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ABSTRACT. The pleckstrin homology (PH) domain, identified in numerous signaling proteins including
the s-adrenergic receptor kinasARK), was found to bind to various phospholipids as well asghe
subunit of heterotrimeric G proteins B[Touhara, K., et al. (1994). Biol. Chem. 26910217-10220].
Several PH domain-containing proteins are also substrates of protein kinase C (PKC). Because RACK1,
an anchoring protein for activated PKC, is homologous fb(oth contain seven repeats of the WD-40
motif), we determined (i) whether a direct interaction between various PH domains and RACK1 occurs
and (ii) the effect of PKC on this interaction. We found that recombinant PH domains of several proteins
exhibited differential binding to RACKL1. Activated PKC and the PH domaig-spectrin or dynamin-1
concomitantly bound to RACK1. Although PH domains bind acidic phospholipids, the interaction between
various PH domains and RACK1 was not dependent on the phospholipid activators of PKC, phosphatid-
ylserine and 1,2-diacylglycerol. Binding of these PH domains to RACK1 was also not affected by either
inositol 1,4,5-triphosphate (YPor phosphatidylinositol 4,5-bisphosphate (BI®ur in vitro data suggest

that RACKL1 binds selective PH domains, and that PKC regulates this interaction. We propose that, in
vivo, RACK1 may colocalize the kinase with its PH domain-containing substrates.

The platelet protein kinase C (PKQjubstrate pleckstrin -~ mains is limited, NMR studies of the PH domains from
contains sequences in the C and N termini which are pleckstrin 6), 5-spectrin {), and thes-adrenergic receptor
homologous to each other over a region spanning ap-kinase 8) and crystal structures of the PH domains of human
proximately 120 amino acidsl( 2. Homologues of this  dynamin @) and phospholipase & (10) suggest that PH
domain (pleckstrin homology, or PH domain) are found in domains fold to a common tertiary structure. It has been
over 120 proteins including serine/threonine kinases, tyrosinesuggested that PH domains are involved in the anchoring of
kinases, phospholipases, GTPase activating proteins, GTPselective proteins to membranes by binding directly to lipids
ases, cytoskeletal proteins, and guanine nucleotide releasingreviewed in refl1) and by direct proteinprotein inter-
factors @—5). The PH domain can be divided into six actions (2—18). In addition, the phosphotyrosine binding
subdomains4). Although the homology between PH do- (PTB) domain possesses a tertiary structure similar to that

of the PH domain and mediates protejrotein interactions
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B-spectrin angBARK (13). total PKC; 2-8 units of total activityskg relative to histone

Gf contains seven repeats referred to as WD-40 domainslll-S) was partially purified from rat brain according to
(22). The WD-40 domain is found in many signaling proteins methods previously describeds).
and may mediate proteirprotein interactions 23). The Binding AssaysThe binding of GSTPH proteins to
crystal structure of @ (24) suggests that WD-repeat proteins, RACKL1 in the absence or presence of PKC and/or PKC-
containing multiple WD-40 domains, are comprised of a core activating phospholipids (6@g/mL phosphatidylserine, 29/
“propeller” structure of8 sheets and loops. These loops ML diacylglycerol) and calcium (1 mM) was analyzed by a
present variable surface residues for protgirotein interac-  column assay as describe#l]. Briefly, RACK1-MBP was
tions and may enact conformational changes induced by thesémmobilized on an amyloseagarose resin column such that
interactions 23). These predictions, together with the find- RACK1 was always in excess of other analyte proteins (PH
ings of Wang et al.13), Touhara et al.12, 29, and Koch domains and PKC) in the binding assay, unless otherwise
et al. 1), suggest that PH domains of select proteins and noted. After washing with 20 column volumes of column
the WD-40 domains of @interact directly with each other. ~ wash buffer (20 mM Tris-HCI, pH 7.4, 200 mM NacCl, 1
To determine whether binding to PH domains is a common mM EDTA, and 12 mMg-mercaptoethanol), the various
feature of WD-40-containing proteins, we determined the purified GST-PH fusions were incubated with or without
ability of another WD-40 protein, RACK1, to bind the PH PKC (see preparation, above) and/or PKC activators. Incuba-
domains of different proteins. tions were carried out in a final volume of 1 mL of column

RACK1 (GenBank Accession Number U03390) has been overlay buffer [SO mM Tris-HCI, pH 7.4, 200 mM NacCl,
cloned as a receptor for activated C-kinase (PKC) but is not 0-1% bovine serum albumin, &g/mL leupeptin, 1Q:g/mL
itself a PKC substrate2). According to our working ~ Soybean trypsin inhibitor, 2Q:g/mL aprotinin, 10xM
hypothesis, PKC translocates upon activation from the Phenylmethylsulfonyl fluoride, 0.1% poly(ethylene glycol),
cytosol to the cell particulate fractio?) where it bindsto ~ @nd 12 mMp-mercaptoethanol] for 30 min at 2% with
RACKs (28). This translocation is analogous to that of 9entle agitation of_the amylose resin immobilization slurry.
BARK, which, following activation, translocates to the After washing (with column wash buffer) of unbound
plasma membrane where it binds t@Gproteins 0, 29. material, the MBP fusion complgx was eluted with 10 mM
In vitro, RACKZ1 binds PKC only in the presence of PKC maltose and the resultan'; material subjected to SBSGE
activators, and this binding enhances the catalytic activity and Western blot analysis. _ 3
of PKC (26). Similar to G8, RACK1 consists of seven WD- ~ GST—PH fusions were similarly immobilized on gluta-
40 repeatsd6), and is 69% identical and 81% homologus thione-Sepharose resin (Pharmacia) for analysis of PKC

to G8 (GenBank Accession Number U44850) [Basic Pinding to these fusion proteins. Assays were carried out as
BLASTP, v1.4.9MP searciB0)]. for the MBP fusion proteins with identical reagents, except

Because RACKL is a &homologue, we reasoned that for the following: the immobilizing resin comprised 20
RACK1 may also bind specific PH-containing proteins. bead volume; all washes and incubations were performed in

Additionally, PKC has been reported to bind to the PH EPPendorf tubes; washes were performed by spinning these
domains of the Tec family of protein kinases, including Btk tu.bes at apprp?<|mately 108@or 15 s; proteins were eluted
(17, 3, as a means of regulating PKC phosphorylation of with the addition o_f 50uL of Laemmli sample buffer.
these proteins, and several PH domain-containing proteinsRACK1 was recombinantly expressed (see above) as an MBP
are substrates of PKCL( 2, 39. Finally, the regulatory fusion protein, purified on 0.5 mL amalosegarose col-
domain oftPKC has also been shown to associate with the UMNS, and eluted with 10 mM maltose. The purified MBP

PH domain of RAC-protein kinas&2, 33. Here, we present RACK1 fusion was cleaved with 24 h digestion with factor

evidence that the PH domains of select proteins (expressed<a (New England Biolabs; 10g of factor Xa/mg of protein)
as fusion proteins with glutathior@transferase, GST) bind at 4°C. .

to RACK1. We also report that PKC concomitantly binds  VVestern Blot AnalysisColumn eluates were suspended
to RACK1 and the PH domains of dynamin-1/®spectrin in Laemmli sample buffer, boiled for 10 min, and loaded

in vitro. Last, we suggest a model for the association between©Nto 10% SDSPAGE gels. Proteins were transferred to
PKC, RACKs, and PKC substrates containing the PH nitrocellulose membranes and Western analyzed with anti-

domain. GST monoclonal antibodies (&g/mL; Santa Cruz Bio-
techologies), antpPKC monoclonal antibodies (1:1000;
EXPERIMENTAL PROCEDURES Seikagaku America, Inc.), or anti-RACK1 monoclonal

antibodies (1:1000; Transduction Labs, Inc.). Primary anti-
Recombinant Protein§’he PH domains of-adrenergic  bodies were detected using the appropriate horseradish
receptor kinasg#ARK), guanine nucleotide releasing factor peroxidase-conjugated secondary antibodies (1:1000; Am-
(GRF), oxysterol binding protein (OSBP), phospholipage C  ersham Life Science) and detected by a chemiluminescent
(PLCy), B-spectrin, insulin receptor substrate-1 (IRS-1), RAC reaction utilizing luminol (Sigma) as a substrate. Quantitation
kinasef, and dynamin-1 were expressed as fusion proteins of binding was performed by densitometric analysis on either
with glutathioneS-transferase as described previoudlg)( a Microscan 1000 gel analyzer (Galai Inc., Israel) or an Arcus
Purified, recombinant, full-length human dynamin-1 was a || scanner (Agfa) and NIH image (v1.57) analysis software
gift from Dr. Sandra Schmid. Recombinant RACK1 was with similar results. The accuracy of this method within the
expressed as a fusion protein to maltose binding protein measured sample range was confirmed by quantitation of
(MBP) as described in re34. the same Western blots by chemifluorescence (Molecular
PKC Purification. A PKC preparation containing the, Dynamics, Sunnyvale, CA) detection using a Molecular
AL, BII, v, 6, ande isozymes (approximately-48 ug/mL Dynamics STORM 850 fluorescence scanner and Molecular
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Ficure 1: Binding of GST-PH domains to RACK1. The binding of various PH domains was determined by immobilizing RARIBP

on an amylose column and incubating with 100 nM G%H fusion proteins. After extensive washing, bound material was extracted with
SDS-PAGE sample buffer and subjected to Western blot analysis. Bound-BHTusion proteins were detected with anti-GST antisera.

GST and a region from the C-terminus of rhodopsin kinase lacking a PH domain were used as negative controls. (A) Left Panel: Densitometry
of binding of various GST fusion proteins relative to GST alone. Results are me®BM of 4 independent experiments. Right Panel:
Comparison of the binding (arbitrary units) of GSIPH constructs to RACK1 vs £ (12). (B) Western blot representative of results from

one such binding experiment. *Kazushige Touhara, unpublished observations (Figure 1; p 21).

Dynamics ImageQuant v1.2 software. Numeric values were to Gy (12). Conversely, the GSTPH domains of GRF and
determined by either (i) verifying that densitometry of four S-spectrin bound well to RACK1 (Figure 1A) but not as
internal standards of the detected protein run on the samestrongly to @y (12). Whereas the binding of Ras-guanine
blots as the eluates in select experiments fit to a linear nucleotide releasing factor (Ras-GRPH) to G5y required
equation withR? > 0.970 or (ii) using an exponential fit sequences outside the PH domain, the RACK1-binding site

within NIH Image to calibrate these standards. on Ras-GRFPH was mapped entirely within the PH domain
per se (data not shown). Therefore, these data suggest
RESULTS differential binding of PH domains by the WD-40 domain-
PH Domain Binding to RACKIThe binding of different ~ containing proteins RACK1 and .
recombinant PH domains to RACK1 was tested in vike BPKC and PH Domains Binding to RACKBecause

shown in Figure 1, the PH domains of dynamingispectrin, RACKT1 is a receptor for activated PKQ§), specifically
oxysterol binding protein (OSBP), and Ras-guanine nucle- SPKC (34), we determined the effects of activat88KC
otide releasing factor (GRF) bound to RACK1. However, on the binding of PH domains to RACKL1. For this purpose,
none of these PH domains bound to an MB#nylose we focused on two examples: the PH domaiBedpectrin
column (data not shown), suggesting that the interactions was employed becaugespectrin-PH binds well to RACK1
observed were specific to the RACK1 moiety. Interestingly, (Figure 1) and3-spectrin has been shown to localize with
the PH domains differed in their ability to bind to RACK1 APKC in T lymphocytes 36—38); and, while dynamin-+
and @y (Figure 1A). Using the same experimental condi- PH exhibits a lower level of binding to RACK1 (Figure 1),
tions, we found that the PH domain of OSBP bound well to dynamin-1 is a PKC substratdg) with high binding affinity
both RACK1 and @y (12) (Figure 1A). However, the PH  for PKC (40). In contrast, evidence in the literature for an
domain of PLG did not bind to RACK1, whereas it bound interaction between PKC or RACK1 and either Ras-GRF or
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FiGure 2: ActivatedPKC and PH domains concomitantly bind to RACK1. (A) Equal amounts of MBRCK1 were immobilized on

amylose columns and incubated with either G®lynamin-PH (500

nM) or GSF-spectrin-PH (100 nM) in the presence or absence

of partially purified rat brain PKC£50 nM). PKC was activated by 6y/mL phosphatidylserine (PS)@/mL 1,2-diacylglycerol (DAG),
and 1 mM CaCJ, or kept inactivated by 10 mM EGTA. Nitrocellulose membranes were cut horizontally (just above the 69 kDa MW
marker), and the top portion was subjected to Western blotting withg&i{i€ monoclonal antibodies (1:300; Seikagaku America) to

determine the extent ¢iPKC binding. The bottom portions of these

blots were Western blotted with polyclonal anti-GST (IgG; Santa Cruz

Biotech.) to determine the extent of GSIPH domain fusion binding. The image is representative of 6 independent experiments. (B, C)
MBP—RACK1 was immobilized as in (A), but in limiting quantities<{00 ng/sample). Increasing doses of either GaB5-DAG-
activated PKC (B; filled squares) or dynamiRH (C; open circles) as indicated were then coincubated withl I5ST—dynamin-PH (in

panel B) or 100 nM PKC (in panel C). The amounts of bogRKC and GSTdynamin-PH were detected as in (A). Results shown are

the meant SEM of densitometry data from 3 (B) and 5 (C) experiments. Binding was normalized to the maximal level of binding observed

for both analyte proteins in each experiment.

OSBP (the PH domains of which bound strongly to RACKZ,;

of activated PKC did not affect the amount of dynamin-1

Figure 1) is minimal. Thus, these proteins were not examined PH bound to RACK1 and vice-versa (Figure 2B,C). These

further in the present study.

PKC was activated by incubation with phosphatidylserine
(PS), diacylglycerol (DAG), and 1 mM calcium. In the
presence of activated PKC, binding Sfspectrin-PH to
RACK1 was not significantly attenuated (Figure 2A, lanes
3 vs 5). Similarly, activated PKC did not inhibit binding of
dynamin-1+PH to RACKL1 (Figure 2A, lanes 4 and 6); the
binding of dynamin-+PH to RACK1 in the presence of
activated PKC was 126 23% (mearnt- SEM; n = 6) of

the binding measured in the absence of activated PKC.

Moreover, incubation of activated PKC with RACK1 prior
to the addition of any PH domains (preincubation) did not
significantly affect the binding of either dynamin-PH or
f-spectrin-PH to RACK1 observed during coincubation
(data not shown). When PKC and the PH domain of
dynamin-1 were simultaneously incubated with limiting
amounts of immobilized RACK1, saturating bound quantities

data suggest that there are separate and independent binding
sites for PH domains and PKC on RACK1.

To further demonstrate the concomitant interaction be-
tween the PH domain of eithét-spectrin or dynamin-1,
RACK1, and activate@PKC, the converse experiment was
carried out. That is, GSTPH domains of$-spectrin or
dynamin were immobilized on glutathion&epharose, and,
in the presence and absence of RACKI1, the binding of
activated3PKC to these fusion proteins was determined. As
seen in Figure 3, activated (but not inacti#)KC bound
to the PH domains of botfi-spectrin (1xM) and dynamin
(1 uM). Furthermore, RACK1 (1.5«M) bound to this
complex without diminishing the amount of associated
activated fPKC (Figure 3, lanes 4 and 8 vs 3 and 7,
respectively). These data further suggest that a concomitant
trimolecular interaction occurs between PKC, RACK1, and
the PH domains of dynamin-1 ardspectrin.
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Ficure 3: ActivatedPKC directly binds to the PH domains Bfspectrin and dynamin-1; RACK1 associates with this complex. GST
(lanes 1 and 5) or GSTPH domain fusion proteins (as indicated; approximateijvlat incubation volume) were incubated with glutathiene
Sepharose beads in the presence of rat brain PK8D (1M) rendered inactive (10 mM EGTA,; lanes 2 and 6) or activey@onL PS, 2

ug/mL DAG, 1 mM CacC}; all other lanes) and purified recombinant RACK1 (Z; lanes 4 and 8). Lammeli sample buffer eluates were

then subjected to Western blot analysis as in Figure 2. RACK1 was detected with anti-RACK1 monoclonal antibodies (1:1000; Transduction
Laboratories). Blots are representative of 6 independent experiments.

A) Binding to RACK1
w— 1 2 3 4 56 7 8 )
dynamin-1 —» —_— - __ g7
6 p——— -4 GST-f-spectrin-PH ﬁHPKC —> - - —
- e i A e -4 GST-dynamin-PH
30—
PS - + ~ - - + = = — 46
PSPIP, - - + - - - 3+ -
IP3 - - - - + .
activated PKC +  + -
dynamin-1 - 4+ 4
B) FiGURE 5: Activated SIIPKC and full-length dynamin-1 interact
25 s with RACK1. Equal amounts of MBPRACK1 were immobilized
Bspecti as in Figure 2 and incubated with either@/mL dynamin-1 and/
2 GST-dynamin-PH or 250 ng/mLpBIIPKC (PanVera, Inc.) activated as in Figure 2.

Western blotting was accomplished by simultaneously probing with
anti-dynamin-1 (1:1000; Transduction Labs) and #iiiPKC

(1 ug/mL; Santa Cruz Biotechnologies) antibodies. The image is
representative of 3 independent experiments.

1++——— RN PR

Effect of Phospholipids on PH Domain Binding to RACK1.
The PH domains of multiple proteins, including dynamin-1,
have been shown to bind phosphatidylinositol 4,5-bisphos-
phate (PIR) (41, 49. Also, the binding of @y to SARK is
Ficure 4: Phospholipids do not affect PH domain binding to mediated, at least in part, by BI5, 43, and inositol 1,4,5-

RACK1. (A) Binding of the PH domains g§-spectrin (100 nM) : : ) .
and dynamin-1 (500 nM) to RACK1 was determined in the presence triphosphate (1) binds toj-spectrin g4, 43. In our assay,

of PS (40ug/mL, lanes 2 and 6), PS/PPL:1 molar ratio, 4Qug/ IP3 (40 ug/mL) had no significanti{ > 0.5) effect on the
mL total lipid, lanes 3 and 7), or R40 ug/mL, lanes 4 and 8).  interaction between either dynamir-PH or 3-spectrin-
(B) Averaged data of experiments represented in (A); binding of PH and RACK1 (Figure 4A,B). PS together with RiR:1

GST—f-spectrin-PH (white bars) or GSFdynamin-PH (gray i i i
bars) to RACK1 in the presence of the indicated components. Error molar ratio, 40ug/mL fotal concentration) marginally

bars represent SEM of 4 (GSP-spectrin-PH) and 5 (GST increased the bi”ding of dynamin-PH f”‘nq,ﬁ'SpeCtrin—
dynamin-PH) independent experiments. Binding assays were PH to RACK1, but this effect was not significant (O<Lp
performed as described in Figure 1. < 0.2; n = 4 with S-spectrin-PHn = 5 with dynamin-1-

Fold binding to RACK1 over binding
to RACK1 in the absence of phospholipid

PS PS/PIP, 1P;
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PH; Figure 4B). Therefore, the observed binding of the PH Thus, it appears that PH domain binding and PKC binding
domains of dynamin-1 an@-spectrin to RACK1 is not  to RACK1 occur at independent sites on RACK1 and are
dependent on these acidic phospholipids and thus appearsiot allosterically controlled.

to be mediated by direct proteiprotein interactions. Proposed Model for a Multiprotein Interaction with

BIIPKC and Full-Length Dynamin-1 Binding to RACK1. RACK1 as a Scaffolding Proteinthe anchoring of PH

To evaluate the significance of the interaction between domain proteins by RACK1 may be independent of the role
isolated PH domains, RACK1, and activated PKC, we of RACK1 in anchoring activated PKC. However, according
determined whether a PH domain-containing protein could to the results obtained in Figures 2, 3, and 5, we favor the
interact concomitantly with PKC and RACKL. Using dy- following model for interaction of these proteins in vivo
namin-1 as an example (Figure 5), either phospholipid and (Figure 6): RACK1 serves as an anchoring protein both for

calcium-activated recombinaplPKC (PanVera, Inc.) or
dynamin-1 binds independently to RACK1 in assays similar

activatedsPKC and for selective PH domain proteins, some
of which are PKC substrates [e.g., pleckstriy @ and

to those used in Figures 1 and 2. When these two proteinsdynamin-1 89)]. Prior to PKC activation (Figure 6A),
were coincubated with RACK1, neither component displaced RACK1 is bound to a PH domain-containing protein. This

significant amounts of the other, indicating that bGtHPKC
and full-length dynamin-1 concomitantly bind to RACK1
in this assay.

DISCUSSION

Multiple PH domain-containing proteins are PKC sub-
strates 2, 3, 40. In this study, a role for select PH domains
in binding SPKC and its anchoring protein, RACK1, has been
suggested. Since RACK1 was initially identified as a binding
protein for activated PKC, it was interesting to find that
binding of activated PKC to RACK1 did not inhibit the
binding of either dynamin-2PH or S-spectrin-PH to
RACK1 (Figure 2). Our data suggest that a trimolecular
complex between PKC, RACK1, and a PH domain-contain-
ing protein is formed in which all three proteins contain
binding sites for the other two partners.

Using the same GSTPH protein constructs, Touhara et
al. have also demonstrated differential binding {8yG12).
Interestingly, the binding specificity of the various PH
domains to By as compared with RACK1 differed (Figure
1). The differences in binding patterns between RACK1 and
GpBy could be due to the contribution of theyGubunit
toward binding. That is, ¢ may selectively contribute to
the interactions observed betweefi &d other PH domains.

It is also possible that differential specificity of certain PH
domains for RACK1 vs @ exists. Our observations reported
here with RACK1 present evidence for a third WD-40-
containing protein [along with & (13) and the protein
product of thelis-1 gene 46)] which associates with PH

interaction is likely to be dynamic and possibly regulated
by other signaling systems. Following activation (Figure 6B),
PKC translocates and binds to its anchoring protein, RACK1.
Since RACK1 is not a PKC substratgg], the interaction
between these two molecules should not be governed by
enzyme kinetics. Other cellular factors may prevent this
trimolecular interaction in vivo. However, based on the data
gathered here, an enticing hypothesis is that the simultaneous
binding of PKC and a PH domain-containing protein to
RACK1 may provide a means to bring PKC in close
proximity with its substrate(s), thus enabling substrate
phosphorylation with higher efficiency (Figure 6).

Proper localization and activation $ARK is mediated
by simultaneous binding of both lipid (PJPand By
subunits to the PH domain @¢fARK (43, 47. In addition,
membrane targeting of the PH domain of Sos has been
suggested to involve specific ligands distinct from R@8),
and others have modeled the PH domain as a dual lipid/
protein binding motif 49). Similarly, our model (Figure 6)
suggests that the role of phospholipids is important for the
trimolecular interaction as they are required for PKC
activation and localization of PH domain-containing proteins
to the membrane. However, we also provide evidence that
lipids are not sufficient for governing the specificity of the
interaction between RACK1 and PH domains. Rather, our
in vitro data suggest that the trimolecular complex of
activated PKC, a PH domain-containing protein, and RACK1
is in part mediated via direct proteiprotein interactions.

Because many of the PH domain-containing proteins are

domains. Based on these independent findings, the pHalso involved in signal transduction, the colocalization of
domain of specific proteins appears to bind a select group activated PKC and these signaling proteins may provide a

of WD-40-containing proteins.

Our finding that a molar excess of various phospholipids
does not affect the interaction betwegrspectrin-PH or
dynamin-+PH and RACK1 indicates that these associations

in the presence of activated PKC (Figures 2 and 3) reflect

direct protein-protein interactions between the respective
PH domains and RACK1. However, we currently cannot
exclude the possibility that proteitlipid interactions do not
contribute to the association between PH domains3itiC

in the trimolecular complex as well.

It is worth noting that the interactions between select PH
domains, RACK1, and activated PKC are unlike those which
occur between @, Gfy, and PH-containing proteins.
Whereas @ inhibits the binding of PH-containing proteins
to the @y dimer (12), activated JPKC, RACK1, and
dynamin-+PH or -spectrin-PH interact concomitantly.

means for coordinated signaling. Such multivalent organizers,
or scaffolding proteins, have been previously described. For
example, the anchoring protein for cAMP-dependent protein
kinase, AKAP79, binds PKC as well as calcineumd) In

the Drosophila eye, theinaD gene product organizes a
multiprotein complex that includes phospholipasg,GKC,

and a PKC substrate: the calcium channel encoded by the
trp gene B1). Similarly, RACK1 may act as a scaffold
protein to organize signaling molecules such as dynamin-1
with a protein kinase, activated PKC.
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A. BEFORE PKC ACTIVATION
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