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Kinase suppressor of Ras (KSR) is a conserved component of the Ras
pathway that acts as a molecular scaffold to promote signal transmission
from Raf-1 to MEK and MAPK. All KSR proteins contain a conserved
cysteine-rich C1 domain, and studies have implicated this domain in the
regulation of KSR1 subcellular localization and function. To further eluci-
date the biological role of the KSR1 C1 domain, we have determined its
three-dimensional solution structure using nuclear magnetic resonance
(NMR). We find that while the overall topology of the KSR1 C1 domain
is similar to the C1 domains of Raf-1 and PKCy, the predicted ligand-
binding region and the surface charge distribution are unique. Moreover,
by generating chimeric proteins in which these domains have been
swapped, we find that the C1 domains of Raf-1, PKCy, and KSR1 are not
functionally interchangeable. The KSR1 C1 domain does not bind with
high affinity or respond biologically to phorbol esters or ceramide, and it
does not interact directly with Ras, indicating that the putative ligand(s)
for the KSR1 C1 domain are distinct from those that interact with PKCy
and Raf-1. In addition, our analysis of the chimeric proteins supports the
model that Raf-1 is a ceramide-activated kinase and that its C1 domain is
involved in the ceramide-mediated response. Finally, our findings
demonstrate an absolute requirement of the KSR1 C1 domain in mediat-
ing the membrane localization of KSR1, a crucial feature of its scaffolding
activity. Together, these results underscore the functional specificity of
these important regulatory domains and demonstrate that the structural
features of the C1 domains can provide valuable insight into their ligand-
binding properties.
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The Ras pathway is an essential signal transduc-
tion cascade involved in cell proliferation, trans-
formation,  differentiation, and  apoptosis.'
Although this pathway has been studied exten-
sively for more than a decade, there are still
numerous aspects of Ras signaling that have not
been elucidated fully. In particular, the level of
cross-talk between various Ras effectors is unclear,
as is the function and regulation of some pathway
components. One member of the Ras pathway that
has been particularly enigmatic is kinase suppres-
sor of Ras (KSR).

KSR represents a unique protein family that was
first identified to be a positive regulator of Ras sig-
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naling by genetic studies performed in Drosophila
melanogaster and Caenorhabditis elegans.>~* Members
of the KSR family contain five conserved protein
domains (termed CA1-5) and display remarkable
overall sequence similarity to proteins of the Raf
kinase family.> The conserved KSR domains
include a 40 residue region unique to KSR proteins
(CA1), a proline-rich region (CA2), a cysteine-rich
C1 domain (CA3), a serine/threonine-rich region
(CA4), and a putative kinase domain (CA5). Simi-
lar to the domain organization of Raf-1, the smaller
conserved domains of KSR1 are found in the N-
terminal region, while the kinase-like domain
occupies the C-terminal half of the protein. Unlike
Raf-1, however, the kinase domain of KSR1
appears to be non-functional, suggesting that KSR-
1 does not promote Ras signaling by phosphorylat-
ing target molecules.>™® A growing body of evi-
dence now indicates that a primary function of
KSR1 is as a scaffolding protein that coordinates
the assembly of a membrane-bound multiprotein
complex containing MAPK and its upstream regu-
lators, MEK and Raf-1.57-11

A region of KSR1 that appears to be critical for
its function is the CA3 cysteine-rich C1 domain.
KSR1 proteins that either lack this domain or con-
tain mutations in its conserved cysteine residues
are unable to facilitate Ras signaling.”'> Moreover,
mutation of the cysteine residues prevents the Ras-
dependent localization of KSR1 to membrane
fractions.'* Cysteine-rich C1 domains are found in
numerous proteins involved in signal transduction,
including protein kinase C enzymes (PKC) and
Raf-1, and have been classified into two groups,
termed typical and atypical.’® Typical C1 domains
interact with diacylglycerol and phorbol esters,
whereas the atypical C1 domains do not. The
KSR1 C1 domain falls into the atypical class and
shares the highest degree of sequence homology to
the atypical Cl1 domain found in Raf-1. C1
domains, whether typical or atypical, have been
shown to play key roles in regulating the function
of the proteins in which they are found."

To further elucidate the biological role of the
KSR1 C1 domain, we have determined its three-
dimensional structure and have compared the
structure and function of this domain with the C1
domains present in Raf-1 and PKCy. We find that
each of these domains is structurally distinct, even
though the overall folding pattern is similar. Dis-
tinguishing features of the different C1 domains
are most apparent in the predicted ligand-binding
regions. These differences apparently contribute to
the binding specificities of the individual C1
sequences and account for the inability of these
domains to functionally replace one another.
Finally, we find that the KSR1 C1 domain is essen-
tial for the translocation and stable accumulation
of KSR1 at the plasma membrane, presumably
reflecting the interaction of the KSR1 C1 domain
with as yet wunidentified membrane-bound
ligand(s).

Results and Discussion

Solution structure of the KSR1 C1 domain

C1 domains are defined as regions of approxi-
mately 50 amino acid residues that contain the
motif HX;y,CX,CXq10CXCX, HX,4,CX5.4C. The
KSR1 C1 domain (residues 334 to 377) was
expressed as a glutathione-S-transferase (GST)
fusion protein in Escherichia coli. After initial purifi-
cation using glutathione beads, the C1 domain was
cleaved from GST and further purified to hom-
ogeneity. 'H and N resonance assignments of the
KSR1 C1 domain were made using standard two-
dimensional and three-dimensional NMR tech-
niques. Statistics for the KSR1 C1 structure are
detailed in Table 1. The final structure was based
on the analysis of 20 lowest-energy structures from
an ensemble of 200 structures. As depicted in the
stereo-diagram presented in Figure 1, the overall
structure of the KSR1 C1 domain consists of two
anti-parallel B-sheets and a C-terminal helix turn.
The first B-sheet forms the core of the C1 structure
and consists of three strands, B1 (residues 333-339),

Table 1. Structural statistics

Restraints
NOEs®
Intraresidue 157
Sequential 135
Medium-range (I < 4) 13
Long-range 56
Total NOEs 361
Others
oto} 38
Side-chain dihedrals 15
Hydrogen bonds® 3(x2)
Total number of restraints 420
Deviations from experimental (SA)¢ Lowest
energy
RMSD of NOE 0.008 (0.0004) 0.008
NOE violations > 0.25 A 0 0
Violations > 5° 5.35 (0.88) 4
Deviations from ideal geometry
Bonds (A) 0.005 (0.0003) 0.005
Angles (deg.) 0.51 (0.04) 0.50
Impropers (deg.) 0.36 (0.017) 0.34
Precision
RMSD (N, C?, C)4 0.55 (0.19)
RMSD (heavy atoms)? 1.18 (0.12)
RMSD (N, C*, C')® 0.94 (0.25)
RMSD (heavy atoms)® 1.64 (0.26)
Structural qualit
Procheck (%; mf/aa/ga/da)f 54/35/8/3 56/33/9/2
CNS energy® 155.4 (7.9) 142.0

# Trivial NOE distances were not included and no pseudo
atoms were used.

b Hydrogen bonds were included as restraints of 2.4 A
between HN and O atoms and 3.3 A between N and O atoms
for the residues involved in the B-sheet.

¢ Average values from 20 lowest-energy structures.

4 Calculated over residues 334-340 and 345-377.

¢ Calculated over residues 331-378.

f Procheck analysis: mf, most favored; aa,
allowed; ga, generously allowed; da, disallowed.

& Energy calculated from CNS version 1.0.

additionally
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B4 (residues 355-359) and B5 (residues 364-366).
The second B-sheet contains two strands B2 (resi-
dues 345-346) and B3 (residues 351-353), and is
part of a hairpin structure positioned above the
core [-sheet. The helix turn follows the last
B-strand and is located between residues 371 and
373. The structure of the KSR1 C1 domain was
well defined by the experimental data except for
regions displaying a high degree of flexibility,
which included residues at the extreme N and C
termini, and residues located in the loop between
B1 and B2. (Figure 2(a)).

The KSR1 C1 domain coordinates two molecules
of Zn, and the binding sites for the Zn ions are
formed by two sets of non-contiguous residues
located at either end of the core B-sheet. The helix
turn following the B5 strand packs against the B1
strand such that the N and C termini of the C1
domain are brought into close proximity to form
one binding site consisting of residues H334, C359,
C362, and C377. The second Zn ion is coordinated
by residues C346, C349, H367 and C370, and func-
tions to hold the hairpin structure, which includes
the B2 and B3 strands, towards the core B-sheet.
Due to this configuration, binding of the Zn ions is
absolutely required for maintaining the overall
structural integrity of the C1 domain.

Strikingly, the core f-sheet of the KSR1 C1
domain exhibits a distinct amphipathic character
(Figure 3(a)). The surface that faces the Zn-binding
sites and contains residues F336, V357 and 1364 is
hydrophobic, while the opposite surface, which
faces away from the core structure and includes
residues K339, K358, and K365, is hydrophilic. In
addition to these charged residues in the core B-
sheet, other hydrophilic residues (K360, R363, K369
and K372) are scattered throughout the loop and
helix regions with their side-chains pointed away
from the core structure. As a result, the lower two-
thirds of the protein surface is composed largely of
positively charged residues (Figure 3(a)). Located

Figure 1. Stereo-ribbon diagram
of the KSR1 C1 domain. The
cysteine and histidine residues
involved in Zn?>* coordination are
shown as red sticks and the Zn
ions are depicted as green spheres.
Assignments of the B2 and f3
strands in the hairpin structure
(colored in gray) and the C-term-
inal helix turn were made based on
¢, angles from the CNS calcu-
lations.

at the top of the C1 domain is a local hydrophobic
region formed by residues in the hairpin structure;
namely, 1342, V345, M353, 1354 and F355. These
hydrophobic residues constitute the predicted
ligand-binding pocket of the KSR1 C1 domain
(Figure 3(a)).

Structural comparison of the KSR1, Raf-1 and
PKCy C1 domains

The KSR1 C1 domain is only the second atypical
C1 domain whose structure has been determined;
the first being that of the Raf-1 kinase.'* Structures
of these two atypical C1 domains together with the
structure of the typical PKCy Clb domain® are
shown in Figure 2. All three domains have a simi-
lar overall topology with an identical Zn** coordi-
nation scheme. It is notable that the core B-sheet of
the KSR1 C1 domain is less twisted than that of
the Raf-1 and PKCy C1 domains. The KSR1
domain contains more positively charged residues
(K339, K358 and K365, K360 and R363) on the
hydrophilic side of the 1 sheet than does the Raf-
1 and PKCy domains, and it is likely that the elec-
trostatic repulsion between these charged groups
accounts for the less twisted conformation of the
KSR1 core B-sheet (Figure 2(b)). Overall, the KSR1
C1 domain contains more positively charged resi-
dues on its surface than does either the Raf-1 or
PKC C1 domains, and these charged residues may
facilitate the interaction of the KSR1 C1 domain
with acidic phospholipid headgroups present in
the plasma membrane. As expected, the most
apparent differences between the typical and atypi-
cal C1 domains are in the predicted ligand-binding
loops located between the B1 and B2 strands (f1-p2
loop) and the B3 and P4 strands (B3-p4 loop) of the
hairpin structure. For typical C1 domains, this is
the region that mediates binding to phorbol esters
and diacylglycerol, and in solution structures of
PKC typical C1 domains, both the B1-pf2 and the
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KSR1

Raf-1

PKCy

(b)

(c)

KSR1 (334-377) HRFS - TKSWLSQVCNVCQKSMI - - - -FGVKCKHCRLKCHNKCTKE - APAC
Raf-1 (139-184) HNFARKTFLKLAFCDICQKFLL - - - -NGFRCQTCGYKFHEHCSTKVPTMC
PKCy (102-151) HKFRLHSYSSPTFCDHCGSLLYGLVHQGMKCSCCEMNVHRRCVRSVPSLC

Figure 2. Comparison of the KSR1, Raf-1, and PKCy C1 domains. (a) Protein backbone superposition of 11 lowest-
energy structures of the KSR1 C1 (residues 331-378), Raf-1 C1 (residues 136-187;** Protein Data Bank accession code
1FAQ), and PKCy Clb domains (residues 100-153;'® Protein Data Bank accession code 1TBO). The flexible regions
containing residues with large RMSD values are colored in white. The two Zn ions coordinated in the KSR1 C1
domain are depicted as yellow spheres. (b) Ribbon diagram of the KSR1, Raf-1 (Protein Data Bank accession code
1FAR), and PKCy C1b (Protein Data Bank accession code 1TBN) domains. Arrows indicate the loops predicted to be
involved in ligand binding. (c) Amino acid sequences of the KSR1, Raf-1, and PKCy Clb domains. The conserved
cysteine and histidine residues that coordinate the Zn ions are shown in red.

p3-p4 loops are flexible.">~'7 In contrast, only the
B1-B2 loop is flexible in the KSR1 and Raf-1 atypi-
cal C1 domains; the B3-p4 loop is immobilized due
to a deletion. By mutagenesis studies, the corre-
sponding four residues that are deleted in the aty-
pical C1 domains have been shown to be required
for the binding of typical C1 domains to phorbol
esters.’® Thus, both Raf-1 and KSR1 lack the con-
sensus residues in the PB3-f4 loop required for
phorbol binding. Consistent with this observation,

we find that the KSR1 C1 domain does not demon-
strate high-affinity binding to phorbol esters in vitro
(data not shown).

The KSR1 C1 domain is most closely related in
sequence to the Raf-1 atypical C1 domain, and the
length of the predicted ligand-binding loops is
similar. However, the three-dimensional structure
of the KSR1 domain differs from the Raf-1 domain
in this region. For the KSR1 C1 domain, both the
B1-B2 and B3-p4 loops extend away from the core
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(a) KSR1

(b) Raf-1
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Figure 3. Comparison of the predicted ligand binding
regions of the atypical KSR1 (a) and Raf-1 (b) C1
domains. Ribbon diagrams are depicted on the left with
the side-chains of hydrophobic residues shown in
magenta and the side-chains of hydrophilic residues
shown in green. Surface charge diagrams are shown on
the right with positive charges in blue, negative charges
in red, and neutral charges in white. The diagrams were
generated by MOLMOL.®! A red arrow indicates the
positively charged lysine residue found in the PB1-p2
loop of the Raf-1 C1 domains and black arrows indicate
the Ras-binding site of the Raf-1 C1 domain. and the
predicted ligand-binding region of the KSR1 C1 domain.

Bl sheet, forming a cleft lined with hydrophobic
residues (L342, V345, M353, 1354, and F355;
Figure 3(a)). In contrast, the analogous loops of the
Raf-1 C1 domain bend back towards the core 1
sheet, resulting in a more flattened hydrophobic
surface (Figure 3(b)). A clear difference is also seen
in the amino acid composition of the B1-f2 loop.
While only neutral and hydrophobic residues are
found in the KSR1 B1-B2 loop, the Raf-1 B1-B2 loop
contains a positively charged hydrophilic residue
(K148) that disrupts the hydrophobic pattern of
this region (Figure 3(a) and (b)). This hydrophilic
lysine residue (K148) as well as other residues
within the ligand-binding region of the Raf-1 C1
domain (residues 148-150, 158-160) have been
implicated in the Ras/Raf-1 interaction.'® Previous
studies have shown that, in addition to the Ras-
binding domain of Raf-1 (residues 51-131 of Raf-

1'), the C1 domain is a second region of Raf-1 that
contacts Ras directly.'®?°-2* KSR1 proteins, how-
ever, have not been found to associate with Ras,?
and we have not detected an interaction between
the KSR1 C1 domain and Ras (data not shown),
suggesting that the binding specificities of these
atypical C1 domains are not equivalent. Thus, the
structural differences in the ligand-binding loops
of the atypical C1 domains are likely to contribute
to the individual binding specificities of these
proteins.

Functional comparison of the KSR1, Raf-1 and
PKCy C1 domains: examination of Raf-1
chimeric proteins

The generation of chimeric proteins in which the
endogenous C1 domain of a protein is replaced
with C1 sequences from another molecule has been
successfully used to examine the function of indi-
vidual Cl1 domains.?*?*® Therefore, to address
whether the structural distinctions observed
between the KSR1, Raf-1, and PKCy C1 domains
correlate with functional differences, we con-
structed chimeric proteins in which the Raf-1 C1
domain was replaced with either the typical Clb
domain of PKCy (RPR/Raf-1) or the atypical C1
domain of KSR1 (RKR/Raf-1). We then generated
recombinant adenoviruses expressing either the
wild-type (WT) or chimeric Raf-1 proteins
(Figure 4(a)), infected NIH/3T3 cells with the
recombinant adenoviruses, and examined the
kinase activity of the Raf-1 proteins. As shown in
Figure 4(b), all of the proteins were well expressed;
however, they demonstrated dramatically different
enzymatic activities in response to various stimuli.
As previously reported,®* the RPR/Raf-1 exhibited
a higher basal activity than WT/Raf-1 (1.7-fold
higher), but was significantly reduced in its ability
to be activated by platelet-derived growth factor
(PDGF) treatment (4.9-fold wversus 15-fold). The
activity of RKR/Raf-1 was similar to that of RPR/
Raf-1 under these conditions, in that RKR/Raf-1
also had an elevated basal activity (2.3-fold over
WT) and a reduced activation following PDGF
treatment (only a fivefold activation). Strikingly, in
response to 12-O-tetradecanoyl-phorbol-13-acetate
(TPA) addition, the activation of RPR/Raf-1 was
significantly higher than that observed for WT/
Raf-1, while the activation of RKR/Raf-1 was
again reduced. Thus, the activational response of
the WT and chimeric proteins appears to reflect the
binding capabilities of the C1 domains, in that the
chimeric protein containing the PKCy Clb domain
capable of binding phorbol ester had the highest
response to TPA, and only the WT/Raf-1 protein
containing the C1 domain able to interact with Ras
was fully activated by Ras-dependent signals.

Previous studies have shown that the greater
activation of RPR/Raf-1 by TPA reflects the ability
of the PKCyClb domain to interact with phorbol
esters directly, resulting in the direct recruitment of
RPR/Raf-1 to the plasma membrane by TPA.** The
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Figure 4. Functional analysis of Raf-1 chimeric pro-
teins containing the C1 domains of KSR1 and PKCy. (a)
A depiction of the WT, RKR and RPR chimeric Raf-1
proteins. (b) Serum-starved, adenovirus-infected NIH/
3T3 cells were left untreated (none) or were treated with
PDGF or TPA. Cells were then lysed and the Raf-1 pro-
teins were immunoprecipitated from the lysates using
FLAG antibody. The Raf-1 immunoprecipitates were
washed extensively and in vitro kinase assays were per-
formed. Labeled proteins were separated by SDS-PAGE,
transferred to nitrocellulose, and the radioactivity incor-
porated into kinase inactive MEK determined by phos-
phor-imager analysis. The membrane was then probed
with FLAG antibody to verify the expression level of
the Raf-1 proteins. Similar results were obtained in three
independent assays. (c) Same as in (b) except cells were
left untreated (none) or were treated with sphingomyeli-
nase (SMase) or C2 ceramide (C2). Similar results were
obtained in three independent assays.

activation of WT/Raf-1 by TPA, however, has
been demonstrated to occur through Ras-depen-
dent mechanisms®® and results in the membrane
localization and activation of onl;r a small percen-
tage of the total Raf-1 protein.”” Since all of the
RPR/Raf-1 proteins would be capable of interact-
ing with TPA, potentially more chimeric molecules
could be recruited to the membrane, explaining the
greater activation of RPR/Raf-1 than observed for
WT/Raf-1. The higher basal activity of both chi-
meric Raf-1 proteins also supports previous find-
ings, that the Raf-1 Cl domain acts as an
autoinhibitory domain in the absence of activating
signals.®®*?° The Raf-1 C1 domain mediates this
effect by repressing the activity of the Raf-1 kinase
domain through intramolecular interactions. There-
fore, the increased basal activity of chimeric pro-
teins suggests that these autoinhibitory interactions
cannot be mediated by either the KSR1 or PKCy
C1 domains. Similarly, the reduced activation of
the chimeras in response to PDGF treatment also
reflects the binding specificity of the Raf-1 C1
domain and supports the observation that inter-
actions between the Cl domain and Ras are
required for full Ras-dependent activation of
Raf-1.2%?* As a result, neither the KSR1 or the
PKCy C1 domain can functionally compensate for
the Raf-1 C1 domain.

Because some proteins containing atypical C1
domains have been reported to bind ceramide and
a role for ceramide in KSR1 activation has been
suggested,®*! we next examined the effect of cera-
mide on the activity of the Raf-1 chimeric proteins.
Adenovirus-infected NIH/3T3 cells were either
treated with C2 ceramide or were treated with
sphingomyelinase to generate ceramide in vivo,
and the kinase activity of the Raf-1 proteins was
determined. As shown in Figure 4(c), the activity
of WT/Raf-1 was stimulated by both sphingomye-
linase and C2 addition. In contrast, the activity of
RPR/Raf-1 and RKR/Raf-1 did not change follow-
ing treatment. Based on the direct activation of
RPR/Raf-1 by TPA, we would expect that if the
KSR1 C1 domain contacted ceramide directly,
some change in RKR/Raf-1 activity would have
been observed. Thus, these results suggest that the
KSR1 C1 domain does not interact with ceramide
in vivo, consistent with our in vitro binding studies
that have failed to demonstrate specific binding
between the KSR1 C1 domain and [*H]ceramide
(data not shown). Interestingly, however, our find-
ings are consistent with the model that Raf-1 itself
is a ceramide-activated kinase. Raf-1 has been
reported to directly interact with and be activated
by ceramide.” While studies by Huwiler et al.*
did not define the domain of Raf-1 responsible for
interaction, our results suggest that the C1 domain
may be involved, since only proteins containing
the Raf-1 C1 domain were activated by ceramide.
In support of the idea that the Raf-1 C1 domain
may mediate the interaction with ceramide, PKC
proteins containing atypical C1 domains have been
found to interact with and become activated by
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ceramide. Strikingly, all the C1 domains of the aty-
pical PKCs contain a positively charged hydrophi-
lic residue at an analogous position in the B1-B2
loop of the predicted ligand-binding region, as is
found in the Raf-1 C1 domain, but which is lacking
in the KSR1 C1 domain. Thus, it is interesting to
speculate that perhaps structural similarities in
these atypical C1 domains may account for their
responsiveness to ceramide. Proof, however, that
the Raf-1 Cl domain binds ceramide directly
awaits further investigation, and our data do not
exclude the possibility that the activation of WT/
Raf-1 by ceramide could be mediated by Ras-
dependent mechanisms.

Functional analysis of a KSR1 chimera
containing the C1 domain of Raf-1

To determine whether the function of the KSR1
C1 domain could be replaced by another atypical
C1 domain, we generated a chimeric KSR1 protein
containing the Raf-1 Cl1 domain (KRK/KSR1;
Figure 5(a)). We then examined the resulting chi-
mera for its ability to augment Ras signaling in
Xenopus laevis oocyte meiotic maturation assays
(Figure 5(b)). As reported,'? expression of WT/
KSR1 markedly accelerated Ras-induced oocyte
maturation and MAPK activation; however,
expression of a KSR1 protein containing mutations
in conserved C1 domain cysteine residues (CC-SS/
KSR1) was unable to mediate this effect. Likewise,
we found that KRK/KSR1 was unable to facilitate
Ras-dependent oocyte maturation and MAPK acti-
vation, even though it was fully capable of inter-
acting with MEK and 14-3-3, two proteins that
constitutively associate with KSR1 (Figure 5(b) and
().

Previously, we have shown that a KSR1 protein
artificially targeted to the plasma membrane by a
myristylation motif is fully capable of transmitting
Ras-dependent signals.'? Further, we have found
that mutation of the C1 domain cysteine residues
disrupts KSR1 function and prevents the accumu-
lation of KSR1 into membrane fractions following
Ras activation.'? Therefore, we next examined the
effect of the C1 domain substitution on the intra-
cellular localization of KSR1. NIH/3T3 cells were
infected with recombinant adenoviruses expressing
WT/KSR1, KRK/KSR1, and CC-S5/KSR1, and the
localization of the proteins was determined by
indirect immunofluorescence. As shown in
Figure 6, the staining patterns of the WT/KSR1
and KRK/KSR1 proteins were identical in quies-
cent cells, with both proteins exhibiting a peri-
nuclear staining in the cytoplasm. In response to
PDGEF treatment, a dramatic change in the localiz-
ation of WT/KSR1 was observed, with most of the
protein being detected at the plasma membrane. In
contrast, the localization of KRK/KSR1 protein did
not change significantly following PDGF addition
and remained predominantly perinuclear. The
localization of CC-SS/KSR1 also did not appear to
change in response to PDGEF treatment; however,
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Figure 5. Functional analysis of KSR1 proteins con-
taining mutations and substitutions in the C1 domain.
(a) A depiction of WT/KSR1, KRK/KSR1, and CC-SS/
KSR1 proteins. (b) Meiotic maturation of Xenopus
oocytes injected with RNA encoding either the WT,
KRK, or CC-SS KSR1 and activated Ras''?>. Germinal
vesicle breakdown (GVBD) was scored five hours fol-
lowing Ras injection. Oocyte lysates were prepared and
examined by immunoblot analysis using Pyo and phos-
pho-MAPK (P-MAPK) antibodies . Similar results were
obtained in two independent assays. (c) KSR1 proteins
were immunoprecipitated from oocyte lysates and the
immune complexes were examined by immunoblot
analysis using Pyo, MEK, and 14-3-3 antibodies.
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Figure 6. The KSR1 C1 domain is required for mem-
brane localization of KSR1 following growth factor treat-
ment. NIH/3T3 cells infected with WT/KSR1 (WT),
KRK/KSR1 (KRK) or CC-SS/KSR1 (CC-SS) adeno-
viruses were left untreated or were treated with PDGF
for five minutes. The intracellular localization of the
KSR1 proteins was determined by indirect immuno-
fluorescence staining using Pyo antibody.

in both untreated and PDGF-treated cells, diffuse
staining was observed throughout the cell. The
altered staining pattern of CC-SS/KSR1 apparently
is due to the fact that mutation of the conserved
cysteine residues disrupts the C1 structure and, as
a result, prevents the correct localization of KSR1
in both quiescent and stimulated cells. Interest-
ingly, while substitution of the Raf-1 C1 domain
allows for the correct localization of KSR1 in rest-
ing cells, it cannot functionally replace the KSR1
C1 domain in mediating the relocalization of KSR1
to the plasma membrane following growth factor

treatment. These findings are consistent with pre-
vious studies showing that, while the Raf-1 C1
domain contributes to the membrane association of
Raf-1, it is the Ras-binding domain of Raf-1 that is
required for translocation.’*~** As well, mutation
of the Raf-1 C1 domain cysteine residues does not
prevent the membrane recruitment of Raf-1.%
Therefore, unlike the Raf-1 C1 domain, our find-
ings demonstrate that the KSR1 C1 domain is
essential for the membrane localization of KSRI.
The C1 domain presumably mediates the trans-
location of KSR1 by interacting with distinct
membrane-bound ligands.

Concluding comments

Cysteine-rich C1 domains are found in a variety
of proteins involved in signal transduction. These
domains mediate interactions with lipids and pro-
teins, which in turn often affects the localization
and biological function of their respective proteins.
The solution structures of several typical C1
domains from PKC isozymes have been solved,'>~
17 along with the crystal structure of PKC3 C1 com-
plexed with phorbol esters.®> However, prior to
this study, only one atypical C1 structure had been
determined, namely that of Raf-1."* Atypical C1
domains are more divergent in their primary
sequences and do not bind phorbol esters with
high affinity. They are found in a variety of pro-
teins including the atypical PKCs, the proto-onco-
genes Raf-1 and Vav, and in proteins that have
been implicated in small G protein-dependent sig-
naling, including ROCK, Citron, and Lfc."® With
the solution structure of the KSR1 C1 domain,
comparisons can now be made regarding the struc-
tures of these domains and their known biological
properties. From our analysis, we find that the
KSR1 and Raf-1 C1 domains differ significantly in
their respective ligand-binding regions. Supporting
this finding, Raf-1 and KSR1 chimeric proteins con-
taining swapped C1 sequences demonstrate that
these two atypical C1 domains are not interchange-
able and instead represent functionally distinct
domains that respond to and interact with specific
ligands. The chimeric proteins, together with the
purified C1 domain of KSR1, are valuable reagents
for evaluating potential ligand-binding properties
of the KSR1 proteins. In addition, structural com-
parison of these C1 domains with their known
ligand-binding properties provides insight into the
residues of each domain that apparently dictate
ligand specificity and, as a result, may help to pre-
dict the biological activities of novel, uncharacter-
ized C1 domains found in other proteins. Thus, the
solution structure of the KSR1 C1 domain, together
with those of related C1 domains, will facilitate the
interpretation of binding data and help guide
further functional characterization of this import-
ant regulatory domain.
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Materials and Methods
Expression and purification of the KSR1 C1 domain

A PCR fragment encoding amino acid residues 331-
378 of murine KSR1 preceded by sequences encoding the
TEV protease recognition motif** was inserted into the
pGEX-3X vector (Amersham-Pharmacia) The pGEX-
KSR1 C1 domain construct was transformed into BL21/
DE3 cells and the bacteria were grown overnight at
37°C in 100 ml of M9 minimal medium containing
100 pg/ml of ampicillin. The overnight culture was then
supplemented with 900 ml of additional medium and
grown at 37 °C. ZnCl, was added to a final concentration
of 5 M when the A4y, reached 0.3 and isopropyl-B-D-
thiogalactopyranoside (IPTG) was added to a final con-
centration of 0.4 mM when the Ay, reached 0.5. The cul-
ture was then allowed to grow at 22°C for an additional
nine hours before the cells were collected by centrifu-
gation. The cell pellet was resuspended in 30 ml of puri-
fication buffer (20 mM Tris (pH 7.5), 150 mM NaCl,
0.1 mM sodium citrate, 0.1 mM Tris(2-carboxyethyl)pho-
sphine (TCEP)) and lysed by sonication. The cell lysate
was centrifuged at 20,000 g for 30 minutes at 4°C. The
supernatant containing the GST-KSR1 C1 domain pro-
tein was then bound to a glutathione-Sepharose 4B col-
umn (Amersham-Pharmacia) and the C1 domain cleaved
from GST using TEV protease at a 1:100 ratio (molar) of
TEV to GST-KSR1 C1.*® The cleaved C1 domain was
then separated from the TEV protease using a Mono S
column (Phamacia Biotech). Proteins binding to the
Mono S column were eluted using a 0 to 1 M NaCl gra-
dient in purification buffer that contained 10 puM ZnCl,.
The KSR1 C1 domain came off the column at a NaCl
concentration of approximately 0.5 M. The pure Cl
domain was then exchanged into NMR sample buffer
(30 mM Tris-acetate (pH 6.5), 100 mM NaCl, 100 mM
Na,SO,, 0.1 mM sodium citrate, 0.1 mM TCEP, 10 uM
ZnCl,) and concentrated to approximately 1 mM. The
purity of C1 protein was confirmed using SDS-PAGE.

Structure determination

The NMR experiments were performed on a Varian
Unity-plus 500MHz or 600 MHz spectrometer equipped
with Z-spec triple-resonance probes (Nalorac Corpor-
ation) at 25°C. The data were then processed with
NMRPipe* and analyzed using ANSIG 3.3.% Sequential
assignment of 'H, N and 'C resonances of the
KSR1 C1 domain were made from HSQC, HNCACB,*®
CBCA(CO)NH,* C(CO)NH* and HCCHTOCSY*'#?
experiments. The side-chain dihedral angles were deter-
mined by a qualitative comparison of the intensities in
3D HNHB* and HN(CO)HB.** The protonation state of
the histidine imidazole group was determined using the
two-bond coupling fattern observed in a modified
HSQC experiment.'*** Inter-proton distance restraints
were obtained from the NOEs determined by a 3D
1®N-edited NOESY-HSQC (100 ms mixing time), a simul-
taneous *C and ®N-edited NOESY-HSQC (150 ms mix-
ing time) and a 3D ®C-edited NOESY-HSQC in *H,O
(150 ms mixing time).

Structure calculations

Structures were calculated using CNS version 1.0* on
an R10000-based multiprocessor SGI Power Challenge.
The NOE distance restraints were converted from the
NOE peak volumes in the spectra by using an internal

calibration (strong 2.2 A; medium 3.2 A; weak 4.5 A).
The protein backbone torsion angles were generated by
TALOS* based upon the chemical shifts of H*, C* and
CP. The hydrogen bond restraints were identified from
NOE patterns between residues and by comparison to
Raf-1'* and PKCy'®> C1 domain structures. A total of 361
unambiguous NOEs, 38 pairs of ¢,| torsion angles, 15
side-chain dihedral restraints, and three hydrogen bond
restraints were initially used to generate the structures.
The expected Zn** coordination sites were clearly
formed in the absence of any explicit restraints. Two
Zn** atoms were then incorporated into the structure
with the NOE distance restraints of 2.3 A for Zn-S and
2.0 A for Zn-N.¥ The Zn ion coordinations were tetra-
hedrally constrained (109° for the angles of S-Zn-S and
N-Zn-5)**° and the residues involved in Zn*" binding
agree with the Raf-1 and PKC C1 domain structures. A
fully extended and energy-minimized conformation of
the KSR1 C1 polypeptide was used as the starting struc-
ture. The CNS molecular dynamics calculations basically
contained four stages.* The first stage consisted of
dynamic heating of 4000 steps at 40000 K with 0.015 ps
increment. The second stage consisted of 2000 steps of
the torsion angle dynamic cooling from 10000 K to
300 K, followed by the third stage of 1000 cooling steps
of Cartesian molecular dynamics from 300 K to 100 K.
The fourth stage consisted of 3000 steps of conjugated-
gradient energy minimization. The calculations gener-
ated good convergence, and 20 lowest-energy structures
were chosen for further analysis and for quality examin-
ation on MOLMOL"! and PROCHECK.>?

Construction of chimeric Raf-1 and KSR1 proteins
and generation of recombinant adenoviruses

KSR1 and Raf-1 constructs containing C1 domains
swaps were generated in two steps. First, a PCR frag-
ment encoding the C1 domain of Raf-1 (residues 137-
184) flanked by 5 and 3’ sequences of KSR1 (encoding
residues 322-331 and 378-387, respectively) and a frag-
ment encoding the C1 domain of KSR1 (residues 332-
377) flanked by 5and 3’ sequences of Raf-1 (encoding
residues 127-136 and 185-194, respectively) were gener-
ated. In the second step, the KSR1 C1 domain fragment
containing the Raf-1 sequence overhang and the Raf-C1
domain fragment containing the KSR1 sequence over-
hang were used as primers in the QuikChange site-
directed mutagenesis protocol (Stratagene) to generate
constructs encoding the RKR/Raf-1 and KRK/KSR1 chi-
meric proteins, respectively. All constructs were con-
firmed by DNA sequencing. The RPR/Raf-1 construct in
which the Raf-1 C1 domain was replaced with the Clb
domain of PKCy?** was obtained from Dr Joseph Avruch
at the Harvard Medical School. All the Raf-1 proteins
were constructed to contain an N-terminal FLAG epitope
tag, while the KSR1 proteins contained an N-terminal
polyoma tag. Sequences encoding WT and the chimeric
Raf-1 and KSR1 proteins were subcloned into the
pSP64Ten vector for the synthesis of RNA in vitro or
were inserted into the pAD-Track-CMV vector for the
production of recombinant adenoviruses. Recombinant
adenoviruses were then generated as described.*

Protein expression using recombinant adenoviruses

NIH/3T3 cells were plated in growth medium con-
taining Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10 % (v/v) fetal bovine serum (FBS)
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at a concentration of 1.2 x 10° cells per 10 cm dish and
grown at 37°C in 5% CO,. At 18 hours after plating,
the growth medium was removed and the cells were
incubated in infection medium containing 5 ml of
OPTI-MEM (Invitrogen) medium, 10 pl of LipofectA-
MINE (Invitrogen) and aliquots of the desired adeno-
virus. After incubation for two hours at 37°C, the
infection medium was removed and growth medium
was added to each plate. Cells were then incubated at
37°C in 5% CO, and serum-starved for 18 hours prior to
stimulation with mitogens or growth factions. Cells were
treated with 50 ng/ml of PDGF for five minutes, with
1 uM TPA, 50 pM C2 ceramide or 10 milli-units/ml of
sphingomyelinase for 15 minutes at 37 °C.

Cell lysis, immunoprecipitation, and kinase assays

Stimulated cells were washed twice with ice-cold PBS
buffer and lysed for 15 minutes at 4 °C in radioimmuno-
precipitation assay lysis buffer (RIPA) containing 20 mM
Tris (pH 8.0), 137 mM NaCl, 10% (v/v) glycerol, 1%
(v/v) Nonidet P-40, 0.1% (w/v) SDS, 0.5% (w/v)
sodium deoxycholate, 2 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride, aprotinin (0.15 unit/ml), 20 pM
leupeptin and 5 mM sodium vanadate. The insoluble
material was removed by centrifugation at 4°C for 20
minutes at 16,000 g. For immunoprecipitation assays, the
lysates were incubated with the appropriate antibody
and Protein G beads for four hours at 4°C. The samples
were then washed three times with Nonidet P-40 lysis
buffer (20 mM Tris (pH 8.0), 137 mM NaCl, 10 % glycer-
ol, 1% Nonidet P-40, 2 mM EDTA) and either analyzed
directly or were incubated at 25°C for 30 minutes in
40 pl of kinase buffer (30 mM Tris (pH 7.4), 10 mM
MnCl,, 1 mM DTT, 5 pM ATP) containing 20 pCi of
[y-**P]JATP and 0.1 pg of purified kinase inactive MEK1.
Kinase assays were terminated by the addition of gel
loading buffer (50 mM Tris (pH 6.8), 2% SDS, 100 mM
DTT, 10 % glycerol, 0.1 % (w/v) bromophenol blue). The
samples were resolved by SDS-PAGE and phosphopro-
teins were visualized and quantified using a phosphor-
imager (Molecular Dynamics).

RNA transcription, oocyte injection and analysis

Capped RNA was transcribed using the mMessage
mMachine Sp6 kit (Ambion). Buffer or RNA (30 ng)
encoding the various KSR1 constructs was injected into
stage VI oocytes as described.” After approximately 12
hours, the oocytes were injected with Ras¥'? RNA and
were subsequently scored for germinal vesicle break-
down (GVBD), as evidenced by the appearance of a
white spot at the animal pole. For biochemical analysis,
oocytes were lysed (10 pl of RIPA buffer per oocyte) by
trituration with a pipette tip. Lysates were cleared by
centrifugation at 14,000 g for five minutes at 4 °C.

Immunofluorescence

NIH/3T3 cells seeded onto 18 mm glass coverslips
were infected with the appropriate KSR1 adenovirus. At
48 hours after infection, serum-starved cells were either
left untreated or were treated for five minutes with
PDGF. Cells were then washed once with phosphate
buffered saline (PBS) and fixed in freshly prepared 4 %
(v/v) paraformaldehyde/PBS for ten minutes at 25°C.
Following two washes with PBS, the cells were permea-
bilized for five minutes with 0.1 % Triton X-100 in PBS.

The cells were washed again with PBS and blocked for
one hour in 3% (w/v) bovine serum albumin (BSA) in
PBS. Following an incubation for one hour at 25°C in
the appropriate antibody, the cells were washed four
times with PBS and incubated with either anti-mouse or
anti-rabbit Alexa dye secondary antibody (Molecular
Probes) diluted 1:1000 in blocking buffer for 45 minutes
at 25°C, protected from light. After four more washes in
PBS, the coverslips were washed in distilled water and
mounted in Prolong antifade medium (Molecular
Probes).

Data deposition

Resonance assignments have been deposited in the
BioMag Res Bank (BMRB: accession code 5203). The
structural coordinates have been deposited in the RCSB
Protein Data Bank (accession code 1KBE, lowest-energy
structure; 1KBF, 20 refined structures).
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