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Molecular modelling of the Norrie
disease protein predicts a cystine
knot growth factor tertiary
structure

Thomas Meitinger!, Alions Meindl', Peer Bork?”, Burkhart Rost?, Chris Sander?,
Marina Haasetnann® & Jan Murken!

The X-lined gene for Norrie dissase, which is characterized by blindness, deafness and
mental ratardation has been cloned recently. This gene has been thought to code for a
putative extracellular factor; its predicted amino acid sequence is homologous to the G-
terninal domain of diverse extracellular proteins. Sequence pattemn searches and three-
dimensional madalling now suggest that the Norrie disease protsin (NDP) has a tertiary

structura similar to that of transforming growth facter B (TGFA). Our model idsntifies
NDP as a member of an ermerging family of growth factors containing a cystine knot
rmotif, with direct implications for the physiclogical role of NDP, The model alsg sheds
light on saquance related domains such as the C-terminal domain of mucins and of von

Willebrand factor.

Polypeptide growih factors are involved inoa range of
trophic and plastic growth responses in enkaryotic celist.
They include several subgroups idemiled on the basis of
sequence hamalagy. & group af cysteine-rich peptides
with a commen theee dimenglonal protomer structure
includes nevurateophins such as transforming growth
factors (TGFG), nerve growth factor {NGF), plateley
derived growth faccoc {PDGF-B), and other scquence
telated proteins { For review see rof, 2), While the sequence
o nerve growth factor (WG has been known for more
than 20 years’, the availakility of the three-dimensinngl
[3-IY) structure now greatly facilitates detailed structural
and functional studies. The crpstal structuce ofthe murine
MGE-diumer revealed a characteristic 3-D fold* that has
singe been vbserved in other growth fctors with low
sequence similarity, inchiding TGER2 [ refs 5,6 and PDGE-
B, The common structural core of these proteins is
formed by an equivalent pattern uf three disulphade
bridges®. Tn this muif, 2 ing is fornied by two disulphide
bridyes. A thicd disulphide passes thraugh the centee of
the ring {eystine knot motif?, see Eig, 1al, Monamets of
this family of proteins have 100- | 3¢amingagids residoes.
The six cysteine residues and cheir spacing are essentially
the anly conserved feature when the primary sequences
are aligned. Al of the growth factors containing the
cystine kniot motif form active dimers that bind o specific
receptocs. However, the mode of dimerization is
completely different for each of the three families?. ‘The
mast reécently described member of the tamily of dimee-
forming TGEG related proteins appears to be a glial ool
line-derived neuratrophic factor [GDNFI.

Wehave recently described the seeucture of a gene which
codesfora cysteine-rich, extracellular provein with asequence

leogib of 133 aming acids", Less of function mutations
within this gene cause Norrie disease, an X-linked disorder
characterized by blind ness, deafness and menmal retardarion,
The gene was identified by positional cloming''"™ and
intrupenic deletions as well as point mutations have been
demensirated in patients with Morede disease'". Clinical
and histological examinarion suggests the involvement of
geowth or angiugenic factors in the pathogenésis of the
discase whose ocular manifestations are characterized by
dysorganizativn of retinosensory cellsand a highly vascular
retrodental membrane', The {-lerminai cvsteing-rich
demain [CT domain) of WDE shaws hamology to the C-
teemini offunctionallyand steucturally diverse éxtracellular
modular proteins™'*. The closest homeologues are several
extracellolar mucins and von Willehrand factor (WWE™).
The Prosephila siit provein, involved in developmant of
midline glia and commisural axen pathways™, and a family
of geawth regulators incuding <eftG, opr6d, mov and
comnectyve tissue prowth factor {CTGE, also have a
bomuologous CT dumain, N function has been assigned so
Far to this demain,

To examine the possible involvement of growth factors
in the pathogenesis of Noreie diseate, we have tested the
hypethiesis that NDF adoprsa 3-Tr strugiure with acystine
knot motif similac to that of TGER, NGF angd PLGE, The
structural similarity is explored using sequence pattern
searchaes, secondary structurg predicticns, tertiary
structure madelling, and conservation mapping, that is
the analysis of the plagement of conserved residue
properties in the 3-D model The progression from
positional choning of the INDP gene to madelling of the 3-
I structure and precise functional predictions for
particular residues illustrates the power of combining
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Fig. 1 Gysteine residues. sequenca alignment and secondary stricture pradiction of TG and NDF. a, Sshematle representation of a TGH3-
like manomer modified after rafs 2 and B. A-strards are drawn A8 Brows [11-04). The cystine knot forming residuss are numbared 1-6:
dlzuiphica briggas are indicated. The loop betwesn B-strand B2 and B3 shows variable lengths and crystal strugture in TGF, NOGF and FDGF
[, &, Multipla abgnmeat of NOP and related CT-domalma with TGFD end NGF, Rat and human mucin sequencas wars added to tha CT-
dormain aligment 10 {mus-ra:®, aa 732-817; muc-hum ', aa 880-B65), The structure-bazed alignmert of TEFR2 with MGF was taken from rel,
8. Al saquances are allgrned to malch the Gyataina rasiduss numbersd 1-6 and a-d. Inssrions/dafetions are indicated by dots, The cysteine
forming an intermolacyla” disulphide bridge in TGFH s marked by & slar, Dimer contacts {'d') and hydrophobic cora 2ontacts ['in TGF§ are
conmistent with corresponding positians n the CT.domains. Two Indérs in Iha NGF asquance nave been deletad (§.KEVTVLAEY. ¥,
ASNPYES). o, Alignment af cysteine and glycine résidicas In TGFR with those fn NDP, The number of aming eclds X} betwean conserved
Eyatalne resldues (L) s givar. Cyetainas invalved In thy cystina knot dre riumbarad 1=6. The additional cystelnes congarded [n tha ST domaln
are nurmbarsd a-d. A star indicates the cysteine resicue imvelved in dimerization. &, Comparison between observed B-strands and helices in
TGFR and predicted 2nd st-utturas of TGFR and NDP {exp, eryatal strusturg; PHD, prediction from sequance family; E, B-atrand; H_ ie-helix. G,

3,,-helix: space. looph N

P15 prediclad 1o consist predgminantly of B-sheeta. with swand placernenl roughly in agraament with those

axparimantally observed in TGFS. The cantral predicted B-sirand (seguence LVSFSTY in NOP} aciually is a halix in TGFR, involved in
dimesization, and is Nkely to ba presant in NDF; the incomes! pradiction of this strand is probably due to the hydropheble rasidugs &t the
sutace lnvelved in the dirmer contacta,

expericnental and thearetical methods in 1he analysis af
buman genetic diseases.

Sequence-siructure alignrment

NOHPand related C'L-donaing show a significan sequence
'I-_.:mm'log}' {'Fig, L%, The highcs.l identir}' and simllaril’:{
values are found between NDP and the human intestinal
rucin, MUC, with values of 300 and 49%, respectively.
Between TGFR and related sequences with koown 2-0
shructures, the percentage Ggures do not exceed [0% for
identity andl 258 far similarity, When comparing TGFE
with any of the NDP refated sequances, similar non-
significane valoes are obtained, However, a characreristic
patternemmetges between TGER and NP related sequences
when anly cysteines amd the distances berween them arg
compared (Fig. 12). The alignment of the DF primary
sequence to the known structure of TGRS veveals several
canserves Beatwres: {11 Cys residucs at the right spacing
match cach of the disulphide bridges in the commen
structural core of the 'TGER/NGE family. Ooly o few
insertions and delerions have to be introdoced to align
WO and TGFE (b residues in 5 gaps). To particolar the
knat-tarming cystrines representing the core ol the grosth
faetor fold can be aligned withour gaps. (] The Cys,

aature pemencs volums & decerber 1993

which it known to br involved in the dimcrization of
TGFS, ispresent al the equivalent position in NOP{Cysd5
in MOPY. €Qi) A stracturally important glycine with a
pesitive phi-angle.an uausual conformation, is conserved
i TGER, PDGTF and the wther CT-dimuain proteins,
Difterences can be observed in the length of leaps which
extend from cysteine residoas | and 2 as well 13 from
cpsteing tesidues 4 and 3 in TGTR related prateins with
similar 3-I3 structares (Fig. 1a%. In contrast, the iengzh of
the Lowaps i8 less variable in the CT domains,

Senuence pattern search

The signifieanceafthe similarity hetween WDP and TGEB
can be confirmed with consensus sequenge patterns’!
derived fram the alignment of Cl-domains and TGFE
related sequences {data oot shown), Twe ditferent
consensus patterns were caleulated from an alignment of
all CT famnily members with 50 TGFEZ homelogues: (112
patterns which only specifies the invariant cysteine and
glveine residucs commen to the TGFR family and CT-
domains (Fig- 1¢} and [} 4 pattern which includes
additional sequence features such as canserved
hydrophebic positions. With the firsy pattern, all members
af both familics are distinguished readily from all viher
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Fig. 2 Aibban dlagrams of tha sxparimantal 3-0 strocturg of (g TGFS and (b) the 3-0-nedel of MOP. The sicle chalna of
all cysteines ara shown as balls ard sticks. Full size stoms nasr the cysting knot are in the sida chain of the oysteing
rasldua invelved ia 1he direr-{aoming disulphide bond. The shaded area indicates tha approximate locat.on of tha
hydrophobic clustar on ona face of the (- shesats. Cys residues a—d marked as n Fig. *.

sequences in the databases. The discrimination is even
clearer with the secand pattern,

Secondary structure

The pradicted secondary structure of NDF agrees well
with that dertved from the exparimentally known 3-D
structure of TGER [Ty, 1d). Predicted B-strandsand loop
repions between the residues forming a cystine knorofthe
CT.domain are compatiblc with the observed fstrancs
common to TGFR and NGF, Secondary structure
predictions are independentof the direct comparison of
sequence patterns and bwecorne meaningful because nf a
recent significant increase in the perfurmance based on
multiple sequence alignments. The prediction methad
used—a proffil: based neural network method—has a
sustained accuracy uf about 71% in the three states helix,
strand and loep, and an expected accuracy as high as 90%
for residves with a very sirong predictian cignal®.

3- similarity between NDP and TGFB

From the dlignment of WDP with TGFR, o udl 300 medel
of NDF protein was built by replacing the side chains in
the TCTEstructure with thase u IR, Afteruplimization,
thefinal model (Fig. 2% reveals other features that suppar
the physiological relevance of this model siructure. Fies,
twa addutional disulphides can be formed by four of the
remaining cysteings of NP, The side chains of owo
cysteines each end up within a few & of each ather inthe
TGEB-based KO model. Thisisa non-trvial consequence
of mapping the NP residues onto the 3-D suocture of
TGES, the probability for such a constellativn tooccur by
chance isvery low, Second, aspatially compact network of
bydrophobic residues at the haiepin eod of TGEFR (tup
tight in Fig. 28} links the four f.strands. Almast abl of

these residoes {2 out of 10, marked "h" in Fig. B0 retain
their hydrophohic cluster 1t the 3-13 imwdel, Thied, the
dimer interface in TGFB is formed primarily br one face
af the B-sheer [the palim of o slighdy curled band)
interacting with the helis. Besidwes in this intezface
(marked “d" in Fig. ' cemain predominently
h:,'dmp'imlhlc et the 300P and OT sequences [ ot ul B,
where the stem ofLysand Argisconsidered hydrophahbic -
Finadly, the single remiaindng unpaired cysicine of S0P
accurs in exactly the same spatial pogition as the unpaived
¢ysleine residoe known W faeen an intecmolecular
disulphide link iau the TGER dlimer.

Discuasion

The structural similarity between NP and TSEG s
suppotted by cumparison ofdisul phide patteens, seqaenge
pattern searches, all-atom-model huilding aferalignmens.
and conservation mapping. Our 3-1 model of XD s
based on the known TGFE cevitral stoncture, Alchough
the model isin agreement with a cyvstine knot like stracture,
it Eray Lo be comsidered as a first appeoxiination and is not
asubstirute foran experimentatly derived tertiary steucture,
However, it provides the hasiy for precise predictions of
funictional details which can be tested experimentally.

A derailed prediction af the dimerization mode fothyws
from the laet that NP s recognizably nore sim:lar to
TGEG than to NGF and to PDGF. Mot only is the
intermeolecular disulphide bridge tinking the two
maiamers predicted, butalso the headAn-1ail acientaton
that is characteristic of TGFG, and different from that of
NGE. Such an arientutiva is supporied by the presence of
a sequence insertion comman only to NOF and TGER
{and nut preseat in NGF o PRGT) which corresponds
ana-helixinvolved in dimer inserface contacts. The dimer
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Fig. 3 Modular architeacture of peetains
containing tha CT-domain, Vs,
WS, VWD, B and X are domaing in
v Willebwand lactar aiso prasent in
dlhar setracallular medular prata:nse?,
T, medyla firgt found in
thracnbaspandla; 1, madule fommaon
to insulin-tikg grawth fecyer binging
proteing; SCP, domalns feund in
cesmplament condrol proteins; C7, C-
tarminal downaln; thick ber, signal
paptide; 100, approximata langth of
100 amino acids, CTAF, sonnegiive .
tissua growl™ factor L=

Mucl - hbuman

CTGF family

MDF

¢onacts in TGER are made in part by Jarge hydeophobe
resicdues on the surface of the £-sheet and the -helix,
partly conserved in the sequence of NP, The details of
dimenzation may, of course, turn aut to be different.

By sequence similacity. WOP belongs to a family of
demains which alu vecar at the C-termini of o class of
extracelluar medular proteins that includes vWFE. several
miscins, st and a family of growth regulaters related w
connective tissue growth facler. The 3-T srructure
prediction of the WI¥P monamer can be extended to all
memtbers uf this family and prevides o Grst indication as
to the function ofthis domain (Fig. 3). Also, the propuscd
mode sf dimerizaion is likely to be valid at least for the
claser relatives of WP such as mwucing and wWE
Remarkably, dimerization of vWF has been shown
experimentally 1o occur via disulphide linkage within the
C-terminal domain™, consistent with nur hyvpothesis,
The prediciion ofhe erocial cale of Cya2773 0 vWT (oc
equivalent residues in the ather CT-modules} in
dimerization provides a precise and testable hypothesis
mutants of NP or vWFE in these eysicioes should be
umable to dimerize.

Further examples of peprides with eight membered
rings formed by two disulphide connected backbones
include endatheling and neuratoxing®. All these peptides
have in common that they atfect their tacget cell through
cell-suriace receptors and that lovps protruding from the
cote structure deermine recepor specificity. In TGEG,
recepton specificly has been associated with sequence
alterarions in the oc-helix betwedn gysting koot residues 1
and 5 {Fig. La)™. In contrast. the putative binding sites for
NGE arg lecated in the hairpins loops located in the
antiparallel #-strand regions®. Possible evidence fer the
mode of receptor binding in ¥DP comes from mutatiens
observed in Norde disease patients, Eight aut of 13 paint
mutations observed so far (data not shown! result in
translational swops; four mutations affect ¢ysieines
invotved indisulphicle bridges. Theother three muotations.
V&0, LELF and R9OF are either located within the
predicted a-helix reginn [RF0P) o at the centre of the
predicted anti-parallel B-zheets and probably act by
disrupting the prowein fuld vr participatiog dirccity in
NT¥P-receptor interactions.

Grawth factors are invalved in ihe pathogenesis of
diseases with mulifactarial eriging such as cancers and
autoimrnune disease™s’. Growih factor gene mutasions
bave alsa been implicated in the pathogenesis of
phacomatoses like Proteus syndrome and multiple

TANTE Femnes valume 5 december 1393

procensed TGFRMSNGT PDGF GDNE

endecrine neaplasia™ & monogenic disease model has
been established in mice: disruption of the TGE o gene by
homolegows tecombination causes hair follicle and eye
abnormalities similac to the waved: 1 mutation™, With
the identification of N1)F as a putative peptide growth
Factisr, & monogenic disease model becomes available fur
the family of crstine knot grawth factars. Norric disease is
a neurodegenerative condition affecting the eyes and the
brain with the phenotype mirrgred by the expression
pattern of the disease geng. The mest prominent
bistolegical Aindingin thisdisease isa dysgenesisof ganglion
cells and sensory cells of the retina™. The highly vascular
retrelental menbeanes which is a consistent finding in
wortie disease is likely tole a secandary effect. Fsychiatric
disorders may develop later in life although marked
imteafumiliar differences have been observed. Hilateral
sensinenronal bearing Toss can alse ncour and has been
described in the absence af mental disturbances™, Merve
cells depend on their target <ells for development and
survival. Loss of function of a factor involved in the
arganisation and mainrenance of nevrons in the retina as
well a4 in the central nervous system provides a plausible
explanatien fue the observed sympioms of the disease,
The proposed 3-0 struckures of NDP and of related C-
wernlnal demains of extracellular proteins add new
members 1o the expanding family of growih factors
conlaining 4 cystine knot maotif, Melegular details can be
read fram the madel betore the pratein is expressed and
its shape investigated experimentally, Animal models in
cenbinatian with immunohistochemical stadies will be
used to investigate 1he cells excreting NDP a5 well as their
carresponding target cells. Expression cloning will facilitace
the identification of the NOP-receptor and recombinant
proteins will be used to study NDP-receptor interactions,
Whether BMDP can function as a rescue Tactar in Norrie
disease ot in otherwise damaged retina will also be open
winvestigation®. For all thesearsas of fueare research, the
3T % 0P structure model will serve as a valuable guide,

Mathodalogy

Sequence homology, Sequencas were taken fom SWISSPROT. PIR
woud FAABL sequen e databanes. B logy searches were done wiing
the darahase PLR [mtecnational (cedase 38, Martinscied Instivase for
Bratein sequences) and the progeams FASTAY and 1587, The
sequenses were aligned tu give maximum identity with a minimal
numker of gaps. Feam the zligneent a consensus pattern based nn
11 steric and physicochemical amine acid properties is derived”.
‘Tthe patteen reflecis cambinatiens ul properics required 21 each
position. Deviarions from the pasern, glven a randudace soquence,
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are scored in Lenes of the number of properties thal devias 4 3
particular pasiticn {mismacchesy; insertions and deletions are alw
penalized’ . The program PROPATS perfurms 2 sensilive Jatabase
warch with cnngengws patleras, Sequences with a low mismalch
suore are identified a3 comsiring the partern, pravided theie scores
can be distinguished Frantt the random background ol uncelated
datubuse seyuences (many mlsmarches), Wit this procedure false
positives are unlikely: if swo unrelated families were aetificially
alipned, che subsgquent database seurch would fil eo separate he
twir input farniles foom the unrelated database SEQLENTEY,

Secondary struciues prediction. The peediclion methed used™ 52
profile based neura] network medhod. As the CT-fumily rapressnis
aratherdivergent set of proceinz, anafigniment culeulated previously
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[Fig. L} was uiad a3 inpot prafile (For decsls see ref. 220 The
program ia available an e-mal (Gieerhet: PredictProseind Embi-
Heidelberg. De, “Teipth Theeeperimentallvderived TGFR sruciure
wan taken from he Aroakhaven protein databank® (pre-release;
LTS

3-D model buibding, An initiwl 2T medel of ST was buic by
replacing the sicde chains of the TOPS structure wich those of NP
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