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Small nuclear ribonucleoprotein (snRNP) particles are essential for pre-messenger RNA 
splicing. In human HeLa cells, 40 proteins associated with snRNPs have been identified. 
Yet, the function of many of these proteins remains unknown. Here, the immunoaffinity 
purification of the spliceosomal snRNPs U1, U2, U4/U6.U5, and several nucleolar snRNP 
species from the yeast Saocharomyces cerevisiae is presented. The U1 and U4/U6.U5 
snRNPs were purified extensively and their protein composition and ultrastructure ana- 
lyzed. The yeast U1 snRNP is larger and contains three times more specific proteins than 
its human counterpart. In contrast, the size, protein composition, and morphology of the 
yeast and the human U4/U6.U5 snRNPs are significantly similar. The preparative isolation 
of yeast snRNPs will allow the cloning as well as genetic and phylogenetic analysis of 
snRNP proteins which will accelerate our understanding of their function. 

Four S~RNPS, UI, ~ 2 ,  U4/U6, and ~ 5 ,  are 
essential components of the spliceosome, the 
complex that catalyzes the splicing of pre- 
mRNA. The snRNPs have at least three 
important functions: (i) recognition of splic- 
ing sites and branchpoint sequences, (ii) fold- 
ing of pre-mRNA into a reactive structure and 
alignment of splice sites, and (iii) possibly 
direct contribution to catalysis [reviewed in 
(1-3)]. In addition to snRNPs, several non- 
snRNP splicing factors have been identified 
that in conjunction with snRNPs are essential 
for these processes (1 -3). Studies in yeast and 
HeLa have demonstrated that the small nu- 
clear ribonucleic acid (snRNA) moieties of 
the snRNPs form the core structure of the 
spliceosome by means of a network of RNA- 
RNA interactions between the snRNAs 
themselves and snRNAs and the pre-mRNA. 
These RNA-RNA contacts in the spliceo- 
some are lughly dynamic and are formed and 
broken during the functional cycle of the 
spliceosome (assembly, splicing, and disas- 
sembly) (1 -3). 

In comparison, much less is known 
about the function of the snRNP proteins. 
It is clear from yeast genetics, as well as 
from biochemical studies in the HeLa in 
vitro splicing system, that these proteins 
play an important role in splicing (1-3). 
One possible function of snRNP proteins 
may be the stabilization or disruption of the 
base-pairing interactions described above. 
The snRNPs from HeLa cells have been 
isolated and characterized thoroughly and 
contain about 40 proteins. Eight of these 
proteins are shared by all snRNPs (common 
proteins), whereas the others are particle- 
specific proteins (4). 

A disadvantage of the HeLa system for 
functional studies of spliceosomal proteins 
is that genetic analysis is not feasible. In 
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yeast, on the other hand, genetic screening 
studies have thus far identified only a few 
snRNP proteins, most of them essential for 
splicing (2). The only common snRNP 
protein that has been cloned in yeast, the 
homolog of the human Dl, was isolated 
fortuitously as a neighbor of the PRP38 
gene (5). 

A biochemical method that allowed the 
isolation of yeast snRNPs in preparative 
amounts, and therefore the cloning and 
subsequent genetic analysis of the snRNP 
proteins, would accelerate our understand- 
ing of the function and structure of snRNP 
particles. We used irnrnunoaflinity chroma- 
tography with antibodies to the 5' m3G cap 
(anti-m3G) of snRNPs to isolate snRNPs 
from yeast S. cereuisiae whole cell extracts 
(6). This procedure involves binding snRNP 
particles to immobilized anti-m3G and then 
subsequent desorption, under native condi- 
tions, with an excess of m7G nucleoside 
(anti-m3G cross-reacts with the m7G nucle- 
oside), essentially as described for the puri- 
fication of snRNPs from HeLa cells (6). 

The RNA composition of the m7G elu- 
ate from such an anti-m3G affinity column 
loaded with snRNPs at 200 mM KC1 is 
shown (Fig. 1A). Several RNA species 
with lengths between 100 and about 1700 
nucleotides can be distinguished. These 
RNA molecules bind almost quantitatively 
to the column by their m3G cap, whereas 
they are barely detectable in the column 
flow-through. Ribosomal RNAs, which do 
not possess an m3G cap, are found in the 
flow-through and are rarely observed in the 
m7G eluate (7). Northern (mA) blot 
analysis of the m7G eluate revealed the 
presence of U1, U2, U4, U5 long (L), U5 
short (S), and U6 spliceosomal snRNAs 
and a large amount of U3 small nucleolar 
RNA (snoRNA) (Fig. 1B) (8, 9). It is 
likely that all or most of the other bands 
present in the m7G eluate represent m3G- 
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capped nucleolar snRNAs required for pre- 
ribosomal processing. For example, the 
RNA species that runs between U3 and 
U5L may be snR10, whereas the ladder of 
RNAs that run between U5L and U5S may 
be snEU, 4, 5, 8, and 9 [reviewed in (9)j. 

We examined the S. cerevisiue proteins 
associated with the RNAs found in the 
m7G eluate (10). The protein components 
of purified yeast snRNPs were analyzed by 
SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) and compared with those of 
purified snRNPs from HeLa cells. Roughly 
50 to 60 individual proteins with molecular 
masses ranging from 10 kD to more than 
200 kD could be clearly distinguished (Fig. 
1C). Compared with HeLa spliceosomal 
snRNPs (Fig. lC), the larger number of 
yeast proteins may be the result of the 
isolation of both spliceosomal and nucleolar 
snRNPs. 

With an additional purification step 
(glycerol gradient fractionation) we ob- 
tained individual snRNPs in almost pure 
form. The RNA analysis of total snRNPs 
obtained from the 200 rnM salt m7G eluate 
of the immunoaffinity column, subsequently 
fractionated on a glycerol gradient at 200 
mM KCI, is shown in Fig. 2A, upper panel. 
Under these conditions, the U1 snRNP was 
the fastest sedimenting snRNP particle and 
had a Svedberg value of about 18. The 
identity of the U1 RNA was confirmed by 
Northern blot analysis (7, 8). Fraction 16 
contained almost pure U1 snRNP (Fig. 2A). 

Figure 2B (upper panel) shows an RNA 
analysis of snRNPs obtained from the 100 
mM salt m7G eluate of the immunoaffinity 
column that were subsequently fractionated 
on a glycerol gradient at 200 mM KCI. 
Under these conditions, far less U1 snRNP 
appeared in the eluate. The bulk of the U1 
snRNP appeared to be lost in the flow- 

Fig. 1. Affinity pu- A B c 
rification of m3G- " 1 2 
capped snRNPs -205 
from whole cell ex- ' yU2 " -1 16/97 
tracts cerevisiae. Of yeast (A) SII- s. !: :;; 1 ,.: -66 

ver staining of 
snRNAs eluted . -45 
from the anti-m3G 
affinity column was 
as described (8). 1 8 - ' 
The five spliceose ,: - yu4 + 
ma1 yeast (y) RNAs 
U1 toU6andthe , -22 
snoRNA U3 are la- , a Y I J ~  'm -. 
beled on the right. 
(B) Northern blot -1 4 

analysis of the same eluate (8). " 

Exposure was for 40 min at 
-80°C. (C) Total spliceosornal proteins from 
Hela (lane 2) and yeast (lane 1) m7G eluate of the 
m3G aff intly column were stained with Coomassie 
blue. Molecular sizes are in kilodaltons. 
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Flg. 2. Separation of affinity-purified yeast U1 and 
U4N6.U5 snRNPs by glycerol gradients. Affinrty- t 
purified snRNP fractions were eluted at (A) 200 or 
(B) 100 mM KCI. Protein (70 or 100 kg, respec- 
tively) was layered onto a linear 10 to 30% glyc- 
erol gradient in buffer containing 20 mM Hepes-KOH (pH 7.9), 200 mM KCI, 1.5 mM MgCI,, 0.5 mM DTT, 
pepstatin (4 ~glml) ,  and RNAsin (1 0 Ulml). The gradient was centrifuged in a Beckman SW40 rotor at 29 
krpm for 24 hours. Fractions (500 PI) were collected from the top, and PCA extracted for analysis of RNA 
(upper panels) and proteins (lower panels) (8, 10). (A) (Upper panel) Ethidium bromide staining of 
RNAs. The five spliceosomal yeast (y) RNAs U1 to U6 and the snoRNA U3 are labeled on the right. The 
RNA species running just above U1 RNA may be snR3O snoRNA (9). The RNA species running just 
a w e  U3 snoRNA may be a previously isolated RNA called 18b (22). The RNA species running 
between U3 and U5 long (L) may be snR10 snoRNA (9). (Lower panel) Coomassie blue staining of 
proteins. M, molecular size markers in kilodaltons and H, total HeLa spliceosomal snRNP proteins. The 
main HeLa proteins are labeled on the left. B, B', Dl .  D2, D3, E. F, and G are the common core proteins. 
Arrows (-) indicate candidates for yeast U1 snRNP common core proteins; molecular sizes are 10. 1 1 , 
11.5, 12, 15, and 17 kD, respectively. Open arrowheads @) indicate candidates for snoRNP proteins. 
Large arrowheads (b) indicate candidates for yeast U1 snRNP-specific proteins; molecular sizes are 
32.36,54, 57,60.69, and 77 kD, respectively. The 34-kD protein running between the 32- and the 36kD 
proteins is a candidate for the yeast 70K protein SNPl (17). Small arrowheads (P) indicate candidates 
for additional yeast U1-specific proteins; molecular sizes are 27.5 and 38 kD. The 38-kD protein is a 
candidate for the yeast A protein (18). (6) (Upper panel) Silver staining of RNAs. The five spliceosomal 
yeast (y) RNAs U1 to U6 and the snoRNA U3 are labeled on the right. M, marker consisting of the RNAs 
from total snRNPs before fractionation in the gradient. (Lower panel) Coomassie blue staining of proteins. 
M, molecular size markers. H, total HeLa U4N6.U5 tri-snRNP proteins. The main HeLa U4N6.U5 
proteins are labeled on the left. Arrows (-) indicate candidates for yeast U4/U6.U5 common core 
proteins; molecular sizes are 10, l l .  11.5,12,15, and 17 kD, respectively. Open arrowheads (D) indicate 
candidates for snoRNP proteins. Dots (m) indicate candidates for yeast U4/U6.U5 snRNP-specific 
proteins; molecular sizes are 51, 52, 56, 62. 97, and 280 kD. respectively. 

through during column loading at 100 mM 
salt, probably because the U1 snRNP inter- 
acts with other spliceosomal components 
under these conditions, which makes the 
m3G cap of U1 unavailable for anti-m3G. 
We obtained a 25s fraction substantially 
enriched in U4RJ6.U5 tri-snRNP complex 
(fraction 19), as determined by RNA gel 
analysis (Fig. 2B), using 100 m M  salt dur- 
ing a h i t y  chromatography. Again, the 
identity of RNAs was verified by Northern 
blot analysis (7). It was interesting that the 
U4RJ6.U5 tri-snRNP could be isolated in 
the absence of adenosine triphosphate 
(ATP), because earlier studies had shown 
that the depletion of ATP from yeast ex- 
tracts inhibited the formation of the U41 
U6.W complex (I I). Other studies have 
shown that U4RJ6 and U5 snRNPs associ- 
ate in the splicing extract and that U5 
dissociates from the U4N6 snRNPs on 
addition of ATP (1 2). 

The protein composition of fractions 
from the two glycerol gradients is shown in 
Fig. 2, A and B (lower panels). We have 
detected at least six candidates for common 
proteins, which by definition must be pre- 
sent both in the U1 snRNP and the U41 
U6.W tri-snRNPs. Depending on the iso- 
lation conditions, we often detected double 
bands for some of the common proteins, 
suggesting that the number of these pro- 
teins may be higher. The yeast common 
proteins are barely visible after staining 
with Coomassie blue, but they are seen 
clearly in silver-stained gels (7). 

The similarity between the molecular 
masses of yeast and HeLa common proteins, 
in particular in the 20- and 10-kD regions, 
makes it likely that the yeast homologs of 
the HeLa E, F, and G proteins have similar 
sizes. Our observations that ahity-purified 
antiserum to human F protein (anti-F) 
strongly cross-reacts with a yeast protein of 
similar molecular mass as the human F 
protein are consistent with this proposal 
(7). Additional proteins of low molecular 
mass that do not cosediment with the U1 
and the U4/U6.U5 snRNPs but that do 
with the U3 and the other snoRNPs can be 
seen interspersed between these putative 
yeast common proteins (Fig. 2, A and B). 
Therefore, it is likely that they are of 
nucleolar origin. 

The lower panel of Fig. 2A also shows 
the candidates for U1-specific proteins. We 
observed about seven proteins that clearly 
cosediment with the yeast U1 snRNA (Fig. 
2A, lower panel, fraction 16). These seven 
U1-specific proteins have molecular masses 
ranging from 32 to 77 kD. Moreover, at 
least two additional proteins cosediment 
with the U1 snRNA in fraction 16. These 
proteins, although less abundant, may also 
be U1-specific proteins (Fig. 2A). 

In contrast, the U4N6.W complex re- 
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vealed a protein pattern that was similar to, 
or possibly less complex than, that of the 
human tri-snRNP (Fig. 2B, lower panel). 
When compared with the U1 snRNP, the 
amount of the U4/U6.U5 snRNP obtained 
is low and the preparation relatively less 
pure. Therefore, the exact number of pro- 
teins cannot be determined. With further 
improvements in the purification and en- 
richment scheme, it should be possible to 
isolate additional proteins. The U4/U6.U5 
tri-snRNP RNAs peak in fraction 19 (Fig. 
2B, upper panel). About six proteins cosed- 
iment with these RNAs (Fig. 2B, lower 
panel). These proteins have molecular 
masses ranging from 5 1 to 280 kD. Some of 
these proteins may be the yeast PRP tri- 
snRNP proteins isolated earlier (2). On the 
basis of Western blot analysis [below and 
(i')], there is evidence suggesting that the 
280-kD protein is PRP8, the 97-kD protein 
PRP6, and the 52-kD protein PRP4 (I I ,  
13, 14). 

We tested whether proteins associated 
with the yeast U4N6.W tri-snRNP or 
with the U3 snoRNP cofractionated with 
the isolated snRNPs in the gradient. Prob- 
ing Western blots of glycerol gradient frac- 
tions with antibodies to PRP4 (anti-PRP4) 
and PRP6 (anti-PRP6) and antisera to hu- 
man . fibrillarin (anti-fibrillarin) (Fig. 3) 
confirmed the presence of all of these mark- 
er proteins at the expected position in the 

gradient. Proteins PRP4 and PRP6 sedi- 
mented in the 25s position together with 
the U4N6.W tri-snRNP. Some PRP4 and 
PRP6 protein also sedimented at the top of 
the gradient, presumably as a result of the 
presence of uncomplexed protein or of pro- 
tein associated solely with the U4N6 
snRNP. The yeast fibrillarin NOPl protein 
is known to be part of the U3 and many 
other snoRNPs (9, 15). The anti-fibrillarin 
showed that the yeast equivalent is indeed 
sedimenting together with the U3 snoRNP 
at a sedimentation value of 10 to 12s. 
Thus, PRP4 and PRP6 cosediment with the 
U4/U6.U5 tri-snRNP, and NOPl with the 
U3 snoRNP or with the other snoRNPs 
after gradient sedimentation. 

In summary, like their human counter- 
parts, the yeast U1 and U4/U6.U5 snRNPs 
appear to be composed of two classes of 
proteins: common and specific proteins. At 
this stage of purification, the yeast U4/ 
U6.W snRNP has a protein composition 
probably of similar complexity as the hu- 
man tri-snRNP. In contrast, the yeast U1 
snRNP seems to have a more complex 
biochemical composition than its human 
counterpart, with seven to nine candidate 
specific proteins. 

The purity of U1 and the substantial 
enrichment of the U4/U6.U5 tri-snRNP 
preparations allowed us to investigate their 
structures by electron microscopy and to 

NOPl b 

Flg. 3. PRP4 and PRPG cosediment with the yeast U4/U6.U5 snRNP on glycerol gradients, and the 
yeast fibrillarin homolog (NOPI) cosediments with the yeast U3 snoRNP. The snRNPs were eluted 
from the m,G affinity column at 100 mM KCI. Gradients were performed at 200 mM KC1 as described 
in the legend to Fig. 2 except that the run was for 18 hours at 29 krpm. Proteins from the gradient 
fractions were blotted on nitrocellulose as described (21). Each lane was cut in three strips, and 
each strip was probed with anti-PRP4, anti-PRP6, or anti-fibrillarin, respectively. PRP4 has a 
molecular mass of 52 kD, PRP6 of 104 kD, and NOP1 of 38 kD (13-15). The silver-stained RNA gel 
from the same gradient fractions showed that the U3 and other snoRNAs sediment in fractions 7 to 
9, and the U4, U6, and U 5  snRNAs peak in fractions 15 to 17 (7). Molecular sizes are indicated to 
the left in kilodaltons. 

compare their morphology with that of 
their human homologs. We investigated in 
detail not only the complexity of the yeast 
U1 snRNP but also the structure and shape 
of the yeast U4/U6.U5 tri-snRNP. 

Typical images of negatively stained 
yeast U4/U6.U5 snRNPs are shown (Fig. 
4A). They show an elongated body, up to 
30 nm long, with one pointed end and a 
broader, head-like structure. In addition, 
there is a protuberance pointing to the 
upper left in most of the images. The 
images in the last row show additional 
globular structures instead of the protuber- 
ance. The general appearance of the yeast 
U4/U6.U5 snRNP is very similar to the 
HeLa counterpart which is shown for com- 
parison. Similar structural details are recog- 
nizable: the main body with pointed and 
broad ends and the protuberance or the glob- 
ular structures. However, the clefi between 
body and protuberance in the HeLa species in 
most images is less pronounced than in the 
yeast U4/U6.U5 snRNP. Often the cleft is 
not visible at all. The body of the HeLa 
U4N6.W snRNP is also slightly shorter, 
giving the particle a length of up to 25 nrn. 

In contrast to the U4/U6.U5 snRNP, 
the U1 snRNP differs pronouncedly in 

Fig. 4. Images of negatively stained U1 and 
U4/U6.U5 snRNPs. Typical images of yeast U1 
and U4/U6.U5 snRNPs are show" on the right 
panel. For comparison, images of their human 
counterparts are shown on the left panel. (A) 
U4/U6.U5 snRNP. (B) U1 snRNP. Scale bar, 20 
nm. Negative staining with 2.5% uranyl formate 
was carried out by the double-carbon film 
method as described (16). The preparations 
were examined under a Zeiss EM 109 electron 
microscope with an acceleration voltage of 80 
kV. Electron micrographs were taken at 
~85,000 and x 140,000. 

SCIENCE VOL. 264 8 APRIL 1994 



structure and size between the two species. 
Yeast U1 snRNP has an elongated structure 
of about 20 nm in length and 8 to 10 nm 
wide (Fig. 4B). The structure can be divided 
into a more globular domain and a bent, 
elongated domain. In most images this do- 
main leaves the body with a bend to the 
right side, more rarely to the left. HeLa U1 
snRNP in comparison is much smaller, con- 
sisting of a main body of about 8 nm in 
diameter with two small protuberances (1 6). 
By specific depletion and labeling experi- 
ments it has been shown that the U1-specific 
proteins 70K and A, respectively, are con- 
tained in the two protuberances (16). Yeast 
proteins potentially homologous to these 
have recently been identified, so that these 
proteins may also be present in the yeast U1 
snRNP (Fig. 2A) (1 7, 18). It is not clear 
whether these proteins create protuberances 
similar to those seen in the HeLa U1 sn- 
RNPs, as fine structures similar to the HeLa 
protuberances could be recognized in only a 
few of the yeast U1 snRNP images. 

The composition of the yeast U1 snRNP 
is complex when compared with the human 
U1 snRNP, which contains only three spe- 
cific proteins (4). Both the biochemical 
compositions and the shapes of the yeast and 
the human U1 snRNP show significant dif- 
ferences, which could reflect functional dif- 
ferences. In both systems, the U1 snRNP is 
important for early assembly events. In 
yeast, the selection of splice sites is rather 
simple compared with the human system. 
There are no examples of alternatively 
spliced mRNAs in yeast, in which most of 
the interrupted genes contain a single, con- 
stitutively spliced intron. As a consequence, 
the very early steps of splice-site recognition 
in yeast could be organized in a more rigid 
manner because discrimination between sev- 
eral candidate sites is not necessary. The 
yeast 18s U1 snRNP that we have isolated 
could thus represent a preassembled complex 
required for commitment of pre-mRNA to 
splicing (19). By contrast, in mammals a 
multitude of patterns of alternative splicing 
have been reported (20). The U1 snRNP 
has to adapt to each of these patterns by 
assembling into a specific commitment com- 
plex each time. Therefore, in the mamma- 
lian system the initial steps of splice-site 
recognition must be regulated with more 
versatility than it1 yeast. 

In contrast, the yeast U4/U6.U5 snRNP 
shows a structural similarity to its human 
counterpart. Electron microscopy showed 
that the general architecture as well as 
structural details appear to be conserved 
between the yeast and the human U4/ 
U 6 . U  snRNPs. This large amount of 
structural similarity is consistent with the 
evolutionary conservation of the splicing 
mechanism between species. In yeast, as in 
mammals, the tri-snRNP U4/U6.U5 enters 

the spliceosome late, after the binding of 
U1 and U2 snRNPs to pre-mRNA (1, 2). 
The U6 snRNA is critical during the splic- 
ing process and believed to be part of the 
catalytic center of the spliceosome (2). 
Therefore, it is possible that the structure of 
the human and the yeast U4/U6.U5 
snRNPs is conserved because the steps of 
spliceosome assembly in which they partic- 
ipate are also highly conserved, requiring 
not only sequence but also structural con- 
servation. This hypothesis would be 
strengthened if it could be shown that the 
splicing activity of a U4/U6.U5-depleted 
HeLa extract is restored by the addition of 
purified yeast tri-snRNP and vice versa. 

Pure U2 snRNPs could not be obtained 
at this stage because this particle comigrates 
with other snRNPs, in particular with the 
nucleolar snRNPs (Fig. 2A). Additional pu- 
rification steps, such as oligonucleotide af- 
finity chromatography, will be required to 
puri$ U2 and the nucleolar snRNPs further. 

The isolation of yeast snRNPs under 
native conditions presented here promises 
to be an important step in the characteriza- 
tion of the yeast snRNP proteins by 
straightforward biochemical methods. Be- 
cause large amounts of snRNP proteins can 
now be isolated, microsequencing should 
allow their genes to be cloned. The high 
evolutionary conservation of the splicing 
mechanism between yeast and human will 
then allow the ex~loitation of both veast 
genetics and biochemistry. Exchanging 
comuonents or ~rote in  domains will accel- 
erate the identification of homologous, 
functionallv im~ortant  domains of some , 

snRNP proteins; thus, yeast may be used as 
a biological trap to capture conserved com- 

of the human splicing apparatus. 
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Mutational Isolation of a Sieve for Editing 
in a Transfer RNA Synthetase 

Eric Schmidt and Paul Schimmel 

to be most related to that of methionine 
tRNA synthetase (I 1). On the basis of the 
close evolutionary relation between these 
enzvmes. a model for the active site region 
of 11e~s'has been developed (24-27). ?he 
nucleotide bindine fold of alternating B - - .  

Editing reactions are essential for the high fidelity of information transfer in processes such strands and a helices that characterizes the 
as replication, RNA splicing, and protein synthesis. The accuracy of interpretation of the class I tRNA synthetases incorporates one 
genetic code is enhanced by the editing reactions of aminoacyl transfer RNA (tRNA) (the 11-amino acid signature sequence) of 
synthetases, whereby amino acids are prevented from being attached to the wrong tRNAs. the two class-defining sequence motifs into a 
Amino acid discrimination is achieved through sieves that may overlap with or coincide with loop between the first strand (PA) and helix 
the amino acid binding site. With the class I 'Escherichia coli isoleucine tRNA synthetase, (a,), and this segment in turn forms part of 
which activates isoleucine and occasionally misactivates valine, as an example, a rationally the ATP interaction site (2 1). Mutational 
chosen mutant enzyme was constructed that lacks entirely its normally strong ability to analysis of E. coli methionine tRNA synthe- 
distinguish valine from isoleucine by the initial amino acid recognition sieve. The misac- tase shows that this region also contributes 
tivated valine, however, is still eliminated by hydrolytic editing reactions. These data to amino acid bi~lding (25). We confirmed 
suggest that there is a distinct sieve for editing that is functionally independent of the amino the significance of this part of the structure 
acid binding site. for interaction with the aminoacyl moiety by 

determining that it can be cross-linked to 
the isoleucyl group of bound N-bromoacetyl 
isoleucyl-tRNAUe (28). Within the 20 ami- 

Editing reactions in information transfer difficulty has been the lack of crystal struc- no acids that form PA and the following 
have long been recognized (1-5), and those tures for free amino acid or aminoacyl- loop, position 56 is the only one at which 
associated with tRNA synthetases were tRNA complexed with the cognate en- IleRS and ValRS have a different and yet 
among the first to be investigated (3, 6-8). zyme. Because both the first sieve and the strictly conserved amino acid (Gly56 and 
The aminoacylation reaction occurs in two pre- and posttransfer editing of the second Pro, respectively) (26). With this in mind, 
steps: (i) an amino acid activation reaction 'sieve show strong amino acid discrimina- we introduced substitutions at position 56 to 
in which an amino acid is condensed with tion, the structural basis for both sieves, see whether these substitutions affected iso- 
adenosine triphosphate (ATP) to form an although unknown, has been assumed to be leucine versus valine discrimination and the 
aminoacyl adenylate and (ii) the transfer connected in some way with an amino acid editing reactions. 
reaction in which the aminoacyl moiety is binding site (15). A Gly56 to Ala substitution (G56A) 
transferred from the adenylate to the tRNA Although not determined, the three- (29) completely eliminated the discrimina- 
substrate cognate to the amino acid (9). dimensional structure of IleRS is believed tion between isoleucine and valine in the 
The overall accuracy of aminoacylation de- 
pends on the specificity of amino acid acti- , 

vation (first sieve) and on pre- and post- 
. 

transfer editing events (second sieve), Wild-type lleRS 
which correct for occasional errors of amino 
acid activation (3, 6, 10). Escherichia coli 
isoleucine tRNA synthetase (IleRS) is a g 
939-amino acid monomeric class I tRNA 
synthetase (1 1) that misactivates the close- g 

P ly related valine at a relative frequency of 200 - 
about 0.5% (12). When presented with .C 
tRNA1le, the enzyme-bound misactivated 2 

C valyl-adenosine monophosphate (Val- 
AMP) is hydrolyzed either directly or by 
transient formation of Val-tRNA1le fol- 
lowed by rapid deacylation of the mis- 
charged species (13-1 7). These pre- and 
posttransfer editing events are manifested 
by a tRNA1le-dependent hydrolysis of ATP 
in the presence of valine (1 7). 

In spite of considerable progress on the t I t I 1 . I  

elucidation of structures of class I and class 0.00 0.01 0.02 0.03 0.04 o 1 2 3 4 

I1 tRNA synthetases (1 8-23), the structural [Enzyme][amino acid] (pM2) 

basis for editing has been One Fig. 1. Amino acid activation activities for wild-type (A) and G56A (B) IleRS. The inset of (A) gives 
an expanded scale to show detection of amino acid activation with valine, Initial rates of 

Department of ,=iology, ~ ~ ~ ~ ~ ~ h ~ ~ ~ t t ~  Institute of pyrophosphate incorporation into ATP are plotted versus the product of the enzyme and amino acid 
Technology, Cambridge, MA 021 39, USA. concentrations. The slope of the graph is equal to the second-order rate constant k,,,/K,. 
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