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PHD —an automatic mail server for protein
secondary structure prediction

Burkhard Rost, Chris Sander and Reinhard Schneider

Abstract

By the middle of 1993, > 30 000 protein sequences had been
lisicd. Frw 1000 of these, the three-dimensionul frertiary)
Seructure has been experimentalfy solved. Another 7000 cam be
modelled by homology. For the remaining 21 000 sequerices,
secondary sfritcture pradiclion pravides o rough estimate of
structural feaipres, Fredictions in three states range Berween
35% frandom) and 88% thomaingy modelling) overaf! E2OCTHRICY.
Uving informtion abom evolutionsry conservision us comgined
in muditple secquence aligratenis, the secondury strcire of 4700
Profein sequences was prediceed try the automasic e-mail server
PHD. For proteiny with ar least one known homologue, the
method has an expecied overall three-state accuracy of 71, 4%
Jor preveing with e least ore known homologne (evaluated on
126 wnique protein chains).

Introduction

The number of known preiein sequences (30 000 SWISSEROT
release 25.0, Batroch and Bocckmann, 1992) is growing much
fuster than that of known protein structures (1000 PDB:
Bernstein ef af., 19773, About 300 of the known structures are
unique in terms of detectable sequence homology (Hobuohm
etal . 1992; U.Hobohm, personal communication). This
situation makes theoretical predictions of structural features of
proteins increesingly necessary.

Suppose one has a sequence of unknown structure (S05) and
wants 1 kiww as much as possible about the structure. How
con theary help? If there i a protein with a similar sequance
0 508 in the dats bank of known structures, model building
by homology allows the prediction of the sirucnire of SO8 with
reasonable accuracy (Greer, 1980, 1981, 1990, 1991 Blundeli
et al.. 1987, Taylor and Qrengo, 1989, Crerington ef e, 1990;
Surnimers and Karplus, 1990; Vriend and Sander, 1991; Holm
and Sender, 1992k, Levin, 1992 Taylor, 19923 If nat, i.c.
if the 503 belongs to the majority of the 75% of known
sequences which do not have homologues among the known
three-dimensicnal srrsctures (Schneider and Sander, 19973,
there {5 still a chance to model the fold. ¥ the S0S 13 very shor,
mulecular dynamics could perhaps help w fold it up (Karplus
and Petsko. 1990: Jernigan, 1992; Abagyan and Toreoy, 1063:
Dill, 1993). If the S80S is too long, there still is a chance of
finding the three-dimensional structure: ane can Lry Lo thread
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the 308 into a known strucrure, i.e. to find a protein of known
Struclure which has ne sipnificant sequence similarity to 3085
but i= likely to have the same fold (Bisenberg und McLachlan,
1986; Baumann er al.. 1989, Cverington ef ai., 1990, 1992
Sippl. 1990; Crippen, 1951; Finkelstein and Reva, 1991; Liithy
efal., 19910, 1992; Goldstein er al., 1992; Holm and Sunder,
1992a; Sippl and Weitckus, 1992; Oweounis ef af., 1993, Stulz
eraf,, 1993), If this attempt also fails, prediction in three
dimensions is no longer possible, One now has o revert to one
dimension, i.e. to a prediction of one-dimensional strings
of secomdary structure assignment. More than 20 years of
contingous effort to predict the secondury structure has led 0
the result that the performance is still far from 100% accurate;
bue LD is net necessary, An impurtant goal is thatr most
secondury structure segments are predicied correctly. And for
this there are promising methods.

How aceurate is secondary structure prediction?

A random prediction of secondary structure in whres states
(helix, strand, rest—here termed loop) yiclds an overall
per-residue accuracy of 35 % (Rost of &, 1993). [Nowe: For pwo
state predictions such as helig'mon-helix the random value is
~55% (Rost and Sander, 1993b)]. This value provides a lower
limit for the evaluation of predictions. Early methods such as
those of Chou and Fasman (1974), Robson et al. (Garnder &f wi.,
1978 Robson and Pain, 1971) and Lim (1974} scored 14 — (9%,
above the random level (Kabsch and Sander, 1983b). In the
I1980s the acouracy increased to ~60—66% (Pritsyn and
Finkelstein, 1983; Levin o ol., 1986; Gibrat & al., 1987; Biop
er al., 1988, Gascuel and Golmard, 1988; Levin and Garnier,
1988; Salzberg and Cost, 1992; Zhang ef al., 1992, ie.
24-30% above the random level (Figure 1), Using profiles
from multiple sequence alignments a system of neural networks
{dubbed PHD) was the fira methix] t0 achieve & performance
accuracy > 70% when cross-validaed an > 10 unigbe proteins
{Rost and Sander, 1993a), i¢. = 34% above the random level
(Figure 13. What is 4 reasonsble goal for scouracy in secondary
struciure prediction? An upper limit for a wvery accurete
prediction i given by the accuracy to be expectad if a three-
dimensional homoelogue o the 508 were known, ie. if its
three-dimensional structure can be muodelled by homology with
reasonable accuracy. A comparison of 1403 protein pairs of
known siructure shows that these have -~ 88% of their rasidues
in identical secondary structure states: helix, strand or loop (Rost
eral | 1994
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But how good is the prediction for the test case $057 Of
course, the answer can only be estimated from the staristics over
tesls with proteing of known three-dimensional siructure. For
the 126 proteins used in the cross-validation test of PHD the
standard devigtion of the latest version was 9.5%, i.e. the
prediction of 308 is likely t be 714 = 9.5% asccurate.
Secondary structure predictions are successful in capturing the
clichés contained in the data bank. S0, e more unusual the
S0% protein is compared w known sttuctures, the less likely
is & good prediction. Two recent examples of prediction Failure
are the phosphatidylinositol 3-OH kinase pS8__human (Kohda
et al., 1993: Koyama ef af., 1993} and the anti-freeze protein
type Il anpe__macam (Sannichsen ef af.. 1993): both recently
solved structurey and both predicted st low accuraey of ~40%.
Thus, thete ® a small bot non-vanishing chance that the
prediction for 808 is grossly wrong. A more encouraging

meskage 15 thal the petwork prediction allows the identifieation
of regions that are predicted with higher relisbility. About 36%
of all rosidues are predicied af un expected accuracy of BRY,
L.e. comparable 0 what can be expected it homolagy modelling
were possible for $08§ (Figure 2).

How docs PHI}Y work™?

The methods used W gencrate the suanatic prediction of
secondary structure by the PHD method are a profile
alignment (algerihm: MaxHom/HSSP), which processes a
profile of amino acid compaesition, ahd 8 system of neursl
netwarks that uses this profile for the prediction (PHD). The
meethods will be only briefly skeiched here as they are described
in mere detail ¢lsewhere (Schneider and Sander, 1991, Rost
and Sander, 1993a),
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Fig. 1. Nomuwlized averall thres ste weuruey of seeoidary structure prediedinng, The values for the oveeadl thrse-stede {helix, strand, Joop) uecursey 0f prodiction

methods are normalized nuch thet o random predicion scoces at 0%, and owdelling by bomningy vields [O0%. 1 c. e L

— ey iR

£ (iwluded ure methds for which cross-validurion bas been performed without allrwing peirwise sequence idemtity > 35% herwsen the PreMEing waid
for cvaluation. The methids are labelled sconrding 1w the witwtion ia the Ticrmmre |, Those labelled with w aar £=) were tesled 0o w datahase of 62 protein,
used by Kubeuch sid Sundber (198301, 4 double star 0+*) incicares results Fur the dushase of 126 proteins wsed in Resy and Sunder £19933). *Refererne oet' describes
the performance of a4 standard neury) tetwork (Qian and Sejnowksi. 1988 Hrlley and Karplus, 19R9) teviod wn 126 anigue pootein chuie, “PHD" lahels the
perfornumce of e mstud weed inoe server, 'ETH Zurich” Fives ihe eesull of the expent prodictiwns by Bennge 4 e, on five projsios {Botner and GeerbulT,
1590, 1993, Benner of of | 1993; GorlofT or o, 1993, Tevin 2 of, (1993) publishad a hagher volue of @ — A9,6% fug alignments o0 O™ rwes As this figure
comparcs nvethuds ik peislicl secondary stasere from the informenon avallable v the sequence level only, we uned here e value of 90 = §4.9% the authors
report for using muliiple sequence alignments. For hoth he prefein set predicted hy "FTH Zurvh wod 'Levin gt al., 19907 the FED methisd sovres ubove the
averaps réponied hert {unpublislicd daes). The rochods marked waih o veiple bash 4 8 8 °) use multiple sequence aligaunents as input ta the prediclion,
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An punovathe madl server for sceondary structore prediction

HS8P—an afigrment of multiple sequences by profiles

The MaxHom/HSSP algonthm builds up the alignment in
essentially two steps. In sweep L, the sequences are aligned
consceutively to the guide sequence (SOS) by a standard
dynamic programming method (Smith and Waterman. 1981).
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Fig. 2. Expeited predictwon accuracy for regidies with a eelubility indes above
o plven ol T, Pl e svemges of te thrse-ature woomey and e curiulbitive
pereentage of residwes predicted over all those residocs with reliability index
Rely zno, 0 =0, . .9 The indes is shuply deltned by: Rel = INTEGER
[10* (0w 0 ok, 71, where gul_,, is the ougait of dhe otpat wnit with
Taighost vabue, and vt | (e o e wit with Oee et highest value. The Tacor
10 nurmalizes Rel tn integer valves from O o 9. Rel = 9 onemesponds 1o 4
teliable prediction. For example, —22% of all residues huve Bel = B und ol
these. %1% are carmoctly predicted by PHE

VMS machine

* incoming mail received on 3 VAX computer
* pra-processing of the request:
asslgn unlque job Identifier
extract usar network address frov mail
headar and actual sequence to "joh_kd" file
*+ sand job to queua and confirm request to user
* copy "Jabi_id" file to UNIX file system (rcp)
and fook ar walt for an idle UNIX machine
* give control ta UNIX machine by starting a
remote procedure call (rpe) on UNIX maghine
+ wait for job completlon

* send result file to user or send "trouble”-
mail to sarver operator in case of a problem.

N

After each sequence has been added to the alignmenl an
alignment prfile is compiled. This is usad w0 align the next
sequence. Tn sweep 2, pfer all sequences with significum
homology have been picked from SWISSPROT, the profile is
recompiled, and the dynamic programming algorithm starts
wnee again io olign consecutlively the sequences, this Llime wsing
the conservation profile as derived after completion of sweep 1.

PHE—a system of profile reading neural rerworks w predict
seconsary Siruchore

The profile and the conservauon weight are used as input o
i first level rwo-lgyered feed-forward network ('sequence-to-
structure net”). This is done by shifting o window of 13 residues
successively through the sequence, i.e. the nth window starts
al position »oand ends at # + 13 of the sequence. The outpot
of the network comsists of three values between Gand |, which
give the probability that the residue in the centre of a particular
window is in a helix, strand or luop, The first level sequence-
to-struciure net outputs the prediction for tw: central resicus
in a window, Thus, there is no direct correlation between the
secondary structure of adjacent residues, This shorcoming is
comrected by feeding the output of the first level sequence-to-
struclure nal into a second level sirueture-lo-strnuctare network.
The architecture of the second |evel noiwork is the same as far
the first level network. The third level is the computation of
an arithimetic averape over the outputs of several independently
treined two-level nets (ury decision). The networks used for
the third level (ury) are trained on the same truining set. the

MIXM

* check "job_id" file for consistency
correct flle format?
is It a DNA sequance?
is it a EINHEX file 7 ..........

® run FASTA against the latest releasa of
the SwissProt database

* extract identifiers of homalogous
sequences from FASTA run

* tun multiple sequence alignment prograrm
(MaxHaom) against list of SwissPrat
idgntifiers and write HSSP cutput file

* run PHD prediction program on HS5P fle

« append output filas, copy result to VAX
file system and exit

Fig. 3. Proceduces peeformed by dhe PHD server, The Wa'VMS machine manapes the incoming ad outpeing mail, and sends the jobs 10 4 cluster of fou

Ui mochings Heee, the CFU intemsive prosesses ane enecuicd.
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Jo# Sequencar, Dapertmant of Advanced Protein Resesrch,
Natlanal Unbversity, Timbuktu

Iesbaming, chum.adu

W src hamalegy-3 domain (SHI3

KELYLALYDYOEKSPREYTHKKGDIL TLLN STHKOWWKVEVNORG
GEYPAAYVKELD

Flg. 4. Fiwmat of file tw be sen o “PredictProcin@ EMBL-Hewdelberg 1XE",
Any formiat dillerent from the one shown will resuls in an error message being
senl bk tos Ui rouder. The hash in necessary o recognlze snomaically thay
the sequence will start in dw following line. If the server works fing, we do
Rt Tk at the incontng predaction reguests. Thus, mesugas 1o BredictPretein
%ill remam opanswersd. instead, addrews quetics oF noies b Prodicr
Helpdfibd BL-Heidelbery, DE.

differcnoes stem mainly from a different order of examples
during the training procedure (Rost and Sander, 1993a),

PHD server—procedures besween recelving and renoming o
wratdd

Communication between the VMS machine manoging the
incaming ad outgoing mails, and Unix workstations used for
the calcalations is shown in Figure 3. The sequences are
extrzcted from the muil, and the request @ sent 1o a baich queue.
From this queve, the jobs are sent to four Sun workstations
(SPARC2 and 10). On the Unix side, the sequence is fira
checked for consistency. Then, the imtest release of the
SWISSPROT data benk of known sequences (Bairoch and
Boeckmuna, 1992} is searched for humologues. Currently, the
systein cuts off all sequences thut have < 20% sequence identily,
This cut-off has been chosen as it is proven ta yield rue positives
with high refiubility. The majority of pairs in the “twilight zone'
between 25 and 0% sequence identicy also have the same
siructure, but there alse exist false positives in that region which
would have to be flltered out by hund (Schoeider und Sander,
1931). From the alignment the profile is compured and fed
inegr the prediction program. Finally the result is copled (remote
copy) to the YAX, and from there sent vin electronic mail
tor the user.

Hiw to oblain a PHD prediction

The sequence has 1o be writien imo & file aceording to the formar
shown in Figure 4. This file must be sent us lectronic mai
via inletnet to “PredictProtein@FMBL-Heidelberg. DE', For
instructions one can send the word “help’ in the subject line
ts this address, Further questions, suggestions or aotes should
be addressed to *Predict-help@@EMBL-Heidelberg DE". A new
option is that multiple sequence file formats (MSF; Deveraux
ef al,, 1984) con be read, which means that the user can sand
bis or her personal alignment for prediction. The alignment will
then be used 1 compute 2 sequence profile in HSSP format
to be used for the prediction.
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Fig. 5. Returned seqsence aligmment in HSSP formal. Example for the SH2
prowein {sre homology reglon 3p The format of the moliiple wipnmen? is the
st a5 the ane wsed in the HESP duabase of prtcin Anuchure-sequence
dligtvents. For the curred PDBSWISSPROT wersion the HESP [es wre
available via wncmymous fip from fip EMBL-Heideerg DE (Schncxder and
Sunder, 997}, Abbrevislons: SeqMo, swmbecing from G s Tast residue;
FDBNo. posdon numbers frotn the relsted PRB file éoolumn enpry if there
I nu PDE file); AA, ane-lewer vode [or residue;, STRUCTURE, secundary
ot assigmment sccording we DISSP (il throe-dimensionad struchure is
unknosty this colwnn glves o U for wnkewwn, war the predicisd seoondacy
structicek: B 1 and BP2, positions of bridge partvers in G-shasts; A0C. solvent
weveanibiiliy a cuboulnted by the LDSSE progran (Kabsch une Sander, 1983,
NOCL, nuniber o sequences which are wligned a thar position, VAR, reside
Lrpe vurlubilivy z thal posltion. Lower-cuse chatastins in the dignment Indicane
deletions znd dus rack msettions.

Soon after the sequence has been sent 1 the server, a message
is st to the user, confirming that the job has been sent to the
qucue. After the job hay been processed, the user oughe w
receive the mail containing the output of the multiple alignment
generated by the program MaxHom (Schneider and Sander,
1951} und written in the format of the HSSP files (Figure 5),
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An automatic mgil server for secondary siruciure predicton

O oulpul for your protein:
A-oroviatizns:
reacomdary armirtura : W=kellx. E=excended 1ahescl. Llank v Let#C" !loogs
Ah: oaminn ATyd gedpenca
FHO: Frofile natwaerk predjcriasn Heilslherg
Fe]: Rellabil.;oy Jndoy of predirciong o2 %
Adazall:
prH: 'prahabl 'Yor aseianing lelik
BEZ: "probehy * f.b a2@1anind BLTANS
prl: ‘probabi * Ior assigning loap
rnbw- they 'prubsbilitap' are yoAlod ta e [REoFval 7o,
pri=5 meane, That Che =1QRal af the flesl oulzul no
fa 2. G-G &,
pubraat :
SUB: a aubeer of the predleticn, for all ceslduems with
an raprctad accucary = A1k iree  takler 10 hepder
Mofe- for Llle scbesl Lle [ollawing wymbaolo ere coed:
L: 29 149 7[0Y Which abowe = ' g ce=d)
"4, raAfK rhat Ao pradiceion lo meade For Ehly Jeeidys,
os Rel «<
T T PR TR Y -SRI -
A THELVLALYDYZEKS PR EVTHERSD I LT LEETHE W Y EVHDRG FY PARY TR KLE
Gbe | EXEE R T E EEZEEE EXELEE EEEEEEHHHEEEE '
PH | EXREFRE FE EEZEEE IEL EEE EEEE |
Bel |54CBAETE22a8798 6012107476907 7aT4411242889A4221211.3316%
detail:
prd IRDDDA0d1231 000 2101115 1IREREG 0012237122 1000401 113421180
prE- |E3TREETTIZ111000L 45321 27AGETA 1011224552 1000355401 2455 a20
PF- IR0 ] 24 SRPART IS LG RLONC1ATAT L1 LS4 T RBEN1AS4I2 22478
pubmer; SUB IL.EEZETE...LLLLLL....LL.EEERE.LoL.....-- [T R LLI

Flg. & Returmal prediction of the FHI piethed  BEawnphe for the $HY protein fan: honology reglon 35 The PHD prodwcomn is sommartzed in dicee es: AA,
echo of the sequence of SHA; FHL, predivion in three sunes helix {H], sramd (E1 and Jodp {blank); and Rel, the eeliability inden fro 0 9, mdiating &
predicticn site of highest relistiliy (definiton ar 10 Figure 25 Nite: for comparisan the BSSP (Kebwh aod Sunder, 19830 wsignmens of the iinee-dimsnebotud
sructuce for SHY (Musacchio s af., 1992) ds given (Ohs). The second block af three Tines dubbed “detuil’ ceports tie probahility of the assipnment: the system
l neurml notworks hus three wdpal units for helin, Armmd ond Joop, which cun udepl values berween G und 1, In the asuul prediction (eow 3 PHD) de bighest
of these undts ix chosen as the prediciion. The detail pives. the actwd valoe for each onic {projectd onto a grid feom 0t %) This quantity supplies & probuabiliv
Tt fhet amaignasesd of belix, strmd and loop. The ks v {aubeet: SUB) repeats, fur » suick 1werview, (he some agsighment as piven in the thind row (PHLD),
exgept Unt nuw only those essignments are given for which the prodiclion has an onexpected reliabiliny mdes = 5. For this subset the expercied reliabiliy s

=% (Figure 5).

and of the prediction of secondary strucwre in three states
(Figure ). Should >3 dayx elapsc berween the confirmatiom
and the arrival of the prediction, we ask the usgr to write a
nete i Prediet Belp@EMBL-Heidelberg . DE.

Recommendations after more than 4060 predictions

By September 15, 1993 > 5500 pradictions hzve been requestad,
amd >4500 buve becn made (Figure 7). For ~ 1000 scquences
no hemelogues wete Found in the sequence database, The
number of requests varies considerably from one counry to
anaiher and is ohviously affccted by the size of the country,
the level of activity in computational molecular biglogy, and
the wvailability of molecular biology network services (Fipore
8). For future requests, the user should keep the following
points in mind.

Ure homology prediction whenever possibie

On accasion, the server alipnment search mrns up a homalogy
to a protein of known three-dimensionsl structure, This is
appucent from the presencs of a four-letter FDB identifier (2.2,

SMBN for myoglobin) in the list of homologous proteins
returncd. [n these cases, the pradicted secondary structure gives,
by definitiom, much less information than & three-dimensional
model built using standard homology modelling tools.

Patrerny nor used for malning cannot be predicted

The training of the network system was done on particular
exumples of native and dominantly glokular proteins with 13
consecutive Tevidues on the fird Jevel wnd 17 consecurive
residues on the second level. Thus, the predictions cannot bhe
expected o yield & comparable scenracy for;

® membrane proizins: average overall accuracy in thres states
was 4y low a5 56% for porin (3por), melitin (Zmlt), and
the trans-membrane segments of the photo-reaction cenire
{lprck

fragments of < 13 consacutive residues:

differences between wild-type and potnt muatants,
fragments containing a considerable percentage of unknown
aminn acids.
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o fRquests per day

== curnularive sum of incoming requests
i cumulative sum of predicions returmed

E

oumber of requeses per day

g

LI il e )

g

cumulanye soms

Flg. 7. Nunber of prediction requesis fromn Januery to September 15, 1993, The differance herwesn the reaqeeits wnd the number of prediclions sent is panly
explained by the fact that for the fisst four monts e prediction wis retarmed i na bonndague L the sequens vt had been Fmml 1 the corremt relense of
SWISKSPROT The decwsion o send prodictions unly it there was at least e homologue wes motivated by the Fat that only for his vase has e melwark SYEEM
been proven to be signifwandy hefier thun wtemarive predictinnn. Masnwhile, we buwe lified tul redrotion, & U 5 e evidence thal the merwark withuar
Mulliple shygratent informution js slenificanily worse than mher prediction methods availabte (and is definitely much bener than the Chin — Fusman medod (Chou
fnd Fasman, 1974)). Expocied movorscy figures, hwowver, nre fur coscs in which hoamnlagaes are availgdle. ‘The sorier hay bocolibe ralses wanpler. This causod
muny difficlties, ke Uk muckine crush in te middle of Maceh duat led o 3 backlow nf the requests.

The predicrion depends on the quality of the mudtipte alignment
The accuracy of the prediction depends crucially on the
information contained in the multiple alignment. PHD is
significantly better than previously published methods only il
4 reasonable multple sequence alignment can be made. Mot
only is the number of homologues important, hut also the
diversity of the family. It is better. in most cases. 1o have
30 sequences with M- 90% sequence identity relative to the
Buide sequence, than to have 100 sequences all in the range
of 70-90% idemtity,

The prediction of the network, as given hy the symbols H,
E and L. can be rather sersitive o changes in the dewils of
an alignment. However, this sensitivity does not hald for regions
that are predicied with a high relisbility index (Figures 2 and
6). Consequently, the prediction returned might be differcnt
for a different refease of SWISSERGT for 4 given version of
the trained nerworks. The probabilices for helix, serand and
Inop as given in the outpur of the returned prediction change
only marginalty for smali deviations in the alignment profiles.

Cut-off in sequence similurity for the ceunpilation of the multinle
afigament

There is a length-dependent cut-off for structural similariny as
a function of sequence similarity (Schaeider wnd Sander, 1991
However, the cot-off is not razor sharp. Instead. there is 2
‘twilight zone’ of, say, 3 percentage points (in sequence identiny)
abave the cur-off line, The publicly availible HSSP Jaty bank

2000

maniber of rEqueste par Sountry

cOuALry

Fig. 8. Murtther of prediclion requests per vountry. The bevel nf server poyuests
I & purtienfa country reflects the oumber of mulecular hiakopy laberataries,
the Tovel of wiwvity i1 commpuatinnal nwkecular hinlngy, the evallrbility of
nelwork aorvices or u combligtion of tess and uther factnes
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uses the safety margin of ‘cu-off + 5 percentage points®, i.e.
entical residues for alignments of fength >80, Experiences
with a set of 124 recently solved structures (B.Rost gnd
C.Sander, unpublished results) have shown thal the prediction
accuracy is improved it the (hreshald is lowered 1o the thrashold
for structural homolagy defined earlicr (Schneider and Sander,
1991). However, this may on occasion include spurious align-
ments, i.¢. alignments with structurally nos-similar proteins,
Therefore, we currently usre the safety margin of plus 5
percentage points foe the server,

Ner consensus prediction

Although the network systemy uses the information contained
in a sequence family, each prediction is derived for the
secondary structure of the guide sequence. Stricily speaking,
therefore, the result is not a consensus prediction for a family,
A simple, practical way For every user to derive a consensus
prliction is w predict the secondury structure for cach sequence
in a family, ko bring the sequences in frame and then W sum
up the probabilities for each vutpul unit helix, strand and loop
¢given in the prodiction cutput} et esch aligament position over
all predictions (in the sum, a weight reflecting the rarity of the
sequence in the family should in principle be used). This is
differcnt from merely counting the predicied symbols at each
pesition, an approach thar would be inconsistent with our basic
method. The last step s to ussign the consensus prediction a
cach alignmment position to the unit {nelix, strand, loop) with
the maximal sum. [n practice, however, the difference between
the prediction for the guide sequence and the consensus prediction
for the entire family is marginul, so in mosl cases the server
prediction can be sefely taken as tw family consensus prediction.

Unigueness of the predichion

Since the service staned, we have on three oocasions changed the
architecture of the nélworks used. The method is 1o the process
of being improved further, Therefore, prediclions sen? of differer
times may differ aot only as a result of database updates, but
alse as a result of updates in the methad {see version rumber),

Conclusion

Orver the las 20 years, same 100 methods for the pradiction
of protein secondary structure have been published. Only some
of these methods are available to biclogisis who serually necd
the predicuion tools. The PHD server gives access (o a method
that predicts secondary structure of plobular proteins with
an expected accurucy of 71.4%, if ar lesst one homalogue
sequence can be aligned. The overall accuracy is some 5
peroentuge points beter than any other method published (Fhang
etal, 1%92). About 40% of all residuex huve an expecied
accuracy comparable wor that achieved by homology modelling,
i.e. modelling bused on homology o a knewn three-dimensional
structure. Tn comparison, for GORTI (Gibrat ot af., 1987 this

value is reached for ~ 15% of all residues and for an alternative
earlier nenral nerwork {Holley and Karplus, 198%) for ~ 0%
af all residues, All the patential user needs is an electronic
mail connection. This makes the service availuble also o
users working in smaller laboratories withoul access o
significant computer power. The specd of the prediction is
sufficient w0 keep up with the amount of data produced by
large-scale sequencing projects.
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