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Abstract

RNF144A is involved in protein ubiquitination and functions as an
ubiquitin-protein ligase (E3) via its RING finger domain (RNF144A RING).
RNF144A is associated with degradation of heat-shock protein family A
member 2 (HSPA2), which leads to the suppression of breast cancer cell pro-
liferation. In this study, the solution structure of RNF144A RING was deter-
mined using nuclear magnetic resonance. Moreover, using a metallochromic
indicator, we spectrophotometrically determined the stoichiometry of zinc
ions and elucidated that RNF144A RING binds two zinc atoms. This struc-
tural analysis provided the position and range of the active site of RNF144A
RING at the atomic level, which contributes to the creation of artificial RING
fingers having the specific ubiquitin-conjugating enzyme (E2)-binding

capability.
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1 | INTRODUCTION

Cross-braced motifs are found in various protein
domains, such as RING,' PHD,” FYVE,? and ZZ* finger
domains, which coordinate two zinc atoms in a cross-
braced arrangement with eight ligands of Cys and/or His.
Besides this common motif, each unique structure
assumes an important biological function.* For example,
most RING fingers in ubiquitination reaction function as
ubiquitin (Ub)-protein ligases (E3s) which transfer acti-
vated Ub from Ub-conjugating (E2) enzymes to the sub-
strate lysines.>® RING fingers have a ppop compact fold’
and specifically binds to E2s via its functional o region
(active site)."®® In contrast, PHD, FYVE, and ZZ fingers
are not involved in the ubiquitination system because
they do not possess a functional helix region for
E2-binding.>*'® Previously, we proposed a design
method for an artificial RING finger (ARF) that specifi-
cally binds to E2 enzymes and develops the auto-
ubiquitination without a substrate. Such ARFs were

artificial RING finger, E3 enzyme, NMR structure, RING finger, RNF144A, ubiquitination

created by transplanting active sites of RING fingers into
other cross-brace zinc motifs (e.g., PHD fingers)."' "> E2
activities, which are associated with leukemia,'* breast
cancer,"'® and gastric cancer,'” are considered to be
potential cancer biomarkers.'"” The ARF system enables
the detection of the E2 activity during ubiquitination in
the absence of the substrate.'®'® Thus, the ARF method
may lead to a screening system for E2 activities as a novel
cancer diagnostic technique. The identification of appro-
priate positions for transplanting active sites is needed to
extend the ARF method to various RING fingers.
RNF144A functions as E3 via its RING finger domain
(RNF144A RING). The ubiquitination of RNF144A is
involved in the degradation of heat-shock protein family
A member 2 (HSPA2) and leads to the suppression of
breast cancer cell proliferation.19 Therefore, in this study,
the solution structure of RNF144A RING was elucidated
using nuclear magnetic resonance (NMR). The deter-
mined RNF144A RING structure was compared with
other RING finger structures.
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2 | RESULTS AND DISCUSSION
2.1 | Zinc-binding stoichiometry of the
RNF144A RING domain

The human RNF144A RING was synthesized using the
standard Fmoc chemistry along the sequence
(NP_001336110.1) shown in Figure 1la. Cysteine modifi-
cation of 4-(2-pyridylazo) resorcinol (PAR) and p-
hydroxymercuribenzoic acid (PHMB) clarified that the
RNF144A RING peptide coordinates two zinc atoms.”>*!
The absorbance value (A) for the zinc-PAR complex of
the RNF144A RING peptide was 0.31 at 500 nm. The
concentration of the RNF144A RING peptide and bound
zinc ions was 2.5 and 4.7 pM, respectively. Thus, the
molar ratio [Zn]/[Peptide] was 1.9 at 20°C, indicating
that the RNF144A RING peptide binds two zinc atoms.

2.2 | Chemical shift assignments and
structural description

The 'H, 3C, and '*N resonances for the *C/**N-labeled
RNF144A RING peptide were assigned using conven-
tional heteronuclear methods.* The backbone resonance
assignments were completed except for the amide pro-
tons of Alal and Ala75. The methyl protons of Val and
Leu in the prochiral center were stereospecifically
assigned. The trans-conformation of all Pro was con-
firmed by the strong nuclear Overhauser effects (NOEs)
between H%(i-1) and H®(i) protons® and also by the *CP
and "°CY chemical shift differences.”* The C; atoms of
eight Cys residues (8, 11, 26, 28, 31, 34, 53, and 58) were
identified as the zinc-binding ligands because their chem-
ical shifts were between 27.0 and 32.0 ppm.*®> All the
zinc-binding residues are highly conserved among the
RNF144A RING homologs (Figure 1a). The NMR struc-
ture of RNF144A RING was determined based on 1,391
NOE distance constraints, 46 torsion angles constraints (¢,
y), and 56 distance constraints for the tetrahedral zinc
coordination. The structure calculations were performed
by torsion angle dynamics on the program CYANA®® and
by the Smart Minimizer algorithm on the program Discov-
ery Studio 2.1 (Accelrys Software Inc.).* The lowest-
energy 20 structures in the well-ordered region
(Cys8-Cysll, Met20-1le23, Cys28-Gly46, Ala50-Pro54,
Cys58-Lys60, and Gly62-Ala74) were superimposed over
the backbone (N, C% and C’) atoms and the non-hydrogen
atoms, with the r.m.s. deviations of 029 and 0.61 A,
respectively (Figure 1b). In a Ramachandran plot pro-
duced by the program PROCHECK-NMR,?” 99.4% of the
non-glycine residues were located in the most favored
regions and additionally allowed regions as shown in
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Table 1. The secondary structures elements are two
pB-strands and two a-helices along the amino-acid sequence
(B1: Met20-Thr21, 2: Phe30-Cys31, al: Thr32-Glu45, and
a2:  Asn67-Cys71). The molecular surface model
(Connolly's surface) of RNF144A RING was calculated
with Discovery Studio 2.1 software (Figure 1c). Asp3, Lys9,
Glul4, Lys36, Glu45, Glu48, and Lys60 residues were
located on the surface of the molecule, and, on the oppo-
site side, Glul8, Glu66, and Glu68 formed the negatively
charged surface. The highly conserved residues (LeulO,
Tyr38, and Pro54) formed a hydrophobic shallow groove
on the surface, which was surrounded by the charged clus-
ters. It was found that the RNF144A RING structure
belongs to the C,C,-type RING structure, where two zinc-
binding sites are formed by ZN1 (Cys8, Cysl1, Cys31, and
Cys34) and ZN2 (Cys26, Cys28, Cys53, and Cys58) in a
cross-brace manner (Figure 1la,c). The residues Ile23,
Phe30, Leu35, and Leu64 contributed to the formation of
the structural core for proper folding of the RNF144A
RING structure (Figure 2a). f1, 2, and ol constitute the
structural core, flanked by an additional a2 helix, which
was stabilized by a hydrophobic cluster of Val39, Ile43,
Leu51, Ile69, Met72, and Val73.

2.3 | Comparison with other RING
domains

The RNF144A RING structure possesses an antiparallel
B-sheet and two o-helical structures with a cross-braced
zinc-binding arrangement. The typical RING fold from
the c-Cbl protein (PDB ID: 1FBV) is a compact Bpo
(Figure 2b). However, the RNF144A RING structure
adopts a PPpoa arrangement, which is similar to that of
the HHARI RING structure (PDB ID: 4KC9) as shown in
Figure 2c. The c-Cbl RING and HHARI RING structures
bind to E2s via their hydrophobic grooves formed by the
residues (Ile383, Trp408, and Pro417) and (Ilel88,
Tyr215, and Pro232), respectively."*® The determined
RNF144A RING structure possesses a hydrophobic shal-
low groove formed by the structurally equivalent residues
(Luel0, Tyr38, and Pro54) to those of other RINGs. By
the Generative REgularized ModeLs of proteINs
(GREMLIN) software, the conservation and coevolution
patterns of the RNF144A family were calculated based on
their sequences, and it was found that the highly con-
served residues (Luel0, Tyr38, and Pro54) were crucial
among the homologs (Figure 1). RING domains are clas-
sified into the four groups.” HHARI RING and c-Cbl
RING belong to Group 2 and Group 3 of the RING fam-
ily, respectively.”” The structural alignments of the
RNF144A RING structure, the HHARI RING structure,
and the c-Cbl RING structure were shown in Figure 2d.
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Homo sapiens(NP_001336110.1) aALppPLvVs[ckLclteeEYPvEQMTT I Aa[c]la[c]i[F[c]T L[c[L]k a[Y]
Pan troglodytes(XP_009440249. 1) ALDPLVSCKLCLGEYPVEQMTTIAQCQCIFCTLCLKQY
Bos taurus(XP_005213164.1) ALDPLVSCKLCLGEYPVEQMTTIAQCQCVFCTLCLKQY
Rattus norvegicus(NP_001075879.1) ALDPLVSCKLCLGEYPAEQMTTIlIAQCQCIFCTLCLKQY
Aligator sinensis(XP_006018472.1) LDPLVSCKLCLGEYPVEQMTTIAQCQCIFCTLCLKQY
Rhincodon typus(XP_020385708.1) ALDPLVSCKLCLGEYPLEQMTTLSQCQCIFCTLCLKQY
Danio rerio(NP_001002727.1) LAPLLSCKLCLGEFPLEQMTTISQCQCIFCSLCLKQY
Nanorana parkeri(XP_018415130.1) ALEPLIMCKLCLCEHPLDMMTTLRDCSCIFCTVCLRAQY
Rhinatrema bivittatum(XP_029446606.1) A L EP L | TCRLCLGEHPLEMMTSLRECSCIFCTQCLKQY
Phalacrocorax carbo(XP_009510997.) A LEP LLTCKLCLCEYSLDKMTTLQECSCIFCTSCLKQY
™ ZN2
40 45 50 55 60 65 70 75
Homo sapiens(NP_001336110.1) veEL L[]k E[c]t e T A[l]s[c[P]DAA[C]P KQGHLQENE I ECMVAA
Pan troglodytes(XP_009440249. 1) VELLIKEGLETAISCPDAACPKQGHLQENEIECMVAA
Bos taurus(XP_005213164.1) VELLIKEGLETAISCPDAACPKQGHLQENEIECMVAA
Rattus norvegicus(NP_001075879.1) VELLIKEGLETAISCPDAACPKQGHLQENEIECMVAA
Alligator sinensis(XP_006018472.1) VELLIREGLETAISCPDAACPKRGHLQENEIECMVAS
Rhincodon typus(XP_020385708.1) VELLIKEGLESSISCPDAACPKRGHLQENEIECVVAA
Danio rerio(NP_001002727.1) VELLIKEGLETAISCPDSACPKQGHLLENEIECMVAG
Nanorana parkeri(XP_018415130.1) VHLAVREGFGSPITCPDMVCPKRGLLQEAEIACLVT
Rhinatrema bivittatum(XP_029446606) V Q LAV REGFGSP | SCPDMECSHRG I LQEAE | ASLYV
Phalacrocorax carbo(XP_009510997.1) M Q L A I QEGCGSP I TCPDMVCLNHGTLQEAEI ACLVS
FIGURE 1 Sequence
alignment and structural
characteristics of RNF144A
RING. (a) Sequence alignment
of RING domains. Zinc-binding
residues are shown in red. The
two zinc-binding sites are ZN1
T 5 and ZN2 in a cross-brace
{ y arrangement. Stars indicate the
highly conserved residues
among homologs. The residues
calculated by the program
GREMLIN are boxed.
(©) Hydrophobic groove (b) Stereoview of the best

20 structures superimposed on
backbone atoms (residues
Cys8-Cysl1, Met20-1le23,
Cys28-Gly46, Ala50-Pro54,
Cys58-Lys60, and Gly62-Ala74).
The zinc atoms are colored in
magenta. (c) The ribbon
representation and the Connolly
molecular surface of the lowest
energy structure of RNF144A
RING were shown with the
electrostatic potential (blue,
positive; red, negative). The
hydrophobic groove is formed by
residues (Leul0, Tyr38, and
Pro54)
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TABLE 1 Summary of structure statistics of RNF144A_RING*

NOE upper distance restraints

Total 1,391
Short-range (li — jl = 1) 710
Medium range (1 < li —jl < 5) 290
Long range (li — jl > 5) 391

Dihedral angle restraints (¢ and y) 46

Constraints for the zinc coordination (upper/lower) 28/28

CYANA target function value 0.02 A?

Distance constraints violations
Number > 0.10 A 0
Maximum 0.09 A

PROCHECK Ramachandran plot analysis®
Residues in most favored regions 63.2%
Residues in additionally allowed regions 36.2%
Residues in generously allowed regions 0.3%
Residues in disallowed regions 0.2%

RMS deviation to the average coordinates®
Backbone atoms 0.29 A
Heavy atoms 0.61 A

*Except for the number of constraints, average values given for the
set of 20 conformers with the lowest energy value.

"The values were calculated for residues 8-11, 20-23, 28-46, 50-54,
58-60 and 62-74.

In c-Cbl, Trp408 in the al region was considered signifi-
cant as a specificity determinant for the E2-binding in
ubiquitination,' whereas the structurally equivalent posi-
tions in RNF144A RING and HHARI RING were occu-
pied by the residue Tyr, making the E2-binding interface
for the HHARI/E2 complex structure.”® Groups 1 and
4 have Trp and Leu in the structurally equivalent position
of al, respectively.” The conformation changes of the
long Loopl of HHARI RING, although shorter in Groups
1, 3, and 4, are induced to open its E2-binding surface
and facilitate the complex formation between HHARI
RING and E2.*** HHARI RING binds to UbcH7/8 but
not UbcH1/5.%° The structure of RNF144A RING, which
adopts the characteristic RING folding and the Loopl
region resembling those of HHARI RING, functions as
an E3 ligase cooperating with UbcH7.*! Thus, it was
found that RNF144A RING is a member of Group 2 of
the RING family. It is tempting to speculate that
RNF144A RING promotes the ubiquitin chain elongation
through its hydrophobic groove for E2-binding. The addi-
tional a2 helix of the Group 2 RING structure is located
on the opposite surface from its E2-binding groove, and it
is not included in the E2-binding interface.”® Thus, the
a2 helix of RNF144A RING is presumably irrelevant to
its E2-binding partner recognition.

2.4 | Cross-brace structure for
engineering an ARF

ARFs were designed by the transplanting method of the
active sites of E3s, where cross-braced structures were
used as a scaffold. The use of ARFs allows for the detec-
tion of E2 activities during ubiquitination without sub-
strates.'® It has been demonstrated that the ARF system
is a novel technology for measuring E2 activities during
ubiquitination in cancer cells, such as MCF7 breast can-
cer cells and acute promyelocytic leukemia-derived NB4
cells.'*'® To extend the ARF strategy, the present work
unveiled the position and the range of the active site of
RNF144A RING at the atomic level. RNF144A RING
belongs to the RING-in-between-RING family (RBR) of
E3s. RBR is a subset found in >100 eukaryotic proteins®>
and is characterized by the presence of two RING
domains (RING1 and RING2) separated by an IBR
domain.*> RNF144A RING is RING1, which is the char-
acteristic domain of E3s.*' Transplanting the active site
of RNF144A RING onto other cross-brace zinc motifs will
enable the creation of a novel ARF from the RBR family.
Further ubiquitination assays of ARF/E2 will be needed
to clarify the engineering methods of ARFs.

In conclusion, this report provided the first picture of
the RING structure from the human RNF144A protein.
The structure of the active site of RNF144A RING was
elucidated at the atomic level, and thus, this report is use-
ful information to enable the molecular design of ARFs,
which might be used clinically as a cancer diagnostic
technique.'”**

3 | METHODS

3.1 | Peptide synthesis

The sequence of RNF144A RING was produced using a
SMART database search. The >C and "°N-labeled peptide
was uniformly synthesized with C-terminal amidation by
the standard F-moc solid-phase method. Chemicals for
peptide assembly, including amide resin, were purchased
from Shimadzu Corp. (Kyoto, Japan) and Sigma-Aldrich
Co. LLC (St. Louis, MO). After cleavage with
trifluoroacetic acid, the peptide was applied to the purifi-
cation system of reverse-phase HPLC with a Shim-pack
C18 column (Shimadzu Corp.). The peptides were
obtained as the purity >98% and its molecular mass was
confirmed using MALDI-TOF MS on a Shimadzu
AXIMA-TOF2. The RNF144A RING peptide was dis-
solved in 0.36 ml of 8 M guanidine-HCI and it was dia-
lyzed overnight at 4°C against the degassed solution
[20 mM Tris-HCI (pH 6.8), 50 mM NaCl, 1 mM
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RNF144A RING 1 ALDPLVSCKLCLGEYPVEQ-MTTIAQCQCIFCTLCLKQYVELLIKEGLE--TAIS[CPDAACIPKQGHLQENEIECMVAA 75
2
al % J
HHARI RING 186 CQICYLNYPNSYFTGLE--CGHKFCMQCWSEYLTTKIMEEGMGQT-IS[CPAHGC]--DILVDDNTVMRLI T 250
al
c-CblRING 373 EMGSTFQLCKIC---AENDKDVKIEP-CGHLMCTSCLTSWQESEGQG--------- [CPF--CIRCEIKGTEPIVVDPF 434

FIGURE 2 Structural comparisons of RNF144A RING and other RINGs. Ribbon diagrams of (a) the RNF144A RING structure, (b) the
c-Cbl RING structure, and (c) the HHARI RING structure with the E2-binding residues, the Loop1 region, and zinc atoms (magenta). In
RNF144A RING, the hydrophobic clusters and the putative E2-binding residues (blue) are shown with the heavy atoms. (d) Structural
alignments of RNF144A RING, HHARI RING, and c-Cbl RING with secondary structure elements. Zinc ligands are indicated in red, and the

residues for the Loopl region are boxed

dithiothreitol, and 50 pM ZnCl,] with a Slide-A-Lyzer
Dialysis Cassette (PIERCE)."

3.2 | Quantitative determination of
protein-binding zinc atoms

The concentration of the RNF144A RING peptide was spec-
trophotometrically estimated using the Bradford method
with bovine serum albumin standard solution (Merck). The
chemical modification of Cys residues was achieved by

treatment with PHMB acid, thereby releasing Zn ions from
the peptide. The amount of the Zn ions released was deter-
mined at 20°C by spectrophotometrically monitoring the
formation of the zinc-PAR, complex at 500 nm using UV-
visible spectrometer. The concentration of zinc ions released
from the peptide was calculated by the equation A = ecl,
where the molar absorptivity () is 6.6 x 10* M™' cm™, the
cell length (I) is 1.0 cm, and c represents the molecular con-
centration. Based on the molar ratio between the released
Zn ions and the peptide, the content of the peptide-binding
zinc ions was determined.**?"
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3.3 | NMR spectroscopy

For NMR measurements, the peptide (1 mM) was dis-
solved in "H,0/?H,0 (9:1) in 20 mM Tris-d;;-HCl buffer
(pH 6.9) (C/D/N Isotopes Inc., Canada) containing
50 mM NacCl, 1 mM 1,4-pr-dithiothreitol-d,y, and 50 pM
ZnCl,.*>>° All NMR spectra were acquired at 298 K on a
Bruker AVANCE 500 MHz equipped with a cryogenic
probe and an AVANCE 800 spectrometer and then were
processed using the program NMRPipe.’” The backbone
'H, °C, and "N resonances were assigned using triple-
resonance experiments of HNCO, HN(CA)CO, HNCA,
HN(CO)CA, HNCACB, and CBCA(CO)NH spectra.*
Assignments of side chains were obtained from
CCCONNH, HCCCONNH, HBHACONH, HCCH-COSY,
HCCH-TOCSY, and CCH-TOCSY spectra. All NMR data
were analyzed using the program NMRview.*® Distance
constraints were obtained from '°N- and 'C-edited
NOESY-HSQC spectra using 80 ms mixing time.

3.4 | Structure determination

NOE peak lists of the NOESY spectra were generated as
the input files by the peak picking and the automatic
integration of the peak volume using NMRView. The
three-dimensional structure was determined by auto-
mated NOE cross-peak assignments and structure calcu-
lations with torsion angle dynamics using the program
CYANA 2.1.%° The backbone dihedral constraints
obtained by the program TALOS* were used. An error of
+30° was allowed for all the angle constraints. To main-
tain the tetrahedral bonding geometry of zinc atoms, the
distance constraints (S'-S” distances of 3.7 + 0.3 A, CP-Zn
distances of 3.38 +0.13 A, and S'-Zn distances of
2.35 + 0.02 A) were added into the NOE restraints with
force constants of 500 kcal mol™ A~".**" After initial
calculations of 100 randomized conformers, structure cal-
culations were carried out through the standard CYANA
simulated annealing protocol with 10,000 torsion angle
dynamics steps per conformer. Next, the 20 conformers
obtained with the lowest CYANA target function values
were chosen in the final calculations and then were sub-
jected to energy minimization by the Smart Minimizer
algorithm (Max steps 200, RMS gradient 0.01) on the Dis-
covery Studio 2.1 software (Accelrys Software Inc.)."* The
structures were visualized and analyzed using the pro-
gram MOLMOL.** By the program PROCHECK-NMR,?’
a Ramachandran plot of the structures was calculated
and validated. Using the Discovery Studio 2.1 software,
the Connolly molecular surface of the lowest energy
structure was produced as solvent contact areas that were
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traced out by a probe molecule (water) with a radius
of 1.4 A.

3.5 | Protein data bank accession
number

The 20 conformers of the RNF144A RING structure with
the lowest energy in the final calculation were deposited
in the Protein Data Bank (PDB entry 61.99).
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