through paraconodonts, to euconodonts
or ‘‘true”’ conodonts (/9) such as the
Waukesha animal. In addition, there is
no structure in chaetognaths equivalent
to the segmentation in the fossil. The
euconodonts, at least, may be more
closely related to the chordates.

In addition to the exceptional preser-
vation of soft-bodied taxa, an important
aspect of this biota is the absence or
rarity of most shelly groups normally
found in Silurian assemblages. Echino-
derms, mollusks, brachiopods, bryozo-
ans, and corals are all very rare. Only
trilobites are abundant and diverse.
These factors suggest that the Waukesha
biota represents unusual environmental
conditions as well as taphonomic pro-
cesses. The only comparable Lagerstdt-
ten from the Silurian occur in the inliers
of southern Scotland (20), but these are
dominated by fish and eurypterids.
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Study by Synchrotron Radiation of the Structure of a Working

Catalyst at High Temperatures and Pressures

Abstract. A relation among activity, composition, and structure was determined
for a working catalyst by means of a stainless-steel reactor cell of novel design that
permitted operation at temperatures and pressures similar to those in industrial
reactors. Molybdenum K-edge x-ray absorption spectra were used to probe the
structural environment of molybdenum in CoMoS/y-alumina catalysts while hydro-
desulfurization of benzothiophene was proceeding at high temperature and pressure.
For catalyst samples with different contents of cobalt, radial structure functions
obtained from extended x-ray absorption fine structure data presented the same
features as those obtained from the spectra of MoS,/vy-alumina reference samples.
Moreover, Mo—S and Mo—-Mo coordination numbers were maximum for the sample
with an atomic ratio of Co to (Co + Mo) of 0.33; this sample was also the most active

catalyst tested.

Heterogeneous catalysts are used in
the majority of industrial chemical pro-
cesses, most of which take place at pres-
sures and temperatures far removed
from ambient conditions. Catalytic mate-
rials are examined by various physical
techniques (/, 2), including most recent-
ly x-ray absorption spectroscopy (3-5).
In particular, extended x-ray absorption
fine structure (EXAFS) has become a
useful technique for determining struc-
tural parameters (such as interatomic
distances and coordination numbers) of
supported metal catalysts where the met-
al is in the form of clusters less than 1 nm
in size (6). However, most previous
studies have been done with the catalyst
sample in a nonreactive atmosphere un-
der ambient conditions of pressure and
temperature, before and after the chemi-
cal reaction took place. The assumption
that the catalyst does not change during
cooling and depressurization was implic-
it in the analysis of those results.

The study of a catalyst under realistic
reaction conditions in situ has been a
long-sought goal in heterogeneous catal-
ysis (7). Earlier we observed that the
structure of a hydrodesulfurization
(HDS) catalyst did not change during
reaction (8). We now describe catalysts
of different composition and measure
their rates of reaction.

In view of increasing concerns about
the environmental impact of sulfur, per-

haps one of the most important catalytic
processes in refining oil and synthetic
fuels is the HDS of hydrocarbons. The
removal of sulfur from oil fractions or
coal slurries is accomplished by the reac-
tion of sulfur-containing species with hy-
drogen gas on molybdenum- or tungsten-
based catalysts promoted by cobalt or
nickel atoms (9). In HDS, the sulfur is
removed as H,S gas. Hydrotreating
crude oil is a major process in refining.
Removal of sulfur from crude oil is nec-
essary not only because of SO, emission
restrictions but also because of catalyst
poisoning by sulfur compounds in other
refinery processes. Because of the con-
tinuing depletion of petroleum re-
sources, larger quantities of lower grade,
high-sulfur crude oils are reaching the
refineries, and the trend is likely to con-
tinue. Efforts have been directed toward
describing the structure of HDS cata-
lysts so that the relation between struc-
ture and HDS activity can be under-
stood.

We have designed a reactor cell in
which the absorption of x-rays by HDS
catalysts can be measured while the re-
action is carried out under pressures and
temperatures similar to those in industry
(10). The x-rays enter the cell through a
thin beryllium window and pass through
the catalyst before leaving the cell
through a second beryllium window. The
intensity of the x-ray beam is measured
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Table 1. Structure parameters and site-time yield for hydrodesulfurization of benzothiophene.
Total pressure was 7.3 MPa and 1 atm for spectra taken at 523 K and at room temperature,
respectively. Flow rates throughout the experiment were 5 liters per hour (standard tempera-
ture and pressure) and 6 ml per hour for gas and liquid feeds, respectively. Total benzothio-
phene conversions varied between 60 and 70 percent. R.T., room temperature.

Temper- Coordination B9nd length
Ratio* ature number? (picometers) vek ~
(Kelvin) (second™)
Mo-S Mo-Mo Mo-S Mo-Mo
0.0 523 4.5 1.6 240 316 0.06
0.13 523 4.7 239 0.26
R.T. 4.8 2.9 240 315
0.33 523 6.3 4.4 240 314 0.40
R.T. 6.0 3.8 240 314
0.72 523 5.1 2.2 240 315 0.27

*Ratio of Co to (Co + Mo).

tFor the first coordination shell.

$Nominal site-time yield (the number of

molecules of ethylbenzene produced per molybdenum atom in the catalyst per second).

just outside the inlet and outlet windows
so that the absorption coefficient of the
catalyst can be calculated. The powder
catalyst is compacted in the form of a
thin wafer and held in the path of the
beam by a sample holder, which also
contains gas and liquid inlets. In this
way, the fresh reactants flow in a film
down the surface of the catalyst, which
approximates the conditions in industrial
trickle-bed reactors. The extent of reac-

<
9
»
1

1

Mo-Mo
Co/(Co + Mo)=0 |

Fourier transform magnitude

200
Distance (picometers)

400 600

Fig. 1. Radial structure function around a
molybdenum atom for CoMoS/y-Al,O; sam-
ples with different atomic ratios of Co to
(Co + Mo) during reaction at 523 K and 7.3
MPa. The reactor was fed with hydrogen
(99.95 percent; Liquid Carbonic) and a 7
weight-percent solution of benzothiophene
(97 percent; Aldrich) in Decalin (97 percent;
Fisher).
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tion can be measured by analyzing the
inlet and outlet flows.

The x-ray absorption coefficient of an
absorbing atom presents modulations in
the high-energy side of an absorption
edge. These EXAFS modulations are
generated when the electron ejected by
x-ray absorption interferes constructive-
ly or destructively with the electrons of
the surrounding atoms. Three types of
information are generally obtained from
the analysis of the EXAFS modulations:
R, the interatomic distance; N, the coor-
dination number; and o, the correlated
Debye-Waller factor. The strengths and
limitations of EXAFS as a technique for
structural characterization have been re-
viewed (11). '

The molybdenum K-edge EXAFS of
CoMoS/y-Al, O3 catalysts has been mea-
sured under ambient conditions by sev-
eral investigators. The features in these
spectra closely resembled those in the
spectrum of MoS, (3-5). Thus, we used
as references the spectra of MoS, mixed
with alumina taken at room temperature
and under reaction conditions. The radi-
al structure function (RSF) for this mod-
el compound has been described (5).
Two peaks occur at 198 and 284 pm,
representing the six sulfur and six mo-
lybdenum neighbors that make the first
Mo-S and Mo-Mo shells, respectively.
These distances correspond to a phase
shift of 43 and 32 pm from the actual Mo—
S (241 pm) and Mo-Mo (316 pm) dis-
tances, respectively. Scattering from the
second Mo-S and second and third Mo—
Mo shells also occurs. The amplitudes of
all peaks decrease with increasing tem-
perature because of thermal vibrations
@&).

Amplitude and phase-shift functions of
the catalyst and model compound were
calculated. A nonlinear least-squares fit-
ting routine was used to adjust the func-
tions of the catalyst to those correspond-
ing to the model compound by varying

R, N, and ¢ (Table 1). The catalyst used
has been described (3). Approximately 1-
g portions of the catalyst powders were
subjected to pressures of 10 MPa, result-
ing in wafers 1.3 mm thick and 2.54 cm in
diameter. The RSF’s obtained from EX-
AFS spectra taken during the HDS of
benzothiophene at 523 K and 7.3 MPa
(Fig. 1) showed two major peaks in all
four CoMoS/y-Al,O; samples. The first
peak at about 190 pm represents a Mo-S
bond of 241 pm. A second peak at about
290 pm corresponds to the first Mo-Mo
shell (actual bond length, 316 pm). Both
the Mo-S distance and the Mo-Mo dis-
tance on these catalysts under reaction
are in agreement with the interatomic
distances for crystalline MoS,. Howev-
er, the main peaks in Fig. 1 are smaller
than the corresponding peaks on the
model compound, indicating a lower co-
ordination number in the catalysts.

There were no major differences be-
tween the RSF’s obtained from spectra
taken at room temperature immediately
after reaction (Fig. 2) and those in Fig. 1;
both sets present peaks for the first Mo—
S and Mo-Mo coordination shells with
bond lengths corresponding to those ob-
served for MoS,. This seems to indicate
that the structure of the molybdenum
environment may not be affected by
depressurization and cooling.

The final products of the HDS of ben-
zothiophene are ethylbenzene and H,S.

| I I B B

Mo-Mo

11

Co/(Co+M0)=0.33

Fourier transform magnitude

0.13

h 1 1
200 400
Distance (picometers)

600

Fig. 2. Radial structure function around a
molybdenum atom for CoMoS/y-Al,O3 sam-
ples at room temperature after reaction. The
gas phase was hydrogen (99.95 percent; Lig-
uid Carbonic) at atmospheric pressure.
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As shown in Table 1, the rate of produc-
tion of ethylbenzene was maximum for
the catalyst with the largest Mo—Mo and
Mo-S coordination numbers. This is in
agreement with results obtained earlier
in this laboratory (3) that showed a simi-
lar relationship between the rate of HDS
of thiophene and Mo-S coordination
number determined in a less precise
way.

We have observed a double correla-
tion under real conditions of operation
and with a working catalyst between
HDS activity on the one hand and cata-
lyst composition and structure on the
other hand. Further work is under way
to determine the nature of this correla-
tion.
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Coupling of Tetrahymena Ribosomal RNA Splicing to

B-Galactosidase Expression in Escherichia coli

Abstract. Splicing of the Tetrahymena ribosomal RNA precursor is mediated by
the folded structure of the RNA molecule and therefore occurs in the absence of any
protein in vitro. The Tetrahymena intervening sequence (IVS) has been inserted into
the gene for the a-donor fragment of B-galactosidase in a recombinant plasmid.
Production of functional B-galactosidase is dependent on RNA splicing in vivo in
Escherichia coli. Thus RNA self-splicing can occur at a rate sufficient to support
gene expression in a prokaryote, despite the likely presence of ribosomes on the
nascent RNA. The B-galactosidase messenger RNA splicing system provides a
useful method for screening for splicing-defective mutations, several of which have

been characterized.

Many eukaryotic genes contain in-
trons, or intervening sequences (IVS),
that must be removed from their RNA
transcripts by a cleavage-ligation reac-
tion termed RNA splicing (/). In one
class of splicing reactions the RNA me-
diates its own splicing. Examples include
the nuclear ribosomal RNA (rRNA) pre-
cursor of the ciliated protozoan Tetrahy-
mena (2, 3), as well as various mitochon-
drial messenger RNA (mRNA) and
rRNA precursors in fungi (4). The RNA
lowers the activation energy for specific
cleavage-ligation reactions by providing
a binding site for guanosine, one of the
reactants, and by straining or activating
the phosphates at the splice sites (5, 6).
In addition, a portion of the IVS may
bind one or both adjacent rRNA coding
regions (exons) to facilitate their ligation
@).

RNA self-splicing in vitro requires
10 MAY 1985

only monovalent and divalent cations
and some form of the nucleoside guano-
sine (2, 3). We therefore reasoned that it
should take place to some extent in vivo,
even in a prokaryotic cell where RNA
splicing is not a normal feature of gene
expression. We have now tested this
idea by inserting the Tetrahymena IVS
and a small portion of the exons within
sequences coding for B-galactosidase.
Both genetic and physical evidence sup-
port the conclusion that accurate RNA
splicing occurs in E. coli to produce
functional mRNA. The system has been
used to isolate mutants that are defective
in splicing. Thus, classical genetic tech-
niques can now be used to investigate
structure-function relations in the self-
splicing IVS.

Plasmid pUCS8 encodes the NH,-ter-
minal portion (a-donor fragment) of the
B-galactosidase protein (8). The a-donor

polypeptide can combine with a defec-
tive B-galactosidase protein (a-acceptor)
to restore enzyme. activity (9). A frag-
ment of the Tetrahymena rRNA gene
containing the IVS was inserted in the
Bam HI restriction site within the o-
donor coding region of pUCS (Fig. 1A).
The 413-nucleotide IVS contains stop
codons in all three reading frames, which
would cause premature termination of a-
donor translation. If RNA splicing oc-
curred, however, the small portions of
the exons included in the insert would be
joined to give an open reading frame.
Extra amino acids can be tolerated in the
a-donor fragment without destroying ac-
tivity. Thus, B-galactosidase expression
would be contingent on- RNA splicing
(Fig. 1B).

Escherichia coli strain JM83 (8) was
transformed with the recombinant plas-
mids and plated on agar containing ampi-
cillin and X-gal (5-bromo-4-chloro-3-in-
dolyl-B-p-galactoside). X-gal is a histo-
chemical substrate for B-galactosidase
and is converted to a blue dye after
hydrolysis by the enzyme. Approximate-
ly half of the colonies were white (no B-
galactosidase expression); the remainder
were mostly very pale blue, while a few
were blue. Restriction endonuclease
cleavage analysis of plasmids from three
colonies of each color group indicated
that the white colonies contained the
Tetrahymena insert in the incorrect ori-
entation, whereas the blue and very pale
blue colonies contained the insert in the
correct orientation. Nucleotide sequenc-
ing of plasmids from three blue colonies
(including pBG-IVS1) indicated that in
each case one nucleotide had been in-
serted at the upstream Bam HI site dur-
ing cloning (Fig. 1C). The deletion was
such that the open reading frame of the
ligated exons was put in-frame with the
B-galactosidase =~ coding  sequences.
Translation of the resulting mRNA
would give an a-donor polypeptide con-
taining 18 amino acids more than that
produced by pUCS, and should give B-
galactosidase activity (10). In the plas-
mids from the very pale blue colonies,
such as ppG-IVS13, both Bam HI sites
were intact (Fig. 1C). Sequencing indi-
cated two termination codons in the pro-
tein reading frame, which should elimi-
nate B-galactosidase activity (8). The re-
sidual B-galactosidase activity conferred
by these plasmids may be due to occa-
sional splicing to ‘a sit¢ upstream from
the termination codons in the correct
reading frame.

Several lines of evidence indicate that
production of B-galactosidase in pBG-
IVS1 is dependent on proper splicing of
the a-donor pre-mRNA. The extra nu-
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