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Capturing the Structure of a Catalytic RNA 
Intermediate: The Hammerhead Ribozyme 

rect observation of structural changes that 
occur during an enzyme-catalyzed reaction 
with an unmodified substrate, provided that 
a homogeneous chemical population, accu- 

William G. Scott*, James B. Murray, John R. P. Arnold, mulated throughout the crystal, can be ei- 
Barry L. Stoddard, Aaron Klug ther visualized rapidly or trapped. Interme- 

diate trapping, combined with convention- 
The crystal structure of an unmodified hammerhead RNA in the absence of divalent metal al x-ray data collection, is made possible by 
ions has been solved, and it was shown that this ribozyme can cleave itself in the crystal arresting the enzymatic reaction chemically 
when divalent metal ions are added. This biologically active RNA fold is the same as that or physically ( 6 ) ,  for example by adjusting a 
found previously for two modified hammerhead ribozymes. Addition of divalent cations controlling variable such as the pH, by 
at low pH makes it possible to capture the uncleaved RNA in metal-bound form. A flash-freezing the crystal, or a combination 
conformational intermediate, having an additional Mg(ll) bound to the cleavage-site of both. 
phosphate, was captured by freeze-trapping the RNA at an active pH prior to cleavage. To obviate the concerns raised about the 
The most significant conformational changes were limited to the active site of the RNA enzyme-inhibitor structures, we have 
ribozyme, and the changed conformation requires only small additional movements to obtained the x-ray crystallographic struc- 
reach a proposed transition-state. ture of an unmodified hammerhead ri- 

boz~me-substrate complex, which cleaves in 
the crystal on introduction of divalent met- 
al ions (Fig. 2). We then used differing pH 

After  the discovery that RNA can act as of the two modified RNA structures, there and freeze-trapping conditions to obtain 
an enzyme ( I  ), the first three-dimensional remained concern that the RNA fold of a time-resolved crystal structures of two states 
structures of an RNA enzyme, the hammer- catalytically active hammerhead ribozyme of the uncleaved hammerhead RNA. The 
head ribozyme, were elucidated (2, 3). The might be different, and the question of how first state was isolated with a combination 
hammerhead ribozyme is a small self-cleav- an unmodified hammerhead RNA might of pH inactivation (cleavage is attenuated 
ing RNA derived from a conserved motif bind divalent metal ions and catalyze cleav- at pH 5) and flash-freezing, allowing visu- 
found in several satellite virus RNAs that age was still unanswered (5). alization of metal-binding to the ground- 
replicate by a rolling circle mechanism. The Time-resolved crystallography allows di- state structure in which no cleavage has 
hammerhead motif consists of three base- 
paired stems flanking a central core of 15 
conserved nucleotides (4, 5) (Fig. 1). The Fig. 1. The sequence of the ham- 1 

conserved central bases are essential for ri- muhead RNA used and a sche- 
bozyme as is the presence of a matic representation of its structure 

divalent cation. (3). This ribozyme construct em- 
ploys a 16-nt enzyme strand (red) 

Both of the ~ r e v i o u s l ~  crystallized ham- and a substrate strand 
merhead ribozymes contained modifications low). The letters outlined are abso- 
to prevent self-cleavage. The first of these lutely or highly in  all ham- 
contained an all-DNA substrate-analog mehead RNAS (4, 5). m e  arrow 
strand (2), and the second, although all denotes the seif-cleavage site, and 
RNA, had the active 2' hydroxyl at the the cleavage-site base (C17) is 
cleavage site replaced with an inert 2'- green. The helices are labeled stern 
methoxyl group (3). Despite the similarities 11 Stem 111 and stem 111. Watson-Crick 

and reversed-Hasteen bases are 
denoted with whce ovals. Single 

W. G. Scott and A. Klug, MRC Laboratory of Molecular hydrogen bonds between non- Biology, Hills Road, Cambridge CB2 2QH, England. 
J. B. Murray and J.R.P. Arnold, Department of Biology, Watson-Crick bases are  own as 
University of Leeds, Leeds LS2 9JT, England. white dotted lines. Single hydro- 
B. L. ~toddard, Fred Hutchinson cancer Research Cen- gen bonds between bases and I 

ter, 1124 Street, WA 98104, USA. backbone riboses are shown as pink dotted lines, and the two aromatic stabilization interactions 
*To whom correspondence should be addressed. between C17 and the uridine turn of the catalytic pocket are shown as green dotted lines. 
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taken olace. The second state, a conforma- 
tional intermediate that acculnulates before 
cleavage under active conditions in the 
crystal, was captured by freeze-trapping the 
R N A  4 min after Mg" was added at pH 8.5 
to induce cleavage. 

Hammerhead R N A  self-cleavage re- 
quires one or more catalytic divalent metal 
ions, one of which ionizes the 2'-hydroxyl 
at the cleavage site. The newly generated 
nucleophile attacks the adjacent phosphate 
by an in-line mechanism. The same metal 
ion, or perhaps another, stabilizes the pen- 
tacoordinated phosphate transition state by 
binding directly to the pro-R phosphate 
oxygen. The  reaction generates 5'-hydroxyl 
and 2',3'-cyclic phosphate termini at the 
cleavage site (7). 

In solution, the rate of hammerhead ri- 
bozyme cleavage increases with pH (8). The 
uncleaved, unmodified hammerhead R N A  
enzyme and substrate strands were prepared 
as reported (9), and crystallized in 1,8 M 
Li2S04, 1.25 mM EDTA, and 50 mM sodi- 
um cacodylate buffered at pH 6.0. The 
R N A  used for crystallization was complete- 
ly cleaved in solution in less than 5 min in 
the crystallization conditions augmented 
with MgZ+ ions. However, in the crystal, 
the hammerhead R N A  was not cleaved af- 
ter 30 min at pH 7.0 in the presence of 100 
mM MgS04, but does cleave (90 percent 
within 15 min) at  pH 8,5, (Fig. 2). Our data 
show that hammerhead R N A  can cleave 
itself in the crystalline state (although more 
slowly and under more basic conditions 

Table 1. Data collection statistics. Native unmodifed ribozyme crystals and Mn(I)-soaked ribozyme 
crystals at lower pH were analyzed at Brookhaven National Laboratory synchrotron beamine XI 2C with 
1.4 A x-rays and a 30-cm MAR imagng plate detector on crystals flash-frozen in the reservoir solution 
contalnng 20% glycerol as a cryoprotectant. Data on the crystals at higher pH with Mg(ll) soaked in were 
collected at Daresbury Laboratory synchrotron beamline PX7.2 with 1.488 x-rays under othelwise 
slmar conditions. (This experiment was repeated at XI 2C with Mn(I), confirming the results of the Mg(ll) 
experiments.) The crystals were flash-frozen in liquid propane cooled by liquid nitrogen, and then 
transferred to a 1 OOK cold stream (Oxford Cryosystems). The images were processed with DENZO and 
SCALEPACK (1 7) and standard crystallographic computations were performed within CCP4 (18). The 
space group was P3,21 

Fig. 2. A denaturing polyacrylam~de gel assay of ham- 
merhead RNA cleavage in the crystal. The 16-nt enzyme 
strand cleaves the 25-nt substrate strand to produce a 
20-nt strand and 5-nt strand as products. (The 5-nt 
strand does not stan appreclaby.) The first lane (a) is a 
control containing hammerhead ribozyme dissolved from 
a crystal of unceaved RNA.  The second lane (b) contans 
hammerhead RNAd~ssolved from a crystal soaked in 100 
mM MgSO, at pH 8.5 for 15 mln. The third lane (c) 

Item Natve pH 6.0 M n ( I )  pH 5.0 Mg(ll) pH 8.5 

a b c d  

25n + - - - 
20 + -I IrY - 
16n+ r)crr- 

Synchrotron :-ray source 
Wavelength (A) 
Resolution range (A) 
Unque reflections (N) 
Redundancy of data 
/u(l) 
Reciprocal space coverage (%) 
Resolution (N) 
Completeness (F > 2~)(?/6) 
RsCal, ( a  data) (%) 
Mosacity (") 
Cell (a.c) for P3,21 (A) 
lsomorphous differences ('36) 
Dvaent metal ions assigned 

contains hammerhead RNA dissolved from a crystal 
soaked in 100 mM MnSO, at pH 7 for 30 min. The fourth lane (d) shows 0.5 p1 of hammerhead RNA 
used for crystallization Incubated in 10 pI of 20% glycerol, 1.8 M Li,SO,, 25 mM MgSO,. and 50 mM 
cacodylate buffer, pH 7.0, for 5 min at 18"C, demonstrating that it has cleaved to completion under 
these conditions. 

R factor (F > 2u) (96) 
Rflze ( I  0016 of data) (%) 
Bond lengths (A) rmsd 
Bond angles (") rmsd 
Torsion angles (') rmsd 
Planar angles (") rmsd 

Data collect~on 
XI 2C" 

1.400 
43.0-3.0 

7003 
3.4 

15.9 
97.3 

85.4 
6.8 
0.5 

64.56, 136.29 
0 
U 

Refinement 
21.6 
26.5 
0.007 
1 . I  

13.0 
1.5 

'Brookhaven Natnna Labnratcrj NSLS tDafesburj Laboratow SLS 
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than required in solution), an indication 
that the R N A  fold found in the crystal 
structure is that of a biologically active 
hammerhead RNA. This conclusion is cor- 
roborated by earlier published studies ( l o ) ,  
Cleavage of the R N A  in solution is an 
entropy-driven process, due to cleavage 
product release (1 1).  Lattice contacts pre- 
vent product release in the crystal, slowing 
the cleavage rate, 

We solved the crystal structure of the 
uncleaved, unmodified hammerhead R N A  
by molecular replacement; and used the pre- 
viously solved (3)  2'-modified hammerhead 
R N A  structure as a probe. The two other 
crystal structures that we solved were ob- 
tained in the presence of divalent metal 
ions, one at pH 5 and the other at pH 8,5 
Each crystal was stabilized in a cryopro- 
tectant composed of 20% glycerol, 1.8 M 
Li2S04 buffered at the appropriate pH (ei- 
ther in the oresence or absence of divalent 
metal ions), and then flash-frozen in liquid 
propane and maintained at 100 K (Table 1).  

We used Mn(I1) to obtain the metal- 
bound structure cleavage-arrested at pH 5, 
allowing us to use its anomalous scattering 
properties to identify the divalent metal ion 
binding sites. Because M n S 0 4  slowly forms 
insoluble oxides at pH 8.5, we used 100 mM 
MgS04 for the cleavage experiments at 
higher pH, Although stable at lower pH, 
the hammerhead R N A  crystals deteriorate 
within 5 min at pH 8,5 in the presence of 
MgS04 as the R N A  is cleaved, We there- 
fore flash-froze the crystals for data collec- 
tion after 4 min of exposure to the pH 8.5 
cleavage solution. The  freeze-trapped inter- 
mediate experiment was repeated with 
Mn(I1) to confirm the assigned Mg(I1) sites. 

The  unmodified hammerhead R N A  
crystal structures thus solved, obtained in 
the absence of divalent metal ions at o H  6.0 
and in their presence at  pH 5.0, are similar 
to the modified hammerhead ribozvmes, 
The  freeze-trapped intermediate strubture, 
however, revealed a significant conforma- 
tional change. As with the modified ri- 
bozyme structures, the lower pH structures 
both reveal that the scissile phosphodiester 
bond and the adjacent ribose are still in 
approximate A-form helical conformation. 
As a result, these structures all place th: 
2'-nucleophile site approximately 3.5 A 
from the phosphate atom, but on  the wrong 
side of the group for an S,2 displacement to 
occur. Because the modified structures were 
not in a conformation that would support 
in-line strand cleavage (2 ,  3) ,  it had been 
proposed that the absence of an unmodified 
2'-hydroxyl at  the cleavage site in each case 
might have corrupted the structures, and 
that a significant conformational change 
must occur before or during cleavage (5). 
However, our unmodified R N A  crystal 



structures all have intact 2'-hvdroxvls at 
the cleavage site, and the relevant phos- 
phate backbone conformation remains un- 
changed when compared to the two modi- 
fied hammerhead RNA structures, demon- 
strating that this is in fact the natural con- 
formation of the catalytically active 
ground-state hammerhead RNA. 

In contrast, the freeze-trapped pH 8.5 
structure (Fig. 3A) reveals a significant 
conformational change in the region of the 
cleavage site, induced by the cleavage reac- 
tion conditions, whereas the rest of the 
molecule remains essentially unchanged. 
The conformational change is most pro- 
nounced in the substrate strand cleavage- 
site nucleotide (C17) phosphodiester back- 
bone and base, as well as in the backbone of 
the residue immediately 3' to the cleavage 
site (Al. l)  (Fig. 1). This results in a local- 
ized u~ward translation of the substrate 
strand relative to the catalytic pocket. (Fig. 
3B). The relevance of the location of this 
conformational change is immediately ap- 
parent, as it is the scissile phosphodiester 
bond, located between C17 and Al . l ,  
which moves the most (2.9 A). The aver- 
aged movement of the ribose and phosphate 
between C17 and Al . l  is 2.0 A, and of the 
ribose and phosphate 5' to C17 is 1.8 A. 
(The corresponding differences between 
the unmodified hammerhead RNA in the 
absence of metal ions and the 2'-methoxyl- 
substituted RNA determine4 from a differ- 
ent crystal form are 0.535 A for C17 and 
0.532 A for Al. l ;  Fig. 3B.) 

In addition to the backbone conforma- 
tional change in the substrate strand, the 

base and sugar of C17 move relative to the 
catalytic pocket residues. C17 is no longer 
within good hydrogen bonding distance of 
C3, moving from 3.2 to 3.65 A apart. In 
addition, the furanose oxygen (04,) of the 
ribose of C17 no longer interacts directlv 
with the base of A6 inYthe catalytic pocke;, 
but rather the nucleotide as a whole has 
pivoted outward such that a fairly good 
base-stacking interaction bitween C17 and 
A6 is achieved. In turn, G5 and A6 pivot 
slightly upward either to accommodate C17 
in this changed conformation or perhaps to 
induce it (Fig. 4A.) 

The freeze-trapped conformational in- 
termediate is stabilized primarily by a new 
hydrogen bond that forms between the 
furanose oxygen of C17 and the 2'-hydroxyl 
of U16.1 (Fig. 4A, white dotted line). In 
addition, the hydrogen bonding distance 
between the endocyclic nitrogen N3 of A6 
and the 2'-hydroxyl of U16.1 is now de- 
creased from 3.1 to 2.6 A. These hydrogen 
bonds perhaps compensate for the loss of 
the hydrogen bond between C17 and C3 
caused by the conformational change. Both 
hydrogen bond interactions are consistent 
with the observation that replacing U16.1 
with deoxythymine significantly reduces 
the activity of the hammerhead RNA (1 2). 
It is quite possible that this elimination of 
the potential for hydrogen bond formation 
between the 2'-hydroxyl of U16.1 and the 
furanose oxygen of C17 would destabilize 
the structure of the conformational inter- 
mediate, thus accounting for the observed 
diminished (22 times lower) activity in 
such a ribozyme. 

All of the Mn(I1) sites identified in the 
lower pH structure [several of which were 
observed previously (2, 3)] reappear as 
Mg(I1) sites in the freeze-trapped interme- 
diate structure (Fig. 3A). An additional 
Mg(I1) bound directly to the pro-R phos- 
phate oxygen adjacent to the scissile bond 
appears prominently in the crystal structure 
of the pH 8.5 intermediate (Fig. 4A, site 6). 
This Mg(I1) ion, when unconstrained du5- 
ing refinement, appears to be 2.2 to 2.4 A 
from the pro-R phosphate oxygen (the op- 
timal d i~tance~in a constrained refinement 
would be 2.1 A). This geometry is compat- 
ible with a metal ion bound directlv to the 
oxygen atom (as it is too close to be a water 
molecule). It fulfills the condition for being 
the Mg(I1) site previously inferred on the 
basis of biochemical evidence as critical to 
the catalytic activity of the hammerhead 
ribozyme (1 3), and its authenticity [as well 
as that of the other Mg(I1) sites] was sub- 
stantiated by repetition of this experiment 
with Mn(I1). The additional metal ion site 
(Figs. 3B and 4A, site 6), found only in the 
conformational intermediate structure. is 
more relevant to the cleavage mechanism 
than is the previously identified site 3 
Mg(I1). Its implications are discussed below. 

An  additional metal ion site appearing in 
both of the metal-bound structures near G5 
in the catalytic pocket (Figs. 3B and 4A, site 
4) is of interest because of the rigorous re- 
quirement for all the functional groups of 
G5; alteration of any of these affects ri- 
bozyme cleavage (5). In addition, G5 has 
been implicated in binding a uranium ion, as 
evidenced by uranium-induced cleavage at 

Fig. 3. (A) The structure of the Mg(ll)-soaked freeze-trapped conformational intermediate at 
higher pH, corresponding to Fig. 1 and showing five Mg(ll) sites as bluespheres. Sites 1 ,2 ,3,  and 
5 also appear in the Mn(ll)-soaked crystal structure at pH 5; these sites were verified with [Fob - 
F A ,  [F,, - F,,l and [FL, - F i J  anomalous difference Fouriers. (Site 5,  although occupied by 
Mn(ll), does not bind Mg(ll) appreciably.) Site 6 is occupied by a Mg(ll) bound directly to the pro-R 
oxygen at the cleavage site; the corresponding [F,, - FJ dierence Fourier map is shown in 

the close-up view of the catalytic pocket in Fig. 4A. Assignment of these peaks as Mg(ll) was corroborated by repetition of the experiment in the presence of 
Mn(ll). (6) Stereo diagram of the superposition of the freeze-trapped conformational intermediate, shown in red (with the Mg2+ bound to the pro-R phosphate 
oxygen adjacent to the scissile bond) on both the "ground-state" structure in the same crystal form (before metal ions are introduced) shown in blue, and the 
2'-0-methyl C17 modified hammerhead RNA, in a tiierent crystal form, shown in black. The average difference in backbone position between the blue and 
black structures, a result of the combined effects of differences in crystal packing, crystallization conditions, and coordinate error, is about 0.5 A. Therefore, 
the movement of the scissile bond in the freeze-trapped conformational intermediate is best characterized as a 2.9 2 0.5 A change in posttion. 
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that site (14). The role, if any, of metal ions 
bound to G5 is not, however, apparent from 
these structures. 

Our previous crystallographic analysis 
(3) and independent biochemical experi- 
ment (15) had each identified a metal lo- 
cated at site 3 in Fig. 3B as possibly relevant 
to the hammerhead RNA cleavage mecha- 
nism. We had originally suggested that the 
mode of binding observed for the metal at 
site 3 might have been perturbed by the 
presence of the 2'-0-methyl-C modification 
at the cleavage site, and that an unmodified, 
catalytically active RNA might bind that 
metal ion in a manner more obviously rele- 
vant to the catalytic cleavage mechanism 
(3). However, this does not appear to be the 
case, as the site 3 metal binds to the unal- 
tered RNA in the same way. Hence, this 
divalent metal ion must shift in position 
relative to the active site (or vice versa) to 
initiate cleavage (as we proposed previous- 
ly), or this divalent metal ion is simply 
playing an ancillary structural role rather 
than being directly involved in catalysis. 

It thus appears that an additional Mg(I1) 
ion, at site 6, binds to the pro-R phosphate 
oxygen at the cleavage site before the RNA 
in the crystal adopts a conformation compat- 
ible with in-line attack. Several possibilities 
thus emerge for the mechanism of cleavage. 

One possibility is that two Mg(I1) ions are 
required for initiating cleavage: one bound 
to the pro-R phosphate oxygen at site 6, and 
the other (possibly originating at site 3) in 
the form of a metal hydroxide that then 
attacks the cleavage-site 2'-hydroxyl on fur- 
ther RNA conformational change. Another 
possibility, which we favor in view of its 
simplicity and explanatory power, is that a 
single Mg(I1) binds to the pro-R phosphate 
oxygen at site 6, inducing the conformation- 
a1 change required for in-line attack at the 
cleavage-site 2'-hydroxyl moiety. In this 
case, the same metal that binds to the pro-R 
phosphate oxygen also provides the hydrox- 
ide that initiates the base-catalyzed step of 
the cleavage reaction. The phosphate oxy- 
gen-metal complex may alter favorably the 
effective pK, of the metal hydroxide, thus 
activating the cleavage reaction. 

At  least two types of conformational 
changes compatible with this one-metal 
mechanism are possible: (i) The cleavage- 
site base pivots, as observed, in the confor- 
mational intermediate, stacking on A6, and 
subsequently the Mg(I1) in complex with 
the pro-R phosphate oxygen at site 6 swings 
downward until a hydroxide bound to it can 
abstract the proton from the 2'-hydroxyl on 
the cleavage-site base. At  this point in the 
cleavage reaction, the active Mg(I1) can be 

Fig. 4. (A) The catalytic pocket of the freeze- 

map generated with thg refined structure of the 
RNA alone, shown in light blue. (The structure was verified with simulated annealing omit maps with C17 
and A l . l  omitted from the refinement.) The new hydrogen bond between the furanose oxygen of C17 
and the 2'-hydroxyl of U16.1 is indicated with a white dashed line. In addition, three difference Fourier 
peaks representing Mg(ll) sites are shown in pink, contoured at 3.0 o. Site 6 appears to be a Mg(ll) 
coordinated directly to the pro-R oxygen of the cleavage-site phosphate adjacent to the scissile bond. 
and is found only in the higher pH intermediate structure. Another peak (site 3) appears to be a fully 
hydrated Mg(ll) which makes through-water contacts to C3 and C17 as observed in our previous 
structure of the 2'-modified RNA (3). A peak similar to this one appears as Mn(ll) in the lower pH structure 
of the unmodified RNA, but does not appear in the structure where no divalent metal ions have been 
introduced. Site 4, the weak peak adjacent to G5, appears more strongly in the Mn(ll)-soaked crystals. 
(B) A proposed transition-state structure, postulated on the basis of the intermediate structure (Fig. 3A) 
as well as on Mg(1l) binding to the uridine turn of the tRNAPhe anticodon loop, as discussed (3), contains 
an Mg(ll) bound to the pro-R oxygen adjacent to the scissile bond at site 6. The base of C17 stacks on 
A6, as suggested by the freeze-trapped intermediate structure. The phosphate backbone between C17 
and A1 . l ,  with the Mg(ll) attached to the pro4 oxygen, moves from the position in the configurational 
intermediate (A) toward the 2'-hydroxyl of the ribose to accommodate a geometry compatible with 
in-line attack, This results in positioning the Mg(ll) in such a way that a through-water contact would be 
made to C3 of the catalytic pocket, as proposed previously (3), and an additional contact with the 
exocyclic oxygen of C17 would also be possible. 

positioned by its interaction with C3 of the 
catalytic pocket, as suggested previously (3) 
and as shown in Fig. 4B. (ii) The base and 
sugar of C17 can instead swing upward in a 
direction opposite to the motion observed 
in the conformational intermediate struc- 
ture until the 2'-hydroxyl on the cleavage- 
site base comes within reach of a hydroxide 
bound to an immobile metal ion. Although 
the latter possibility has the advantage that 
the Mg(I1) bound to the pro-R phosphate 
oxygen at site 6 remains immobile, it has 
the disadvantage that C17 would suffer an 
energetic penalty for becoming unstacked 
and for breaking one or more hydrogen 
bonds. 

Possibility (i), in which C17 remains 
stacked and hydrogen-bonded as observed 
in the freeze-trapped intermediate structure, 
has the merit of compatibility with the 
experimentally observed conformational 
change in the cleavage-activated interme- 
diate structure and does not require base 
unstacking or hydrogen bond breakage. Po- 
sitioning the metal ion-phosphate complex 
for in-line attack would require only adjust- 
ments of the backbone angles P, y, 6, and E 
of nucleotide Al . l  (at the cleavage site) 
(Fig. 4B); P, y, and 6, as well as the con- 
formation of C17, change minimally and in 
the same direction to form this transition- 
state geometry as they do to achieve the 
observed intermediate conformation rela- 
tive to the ground-state one. Whatever the 
details of the path to this transition state, 
the required atomic movements are small 
and localized; in particular, the Mg(I1) is 
required to move about 2 A. Moreover, the 
direction of movement of the phosphate 
backbone needed to arrive at the transition 
state would continue that used to produce 
the conformational intermediate. There- 
fore, we favor the mechanism in which the 
metal ion-phosphate complex rotates rela- 
tive to the rest of the RNA molecule to 
reach the proposed transition state (Fig. 
4R\. 

n - I  

It is possible that the freeze-trapped con- 
formational intermediate we have captured 
accumulates to near full occupancy in the 
crystal (thus allowing observation) due to 
constraints imposed by crystal packing, and 
would not accumulate appreciably as a tran- 
sient intermediate in solution. If this is the 
case, it may be fortuitous that lattice pack- 
ing has the effect of increasing the depth of 
the local potential energy minimum corre- 
sponding to the conformational intermedi- 
ate while preserving the overall shape of the 
potential energy surface of the reaction 
pathway. This local alteration would allow 
accumulation of an intermediate in a man- 
ner analogous to that deliberately used in a 
previous Laue time-resolved experiment. In 
that experiment (16), site-directed mu- 
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tagenesis was ~ ~ s e d  to create two "kinetic 
bottlenecks" in the reaction vathwav of 
isocitrate dehydrogenase, greatl; extenhing 
the lifetime of each of two transient inter- 
mediates, enahling their observation. In the 
present context, it is possible that the lat- 
tice contacts themselves have created such 
a kinetic bottleneck, enahling us to freeze- - 
trap a conforinational intermediate prior to 
RNA catalytic cleavage. Kinetic bottleneck 
mutants of the hammerhead RNA should 
allow capture of additional cleavage reac- 
tion intermediates. 
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Functional Analysis of the Genes of Yeast 
Chromosome V by Genetic Footprinting 

Victoria Smith, Karen N. Chou, Deval Lashkari, 
David Botstein, Patrick 0. Brown* 

Genetic footprinting was used to assess the phenotypic effects of Tyl transposon 
insertions in 268 predicted genes of chromosome V of Saccharomyces cerevisiae. When 
seven selection protocols were used, Tyl insertions in more than half the genes tested 
(1 57 of 268) were found to result in a detectable reduction in fitness. Results could not 
be obtained for fewer than 3 percent of the genes tested (7 of 268). Previously known 
mutant phenotypes were confirmed, and, for about 30 percent of the genes, new mutant 
phenotypes were identified. 

T h e  completion of the sequences of the 
genomes of several lnicroorganisms is a wa- 
tershed for the new science of genomics. 
The next important challenge is to deter- 
mine, in an efficient and reliable way, 
solnething about the f~inction of each gene 
in these genomes. The 12,057-kb nonre- 
petitive portion of the 5. cerevisiae ge- 
nome-the first completely sequenced eu- 
karyotic genome-contains 6000 to 6500 
predicted genes, of which fewer than half 
had previously heen known. A still smaller 
fraction of the genes of veast have heen 
characterized ex~er i~nen ta i l~  with respect 
to biological function; indeed, previous 
work suggested that disruption of yeast 
genes resulted in a readily discernible phe- 
notype only about 30% of the time ( 1 ) .  
Here, we describe the results of genetic 
footprinting (2 )  as applied to 268 predicted 
protein-coding genes on chromoso~ne V of 
5, cerevisiae (3). 

We subjected a large pop~llation of hap- 
loid yeast cells (-10" cells) to mutagenesis 
hy transiently inducing transposition of a 
marked Tyl transposable element. DNA 
was extracted from a portion of this culture 
(the "time-zero" DNA). Other representa- 
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tive samples of this population were suh- 
iected to one of several selections (Tahle 1). 
DNA was extracted from the cells recov- 
ered after each selection. The presence and 
relative abundance of cells carrying Tyl 
insertions within a gene of interest was 
assessed for each of these samples by means 
of a polymerase chain reaction (PCR) (2). 
In general, for each gene, we surveyed a 
minimum of 500 to 900 base pairs (hp) of 
coding sequence, along with 400 to 600 bp 
of upstream sequence. Smaller genes (<700 
hp) were analyzed in their entirety, along 
with several hundred base pairs of sequence 
flanking the start and stoo codons. A - 
growth disadvantage to cells carrying inser- 
tions in a gene, under a varticular selection, 
was reflected 6 y  the lossor depletion of the 
PCR products representing those insertions 
(the "genetic footprint") when DNA Sam- 
ples from the selected population were con- 
pared with the time-zero DNA samples. 
The method not only detects severe growth 
disadvantages, but also sensitively measures 
moderate reductions in fitness. 

For each predicted protein-coding se- 
quence on chroinosome V, a color was as- 
signed on the basis of whether a particular, 
selection protocol resulted in a perceptible 
depletion of the PCR products representing 
insertions in that coding sequence (Fig. 1). 
Overall, we were able to obtain satisfactory 
genetic footprinting data for 261 (97%) of 
the predicted protein-coding genes (4,  5). 
This total includes six putative genes con- 
tained in repeated telo~neric sequences 
(boxed in Fig. 1): cells with mutations in 
any of these six genes appeared wild type for 

SCIENCE I'OL. 274 ZL? DECEhlBER 1996 2069 




