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ABSTRACT: NO production by neuronal nitric oxide synthase (nNOS) requires calmodulin and is enhanced by
the chaperone Hsp90, which cycles dynamically with the enzyme. The proteasomal degradation of nNOS is
enhanced by suicide inactivation and by treatment with Hsp90 inhibitors, the latter suggesting that dynamic
cycling withHsp90 stabilizes nNOS.Here, we use a purified ubiquitinating system containing CHIP (carboxyl
terminus of Hsp70-interacting protein) as the E3 ligase to show that Hsp90 inhibits CHIP-dependent nNOS
ubiquitination. Like the established Hsp90 enhancement of NO synthesis, Hsp90 inhibition of nNOS
ubiquitination is Ca2þ/calmodulin-dependent, suggesting that the same interaction of Hsp90 with the enzyme
is responsible for both enhancement of nNOS activity and inhibition of ubiquitination. It is established that
CHIP binds to Hsp90 as well as to Hsp70, but we show here the two chaperones have opposing actions on
nNOS ubiquitination, with Hsp70 stimulating and Hsp90 inhibiting. We have used two mechanism-based
inactivators, guanabenz and NG-amino-L-arginine, to alter the heme/substrate binding cleft and promote
nNOS ubiquitination that can be inhibited byHsp90.We envision that, as nNOS undergoes toxic damage, the
heme/substrate binding cleft opens exposing hydrophobic residues as the initial step in unfolding. As long as
Hsp90 can form even transient complexes with the opening cleft, ubiquitination by Hsp70-dependent
ubiquitin E3 ligases, like CHIP, is inhibited.When unfolding of the cleft progresses to a state that cannot cycle
with Hsp90, Hsp70-dependent ubiquitination is unopposed. In this way, the Hsp70/Hsp90 machinery makes
the quality control decision for stabilization versus degradation of nNOS.

Both the function and turnover of a wide variety of signaling
proteins, such as steroid receptors and protein kinases, are
regulated by Hsp901 (reviewed in ref 1). These Hsp90 ‘client’
proteins are assembled into complexes with the chaperone by
a multichaperone machinery in which Hsp90 and Hsp70 func-
tion together as essential components (1). Formation of hetero-
complexes with Hsp90 stabilizes client proteins, and treatment
with anHsp90 inhibitor such as geldanamycin uniformly triggers
their degradation (2). Degradation of the Hsp90-regulated
signaling proteins occurs via the ubiquitin-proteasome pathway,
which in this case is initiated by Hsp70-dependent E3 ubiquitin
ligases, such as CHIP (3) and parkin (4).

The interactionwithHsp90modulates the ligandbinding clefts
in client signaling proteins to increase the efficiency of binding of
ligands, such as steroids or ATP (reviewed in refs 5 and 6), and
the proteins constantly undergo cycles of Hsp90 heterocomplex
assembly and disassembly in the cytoplasm and nucleoplasm (1).
Two types of cycling with Hsp90 have been recognized. The

classical client signaling proteins form Hsp90 heterocomplexes
that are stable enough to be isolated and analyzed biochemically.
For lack of a better term, we call this ‘stable cycling’ with Hsp90,
and these proteins are stringently regulated by the chaperone (6).
In contrast, other signaling proteins form Hsp90 heterocom-
plexes that rapidly disassemble such that no (or only trace
amounts of) Hsp90 heterocomplexes are recovered from cell
lysates. We call this ‘dynamic cycling’, and the activity and
turnover of these proteins are not as affected byHsp90 inhibitors
as the classical client proteins (5, 6).

The nitric oxide synthases (NOSs), including endothelial
NOS (eNOS), neuronal NOS (nNOS) and inducible NOS
(iNOS), are signaling proteins whose activity is enhanced by
Hsp90, as shown both by studies in intact cells (7-10) and
by direct activation assays with purified proteins (7, 10-14).
NOS activity is Ca2þ/calmodulin (CaM)-dependent, and several
signaling pathways initiate nNOS and eNOS activity by raising
intracellular Ca2þ concentration. Studies with purified proteins
show that CaM and Hsp90 increase the binding of each other
to both eNOS and nNOS (11, 12, 14, 15). Both direct binding
of purified Hsp90 to purified eNOS and nNOS and activation
of their activities have been demonstrated in the absence of ATP
and Hsp70 (7, 14, 15). This stands in contrast to the assembly of
stable Hsp90 complexes with steroid receptors, for example,
where both receptor-boundHsp70 andHsp90must pass through
at least one complete ATPase cycle (1). Thus, the observations
made with Hsp90 regulation of eNOS and nNOS differ from
the classic client signaling proteins, yet, there are similarities
between them.
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For example, formation of Hsp90 heterocomplexes with the
glucocorticoid receptor (GR), the most studied client protein,
promotes high affinity ligand binding, thus, facilitating response
at low concentrations of steroid (1). Similarly, in Sf9 insect cells,
which have a low level of endogenous heme, Hsp90 promotes
heme binding by apo-nNOS, with concomitant conversion to
the enzymatically active holo-nNOS dimer (8, 16, 17). Also, like
the classic client signaling proteins, such as the GR (18), treat-
ment of cells with geldanamycin leads to nNOS degradation via
the ubiquitin-proteasome pathway (8, 19). In that Hsp90
regulation of client signaling protein function reflects the ability
of the chaperone to modulate ligand binding clefts (5, 6), it is
reasonable to predict that Hsp90 stabilization of client proteins
ensues from the same cleft interaction, yet there is no evidence
for this.

nNOS is a particularly usefulmodel for exploring a relationship
betweenHsp90 stabilization of the protein and its interactionwith
the ligand binding cleft. Certain mechanism-based inactivators,
such as NG-amino-L-arginine (NAA) and the antihypertensive
drug guanabenz, cause accelerated nNOS degradation (19).
Guanabenz is an antihypertensive drug that produces impotence
and inhibits nNOS activity, with accompanying loss of immuno-
detectible enzyme (20). In cultured cells, guanabenz has been
shown to enhance the proteasomal degradation of nNOS (19).
Guanabenz treatment leads to the oxidation of tetrahydrobiop-
terin and formation of a pterin-depleted nNOS that is catalytically
inactive (21). The loss of tetrahydrobiopterin from its binding site
within the heme/substrate binding cleft destabilizes the nNOS
dimer and enhances nNOSubiquitination (22).Many of the other
inactivators cross-link heme to the enzyme (23, 24), a modifica-
tion that was shown in amyoglobinmodel to cause opening of the
heme binding cleft (25) to yield a more unfolded state of the
protein (26). The reaction of the inactivator in the heme/substrate
binding cleft triggers nNOS ubiquitination and proteasomal
degradation (19, 27). Both CHIP and parkin function as E3
ligases for nNOS ubiquitination (4, 28).

To date, it has not been established whether Hsp90 stabilizes
proteins by inhibiting their ubiquitination or by inhibiting
proteasomal degradation of the ubiquitinated protein. In this
paper, we use a purified ubiquitinating system with CHIP as the
E3 ligase to show that Hsp90 inhibits nNOS ubiquitination. Like
the establishedHsp90 enhancement ofNO synthesis fromnNOS,
Hsp90 inhibition of nNOS ubiquitination is promoted by Ca2þ/
calmodulin, consistent with the two Hsp90 effects ensuing from
the same interaction with the enzyme. The proposal that the
Hsp90 interaction is with the heme/substrate binding cleft is
supported by the observation that nNOSubiquitination triggered
by the mechanism-based inactivators NAA and guanabenz is
prevented by Hsp90. We propose that, although nNOS 3Hsp90
heterocomplexes are not assembled by the multichaperone
machinery that forms heterocomplexes with steroid receptors
and a variety of other client signaling proteins (17), the interac-
tion ofHsp90with nNOSand its effects on the enzyme are similar
to its interaction with and its effects on the classic client proteins.

EXPERIMENTAL PROCEDURES

Materials. Untreated rabbit reticulocyte lysate was from
Green Hectares (Oregon, WI). (6R)-5,6,7,8-Tetrahydro-L-biop-
terin was purchased from Dr. Schirck’s Laboratory (Jona,
Switzerland). Protein A-Sepharose, ubiquitin, ATP, creatine
phosphokinase, rabbit polyclonal anti-nNOS, purified bovine

calmodulin, and L- and D-isomers ofNG-nitro-arginine (L-NNA,
D-NNA) were purchased from Sigma. GST-tagged ubiquitin,
ubiquitin aldehyde, and ubiquitin activating enzyme (E1) were
from Boston Biochem (Cambridge, MA). Geldanamycin
and NG-amino-L-arginine were from Alexis Biochemicals (San
Diego, CA). Guanabenzwas purchased fromResearch Biochem-
icals International (Natick, MA). Nickel-nitrilotriacetic acid
(Ni-NTA)-agarose was from Qiagen Inc. (Valencia, CA).
Expression and Purification of nNOS, Hsp90, Hsp70,

Hsp40, CHIP, and GST-Tagged UbcH5a. Rat nNOS was
expressed in Sf9 insect cells using a recombinant baculovirus and
purified by 20,50-ADP Sepharose and gel-filtration chromatog-
raphy as described previously (8).Hemewas added as an albumin
conjugate during the expression to convert all of the nNOS to the
holo-nNOS dimer (8). His-CHIP was bacterially expressed and
purified by Ni-NTA affinity chromatography as previously
described (28). GST-tagged UbcH5a (E2, ubiquitin carrier
protein) was bacterially expressed and purified by GSH-Sephar-
ose affinity chromatography as described (29). Hsp90 andHsp70
were purified from rabbit reticulocyte lysate by sequential
chromatography on DE52, hydroxylapatite, and ATP-agarose
as described previously (30). YDJ-1, the yeast ortholog of Hsp40,
was expressed in bacteria and purified by sequential chromatog-
raphy onDE52 and hydroxylapatite as described previously (31).
In Vitro Ubiquitination of nNOS by Purified Ubiquitina-

tion System. Prior to ubiquitination, 2 μM purified nNOS was
preincubated for 15 min at 30 �C with 4.4 μM Hsp90, 4.2 μM
Hsp70, 0.1 μM Hsp40/YDJ-1, the indicated concentration of
calmodulin with 0.5 mM CaCl2, and 2 μL of an ATP-generating
system (50 mM ATP, 250 mM creatine phosphate, 20 mM
magnesium acetate, and 100 units/mL creatine phosphokinase)
in a total volume of 20 μLofHKDbuffer (10mMHepes, pH 7.4,
100 mMKCl, and 5 mMDTT). The reactionmixture was placed
on ice and diluted 2-fold with HKD buffer. An aliquot (5 μL)
of this reaction mixture was added to an ubiquitination reac-
tion mixture containing ubiquitin activating enzyme (0.1 μM),
GST-tagged UbcH5a (0.6 μM), His-tagged CHIP (4.0 μM),
GST-tagged ubiquitin (8.3 μM), 1 mM DTT, and 10 mM
ATP. For the experiment shown in Figure 4, an aliquot (5 μL)
of the first reaction mixture was added to reticulocyte lysate
DE52 Fraction A (30) at a final concentration of 5.5 mg/mL,
0.3 mg/mL BSA, 0.8 μM ubiquitin-aldehyde, 0.66 mMN-acetyl-
Leu-Leu-Nle-CHO, 8.3 μM GST-tagged ubiquitin, 1 mM DTT,
and 10mMATP. Themixtures were incubated for 1 h at 30 �C in
a total volume of 20 μL of 50 mM Tris-HCl, pH 7.5. After
incubation, 20 μL of sample buffer was added and an aliquot
(20 μL) was loaded for Western blotting.

In experiments examining the effect of guanabenz, a mechan-
ism-based inactivator, on nNOS ubiquitination, the enzyme was
preincubated with the drug under conditions required for enzyme
activity, but with low biopterin, necessitating the following
incubation protocol. Purified nNOS (0.75 μM) was preincubated
at 30 �C for 20 min with 1.7 μMHsp70, 0.04 μMHsp40, 0.1 μM
tetrahydrobiopterin, 0.2 mM CaCl2, 8 μM calmodulin, an
NADPH-generation system (consisting of 1 mM NADPþ,
25 mM glucose-6-phosphate, and 2.5 unit/mL of glucose-
6-phosphate dehydrogenase, expressed as final concentrations),
and the ATP-generation system in the presence or absence of
2.6 μMHsp90, 100 μMguanabenz, 100 μMD-NNA, or 100 μM
L-NNA adjusted to a total volume of 50 μL with HKD buffer.
Guanabenz inactivates nNOS by oxidation of enzyme-bound
tetrahydrobiopterin. Thus, we used low concentrations of the



Article Biochemistry, Vol. 48, No. 35, 2009 8485

biopterin as excess tetrahydrobiopterin, which can replace the
oxidized pterin, greatly slows the inactivation process (21). In
experiments examining the mechanism-based inactivator NAA,
the enzyme was preincubated under the same conditions except
that biopterin was present at 10 μM. Ten microliters of the
preincubation was added to 20 μL of the in vitro ubiquitination
mixture for a further incubation of 1 h at 30 �C as described
above, and the ubiquitin conjugates of nNOS were detected by
Western blotting.
In Vitro Ubiquitination of nNOS by DE52-Retained

Fraction of Reticulocyte Lysate. The DE52-retained fraction
of rabbit reticulocyte lysate was prepared as described pre-
viously (32). Purified nNOS (2 μM) was prebound with calmo-
dulin at the indicated concentrations in the presence of 200 μM
CaCl2 in a total volume of 100 μL of HKD buffer. An aliquot
(5 μL) of this mixture was incubated for 1 h at 37 �C with 4.5 μL
of DE52-retained fraction (final concentration 7 mg protein/
mL), 0.3 mg/mL bovine serum albumin, 8.3 μM GST-tagged
ubiquitin, 1 mM dithiothreitol, 10 mM ATP/Mg2þ, 1 μL of
Complete Mini protease inhibitor cocktail, 0.6 mM N-acetyl-
Leu-Leu-Nle-CHO, and 0.8 μM ubiquitin aldehyde (deubiqui-
tination inhibitor), adjusted to a final volume of 20μLwith 1mM
Tris, pH 7.5. Incubations were terminated by boiling with an
equal volume of SDS-sample buffer containing 8Murea and 2M
thiourea.
Assay of nNOS Activity. NO formation was assayed by the

NO-mediated conversion of oxyhemoglobin to methemoglobin.
Conversion of oxyhemoglobin was assayed by adding 8 μL
of nNOS preincubation mixture to an assay solution containing
200 μMCaCl2, 250 μM L-arginine, 100 μM tetrahydrobiopterin,
100 units/mL catalase, 5 μg/mL calmodulin, 25 μM oxyhemo-
globin, and an NADPH-generating system composed of 0.4 mM
NADPþ, 10 mM glucose 6-phosphate, and 1 unit of glucose
6-phosphate dehydrogenase/mL (expressed as final concen-
trations) in a total volume of 180 μL of 50 mM potassium
phosphate, pH7.4. Themixturewas incubated 4min at 37 �Cand
the rate of oxidation of oxyhemoglobin was monitored by
measuring the absorbance at λ401-411 nm with a microtiter plate
reader.
Gel Electrophoresis and Western Blotting. Aliquots

(10 μL) from the ubiquitination reactions were boiled in SDS
sample buffer (3.75% SDS, 15% glycerol, 6 mg/mL DTT, and
0.02%bromophenol blue in 125mMTris-HCl, pH 6.8), resolved
on 5% SDS-polyacrylamide gels, transferred to nitrocellulose
membranes, and probed with anti-nNOS (1:8000). Immunoreac-
tive bands were visualized with the use of enhanced chemilumi-
nescence reagent (Super Signal, Pierce) and X-Omat film
(Eastman Kodak Co.). Either the monoubiquitinated nNOS
bands (experiments with reticulocyte lysate) or the polyubiqui-
tinated nNOS bands (experiments with purified ubiquitinating
system) were scanned and the relative densities were determined
with ImageJ software (http://rsb.info.nih.gov/ij/). Relative den-
sities for 3 experiments are presented in bar graphs as percent of
control or percent of the condition with the greatest ubiquitina-
tion( SE. Significance of difference was determined by one-way
ANOVA (Tukey’s Multiple Comparison Test). Statistical prob-
ability is expressed as *p < 0.05, **p < 0.01, ***p < 0.001.

RESULTS

Calmodulin Inhibits nNOS Ubiquitination by the DE52-
Retained Fraction of Reticulocyte Lysate.We have previously

reported that nNOS is ubiquitinated in vivo and that the
predominant nNOS-ubiquitin conjugate detected in human
embryonic kidney cells and in rat brain cytosol is the mono-
ubiquitinated form (27). This ubiquitination was mimicked
in vitro by incubating purified nNOS with an extract of
rabbit reticulocyte lysate, ubiquitin and ATP (27). Studies with
125I-ubiquitin showed that the monoubiquitinated nNOS is the
major product in these in vitro experiments (27). The extract of
reticulocyte lysate consists of all of the lysate material that is
retained by a DE52 column, and the DE52-retained fraction is
the same as the lysate ‘fraction II’ that has been extensively used
to study protein ubiquitination (32). The DE52-retained fraction
contains Hsp90, Hsp70 and Hsp40, as well as the ubiquitinating
enzymes, with all the components being present in the same ratios
as exist in reticulocyte lysate (8, 27).

Because of the mutual interaction between calmodulin and
Hsp90 reported for the NOS enzymes (11, 12, 14, 15), we asked
whether CaM would affect nNOS ubiquitination by the DE52-
retained fraction of reticulocyte lysate. As shown in Figure 1A,
incubation of purified nNOS with the DE52-retained fraction
and GST-ubiquitin yields a slower migrating band (lane 2) that
has been previously demonstrated to be the major monoubiqui-
tinated nNOS product (27). Addition of calmodulin inhibits
nNOS ubiquitination (lanes 3-5) in a calcium-dependent man-
ner, as indicated by the increased ubiquitination seen in the
presence of EGTA (lane 6). The amount of ubiquitinated product
relative to the control without added calmodulin is presented for
several experiments in the bar graph of Figure 1A. It should be
noted that, because only a small fraction of nNOS is ubiquiti-
nated, the assay contains a lot of the purified enzyme to serve as
substrate, as is indicated by the broad bands of unmodified
nNOS in Figure 1A. Given the large amount of nNOS, we have
tested the effect of CaM over a range of concentrations that
reflect a reasonable stoichiometry with the enzyme. To give a
point of reference, the ratio of CaM to nNOS in our enzyme
activity assay is 11:1 and the highest concentration of CaM
(30 μM) in the ubiquitination mixture yields a ratio of 15:1. As
shown in Figure 1B, we have verified that the monoubiquitinated
nNOS is the predominant form even when the ubiquitin con-
centration is increased (lanes 1-4) and that the bands are specific
for nNOS (lane 5).
Hsp90 Inhibits nNOS Ubiquitination by the Purified

Ubiquitination System. We have previously shown that the
Hsp70-dependent E3 ubiquitin ligase CHIP promotes nNOS
ubiquitination both in human embryonic kidney cells and in a
purified ubiquitination system (28). In contrast to reticulocyte
lysate, where we see predominantly monoubiquitinated nNOS,
the purified ubiquitination system is more active and produces
easily detected, higher mass ubiquitinated nNOS products in
addition to the monoubiquitinated form (28). As illustrated in
Figure 1C, the relative amounts of these polyubiquitinated
products can be determined by comparing densities of scans of
the area demarcated by white rectangle in lane 2. The mono-
ubiquitinated nNOS lies below the scanned region, and it is fused
with the unmodified nNOS at exposure times used to detect
polyubiquitinated nNOS. Thus, conditions yielding high level of
polyubiquitination will appear to have thicker unubiquitinated/
monoubiquitinated nNOS bands than conditions where there is
less polyubiquitination, even though the amount of nNOS loaded
on each lane is the same.

In Figure 2, we use the purified system to assess the effects
of both the protein chaperones and Ca2þ/calmodulin on
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CHIP-dependent polyubiquitination. A small amount of insect
Hsp70 copurifies with nNOS (8), and this may account for the
basal level of ubiquitination that occurs in the absence of added
Hsp70 (e.g., Figure 2A, lane 2). Nevertheless, addition of Hsp70
increases nNOS ubiquitination (Figure 2A, lane 3), and the
presence of Hsp90 in the preincubation mix inhibits both basal
(lane 4) and Hsp70-stimulated (lane 5) ubiquitination. It is
important to note that the concentrations of purified chaperone
proteins used here are the same as those used in our five-
chaperone system for steroid receptor activation, and these are
the concentrations of Hsp90 and Hsp70 that are present in
reticulocyte lysate (33).

In Figure 2B, inhibition of ubiquitination by Hsp90 is again
examined on basal and Hsp70-stimulated nNOS ubiquitination,
but in the presence and absence of 30 μM CaM. Although CaM
alone does not inhibit nNOS ubiquitination (lanes 2 and 6),
Hsp90 alone causes extensive inhibition (lanes 3 and 7). Because
Hsp90 inhibition of ubiquitination in this case is essentially
complete in the absence of CaM (lanes 3 and 7), no additional
effect of CaM on Hsp90-dependent inhibition can be seen. As
shown in Figure 3, however, when the inhibition by Hsp90 is
somewhat less (cf. lanes 1 and 2), increasing concentrations of
CaM yield increased inhibition (lanes 3-5) that is calcium-
dependent, as indicated by the increased ubiquitination seen in
the presence of EGTA (lane 6). The extent of inhibition byHsp90
is consistent as long as the same preparations of Hsp70 and
Hsp90 are used; however, the extent of inhibition can vary

between 35% and 65% depending on the preparation of purified
protein used.

It has been shown that the enhancement of NO synthesis by
purified nNOS caused by purified Hsp90 is inhibited by gelda-
namycin (15). As shown in Figure 3 (lanes 7-9), the Hsp90
inhibitor geldanamycin also reduces Hsp90 inhibition of nNOS
ubiquitination. Although previous studies of binding of purified
Hsp90 to eNOS and nNOS and the activation of eNOS and
nNOS activity by purified Hsp90 were carried out in the absence
of ATP (7, 14, 15), both Hsp70 and the ubiquitination system
requireATP; thus, our experiments are performed in the presence
of an ATP generating system.

The results with the purified ubiquitination system inFigures 2
and 3 suggest that the inhibition of nNOS ubiquitination
observedwhenCaM is added to theDE52 fraction of reticulocyte
lysate in Figure 1 is caused by Hsp90. To demonstrate this, we
prepared an Hsp90-free pool of reticulocyte lysate fractions
eluted from DE52 with a gradient of KCl, as we described in
Dittmar et al. (30). The pooled fractions that elute before Hsp90
contain Hsp70, Hsp40 and nNOS ubiquitinating activity
(Figure 4). We have called this Hsp90-free pool Fraction
A (30). As shown in Figure 4, addition of CaM to Fraction A
increases nNOS ubiquitination (cf. lanes 2 and 3), whereas
addition of Hsp90 inhibits ubiquitination (lanes 4 and 5).
Hsp90 Inhibits Guanabenz-Induced nNOS Ubiquitina-

tion. To determine if Hsp90 inhibits ubiquitination triggered by
specific attack within the heme/substrate binding cleft, we looked

FIGURE 1: Calmodulin inhibition of nNOS ubiquitination by the DE52-retained fraction of rabbit reticulocyte lysate. (A) nNOSmonoubiquitin
conjugates (nNOS-mono-Ub) were detected by Western blot. nNOS was incubated for 1 h at 37 �C with a DE52-retained fraction of rabbit
reticulocyte lysate, ATP, GST-ubiquitin and the indicated concentrations of calmodulin as described under Experimental Procedures. Samples
wereWestern blotted byprobingwith anti-nNOS.Lane 1, incubation time 0; lanes 2-6, incubation time 1 h.For bar graph, the relative amount of
nNOS-Ub in replicate experiments as inpanelAwas determinedby scanningand expressed as%of the 1 h controlwithout calmodulin. The values
are the mean ( SE (n= 3). Asterisks (**) denote significantly (p< 0.01) lower nNOS-Ub conjugates relative to the 1 h control without CaM.
(B) The effect of increasing the ubiquitin concentration on the ubiquitination of nNOS. The studies were as in panel A, except that the indicated
concentrations of GST-ubiquitin were used (lanes 1-4). Lane 5, nNOS was omitted. The data are representative of three identical experiments.
(C) nNOS polyubiquitin conjugates (nNOS-poly-Ub) produced by the purified ubiquitinating enzyme mixture without (lane 1) or with (lane 2)
GST-ubiquitin. The white rectangle above the monoubiquitinated nNOS represents the region scanned to determine relative densities of
polyubiquitination in experiments with the purified ubiquitination system.
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at guanabenz-induced ubiquitination. In Figure 5A, purified
nNOS was preincubated with Hsp70/40 and guanabenz under
conditions required for enzyme activity. The slowly reversible
nNOS inhibitor L-NNA or its inactive isomer D-NNA was
present in samples to demonstrate stereospecific competition for
guanabenz stimulation of ubiquitination. As shown in Figure 5A,
guanabenz increased nNOS ubiquitination (cf. lanes 1 and 4), and
L-NNAprevented the guanabenz effect (lane 5), whereasD-NNA
did not (lane 6). This shows that guanabenz must enter the heme/
substrate binding cleft to cause an increase in ubiquitination.

CaM is required for nNOS enzymatic activity, and in
Figure 5B, nNOS was preincubated as in Figure 5A in the
presence or absence of CaM to yield catalytically active and
inactive nNOS, respectively. Guanabenz does not cause an
increase in nNOS ubiquitination when the enzyme is catalytically
inactive (Figure 5B, lane 2), but it increases ubiquitination when

it is catalytically active (lane 4). These observations show that
guanabenz must enter the heme/substrate binding cleft where
it causes a mechanism-based change that leads to nNOS ubiqui-
tination.

As shown in Figure 6A, both basal ubiquitination (lane 1) and
the increased ubiquitination that ensues from guanabenz-
mediated alteration within the heme/substrate binding cleft
(lane 3) are inhibited by Hsp90 (lanes 2 and 4). In contrast,
Hsp90 does not affect guanabenz-mediated inhibition of nNOS
enzymatic activity. As shown in Figure 6B, in the absence of
guanabenz, Hsp90 causes the previously demonstrated (14, 15)
enhancement of nNOS activity (lanes 1 and 2). However,
preincubation with guanabenz inhibits nNOS activity whether
or not Hsp90 is present (Figure 6B, lanes 3 and 4).
Hsp90 Inhibits NAA-Induced nNOS Ubiquitination.

NAA (NG-amino-L-arginine) is a metabolism-based inactivator

FIGURE 2: Hsp90 inhibits basal and Hsp70-stimulated nNOS ubi-
quitination. (A) Hsp90 inhibition of ubiquitination. nNOS was
preincubated with Hsp70, Hsp40 and Hsp90 as indicated and then
incubated with the ubiquitinating enzymemixture. The samples were
Western blotted by probing with anti-nNOS. Arrow points to the
unubiquitinated/monoubiquitinated nNOS band. The relative den-
sities in the bar graph are presented as a % of the Hsp70-stimulated
value in lane 3. (B) Hsp90 inhibits ubiquitination in the absence and
presence of calmodulin. nNOSwas preincubatedwithHsp70/Hsp40,
Hsp90 and 30 μM calmodulin as indicated and then incubated with
the ubiquitination mixture, followed by immunoblotting as above.
The relative densities in the bar graph are presented as a % of the
highest condition in lane 6.

FIGURE 3: Calmodulin enhances Hsp90 inhibition of nNOS ubiqui-
tination. nNOS was preincubated with Hsp70/Hsp40 in the presence
or absence of Hsp90, CaM, EGTA, or geldanamycin (GA) as noted
at the top of the figure. The samples were then incubated with the
ubiquitinating enzyme mixture andWestern blotted by probing with
anti-nNOS.

FIGURE 4: Calmodulin does not inhibit and Hsp90 does inhibit
nNOS ubiquitination by Fraction A of reticulocyte lysate. nNOS
was preincubated with 30 μM CaM and/or Hsp90 as indicated and
then incubatedwithHsp90-freeFractionAof reticulocyte lysate. The
samples were Western blotted by probing with anti-nNOS.
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of nNOS that targets the hememoiety (34). Covalent alterationof
the heme byNAA leads both to heme adducts that are dissociable
and to heme adducts that are irreversibly bound to a residue in
the nNOSoxygenase domain (23). To determine ifHsp90 inhibits
nNOS ubiquitination triggered in this manner, nNOS was
preincubated under catalytic conditions with NAA in the pre-
sence or absence of Hsp90. As shown in Figure 7, nNOS
incubated with NAA (lane 3) was ubiquitinated muchmore than
the untreated enzyme (lane 1) and NAA-induced ubiquitination
was prevented by Hsp90 (lane 4). Taken together, the data of

FIGURE 5: Guanabenz causes a mechanism-based ubiquitination of
nNOS. (A) Guanabenz acts in the heme/substrate binding cleft.
nNOS was preincubated with Hsp70/40 under conditions required
for enzymeactivity (seeExperimentalProcedures) and in the presence
of 100 μMguanabenz, 100 μMD-NNA, or 100 μML-NNAas noted
at the top of the figure. The samples were then incubated with the
ubiquitinating enzymemixture andWestern blottedwith anti-nNOS.
(B) Guanabenz-dependent ubiquitination requires nNOS enzymatic
activity. nNOS was preincubated with Hsp70/40 under conditions
for full enzyme activity or minus calmodulin (no enzyme activity) in
the presence or absence of guanabenz as noted at the top of the figure.
The samples were then incubated with the ubiquitinating enzyme
mixture and Western blotted.

FIGURE 6: Hsp90 inhibits the guanabenz-triggered ubiquitination of
nNOS. (A) Inhibition of ubiquitination. nNOS was preincubated
with Hsp70/40 under conditions required for enzyme activity and
in the presence of guanabenz and/or Hsp90 as noted at the top of
figure. The samples were then incubated with the ubiquitinating
enzyme mixture and Western blotted for nNOS. (B) Guanabenz
inhibition of nNOS activity. nNOS was preincubated as in panel
A and nNOS activity was assayed by measuring the NO-mediated
conversion of oxyhemoglobin to methemoglobin as described under
Experimental Procedures. Bars represent mean ( SE for three
experiments.

FIGURE 7: Hsp90 inhibits NAA-triggered ubiquitination of nNOS.
nNOS was preincubated with Hsp70/40 under conditions required
for enzyme activity (see Experimental Procedures) in the presence of
100 μM NAA and/or Hsp90 as noted at the top of the figure. The
samples were then incubated with the ubiquitinating enzymemixture
and Western blotted for nNOS.
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Figures 6 and 7 show that alteration of the heme/substrate
binding cleft by either loss of the tetrahydrobiopterin cofactor
or heme adduct formation leads to nNOS ubiquitination that is
inhibited by Hsp90.

DISCUSSION

It is clear from Figure 1A that nNOS ubiquitination by the
reticulocyte lysate system is inhibited by Ca2þ/calmodulin.
However, addition of CaM alone to the purified CHIP-depen-
dent ubiquitination system does not yield inhibition of ubiqui-
tination (Figure 2B). Hsp90 inhibits ubiquitination by the
purified ubiquitinating system when added alone (Figure 2),
and the simultaneous presence of CaM increases this inhibition
(Figure 3). This suggests that the inhibition of nNOS ubiquitina-
tion observed in the reticulocyte lysate system when CaM is
added is due to Hsp90. When nNOS is ubiquitinated by an
Hsp90-free fraction of reticulocyte lysate, addition of CaM does
not inhibit nNOS ubiquitination but addition of purified Hsp90
does inhibit (Figure 4). The fact that CaM interactionwith nNOS
enhances both Hsp90 stimulation of nNOS activity (14, 15) and
Hsp90 inhibition of nNOS ubiquitination is consistent with a
model in which the two effects of Hsp90 are caused by the same
interaction of the chaperone with the enzyme.

It is established that Hsp90 binds to the oxygenase domain of
eNOS (35). This domain contains the heme/substrate binding
cleft, and it is the likely site of Hsp90 interaction with nNOS as
well. Inasmuch as CaM enhances electron flux from flavin bound
to the reductase domain to heme bound within the cleft (36),
CaMbinding is likely to affect the state of the cleft. Although it is
unclear exactly how CaM affects cleft structure/mobility, it is
clear that CaMandHsp90 affect both eNOS and nNOS in such a
manner as to increase the binding of the other (11, 12, 14, 15).

Here, we have used two mechanism-based inactivators, gua-
nabenz and NAA, to alter the heme/substrate binding cleft and
promote nNOS ubiquitination (Figures 5-7). Both basal and
inactivator-stimulated ubiquitination are inhibited by Hsp90
(Figures 6 and 7). It is this ability to inhibit ubiquitination that
likely accounts for Hsp90 stabilization of a wide variety of
proteins to proteasomal degradation. We have previously pro-
posed that Hsp90 acts to stabilize an open state of the ligand
binding cleft, an effect that both facilitates substrate access to
increase enzyme activity and prevents further cleft unfolding that
triggers Hsp70-dependent ubiquitination (5, 6).

U-box E3 ligases, such as CHIP, are thought to act as bridging
proteins to bring the ubiquitin-charged E2 enzyme into the
vicinity of the substrate. It is not known if CHIP itself contacts
the substrate and it is thought that CHIP is targeted to the
unfolding protein by the chaperone (37). CHIP binds via an
amino-terminal TPR domain to bothHsc/Hsp70 and Hsp90 (38,
39), and it has been suggested that both chaperones may have the
ability to target substrates for degradation (3, 39). Several reports
have concluded that an Hsp90-CHIP complex selectively de-
grades various Hsp90 client proteins. It is quite clear, however,
that Hsp70 promotes CHIP-dependent ubiquitination of nNOS
(28, Figure 2) and that Hsp90 inhibits ubiquitination (Figures 2,
3, 6, and 7). This Hsp90 inhibition is consistent with hundreds of
reports that treatment of cells with Hsp90 inhibitors, such as
geldanamycin, promotes the proteasomal degradation of various
Hsp90-regulated proteins. Thus, inhibition ofHsp90 cycling with
a protein permits unopposed activity of chaperone-dependent E3
ligases that bind to substrate-bound Hsp70 (5, 6).

It has not been known how proteins that have undergone
oxidative or toxic damage are recognized and shunted to the
ubiquitin-proteasome pathway of degradation. The effects of
guanabenz andNAAserve as examples of such toxic damage that
is targeted to the ligand binding cleft and triggers ubiquitination
of nNOS. Other examples of mechanism-based protein damage
triggering ubiquitination and proteasomal degradation have
been discussed in a review (5). It is reasonable to propose that,
as proteins undergo such toxic damage, ligand binding clefts
open, exposing hydrophobic residues as the initial step in
unfolding. As long as Hsp90 can form even transient complexes
with the opening cleft, ubiquitination by Hsp70-dependent
ubiquitin E3 ligases, like CHIP, is inhibited. But a point is
reached where unfolding of the cleft progresses to a state that
cannot cycle with Hsp90, and ubiquitination directed by Hsp70-
dependent E3 ligases is unopposed. In thisway, theHsp70/Hsp90
chaperone machinery may be the major mechanism by which the
quality control decision is made for degradation of damaged
proteins via the ubiquitin-proteasome pathway.
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