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Unusual Topogenic Sequence Directs Prion

Protein Biogenesis

CHARLES D. Lorez, C. SPENCER YOST, STANLEY B. PRUSINER,
RICHARD M. MYERS, VISHWANATH R. LINGAPPA

Biosynthetic studies of the prion protein (PrP) have shown that two forms of different
topology can be generated from the same pool of nascent chains in cell-free translation
systems supplemented with microsomal membranes. A transmembrane form is the
predominant product generated in wheat germ (WG) extracts, whereas a completely
translocated (secretory) form is the major product synthesized in rabbit reticulocyte
lysates (RRL). An unusual topogenic sequence within PrP is now shown to direct this
system-dependent difference. The actions of this topogenic sequence were independent
of on-going translation and could be conferred to heterologous proteins by the
engineering of a discrete set of codons. System-dependent topology conferred by
addition of RRL to WG translation products suggests that this sequence interacts with

one or more cytosolic factors.

ECRETORY AND TRANSMEMBRANE

proteins acquire their orientation

with respect to the membrane of the
endoplasmic reticulum (ER) in a manner
that is usually both predictable and absolute
(1). This reflects the action of discrete re-
gions within such nascent proteins, termed
signal and stop-transfer sequences, that initi-
ate and terminate translocation across the
ER (2). Studies in eukaryotic cell-free sys-
tems have revealed that at least some topo-
genic sequence actions are mediated by re-
ceptor proteins (3-6). The subcellular com-
ponents that function in such systems ap-
pear conserved. Thus, mRNA from any
tissue or species can be translated in cytosol-
ic extracts of either WG or RRL (7, §).
When these translation systems are supple-
mented with microsomal membranes de-
rived from the ER, the newly synthesized
protein achieves a topology identical to that
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observed in the ER in vivo (9). Topology
can be assayed by means of proteases to
distinguish domains protected by the lipid
bilayer (10, 11).

An exception to this conservation of com-
ponents occurs during biogenesis of the
prion protein (PrP). PrP, a brain glycopro-
tein, exists in two isoforms: (i) PrP€, which
is found in normal brain and is expressed at
specific times during development (12, 13),
and (ii) PrPS°, which is a component of the
infectious agent causing scrapie (a degenera-
tive neurologic disease of animals that is
related to several diseases of humans) (14).
The primary amino acid sequences of PrP¢
and PrP5¢ are identical (14, 15). Both iso-
forms contain a phosphatidylinositol gly-
colipid anchor at their COOH-terminals
that is cleavable by a phosphatidylinositol-
specific phospholipase C (PIPLC) (16).
However, only PrPC is released from cells
when treated with PIPLC (17). These find-
ings are consistent with a difference between
the two isoforms in either subcellular local-
ization or transmembrane orientation.

Likewise, PrP synthesized in vitro dis-
plays two system-dependent topologies.
When a cloned ¢cDNA encoding PrP is
expressed by transcription-linked translation
in WG, a transmembrane form predomi-
nates (18). When the same transcript is
translated in RRL, the predominant prod-

uct is a completely translocated (that is,
secretory) protein (19). Some feature or
process occurring in the cytosolic fraction
seems to recognize information within na-
scent PrP to direct transmembrane or secre-
tory forms.

The characteristic transmembrane form of
PrP observed in WG spans the bilayer twice,
such that both the NH,- and COOH-termi-
nal domains are within the lumen of the ER
(Fig. 1A) (18). The first membrane-span-
ning domain synthesized, TM1, is approxi-
mately 90 amino acid residues from the
NH,-terminal—cleaved  signal  sequence.
Therefore it seemed plausible that the differ-
ence in PrP topology observed in WG versus
RRL was a reflection of a difference in the
ability of these systems to stop translocation
of the chain at TM1. One explanation for
this difference might be that the rate of chain
clongation (and hence the rate of chain
translocation) is unequal in WG versus
RRL, thereby influencing the extent of stop
transfer at TM1.

Thus, the first step toward analysis of the
molecular basis for the alternate fates in PrP
biogenesis was to uncouple translocation of
the chain from protein synthesis. Normally,
translocation occurs only while peptide
chains are in the process of being synthe-
sized (co-translationally). By truncation of a
c¢DNA within the coding region, it becomes
possible to generate mRNA lacking a termi-
nation codon. In this case, the initial en-
gaged ribosome will be unable to release the
nascent peptide chain. These nascent chains
remain translocation-competent even in the
absence of further chain elongation (20).

PrP ¢DNA was truncated at a Hinc II site
74 codons 5’ to the termination codon.
Transcription-linked translation of this
DNA (PrP/HcII) in either WG (Fig. 2) or
RRL (Fig. 3) in the absence of microsomal
membranes resulted in a nascent chain—
ribosome complex in which PrP had been
synthesized from the NH,-terminal through
TM1. The translation product was present-
ed to the membrane either co-translationally
(with membranes present during its synthe-
sis) or posttranslationally (with membranes
added after completion of synthesis and in
the presence of translation inhibitors). As
expected for translocation-competent chains,
cleavage of the signal sequence occurred in the
presence of membranes either co- or post-
translationally in both WG and RRL (Figs. 2
and 3). Unlike native PrP (18, 19), these
truncated products were not glycosylated,
since the recipient asparagine residues for N-
linked carbohydrates were lost after trunca-
tion. Glycosylation has no influence on gener-
ation of either form of PrP, as shown by use
of a tripeptide inhibitor of N-linked glycosyla-
tion in both WG and RRL (21).
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The topology of these translocated chains
was distinguished by subjecting them to
proteolysis with proteinase K. Proteolysis of
the transmembrane form generates charac-
teristic protected fragments, one of which is
immunoprecipitated by  peptide-specific
antisera directed to the NH,-terminal do-
main of PrP (18). The NH,-terminal frag-
ment predominated during proteolysis and
immunoprecipitation of the products of
both co- and posttranslational translocation
of PrP/Hcll in WG (Fig. 2, lanes 3 and 7,
arrows). In contrast, full-length PrP/HcIl
would be protected if stop transfer did not
occur. No protected fragments were ob-
served when the membrane bilayer was solu-
bilized with nondenaturing detergent dur-
ing proteolysis. When PrP synthesized in
RRL and translocated either during or after
translation was subjected to proteolysis, the
predominant protected immunoreactive
band was of full size (Fig. 3, lanes 3 and 7).
Quantitative densitometry, corrected for
methionine distribution, confirmed that
both co- or posttranslational translocation
generated predominantly the transmem-
brane topology in WG, while the secretory
topology was predominant in RRL. Thus,
these system-dependent differences ap-
peared independent of chain elongation.

Moreover, the topogenic sequence responsi- -

ble for this behavior was encoded 5’ to the
Hinc II site.

Fig. 2. Posttranslational translocation of PrP/HcII
msocns S_;ochamssynthamdeGand by
DS—polyacrylamide gel electrophoresis (PAGE)
and autoradiography, of NH,-terminal domain-
specific antisera immunoprecipitates, lanes 5 to 8.
Co-translational translocation of PrP/HcIL, lanes 1
t0 4. Template cDNA was prepared as described in
the text. Transcription and imm itation
conditions were as described previously (18). Post-
translational translocation was performed as fol-
lows: translation was carried out for 30 min, then
adjusted to 0.1 mM of aurin tricarboxylic acid
(ATA) for 15 min followed by addition of emetine
to 0.1 mM for 15 min (32). Microsomal mem-
branes (Mb) then added to 2.5 absorbance units (at
260 nm) per milliliter and incubated for 40 min.
Simultancous co-translational translocations wa'c
carried out for 1 hour and 40 min.

Mb ‘

- + + - “+ + -
PK o = + + - - + -
Det - - o * = - = =

performed at 4°C for 1 hourw1d10.2mgmlprommscK(PK), 10 mM CaCl,, 10 mM tis-HCl (pH) 8.0,

and with or without 1.0% Triton X-100 (Det). PK digestions were terminated by

phenylmethyl

sulfonyl fluoride to 1.0 mM in ethanol and boiling in 1.0% SDS—0.1M tris-HCl (pH 8.9) for 5 min (33).
Hatch mark at left denotes the PrP/HcII precursor. Arrows denote major products.

When engineered into the coding region
of a heterologous protein, the topogenic
sequence should confer the system-depen-
dent behavior observed for PrP onto the
resulting chimeras. Figure 4 shows expres-
sion in WG and RRL of the chimeric pro-
tein encoded in plasmid pSPVSV Gxk in
which codons 74 to 114 of PrP (henceforth
called R74_||4) have been cnglnccrcd into
codon 346 of the glycoprotein of vesicular
stomatitis virus (VSV G) (Flg. lB) R74_1|4
includes the codons for TM1, as well as the
16 codons preceding the hydrophobic do-

A
HaPtP
R 9 r
Y4-114
L o, N o
™1 ™2 (Hinc 1)
B
VsV G
- ] [
VSV Gxk (1 R i t1a
N {11 l—c
™ ST

Fig. 1. Schematic peptide maps of HaPrP, VSV G, and VSV Gxk (31). The 232 amino acid residues of
mature Syrian hamster PrP are shown at top. Residues —22 to 0 represent the cleaved NH;-terminal
signal sequence. Vertical bars topped by circles indicate potential N-linked glycosylation sites. The open
box represents amino acid 74 to 114, with the larger box representing TM1 (24 hydrophobic amino
acid residues 90 to 114), which make up the first membrane-spanning region. The smaller box
represents an extracytoplasmic hydrophilic domain (28). The stippled box represents TM2 (an
amphipathic helix from amino acid 135 to 160), which makes up the sccond membrane-spanning
region. A schematic diagram of the transmembrane and fully translocated forms is depicted at right (18,
19). The 520-amino acid residues of the mature VSV G protein are depicted with potential N-linked
glycosylation sites indicated. The cleaved NH,-terminal signal sequence is depicted by the striped box.
The black box labeled ST represents the native stop transfer sequence from amino acid 474 to 491.
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main. VSV G is a transmembrane protein -
containing an NHj-terminal signal se-
quence. It is largely translocated, but an-
chored by a well-characterized stop transfer
sequence near its COOH-terminal (22, 23).
If a topogenic sequence responsible for the
difference in PrP topology in WG versus
RRL is included within R74_1 145 cxprcssion

Mb - + + o+ -+ o+ o+
PK - - 4+ + - - + +
Det = e e B i
Fig. 3. Posttranslational translocation of
PrP/HclI nascent chains synthesized in RRL and

analyzed by SDS-PAGE and autoradiography of
NH,-terminal  specific antisera immunopre-
cipitates (lanes 5 to 8). Simultaneous co-transla-
tional translocation of PrP/HcII is also shown
(lanes 1 to 4). Transcription, co- and posttransla-
tional translocation, and proteolysis were as de-
scribed in Fig. 2, except performed with RRL
(19). The hatch mark denotes the PrP/HcII pre-
cursor. Arrows denote major products. Scanning
laser densitometry (LKB Ultroscan) was per-
formed on autoradiograms (of both total transla-

tion products and immunoprecipitates) to quanti-
tate relative proportions of protected fragments
generated by proteolysis. Correcting for methio-
nine content, 84 versus 38% of chains achieved a
transmembrane orientation at TM1 posttransla-
tionally in WG versus RRL, respectively. This
accurately reflects the percentage of transmem-
brane TM1 domains seen when native PrP is co-
translationally translocated in WG and RRL (90
versus 40, respectively).

REPORTS 227



of VSV Gxk in WG should generate pre-
dominantly a transmembrane orientation
with TM1 spanning the bilaver. However,
in RRL most chains of VSV Gxk should not
stop at R74 114, and the predominant topol-
ogy would be expected to be similar to that
of native VSV G.

Translation of VSV Gxk in WG in the
presence of membranes resulted in a product
of higher molecular weight than that ob-
served in the absence of membranes (Fig.
4A). This decrease in mobility on SDS-
PAGE was due to core glycosylation, which
offsets the increased mobility resulting from
cleavage of the NH,-terminal signal se-
quence (24, 25). As predicted, proteolysis
revealed this product to be transmembrane
at the position of the inserted PrP codons
(Fig. 4A, lane 3). The topology of native
VSV G is illustrated in lanes 5 to 8 by a
similar experiment. Again, a glycosylated
product was observed when synthesized in
the presence but not the absence of mem-
branes. Proteolysis resulted in a much small-
er size shift of the protected product because
of the smaller cytoplasmic domain encoded
in native VSV G versus VSV Gxk.

When this experiment was performed in
RRL, native VSV G displayed the same
orientation as in WG (Fig. 4B). Likewise,
most chains of VSV Gxk synthesized in
RRL displayed a topology similar to that of
native VSV G. Thus, in both WG and RRL,
the chimeric protein VSV Gxk displayed the
topology preference at TM1 observed for

P q

c

Fig. 4. WG (A) and RRL (B) cell-free, transcription-linked, translation-coupled translocation of

PrP: TM1 was predominantly transmem-
brane in WG and translocated in RRL.
These conclusions were confirmed by quan-
titative densitometry. Similar chimeras with
R74-114 were generated from two other het-
erologous proteins, rat lactalbumin (25) and
a B-lactamase—chimpanzee globin fusion
protein (10). In both cases expression of
these chimeras resulted in similar system-
dependent predominance of transmembrane
(in WG) and secretory (in RRL) pheno-
types (21). Expression of VSV Gxk in vivo
in Xenopus oocytes also resulted in both the
transmembrane and completely translocated
forms observed in the cell-free systems (21).
Taken together with the demonstrated inde-
pendence from ongoing protein synthesis,
these data argue strongly for the presence of
a topogenic sequence within Ry 4.

Typically, stop transfer sequences com-
prise a hydrophobic domain of approxi-
mately 20 to 25 amino acid residues preced-
ed by a charged or polar domain of 10 to 15
residues (1). Ry4_ 14 likewise includes a 16-
residue charged and polar region preceding
a 24-residue hydrophobic domain (TM1)
that is similar to other membrane-spanning
regions when analyzed for hydropathy by
the methods of Eisenberg (26) or Kyte and
Doolittle (18, 27). The function of this
topogenic sequence is dependent on features
of both the polar and the hvdrophobic
domains (28).

Unlike other stop transfer sequences, the
topogenic sequence defined here terminates

=
o

O
@ X

products encoded by plasmids pSPVSV Gxk (lanes 1 to 4) and pSPVSV G (lanes 5 to 8) as described in
Fig. 1, analyzed by SDS-PAGE and autoradiography of total products. Transcription, translation, and
proteolysis were as previously described. Schematic representation of VSV Gxk and VSV G topologics
are shown at the bottom of the figure. Arrows denote major products. Upward-pointing arrow in (B),
lane 3, indicates band co-migrating with that of downward-pointing arrow in (A), lanc 3. Hatch mark
on left denotes VSV Gxk precursor. All products were confirmed by predicted size, immunoreactivity
with polyclonal sera against the Indiana strain of VSV (Lee BioMolecular Research) and reactivity to

endoglycosidase H (21). Quantitative densitometry as described in the legend to Fig. 3 reveals 33% of

VSV Gxk chains are transmembrane at TM1 in RRL versus 99% in WG.
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Secretory form (%)

0 2 4 6 8 10
% RRL added posttranslationally

Fig. 5. Plot of representative immunoprecip-
itation SDS-PAGE densitometry data of a post-
translational translocation assay with PrP/Hcll
synthesized in WG and mixed with increasing
amounts of RRL before addition of membranes
(solid squares), with RRL treated for 10 min at
80°C (open squares), or RRL added after incuba-
tion with membranes (dotted line). The y-axis
represents percentage of total translocated chains
in the secretory form as defined by protease
protection. The x-axis represents percentage of
added RRL as final reaction volume.

the preponderance of chain translocation
across microsomal membranes in WG, but
not in RRL. Thus, factors in WG or RRL,
independent of protein synthesis, either en-
gage or prevent the action of this unusual
topogenic sequence. To establish an assay
for these factors, we performed mixing ex-
periments (Fig. 5). Increasing amounts of
RRL added to PrP/HcIl WG translation
products resulted in the saturable generation
of the secretory form, upon addition of
membranes. If the RRL was added after the
membranes or if it was first treated at 80°C
for 10 min, the effect on topology was
considerably diminished. In the converse
experiment, addition of WG to PrP/Hcll
RRL translation products, and subsequent
incubation with membranes, resulted in no
change in topology from that observed for
RRL translations alone (21). Thus, it ap-
pears that a heat-labile factor in RRL is
necessary for the efficient generation of the
secretory form of PrP.

If R7s114 1s an unusual form of stop
transfer sequence subject to regulation at the
level of receptor interactions, perhaps con-
ventional stop transfer sequences also act in
a receptor-mediated fashion (29, 30). Alter-
natively, PrP mav be a member of a rare class
of proteins that use cofactors to promote or
inhibit receptor-mediated stop transfer.

It seems likely that the transmembrane
and secretory forms represent different fold-
ing states of PrP. Indeed, the expression of
this single coding region in two different
topologic forms may be a consequence of
alternate pathways of protein folding. In
this case our findings would suggest (i) a
novel solution for the paradox of PrP iso-
forms (each functionally distinct yet identi-
cal in sequence and modifications), (i) an
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unusual level of biological regulation with
multiple fates and hence multiple functions
encoded within a single species of mRNA,
and (iii) new variables and caveats to be
considered in the prediction of protein
structure from primary sequence.
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Reorganization of Retinotopic Cortical Maps
in Adult Mammals After Lesions of the Retina

Jon H. Kaas,* LEAH A. KRUBITZER, YUzO M. CHINO,
ANDY L. LANGSTON, EDWARD H. POLLEY, NORMAN BLAIR

The organization of the visual cortex has been considered to be highly stable in adult
mammals. However, 5° to 10° lesions of the retina in the contralateral eye markedly
altered the systematic representations of the retina in primary and secondary visual
cortex when matched inputs from the ipsilateral eye were also removed. Cortical
neurons that normally have receptive fields in the lesioned region of the retina acquired
new receptive fields in portions of the retina surrounding the lesions. The capacity for
such changes may be important for normal adjustments of sensory systems to
environmental contingencies and for recoveries from brain damage.

RE THE MAPS OF VISUAL SPACE IN

visual cortex capable of reorganiza-

tion in adult mammals? As in other
mammals, the visual cortex of cats contains
several retinotopic representations of the
visual field, including those in areas 17 and
18 (1). Such systematic representations of
peripheral receptor arrays also characterize
somatosensory and auditory cortex (2). Un-
der normal circumstances, these sensory
maps develop in a highly consistent manner
in individuals of the same species. However,
development of these topological maps can
be altered by abnormal sensory inputs, in-
cluding those produced by sensory depriva-
tion and damage to the peripheral sensory
sheet (3, 4). Thus, the nature of the input
from the receptor sheet partly determines
the ultimate organization of developing sen-
sory maps. In the visual system, sensory
manipulations such as monocular depriva-
tion, induced strabismus, and unilateral de-
focusing of the image can alter cortical
organization (3). However, these manipula-
tions affect cortical organization mainly or
only within a critical developmental period
extending a few months postnatally in cats
or several years in humans (3). Thus, evi-
dence supports the view that the organiza-
tion of visual cortex remains highly stable
after initial development, and there has been
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little reason to suppose that basic features of
retinotopic maps can change in adults.

In contrast to the visual system, recent
experiments on somatosensory cortex indi-
cate that the organization of sensory maps
can be modified even in adults (4, 5). For
example, if part of the normal representation
of the hand in primary somatosensory cortex
is deprived of its normal source of activation
by cutting a peripheral nerve, the coitical
representation reorganizes over a period of
hours to weeks so that neurons in the de-
prived zone of cortex acquire new receptive
fields on other parts of the hand. Such adult
plasticity implies that previously existing
connections in the brain are capable of
changing in synaptic effectiveness so that
new receptive fields and new representation-
al organizations can emerge in cortex. Such
changes could be important in normal ad-
justments of the brain to alterations in the
sensory environment, as well as in compen-
sations for peripheral and central damage to
the nervous system. Because the potential
for such reorganization would seem to exist
in other sensory fields, we investigated the
possibility of adult plasticity in visual cortex
with an experimental approach that has been
used successfully for the somatosensory sys-
tem.

Parts of arecas 17 and 18 of the visual
cortex were deprived of a normal source of
activation by placing lesions 5° to 10° in
diameter just above the area centralis in the
retina of one eye of adult cats (6). By itself
this procedure produced no notable change
in retinotopic organization when tested in
one cat. Most cortical neurons are binocu-
larly activated and thus have two retinotopi-
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