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The puzzling mass-independent isotopic enrichment in  ozone formation con- 
trasts markedly w i th  the more recently observed large unconventional mass- 
dependent ratios of the individual ozone formation rate constants in  certain 
systems. An RRKM (Rice, Ramsperger, Kassel, Marcus)-based theory is used t o  
treat both effects. Restrictions of symmetry on how energy is shared among 
the rotationaVvibrational states of the ozone isotopomer, together wi th  an 
analysis of the competition between the transition states of i ts t w o  exit 
channels, permit the calculation of isotope effects consistent wi th  a wide array 
of experimental results. 

A puzzling "mass-independent" isotope effect, 
reported in 1973 for 160/ '70/180 ratios in me- 
teorites initially was attributed to nucleosyn- 
thetic processes (I). The validity of that de- 
scription is still uncertain. In 1981, the enrich- 
ment of "0 in ozone in the upper atmosphere 
was observed ( 2 6 ) ,  and in 1983, the mass- 
independent effect was found for ozone forma- 
tion in the laboratory (7-15) and then in the 
upper atmosphere (1618). Laboratory studies 
of the formation of ozone from the recombina- 
tion of oxygen atoms and oxygen molecules 
have shown that there is an approximately 
equal enrichment of 1 7 0  and ''0 over 160, 
instead of the enrichment ratio being the stan- 
dard, mass-dependent value described in the 
literature (19, 20) of close to one-half that found 
in other reactions [see also (21-24)]. A "mass- 
independent" effect is also seen in heavily en- 
riched mixtures (25-29). More recently, and 
paradoxically, large unconventional mass-de- 
pendent isotopic effects were observed under 
special experimental conditions ("unscram-
bled  conditions, i.e., little complication from 
isotopic exchange) (30-33). The theoretical 
treatment given in this paper is designed to 
treat mass-independent and mass-dependent 
processes, as well as others (5, 12-15, 34-
41), and to show that there are two distinctly 
different effects in the theory, one dominant 
in the scrambled and the other dominant in 
the unscrambled experiments. 

It was once thought that the explanation of 
the mass-independent effect might have a sim- 
ple symmetry origin: In the formation of ozone 
with trace 1 7 0  and "0, these isotopes have in 
common that they alone can form an asymmet- 
ric isotopomer, e.g., I7O + 160k60-
'70160160.Statistically, 601601' h0possesses, 
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because of the symmetry of the symmetric 
ozone, one-half the number of quantum states 
that '701hO'h0 and 'x0160k60d o. However, 
it was subsequently recognized that this simple 
statistical factor of 112 is automaticallv incor- 
porated into the defmition of the enrichment 
[see also (24)], and so a different explanation 
was needed-even if it might involve symme- 
try in a subtler role (42, 43). 

Here, we present a theory which draws 
upon the statistical [RRKM (Rice, Rams-
perger, Kassel, Marcus)] theory of unimo- 
lecular dissociation/bimolecular recombina-
tion reactions (44, 45) in its variational form 
(46-49). It initially involves the formation of 
vibrationally excited ozone isotopomers from 
the recombination of 0 and 0,. 

RRKM theory. In RRKM theory (50) for 
a bimolecular recombination X + YZ + 
XYZ* (asterisk denotes a vibrationally excit- 
ed molecule), the vibrational-rotational ener- 
gy of XYZ* is assumed to be statistically 
distributed among its vibrational-rotational 
modes, consistent with the given total energy 
E of those modes (that is, a microcanonical 
distribution) and total angular momentum J. 
The molecule can redissociate, XYZ* + 
XY + Z or X + YZ, or lose or gain in its 
excess energy by collisions, the losing being 
the more prominent, and eventually form a 
stabilized XYZ molecule. In the present in- 
stance of ozone formation, X, Y, and Z may 
be the same isotope or any combination of 
different isotopes lh0,  170, IXO. 

Because of the statistical assumption and 
the use of transition state theory (50), the 
unimolecular dissociation rate constant k,, 
for a vibrationally excited molecule of vibra- 
tional-rotational energy E and total angular 
momentum J is (44-48) 

where <, is the number of quantum states 
accessible to the "transition state" for the 
dissociation for the given E and J and p, is 

the density (number per unit energy) of quan- 
tum states of the vibrationally excited mole- 
cule. The bimolecular rate constant to form 
this hot molecule is given by a related ex- 
pression, e.g., (42, 43, 49), because of "mi- 
croscopic reversibility." 

Nonstatistical aspects. As a modification 
of RRKM theory, it is argued that the effective 
p, in Eq. 1 might be less than the statistical 
value, and more so for the symmetric isoto- 
pomers XYX* than for XYZ*. This p, should 
be only the density of the quantum states of the 
triatomic molecule that are sufficiently dynarn- 
ically coupled to the two "exit channels" that 
they can lead to the dissociation of the molecule 
in the typical lifetime of the latter: After the 
formation of the vibrationally excited molecule, 
the subsequent redistribution of the energy 
among its vibrational-rotational modes at the 
given E and J proceeds at some finite rate and 
may be incomplete during the typical life- 
time of the molecule (the non-RRKM ef- 
fect). The p, in Eq. 1 should then refer only 
to the quantum states which have been equil- 
ibrated intramolecularly. 

Examples are known from various exper- 
iments, e.g., (51-53), which illustrate the 
time needed for this internal equilibration of 
isolated molecules. Because there are fewer 
dynamical coupling terms (e.g., anharmonic 
vibration-vibration and Coriolis vibration-ro- 
tation) in the symmetric XYX than in the 
asymmetric XYZ, some terms being forbid- 
den by the symmetry, it was suggested (42, 
54) that this nonstatistical (non-RRKM) ef- 
fect for p, is expected to be greater for XYX 
than for XYZ. This idea remains to be tested 
by direct real-time experiments or by very 
detailed accurate quantum dynamical calcu- 
lations yet to be made. 

The situation just described is depicted 
schematically in the cartoon in Fig. 1: during 
the typical lifetime of the dissociating ozone, 
the shaded regions indicate the ozone quan- 
tum states sufficiently strongly coupled dy- 
namically to the two exit channels so as to 
contribute to p, during that lifetime. The 
shaded region for the asymmetric molecule is 
drawn as a greater fraction of the total region 
than is that for the symmetric molecule for 
the dynamics-based reason given above. The 
ratio of the fraction of shaded to total region 
for the asymmetric molecule to the same 
fraction for the symmetric molecule is denot- 
ed by q,a symbol introduced previously for 
this purpose (42, 54). 

New features in present treatment. In a 
recent article (43), which applied these ideas in 
(42), the simplest possible transition state for 
the reaction X + YZ +XYZ* was assumed for 
convenience, namely, a transition state XYZr, 
frequently called "loose," in which the YZ ro- 
tates freely. The transition state for a banierless 
recombination reaction is typically loose when 
the energy of the recombining particles is low 
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enough, e.g., (43, 55-58). However, more gen- 
erally, it is expected that the rotation of YZ is 
somewhat hindered in the transition state 
XYZt, particularly with increasing total vibra- 
tional-rotational energyE of the ozone (43,49, 
55-58). If, as at low energies, the 0, . . . 0 
distance in the 0; transition state is large, the 
0, indeed can rotate more or less freely. Al- 
though this simple assumption of flee rotation 
of the 0, in 0; was very useful in (43), we 
avoided it here in order to generalize this pre- 
vious work and so include in the treatment a 
much wider range of experimental temperatures 
and pressures. The two approaches are com- 
pared in (49). 

A second major' difference between the 
treatment in this paper and that in (42.43) is the 
elimination of a "strong collision" assumption: 
it was assumed in (43) that every collision of 
the XYZ* with a molecule M in the surround- 
ing gas deactivates (and so stabilizes) an XYZ*. 
In the case of "weak" collisions, on the other 
hand, the average energy lost by XYZ* in 
"downward" collisions (A@ and the energy 
gained in '"upward" collisions can be relatively 
small. Some limited information on collisional 
energy transfer with vibrationally hot molecules 
such as XYZ* is available in the literature from 
experiments and fiom classical trajectory cal- 
culations (59-62). A "master equation" (47-49) 
is now used to treat these weak collisions. The 
limitation imposed by weak collisions is pro- 
found: only XYZ* molecules with low energies 
(excess above threshold) can be deactivated at 
low pressures, when collisions are few, thereby 
affecting various properties, as listed in Table 1. 

To determine the nature of the transition 
state (e.g., loose, "tight," hindered), variational 
RRKM theory can be used, but some potential- 
energy surface for the ozone formation is need- 

XYX 

'States weakly 
connected lo exits 

'+ 

connected to exla 

Fig. 1. Schematic picture for X/X and for XYZ 
of differences in ratios of rotational-vibrational 
states of ozone strongly coupled (shaded re- 
gion) to  the two dissociation exit channels of 
ozone and those that weakly coupled (unshad- 
ed region) to the exit channels. This difference 
in ratios has an origin in symmetry, as noted in 
the text and discussed in (42). In one limit, the 
unshaded region is absent for XYZ. 

ed. At present, the ab initio surface in the liter- 
ature (63) is inadequate. For example, there 
should be no energy barrier in the entrance 
channel fiom X + YZ (64). The use of an 
empirically modified surface (65) that elimi- 
nates this barrier led to results that disagreed 
(49) with the known isotopic exchange rate data. 
In the interim, we have adopted (49) an approx- 

An expression can be obtained for the net 
bimolecular reaction rate constant k, for the 
recombination: To implement the collisional 
deactivatiodactivation scheme, we employed 
(49) for simplicity a "stepladder" model (48), in 
which the XYZ* gains or loses its energy in 
collisions in discrete amounts ("steps"), AE. In 
the interests of brevity, we use as an illustration 

imate model that is consistent with those data. here an expression for ki that is a special case 
The potential-energy surface and the calculation of our more general results: We consider the 
of the number of states N, along the reaction special case where there is only one step of the 
coordinate in a given exit channel serve to de- ladder that is reactive but where there are any 
termine variationally (50) the transition state 
(TS) for that channel,.whose N, is then denoted 
by and appears in Eq. 1. The choice of 
transition state affects mostly the pressure ef- 
fects and the temperature effects at higher pres- 
sures, and the isotopic exchange reactions, but it 
also has some influence on the other quantities 
listed in Table 1. 

Application to ozone formation. We 
consider a reaction scheme involving recom- 
bination, deactivation, activation, and redis- 
sociation, given by X + YZ + XYZ*, XYZ* 
+ X  + yz,XYz*+XY + Z,and,further, 

number of steps below the dissociation thresh- 
old of XYZ* (66). We then have (66) 

where ka,, = ka., (EJ) is the dissociation c 
constant given by Eq. 1. The k,, denotes the 
rate constant for the stepwise collisional deac- 
tivation of XYZ* (a stepwise "diffusion" pro- 
cess in energy space), and g, is the equilibrium 
distribution function of the (EJ) states of XYZ*. 
The integration over E spans an interval equal 
to the step size AE, and the summation (or 

a series of collisional activation/deactivation integration) is over all J. At low pressures, the 
steps that can lead eventually to a full deac- k,,in the denominator can be neglected, and in 
tivation, XYZ* + M + XYZ + M. The that case the fBctor kJ(ka + k& in the integrand 
second and third steps represent the two dis- plays a prominent role for the individual rate 
sociative exit channels from XYZ*, a and b, constants. It equals a / ( N s  + I$$) and was 
and are equivalent when Z = X. As a con- termed the partitioning factor Y, in (42, 43), 
vention in these studies, a was chosen (42) to because it "partitions" the dissociation fate of 
be the exit channel with the lower zero-point XYZ* into the two dissociation channels. The 
energy of the diatomic molecule. The bimo- "strong collision" model used in (42,43) can be 
lecular rate constant of the above reaction, retrieved fiom Eq. 2 by letting AE become very 
X + YZ + XYZ, is denoted below by kti or large. In that case, it can also be shown that k,, 
k&, according to whether YZ or XY has the equals o, the collision hquency appearing in 
lower zero-point energy. (42, 43). 

Table 1. Comparison of experiment and theory. All quantities in units of cm3 molecule-' s-' are to be 
multiplied by 10-12. In the Last column, the quantities in parentheses are Less important. The quantities 
are defined in the text. 

Experiments Calculated results Sensitivity 

Ratios of rate constants, Figs. 2 and 3 
(28, 30-33) 

Enrichments ''0 (1 1.3%). 
l80 (13.0%) at 300 K (7-15) 

Heavily enriched systems, Fig. 4 (25-29) 
Low pressure 160 + 3202 + M + @0 + M, 

k. -5 X cm6 molecule-2 s4 (41) 
kK a T , n = 2.6 (130 to 300 K) (47) 
k,, '60 + 180180 4 160180 + 180, 

2.9 2 0.8 cm3 molecule-' s-I (300 K), 
5.6 cm3 molecule-' s-' (130 K), 
k,, a T ", m = 0.88 + 0.26 (38, 40) 

High-pressure kbi 
'60 + 3202 + @02, 
18 cm3 molecule-' s-' (130 K), 
>4 cm3 molecule-' s-' (300 K) 
(limiting value not reached) (47) 

Pressure effects on enrichments (74, 75) 
Pressure effects on rate constant ratios (33) 
Temperature effect on rate constant ratios 

Temperature effect on enrichment (75) 

Figs. 2 and 3 

12.0 and 12.2%. respectively 

Fig. 4 
9 X cm6 molecule-2 s-' 

n = 2.2 
Fitted to data: ' 

2.7 cm3 molecule-' s-' (300 K), 
4.3 cm3 molecule-' s-' (130 K), 
m = 0.53 

TS, AE 
(at high T) 

10.4 cm3 molecule-I s-' (130 K), 
6.5 cm3 molecule-' s-' (300 K) 

Broad agreement (49) 
Broad agreement (49) 
Approximate prediction from 

temperature effect on 
enrichments 6Q 

Used to calculate previous row 
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Enrichments. The enrichment 6 of "0 
and that of "0 over 160in the formation of 
ozone, denoting the 170or "0 by Q, is 
defined by (67, 68) 

Q/O in ozone 
SQ = - 1 

QIO in oxygen (3) 

Expressions for each 6Qwere given in (42) in 
terms of the individual rate constants and 
certain equilibrium constants. 

When the study focuses, instead, on sys- 
tems heavily enriched in I7Oandlor "0, the 
definition used for the enrichment for an 
ozone molecule of mass M relative to 480,is 
EM (25, 42) 

The denominator in Eq. 4 is calculated sta- 
tistically from the isotopic composition of the 
0, (42). The EM can be shown to reduce to 
the 6Q upon reducing the mole fractions of 
I7O and "0 to trace amounts (49). 

Individual rate constants and ratios. The 
ratios of rate constants calculated for the spe- 
cific isotopomeric recombination reactions, 
X + Y Z  +X Y Z ,  are used to compare with the 
experimental data on them and also to calculate 
the enrichments SQ and EM (69) and compare 
with the data on the latter. The expression (42, 
43) for the exchange rate constants X + YY + 

X Y  + Y at low pressures, where the measure- 
ments of the isotopic exchange rates are made, 
was also readily obtained (42, 43): In the solu- 
tion of the master equation, in the low-pressure 
limit we note that the large majority of XYZ* 
molecules will redissociate. When dissociation 
occurs via the other exit channel, an isotopic 
exchange has occurred. A simple expression for 
the isotopic exchange rate constant was then 
obtained, which is independent of the details of 
the collision process (42). 

Experimental Rate Constant Ratios 

Fig. 2. Comparison of calculated and experi- 
mental (28) relative atom + diatomic rate 
constant ratios, kx+yylkx+x,,at 300 K with 
7 = 1.18. A typical symbol rn a box, such as 
8+77/8+88, refers t o  the ratio of rate con- 

The individual recombination rate constants 
at low pressures were obtained using a more 
elaborate version of Eq. 2, one which involves 
the detailed solution of the master equation for 
the collisional deactivatiom'activation and reac- 
tion steps, for many "steps" in the stepladder 
(49). A LIE - 210 cm-' was used for the 
deactivating collisions (49). The two quantities, 
AE and q (= 1.18), were chosen to fit the two 
experimentally measured rate constant ratios at 
300 K, 1 6 0  + 180180/160+ l6OL60and 
1 8 0  + 160160/180+ 180180(70). 

We note in passing that in Eq. 2, k,,, and 
the p, in the k's occur as a product, since the 
k,, (here, k, and k,) in Eq. 1 is proportional 
to l ip, and the geqis proportional to p,. 
Thereby, all results for the present data would 
be unchanged if the q-effect were ascribed 
instead to a k,,, as examined in (49). 

Results. The various experimental re-
sults (Table 1 and Figs. 2 through 4) are 
compared with the calculations. The results 
in Figs. 2 and 3 for the "unscrambled sys- 
tems" show a strong and unconventional 
mass-dependence. Their correlation with 
ratios of masses given in figure 3 of (43) 
contrasts with the usual isotopic mass-de- 
pendence described for other reactions in a 
pioneering paper (71). The results in Fig. 4 
for EM and those for SQ for trace systems 
show the "mass-independence": Although 
the enrichments of all isotopometers XYY 
+ YXY in Fig. 4 are not exactly equal, i.e., 
strictly mass-independent, they are seen to vary 
far less widely than the ratios of %, values do in 
Figs. 2 and 3. We have also indicated in Table 
1 the relative importance of the various proper- 
ties Y, q,AE, and TS (transition state) in each 
type of measurement. 

Discussion. In the formation of ozone, the 
insertion reaction of 0 into 0, is assumed to be 
negligible, in agreement with current data (32). 
Before proceeding to discuss the present results, 
we first comment on the heart of the explanation 
(42, 43) for the paradox described earlier: Under 

.80 1.00 1.20 1.40 1.60 

Experimental Rate Constant Ratios 

Fig. 3. Comparison of calculated and experi- 
mental (28) relative atom + diatomic rate 

unscrambled conditions, the vibrationally hot 
molecule XYZ* is formed only from one en- 
trance channel, the channel depending on the 
initial choice of reactants. Small differences in 
zero-point energies of these two entrance or exit 
channels lead to major effects on kEi and kti: 
The unexpected effect of small differences in 
zero-point energies on the individual rate con- 
stants and rate constant ratios occurs by affect- 
ing the partitioning factors Ya and Y,. At the 
lowest energies, Y, = 1 and Yb = 0, whereas 
once the zero-point energy of b has been ex- 
ceeded, the number of states 7$2 grows approx- 
imately as the square of its excess energy above 
this zero-point energy (49), but meanwhile l\iz 
has been growing roughly as the square of its 
excess over its zero-point energy. The result is a 
large difference (49) in Y, and Y, for most of the 
energy region of interest at low pressures (ener- 
gies less than the step size), and so a kt, can be 
quite large. For kti, in contrast, there is no 
low-energy region where Yb = 1. Instead, Y, 
typically begins at Y, 0. In (43) it was shown 
that the individual recombination rate constants 
hicorrelated well with a property that depended 
only on certain differences in masses, namely, 
zero-point energies, moments of inertia, or re- 
duced masses, all of three of which were shown 
to be simply related to each other [compare 
figure 3 in (43) and the remarks in its legend and 
in section VI there]. Indeed, in the theory all 
three properties contribute to Yo and Y, (43). 

Under isotopically "scrambled condi-
tions-i.e., conditions where extensive isotopic 
exchange affects the observations-both en-
trance channels leading to XYZ* are accessed 
and it was shown mathematically that the par- 
titioning factors Y, and Yb have disappeared 
(42). The essence of the underlying physical 
basis is surprisingly simple: entrance via the a 
channel yields a Ya factor at low pressures, 
whereas entrance via the b channel yields Yb. 
The sum Ya + Y, is unity and so for the 
enrichments, the partitioning factors and their 
dramatic nonconventional isotope effect have 
vanished, because of this access to XYZ* from 
both entrance channels. The nonstatistical effect 
mentioned earlier is the only influence now left 
and yields the "mass-independent" effect (42, 
43), which is exhibited in Fig. 4 and in Table 1. 
The disappearance of the partitioning factors in 
the enrichment experiments yields the dramatic 
effect in Fig. 4, seen in the marked contrast 
between the q = 1 and the q = 1.18 results. 

As the above discussions of the theory illus- 
trate, there are two types of isotope effects in 
the theory for the phenomena: There is the 
partitioning effect between the two competing 
transition states, which affects strongly the ra- 
tios of rate constants measured in "unscram- 
b led  experiments, as in Figs. 2 and 3. There is 
also the non-RRKM effect in the ozone mole- 
cule itself, namely, a deviation from the statis- 
tical (RRKM, microcanonical) density of states 
p, of the ozone isotopomer itself, and which 

stants for 180 + 170170 t o  at 300 K with q =-+180170170constant ratios, kx+y,lk,+,, 
180+ 180180+180180180. 1.18. Some of the expermental rate constants The (uncertain) 
concentration 180cancels when the ratios of are "derived quantities" (28). The 6+66 de-
such rate constants are obtained from mass notes the recombination reaction 160 + 
spectrometric measurements. 160160 + 160160160~ 
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Fig. 4. Experimental (28) (gray bars) 20 
and calculated isotopic enrichments 
for scrambled systems heavily en- 15 
riched in heavy isotopes at 300 K, - 
with q = 1.18 (black bars) and q = 3 10 
1.0 (white bars), respectively. A typ- 5 
ical symbol, such as 668, denotes an 2 5 
ozone with the isotopic composition 5 
160160180 and consists of the Z o 
asymmetric (160160180) and sym- 
metric (160180160) isotopomers. -5 

differs for vibrationally excited symmetric 
as compared with asymmetric (XYZ) 

ozone molecules. It is the principal factor af- 
fecting the enrichments. Thus, the two types of 
isotope effects, which are seen to have dis- 
tinctly different theoretical origins, are also 
revealed separately by the two types of ex- 
periments, scrambled and unscrambled. 

The comparison of many experiments and 
theory is summarized in Table 1. We first note 
that in the large body of experimental data listed 
there, some data are sensitive to the weak colli- 
sion aspect, AE, but relatively insensitive to the 
nature of the transition state, whereas others are 
sensitive to the partitioning factors Y. Still others 
are sensitive to the nature of the potential-energy 
surface and the transition state, and are denoted 
in Table 1 by TS. We have indicated in Table 1 
which measumnents are sensitive most to each 
of the quantities hE, Y, q, and TS. For example, 
all of the data in Figs. 2 through 4, the low- 
pressure ki for 160 + 3202 + 4803 and its 
temperature exponent n, are dependent on AE, 
the mean downward energy transferred h m  the 
XYZ* per collision, but are relatively insensitive 
to TS, in particular to the short-range effects of 
the potential-energy surface (49). The tempera- 
ture effect on the individual rate constants is 
influenced by hE: the smaller the value of hE, 
the larger the negative exponent n in Table 1, 
since a smaller AE implies that a smaller pro- 
portion of the reacting molecules at the higher 
temperatures can contribute to the recombina- 
tion rate at low pressures. 

We have not shown the pressure effects 
on the enrichments and individual rate con- 
stant ratios but note that we have found the 
calculated results to be in reasonable agree- 
ment with the experiments (49, 72). The tem- 
perature effect on enrichment (15) remains to 
be explored theoretically, but one factor may 
be a decrease in q with decreasing tempera- 
ture, because of a longer lifetime of 0: at low 
temperatures and so more time for redistribu- 
tion. Dynamical information on q and hE can 
be inferred from temperature effects, within 
the assumptions of the present theory. Given 
an experimentally measured enrichment SQ 
for Q = 17, or 18 at other temperatures, 
predictions can be made of the various kgi 
and kti values at those temperatures (49), and 

Isotopic Comblnatlons 

an example is given in (49). 
The present results provide a rationale for 

an ad hoc assumption used in (43), though 
not here. In (43), a "loose transition state," 
which is appropriate for low energies, was 
used, together with strong collisions, to treat 
the experimental data in Figs. 2 through 4. 
The ad hoc assumption was that the ratios of 
these rate constants would approximate the 
ratios at room temperature, even though the 
latter have a hindered transition state. The 
existence of the present AE tends to limit the 
actual low-pressure studies to low energies. 
Thus, ozone molecules formed with an ener- 
gy excess over the threshold greater than hE 
are not deactivated in a single collision re- 
gime, which is. the regime occurring at low 
pressures, so providing a rationale for the use 
in (43) of low-energy hi values. 

The key isotope effects in the present 
paper, q and Y, are in a sense symmetry- 
driven: the deviation of the Y values from 112 
occurs for the asymmetric isotopomers, and 
the Y values are responsible for the large 
differences in individual rate constants and 
their ratios. The origin of q is also a conse- 
quence of symmetry. 

Isotopic effects are widely studied for other 
reactions in the upper atmosphere, though not 
yet in the detail accorded to the ozone forma- 
tion. For gas-phase reactions where symmetric 
intermediates can occur, the q would again 
enter, whereas for intermediates that are struc- 
turally asymmetric, the isotopic effect on q 
would disappear. However, some of the isoto- 
pic effect on Y can survive, leading to uncon- 
ventional isotope effects. Thoroughly detailed 
studies of the type available for ozone would be 
highly desirable for these other reactions and 
would assist in the detailed understanding of 
them. Unconventional isoto~e effects have been 
invoked in discussions of stratospheric/atmo- 
spheric mixing, oxidative processes in the up- 
per atmosphere, and ancient and Martian atmo- 
spheres (73-76). 
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Parkinson's disease (PD) is a common neurodegenerative disorder characterized 
by the progressive accumulation in  selected neurons of protein inclusions 
containing a-synuclein and ubiquitin. Rare inherited forms of PD are caused by 
autosomal dominant mutations in  a-synuclein or by autosomal recessive mu- 
tations in parkin, an E3 ubiquitin ligase. We hypothesized that these two  gene 
products interact functionally, namely, that parkin ubiquitinates a-synuclein 
normally and that this process is altered in  autosomal recessive PD. We have 
now identified a protein complex in  normal human brain that includes parkin 
as the E3 ubiquitin ligase, UbcH7 as its associated E2 ubiquitin conjugating 
enzyme, and a new 22-kilodalton glycosylated form of a-synuclein (aSp22) as 
its substrate. In contrast t o  normal parkin, mutant parkin associated with 
autosomal recessive PD failed t o  bind aSp22. In an in  vitro ubiquitination assay, 
asp22 was modified by normal but not mutant parkin into polyubiquitinated, 
high molecular weight species. Accordingly, asp22 accumulated in  a non-
ubiquitinated form in  parkin-deficient PD brains. We conclude that asp22 is a 
substrate for parkin's ubiquitin ligase activity in  normal human brain and that 
loss of parkin function causes pathological asp22 accumulation. These findings 
demonstrate a critical biochemical reaction between the two  PD-linked gene 
products and suggest that this reaction underlies the accumulation of ubiqui- 
tinated a-synuclein in  conventional PD. 

Parkinson's disease is a highly prevalent neu- carboxyl-terminal hydrolase (UCH)-L 1 (5) 
rodegenerative disorder that causes progres- have each been linked to familial forms of 
sive motor dysfunction, variable cognitive PD. Missense mutations in aS or UCH-L1 
impairment, and shortened life expectancy cause rare, autosomal dominant forms of PD. 
(I). The molecular pathogenesis of PD re- In contrast, mutations of parkin are a relative- 
mains unclear, but genetic factors play a role ly common cause of autosomal recessive PD 
in some cases. The genes encoding parkin (ARPD), which often has early onset (6, 7 ) .  
(2) ,  a-synuclein (as) (3, 4), and ubiquitin As is the case in conventional ("idiopathic") 
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