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cyclothiazide to inhibit receptor desensitization'*****. In the

presence of 50 uM cyclothiazide, which prolonged non-NMDA
e.a.cs by fivefold, glial depolarization, hydroxyaspartate and Li*
further prolonged non-NMDA e¢.a.cs (Fig 4a-c). In 7/12 cell
pairs treated with cyclothiazide, hydroxyaspartate combined
with glial depolarization slowed non-NMDA e¢.a.c. decays more
than glial depolarization alone (27 +5% increase in the time
constant of e.a.c. decay (Tyeeay)> 7= 7), suggesting that hydroxy-
aspartate-sensitive neuronal uptake also contributes to gluta-
mate removal.

The ability of cyclothiazide to prolong e.a.cs suggests that
desensitization participates in evoked e.a.c. termination®. How-
ever, cyclothiazide may also alter the channel closing rate, as
suggested by an increase in the apparent affinity of non-NMDA
receptors®' % Qur data do not allow us to determine which of
these changes underlies prolongation of e.a..s and the depend-
ence of the decay on uptake. If glutamate uptake is the primary
means of rapidly clearing glutamate from the synaptic cleft, there
would probably be a decreasing dependence of e.a.c. decay on
uptake as the apparent affinity of receptors is increased, a pre-
diction contrary to the results obtained with cyclothiazide (Fig.
4a). However, if diffusion rapidly clears most glutamate from
the cleft, and uptake removes only residual glutamate (which
would not normally activate receptors), then an apparent
increase in affinity might lead to greater dependence of e.a.c.
decay on uptake.

Autaptic responses mediated by NMDA receptors, which
exhibit higher affinity for glutamate and slower desensitization
than non-NMDA receptors'”*, were also prolonged by glial
depolarization (Fig. 4d, e). Consistent with these results,
hydroxyaspartate and Li" prolonged NMDA e.a.cs (THA:
Tlgecay (the first time constant of decay of the NMDA compo-
nent of e.a.cs) =75+ 24% increase, 724.y (the second exponen-
tial time constant)=68+28% increase, n=5; Li": Tlgecay=
90+23% increase, T2gecay=23+16% increase, n=7). These
results suggest that postsynaptic receptor properties, diffusion
and glutamate uptake all contribute to shaping evoked e.a.cs.

Our results support emerging concepts of glia as participants
in neurotransmission”*>. These studies suggest that one reason
for the lack of effect of uptake inhibition on non-NMDA e.p.s.c.
decays (Fig. 4a and refs 17,18) is that postsynaptic receptor
properties dictate the time course of non-NMDA e.p.s.cs, despite
the prolonged presence of glutamate during uptake inhibition.
Further study should reveal whether the prolongation of synap-
tic [Glu]o by uptake inhibition can modulate neurotransmission
by altering postsynaptic receptor desensitization and/or presyn-
aptic release”. Similarly, by regulating tonic ambient glutamate
levels, uptake may be important in long-term synaptic plasticity
and in glutamate toxicity.
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THIRTEEN years after its discovery', there is still controversy over
the chemical identity of endothelium-derived relaxing factor
(EDRF). Although pharmacological and chemical evidence indi-
cates that EDRF is nitric oxide®, other candidates, including S-
nitrosocysteine>*, dinitrosyl-iron—cysteine complex®, nitroxyl® and
hydroxylamine’, have been proposed to account for the vasorelax-
ant properties of EDRF. Such diverse compounds should differ in
their stability and in reactivity with oxyhaemoglobin and with
redox-active nucleophiles such as thiols. Here we use a bioassay
to compare the pharmacodynamic profiles of these and other com-
pounds with those of nitric oxide and EDRF. We find that some
S-nitrosothiols, dinitrosyl-iron—cysteine complex, sodium nitroxyt
and hydroxylamine can be eliminated as candidates as they are
more stable than EDRF and less susceptible to inhibition by oxy-
haemoglobin. Co-infusion of cysteine revealed major differences
between the remaining candidates because it reduced the effect of
authentic nitric oxide and EDRF on the bioassay tissues
but enhanced the survival of S-nitrosocysteine and S-nitroso-
cysteamine. Our results further support the evidence that EDRF,
the pharmacological entity described by Furchgott and Zawadzki’',
is nitric oxide.

Comparison of the relaxing actions of various EDRF candi-
dates in a cascade superfusion bioassay system comprising three
precontracted de-endothelialized rabbit aortic strips® showed
that nitric oxide was 3-10-fold less potent than S-nitroso-
cysteine, S-nitrosocysteamine and S-nitrosoglutathione when
infused over the tissues for 1 min at equimolar concentrations
(Fig. 1). The apparent greater potency of the S-nitrosothiols
could be attributable to the breakdown of nitric oxide to inactive
products, whereas S-nitrosothiols break down to the active nitric
oxide on passage down the cascade. p- and L-S-nitrosocysteine
were equally effective, ruling out the involvement of specific S-
nitrosothiol receptors’ in the mediation of vascular relaxation.
On a molar basis, hydroxylamine and sodium nitroxyl were 5-
10-fold and 1,000-fold less effective, respectively, than nitric
oxide. Dinitrosyl-iron-cysteine complex (DNIC) was equipot-
ent to nitric oxide but had a considerably longer duration of
action (Fig. 1), possibly because it can lodge in the tissue, as
does Roussin’s Black salt'®. Moreover, the bioassay tissues did
not recover their initial tone after addition of higher concentra-
tions of DNIC, whereas the effect of a 30-min infusion of nitric
oxide matching the potency of DNIC on the uppermost tissue
was reversed when the infusion ceased (not shown).

Table 1 shows that the greater stability of DNIC, sodium
nitroxyl and hydroxylamine, and their different susceptibility
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FIG. 1 Comparison of the relaxing activity of authentic nitric oxide with
that of various S-nitrosothiols, sodium nitroxyl (NaNOQ) and hydroxylam-
ine. The bioassay system comprised three rabbit endothelium-denuded
aortic strips arranged in a cascade and superfused with oxygenated
Krebs buffer (in mM: NaCl, 126.8; KCl, 5.9; MgCl,, 1.2; NaH,PO,, 1.2;
CaCl,, 2.5; NaHCOs, 30.0; glucose, 5.0; this was supplemented with
1 puM indomethacin) at 5 ml min~. Strips were submaximally con-
tracted with either phenylephrine (200-300 nM) or the stable throm-
boxane A, mimetic U46619 (30-50 nM) and separated from one
another by a transit time of 3s. GTN, Glyceryl trinitrate; GSNO, S-
nitrosoglutathione;  CysaNO,  S-nitrosocysteamine;  CysNO, S-
nitrosocysteine.

METHODS. Aqueous solutions of nitric oxide were prepared as described
previouslylg. S-nitrosothiols were synthesized daily by acid-catalysed S-
nitrosation of the respective thiols with sodium nitrite at 2 °C. isolation
of solid compound was achieved by acetone precipitation, extensive
washing of the collected crystals with ice-cold acetone and diethyl ether
and drying in a stream of argon in the dark. ldentity was verified by UV/
visual spectrometry, mass spectrometry and HPLC immediately after
preparation. Stock solutions in de-aerated ice-cold citrate buffer, pH 2.2,
were protected from light, and ali dilutions were made in argon-gassed
ice-cold saline immediately before use. The vehicle alone had no effect
on the bioassay. DNIC was prepared as described previously®, and
frozen stock solutions with a molar ratio of Fe®" :cysteine of 1:20 were
thawed and diluted in ice-cold saline just before use. Sodium nitroxyl
was prepared by bubbling nitric oxide into a solution of sodium in liquid
ammonia®* and dissolved in argon-gassed saline. Compounds were
applied as 1-min infusions using gas-tight syringes. The delay time
between the infusion site and the uppermost bioassay tissue was 0.5 s.
A 1-min infusion of 50 nM glyceryl trinitrate served as an internal
standard. Solutions were protected from light and delivered through
stainless-steel tubing to prevent oxidative decomposition. The medium
perfusing the assay tissues was maintained at 38 + 0.2 °C. The half-life
of each compound was estimated by comparing the maximal relaxation
obtained on the first bioassay tissue with that obtained on the second
and third strip, taking into account a transit time of 3 s from tissue to
tissue. The molar concentration of DNIC is expressed as the concentra-
tion of nitric oxide in the complex. The tracings shown are typical of
five similar experiments.

to inhibition by oxyhaemoglobin, rule them out as potential
candidates for EDRF. Other S-nitrosylated compounds tested
(L-homocysteine, N-acetyl-DL-Cysteine, glutathione, N-acetyl-
pL-penicillamine and human serum albumin) were also consider-
ably more stable than EDRF on passage down the cascade (not
shown).

Only S-nitrosocysteine and S-nitrosocysteamine had a biologi-
cal profile similar to that of nitric oxide on these bioassay tissues;
however, the use of either L- or D-cysteine distinguished between
the actions of these compounds. Infusion of cysteine over the
detector tissues completely abrogated the relaxing effect of bas-
ally released EDRF from the rabbit aorta, as well as from endo-
thelial cells in culture. Furthermore, cysteine inhibited the
relaxing action both of authentic nitric oxide and of EDRF
released by the cells following stimulation with bradykinin
(Fig. 2). In contrast, the relaxing action of the S-nitrosothiols
was unaffected on the first tissue and was markedly enhanced
on the lower tissues, indicating stabilization of these compounds.
This discriminatory effect of cysteine was dependent on its con-
centration, starting at ~1puM and becoming optimal at 5-
10 pM. Concentrations of cysteine higher than 100 uM, in con-
trast, potentiated the effects of EDRF, nitric oxide and S-
nitrosocysteine. Figure 2 shows the effect of a fixed concentration
of L-cysteine (5 uM) on equipotent concentrations of EDRF,
nitric oxide, S-nitrosocysteine and S-nitrosocysteamine, so that
the ratio between thiol and the active component of each EDRF
candidate was constant.

The effects of increasing concentrations of L-cysteine on the
dilator response of rat isolated aortic rings in organ baths to
equipotent concentrations of nitric oxide and S-nitrosocysteine
are shown in Fig. 3. L-Cysteine caused a concentration-depen-
dent enhancement of both the magnitude and duration of the
relaxation elicited by S-nitrosocysteine. In contrast, the action
of nitric oxide was reduced at concentrations of L-cysteine up to

NATURE - VOL 368 - 3 MARCH 1994

TV
T
”\ﬁmﬂrm[ m”/

20 min

[N}

o)
3

@ z ” o o @ T =z [} g
2 2 & 2 3 2 ¢ z 2 3
@ = s 2 z Q g (s} @
S g S8 5 g 8 % z 5 8
2 g g g S 3 5§ 8 z 3

3 3 % = F E =

=z z @ =

E

TABLE 1 Comparison of half-lives and sensitivity to inhibition by

oxyhaemoglobin for some EDRF candidates

Half-life in Oxyhaemoglobin
Compound bioassay cascade (s) ICs0 (NM)

EDRF 3-5 25
Nitric oxide 3-5 25
S-nitrosocysteine 4-6 40
S-nitrosocysteamine 4-6 40
DNIC > EDRF* >100
Hydroxylamine > EDRF* >300
Sodium nitroxyl > EDRF* >300

ICs0, 50% inhibitory concentration.
* Half-life not measurable as there was no loss of activity during
passage down the bioassay cascade.

100 uM. At higher concentrations, however, 1.-cysteine (1 mM)
greatly enhanced the nitric oxide-induced relaxation, so that it
was equivalent to that of S-nitrosocysteine in the presence of
this concentration of L-cysteine, indicating that under these con-
ditions ~10% of the nitric oxide applied was converted to S-
nitrosocysteine.

Thus, the use of cysteine reveals major differences between
those EDRF candidates not ruled out by potency, stability and
reactivity with oxyhaemoglobin. Our data agree with a previous
report that EDRF released by acetylcholine from endothelial
cells behaves like nitric oxide and not like S-nitrosocysteine''.
There are various ways in which cysteine may inhibit the relaxant
effects of EDRF and nitric oxide. Reaction between nitric oxide
and cysteine to form S-nitrosocysteine'? is an unlikely possibility
as this would lead to enhanced activity on the lower bioassay
tissues, which was not observed. The generation of superoxide
(03) by cysteine'®, could account for the enhanced destruction
of nitric oxide because, in isolated aortic rings in organ baths,
superoxide dismutase almost completely reversed, and pyro-
gallol, a generator of O, (ref 14), mimicked in a superoxide-
dismutase-reversible manner the inhibitory effect of iL-cysteine
on nitric oxide-mediated relaxation (n=3; not shown). Conver-
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FIG. 2 The effect of L-cysteine on the relaxing actions of authentic nitric
oxide, S-nitrosocysteamine (CysaNO), S-nitrosocysteine (CysNO) and
EDRF released from endothelial cells in culture. Endothelial celis were
isolated from porcine thoracic aorta, cultured on microcarrier beads as
described previously and packed into a water-jacketed chromatography
column??, the outlet of which was separated from the uppermost bio-
assay strip by a delay of 0.5 s. When the bioassay cascade was perfused
with effluent from the column (‘EC column on’) there was an immediate
loss of tissue tone due to basal release of EDRF. Stimulated release of
EDRF from the cells was achieved by a 1-min infusion of bradykinin
(Bk; 100 nM). L-Cysteine (5 uM) was applied directly over the bioassay
tissues, causing an immediate rise in tone which was reversed when
the infusion was terminated. The tracing shown is representative of
five experiments with similar results. EDRF released by acetylcholine
(0.3 uM) from an endothelium-intact segment of rabbit thoracic aorta
gave the same bioassay profile in the presence and absence of L-cyst-
eine as did that released from endothelial cells (n =3, not shown).

sion of nitric oxide to another oxidation state (NO" or NO™)
may occur in the presence of cysteine. Recent evidence suggests
that NO™, as such, is not a dilator, although a small proportion
may be reduced spontaneously to nitric oxide'’. Although NO™~
has been reported to possess potent vasodilator activity'®, our
results using sodium nitroxyl show that it is only relaxant at
very high concentrations, suggesting that NO™ itself may not
have been the species responsible for the vascular relaxation
reported recently'®, There is no evidence for direct chemical trap-
ping of nitric oxide by cysteine, although this cannot be ruled
out.

The enhancement of S-nitrosothiol activity by cysteine may
be due to chemical stabilization. In spectrophotometric studies
we found that the half-life of S-nitrosocysteine was dependent
on the starting concentration of the nitrosothiol, the buffer com-
position and transition metal contamination of the water used.
The half-life of 30 uM S-nitrosocysteine (as estimated by the loss
in absorbance at 330 nm) in 50 mM phosphate buffer, pH 7.4, at
37°C was 0.31+0.05min (n=4). Addition of L-cysteine
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FIG. 3 Effect of different concentrations of L-cysteine on the relaxation
to nitric oxide (XY) and S-nitrosocysteine ([J) of rat endothelium-intact
isolated aortic rings in an organ bath. The tissues were precontracted
with 200 nM phenylephrine and the response to equipotent concentra-
tions of nitric oxide (3 uM) and S-nitrosocysteine (300 nM) was deter-
mined in the presence of increasing concentrations of L-cysteine added
to the organ bath 5 min before addition of either compound. A single
concentration of L-cysteine was used for each tissue and its effects
on both vasodilators were compared. At concentrations of L-cysteine
between 1 pM and 100 pM there was a marked difference in its effect
on nitric oxide and S-nitrosocysteine mediated relaxation. However, at
1 mM, L-cysteine potentiated the relaxant effects of both compounds.
Results shown are means+s.e.m. of three separate experiments.

(10 pM-100 mM) increased the stability of S-nitrosocysteine in
a concentration-dependent manner, so that, at a molar ratio of
S-nitrosocysteine to L-cysteine identical to that in the cascade
experiments (1:333), the half-life of 30 pM S-nitrosocysteine
was 36.9+3.7min (n=4). EGTA and EDTA mimicked the
effects of L-cysteine, suggesting that the stabilization of S-
nitrosocysteine is probably due to the ability of thiols to complex
metal ions present in the buffer solution, assuming that metal
ion catalysis is the predominant pathway for the release of nitric
oxide from S-nitrosothiols'”.

We suggest that the discriminatory effect of cysteine on nitric
oxide and S-nitrosothiols is due to its ability both to generate
O, and to complex metal ions. Its —-SH moiety probably confers
these properties, as we observed similar effects with r-homo-
cysteine, glutathione and human serum albumin (not shown).
Because free sulphydryl groups can also react with oxidized
forms of nitric oxide, this explains the paradoxical effect of
thiols, as at low concentrations they will act as inactivators and
at high concentrations, via S-nitrosation, as carriers for nitric
oxide. The physiological concentration of thiols is of the order
of 0.1-1 mM'®. In all classical bioassay systems for EDRF, thiol
availability is limited, and this, as is known for oxygen concen-
tration, has a bearing on the pharmacological half-life of EDRF.
Moreover, the half-life and fate of nitric oxide depend on its
concentration and the fact that physiological concentrations of
nitric oxide are in the nanomolar range will limit its reactivity
with molecules such as amines, thiols and O; .

Therefore, we would like to re-state that EDRF, as described
by Furchgott and Zawadzki', is nitric oxide. Furthermore, the
molecule responsible for transmitting the biological information
provided by the L-arginine-nitric oxide pathway is most prob-
ably also nitric oxide; however, any claims about physiology
will require a clearer understanding of the reactivity of nitric
oxide at low concentrations in physiological environments. [
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THE steric model of muscle regulation holds that tropomyosin
strands running along thin filaments move away from myosin-
binding sites on actin when muscle is activated. Exposing these
sites would permit actomyosin interaction and contraction to pro-
ceed. This compelling and widely cited model is based on changes
observed in X-ray diffraction patterns of skeletal muscle following
activation'™. Although analysis of X-ray patterns can suggest
models of filament structure, unambignous interpretation is not
possible. In contrast, three-dimensional reconstruction of thin-
filament electron micrographs could, in principle, offer direct con-
firmation of the predicted tropomyosin movement, but so far tropo-
myosin in skeletal muscle has been resolved definitively only in the
‘on’ state but not in the ‘off* state*. Thin filaments from the arthro-
pod Limulus have a similar composition to those from vertebrate
skeletal muscle®, and troponin—tropomyosin is distributed in both
species with the same characteristic 38-nm periodicity®. Limulus
thin filaments activate skeletal muscle myosin ATPase at micro-
molar Ca®" concentrations and confer a high calcium dependence
on the enzyme. Arthropod and vertebrate troponin subunits form
functional hybrids in vitro’ and the respective tropomyosins are
functionally interchangeable™®, arguing for a common mechanism
of thin-filament-linked regulation in the two phyla. Here we report
that tropomyosin is readily resolved in native filaments of troponin-
regulated Lirmulus muscle in both the ‘on’ and ‘off’ states, and
demonstrate tropomyosin movement, providing support for the
importance of steric effects in muscle activation.

NATURE - VOL 368 - 3 MARCH 1994

FIG. 1 Electron micrographs of Limulus thin filaments negatively stained
with uranyl acetate: a, in EGTA, and b, in Ca®"; bulges repeating at 40-
nm intervals (arrowheads) and narrow helically oriented strands (arrows)
are indicated. Scale bar, 0.05 um. ATPase was assayed”® on three
preparations of thin filaments isolated®® for electron microscopy. Each
fully activated rabbit skeletal muscle myosin (ATPase activity,
0.60+0.04 pmol min~* per mg myosin); calcium sensitivity (per cent
inhibition of ATPase on removal of Ca’ ") was 92 + 1%. Ca” " sensitivity
was unaffected by dilution to the concentrations (0.03-0.1 mg ml™%)
necessary for microscopy and was stable for several months, although
only freshly prepared samples were used for negative staining®. Images
were recorded using the Minimal Dose System of a JEOL 100CX electron
microscope®” at a magnification of x50,000 and digitized on an Eikonix
1412 scanner for image analysis'".

Negatively stained Limulus thin filaments (Fig. 1) isolated in
EGTA and either maintained in EGTA or treated with Ca®*
show the characteristic double-helical array of actin subunits
and in addition frequently display periodic bulges repeating at
40-nm intervals (compare ref. 10). These bulges are presumably
a manifestation of the large mass of Limulus troponin® as they
are not obvious in vertebrate filaments in which troponin has
smaller mass. Limulus filaments also often exhibit elongated
strands aligned with the long-pitch actin helices, which we have
previously shown'' to be a reflection, at least in part, of extended
tropomyosin molecules. In any given field, however, strands and
periodic bulges are not always evident, possibly because of varied
troponin subunit orientation or stain penetration.

Density maps (Figs 2, 3) calculated from the averaged layer-
line data of ten filaments maintained in EGTA (Fig. 4) reveal
actin monomers whose bi-lobed, two-domain shape and mon-
omer—monomer connectivity are indistinguishable from those in
reconstructions of negatively stained vertebrate smooth muscie
thin filaments'' and frozen hydrated skeletal filaments®. In addi-
tion, a longitudinally continuous strand of density follows suc-
cessive actin monomers in contact with the extreme inner edge
of their outer domains.

Density maps (Figs 2, 3) calculated from the averaged layer
line data of six Ca’*-treated filaments (Fig. 4) reveal actin
monomer shape and connectivity very similar to those seen in
the EGTA-treated filaments. The elongated strand of density,
however, is now located in a different position, closely associated
with the inner domain of actin. Comparison of the EGTA and
Ca’" maps shows that the strand has moved azimuthally by
~25° about the actin helix axis. Statistical tests demonstrate that
the Ca’®"-induced strand rotation is significant at greater than
the 99.5% confidence level. Although there is partial overlap in
the strand position, the point of contact with actin is distinct in
the two maps.

Tropomyosin, an elongated molecule', is likely to make the
major contribution to the strand observed in Limulus thin fila-
ments. Troponin subunit T in vertebrates is also an asymmetric
molecule that binds to tropomyosin'®, and, by analogy, Limulus
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