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To learn how secondary structure assignments diverge during divergent evolution, pairs of

" proteins with solved crystal struétures were aligned and their assignments compared s a function

of evolutionary distance. Residues assigned in one structure to a helix or a strand are frequently

. paired with residues assigned in the other to a coil. However, residues assigned to & helix in one
structure are almost never paired with residues assigned to a strand in the other. This suggests
additional limitations to the "three state residue-by-residue” score commonly used to evalunate
secondary stricture predictions and suggests recommendations for how secondary structure
predictions should be scored to assess accurately their value as starting points for modelling tertiary

StruCture. . "o 1994 Academic Press, Inci , .

“In the past five years, new tools have emerged that predict the secondary structure of proteins
by analyzing the patterns of conservation and Qariation_within a set of aligned homologous
“sequences (1, 2), These were used independently to make bona fide prcdicr.ion_s (thése announced
before-an experimental structure becomes available) for the secondary structure of the cytokine
. receptor and protein kinase protein familiés (3, 4). Subsequently determined crystal structures of.
members of the receptor and kinase families respectively showed that both pred.ic_tions_wcrc
remarkably a(;éurate (5, 6). As with all methods that predict secondary structure from a set of
aligned homologous séquenéés, these predictions are consensus models, appIying to a'fa'.mi.ty of
proteins as a whole, not to any individual member of the family. The ap'pré)ach'has since been used

~to predict consensus models for the SH2 domain. (7, 8), the SH3 domain (9, 10), the hemorrhagic

mctalloproteaseé (11), and other protein families (1,12): - : -

“This approach compléments other approaches that also start from a__sét of aligned protein’
sequences but do not explicitly analyze patfems of conservation and variation within that set. One
parﬁculaxly'popular approach avei-ages'secondary structure predictions made by classical methods
(13, 14) for individual mgmbe,rs_'of & protein family. This approach was suggested in the 1970

(14, 15, 16), b_\ft first-applied in a bomzﬁde prediction setting only.in the mid 1980's (17, 18). The
approach has been developed by Tayler (19), Sternberg (20), Barton (21) and their coworkers,
where predictions have often been aided by circular diéhroisﬁ; data, 'pé.ttcm identification, or other
independent indicators of secondary structure, with some impressive results. These have
complemented some 5ig’ﬂiﬁcant de nove predictions (22), and some new neui-a_l networks (23, 24)
that improve upon their predecéséor’s {25) by using multiple aligned sequ_encés as input.
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With the availabilily of high quality prediclicns of seconoary struclure starting from sequence
‘ d.lln alone; two new issucs have emerged. The first dsks how the elements-of a predlcted seeondnry
© structure mlght be .1s\embltd to yicld & mode! for tutm:y structure; ‘The second asks how high-
quul:ly seu)nd.uy struclure pl‘L(ilL tiony should be _jlldbcd Lo JASSCSS its: thll., iy the starting point tor
modellmg lertiary structure: ‘These issues. are n,lated as evaluatlom of secondary structure
plcd;cnons made by various meiliods wxll dclermme in part whmh ‘methods are used 10 predlct
sccondury structures as'the star lmg point for modcllmg lcrtmry steclure:
© We have compurt_d the divergence in the pr(_nmcntully assigned secondary sr.mctures of
homologous protem pairs as a function of evoluuon.try distancé. This companson confirms that
secondary structure ass:gnments for homologous protem with quite similar overall tertiary -
structures can diverge stgml' cantly 2). This shows not only that spectal tools are needed for
evaluating consensus- prerhctlons forrsecondary structure (2), but also that a secondary structure
prediction can contain some types of errors (but not other types) without compromising its value as
the starting point for rnodellmg tertiary structure, This in tumn suggests that the tools commonly
used to evaluate secondary structure predictions do not measure their true.value for medelling
- temary structure, and suggests new approaches for scormg secondary structure predictions that do.

M ETHODS

A series of pairwise alrgnments of protein sequences having scconda.ry Structures assigned to
‘erystallographic coordinates sing the DSSP (Define Secondary Structure bf Proteins) (26) method
were extracted from SwissProt Version 26 (27) using the DARWIN system. Such alignments are -
used routinely in Ziirich for structure prediction work. Both the pairwise alignments and the
computer tools used to generate them are available by electronic mail by server (at the address - -
cbrg@inf.ethz.ch), The aligned pairs were then ranked by evolutronaxy distance measured in PAM
units {28), the number of Point Accepled Mutations per 100 amino acids (80 PAM =~ 48% pairwise
identity; 100 PAM ~41% pairwise identity; 120 PAM =~36% pairwise identity).

. Two sets'of proteins were examined, the first with crystal structures with resolutions better than
2A, the second with resolutions of better than 3A. Concatenated proteins and crystal structures of
proteins associated with membrane-bound units were excluded from this analysis. Based on the

- sequence alignment, secondary structuial assignments for the two homoclogous prateins were .
aligned and compared, and thén scored residue- -by-tesidue by type (alpha helix paired with helix,
strand coil, or gap, beta strand parred with strand, ¢ojl or gap, and coil paired with gap).

RESULTS

Table 1 records the drvergence in secondary strugtural ass:gnments miade by DSSP (26) asa
funetion of évolutionary chsmnce Severadl features of the results ate worth noting,

First, restdues participating in a helix-ure essentlally never paired in a homologous protein with

residues pamclpatmg in a strand, The only s:hmﬁcant exception occurs at very high PAM
. distarices, ’

Second, palrmg of resiclues dss:gned to a helix or strand in one structure with residues assigned
tor & coil in Lhc other occurs 6 a significant extent, more frequently N structures with low

_,resoluuon but (surprtsmgly) not srgmhcantly more frequently in protems with }ngher evolutxonary
dxvergcnce ’

Further, the pairing of a residue assigned lo'a helix, strand or coil w1th a gap increases with
mcreasmg cvoluuonary dwergence a5 expecled based on empirical studics of the appearance of
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Tabte 1 l’alrmg of Sceundnry Structural, Asmbnmenls in Homologous Proteins

PAM . Toal Totah  heh. s e hes hec ¢ heg svg Cog
Window sequence pairs of % normt % norm! % noma !, %“' % % 7.% D % ;
pum posluon'. . - . N .

" (u)Protein p.tl.rs with ngh Resolut:on (< 2 A) Cl}'bhﬂ Structures (MS protems)

000=020 = 7 1319 .37 96 © 10 83 49 96 ¢ 3 .1 -0 0 0
020-040 4 573 22 88 1494 55 93 ¢ .6 2 0 0 1
. 040-060 .. 9 744 150 95 16 92 63 85 -0 2z 2 - ¢ D 2]
060-080° - 9 1618 14 877 28 92 46 9% 0 4 -4 ¢ 0 .3
080-100 11 ° 1773 . 28 82 " x2 B4. 40 82 0113 1 1 3
lo0-t20- 11 2149 14 78 27 91 .42 86 . 0 6 4 . 2 .1 . 4-
120-140 20" 2920 18 85 23 86 3@ 8l "0 - 6. 6 1 1 §
140-160 - 16 2791 22 82 21 683 -34 77 o .8 7T 11 s
160~180 13 - 2076 - 23 B84 . 22 84 33 78 6 7 7 1.1 4
160-200 13 °© 1986 . 45 B3 - 6 79 22 66 -0 .16 3 3 1 4
209-220 -0 o e 0. 0 0 00 o .6 o 0 0o 0
PAM . Total Total heh- 5% hss  hec sec heg seg cog

Window sequence pairsof © % norm! % norm? % norm'r B % B % % B
‘pairs positions :

(b) Protein pairs with Medium Resélution (< 3 A) Crystal Struetures (255 protems) .
" 000-020 24 5224 . 39 -89 7 8% - 41 BB

2 10 2 0 oo 0
620-040 15 2548 23 -89 1B 8O 48 90 . 0 6. .4 0 0 -1
040-060 21 3859 20 83 17 8b 47 @7 0 7T 4 1 0 3
060~080 28 . 4615 _ 30 90" ‘18 B8 39 B6 0o "6 'S 10 2
080-100 © 32 5052 . 35 @4 9 7B 35. 78 0. 11 4 2 1 4
100-120. 36 5984 21 85 .21 @5 39 82 0 6 6 1 1 4.
120-140. 35 5275- 18 .85 . 23 85 39 82 ‘o S5 6 1 1 &
140-160 36 - 5382 - 28 85 16 81 33 78 ©0 & -6 2 1 5
160-180 38 5333 46 .86 983 24 72 0 13 3. 1 9 3
. 180-200 . 34 5303 ° 51 .65 470 .22 68 015 a3 2 1 2
200-220° 11 1596 . 1 82 " 5.57. 28 72- 2. 14 5 2 0 2

*12 posmons in the entire data sel match a helix resldue wnh a strand residue,
© ** 24 positions in the entire data set match a helix residue with a'strand residue. :

% records as a percentage the number of positions in the data set having the indicated pa.m.ng
divided by the total number of positions palred _

1 norinalized scores report, as a percentage, twice the number of posmons that palr a pameular L !
secondary structure type in one sequence with the same type in the other (x-x), divided by the . -
total number of positions where that secondary type is found in one of the two proteins.

PAM window: The evolutionary distance separating the two protein sequences. palred measured n
the number of Point Accepted Mutations per 100 amine acids (28). -

heh: Alpha helix assignment paired with an alpha helix assignment,

a+s: Beta strand assignment paired with a'beta strand assignment.

cec: Coil assighment paired with a coil assignment,

hes: Alpha helix assignment paired with a beta strand assignment,

heet Alpha helix assignment paired with a coil assignment.

sec: Beta strand assignment paired with a coil assrgnmenl

heg: Alpha helix assignment paired ‘with a gap.

sg: Beta strand assignment paired with a gap. -

‘e+g: Coll assignment paired with a gap,

gaps 1n protem dhgnmcnts during chvergent evolutron (24, 30). Further, coils are mostfrequently
pmred with gaps, an observation now exploncd by most structure prediction methods,
Finally, in-each of the homologous protein pairs, the overall.ternary structure is essentially the

7 same, certainly up to PAM distances of ca. 150 (31, 32)._Yet the secondary structural assi_gnments‘

differ. For example, in the PAM 100-120 window, 10-12% of the helix and strand secondary -+

51 _' L
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structural assignments made for.one pf‘otcin da.not correspond to-helix and strand u%ignmcnls‘ in
the hornoiog This cannot be due to diffesent asgignment heunsucq as all assignments were made
using th DSSP method (26) Nor do these arise through. mﬁdlsgnmcnt only 3.8% pcrccnt of lhc
" positions are expecled o be .mmahgned by DARWIN at this PAM distance (33), and the number of
Su:ondétry struclufal misnmtchn arising {rom these misalignments should be much less than this.
" Thus, at a PAM distance of 100-126 (couupondmg to Lwo protein scquenccq that dl‘B ca. 40%
Tdentic al), two proteins with tew 1l .my ne uunl,lul ch!h,u,nu,\ in _{_,k)h.l] '\IIHLII]IL will gulu.llly

- have SLL()HddI‘}' structure db‘.l;__‘nm(,nt\ that differ at'ca. 10% of the posmom : g ’ }

| 'DISCUSSION. . . -

3 Oné 100l often used to evaluate predicted ss:condhry structures is the "three state residue-by-
residue score” (34, 35), To calculate this score, each fesidue in a protein is assigned to one of three
states: alpha helix, bem strand, and coil (nex[hcr helix nor strand) The expérimental data are then
used lo make analogous experimental assignments to each residue. The three state score is
caleulated by dividing the number of correct asmgnments [(hchx paired with helix) + (strand"pair'ed
with strand) + (cml pa1red with coil)] by the totdl number of asmgnmcnts the rESult is reported asa
percenlage. The scores for many prcdlctmns are often combined to ylcld an average score, which is
- frequently believed to be 4 useful figure of meril for a prediction method (23, 24; 35).

. Despiteits wxdcspread use, the three state resxdue-by -residue score is problemanc First and
most simply, there is no umvcrsa.lly acceptad Wway 0 assign an expenmanml secondary Structure to _

a set of crystatlographic data. Thus, the experimental standard used to evaluale & pfﬁdlCthﬂ is itself - -

someswhat arbltrdry Collac'h er-al. (36) recently pointed out that the assignments of sccondary

structure made by three computer tools agreed at'only 63% of the ] positions. This implies that a per
. residue score cannot routinely be hwher than ca. 75% (63% +37%/3), as a better score obtained by

compamon with an expcnmental assngnment made using one tool will be worse when the
'compa.nson is madc with an experimental assignment made using another 1001
Lven if a fnlly uh)culvu tool were avallable Tor assigning prcmm.m.ll sccondary structures,

howcvu the three state score would remain problematic as an indicator of the value of 4 prediction

as the starting point for building a tertiary structural model. This is so because the score treats :
different ypes of errors identically. For example, the misassignment of 2 residue as part of an alpha p
Telix when it in fact forms part of a beta strand has the same impact on the three state score as the
. nnsa551g:1ment of a residue as part of @ coil wher it is in fact part of a beta strand. Yet, a5 Tdble 1

shows, the second type of mmsasq]gnmmt has essentially no impact on overall tertiary structurc it

occurs I'ruqm.nl]y in homologous proteins that have essentially identical tertjdry structures. In |
contrast, mmsswnment ol a strand as 4 helix (or vice versa) has a-significant impact on a tertiary -4
structure madel, and exsentially never oeenrs when camparing two homalopous proteins, Yer the

Cthred shate seoie eaunty e two types ol Chiiny e siune

This means that 1w predictions may both-have 90% Lhiree state residue- by-remdue scores, but -
quite different values 4s starting points for building a tertiary struétural model, If the 10% incorrect
“assignments confuse helix and strand residues for coil residues (or vice versa), the model could be

perfectly adequate for modelling térl.iary structire, especially if the mistakes are made at the ends of
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" similar feature was noted in the ETH prediction for protein kinase (4, 39).
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‘

helices and strands. If, howwu, the 10% incorrect assigniments confuqe huhx rcmducs for wand
_residues and vice versa it alimost ccrldmly could not.

Tlus was clearly illustrated in the recent pledlcuon contest for the hemorrhagic memlloproted\e

famlly {11), where CONSENsus prcdmuons werg made from seven homologous protein sequences.
Using subs_equemly dmermn_md crystal structures (37, 38), the three state per residue scores of th

. ‘predictions produced by. the ETH method {1, 2) ard the neura network developed by Sander and.

L()WOI]\L[’\ in Heidelberg (24 J were 71.3 and 66.3% I(.-'1|)L(.|IVL|y nol ;:,r(.‘sl]y different; Howcvur. .
onc third of the errors made in the Heidelberg prediction confused residues in dlpha helices with

residucs in bela str ands 119 of the sequence was therefore scriously misassigned.. [n contrast, the i

-ETH predlcuon seriously’ mnsdsslgncd only 2 residucs (<1% ). Thus, the ETH prediction was bem_r
- than the Hcldelberg predictios as the starting point for modeiling the teﬁiary structure of the protein,

even though the three state residue-by-tesidue scores differed by only 5 percentage points. A

The three state score becomes still more problematic when cvaluating a consensus predlcuon fox
a family of proteins. When predicting a secondary structure from an alignment of protein

. sequences, one assumes that homologous proteins have exactly the same secondary structure. Yet,

as Table 1 shows, this is true only as an approxnmauon The Table suggests that for proteins ca. . . ' '
120 PAM units divergent, a three-state per- rcs1due score for a consensus prediction ca.nno: be uch .
“higher than 90%. A higher score arising from a comparison of the predicted scconda.ry structure

with an expcrim;ntal'su-ub'ture for one family member implies a lower score when the cpmi:arison is

made with-a structure for another, making the score depend arbitrarily pﬁ which protein in the

family happens to yield the first crystal structure,- - . S

Recently, Russell and Barton (40) proposed to revise the three state scoring approach in light of

‘the last d1fﬁcu1ty Their proposal, to diminish the target score for a "perfect” prediction when .

evaluating & consensus prediction and to :dennfy "core” secondary structure when more than one -
experimental structure is Javaﬂablc, is reasonable and sho_md_-bc adopted. However, their revision -

. does not-address the firsi two problems: the non-objectivity of cxperimental secondary structure

ussignments, and Lhe dlfl"uunl impact taf different types of crors on the value of 1 qccondary
structure prediction asa stdrlmg point for boilding a tertiary stroctural model. Thus, the approach
does not repair the most serious flaws in the three slate scoring melhod ' )

Instead, both our results and the results reported by Rissell and Barton (40) suggests that no
singie number adequately describes the value of a secondary siructurd.l prediction as the stamng
point for rnodel]mg lcruary structure. Thts 1mpllcs that.efforls to obtain such-abbreviated scores are

" not likely to contribute to the development of methods for predlcung the conformalaon of proteins.
- Lather, scoring methods should refiect the fact that stratcgmcs for modelling temary structure from

secondary structure predictions are not yet well developed. To this end, we make the following ~
recommendations: ' . .

“(u) Residue-by: u,s;dut, gcores that rellect the number of u,uduu, d'\b]j,ﬂbd correctly should -
always be accompanied by scores that reflect the numbcr of serious errors those where helix
residues are mast.aken for strand residues and vice versa, S uch errors that will most seriously

sbstruct assembly-of a tertiary structural model from'a predicted se_condaxy structure.

sy : ]
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(b} To be most useful forthe dwulopmcm of methods, correct dv.lgnmcnts made for thcea,
strafds, and. oils should be reporied separately, as in Table 1 (bul where predicted-and
- Lx;xrunuudl structures rather than two experimental structures arc compared). DifTerent me.lh.od-\
dssu,n diffen_nl types of secondary structural units with different accuracies. The best predlcuon
package may ulmmu,ly use different methods for different parts of the pr’Ld:Cth!‘l dnd itig
g important to preserve lhn. information’ fram individual predictions. .
h (ciin any ci IS, \mu,\ crllunlatgd residue-by-residuc are most meaning ful whcn ACC()m]):mlbd by
cvaluations made by mdmdudl sccondary structural elements (2 41). _

- (d) When evaluating a consensus prediction, multiple expenmc_:ntal structures are best used,

" where a “core" experimental secondry structure is calculated from these an'd used fairly to evaluate
the corisensus prediction. When multiple experimental structurés are not available, the target score o

for a "perfect” prcdiction should be lowered to reflect divcrgcncé in secondary shucmre
(e) In any case, 0 compare different methods, the predictions must be made under similar-

" - conditions starting from similar daca. Reccnr. papers (40, 41) have atmbuted different merits to
different prediction methods by comparing predictions made by one method excluswely from
sequence data with predictions made by another where circular chchroasm data or other expenmenl‘.al
indicators of secondary structure contributed to predxcuons This is inappropriate. _

(F Funhcr methods are - frequen tiy compa.red (see; for examplc, references 40 and 41) by
comparing predictions made and announced before an cxpenmental structure was lcnown and
‘secondary structural models madc after a secondary structure is known (often referred to as
"retrodietions") (42). Thc risks mhercnt in evaluating different tools for modeihng protéin
conformation based on such comparisons have been noted elsewhere (43 44), and we. recommend

: that these be treated scparate]y when evaluating prcdlct:on methods. :
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