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Abstract

The angiotensin II C-terminal hexapeptide fragment angiotensin IV (Ang IV) exerts central and cardiovascular effects. Cystinyl

aminopeptidase (EC 3.4.11.3), a membrane-associated zinc-dependent metallopeptidase of the M1 family, has recently been found to

display high affinity for Ang IV and it was proposed to represent the AT4 receptor. We present evidence for the presence of endogenous

cystinyl aminopeptidase in membranes from Chinese hamster ovary (CHO-K1) cells by binding studies with [125I]Ang IV and by

measuring the cleavage of L-leucine-p-nitroanilide. The equilibrium dissociation constant of [125I]Ang IV in saturation binding studies

(KD ¼ 0.90 nM) was similar to the value (KD ¼ 0.70 nM) calculated from the association and dissociation rates. Binding was displaced

with high potency by the ‘‘AT4 receptor’’ ligands (Ang IV > divalinal1-Ang IV � LVV-hemorphin-7 � LVV-hemorphin-6 > Ang (3–7) >

Ang III > Ang (4–8)) but not by AT1/AT2 receptor antagonists. Enzymatic activity in CHO-K1 cell membranes was competitively

inhibited upto 94% by Ang IVand other ‘‘AT4 receptor’’ ligands (Ang IV > Ang III � divalinal1-Ang IV �Ang (3–7) � LVV-hemorphin-7

> Ang (4–8) � LVV-hemorphin-6). High affinity binding of [125I]Ang IV required the presence of metal chelators and the ligands such as

Ang IV and LVV-hemorphin-7 displayed higher potency in the binding studies as in the enzyme assay. This difference in potency varied

from one peptide to another. These pharmacological properties match those previously reported for the recombinantly-expressed human

cystinyl aminopeptidase in embryonal kidney cells.
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1. Introduction

Angiotensin II (Ang II) is well-known to cause hyper-

tension and to stimulate cardiac remodelling. G-protein

coupled receptors of the AT1 subtype play a major role in

these processes while AT2 receptors, the other major

subtype, are primordially expressed in foetal tissues and

involved in the inhibition of cell proliferation, apoptosis

and neuronal differentiation [1–3]. Ang II has long been

considered to represent the end product of the renin–

angiotensin system, but there is accumulating evidence

that some of its fragments such as Ang III (deletion of the

N-terminal amino acid) and Ang IV (deletion of the two N-

terminal amino acids) have central, cardiovascular and

renal actions as well [4–9]. Ang III is still a potent agonist

for AT1 and AT2 receptors so that there is no need to invoke

alternative receptors to explain its biological actions. On

the other hand, Ang IV possesses only very low potency for

these receptors [10,11]. Yet, most of its biological effects

are already observed at nanomolar concentrations and are

not blocked by the classical non-peptide AT1 and AT2
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receptor antagonists losartan and PD123177. The deviant

pharmacological properties led to the concept of a novel

angiotensin receptor subtype: the ‘‘AT4 receptor’’ [3,12].

High affinity [125I]Ang IV binding sites have been

shown to be present on membrane preparations from

various tissues and cell types [10,13,14]. Their pharma-

cological profile corresponds with that of AT4 receptors,

namely they display low affinity for Ang II and the

classical AT1 and AT2 receptor antagonists but high affinity

for Ang IV, synthetic peptide analogues like divalinal1-Ang

IV as well as for endogenous peptides like LVV-hemor-

phin-7 [10,15–18]. This latter peptide has been discovered

in brain extracts and, as the concentration of Ang IV in

brain is very low, it has been suggested to constitute a

native ligand for the AT4 receptor [19,20]. Considerable

progress in the understanding about the nature of Ang IV

binding sites was provided by a recent study of Albiston

et al. [21]. Based on purification and partial sequencing,

these authors convincingly identified these binding sites as

cystinyl aminopeptidase (EC 3.4.11.3), a membrane-asso-

ciated zinc-dependent metallopeptidase of the M1 family.

This enzyme bears a short intracellular domain, a single

transmembrane-spanning domain and a large extracellular

domain containing the catalytic site which is able to cleave

the N-terminal amino acid from bioactive peptides such as

oxytocin, vasopressin and somatostatin in vitro [22,23].

Ang IV and LVV-hemorphin-7 have been shown to inhibit

this catalytic activity and, by this way, they may extend the

half-life of endogenous neuropeptides like vasopressin and

somatostatin that potentiate memory [24]. Currently, this

explanation [21,25] provides a very attractive rationale for

the observed propensity of Ang IV to improve memory and

learning.

Cystinyl aminopeptidase received no less than 14 dif-

ferent denominations. This is related to its independent

identification and characterization by different research

teams as well as to differences in the physiological context

in which it has been investigated. Being the major human

placental protease, it is often denominated as oxytocinase

and placental-leucine aminopeptidase (P-LAP). In this

context, it was found that its large extracellular domain

can be cleaved off proteolytically and that its enzymatic

activity in serum increases with gestation. Since two of its

major substrates, oxytocin and vasopressin, have uterine

contractile and vasoconstrictive activities, it has been put

forth that cystinyl aminopeptidase contributes to the main-

tenance of normal pregnancy and suppresses labor pain by

regulating the plasma level of these hormones [26–29].

This enzyme (here denominated as insulin regulated ami-

nopeptidase or (IRAP)) has also been identified in intra-

cellular endosome-derived vesicles along with GLUT4, an

insulin-regulated glucose transporter that is abundantly

expressed in muscle and adipose cells [30,31]. In these

cells, insulin was found to increase the translocation rate of

these vesicles to the plasma membrane, resulting in an

increased surface expression of GLUT4 and cystinyl ami-

nopeptidase in healthy subjects [30,32–39]. Yet, both

appear to exhibit trafficking/targeting defects in muscle

and adipose cells of type II diabetic patients [37,40].

The ability to directly identify cystinyl aminopeptidase

by binding studies with [125I]Ang IV and related peptides

opens new possibilities for the study of its structural and

functional properties under normal and pathophysiological

conditions. Recent studies involving the transfection of

HEK293T cells with the cDNA of human cystinyl amino-

peptidase have compared the binding and catalytic proper-

ties of this enzyme on the same cell membrane preparation.

Unexpectedly, these studies revealed major discrepancies

when comparing the potency of certain peptides to inhibit

the binding of [125I]Ang IV and to inhibit the hydrolysis of

a fluorescent substrate [25,41]. Also, the competitive nat-

ure of Ang IV with the substrate in these experiments is at

odds with a recent report dealing with the ability of Ang IV

to interact with a juxtamembrane site of cystinyl amino-

peptidase and the thereon derived conclusion that Ang IV

modulates the enzyme’s activity by an allosteric mechan-

ism [42]. By studying the expression of recombinant

human cystinyl aminopeptidase in Chinese hamster ovary

(CHO-K1) cells, we were struck by the high background

levels of [125I]Ang IV binding in membranes from the non-

transfected cells. This led us to ascertain the presence of

high levels of endogenous cystinyl aminopeptidase in this

cell line.

2. Materials and methods

2.1. Materials

Angiotensin II (Ang II), Ang II (3–7), Ang III or Ang II

(2–8), Ang IV or Ang II (3–8), oxytocin and vasopressin

were obtained from Neosystem, Ang II (5–8), Ang II (4–8)

and LVV-hemorphin-6 from Bachem, Ang II (1–7) from

Sigma, LVV-hemorphin-7 or LVV-H7 from Invitrogen.

Divalinal1-Ang IV was synthesized by Dr. G. Munske

(Washington State University). L-Leucine-p-nitroanilide

(L-Leu-pNA) was obtained from Sigma and p-nitroaniline

from VWR International. Tyr4 of Ang IV was iodinated

using the Iodogen1 iodination reagent from Pierce and 125I

from ICN. Monoiodinated Ang IV was isolated on a

Hypersil BDS C18 reverse-phase HPLC column and stored

at �20 8C in 10 mM KH2PO4, pH 6.5 containing 45%

ethanol. All other reagents were of the highest grade

commercially available.

2.2. Cell culture and membrane preparation

CHO-K1 cells (kindly obtained from the Pasteur Insti-

tute) were cultured in 75 and 500 cm2 culture flasks and

cell factories (Nunc) in Dulbecco’s modified essential

medium (DMEM) supplemented with L-glutamine

(2 mM), 2% (v/v) of a stock solution containing
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5000 IU/ml penicillin and 5000 mg/ml streptomycine

(Invitrogen), 1% (v/v) of a stock solution containing

non-essential amino-acids, 1 mM sodium pyruvate and

10% (v/v) foetal bovine serum (Invitrogen). The cells were

grown in 5% CO2 at 37 8C until confluent. Before harvest-

ing, the cells were washed with PBS and then briefly

treated with PBS (pH 7.4) containing 0.2% EDTA (w/

v). The cell suspension was centrifuged for 5 min at 500 �
g at room temperature and resuspended in PBS and then,

the number of cells was counted. After one more wash-step

the cells were homogenized in 50 mM Tris–HCl (at pH

7.4) using a Polytron (10 s at maximum speed) and Potter

homogenizer (30 strokes at 1000 rpm) and then centrifuged

for 30 min (30,000 � g at 4 8C). The pellet was resus-

pended in 50 mM Tris–HCl, centrifuged (30 min 30,000 �
g at 4 8C) and the supernatant was removed. The resulting

CHO-K1 cell membrane-containing pellets were stored at

�20 8C until use.

2.3. Radioligand binding

Just before use, pellets were thawed and resuspended

using a Polytron homogenizer in 50 mM Tris–HCl (pH 7.4)

binding buffer containing 140 mM NaCl, 5 mM ethylene

diamine tetraacetic acid (EDTA), 0.1% (w/v) bovine serum

albumin (BSA), 100 mM phenyl methyl sulforyl fluoride

(PMSF) and 100 mM 1,10-phenanthrolin (1,10-PHE).

Except for the experiment shown in Fig. 1, all binding

experiments were performed with membrane homogenates

at a concentration corresponding to 4 � 105 cells/incuba-

tion. The incubations were carried out in polyethylene 24-

well plates (Elscolab) in a final volume of 250 ml per well

consisting of 200 ml membrane homogenate, 25 ml binding

buffer (for total binding), test compound (for the competi-

tion binding assays) or 10 mM unlabeled Ang IV (for non-

specific binding). Subsequently 25 ml [125I]Ang IV was

added at final concentrations ranging between 0.05 and

6 nM for the saturation binding experiments and at 1 nM

for all other experiments. After incubation at 37 8C for

60 min the mixture was vacuum filtered using an Inotech

24-well cell-harvester through GF/B glass fibre filters

(Whatman) pre-soaked for 30 min in 1% (w/v) BSA. After

drying, the radioactivity retained in the filters was mea-

sured using a Perkin-Elmer g-counter.

2.4. Enzyme assay

Determination of the cystinyl aminopeptidase catalytic

activity was based on the cleavage of the substrate L-

leucine-p-nitroanilide (L-Leu-pNA) into L-leucine and p-

nitroaniline. This latter compound displays a characteristic

light absorption maximum at 405 nm. To this end, pellets

were thawed and resuspended using a Polytron homoge-

nizer in enzyme buffer containing 50 mM Tris–HCl (pH

7.4), 140 mM NaCl, 0.1% (w/v) BSA and 100 mM PMSF.

The incubation mixture comprised 50 ml membrane homo-

genate (at a concentration corresponding to 4 � 105 cells/

incubation, except for the experiment shown in Fig. 5),

200 ml L-Leu-pNA (1.5 mM or at the concentrations indi-

cated) and 50 ml enzyme buffer alone or with test com-

pound or 100 mM Ang IV. The membrane homogenate was

incubated at 37 8C in 96-well plates (Medisch Labo Ser-

vice) and the formation of p-nitroaniline was followed by

measuring the absorption at 405 nm between 10 and

50 min in a Bio-Whittaker ELISA reader.

2.5. Data analysis

All experiments were performed at least 3 times with

triplicate (for radioligand binding) or duplicate determina-

tions (for enzyme assays) each. The calculation of IC50

values from competition binding and enzyme inhibitory

experiments and of KD and Bmax values from the saturation

binding curves were performed by non-linear regression

analysis using GraphPad Prism 4.0. The pKi values of the

tested compounds in the binding and enzyme assays were

calculated using the equation pKi ¼ �logfIC50=ð1þ
½L	=KÞg in which [L] is the concentration of free radioligand

(binding) or free substrate concentration (enzyme assay)

and K the equilibrium dissociation constant (KD) of

[125I]Ang IV (from kinetic experiments) or the Michae-

lis–Menten constant (Km) for substrate cleavage [43].

3. Results

3.1. Binding of AT4 receptor ligands to CHO-K1 cell

membranes

Binding of 1 nM [125I]Ang IV to the CHO-K1 cell

membrane homogenates was almost completely inhibited

Fig. 1. Binding of 1 nM [125I]Ang IV (expressed as cpm) in the absence

(total binding, &) or presence of 10 mM Ang IV (non-specific binding, &)

was measured as a function of the membrane concentration (expressed as

the corresponding amount of CHO-K1 cells/incubation). Incubations were

carried out at 37 8C for 60 min. A representative of three independent

experiments is illustrated. Error bars are shown, but are smaller than the

symbols.
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in the presence of 10 mM unlabeled Ang IV. This displace-

able (i.e. specific) binding increased with the cell mem-

brane concentration (Fig. 1). Ensuing binding experiments

were carried out with a membrane concentration corre-

sponding to 4 � 105 cells/incubation. Specific binding of

[125I]Ang IV was time-dependent and reached equilibrium

within 30 min at 37 8C. The binding was reversible since

addition of an excess of unlabeled Ang IV (10 mM) resulted

in the complete dissociation of the specifically bound

radioligand. The pseudo first order association (kobs) and

dissociation (k�1) rate constants were respectively 0.16 �
0.01 and 0.065 � 0.006 min�1 (Fig. 2). The corresponding

‘‘kinetic’’ equilibrium dissociation constant (KD) was

0.70 nM. Under steady-state conditions (i.e. after an incu-

bation of 60 min at 37 8C), the binding of [125I]Ang IV was

saturable. Binding occurred to a single class of sites with a

corresponding KD of 0.90 � 0.12 nM and a Bmax of 15.5 �
1.2 fmol/106 cells (Fig. 3).

The specific binding of [125I]Ang IV was inhibited by

Ang IV, LVV-H7, Ang II (5–8), Ang II (Fig. 4) and several

other putative AT4 receptor ligands in a concentration-

dependent fashion. The competition binding curves were

monophasic for all compounds and the potency order was:

Ang IV > divalinal1- Ang IV � LVV-H7 � LVV-H6 > Ang

(3–7) > Ang III > Ang (5–8) > vasopressin � Ang II � Ang

(4–8). The pKi values of these peptides are summarized in

Table 1. pKi values of Ang (1–7), oxytocin, the AT1

receptor antagonist losartan and the AT2 receptor antago-

nist PD 123319 were too low to be accurately determined.

3.2. Inhibition of enzymatic activity in CHO-K1 cell

membranes by AT4 receptor ligands

The enzymatic activity of IRAP was assessed spectro-

photometrically by measuring the absorption of p-nitroa-

niline (i.e. the cleavage product of the synthetic substrate

L-Leu-pNA) at 405 nm over time at 37 8C. While the

absorption of a 1.5 mM L-Leu-pNA solution remained

steady for at least 50 min, addition of CHO-K1 cell

membrane homogenates induced a time-wise increase

in the absorption. The corresponding rate constants

(further denoted as enzymatic activities) were calculated

by linear regression analysis of these time curves.

As shown in Fig. 5, the enzymatic activity was propor-

tional to the membrane concentration. Further enzyme

assays were carried out with a membrane concentration

corresponding to 4 � 105 cells/incubation and, under

this condition, the enzymatic activity was substantially

inhibited (upto 94%) in the presence of 100 mM Ang

IV.

Fig. 2. Association and dissociation of [125I]Ang IV. Membranes were

incubated with 1 nM [125I]Ang IV at 37 8C for increasing periods of time

(&). The corresponding pseudo first-order rate constant for assoaciation

(kobs) was 0.16 � 0.01 min�1. Dissociation was initiated after 60 min

(arrow) upon isotopic dilution with 10 mM Ang IV (~). The corresponding

dissociation rate constant (k�1) was 0.065 � 0.006 min�1. Binding is

expressed as percentage of steady-state binding after 120 min.

Fig. 3. Saturation binding of [125I]Ang IV. Membranes were incubated for

60 min at 37 8C with increasing concentrations of [125I]Ang IV. Data refer

to specific binding (expressed as fmol/106 cells), calculated by subtracting

non-specific binding in the presence of 10 mM unlabeled Ang IV from total

binding. The corresponding KD and Bmax value were 0.90 � 0.12 nM and

15.5 � 1.2 fmol/106 cells, respectively. Insert: Scatchard plot of the

saturation binding data with B ¼ specific binding (in fmol/106 cells) and

F ¼ free concentration (in nM).

Fig. 4. [125I]Ang IV competition binding. Membranes were incubated with

1 nM [125I]-Ang IV for 60 min at 37 8C in the absence (control binding) or

presence of increasing concentrations of Ang II (&), Ang IV (&), Ang II

(5–8) (*) and LVV-H7 (*). Binding is expressed as percentage of

specific control binding. The pKi values of the unlabeled peptides are given

in Table 1.
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Fig. 6A illustrates the enzymatic activity as a function of

the substrate concentration in the absence or presence of

Ang IV. The Km and Vmax values were calculated by linear

regression of the corresponding Hanes plots are shown in

Fig. 6B. Whereas the Km for L-Leu-pNA increased sig-

nificantly (P < 0.05) from 0.429 � 0.014 upto 1.010 �
0.134 and 1.454 � 0.326 mM in the presence of 0.1 and

Table 1

[125I]Ang IV competition binding and inhibition of cystinyl aminopepti-

dase activity in CHO-K1 cell membranes by putative AT4 receptor ligands,

natural substrates and AT1 and AT2 receptor antagonists

Ligands Competition binding

pKi � S.E.M.

Enzyme inhibition

pKi � S.E.M.

AT4 receptor

ligands

Ang II 4.95 � 0.32 5.33 � 0.02

Ang III 6.59 � 0.10 6.41 � 0.08

Ang IV 8.13 � 0.09 6.90 � 0.14

Ang (4–8) 4.69 � 0.18 5.74 � 0.06

Ang (5–8) 6.00 � 0.05 4.80 � 0.16

Ang (1–7) N.M. N.M.

Ang (3–7) 6.99 � 0.08 6.37 � 0.09

LVV-H7 7.71 � 0.07 6.29 � 0.07

LVV-H6 7.61 � 0.11 5.58 � 0.05

Divalinal1-

Ang IV

7.78 � 0.10 6.39 � 0.06

Natural

substrates

Oxytocin N.M. N.M.

Vasopressin 4.98 � 0.16 N.M.

AT1 antagonist Losartan N.M. N.M.

AT2 antagonist PD 123319 N.M. N.M.

N.M. means not measurable (<4). pKi values are calculated using the

Cheng and Prusoff equation from the IC50 values. Data are the mean �
S.E.M. of three independent experiments illustrated in Figs. 4 and 7.

Fig. 5. Enzymatic cleavage of L-Leu-pNA as a function of the membrane

concentration. 1.5 mM L-Leu-pNA was incubated at 37 8C with increasing

membrane concentrations (expressed as the corresponding amount of

CHO-K1 cells/incubation) in the absence (&) or presence of 100 mM Ang

IV (&). Rate constants for L-Leu-pNA cleavage (v, expressed as mM/min/

incubation) were calculated by linear regression analysis of the absorption

(at 405 nM) vs. time curves with measurements made every 5 min

(between 10 and 50 min). Fixed p-nitroaniline concentrations were used as

standard to convert absorption into concentration. A representative of three

independent experiments is illustrated. Error bars are shown, but are

smaller than the symbols.

Fig. 6. Enzymatic cleavage of L-Leu-pNA as a function of the substrate

concentation. (A) Membranes (corresponding to 4 � 105 cells/incubation)

were incubated at 37 8C with increasing concentrations of L-Leu-pNA (S,

in mM) in the absence (&) or presence of 0.1 (~) or 0.3 (!) mM Ang IV.

The rate constants of L-Leu-pNA cleavage were determined as in Fig. 5.

(B) The corresponding Km and Vmax values were calculated by linear

regression analysis of the Hanes-plots (i.e. S/v vs. S). A representative of

three independent experiments is illustrated. Error bars are shown, but are

smaller than the symbols. Average values and S.E.M. of the three

experiments are given in the Section 3.

Fig. 7. Inhibition of the enzymatic activity by putative AT4 receptor

ligands. Membranes (corresponding to 4 � 105 cells/incubation) were

incubated at 37 8C with 1.5 mM L-Leu-pNA in the absence (control

activity) or presence of increasing concentrations of Ang II (&), Ang IV

(&), Ang II (5–8) (*) and LVV-H7 (*). The rate constants of L-Leu-pNA

cleavage (v, corresponding to specific activity and expressed as a

percentage of control) were obtained as in Fig. 6. The pKi values of the

peptides are given in Table 1.
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0.3 mM Ang IV, the corresponding Vmax values were not

significantly different (P > 0.55) from the control value

(i.e. 1.62 � 0.06 mM min�1). This behaviour is typical for a

competitive interaction between the substrate and an inhi-

bitor. The enzymatic activity was inhibited by Ang IV,

LVV-H7, Ang II (5–8), Ang II (Fig. 7) and several other

putative AT4 receptor ligands in a concentration-dependent

fashion. The potency order was Ang IV > Ang III �
Divalinal-Ang IV � Ang (3–7) � LVV-H7 > Ang (4–8)

� LVV-H6 � Ang II > Ang (5–8). Based on the assumption

that all peptides compete with the substrate, their pKi

values were calculated from the IC50 values according

to the ‘‘Cheng and Prusoff’’ equation [43] and summarized

in Table 1. The potency of the natural substrates vasopres-

sin and oxytocin and the AT1 and AT2 receptor antagonists

was too low to be determined.

4. Discussion

The presence of endogenous cystinyl aminopeptidase

(EC 3.4.11.3) in membranes from Chinese hamster

ovary cells is demonstrated by the occurrence of high

affinity binding sites for [125I]Ang IV and by the Ang IV-

sensitive cleavage of L-leucine-p-nitroanilide. The

[125I]Ang IV binding and catalytic properties in these

cells match with those recently reported for the recom-

binant human enzyme (denoted as IRAP) in HEK293T

cells [25,41].

Binding of [125I]Ang IV occurred with high affinity to

a single class of sites to CHO-K1 cell membranes and its

KD-value obtained from saturation binding experiments

(0.90 nM) was in good agreement with the value

(0.70 nM) calculated from its association and dissocia-

tion rate. Similar KD values have been reported, not only

for the recombinant cystinyl aminopeptidase in

HEK293T cell membranes [25], but also for the alleged

AT4 receptors in earlier studies on membrane prepara-

tions of species like guinea pig, rabbit, rat, bovine,

monkey and human and tissues as diverse as brain,

adrenal cortex, heart, vascular smooth muscle, colon

and prostate [44]. Specific binding of [125I]Ang IV to the

CHO-K1 cell membranes increased as a function of time

until steady-state was reached after approximately

30 min. This steady-state was maintained for at least

90 min thereafter, suggesting that only minimal meta-

bolism of the radiolabeled ligand took place during the

period of incubation. In the same line, degradation of

Ang IV was very low in HEK293T cell membranes and,

as it was similar for control and transfected cells, it

was unrelated to the catalytic activity of cystinyl ami-

nopeptidase [25]. This contrasts with the relatively

rapid metabolism of Ang IV when exposed to Madin-

Darby bovine kidney cell membranes, as evidenced by

the time-wise rightward shift of the competition binding

curves of this peptide [45]. Hence, the necessity to

recruit metabolically more stable radioligands like

[125I]divalinal1-Ang IV or [125I]norleucine1-Ang IV

for binding studies [21,25,45–47] is not dictated by

the presence of cystinyl aminopeptidase itself but

rather by other peptidases. Therefore, the choice of an

appropriate radioligand largely depends on the cell type

used.

The potency with which various peptides compete with

the binding of [125I]Ang IV to CHO-K1 cell membranes

closely agrees with the binding profile of recombinant

human cystinyl aminopeptidase and of ‘‘AT4 receptors’’

in general [25,41,48–51]. When N-terminal amino acids

were removed one by one from Ang II, there was a gradual

increase in their potency till Ang IV. Further removal of

even only one N-terminal amino acid produced a sharp

drop in potency while removal of the C-terminal Phe had

relatively less effect. This fits with previous studies in

which the N-terminal amino acids were found to be the

most important determinators for high affinity binding

[3,52]. This rule also explains the high potency of dival-

inal1-Ang IV and of LVV-H6, LVV-H7 in the present and

previous binding studies [25,41]. In line with the distinct

pharmacology of ‘‘AT4 receptors’’, the binding of

[125I]Ang IV to CHO-K1 cell membranes was not percept-

ibly inhibited by the AT1 receptor antagonist losartan nor

by the AT2 receptor antagonist PD 123319. As in previous

binding and functional studies [16,49,53], oxytocin and

vasopressin also displayed rather low affinity (Table 1).

The synthetic aminopeptidase substrate L-Leu-pNA was

cleaved in the presence of CHO-K1 cell membranes. Up to

94% of this catalytic activity was inhibited by Ang IV and

related AT4 ligands. Kinetic experiments performed in the

presence of increasing concentrations of substrate and Ang

IV revealed that Ang IV produces a concentration-wise

increase in the Km of the substrate but that the maximal

activity (Vmax) remains the same. This behaviour is typical

for a competitive inhibition and, by using a similar experi-

mental approach, it was also observed by Lew et al. [25] for

the recombinant cystinyl aminopeptidase in HEK293T cell

membranes. At first glance, these findings are at odds with

the recent claim by Caron et al. that Ang IV interacts with a

juxtamembrane site on this enzyme and, accordingly, that

Ang IV is unlikely to bind at its active zinc-binding site.

These considerations were based on the covalent binding

of the Ang IV-derived photoaffinity-label [125I]-[N3-

Phe6]Ang IV to an extracellular region of the enzyme that

is in close proximity of the membrane (i.e. not beyond

Lys159) while the zinc coordinating residues are located

between the His464 and Glu488 residues [42]. Until now,

this issue cannot be resolved since the 3D structure of

cystinyl aminopeptidase has not yet been elucidated. The

same applies to nearly all other members of the M1 family

of gluzincin metalloproteases except for the bestatin–leu-

kotriene A4 hydrolase complex, whose X-ray crystal struc-

ture was recently determined [54]. It was shown that the

enzyme is highly folded and that, although the Zn2þ
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binding site is formed by residues from the catalytic

domain only, bestatin is able to make interactions with

residues from different other domains of the enzyme. If a

similar molecular organisation also applies to the Ang IV-

cystinyl aminopeptidase complex, it is quite conceivable

for its N-terminal amino acids to be close to the catalytic

site while the more distant C-terminal N3-Phe6 residue

makes contact with juxtamembrane regions of the enzyme.

Hence, the inhibitory effect of Ang IV does not necessarily

imply an allosteric interaction that causes a conformational

change on the enzyme.

The Ki values of the investigated peptides in the enzyme

assay correspond to those reported for enzyme inhibition

studies with recombinantly-expressed cystinyl aminopep-

tidase in HEK293 cells [25]. On the other hand, when

compared to the competition binding studies, Ang IV,

divalinal1-Ang IV, Ang (5–8), LVV-H6 and LVV-H7 were

appreciably less potent in producing enzyme inhibition.

The Ki values of these peptides were between 10- and 90-

fold higher in the substrate cleavage assay. In contrast Ang

II, Ang III and Ang (3–7) had about equal affinity in both

assays while Ang (4–8) even displayed preference for

enzyme inhibition. A similar, peptide-dependent disparity

in potency in these two assays was also reported by Lew

et al. for the recombinant human cystinyl aminopeptidase

in HEK293T cell membranes [25]. These authors pre-

sented experimental evidence suggesting that peptide

degradation is not responsible for the deviant behaviour

of Ang IV and related peptides in both assays. Instead, the

presence or absence of zinc in the catalytic site was put

forward as the most likely explanation. It is of notice

that the binding assays with Chinese hamster (present

study) and recombinant human cystinyl aminopeptidase

[21,25,41] and, in fact, with nearly all previous ‘‘AT4

receptor’’-containing membrane preparations have been

carried out in the presence of the divalent cation chelators

EDTA and 1,10-PHE. These findings therefore suggest that

the presence of zinc in the catalytic site of cystinyl

aminopeptidase alters its affinity of Ang IV and related

peptides. The following study provides further support for

the idea that Ang IVand LVV-H7 only display high affinity

for the apo-enzyme and it also unveils that EDTA and 1,10-

PHE act in concert to generate the apo-enzyme.

Previously, the presence of cystinyl aminopeptidase in

the peri-centriolar endocytic recycling compartment of

CHO-K1 cells was only alluded by immunofluorescence

and Western blot studies [55–57]. Radioligand binding and

enzyme activity measurements in this report provide the

first pharmacological characterization of this enzyme in

this cell line. The effect of Ang IV and related ‘‘AT4

receptor’’ ligands are closely similar to those recently

reported for the recombinant human enzyme (denoted as

IRAP) in HEK293T cell membranes [25,41]. As both

assays displayed a high signal-to-noise ratio, CHO-K1

cells represent a convenient source for the investigation

of cystinyl aminopeptidase in a single cell line.

Acknowledgments

We are most obliged to the Research Council of the

‘Vrije Universiteit Brussel’ (GOA-2002) and the ‘Fonds

voor Wetenschappelijk Onderzoek Vlaanderen’ for their

financial support. P.V. is holder of a VUB research

fellowship. The authors thank Dr. M. Tsujimoto (Wako,

Japan) for supplying the expression vector containing the

cDNA for the human recombinant IRAP.

References

[1] Saavedra JM. Emerging features of brain angiotensin receptors. Regul

Peptides 1999;85:31–45.

[2] Allen AM, Zhuo J, Mendelsohn FA. Localization and function of

angiotensin AT1 receptors. Am J Hypertens 2000;13:31–8.

[3] de Gasparo M, Catt KJ, Inagami T, Wright JW, Unger T. International

Union of Pharmacology: XXIII. The Angiotensin II receptors. Phar-

macol Rev 2000;52:415–72.

[4] Ardaillou R. Active fragments of angiotensin II: enzymatic pathways

of synthesis and biological effects. Curr Opin Nephrol Hypertens

1997;6:28–34.

[5] Ardaillou R, Chansel D. Angiotensin II fragments: effects and path-

ways of synthesis. In: Hulfendahl HR, Aurel M, editors. Renin

Angiotensin. Wenner-Gren Intnl Series, vol. 74. London: Porland

Press Ltd; 1998, Chapter 4. p. 47–55.

[6] Chansel D, Ardaillou R. Active metabolites derived from angiotensin

II. Nephrology 1998;19:427–32.

[7] Santos RAS, Compagnole-Santos MJ, Andrade SP. Angiotensin-(1–

7): an update. Regul Peptides 2000;28:45–62.

[8] Tipnis SR, Hoopner NM, Hyde R, Karran E, Christie G, Turner AJ. A

human homolog of angiotensin-converting enzyme. Cloning and

functional expression as a captopril insensitive carboxypeptidase. J

Biol Chem 2000;275:33238–43.

[9] Mustafa T, Hyung Lee J, Yeen Chai S, Albiston AL, McDowall SG,

Mendelsohn FA. Bioactive angiotensin peptides: focus on angiotensin

IV. J Renin Angiotensin Aldosterone Syst 2001;2:205–10.

[10] Harding JW, Wright JW, Swanson GN, Hanesworth JM, Krebs

LT. AT4 receptors: specificity and distribution. Kidney Int

1994;46:1510–2.

[11] Kramar EA, Krishnan R, Harding JW, Wright JW. Role of nitric oxide

in angiotensin IV-induced increases in cerebral blood flow. Regul

Peptides 1998;74:185–92.

[12] de Gasparo M, Husain A, Alexander W, Catt KJ, Chiu AT, Drew M,

et al. Proposed update of angiotensin receptor nomenclature. Hyper-

tension 1995;25:924–39.

[13] Swanson GN, Hanesworth JM, Sardinia MF, Coleman JK, Wright JW,

Hall KL, et al. Discovery of a distinct binding site for angiotensin II

(3–8), a putative angiotensin IV receptor. Regul Peptides

1992;40:409–19.

[14] Zhang JH, Hanesworth JM, Sardinia M, Alt JA, Wright JW, Harding

JW. Structural analysis of angiotensin IV receptor (AT4) from selected

bovine tissues. J Pharmacol Exp Ther 1999;289:1075–83.

[15] Miller-Wing AV, Hanesworth JM, Sardinia FM, Hall KL, Wright JW,

Speth RC, et al. Central angiotensin IV binding sites: distribution and

specificity in guinea pig brain. J Pharmacol Exp Ther 1993;266:1718–26.

[16] Hanesworth JM, Sardinia MF, Krebs LT, Hall KL, Harding JW.

Elucidation of a specific binding site for angiotensin II (3–8), angio-

tensin IV, in mammalian heart membranes. J Pharmacol Exp Ther

1993;266:1036–42.

[17] Hall KL, Hanesworth JM, Ball AE, Felgenhauer GP, Hosick HL,

Harding JW. Identification and characterization of a novel angiotensin

binsing site in cultured vascular smooth muscle cells that is specific for

H. Demaegdt et al. / Biochemical Pharmacology 68 (2004) 885–892 891



the hexapeptide (3–8) fragment of angiotensin II, angiotensin IV.

Regul Peptides 1993;44:225–32.

[18] Hall KL, Venkateswaran S, Hanesworth JM, Schelling ME, Harding JW.

Characterization of a functional angiotensin IV receptor on coronary

microvascular endothelial cells. Regul Peptides 1995;58:107–15.

[19] Moeller I, Lew RA, Mendelsohn FA, Smith AI, Brennan ME, Tetaz TJ,

et al. The globin fragment, LVV-hemorphin-7 is an endogenous ligand

for the AT4 receptor in the brain. J Neurochem 1997;68:2530–7.

[20] Moeller I, Albiston AL, Lew RA, Mendelsohn FA, Chai SY. A globin

fragment LVV-hemorphin-7 induces [3H]thymidine incorporation in a

neuronal cell line via the AT4 receptor. J Neurochem 1999;73:301–8.

[21] Albiston AL, McDowall SG, Matsacos D, Sim P, Clune E, Mustafa T,

et al. Evidence that the angiotensin IV (AT(4)) receptor is the enzyme

insulin-regulated aminopeptidase. J Biol Chem 2001;276:48623–6.

[22] Matsumoto H, Rogi T, Yamashiro K, Kodama S, Tsuruoka N, Hattori

A, et al. Characterization of a recombinant soluble form of human

placental leucine aminopeptidase/oxytocinase expressed in Chinese

hamster ovary cells. Eur J Biochem 2000;267:46–52.

[23] Matsumoto H, Nagasaka T, Hattori A, Rogi T, Tsuruoka N, Mizutani

S, et al. Expression of placental leucine aminopeptidase/oxytocinase

in neuronal cells and its action on neuronal peptides. Eur J Biochem

2001;268:3259–66.

[24] Kovacs GL, De Wied D. Peptidergic modulation of learning and

memory processes. Pharmacol Rev 1994;46:269–91.

[25] Lew RA, Mustafa T, Ye S, McDowall SG, Chai SY, Albiston AL.

Angiotensin AT4 ligands are potent, competitive inhibitors of insulin

regulated aminopeptidase (IRAP). J Neurochem 2003;86:344–50.

[26] Rogi T, Tsujimoto M, Nakazato H, Mizutani S, Tomoda Y. Human

placental leucine aminopeptidase/oxytocinase. A new member of type

II membrane spanning zinc metallopeptidase family. J Biol Chem

1996;271:56–61.

[27] Tsujimoto M, Mizutani S, Adachi H, Kimura M, Nakazato H, Tomoda

Y. Identification of human placental aminopeptidase or oxytocinase.

Arch Biochem Biophys 1992;292:388–92.

[28] Mizutani S. Physiological roles of placental proteases in feto-placental

homeostasis. Nagoya J Med 1998;61:85–95.

[29] Horio J, Nomura S, Okada M, Katsumata Y, Nakanishi Y, Kumano Y,

et al. Structural organization of the 50-end and chromosomal assign-

ment of human placental leucine aminopeptidase/insulin-regulated

membrane aminopeptidase gene. Biochem Biophys Res Commun

1999;262:269–74.

[30] Keller SR, Scott HM, Mastick CC, Aebersold R, Lienhard GE.

Cloning and characterization of a novel insulin-regulated membrane

aminopeptidase from Glut4 vesicles. J Biol Chem 1995;270:23612–8.

[31] Czech MP, Corvera S. Signaling mechanisms that regulate glucose

transport. J Biol Chem 1999;274:1865–8.

[32] Kandror KV, Yu L, Pilch PF. The major protein of GLUT4-containing

vesicles, gp160, has aminopeptidase activity. J Biol Chem 1994;269:

30777–8.

[33] Ross SA, Scott HM, Morris NJ, Leung WY, Mao F, Lienhard GE, et al.

Characterization of the insulin-regulated membrane aminopeptidase

in 3T3-L1 adipocytes. J Biol Chem 1996;271:3328–32.

[34] Ross SA, Herbst JJ, Keller SR, Lienhard GE. Trafficking kinetics of

the insulin-regulated membrane aminopeptidase in 3T3-L1 adipo-

cytes. Biochem Biophys Res Commun 1997;239:247–51.

[35] Martin S, Rice JE, Gould GW, Keller SR, Slot JW, James DE. The

glucose transporter GLUT4 and the aminopeptidase vp165 colocalise

in tubulo-vesicular elements in adipocytes and cardiomyocytes. J Cell

Sci 1997;110:2281–91.

[36] Malide D, Dwyer NK, Blanchette-Mackie EJ, Cushman SW. Immuno-

cytochemical evidence that GLUT4 resides in a specialized translocation

post-endosomal VAMP2-positive compartment in rat adipose cells in the

absence of insulin. J Histochem Cytochem 1997;45:1083–96.

[37] Maianu L, Keller SR, Garvey WT. Adipocytes exhibit abnormal

subcellular distribution and translocation of vesicles containing glu-

cose transporter 4 and insulin-regulated aminopeptidase in type 2

diabetes mellitus: implications regarding defects in vesicle trafficking.

J Clin Endocr Metab 2001;86:5450–6.

[38] Sumitani S, Ramlal T, Somwar R, Keller SR, Klip A. Insulin regula-

tion and selective segregation with glucose transporter-4 of the

membrane aminopeptidase vp165 in rat skeletal muscle cells. En-

docrinology 1997;38:1029–34.

[39] Garza LA, Birnbaum MJ. Insulin-responsive aminopeptidase traffick-

ing in 3T3-L1 adipocytes. J Biol Chem 2000;275:2560–7.

[40] Garvey WT, Maianu L, Zhu JH, Brechtel-Hook G, Wallace P, Baron

AD. Evidence for defects in the trafficking and translocation of

GLUT4 glucose transporters in skeletal muscle as a cause of human

insulin resistance. J Clin Invest 1998;101:2377–86.

[41] Lee J, Mustafa T, McDowall SG, Mendelsohn FA, Brennan M, Lew

RA, et al. Structure-activity study of LVV-hemorphin-7: angiotensin

AT4 receptor ligand and inhibitor of insulin-regulated aminopepti-

dase. J Pharmacol Exp Ther 2003;305:205–11.

[42] Caron AZ, Arguin G, Guillemette G. Angiotensin IV interacts with a

juxtamembrane site on AT(4)/IRAP suggesting an allosteric mechan-

ism of enzyme modulation. Regul Peptides 2003;113:9–15.

[43] Cheng YC, Prusoff WH. Relationship between the inhibition constant

(Ki) and the concentration of inhibitor which causes 50 percent

inhibition (IC50) of an enzymatic reaction. Biochem Pharmacol

1973;22:3039–46.

[44] Harding JW, Wright JW, Swanson GN, Hanesworth JM, Krebs LT. AT4

receptors: specificity and distribution. Kidney Int 1994;46:1510–2.

[45] Handa RK. Metabolism alters the selectivity of angiotensin-(1–7)

receptor ligands for angiotensin receptors. J Am Soc Nephrol

2000;11:1377–86.

[46] Handa RK. Characterization and signaling of the AT(4) receptor in

human proximal tubule epithelial (HK-2) cells. J Am Soc Nephrol

2001;12:440–9.

[47] Mustafa T, Chai SY, Mendelsohn FAO, Moeller I, Albiston AL.

Characterization of the AT4 receptor in a human neuroblastoma cell

line (SK-N-MC). J Neurochem 2001;76:1679–87.

[48] Sardinia MF, Hanesworth JM, Krebs LT, Harding JW. AT4 receptor

binding characteristics: D-amino acid- and glycine-substituted pep-

tides. Peptides 1993;14:949–54.

[49] Bernier SG, Servant G, Boudreau M, Fournier A, Guillemette G.

Characterization of a binding site for angiotensin IV on bovine aortic

endothelial cells. Eur J Pharmacol 1995;291:191–200.

[50] Moeller I, Paxinos G, Mendelsohn FA, Aldred GP, Casley D, Chai SY.

Distribution of AT4 receptors in the Macaca fascicularis brain. Brain

Res 1996;712:307–24.

[51] Handa RK, Harding JW, Simasko SM. Characterization and function

of the bovine kidney epithelial angiotensin receptor subtype 4 using

angiotensin IV and divalinal angiotensin IV as receptor ligands. J

Pharmacol Exp Ther 1999;291:1242–9.

[52] Krishnan R, Hanesworth JM, Wright JW, Harding JW. Structure-

binding studies of the adrenal AT4 receptor: analysis of position two-

and three-modified angiotensin IV analogs. Peptides 1999;20:915–20.

[53] Herbst JJ, Ross SA, Scott HM, Bobin SA, Morris NJ, Lienhard GE,

et al. Insulin stimulates cell surface aminopeptidase activity toward

vasopressin in adipocytes. Am J Physiol 1997;272:600–6.

[54] Thunnissen MM, Nordlund P, Haeggstrom JZ. Crystal structure of

human leukotriene A(4) hydrolase, a bifunctional enzyme in inflam-

mation. Nat Struct Biol 2001;8:131–5.

[55] Johnson AO, Subtil A, Petrush R, Kobylarz K, Keller SR, McGraw TE.

Identification of an insulin-responsive, slow endocytic recycling mechan-

ism in Chinese hamster ovary cells. J Biol Chem 1998;273:17968–77.

[56] Lim SN, Bonzelius F, Low SH, Wille H, Weimbs T, Herman GA.

Identification of discrete classes of endosome-derived small vesicles

as a major cellular pool for recycling membrane proteins. Mol Biol

Cell 2001;12:981–95.

[57] Ito N, Nomura S, Iwase A, Ito T, Kikkawa F, Tsujimoto M, et al. A

desintegrin and metalloproteinases, mediate shedding of oxytocinase.

Biochem Biophys Res Commun 2004;314:1008–13.

892 H. Demaegdt et al. / Biochemical Pharmacology 68 (2004) 885–892


	Endogenous cystinyl aminopeptidase in Chinese hamster ovary cells: characterization by [125I]Ang IV binding and catalytic activity
	Introduction
	Materials and methods
	Materials
	Cell culture and membrane preparation
	Radioligand binding
	Enzyme assay
	Data analysis

	Results
	Binding of AT4 receptor ligands to CHO-K1 cell membranes
	Inhibition of enzymatic activity in CHO-K1 cell membranes by AT4 receptor ligands

	Discussion
	Acknowledgements
	References


