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GPCR kinases phosphorylate GPCR
C-terminal peptides in a
hierarchical manner
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Responses fromG protein-coupled receptors (GPCRs) are downregulated in a precisely orchestrated
process called desensitization. This process consists of two major steps: phosphorylation of the
receptor by GPCR kinases (GRKs), predominantly on its C-terminus, and recruitment of arrestin,
resulting in different signaling outcomes. Yet, it remains unclear how the phosphorylation pattern on
the receptor is determined. We carried out an NMR-based study of the phosphorylation patterns
generated byGRK1andGRK2onC-terminal peptides of selected receptors (rhodopsin forGRK1, and
β1- and β2-adrenergic receptors (ARs) for GRK2). Our data reveal that the kinases are promiscuous
with respect to the substrate peptide, but produce clearly defined phosphorylation patterns on each
substrate.We foundpronounceddifferences in the rates atwhich certain residuesarephosphorylated,
in particular in the PXPP motifs in rhodopsin and β1AR. These results show that GRKs produce well-
defined phosphorylation patterns in absence of further modulators like the full receptor or Gβγ, and
that the time profile of the phosphorylation barcode seems to be largely encoded in theminimal pair of
C-terminal peptide and GRK. The data further suggest that arrestin might encounter different
phosphorylation barcodes over time, hinting at the possibility of time-dependent arrestin responses.

G protein-coupled receptors (GPCRs) represent the largest family of
transmembrane proteins and are targeted by approximately one-third of all
clinically employed drugs1. To control the signaling process of GPCRs, cells
have developed a tightly regulated system of desensitization consisting of
twomajor steps: (i) phosphorylation of the C-terminus and/or intracellular
loops of the GPCR mainly through GPCR kinases (GRKs), and (ii)
recruitment and binding of arrestins which in turn regulates a plethora of
cellular responses2.

Interestingly, over 800 human GPCRs are known to be served by only
seven GRK family members and four arrestins. This imbalance in diversity
leads to the question of selectivity of GRKs as well as arrestins for distinct
GPCRs. The barcode hypothesis, which states that phosphorylation of dif-
ferent sets of phosphorylation sites on the receptor triggers specific arrestin-
mediatedoutcomes, has beenproposedas apossible explanation3,4. In support
of this hypothesis, two consensus findings have emerged regarding
phosphorylation-dependent receptor-arrestin interactions. Firstly, a cluster of
at least three close-by phosphorylation sites on the GPCR is required to
change the conformation of arrestin to its receptor-activated state5–8. Patterns,
such as PPP5, PXPP7,8, PXXPXXP6, and PXPXXP6, have been described to

play a vital role in the binding of arrestin to receptor. Secondly, arrestin has
been shown to dynamically employ distinct interaction interfaces to form
complexes with GPCRs. It can either engage with the C-terminus of the
receptor (“hanging conformation”) or it additionally binds to the intracellular
cavity of the GPCR (“core conformation”), leading to distinct arrestin
functions9,10. The latter complex conformationhas been reported tobemainly
triggered by receptor-proximal phosphorylation sites, while the hanging
conformation predominantly occurs in combination with distal phosphor-
ylation sites. At this point, it becomes crucial to understand the role of GRKs
in producing such specific patterns. Although the identification of specific
GRK-induced sets of phosphorylated sites has been the focus of extensive
investigation for many years, the complex mechanism underlying GRK-
catalyzed receptor phosphorylation remains unclear. What is firmly estab-
lished is thatGRKs require activationbya receptor in its active state, that some
kinases additionally require the G-protein βγ subunits for recruitment to the
membrane, and that interactions with negatively charged phospholipids
(phosphatidyl-inositol) enhance the phosphorylation reaction11–15. What is
however debated is whether the receptor domain or binding ofGβγdirect the
GRKs to specific phosphorylation sites, or whether the final phosphorylation
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pattern is already encoded in the C-terminal amino acid sequence and the
inherent specificity of the kinase16. Conversely, this means that GPCRs and
other factors either stabilize the kinase in discrete states, or the receptor acts as
an “on/off” switch of the kinase in a binary activation mechanism, where
further factors could influence the reaction for example, by enhanced
recruitment of the kinase. It is also conceivable that the time-sequence of
occurring phosphorylation events is relevant for the signaling outcome.
However, experimental data to address these questions is difficult to obtain.

Early studies employing two-dimensional phosphopeptide mapping
have provided initial insights into receptor phosphorylation in whole
cells3,17–19. In the 2000s, the determination of individual amino acid phos-
phorylation of GPCRs by mass spectrometry (MS) became an attractive
approach, enabled by rapid technical improvements. Thereby, numerous
receptor phosphorylation sites have been identified with peptide or amino
acid resolution18–22. Nowadays, antibodies that recognize specific phos-
phorylated residues are commonly used to obtain new insights into the
phosphorylation extent at the endpoint of a reaction, contributing to a
quantitative understanding of receptor desensitization23.

Still, phosphorylation data, and specifically time-resolved insights into
the reaction, are relatively scarce: themost detailed studies have been carried
out for bovine rhodopsin. Studies employing different methods by Ohguro,
Zhang, andKennedy et al.24–27 showed that predominantly serine residues in
the C-terminal tail are phosphorylated and that threonine residues are only
phosphorylated to a lower extent. Azevedo et al. extended these finding by
showing that threonine residues are phosphorylated more slowly, but are
crucial for subsequent arrestin binding thereby indicating a precisely timed
arrestin response28. For other receptor phosphorylation studies, maybe the
study on theβ2-adrenergic receptor byNobles et al.

4 stands out.Here, a clear
set of highly phosphorylated residues was identified, however, without
addressing the sequence of phosphorylation eventswhichmaybe important
to identify time-sensitive downstream responses.

In this study, we use NMR spectroscopy as it is a well-suited tool to
investigate the chronological sequence of phosphorylation events with
atomic detail. We employ a series of 2D NMR spectra to obtain time-
resolved data on GPCR C-terminal phosphorylation. Using classical triple
resonance experiments, we were able to assign the resonances to their
respective amino acids and phospho-amino acids, such that site-specific
data could be obtained. We follow the phosphorylation reaction of GRK1
and GRK2 on three different substrates: the C-terminal peptides of Rho-
dopsin (Rho Cterm), of β1 adrenergic receptor (β1AR Cterm) and β2
adrenergic receptor (β2AR Cterm).We chose these targets because they are
widely studied, and because phosphorylation predominantly takes place on
the C-terminus and not on intracellular loops of these receptors that are
absent in our assay. Since the NMR experiments were performed in vitro
with isolated kinases and peptides, we performed in-cell assays in parallel to
confirm wildtype-like activity of the used kinase constructs. With these
validated tools at hand, we were able to observe the reaction on individual
phosphorylation sites in a time-resolved manner, which allowed to reveal
the sequence of phosphorylation events arising solely fromkinase specificity
and to identify individual dependencies in the phosphorylation hierarchy.

Results
Development of a time-resolved phosphorylation assay
In this study we established a GRK-dependent phosphorylation assay
enabling time-resolved analysis of individual phosphorylation sites involved
in GPCR desensitization (Fig. 1). Peptides derived from the GPCR
C-terminus of interest were used as surrogates for receptors, as the native
full-length systems are hardly accessible for high-resolution kinetic in vitro
studies due to their limited stability.

As additional negative charges induce measurable chemical shift per-
turbations in their surroundings, we employed NMR-spectroscopy to
monitor the phosphorylation catalyzed by GRKs on 15N-labeled receptor
C-termini. GPCR desensitization is a highly complex process, involving
several effectors29. Here we aimed at establishing the basal phosphorylation,
based solely on the GPCR Cterm-GRK interaction, in order to provide a
reference for later studies on the influence of further effectors. Therefore, the
reaction mixture only contained the compounds required to run this
reaction in an NMR tube (100 µM substrate peptide, 5 µM GRK, 10mM
ATP, 150 mM NaCl, 25mMMgCl2, 70mM TRIS buffer, pH 7.2).

Aprerequisite forNMRresearch at atomic resolution is the assignment
of resonances to their respective atomic nuclei. In contrast to large proteins,
where resonance assignment is a major hurdle, peptide assignment can be
easily achieved by classical three-dimensional NMR experiments. For all
studied peptides, ≥90% of the backbone assignments in their unmodified
form were obtained (Supplementary Tables 2–4). Prolines were not inclu-
ded in this number, due to their lack of a backbone amide hydrogen,
necessary for the assignment. In principle, measurement of consecutive 2D
spectra enables a temporal resolution down to the minute time-scale. Since
noadditional factorswerepresent in the reactionmixture, the reaction relied
on the low basal activity level of the GRKs30,31 resulting in a slow reaction
rate.Hence, in our setup itwas sufficient tomeasure 24min 2D spectra at an
interval of ~4 h, for 40–60 h.

To verify the ability of the GRK2 S670A construct employed in our
assay to phosphorylate GPCRs under activated conditions, we compared
the performance of GRK2 S670A to wildtype GRK2 (GRK2 WT) using
two in cellulo assays, measuring Gα sequestration and arrestin recruit-
ment. GRK2 has been shown to interact with the Gαq and Gβγ subunits
of activated G proteins32. This abolishes the interaction of G protein
subunits with their effector molecules, such as phospholipase Cβ3
(PLCβ3) in case of Gαq. Using a split luciferase complementation assay
(SLC)33 in GRK2/3/5/6 knockout cells34, we can assess the ability of the
specific GRK construct to reduce the interaction between Gαq and
PLCβ3, which are fused to complementary luciferase fragments. Here,
both kinase variants (S670A and WT) showed equal Gαq sequestration,
reflected by the absence of a luminescence signal. In contrast, the control
in GRK knockout cells transfected with the empty vector (EV) instead,
Gαq-PLCβ interaction was measurable (Fig. 2a–c). This results in an
agonist concentration-dependent as well as time-dependent lumines-
cence signal. The outcome of the SLC assay suggests correct folding and
wildtype-like behavior of the used construct. However, this assay is
independent of receptor phosphorylation.

Fig. 1 | Schematic overview of the phosphorylation assay. To monitor the phos-
phorylation reaction byNMR spectroscopy, 100 µM 15N-labeled C-terminal peptide
of the receptor of interest was mixed with 5 µM GRK and 10 mM ATP in a 3 mm

NMR tube. A series of 1H,15N HMQC spectra, each recorded for 24 min, is subse-
quently measured every 4–6 h over the course of ~60 h. The data is analyzed in Julia
1.9.2 to derive kinetic information on individual phosphorylation sites.
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To ensure a WT-like outcome of receptor phosphorylation by GRK2
S670A, we performed a NanoBRET β-arrestin (βarr) recruitment assay in
GRKknockout cells as elaborated inDrube et al. 34 (Fig. 2e, f). Also, here, the
results display no significant alteration of the WT kinase compared to the
used construct, neither in the concentration-response curves nor in the
temporal profile. No βarr2 recruitment is obtained with EV, while both
kinases lead to a highly similar extent of βarr2 recruitment. In-cell studies of

the GRK2 S670A therefore confirm the full functionality of the used
construct.

Investigating phosphorylation of Rho, β1AR, and β2AR C-termini
by GRKs
The time-resolved NMR phosphorylation assay enables us to observe the
phosphorylation on peptide substrates not only with temporal resolution,

Fig. 2 | In cellulo assays confirm wildtype-like behavior of GRK2 S670A.
a Schematic depiction of the split luciferase complementation assay (SLC)33. Agonist
activation of the Gαq-coupled muscarinic acetylcholine receptor M1 (M1mAChR
ormAChR1) leads to the dissociation of the G protein leading toGαq-phospholipase
C-β (PLCβ) interaction. The Gαq subunit is tagged with the smaller fragment
(orange) of the click-beetle luciferase whereas the larger fragment (red) is fused to
PLC-β3. Using this split luciferase sensor, we monitored mAChR1-mediated Gαq-
PLCβ interaction in ΔQ-GRK cells in the presence of GRK2WT, GRK2 S670A and
in absence of GRKs (empty vector (EV)-transfected). Data are analysed in ACh-
concentration dependent (b), mean of n = 3 independent experiments and time-
dependent (c) manner as relative light units (RLU), mean of n = 4 independent
experiments. Error bars represent the standard error of the mean (SEM). Individual
data points for each experiment are shown in lighter colors. For concentration-
dependent analysis data points were averaged over a time frame from 25 to 30 min (3
timepoints) post substrate addition. Time-dependent analysis is depicted for an

ACh-concentration of 10 µM. d Schematic representation of the performed Nano-
Bret β-arrestin (βarr) recruitment assay34. Agonist activation of the NanoLuciferase
(NanoLuc)-tagged GPCR results in phosphorylation of the receptor by GRKs and
subsequent recruitment of the Halo-Tag-βarr fusion protein. The recruitment-
induced change in proximity of NanoLuc and Halo-Tag increases measured BRET
ratios, enabling both the agonist concentration-dependent as well as the time-
dependent analysis of βarr recruitment. e GRK-dependent Halo-Tag-βarr2
recruitment to the β2AR-NanoLuc upon stimulation with isoprenaline (Iso) in
ΔGRK2/3/5/6 HEK293 knockout cells (ΔQ-GRK). Cells were co-transfected with
either EV, wildtype GRK2 (GRK2WT) or GRK2 S670A. BRET data are presented as
normalized BRET ratio, mean of n = 4 independent experiments ± SEM. f GRK-
dependent Halo-Tag-βarr2 recruitment to the β2AR-NanoLuc shown over time at a
stimulation level of 100 nM isoprenaline for n = 4 independent experiments ±
SEM. Individual data points for each experiment are shown in lighter colors.
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but also at atomic detail. We investigated in-depth the phosphorylation of
the C-terminus of Rhodopsin (Rho) by GRK1 as well as the β1 adrenergic
receptor (β1AR) and β2 adrenergic receptor (β2AR) by GRK2 (Fig. 3) as
these combinations represent the native pairs of C-terminus and kinase.

Time-resolved analysis reveals phosphorylation hierarchy in
each of the substrates
To analyse the results obtained in the NMR phosphorylation assay, peak
integrals were plotted over reaction time. Hereby, individual kinetics of
different phosphorylation sites became visible, enabling the determination
of a chronological sequence of phosphorylation events.

Within the Rho Cterm, S343 is phosphorylated first. Then S334 gets
phosphorylated, followed by S338 and T340 (Fig. 3c). Interestingly, unlike
the other phosphorylation curves in Rho Cterm, the data obtained for the
specific phosphorylation of T340 and S338 cannot be fitted with classical
first-order kinetics, but rather shows biphasic curvature, which we investi-
gated in detail further below (Fig. 4). Overall, the Rho Cterm is with its 20
amino acids the shortest tested C-terminus and offers 7 possible phos-
phorylation sites. In our assay, a total of 5 phosphorylated residues were
observed. The Rho Cterm therefore, exhibits a dense phosphorylation
pattern and notably, it is the only substrate where strong threonine phos-
phorylation was observed.

Fig. 3 | Phosphorylation of C-terminal peptides display different kinetics for
individual phosphorylation sites. Phosphorylation reaction of Rho Cterm, cata-
lyzed by GRK1 (a), β1AR Cterm, catalyzed by GRK2 (b), and β2AR Cterm, cata-
lyzed by GRK2 (c). Peak integrals of individual sites are plotted over time (left).
Peak integrals were normalized to their individual 100% phosphorylation level
according to Theillet et al.51 Data points were fitted to first-order kinetics (solid
lines). Data which could not be fitted with classical first-order kinetics were sub-
jected to analysis based on formulas 1.1–1.5 (Supplementary Fig. 1). Fits are

depicted with dashed lines (see Fig. 4 and Supplementary Fig. 1 for details).
Respective rate constants are summarized in Supplementary Table 5. On the top
right of a–c, 2D [15N,1H]- HMQC spectra displaying phosphorylated residues at
individual timepoints are depicted. The last spectrum of each time-series displays
the respective peak assignments. Sequence of C-terminal constructs is shown on the
bottom right of a–c. Possible phosphorylation sites are marked in red (serines) or
blue (threonines). Phosphorylation occurring in this assay are highlighted in
yellow.

https://doi.org/10.1038/s42003-025-08301-7 Article

Communications Biology |           (2025) 8:899 4

www.nature.com/commsbio


For the β1AR Cterm, the first phosphorylated site was S473, fol-
lowed by S412, and afterwards S461. The last two sites phosphorylated by
GRK2 were S462 and S459 (Fig. 3a). Similar to T340 and S338 of the Rho
Cterm, the phosphorylation of S462 cannot be fitted by first-order
kinetics. In total, we observed that 5 of 9 serine residues in β1AR Cterm
were preferentially phosphorylated by GRK2 whereas threonine phos-
phorylation was not observed at all. Further, these phosphorylations
occurred at different rates, including a peculiar non-first-order phos-
phorylation behavior of S462.

The most prominent phosphorylation sites in β2AR Cterm are S364
andS346, followedby S345 (Fig. 3b).All curves couldbefittedbasedonfirst-
order kinetics. Remarkably, clearly fewer sites get phosphorylated than in
β1ARCterm, even though theβ2ARCtermoffers a largernumberofpossible
phosphorylation sites (13 vs. 9). Furthermore, in β1AR Cterm, phosphor-
ylations happen rather evenly distributed over the C-terminal tail, but in
β2AR Cterm only sites that would be rather proximal to the receptor are
phosphorylated (Fig. 3b).

A biphasic model as alternative fitting method indicates depen-
dent phosphorylation events
Several phosphorylation curves could not be fitted with first-order kinetics,
for instanceT340 and S338 inRhoCtermaswell as S462 in β1ARCterm. To
investigate the biphasic curvature of these phosphorylation curves, we
explored a model for dependent reactions, where the existence of a first
phosphorylation site is a prerequisite for the phosphorylation of the second
site (Supplementary Fig. 1, Eqs. 1.1–1.5). In Fig. 4a, simulated curves are
shown based on the describedmodel. Two different options are possible for
the monophosphorylated state, termed PU (for one phosphorylated, P, and
oneunphosphorylated residue,U). In thefirst scenario, thephosphorylation
of the second site leads to chemical shift perturbation of PUand therefore in
a decrease of the peak integral of PU (curve PU.1 in Fig. 4a). In the second
case, the second phosphorylation site does not affect the chemical shift of
PU, therefore peaks keep increasing until saturation (curve PU.2 in Fig. 4a).

To identify the dependency of the phosphorylation of a certain site on
another phosphorylation site all present peaks were subjected to analysis
based on the described model. For T340 in Rho Cterm, using the RMSD as
an evaluation parameter, the best fit was achieved in combination with the
data obtained for pS343 (Fig. 4b). Similarly, S462 inβ1ARCterm seems to be
triggered by prior phosphorylation of S343 (Fig. 4d). It is however,
important tomention that the combinationwith several first site candidates
yielded reasonable fits and we lack a clear cut-off criterium (see supple-
mentary Fig. 3 for variability of the data). For instance, in Rho Cterm S343
and S334 gave similar results as triggers for T340, and in β1AR Cterm S473
gaveworse but still acceptablefits in combinationwith S462.However, in an
unfolded peptide it is more likely that amino acids in close sequential

proximity have an impact; therefore, in Fig. 4b–d the best fits with closest
neighbors are shown.

At a first glance, the phosphorylation of S338 in the Rho Cterm seems
also to be dependent on the phosphorylation of S343. However, several
states of pS338 exist (Figs. 3a, t3) and interestingly, the rise of pS338a is
highly similar to the one of pT340. This indicates that S338 is phosphory-
lated independently of pS343, but the phosphorylation of T340 results in a
peak shift of pS338, which imprints its non-monoexponential kinetics on
pS338a.

In summary, we identified three phosphorylation sites, which could
not be fitted with first-order kinetics. Our attempt to fit a biphasic model
suggest dependencies of S462 phosphorylation on S461 in β1AR, and T340
phosphorylation on S343 in Rho.

Phosphorylationofdifferent lengthsofC-terminalpeptidesyields
consistent results
Our NMR assay in this simplified system allowed us to identify time-
resolved phosphorylation of isolated C-terminal peptides by GRKs. How-
ever,many aspectsmay not represent the situation in vivo. For instance, in a
peptidic context, it might be that just the most N- or C-terminal residue is
preferentially phosphorylated. To assess such potential artefacts, we tested
different lengths of the β2AR C-terminal peptide, which contains two SS
motives (S345/S346 and S355/S356) (Supplementary Fig. 4). Constructs
with a four amino acid N-terminal overhang prior to the respective SS
motive revealed near exclusive phosphorylation of the S345/S346 motif.
S355 and S356 were not phosphorylated regardless of their position in the
peptide, while for example, S364 was consistently phosphorylated in all
three different constructs. These results therefore indicate a strong sequence
specificity and little, if any, influence of the peptide length.

Comparison of GRK1 and GRK2 phosphorylation
In order to obtain a more detailed understanding of the phosphorylation
behavior of GRK1 and GRK2, we tested the reaction of both kinases on all
three substrates (Fig. 5). For comparison of the phosphorylation driven by
the two isoforms, we analyzed the relative phosphorylation extent on
individual sites of the different C-termini at the endpoint of the reaction
(after 60 h).

Phosphorylation events were visible in all six assays, indicating that
both GRKs are not specific to their native targets (Fig. 5a). Notably, GRK1
and GRK2 displayed highly similar site selectivity, but GRK1 is able to
phosphorylate the given substrates to a higher degree than GRK2. For the
Rho Cterm as well as for β2AR Cterm, GRK1 is able to phosphorylate
additional residues, which are not phosphorylated by GRK2. There are
different possible ways to interpret these results: Either GRK1 shows less
selectivity than GRK2, or the faster reaction rate of GRK1 compared to

Fig. 4 | Fits based on a biphasic model indicate dependent phosphorylation
events. a Simulation of normalized peak integrals based on formulas 1.1–1.5 (Sup-
plementary Fig. 1). Simulated curves are shown for different states, the unpho-
sphorylated peptide (UU, gray), the mono-phosphorylated peptide (PU.1, dark blue,
dashed line and PU.2, dark blue, solid line), and the doubly phosphorylated peptide
(PP, light blue). PU.1 and PU.2 show the curve progressions for signals, for which the

chemical shift is affected or unaffected by the second phosphorylation, respectively.
For the simulation the following values were used: [UU0] =1, k1 = 0.06/h, k2 = 0.054/h.
Fits are depicted for the phosphorylation pT340 in dependence of pS343 of Rho
Cterm (b) and S462 in dependence of pS461 of the β1ARCterm (d). For pS338, fits for
the sum of all states (solid lines) as well as for pS338a only (dashed lines) are shown in
dependence of pS343 of the Rho Cterm (c) (see text for details).
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GRK2 leads to the appearance of phosphorylated residues which cannot be
seen within our timeframe for GRK2-driven reactions.

Further, ourdata show that serine residues arepreferredover threonine
residues by both GRKs (Fig. 5b). Within our assay threonine residues were
only phosphorylated in the Rhodopsin C-terminus. The comparison of the
phosphorylation of all three C-termini by both GRKs further reveals that in

the β2ARCterm the least sites were phosphorylated compared to β1AR and
RhoCterm (Fig. 5b). The different number of phosphorylated sites of β1AR
and β2AR Cterm is especially interesting as the constructs are of similar
length and the β1AR Cterm has only 9 potential phosphorylation sites,
whereas the β2AR Cterm offers 13 options for phosphorylation. This, in
combination with the results shown in Fig. 3, where it becomes evident that
the β1ARCterm is phosphorylated to a higher degree compared to the β2AR
CtermbyGRK2, leads us to the conclusion that the β1ARCterm seems to be
a better substrate for the kinase.

Discussion
The establishment of an NMR-based time-resolved phosphorylation assay
with residue resolution enabled the investigation of the phosphorylation
pattern of three different GPCR C-termini. The in vitro study of the
C-terminal stretches of the Rho C-terminus, which is naturally phos-
phorylated byGRK1, as well as β1AR and β2AR, which are native substrates
of the GRK2 isoform, revealed distinct phosphorylation patterns, andmore
intriguingly, a phosphorylation hierarchy in each of the different C-termini.
This provided valuable insights into the functioning of GRKs.

Comparing thephosphorylationof the three substrates by eitherGRK1
or GRK2 revealed that both kinases are not specific to their native peptide
substrates (Fig. 5). This highlights the importance of tissue- or cell-specific
expressionpatterns for each isoform to suppress unwantedcross-reactivities
in a cellular context35. Furthermore, the two kinases yield similar phos-
phorylation patterns, but GRK1 was shown to be more prolific on the
individual substrates. The presented assay reports on the basal activities of
the individual kinases as we focused on C-terminal receptor peptides rather
than stimulated receptors that would activate the GRKs. The results
therefore indicate that GRK2 has a lower basal activity compared to GRK1
(Fig. 5). The different basal activities could be attributed to the fact that
GRK1 is the predominantly expressed isoform in retinal rod cells36, whereas
GRK2 is expressed ubiquitously in most other cells of the body alongside
GRK3, GRK5 and GRK635,36. The coexistence of four isoforms in one cell
most likely requires stronger regulation of the different kinases compared to
GRK1, resulting in a lower basal activity of GRK2. Furthermore, GRK1
regulates the extremely fast visual process, which requires a prolific enzyme,
compared tomost other receptor responses, which canbe regulated byother
GRKs at a more moderate pace. Interestingly, in contrast to GRK2, GRK1
undergoes significant autophosphorylation at several sites (S5, T8, S21,
S488, T489) in the presence of ATP37. However, it is suggested that the
autophosphorylation has nomajor impact on the phosphorylation reaction
on soluble substrates37,38.

Even though theGRKs are promiscuous, theydodisplay site-selectivity
and yield reproducible phosphorylation patterns on each C-terminus
(Fig. 6a). In our assay, GRK2 displays different phosphorylation activity on
both its native substrates.While in the β1ARCterm5 of 9 possible sites were
phosphorylated, the β2AR Cterm was phosphorylated only on 3 sites,
although 13 Ser andThr residues are present. A possible explanation for this
could be the negative patch in the sequence of the β1AR (Fig. 3a), which is
beneficial with regard to the acidophilic nature of the kinase39,40. Therefore,
the stretch of six aspartates could enhance the affinity of the kinase towards
theβ1ARC-terminal tail, compared to theβ2ARC-terminus. Further,we see
a strong preference of both kinases for serine over threonine residues which
goes in line with the results obtained by Onorato et al.39 as well as Johnson
et al.40 This emphasizes the crucial role of the amino acid sequence of the
substrate in the phosphorylation activity of the GRKs even/already without
the impact of a receptor core.

Taking a closer look at the individual phosphorylation sites indicates a
switch-like (on/off) activation mechanism of the kinase by GPCRs, rather
than the receptor shaping the kinase specificity. The phosphorylation of
rhodopsin is a well-studied system. In rod cells, only one GRK family
member is present, namely GRK1. This natural isolation of the receptor-
kinase pair renders the system highly suitable for an in vitro replication as
well as sensible comparison of the results to in-cell data. We therefore
selected this system to assess the transferability of the results obtained on

Fig. 5 | Comparison of GRK1- and GRK2-catalyzed reactions reveals higher
phosphorylation degree with GRK1 and promiscuity of both kinases. a Bar graph
depicting the phosphorylation of Rho (purple), β1AR (blue), and β2AR (green) by
either GRK1 (darker tone) or GRK2 (lighter tone). Endpoints of each reaction
(at ~ 60 h) were chosen for analysis. Error bars represent the standard deviation of
noise of the respective spectra. For all three peptides, GRK1 shows enhanced
phosphorylation activity compared to GRK2. b Phosphorylation sites of each pep-
tide. pS phosphorylated serines by GRK1/2, pT phosphorylated threonines by
GRK1/2, pTot total phosphorylated residues, aa total number of amino acids. Both
kinases prefer serine residues over threonine residues.
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peptide substrates to full-length receptors. In our assay, Rho Cterm is pre-
dominantly phosphorylated on its three serine residues S343, S338 and
S334, followed by T340 and T336. This goes in line with results obtained on
full-length receptors (Supplementary Fig. 5). In vivo studies from Ohguro
et al. demonstrated phosphorylation of S334, S338, T336 and S34325. Here,
S334 and S338 were found to be the main sites of phosphorylation, both of
which are readily phosphorylated in our assay (Fig. 3). Studies on the
purified full-length receptor by Zhang et al. describe the phosphorylation of
S334/T335/T336 (individual sitesnotdissected), S338,T340andS343, again
supporting the results obtained in our assay26. The studies from Kennedy
et al. and Azevedo et al. showed in their studies predominant

phosphorylation on the three serine residues27,28. Both studies further sug-
gest slower phosphorylation of threonine residues. Intriguingly, our results
indicate a delayed phosphorylation behavior of T340 and show that T336 is
phosphorylated only to a small extent (Fig. 4). It is remarkable that our
simplified assay on C-terminal peptides results in highly similar phos-
phorylation outcomes compared to the phosphorylation of full-length
receptors. The high resemblance of the phosphorylated sites combinedwith
the retained fast and slow phosphorylation of serine and threonine residues,
respectively, indicates that the kinase may be activated in a switch-like
manner by the receptor, rather than the receptor influencing the kinase
specificity.

Fig. 6 | Schematic representation of distinct early
and late-stage C-terminal phosphorylation by
GRK1 and GRK2. a Results obtained at an early
stage (~10 h) vs a later stage (~60 h) in the phos-
phorylation assay were indicated by color and size
on the respective C-terminus. Possible phosphor-
ylation sites are marked in gray. Phosphorylated
serine residues are highlighted in pink and phos-
phorylated threonine residues in blue. The size of the
respective sites indicates the degree of phosphor-
ylation. b, c Possible interaction modes of arrestin
(gray = inactive, light blue = active) with the dif-
ferent phosphorylation states of a given C-terminus
are shown. b The phosphorylation hierarchy of the
Rho C-terminus observed in cells is maintained in
the in-vitro assay. Slower phosphorylation of the
threonine residues which are crucial for arrestin
interaction lead to a delayed arrestin response.
c Proposed time-sensitive arrestin activation is
shown representatively for the β1AR. Here, the
delayed phosphorylation of the arrestin-activating
PXPP motif may act as a timer for specific arrestin
responses.
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To further test this hypothesis, we turned to a literature comparison of
the observed GRK2 phosphorylation patterns on its native substrates, the
β1AR Cterm and β2AR Cterm. However, this represents a more complex
scenario. In most human cells, GRK2, GRK3, GRK5 and GRK6 are co-
involved in the process of receptor phosphorylation, and time-resolved data
on distinct phosphorylation events catalyzed by individual kinases is cur-
rently lacking. Hence, the comparability of the obtained results with in-cell
studies is limited, and only obtained endpoints could be compared.

The investigationbyHinz et al. of theβ1AR (seemingly the only current
phosphorylation analysis on this receptor), revealed the phosphorylation of
S412 and S461/S462 which is consistent with our assay41. However, we did
not observe phosphorylation of S423 which is reported in the study. As the
analysis of phosphorylation eventswas analyzedon a purified receptor from
cells, the contribution of the individual kinases could not be differentiated.
The discrepancy of some phosphorylation sites might therefore arise from
different kinase contributions, or the specificity of GRK2may be altered by
the receptor or other effectors in the cell. However, in light of the obtained
results on the phosphorylation of RhoCtermbyGRK1,we consider thefirst
scenario more likely.

Trester-Zedlitz et al. analyzed the phosphorylation pattern on β2AR
derived from overexpressing HEK293 cells after agonist-stimulation and
showed that the β2AR Cterm is not phosphorylated on distal sites, which is
consistent with our results20. In contrast, Shiraishi et al. as well as Nobles
et al., demonstrated the phosphorylation of two rather distal sites of the
β2AR, S401 and S407, by GRK24,42. In our assay, which is limited by the
stability of the kinases over the long reaction time, these sites were not
phosphorylated above the detection threshold of roughly 5% by GRK2.
Given that β2ARCterm seems to be a poor substrate forGRK2 (as described
before), combined with the low basal activity of the GRK family member,
these sites could potentially also appear after longer reaction times or acti-
vation by stimulated receptors.

In general, the comparison of our end-point results to studies
including in vitro phosphorylation of full-length receptors and in-cell
assays analyzed by mass spectrometry or phosphosite-specific antibodies
reveals considerable similarity between the obtained data, supporting the
hypothesis of a switch-like activation model for the kinase by the
receptor. This in turn, increases the confidence that the hierarchical
phosphorylation events observed in our assay may represent a physio-
logically relevant scenario, with the exception of overall rates of the
reaction. Through activation of the GRKs by interaction with an acti-
vated receptor, the reaction rates will be drastically increased, while the
specificity and therefore the chronological sequence of receptor phos-
phorylation may be maintained.

The time resolution of our assay thus provides valuable insights into
GRK function. A first simple observation is that the different phosphor-
ylation sites display strongly different rates. This clearly shows that an
individual kinase does not bind once to the peptide and slide on it, thereby
phosphorylating all potential sites in one event before dissociating again.
The kinase rather binds and dissociates several times from the peptide with
different likelihoods of phosphorylating different residues. This produces
chronologically different phosphorylation patterns.

Considering the observed chronological phosphorylation events from
the perspective of downstream signaling, this opens up the possibility of
time-sensitive arrestin responses. Studies on arrestin–rhodopsin interaction
revealed that rapid serine phosphorylation on rhodopsin does not lead to
full deactivation of the receptor28. Only the slower phosphorylation of
threonine residues effectively promotes arrestin binding, fully deactivating
the receptor (Fig. 6b). It is intriguing that in our simplified assay, T340
displays such a delayed phosphorylation behavior. Furthermore, even
though the Rhodopsin C-terminus is strongly phosphorylated compared to
the other two substrates within our assay, T342 is not phosphorylated at all.
Interestingly, this site is postulated as “inhibitory site” by Mayer et al.43. In
line with this hypothesis, it is sensible that GRK1 does not target T342 at an
early stage. Together, the results suggest a tight control of the timing of
rhodopsin desensitization. In our study, we extend this hypothesis beyond

the nature of the phosphorylated residue type (Ser/Thr) by the specificity of
the kinase, which entails delayed phosphorylation of individual residues.

By taking a closer look at the phosphorylation pattern of the β1AR
Cterm, it becomes apparent that first three sites that are quite widely dis-
persed are phosphorylated by GRK2 (S473, S412, then S461). As the acti-
vation of arrestin requires the phosphorylation of three sites which are close
in space5–7, the protein will not be activated at this stage of phosphorylation
(Fig. 6c). At a later time-point, and most notably in likely dependence of
S461, S462 is phosphorylated.Also, S459 is phosphorylated to a small extent.
These three serines formaPXPPmotif, whichhas recently beendescribed as
an important binding and activation motif for arrestin7,8. It is noteworthy
that the kinase does not initially target all serine residues in the PXPPmotif
and that the phosphorylation of S462 depends on the adjacent phosphor-
ylation site. This could hint at a time-delay in the arrestin response which is
proposed to be triggered by the PXPP motif. It is intriguing to speculate at
this point that arrestin may show an early and a late stage response in
dependence to the different prevailing phosphorylation patterns, which
change over time (Fig. 6). A previous study proposed that agonist-
dependent stepwise phosphorylation of the leukotriene B4 type-1 receptor
yields distinct arrestin complexes, leading to diverse cellular functions44.
Also, Haider et al. demonstrated in their in cellulo work that arrestins can
adopt different conformations arising from distinct phosphorylation pat-
terns on the same GPCR45. Both studies confirm that a single receptor can
induce different arrestin states based on varying phosphorylation patterns.

Recently it has beenreported, that arrestin can engagewith the receptor
in two different manners which are dependent on the location of the
phosphorylation sites9,10. It can either adopt a hanging conformation, which
is proposed to be facilitated by distal phosphorylation sites, or a core con-
formation, which is promoted by proximal phosphorylation sites. Our data
suggest that by the end of the reaction the β1AR Cterm is phosphorylated
rather on distal sites (Fig. 6a). In contrast, the β2AR C-terminal domain is
mainly phosphorylated on proximal sites, even though a range of distal
phosphorylation sites are present. This could indicate different arrestin
binding modes for the two receptors at a given time point.

In terms of limitations, the presented study reveals the details of
phosphorylation of isolated C-terminal peptides, but we were not able to
directly compare the results to phosphorylation of full-length receptors—
despite attempting several approaches. Due to limited stability, the full-
length systems are difficult to access for high-resolution kinetic in vitro
studies. The current approach, therefore, leverages only the basal activity of
the enzyme and neglects the contribution of the receptor core which may
shape the specificities of the kinases through steric influence. The described
cross-reactivities of e.g. GRK2 with Rho Cterm and GRK1 with β1/β2AR
Ctermsmight not be present in context of the full-length receptor. Also, the
impact of other factors including phospholipids and Gβγ subunits is not
addressed. To date, it remains unclear whether the cofactors induce allos-
teric changes that influence the enzyme’s activity, or whether they function
primarily as recruitment factors. In the latter case, they may enhance the
reaction only by increasing the local concentration of reactants. We use
previously published results obtained in cells as a reference for the naturally
produced phosphorylation patterns and compare it to the ones obtained
in vitro. However, results derived from experiments performed in entire
cells commonly do not dissect the contribution from individual kinases or
other factors. Our results therefore, provide clear data on the inherent
specificity of GRKs. If cellular data identifies the same phosphorylation
pattern, this suggests that the receptor mainly acts as a binary activation
switch of the kinase and that theGRKspecificity remains similar in a cellular
context (as it appears here for GRK1 and Rho Cterm). Differences between
in vivo and our in vitro data, on the other hand, represent a clear indication
of additional factors contributing to GRK specificity. However, no conclu-
sion can be drawnonwhether altered specificities are caused by the receptor
domain, other kinases, Gβγ, phospholipid composition or simply other
changes in the experimental setup.

In conclusion, our studyhighlights the intricacyof theGRK-dependent
phosphorylation reaction in the desensitization process of GPCRs. We
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could show that the kinases are non-specific to C-terminal peptides, but
display site-selective phosphorylation of those. The amino acid sequence of
the substrates significantly impacts the activity of the kinase and governs the
site-selectivity of the enzymes beyond the mere distribution of serine and
threonine residues as shown for theβ1ARCterm in comparison to the β2AR
Cterm. The comparison of our simplified assay with literature data on full-
length receptors indicates a switch-like activationmechanism for the kinase
by the receptor. Conversely, this strengthens the confidence that the pre-
sented results may reflect a physiologically relevant scenario. Our assay
shows that arrestinbindingmotives, such as thePXPPmotif,maybepresent
but not necessarily phosphorylated at an early stage. The chronological
sequence of the phosphorylation events thereby adds another layer of
complexity to the GPCR inactivation process, opening up the possibility for
time-delayed responses and for the transition from one arrestin state to
another over time. Hence, understanding the GRK-perspective of desensi-
tization is crucial to unravel the mystery of the inactivation of hundreds of
GPCRs by just a handful of proteins.

Material and methods
Expression and purification of 15N and 15N, 13C-labeled C-termini
Plasmid DNA coding for the C-termini of btRhodopsin (329–348), hsβ1AR
(406–477), hsβ2AR01/02/03 (342–413/351–413/358–413) (pET28b-based)
was transformed into E. coli BL21(DE3) Codon Plus RIL cells (Agilent).
Cells were grown on an agar plate supplementedwith chloramphenicol and
kanamycin at 37 °C overnight. A colonywas picked to inoculate 2mL of LB
medium. Cells were incubated in a shaker at 37 °C for 4 h at 180 rpm. The
mixture was then transferred into 50mL of M9 minimal medium, con-
taining either 1 g/l 15NH4Cl and 4 g/l glucose or 1 g/l 15NH4Cl and 3 g/l
glucose-13C6 for U-[

15N] or U-[13C,15N] labeled protein, respectively. The
preculture was incubated overnight at 37 °C and 180 rpm. For the main
culture, 950mL of the previously mentioned medium was prewarmed to
37 °C and the preculture was added. The culture was shaken and grown at
37 °C until the OD600 reached 0.6 at which point the temperature of the
shaker was set to 20 °C. Half an hour later, 1 mM isopropyl β-D-1-thioga-
lactopyranoside (IPTG) was added. Cells were harvested the next day by
centrifugation for 10min at 6000 × g at 4 °C.

For purification, cells were lysed in lysis buffer (50mM TRIS pH 8.0,
300mM NaCl, 5 mM imidazole, 1 mM PMSF, DNaseI and 10% v/v gly-
cerol) with an LM10Microfluidizer (Microfluidics) and the obtained lysate
was centrifuged for 1 h at 35,000 × g at 4 °C. The supernatant was filtered
with a 0.45 µm syringe filter (Sarstedt) and loaded onto a 5mL Ni-NTA
Superflow-Cartridge (Qiagen). The column was washed with washing
buffer (50mM TRIS pH 8.0, 300mM NaCl, 5mM imidazole, 10% v/v
glycerol, 1mM DTT) and the protein was step eluted with elution buffer
(50mM TRIS pH 8.0, 300mM NaCl, 250mM imidazole and 10% v/v
glycerol, 1 mM DTT). A buffer exchange to washing buffer was conducted
using aHiPrep 26/10DesaltingColumn (GE). TEVproteasewas added and
after overnight incubation a reverse Ni-IMAC purification step was per-
formed to removeTEVprotease and cleaved tag. Thepeptide solutionswere
loaded onto a Superdex 75 Increase 10/300 column (GE) to exchange the
buffer to 50mM TRIS pH 7.2, 150mM NaCl, 25mMMgCl2. The peptide
containing fractions were concentrated in 3 kDa Amicon-Ultra 4mL cen-
trifugal filters (Merck Millipore) and stored at −80 °C.

Expression and purification of GRK1/2
GRK1 1–53537 and GRK2 S670A46 expression was performed in insect cells
following Sterne-Marr et al.47 In brief, electrocompetentDH10Bac cellswere
transformed with target-gene encoding plasmid (pFastBac) using electro-
poration. Recombinant cells were selected with the help of blue-white
screening and bacmid was subsequently isolated from an amplified white
colony. For transfection, 2 μl of 1 μg/μL bacmid was mixed with 98 μL
medium without PSG. In a separate tube, 2 μL EscortTM IV transfection
agent was added to 98 μL medium without PSG. The two premixes were
combined and mixed carefully. After 15–30min of incubation at rt, the
dilutionwas addeddropwise to0.8 × 106 cells in 2mLmediumwithoutPSG,

seeded in a 6-well plate. Typically, 2–3wellswere infected per construct. The
first virus generation (V0) was harvested after 5–7 days of incubation and
used to infect 15mL Sf9 suspension culture at 1.8 × 106 cell/mL. Cells were
kept at a density of 1.8 × 106 cell/mL. Virus-containing supernatant was
harvested once cell viability dropped to 70–80% and was further amplified
by infecting a larger culture with a 1:500 virus dilution until a sufficient
amount was obtained (usually until V2 generation). For expression, 1 L at
1.8 × 106 cells/mL Sf9 insect cells were infected with 50–100mL virus. Cells
were harvested by centrifugation (10min, 900 × g, 4 °C) after 48–72 h at a
cell viability of 70–80%. The pellet was stored at −80 °C until further use.
The used plasmids were generously provided by the Tesmer Lab, and the
two constructs were chosen for the following reason: GRK1 was
C-terminally truncated to prevent farnesylation of the kinase and con-
comitant membrane recruitment. In this way, neither GRK1 nor GRK2
were recruited to the membrane, therefore allowing for a uniform assay for
both kinases. Note that GRK2 is recruited to the membrane via binding to
the Gβγ subunit, which was absent in our simplified assay. The point-
mutation in GRK2 was introduced as phosphorylation of the site was
reported to shift specificity of the kinase towards non-receptor substrates46,
which is undesirable in our assay. All purification steps were performed
either on ice or at 4 °C and all fractions were monitored by HPLC analysis
using an 1100 Series system (Agilent), equipped with a POROS R1/10
4.6×100 C8 column (Applied Biosystems), running a gradient between
bufferHPLC-A (ddH2O, 0.1%TFA) andHPLC-B (90%ACN, 10%ddH2O,
0.1%TFA). The cell pellet was resuspended in 5mLwashing buffer (50mM
TRIS pH 8, 300mMNaCl, 5mM imidazole, 10% v/v glycerol, 1mMDTT)
per 1 g pellet and DNaseI as well as 1mM PMSF were added. The sus-
pension was first treated 3 times for 30 s with an IKA T18 disperser
(TURRAX), equipped with a S18N-19G dispersing tool, set to 10,000 rpm
followed by 3 times 30 s of sonication (35% power, 50% cycles) using a
SonoplusHD2070 connected to aUW2070 (Bandelin electronic). Between
every lysis step the suspension was cooled for 1min on ice. Cell debris was
separated by centrifugation at 35,000 g for 2–3 h and vacuum filtration of
the cleared lysate through 0.45 µm nitrocellulose membranes (Merck, MF-
Millipore). Ni-affinity chromatography on a 20mL HisPrep FF 16/10 col-
umn (GE) with 140mL washing buffer and 60mL elution buffer (50mM
TRIS pH 8, 300mM NaCl, 250mM imidazole, 10% v/v glycerol, 1mM
DTT) was performed as a first purification step. The resulting protein
solutionwas concentrated in 50 kDaAmicon-Ultra 15mL centrifugal filters
(MerckMillipore) and subsequently injectedon aSuperdex200 Increase 10/
600 column (GE) to obtain amonodisperse fraction in 70mMTRIS pH7.2,
150mMNaCl, 1mMDTT.Finally, the purifiedproteinwas concentrated in
50 kDa Amicon-Ultra 15mL centrifugal filters (Merck Millipore) and
stored at −80 °C.

Backbone assignment experiments
Backbone atoms of phosphorylated GPCR C-termini were assigned to
their corresponding NMR signals by standard 1H,13C,15N triple resonance
experiments performed on the GPCRs’ phosphorylated C-terminal
peptides. Phosphorylated 13C,15N labeled GPCR C-termini were obtained
by phosphorylation with GRK1 or GRK2. 300–600 µL samples con-
taining 20–25 µM GRK1, 10mM ATP and 300–400 µM 13C,15N labeled
GPCR C-terminus in 70mM TRIS pH 7.2, 25mM MgCl2, 2 mM TCEP
were incubated for 40–48 h at 37 °C and 180 rpm in a TH 15 shaker
(Edmund Bühler GmbH). The peptide concentration was chosen suffi-
ciently high to obtain a phosphopeptide concentration of at least 500 µM
in the final 160 µL NMR sample. Successful phosphorylation was con-
firmed prior to sample processing by recording a [15N,1H]-HMQC
spectrum of the reaction mixture. To separate the phosphopeptide
solution from the formed precipitate, the samples were centrifuged at
16,100 rcf and 4 °C for 10min. Subsequently, the buffer of the super-
natant was exchanged to 20mM citrate pH 5.5, 150mM NaCl, 1 mM
DTT on a 1mL PD MidiTrap G-25 (GE). The sample was concentrated
to 140 µL in 2 kDa vivaspin 2 (Sartorius Stedim Biotech, rhodopsin C-
terminus) or 3 kDa 0.5 mL Amicon-Ultra (Merck Millipore, βAR C-
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termini) centrifugal filters and 16–20 µL D2O were added to obtain a final
volume of at least 160 µL.

The following spectra of the phosphopeptide were recorded in 3mm
tubes (Norell) at 298.1 Kona 700MHzBruker spectrometer, equippedwith
a CP-TCI 1H-13C/15N-2H ZGrad (βAR C-termini) or CP-TCI 1H&19F-
13C/15N-2H XYZGrad (rhodopsin C-terminus) probe head. 1D 1H (ns =
128), XL-ALSOFAST-[13C,1H]-HMQC48 (ns = 16 (βAR) or 32 (Rho),
td(13C) = 280 (βAR) or 704 (Rho), SW(1H) = 16.2 ppm, o1p = 4.7 ppm,
SW(13C) = 80 ppm, o2p = 42 ppm, d1 = 0.5 s, d21 = 1.7 ms, d22 = 1.7ms),
[15N,1H]-HSQC (ns = 4, SW(1H) = 16.2 ppm, o1p = 4.7 ppm, SW(15N) =
36 ppm, o2p = 118 ppm), HNCACB (from Bruker library, ns = 8 (βAR) or
16 (Rho), td(13C) = 176, td(15N) = 68) aswell asCBCAcoNH(fromBruker
library, ns = 8, td(13C) = 98, td(15N) = 68). The spectral width and offset of
the triple resonance experiments were adjusted depending on the
C-terminus as listed in supplementary Table 1. Data were processed in
Topspin 4.0.7. Backbone assignment of the phosphopeptides was per-
formed in CARA (1.9.1.7). It is important to mention that phosphorylation
of close-by sites can lead to a second state of the initial site. This influence is
not restricted to one neighbor, possibly leading to several peaks. Never-
theless, assignment of these peaks could be done based on the triple reso-
nance experiments using CARA (1.9.17).

The chemical shifts of 1H,15N-correlation signals of phosphorylated
residues are highly pH sensitive.ApH-titrationwas performed to enable the
transfer of assignments to spectra measured at other pH-values (Supple-
mentary Fig. 1). The experiments were either performed with the sample
already used for the triple resonance experiments, or a new, 15N labeled
sample was prepared. A series of 1D 1H (ns = 128) and [15N,1H]-HMQC
spectra (ns = 8, td(15N) = 256 (β1AR) or 512 (Rho, β2AR), SW(1H) = 16
ppm, o1p = 4.7 ppm, SW(15N) = 36 ppm, o2p = 118 ppm) was recorded at
pH-values between 5.5 and 7.2 on 700MHz (CP-TCI 1H-13C/15N-2H
ZGradprobe head), 750MHz (TXI 1H-13C/15N-2HZGradprobehead) or
900MHz (CP-TCI 1H-13C/15N-2H ZGrad probe head) Bruker
spectrometers.

Phosphorylation assay
100 µM of the respective 15N-labeled C-terminus was mixed with 5 µM
GRK1 or GRK2. As a last step prior to the measurement, 10mMATP was
added to the solution. Reactions were performed in 70mM TRIS pH
7.2, 150 mM NaCl, 25mM MgCl2 and 2mM TCEP in a total volume of
160 µL. Additionally, an inactive reference sample was pipetted, where the
respective kinase was replaced by buffer.

ALSOFAST-[15N,1H]-HMQC experiments (ns = 16, td(15N) = 256,
SW(1H) = 15.6 ppm, o1p = 4.7 ppm, SW(15N) = 36 ppm, o2p = 120,
d1 = 0.2 s) of the samples were measured on a 500MHz Bruker spec-
trometer (CP-QCI 1H & 19 F/31P-13C/15N/2H Z-Grad probe head) in
3 mm tubes (Norell) at 298.1 K every 2–6 h over a period of 30–60 h. At
the end of the measurement of the time-series the pH for both samples
(reference and time-series sample) was dropped to pH 5.5 for normal-
ization purposes.

Split luciferase assay
The split luciferase assay was performed based on Littmann et al.33 and
Jaiswal49. Briefly, 1.6 × 106 quadruple GRK knockout cells (ΔQ-GRK,
ΔGRK2/3/5/6) were seeded in 21 cm2 dishes and transfected the following
day with 4 µg Gαq-PLCβ3 split luciferase sensor containing Gαq subunit
fused to the small part of the click-beetle luciferase and phospholipase Cβ3
(PLCβ3) fused to the large part the click-beetle luciferase, 2 µg ofmuscarinic
acetylcholine receptor M1 (mAChR1) and 3 µg of an individual GRK or
empty vector. All transfections were conducted following the Effectene
transfection reagent manual by Qiagen (#301427) and then incubated at
37 °C overnight. 60,000 cells were seeded per well into poly-D-lysine-coated
96-well plates (Brand, 781965). After 24 h, the cells were washed twice with
measuring buffer (140mM NaCl, 10mM HEPES, 5.4mM KCl, 2mM
CaCl2, 1mMMgCl2; pH 7.3) and 1 nM D-luciferin (88293, Thermo Fisher
Scientific) was added in measuring buffer. A Synergy Neo2 plate reader

(Biotek), operated with the Gen5 software (version 2.09), with a custom-
made filter (excitation bandwidth 541–550 nm, emission 560–595 nm,
fluorescence filter 620/15 nm) was used to perform the measurements. The
baseline was monitored for 7.5min. After the addition of acetylcholine
(ACh; Sigma-Aldrich I5627, in water), the measurements were continued
for 27min.

Intermolecular bioluminescence resonance energy
transfer (BRET)
TheGRK-selective β-arrestin recruitment assaywas performed as described
in Drube et al.34. 1.6 × 106 ΔQ-GRK cells were seeded in 21 cm2 dishes and
transfected the next daywith 0.5 μg of humanβ2 adrenergic receptor (β2AR)
C-terminally fused to Nano luciferase (NanoLuc), 1 μg of β-arrestin con-
structsN-terminally fused to aHalo-ligandbindingHalo-Tag and0.25 μgof
one GRK or empty vector. All transfections were conducted following the
Effectene transfection reagent manual by Qiagen (#301427) and then
incubated at 37 °C overnight. Into poly-D-lysine-coated 96-well plates
(Brand, 781965), 40,000 cells were seeded per well in presence of Halo-
ligand (Promega, G980A) at a ratio of 1:2,000. Each transfection was seeded
in three technical replicates and one mock labeling condition without the
addition of the Halo-ligand. After 24 h, the cells were washed twice with
measuring buffer (140mM NaCl, 10mM HEPES, 5.4mM KCl, 2mM
CaCl2, 1mMMgCl2; pH7.3) andNanoLuc-substrate furimazine (Promega,
N157B) was added in a ratio of 1:35,000 in measuring buffer. A Synergy
Neo2 plate reader (Biotek), operated with the Gen5 software (version 2.09),
with a custom-made filter (excitation bandwidth 541–550 nm, emission
560–595 nm, fluorescence filter 620/15 nm) was used to perform the mea-
surements. The baseline was monitored for 3min. After the addition of
different isoproterenol concentrations as indicated (Iso; Sigma-Aldrich
I5627, in water), the measurements were continued for 15min.

Analysis, statistics and reproducibility
Phosphorylation assay. After data processing in Topspin 4.0.7, signal
integrals were read out in Julia 1.9.2 using a previously described script50.
Data was normalized to the 100% phosphorylation level of individual
phosphorylation sites as described by Theillet et al.51 Unaffected NMR
signalswere chosen to calculated a global scaling factor Fscale to correct for
changes in the reference and reaction samples. The 100% phosphoryla-
tion value of appearing NMR signals k was then calculated based on the
following Eq. 1.1. using the disappearing unphosphorylated peaks j.

Ikphos tð Þ ¼
Ikphos100%
Fscale

× 1�
Fscale × IjunphosðtÞ
Ijunphosðt ¼ 0Þ

 !
ð1:1Þ

Data was further processed in JupyterLab 4.0.7. A list of used reporter
peaks j as well as a ranking of the individual 100% phosphorylation levels
can be found in Supplementary Table 6. Fits of biphasic curves were gen-
erated according to the equations 1.2–1.6 (Supplementary Fig. 1) in Jupy-
terLab 4.0.7. For data shown in Fig. 4, signals were read out, normalized by
peaks which are unaffected by the phosphorylation reaction and further
processed in Julia 1.9.2 using a previously described script50. For reprodu-
cibility of the data see Supplementary Fig. 3.

Split luciferase assay. Luminescence values after ligand stimulation
were corrected for non-specific signal by using values from vehicle sti-
mulation and analyzed over time to determine the time-points showing
stable andmaximum luminescence. An average of responses from the last
three time-points was used for concentration-response curves. Experi-
ments were performed in technical replicates of three from the same
transfection, stimulated with identical ligand solution. The technical
replicates were averaged for each n. Calculations were conducted using
Excel 2016. Further data processing was done in GraphPad Prism 7.03.
Concentration response curves are shown as mean n = 3 independent
experiments with independent transfections ± SEM (represented as error
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bar). Analysis over time is shown as mean n = 4 independent experi-
ments with independent transfections ± SEM (represented as error bar).

Intermolecular bioluminescence resonance energy transfer (BRET).
To obtain the plotted BRET values, the acceptor (Halo-tag) signal was
divided by the donor (NanoLuc) signal and the mean of three technical
replicates was calculated. By subtracting the values measured for the
respective mock labeling conditions, the initial BRET values were cor-
rected for labeling efficiency. For concentration-response curves, Halo-
corrected BRET changes were calculated by the division of the corrected
and averaged values measured after ligand stimulation (timepoints
2–5 min after stimulation) by the respective corrected and averaged
baseline values. Subsequently, this corrected BRET changewas divided by
the vehicle (buffer-stimulated) control for the final dynamic Δ net BRET
change. These calculations were conducted using Excel 2016. Curves and
corresponding SEM (represented as error bar) for concentration-
dependent β-arrestin recruitment were calculated with GraphPad
Prism 7.03. using data from n = 4 independent experiments with inde-
pendent transfections.

Reporting Summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data supporting thefindings of this study are included in the article or the
Supplementary Information files. Numerical source data underlying the
figures can be found in Supplementary Data 1–4.
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