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Summary

We assessed the alterations of viral gene expression
occurring during persistent infections by cloning full-
length transcripts of measles virus (MV) genes from
brain autopsies of two subacute sclerosing panen-
cephalitis patients and one measles inclusion body
encephalitis (MIBE) patient. The sequence of these
MV genes revealed that, most likely, almost 2% of the
nucleotides were mutated during persistence, and
35% of these differences resuited in amino acid
changes. One of these nucleotide substitutions and
one deletion resulted in alteration of the reading
frames of two fusion genes, as confirmed by in vitro
translation of synthetic mRNAs. One cluster of muta-
tions was exceptional; in the matrix gene of the MIBE
case, 50% of the U residues were changed to C, which
might result from a highly biased copying event exclu-
sively affecting this gene. We propose that the cluster
of mutations in the MIBE case, and other combina-
tions of mutations in other cases, favored propagation
of MV infections in brain cells by conferring a selective
advantage to the mutated genomes.

Introduction

Subacute sclerosing panencephalitis (SSPE) is among
the most thoroughly studied persistent viral infections of
the human central nervous system and serves as a modet
for analysis of the development of persistent viral infec-
tions known or suspected to cause several human syn-
dromes, including multiple sclerosis (ter Meulen et al.,
1983; Kristensson and Norrby, 1986; Dowling et al., 1986).
SSPE generally develops 5 to 10 years after acute mea-
sles, starting with subtle signs of intellectual and psycho-
logical dysfunctions, continuing with sensory and motor
function deterioration and progressive cerebral degenera-
tion, and leading to death after months or years (ter Meu-
len et al., 1983). The measles inclusion body encephalitis
(MIBE) clinical and virological manifestations are similar
to those of SSPE, but the incubation time of MIBE can be
shorter (Roos et al., 1981; Ohuchi et al., 1987; Baczko et
al., 1988). Moreover, MIBE is found in immunosuppressed
patients, whereas SSPE patients mount high antibody

titers against all measles virus (MV) proteins except matrix
(M protein; Hall et al., 1979). M protein is responsible for
viral assembly, and it was postulated that silencing of M
protein expression could account for lack of viral budding
and favor persistence (Hall et al., 1979). Indeed initially, M
protein could not be detected in brain tissue of SSPE pa-
tients (Hall and Choppin, 1981), but in recent studies using
monoclonal antibodies, M protein was found in diseased
human brains where the viral envelope proteins fusion (F)
and hemagglutinin (H) could not be detected (Norrby et
al., 1985; Baczko et al., 1986). Thus, defective M protein
expression might not be the only viral determinant cor-
relating with persistence.

The study of the molecular basis for defective MV gene
expression in SSPE concentrated initially on the cell-
associated, defective MVs that can be occasionally ob-
tained by cocultivation of brain cells of SSPE patients with
stable cell lines (Wechsler and Fields, 1978; Hali et al.,
1979; Carter et al., 1983; Sheppard et al., 1986). However,
the relevance of these observations for human brain infec-
tions remains to be established, since these viruses might
not be truly representative of the viruses present in in-
fected brains (Norrby et al., 1985). To assess the altera-
tions of viral gene expression characteristic for MV persis-
tence in diseased human brains, it appeared desirable to
clone MV genes directly from brain tissue. Until now, this
has been accomplished only for one M gene in one SSPE
case, where it turned out that among many other altera-
tions a point mutation introduced a stop codon at position
12 of the M reading frame (Cattaneo et al., 1986). In the
present work, using a procedure allowing selective full-
length cDNA cloning of MV RNAs (Schmid et al., 1987),
and starting with only 2.5 ug of polyadenylated brain RNA,
we achieved cloning of at least one transcript of all the vi-
ral genes, except the large polymerase gene, from two
SSPE cases and one MIBE case. From examination of the
three sets of nucleocapsid (N), phospho (P), M, F, and H
genes, we determined that, on average, the MV genomes
recovered from a single brain differ from each other in
20-30 of their 16,000 bases. We also estimated that in all
three cases, 200-300 mutations have been fixed during
the course of persistence. About 35% of these mutations
resulted in amino acid substitutions; in one M and two F
genes, reading frames were grossly or slightly changed,
respectively. Remarkably, in the M gene of the MIBE case,
but in no other gene, a cluster of transitions converted
50% of the U residues to C.

Results

Alterations of MV Proteins after Persistence

We have previously characterized MV gene expression in
brain autopsies of two cases of SSPE (A and B) and one
case of MIBE (C) by immunofluorescence analysis of
brain sections with monocional antibodies and immuno-
precipitation of MV proteins translated in vitro from brain
RNA (Baczko et al., 1986, 1988). The N and P proteins, in-
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volved in viral replication, were detected in all three cases.
The M protein, responsible for viral assembly, was de-
tected only in the brain of case A, the F protein only in case
B, and the other envelope protein H only in case C. Since
expression of the M, F, and H mRNAs is diminished in dis-
eased brains (Cattaneo et al., 1987b), it is conceivable that
the failure to detect the corresponding proteins could sim-
ply be because of low mRNA levels. To produce sufficient
arnounts of these RNAs, we cloned full-length cDNAs of
these genes from the A, B, and C brains and from the ref-
erence MV Edmonston strain in an in vitro RNA expres-
sion vector (Experimental Procedures). Synthetic tran-
scripts were then used to direct protein synthesis in a
rabbit reticulocyte lysate.

Figure 1 is an analysis of the proteins produced from the
N, M, F, and H synthetic transcripts of cases A, B, and C,
as compared with the proteins produced from the syn-
thetic transcripts of the Edmonston (E) strain. The M gene
of case C produced only low levels of proteins considera-
bly smaller than the Edmonston M protein (about 27 kd,
25 kd, and 17 kd instead of 36 kd). In contrast, the other
proteins that had not been detected in brain autopsy
materials (the F and H proteins of case A, the M and H pro-
teins of case B, and the F protein of case C) were pro-
duced in amounts comparable to the Edmonston proteins
and had approximately the expected size. This indicated
that the reading frames of these genes were intact or only
slightly modified. (Note that single amino acid substitu-
tions could substantially change the mobility of a protein
[Noel et al., 1979].) In the case of the F genes, differences
in migration were greater than in other genes, amounting
to apparently 4 kd between the most rapidly migrating pro-
tein (Figure 1, fusion gene, case B) and the one migrating
most slowly (Figure 1, fusion gene, case C). This is at the
upper limit of the differences in migration observed in the
proteins of defective SSPE viruses (Hall et al., 1979).

To ascertain whether the reading frames of these genes
were intact, we sequenced the ends of each clone used
for expression analysis; in all genes except the M gene of
case C (see below) and the F genes of cases A and B (Fig-
ure 2A), the signals for initiation and termination of protein
synthesis were intact. In the F gene of case A, deletion of
one nucleotide at position 2153 resulted in a shift in the
reading frame causing substitution of the last 27 amino
acids of the Edmonston F protein by 11 other residues
(Figure 2A, nucleotide and amino acid positions as in the
convention of Richardson et al. [1986]; this deletion was
confirmed in two clones). This explains the higher elec-
trophoretic mobility of this protein as noted above. The ap-
parent molecular weight of the F protein of case B was
even lower than that of case A (Figure 1, fusion gene,
cases A and B). This was due to the introduction of a new
stop codon (UAA) by a C to U mutation at position 2161,
resulting in the expression of an F protein shortened by
24 amino acids (Figure 2A). Thus, two of the three F genes
examined expressed an F protein with a mutated C ter-
minus.

The active F protein of paramyxoviruses is liberated
from its inactive precursor by endoproteolytic cleavage af-
ter a stretch of basic amino acids (Figure 2B, center), giv-

neg/ nucleocapsid/ matrix /  fusion /haemagglut.
BMV EABCEABCEABGCEABGC
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Figure 1. Analysis of the In Vitro Translation Products of Synthetic
RNAs

About 200 ng of synthetic MV transcripts was translated in a rabbit
reticulocyte lysate (Promega, Madison, WI) in the presence of 3S-
labeled methionine (in vivo cell labeling grade, more than 1000
Ci/mmol, Amersham International, England). Equal amounts of the
products of these reactions were loaded onto a protein gel (Laemmli,
1970), which was soaked in sodium salicylate, dried, and autoradi-
ographed {Chamberlain, 1979). The RNAs translated were (from left to
right): Brome mosaic virus RNA (BMV), yielding marker proteins of 110
kd, 97 kd, 35 kd, and 20 kd; no RNA (neg.): the transcripts of the genes
and cases are indicated on the top. The apparent sizes of the N, M,
F, and H protein products of the Edmonston strains are the expected
ones for proteins translated in the system, 59 kd, 36 kd, 52 kd, and 69
kd, respectively (Hasel et al., 1987). Proteins of higher mobility were
detected in addition to the full-size¢ N and H proteins, as observed in
a previously study (Hasel et al., 1987).

ing rise to a unique hydrophobic domain (Figure 2B, right;
Varsanyi et al., 1985; Richardson et al., 1986; Glickman et
al., 1988). It was demonstrated recently for the paramyxo-
viruses, as well as for influenza A virus and human immu-
nodeficiency virus, that full expression of viral infectivity
depends on the efficiency of proteolytic cleavage at this
site (Webster and Rott, 1987; Glickman et al., 1988;
McCune et al., 1988). To identify possible sequence alter-
ations causing inefficient F protein cleavage and thus
leading to the loss of lytic function typical for MV infections
of human brains, we analyzed the region of the F cDNAs
coding for the cleavage/activation site. However, this site
was completely conserved in all three brain-derived F
genes (Figure 2B, bottom).

50% of U Residues Mutated to C in a Matrix Gene

To define the mutations introduced during persistence,
ideally the sequences of the lytic viruses that infected the
three children investigated should be available for com-
parison. It is however impossible to retrace these viruses,
and comparison with the Edmonston strain sequence
would not be valid since this virus has undergone numer-
ous passages in chick embryos and cultured cells during
the process of attenuation (Enders et al., 1960; Schwartz,
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A. Edm 511 PALICCCRGRCNKKGEQVGMSRPGLKPDLTGTSKSYVRSL 550

CaseA  .........0aen. R.NKLVCQDQA 535
CaseB  .......ciiiiennns 526
[ L T Y 550
B. Paramyxovius carboxyterminus of Fo / aminoterminus of F1
Measles virus RRHKR / FAGVVLAGAALGVATARQITAGIAL
Simiéan virus 5 ..RR. / ..., IGL.eeeenenen V..AV.,
Sendai virus VPQsS. / .F.A.IGTI...... Suianannan
Parainfluenza virus typed P.TKR / .F.G.IGTI...... Siinen AV..
Newcastle disease virus Q.. / JI.ATIIG.V.ieuiiunenne
Measles virus - case A .. ... e et e et e et
Measles virus - case8 .. ... / et ieemneateanarraasa
Measles virus-caseC .. ... it e it eees et

Figure 2. Sequences from the F Protein of Paramyxoviruses

(A) Sequence of the carboxyl terminus of the F1 protein of the Edmon-
ston strain and of cases A, B, and C. The one-letter amino acid code
was used. Dots indicate amino acids identical to the Edmonston se-
quence.

(B) Sequences of the cleavage-activation site of the F proteins of five
paramyxoviruses and of cases A, B, and C. References as in Varsanyi
et al. (1985) and Glickman et al. (1988). For details see text.

1962). To overcome this limitation as well as possible, we
compared our data with a consensus M gene sequence,
indicated in Figure 3 as PRE, which comprises the nu-
cleotides represented most often in nine sequences deter-
mined experimentally (three sequences of lytic MVs and
six of persistent MVs), as detailed in the legend to Figure
3. We will be calling the deviations from this consensus
“mutations,” although this term is not actually accurate.

As mentioned above, the M gene of case C was of par-
ticular interest because its protein product had an appar-
ent molecular weight considerably lower than expected
(Figure 1, matrix gene, case C). From the sequence analy-
sis presented in Figure 3, it is immediately evident that
mutations in this gene are more abundant than in other M
genes and that U to C transitions account for a large
majority of mutations. In fact, 132 of the 266 U residues
encoded in the PRE sequence (that is about 50%) are
changed to C in the case C sequence. This phenomenon
resulted in the alteration of the M protein initiation signal
(Figure 3, positions 37 and 186-188). Moreover, in clone
pcM1, used for production of the synthetic RNAs, a nu-
cleotide deletion at position 756 created a frameshift
resulting in the introduction of a stop codon (TAG at posi-
tion 793-795). Taken together, these two events should
lead to the production of an altered M protein with a molec-
utar mass of about 23 kd. Indeed, a major product of 25
kd is detected (Figure 1, matrix gene, case C).

Itis also of interest that several minor proteins were pro-
duced by the synthetic pcM1 transcripts. This was proba-
bly the result of initiation of translation on downstream
AUG and upstream non-AUG codons, characterizing
translation of genes possessing a “weak” AUG, like the
one at position 186-188 of the M gene of case C (Kozak
et al., 1983; Curran and Kolakofsky, 1988). The other four
sequenced clones of this M gene did not contain nucleo-
tide deletions, and their major protein products migrated
approximately at the position of the M proteins of the other

cases (data not shown). This was expected since the loss
of 50 amino acids from the amino terminus should be
compensated by the gain of 40 at the carboxy! terminus,
the gain being due to the substitution of the termination
signals at position 1041-1043 by a new signal at position
1161-1163 (both underlined in Figure 3).

Given the very high level of U to C transitions detected
in the M gene of case C, we predicted that if these muta-
tions had progressively accumulated during persistence,
other genes of case C would also have accumulated simi-
lar transitions. To test this hypothesis, we sequenced the
complete N gene and one third to one half of the P, F, and
H genes. We also analyzed the corresponding genes of
the A and B cases and compared them with consensus
sequences as defined above (Figure 4 indicates the
genomic areas sequenced). As shown in Table 1, in the
M gene of case C the level of U to C transitions exceeded
by a factor of at least 20 all other kinds of mutations,
whereas, surprisingly, the levels of U to C transitions in all
other genes of case C were comparable to the levels of the
other mutations. To further investigate the distributions of
U to C mutations in the MV genome, we also sequenced
clones covering the whole M and part of the flanking
genes (pcM4 and pcM6, legend to Figure 3). From the
graphical representation of these analyses (Figure 4), it is
evident that, whereas inthe N, P, and H genes two or fewer
transitions have been introduced per group of 20 Us, in
the M gene between 4 and 16 changes have occurred. In-
terestingly, the switch between high and low levels of U to
C transition was abrupt at the P-M gene junction but more
gradual at the M—F gene junction; in the first 20 Us of the
F gene, distributed over not less than 455 nucleotidss, five
U to C mutations were detected, whereas in the following
groups of 20 Us, first three and then two or fewer muta-
tions per group were detected. Thus, the limits of the
genomic regions with high levels of U to C mutations
roughly coincide with the limits of the M gene.

From Table 1, it is also evident that in the M gene of case
C, the level of A to G mutations, correspondingto U to C
mutations in the other MV genomic strand, was not en-
hanced. This indicates that the transitions must have
been introduced exclusively in one strand, an event that
could arise theoretically either by sequential, strand-
specific cycles of localized and biased mutations or, more
plausibly, by a single hypermutation event. By sequencing
five sibling but not identical clones of the M gene of case
C, we also noted that in the few positions that were vari-
able between sibling clones (small letters in sequence C
of Figure 3), we could not detect any U to C mutation, that
is 132 of the 132 U to C transitions were conserved in all
five M cDNAs of case C. We thus conclude that a single
event, rather than a continuous, progressive introduction
of U to C transitions, must account for the amazingly high
level of U replacements.

MV Genomic Variability, Selective Pressures,

and Fixation of Mutations

Previous studies indicate that during persistence, muta-
tions are continuously introduced and fixed in MV ge-
nomes (Cattaneo et al., 1986, 1988). This phenomenon is
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Figure 3. Sequences of the M Genes of Cases A, B, and C in Comparison with Other M Gene Sequences

The T residues in these cDNAs correspond to Us in the MV transcripts. Sequence E is from the Edmonston strain (Beliini et al., 1986), sequence
H from the street virus HU2 (Gurran and Rima, 1988), sequence Q from the strain CAM (this paper, see Liebert and ter Meulen [1987] for a description
of this strain), sequence K from SSPE case K (Cattaneo et al., 1986), sequence | from SSPE cell line IP-3-Ca (Cattaneo et al., 1988), and sequence
M from SSPE cell line MF (this paper, see Cattaneo et al. [1987a] for a description of case MF). The PRE sequence is a consensus comprising
the nucleotides represented most often in the nine sequences obtained experimentally. The positions differing from the PRE sequence are indicated
with capital letters (positions diverging in all clones of the same case), or small letters (positions diverging only in some sibling ciones). The translation
start and stop codons are underlined, as are the mutations leading to amino acid changes. An asterisk in PRE indicates a variable position for which
no consensus could be defined. Position 482 was variable not only within cases but also within sibling clones: it corresponded to G or A in cases
Iand A and to G or C in case M. A 2 nucleotide deletion at position 1039-1040 in case K is indicated with two deltas. M clones resulting from the
elongation of non-M 3 primers hybridizing semispecifically to the GC-rich 3’ nontranslated region of the M gene were obtained and completely se-
quenced: clones paM1, paM2, paM3, pbM1, pbM2, pbM3, pcM1, pcM2, and pcM3 coded for M genes, respectively, 172, 172, 90, 90, 185, 396, 190,
632, and 99 nucleotides shorter at their 3’ end. Ciones pcM6, encoded the whole M gene and additional 90 nucleotides of the neighboring F gene,
and pcM4 encoded the whole M gene and part of the N and P genes. About 1% of the positions could not be defined because of “strong stops”
in the sequencing reactions, and these positions were considered as showing no variation from the PRE sequence. The GenBank accession number
of this sequence is JO3175.
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Figure 4. Distribution of U to C Changes in the MV Genome of Case C

About 9200 of the 16,000 nucleotides of the MV genome are represented on the horizontal axis, starting with the N gene and terminating with the
H gene. Gene junctions are indicated by a vertical line. Groups of 20 consecutive U residues, corresponding in general to 60-120 nucleotides, have
been considered as a unit and are represented with a standard width. The number of U residues mutated to C in each unit is indicated by the height
of the corresponding black box and can be read on the scale on the left. Gray boxes indicate unsequenced parts of the genome.
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Table 1. Quality of the Mutations from the Consensus (PRE) Sequence in Different MV Genes of Cases A, 8, and C

Transitions Transversions

Case Gene u-C [ogV] G—A A—G U—A A—U G—C C—G U-G G—~U A—C C—A
C N 8 1 6 2 0 0 0 0 1 2 2 1

P 2 2 2 0 0 0 0 0 0 0 0 0

M 132 5 5 6 0 0 2 1 0 0 1 3

F 13 14 7 6 0 0 0 0 1 0 1 2

H 5 3 3 3 0 0 0 0 0 0 0 0
A M 11 3 5 7 1 0 0 1 0 0 0 1
B M 7 10 6 5 0 1 1 0 0] 2 0 2

The PRE sequence of the M gene is shown in Figure 3; the other PRE sequences were constructed using the A, B, and C genes and the genes
of case IP-3-Ca and of the Edmonston strain (Cattaneo et al., 1988, and references therein).

most likely based on one hand on the low fidelity of RNA
replication (Domingo et al., 1978; for review see Stein-
hauer and Holland, 1987) and on the other hand on the
low selective pressure exerted on viral genomes in non-
lytic infections (Holland et al., 1979; Rowlands et al.,
1980). In an attempt to quantify the level of internal vari-
ability of MV genomes in the human brain, we compared
the sequences of three overlapping M clones of cases A
and B and of five overlapping M clones of case C. Internal
variability was 0.16% for the three M clones of case A (six
differences over 3825 comparable nucleotide pairs), 0.18%
for case B (six differences over 3361 pairs) and 0.06% for
case C (seven differences over 11,217 pairs). Most of
these changes are probably due to the MV polymerase
itself rather than to the reverse transcriptase used for clon-
ing, since clones obtained with the same technique from
another RNA source differed in less than 0.02% of their
positions (K. Baczko, unpublished data). It should be
noted that the variability of the MV genomes in case
C was lower than in the other two cases, which could be
explained by the shorter time of viral persistence in the
case of MIBE. This result reinforces the suggestion that
at the final stage of the MIBE infection the MV polymerase
was at least as precise as in the two SSPE infections. A
variability of 0.15% will result in 20-30 differences be-
tween any two MV genomes with a length of 16,000
nucleotides, which is a high number even for an RNA virus
(Steinhauer and Holland, 1987; Cattaneo et al., 1988).

To assess the variability in strains of lytic viruses, and
to estimate the number of mutations introduced during
persistence, we counted the differences of lytic and per-
sistent viruses from a consensus as defined above. The
lefthand panel of Figure 5 represents the mutations from
the PRE consensus (Figure 3) detected in the M coding
regions of the three lytic viruses, Edmonston (E), HU2 (H),
and CAM (Q), and of the six persistent viruses, K, |, M, A,
B, and C. In genes from lytic infections, 6-9 differences
from the consensus were detected, whereas in genes
from SSPE persistent infections, 15-25 differences were
monitored (130 differences in the MIBE case C). Thus, we
estimated that two to three times more mutations accumu-
lated in the M coding regions of viruses implicated in per-
sistent infections. From Table 2, it is clear that this holds
true for all the others genes examined, with the exception
of the N gene (legend to Table 2, note °). If we assume
that the lytic viruses that initiated the three persistent in-
fections had accumulated a number of differences from
the PRE sequence similar to that of the three lytic strains
studied, we can extrapolate that 50~70% of the mutations
scored in cases A, B, and C accumulated during the per-
sistent phase of these infections (this may be an underes-
timation, see the end of this section). Knowing that in the
three persistent infections 442 mutations from the con-
sensus sequence have been detected over 17,610 nucleo-
tides compared (calculated from Table 2, first column),
and assuming that 50%-70% of these mutations have
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Figure 5. Expressed (Solid Boxes) and Silent (Open Boxes) Mutations
from M Consensus Sequences in the Coding Regions of Three Lytic
and Six Persistent MV Strains

The left part of the figure shows the comparison with the PRE se-
quence, constructed from all nine sequences available. The right part
of the figure shows another comparison, this time with a consensus
obtained only from the three Iytic sequences (E, H, and Q, same sym-
bols as in Figure 3). The M protein encompasses 335 amino acids.

been fixed during persistence, we can also extrapolate
that 200-300 mutations have been introduced in the MV
genome (16,000 nucleotides) during persistence. Using
the cDNAs described here, it should be possible in princi-
ple to establish complementation assays to test the effect
of single mutations on gene function, and thus to assess
if the point mutations introduced during persistence re-
sulted in slight alterations, gross distortions, or disruption
of viral protein functions.

Examination of the MV proteins found in brain cells of
different SSPE patients has shown examples of restricted
expression of the F and H proteins, as well as of the M pro-
tein (Norrby et al., 1985; Baczko et al., 1986). In contrast,
N and P proteins, the two proteins required together with
the polymerase for MV transcription and replication, were
always detected. The most straightforward explanation for
these observations is that the constraints imposed in per-
sistent infections on the M, F, and H genes are relaxed,
since they encode viral functions generally presumed to
be dispensable for replication (Rosenblatt et al., 1979). If
this was the case, we would expect fixation of more muta-
tions causing amino acid changes (replacement site mu-
tations) in the viral envelope protein genes than in the N
and P genes. As shown in Table 2 (first column), the levels
of mutations accumulated in all genes were fairly similar
(about 2%), except for the M gene of the MIBE case. In
the F and H coding regions, respectively, 38% and 24%
of the mutations resulted in amino acid changes, a similar

Table 2. Differences between the Genes of Cases A, B, and C and of the Edmonston Strain (E) and the PRE Genes

Base Pairs Compared/

Replacement/Silent % Mutations in

Differences Mutations (Mutations Coding?®/Noncoding®
Gene Case (% Differences) in Noncoding Region) Regions
N A 1655/14 (0.8) 4/9 (1) 0.8/1.3
B 1655/25 (1.5) 7116 (2) 1.6/12.6
c 1655/23 (1.4) 8/15 (0) 1.4/0.0
E 1655/22° (1.3) 15/6 (1) 1.31.3
P A 616/14 (2.3) 4/5 (5) 1.9/5.6
B 616/11 (1.8) 4/3 (4) 1.3/4.5
C 616/6 (1.0) 0/3 (3) 0.6/3.4
E 616/4 (0.6) 211 (1) 0.6/1.1
M A 13569/33 (2.4) 97 (17) 1.6/4.9
B 13569/38 (2.8) 8/11 (19) 1.9/6.6
C 1469/155 (10.6) 80/50 (25) 12.9/5.4¢
E 1469/10 (0.7) 3/3 (4) 0.6/0.9
F A 1483125 (1.7) A4(7 (14) 1.3/2.1
B 1483/26 (1.8) 3/5 (18) 1.02.7
o] 1483/44 (3.0) 6/9 (29) 1.8/4.3
E 1483/11 (0.7) 0/2 (9) 0.211.3
H A 741/9 (1.2) 17 (1) 1.2/1.8
B 741110 (1.3) 5/4 (1) 1.3/1.8
C 74114 (1.9) 1711 (2) 1.8/3.6
E 741/5 (0.7) 142 (2) 0.4/3.6

For this computation, two variable positions in the PRE sequence (marked with an * in Figure 3) were not considered.
a Total differences in the coding regions of the A, B, and C cases: N gene, 1.2%; P gene, 1.3%; M gene, 5.5% (1.7% if case C is not consi-

dered); F gene, 1.5%; and H gene, 1.4%.

b Total difference in all the noncoding regions of the three cases: 3.6%.

© The sequence of the Edmonston N gene diverges from the consensus in about twice as many positions as the sequences of the other Edmon-
ston genes. It is remarkable that 18 of the 22 differences were concentrated in the last 700 bases.

d In these genes, 90 bases of the 3’ noncoding region and 23 of the 5’ noncoding region could not be determined.

© The relatively low incidence of mutations in the untransiated region of the M gene of case C is due to the scarcity of Us.
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(in fact somewhat lower) percentage to the N and P coding
regions (32% and 42%, calculated from the results pre-
sented in Table 2, second column). It should also be noted
that, even without considering case C, the M genes had
the highest percentage of replacement site mutations, that
is 48%. The low number of replacement site mutations
found in the H genes was reflected by the identical migra-
tion behavior of all H proteins (Figure 1, hemagglutinin
genes), and the high number of amino acid changes
found in the M genes by the relatively large differences in
migration of the M proteins (Figure 1, matrix genes).
These numbers suggest that the selective pressure acting
on the genes directly involved in viral replication was not
very different from that acting on the viral envelope genes
during persistence. The fact that the differences from the
consensus sequence were about twice as frequent in the
untransiated regions of all the genes compared with the
respective coding regions (Table 2, third column and
notes @ and b) reinforces the suggestion that selective
pressures to preserve protein functions remained in
effect.

On the basis of the sequence comparisons presented
in Figure 3, the three lytic viruses fall in a separate sub-
class from the six persistent viruses. If an M gene con-
sensus sequence is constructed by considering only the
lytic viruses, each of the “lytic” M coding regions differs
only in 2-4 positions from the “lytic consensus,” in contrast
with the persistent viruses differing in 19-31 positions (136
differences in case C; right panel of Figure 5). This sug-
gests that the number of mutations introduced during per-
sistence, which was estimated above to 50%-70% of the
total differences from the PRE sequence, might in fact be
as high as 80%-90%.

The definition of a “lytic consensus” different from the
PRE sequence implies that Iytic viruses can be distin-
guished from persistent viruses on the basis of their se-
quences at characteristic sites. This observation, if con-
firmed on a larger sample of genes, might have important
practical applications: diagnostic differences might be ap-
plied for tracing the source of viruses causing measles
epidemics or persistent infections. Moreover, vaccine
strains could be selected on the basis of their sequences,
and finally, safer vaccines possessing all genomic charac-
teristics defined as favorable in different strains could be
engineered.

Discussion

Mutations and Defective Expression of Measles
Virus Genes in Persistent Infections

Previously, the occurrence of viral mutations in SSPE
cases has been documented (Cattaneo et al., 1986, 1988).
However, it was never clarified whether certain mutations
constitute a prerequisite for the development of the dis-
ease. Mutations might simply be a corollary phenomenon,
to be explained by the release of selective pressure ex-
erted on viral genomes that need only replicate and
spread from cell to cell but that do not have to provide all
the functions necessary for the assembly of infectious vi-
rus particles. Although the present study still does not

directly establish a causal relationship between mutations
and disease, two experimental findings presented here
strongly support this hypothesis: first, the mechanism of
M gene function inactivation by hypermutation in the
MIBE case; and second, the very extensive and appar-
ently directed drift separating all three persisting MV ge-
nomes analyzed from the infecting viruses.

Defective expression of M protein has been previously
revealed in SSPE cases (Wechsler and Fields, 1978; Hall
et al., 1979; Carter et al., 1983). In particular, both com-
plete absence of M protein (Hall and Choppin, 1981) or
presence of nonfunctional (i.e., unstable) M protein have
been reported (Sheppard et al., 1986). In the present
study, both of these possibilities were found in the three
cases analyzed. In case B, we could monitor the efficient
in vitro production of an M protein of approximately correct
size from synthetic transcripts of a cDNA clone, in spite of
the fact that such a protein could not be detected in the
brain autopsy of this patient (Baczko et al., 1986), an ob-
servation that can be explained by postulating rapid M
protein degradation in vivo. In case C, no M protein could
be produced: the proteins synthesized inefficiently in vitro
from the synthetic M mRNAs had grossly altered termini
and dozens of mutated amino acids. The particular in-
terest of this case resides in the mechanism of M inactiva-
tion; the analysis of the M and four other genes of this
case indicated that a single, biased hypermutation event
was most likely responsible for the selective silencing of
M gene function. Since a lytic virus with intact M function
must have been at the origin of the MIBE infection, we
must conclude that the hypermutation event did not
severly affect the efficiency of this genome to replicate. In-
stead, this event must have conferred a selective advan-
tage for the spread of the mutated genome in the brain,
because only mutated genomes were detected at death.
Thus, for case C, our study provides a direct correlation
between M function silencing and mutational change,
which in this case came about by a probably unique and
grossly distorting event. In other words, it seems very
likely that the propagation of this lethal infection in the hu-
man brain originated from a single genomic clone of MV.

Nevertheless, M function silencing might not be obliga-
tory for persistence, as suggested by the detection of M
proteins in some SSPE cases (Norrby et al., 1985; Baczko
et al., 1986) including case A reported here, where an M
protein of approximately the correct size was detected
both in vitro and in vivo. However, we do not know whether
these M proteins are functionally competent. On the other
hand, in case A, the carboxyl terminus of the F protein has
been structurally altered. A similar alteration of the F pro-
tein, mediated by a different mutation, was identified in
case B. This indicates that F protein function might be
slightly or severely impeded in both cases A and B. In
summary, gross alterations have been found so far only
in M proteins, less severe modifications in F proteins. It re-
mains to be seen whether all these changes, and/or more
subtie changes in these and other viral proteins, might not
also contribute to propagation of MV persistent infections
in brain cells.

The second argument in favor of the view that some mu-
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tations are instrumental for the development of brain infec-
tions is provided by the features of the populations of viral
genomes present in brains. In BRNA virus populations
maintained at constant selective pressures, genomic vari-
ability is high, but a stable consensus sequence is estab-
lished that usually changes minimally (Domingo et al.,
1978; Holland et al., 1979). In contrast, when selective
pressures change, viral RNA genomes do not maintain
the consensus, but rapidly evolve by selection of the fittest
(Holland et al., 1979; Rowlands et al., 1980). In cases A
and B, the populations of viral genomes show an internal
variability about ten times lower than the estimated num-
ber of changes acquired during persistence (20-30 vari-
able positions versus 200-300 acquired changes). In
case C, the internal variability is even lower and the num-
ber of acquired changes is of the same order as in the
other cases if the changes introduced by the hypermuta-
tional event are disregarded. This strongly supports the
argument that mutated genomes must have been se-
lected one or more times, conferring a direction to the evo-
lution of the system. Thus, viral mutations might indeed
favor viral persistence if, instead of compromizing prop-
agation of infection, they promote it in the particular envi-
ronment of brain cells. Obviously, such evolved viral ge-
nomes can never become manifest as new viral strains
because they are unable to propagate beyond the life
span of their host.

The fact that SSPE and MIBE arise so rarely might indi-
cate that combinations of mutations favoring propagation
of persistent infections are infrequent. Moreover, it may
well be that persistent infections can be established on-
ly in cases where some host defense mechanisms fail
(Fujinami and Oldstone, 1979; Carrigan and Kabacoff,
1987). This is also suggested by the fact that MIBE, a
complication typical for immunosuppressed individuals,
arises more frequently in such patients than SSPE in un-
treated individuals. Similar considerations might apply for
other viral infections known or suspected to be the cause
of several human syndromes (Wolinsky and Johnson,
1980).

Mechanism of Delimited Hypermutation:

A Biased RNA Polymerase?

We are not aware of any other documented case where
genetic information involving an entire gene has been
distorted so drastically, most likely in a single event. The
recently described extensive editing of kinetoplastid mito-
chondrial transcripts by uridine addition and deletion re-
sults in a spectacular modification of the mRNAs, but not
in alteration of the gene (Shaw et al., 1988; Feagin et al.,
1988). It must be mentioned, however, that a similar exclu-
sive mutation of one type of nucloetide to another has
been described, albeit in a much more restricted region,
in the related vesicular stomatitis virus (VSV). In that in-
stance, analogous A to G transitions (14 of 29 positions
considered) were detected in a short region (51 nucleo-
tides, intrinsically very rich in A residues) of a defective in-
terfering (DI) genome (O’'Hara et al., 1984; note that our
U to C mutations, as written in plus strand polarity, might

have been introduced in the minus strand genome as A
to G transitions).

The question remains as to how the mutational cluster
in the MV genome of the MIBE case could have arisen.
In principle, mutations of this kind could be introduced ei-
ther by chemical mutagens or by imprecise polymerases.
The MIBE patient had been subjected to a large variety of
immunosuppressive and cytostatic drugs, including po-
tential mutagens (Roos et al., 1981). However, the level of
mutations observed here is much higher than the level of
mutations induced by any chemical mutagen (Singer and
Kusmierek, 1982). Even assuming that a chemical muta-
gen in a living cell could induce mutations leading to the
replacement of 50% of the U residues, it would be very dif-
ficult to explain how these mutations could have selec-
tively affected a defined region of a nonsegmented ge-
nome. To account for this, homologous recombination of
an MV “standard” genome with a hypermutated MV ge-
nome or an mRNA that coexisted in the same cell would
have to be invoked. Homologous recombination involving
breakage and joining between preexisting strands as with
DNA is not documented for RNA. The apparent recombi-
nation events common in positive strand RNA viruses
probably take place by a copy choice mechanism, in
which the viral RNA polymerase switches template during
RNA replication (King et al., 1982; Kirkegaard and Balti-
more, 1986; Keck et al., 1988). In contrast, in negative
strand RNA viruses, nonhomologous recombination is
less common, and homologous recombination has not yet
been reported (Jennings et al., 1983; O’'Hara et al., 1984;
for review see Steinhauer and Holland, 1987).

A much more plausible explanation of the observed
phenomenon is that one particular part of a genome is
synthesized by a biased MV RNA polymerase complex
nonselectively incorporating U or C residues when copy-
ing an A. Two prerequisites have to be met in this model:
first, biased MV polymerase complexes must occasionaily
occur in an infected cell; and second, biased and faithful
polymerase complexes must act in succession during the
synthesis of one progeny RNA on one RNA template.
The polymerase complex of nonsegmented negative
strand RNA viruses is composed of the large polymerase
itself and a phosphoprotein, tightly associated with each
other and with the genomic (or antigenomic) ribonucleo-
capsids, that is RNAs enwrapped with nucleocapsid pro-
tein molecules (Banerjee, 1987). It has been shown that
the polymerases and phosphoproteins are distributed in
discrete clusters on cytosolic ribonucleocapsids (Portner
and Murti, 1986; Portner et al., 1988), and it is conceivable
that these clusters correspond to polymerase complexes
reorganizing during replication (or transcription), possibly
by exchanging parts of their components. RNA polymer-
ase complexes giving rise to biased errors could arise be-
cause they are constituted from genetically altered sub-
units, because normal subunits assemble in a defective
fashion, or because normal RNA polymerase complexes
can temporarily assume a distorted conformation. Evi-
dence for the existence of conformationally “perturbed”
RNA polymerase complexes, introducing either C or U
residues when copying an A after a triggering error, but
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then returning to the normal fidelity, was obtained from a
VSV DI genome; when rare RNA molecules were ana-
lyzed in which a particular misincorporation had occur-
red, it was found that in a position situated two nucleotides
downstream of the misincorporated nucleotide, in 20%-
50% of the molecules, a C residue was incorporated in-
stead of a U (Steinhauer and Holland, 1986). Remarkably,
all other nucleotides, including more downstream U resi-
dues, were incorporated with normal precision. The stabil-
ization of a “perturbed” conformation of the polymerase
complex could result in nucleotide transitions in short
(O'Hare et al., 1984) or longer (case C) genomic stretches
of negative strand RNA viruses.

In an alternative version of this model, the coexistence
of normal and genetically altered RNA polymerases on a
single template, and a relay race of several polymerase
complexes during replication is postulated. In this view,
the growing end of the replicating MV genome might oc-
casionally be taken over by an entirely new strand elonga-
tion complex, or single components of the complex might
be exchanged. Such events could well constitute an intrin-
sic property of the polymerase reaction during the tran-
scription mode of ribonucleocapsids, that is during the
formation of single mRNA molecules from antigenomic
templates where a stop-start mechanism of the polymer-
ase at gene junctions has been postulated (for discussion
see Gupta and Kingsbury, 1985). During replication,
mode analogous exchanges might occur, either regularly
at gene junctions or occasionally by mistake. It should be
possible to ascertain such a patchwise mode of polymer-
ization with in vitro transcription-replication systems.

Experimental Procedures

Patients

Patients A and B (patients 1 and 2 in Baczko et al., 1986) were 9- and
10-year-old children who showed the first SSPE symptoms years after
primary MV infection and died 3 and 6 months later, respectively. Pa-
tient C was a 3-year-old child who died of MIBE 22 months after the
diagnosis of leukemia, 4 months after clinical measles, and 2 months
after the first symptoms of neurological disease (Roos et al., 1981).

Cloning

For selective full-length cDNA cloning of five MV-specific genes using
specific primers (Schmid et al., 1987), 2.5 g of polyadenylated brain
RNA prepared as described (Cattaneo et al., 1987b) were used. Clones
in pBluescript were identified by colony hybridization and restriction
and amplified as described (Cattaneo et al., 1988). A large majority of
the N, P, F, and H clones were full-length, but some of the M clones
were incomplete at their 3’ end (legend to Figure 3). Another unex-
pected finding was that E. coli-containing plasmids in which the H
gene was cloned downstream of the lac promoter of pBluescript grew
reproducibly slower, reaching lower densities, and yielding only small
quantities of plasmid DNA. This is most likely due to a deleterious ef-
fect of H protein for E. coli; when the H insert was in the “antisense”
orientation as compared with the /ac promoter, normal growth oc-
curred.

in Vitro Transcription

In vitro transcription, in the presence of the cap analog diguanosine
triphosphate (G(5)ppp(5)G; Pharmacia, Uppsala, Sweden) and mi-
nute amounts of [32P]GTP to quantify synthesis, was accomplished
with T3 polymerase according to the instructions of the supplier
(Genofit, Geneva, Switzerland). In general, about 2 g of transcripts
were obtained from 1 pg of template using 0.5 mM concentrations of
ribo-ATP, -CTP, and TTP, 0.1256 mM of ribo-GTP, and 0625 mM
G(5Yppp(51G. This corresponds approximately to a 1-6 molar ratio of

template to product. The products were about 90% full-length, as
judged by gel electrophoresis.

Sequencing

Chain termination sequencing of alkali-denatured plasmid DNA was
performed using deoxyadenosine 5[35S]thiotriphosphate (650 Ci/
mmol, Amersham International, England) and T7 DNA polymerase
(Sequenase™, United States Biochemical Corporation, Cleveland,
OH) basically according to the protocol of the supplier. The primers
used for sequencing the M and N genes were the same as those used
in Cattaneo et al. (1988). Since one primer did not hybridize efficiently
to the M clones of case C, it was substituted by primer (~) 772-753 (po-
sitions as in Bellini et al. {1986]). For sequencing the ends of the P,
F, and H clones, commercial primers (New England Biolabs, Beverly,
MA) hybridizing with flanking plasmid sequences were used. To se-
quence over the large F gene 5’ untranslated region, the AUG, and the
F2/F1 processing site, two primers (+) 322-338 and (+) 625-640 were
used (positions as in Richardson et al. [1986]).
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