
additional COR genes in  freezing tolerance. 
Whether CRT/DRE-containing COR genes 
are involved in briilging about the fill1 array 
of blochenlical and physiological changes 
that occur \\it11 cold acclimation (1 .  2 )  re- 
inains to  be determined. 

Freering temperatures greatly llmit the  
geograpl~lcal distribution of n a t l ~ ~ e  and 
cul t i \~ated plants and  often cause severe 
losses in  agricultural productivity ( 1  6 ) .  
Traditional plant breeding approaches 
have met  tvith linlited success in  improv- 
ing the  freesing tolerance of agronomic 
plants ( 6 ) .  T h e  freezing tolerance of the  
best wheat varieties today is essentially the  
saine as the  nlost freeslng-tolerant variet- 
ies developed in  the  early part of this 
century. Biotechnology, however, lnay of- 
fer new strategies. Here we s h o ~ v  that  the  
freezing tolerance of nonaccliinated Am- 
bidopsis plants is enhanced by increasing 
the  expression of t h e  Arabidopsrs regulato- 
ry gene C B F I .  T h e  CRTIDRE D S A  reg- 
ulatory elenlent we have targeted here is 
not  liniited to Arabidopsrs ( 1  7) and thus 
may provide a \yay 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. 

Scolrion toxins inhihit 1011 cc~niluction 
thro~lgh potassium channels hy occluclinp 
the pore at the extl.acellulur opening. A 
single toxin protein binds very specifically to 
a single K- channel to cause inhibition. T h e  
toxins are 35 to 40 amino acids in length and 
have a characteristic fold that is held rlgldly 
by three dlsulfide bridges (1 ). They are ac- 
ti1.e site inhibitors, because \\he11 they b m J  
to the channel they Interact energetically 
with K+ ions in the pore ( 2 4 ) .  T h e  inter- 
action hetneen these liihlbltors and the pore 
of K+ channels has been exploited to gain 

insights into the structure and f~lnction of 
K- channels. 

Studies einploying site-directed mutagen- 
esis of the Shaker K- cliailnel have inapped 
the scolpi~)n toxin binding slte to regions 
corresponding to the extracelhllar entrytvay 
of the K+ channel from Streptom?ces liet&tns 
( the  KcsA cliannel) (4-9). Although the 
alilino acids of the K+ channel selectivity 
filter are highly conserved, the residues lin- 
ing the entry~vay are quite Irarlable. As ~f to 
lnirror the alnlno acid ~rariatlon at the bind- 
ine site, the toxlns are also highly variable in 



(-4000 daltons). Passage of the venom over channel  ner microl~ter  of resin. This value their alnino acid composition. A given scor- 
pion venom IS a veritable library of toxins, 
apparently ensurlng that a scorpion will in- 
h i b ~ t  a large fraction of Kt channel types in  
its v~c t im.  Studies o n  the  svecificitv of toxin- 
channel interactions have'led to the  follow- 
Ing understanding: T h e  extracellular entry- 
way to the  K- channel is relatively con- 
served in  its three-d~menslonal structure but 
the preclse amino acld compositlon 1s not 
conserved T h e  scorulon toxins habe a 
shape, dictated by their conserved fold, that 
enables theln to f ~ t  snugly Into the entryway, 
but the affinity of a given toxin-channel pair 
d e ~ e n d s  o n  the residue match (or mismatch) 
o n  both Interaction surfaces 

\Ye have studled the intelactlon between 
the KcsA K+ channel (5) and the scorpion 
toxln agltoxin2 (1 0) By producing, through 
mutagenesls, a conlpetent toxin blnding site, 
we she\\ that the KcsA K- channel pore 
structure and extracellular entr)nay are very 
slmllar to that of eukaryot~c voltage-gated 
Kt  channels such as the Shaker K+ channel 
from Dro~ophtla and the vertebrate voltage- 
gated K+ channels By combin~ng our exten- 
slve functional data o n  the  toxin-channel 
Interaction n ~ t h  the stluctules of both o ~ o -  
t a n s  we propose a h~ghly-restrained inodel 
of the  co ln~ lex  structure. 

Guided by knowledge of the toxin recep- 
tor o n  the Shaker K- channel, we introduced 
three poult lnutations into the KcsA K- 
channel that should render it sensitive to 
scorpion toxlns (Flg. 1).  Ammo acids 61 and 
64 were chanoed to their Shaker Kt channel - 
countelpart and 58 was changed to Ala slnce 
a snlall side chain at this latter position 
favors b ind~ng  (4, 7). T h e  mutant KcsA Kt  
channel was ex~ressed in Escherichin coli, ex- 
tracted from the  membrane with the deter- 
gent decvlmaltoside, and bound to cobalt 

the K- channel column resulted in a dra- 
matlc enhancement of spec~fic peaks (Fig. 2, 
A through C ) .  Three of these corresponded 
in mass to the known Kt channel toxins 
agitoxin2, charybdotoxin, and Lq2 (Fig. 2, C 
and D).  A fourth peak (Fig. 2C, asterisk) 
apparent13 represents a prev~ously unknown 
toxln T h e  peak corresponding to chloro- 
toxln, a chloride channel lnhlb~tor  (1 3 ) ,  did 
not bind to the column (Fig. 2, A and C )  

Further quantitative analys~s mas carr~ed 
out u ~ t h  agltoxln2 Rad~olabeled agitoxin2 
was p ~ e p a ~ e d  by p~oducing the mutation 
D20C in the toxln (located far from ~ t s  
channel b ind~ng  surface) and conjugating it 
with tritiated N-ethylmaleimide (14).  A fil- 
ter assay showed that labeled agitoxin2 binds 
to the mutant KcsA Kt channel with a n  
equll~brium dissociation constant (K,) of 
about 0.6 p M  (Fig. 3A).  In  contrast, n o  
binding to the wild-type channel could be 
detected. T h e  total capacity of resin saturat- 
ed with mutant channel, based o n  the spe- 
cific activity of radiolabeled toxin and the 
known 1 : 1 stoichionletry (one toxin per tet- 
ranleric channe l ) ,  is nearly 5 0  pmol of 

approximates the  expected capacity of the  
resln and therefore imnl~es  that  all of the  
channels In the  preparation have a correct 
c o n f o ~  matlon 

Ammo acids In a nell-defined reglon of 
aoitoxln2 f o ~ m  its funct~onal interaction sul- 
face, as deterlnined by the effects of alanine 
substitut~on o n  binding to the Shaker Kt 
channel [Fig. 3 C  (4, 8)]. Mutation of LysZ7 
and Asn30 had the laroest destabllizino ef- - - 
fects LysL7 is conserved in all members of 
thls toxin famlly because its slde cham ap- 
parently plugs the pore of Kt channels (3) .  
T o  conf l r~n that agitoxln2 uses the same 
ammo acids to Interact w ~ t h  the mutant 
KcsA Kt channel, we studled the effects of 
the K27A and S 3 0 A  toxin mutations with a 
competition binding assay (Flg. 3B). These 
mutations decreased the affinity for the tox- 
in signif~cantly (130-fold and 45-fold, re- 
spectively), as ant~cipated from the  Shaker 
K+ channel studies. In  contrast, the  D20C 
mutation (pred~cted to be o n  the back side of 
the  toxin), even n i t h  a bulky N-ethylmale- 
inlide adduct, did not influence affinity (Fig. 
3, A and B). These results show that agi- 

turret ( 
INNER 
HELIX 

5 1  6 0 7 0 8 0  

Kc sA ERGAPGAQLITYPRALWWSVETATTVGYGDLYPVTL 
Shaker EAGSENSFFKSIPDAFWWAWTMTTVGYGDMTPVGF * * *  * *  r r ' r  * * * *  * *  

Fig. 1. Sequence agnment of the KcsA and Shaker K+ channel pore regions. The numberng for KcsA 
is above the sequences. Structural elements are Indicated (5). Astersks, several Shaker K+ channel 
amno acid locations where mutations influence agtoxn2 binding (4, 8, 9); arrows, the three KcsA K+ 
channel amino acids mutated in this study, The sequences are KcsA, S. lividans, accession number 
(acc) P R  S60172; and Shaker, Drosophiia melanogaster, acc P R  S00479, 

;esin thrdugh a carboxyl terminal hexahisti- 
dine tag (1 1 ). A 1-ml column, prepared with Chorotoxln 

the K+ channel-containing resin, was used 
to screen the venom of the scorpion Leiurus 
quinquestnatus hebraeus, the source of numer- 

/ 
ous well-characterized ion channel toxins. 

' I  I I 

Whole Venom D 
Mass (Da) 

Toxin Measured Calculated -- 
Chorotoxin 3996.4 3996.7 
Agitoxin 2 4090.8 4090.9 

Fort) m~l l~grams  of \,enom was added to the 
column and, after washlng, the K+ channel 
mas eluted w ~ t h  an  ~ m ~ d a r o l e  sohltion (1 2 )  
The  eluate was anal3:ed with MALDI-TOF 
mass spectlometry, focusing o n  the low Inass 
range appropriate for scorpion toxlns 
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\ u i  * 4113.5 . - - - - - - - 
X Charybdotoxn 4295.9 4296.0 

B A /-) Lq2 4336.1 4336.0 . . 
Chlorotoxn Fig. 2. Mass spectra of scorpion toxins 

before and after purification on a K+ 
channel column. MALDI-TOF mass 

I 
d 

spectra of venom before purification (A) 
and after elution from a cobalt column 

* Charybdotoxln in the absence (B) and presence (C) of 
attached mutant KcsA K- channel. 
The accuracy of the mass measure- 
ments 1k0.3 daltoni wermitted identifi- 
caton of most of the halor peaks in the 
mass spectra searched from databas- 

-A 

800 4000 4200 4400 4600 es of known toxins of the L. quinques- 
mass triatus hebraeus scorpion '(D). ' The 

KcsA-bnding component labeled wlth an asterisk could not be assgned to a known scorpion toxin. The 
component labeled X (4193.0 daltons) bnds nonspecif~cally to the column and was not dentifed. 
MALD-MS was performed with the MALDl matrlx 4-hydroxy-a-cyano-cinnamic a c d  (16). 
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toxin2 binds in the same manner to both the 
mutant KcsA K+ channel and the Shaker K+ 
channel. The affinity for the S h a h  K+ 
channel is considerably higher (KD 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 

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 Lys27 (red residue on agitoxin2, 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  laced with its functionallv defined inter- 
action surface face-down in the groove 
formed by the turrets ( 5 ) ,  with Lys27 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 statisticallv distineuishable 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 Dresent 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- 

N 30A 

Wild Type 
I: 

0.0 . , . , . , . , . f . 
2 4 6 8 10 

Fig. 3. Binding affinity of wild-type and mutant 
agitoxin2 to the mutant KcsA K+ channel. (A) 
Quantity of radiolabeled agitoxin2 bound to 0.3 pI 
of cobalt resin saturated with the mutant KcsA K+ 
channel as a function of the radiolabeled agitoxin2 
concentration (1 7). Each point is the mean 2SEM 
of four measurements, except for the 0.03 pM and 
1.5 ILM concentrations, which are the mean 2 
ran& of mean of two measurements. The curve 
corresponds to equation: bound agitoxin2 = A x 
(1 + KDl[agitoxin2]}-', with equilibrium dissocia- 
tion constant KD = 0.62 pM and resin capacityA = 
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 (1 7). Each point is mean 2 SEM of 
four measurements for wild-type agitoxin2 
(squares) or mean 2 range of mean of two mea- 
surements for  K27A (circles) and N30A (triangles) 
agitoxin2 mutants. The curves correspond to 
equation: remaining bound fraction = (1 + K,,/ 
[agitoxin2d} x {I + (K,,l[agitoxinZ,,]) x (1 + 
[agito~in2,,d/K~))-~ with labeled toxin con- 
centration [agitoxin2,,] = 0.06 pM, wild-type toxin 
K,, = 0.62 pM, and competing toxin dissociation 
constant K,, = 0.62 p M  (wild type), 81 pM (K27A), and 27 pM (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 (19). 

tural conservation, through application of 
techniques developed here, can be exploit- 
ed to advance our understanding of K+ 
channel pharmacology. 
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Requirement of Ras-GTP-Raf Complexes for 
Activation of Raf-I by Protein Kinase C 

Richard Marais, Yvonne Light, Clive Mason, Hugh Paterson, 
Michael F. ~lson,~~hristopher J. ~arshall* 

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 (PKCFmediated 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. 

phospholipase C-P (PLC-P) (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 (I  ). 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 (lo), 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 
(I I). 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 12-0-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 (pl2ORas-GAP), which 
blocks TPA-stimulated activation of ERKs. 
although it is unclear in those studies 
whether the pl2ORas-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 
ArgS9 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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