made of C, B, and N (with C-N and C-B
bonds), rather than a mechanical mixture of
graphite and BN. Furthermore, among the
three elements present, B in the lattice, with
three unpaired electrons that form in-plane
o bonds, has the highest density of unoccu-
pied 7 orbitals. Correspondingly, the  peak
observed in the spectra is the strongest for B,
weaker for C (four electrons), and weakest
for N (five electrons).

We estimated the B and N concentra-
tions present in the hybrid structures from
measurements of the characteristic signals
after background subtraction. The involved
cross sections were calculated with the usual
0-K hydrogenic model (15). We always
found that B and N were present in the
samples in a 1:1 ratio (for all concentra-
tions), which confirms the substitution of
the elements into the C network in the
(B,N,) stoichiometry. However, in some
samples taken from the soot that forms in
the outer and colder regions of the chamber,
EELS structures corresponding to amorphous
B were seen with little trace of N. In some
cases we observed the stoichiometry C,BN,
matching the composition obtained for
CVD-made CBN, but in the majority of
cases the average composition corresponded
to C,BN,, where y >> x. However, because
the electron beam probes local areas, the
possibility exists that local areas (nano-
meters) with C,BN stoichiometry are sur-
rounded by pure graphite.

Energy-loss line spectra (3, 16) taken
from different structures confirm that BN is
not deposited as an impurity on the surfaces.
Line scans from tubes show that the profiles
of the B and N peaks follow shapes similar to
that in multilayer tubes, although the shapes
are not smooth as we had reported for pure C
tubes (3). This could be because the pres-
ence of B and N is not uniform along the
length or cross section of the tubes and the
substitution is spatially random. However, in
tubes the doping is higher in the outer layers
(Fig. 4 inset). Concentration profiles of B
and N in some tubes resemble an outer car-
bonated BN coating (few layers) for the in-
ner BN-substituted (small amounts) C tubes.
The concentrations of B and N are highest
in some of - the sheets. The line scans across
thin planar CBN sheets clearly show (Fig. 4)
that the amounts of B (also N) and C
present are spatially very well anticorrelated,
confirming doping by substitution. The lim-
iting spatial extent of this anticorrelation is
of the order of 2 to 3 nm, and the existence
of local domains of pure phases with dimen-
sions of this order is quite probable. Howev-
er, the anticorrelation in the intensity of the
EELS peaks proves clearly that the missing C
atoms in graphitic networks are replaced and
shared by B and N. The same is observed for
the tubes.

Our observations of the growth of B- and

N-substituted graphitic and nanotube struc-
tures during the electric arc-discharge pro-
cess is surprising because it has been shown
that CBN phases and a mixture of BN and
graphite are unstable when annealed (slow-
ly) to temperatures higher than 2000°C and
that they decompose to boron carbide and
graphite, releasing nitrogen (12). The tem-
peratures that exist in the region where the
deposits are formed during the arc-discharge
process is >3500°C. In fact, in the outer
regions of the chamber where the tempera-
tures are lower, no doping is observed. One
possible explanation for the formation of B-
and N-substituted graphite, as discussed by
others (12), could be the extremely small
time scales involved in the reactions in the
C plasma; the formation reaction of CBN
could occur at a much faster rate than the
decomposition reaction to form the carbide
phase and nitrogen. Also, because the reac-
tion is carried out in a nitrogen ambient, the
equilibrium reaction rates might be shifted in
a way that favors CBN formation at elevated
temperatures.
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The Stereochemical Course of
Group Il Intron Self-Splicing

Richard A. Padgett,” Mircea Podar, Scott C. Boulanger,
Philip S. Perliman

The stereochemical specificities and reaction courses for both self-splicing steps of a group
Il intron have been determined by phosphorothioate substitution at the 5’ and 3’ splice site
phosphodiester bonds. Both steps of the splicing reaction proceeded with a phosphoro-
thioate in the Sp configuration but were blocked by the Rp diastereomer. Both steps also
proceeded with inversion of stereochemical configuration around phosphorus, consistent
with a concerted transesterification reaction. These results are identical to those found for
nuclear precursor mRNA (pre-mRNA) splicing and provide support for the hypothesis that
group Il introns and nuclear pre-mRNA introns share a common evolutionary history.

Recent work has defined the stereochemi-
cal course of nuclear pre-mRNA splicing by
means of site-specific substitutions of non-
bridging oxygens with sulfur at the splice-
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junction phosphodiester bonds (I, 2). This
substitution produces a chiral center at the
phosphorus with two configurations denoted
Sp and Rp. The normal oxygen atoms at the
prochiral-Rp and prochiral-Sp positions fre-
quently interact differently with enzymes
and ribozymes (3). Thus, the analysis of the
effects of substitution at these positions can
define features of the catalytic site, and anal-
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ysis of the stereochemical configuration of
the product of a phosphotransfer reaction
involving a chiral substrate can help define
the chemical course of the reaction. From
such analyses, pre-mRNA splicing has been
shown to proceed with Sp phosphorothioates
at either splice site but to be blocked by Rp
phosphorothioates, and that both splicing
steps proceed through inversion of stereo-
chemical configuration (I, 2). These results
have been interpreted as meaning that the
prochiral-Rp oxygen of the phosphodiester
bond that is cleaved in the reaction interacts
with an element of the active site, possibly a
magnesium ion, that is critical for activity
(4). That both steps have the same stereo-
specificity suggests that the second is not the
reverse of the first. Thus, each step may be
catalyzed by a distinct active site (2). In
contrast, group | introns use an Rp phospho-
rothioate at the 5’ splice site, and an Sp
phosphorothioate at the 3’ splice site, which
reinforces the view that the second step of
group 1 splicing is mechanistically a reversal
of the first and that a single active site is
involved (5).

Group I self-splicing introns use a two-
step transesterification reaction mechanism
with formation of a branched lariat RNA,
which is identical to the mechanism used by
nuclear pre-mRNA spliceosomal introns (6).
Thus, it was of interest to determine if the
similarities of group Il and nuclear pre-
mRNA splicing mechanisms extend to the
level of the organization of their catalytic
active sites. To obtain group Il intron
precursor RNAs with single, stereochemi-
cally defined phosphorothioate substitu-
tions at the 5’ and 3’ splice junctions, we
joined chemically synthesized RNA oligo-
nucleotides containing single, stereo-
chemically defined phosphorothioate sub-
stitutions to in vitro RNA transcripts us-
ing DNA-mediated ligation to produce
complete self-splicing group II introns

(Fig. 1).

5' Splice site 3' Splice site
{ X=0,S(Ap), or S(Sp) {

A complete self-splicing RNA derived
from the yeast mitochondrial al5y group II
intron was created by a three-part ligation
involving an enzymatically synthesized exon
1, a chemically synthesized 5’ splice junction
oligonucleotide, and an enzymatically syn-
thesized labeled RNA comprising the bal-
ance of the intron plus exon 2 (Fig. 1A).
Purified, ligated molecules were reacted un-
der self-splicing conditions where the pre-
dominant reaction pathway is by branching
to the 2’ hydroxyl of a specific adenosine
residue in domain VI of the intron (7).

The results of this experiment show that
branch formation is evident for the control
oxygen and the Sp phosphorothioate RNAs
but is seen at only a very low level in the Rp
phosphorothioate RNA (Fig. 2). This low
level is due to a small contamination of the
Rp phosphorothioate oligonucleotide with
the oxygen-containing species (8). Thus,
the first step of group Il intron self-splicing
shows the same stereospecificity as pre-
mRNA splicing. Another result apparent
from the quantitation of the reactions in
Fig. 2 is that the reaction rate of the Sp
phosphorothioate-substituted RNA in step
1 is significantly slower than that of the
unsubstituted RNA (9).

To analyze the stereochemical require-
ments of step 2 of group Il intron self-splic-
ing, RNAs with either an oxygen or a sulfur
in the Rp or Sp configuration at the 3’ splice
site were constructed (Fig. 1B). As shown in
Fig. 3, step 1 of the splicing reaction pro-
ceeded with all three substrates, as evidenced
by the production of lariat intermediate mol-
ecules. The second step of the reaction,
which produces the spliced exon RNA, pro-
ceeded when the 3’ splice junction con-
tained either an oxygen or an Sp phospho-
rothioate but was blocked by the presence of
an Rp phosphorothioate. These results show
that both steps of group Il intron self-splicing
proceed with Sp phosphorothioates but are
blocked by the Rp diastereomer, the same

B
5' Splice site 3' Splice site

1 X =0, S(Rp), or S(Sp)

[Exon 1 oH pUCPGAGCGGUCUOH #——[Exon 2]

[Exon 1 ===—=0H pAUpACUAUGUAUpCp

Exon 1 QExon 2]

(o]
2CHp Step 1 %,

C o2 NoExonz)

+
[Exon 10Exon 2]

Step 2

—_—

Exon 2

Fig. 1. Scheme for the site-specific insertion of stereochemically defined phosphorothioates into group
Il intron splicing substrates. Chemically synthesized oligonucleotides (bold type) (75) were ligated to
enzymatically transcribed RNAs with a bridging DNA oligonucleotide (dotted line) and T4 DNA ligase. The
sites and fates of the sulfur atoms are marked by circles. Labeled phosphorus atoms are marked with
asterisks. (A) Construction of 5’ splice site—-modified self-splicing RNAs (76). (B) Construction of 3’ splice
site-modified self-splicing RNAs (77). (C) These RNAs were then spliced to yield the intermediates and
products diagrammed. The sulfur at the 5’ splice site becomes part of the 2'-5’ phosphorothioate bond
in the branch structure of the lariat product RNA, and the sulfur at the 3’ splice site becomes part of the
phosphorothioate linkage between the two exons in the product RNA.
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specificity as is seen in nuclear pre-mRNA
splicing.

All of the splicing reactions tested to
date appear to use a similar mechanism that
results in the inversion of the stereochemi-
cal configuration around phosphorus (1, 2,
5). This inversion is consistent with an Sy;2-
type in-line transesterification reaction that
proceeds through a trigonal bipyramidal in-
termediate with the attacking and leaving
groups in the apical positions.

To determine if group II intron self-splic-
ing follows this pattern, we analyzed the

Sulfur
Rp Sp

l di |
1 250 520400 5 20 40

Oxygen

I
Time (min) 0

0 19 24 34 0 081108 0 36 78 115

product (%)

Fig. 2. Analysis of the stereospecificity of step 1 of
self-splicing. RNAs containing oxygen or sulfur in
the Rp or Sp configuration at the 5’ splice junction
were reacted under self-splicing conditions for the
times indicated and separated by denaturing poly-
acrylamide gel electrophoresis (78). The positions
of lariat intermediate, lariat product, precursor, and
broken lariat RNA species are indicated. The intron
was labeled in this precursor RNA so that the
spliced exon product is not observed. Analogous
experiments with differently labeled substrate RNA
showed that spliced exon RNA is produced in
equimolar amounts to excised intron RNA (72). The
extent of reaction for each point is listed at the
bottom of the lane as a percentage of the input
RNA.

Oxygen Sulfur
Ap

I L LLI
Time (min) 0 210600 2 1060 0 2 10 60

a F‘Qﬂr -1

Fig. 3. Analysis of the stereospecificity of step 2 of
self-splicing. RNAs containing oxygen or sulfur in
the Rp or Sp configuration at the 3’ splice junction
were reacted under self-splicing conditions for the
times indicated and separated by denaturing
polyacrylamide gel electrophoresis (718). The posi-
tions of lariat intermediate, precursor, and spliced
exon product RNAs are indicated. The second
exon was labeled in this reaction so that the lariat
intron product and the first exon intermediate are
not observed. The regions of the gel shown con-
tained the only bands present.



stereochemical outcomes of the two splicing
steps. In step 1 of the reaction, the sulfur
atom from the 5’ splice junction is incorpo-
rated into the 2'-5' phosphodiester bond
formed between the branch site adenosine

and the 5’ end of the intron (Fig. 1C). To
determine if the sulfur derived from the ac-
tive Sp isomer is in the Rp or the Sp config-
uration, we isolated branch core trinucleo-
tides from spliced intron RNA from either

Fig. 4. Analysis of the stereo- A

chemical configuration of the | Sulfur - Oxygen X
products of step 1 of group |I o o
intron  self-splicing. Complete - o

g p g p O % O o C";"J

self-splicing RNAs containing ei-

ther oxygen or an Sp phospho- (s)
rothicate at the 5’ splice site *pA gﬁ_
were prepared as in Fig. 1A ex-

B Oxygen Sulfur

lodoethanol =+ = 4

\

cept that the intron—exon 2 RNA ‘PApU -
used in the ligations was tran- i *pA Pﬁ‘
scribed in the presence of PA it
_32 i i .
[«—32PJATP (adenosine triphos e e s

phate) to label the adenosine at

the branch site in domain VI. These RNAs were spliced and digested with nuclease P1, and the resistant
branch trinucleotides were isolated from a preparative 25% acrylamide gel (7). The labeled phosphorus is
indicated by the asterisk. (A) Lanes 1 to 3, phosphorothioate-containing (sulfur) branched trinucleotide;
lanes 4 to 6, control (oxygen) branched trinucleotide. Each set of lanes contains trinucleotide either
unreacted (C, lanes 1 and 4), digested with nuclease P1 (lanes 2 and 5), or digested with SVPD (lanes 3 and
6) (19). Reactions were analyzed on a 25% denaturing polyacrylamide gel. Positions of the various sub-
strates and products are shown. (B) Effect of iodoethanol on control and phosphorothioate-containing
branch trinucleotides. Lane 1, untreated control trinucleotide; lane 2, control trinucleotide treated with
iodoethanol; lane 3, untreated phosphorothioate-containing trinucleotide; and lane 4, phosphorothioate-
containing trinucleotide treated with iodoethanol. Samples were analyzed on a 25% polyacrylamide gel
without urea.

(2 Oxygen Sulfur
o 5' Splice site 3 Splice site O, e AR
pl p} a o VIS
Exon 1 pC gagc...intron...au(S)ACUAUGUAU bk e i i s L p
ke oo oo oo ipuw
Splicing S = = S
* “DABC — ' *pADC
* * C
Exon 1 pC(S)ACUAUCUAU PARC — PAP
Nuclease‘P1 \ e *pA>p
pC PC(SIA === P
[Sp thio] [Ap thio]
"pA—

12 346 789101
Fig. 5. Analysis of the stereochemical configuration of the prod-
ucts of step 2 of group Il intron self-splicing. (A) Scheme for
analysis of the stereochemistry of the spliced exon product from
the second step of splicing of a 3’ splice site-modified RNA.
Exon and intron sequences are shown in uppercase and lower-
case letters, respectively. A single labeled phosphorus (marked
with an asterisk) was positioned one nuclectide 5’ of the 5’
splice junction (20). After splicing, this phosphate is next to the
phosphorothioate bond in the product RNA. The labeled prod-
ucts expected from digestion of the RNA with the stereospecific
nucleases P1 and SVPD are shown. (B) Analysis of spliced exon
product RNA from RNAs with a substituted 3’ splice junction.
Samples were as follows: lane 1, control oxygen unspliced sub-
strate RNA [S(Q)]; lane 2, spliced exon product RNA from the
control oxygen substrate [P(O)]; lane 3, Sp phosphorothioate unspliced substrate RNA [S(S)]; and lanes 4
and 5, spliced exon product RNA from the Sp phosphorothioate substrate [P(S)]. The RNAs were digested
with nuclease P1 or nuclease P1 followed by SVPD as indicated and analyzed by 25% polyacrylamide gel
electrophoresis (79). The positions of mono- and dinucleotides are indicated. (C) Control experiments to
demonstrate the specificities of the enzyme conditions used. Chemically synthesized Ap(S)C dinucleotides
containing either a phosphodiester linkage (O, lanes 1 to 3 and 11), an Ap phosphorothioate linkage (Rp,
lanes 4 to 6), or an Sp phosphorothioate linkage (Sp, lanes 7 to 10) were digested with either nuclease P1
or SVPD (79) and analyzed by nondenaturing 25% polyacrylamide gel electrophoresis. The dinuclectides in
lanes 10 and 11 were treated with iodoethanal (IEt) (77) to show that the difference in migration of oxygen
and thio-substituted dinucleotides is due to the presence of sulfur. Some cleavage of the phosphorothioate
dinucleotide occurs to yield adenosine 5’ phospho-2',3' cyclophosphate (77).
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control oxygen or Sp phosphorothioate—
substituted precursor RNAs by nuclease
P1 digestion and preparative gel electro-
phoresis. This trinucleotide was then
treated with snake venom phosphodiester-
ase (SVPD), which preferentially cleaves
Rp phosphorothioate bonds (10). If the
configuration of the Sp phosphorothioate
at the 5’ splice junction was inverted to
Rp, only mononucleotides would be re-
leased from the branch core by SVPD. If
the Sp configuration was retained, a la-
beled dinucleotide would be seen. As
shown in Fig. 4A, only mononucleotides
were released by SVPD digestion, showing
that the Sp phosphorothioate in the sub-
strate RNA was inverted during the splic-
ing reaction to Rp. Control experiments
show that a synthetic Sp phosphorothio-
ate dinucleotide was uncleaved under
identical conditions (see Fig. 5C, lane 9).

Figure 4B shows that the branch core
used in Fig. 4A contains a sulfur atom, be-
cause it migrated more slowly on a nonde-
naturing gel than did the control oxygen
species (1, 2), and this mobility difference
was lost when the sulfur was removed by
treatment with iodoethanol (I11). Further
evidence that the sulfur atom was present in
the 2’-5' bond is that the lariat product
RNA from the Sp phosphorothioate RNA
was resistant to cleavage by the Hela cell
debranching activity (1), whereas the con-
trol oxygen lariat was cleaved (12). Thus,
step 1 of group 11 intron self-splicing occurs
through inversion around phosphorus.

In step 2 of splicing, the sulfur from the 3’
splice site is incorporated into the phos-
phodiester bond linking the two ligated ex-
ons (Fig. 1C). To determine the stereochem-
ical configuration of this bond, we construct-
ed complete cis-splicing RNAs in which the
only labeled phosphorus was located one
nucleotide 5’ of the 5’ splice site and which
contained either a phosphodiester or an Sp
phosphorothioate bond at the 3’ splice site.
In the spliced exon product, this label will be
located one nucleotide 5’ of the phosphodi-
ester or phosphorothioate bond formed dur-
ing ligation of the exons. Thus, cleavage of
the spliced exon product by stereospecific
nucleases that leave 5’ phosphate termini
will produce either labeled dinucleotide or
mononucleotide products depending on the
stereochemistry of the bond produced by
step 2 of splicing (Fig. 5A). Digestion of the
spliced exon product RNA from the Sp
phosphorothioate-substituted RNA  with
nuclease P1 gave a resistant dinucleotide
species (Fig. 5B, lane 4), whereas digestion of
the control oxygen-containing spliced exon
product RNA produced only mononucleo-
tides (Fig. 5B, lane 2). Further digestion of
the phosphorothioate-containing dinucle-
otide with SVPD produced only mononucle-
otide products (Fig. 5B, lane 5). Nuclease P1
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cleaves Sp phosphorothioate bonds but not
Rp bonds (13), whereas SVPD shows the
opposite specificity (10). Control experi-
ments with chemically synthesized phospho-
rothioate dinucleotides showed that these
enzymes cleaved with the expected ste-
reospecificity under identical conditions
(Fig. 5C). These results show that the Sp
phosphorothioate in the substrate RNA was
inverted to Rp in the second step of group Il
self-splicing.

Much has been written about the appar-
ent similarities between the structures and
splicing mechanisms of group II and pre-
mRNA introns (14). These similarities could
be due to a common evolutionary origin or
due to chemical determinism driven by a
need to carry out similar reactions. Our data
extend the similarities to the level of the
stereochemistry of the fundamental reactions
of these introns and provide strong support
for a close relation between these two classes
of introns. Because group Il intron ribozymes
carry out the same chemical reactions as in
pre-mRNA splicing but without the need to
assemble a spliceosome from trans-acting
factors, they might represent a more accessi-
ble system in which to investigate the details
of these reactions.
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and the entire intron ending two nucleotides before
the 3’ splice junction. The ligated product was puri-
fied by preparative gel electrophoresis.

18. Splicing reactions were carried out in 0.5 M
(NH,),S0,, 100 mM MgCl,, 1 mM dithiothreitol, and
40 mM Hepes buffer (pH 7.3) at 45°C (7). Products
were analyzed on a 4% polyacrylamide gel contain-
ing 8 M urea and quantitated on a Molecular Dynam-
ics Phosphorimager.

19. Samples were digested with 3.3 X 10~2 units of
SVPD (Type |, Sigma) in 10 mM tris-HCl (pH 8.0), 1
mM EDTA, and 5 mM Na,PO, with 1 g of tRNA for
60 min at 37°C or 20 ng of nuclease P1in 156 mM
ammonium acetate (pH 4.6) with 1 ug of tRNA for 60
min at 37°C. lodoethanol treatment was as de-
scribed (717), which in the absence of a free 2" hy-
droxyl group results mainly in desulfurization of the
phosphorothioate.

20. RNAs containing either a phosphodiester bond or an
Sp phosphorothioate bond at the 3’ splice site and
containing a single labeled phosphorus one position
5’ of the 5’ splice site were prepared as follows: an
exon 1 RNA ending at position —1 was ligated toa 5’
32P-labeled RNA transcript of the entire intron initiat-
ed with CpG, which ended at position —2 from the 3’
splice site. This labeled RNA was then ligated to
either the control oxygen, Rp phosphorothioate, or
Sp phosphorothioate 3’ splice site oligonucleotide.
These RNAs were spliced and digested with nucle-
ase P1 or SVPD as above.
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3 August 1994; accepted 18 October 1994

Polyglycylation of Tubulin: A Posttranslational
Modification in Axonemal Microtubules
Virginie Redeker, Nicolette Levilliers, Jean-Marie Schmitter,

Jean-Pierre Le Caer, Jean Rossier,” André Adoutte,
Marie-Héléne Bré

A posttranslational modification was detected in the carboxyl-terminal region of axonemal
tubulin from Paramecium. Tubulin carboxyl-terminal peptides were isolated and analyzed
by Edman degradation sequencing, mass spectrometry, and amino acid analysis. All of
the peptides, derived from both o and B tubulin subunits, were modified by polyglycyl-
ation, containing up to 34 glycyl units covalently bound to the y carboxyl group of glutamyl
residues. This modification, present in one of the most stable microtubular systems, may
influence microtubule stability or axoneme function, or both.

The axoneme of cilia and flagella com-
prises a bundle of microtubules typically ar-
ranged as a ring of nine doublets around a
pair of single microtubules. This structure is
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among the most stable microtubular assem-
blies known and contains >150 different
proteins, of which « and B tubulins are the
most abundant (I). Immunocytochemical
and immunoblotting studies with antibodies
to Paramecium axonemal tubulin—poly-
clonal anti-PA tubulin and monoclonal
AXO 49, which show similar specificities—
suggest that axonemal tubulin undergoes a
posttranslational modification (2, 3). The
reactive epitope (i) appears late in the as-
sembly of stable microtubules, (ii) is located
in the COOH-terminal domain of both a






