
r

2

Archives of Biochemistry and Biophysics
Vol. 377, No. 2, May 15, pp. 296–303, 2000
doi:10.1006/abbi.2000.1785, available online at http://www.idealibrary.com on
Effects of Nitric Oxide on the Copper-Responsive
Transcription Factor Ace1 in Saccharomyces cerevisiae:
Cytotoxic and Cytoprotective Actions of Nitric Oxide

Kenneth T. Chiang,* Masaru Shinyashiki,* Christopher H. Switzer,* Joan S. Valentine,†
Edith B. Gralla,† Dennis J. Thiele,‡ and Jon M. Fukuto*,1

*Department of Pharmacology, UCLA Medical School, Center for the Health Sciences, Los Angeles, California 90095;
†Department of Chemistry and Biochemistry, University of California, Los Angeles, Los Angeles, California 90095;
and ‡Department of Biological Chemistry, University of Michigan Medical School, Ann Arbor, Michigan 48109
Received November 1, 1999, and in revised form February 18, 2000

s

Previous studies indicate that nitric oxide (NO) can
serve as a regulator/disrupter of metal-metabolizing
systems in cells and, indeed, this function may repre-
sent an important physiological and/or pathophysio-
logical role for NO. In order to address possible mech-
anisms of this aspect of NO biology, the effect of NO on
copper metabolism and toxicity in the yeast Saccha-
omyces cerevisiae was examined. Exposure of S. cer-

evisiae to NO resulted in an alteration of the activity of
the copper-responsive transcription factor Ace1. Low
concentrations of the NO donor DEA/NO were found to
slightly enhance copper-mediated activation of Ace1.
Since Ace1 regulates the expression of genes respon-
sible for the protection of S. cerevisiae from metal
toxicity, the effect of NO on the toxicity of copper
toward S. cerevisiae was also examined. Interestingly,
low concentrations of NO were also found to protect S.
cerevisiae against the toxicity of copper. The effect of
NO at high concentrations was, however, opposite.
High concentrations of DEA/NO inhibited copper-me-
diated Ace1 activity. Correspondingly, high concen-
trations of DEA/NO (1 mM) dramatically enhanced
copper toxicity. An intermediate concentration of
DEA/NO (0.5 mM) exhibited a dual effect, enhancing
toxicity at lower copper concentrations (<0.5 mM) and
protecting at higher (>0.5 mM) copper concentrations.
Thus, it is proposed that the ability of NO to both
protect against (at low concentrations) and enhance
(at high concentration) copper toxicity in S. cerevisiae
is, at least partially, a result of its effect on Ace1. The
results of this study have implications for the role of
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Nitric oxide (NO)2 is an endogenously generated spe-
cies synthesized by a variety of cells. It has both phys-
iological and pathophysiological roles (for a review, see
1). For example, NO generated at low levels by endo-
thelial cells is an important regulator of vascular tone.
Nitric oxide generated at high levels in an immune
response is an important pathophysiological agent
with cytotoxic/cytostatic actions against invading
pathogens and tumor cells. Thus, there exists a spec-
trum of activity associated with NO which is a function
of not only the site of its generation but also its levels.
Some of the earliest studies regarding the biological
effects of NO indicated that it is capable of altering
metal homeostasis. High levels of NO were found to
affect the iron status of cells (for example, 2), possibly
by disruption of iron–sulfur (Fe–S) cluster proteins.
Since then, others have described the ability of NO,
and NO-derived species, to react with the Fe–S con-
taining iron-response protein, altering its activity (for
example, 3–6). Alteration of gene expression has also
been proposed to occur via NO-mediated destruction of
the zinc–thiol bonds in Zn-dependent DNA-binding

2 Abbreviations used: NO, nitric oxide; Sod1, antioxidant enzyme
copper–zinc superoxide dismutase; DEA/NO, diethylammonium
1-(N,N-diethylamino)diazen-1-ium-1,2-diolate; DDW, double-dis-
tilled water; ONPG, o-nitrophenyl b-D-galactopyranoside; SDC, syn-

hetic dextrose medium.
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297NITRIC OXIDE TOXICITY AND Ace1 ACTIVITY IN Saccharomyces cerevisiae
proteins (7, 8), and the zinc-containing DNA repair
enzyme Fpg is inhibited by NO both in vitro and in vivo
(9). Finally, demetalation of the thiol-rich, metal-se-
questering protein metallothionein by an NO-mediated
process could lead to cellular toxicity associated with
the released metal (8, 10). Based on these previous
reports, it appears that proteins which ligate metals
via thiol coordination may be particularly susceptible
to reaction with NO and/or NO-derived species.

It is well established that much of the unique biology
of NO is a result of its chemical interaction with thiol-
containing peptides and proteins (for example, 11, 12).
Considering the role of thiols in protein–metal binding,
it is likely that NO disruption of the actions of metal-
binding proteins via thiol modification may represent
an important event in the pathophysiological actions
(and possibly the normal physiological actions) of NO.
An attractive way to address the idea that NO (and/or
NO-derived species) can alter the actions of thiol-con-
taining metal-binding proteins is to examine the effects
of NO on the yeast transcription factor Ace1. Ace1 is a
copper-responsive yeast transcription factor responsi-
ble for binding and transactivation of the CUP1 gene
promoter (for example, 13). The CUP1 gene encodes for

protein (Cup1 or yeast metallothionein) which is
unctionally similar and bears some resemblance to the
ammalian metallothioneins (14–16). It has also been

ound that the Ace1 controls the copper-mediated ex-
ression of the antioxidant enzyme copper–zinc super-
xide dismutase (Sod1) (17) as well as another metal-
othionein-like protein, Crs5 (18).

Resistance to copper toxicity in yeast is mediated by
he CUP1 locus (19, 20), indicating that yeast metallo-
hionein may play a major role in the detoxification of
opper. Thus, copper-mediated activation of Ace1 leads
o an increased expression of several major copper-
inding proteins and to an increased level of protection
gainst copper and reactive oxygen species. Yeast me-
allothionein binds copper in a trigonally coordinated
eometry with cysteine thiolates similar to that seen in
ammalian metallothioneins (21).
The copper-binding motif in Ace1 is similar to that

ound for the metallothioneins (22, 23). That is, copper
inding in Ace1 occurs through ligation via protein
hiols. Since it has been reported previously that NO
an disrupt the metal-binding capability of metallo-
hionein, it may be expected that NO may disrupt the
ctions of Ace1 in a similar manner. Furthermore,
isruption of Ace1 metal binding by NO would be ex-
ected to dramatically alter the resistance of yeast
oward copper toxicity. Therefore, studies are de-
cribed herein which specifically examine the interac-
ion of NO with Ace1 in Saccharomyces cerevisiae. The
oxicological manifestation of the effects of NO on Ace1
s also examined by investigating the effects of NO on

opper toxicity toward S. cerevisiae. m
EXPERIMENTAL PROCEDURES

Chemicals and solutions. Diethylammonium 1-(N,N-diethyl-
amino)diazen-1-ium-1,2-diolate (DEA/NO) was synthesized by the
method of Drago and Paulik (24). Stock solutions of DEA/NO were
prepared in double-distilled water (DDW) immediately prior to
use. Diphenylthiocarbazone and o-nitrophenyl b-D-galactopyrano-
ide (ONPG) were purchased from Sigma (St. Louis, MO) and
athocuproine disulfonic acid was purchased from Aldrich (Mil-
aukee, WI). All other chemicals and solutions were purchased

rom commercial suppliers and were of the highest purity avail-
ble.
Yeast strains/mutants. The parental wild-type strain utilized
as EG217 (W303A, MATa leu2-3,112 trp1-1 his3-11,15 ura3-1
de2-1). A high copy number reporter plasmid construct harboring a
UP1-b-galactosidase fusion gene (YEpCUP-HSE-M-lacZ), an Ace1

overexpression plasmid (YEpACE1), and an ace1D mutant (KKY7
(W303 1a containing the ace1D 255 complete deletion of the ACE1
open reading frame)) were constructed (25; D. Koch and D. J. Theile,
unpublished).

Viability studies. Yeast cells from an overnight culture were in-
oculated at an OD600 5 0.1 and grown to late-log phase (OD600 5
3.0–3.5) at 30°C in synthetic dextrose medium (SDC) (26). Cell
suspension was divided into 1-mL aliquots and exposed to CuSO4

(0–1 mM) and/or DEA/NO (0–1 mM) for 4 h at 30°C in a shaking
water bath. After the 4-h exposure, the cell suspension was diluted
1:1000 in water and 10 mL was plated on nutrient-rich (YPD) plates
(26). Viability was assessed by counting the colonies formed relative
to control.

Yeast transformations. Yeast transformations were performed
according to the general method of Elble (27). Transformation of
EG217 with YEpCUP-HSE-M-LacZ and YEpACE1 resulted in
217CUP and 217ACE, respectively.

Nitric oxide inhibition of Ace1 transcriptional activity. Following
the method of Holmquist (28), SD medium with uracil omitted (SD-
ura) was extracted with diphenylthiocarbazone, resulting in SD-ura-
Cu. 217CUP yeast cells were inoculated in SD-ura-Cu containing 0.1
mM bathocuproine disulfonic acid (BCS) (Aldrich) at an OD600 5 0.1
and grown to OD600 5 3–4 at 30°C. To induce CUP1 promoter-linked
b-galactosidase activity, cells were washed twice with DDW and
resuspended in 10 mL of SD-ura containing 0–250 mM CuSO4. After
incubation at 30°C for 0–120 min in a shaking water bath, induction
was stopped by placing on ice. Cells were then pelleted by centrifu-
gation for 5 min at 850g. The pellet was washed once with DDW,
followed by centrifugation and then frozen in liquid nitrogen and
stored at 280°C until use. To test the effect of NO on the induction
of b-galactosidase activity, the above-described procedure was car-
ried out identically except in the presence of 0–1 mM of the NO donor
DEA/NO and at a fixed copper sulfate concentration of 0.1 mM.
DEA/NO was added to the samples at the same time as copper
sulfate addition. Control experiments were run in parallel with dis-
tilled deionized water addition instead of CuSO4 or DEANO.

b-Galactosidase activity was determined by the method of Thor-
valdsen et al. (29). Briefly, the yeast pellet was defrosted on ice and
2–4 volumes of Z buffer (50 mM NaPi, pH 7.0, containing 10 mM
KCl, 1 mM MgSO4, and 50 mM 2-mercaptoethanol). The cell suspen-
sion was vortexed for 30 s six times in 1 volume of glass beads
(0.5-mm diameter) and then centrifuged for 5 min at 15,000g. The
ell extract (5–10 mg of protein) was incubated with 1 mL of Z buffer
ontaining 0.63 mg/mL of ONPG at 30°C for 5 min. The reaction was
topped by adding 0.3 mL of 1 M Na2CO3 and absorbance was
easured at 420 nm. Protein concentration was determined by the
ethod of Bradford (30), using BSA as the standard. b-Galactosidase

activity was calculated based on units defined as (Abs )(1000)/
420

inute/milligram of protein.
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298 CHIANG ET AL.
RESULTS

Effect of NO on Ace1 activity. Previous work by
others indicates that metal-binding proteins, such as
metallothionein, which utilize sulfur as a metal coor-
dinating ligand may be susceptible to modification by
NO (10). Since the metal-responsive yeast transcrip-
tion factor Ace1 has homology to metallothionein, it is
conceivable that Ace1 activity can be altered by expo-
sure to NO.

The idea that NO can alter the copper-mediated ac-
tivation of Ace1 was examined utilizing a CUP1-b-
galactosidase (lacZ) gene fusion plasmid. Thus, this
eporter gene plasmid was transformed into the EG217
east strain and its utility as a measure of copper-
ediated Ace1 activation of b-galactosidase expression

examined. b-Galactosidase activity was found to in-
rease as the time of exposure to 0.1 mM copper sulfate
ncreased (Fig. 1A). b-Galactosidase activity was also

found to increase in the transformed yeast with in-
creasing concentration of copper sulfate after a 60-min
exposure, with maximum expression observed with
250 mM copper sulfate (Fig. 1B). These results are

FIG. 1. Characterization of reporter plasmid system. 217CUP
east transformed cells were exposed to 0.1 mM CuSO4 for 0–90 min
A) or 0–0.25 mM CuSO4 for 60 min (B) at 30°C. Ace1 transcriptional

activity was determined as a function of b-galactosidase activity.
Representative experiments are shown.
consistent with the known ability of copper to bind/ b
activate Ace1, leading to transactivation of b-galacto-
idase expression in the reporter plasmid via CUP1
romoter binding. The effect of NO on copper-mediated
ce1 activation was examined using the diazeniumdio-

ate NO donor diethylammonium 1-(N,N-diethylamino)-
iazen-1-ium-1,2-diolate (DEA/NO). Thus, yeast cells
grown to late-log phase, OD600 5 3–4) were exposed

simultaneously to 0.1 mM copper sulfate and varying
levels of DEA/NO for 1 h. Low concentrations of
DEA/NO (0.1 mM) resulted in a small (8–10%), but
reproducible, increase in copper-mediated Ace1 activ-
ity (Fig. 2A). However, increasing concentrations of
DEA/NO (0.2–1 mM) resulted in a decrease in copper-
mediated Ace1 activation. An approximate 75 and 90%
decrease in copper-mediated Ace1 activation was ob-
served at 0.5 and 1 mM DEA/NO exposure, respec-
tively. Nearly identical results were also found with
two other diazeniumdiolate NO donors, (Z)-1-{N-[3-
aminopropyl]-N-[4-(3-aminopropylammonio)butyl]-
amino}diazen-1-ium-1,2-diolate (SPER/NO) and (Z)-1-
[N-(3-ammoniopropyl)-N-(n-propyl)amino]diazen-1-

FIG. 2. Effect of DEA/NO on CUP1-lacZ activity. (A) Concentra-
tion-dependent inhibition of Ace1 transcriptional activity by 0–1 mM
DEA/NO in medium containing 0.1 mM CuSO4 and incubated for 60

in. (B) Time course of inhibition of 1 mM DEA/NO on Ace1 tran-
criptional activity in medium containing 0.1 mM CuSO -
4 and incu
ated for 0–120 min. Representative experiments are shown.
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ium-1,2-diolate] (PAPA/NO). That is, low (0.1 mM) con-
centrations of these donors resulted in a small, but
significant, increase in copper-mediated Ace1 activa-
tion while increased concentrations resulted in a de-
crease in copper-mediated Ace1 activation (data not
shown). Simultaneous addition of 1 mM DEA/NO and
0.1 mM copper sulfate followed by a 10- to 120-min
incubation showed that the inhibition of copper-medi-
ated Ace1 activation was essentially irreversible for
the 2-h exposure (Fig. 2B). The half-life of DEA/NO
under the conditions of these experiments was approx-
imately 4–8 min, indicating that the NO generated
from DEA/NO was likely to be completely dissipated
after 120 min. Analysis of experimental solutions of 1
mM DEA/NO after 1 h showed no detectable (,0.1 mM)
NO (data not shown). Thus, the inhibition of copper-
mediated Ace1 activation by NO appears to last far
beyond the solution lifetime of NO. Interestingly, pre-
vious work indicates that the ability of NO to inhibit
copper-dependent Ace1 activation does not require the
simultaneous presence of NO and copper since pre-
treatment of yeast with DEA/NO prior to treatment
with copper gives the same effect (31).

Effect of NO on yeast susceptibility to copper toxicity.
The above results indicate that NO is able to quickly
and irreversibly inhibit the activation of Ace1 by cop-
per. Moreover, this inhibition appears to be indepen-
dent of the presence of NO after the initial exposure. Of
significance is the small, but reproducible, ability of
low levels of NO to increase copper-mediated activation
of Ace1. Since Ace1 activity is vital to yeast resistance
against the toxicity of copper, the above results would
predict that NO exposure may modify yeast suscepti-
bility to copper toxicity. Therefore, the effect of NO on
yeast copper toxicity was examined.

In order to investigate whether the effect of NO on
Ace1 activation is manifested in a change in yeast
susceptibility toward copper toxicity, yeast cells were
exposed simultaneously to 0, 0.1, 0.5, and 1 mM
DEA/NO and 0, 0.01, 0.05, 0.1, 0.5, and 1 mM copper
sulfate for 4 h. Following the 4-h exposure period, cells
were replated on YPD plates and colony formation
used as a measure of cell viability. As shown in Fig. 3A,
a low concentration of DEA/NO (0.1 mM) protects yeast
from copper toxicity. However, a higher concentration
of DEA/NO (1 mM) increases the susceptibility of the
yeast to copper toxicity at concentrations of copper as
low as 0.01 mM. An intermediate concentration of
DEA/NO (0.5 mM) exhibits a slight increase in yeast
susceptibility to low levels of copper but protection at
high copper levels. Further investigation of the protec-
tive effect of NO at low concentrations indicates that
0.1 mM DEA/NO represents the optimum concentra-
tion for protection (at least among the DEA/NO con-

centrations examined) since 0.05 and 0.01 mM
DEA/NO exhibited less protection (Fig. 3B). Further-
more, the degree of protection against copper toxicity
by 0.1 mM DEA/NO increased with increasing levels of
copper exposure. That is, 0.1 mM DEA/NO protected
against 0.1 mM copper by about 15–20% whereas over
200% protection was observed at 1 mM copper (versus
controls with no DEA/NO present).

The observed bilateral concentration-dependent ef-
fect of NO on copper toxicity toward yeast is similar to

FIG. 3. Effect of DEA/NO on copper toxicity in wild-type EG217
yeast. Wild-type EG217 yeast cells were grown to late-log phase in
synthetic dextrose medium (SDC). (A) Cells were exposed to 0 mM
(open squares), 10 mM (open triangles), 50 mM (open circles), 0.1 mM
(closed squares), 0.5 mM (closed triangles), or 1 mM (closed circles)
DEA/NO immediately following addition of 0–1 mM CuSO4. Cells

ere incubated for 4 h at 30°C and assayed for viability. Viability is
xpressed as the percentage of colonies formed relative to control (no
uSO4). The values are the means (n $ 3) derived from separate

experiments (6SE). (B) Different representation of the same data to
show the relative effects of 0–1 mM DEA/NO on yeast viability in
0–1 mM CuSO4. Viability is expressed as percentage of colonies
ormed relative to control (no DEA/NO).
that observed previously with DEA/NO on Ace1 activ-
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300 CHIANG ET AL.
ity. That is, as hypothesized above, the effect of NO on
the copper-mediated activation of Ace1 is mirrored by
the effect of NO on yeast susceptibility toward copper
toxicity. Consistent with the modest protection by 0.1
mM DEA/NO against low (0.1 mM) copper, a slight
increase in Ace1 activity was also observed under sim-
ilar conditions (0.1 mM DEA/NO and 0.1 mM copper,
Fig. 2B). However, the ability of low 0.1 mM DEA/NO
to protect yeast from copper toxicity was significantly
more pronounced at high (1 mM) copper. Thus, in order
to further examine the apparent parallel between the
effect of NO on copper-mediated Ace1 activity and sus-
ceptibility to copper toxicity, the effect of 0.1 mM
DEA/NO on Ace1 activity in the presence of high (1
mM) copper was determined. It was found that copper-
dependent Ace1 activity was greatly enhanced in the
presence of 0.1 mM DEA/NO at 1 mM copper. The
similarity between the effects of NO on Ace1 activity
and yeast viability in response to copper is shown in
Table I. Thus, both the effect of NO on copper-depen-
dent Ace1 activation and that on the resistance to
copper toxicity are highly correlative; both are slightly
enhanced at low NO (0.1 mM DEA/NO) and low copper
(0.1 mM copper sulfate), both are dramatically en-
hanced at low NO (0.1 mM) and high copper (1 mM
copper sulfate), and finally, both are inhibited by high
NO (.0.5 mM DEA/NO) at any copper concentration
0.1–1 mM copper sulfate).

If indeed the effect of NO on copper-mediated Ace1
ctivation were primarily responsible for the effects of
O on yeast copper sensitivity, it would be expected

hat ace1D mutants would not exhibit a dramatic NO-
ependent increase in susceptibility toward copper tox-
city at high NO levels and no increase in resistance at
ow NO levels. Thus, ace1D mutants were exposed si-

ultaneously to 0, 0.1, and 1 mM DEA/NO along with

TABLE I

Effects of NO on Copper-Dependent Ace1 Activation
and Resistance to Copper Toxicity

Conditions Ace1 activity (% control)a Viability (% control)a

0.1 mM DEA/NO 108b 116
.1 mM CuSO4

0.1 mM DEA/NO 154 276
1 mM CuSO4

1 mM DEA/NO 0 9
1 mM CuSO4

a Control experiments were carried out in the absence of DEA/NO
ut at the copper sulfate levels listed (see Experimental Procedures
or details). Values represent the average of duplicate samples and
re representative of several experiments.

b This value was taken from Fig. 2B.
–1 mM copper sulfate for 4 h. Viability was assayed,
s before, by counting colonies formed after replating
he exposed cultures onto YPD plates.

Yeast ace1D mutants exhibited the expected increase
n susceptibility toward copper toxicity (Fig. 4A). Sim-
lar to wild-type yeast, exposure of ace1D mutants to 1

M DEA/NO also exhibited an increase in susceptibil-
ty to copper toxicity. However, unlike the effect exhib-
ted by wild-type yeast, low levels of NO did not protect
gainst copper toxicity in the ace1D mutants. Finally,
n yeast mutants overexpressing ACE1, the ability of
O to enhance copper toxicity was significantly
lunted (compare Figs. 3A and 4B).

FIG. 4. Effect of DEA/NO on copper toxicity in ace1D and Ace1-
overexpressing yeast. ace1D (KKY7) or Ace1-overexpressing
(217ACE) yeast cells were grown to late-log phase in synthetic dex-
trose medium with uracil omitted (SD-ura) or synthetic dextrose
medium with leucine omitted (SD-leu), respectively. (A) KKY7 yeast
cells were exposed to 0, 0.1, or 1 mM DEA/NO immediately following
addition of 0–1 mM CuSO4. (B) 217ACE yeast cells were exposed to
, 0.1, 0.5, or 1 mM DEA/NO immediately following addition of 0–1
M CuSO4. Viability is expressed as the percentage of colonies

ormed relative to control (no CuSO
4). The values are the means (n $
2) derived from separate experiments (6SE).
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DISCUSSION

There exists a close correlation between the actions
of NO on the copper-dependent activation of the yeast
transcription factor Ace1 and the effect of NO on the
susceptibility to copper toxicity in S. cerevisiae since (1)
NO at high concentrations inhibits copper-dependent
Ace1 activation (Fig. 2) and enhances copper toxicity
(Fig. 3), (2) NO at low concentrations enhances copper-
dependent Ace1 activation (Fig. 2) and increases the
esistance of yeast to copper toxicity (Fig. 3), (3) unlike
ild-type yeast, ace1D mutants exhibit no protection

rom copper toxicity at low NO levels (Fig. 4A), and (4)
CE1-overexpressing mutants are less susceptible to

he enhancement of copper toxicity by NO (Fig. 4B).
he close correlation between Ace1 activity and copper
oxicity is not unreasonable since the CUP1 locus (the

Ace1 binding site) is known to be responsible for copper
resistance in yeast (19, 20). Thus, high levels of NO
inhibit copper-dependent Ace1 activation, which would
result in a decreased copper-dependent expression of
yeast metallothioneins and Sod1. Presumably, the NO-
mediated loss or decrease of expression of these stress-
protective proteins leads to an increased susceptibility
to copper toxicity. To be sure, the inhibition of Ace1
activity by high-level exposure is not likely to be the
only mechanism by which NO can increase the toxicity
of copper. This is evidenced by the observation that
yeast mutants delete in ACE1 still exhibit a slight
increase in susceptibility to copper toxicity in the pres-
ence of NO (Fig. 4A). However, it is clear that NO
inhibition of Ace1 is a major, though not exclusive,
mechanism by which NO increases yeast susceptibility
to copper toxicity.

The mechanism by which NO inhibits copper-depen-
dent Ace1 activation is unclear. However, due to the
similarity in metal binding of Ace1 and metallothio-
neins, the interaction of NO with metallothionein
should provide mechanistic clues into the nature of the
NO–Ace1 interaction. Previous studies of the chemis-
try of NO with metallothionein indicate that metal loss
via thiol modification occurs (8, 10). By analogy, it is
likely that NO-mediated thiol ligand oxidation or mod-
ification (possibly via nitrosothiol formation) causes
metal release and/or renders Ace1 incapable of copper
binding, therefore precluding binding to the CUP1 pro-
moter. For example, oxidation of NO by O2 generates
N2O3, which is capable of nitrosating thiols (reactions
[1]–[3]).

2NO 1 O23 2NO2 [1]

NO 1 NO23 N2O3 [2]
N2O3 1 RSH3 RSONO 1 NO2
2 1 H1 [3]
Furthermore, it is well established that metal-binding
proteins such as metallothionein and Ace1 are highly
susceptible to proteolytic degradation when demeta-
lated (for example, 16, 32–35). Thus, NO-mediated
demetalation of Ace1 may cause it to be degraded pro-
teolytically, therefore not allowing the cell to transcrip-
tionally respond to copper stress. Alternatively, the
metal-binding thiols of Ace1 may be converted to oxi-
dized species by NO (or NO-derived species) which
cannot be physiologically reduced back to the active
thiols. For example, reaction of thiols with HNO, the
one-electron reduction product of NO, results in the
formation of the stable sulfinamide species (36).

It was also found that low levels of NO (represented
by 0.1 mM DEA/NO) slightly increase the copper-de-
pendent activation of Ace1 and exhibit dramatic pro-
tection against copper toxicity. The increased resis-
tance to copper toxicity exhibited by low levels of NO is
particularly evident at the most toxic levels of copper
(Fig. 3B). The inability of low-level NO to offer protec-
tion from copper toxicity in the Ace1-delete yeast mu-
tant (Fig. 4A) further supports the idea that Ace1 ac-
tivity is vital to protection from copper and that the
effect of NO on yeast susceptibility to copper toxicity is
intimately linked with its actions on Ace1. Currently,
there is no obvious biochemical, physiological, or chem-
ical precedence to serve as a reasonable rationale for
the phenomena observed at low NO levels, but several
hypotheses may be advanced. One possibility is that
low NO levels elicit the release of copper from a site
more labile than the copper binding site of Ace1. For
example, copper stored in Cup1 or vacuolar copper may
be released by NO levels not capable of inactivating
Ace1. This would lead to an activation of Ace1, in-
creased expression of Sod1 and metallothionein, and,
therefore, a protection against copper toxicity. How-
ever, considering the known similarity between Ace1
and Cup1, this may not be likely (although vacuolar
copper may still be a pool of copper with particular
sensitivity to release by NO). It is more likely that NO
may be protecting cells from high copper exposure by
inhibiting the uptake of copper into the cell. For exam-
ple, NO may inhibit the actions of the copper-respon-
sive transcription factor Mac1 (37, 38), which would
lead to a decrease in expression of the high-affinity
copper uptake transporter Ctr1 (39). This would pre-
clude high-affinity copper uptake and, therefore, pro-
tect the yeast from exposure to high levels of copper.
Since only cuprous ion is a substrate for the high-
affinity uptake transporter Ctr1, yeast contain a mem-
brane-bound reductase, Fre1, for reducing extracellu-
lar cupric ion to transportable cuprous ion (40). Thus,
inhibition of Fre1 would also be expected to provide
some protection from copper toxicity by inhibiting
high-affinity copper uptake. In partial support of the

idea that low levels of NO protect cells from copper-
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mediated toxicity by inhibiting copper uptake, we have
observed that low levels of NO dramatically inhibit
Fre1 activity (unpublished results).

The ability of NO to regulate and/or alter metal
metabolism may represent a vital function in its nor-
mal physiology and pathophysiology. For example,
high-level NO exposure may render cells susceptible to
metal stress by blocking the expression of otherwise
protective proteins such as metallothionein or Sod1.
Interestingly, it has been reported that increased lev-
els of metallothionein in rat hepatocytes protect them
from NO toxicity (41).

The concentration ranges of DEA/NO utilized in this
study should generate NO concentrations which are
physiologically accessible. Concentrations of NO which
may act pathophysiologically, such as in the vicinity of
activated macrophages, have been reported to be in the
low-micromolar range (i.e., 10 mM) (for example, 42).
The “high-level” DEA/NO concentration (1 mM) used
herein has been reported to transiently generate sim-
ilar (10–30 mM) levels of NO (43). The low-level
DEA/NO exposure (0.1 mM) utilized in this study
should generate transient low maximum concentra-
tions of NO (1–2 mM) (44) and represent normal phys-
ological concentration ranges, which have been re-
orted to be in the range of 1 mM maximum concentra-

tions (i.e., at the surface of endothelial cells) (45). Thus,
the effects observed at the high levels of DEA/NO may
represent a mechanism by which NO can be cytotoxic
in conjunction with other toxic species such as copper,
whereas the effects of low-level DEA/NO exposure in-
dicate that NO can also serve as a regulator of metal
metabolism under normal physiological conditions.

These studies on the effect of NO on Ace1 and copper
toxicity were initiated as a result of the great degree of
understanding of the role of Ace1 in yeast metal me-
tabolism and copper toxicity. That is, the yeast–Ace1
system represents a mechanistically defined and bio-
logically relevant model for the examination of NO–
thiol–metal interactions. However, the results herein
may have relevance beyond simple yeast–NO interac-
tions. It is becoming increasingly evident that signifi-
cant homology between metal metabolism in yeast and
mammalian cells exists. In fact, S. cerevisiae serves as
a reasonable template for the discovery of analogous
mammalian cell processes. Compared to mammalian
systems, the copper regulatory system in S. cerevisiae
is clearly defined and surprisingly well conserved. Hu-
man homologues to many of the proteins involved in
copper regulation in yeast have been identified, includ-
ing two plasma membrane transporters (yeast Ctr1/
human CTR1 and yeast Ccc2/human Wilson disease
protein) and three cytosolic chaperone proteins (yeast
Atx1/human HAH1, yeast Lys7/human CCS, and yeast
Cox17/human COX17) (for a review, see 46). In addi-

tion, iron transport and copper transport are inti-
mately linked in both humans and yeast (for review,
see 47, 48), as seen in the homology between yeast Fet3
and human ceruloplasmin, both multicopper ferroxi-
dases involved in the transport of iron (49–51). Thus,
the use of S. cerevisiae to study the effects of NO on
metal metabolism may have implications to mamma-
lian systems. To be sure, there has not yet been iden-
tified a human homologue for Ace1 and it remains to be
seen whether NO can behave similarly toward metal–
thiol complexes in mammalian cells. However, the use
of thiols to bind, transport/chaperone, and sequester
copper is well established in both yeast and mamma-
lian systems (i.e., yeast and human CTR1, Ccc2 and
Wilson’s disease protein, Lys7 and CCS, yeast and
human COX17), indicating potential physiological and
pathophysiological roles for NO in various aspects of
copper metabolism. Moreover, our results regarding
the effects of NO on the copper regulatory system of
yeast have implications to the metabolism of other
metals as well. Since iron metabolism is intimately
linked to copper metabolism, the effect of NO on cop-
per-binding proteins can potentially have a significant
influence on the iron transport/sequestration/utiliza-
tion. Also, the interaction of NO with mammalian me-
tallothioneins has implications to zinc and copper me-
tabolism since it has been speculated that mammalian
metallothioneins are involved in the metabolism of the
two metals. Regardless, the utility of the yeast model
system to examine basic NO physiology/pathophysiol-
ogy is clear and it is likely that the effect on metal
metabolism, possibly via NO–protein thiol interac-
tions, will be an important and fundamental aspect of
NO biology.
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