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porphyrin superstructure have fundamentally dif- 
ferent consequences and can depend on the 
choice of oxidant and solvent used to generate 
the active metal-oxo species. Porphyrin oxidation, 
diagnosed by changes in the ultraviolet-visible 
spectrum, deactivates the catalyst. However, ox- 
idation of the porphyrin superstructure typically 
does not perturb this spectrum but may increase 
the rate of catalysis and seriously diminish the 
selectivity by opening up the steric environment. It 
is therefore critical to follow the spectroscopy and 
product distribution of the reactions as a function 
of time and catalyst turnover. Mass spectroscopy 
may be useful for characterizing metalloporphyrin 
catalysts that have had their superstructures only 
partially decomposed. For metallosalens, the fac- 
ile oxidizability of the imine is an inherent prob- 
lem that conceptually resembles the vulnerabil- 
ity of unsubstituted porphyrins to oxidation at the 
meso position. Metallosalen decomposition may 
be followed by ultraviolet-visible spectroscopy; 
fortunately, the decomposition products are cat- 
alytically incompetent and selectivity is not com- 
promised. 
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Isolation of New Ribozymes from 
a Large Pool of Random 

Sequences 

David P. Bartel and Jack W. Szostak 
An iterative in vitro selection procedure was used to isolate a new class of catalytic 
RNAs (ribozymes) from a large pool of random-sequence RNA molecules. These 
ribozymes ligate two RNA molecules that are aligned on a template by catalyzing the 
attack of a 3'-hydroxyl on an adjacent 5'-triphosphate-a reaction similar to that 
employed by the familiar protein enzymes that synthesize RNA. The corresponding 
uncatalyzed reaction also yields a 3',5'-phosphodiester bond. In vitro evolution of the 
population of new ribozymes led to improvement of the average ligation activity and 
the emergence of ribozymes with reaction rates 7 million times faster than the uncat- 
alyzed reaction rate. 

A current view of early evolution is that 
modern-day life descended from an "RNA 
world," an era (before proteins) in which 
all macromolecular catalysts were ribozymes 
(1). One of the most important enzymes of 
the RNA world would have been an RNA 
replicase, an RNA molecule capable of 
autocatalytic replication by virtue of its 
ability to fulfill two seemingly opposed 
functions at different times-either folding 
into an RNA polymerase that uses RNA as 
a template, or unfolding and acting as a 
The authors are with the Department of Molecular 
Biology, Massachusetts General Hospital, Boston, MA 
02114. 

template for another replicase molecule. 
Previous efforts to design RNA molecules 
with polymerase and replicase activities 
have focused on modifying known ri- 
bozymes derived from the group I self- 
splicing introns (2, 3). Although progress 
has been made on this front, the develop- 
ment of iterative in vitro selection tech- 
niques has led to the possibility of isolating 
such enzymes from completely random-se- 
quence RNA, without bias toward any 
known sequence or structure. This prospect 
is appealing in that some versions of the 
RNA world hypothesis suggest that the first 
enzyme in the origin of life was a replicase 

that arose from a prebiotic pool of random 
RNA or RNA-like sequences (1). 

Repeated cycles of in vitro selection and 
in vitro amplification have been widely 
used to isolate, from large pools of random 
or degenerate sequences, rare nucleic acid 
sequences with specified biochemical prop- 
erties (4). Such methods have been used to 
define protein binding sites on DNA and 
RNA molecules, to isolate RNAs and 
DNAs with specific binding sites for a 
variety of small molecule ligands, and to 
select for modified catalytic activities from 
existing ribozymes. We now show that in 
vitro selection and evolution techniques 
can be used to generate new classes of 
ribozymes that catalyze a reaction analogous 
to a single nucleotide addition during RNA 
polymerization. 

Our selection protocol was designed to 
effect the enrichment of catalytically active 
members of a pool of RNA molecules on 
the basis of their ability to ligate a substrate 
oligonucleotide to their own 5' end. The 
substrate sequence was then used as a tag to 
separate the rare ligated members of the 
pool from inactive molecules. We used a 
substrate oligonucleotide designed to an- 
neal with part of a template region within 
the 5' constant region of the pool RNA 
(Fig. 1A). The pool RNA began with a 
triphosphate, positioned next to the 3'- 
hydroxyl of the substrate oligonucleotide by 
base-pairing of the first few nucleotides of 
the pool RNA to the remainder of the 
template region, thus forming an interrupted 
stem loop. Ligation of the substrate oligonu- 
cleotide to the pool RNA was designed to be 
analogous to chain elongation by one nucle- 
otide during RNA polymerization: in both 
cases, the growing strand and the triphos- 

SCIENCE * VOL. 261 * 10 SEPTEMBER 1993 1411 

This content downloaded from 137.131.184.242 on Fri, 21 Nov 2014 14:25:57 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


phate-containing substrate base pair to a 
template, the 3'-hydroxyl of the growing 
strand attacks the or-phosphate of a 5'- 
triphosphate, and pyrophosphate is dis- 
placed with the concomitant formation of a 
3',5'-phosphodiester bond (Fig. 1). In its 
overall substrate configuration, the reaction 
resembles group I intron self-splicing because 
the substrates and the template are covalent- 
ly linked to the catalytic sequences. 

Pool construction and design. We 
sought to maximize the number and length 
of the sequences in the initial random- 
sequence pool in order to maximize the 
likelihood of finding a sequence with cata- 
lytic activity. A large random region pro- 
vides not only a linear advantage in finding 
a given sequence element but, more signif- 
icantly, a combinatorial advantage in find- 
ing sets of sequence segments that interact 
to form a given RNA structure (5). How- 
ever, the chemical synthesis of very long 
oligonucleotides is difficult, and both the 
yield and quality of the DNA decline sub- 
stantially with increasing length (6). 

This problem was avoided by linking 
smaller DNA pools to generate one larger 
pool that had 1.6 x 1015 different mole- 
cules, each with a central region containing 
220 random positions (Fig. 2). This pool 
was amplified by the polymerase chain re- 
action (PCR) and then transcribed in vitro 
to yield a pool of RNA sequences (pool 0 
RNA). The use of a such a large random 
region precludes the possibility of sampling 
more than a minute fraction of all possible 
(4220) sequences. Thus, for a selection 
based on catalysis to succeed, the catalyti- 
cally active RNAs must have structures that 
are simple enough to be constructed from 
relatively common sequences. Alternative- 
ly, if; a complex structure is required, there 
must be very many such distinct structures 
in order for one to be present by chance in 
the random-sequence pool. 

Selection for catalytic RNAs. Because 
sequence space can only be sparsely sam- 
pled, any catalyst present in the pool would 
probably only be a suboptimal example of 
its respective structural class. We therefore 
used incubation conditions during the ini- 
tial ligation reactions that were known to 
stabilize marginal RNA structures and re- 
store the activity of suboptimal ribozyme 
variants. However, incubation of the pool 
RNA under such conditions led to rapid 
and extensive aggregation; more than half 
of the pool RNA precipitated when incu- 
bated for 90 minutes at 37?C in high con- 
centrations of Mg2+ and monovalent ions 
(50 mM MgCl2, 500 mM KCl, 0.5 ,M 
RNA), and precipitation was even more 
rapid at higher temperatures. It appears that 
conditions that favor RNA intramolecular 
structure also stabilize intermolecular inter- 
actions; as molecules find regions of comple- 

mentarity with more than one other mole- 
cule, RNA networks form and eventually 
become too large to remain in solution (7). 

To minimize the problem of RNA aggre- 
gation, we immobilized the pool of RNA 
molecules on agarose beads before the ad- 
dition of Mg2" (Fig. 3). A biotinylated 
oligonucleotide was annealed to the 3' con- 
stant region of the pool RNA, and the 
mixture was then incubated with avidin- 
agarose beads. Once tethered to the aga- 
rose, the pool molecules could not diffuse 
atid form intermolecular interactions, and 
could therefore be safely incubated with the 
substrate oligonucleotide overnight in the 
presence of a high concentration of Mg2+. 

During this incubation, the temperature 
was cycled between 250 and 370C to en- 
courage individual RNA molecules to ex- 
plore alternate conformations, so that fewer 
potentially active molecules would be 
locked in unproductive metastable confor- 
mations. After this ligation incubation, the 
pool RNA was eluted from the agarose and 
subjected to a two-step procedure to enrich 
for sequences that had successfully ligated 
the substrate to their 5' terminus (Fig. 3) 
(3). First, an oligonucleotide affinity col- 
umn was used to selectively bind molecules 
containing the "tag" sequence of the sub- 
strate oligonucleotide. RNAs that bound to 
this column were eluted and reverse tran- 

A () Random B 
5' constant sequence 

PPRLi 
_ G 

region "s Pt 3' constant PPi 3 G t 
region u EPl 

5' {ta N- 220 3' 5 31 5 G 3 
Substrate oligo Pool RNA molecule 

ppp Po lG 

5 ''" ta N22 3' s~L3' 5' Gu 31 

Fig. 1. Schematic representation of three RNA ligation 
r p PPreactions. (A) Ligation reaction as selected for in these 

experiments. (B) Addition of one nucleotide during RNA 
polymerization (left) and reversal of the G-cleavage reac- 
tion of group I self-splicing ribozymes (right). The chem- 
istry and the junction structure of the reaction for which 

N220 catalysts were selected were designed to be equivalent 
5 t N220 3' to the chemistry and junction structure of the reaction 

catalyzed by modern-day RNA polymerases. The cova- 
lent linkage of the tag sequence to the random-sequence region of the pool molecules is analogous 
to the linkage of the 5' exon to a group I intron. 

Fig. 2. Pool construction. The DNA template for 

A2 N76 1the initial RNA pool (pool 0 RNA) was construct- 
PCR N72 ed by joining DNA fragments derived from two 

CPR shorter pools, pools N72 and N76 (28). The 
72B = 

4, IPCR N72 and N76 pools were digested with the 

+ ^ indicated enzymes that trim off much of the =I N76 I= defined sequence and leave non-palindromic 

Styl = 1N 5' extensions suitable for the directional ligation 
IBani of N72 fragments to both ends of the N76 

fragment. The ligation reaction yielded 540 ,g 
of full-length DNA, which corresponds to 1.6 x 

Ligate 1015 different 294-bp molecules. This ligated 

pT7 N76_N72_____ 
product (pool 0 DNA) has a central 232-bp 

N72 :IN76 N72 segment that contains 220 random positions 
punctuated by two 6-bp restriction sites. The 

PCR central segment is flanked by two constant 
4, fsegments; at one end a 42-bp segment con- 

14 copies tains the T7 promotor (PT7) and also codes for 
the 5' constant region that binds the substrate 

oligonucleotide and participates in the ligation reaction (Fig. 1), and at the other end a 20-bp 
segment codes for the 3' constant region (29). Large-scale PCR (400 ml, four cycles) was used to 
generate multiple copies of pool 0 DNA so that the pool can also be used for other selection 
experiments. Two equivalents of pool 0 DNA (2 x 540 ,g; 1.4 x 1015 different sequences 
represented at least once) were transcribed in vitro to generate the initial RNA pool (pool 0 RNA). 
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Fig. 3. Ligation and selection scheme for rounds Incubate with substrate oligo Pass pool through oligo affinity column 
1 to 4. RNA was immobilized on streptavidin- ( 
agarose beads by means of a biotinylated DNA N2/5 
oligonucleotide designed to anneal to the 3' Si 
constant region of the pool RNA (30). The un- / 
bound pool RNA was washed away, and the / Elute from affinity column, 
beads were equilibrated with ligation buffer with- Reverse transcribe 
out MgCl2 (30 mM tris, pH 7.4, 600 mM KCI, 1 PP Agarose 
mM EDTA, 0.1 percent NP-40). After 10 minutes 4 bead PCR amplify with selective prmer 
at room temperature, MgCI2 was added (final 
concentration, 60 mM). The substrate oligonu- 5 N220 
cleotide (2.5 to 6 p,M) was then incubated with 
the immobilized pool for 16 hours, with temper- B P V 

ature cycling between 250 and 370C, such that / 
the reaction was at 250C for 75 percent of the 
time. Salts and unreacted substrate were then POR amplify with nonselective primer 
washed from the beads, and the pool was eluted Wash off sait and unused 
with mild alkali (10 mM NaOH, 1 mM EDTA) to substrate oligo, 6 N220 
disrupt hybridization of the pool RNA to the Elute pool from agarose column PT, 
biotinvlated olioonucleotide. The oool RNA was 
collected, neutralized, concentrated, and the amount of RNA indicated in 
Table 1 was then passed through an oligonucleotide affinity column 
complementary to the substrate tag sequence. Different pairs of affinity 
columns and substrate tags (31) (Table 1) were used in each of the first 
four rounds to minimize enrichment of inactive molecules with chance 
affinity to a given column. Molecules captured on the affinity column were 
eluted, reverse-transcribed, and PCR-amplified for 10 cycles with a se- 

lective primer with the substrate tag sequence and a second primer 
complementary to the 3' constant region. Finally, a nonselective PCR 
reaction regenerated molecules of the same structure as the pool 0 DNA 
(32). Rounds 5 to 10 used the same general selection strategy as the first 
four rounds, with some modifications in the ligation conditions (Table 1) to 
increase the stringency of the ligation reaction. Pool RNA was not 
immobilized on agarose during reactions for rounds 6 to 10 (33). 

scribed. In the second selection step, a PCR 
primer complementary to the tag region of 
the cDNA was used to selectively amplify 
cDNAs derived from ligated RNA se- 
quences. RNA with the original unligated 
structure was then regenerated by nested 
PCR and in vitro transcription. This RNA 
pool (pool 1 RNA) was further enriched in 
active sequences by a second round of 
ligation, selection, and amplification 
(yielding pool 2 RNA); the process was 
repeated for a total of 10 rounds of ligation, 

selection, and amplification (Table 1). 
Catalyzed and noncatalyzed ligation. 

Successful enrichment of active sequences 
was readily apparent after four rounds of 
selection (Fig. 4A). Nearly 3 percent of 
pool 4 RNA became ligated to the substrate 
oligonucleotide during the first hour of in- 
cubation. The time course of the ligation 
reaction with RNA from pool 4, and with 
RNA from all other selected pools, was 
nonlinear. The faster rate at the earliest 
time points is probably due to the hetero- 

geneous nature of the pool RNA, which 
consisted of a mixture of sequences with 
differing activities, and which may also 
have contained a significant proportion of 
molecules trapped in inactive conforma- 
tions (8). Throughout the work described 
in this article we have calculated pool 
ligation rates based on the earliest time 
point that can be accurately measured, 
typically the time point in which 2 percent 
of the pool RNA has become ligated. Rates 
calculated from early time points are a 
reflection of the average ligation rate of the 
population of molecules, but they may be 
greater than the median activity, because 
ligated molecules of early time points in- 
volve a disproportionate number of the 
most active sequences. 

The rate of the uncatalyzed ligation 
reaction was measured in order to assess the 
rate acceleration provided by the selected 
RNAs. In contrast to the pool 4 RNA, pool 
O RNA showed no detectable ligation ac- 
tivity after a 16-hour incubation (Fig. 4A). 
However, more extensive analysis revealed 
that pool 0 RNA did ligate to the substrate 
at the very low rate of 3 x 10-6 per hour 
(9). This low rate of pool 0 ligation does 
not appear to be catalyzed by the random- 
sequence portion of the pool 0 molecules; 
ligation at a similar rate was also detected in 
a reaction involving two short oligonucle- 
otides aligned by a template oligonucleotide 
(Fig. 4C). This uncatalyzed ligation is both 
template- and Mg2+-dependent. 

Having detected both the catalyzed and 
uncatalyzed ligation reactions, we con- 
firmed the formation of the expected reac- 
tion products. Sequence analysis of ligated 
pool 4 RNA (Fig. 5A) indicated that no 

A B C 3' 05 
Pool 0 Pool 4 Selected RNA Pool 10 C-G 0 6 121212 Days 

- ~~~~~U- A + + + _ + Template 
0 1 4 16 0 1 4 1616 Hours 0 0.5 2 10 Minutes C-G + + + - mplat U-A + MgCI2 

U-A 

-Ligated pool = -Ligated pool G-C -37nt 
-Pool RNA C-G 

-Pool RNA U-A -30 nt 
G-C 
A-U 
C-G 

oC -G,3, 

Fig. 4. (A) Time course of the catalyzed reaction. Phosphorus-32-labeled RNA of pools 0 and 4 was 
immobilized on agarose beads and incubated with substrate oligonucleotide. At the indicated time 
samples of the reaction were removed and stopped by addition of EDTA. RNA was eluted from the 
beads and separated by electrophoresis on a 4 percent acrylamide-7 M urea gel. A portion of the 
16-hour pool 4 reaction was enriched for ligated molecules on an oligonucleotide affinity column 
("selected RNA"). Immobilization, ligation, elution, and affinity selection conditions were as 
described for the first rounds of selection (Fig. 3). Phosphorlmager (Molecular Dynamics) or 
Betagen (IntelliGenetics) scans were used for 32P quantitation throughout. (B) Time course of pool 
10 RNA ligation. Uniformly labeled pool RNA (0.4 ,uM) was annealed (33), and then incubated at 
25?C with substrate oligonucleotide (2.5 p,M) in the ligation buffer of the initial rounds (Fig. 3). 
Samples of the reaction were stopped with EDTA, and the RNA was separated on a 6 percent 
acrylamide-7 M urea gel. (C) Time course of the uncatalyzed reaction and template and 
magnesium dependence of this reaction. The 30-nt molecule that had been used as a substrate 
oligonucleotide in the catalyzed reaction was 32P end-labeled (indicated by an asterisk), and this 
labeled oligonucleotide (0.4 I1M) was incubated together with a 13-nt template RNA (20 ,uM) and a 
7-nt RNA that has a 5' terminal triphosphate (20 jM). Buffer and temperature conditions were as in 
Fig. 3. Where indicated, the template RNA was omitted, or the MgCI2 was replaced by 5 mM EDTA. 
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nucleotides were lost during the catalyzed 
ligation reaction, ruling out the possibility 
of contamination by a group I ribozyme-like 
activity (which would displace the 5'-gua- 
nosine of the pool RNA). Inorganic pyro- 
phosphate was identified as a product of the 
catalyzed reaction by thin-layer chromatog- 
raphy (Fig. 5B). The regiospecificity of the 
reaction, that is, the formation of 3',5'- as 
opposed to 2',5'-phosphodiester bonds, was 
determined by purifying ligated RNA from 
both the catalyzed and the uncatalyzed 
reactions, and examining the products of 
digestion with a nuclease of known speci- 
ficity (Fig. 5C). No 2'-linked digestion 
products could be detected (limits of detec- 
tion 0.5 percent), showing that both reac- 
tions yielded at least 200 times more 3'- 
linked product than 2'-linked product. This 
analysis also confirmed the ligation junc- 
tion sequence of the uncatalyzed reaction. 

In vitro evolution. In vitro selection 
and directed in vitro evolution have been 
used to select for variants of group I ri- 
bozymes with enhanced or altered activities 
(3, 10), and to select for RNAs that self- 
cleave in the presence of Pb2+ , starting 
from a partially randomized tRNA that 
binds and self-cleaves in the presence of 
Pb2 + (11). We used similar methods to 
enhance the activity of the selected pool of 

ribozymes by introducing random mutations 
into the pool 4 DNA and selecting for more 
active variants. To generate a broad spec- 
trum of pool 4 variants, four samples of pool 
4 DNA were subjected to error-prone PCR 
for 0, 30, 60, and 90 doublings, correspond- 
ing to expected mutation rates of about 0, 
2, 4, and 6 percent per residue, respectively 
(12). Equal amounts of RNA transcribed 
from each of the subpools were mixed and 

subjected to another cycle of ligation, se- 
lection, and amplification (round 5). The 
duration of the round 5 ligation step was 
reduced to 30 minutes because such a large 
portion of the pool 4 RNA ligates in 16 
hours. Rounds 6 and 7 also included PCR 
mutagenesis and progressively shorter liga- 
tion incubations (Table 1). 

All of the elements of directed in vitro 
evolution (10) were in place during rounds 

Table 1. Selection summary. General ligation and selection procedures were as described in Fig. 3. 

Ligation Aftinit selection 
Error- conditionst Fraction Ligation rate 

Round prone ligated after selection 
PCR* MgCl2 Time RNA Column (per hour)t 

(mM) (hour) (LRg) 

0 0.000003 
1 No 60 16 0.00005 1600? dT cellulose <0.000004 
2 No 60 16 <0.00007 27 dA cellulose 0.0008 
3 No 60 16 0.014 15 dT magnetic 0.0094 
4 No 60 16 0.16 6 dGAGAT ... Teflon 0.027 
5 Yes 60 0.50 0.013 30 dGAGAT ... Teflon 0.16 
6 Yes 60 0.17 0.026 29 dGAGAT ... Teflon 0.40 
7 Yes 60 0.02 0.007 10 dGAGAT .. . Teflon 0.86 
8 No 4 0.12 0.005 32 dGAGAT ... Teflon 3.2 
9 No 2.5 0.17 0.003 37 dGAGAT ... Teflon 4.5 

10 No 2.5 0.17 0.005 8 dT magnetic 8.0 

*Template DNA mutagenized (12) prior to transcription. tin rounds 1 to 5, the ligation was performed with the 
pool immobilized on an agarose column; in rounds 6 to 10 the ligation was done in solution. tLigation rate 
assays are described in Fig. 7. ?More than six pool equivalents of RNA. 

Fig. 5. Characterization of catalyzed and uncat- A ACGT B Front- C Non-catalyzed linkage 
alyzed ligation. (A) The expected ligation junction 
sequence revealed by batch sequencing. Pool 
DNA from the round 5 selective amplification was 
gel-purified and PCR-sequenced (Boehringer Cp 
Mannheim) with 32P end-labeled selective primer. 
(B) Inorganic pyrophosphate release during liga- p, G-P 
tion. Pool 10 RNA (1 FM) that had been labeled _ 
by transcription in the presence of [y-32P]GTP L7U - V cp 
(guanosine triphosphate) was annealed (33) and 
then incubated in tris (30 mM, pH 7.4), KCI (200 GTP- 
mM), MgCI2 (15 mM), and EDTA (150 IVM) with or 2 
without substrate oligonucleotide (2.5 ,uM). At the 1 
indicated time, the reaction was stopped with 
EDTA and co-spotted onto PEI-cellulose thin- C linkage 
layer chromatography (TLC) plates with KH2PO4 Minutes 0 5 6060 
(P), Na3HP207 (PP), and GTP (5 nmol each). The Substrate 
TLC was performed in 0.5 M HCI. The positions of oligo + + + 
the unlabeled markers (dashed lines) were visu- 5' constant 
alized (34) and compared to the autoradiograph sequence CP 
to identify the leaving group of the ligation reac- A Op 
tion. (C) Complete ribonuclease T2 digestion of LiGgatio 
ligation products to nucleoside monophosphates i junction c- *cO 
indicating that both catalyzed and uncatalyzed T. - 
reactions form predominantly 3',5' linkages. The G Subsrat 
uncatalyzed ligation was as in Fig. 4C, except oSubstrate 2 
template (16 ,uM) and unlabeled 30-nt (21 ,uM) o1 
oliaonucleotides were incubated with the 7-nt 
RNA (15 ,uM) that had been labeled by transcription with [a-32P]GTP 
(pp*G*GpUpUpCpUpC, where the asterisk indicates a labeled phos- 
phate). The catalyzed reaction was done with the same unlabeled 30-nt 
and labeled 7-nt oligonucleotides (2 ,uM each), but the 13-nt template RNA 
was replaced by pool 6 RNA catalytic sequences (2 RM) that had modified 
5' constant regions designed to hybridize to the substrate oligonucleotides 
(5' constant region: GAGAACCGACUGGCACC). After incubation for 23 
days (uncatalyzed) or overnight (catalyzed), the 37-nt products (5'-24-nt- 
CCAGUC*G*GUUCAC) were gel-purified. The isolated products (less than 

5 ng) were digested with ribonuclease T2 (BRL) in the presence of a 13-nt 
carrier RNA (10 ,ug) analogous to a 2'-linked ligation junction (5'- 
CCAGUCAGGUUCAC; the symbol A indicates 2',5' linkage, synthesized 
with ChemGene phosphoramidites). Digestion products were separated by 
TLC in two dimensions (35) on PEI-cellulose plates (9 by 9 cm) with a 
fluorescent indicator (Baker). Ultraviolet shadowing revealed the carrier 
RNA digestion products, including the 2'-linked GpCp dinucleotide 
(dashed circle) as well as the C and G nucleoside 3'-monophosphates. The 
small solid circle indicates the origin. 
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25?C as described in Fig. 4B. The uncatalyzed reaction was assayed in the same ligation buffers by 
incubating (12 days, 25?C) end-labeled substrate oligonucleotide (0.4 ,uM) with a 22-nt RNA 
identical to the 5' constant region of the pool RNA. The unlabeled 22-nt RNA was present at 2.5 ,uM 
(squares) or 20 ,uM (triangles). Fig. 7 (right). Enhancement of ligation activity with successive 
rounds of selection. Pool autoligation activities were assayed as in Fig. 4A (pools 0 to 4) or as in (33) 
(pools 5 to 10) with the ligation buffer and temperature cycling of the initial rounds of ligation (Fig. 
3). The uncatalyzed ligation rate of the oligonucleotides that mimic the pool RNA reaction (Fig. 6) 
was also assayed with the buffer of the ini.tial ligation rounds. The uncatalyzed ligation rate expected 
with temperature cycling was interpolated from ligation ratesw from separate 1 2-day incubations at 
250 and 3700. 

5 through 7; at each cycle random mutation 
created new genetic diversity, while selec- 
tion for ligation promoted the survival and 
propagation of the fittest variants. The 
activity of the pool of ribozymes continued 
to improve during these three rounds of 
selection. An additional three cycles 
(rounds 8 to 10) were then performed with- 
out mutagenic amplification so that rare 
improved variants that arose during the 
earlier mutagenesis would increase in abun- 
dance so that they could be detected. Dur- 
ing these last three cycles, the stringency of 
the ligation incubation was gradually in- 
creased by decreasing the Mg2" concentra- 
tion because the pool activities had in- 
creased to the point that decreasing the 
duration of the ligation incubation was no 
longer technically feasible. The improve- 
ment in ligation activity (almost 300-fold) 
resulting from six rounds of directed in vitro 
evolution is readily apparent by comparing 
the time courses of the pool 4 and pool 10 
RNA ligation reactions (Fig. 4, A and B). 

Both the catalyzed and the uncatalyzed 
reactions depend on the presence of a diva- 
lent cation (Fig. 6), as do all known ri- 
bozyme reactions. The Mg2+ optimum of 
the pool 10 ribozymes was lower than the 

Mg2+ optimum of the pool 7 ribozymes, 
presumably in response to the selection 
pressure for function at lower Mg2+ con- 
centrations after round 7. Although the 
activity improvement between rounds 7 to 
10 was greatest at lower Mg2+ concentra- 
tions, the pool 10 RNA was more active at 
all Mg2+ concentrations tested, even at a 
concentration nearly 100 times higher than 
that used during the ligation incubations of 
the final rounds of selection. The Mg2+ 
dependence of the uncatalyzed reaction was 
assayed by incubating the substrate oligonu- 
cleotide with a 22-nucleotide (nt) RNA 
identical to the pool 5' constant region (Fig. 
6). The plot of uncatalyzed rate against 
Mg2+ concentration is consistent with a sin- 
gle saturable Mg2+-binding site ([Mg2+]12 
=119 + 8 mM, Vmax =5.0 (-- 0.2) x 106 
per hour, values + standard error). At low 
Mg2+ concentrations, ligation of pools 10 
and 7 was more strongly dependent on the 
concentration of Mg2 + than the uncatalyzed 
oligonucleotide ligation (Fig. 6). The slope 
of these plots suggests that at least three 
Mg2+ ions must bind before catalysis. The 
rate acceleration of the pool 10 RNA over 
the uncatalyzed reaction was greatest at 15 
mM Mg2+, where the catalyzed rate was 

7 million times faster than the uncatalyzed 
rate (3.8 per hour compared to 5.4 x 10-7 

per hour) (Fig. 6). 
Since the uncatalyzed reaction was tem- 

plate-dependent, enhanced binding of the 
ligating RNAs to the template might have 
accounted for a significant portion of the 7 
millionfold rate acceleration. However, 
when the 22-nt RNA analogous to the 5' 
constant region of the pool RNA was re- 
placed with an RNA designed to form a very 
stable stem loop at its 5' terminus (13), the 
rate of the uncatalyzed oligonucleotide liga- 
tion increased only 40 percent. Since these 
two uncatalyzed reactions proceed with sim- 
ilar rates, stabilization of the interaction 
between the 5'-terminal nucleotides of the 
pool and the template can contribute little 
to the rate acceleration afforded by the 
selected sequences; at least 5 millionfold 
must come from other mechanisms. Similar- 
ly, increasing the concentration of the 5' 
constant region oligonucleotide did not lead 
to faster uncatalyzed ligation (Fig. 6), indi- 
cating that the substrate concentrations used 
in the catalyzed reactions are far above the 
Kd (dissociation constant) of the substrate- 
template complex. 

The initial rate of the ligation reaction 
was determined for each enriched pool under 
the high Mg2+ conditions of the initial 
rounds of selection (Table 1 and Fig. 7). The 
pool activity rose above the background, 
uncatalyzed rate after the second round of 
selection, and the activity of the RNA pool 
increased with each round of selection there- 
after. Comparison of pool 10 and uncata- 
lyzed ligation rates under these high-Mg2+ 
incubation conditions revealed that the liga- 
tion rate of pool 10 RNA (8 per hour, t1/2 = 

5 minutes) was 3 million times faster than 
the uncatalyzed ligation rate (2.4 x 10-6 
per hour, t1/2 = 33 years). This uncatalyzed 
rate is in close agreement with the 3 x 10-6 
per hour rate observed with pool 0 RNA. 

Population changes during directed ev- 
olution. Restriction analysis revealed that 
each round of selection had a significant 
effect on the number of sequences remain- 
ing in the selected ribozyme pool and on 
the relative abundances of these sequences 
(Fig. 8). Since each independent sequence 
contains restriction sites at different ran- 
dom locations, the different individuals in a 
population yield different fragments after 
restriction digestion; the population struc- 
ture can therefore be displayed on a se- 
quencing gel. Pool DNA was 32P-labeled at 
one end and cut with a combination. of Alu 
I, Mse I, and Taq I endonucleases to cleave 
more than 90 percent of the pool molecules 
at least once within their 220 bp of random 
sequence. In the early rounds (pools 0 to 
2), no sequences were enriched to the point 
that their corresponding bands could be 
detected above the background. However, 
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by round 3, more than 65 different enriched 
sequences were visible. Although each 
band in the round 3 and 4 lanes represents 
a homogeneous enriched sequence (except 
for a few coincident bands and rare sponta- 
neous mutations), each band from later 
rounds represents a family of related se- 
quences that was created by PCR mutagen- 
esis of a single ancestral sequence. A se- 
quence family that yields a 60-nt fragment 
dominated the pool by round 7, but by 
round 10 was largely supplanted by a family 
that yields a 76-nt fragment. 

The selected sequence families displayed 
many evolutionary scenarios (Fig. 8). Most 
of the sequences that thrived in early cycles 
appear to be extinct by round 10, presum- 
ably because they could not compete in the 
harsh environment of increasingly stringent 
ligation conditions. Others maintained a 

Round 
0 1 2 3 4 5 6 7 8 9 10 

. . .... ....-2 4 
..... ... .-2 0 

Fig. 8. Relative abundances~...... of seune in4 

the.. seleted iboyme .ool. Double-strnde 
DNA from each of the~~~~~~~~~~~~~~~~~~~~~~~~~~~~~... indicated. rounds.......... was. 
32P-labeled at one~~~~~~~~~~~~~~~~~~~~... end,.the .digeste with.. a.. 
cobiato ofA... se..adTa.Iedou 

cleases, which recognize~~~~~~~~~~ ~~~~~ ACGT. TT1A4an 
TCGA, respectively (36). Restriction fragments~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~...... 
were..... separate ona5prcn2c0lmd- 
urea gel. The~~.... poitos.f.ake.DAfrg ments (from~~~~~~~~~~... a... DNA.. seueciglade)wih.h 
specified ....... number. of. nuc ..eotides. (50.. through 
280) arnictd 

relatively constant abundance. The ances- 
tral sequences of a number of round 10 
sequence families were not visible in round 
4; these families are likely to be progeny of 
formerly inefficient catalysts that subse- 
quently acquired advantageous mutations. 

The structure of the final selected pop- 
ulation was also investigated by cloning and 
sequencing pool 10 DNA. A single family 
of sequences dominated this pool. Most 
members of this family have an Mse I site at 
position 76 and correspond to the band at 
position 76 in Fig. 8. However, some have 
point mutations at this site and give rise to 
the band at position 168 (due to an Mse I 
site at position 168). Bands at these two 
positions contain 70 percent of the radio- 
activity in the pool 10 lane, in good agree- 
ment with the representation of this family 
among the sequenced clones (11 out of 15 
sequences). The 11 sequenced members of 
this family differ from the consensus by an 
average of 13 mutations. Of the several 
clones assayed, clone 4 (Fig. 9) is the most 
active, with an initial ligation rate slightly 
faster than that of pool 10. 

Efficiency of selected ribozymes. The 
ribozymes that we isolated from the initial 
random sequence pool, without mutagene- 
sis and optimization, were only moderately 
active catalysts, with rate accelerations of 
103 to 104. Nevertheless, these rate accel- 
erations compare favorably to those of typ- 
ical catalytic antibodies, which are isolated 
after a stage of in vivo evolutionary optimi- 
zation (maturation) of binding to an analog 
of the transition state of the reaction, with 
subsequent screening for the subsets that 
are catalytic (14). We suggest that there is 
an advantage to selecting directly for catal- 
ysis, as opposed to the indirect procedures 
used to isolate catalytic antibodies. In ad- 
dition, many more RNA sequences can be 
initially sampled than is possible during the 
primary immune response (15); however 
this numerical advantage may be offset by 
the use of an established structural frame- 
work in all antibodies. 

A modest degree of in vitro evolution led 
to a several hundredfold improvement in the 
catalytic efficiency of the pool of selected 
ribozymes. The observation that many se- 

quence families could only be detected after 
mutagenesis and further selection is consis- 
tent with our original assumption that most 
of the catalytically active sequences present 
in the original pool would be suboptimal 
representatives of a given class of ribozymes. 
Our best "evolved" ribozymes enhance the 
rate of RNA ligation, making it 7 million 
times faster than that of the uncatalyzed 
template-directed reaction; this enhance- 
ment is comparable to that of the best 
existing catalytic antibodies (16). It will be 
of interest to see the extent to which ri- 
bozymes and catalytic antibodies can ulti- 
mately be optimized, and to see whether 
ribozymes selected in vitro can catalyze the 
impressive range of reactions catalyzed by 
antibody enzymes (14). 

A rate acceleration of 7 million is much 
less than that achieved by most modern 
protein enzymes. The rate of RNA elonga- 
tion by T7 RNA polymerase, one of the 
most efficient polymerases, is 230 nucleo- 
tides per second (17). This represents a rate 
3 x 1011 times faster than our measured 
uncatalyzed reaction rate (18), and is 105 
times faster than the average pool 10 ri- 
bozyme. The Tetrahymena group I ribozyme 
has been estimated to catalyze cleavage at 
the 5' splice site 1011 times faster than the 
uncatalyzed reaction (19), suggesting that 
RNA enzymes may also be capable of poly- 
merase-like rate accelerations of 1011. It is 
not clear how much more improvement 
could be attained by further cycles of direct- 
ed evolution of pool 10 RNA. Some im- 
provement appears possible since pool 10 
contains minor sequences (represented, for 
example, by 90- and 98-nt fragments in Fig. 
8) that increase dramatically in abundance 
during the last round of selection. 

A group II self-splicing intron catalyzes 
condensation between a template-bound 
oligonucleotide 2'- or 3'-hydroxyl and the 
5' -triphosphate of the leader sequence of 
the intron, with the release of pyrophos- 
phate (20). Whether any of our selected 
catalysts bear structural similarities with 
group II introns remains to be seen. 

Implications for the RNA world hy- 
pothesis. The new ribozymes that we have 
isolated from a pool of random sequences 

50 60 70 80 90 100 110 120 
AAAGCGTACGAACTAAGTGATAAGGAATTCAGATTAAAGCGAGCGGGrTTCQGgACGTGGTTTGCAGGGGTTGCCTTGG 

130 140 150 160 170 180 190 200 
CGACACTGtTCCTCTCACTCTGTTCAAAAGCCGATTGCTGAACGTGTTAAAACGCCATCACAATTGTCCC CGtGACC~ 

210 220 230 240 250 260 270 
GAGAAAGGCATAGaGTGACGTCGGTGGAGATGTATAGTCTrAGGGTGAGGCTGGTATGACCGGTAACGGCTC 

Fig. 9. Sequence of one of the isolated ribozymes. Members of pool 10 DNA were cloned (TA 
Cloning, Invitrogen) and sequenced. The sequence of the central 233 nucleotides of clone 4 is 
shown. Sequences of the 5' constant region (bases 1 to 42) and the 3' constant region (bases 276 
to 295) are described in (29). Sty I and Ban I restriction sites used in pool construction are 
underlined. The 10 bases that differ from the consensus sequence of the dominant pool 10 
sequence family are also underlined. Consensus bases at these positions are 56A, 63A, 90A, 94T, 
96T, 131C, 188A, 195A, 217A, and 258A. 
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catalyze a chemical transformation similar to 
that catalyzed by polymerases. Their abun- 
dance in the random-sequence pool is there- 
fore relevant to the hypothesis that life 
began with an RNA replicase that originated 
from prebiotically synthesized random-se- 
quence RNA. We detected about 65 se- 
quences- (Fig. 8, pools 3 and 4) capable of 
carrying out a particular ligation reaction in 
a pool of more than 1015 initial sequences, or 
a frequency of occurrence of one in about 2 
x 1013 sequences. This number is an under- 
estimate of the abundance of the less active 
ribozymes, since many of these would have 
failed to ligate during the first round. A few 
of the selected sequences in pool 4 (one in 
about 3 x 1014 initial sequences) must be 
more active than the average activity of po-ol 
4 RNA (0.03 per hour, or a rate acceleration 
of about 104). Presumably, sequences capa- 
ble of acting as efficient template-directed 
RNA polymerases are more rare than this, 
and sequences capable of acting as an RNA 
replicase are even more rare. Evidently, 
catalysts of moderate activity could arise 
spontaneously from relatively small quanti- 
ties of RNA (and perhaps related polynucle- 
otides); however, a catalyst with the activi- 
ty, accuracy, and dual functionality (enzyme 
and template) of an RNA replicase would be 
so rare that it could only arise spontaneously 
and in a single step from a truly enormous 
amount of RNA. The problem is compound- 
ed because two such sequences would be 
required for autocatalytic replication to be- 
gin, one to act as the polymerase and a 
second to act as the template. Therefore, an 
RNA replicase could only have arisen from 
primordial sequence pools that were not 
truly random. Joyce and Orgel anticipate 
this difficulty and propose that nonenzy- 
matic, template-copying reactions may have 
had a dual role in generating primordial 
sequence pools that are more likely to give 
rise to a replicase (2 1). The initial pool may 
have been biased in favor of local secondary 
structure by a mechanism involving inter- 
mittent use of intramolecular sequence as 
the template. In addition, some sort of 
nonenzymatic catalysis was probably neces- 
sary for the initial copying of the replicase 
sequence to generate a molecule that could 
be used as a template, the copying of which 
by the replicase would generate more repli- 
case molecules, thus initiating the autocata- 
lytic explosion of life. 

In the course of attempting to measure 
the uncatalyzed rate of our RNA ligation, 
we have detected a new type of template- 
dependent oligonucleotide condensation 
reaction. In previous studies of uncatalyzed 
RNA condensation reactions, imidazole, 
methylimidazole, or other activating groups 
were used (22) rather than pyrophosphate 
to activate the 5' cx-phosphate. Although 
the condensation of pyrophosphate-activat- 

ed oligonucleotides is very slow, nucleoside 
5 '-polyphosphates are thought to be more 
plausible prebiotic molecules than nucleo- 
side 5'-phosphorimidazolides (23). Further- 
more, we have found that the pyrophos- 
phate-activated oligonucleotide reaction 
appears to have a very high preference for 
the formation of 3',5'- rather than 2',5'- 
phosphodiester bonds. The previously stud- 
ied condensation reactions display a wide 
range of regiospecificities, from preferen- 
tially 2' ,5' to preferentially 3',5'. The 
choice of metal ions (24), activating group 
(25), and sequence of the ligation junction 
(26) have a marked influence on the degree 
of regiospecificity. The degree to which the 
observed regiospecificity of the pyrophos- 
phate-activated reaction is dependent on 
these factors or on the extensive hybridiza- 
tion of the substrates to the template re- 
mains to be determined. 

We initially assumed that our selection 
would favor ribozymes that yield a 3',5'- 
linkage, since the ligated RNAs must be 
copied by reverse transcriptase into a full- 
length cDNA in order to be selectively am- 
plified. We were surprised that reverse tran- 
scriptase only paused and did not terminate at 
a 2' linkage in the template (27). Therefore, 
the catalyzed reaction does not appear to have 
been subjected to selection for regiospecific- 
ity, and the observed specificity may simply 
reflect acceleration of the uncatalyzed reac- 
tion with no change in mechanism. 

The ribozymes that we have selected 
provide a new starting point for the evolu- 
tion or design of RNAs with RNA polymer- 
ase and replicase activity. A series of issues 
including sequence-independent primer- 
template binding, the use of mononucle- 
otide triphosphates as substrates, fidelity, 
and product-template dissociation now 
need to be addressed before an RNA repli- 
case activity, an activity that has probably 
been extinct for over 3 billion years, can be 
fully resuscitated. 
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96 ,ug of amplifiable DNA (1.6 x 1015 different 
sequences). The N72 and N76 pools were ampli- 
fied in large (200 ml) PCR reactions for six and 
four cycles, respectively. After phenol extraction 
and precipitation, N72 DNA was cut with either 
Sty I (500 pg of DNA, 20,000 units of enzyme, 
40-ml reaction) or Ban I (500 ,ug, 6000 units of 
enzyme, 20-ml reaction). N76 DNA was digested 
with both Sty I and Ban I. The N72-Sty I, N72-Ban 
I, and N76-Bam I-Sty I fragments were purified 
on a nondenaturing acrylamide gel. Ligation of 
the three fragments (3.5 nmol of each fragment, 
T4 DNA ligase, 1.1 -ml reaction) was efficient and 
yielded predominantly- the desired full-length 
three-piece product (80 percent yield). Pool 0 
DNA was cloned and partial sequences of 11 
randomly chosen clones indicated that the nucle- 
otide distribution within the random-sequence 
segments fell within acceptable limits (A:C:G:T = 
380:418:429:330 = 25:26:27:21). 

29. The sequence of pool 0 DNA is 5-TTCTAATAC- 
GACTCACTATAGGAACACTATCCGACTGGCAC- 
C-N72-CCTTGG-N76-GGCACC-N72-CCTTGGT- 
CATTAGGATCCCG (T7 promotor is italicized). 
The pool 0 RNA begins with the G immediately 
flanking the T7 promotor. Pool 0 DNA was ampli- 
fied with 42- and 20-nt primers corresponding to 
the 5' and 3' constant regions, respectively. 

30. Pool RNA and a twofold molar excess of biotin- 
ylated DNA (5'-biotin-CGGGATCCTAATGAC- 
CAAGG) were denatured in water (80?C, 3 min- 
utes) and allowed to cool briefly at room temper- 
ature before the addition of streptavidin-agarose 
(SA) binding buffer (30 mM tris, pH 7.4, 500 mM 
NaCI, 1 mM EDTA, 0.25 percent NP-40, 0.1 
percent SDS). After 5 minutes at room tempera- 
ture, a suspension of SA beads (Sigma) in 
binding buffer was added; the mixture was 
rocked for 20 minutes, and then poured into a 
column for washing and buffer equilibration. In 

round 1, a total of 160 ml of SA suspension 
containing 18 ml of SA was added to a 40-ml 
annealing reaction mixture that contained 4 mg 
of pool 0 RNA. In later rounds, much less RNA 
and smaller volumes were used; by round 4, a 
2-ml SA suspension was added to 0.25 ml of 
annealed pool. 

31. Synthetic- DNA-RNA chimeric substrate oligonu- 
cleotides that contain a DNA tag sequence 
[(dA)22, (dT)22, or 5'-dAAGCATCTAAGCATCT- 
CAAGCAAA] followed by the RNA sequence 5'- 
CCAGUC were used with their cognate oligonu- 
cleotide affinity columns [oligo(dT)-cellulose type 
7 (Pharmacia), oligo(dA)-cellulose type 7 (Phar- 
macia), (dT)25 magnetic beads, or dGAGATGCT- 
TAGATGCA-Teflon (Glen Research)], as indicat- 
ed in Table 1 (italics indicate segments of com- 
plementarity). 

32. The selective PCR primers had the following DNA 
sequences (A)22-CCAGTC, (T)22-CCAGTC, and 
AAGCATCTAAGCATCTCAAGCA. Other primers 
were the same as those used in the pool 0 
amplification (29). 

33. Although the pool RNA of rounds 6 to 10 was not 
immobilized on the agarose before the ligation 
reaction, the RNA was subjected to an annealing 
treatment that approximated the temperatures 
and salt conditions of the immobilization and 
preliminary incubation procedures of initial 
rounds: RNA and an excess of biotinylated oli- 
gonucleotide were denatured in water (3 min- 
utes, 80?C) and allowed to cool for a brief period 
at room temperature before the addition of the 
non-magnesium components of the ligation buff- 
er. After 10 minutes, MgCI2 was added and the 
reaction was incubated another 10 minutes. The 
reaction was started by addition of substrate 
oligonucleotide and stopped with EDTA (100 
mM). Prior to selection on the oligonucleotide 

affinity column, the stopped ligation mixture was 
passed through streptavidin-agarose beads to 
retain the pool RNA and wash off unreacted 
substrate. The pool RNA was then eluted from 
the column and selected as in Fig. 3. When the 
ligation reaction contained RNA from later 
rounds and was analyzed directly without en- 
richment for ligated molecules (for example, in 
the time courses of Figs. 4B, 5B, 6, and 7), the 
pool RNA was not typically annealed to the 
biotinylated oligonucleotide but instead was an- 
nealed to a. non-biotinylated oligonucleotide of 
the same sequence. 

34. Phosphate compounds were detected with am- 
monium molybdate and reduced vanadyl chloride 
[R. M. C. Dawson, D. C. Elliott, W. H. Elliott, K. M. 
Jones, Data for Biochemical Research (Claren- 
don Press, Oxford, ed. 3, 1986), p. 486]. 

35. G. Volckaert and W. Fiers, Anal. Biochem. 83, 228 
(1977). 

36. Pool DNA was amplified by PCR with the use of 
the biotinylated primer (30) that hybridizes to the 
3' constant region of the pool DNA. After purifi- 
cation on an agarose gel, the PCR product.was 
end-labeled. The biotin moiety at the 3' constant 
region of the pool RNA blocked labeling so that 
the DNA was labeled only on the end of the 5' 
constant region. Restriction digestions were per- 
formed in the presence of plasmid carrier DNA; 
monitoring the extent of the carrier DNA diges- 
tion confirmed that the digestions were com- 
plete. 

37. We thank R. Green for helpful discussions and J. 
R. Lorsch, K. B. Chapman, R. W. Roberts, and 
other members of the laboratory for careful read- 
ing of this manuscript. Supported by grants from 
Hoechst AG and NASA. 
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Physical Chemistry of the H2S041 
HNO3/H20 System: Implications 

for Polar Stratospheric Clouds 

M. J. Molina, R. Zhang, P. J. Wooldridge, J. R. McMahon, 
J. E. Kim, H. Y. Chang, K. D. Beyer 

Polar stratospheric clouds (PSCs) play a key role in stratospheric ozone depletion. 
Surface-catalyzed reactions on PSC particles generate chlorine compounds that pho- 
tolyze readily to yield chlorine radicals, which in turn destroy ozone very efficiently. The 
most prevalent PSCs form at temperatures several degrees above the ice frost point and 
are believed to consist of HNO3 hydrates; however, their formation mechanism is 
unclear. Results of laboratory experiments are presented which indicate that the back- 
ground stratospheric H2S04/H20 aerosols provide an essential link in this mechanism: 
These liquid aerosols absorb significant amounts of HNO3 vapor, leading most likely to 
the crystallization of nitric acid trihydrate (NAT). The frozen particles then grow to form 
PSCs by condensation of additional amounts of HNO3 and H20 vapor. Furthermore, 
reaction probability measurements reveal that the chlorine radical precursors are formed 
readily at polar stratospheric temperatures not just on NAT and ice crystals, but also on 
liquid H2S04 solutions and on solid H2S04 hydrates. These results imply that the chlorine 
activation efficiency of the aerosol particles increases rapidly as the temperature ap- 
proaches the ice frost point regardless of the phase or composition of the particles. 

Polar stratospheric clouds (PSCs) play a 
crucial role in the depletion of ozone (03) in 
the polar stratosphere in the winter and 
spring months: They promote the conver- 
sion of stable inorganic chlorine compounds 

(CIONO2 and HCl) into a photolytically 
active form (C12), enabling the formation of 
the chlorine radicals Cl and CIO that par- 
ticipate in catalytic 03 destruction processes 
(1, 2). Furthermore, the PSC particles facil- 
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