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The translational regulator protein regA is encoded by the T4 bacteriophage and binds 
to a region of messenger RNA (mRNA) that includes the initiator codon. RegA is unusual 
in that it represses the translation of about 35 early T4 mRNAs but does not affect nearly 
200 other mRNAs. The crystal structure of regA was determined at 1.9 A resolution; the 

Sheet A contains three anti~arallel strands 
and one parallel strand and sheet B con- 
tains four antiparallel strands. In the crystal 
structure, two identical polypeptide chains 
are brought together to form a dimer (Fig. 
1)  with a noncrystallographic pseudo-two- 
fold axis. The dimer interface is stabilized 
by a symmetrical pair of intersubunit salt 
bridges between Arg" and Glu6' as well as 
by a symmetrical pair of intersubunit back- 
bone hvdroeen bonds between the carbonvl , - 
group of Thr" of one molecule and the 

protein was shown to have an a-helical core and two regions with antiparallel P sheets. amino group of the corresponding Thr92 of 
One of these p sheets has four antiparallel strands and has some sequence homology to the other molecule. These interactions sug- 
RNP-1 and RNP-2, which are believed to be RNA-binding motifs and are found in a gest the possibility that the molecule may 
number of known RNA-binding proteins. Structurally guided mutants may help to uncover exist as a dimer when it is biologically ac- 
the basis for this variety of RNA interaction. tive; in fact, the molecule exists as a dimer 

T h e  three-dimensional (3D) structures of 
many DNA-binding proteins have been 
solved, and the mechanism of sequence- 
specific DNA recognition is largely under- 
stood. In contrast, little is known about the 
recognition systems of proteins that bind to 
RNA in a sequence-specific manner. Most 
information concerning such interactions 
has come from crystal structures of the 
tRNA aminoacyl synthetases bound to 
their cognate tRNA molecules ( I ) .  Many 
proteins that bind to RNAs and influence 
mRNA splicing or translation have charac- 
teristic short amino acid sequences that are 
believed to participate in RNA recognition 
(2) .  These proteins are present in eubacte- 
ria and e~~karvotes, and thev usuallv bind to 
only one or a few target R N A ~ .  However, 
the bacteriophage T4 regA protein binds 
many early T4 lnRNAs and diminishes 
translation by blocking ribosome move- 
ment (3). Phage T4 encodes nearly 300 
proteins, and as many as 35 of the 200 early 
genes are regulated by the regA protein (3). 
In comparing binding sites of target 
mRNAs, it has not been possible to identify 
a consensus seuuence 13. 4). How does a 
protein with l i 2  amino acibs translation- 
ally repress some 35 different lnRNAs while 
ignoring the other lnRNAs that are found 
in an infected cell at the same time? Here, 
we present the 3D structure of the regA 
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protein and show that it shares some fea- 
tures with other proteins that are known to 
be important in binding to RNA. 

The expression, purification (5), crystal- 
lization, and structure determination of the 
regA protein are described in Tables 1 and 
4. The crystals diffracted to better than 1.9 
A resolution and belong to the orthorhom- 
bic space group P2,2,2, with two molecules 
in the asymmetric unit (Table 1). The cr 
carbon positions of the two molecules in 
the asymmetric unit are shown in Fig. 1. 
The molecule has three large @-helical seg- 
ments and one turn of a 3,, helix (Fig. 2). 
There are two regions with P pleated sheets: 

in dilute solution (6). Several RNA-bind- 
ing proteins are known to exist as dimers, 
including the viral MS2 coat protein (7). 

The main structural differences between 
the two regA molecules in the asymmetric 
unit are found near residues 95 to 100 (Fig. 
1) and at the COOH-terminal region (res- 
idues 119 to 122). The two COOH-termi- 
nal residues are disordered in one molecule. 
The root mean square (rms) deviation be- 
tween the positions ofdhe carbons of the 
two molecules is 1.2 A. When residues 95 
to 100 and 119 to 122 aredaken out, the 
rms deviation drops to 0.6 A. 

p sheet structures appear to be important 
components in RNA recognition. In the 
crystal structure of glutaminyl-tRNA com- 
plexed to its tRNA synthetase, a P pleated 

Fig. 1. Stereo diagram illustrating the pos~t~on of cu carbon atoms in the two regA molecules found in the 
asymmetric unit. The last two COOH-terminal residues in the upper molecule are disordered. The 
molecules are organized around a noncrystallographic pseudo-twofold axis perpendicular to the page. 
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Table 1. Crystallization data. The regA protein was purifled as described 
(5). Crystals were grown from a solutlon containing the protein (3 mg/ml), 
12.5% (w/v) polyethylene glycol (PEG; molecular weight 4000), 0.01 M 
MgCI,, 0.05 M tris buffer (pH 8.5), and 0.7 M NH,SO,. Droplets (10 kl) were 
equilibrated against a reservoir with twice the concentration of salts and 
PEG. Withln 5 to 6 days, orthorhombic crystals appeared (approx~mate 
dimensions 0.5 by 0.5 by I .Onmm). The space group was P2,2,?, with unit 
cell dimensions a = 83.56 A, b = 86.02 A, and c = 43.86 A. Crystals 

diffracted to somewhat better than 2 A resolution. Complete diffraction data 
to 2.5 A were collected with the Xuong-Hamiin area detector at the Unlver- 
sity of California at San Diego Research Center and with a Rigaku R-Axis I 
Imaging plate. Heavy atom derivatives yere obtained by soaking the crys- 
tals in stabiizlng solutions, and 3.5 A data sets were collected for all 
derivatives, together with anomalous data. Heavy atom sltes were deter- 
mined by difference Patterson maps and conflrmed by anomalous differ- 
ence Patterson maps. 

Soaking Heavy atom pos~tions 
Tem- 

Compound 
Concen- Time 

Occu- perature Site Resldue 

tration (days) 
x Y z pan'Y factor 

K,PtC16 10.0 mM 3 0.5937455 
0.2782735 
0.5542349 
0.796141 1 

p-Choromercuri- Saturated 2 0.591 5480 
phenylsulfon~c acid 0.2768740 

0.5577730 
0.22561 21 

2-Choromercuri- Saturated 2 0.5093997 
4-nitrophenol 0.278729 

0.58141 27 

sheet system functions as a sequence-specif- 
ic binding site for the anticodon ( I ) .  The 
small RNA binding domain of the ribo- 
nuclear protein U1A binds to a stem-loop 
structure of the U1 RNA, and the structure 
of the protein-RNA complex has recently 
been solved (8, 9). The protein-RNA co- 
crystal reveals the importance of the p 
sheet in RNA binding. The U1 RNA forms 
a stem-loop structure with the loop nucleo- 

tides splayed out from the center, where 
they interact with the central two strands 
(RNP-1 and RNP-2) of the four-stranded P 
sheet and the COOH-terminal region of 
the protein. The two sequence motifs, 
RNP-1 and RNP-2, have been found as 
components of a large number of known 
RNA-binding proteins (2).  We therefore 
focused our attention on the p sheet regions 
of the regA protein. 

An electron density map of a portion of 
p sheet B of regA is shown in Fig. 3. Side 
chains of this four-stranded P sheet and side 
chains of helices A and C form a hydropho- 
bic core. Two strands of the p sheet region 
have sequence similarities to RNP-1 and 
RNP-2, and the NH2-terminal component 
of the p sheet has some similarities to that 
of RNP-2. Starting with residue 4, the regA 
sequence is ITLKK ( 10, I I ) ;  the consensus 

Table 2. Structure determination data. The multiple isomorphous replace- 
ment (MIR) method was used in combination with anomalous data and sol- 
vent-flattening techniques. M R  refinement was carried out with the PROTEIN 
program package (15). Reflections with a lack-of-closure error exceeding 2.1 
times the rms value were rejected from the phase refinement. The mean figure 
of merlt for the final combined phases of 3491 reflecdions was 0.71. A noise 
filtering procedure was applied to improve the 3.5 A MIR phases (16). The 
resulting electron density map revealed several secondary structure elements, 
but the connection: between some of these were ambiguous. Phasing was 
thus extended to 3 A by Fourier back-transformat~on, which resolved some of 
the ambiguous reglons. A partial backbone model represented by a noncon- 
tlnuous polyalanlne chain wasfltted into the electron denslty map with the use 
of the program FRODO and the Evans & Sutherland 390 computer graphics 
system (1 7). Eventually most of the chain could be traced, except for ambi- 
guities in some of the loop regions and in the assignment of side chains near 
the COOH-terminus. The conventional R factor of this initial model was 
0.51 %. The model was reflned with the program X-PLOR (18). In the first 
several steps of positional refinement, only repulsive energy functions were 
activated. After regular nonbounded energy functions were used, the R factor 

fell to 35.9% for data between 10 and 2.7 A. Subsequent simulated annealing 
through molecular dynamics and slow cooling was carried out. The Rfactor of 
the model then dropped to 24.6%. Then, the phases calculated from the 
backbone structure of the reflned model that used the polyalanlne chain were 
combined with the initial M R  phases at 3 A. At this point, most of the larger 
side chains could be identified, which conflrmed the accuracy of the chain 
tracing. This result was further supported by the location pf the heavy atoms 
near Argg3, and Arg70. High-resolution data to 1.9 A were then colect- 
ed at Brookhaven National Laboratories (beamline XI 2C). After further refine- 
ment, the Rfactor at present is 18.0% for 18,037 reflecJions above the 2u level 
(based on the structure factor F) between 7 and 1.9 A resolution (data com- 
pleteness 1s 74%; R ,,,, is 4.5%, where R,,, = Z,Z, 1 I,,, - I, Ifi,,Z,l,,, and I ,  
is the mean intensity of the i observations of the unlque reflection h). The rms 
deviations from ideality are 0.015 A for bond lengths and 3.25" for bond 
angles. At the present stage of refinement, the average temperature factor B 
for nonhyd~ogen atoms (2030 atoms in 242 residues) is 15.06 A' (backbone) 
and 18.87 A' (side chains), and 74 water molecules are Included in the model. 
The coordinates have been deposited In the Brookhaven Data Base (acces- 
sion number 1 REG). 

Natlve p-Choromercuri- 2-Chloromercur~- 
Reso- 

K,PtCI, phenysulfonic acld 4-nitrophenol 
lution 
(4 Figure Reflec- Phasing Phasing Phaslng 

of merit tions power* Rc,II,,~ power R C ~ I I .  power R c u i s  

14.12 0.92 64 2.12 0.64 2.43 0.59 4.45 0.23 
9.23 0.87 173 2.56 0.37 3.20 0.31 3.69 0.27 
6.86 0.83 337 2.01 0.56 2.26 0.52 3.1 8 0.36 
5.45 0.69 534 1.98 0.48 1.97 0.53 1.87 0.50 
4.53 0.64 81 9 1.55 0.66 1.82 0.60 1.50 0.64 
3.87 0.68 1117 1.34 0.72 1.96 0.51 1.57 0.68 
3.50 0.70 1023 1.57 0.73 2.61 0.42 1.09 0.81 

'Phasing power = CfH21(C[FpHlobs, - FpH,,,,,I]2), where fH IS the atomc scatter~ng factor for the heavy atom and FpH(,b,l and Fp,(,,,,l are the observed and calculated structure factors 
for the heavy atom dervative. respectively. i R  ,,,, = CIFpHl obs, - F,, ,,,,,I 1 (for centrc reflections). 
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sequence for RNP-2 is IYIKG (2). There is 
reasonable agreement in the first four resi- 
dues of this comparison. The adjacent P 
strand peptide in regA has the sequence 
KGLYYIVH, starting with position 42; the 
consensus sequence for RNP-1, KGFG- 
FVXF, has several similarities. A difference 
is that the sequence similarity enters the 
loop region in the antiparallel P sheet in 

regA, whereas RNP-1 and RNP-2 are locat- 
ed closer to the center of the p sheet region 
in U1A (8). 

It is interesting to compare the RNA 
recognition chores of U1A and regA. U1A 
recognizes a stem-loop structure in the U1 
RNA in a sequence-specific manner; part of 
the RNA loop structure interacts with the 
U1A region containing the P sheet elements 

Fig. 2. Ribbon diagram showing the distribution of structural elements in T4 regA. The numbers refer to 
the amino acid positions. The asterisk on sheet element p7 indicates that it is part of the antiparallel p 
sheet found in the dimerization region of the molecule. The two major P sheet regions are labeled A and 
B. This figure was generated with the program Molscript (79). 

Fig. 3. tlectron density map of p sheet 6. A refined 2F,,, - F,,, electron density map is shown with a 
blue net, and the selected amino acids inside are shown in white. Three strands of the antiparallel p sheet 
are shown. The strand on the lower left comprises the NH,-terminal seven amino acids from Met1 to Lys7 
(MIEITLK) (7 1). The upper right contains two connected strands of the antiparallel p sheet extending from 
His37 to His" (HILNKKGLYYIVH). Selected residues are labeled. 

RNP-1 and RNP-2 (9). The regA molecule, 
on the other hand, recognizes many tran- 
scripts (3), as shown by nuclease protection 
experiments in which ribonuclease digestion 
of transcripts was inhibited where the pro- 
tein was bound to the RNA. The segments 
that were protected in different transcripts 
varied in length from 16 to 28 nucleotides 
(3); most of them included the AUG initi- 
ator codon and the nearby Shine-Dalgarno 
ribosome recognition sequence. A remark- 
able finding is the absence of sequence sim- 
ilarity among the group of transcripts that 
bind to regA. Although the regA protein has 
been found to bind poly(rU) more than 100 
times as tightly as any other ribonucleotide 
homopolymer (12), the abundance of uri- 
dines within all T4 translational initiation 
regions and in the entire genome suggests 
that recognition by regA of its targets must 
depend on factors other than simple mea- 
surement of uridines. It has been suggested 
that the regA protein may recognize second- 
ary structural elements as well as sequences 
(3). It is not apparent from viewing the 
sequences that bind to regA that they can 
adopt a common secondary structure. Thus, 
RNA recognition by the regA protein is 
much more complex than recognition by 
proteins such as U1A. Nonetheless, U1A 
and regA have some similarities. The second 
amino acid in the RNP-1 consensus se- 
quence is glycine; it is also found at the P 
sheet turn in U1A. Similarly, Gly43 in regA 
is located at a turn. U1A has two basic 
regions near the RNP-1 P sheet region, 
called "jaws" (8), that straddle the RNA 
duplex (9). RegA has two pairs of lysine 
residues (Lys4l and Ly~42; Lys7 and Lys8) that 
are in the same region as the U1A jaws. 

RB69 is a bacteriophage that is similar to 
T4 but is distinct in a number of details. The 
regA protein of RB69 has been isolated and 
its sequence determined ( 13). The sequence 
has 78% identity with T4 r e d .  The regions 
of difference are scattered throughout the 
molecule; most of them are in the periphery 
in unstructured loops on the edge of the 
molecule. However, the core of the T4 regA 
molecule is largely conserved (Fig. 1). A few 
differences occur near the P sheets, and some 
are incorporated into a helix B. 

A number of recent structure-function 
studies have focused on the regA protein. It 
has been proposed that the regions from 
Val15 to Ala25 and from Arg70 to Ser73 are 
particularly sensitive to mutations, both in 
T4 regA and in RB69 regA (12). In the 
crystal structure, residues 70 to 73 are part 
of the long a helix C. Arg71 is connected by 
salt bridges to Glu72 of the same helix C 
and also to Glu52 of helix B. The regions 
between Val15 and His25 have been pro- 
posed to form a potential helix-turn-helix 
motif, as has been found in various DNA- 
binding proteins (13). However, the crystal 
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structure shows that residues 15 to 20 are 
part of a helix A and that residues 23 to 25 
are involl~ed in P sheet A. In T4 regA, 
changing Ala2' to asparagi~le results in a 
significant alteration of the binding affinity 
( 12). The side chain of Ala" is located in a 
hydrophobic en\,ironment generated by the 
side chains of p sheet A and helix D (Val3', 
Ile"4, LeuIL4, and TrpL1'). Residue 25 is in 
the center of this p pleated sheet-forming 
region. It is likely that the integrity of this P 
sheet is lnailltai~led by the hydrophobic in- 
teractions involving the Ala" side chain. 
Mutating Ala2' to valine appears to have 
no effect on the binding ability; this finding 
reinforces the interpretation that this hy- 
drophobic binding domain is important for 
rnaintaillillg 3D structure. 

Photochemical cross-linking to radioac- 
tive nucleotides, in colnbinatioll with cy- 
anogell bromide cleal~age of the regA pro- 
tein, led to the suggestio~l that two re- 
gions-residues 31 to 41 and 96 to 122- 
may be i~lvolved in RNA binding (14). 
Residues 31 to 41 are part of the P sheet 
systern. In the COOH-terminal segment, 
resiiii~es 11 3 to 116 are involved in the 
same antiparallel P sheet system A that 
contains Ala" as well as residues 31 to 35. 
Thus, several types of experiments have 
suggested that P sheet system '4 may he 
illvolved in RNA recognition. The muta- 
tio~lal experiments ~nentiolled above sug- 
gest that sequences ill  the NH2-terminal 
region between ValLi and Ala2' are impor- 
tant for RNA binding (13). This region is 
found in a helix A, which serves to connect 
p sheet regions A and B. 

Understallding the manner in which 
regA binds RNA in a sequence-specific 
manner requires the determination of the 
structure of the protein co~nplexed to one of 
its RNA substrates. In view of the numerous 
and complex types of specific interactions 
exhibited by this protein, it is possible that 
the region involved in recogllitioll is not 
simple and may span a large portion of the 
molecule. For example, the :wo p sheet 
regions A and B that are 25 A apart could 
both be in\,ol\,ed in RNA interactions, as 
could the a-helical segment connecting 
them. Although the experiments described 
above suggest that one or more of these 
regions of the regA molecule constitute a 
possible site of RNA recognition, the inter- 
actions found between the U1A protein and 
the U l  RNA (9) emphasize the importance 
of the RNP-1 and RNP-2 motifs. Hence, 
mutatio~lal experiments with regA should 
be conducted in which, for example, the 
sequences of the central p sheets are lnaiie 
identical to the RNP-1 and RNP-2 consen- 
sus sequences. Because regA binds to various 
mRNAs with different affinities (3), chang- 
es induced in binding affinities may yield 
insight into the regA recogllitioll system. 
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Distinct Binding Specificities and Functions of 
Higher Eukaryotic Polypyrimidine Tract-Binding 

Proteins 
Ravinder Singh, Juan Valcarcel, Michael R. Green 

In higher eukaryotes, the polypyrimidine-tract (Py-tract) adjacent to the 3' splice site is 
recognized by several proteins, including the essential splicing factor U2AF65, the splicing 
regulator Sex-lethal (Sxl), and polypyrimidine tract-binding protein (PTB), whosefunction 
is unknown, Iterative in vitro genetic selection was used to show that these proteins have 
distinct sequence preferences. The uridine-rich degenerate sequences selected by 
U2AF65 are similar to those present in the diverse array of natural metazoan Py-tracts. In 
contrast, the Sxl-consensus is a highly specific sequence, which can help explain the 
ability of Sxl to regulate splicing of transformer pre-mRNA and autoregulate splicing of its 
own pre-mRNA. The PTB-consensus is not a typical Py-tract; it can be found in certain 
alternatively spliced pre-mRNAs that undergo negative regulation, Here it is shown that 
PTB can regulate alternative splicing by selectively repressing 3' splice sites that contain 
a PTB-binding site. 

Several eukaryotic RNA-binding proteins 
preferentially interact with uridine-rich se- 
quences and have thus been classified as 
Py-tract-binding proteins ( 1  ). H~unan 
U2AF"' is an essential splicing factor that 
recognizes a wide variety of Py-tracts (2). 
Drosophiia Sxl regulates 3 '  splice-site 
switching of t~ansformer (tra) pre-mRNA 
and exon skipping of its olvn pre-mRNA 
(3,  4). The U-oct;~mer (U,C) sequence 
cornlnoll to the non-sex-specific (NSS) Py- 
tract of tra and the male-specific Py-tract of 
Sxl pre-mRNA has been suggested to be the 
Sxl-binding site (4-6). PTB, also known as 
hnRNP I (i), was originally identified by its 

binding to the Py-tracts of adelloviral major 
late (Ad ML) and a-tropomyosi~l pre- 
mRNAs, and on this basis was proposed to 
be a splicing factor (8). 

To gain insight into RNA recognition 
and function of these proteins, we per- 
formed iterative i l ~  vitro genetic selection 
(9). The sequences of 20 to 30 comple- 
mentary DNA (cDNA) clones from each 
selected pool revealed that U2AF"', Sxl, 
and PTB had distinct RNA sequence pref- 
erences (Fig. 1,  A to C). The U2AF65- 
selected sequences were enriched in uri- 
dines that were frequently interrupted by 
two to three cvtidines [UUUUUU(U/C)- 

Howard Hughes Medical nst~tute. Program in Molecular 
CC(C/U)UUUUUUUCC]. The relative 

Medlclne, Unlverslty of Massachusetts Medical Center, distribution of nucleotides in the U2AF6'- 
Worcester. MA 01 605, USA. selected pool (11.5% A, 29.8% C, 7.3% 
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