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A structure-based approuch o the definitian of sequence palterns charteteristic of peotgin domaing iy presented by example. The approach requires

& multipic sequence alignment of & fumily (or set of relited families) as well ux at lenst one theeedimensional strueture. The pattern derived does

not merely summarize the information in the known séquences but attempts to generalize the pattern specifications bused on struetural insight.

I this example, the pattern-driven datubuse scarch identified correetly most of the known type | copper-binding domains and deteewed the presence
of w homulogous domain in u previously unknown case (CopA protein), The significance of these results is discussed.

Copper binding: Small blue protein; Multicopper oxidase; Sequence motil: Sequence pattern; f-Sheet preference

1. INTRODUCTION

Blue copper proteins constitute a diversified class of
proteins including small blue proteins and multicopper
oxidases [1]. All members of this class contain a bound
‘blue’ or type | copper, which absorbs light around 600
nm [2].

The structurally best-known family in this class is the
family of small blue proteins, which includes azurins
and plastocyanins. It is a group of small, monomeric
proteins which contain one copper ion per molecule.
These small blue proteins are electron-transport pro-
teins in bacteria and plants [1]. They are single-domain
G-sheet sandwiches, composed of eight strands in two
sheets, and have predominantly antiparallel S-strand
topology. Sequence divergence is so large that current
methods fail to align residues which have clearly
equivalent positions in the three-dimensional structure
[3].

It had been suggested on the basis of sequence
similarities [4] . and physical properties [2] that
multicopper oxidases are remotely related to the small
blue proteins, Multicopper oxidases, are large, complex
proteins, with many copper atoms per molecule. All ap-
pear to have at least one type I copper site, This family
includes ascorbate oxidase, laccase, ceruloplasmin, as
well as coagulation factors, factor V/factor VII.
Multicopper oxidases reduce molecular oxygen to
water, with accompanying one-electron transfer from
the substrate (reviewed in [1]). Evolutionary relation-
ship of multicopper oxidases to the small blue proteins
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has been confirmed by the recent X-ray structure of

- ascorbate oxidase from zuechini (5}

Ascorbate oxidase is a three-domain protein, with the
domains strongly diverging in snrquence, but each with
the same basic plastocyanin/azurin fold [6]. The single
type 1 copper site is in domain III, and a multicopper
binding site is formed between domains [ and III. The
latter has onetype Il (normal) and two type 11I (coupled
binuclear) copper ions, similar to the copper sites of
Cu/Zn-superoxide dismutases (type II) [7] and hemo-
cyanins (type II1) {8], respectively. ‘

Searches for patterns are a powerful tool for iden-
tification of related molecules in databases [9], provid-
ed that the paiterns used describe a protein classin a
concise and unique way. A simple way of defining pat-
terns is to extract invariant residues from multiple se-
quence alignments. When three-dimensional structural
information is available, a pattern can be made more
powerful by analysis and specification of structural re-
quirements at particular positions [10].

The principal difficulty in generating a sequence pat-
tern for the class of blue copper proteins is that residue
identities between distant members are few, even within
the small blue protein family [3]. The only conserved
residues within the whole class are the type I copper
ligands, spaced at variable distances, but these are tco
few to define a specific pattern. Fortunately, based on
the fact that structure is more tenaciously conserved
than sequence, it is possible to examine the known
structures and identify important interactions in the
construction of the common type I copper site that are
not directly obvious from inspection of the family
alignment. ‘

Our approach combines information from multiple
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sequence alignments and known structures with fune-
tional information (c.g. copper ligands) and approx-
imate rules of protein  folding. First, patterns
characteristic for each family are derived, Subsequent-
ly, with the aid of struetural data, these are merged into
a gencralized pattern descriptive of the entire class. The
patterns are evolved in an. iterative test-and-refine
fashion. The final patterns are general enough to iden-
tify related sequences that ¢id not play any role in pat-
tern generation - without excessive overprediction -
and thus have predictive power,

2. DATA BASES AND COMPUTATIONAL
METHODS

All protein sequences were taken from the EMBL/Swissprot colleg.
don [11), release 15, The small blue proteii sequences in the current
daiabase are: 1 amicyanin (AMCY), 11 aaurins (AZUI, AZU2,
AZUR), 2 pseudoazuring (AZUP), 1 basic blue protein (cusacyanin -
BABL), 2 bacterial HR outer membrane szurinslike proteins (48,
H#1), 28 plastocyaning (PLAS, PLAT), and ) stellacyanin (STEL).
The total number of known small blue proteins is 43, The multicopper
oxidase sequences are: human ceruloplasmin {CERU - repeats
12112110), coagulation fagtor VIIT (FAS - repeats A1/AD), three lac-
cases (LACL, LAC2) and an ascorbate oxidase (ASO). Factor V- [12)
and repeat A2 of factor VI are known not to contain type | copper
sites and are not useel. The total number of known multicopper ox-
idases is 9,

Three-dimensional coordinate sets were taken from the Proiein
Data Bank (13]. Structures analysed include the azurins from
Pseudomonas aeruginosa (1AZU) [14) and Alcaligenes denitrificans
(RAZA) (135), pseudoazurin from Alcaligenes faecalis (\PAZ, 2PAZ)
(16) ‘and poplar plastoeyanin (1PCY, 6PCY) {17). Experimental
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wecondary structures were derivied by the DESP program [1%) and
multiple sequence alignments for the azurin/ plastocywabn webfamilien
were taken from Lthe HISP database 19,

Software: Varlouy seqguence analyses and database sesrches were
performed. with the Cenctivs Computer Croup (GCGY Sequence
Analysis Software Package (20], verdon 6.1, and structural analyses
with the Insight maleeular graphivs program (BIOSYM Technologies,
San Dicga, CA). Pattern generation and searching way facilitated by
the Serutiaer prateia sequende motif analysiy program (21).

3. RESULTS AND DISCUSSION

MY, Structural features in the ryvpe I copper-binding
domains

The type I copper-binding domains share charac-
teristic features that can be used for the generation of a
sequence pattern. The copper ligands are highly con-
served, but located at variable distances along the se-
quences, as the proteins differ substantially in length,
The first ligand, always a His, lies just before a 4-
strana, away in sequence from the other three ligands,
The other ligands, Cys, His, and Maet, are located in a

loop between the last two g-strands in all known struc-

tures. All strands adjacent to the copper-binding site
belong to one A-sheet, whose sequence variability is
lower than that of the other sheet {3] (Fig. 1). The in-
teraction of the residues in the antiparallel g-strands 4
and 7 appears to be important for the construction of
the copper site. Thus, this part of the structure is a good
candidate on which to base the generation of a sequence
pattern (Fig. 2).

Plastocyanin: Cu binding site Plastocyanin: Cu binding site

Fig. 1. Stn_xcture cartoon (stereo) of poplar plastocyanin. The eight strands from an irregular, almost closed, barrel-like structure. A helical segment
belongs to irregular sirand 5. The copper site.is magnified, showing the side chains involved in binding copper {Cu) [H37, C84, H87, M92]. Residue
conservation in the sheet formed partly by these strands 's significantiv higher than the opposing one [3].
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Fig. 2. A ropelogical representation of the common elements in the
crystal structurey of plastocyanin, uzurin, pseudoazurin and the do-
mains of ascorbate oxidase. S-Strunds are represented as arrows,
Strands 1, 3, and 6 form ane sheet, strands 2, 8, 7, and 4 the other,
Swand 3 does not take part in A-shieet struciure in some of the pro-
teins. The copper-binding residues are clustered in space: the first His
ligand lies just before strand 4 (which has at least three resicues) and
the sevond ligand, Cys, les Just after strand 7 (which has at least four
residues in all known structures), The interaction of these two strands
is essential for the formation of the wype | copper site, bringing the
remote His ligand close to the turn between sirands 7 and 8, which
contains the other three ligands, The boxed region is therefore taken
asthe invarianestructural feature of the blue copper proteins and used
for the generation of a eharacteristic pattern.

A detailed comparison of two known three-dimen-
sional structures [3,15] had pointed out that, apart
from the copper ligands, five other residues are in-
variant; N47 in azurin (N38 in plastocyanin, position
no. 2 in Fig. 3), V49 (V40, no. 4), Y108 (Y80, no. 6),
P115 (P86, no. 13712, respectively) and G123 (G94, not
shown). The first three of these residues are indeed in or
near to strands 4 and 7. However, some of these
residues are no longer invariant in all sequences in the
family. Thus, Val at position no. 4 and Gly-123 in
azurin are variable in a multiple alignment of more than
40 sequences (Fig. 3); moreover, in some multicopper
oxidases Val (no. 4) is replaced by a Fis that par-
ticipates in the trinuclear copper site [6] (Fig. 3). Pro
(no. 13/12)is at variable positions and not conserved in
multicopper oxidases. The Tyr residue (no. 6) at the
beginning of strand 7 is highly conserved, but its role
for the construction of the type I copper site is not well

Fig. 3. Sequences from structurally and functionally important
elements in all blue copper proteins. All small blue proteins (a) and
multicopper oxidases (b) from Swissprot Release 15 are included. The
notation of Swissprot entry identifiers is ‘proteinSspecies’. The three
repeais of ceruloplasmin and iwo (Al and A3) repeats of factor VI
are listed as separate eniries. The sequence patterns were based on two
regions that contain the copper ligands and the adjacent strands (box-

ed region in Fig. 2). Atthe top, positions in the pattern are numbered

sequentially 1-20. The first region (pos. 1-3), contains the first copper
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Amcyi¥aesp 47 H PP »=eme YPYY 861 G TP HBF M
AxulfMan§ A€ W HIVY  =c=== YTPP 13 C SWPG M ATH M
Alﬂﬁ‘h!s 46 H HWVL. =ua=z YTYR M2 € SYRO H FIM M
Anupinl ety €3 R HVRE =»»vx YLV 1011 C TP M YAMO H
AnupSPsesp  40: H NVBT =a-es YGFR T0: C AP H VMG M
ANESALOds . 46 H MMVL  =-<o= YAYF L12: C SPPG H WA N
Asunihieda 45 H MWW «xesa YAPY 113 C SFPG H WY M
AzveShlesp 46 H NWVL =a=== YAYF 110! C S¥PQ R FPAL W
AsurdBorbe 48 4 NWL <=»== YIFP 312 C SFPG H GAL M
Arurilaesy $4: 0 NRVL. wsw== WOTF 132 C TYPG R SAL M
AnupéPials 48 R NIVE rue== YGFY X100 C BFPG H ISM M
Asueifsatle 46: R HRVL,  =ee== YT 112 C SFPQ H INM M
Asugtbaafd | 4d: H WL ====> YEFY 113: C BFPC K NEM M
AnuxiPaaip 48 N NWVL  ~dn=a YAFF 112! C SFPGC R SAM M
BabliCuesa 30 R NWV  =-ex= SYFY 79: C NFPG K CQSG M

HO$Nedite 102 B NIVY ====» YIOPA 166: C TFPC H GAL M

HOL§NRige  302: N MIVY «w==> YIGPA 166: CTTPC H GAL M
Plag§Anasq 73 R NNWVE  =cev= YEPY 123: CEP H ROAO M
Plasdanava 30: H NWE -~ =u=xx YPFY 69: CEP H PGAG H
FlanfArath X005 H MWEP  «~cooe YOPY 156 CAP  H QGAGM
FlassCaphu 37 0 HWE wwsee YSPY 04: CAP H QGAG H
PlasSChifu . X9 H NIVP -mem=- YO¥F 03 C B B CQOAD M
PlasiCucpe 37 W NVWE =eawe YENFY 84: CSP H QGAG M
PlasfCucas 37 R HWI =<ws= YSFY B84: CSP  H QGAG M
Plasifntpr 36 R NIVP -«=-= YGVY  02: CDP: | SGAG M
PlasSiorvy 95 H NV =uwms= YOFY 140! CEP H MAG M
Plas$lacss 3T H NWE ~e-e= TSEY 84; C AP HQGAG M
Plas$lycas 100 R VWP «-=-= YSFY 1535: C 5P R QIAG M
pPlasiierpe 37 R NVWE =mmme YSFY B4 CSP H QGAG M
Plasiraa 106 B NVWE  «ne-= YKFY 153: C SP H QUAG M
PlasjPater . 32 B MVP ~=mea YXFY 82: CEZP N AGAG M
Plasgphaw 37 R NWEP emme- YSFY B4: CSPF HOQGAG M
Plas$popni 37 R NIVE »e==~= YSFY B84: C 8P HQGAGM
PlasfRumon 37 R NIVP wmeme YSFY B4: CSP  HQGAG M
Plas$samni 37 HHNWE  ~=w-- YKIPY 841 C SP HQGAG M
Plas§silpr 103! R NWF =~wacw YIFY 130: C AP H AGAG M
Plas$Soler 37 H NWP  me=n= ¥SrY 84: C SP R QGAG M
Plas§solen 37 B NWF  ewm==- YITY 84: CAP HOGAGHM
Plaadspiol 37 R NVWF  swrmem= YEFY B84: CSP HQGAM M
PlasfVivar 39: H NIVR  =mm=a YGVY 83: CEP HAGAGM .
Plaa§Vvicta 37 W NVWE  ~mo-- YEFY  84: CSP HQGAGM
Plat$iPopni 37 R NVIE  wmmem YIFY 84: C 8¢ HQGAGM
staljrhuve H YT 87; C GWR R OIS Q <
(o)

Aso§Cucsa WAFH 543:; C HIEP H LHMG M
Ceru$iuman PLS 338: C QMIN H LRAG L <
Caru$Human FNVE 699 C LTTD H YIGG M
Caru$iuman WLLH 1040: C HVID H IMAG M
CopaéPsasy WAYH 581; € HLLY 1 MEMG M

Fad§Human FLILF 329: C HISS H QHDG M

FadsHuman WRVE 2019; C LIGE H LHAG M
Lacl$hspni SIIH 566: C HIAS H QMGG M
LacljNeucr WIMH 549: € HIAW H VSGG L <
Lac2 jNaucy WIMH 549: C HIAW H VSGG L <
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ligand followed by strand 4 (pos. 3-5). The second region (pos. 6-20),
is strand 7 (post. 6-9) followed by a loop with the remaining three
copper ligands (pos. 10-20). Both strands are indicated by the lefter
‘e’ (extended). The numbers in vertical columns refer to the sequence
positions for the first (His) and second (Cys) ligands, Amino acids oc-
curring in structurally and functionally important positions are sum- |
marized at the bottom. In defining a sequence pattern, focus is ap-
plied to residues which are invariant and residues that appear to have
a structural role. The type 1 ligands are the only strictly conserved
residues (H, C, M, M at positions 1, 10, 15, 20) ~ except for the Met
ligand in stellacyanin, in the first repeat of ceruloplasmin, and the two
fungal laccases (<). Asp (N) at position 2is an invariant residue in all
small blue copper proteins, but can be another small residue (AGTPS)
in the multicopper oxidases. Tyr (Y) at position 6 is also highly con-
served in ‘all small blue copper proteins, but is conservatively
substituted in multicopper oxidases. The ligand loop (pos. 10-20) is so
variable that only the ligand residues and length restrictions are con-
sidered as common.
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understood [22); it is conservatively replaced by Trp or
Phe in multicopper oxidases (Fig, 3). These exaniples il-
fustrate the difficulty of identifying precisely structnrgl
requirements with predictive power on the basis of @
limited set of sequences, Tt is essential to add understan.
ding of structural principles so that alternative residues
at particular sites be predicted.

2. Separate sequence patterns Jor Hw twe blue

copper protein famities

The separate sequence pattern for the l‘n‘st of the two
families is based on the comparative analysis of three
plastocyanin/azurin structures and more than 40 se.
quences [3,15). Less information is available Yor the
multicopper oxidases with only one known sirueture
and less than 10 known sequences. Yet, for both
families the separate patterns derived (example in
Fig. 4) are simple and perform wellin terms of identify-
ing all known protein domains of this type with no false
positives,

There are, however, two problems with such simple
sequence patterns derived primarily on the basis of se-
quence consensus. First, the. expected conservation
might be violated by future sequence data if the current
set of sequences has not exhausted-the limits of what i
permissible; so the patterns may be too limited in scope,
leading to future false negative predictions. Second, the
sequence patterns are different for ecach family
although the basic protein fold as well as the copper site
are clearly common to both,

2.3, Structural invariance in. the type I site and a
generalized pattern

In order to generate a general pattern that describes
the entire blue copper protein class the ligand residues
alone do not suffice - the pattern would be too per-
missive. Instead, either a more complicated sequence
profile would have to be constructed or the structural
characteristics of the type [ copper site must be taken in-
to account carefully, We opt for the latter, as consensus
sequence profiles merely reflect the sequences they are
based on and lack generality or predictive power.

Small Blue Copper Protein Pattern
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The following considerations went into the construe-
tion of the generalized pattern. The solvent aveessible
surface arcas of resicues at positions no. 3 and no, §
{strand 43 and no. 6 and no. & (xrand 7) {see Fig. 3 are
small and these residues make important hydrophobi¢
contacts on the interior faee of the gsheer [3,19]. The
observed  scquence  variation -at  positions neo. 3
(AILYW) and no. 8 (FLMVY), is extended 1o the set of
large hydrophobics (FILMVWY), anticipating further
variation, but dropping A at position noe. 3, at the cost
of not detecting repeat [ of ceruloplasmin. Position no.
S (FILVSTK) is hot used at all, as the unusual presence
of S, T (two pseudoazuring) and K (stellacyunin, one
lacease) s not understaod, The observed variation at
position no. 6 (FWY:S in blue¢ basic protein and a lac-
case, and K in stellacyanin) is Kept as restricted to the
large aromatics, dropping S and K at the cost of losing
these three proteins. As an additional structural con-
straint we require that the sequences of the two an-
tiparallel strands 4 ancd 7 (positions nos 3-5 and nos.
6-9, respectively), should have an average value of the
preference parameter for antiparallel beta strands [23)
greater than 1.00. This lower limit was set according to
the results of a simple parameter search (not shown).
For position no. 2, whigh is invariant in small blue pro-
teins, any small, non-hydrophobic residue is allowed.
Finally, the pattern specifications for ligands were as
for the simple sequence patterns (Fig, 4), except that
Gln in place of Met, as in stellacyanin, was dropped,
while Leu, as in two laccases and in a ceruloplasmin
repeat, was allowed. Interestingly, mutation experi-
ments on azurin have shown that Met actually is not an
essential component of a blue copper site [24].

Although further restrictions based on the multiple
sequence alignment could be added, especially in the
ligand loop (positions 11-14 and 16-19; Fig. 3), we
chose to keep residue occurrence constrainis to a
minimum, 'in order to retain predictive power. The
general pattern is shown in Fig, 5.

The validity of a pattern is tested by its ability to iden-
tify all sequences it was derived from, and at the same
time not identifying any irrelevant sequences. There are

Multicopper Oxidase Pattern

HN{30 70}¥{2 3}C{1 2}®{0 1}8{2 4} [MQ]
43 True positives (SWISSPROT 15):

Amnicyanin (1)

“Avuring (11)

Pseudoazuring (2)

Pasic blue protein (1)

HB Outer Marbrane Proteins (2)
Plastocyanins (25)
Stellacyanin (1)

H{PSGTA] {4 4}G({30 70}C{4 4}H{3 3)6{ML]
9 Trie positives (SWISSPROT 15):

Ceruloplasmin repeats (I/11/111) (3
lractorVIIl rem’:\..x (I/111) (?)

Laccases (2)
rOase (domainllI) (1)

ic txue negatives or falsze positives

Fig. 4. Separate sequence patterns for the small blue copper protein and the multicopper oxidases. The sequence patterns are expressed in terms

of residue occurrence at specific positions, separated by gaps of fixed or variable length, The patterns are characteristic for the family they were

derived from. Patterii searches in the Swissprot-15 database yield no false positives. An unexpected and probably ‘true’ positive for the multicopper
oxidase pattern is the CopA copper resistance protein from Pseudomonas syringae.
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Fig. 5. The generalized pattern for the combined ¢lasy of blue copper
profeins incorporates strucrura! features. The notation in the search
pattern (bottom) is; [NPJ= N or P at this position: X-=any residue
at this position; {20 70] = gap of teagth 20-70 resicues: underlined
region = restrictions on average residue properties specified separately
(see below), The structural eartoon above the pattern covers the
region of strands 4 and 7. Residue oceurrences in the plasto-
cyaninsZazuring are (o the left, and those in the multicapper oxidases
to the right of the pattern position numbers (1-20, as in Fig. 3)in the
clongated oval buttons, Variable gap lengths are in hexagons, The
boxed region encloses the two positions (3 and 8) where the occur-
rence of any large hydrophobic amino acid is altowed, The question
mark in position 6 and 3 means that these amino acids are not includ-
ed in the pattern, In the underlined regions a minimum antiparallel &
preference is applied as an additonal constraint, Thus, structural in-
formation'is included in two ways; (i) by noting that the hydrophobic
character is conserved at inside (reinoved from solvent) g-strand posi-
tions: the alternating inside/outside character of the g-strands is ap-
parent in the residue solvent accessibilities (pos/aceess: 3/0.0,4/16.0,
5/3.8 for strand 4 and 6/5.8, 7/17.5, 8/1.0, 9/31.0 for strand 7 -
calculated as A* of accessible surface area averaged over the six
known structures of 2AZA/IAZU/IPAZ/APAZ/1PCY /6PCY), and
(ii) by requiring.a minimum antiparallel g-strand preference over each
strand (single residue preferences, derived statistically [19] are as
follows: W:1.75, Y:1.68, 1:1.54, Vv:1.83, T:1.30, L:1.26, C:1.24,
F:1.23, Q:1.18, H:1.12, M:1.09, R:1,02, A:0.90, S:0.87, K:0.74,
E:0.62, N:0.62, G:0.56, D:0.47, P:0.42),

three true negatives in the database searches, the basic
blue protein (BABL) and stellacyanin (STEL) and a lac-
case (LACI1). The positions along the sequence of these
proteins that prevent their detection are, in BABL,
position 6 and, in STEL, positions 6 and 20, as well as
low @-strand preferences in positions 3~5, and in LAC1,
position 6. Repeat I of ceruloplasmin does not match
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the pattern at positions 2 and 3, but this domain may
have lost s copper binding site and therefore allow
larger shifts in tertiary structure. Such cases raise new
questions about the structure and function of the par-
ticular protein. :

- Unexpected positives in a database search can mean
new discoveries. Two more prolein sequences were
detected in the latest Swissprot database release: twe
‘probable’ RNA-directed RNA polymerases (sequence
code rrpolerv.  sequence  position  S46-611; and
rrpatbsve, 846<611), They belong to a group of five
such sequence-related polymerases from plant viruses
(the othiers are rrpoSeny, rrpoSearmy, and rrposiey)
which thus may contain a domain structurally homo-
logous o the type I copper binding proteins. Altér-
natively, these hits may be false positives.

In another such case, bath the simple sequence
multicopper oxidase pattern and the gencralized se-
quence pattern detected, unexpectedly, the CopA cop-
per resistance protein encoded by a plasmid in Pseudo.
maonas syringae (25}, Closer ¢xamination of the CopA
sequence revealed not only conservation of the'type |
and the trinuclear copper site ligands, but also signifi-
cant sequence simijarity to multicopper oxidases, e.g.
ascorbate oxidase [26]. These facts had not. been
reported by the original authors [25). In a subsequent
release of the Swissprot database, the CopA entry was
annotated to reflect this similarity (A. Bairoch, per-
sonal communication), Details of the biological fune-
tion of CopA in plasmid-mediated copper resistance are
not well understood [27].

4. CONCLUSION

The strongest evidence for an evolutionary connec-
tion between the two families of blue copper proteins
comes from the discovery of plastocyanin-like domains
in the crystal structure of ascorbate oxidase [28]. The
fact, demonstrated here, that a copper-binding domain
with such wide sequence variation can be successfully
described by a succinct sequence pattern is consistent
with such an evolutionary relationship.

Our approach goes beyond the definition of sequence
profiles or consensus sequences based on multiple se-
guence alignments in that it attempts to generalize
structural observations. The risk is possible overpredic-
tion, the possibie gain is predictive ability. By identify-
ing structurally important regions in related proteins,
allowed substitutions and residue properties averaged
over a region can be predicted and incorporated in ap-
propriately designed patterns. This structure-based ap- .
proach might result in a simplified and consise descrip-
tion of structural and functional domains in proteins.
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sterco diagram and Matti Saraste for stimulating discussions.
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