occupying two positions in the active site was de-
rived by simulated annealing (with the slow-cool pro-
tocol) at 1000 K with the use of X-PLOR (10) with the
flavin region omitted. Phases were further modified
by a full-matrix Sayre refinement with SQUASH (77),
followed by phase combination with the initial phas-
es derived from simulated annealing. Amplitudes
were weighted with SigmaA (72).

24. A mask representing the volumes inside the unit
cell not occupied by protein was determined with a
probe of radius 0.8 A (10). Maps calculated with
coefficients derived from the Fourier transform of
the mask were contoured at 1 o. The model of the
active site in the “‘open’’ conformation was de-
rived from the structure of the enzyme in complex
with 2,4-DOHB. The side chain of Tyr222 was ini-
tially reoriented by manual modeling (713), followed

by refinement of the atomic coordinates in the
CHARMM22 force field in X-PLOR (70). Atoms
within 5 A of Tyr222 were restrained to their initial
positions by application of a harmonic potential.
Atoms outside this region were kept fixed during
the minimization.
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RNA Editing: Transfer of Genetic Information
from gRNA to Precursor mRNA in Vitro

Scott D. Seiwert and Kenneth Stuart*

RNA editing in the mitochondrion of Trypanosoma brucei extensively alters the adenosine
triphosphate synthase (ATPase) subunit 6 precursor messenger RNA (pre-mRNA) by
addition of 447 uridines and removal of 28 uridines. In vivo, the guide RNA gA6[14] is
thought to specify the deletion of two uridines from the editing site closest to the 3’ end.
In this study, an in vitro system was developed that accurately removed uridines from this
editing site in synthetic ATPase 6 pre-mRNA when gA6[14] and ATP were added. Mu-
tations in both the guide RNA and the pre-mRNA editing site suggest that base-pairing
interactions control the number of uridines deleted in vitro. Thus, guide RNAs are required
for RNA editing and for the transfer of genetic information to pre-mRNAs:

Mitochondrial pre-mRNAs in kinetoplas-
tid protozoa have precise numbers of uri-
dine residues inserted and deleted by RNA
editing (k-RNA editing) (1). This possibly
ancient (2) process produces mature
mRNA sequences, often creating most of
the coding information (3, 4). Small (~60-
nucleotide) guide RNAs (gRNAs) have
been proposed to specify the sequences of
edited transcripts by a combination of
Watson-Crick and G:U base pairing (5).
Most models for k-RNA editing postulate
that the 5’ portion of a gRNA initially
forms a short (anchor) duplex with the
pre-mRNA that it edits and that subse-
quent editing of the pre-mRNA extends the
complementarity of this duplex (5-7). Free
uridine 5’-triphosphate (UTP) (5) or uri-
dine residues at the 3’ end of gRNAs (6, 7)
may be the reservoir for the inserted and
deleted uridines. As evidence exists in sup-
port of both of these possibilities (7—13), we
developed an in vitro system to analyze the
mechanism of k-RNA editing.

Editing of the 3’ end of Trypanosoma brucei
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ATPase 6 pre-mRNA appears to be directed
by the gRNA gA6[14] (Fig. 1A) (14). The
gRNA-mRNA chimeric molecules predicted
by some models of RNA editing (6, 7) are
produced when these two RNAs are incubat-
ed with mitochondrial lysate (9). Character-
ization of these molecules showed that the
pre-mRNA portion of several lacked uridine
residues at the editing site closest to the 3’

Fig. 1. (A) Possible A6/ A
TAG-gAB[14] base pairing.
Pre-mRNA is above and
gAB[14] below. ES1 is
shaded; uridines deleted in
vivo are indicated by aster-
isks. AB/TAG and gA6[14]
mutations are indicated by
arrows. (B) A6/TAG tran-
script and oligonucleo-
tides. ATPase 6 and heter-
ologous sequence are
boxed and unboxed, re-
spectively. ES1 is shaded.
Oligonucleotides are indi-
cated as bars, with arrow-
heads representing 3’
ends. The ddT-terminated

end (ES1), a site from which uridines are
deleted in vivo (4). Here, we investigated
whether removal of these uridines required,
and was specified by, the gRNA included in
the in vitro incubation, using a procedure
analogous to the assay of in vitro RNA edit-
ing employed in other systems (15). Our assay
used dideoxythymidine (ddT) to halt reverse
transcription at the adenosine immediately
upstream of ES1 in a synthetic ATPase 6
transcript that was modified to distinguish it
from endogenous mRNA (A6/TAG; see Fig.
1B) (16). A shorter product will be created if
the A6/TAG transcript is processed correctly
in vitro by gA6[14]. Subsequent treatment
with a processive terminal transferase was
used to add numerous deoxynucleotides to
unextended primer and to products resulting
from premature termination and “run-off” re-
verse transcription (which all terminate in 3’
hydroxyls). Molecules lengthened in such a
way are prevented from entering high-per-
centage polyacrylamide gels, thereby allowing
clear identification of extension products ter-
minating in ddT.

Analysis of A6/TAG substrate after co-
incubation in mitochondrial lysate with an
equimolar (Fig. 2, lane 8) or 10-fold molar
excess (Fig. 2, lane 9) of synthetic gA6[14]
showed two ddT-terminated primer extension
products (“product” and “—2” in Fig. 2). Nei-
ther resulted from reverse transcription of en-
dogenous RNAs, because neither was seen if
A6/TAG was omitted (lane 5). Both products
were present after terminal transferase treat-
ment, which nearly completely shifted the
unextended primer (compare lanes 1 to 3
with lanes 4 to 10 in Fig. 2, and compare lanes
1 to 3 with lanes 4 to 7 in Fig. 3B). Thus, both
bands seen in Fig. 2, lanes 8 and 9, represent
primer extension products that terminate in
ddT. The upper band represents reverse tran-
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scription of the input A6/TAG transcript.
Production of the lower band requires mito-
chondrial lysate (lane 4). This product has
the size expected if two uridines were deleted
from the editing site, as compared with the
RNA sequencing products of the same sub-
strate (lanes 1 to 3). No —2 product was
observed if the gRNA:substrate ratio was
0.1:1 (lane 7), which indicates that a thresh-
old amount of gA6[14] is required for detec-
tion of processing. If the ratio of gRNA to
substrate RNA was increased from 1:1 to
10:1, an increase in the amount of product
was seen (lanes 8 and 9, respectively), which
suggests that gA6[14] is the limiting compo-
nent in the reaction. The endogenous pool of
the gA6[14] gRNA in the extract could not
support formation of the —2 product (lane 6),
probably because its abundance relative to the
substrate (0.0025:1) (17) was much lower
than the 1:1 molar ratio required for exoge-
nous gA6[14] to promote the smallest detect-
able amount of processing (lane 8). A non-
cognate gRNA (gCYB[558]) (18) did not re-
sult in formation of the —2 product (lane 10),
which demonstrates that the required gRNA
must be complementary to the appropriate
region of the ATPase 6 transcript. Depen-
dence on a specific gRNA is a fundamental
property that is expected in authentic k-RNA
editing (5-7).

As proposed for k-RNA editing (5-7, 12,
13), the sequence of the edited mRNA (repre-
sented by the —2 product) reflected the se-
quence of gA6[14] (see Fig. 1A). To test wheth-
er the number of uridines removed was deter-
mined by the sequence of our synthetic gRNA,
we constructed a mutant gA6[14] RNA that
lacked the guanosine at position 16

1. o }pmol gA6[14]
10
10 pmol gCYB

-Lysate

-Sub.
gRNA

A G U

-2
Primer » L -

1 2345678910

Fig. 2. A6/TAG primer extension analysis. In vitro
reactions and primer extension were done as de-
scribed (28). Lanes 1 to 3 represent RNA se-
quencing of A6/TAG with ddT (lane 1), with ddT
and ddC (lane 2), or with ddT and ddA (lane 3).
Samples in lanes 4 to 10 were subjected to in vitro
incubation, primer extension, and terminal trans-
ferase treatment. Lanes 4 to 6 represent in vitro
reactions in which mitochondrial lysate (lane 4),
AB/TAG substrate (lane 5), or gA6[14] (lane 6) was
omitted. Lanes 7 to 9 are derived from reactions
that contained 0.1, 1.0, or 10.0 pmol gA6[14],
respectively. Lane 10 is identical to lane 9, except
that gA6[14] was replaced with gCYB[558] (78).

(gA6[14]A16G) and a mutant substrate RNA
that contained an extra uridine at the editing
site (A6/TAG.1) (Fig. 1A). If pre-mRNA-
gRNA base-pairing interactions govern uri-
dine deletion, then the mutant gRNA should
cause a single uridine to be retained at the
editing site regardless of the substrate pro-
cessed; whereas the wild-type gRNA should
specify the retention of two uridines at the
editing site, independent of the substrate used
(Fig. 3A). Indeed, two uridines remained and
three were deleted from the editing site of the
mutant pre-mRNA substrate when co-incu-
bated with the wild-type gRNA (Fig. 3B, lane
4). Processing of this transcript with the mu-
tant gRNA, however, left a single uridine and
deleted four (Fig. 3B, lane 5). When the
wild-type substrate (containing four uridines
at the editing site) was co-incubated with the
mutant gRNA, three uridines were deleted
and one remained (lane 7), whereas two re-
mained if it was co-incubated with the wild-
type gRNA (Fig. 2A, lanes 8 and 9, and Fig.
3B, lane 6). These data indicate that infor-
mation in the gRNA is transferred to the

A
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A***UUG A****UG
< Aemags | ¢ Tl | ) Il
2 U---AGC  U----AC
o
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ABTAG B i | |1
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Fig. 3. (A) Pre-mRNA-gRNA base-pairing interac-
tions. Potentially unpaired uridines, indicated by aster-
isks, are deleted. (B) Primer extension analysis. Lanes 1
to 3 are identical to lanes 1 to 3 in Fig. 2, except that
A6/TAG.1 replaces AB/TAG. Lanes 4 to 7 show pro-
cessing (28) of AG/TAG.1 with gAB[14] (lane 4) or with
gABA16G (ane 5), or of AG/TAG with gAB[14] (lane 6)
or with gABA16G (ane 7). Note the single-nucleotide
difference in size between AG/TAG and A6/TAG.1 ex-
tension products. (C) Complementary DNA sequenc-
ing. The cDNA was made without amplification by
standard procedures (27) with oligonucleotides TAGC
and SK after in vitro incubation as in (B), lane 7. Clones
were screened for the —3 stop by colony PCR and
sequenced. Shown are the sequencing reactions of
clone 26.4 terminated with ddT (ane 1), with ddC (ane
2), with ddG (ane 3), and with ddA (lane 4).
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edited product in a way that strongly suggests
that base-pairing interactions between the
gRNA and the substrate at the processing site
control editing.
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Fig. 4. Cofactor requirements. (A) Magnesium ac-
tivity profile. Mitochondria representing 1 X 10° cells
were lysed as described (8), and reactions were
done as in Fig. 3B, lane 7, except that buffers con-
tained either O, 5, 10, 12.5, or 20 mM MgOAc. Pro-
cessing efficiency was calculated by dividing counts
per minute in the —3 band by the sum of counts per
minute in —3 and unprocessed bands after excision
from the gel and scintillation counting. Efficiencies
were normalized to the reaction with the highest
percentage of processing. (B) Monovalent cation
activity profiles. Mitochondria representing 1 X 10°
cells were lysed as described (8), and reactions
were done as in Fig. 3B, lane 7, except that buffers
contained KCl (triangles) or NaCl (squares) at 0, 10,
30, 60, 90, 120, 150, or 180 mM. Quantitation was
done asin (A). (C) ATP dependence. Reactions were
identical to those shown in Fig. 3B, lane 7, except
that ATP was included (lane 4) or replaced with GTP,
CTP, or UTP (anes 1 to 3, respectively), or with
o,B-methyleneadenosine 5’ triphosphate, B,y-
methyleneadenosine 5’ triphosphate, 3’ deoxy
ATP, or dideoxy ATP (lanes 4 to 8, respectively).
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To examine the entire sequence of the edit-
ed transcript and to exclude the possibility that
the primer extension products arose from run-off
reverse transcription of cleaved RNAs, we made
complementary DNA (cDNA) using oligonu-
cleotides complementary to heterologous se-
quences near the 5" and 3’ ends of the A6/TAG
substrate (SK and TAG-c, Fig. 1B) after in vitro
reaction of A6/TAG with the mutant gRNA.
Because a single uridine was left at the editing
site when this gRNA-substrate pair was pro-
cessed (Fig. 3B, lane 7), the RNA edited in vitro
can be unequivocally differentiated from the
edited ATPase 6 pre-mRNA produced in vivo.
Five of 40 clones screened positive for the —3
deletion, and three of these were sequenced. All
were identical and contained a single uridine
(because of a —3 deletion) at ES1 (Fig. 3C). No
other alterations were observed, even though
gA6[14] can direct processing at 14 sites up-
stream of the one monitored. Thus, only a single
cycle of editing may be possible under these in
vitro conditions. Alternatively, because all but
one of the sites required uridine addition, differ-
ent in vitro conditions may be needed, as with
the forward and reverse reactions catalyzed by
self-splicing introns (19). Southern (DNA)
blotting of reverse transcription—polymerase
chain reaction (RT-PCR) products (ampli-
fied using SK and TAG-c) with an oligonu-
cleotide that specifically recognizes edited
RNA (A6-¢; see Fig. 1B) also indicated that
uridines were deleted from full-length A6/
TAG in a gRNA and in a mitochondrial
lysate—dependent fashion (17). We therefore
conclude that the primer extension assay is
faithfully tracking uridine deletion in the in-
tact pre-mRNA, as is expected of the authen-
tic k-RNA editing activity (12, 20-22).

We examined some of the cofactor re-
quirements for uridine deletion, again using
the wild-type substrate and the mutant
gRNA. The activity required Mg?*, with op-
timal activity at a 10 mM concentration (Fig.
4A), but addition of monovalent cations was
not required, and they inhibited the activity
at moderate concentrations (Fig. 4B). Uridine

Time (min)
2 4 6 8

0 05 1

e SR B S - TR A - T

Fig. 5. Time course of uridine deletion. Ten-mi-
croliter aliquots were taken from a single reaction
such as the one shown in Fig. 3B, lane 7, and
processed as described (28). Lanes 1 to 9 repre-
sent aliquots taken at 0, 0.5, 1, 2, 4, 6, 8, 10, and
15 min, respectively.
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deletion proceeded with ATP (Fig. 4C, lane
4) but not when nonhydrolyzable analogs
about the a— (lane 5) or B—vy (lane 6)
phosphate bonds replaced ATP. The require-
ment for hydrolysis of a—8 and B~y phos-
phate bonds may indicate that ATP is needed
for at least two distinct steps; 3’ deoxy ATP or
dideoxy ATP (lanes 7 and 8, respectively) or
other ribonucleotides, including UTP (lanes 1
to 3), could not substitute for ATP. Future
studies are needed to determine if ATP is
required for macromolecular complex assem-
bly, “proofreading,” catalysis, helicase activi-
ty, or some other function.

To study the kinetics of uridine deletion, we
took aliquots from a single in vitro reaction
containing wild-type substrate and mutant
gRNA after increasing lengths of time. Figure 5
shows that edited product was prominent after
15 min of incubation, with little or no lag time
before product accumulation. In vitro pre-
mRNA splicing systems have shown a latency
of product formation due to assembly of a com-
plex multicomponent ribonucleoprotein, the
spliceosome (23). Rapid uridine deletion, there-
fore, may indicate that complex assembly, if
necessary, is extremely rapid. Longer time cours-
es (17) showed only a modest additional in-
crease in product, which indicates that uridine
deletion is active for only a short period (15
min) under the reaction conditions used.

Several observations suggest that the uridine
deletion activity presented above represents k-
RNA editing. The deletion activity requires
gRNA (Fig. 2), as is the case in vivo (24). The
edited pre-mRNA sequence reflects its potential
base-pairing interactions with the gRNA (Fig.
3B), which is in agreement with all proposed
models for k-RNA editing (5-7, 12, 13). Dele-
tion occurs in the full-length pre-mRNA sub-
strate (Fig. 3C), as expected from the existence
of numerous partially edited transcripts in vivo
(12, 20) and from **P-UTP labeling experi-
ments in vitro (21, 22). Further study is needed
to determine whether this in vitro process is
related to uridine addition and represents in
vivo editing.

The in vitro k-RNA editing activity that we
describe here allows the mechanism of the uri-
dine deletion reaction to be studied and the
macromolecular components involved to be
identified. Partial activities and macromolecular
complexes that may be involved in k-RNA
editing have previously been reported (8-10,
18, 22, 25). Our results demonstrate that
gRNAs are required for k-RNA editing and
provide the source of genetic information. It
remains to be determined whether gRNA-pre-
mRNA chimeric molecules are intermediates in
the reaction and whether the deleted uridines
are donated to the U tail of the gRNA.
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Identification of the ron Gene Product as the
Receptor for the Human Macrophage
Stimulating Protein
Ming-Hai Wang,* Christophe Ronsin, Marie-Claude Gesnel,

Lionel Coupey, Alison Skeel, Edward J. Leonard,
Richard Breathnach

Macrophage-stimulating protein (MSP) is a member of the hepatocyte growth factor—
scatter factor (HGF-SF) family. Labeled MSP bound to Madin-Darby canine kidney
(MDCK) cells transfected with complementary DNA encoding Ron, a cell membrane
protein tyrosine kinase. Cross-linking of '2%I-labeled MSP to transfected cells (MDCK-RE7
cells) and immunoprecipitation by antibodies to Ron revealed a 220-kilodalton complex,
a size consistent with that of MSP (80 kilodaltons) cross-linked to the B chain of Ron (150
kilodaltons). The binding of '25I-labeled MSP to MDCK-RE7 cells was inhibited by un-
labeled MSP, but not by HGF-SF. MSP caused phosphorylation of the B chain of Ron and
induced migration of MDCK-RE7 cells. These results establish the ron gene product as

a specific cell-surface receptor for MSP.

Macrophage-stimulating protein (MSP) is
an 80-kD disulfide-linked serum protein
that induces the responsiveness of murine
peritoneal resident macrophages to che-
moattractants (1). MSP also acts directly as
a chemoattractant for resident macrophages
(2), causes shape change of macrophages
(1), stimulates macrophage ingestion of
complement-coated erythrocytes (3), and
inhibits expression of inducible nitric oxide
synthase mRNA in endotoxin- or cytokine-
stimulated macrophages (4). MSP is synthe-
sized in a biologically inactive form (pro-
MSP) that can be cleaved to an active
disulfide-linked heterodimer by specific
serine proteases that include coagulation
factors Xlla and XIa, plasma kallikrein (5),
and also the glandular kallikreins [nerve
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growth factor—y and epidermal growth fac-
tor binding protein (6)]. MSP is structurally
related to HGF-SF (7, 8).

Although MSP and HGF-SF both affect
cell motility and morphology, the target cell
specificities of the two proteins are differ-
ent. MSP acts on resident macrophages (1,
2), whereas HGF-SF affects epithelia and
endothelia (9, 10). These differences
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bated overnight at 37°C and contained 10 mM
dT TP, 30 units of terminal deoxynucleotidyl trans-
ferase (TdT) (Bethesda Research Laboratories),
1X TdT buffer (Bethesda Research Laboratories),
and primer extension products. Samples were run
on gels containing 20% acrylamide, 8 M urea, and
1X TBE [8.9 mM tris-base, 8.9 mM boric acid, and
0.2 mM EDTA (pH 8.0)].
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strongly suggest that the two proteins bind
to distinct cell membrane receptors. The
receptor for HGF-SF is the product of the
proto-oncogene c-met (11). It is synthesized
as a single chain precursor, which is subse-
quently cleaved to yield a disulfide-linked
heterodimer (with a 40-kD a chain and
an 150-kD B chain) with an intracellular
protein tyrosine kinase domain (12). The
receptor for MSP is not known. Recently,
the ron gene, a member of the c-Met recep-
tor family, was cloned from a human fore-
skin keratinocyte complementary DNA
(cDNA) library (13). Comparison with c-
Met suggests that the ron gene product is
also a membrane-spanning disulfide-linked
heterodimer with intracellular tyrosine ki-
nase activity. Transcripts of the ron gene
were found in a human transformed kerati-
nocyte cell line and in normal human lung.
The genes encoding human MSP (3) and
Ron (13) are both located on the short arm
of chromosome 3 (3p21), a region of fre-
quent deletion or mutation in small cell
lung and renal carcinoma (14). The genes
encoding both HGF-SF and its c-Met re-
ceptor are located on chromosome 7q (15,
16). The location of ligand and receptor on
the same chromosome, and the structural
similarities between MSP and HGF-SF, sug-
gested that the ligand for Ron might be
MSP (13).
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Fig. 1. Expression of the Ron receptor on MDCK-RE7 cells. (A) Detection by immunofluorescence with
rabbit antibody to the extracellular domain of Ron (anti-Ron). (B) Immunoprecipitation of Ron from
MDCK-RE? cells with rabbit antibody to a COOH-terminal peptide of the Ron B chain (lane 2). Lane 1

shows the normal IgG control.
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