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Abstract

G protein-coupled receptors (GPCRs) are the largest family of cell-surface receptors in humans
and regulate numerous physiological processes through the activation of heterotrimeric G proteins.
GPCR kinases (GRKSs) selectively phosphorylate active GPCRs, which promotes arrestin binding,
receptor internalization, and initiation of alternative signaling pathways. GRKS5 is a representative
member of one of three GRK subfamilies that does not need post-translational lipidation or other
binding partners to exhibit full activity against GPCRs, rendering it a useful tool for biophysical
studies directed at characterizing GRK function. However, recombinant expression of GRK5 has
thus far been limited to insect and mammalian systems. Here, we describe the expression of
functional GRKS5 in £. coliand its purification and biochemical characterization. Bacterially
expressed GRKS5 is hyperphosphorylated, primarily in regions known to be flexible from prior
crystal structures, which slightly decreases its catalytic activity toward receptor substrates.
Mutation of a single phosphorylation site, Thr10, restores kinetic parameters to those of GRK5
purified from insect cells. Consequently, bacterial expression will allow for production of GRKS5 at
a reduced cost and faster pace and would facilitate production of isotopically labeled kinase for
NMR studies or for the incorporation of unnatural amino acids.
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Introduction

G protein-coupled receptors (GPCRs) play critical roles in the regulation of many
physiological processes through the activation of heterotrimeric G proteins. They are in turn
regulated by a family of seven GPCR kinases (GRKs) which initiate desensitization through
the phosphorylation of the third intracellular loop and/or C-terminus of the active GPCR [1].
Phosphorylation promotes the binding of arrestins, which sterically occludes the receptors
from interacting with heterotrimeric G proteins and also targets the receptors for clathrin-
mediated endocytosis [2].

Like GRK2, GRKS5 is upregulated following heart failure and contributes to decreased
cardiac output and the progression of cardiac hypertrophy making GRKS5 an attractive
therapeutic target [3]. Indeed, recent inhibitor development campaigns have yielded small
molecule inhibitors for GRK2 that display efficacy in preclinical animal models of heart
failure [4-6]. However, small molecule inhibitors selective for GRK5 have not yet been
reported. Thus, efficient expression and purification of GRK5 would be useful to supply
high-quality protein not only for biophysical analysis but also for pharmacological screens.
Recombinant GRKS5 is almost exclusively purified from insect cells using engineered
baculovirus [7,8], which is more expensive and time consuming than bacterial expression
systems. Protein kinases are often not purified from bacterial systems due to cytotoxicity,
however, considerable success has been achieved using truncated or catalytically inactive
kinases [9]. Such variants however often have limited use in biochemical assays and
structural characterization. To date, there is only one report of a GRK being expressed and
purified from a bacterial system. Gan et a/. reported purification of soluble human GRK2
[10], but multiple attempts in our lab could not reproduce the result.

To facilitate future biophysical and drug discovery studies of GRK5, we sought to develop a
method for rapid and cost-effective purification of full-length human GRKS5 from £. coli. In
addition to lower cost, expression in bacterial systems affords other advantages. The
production of isotopically labeled proteins for nuclear magnetic resonance (NMR) studies or
incorporation of unnatural amino acids via amber stop codon methods are significantly
easier in bacterial expression systems [11]. Additionally, the production of numerous protein
variants for functional analysis in bacteria is much more efficient because recombinant
baculovirus does not need to be produced for each variant. Herein, we describe a GRK5
construct and purification protocol to produce full-length, human GRKS5 in £. coli with
comparable yields and activity to insect expression systems. Characterization of the
bacterially expressed kinase reveals that it undergoes extensive autophosphorylation that
leads to a reduction in its catalytic efficiency when compared to GRK5 purified from insect
cells. Mutation of one of the phosphorylation sites in the N-terminus of the protein rescues
full activity.
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Materials and methods

GRKS5 cloning, expression, and purification

The human GRKS5 gene was amplified with the addition of a C-terminal Val-Asp residues
directly followed by a hexahistidine tag (Figure 1A). 5" Ndel and 3" EcoRl restriction sites
were also introduced to the gene fragment via PCR. The bacterial expression vector
pMalC,H1oT was digested with Ndel and EcoRI to remove the MBP-polyhistidine-TEV
features and the GRK5 gene ligated into the modified vector to produce the plasmid pEL17.

GRKS5 protein expression and purification

GRKS5 was expressed in £. coli BL21 Rosetta cells containing the pRARE plasmid encoding
rare tRNAs [12]. Cells were grown in TB at 37 °C until ODggq of ~0.6, cooled to 18 °C,
induced with 0.2 mM IPTG at ODggg = 1.0-1.2, and grown overnight at 18 °C. Cells were
then pelleted and resuspended in lysis buffer containing 20 mM HEPES pH 8.0, 200 mM
NaCl, 40 mM imidazole, 5 mM MgCl,, 5 mM CaCl,, 1 mM DTT, leupeptin, lima bean
trypsin protease inhibitor, and 2 pg mL~! DNasel. Alternatively, DNasel can be replaced
with 0.02% (v/v) Triton-X100. The cells were lysed with an EmulsiFlex-C3 cell
homogenizer, and the lysate was incubated on ice for 30 min to allow for digestion of DNA
prior to centrifugation at >15,000xg for 30 min. The resulting supernatant was glass filtered,
passed through Ni-NTA resin, washed with lysis buffer (without DNase | or Triton-X100),
and eluted with lysis buffer containing an additional 200 mM imidazole. Although either
anion or cation exchange can be used to further purify GRK5, GRKS5 has higher affinity for
HiTrap S (GE Healthcare) than for the HiTrap Q column (GE Healthcare). When the buffer
contains 100 mM NaCl, GRKS5 flows through HiTrap Q column and binds to HiTrap S,
whereas most of the contaminants bind to HiTrap Q (GE Healthcare). GRK5 was then eluted
with a gradient of 0.1-0.5 M NaCl at pH 8.0 from a HiTrap S column (GE Healthcare).
Eluted GRK5 was subsequently purified via size exclusion chromatography (SEC) in a
buffer containing 20 mM HEPES pH 8.0, 200 mM NaCl, and 1 mM DTT using an analytical
S200 Increase column (GE Healthcare). GRKS5 concentrations were determined by
absorbance at 280 nm using the calculated molecular weight and molar extinction coefficient
from the primary sequence, and then the protein was flash frozen in liquid nitrogen. Typical
yields of 295% purity GRK5 by SDS-PAGE from E. coli. range from 0.5-2 mg L1,

Thermal Shift Assay

Differential scanning fluorometry (DSF) was performed in an HT7900 gPCR instrument
using 0.2 mg mL~! GRKS5 in assay buffer (20 mM HEPES pH 8.0, 10 mM MgCl,, and 1
mM DTT), SYPRO Orange protein gel stain (1000x stock, Sigma-Aldrich), and 200 uM
ligand. Melt curves were obtained by increasing the temperature from 25-70 °C at a rate of
2 °C min~L. Data were plotted in GraphPad Prism 7 with the inflection point of the fit
sigmoidal curve representing the melting point (T,,) of the protein. The experiment was
performed three times in duplicate using protein from the same purification. Statistical
significance was assessed via two-way ANOVA with Bonferroni correction for multiple
comparisons.
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Mass spectrometry (MS) and phosphosite mapping

Intact protein MS was performed on an Agilent quadrupole time-of-flight tandem mass
spectrometer with a 1-3 L injection volume of GRKS5 at 1 mg mL™1 in SEC buffer
containing 1% (v/v) formic acid. Protein was desalted on a C4 chromatography column prior
to mass analysis with positive electrospray ionization. Phosphosite mapping was performed
through the Purdue University Proteomics Facility. Briefly, purified GRK5 was digested
with trypsin, the fragments analyzed via high-resolution MS without TiO, enrichment, and
phosphorylation sites identified through peptide ionization patterns compared to the
nonphosphorylated primary amino acid sequence.

Kinetic analysis

Results

Steady-state kinetic parameters were determined as previously described [13]. Briefly, 50
nM GRKS5 expressed and purified from insect cells or £. coli and bovine rhodopsin in rod
outer segment (ROS) membranes were combined in assay buffer containing 20 mM HEPES
pH 8.0, 10 mM MgCl,. Reactions were initiated with ATP spiked with [y—32P]-ATP and
allowed to proceed for 2 min at room temperature prior to separation by SDS-PAGE and
image analysis on phosphor screens. The maximum reaction velocity (Vmax) and apparent
Michaelis constant (K,) were determined via GraphPad Prism using a classic Michaelis-
Menten plot. Ky, Vimax, and Keat for ATP were determined by varying ATP concentration
from 2 to 200 uM while keeping rhodopsin constant at 5 UM. K, Vimax, and Kegt for
rhodopsin were determined by varying rhodopsin concentration from 0.08 to 8 pM while
keeping ATP constant at 50 M.

GRKS5 associates with genomic DNA during purification

Human GRKS5 was expressed with a C-terminal hexahistidine tag (Figure 1A) because N-
terminal tags interfered with receptor phosphorylation. Initial attempts to purify this
recombinant GRKS5 from E£. coliyielded insoluble protein, and co-expression with various
chaperones or the use of slower promoters such as Trc also did not yield soluble protein
(data not shown). Screening of lysis buffer additives revealed that addition of 2 ug mL™1
DNasel or 0.02% (v/v) Triton-X100 yielded soluble protein (Figure 1B). Because soluble
protein was obtained through the addition of DNase, it is likely that GRK5 associates with
bacterial genomic DNA and pellets in the insoluble fraction during ultracentrifugation.
Indeed, GRKS has very basic surface features on its kinase domain [14] and is reported to
have a DNA-binding element within the large lobe of its kinase domain (residues 388—-395)
[15]. Solubilized GRKS5 was then purified using immobilized metal affinity chromatography
(IMAC) followed by ion exchange and size exclusion chromatography (Figure 1C). For ion
exchange chromatography, tandem HiTrap Q /HiTrap S columns were used resulting in
>95% purity (Figure 1D). SEC indicates GRKS5 elutes at a volume consistent with a
monomer (Figure 1E).
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Bacterially expressed GRKS5 is thermally stabilized by ATP

To test if GRKS expressed in £. coliis properly folded, DSF was performed to measure its
thermal melting point (T,,,) (Figure 2, Table 1). No significant difference was observed
between unliganded GRKS5 purified from insect cells and that from bacteria. Bacterially
expressed GRKS5 was stabilized by 8 °C upon addition of either Mg2*-ATP or the pan-GRK
inhibitor CCG-215022 [16]. Interestingly, GRKS5 purified from insect cells was stabilized by
only 5-6 °C with the same ligands. Because we have observed that the magnitude of ligand-
induced thermal shift is correlated with binding affinity in GRKs [16], it suggests that GRK5
expressed in E. colihas higher affinity for each ligand.

Bacterially expressed GRKS5 is hyperphosphorylated

SDS-PAGE showed that bacterially expressed GRKS5 exhibits slower mobility than insect
cell expressed GRKS5 (Figure 3A). Suspecting autophosphorylation, bacterially expressed
GRKS5 was analyzed via intact protein MS (Figure 3B), which revealed that the GRK5 was
phosphorylated from two to eight times with the most abundant peaks corresponding to three
to five phosphates. To identify the phosphorylation sites, phosphosite analysis was
performed by tandem MS. The data show extensive phosphorylation, primarily in the active
site tether (AST) loop and the extreme C-terminal region (residues 565-590) which has been
shown via crystallography to be disordered in solution (Figure 3 C-G, Table 2). Not
surprisingly, the two highest scoring phosphorylated peptides include the canonical AGC
kinase autophosphorylation sites Ser484 and Thr485 in the AST (Figure 3 C,E,F). Other
modified sites include Thr10 in the a.N helix and Ser500 in the small lobe of the kinase
domain. Several types of phosphorylation unusual for eukaryotic proteins were also
observed, including phosphorylated cysteine (Table 2), perhaps as a consequence of the
bacterial expression host.

Hyperphosphorylated GRK5 has decreased kinase activity

To demonstrate that GRK5 purified from £. coliwas active and to determine the effect of its
hyperphosphorylation on activity, radiometric assays were used to monitor the
phosphorylation of rhodopsin in native membranes. £. coli expressed GRK5 has comparable
Vmax Rho» but 2-fold higher Ky, rno compared to insect expressed GRKS (Figure 4 A-C,
Table 3). Ky, atp Of the bacterially expressed GRKS is about two times lower than that of
insect expressed GRKS (Figure 4 D-F, Table 3), whereas its Vnax a7p is about 1.5 times
lower (Figure 4 D-F, Table 3). Thr10 is located within the aN helix, and because this region
has been proposed to interact with activated receptors, phosphorylation at this site may
explain reductions in the ability to phosphorylate receptor substrates [17-19]. Ser500 is
located in a region near the predicted membrane interface for GRKSs and thus,
phosphorylation at this site may repel acidic phospholipid headgroups. The GRK5-S500A
however exhibited decreased Vyax arp and had no effect on Ky, ap (Figure 4 D-F, Table 3),
whereas GRK5-T10A restored all kinetic parameters to those of insect cell expressed GRK5
with the exception of Ky, arp (Figure 4, Table 2). Elimination of both the canonical AGC
kinase phosphorylation sites in the AST loop (S484A/T485A) [20] or all of the observed
sites in the C-terminus 6A (S583A/S584A/S586A/T587A/S589A/S590A) dramatically
reduced protein expression and prohibited kinetic analysis. The reduced expression level of
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6A mutant is unlikely due to reduced solubility or misfolding since truncation of the GRK5
C-terminal tail at residue 531 expresses well in insect cells and yields soluble protein [21].

Discussion

Whereas prior attempts to purify mammalian GRK5 expressed in £. coliled to insoluble
protein, we show here that the simple addition of detergent or DNase is sufficient to obtain
adequate amounts of high-quality and active protein for biochemical and biophysical studies.
The requirement for DNase to liberate GRK5 from pellets suggests that the recombinant
protein associates with genomic DNA. Indeed, GRKS5 contains both a nuclear localization
signal and DNA binding element, and in mammalian cells a small fraction of endogenous
GRKS5 is known to be nuclear and involved in the regulation of gene expression [15]. When
purified from insect cells, nuclei are not typically disrupted and thus GRKS5 is shielded from
genomic DNA.

Interestingly, E. coli expressed GRKS5 displays a pattern of phosphorylation that has a
significant effect on catalytic activity toward receptor substrates. Because bacteria lack
canonical Ser/Thr kinases, the phosphorylation events are likely to be the result of GRK5
autophosphorylation. GRKS5 purified from insect cells lacks phosphorylation, likely through
the action of endogenous phosphatases. Many of the observed autophosphorylation sites are
located in the C-terminus and therefore might be expected to repel the membrane binding
aC helix of GRK5 from membranes and reduce the efficiency of receptor phosphorylation.
The decrease in activity of bacterially expressed GRKS5 toward ROS was however not
significantly different from that expressed in insect cells, possibly due to the
phosphorylation sites residing in the extreme C-terminus rather than immediately adjacent to
the amphipathic membrane binding a.C helix. Indeed, a prior study of the C-terminus of
closely-related GRK® revealed that residues immediately following the a.C helix (GRK6:
561-567) are more important for membrane association than terminal residues [22].

Mutation of selected phosphorylation sites elsewhere in GRKS5 identified Thr10 in the aN
helix as a contributor to the decreased activity toward ROS, because the T10A variant of £.
coli expressed GRKS5 exhibited the same maximal activity as GRKS5 purified from insect
cells, which lacks phosphorylation at this site. Rescue of catalytic activity upon mutation of
this single residue is consistent with what is hypothesized by some GRK-GPCR docking
models wherein the N a-helix binds directly to the GPCR [19], although this interaction is
not proposed in other docking models [23].

Bacterially expressed, hyperphosphorylated GRKS5 also displays a significantly decreased
apparent K., for ATP, consistent with a higher affinity for ATP than unphosphorylated
GRKS5 from insect cells. It also shows a greater increase in thermal stability in the presence
of ATP. GRKS5 purified from insect cells lacks canonical AST loop phosphorylation, which
generally leads to activation in AGC family kinases [7]. Autophosphorylation of these
positions can however be stimulated by anionic phospholipids [24]. The lack of activating
AST loop phosphorylation in GRKS5 purified from insect cells may explain its higher K, for
ATP (Figure 4, Table 3) and smaller change in thermal stability upon the addition of ATP
(Figure 2, Table 1) relative to the bacterially expressed form. In prior studies, the S484A/
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T485A variant dramatically reduced phosphorylation of activated GPCRs [24].
Unfortunately, we were unable to directly test this ourselves because the S484A/T485A
variant did not express at sufficient levels in bacteria to allow for purification and kinetic
analysis. It is tempting to speculate that autophosphorylation of these residues may be
required to facilitate production of properly folded GRKS5 in bacteria.

The described construct and purification scheme will facilitate future biochemical and
biophysical studies of GRK5. Not only does bacterial expression afford AST loop
phosphorylation, which is likely necessary for function /n vivo, but it offers easier
incorporation of unnatural amino acids via amber stop codons into GRK5 [11]. Use of
photocrosslinking amino acids to capture and study novel GRKS5 binding partners or
substrates is now a possibility [25]. Furthermore, such selective crosslinking may aid in
trapping and structure determination of a GRK5-GPCR complex by capturing the transient
interaction with a greater amount of homogeneity than obtained with other crosslinking
strategies [26]. NMR studies involving GRKs have also been limited due to the difficulty of
producing isotopically labeled kinase in insect cells and their large size (65-80 kDa). As
isotope labeling methods are well established and generally more efficient in bacterial
systems, obtaining ample quantities of labeled GRKS5 from £. colifor NMR studies will be
easier and facilitate the study of GRK5 dynamics.
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Highlights

. Expression system for G protein-coupled receptor (GPCR) kinase 5 (GRK5)
in £. coli

. E. coli expressed GRKS5 is hyperphosphorylated, especially at C-terminus

. Hyperphosphorylation seems required for efficient expression in E. coli

. Some autophosphorylation sites inhibit activity towards GPCR substrates.

. Represents convenient system for producing pure GRKS for biophysical
studies.
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Figure 1:
Purification of full-length, human GRKS5 expressed in £. coli. A) Map of human GRK5 in a

modified pMalC2H10T vector (pEL17). B) Comparison of small-scale expression tests with
either Triton X-100 or DNase added to the lysis buffer. GRKS5 in the elution is indicated with
an arrow. C) Coomassie stain showing the purity after IMAC (1), ion exchange (2) and SEC
(3). GRKS5 is indicated with an arrow. D) Representative ion exchange chromatogram from a
1 ml HiTrap S column. The column was eluted with a linear gradient from buffer A
containing 100 mM NaCl to buffer B containing 500 mM NaCl. GRKS is eluted with a wide
salt concentration ranging from 200 mM NaCl to 500 mM NaCl. E) Representative SEC
chromatogram from the indicated region of D) on an analytical S200 column.
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Figure 2:

Thermal stability of GRKS as a function of ligand and expression host. A) Melting curves
for GRK5 expressed in £. coli. Data points represent mean + SD (n=3). B) Comparison of
T values for human GRKS5 expressed in insect vs. £. colicells in the presence or absence
of various ligands. Data reported as mean + SD (n=3). Statistical significance determined via
two-way ANOVA with Bonferroni correction for multiple comparisons between bacterially

and insect expressed GRK5 (**p<0.01).
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E. coli expressed GRKS5 is extensively autophosphorylated. A) Coomassie staining shows
that bacterially expressed GRKS5 has slower mobility than GRKS5 purified from insect cells
in SDS-PAGE. B) Intact protein MS. Exact mass of unphosphorylated GRKS5 is 68,824 Da.
Masses consistent with 3, 4, and 5 phosphorylation sites are 69,063, 69,145, and 69,223 Da,
respectively. C) GRK5 phosphorylation sites identified using tandem MS mapped on the
structure of GRK5 (PDB entry 4WNK). The phosphorylation sites are represented as red
spheres for the Ca positions of the corresponding residues. D-G) Representative MS peptide
fragment ion spectra. Phosphorylated peptides spanning D) GRKS5 residues 1-14, E-F) 476-
487, and G) 571-590 + hexahistidine tag.
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Figure 4:
Steady-state kinetic analysis of GRKS5 variants. A and D) Michaelis-Menten kinetic curves

from a representative experiment with rhodopsin in rod outer segments as substrate. B)
VmaxRho, C©) Km .Rhor E) Vimax atp, F) Kmax aTp Values for GRKS protein variants expressed
in insect or E. coli cells (n=3-4). Statistical significance was determined via one-way
ANOVA with Tukey’s correction for multiple comparisons (*p<0.05, **p<0.01,
***p<0.001, n.s.=not significant).
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Table 1.

Thermal stability of GRKS expressed in insect cells or £. coli

Ligand E. coli GRK5 (°C)  Insect GRKS5 (°C)
none 39.3+£0.3 40.0+0.2
ATP 472+0.2 454 +0.1
CCG215022 47104 46.3+1.1
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Table 2:

Phosphosite mapping of GRKS5 purified from £. coli

Peptide (# hits with PTM) GRK5 Range  Residue Type Phosphorylation Site Score®
MELENIVANTVLLK (1) 1-14 Thr 66
DVLDIEQFSTVK (1) 476-487 Thr 74
DVLDIEQFSTVK (1) 476-487 Ser, Thr 51
DVLDIEQFSTVKGVNLDHTDDDFYSK (2) 476-501 Ser, Thr 89
DVLDIEQFSTVKGVNLDHTDDDFYSK (2) 476-501 Ser 77
DVLDIEQFSTVKGVNLDHTDDDFYSK (2) 476-501 Thr 47
TSFNHHINSNHVSSNSTGSSVDHHHHHH (1) 571-590+6His 4x Ser 67
ELFSACAQSVHEYLR (1) 140-154 Cys 45
LGCQEEGAAEVKR (1) 432-444 Cys 79

Page 16

aPhosphoryIation Site Score indicates both relative abundance and confidence in post-translational modification (PTM) assignment. The largest
score for the group of peptides is shown. Phosphorylated residues of the type identified are underlined. Scores 240 indicate definitive assignment of

the indicated PTM to the corresponding peptide. Multiple hits for the same PTM on a peptide suggest a heterogeneous population.
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Kinetic analysis of GRKS5 variants

Table 3.

Page 17

Vimax,Rho (fold E. Kmrho (M) Keat Rno/Km,rho Vmaxate (fold E. Kmate (UM)  Keat atp/Kim aTp
coli GRK5) (mMM~1xs71) coli GRK5) (mM1*s71)
E. coli GRK5 1 1.8+0.3 29+17 1 14+4 59+2
Insect GRK5 1.6+09 09+0.2 7.3+0.7 15+0.2 265 79+3
E. coli GRK5- ND ND ND 0.60 £ 0.09 20+9 41+1
S500A
E. coli GRK5- 16+0.3 12+04 6.5+ 0.5 15+03 14+3 874
T10A
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