, USA) and glutathionyl-RNase T1 (GS-RNase T1) was 
prepared as described previously (24). PDI was obtained from
Pierce Chemical Co. (Rockford, Illinois, USA). Rabbit 
anti-PDI antibody was obtained from StressGen Biotechnologies
Corp. (Victoria, British Columbia, Canada). Antisense 
(5′-GGCAGCGAGACTCCGAACACGGTA-3′) and “scrambled”
(5′-GATGGCACAAGCCTCAGAGCGACGG-3′) phosphoroth-
ioate oligodeoxynucleotides, as well as oligofectin F (lipofectin
F), were obtained from Sequitur Inc. (Natick, Massachusetts,
USA). 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), reduced and
oxidized glutathione (GSH and GSSG, respectively), dithiothre-
itol (DTT), and lactate dehydrogenase assay kits were obtained
from Sigma Chemical Co. (St. Louis, Missouri, USA). Cyclic GMP
and cyclic AMP enzyme immunoassay kits were purchased from
Cayman Chemical Co. (Ann Arbor, Michigan, USA). Mercurous
chloride and sodium nitrite were purchased from Fisher Scien-
tific Co. (Fair Lawn, New Jersey, USA) Sulfanilamide, ammoni-
um sulfamate, and N-(1-naphthyl)ethylenediamine dihy-
drochloride were obtained from Aldrich Chemical Co.
(Milwaukee, Wisconsin, USA). Activated thiol Sepharose 4B was
obtained from Pharmacia Biotech Inc. (Piscataway, New Jersey,
USA). PBS (10 mM NaH2PO4, 150 mM NaCl; pH 7.4) and Tris-
buffered saline (TBS) (10 mM Trizma base, 150 mM NaCl; pH
8.0) were prepared as stock solutions. S-nitroso-BSA (SNO-
serum albumin) was prepared as described previously (23).

Preparation of S-nitroso-glutathionyl–Sepharose 4B . In a previous
study, we described and characterized S-nitroso-glu-
tathionyl–Sepharose 4B (SNO-4B) as a very stable and potent
RSNO (25). SNO-4B was prepared as previously described (25)
and used as a cell-impermeant RSNO. Briefly, freeze-dried, acti-
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Figure 1
Quantification of cell-surface thiols. HEL cells were incubated for 10 min
with increasing concentrations of PAO, and the remaining free surface
thiols were measured by the DTNB assay. We observed that each cell con-
tains 20 ± 0.9 fmol of thiols in which 23.6 ± 3.8% are vicinal dithiols.
DTNB, 5,5′-dithiobis(2-nitrobenzoic acid); HEL, human erythroleukemia;
PAO, phenylarsine oxide.

Figure 2
Suppression of cell-surface PDI expression. HEL cells were treated with an
IgG polyclonal antibody against PDI and a secondary FITC-labeled
anti–rabbit antibody. We observed under confocal microscopy a signifi-
cant decrease in cell-surface PDI expression when HEL cells were preincu-
bated with antisense phosphorothioate against PDI mRNA for 24 h (a)
compared with the scrambled control (b). PDI, protein disulfide isomerase.



vated thiol Sepharose 4B (4B) was swollen and washed twice
with PBS using a vacuum funnel. Free thiols on the Sepharose
4B were generated by suspending the 4B in TBS (1 g 4B per 5
ml TBS; pH 8.0) containing 1% DTT, 0.3 M sodium bicarbon-
ate, and 1 mM EDTA for 40 min while continuously mixing at
room temperature. The 4B suspension was then transferred to
the vacuum funnel and washed with 0.1 M acetic acid solution
containing 0.5 M NaCl and 1 mM EDTA, using a total volume
of 400 ml of washing solution for each gram of 4B. The beads
were subsequently washed and suspended in PBS. The free thiol
level was determined using a modified DTNB assay (26). S-
nitrosation of the free thiols on 4B was achieved with NaNO2

in the presence of 0.5 N HCl. The resulting SNO-4B was then
washed thoroughly with PBS, and suspended in PBS at con-
centrations as desired for a given experiment.

Thiol content determination. The sulfhydryl content of all of the
modified forms of RNase T1, SNO-4B beads, and cell mem-
branes was estimated by DTNB titration in 0.3 M Tris-HCl and
1 mM EDTA (pH 7.5) containing 6 M guanidinium chloride. The
formation of the 2-nitro-5-thiobenzoate dianion was measured
as an increase in absorbance at 412 nm (ελ=412 = 13,600 M–1 cm–1).

Vicinal thiol (defined in cellular and biochemical terms as
cysteinyl side chains sufficiently contiguous to engage in redox
reactions with each other) (27, 28) content of HEL cells was
measured using phenylarsine oxide (PAO). Cells were collected,
washed, and suspended in PBS (∼ 10,000 cells/µl), then treated
with a range of concentrations of PAO (0, 10, 100, 200, and 500
µM) for 10 min. The cells were subsequently washed and resus-
pended in PBS for determination of the membrane vicinal and
total thiol content using the DTNB assay as described above
with reduced glutathione (GSH) as the standard (26). Total cell
thiols were determined without PAO treatment.

Preparation of GS-RNase T1. GS-RNase T1 was prepared as
described by Ruoppolo and colleagues (24). Briefly, RNase T1
(10 mg/ml) in 0.1 M Tris HCl, 1 mM EDTA, and 6 M guani-
dinium chloride was reduced by incubation with reduced DTT
(mol DTT/mol –S-S- = 50:1) for 2 h at 37°C under a nitrogen
atmosphere at pH 8.5. After the addition of 0.2 vol of 1 M HCl,
the protein was gel filtered on a Sephadex G-25 column, equil-
ibrated, and eluted with 0.01 M HCl. The protein fraction was
then recovered, tested for –SH content, and lyophilized.

The fully reduced protein (2 mg/ml) was treated with GSSG
(neutralized with Trizma-base) in 0.5 M Tris-HCl and 1 mM
EDTA (pH 8.5) containing 6 M guanidinium chloride at room
temperature for 3–10 h under a nitrogen atmosphere (mol
GSSG/mol protein = 1,000:1). The reaction mixture was acidi-

fied with 0.2 vol 1 M HCl, desalted on a Sephadex G-25 column,
and eluted with 0.01 M HCl. The protein fraction was recov-
ered, tested for SH content, and lyophilized. The samples were
stored at –20°C before use.

RNase folding analysis. Purified GS-RNase T1 was used to eval-
uate the folding activity of free or cell-surface PDI (24, 29). The
conformational change that occurs in RNase during folding was
monitored spectrofluorometrically. GS-RNase T1 (6 µM) was
incubated with purified PDI or HEL cell-surface PDI in the pres-
ence of 6 mM GSSG and 6 µM GSH in PBS for various times,
after which intrinsic GS-RNase T1 fluorescence was monitored;
in the case of cell-surface PDI experiments, cells were removed
from the incubation mixture by centrifugation (8,000 g for 3
min) before recording the fluorescence spectra. The emission
spectra were recorded in 1-cm2 cuvettes in a spectrofluorometer
at 18°C (LS-5B; Perkin-Elmer Corp., Norwalk, Connecticut,
USA). The intrinsic fluorescence emission spectra of GS-RNase
T1 were recorded upon excitation at 278 nm (10-nm wavelength
increments, 5-nm excitation and emission slit widths), and then
the emission maxima and peak amplitude were determined.

NO-dependent oxymyoglobin oxidation assay. The role of PDI in
transnitrosation was assessed using the conversion of oxymyo-
globin to metmyoglobin by NO. Myoglobin (Mb) was chosen
rather than hemoglobin because it does not contain any free cys-
teinyl residues, which could potentially complicate the kinetics of
NO transfer with the heme iron group in the reaction. NO release
from the NO donor and the subsequent oxidative reaction (Mb-
Fe2+-O2 + NO → Mb-Fe2+-O2NO → Mb-Fe3+ + NO3) with the
heme moiety of myoglobin was monitored spectrophotometri-
cally (30). Absorbance decreases at 542 nm were followed over
time and are indicative of metmyoglobin formation. The reaction
mixture contained 100 mM potassium phosphate (pH 7.4), 10
µM oxymyoglobin, 1 mM EDTA, and 30 µM or 3 mM GSNO
with and without 0.3 µM or 3 µM PDI, respectively. All solutions
were prepared with Chelex-treated water. The extinction coeffi-
cient of oxymyoglobin at pH 7.0 is 13.9 mM–1 cm–1 at 580 nm, and
that of GSNO is 0.015 mM–1 cm–1 at 545 nm. All measurements
were performed using a diode array spectrophotometer (8452A;
Hewlett Packard Co., Palo Alto, California, USA).

Transfection of phosphorothioate oligodeoxynucleotides into HEL cells.
The RNA sequence for PDI was obtained from the National Cen-
ter for Biotechnology Information protein database library for
human PDI cDNA. The sequence of the β subunit of prolyl 4-
hydroxylase (6), which is identical to PDI, was used to 
select the antisense phosphorothioate oligodeoxynucleotide
sequence (F5). The control, scrambled sequence (CA) was com-
posed of identical nucleotides as the antisense, except that the
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Figure 3
Effects of antisense phosphorothioate oligodeoxynucleotides on PDI
content. The total PDI content of HEL cells was assessed by
immunoblotting analysis. We observe a significant decrease in total PDI
(lowest band, ~57 kDa) in the HEL cells preincubated with antisense
phosphorothioates against PDI mRNA compared with controls (scram-
bled phosphorothioates).

Figure 4
Suppression of cell-surface PDI expression. Antisense phosphorothioate
blockade of PDI translation suppressed the expression of cell-surface PDI
by 74.1 ± 9.2% compared with scrambled phosphorothioates, as detect-
ed by fluorescent-labeled anti-PDI antibody.



former are randomly arranged. HEL cells were washed once with
Opti-MEM media (GIBCO BRL, Grand Island, New York, USA);
then oligofectin F (16.5 µl) was added to 500 µl of media. Next,
the F5 and CA were added to the Opti-MEM/oligofectin F lipid
mixture to final concentrations of 200 nM, and the suspension
was mixed for 10 min by repeatedly inverting the tube. The mix-
ture was then placed in a petri dish containing 5 ml HEL cell sus-
pension (10,000 cells/ml). The cells were incubated for 24 h at
37°C. After transfection, the cells were gently washed and resus-
pended in PBS until ready for use.

Immunofluorescent staining of HEL cel -surface PDI. HEL cells were
washed with PBS (pH 7.4) ultracentrifuged for 5 min at room tem-
perature, and resuspended in PBS containing 4% paraformalde-
hyde. After a 1-h fixation period at 4°C, the cells were sedimented,
resuspended in PBS, and then allowed to settle under unit gravity.
The loosely sedimented cells were placed on poly-L-lysine–coated
glass slides and allowed to dry at room temperature. The slides
were then incubated for 2 h with a blocking buffer containing
dehydrated milk, 5% Tween-20, and Fc antibody fragments (10
mg/ml). The slides were washed three times with PBS and then
treated with rabbit anti-PDI IgG for 1 h. After the primary anti-
body incubation, the slides were again washed three times with
PBS for 20 min per wash, incubated with the secondary, FITC-
labeled goat anti–rabbit antibody for 1 h, and subsequently washed
three times with PBS for 20 min per wash. The slides were allowed
to dry at room temperature and sealed with SlowFade (Fisher Sci-
entific Co., Fair Lawn, New Jersey, USA) under No. 1 coverslips
(Fisher Scientific Co.). Once dried and properly sealed, the slides
were examined by confocal microscopy. To ensure that the bind-
ing of the primary antibody was not a consequence of Fc receptor
binding, we performed studies on HEL cells using Fc fragments
alone. We observed no fluorescence when Fc fragments were incu-
bated with the HEL cells in place of the primary antibody.

Confocal scanning microscopy. The HEL cells were analyzed with
a Leica upright confocal laser scanning microscope (Leica AG,
Heerbrugg, Switzerland) equipped with an argon ion laser (out-
put power of 250 mW) and two photomultiplier tubes. The
apertures were set at the minimum size for optimal signal
detection. The typical z-series of images are composed of
sequential en face optical sections in the x–y plane, which lies at
right angles to the vertical axis of the tissue. When analyzing
the cells, confocal optical sections were scanned at 1.0-µm inter-
vals in the 512- × 512-pixel format.

Protein concentration determination. Protein concentrations
were determined by the bicinchoninic acid assay (Pierce Chem-
ical Co.) with BSA as the standard.

PDI determination by fluorescence immunoassay. HEL cells were
washed with PBS (pH 7.4) ultracentrifuged for 5 min at room
temperature, and resuspended in PBS. The cells were then incu-
bated for 1 h with a blocking buffer containing 1% filtered
dehydrated milk and Fc antibody fragments (10 mg/ml). The
cells were sedimented three times, resuspended in PBS, and
then treated with rabbit anti-PDI IgG for 45 min. After the pri-
mary antibody incubation, the cells were again washed three
times with PBS, incubated with the secondary, FITC-labeled
goat anti–rabbit antibody for 45 min, and subsequently washed
two times with PBS. The cells were counted using a Coulter
counter (Coulter Immunology, Hialeah, Florida, USA). A final
wash was then performed using PBS with 1% Triton X-100. The
lysed, solubilized cell suspension was sedimented by ultracen-
trifugation, the supernatant removed, and the fluorescence
intensity measured at an emission wavelength of 515 nm with
an excitation wavelength of 494 nm.

Data analysis. The data are expressed as the mean ± SD for
individual experiments. One- and two-way ANOVA was per-
formed followed by multiple comparison analysis as appro-
priate. The results of any analysis were considered to be sig-
nificant when P ≤ 0.05.

Results
Membrane thiol content. The total free thiol content on
the HEL cell surface, as detected with DTNB (which
does not enter cells under these conditions as deter-
mined by absorbance measurements of cytosolic
extracts), was 21.0 ± 0.9 fmol/cell (n = 3). To quantify the
fraction of the total cell-surface thiol pool that is vicinal
dithiol in conformation, we exposed cells to PAO before
the DTNB reaction. Pretreatment of cells with increas-
ing concentrations of PAO, a membrane vicinal thiol
blocker, led to a dose-dependent decrease in total mem-
brane thiol content. As shown in Fig. 1, PAO maximally
decreased the thiol level by 23.6 ± 3.8% at 100 µM PAO
(n = 3). Higher concentrations did not produce any
greater decrease in measurable thiols.

Cell-surface PDI pool. We next performed immunolocal-
ization studies to determine whether or not PDI is present
on the surface of HEL cells. Figure 2 shows the results of
immunofluorescent staining of HEL cells using confocal
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Figure 5
Reduction in cell-surface PDI folding activity with antisense treatment.
Refolding of GS-RNase T1 was performed at 25°C in PBS (pH 7.4). RNase
folding activity was measured as extent of folding at 45 min; 100% activi-
ty corresponds to the maximal folding by control HEL cells. GS-RNase T1
(6 µΜ final concentration) was added to incubation mixtures containing
10,000 cells/µl. In antisense-treated cells, folding activity decreased by
46.6 ± 3.5% compared with control. GS-RNase, glutathionyl-RNase T1.

Figure 6
PDI maintains the redox state of cell-surface thiols. HEL cells were treat-
ed with an antisense phosphorothioate against PDI mRNA. We observed
a 53.6 ± 2.3% decrease in surface thiols, as detected by the DTNB assay.



microscopy. Control cells, cells treated with oligofectin F,
and cells treated with scrambled antisense phosphoroth-
ioates against PDI mRNA all showed fluorescence stain-
ing localized to the periphery of the plasmalemmal rim of
the cells (Fig. 2a). Transfection of cells with an antisense
phosphorothioate against PDI mRNA, however, led to a
marked reduction in peripheral immunofluorescence
(Fig. 2b). This treatment did not appreciably affect cell via-
bility (>95% trypan blue exclusion in both antisense and
scrambled phosphorothioate–treated cells and no signif-
icant LDH release). In addition, Western blot analysis
showed a significant reduction in total cellular PDI con-
tent (Fig. 3). Cell-surface PDI content was also quantified
by fluorescence immunoassay and found to be reduced by
74.1 ± 9.2% with antisense compared with scrambled
phosphorothioate treatment (P < 0.001) (Fig. 4).

The functional consequences of this decrease in cell-
surface PDI were next determined. There was a 46.6 ±
3.5% reduction in cell-surface PDI folding activity using
RNase T1 as a substrate (P < 0.001) (Fig. 5). In addition,
there was a 53.6 ± 2.3% reduction in total free thiols on
the cell surface (21 ± 0.5 fmol/cell vs. 9.8 ± 0.5 fmol/cell),
which supports the view that cell-surface PDI maintains
the thiol redox state of the surface thiol pool (Fig. 6).

Interaction of PDI and NO. To determine the maximal sto-
ichiometry between nitrosonium equivalents and PDI
under steady-state conditions, we incubated PDI with
increasing concentrations of SNO-4B beads, providing a
50–600-fold molar excess of NO equivalents over PDI,
and determined the concentration of NO bound to PDI
(30). PDI appeared saturated with NO at a ratio of two
moles of NO per mole of PDI monomer (Fig. 7), and this
reaction involved an –S-NO intermediate presumably at
the active site thiol, as demonstrated by a commensurate
loss of DTNB-detectable thiol on PDI (data not shown).
We also examined the effect of S-nitrosation on the fold-
ing activity of cell-surface PDI to determine whether or
not S-nitrosation modulated PDI function. After treat-
ment of HEL cells with increasing concentrations of
SNO-4B, PDI folding activity decreased by 17.2 ± 21.1%

and 70.1 ± 21.8% (at 50 and 100 µM –S-NO, or 50 and 100
nmol NO equivalents/103 beads, respectively) (P < 0.005).

Additionally, because PDI’s active site thiols may
engage in oxidation reactions with RSNO, we reasoned
that PDI may also catalyze transnitrosation reactions. To
test this hypothesis, we used horse heart oxymyoglobin
as a means to monitor the release of NO from GS-NO,
following the rate of decrease in absorbance at 542 nm.
PDI caused a 15-fold increase in the rate of oxidation of
myoglobin by GS-NO compared with enzyme-free con-
trol (t1/2 = 1 min vs. t1/2 = 15 min; n = 3, P < 0.05); this effect
was eliminated by heat denaturation of PDI under N2,
which produced approximately 10% oxidation of protein
thiols. Thus, PDI appears to catalyze transnitrosation
reactions under physiologically relevant conditions.

Role of PDI in NO-induced cyclic GMP production in HEL cells.
As a measure of the potential physiological relevance of
cell-surface PDI–dependent transnitrosation reactions, we
investigated the role of cell-surface PDI on the NO-
induced increase in intracellular cyclic GMP (Fig. 8). HEL
cells that had been transfected with antisense or scram-
bled phosphorothioates were incubated with 50 µM SNO-
4B for 5 minutes at 25°C, and cell cGMP content was
measured by ELISA. The NO-induced cGMP increase was
reduced by 65.4 ± 26.7% (2.41 ± 0.21 pmol/105 cells vs. 0.51
± 0.41 pmol/105 cells; P < 0.05) when cell-surface PDI
expression was inhibited with PDI antisense phospho-
rothioates compared with scrambled control. We per-
formed a similar set of experiments (under identical con-
ditions, except for the addition of 1 mM DTPA to the
incubation solution) using 1 µM SNO-serum albumin (a
physiologically relevant concentration) (23). We observed
that the NO-induced cGMP increase was reduced under
these conditions by 77.0 ± 14.8% (1.92 ± 0.11 pmol/105

cells vs. 0.44 ± 0.08 pmol/105 cells; P < 0.05) by inhibition
of cell-surface PDI expression.

To determine the specificity of the impairment of
guanylyl cyclase activation, we performed an additional
set of control experiments. We first examined the conse-
quences of suppression of cell-surface PDI expression on
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Figure 7
PDI interacts with NO. PDI (1 µM) was incubated for 10 min with an
increasing concentration of SNO-4B. Using the Saville assay, we found
that NO binds to PDI in a dose-dependent manner with an NO/PDI ratio
of 2:1 at saturation. SNO-4B, S-nitroso-glutathionyl–Sepharose 4B.

Figure 8
PDI, NO, and soluble guanylyl cyclase activation. To determine the role of
PDI in the transfer of NO into HEL cells, we measure intracellular cyclic
GMP levels. We observed a 65.4 ± 26.7% decrease in cyclic GMP levels in
antisense phosphorothioate–treated cells incubated with 10 µM SNO-4B
for 10 min compared with scrambled phosphorothioate–treated controls.



prostaglandin E1–stimulated cyclic AMP formation in
HEL cells and found no difference compared with control
cells: 212 pmol cyclic AMP/105 cells for cells treated with
PDI antisense phosphorothioates and 189 pmol cyclic
AMP/105 cells for control cells, each treated with 10 µM
prostaglandin E1 for 5 min. These results suggest that the
effect of suppressing PDI expression on the cell surface is
a consequence of alterations in the mechanism of access
of NO to the cell cytosol and not a consequence of a gen-
eralized abnormality in protein folding in the endoplas-
mic reticulum that affects other related proteins or
enzymes. These results are consistent with the uniform
viability of cells treated with antisense phosphorothioates,
and with the selective loss of PDI from the cell surface
with adequate concentrations retained in the endoplasmic
reticulum. The KDEL sequence in PDI, in fact, ensures
preferential retention of PDI in the endoplasmic reticu-
lum unless and until a critical threshold concentration is
reached that facilitates translocation to the plasma mem-
brane; under the conditions of antisense treatment used
in these experiments, this threshold is not exceeded.

Discussion
In these studies, we have shown that the cell-surface thiol
content of HEL cells is ∼ 21 fmol/cell, of which vicinal thi-
ols comprise 23.6%. PDI contributes to this cell-surface
vicinal thiol population but only accounts for ∼ 0.025% of
the total pool. Using PDI antisense phosphorothioates,
we reduced cell-surface PDI content significantly without
altering cell viability. Antisense-treated cells also exhibit-
ed a marked reduction in surface thiol content compared
with control cells, thereby demonstrating that PDI plays
a significant role in maintaining the redox state of cell-sur-
face thiols. We further demonstrated that PDI effectively
undergoes S-nitrosation and also catalyzes transnitrosa-
tion. Inhibition of cell-surface PDI expression by antisense
phosphorothioates directed against PDI mRNA signifi-
cantly decreases in a selective manner  the RSNO-induced
cyclic GMP increase in HEL cells. These studies demon-
strate a novel mechanism by which NO entry into cells is
regulated, and consequently suggest another mechanism
by which the bioactivity of NO may be modulated.

In this study, we successfully used antisense technolo-
gy to suppress the expression of cell-surface PDI. In the
past, many inhibitors of PDI have been used, but most
lack either specificity or efficacy in inhibiting PDI fold-
ing activity. For example, bacitracin has been used as a
putative selective PDI inhibitor to demonstrate the pres-
ence of PDI on the plasma membrane of Chinese hamster
ovary cells. However, the high concentrations (–3 mM)
required for its inhibitory action call into question its
specificity as an inhibitor. Several PDI antibodies have
been generated, and although they were specific in bind-
ing to PDI, few have demonstrated significant inhibitory
activity toward the enzyme. Because PDI is >90% homol-
ogous to the T3 receptor (32, 33), it has been hypothe-
sized that T3 might be used as a specific PDI inhibitor. At
equilibrium, T3 binds to PDI at two binding sites, a high-
affinity site (Kd = 21 nM) and a very low-affinity site (Kd =
100 µM). Despite the high-affinity site, however, T3 is not
an effective inhibitor of PDI activity. Recent molecular
modeling studies by us using the coordinates of the PDI

active site amino acid residues derived from nuclear mag-
netic resonance (NMR) studies of the PDI active site
failed to demonstrate an energetically favorable associa-
tion of T3 with the active site (data not shown).

To decrease the presence of cell-surface PDI selective-
ly, we therefore constructed three antisense phospho-
rothioates, with their accompanying scrambled
sequences as controls, against the mRNA structure of
human PDI. Only one sequence (5′-GGCAGCGA-
GACTCCGAACACGGTA-3′) exhibited marked inhibi-
tion of PDI expression; the other two did 
not (5′-CTCTGCCGTCAGCTCCTCCGATTCG-3′ and
5′-CGTGCGTTCCCCGTTGTAATCAATG-3′). With the
active sequence, we were able to suppress cell-surface PDI
expression significantly. Because PDI is important for
protein folding, we questioned whether this suppression
might cause the cells to die. Cell viability assays demon-
strated that the cells remained viable under our trans-
fection conditions, arguing that only a fraction of total
PDI is required for cell survival. It has been shown that
in yeast, PDI is a necessary protein for cell viability (34,
35); a PDI-null strain could not be rescued by overex-
pression of thioredoxin. However, when a mutant of
thioredoxin in which the active site sequence (CGPC)
was mutated to the PDI sequence (CGHC), the yeast
were able to survive (36) even though the mutant thiore-
doxin had only 10% of the folding activity of PDI in vitro
(37). These studies confirm our findings that minimal
levels of PDI are sufficient for cell survival.

The importance of cell-surface thiols in many cellular
functions has been amply demonstrated in several cell
types. Cell-surface thiols are critical determinants of lym-
phocyte activation and proliferation (38). The cell-surface
thiol redox state is also an important regulator of the
ability of natural killer lymphocytes to bind to and lyse
target tumor cells (39). The thiol redox state of platelet-
surface glycoproteins is also an essential determinant of
activation and aggregation responses (40). Owing to the
role of PDI in maintaining the thiol redox state of cell-
surface proteins, the cell surface–bound pool of this
enzyme is essential for the surface-dependent functions
of many cell types. Data presented here support this view
in that suppressing cell-surface expression of PDI leads
both to a significant reduction in the reduced thiol pool
on the surface of HEL cells and to changes in the access
of extracellular NO to the intracellular environment
where it activates guanylyl cyclase.

Most investigators have assumed that NO traverses
cell membranes freely, because of its relative lipophilic-
ity and modest reactivity (compared with other biolog-
ically relevant free radicals, such as superoxide anion
and hydroxyl radical). Yet, the natural occurrence of
RSNOs and the importance of transnitrosation reac-
tions in the transfer, bioactivity, and metabolism of
nitric oxide (23) suggest that cell-surface thiols may
engage in reactions that regulate the transfer of NO
from the extracellular to intracellular environments.
The data presented here support this view and suggest
that cell-surface PDI catalyzes this transmembrane
transfer of nitric oxide, facilitating its entry into cells
from an RSNO source and, thereby, promoting its
intracellular bioactivity (activation of guanylyl cyclase).
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The precise chemical mechanism by which thiols lib-
erate NO from S-nitrosothiols under physiological con-
ditions remains controversial. The homolytic cleavage of
the –S-N bond is unlikely even if a disulfide bond were
to result from the reaction between two thiyl radicals.
Superoxide anion can release NO from S-nitrosothiols;
however, it is doubtful that this reaction mechanism is
biologically significant. The most likely mechanism
involves the reductive release of NO with the consequent
formation of the disulfide (41): 2RSNO + 2R′SH →
2NO⋅ + 2RSH + R′SSR′.

Another possible mechanism proceeds via the formation
of a disulfide radical anion, which is a very strong reducing
agent (42): RSNO + RSH → RS⋅–SR + NO⋅ + H+.

The mechanism(s) by which PDI catalyzes transnitrosa-
tion is as yet unknown. Possibilities include direct transni-
trosation (i.e., transfer from an RSNO donor to a mem-
brane or transmembrane R′SH acceptor, RSNO + R′SH ⇔
RSH + R′SNO); transnitros(yl)ation (i.e., transfer from an
RSNO to non-heme iron); or maintenance of the specific
cell surface–reduced thiol pool(s) to which direct (i.e., non-
catalyzed) transnitrosation occurs from the extracellular
RSNO donor. In addition, whether or not cell-surface PDI
catalyzes the transfer of NO from an intracellular RSNO
pool to the extracellular surface or to extracellular R′SH
acceptor(s) is as yet unknown. These possible mechanistic
issues are the subject of ongoing investigation.
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