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Protein kinase C-related kinase 1 (PRK1 or PKN) is involved
in regulation of the intermediate filaments of the actin cytoskel-
eton, as well as having effects on processes as diverse as mitotic
timing and apoptosis. It is activated by interacting with the Rho
family small G proteins and arachidonic acid or by caspase
cleavage. We have previously shown that the HR1b of PRK1
binds exclusively to Racl, whereas the HR1a domain binds to
both Racl and RhoA. Here, we have determined the solution struc-
ture of the HR1b-Rac complex. We show that HR1b binds to the
C-terminal end of the effector loop and switch 2 of Racl. Compar-
ison with the HR1a-RhoA structure shows that this part of the
Racl-HR1b interaction is homologous to one of the contact sites
that HR1a makes with RhoA. The Racl used in this study included
the C-terminal polybasic region, which is frequently omitted from
structural studies, as well as the core G domain. The Racl C-termi-
nal region reverses in direction to interact with residues in switch 2,
and the polybasic region itself interacts with residues in HR1b. The
interactions with HR1b do not prevent the polybasic region being
available to contact the negatively charged membrane phospholip-
ids, which is considered to be its primary role. This is the first struc-
tural demonstration that the C terminus of a G protein forms a
novel recognition element for effector binding.

The small G proteins of the Ras superfamily behave as molec-
ular switches in signal transduction, being switched on in the
GTP-bound form and switched off in the GDP-bound form.
They respond to extracellular stimuli through the action of gua-
nine nucleotide exchange factors, which allow exchange of
GDP for GTP. In the GTP-bound state, they can bind to down-
stream effector proteins, which mediate activation of their sig-
naling pathways. They are switched off again when their intrin-
sic GTPase activity is stimulated by the GTPase-activating
proteins (GAPs).? The Rho family of small G proteins, of which the
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best studied include RhoA, Racl, and Cdc42, are involved in reg-
ulating a wide variety of processes, including cell growth and dif-
ferentiation, cell adhesion, and cell motility (1). Many of the pro-
cesses affected by the Rho family are involved in tumorigenesis
and metastasis. Not surprisingly, therefore, many Rho proteins
and their guanine nucleotide exchange factors are potent
oncogenes.

An enormous number of effectors have been identified for
the Rho family GTPases. Several of these effectors are protein
kinases, and many of them appear to be regulated such that they
are inhibited by intramolecular interactions in the unstimu-
lated state. Binding of the activated, Rho family G protein leads
to the release of the kinase from its inhibition, allowing it to be
phosphorylated in the activation loop and thus rendering it
efficacious toward its downstream targets (2).

The Ser/Thr kinases PRK1 (also known as PKN1 or PKNa),
PRK2 (PKN2), and PKN3 (PKNp) all have the same general
architecture (3). They have a C-terminal kinase domain thatis a
member of the protein kinase C superfamily. They also contain
three HR1 (for homology repeat) domains at the N terminus,
HR1a-c, followed by a C2 domain that is related to the Ca**-
dependent membrane-targeting domains found in protein
kinase C. PRK1 was found to bind to RhoA through its HR1a
repeat and, moreover, this binding activated the kinase domain
(4). A potential pseudosubstrate site was found in the HR1a
domain of PRK1, and a peptide encompassing this region was
shown to inhibit phosphorylation by PRK1 (5). It was subse-
quently found that PRK1 and PRK2 could be activated by the
binding of either RhoA or Racl (6, 7). The kinase can also be
activated by caspase 3 cleavage during apoptosis (8) and bind-
ing of fatty acids such as arachidonic acid to a region between
the C2 domain and the kinase domain (3).

That the PRKs play a role in a number of processes is evident
from the large number of interacting proteins and phosphoryl-
ation targets that have been identified for them. Many of the
proteins that bind to the PRKs are part of the cytoskeletal net-
work. For example, PRK1 interacts with the intermediate fila-
ment proteins neurofilament and vimentin, phosphorylating
them to inhibit their polymerization (3, 9). PRK1 also interacts
with the actin cross-linking protein a-actinin, although there is
no evidence that actinin is phosphorylated as a result (3). PRK1
has also been shown to play a role in Alzheimer disease since it
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accumulates in neurofibrillary tangles and phosphorylates the
microtubule assembly protein Tau (10). Tau phosphorylation
down-regulates its ability to bind to microtubules, resulting in
disruption of the microtubule array in vivo (11). PRK1 is over-
expressed in prostate cancer and binds to the androgen recep-
tor, increasing its activity as a transcription factor, although
apparently not due to phosphorylation (12). PRK1 also phos-
phorylates the high risk human papilloma virus E6 oncoprotein
that induces degradation of the p53 tumor suppressor, suggest-
ing that PRK1 also plays a role in virally induced cancers (13).
As well as its role in cancer, PRK1 is thought to be involved in
cell division. When injected into Xenopus embryos, it caused
cleavage arrest, and it was found that PRK1 phosphorylates and
inhibits Cdc24, delaying mitotic timing (14). Intriguingly, there
is a body of evidence that suggests that PRK1 can localize to the
nucleus; it can translocate in response to stresses such as heat
shock, and it has been shown to interact with various transcrip-
tion factors (15-17). Finally, the C terminus of PRK1 interacts
with PDK1 (18), and PDK1 phosphorylation of PRK1/PRK2 has
been shown to lead to PRK activation (19). As PDK1 is down-
stream of phosphatidylinositol-3 kinase, it is thought that the
PDK1-PRK interaction is responsible for the effects of the insu-
lin receptor (via phosphatidylinositol-3 kinase) on actin
cytoskeleton reorganization (20).

Initially the HR1a domain of PRK1 was considered to be the
only binding site for Rho family proteins, although it was later
shown that the HR1b domain could also bind these GTPases
(21). The role of the HR1c domain remains obscure, with no
known binding partners elucidated to date. The Drosophila
melanogaster homologue of PRK1 was shown to bind specifi-
cally to RhoA and Racl through distinct binding sites (7). Pre-
viously, we used scintillation proximity assays to measure the
binding of RhoA and Racl to both the HR1a and the HR1b
domains as well as the HR1ab di-domain (22). We found that
RhoA binds to HR1a and HR1b but that the HR1a binding affin-
ity was at least 5-fold higher (280 nm as opposed to >1 um). The
affinities of HR1a and HR1b for RhoA measured by fluores-
cence were in agreement with our results (23). Furthermore, we
tested Racl binding to the HR1a and HR1b domains and found
that it binds both of them with a high affinity (K, ~ 70-170 nm).

The C terminus of small G proteins in the Ras, Rho, and Rab
subfamilies is lipid-modified and provides a means of mem-
brane attachment. Between the end of the C-terminal helix and
the lipid modification site, there is a sequence that varies in
both length and composition between and within the subfami-
lies. This hypervariable region is thought to mediate at least
some of the differences between small G proteins that are oth-
erwise closely related. Racl has a polybasic region (PBR) in this
site, which has been shown to mediate a number of functions,
including membrane attachment, nuclear localization
(reviewed in Ref. 24), and binding to the exchange factor B-PIX
(25). Most G protein structures and the structures of the com-
plexes that they make with their effectors have been solved by
x-ray crystallographic methods, where it was necessary to
remove the flexible C termini of the G protein. Thus, informa-
tion about the structures of the C-terminal regions of small G
proteins is extremely limited. We found previously that the PBR
at the C terminus of Racl was necessary for its high affinity
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interaction with HR1b (22) and that deletion of the PBR or
mutation of any of the basic residues abrogated the binding.

Here, we describe the solution structure of the complex that
HR1b makes with full-length Racl, including the C-terminal
PBR. We show that HR1b binds to Racl in aregion that encom-
passes the switch regions, which change conformation on
GDP/GTP exchange, but that it also contacts the C-terminal
PBR of Racl. This is the first structure of an effector complex
that involves interactions with the C terminus of a small G
protein. We have used the structure to model the potential
complexes formed between RhoA, Racl, and PRK1. On the
basis of the available structures and mutagenesis, it likely that
RhoA can bind to HR1a and HR1b simultaneously, whereas the
two HR1 domains compete for binding to the same site of Racl,
Furthermore, although the PBR interacts with HR1b, several of
the basic residues are still solvent-exposed and are still available
to function as a secondary membrane localization signal.

MATERIALS AND METHODS

Protein Expression and Purification—The HR1b domains
from PRK1 (residues 122-199) and full-length (or A4) Racl
with the Q61L mutation were expressed as GST fusion pro-
teins and purified using glutathione-agarose beads (Sigma)
as described previously (22). The nucleotide bound to Racl
was exchanged for the non-hydrolyzable analogue GMPPCP
as described (26). The integrity of all proteins was deter-
mined by mass spectrometry.

Uniformly '°N- and '*C,'*N-labeled HR1b was produced by
growing Escherichia coli BL21-CodonPlus(DE3)-RIL cells
(Stratagene) harboring the expression plasmid in a medium
based on MOPS buffer, supplemented with 5% labeled Celtone
and 'NH,CI or "®C-glucose (Spectra Stable Isotopes). Uni-
formly '°N- and "*C,"”N-labeled Rac1l was produced in E. coli
BL21 using the same buffer and supplements.

Uniformly °N,'*C,”H-labeled Rac was produced as follows.
E. coli BL21 cells were freshly transformed with the GST-Racl
expression construct and plated on 2TY at 37 °C overnight. The
cells were then streaked onto 2TY plates containing increasing
amounts of ’H, O, in each case being incubated for 18 -21 h at
37 °C before being streaked onto the next plate. The *H,O levels
were increased stepwise through 20, 40, 60, 80, 90, and 95%. 8 X
20 ml of 2TY in 100% *H,O were inoculated with *H,O-
adapted cells and grown for 20 h at 37 °C. The stationary cul-
tures were centrifuged, and the pellets were resuspended in a
small volume of *N,**C,”H Celtone. These were used to inoc-
ulate 8 X 500 ml of filter sterilized MOPS buffer made up in 95%
*H,0, supplemented with 5% '°N,'*C,*H Celtone (final con-
centration), "*C-glucose, and >NH,Cl. The cultures were
induced at A4, ~ 0.8 by the addition of 0.1 mm isopropyl-1-
thio-B-p-galactopyranoside in ?H,O for 5 h.

Full-length Q61L RhoA-[?H]GTP was produced as described
previously (22). C-terminally truncated Q61L RhoA-[*H]GTP,
corresponding to residues 1-186 (hereafter A7 RhoA) was
expressed and purified in the same way as the full-length
protein.

NMR Spectroscopy—NMR samples were made up in the fol-
lowing buffer: 10 mm Tris-HCI, pH 7.4, 200 mm NaCl, 5 mm
MgCl,, 10 mm dithiothreitol, 0.05% NaN;, 10% *H,O. Complex
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samples were made up by mixing the two proteinsin a 1:1 molar
ratio and concentrating the samples to 500 ul in a Centricon-3
(Amicon). All spectra were recorded at a total protein concen-
tration of ~0.4 mM. The following experiments were recorded
(reviewed in Ref. 27 unless stated otherwise): on samples of
>N- or 'C,'®N-labeled Racl in complex with unlabeled
HR1b, "’ N-HSQC, HNHA, HNCA, HN(CO)CA, CBCA(CO)NH,
HNCACB, HNCO, i-HNCA (28), HN(CO)CACB, *C-HSQC,
HCCH-TOCSY, "N NOESY-HSQC, '*C-NOESY-HSQC,
13C/**N-filtered,'*C-separated NOESY HSQC (29); on sam-
ples of '°N- or '*C,'*N-labeled HR1b with unlabeled Racl,
'5N-HSQC, '"N-separated TOCSY, HN(CO)CA, HNCA,
HN(CO)CACB, H(CCCO)NH, (H)CC(CO)NH, HCCH-
TOCSY, "*C-HSQC, "N NOESY-HSQC, "*C-NOESY-HSQC,
13C/*>N-filtered,'*C-separated NOESY HSQC (29); on samples
of '°N,'3C,>H-labeled Rac1l with unlabeled HR1b, '>’N TROSY-
HSQC, CT-HN(CO)CA, TROSY HNCA, TROSY HNCO,
TROSY HN(CA)CO, TROSY HN(COCA)CB, TROSY
HNCACSB (30, 31), CC(CO)NH, >N NOESY-HSQC. The data
were processed using AZARA (W. Boucher, Cambridge, UK)
and analyzed using ANSIG (33). Backbone torsion angles were
estimated from CA, CO, CB, N, and HA chemical shifts using
the program TALOS (34). These were used as restraints for ¢
and ¢ with errors of twice the standard deviation from TALOS.

Structure Calculation—Structures were calculated using
CNS 1.1 (35) and ARIA 1.2 (36), where the ambiguity of the
NOE:s is reduced in each iteration by comparing the NOE
restraints with structures from the previous iteration. The
methodology was essentially as described in ref. 22, except that
the high temperature dynamics was increased to 300 ps and the
cooling was increased to 288 ps (144 ps cooling to 1,000 K and
144 ps cooling to 50 K).

Scintillation Proximity Assays—Affinities of RhoA proteins
for GST-HR1a and GST-HR1ab were measured using scintilla-
tion proximity assays (SPAs), in which the GST fusion protein
was attached to a fluoromicrosphere via an anti-GST antibody
in the presence of Q63L RhoA+[*H]GTP. Binding of the G pro-
tein to the GST effector brings the labeled nucleotide close enough
to the scintillant to obtain a signal. Apparent K, values were meas-
ured as described previously (26) by varying the concentration of
RhoA-[*H]GTP at a constant concentration of GST-HR1a or
GST-HR1ab. These assays were performed with 30 nm GST fusion
protein. Using this method, the upper and lower limits of the K,
values that can accurately be measured are 1 uM and 1 nm, respec-
tively. For each affinity determination, data points were obtained
for at least 10 different RhoA concentrations. Binding curves were
fitted using the appropriate binding isotherms to obtain K, values
with their standard errors (26, 37).

RESULTS AND DISCUSSION

Resonance Assignments and Structure Calculation—We have
previously solved the structure of the HR1b domain by NMR
(22). The uncomplexed HR1b spectra and assignments from
this study were used as a reference during the assignment of
HR1b in the complex with Racl. The backbone resonances
were assigned using '*N-separated TOCSY and NOESY exper-
iments, aided by HNCA and HN(CO)CA triple resonance
experiments and comparison of the 'N-HSQC spectra
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recorded on the free and complexed HR1b. Side chain reso-
nances were assigned using three-dimensional (H)C(CCO)NH,
H(CCCO)NH, and HCCH-TOCSY experiments. Backbone
resonance assignments were obtained for all of HR1b except
residues 156 —160, which reside in the hairpin between the two
helices of the coiled-coil. The resonances for these residues
were also absent in the free HR1b spectra. The side chains were
assigned for all residues that had a backbone NH assignment, as
well as for Thr-157, for which there were partial side chain
assignments although no backbone resonances were visible.

As described previously, the interaction between HR1b and
Racl requires the C-terminal polybasic region of Racl (22). Ini-
tial NMR experiments were recorded on both full-length Racl
and RaclA4, which had a truncation of 4 residues at the C
terminus, to assess the quality of the spectra of the two proteins.
It has been observed that NMR spectra of G proteins in their
active form, bound to GTP or an analogue, have fewer reso-
nances than would be expected from the sequence (38, 39). This
is due to dynamics in switch 1 and switch 2, the two regions of
the protein that change conformation when GTP and GDP are
exchanged. Regions of proteins that are changing conformation
on the millisecond time scale often disappear in NMR spectra,
due to broadening of the resonances. The **N-HSQC spectrum
of Rac1A4 had 41 fewer peaks than expected (data not shown).
Some of the missing resonances will be due to loss of the switch
regions, but the switches can only account for 20 -25 residues.
The **N-HSQC spectrum of full-length Racl was also missing
peaks but only had 32 fewer than expected. Thus, the full-length
protein was better behaved than the RaclA4, and all of the
spectra of the complex made with HR1b were recorded on sam-
ples containing full-length Racl.

Full-length Racl was not sufficiently stable for the NMR
experiments to be recorded for assignment of the free protein.
In the complex with HR1b, however, the protein was stable for
several weeks, and the spectra for assignment could be
recorded. The HNCA and HN(CO)CA experiments recorded
on the protonated sample were of a reasonable quality, but with
no information about the chemical shifts of the free protein, it
was not possible to assign the protein backbone on the basis of
the "Ca chemical shifts alone. The large tumbling time of the
complex meant that experiments that also record the Cf shift
only worked for ~30% of the residues in the protonated sam-
ples. The CB experiments worked well on samples containing
2H,'3C,"”N-labeled Racl in complex with unlabeled HR1b.
Most of the Racl backbone resonances were visible in the com-
plex with HR1b. The backbone resonances for residues
32—-41 in switch 1 were not visible in any spectra, presum-
ably due to conformational exchange of the backbone. Sub-
sequently side chains were assigned for most of switch I,
except residues 35, 38, and 39. In contrast, most of switch 2
was visible in the backbone experiments, except residues 57,
59, 66, and 68. Again, side chains were assigned for most of
these residues, except Arg-68, which was not visible in any
spectra.

There were a total of 5,587 NOEs, of which 3,510 were unam-
biguous and 2,077 were ambiguous. These were translated by
ARIA (36) into 4,686 non-duplicated restraints in the first iter-
ation, of which 2,686 were unambiguous and 2,001 were unam-
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TABLE 1
Experimental restrains and structural statistics
<SA>“ <SA> '
No. of experimental restraints
Unambiguous 3629
Ambiguous 656
Dihedral restraints 373
Coordinate precision® .
r.m.s.d. of backbone atoms (A) 0.85 £ 0.15 0.65
r.m.s.d. of heavy atoms (A) 1.30 + 0.14 1.17
r.m.s. deviations
From the experimental restraints:
NOE distances (A) 0.023 * 0.002 0.021
Talos dihedral angles (°) 0.774 * 0.049 0.787
From idealized geometry:
Bonds (A) 0.0021 = 0.000058 0.0020
Angles (°) 0.39 £ 0.0046 0.39
Impropers (°) 0.30 = 0.009 0.29
Final energy
E,* (k]/mol) —2666.2 = 9.87 —2659.18
Ramachandran analysis
Residues in most favored regions 84.9% 87.1%
Residues in additionally allowed regions 13.1% 11.2%
Residues in generously allowed regions 1.3% 0.8%
Residues in disallowed regions 0.6% 0.8%

“ <SA> represents the average r.m.s. deviations for the ensemble.

b <SA>_ represents values for the structure that is closest to the mean.

¢ For residues 1-188 of Racl and 125-195 of HR1b.

4 The Lennard-Jones potential was not used at any stage in the refinement.

Racl will require the G protein to be
GTP-bound. This is supported by
data from other groups; Racl binding
to PRK2 is GTP-dependent, although
the binding to individual domains was
not measured (6).

In Racl, as in other G proteins,
switch 2 forms an irregular a-helix.
In the Racl-HR1b complex, this
helix interacts closely with both of
the HR1b helices, effectively making
a short section of triple coiled-coil

FIGURE 1. The structure of the Rac1-HR1b complex. In both cases, the Rac1 is colored purple, and the HR1b is
colored green. All figures were produced with Molscript (49) and Raster3D (32). a, backbone trace of the lowest
energy 25 structures. b, the closest structure to the mean. This structure is used in all subsequent figures.

(Figs. 1 and 2). Most of the switch 2
interactions involve residues Arg-
667!, Leu-67%*!, and Leu-70%*<',

biguous. In the final iteration, there were 3,629 unambiguous
restraints and 656 ambiguous restraints. 100 structures were
calculated, and of these, the 25 lowest energy structures had no
NOE violation more than 0.5 A and no dihedral violation more
than 5°. The structures have good geometry and are well
defined for an NMR structure of this size (Table 1), with a back-
bone r.m.s.d. from the mean of 0.87 A. Free HR1b forms a
coiled-coil (22), and in the complex with Racl, it adopts essen-
tially the same structure (Fig. 1). Racl forms a regular G protein
fold, comprising a central six-stranded $-sheet surrounded by
five a-helices, with an additional helical insert region charac-
teristic of the Rho subfamily (40).

Interactions with the G Protein Core—HR1b contacts Racl at
the center of the HR1b coiled-coil, whereas the N and C termini of
the protein do not form any interactions with Racl. The inter-helix
loop also makes some contacts (Fig. 1). The areas of the G protein
core involved in the interaction with HR1b encompass switch 1
and switch 2, the regions of the protein that are sensitive to the state
of the bound nucleotide. Thus, it is likely that tight binding of HR1b to
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The 2 Leu residues make extensive
hydrophobic contacts with residues in both helices of HR1b: Val-
1417812 Ala-145"R1>) Met-148"R'®, Tyr-152"R1P, Leu-162"R'P,
Thr-165"%"", Ala-166"%'", and Met-169"%'", The Arg-66"*' side
chain forms a salt bridge with Asp-172"%'> and also contacts Met-
169%™ in the C-terminal helix (Figs. 2A and 3A).

HR1b also interacts with other residues in switch 2 of Racl. The
ring of Tyr-6 makes hydrophobic contacts with Ile-137"}'P,
Lys-140"%'®, and Val-141"""", whereas the Tyr-64%*! hydroxyl
group contacts Lys-140 ", Asp-6372<! is not visible in the NMR
spectra, presumably because it is undergoing conformational
exchange. In the structures, however, the side chain of Asp-63%*<!
is close to that of GIn-134 "™ (Figs. 24 and 3A) and may form a
hydrogen bond. Finally, GIn-74%2<%, at the C terminus of switch 2,
makes extensive contacts with residues in the hairpin between the
HR1b helices and the start of the C-terminal helix, forming hydro-
gen bonds with Asp-159"%'" and Lys-161"%'",

Other residues in the core G protein domain that interact
with HR1b include Lys-5%*! in the N-terminal B-strand and

4Rac1
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Leu-162
Leu-164

Tyr-152

FIGURE 2. Details of the interfaces between Rac1 and HR1b, with side chains shown in a ball-and-stick
representation. g, contacts involving residues in the switch regions of Rac1. Switch | side chains are colored
purple, and switch 2 side chains are colored cyan. The HR1b residues within 4 A of Rac1 are colored yellow.
b, contacts involving residues at the C terminus of Rac1. The side chains of the triple Pro motif at the end of the
final Rac1 a-helix are colored orange, the side chains in the C-terminal extension of Rac1 are colored cyan, and
all other Rac1 side chains are purple. The HR1b residues within 4 A of the Rac1 C terminus are shown in yellow.

u-162
‘\-{~ Thr-151
NS Y Tyr152

[Gs1o1]

[gss]

FIGURE 3. Summary of Rac-HR1b and Rho-HR1a interactions with switch 1 and switch 2. g, Rac1 with HR1b.
The B-sheet at the N terminus of Rac1 and the switch 2 helix are colored dark pink, switch 1 is blue, and other
loops are colored black. The HR1b helices are colored green. Contacts observed in the structures are shown as
lines between the interacting residues and are colored red for interactions involving the N-terminal a-helix of
HR1b and blue for interactions involving the C-terminal a-helix of HR1b. b, RhoA with HR1a (contact 2). The
B-sheet at the N terminus of RhoA and the switch 2 helix are colored pale blue, switch 1 is purple, and other
loops are colored black. The HR1a helices are colored brown. Contacts observed in the structures are shown as
lines between the interacting residues and are colored red for interactions involving the N-terminal a-helix of
HR1a and blue for interactions involving the C-terminal a-helix of HR1a.

extensive and only involve residues
in the N-terminal helix of the HR1b
coiled-coil. Val-367*<" contacts the
hydrophobic portion of the Lys-
140%™ side chain and is also
packed against Gly-144"%'", Asp-
387! forms hydrogen bonds with
Asn-147"R1% which also contacts
Phe-37%*<! and Thr-151""%'®, which
also contacts Asn-39%*! (Figs. 24
and 3A4).

Interactions with the C Termi-
nus—Unusually for a structural
study, the Racl construct used in
this investigation included the C
terminus, which encompasses the
PBR, whose structure is far less well
characterized than that of the core
domain. The final a-helix of the
core domain finishes at Cys-
178%2<! and this is immediately fol-
lowed by 3 Pro residues. The triple
Pro motif is unique to Racl among
the Ras superfamily, although sev-
eral small G proteins have 1 or 2 Pro
residues in this region. The pres-
ence of 3 Pro residues fixes the posi-
tion of the protein backbone into a
polyproline helix (Fig. 2b). Further-
more, the presence of the PBR,
which has 6 basic residues, forces
the backbone to be extended to pre-
vent charge clashes, which would be
unavoidable in a more compact
structure. Thus, overall, the juxta-
position of the triple Pro motif and
the PBR fixes the conformation of
the C terminus from the end of the
final a-helix to Lys-188, which is the
final residue before the site of lipid
modification. The consequence of
this is that the C-terminal residues
loop back and interact with residues
in the core G protein domain (Fig.
2b). Interestingly, residues in the
C-terminal PBR also interact with
HR1b. The main contacts with the
core G protein domain are between

Trp-567°<!, which is in the inter-switch region. These 2 resi-
dues are adjacent in the 3-sheet and form a contact surface for
residues in and around the hairpin loop of HR1b. Lys-5%!
makes hydrophobic contacts with Tyr-162"%?, Lys-158"R!P,
and Leu-162"%'", whereas its amino group is close to Asp-
159" forming a salt bridge in the structure (Fig. 3A). Trp-
567! packs against the hydrophobic regions of the side chains
of Met-148"%'® and Tyr-152HR!P,

The interactions with switch 1, also known as the effector
loop because it is often involved in effector binding, are far less
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Lys-183 ®2<! Lys-184 %<1, and Arg-185 ®<! at the beginning of
the PBR and Pro-73 ®*“! and Gln-74%*! at the end of switch 2
and Cys-105 ®*<%, Pro-106 ®**<!, and Asn-107 **“! in the loop
between helix 3 and strand 5 (Fig. 2b). Arg-185 **“! also forms
hydrogen bonds with Thr-165"%'» and Gln-168"%'* and con-
tacts Lys-161"%'" and Leu-162"%*'®, Lys-186%*! makes few
contacts with either HR1b or the core G protein domain. The
methylenes of Arg-187%*“! contact the side chain of Leu-
164%™ whereas the Lys-188%*¢! side chain contacts Gln-
168™%'" and Leu-164"R1P,
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with GDI proteins, but activation of
the Rho protein leads to the
exchange of GDP for GTP and
membrane localization. The inter-
action of a PBR at the C terminus
with the negative head groups of
phospholipids stabilizes the mem-
brane localization of G proteins that

VKQGAENMI QT YS

HWQQLQELHAHV

1 11 . e
RhoA MAA I RKIL VI VGDGACGKTCLLI VFSKDQFPEvvaT-YgAD have only one lipid modification
Ract .. MOAIKICVVVGDGAVGKTCLLISYTINAFPGEYI PTHEBNYISAN (reviewed in Ref. 24).
. o £y 80 . The nature of the interactions
i 1 with HR1b means that the methyl-
RhoA [JEIVDGK/QV[EIL ALWMDT AGQEBIFIC[@ER PBlS YPDTDVI LMCFSI DSPD ;
Racl I;\vnexpvml. GL.DTAGQE.D.RP SYPQTDVFLIGFSLVSPA  eneportions of at least some of the
2 2 2 2 2 Lys and Arg side chains in the PBR
100 m 120 130 are buried, leaving the charged moi-
RhoA SLENI PEKWTPETQEFCPNAKVVLVGCKLDMRTDLATLKELSKQR eties at the end of the side chains
Rac1 SFENVRAKWYPEVRHHCPNTPI I LVGTKLDLRDDKDTI EKLKEKK solvent_exposed‘Severalresiduesof
the PBR are, therefore, still available
140 150 160 170 180 i ) !
, ; to interact with the membrane (Fig.
RhoA LIPvTHEQGTALAKQVGA\!SYVECSSHTEDGV VFEMATRAALQ 5). Interestingly, HR1b is also rela-
Raci LTPITYPQGLAMAKEI GAVKYLECSALTORGLKTVFDEAI RAVLC ) . . .
tively basic, and in the complex with
190 Racl, Lys-161 is also close to the
membrane and could potentially
RhoA A. .. RRGKKKSGCLVL . ) )
Racl PIPIBIVKKRKRK. . CLLL enhance the interaction with the

FIGURE 4. Sequence alignments. Secondary structures are indicated in yellow a

are shown as cylinders, and strands as shown as arrows. a, alignments of HR1 domains from PRK. Residues in
HR1a that interact with RhoA in contact 1 are shaded red, those in contact 2 are shaded blue, and those in both

contact 1 and contact 2 are shaded pink. Residues in HR1b that interact with
pseudosubstrate site in HR1a and a potential pseudosubstrate site in HR1b are

and RhoA. Residues in RhoA that interact with HR1a in contact 1 and contact 2 are boxed and are shaded red

(contact 1) or blue (contact 2) if they are conserved. The triple proline motif in Rac
PBR is shaded in green.

It is apparent that the contacts made between HR1b and the
Racl C terminus are not extensively ionic. Rather, the driving
force for the interaction seems to be a combination of the
triple Pro motif causing the conformation of the backbone to
be fixed, the interactions with residues in the core G protein
domain and the requirement for the PBR itself to be
extended, which decreases the repulsion between the adja-
cent basic side chains.

The interactions of G proteins with their effectors generally
require the G protein to be active, i.e. GTP-bound. HR1b inter-
acts with both switch 1 and switch 2 of Racl (Fig. 4a), and the
binding affinity for these regions is likely to be nucleotide-de-
pendent. The C terminus of Racl is not directly in contact with
the bound nucleotide, so it is less obvious whether the affinity
for this region will be nucleotide-dependent. The C-terminal
region does, however, interact with Pro-73 and Gln-74, which
are adjacent to switch 2 in the sequence. These residues could
be sensitive to the conformation of switch 2, which in turn is
sensitive to the bound nucleotide, leading to nucleotide
dependence for the PBR as well. The size of the interaction
surface between HR1b and Racl that involves the switches is
~1,500 A? and should therefore be sufficient to confer nucleo-
tide dependence.

Implications for Membrane Attachment—The basic
sequences at the C termini of small G proteins are thought to be
important for membrane attachment. The GDP-bound Rho
family members are sequestered within the cell by interactions
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membrane  phospholipid head
groups. The C terminus of Racl is
less well defined in the structure
than the G domain core, and it is
also possible that the interactions
between the PBR and the mem-
brane consolidate the position of
the PBR with respect to the rest of the G protein, conferring a
concomitant increase in the affinity for PRK1.

Effects of Racl Mutations—Several of the Racl residues that
interact with HR1b in the structure abrogate the interaction
when they are mutated to Ala (22). The interactions involving
switch 2 are predominantly hydrophobic and include Asp-63,
Arg-66, Tyr-64, Leu-67, Leu-70, and Gln-74. Mutation of Leu-
67, Leu-70, and Tyr-64 have relatively modest effects on the
affinity, decreasing it 2—6-fold. This is presumably because
introduction of the smaller Ala side chain, which is still hydro-
phobic, can be accommodated by a slight rearrangement of the
flexible switches. Mutation of Asp-63 to Ala, in contrast,
decreased the affinity more than 15-fold, suggesting that intro-
duction of an uncharged residue at this position cannot be tol-
erated. Surprisingly, mutations of residues in Racl that are rel-
atively distant from the binding site of HR1b can also abrogate
binding. These residues include Ala-27 and Gln-162, which
pack behind switch 1, Lys-166, and Thr-167 in the C-terminal
a-helix and Asn-43, which is in the three-stranded B-sheet. We
have found in previous work with small G proteins that residues
that do not directly contact the effector, but are in the regions
that pack behind the effector-binding regions, can be thermo-
dynamically important for interactions (41). It is likely there-
fore that mutation of these residues causes subtle rearrange-
ments in the molecular topography of the binding surface that
prevent tight binding of the effector.

bove each alignment; helices
Rac1 are shaded green. The
boxed. b, alignments of Racl

1is shaded in orange, and the
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FIGURE 5. Interaction with HR1b would not prevent the PBR contacting
the plasma membrane. Several of the basic residues (colored blue) in the C
terminus of Rac1 are still free to form electrostatic contacts with the nega-
tively charged phospholipid head groups and enhance binding to the
membrane.

Mutations in the C-terminal PBR of Rac1 also abrogate bind-
ing to HR1b by more than 15-fold. In this case, mutation of any
of the basic residues to Ser has a severe effect on binding. The
effects of these mutations are likely to be structural; removal of
a positive charge decreases the repulsion between the side
chains and relaxes the constraints that force the C terminus to
be extended. When the PBR is no longer extended, the favor-
able interactions with HR1b are lost, and the affinity drops
dramatically.

Comparison with Other Rac Effector Complexes—There are a
number of Racl-effector complexes whose structures have
been solved to date. In all these complexes, the Racl used was
truncated at the C terminus. Although it cannot be precluded
that the C terminus would participate in some of these effector
complexes if it were included, high affinity binding can be
achieved with the truncated protein, suggesting that the C ter-
minus is not thermodynamically important for the interaction
with these effectors. The Rac-binding region from p677°* is
also a-helical and forms a series of coiled-coils, but it does not
contact switch 2; rather, it makes most of its contacts with
switch 1 (42). The pleckstrin homology domain in the recently
solved phospholipase C32-Rac complex does contact switch 2
but does not use an a-helix to contact the switch 2 helix in a
coiled-coil arrangement (43). Instead, switch 2 binds to a
B-strand and the C-terminal end of the pleckstrin homology
domain a-helix. There is one effector of Racl that forms a
coiled-coil interaction with switch 2; Arfaptin 2 is a crescent-
shaped dimer, where each monomer comprises a three-helix
bundle (44). Two of the helices in the coiled-coil interact with
the Racl, in a similar way to that in which HR1b interacts with
Racl. The relative orientations of the helices, however, are dif-
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ferent; in Rac1-HR1b, the N-terminal HR1b helix is parallel to
the switch 2 helix, whereas in Racl-Arfaptin 2, the N-terminal
Arfaptin 2 helix is anti-parallel to the switch 2 helix. The plas-
ticity of helical interactions with switch 2 has been discussed
previously in the context of the Arl1-GRIP domain complex
structure (45). Essentially, the interfaces with the switch 2 helix
are usually principally hydrophobic in nature and thus are non-
directional, so there are no restraints on the orientation of the
helices.

Comparison with the Structure of HR1a-RhoA—The struc-
ture of the first HR1 repeat of PRK1 (HR1a) in complex with
RhoA has been solved and showed that although the stoichiom-
etry of the complex in the crystals was 1:1, there were two
potential contact sites between RhoA and HRla (46). The
major contact site (contact 1) is very different from the HR1b-
Racl complex and involves interactions with helix 1, the inter-
switch anti-parallel B-sheet, and the C-terminal a-helix. Con-
tact 2, on the other hand, involves interactions with switch 1
and switch 2 that are strikingly similar to the HR1b-Racl com-
plex. From a comparison of the HR1a-RhoA interactions in
contact 2 with those in the HR1b-Racl complex (Fig. 3), it is
clear that the pattern of hydrophobic and hydrogen bond inter-
actions is similar in the two complexes.

The switch residues of Racl and RhoA that interact with
HR1b and HR1a (contact 2), respectively, either are identical or
have conservative substitutions (Figs. 3 and 4B). It might there-
fore be expected that HR1b could bind to both Racl and RhoA.
The C-terminal region of RhoA, however, is not the same as the
Racl C terminus (Fig. 3B). It has only a single Pro residue, and a
Gly residue interrupts the basic stretch of amino acids. As dis-
cussed, these changes are likely to lead to a different structure
for the C-terminal region of RhoA, which renders it incompe-
tent for HR1b binding. This leads to a decrease in affinity of at
least 15-fold when HR1b binds to RhoA rather than Racl (22).

The Racl-HR1b interaction buries 2,180 A% whereas the
RhoA-HR1a contact 2 interface buries 1,640 A2. If the Racl
C-terminal interactions are removed, the buried surface area of
the remaining Rac1-HR1b interface is 1,550 A2, similar to that
of contact 2 RhoA-HR1a. The increased affinity of HR1b for
Racl is thus likely to be due to the C-terminal interactions. This
is supported by mutagenesis data that showed that mutations in
the PBR change the affinity of Racl for HR1b to a similar level to
that of RhoA for HR1b (22).

The residues in the HR1 domains that interact with the
switch regions of Racl and RhoA (contact 2) are not as well
conserved (Figs. 3 and 4A), particularly in the second a-helix of
the coiled-coil. Thus, although they interact with conserved
residues in the G proteins, there are several small differences in
the detailed interactions (Fig. 3), and it is likely therefore that
there will be subtle differences in the thermodynamics of the
two interfaces.

Modeling RhoA and Racl Interactions with PRK1I—PRK1
contains three HR1 domains, but all of the structural informa-
tion available pertains only to isolated HR1a and HR1b in com-
plex with G proteins. So how do HR1a and HR1b bind to the
Rho family proteins in the context of full-length PRK1, and how
does this relate to regulation of the kinase in vivo? We and
others have shown that HR1a binds to RhoA much more tightly
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FIGURE 6. Measurement of the affinity of RhoA Q63L-GTP for GST-HR1a,
GST-HR1ab, or GST-RhoGAP. The indicated concentrations of RhoA
Q63L-GTP were incubated with 30 nm GST effector protein in SPAs. The SPA
signal was corrected by subtraction of a blank in which the GST effector was
omitted from the assay. The effect of the [RhoA] on the corrected SPA counts/
min was fitted to a binding isotherm to give the apparent K, value and the
maximum signal at saturating concentrations of RhoA. The data are
expressed as a percentage of the maximum signal. FL, full-length.

TABLE 2
Affinities of full-length and truncated RhoA for HR1a and HR1ab

Equilibrium binding constants were determined by SPA. K, values are quoted with
the standard errors from curve fitting.

Apparent K,
HR1a HR1ab RhoGAP
nm
fl-RhoA-GTP 538.8 * 76.7 189.4 = 32.1 55.7 £ 1.6
A7RhoA-GTP 187.6 =+ 7.4 826 *+7.1 56 19

than HR1b binds to RhoA (22, 23). The HR1b-Racl and HR1a-
RhoA contact 2 interfaces are similar and, as discussed, many of
the residues involved are conserved. We have measured the
affinities of full-length RhoA and truncated (A7) RhoA for both
HR1a and HR1ab by scintillation proximity assays (Fig. 6 and
Table 2). The K, values for HR1a and HR1ab binding to A7
RhoA and full-length RhoA are very similar; indeed, the A7
binds with a 2-3-fold higher affinity, probably because the
A7 protein is more stable. In contrast, we found previously that
HR1a, HR1b, and HR1ab all bind to A7 Racl with more than
10-fold lower affinity than to fl Racl (22). As Racl uses the
C-terminal PBR for contacting HR1 repeats and RhoA does not,
it is not possible to predict which is the true contact site
between RhoA and HR1a. Nevertheless, contact 1 has a higher
buried surface in the HR1a-RhoA structure, so it could be a high
affinity binding site. That HR1a binds to RhoA through contact
1 is in agreement with data that show that HR1a binds to
GDP-RhoA with only 4-fold lower affinity than to GTP-RhoA
(23) since the RhoA residues in the contact 1 interface are likely
to be less sensitive to the bound nucleotide than the contact 2
residues. Once HR1a is bound to contact 1, it is possible that
HR1b could bind at the contact 2 site of RhoA as shown in the
model in Fig. 7. The binding of HR1b to RhoA, although having
alow affinity in isolation, would be enhanced by the presence of
the high affinity binding of HR1a to RhoA at contact 1 and is
consistent with the ~2-fold increase in the affinity of HR1ab for
RhoA when compared with HR1a alone (22). The linker region
between HR1a and HR1b in PRK1 is 26 residues long, which is
sufficient to allow such an orientation of the two domains.
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RhoA + HR1ab Rac1 + HR1ab

Cc

RhoA + Rac1 + HR1ab

FIGURE 7. Potential modes of interaction of HR1ab with RhoA and Rac1,
based on the available structures and binding data. HR1a is depicted as
white cylinders, HR1b as gray cylinders, RhoA as a black oval, and Rac1 as a gray
oval. a, from the x-ray structure, HR1a binds RhoA via contact 1, which
involves residues in the C-terminal a-helix. Although free HR1b does not have
a high affinity for RhoA, it would be in a position to engage with residues in
contact 2. b, our data show that HR1a and HR1b can both bind Rac1, raising
the possibility that two Rac1 molecules can bind to PRK1. ¢, since RhoA and
Rac1 can both engage HR1a and HR1b domains, it is likely that the G proteins
could bind to PRK1 simultaneously. This may only occur in vitro since RhoA
and Rac1 are likely to be localized in different subcompartments in the cell.

Racl, conversely, binds to both HR1a and HR1b with a high
affinity, and the affinity of HR1ab is the same as the HR1b affin-
ity. Furthermore, the binding of HR1a, HR1b, and HR1ab to
Racl required an intact C-terminal PBR (22). It is more likely,
therefore, that HR1a and HR1b compete for binding to Racl
and that both domains bind to the interface described in this
work, which includes the C-terminal PBR. This suggests that
two Rac molecules can bind simultaneously to PRK1 (Fig. 7).
The linker between the HR1 domains is at least 20 amino acids
long and includes multiple Gly and Pro residues. The long flex-
ible linker between the HR1 domains would allow the HR1a and
HR1b domains to interact independently with multiple G
proteins.

The presence of two independent G protein binding domains in
a single protein connected by a long flexible linker also raises the
intriguing possibility that PRK1 could simultaneously bind to both
Racl and RhoA. Our data suggest that such an interaction would
involve HR1a binding to RhoA via contact 1 and HR1b binding to
Racl via contact 2 (Fig. 7). This interaction may only be possible in
vitro since itis not clear whether Rac1 and RhoA can localize to the
same membrane subcompartment in the cell.

The HR1a domain is postulated to include an autoinhibitory
sequence (5), but it has also been shown that removal of this
domain alone is not sufficient for full kinase activation (47).
Inspection of the sequence of HR1b reveals two potential
pseudosubstrate sites (Fig. 4a), indicating that Rac binding to
HR1b may also be functionally important with regards to acti-
vation. Despite the fact that several small G protein effectors are
common to more than one GTPase, to our knowledge, no other
effector has the ability to be simultaneously activated by more
than one G protein.

Racl and RhoA binding to the HR1 domains could also be
important for targeting of PRK1. As mentioned, above, Racl
and RhoA may be present in different cellular subcompart-
ments, e.g. in a migrating cell, Racl is present in lamellipodia at
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the leading edge, whereas RhoA is located in the uropod
(reviewed in Ref. 48). Their interaction with PRK1 would allow
the kinase to be activated at different locations in the cell. Fur-
thermore, the observation that RhoA only binds strongly to the
HR1a domain, whereas Racl can engage both domains, implies
that the two G proteins may lead to difference levels of kinase
activity. The in vivo effects of multiple binding to G proteins
may be the key that unlocks the mystery of the activation mech-
anism of this important kinase. The solution to this conundrum
must await structural information involving multiple PRK1
HR1 domains and Rho family small GTPases.
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