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The effects of para-chloromercuribenzoic acid and different
oxidative and sulfhydryl agents on a novel, non-AT1, non-AT2

angiotensin binding site identified as neurolysin

Kira L. Santos1, Megan A Vento2, John W. Wright2, and Robert C. Speth1,3

1Pharmaceutical Sciences Department, College of Pharmacy, Nova Southeastern University, Fort
Lauderdale, FL 33328

2Department of Psychology, Washington State University, Pullman, WA 99164

3Dept Physiology and Functional Genomics, College of Medicine, University of Florida,
Gainesville, FL 32610

Abstract

A novel, non-AT1, non-AT2 brain binding site for angiotensin peptides that is unmasked by p-

chloromercuribenzoate (PCMB) has been identified as a membrane associated variant of

neurolysin. The ability of different organic and inorganic oxidative and sulfhydryl reactive agents

to unmask or inhibit 125I-Sar1Ile8 angiotensin II (SI-Ang II) binding to this site was presently

examined. In tissue membranes from homogenates of rat brain and testis incubated in assay buffer

containing losartan (10 μM) and PD123319 (10 μM) plus 100 μM PCMB, 5 of the 39 compounds

tested inhibited 125I-SI Ang II binding in brain and testis. Mersalyl acid, mercuric chloride

(HgCl2) and silver nitrate (AgNO3) most potently inhibited 125I-SI Ang II binding with IC50’s

~1–20 μM This HgCl2 inhibition was independent of any interaction of HgCl2 with angiotensin II

(Ang II) based on the lack of effect of HgCl2 on the dipsogenic effects of intracerebroventricularly

administered Ang II and 125I-SI Ang II binding to AT1 receptors in the liver. Among sulfhydryl

reagents, cysteamine and reduced glutathione (GSH), but not oxidized glutathione (GSSG) up to 1

mM, inhibited PCMB-unmasked 125I-SI Ang II binding in brain and testis. Thimerosal and 4-
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hydroxymercuribenzoate moderately inhibited PCMB-unmasked 125I-SI Ang II binding in brain

and testis at 100 μM; however, they also unmasked non-AT1, non-AT2 binding independent of

PCMB. 4-hydroxybenzoic acid did not promote 125 I-SI Ang II binding to this binding site

indicating that only specific organomercurial compounds can unmask the binding site. The

common denominator for all of these interacting substances is the ability to bind to protein

cysteine sulfur. Comparison of cysteines between neurolysin and the closely related enzyme

thimet oligopeptidase revealed an unconserved cysteine (cys650, based on the full length variant)

in the proposed ligand binding channel (Brown et al., 2001) [1] near the active site of neurolysin.

It is proposed that the mercuric ion in PCMB and closely related organomercurial compounds

binds to cys650, while the acidic anion forms an ionic bond with a nearby arginine or lysine along

the channel to effect a conformational change in neurolysin that promotes Ang II binding.

Keywords

Neurolysin; Angiotensin II; Radioligand binding; p-chloromercuribenzoate; organomercurial;
cysteine sulfhydryl; brain; testis

1. Introduction

The renin-angiotensin system (RAS) is critical for the regulation of blood pressure, fluid

volume and electrolyte balance. It sustains cardiovascular homeostasis in both normal and

pathophysiological conditions acting centrally as well as peripherally. The central actions of

the RAS has been the subject of many reviews spanning more than 40 years [1–7]. When

overactivated the brain RAS causes hypertension, through increased vasopressin release and

increased sympathetic nerve activity. Despite decades of intensive research to address its

pathophysiological actions in different tissues, questions remain regarding the functions and

nature of the RAS [8–11].

Key components of the RAS include the angiotensin II type 1 (AT1) and angiotensin II type

2 (AT2) receptors, renin, angiotensinogen, angiotensin-converting enzyme (ACE),

angiotensins I, II and III. Newly identified components (pro)renin receptor [12] [13], ACE2

[13,14], Mas protein (putative receptor for angiotensin (1–7) [15], and the AT4 receptor for

angiotensin IV [16,17] have revolutionized our understanding of the functionality of the

RAS. Components of the RAS have been found in a wide range of tissues and organs with

classic cardiovascular functions as well as novel functions [18,19], In the brain the RAS also

acts in regions associated with novel functions, such as cell differentiation, memory, and

neurogenesis [7,10,20,21]. Newly discovered roles for the brain RAS in pathogenesis

include the formation of intracranial aneurysms [22] mental retardation [23,24] and a role in

epilepsy [24,25].

In the course of investigating RAS functionalities a novel non-AT1, non-AT2 binding site

for angiotensin peptides was discovered [26,27]. This novel binding site is highly specific

for Ang II and III and is present in rat, mouse, and human brain membranes [27–29], and

mouse testis membranes, as well as other tissues [30] This novel binding site is not blocked

by AT1 or AT2 receptor antagonists [26,27]. Interestingly, this novel binding site is

unmasked in the presence of parachloromercuribenzoate (PCMB), an angiotensinase
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inhibitor [31,32] and to a lesser extent parachloromercuribenzenesulfonate (PCMBS), both

of which react with sulfhydryls. Recently, we identified this binding site as neurolysin (E.C.

3.4.24.16) a member of the M3 zinc metallopeptidase family [33]

PCMB, is an organometallic agent that causes a conformational change in proteins most

likely by reacting with free thiol groups of cysteine containing proteins and disulfide bonds

resulting in the loss of biological activities by some of these proteins [34–36] and the

activation of others [37]. PCMB and PCMBS are known protease/peptidase inhibitors [38–

40]. While neurolysin is most well known for its ability to metabolize the neuropeptide

neurotensin, it also metabolizes angiotensin I to form Ang (1–7) [41]. In addition, it

metabolizes Ang II [42,43] reportedly at its Tyr-ile bond to form two tetrapeptides [44,45].

The enzymatic activity of neurolysin can be inhibited by the sulfhydryl reducing agent DTT,

but not by the sulfhydryl alkylator iodoacetamide [43,46]. The rat liver soluble angiotensin

binding protein, subsequently identified as neurolysin is inhibited by the organomercuric

compound PCMBS [42]. Rat liver mitochondrial oligopeptidase, also identified as

neurolysin, is inhibited by PCMB and N-ethyl maleimide [47].

This unmasking of the binding of Ang II is reversed by the disulfide-reducing agents DTT

and 2- mercaptoethanol,[26] indicating possible involvement of cys-cys sulfhydryl bonds in

maintaining the conformation of the protein to enable it to bind Ang II with high affinity.

Alternatively, DTT is capable of dissociating PCMB from cysteines in proteins returning

them to reduced sulfhydryls [48]. To further characterize the binding site, we presently

report how this novel angiotensin binding protein interacts with different oxidative and

sulfhydryl reactive agents in the presence and absence of PCMB in the brain and testis.

These tissues were chosen because of their high abundance of this novel Ang II binding

protein in the mouse [30]. Notably, neurolysin protein [49] and mRNA [50] have been

reported to be abundantly expressed in the testis. Furthermore the two variants of neurolysin

found in rat brain contain 12 and 13 cysteines [50].

While the novel binding site is unmasked by organomercurial agents, the primary question

arising from this observation is whether such unmasking might occur under physiological or

pathophysiological situations, in particular, altered redox states, or whether it is a

pharmacological effect. There is considerable evidence suggesting that reversible oxidation

of cysteine sulfhydryls is a fast-acting regulatory mechanism, enabling cells and tissues to

respond to oxidative stress by activating or inhibiting enzymatic activity, see review [51].

This study’s main focus was to determine whether additional agents which may interact with

cysteine sulfhydryls can also unmask or activate the binding site or reverse the unmasking

effect of PCMB.

2. Materials and Methods

2.1 Animals

For behavioral experiments, male Sprague-Dawley rats (10–14 weeks of age) were

individually housed in an AAALAC-approved vivarium and maintained on rat chow

(Harland Tekland Rodent Diet, Madison WI) and water ad libitum except the night prior to

surgery when food was removed. The vivarium was maintained at 22 ± 1° C on a 12:12 h
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light/dark cycle initiated at 07:00 h. For radioligand binding assays rat tissues were obtained

from ongoing experiments at the University of Florida. Rats were sacrificed with an

overdose of flurothane and the brain and testes were immediately harvested and frozen at

−20° C until used for radioligand binding assays. All animal procedures were approved by

the IACUC’s at Nova Southeastern University, University of Florida and Washington State

University.

2.2 Radioligand Binding Assays

Binding of 125I-Sarcosine1, Isoleucine8 angiotensin II (125I-SI Ang II) to the novel, non-

AT1, non-AT2 angiotensin binding site in the rat brain and testis as well as liver AT1

receptors was assessed by receptor binding assays based upon established procedures

[26,52]. Briefly: frozen tissues were weighed and homogenized in ice-cold hypotonic buffer

(20 mM NaPO4, pH 7.4) by mechanical homogenizer (Tissuemizer, Tekmar). All

homogenates were centrifuged (40–48,000 × g for 10–20 min at 4–10° C) and the

supernatants decanted. The membrane pellets were resuspended by homogenization in 25 ml

assay buffer (150 mM NaCl, 5 mM EDTA, 0.1 mM bacitracin, 50 mM NaPO4, pH 7.1–7.2).

The homogenates were recentrifuged as before and the pellets resuspended by

homogenization in the assay buffer (50mg/ml initial wet tissue weight). Losartan and

PD123319 (final concentration of 10 μM each) were added to the brain and testis membrane

homogenates 10–15 minutes before incubation to eliminate binding of 125I-SI Ang II to AT1

or AT2 receptors in these tissues. When present in the brain and testis homogenates,

parachloromercuribenzoic acid (PCMB, final concentration of 0.1 mM), derived from a 100

mM stock solution in 250 mM NaOH, was added to the membrane homogenate 10–15

minutes before incubation. Rat liver membrane homogenates were resuspended in assay

buffer only at a concentration of (20 mg/ml initial wet tissue weight).

To enable assessment and comparison of the effects of sulfhydryl reagents, reducing agents

and oxidizing agents on PCMB unmasked and non-PCMB unmasked novel, non-AT1, non-

AT2 angiotensin binding sites, these reagents were added to the tissue homogenates 10–15

minutes before the incubation period. After 1-hour incubation at 22–24° C the homogenates

aspirated onto GF/B filters (prewetted with 1 mg/ml bovine albumin solution) using a cell

harvester (Model M24R, Brandel, Gaithersburg, MD). The incubation tubes and filters were

rinsed 3 times with (50 mM NaKPO4, pH 7.4), The filter disks upon which the tissue

membranes were harvested were measured with a COBRA II gamma counter at a counting

efficiency of ~70%.125I-SI Ang II was prepared at American Radiolabeled Chemicals (St.

Louis, MO) or the University of Florida using the chloramine T procedure [53] and purified

by HPLC [54].

Unless otherwise stated, all binding assays were performed by incubation of 40 μl 125I-SI

Ang II, to achieve a final concentration of 250 pM, with 50 μl of membrane homogenate, in

the absence or presence or 3 μM Ang II, in a total volume of 100 μl. Binding in the presence

of 3 μM Ang II was defined as non-specific binding and subtracted from binding in the

absence of Ang II, defined as total binding, to derive specific binding to the novel binding

site.
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Saturation binding assays were carried out with six concentrations of 125I-SI-Ang II (0.2–3

nM). Primary screening of test compounds were carried out in the presence of 250 pM 125I-

SI Ang II and a single concentration (100 μM) of test compound. This concentration was

similar to that of PCMB to unmask the binding of 125I-SI Ang II. It was anticipated that

concentrations of the inactive test compounds lower than 100 μM would also be inactive.

However, one cannot rule out the possibility that such compounds also demonstrated a U-

shaped concentration effect relationship (albeit with higher potency than PCMB) which

could have produced false negative results. If more than a 50% inhibition of 125I-SI-Ang II

binding was observed, or if specific 125I-SI-Ang II binding was observed in the absence of

PCMB, a secondary screen in the presence of 5 different concentrations of the test

compound was carried out. Determination of Bmax (fmol of radioligand bound per mg initial

wet weight), KD, IC50, and EC50 values were determined from specific binding using one-

site saturation, competition binding or dose response stimulation models of Prism software

(Graphpad Software, San Diego, CA). For competition binding analyses, a constraint of

100% was used for binding in the absence of competing ligand. If the data points did not

accurately represent the one-site competition binding models, an additional constraint of no

less than 0% inhibition of binding was used. The data was fitted to the variable Hill slope

model (Prism) for comparison with the one-site model to determine if there was a

statistically significant improvement with the more complex equation using the equation

comparison algorithm of Prism. Comparisons of IC50 values were made using the curve

comparison algorithm of Prism. For other statistical comparisons a two-way ANOVA was

used with Bonferroni post hoc comparisons or a paired t test was used. Values reported are

mean ± SEM.

2.3 Intracerebroventricular (ICV) Surgical Procedure

Six rats were each anesthetized with Ketamine/Xylazine (100 and 2 mg/kg, respectively,

i.m.) and fitted with a chronic icv guide cannula (PE-60, Clay Adams, Sparks, MD) under

aseptic stereotaxic surgery. The tip of the guide cannula was positioned just above the roof

of the right lateral ventricle as previously described [55] Briefly, flat skull coordinates were

1.0 mm posterior to bregma and 1.5 mm lateral from midline. Behavioral testing for

drinking responses began following one week of post-operative recovery. The drinking test

was conducted between 07:00 and 10:00 under low light level in a quiet room painted black.

ICV injections of Ang II (100 pmol in 2 μl artificial cerebrospinal fluid [aCSF]) or Ang II +

HgCl2 (100 pmol and 2 μl of a100 μM solution prepared in aCSF, respectively) were given

at least 3 days apart in a counterbalanced design such that 3 rats received AngII first

followed by Ang II + HgCl2, and the other 3 rats received Ang II + HgCl2 first followed by

Ang II. The icv injections were made using a 10 μl Hamilton syringe connected to a length

of PE-20 tubing prepared with a 30 gauge stainless steel tubing injector that was passed

within the PE-60 guide cannula. This injector extended 2 mm beyond the tip of the guide

cannula, thus penetrating the lateral ventricle. The 2 μl infusant was delivered by hand over

a period of 30 sec. The injector was left in place for 60 sec and then gently removed. The

drinking test commenced immediately after the withdrawal of the injector. Latency to drink

was measured as the time following removal of the injector until the first bubbles rose in the

burette due to drinking. Water intake was measured to the nearest 0.1 ml using gas flow
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burettes prepared with stainless steel sipper tubes. The volume drunk was recorded every 5

min for 30 min.

At the conclusion of the drinking tests, correct cannula placement was checked by the

infusion of 5 μl of fast green dye under Equithesin anesthesia (active ingredient

pentobarbital 65 mg/ml, 2 ml/kg i.p.) followed by visual confirmation of dye in the lateral

ventricles. All rats had correct icv guide cannula placements.

A paired t test was run to determine whether HgCl2 pretreatment reduced cumulative water

consumption at 30 min. Values reported are mean ± SEM.

3. Results

As shown previously [26], in rat brain and mouse tissues, PCMB unmasked a specific

binding site for 125I-SI Ang II in the presence of concentrations of losartan (10 μM) and

PD123319 (10 μM) sufficient to occupy > 99% of AT1 and AT2 receptors, respectively. As

shown in Figure 1, optimal unmasking was observed at PCMB concentrations of 100–300

μM. The optimal PCMB concentration are slightly lower than our initial report [26], but is

consistent with subsequent more recent studies [33,56]. Two-way ANOVA of the KD values

indicated that the KD for testis was lower at 100 μM than at 300 μM (p<0.01) and that there

was a main effect of higher affinity at 100 μM versus 300 μM (p=0.0033). Two-way

ANOVA of Bmax values revealed a higher Bmax in brain than in testis (p=0.0003). Based

upon these observations a concentration of 100 μM PCMB was used for subsequent

screening assays.

Figure 2A describes the primary screening of a series of inorganic compounds to compete

for specific 125I-SI Ang II binding in the presence or absence of 100 μM PCMB. Of the 11

compounds tested, including the endogenous reactive oxygen species, hydrogen peroxide,

only two: mercuric chloride (HgCl2) and silver nitrate (AgNO3) significantly reduced the

unmasking of specific 125I-SI Ang II binding in the presence of PCMB at 100 μM.

Secondary screening of these compounds to determine their IC50 values (Figure 3) indicated

that they were capable of fully blocking the PCMB unmasking of specific 125I-SI Ang II

binding at micromolar concentrations. The log molar IC50 values ± SEM for HgCl2 were

−4.84 ± 0.10 and −4.96 ± 0.17 for brain and testis, respectively. The log molar IC50 values ±

SEM for AgNO3 were −5.75 ± 0.18 and −4.67 ± 0.31 for brain and testis, respectively.

Comparison of the log molar IC50 values for brain and testis by paired t test indicated that

AgNO3 was a more potent inhibitor of PCMB unmasking (p=0.0094) in brain than in testis.

Sodium nitrate did not show any inhibition of the unmasking suggesting that it was the silver

ion that was the moiety of this salt that blocked the unmasking effect of PCMB.

In the absence of PCMB the 14 inorganic compounds tested showed limited ability to

unmask specific 125I-SI Ang II binding (Figure 2B). There was less than 20% of the specific

binding that was unmasked by PCMB. The small amount of unmasking observed appeared

to be greater in the testis than in the brain. A two-way ANOVA (tissues and different

compounds as factors) indicated a significantly greater unmasking in testis than in brain

(p<0.0001). Post hoc Bonferroni comparisons indicated that manganese chloride and

potassium ferricyanide showed a greater unmasking in testis compared to brain (p<0.05).

Santos et al. Page 6

Regul Pept. Author manuscript; available in PMC 2014 September 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4 describes primary screening of a selection of organic compounds for their ability to

inhibit unmasking of the novel non-AT1 non-AT2 binding site in brain and testis. Among

the sulfur-containing organic compounds, only cysteamine and amifostine, inhibited the

unmasking by more than 50% in both brain and testis. Glutathione was not included in the

primary screening based on a previous observation of its inhibitory effect [56]. Among the

non-sulfur containing organic compounds (KCN was included here because it contains a

carbon), only mersalyl acid inhibited the unmasking by more than 50% in both brain and

testis. In contrast, Evans blue enhanced 125I-SI Ang II binding in the presence of PCMB in

both brain and testis. There was no difference in the extent of inhibition of binding in the

brain and testis with the organic compounds.

Secondary screening of cysteamine, mersalyl acid, and reduced glutathione (GSH) to

determine their IC50 values indicated that they were capable of fully blocking the PCMB

unmasking of specific 125I-SI Ang II binding at micromolar concentrations. (Figure 5 panels

A, D and E). Oxidized glutathione (GSSG) did not block the PCMB unmasking (Figure 5

panel A). Amifostine inhibition was < 50% at or above 100 μM in secondary screening (data

not shown). Moreover, the active metabolite of amifostine WR-1065 did not inhibit the

unmasking at 100 μM. For cysteamine the log molar IC50 ± SEM values were −4.55 ± 0.10

and −3.86 ± 0.34 for brain and testis, respectively. The log molar IC50 values ± SEM for

mersalyl acid were −5.96 ± 0.19 and −5.64 ± 0.17 for brain and testis, respectively.

Inhibition of the PCMB mediated unmasking of 125I-SI Ang II binding by GSH revealed a

complex interaction. To evaluate the inhibition it was necessary to constrain both the top and

bottom values of the fitted curves at 100% and 0%. Under such constraints, the inhibition

curves for GSH were significantly different from −1 for both brain and testis. The Hill slope

for testis (−2.62 ± 0.59) was steeper than the Hill slope for brain (−1.47 ± 0.17) (p<0.05).

There was also a small difference in log IC50 with GSH being slightly more potent in the

brain (−3.54±0.035) than in the testis (−3.42±0.037) (p<0.05).

The enhancement of 125I-SI Ang II binding in the presence of PCMB by Evans blue was

assessed with a range of concentrations of Evans blue up to 100 μM. The enhancement was

concentration dependent through the range of concentrations studied, however, the curves

did not appear to attain an inflection point from which a reliable estimate of EC50 and Emax

could be determined. As shown in Figure 4C, in the absence of PCMB Evans blue was

unable to unmask 125I-SI Ang II binding.

In the absence of PCMB both the sulfur and non-sulfur containing organic compounds

showed limited ability to unmask specific 125I-SI Ang II binding (Figure 4, panels C and D)

with 2 exceptions. 4-hydroxymercuribenzoic acid (4-OH Hg bza) was capable of fully

unmasking the 125I-SI Ang II binding in both brain and testis. As shown in Figure 5B it

attained peak unmasking at ~300 μM which was not significantly different from the amount

of unmasking generated by PCMB. Above 300 μM there was less unmasking of 125I-SI Ang

II binding, reminiscent of the concentration-dependent pattern of unmasking of 125I SI Ang

II binding by PCMB. Thimerosal which is cleaved to ethyl mercury upon binding to thiols

[57] also unmasked 125I-SI Ang II binding in a concentration dependent manner. However,

as shown in Figure 5C thimerosal unmasked only 34.7 ± 1.6 and 49.9 ± 9.2% of PCMB

unmasked binding in brain and testis, respectively, with log molar EC50 values of −4.44 ±
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0.09 in brain and −4.83 ± 0.42 in testis. In contrast to the other organic mercurials, mersalyl

acid showed no ability to unmask 125I-SI Ang II in either brain and testis at concentrations

up to 1 mM (data not shown).

To determine if the inhibition of the PCMB unmasked 125I-SI Ang II binding by HgCl2
might be due to an interaction with Ang II rather than an interaction with cysteines in

neurolysin, we examined the effect of HgCl2 on Ang II induced drinking and 125I-SI Ang II

binding to liver. As shown in Figure 6A, ICV pretreatment of rats with 200 pmoles of HgCl2
prior to ICV administration of 100 pmoles of Ang II did not affect the dipsogenic response

to Ang II. As shown in Figure 6B, HgCl2 in concentrations ranging from 10 to 100 μM did

not impair 125I-SI Ang II binding to AT1 receptors in the rat liver. This suggests that HgCl2
does not inhibit the ability of Ang II to bind to and activate AT1 receptors.

4. Discussion

These studies focused upon characterization of the PCMB-mediated unmasking of a

hypothesized new member of the RAS, the non-AT1, non-AT2 angiotensin binding site

discovered rat brain membranes [26], and found to be present in mouse, and human brain

membranes as well [27,29]. Of primary interest for assessment of the PCMB activation

of 125I-SI Ang II binding is whether PCMB mimics naturally occurring physiological or

pathophysiological conditions. While these studies were in progress, we determined that this

potential new member of the RAS was a membrane associated variant of neurolysin (E.C.

3.4.24.16) based upon studies in neurolysin transfected cells and neurolysin knockout mouse

brains [33]. Neurolysin has a broad tissue distribution [49] and is highly expressed in rat

testis membranes as well as the brain [50]. It has been suggested that testis neurolysin may

differ from brain neurolysin [58], which is consistent with the minor variations we observed

between brain and testis membranes. However the difference seen by Rodd and Hersh might

reflect a minor contamination of thimet oligopeptidase in the purified neurolysin so this

matter remains unresolved.

Interestingly, we found a substantially lower concentration of the binding site in testis

compared to brain. This contrasts with the observation of a greater amount of the binding

site in mouse testis compared to mouse brain [30] and the greater amount of neurolysin

found in rat testis compared to brain [59]. Comparison of Bmax values in rat and mouse brain

suggests that the values are similar, assuming approximately 3 mg protein per 100 mg initial

wet weight. However, the values in rat testis appear to be considerably lower than those

reported for mouse testis [30]. The rat brain Bmax values are also similar to those previously

reported for rat brain [26] albeit at lower concentrations of PCMB as noted above. With

respect to the different distribution of neurolysin in brain and testis, [59] assayed both

soluble and membrane associated neurolysin. This suggests that the ratio of membrane

associated neurolysin to soluble neurolysin is much higher in brain than in testis.

Oxidation of sulfur containing amino acids is known to regulate the activities of a host of

proteins [60,61] see review [62]. Oxidation of cys18 and cys 138 in angiotensinogen to form

a disulfide bond has also been identified as a promoter of Ang I formation from

angiotensinogen [63]. The functionalities of both the AT1 and AT2 receptors are affected by
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oxidation of extracellular cysteines to form disulfide bonds In the case of the AT1 receptor,

it is essential that a disulfide bond between Cys 18 and cys 274 be intact because sulfhydryl

reducing agents such as DTT and beta-mercaptoethanol impair its ability to bind Ang II [64–

66]. Other G protein-coupled receptors also require an intact sulfhydryl linkage between

cysteines in their extracellular domains to bind their agonists [67–69]. Conversely,

sulfhydryl reducing agents increase the binding of Ang II to the AT2 receptor subtype

presumably by disrupting a disulfide bond in the extracellular domain [65,66,70–72].

The inhibition of both PCMB unmasking [26] and inhibition of the enzymatic activity of

neurolysin [43,50] by DTT suggests that disulfide bonded cysteines produce a conformation

of neurolysin that favors substrate binding and cleavage. Neurolysin is reported to have a

very narrow channel through which the substrate must traverse to reach the active site of the

enzyme [45]. It is possible that one or more disulfide bonds are critical to maintaining the

channel in the open position to admit substrate. If these bond(s) are broken then the channel

may close and not allow the substrate to gain access to the active site. Under such

conditions, any conformational alterations in the area of the active site would have no

consequence for substrate binding.

The anomalous behavior of Evans blue to enhance 125I-SI Ang II binding unmasked by

PCMB is surprising in view of its failure to unmask 125I-SI Ang II binding in the absence of

PCMB. Evans blue is an azo dye, but it also has 4 sulfonate groups. Azo dyes are reported to

bind to both methionines and cysteines on proteins [73], however, the negative charge of the

sulfonate groups of Evans blue is not amenable to interaction with cysteine sulfhydryls. It is

possible that a PCMB induced conformational change in neurolysin could facilitate an

additional interaction with Evans blue that further enhances the ability of neurolysin to bind

Ang II.

There can be little doubt that the mechanism whereby PCMB unmasks Ang II binding to

neurolysin involves binding to a cysteine sulfhydryl. The ability of 4-

hydroxymercuribenzoic acid, but not 4-hydroxybenzoic acid, to unmask 125I-SI Ang II

binding strongly supports this conceptual mechanism. Assessment of the ability of 11

inorganic compounds to inhibit the unmasking effect of PCMB revealed only two that

significantly inhibited the unmasking; mercuric chloride and silver nitrate. Both compounds

displayed what appeared to be competitive inhibition of the unmasking effect. Protein

cysteine sulfhydryls are a known target of HgCl2 [74,75]. Silver ion also binds avidly to the

SH of protein cysteines, and the ability of AgNO3 to alter ion currents in frog oocytes is

dependent on its ability to bind to free SH groups of cysteines [76]. Thus it is likely that

silver ion also competes with PCMB for cysteine sulfhydryls, preventing PCMB from

unmasking Ang II binding. Silver nitrate generates reactive oxygen species (ROS), which

may also compete with PCMB for cysteines or promote disulfide formation. However,

addition of hydrogen peroxide to the membranes did not inhibit the PCMB effect. An

explanation for the lack of adverse reactive oxygen species effects is that the critical

cysteine that mediates the unmasking by PCMB is not close enough to another cysteine

residue to form a disulfide bond under conditions of oxidative stress.
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The membrane binding of 125I-SI Ang II was further studied using reduced and oxidized

glutathione (GSH and GSSG, respectively) to determine optimal environmental conditions

and compare how the novel binding site interacts with these species (Figure 5, panel A). The

addition of GSSG to the brain and testis did not inhibit the unmasking effects of PCMB.

GSSG lacks the free thiol group that interacts with cysteine sulfhydryls, suggesting that the

free thiol group of GSH glutathionylates the critical cysteine of neurolysin to compete with

PCMB for binding to this cysteine. An alternative possibility, that GSH binds to PCMB

seems unlikely in view of the ability of EDTA (present at 5 mM in these assays) to inhibit

the binding of GSH to a model organomercurial compound that behaves similarly to PCMB

[77].

The relative or complete inability of most of these competing sulfhydryl compounds to

unmask Ang II binding on their own can be explained based upon bivalency and size

relative to those of the organomercurial compounds capable of unmasking the Ang II

binding. Organomercurials can only react with a single cysteine sulfhydryl, however the

sulfonate moiety of PCMBS can form an ionic bond with cationically charged amino acids

adjacent to the cysteine targeted by the organomercurial [78]. In a similar manner, the

carboxyl moiety of PCMB and 4-hydroxymercuribenzoate might also form an ionic bond

with a basic amino acid. Of note, although mersalyl acid is also a carboxylic acid

organomercurial it is considerably bulkier than PCMB, PCMBS and 4-

hydroxymercuribenzoic acid (Figure 7) and may therefore be sterically unable to crosslink

the critical basic amino acid moiety needed to effect the proposed conformational change in

neurolysin that unmasks Ang II binding. Our observation that concentrations up to 1 mM

mersalyl acid did not unmask binding suggests it does bind to the same cysteine as PCMB,

but does not effect the same changes in protein function. In support of this hypothesis, it is

noteworthy that mersalyl acid (Salyrgan®) was once used as a diuretic. PCMB and PCMBS

are not only devoid of diuretic properties, they antagonize the diuretic actions of mersalyl

acid and other mercurial diuretics [79,80].

Neurolysin has considerable amino acid homology with thimet oligopeptidase, to the point

where substitution of only two amino acids at, or adjacent to their active zinc binding site

domain of thimet oligopeptidase switches its cleavage site of neurotensin to that of

neurolysin [81]. Since we have shown that PCMB does not unmask Ang II binding to thimet

oligopeptidase [33], this suggests that the target cysteine in neurolysin is not conserved in

thimet oligopeptidase. Of the 13 cysteines present in full-length (704 amino acids) variant of

neurolysin [50] only five: Cys8, Cys88, Cys153, Cys256, and Cys650 are not conserved.

According to the crystal structure of neurolysin reported by Brown et al., [45] only Cys 650

(cys627 using their numbering) is located near the zinc binding site in the substrate binding

channel. This same cysteine is also unconserved in mouse and human thimet oligopeptidase.

According to the crystal structure of Brown et al. [45], this cysteine is located on the α22

helix that crosses the binding channel, placing it in a position where its acidic domain could

bind to a nearby arginine or lysine, producing a conformational change in the channel that

facilitates the binding of Ang II. Another possibility is that the acidic moiety of PCMB

could bind to the arginine2 of Ang II to increase the binding affinity of Ang II to neurolysin.
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If this latter mechanism is correct, then the presence of arginine in the P3 position of the

scissile site is necessary for unmasking of substrate binding. Neurotensin has an arginine in

the P3 position. In our previous studies there was no evidence for an increased binding

affinity for neurotensin in the presence of PCMB. In fact, the KI of neurotensin to compete

for 125I-SI Ang II binding in rat brain [26]was 4 to 10-fold lower than its IC50, KI or KM as

a neurolysin substrate or inhibitor [43,46]. However, the larger size of the decapeptide

amino terminal cleavage product of neurotensin, which extends nearly to the bottom of the

active site channel [45], may precludes its accommodation in the active site when the

organomercurial compound is present. Ang II might still be easily accommodated because

its amino terminal cleavage product is a much smaller tetrapeptide [44,45].

Based on these observations we propose that Cys650 of neurolysin is the target of PCMB

and that the carboxy anion of PCMB reacts with a basic amino acid, either a lysine or

arginine (or possibly a charged histidine) adjacent to Cys650 to effect a conformational

change in enzyme to facilitate Ang II binding. Additional studies in which Cys650 is

mutated to a different amino acid, e.g. alanine, will be needed to test this hypothesis.
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Highlights

• Para-chloromercuribenzoate and other selected organomercurial agents unmask

the ability of membrane associated neurolysin to bind angiotensin II with high

affinity

• The mechanism of this unmasking appears to involve the binding of para-

chloromercuribenzoate to a cysteine sulfhydryl group at amino acid 650 that

lines the active site channel of neurolysin
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Figure 1. Saturation isotherm for 125 I-SI Ang II binding to brain and testis with 100 μM and
300 μM PCMB
Panel A: Optimization of PCMB concentration in testis (n=3) and brain (n=2). Panel B:

representative plot of specific (3 μM Ang II displaceable) 125I-SI Ang II binding to brain

and testis in the presence of 100 or 300 μM PCMB. Panel C: Bmax values for 125 I-SI Ang II

binding to Brain and Testis with 100 μM and 300 μM PCMB n = 3. Panel D: KD values

for 125 I-SI Ang II binding to Brain and Testis with 100 μM and 300 μM PCMB, n =

3. *Significantly higher affinity than 300 μM PCMB (p = 0.0164).
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Figure 2. Effect of different inorganic compounds at 100 μM concentrations on 125I-SI Ang II
binding in the presence and absence of PCMB
Panel A shows inorganic compounds in the presence of 100 μM PCMB, where only

mercuric chloride and silver nitrate substantially inhibited the unmasking effects of PCMB.

Panel B shows inorganic compounds in the absence of 100 μM PCMB. No compounds were

able to unmask the binding site alone at ~100 μM concentrations. The small increase in

specific 125I-SI Ang II binding in the presence of potassium permanganate was to a low

affinity binding site that appears to be distinct from the binding site that is unmasked by

PCMB.
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Figure 3. Inhibition of 125I-SI Ang II binding to the novel Ang II binding site by HgCl2 and
AgNO3
Panel A shows the inhibition curves of HgCl2 for brain (IC50 = 14.3 μM) and testis (IC50 =

11.0 μM) (n = 3). Panel B shows the inhibition curves of AgNO3 for brain (IC50 =1.77 μM)

and testis (IC50 = 21.3 μM) (n = 3).
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Figure 4. Effects of different sulfur and non-sulfur containing organic compounds at 100 μM
concentrations on 125I-SI Ang II binding in the presence and absence of PCMB
Panel A shows sulfur containing organic compounds in the presence of 100 μM PCMB.

Greater than 50% inhibition of 125I-SI Ang II binding was observed with cysteamine,

amifostine and thimerosal. Panel B shows non-sulfur containing organics in the presence of

100 μM PCMB. Mersalyl acid showed full inhibition of the unmasking of the binding site.

Panel C shows sulfur containing organic compounds on 125I-SI Ang II binding in the

absence of 100 μM PCMB. No compounds had a significant increase or unmasking effect on

non-AT1, non-AT2 binding of 125I-SI Ang II although thimerosal (being a mercury

containing compound) was later revisited for optimal unmasking effects. Panel D shows

non-sulfur containing organic compounds in the absence of 100 μM PCMB. 4-
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hydroxymercuribenzoate (4-OH Hg bza) showed partial unmasking relative to 100 μM

PCMB. Concentration of compounds tested was constant at ~ 100 μM.
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Figure 5. Inhibition or enhancement curves of organic compounds for non-AT1, non-AT2
binding of 125I-SI Ang II
Panel A shows comparison of the ability of 4-hydroxymercuribenzoate (4-OH Hg bza) and

4-hydroxybenzoate (4-OH bza) to unmask of the non-AT1, non-AT2 binding of 125I-SI Ang

II relative to 100μM PCMB. Optimal binding with 4-OH Hg bza was observed at 300μM in

brain (n=4) and testis (n=3). 4-OH bza had no significant effect on the binding site in brain

(n=4) and testis (n=3).Panel B shows a comparison of reduced (GSH) and oxidized (GSSG)

glutathione on the unmasking of non-AT1, non-AT2 binding of 125I-SI Ang II by PCMB

(100 μM). GSH inhibited brain (IC50=285 μM) and testis (IC50= 376 μM) (n=5) non-AT1,

non-AT2 binding of 125I-SI Ang II. GSSG had no effect on the binding (n=3). Panel C

shows the ability of different concentrations of thimerosal to unmask the non-AT1, non-AT2

binding of 125I-SI Ang II relative to PCMB in brain(EC50=36.5 μM, Rmax= 34.7±1.6%) and

testis (EC50=14.7 μM, Rmax= 49.9±9.2%) (n=3). Panel D shows inhibition of specific 125I-

SI Ang II binding in the presence of PCMB by cysteamine in brain (IC50=28.1 μM) (n=5)
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and testis (IC50= 138 μM) (n=4). Panel E shows the enhancing effect on specific 125I-SI Ang

II binding in the presence of PCMB by Evans blue in brain (EC50=71.2 μM,

Rmax=163±56%) and testis (EC50= 156 μM, Rmax=442±340%)) (n=3). Panel F shows

inhibition of specific 125I-SI Ang II binding in the presence of PCMB by mersalyl acid for

brain (IC50=1.10 μM) and testis (IC50= 2.27 μM) (n=3).
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Figure 6. HgCl2 does not affect responsivity to Ang II or AT1 receptor binding in liver
Panel A indicates dipsogenic responses to icv Ang II with and without HgCl2 pretreatment

(n=6). Panel B describes 125 I-SI Ang II binding to AT1 receptors in rat liver homogenate in

the presence of varying concentrations of HgCl2 (10–100 μM) (n=2). Each tube had 1 mg of

liver initial wet weight. Bmax values for liver containing no HgCl2 was 23.3±0.89, and Kd

value of 3.57±0.20; for liver containing 10 μM HgCl2 Bmax was 20.8±1.8 and Kd of

2.93±0.40; liver containing 30 μM HgCl2 had a Bmax value of 20.6±2.4 and a Kd of

2.41±0.46; lastly, liver with 100 μM HgCl2 had a Bmax of 20.4±4.4 and a Kd of 3.15±1.1.

Panel B shows a representative (n=1) values for the liver AT1 receptors saturation assays.
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Figure 7. Structures of organometallic compounds
Structures of the compounds used in these studies and a schematic representation of the

binding of PCMB to neurolysin at cysteine 650 inducing a conformational change in the

protein structure by binding to a basic amino acid side chain with its carboxyl moiety.
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