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Arabidopsis CBFl Overexpression Induces COR 
Genes and Enhances Freezing Tolerance 

Kirsten R. Jaglo-Ottosen, Sarah J. Gilmour, Daniel G. Zarka, 
Oliver Schabenberger, Michael F. Thomashow* 

Many plants, including Arabidopsis, show increased resistance to freezing after they 
have been exposed to low nonfreezing temperatures. This response, termed cold ac- 
climation, is associated with the induction of COR (cold-regulated) genes mediated by 
the C-repeat/drought-responsive element (CRT/DRE) DNA regulatory element. In- 
creased expression of Arabidopsis CBFI,  a transcriptional activator that binds to the 
CRT/DRE sequence, induced COR gene expression and increased the freezing tolerance 
of nonacclimated Arabidopsis plants. We conclude that CBFl is a likely regulator of the 
cold acclimation response, controlling the level of COR gene expression, which in turn 
promotes tolerance to freezing. 

Studies of the molec~llnr l7;lsls of ~7l;lnt tol- 
er;lnce to free:ing have focused primarily on 
the cold acclllnntlol~ re,ponse, the process 1.v 
\vhic11 plants incre;lse thelr talerallce to 
free:lng in rc\ponse to lo\y nonfreezing tern- 
peratures (1 ). Cold acclimatioll is associated 
~ i t h  blocllelnical and physiological c11angi.s 
and alteration, in gene expressloll (1 .  2 ) .  
Studies of cene, stimulated by lory tempera- 
ture haye re\-e;lled that many, illeluding the 
?i~~~bz(iopsis COR genes, encode h!-drophilie 
pol\-peptides that potentially prolnote toler- 
ance to tree:ing (1-3). Indeed, const i tu t i~e  
expressloll of CORISLI (n.hic11 encode, the 
chloroplast-targeted polypeptide CORl5am)  
in tr;lnsgenic .A~abldopsis plant, imyro~;es the 
freezing tolera~lce of cllloropl;l,ts f r o ~ e n  in 
 sit^^ rind of protoplasts fro:en in 1-itro (4) .  
Unlike cold ;lcclimatlon, hon-e\-er, C O R l j n  
expression has no  discerlliblc effcct on the 
,ur\.i\.;~l of fro:en plants ( 2 ,  5 ) .  

Geilctic a~l;llv,es indic;lte that multir?lc 
gene, are involved in cold acclimation in 
plants (6) .  Several COR genes are coordi- 
natel\- ,timul;lted along ~ i t h  CORISLL in 
response to lo\\- telnperature (2 ,  71, u-hich 
~ ~ ~ g g e s t s  that CORl5n  lnigllt act 111 concert 
with other COR eerie, to e n l ~ ~ l n c e  to1er;lnce 
to trecziny in If so, expression of the 
entire I-artery of COR genes n-o~lld 11;1vc ,I 

greater effect on free:ing toleral~ce than 
CORl5a  expression alone. T o  test this hy- 
pothesis, r e  attempted to ~nduce  cxprcssion 
of the COR gene "regulon" nit11 the 'ATo~I- 
clopsis t~lnscrlptlonal activator CBFl (CRT/ 
DRE binding t,lctor 1)  (81, ,I p u t n t i ~ e  COR 
~ e n e  reg~rlator. CBFl hil~ds to the cis-acting 
C R T  (C-repe;lt)/DRE (drought-re,ponsi\.e 
element) se~luence (9 ,  1 C ) ,  a DN.4 regul'l- 
tory c l c ~ n e ~ l t  that ,timul;ltes tr;lnscriptlon in 
rebnonse to hot11 lorv tcmL~eratlrre and \vnter 

deflcit (9 ) .  T h e  element 1s present 111 the 
l:romoters of multlple COR gene, ~ n c l ~ ~ d l n g  
CORl5n,  COR78 (also k11on.n a, RD29A 
and LTI/S),  and COR6.6  ( 1  C-1-7). Espres- 
s i o ~ ~  of CBFl in yeast (Saccha~ol-ii~ces cerez71- 
sloe) ;~cti\.ates expression of reporter genes 
that ha1.e the CRT/DRE as an  upstream 
,~ctlx-ntor sequence (8  ) .  

\X'e created trallsgellic 'Arnbtdopsis plants 
that o\.ercxpress CBFl h\- placing a cDNA 
cncoding CBFl under the control o t  the 
strony cauliflo\ver ll~osnic vmua (CaM\') 35s 
RN.4 promoter and tr;lnsforming the chi- 
lneric gene into ,A.l-ab~clopsis ecotl-pe RLD 
plants ( 1  3 ) .  Initial scree~ling gave rlse to t ~ v o  
trallsgellic llnes, .46 and Rl6,  that accumu- 
lated CRFl tranbcrlpts at high concentrn- 
t i ( r ~ s .  Souther11 LJot a l ~ a l y ~ i ~  ~ndicated that 
the A 6  plantr hnd a sillgle D N A  insert alld 
the R l6  Clalltr hnd multlple inserts. Exami- 
~ ~ a t i o l l  ot fourtll generation homo:ygou, A6  
and Bl6  plants i~ldicated that ;lmounts of 
CBFl trrlnscript were higher in nonaccli- 
mated A 6  and Bl6  plants than they werc in 
ni,nacclimated RLD pl;lnts (Fig. 1A).  Quan- 
tities of CRFl tra~lscript were greater in thc 
A 6  plant, thrln in the R l6  plants (Fig. 1.4). 

CBFl o~.erespression illduced COR gene 
expre,,ion without a low-temyerat~rre stim- 
~11~1s (Fly. 1A) .  Sp~cifi~a11y, greater than nor- 
mal a~no~l l l t s  of CORS. 6, COR 1 Sa, COR47, 
nlld COR78 t~lnscripts were detected in 
nonacclimatcd A 6  and Bl6  plants. In  non- 
ncc1im;ltecl A6  plants. COR transcript con- 
c e ~ ~ t r a t i o ~ l s  apl:roxim;lted those found in 
cold-acclimated RLD plants. In nonaccli- 
mated Bl6  plants, they n-cre les, than in 
cold-acclimated RLD plants. Immunoblot 
analysis indicated that the amounts of the 
C O R l  i a m  (Fig. 1 6 )  and COR6.6 polypep- 
tides Kere also elevated in the A 6  anil 616  
plant>, with a hiyher level of expres,ion in 

Cepal:rner?t of C ~ c p  and S o  Sc~ences. Plant a rd  So11 
Scences B ~ ~ l d n a ,  i 'dcigan State ~ ~ - v e r s t ?  East Lar- A6 pl;lnts. \X7e were unal~le to ~dentlty the 
s~ncl t5dl 4 3 2 - 1  325. LSA CRFl protein in cither RLD or transgenic 

+Tc vlbc,n correszcncierlce sPoJlci be addressed E.mall (5) .  Overexpression o t  CRFl d ~ d  not 
thomasi6C3z1Iot msu ecilr affect transcript concentrations of elF4A 



Fig. 1. Expression of CBFl and COR genes in RLD and 
transgenic Arabidopsis plants. (A) CBFl and COR tran- 
scripts. Leaves from nonacclimated and 3-day cold-accli- 
mated plants (20) were harvested and total RNA was pre- 
pared and analyzed for CBF7 and COR transcripts by RNA 
blot analysis with 32P-radiolabeled probes (27). The auto- 
radiograms for CBFl resulted from 3-day film exposure 
and those for COR6.6 and COR75a were from a 3-hour 
exposure (the 32P-radiolabeled probes were of similar spe- 
cific activity). (B) COR15am proteins. Total soluble protein 
(1 00 kg) was prepared from leaves of the nonacclimated 
RLD (RLDw), 4-day cold-acclimated RLD (RLDc4d), 7-day 
cold-acclimated RLD (RLDc7d), and nonacclimated A6 
and B1 6 plants; the amounts of COR15am were deter- 
mined by immunoblot analysis with antiserum raised 
against the COR15am polypeptide (22). No reacting 
bands were observed with preimmune serum. 

(eukaryotic initiation factor 4A) (14), a 
constitutively expressed gene that is not 
responsive to low temperature (Fig. lA),  
and had no obvious effects on plant 
growth and development. 

Two additional transgenic lines, K16 
and 1-1 1, that overexpress CBFl have re- 
cently been identified. Northern blot anal- 
ysis of nonacclimated T2 generation plants 
indicated that, in both of these lines, COR 
gene expression is also higher than that in 
nonacclimated RLD plants. 

CBFl overexpression increased the toler- 
ance of plants to freezing (Fig. 2), as deter- 
mined by the electrolyte leakage test (15). 

Fig. 2. Freezing tolerance of leaves from RLD and 
transgenic Arabidopsis plants. Leaves from non- 
acclimated RLD (RLDw) plants, 10-day cold-ac- 
climated RLD (RLDc) plants, and nonacclimated 
A6, B16, and T8 plants were frozen at the indicat- 
ed temperatures and the extent of cellular dam- 
age was estimated by measuring electrolyte leak- 
age (23). Error bars indicate standard deviations. 

Detached leaves were frozen to various sub- 
zero temperatures and, after thawing, cellular 
damage (due to freeze-induced membrane 
lesions) was estimated by measuring ion 
leakage from the tissues. Leaves from nonac- 
climated A6 and B16 ~ l a n t s  were more tol- 
erant to freezing than those from nonaccli- 
mated RLD plants (Fig. 2). The freezing 
tolerance of leaves from nonacclimated A6 
plants exceeded that of leaves from nonac- 
climated B16 plants (Fig. 2A), which had 
lower levels of CBFl and COR gene expres- 
sion (Fig. 1A). T8 transgenic plants (4), 
which constitutively express only CORl5a 
(under control of the CaMV 35s RNA Dro- 
moter) (Fig. lA),  were less freezing tolerant 
than A6 plants (Fig. 2B). 

A comparison of ELs0 values (the freezing 
temperature that results in release of 50% of 
tissue electrolytes) of leaves from RLD, A6, 
B16, and T8 plants is presented in Table 1. 
Data from multiple experiments indicate 
that the freezing tolerance of leaves from 
nonacclimated A6 and B16 plants was great- 
er than that of leaves from nonacclimated 
RLD and T8 plants and that leaves from 
nonacclimated A6 plants were more freezing 

- - . - -  -t%i - 
RLD A6 D 

Fig. 3. Freezing survival of RLD and A6 Arabidop- 
sis plants. Nonacclimated (Warm) RLD and A6 
plants and 5-day cold-acclimated (Cold) RLD 
plants were frozen at -5°C for 2 days and then 
returned to a growth chamber at 22°C (24). A 
photograph of the plants after 7 days of regrowth 
is shown. 

tolerant than leaves from nonacclimated 
B16 plants. 

The enhancement of freezing tolerance 
in A6 plants was apparent in whole plant 
survival tests (Fig. 3). Nonacclimated A6 
plants displayed variable, but greater, freez- 
ing tolerance than nonacclimated RLD 
plants (Fig. 3).  No difference in plant sur- 
vival was detected between nonacclimated 
B16 and RLD plants and nonacclimated T8 
and RLD plants. 

Our results demonstrate that constitutive 
overexpression of the Arabidopsis transcrip- 
tional activator CBFl induces expression of 
Arabidopsis COR genes and increases the 
freezing tolerance of nonacclimated plants. 
These results are consistent with CBFl hav- 
ing a role in regulating COR gene expression 
and further link the COR genes to plant cold 
acclimation. The increase in freezing toler- 
ance brought about by expressing the battery 
of CRTPRE-regulated COR genes was 
greater than that brought about by overex- 
pressing CORI 5a alone, which implicates 

Table 1. Comparison of EL,, values of leaves from RLD and transgenic Arabidopsis plants. Ek, values 
were calculated and compared by analysis of variance (25). EL, 5 SE (n) are presented on the diagonal 
line for leaves from nonacclimated RLD (RLDw), cold-acclimated (7 to 10 days) RLD (RLDc), and 
nonacclimated A6, B16, and T8 plants. P values for comparisons of EL,, values are indicated in the 
intersecting cells. 

EL, values 

RLDw RLDc 

RLDw -3.9 + 0.21 P < 0.0001 P < 0.0001 P = 0.001 4 P = 0.7406 

RLDc 
(8) 

-7.6 + 0.30 P = 0.3261 P < 0.0001 P < 0.0001 
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additional COR genes in  freezing tolerance. 
Whether CRT/DRE-containing COR genes 
are involved in briilging about the fill1 array 
of b~ochenlical and physiological changes 
that occur \\it11 cold acclimation (1 .  2) re- 
inains to  be determined. 

Freering temperatures greatly l ~ m i t  the  
geograp l~~ca l  distribution of n a t ~ ~ ~ e  and 
cultivated plants and  often cause severe 
losses in  agricultural productivity ( 1  6). 
Traditional plant breeding approaches 
have met  tvith linlited success in  improv- 
ing the  freezing tolerance of agronomic 
plants (6) .  T h e  freezing tolerance of the  
best wheat var ie t~es  today is essentially the  
saine as the  nlost freez~ng-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 A n -  
bidopsis plants is enhanced by increasing 
the  expression of t h e  Arabidops1s 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 Arabidops1s ( 1  7) and thus 
may provide a \yay to  improve the  freezing 
tolerance of crop plants. 
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cr ccld-accmate3 plants were placed in a test 
tube and subnierged for 1 hour i a -2'C batii 
contanng water and ethvene g y c c  n a cc npete-  

v randomze3 3esgn after ~ i h i i ;  l i e  i rvs tas  ;viere 
adcied to nucleate f-eez l g .  After an additional hour 
of ncubaton at -2'C, the sa~nples were cooe3 n 
decrements of 1 "C "ail1 hour. Sa l rpes i f~ve rep1 
cates for eacli data pcnt )  were thabved cvernght 
on Ice ancl ncubate3 n 3 m of 3 1 s t 1 e d  water ;v!~th 
shac ng at room temperature fcr 3 iicurs. Eectrc- 
y te  l ea~age  froln lea\/es ;pias .neasure3 v i th  a con- 
du i t  \II~) meter. The so l~ l t on  was then remove3 
the leaves were frozen at -80°C fo r  at least 1 
hou'), an3 the so lu t~o~i  ,,was returned to each tube 
and ncubate3 fcr 3 hcurs to cbtan a value fcr 
100js eectroyte leakage. 

24 Pots ;9 c i i l  conta n ,ig about 40 ~ionaccl~mated Ara- 
a~dcps~s  plants (20 davs old3 and i -da)  coci-acc11- 
mated plants 125 days cld'~ (203 ;v!e,e placed n a 
cciisletely random~zed des~gn i a -5°C cold 
chamber 1 1  the d a r ~ .  A?er 1 hour, l i e  ch ps viere 
added to each pot to nucleate freezng Plants ;were 
,-emoveci after 2 days and returned tc a grmvth 
chamber at 22°C 

25 Nc::e iLlries f ~ t t i g  LIP tc thrd-crder near  pcvno- 
n i a  trends we.e 3eter1rne3 for each electrolvte 
eacage experment. Tc ensure ~ lnbased p red i t cns  
cf eectro$e lea~age trends sgn flcanty mprc\/  ng 
the model f ~ t  at the 0 2 probab ty Ie~elL,~~ere retained. 
EL,, values were calculated f r o r  the f~tted lrodels. 
A.1 unbalance3 one-bvay anays s cfvar ance, adjust- 
ed fcr the dfferent number of EL,: values fcr each 
plant tvpe, was determ1,ied b) us. ig SAS PROC 
GLN SAS nst~tute, SASiSTAT Users G:~;de, !/er- 
s ~ o r  R iSAS nst l t~l te Caly, NC, 1989'1 
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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 
t h r o ~ ~ g h  potassium channels hy occlu~linp 
the pore at the extracellular opening. A 
single toxin protein binds very specifically to 
a single K- channel to cause inhibition. T h e  
toxins are 35 to 42 alniilo acids in length and 
have a characterist~c fold that is held r ~ g ~ d l y  
by three d~sulfide bridges (1 ). They are ac- 
ti1.e site inhibitors, because \\he11 they b m J  
to the channel they Interact energet~cally 
with K+ ions in the pore ( 2 4 ) .  T h e  inter- 
action hetneen these ~ i i h ~ b ~ t o r s  and the pore 
of K+ channels has been exploited to gain 

insights into the structure and f ~ ~ n c t i o n  of 
K- channels. 

Studies einploying site-directed mutagen- 
esis of the Shaker K- cliailnel have inapped 
the s c o ~ p i ~ ) n  toxin binding slte to regions 
corresponding to the extracelh~lar entrytvay 
of tlie K+ channel from Strcptom?ces liet&tns 
( the  KcsA cliannel) (4-9). Although tlie 
alnino acids of the K+ channel selectivity 
filter are highly conserved, the residues lin- 
ing the entry~vay are quite Irar~able. As ~f to 
lnirror the alnlno acid ~ ra r i a t~on  at the bind- 
~ n e  site, the t o x ~ n s  are also higlily var~able in 




