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The prion protein (PrP) is synthesized in three topo-
logic forms at the endoplasmic reticulum. **“PrP is fully
translocated into the endoplasmic reticulum lumen,
whereas Y™ PrP and “*"PrP are single-spanning mem-
brane proteins of opposite orientation. Increased gener-
ation of ®“™PrP in either transgenic mice or humans is
associated with the development of neurodegenerative
disease. To study the mechanisms by which PrP can
achieve three topologic outcomes, we analyzed the
translocation of proteins containing mutations intro-
duced into either the N-terminal signal sequence or po-
tential transmembrane domain (TMD) of PrP. Although
mutations in either domain were found to affect PrP
topogenesis, they did so in qualitatively different ways.
In addition to its traditional role in mediating protein
targeting, the signal was found to play a surprising role
in determining orientation of the PrP N terminus. By
contrast, the TMD was found to influence membrane
integration. Analysis of various signal and TMD double
mutants demonstrated that the topologic consequence
of TMD action was directly dependent on the previous,
signal-mediated step. Together, these results reveal that
PrP topogenesis is controlled at two discrete steps dur-
ing its translocation and provide a framework for un-
derstanding how these steps act coordinately to deter-
mine the final topology achieved by PrP.

The prion protein (PrP)! is a 35-kDa brain glycoprotein in-
volved in the transmission and/or pathogenesis of several neu-
rodegenerative diseases, including scrapie, bovine spongiform
encephalopathy, and Creutzfeldt-Jakob disease (1-3). Previous
studies examining PrP biogenesis revealed that the normal
protein is synthesized in three topologic forms at the endoplas-
mic reticulum (ER) (4-6). The predominant form (termed
s¢“PrP) is fully translocated into the ER lumen, whereas the
other two forms (termed N*™PrP and “*"PrP) are single-span-
ning membrane proteins. ““®PrP spans the membrane with its
C terminus in the lumen, whereas N™PrP is in the reverse
orientation, with its N terminus in the lumen (see Fig. 1B for a
diagram).

Mutations that result in increased generation of ““™PrP were
shown to result in dose-dependent development of neurodegen-
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erative disease (4, 5). Additionally, a human disease causing
mutation in PrP (A117V, resulting in Gerstmann-Striussler-
Scheinker disease (7-10)) was shown to result in increased
generation of “*™PrP in vitro, in mice (which also developed
neurodegenerative disease), and in humans (4, 5). Finally, re-
cent studies have suggested that the ability to generate “*™PrP
may also play a role in the neurodegeneration seen in trans-
missible forms of prion disease (4). Thus, elevated levels of
CtmPrP appear to be one mechanism by which PrP is able to
mediate neurodegeneration.

The role of “*PrP in the pathogenesis of at least a subset of
prion diseases highlights the importance of understanding the
mechanisms by which PrP topology is determined and con-
trolled. Generally, a protein’s topology is thought to be unique
and determined by “topogenic elements” encoded within the
primary sequence (11-13). PrP contains three such topogenic
sequences: an N-terminal signal sequence, generally used to
target proteins to the ER (14); a hydrophobic stretch of amino
acids that can serve as a transmembrane domain (TMD); and a
C-terminal sequence for glycolipid anchor addition (15). How-
ever, not only do these elements fail to specify a homogeneous
population of chains in a single topology, but the three topologic
forms of PrP differ in two fundamental ways: localization of the
N terminus *°PrP and N*™PrP have their N terminus in the
ER lumen, whereas “*PrP has it in the cytosol) and integra-
tion of the potential TMD into the lipid bilayer (**°PrP is not
integrated, whereas N™PrP and “*™PrP are).

The region(s) of PrP that encode the key determinants for
each of the topologic forms have not been clearly elucidated.
The N-terminal signal sequence is likely to be necessary for at
least targeting PrP to the secretory pathway. This is supported
by the observation that deletion or replacement of this domain
results in PrP being made as a cytosolic protein (16).2 Whether
the signal plays any role in topogenesis beyond its targeting
function has not been studied. By contrast, previous studies
demonstrating that mutations within or immediately preced-
ing the TMD can alter the topologic forms of PrP generated
have implicated this domain in PrP topogenesis (4—6). How-
ever, the role of this domain in the generation of each of the
topologic forms remains obscure. Finally, results from Stewart
and Harris (6) demonstrating that various mutations in the C
terminus of PrP do not significantly affect topology suggest
that regions C-terminal to the TMD may not play a significant
role in topogenesis. This is consistent with previous observa-
tions that replacement of the entire C-terminal domain of PrP
with a protein domain from globin does not significantly affect
the generation of any of the topologic forms (17). Thus, other
than a poorly defined role for the TMD, relatively little is
currently understood about either the domain(s) involved or
their respective role(s) in directing PrP topogenesis. This study

2 8. J. Kim, R. Rahbar, and R. S. Hegde, unpublished data.
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was undertaken to elucidate a conceptual framework for un-
derstanding PrP topogenesis that would both provide tools and
serve as a starting point for future mechanistic studies.

EXPERIMENTAL PROCEDURES

Materials—Rabbit reticulocyte lysate and dog pancreatic rough mi-
crosomes were prepared and used as described (Ref. 18 and references
therein). Anti-PrP monoclonal antibody 3F4 was a gift from the labo-
ratory of S. B. Prusiner. Restriction enzymes, other DNA-modifying
enzymes, and SP6 RNA polymerase were from New England Biolabs
Inc. RNase inhibitor was from Promega. Routine laboratory chemicals
were of the highest quality available commercially from Sigma,
Mallinckrodt Chemical Works, or ICN.

Plasmid Constructions—Standard techniques were used in the cre-
ation of all plasmid constructs (19). All constructs were made in the
pSP64 vector (Promega). Signal sequence mutants were all derived
from a modified wild-type Syrian hamster PrP construct that contained
silent Nhel and AatII sites introduced at codons 8 and 19, respectively.
This plasmid was digested with the desired combination of BgIII (im-
mediately preceding the start codon), Nhel, AatIl, or PfIMI (codon 26)
and ligated to synthetic oligonucleotides encoding the desired muta-
tions. Most of the TMD mutations were made by site-directed mutagen-
esis. The remaining TMD mutations were made by first introducing
silent restriction sites (BstBI and Ndel) at codons 103 and 111 to
facilitate replacement of selected regions surrounding the TMD with
synthetic oligonucleotides encoding the desired mutations. Combina-
tions of signal and TMD mutants were made by replacing the wild-type
TMD region of the wild-type mature region (excised with either Kpnl
and Xbal or Bsu36l and EcoRI) with the relevant mutant TMD. All
constructs were verified by automated sequencing.

Cell-free Translocation Assays—In vitro transcription with SP6 RNA
polymerase, translation with rabbit reticulocyte lysate in the presence
of [**S]methionine, and translocation into canine rough microsomal
membranes have been described (Refs. 5 and 18 and references there-
in). Translations were carried out at 32 °C for 30 min. Proteolysis was
with 0.5 mg/ml proteinase K for 60 min at 0 °C. Reactions were termi-
nated with 5 mm phenylmethylsulfonyl fluoride and transferred into 10
volumes of 1% SDS and 0.1 M Tris (pH 8) preheated to 100 °C. Samples
were either analyzed directly by SDS-polyacrylamide gel electrophore-
sis on 12% Tris/Tricine gels (20) or immunoprecipitated with anti-PrP
monoclonal antibody 3F4 prior to SDS-polyacrylamide gel electrophore-
sis as previously described (5, 18). All of the translocation reactions
shown were performed in the presence of a competitive peptide inhib-
itor of glycosylation (NH,-Asp-Tyr-Thr-COOH). Inhibition of glycosyla-
tion does not affect the ratios of topologic forms generated (5). It does,
however, simplify the analysis since each topologic form is then repre-
sented by a single band, rather than the heterogeneous banding pattern
seen with variable glycosylation.

Quantitative Analysis of PrP Topology—Quantitative ratios of topo-
logic forms were determined by analysis of digitized autoradiographs on
either Kodak X-Omat or BioMax films. Band size (in pixels) multiplied
by mean band density (subtracted for film background) was used to
assign a value to each band, followed by calculation of the appropriate
ratios. It should be noted that the relative effect of each mutant was
consistently and reproducibly observed in multiple experiments (with
an effect as little as 10% difference in the formation of a topologic form
being readily detectable). However, the absolute amount of the topologic
forms generated for any given construct (including the wild type) varied
from experiment to experiment, depending on temperature, time of
translation, and batch of in vitro translation extract and microsomal
membranes used. This is consistent with the observation that PrP
topogenesis is dependent on multiple protein factors in both the cytosol
(21) and ER membrane (18). For this reason, the data in Figs. 2 and 4
represent quantitative analysis of experiments in which all of the signal
mutants (Fig. 2) or TMD mutants (Fig. 4) were analyzed simulta-
neously, in triplicate, to allow accurate and direct comparisons between
the mutants. The raw data shown in Figs. 1 and 3 are from translation
reactions performed at another time with different batches of reagents.
Thus, although the relative differences between the mutants in these
experiments and the quantitative analyses in Figs. 2 and 4 are similar,
the absolute amounts of each topologic form are somewhat different.

RESULTS

Signal Sequence Mutants and PrP Topology—During the
course of our ongoing studies of signal sequence function, we
noticed that replacing the signal sequence of PrP with func-
tional signal sequences from certain other secretory proteins

26133

(for example, prolactin and angiotensinogen) resulted in a
change in the ratio of topologic forms.2 This observation raised
the possibility that, in addition to facilitating targeting of nas-
cent PrP to the ER, the signal sequence may play a role in PrP
topogenesis. To explore this idea, we generated and analyzed
the effect on topology of mutations introduced into the PrP
signal sequence.

Signal sequences generally contain three domains. The h-
region, a feature that is common among all signal sequences
(22, 23), forms the hydrophobic core of at least 6 amino acids.
Preceding the h-region in many signals is the n-region, a polar
and often charged domain that is at the amino terminus of a
signal sequence. The c-region is composed of the amino acids
immediately preceding the signal sequence cleavage site. The
polar n-region of the PrP signal (residues 1-7) was chosen for
mutagenesis for three primary reasons. First, the n-region is
highly divergent among signals of different proteins, varying in
both length (from 1 to 17 amino acids) and net charge (ranging
from —2 to +4) (22, 23). Second, mutations disrupting the
h-region often severely impair the obligate targeting function of
a signal sequence (24). And third, the signal sequences from
other proteins that affected PrP topology most notably differed
from each other in the n-region, particularly charged residues.®
Thus, we focused our mutagenesis primarily on those changes
that alter the net charge of the n-region of PrP (Fig. 14).

A protease protection assay was used to assess the topology
of the n-region signal sequence mutants synthesized in an in
vitro translation and translocation system (5) (Fig. 1B). In this
assay, only PrP that is translocated across the microsomal
membrane generates protease-protected species. The size of
the fragment generated upon protease digestion indicates the
topologic form from which it was derived (an ~18-kDa C-
terminal fragment from “*™PrP and an ~14-kDa N-terminal
fragment from N*™PrP), with protection of full-length PrP in-
dicative of **°PrP. As shown in Fig. 1C, many of the signal
sequence mutations resulted in a significant change in compar-
ison with the wild type in the relative amounts of the protease-
protected PrP fragments. The N1, N2, N6, N7, N7a, and N11
mutants generated, to varying degrees, increased amounts of
the 18-kDa °*™PrP fragment upon protease digestion. By con-
trast, we consistently observed that the N4, N5, N10, and N12
mutants generated slightly less ©*PrP than the wild type (see
the quantitative analysis in Fig. 2 below).

The N3 and N7a mutants, unlike the other mutants, showed
a clear discrepancy in the amounts of the protease-protected
fragments relative to the amount of synthesized PrP. In both
cases, less than half of the synthesized PrP could be accounted
for after protease digestion of the sample (Fig. 1C, compare —
PK and + PK lanes for these constructs). Presumably, these
unaccounted chains are cytosolic and thus digested completely
upon protease addition. This suggests that these two signal
mutants, in addition to affecting the ratio of topologic forms
generated, translocate less efficiently, resulting in some of the
PrP remaining in the cytosol. Thus, although some mutations
(e.g. N3) appear to reduce translocation efficiency, probably by
affecting the targeting function of the signal sequence, other
mutations (e.g. N2) appear to have a significant impact on
topogenesis without an overall decrease in translocation effi-
ciency. Together, these results suggest that, in addition to
targeting, the signal may play a separate role in topogenesis.

To gain additional insight into which aspects of PrP topogen-
esis were most influenced by mutations in the signal sequence,
we quantified (see “Experimental Procedures”) and plotted the
relative ratios of the three topologic forms of PrP generated by

3 R. S. Hegde, unpublished data.
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FiG. 1. Mutational analysis of the PrP A B
signal sequence. A, the 22-amino acid Name Signal Sequence
wild-type (WT) and mutant PrP signal se- WT MANLSYWLLALFVAMWTDVGLG (cyt)y sec Ntm  Ctm
quences are shown, with mutated residues
in boldface type and the n- and h- regions of N1 MDD LSYWLLALFVAMWTDVGLC
the signal indicated below the sequences. B, ”g mimfg‘g\gtﬁtigﬁumgggt@
thwn is a schema‘gc dlagram of the .topo— Na MRR LSYWLLALFVAMWTDVGLG
ogic forms of PrP, including a cytosolically N5 MANRRYWLLALFVAMWTDVGLG
disposed form (cyt), and the protease protec- N6 MANLS RR LLALFVAMWTDVGLC
tion assay used to discriminate between N7 MANDSYWLLALFVAMWTDVGLC
them. The N terminus of each chain is indi- :ga mmfgmtﬂtgiumgggtg
gated to.dlstmgumh orientation. The approx- NS MANRSYWLLALFVAMWTDVGLE l + protease
imate size of each fragment protected from N10 MANL RYWLLALFVAMWTDVGLG
protease digestion is also indicated. C, the N11 MANEEYWLLALFVAMWTDVGLC N N
signal sequence mutants shown in A were N12 MANKKYWLLALFVAMWTDVGLC a
analyzed for their effect on PrP translocation N13 MANNNYWLLALFVAMWTDVGLC e
and topology. Each of the mutants was N14 MANQQYWLLALFVAMWTDVGLGC Prid
translated in the rabbit reticulocyte lysate —_— 25kD 14 kD 18kD
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creatic microsomal membranes and a pep-
tide inhibitor of glycosylation. Following C
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with proteinase K (PK) as indicated. The
positions of protease-protected full-
length PrP (~25 kDa, indicative of
s¢PrP), the ~14-kDa NH,-terminal frag-
ment (indicative of ¥™PrP), and the ~18- -
kDa COOH-terminal fragment (indicative - -
of ““™PrP) generated by proteinase K di-
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the signal mutants that did not significantly affect transloca-
tion efficiency (e.g. all mutants except N3 and N7a). As shown
in Fig. 2, the ©*™PrP/*PrP ratio varied dramatically between
the different mutants, spanning an order of magnitude from
~0.17 (e.g. N12) to ~1.7 (e.g. N6) (Fig. 2A). The “*PrP/Nt*™PrP
ratio similarly ranged from ~0.28 to ~2.1 with these same
mutants (Fig. 2B). By marked contrast, the s**PrP/N*"PrP ratio
was surprisingly invariant, being between ~1.1 and 1.8 regard-
less of the mutation analyzed (Fig. 2C).

These results suggest that the primary effect on topogenesis
of signal sequence mutations is to increase or decrease the
amount of ““™PrP relative to both N*™PrP and *°PrP. We have
not observed a significant change in the ratio of N*™PrP to
S¢“PrP upon manipulation of the signal sequence with either
mutations (Figs. 1 and 2) or replacement with other signal
sequences.? Consequently, the amounts of N*™PrP and *°PrP,
relative to ©*™PrP, appear to either both increase (e.g. with N4)
or both decrease (e.g. N2) with mutations in the signal
sequence.

Two additional observations from the analysis of these mu-
tants are noteworthy. First, introduction of charged residues
into the n-region of the signal sequence generally alters the
topogenesis of PrP. This does not appear to be due to disruption
of an existent sequence motif, but rather an effect of the intro-
duced charge. Thus, replacement of residues 4 and 5 with Asn
or Gln (N13 and N14, respectively) does not alter topology,
whereas Asp, Glu, Arg, or Lys (N2, N11, N5, and N12, respec-
tively) significantly alters topology. Second, acidic residues in
the n-region often result in increased *™PrP, and basic resi-
dues generally favor decreased ““PrP. However, this was not
universally true. Introduction of Asp at position 4 (N7) resulted
in a significant increase in ““PrP, whereas the same change at
position 5 (N8) had a minimal effect on topology. Additionally,
basic residues at positions 6 and 7 (N6) increased Ctmp,p
significantly.

Transmembrane Domain Mutants and PrP Topology—We
next performed a similar analysis of mutations either within or
immediately preceding the hydrophobic stretch of amino acids
(residues 113-135) thought to compose the membrane-span-
ning domain in both N*=PrP and ®*»PrP (5, 6). Previous studies
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have shown that mutations in this region of PrP can not only
affect topology, but can also result in neurodegenerative dis-
ease (4, 5). However, the number of mutants analyzed was not
sufficient to allow general conclusions to be drawn about the
role of this domain in determining specific aspects of PrP to-
pology. Over the past several years, numerous mutations have
been made in this region for a variety of reasons, many unre-
lated to studies of PrP topogenesis. We took advantage of these
existent mutants (Fig. 3A) to perform a careful analysis of their
effects on PrP topogenesis. Just as with the signal sequence
mutants, we reasoned that a systematic pattern may emerge
that could provide insight into the role of the TMD in deter-
mining PrP topology.

The autoradiographs of representative TMD mutants show
that, consistent with previous observations (4—6), mutations
within or preceding the TMD can significantly affect PrP to-
pology (Fig. 3B). However, it was also apparent that mutations
in the TMD affect PrP topology in a qualitatively different
manner than the signal mutants. First, unlike the signal mu-
tants, several TMD mutants make essentially all of the trans-
located PrP in the *¢*°PrP form (e.g. G123P, ASTE, and, to a
lesser extent, A120G). And second, in contrast to some of the
signal mutants (e.g. N3 and N7a), none of the 17 TMD mutants
analyzed generated exclusively “*PrP or affected transloca-
tion efficiency.

To consolidate these observations, we quantitated and
graphed the relative ratios of the topologic forms generated by
each of the TMD mutants (Fig. 4). We found that the ©*™PrP/
S¢“PrP ratio varied from <0.05 to ~2.4 among the various
mutations (Fig. 4A). The 5*“PrP/N*™PrP ratio also varied signif-
icantly, ranging from ~0.7 to >20 (Fig. 4C). By comparison, the
Ctmprp/NtMPrP ratio was less variant, ranging from ~0.4 to
~2.3, with the majority of mutants showing a ratio of close to 1
(Fig. 4B). Therefore, it appears that the primary effect of mu-
tations in the TMD region is to alter the amounts of the topo-
logic forms that are membrane-integrated ("**PrP and “**PrP)
relative to the fully translocated *°“PrP. For example, some
mutations, such as G123P and ASTE, make almost exclusively
the *¢“PrP form. Others, such as KH-II, AV3, and A120L, make
relatively little **°PrP in favor of increased N*™PrP and “*™PrP.
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Fia. 2. The relative amounts of the topologic forms generated by each
of the signal sequence mutants depicted in Fig. 1A (except N3 and N7a,
both of which result in significantly decreased translocation efficiency)
were quantitated (see “Experimental Procedures”), and the ratios be-
tween any two of the forms (“**PrP/***PrP (A), “**PrP/~*"PrP, (B), and
seeprP/NtmPrP (C)) were plotted. The means and S.D. values (represent-
ed by the error bars) of each ratio for all of the mutants, calculated from
triplicate determinations, are plotted. For some mutants, small S.D.
values resulted in error bars too small to be displayed on the graphs. wt,
wild type.

These results suggest that the major role for the TMD in PrP
topogenesis is to specify the percent of PrP chains that inte-
grate into the lipid bilayer.

Combinatorial Control of PrP Topology—The above analyses
identified two domains within PrP that each contribute to the
determination of topology. Although both of these domains
affect topology, the quantitative analyses (Figs. 2 and 4) sug-
gest that they affect it in qualitatively different ways. The
general distinction is that the signal sequence increases or
decreases C'™PrP relative to the other two topologic forms,
whereas the TMD increases or decreases “*“PrP relative to the
other two topologic forms. Given that the signal and TMD
affect PrP topogenesis in different ways, it was conceivable that
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wt NKPSKPKTNMKHMAGAAAAGAVVGGL
ASTE NKPS GAAAAGAVVGGL
KK-AA NKPSAPA TNMKHMAGAAAAGAVVGGL
KK-TT NKPSTPTTNMKHMAGAAAAGAVVGGL
P105A NKPSKAKTNMKHMAGAAAAGAVVGGL
T107L NKPSKPK LNMKHMAGAAAAGAVVGGL
TN-AG NKPSKPKAGMKHMAGAAAAGAVVGGL
N108G NKPSKPKTGMKHMAGAAAAGAVVGGL
N108D NKPSKPKT DMKHMAGAAAAGAVVGGL
N108I NKPSKPKT | MKHMAGAAAAGAVVGGL
MM-AA NKPSKPKTN AKHAAGAAAAGAVVGGL
KH-AA NKPSKPKTNMAAMAGAAAAGAVVGGL
KH-Il NKPSKPKTNM | IMAGAAAAGAVVGGL
AV3 NKPSKPKTNMKHMVGVAAVGAVVGGL
ATV NKPSKPKTNMKHM AGAAVAGAVVGGL
A120G NKPSKPKTNMKHMAGAAAAGGVVGGL
A120L NKPSKPKTNMKHMAGAAAAGLVVGGL
G123P NKPSKPKTNMKHM AGAAAAGAVVPGL
B
G123P ASTE A120G wt A117V KH-ll A120L AV3
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Fic. 3. Mutational analysis of the PrP TMD. A, the sequence of
PrP surrounding the TMD is shown, with mutated residues in boldface
type. B, representative TMD mutants shown in A were analyzed for
their effect on PrP translocation and topology as described in the legend
to Fig. 1. PK, proteinase K.

the effect of one domain is dominant to the other. Alternatively,
the two domains may both contribute to PrP topogenesis by
acting either sequentially or in concert. To determine the man-
ner in which the signal and TMD mutants interact with each
other, we generated and analyzed an array of PrP double
mutants that contain various combinations of the signal se-
quence and TMD mutations (Fig. 5).

We analyzed constructs that combined various signal se-
quence mutations with either of two TMD mutants:
PrP(A120L) and PrP(ASTE) (Fig. 5, A and B). In addition, we
also examined constructs in which various TMD mutations
were introduced into PrP containing either the N4 signal se-
quence (Fig. 5C) or the N7a signal sequence (Fig. 5D). To-
gether, the data in Fig. 5 reveal two important points. First, the
double mutants do not display a phenotype that is identical to
that of either of the individual single mutants. Thus, it appears
that neither the signal sequence nor the TMD is dominant in
its effect on PrP topology. Instead, each double mutant displays
the combined characteristics of both the signal sequence and
TMD. Second, the double mutants can be used to shift PrP
topology primarily toward a single topologic form. For example,
the N7a-A120L combination generates nearly all “*"PrP, the
N4-A120L combination generates primarily N*™PrP, the N4-
ASTE combination makes all ***PrP, and the N7a-ASTE com-
bination makes mostly cytosolic PrP. These observations sug-
gest that the final topology achieved by PrP is the consequence
of the combined action of the signal sequence and TMD. Thus,
the signal and TMD, by serving distinct and separate roles
during the topogenesis of PrP, cooperate to determine PrP
topology.

Evolutionary Conservation of Topogenic Determinants in
PrP—The above studies demonstrate that the topologic out-
come of PrP can be readily and dramatically manipulated by
any of numerous changes in either the signal sequence and/or
the TMD. We found this quite surprising in light of two previ-
ous observations: (i) even very subtle changes in topology can
influence the development of neurodegeneration (4, 5), and (ii)
signal sequences and TMDs are generally considered to have
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FIG. 4. The relative amounts of the topologic forms generated by each
of the TMD mutants shown in Fig. 3A were quantitated, and the ratios
between any two of the forms (“**PrP/**PrP (A), ““PrP/N*PrP (B),
and ***PrP/N*™PrP (C)) were plotted as described in the legend to Fig. 2.
Ratios that were >20 or <0.05 are represented on the graph as either
20 or 0.05, respectively, and are indicated with asterisks. In addition,
PrP mutants that have been shown in previous studies to result in
neurodegenerative disease in transgenic mice (7, 8) are indicated in
boldface type. wt, wild type.

few (if any) specific sequence motifs associated with them,
instead being defined by very general features such as hydro-
phobicity (22, 23, 25, 26). Thus, polymorphic changes in either
the signal sequence or TMD could potentially have effects on
PrP that influence susceptibility to neurodegenerative disease.
This raised the possibility that in the case of PrP, the signal
sequence and TMD are under selective pressure to avoid poly-
morphic changes that could significantly affect topogenesis of
this protein.

We explored this idea by examining the evolutionary conser-
vation of these domains in PrP. If achieving the precise ratio of
topologic forms of PrP is important to its normal function or
critical to avoiding neurodegenerative disease, one might ex-
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pect sequence conservation of these domains. As a first step, we
compiled and compared the TMDs and signal sequences of all
available mammalian PrP sequences (27, 28). Seventy-six
mammalian PrPs have been cloned and sequenced through the
TMD region, of which 42 have complete sequence data for the
signal sequence. Alignment of the TMDs revealed a remarkable
degree of conservation (25 of 29 residues are conserved across
all 76 species), with no polymorphic changes in the hydrophobic
domain from residues 113 through 128 (Fig. 6A).

By contrast, the signal sequence, while overall quite well
conserved, contained only 4 of 22 residues that were invariant
among all species (Fig. 6B). The most variable part of the signal
sequences appeared to be the n-region. The signal sequences
appeared to fall into one of two classes: those with an un-
charged and shorter n-region (composed of MANLSYW-) and
those with a longer, positively charged n-region (composed of
MVKSHIGSW-). Such differences across species were surpris-
ing given that changes in the charge of the n-region can clearly
impact PrP topology, which by extrapolation from prior studies
(4, 5) may affect susceptibility to neurodegenerative disease.
Thus, we wished to determine the topologic consequences of the
polymorphic changes in the signal sequence, particularly the
n-region. To explore this, we analyzed chimeras between a
representative signal sequence with the charged n-region (bo-
vine) and one with an uncharged n-region (Syrian golden ham-
ster) (Fig. 60).

We found that a bovine/hamster hybrid signal containing the
bovine n-region (Bo/Ha) resulted in a dramatic increase in
CtmprP (Fig. 6D). This level of C*™PrP is significantly more
than is generated with the A117V mutation, which leads to
human neurodegenerative disease. It is comparable to the
KH-IT and AV3 mutations, which lead to early and rapid de-
velopment of disease in mice (e.g. compare with Fig. 3B). Quite
remarkably, introducing the three very conservative polymor-
phisms into the h-region of bovine PrP (Leu to Ile, Ala to Val,
and Thr to Ser) results in a complete reversion to the normal
ratio of topologic forms of PrP (Fig. 6D). Surprisingly, these
three polymorphic changes in the absence of the charged bovine
n-region (Ha/Bo) have no effect on topology. Thus, it appears
that the topologically significant polymorphic changes in the
n-region are fully and completely reversed by compensatory
changes in the h-region, which by themselves are functionally
silent. These results argue that the signal sequence, although
displaying much more sequence variation than the highly con-
served TMD, is functionally conserved with respect to its effect
on PrP topology.

The data in Fig. 6 suggest that by conserving the topologic
function of the signal and the exact sequence of the TMD, the
unusual features of PrP topogenesis have also been conserved.
It should be noted that, although the hydrophobic core of the
TMD is highly conserved, there are a few variations in the
residues immediately preceding it, changes that could conceiv-
ably affect topology. However, a comparative analysis of the
topology of hamster, two mouse variant, and human PrPs has
not revealed differences in the ratios of topologic forms that are
generated (Ref. 5 and data not shown). Thus, it appears that
the precise effects of the signal and TMD on the generation of
each topologic form have been conserved.

DISCUSSION

In this study, we have analyzed a series of topology-altering
mutants of the signal sequence and TMD of PrP to gain insight
into how an initially homogeneous population of nascent chains
can be made into three topologic forms. Several important
conclusions can be drawn from our analyses. The first is that,
in addition to its well established role in targeting proteins to
the ER (14), the PrP signal sequence appears to encode deter-
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Fic. 5. Analysis of signal and TMD
double mutants. The translocation and
topology of PrP constructs containing var-
ious signal sequences (indicated above the
gels) combined with either the A120L (A)
or ASTE (B) TMD mutation were ana-
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Fic. 6. Evolutionary conservation of PrP topogenic determinants. A and B, the regions of the TMD and signal sequence of all available
mammalian PrP species were assembled and aligned using ClustalW (48). The TMDs of 76 PrP sequences, representing 11 distinct variants, are
shown. The signals of 42 PrP sequences (fewer PrP clones have been sequenced in this region than in the TMD region), representing 17 variants,
are shown. A representative species for each sequence variant is indicated, along with the total number of species found to contain that sequence.
Ch., Chinese; Syr., Syrian. C, shown is a diagram of Syrian hamster (Ha) and bovine (Bo) chimeric signal sequences containing different
combinations of the n- and h-regions. D, the translocation and topology of PrPs containing the chimeric signal sequences shown in C were analyzed.

PK, proteinase K.

minants for an additional role in directing topology. Interest-
ingly, this second role could be perturbed with mutations to
impact topology without significantly affecting overall translo-
cation efficiency. Thus, it appears that the PrP signal sequence
has two separate functions, in targeting and topogenesis, which
is generally not seen with N-terminal signal sequences. This is
consistent with the observation that the precise action of the
topogenesis function of the PrP signal is evolutionarily con-
served (Fig. 6) and that signal sequences from other proteins do
not carry out this function in the same manner of the PrP
signal.?

The second surprising finding in this study is the manner in
which the signal and TMD act together to direct topology.
Although it was entirely anticipated that the TMD would be
involved in membrane integration, it was unexpected to find
that its action was highly dependent on the signal. Thus, the
combination mutants have provided the tools to generate
nearly homogeneous populations of each of the topologic forms.

These constructs will be useful in identifying and distinguish-
ing topology-specific interactions with the protein translocation
or protein folding machinery, as well as for studying the differ-
ential metabolism of the individual topologic forms. Finally, the
results obtained with the double mutants, together with the
analyses of the individual mutants, have suggested a useful
model for understanding PrP topogenesis (see below).

An Unexpected Role for the Signal Sequence in PrP Topogen-
esis—How does the PrP signal sequence play a role in deter-
mining PrP topology? Our interpretation of the quantitative
analysis of the signal mutants (Fig. 2) is that the signal directs
the segregation of nascent chains into two populations: “*“PrP
versus NPrP/PrP. One feature that distinguishes C*™PrP
from both the *°PrP and N™PrP forms is localization of the
N-terminal domain: it resides in the cytosol for ““™PrP, but is in
the lumen for the N*™PrP and 5°°PrP forms (see Fig. 1B). It is
therefore plausible to view the action of the signal sequence as
directing the localization of the N terminus of PrP. Signals such
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as N2 and N6 favor a cytosolic localization for the N terminus,
whereas the N4 and N10 signals favor a luminal disposition.

The mechanism by which the signal sequence is able to direct
localization of the N terminus is currently not clear. Its actions
are likely to be mediated, at least in part, by interactions with
components of the protein translocation apparatus. After tar-
geting to the ER membrane, signal sequences are recognized by
components of the translocation channel (29, 30). It is thought
that this recognition is important for achieving tight binding of
the ribosome to the translocon and gating of the translocation
channel (29, 31). Gating of the translocation channel involves
closure of the ribosome-membrane junction (effectively shield-
ing the nascent chain from the cytosol), followed by opening of
a luminal gate (31) possibly composed of BiP (32). Only after
the luminal gate opens is the N terminus of the nascent chain
allowed access to the ER lumen. Thus, one attractive model of
signal sequence action is that the signal is able to control
localization of the N terminus by modulating the gating prop-
erties of the translocation channel. Future studies will focus on
determining which of these post-targeting interactions be-
tween a signal sequence and components of the translocon play
a key role in PrP topogenesis.

The Role of the TMD in PrP Topogenesis—The generation of
either the ®*™PrP or N™PrP form requires integration of PrP
into the lipid bilayer. This step is likely to be mediated by the
TMD (33) and is supported by the observation that mutations
in or near the TMD can significantly impact the generation of
the membrane-integrated forms of PrP (Refs. 4—6 and 34 and
this study). Previous studies of model transmembrane proteins
suggest that membrane integration is a multistep process (35)
that involves lateral gating of the translocation channel to
allow the TMD access to the lipid bilayer (33). At present, the
exact mechanism of gating and the role of the TMD in directing
translocon gating are not well understood. However, it is rea-
sonable to hypothesize that mutations in the TMD region of
PrP act by either altering the partitioning of the TMD into the
lipid bilayer or influencing the lateral gating properties of the
translocon. Mutations that alter the hydrophobicity of the TMD
(e.g. A117V, AV3, A120L, and A120G) may affect its lipid
partitioning properties, as has been shown for other TMDs (33).

By contrast, mutations in the hydrophilic domain preceding
the TMD (a domain that has been termed STE for stop transfer
effector (34)) may act by disrupting or enhancing its interaction
with components of the translocon to influence its lateral gat-
ing properties. Consistent with this idea, previous studies have
shown that the STE domain, when placed adjacent to a heter-
ologous potential membrane-spanning domain, can influence
its integration into the lipid bilayer (34). Similar effects on
membrane integration were observed with the STE-like se-
quence preceding the IgM TMD (36). In these studies, cross-
linking experiments additionally suggested that the STE of
IgM may act within the translocon to effect membrane integra-
tion of the adjacent TMD (36). Thus, it seems likely that the
topologic effects seen with the mutations preceding the TMD of
PrP could similarly act by interactions with components of the
translocon to direct integration of the adjacent TMD.

A Conceptual Model for Understanding PrP Topogenesis—It
is apparent from this and previous studies that a key step in
generating multiple topologic forms during PrP topogenesis is
the integration of some of the nascent PrP chains into the lipid
bilayer. However, the topologic consequence of integration is
dependent on the orientation of the nascent chain. If the nas-
cent chain is in an orientation with the N terminus in the
cytosol, then TMD-mediated integration would result in
Ctmpyp \whereas lack of integration would generate cytosolic
PrP. Alternatively, if the nascent chain is in an orientation with the

Combinatorial Control of PrP Topology

yes M"Prp
lumenal <
no *“prp
Nascent
PrP
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cytosolic <:
no (cytosolic)
Targetingto  Localization of Membrane Final
ER membrane  N-terminus integration topology
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Fic. 7. Schematic model of PrP topogenesis. Following targeting
to the ER, a homogeneous population of nascent PrP is segregated, by
action of the signal sequence, into chains whose N termini are luminal
versus cytosolic. Membrane integration, mediated by the TMD, deter-
mines the final topology achieved by each population of PrP chains. See
“Discussion” for details.

N terminus in the ER lumen, then TMD-mediated integration
results in N™PrP, whereas lack of integration results in **°PrP.

As discussed above, one principal determinant of PrP orien-
tation with respect to localization of the N terminus is the
signal sequence. This action of the signal, combined with the
action of the TMD in mediating membrane integration, sug-
gests a unifying model for how the three topologic forms of PrP
can be generated (Fig. 7). We propose that, in addition to
mediating targeting of PrP to the ER membrane, the signal
sequence determines localization of the N terminus of PrP.
Subsequently, the TMD determines whether PrP chains will be
integrated into the lipid bilayer or not. Thus, the specific com-
bination of decisions at the signal- and TMD-mediated steps
determines the topology achieved by any given nascent chain.
Heterogeneity of topologic forms therefore arises from the rel-
ative “inefficiencies” of the signal- and TMD-mediated steps,
i.e. the signal does not quantitatively direct translocation of the
N terminus, and the TMD does not quantitatively integrate
into the membrane.

Such a model reconciles the qualitatively different effects of
the signal and TMD mutants (Fig. 2 versus Fig. 4). Mutations
in the signal sequence that affect topology would favor local-
ization of the N terminus to either the lumen or cytosol. How-
ever, they would not significantly affect the process of mem-
brane integration (mediated by the TMD), thereby explaining
why the *°PrP/N*™PrP ratio was largely unaffected by any of
the signal mutants. On the other hand, TMD mutants would
impact the membrane integration step, thereby increasing or
decreasing N™PrP and “*™PrP. Since these mutants would not
affect the signal-mediated step, they would not have a signifi-
cant impact on the C*PrP/N*™PrP ratio.

The effects of the combination mutants (Fig. 5) are also
readily interpreted in light of this paradigm. For example, the
N4 signal sequence favors a luminal disposition for the N
terminus. Fusing this signal to a TMD mutation that favors
membrane integration (e.g. A120L) should generate predomi-
nantly N*"PrP, whereas a TMD that does not favor membrane
integration (e.g. ASTE or A120G) should result in **“PrP. By
contrast, the N7a signal favors a cytosolic localization for the N
terminus. With this signal sequence, a TMD that favors inte-
gration results in “**PrP, whereas a TMD that does not favor
integration results in cytosolic PrP. Thus, Fig. 5 demonstrates
that by systematically and independently manipulating the
localization of the N terminus (with mutations in the signal)
and membrane integration (with mutations in the TMD), PrP
can be predictably directed toward achieving any of the topo-
logic forms.

Previous studies of single-spanning membrane proteins have
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demonstrated that the key factors in determining topology
include the length of the TMD (37-39), charged residues flank-
ing the TMD (36, 40—42), and the folding properties of domains
flanking the TMD (43). Although these features are clearly
important for some membrane proteins, the orientation taken
by the PrP TMD appears largely to be mediated by sequences
not included in or adjacent to the TMD. This is supported by
the demonstration that the same TMD (for example, A120L or
KH-II) can be made to span the membrane efficiently in either
orientation, dependent on the action of the signal sequence
(Fig. 5). Thus, the generation of each topologic form is not
decided by a single domain within PrP, but rather is dependent
on the combinatorial action of at least two domains.

Cooperation between more than one topogenic element is not
unprecedented in the biogenesis of multi-membrane-spanning
proteins like the multidrug-resistant protein MDR1 (44, 45). In
these studies, more than one TMD was proposed to act in
concert to mediate proper membrane integration during the
assembly of this complex membrane protein. In addition, topo-
logic heterogeneity resulting from the inefficient action of a
topologic element has also been observed, again in multi-mem-
brane-spanning proteins such as MDR1 and CFTR (46, 47).
Thus, it may be that the biogenesis of PrP involves simplified
variations of events that occur more commonly in multi-mem-
brane-spanning proteins. Thus, mechanistic studies of combi-
natorial control of PrP topology may yield insights into similar
events occurring more generally in more complex membrane
proteins.

Implications for Prion Disease—The combinatorial nature of
PrP topogenesis has several implications for the role of PrP in
neurodegenerative disease. First, it appears that the manipu-
lation of either step can potentially affect PrP topology in a
manner that would lead to neurodegenerative disease. This has
already been demonstrated in the case of the TMD, where
mutations favoring the transmembrane forms of PrP lead to
the generation of increased ®*PrP and development of neuro-
degeneration in humans and transgenic mice (4, 5). One pre-
diction based on the in vitro studies presented here would be
that signal sequence mutations that lead to increased “*"PrP
(such as N2 and N7) may also lead to neurodegeneration in
transgenic mice. The present work has generated a wide array
of tools to test this and other hypotheses in future studies.

The second implication is for the mechanism of pathogenesis
of transmissible prion diseases. Previous studies have sug-
gested that one of the consequences of accumulated PrP®¢ is to
lead, perhaps indirectly, to the generation of increased “*PrP
(4). Although the mechanism relating PrPS¢ accumulation to
CtmPrP generation remains unknown, the present study iden-
tifies two key steps in the generation of C*™PrP that could
potentially be modulated in ¢rans. Further studies will be re-
quired to determine whether one consequence of PrP5¢ accu-
mulation is to impact either the signal- or TMD-mediated step
in PrP biogenesis in a manner that results in increased ¢*™PrP
generation.

Finally, the evolutionary conservation of the determinants of
PrP topology was surprising for two reasons. First, the domains
that are conserved, the signal sequence and TMD, are tradi-
tionally thought to be highly variable sequences that contain
minimal (if any) exact sequence requirements (22, 23, 25, 26).
That they are functionally conserved to make a precise ratio of
topologic forms argues further that topologic dysregulation of
PrP is detrimental to the organism. The second surprising
aspect of this conservation is that the ability to make the
transmembrane forms of PrP has remained constant during
evolution. Given that generation of the “PrP transmembrane
form may be involved in the pathogenesis of both genetic and
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transmissible forms of prion disease, it is not clear why this
feature of PrP topogenesis should be conserved. This is espe-
cially puzzling given that single amino acid changes outside of
the mature region of PrP (in the signal sequence) can signifi-
cantly reduce the level of ““PrP generated, which may reduce
the susceptibility to neurodegeneration. It is possible that any
susceptibility to neurodegeneration is manifested primarily af-
ter reproductive age, thereby minimizing the evolutionary
pressure against the generation of C*™PrP. Alternatively, a
more provocative possibility is that the different topologic
forms have normal functions. The importance of such normal
functions may outweigh the potentially increased susceptibility
to neurodegeneration, thereby explaining the conservation of
topologic regulation of PrP. Thus, an understanding of the
mechanisms of PrP topogenesis may not only have implications
for its role in neurodegenerative disease, but may provide some
insight into the presently unknown normal functions of PrP.
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