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Abstract
G protein–coupled receptor (GPCR) kinases (GRKs) instigate the desensitization of activated
GPCRs via phosphorylation that promotes interaction with arrestins, thereby preventing the
interaction of GPCRs with heterotrimeric G proteins. A current proposed model of GRK1
activation involves the binding of activated rhodopsin (Rho*) to the N–terminal region of GRK1.
Perhaps concomitantly, this N–terminal region also stabilizes a closed, active conformation of the
kinase domain. To further probe this model, we mapped changes in the backbone flexibility of
GRK1 as it binds to its two substrates, adenosine triphosphate (Mg2+·ATP) and Rho*. We found
that the conformational flexibility of GRK1 was reduced in the presence of either Mg2+·ATP and/
or Rho*, with Mg2+·ATP having the greatest effect. In a truncated form of GRK1 lacking the N–
terminal region (ΔN–GRK1), peptides that directly interact with ATP were not as dramatically
stabilized by adding Mg2+·ATP, and dynamics were greater in the interface between the large lobe
of the kinase domain and the regulator of G protein signaling homology domain. In the presence
of Mg2+·ATP, the influence of Rho* versus Rho was negligible on GRK1 dynamics.

Normal visual function relies on the ability of rhodopsin (Rho) to respond to light stimuli
and then quickly return to the dark adapted state 1. Recovery of the dark state is in part
orchestrated by G protein–coupled Rho receptor (GPCR) kinase 1 (GRK1) which
desensitizes activated rhodopsin (Rho*) 2, 3 by docking to and phosphorylating residues in
the C–terminal tail of the receptor 4–7. This phosphorylation in turn promotes an interaction
with the capping protein, arrestin, that blocks subsequent interactions with transducin 4.
Humans lacking GRK1 suffer from so–called Oguchi disease 8, experiencing normal light
adaptation at low levels of ambient light but abnormally slow dark–adaptation at high levels
of illumination 9. We hypothesized that without a functional GRK1 in vivo, decay of Rho*
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to opsin and regeneration with 11–cis–retinal probably would constitute the sole pathway for
recovering rod sensitivity 9. In mice, inactivation of the GRK1 gene eliminates light–
dependent phosphorylation of Rho*, resulting in a larger and longer lasting single–photon
response than in wild–type animals 10.

The currently proposed mechanism of GRK1 activation is believed to consist of two distinct
steps. Rho* first binds to the N–terminal ~19 residues of the kinase, inducing the formation
of an α–helix (Fig. 1). This helix then interacts with the kinase domain in a manner that
bridges the large and small lobes and stabilizes a more closed, active conformational state.
The importance of the N–terminal 19 amino acid residues for activation of GRK1 has
already been described 11, 12. Truncation of this N–terminal region in GRK1, GRK2 or
GRK5 abolished receptor phosphorylation 12–14. Moreover, mutation of residues in the
small lobe of the GRK kinase domain that interact directly with the N–terminal helix, as
observed in the structure of GRK6 in a relatively closed conformation 15, greatly
compromised GPCR phosphorylation 16.

To probe this model for GRK activation further, we used deuterium exchange mass
spectrometry (DXMS) to characterize the structural flexibility of GRK1 in the presence or
absence of its substrates. We hypothesized that in the presence of Mg2+·ATP we should
observe changes in the overall flexibility consistent with multiple crystal structures of GRK1
in complex with ATP and/or ADP. Moreover in the presence of Rho*, we should observe
changes in the stability of the N–terminal 19 amino acids of GRK1 and perhaps in regions of
the protein kinase that this region interacts with 15. As a control, we used a GRK1 molecule
lacking the first 19 amino acid residues (ΔN–GRK1). We found that both Mg2+·ATP and
Rho* induced marked reductions in the flexibility of GRK1 whereas deletion of the N–
terminal 19 amino acids resulted in increased flexibility in the active site and interdomain
contacts of this enzyme.

EXPERIMENTAL PROCEDURES
Expression and purification of bovine GRK1 and ΔN–GRK1

High–Five cells were infected with viruses encoding residues 1–535 of GRK1 (hence
lacking the C–terminal farnesylation site) or ΔN–GRK1 (residues 20–535) for 48 h prior to
harvesting and purified as described previously 16, 17. Both proteins were engineered to have
C–terminal hexa–histidine tags. Briefly, cell pellets were resuspended in lysis buffer (20
mM HEPES, pH 7.5, containing 150 mM NaCl and 10 mM β–mercaptoethanol)
supplemented with phenylmethylsulfonyl fluoride and leupeptin. Cells were homogenized,
lysed sonication, and debris was pelleted by ultracentrifugation. The soluble fraction was
loaded onto a Ni–NTA column, washed with lysis buffer supplemented with 10 mM
imidazole, and eluted with lysis buffer containing 200 mM imidazole at pH 7.5. Protein–
containing fractions were pooled, diluted to reduce the NaCl concentration below 50 mM
and loaded onto a Source15S ion exchange column (GE Healthcare). The column was eluted
with an increasing NaCl gradient (0 to 500 mM) and the protein eluted between 100 to 200
mM NaCl. Fractions containing the protein were pooled, concentrated and loaded onto a
tandem S200 size exclusion column (GE Healthcare) pre–equilibrated with 20 mM HEPES,
pH 7.5, containing 50 mM NaCl and 2 mM DTT. All purification steps were performed at 4
°C. Purified protein was then aliquoted, flash frozen in liquid nitrogen and stored at −80 °C
for future use.

Preparation of rod outer segment (ROS) membranes
ROS membranes were prepared from 100 bovine retinas under dim red light by using
discontinuous sucrose gradients as described 18. Membranes were diluted in 40 ml of
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hypotonic buffer (5 mM Bis–Tris–propane (BTP) pH 7.5, containing 0.1 mM EDTA and 1
mM DTT) and proteins were released by gentle homogenization followed by centrifugation
at 25,000g at 4 °C for 30 min. This extraction procedure was repeated three times.
Combined membranes were suspended in 3 ml of 10 mM BTP, pH 7.5, 100 mM NaCl and
either used immediately or frozen at −80 °C. Rho concentrations were determined from their
absorption at 500 nm by using the extinction coefficient ε = 40,600 M−1cm−1 18.

Amide hydrogen–deuterium exchange of GRK1 and ΔN–GRK1
Hydrogen–deuterium exchange experiments were performed as follows: 10 μg of GRK1 in
10 mM HEPES, pH 7.5, containing 0.15 M NaCl and 1 mM DTT were incubated in 80 μl
D2O on ice for 10, 20, 30, 60, 300, 600 and 1800 s. After each incubation, deuterium
exchange was terminated by adding 10 μl of quench solution (D2O with pH adjusted to 2.4
with HCl). Immediately thereafter, 10 μl of pepsin (1.7 mg ml−1; Worthington, Lakewood,
NJ) was added to the solution, The final pH was 2.5. Then the sample was digested for 8
min on ice before injecting the resulting peptides on a Luna 20 × 2.00 mm C18 column
(Phenomenex, Torrance, CA) with a temperature controlled autosampler set to 4 °C attached
to a Hewlett–Packard 1100 HPLC system (Agilent Technologies, Santa Clara, CA). Peptides
were eluted with the following gradients: 0–4 min, 98% H2O in 0.1% (v/v) formic acid (A)
and 2% isopropanol in 0.1% (v/v) formic acid (B); 4–12 min, 98% to 2% A. Peptides were
directed into a Finnigan LXQ (Thermo Finnigan, Waltham, MA) equipped with a
electrospray ionization source operating at 300 °C. Tandem MS2 were collected after
collision–induced dissociation of ions with a normalized collision energy set to 35 eV.
Deuterium exchange experiments conducted in the presence of Mg2+·ATP were performed
as described for apo–GRK1. Concentrations of ATP and Mg2+ were 1 and 2 mM,
respectively.

Amide hydrogen–deuterium exchange of GRK1 and ΔN–GRK1 in the presence of Rho or
Rho*

These experiments were initiated after mixing either GRK1 or ΔN–GRK1 with either ROS
or photoactivated–ROS membranes (GRK1:Rho=1:2, w/w). ROS membranes were activated
with light (150 W) delivered by fiber light through a 480–520 nm band pass filter for 30 s.
Hydrogen–deuterium exchange was performed in the dark. Exposure to D2O was carried out
in a manner similar to that described for GRK1 in the absence of Rho. Before digestion with
pepsin, samples were terminated with quenching solution (pH 2.4) supplemented with 1 mM
Mg2+ and 1 mM Ca2+ chloride salts. All digestions were carried out in tubes wrapped with
aluminum foil. Then they were centrifuged at 10,000×g for 30 s. This additional step, as
compared to the procedure described above for apo–GRK1, was included to pellet ROS
membranes. Supernatants were collected and processed as described above for apo–GRK1
samples.

Before starting production–run experiments, we first evaluated the effects adding 1 mM
Mg2+ and 1 mM Ca2+ to the quench solution for Rho and Rho* samples. The effect of this
combination was first investigated on the deuterium uptake of GRK1. This control was
critical because we had observed that addition of Mg2+ in D2O used to dilute samples
caused significant conformational changes in apo–GRK1 (vide infra). In all the present
experiments, the pH was maintained at 2.5. Addition of 1 mM Mg2+ and 1 mM Ca2+ to the
pH 2.4 quench solution had no detectable effect on the deuterium uptake of apo–GRK1 (data
not shown), allowing us to compare the deuterium uptake profile of GRK1 with profiles
obtained in the presence of Rho or Rho*.
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Mass spectrometry of pepsin digests
Peptides resulting from digestion with pepsin were identified based on their MS2 spectra
compared to their theoretical y and b ions. First, the raw files format (Thermo Finnigan,
Waltham, MA) was converted to a mzXML file format through instrument–associated
software. Then the resulting files were searched against the primary sequences of GRK1 and
ΔN–GRK1 (Fig. 2) with the MassMatrix search engine 19. The quality of each peptide
search was evaluated by estimating three statistical scores, namely pp, pp2, and ptag
described in detail elsewhere 20. Each deuterated peptide was identified by using both its
retention time (min) and the charge state of its undeuterated control counterpart.

Analysis of deuterium exchange products
Undeuterated signals were identified by MS2 as emanating from bona fide GRK1 peptic
fragments by comparing the theoretical peptide product ions to ions obtained after collision–
induced dissociation of the specific ion. Deuterated peptides were additionally identified by
their retention times as described above. Eluted peaks were processed in a semi–automatic
fashion whereby the peak envelope and the consequent centroid were evaluated with
HDExpress software 21. For each peptic peptide, we calculated the maximum theoretical
number of exchangeable protons. For Pro–containing peptides, the maximum exchangeable
number was decreased by one for each Pro residue. Protons of amino acid residue side
chains have very rapid exchange rates and thus were not included. Whereas deuterium
exchange at peptide bond sites is expected during the dilution procedure, peptide deuteriums
located on amino acid side–chains also are exchanged with protons during the liquid
chromatography step. The total percent of deuterium uptake was evaluated for each peptide
and represented with Origin 8 SR0 software (OriginLab Corporation, ver. 8.0725,
Northampton, MA) (Fig. 3C) as a function of D2O incubation time as described in detail
elsewhere 22. Error bars represent standard errors of the means (SEM) with statistical
significance assessed by the Student’s t test. Data from triplicate experiments were
averaged. Deuterium exchange was color–coded based on the total percent of the theoretical
maximum deuterium uptake defined for each peptide. The code was as follows: dark blue,
0–10%; light blue, 10–20%; cyan, 20–30%; green, 30–40%; yellow, 40–50%; orange, 50–
60%; and red, 60–70%. Color–coded molecular models illustrating deuterium exchange
profiles were created with Pymol and Chimera 23.

Molecular modeling
Because there are no crystal structures of GRK1 in a closed state in which its N–terminal 19
amino acids is ordered, molecular models of GRK1 and ΔN–GRK1 were generated with the
Modeller modeling package 24. Primary sequences of GRK1 and ΔN–GRK1 (Fig. 2)
together with the X–ray structure of GRK6 in complex with sangivamycin 15 were used as
input parameters for the modeling procedure. Models were visually interpreted using
Pymol 25.

Statistical analyses
Graphical and statistical analyses were carried out with Origin 8 SR0 software. Error bars
represent standard error of the mean (SEM). Data were derived from at least 3 independent
experiments.

RESULTS
Dynamics of apo– and Mg2+·ATP–loaded GRK1

After incubation in D2O, regions buried in the hydrophobic core of apo–GRK1 had limited
deuterium uptake (Fig 4 in blue), i.e., less than 10% of the theoretical maximum (see
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Analysis of deuterium exchange). Regions in the vicinity of the Mg2+·ATP binding site, the
active site tether (AST) loop that passes adjacent to the active site, and the regulator of G
protein signaling homology (RH) domain were found to have increased amide hydrogen
exchange, i.e. >50% of the theoretical maximum, (Fig. 4A). The highly conserved
Mg2+·ATP binding motif (P–loop) was fully characterized by the R191VLGRGGFGEVF
peptide. As expected from previous studies, the N–terminus was found to be highly
disordered (>40% uptake). Incubation of GRK1 with Mg2+·ATP significantly decreased
deuterium uptake in all peptide fragments, consistent with the dramatic thermostabilization
observed for GRK1 upon binding ATP 26. The highly dynamic regions that were observed
in apo–GRK1 exhibited exchange rates of less than 10% in most locations in the presence of
Mg2+·ATP. The one region that still had more than 50% exchange was located in the RH
domain between residues Leu126 and Leu147 (Fig. 4B), corresponding to the α6 helix and
α6–α7 loop of the RH domain. The high deuterium exchange rates of this region are
consistent with its relatively high temperature factors in crystal structures of GRK1 in
complex with ATP 17. GRK1 autophosphorylation sites are found at residues Ser488 and
Thr489, which are included in the F487STVKGVAFE peptide. This peptide showed increased
deuterium uptake in the Mg2+·ATP bound form as compared to the apo–form (Fig. 2; Fig.
4A,B). Interestingly, deuterium uptake by the N–terminal 22 amino acids was also reduced
by the addition of Mg2+·ATP, suggesting that this region is folded against the kinase more
of the time.

Dynamics of apo– and Mg2+·ATP loaded–ΔN–GRK1
Apo–ΔN–GRK1 exhibited an deuterium uptake pattern similar to apo–GRK1 for most
regions with the following exceptions. Arg453 to Gly463, which immediately precedes the
AST loop, exhibited decreased flexibility in GRK1 after addition of Mg2+·ATP, but
appeared unaffected by Mg2+·ATP binding in the ΔN–GRK1 molecule (Fig 4C, D). Arg191

to Phe202, the P–loop, remained highly dynamic even after Mg2+·ATP incubation with ΔN–
GRK1. Two other peptides that were less affected in the ΔN–GRK1 molecule after exposure
to Mg2+·ATP were Val234 to Phe246 within the active site, and His275 to Phe293, which
docks with the AST region in the closed structure of GRK6. The proximity of these peptides
to the active site suggests that the N–terminal region of GRK1 contributes to stabilization of
the ATP–bound state of the enzyme. However, we were unable to measure a difference in
thermostability between wild–type and ΔN–GRK1 either with or without Mg2+·ATP, nor
were we able to show that ATP binds with a different affinity to these enzymes (Fig. S1 of
the Supporting Information). Thus, the differences in deuterium exchange exhibited by
wild–type and ΔN–GRK1 in the presence of Mg2+·ATP may reflect the ability of the kinase
to sample the closed state (Fig. 1) rather than changes in affinity for nucleotide.

Remarkably, the peptide spanning the αJ helix, residues 452–464, exhibited much higher
deuterium exchange in ΔN–GRK1 than GRK1, regardless of the presence of Mg2+·ATP,
suggesting a more labile RH–kinase domain interface in ΔN–GRK1. Indeed, in one
structure of GRK1 (PDB entry 3C50 17) the N–terminus, which is deleted in ΔN–GRK1,
was observed to pack into the cavity between the RH and kinase domains. Thus, the N–
terminus of GRK1 may help fix the RH–kinase domain interface when GRK1 is not
engaged with a receptor or lipid membranes.

Dynamics of GRK1 in the presence of Rho and Rho*
Addition of Rho to apo–GRK1 did not appear to induce dramatic changes in deuterium
uptake, consistent with the fact that Rho is not in an activated state. Notably, no differences
were observed for the N–terminal 22 amino acids (cf. Fig. 4A and Fig. 5A). Addition of
Rho* to apo–GRK1 led to a generally decreased overall deuterium uptake compared to Rho,
but not at the N–terminus (Fig. 5A, 5B). This result would be consistent with a requirement
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for adenine nucleotides or their analogs to locate in the active site pocket before the receptor
docking competent state of GRK1 can be achieved. Interestingly, the N–terminal region
(Asp7 to Phe22) exhibited higher deuterium exchange in either the presence of Rho or Rho*
compared to apo–GRK1 (cf. Fig. 4A with Fig. 5A, B). The effects observed in this
experiment could either be due to interactions of GRK1 with membranes, Rho, or Rho*.
Thus, one interpretation is that the N–terminal region of GRK1 interacts non–specifically
and transiently with Rho and/or lipids, as opposed to an intramolecular interaction, prior to
activation by Rho*.

Dynamics of Mg2+·ATP loaded GRK1 in the presence of Rho and Rho*
Here we observed reduced deuterium uptake by GRK1 in the presence of either Rho or
Rho* (Fig. 6A, B). The differences between these states were negligible for most peptides
studied. An exception was the region between Leu126 to Leu147, which is poorly ordered in
most GRK1 crystal structures and exhibited many changes from experiment to experiment
reported here. Thus it is difficult to assess whether the changes in this poorly conserved
region are physiologically relevant. The presence of Rho* in Mg2+·ATP loaded GRK1
seemed to inhibit deuterium uptake in the N–terminal Ile16 to Phe22 peptide (Fig 6.A, 6.B).
The difference in uptake was ~30% as compared to Mg2+·ATP–loaded GRK1 in the
presence of Rho. In contrast, the uptake of the Asp7 to Phe15 peptide remained unaffected by
light activation (Fig 6. A,B).

Dynamics of ΔN–GRK1 in the presence of Rho*
As with apo–GRK1, addition of Rho* in ROS reduced the flexibility of ΔN–GRK1 (Fig. 7)
but did not produce the same pattern of selective effects observed in GRK1. This could be
attributed in part to the inability of the ΔN–GRK1 molecule to interact efficiently with
Rho*. In the case of ΔN–GRK1, the missing N–terminus affected deuterium uptake, not
only in regions located far from the N–terminus but also in the P–loop (residues Arg191 to
Phe202), as observed for ΔN–GRK1 in other liganded states (Fig. 4C and D, Fig. 8A).

DISCUSSION
In the current study, we found that residues 1–535 of GRK1 contain regions of considerable
flexibility, as do many globular proteins, and that this flexibility was reduced in the presence
of either of its substrates: the nucleotide complex Mg2+·ATP and/or the protein Rho*.
Stability was further enhanced when both substrates were added. A truncated form of GRK1
missing the first 19 amino acid residues, ΔN–GRK1, failed to display most of these effects,
implying that the first 19 amino acids help to dictate the overall dynamics of GRK1 in the
presence of either Mg2+·ATP or Rho*.

Effects of Rho or Rho* on GRK1 dynamics
We noted that deuterium uptake by GRK1 (Fig. 4A) differed from the pattern observed
when dark–adapted Rho purified from membranes was added to the mix (Fig 5A). However,
GRK1 should selectively recognize only Rho*. Thus the observed differences could reflect a
residual interaction of GRK1 with Rho or with the membrane. Upon exposure to light,
however, we expected that GRK1 would interact with Rho* which in turn would either
cause reduced flexibility of the GRK1 secondary structure or directly hinder deuterium
update in segments involved in their interface. Indeed, we did find a decrease in deuterium
uptake in GRK1 following addition of Rho* when compared to Rho (Fig. 8B). One N–
terminal peptide (Ile16 to Phe22) showed decreased uptake (~30%) when GRK1 was
incubated in the presence of Mg2+·ATP and Rho* when compared to GRK1 in the presence
of Rho or Rho* alone. However, the other N–terminal peptide (Asp7 to Phe15) failed to
show large differences expected to result from binding site protection. These results could
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be due to the high flexibility of this region, or to the fact that GRK1 is thought to rapidly
dissociate from Rho*, such that the differences in deuterium exchange are too small to be
detected under the conditions used for our experiments. Indeed, the interaction of GRK1
with Rho* is not as stable as that of transducin 27 and isolation of a stable GRK1–Rho*
complex has not yet been reported. Moreover, GRK1 does not form so–called “extra–Meta
II” wherein the Meta II state of Rho* is stabilized at the expense of other photoactivation
products 27, 28. In contrast, a stable complex between Rho* and transducin has been isolated
biochemically and visualized by electron microscopy using single particle
reconstruction 29, 30. Therefore, consistent with our hydrogen deuterium exchange
measurements, there seems to be only a small fraction of GRK1 bound to Rho* at any given
time.

When the dynamics of GRK1 and Rho/Rho* were evaluated in the presence of Mg2+·ATP,
the differences between those states were found to be negligible. Once Mg2+·ATP is bound,
all other parameters that could affect deuterium uptake, such as the presence of lipid bilayers
in ROS and/or Rho*, have minimal influence. However, there were a few regions where
deuterium uptake did not follow this simple trend. For example, the Leu126 to Leu147 region
is one of the most flexible regions in the GRK1 molecule, and even when Mg2+·ATP was
bound this region exchanged up to 40–50% of the theoretical maximum (Fig. 4). This held
true for all our preparations of GRK1 (>50% uptake), except when Rho* was present and
Mg2+·ATP was absent (~20%) (Fig. 5B). The decrease in deuterium uptake following
addition of Mg2+·ATP in peptides that encompass the active site, such as the P–loop,
supports the view that ATP is binding as predicted by prior crystal structures. Furthermore,
we could identify allosterically coupled regions that exhibit decreased uptake upon binding
Mg2+·ATP such as that encompassed by Asp100 to Ala112 (Figs. 4 and 6).

When the N–terminal 19 amino acids of GRK1 were removed to create ΔN–GRK1, the
most dramatic effect in the hydrogen deuterium uptake profile compared to GRK1 was
localized to a single region between Arg453 and Met464 (Fig. 4C and D). This region is
located at the interface between the kinase large lobe and the RH domain. It is possible that
the increased deuterium uptake is induced by the rigid body movement of the kinase large
lobe away from the RH domain, which is somehow favored in the absence of the N–terminal
region. The presence of Rho* did reduce the flexibility in ΔN–GRK1 (Fig. 7) to the extent
seen in the case of GRK1 when bound to Rho*, suggesting that the N–terminal region of
GRK1 is not the only region that interacts with light–activated ROS. Although the binding
of ATP seems to stabilize backbone atoms in the N–terminal region of GRK1 (Fig. 4A,B),
this change is not associated with any measurable difference in thermostability or affinity of
ΔN–GRK1 towards ATP (Fig. S1 of the Supporting Information). Indeed, multiple crystal
structures have been determined for GRK1 in the presence of ATP or ADP, yet the N–
terminal region has not been routinely observed nor has the kinase assumed what is
considered to be a more active conformation 11, 17.

Before this study, GRK1 activation was proposed to involve three distinctive steps: docking
of its N–terminal helix to the receptor, interaction of this helix with the kinase domain, and
kinase domain closure. These events are likely highly coupled. Our deuterium exchange
results suggest that, as expected, the GRK1 molecule becomes more rigid following binding
of substrates such as Mg2+·ATP or Rho*. This agrees with the increased order and lower
temperature factors in liganded states of GRK1 determined in prior crystallographic studies
of GRK1 17. ΔN–GRK1 did not show the same deuterium exchange pattern as intact GRK1
for all its substrates, probably because ΔN–GRK1 is unable to carry out all of the required
steps believed to result in sampling the closed, more active and presumably less dynamic
conformation of this kinase. Thus, our results confirm that the N–terminal region in GRKs
plays a multi–faceted role that could involve modulation of the interdomain contacts of
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GRK1 as well as interactions with membrane lipid interactions 31 and receptor
binding 12, 32.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

AST active site tether

BTP Bis–Tris–propane

DTT dithiothreitol

DXMS deuterium exchange mass spectrometry

GRK1 G protein–coupled rhodopsin kinase 1

ΔN–GRK1 GRK1 lacking the first 19 amino acids

HEPES 4–(2–hydroxyethyl)–1–piperazineethanesulfonic acid

MS mass spectrometry

MS2 tandem MS/MS

RH regulator of G protein signaling homology

Rho rhodopsin

Rho* photoactivated Rho
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Figure 1. Model of the Rho–GRK1 complex
GRK1 modeled in a closed conformation with an ordered N–terminal helix is docked to
Rho* using the C–terminal helix of Gαs present in the β2AR–Gs crystal structure as a
guide 16, 33. The coordinates for the model, in Protein Data Bank format, are available upon
request. Positions of the ordered N– and C–termini are labeled with N and C, respectively.
Domains of GRK1 are represented as follows: N–terminus region (Ser1–Pro42) in green, the
RH domain in pink (Pro43 to Glu184 and Trp515 to Arg532) and the kinase domain small lobe
in brown (Asp185 to Asn268) and large lobe in orange (Gly269 to Pro514). The C–terminal
region of GRK1 is shown in gray. The GRK1 model was constructed using a homology
modeling strategy based on the X–ray of the GRK6 structure 15. The expected position of
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the lipid bilayer relative to the Rho*–GRK1 complex is illustrated by the grey rectangle. In
this cartoon, a theoretical Rho*–Rho heterodimer is shown in red, based on the recently
modeled H8–H8 dimer orientation, although monomeric Rho is also an efficient substrate
for GRK1 in vitro 34–36. All–trans–retinylidene and 11–cis–retinylidene are depicted using
yellow and brown spheres, respectively.
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Figure 2. Proteolytic cleavage of GRK1/ΔN–GRK1 by pepsin and deuterium uptake mapped on
the primary sequence
Peptide coverage after proteolytic digestion of bovine GRK1 by pepsin is mapped on the
primary sequence of the kinase. Peptide fragments identified by MS2 following an 8 min
digestion resulted in 96% coverage. Normalized deuterium uptake was evaluated according
to the flowchart presented in Fig. 3 and described in Experimental Procedures. Uptake is
color–coded as follows: 0–10%, dark blue; 10–20% blue; 20–30%, cyan; 30–40%, green;
40–50%, yellow; 50–60% orange, 60–70% red. The red arrow indicates the position of the
N–terminus of ΔN–GRK1.
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Figure 3. Typical workflow for evaluation of hydrogen–deuterium exchange
(A) The spectrum of a doubly charged peptide with the sequence R191VLGRGGFGEVF.
For illustration purposes, the peak envelope is shown in red whereas the centroid calculated
by using the algorithm described in Experimental Procedures is shown in green. (B) The
same peak at the same retention time as the undeuterated species in (A). (C) Typical
deuterium uptake of the R191VLGRGGFGEVF peptide under two different experimental
conditions. The absolute mass of the R191VLGRGGFGEVF peptide as a function of
incubation time is shown by the open triangles for apo–GRK1 and closed triangles for
Mg2+·ATP loaded GRK1.
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Figure 4. Normalized hydrogen–deuterium uptake by GRK1 and ΔN–GRK1
Color coding based on the normalized deuterium uptake was mapped onto the three
dimensional model of GRK1 as described in the “Molecular modeling” section. Color
coding is as described in Fig. 2. For ΔN–GRK1, the N–terminal helix was removed from the
model. The normalized deuterium uptake for (A) apo–GRK1, (B) GRK1 in the presence of
Mg2+·ATP, (C) apo–ΔN–GRK1, and (D) ΔN–GRK1 in the presence of Mg2+·ATP. Regions
are colored grey where uptake was not determined because it was either below the detection
threshold or peptide signals overlapped.
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Figure 5. Normalized hydrogen–deuterium uptake by GRK1 in the presence of Rho and Rho*
(A) Normalized deuterium uptake mapped on the model of GRK1 in the presence of Rho.
(B) Normalized deuterium uptake in the presence of Rho*. Color coding is as described in
Fig. 2.
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Figure 6. Normalized hydrogen–deuterium uptake of Mg2+·ATP loaded GRK1 in the presence
of Rho and Rho*
(A) Normalized deuterium uptake mapped on the model of GRK1 in the presence of
Mg2+·ATP and Rho. (B) Normalized deuterium uptake in the presence of Mg2+·ATP and
Rho*. Color coding is as described in Fig. 2.
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Figure 7. Normalized hydrogen–deuterium uptake by ΔN–GRK1 in the presence of Rho*
Color coding is as described in Fig. 2.
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Figure 8. Differences in normalized hydrogen–deuterium exchange
(A) Differences in normalized deuterium uptake between ΔN–GRK1 and apo–GRK1. (B)
Differences in normalized deuterium uptake between GRK1 in the presence of either Rho or
Rho*. Color coding was assigned based on the value of the difference between the
normalized deuterium uptake values between the states shown. Negative differences
(associated to blue, cyan, light blue, and green) denote higher uptake in the case of GRK1
(panel A) or when Rho* is present (panel B). Positive differences (associated to yellow,
orange, and red) denote higher uptakes in ΔN–GRK1 (panel A) or when Rho is present
(panel B). Regions that have absolute differences less than 10% or were not included in the
analysis are depicted in grey.
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