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NOTO ET AL. ﬁ

FIGURE 1 Classic Ang llI/AT R signaling pathway. Binding of Ang Il to the extracellular domain of the AT,R causes G protein to bind

to the receptor intracellularly. Hydrolysis of guanosine diphosphate (GDP) to guanosine triphosphate (GTP) by the %11 subunit activates
the protein, resulting in the dissociation of the %g/11 from the By subunit. The Og/11 subunit is then free to initiate the signaling pathway,
activating secondary messengers, and leading to an increase in intracellular calcium and the activation of protein kinase C (PKC). At the
AT,R, G-protein-coupled receptor kinases 2/3 (GRK2/3), phosphorylate its intracellular domain, making it possible for p-arrestin to bind to
it, initiating receptor internalization, degradation, and recycling. Clathrin is a structural protein of the plasma membrane that plays a role
in creating a “template” of rounded vesicles, such as endosomes, in the cytoplasm to be used in intracellular trafficking. Abbreviations:
AKT, Ak strain transforming (also known as protein kinase B); DAG, diacylglycerol; ERK 1/2, extracellular signal-regulated kinase 1/2; GRK
2/3, G-protein-coupled receptor kinase 2/3; GTP, guanosine triphosphate; IP, inositol trisphosphate; JNK, c-Jun N-terminal kinase; P,
phosphate; PDK1, phosphoinositide-dependent kinase-1; PI3K, phosphoinositide 3-kinase; MEK, mitogen-activated protein kinase; MKK,
mitogen-activated protein kinase kinase; MNK1, mitogen-activated protein kinase-interacting kinase 1; NF-xB, nuclear factor kappa B;
PIP,, phospholipase C; PKC, protein kinase C; PLC, phospholipase C; Raf, rapidly accelerated fibrosarcoma; Src, SRC proto-oncogene, non-
receptor tyrosine kinase.

exsanguination, respectively. The livers were dissected and stored and the Guide for the Care and Use of Laboratory Animals, National
frozen at =70°C until used for receptor binding assays. Animals were Research Council (NRC) Publication, 2011 edition. All animal protocols
maintained in the Georgetown University and Nova Southeastern were approved by the Georgetown University's (protocol no. 2019-

University animal facilities in compliance with institutional guidelines 0035) and Nova Southeastern University's (protocol no. 2020.06.
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FIGURE 2 Sl AngllandSD Ang ll
signaling pathway. Binding of biased
agonists TRV027 (SD Ang ll) or SI Ang Il
to the extracellular domain of the AT,R
causes the activation of the signaling
pathway through -arrestin2. Before it
can bind, the intracellular domain of the
receptor needs to be phosphorylated.
Studies have shown that binding of these
ligands shift the preference toward

@ Clathrin

GRK5/6, as opposed to GRK2/3, which

L
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)
B-arrestin2

Endosome ?

formation

is preferred by Ang I1.*¢ Upon binding,
A proto-oncogene tyrosine-protein kinase
Src, is recruited to bind to p-arrestin2,
initiating a variety of signaling pathways.
Abbreviations as in Figure 1.

Recycling

[PI13K| ( Raf ] (MKK]  p38)

y 4
rpox] () ()
Voo
}

(MNK1)

MH2) Institutional Animal Care and Use Committees, and experiments
were carried out according to institutional guidelines. Before euthani-
zation, Sprague-Dawley rats were maintained on a normal 12h-12h
light-dark cycle and were given ad libitum access to water and Harlan
Teklad LM-485 Mouse/Rat Sterilizable Diet (0.3% sodium, 0.8% potas-
sium); Long-Evans rats were maintained on a normal 12h-12h light-
dark cycle, 5V75 diet (LabDiet) was available ad libitum.

2.2 | Reagents and radioligand preparation

SD Ang Il and Sl Ang Il were radioiodinated using a modification of
the chloramine T method?* developed by Hunter and Greenwood.??
Na'?’| was obtained from American Radiolabeled Chemicals or
McMaster University (Hamilton, Ontario, Canada). SD Ang Il was
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custom synthesized by ABclonal Technology, SI Ang Il was obtained
from Phoenix Pharmaceuticals, losartan was kindly provided by
Ron Smith (DuPont Merck). The reactants were applied to a high-
performance liquid chromatography (HPLC) column (Microsorb-MV
100-5 C18 250x4.6mm, Agilent Technologies) and eluted with
14.5% acetonitrile for SD Ang Il or 19% acetonitrile for SI Ang Il in
83 mM triethylamine phosphate (TEAP), pH 3.0. This system com-
pletely resolved monoradioiodinated SD Ang Il and SI Ang Il from the
uniodinated and diiodinated peptides. After collection of monoradi-
oiodinated SD Ang Il and SI Ang Il fractions, bovine serum albumin
(BSA) was added to achieve a concentration of 2 mg/ml, after which
they were frozen at ~20°C until use in radioligand-binding assays.
To evaluate receptor binding with a radioiodinated ligand at con-
centrations in excess of 5nM (a practical and safe limit to the amount
of a pure iodine (1)-125 labeled ligand per 100l in an assay tube), the
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specific activity of the radioiodinated SD Ang Il used in these assays
was reduced with a 9:1 stoichiometric ratio of non-radioactive 1’|
isotope to radioactive 125 isotope. This reduced the specific activ-
ity of 251271.5D Ang Il from 2175 Ci/mmole to 217.5 Ci/mmole. The
concentration of *2°1-SD Ang Il decreases with a half-life of 60days
according to the decay catastrophe hypothesis,? while the concen-
tration of *?7I-SD Ang Il should remain constant. To account for the
changing specific activity of the 2>227]-SD Ang I, a spreadsheet was
developed to calculate the daily change in specific activity based
upon the changing ratios of 2°I-SD Ang Il and '¥/I-SD Ang II, for
example, 60days after preparation, the specific activity of the 1:9
ratio 12%127|-Ang 1-7 would be 109 Ci/mmol.

All other reagents were obtained from Fisher Scientific or Sigma

Chemical Company and were reagent grade.

2.3 | Saturation binding assays

Frozen rat liver tissues were weighed and mechanically homog-
enized in a 20mM hypotonic sodium phosphate buffer (pH 7.2).
Homogenates were centrifuged to precipitate the cell membranes,
at 480004 for 20min at 4 °C. An assay medium buffer (AM5, pH 7.2),
composed of 150mM NaCl, 5mM disodium EDTA, 0.1 mM bacitra-
cin, and 50mM dibasic sodium phosphate, was used to resuspend
the cell membranes, which were rehomogenized then recentrifuged
at same conditions as before. Membranes were resuspended a final
time in the assay buffer (20 mg initial weight per ml). Fifty microliter
of tissue was incubated for 1 h at approximately 22°C in a volume
of 100l with *2°I-SI Ang Il at six concentrations ranging from 0.2
to 4 nM. Nonspecific binding was determined in the presence of 10
uM losartan. A cell harvester (Model M24R, Brandel) was used to
separate membrane-bound from unbound radioligand using glass
fiber filters (Number 32, Schleicher and Schuell, Keene, NH; or GF/B,
Whatman), soaked in a 1 g/L solution of BSA. The bound radioligand
retained on the filter disks was assayed in a Cobra Il Auto-Gamma

Counter. B

max (@€xpressed as fmol of radioligand bound per mg initial

wet weight) and K (expressed as nM) values were determined with
the computer program Prism 9.0 (GraphPad Software).

An additional series of radioligand binding assays compared 125,
SD Ang Il binding with that of *2°I-SI Ang Il at concentrations ranging
from 0.2 to 5 nM. Under these conditions, *2°I-SD Ang Il binding was
not saturable. To extend the concentration range for *2°1-SD Ang
I1, the *2° was mixed with 2’| at a ratio of 1:9, as noted above. The
comparative saturation binding assays were rerun with *2%*?7|-sD
Ang Il ranging from 1-30nM. At this range of concentrations, satu-
rable binding of 2*/1?7|-SD Ang Il could be observed.

2.4 | Competition binding assays

The affinities (IC,,) of SD Ang Il and Sl Ang Il for the AT,R at six con-
centrations, ranging from 1 nM to 100uM, were determined using
radioligand receptor competition binding assays with 2°I-SI Ang Il
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(~0.5 nM) in frozen liver membranes, prepared as described for satu-

ration binding assays. Losartan (100 uM) was used to define specific
1251-5| Ang Il binding to the liver AT,R. Calculation of IC,, values
was done using Prism 9.0 one-site competition binding algorithm,
after which K; values were derived using the Cheng-Prusoff equa-
tion K, = 1C5,/(1+H/Ky) where H is the concentration of '%°I-S| Ang
I'and K is the K of 1251.5] Ang II, determined by a concomitantly

run saturation binding assay.?*

2.5 | Additional saturation binding assays

To derive K; values from the IC,, values obtained from the compe-
tition binding assays, saturation binding assays were run concomi-
tantly. It became apparent that there was a significant difference
in B, values between male and female rat livers. To validate this
observation, an additional 4 rat livers (2 females and 2 males) were
compared for *2°1-S| Ang Il binding. These data were combined with
the saturation binding data run concurrently with the competition
binding assays to compare *?°I-S| Ang Il binding in eight male livers

and five female livers.

2.6 | Statistical analyses

In addition to the non-linear regression analyses of B . Ky, and
IC,,, groups were also compared by paired and unpaired t-tests or
by two-way ANOVA. Values are expressed as mean+SEM. p<.05
was considered to be statistically significant.

2.7 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY,?® and are permanently archived in the Concise
Guide to PHARMACOLOGY 2021/22.%

3 | RESULTS

To assess the potential use of SD Ang Il as a radioligand for quantifi-
cation of Ang Il receptor binding, we radiolabeled SD Ang Il with 12°|
and compared its binding to that of 1255 Ang Il in rat liver mem-
branes, which express high levels of AT,Rs and negligible levels of
angiotensin Il type 2 receptors (ATZRs).27 As shown in Figure 3, satu-
rable binding of radioligand ?°I-SI Ang Il was observed in both male
and female rat livers. At concentrations ranging from 0.7 to 3 nM,
saturable binding of 2°I-SI Ang Il presented a Kp of 0.691nM and a
B,,.x of 14.0 fmol in the male rat liver. In the same conditions, a K
of 0.931nM and a B, ,, of 31.2 fmol were observed in the female

rat liver. A summary of all Ky and B, values obtained can be found
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=—" = Female
i Bmax (female) = 31.2 fmol
Kb (femaley = 0.931 nM

-~ Male
Bmax (male) = 14.0 fmol
KD (male) = 0.691 nM
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FIGURE 3 2°-5] Ang Il saturation binding assay for female

and male rat liver AT R. Representative binding in the female

and male rat liver indicates saturable binding of 2°I-SI Ang Il, as
analyzed by GraphPad Prism 9.0 using a one site specific binding
linear regression. The pink and blue curves are representatives of
one of five female and one of eight male rat liver membranes used,
respectively.

TABLE 1 Summary of Kyand B, .. values (+SEM) for the various
liver tissues

B, + SEM
(fmol/mg initial

ID Kp+SEM (nM) wet weight)
Male 1 1.01 +0.21 17.2+1.41
Male 2 0.69 +0.12 14.0 +0.73
Male 3 0.54 +0.19 13.2+1.30
Male 4 1.38 +0.33 14.8 +1.44
Male 5 0.78 +£0.16 15.6 +1.12
Male 6 0.62 +0.17 12.2 +0.97
Male 7 0.58 +0.25 9.64 +7.89
Male 8 0.69 +0.21 9.13 +6.89
Female A (estrus) 0.93 +0.08 31.2+0.92
Female B (estrus) 0.42 +0.13 25.3+1.76
Female C (diestrus) 0.60+0.11 261 +1.27
Female D (diestrus) 0.73 +0.50 25.4 +22.7
Female E (proestrus) 0.69 +0.35 20.9 +17.3

Note: Values derived from saturation binding assays performed with
1251.5| Ang Il and male (n = 8) and female (n = 5) rat liver membranes.

in Table 1. Assessment of '%°|-SD Ang Il at equivalent concentra-
tions failed to show saturable binding (data not shown). Subsequent
analysis of '2°1-SD Ang Il was done using the lower specific activity
(*25/127).5D Ang Il) at concentrations up to 30nM. With the higher
concentration of *2>127]-SD Ang Il, saturable binding was observed
in female rat liver membranes (n = 3). Figure 4 shows a representa-
tive saturation binding comparison for 2°I-SI Ang Il and *2*/*%7|-sD
Ang II, respectively. The average B, was 28.7 fmol for '*°|-SI Ang
Il and 4.50 fmol for 2/127]-SD Ang II. The average K was 0.483nM
for 121-SI Ang Il and 5.17nM for 2*127|.SD Ang II. Paired t-tests
revealed a significantly greater B, for 125151 Ang Il (p = .015), and
a significantly greater K, for 1251.5D Ang Il (p = .036).

To verify that SD Ang Il binds to liver membrane AT, Rs, we com-
pared the ability of SD Ang Il with that of SI Ang Il to compete for
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FIGURE 4 '%-S] Ang Il vs. 12>127|.5D Ang Il saturation binding
assays in female rat liver membranes. Representative figure of

three saturation analyses using female rat liver membrane. B, and

K, values were 35.1 fmol and 0.329 nM, respectively, for *%°|-S|
Ang Il, and 5.09 fmol and 4.00nM, respectively, for 1251.sD Ang
1. Values were obtained by GraphPad Prism 9.0 using a one site
specific binding linear regression.

125151 Ang Il binding. Both peptides inhibited *2°I-SI Ang Il binding
(0.5 nM) to a similar extent. SD Ang Il was less potent than SI Ang I
when competing for 2% -S| Ang Il binding to the liver AT, Rs in male
and female rats (Figure 5).

A two-way ANOVA (SD Ang Il vs. SI Ang Il and male vs. female)
compared the differences observed between competing ligands SD
Ang Il and SI Ang Il. SD Ang Il was 15.5 times less potent than SI
Ang Il (p <.0001; Figure 6). There was smaller, males 1.66 times less
potent than females, significant difference (p =.026). There was also
a significant interaction of ligand and sex (p = .037, Figure 6).

As shown in Figure 7, unpaired t-tests comparing B, and Ky
values in male and female livers demonstrated a significantly greater
concentration of AT,Rs in female livers (p <.0001). There was no sig-
nificant difference in K values between sexes (p = .442).

4 | DISCUSSION

The AT,R binding affinity of the novel biased agonist TRV027 (SD
Ang 1) was substantially less than the more commonly used puta-
tive AT,R biased agonist SI Ang Il. When radioiodinated, for use in
a radioligand receptor binding assay, 2°1-SD Ang Il bound to fewer
AT Rs than 1259 Ang Il, again with a substantially lower binding
affinity (Figures 5 and 6). While SD Ang Il was developed to bind
to AT,Rs with higher affinity than the first AT,R biased agonist;
Sarcosinel, Isoleucine®, Isoleucine® Ang 11 (SII Ang Il), it still has con-
siderably lower affinity for AT,Rs compared to SI Ang Il. This lower
affinity might explain TRV027's failure to show therapeutic efficacy
in Trevena's 2016 phase IIb clinical trial.t?
1251.5D Ang Il compared to *2°I-SI Ang Il may indicate that the AT,R
exists in multiple conformations in the absence of ligand binding that

The lower B value for



