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An abundant, widely dispersed, extracellular sequence repeat that con-
tains a consensus YWTD motif is shown here to occur in groups of six
contiguous repeats. Thirteen lines of evidence, including experimental
and computational data, predict with p <3 x 107 that the repeats do not
form tandem domains, but rather each group of six repeats folds into a
compact B-propeller structure. The six P-sheets are arranged about a
6-fold pseudosymmetry axis, and each repeat contributes loops to the
faces surrounding the pseudosymmetry axis. Seven different endocytic
receptors that contain from one to eight YWTD B-propeller domains act
as lipoprotein, vitellogenin, and scavenger receptors. In the low density
lipoprotein receptor (LDLR), the many mutations in familial hypercholes-
terolaemia that map to the YWTD domain can now be interpreted. In the
extracellular matrix component nidogen, the YWTD domain functions to
bind laminin. Three YWTD domains and interspersed fibronectin type III
(FN3) domains constitute almost the entire extracellular domain of the
sevenless and c-ros receptor tyrosine kinases. YWTD domains often are
bounded by epidermal growth factor (EGF) modules, including in the
EGF precursor itself. YWTD B-propellers have a circular folding pattern
that brings neighboring modules into close proximity, and may have
important consequences for the architecture of multi-domain proteins.
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Introduction

function, the modular architecture allows the
evolution of proteins with complex and highly

The vast majority of proteins on cell surfaces
and in the extracellular matrix are modular.
Modular or mosaic proteins contain a number of
different domains or modules arranged in tandem
on a single polypeptide chain (Bork et al., 1996).
Since each module may have a different enzymatic,
signaling, ligand-binding, regulatory, or structural
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FN3, fibronectin type III; IgSF, immunoglobulin
superfamily; LDL, low density lipoprotein; LDLR, low
density lipoprotein receptor; LDVR, very low density
lipoprotein receptor; LRP, LDLR-related proteins; VLDL,
very low density lipoprotein; s.D., standard deviation;
pdb, Protein Data Bank.
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specialized functions. Approximately 60 types of
extracellular modules have been identified based
on sequence homology, and for about half of these
the three-dimensional structure has been deter-
mined for at least one representative member. One
of the most abundant of the 60 known extracellular
repeats is 43 residues long and contains a Tyr-Trp-
Thr-Asp sequence; i.e. YWTD in the one letter code
(Bork et al., 1996). YWTD repeats have important
functions, and are found in functionally diverse
surface and extracellular matrix proteins. The
abundance of YWTD repeats is exceeded only by
immunoglobulin, epidermal growth factor (EGF)-
like, fibronectin type III (FN3), complement con-
trol, C-type lectin domains, and leucine-rich
repeats (Bork et al., 1996).

© 1998 Academic Press
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The epidermal growth factor (EGF) precursor
and the low density lipoprotein receptor (LDLR)
were among the first modular proteins to be
described and also the first to reveal the YWTD
repeat (Sudhof et al., 1985a,b; Doolittle, 1995). Both
proteins contain multiple epidermal growth factor-
like (EGF) repeats and clusters of YWTD repeats
(Figure 1). The second cluster of YWTD repeats
and its two flanking EGF repeats in the EGF pre-
cursor are 33% identical with the corresponding
unit in the LDLR, a remarkable extent of identity
for proteins with such divergent functions. The
EGF hormone itself is derived from the most mem-
brane-proximal EGF module by proteolysis of the
membrane-bound EGF precursor (Parries ef al.,
1995). A third type of module present in the LDLR
but not in the EGF precursor is known as the
LDLR class A module (Figure 1). A very similar
modular architecture is found in the very low den-
sity lipoprotein receptor (LDVR; Figure 1), and
specificity for different classes of lipoproteins maps
to the class A repeats (Brown & Goldstein, 1986;
Brown et al., 1997). The crystal structure of one
such class A module has recently been determined
(Fass et al., 1997). This module contains acidic resi-
dues that are important for ligand binding; how-
ever, they coordinate a Ca®" and thus appear to
have a structural role rather than a direct role in
ligand recognition (Brown et al., 1997; Fass et al.,
1997). The three-dimensional structure of the EGF
module is well known from several proteins (Bork
et al., 1996).

By contrast to the LDLR class A and EGF
repeats, nothing is known about the structure of
YWTD repeats (Norton et al., 1990; Krieger & Herz,
1994; Brown et al, 1997). Even at the sequence
level the repeats are not well studied; for example,
the beginning and end of the repeat unit have not
been defined. It is widely reported that there are
five repeats per cluster, but a closer analysis
reported here shows that there are six. The repeats
have become known as “YWTD spacers” and are
shown in current reviews as squiggly lines that
serve to space apart other domains; however, as
shown here the repeats assume a compact rather
than extended conformation.

YWTD repeats are present in a diverse array of
functionally important proteins, and where studied
in detail have been found to be functionally
important. The LDLR is critical for the cellular
uptake of lipoproteins from plasma, and in the
metabolism of cholesterol (Table 1) (Brown &
Goldstein, 1986; Lestavel & Fruchart, 1994).
Mutations in the LDLR cause familial hypercholes-
terolaemia, and accelerated atherosclerosis and cor-
onary heart disease (Hobbs et al., 1992). The
importance of the YWTD repeats is underscored
by the observation that almost as many point
mutations that cause familial hypercholesterolae-
mia map to this region as to the class A repeats
(Soutar, 1992; Hobbs et al., 1990, 1992). Receptors
that lack the YWTD repeats and surrounding EGF
domains bind B-VLDL but not LDL, are defective

in recycling, and fail to release B-VLDL after acidi-
fication (Davis et al., 1987).

Six other endocytic receptors have structures
and functions related to the LDL receptor (Figure 1
and Table 1). These include two giant receptors
termed LDLR-related proteins (LRP) 1 and 2.
Besides lipoproteins, LRP1 and LRP2 scavenge
many types of secreted proteins and proteinase:in-
hibitor complexes (Krieger & Herz, 1994; Farquhar
et al., 1995). Remarkably, deletion of either LRP1 or
LRP2 is lethal (Herz et al., 1992; Willnow et al.,
1996).

Nidogen and osteonidogen are extracellular
matrix components (Timpl & Aumailley, 1993;
Figure 1 and Table 1). Nidogen binds to and is
present in stoichiometric amounts with collagen IV
and laminin, and organizes them into basement
membranes. Nidogen contains three globular
regions (Fox et al., 1991; Paulsson et al., 1986, Mann
et al., 1988; Figure 1). A recombinant fragment
containing globules 1 and 2 binds collagen IV.
Globules 2 and 3 are connected by a stiff rod
~10.2 nm long that appears to correspond to the
intervening four EGF-like modules (Figure 1). A
globule 3 fragment containing only the YWTD
repeats and the C-terminal EGF repeat is 4.8 nm in
diameter and binds laminin with a Ky value of
~1nM. Thus, the YWTD repeats in nidogen
appear to have an important role in ligand
binding, and assume a compact, globular structure
(Fox et al., 1991). Circular dichroism of nidogen
and its fragments suggests an absence of any
significant o-helix and the presence of an all-B
structure (Paulsson et al., 1986; Fox et al., 1991).

sevenless is a receptor tyrosine kinase important
in photoreceptor development in Drosophila (Hafen
et al., 1987; Kramer et al., 1991; Cagan et al., 1992;
Table 1). The extracellular domain of sevenless is
large, with 2100 residues. Previously, it has been
found to contain seven fibronectin type III repeats,
and only two, widely separated and hence unclus-
tered YWTD repeats (Norton et al., 1990; outlined
in black in Figure 1). The c-ros receptor tyrosine
kinase is a vertebrate homologue of sevenless that
gives rise to transforming genes isolated from
human tumors and an avian sarcoma virus
(Matsushime & Shibuya, 1990; Birchmeier et al.,
1990; Riethmacher et al., 1994).

The sheer number of YWTD repeats emphasizes
the importance that evolution has assigned to
them. Not counting species homologues, 165
YWTD repeats are described above. This confirms
an estimate in 1996 that placed the number at 140
and showed that the YWTD repeat is the seventh
most abundant extracellular repeat (Bork et al.,
1996).

Here, I show that YWTD repeats are always pre-
sent as groups of six contiguous repeats, and pre-
dict that they fold into a compact structure known
as a six-bladed B-propeller domain. B-Propellers
are large, toroidal domains that contain six, seven
or eight B-sheets arranged radially about a pseudo-
symmetry axis (Murzin, 1992). Domains with four
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Figure 1. The modular organization of proteins containing YWTD repeats. This schematic representation is one-
dimensional, with all proteins oriented with N termini to the left and C termini to the right. The plasma membrane is
represented as a vertical bar, with the extracellular space to the left. The number (1) of groups of tandem modules is
as shown for all known species, except where indicated otherwise. Module assignments were made based on analysis
of database sequences, related annotations and publications (Bork et al., 1996; Krieger & Herz, 1994; Farquhar et al.,
1995). The abbreviations and symbols for the modules are adapted from Bork & Bairoch (1995) and Bork et al. (1996)
and are based on recommendations from an international workshop (Bork & Bairoch, 1995), except for the organiz-
ation of the YWTD repeats into B-propeller-like modules. Arrows mark proteolytic processing sites in LRP1 and
sevenless. FN3 domains or YWTD repeats in sevenless and c-ros identified previously (Norton et al., 1990) and here are
shown with and without black outlines, respectively.

B-sheets have also been termed B-propellers;  termed Pa-propellers. B-Propeller domains have
however, this is a misnomer because an o-helix is  diverse enzymatic, ligand-binding, and regulatory
present between each sheet, and these should be  functions. Interest in this fold has recently heigh-
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tened with the discovery that the WD40 repeats of
G protein B-subunits fold into seven-bladed pro-
pellers (Sondek et al., 1996; Lambright et al., 1996;
Wall et al, 1995). Diverse types of signaling
proteins contain WD40 repeats, and some are
predicted to fold into six-bladed B-propellers (Neer
et al., 1994; Saxena et al., 1996). B-Propellers have
been predicted for the kelch protein in Drosophila,
and the related actin-binding protein, scruin (Bork,
1994; Sun et al., 1997). The above proteins are
located in the cytoplasm, but B-propeller enzymes,
including viral and bacterial neuraminidases, are
extracellular. Furthermore, a B-propeller domain
has been predicted in the extracellular domain of
integrin o-subunits (Springer, 1997). The prediction
here that YWTD repeats assume a B-propeller fold
is strongly supported by independent structural
and genetic criteria, by computational molecular
biology, and by experimental evidence from circu-
lar dichroism, electron microscopy, and disulfide
bond topology. The prediction allows extensive
data on molecules containing YWTD repeats and
on mutations within YWTD repeats to be inter-
preted. B-Propellers fold with a circular topology;
rather than acting as spacers, YWTD repeats bring
neighboring modules into close proximity to one
another (Figure 1). YWTD repeats may, therefore,
not only have important functions on their own,
but may also have important orienting and archi-
tectural functions in the modular proteins in which
they are found.

Results

Distinguishing autonomous and
interdependent sequence repeats

Sequence repeats can be divided into two
groups. In autonomous repeats, there is one repeat
per domain. The domains are largely structurally
independent, and are arranged in tandem in the
three-dimensional structure like beads on a string.
The repeat corresponds to the modular unit. The
Ig, EN3, and EGF domains are examples of this
group. In interdependent repeats, multiple repeats
fold into a single domain. The repeats cannot fold
individually, because large hydrophobic interfaces
are present between the repeating units. Therefore,
multiple repeats are required to construct a modu-
lar unit. Examples are B-propellers and leucine-rich
repeats.

In extracellular proteins, autonomous and inter-
dependent repeats differ in two characteristics that
are apparent from their sequences: cysteine content
and hydrophobicity. Furthermore, certain types of
interdependent repeats, such as those of B-propel-
lers, are constrained in the number of repeats per
module and hence in the number of contiguous
sequence repeats. These characteristics were used
previously to predict a B-propeller domain in
integrins (Springer, 1997), and were tested here for
their generality and for identification of further
B-propeller domains. The 60 families of extracellu-

lar repeats that were identified in an excellent
review by Bork and colleagues (Bork et al., 1996)
served as the test set. The three-dimensional struc-
tures of about half of these modules are known,
and this set can be used to deduce a “cysteine-to-
size rule” that can be applied to proteins of
unknown structure. Among the known structures,
every autonomous repeat of 70 residues or less
contains at least one disulfide bond. As domain
size decreases below 70, there is a strong tendency
for more disulfide bonds to be present. Larger pro-
tein domains are stabilized by their hydrophobic
cores; as the size of this core decreases, covalent
cross-links  through disulfide bonds become
increasingly important for stability. By contrast,
repeats of similar length that fold interdependently
can lack cysteine residues, because their domains
have large hydrophobic cores.

The compilation of Bork et al. (1996) reveals only
three repeats of 70 residues or less that contain, on
average, less than two cysteine residues per repeat,
and that therefore may be expected to fold coop-
eratively into larger domains. Two are structurally
characterized. The hemopexin-like repeats of 60
residues fold into the special four-bladed Pa-pro-
pellers and form domains of ~240 residues. The
leucine-rich repeats of 20 residues contain one
a-helix and one B-strand per repeat, and fold coop-
eratively into a horseshoe-shaped domain of ~300
residues. The cysteine-to-size rule is thus sup-
ported by 14 of 14 autonomous repeats and two of
two interdependent repeats of known structure
(Bork et al., 1996). The YWTD repeat stands out as
the only structurally uncharacterized repeat of
<70 residues with a paucity of cysteine residues.
The 534 YWTD repeats examined here contain, on
average, 46 residues and only 0.3 cysteine per
repeat. By contrast, all autonomous repeats of 40 to
50 residues contain four to six cysteine residues
(Bork et al., 1996). This supports the hypothesis
that YWTD repeats fold interdependently into a
domain that contains multiple YWTD repeats.

YWTD repeats occur in groups of six

Previously, the boundaries of YWTD repeats
have not been defined, and the repeats have been
reported to be present in groups of five per cluster.
The boundaries of the YWTD repeats can be rigor-
ously determined with reference to the flanking
EGF domains, since three-dimensional structures
are known for tandem EGF modules (Brandstetter
et al., 1995; Downing et al., 1996). Thus, the bound-
aries of the EGF modules are two or three residues
before their first cysteine, and two or three residues
after their last cysteine (Figure 2B). Therefore, the
YWTD repeats are defined, e.g. in the LDLR as
beginning with residue 396 and ending with resi-
due 664 (Figure 2A). Aligning YWTD repeats 2 to
6 shows that the YWTD motif is at the beginning
of each repeat (Figure 2A). This reveals an
additional repeat that follows the N-terminal EGF
domain and precedes the five repeats with clear
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A. YWTD repeats
LDLR_Y1 396
EGF2_Y1 480
NIDO_Y1 941
Cons_Y1 41

LDLR_Y?2
EGF2_Y2
NIDO_Y?
Cons_Y2

439
524
990

86

486
567
1033
129

LDLR_Y3
EGF2_Y3
NIDO_Y3
Cons_Y3

LDLR_Y4
EGF2_Y4
NIDO_Y4
Cons_Y4

529
610
1076
172

573
654
1121
216

LDLR_Y5
EGF2_Y5
NIDO_Y5
Cons_Y5

616
695
1161
258

LDLR_Y6
EGF2_Y6
NIDO_Y6
Cons_Y6

YWTD Consensus

B. EGF repeats

LDLR_E1 356
EGF2_E1 438
Cons_E1 1
LDLR_E? 665
EGF2_E?2 743
NIDO_E? 1209
Cons_E2 307
factor X 129
factor IX 86
fibrillin 2129
factor IX 49
factor IX 49

EGF Consensus

GSTAYLFFTENR. .. .HEVRKMTLDR..... SEYTSLIPN..... LRNVVALDTEVAS.... 438
GPQPFLLFANS. .. .QDIRHMHFDG..... TDYGTLESQ. . ..QMGMVYALDHDPVE.... 523
PPGTHLLFAQT. ...GKIERLPLEGNTMRKTEAKAFLHV....PAKVIIGLAFDCVD.... 989
GSEPFLLFANR. .. .NSIRGIDLDG..... SNYSELVPS...SGLGNIVALDFDYAE.... 85
.. .NRIYWSDLS..QRMICSTQLDRAH.GVSSYDTVISRD. . IQAPDGLAVDNWIH. . .... 485
.. .NKIYFAHTA. . LKWIERANMDG. .... SQRERLIEEG. .VDVPEGLAVDWIG. ..... 566
... KMVYWTDIT..EPSIGRASLHG. .. .. GEPTTIIRQD..LGSPEGIAVDHLG...... 1032
. .NRIYWTDLS. .QGKIYRANIDG..... TNREVVISSG. . LGNPEGLAVDWIG. .. ... 128
.. .SNIYWTDSV..LGTVSVADTKG..... VKRKTLFREN. . GSKPRAIVVDPVH. .. ... 528
. .RREYWTDRG. . KSLIGRSDLNG. .. .. KRSKIITKEN. . ISQPRGIAVHPMA. . .. .. 609
...RNIFWTDSN..LDRIEVAKLDG..... TQRRVLFETD. . LVNPRGIVTDSVR. ..... 1075
. .RNLYWTDSG. .LDTIEVADLDG..... SYRRVLISGD. . LDNPRATIAVDPLK. ..... 171
. .GFMYWTDWG. TPAKIKKGGLNG. . ... VDIYSLVTEN. . IQWPNGITLDLLS...... 572
.. .KRLFWTDTG.INPRIESSSLQG..... LGRLVIASSD. . LIWPSGITIDFLT...... 653
.. .GNLYWTDWNRDNPKIETSYMDG..... TNRRILVQDD. .LGLPNGLHFDAFS...... 1120
. .GYLFWTDWG.EPPKIERASMDG. . ... SNRKVLVSED. . IGWPNGLALDYLN. ..... 215
- .GREYWVDSK. . LHSISSIDVNG. .. .. GNRKTILEDEKRLAHPFSLAVEE........ 615
.. .DKLYWCDAK. .QSVIEMANLDG. .. .. SKRRRLTQND. . VGHPFAVAVFE. ....... 694
...SQLCWVDAG. . TNRAECLNPSQ. .... PSRRKALEG. . . LQYPFAVTSYG........ 1160
.- .KRLYWVDAK. . LDRIERIDYDG. .... SDRRVVLSGAE. LPHPFGLAVFE........ 257
. .DKVFWTDII..NEAIFSANRLT..... GSDVNLLAEN. . LLSPEDMVLFHNLTQPRGV 664
...DYVNFSDNA..MI.IIRFNKRT ..... GKDRVRLQGS . .MLKPSSLVVVHPLAKPGA. 742
. .KNLYFTDWK. .MNSVVALDLAI. .... SKETDAFQPHK.QTRLYGITTALSQCPQGH. 1209
. .DYLYWTDWR. .TESVERANKFT. .... GSNVVVLRRN. . LLQPMDIKVYHPSRQPGSS 306

RLYWTDWG--LPSIERA-LDG----- SNRRVLLSED--LGNP-GLAVD-L

DECQ....DPDTCS..QLEYNLE...... GGYKCACEEGFQLDPHTKACKAV
.GCS. .SPDNGGCS. .QLCVPLS..... PVSWECDCFPGYDLQLDEKSCAAS
NECE....NNGGCS..QLCENTK...... GSYTCSCAEGYLLDPDGKSCKAD
NWCERTTLSNGGCQ. .YLELPAPQINPHSPKFTCACPDGMLLARDMRSCLTE
DPCL...YQNGGCE. .HICKKRL...... GTAWCSCREGFMKASDGKTCLAL
NYCS...VNNGGCT. .HLCLATP...... GSRTCRCPDNTLG. ...VDCIER
NPCS...QNNGGCS. .HLCLPTP..... GGNFTCACPDGFYLASDGKTCV. .
..CS...LDNGDCD..QFCHEEQ...... NSVVCSCARGYTLADNGKACIPT
ATCN...IKNGRCK..QFCKTGA..... DSKVLESCTTGYRLAPDQKSCKPA
DECK....EPDVCK.HGQCINTD...... GSYRCECPFGYILA..GNECVDT
DAC..... ESNPCLNGGSCKDDI. ..... NSYECWCPFGFEG. . ..KNCEL

Dac..... ESNPCLNGGSCKDDI...... NSYECWCPFGFEG. ...KNCEL

CSmmmmn NGGCS--QLCL-T------- GSYTCSCP-GY-LA-DGKSC

395
479
40

714
783
1246
346

167 1lhcgB
127 1pfxL
2167 lemnA
84 ledmB
84 1ixaA

Figure 2. The YWTD repeats, flanking EGF domains, and predicted secondary structures. The secondary structure
of YWTD domains (A) and their flanking EGF domains (B) was predicted using PHD (Methods). Sequences are from
the LDLR, the second YWTD domain in EGF precursor (EGF2), nidogen (NIDO), and a consensus of 89 YWTD
domains (cons), and are for YWTD repeats 1 to 6 (Y1 to Y6) and N-terminal (E1) and C-terminal (E2) flanking EGF
domains. LDLR residues with one or two distinct missense mutations in familial hypercholesterolaemia are shown in
red or green, respectively (see the legend to Figure 8). Residues predicted to be in B-strand or o-helix with PHD
(Rost, 1996) are highlighted in gold and magenta, respectively. Prediction of B-strand 4 of the second EGF domain
was impaired by truncation of the sequence alignments one residue after the last cysteine, as shown for Cons_E2
(Figure 4B). EGF domains of known structure with the greatest sequence homology to Cons_E1 or Cons_E2 found
with a BLAST search and SCOP (Murzin et al., 1995) are aligned at the bottom of B. The domains are ordered from
highest homology at top (p =2 x 107'9) to lowest at bottom (p =5 x 107%). B-Strands in the known structures as
determined with DSSP (Kabsch & Sander, 1983) are highlighted in gold. PDB and chain identifiers are shown for the
EGF domain structures.
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YWTD motifs. This repeat, repeat 1 (Figure 2A) is
similar in length to the other repeats, and except
for the YWTD muotif itself, is as homologous to the
other repeats as they are to themselves. In place of
YWTD (Tyr-Trp-Thr-Asp) are found similar resi-
dues, i.e. LFAN (Leu-Phe-Ala-Asn) as the consen-
sus, and FFIN (Phe-Phe-Thr-Asn) for human
LDLR (Figure 2A). Furthermore, a hydrophobic
residue precedes the YWTD-like motif both in
repeat 1 and in repeats 2 to 6 (Figure 2A). Because
of the homologies throughout the lengths of all six
repeats, and since even for repeats 2-6 the YWTD
motif is not absolutely conserved, it is appropriate
to refer to all six repeats as YWTD repeats. A con-
tiguous group of six YWTD repeats will be referred
to here as a YWTD domain.

For repeats that fold autonomously, i.e. with a
single repeat per domain, the number of sequence
repeats found in tandem is not constrained. For
example, among the proteins reviewed here the
number of contiguous, tandem LDLR class A, EGF,
and FN3 repeats is highly variable (Figure 1). By
contrast, YWTD repeats are always found in
contiguous groups of six (Figure 1). This pattern
has been maintained, since the divergence of
nematodes and chordates, in at least ten different
proteins with varied functions, and in 27 instances
of contiguous repeats in these proteins not count-
ing species homologues (Figure 1). The stringent
maintenance of six contiguous repeats argues
strongly that these repeats are not autonomous,

1 1 2 0 0 1

but are structurally constrained to fold into a single
domain.

Exon structure suggests that six YWTD
repeats form a modular unit

In modular proteins, exon boundaries and
phases are highly correlated to the modular units
(Patthy, 1987; Barclay et al., 1993; Bork et al., 1996;
Doolittle, 1995; Long et al., 1995). Phase refers to
the position of intron insertion within the codon;
e.g. after nucleotide 1 for phase 1 introns. The
major mechanisms of exon shuffling, ie. exon
insertion and exon duplication, “involve modules
that have introns of the same phase class at both
their 5- and 3’ ends” (Patthy, 1987). This allows
modular units corresponding to autonomously
folding domains to be inserted or deleted without
changing the reading frame. The most frequently
occurring modules within extracellular proteins,
ie. the immunoglobulin, EGF-like, fibronectin
type-IlII, complement control, and C-type lectin
domains, as well as the LDL-receptor class A mod-
ules, all have phase 1 introns. This allows exon
shuffling to be used for the construction of mosaic
proteins containing various mixtures of these
modules. Comparison between the LDL receptor
and EGF precursor provided one of the earliest
examples of exon shuffling (Sudhof et al., 1985a,b),
and exon shuffling has no doubt been important in
the evolution and proliferation of proteins contain-
ing YWTD repeats (Figures 1 and 3). Indeed, the
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Figure 3. Exon structure of proteins containing YWTD domains. Intron positions are marked with arrows with the
phase of the intron above, e.g. phase 1 introns split the codon after nucleotide 1 (Patthy, 1987). Broken lines show the
positions of class A exons, that based on sequence homology between LDVR, LDLR, and LRS, appear to have been
shuffled out during evolution. Protein domains or repeats and intron positions are shown to scale. N terminus is to
left and C terminus to right. Regions are A, LDL receptor class A repeats; E, EGF repeats; O, O-glycosylated;
TY, thyroglobulin repeat; and Y, YWTD repeats. Boundaries of class A repeats were taken as halfway between the
last cysteine of one and the first cysteine of the next; boundaries of other repeats are as described for Figure 2. The
signal sequence is shown in yellow to the left; C-terminal mucin-like, transmembrane, and cytoplasmic domains, and
the N-terminal portion of nidogen are omitted, as symbolized by yellow segments with a jagged end. Exon-intron
boundaries are for human LDLR (Sudhof et al., 1985a), human LDVR (Sakai et al., 1994), human LR8/7 (Kim et al.,
1997), C. elegans LDVR beginning from nucleotide 16,738 of cosmid T13C2 (Methods); human EGF precursor (Bell
et al., 1986); and mouse nidogen (Durkin et al., 1995).

100 amino
acid residues

Nidogen Mouse
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class A modules of the LDVR, LDLR, and LR8
genes provide clear examples of this (broken lines
represent “deleted” exons in Figure 3). The great
majority of LDL class A, EGF, and FN3 modules
are flanked near their domain boundaries by phase
1 introns, and thus can readily be shuffled. By con-
trast, not one of the 42 different YWTD repeats
illustrated in Figure 3 or any other known YWTD
repeat is flanked by introns of compatible phases.
Thus, shuffling of individual YWTD repeats cannot
occur. However, in vertebrates phase 1 exons flank
each group of six YWTD repeats (Figure 3). In
Caenorhabditis elegans, exons are often more con-
densed. In the LDVR homologue in C. elegans, the
six YWTD repeats plus their bordering EGF
domains are flanked by phase 1 exons (Figure 3).
Thus, the group of six YWTD repeats, or the group
of six YWTD repeats plus the two flanking repeats,
is the modular unit that can readily be shuffled.
A concordance of exon structure with domain
structure and not sequence repeats is found for
domains composed of multiple sequence repeats.
Thus, leucine-rich repeats fold cooperatively into a
single domain, and sequence repeat boundaries do
not correlate with intron boundaries and introns
differ in phase (Barclay et al., 1993). Similarly, in
seven-bladed B-propellers known in the G-protein
B-subunit (van der Voorn et al., 1990) or predicted
in integrin a-subunits (Corbi et al., 1990; Springer,
1997), seven readily discernible sequence repeats
are present but do not correlate with exon bound-
aries. The clear prediction from exon structure is
that the group of six YWTD repeats, not an indi-
vidual YWTD repeat, is the unit that can be
shuffled in evolution. This provides further
support for the hypothesis that the six repeats fold
up into a single domain.

The six-bladed B-propeller domain hypothesis

The findings that YWTD repeats are always
found in groups of six, that compatible exon
phases are only found for the group of six repeats,
and that the six YWTD repeats appear as a globule
rather than an extended structure in electron
microscopy (Fox et al., 1991), all suggest that they
fold into a single domain. The sequence homology
between repeats 1 to 6 strongly suggests that each
repeat has a similar structure. Therefore, the
repeats should fold into a domain with six similar
structural units. Several folds are known that have
2- or 3-fold pseudosymmetry, e.g. y-crystallin,
B-trefoil, and B-prism I and 1II folds (Murzin et al.,
1995). These might exist in tandem in groups of
three or two to give six similar units; however, this
would not be compatible with the universal find-
ing of six contiguous repeats and the exon struc-
tures. Only one fold is known in which a single
polypeptide chain folds into a single domain with
six structurally similar units; this is the six-bladed
B-propeller (Murzin et al., 1995). B-Propellers are
large domains that contain six, seven or eight
antiparallel B-sheets (Murzin, 1992) (Figure 4).

Each B-sheet of a B-propeller has an almost identi-
cal tertiary structure, and in many B-propellers
known at atomic resolution, this is reflected in
amino acid sequence repeats. These sequence
repeats range from 40 to 60 residues in length. The
sheets in B-propellers are arranged radially about a
pseudosymmetry axis, yielding a compact domain
that is cylindrical or toroidal in shape (Figure 4).
Each sheet has four B-strands. The B-strand closest
to the pseudosymmetry axis, strand 1, is almost
parallel to this axis, but the inherent twist of
B-sheets results in strand 4 being almost perpen-
dicular to the pseudosymmetry axis, giving each
sheet the appearance of a propeller blade.

Secondary structure prediction

Secondary structure was predicted to test the
B-propeller domain hypothesis. All B-propellers
contain four antiparallel strands per B-sheet. Mul-
tiple alignments were submitted to the PHD server
(Rost, 1996) to predict the secondary structure of
segments of 340 residues including the YWTD
repeats and flanking EGF domains for four repre-
sentative sequences (Figure 2). Automatic sequence
alignment with PRRP (Gotoh, 1996) revealed four
sequence blocks per YWTD repeat (Figure 2A).
Remarkably, a B-strand was predicted near the
middle of each sequence block. The B-propeller
hypothesis predicts four B-strands in each of six
repeats; this was in perfect agreement with the
predictions, with 24 out of 24 expected B-strands
predicted in each of four sequences (Figure 2A).
Predictions for the EGF domains were in good
agreement with the structures determined for the
EGF domains most homologous in sequence to
those that flank YWTD domains (Figure 2B).

The secondary structure and solvent accessibility
predicted by PHD for the four YWTD domain
sequences (Figure 2A) were aligned with the sec-
ondary structure and solvent accessibility of a
database of structures with TOPITS, to predict pro-
tein fold (Rost, 1995). This method is distinct from
potential-based threading (see below). The top hit
with TOPITS was the G protein B-subunit B-pro-
peller, and seven of the eight top hits were B-pro-
peller domains (Table 2). Thus, the secondary
structure and solvent accessibility predictions for
YWTD domains suggest a f-propeller fold.

The sevenless and c-ros tyrosine kinases

Previously, only two YWTD repeats have been
reported in the sevenless tyrosine kinase in Droso-
phila, and these are 400 residues apart in the amino
acid sequence (Norton et al., 1990). By contrast, the
hypothesis that YWTD repeats fold into six-bladed
B-propellers predicts that YWTD repeats should be
contiguous, and present in groups of six. There-
fore, sevenless and its vertebrate homologue, the
c-tos tyrosine kinase, were tested with PairWise
(Birney et al., 1996) for regions of homology with a
profile of the 89 YWTD domains described above.
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Figure 4. Topology and ribbon diagrams of the six-bladed B-propeller domain predicted for the YWTD domain of
nidogen. A, Topology diagram, with each B-sheet given a different color. Sequence repeats are separated by vertical
broken lines. Note the offset between sequence repeats and B-sheets. Each sheet is termed a W, with each B-strand
representing one leg of the W. B-Strands are represented by arrows. The disulfide bonds in nidogen between strands
2 and 3 of W4 and between the 1-2 loop of W1 and the C-terminal segment in W6 are shown as gold lines. B, Stereo
view ribbon representation, with each B-sheet or blade of the nidogen B-propeller model given the same color code
as in A. The 4-1 loops that connect each sheet are grey. The view is up the 6-fold pseudosymmetry axis, with the
“bottom”” of the propeller containing the strand 1 to 2 loops, the strand 3 to 4 loops, and the N and C termini of the
propeller domain in the foreground. C, Side view, with the 1-2, 3-4, and N and C termini upward. The side-chain
bonds for the cysteine residues in the two disulfide bonds of the nidogen B-propeller domain are shown in gold. The
B-strands shown as ribbons are as defined by DSSP (Kabsch & Sander, 1983) from the nido model (see Figure 7 and

Table 6). Prepared with MOLMOL (Koradi ef al., 1996).

Remarkably, three different regions each contain-
ing six contiguous YWTD repeats were identified
(Figure 5A). The same three regions were identified
with the consensus sequence of the 89 YWTD
domains in the second iteration of a PSI-BLAST
search with expectation values ranging from 10~
to 107* (Altschul et al., 1997). The individual
YWTD repeats in sevenless and c-ros are more
divergent from one another but nonetheless are
readily identifiable (Figure 5A). As an independent
means of determining module boundaries, the
receptor sequences were examined for fibronectin
type II (FN3) repeats, since seven FN3 repeats
have been reported to be present in sevenless

(Norton et al., 1990). Two additional FN3 repeats
were found (Figure 5B). The newly identified
repeats, repeats 4 and 9, are significantly related to
the other repeats (p <1077 and <2.1 x 10°, respect-
ively), as shown using sequence motifs (Bailey,
1995) constructed from repeats 1 to 3 and 5 to 8.
The FN3 repeat boundaries confirm the YWTD
module boundaries in sevenless and c-ros, since
each YWTD module is flanked by FN3 modules
(Figure 1). Indeed, the three YWTD domains and
the nine FN3 domains together define a contiguous
segment of ~ 1800 residues in c-ros and sevenless
(Figure 5A and B). The arrangement of the mul-
tiple YWTD modules in c-ros and sevenless is
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Table 2. Fold prediction for YWTD domains with TOPITS

Rank Z-score Structure

1 2.84 1got 7-blade B-propeller, G protein B-subunit

2 2.83 Inir 8-blade B-propeller, cdl nitrite reductase

3 2.73 1fnf FN3 domains 7-10, fibronectin

4 2.68 2bbk 7-blade B-propeller, methylamine dehydrogenase

5 2.51 1gof 7-blade B-propeller, galactose oxidase

6 2.46 2sil 6-blade B-propeller, Salmonella typhimurium sialidase

7 2.41 Insc 6-blade B-propeller, Influenza virus Beijing neuraminidase
8 2.38 Innc 6-blade B-propeller, avian Influenza virus neuraminidase

The PHD predictions for the YWTD domains for the four sequences shown in Figure 2A were submitted to TOPITS (Rost, 1995).
The top 20 hits were received for each prediction. Redundant hits for structures with the same sequence were removed. The Z-scores
for structures common to all four predictions were averaged.

A
-B-- --B--- 2--B-- --B--- --B-
Pro_1 293 SKV SR IGIIH.HNITGISVNVYQ QVVYFSEG.NSIWVKGVVDMS.DVSDLTLF
Pro_2 670 EEAEEEPYILAVGAEGLWKQR. LOSYGPGEFLYPHIRNISDLDWY . .N DTLYWSNSMGKVOTWSMNKKEGTTENSYVP
Pro_3 1157 DIFPV.PTLITESSNKLFLTO..... IDSNHTIWEVLTN.RNIKDICYTADD DKVYYILE.DSLFLLNVQSTS.ESQEREDY
EPFLLFA RIYWTD
-- --B-- --B- ---B--- .- B--- - B--- 4 --B---

Pro_1 372 YTGWGNITSISV -+ . EKIHVCOLENCTAAEDITPPYETSPR. ... KIVADPYN GYIFCLL........
Pro_2 745 DI..K ' - ....ANTIYRKSLLGDHMDVVAHVVYVVK. .. .DLAVOSVN GYLYWAT........
Pro_3 1230 WNETOVFFIDLELKTKSLKALNIQLGKRNSTISSLLSYPFL SRLYWIEELDYGSRM
LYWTD YLFWTD

--B-- --8-- <-B--- 5--B---  -- 8--- --B--
Pro_l 436 ......... EDGIYRANLPLFPDTASAASLVVKSHTLRDFMINFQS. .. KRLIFFNKTE...QAFVSGFLDGSEFHTLR.A.
Pro_2 806 ......... TYTVESARLNGEEYLILOEHLQFSGKQVVGLALDLTS. .. GFLYWLVODGLCENLYRISICKESCGNIMVTER
Pro_3 1310 FYYDILNNTMYHILGYESVEEKMRNYCNCNVAEAELGRPISIDVTDIKK PQLLFIRGRD...EINASDVDACHCHWRITKIP.

RLYWVD

--B---  6--B--- --B-- --B-- --B---
Pro_1 502 ...HVPLDDMESFVYED NIFTVTD....GRAVFHEEISQVGSSSFNEYVVDCSLEYPEYFGFGNLLFYAASTQPYPL... 571
Pro_2 877 S GRLFWINR...LKFITTQELNQ........... SISIPFSEPAEFAAFTLVHTSLKPLPGNFS 942
Pro_3 1388 ...SFQGTKIGSLTVDK QFIYWTTEKKEYFEICLAGKES........... TRHSLORKANHELKILAYSSAMQSYP. ... 1449

YLYWTD

B

--BA--- --BB--- ---BC---
FN3_1 110 PGA...PFASSI.............. GSHNITLGHKPA......... NISEVKYTI LPGD.....
FN3_2 200 SGV...PTTAPIEKDIQ....... SSSPNTMEVSHFPP. .. ... LFPNGLIVGYNLVLTSENH. .. .....
FN3_3 572 PTL...PRLVTULF............ GSDOAVISHSPPEYTIGTSRSAWQNWTYDVKVSSQSTF. ... ...
FN3_4 943 FTPKVIPSSVPESSFKIK....... GNSSSFHIIWNAS. . .. .. TDVOMGTVFYCVGSNALQMRTLE. . . .
FN3_5 1046 EGV...PSAPANPRIYVLHSNTHEGEEKVLVELRWDKP. ... .. ERDNGVLTQFRVYYQLLYESGAADTLM
FN3_6 1450 DKK.CLTPLLDTEKPTILD...... TTNTSETLSLPSVTTQQLEPSISQPTPTYLVFFREITSNHENSTYH
FN3_7 1568 YGV...PEGVDSIKTWVLS........ DTTINISWSEPLE....PNGPLESIRYQISVNLLSLFPEAP. .
FN3_8 1670 T..... PLSPSNIIPR........... NTSFQLEWRAP. . .... LHINGMTRSDN ......
FN3_9 1764 TAG..VPSKPGTPKR.......... AEDSKNSVOMERK. . . . .. EDNGSN ESRKQSGNTNKVKSL
FN3 cons. TGV...PSSPDTIKPTI........ AESTSFTLSHSPP...... EDINGTTVTYIVSSRLLSSNTEAS. ..
NG_FN3 612 QDV...PNAPKLTGITC......... QADKAETHWEQQ. . ... .. GDNRSPILHYTIQFNT. .SFTPAS. ..

--BC---- -BE-- ----BF----- BG pppppppp BG-

FN3_1 ... .WRYTEVVSETSYTVKDLOAFTEYEFRVVWITTSOL. . . ... .. LHSPPSPSYRTHA 199
FN3_2 ... ELLRASRGHSFQFYSTFPNSTYRFSIVAUNEAGA. .. ....... GPPAEANITTPE 292
FN3_3 . EEEWVVSNITDTRFAVKNLVSFTEYEMSVRAVSPAGE. .. ....... GPWSEPFRGMTE 669
FN3_4 - SERCLHPHDLTVPSYKVOWLEPFTLFDFSVTPYTYMWGK. .. ........ APTTSVYLRAP 1045
FN3_5 - .EWNVSDVKPTALLFSIRDEHPRLTVRFQVOAFTSVGP. .. ....... GPMSDVAQRNSS 1156
FN3_6 FSTLLOK LKPF YSNQ....... NQLAVGREAISTTL 1567
FN3_7 ... LRKSEFPNGTLSWSVSDLQSGT HPNENW. . ... ... FSESVPVIAKTFE 1669
FN3_8 FSPASTTCTVGPYYTCNLTGTLPSANYLVRATVVYVTGM. ... ....... KSTSSPTSFKT 1763
FN3_9 + - - WVVVYNGSCONICTWKAENLEGTFQFRAAAANMLGLGEYSDTSKDIVLAKDTVISPDI 1874
FN3 cons. ...WVVVTTVSTVPSFTVKDLOPFTTYLFRVAAVNYAGN. ....... -GPPTDSVTSTTE
NG_FN3 . . WDAAYEKVPNTDSSFVVAMSPWANYTFRVIAFNKIGA. ... ...... SPPSAHSDSCTT 708

Figure 5. The YWTD and FN3 domains of sevenless and c-ros. A and B, Alignment and secondary structure predic-
tion of the YWTD domains (A) and FN3 domains (B) of chicken c-ros. Residues predicted to be B-strand or a-helix
are highlighted in gold and magenta, respectively. Residues in FN3 domain 1 of neuroglian (NG_FN3) (Huber et al.,
1994) known to be B-strand or polyproline II helix are highlighted in magenta and cyan, respectively. The boundaries
of FN3 repeats 1 to 3 and 5 to 8 are by homology to the repeats defined for D. melanogaster sevenless (Norton et al.,
1990). The boundaries of FN3 repeats 4 and 9, and the YWTD domains, were defined as described in the text. The
entire extracellular region of chicken c-ros was submitted at the top of an alignment with other vertebrate c-ros
sequences to PHD (Rost, 1996) for secondary structure prediction. Above the alignment in A are putative p-strands
and the YWTD repeat number; below the alignment are the consensus sequences for YWTD motifs 1 to 6 in the
LDLR-related proteins (Figure 2A). Above the alignment in B are B-strand and polyproline II helix (p) assignments
for FN3 domain 1 of neuroglian.
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remarkably like that of the other proteins shown in
Figure 1, except that FN3 modules take the place
of EGF modules. Furthermore, the number of
adjacent YWTD repeats is always six, whereas the
number of adjacent EGF or FN3 modules is
variable.

Secondary structure was predicted for c-ros
using PHD. The information content of the c-ros
and sevenless sequence alignments is low, because
the percentage identity in extracellular domains
between vertebrate c-ros sequences is >50%, and
between D. melanogaster and D. virilis sevenless is
60% (Michael et al., 1990). The ~20% identity
between vertebrate and insect sequences, or
between different YWTD domains in the same pro-
tein (Figure 5A) is too low for inclusion in a com-
mon alignment for purposes of secondary structure
prediction. Therefore, secondary structure was pre-
dicted independently for each of the three YWTD
modules in chicken c-ros (Figure 5A), and the three
modules were then aligned together for compari-
son of the predictions. Out of 24 positions expected
in a six-bladed B-propeller, B-strand was predicted
for at least two of the three modules in 21
instances, supporting the PB-propeller hypothesis.
The secondary structure of the nine FN3 domains
was independently predicted at the same time
(Figure 5B). The consensus of the nine chicken c-ros
FN3 repeats is 27% identical in sequence
(E <0.002) with FN3 domain 1 from neuroglian, a
Drosophila neural cell adhesion molecule (Huber
et al., 1994). The sequence alignment with this
structure shows that the consensus for prediction
of B-strands by PHD in the c-ros FN3 repeats is in
excellent agreement with the known position of
B-strands in neuroglian.

During biosynthesis of sevenless, proteolytic
cleavage occurs at a sequence of nine contiguous
arginine residues, resulting in two chains of
220 kDa and 58 kDa that remain non-covalently
associated (arrow, Figure 1; Simon et al., 1989).
This site is predicted to be not between domains,
but within the highly extended C-C’ loop in FN3
domain 9 (not shown), in agreement with non-
covalent association of the chains.

Fold prediction by threading

“Threading” is a method for predicting the ter-
tiary structure or fold of a protein. A sequence is
aligned with or “threaded through’” each structure
in a database. The sequence-structure alignments
are completely analogous to sequence-sequence
alignments, including provision for gaps or inser-
tions, but what is calculated is the energy or stat-
istical potential of the test sequence in a given
three-dimensional structure. The lowest energy
alignment that can be found for the test sequence
is calculated for each structure in the database.
Each of the 89 YWTD domains identified here was
threaded through a non-redundant database con-
taining over 1900 structures with THREADER 2.1
(Jones et al., 1995). Because homologous sequences

adopt the same fold, averaging of threading results
for sequence homologues improves prediction
accuracy (Edwards & Perkins, 1996). I caution that
with smaller domains such as IgSF domains, aver-
aging is even more important than is evident with
YWTD domains (data not shown). An evolutionary
tree prepared with PHYLP (Gotoh, 1996) clustered
the 89 YWTD domains into 14 subfamilies and one
left-over group of the 12 most divergent sequences
(Table 3). For each of these 15 groups of YWTD
domains, the highest threading score was with the
B-propeller domain of the G protein B-subunit,
1gotB1 (Table 3). The average Z-score of 1gotB1 for
the 89 YWTD domains was 3.97, and was far
above the Z-scores for all other structures; the next
highest score was 2.11 (Table 3 and Figure 6A).
The transducin B-subunit is a seven-bladed B-pro-
peller domain. A six-bladed B-propeller modeling
template made from the transducin B-subunit (see
below) was added to the threading database and
gave an even higher average Z-score of 4.07. With
this threading program and number of structures
in the database, a Z-score > 3.5, even for a single
sequence is considered to be “very significant —
probably a correct prediction.” The large number
of YWTD sequences examined here gives even
greater weight to this conclusion.

YWTD domains 1, 2, and 3 from the two insect
sevenless and four vertebrate c-ros sequences
yielded Z-scores of 3.71, 3.38, and 4.27, respect-
ively, with the transducin B-propeller domain,
1gotB1 (Table 3). The average Z-score of 3.79 for
all 18 sequences was far higher than the scores for
all other structures (Table 3 and Figure 6B). The
sequence identity between the lipoprotein receptor-
related YWTD domains and those in sevenless is
low. Therefore, threading results (1) identify a
B-propeller fold for each of the three YWTD
domains in sevenless and c-ros with a high level of
confidence, and (2) the agreement with the largely
independent results on the 89 lipoprotein receptor-
related YWTD domains provides an even higher
level of confidence in the B-propeller fold.

Averaging Z-scores for each structure for groups
of sequences tended to lower the Z-score for the
second highest hit and decreased the SD. of the
distribution of average Z-scores. By definition,
Z-scores should be normalized to the sD. The
normalized average Z-scores with the G protein
B-propeller domain for the groups of 89 and 18
sequences were above 4 (Table 4 ), and the expec-
tation value for obtaining such a good hit among
a database of ~2000 structures in the absence of
a structural relationship was 1.6 x 10~° and
7.2 x 1073, respectively. Furthermore, the two-
tailed t test was used to determine whether the dis-
tribution of Z-scores for 1gotB1 with all 107 YWTD
sequences was significantly different from that for
the next most ten high-scoring structures (the top
and second hit are compared in Figure 6C). The p
values ranged from 2 x 107°* to 4 x 10~ For a
database of 2000 structures, the expectation value
for finding such a difference by chance alone is
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Table 3. Threading scores for subfamilies of YWTD domains

Top hit 2nd hit
Subfamily® n Code® Z-score Code® Z-score
lrp_7¢ 5 1gotB1 4.00 1pkyA2 2.72
Irp_34 7 1gotB1 431 2aaiB0 2.57
1dlr,Idvr,1r8¢ 16 1gotB1 3.60 1scs00 2.19
egf72f 3 1gotB1l 3.95 1pkyA2 2.89
Irp_88 5 1gotB1 4.49 1edt00 291
11r11,}7171h 4 1gotB1l 3.18 1pkyA2 2.98
Irp_ce7! 3 1gotB1 3.78 2dri00 2.90
Irp_2) 5 1gotB1 3.43 labrBO 2.55
Irp_5* 5 1gotB1 3.92 1mat00 2.39
Irp_4' 5 1gotB1 4.20 1scs00 2.40
nido™ 4 1gotB1 3.81 1treAO 2.74
Irp_1 6 1gotB1 4.26 labrB0O 2.53
Irp_6° 6 1gotB1 417 1scuAQ 2.76
egf 1P 3 1gotB1l 4.39 1abrB0 2.83
divergentd 12 1gotB1 4.20 1plq00 1.98
89 ywtd 89 1gotB1 3.97 2aaiB0 2.11
sev, ros_1* 6 1gotB1 3.71 1mdr02 2.34
sev, ros_2" 6 1gotB1 3.38 2dri00 2.58
sev, ros_3" 6 1gotB1 427 1pkyA2 2.30
18 ywtd 18 1gotB1 3.79 2dri00 227
All YWTD 107 1gotB1 3.94 2aaiB0 1.94

Z-scores with THREADER 2.1 are for combined pairwise and solvation energies.

“Experience has shown the following interpretation to be useful:” (THREADER 2 User guide; Jones et al., 1995). Z > 3.5, very sig-
nificant, probably a correct prediction; Z > 2.9, significant, good chance of being correct; 2.7 < Z < 2.9, borderline significant, possibly
correct; 2.0 < Z < 2.7, poor score, could be right, but needs other confirmation; Z < 2.0, very poor score, probably there are no suita-
ble folds in the library.

2 Subfamilies are listed in order of increasing divergence from the consensus of 89 YWTD sequences. Sequences are defined in
footnotes c to r and sequence names in Methods.

® THREADER database structures are coded with the FOUR character pdb code followed by one character for the chain identifier
(0 if null) and one number for the domain (0 if entire chain). 1gotB1, transducin B-subunit B-propeller domain, residues 45 to 340;
2aaiB0, ricin B-trefoil domain; 1pkyA2, pyruvate kinase TIM-barrel domain; 1scs00, concanavalin A B-sandwich domain; 1edt00,
endo-f-N-acetylglucosaminidase TIM-barrel domain; 2dri00, D-ribose-binding protein, o./p periplasmic protein-like domain; 1abrB0,
abrin B-trefoil domain; 1mat00, methionine aminopeptidase o+ B fold; 1treAO, triosephosphate isomerase TIM-barrel domain;
1scuA0, succinyl-Coa synthetase o/ NAD-binding and flavodoxin-like domains; 1plq00, proliferating cell nuclear antigen, two o +
DNA clamp domains; 1mdr02, mandelate racemase TIM-barrel domain.

¢ Irp_7: LRP1_CH7, LRP1_HU7, LRP1_MO?7, LRP2_HU7, LRP2_RA?7.

4 Irp_3: LRP1_CE3 LRP1_CH3, LRP1_HU3, LRP1_MO3, LRP2_HU3, LRP2_RA3, LRP_CAE3.

¢ ldlr, 1dvr, 1r8: LDL1_XE1, LDL2-XE1 LDLR-CP1, LDLR_CR1, LDLR_MO1, LDLR_HU1, LDLR_RB1, LR8_CH1, LR8_HUI,
LDVR_CHI1, LDVR_HU1, LDVR_MOI1, LDVR_RA1, LDVR_RB1, LDVR_XE1, LDVR_CEI.

f egf2: EGF_HU2, EGF_MO2, EGF_RA2.

& Irp_8: LRP1_CHS8, LRP1_HUS, LRP1_MOS8, LRP2_HUS, LRP2_RAS.

" 1r11, yl_1: YL_DM1, LR11_CH1, LR11_HU1, LR11_RB1.

ilrp ce7: LRP_CAE7, LDR_CE1, LRP1_CE7.

i Irp_2: LRP1_CH2, LRP1_HU2, LRP1_MO2, LRP2_HU2, LRP2_RA2.

¥ 1rp_5: LRP1_CH5, LRP1_HU5, LRP1_MO5, LRP2_HUS5, LRP2_RAb5.

'rp_4: LRP1_CH4, LRP1_HU4, LRP1_MO4, LRP2_HU4, LRP2_RA4.

™ nido: NIDO_HR1, NIDO_HU1, NIDO_MO1, ONID_HUT1.

™ Irp_1: LRP1_CHI1, LRP1_HUI, LRP1_MO1, LRP2_HU1, LRP2_RA1, LRP_CAEI1.

° Irp_6: LRP1_CE6, LRP1_CHS6, LRP1_HU6, LRP1_MO6, LRP2_HU6, LRP2_RA6.

P egf 1: EGF_HU1, EGF_MO1, EGF_RAL.

4 Divergent: LRP1_CE2, LRP_CAES5, LRP_CAE6, LRP_CAES, LRP_CAE4, LRP_CAE2, LRP1_CES8, YL_DM3, YL_DM?2, LRP1_CES5,
LRP1_CE4, LRP1_CELl.

* sev, ros: ywtd domains 1, 2, or 3 are from SEV_DM, SEV_DV, SEV_CH, SEV_HU, SEV_RA, SEV_MO.

<10~*. By contrast, the p values for comparison  Three-dimensional models
among hits 2 to 11 ranged from 0.025 to 0.994, giv-

ing expectation values of 50 to 2,000.

Above, nine FN3 repeats were predicted by
sequence homology to be present in sevenless and
c-tos. The two newly predicted repeats, FN3
repeats 4 and 9, were subjected to threading
(Table 5). In all cases, the top hit was a FN3
domain, and for FN3_4 of sevenless the second hit
was also a FN3 domain. The Z-scores were well
above the score of 3.5 considered to be highly sig-
nificant, and were far above scores for non-FN3
domains (Table 5).

Models were built to further test the prediction
of the six-bladed B-propeller domain, and to make
predictions about YWTD domain structure and
function. Better results were obtained using the G
protein B-subunit than bacterial sialidases as
template. The orientation between neighboring
B-sheets, although not their number, is conserved
in B-propellers (Murzin, 1992); this served as the
basis for a novel method for constructing a tem-
plate from the G protein B-subunit that possessed
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Figure 6. Threading scores for YWTD domains. A and
B, Average Z-scores for 89 YWTD domains related to
LDLR (A) and 18 YWTD domains from sevenless and
c-ros (B). Z-scores for each structure were averaged for
the 89 or 18 sequences using a program written by
Kemin Tan, and plotted with the histogram tool of
Microsoft Excel. The arrows mark 1gotB1. C, The distri-
bution of Z-scores for all 107 YWTD domain sequences
for the second highest hit, 2aaiB0, ricin p-trefoil domain;
and the top hit, 1gotB1, G protein B-propeller domain.

6-fold instead of 7-fold pseudosymmetry (see
Methods).

The sequence repeats in B-propellers are usually
offset relative to the [-sheets. This is possible
because the amino acid sequence threads through
the propeller in a circular fashion; the N and

Table 4. Normalized average threading scores for the
1gotB1 B-propeller domain

Z-score? pP Ec
89 YWTD¢ 4.52 8.5 x 1077 1.6 x 1073
18 YWTD* 4.20 3.7 x 107 7.2 x 1073

2 The distribution of average Z-scores for 1945 structures in
the threading library was fit to the normal distribution, and the
Z-score ((average Z-score for 1gotBl — mean average Z-score)/
s.D.) was determined.

® Probability in a normal distribution of obtaining a Z-score
as high or higher.

¢ Expectation value for finding a score as high or higher in a
database with 1945 structures (P x 1945).

4 The 89 LDLR-related YWTD domains.

¢ The 18 sevenless and c-ros YWTD domains.

C-terminal B-strands are adjacent in the structure,
and both contribute to the last W (Figure 4). Using
a common convention, each sheet of the B-propel-
ler will be called a W, with each leg of the W corre-
sponding to one P-strand (Figure 4A). In the
conventional view from the side with the Ws in
the propeller upright, the strand 1 to 2 loops and
the strand 3 to 4 loops are on the bottom. The
strand 2 to 3 loops and the connections between
strand 4 of one W and strand 1 of the next are on
the top. B-Strand 1 is innermost and runs nearly
parallel to the central pseudosymmetry axis;
B-strand 4 is outermost. B-Strand 1 in B-propellers
has an unusual close-packing mode, in which the
side-chains of neighboring B-strands 1 interdigitate;
B-strand 1 is more close-packed in B-propellers
with six blades than those with seven or eight
blades (Murzin, 1992). Residues in B-strand 1 with
short side-chains with no more than y-atoms are
preferred, i.e. Gly, Ala, Ser, Cys, Thr, and Val; resi-
dues with no more than § atoms may also be
allowed, i.e. Asp, Asn, Ile, and Leu. The only
YWTD domain B-strand with appropriately small
residues is the fourth B-strand of each YWTD
sequence repeat, which contains a GLAVD consen-
sus sequence and therefore can be identified with
B-strand 1 of each sheet (Figures 2A, 7A). Thus,
B-strand 2 is the first B-strand of each repeat and
contains the YWTD motif. The residue in ladder
position 2 in B-strand 1 of G protein B is particu-
larly close-packed, and this position can be ident-
ified with the G of the GLAVD sequence (Figure 7).

The sequence-structure alignment between
YWTD domains and the G protein B-propeller
template is surprisingly straightforward. The
alignment shown in Figure 7A readily results
when (1) the sheets in G protein B are aligned with
each other structurally, (2) the predicted sheets in
YWTD domains are aligned with one another by
sequence as in Figure 2, (3) the overlap between
the B-strands in G protein f and predicted
B-strands in YWTD domains is maximized, and
(4) the number of gaps and insertions is mini-
mized. It is remarkable that insertions or deletions
were present on average in only 49% of the 23
loops shared between the template and the three
YWTD domain sequences that were modeled, and
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Table 5. Threading scores for FN3 repeats

Repeat Top hit 2nd hit

Code Z-score Code Z-score
FN3_4 c-ros 1fna00? 5.22 1fvcAQP 2.37
FN3_4 sevenless 3hhrB2? 3.68 1fnf022 3.28
FN3_9 c-ros 1cfb01? 4.51 2tprA3b 2.50
FN3_9 sevenless 1fnf02? 3.66 1gca01® 2.57

See footnote® to Table 3. FN3 repeat sequences defined as in Figure 5 for chicken, human, rat
and mouse c-ros and D. melanogaster and D. virilis sevenless were subjected to THREADER 2.1. The
gap penalty was the default of 0.5 for c-ros and 0.4 for sevenless. The Z-scores for combined pair-
wise and solvation energy were averaged for the four species of c-ros and two species of sevenless.
Structure classifications are from SCOP (Murzin et al., 1995).

2 FN3 domains are 1fna00, fibronectin FN3 domain 10; 3hhrB2, growth hormone receptor FN3
domain 2; 1cfb01, neuroglian FN3 domain 1; 1fnf02, fibronectin FN3 domain 8.

» Non-FN3 domains are 1fvcA0, antibody Fv fragment immunoglobulin V domain; 2tprA3, try-
panothione reductase o + B domain; 1gca01, galactose-binding protein o/p domain.

these averaged only 1.6 residues per insertion or
deletion. Furthermore, sequence similarity exists
between YWTD domains and G protein  that is
sufficient to guide alignment. Among B-propellers
with known X-ray structures, G protein B and cd1
nitrate reductase appear most closely related in
sequence to YWTD domains. The cdl nitrite
reductase B-propeller (Baker et al., 1997) contains
eight blades and the sequence begins with B-strand
2, as predicted for YWTD domains. The G protein
B-subunit B-propeller contains seven blades and
the sequence begins with B-strand 4. The sequence
of these structures, the consensus sequence for 21
G protein B-subunits, the consensus sequence for
17 proteins related to cdl nitrite reductase, and the
consensus sequence for 89 YWTD repeats were
included in a common alignment and aligned by
sequence with PRRP (Gotoh, 1996; unpublished
results). Disparities in the length and offset of these
sequences are present that are challenging to mul-
tiple sequence alignment algorithms. Therefore, it
was striking that every B-strand of G protein B was
aligned with the correct B-strand of cd nitrite
reductase; i.e. each B-strand 1 of one protein was
aligned with B-strand 1 of the other, and so on.
Furthermore, the sequence-based alignment agreed
with a structure-based alignment of each sheet for
21 out of 28 p-strands as determined with the
residue in ladder position 3 of Figure 7A. In this
same automatic multiple sequence alignment, the
alignment between the G protein B-subunit and
YWTD repeats agrees with that shown in Figure 7A
in 24 of 24 instances for alignment of B-strands 1,
2, 3 and 4 with B-strands 1, 2, 3, and 4, respect-
ively, and in 12 of 24 instances for alignment of the
residues in ladder position 3. Thus, similarities in
amino acid sequence are present that help confirm
(1) the offset between the sequence repeats and the
B-sheets, and (2) the specific structure-sequence
alignment used for creation of YWTD domain
models. When the bacterial sialidase Ws are struc-
turally aligned with those of G protein B and
added to the alignment, a LLFTN sequence in W5
aligns with the similar LYWTD consensus
sequence of YWTD domains (Figure 7B). Although
YWSS and YESS sequences in Trypanosoma cruzi

neuraminidase have been proposed as YWTD
motifs (Pereira et al., 1991), subsequent bacterial
neuraminidase structures (Crennell et al., 1993)
show that these sequences are not structurally
homologous to one another, and are not in
B-strand 2 as predicted here for the YWTD motif.
Representative models were made with SEG-
MOD of LOOK for the YWTD domains of human
LDLR, human nidogen (Figure 4B and C), and
YWTD domain 7 of chicken LRP1, which has the
greatest sequence identity to the YWTD domain
consensus sequence (Table 6). The models were
evaluated with programs that have been devel-
oped to check the quality of X-ray and NMR struc-
tures as well as models (Wilson et al., 1998; Sippl,
1993; Vriend, 1990). These methods evaluate struc-
tural features that differ from those used in refine-
ment, and thus provide an independent check on
quality. Models of yeast Sec-13, a predicted six-
bladed B-propeller domain that contains WD40
repeats with low but significant sequence hom-
ology to the G-protein f-subunit B-propeller
domain (Saxena ef al., 1996), served as controls for
comparable homology models. As a control for an
incorrect model, an “optimal” alignment was
obtained with THREADER for the 2aai structure
(the second highest hit, Table 3), and used to create
a model (Irpl-mis). The Idlr, Irp1, and nido models
received good scores with all three evaluation
methods (Table 6). Prosa II did not “flunk” the
Irpl-mis misthread model, probably because Prosa
II scores with a threading potential that is similar
to that used by THREADER to “optimize” the
alignment with 2aai; however, Irpl, 1dlr, and nido
received good scores without having alignments
optimized in this way. The first generation quality
evaluation tool QUACHK of WHATIF and
WHATCHECK gave the 1dlIr, Irpl, nido, and the
Sec-13 model made here remarkably good scores
that are in the same range as X-ray and NMR
structures, and gave the misthread model a mark-
edly lower score. The second generation quality
evaluation tool NQACHK flunked the misthread
model with a score <—5.0, that indicates it “is
certain to be incorrect;” moreover, it passed the
1dlr, Irp1, and nido models with scores in the —4.00



YWTD Repeats Fold into a Six-bladed [3-Propeller 851

A. Strand 1 Strand 2 Strand 3 Strand 4
position 654321 123456 65b4321
lgot_wl 67 sRLLLSASQ...DGKLITWDSYT..... TNKVHAIPLR.
Trpl_wé6 3023 DEEPFLIFANR....YYLRKLNLDG..... SNYTLLKQG. .
1dir_w6 396 GSTAYLFFTNR. ...HEVRKMTLDR..... SEYTSLIPN..
nido_wé 941 PPGTHLLFAQT....GKIERLPLEGNTMRKTEAKAFLHVP.
cons_wé 41 GSEPFLLFANR. .. .NSIRGIDLDG.....SNYSELVPSSG
position 1b2345 654321 123456 65b4321
lgot_w2 96 .. SSWVMTCAYAPS. .... GNYVACGGL. . .DNICSIYNLKTRE.GNVRVSRELAGH.
Trpl_wl 3053 .. LNNAVALDFDYR..... EQMIYWTDVTTQGSMIRRMHIN. . . .. GSNVQVLHRTG.
1dir_wl 426 ..LRNVVALDTEVA..... SNRIYWSDLS..QRMICSTQLDRAH.GVSSYDTVISRD.
nido_wl 974 . .AKVIIGLAFD@V.....DKMVYWTDIT..EPSIGRASLH..... GGEPTTIIRQD.
cons_wl 73 ..LGNIVALDFDYA.....ENRIYWTDLS..QGKIYRANID..... GTNREVVISSG.
position 1b2345 654321 123456 65b4321
lgot_w3 143 .. TGYLSCCRFLDD...... NQIVTSSG...DTTCALWDIET..... GOQTTTETGH.
Trpl_w2 3097 ..LSNPDGLAVDWV..... GGNLYWCDKG. .RDTIEVSKLNG..... AYRTVLVNSG.
1dir_w2 473 .. IQAPDGLAVDNI..... HSNIYWTDSV..LGTVSVADTKG..... VKRKTLFREN.
nido_w2 1020 . .LGSPEGIAMBHE. . ... GRNIFWTDSN..LDRIEVAKLDG..... TQRRVLFETD.
cons_wZ 116 ..LGNPEGLAVDNWI..... GRNLYWTDSG. . LDTIEVADLDG..... SYRRVLISGD.
position 1b2345 654321 123456 65b4321
lgot_w4 184 .. TGDVMSLSLAPD..... TRLFVSGAC. ..DASAKLWDVRE. .... GMCRQTFTGH.
Trpl_w3 3141 ..LREPRALVVDVQ..... NGYLYWTDWGD.HSLIGKIGMDG. .... TNRSVIVDTK.
1d1r_w3 516 . .GSKPRAIVVDPV..... HGFMYWTDWGT . PAKIKKGGLNG. . ... VDIYSLVTEN.
nido_w3 1063 ..LVNPRGIVTDSV..... RGNLYWTDWNRDNPKIETSYMDG. .... TNRRILVQDD.
cons_w3 159 ..LDNPRAIAVDPL..... KGYLFWTDWG.EPPKIERASMDG. . ... SNRKVLVSED.
position 1b2345 654321 123456 65b4321
lgot_wh 226 . .ESDINAICFFPN..... GNAFATGSD. . .DATCRLFDLRA. . ... DQELMTYSHD.
Trpl_w4 3185 .. ITWPNGLTLDYI..... NSRIYWADAR. .EDYIEFASLDG..... SNRHTVLSQD.
1d1r_w4 560 .. IQWPNGITLDLL.....SGRLYWVDSK..LHSISSIDVNG..... GNRKTILEDE.
nido_w4 1108 . .LGLPNGLHFDAF.....SSQLEWVDAG..TNRAEELNPSQ..... PSRRKALEG. .
cons_wd 203 .. IGWPNGLALDYL..... NKRLYWVDAK. . LDRIERIDYDG..... SDRRVVLSGA.
position 1b2345 654321 123456 65b4321
lgot_wb 268 NIICGETSMSESKS..... GRLLLAGYD...DFNCNVWDALK. . ... ADRAGVLAGH.
Trpl_wb 3228 .. IPHIFEGISINSEE . . .. ... DYIYWTDWE..TKSINRAHKTT..... GANKTLLIST.
1d1r_w5s 603 KRLAHPFSLAVFE....... DKVFWTDII..NEAIFSANRLT..... GSDVNLLAEN.
nido_wb 1150 .. LOYPEBMRSNG . . . . .. . KNLYFTDWK. .MNSMVALDLATI..... SKETDAFQPH.
cons_wb 246 .ELPHPFGLAVEFE. ...... DYLYWTDWR..TESVFRANKFT. .... GSNVVVLRRN.
position 1b2345

lgot_wl 55 .. LAKIYAMHWGTd 66

Trpl_wé 3268 ..LHRPMDIHIYHPYR 3283

1dir_wé 646 ..LLSPEDMVLFHNLT 659

nido_wé 1991 .KQTRLYGITTALSQEP 1206

cons_wé 288 ..LLOPMDIKVYHPSR 301

B.

position 1b2345 654321 123456 65b4321
1kit_w5 678 TGTVDASITRFEQSD. .GSHFLLFTNP 715LGLWFSFDEG..... VTWKGPIQ

G

position 1b2345 654321 123456 65b4321
Trp_cae8_w3 4330 LQQPTALITAPS..... AGRIGYSDAG.LHAKIEGADMDG. . ... THRQIIVKDL
1rp_cae2_w4 890 LGRPSEMAIDFA..... ENRLEWGDTL..LKTISEMDFDG..... KNVVKLDID
Trll_hul_wl 787 LRAAVALDFDYE..... HNELYWSDLA..LDVIQRLELNG....STGQEVIINSG
Trpl_hul_w2 279 LHHVEQMAIDWL..... TGNFYFVDDI..DDRIFVENRNG..... DTEVTLLDLE
1rp_cae2_w3 846 LRDPVSVVVHPW..... KGLLFYAEAM.RPAAIYREHIDG..... QNBQVIRNTT

Figure 7. Sequence-structure alignments for models, and position of cysteine residues known or predicted to form
disulfide bonds. A, Alignment of the six-bladed B-propeller template made from the transducin B-subunit (1got) as
described in Methods with YWTD domain 7 of chicken LRP1 (Irpl), the YWTD domain of the human LDLR (Idlr),
the YWTD domain of human nidogen (nido), and the consensus sequence of 89 YWTD domains (cons). The sequence
numbers for 1got are for the native protein. Regions of B-strand in 1got as defined by DSSP (Kabsch & Sander, 1983),
and in the sequences as predicted by PHD (Rost, 1996) are in gold. B-Sheet ladder positions are marked for Gf; b is
for bulge and varies in position in strand 4 and may differ between G and YWTD domains. Cysteine residues
known in nidogen to be disulfide-linked are coded with the same color. B, Structural alignment of W5 of Vibrio cho-
lerae neuraminidase, 1kit. B-Strands as defined by DSSP are in gold. The W were cut out of 1kit and 1got and structu-
rally aligned with 3SDMALIGN of Modeller. The LLFTN sequence in strand 2 aligns with the LYWTD sequence in
YWTD repeats. The long 2-3 loop of 1kit_W5, residues 703 to 714, is deleted. C, YWTD repeats with cysteine residues
that are in a position predicted to permit disulfide bond formation between neighboring B-strands. Cysteine residues
predicted to be disulfide-bonded are color coded; cysteine residues with equivalent B-sheet ladder positions are given
the same color. Ir11_hul_w1 is representative of W1 of LR11_HU1, LR11_CHI, and LR11_RB1. Irpl-hul_w?2 is repre-
sentative of W2 of LRP1_HU1, LRP1_CH1, LRP1_MO1, YL_DMI, and LRP_CAE?7. Irp_cae2_w4 is representative of
W4 of LRP_CAE2, LRP1_CE5, NIDO_HR1, NIDO_HU1, NIDO_MO1, and ONID_HUI.
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Table 6. Model evaluation

Structure or model Residues Prosa II* Z-score QUACHK?® score NQACHK® Z-score
G protein B-propeller domain? 296 —9.67 —0.270 —1.45
Six-bladed B-propeller ’cem}olatee 257 -9.74 —0.208 -2.31
1dlr, model of LDLR_HU1 264 —5.34 —0.569 —3.65
Irp1, model of LRPI_CH7* 260 —6.70 —0.651 —3.65
nido, model of NIDO_HU1f 266 —6.22 —0.549 —3.48
Sec-13, 6-bladed WD40 domain modeled here® 282 —8.89 —0.876 —4.07
Sec-13, 6-bladed WD40 domain published model® 282 —7.43 —-1.360 —5.04
Irpl-mis, control misthreaded model! 260 —5.73 —1.793 —5.75

2 Prosa Il combined CP pairwise and surface potential Z-scores relative to the plI3.0.short.ply polyprotein (Sippl, 1993). Lower
scores are better. The potentials or pseudo energies used are analogous to those used in threading programs. All models passed the

Prosa II check, i.e. ranked 1 relative to all decoys.

® Structural average packing environment quality score with the quality check (QUACHK) option of WHATIF. Higher (less nega-
tive) values are better. Scores receive the following messages: <—2.7, error, certain to be wrong; —2.7 to —2.0, error, quality is very
low; —2.0 to —1.4, warning, quality is a bit low; > —1.4, note, quality is within normal ranges.

¢ New or second generation average structural packing environment Z-score with the NQACHK option of WHATIF. Higher (less
negative) values are better. The average Z-score for properly refined X-ray structures is 0.0 £ 1.0. Scores receive the following mes-
sages: <—5.0, error, the structure is certain to be incorrect; —5.0 to —4.0, error, abnormal score, quality is very low; —4.0 to —3.0,
warning, quality is a bit low, the protein is probably threaded correctly; > —3.0, note, quality is within normal ranges.

9 Residues 45 to 340 of 1tbgB.
¢ The mo6_s2 model template (Methods).

f1dlr, Irp1, and nido models made with the alignment of Figure 7 (Methods).

& Made with the mo6_s4 template (Methods) analagously to 1dlr, lrp1, and nido.

" From Saxena et al. (1996), kindly provided by C. Gaitatzes, Boston University, Boston, MA.

' Of the three YWTD domains modeled, LRP1_CH?7 had the best THREADER Z-score with 2aaiB0 of 2.47. The alignment was
optimized by setting the number of alignment paths considered by THREADER to 1000 and used to make a model with SegMod as

for other models.

to —3.00 range that are “a bit low,” but suggest
that “the protein is probably threaded correctly.”
Notably, the Idlr, lrpl, and nido models scored
comparably to or better than two models of yeast
Sec-13 that are certain to be correctly threaded
based on sequence homology. These results
strongly suggest that the six-bladed B-propeller
fold is correct, and that the sequence-structure
alignment is largely correct.

Agreement with experimental data

Model predictions were tested against biochemi-
cal data. Circular dichroism of nidogen, proteolytic
fragments of nidogen, and a recombinant fragment
of nidogen comprising the YWTD domain and the
C-terminal EGF domain shows that they are all-
B-structures, i.e. they contain B-sheets and little or
no o-helix (Paulsson et al., 1986; Fox et al., 1991).
This is completely consistent with the B-propeller
domain. Circular dichroism of the intact LDLR
shows a ratio of B-sheet to a-helix of 2.2 (Saxena &
Shipley, 1997). Using the proportion of B and o
structure defined by DSSP (Kabsch & Sander,
1983) in an LDLR class A module (Fass et al., 1997)
and in EGF-modules (Downing ef al., 1996) to esti-
mate the total in these modules, the total f and «
in the IdIr model to estimate the total in the YWTD
domain, and assuming a 22 residue transmem-
brane a-helix, the ratio of B to o is 2.3, in excellent
agreement.

Nidogen and its recombinant fragments have
been visualized by electron microscopy (Fox et al.,
1991). The C-terminal portion of nidogen, corre-
sponding to the YWTD domain is a globule. The

YWTD B-propeller domain is
(Figure 4B and C).

Studies on proteolytic fragments of nidogen
show two disulfide bonds in the C-terminal
globule: a long-range disulfide bond connecting
(€987 to C1205, and a short-range bond connecting
C1124 to C1135 (Mann et al., 1988; Fox et al., 1991).
These disulfide bonds are confirmed by more
recent studies that demonstrate the disulfide pat-
tern in EGF domains (Bork ef al., 1996), and by the
sequence of osteonidogen, which conserves the
four disulfide-linked cysteines in the YWTD
domain but lacks the C-terminal EGF module
(Figure 1). The structure-sequence alignment places
C1124 and C1135 adjacent in ladder position 4 of
B-strands 2 and 3 of W4 (Figures 4 and 7A). Disul-
fide bonds between adjacent B-strands can only
form between residues in the same ladder position.
C987 in the model is in the 1-2 loop of W1, on the
bottom of the PB-propeller domain with its side-
chain pointing out. C1205 is adjacent in W6, in the
segment following the C-terminal p-strand 1
(Figures 4C, 7A). L1202, the last template-defined
residue in the model, is 5 A from C987. There are
many possible orientations of the L[1202-S1203-
Q1204-C1205 loop that permit formation of the
C987-C1205 disulfide. The probability of residues
a given number of positions apart being close
enough to directly form a disulfide bond (C1124-
C1135) or close enough (C987 and L1202) to permit
a three-residue loop to form the C987-C1205 disul-
fide bond can readily be determined with the pro-
tein database (Table 7). The sequence-structure
alignment was independent of the cysteines, and
the alignments of the two pairs of cysteines are
independent of one another; they are in separate

also globular
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Table 7. Frequency of sequence-structure distances permissive for disulfide bond formation

Disulfide Residues Sequence separation Structure distance (A) Frequency®
C987-C1205° €987, L1202 215 C*<15 0.033
C1124-C1135¢ C1124, C1135 11 CP<b 0.017

2 Distance distributions were calculated by Azat Badretdinov and Andrej Sali, Rockefeller U., with a non-redundant set of all
chains in the protein database that are <30% identical in sequence and have >200 residues. These 456 chains are structurally diverse
and contain representatives of all structure classes.

® Residue i is defined by the template; residue i + 218 occurs three residues after the C-terminal template-defined position, i + 215.
The loop from i + 215 to i + 218 can span some distance to form the disulfide. Residues i and i 4 215 must be surface exposed in the
absence of the loop, so the loop can form unhindered by the template-defined residues, and must be close enough to allow the loop
to form with appropriate stereochemistry. With the nido model as template and using LOOK 3.0 for sequence and alignment edit-
ting and Modeller 4.0 for modelling, the sequence was altered around a number of loops varying in distance from C987. A SQCP
sequence was added after varying template-defined positions, a chain break was added, loop residues on the other side of the chain-
break that might impede disulfide formation were removed, and the SQCP sequence was left undefined by the template. The
cysteine of this sequence was patched to C987 and models were built. C* distances from C987 to the residue preceding the SQCP
sequence of <13.4 A permitted disulfide bond formation, but distances of 15.4 and 15.6 A resulted in major cysteine residue and
disulfide bond restraint violations. Therefore, 15.0 A was taken as the maximum distance for disulfide bond formation. C* atom dis-
tance distributions were calculated for all residues that have more than 10% surface exposure, and are 210 to 230 sequence positions
apart.

< Disulfide-bonded cysteine CP atoms range from 3.0 to 4.6 A apart. The SegMod modeling program will form disulfide bonds
with template CP atoms somewhat farther apart than this. Since C* atoms in equivalent B-sheet ladder positions in the G protein B
template were <6 A distant, 6 A was taken as the cut off. CP atom distance distributions were calculated for all residues 11 positions

apart. Results were similar with a small set of all B structures.

sequence blocks (Figure 7A). Therefore, the null
hypothesis of obtaining by chance alone a model
that fits the experimental disulfide data can
be rejected with p=0.033 x 0.017 =5.6 x 10*
(Table 7).

Discussion

The evidence that each cluster of six YWTD
repeats folds into a six-bladed B-propeller domain,
and that a largely correct sequence-structure align-
ment has been deduced, is summarized in Table 8.
The evidence includes (1) wet bench experimental
data; (2) deductions based on generalizations from
the protein structure and sequence databases on
protein fold families, sequence repeats, and exon
structures; and (3) results from computational mol-
ecular biology. The types of conclusions that can
be drawn and their degree of certainty deserve
comment. Lines of evidence (1) to (5), taken
together in line (6) (Table 8) show that YWTD
repeats fold into a compact globular domain with
six structurally similar units. It is estimated that
most but not all protein folds are currently known
(Murzin, 1996). Only one out of the 393 currently
known protein folds arranges a single polypeptide
into a single domain with six structurally similar
units, the six-bladed PB-propeller (Murzin et al.,
1995). Assuming that a similar proportion of
known, and yet to be discovered, folds will have
six structurally similar units, lines of evidence (1)
to (5) assign the YWTD domain to a fraction of
approximately 0.003 of all folds.

The normalized averaged THREADER Z-scores
show a structural relationship of the 89 YWTD
domains to the G protein B-propeller domain, with
an expectation that this could occur by chance
alone of 1.6 x 1073 (line (11), Table 8). It is difficult
to detect a sequence relationship of the YWTD

domains related to the LDLR with the YWTD
domains of sevenless and c-ros; it should be noted
that a relationship has been reported with only
two isolated YWTD repeats in sevenless (Norton
et al., 1990), whereas three groups of six repeats
each are identified here. Therefore, lines of
evidence (11) and (12) are at least partially
independent.

Lines of evidence (13) and (14) in Table 8
demonstrate not only identification of a six-bladed
B-propeller fold, but also a largely correct
structure-sequence alignment. The most dramatic
confirmation of the fold of YWTD domains is the
C987 to C1205 disulfide bond that links the first
and the last B-sheets of the p-propeller. The
C1124-C1135 disulfide bridge between B-strands 2
and 3 of W5 of nidogen cannot form if the relative
alignment of these strands is shifted by only one
residue. The structure alignment with other
sequences is consistent with formation of further
disulfide bonds between B-strands 2 and 3, and
between P-strands 3 and 4, that are predicted by
pairs of conserved cysteine residues (Figure 7C).
The probability that the two nidogen disulfide
bonds would form by chance alone in the case of
assignment of an incorrect fold to the YWTD
domain is 5.6 x 10

The structure quality evaluation programs used
here readily “flunk” deposited X-ray structures
that have one residue structure to sequence frame-
shifts, or switches in loops. These programs also
readily detect incorrect structure-sequence align-
ments and incorrect fold assignments in models, at
least when the models are constructed indepen-
dently of the criteria used for evaluation. It is
particularly impressive that QUACHK places the
quality of YWTD domain models within the
normal range for X-ray and NMR structures, and
that they score as well or better than comparable



Table 8. Lines of evidence for the YWTD B-propeller domain

Probability, expectation,
frequency, or strength of

Evidence Conclusion conclusion
(1) Cysteine-to-size rule YWTD repeats are not separate domains High
(2) Always six YWTD repeats Six YWTD repeats form a single domain Moderate
(3) Exons of same phase at domain boundaries, not at repeat boundaries Modular unit is group of six repeats, not individual repeats High
(4) Nidogen electron microscopy YWTD repeats form a single globular domain Very high
(5) YWTD repeats have sequence homology Repeats have similar structure Very high
(6) (1, 2, 3, 4) + 5: Single, globular domain with 6 structurally similar units Consistent with only one of 393 known folds: 6-bladed B-propeller domain F=0.003
(7) Prediction of groups of six YWTD repeats in sevenless /c-ros Hypothesis has heuristic value High
(8) YWTD domains have 24 predicted p-strands, with 4/repeat Agrees with 6-bladed B-propeller domain High
(9) Fold prediction with TOPITS: 7 of 8 top hits are B-propeller B-Propeller domain High
(10) Circular dichroism of nidogen shows all-p-structure Agrees with B-propeller domain Moderate
(11) THREADER normalized Z-score for LDLR-related YWTD domains of 4.52 B-Propeller domain E=16x10"3
(12) THREADER normalized Z-score for sevenless /c-ros YWTD domains of 4.20 B-Propeller domain E=72x10"3
(13) Model of nidogen agrees with experimentally determined disulfides Six-bladed B-propeller domain with largely correct sequence alignment P=56x10"*

(14) Representative models have good structural quality

Six-bladed B-propeller domain with largely correct sequence alignment

Extremely high
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homology models. In the author’s experience, this
can only happen with a correct fold assignment
and a largely correct sequence alignment; even
small differences between models and the correct
fold, such as a shift in an edge B-strand from one
sheet to another in Ig domains, are readily detected
by poor scores. Shifting individual or several
B-strands in the YWTD domain sequence relative
to the alignment with GB shown in Figure 7 gave
markedly poorer scores. Use of quality control pro-
grams for statistical evaluation of models is under
development (R. Sanchez & A. Sali, personal com-
munication), and suggests that the probability that
at least 30% of the residues in the three YWTD
models will be within 3.5 A of the actual structures
is 92 to 98%.

Lines of evidence (11) and (13) in Table 8 are
independent of one another and are associated
with estimates of their statistical reliability. Line of
evidence (6) is independent of (11) and (13) and
narrows the choice of folds to a fraction of about
0.003 of all folds; the probability that these three
lines of evidence would all yield the same fold by
chance alone is 3 x 10°. Line of evidence (12) is at
least partially independent of line of evidence (11).
Therefore, the chance of the B-propeller fold being
incorrect is between 3 x 10~ and 2 x 107", Fur-
thermore, this does not take into account lines of
evidence (7) to (10) and (14), which are more diffi-
cult to convert to a probability, are independent of
each other, (6) and (11) to (13), and provide sup-
port that ranges from moderate to extremely high.
Therefore, it can be firmly concluded that YWTD
domains have a six-bladed B-propeller fold.

A number of recent fold predictions have been
proven correct by subsequent structure determi-
nations (Russell & Sternberg, 1995; Edwards &
Perkins, 1996; Brissett & Perkins, 1996). Here, 1
take the prediction process further than in the past,
by quantifying the amount of uncertainty in the
prediction and showing that it is below the level
required for acceptance of a finding as a fact. This
may not be possible, in general, for fold predic-
tions. The information content available for the
current prediction was extraordinarily rich. It
included clearly defined domain boundaries, 107
sequences with an almost ideal amount of diver-
sity, experimental data including circular dichro-
ism, electron microscopy, and disulfide bonds, and
the presence of structurally similar units within the
fold. It should be cautioned that although predic-
tion algorithms can, at least in some cases, be
extraordinarily powerful, expertise is required for
their optimal use and interpretation, just as for wet
bench experimental techniques.

Any description of the atomic features of the
YWTD domain models is speculative; however,
some discussion appears justified by the presence
of interesting contrasts with the WDA40 repeat.
Although the Trp residue of the YWTD motif is in
B-strand 2, whereas that of the WD40 motif is in
B-strand 3, the YWTD Trp occupies a similar pos-
ition in the models, parallel to and in between

adjacent B-sheets, and pointing out toward the per-
imeter of the B-propeller. In G protein B-subunit
WD40 repeats, four highly conserved side-chains
form hydrogen bonds that help knit together each
sheet and orient adjacent sheets (Sondek et al.,
1996). All four residues in the YWTD motif have
side-chains that are capable of forming hydrogen
bonds, and are likely to serve a similar function.
The YWTD motif appears in the upper portion of
B-strand 2. The Thr and Asp side-chains are par-
ticularly well situated to form hydrogen bonds to
residues in strand 1 and the loop preceding strand
1, in the same and the following B-sheet. The much
poorer conservation of the YWTD motif in sevenless
and c-ros is consistent with a less uniform orien-
tation between neighboring B-sheets.

The YWTD domain meets all the criteria for
protein modules (Bork et al., 1996). It can neighbor
different types of modules, including EGF, FN3,
thyroglobulin-like, and VpslOp modules. It
appears in proteins with widely varying functions.
The phase 1 introns that flank YWTD modules
make them compatible with the most widely dis-
persed extracellular modules.

The architecture of the YWTD domain may have
interesting consequences for the mosaic proteins in
which it is present. The N and C termini of the
YWTD domain are only 5 A apart on the broad,
40 A wide lower surface of the B-propeller. B-Pro-
peller enzymes, the G protein B-propeller domain,
and the predicted integrin B-propeller domain
have their active or ligand binding sites on the
upper surface, which is richly endowed with
neighboring loops that run in opposite directions.
In the YWTD domain this face is unhindered by
the connections to neighboring domains on the
lower surface. EGF and FN3 domains have their C
and N termini at opposite ends of the module.
Tandem arrays of these domains generally have a
linear, extended architecture. Rather than acting as
spacers as previously thought, the YWTD domains
bring their N-terminal and C-terminal module
neighbors into close proximity. It is interesting that
two YWTD domains are never adjacent; EGF or
FN3 modules always intervene. It remains to be
determined whether there is a preferred orientation
between YWTD domains and their module neigh-
bors; however, it is not unlikely that a change or
even reversal in direction of tandem arrays of
neighboring EGF or FN3 domains would result. By
contrast to the impression given in Figure 1 which
is a one-dimensional schematic, YWTD domains
are likely to alter the linear, extended architecture
generally seen for EGF and FN3 domains, and
result in a much more compact, three-dimension-
ally elaborate structure. It is intriguing that in
LRP1, LRP2, and yolkless, there are groups of two
or four YWTD domains in which only a single
EGF domain intervenes between each YWTD
domain (Figure 1). These YWTD domains must be
quite close to one another; and might act together,
for example in binding a single, large ligand.
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Studies on nidogen are consistent with the con-
nections to the neighboring domains and the bind-
ing site for laminin being on opposite faces of the
YWTD domain. A fragment of nidogen containing
the YWTD domain, the C-terminal neighboring
EGF domain, but lacking the N-terminal neighbor-
ing thyroglobulin-like domain, binds laminin with
the same nM K, value as intact nidogen (Fox et al.,
1991). The lack of effect of removal of the thyroglo-
bulin-like domain suggests that the binding site is
not adjacent to its connection on the lower face of
the B-propeller domain. Electron micrographs of a
laminin fragment bound to nidogen (Fox et al,,
1991) are consistent with laminin binding to the
top of the B-propeller domain, since binding
appears to be on the side of globule 3 opposite to
the rod that connects to globule 2. Interestingly,
the integrin o3p1 appears to bind laminin through
loops on the top of its predicted B-propeller
domain (Zhang et al., 1998; Springer, 1997),
although the binding site in laminin may differ.

A homologue of LRP1 in C. elegans is reported
here (Figure 1 and Table 1; see Methods). Thus, the
pair of large, similar LRP1 and LRP2 genes have
been conserved, since the divergence of nematoda
and chordata. Their importance is further under-
scored by the lethality of deletion of either gene in
mice (Herz et al., 1992; Willnow et al., 1996). Cer-
tain of the YWTD modules are unusually well
conserved in the LRPs particularly for extracellular
proteins. In YWTD domain 3 of LRP1, the human
sequence is 95 and 46% identical to chicken and
C. elegans, respectively. Because of this conserva-
tion and the ligand-binding function of the YWTD
domain of nidogen, it is important to keep open
the hypothesis that YWTD domains may function
in ligand binding in endocytic receptors, especially
in the LRP proteins which specifically bind such a
wide range of ligands (Table 1).

Homologues for vertebrate hormones and
cytokines are often absent from lower organisms;
no EGF precursor has yet been identified in invert-
ebrates. Given the wide radiation of endocytic
receptors bearing YWTD and EGF modules both in
C. elegans and vertebrates, it is tempting to specu-
late that the EGF precursor evolved from an endo-
cytic receptor that lost its LDLR class A repeats.

The importance of the YWTD domain in the
LDLR is emphasized in familial hypercholestero-
laemia by the large proportion of missense
mutations that map to it, particularly to YWTD
repeats 1 and 2 (Hobbs et al.,, 1992; Krawczak &
Cooper, 1997; Figure 8A). Deletion experiments
suggest that the YWTD and EGF domains are
important for proper exposure of LDL but not
B-VLDL binding sites in the class A repeats, for
resistance of the receptor to degradation under
basal conditions or during endocytosis of B-VLDL,
and for acid-induced dissociation of the receptor-
B-VLDL complex (Davis et al., 1987, Van der
Westhuyzen et al., 1991). However, many of the
same results are obtained by deletion of EGF
domain 1, EGF domains 1 and 2, or mutation of

the Ca?* binding site between class A module 7
and EGF domain 1 (Esser et al., 1988; Van der
Westhuyzen et al., 1991; Figure 1). There is little
effect of deletion of EGF domain 2 or mutation of
the Ca”" binding site between EGF domains 1 and
2 (Esser et al, 1988); the effect of deleting the
YWTD domain alone is unknown.

The positions of 39 independent missense
mutations were mapped within the model of the
LDLR B-propeller domain (Figures 2A, 8B and C).
Mutations are concentrated in W1 and W6 (49% of
all mutations). In all W, mutations in the inner
B-strands 1 and 2 are far more common (51%) than
in strands 3 and 4 (13%). Interestingly, mutations
also cluster on the bottom of the B-propeller
domain, the side that is connected to the EGF
domains. It is attractive to think that the focus of
mutations in W1 and W6 and near the bottom of
the YWTD domain may reflect the functional
importance of connections to the EGF domains and
possible conformational changes accompanying
acid-induced ligand dissociation (Davis et al.,
1987); however, these regions may also be critical
structurally. The deleterious effect of conservative
Asp445 — Glu and Asp579 — Asn mutations in
the YWTD motif in repeats 2 and 5 (Figure 2)
supports the idea that the Asp side-chain of the
YWTD accepts important hydrogen bonds.

sevenless is one of the most fascinating receptor
tyrosine kinases known (Hafen ef al., 1987; Krdamer
et al., 1991; Cagan et al., 1992). The location within
its large extracellular domain of the ligand recog-
nition site for bride of sevenless, or boss, is unknown.
This study has advanced knowledge on the modu-
lar organization of this extracellular segment, by
identifying three YWTD B-propeller domains and
two further FN3 domains, and defining the organ-
ization of a contiguous segment of 1800 residues.
boss is a seven transmembrane receptor with a long
N-terminal extracellular segment, and sevenless acts
as an endocytic receptor in internalization of boss
in a process that appears important for signaling
development into R7 photoreceptor cells. Possible
functions for YWTD domains in ligand recognition
or endocytosis by sevenless can now be investi-
gated.

The six-bladed p-propeller fold for YWTD
domains defines an interesting new class of extra-
cellular module, and has substantial implications
for a diverse and biologically important group of
molecules. Although lacking in atomic precision,
the models described here provide important struc-
tural information on the threading, approximate
location, and relative proximities of amino acid
residues within each YWTD domain. Moreover, it
is important for future structure-function and
atomic resolution studies that domain boundaries
are now identified, and that the YWTD repeats
previously envisioned as five separate modules can
now be seen to be six structurally interdependent
units that fold in a specific manner into a single
domain.
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Figure 8. Mutations in the LDLR in familial hypercholesterolaemia. A, Point mutations by domain. All missense
mutations, i.e. point mutations that caused a change in amino acid sequence, except in the iniation codon, were
obtained by querying the Human Gene Mutation Database, Cardiff UK (http://www.uwcem.ac.uk/uwem/mg/
hgmd0.html?) (Krawczak & Cooper, 1997). Positions with mutations to two different residues were counted twice.
B, Ribbon stereo view of the LDLR YWTD domain model. Each W is a different color, with 4-1 loops in grey.
Spheres mark the C* position of each residue with a missense mutation in familial hypercholesterolaemia; the
spheres are larger for residues with two different substitutions. The view is approximately parallel to the 6-fold
pseudosymmetry axis, with the “bottom” of the propeller containing the N and C termini, 1-2, and 3-4 loops in
the foreground. Figure prepared with MOLMOL (Koradi et al., 1996). C, Same as B, with a view of the LDLR
B-propeller domain from the side. W6 and W1 are in the foreground; the “top” of the B-propeller with the 4-1 and
2-3 loops uppermost.

Methods
Initial searches

Initially, the segment of LDLR_HU containing the
YWTD repeats was used to search SWISS-PROT with
BLAST. A consensus sequence containing 50 homolo-
gous sequences was prepared with PairWise (Birney
et al., 1996) and used for BLAST?2 searches (Altschul et al.,
1997) of non-redundant protein databases using the
http:/ /www bork.embl-heidelberg.de:8080/BLAST2 /server
and the http://dot.imgen.bem.tmc.edu:9331/seq-search/
protein-search.html server with WU-BLASTP + BEA-
UTY.

Proteins

The abbreviations for the protein sequences obtained
directly from databases, with synonyms and SWISS-
PROT/NCBI, and/or EMBL accessions are EGF_HU,
EGF_HUMAN; EGF_MO, EGF_MOUSE, EGF_RA,
EGF_RAT; LDL1_XE, LDL1_XENLA; LDL2_XE,
LDL2_XENLA; LDLR_CP, 136118, CPLDLREC_1 Chilos-
cyllium  plagiosum LDLR; LDLR_CR, LDLR_CRIGR;
LDLR_HU, LDLR_HUMAN; LDLR MO, LDLR_ -
MOUSE; LDLR_RB, LDLR_RABIT; LDVR_CH, LDVR_-
CHICK (vitellogenin receptor); LDVR_HU, LDVR_HU-
MAN; LDVR_MO, LDVR_MOUSE; LDVR_RA, LDVR_-
RAT; LDVR_RB, LDVR_RABIT, LDVR_XE, 2118675,


http://www.uwcm.ac.uk/uwcm/mg/hgmd0.html?
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vitellogenin receptor of X. Isevis; LR11_CH, 1552268,
chick LR11; LR11_HU, 1552324, human LR11; LR11_RB,
1665753, rabbit LR11; LR8_CH, X97001 chick LR8B;
LR8_HU, 1483143 human LRS, apolipoprotein E receptor
2; LRP1_CH, LRP1_CHICK; LRP1_HU, LRP1_HUMAN;
LRP1_MO, 49942; LRP2_RA, LRP2_RAT, LRP_CAE,
LRP_CAEEL; NIDO_HR, HRENTI_1, Ascidian Halo-
cynthia roretzi nidogen; NIDO_HU, NIDO_HUMAN;
NIDO_MO, NIDO_MOUSE; ONID_HU, 1449167 human
osteonidogen; YL_DM, YL_DROME, yolkless gene pro-
duct of Drosophila melanogaster, vitellogenin receptor;
SEV_DM, 7LES_DROME, D. melanogaster sevenless;
SEV_DV, 7LES_DROVI, Drosophila wvirilis sevenless;
SEV_CH, TVCHSR, chicken c-ros; SEV_HV, TVHURS,
human c-ros; SEV_MO, 2117869, mouse c-ros; SEV_RA,
2117871, rat c-ros.

Caenorhabditis elegans genes

Searches yielded several genes from the C. elegans gen-
ome sequencing project, the splicing of which has been
predicted with the program Gene Finder and by corre-
spondence to cDNA expressed sequence tags (Wilson
et al,, 1994). The predicted genes were submitted to
BLAST2 to identify the closest homologues in other
species. With PairWise (Birney et al.,, 1996) a “negative
sequence profile” was constructed from the sequences of
79 YWTD domains together with their flanking EGF
domains, weighting sequences by PHYLIP tree branch
length and using the BLOSUMS62 amino acid substitution
matrix, and used to search for multiple YWTD domains
within a single protein. Once these were identified, Pair-
Wise searches were done with the corresponding seg-
ments of the spliced genes and the unspliced cosmid
clones; the automatic scaling function was used to set
frame shift and extension penalties for cDNA (spliced)
and genomic sequences, respectively.

A homologue of LRP1, designated here LRP1_CE, is
predicted to be encoded by the cosmids F47B3 (U97017)
and T21E3 (AF003133), which are adjacent on chromo-
some I. Although separate genes were predicted in each
cosmid, it is clear that a single gene spans them. The
F47B3.8 gene contains the signal sequence and YWTD
domains 1 to 6; the T21E3.3 gene contains YWTD
domains 7 and 8, a transmembrane domain, and a cyto-
plasmic domain containing NPXY-like endocytosis
motifs. Splicing from F47B3 to T21E3 is predicted by
PairWise at a position upstream from and in frame with
the previously predicted initiation codon of T21E3.3.
There may be an error in the predicted splicing of
T21E3.3 in the third of 11 EGF-like domains that follow
the last YWTD domain and precede the transmembrane
segment; this third “domain” appears EGF-like only in
its C-terminal half. BLASTP2 searches showed the high-
est homology to mammalian LRP1, and less to mamma-
lian LRP2 and LRP_CAEEL, the C. elegans LRP2-like
protein. Phylogenetic trees of 89 different YWTD
domains with their two flanking EGF domains con-
firmed this; YWTD domain 3 of LRP2_HU, LRP_RA,
and LRP_CAE formed a single cluster, while domain 3
of LRP1_CE, LRP1_CH, LRP1_HU, and LRP1_MO
formed a single, separate cluster.

A homologue of LDVR, designated LDVR_CE here, is
encoded by cosmid T13C2 (U40030). The four top
BLAST2P hits were LDVR_MOUSE, LDVR_RAT,
LDVR_RABIT, and LDVR_HUMAN. The predicted
T13C2.4 gene appears to contain an unrelated gene fused
by the splicing prediction N-terminal to the LDVR hom-

ology region, which begins with the exon starting at
nucleotide 16,738. This region contains the same number
of all types of repeats as LDVR, and like the major
LDVR_CH transcript (Bujo et al., 1995) lacks an O-glyco-
sylated region. It contains a transmembrane domain, and
a cytoplasmic domain with an NPIY endocytosis motif.
PairWise analysis with the unspliced gene revealed a
frameshift within the threonine codon in one of the
YWTD motifs. This was repaired by insertion of an A
after nucleotide 19,760 of cosmid T13C2, and the exon
was extended by 138 nucleotides to position 19,927. The
revised splice donor sequence, CAAGgtatgt, matches the
consensus better. The predicted amino acid sequence
contains ten revised residues and 56 additional residues;
these 56 residues are 46% identical to the corresponding
region from the YWTD domain consensus.

The cosmid F14B4 (Z75535) contains a predicted gene,
F14B4.1, with similar homology to widely different
proteins containing YWTD domains, and therefore may
currently lack a vertebrate orthologue. It contains an
N-terminal signal sequence, a single YWTD domain with
flanking EGF domains, and a basic C-terminal region
but apparently no transmembrane domain. It was desig-
nated LDR_CE here.

Sequence alignments

Sequences are designated according to the protein and
the position of the YWTD p-propeller domain (defined
as in the key to Figure 1); i.e. LRP1_HU3 for YWTD
domain 3 of LRP1_HU. YWTD sequences flanked by
EGF or thyroglobulin repeats, i.e. excluding sevenless and
c-ros, were placed in one alignment that contained 89
different YWTD domains. The sequences included one
EGF domain preceding and following each YWTD
domain, except for LR11 or nidogen which have another
type of N-terminal domain, and osteonidogen, which
lacks a C-terminal domain. EGF domain boundaries
were identified from SWISS-PROT annotations, and by
alignment followed by inspection of sequences in the fol-
lowing groups: nidogen and osteonidogen; LDLR and
LDVR; LRP1; LRP2; LR8; LR11; and EGF precursor. In
LRP1, LRP2, and yolkless, certain EGF domains are
C-terminal to one YWTD domain and N-terminal to the
next. Thus, in certain cases the identical EGF sequence
was present on opposite ends of the alignment, present-
ing a challenge to alignment programs. Alignment was
with PRRP (Gotoh, 1996), using Gonnet amino acid sub-
stitution matrices. Initially, the prealignment before the
iterative refinement was by the rough length method
and the penalty for terminal gaps was set identically to
that for internal gaps (=1). The resulting alignment was
then used as the input for a further iterative refinement.
The conversational mode was used to set terminal gap
penalties = 0.001, and five series were done. Gap exten-
sion and opening penalties were tested; those of three
and eight, respectively, gave sequence blocks with the
least number of gaps in positions of preliminarily
predicted B-strands.

Secondary structure predictions

A phylogenetic tree of the 89 sequences with YWTD
domains and flanking EGF domains was constructed
with the PHYLP program in the PRRP package (Gotoh,
1996). The eight phylogenetically most distant sequences
had <21% identity to the three target sequences for struc-
ture prediction; these sequences, LRP1_CE1, LRP1_CE4,
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LRP1_CE5, LRP1_CES8, YL_DM2, YL_DM3, LRP_CAE2,
and LRP_CAE4 were discarded from the multiple align-
ment of 89 sequences. The consensus of all 89 sequences,
from the .prf profile file made by PairWise using branch
length weights, was added to the alignment. The result-
ing 82 sequences were realigned with the same PRRP
settings as above. The alignment contained 575 positions,
and 39(£1)% of the positions were gaps for the target
sequences. The gaps, many resulting from just one or
two sequences, most often the LRPs, greatly degraded
secondary structure prediction because PHD does not
remove gaps present in the target sequence from sub-
mitted multiple sequence alignments. Therefore, all
blocks of sequence where no residue was present in the
target sequence were removed by editing. This resulted
in 307 to 359 alignment positions for the different targets,
and sequences with <23% identity to the targets were
omitted from individual alignments, as was the consen-
sus sequence. The number of sequences aligned to each
target, and their mean and s.D. sequence identity were
EGF_HU2, n=79, x=31(£9)%; LDLR_HU1, n=79,
X = 36(£14)%; NIDO_HUI, n =73, x = 29(+8)%; consen-
sus, n =281, X =44(+6)%. These alignments were sub-
mitted to PHD (Rost, 1996) (http://www.embl-
heidelberg.de/ predictprotein/ predictprotein.html).

For secondary structure prediction of c-ros, the entire
extracellular and transmembrane domains of SEV_CH,
SEV_HU, SEV_RA and SEV_MO were aligned with
PRRP. Gaps in the SEV_CH target sequence were
removed, and MSF alignments were submitted to PHD.
Thus, secondary structures of individual YWTD domains
were predicted independently of one another; sequence
identity was too low to yield an accurate multiple align-
ment that included YWTD domains 1 to 3.

Motif searches with sevenless

An alignment of the previously identified (Norton
et al, 1990) FN3 repeats 1 to 3 and 5
to 8 from SEV_CH, SEV_HU, SEV_RA, SEV_MO,
SEV_DM, and SEV_DV was divided into four sequence
blocks. Motifs were identified in each block with MEME
(Bailey, 1995) (http://www.sdsc.edu/MEME). Motif
profiles were submitted to MAST (Bailey, 1995) (http://
www.sdsc.edu/MEME/meme/website/mast.html)
and run against the non-redundant database to deter-
mine the significance of motif matches to FN3 repeats 4
and 9 in sevenless proteins.

Threading predictions

Threading was with THREADER v2.1a (Jones et al.,
1995) (http://globin/bio.warwick.ac.uk/ ~ jones/threa-
derhtml) and used default options unless specified
otherwise. The database of 1908 representative chains
and domains was updated by including chains and
domains from pdb structures lhex, 1tad, 1tbg, 2bat, 2sil,
4aah, leur, 1got, lido, 1jlm, 1kit, 1nir, Innc, 1zxq, 1tit,
lwit, a 1.28 A structure of cytochrome cdl from Thio-
sphaera pantotropha (Baker et al., 1997) and structures of
ICAM-1 (Casasnovas et al., 1998) and MAdCAM-1 (Tan
et al., 1998). Files were converted to THREADER data-
base format using STRSUM.

Templates and models

The seven-bladed G protein B-propeller domain (chain
B of 1tbg.pdb) was transformed with the pseudosymme-

try axis on the z axis, and permuted to place residues 45
to 54 after residues 55 to 340, so that all of sheet 7 was
together at the end of the pdb file (1tbg_per_sym.pdb).
A model seven-bladed propeller was made with SegMod
(Look 3.0; Molecular Applications Group, Palo Alto, CA;
Levitt, 1992) in which the sequence of sheet 6 was incor-
porated into sheet 7. The sequence from 1270 to H311
was modeled on equivalent residues in sheet 7 (Springer,
1997), except that for residues D298 to D303, which took
the place of a loop from the C terminus to the N termi-
nus of the B-propeller domain, the template was the cor-
responding residues from sheet 6 superimposed on sheet
7 using framework residues (Figure 2 of Springer, 1997).
The new sheet 7 with sheet 6 sequence was then pasted
into 1tbg_per_sym in place of sheet 7, to make file
1tbg_per_sym_166. Since the contacts between neighbor-
ing sheets are the key determinants of B-propeller
domain structure (Murzin, 1992), distance restraints
between each pair of sheets were used to prepare a six-
bladed propeller with Modeller4 (Sali & Blundell, 1993)
(http:/ /guitar.rockefeller.edu/modeller /modeller.html).
Two alignments were used to generate restraint files:

123456- and 12345-6¢6,

in which A, B, C, D, E, and F symbolize templates for
sheets 1 to 6, f is the model sheet with sheet 6 sequence
in place of sheet 7, and 1 to 6 symbolize the aligned
sequence of the sheets for the six-bladed model. Each
alignment instructed Modeller to make restraint (.rsr)
files that contained distance restraints only within indi-
vidual sheets, and between each pair of neighboring
sheets. Sheet 6 was affected both by the restraints
between sheets 5 and 6 (E and F) and sheets 7 and 1 (f
and A). The two restraint files were combined, and the
starting position for the model (.ini file) was taken from
that of sheets 1 to 6 in a seven-bladed propeller, yielding
1tbg_per_sym_166_mo6.

To ensure a native-like sheet structure, the above six-
bladed models were used as templates to prepare the
final six-bladed templates. Sheets 1 to 6 were individu-
ally cut from the original 1tbg.pdb file, and superim-
posed individually on the corresponding sheets of the
Modeller (mo6) model, using framework residues that
align with the KIYAMHW, LLLS, KLIIWD, and KVHAI
sequences in sheet 1. The coordinates for the superim-
posed, native sheets were written to a pdb file. The files
were permuted so that the N terminus was placed at the
beginning of strand 2 (_s2), or strand 4 (_s4) in sheet 1 to
create e.g. file wl-6_on_ltbg per_sym_166_mo6_s2.
These files were then used as templates with SegMod in
Look 3.0 to model the same sequence, except that H62
and R150 were mutated to alanine. Both residues
protrude into the central cavity of G beta, and the central
cavity will be smaller in a six-bladed propeller. The final
template files were mo6_s2 and mo6_s4.

Final models were made using the sequence-structure
alignment shown in Figure 7, with either wl-
6_on_ltbg_per_sym_166_mo6_s2 or mo6_s2 as tem-
plates. A model of yeast Sec-13 used mo6_s4 as template,
except that the template pdb file was permuted to begin
with residue E130 to obtain greater sequence homology.
The alignment was similar to a previous Sec-13 model
(Saxena et al., 1996) except that some insertions were
moved out of B-strands into loops.
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Data deposition

The coordinates for the theoretical models have been
deposited with the Protein Data Bank: LDLR_HU, 1brx;
LRP1_CH?, 1lpx; NIDO_HU1, Indx.
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