
2),  which blocks both av integrins (16) ,  
showed the greatest antiangiogenic and 
antitumoral activity when compared with 
either ant i -avp3 alone or ant i -aJj  alone 
116). , ' 

Most ocular diseases that cause cata- 
strophic loss of vision have as a common 
pathologic feature the growth of new blood 
vessels. Although ischemia-associated reti- 
nal neovascular diseases such as orolifera- 
tive diabetic retinopathy are associated 
with increased VEGF (12), nonischemic 
subretinal neovascular diseases such as aee- - 
related macular degeneration have no such 
clear association. Our observation that 
VEGF-stimulated angiogenesis proceeds by 
an integrin-mediated angiogenic pathway 
distinct from that stimulated bv FGF sun- 
ports the concept that different I;athogene;- 
ic mechanisms may operate in retinal and 
subretinal diseases (I  7). 

Angiogenesis is a critical biologic pro- 
cess and, as such, may depend on redundant 
molecular events that not only initiate 
blood vessel cell proliferation but also reg- 
ulate the invasion and, ultimatelv, the dif- , , 
ferentiation of newly forming vessels. Re- 
dundancy in this process is supported by an 
experiment of nature, Glanzmann's throm- 
basthenia, in which individuals lacking ex- 
pression of the p, integrin gene neverthe- 
less develop fully mature blood vessels. 
Thus, an alternative angiogenic mechanism 
must exist in the absence of a\,p,. The 
evidence presented here suggests that avp,  
can orovide such a mechanism of biologic " 

redundancy. We conclude that there are at 
least two cytokine-dependent patha,ays 
leading to angiogenesis in vivo, and these 
are distinguished by their dependency on 
specific av integrins and on the intracellu- 
lar serine-threonine kinase PKC. 
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Essential Ca2+-Binding Motif for Ca2+-Sensitive 
Inactivation of L-Type Ca2+ Channels 

Marita de Leon, Yan Wang, Lisa Jones, Edward Perez-Reyes, 
Xiangyang Wei, Tuck Wah Soong, Terry P. Snutch, 

David T. Yue* 

lntracellular calcium (Ca2+) inhibits the opening of L-type (a,,) Ca2+ channels, providing 
physiological control of Ca" entry into a wide variety of cells. A structural determinant 
of this Ca2+ -sensitive inactivation w a s  revealed by chimeric Ca2+ channels derived from 
parental a,, and a,, channels, the latter of which is a neuronal channel lacking Ca2+ 
inactivation. A consensus Ca2+-binding motif (an EF hand), located on the a,, subunit, 
w a s  required for Ca2+ inactivation. Donation of the a,, EF-hand region to the a,, channel 
conferred the Ca2+-inactivating phenotype. These results strongly suggest that Ca2+ 
binding to the a,, subunit initiates Ca2+ inactivation. 

L-type Ca2+ channels manifest Ca2+-sell- 
sitive inactivation (1 ), a biological feedhack 
mechanis~n in which elevation of intracel- 
lular Ca2+ concentration ([Ca2+]) speeds 
channel inactivation. As L-type Ca2+ 
channels are widely distributed, this inacti- 
vation process influences Inany cellular ac- 
tivities, including neuroendocrine secretion 
12), cardiac excitation-contraction cou- , , 

pling (3) )  and neuronal gene regulation (4) .  
Although the existence of Ca2+ inactiva- 
tion was delnonstrated over a decade ago 
( I ) ,  its underlying ~nolecular mechanism 
remains unknown. Competing candidates 
for the chemical "switch" that initiates in- 
activation include Ca2+-induced (de)phos- 

M, de Leon, Y Wang, L. Jones, D. T Yue, Program in 
Molecular and Cellular Systems Physology Department 
of Biomedical Engineer~ng, Johns Hopklns Unlverslty 
School of Medicne, 720 Rutland Avenue Baltmore, MD 
21 205, USA. 

phorylation of the channel (5), Ca2+ acti- 
vation of callnodulin (6), and direct Ca2+ 
binding to the channel (7) .  Recent work 
18-10) favors the latter, but evidence to 
date has been debated. Here, we present 
molecular evidence suggesting that an EF- 
hand Cast-binding  noti if ( I  I ) ,  located on 
the alC subunit of the cardiac L-type Ca'+ 
channel, orovides the Ca2+ bindine site - 
that initiates Ca2+-sensitive inactivation. 

L-type Ca2+ channels, expressed tran- 
siently in HEK 293 cells from complemen- 
tary DKAs encoding (1 2)  and P2 ,  (1 3 )  
subunits (14))  possessed Ca2+ -sensitive in- 
activation (Fig. 1, A through C ) .  With 10 
mM Ba2+ as the charge carrier, a,hole-cell 
aIc currents (Fig. 1A, top) showed little 
inactivation during 300-ms test depolariza- 
tions, as expected from the high selectivity 
of Ca2+ inactivation for Ca'+ over Ba2+ 
(1). Average data confirlned that Ba2+ cur- - 

E. Perez-Reyes, Department of Physiology, Loyola Un -  rents decayed ollly slightly over the elltire 
versity C h c ~ g o ,  2160 South Flrst Avenue, Maywood, IL 
601 53, USA. range of test depolarizations; peak currents 
X Wel, Institute for Molecular Mediclne and Genetics. were iust larger than residual currents (Fie. - - 
Medcal College of Georga, 11 20 15th Street. Augusta, 1.A. bottom). Bv contrast, snecllnell current 
GA 3091 2, USA. 
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T, W, Soong and T, P, Snutch, Biotechnology Laborato. much Inore with l 0  mM 
ry. Unversty of Brltsh Columba. Vancouver, Brltsh C o  external Ca2+ as charge carrier (Fig. lB, 
umbia V6T 123, Canada. top), which suggests the onset of Ca2+ in- 
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current confirmed the  enhancenlent of in- 
activation by C a 2 +  (Fig. lB ,  bottom). 

T o  quantitate inactivation, we plotted 
r3SC, the  fraction of peak current remaining 
a t  the  end of a 300-ms depolarization, as a 
f ~ ~ n c t i o n  of voltage (Fig. 1C) .  T h e  r,,, re- 
lation with Ca2+  defined a U-shaped nlot, 
providing a hallmark of Ca2+  inactivation 
(10).  T h e  low point of the  curve coincided 
with maximal Ca'+ entry (compare Fig. 
1B), and r;,, turned upward with further 
depolarization as the driving force for Ca2+  
entry dropped. T h e  small, monotonic de- 
cline of r3?, with BaZ+ (Fig. 1C)  reflected a 
separate, voltage-sensitive inactivation 
( I  0 ) .  Because voltage- and C a Z +  -sensitive 
inactivation are approximately indepen- 
dent  processes ( l o ) ,  the difference between 
C a 2 +  and Ba2+ r,o, values provided a direct 
measure of C a Z +  inactivation, as exempli- 
fied by the parameter J (1 5) (Fig. 1C) .  

I n  contrast, a homologous Ca2+  cha11- 
nel, expressed from alE (16) and P2, (13) 
subunits, lacked C a 2 +  inactivation (Fig. 1,  
D through F),  therebv establishing the fea- 
sibility i f  chimeric dhannel anarysis (17,  
18).  T h e  a,, subunit is the pore-forming 
constituent of a medium-threshold Ca2+  
channel in neurons (1 6) .  T h e  a I E  Ba2+ 
currents (Fig. I D )  appeared to inactivate at 
the  same rate as Ca" currents (Fig. lE ) ,  
despite larger - current amplitudes with 
C a 2 + .  T h e  absence of Ca2+  inactivation 
lvas confirmed by identical 
riOC relations with Ca2+  and BaZf (Fig. IF).  
Because inactivation was unchanged by re- 
duction of external [Ba2+] or [Ca2+] to 3 
mM (19),  the  shallo\v U shape of the  ria, 
relation did not indicate a current-sensitive 
inactivation with equal selectivity for Ca2+  
and BaZt. 

W e  tested whether differences in the 
COOH-termini of a , , :  and a,,  account for 
their distinct inactivat~on properties, be- 
cause this region contains an  EF-hand lnotif 
with a possible role in Ca2+  activation (20).  
T h e  entire COOH-terminus of a,, was sub- 
stituted into ale (21),  and the resulting 

chimera (Fig. 2A) completely lacked 
Ca2+  inactivation. Its Ca2+  inactivation 
parameter fwas  ;=0 (Fig. 2A),  clearly lower 
than the a,, value (0.44) and indistin- 
guishable from the  a IE  value (=0) .  Thus, 
the  a,, COOH-terminns appeared to be 
essential for C a 2 +  inactivation. 

T o  refine localization of the essential 
region, we deleted two-thirds of the COOH- 
terminus of a , , -  from amino acid 1733 to the 

L L 

stop codon. T h e  resulting construct, alC,Icj, 
manifested the same degree of Ca2+ inactl- 
vation as ale, with nearly identical f values 
(Fig. 2A). Substituting only the proximal 
fourth of the a,, COOH-terminus (amino 
acids 1510 to 1690) with the corresponding 
a 1 ~  10~~1s  produced a chimeric Ca2+  chan- 
nel Fig. 2A) that completely lacked 

Ca2 + inactivation (f .= 0) .  These t\\-o results 
suggest that the proximal fourth of the  a,, 
COOH-terminus contained a necessary re- 
gion for Ca2+  inactivation. 

W h e n  only the  EF-hand region of a,,: 
(amino acids 1510 to 1560) was replaced hy 
the homologous alE sequence, Ca2+  inac- 
tivation was also absent (J -= 0 for C Y , , ~ . ~ ;  

Fig. 2A) .  Comparison of whole-cell Ca2+  
and Ba2+ records enlnhasized the comalete 
ablation of Ca2+  inactivation in alcE-3 
(Fig. 2B). Both sets of records were nearly 
flat; the Ca2+  records have been scaled to 
illustrate the silnilarlty of kinetics. T h e  r,,, 
plots confirlned that inactivation was co11- 
sistently small and identical for C a Z +  and 
Ba2+ (Fig. 2B) over a \vide range of poten- 
tials. T h e  results w ~ t h  showed that 
the EF-hand lnotif of a,, is necessary tor 
Ca2 + ~nactivation, as long as the functional 

knockout did not arlse from higher order 
conformational derangement of the  chimer- 
ic channel. 

T h e  chimeric channel was not  likely to 
have serious conforlnational nroblems tor 
several reasons. First, nonspecific distortion 
\vould change other a,hole-cell properties; 
but the  average current-voltage relation of 

(Fig. 2B) was very similar to that of 
a,, (Fig. 1,  A and B), suggesting that acti- 
vation was unaffected. In  fact, activation 
and steady-state voltage inactivation of all 
chimeras with a n  a ,  ,. backbone were close- 

1 L. 

ly similar to those of ale. 
Second, substitution of portions (includ- 

ing the EF hand)  of the  a,, COOH-termi- 
nus into alE conferred the  Ca2+-inactivat- 
ing In  particular, donation of 
the  entire ale; COOH-terminus to the a,, 
backbone yielded a chimeric alEC-l channel 
a,i th a C a Z f  inactivation parameter ( f )  of 
0.28 (Fig. 2C) .  Simple deletion of up to 
tlvo-thirds of the distal COOH-terminus of 

preserved the same degree of Ca2+  
sensitivity and a l E C - l A I )  (Fig. 
2C) .  C ~ ~ r r e n t s  from a,,,., illustrated the 
extent to a,hich inactivation has been con- 
ferred to these constructs (Fig. 2D). Of 
particular relevance is the selective en- 
hancement of C a 2 +  crlrrent inactivation 
with larger currents, a distinct~ve property 
of C a 2 +  inactivation (compare Fig. 1 C  and 
Fie. 2D). Further COOH-terminal trunca- " 

tion of more than ;=50 amino acids pro- 
duced nonfunctional channels 
(Fig. 2C) ,  as \vould be expected from pre- 
vious studies (12).  

T o  determine whether smaller portions 
of the  a,, COOH-terminus sufficed to im- 
part Ca2+  inactivation to the a,, back- 
bone. we substituted narrow stretches of 
a, , :  containing the  EF hand into full-length 
a,,, yielding a1EC-2 and aIEC., (Fig. 2C) .  
Donation of smaller a,, segments failed to 
confer C a 2 +  inactivation (f .= 0 for 
and alEc-3) (Fig. 2C)  (22).  T o  retain native 

65 ' 
100 rns 100 rns 

100 rns 100 rns 

-2 - 
-2 I l l  

c I I + P i n  
I L0.0 0.0 

-60 -30 0 30 60 -60 -30 0 30 60 

Fig. 1. Comparison of nactivaton n a, ,  and a,,, (A) 
a , ,  Ba2+ currents. Top, whole-cell records eicied 
by 300-ms depolarizatons to the indicated poten- 
t~als (0, 20, 70, and 50 mV). Hodng potential was 
-60 mV: tall potental, -50 mV in a Cs-aspariate 
internal souton (14). Bottom, peak (fled) and resid- 
ual (open) current at the end of 300-ms depolar~za- 
tions; means of seven cells. Error bars, plotted when 
larger than symbols, show SEM here and through- 
out, (B) a , ,  Ca2+ currents; the format IS identical to 
that in (A). Records are from the same cell as that in 
(A) (top); n = 6 cells (C) Residual fraction of peak 
current r,,,, for a,,. The concentrailon of charge 
carrer was 10 mM throughout for SIX cells The pa- 
rameter f ,  subsequently used as aconclse descr~ptor 
of Ca2+ nactivation, is the difference between r,,, 
relatons at +5 to + 10 mV Isolation of C a 2  channel 
current, Indicated by flat traces near reversal poten- 
t a  [for example. +70 mV n (A), and throughout], is 
required for q~iantitatve Interpretation of r,,,. Ca2+, 
sol~d symbols; Ba2+, open symbols, (D) a : ,  Ba2- 
currents: the format is identical to that n (A). Top, 
holding potential, -90 mV tail potential, -80 mV, 
w~th NMG-MeSO, internal solution (14) and 10 mM 
external Ba2+. Bottom, means of n = 6 cells. (E) a , ,  
C a 2  currents; the format IS identical to that n (D). 
w~th 10 mM external Ca2+. The records are from the 
same cell as that at the top of (D), The bottom rep- 
resents results from six cells. (F) r,,, for a:,. The 
format was identical to that in (C), w~th 10 mM charge 
carrier throughout in six cells: symbols are as in (C). 
The small d~fference of r,,, (-30 to 0 mV range) 
arlses from differential screening of surface charge 
by Ba2+ and Ca2+. 
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Ca'+ binding, a n  EF hand must reside with- 
in its o\vn "globular domain" (22),  a,hich is 
made of a continuous seiruence of amino 
acids containing the EF hand. T h e  margin 
between the  COOH-termini of alE,-, and 
alEc .,,,, amino acids 1650 to 1732 in a,,, 
may well define a border of such a domain 
region. 

Third, single-channel recordings (23) 
offered a furtl~er test of the  specificity with 
which C a 2 +  inactivation has been removed 
in the  series of a,,:, chinleras (collectively 
denoted as a,,:, ) .  Work with native L- 
type Ca2+  channels demonstrates that 
Ca2+  ~nact ivat ion reflects a Ca2+-induced 
shift in the  overall pattern of gating (1C) 
from a Inode with rapidly activating, high- 
frequency opening (mode I ) ,  t o  a i node 
with slowly act~vating, infrequent opening 
(mode Ca) .  Wi th  Ba'+, there is no  shift 
from  node 1 to  nlode Ca ,  and mode 1 often 
predominates. Voltage inactivation renders 
the  channel incapable of opening, yielding 
depolarizations without activity ("blanks"). 
Selective knockout of Ca2+  inacti.i~ation 
should therefore remove Ca2+-induced 
shifts to  mode C a  but spare the  induction of 
blanks by prolonged depolariration. 

Single-channel properties of a,, were 
conlpared with those of alcE-, (Fig. 3 ) ,  the  
a chimera with the  largest change from 
a ,  ,-. Either. 10 mM Ba2+ or 10 111M Ca2+  

1 L, 

was used as the  charge carrier to  enable 
direct coln~ar ison with whole-cell results. 
T h e  same prepulse protocol (top) was used 
tl~roughout:  depolarizations to  f 0 I ~ V  were 
alternately preceded by a 0.5-s prepulse to  
+20 mV or by n o  prepulse. ale behaved 
just as predicted fro111 native L-type CaL+ 
channels. '81th Ba2+ (Fig. 3 A ) ,  unitary cur- 
rents illustrated the  predolninance of mode 
1 gating during test depolarizations with or 
ait l lout prepulse. Ensemble average cur- 
rents hardly decayed, which is consistent 
with the  absence of Ca2+  inactlvation. T h e  
first latency distribution (F)  and cond l t~on-  
a1 open probability (P~,\,) f ~ ~ n c t i o n s  served as 
quantitative descriptors of these trends 
(1C). Values of F plot the  prol~ability that a 
channel first opens by time t after the  onset 
of test clepolarization. T h e  rapid rise of F, 
with and without ~ r e ~ u l s e ,  demonstrated 

L L 

the dominance of mode 1 gating through- 
out. T h e  small depression of the  plateau by 
the  prepulse reflected the  ~nduc t ion  of 
blank sweeps, which is indicative of voltage 
~nactivation. the  probability of a chan- 
nel b e ~ n g  open a t  time t after first opening, 
provided a kinetic fingerprint of gating after 
first opening. T h e  similarity of 1-alues of 

~11th and a l thou t  prepulse, collf~rmed 
the lack of mode sll~fts. Wl th  C a l f  (Fie. , " 

3C) ,  control ale traces activated rapidly in 
a bursting pattern, but traces follo~ving a 
prep~ilse activated slox~ly in a sparsely open- 
Ing pattern. Thus, Ca'+ entry during the  

prepulse caused a shift from mode 1 to mode 
Ca2+ ,  synonymous with Ca'+ inactivation. 
Induction of a sloa, colnoonent in F after 
the  prepulse, as well as depression of P,,<>, 
quantitated the  shift to mode Ca. 

In o ( , ~ : ~ - ,  (Fig. 3, B and D), single-chan- 
nel properties indicated a selective knockout 
of Ca2+ inactivation. With  Ba'+ (Fig. 3B), 
aIeE- I behaved like ale: (compare Fig. 3A) ;  
with Cab+ (Fig. 3D), llowever, there was no  
sluft to mode Ca. T h e  lack of C a L +  inacti- 
vatLon in unitary Ca" currents excluded 
differential expression levels as a trivial 
mechanisln for altered inactil-ation. A final 
argument against global conformational 
challge came with the  similarity of a,,: and 
a,,:,-, unitary current amplitudes ( 4 . 6  and 
4 . 2 5  pA with Ba2+ and Ca2+ ,  respective- 
ly, for both).  Tl11s similarity excluded appre- 
ciable alteration of permeation. 

These results establish the  EF-hand mo- 
tif of a,,: as a n  essential structural determi- 
nant of C a 2 +  inactivation, \vhereby Ca2+  
bindine to the EF-hand  noti if ~nitiates Ca'+ 
inactivation. By analogy to other EF hands, 
the  transductLon of bindine to  inactivation 

u 

might occur by Ca2+-induced exposure of 
hydrophobic residues o n  the  E and F heli- 

ces, a,hich could then interact with a com- 
plementary hydrophobic surface (24) so as 
to inhibit opening (10). "Donation" of the  
C a 2 +  inactivation phenotype to a,,,,.,,, 
suggests that the receptor is intact o n  alE 
and that only the binding donlain may be 
defective, as supported by the alignment of 
the EF-hand regions from the  major classes 
of Ca2+  channels (Fig. 4A) .  For ale and 
a , ,  [which probably has Ca2+  inactivation 
(25)], the  region is allnost identical and 
these channels score highest (14 out of 16) 
o n  a nlodified Tufty-Kretsinger EF-hand 
test (20).  For a,,, a,,, and a,,, which all 
lack Ca'+ inactivation (26) ,  divergence is 
substantial and scores are lower. Holyever, 
only -iC% of EF-hand nlotifs (27) actually 
bind Ca2+;  our proposal remaills to be con- 
firmed by in vitro methods (22).  

T h e  location of the EF-hand motif helps 
explain paradoxical features of the  a le  chan- 
nel. Proximity of the EF hand to the inner 
11p of the perlneation pathway (28) pred~cts 
insensitivity of Ca2+ inactivation to intra- 
cellular Ca'+ chelators (29);  diffusion calcu- 
lations indicate that ICa2+l in the channel 
pore would be l~ t t l e  affected by such agents 
(29).  Conversel~,  because the EF hand 1s not 

:: C = C(1-2171) EC-1 = E(l  1584) C(1516-21711 ! I 
I (6) (10) 
CE-1 =C(1-15W) E(1679-2251) ! ! EC-lA4 = E(1-1684) ~(1516-1802; 
L (4) 
Cde = C(1-17321 +STOP ! EC-la3 = E(1-1684) C11516-1732) 
r (5) (7 )  

CE-2. C(1-1509) E(1679-1852) ~(1891-2171) EC-la2 = E(1-'684) C(1516-1650) 
I P ) (No expression) 

a l ~ ~ - 3  + P2a 100 ms 0.5 n~ 
I I I I I 

-60 -30 0 30 60 

Fig. 2. Molecular determ~nants of Ca2+ nactlvatlon. A a. constructs were co-expressed wlth the p,, 
subunlt to ensure robust expresson. (A) Left, schematic representation of ct.,. a. ,. and chlmerc constructs 
(not to scale). Values In parentheses lndlcate amlno acd numbers. Right, correspondng f values (mean 2 
SEM from the number of cells In parentheses). (B) lnact~vat~on of ct,,,~,, Left, Ba" (sold) and Ca" currents 
(dashed) during steps to varlous potentals. Holdlng potentlal. -90 mV: tall potentlal, -80 mV. Ca2- 
currents were scaled by (from top) 4.38, 2.07. and 0.94 tmes to faclltate comparison of knetlcs. Rght, 
peak current and r,,, from n = 5 cells. Symbols are as in Fig 1 C (C) Schematic representation of ct,Ec.z 

chlmerlc constructs (left) and associated f values (rlght) The format was ldentlcal to that In (A) (D) 
Inactvaton of a,,,~. . The format was dentca to that in (B). Data are from 10 cells. NMG-MeSO, Internal 
solution (14) was used in (A) through (D); 10 mM charge carrier was used throughout. 
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quite in the conduct ion pore, Ca'+ inacti- 
\.ation can be accelerated by extra-channel 
factors, l ike Ca2+ f lux  through adjacent 
Ca2+ channels (9) or ryanodine receptors 
(3). T h e  contiguity o f  the EF hand t o  con- 
sensus proteln kinase A ( P K A )  phosphoryl- 
a t ion  sites o n  the a,,: C O O H - t e r m i n ~ ~ s ,  re- 
garded as probable loc i  for channel  up-reg~l-  
la t ion  by P K A  (3L1), may explain parallels in 

Fig. 3. Snge-channel 
comparison of ~nactlva- 
t~on  In a,, and a ., , , 
both co-transfected w~ th  

the  mode-shift behavior underlying Ca2+ 
channel  regulation by Ca2+ anii phosphoryl- 
a t ion  (Fig. 4B). Phosphorylation favors a 
shift f rom nlode C, t o  nlode 1 (3 1 ), \\,here 
mode L?~, resembles inode Ca, although L- 
type Ca2+ channels do n o t  require dephos- 
phorylat ion t o  inactivate (1 0). 

O u r  f indings may have implications for 
many b~o log i ca l  systems, given the a ide  
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Fig. 4. Mechan~stic features of Ca2--sensit~ve I n  A 
act~vation. (A) Alignment of EF-hand regions from j 1 3 ) - y V - ~ I  - - l k y R l k y S I  I - V M S  . 
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, - 

(36) 1728 to 1762 of a ,  (37) 1695 to 1729 of a,, a , c ( 1 4 ) ~ ~ ~ ~ f ~ n ~ ~ d ~ ~ a ~ d ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 4 ~ ~ ~ ~ e ~ ~ ~ ~  

(i6) 526 to of a.c (72), and 495 to 629 
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of a , ,  (38). Dashes show postions of ~dentty to 1;  ;; i i  i ii i i  i i i i  1 
E O  n n  n* . 'G I *  * n  n n  n 

a , ,  (39). For reference, the modified Tufty-Krets- 
inaer scorina t e m ~ a t e  120) is shown at the b o t  B " " ,  , , - 

tom, with scoring numbers in parentheses above. 
Res~dues E G and I are the ant~cpated ammo 
ac~ds In thls post~on of an EF hand. "n denotes a 
hydrophobic amno ac~d  (L, I, V, F M.  W, and Y) C 

and the astersk denotes a Igand veriex for Ca2+ 
(D, N E. Q, S, and T).  Each such cr~terion that is 
satisfled contrbutes one point the score of each 
channel appears in parentheses. (B) Parallels In 
the gatng modes underylng Ca2- channel regulaton by Ca2- and PKA phosphoryaton S~mulated 

d l s t r i bu t~on  of L-tvpe Ca'+ channels. For , L 
example, 111 heart  where the durat ion of 
act ion  potentials i s  h igh ly  sensitive t o  Ca'+ 
i nac t i va t~on  ( 3 2 ) .  the  EF-hand reeion of , , ,  " 
L-type Ca2+  channels i s  ,I potent ia l  l o c ~ ~ s  
for inher i ted electrical d~sorders l ike l ong  
QT syndrome (33); it also may be a molec- 
ular target for ne\v cardiac i n o t r o p ~ c  and 
ant i -arrhythmic drugs. 
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Coactivator and Promoter-Selective Properties 
of RNA Polymerase I TAFs 

Holger Beckmann, Jin-Long Chen, Thomas O'Brien, Robert Tjian* 

Human ribosomal RNA synthesis by RNA polymerase I requires the activator UBF and the 
promoter selectivity factor SL1, which consists of the TATA binding protein (TBP) and 
three associated subunits, TAFll 10, TAF163, and TAF148. Here it is shown that both 
TAFll 10 and TAF163 contact the promoter, whereas TAF148 serves as a target for inter- 
action with UBF and is required to form a transcriptionally active SL1 complex responsive 
to UBF in vitro. TAF148 also alters the ability of TBP to interact with TATA box elements, 
and the resulting complex fails to support transcription by RNA polymerase II. Thus, 
TAF148 may function both as a target to mediate UBF activation and as a class-specific 
promoter selectivity factor. 

Enhancement of transcription initiation by 
sequence-specific DNA binding proteins is 
a principal mechanism for regulating gene 
expression in animal cells (1). Promoter- 
selective transcriptional activators bind 
DNA and interact with specific compo- 
nents of the basal transcriptional apparatus 
in order to modulate gene expression (2). 
For example, some site-specific enhancer 
binding proteins directly target subunits of 
the basal transcription factor TFIID, which 
consists of TBP and at least eight TBP- 
associated factors called TAF,,s (3-8). 
Transcription of the human 18s and 28s 
ribosomal RNA genes by RNA polymerase 
I (RNA Pol I) also requires a TBP-TAF 
complex called selectivity factor 1 (SL1). 
All four subunits (TBP, TAF,48, -63, and 
-1 10) are necessary to form an SL1 complex 
that supports transcription in vitro with 
purified RNA Pol I and the upstream bind- 
ing factor, UBF (9-1 1) .  Consequently, one 
or more TAFs in the SL1 complex are 
expected to recognize and bind core pro- 
moter DNA. whereas other subunits mav be 
targets for activation by UBF. 

T o  test the activator binding properties 
of individual TAFs in the SL1 complex, we 
performed protein-protein binding assays 
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with an affinity resin containing human 
recombinant UBF (rUBF) (Fig. 1) ( 1  2). As 
reported previously, UBF interacts with 
TBP (13). However, TBP alone is unable to 
support UBF-dependent activation of tran- 
scription by RNA Pol I (1 1). We therefore 
tested each of the TAFs associated with 

TBP TAF148 TAF163 TAFll 10 
I--- 

Fig. 1. TAF148 subunit of the SL1 complex binds 
to UBF. Partially purified FLAG epitope-tagged 
UBF (72) was immobilized on protein A-Sepha- 
rose beads conjugated with antibodies directed 
against the FLAG epitope (10). This resin (lanes 3, 
6, 9, and 12) and resins containing the antibodies 
but lacking UBF (lanes 2, 5, 8, and 11) were incu- 
bated with in vitro 35S-methionine-labeled TBP 
(lanes 2 and 3), TAF148 (lanes 5 and 6), TAF163 
(lanes 8 and 9), and TAFl l10 (lanes 1 1 and 12). 
Bound proteins were resolved by SDS-PAGE and 
visualized by autoradiography (10). Lanes 1,  4, 7, 
and 1 0  show 10% of the individual TAFs used in 
the binding assay. 




