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lejo fellowship); Grant sponsor: Xunta de Galicia (Angeles Alvariño fellowship); Grant sponsor: National Institutes of Health; Grant numbers: K22-CA124517 (D.E.C.);

R01-GM090161 (C.K.) GM074942; GM094585; Grant sponsor: U. S. Department of Energy, Office of Biological and Environmental Research; Grant number: DE-AC02-

06CH11357 (to A.J.); Grant sponsor: Foundation for Polish Science (to K.M.); Grant sponsor: NSF; Grant number: DBI 0829586.

*Correspondence to: Torsten Schwede; Biozentrum, University of Basel, SIB Swiss Institute of Bioinformatics, Klingelbergstrasse 50-70, 4056 Basel, Switzerland.

E-mail: torsten.schwede@unibas.ch

Received 24 August 2011; Revised 11 September 2011; Accepted 13 September 2011

Published online 15 September 2011 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/prot.23196

INTRODUCTION

The CASP experiment would not have been possible

without broad support of the experimental protein struc-

tural biology community. For objective testing and compari-

son of protein structure modeling methods, it is essential to

ensure that the prediction methods are evaluated on the

same unbiased set of targets, and that the correct answer of

the prediction exercise (i.e., experimental structure coordi-

nates) is not known until after the end of the modeling rou-

tine. For rigorous assessment of the prediction results, it is

also important to have a large enough set of targets. These

requirements are among the basic principles of CASP opera-

tion, and thus, for the CASP experiment to succeed, it is

essential that organizers have access to a large pool of pro-

teins, whose structures have not been seen by the prediction

community but are expected to be publicly released in the

nearest future. These soon-to-be-solved structures or struc-

tures that just have been solved but not yet deposited to

protein structure databases were solicited from the experi-

mental community and later used as prediction targets.

Over 4 months in the spring-summer of 2010, X-ray crys-

tallographers and NMR spectroscopists provided CASP

organizers with the sequence details of over 140 proteins

they agreed to have made public not earlier than 8 weeks af-

ter the submission to CASP. One hundred and twenty nine

of these proteins were selected as prediction targets for

CASP9 experiment.1 At the end of the prediction season,

coordinates for all but 13 targets were available in time for

the assessment (mid-September 2010). Over 80% of the tar-

gets were received from three structural genomic centers:

Joint Center for Structural Genomics (http://www.jcsg.org/,

38 targets), Midwest Center for Structural Genomics (http://

www.mcsg.anl.gov/, 28 targets) and Northeast Structural

Genomics Consortium (http://www.nesg.org/, 39 targets).

CASP also received contributions from the Structural

Genomics Consortium (http://www.sgc.utoronto.ca/, seven

targets), New York Structural Genomics Research Center

(http://www.nysgxrc.org/, five targets) and several individual

experimental groups from around the world. A substantial
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One goal of the CASP community wide experiment

on the critical assessment of techniques for protein

structure prediction is to identify the current state

of the art in protein structure prediction and mod-

eling. A fundamental principle of CASP is blind

prediction on a set of relevant protein targets, that

is, the participating computational methods are

tested on a common set of experimental target pro-

teins, for which the experimental structures are not

known at the time of modeling. Therefore, the

CASP experiment would not have been possible

without broad support of the experimental protein

structural biology community. In this article, sev-

eral experimental groups discuss the structures of

the proteins which they provided as prediction tar-

gets for CASP9, highlighting structural and func-

tional peculiarities of these structures: the long tail

fiber protein gp37 from bacteriophage T4, the

cyclic GMP-dependent protein kinase Ib dimeriza-

tion/docking domain, the ectodomain of the JTB

(jumping translocation breakpoint) transmembrane

receptor, Autotaxin in complex with an inhibitor,

the DNA-binding J-binding protein 1 domain

essential for biosynthesis and maintenance of DNA

base-J (b-D-glucosyl-hydroxymethyluracil) in Tryp-

anosoma and Leishmania, an so far uncharacterized

73 residue domain from Ruminococcus gnavus with

a fold typical for PDZ-like domains, a domain

from the phycobilisome core-membrane linker phy-

cobiliprotein ApcE from Synechocystis, the heat

shock protein 90 activators PFC0360w and

PFC0270w from Plasmodium falciparum, and 2-

oxo-3-deoxygalactonate kinase from Klebsiella

pneumoniae.
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share of the most interesting CASP9 targets were

obtained from those smaller experimental groups and

some of their contributions are also discussed here.

The RCSB protein data bank2 put in place a mecha-

nism for keeping some deposited structures on hold,

with the aim of making them available as targets for

CASP. An option was provided in the ADIT structure

deposition process to identify a structure as a CASP tar-

get deposited in the PDB. By choosing ‘‘hold for CASP’’

in ADIT deposition interfaces, the words ‘‘CASP target’’

were automatically added to the title for the entry. CASP

structures could then be identified by searching the unre-

leased PDB entries. All CASP structures had 8 weeks

‘‘hold’’ for both coordinates and structure factors.

Once the experimental coordinates of the targets were

released, the predictions of the participating groups were

assessed for their correctness using mainly numerical cri-

teria measuring structural similarity between the target

structures and the predictions. Typically, global structure

comparison measures are used as an objective way to

quantify the overall accuracy of a prediction.3,4 However,

from a functional perspective different regions of a pro-

tein might have different functional relevance. While for

one protein the binding of a specific ligand might be

crucial for its biological role, others might fulfill their

function through their steric and mechanical properties.

For this article, the CASP organizers invited representa-

tives from the experimental groups to discuss selected

examples of proteins which they provided as prediction

targets for CASP9, highlighting their structural and func-

tional peculiarities and the challenges these might pose

in the context of structure prediction.

BACTERIOPHAGE T4 LONG TAIL
FIBER PROTEIN GP37 (CASP ID—
T0629, PDB ID—2XGF)

Bacteriophages are the most abundant genetic entities

on earth and second in mass only to bacteria; they are

used in applications such as phage display, identification

and control of bacteria and phage therapy. The great ma-

jority of bacteriophages have tails and belong the Caudo-

virales order, which is comprised of three families, the

Siphoviridae, making up more than half of the Caudovir-

ales, the Myoviridae, amounting about one quarter and

the Podoviridae, comprising the rest.5 Siphoviridae have a

long, flexible, non-contractile tail, Podoviridae have a

short, non-contractile tail, while Myoviridae possess a tail

of which the outer sheath can contract.6 Many of the

bacteriophages belonging to the Caudovirales use fiber

proteins for host recognition and adhesion.

Bacteriophage T4 is the archetypal Myovirus and has

been studied extensively as a model system for morpho-

genesis of complex structures. The study of Escherichia

coli infected by T4 also led to the discovery of fundamen-

tal principles such as the relationship between genes and

their products, the existence of mRNA and virus-induced

acquisition of metabolic function.7 In the case of T4, ini-

tial recognition of the bacterial cell to infect is performed

by the long tail fibers. They reversibly bind to the outer

glucose[a1-3]glucose region of the bacterial lipopolysac-

charide (LPS) or the Outer Membrane Porin C (OmpC).

The T4 base-plate is a sophisticated multi-protein

complex.8 Upon receipt of the signal that at least three

long tail fibers have encountered suitable receptors, a

conformational change of the base-plate allows the short

tail fibers, which are trimers of gene product (gp) 12, to

extend. Once these short tail fibers have irreversibly

bound the core region of the LPS, a further conforma-

tional change presumably allows the inner tail tube to

pass through the base-plate, driven by contraction of the

outer tail sheath. Phage proteins and DNA can then enter

the bacteria and initiate infection, which, in favourable

conditions, can lead to several hundred daughter phages

and bacterial lysis within 30 min.

The long tail fiber can be divided in proximal and distal

halves, each over 70-nm long and connected at an angle of

around 1608.9 The half proximal to the phage (the thigh)

is made up of a trimer of gp34, a 1289 amino acid protein

of unknown structure. At the kink, or knee, a single copy

of gp35 (372 residues) is located. The top of the shin is

made up of a trimer of the 221-amino acid protein gp36,

while the major part of the shin and the receptor-binding

tip (or foot) is comprised of a parallel homo-trimer of

gp37. Full-length gp37 contains 1026 residues.

For correct folding of the trimeric fibrous proteins gp12,

gp34 and gp37, the phage-encoded chaperone gp57 is nec-

essary. Gp37 needs a specific additional chaperone, gp38,

for correct trimerization and folding. By co-expression

with gp57 and gp38, nearly full-length gp37 (amino acids

12–1026) has been successfully expressed in a correctly

folded and soluble form.10 However, crystallisation trials

of the entire protein were not successful. Therefore, expres-

sion vectors for several N-terminal deletion fragments

were constructed and a C-terminal construct consisting of

residues 651–1026 yielded crystallisable protein after treat-

ment with trypsin.11 The asymmetric unit of the crystals

contained a trimer of gp37(785–1026), of which residues

811–1026 for each of the three chains could be resolved at

2.2 Å resolution (PDB: 2XGF; Fig. 1).

The structure revealed a collar domain similar to that

observed for gp12, which is composed of amino acids

811–861 plus a b-strand formed by the very C-terminus

of the protein (residues 1016–1026). This means the N-

and C-termini of the protein are close, and the interven-

ing residues form an extensively interwoven intertwined

region (residues 862–880 plus 1009–1015), a needle do-

main consisting of amino acids 881–933 plus 960–1008

and a head domain formed by residues 934–959. The

head domain is responsible for interaction with LPS and

OmpC, and thus for initial host recognition. In the nee-
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dle domain, seven iron ions are coordinated in octahe-

dral fashion by two histidine residues of each protein

chain.

The extensive intertwining is probably a strategy to

stabilize the thin structure, stability obviously being an

important property for bacteriophage structural proteins

in general and of the principal receptor-binding protein

in particular. The incorporation of the iron ions likely

also helps to hold the protein chains together. The collar

domain may serve as the folding nucleus, as it is the only

domain with extensive inter-monomer interactions. The

structure also shows which residues of the receptor-bind-

ing head domain are accessible on the surface; site-

directed mutagenesis, receptor-binding studies, and co-

crystallization experiments should lead to a detailed view

on how this protein recognises LPS and OmpC.

Logically, this structure was very hard to predict and

indeed, apart from the collar domain, none of the predic-

tions in the CASP9 experiment came close to the correct

structure for the needle and head domains. However, with

hindsight, perhaps some inferences could have been made

from the sequence, that, combined with the knowledge of

the structure of the gp10,12 gp11,13 and gp1214 proteins,

would have led to improved structure predictions.

First of all, it is known that gp37 forms needle-shaped

parallel homo-trimers.9 Second, the structural homology

of the collar domains in gp10, gp11, and gp12 combined

with the sequence homology of the very C-terminal

amino acids of gp37 with gp12 means the N- and C-ter-

mini of the structure have to be located in the same col-

lar domain. Together, this means that the intervening res-

idues (862–1015) must form an elongated structure in

which each of the three protein chains runs from one

side to the other and back. The distance the chains have

to cover means that nearly all of the amino acids have to

adopt an extended conformation, that is, b-strands.
The presence of the seven metal ions could have been

inferred from the seven His-X-His pair in the sequence

and comparison with gp12, where a His-X-His sequence

coordinates a zinc ion in the same octahedral fashion.14

Of course, how the long extended strands interact with

each other in the needle domain and the interwoven fold

of the head domain would have been hard to imagine, as

no structural homologues exist in the PDB. Now that the

structure has been determined,11 it should be possible to

come up with reasonable structure predictions for the

receptor-binding tips of the bacteriophage lambda fiber

and other bacteriophage fibers with homologous sequen-

ces but different receptor-binding head domains.

CYCLIC GMP-DEPENDENT
PROTEIN KINASE IB
DIMERIZATION/DOCKING
DOMAIN REVEALS MOLECULAR
DETAILS OF ISOFORM-SPECIFIC
ANCHORING (CASP ID—T0605,
PDB ID—3NMD)

Cyclic GMP-dependent protein kinase (PKG) is the

central enzyme of nitric oxide/atrial naturetic peptide-

Figure 1
Crystal structure of the receptor-binding tip of the long tail fibe protein

gp37. The three protein chains of the homo-trimer are colored

differently. The wider region at the top is the collar domain. The

N- and C-termini of the blue chain are indicated. The central needle

domain contains seven iron ions, each coordinated octahedrally by six

histidine residues (shown for Fe4 only). The receptor-binding head

domain is indicated with ‘‘H,’’ an asterisk indicates where the blue chain

passes through a loop formed by the purple chain.
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cGMP signaling cascades, which regulate smooth muscle

tone, inhibit platelet activation, and modulate neuronal

function.15 PKG is the main downstream target for phar-

maceutical agents that raise cellular cGMP levels to treat

erectile dysfunction and cardiovascular and pulmonary

disease.15 Alternative splicing produces two type I PKG

isoforms (PKGIa and PKGIb), which differ in their first

~100 amino acids, and have unique dimerization/docking

(D/D) and autoinhibitory domains. The crystal structure

of the coiled-coil comprising the D/D domain of PKGIb
solved by Kim and colleagues was the first for any part

of PKG and provided molecular details into the mecha-

nism of its dimerization and its interaction with binding

partners.16

Coiled-coils are structural components in a diverse

number of proteins including transcriptional regulators,

cytoskeletal proteins, and transmembrane receptors; they

often form protein docking surfaces that mediate cellular

signaling and transport.17,18 They also serve as a versatile

model system for studying protein–protein interaction sta-

bility and specificity, and sequence–structure relation-

ships.19,20 Coiled-coils contain a distinct primary

sequence, with a repeating pattern every seven residues.

The residue positions are labeled (a-b-c-d-e-f-g), and resi-

dues in the a and d positions are typically hydrophobic

and form the interaction interface between helices. The

most commonly observed coiled-coils contain two parallel

a-helices which oligomerize to form a left-handed super-

coil, and as expected from its primary sequence, our struc-

ture of the PKGIb D/D shows the two amphipathic helices

wrapping around each other to form a parallel coiled-coil

with a left-handed supercoil. A surprising feature of the

PKGIb coiled-coil is that the major leucine/isoleucine

repeat lies in the a position of the heptad repeat, instead

of at the more common d position. The ‘‘knobs into

holes’’ packing of residues in positions a and d within the

hydrophobic dimer interface is evident, and a previous

study has demonstrated the critical role that the a position

leucine/isoleucine residues play in stabilizing PKGIb dime-

rization.21 Another unique feature of the PKGIb D/D do-

main is that basic residues in the core d positions make

unique symmetrical interhelical salt bridges with acidic e

position residues (Fig. 2). The hydrophobic tails of the d

position basic residues pack into the ‘‘holes’’ in the adja-

cent helix in a dramatically bent conformation, and the d-

e salt bridges appear to stabilize the bent conformation of

the basic residue side chains. In typical coiled-coils, dimer

formation is stabilized by interhelical salt bridges between

charged residues at position g on one helix with an oppo-

sitely charged residue at position e on the neighboring he-

lix; these interchain salt bridges are thought to mediate

homo- and hetero-dimer specificity.17,22 The exact role

that PKGIb’s d-e salt bridges play in mediating dimeriza-

tion has yet to be determined.

The isoform specific functions PKGIa and PKGIb are,

in part, mediated by interaction with cGMP-dependent

protein kinase interacting proteins (GKIPs), which specifi-

cally bind each isoforms unique D/D domain.15 GKIPs for

PKGIa include the myosin phosphatase targeting subunit

(MYPT1) of the myosin light chain phosphatase (PP1M),

GKAP-42, vimentin and the regulator of G-protein signal-

ing-2 (RGS-2). PKGIb specific GKIPs include the general

transcriptional regulator TFII-I and inositol trisphosphate

receptor-associated PKG substrate (IRAG). Detailed analysis

of the interaction between PKGIb and its GKIPs (TFII-I

and IRAG) revealed a common mode of binding.23 Nega-

tively charged residues (amino acids 26–31) in PKG Ib
interacted with basic residues on the GKIPs, and secondary

structure prediction suggests that the GKIP’s basic residues

lie on one face of an a-helix. The structure showed the to-

pology of PKGIb’s GKIP binding surface (Fig. 2). Of note,

alignment of the five helices within the unit cell showed

that the rotomer positions of the acidic side chains in the

GKIP binding surface were almost identical, suggesting

that the GKIP binding surface is pre-formed.

The functional importance of the PKGI D/D domain

in vivo has been explored using transgenic mice which

express a dimerization deficient form of PKGIa (the first

Figure 2
A surface representation of the PKGIb D/D domain is shown and colored according to its electrostatic potential (blue 5 electropositive, red 5
electronegative). The GKIP binding site is marked with dotted lines and residues known to mediate GKIP binding are labeled.
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four D/D domain a position leucine/isoleucines were

changed to alanines). These mice showed a number of

cardiovascular abnormalities, including impaired vasodi-

latation, leading to systemic hypertension and cardiac hy-

pertrophy.24 Since dimerization has been shown to be

necessary for PKGIa binding to RGS-2, MYPT1, and

other interacting proteins, the abnormalities are thought

to be due to the loss of specific PKGIa-GKAP interac-

tions. In the future, it would be interesting to perform a

similar experiment with PKGIb.
In CASP9, many groups have correctly identified suita-

ble templates for target T0605 and submitted accurate

models—the best ones better than 1 Å Ca RMSD. How-

ever, only few predictions aimed to model the dimeric

coiled-coil, while the majority of predictions for this

dimerization domain were monomeric, thereby misrepre-

senting its biological function.

JTB: A SMALL PROTEIN WITH A
SIMPLE (BUT VERY DIFFICULT
TO PREDICT) FOLD (CASP ID—
T0531, PDB ID—2KJX)

One of the most challenging prediction targets at

CASP9 was T0531, a small 65 residue human protein that

encompassed the ectodomain of a compact transmem-

brane receptor called JTB, short for jumping translocation

breakpoint. The name of this protein describes a rare

chromosomal abnormality that afflicts the cognate human

gene (on chromosome 1q21) in diverse human cancers

whereby a jtb gene fragment lacking the 30 exon (encoding

the transmembrane helix and short cytoplasmic tail)

‘‘jumps’’ onto the ends of different chromosomes where it

is fused to stretches of telomeric repeats. These transloca-

tions of jtb result in multiple copies of a shortened gene

that produces excess amounts of a secreted JTB ectodo-

main.25,26 While the link between heightened levels of

circulating JTB and cancer disease processes remains under

active exploration, Bazan and coworkers sought clues to

the molecular function of JTB by tackling the three-

dimensional structure of the free ectodomain Rousseau F

et al, manuscript submitted.

JTB is a strikingly well conserved protein from nematodes

to humans with a distinctive six-cysteine motif that does

not match the sequence pattern of any known cysteine-rich

modular fold. The predicted secondary structure of JTB

(drawn from a comprehensive alignment of homolog

sequences)27 confidently locates three b-strands which sug-

gests some variant of a disulfide-bridged b-sheet fold [Fig.

3(A)]. To resolve these structural questions, recombinant

human JTB was produced in E. coli and the stable protein

used for NMR analysis. The resulting solution structure of

JTB (PDB file 2KJX) reveals a core, three b-strand meander

fold stitched by two disulfide links (C9–C46 and C21–C57);

the third conserved disulfide bridge (C24–C35) surprisingly

pins together the N- and C-termini of a short helix inserted

between the first and second b-strands. The babb JTB fold

thus resembles an open hand where the b-sheet forms the

palm and fingers, and the inserted helix doubles as the out-

stretched thumb [Fig. 3(B)]. CONSURF analysis 28 of the

JTB structure maps a hotspot-like patch of conserved resi-

dues to the concave face of the palm, and we suggest that

this may form an interaction site for protein or extracellular

matrix ligands [Fig. 3(C)]; the back side of the JTB fold is

notably convex and uninvitingly charged.

A search for similar folds in the PDB with the SSM

server29 revealed matches to a slew of 3-b-strand mean-

der folds (like chemokines), and a standout superposition

(35 aligned Ca positions with 2.24 Å RMSD and 23%

amino acid identity, suggestive of distant homology) with

the N-terminal Cys-rich domain of a heparin-binding

growth factor that overlays the JTB anti-parallel b-sheet
and its two disulfide bridges with corresponding features

in midkine (PDB file IMKN);30 notably, the looped-out

helix in JTB is missing from midkine [Fig. 3(D)].

The JTB fold architecture confounded most attempts to

predict its three-dimensional structure due to a few key

factors: (a) an unknown disulfide connectivity map for

the conserved Cys residues; (b) a poor local alignment of

the JTB species variants in the looped-out helix a1, which
resulted in an unpredicted helix by programs like

PSIPRED; (c) the assumption that the �20 amino acid

linker between bA and bB (which is constricted by the

short helix a1 in the structure) could be used as a long

overhand loop, misorienting b-strands and producing an

incorrect b-sheet; and (d) a critical inability (perhaps due

to the long, central linker) to locate the correct, closest

template in the midkine structure. As Cys-rich domains

are ubiquitous and important interaction modules in pro-

teins––whether they are part of extracellular structures and

involved in disulfide bridges, or form intracellular domains

where the cysteines are metal-binding residues—fold rec-

ognition and ab initio programs have to improve their abil-

ity to predict such structures. Prediction of the correct set of

disulfide-linked cysteines (or nest of metal-coordinating Cys

residues) is critical to defining distance constraints that

potentially lead to good chain topologies and three-dimen-

sional models of small Cys-rich modules like JTB.

THE STRUCTURE OF AUTOTAXIN
IN COMPLEX WITH AN INHIBITOR
(CASP ID—T0543, PDB ID—2XRG)

Autotaxin (ATX) is a secreted �100 kDa extracellular

glycoprotein that belongs to the enzyme family of ectonu-

cleotide pyrophosphatase/phosphodiesterases (ENPP).31

All ENPP family members have a nucleotide pyrophospha-

tase activity. However, ATX is the only family member

that can also hydrolyze lysophosphatidylcholine (LPC)

into lysophosphatidic acid (LPA),32,33 a signaling lipid

that activates many cellular pathways via the binding to

specific G-protein coupled receptors.34 The LPC substrates
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of ATX vary in length, and in saturated and unsaturated

alkyl-groups. In addition, the lipid product LPA is a

potent inhibitor of ATX.35 ATX is involved in many phys-

iological and pathophysiological processes like inflamma-

tion, neuropathic pain, cell migration, and cancer.

Since the molecular basis for the diverse substrate pref-

erences of ATX were not well understood, and ATX is

heavily investigated in industry and academia as a drug

target, Perrakis and coworkers set to determine the crys-

tal structure of ATX alone and in complex with the

potent inhibitor HA155.36 Contemporary, Nishimasu

et al. have determined the murine ATX structure in com-

plex with LPAs of different chain lengths and alkyl chain

saturations.37 All crystal structures show a compact and

robust architecture for this multi-domain protein. The

two N-terminal cysteine-rich somatomedin-B-like (SMB)

domains and the C-terminal nuclease-like (NUC) do-

main flank opposing sites of the catalytic phosphodiester-

ase (PDE) domain. Moreover, an extended ‘‘lasso’’ loop

of about 50 residues, which starts at the end of the PDE

domain, wraps tightly around the entire NUC domain,

to finally enter the PDE fold from the opposite site. The

crystal structures of the catalytic PDE domain revealed a

hydrophobic pocket and a tunnel, both adjacent to the

ATX catalytic site. The pocket is responsible for substrate

and inhibitor binding, while the tunnel, which is partially

formed by the SMB1 domain, is likely involved in LPA

presentation to its receptors.37 The SMB domains also

mediate binding to cell-surface integrins,38 giving rise to

a concept where SMB-mediate binding to the cell surface

and product release from the tunnel are likely important

for localized LPA release in cellular microenvironments.

Figure 3
Solution structure of the JTB ectodomain. (A) The human JTB protein chain is highlighted with conserved amino acids, and the PSIPRED

secondary structure assignment (E and H, high confidence b-strand and helix, e and h, lower confidence) arrayed above the NMR-defined

structure; note the unpredicted helix a1. Disulfide bridge connectivity is drawn above, with the orange circles marking the ‘‘helix-pinning’’ disulfide

link. (B) An early NMR ensemble for JTB shows the greater mobility of N- and C-termini, as well as the inserted helix a1, see PDB entry 2KJX for

final ensemble. The cartoon architecture of JTB shows the antiparallel b-sheet and inserted helix marked as in (A); disulfide bridges are also

pointed out. (C) Electrostatic potential surface of JTB [in the same orientation as (B)] showing the location of the putative interaction groove. (D)

Superposed structure of midkine (PDB file 1MKN) onto JTB (in same pose above) with the resulting protein alignment showing concordance of

core b-strands and a pair of disulfide bridges; midkine lacks the inserted helix (and orange Cys that pin the helix ends) but gains an additional

(red circle) disulfide link. All molecular structures displayed with PyMOL (http://www.pymol.org).
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Both SMB1 (56–95) and SMB2 (100–140) resemble the

fold of the SMB domain of vitronectin with a sequence

identity of 38%; they also have 56% sequence identity to

the SMB domain of ENPP1 and the RMSD between all

these domains is about 1.3 Å over 40 superposed Ca
atoms. The PDE domain (160–539) is related to the nu-

cleotide pyrophosphatase of Xanthomonas axonopodis

(XaNPP),39 with 32% identity and an RMSD of 1.5 Å

over 335 superposed Ca atoms. The closest known struc-

tural homologue of the NUC domain (590–859) is the

cyanobacterial nuclease NucA with only 19% sequence

identity and an RMSD of 2.1 Å over 210 superposed Ca
atoms. However, even though all individual domains of

ATX resemble known folds, the relative orientations of

the domains were unknown. ATX was therefore submit-

ted as target for the CASP9, both for modeling the indi-

vidual domains and the entire structure.

All full-length structure predictions have an RMSD of

more than 10 Å for more than 500 superposed Ca atoms,

and failed to reproduce the overall shape of ATX. The

individual domains are predicted well, with RMSD in the

1.5–2.5 Å region, as expected given the rather low similar-

ity scores. The most interesting feature of ATX, is the

hydrophobic pocket which accommodates the alkyl-groups

of LPA [Fig. 4(A)], and the HA155 inhibitor with its

bulky aromatic ring system [Fig. 4(B)]. This pocket results

Figure 4
Binding poses of LPA 18:3 and HA155 to ATX structure and models. A semi-transparent surface representation focusing on the substrate binding pocket,

colored by electrostatic potential, for the crystal structure of (A) murine ATX bound to LPC (PDB:3NKQ); (B) the crystal structure of rat ATX bound to

LPC (PDB:2XRG) to HA155 and for the top scoring models available from CASP9 (C–F). The Figure was prepared in PyMol (www.pymol.org).
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from an 18 amino acid deletion compared with the struc-

tural homologue XaNpp and to other ENPPs. Predicting

the shape of this pocket accurately would be the most im-

portant practical contribution of homology modeling,

since it could have enabled structure-based inhibitor

design before the structure of ATX was available. The

best-ranked individual PDE prediction model, has an

RMSD of 1.9 Å over 360 superposed Cas, but predicts

only a shallow pocket, unable to accommodate either the

LPA substrates or HA155 [Fig. 4(C,D)]. The second-best

ranked prediction model, has an RMSD of 2.0 Å for 359

aligned Ca atoms, and would also fail to predict the sub-

strate binding site [Fig. 4(E,F)]. A few other models from

well-established servers, all exhibited the same problems. A

possible explanation of that is that the hydrophobic pocket

in the PDE domain alone is a thermodynamically unstable

structure, which in the PDE domain of ATX is at least

partially stabilized by the adjacent NUC and SMB domain

interactions: modeling the PDE domain alone would not

be enough to predict the shape of the pocket following

the 18-residue deletion in the template structure. Overall

the modeling results on the catalytic domain of PDE

emphasizes the need of further research to be able to pre-

dict ligand binding sites useful for docking studies when

using structure templates of limited similarity.

STRUCTURE OF THE DNA-
BINDING J-BINDING PROTEIN
1 DOMAIN (CASP ID—T0561,
PDB ID—2XSE)

The J-binding protein 1 (JBP1) is essential for biosynthe-

sis and maintenance of DNA base-J (b-D-glucosyl-hydroxy-
methyluracil), which was discovered by the Borst group in

the nuclear DNA of the African trypanosome Trypanosoma

brucei.40 The JBP1 protein and base J are essential for sur-

vival of pathogenic species of Leishmania, but absent from

higher eukaryotes, prokaryotes and viruses, making them

an attractive target for specific drug development.41

To determine exactly how JBP1 binds to J-DNA, we

have performed a limited proteolysis experiment that

identified a 160-residue domain that binds J-DNA, the

DNA-Binding JBP1 domain (DB-JBP1). Using biophysical

techniques we showed that DB-JBP1 binds to J-DNA

10,000 times better than to T-DNA, with approximately

the same affinity and specificity as the full-length JBP1. In

2010, we determined the crystal structure of DB-JBP

(PDB: 2XSE),42 revealing a novel ‘‘helical bouquet’’ fold—

this 160-residue domain, which has no detectable sequence

similarity with other known proteins, was submitted to

the CASP9 experiment. Based on that structure we were

able to show that a single aspartate residue in the JBP1

recognition helix (Fig. 5) is essential for specific J-base rec-

ognition in vitro and for the function of JBP1 in vivo.

The DB-JBP1 ‘‘helical bouquet’’ is made by five helices,

of which the four longer ones run anti-parallel in the

same approximate orientation (the ‘‘flowers’’ of the bou-

quet), while one short helix is perpendicular to this

arrangement, creating a ‘‘ribbon’’ running across the

front. At the end of the ribbon helix, the aspartate resi-

due responsible for recognizing base J is located (Fig. 5).

Intriguingly, the loop that follows this helix and leads to

the C-terminal helix of the fold, is disordered in the crys-

tal structure and was not modeled. The helical bouquet

fold is a divergent variant of the aberrant three-helical

bundle helix-turn-helix (HTH) domains,43 where the

ribbon helix in the DB-JBP1 helical bouquet corresponds

to the recognition helix of the core three-helical bundle.

All groups in CASP9 failed to produce a model that

would had been useful to derive any of the biochemical con-

clusions listed above. The sequence-dependent RMSD for

superposed Ca atoms in the correct sequence context was

more than 10 Å for all complete models. As expected, none

of these models were useful for crystallographic structure so-

lution using the molecular replacement method. Importantly,

most of the top-scoring models have not built the recogni-

tion helix as a continuous helix of the right length, while

they recognized most other helices of the fold but have

placed them in the wrong orientation relative to each other.

SMALL AND DIFFICULT TO
PREDICT PROTEIN DOMAINS
CHARACTERIZED BY X-RAY
CRYSTALLOGRAPHY AND NMR
SPECTROSCOPY AT NESG
(CASP ID—T0624, PDB ID—3NRL;
CASP ID—T0555, PDB ID—2L06)

One of the more challenging prediction targets at CASP9

was T0624, an uncharacterized 73 residue domain from

Figure 5
Cartoon diagram of the DB-JBP1 domain, showing the helical bouquet

fold and the aspartate residue responsible for J-DNA recognition. The

helices are colored in rainbow colors from the N- to the C- terminus; a

few residues in the N-terminus have been omitted for clarity.

A. Kryshtafovych et al.
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Ruminococcus gnavus (NESG id: UgR76, UniProt/TrEMBL:

A7B1J1_RUMGN, PDB: 3NRL). This protein domain target

was selected for structure determination during the second

half of PSI-2 (protein structure initiative—phase 2) since it

possessed a predicted domain sequence that was over-repre-

sented in the genomes of human gut flora.

The crystal structure of UgR76 was determined at

1.9 Å by SAD methods by the Northeast Structural

Genomics Consortium (NESG). The crystal structure has

one globular domain of 68 residues that consists of six

anti-parallel b-sheets and has a fold typical for PDZ-like

domains [Fig. 6(A)]. There are two domains present in

the asymmetric unit that form a tight dimer which is sta-

bilized by the formation of number of hydrogen bonds

and salt bridges as well as hydrophobic contacts. The ex-

istence of the dimer under physiological conditions has

been confirmed by static light scattering experiments.

A DALI 44 search for structural homologs in PDB

shows that the domain fold is structurally homologous

to one of the PDZ domains of the following five struc-

tures, (1) Aminopeptidase, M42 Family (3CPX, 17%

identity), (2) FRV Operon protein FRVX (1XF0, 6%

identity), (3) Ribosome maturation factor RIMM (3H9N,

17% identity), (4) FRV Operon protein FRVX (1Y0Y, 6%

identity), (5) Elongation Factor TU (1HA3, identity

10%). The monomeric structures superposed with a

RMSD <3.4 Å. The overall fold of the polypeptide chain

is similar although the sequence similarity between the

structures are particularly low which likely contributed to

the difficulty of predicting its structure. The significant

difference between the structures is the in the loop region

where the backbone Ca atoms differ by 5–20 Å. How-

ever, pair wise structural superpositions show clear topo-

logical similarities among the core region though differ-

ences in the relative orientations of the loops are

observed [Fig. 6(B)]. PDZ domains are commonly found

in a multitude of signaling pathways.45 Although this

domain structure is not a novel fold, the novel loops

may prove to be biomedically important as to how

Ruminococcus gnavus interacts with it human host.

Figure 6
(A) Crystal structure has one globular domain the of 68 residue PDZ-like domain that consists of six anti-parallel b-sheets. (B) T0624’s domain

fold is structurally homologous to one of the PDZ domains of the following five structures, (1) Aminopeptidase, M42 Family (3CPX, 17% identity)
(2) FRV Operon protein FRVX (1XF0, 6% identity), (3) Ribosome maturation factor RIMM (3H9N, 17% identity), (4)FRV Operon protein FRVX

(1Y0Y, 6% identity),(5) Elongation Factor TU (1HA3, identity 10%).
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Another challenging prediction target from the NESG

at CASP9 was T0555, a 147 residue domain from phyco-

bilisome (PBS) core-membrane linker phycobiliprotein

(PBP) ApcE from Synechocystis sp. PCC 6803 (NESG:

SgR209C, UniProt/Swiss-Prot: APCE_SYNY3, PDB:

2L06). The solution structure of the second PBS linker

domain (residues 254–400) from the 896 residue ApcE

was solved at the NESG by NMR. This protein target was

selected for structure determination during the first half

of PSI-2 since HMM analysis revealed that it possessed a

BIG domain 46 (PFAM domain PF00427: PBS_linker_p-

oly) found primarily in cyanobacteria and red algae.47

These linker domains are responsible for the structure

and function of the PBSs, the light-harvesting complexes

that act as antennae of photosystem II and consequently

allow light energy to be utilized for photosynthesis.47,48

Full-length ApcE has over 30 homologs identified in spe-

cies of cyanobacteria and red algae with the same architec-

ture, consisting of a PBP-like domain, which includes a

phycocyanobilin chromophore binding site, followed by

three PBS linker domains (Pfam 49, Cyanobase 50). ApcE,

also called the anchor polypeptide, is the largest compo-

nent of the PBS and the PBS linker domains are believed

to stabilize the PBPs structure and determine their posi-

tions within the PBS, and additionally to modulate the

spectroscopic properties of the PBS complex.47,51 All

three PBS linker domains of the Synechocystis ApcE belong

to the same family and share about 40% sequence identity.

The solution NMR structure of the second PBS linker

domain from ApcE is comprised of eight a-helices, and
two one-residue anti-parallel b-strands (b1, A15; b2,
T141) that bring together the N- and C-termini [Fig.

7(A)]. The N-terminal 13 residues (P1–L13) and C-termi-

nal four residues (Y144-G147 1 His6 tag) are unstruc-

tured. Numbering is relative to the PBS linker polypeptide

domain (P1 is P264 of full length ApcE). The overall

shape of this domain is very pancake-like with a single

elongated hydrophobic core. Three helices are aligned in a

parallel alignment with a head-to-tail orientation on the

backside of the protein (a2, a3, and a7). The front side

of the protein has a1 and a5 in a plane with their C-ter-

mini close together. The other three helices are located

around the edges of the pancake. The b-strands have con-

tact with many of the helices (a1, a2, a3, a5, and a8)
and have adjacent residues that are packed in the hydro-

phobic core as well (M16 and V142). The protein fold is

the same as the crystal structures of the second and third

PBS linker domains, subsequently solved by the NESG

(PDB IDs 3OSJ and 3OHW). One difference between the

NMR and crystal structures of the second PBS linker do-

main is a 310 helix (K43-Y45) N-terminal to a2, which is

present in some of the crystal subunits and is next to a ni-

trate group (subunit D). An interesting difference between

the second and third PBS linker domains is the absence of

the anti-parallel b-strands; the N-terminal residues are in

an alternate conformation in the third PBS linker domain.

The difficulty in predicting this structure may come

from the large number of possible packing arrangements

of the eight a-helices. Each helix has contact with 2–6

other helices (PDBsum 52). Even when the correct back-

bone chain meandering is predicted, the correct angle of

the helices may be incorrect due to the numerous pack-

ing options. An additional complication comes from

prediction of the small b-strands. In order for these

strands to have the correct topology, the N- and C-ter-

mini need to end up in proximity to each other.

Changes in helical tip angles will influence the final dis-

tance between the N- and C-termini. In addition, the

favorable stabilization energy resulting from the small

b-strands and their packing would not be expected to

Figure 7
ApcE from Synechocystis (A) Cartoon view of the solution NMR structure of second PBS linker domain from ApcE (PDB ID, 2L06, residues 12–

146). (B) Surface view with selected conserved surface residues colored (aromatic, magenta; ILV, orange; R, dark blue; K, blue.
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be very large. However, the placement of these b-strands
may have a large effect on the five other helices that

they contact, in particular a1, which has the most con-

tact with these strands.

It has been suggested that PBS linker domains, which

are basic, interact with acidic PBP domains via charged

and hydrophobic interactions.48 The linker domain

described here has many conserved solvent exposed

charged and hydrophobic residues that may be important

for the tight, structurally important interactions in the

PBS. The second PBS linker domain is conserved among

AcpE from cyanobacteria (>70% sequence identity), and

conserved surface residues are located over most of the sur-

face as predicted by ConSurf.28 There are several conserved

solvent exposed aromatic residues (Y14, Y45, F80, F84, and

Y136), other hydrophobic residues (L20, I41, I85, V108,

I114, L145), along with many conserved K and R residues

[Fig. 7(B)]. Prediction of the unfavorable, solvent-exposed,

hydrophobic residues may be another reason that the

structure of this protein was challenging to predict.

HSP90 ACTIVATORS PFC0360W
AND PFC0270W FROM
PLASMODIUM FALCIPARUM (CASP
ID—T0594, PDB ID—3NI8; CASP
ID—T0566, PDB ID—3N72)

The heat shock protein 90 (Hsp90) is a widespread mo-

lecular chaperone, assisting the maturation process of

many proteins involved in cellular signaling and cell cycle

regulation. Its chaperone function is dependent upon a se-

ries of conformational changes and domain rearrange-

ments tied to an enzymatic ATPase activity. In addition, a

cohort of co-chaperones assists Hsp90 to fulfill its cellular

role with several among them modulating its enzymatic

activity. One of such is AHA1 (activator of Hsp90 ATPase

homolog 1), first isolated in Saccharomyces cerevisiae and

the only known enhancer of the molecular chaperone’s

ATPase activity. In humans and yeast, AHA1 is composed

of two domains, both required for tight binding to the

chaperone. The N-terminal domain is typically referred to

as the AHA1-N domain and known to interact with the

middle domain of Hsp90. The corresponding yeast com-

plex has been previously captured in a crystallographic

structure (PDB: 1USU 53). The C-terminal domain,

known as the AHSA1 domain, also contributes by inter-

acting with the N-terminal domain of Hsp90.54 Plasmo-

dium parasites feature a somewhat different co-chaperone

system. The gene PFC0270w encodes a protein with two

AHA1-N-like domains, with the AHSA1 homologue

encoded by an independent gene, namely PFC0360w.

SGC has solved the crystallographic structures of

PFC0360w [PDB ID: 3NI8, Fig. 8(A)] and the N-termi-

nal domain of PFC0270w [PDB ID: 3N72, Fig. 8(B)].

They are highly similar to the AHA1-N domain of yeast

and the human AHSA1 structure (PDB: 1X53), and

thereby comprise relatively straight-forward template

based modeling targets.

The 3NI8 structure features an N-terminal b-strand
(b1) leading into a bent a-helix, which is followed by a

convex anti-parallel b-mesh (that includes b1) and ends

with a a-helix running parallel to b1. Despite relatively

low sequence homology (�30% identity), this structure

shares the same fold with previous structures of activator

chaperones (e.g., PDB ID 1X53, 1XFS, 1XUV), some of

which were used as templates for the predictive model.

Therefore, it is not a surprise that the latter shows excel-

lent alignment with the crystal structure.

The 3N72 structure is a cylindrical fold with an a-he-
lix leading into a long b-mesh and another a-helix in

the C-terminus, which aligns tightly with the above-men-

tioned yeast homologues in the PDB, despite a relatively

low sequence identity of ~28%. The use of 1USU and

1USV as templates resulted in predictive models deviating

only slightly from the crystal structure.

2-OXO-3-DEOXYGALACTONATE
KINASE FROM KLEBSIELLA
PNEUMONIAE (CASP ID—T0628,
PDB ID—3R1X)

The majority of organisms utilize D-galactose through

the well-known Leloir pathway converting the sugar to

D-glucose-1-phosphate. However, in some species galac-

tose can also be metabolized through the so-called De

Ley–Doudoroff pathway.55 This series of five reactions

catalyzed by distinct enzymes converts D-galactose into

pyruvate and D-glyceraldehyde 3-phosphate. In one of

the steps, 2-oxo-3-deoxygalactonate (KDGal) is phospho-

rylated to 6-P-2-oxo-3-deoxygalactonate by its cognate

kinase using ATP as a cofactor.

Figure 8
(A) Structure of PFC0370w, a AHSA1 homologue and (B) Structure of

N-terminal AHA1-N-like domain of PFC0270w.
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The MCSG selected KDGal kinase as a target for crys-

tallographic analysis because it belongs to the medium

size Pfam family (PF05035), for which no structural in-

formation was available in public databases.

Sequence analysis suggested that the protein is related

to sugar kinases. Indeed, the crystal structure, determined

at 2.1 Å resolution, confirmed that KDGal kinase belongs

to the ASKHA (Acetate and Sugar Kinases/Hsc70/Actin)

superfamily.56 The ASKHA proteins are typically

composed of two closely related domains, each of which

contains a common core with the topology

b1b2b3a1b4a2b5a3.57 Unique features of each family rep-

resentative are provided by additional elements inserted

between the conserved motifs. This is also observed in the

KDGal kinase structure. The C-terminal domain possesses

a fully preserved ASKHA core, with an addition consisting

of four extra helices (a5, 3(10)6, a7, and a8, Fig. 9) inserted

between the b3–a1 elements. The N-terminal fragment of

the protein contains an incomplete ASKHA core that lacks

helix a2. Instead of this helix, the b4–b5 region bears an

insertion comprised of several additional secondary struc-

ture elements (3(10)2, b5, b6, a3, b7). A second insertion

providing two extra b-strands (b9, b10) is present between

the b5 and a3 elements.

Structural comparisons allowed identification of the

putative active site of KDGal kinase, which is located in

a deep groove between the two domains. The pocket can

be divided into two sub-sites, namely the KDGal binding

site and the ATP binding site. The former is localized

near one of the insertions provided by the N-terminal

domain. The nucleotide-binding site is formed by three

ASKHA signature motifs: ADENOSINE, P1 and P2,

which define fragments involved in the recognition of

adenosine and phosphoryl groups. The ADENOSINE

motif, which is provided by the C-terminal domain, usu-

ally forms a hydrophobic cavity suitable to accommodate

the adenine ring. Interestingly, in the experimental struc-

ture of KDGal kinase, the adenine-dedicated pocket from

the ADENOSINE motif is not well-defined. The P1 and

P2 regions correspond to the b1–b2 and b11–b12 hairpins

contributed by the N-and C-terminal domains, respec-

tively. These elements represent the most conserved nu-

cleotide-anchoring units of the ASKHA members and

they are also present in the KDGal kinase structure.

In retrospect, our analysis clearly shows that the

KDGal kinase contains conserved structural elements that

have been observed before in many members of the

ASKHA superfamily, such as the bbbababa core. At the

same time, however, the protein presents a number of

surprising features. These include the deletion of the a2

helix from the N-terminal core and several unique inser-

tions. Clearly, these unexpected characteristics made the

ab initio structure modeling more challenging. Strikingly,

when the individual domains are considered, the best

predictions for the C-terminal domain received higher

scores than the best models for the N-terminal domain.

Such results could be attributed to the fact that the C-

terminal part contains a complete ASKHA core and has

only one insertion. The N-terminal domain, on the other

hand, is less conserved within its central portion and also

contains two significant insertions. Notably, none of the

four best-ranked in silico-generated models predicted sec-

ondary structure elements within these insertions, leaving

them as long loops. Moreover, possibly misled by the

available templates, the computed N-terminal domains

contain the non-existing a2 helix. In effect, the b4–b5

insertion could not be positioned properly. Although the

localization of the b5–a3 region was generally better pre-

Figure 9
Superposition of the crystallographic model (color) of 2-oxo-3-deoxygalactonate kinase with the computed model T0628TS104_1 (grey). Green and

cyan colors show the conserved bbbababa ASKHA core within the N- and C-terminal domains, respectively. Yellow and red colors indicate b4-b5
and b5-a3 insertions in the N-terminal domain, whereas the blue color shows the b3-a1 insertion in the C-terminal domain. Selected secondary

structure elements form the insertions are labeled. In the right panel, the a2 helix that does not exist in the experimental structure but is present in

the predicted model is marked.
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dicted, failure to model the b9–b10 hairpin has more dra-

matic consequences than the b4–b5 misplacement: it

means that the generated substrate-binding site is quite a

distant approximation of the experimental structure. The

insertion within the C-terminal domain also presented

challenges. Namely, the modeled a7 helix is shifted

towards the interdomain groove. Position of this helix

might be crucial for ATP binding.

Overall, the CASP9 results indicate that conserved frag-

ments of the protein can be predicted reasonably well. The

top-ranked model of full-length protein is characterized by

an RMSD of 2.86 Å, which could be expected taking into

account that the closest homolog available at the time of

competition had only 12% sequence identity (butyrate ki-

nase,58 PDB code 1X9J). This model, however, as well as

other highly scored models, failed to correctly build the

substrate-binding pocket. We suspect that, in this particu-

lar case, the agreement between the experimental and

computed results would be better if the algorithms were

able to properly assign secondary structure elements.

CONCLUSIONS

Over the last two decades, significant progress in the

performance and accuracy of protein structure prediction

methods has been observed, as quantified by the biannual

CASP experiment.59,60 While comparative methods are

often able to model conserved structural features of target

proteins, there is still significant need for improvement in

the predictive power of modeling techniques to correctly

predict the unexpected and unique features of a target pro-

tein, which define its specific molecular function and bio-

logical role. Therefore, the broad support of the CASP

experiment by the experimental protein structural biology

community is crucial to drive the development of

improved protein structure prediction techniques. The aim

of this article was to illustrate structurally and functionally

relevant aspects of some of the CASP9 target proteins from

the experimentalists’ perspective. This overview highlights

that there is still ample opportunity for methods develop-

ment in structure and function prediction. It also under-

lines the need for the CASP assessment to evaluate differ-

ent features of protein structure, such as oligomeric state

or the accuracy of ligand binding pockets within the pre-

dicted structures.4,61 On the other side, this overview

highlights that there is still ample opportunity for methods

development in structure and function prediction.
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