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Hypothesis

Prion protein structural features indicate possible relations to
signal peptidases
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Abstract Transmissible spongiform encephalopathies (TSEs) in
mammalian species are believed to be caused by an oligomeric
isoform, PrP5¢, of the cellular prion protein, PrPC. One of the
key questions in TSE research is how the observed accumulation
of PrPS¢, or possibly the concomitant depletion of PrPC can
cause fatal brain damage. Elucidation of the so far unknown
function of PrPC is therefore of crucial importance. PrPC is a
membrane-anchored cell surface protein that possesses a so far
unique three-dimensional structure. While the N-terminal seg-
ment 23-120 of PrPC is flexibly disordered, its C-terminal
residues 121-231 form a globular domain with three o-helices
and a two-stranded B-sheet. Here we report the observation of
structural similarities between the domain of PrP(121-231) and
the soluble domains of membrane-anchored signal peptidases. At
the level of the primary structure we find 23% identity and 41%
similarity between residues 121-217 of the C-terminal domain of
murine PrP and a catalytic domain of the rat signal peptidase.
The invariant PrP residues Tyr-128 and His-177 align with the
two presumed active-site residues of signal peptidases and are in
close spatial proximity in the three-dimensional structure of
PrP(121-231).
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Prions are the infectious agents of fatal transmissible spon-
giform encephalopathies (TSEs) such as scrapie in sheep, bo-
vine spongiform encephalopathy (BSE) in cattle and Creutz-
feldt-Jakob disease (CJD) in humans (for reviews see [1-4]).
The ‘protein only’ hypothesis [5-7] proposes that the patho-
genic component in prions is an oligomeric, protease-resistant
form, PrP%, of the monomeric cellular prion protein, PrPC.
PrP5 is most likely identical with PrPC in its covalent struc-
ture [8] but possesses a different tertiary structure [9,10] and
may propagate by imposing its fold on PrPC [11]. Research on
the prion protein has long been dominated by studies of PrP%¢
because it can be purified in reasonable quantities from dis-
eased brains, and its presence is related with the appearance of
clinical symptoms of prion diseases. The discovery that PrP®
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is a benign, host-encoded protein is of more recent origin [12].
Besides numerous uncertainties about the nature of the infec-
tious agent [13] and the mechanism of propagation of PrP%
[4], one of the key questions in TSE research is how the
observed accumulation of PrP5, or possibly concomitant de-
pletion of PrPC during TSEs can cause neuronal cell death
and fatal brain damage [1]. Elucidation of the natural func-
tion of PrPC is therefore a most important goal. Although the
presence of PrPC is required for the development of TSEs
[14,15], mice devoid of PrP® develop normally [14], and
only small abnormalities such as reduced survival of Purkinje
neurons [16], altered sleep patterns [17] and possibly impaired
synaptic function [18,19] have been reported for some strains
of knock-out mice. Despite the nearly normal phenotypes of
PrP-deficient mice, it cannot be excluded that PrP®¢ might
have important functions in wild-type mice, since knock-out
mice could possibly adapt during early development to the
lack of PrP [1]. The high degree of sequence identity (generally
above 90%) among the known mammalian prion protein se-
quences [20,21] could most readily be rationalized by the as-
sumption of a life-supporting PrPC function.

PrP€ from mammalians is a cell surface glycoprotein of 209
amino acids (residues 23-231; amino acid numbering accord-
ing to human PrP [20]), which is anchored to the cell mem-
brane via a glycosyl phosphatidyl inositol (GPI) anchor at its
C-terminus and expressed in most cell types [2,8,20]. Rapid
progress has recently been made in the physico-chemical and
structural characterization of recombinant PrPC expressed in
Escherichia coli. Most importantly, the three-dimensional
structure of recombinant PrPC in solution has been deter-
mined [22-25]. While its N-terminal segment 23-120 is un-
structured, the C-terminal segment PrP(121-231) forms a
self-folding domain with three o-helices and a two-stranded
B-sheet [22,26]. Due to the limited availability and the poor
solubility of PrP% it seems unlikely that correspondingly de-
tailed structural and biochemical data will be obtained for this
aggregated form of the prion protein in the near future. This
situation further underlines the importance of continued in-
vestigations on PrPC, since these may also lead to novel in-
sights into the mechanisms which lead to the transformation
of PrP® into PrP%c.

Apart from the recent finding that the flexible N-terminal
segment of PrPC appears to bind Cu®* ions in vitro [27] and
in vivo [28], the function of PrP€ in the cell is still a mystery.
This note describes new observations on the level of the pri-
mary and tertiary structure of PrP® that indicate a possible
relation to membrane-anchored signal peptidases. The initial
motivation for this study came from the observation that
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preparations of recombinant mammalian prion proteins tend
to be subject to partial proteolysis after prolonged incubation
under the conditions used for nuclear magnetic resonance
(NMR) spectroscopy [29]. As we could not exclude autocata-
Iytic proteolysis of PrPC, we analyzed the PrP sequence for
possible similarities with proteases. We found striking similar-
ities between the structured C-terminal domain of PrP and the
catalytic domains of bacterial and eukaryotic signal pepti-
dases. A relation between PrPC and signal peptidases is fur-
ther supported by inspection of the three-dimensional struc-
ture of PrP(121-231).

2. Results

2.1. Identification of sequence similarities between PrP and
signal peptidases

In search for a structural basis for a possible proteolytic
activity of PrP®, a comparison of the mouse PrP sequence
with sequences of a variety of proteases did not reveal signifi-
cant sequence similarities with the major protease families.
However, we observed a surprising sequence homology of
the C-terminal domain of murine PrP with the catalytic do-
mains of monomeric bacterial signal peptidases, and with the
catalytic subunits of eukaryotic signal peptidases. For these
membrane-anchored enzymes a three-dimensional structure
has so far not been determined. The three previously identified
conserved regions in the sequences of bacterial and eukaryotic
signal peptidases [30,31] are strikingly homologous to corre-
sponding segments in murine PrP(121-231) (Fig. 1). Within
these three consensus regions, PrP is more similar to the cata-
lytic subunits of signal peptidases from mammalians and yeast
than to bacterial and mitochondrial signal peptidases (Fig. 1).
Specifically, the mouse PrP segment 121-217 is 22.7% identi-
cal and 40.9% similar with residues 49-137 of a catalytic sub-
unit of rat signal peptidase (cf. legend of Fig. 1). Seventeen
out of the 20 identical residues in mouse PrP and this segment
of the rat signal peptidase are invariant in the mammalian PrP
sequences [20,21].

The most highly conserved segment among the signal pep-
tidase subunits from rat and yeast, and murine PrP corre-
sponds to the turn between helix 2 and helix 3 in the structure
of murine PrP(121-231), i.e. PrP residues 193-197 (cf. Fig. 1).
Interestingly, the signal peptidases from E. coli and from yeast
mitochondria have large insertions of 109 and 28 residues,
respectively, before this conserved segment (Fig. 1). Two other
strongly conserved regions between PrP(121-220) and the rat
signal peptidase which correspond to the PrP segments 121-
129 and 159-165, coincide with the antiparallel strands of the
B-sheet in the structure of PrP(121-231). A fourth region of
high homology between the rat signal peptidase and murine
PrP, corresponding to PrP residues 175-186, coincides with
the N-terminal half of helix 2 in PrP(121-231). Thus the
most highly conserved segments of signal peptidases and
PrP are found in the regular secondary structures of
PrP(121-231) and the region preceding helix 3. Conversely,
non-conserved segments typically correspond to loop regions
in the structure of PrP(121-231). For example, the tripeptide
insertion of residues 169-171 which is characteristic for PrP
when compared to the signal peptidases, is located in the loop
between the second B-strand and helix 2, which is the least
well defined part in the NMR structure of PrP(121-231) [22].
Variability in this loop is also indicated by the fact that this
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loop is even longer by 8 amino acids in the chicken prion
protein. The only strongly different region between murine
PrP and the rat signal peptidase that lies within a regular
secondary structure of PrP(121-231) corresponds to the resi-
dues 151-157 in the C-terminal half of helix 1. This heptapep-
tide is absent in the catalytic subunits of the rat and yeast
signal peptidases (Fig. 1). Since helix 1 is rather isolated in the
structure of PrP(121-231), unusually hydrophilic and does not
significantly contribute to the hydrophobic core [22], it seems
conceivable that this element of regular secondary structure
might be either significantly shorter or possibly absent in an
otherwise PrP-like three-dimensional structure of catalytic eu-
karyotic signal peptidase subunits. The invariant disulfide
bridge of mammalian prion proteins between Cys-179 and
Cys-214, which forms an important part of the hydrophobic
core of PrP(121-231) and connects the helices 2 and 3 [22], is
absent in signal peptidases.

2.2. Location of the PrP residues that align with the active-site
residues of signal peptidases in the three-dimensional
structure of PrP(121-231)

Previous work on the catalytic mechanism of the signal
peptidase from E. coli indicates that the enzyme represents a
new type of serine protease with a catalytic diad consisting of
a nucleophilic serine (Ser-90), which is located in the consen-
sus region 1, and a lysine residue (Lys-146) contained in the
consensus region 2 [32-34] (Fig. 1). In the eukaryotic signal
peptidases this lysine is replaced by histidine [30,31] (Fig. 1).
This histidine is also present in PrP (His-177) and is invariant
in the mammalian PrP sequences [20,21]. The PrP residue
corresponding to the presumed nucleophilic serine of signal
peptidases is an invariant tyrosine (Tyr-128) in all mammalian
PrP proteins [20,21]. Strikingly, Tyr-128 and His-177 are in
close proximity in the NMR structure of PrP(121-231) (Fig.
2). Although we did not observe a direct contact between Tyr-
128 and His-177 in the refined, energy-minimized solution

N
Fig. 1. Sequence comparison of the segment 121-220 of the mouse
prion protein (residues 121-220) with the three conserved regions in
monomeric bacterial signal peptidases and the catalytic subunits of
eukaryotic microsomal signal peptidases. The proteins from E. coli
(accession numbers: K00426; J03295) yeast mitochondria (Imp-1)
(P28627) and catalytic signal peptidase subunits from yeast (Sec-11)
(X07694), and rat (L11319) microsomes were chosen as representa-
tive enzymes. The positions of the two B-strands and the three o-
helices in the NMR structure of murine PrP(121-231) and the corre-
sponding amino acid numbers are indicated at the top of the figure
(amino acid numbering according to human PrP [21,22]). The pro-
posed active-site residues of signal peptidases that align with Tyr-
128 and His-177 in murine PrP are shown in bold. Invariant resi-
dues in mammalian prion proteins are underlined. Dots in the se-
quences represent additional polypeptide segments and hyphens cor-
respond to lacking amino acids. Identical residues between mouse
PrP(121-220) and the rat signal peptidase are emphasized by black
vertical bars, strongly similar residues are indicated by colons on
dark grey bars, and weak similarities are shown by dots on light
grey bars. The previously defined consensus regions 1-3 [30,31] be-
tween bacterial and eukaryotic signal peptidases are indicated at the
bottom of the figure. The alignment of the murine PrP segment
121-197 with segment 49-137 in the rat signal peptidase was per-
formed with the routine BESTFIT contained in the GCG sequence
analysis program (Version 8) [47] with the following default parame-
ters: gap creation penalty: 3.00; gap extension penalty: 0.10. Per-
centages of identity and similarity were calculated with these param-
eters.
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structure of PrP(121-231), rotation of Tyr-128 about ' and
His-177 about %! and y? can readily place the hydroxyl group
of Tyr-128 in hydrogen bond distance to the N®' nitrogen of
His-177 bond (Fig. 2). The side chains of Tyr-128 and His-177
are thus principally capable to form a charged hydrogen
bond. Further inspection of the structure of PrP(121-231)
and modelling studies revealed that the side chains of Asn-
174 and Asn-173, which are located on the opposite side of
the ring of His-177, could form an additional hydrogen bond
with the N2 nitrogen of His-177, resulting in a triad with Tyr-
128, His-177, and Asn-174 (or Asn-173) (Fig. 2). This mod-
elled local structure is reminiscent of the active sites of cys-
teine proteases [35]. Asn-174 and Asn-173 in PrP belong to
the flexible loop between the second B-strand and helix 2,
which contains the above mentioned tripeptide insertion
found in all mammalian prion proteins. Asn-173 is invariant
in all mammalian prion protein sequences, Asn-174 is either
strictly conserved or replaced either by Ser or Thr [20,21].
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3. Discussion and outlook

The presently described similarity between mammalian
prion proteins and signal peptidases may provide a platform
for the design of future experiments to elucidate the cellular
function of PrPC. The 23% sequence identity between the seg-
ment 121-217 of murine PrP and residues 49-137 of the rat
signal peptidase alone is only slightly below the limit of 25%
sequence identity that is generally assumed to be required for
a reliable prediction of structural relationships between differ-
ent proteins. There are however additional factors that sup-
port a relationship between PrPC and these proteases, espe-
cially the catalytic subunits of microsomal signal peptidases
from eukaryotes. First, the most highly conserved regions of
microsomal signal peptidases are also preserved in the prion
protein sequence, and so are their order and relative distances.
The conserved regions also correspond to regular secondary
structures in the tertiary structure of PrPC. Second, the PrP
residues Tyr-128 and His-177, which align with the presumed
active-site residues of signal peptidases [32-34] are in close
proximity in the three-dimensional structure of PrP(121-
231). Third, signal peptidases and PrP® are both membrane-
anchored proteins with similar membrane topology in that
they are located at the extracytoplasmic face of the membrane
(Fig. 3). The main topological difference is the membrane
anchor itself, which is an N-terminal transmembrane domain
in the case of signal peptidases and a C-terminal GPI anchor
in the case of PrP®. A C-terminal membrane anchor is how-
ever also observed for the signal peptidase of the inner mito-
chondrial membrane [31] (Fig. 3C). The N-terminal part of
the soluble catalytic domain of signal peptidases is best known
in the enzyme from E. coli where the periplasmic domain
starts at residue 76, i.e. 14 residues before the essential Ser-
90 [36,37]. This is similar to the C-terminal domain of murine
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o - PrP€ [23,26,29], which begins seven residues before Tyr-128.

§ _ g The serine/lysine diad proposed to be the active site of the
- o S E. coli signal peptidase is a common motif for the catalytic
g § § B centers of hydrolases and has also been found in class A B-
g = o ::'; lactamases [38,39] and LexA-type proteases [40]. In PrPC the
=~ B 7 8 4 invariant Tyr-128 aligns with the nucleophilic serine of the
z -5’ é (% “ ,% signal peptidases. Tyrosines are not common nucleophiles in

proteases, but are known as essential nucleophiles in type I
and type II topoisomerases, where they form a transient phos-
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Fig. 2. Location of the PrP residues which align with the active-site residues of signal peptidases in the refined NMR structure of PrP(121—
231). A ribbon drawing of the energy-minimized mean solution structure of murine PrP(121-231) [22] is shown with the o-helices in red, the
B-strands in light blue and the loop regions in dark blue. The side chains of Tyr-128, His-177 and Asn-154 in the energy-minimized mean struc-
ture are shown as yellow stick drawings. A hydrogen bond network reminiscent of the catalytic triad in thiol proteases was generated by rota-
tion of these side chains about the %! angles and x> angles of His-177 and Asn-154. The resulting positions of the side chains are shown as
ball and stick models with functional colors, and the hydrogen bonds are shown in green. The figure was generated with the program MOL-

MOL [48].

photyrosine bond between enzyme and DNA phosphodiester
backbone [41-43]. Furthermore, the implicated formation of a
triad between Tyr-128, His-177 and Asn-173/Asn-174 in PrP
(Fig. 2) is reminiscent of the active sites of cysteine proteases,
such as papain with a triad of Cys, His and Asn [35,44].

In a first attempt to demonstrate an enzymatic activity in
the C-terminal domain of murine PrPC€, we tested a series of
chromogenic protease substrates for trypsin-, chymotrypsin-
and elastase-like protease specificities, but could not detect
proteolytic activity (S. Hornemann and R. Glockshuber, un-
published data). This leaves the possibilities that PrP¢ could
have a very narrow specificity for an unknown substrate or is
hydrolytically active only in conjunction with other proteins.
The latter seems plausible based on observations made with
the signal peptidases of Fig. 1: The microsomal signal pepti-

dases from eukaryotes are hetero-oligomers of five different
membrane-anchored subunits. Two of these subunits are be-
lieved to be the catalytically active proteins. The mitochon-
drial signal peptidases are heterodimers of two almost identi-
cal, catalytically active subunits [31]. PrP¢ might similarly
associate with a so far unknown protein at the surface of
the cellular membrane and might be active only as a hetero-
dimer. An obvious candidate for this presumed partner pro-
tein would be the so-called protein X, which has been postu-
lated to be a species-specific protein involved in the
conversion of PrPC to PrP% in vivo [45].

Another intriguing aspect of the observed similarities be-
tween PrPC and signal peptidases is the sequence relationship
between signal peptidases and the proteases of the LexA fam-
ily, which also possess a catalytic serine/lysine diad [40,46].
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Fig. 3. Schematic drawings of the membrane topologies of selected proteins discussed in this paper. A: Monomeric signal peptidase from E.
coli. B: Catalytic subunits of microsomal signal peptidases. C: Catalytic subunit (Imp2p) of yeast mitochondria. D: Mammalian cellular prion
protein. A—C have been adapted from [31]. The membranes are depicted by grey background and postulated transmembrane helices are shown

by white rectangles.

The crystal structure of the UmuD’ protein, a member of this
protease family, has been solved [40]. UmuD’ is a homodimer
of 137 residues generated by autocatalytic cleavage of UmuD
through removal of its N-terminal 24-residue segment (cf.
[40]). The X-ray structure of UmuD’ has shown that the sub-
units of UmuD’ have an unusual B-sheet fold and that the
dimers form long filaments in the crystal, which are held to-
gether by extended N-terminal tails of the subunits [40].
UmuD’ in the crystal thus shares physical properties with
the PrP5¢ amyloid [2,9,10,12]. The autocatalytic self-cleavage
of UmubD is also reminiscent of our previous finding that the
murine PrP segments 95-231 and 107-231 were N-terminally
cleaved during expression in the periplasm of E. coli [26], so
that we cannot a priori exclude the presence of in vivo self-
cleaved PrP. Although there is no significant sequence simi-
larity between UmuD’ and the prion protein, a search for
possible relationships between the PrPS¢ oligomer and the
filaments of UmuD’ dimers observed in the X-ray structure
of UmuD’ appears to be of potential interest.

Acknowledgements. Discussions with W. Bode, V. Eggli, T.J. Rich-
mond and B. Steipe are gratefully acknowledged. Financial support
was obtained from the Schweizerische Nationalfonds (Projects
31.49047.96, 438+.050285, and 438+.050287). S.H. was supported
by a grant from the Boehringer Ingelheim Fonds.

References

[1] Aguzzi, A. and Weissman, C. (1997) Nature 389, 795-798.

[2] Weissmann, C., Fischer, M., Raeber, A., Biieler, H., Sailer, A.,
Shmerling, D., Riilicke, T., Brandner, S. and Aguzzi, A. (1996)
Cold Spring Harbor Symp. Quant. Biol. 61, 511-522.

[3] Prusiner, S.B. (1997) Science 278, 245-250.

[4] Horwich, A.L. and Weissman, J.S. (1997) Cell 89, 499-510.

[5] Alper, T., Cramp, W.A., Haig, D.A. and Clarke, M.C. (1967)
Nature 214, 764-766.

[6] Griffith, J.S. (1967) Nature 215, 1043-1044.

[7] Prusiner, S.B. (1982) Science 216, 136-144.

[8] Stahl, N. and Prusiner, S.B. (1991) FASEB J. 5, 2799-2807.

[9] Caughey, B.W., Dong, A., Bhat, K.S., Ernst, D., Hayes, S.F. and
Caughey, W.S. (1991) Biochemistry 30, 7672-7680.

[10] Pan, K.-M., Baldwin, M., Nguyen, J., Gasset, M., Serban, A.,
Groth, D., Mehlhorn, 1., Huang, Z., Fletterick, R.J., Cohen, F.E.
and Prusiner, S.B. (1993) Proc. Natl. Acad. Sci. USA 90, 10962—
10966.

[11] Prusiner, S.B. (1991) Science 216, 136-144.

[12] Oesch, B., Westaway, D., Wilchli, M., McKinley, M.P., Kent,
S.B., Aecbersold, R., Barry, R.A., Tempst, P., Teplow, D.B.,

Hood, L.E., Prusiner, S.B. and Weissmann, C. (1985) Cell 40,
735-746.

[13] Chesebro, B. (1998) Science 279, 42-43.

[14] Bieler, H., Aguzzi, A., Sailer, A., Greiner, R.A., Autenried, P.,
Aguet, M. and Weissmann, C. (1993) Cell 73, 1339-1347.

[15] Brandner, S., Isenmann, S., Raeber, A., Fischer, M., Sailer, A.,
Kobayashi, Y., Marino, S., Weissmann, C. and Aguzzi, A. (1996)
Nature 379, 339-346.

[16] Sakaguchi, S., Katamine, S., Nishida, N., Moriuchi, R., Shige-
matsu, K., Sugimoto, T., Nakatani, A., Katoaka, Y., Houtani,
T., Shirabe, S., Okada, H., Hasegawa, S., Miyamoto, T. and
Noda, T. (1996) Nature 380, 528-531.

[17] Tobler, 1., Gaus, S.E., Deboer, T., Achermann, P., Fischer, M.,
Riilicke, T., Moser, M., Oesch, B., McBride, P.A. and Manson,
J.C. (1996) Nature 380, 639-642.

[18] Collinge, J., Whittington, M.A., Sidle, K.C., Smith, C.J., Palmer,
M.S., Clarke, A.R. and Jefferys, J.G.R. (1994) Nature 370, 295—
297.

[19] Whittington, M.A., Sidle, K.C., Gowland, 1., Meads, J., Hill,
A.F., Palmer, M.S., Jeffereys, J.G. and Collinge, J. (1995) Nature
Genet. 9, 197-201.

[20] Schitzl, H.M., Da Costa, M., Taylor, L., Cohen, F.E. and
Prusiner, S.B. (1995) J. Mol. Biol. 245, 362-374.

[21] Billeter, M., Riek, R., Wider, G., Hornemann, S., Glockshuber,
R. and Wiithrich, K. (1997) Proc. Natl. Acad. Sci. USA 94,
7281-7285.

[22] Riek, R., Hornemann, S., Wider, G., Billeter, M., Glockshuber,
R. and Wiithrich, K. (1996) Nature 382, 180-382.

[23] Riek, R., Hornemann, S., Wider, G., Glockshuber, R. and
Wiithrich, K. (1997) FEBS Lett. 413, 282-288.

[24] James, T.L., Liu, H., Ulyanow, N.B., Farr-Jones, S., Zhang, H.,
Donne, D.G., Kaneko, K., Groth, D., Mehlhorn, I., Prusiner,
S.B. and Cohen, F.E. (1997) Proc. Natl. Acad. Sci. USA 94,
10086-10091.

[25] Donne, D.G., Viles, J.H., Groth, D., Mehlhorn, I., James, T.L.,
Cohen, F.E., Prusiner, S.B., Wright, P. and Dyson, H.J. (1997)
Proc. Natl. Acad. Sci. USA 94, 13452-13457.

[26] Hornemann, S. and Glockshuber, R. (1996) J. Mol. Biol. 261,
614-618.

[27] Hornshaw, M.P., McDermott, J.R., Candy, J.M. and Lakey,
J.H. (1995) Biochem. Biophys. Res. Commun. 214, 993-999.

[28] Brown, D.R., Qin, F., Herms, J., Madlung, A., Manson, J.,
Strome, R., Fraser, P.E., Kruck, T., von Bohlen, A., Schulz-
Schaeffer, W., Giese, A., Westaway, D. and Kretzschmar, H.
(1997) Nature 390, 684-687.

[29] Hornemann, S., Korth, C., Oesch, B., Riek, R., Wider, G.,
Glockshuber, R. and Wiithrich, K. (1997) FEBS Lett. 413,
277-281.

[30] Dalbey, R.E. and von Heijne, G. (1992) Trends Biochem. Sci. 17,
474-4717.

[31] Dalbey, R.E., Lively, M.O., Bron, S. and van Dijl, J.M. (1997)
Protein Sci. 6, 1129-1138.

[32] Sung, M. and Dalbey, R.E. (1992) J. Biol. Chem. 267, 13154—
13159.



296

[33] Tschantz, W.R., Sung, M., Delgado-Partin, V.M. and Dalbey,
R.E. (1993) J. Biol. Chem. 36, 27349-27354.

[34] Black, M.T. (1993) J. Bacteriol. 175, 4957-4961.

[35] Polgar, L. (1990) Biol. Chem. Hoppe-Seyler 371, 327-331.

[36] Kuo, D.W., Cahn, H.K., Wilson, C.J., Griffin, P.R., Williams, H.
and Knight, W.B. (1993) Arch. Biochem. Biophys. 303, 274-280.

[37] Tschantz, W.R., Sung, M., Delgado-Partin, V.M. and Dalbey,
R.E. (1993) J. Biol. Chem. 36, 27349-27354.

[38] Herzberg, O. and Moult, J. (1987) Science 236, 694-701.

[39] Strynada, N.C., Adachi, H., Jensen, S.E., Johns, K., Sielecki, A.,
Betzel, C., Sutoh, K. and James, M.N.G. (1992) Nature 359,
700-705.

[40] Peat, T.S., Frank, E.G., McDonald, J.P., Levine, A.S., Wood-
gate, R. and Hendrickson, W.A. (1996) Nature 380, 727-730.

[41] Sharma, A. and Mondragén, A. (1995) Curr. Opin. Struct. Biol.
5, 39-47.

R. Glockshuber et al.IFEBS Letters 426 (1998) 291-296

[42] Stewart, L., Redinbo, M.R., Qiu, X., Hol, W.G.J. and Cham-
poux, J.J. (1998) Science 279, 1534-1541.

[43] Berger, J.M. (1998) Curr. Opin. Struct. Biol. 8, 26-32.

[44] Baker, E.N. and Drenth, J. (1987) in: F.A. Jurnak and A.
McPherson (Eds.), Biological Macromolecules and Assemblies,
vol. 3, Wiley, New York, pp. 314-368.

[45] Telling, G.C., Scott, M., Mastrianni, J., Gabizon, R., Torchia,
M., Cohen, F.E., De Armond, S.J. and Prusiner, S.B. (1995) Cell
83, 79-90.

[46] van Dijl, J.M., de Jong, A., Venema, G. and Bron, S. (1995)
J. Biol. Chem. 270, 3611-3618.

[47] Program Manual for the Wisconsin Package, Version 8 (9/1994),
Genetics Computer Group, 575 Science Drive, Madison, WI
53711, USA.

[48] Koradi, R., Billeter, M. and Wiithrich, K. (1996) J. Mol. Graph.
14, 51-55.



