
cells v/ere ther cultured at 37'C overnght ard  trans- 
ferred to fresh plates to elimnate adherent cells 
J A. Grasso, N C Chromey C F. Moxey. J. Ccl! 
Be!. 73. 206 11 9771 = Pamrez sr a1 . J. BIG!. Cnen;. 
250 6054 (1 9751 
T. B C a r b e  and T. P. Cech, RPs!A 1 ,  598 (19951 
The mappng brary was generated by PCP amp- 
f~cat ion of ulasmid uT7L-21 17' v~ i th  a 5 '  urlmer 
c o r t a r r g  a randomzed sequence at oostons cor 
resoord r g  to rhe ~ b o z ~ m e  s G S  (5 -GGGGG 
GATCCTAATACGACTCACTATAGN N N NNAMAG 
TTATCAGGCATGCACC: and a 3 '  prlmer spec~f~c for 
3 '  exon tag sequences present r the pT7L-21 
p a s m d  (5'-AGTAGTCTTACTGCAGGGGCCTCT- 
TCGCTATTACG:. The resutng cDNA library >$/as n 
vltro transcrbed ~ising T 7  RNA pol\yrerase to gen- 
erate the PNA i i a p p r g  11brat-y 
RBC precursors (1 x 1 k e I l s 1  were resusperded r 
202 p.1 of Octi-MEM (Gbco- BRL], and rbozymes 
(2 5 to 5 k g  generated by n vltro trarscrpton: were 
trarsfected n to  these cells using 22 k l  of DMRE-C 
(Gbco-BRLI in 1 m of Opti-IvlEM for L hours. Ttier 
DMEM (Gbco-BRLi w th  10C3 fetal calf serum (1 ml: 
and erythropoietn (2 urts.ml: were added to the 
cells. Total PNA was solated by using TR  Peagent 
(hlolec~i~ar Research Cenier) cortalr'ng EDTA (1C 
mM: 16 to 24 hours after transfect~or. Transfect~on 
of these cells with a repoler PNA deironstrated that 
1 to of ttie erythrocyte precursors take up RNA 
( 7  7''. 
R'bozyme 3 '  exon (;ZO to 5Z0 nM1 and substrate 
PNAs (1 to 5 k M  or 1 p.g of cellular RNA1 v/ere 
denatured at 95'C for 7 min n react~on buyer :50 
mlvl Hepes (pH 7 0'8, I 5 0  mM NaCl 5 mM MgCIZ] 
ard  then eq~iilibrated at 37°C for 3 m r .  Ttie sub- 
strates were then added to the rbozymes aol ig v/ th 
g~ianosne (IZO kM1 i o  sta-t the reactons, wt ich 
proceeded at 37°C for 3 hours. For reacton mxtures 
thai cortained radiolabeled rboz \~ i i e  v/e remo'!ed 
samples at the tmes rdicated and added them to an 
equal volume of EDTA (1': mM: to stoc the reactor. 
Reaci~on prod~icts were analyzed on a 4% pooyacryl- 
amde gel contanng 8 Ivl urea. =or RT-PCR aralyss, 
trans-spcing products were reverse trarscr~bed at 
37°C for 20 m n  in the cresence of L-argnnamde 
(1': mM: from a prmer scecfic for the 3 '  exor se- 
qL.erce as descr~bed (8, 9: The resulting cDNAs 
were amplf~ed for 30 c\jcles (m virrc rboz\tme reac- 
tons: or 30 to 90 cycles (I, vrvo rbozyme reactons] 
~ i s r g  a 3'  exon prmer (3'iag prmer, 5'-ATGCCTG- 
CAGGTCGACTC 3 ' ~ - g o b n  prmer. 5'-CCGGAAT- 
TCCCTTGTCCTCCTCTGTGAI (9 26: ard a 5 '  
prlmer scec~f~c for the p - g o b n  mRNA (5'-GGG- 
GATCCCTGTGTTCACTAGCAACC1 The amplf~ed 
products were separated o r  a 10% actyamide gel 
alid vsuaized by ethidium bromde stanng. 
N Lar,  unpublished results 
J. T. Jones ard  B A. Sulenger, Nature B'oiech. 15, 
902 (1 997) 
Quanttatve-compet~tive RT-PCR aralyss of trars- 
s c c n g  react~on efficency was performed by ncu -  
bating pS-gobn  RNA w ~ t h  Rib61- 3'eff Ttie 3 '  
exon a::ached to R1b61-3'eff cortains a prilnirg 
sequence for a dov~nstream RT-PCP prmer called 
d o v ~ n - I  that IS also found on the unreacted pS- 
g o b n  transcrip: After the dstance betv~een the 
dowr-1 s te  a r d  a r  upstream p rm i i g  site on pS- 
g o b n  is spliced, RNA is reduced from 1 61 to 11 1 
bp. Unreacted g o b n  substrate PNAs as well as 
revsed p-gobin products were c o a m p f ~ e d  by L.S- 

i r g  a angle set of PCR primers to yeld d~fferent- 
s~zed croducts that were secarated on an acy l -  
amide gel. and Phoschorlmager analyss v/as used 
to quart fy the eff~ciency with whct i  the v~bozyme 
had conve-ted the g o b n  RNA to croduct n the 
reacion (18) 
C Cavalesco er al., Gene 12. 21 5 (I 98Z). 
In the reactons with the t v ~ o  longer p - g o b n  sub- 
strates (pS-61AS and pS-FLj more free rbozyme is 
gererated thar splced exons Ttie spliced products 
have acc~ im~ la ted  to aaout 25% of the level of the 
free rbozy~ne at 60 and 1 8  m n .  Moreover, l so3  
and 2B33 of the 3' exon o r~gna l \~  attactled to ttie 
ribozyme is present in tne trans-splced product 
bard  at 60 ard  1 8  m r ,  rescectively. Ths reduced 

accumuaton does ro t  appear to res~ilt f r o r  3' exon 
hydroyss hov/ever, because no free 3 '  exon is de- 
tected (Fg. LA] Rather, t hs  reducton res~ilts from 
cleavage of the trans-spiced products at other stes 
n these long RNAs by the free rbozyme gererated n 
the react~on. These sholer cleaj~age ~ roduc ts  rur off 
ttie bottom of ttie gel ( 7  71 We d d  ro t  o b s e w  s~ i ch  
msceavage n the case of the short 13-nt substrate 
5'SA,, tiov/ever beca~ise the actvity of the free rl- 
bozymes appears i o  be s~ippressed b\l the excess of 
unreacted substrate present in the samce (771 Ttie 
obsewatior that ttie longer s~.bstrates do not appear 
to suppress t hs  msceavage as well as their sho-ter 
counterca-t s~iggests that not a the longer RNAs 
are folded n to  a conformat~on ti'at allov~s for (1- 
bozyme bindrg. In the long rL.r, rbozymes wt t i  n -  
creased s~ibstrate spec~f~c~ty  v / l  be develoced to 
solve ths  msceavage problem. 

22. Ivl T. Asticroq and P. Desa Lancer 2 78L (19761; 
D A. Sears, Am. J. Med. 64, 1021 (1978'8: M S. 
Kramer, Y Rooks i .  A. Pearson I!! Eng! J, i!4ed. 
299 686 (1 9781 

23 D R. Pov/ars e: a!., Blcod 63, 921 (198L:; D L. 
Pucknagel sr a!., n Devsbo,vcn:a! Contro! ciGIoSin 
Gens Expression. G Stamato~~arnopoulos ard  
A Vtl N~enti~iis, Eds (LISS. New York, 19871, cc .  
4 7 - 4 9 6 .  

2L B. A Sulenger and T. R Cecti, Science 262, 1566 
(1 9931 E. Bertrard er a/., RNA 3 75 (1 997:. 

25 M. Telen, R M. Scearce. B F Haynes, VoxSano. 
52, 236 (1 9871 

26. W:'e tnark C. Ruscori P Zarr~nkar L. Mil~ci?, ". 
"ones K. Pti~ll~cs, M. Barman P. Kaufman, M. Teen, 
E. G b o a ,  H. Lyery, and R. Rempe for useiu dscus- 
so rs ,  M Teen for her generous gift of the E6 ant- 
body, and the rurses n labor and delvety a ~ i d  tile 
medca  oncology treatment center for ther assst- 
ance n collect~ng blood samples Supported i r  pa-t 
by the Korean Academic Pesearcti =und of the Ivlin- 
istqj of Educaton (S.-W.L.: a rd  by a grant (HL576Z61 
from the National Heart Lung a rd  Blood Institute 
(B A S.". 

8 December 1997; 3ccepted 9 Aprl 1998 

The Tetrameric Structure of a 
Glutamate Receptor Channel 

Christian Rosenmund, Yael Stern-Bach, Charles F. Stevens* 

The subunit stoichiometry of several ligand-gated ion channel receptors is still unknown. 
A counting method was developed to determine the number of subunits in one family 
of brain glutamate receptors. Successful application of this method in an HEK cell line 
provides evidence that ionotropic glutamate receptors share a tetrameric structure with 
the voltage-gated potassium channels. The average conductance of these channels 
depends on how many subunits are occupied by an agonist. 

Voltage-gated potassium chan~lels  are tet- 
rainers, and nicotinic acetylcholine recep- 
tors are pentainers ( 1  ). Brain glutamate re- 
ceptors are often assumed to  he pentainers 
( 2 )  because they, like the  acerylcl~oline re- 
ceptor, are ligand-gated. W e  beveloped a 
inethod to COLIII~  the  mlinher of subunits in  
the  brain glutamate receptor. T h e  lcey ob- 
servation upon Lvhich our counting inethod 
is based is that the  mean single-channel 
current depends o n  how many of a recep- 
tor's b i~lding sites have a n  agonist bound. 
T h e  number of binding sites can then he 
counted by observing the  distinct electro- 
pl~ysiological states that a receptor passes 
through as successively more billding sites 
become occupied. Successf~~l  application of 
this counting method requires solving three 
problems. First, because our method cou~l ts  
hilldine sites, the  number of billdillo sites " " 
must equal the  11~1mber of subunits; in ad- 
dition, the  binding sites must he equiva- 
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lent so that sites are not missed. W e  there- 
fore used the  oc-aini11o-3-hydroxy-5-inethyl- 
4-isoxazol propionate (AMPA)-receptor 
G ~ L I R ~ ~ , , ~ ,  (and mutant versions) expressed 
111 a inaminal~an (HEK) cell line (31, he- 
cause this receptor forins homoiln~lti~ners.  

Second, a t  the  saturating concentrations 
of agoillst that are needed to  ensure full 
hind~ng-site occupancy, the  lifetime of each 
occupancy state is too brief to  resolve. T o  
prolong the  lifetime of each state, n e  
slowed clown the  agonist binding rate by 
interposing a very slow step, the  dissocia- 
tion of a high-affinity competitive antago- 
nist; thus, we started the  receptor with all of 
its h i ~ l d i ~ l g  sites occupied by a competitive 
antagonist and then made the  sites avail- 
able for agonist binding, one by one, as the  
hound antagonist molecules slowly dissoci- 
ated. W e  used a rapid superi;~sion system to 
change an  outside-out patch's environment 
from a saturatine coilcentration of the  hioh- " 

affinity antagonist 6-nitro-7-sulp11amo).l- 
benzo(F)quinoxalinedioIl (NBQX) to a sat- 
~lrating concentration of agonist (4) .  

Finally, if the  receptor's llormal desensi- 
tization inechanisms were intact, the  recep- 
tor would desensitize long before this pro- 
gression through the  various occupancy 
states is complete (5). W e  therefore used 
single c l ~ a ~ l ~ l e l s  of a GluR6/GluR3 chimera 
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in  which desensitizatiol~ is coinpletely ab- 
sent (Fig. 1A) (6) .  

Our  ltey observation is that the  receptor 
passes through three distinguisl~able states, 
each with a different meall conductance, as 
all binding sites become occupied in turn. 

T h e  transition into the  first of these states 
occurs with two time constants, whereas 
each of the  two remaining states relax ~ v i t h  
a single time constant. T h e  most straight- 
forward iilterpretation of these data is that 
the  receptor is a tetramer. 

Our  experiment required recording from 
single channels. Determining if a patch has 
only a single channel was easy, because we 
used s a t ~ ~ r a t i n g  agonist concentrations (for 
example, quisqualate, 1 m M )  that consis- 
tently caused our noninactivating chal~nels  
to  open to a n  apparent 23 pS state \vith 
88.3 i- 5% (71 = 6) probability (Fig. 1 A ) .  
T h e  increased probability of a n  open state 
that  results when channel desensitization is 
rernoved has been also reported for native 
A M P A  receptors (7) .  

Figure 1,  B and C, exhibits the  basic 
phenomenon. A n  outside-out patch con- 
taining a single GluR6/GluR3 channel \$:as 
rapidly switched bet\veen saturating con- 
centrations of NBQX (1Q to 30  y M )  and 
agonist quisqualate ( 1  mM) .  T h e  channel 
starts in its closed state C and then 
progresses "staircase" fashion through three 
distinguishable conductillg states that  we 
call S (small, approximately 5 pS mean 
conductance), 41 (medium, 15 pS),  and L 
(large, 23 pS) .  

T h e  channel proceeds through the  same 
three states in the  SML order with each 
antagonist/agonist switch, but the  dwell 
time In each state varies randolnly from one 
switch to  the  next. W h e n  the  agonist is 
re~noved or replaced by antagonist, the  re- 
ceptor passes in  the  reverse L41S order to  
the  closed state (Fig. 1B). 

T o  determine whether these three dis- 
tinct states are a n  artifact of the  GluR6/ 
GluR3 chi~neras used, \ye did the  antago- 
nist/agonist switch o n  GluR?",, hoinomul- 
timesic receptors treated ivith 160 y M  cyclo- 
thiazide to  remove inactivation (7, 8). 
Challnels constructed froin native subunits 
reveal the same "staircase" behavior (Fig. 
1E; 7 1  = 4). 

How can we know that  the  rate-limiting 
step in  the  "staircase" response is dissocia- 
tion of antagonist? W e  used a lon-er affinity 
competitive antagonist, 5,7-dinitro-qui- 
noxalinedion (MNQX, IC,, = 2.2 p M )  
instead of NBQX (IC,, = 156 n b l )  (9) .  As  
expected if t he  rate-limiting step is antago- 
nist dissociation, the  channel progressed 
through the  same states in  the  SML order 
when MNQX was substituted for NBQX, 
but the rate of progression was increased 
about 36-fold (Fig. 1, C and D; n = 5) .  

If the  states we identified do  illdeed 
correspond to different numbers of b o u i ~ d  
agonist molecules, then the  current ainpli- 
tude histogram should change in an  orderly 
Lvay as the  agonist concentration is in- 
creased. A t  the  lo~vest agonist concentra- 
tions, the  S state should predominate; at 
very high agonist concentrations the  chan- 
nel should be allvays in the  L state, and the  
amplitude histogram should exhibit a inix- 
ture of states in between. This prediction is 
confirmed by the  amplitude histograms 
shown in Fig. 1 G  for agonist concel~tra t io l~s  
of 1 to 3Q0 y M  (compare Fig. 1, F and G) .  

Correct counting of binding sites re- 
quires a n  analysis of dwell times at each step 
along the  "staircase." T h e  distribution of 
dwell tiines colubined from eight patches is 
sho\vn (Fig. 2 A ) .  T h e  second (S + M) 
tral~sition is lnost rapid (mean dwell time = 

224 i- 9.1 ms), the  last (M + L) is slowest 
(461 i- 2Q.3 ms), and the  first (C + S) 
transition is intermediate (258 i- 9.9 ms). 
Note  also that the  waiting times for the  S 
+ bf and M + L transitions are exponen- 
tial, but that the  C + S transition exhibits 
two clear components. 

A first guess might be, "Three states, 

Quis 
-C --S- 

C 

Amplitude (PA) 

Fig. 1. (A) A response from an outsde-out patch contanng a s n g e  AMPA receptor (GluR6/GluR3) 
during a I -s concentration step from control solutlon Into qusqualate (1 mM) and back. Holdlng 
potential. -1 60 mV. Fltered at 2 kHz. (B) Four ndivdual responses [dfferent patch from (A)], wlth step 
from NBQX (1 0 to 30 kM) Into qusqualate (1 mM). After some delay, two intermediate (approximately 5 
and 15 pS) states preceded the same large conductance seen In (A). Fltered at 1 kHz. Holdng potential. 
-1 60 mV. (C) The same patch 1s shown as In (B); Note the tme scale. (D) The same patch IS shown as 
in (C), but with a low-affinity compet~t~ve antagonist MNQX (300 pM). Note the different time scale 
compared to (C). Scale bar: 1 pA and 10 ms. (E) NBQXfquisqualate switch for a single GluR3,,,, channel 
treated wlth 100 pM cycloth~az~de. The scale bar (1 pA, 100 ms) appears In (D). (F) Amplitude 
hstograms for the states C. S, M, and L averaged from 10 consecutive episodes of antagonist/agonist 
switches. Same patch as In (B). (C), and (D). (G) Amplitude hlstograms for a single nondesensitising 
channel activated with I ,  2. 6 ,  and 300 pM 1 -qusqualate. 
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three subunits: it's a trimer." This initial 
notion is inconsistent with our data, how­
ever, because it can explain neither the 
two-component waiting time distribution 
for C —> S nor the fact that the S —> M 
transition is fastest. 

The simplest theory consistent with a 
two-component waiting time distribution for 

the C —> S transition and single-component 
waiting time distributions for the subsequent 
transitions would have the first (C —> S) 
transition involve the dissociation of two 
antagonists (and the binding of two ago­
nists) and to have each of the other transi­
tions require only a single antagonist disso­
ciation. This model implies four subunits 

C > S S > M M > L 

1 0 0.5 1 0 
Waiting Time for Transition (s) 

0.5 
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1n 

£ °-8 

(D 
n 
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5 0.2 

n = 

J 
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0< 
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0.05 0.1 0.15 0.2 0.25 

0.4 0.8 1.2 
Waiting Time for Transition (s) 

1.6 

0.015 

5(4+1) 

0.2 0.4 0.6 0.8 
Waiting Time for Transition (s) Subunit Model 

Fig. 2. Waiting times reveal four subunits. (A) Histogram of waiting times for C -»S, S - » M and M -» 
L transitions from 417 episodes (eight patches). Four-subunit theory superimposed (11) with T = 462 
ms. (B) Cumulative probability versus waiting times with predictions from the four-subunit model (11). 
Same observations and theory as in (A). Inset: expanded data and the same theory. (C) Cumulative 
probability for the C -» S waiting time for different models as indicated by numbers associated with 
expanded graph in inset (11). (D) Four-subunit model and alternatives. We calculated the sum of the 
squared deviations between predicted and observed mean waiting times such that the sum of waiting 
times adds up to the observed 943 ms (ordinate); the numbers on the abscissa indicate the various 
models (11). 

(10). According to.this view, occupancy of 
two binding sites is necessary for channel 
opening, but each additional occupancy in­
creases mean single-channel current. If bind­
ing sites are identical and independent, then 
this theory makes specific predictions (10) 
about all of the waiting time distributions 
(illustrated in Fig. 2, A through C) with only 
a single free parameter T, the average time an 
antagonist remains on its binding site. As 
can be seen from the smooth curves in Fig. 2, 
A through C, the simple theory provides a 
satisfactory fit to the data (Kolmogorov-
Smirnov test, P > 0.2). We examined sim­
ilar alternative schemes, like three subunits 
or five subunits with two or three occupan­
cies required for a channel opening, and find 
that they do not fit the waiting time data 
satisfactorily (Fig. 2, C and D). 

Our model accurately predicts the rela­
tive mean dwell times in the various states 
with no parameters estimated from the data 
(10). The predicted ratio of the waiting 
times (C -> S)I(S -> M) is (1/4 + l/3)/(l/ 
2) = 7/6 = 1.17, and the observed ratio for 
eight patches is 1.15 ± 0.07. The predicted 
ratio for the (M —> L)/(S —> M) waiting 
times is 1/(1/2) = 2, and the observed ratio 
(same patches) is 2.06 ± 0.13. 

We conclude that the glutamate recep­
tor we studied is most likely a tetramer. This 
conclusion is not, perhaps, completely un­
expected for several reasons, despite the 
common assumption that the glutamate re­
ceptors are pentamers (2). First, biophysical 
and biochemical studies on the N-methyl-
D-aspartate (NMDA)-type glutamate re­
ceptor suggest four binding sites, although a 
pentameric structure has recently been pro­
posed by Premkumar and Auerbach (11). 
Second, using a biochemical approach, 
Mano and Teichberg (12) report a tet­
ramer ic structure for glutamate receptors. 
Finally, the glutamate receptor pore struc­
ture may be like that of the potassium chan­
nel, which is known to be tetrameric (I). 
Our data support a tetramer, but we cannot, 
of course, exclude more elaborate schemes 
with more than four subunits that interact 
in whatever complicated way necessary to 
look like four independent subunits. 

Perhaps the most interesting observation 
we made is that the average conductance of 
this channel, like that of the cyclic nucle-
otide-gated channel (13),..depends on the 
number of binding sites occupied by agonist 
molecules. Because agonist binding seems 
to be required for the channel-opening con­
formational change, our observation leads 
to a model in which a single subunit can 
open the receptor's pore a certain amount 
and conformational changes in multiple 
subunits can open it more. Chapman et al. 
proposed a similar picture for delayed recti­
fier channels drkl (14). In addition to the 
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differences in single-channel conductance 
based on the subunit colnvosition ( 1 5 ) ,  the 
notion that conductance levels represent 
the conformational state of GluRs helps to 
explain why so many conductance levels 
are seen in natural single-channel currents 
at synapses ( 1 6 ) .  
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Closing the Circadian Loop: CLOCK-Induced 
Transcription of its Own Inhibitors per and tirn 
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Joseph S. Takahashi, Steve A. Kay7 

The circadian oscillator generates a rhythmic output with a period of about 24 hours. 
Despite extensive studies in several model systems, the biochemical mode of action has 
not yet been demonstrated for any of its components. Here, the Drosophila CLOCK 
protein was shown to induce transcription of the circadian rhythm genes period and 
timeless. dCLOCK functioned as a heterodimer with a Drosophila homolog of BMALI. 
These proteins acted through an E-box sequence in the period promoter. The timeless 
promoter contains an 18-base pair element encompassing an E-box, which was suf- 
ficient to confer dCLOCK responsiveness to a reporter gene. PERIOD and TIMELESS 
proteins blocked dCLOCK's ability to transactivate their promoters via the E-box. Thus, 
dCLOCK drives expression of period and timeless, which in turn inhibit dCLOCK's 
activity and close the circadian loop. 

I n  animals, plants, or prokaryotes, activi- 
ties such as loco~notion or photosynthesis 
do not occur with equal probability 
throughout the 24-hour day but are orga- 
nized by an endogenous circadian oscillator. 
The oscillator allows the oroanisin to antic- 

'7 

ipate daily environinental fluctuations rath- 
er than merely respond to them. In Drosoph- 
ila, two essential oscillator components, pe- 
riod (per) and timeless (tirn), have rnRNA 
transcript levels that cycle with a circadian 
rhythm ( 1  ). Mouse holnologs of per are also 

regulated in a circadian fashion (1 ) .  Thus, 
the core mechanisln of the circadian oscil- 
lator is likely to be conserved between Dro- 
sophiln and mammals. 

In Drosophiln, the per and tirn mRNA 
oscillations are controlled in large part by 
transcriptional regulation ( 2 )  and some 
posttranscriptional processes (3) .  Point mu- 
tations in the coding region can change the 
length of the cycle or abolish it ( I ) ,  indi- 
cating that PER and TIM proteins control 
their own oscillations. Overexpression of a 
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