additional COR genes in freezing tolerance.
Whether CRT/DRE-containing COR genes
are involved in bringing about the full array
of biochemical and physiological changes
that occur with cold acclimation (I, 2) re-
mains to be determined.

Freezing temperatures greatly limit the
geographical distribution of native and
cultivated plants and often cause severe
losses in agricultural productivity (16).
Traditional plant breeding approaches
have met with limited success in improv-
ing the freezing tolerance of agronomic
plants (6). The freezing tolerance of the
best wheat varieties today is essentially the
same as the most freezing-tolerant variet-
ies developed in the early part of this
century. Biotechnology, however, may of-
fer new strategies. Here we show that the
freezing tolerance of nonacclimated Ara-
bidopsis plants is enhanced by increasing
the expression of the Arabidopsis regulato-
ry gene CBFI. The CRT/DRE DNA reg-
ulatory element we have targeted here is
not limited to Arabidopsis (17) and thus
may provide a way to improve the freezing
tolerance of crop plants.
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Structural Conservation in Prokaryotic and
Eukaryotic Potassium Channels

Roderick MacKinnon,* Steven L. Cohen, Anling Kuo, Alice Lee,
Brian T. Chait

Toxins from scorpion venom interact with potassium channels. Resin-attached, mutant
K™ channels from Streptomyces lividans were used to screen venom from Leiurus
quinquestriatus hebraeus, and the toxins that interacted with the channel were rapidly
identified by mass spectrometry. One of the toxins, agitoxin2, was further studied by
mutagenesis and radioligand binding. The results show that a prokaryotic K* channel
has the same pore structure as eukaryotic K™ channels. This structural conservation,
through application of techniques presented here, offers a new approach for K* channel

pharmacology.

Scorpion toxins inhibit ion conduction
through potassium channels by occluding
the pore at the extracellular opening. A
single toxin protein binds very specifically to
a single K" channel to cause inhibition. The
toxins are 35 to 40 amino acids in length and
have a characteristic fold that is held rigidly
by three disulfide bridges (1). They are ac-
tive site inhibitors, because when they bind
to the channel they interact energetically
with K ions in the pore (2-4). The inter-
action between these inhibitors and the pore
of K* channels has been exploited to gain

insights into the structure and function of
K" channels.

Studies employing site-directed mutagen-
esis of the Shaker K* channel have mapped
the scorpion toxin binding site to regions
corresponding to the extracellular entryway
of the K* channel from Sweptomyces lividans
(the KcsA channel) (4-9). Although the
amino acids of the K* channel selectivity
filter are highly conserved, the residues lin-
ing the entryway are quite variable. As if to
mirror the amino acid variation at the bind-
ing site, the toxins are also highly variable in
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their amino acid composition. A given scor-
pion venom is a veritable library of toxins,
apparently ensuring that a scorpion will in-
hibit a large fraction of K™ channel types in
its victim. Studies on the specificity of toxin-
channel interactions have led to the follow-
ing understanding: The extracellular entry-
way to the K* channel is relatively con-
served in its three-dimensional structure but
the precise amino acid composition is not
conserved. The scorpion toxins have a
shape, dictated by their conserved fold, that
enables them to fit snugly into the entryway,
but the affinity of a given toxin-channel pair
depends on the residue match (or mismatch)
on both interaction surfaces.

We have studied the interaction between
the KcsA K+ channel (5) and the scorpion
toxin agitoxin2 (10). By producing, through
mutagenesis, a competent toxin binding site,
we show that the KcsA K* channel pore
structure and extracellular entryway are very
similar to that of eukaryotic voltage-gated
K* channels such as the Shaker K™ channel
from Drosophila and the vertebrate voltage-
gated K™ channels. By combining our exten-
sive functional data on the toxin-channel
interaction with the structures of both pro-
teins we propose a highly-restrained model
of the complex structure.

Guided by knowledge of the toxin recep-
tor on the Shaker K™ channel, we introduced
three point mutations into the KesA K
channel that should render it sensitive to
scorpion toxins (Fig. 1). Amino acids 61 and
64 were changed to their Shaker K* channel
counterpart and 58 was changed to Ala since
a small side chain at this latter position
favors binding (4, 7). The mutant KcsA K™
channel was expressed in Escherichia coli, ex-
tracted from the membrane with the deter-
gent decylmaltoside, and bound to cobalt
resin through a carboxyl terminal hexahisti-
dine tag (11). A I-ml column, prepared with
the K* channel-containing resin, was used
to screen the venom of the scorpion Leiurus
quinguestriatus hebraeus, the source of numer-
ous well-characterized ion channel toxins.
Forty milligrams of venom was added to the
column and, after washing, the K™ channel
was eluted with an imidazole solution (12).
The eluate was analyzed with MALDI-TOF
mass spectrometry, focusing on the low mass
range appropriate for scorpion toxins
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(~4000 daltons). Passage of the venom over
the K™ channel column resulted in a dra-
matic enhancement of specific peaks (Fig. 2,
A through C). Three of these corresponded
in mass to the known K" channel toxins
agitoxin2, charybdotoxin, and Lq2 (Fig. 2, C
and D). A fourth peak (Fig. 2C, asterisk)
apparently represents a previously unknown
toxin. The peak corresponding to chloro-
toxin, a chloride channel inhibitor (13), did
not bind to the column (Fig. 2, A and C).
Further quantitative analysis was carried
out with agitoxin2. Radiolabeled agitoxin2
was prepared by producing the mutation
D20C in the toxin (located far from its
channel binding surface) and conjugating it
with tritiated N-ethylmaleimide (14). A fil-
ter assay showed that labeled agitoxin2 binds
to the mutant KcsA K* channel with an
equilibrium dissociation constant (Kj,) of
about 0.6 uM (Fig. 3A). In contrast, no
binding to the wild-type channel could be
detected. The total capacity of resin saturat-
ed with mutant channel, based on the spe-
cific activity of radiolabeled toxin and the
known 1:1 stoichiometry {(one toxin per tet-
rameric channel), is nearly 50 pmol of

channel per microliter of resin. This value
approximates the expected capacity of the
resin and therefore implies that all of the
channels in the preparation have a correct
conformation.

Amino acids in a well-defined region of
agitoxin2 form its functional interaction sur-
face, as determined by the effects of alanine
substitution on binding to the Shaker K*
channel [Fig. 3C (4, 8)]. Mutation of Lys*’
and Asn®C had the largest destabilizing ef-
fects. Lys?? is conserved in all members of
this toxin family because its side chain ap-
parently plugs the pore of K* channels (3).
To confirm that agitoxin2 uses the same
amino acids to interact with the mutant
KesA K* channel, we studied the effects of
the K27A and N30A toxin mutations with a
competition binding assay (Fig. 3B). These
mutations decreased the affinity for the tox-
in significantly (130-fold and 45-fold, re-
spectively), as anticipated from the Shaker
K* channel studies. In contrast, the D20C
mutation (predicted to be on the back side of
the toxin), even with a bulky N-ethylmale-
imide adduct, did not influence affinity (Fig.
3, A and B). These results show that agi-
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Fig. 1. Sequence alignment of the KcsA and Shaker K* channel pore regions. The numbering for KcsA
is above the sequences. Structural elements are indicated (5). Asterisks, several Shaker K* channel
amino acid locations where mutations influence agitoxin2 binding (4, 8, 9); arrows, the three KcsA K*
channel amino acids mutated in this study. The sequences are KcsA, S. fividans, accession number
(acc) PIR S60172; and Shaker, Drosophila melanogaster, acc PIR S00479.
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Fig. 2. Mass spectra of scorpion toxins
before and after purification on a K*
channel column. MALDI-TOF mass
spectra of venom before purification (A)
and after elution from a cobalt column
in the absence (B) and presence (C) of
attached .mutant KcsA K* channel.
The accuracy of the mass measure-
ments (£0.3 dalton) permitted identifi-
cation of most of the major peaks in the
mass spectra searched from databas-
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KcsA-binding component labeled with an asterisk could not be assigned to a known scorpion toxin. The
component labeled X (4193.0 daltons) binds nonspecifically to the column and was not identified.
MALDI-MS was performed with the MALDI matrix 4-hydroxy-a-cyano-cinnamic acid (76).
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toxin2 binds in the same manner to both the
mutant KesA K* channel and the Shaker K*
channel. The affinity for the Shaker K*
channel is considerably higher (K 1 nM),
but we have only mutated three amino acids
to mimic the site on the Shaker K* channel
(Fig. 1).

These results demonstrate that the over-
all structure of the agitoxin2 receptor site is
very similar on both the KcsA and Shaker K*
channels. This conclusion justifies the use of
energetic data borrowed from Shaker K*
channel studies to assist in the docking of
agitoxin2 onto the KcsA K* channel struc-
ture. Thermodynamic mutant cycle analysis
has allowed the identification of numerous
energetically coupled residue pairs on the
interface [pairs of residues that are related by
the fact that mutating one influences the
effect (on equilibrium binding) of mutating
the other (8)]. The four best defined of these
residue pairs are displayed in matched colors
on the KcsA K* channel and agitoxin2 sur-

faces (Fig. 4A). The three off-center residue
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Fig. 3. Binding affinity of wild-type and mutant
agitoxin2 to the mutant KcsA K* channel. (A)
Quantity of radiclabeled agitoxin2 bound to 0.3 ul
of cobalt resin saturated with the mutant KesA K*
channel as a function of the radiolabeled agitoxin2
concentration (77). Each point is the mean ~SEM
of four measurements, except for the 0.03 uM and
1.5 pM concentrations, which are the mean =
range of mean of two measurements. The curve
corresponds to equation: bound agitoxin2 = A X
{1 + Kp/lagitoxin2]}~, with equilibrium dissocia-
tion constant K, = 0.62 uM and resin capacity A =
16 pmol. (B) Remaining bound fraction of radiola-
beled wild-type toxin as a function of the concen-
tration of unlabeled wild-type toxin or mutant toxins
K27A or N30A (77). Each point is mean = SEM of
four measurements for wild-type agitoxin2
(squares) or mean = range of mean of two mea-
surements for K27A (circles) and N30A (triangles)
agitoxin2 mutants. The curves correspond to
equation: remaining bound fraction = {1 + Ky, .,/
[agitoxin2, I} X {1 + (Kpno/lagitoxin2, ,]) X (1 +
[agitoxinZ,_, J71 with labeled toxin con-
centration [agitoxin2,,.,] = 0.06 wM, wild-type toxin
Kpnet = 0.62 wM, and competing toxin dissociation

pairs (blue, green, yellow) have the strongest
mutant cycle coupling energies [>3 kT (4,
8)]. The central residue pair (red) is coupled
by 1.7 kT and independent information
places Lys*? (red residue on agitoxinZ, Fig.
3A) over the pore (3, 4). Mere visual inspec-
tion suggests a unique orientation for the
toxin on the channel (Fig. 4B). If the toxin
is placed with its functionally defined inter-
action surface face-down in the groove
formed by the turrets (5), with Lys?? at the
center, the colors match well in three di-
mensions. The toxin seems to fit perfectly
into the vestibule of a K* channel. The
four-fold symmetry of the K* channel pro-
vides four statistically distinguishable but en-
ergetically identical orientations available
for a toxin to bind [(Fig. 4A) (15)].

In summary, through a combination of
structural and functional data we present a
view of a K* channel in complex with a
neurotoxin from scorpion venom. The
KcsA K™ channel is structurally very simi-
lar to eukaryotic K* channels. This struc-
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constant Ky = 0.62 M (wild type), 81 uM (K27A), and 27 uM (N30A). (C) CPK model of the interaction
surface of agitoxin2 (78). Side chains of functionally important amino acids are in red (4). This figure was

prepared with the program GRASP (79).
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tural conservation, through application of
techniques developed here, can be exploit-
ed to advance our understanding of K*
channel pharmacology.
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Fig. 4. Docking of agi-
toxin2 onto the KcsA K*
channel. (A) Molecular
surface of the pore en-
tryway of the KcsA K*
channel (left) and agi-
toxin2 (right). The colors
indicate locations of in-
teracting residues on the
toxin and channel sur-
faces as determined by
thermodynamic mutant
cycle analysis of the
Shaker K* channel-agi-
toxin2 interaction (4, 8).
The three pore muta-
tions of the KcsA K*
channel used in this
study (Q58A, T61S, and
R64D) were introduced
into the channel model with the program O (20).
Indicated residues on the channel surface corre-
spond to the positions of the Shaker K* channel
equivalent residues (Fig. 1), which couple to the
indicated agitoxin2 residues. (B) The pattern of
colors in (A) suggests the docking orientation
shown by the main chain representation of agi-
toxin2 placed manually onto the pore entryway.
The side chain colors match the colored patches
in (A). The position of Gly'® is shown as a green
band on agitoxin2. The mutant cycle coupling be-
tween residues at Shaker 425 (mutant KcsA 58)
and residue 10 of agitoxin2 comes about through
substitution of a bulky side chain residue at either
position (4, 7). Pictures were made with the pro-
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Requirement of Ras-GTP-Raf Complexes for
Activation of Raf-1 by Protein Kinase C

Richard Marais, Yvonne Light, Clive Mason, Hugh Paterson,
Michael F. Olson, Christopher J. Marshall*

Receptor tyrosine kinase-mediated activation of the Raf-1 protein kinase is coupled to
the small guanosine triphosphate (GTP)-binding protein Ras. By contrast, protein kinase
C (PKC)y-mediated activation of Raf-1 is thought to be Ras independent. Nevertheless,
stimulation of PKC in COS cells led to activation of Ras and formation of Ras—Raf-1
complexes containing active Raf-1. Raf-1 mutations that prevent its association with Ras
blocked activation of Raf-1 by PKC. However, the activation of Raf-1 by PKC was not
blocked by dominant negative Ras, indicating that PKC activates Ras by a mechanism
distinct from that initiated by activation of receptor tyrosine kinases.

The PxC family of lipid-dependent Ser-
Thr kinases has at least 11 members (I).
The typical and atypical PKC isozymes are
activated by diacylglycerol (DAG), which
is produced by the metabolism of phos-
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phatidyl inositols. In the case of 7-trans-
membrane (7-TM) receptors that are cou-
pled to the heterotrimeric guanosine nucle-
otide-binding protein (G protein) Gaq,
DAG is generated by the activation of
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phospholipase C-B (PLC-B) (2). Both the
typical and atypical PKCs are activated by
phorbol esters. Activation of PKC leads to
short-term responses such as altered meta-
bolic activity and to long-term responses
such as differentiation or effects on prolif-
eration and apoptosis (1). The extracellular
signal-regulated kinases (ERKs) are mito-
gen-activated protein kinases (MAPKs),
which are activated by PKC (3-7) and ap-
pear to mediate the effects of PKC on dif-
ferentiation, secretion, proliferation, and
hypertrophy (8). Signaling. from receptor
tyrosine kinases to ERKs is dependent on
Ras proteins and the protein kinase Raf-1
(9). However, the role of Ras in transducing
signals from PKC to the ERKs is unclear,
because expression of a dominant negative
Ras in which amino acid 17 is changed to
Asn (N17Ras) does not block ERK activa-
tion by PKC in a number of cell types (4,
5). This Ras mutant, which is thought to
function by inhibiting guanine nucleotide
exchange factors (10), blocks activation of
ERKs in response to stimulation of receptor
tyrosine kinases in many cell types (4-6).

To investigate whether PKC activates
the ERK MAPK pathway by a mechanism
independent of Ras, we used a monkey kid-
ney cell line (COS cells), because in these
cells, N17Ras does not block PKC-mediat-
ed ERK activation (4). We blocked Ras
signaling by microinjection of the Ras-neu-
tralizing monoclonal antibody Y13-259
(11). To detect ERK activation, we used an
antibody that recognizes only the dually
phosphorylated, active form of ERK. Acti-
vation of ERK in COS cells treated
with 12-O-tetradecanoyl-phorbol-13-acetate
(TPA) was completely blocked by microin-
jection of Y13-259 (Fig. 1). This demon-
strates an essential role for Ras in activation
of the ERK MAPK cascade by PKC. These
data are consistent with studies on overex-
pression of Ras guanosine triphosphatase—
activating protein (p120Ras-GAP), which
blocks TPA-stimulated activation of ERKs,
although it is unclear in those studies
whether the pl120Ras-GAP was acting on
Ras or a related protein (7):

To further investigate whether Ras has
a role in activation of Raf-1 by PKC, we
used a mutant Raf-1 protein in which
Arg® is replaced with Leu (R89LRaf-1).
This mutant does not bind the GTP-
bound form of Ras (Ras-GTP) (12). Un-
like transiently expressed wild-type Raf-1
(mRaf-1), R89LRaf-1 was not activated in
cells treated with TPA (Fig. 2A). Exoge-

nous mRaf-1 was activated with similar
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