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A conserved amino acid within a protein family indicates a significance of the residue. In the centre of transmembrane helix
(TM)-5, position V:13/5.47, an aromatic amino acid is conserved among class A 7TM receptors. However, in 37% of
chemokine receptors — a subgroup of 7TM receptors — it is a leucine indicating an altered function. Here, we describe the

significance of this position and its possible interaction with TM-3 for CCR5 activity.

EXPERIMENTAL APPROACH

The effects of [L203F]-CCR5 in TM-5 (position V:13/5.47), [I116A]-CCR5 in TM-3 (lll:16/3.40) and [L203F;G286F]-CCR5
(V:13/5.47;VII:09/7.42) were determined in G-protein- and B-arrestin-coupled signalling. Computational modelling monitored

changes in amino acid conformation.

KEY RESULTS

[L203F]-CCRS5 increased the basal level of G-protein coupling (20-70% of Ena.x) and B-arrestin recruitment (50% of Emax)

with a threefold increase in agonist potency. In silico, [I116A]-CCR5 switched x1-angle in [L203F]-CCR5. Furthermore,
[1116A]-CCR5 was constitutively active to a similar degree as [L203F]-CCR5. Tyr?** in TM-6 (VI1:09/6.44) moved towards TM-5
in silico, consistent with its previously shown function for CCR5 activation. On [L203F;G286F]-CCR5 the antagonist aplaviroc

was converted to a superagonist.

CONCLUSIONS AND IMPLICATIONS

The results imply that an aromatic amino acid in the centre of TM-5 controls the level of receptor activity. Furthermore, lle''¢
acts as a gate for the movement of Tyr?** towards TM-5 in the active state, a mechanism proposed previously for the
,-adrenoceptor. The results provide an understanding of chemokine receptor function and thereby information for the

development of biased and non-biased antagonists and inverse agonists.

Abbreviations

7TM, seven-transmembrane domain; CAM, constitutively activating mutation; HBS, HEPES-buffered saline; TM,

transmembrane domain
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Introduction

The superfamily of seven-transmembrane domain (7TM)
receptors (Alexander etal.,, 2013) is conserved in diverse
organisms such as mammals, yeast and viruses. The 7TM
receptors regulate a variety of physiological mechanisms
including sensory control, hormone production, cardiovas-
cular balance and the immune system. The latter is highly
dependent on signalling mediated by chemokine binding — a
system responsible for leukocyte migration to sites of inflam-
mation and during homeostasis. Malfunction of this system
can result in autoimmune diseases as well as angiogenesis,
cancer progression and metastasis (Viola and Luster, 2008).
Furthermore, viruses have developed mechanisms to exploit
the chemokine system. For example, HIV uses the chemokine
receptors CCRS and CXCR4 as co-receptors for cell entry
(Deng et al., 1996; Feng et al., 1996), whereas several herpes
viruses have acquired ligands for various human chemokine
receptors (Kledal et al., 1997; Liittichau et al., 2007). An essen-
tial component of the viral 7TM signalling and link to pathol-
ogy is the ligand-independent activity. For instance, it has
been suspected that the high constitutive activity, rapid recy-
cling and chemokine-binding promiscuity of US28 (a human
cytomegalovirus-encoded chemokine receptor) enables it to
scavenge chemokines and thereby limit the inflammatory
immune response (Bodaghi etal., 1998) in addition to its
tumourigenic properties (Maussang et al., 2006).

Most human 7TM receptors are constrained towards inac-
tivation with almost no constitutive activity and with the
majority of small organic, drug-like ligands acting as antago-
nists (Schwartz et al., 2006). However, despite this inactive
property, it has been shown that single amino acid substitu-
tions may increase the basal receptor activity, for example,
mutation of Glu''® [II1:04/3.28, retinal Schiff base counter-ion
in dark state rhodopsin (the generic numbering system pro-
posed by Baldwin (Baldwin, 1993) and modified by Schwartz
(Schwartz, 1994) followed by the Ballesteros/Weinstein num-
bering system (Ballesteros and Weinstein, 1995) are used in
this paper)] or Lys**® (VII:10/7.43, retinal attachment site) in
opsin (Robinson et al., 1992) and Asp™°® (111:25/3.49, part of
the ionic lock) in the f,-adrenoceptor (Rasmussen etal.,
1999). It is conceivable that shifting the equilibrium between
the inactive and active conformations in this way also will
make the receptor ‘agonist-prone’, that is, more susceptible to
ligand-induced activation. Indeed, some constitutively acti-
vating mutations (CAMs) cause a ligand ‘gain-of-function’,
for example, antagonists/inverse agonists are converted into
agonists or the potency of a given agonist enhances concomi-
tantly with the degree of constitutive activity as seen in the
dopamine D, receptor and the bradykinin B, receptor (Cho
et al., 1996; Marie et al., 1999). The importance of naturally
occurring CAMs has been illustrated in various pathologies,
for example, in rhodopsin causing retinitis pigmentosa
(Robinson et al., 1992) and in the thyrotropin receptor result-
ing in hyperthyroidism (Parma et al., 1993).

We have previously shown that a steric hindrance muta-
tion in the centre of TM-7 of CCRS [i.e. [G286F]-CCRS
(VII:09/7.42)] induced an efficacy switch conversion of an
antagonist to an agonist and an increase in the basal level
of activation through G; (Steen etal., 2013). In contrast,
the same amino acid substitution completely eliminated
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B-arrestin recruitment and thus induced functional selectivity
or biased signalling. In line with our results, it has been shown
that TM-7 is involved in B-arrestin binding as evident from
the crystal structure of the p;-adrenoceptor, where the
B-arrestin-biased agonists carvedilol and bucindolol inter-
acted with additional residues in TM-7 compared with unbi-
ased ligands (Warne et al., 2012). In addition, two papers
simultaneously reported that B-arrestin-biased ligands of the
B.-adrenoceptor and the arginine-vasopressin receptor type
2 provoked changes primarily in TM-7 (and not TM-6
as G-protein agonists did) measured in [“F]-NMR and
a fluorescence-based assay respectively (Liu efal., 2012;
Rahmeh et al., 2012). Biased ligands have great potential as
drug candidates since they theoretically can minimize
unwanted effects caused by activation of non-specific signal-
ling pathways. For example, a ligand for the nicotinic
GPR109A receptor (MK-0354) mediates beneficial anti-
lipolytic effects through G; but does not affect the B-arrestin
pathway and thus does not cause the unwanted side effect of
flushing that unbiased GPR109A agonists do (Richman et al.,
2007; Semple et al., 2008).

We show here that an aromatic amino acid in position
V:13/5.47 controls the level of basal activity in both CCRS
([L203F-CCRS]) and the viral highly constitutive active
counterpart US28 ([F197A]-US28). In silico analyses of CCRS
receptors show a rotamer change of Ile'® (II1:16/3.40), and
a slight movement of Tyr** (V1:09/6.44) towards [L203F]-
CCRS, which could explain the constitutive activity. An
overview of the relevant positions for this paper is given
in Figure 1A.

Methods

Materials

Human CCL3 and CCLS were purchased from Peprotech.
Human CCRS5 cDNA was cloned from a spleen-derived cDNA
library. TAK-779 and aplaviroc were kindly provided by Gary
Bridger (AnorMED, Langley, Canada). ['**I]-CCL3 was pur-
chased from PerkinElmer (Boston, MA, USA). The chimeric
G-protein Gouegismyr [Gqismyr, cOnverts Gi-related signalling into
a G, readout (Kostenis et al., 1998)] was kindly provided by
Evi Kostenis (University of Bonn, Germany).

Molecular biology

FLAG-tagged receptor cDNA was cloned into expression
vectors pcDNA3.1(+) (Invitrogen, Carlsbad, CA, USA; PI
turnover, cAMP, [*S]-GTPyS binding, and competition
binding) or pCMV-ProLink™1 (DiscoveRx, Birmingham, UK;
B-arrestin recruitment). Mutations were constructed using
QuikChange™ Site-directed Mutagenesis kit (Stratagene, La
Jolla, CA, USA) according to the manufacturer’s instructions.
All mutations were verified by DNA sequence analysis.

Transfections and tissue culture

COS-7 cells were grown at 10% CO, and 37°C in DMEM 1885
supplemented with 10% FBS, 2 mM glutamine, 180 U-mL™
penicillin and 45 ug-mL™" streptomycin. PathHunter U20S
B-arrestin 2 cell line (DiscoveRx) were grown at 5% CO, and
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Ligand-independent activation of CCR5 WT and [L203F]-CCR5. Helical wheel diagram of CCR5 indicating central residues (white on black) either
mutated or of general importance for CCR5 (A). The most conserved amino acid in each TM is indicated (black on grey). (B) Alignment of class
A 7TM receptors discussed in the text or similar to CCRS5. Position V:13/5.47 is indicated. In addition, the level of constitutive activity in CCR5 WT
and [L203F]-CCRS5 in four different signalling pathways is depicted (C and D). The B-arrestin recruitment was assessed in U20S cells whereas COS-7
cells were used for the remaining. The data were normalized to CCL3 Enax on the respective receptor (C) or forskolin-induced cAMP activation in
untransfected cells (shown as inhibition) (D). (E) Surface expression measured with etisa in COS-7 cells using N-terminal FLAG-tagged receptors.
Data were normalized to WT. Statistical significance was calculated using Student’s unpaired t-test. **P < 0.05, ***P < 0.001; ns, not significant;

n = 3-25.

37°C in MEMo Glutamax medium (Invitrogen) supple-
mented with 10% FBS, 180 U-mL™ penicillin, 45 pug-mL™"
streptomycin and 0.25 mg-mL™ Hygromycin B (Invitrogen).
Transfection of COS-7 cells for PI turnover, [*S]-GTPyS
binding and competition binding was performed using the
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calcium phosphate precipitation method as previously
described (Kissow et al., 2012) or by using Lipofectamine™
2000 (Invitrogen; cAMP and Euisa). U20S cells were trans-
fected using FuGENE® 6 Transfection reagent (Roche,
Mannheim, Germany).



PI turnover

COS-7 cells were co-transfected with receptor cDNA and
Ggqismyr. One day after transfection, the cells were seeded in
24-well plates (1.5 x 10° cells per well) and incubated with
2 uCi of [*H]-myo-inositol in 0.3 mL growth medium for 24 h.
Cells were washed twice with HBSS supplemented with CaCl,
and MgCl, and afterwards incubated for 15 min in buffer
with 10 mM LiCl before ligand addition followed by 90 min
incubation. The [*H]-inositol phosphate generated was puri-
fied on AG 1X8 anion exchange resin. Determinations were
made in duplicate.

Membrane preparation

Membranes were prepared from transfected COS-7 cells. The
cells were harvested with a rubber policeman in ice-cold PBS
and homogenized with a Dounce homogenizer. The homoge-
nate was centrifuged and the supernatants were collected and
centrifuged at 21 000 x g at 4°C. The resulting membrane
pellets were resuspended in 20 mM HEPES buffer containing
2 mM MgCl, and complete protease inhibitor (Roche). The
protein concentration was determined using the BCA protein
assay kit (Pierce, Rockford, IL, USA).

[?*S]-GTPyS binding

The membrane preparation (20 pug protein per well, 96-well
plates) was diluted in assay buffer (50 mM HEPES, 2 mM
MgCl,, 50 mM NaCl, 1 mM EGTA, 1 uM GDP, 0.1% BSA and
complete inhibitor). CCL3 was added followed by [**S]-GTPyS
(1250 Ci-mmol™; 12.5 mCi-mL™; PerkinElmer) diluted in
assay buffer (1 nM). The membranes were incubated for 1 h at
room temperature. Wheat germ agglutinin-coupled scintilla-
tion proximity assay beads (GE Healthcare, Buckinghamshire,
UK) were added followed by 30 min incubation at room tem-
perature. The radioactivity was measured on a TopCount
scintillation counter (PerkinElmer). Non-specific binding was
determined by adding unlabelled GTPyS (40 uM).

cAMP accumulation

COS-7 cells (35000 cells per well) were seeded in 96-well
plates one day before transfection. Two days after transfec-
tion, the cells were washed twice with HEPES-buffered saline
(HBS) buffer and incubated with HBS and 1 mM IBMX for
30 min at 37°C. Forskolin (Sigma-Aldrich, St. Louis, MO,
USA) was added and the cells were incubated for 30 min at
37°C. The HitHunter™ cAMP XS+ assay (DiscoveRx) was
carried out according to the manufacturer’s instructions.
Determinations were made in triplicate.

B-Arrestin recruitment

Recruitment of B-arrestin was measured using the Path-
Hunter™ B-arrestin assay (DiscoveRx). WT (wild type) CCRS
and mutants were fused with the ProLink™ pk1-tag (a small
fragment of the enzyme [-galactosidase) and cloned into
pCMV. Assays were performed in U20S cells stably expressing
B-arrestin2 coupled to the large B-galactosidase fragment.
Cells were seeded in 96-well plates, 20 000 cells per well and
transfected the following day with 50 ng DNA using
FuGENE® 6 (0.15 uL per well); 24 h after transfection, the
medium was removed and 100 uL Opti-MEM® I (Gibco®,
Carlsbad, CA, USA) was added. The following day, cells were

TM-3 and -5 interplay regulates CCR5 activity

stimulated with varying concentrations of agonist for 90 min
at 37°C. The Detection Reagent Solution® (DiscoveRx) was
added and incubated at room temperature for 60 min.
B-arrestin recruitment was measured as chemiluminescence
using Perkin Elmer EnVision 2104 Multilable Reader.

[*?I]-CCL3 competition binding

COS-7 cells were seeded in wells 1 day after transfection with
the number of cells seeded per well aimed at obtaining 5-10%
specific binding of the added radioactive ligand (3-15 x 10°
cells per well). Two days after transfection, cells were assayed
by competition binding for 3 h at 4°C using 20-70 pM ['*]]-
CCL3 as well as unlabelled ligand in 50 mM HEPES buffer,
pH 7.4, supplemented with 1 mM CaCl,, 5 mM MgCl, and
0.5% (w v!) BSA. After incubation, cells were washed in
ice-cold binding buffer with 0.5M NaCl. Non-specific
binding was determined as the binding in the presence of
0.1 uM unlabelled CCL3. Determinations were made in
duplicates.

ELISA

COS-7 cells were transfected with FLAG-tagged (M1) receptor
DNA in 96-well plates (3.5 x 10* cells per well). Two days
after transfection, cells were washed in Tris-buffered saline
(TBS), fixed in 3.7% formaldehyde for 15 min at room tem-
perature, washed and incubated in blocking solution (TBS
with 2% BSA). Cells were incubated for 2 h with anti-FLAG
antibody (Sigma-Aldrich) at 2 ug-mL™ in TBS with 1 mM
CaCl,; and 1% BSA. After three washes with TBS/CaCl,/BSA,
the cells were incubated with goat anti-mouse HRP-
conjugated antibody (Abcam, Cambridge, UK). After exten-
sive washing, the immunoreactivity was revealed by addition
of TMB Plus substrate (Kem-En-Tec, Taastrup, Denmark), and
the reaction was stopped with 0.2 M H,SO,. Absorbance was
measured at 450 nm on a Wallac VICTOR2 plate reader
(PerkinElmer).

Calculations

ICs0/ECso and Ku/K; values and statistical significance were
determined by non-linear regression and B.. values were
calculated using the GraphPad Prism 6.0 software (GraphPad,
San Diego, CA, USA).

CCRS comparative models and docking

of aplaviroc

Computational modelling was performed as described previ-
ously (Steen et al., 2013). Briefly, a pair-wise sequence align-
ment, and the construction of a comparative homology
model of the human CCRS receptor was produced in the
Internal Coordinate Mechanics (ICM) software package
(Molsoft LLC, La Jolla, CA, USA) using human CXCR4 (PDB
entry 30DU; Wu et al., 2010) as template. The CCR5 models
were subjected to full-atom structure relaxation using the
ROSETTA membrane force field (Barth et al., 2007) in Rosetta
3.2.1 (Leaver-Fay et al., 2011). Full flexible ligand docking was
performed using the biased probability Monte Carlo docking
routine in ICM (Totrov and Abagyan, 2008; Bottegoni et al.,
2009). Individual best scored docking poses were optimized
using a combined Monte Carlo and minimization procedure
(using the MMFF94 force field). A final stack of 50 conforma-
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tions was generated, scored and manually analysed to iden-
tify the complexes between aplaviroc and CCRS.

Conformational sampling and statistics of
rotamer states and atomic distances

The [L203F]-CCRS receptor variant was constructed from the
initial CCR5S WT model using the residue substitution func-
tion in the Rosetta 3.2.1 (Leaver-Fay et al., 2011). CCRS WT as
well as [L203F]-CCRS were subjected to full-atom structure
relaxation using the ROSETTA membrane force field (Barth
et al., 2007) in Rosetta 3.2.1 (Leaver-Fay et al., 2011) to opti-
mize the structures and repack the side chain. A total of 1000
models were generated for both receptors. Statistics on side
chain rotamer states and atomic distances were analysed
using customized scripts and function in the CCP4 software
package (Winn et al., 2011).

Phylogenetic tree

Amino acid sequence alignments of gene sequences were
generated using the MAFFT multiple-aligner plug-in of
Geneious Pro 5.1.4 software (Biomatters Ltd, Auckland, New
Zealand; Katoh efal.,, 2002) and phylogenetic trees were
determined (all alignments are available on request). Phylo-
genetic relationships were investigated with trees built by the
maximum likelihood (ML) method, using the PhyML 2.0.1
plug-in (Guindon et al., 2010).

Results

L203F increases the activity of CCRS

Position V:13/5.47 is an aromatic residue among 81% of class
A receptors (Mirzadegan et al., 2003). Of the chemokine
receptors, 37% contain a Leu, as is the case for CCR5 (Leu®”),
together with CCR1-4, CCR8 and CXCR4. This residue is
important in several 7TM receptors, for example, the ghrelin
receptor, GPR39, GPR119, the B,-adrenoceptor and the NK;
receptor (all of which are G;- or G4-coupled) where removal of
the Phe in this position reduced the level of constitutive
activity and agonist-dependent activity (Holst et al., 2010; see
alignment in Figure 1B). This prompted us to investigate the
importance of this position in a Gi-coupled receptor, CCRS.
[L203F]-CCRS was constitutively active in all four signalling
pathways examined (Figure 1C and D). Thus, the mutant
bound ~65% more GTP than WT in [**S]-GTPyS binding and
induced PI turnover to ~20% of E.x in the absence of an
agonist. CCRS WT displayed ~30% constitutive activity in
B-arrestin recruitment, as we have shown previously (Steen
et al., 2013); however, [L203F]-CCRS displayed a basal activity
to ~50% relative to Em.x of CCL3 (Figure 1C). Furthermore,
[L203F]-CCRS ligand independently inhibited 60% of the
level of forskolin-induced cAMP accumulation in untrans-
fected cells, whereas no inhibition was observed for CCR5
WT (Figure 1D). In G-protein signalling, the potencies of
both CCL3 and CCLS were similar to WT, whereas in
B-arrestin recruitment, the potencies were about threefold
increased (Table 1). Homologous competition binding
against ['*[]-CCL3 showed that the affinity to [L203F]-CCRS
was twofold higher than CCR5 WT (Table 2). Figure 1E shows
that the expression level of WT and the mutant receptor
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Table 1

Expression level and functional analyses of agonists on CCR5 WT and mutants as measured in Pl turnover and B-arrestin recruitment

B-Arrestin recruitment

Pl turnover

Constitutive

Expression Constitutive

activity (%) Emax

activity (%) Emax

Fold

|Og ECso

% of WT

(basal/Enmax)

(n) x 100

Fold

2
¥s
o a
24

Fold

(basal/Enax) % of WT log ECso

% of WT

(n)
®

ECso

(n) +SEM

ECso

ECso

(n)

ECso

Residue

(40) -8.4+0.24 1.0
9) 7.4 +0.41

~8.5+0.16 0.35** (15) -8.8+0.22 0.36 (4)

100+ 0.00 -8.1+0.08 1.0

(37) 29+2.2

(41) -9.1£0.07 1.0

100+ 0.00 -8.1+0.07 1.0

+1.8

1.6

100 + 0.00
102+ 6.0
108+ 10

CCR5 WT
1116A
L203F

9.5% (4)

-7.9+0.16 1.8

+13

91

52 +4.6**

(6) —9.1+0.34 0.93 (4)
(7) —9.2+0.14 0.84 (4)

4) —9.0£0.78 1.2

9716 -8.1+£0.28 1.1

27 £ 3.3%**

88+ 8.5
NA

50 £ 3.0%**

NA

-8.0£0.09 1.3

8117
21 £ 1.5%**

21 £1.7%**

3

9) NA

NA

“

-7.8+£0.14 2.0

38 £ 3.1***

13 £1.7%**

L203F+G286F

Significant change from WT calculated by Student’s unpaired t-test. **P < 0.05, ***P < 0.001.

NA, no activity.
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Table 2

Binding affinities of CCL3 and small-molecule antagonists on CCR5 WT and mutants

Bmax * SEM CcCL3 TAK-779 Aplaviroc
Residue % of WT log Ks + SEM  Fold Ky  (n) log Ki = SEM  Fold K; (n) log Ki = SEM Fold K;
CCR5 WT 100 + 0.00 —8.4+0.06 1.0 (19) -7.6£0.05 1.0 (15) -7.3+£0.03 1.0 15)
1T16A 63 +16* -7.9£0.09 2.7%* 4) NT -6.9 £0.02 2.3%* 2)
L203F 82+ 14 -8.6+0.10 0.49** (4) -7.7+0.05 0.94 (3) -7.1+0.02 1.4 3)
L203F+G286F 38 £ 11** —9.0+0.34 0.27%** (3) -7.0£0.21 4.5%* (3) -6.8£0.26 2.8** 3)
Bmax Values were calculated from the homologous binding curves.
Significant change from WT calculated by Student’s unpaired t-test, *P < 0.1, **P < 0.05, ***P < 0.001.
NT, not tested.
measured in ELisa were similar implying that the increase in §100_ CCR5 WT A ] LeosF C
basal activity is not a result of receptor overexpression. In 8 o
contrast, a nearly threefold increased B,,.x value was observed 55 75-5""}"‘\ -,_HQ
for [L203F]-CCRS, suggesting an increase in the maximum %E +CCL3 Ij [+ ccL3 ]I
CCL3-binding capacity (Rosenkilde and Schwartz, 2000). € § 50 \‘ -

We recently described an ‘efficacy switch’ of aplaviroc, a 3 \ _CcCL3
well-characterized CCRS small-molecule antagonist; upon g £ 251 h + X
mutations, (both CAMs and non-CAMs, in the centre of TM-6 g I_'_E:.C_L 3 “~-o : _____ WT Basal
and -7) aplaviroc switched from being antagonist to agonist o O TREE-a 1 e
(Steen et al., 2013). On CCRS WT, aplaviroc acts as a full ' ' ' ' ' ' ' '
antagonist with no intrinsic activity (Figure 2A and B) and °
with a potency and an affinity similar to previously published g 45100- CCRSWT B qLa0%F D
data (Maeda et al., 2004). However, when testing aplaviroc on £ :‘é 7541 + CCL3 1 +ccCL3
[L203F]-CCRS, it was converted to a partial agonist for PI 95 S 4
turnover, that is, it only partially inhibited CCL3-induced 8 § 50 %‘\ + ]*
activation and activated the receptor on its own (Figure 2C). G g \i L
The antagonistic potency (i.e. inhibition of CCL3-induced 53 25-;---}--*%‘-}:@ 1-CCL3________-=
activation) was decreased approximately fivefold, whereas 2 s | -.ccLs WT Basal
the agonistic potency was increased approximately threefold g < 01 )

8 T T T

compared with the antagonistic WT potency (Table 3). In
contrast, aplaviroc fully inhibited CCL3-induced B-arrestin
recruitment on [L203F]-CCRS, with an approximately nine-
fold decrease in potency (Table 3, Figure 2D). The affinity of
aplaviroc on [L203F]-CCRS was in the same range as on WT
(Table 2).

To investigate whether this was a phenomenon observed
for aplaviroc specifically and not for CCRS antagonists in
general, we examined TAK-779, another well-described CCRS
small-molecule antagonist (Baba et al., 1999). As with aplavi-
roc, TAK-779 inhibited CCL3-induced PI turnover and
B-arrestin recruitment and displaced the chemokine on CCRS
WT with a potency and affinity that resembled previously
published data (Shiraishi ef al., 2000; Tables 3 and 2 respec-
tively). However, in contrast to aplaviroc, TAK-779 acted as a
full antagonist for both PI turnover and B-arrestin recruit-
ment on [L203F]-CCRS with potencies in the same range as
WT (Table 3). Similarly, the affinity was similar to the WT
(Table 2).

L203F induces rotation of Ile''® and sliding of
Tyr** in silico

To further investigate the molecular mechanism behind the
increased activation of [L203F]-CCRS5, a computational

o 9 -8 -7 -6 o 9 -8 -7 -6
Log conc. aplaviroc Log conc. aplaviroc

Figure 2

Effect of aplaviroc on PI turnover and B-arrestin recruitment when
acting on [L203F]-CCR5 and WT. The effect of aplaviroc was meas-
ured as G-protein signalling (Pl turnover in COS-7 cells, A and C) and
B-arrestin recruitment in U20S cells (B and D). The graphs represent
CCR5 WT (A and B) and [L203F]-CCR5 (C and D) and are shown for
aplaviroc with CCL3 and without CCL3. The data were normalized to
Emax Of CCL3 on the respective receptor. The basal level of activation
for CCR5 WT is indicated with dashed lines on the graphs for the
mutant (C and D). Statistical significance between untreated cells
and cells treated with maximum concentration of aplaviroc was
calculated using Student’s unpaired t-test. *P < 0. 1, **P < 0.05,
***P < 0.001; ns, not significant; n = 4-13.

model of WT and [L203F]-CCRS in complex with aplaviroc
was constructed. Residues possibly interacting with Leu/
Phe®” were examined for changes in side chain movement
and rotation in 1000 models constructed for both WT and
[L203F]-CCRS. Measurement of yl-angles in CCRS WT
showed that the distribution of the torsion angle of Ile'¢
(II1:16/3.40) was gauche™ (—60°) in 90% and trans (180°) in
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Figure 3

Computational modelling of CCR5 WT and [L203F]-CCRS. In silico
models of CCR5 WT (orange) and [L203F]-CCR5 (magenta). (A) Side
view of the orientation of the y1-angle of lle''® and (B) the percent-
age distribution between gauche™ (-60°) and trans (180°) measured
in 1000 models of CCR5 WT and [L203F]-CCRS5 respectively. (C) Top
view of TM-3, TM-5 and TM-6 showing an example of the distance
between Tyr?** and Leu/Phe?® (dashed lines emphasize the differ-
ence) for both WT and mutant receptor. (D) Mean distances between
Tyr*** and Leu/Phe?® calculated for all 1000 models for each recep-
tor. Statistical significance was calculated using Student’s unpaired
t-test. ***P < 0.001; n = 1000.

10%. Upon mutation of Leu*” to Phe, the distribution of the
x1-angle of Ile-116 changed to frans in 98% (Figure 3A and B).
Importantly, no change was observed in the distribution of
x1-angles in the neighbouring residues: Phe''* (II:12/3.36),
Tyr?* (VI:09/6.44), Trp**® (V1:13/6.48) and Tyr®! (VI:16/6.51).
However, a tendency to ‘sliding’ of the side chain of Tyr***
towards TM-5 was observed: from being on average 8.94 +
0.01 A (mean + SEM, calculated for all 1000 models) away
from Leu® in the WT models, it moved to only 8.25 +0.01 A
away from Phe*® in the mutant as measured from C4 in the
phenol ring of Tyr*** to the Ca. of Leu/Phe?*” (Figure 3C and
D). Furthermore, the distance between the Cyl of Ile''® and
C4 in Tyr*** was increased in [L203F]-CCRS compared with
WT (5.1 £ 0.01 A vs. 4.0 + 0.01 A), indicating disruption of
the van der Waals interaction. Consistent with these data, we
have previously demonstrated that Tyr*** plays an essential
role in the activation of CCRS (Steen et al., 2013).

Elimination of Ile''® provokes constitutive
activity similar to [L203F[-CCRS

To confirm that Ile'' is involved in the activation mecha-
nism, [I[116A]-CCRS was constructed. Interestingly, for both
PI turnover and f-arrestin recruitment, this mutation
induced constitutive activity similar to [L203F]-CCRS
(Figure 4A compared with Figure 1C). As for [L203F]-CCRS,
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Figure 4

Ligand-independent and aplaviroc-induced activation of [I116A]-
CCR5. Constitutive activity normalized to Ema.x of the respective
receptor in Pl turnover and B-arrestin recruitment (A) and surface
expression normalized to WT (B) of CCR5 WT (white columns) and
[ITTA]-CCRS5 (black columns). (C and D) effect on Pl turnover (C) and
B-arrestin recruitment (D) of aplaviroc with CCL3 (white triangles)
and without (black triangles) on [I116A]-CCR5. CCR5 WT basal level
is indicated with dashed lines. Data is normalized to CCL3 Eax.
COS-7 cells were used for Pl turnover and N-terminally FLAG-tagged-
based ELisa, whereas U20S cells were used in B-arrestin recruitment.
Statistical significance was calculated using Student’s unpaired t-test.
**P < 0.05, ***P < 0.001; ns, not significant; n = 3-25.

the increase in basal activity was not caused by an increase in
overall receptor expression (Figure 4B), but rather in high-
affinity CCL3 conformations indicated by an increased B
value (Table 2). The potency of CCL3 and CCLS on [I116A]-
CCRS was similar to WT for PI turnover but 2-10-fold lower
for B-arrestin recruitment (Table 1), whereas the affinity of
CCL3 was slightly decreased (2.7-fold) compared with WT
(Table 2).

Despite increased activity, no efficacy switch of aplaviroc
was observed [aplaviroc inhibited CCL3-induced activation
in both PI turnover and B-arrestin recruitment to the basal
level of [I116A]-CCRS (Figure 4C and D)]. The potency of
aplaviroc in PI turnover was similar to WT, but increased
approximately fivefold in B-arrestin recruitment (Table 3).
The affinity of aplaviroc at [I116A]-CCRS5 was decreased 2.3-
fold (Table 2). As with [L203F]-CCRS, TAK-779 acted as a full
antagonist of this mutant with WT-like potency (Table 3).

Additive effect of constitutively activating
mutations in TM-5 and TM-7

We have previously demonstrated how a steric hindrance
mutation in the centre of TM-7 (G286F) shifts the conforma-
tional equilibrium towards the active state, that is, [G286F]-
CCRS was constitutively active, and furthermore, induced
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Effect of combining L203F and G286F on constitutive activity and
aplaviroc efficacy. Shown as bar graphs is the ligand-independent
activation of Pl turnover (A) and inhibition of forskolin-induced
cAMP accumulation (B) for CCR5 WT, [L203F]-, [G286F]- and
[L203F;G286F]-CCR5 normalized to CCL3 Egnax (A) or maximum level
of forskolin-stimulated cAMP in untransfected cells (B). (C) CCL3
activation as well as the intrinsic effect of aplaviroc and aplaviroc-
induced inhibition of CCL3 activation, normalized to CCL3 E.«. Data
from both assays were obtained in COS-7 cells. Statistical significance
was calculated using one-way aNova, ***P < 0.001; ns, not significant;
n=3-25.

efficacy switch of aplaviroc in Gi-coupled signalling pathways
(Steen et al., 2013). Here, we show how another steric hin-
drance mutation in the centre of TM-5, L203F, induces the
same activity state. To investigate whether these effects were
cumulative, a double mutant was constructed combining
L203F and G286F. Indeed, [L203F;G286F]-CCRS increased the
constitutive activity in PI turnover above the level of both
[G286F]-CCRS and [L203F]-CCRS, that is, 1.5- and twofold
increase respectively (Figure 5A). The potencies of the
chemokines were similar (CCLS) or slightly decreased (CCL3)
(Table 1); however, consistent with the higher activity, the
affinity of CCL3 on the double mutant was increased fivefold
compared with WT (Table 2). The level of constitutive activ-
ity was also assessed in cAMP inhibition and here a slight
increase in basal activity was observed for [L203F;G286F]-
CCRS as compared with [L203F]-CCRS, but no difference
from the level observed in [G286]-CCRS (Figure 5B). The
double mutant was unable to recruit B-arrestin — both ligand
dependently and independently — as was the case for [G286F]-
CCRS (Table 1; Steen et al., 2013).

Interestingly, the efficacy increase (shift) for aplaviroc was
also cumulative on the double mutant [L203F;G286F]-CCRS.
Figure 5C shows an overview of the efficacy profile of aplavi-
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roc compared with CCL3 on CCRS5 WT, the two single
mutants and the double mutant. In CCRS WT, aplaviroc had
no intrinsic effect and acted as a full antagonist of CCL3-
induced activity. In contrast, it was able to activate [L203F]-
CCRS and [G286F]-CCRS to ~30% (partial agonist) and
~100% (full agonist) of En.x of CCL3 respectively. Consistent
with this, it did not inhibit CCL3-induced activation on
[G286F]-CCRS and only partially on [L203F]-CCRS (to ~50%).
Intriguingly, in [L203F;G286F]-CCRS, aplaviroc was able to
induce activation to ~170% of CCL3 En.x both in the absence
and presence of CCL3 and thus acts as a superagonist on the
double mutant. TAK-779 was also tested on the double
mutant, and was unable to inhibit CCL3-induced PI turnover
despite maintained binding (Tables 2 and 3).

Elimination of Phe"” (V:13/5.47) in US28
supports the importance of this residue for
constitutive activity

US28 is a viral chemokine receptor, which displays a high
level of ligand-independent activity (Kledal efal., 1998;
Casarosa et al., 2001). Among the human chemokine recep-
tors, US28 clusters with the group of receptors that CCRS
belongs to (Figure 6A). This is not surprising as it binds
the same chemokines as CCRS5 (e.g. CCL3) in addition to
other chemokines (Kledal etal., 1998). Interestingly, all
CC-chemokine receptors in this cluster carry a Leu in position
V:13/5.47, whereas US28 carries a Phe thereby providing an
opportunity to examine if this naturally occurring Phe in a
receptor homologous to CCRS is indeed involved in the
ligand-independent activation. Hence, Phe'”” was mutated to
Ala ([F197A]-US28) and subjected to PI turnover (Figure 6B),
where it reduced the level of constitutive activity by ~50%. It
did not affect the affinity of CCL3, [0.71 £ 0.19 nM (WT) vs.
0.64 + 0.22 nM ([F197A]-US28) (K; + SEM)] and there was no
significant decrease in expression measured in ELISA
(Figure 6C) or By (Figure 6D). Thus, a Phe in position V:13 is
also very important for the activity level of US28.

Discussion and conclusions

Here, we demonstrated how insertion of Phe in V:13/5.47
induces an increase in the basal activity of CCRS5. Moreover,
removing the naturally occurring Phe in US28 markedly
reduced constitutive activity. In addition, conformational
changes in surrounding residues indicated a possible
mechanism for the occurrence of constitutive activity in
[L203F]-CCRS.

Areas in CCRS of importance for constitutive
activity — implications for disease?

The example of CAMs in CCRS described here and numerous
other examples of CAMs in the 7TM receptor family show us
that while WT receptors are mostly found in an inactive
conformation, subtle changes can convert them to active
receptors. In accordance with the increased basal activity of
[I116A]- and [L203F]-CCRS, efficacy switch of the antagonist
aplaviroc to agonist is observed, indicating an overall more
agonist-prone nature. As we and others have demonstrated
previously, the binding site of aplaviroc differs from TAK-779

1574  British Journal of Pharmacology (2014) 171 1566-1579

>;5 B
5 = 875 it
[
(=] ™ —_
g2
& = 3501
g3z2¢©
L
(]
A : E
o ©
[ o™
£ o
2
c125C s
K] |_|
u— 0
g 5100-
o o
83 751
c
8%
4 504 E
D o
o & =
3 254 (c;l)
= |
0
)
8104 D NS
o
s T
o
=)
10- N 8 0.5
Phe237 b = =
(VI-09/6.44) g
sheaal E ©
= )
=
ngo.c

Figure 6

Relationship between the viral chemokine receptor US28 and the
human chemokine family. (A) Phylogenetic tree of the human
chemokine receptors together with the virus-encoded chemokine
receptor US28. Indicated in red is the subgroup of receptors in which
both CCR5 and US28 belong. The amino acid in position V:13/5.47
is given for each receptor. Effect on agonist-independent PI turnover
(B), surface expression measured in eLisa (C) or Bnax calculated from
homologous competition binding with ['#I]-CCL3 (D) upon muta-
tion of Phe'” in US28 ([F197A]-US28) is shown compared with US28
WT. (E) Helical wheel diagram of US28 showing the most conserved
residues (black on grey) and the residues discussed in current paper
(white on black). Data is normalized to maximum CCL3 efficacy on
the respective receptor (B) or to US28 WT expression (C) or not
normalized (D). Statistical significance was calculated using Student’s
unpaired t-test. **P < 0.05; ns, not significant; n = 3—4.

and other CCRS antagonists in that it also involves extracel-
lular loop 2 residues (Maeda et al., 2006; Thiele et al., 2011,
Steen efal., 2013) and this could explain why it alone
acquires agonistic properties.

There are numerous examples of diseases caused by
altered activity of receptors. For example, it has been shown
that CCRS is constitutively expressed in Hodgkin’s lym-
phoma cells and might play a role in tumour cell growth
(Aldinucci et al., 2008). Not only US28, but in fact the major-
ity of viral receptors are constitutively active. Thus, constitu-
tive activity is a common trait for the ORF74 and the BILF1
receptors encoded by oncogenic y2- and yl-herpes viruses
respectively (Bais et al., 1998; McLean et al., 2004; Rosenkilde
et al.,, 2004; 2005; Beisser et al., 2005; Paulsen et al., 2005;
Rosenkilde, 2005; Lyngaa et al., 2010). Because of the close
homology to human chemokine receptors, it is conceivable
that a few naturally occurring mutations could be tumouri-
genic. In fact, we show here that exchanging Leu?” with Phe



increases the basal activity of CCRS. This mutation corre-
sponds to the sequence of the cancer-causing viral CCRS
homologue US28 and as shown here is important for its
constitutive activity. If this CAM - or an alternative — occurs
in vivo, it could possibly lead to uncontrollable cell growth.

The position and nature of CAMs provide clues to the
difference between inactive and active receptor conforma-
tions. Many articles have reported areas important for con-
stitutive activity, foe example, CAMs in TM-6 in the
muscarinic receptors (Spalding et al., 1998), TM-3 in the
angiotensin II type 1A receptor (Parnot et al., 2000) and TM-3
and TM-6 interaction in the oy-adrenoceptor (Greasley et al.,
2001). Here, we show that the centres of TM-3 and TM-5, and
in particular, the interplay between these two regions and
possibly TM-6, are involved in the activation of CCRS. This
information is useful in the search for compounds for the
treatment of diseases where altered signalling of CCRS either
is part of the underlying cause or could be beneficial for
recovery.

Gating function of 1le''° (IlI:16/3.40) — a
possible mechanism for the increased

activity state

Computational modelling of WT and [L203F]-CCRS indicates
that the CAM L203F provokes a conformational change of
the side chain of Ile'*®. Although this change does not seem to
affect the overall position of TM-3, the movement of Ile'¢
indicates increased flexibility of the residue, presumably
caused by a disruption of interactions between TM-3 and
TM-5. This could also explain why elimination of the larger
side chain in [I116A]-CCRS increases the basal level to a
similar degree to [L203F]-CCRS in vitro. This interaction is
consistent with the crystal structures of inactive 7TM recep-
tors, which all show many interactions between TM-3 and
TM-5 (Venkatakrishnan et al., 2013).

Another difference between the two models was the
decreased distance from Leu/Phe®” to Tyr*** in TM-6 due to a
tendency of Tyr*** to slide towards TM-5 in [L203F]-CCRS. In
the recently published inactive crystal structure of CCRS,
Ile' and Tyr*** interact directly [PDB: 4MBS (Tan etal.,
2013)]. The close proximity in the WT structure presented
here (4.0 A) also indicate that the two residues form a van der
Waals interaction; however, in [L203F]-CCRS, the distance is
increased to 5.1 A suggesting that this bond is broken. It is
therefore conceivable that mutating these residues stabilizes
active — or weakens ground state — conformations by dimin-
ishing interactions, which stabilize Tyr*** in its inactive state,
one of which is the interaction between Ile''® and Tyr***. We
have previously shown that Tyr*** is central for the activation
of CCRS and therefore necessary for stabilization of the active
state (Steen ef al., 2013). The two active structures of the
B.-adrenoceptor (Rasmussen et al., 2011a; 2011b) showed
that a small movement of the extracellular end of TM-5
resulted in a rotamer switch of Ile'?! (I11:16/3.40) and rotation
of TM-6, which in turn was coupled to a 4 A movement of
Phe?? (VI1:09/6.44). Recently, further evidence for this mecha-
nism of the B,-adrenoceptor was published (Valentin-Hansen
et al., 2012). Here, it was shown that Phe?®? is locked between
the backbone and two hydrophobic residues in TM-3 in the
inactive state, and upon activation slides towards TM-5 into a
hydrophobic pocket between TM-3 and TM-5. Meanwhile,

TM-3 and -5 interplay regulates CCR5 activity

Ile'?! acts as a gate for the transition. As we observed the same
rotamer change of Ile’® and movement of Tyr** upon dis-
ruption of the TM-3/5 interface (although to a lesser degree),
this theory could very well be adopted for CCRS. Moreover,
the decrease in constitutive activity upon removal of PheV:13
in US28 - which has amino acids with the same chemical
properties in I11:16/3.40 and VI1:09/6.44 (Figure 6E) as CCRS -
further supports this theory. However, CX;CR1 groups with
CCRS and US28 (Figure 6A) and has a Phe in V:13/5.47 but is
not constitutively active to our knowledge. However, in
TM-3, there is cluster of aromatic amino acids surrounding
I1elll:16/3.40 and this could influence the gating function of
Ile and explain the lack of constitutive activity. Interestingly,
CCRS is coupled to G; and US28 is Gg-coupled, whereas the
B.-adrenoceptor interacts with G;, and thus, this could indi-
cate a common 7TM receptor mechanism for activation.

An overview of the orientation of Ile in 11I:16/3.40 in all
published crystal structures is given in Figure 7 (only those
carrying an Ile are included, i.e. 46 structures out of 75 in
total). The only receptor where an inactive and a truly active
structure (i.e. in complex with agonist and G-protein) can be
compared is the B,-adrenoceptor, and here Ile'*' has a differ-
ent conformation in the inactive compared with the two
active structures (trans vs. gauche’), indicating a conserved
function of this residue across the class A 7TM receptors.
However, the yl-angle in the inactive structures is not con-
sistently frans in the different receptors and indeed the
‘active’ conformation of Ile''® we observed in CCRS is the
opposite of what was seen in the B,-adrenoceptor (trans in
CCRS WT and gauche™ in the B,-adrenoceptor). Moreover, in
the crystal structure of CCRS (Tan et al., 2013), the ‘inactive’
conformation of Ile’® is in trans, which is contrary to our
model (which is build with CXCR4 as structural template).
This indicates that while this residue changes rotamer state
between inactive and active receptor conformations, there is
no consensus of the active conformation of Ilelll:16/3.40
between the different receptors, suggesting that the confor-
mation of the residue is of regulatory significance rather than
positional, that is, it serves a gating function rather than
being an actual switch. However, the change in rotamer state
could also be related to the major ‘rigid body’ movement
of the entire TM-3 upon activation, sliding along its axis
towards the extracellular side by ~2 A, relative to the T™M
‘core’ of TM-1 to TM-4, which with varying degrees are seen
in both opsin (Standfuss et al., 2011), the B,-adrenoceptor
(Rasmussen et al., 2011a) and the A,, receptor (Lebon et al.,
2011). In this context, the change in conformation of the Ile
side chain (which lack proper electron densities in some
crystal structures) seems small when the residue together
with others are relocated several A.

Molecular mechanisms for constitutive
activity of CCRS

Recently, we showed that insertion of a steric hindrance
mutation in the centre of TM-7 (|[G286F]-CCRS5, VII:09/7.42)
induced constitutive activity and efficacy switch of aplaviroc
(Steen et al., 2013). Through computational modelling, we
observed a rotation of the y1-angle of Trp-248 (V1:13/6.48) in
[G286F]-CCRS and proposed that the molecular mechanism
for the increased activity was an alteration in the conforma-
tion of Trp**®. Differences in side chain conformations were
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Inactive structure

Aclive structure

Overview of the orientation of the y1-angle of lle in position 111:16/3.40 in all relevant crystal structures (46 of the available 75 structures contain
lle in this position). The middle panels depict a side and top view the orientation of lle in gauche  (-60°, magenta) and trans (180°, orange)
position, represented by the [,-adrenoceptor structures [PDB #2RH1 (inactive) and #3SN6 (active)]. Right and left panels list the position of lle
side chain in each structure for gauche™ and trans respectively. Different PDB files with identical complexes (identical ligand and receptor) are only
listed once. The structures were taken from the Protein Data Bank (http://www.rcsb.org/pdb) and visualized in Molsoft Browser Pro (Molsoft LLC).

not observed in any other residues analysed, including the
ones described in the current paper. Conversely, there was no
influence of the L203F mutation on the y1-angle of Trp**®.
Thus, the increased activity of [L203F]- and [G286F]-CCRS
seems to occur via different molecular interactions. A double
mutation combining L203F and G286F showed an additional
increase in both constitutive activity and agonist efficacy of
aplaviroc. This could indicate that it is two different molecu-
lar mechanisms that are responsible for the increased activa-
tion state of CCRS. On the contrary, it could also be two
interlinked interactions, as movement in Trp?*® is likely to
alter the position of Tyr?*.

TM-3 and TM-5 are central for
G-protein-dependent and

-independent activation

[G286F]-CCRS exhibits biased signalling as B-arrestin recruit-
ment is eliminated concomitantly with increased G-protein
signalling (Steen et al., 2013). This indicates that TM-7 has
alternating roles for the two pathways, as also supported by
several other studies showing that TM-7 is especially impor-
tant for B-arrestin recruitment (Liu et al., 2012; Rahmeh et al.,
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2012; Warne et al., 2012). In the present study, we showed
that mutations in TM-3 and TM-5 produce similar responses
in G-protein-dependent and [-arrestin signalling, that is,
they enhance the signalling in both cases. This suggests a
general importance of these two receptor regions for the
activity states of CCRS, independently of the nature of the
downstream signalling. These structure-function observa-
tions are important for the development of novel biased and
unbiased drugs for manipulating the activity states of CCRS,
and putatively of class A 7TM receptors in general.
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Figure S1 Representative data sets depicting the constitutive
activity of [L203F]-CCRS. Dose response curves for GTPyS
binding, PI turnover, and B-arrestin recruitment are shown.
The B-arrestin recruitment was assessed in U20S cells whereas
COS-7 cells were used for the remaining. [L203F]-CCRS is
shown in black, while CCR5 WT is shown in white. The level
of activation in untransfected cells is shown in dashed lines.
Statistical significance was calculated using unpaired t-test.
**P < 0.05, ***P < 0.001. cpm, counts per minute, rlu, relative
luminescence units.

Figure S2 Representative dose response curves for [I116A]-
CCRS in PI turnover and p-arrestin recruitment. The
B-arrestin recruitment was assessed in U20S cells whereas

TM-3 and -5 interplay regulates CCR5 activity

COS-7 cells were used PI turnover. [I116A]-CCRS is shown in
black, while CCR5 WT is shown in white. The level of acti-
vation in untransfected cells is shown in dashed lines. Statis-
tical significance was calculated using unpaired f-test. *P <
0.1, **P < 0.05. cpm, counts per minute, rlu, relative lumines-
cence units.

Figure S3 Representative dose response curve for
[L203F;G286F]-CCRS (white squares) in PI turnover (first
panel). CCRS WT is shown in white squares and the level of
activation in untransfected cells is shown in dashed lines.
Emax, Bmax, and the expression level are shown in columns
diagrams representing values given in Tables 1 and 2. Statis-
tical significance was calculated using unpaired t-test. **P <
0.05. cpm, counts per minute.

Figure $S4 Representative PI turnover dose response curve of
US28 WT (white squares) and [F197A]-US28 (black squares) as
well as untransfected cells (dashed line). Statistical signifi-
cance was calculated using unpaired t-test. ***P < 0.001. cpm,
counts per minute.
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