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Two Na-benzophenone-substituted photoprobes, de-
ived from the high affinity NPR-A chimeric agonist
N, C, rANP(1-28)]pBNP32 (pBNP1) were assembled by
olid-phase peptide synthesis. [Na-p-benzoylbenzoyl,
yr2]pBNP1 (probe A), and [Na-p-benzoylbenzoyl,
yr18]pBNP1 (probe B) were synthesized and their af-
nity was tested on bovine zona glomerulosa mem-
rane preparations. Both were found to exert ANP-
ype high affinities (Kd 5 20 pM) with Kd of 10 pM and
0 pM for probe A, and probe B, respectively. Photola-
eling of NPR-A with both analogs cross-linked specif-
cally the 130 kDa monomeric NPR-A. The maximal
rreversible ligand incorporations were estimated at
8% and 41% for probe A, and probe B, respectively.
hese results show that the N-terminus of the chi-
eric compound can be acylated with a large chemical

unction, such as the benzophenone moiety, without
oosing its affinity for the NPR-A receptor. Further-

ore, Leu2 or Leu18 can be substituted with tyrosine
ithout disturbing the binding capacity of the ligand.
inally, it appears that the pBNP1 N-terminus is close

o the receptor structure as irreversible incorporation
s observed after photolabeling. © 1999 Academic Press

Signal transduction through ligand-induced stabili-
ation of homodimeric cell surface receptor complexes
s a well established regulation mecanism. In such

1 To whom correspondence should be addressed at Centre de Recher-
he en Santé Humaine, INRS/Institut Armand-Frappier, Université du
uébec, 245 boul. Hymus, Pointe-Claire (Québec) Canada H9R 1G6.
ax: (514) 630-8850. E-mail: alain_fournier@inrs-sante.uquebec.ca.
Abbreviations: ANP, atrial natriuretic peptide; Boc, tert-butoxy-

arbonyl; BOP, benzotriazol-1-yloxytris(dimethylamino) phospho-
ium hexafluorophosphate; NPR-A, natriuretic peptide receptor type
; pBNP32, porcine brain natriuretic peptide; pBNP1, [N,C,rANP(1-
8)]pBNP32; Probe-A: [Na-p-benzoylbenzoyl, Tyr2]pBNP1; Probe B:
Na-p-benzoylbenzoyl, Tyr18]pBNP1.
81
rystallographic data have shown that the ligand was
n fact interacting with both subunits of their receptor.
n accordance with the dimeric nature of both the
rowth hormone receptor and the soluble guanylyl cy-
lase, NPR-A was shown by steric exclusion chroma-
ography (1) and by chemical cross-linking experi-
ents (2) to exist as a homodimer or a homotetramer.
omparison of the measured number of ANP binding
ites assessed by saturation binding curves with im-
unoassayable dosage of receptor protein revealed a

toichiometry of one molecule of ANP per receptor
imer (3). Recently, the labeling probe [Tyr18, p-ben-
oyl-Phe27]ANP(1-27) (4), which permitted identifica-
ion and localization of a portion of the NPR-A binding
omain (5), was derived into the bifunctional probe
p-azidobenzoyl-Ser1, Tyr18, p-benzoyl-Phe27]ANP(1-27)
3). Photoaffinity labeling of bovine adrenal zona glo-

erulosa NPR-A with this bifunctional probe provided
vidence that the amino- and carboxy-terminal ends of
NP are adjacent to distinct subunits of the receptor
imer, and that the amino-terminal end is in fact
nteracting with one of the subunits. Nevertheless,
he poor efficiency of the photolabile agent used (p-
zidobenzoyl-) for the Na derivation of this bifunctional
robe made difficult the full assessment of the results
btained.
Therefore, we pursued the evaluation of the pur-

orted interaction of the natriuretic peptide exocyclic
-terminal segment with the NPR-A receptor by de-
eloping two Na-benzophenone derived photoaffinity
abeling probes (Figure 1). Poor specificity and incor-
oration efficiency of the azido group (1%–2%) (6) were
ircumvented by replacing it with the highly site
pecific and efficient benzophenone (7). Furthermore,
he high affinity 28-residue hybrid natriuretic analog
N,C,rANP(1-28)]pBNP32 (Kd 5 8 pM) (8) obtained by
ombining the ring structure of pBNP32 (Kd 5 36 pM)
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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ith the amino- and carboxy-terminal portions of
ANP(1-28) (Kd 5 20 pM) was used as the template in
rder to highly favor the affinity of the designed label-
ng probes. Finally, a tyrosine substitution was made
n order to track proteolytic fragments (Figure 1). Sub-
titution L2Y and L18Y were made according to
tructure-activity relationship studies. It is of general
greement that ANP, BNP, and pBNP1 all share a
imilar internally driven hydrophobic core formed by
he side-chain clustering of Phe8, Leu12, Ile15, and Leu21

9, 10). Single substitution experiments of ANP(3-28)
roduced low potency analogs when Phe8, Ile15, or
eu21 were replaced by alanine residues (11). Similar
xperiments done on hANP have determined the prime
mportance of Phe8, Asp13, Arg14, Ile15, Leu21, and Arg27

12). The same residues were found important when an
lanine scan was performed on rANP(3-28) (11), and as
uch were not tempered with. Nor were the residues
rg3, and Arg4 for reasons stated above. Choice of Leu2

nd Leu18 for tyrosine substitution sites was also based
n surface accessibility shown by NMR molecular mod-
ling of pBNP1 (9) and on the NMR modeling of the
NP hexamutant ([R3D, G9T, R11S, M12L, R14S,
16R]hANP(1-28)) (10). The hydrophobic nature of
oth residues was also considered favorable.
Thus we report the design of two high affinity label-

ng probes [Na-p-benzoylbenzoyl, Tyr2]pBNP1, and
Na-p-benzoylbenzoyl, Tyr18]pBNP1 and show that
hese derivatives display excellent incorporation effi-
iency with the NPR-A receptor, as compared to cross-
inking or affinity cross-linking equivalents.

ETHODS

Peptide synthesis. All analogs were synthesized using the solid-
hase peptide synthesis strategy (13) combined with the Boc chem-

FIG. 1. Primary structures of rANP(1-28), pBNP32, the related c
robes. Substituted amino acid residues found in both photoprobes,
82
stry methodology. The peptides were assembled using a homemade
anual multireactor system and BOP (Richelieu Biotechnologies)
as used as a condensating reagent. The coupling reactions were
onitored with the ninhydrin test (14). The final Na derivatization
as achieved using the BOP-driven coupling of p-benzoylbenzoic
cid (Sigma Ltd). Amino acid side-chain deprotections, as well as
eptide cleavages from the solid support were obtained with liquid
ydrogen fluoride in presence of m-cresol (1 ml/g) at 0°C for 90 min.
fter precipitation and washings with anhydrous diethylether, the
rude peptides were extracted with pure trifluoroacetic acid (Halo-
arbon) followed by evaporation.

Peptide purification. Analog purification was performed by pre-
arative HPLC using a DeltaPak C18 (15 mm, 30 nm) reverse-phase
olumn (30 cm x 4.7 cm) connected to a Waters Prep LC 500A system
quipped with a Waters 1000 Prep Pak Module and a 441 absorbance
etector. A standard binary elution system with (A) 0.06% TFA/H2O,
nd (B) acetonitrile (35%) in 0.06% TFA/H2O was used. Detection
as performed at 230 nm. Fractions (5 ml) were analyzed by ana-

ytical HPLC on a 600 Multisolvent delivery System equipped with a
aters 484 Tunable Absorbance Detector Spectrophotometer. The

nalyses were carried out using a Vydac C18 (5 mm) reverse-phase
olumn (30 cm x 0.39 cm) in combination with a binary elution
ystem of (A) 0.06% TFA/H2O, and (B) acetonitrile. Detection was
erformed at 230 nm.

Preparation of membranes. Bovine adrenal zona glomerulosa
embranes were prepared as previously described (15) from kidney

btained from a local slaughterhouse. Briefly, 0.5 mm layers of
ortex, corresponding to the zona glomerulosa were dissected and
omogenized in buffer containing 20 mM sodium bicarbonate, 2 mM
DTA, 0.1 mM phenylmethanesulfonyl fluoride (PMSF), 1 mM apro-

inin, 1 mM leupeptin, and 1 mM pepstatin A, and the membrane
ellet was washed twice with the same buffer. Membranes were
rozen in liquid nitrogen and stored at 280°C until used. Protein
oncentration in membrane preparations was determined using the
CA protein assay kit from Pierce.

Binding assays. Bovine adrenal zona glomerulosa membranes
orresponding to 20 mg of protein were incubated with 10-20 pM of
25I-rANP(1-28) and varying concentrations of the unlabeled compet-
ng analog. The experiment was carried out at ambient temperature
or 90 min in 1 ml of buffer (50 mM Tris-HCl pH 7.4, 0.1 mM EDTA,
.5% bovine serum albumin, and 5 mM magnesium chloride). Bound

eric analog pBNP1, and the two synthesized photoaffinity labeling
comparison with pBNP1, are underlined.
him
in
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y filtration through Whatman GF/C filters pretreated with 1%
olyethyleneimine. The filters were counted for radioactivity in a
KB 122 CliniGamma counter with 70% efficiency. In the case of
aturation binding assays, membrane preparations corresponding to
0 mg of protein were incubated with varying concentrations of the
abeled analog with or without saturating concentration (1027 M) of
nlabeled rANP(1-28). Experimental conditions were the same as
hose described above.

Iodination of analogs. Iodinations were performed with lactoper-
xydase. Briefly, the peptide (6 nmoles) was dissolved in 20 ml of a 100
M sodium acetate buffer, pH 5.6, and incubated in the presence of 1
Ci of carrier-free Na125I (Amersham Life Science Inc.) and 100 ng of

actoperoxydase. The enzymatic reaction was started with the addition
f 5 ml of an aqueous solution of H2O2 (1:15,000), and was maintained
ith two more additions at 5 and 10 min. After a total time of 15 min,

he reaction was stopped with 1 ml of trifluoroacetic acid 0.1%. The
olution was filtered on a 0.45 mm nylon 66 Conz Syringe-Tip filter, and
he iodinated peptide purified on a Vydac C18 (10 mm) reverse-phase
olumn (30 cm x 0.39 cm). Elution was achieved at a flow rate of 1
l/min with a 80-min linear gradient at 15%–55% acetonitrile 90% in

.1% trifluoroacetic acid. Fractions of 1 ml were collected and counted
or radioactivity. The theoretical specific activities of the monoiodinated
erivatives was set at 2000 Ci/mmol.

Analogs digestion with carboxypeptidase A. Approximately 400
moles of iodinated peptide were dissolved in 1 ml of a 200 nM
mmonium bicarbonate buffer, pH 8.5 in presence of approximately
5 ng of carboxypeptidase A (Boehringer Mannheim). At the end of a
0 min incubation at 37°C, the reaction mixture was filtered through
Waters C18 Sep-Pak cartridge, washed with 3 x 1 ml fractions of

rifluoroacetic acid 0.1%, and then eluted with 3 x 1 ml of 45%
cetonitrile. Fractions were counted for radioactivity.

Photoaffinity labeling with iodinated analogs. Photoaffinity la-
eling was achieved as previously described (4). Radioligand binding
as achieved as stated above. Tubes were purged with helium and
laced on ice at a distance of approximately 8 cm from two mercury
amps (54 mW/cm2 at 365 nm) for a 15 min irradiation. Tubes were
hen centrifuged at 40,000 x g for 30 min. The pellets were resus-
ended in buffer containing 50 mM Tris-HCl and 0.1 mM EDTA, pH
.4, and centrifuged a second time. The pellets were dissolved in a
ample buffer containing 60 mM Tris-HCl, pH 6.8, 2% SDS, 10%
lycerol, 15% 2-mercaptoethanol, and 0.05% bromophenol blue, and
heir protein content was analyzed by SDS-PAGE. Autoradiographic
xposure was done at 280°C with KodaK X-Omat XK-1 film with two
ntensifying screens.

Data analysis. Competitive binding curves and receptor satura-
ion curves were analyzed by weighted least-square regression using
he computer program ALLFIT based on a generalized form of the
aw of mass action (16).

ESULTS

Peptide synthesis and purification. Probes A and B
Fig. 1) were synthesized using BOP as the coupling
eagent (17) according to previously described syn-
hetic methods (18). The incorporation of the photo-
hore was achieved by carrying out a N-terminal der-
vatization with BOP as the coupling reagent and the
ommercially available p-benzoylbenzoic acid. This
rocedure avoided the use of the expensive synthetic
mino acid p-benzoyl-L-phenylalanine. Similar strate-
ies have been reported using dicyclohexylcarbodi-
mide as the coupling reagent (19, 20). Purification was
chieved using preparative HPLC, and isolated frac-
83
ions were monitored by analytical HPLC. Purity of the
rude material ranged between 13%–19%. Highly pu-
ified ($98%) preparations of linear analogs were ob-
ained as confirmed by 5 mm reverse-phase analytical
PLC, prior to cyclization. Peptide cyclization yields

anged between 17%–20%. Purity of the cyclic analogs
$98%) was assessed by analytical HPLC, capillary
lectrophoresis, and by electrospray mass spectrome-
ry (m/z 3421.2 6 0.5 and 3421.5 6 0.6 for probe A, and
robe B, respectively; expected: 3420.9 in both cases).

Binding assays. Bovine adrenal zona glomerulosa
embrane preparations were used to assess the poten-

ies of both analogs. This tissue provides a simple,
ensitive and reliable model which has been found to
e rich in the NPR-A receptor subtype (21). Affinities
ere determined by competitive binding assays
gainst 125I-rANP(1-28). As shown in Fig. 2, both ana-

FIG. 2. Competition binding curves of control rANP(1-28) and
he two analogs in both their linear and cyclic forms for the binding
f 125I-rANP(1-28) to NPR-A from bovine zona glomerulosa mem-
rane preparations. Membrane protein (20 mg) was incubated 90 min
t room temperature with approximately 10 pM of 125I-rANP(1-28),
nd increasing concentrations of the competing unlabeled peptides
n their respective cyclic and linear form. Radioligand binding mea-
ured after separation and washing on GF/C filters is reported for
Na-p-benzoylbenzoyl, Tyr2]pBNP1 (A), and [Na-p-benzoylbenzoyl,
yr18]pBNP1, (B). Curves (n 5 3) were analyzed by the computer
rogram ALLFIT for nonlinear least-square regression based on a
eneralized form of the law of mass action (De Léan et al., 1982).
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ogs were able to compete against 125I-rANP(1-28), dis-
laying competition binding curves with slope factor
lose to unity (Table 1), as expected with a model
nvolving a single class of receptor sites. As shown by
he pKi values in Table 1, both analogs in their linear
orm exhibit very low potencies relative to rANP(1-28)
#1%), stressing the importance of the disulfide-bridge
8). As for the cyclic analogs, both peptides displayed
NP-like affinities with pKi values of 10.98 6 0.11 and
0.53 6 0.11 for probe A and probe B, respectively, as
ompared to 10.71 6 0.10 for rANP(1-28) (Table 1).

Iodination of analogs. Purification of probe 125I-A
nd probe 125I-B yielded radioligands with specific ac-
ivities around 2000 Ci/mmol. Both labeled analogs
luted at a 2% higher concentration of acetonitrile as
ompared to their unlabeled form, guaranteeing good
egregation of both species. Double iodination was
inimal despite the fact that both analogs contain two

yrosine residues. Purified iodinated fractions were
hecked in order to estimate the propensity of the Tyr
esidues to be preferentially targeted in the iodination
rocess. Analysis was performed on iodinated analogs
fter a carboxypeptidase A treatment producing a
leavage of the C-terminal tyrosine residue. The la-
eled parent compound pBNP1 which possesses only
ne tyrosine residue located at the C-terminal served
s a control. Results indicate that the iodination pro-
ess is highly preferential toward the C-terminal ty-
osine. This residue exhibited 80% and 90% of the
adioactivity measured for probe 125I-A, and probe

125I-B, respectively.

Specific binding of analogs to NPR-A. Both analogs
isplay significantly higher non-specific binding as
ompared to the parent compound pBNP1. While non-
pecific binding for pBNP1 corresponds to only 3% of
he total bound ligand, the ratio of nonspecific binding
ivided by free ligand soars to 34% for probe 125I-A, and
o 22% for probe 125I-B, as computed by analysis of the
aturation curves (Figs. 3 and 4).

Photoaffinity labeling of NPR-A with iodinated ana-
ogs. Both photoaffinity labeling probes specifically
ross-linked the Mr 130 kDa NPR-A monomeric form

NPR-A Affinities of rANF(99-126), [N a-p-Benzoylbenzo
in Bovine Adrenal Zona Glom

Peptide

pK

Linear peptide

ANP(1-28) N.D.
BNP1 N.D.
Na-p-benzoylbenzoyl, Tyr2]pBNP1 8.70 6 0.30
Na-p-benzoylbenzoyl, Tyr18]pBNP1 8.53 6 0.06

Note. Affinities are given as pKi (2log Kd); mean 6 standard erro
84
Fig. 5). Maximum yield of incorporation for probe
125I-A ('1700 cpm/20 mg of protein) was set at 18% of
he total specifically bound radioligand. Maximum
ield of incorporation for probe 125I-B ('3300 cpm/20

Tyr2]pBNP1, and [N a-p-Benzoylbenzoyl, Tyr18]pBNP1
losa Membrane Preparations

Slope factor

Cyclic peptide Linear peptide Cyclic peptide

10.71 6 0.10 N.D. N.D.
11.26 6 0.07 N.D. N.D.
10.98 6 0.11 1.1 1.3
10.53 6 0.11 1.0 1.1

two to four receptor binding assays with 125I-rANF(99-126).

FIG. 3. Saturation binding curves of 125I-[Na-p-benzoylbenzoyl,
yr2]pBNP1, and 125I-[Na-p-benzoylbenzoyl, Tyr18]pBNP1 obtained
ith the NPR-A receptor found in bovine zona glomerulosa mem-
rane preparations. Membrane protein (20 mg) was incubated 90 min
t room temperature with increasing concentrations of the labeled
nalog with or without saturating concentration (1027 M) of unla-
eled rANP(1-28). Radioligand binding measured after separation
nd washing on GF/C filters is reported for cyclic [Na-p-benzoyl-
enzoyl, Tyr2]pBNP1 (A), and cyclic [Na-p-benzoylbenzoyl, Tyr18]-
BNP1, (B). Curves (n 5 3) were analyzed by the computer program
LLFIT based on a generalized form of the law of mass action (De
éan et al., 1982).
yl,
eru
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g of protein) was set at 41% of the total specifically
ound radioligand.

ISCUSSION

We have synthesized the photoaffinity probes 125I-A,
nd 125I-B using the BOP reagent for the coupling of the
oc-amino acids and the N-terminal photoreactive
oiety p-benzoylbenzoic acid. These two synthetic pep-

ides displayed high affinities toward the NPR-A recep-
or with estimated Kd of 10 pM and 30 pM for probe-A,
nd probe-B, respectively. As compared to the parent
ompound pBNP1 (Kd 5 8 pM) only a little loss of
ffinity was measured following the chemical substitu-
ions. Furthermore, these affinities are in the same
rder of magnitude than that of ANP (Kd 5 20 pM)
btained in the same experimental conditions. The use
f the high affinity chimeric analog pBNP1, as a tem-
late for the development of photoaffinity labeling
robes, is therefore suitable. The incorporation of a
enzophenone group yielded species with enhanced hy-
rophobic character. Both analogs eluted on a C18

everse-phase column at a 5% higher concentration of

FIG. 4. Influence of the antihypertensive agent guanabenz in the
ugmentation of specific binding of 125I-[Na-p-benzoylbenzoyl, Tyr2]-
BNP1, and 125I-[Na-p-benzoylbenzoyl, Tyr18]pBNP1. Bovine adrenal
ona glomerulosa membrane protein (20 mg/ml) was incubated with-
ut (control) and with increasing concentrations of guanabenz (n 5 2).
otal radioligand binding ( ), non-specific binding (■), and specific
inding ( ) measured after separation and washing on GF/C filters
re reported for cyclic [Na-p-benzoylbenzoyl, Tyr2]pBNP1 (A), and
Na-p-benzoylbenzoyl, Tyr18]pBNP1, (B).
85
7% higher concentration of acetonitrile when iodin-
ted. In saturation experiments, it appears that this
ncreased hydrophobicity translated in high non-
pecific binding corresponding to 34% and 22% of the
otal bound radioligand for probe 125I-A, and probe

125I-B, respectively. As compared to 125I-rANP(1-28),
125I-pBNP1, and [Tyr18, p-benzoyl-Phe27]ANP(1-27), for

hich values of 1%, 1%, and 2.5% are respectively
btained (4, 8) the addition of the N-terminal photo-
hore causes a drastic effect on the hydrophobicity,
specially in the case of [Na-p-benzoylbenzoyl, Tyr2]-
BNP1. It may suggest that proximity of Tyr2 with the
enzophenone photophore produces a core with an en-
anced hydrophobic character. High non-specific bind-

ng has rendered difficult the assessment of specific
inding, a problem that has also been reported in the
tudy of high affinity binding of pyrethroids to the
lpha subunit of brain sodium channels (22). Com-
uted incorporation efficiency percentages stand at
8% and 41% for probe 125I-A, and probe 125I-B, respec-
ively. These yields are different to those of [Tyr18,
-benzoyl-Phe27]ANP(1-27) (70%) (4) or other reported
enzophenone-modified ligands such as [Bpa8]Substance
(70%) (23) or the myosine light-chain kinase analog

Bpa3]MLCK (70%–90%) (24). Positioning of the benzo-
henone residue is critical in obtaining high incorpo-
ation yields. The photophore must be accessible to
-H bonds and it must spend sufficient time at the 0.3
m interactive distance in order to make a covalent

ink (7). Bearing in mind the somewhat random coil

FIG. 5. NPR-A covalent photoaffinity labeling with 125I-[Na-p-
enzoylbenzoyl, Tyr2]pBNP1, and 125I-[Na-p-benzoylbenzoyl, Tyr18]-
BNP1. Bovine adrenal zona glomerulosa membrane protein (20
g/ml) was incubated with 125I-[Na-p-benzoylbenzoyl, Tyr2]pBNP1

20,000 cpm/ml) (lanes 1-2), or 125I-[Na-p-benzoylbenzoyl, Tyr18]-
BNP1 (20,000 cpm/ml) (lanes 3-4), in the absence (2) or presence
1) of rANP(1-28) (1027 M) for 90 min at room temperature. There-
fter, the tubes were exposed to UV light 15 min and then centri-
uged; the pellet was washed and resuspended in SDS-PAGE sample
uffer. Each well was loaded with 40 mg of protein. Radioactive
ands, detected by autoradiography, were cut and counted for radio-
ctivity on a gamma-counter in order to determine incorporation.



nature of the N-terminal segment, these prerequisites
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1

1
1

1
1

1

1

1

1

1
2
2

2

2

2

2

2

2

Vol. 258, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ay not be favored. Creation of a hydrophobic cluster
ear Arg3- Arg4 may also prove unfavorable. Neverthe-

ess, our results still compare advantageously with typ-
cal incorporation efficiencies obtained with photo-
ffinity labeling experiments carried out with azido
erivatives ('1.0%) (25, 26) bifunctional reagents (5%–
0%) (6), or underivatized 125I-rANP(1-28) (1%–7%) (27).
By conducting these studies we have underline the

ynthesis feasibility of both photoprobes, and showed
heir high affinity. Both probes confirm previous re-
ults suggesting a participating role for ANP amino
xocyclic segment in the ligand binding dynamic (3).
esults also underline the feasibility of a bisubstituted
BNP1 photoaffinity labeling peptide. With optimiza-
ion by proper tyrosine positioning for proteolytic frag-
ent tracking, benzophenone adjunction at both ends

f pBNP1 would make possible proteolytic fragmenta-
ion of each of the subunits of the NPR-A binding
omain interacting with the probe, thus allowing fur-
her characterization of the binding environment.
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