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Metal ions play essential roles in protein structures, function, and stability. Practically, over one third of proteins from
Protein Data Bank (PDB) contain metal ions, and approximately 40 % of enzymes for which three-dimensional structures are
known required metal ions for their activities. Metal ions play roles as cofactors for enzymes and regulate functions of
enzymes by binding to the enzymes, except as cofactors. Therefore, knowledge of metal-enzyme interactions is essential for
elucidating the function and reaction mechanism of enzymes. Metal-binding has been identified by such experimental approaches
as isothermal titration calorimetry (ITC), circular dichroism, differential scanning calorimetry, absorbance spectroscopy, and
X-ray. Among them, ITC is particularly a fundamentally essential technique to study metal-enzyme interactions, because it can
reliably assess the thermodynamic underpinnings of binding events, and it is not restricted by the photophysical properties of a
metal. In this review, we highlight the analysis of enzyme-metal interactions based on ITC about two enzymes, carbonic
anhydrase II (CAIl) and cutinase-like enzyme (Cut190), in which metal ions are playing different roles as a cofactor and
activating/stabilizing factors, respectively. We evaluate and elucidate analytical results and propose the additional plans, which
complement ITC in case metal binding is too weak for reliable assessment.
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CO, + (CA)Zn*"(OH") = (CA)Zn*'(HCO; )= (CA)Zn>*'(OH,) + HCO;" (1

(CA)Zn?*(OH,) = (CA)Zn2'(OH") + H"

Fig.1 Catalytic mechanism of CAII.

@

Catalytic turn-over starts with the nucleophilic attack of the carbon atom of CO2

by a Zn-bound hydroxide ion to generate a zinc-bound bicarbonate complex, which then dissociates from the metal site
allowing an additional water to coordinate (equation 1). The bound water is deprotonated rapidly, with the aid of a localized

base, to regenerate the catalytic zinc-hydroxide species (equation 2).

Fig.2 Structure of CAIL
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a) Schematic drawing of the structure of CAII (PDB code; 2CBA). Metal ion binding sites of

CAII and proton-shuttling residue, His64 are drawn as stick, and the Zn?* ions are drawn as spheres. b) Schematic drawing
of the direct and indirect metal ligands in the CAII zinc binding site.
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Z -20 A U Fig.3 ITC profiless of metal ion binding to CAIL
=z Thermodynamics of metal ion binding to Cut190*Ser176Ala was
= obtained by ITC. The gray, white, and black bars indicate the
60 - results for Zn?*, Co?", and Cu?*, respectively. Data of Cu?"
-TAS represent values for the high-affinity sites. (Modified from Ref. 17,
-80 DiTusa et al., 2001)
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Ser226Pro/Arg228Ser (Cutl90%) %, 1—5 mM Ca>*{f{E F T
FESBIETEN IR & 70 0, BVZEMT Ca¥ BRI |k
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6275 TEY (Figd), Site 1 ITFEHATEME, Site 2 13
R OLEMICT T D5 ENRENTWND, 202D
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RUTZDS, EiRE (25 mM Mn2") TIEMEAE K L7z, 2.5mM
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HLTIHEMEERBATIEZEZOND (INLO/BET
ITC TIHHIETE 2\, Mgt Ca2=° Mn?* & RIEEOFES
ERLTOVWD EHESND, ZNHD&RA 4L DORA2
e oW T, HEBEZOTED —>TH HRIEOKKFH
F1ZF-5< 3D reference interaction site model (3D-RISM)
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CD Z#MAWIEALZERRBROMENS, &7 Y —D%
PR EIRE (T fE) 1%, 53.6°C ThH o7, 0.25mMMn2t &
0.25 mM Zn* fZ4E T CTO Twfl (0.25mM Mn?": 62.7°C, &
0.25mM Zn*: 61.1°C) 1 0.25mM Ca?* (59.6°C) LY &
<, 025 mM Mg¥7E7E FCD Twfl (562 °C) (% 0.25 mM
Ca* LV IR o7, &AL EAEDOLREIEDH
B, Ca¥ifeb @<, milRE (25mM) @ Ca? (67.8°C)
X, toSEA 4 L0 bEWARERE R L,

Ca? LA DEBA A IXmIREE CIEEE R I e o
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HEOZEMEZED D HLO0, HEHIT LA LN &
EZBND, 20X, BRA LTRSS #EL
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WD Zn*rOFEAR 3D R, Agkistrodon acutus FA0 NADase O
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Va2 l—3 g % 3D-RISM JED KL 9 REtH FEL2 A
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Fig.4 Overall structure of Cut190*Ser176Ala. Metal ion binding sites of Cut190*Ser176Ala (PDB code; 5ZNO) are
drawn as cartoon, and the Ca®" ions (Sites 1-3) are drawn as spheres. The metal ion binding sites are indicated as Sites 1-3
with the residues forming the sites shown as stick models. The active triad (Ser176Ala, Asp222, and His254) is also

represented as stick model.
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-40
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Table 1 Activity of Cut190* in a various metal ions.

Fig.5
Thermodynamics of metal ion binding to Cut190*Ser176Ala was
obtained by ITC. The gray, white, and black bars indicate the results for
Mn?', Zn?', and Mg?*, respectively. (Modified from Ref. 28, Senga et al.,
2019)

Metal ion Conc.

Metal ion (mM) Relative activity (%)

Ca?* 2.5 100
0.025 35
0.25 86.0

Mn2+
2.5 69.3
25 0.0
J2 0.025 10.4

n

0.25 6.5
0.25 10.1
Mg?* 2.5 39.3
25 8.3

Hydrolysis activities of Cut190* towards poly(butylene
succinate-co-adipate) (PBSA) were measured in 50 mM
Tris-HCI buffer (pH 7.0) in the presence of metal ion at 37
°C. Relative activities compared to the activity in the
presence of 2.5 mM Ca?" are shown. (Modified from Ref.
28, Senga et al., 2019)

ITC profiles of metal ion binding to Cut190*Ser176Ala.
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