
by standard phosphoram~d~te synthes~s start~ng 
from C7-amno-nk 500 A CPG (Glen Research) and 
seectve deprotecton of the R-N(H)-Fmoc by treat- 
ment w~ th  20% p~per~dine in DMF (v!v) at ambient 
temperature for 30 m n  The 5 ' -akyamno DNA was 
prepared from dT 2,000 A CPG (Glen Research). 
followed by standard phosphoraln~d~te synthes~s 
and functional~zat~on w~ th  a nonamethyene amno- 
a k y  nke r  [L. Wachter J A. Jablonsk~. K. L Ram- 
achandran Nucleic Acids Res 14, 7985 (1986)l. 
Act~vat~on of racemic lneta complex, coupng to 
DNA and HPLC pur~fcaton of the dastereomerc 
1-Rh and l -Rh  conugates was identca for 3 ' -  and 
5- funct~ona~zed ol~gonucleot~des [see (14)]. 

16. After 6 hours of rradiaton at 400 nm. 5% repar ofthe 
thymne dmer was found In control samples ackng 
rhodium (light control) and represents the background 
repar by g h t  in our experments. 

17. To account for the repair effciency obsewed In Rh- 
modfled duplexes based on an ~ntermolecular reac- 
t~on,  the duplex d~merizat~on constant would be 
-1 Oa M-'. On the bass of the obseved concentra- 
tion dependewe In repar and the comparson w th  
the l iming results w~ th  noncovaenty bound rhodl- 
um. we estimate the duplex dmerizaton constant 
Instead to be 5 1  O3 M-I 

18. Photocleavage reactons at 313 nm, measured by 
phosphomagery sens~t~vely detect strand cleavage 
at several orders of magntude lower intens~ty than 
required to detect rhodum reacton near the teth- 
ered end of the duplex In Rh-modfled ogomers 
Photocleavage react~ons as a functonoi concentra- 
tlon of Rh-'nodifled duplexes also ~ndlcate that inter- 
duplex reacton is n e g g b e  at duplex concentra- 
tons of '25 p.M, 

19 Assumng a 3.4 A centrod-to-centrod dstance be- 
tween stacked base pairs, the separaton between 
the Intercalated p h  g a n d  of the rhodiumccomplex 
and the center of the thymne dmer is 19 A for both 
the 5 ' - R h a n d  3'-Rh-tethered assemblies when the 
complex IS Intercalated between the thrd and fourth 
base pair from the end of the duplex. On the bass of 
the photoceavage pattern (Fg. 2) the closest d s -  
tance between ntercaator and thymne dmer along 
the h e c a  axs appears to be 16 A for both assem- 
bles with ntercaation In the fourth base step. 

20. For both d~astereomers d~rect photocleavage ex- 
perments (313 nm) show the metal complex to be 
fully bound by intercaaton at these concentratons. 

21. J K. Balton Sclence 233, 727 (1 986). 
22. Nuclear magnetc resonance studes have suggest- 

ed somewhat greater pelturbatons of the thymne 
dmer to t s  3 '  sde [J. Kemmnk et a/. Nuc/e~c Acids 
Pes. 15 4645 (1987). J.-S.Tayor D S. Garrett I .  R. 
Brock~e. D. L. Svoboda J Teser, Biochem~stri/ 29 
8858 (1 990)]. 

23. To evaluate the stack~ng nteractlon of tethered 
rhodurn Into the DNA duplex, we measured the 
steady-state umnescence quenchng of a s toch -  
ometrlc amount of rac-Ru(phen),dppz2- (phen. 
1 , lo-phenanthrone' dppz. dipyrdo[3,2-a.2'.3'- 
clphenazne) noncovalently bound to the duplex by 
ntercalaton of the dppz g a n d  for the ndiv~dual 
assembles The amount of quenchng provdes a 
measure of the effcency of electron transfer from 
electron~cally exc~ted ruthenum to ground-state 
rhodium through the DNA h e x  and can be as- 
sumed. vv~thn an n d v d u a  DNA sequence to re- 
flect the ab i t y  of rhodum to intercalate into the 
duplex (12). For the 3'-Rh-tethered 16-bp duplex 
(Table 1 top), lum~nescence quenchng was 49% 
and 39% for A-Rh and .\-Rh respectvey versus 
lum~nescence of rac-Ru(phen),dppzn tntercaat- 
ed Into the unmod~f~ed duplex (w~thout thymne 
dmer). For the correspondng 5'-tethered rhodum 
duplex, lum~nescence quenchng was 58O0 and 
52"" for 1 -Rh  and .I-Rh. respectvey. The hgher 
repalr y~elds therefore correlate w ~ t h  h~gher 
quenchng of ruthenurn ~ ~ m n e s c e n c e  

24. An analogous sens~t~v~ty In long-range ox~dation of 
guanne doublets to ntervenng bulges In DNA has 
been obsetved n our laboratory (D. H a  and J. K. 
Barton, unpubshed resultsl. 

25. M. A Rosen, L. Shapro. D. J. Patel. Bbchen?istiy 
31 4015 (1992) M. W. Kank,  D G. Norman B. F. 

LI. P F. Swann, D. J. Patel. J. Blol. Chem. 265, 636 the 5'-termnus 
(1 990). 28. D. G Vassylyev eta/. Cell 83, 773 (1995). 

26. Drect photoceavage studies w ~ t h  Rh(ph1),DMB3+ 29 Supported by N H  grant GM49216, a postdoctoral 
on the duplex contanng a thymne dimer do not feowsh~p from the Cancer Research Fund of the 
suggest preferenta bndng  of the rhodum adjacent Damon Runyon-',Walter W n c h e  Foundaton (P.J.D.) 
to the dimer and an NSF predoctora feowsh~p (R.E.H.). We thank 

27. The T,, for unmoditied dmer-contanng duplexes N. J. Turro and E. D. A Stemp for helpful discussions. 
ncreased by 2°C In the presence of 1 equvaent of 
Rh(ph1),DMB3+ and by 5°C wlth A-Rh tethered to 24 July 1996, accepted 23 January 1997 

Requirement of the DEAD-Box Protein Dedl p 
for Messenger RNA Translation 

Ray-Yuan Chuang, Paul L. Weaver, Zheng Liu, 
Tien-Hsien Chang* 

The DED1 gene, which encodes a putative RNA helicase, has been implicated in nuclear 
pre-messenger RNA splicing in the yeast Saccharomyces cerevisiae. It is shown here by 
genetic and biochemical analysis that translation, rather than splicing, is severely im- 
paired in two newly isolated dedl  conditional mutants. Preliminary evidence suggests 
that the protein Dedl p may be required for the initiation step of translation, as is the 
distinct DEAD-box protein, eukaryotic initiation factor 4A (elF4A). The DEDl gene could 
be functionally replaced by a mouse homolog, PL10, which suggests that the function 
of Dedl p in translation is evolutionarily conserved. 

Eukaryotic transIatio~l illitiatioll requires 
Inany factors to  promote the  binding of the  
803 ribosorne to  the  initiation codon in  the  
rnRNA (1,  2).  Binding of the  43s  preini- 
tiation complex, which is derived frorn the  
40s  subunit of the  8 0 s  ribosome, to rnRNA 
is a rate-limiting step that requires three 
eukaryotic initiation factors: 4 A  (eIF4A), 
4B, and 4F (consisting of three subunits, 
eIF4A, eIF4E, and eIF4G). It has heen pro- 
posed (3)  that  eIF4B and eIF4F together 
fortn a n  RNA-helicase cotnplex that hinds 
to  the  5 '  cap of the  mRNA through eIF4E. 
This cornplex then unwinds duplex struc- 
tures in  the  5 '  untranslated region, thereby 
permitting the  43s  cornplex to scan the  
m R N A  until the  first A U G  codon is select- 
ed. eIF4A is thought to play a major role in  
this ~111wi11di11g process, because it call u11- 
wind short R N A  duplexes in  vitro in  con- 
junction wit11 eIF4B (4). eIF4A belongs to 
the  evolutionarily conser\~ed DEAD-box 
protein falllily (5), whose ~netnbers share 
nine highly conserved amino acid regions, 
illcluding the  distinct Asp-Glu-Ala-Asp 
(DEAD) sequence. Here, we report that  
tra11slation in yeast requires another 
DEAD-hox protein, Dedlp,  whose filnction 
appears to be conser\red in  evolution. 
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T h e  DEDl gene was originally identified 
as a n  essential open readiqg fratne adjacent 
to HIS3 (6) .  Ded lp  was hypothesized to 
f~unction in  nuclear pre-mRNA splici11g be- 
cause spp8l-l ,  a mutant allele of D E D l ,  
suppresses the  growth and splicing defects 
caused hy the  prp8-l tnutation (7). More 
recently, it was reported that overexpres- 
sion of DEDl can suppress the  growth de- 
fect of an  R N A  ~olvmerase  111 (Pol 111) 

k ,  

mutant, which suggests that Ded lp  call also 
influence Pol I11 transcription, although it 
may not normally participate in  this process 
(8). T o  investigate the  f~u11ction of Dedlp,  
we isolated two dedl cold-sensitive mutants 
(9). T h e  dedl-120 and dedl-199 alleles yield 
mutant for~lls of Ded lp  with predicted ami- 
n o  acid substitutio11s of G1yl"' + A T  and 
Gly"' 4 Asp (dedl-120) and G1y3" 4 

Asp (dedi-199). A t  25°C both mutants 
grew s~rhsta11tially slower than did the  wild- 
type strain, and at 15°C they did not  grow. 

'We first examined the  dedl-120 and 
dedl-199 mutants for splici~lg defects by 
Northern ( R N A )  blotting. N o  splicing de- 
fects were detected in  either dedl mutant 
after shifting cultures to 15°C for 2 hours. u 

This observation was in  sharp contrast to  
the  aberrant rise in ACT1 pre-tnRNA lev- 
els alnd decline in  mature CRY1 m R N A  
levels in colntrol strains prp2 and p r p l l ,  
which harbor splicing mutations (10).  

Instead, we found that,  a t  l i ° C ,  the  
incorporation of [i5S]methionine into acid- 
precipitable peptides in each dedl mutant 
strain was -10% of that i~lcorporated in  
the  isooenic wild-tvpe strain. This inhibi- , 
tion of protein synthesis seemed to  be gen- 
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eral, because the production of most, if not 
all, of the polypeptides appeared to be 
equally reduced in the dedl mutants (Fig. 
1A). When the &dl-199 mutant strain was 
shifted to 15°C for 2 hours, there was a 
marked increase in the level of 80s ribo- 
somes and a decline in the level of polyri- 
bosomes (Fig. 1, B and C). The changes in 
the polyribosome profile were readily de- 
tected 5 rnin after temperature shift (Fig. 
ID), which suggested that Dedlp likely 
plays a direct role in translation initiation. 
Fractionation of the dedl mutant extracts in 
high-salt sucrose gradients resulted in a 
complete dissociation of the 80s ribosomes 
into 40s and 60s subunits, indicating that 
the accumulated 80s ribosomes were either 
pre-initiation complexes or 80s couples 
(10, 11). These phenotypes were not the 
result of mRNA export defects, because in 
situ mRNA localization assays (1 2) revealed 
no nuclear accumulation of polyadenylated 
[poly(A)+] RNAs in dedl mutants after tem- 
perature shift for up to 22 hours. Nor were 
these phenotypes caused by rapid degrada- 
tion of the poly(A)+ RNAs, because the 
steady-state levels of transcripts from ACTI, 
CYH2, CUPI, and CRY1 genes in dedl mu- 
tants were similar to those of the wild-type 
cells 4 hours after temperature shift (10). 

To test whether Dedlp is present in the 
cytoplasm, we constructed a yeast strain in 
which the wild-type DEDl gene was re- 
placed with a DEDI-Protein A gene fusion. 
The fusion protein was functional in vivo, 
because the growth rate and the polyribo- 
some profile of its host strain (DEDI-PA) 
were nearly indistinguishable from those of 
the wild-type strain. A DedlpProtein A 
fusion protein (Dedlp-PA) of the predicted 
size (92 kD) was detected by normal rabbit 
serum in extracts prepared from the DEDI- 
PA strains, but not from the wild-type strain 
(Fig. 2A). Indirect imrnunofluorescence mi- 
croscopy revealed that Dedlp-PA staining 
was restricted to the cytoplasm (Fig. 2, C 
and D). Control experiments with strains 
expressing only the wild-type Dedlp yield- 
ed no fluorescence signal, and an identical 
cytoplasmic staining pattern was observed 
in a strain expressing a hemagglutinin- 
tagged Dedlp (1 0). Although we cannot 
rule out the possibility that a minor fraction 
of Dedlp is present in the nucleus or that 
Dedlp shuttles between the cytoplasm and 
the nucleus, our results strongly suggest that 
Dedlp is predominantly cytoplasmic, con- 
sistent with its proposed role in translation. 

Independent mutations in the same bio- 
chemical pathway may act synergistically to 
yield a lethal phenotype (13). We tested 
the possibility that the &dl -1 20 and &dl - 
199 mutations are synthetically lethal to a 
temperature-sensitive mutation in TlFl 
(14), which encodes yeast eIF4A (15). 

Strains harboring the double mutations 
dedl tif 1, &dl prp28, dedl prtl , and &dl sisl 
were constructed and examined under 
growth conditions permissive to all the sin- 
gle mutants. Prp28p is a member of the 
DEAD-box protein family involved in pre- 
mRNA splicing (16), Prtlp is an eIF3 sub- 
unit (1 7), and Sislp is thought to mediate 
the dissociation of protein complexes in the 

Fig. 1. Defective protein 
synthesis in dedl -120 
and dedl- 199 mutants. 
(A) Protein synthesis as 
measured by r5S]rne- 
thionine incorporation. 
Lanes 1 and 4, wild-type 
strain; lanes 2 and 5, 
dedl- 120 strain; lanes 3 
and 6, dedl-199 strain. 
Three OD, units of 
cells were resuspended 
in 1 rnl of YPD (1 % yeast 
extract, 2% peptone, 
and 2% dextrose) and 
incubated at 3d" or D 
15°C. After 5 rnin, 20 
pCi of L-r5S]rnethionine 
(>I000 Ci/rnrnol, Du- 
Pont-NEN) was added 
and the cells were again 
incubated at 30' or 15% 
for 1 hour. The collected 
cells were broken by vor- 
texing with glass beads. 

translation machinery (11). Lethality re- 
sulted only when the dedl - 120 (1 0) or dedl - 
199 mutations were combined with the tifl 
mutation (Fig. 3). Thus, the synthetic le- 
thality was gene-specific and was not simply 
dependent on the presence of two mutant 
DEAD-box protein genes. Because DEDl 
and TIFl are both essential genes and the 
observed synthetic lethality is not allele- 

TOP Bottom TOP Bottom 

Proteins in the superna- 
tant were analvzed bv 

I I I U U  
0 rnin 5 min 10 min 15 min 

electrophoresis on an 8% SDS polyacrylarnide gel and autoradiography. (B and C) Polyribosorne 
~rofiles of the wild-tv~e (B) or dedl- 199 (C) strains after tern~erature shift to 15°C for 2 hours. (D) Similar 
io (C), except that $e cultures were shikd to 15°C for 0, 5, 10, and 15 rnin. Cells were initially 
to 0.5 to 0.8 OD, unit at 30°C and shifted to 15°C for the time indicated. Polyribosornes were analyzed 
on sucrose density gradients (7 to 47%) as in (26). 

kD 1 I 
1 2 3  

Fig. 2. Cytoplasmic localization of Dedl p-PA. .(A) lrnmunoblot analysis of crude extracts from the DED1- 
PA strain (lanes 1 and 2, two independent isolates) or from the wild-type strain (lane 3). lmrnunoblots were 
developed with normal rabbit serum at 1 : 2500 dilution and Protein G-horseradish peroxidase conjugate 
(Bio-Rad) at 1 :6000 dilution, followed by cherniluminescence detection (ECL system, Arnersharn) of 
Dedl p-PA. The DED1-PA recombinant clone was constructed by fusing in frame a 651 -bp polymerase 
chain reaction product containing the IgG-binding domain of Protein A to the Aat I I  site immediately 
upstream of the stop codon of the wild-type DEDl gene carried on pRS315. The Aat I I  site was engineered 
by site-specific rnutagenesis using an oligonucleotide primer (5'-TGTCTGAAATCAGACGTCCCACCAA- 
GAAGA-3'). This DED1-PA plasmid was introduced into a diploid strain [MATa/a dedl::TRPl/ 
ded1::TRPl ura3-52/ura3-52 lys2-801/lys2-801 ade2-101/ade2-101 trpl-Al/trpl-A1 his3-A200/his3- 
A200 leu2-Al/leu2-A7 pDEDl008 (DEDl/CEN/URA3)]. After 5-FOA counterselection (9) of pDED1008, 
the resulting diploid strain was used for irnmunoblot analysis and indirect imrnunofluorescence rnicrosco- 
py (27). (B to D) Indirect imrnunofluorescence microscopy of DED1-PA cells. Cells viewed by Norrnarski 
optics (B), cells stained first with purified normal rabbit IgG and then with Texas Red-conjugated goat 
antibody to rabbi IgG (C), and cells stained by DAPl (D) are shown. Scale bar, 10 prn. 
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specific, the simplest interpretation for 
these data is that Tiflp and Dedlp play two 
independent but nonetheless related roles 
in translation. The inability to suppress the 
growth defects of dedl mutants by overex- 
pression of TlFl (10) is consistent with this 
proposal. Our genetic analysis is further sup- 
ported by the finding that a dedl mutation 
is also synthetically lethal to cdc33-1, which 
encodes a mutant eIF4E (18). - . ,  

A yeast in vitro translation system (19) 
was used to test whether D e d l ~  is directlv 
involved in translation. Immunodepletion 
of Dedlp-PA by immunoglobulin G ( 1 s ) -  
Sepharose beads nearly completely abol- 

ished translation activity as measured by a 
luciferase assay (Fig. 4A). This effect was 
apparently caused by the depletion of 
>90% of Dedlp-PA in the extract as 
judged by immunoblot analysis (10). Iden- 
tical treatments of the wild-type extracts 
reduced the translation activity by only 
40%, presumably as a result of nonspecific 
interactions of IgG-Sepharose beads with 
cellular comDonents. Because the chemical 
half-lives of the luciferase transcripts in 
both cases were nearlv identical (10). the . ,, 

loss of the translation activity was unlikely 
to have been a result of the rapid degrada- 
tion of transcript upon Dedlp-PA deple- 

Fig. 3. Synthetic lethality of the dedl-199 
and tifl mutations. Single and double mu- 
tants were streaked out on a 5-FOA plate 
and incubated at 30°C for 4 days. Double 
mutants were constructed by first crossing 
a tifl temperature-sensitive strain (strain 
SS13-3A; MATa tifl ::HIS3 tif2::ADE2 his3 
ade2 leu2 trpl ura3 YCpLac33- tifl tS) to a 
DEDl wild-type strain [MATa ded1::TRPl 
ura3-52 lys2-801 ade2- 101 trpl -A1 his3- 
A200 leu2-A1 pDED1009 (DEDl/CEN/ 

tif 7 

dedl-199 
sis 1-85 

LEU2)I to obtain-a combination of appropriate genetic markers. The tights allele on YCpLac33 was 
transferred to pRS317 to allow 5-FOA counterselection of cells harboring a URA3 plasmid containing 
the DEDl gene (pDED1008). The tester strains at the end are MATa (or a) tifl::HIS3 tif2::ADE2 
ded1::TRPl his3 ade2 leu2 trpl ura3 192 pRS317-tifltS pDED1008. To rule out synthetic lethality 
caused by genetic background variations, we used at least three independent tester strain isolates. To 
test for synthetic lethality, we individually transformed DED1, dedl- 120, and dedl- 199 alleles carried on 
pRS315 into tester strains. The resulting transfonants were then streaked out on 5-FOA plates and 
incubated at 27' or 30°C for 4 days. The dedl prtl, dedl sisl, and dedl prp28 double mutants were 
constructed similarly, using strain F294 (MATa prtl-1 adel leu2-3,l 12 ura3-52), strain CY732 (1 1) 
[MATa sis 1 ::HIS3 ade2- 1 trpl - 1 leu2-3,112 his3- 1 1,15 ssdl -d2 can1 - 100 (sisl -85 on a CEN/LEU2 
plasmid)], and strain YTC95 (28) [MATa prp28::HIS3 ura3-52 192-801 ade2- 101 trpl -A 1 his3-A200 
leu2-A1 fprp28- 11 7 on a CEN/LEU2 plasmid)]. The prp28-117 mutant does not grow at 15°C. 

Fig. 4. Loss and restora- A B 
tion of Ded1~-de~en- 1 2 5  150-1 
dent translation act'ivity. 
(A) lmmunodepletion of 
Dedl p-PA results in loss 
of translation activity. 
Data are expressed as 
the percent of luciferase 
produced in extracts 
treated with IgG-Sepha- 
rose (solid bars) and strain strain GST-Dedlp or GST (ng) 
without treatment (open 
bars; 100% activity). Yeast extract (25 pl) was mixed with IgG-Sepharose [I 0 p1 (bed volume), Phar- 
macia] and incubated at 4°C for 30 min. After centrifugation, 10 pI of supernatant was used to assemble 
a 25-pl translation reaction in the presence of 100 ng of capped-luciferase transcript with poly(A) tail 
(19). Reactions were incubated at 20°C for 1 hour. Luciferase was quantitated by luminescence 
emission using a luciferase assay (Promega). Experiments were repeated at least three times. (B) 
Neutralization of Dedl p-PA results in loss of translation activity. Data are expressed as the percent of 
luciferase produced in the absence of normal rabbit IgG in the wild-type (0) and DED1-PA (A) extracts. 
After 10 pI of yeast extract was preincubated with increasing amounts of normal rabbit IgG at 4°C for 30 
min, translation was assayed as in (A). (C) Restoration of Dedlp-dependent translation activity by 
addition of GST-Dedlp. Data are expressed as activity increase relative to the translation activity of 
depleted extract upon addition of GST-Dedl p (open bars) or GST (solid bars). The DEDl coding region 
was fused in frame to the GST coding region on pGEX-2T (Pharmacia) and overexpressed in E. coli 
strain XLl -Blue (Stratagene). Affinity purification of GST-Dedl p and GST by glutathione agarose (Sigma) 
was done according to manufacturer's instructions (Pharmacia). After 10 pI of the depleted extract was 
preincubated with increasing amounts of purified GST-Dedl p or GST for 15 min at 20°C translation 
was assayed as in (A). 

tion. Addition of normal rabbit IgG to the 
Dedlp-PA extracts yielded a dose-depen- 
dent reduction of the translation activity 
but had no inhibitory effect on the wild- 
type extracts (Fig. 4B). To rule out nonspe- 
cific depletion, we used a glutathione-s- 
transferase (GST)-Dedlp fusion protein 
purified from Escherichia coli to reconstitute 
the translation activity. GST-Dedlp en- 
hanced the translation activity in a dose- 
dependent manner to more than eight 
times that of the depleted extracts, whereas 
purified GST had no stimulatory effect on 
the translation activity (Fig. 4C). 

Dedlp shares 53% amino acid sequence 
identity with the predicted gene product of a 
mouse transcript, PLIO, which is thought to 
be involved in spermatogenesis (20). We thus 
tested whether PLlO and DEDl are function- 
al homologs. When driven by the yeast glyc- 
eraldehyde-3-phosphate dehydrogenase pro- 
moter (PGPD) and carried on a yeast centro- 
mere plasmid, the PLlO cDNA rescued the 
lethality of cells with a chromosomal. dedl 
deletion (10). This functional complementa- 
tion was specific, because a PGp,,-PRP28 con- 
struct capable of complementing a lethal de- 
letion of the PRP28 gene failed to do so in the 
dedldeletion background (10). This observa- 
tion suggests that PLlO may play a role in 
translation in the mouse. 

It is unlikely that Dedlp plays a direct 
role in pre-mRNA splicing (Fig. 2C) (10) 
and Pol 111 transcription (8). We suggest 
that Dedlp may influence the production of 
factors involved in these two nuclear 
events, thereby mediating the genetic sup- 
pression indirectly. Although several novel 
factors, including a helicase-like protein, 
have been implicated in translation (21), 
subsequent biochemical analysis suggested 
otherwise (22). Our data thus provide evi- 
dence that at least two distinct DEAD-box 
proteins are indispensable for translation; 
such a situation is reminiscent of pre- 
mRNA splicing (23) and ribosomal biogen- 
esis (24), in which multiple DEAD-box 
proteins are required. Although it is clear 
that eIF4A and Dedlp are functionally dis- 
tinct, it remains possible that their func- 
tions partially overlap. Our results also raise 
the possibility that the involvement of 
PLlO during the meiotic and haploid stages 
of mouse spermatogenesis is mediated by its 
function in translation. Because multiple 
PLIO- and DED1-like genes are expressed 
in different mouse tissues (25), these genes 
are functionally important and have poten- 
tial roles in regulating gene expression by 
means of differential translation. 
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Structure of a Protein Photocycle Intermediate 
by Millisecond Time-Resolved Crystallography 
Ulrich K. Genick,*t Gloria E. 0. Borgstahl,*-l-i: Kingman Ng,+Q 

Zhong Re?,? Claude Pradervand, Patrick M. Burke,ll 
Vukica Srajer, Tsu-Yi Teng, Wilfried Schildkamp, 

Duncan E. McRee, Keith Moffat, Elizabeth D. Getzoff 

The blue-light photoreceptor photoactive yellow protein (PYP) undergoes a self-con- 
tained light cycle. The atomic structure of the bleached signaling intermediate in the light 
cycle of PYP was determined by millisecond time-resolved, multiwavelength Laue crys- 
tallography and simultaneous optical spectroscopy. Light-induced trans-to-cis isomer- 
ization of the 4-hydroxycinnamyl chromophore and coupled protein rearrangements 
produce a new set of active-site hydrogen bonds. An arginine gateway opens, allowing 
solvent exposure and protonation of the chromophore's phenolic oxygen. Resulting 
changes in shape, hydrogen bonding, and electrostatic potential at the protein surface 
form a likely basis for signal transduction. The structural results suggest a general 
framework for the interpretation of protein photocycles. 

Photoreceptors  link light to life. Yet, un- 
derstanding the  molecular mechanisms for 
light-induced signal transiluction has been 
limited by difficulties in  obtaining and 
stabilizing light-activated conforinations 
of suitable protein samples long enough 
for conl~ent ional  structural studies by nu-  
clear ~naene t i c  resonance or  x-ray diffrac- 
t ion. T h ~ s ,  three-dimensional skructures 
known for photoactive proteins ( 1 ,  2)  all 
describe vroteins in  their dark-state con- 
formations. Here we present the  structure 
of the  light-activated, long-lived interme- 
diate ( I z )  in  the  photocycle of PYP, as 
detertnined by time-resolved, inulti\\-ave- 
length Laue x-ray0diffraction a t  a spatial 
resolution of 1.9 A and a tiine resolution 
of 10  ms. This  structure is expected to  be 
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the  biologically itnportant signaling state. 
PYP is the  125-resiilue, 14-kD cytosolic 

pl~otoreceptor (3, 4 )  proposed to tnecliate 
negative phototaxis (5) in  the phototrophic 
bacterium Ectothiorhodospirn hulophilii. T h e  
photocycle kinetics in  PYP crystals (6 ,  7) 
reseinble those in  solution ( 4 ,  8). After 
photon absorption (wavelength of maxi- 
inuin absorbance X,,,,, -446 nm) ,  ground- 
state PYP (P)  converts rapidly (<<I0 ns) to 
a red-ihifted intermediate ( I , ) ,  then quickly 
(k = 1 x 10%-') to a bleached, blue-shifted 
intermediate ( I z )  Spontaneous return of I?  
to P by a relatively slow process (k = 2 to 3 
s ~ ' )  completes the photocycle. O n e  proton 
is taken up by PYP during formation of I?  
and released upon return to P (9). T h e  4-hy- 
droxycinnamyl chromophore (Fig. l A ) ,  co- 
valently attached to Cys" through a thio- 
ester linkage, is proposed to photoisomerize 
during the photocycle (10, 11). In the 
ground- or dark-state structure of PYP deter- 
mined at 1.4 A resolution (2),  the yellow, 
anionic chroinophore (10, 12) forms a hy- 
drogen bond with a buried glutainic acid 
within a hydrophobic core, protected from 
sol\~ent. 

T h e  short lifetitne of the 1: intermediate 
and the  need to siin~~ltaneously record op- 
tical data presented challenges beyond 
those encountereil in  previous Laue crystal- 
lographic studies (1 3). Specific features of 
our experimental systein and techniques 
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