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that some of the CH4 on 1993SC exists in 
a solid solution with another component, 
perhaps N2 . Nevertheless, the precision and 
resolution of the existing data combined 
with the effects cited above make it difficult 
to reach that conclusion with any certainty. 

In addition to the uncertainty intro­
duced when using low-resolution spectral 
data, it is also unclear whether N2 on 
1993SC could be stable against long-term 
loss to space. A calculation of the temper­
ature distribution on the surface of a body at 
a distance of 35 astronomical units from the 
sun, assuming a bolometric bond albedo of 
0.05 and rotation period of 6 hours, gives a 
peak daytime temperature of 50 K at the 
equator of a spherical body with very low 
thermal inertia. At this temperature N2 and 
CO have relatively high vapor pressures 
(4.0 and 0.88 mbar, respectively), but CH4 

ice has a much lower vapor pressure (3 
imbar) (18). As such, it is unclear whether a 
body 300 km in diameter (19) has enough 
surface gravity to retain compounds like N2 

and CO over the age of the solar system. 
Thus, although it is reasonable to conclude 
that the spectrum of 1993SC is consistent 
with a CH4-like hydrocarbon on its surface, 
making the leap to a CH4-like hydrocarbon 
in solid solution with another, more volatile 
compound like N2 is thermodynamically 
problematic. 

The spectrum of 1993SC is also interest­
ing because its reflectance increases by 
about a factor of 2 over the 1.4- to 2.4-|mm 
region. This is much redder than the spec­
trum of Triton, but slightly less red than the 
slope of the average visual (0.4 to 0.8 \xm) 
reflectance of 1993SC reported by Luu and 
Jewitt (20). Overall, the spectral slope of 
1993SC could be due to complex organic 
molecules (21) on its surface, as well as 
simple hydrocarbons such as CH4. Lastly, 
the similarity of the spectrum of 1993SC to 
that of Pluto (22) (Fig. 2) strengthens the 
case for CH4 on 1993SC and appears at 
least to be consistent with the idea that 
Pluto and Triton may be the largest mem­
bers of the population of bodies that made 
up the early Kuiper belt (6). Whether this 
spectral similarity is significant in light of 
the possibly very different evolutionary 
paths taken by Triton, Pluto, and 1993SC is 
unclear. 
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Modeling of Cometary X-rays Caused 
by Solar Wind Minor Ions 

Roman M. Haberli, Tamas I. Gombosi,* Darren L De Zeeuw, 
Michael R. Combi, Kenneth G. Powell 

X-ray emission was discovered in comet Hyakutake (C/1996 B2) by the Rontgen satellite 
in 1996, and these emissions were attributed to the excitation of high charge state solar 
wind ions due to electron capture from cometary molecules or atoms. Using the plasma 
flow in the coma of Hyakutake calculated by a three-dimensional adaptive magneto-
hydrodynamic model, the density distribution of solar wind ions in the coma and the 
resulting x-ray emission were computed. The calculated High Resolution Imager count 
rate of 4.4 per second and the spatial distribution of the x-ray emission agree with the 
observations. A detailed energy spectrum of cometary x-rays is predicted in the 80 to 
2000 electronvolt energy range. Cometary x-rays present a sensitive tool to monitor 
cometary activity and solar wind ion composition. 

Observations of comet C/1996 B2 (Hya­
kutake) by the Rontgen x-ray satellite 
(ROSAT) revealed the emission of soft x-
rays from the coma at an unexpectedly high 
level of about 1025 photons s_ 1 (1). Of sev­
eral possible explanations including fluores­
cent scattering of solar x-rays, interaction 
with interplanetary dust particles, and 
bremsstrahlung created by the cometary 
plasma, none satisfactorily explains the ob­
served magnitude and shape of the emission 
(1). The observed x-ray emission may be 
caused by charge exchange excitations 
(CXE) of high charge state solar wind ions 
( 0 7 + , 0 6 + , C 6 + , and others) with neutral 
molecules or atoms in the comet (2). Reac­
tions such as 0 7 + + H -* 0 6 + * + H + occur 
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in the upper atmosphere of Jupiter due to 
interaction with the solar wind, and an anal­
ogous mechanism may explain cometary x-
rays (3). The electron is most likely captured 
into an excited state of the solar wind minor 
ion (4), leading to emission of soft x-ray and 
extreme ultraviolet (EUV) radiation. This 
process is efficient and often used as a diag­
nostic tool to monitor low-atomic number 
(Z) elements in laboratory plasmas (5). 

Using a three-dimensional (3D) single-
fluid magnetohydrodynamic (MHD) model 
of cometary plasma environments (6) we 
calculated the solar wind velocity and 
streamlines in the coma. The model uses 
conservation of mass, momentum, and en­
ergy, as well as the induction equation to 
compute the plasma mass density, flow, and 
pressure and the magnetic field in the 
coma. Ionization of cometary gas, recombi­
nation of ions with electrons and ion-neu­
tral collisions are taken into account as 
source terms. Adequate resolution in all 
parts of the coma is ensured by the use of 
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adaptive mesh refinement (7). The com- 
puted ion flow in the coma of Hyakutake 
appropriate for the conditions on 27 March 
1996 when the x-ray emissions were ob- 
served ( I )  was obtained with a total gas 
production rate of 2.4 X s-' (8, 9) 
(Fig. 1). 

The densities of the major heavy (2 > 2) 
solar wind ions (Table 1) are computed by 
integrating the coupled system of continu- 
ity equations along the streamlines using 
the vector flow field from the MHD calcu- 
lation. The production or loss of a particular 
species by charge exchange with cometary 
gas is taken into account as source terms to 
the equations. We include charge exchange 
with the cometary species H, 0 ,  H20,  OH, 

and CO to calculate the cascading from 
high to low charge states. For the 0 and C 
ions, the velocity-dependent charge ex- 
change cross sections with H and Hz in the 
velocity range from 5.0 x lo6 to 1.0 x 10' 
cm s-' were measured (10). We used the 
H-cross sections for H and 0 and the Hz- 
cross section for H20 ,  OH, and CO. This 
might be an underestimation because 
charge exchange cross sections generally 
tend to be larger for heavier molecules (I I ), 
however, we do not expect deviations great- 
er than 20 to 30%. For charge exchange of 
the Ne ions with the neutral species we 
estimate a constant cross section of 4.0 X 
10-l5 cm2. This falls right into the range of 
observed cross sections (4). A near constant 

cross section for energies below 10 keV 
amu-' is also a reasonable assumption (5). 
To calculate the densities of the neutral 
species we used a modified Haser model 
(12) which allows for neutral outflow 
speeds varying with species and distance 
according to the results of a kinetic model 
(13). 

In the case of CXE of a fully stripped ion 
Xq+ with an atom or molecule of similar 
ionization potential as H, the excited state 
population of the X(q-')+ ion will be 
peaked around n = 75 ( 14), where q is the 
atomic number and n is the charge state. 
The distribution of excited states is narrow 
at low energy (less than a few kiloelectron 
volts per atomic mass unit) but broadens at 
energies above 10 keV amu-' (15). Because 
the energy of relative motion in our case 
will be at or below 1 keV amu-', we as- 
sumed that all electrons get captured into a 
shell with n = q0.75. We assume the same 
behavior for partially stripped ions, in this 
case, n is increased by 1 if the lowest shell is 
already occupied by electrons. For interme- 
diate n levels. the excitation takes   lace 
into the highest angular momentum state 
(5). Based on atomic selection rules. the . , 
de-excitation takes place primarily in tran- 
sitions of An = 1 (5). Calculations show 
that An = 1 transitions are more probable 
than An = 2 transitions by a factor of 5 to 
10 at x-ray and EUV wavelengths (5). We 
therefore assumed that the de-excitation of 
the excited ions occurs only in steps of 
An = 1. Because most of the lines above an 
energy of 80 eV (Table 2) which can be 
expected from the ion species (Table 1) 
occur from the second lowest shell into the 
lowest possible shell, the above assumptions 
are justified. 

Using the calculated densities of the so- 
lar wind ions in the coma, we computed the 

Table 1. List of ions in our model of charge ex- 
Fig. 1. Plasma flow field in the coma of Hyakutake on 27 March 1996, as computed by the 3D MHD change excitation, 
model (6). Solar wind streamlines originating from the sun, which is to the left in the figure, are shown as 
white and purple lines. The yellow line shows the location of the bowshock. Color code gives logarithm 
of plasma mass density, increasing from blue to red. The bulb in the center of the figure (also on the inset) Upstream density* (cm-3 

shows a surface of constant plasma mass density. Scales are given in 1 O6 km. 07+ 1 .I x 1 0 - ~ t  
06+ 2.07 X 10-3t 

Fig. 2. Image (A) of the 
x-ray emission from Hya- 
kutake, measured by the 
ROSAT HRI on 27 March 
1996 (1). Computed im- 
age (8) of sum of all 
emission lines in the HRI 
passband (l,16) caused 
by the charge exchange 
of solar wind ions with 
cometary gas. In both 
images, the x-ray emis- 
sion shows a crescent 
shape and the maximum 
of the emission is displaced sunward from the nucleus. The scale of both images is the same. 

SCIENCE VOL. 276 9 MAY 1997 www.sciencemag.org 

05+ 0.0% 
04+ O.O$ 
03+ O.O$ 
C6+ 8.8 X 
C5+ 4.8 x 1 0 - ~ t  
C4+ 0.0% 
C3+ 0.0% 
Ne8+ 3.7 x 1 0 - ~ t  
Ne7+ 0.0% 
Ne6+ 0.0% 
Ne5+ 0.0% 
Ne4+ 0.0% 

'Proton density = 6.0 (9). tElemental abun- 
dances from (18). Charge state distributions from 
(23). Produced by cascading from higher charge 
states. 



Photon energy [eV] 
Distance from nucleus [lo5 km] 

Fig. 4. Calculated x-ray energy spectrum in the 
Fig. 3. Measured (diamonds) and computed (sol- 80-eV to 2-keV range. We note that the spectrum 
id line) profile of x-ray intensity for the WFC (1, 16), is fairly universal and is expected to change only 
The computed results have been scaled to the moderately from comet to comet. The location of 
same integrated brightness as the measurements the spectral lines and their intensity is primarily 
from 27.8 March 1996 (1). The dashed lines show controlled by the solar wind ian composition. 
the computed profiles when the position of the 
nucleus 1s shifted sunward by 15,000 km (= res- froln ~ ~ 7 '  ( ~ ~ b l ~  2). ~ h ~ ~ ~ f ~ ~ ~ ,  the 
olution of WFC). We assumed that the measure- of the V(rFC coullt rate 
ment error IS 10% of the peakvalue which approx- 
i m a t e ~  corresoonds to the noise level in the ob- !night be caused 'oy an .overestimate ~ . .  of the 

sewadons. (TI&) Shows the profie perpendicular Ne/O ratio in the solar willd, which is 
to the sun-comet line and (Bottom) shows the uncertain by 235% (18). 111 add~tion, we 
profile along the sun-comet 'line.   he' direction of 
the sun in noted by the arrow. 

rate of CXE for every species and the cor- 
responding volume emission rate of pho- 
tons. By integrating the volume emission 
rate along the line-of-sight for 27.0 March 
universal time (UT) and summing over a 
field-of-view of (4 X 10' lcm)" centered 
around the nucleus, we obtained the total 
photon emission rates in Table 2. The total 
calculated count rate for the High Resolu- 
tion Imager (HRI) is 4.42 spl (16), which 
agrees with the measured count rate of the 
slowly varying emission of 3.14 to 8.93 sp' 
( I ) .  The calculated Wide Field Camera 
(WFC) count rate is 0.278 s-', compared 
with a measured sporadic emission between 
0.080 and 0.174 s-l ( I ) .  Due to the uncer- 
tainties involved with the modeling (1 7), 
we claim success in explaining the observed 
x-ray radiation if the computed lu~ninosity 
agrees with the measured one within a fac- 
tor of 2; this clearly is the case for the HRI. 
The WFC count rate is dominated by emis- 

may have overestimated the charge ex- 
change cross sections for Ne ions. 

The calculated spatial distribution of the 
sum of all lines for the HRI i I .  16) has a , ,  , 

crescent-like shape with the maximum dis- 
placed from the nucleus by about 35,000 lc~n 
along the sun-comet line, in agreement 
with the 27 March (1, 19) HRI observa- 
tions (Fig. 2). The crescent shape is caused 
bv the de~letion of solar wind ions due to 
charge exchange with colnetary molecules 
and ions when approaching the comet. The 
computed x-ray brightness for the WFC 
( 1  6) along the sun-comet line and at 90' to 
the sun-comet line is similar to the mea- 
sured WFC brightness (1 ) (Fig. 3). The 
computed signal has been scaled to the 
same integrated brightness as the measured 
brightness, which was given in arbitrary 
units ( I ) .  Although the measured image 
(Fig. 2) shows that there is little emission 
from the nucleus, this is not clear in the 
profile at 90'. The lower spatial resolution 
of the WFC might cause the position of the 
nucleus to be uncertain. We have therefore 
displaced the nucleus sunward by 15,000 

Table 2. List of expected Ines above 80 eV and the total emissions due to the CXE of solar wind ions. 
The wavelength of the transition is taken from (24). Calculated count rates are for a geocentric distance 
of 0.1 27 AU, accounting for the energy-dependent sensitivity (16). 

o n  Transition Waveiength Energy Emission HRI WFC 
(A) (ev) (10" 4-l) (s-'1 (s-l) 

ltm (which is about the WFC resolution) in 
the coinouted i~naoe to de~nonstrate the " 

sensitivity of the result on the nucleus po- 
sition (Fig. 3) .  

Using the strength of our 3D MHD mod- 
el, we comuuted the intensitv and the ma- 
tial distribution of coinetary x-rays created 
by CXE of heavy solar wind ions as pro- 
posed by Cravens (2). The results are in 
agreement with the observed total luminos- 
ity and shape of the slowly varying observed 
x-ray emission from Hyalcutake (1). The 
calculation predicts the detailed energy 
spectrum which has not been observed yet 
(Fig. 4 and Table 2). Unlike other proposed 
mechanisms, which depend on unknown 
parameters [such as the size distribution of 
attogram particles (20), the level of electro- 
magnetic wave activity (21), or energetic 
electron fluxes (22)) the CXE mechanism 
depends only on known physical properties 
of the solar wind and the cometary coma 
and plasma. The presence of heavy, high 
charge state ions in the solar wind has been 
established bv in situ lneasurements (18) 
and the effectiveness of CXE is known from 
laboratorv measurements 1.5). , , 

The appearances and relative intensi- 
ties of individual suectral lines of cometarv 
x-ray emission are primarily controlled by 
the comoosition of the solar wind. The 
CXE generation of cometary x-rays repre- 
sents a potentially powerfill tool to moni- 
tor not only coinetary activity far froin 
Earth, but also the composition and flux of 
the solar wind. By measuring the detailed 
energy spectrum of coinetary x-rays we 
might be able to inonitor the quiet time 
solar wind as well as the propagation of 
coronal inass eiections and other transient 
interplanetary phenomena throughout the 
Inner hellosphere. 
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A Proficient Enzyme Revisited: The 
Predicted Mechanism for Orotidine 

Monophosphate Decarboxylase 
Jeehiun K. Lee and K. N. Houk 

A mechanism is proposed to explain the activity of orotidine 5'-monophosphate de- 
carboxylase (ODCase). This enzyme is the one of the most proficient known, with a 
catalytic proficiency (kCa,lK,)lknon = M-I.  Quantum mechanical calculations pre- 
dict a mechanism involving a stabilized carbene intermediate, which represents a pre- 
viously unrecognized mode of enzymatic activity for ODCase. The proposed mechanism 
involves proton transfer from a weak acid (pKa = 7, where K, is the acid constant) 
concerted with decarboxylation, in a nonpolar enzyme environment. Such a mechanism 
makes possible different approaches to the design of ODCase inhibitors. Furthermore, 
the prediction that general acid catalysis may only be effective in low dielectric media 
is of general significance for understanding the activity of many enzymes. 

T h e  decarboxylation of orotidine 5 '-  
monophosphate (OMP) (Fig. 1, la;  all bold 
numbers here refer to labeled structures in 
Fig. 1) to form uridine 5'-monophosphate 
(Uh,lP, 2a) by orotidine 5'-monophosphate 
decarboxylase (ODCase) is an essential step 
in nucleic acid biosynthesis (1). In bacteria 
and fungi, ODCase exists alone as a sepa- 
rate protein, whereas in mammals the 
ODCase activitv is Dart of a bifunctional , 
protein, UMP synthase (2). The conversion 
of 1 to 2 is also biomechanisticallv uniaue, 
in that all other biochemical decarboxla- 
tions involve stabilization of the carbanion 
intermediate by delocalization of the elec- 
tron pair into a TI orbital (3, 4). For the 
decarboxylation of 1, however, no such sta- 
bilization is present; a nonconjugated car- 
banion is formed. ODCase is one of the 
most proficient enzymes known (1 ). Profi- 
ciencv is the second-order rate constant for 
the eAzymatic reaction divided by the non- 
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enzymatic rate constant [(kca,/I<,/kI,,I,)]. For 
ODCase, the proficiencey is 2.0 X 
M-l. The catalytic efficiency (k,,,/K,,) of 
ODCase, as with manv enzvmes, is nearlv , , 

diffusion:controlled (1 ); it is the excrucia; 
ing slowness of the uncatalyzed decarboxyl- 
ation (k,", = 2.8 x 10-l6 s-') that pro- 
duces the high proficiency. 

The mechanism by which ODCase ef- 
fects the efficient decarboxvlation has lone 
been a subject of interest among chemists 
and biochemists but remains unknown ( 1 ,  
5). The lack of any detectable cofactors or 
metal ions makes this mechanistic problem 
even more intriguing (6-9). Although no 
crystal structure of ODCase exists (1C ,  11 ), 
it has been shown that 6-azauridvlate 13a) 
and barbituric acid ribonucleotidk ( 4 a )  are 
particularly prodigious inhibitors of yeast 
ODCase [inhibition constant (Ki) = 5.1 x 
10-' and 8.8 x lop1' M, respectively] (5, 
8). Studies by Jones et al, of the enzyme 
mechanism indicate that Lysg3 is important 
for catalysis but not for binding (12). In 
addition, the ratio of the maximal catalytic 
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rate V,,, to Kh,, of ODCase is pH-depen- 
dent, with a maximum at pH 7 ;  this result 
has been interpreted to indicate that the 
enzyme possesses a catalytic group that has 
a pK, of -7 (7, 12). Recently, catalytic 
antibodies have been developed to catalyze 
the decarboxylation of orotate (9, 13). 

Various mechanistic hvuotheses have , L 

been proposed to explain the enormous rate 
enhancement bv ODCase* Silverman et al. 
suggested a covalent mechanism involving 
nucleophilic attack at C-5, but this was 
subsequently shown by 13C and D isotope 
effects to be unlikely (6,  7, 14). Beak et al. 
examined the decarboxvlation of 1.3-di- 
methylorotic acid in sulfolane and proposed 
that decarboxylation occurred via zwitter- 
ion ( 5 )  (5). The fast (4 X 10' acceleration 
over the parent reaction) decarboxylation 
of betaine (6) led the authors to propose 
that the enzyme might effect catalysis by 
favoring formation of zwitterion (5). This 
mechanism has long been widely accepted 
(6-9, 15). The protonation of the weakly 
basic orotate to form the zwitterion, hour- 
ever, seems unlikely* 

An enzyme as proficient as ODCase is 
expected to be unusually "sensitive to . . , 
reversible inhibitors [that are] designed to 
resemble the [transition structure]" (1 ). The 
biological and medicinal importance of this 
reaction is clear: As a key biosynthetic step, 
the decarboxylation is a natural target for 
antitumor agents and genetic diseases such 
as orotic aciduria. Knowledge of the transi- 
tion structure facilitates inhibitor design; 
herein, calculations are used to predict a 
transition state for this biologically and me- 
dicinally important reaction. 

The energetics of the decarboxylation 
were explored by full optimizations of ge- 
ometries and reaction paths along the de- 
carboxylation reaction coordinate with the 
use of restricted Hartree-Fock (RHF) calcu- 
lations with the 6-31+G" basis set. Ener- 
getics were obtained by single-point sec- 
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