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Abstract

This report summarizes the Critical Assessment of Protein Structure Prediction (CASP5) target
proteins, which included 67 experimental models submitted from various structural genomics
efforts and independent research groups. Throughout this special issue, CASP5 targets are referred
to with the identification numbers T0129-T0195. Several of these targets were excluded from the
assessment for various reasons: T0164 and T0166 were cancelled by the organizers; T0131,
T0144, T0158, T0163, T0171, TO175, and T0180 were not available in time; T0145 was “natively
unfolded”; the T0139 structure became available before the target expired; and T0194 was solved
for a different sequence than the one submitted. Table I outlines the sequence and structural
information available for CASP5 proteins in the context of existing folds and evolutionary
relationships. This information provided the basis for a domain-based classification of the target
structures into three assessment categories: comparative modeling (CM), fold recognition (FR),
and new fold (NF). The FR category was further subdivided into homologues [FR(H)] and analogs
[FR(A)] based on evolutionary considerations, and the overlap between assessment categories was
classified as CM/FR(H) and FR(A)/NF. CASP5 domains are illustrated in Figure 1. Examples of
nontrivial links between CASP5 target domains and existing structures that support our
classifications are provided.

Definition of Domain Boundaries

Although assessment categories are named historically on the basis of the techniques used to
generate structure predictions, targets are now classified on the basis the degree of sequence
and structural similarity to known folds. The nature of such a classification scheme requires
targets to be split into domains, because domains represent the basic units of folding and
evolution. In CASP classification, multidomain protein targets often crossed assessment
categories. For example, the two domains of target T0149 (£. coli hypothetical protein yjiA)
exhibited very different relationships to proteins with known folds (Fig. 2). The sequence of
the N-terminal domain [Fig. 2(A), white] placed it within the Nitrogenase iron protein-like
family of P-loop NTPase structures [1cp2,! Fig. 2(B)], whereas the sequence of the C-
terminal domain did not resemble that of any existing fold sequence [Fig. 2(A), gray].
However, the C-terminal domain did bear some topological similarity to an Hpr-like fold
[1pch,2 Fig. 2(C)]. Thus, proper classification of this target required defining appropriate
domain boundaries and assigning the resulting domains to different categories.
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In addition to allowing a more discrete classification of CASP5 targets, domain parsing
permitted us to provide a more accurate assessment of the structural quality of model
predictions. When a domain rotation exists between an experimental structure and a model
or template (e.g., TO159 with periplasmic binding protein 1gl2, known for 30° domain
rotation on ligand binding3), a single superposition is not adequate to represent the
similarities or differences between the two folds. Similarly, many automatic protein
structure comparison methods provide lower scores for multiple-domain proteins than they
do for the isolated domains. Accordingly, splitting targets into domains increased the scores
assigned to CASP5 target predictions by automated evaluation approaches and ultimately
provided a better estimation of group performance.

We defined CASP5 target domains manually, basing our judgment on the presence of a
potentially independent hydrophobic core. We separated -sheets when necessary to achieve
such an arrangement. Precise domain boundaries were sometimes difficult to delineate. In
such cases, we considered various aspects of the template domain structure: residue side-
chain or backbone contacts within proposed domains, sequence or structural similarities to
existing domains, and domains represented in predictor models as criteria for boundary
selection. In total, 55 CASP5 target structures were divided into 80 independent domains,
which corresponds to an increase from CASP4 (40 targets and 58 domains).

Examples of Difficult to Predict Domain Structures

Mutual domain arrangements are more challenging to predict than individual domain
structures, especially when difficult domain organizations such as swaps or discontinuous
boundaries exist. Domain swaps, defined as either an exchange of domains between protein
chains or an exchange of secondary structural elements between domains, were found in
several CASPS5 target structures. Target T0140 represented a synthetic hybrid protein with a
dimeric OB-fold formed by a p-hairpin swap. Although such swaps are becoming well-
documented phenomena in protein structure, this arrangement remains virtually impossible
to predict without having precedence in the existing pool of OB-folds. As such, we used
portions of two chains in our definition of the domain boundaries for this target (see Table

).

Three different CASP5 targets (T0152, T0169, and T0192) belong to the Acyl-CoA N-
acyltransferase family. This family contains members that exist as either an independent fold
(i.e., 1cjw4) or a B-strand-swapped dimer (i.e., 1gsmb). It is of interest that one of the target
structures (T0192) formed a swapped-dimer, whereas the other two (T0152 and T0169) did
not. Although prediction of such a swap was conceivable in this case, we used portions of
two chains in our definition of the domain boundaries. Predictions could then be compared
with either the original protein chain (B-strand extended into space) or the defined domain
(B-strand completing the fold).

The second type of difficult domain organization includes structures that contained
discontinuous domain boundaries with respect to their primary sequence structure. Such an
arrangement may result from a domain insertion into the middle of an existing fold or from a
swap of secondary structural elements between domains. Target T0148 provides an
excellent example of a CASP5 target with discontinuous domain boundaries. This target
contained a tandem repeat of ferredoxin-like fold domains with swapped N-terminal B-
strands.

Evolution-Based Domain Classification

The main goal of CASP5 classification was to place target domains among existing
structures so that predictions could be assessed according to three main categories:
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comparative modeling, fold recognition, and new fold. To accomplish this task, we used
sequence and structure similarity measures to find the closest neighbors (templates) to target
domains and a classification scheme similar to that defined by the Structural Classification
of Proteins (SCOP) database.6 This procedure allowed us to hypothesize about the
evolutionary relationships between CASP5 targets and existing protein structures.

To evaluate the similarities of CASP5 targets to proteins of known folds, we used a
combination of sequence/profile and structure database-searching approaches. All domains
identified with sequence-based methods were assigned to the comparative modeling
assessment category (CM). In general, simple BLAST7 searches (E-value cutoff 0.005) of
the nonredundant database (NR, September 18, 2002) identified close homologues of target
sequences (26 domains). Sequence profile searches using multiple iterations (up to 5) of
PSI-BLASTS (E-value cutoff 0.005) identified more distant homologs (17 domains), and
transitive PSI-BLAST searches (E-value cutoff 0.02 with manual filtering) initiated from a
number of sequences found to be homologous to the initial target sequence identified
additional remote homologues (8 domains). For all of these cases, structural similarity to
identified folds in the Protein Data Bank9 was confirmed with inspection of Dali structure
superpositions.10,11 Unusual structural differences revealed in this inspection between the
targets and templates with detectable sequence similarities (T0141 with 1Ibal2 and T0152
with 1cjw4) are noted in Table I.

The CM domains identified through these sequence/profile-based methods represent a
significant portion of the CASP5 targets (51 of 80 domains) and cover a broad range of
sequence similarities to PDB templates (some identified with simple BLAST, and some
identified with transitive PSI-BLAST searches). By using a measure of sequence similarity
to identified PDB templates described the CASPS5 fold recognition assessment (Ssgg),13 the
target domains assigned to this single category tended to fall into two groups (see bimodal
distribution, Fig. 3). These two groups correspond to close homologues (higher Sge group,
Fig. 3) and remote homologues (lower Sggq group, Fig. 3). Generally, targets grouped within
the close homologues identified template sequences with simple BLAST or with PSI-
BLAST and represented either identical proteins from different species (orthologs) or
similar proteins from the same SCOP families as the template proteins. Likewise, targets
grouped within the remote homologues identified template sequences with PSI-BLAST or
with transitive PSI-BLAST and belonged to the same SCOP superfamilies as the template
proteins.

The bimodal distribution of target domains illustrated in Figure 3 suggests a natural
boundary between the comparative modeling assessment category and the fold recognition
category. However, grouping the target domains into two discrete clusters based on this
sequence similarity measure (Sgeg) alone was difficult. To accomplish this task, we chose to
include an additional measure of structural similarity to identified PDB templates (see fold
recognition assessment article for a complete description13). The resulting two-dimensional
scale defined a precise boundary between close homologues (29 CM domains) and remote
homologues (22 CM/FR(H) domains), although it resulted in a significant overlap between
the two assessment categories.

To classify the remaining targets (29 domains), we used Dali10,11 to search the PDB for
protein structures with similar folds. We also used a secondary structure-based vector search
program developed in our laboratory (unpublished) to identify more distant protein
structures in the PDB that displayed similar topologies to the target folds. We combined
these automated search programs with manual inspection and a general knowledge of
protein folds to produce the final classification. For cases with identified structural
similarities (24 domains), analogy between the target and template was assumed unless there
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was enough compelling evidence to hypothesize descent from a common ancestor (see
examples below). For those cases without clear similarities to known structures, a
classification of new fold was assigned (5 domains).

The overlap [FR(A)/NF] between the fold recognition category and the new fold category
was defined on the basis of various criteria including general overall size and fold topology
of the complete structure, length, and arrangement of individual secondary structural
elements within the structure, and degree of partial similarities to existing folds. We asked
the question: How well does an existing fold approximate this target domain? One of the
more difficult targets to classify in this respect was the C-terminal domain of F-actin
capping protein a-1 subunit (T0162_3). We classified this domain as NF, although the
overall topology of the core was similar to that of ubiquitin-conjugating enzyme Ubc9
(1u9al%). Each structure includes a five-strand meander flanked on one side by two a.-
helices. However, the flanking helices of the target domain (T0162_3) form a parallel
interaction with a flat p-sheet, whereas those of Ubc9 interact in a perpendicular orientation
due to a significant twist of the p-sheet. In addition, the secondary structural elements of
Ubc9 are generally shorter in length than those of the target and include two additional C-
terminal helices. Finally, Ubc9 represents an independent folding unit, whereas the extended
target domain likely requires another subunit to form a compact structure.

of Homologous Domains

In classifying individual CASPS5 target domains, we sought to establish evolutionary
relationships to existing folds wherever possible. First, we defined as a homologue any
target whose sequence detected its corresponding template sequence using the various forms
of PSI-BLAST. Target T0168, a glutaminase from B. subtilis, represents one of the most
challenging sequence links established with use of these methods. By using transitive PSI-
BLAST searches with two intermediate sequences, a hypothetical protein from P. aeruginosa
(0i|15596835) and a 6-aminohexanoate-dimer hydrolase (gi|488342), this target glutaminase
sequence was linked to sequences from the p-lactamase/D-ala carboxypeptidase superfamily
(i.e., 3pte, 2blt, 1ci9). Members of this superfamily contain an a/f sandwich domain
interrupted by a cluster of helices. The active site lies between these two domains and
contains a conserved catalytic Ser-x-x-Lys motif.15-17 The presence of this motif in the
glutaminase structure, along with the positioning of conserved residues within the defined
active site cleft, further supported the presumption of homology for this target.

For those targets without detectable sequence similarity, we considered the degree of
structural similarity to known folds (Dali zscore above 918) and combined this information
with additional structural and functional considerations as evidence for homology. Examples
of such additional considerations included similarities in the organization of domain
structure, the sharing of unusual structural features, the sharing of local structural motifs, or
the placement of active sites. Six additional CASP5 target domains (T0134, T0138, T0156,
T0157, TO174, and T0193 1) were classified as homologues to proteins with known folds
based on these criteria.

Two of these CASP5 targets (T0134 and T0174) displayed considerable structural similarity
(Dali zscores 19.1 and 18.5) to their respective templates (1qts!® and 1kvk20) while
retaining an identical domain organization. Both the delta-adaptin appendage domain (target
T0134) and its closest template, the clatherin adaptor appendage domain (1qts9), have an
N-terminal immunoglubulin-like g-sandwich followed by a C-terminal clathrin adaptor
appendage domain-like fold. Similarly, target T0174 (Protein XOI-1 from C. elegans)
displays a two-domain structure analogous to that of its closest template, mevalonate kinase
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(1kvk20). Both structures include an N-terminal ribosomal protein S5 domain 2-like domain
and a C-terminal ferredoxin-like domain.

Additional examples of notable structural similarity in the absence of detected sequence
similarity included target T0138 and target TO156. The target T0138 KaiA N-terminal
domain from S. elongates superimposed with a CheY-like superfamily member, the PhoB
receiver domain from 7. maritima (1kgs?L), with a reasonable Dali zscore (13.9). The
structure of target T0156 had a less impressive Dali zscore (7.5) when aligned with the
“swiveling” domain of pyruvate phosphate dikinase (1 dik22). However, both structures
included an identical topological arrangement of secondary structural elements comprising
the three layers (B-p-a) of the “swiveling” domain fold. In addition, the two pB-sheet layers
of both the target domain (T0156) and the template domain (1 dik central domain) form a
distinctive closed barrel (7= 7, S=10). This unusual structural similarity compelled us to
regard these two proteins as homologues.

Two CASP5 targets (T0193_1 and T0157) retained conserved motifs that distinguished
important structural or functional aspects of their closest templates. The N-terminal domain
of target T0193, an AT-rich DNA-binding protein from 7. aguaticus, formed a three-helical
bundle with a winged helix-turn-helix motif similar to that of the putative transcriptional
regulator TM1602 N-terminal domain (1j5y®). PSI-BLAST detected the sequence of this
structure (1j5y) with an E-value (0.85 over 47 residues) outside a reasonable threshold but
with an alignment that matched the structural alignment. The target structure superimposed
with the template structure (Dali zscore 4.8), although residues corresponding to the “wing”
were disordered. Target T0157, £. coliyqgF, retained identifiable structural motifs present
in the ribonuclease H-like fold (i.e., RuvC resolvase 1hjr23). It is of interest that these motifs
were already identified in an article describing the structural and evolutionary relationships
of Holliday junction resolvases and related nucleases.24 Based on the presence of these
motifs, this article predicted a preservation of the core RuvC secondary structure elements in
the structure corresponding to the CASP5 target sequence T0157.

Finally, target T0147, £. coli YcdX, presented an unresolved case of potential homology to
the TIM B/a barrel superfamily of metallo-dependent hydrolases. This target was previously
defined as a PHP domain based on a detailed analysis of the domain conservation of two
distinct classes of polymerases.25 Although no definitive structural prediction for the PHP
domain superfamily was presented in the report, the authors suggested a link to the metal-
dependent hydrolase superfamily based on the presence of a conserved metal binding site
motif (HXH) and the results of multiple alignment-based database threading.25

It is interesting that metal-dependent hydrolases such as cytosine deaminase (1k6w?25) form
a distorted TIM B/a barrel fold capped by a C-terminal helix similar to that of the target
structure. Although the target TIM B/a barrel is composed of only seven strands and helices,
both structures bind transition metals within the barrel using the conserved metal-binding
motif. However, in the absence of stronger evidence, we classified this target as an analog
[FR(A)].

Analysis of Difficult Structure Analogs

The remaining CASP5 target domains belonged to one of two categories: structural analogs
and new folds. To make sure we did not miss any potential template folds of the target
domains and to help make the distinction between structure analogs and new folds, we used
a secondary structure vector search program under development in our laboratory. To
perform this vector search, the secondary structural elements belonging to each target
domain were defined, and a matrix of contacts between these elements that included the
types of interactions (i.e., parallel, antiparallel) and the handedness of connections was
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constructed. We used this target matrix to search for exact matches in a database of similar
matrices defined for all available PDB structures. This program finds topological and
architectural similarities including circular permutations but is not sensitive to structural
details such as packing, length of secondary structure elements, or large insertions.

An example of the utility of the vector search is illustrated with the first domain of target
T0187, a putative glycerate kinase from 7. maritima [Fig. 4(A)]. A Dali search using this
domain did not identify any reasonable structure templates in the PDB. However, the vector
search program found a hit to cobalt precorrin-4-methyltransferase CbiF domain 2 [1cbf,2’
Fig. 4(B)]. Both target and template structures displayed a central mixed sheet of 5 p-strands
(order 12534) surrounded by a-helices. However, the target fold included an extra a.-helix at
the N-terminus and an extra a/p insertion between the last two p-strands that formed the
edge of the B-sheet (Fig. 4). It is of interest that one group (Brooks, Group 373) identified
this structure (1cbf) as a parent template for the target [Fig. 4(C)]. Although the topological
arrangement of the core folds of each of these structures was similar, the packing of the
connecting helices around the sheet differed significantly, providing an explanation for the
lack of detection by Dali.

By including circular permutations and allowing for different insertions to the core fold of
the target domain (T0187_1), we searched for templates containing even greater structural
variability. Using this strategy, we linked the putative glycerate kinase domain (T0187_1) to
another CASP 5 target domain [T0149 2, Fig. 4(D)]. This similarity assumed including the
edge strand insertion of target T0187_1 as a core secondary structural element [purple, Fig.
4(A)] and treating the first B-strand as an insertion. The resulting common antiparallel sheet
resembled those of two existing structures: homoserine dehydrogenase domain 2

(lebf _B149-337,28 Fig. 4(E)] and heat shock protein HSP90 [1adh_A1-214,29 Fig. 4(F)].
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CASP5 domains. Thumbnail images of CASP5 targets, created by using the graphics
program RasMol.30 Models of the CASP5 target structures are split into domains, and
indicated domains are colored according to secondary structural elements: a-helix (pink)
and p-sheet (yellow), with the remaining secondary structural elements colored gray. The
number to the lower left of each image indicates the target length, and colored block to the
upper left of each image indicates the target classification: CM (red), CM/FR(H) (pink),
FR(H) (blue), FR(A) (cyan), FR(A)/NF (green), and NF (black).
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Fig. 2.

Target T0149: domains cross-classification categories. A: A molscript31 rendering of the
two domains of target T0149 (£. coli hypothetical protein yjiA). The N-terminal domain is
colored in white, and the C-terminal domain is colored in gray. The N-terminal domain
(T0149_1) is homologous to (B), the Nitrogenase iron protein from C. pasteurianum (1cp2)
and was assigned as CM/FR(H), whereas the C-terminal domain (T0149_2) was assigned to
a new fold, although it displayed some topological similarity to (C) the histidine-containing
phosphocarrier protein (1pch).
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Fig. 3.

Classification of comparative modeling targets: similarity to templates. The numbers of
domains that have similarity scores (Sseq) within the indicated bin ranges (x axis) are
depicted as closed circles. A smoothed line connects the circles to illustrate the resulting
bimodal distribution of the comparative modeling target domains.
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Fig. 4.

Identification of distant structure analogs using vector search. A: The experimental model
structure of the first domain (T0187_1) of a putative glycerate kinase from 7. maritima
found B a structural analog cobalt precorrin-4methyltransferase CbiF domain 2 (1cbf) using
a vector search program. C: The first model prediction of one group (Brooks, Group 373) is
based on this parent template. D: Another CASP5 target domain (T0149_2) was linked to
T0187_1 by using a different definition of core secondary structural elements (includes the
purple strand). The vector search program identified (E) homoserine dehydrogenase domain
2 (lebf_B149-337) and (F) heat shock protein HSP90 (1a4h_A1-214) as distant structural
analogs of target T0149_2. Secondary structural elements belonging to the core fold are
colored according to type: p-sheets are yellow and a-helices are blue. The B-strand colored
in purple represents a core element in target T0149_2 and related structures. The B-strand
colored green is deleted in target T0149_2 and related structures. Secondary structural
elements that are treated as insertions are colored white.

Proteins. Author manuscript; available in PMC 2009 March 17.



Page 13

Kinch et al.

3y} Je MUN-ggoo [eUORIPPE UR d1eys
pue 81NjoN1IS UMOUY| Aue 0 Uey) Jaylo
1JoBa 0 J9SO|D 8JB SUIBLIOP OM ] “UIBWOp
ay1]-aseu01oo/d|D e Jo uonealdng

'Z'€ 81008 Z I Yum

subife (90T %9) urewop ax1j-eqt
-439 "(1JWT) aseJawos! auodBRUOINIA
pue (BT1T) Jo1e|nbas jeuonduosuely
M1]-Qusy/di Jo surewop

JeuIWS]-D 01 Jejiwlis SI 3Injonas
Jawip ‘[asreq e Buiwloy syeays-g

OM] YIIM Jawip 1ybn v “saljiweyladns
P|OJ 91]-UIXOPaJia) JUs1Ind Ul punoy Jou
SBNPISaJ PAAISSUOD UM XI[3Y UsX0.q
sureuo) "Hojeue pjoy ax1|-uIxopailad

*(nAB T) urewop Jes uondepe-T1H

0} paje|al urewop feuluna)-N “(T°6T
9102 Z 11e@) AJLIe[IWIS [RINJONIIS WO
pauiayul ABojowoH *(SIbT 9%2T) urewop
abepuadde Joydepe uriyre|d anbojowoy
910WaJ M 8INJINIIS UIRWop Saleys

"(SBUT 9%€ET) J01depe uLyred buipuiq
-apiisouloydsoyd JO urewop [eulw.ay
-N se Ajiwey awes ‘pjo} xijaysadns ojo

"LSV19-1Sd aAmsuen yim (7'€T
9100S Z 1[eq@ ‘bAQT ‘949T) 8seJalssoly |
V0D |A0zuagAX0IpAH-1 spuly aouanbag
"Jagwiaw Ajiweyadns aselsisaoly |

“JUBLISSaSSe
104 pasn 10N ‘siuswuBisse ureys-apis
ON "2JMONJIs 8y} J0 UOISIaA Ateuiwifaid

"9)IS dA119® 8y} Sulelal
pue ‘uidirey-g abipa ue saso| ‘sjusLwa|d
Jean3anuls Jauoys Ajjelauab sureuod
a1njonuis ayy ‘oeyT 01 pasedwo)
"1SV19-1Sd 8ABIsuel} Yim (0°G 8109s
Z 11eQ 04T %8T) 9Ad Spuly sdusnbag
‘Aliwreyiadns aselajsue)|ApnosajonN

‘uonoeIAIUI

1461 & W0y G Xijay pue Z X1]9H "a|pung
papuey-19| [edI]ay-€ B St J|qLuasse

1594 3U} SBAJaYM ‘3|pung UMop

-pue-dn pauIoISIp © W0 S301[3Y N0y

18114 "$80118Y UBABS JO Pasodwiod ploy [9AON

(H)44/Wo
(H)44/no

(W)u4

(H)y4
(H)44

(H)Y4/ND

(H)44/no

pasn jou

(H)Y4/WO

daN

£253-0923
:Z 9ETOL
6523-v3
T 9€TOL

a)buis

IV
-100TV'Z ¥ET0L
9001V

-8/8V:T vETOL

a)buis

a1buis

a1buis

a)buis

Aet-x
6uoT
€uot

Aes-x

Aet-x

Aet-x

Ael-x

Ael-x

Kel-x

Rel-x

HUBLLISYS o
uungns
ST ese|Axoqueosuel |

ginuwal] o
utejoud ajqels Buijiog

uewiny
urewop abepuadde undepe-9

1wl
urewop eulwisl-N 9TdIH

avzuBnlUl “H
LZ80IH

avzuBnlUl “H
LG80IH

avzuBniul “H
€,00IH

avzuBnlul “H
LT80IH

€¢S

80T

16¢

(453

121

00T

yiT

81

9€T0L

GET0L

YE€T0L

€ETOL

CETOL

TETOL

0€T0L

6¢10L

guondioseg

pSse
dsSvo

59BueIsurewoq

poyRW
q8ad

sa109ds aweN

guibUeT

al
whre|

1 379VvL

® Europe PMC Funders Author Manuscripts

s1896181 GdSWVD JO MAIAIBAQ

® Europe PMC Funders Author Manuscripts

Proteins. Author manuscript; available in PMC 2009 March 17.



Page 14

Kinch et al.

paAJasU09-82uaNbas & Ag pa1oauu0d
€ pue g surewoq ‘g Urewop 1oy
sjuawuBIsse Ureyo-apis ON “g Urewop

01 J0adsal yum painwiiad ApJenasn £ 9vTOL
sI T urewoq 19ays-g ays yo abpa ays STTV-G2V
Te pauasul puelis-g [euonippe ue yum 2 9vVTOL
}un ax1|-uIxopa.iay e jo uonealidnp  4N/(V)dd 96TV-VTTV
|enuajod e juasaidal pue 10e1Uu0d  4N/(V)H4 R 7AY4 Ael-x 109 '3
b1 ut z pue T surewoq :surewop a1yl AN/(v)y4 -TV:T 9¥T0L — Z6h  gze 9vTOL
‘uraloud Aei-x Jeisebourlaw ‘g
.[papjojun Ajaaizeu,, ‘sareu1piood oN pasn jou — — SNUILWIBY-D UNJeIoNS 912 SYTOL
Rei-x snany 7
VN pasniou — — umod dAD 24T vrIoL
“(Bet 9%82) GTT-T2:Z €7T0L
1un a)6uls e se pajeal) SUIBLIOP 0M} ND 9T2-91T Rei-x snaine 's
10 pasodwiod aseajoud aurias ay1-uisdAi] WD ‘02-T:T EPTOL — aseaoid gA  9TC SYTOL
(61T %92) Ajnwey ssereydsoyd-g
areydsoydAjod jonsou| Rel-x snLenasl D
‘plo} a1I-19seNa ND a|buis — uuoydolIN 282 ZrTol
"9)IS 9A110R
Ul S8OUBJBIHIP [eInionals pajdadxaun dINN Hpunaiy -
(AT %92) 3WAZ0sA| /1 Jo anbojowoH  (H)¥4/ND a|buis eAIT qdwy /8T TYT0L
“Jawip-paddems
MI-PI0J-gO Ue Swoy uIsiosd d1ayIuAs
3y} ‘ploJ-gO U SULIO} 8INJaNJIS 20TV
1ua.ed yoes yBnoyiy *(jeurws: -v/V ‘v.9-819
-0) TS u1sjoid yungns [ewosoq sureyd
S0E//09 "7 pue (Jeulwlsl-N) v uisloid Z 40 ausodwod Ael-x
390ys p|o2 Jo pasodwiod uigloid 2118YIAS D ‘a1Buls — uigoid 018YWAS TTAT  €0T ovI0L
“JUBWISSaSSE Ul pasn
10N "pauidxa 106ue) 8y a10aq a|ge|reAe
a1nonais sy noge uorewiopu] (18 ueuny
-6T¥:V X6eT “68) saumonis Bunsixa urewop aseNd
01 Aejiwis [eaibojodo) awos 'sadljay dINN J10MqIyul asedse/lo1oey
Inoy Jo Aeure JeinBaill Yym pjos |oAON pasn jou a1buis AoxT uoneuawbelq €8 6ETOL
(2T 21005 Z 11eq) AreqIwIS
[B4N19NJIS UO Paseq aduaiapaiul dINN
ABojowoH *(sBAT %6T) Ajlweyladns JZwt snjebuofa s
MI|-A8YD ‘P|0} X1]-UIXOPOAE|S (H)44 a|burs acwt urewop eulutel-N viex  GeT 8€TOL
*(suez Aei-x snsofnueib ‘3
%ey) Aliwey uglold Buipuig-pioe Aneq WO a|buis AgOT urdjord Butpuiq proe Aweq €T LETOL
‘¢ pue
T Surewop oy Z'€T pue T'¢T 8103SZ 1jed
‘Azut 81ndNIIS gAd 189s01D “1SV 19
-1Sd dAmIsuRL UM (NPT ‘%ET—ZT)
ddd SPul} urewop yaeg ‘snuiwial-N
pssep poylew ai
suondiioseg asyon ofbuelisurwod  g9dd spodsowey eUPBWT  phe)

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts

Proteins. Author manuscript; available in PMC 2009 March 17.



Page 15

Kinch et al.

Ael-x 1093
V/N pasn 10U — — asesalss |A10Y  6TE 8ST0L
‘SjIow HaseNy
Paq1I9sap JO 8ouasald ay) WOy paiajul
ABojowoH *(9°'6 8109s Z 1jeq Ayt Rel-x 1102 '3
%ST) Ajweysadns a1|-H asesjonuoqry (H)44 a|buis — 46bA  getT LSTOL
*AlLIe]1WIS [eN)oN.ls Wody
pauiajul ABojowoH *(§°2 81095 Z 1eg s1sofnategn W
NIP T %tT) Plos urewop ,Buljaaims,, ayx Ael-x aselajsuejAyiaw
‘Aliwreyiadns urewop autpnsiyoydsoyd (H)44 a|buis — spuadsp-INVS 8lqeqold ST 9STOL
s1sofnategn W
"(uypt Ael-x asejopje
%EE) PI0J-1 ‘ssejop|e utizidosuoIpIyIp-gL ND a|buis — uuedosuolpAyIp 8jgeqold  €ET GSTOL
062Y-88TV
‘24n1onJis urewop ¢ 7ST0L
aleys suzjoud ‘(0Ul %6 ‘%SE) PIo} I WD 18Tv-eY  Aei-x S150[na1gn; ‘W
-mmm_o\__u\?_-d 9p1103JINU suUlU3pY .Ucmn_ ND T ¥ST0L .QOE._” wmmumr:c\ﬂm dleusyjojued 60¢ ST0L
Ael-x s1so[naisgny ‘W
"(Gnal 96G€) plos dijo-eleq ‘ased LNP ND elbuis  /bwr esedlnp ST €STOL
"199ys-g ay1
10 adeys uaiapip e 03 Buipes| uisoid
SIY} Ul $X9®] 8)IS 9AII9e 8y} ul ab|ng-q s1s0[n249gn1 ‘W
Anurey sty Joj [eo1dA L “(PIIT %ST) Ajiurey Res-x OLYETAY
(LWN) asesaysuen|Aioe-N vod-1A0v  (H)Y4/ND a|buis — urajoud [eonaylodAH 012 2STOL
s1s0[n249gn1 ‘W
‘(onbt Aei-x uisroud
%0€) PI04-gO ‘utsioid Bulpulg-YNass WD a|buis — Buipuig puens-s|buls 9T TSTOL
“(oP1 Ker-x 18J92 */
%v€) Allley urejold ewosoqu 8e.1/30€1 WO ajburs wzyt 30€7 urejoud ewosoqry  Z0T 0STOL
T /8701 19bue) pue pdt *2€€-64T
‘g 409T ‘QUeT 0} Ajiejiwis [enionis 8TEY-E0CY
3WOS YHM P|OJ [SAOU [eUIWIB) ‘2 6YTOL
-0 "(w8lT 9.T) Aliwey ursjoid uol 4N 20ev-zvy  Aerx 102 3
aseusbo.lIN [eulws)-N sutewop oMl (H)Y4/ND ‘T 6¥T0L fut il gre 67T0L
“(8X3T %ST '%TT) urewop g+o
10398} Bu1j9A2a1 swo0soqiy Jo anbojowoy 00TV-0TV
alowal a|qissod e sI urewop yoe3 2 8vToL
'Spue.IS [eulwlal-N paddems ynm (W)44 €9TY-T0TY Rel-x ovzuanlyul ‘H
PO} 331|-UIX0Pa.I84 € JO Jeadal wapueL (V¥4 '6v-2v:T 8rT0L ourt VEOTIH €971 8yT0L
"al1s Bulpuig-[elsw e saleys
M YOIYM Yum ‘(T°8 81008 Z 1[eQ ‘MONT
9%¢T) SasejoipAyojelsw jo anbojowoy Ael-x
8J0Wal 8]qIssOd "P|o} [311eq-D/g NIL B 89wt 1023
JO UOISI9A PapuelIS-UaAas e ‘urewop dHd (W)44 ajbuis GowT XPIA Gz /¥T0L
RENT]] 662V-77eV
pssep poywpuw al
suondiioseg asyon ofbuelisurwod  g9dd spodsowey eUPBWT  phe)

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts

Proteins. Author manuscript; available in PMC 2009 March 17.



Page 16

Kinch et al.

"(3NIT %GT) urewop Y62V-LT2V Rei-x e |
PIO} AMI|-INY'S pauiasul ue yum (2BIT  4IN/(w)udd _'STIV XguT MVYIN urejod
%9T) dsesgysuesyAyrow Juapuadap-NvS  (H)Y4/IND VT ¢LT0L Agwt [eanaylodAy pansssuod 662 2LT0L
Ael-x 11027
VIN pasn jou — gewt Holg ulel0ld 962 T.T0L
's3|pung BuIpIg-vNY
/VNQ [ed1]3y-83.y} pue (89¢-/62:bger)
urewop Jeuiwlsl-) Dz asereydsoyd
le__m__E_m |e4njonuis ‘pjoj mau ‘Xiay HAIN uewiny
0T € & Aq paddes ajpunq [edljey-saayL  4N/(V)dd a|buis OPUT  TTd9d/VdAH Jo urewop 44 69 04701
“(voqt Rei-x singns g
%6) Allwey (LVN) asesdysued |A120e-N  (H)Y4/WD 3|buis PIWT AlbA 95T 69T0L
602V-69V
"1SV19-1Sd 8AnIsues ‘77 89T0L
Aq punoH *(JoyT 9%.) Ajiwesadns L2eV-0TeV
asepndadAxoques efe-g/asewreioe]  (H)Y4/IND _ '89v Aei-x singns ‘g
-g Aq paseys aamonns urewod  (H)Y4/ND -TV'T 89T0L pwt aseulweNo /g€ 89T0L
singns g
Ael-x 94 uigyoud
(08I %6g) urewop SIS WD alburs sewt 0110s01A0 [eonaylodAH  G8T 19701
Ael-x sipade) ‘3
paj|soued pasn jou — — VATS 0ST 99701
Ael-x SIRqgns 'g
(sgeT %8T) Allwepadns ssejoipAy-g/o  (H)d4/IND 3|buls ©/TT  ase|Al9oesp O unodsofeydesd  8TE G9TOL
Ael-x
paj|aoued pasn jou — — 020 991 79101
Ael-x singns g
VIN pasn 1ou — — aSepIXo UKD 69€ €9T0L
EERITED] 18¢VY-VTTV
oM} Aq payue]y JapueawWw papuels ‘€ 29T0L
-9Al} P|O} |9AOU [eUIWIBY-D ‘(SHT ETTV-E9V
%6) spuebi| ouiz 150] Jeyy Jebuiy ouiz 4N ‘2 29T0L uaxaIyo
urxopaiqgni a|qissod a|ppiw ‘ajpung (w)yd 9v-LY  Rer-x Hungns
[821]3U-831Y [BUILUIS)-N :SUIBLUOP 33U L (W)yd ‘T 29T0L uzit  T-euiajoud Buiddes unoe-4 98z 29T0L
"198Ys-¢g papuells-2aiy) panind Ael-x ovzuanul “H
e ynm padded Ae.re [edl]ay-v ‘pjoj MaN 4N 3|buls — 08YTIH  9ST T9T0L
(dswz %ge) plos a1-utingojfounww Res-x 181
‘Apwey uigyold waads Joley ND a|buis — uislold V-dvA 82T 09701
‘ABojowoy
yst|qeIse sayotess 1Sv1g-1Sd €€TX-26X
annisuel] "(zIBT %g8) anbojowoy 1s8so]o ‘¢ 6GTOL
Uey) UOIIBIUSIIO BAITR|a) JUBIBHIP 60EX-YE€CX 1102 5
yum surewop om | “Apwegiadns  (H)H4/IND ‘I6X Ael-x uigoid
urgjoud Butpuig-onwserduad  (H)Y4/WD -TX'T 6GTOL — Buipuig-surelsq audk|9  60E 6STOL
pssep poypw ai
suondiioseg asyon ofbuelisurwod  g9dd spodsowey eUPBWT  phe)

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts

Proteins. Author manuscript; available in PMC 2009 March 17.



Page 17

Kinch et al.

‘(21T 9£2g-9919
%9¢2) urewiop BuipuIg-yNYSP [euluwls) ' ¥8T0L
-0 "(z4{T 9%Ge) urewop aseajonuopud  (H)Y4/ND sorg-1d  Aer-x ewnLew 1
111 8SENY JeUIWIS)-N Sulewop omL WD ‘T ¥8T0L MQOT COTTINL  OF¢ 78101
(19T %0€) 1941eq-INI L Rei-x euinLew |
‘00aQ asejop|e areydsoyd-asoqriAxoaq ND abuis Koot 6SSTNL  8¥¢ €8T0L
Ael-x eunew |
“(yewz %zy) ssepndadoulure auluoIyidN D ajbuis X00T 8/VTINL  0SC z8T0L
‘ABojodoy aBISINAIFI S
[ensnun ‘apis auo UO $891]ay-D {7 Rei-x M/S0HHA
ynm 198ys-g |9f[esednue psaind ‘pjoy maN 4N a|buis uAut urejoud eonaylodAH  TTT 18T0L
wnarydosoineouiayy W
HAN LOVHLIN
V/IN pasn jou — — ureloud eonaylodAH €5 08T0L
‘anfojowoy
aseJaysuelyjAylaw uspuadap G/2V-8SV syngns g
-INVS ‘@4nonais ulewop aleys D 2 6.TOL Ael-x Bojowoy
surajold ‘(jur T %€p) aseypuAs aulpiwiads WD  /SV-ZV'T 6.T0L A1l aseypuAs aupluiads 9/ 6.T0L
snaljose "y
‘(19T 9%.2) 1911eQ-INI L Ret-x asejop|e
‘D08 asejop|e areydsoyd-asoqriAxoaq WD ajbuis yzwt ajeydsoyd-asoquAxoeg 612 8/T0L
S0CY-TETV
‘€ LLT0L
07¢Vv-90¢Vv
‘0ETV-8LY
e} ' LLT0L LoAd H
"2INJONJIS ulewop sy aJeys ND LINV-TCY Rei-x ¢9T0dH
sutajoud ‘(UONT 9%0€) Aliurey a11-DdaA WD TLLTOL muT ursjod [eonayjodAH - ove L1701
“(wilT %92) LE9HLN Res-x 109 3
utajoud [eanaylodAy Jo anfojowoy asojd WD ajbuis T6UT NBBA uisroud eonaylodAH 00T 9/T0L
Ael-x 109 '3
VIN pasn jou — MIUT dufA utsioud reonayiodAH 8z G/TOL
8679-6¢€4d
‘¢ v.T0L
"(g'8T 810052 1]eQ ¥.€9-661d
IMT %66) ANIBJILUIS [eIN}ONIIS WOy (H)u4 _‘'sea ferx suelafs 0
pauajul ABojowoy ‘Ajiuey aseury dWHO (H)¥4 84T v.T0L  LBwr T-TOX UlBloid LTy 7LT0L
“198ys-¢g 8y} JO aIn1eAINd
10URSIP INQ Saselajsuen|Ayaw
VS 01 Aejiwis jeaibojodol Ael-x sI1s0/n2.19gn} "W
YN PIO} g/ 8Xj1]-UUBWSSOY [8AON  AN/(V)H4 ajbuis — ase|A1aeap [0IOOAN  £0E €/T0L
9TZV-9TTV
:¢ ¢LTOL
pssef poypw al
suondiioseg asyon ofbuelisurwod  g9dd spodsowey eUPBWT  phe)

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts

Proteins. Author manuscript; available in PMC 2009 March 17.



Page 18

Kinch et al.

se Aeme uanib sem arejdwiay

1595019 X1|ay 1se| paddems-urewop 6029-8814
‘(B30T 9%/T) Ajtweiadns uuewssoy ‘(ureyo 1s41y)
Buipuig-(d)QwN [eutwlsl-O ploysaiyy L8TV-6LV
MO|3q sanjeA-3 yim AlLrejiwis ‘7 €6T0L
[edmonuis s10918p 1SV 19-1Sd ‘(ASlT sureyd
%62) oW H1H pabuim ‘ajpung [eaijay ND Z 40 ausodwod Aei-x uigoid
-€ [BUIWIB)-N ‘SUIBLLIOP JUBIBHIP OM ] (H)Y4  8LV-TV:T €6T0L — Buipuid YNQ You-1v  TT2Z €6T0L
(ureyd puodass)
TLT-¥ST
‘(ureyo 1s11y)
€GT-¢ ‘suleyd ueuiny
'spue.s 1se| paddems-urewop ‘(wsht Z 40 ausodwod Ael-x aselajsuely|A1aoe
%9T) ‘Ajiwey (LYN) esesgysuest |K180e-N  (H)H4/ND ‘81buts — aulusds/awiplwieds  T/T Z6T0L
1¥2V-S0TV
*([dBT 9%6gz) Ajwesadns uuewssoy 2 16TOL
Buipuig-(d)awN [eutwial-D ‘(et 282V-8eY
%.) P10} 31|-urewop Buipuig-uopoanue IND YOIV Res-x nyoseuuel -y
[BUIWIB)-N ‘SUIBLLOP JUBIBHIP OM L (W)u4 -TV:T T6TOL uT  aseusboipAysp-G rewIUS 282 T6TOL
102 3
"(XAPT %T€) Res-x ursjoud
unalAyisuey Jo anbojowoy d110A1ex01d WD a1buis — palejal-unalAyisuel] It 06TO0L
Ael-x puiLRW |
(21T %yT) Alnwey aij-aseuniodry  (H)Y4/ND 3|buls ¥10T 8Z80NL  6TE 68T0L
‘(ToeT
%TE) P10} 1|-H8SeNY ‘SLTTHLN Rei-x ewLew |
urajoud [eanayrodAy Jo enbojowoy 8s01D W2 a|Burs €101 9T8TINL  ¥ZT 88T0L
'Z 6¥TOL yum Autejiwis eaibojodoy
awos sareys T /8T0L “(IdBT %TT) ploy (ZAmAY
adA)-uuelussoy [euIIB}-D ‘(JGIT %8) 718701
ulewop jeuiwisl-o wmm_m»—mcm:_\EHwE LTPV-092V
y-ur109a1d 1o 01 Jejiwis (V)4 ‘ove Ael-x punLeW |
Alreanonis feutwiis)-N :surewop oml  4N/(v)dd VT /8T0L npot G8STNL LT¥ 18T0L
“(Sb3T %ET ‘€ urewop) Jebuyy ouiz 262V-LS2Y
91]-UIXopaignJ pareJoLalep [enusiod :£798T0L
‘urajoud s1yy 03 anbiun ‘urewop 0EEV-€62V
uorasut Jremp Bunsassiul “(dy61 '9G2V-ShV
0%€ET ‘T Urewop) sanbojowoy awos 2 98T0L
Unm urewop ansodwiod,, sateys ‘(dXBT  4N/(W)dd £9EV-TEEY
%Gz ' urewop) urewop onkjered jaueq  (H)Y4/IND YoV Rei-x aupLew |
-D/g INIL ‘Ajiurepiadns asejoipAyojersin WD -TV'T 98T0L 10T YT8ONL  ¥9€ 98T0L
rYV-662V
'€ G8T0L
862Y-20TV
‘urewop a|ppiw - (H)¥4/ND ‘27 S8T0L
ay1 u1 dooj-d "a1njon.is urewop aleys WD T0TV-IV Ael-x euinLew |
surgjoud ‘(Beng 9pzz) Altwey ax1-anAL (H)Y4/ND ‘T G8T0L nglt TECONL  /SP S8T0L
pssep poyew ai
suondiioseg asvo 4ebueisurewoq qg9ad Soads awreN eUBLe T wbre|

® Europe PMC Funders Author Manuscripts ® Europe PMC Funders Author Manuscripts

Proteins. Author manuscript; available in PMC 2009 March 17.



Page 19

Kinch et al.

"uanIb ale s1ayynuapl gdd ajdwres pue Awrejiwis abeuaalad sy ‘yarew snonbiqureun ue papjaiA gdd 8y Ul $ainjontis Jo saouanbas anlelussaldal ysurebe 1ab.ue)
3y} 40 sayoseas ALe[iwis aouanbas a|dwis a1ayA\ "(UOISSNISIP 10} 1X8) 88S) SUOIIBUUOI AIBUONN|OAS 3]qISSOd UM ‘SUOIIRIIYISSE|O Plo) Ue)oid Bunsixa 40 1X81U0 ay} UIY}M 8IN3oNJlS sy} 40 UOISSNISIP soug,

"$SB|9 JO UOISSNISIp 10} 1X8) mmmh

‘sisijeiuawiiadxa ayy Aq papiaoid anonas 81eUIPI00d AE Y} Ul S/SQUUNU anpisaJ 0 13)91 SUORIULIP urewoq,

'dad Yyum pausodap usag Jou sey pue paystignd 194 10U SI 8INJONIIS U} ‘S3SED BWIOS U "UMOUY 313YM ‘USAIB SI 31n1oNn.s ayy 1oy Jaiynuapl 4ad

q
‘uonaipalid Joy papiaoad aouanbas ayi Jo Emcmn_m

"(HIT %8T) Ajnweyladns ssejoipAH-g/o

“Juawssasse ul pasn 10N "(9%0z~)
anBojowoy si 104 Inq 8ousnbas 19648}
U} J0J 10U PBAJOS SBM 8INJANIIS YL

« Uofjewloju] JeuonIppy,,

Aet-x
(H)¥4/WD a)buls -

Aet-x
pasn jou — —

(ureyd puodas)

JBISINGIF) 'S

uoibai

o1uabiaiul 8TdHIN-EDINS
U1 asesa)se [eonayodAH 662 S6T0L

aeuownaud ‘W
0S¥ A uteroad [eonsylodAH /€2 6701

snaijenbe </

suondiioseg

psSep poylew
dsvo 59Buesurewoq qg9ad

al
spodsowey eUBBT g

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts

Proteins. Author manuscript; available in PMC 2009 March 17.



