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Autoreactive Epitope Defined as the Anticodon
Region of Alanine Transfer RNA

CHRISTOPHER C. BUNN* AND MICHAEL B. MATHEWS

Autoantibodies to aminoacyl-transfer RNA (tRNA) synthetases are common in the
human autoimmune diseases polymyositis and dermatomyositis. Sera of the PL-12
specificity contain separate antibodies reacting with alanyl-tRNA synthetase and
alanine tRNA (tRNAA™). The antibodies to tRNA recognize at least six distinguish-
able human tRNAA"™ species grouped into two sequence families. The antibody-
reactive determinants on the tRNA were identified through ribonuclease protection
and oligonucleotide binding experiments. The antibody binding site is a seven- to nine-
nucleotide sequence containing the anticodon loop and requires an intact anticodon.
No requirement for anticodon stem structure or sequence is observed, although the 5’
portion of the stem is protected from nuclease attack. Antibodies from several patients
appear to share the same specificitym, indicating that the antibodies are induced by a
unique sequence feature in the immunogen.

ATIVE NUCLEIC ACIDS DO NOT
N stimulate significant antibody pro-

duction when injected into experi-
mental animals, but such antibodies can be
generated against nucleic acid in association
with protein (1) and are common in human
systemic lupus erythematosus (SLE) and its
murine equivalents. In these diseases, where
the nature of the immunogen is unknown,
characterization of the reactive epitopes may
provide clues to the identity of potential
etiologic agents. Antibodies to DNA are
particularly prevalent in SLE and have been
extensively investigated. They are heteroge-
neous and can recognize numerous features,
such as heterocyclic bases, nucleosides, nu-
cleotides, simple repeating sequences, and
the configuration of the sugar-phosphate
backbone (2, 3). Similarly, RNA molecules,
including ribosomal, transfer, and U1l spe-
cies, are the target of the autoimmune re-
sponse in up to 30% of patients with auto-
immune disorders (4-9). Here both sequen-
tial and conformational antigenic determi-
narits are thought to occur, but they are less
well defined than those in DNA. Three
antibody systems that involve transfer RNA
(tRNA) occur in patients with myositis, an
inflammatory muscle disease. In two such
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systems, known as Jo-1 and PL-7, the anti-
genic components are associated protein
molecules, the aminoacyl-tRNA synthetases
specific for histidine (Jo-1) and threonine
(PL-7) (7). In the third system, PL-12,
antibody recognizing alanyl-tRNA synthe-
tase coexists with another antibody that di-
rectly recognizes alanine tRNA (tRNAA!?)
(8). This unusual interaction of an autoanti-
body with a specific set of tRNA species has
allowed us to identify the antibody binding
site (epitope) of an autoantigen.

The RNA antigen precipitated by the PL-
12 antibody is predominantly, if not exclu-
sively, tRNAA! and other sera containing
antibodies to DNA, RNA, or ribonucleo
proteins (RNPs) do not precipitate these
molecules (6, 8, 9). We fractionated the
tRNA in the precipitate and determined the
primary nucleotide sequences of two related
species and the anticodon stem and loop
sequence of a third species (9). The antibody
recognizes two families of human tRNAA®,
named “slow” and “fast” for their relative
electrophoretic mobility in denaturing poly-
acrylamide gels. They contain the same anti-
codon loop sequence but differ in the anti-
codon stem region and in other parts of the
molecule. To determine whether the bind-

ing of antibody could confer resistance to
ribonuclease digestion, we formed immune
complexes between uniformly radiolabeled
tRNA and the PL-12 antibody from several
patients. The complexes were isolated on
protein A—Sepharose and digested with ri-
bonuclease T}, ribonuclease A, or a mixture
of both. After the matrix had been washed
to remove released digestion products, the
residual bound RNA was eluted. In all cases,
gel electrophoresis revealed the presence of
protected fragments ~20 nucleotides in
length.

Using antibody from one patient and
tRNA 2", a purified slow RNA, we isolated
the fragments protected from digestion by
either ribonuclease T or A. Further diges-
tion to completion with these enzymes fol-
lowed by a two-dimensional electrophoretic
separation of the resultant oligonucleotides
(10) yielded simple “fingerprint” patterns
on autoradiography. The oligonucleotides
were isolated and characterized by rediges-
tion, and their locations in the molecule are
shown in Fig. 1A, lines a and b. The protect-
ed region includes the anticodon stem and
loop. The same result was obtained with
tRNA,A® another member of the slow
family, and with tRNA;A", which belongs
to the fast family and contains two pairs of
base changes in the anticodon stem. This
implies that the stem sequence is not critical
for antigenicity but leaves open the possibil-
ity that a duplexed stem structure is re-
quired.

In the naked state, the anticodon loop is
exposed and susceptible to nuclease attack,
so its presence in the protected fragment is
particularly striking. To confirm that the
antibody blocks digestion in this region and
to obtain more detailed definition of the
binding site, we performed “footprint™ ex-
periments to reveal nuclease-sensitive sites
that are shielded by antibody. Immunopre-
cipitated tRNAA' was labeled at its 3’ end,
and individual species were isolated by gel
electrophoresis (9). The tRNA,A species
was subjected to mild ribonuclease digestion
in the presence or absence of PL-12 anti-
body and analyzed by gel electrophoresis
(Fig. 2). The antibody blocked digestion of
bonds in the anticodon loop by the single-
strand—specific ribonucleases Ty, Bacillus ce-
reus, and T, (which are specific for G resi-
dues, for pyrimidines, and are not base-
specific, respectively). Similarly, digestion
by the double-strand—specific ribonuclease
V, of bonds in the stem on the 5’ side of the
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anticodon was also blocked (Fig. 1A, line ¢).
Digestion on the opposite side of the stem
was weaker and not blocked by antibody. It
seems likely, therefore, that protection of
the stem against attack by single-strand—
specific ribonucleases is partly due to its du-
plex nature rather than to antibody binding.
Sensitive sites in other regions of the molecule
were generally unaffected, and control anti-
body did not protect the anticodon region.
These data demonstrate that the antico-
don arm, including the loop and possibly
part of the stem, interacts with PL-12 and-
body in such a way as to hinder access to
nucleases. The data do not say how much
sequence is needed for antibody binding,
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Fig. 2. Protection of nucleotides in the anticodon
arm from nuclease digestion. The tRNA;A™ la-
beled at its 3’ end with [*?P]pCp and T4 RNA
ligase was purified and digested either in the
presence or absence of 2 pg of PL-12 immuno-
globulin G with (lanes 1 and 2) nuclease V,,
0.001 U; (lanes 3 and 4) T,, 0.5 U; (lanes 5 and
6) B. cereus (Bc), 0.1 U; or (lanes 7 and 8) T,
0.001 U, in the presence of 3 pg of high molecu-
lar weight RNA carrier at 37°C for 15 minutes.
(Lane 9) A partial T, digest was produced by
incubation at 55°C for 12 minutes and (lane 10)
partial hydrolysis products were generated by

nor whether higher order structure is re-
quired. To address these issues we first
isolated the uniformly labeled ~20-nucleo-
tide protected fragments from ribonuclease
Ty—digested immune complexes by depro-
teinization and gel electrophoresis, mixed
them with intact tRNA (as internal control),
and tested their immunoprecipitation with
PL-12 antibody. The isolated protected
fragments efficiently (>75%) bound to anti-
body (Fig. 3A), showing that the determi-
nants are entirely located in the anticodon
stem-loop structure. To see if antigenicity
requires the integrity of this region, we took
advantage of its high susceptibility to nucle-
ase attack under mild conditions. The

Fig. 1. Location of antibody binding site on
tRNAA™ molecule. (A) Linear representation of
tRNA,A"® sequence, with tRNA,® sequence in
square brackets (9). The bars indicate (a and b)
fragments protected from ribonuclease T; and A;
(c) region protected from V,, Ty, T, and B. cereus
nucleases (Fig. 2); (d) shortest ribonuclease T;—
generated fragment that bound to antibody; (e
and f) shortest 5’ end—labeled and 3’ end-labeled
fragments that bound to antibody (Fig. 4). (B)
Binding site (stippled box) and protected region
(entire box) superimposed on the tRNA,** clo-
verleaf structure and the tRNAP® tertiary struc-
ture model (17). Modified nucleosides: U3, 2'-O-
methyluridine; I, inosine; I, 1-methylinosine; F,
pseudouridine; G3, 2'-O-methylguanosine; Al,
1-methyladenosine; and G7, 7-methylguanosine.
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incubating [**PJRNA with 1 pg of carrier RNA at 90°C for 6 minutes in 0.5M carbonate buffer, pH
9.0. Lane 11 contains intact tRNA. Oligonucleotides were resolved in a 10% polyacrylamide-urea gel,
of which only the portion corresponding to the region of the anticodon arm is shown.
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tRNA A" species was partially digested with
ribonuclease T}, and the mixture of oligonu-
cleotides, supplemented with intact RNA,
was reacted with PL-12 antibody. The intact
molecules were immunoprecipitated, while
the submolecular fragments, including the
5’ and 3’ terminal halves, remained in the
supernatant (Fig. 3B). The same result was
obtained regardless of whether the RNA
had been deliberately denatured to separate
the base-paired half molecules. We conclude
that cleavage in the anticodon loop, and
specifically at the I or G residue of the
anticodon IGC, destroys antibody recogni-
tion of the RNA. This result implies that the
anticodon itself is an important feature of
the antigenic determinant and also that the
determinant is not merely one of the minor
bases in the molecule.

To determine the minimal sequence need-
ed for antibody binding, we digested
tRNAA" to completion with either ribonu-
clease Ty or A and tested the ability of the
resulting mixture to interact with antibody.
No detectable binding was observed, sug-
gesting that the anticodon itself is not suffi-
cient (IGC is released by ribonuclease A).
To obtain longer fragments that might bind
antibody, we formed immune complexes
with uniformly labeled RNA and subjected
them to ribonuclease T; digestion under
more severe conditions. The ~20-nucleo-
tide fragment was broken down into a series
of shorter antibody-bound oligonucleotides.
The shortest of these, 11 nucleotides, was
isolated by gel electrophoresis. It bound to
antibody and was analyzed by fingerprinting
and further digestion with ribonucleases T,
and A. It proved to have lost all of the 5’
side of the anticodon stem except for one
base (Fig. 1A, line d). We conclude that the
antigenic determinant is the anticodon loop,
that the anticodon stem structure is not
essential, and that if 3’ stem nucleotides are
also involved, this region is short and not
rigidly constrained in sequence.

For a more precise definition of the se-
quences required for binding, end-labeled
tRNA was nicked with alkali to generate a
family of submolecular fragments, which
were then reacted with PL-12 antibody.
With molecules labeled at the 5’ end, im-
munoprecipitability declined sharply near
the junction between the anticodon loop
and the stem on its 3’ side (Fig. 4A). The
shortest antibody-bound fragment extended
from the 3’ side of the anticodon loop to the
5' end of the tRNA, containing the entire
anticodon loop and only two bases from the
3’ side of the anticodon stem (Fig. 1A, line
¢). Similarly, with 3’ end-labeled tRNA,
precipitability declined abruptly at the junc-
tion between the anticodon loop and the
stem on its 5’ side, the shortest antibody-
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bound fragment extending from the first
base of the anticodon loop to the 3’ end of
the molecule (Fig. 4B and Fig. 1A, line f).
In each case, fragments one nucleotide
shorter might also react with antibody, but
the resistance of the U3-U and G3-C bonds
to alkali precludes further resolution in this
experiment.

Taken together, our data define the bind-
ing site as the anticodon loop, with one or
two additional bases on its 3’ side
(U3)-U-I-G-C-I1-F-G3-(C), where the
anticodon loop is shown in bold and the
anticodon is underlined (Fig. 1). Nucleo-
tides that have uncertain significance for
antibody binding are in parentheses. This
epitope differs from those described previ-
ously for nucleic acids in several ways. First,
it consists of a short nucleotide sequence. A
stable conformation is probably not re-
quired, in contrast to the tRNA structures

recognized by other human (5) and murine
(11) antbodies. Furthermore, unlike the
minor-base—specific antibodies generated by
immunization with a complex between
tRNAP* and bovine y-globulin (12), the
entire seven- to nine-nucleotide sequence
seems to be required because antigenicity is
destroyed by cleavage at either end or inter-
nally in the anticodon. The minor bases may
contribute to antibody rcc?ﬁtion but they
are not unique to tRNA™* and are not
immunodominant. Finally, the size of the
epitope is rather larger than the four to six
nucleotides deduced as the minimum size
for antibodies to DNA on the basis of
competition and protection experiments (3).

On the other hand, the existence of a wide
range of sequence-specific antibodies direct-
ed against proteins makes the discovery of a
sequence-specific antibody directed against
a nucleic acid less surprising. Indeed, com-

Fig. 3. Binding of tRNAA!® fragments to antibody. (A) Binding
of protected fragment. A mixture of intact, uniformly labeled
tRNAA® with the protected RNA fragments remaining after

® was

ribonuclease T, digestion of antibody-bound [*2P}tRNA:

precipitated with PL-12 antibody. Equivalent portions of (lane
1) the starting mixture, (lane 2) immunoprecipitated RNA, and

(lane 3) supernatant RNA were resolved in a 15% polyacrylam-
ide-urea gel. The protected fragment (Prot. frag.) and intact
tRNA are indicated. (B) Lack of binding of partial tRNA
digest. A mixture of intact, uniformly labeled tRNA*'* with the
products of its partial ribonuclease T, digestion (1:150 enzyme
to RNA incubated at 15°C for 30 minutes) was immunoprecipi-
tated with PL-12 antibody. (Lane 1) The starting mixture, (lane
2) immunoprecipitated RNA (Ippt.), and (lane 3) supernatant

RNA (SN) were resolved in a 10% polyacrylamide-urea gel. The
5’ and 3’ half molecules resulting from cleavage in the anticodon
are indicated. Lanes 2 and 3 were loaded with equivalent
amounts of RNA and lane 1 contained one-tenth of this amount

but was exposed longer to film.
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Fig. 4. Binding of fragmented
tRNAA®  to antibody. (A)
tRNA,A'® was labeled at its 5’ end
with *?P by using [*?P-y]ATP
(adenosine triphosphate) and poly-
nucleotide kinase, digested partially
with alkali to erate a “ladder,”
and reacted with PL-12 antibody.
The immunoprecipitated RNA
(Ippt.), nonprecipitated RNA re-
maining in the supernatant (SN),
and a sample of the alkali digested
RNA (Total) were resolved in a
10% polyacrylamide-urea gel (lanes
5, 6, and 4 respectively). Markers
comprised tRNA;A!* digested with
(lane 1) ribonuclease T, at 37°
(lanes 2 and 3) B. cereus at 37°C and
55°, respectively; (lanes 7 and 8)
ribonuclease T; at 55° and 37°C,
respectively; and (lane 9) nuclease
V, at 37°C. (B) Similar analysis
with tRNA,A" labeled at its 3’ end
by using [**P]pCp and RNA ligase.
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parison of the epitope recognized by the
antibody to tRNA with the characteristics of
epitopes recognized on protein immuno-
gens reveals a marked correspondence. The
most frequently recognized peptide sites
generally exhibit high mobility, convex sur-
face shape, and negative electrostatic poten-
tial (13). All of these are also features of the
anticodon loop, which forms a protrusion in
the presumptive three-dimensional structure
of the tRNA molecule (Fig. 1B), is not
rigidly fixed in space (I4), and is obviously
negatively charged.

Failure to maintain tolerance in autoim-
mune disease may be due to intrinsic regula-
tory defects in the immune system or to the
action of extrinsic factors such as infectious
agents. The similarity between the tRNAA®
epitope and protein immunogenic sites
lends support to the idea that these autoanti-
bodies are generated as an antigen-driven
response to an extrinsic immunogen, al-
though we do not yet know what the im-
munogen is. There are also implications for
the anti-idiotype hypothesis, a special case of
the antigen-driven response that explains
autoantibodies as secondary antibodies gen-
erated against primary antigen-directed anti-
bodies (15). As noted previously (8), the
coexistence in PL-12 sera of antibodies to
tRNAA® and to alanyl-tRNA synthetase
could be accounted for by such a model. On
this basis, we could expect the synthetase,
like the antibodies to tRNA, to react with
the anticodon loop. This is a testable predic-
tion and one for which precedents are
known, although synthetases more com-
monly contact their cognate tRNAs else-
where (16).
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Microtubule Gelation-Contraction: Essential
Components and Relation to Slow Axonal Transport

RicHARD C. WEISENBERG, JAMES FLYNN, BAOCHONG GAO,
SHUAIBU AwoDI, FRANK SKEE, STEVEN R. GOODMAN, BEAT M. RIEDERER

Preparations of microtubule proteins isolated by assembly and disassembly undergo
gelation-contraction after addition of adenosine triphosphate (ATP). A particulate
fraction from these preparations that is required, along with purified tubulin, to
produce ATP-dependent microtubule gelation-contraction in vitro has been isolated.
The particulates exhibited microtubule-stimulated adenosine triphosphatase activity
and moved slowly (about 1 micrometer per minute) along microtubule walls in the
presence of ATP. The particulates contained tubulin, neurofilament, and spectrin
polypeptides. The composition, solubility, and motility of the particulates are consist-
ent with those of slow component a of axonal transport.

RUDE MICROTUBULE PROTEINS
‘ isolated from calf brains by cycles of

assembly and disassembly will un-
dergo gelation-contraction in the presence
of adenosine triphosphate (ATP) (I). Mi-
crotubule gelation-contraction is slow, be-
coming visible about 30 minutes after ATP
addition, and requires an hour or more to
reach completion. Microtubule gelation-
contraction involves the movement, at
about 1 wm per minute, of particulate mate-
rial in association with microtubules (2).

A particulate fraction has now been isolat-
ed that in combination with purified tubulin
will undergo gelation-contraction in the
presence of ATP. The composition, solubili-
ty, and rate of movement of the isolated
particulates are similar to the composition,
solubility, and rate of movement of the
slowest component of axonal transport,
termed slow component a or SCa (3). These
similarities suggest a relation between the
two processes. In the following discussion
we will adopt as a provisional name the term
slow component a particulates, or SCAPs,
for the particulates required for microtubule
gelation-contraction.

For these experiments crude microtubule
proteins were purified by three cycles of
assembly and disassembly as previously de-
scribed (1, 2). Unless otherwise indicated,
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Department of Biology, Temple University, Philadel-
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. R. Goodman and B. M. Riederer, Cell and Molecular
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all experiments were done in a standard
buffer of 0.1 MES (4) and 1 mM DTT at
pH 6.6 (MES-DTT buffer) or in a microtu-
bule assembly buffer of MES-DTT plus 1
mM EGTA, 0.5 mM MgCl,, and 1 mM
GTP. Crude microtubule proteins, isolated
by cycles of assembly and disassembly, have
been shown to contain a particulate compo-
nent (2, 4). We isolated the particulate
fraction by centrifugation in the presence of
high (1 to 2M NaCl) salt concentrations
(Fig. 1). In the presence of high salt concen-
trations tubulin ring aggregates (which
could contaminate these preparations) are
broken down. Particulates stable in high salt
concentrations could also be isolated direct-
ly from whole brain homogenates by differ-
ential centrifugation, without the need to
perform cycles of assembly and disassembly
(Fig. 1). The particulates isolated directly

Fig. 1. Adenosine triphosphate—de-
pendent gelation-contraction  of
mixtures of microtubules and
SCAPs. Microtubules were assem-
bled from phosphocellulose-puri-
fied tubulin, and SCAPs were pre-
pared from high-salt centrifugation
of crude microtubule proteins.
Sample A contained microtubules
only, sample B contained SCAPs
only, and samples C and D are one-
to-one mixtures of microtubules
(A) and SCAPs (B). Samples A, B,
and C contained 2 mM ATP and
sample D contained standard as-
sembly buffer only. The photo-
graph was taken about 1 hour after

were able to induce microtubule gelation-
contraction, but these particulates had a
more complex protein composition than
particulates that copurified with microtu-
bules and were not used further in the
experiments reported here.

Neither the isolated particulates (SCAPs)
nor purified tubulin will by themselves un-
dergo gelation-contraction in the presence
of ATP. However, when SCAPs and tubulin
are mixed together in the proper ratio,
gelation-contraction occurs and is indistin-
guishable from the process that occurs with
crude third-cycle microtubule proteins (Fig.
1). Concentrations of about 1 mg of partic-
ulates per milliliter and 3 mg of tubulin per
milliliter are optimal for the occurrence of
gelation-contraction.  Gelation-contraction
will occur if SCAPs are ecither added to
tubulin prior to inducing microtubule as-
sembly or if microtubules are first assembled
and the SCAPs added at the same time as
ATP.

A reproducible pattern of polypeptides
was observed after one- or two-dimensional
gel electrophoresis of active SCAP prepara-
tions isolated from cycled microtubule pro-
teins in high salt concentrations (Fig. 2).
The presence of 1% Triton X-100 (a deter-
gent commonly used to extract cellular
membranes) in the isolation medium had no
significant effect on the composition of the
isolated particulates or on their ability to
induce gelation-contraction (Fig. 3).

The major component of the particulates
migrates as a doublet of molecular sizes 55
and 53 kD and is identifiable as tubulin.

ATP addition. Contraction of the microtubule gel occurred only in the complete mixture of tubulin,

SCAPs, and ATP (26).
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