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Fig. 4. Arrestin3 recruitment and receptor internalization in living HEK293 cells. (A) Simulation of WT Y,R (depicted in yellow) leads to the recruitment
of cytosolic arrestin3-mCherry (red) to the cell membrane for at least 30 minutes. Recruitment appeared more transient for W548Y, and weaker for
WE4SH/T. Fluorescence intensity profiles along the gray lines in the merged pictures demonstrate the relocation of arrestin and colocalization with the
receptor at the membrane. (B) After NPY stimulation, YosR-eYFP (depicted in yellow) and the W548Y mutant were rapidly internalized, which was
reduced for W8*8H/T mutants. Live cell fluorescence microscopy shows transiently transfected HEK293 cells (scale bar, 10 um); nuclei were stained with
Hoechst 33342 and are depicted in blue. (C) Quantification of residual surface receptors after 60 minutes of agonist stimulation. All stimulated samples
had significantly fewer receptors at the cell membrane compared with the control cells without stimulation. Compared with the WT receptor, W-4H/T
internalized significantly weaker. Data were analyzed by two-way analysis of variance and Bonferroni’s post-test: *P < 0.05; ***P < 0.001. ns, not

significant; unstim., unstimulated.

maximal ligand-induced netBRET (0.04 vs. 0.05), indicating a
different initial conformation of the chimeric G protein, which
becomes aligned during G protein activation (Table 3). In
addition, ligand stimulation went along with improved BRETj5,
between YR and Gapggiamyr (Table 3), corroborating differences
in the interaction. Ligand-induced Gaagqiamyr activation was
significantly affected by the mutation of W8, The netBRET in
response to 1 uM NPY was reduced for all variants, whereas
the amount of preassembly remained comparable (Fig. 5C). This
can be followed in more detail in ligand concentration-response
curves recorded at saturating F/L ratio (Fig. 5D), which were
right shifted in the order W*®Y < T < H. As judged from the
ECso values, Gapggiamyr 1S about 10-fold less efficiently acti-
vated than Ga;; by WT Y,R and the native ligand NPY.
Accordingly, W58 mutants shifted even further and were only
fully activated at 10 uM NPY, with the exception of W54H,
where saturation could not be reached even at this very high
concentration.

Next, we probed arrestin3 recruitment by BRET. As
expected from the microscopy data, arrestin3 was recruited
to the receptor only in the presence of ligand (1 uM), and no
basal interaction was observed (Fig. 6A; Table 4). The re-
cruitment was slow and reached a stable plateau 10 minutes
after stimulation with NPY for the WT, W&48H, and W548T
Y5R. Interestingly, the W®*8Y variant displayed more tran-
sient kinetics with a maximum signal after 5 minutes which

quickly declined again (Fig. 6C). At their respective signal
maxima after 10 and 5 minutes of stimulation, respectively,
the W58 mutants displayed significantly impaired arrestin3
recruitment with more than 50% decreased netBRET after
NPY stimulation, with the W®*®H variant again being most
deleterious. Notably, the BRET ratio (and thus possible
maximum netBRET) is independent of the receptor expres-
sion level as long as measurements are performed at a
saturating F/L ratio (Terrillon et al., 2003; Borroto-Escuela
et al.,, 2013), which was assured (F/L > 0.012; i.e., =3
BRETSj, for any construct). Accordingly, netBRET reductions
indicate that the active state cannot be fully populated. This
was also reflected in ligand concentration-response curves
recorded at saturating F/L ratios (Fig. 6B). All W%*8 mutants
displayed a reduced E,,../netBRET value, but differed in their
ECj5 values. Although W58Y displayed an ECs, identical
to those of WT YoR (WT, 76 nM; W°*8Y, 84 nM), Wo5T
(ECs50, 368 nM), and W548H (ECj5o, 970 nM) required signif-
icantly higher ligand concentrations for maximal arrestin3
recruitment.

Designed Ligands Can Restore Arrestin3 Recruit-
ment. We speculated that the impaired signal transduction
of the W848 variants is likely caused by a sterical component
(i.e., the large tryptophan side chain might contribute to the
opening of the intracellular effector binding site). Thus, we
aimed to compensate the effects of W5*® mutation by using
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Fig. 5. YoR-G protein coupling studied by BRET. Saturation BRET experiments of YoR-Rluc8 against gradients of Ga;;-Venus (A) and chimeric
Gaaggiamyr-Venus (C). For both types of G, there was significant and saturable BRET in the absence of ligand (open symbols) that was increased upon
stimulation with 1 uM NPY (closed symbols), indicative of a preassembled complex that changes its conformation upon activation (see text for details).
This mechanism was preserved for W8 mutants (bar graph). (B and D) Ligand-dependent netBRET increase (recorded at saturating F/L ratio) was right
shifted for W*® mutants, but E,,., was not reduced (except for W¢*8H, where saturation could not be reached up to 10 uM NPY). (E) Saturation BRET
experiment for WT Y,R and the control construct Ga agqmyr-Venus lacking the C-terminal amino acids of Ga;; (compare with G). Basal BRET was strongly
reduced, and no changes in the BRET signal were seen upon agonist stimulation. (F) All Venus-tagged G proteins were localized comparably in the
plasma membrane. (G) N- and C-terminal sequences of the Ga proteins used and sites for post-translational modification. Data points represent the mean
+ S.E.M. of at least three independent experiments performed in quadruplicate. Numerical data and statistical evaluation can be found in Table 3. term.,
terminal.

NPY ligands with modifications at position 36. To this end, we
synthesized Nal®®-NPY peptide analogs, which have previ-
ously been described to remain active in a G; second-
messenger readout at WT YoR (Albertsen et al., 2013). Two
different configurations are possible: 1Nal resembles the
indole ring conjunction of tryptophan (ortho-meta-substitution
at the phenyl ring); whereas 2Nal is extended at the meta-para
position (Fig. 7). We tested both peptides for receptor

binding, activation of Gaj;, and chimeric Gaggiamyr, and
probed arrestin3 recruitment.

Despite its size, 2Nal®’-NPY is accepted very well in the
binding pocket and displayed only a very mild decrease in
affinity at the WT Y,R and all W%4® variants (Table 5),
underlining the notion of a long binding pocket between
TM2 and TM7 (Kaiser et al., 2015). Interestingly, the wider
conformation of 1Nal®*6-NPY distinguished between the W58

T202Z ‘Sz Afenuer uo sfeudnor | 34SY e 6o sfeu.no iedse w.reydjow wouy pspeojumod


http://molpharm.aspetjournals.org/

al.
Kaiser et
396

ity to thi
ing affini i,lM)éLS(;‘I
ing o we )
he bindin ity to nAD.
ct t o1 ini 0.6 ith
ffe nM’ affGAsT, SW.
ot a 2.6 sed iant i at
id n Y increa ;W arl ain .
e ly inc 4 nM’theY e ch an, it
aISG_NT YZRﬁCangASH’ 0-'1ar for e sid tOph sub-
o 11\é . Wd signi LW Ssim}llreong;,rf tl"y};lthyl ight
tan (ICs we (ICs0: et he e 126
mu Y,R t sho ts nity a t he tio Na .
~an. ffi sm t for ft uta 1 ti-
WT48Y, bu vari ina nd ent | s o m the op
6. _48T ase ine a res tion 48H/T hat ed . g
w weé . cree idin t p rac 6. t is plac indin
isin sti no inte W ch S D bin
and § ththiC hllld od by Wézther(’)cket Srl;art’tﬁe wT al-
i m a te .
g aro 6.48 use: 6.48. lng p oun over dslgnlly
5 Sosition osition 6 bind I ¢ ity " minie
18, si no iti e Na ffin ffe nims a-
g :§§ 2 po 1ikeli’ to posist til the 2 ased a Y also ihe md actﬂ;ll
2 2 i & |2 % b T 1Stituen t or i)vlvlt non incre 135.NP s to induceR an’iion
B & ® =2 ?mgc S tric t, a a ou Y- Y, iva
_;é : % 5%3 S constjtuencreates and 2Nana101%6_N1;h o W’fle aCt(l;ig' 7d’
E EE 9§8§ subs and 6.NPY uch 2Naf2 in for t tin3 Y di
@E s §s g e mallyt Na13 -\]ery nzy the tor o holds arreslgfi_NP iant’
= = . )
‘é"§ 9 E %3"13 In iffer indin ifte imila itm wi W d the
229 = adale | i n i m ruitn n e an S
?‘ﬁﬁ % . Z 5|33 ! 2 ingr jased bwaS Sllllich S;nd Iji‘iula;l(;nd '5\71;76.48?0111}, V\;{;‘O t};lle
=3 kn) — =) i1 W 1
et HE sdse omof ratante, ot WY, e, aye, b“t-?—lca“ﬂ)y:
3 3 I EEEE iy - Gea contrf the aling trikln%hway sign ol (036
zg.sg £ Ssg W imer In, o ign tstr pa be rvG.O-
;.SE gg @ IS him W). llng re s Mos ein 1d inte 13 : 1
gwm: — _ of ¢ row) na sto 1s. rot cou e 1 Na arly
g § % E 5 z a8 £ bottorfrflect Ei to i’;T le‘éefor Giﬁmentnﬁdéélg 48H',Il‘his (;Eir%%
%mg 2 CI’S%C.’ ot a b ook o 3 recr "0 ) - Tl e 1Nal
22 A a%clwo n as ck esc re 5% 28), ow is 1Na
£~3 g & ] 9: tw ba T in3 9 —0. T er e S
518 : 2 §§§ 5 b;riantlspoten;};res];};l anCdI 0'23midd1€;ky 1§Vand t}éogenou
By g L v ity f R 7, bu the en
_%:s.-ﬁ 22 ni 0 B 5% . d eYsy he
5358 IS affin et © Fig. lace t th t
: 5 i; gggg efﬁclisedpﬁ[(: 0.205.39)] éctly Zstinst?on from
it 5|53 23 W 0:83-0. corn o restn ]
2 |zaes 4 ol thatuitme::ver . d a con-
BEEx ; SVQF 9 in cr e te C
= ke ; 2 25 g5 Elndeflfriléient (r:;n talk ion suggese of GP any
m 8k 3 g 5 S _ t S e or' m
3:%% = OAAQ et en . S av ec In al.,
E z i3 E 835 = f?lbstltu Discu tures hmbraln 2013)&11 ot the
g oS & £ = 3 Z ) S 648, ic struc nsme eta .i{rishnulate r0-
tEE ;2338 w bic struct Tonkate. od hyd
tEi JEH- fcenitin the krish?venkacﬂy oot iy
B8 &y a "‘ d . .48 o e € )
2 23 g . 22 oj Sta, wit. kata 6.4 dir clus i and 14
: %3 <) - E22 ral Cryrevlcih (Veﬁ,es W ntacts of a eupl aal" 2Ota1S
F s & 4 g§§ 8 Seve ding Fn dep invo and conslstz 48) (]:})lan et Cocrysol?);
R 3= naing 1 0 i 0. . e i 2
18> 3;33 on bi L inder ol e and S b 2015
Ly ; iggs ofup to this g that lig: o and o e vkt e
%{E‘ i) = que ofu ces, stin ~tch? 51, 6. t al" artly an . mig a 24
EA‘EE‘” B Oegi’r instan, g8e swi 0,5. ne o p ishn this 1 of the
EP‘ m s & :’;% 3 S m ) Sl:l ion 3.4 ’. hna_ als akr h de to
3 a 2 s <L 33 = 13 ’ SSI ( T1S 1S kat oug: mo d 'ng
o g2 S38 20 smi idues tak ite en 1th da oun indin
Eeﬁ n ° I3 <<tran. resi nka ing s vV 5), a nte3—36) b bi d in
< %"_‘T 9] ﬁacn N C ; Ve indin, ds 01 ese 1 deep te
238 2 =2 & bi 1 n igan 2 T Y S e
-y S S ho 011; bi lig T, ep P da.tere th
EEEE & 33 1 p 2 ep ide me w (N ye in of
g £ omw ss, de ti am tly’-nt ispla; re ion
£d g g 5 é%g = fu h a pep issh ecen aria disp were atio .
E g3 = 5 & 33 e Suc lving d Gri ri. R PY Yh also d we activ ecto
Rt 3 H Vv““‘_ invo an 10 N 1c 48 an nd feff- ies
17 5a08 Ervummcted afincat%%% Zlhwe-nhing ’ modelfafﬁ“‘frld
- z 5 2 3 ia@ﬁ e expe cid tl“t al., zdoWn tes bi lowing equal (R) xXes
2 . +F EEE puls siser ches down | R G bfﬂlsaomlf’leseS
m'EEffs Qoww am Ka ea m t di the d c au
?288% ‘Ngs : R ( atr-due sen R in bled ¢ by
’“:’*—”ﬂbﬂ 2 L\‘:"?o g Yo th S1 re eYs T 1 mbl ding ied .
g o £EE 2 & 889; g ode is re wep8)~ th trime asse bin ani 14;
5 - —_ ~ o ’ ° P 20
EE L £z = 2098 : mw th data Fig. tero s pre and ccom al,, he
S 22 e b 2232 5 ho tor. our R ( )-he rm Lig e a et of t
3,2&”"5 g 33 ~ @ ep n Y, P fo . as er ion T
1) egss 3 “Based o the G(GD and ligand. re(ﬂilexagiﬁvat;‘;ly aftr
=t 0 12} = 3 aa u 1 i ’ o an
pE 284 353 Z i coulﬁ;n}gnacl‘;:e <If,senci alyzescomplg’,;g and s oy
dH: 5 SR g e s o and o f the bin rast, oc
U%EE“ & 5.29“ S to-ate. th an to TP. con cep
¥ £ 8 (| S3 o 1v in e ent G n ac
e o 58 g §§ g 3 N aCteady relocatangem abllngment"th the
1
> o 52 s3S3 g alrea to earr 3), en. cruit nt w
é : 3 E :é ES ; ﬁg <S we cturilé‘l-’ zoistins ;Zreeme
g, s ) g_3 > tru e in
HHE Hamm vation,
EREE I 4EEE s s pathwactlva
= 3 &5 b5 =HES] ce EX G; T
S8 .l
s é é = § ﬂiw?‘"«’.& g &
5 TE8 ) %? 3 mB
= 2 B =33
[aa] Ay z o
® .2 S
2385
B

olq|
O UM
pope!
woJ}

ow

yd|

‘we

fiedse

of

Biosfeuin
e

SV

13d

nor

eus

uos

uer

fen

igz

c

120


http://molpharm.aspetjournals.org/

Effector Coupling of Y, Receptor and W®“® Toggle Mutations 397
A Saturation BRET netBRET arrestin3 B . _
WT-Y,R -- arrestin3 1 M NPY, 10 min Arrestin3 - ligand dependent
0.6 0.5- 0.6
-A- unstimulated =+ WT YR
0.51 - +1 uM NPY I 054 -~ W6.48Y
Ll - W6.48H
3 0.41 041 . wea4sT
- [
o w 0.3 w
m 0.31 I x 0.31
- o m
8 - -
2 0.2 2 0.2 £ 0.2
0.17 0.1
0.1
0.0 PAMA-Beom g mmmss H-a-AA 0.0
0000 0004 0008 0012 0.016 g 41 10 o 8 3 € 5 4
¢ & & ¢
FIL A% 6?' 6!" 6?‘ log (c NPY /M)
& & ¢S
C Arrestin3 association kinetics
W6.48Y W6.48H
0.74 0.4- : 0.4+ :
0.6
0.3 0.3
- 059 [ [ ~
w w w w
. 0.4 4 e o
] o 024 % @ 0.24 m
@ 0.3 @ - b -
e A c 2 c c -
0.214 014 0.1 0.1
01-; + 1 pM NPY : X 4+ 1 PM NPY ) s 1uM NPY ’ & 10 uM NPY
: & 10 uM NPY a 10 uM NPY a 10 pM NPY s 1M NPY
5 0 5 10 15 20 25 5 0 5 10 15 20 25 5 O 5 10 15 20 25 5 0 5 10 15 20 25
t/ min t/min t/ min t/ min

Fig. 6. YoR-arrestin3 coupling studied by BRET. (A) Saturation BRET experiments of Rluc8-arrestin3 against a gradient of YoR-eYFP clearly show that
interaction was triggered only by agonist stimulation and was significantly reduced for W¢*® mutants. (B) Concentration-response curves (recorded at
saturating F/L ratio) were right shifted for W8T and W®*8H. (C) Reduced arrestin3 recruitment of W48 mutants was not caused by slowed kinetics of
arrestin3d interaction. Data points represent the mean = S.E.M. of at least three independent experiments performed in quadruplicate. Numerical data

and statistical evaluation can be found in Table 4.

is critically dependent on the opening of the intracellular crevice
by the bulky side chain of W58, Mutation of this amino acid
weakens the allosteric coupling between the ligand and effector
binding sites, which attenuates arrestin recruitment. Preassem-
bly of G; to the receptor, however, is very robust and is not
affected by such mutations, implying that the intracellular
crevice is still wide enough to accommodate the C-terminal
ab-helix of Ga;. We suggest that this preassembly and “readiness”
of the G protein ensures full activation of the pathway (F ..
despite the weakened allosteric coupling in W8 mutants. In this
case, the lack of stabilization of the active state requires more
frequent ligand-binding events (higher receptor occupancy) to
catalyze GDP release, which is reflected in apparently reduced
ligand potencies to G;.

Binding Characteristics of the Y,R. Notably, W54®
functioned as an allosteric connector for receptor activation,
but did not significantly contribute to ligand affinity. In-
vestigation of the binding properties of WT and mutant YR
moreover revealed two affinity states. Ligand binding to the
activated R*-G protein complex (nucleotide free) displayed a
very high affinity with picomolar dissociation constant, and
was confirmed by the sensitivity to GTPyS treatment (Fig.
2C). Ligand binding to the receptor alone or with preassem-
bled G protein (GDP bound), however, displayed a moderate
affinity of about 1 nM and represents the relevant state for
ligand-induced activation of the receptor in the biologic

context. The recognition of two affinity sites might also bring
together apparently contradictory findings on YsR Kp, values
in the past using *H-radioligands (0.5-0.7 nM) (Héfliger et al.,
2003; Ziemek et al., 2006), and the more sensitive 12°I-
radionuclides (Kp around 20 pM) (Salaneck et al., 2000; Xu
et al., 2013), respectively, and rationalize the discrepancies
reported between Kp and K; values in homologous displace-
ment experiments (Xu et al., 2013), very much analogous to
our results.

Intriguingly, the strong positive cooperativity of ligand
binding and G protein activation for the YsR also leads to
some deviation from the proposed allosteric mechanism link-
ing ligand-binding and effector-binding pockets (Freissmuth
et al., 1991; DeVree et al., 2016). For the 82AR and selected
other GPCRs, bound G protein or nanobody reduces the total
ligand binding to the complex by the occlusion of the binding
pocket. Conversely, uncoupling of the complex by the addition
of GTPvyS increases k., values at these receptors, which allows
for a greater maximal ligand binding (Freissmuth et al., 1991;
DeVree et al., 2016). For the YR, however, we (Fig. 2C) and
others (Freitag et al., 1995) observed strongly decreased
total agonist binding in the uncoupled state (+GTPyS).
We attribute this to insufficient ligand affinity in the absence
of G protein. However, we found a slowed k¢ value of the
radioligand from the YoR-G protein complex that was similar
to other GPCRs (DeVree et al., 2016), supporting the concept
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TABLE 4

Saturation BRET of YoR-eYFP with Rluc8-arrestin3 and kinetic parameters of recruitment

BRET of WT and mutant receptors were analyzed against an arrestin3 gradient (columns 1 and 2). Detectable BRET only
occurred upon NPY stimulation, and maximal arrestin3 recruitment was significantly reduced for the W®*® variants.
Kinetic profiles of recruitment (columns 3 and 4) recorded at saturating F/L ratios specify that this was not due to slowed
complex formation. All values are given as the mean (95% CI) corrected for multiple comparisons. Statistical significance

of netBRET changes relative to the WT YR was assessed by one-way analysis of variance and Dunnett’s post-test.

Arrestin3-Rluc Recruitment, 1 uM NPY 10 uM NPY
BRET;, netBRET Kope/min~? Kope/min~*
WT YoR 0.0011 (0.0005-0.0017) 0.429 (0.384-0.474) 0.286 (0.210-0.362) 0.292 (0.234-0.351)
WE48Y  0.0020 (0-0.0045) 0.241 (0.137-0.345)*** 0.618 (0.391-0.845) 0.518 (0.232-0.805)
WESH  0.0044 (0.0004—0.0084) 0.176 (0.100-0.251)*** 0.357 (0.233—0.480) 0.323 (0.219-0.427)
WE48T  0.0022 (0.007-0.0037)  0.222 (0.161-0.283)*** 0.452 (0.258-0.645) 0.391 (0.271-0.511)
#xP < 0.001.

of a stabilized agonist-binding pocket in the GPCR-effector
complex.

Steric and Polar Requirements at Position 6.48 for
Activation of the Y,R. By analyzing different W% mu-
tants and complementary ligands, we were able to gain more
insight into the molecular mechanism of activation. The role of
W58 for the communication of ligand binding contains a steric
component as the effects of smaller amino acids at this

position (W848T/W5-48H) could largely be compensated for by
ligands carrying a bulky 1Nal substituent at the C-terminal
ligand position. The specificity of this effect was underlined by
the lack of a similar rescuing effect for a 2Nal substituent. Of
note, stimulation with 1Nal®®-NPY not only restored the
ligand potency for the activation of G; and chimeric
Gaggiamyr, but also increased the maximal netBRET of
arrestin3 recruitment almost back to the WT level for the
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Fig. 7. Effects of modifications at position 36 of NPY on the activation/recruitment of Ga;; (left), Gasggiamyr (middle), and arrestin3 (right). Ligand
structures are given on the left. Activation was measured by ligand-dependent BRET at a saturating F/L ratio, and the curve of WT Y,R/NPY for the
respective pathway is indicated as a dotted line for comparison. Stimulation with 1Nal®¢-NPY, but not 2Nal**-NPY, largely compensated for signaling
deficits of W5 mutants and was able to increase maximum arrestin3 recruitment. Data points represent the mean + S.E.M. of at least three
independent experiments performed in quadruplicate. Numerical data and statistical evaluation can be found in Table 5.
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TABLE 5

Effects of modifications at position 36 of NPY on the binding affinity and activation of different pathways

-dependent increase of the BRET ratio for the respective effector (Ga;1, Gaagqiamyr, arrestind) at
mutants, and was able to increase maximum arrestin3d recruitment. Both results from the classic

sigmoidal (logistic) fit and the transduction coefficient from the operational model of agonism are given, with the Hill slope set to unity for all analyses. Values are given as the mean (95% CI) corrected for multiple comparisons.

Significance levels of logICs, and log(7/Ky), respectively, were evaluated by two-way analysis of variance and Bonferroni’s post-test for each mutant relative to the WT YsR treated with the same peptide.

Binding affinities were determined in displacement binding experiments (compare with Table 1). Activation was measured by ligand.
saturating F/L ratio. Stimulation with 1Nal*®-NPY, but not 2Nal®¢-NPY, largely compensated for the signaling deficits of W54®

Ligand-Dependent BRET

Displacement
Binding (60 pM *°I-PYY)

Arrestin3

GaAqu4myT

Gajy

x-fold

x-fold

x-fold
over

WT/NPY

x-fold
over

WT/NPY
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WT/NPY

logICso

log (+/Ka)

% WT

netBRET
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WT/NPY

1ogECso

log (+/K.x)

logECso

log (+/Kx)

logECso

7.15 (7.08-7.21)
6.80 (6.69—-6.91)*
5.72 (5.59-5.84)***
6.13 (6.02-6.25)***
7.02 (6.90-7.13)
7.10 (6.89-7.31)ns
6.85 (6.70-7.00)ns
7.06 (6.92-7.20)ns
6.90 (6.75-7.05)
6.67 (6.44-6.90)ns
5.78 (5.39-6.17)***
5.73 (4.66—6.79)***

(100)
55
49
51
90
51
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76
80
51
33
12

0.51 (0.48-0.53)
0.28 (0.25-0.30)
0.25 (0.23-0.28)
0.26 (0.24-0.27)
0.46 (0.42-0.50)
0.26 (0.24-0.28)
0.36 (0.33-0.39)
0.39 (0.37-0.40)
0.41 (0.38-0.44)
0.26 (0.24-0.28)
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5
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6.24 (5.71-6.78)**
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4
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—7.16 (7.81-6.51)

(€]

1
1
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1
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0.2

NN ™™

—8.59 (8.74-8.44)
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—8.37 (8.50-8.25)*
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—8.58 (8.84-8.32)ns
—9.45 (9.61-9.29)***
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—8.10 (8.39-7.82)
—8.28 (8.52-8.04)ns
—8.14 (8.41-7.87)ns
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WT Y.R
W5.48Y
WGASH
W6.48T

1Nal**-NPY
WT YR
WGASY
W6'48H
WGABT

2Nal**-NPY
WT Y,R
W6.48Y
WGASH
W6'48T

NPY
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“Curves do not reach saturation.

#P < 0.05; #*P < 0.01; **P < 0.001; ns, not significant.
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WS48H and W%48T variants (Fig. 7; Table 5). This implies
reinforcement of the allosteric connection, which restores
the conformational coupling between the receptor and the
ab-helix of G;, and leads to a wider opening of the intracellular
crevice, thus regaining the ability to bind the arrestin finger-
loop (referred to as “core conformation”) (Shukla et al., 2014).

Our data also provide support for contributions of a specific
polar interaction network involved in the regulation of YoR
activation as suggested for other receptors (Valentin-Hansen
et al., 2015; Yuan et al., 2015): 1) nonpolar amino acids were
not accepted and led to misfolded receptors that were retained
in the endoplasmic reticulum, and, thus, hydrogen-bonding
capacities seem to be highly conserved and vital for YsR
function; and 2) mutation of W%*® to the relatively large,
aromatic histidine was more deleterious compared with the
small threonine. Most likely, these alterations arise from
altered hydrogen bonding in the core of the receptor due to a
different positioning of the hydrogen bond donor (NH/OH)
compared with the original indole side chain of tryptophan.

Y2:R Displays a Strong Inherent Bias for G; over
Arrestin3, Which Is Maintained in W% Mutants. The
preassembly of G; to the YoR appeared very robust even after
mutagenesis of W88 and is an important hallmark of Y,R-
effector interactions. Interestingly, similar data have been
obtained by in vitro (Alves et al., 2003, 2005) as well as in
BRET studies (Galés et al., 2006; Audet et al., 2008) of other
G;-coupled GPCRs, suggesting that this will emerge as a more
common mechanism at least for this class of G proteins that
might be facilitated by the slim shape of the Ga; C terminus
(Rose et al., 2014). To evaluate whether preassembly is also
reflected in signaling balance, we quantitatively compared the
responses of WT and mutant receptors to different pathways.
The WT receptor inherently activated G; about 1.24 orders of
magnitude more efficiently than it recruited arrestin [log(7/
Ky) for G; = 8.39; arrestin3 = 7.15] (Table 5). Interestingly,
activation of the chimeric Gi, was also significantly less
efficient [log(7/K,) for G;iq = 7.33] compared with the native
G;, underlining the differences in the receptor interaction. Of
note, preassembly did not per se reduce requirements for G;
(or Gjq) activation: comparison of transduction coefficients
Alog(7/K,) between WT and mutant for a given pathway
demonstrates that mutagenesis of W848 generally resulted
in a similar loss of function for G; versus arrestin3 interaction
(Table 5), i.e., mutation of W848 did not induce signaling bias.

Thus, in general terms, W58 controlled the activation of
downstream effectors in a similar manner and did not
contribute significantly to the preference for G; activation
over arrestin3 recruitment. Similarly, introduction of steri-
cally demanding side chains at the C-terminal residue of the
peptide did not shift signaling of WT YsR to the benefit of
arrestin3. Thus, alternative positions should be considered if
aiming at the design of arrestin3-preferring ligands at this
receptor. Given the highly robust interaction of the YoR with
inhibitory G proteins and the similar requirements for
activation/recruitment; however, the design of such ligands
might prove difficult.

Conclusions. The present study demonstrates that W58
functions as an allosteric connector between the ligand-
binding pocket and effector activation at the neuropeptide
Y, receptor. In agreement with our model of NPY-bound Y,R
(Kaiser et al., 2015), we confirmed that the C terminus of the
peptide reaches deeply into the transmembrane core of the
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WE-48 mutation: functionality

decreased efficacy of the ligand can be
to induce and stabilize domain restored by
opening bulky ligands

<

S
—_—

reorientation
of Wﬁ 48

! G protei,

domain opening required for G
protein activation and
binding of arrestin

also in basall/inactive state
wide enough to pre-couple
G(i) proteins

Fig. 8. Suggested mechanism of effector coupling to the YoR. Inhibitory G
proteins have a high affinity to the receptor, even in the basal state, and
are preassembled. Ligand binding and activation of the receptor relocate
W68 and stabilize conformations with an opened intracellular crevice,
which enables G protein activation and recruitment of arrestin. Mutation
of W58 to smaller amino acids interferes with this function as a bulky
lever, but also alternative hydrogen bonding in the core of the receptor
stabilizes inactive conformations.

receptor, and modulates the conformation of W88, In contrast
to previous studies at other GPCRs (Holst et al., 2010; Krumm
et al., 2015; Valentin-Hansen et al., 2015), mutagenesis of
W58 did not result in a complete loss of signaling. We suggest
that a combination of deep binding mode and G; preassembly
rescues the full activation of the G; pathway at high ligand
concentrations. In contrast, arrestin3 recruitment requires
opening of the intracellular crevice to a greater extent, and
mutation of W848 goes along with reduced receptor-arrestin
complex formation.
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