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Abstract: Cross-brace structural motifs are required as a scaffold to design artificial RING fingers
(ARFs) that function as ubiquitin ligase (E3) in ubiquitination and have specific ubiquitin-

conjugating enzyme (E2)-binding capabilities. The Simple Modular Architecture Research Tool

database predicted the amino acid sequence 131–190 (KIAA1045ZF) of the human KIAA1045 protein
as an unidentified structural region. Herein, the stoichiometry of zinc ions estimated spectrophoto-

metrically by the metallochromic indicator revealed that the KIAA1045ZF motif binds to two zinc

atoms. The structure of the KIAA1045ZF motif bound to the zinc atoms was elucidated at the
atomic level by nuclear magnetic resonance. The actual structure of the KIAA1045ZF motif adopts

a C4HC3-type PHD fold belonging to the cross-brace structural family. Therefore, the utilization of

the KIAA1045ZF motif as a scaffold may lead to the creation of a novel ARF.
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Introduction

The cross-brace structure is a common zinc-binding

motif among the RING,1 PHD,2 FYVE,3 and ZZ4 fin-

gers. Besides this motif, each finger is unique with a

specific biological function.4 For example, the RING

fingers are involved in a pathway of protein ubiqui-

tination and function as ubiquitin ligase (E3).5 They

specifically bind to ubiquitin-conjugating enzyme

(E2), and transfer the activated ubiquitin (Ub) to

lysine residues of substrates.6,7 The helical region of

the RING fingers is an active site for their specific

E2-binding capabilities for ubiquitination.1,8,9 In con-

trast, the PHD, FYVE, and ZZ fingers cannot per-

form protein ubiquitination because they lack a

functional helix, although they sometimes have a

short helix structure in a turn conformation.2,3,10 In

a previous study, we have developed the “a-helical

region substitution” method for creating an artificial

RING finger (ARF), which possesses E3 activity and

specific E2-binding capabilities. Utilizing ARFs ena-

bles the quantitative detection of E2 activities in

ubiquitination.11 Because E2 activities are associ-

ated with various cancers, such as leukemia12 and

lung13 and breast14 cancers, the ARF methodology

could be used for developing novel diagnostic techni-

ques for cancer. An ARF is engineered by trans-

planting a helical region (active site) of one RING

finger into other cross-brace structures.15 In other

words, the method of a-helical region substitution

confers E3 activity of a RING finger onto the other
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cross-brace structures. To extend this method to var-

ious cross-brace structures, we need to unravel their

atomic structures to identify appropriate positions

for the grafting of active sites. The human

KIAA1045 protein comprises 400 amino acids and is

considered to be a coding sequence of an unidenti-

fied gene.16 The Universal Protein Resource (Uni-

Prot) search provides the annotation (Q9UPV7) of a

PHD-type zinc finger on the amino acid sequence

131–190 (KIAA1045ZF) of the human KIAA1045

protein, however it is predicted to have an unidenti-

fied structural region as per the Simple Modular

Architecture Research Tool (SMART) database

query/search. The KIAA1045ZF motif is the fascinat-

ing domain, and thus, we investigated the solution

structure of the KIAA1045ZF motif using nuclear

magnetic resonance (NMR). There is a challenge in

predicting the structure via the sequence database

regarding the KIAA1045ZF motif. However, struc-

tural analysis demonstrated that the actual struc-

ture of the KIAA1045ZF motif adopts a PHD fold in

a cross-brace fashion.

Methods

Peptide synthesis

The KIAA1045ZF motif was constructed using the

domain positioned at 131–190 of the human

KIAA1045 protein and renumbered as 1–60 [Fig.

1(A)]. Using the standard F-moc solid-phase method,

the 13C and 15N-labeled KIAA1045ZF motif was uni-

formly synthesized using chemicals for peptide

assembly. After cleavage with trifluoroacetic acid,

the peptide was purified using HPLC with a Shim-

pack C18 column (Shimadzu Corp.). Peptide purity

was >95% and the molecular mass was determined

using MALDI-TOF MS on the Shimadzu AXIMA-

TOF2. The compact KIAA1045ZF motif can be

stored as a powder. The peptide was dissolved in

0.33 mL of 8 M guanidine-HCl, and the solution was

dialyzed against degassed solution [20 mM Tris-HCl

(pH 6.9), 50 mM NaCl, 1 mM dithiothreitol, and 50

lM ZnCl2] overnight at 48C using the Slide-A-Lyzer

Dialysis Cassette (PIERCE).17,18

Estimation of the amount of released zinc ions
The concentration of the KIAA1045ZF motif was

spectrophotometrically determined using the Brad-

ford method. Zinc ions were released from the

KIAA1045ZF motif by cysteine modification of p-

hydroxymercuribenzoic acid (PHMB). The Zn21–

PAR2 complex was formed using the metallochromic

indicator 4-(2-pyridylazo)resorcinol (PAR). Absor-

bance values of the complex at 208C were recorded

at 500 nm. The amount of zinc ions was estimated

based on the equation A 5 Ecl, where the molar

absorptivity (E) is 6.6 3 104 M21 cm21, the cell

length (l) is 1.0 cm, and c represents the molecular

concentration. The stoichiometry of released zinc

ions (zinc:KIAA1045ZF) was calculated using the

Figure 1. (A) Sequence alignment of the KIAA1045ZF motif from the human KIAA1045 protein. ZN1 and ZN2 indicate the two

zinc-binding sites with a cross-brace fashion. The zinc ligands are shown in red. The stars indicate the completely conserved

residues among homologs. (B) Stereoview showing the trace of the backbone for ensemble structures of the 20 lowest energy

conformers. The zinc atoms are depicted in magenta. (C) Surface representation and ribbon diagram of the KIAA1045ZF motif

illustrating the side chains. The Connolly surface is shown with the electrostatic potential (blue, positive; red, negative). The

a-helical and b-sheet regions are shown in green and blue, respectively.
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amount of released zinc ions and the KIAA1045ZF

motif.19–21

NMR spectroscopy

The KIAA1045ZF motif (1 mM) was dissolved in
1H2O/2H2O (9:1) in 20 mM Tris-d11-HCl buffer (pH

6.9) (C/D/N Isotopes, Canada) containing 50 mM

NaCl, 1 mM 1,4-DL-dithiothreitol-d10, and 50 lM

ZnCl2.22,23 NMR experiments at 208C were per-

formed on the Bruker AVANCE 500 MHz equipped

with a cryogenic probe and AVANCE 800 spectrome-

ter using the WATERGATE pulse sequence.24 The

three-dimensional 15N- and 13C-edited NOESY spec-

tra were measured using mixing times of 80 ms for

structure calculations. The backbone was assigned

using the standard triple-resonance experiments.25

Resonance assignments of the side chains were

performed using HBHACONH, HCCCONNH,

CCCONNH, HCCH-TOCSY, and HCCH-COSY spec-

tra, whereas those of the aromatic rings were

achieved using a combination of HCCH-COSY and
13C-edited NOESY spectra. The spectra were proc-

essed with the program NMRPipe26 and spectral

analysis was performed using NMRView.27

Structure calculation

Peak lists for each of the 15N- and 13C-edited

NOESY spectra were generated using the functions

of NMRView. Stereospecific assignments of the

methyl groups of Val and Leu were made when their

NOE patterns were distinct from each other. Auto-

mated NOE cross-peak assignments and structure

calculations with torsion angle dynamics were per-

formed using the program CYANA 2.1.28 For struc-

ture calculations, 100 randomized conformers were

generated and the standard CYANA-simulated

annealing protocol was utilized with 10,000 torsion

angle dynamic steps per conformer. NOEs for the

hydrogen bond were not observed. To experimentally

elucidate the structure of KIAA1045ZF based on

NOE restraints, dihedral angles constraints were

not used for the calculations. For energy minimiza-

tion, 20 conformers with the lowest CYANA target

function values were subjected to the Smart Mini-

mizer algorithm (Max steps 200, root-mean-square

(RMS) gradient 0.01) in the program Discovery Stu-

dio 2.1 (Accelrys Software).15 For tetrahedral zinc

coordination, the distance constraints (Zn–Sg, Zn–

Cb, and Sg–Sg for Cys, and Zn-Nd1 and Sg-Nd1 for

His) with force constants of 500 kcal mol21 Å21

were added in the peak lists.29,30 The resulting

structures were validated using the PROCHECK-

NMR.31 The 20 conformers were fitted using the

program MOLMOL.32 The Connolly surface of the

structure was calculated using Discovery Studio

2.1.

Results and Discussion

The KIAA1045ZF motif binds two zinc atoms

The concentration of the KIAA1045ZF motif was 2.7

lM and the absorbance value at 500 nm for the

Zn21–PAR2 complex was 0.35. The calculated con-

centration of the zinc ions was 5.3 lM. Therefore,

the zinc:KIAA1045ZF ratio was 1.96 at 208C, indi-

cating that the KIAA1045ZF motif binds to two zinc

atoms.

NMR assignments and overall structure

Resonance assignments of the backbone were

completely assigned except for the amide protons of

the residues Glu1 and Asn60. The Cb atoms of the

residues Cys3, Cys6, Cys17, Cys20, Cys28, Cys55,

and Cys58 were between 27.0 and 32.0 ppm, show-

ing that they are zinc-binding ligands.33 The His25

residue forms an NE2-H tautomer as a possible zinc-

binding ligand because its Cd2 atom is less than 122

ppm.34 The residues Cys3, Cys6, His25, and Cys28

were clustered to form one of the two zinc-binding

sites supported by their NOE connectivities. All the

ligating residues were completely conserved among

the homologs of the KIAA1045ZF motif [Fig. 1(A)].

The solution structure of the KIAA1045ZF motif was

calculated using CYANA28 and Discovery Studio

2.1.15 The superimposition of the backbone of the 20

lowest energy structures of the KIAA1045ZF motif

is shown in Figure 1(B). The structural statistics for

the 20 conformers are summarized in Table I. The

well-ordered region (Met2–Trp9, Phe15–Cys17,

Cys20–Met32, and Ser54–Cys58) are superimposed

over the backbone (N, Ca, and C0) and non-hydrogen

atoms, with RMS deviations (RMSD) of 0.80 Å and

1.35 Å, respectively. The long loop exits in the region

Table I. Summary of Structure Statistics of the
KIAA1045ZF Motifa

NOE upper distance restraints
Total 645
Short-range (|i – j| 5 1) 427
Medium range (1<|i – j|<5) 74
Long rage (|i – j|�5) 144

CYANA target function value 0.07Å2

Distance constraints violations
Number>0.1 Å 0
Maximum 0.03Å

PROCHECK Ramachandran plot analysisb

Residues in most favored regions 63.1%
Residues in additionally allowed regions 28.7%
Residues in generously allowed regions 6.7%
Residues in disallowed regions 1.5%

RMS deviation to the average coordinatesb

Backbone atoms 0.80Å
Heavy atoms 1.35Å

a Except for the number of constraints, average values
given for the set of 20 conformers with the lowest energy
value.
b The values were calculated for residues 2–9, 15–17, 20–
32, and 54–58.
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of the residues Gly33–Trp53. PROCHECK-NMR31

analysis formed a Ramachandran plot, i.e., 91.8% of

the well-ordered region was in the most favored and

additionally allowed regions. The Connolly surface

of the lowest energy structure was calculated as sol-

vent contact areas that were traced out by a probe

(water) molecule of radius 1.4 Å using Discovery

Studio 2.1 [Fig. 1(C)].35 The residues Glu12, Asp26,

Glu42, and Glu45 formed a highly acidic surface.

NMR data indicated that the KIAA1045ZF motif

possesses one a-helix and one antiparallel b sheet

(a1: Leu29–Met32, b1: Pro16–Cys17, b2: Val23–

Phe24) [Fig. 2(A)]. The zinc-binding fashion of the

KIAA1045ZF motif was a C4HC3-type in a cross-

brace arrangement. The zinc atoms contribute to the

formation of the ligation pattern (CCHC and CCCC),

separated by b1 and b2. The residues Pro16, Phe24,

and Leu29 contribute to the formation of the hydro-

phobic core for proper folding. Taken together, our

findings indicate that the structure of the

KIAA1045ZF motif adopts a compact zinc-binding

fold in a cross-braced fashion.

Comparison with other PHD structures

The KIAA1045ZF motif was predicted to be an

unidentified structural domain by the SMART data-

base query. It seems that the prediction of the sec-

ondary structures of the cross-braced domains via

the sequence database is a challenge due to few com-

ponents for building up their secondary structures.

However, we found that the C4HC3-type zinc-

binding pattern of the KIAA1045ZF motif is in

agreement with that of the PHD fold.36 The typical

PHD structure from the human Williams-Beuren

Syndrome Transcription Factor (WSTF) protein2 is

shown in Figure 2(B). The data showed that the

structure is a cross-braced zinc-binding arrangement

and has antiparallel b-sheet and a-helical struc-

tures. Thus, the structure of the KIAA1045ZF motif

evidently adopts the PHD fold. Pro16 was in cis-

conformation, which was confirmed by chemical shift

differences between Cb and Cg
37 and NOE pattern

between the Ha(i – 1) and Hd(i) protons.38 In the cis-

conformation of X-Pro16, Ha(i – 1) and Ha(i) protons

were spatially close to each other. Pro16 promotes

the bending of the antiparallel b-sheet, although the

structurally equivalent Pro residue does not exist in

the WSTF PHD. Thus, Pro16 of the KIAA1045ZF

motif leads to the formation of a structure distinct

from that of the WSTF PHD. The PHD fingers from

various proteins play roles as phosphoinositide

(PtdInsP)-binding modules. The WSTF PHD finger

specifically binds to phosphatidylinositol 3-phosphate

and phosphatidylinositol 5-phosphate.39 The posi-

tively charged residues (Lys4 and Lys23) around the

b2 strand of the WSTF PHD finger are essential keys

for PtdInsP-binding capabilities (Supporting Informa-

tion Fig. S1A). As for the structure of the

KIAA1045ZF motif, the structurally equivalent posi-

tive residues (Arg18 and Arg22) were completely con-

served among homologs, and they existed around the

b2 strand as shown in Supporting Information Figure

S1B. Therefore, it is tempting to speculate that the

KIAA1045ZF motif possesses specific PtdInsP-binding

capabilities, which are involved in signal transduction

pathways.

Cross-brace structure for engineering an ARF
Utilizing ARFs allows for the simplified detection of

E2 activities in ubiquitination reactions and leads to

the assessment of pathological conditions of acute

promyelocytic leukemia-derived NB4 cells.11,12 When

engineering ARFs, the active site of the RING finger

is transplanted into other cross-brace structures.

Because the KIAA1045ZF motif adopts the

cross-brace structure, it is utilized as a scaffold for

the ARF methodology. If the loop (G33-W53) of the

KIAA1045ZF motif is replaced with the helical

region (active site) of the EL5 RING finger, the

resulting ARF might function as an E3 ligase. In

Figure 2. Structural comparisons with the KIAA1045ZF motif.

Ribbon diagrams of (A) the lowest energy structure of the

KIAA1045ZF motif showing the heavy atoms of the side

chains of the hydrophobic core residues and the zinc-binding

ligands. (B) The WSTF PHD structure, showing the zinc-

binding ligands. The zinc atoms, b strands, and a-helix are

shown in magenta, blue, and green, respectively.
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this work, we unraveled the position and range of

the loop (G33-W53) of the KIAA1045ZF motif at the

atomic level, leading to the design for engineering a

novel ARF. It was found that eight residues of Cys

and His are the zinc ligands for forming C4HC3 zinc

coordination. Given that ARFs could be clinically

used as a cancer diagnostic technique, aspects such

as easy handling, transportability, and minimal/no

lot-to-lot variations are desirable when designing

ARFs. Thus, it is inevitably needed to make the

compact motif of the cross-brace zinc finger as a

scaffold for ARF. In this study, we have succeeded in

making the functional compact construct for the

KIAA1045ZF motif as a 60-mer peptide. The present

compact molecular size of the KIAA1045ZF motif

enabled the use of the standard peptide synthesis.

The knowledge obtained in this study is useful,

when we utilize the KIAA1045ZF motif as a scaffold

for ARF. Therefore, the present research lends cre-

dence to the use of ARFs. Further studies of ubiqui-

tination assay and ARF structures are needed for

comprehensively understanding the structure-

function relationship of ARFs.

In conclusion, this work provided the first docu-

mented structural study of the zinc finger of the

human KIAA1045 protein. We revealed that the zinc

finger adopts the PHD structure as a scaffold for

ARFs.

Protein data bank accession number

The atomic coordinates (code 5XHT) have been

deposited in the Protein Data Bank, Research Col-

laboratory for Structural Bioinformatics.
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