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Does nitric oxide synthase catalyze
the synthesis of superoxide?

Kai Y. Xu*

The characteristic function of all NOS isoforms, including
neuronal NOS (nNOS), inducible NOS (iNOS), endothelial
NOS (eNOS) and nNOSy, is to catalyze the synthesis of
NO?®*, a gaseous reactive radical that regulates important cel-
lular functions (reviewed in [1]). This catalytic activity of NOS
requires L-arginine and the binding of its coenzyme, reduced
nicotinamide adenine dinucleotide phosphate (NADPH), and
cofactors, such as flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN), tetrahydrobiopterin (BH,4) and cal-
modulin (CaM). It has been reported that NOS not only
produces NO°, but also functionally generates O3~ in the
absence of L-arginine [2]. The question as to whether NOS
catalyzes the synthesis of O3~ is fundamental to the under-
standing of the biological function of NOS and requires a
rigorous reexamination. In the present study, it was found
that NOS cofactors and NADPH induce non-specific O3~
radical generation. The evidence that a similar amount of
O35~ was detected from all forms of NOS, including native,
denatured, trypsin-digested and inhibitor-inactivated enzymes
in the absence of L-arginine and the presence of NADPH and
NOS cofactors, indicated that NOS does not catalyze O3~
radical formation. The nNOS was chosen for the following
experiments because it has been highly purified (> 98%) and
all of the NOS isoforms share the same catalytic function.

We first tested whether nNOS itself or the reaction buffer
(50 mM Tris-HCI, pH 7.4) produces O3~ radicals. Electron
paramagnetic resonance (EPR) spectroscopy was used to di-
rectly measure O3~ generation in the presence of 100 mM spin
trap 5,5,-demethyl-1-pyrroline-1-oxide (DMPO). Fig. 1 indi-
cates that neither the reaction buffer alone (Fig. 1A) nor with
native nNOS (12 pg/ml) itself (Fig. 1B) showed any detectable
O3 radical signal. We next examined whether NOS coenzyme
and cofactors generate O3~ radicals. The EPR spin-trap mea-
surements reveal that a mixed signal, including DMPO-OOH,
which represents O3~ consisting of a 1:1:1:1:1:1 sextet
(on=142 G, o0g=11.4 G, oyr =1.2 G) and a 1:2:2:1 quartet
originating from the DMPO-OH (o = o =14.9 G) for hy-
droxyl radical (OH®), were observed from a mixture of
NADPH, FAD, FMN, BH; and CaM (Fig. 1C). Both
DMPO-OOH and DMPO-OH adducts were completely inhib-
ited by superoxide dismutase (SOD) suggesting that DMPO-
OH is Oj -dependent (Fig. 1ILH). When native nNOS was
mixed with NADPH, FAD, FMN, BH; and CaM, a similar
amount of the mixed signal (DMPO-OOH and DMPO-OH)
was detected (Fig. 1D) compared with the signal from the
mixture of NADPH and nNOS cofactors (Fig. 1C). This re-
sult shows that highly purified native nNOS did not enhance
the generation of Oj radicals under the conditions used in
Fig. 1C, suggesting that nNOS did not catalyze O~ forma-
tion in the absence of rL-arginine. To verify this observation,
native nNOS was denatured by boiling at 100°C for 10 min
prior to being mixed with NADPH and NOS cofactors. The

EPR measurement showed that denatured nNOS did not
abolish the mixed signals (Fig. 1E) and that the same amount
of DMPO-OOH was observed again compared with Fig.
1C,D, suggesting that the O3~ radical seen from the reaction
mixture is not a functional product of nNOS. To further
confirm our results, native nNOS was digested by trypsin
overnight, in order to destroy the three-dimensional structure
of the enzyme, and then mixed with NADPH and NOS co-
factors and subjected to the EPR measurement. The result
shows that trypsin-digested nNOS did not alter the O3~ gen-
eration (Fig. 1F) compared with various conditions as shown
in Fig. 1C,D,E. Furthermore, Fig. 1G shows that a similar
amount of DMPO-OOH was also detected from inactivated
nNOS in the presence of NOS inhibitors (L-NAME, TRIM,
AMT and 7NI, 0.2 mM each) indicating that NADPH and
NOS cofactor-induced O3~ radical generation is irrelevant to
NOS catalytic function. Multiple inhibitors were used in order
to reach maximum inactivation of the enzyme.

The simplest way to examine whether NOS functionally
generates O3 is to compare the O3~ radical generation in
both native and denatured NOS enzyme systems. In the
present study, similar amounts of O3~ radical production
were detected from denatured nNOS (absence of catalytic
activity and fully unfolded protein) compared with native
nNOS (Fig. 1D,E,F). These facts clearly demonstrate that
nNOS does not catalyze O3~ radical formation. While no
enzymatic activity or NO® generation was seen from boiled,
trypsin-digested or inactivated nNOS enzymes under the same
conditions as described in Fig. 1 (data not shown), O3~ rad-
icals were formed (Fig. 1). These results underscore that the
O3~ radical is not a catalytic product of nNOS. EPR spin
trapping measurements provide direct evidence that NOS
coenzyme and cofactors induce O3~ radical generation (Fig.
1C). These data suggest that complex chemical interactions
among NADPH, FAD, FMN, BH, and CaM may be respon-
sible for the O3~ formation. The DMPO-OH signal that co-
existed with DMPO-OOH, was completely inhibited by SOD
(Fig. 1H,I), an enzyme that specifically catalyzes removal of
the O3~ radicals, [3] demonstrating that the DMPO-OH is
O3~ -dependent. Whether flavins could photosensitize the oxi-
dation of NADPH with abundant O3~ to induce O35 -depen-
dent OH® generation [4], or DMPO-OH is solely decomposed
from DMPO-OOH [5], remains to be determined. It has been
reported that BH4 generates O3~ through autooxidation,[6]
and that FAD and FMN induce O3~ production [7]. The
observations (Fig. 1C) reported here are consistent with those
findings and further indicate that the O3~ radicals derived
from NADPH and NOS cofactors are non-specific by-prod-
ucts, presumably due to the molecular autooxidation and in-
teractions involving redox electron transfer.

The studies reported here demonstrate that NOS does not
catalyze O3~ production and that NADPH and NOS cofac-
tors induce O3~ generation. More detailed investigation of the
chemical mechanisms of the O3~ generation from NOS coen-
zyme and cofactors, and of how NO regulates this O3~ for-
mation in vivo, should increase our understanding of the bio-
logical function of NOS.
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Fig. 1. EPR spectra of O3~ generation in the presence of 100 mM
DMPO under various conditions. Measurements were performed in
a flat cell at room temperature. The spin trapping reagent DMPO
(100 mM) was used and the integrated intensity of the DMPO-
OOH and DMPO-OH adducts was monitored as a measure of the
apparent amount of O3~ generation. The final concentrations for
nNOS, NADPH, BH4, FAD, FMN, CaM and SOD were 12 pg/ml,
1 mM, 10 uM, 5 uM, 5 uM, 0.1 mg/ml and 1000 U/ml, respectively.
A: 50 mM Tris-HCI buffer, pH 7.4. B: Native nNOS. C: A mix-
ture of NADPH, BHy, FAD, FMN, and CaM. D: (B) under condi-
tion (C). E: Boiled nNOS under condition (C). F: Trypsin-digested
nNOS under condition (C). G: .-NAME+TRIM+AMT+7NI (0.2
mM each) under condition (D). H: SOD under condition (C).
I: SOD under condition (G). Each data point represents five similar
measurements. The EPR spectra were recorded immediately after
the spin trap was added by using an IBM-Bruker ER 300 spectrom-
eter operating at X-band with a transverse magnetic 110 cavity. The
spectrometer settings were as follows: modulation frequency, 100
kHz; modulation amplitude, 1 G; scan time, 1 min; total acquisi-
tion time, 2 min; microwave power, 20 mW, and microwave fre-
quency, 9.78 GHz.
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The disulphide bond arrangement
in the major pepsin inhibitor PI-3
of Ascaris suum

Karen Girdwood, Colin Berry*

Proteins that inhibit aspartic proteinases are very rare in
nature. However, the parasitic nematode Ascaris suum produ-
ces a protein, PI-3, that inhibits the aspartic proteinases pep-
sin, gastricsin and cathepsin E [1,2]. The 149-residue protein
sequence of the mature PI-3 inhibitor (generated by removal
of a signal peptide) was determined [3] and contains six cys-
teine residues, all of which were shown to be involved in
disulphide bonding by Martzen et al. [3] who proposed the
following disulphide pairings: Cys-13-Cys-59; Cys-48-Cys-
66; Cys-79-Cys-146 (Fig. 1).

Subsequently, genes encoding homologues of PI-3 have
been identified in other parasitic nematode species (Onchocer-
ca volvulus, Acanthocheilonema viteae, Brugia malayi and
Dirofilaria immitis) and within the genome of the free living
nematode Caenorhabditis elegans (accession numbers P21250,
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1 7 13 20
PI-3 mhvwlilslasl--wtssia----ysQFLFSMST--GPFI VEKDNQVFV
Ov33 mkilf@lllllaitaleaGVVKRYNKRFAGFNVAGIGGNAG VVDNKLFA
DiT33 mkilf™fvllaiaalraSVINRENKRFAGFSVAGIGGTAG VVDNKLFA
Av33 mkils11lutitvlegNVMNRHNKRFAGFNVAGIGGTAG VVDNKLFA
Bm33 mktlf{g§ll1faiavlieaGIVKRYNKRFAGFNVAGIGGTAG VVDNKLFA
Ce mkllalvalavgvasH--RDKRQLSIGTISVSGAGGSTG VTGNVLYA

29 48 56

PI-3 ANLPWTMLEGDDIQVGKEFAARVEDBINVRHDMA---ooomommmmmoo
Ov33 NSFFLRELTTEE---QRELAQYIEDSNRYREEVKESLEERRKGWQ-----
DiT33 NSFYLRDLTTEE---QRELAQYVEDSNQYKEEVKTSLEERRKGWQ- -~~~
Av33 NGFFLRELTAEE---QREFAQYVEESNKYKEELKVSLEERRKGWQ-----
Bm33 YGLPLRELTAEE---QKELSRYVQESNKYKEDLMTSLEERRKGWQ-----
Ce  NGIRLRNLTSSE---QSELATYQTEVEQYKTQLRNILSQRRENLRNRLMS

59 66 71 74 79

3 2 pr@rrPPPFcPoDMRMFNFVGESVLG
0v33 LARDGKEDSKVLSALAEKK---LPKPPKKPSFMSAGDTTQYYFDGEMVQN
DiT33 LARHGEKDAKVLSSLAEKK---FPKPPKKPSFMSAGDTTQYYFDGEMVON
Av33 IARQSEKGAKILSTITEKN---LPKPPKKPSFMTAADTTQYYFDGEMVON
Bn33 LARHSEKGSKILSSLAEKN---FPKPPKKPSFMTAADTTQYYFDGEMVON

Ce QGRNQQQOSNDVSSQGGNDDGSIPKAPEKPSF AEDTTQYYFDGEMVQG

90 100 110

PI-3 NEKLFIDQKYVRDLTAKDHAEVQTFREKIAAFEE--c-e e e m e emm o
Ov33 DKIYVGRAYVRDLTPDEVTQLKTFDAKMTAYQKYLSSTIQKQVDSLFGEK
DiT33 NKIYVGRMYVRDLTSDEINQLKTFDAKMTAYQKYLSSSIQQQVDSLFGDK
Av33 NKIFVGQSYVRDLTADEARELKSFDVKMTAYQKYLSSSIQQQMNSLFGDK
Bm33 NKIYVGRTLVRDLIPEEVKELKTFDAKMTAYQKYLSSSIQQQMDNLFGDK
Ce NKVYVGGQYARDLSSDEISELQTFDTQQTAYQNAVQSQMQSQVQGLFGGS

120 130 140 146
PI-3 —c-cemeemmaoo QQENQPPSSGMPHGAVPAGGLSPPPP--PSF[§rvo-
Ov33 SNLFNLFADTRTEATSQASDDATAGATTTQAPVEAPEP--PHF AIY
DiT33 SNLFNLFTDTRHETSSQPSD-ATTISTTTQAPVEPPET--PHFMIAIY
Av33 TNLLNLFTNTHLESTSQASE-ATTIPTTTQTPVEAPET--PSFOVPIY
Bm33 TNLFSLFTETYLETSPQTGE--ATVSTTTQVPVEAPET--PSF@IAIY
Ce DFLSALFGGDRFNQQQQRQQPSSTTPASTSSTTLPPKPTVPQFTAIF

Fig. 1. PI-3 alignment. The sequence of the aspartic proteinase in-
hibitor from A. suum (PI-3) is aligned with homologues from O. vol-
vulus (Ov33), D. immitis (DiT33), A. viteae (Av33), B. malayi
(Bm33) and C. elegans (Ce). Hyphens indicate gaps introduced to
optimise alignment. The numbering scheme follows that of Martzen
et al. [3] and begins with the first residue of mature PI-3. Possible
signal peptide sequences are shown in lowercase letters and cysteine
residues are boxed.

S$23229, L11001, U24180 and U20864 respectively). At least
two of the proteins encoded by these genes (Ov33 from O.
volvulus and DiT33 from D. immitis) appear to be able to
inhibit aspartic proteinases such as pepsin [4].

Alignment of the amino acid sequences of these proteins
with that of PI-3 (Fig. 1) indicates that the non-Ascaris pro-
teins share greater identity with each other than with PI-3
(~20%), with a particular clustering of the molecules from
O. volvulus, A. viteae, D. immitis, B. malayi and D. immitis
(~75% identical). This is not unexpected since these five spe-
cies all belong to the same taxonomic family (the Onchocer-
cidae). Of greater significance may be the four Cys residues
that are conserved in all of the sequences and the location of
the major inserted sequences in each of the other proteins
relative to PI-3.

Of the six cysteine residues present in PI-3, it is apparent
that those at positions 13, 66, 79 and 146 (PI-3 numbering,
Fig. 1) are conserved throughout the alignment whilst those at
positions 48 and 59 are present only in PI-3. (Other cysteine
residues found in the non-Ascaris sequences are within the
putative signal peptide sequences.) If Cys-79 is paired with
Cys-146 as suggested by Martzen et al. [3], then Cys-13 would
need to be paired with Cys-66 in order to allow maximum
consistency in the disulphide bonds throughout the proteins of
this family. An S-S bond between residues 13-66 requires
reconsideration of the 13-59 and 48-66 pairings assigned by
Martzen et al. [3]. Following cleavage of non-reduced PI-3 by
CNBr, these authors separated three fractions which consisted
of (i) the N-terminal residues 1-6; (ii) two peptides consisting

Correspondencel FEBS Letters 23717 (2000) 252-256

of residues 74-127 and 128-149 respectively (Fig. 1) that were
disulphide linked, thus validating the Cys-79-Cys-146 pairing;
and (iii) a peptide (residues 56-71 containing two Cys resi-
dues, 59 and 66; Fig. 2) which was connected by S-S bonds to
each of two other peptides consisting of residues 7-29 (con-
taining Cys-13), and 30-55 (containing Cys-48). With no fur-
ther evidence, Martzen et al. [3] deduced that Cys-13 was
linked to Cys-59 and Cys-48 to Cys-66 (Fig. 2a). Since Cys-
48 and Cys-59 are not present in the PI-3 homologues, neither
of these disulphide pairs would be conserved in the other
family members. It would seem more valid, therefore, to pro-
pose that in PI-3, the pairing is just as likely between Cys-13—
Cys-66, with the 48-59 pairing being present in the Ascaris
sequence only. This model may also have structural implica-
tions. The first of the major insertions (31-39 residues long),
in the non-Ascaris sequences is introduced in the sequence
between the Cys-48 and Cys-59 residues. Since S-S bonds
are commonly located on external loops, on or near the sur-
face of most proteins, it is likely therefore that the inserted
residues from the non-Ascaris sequences form an additional
feature, possibly with a separate function, on the surface of
these proteins. In contrast, in PI-3, which lacks this extended
sequence, a disulphide linkage between Cys-48 and Cys-59
may serve to constrain the flanking regions to adopt a similar
orientation.

It has been suggested that the Ascaris inhibitor may func-
tion to protect the nematode during passage through the
host’s digestive system or to evade immune responses [1,2].
However, the other nematodes listed in the legend to Fig. 1
do not pass through the stomach or intestine during their
invasion of the host so that they do not encounter the gastric
aspartic proteinases pepsin and gastricsin. Consequently, the
ability to inhibit e.g. pepsin may be entirely fortuitous and of
little physiological significance for the non-Ascaris proteins.
Moreover, the presence of a homologue in the free living
nematode C. elegans which has no requirement for evading
gastric enzymes or immune defences may indicate a function
for this family of proteins in the regulation of endogenous
nematode aspartic proteinases, perhaps in a manner similar
to that observed in yeast where the IA; inhibitor regulates an
aspartic proteinase specifically that is also produced within the
vacuole of the same yeast cell [5].
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Reported channel formation by
prion protein fragment 106-126
in planar lipid bilayers cannot be
reproduced

b

s

Maria Manunta?, Beat Kunz®, Erika Sandmeier
Philipp Christen®*, Hansgeorg Schindler?

The normal prion protein is converted by an as yet un-
known mechanism into its infectious scrapie form (PrP%°).
The prion protein fragment 106-126 (PrP106-126) has been
reported in numerous publications to elicit several effects of
prion pathology, i.e. to be toxic to cultured neurons and to
support the proliferation of glial cells and microglia ([1] and
references cited therein). PrP106-126 is part of the NH,-ter-
minal flexible tail (residues 23-126) of the full-length murine
prion protein with total 231 residues. Besides accumulation of
PrP% in the brain, neuronal vacuolation is observed suggest-
ing plasma membrane dysfunction. PrP106-126 was reported
to form ion channels in artificial planar lipid bilayers. These
channels were described to be freely permeable for common
physiological cations and chloride ions and their formation to
be significantly enhanced if ‘aged’ peptide was used [2]. We
tried to reproduce this channel-forming effect in order to test
whether it correlated with the slow spontaneous deamidation
of PrP106-126 [3].

In a first set of experiments, the prion peptide PrP106-126
with the sequence of H-KTNMKHMAGAAAAGAVVGG-
LG-OH (purchased from Chiron, Australia, with a purity
higher than 95%) was examined for possible channel-forming
or ionophoric activity at the conditions for which ion channel
activity had previously been reported [2]. Prp106-126, how-
ever, did not show any effect on the electrical properties of

Table 1

255

planar lipid bilayers when using the black lipid membrane
(BLM) technique (for details, see Table 1). We found not
even the least indication for channel events or any conduc-
tance in excess over the bare lipid membrane conductance of
~ 1 pS, for peptide concentrations of up to 100 uM (cis side)
and for a total recording time of 40 min. The protocol in-
cluded voltage application of up to 100 mV of either polarity,
in fast alternation or in steady application, and with resting
periods at zero voltage. These settings comprised any known
voltage-dependent channel activation conditions.

A second set of experiments addressed the difficulty of ver-
ifying a negative finding by applying a more direct and more
quantitative test for ionophoric activity of the peptide. For
this purpose, we employed a strategy of forming lipid bilayers
from lipid/peptide vesicles (septum-supported, vesicle-derived
bilayer (SVB) technique [5]) so that the peptide was already
present in the bilayer upon and after its formation at a defined
molar ratio, adjusted to 100-500 lipid molecules per peptide
molecule (for details, see Table 1). The SVB technique thus
circumvents the insertion step of the peptide from the aqueous
phase into preformed bilayers as necessary in the BLM tech-
nique. For any voltage treatment, the electrical properties of
these peptide-containing membranes were identical to those of
the bare lipid membrane. Soybean lipid (SBL) is probably the
most often used standard lipid mixture for ion channel stud-
ies. SBL yields very stable bilayers which, due to the partic-
ular mixture of various lipids, provide an environment well
suited for observing reproducible activities of incorporated
ion channel-forming proteins. The absence of any modifying
effect of the peptide, irrespective of the mode of bilayer for-
mation (BLM or SVB technique) and of peptide addition used
(to the bath or integrated at high density in SBL bilayers,
respectively), leaves no doubt that formation of an ion chan-
nel or any ionophoric or lytic activity is not a characteristic
feature of the prion peptide.

In addition to authentic PrP106-126 (with Asn-108), we
tested whether PrP106-126 aged during 300 days at 37°C
and the two synthetic deamidated isoforms PrP106-126 (L-

Experimental conditions for studying lipid bilayers in the presence of prion peptides

Bilayer Lipid Prion peptide Addition of peptide Peptide in lipid Total time of a
technique composition to bath (UM) bilayer (mol %) single record (min)
BLM?® PE/PS/PC PrP106-126 100 - 40

SVBP SBL - - - 30

SVB SBL PrP106-126 - 0.2-1 90

SVB SBL PrP106-126 100 0.2-1 68

SVB SBL PrP106-126 (aged) - 0.2-1 32

SVB SBL PrP106-126 (L-isoAsp) - 0.2-1 100

SVB SBL PrP106-126 (L-isoAsp) 100 0.2-1 26

SVB SBL PrP106-126 (L-Asp) - 0.2-1 40

The bilayer apparatus was set up as previously described [5]; the membrane was formed across a 100-um hole in a 12 pm thick Teflon septum.
Total time of a single record specifies the electronically recorded time; the total analysis time was longer.

4BLM technique: the lipid bilayer was formed from a mixture of L-a-phosphatidylethanolamine (PE):L-c-phosphatidylserine (PS):L-o-phospha-
tidylcholine (PC) in weight ratios of 5:4:1, dissolved in decane at total 50 mg/ml. PrP106-126 was added to the preformed BLMs in the cis
compartment to a final concentration of 100 uM as in the original report on Ca’>* channel formation [2]. Both chambers were filled with 100
mM sodium phosphate pH 7.4; the cis compartment contained 1 mM CaCl, in addition.

®SVB technique: the bilayer was formed by apposition of two vesicle-derived monolayers across a hole (diameter 100 um) in a 12 pm thick
Teflon septum. This procedure yielded solvent-free bilayers with specific capacitance values of 0.8 uF/cm? and, in contrast to BLMs, with de-
fined peptide concentrations. Each chamber contained 1 ml of 1 M NaCl, 10 mM HEPES, pH 7.4. Thin films of 20 mg SBL without and with
peptide (molar ratios of 100-500 of SBL/peptide, corresponding to 10® and 2X 107 peptide molecules per bilayer, respectively) were dried under
argon in a round flask and suspended in 15 ml 150 mM NaCl, 10 mM HEPES, pH 7.4 using mild agitation by rolling glass beads for 30 min.
The salt concentration was then adjusted to 1 M NacCl yielding suspensions (1 mg/ml) of SBL vesicles or SBL/peptide vesicles. For bilayer for-
mation from these vesicles, symmetrical conditions were used, i.e. both monolayers of the bilayers formed were derived from the same vesicle
preparation. The molar ratio of lipid to peptide is maintained during bilayer formation.
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Asp-108) or PrP106-126 (L-isoAsp-108), corresponding to the
main derivatives generated during the aging process [3] induce
the formation of ion channels. Table 1 provides a synopsis of
these and the foregoing studies. In no instance was there any
effect either of authentic PrP106-126 or of aged PrP106-126
and the two synthetic isoforms on the electrical properties of
the lipid bilayers.

Our findings contrast with the previous report by Lin and
coworkers [2]. Even under quite stringent conditions we were
unable to observe any changes of membrane conductance by
the prion peptide and its deamidated isoforms. The present
results coincide with the recent findings that in our hands
PrP106-126 was not able to induce neuronal cell death [4].
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