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Footprinting the Sites of Interaction of Antibiotics
with Catalytic Group | Intron RNA

Uwe von Ahsen and Harry F. Noller

Aminoglycoside inhibitors of translation have been shown previously to inhibit in vitro
self-splicing by group I introns. Chemical probing of the phage T4—derived sunY intron
shows that neomycin, streptomycin, and related antibiotics protected the N-7 position of
G96, a universally conserved guanine in the binding site for the guanosine cofactor in the
splicing reaction. The antibiotics also disrupted structural contacts that have been pro-
posed to bring the 5’ cleavage site of the intron into proximity to the catalytic core. In
contrast, the strictly competitive inhibitors deoxyguanosine and arginine protected only the
N-7 position of G96. Parallels between these results and previously observed protection
of 16S ribosomal RNA by aminoglycosides raise the possibility that group | intron splicing
and transfer RNA selection by ribosomes involve similar RNA structural motifs.

Group I introns are a structurally related
class of functional RNA elements that are
capable of catalyzing their own excision and
exon ligation in a well-characterized two-
step process (1). Although these catalytic
RNAs encompass a wide variety of specific
RNA sequences, they share a common
secondary structural core (2) and a common
self-splicing pathway. It is believed that the
RNA structural elements directly responsi-
ble for catalysis are contained within the
conserved core. The first step of splicing
requires attack on the phosphodiester bond
at the 5’ splice site by a 3’ hydroxyl of the
guanosine cofactor that binds to a con-
served G-C base pair in helix P7 (3) of the
conserved core (4). The 5’ splice site must
therefore be in close proximity to the co-
factor binding site. In the second step, the
free 3’ hydroxyl of the 5’ exon attacks the
3’ splice site. It is believed that both steps
use the same guanosine binding site, so that
the 3’ terminal G of the intron, in effect,
takes the place of the guanosine cofactor in
the second step (4-6).

Competitive inhibition of the self-splic-
ing reaction has been found not only for the
guanosine analogs deoxyguanosine and
dideoxyguanosine (7), but with the guani-
dino-containing compounds arginine (8)
and streptomycin (9, 10). More recently, it
was shown that aminoglycoside antibiotics
lacking a guanidino group, including neo-
mycin, kanamycin, and gentamicin, specif-
ically inhibit group I intron splicing with
inhibition constants (K/’s) in the same (mi-
cromolar) range in which they affect trans-
lation (11). Kinetic studies show that inhi-
bition is noncompetitive of the mixed type,
in which both k_,, and the Michaelis con-
stant (K_) for the splicing reaction are
affected (12).

The possibility that antibiotics recognize
similar RNA target structures in group I
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introns and ribosomes (11, 13, 14) led us to
search for sites of interaction of antibiotic
inhibitors with an abbreviated version (15)
of the sunY intron using base-specific chem-
ical probing methods (16). The position
and extent of modification are determined
by primer extension with reverse transcrip-
tase, which pauses or stops at the modified
bases (16, 17). Interactions of antibiotics
with the RNA result in perturbations of the
reactivity pattern, seen as an increase or
decrease in gel band intensities as compared
with free RNA. The reactivity pattern of the
free RNA (Fig. 1) supports the secondary
structure that was deduced for group I intron
RNA on the basis of comparative sequence
analysis (2) as well as a set of tertiary
interactions that have been proposed to play
a role in stabilizing the overall folding of the
RNA (18). This result, as well as the ability
of the RNA to catalyze self-splicing under
these conditions (19), show that the intron
was in its native conformation during the
probing experiments.

Among the very few guanine residues
that are attacked at N-7 positions by di-

Fig. 1. Probing of the structure of the sunY intron
RNA in the presence of antibiotics. SunY precur-
sor RNA (72) was probed with DMS (76) in the
presence of 50 uM neomycin B, 50 pM 5-epi-
sisomicin, 50 uM kanamycin A, or 500 puM
streptomycin and was analyzed by primer exten-
sion (29). For detection of N-7 positions of
guanosine residues, an aniline-induced strand
scission was performed (28). Bands corre-
sponding to the bases in the lower left panel
were’ partially obscured by a background of
bands between positions 175 and 130 caused
by strong spontaneous reverse transcriptase
stops that were due to the sodium borohydride—
aniline treatment required to detect N-7 methyl-
ation (28). Three different primers that hybridize
to the 3’ exon, stem P9.2, and stem P7 were
used to span the sunY intron. A and G, sequenc-
ing lanes; K, control (no DMS); —, no antibiotic;
Neo, neomycin B; Sis, 5-epi-sisomicin; Kan, ka-
namycin A; Str, streptomycin.

SCIENCE ¢

VOL. 260 * 4 JUNE 1993

methylsulfate (DMS) were the strongly re-
active G96 (3), which is involved in the
conserved G-C pair that is part of the
guanosine cofactor binding site in helix P7
(4), and, in order of descending reactivity,
G166, G160, and G158 (Fig. 1). Neomy-
cin B, 5-epi-sisomicin, and streptomycin,
bound under conditions in which splicing is
completely inhibited, all caused complete
protection of the N-7 positions of G96 and
G166 against methylation by DMS. Base
G166 lies in a strongly conserved single-
stranded region J8/7, immediately adjacent
to the adenine whose N-1 position is in-
volved in an unusual interaction with a
2'-hydroxyl that is located three nucleo-
tides upstream of the 5’ splice site (20); this
interaction is one of several tertiary con-
tacts believed to position the 5’ splice site
at the catalytic center. The ability to inhib-
it the splicing reaction correlates perfectly
with the chemical probing results: neomy-
cin, 5-epi-sisomicin, and streptomycin all
inhibit splicing, and all three have similar
chemical protection and enhancement pat-
terns, whereas the noninhibitory kanamy-
cin A has no detectable effect on the
pattern of chemical modification of the
RNA, even at concentrations as high as
several millimolar. Surthermore, the con-
centrations of the Jfferent antibiotics re-
quired for inhibition are similar to those at
which their effects on the chemical probing
pattern are observed (Fig. 1) (19).

In addition to protection of A43 and
A70 in the A-rich J4/5 and J6/6a loops,
many drug-induced enhancements were ob-
served, showing that the antibiotics perturb
the conformation of the intron RNA (Figs.
1 and 2). No antibiotic-dependent effects
were detected in the 3’ region of the intron
or in the beginning of the 3’ exon (19).
Neomycin B alone caused a strong en-
hancement at position Al115 and weak
protection of A110 and Al1l in the L7.1
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loop, indicating either that this antibiotic
makes more extensive interactions or that it
has an additional binding site on the in-
tron. Finally, in the 5’ exon, two bases
were weakly protected in the presence of
the drugs. Figure 3 summarizes the chemical
probing results.

It is not possible to observe directly the
interaction of the guanosine cofactor itself
with its binding site because its presence in
the reaction mixture leads to splicing,
which alters the modification pattern.
However, we were able to use chemical
probing to observe directly the interaction
of the cofactor analogs 3’-deoxyguanosine
and arginine with the intron. Both inhibi-
tors gave strong protection of the N-7
position of G96 (Fig. 4); we obtained sim-
ilar results using the inhibitor 2'-deoxygua-
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Fig. 2. Probing of the 5’ region of the sunY
intron. Chemical probing conditions were as
described in Fig. 1. Kethoxal modification was
done as described by Stern et al. (16). About
90% of the primer extension products were
full-length as opposed to unmodified RNA, in-
dicating less than one methylation per RNA
molecule, on average; this minimizes the pos-
sibility of structural changes of the RNA caused
by multiple methylations; 5’ ss, 5’ splice site.

nosine. In contrast to the results found for
the antibiotics, no effects were detected
elsewhere in the intron or in the surround-
ing exons. This result provides independent
evidence for interaction of these cofactor
analogs with the proposed G-binding site
(4) and demonstrates for the first time the
involvement of the N-7 of G96 in cofactor
binding. The N-7 position of G96 of the
excised linear sunY intron was protected
from DMS attack in the absence of added
cofactor (19); this can be explained by
binding of the 3’ terminal G of the intron
to the cofactor binding site (4).

Mutation of the G-C pair at the guano-
sine cofactor binding site to A-U changes
the cofactor specificity from guanosine to
2-aminopurine ribonucleoside (4); howev-
er, this mutant intron has the same sensi-
tivity to aminoglycoside antibiotics as the
wild-type intron (12). A possible rationale
for this is that the N-7 of the adenine could
provide an interaction site for the antibiot-
ics in the mutant RNA. To test this possi-
bility, we used another mutant Tetrahymena
intron in which the base pair at the cofactor
binding site contained a G-C to C-G trans-
version (6). Guanosine or purine ribonucle-
oside served effectively as cofactors for wild-
type or mutant, respectively, giving rise to
spliced products (Fig. 5). At 10 uM 5-epi-
sisomicin, splicing of both introns was
strongly inhibited, and at 100 wM antibi-
otic the reaction was completely abolished.
Because the mutation dramatically alters
the recognition properties of the crucial
base pair, we conclude that inhibition of
splicing by the antibiotic is independent of
the ability of the antibiotic to interact with

the N-7 position of the critical G-C pair in
the cofactor binding site.

Among the most prominent effects of
the antibiotics on the chemical probing
pattern of intron RNA is the virtually
complete protection of the strongly reactive
N-7 position of G96 in helix P7, a key
element of the cofactor binding site (Fig.
1). This same base is the only one protected
by the competitive inhibitors deoxyguano-
sine and arginine, providing direct evi-
dence for the proposed interaction between
the guanosine cofactor and the N-7 posi-
tion of G96 (4). Thus, the competitive
component of the inhibitory action of the
aminoglycosides can be accounted for by
their interaction with the guanosine bind-
ing site (21). Because the aminoglycoside
inhibitors also cause noncompetitive inhi-
bition (12), it is significant that we found
protection of the N-7 position of another
strongly conserved guanine, G166, in the
single-stranded region connecting stems P8
and P7. Because neither deoxyguanosine nor
arginine protect this base, it is unlikely that
protection of G166 is due simply to cofactor-

Fig. 4. Probing of the
interaction of 3'-deoxy-
guanosine and L-argi-
nine with the sunY in-
tron. Chemical probing,
as described in Fig. 1,
was performed on ~50
nM sunY precursor
RNA in the presence of
5 mM 3’-deoxyguano-
sine or 50 mM c-arginine (30); 3'dg, 3'-deoxy-
guanosine; Arg, arginine.
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Fig. 3. Secondary structure of the sunY intron. Changes in reactivity of bases toward chemical
attack in the presence of neomycin B, 5-epi-sisomicin, and streptomycin are indicated.
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like interaction of the antibiotic with the
cofactor binding site. Protection of G166 is
therefore the result of additional interactions
between antibiotic and RNA. We observed
enhanced reactivity for several bases in dif-
ferent regions of the intron that are all
believed to interact with the P1 stem (which
contains the 5’ splice site), giving support to
the interpretation that the antibiotics also
interfere with interactions between the 5’
splice site and the catalytic center. Regions
showing enhanced reactivities include J8/7,
the site of interaction with the P1 stem (3,
18); the A-rich region J1/3, believed to act
as a sort of hinge (22); and adenosines in
J4/5 and J5/4, which were proposed to inter-
act with 2’-hydroxyl groups in the upper part
of the P1 stem (18). In addition, several
other changes in the reactivity pattern were
observed, nearly all of which can be ac-
counted for by disruption of previously pro-
posed tertiary interactions (23).

The fact that all of the inhibitory drugs
gave essentially identical footprints, in spite
of their different structures and different
inhibitory concentrations, is unexpected
and could be interpreted as evidence for a
single binding site. This is reinforced by the
preliminary finding that all of the antibiot-
ic-dependent protections and enhance-
ments appear to have a similar dependence
on drug concentration (19). However, it
could also be argued that group I introns
have multiple antibiotic binding sites and
that their specificities for the different drugs
and affinities for the multiple sites are co-
incidentally similar. In support of this in-
terpretation is the finding that aminoglyco-
side antibiotics inhibit group I introns with
mutated G-binding sites at the same con-
centration as that required for inhibition of
the wild-type intron. If the protected G
residue in the cofactor binding site were a
contributor to the binding interaction of
the antibiotic, then these mutations would
be expected to weaken the interaction,
leading to a requirement for significantly
higher drug concentrations to cause inhibi-
tion. Multiple binding sites would also ac-
count for the mixed competitive-noncom-
petitive mode of inhibition observed for the
neomycin-related drugs (12). Here it could
be imagined that binding to the cofactor
binding site would cause competitive inhi-
bition, whereas binding to a second site,
and therefore preventing P1 stem from
binding to the J8/7 region, would cause
noncompetitive inhibition.

The inhibition of two apparently unre-
lated functions of RNA splicing and trans-
lation by the same group of antibiotics is an
unexpected finding. It will therefore be of
interest to see whether there is an underly-
ing similarity between the molecular mech-
anisms of action of 16S ribosomal RNA
(rRNA) and group I introns. Schroeder has
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Fig. 5. Inhibition of splicing by 5-epi-sisomicin
in an intron containing a mutated cofactor bind-
ing site. Wild-type or mutant (G264-C311_to
C264-G311) Tetrahymena intron RNA (6) was
incubated under splicing conditions (37) with
the appropriate cofactor (guanosine for the wild
type, purine riboside for the mutant) in the
presence or absence of 5-epi-sisomicin at the
indicated concentrations (given in micromolar).
WT, wild-type intron; G, guanosine; rP, purine
riboside; Circ. intron, circular intron; Lig. exons,
ligated exons; I. intron, linear intron.

recently suggested a structural analogy be-
tween the two systems (I14). Splicing and
decoding both involve recognition of a
short helix of variable sequence by a con-
served functional domain. In the case of
splicing, this consists of interaction of the
variable 5’ splice site helix (P1) with the
conserved catalytic core, in particular with
the J8/7 sequence. In the ribosomal decod-
ing site, the codon-anticodon helix, also
variable in sequence, interacts with the
conserved 1400 and 1500 regions of 16S
rRNA (24). This similarity can be extend-
ed to the patterns of aminoglycoside protec-
tion observed for 16S tRNA and the group
I intron; in both cases, binding of ami-
noglycosides results in protection of two
guanine nucleotides at their N-7 positions
and a single adenine at N-1 (25, 26).
Whether these analogies correspond to
structural homologies is presently unclear.
If this turns out to be the case, it will serve
to focus attention on the question as to
whether these two functional RNAs have a
common evolutionary origin.
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New Domain Motif: The Structure of Pectate
Lyase C, a Secreted Plant Virulence Factor

Marilyn D. Yoder, Noel T. Keen, Frances Jurnak*

Pectate lyases are secreted by pathogens and initiate soft-rot diseases in plants by
cleaving polygalacturonate, a major component of the plant cell wall. The three-dimen-
sional structure of pectate lyase C from Erwinia chrysanthemihas been solved and refined
to a resolution of 2.2 angstroms. The enzyme folds into a unique motif of parallel 8 strands
coiled into a large helix. Within the core, the amino acids form linear stacks and include
anovel asparagine ladder. The sequence similarities that pectate lyases share with pectin
lyases, pollen and style proteins, and tubulins suggest that the parallel 8 helix motif may

occur in a broad spectrum of proteins.

Pectate lyases (E.C. 4.2.2.2) are microbial
extracellular enzymes that are important
during plant pathogenesis (I). The enzymes
randomly cleave a-1,4 linked galacturono-
syl residues of the pectate component found
in the primary cell wall and intercellular
regions of higher plants. Enzymatic cleav-
age of the glycosidic bond occurs at a pH
optimum of 8 to 11 through a B elimination
mechanism, resulting in an unsaturated
C-4-C-5 bond in the galacturonosyl moiety
at the nonreducing end of the polysaccha-
ride (1). Calcium is essential for enzymatic
activity, but it is unclear whether Ca?*
binds to the protein or to the substrate
(2). Pectate lyases usually exist as multi-
ple, independently regulated isozymes that
are 27 to 80% identical in amino acid
sequence (3, 4).

Pectate lyase C (PelC) was isolated from
the periplasm of Escherichia coli cells con-
taining a high-expression plasmid construct
of the pelC gene from Erwinia chrysanthemi
EC16 (5, 6). The periplasmic form of re-
combinant PelC has the identical molecu-
lar weight, isoelectric point, and macera-
tion properties as the E. chrysanthemi isolate
(7). The enzyme has 353 amino acids and a
molecular weight of 37,676 (6). Crystals of
PelC were grown from ammonium sulfate
and belong to space group P2,2,2, with
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unit-cell parameters of a = 73.38 A, b =
80.26 A, and ¢ = 95.12 A and one mole-
cule per asymmetric unit (8). The structure
was solved with multiple isomorphous re-
placement (MIR) techniques (9). The
model, which includes the first 352 residues
but no solvent, has a crystallographic re-
finement factor of 20.2% for all measured
reflections with structure-factor amplitude

F > 20in the 2.2 to 5.0 A resolution shell.
The root-mean-square deviations are 0.006
A from bond length ideality and 1.38° from
bond angle ideality.

Because the structural motif of PelC is
unusual, the correctness of the model was
of particular concern throughout the anal-
ysis. In the initial stages of interpretation,
there were few ambiguous regions in either
the polypeptide tracing or in the amino
acid sequence assignment in the MIR elec-
tron density maps. Furthermore, all heavy

-atom derivatives substituted at chemically

reasonable sites: platinum at Met?®, os-
mium at His'*3, and uranyl and lead at a
common site in a pocket formed by
Asp'!, Glu'®, and Asp!”®. After refine-
ment, all carbonyl oxygens were visible in
the final 2F; — F_ electron density map
(Fig. 1). All connections and polypeptide
directions found in 2F, — F_ maps, in
which 10% of the total residues were
sequentially omitted from the model, were
consistent with those of the refined model.
Only three residues were outside the normal
range of the ¢ and ¢ angles for standard
secondary structural elements (Fig. 2A). Two
additional measures supported the validity of
the model (Fig. 2B).

The polypeptide backbone of PelC folds
into a single structural domain (Fig. 3).
The predominant secondary structural ele-
ments are parallel B strands that are coiled
into a large right-handed cylinder that we
call a parallel B helix. The NH,-terminal
end of the cylinder is covered by a short «
helix of three turns, and the COOH-termi-
nal end is covered by polypeptide loops.
Polypeptide loops also protrude from the

A B
Fig. 1. Stereo view of the superposition of the backbone of several parallel g strands on the final
2F, — F, electron density map of PelC contoured at 1.0 . The model is shown in black lines, and
the electron density map is in gray lines. All carbonyl oxygen atoms are apparent in the final map.
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