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Heme is perhaps the most ubiquitous and abundant
cofactor found in nature. Despite such ubiquitous
occurrence of heme in nature, no functional role in
vivo has yet been attributed to heme incorporated into
nucleic acids. The RNA world hypothesis has
provided a strong stimulus for exploring new catalytic
properties of RNAs. Iron tetrapyrrole complexes such
as heme are thought to be key compounds in the
postulated RNA world, and hence the incorporation of
heme into DNAs as well as RNAs is expected to
contribute to such a study. In fact, heme-bound
nucleic acids have been shown to exhibit at least two
of the known catalytic functions of contemporary
heme enzymes, i.e., peroxidase and peroxygenase
activities. Hence, these heme-bound nucleic acids Heme DNAzyme
could be regarded as prototypes for redox-catalyzing

ribozymes in the primordial RNA world.
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Molecular structures of
(A) and G-quartet formed

Figure 1.
heme(Fe3*)
through a cyclic and coplanar association of
four guanine bases through Hoogsteen
hydrogen bonds (B).

d(TTAGGG) (DNA $H0 5 Kiih s 3 Ko J7
MIZ TTAGGG DIAIZ 6 DDHEILNDIeh -7z
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Figure 2. Structures of hexanucleotide d(TTAGGG) (A and A’), G-quadruplex DNA [d(TTAGGG)]4
(6mer) (B), and a heme-DNAzyme formed between heme and 6mer (C), and oxidation reaction of
Amplex red catalyzed by the heme-DNAzyme (D).
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Figure 3. Schematic illustration of parallel G-
quadruplex DNAs, [d(TTAGnT)]s (n = 2, 3, 4,
or 5) (A), [d(TAGGGTTAGGGT)]2 [18] (B), and
d(TAGGGTGGGTTGGGTGIG) (C), an anti-
parallel one, [d(TAGGGTTAGGGT)]2 [18] (D),
and (3+1) hybrid one, d(GGGTTAGGGTTAG
GG)/d(TTAGGG) [19] (E). The bases of T6,
T7, and A8 in (B) and (D), those of T6, T10,
T11,and T15in (C) , and those of T4, T5, A6,
T10, T11, and A12 of the long fragment in (D)
are omitted for clarity.
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Figure 4. Molecular structure of deoxyribose
(A), conformation of trinucleotide d(GGG) in a
parallel G-quadruplex (B), and molecular
structure and an electrostatic potential map of
G-quartet, together with the deoxyribose
moieties, in a parallel G-quadruplex DNA (C
and D). In (A), (B), and (C), electron-rich ring
oxygen atoms (Orings) are indicated by
magenta circles. In (B), Orings are on the 5'-
terminal side of the G-quartet plane. Due to
the orderly arrangement of electron-rich Orings,
with respect to the G-quartet plane, in a
parallel G-quadruplex DNA, the electrostatic
potential of the 5-terminal surface is highly
negative, as indicated in red (D).

61



Acc. Mater. Surf. Res.

KPR THAHD T (Figure 1A), ~AlL G VT
MIXLTREE D 2 BYOR M THAETD
127,331,

3. ALLMMESE DNA OEESEFORIEIER

D. Sen (Simon Fraser Univ. (#7174 )51,
DNA DT % NI EIHN DT A7 Z) 2 F| ]
L TALFENTHFRBIHE G T DT 74~ —
(Aptamer) & N F-Z &I 32 & 30T,
DNA 7 7%~ —b~AEFSHDEARITA~LH
Y RTEFRL O TR B L LA
U — B OB LA EH A2 R 2 e A
MZL72[34-43], D. Sen HOZDHEFLIZED, ~
DB RIEITBUN TS LOMREN 2 I H
EOMAAEMZBL ClREISND IO, IUEEH
DNA LD ASEMIZE > T~ LDOHREE TR
HiTHZLMTELTENFETES L, ~ AL DNA
DA EERE(~2 DNA BER)EL TR
DHHFGE 5 B DSBS AT, DUEESH DNA 134 E
P EL, 80 °CLL LD SR B L OVE AL
DIRA KB T THHHTEE[43] Th D EIZ,
DNA #E7E THBIL TV 218D, DNA DOF
L THHIEN D, ~2 DNA BERILFEH
({EDBLE G IR ChH D EF 2 2,

F9°, RILIE, 6mer 3 I(Fe*) DA b filit
TEVEIZ G2 D52 2% 5HAIL 72 (Figure 2C), 7233,
AL A EETE PE O FHAITX. Amplex red (10-acetyl-
3,7-dihydroxyphenoxazine) % 38 & L CTH W T
1T>7=(Figure 2D) [44, 45], Amplex red DAL
X & C 4 pkK 9 % Resorufin(7-hydroxy-
phenoxazin-3-one)l I F:AY 570 nm (ZRILATR
92L& F|HL T Resorufin JREAREL, £
LC, BEOBEEINIZEV AL S Resorufin D
TR IE DAL (Figure 5% —IRBA¥ C7 4> 7
4 T U TR B IV AR EE (Ro) & FRIEE L T 12
b fish VG P 2 BEA L 72, ~ A (Fe™) il T
Amplex red OFAV ST HETe 7S, 6mer DTN
WZED R 1FK 6 fFICHERTHIENRIN
(Figure 5), 6mer ~DifE AL~ L(Fe*) DR
{EBRETEMEDE KT D2 &M R TE72[44),

4. NLDNABEREDA LICEHERMFELTHES
T B5KDF

Acc. Mater. Surf. Res. 2023, Vol.8 No.2, 58-69.

https://www.hyomen.org

0.3
Heme(Fe)-6mer complex
o®
°®
[ ]
= 02t .'. g
s o*
E ..
E .
g *®
g o
a2 4 * J
= .
®
..'. Heme(Fe™) |
0009
;;oqoooooooooooooooooooo
0 L 1 s 1 s 1 s
0 1 2 3 4 5
Time (min)
Figure 5. Time-evolution of 570-nm

absorbance due to Resorufin produced from
the oxidation of Amplex Red by heme(Fe?*) in
the absence (o) and presence of 1 equivalent
[d(TTAGGG)]s (6mer) (o) in 300 mM KCI and
50 mM potassium phosphate buffer, pH 6.80,
at 25 °C. The initial slope (Ro) of the plots for
heme(Fe®*) was increased by a factor of ~6 in
the presence of 6mer.
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A B 10 equivalent KCN in 90% H20/10% D20 (A)
e or 100% D20 (B), 200 mM KCI, and 100 mM
$C=0., +0=C% $C=0., ~0=C% potassium phosphate buffer, pH 6.85, at
H /}1”20 H,0 Aot 25 °C. Portions, ~55-~95 ppm, of the spectra
— ' — + CN” P — e — of (A) and (B) are expanded in (A’) and (B’),
5 \EtzO H,0 (';N- respectively. Since the time scale of the ligand
H?Oaddﬂ( o adct exchange reaction between exH20 and CN-
(5=512) C (s=12) (see Figure 6C) is slower than the NMR time
scale, signals due to both the H20 adduct with
II' ||- S = 5/2 and CN™ one with S = 1/2 are
—F— = —Flea‘— + K separately observed. Signals at ~88 ppm in
&0 0 (A), indicated by a red circle, are assignable
H H D H to axH20 protons of the CN~ adduct.
KT HO KV 16 % RENWZEMFHEHIZE -
Figure 6. Schematic illustration of a TREIL, KEREYA A (OH)DE T IRREIC
heme(Fe™)6mer complex (A) and heme s\ pjvraigz, Ez, O OARIE, ~2
coordination structure in a cyanide ion (CN") o . w .
adduct of the complex (B). In (B), axial H20 (Fe2)~DENLIZEDKI 3 %, GV T DT T
(axH20) located in the hydrophobic interface =R DB INVIR VR LD 2 DDKFE

between G6 G-quartet and heme is EADIBRRIZ LI 9%, 2 k425
coordinated to heme(Fe?®") and also forms A

hydrogen bonds with carbonyl oxygen atoms PRSI, ZNOERTN TN HIMTIEH I 2L

of the G-quartet. Only the porphyrin moiety of D FEIFFICVER 355728 HoO OO KD
heme and four guanine bases of G-quartet are BEEA KX 7005 W HO DAMBEOR K
illustrated. Exchange reaction of external H20 X o i
(exH20) of the H20 adduct with CN~ to form the (. S AFS)OENLE , VR =R
CN- adduct (C) and ionization of exH20 (D). In ~DKERES DRI LA ENRINT-,
(D), L represents .AXH.ZO. The eqUI'IbrlUm :o)cl:ifoa WH,0 @%ﬁ:@%%%ﬁﬁﬁi\ PUN)
constant of the reaction is usually represented R o _
as “pKs” in analogy with the ionization FIVTAVBREGTIIVT VD 2 DO 1 FHIC
equilibrium of an acid. The pKa can be used as HENT-BKMEEREIZIVA LI TWnDE
a measure for assessment of electron density = R = e B
of the heme Fe atom (pre) because the value S A0 a0 DX ff\ﬂé%fliﬂ%,’(é’}’(ébéo
decreases with decreasing pre as a result of a a0 1F, ~ABIOGH VT O FIZEL
decrease in the H* affinity of exOH™. In T ~LEREDEANIFE S DO EDYICEEEL TV
ﬁddl’[lon, apar_t frqm the_lonlzatlon st?:[es _of 227, - mH:0 DKEA T, BLES
eme propionic side chains, heme(Fe3*) with ~
exH20 and exOH- are cationic and neutral, FALAT =)L L20 571 THD[33], ZOLHIZ,
respectively, and hence the latter is thought to a0 73 F13, 7T —L 2 Ceos Cro DT —ITH
be stabiized over the former in the iz 1,0 [47-49)700 0 L5 ICHERAYICE
hydrophobic heme environment, resulting in a o R o
decrease in the pKa with decreasing polarity of INBIRBES L TOZRNIZH DB, KSR A
the local heme environment. NELGBEWZ=—F 720 H,0 ERA424
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Figure 8. 600 MHz 'H NMR spectra, 13.7-19.2
ppm, of the CN~ adduct of the heme(Fe3*)-6mer
complex in 200 mM KCl and 100 mM potassium
phosphate buffer, pH 6.94-7.18, with various
solvent D20(%): 10% (A), 50% (B), and ~100%
(C), at 25 °C. The chemical shift ranges,
15.0-15.8 ppm, of traces (A)—(C) are expanded
in traces (A')-(C’). Three resolved peaks
associated with axH20, axHDO, and axD20,
illustrated in the inset, were observed for each
of the heme methyl proton signals. The
doubling of heme methyl proton signals is due
to the formation of two isomers possessing
heme orientations differing by 180° rotation
about the pseudo-C: axis, with respect to the
interacting G-quartet. The structure of heme is
also illustrated in the inset.
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Figure 9. Catalytic cycle of a heme-DNAzyme. The catalytic cycle starts from the reaction of the
ferric resting state (A) with hydrogen peroxide (H20:) to form a ferric hydroperoxide intermediate
named as compound 0 (B and C) and then a reactive oxoiron(IV) porphyrin 11-cation radical species
known as compound | (D) is produced. Compound | induces the first single-electron oxidation of a
substrate (R) to form an oxoiron(lV) porphyrin species know as compound Il (E), which returns to
the ferric resting state (A) by the second single-electron oxidation of the substrate (R). In (B) and
(C), B represents the base to promote the compound | formation, i.e., adenine base in the heme-

DNAzyme (see text).
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Figure 10. Schematic representation of the
active site of horseradish peroxidase (HRP)
involving in the “push-pull” mechanism [51].
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D EE B D WA E S (pKa) Z RS LT pre &
ML 7=[45] (Figure 6D), ~A(Fe*")& 6mer D
HEEIRDEA . 2,8-DPF(Fe*"), Proto(Fe*"), 3,8-
DMD(Fe*" )£ 2D pKa 1E. 9.20+0.02, 8.91
+ 0.04, 8.30 £ 0.05 LIRESHL., pre DR/INEEFR
DT AED THDHZ LR TET,

A DNA B IC BT A~ LT OIS LT
FIBRBEDFHMICE | pKa ZFEIEEL TREH Z &M
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1% G6 & T7 DHEILDH], 6mer/A TIX G6 & A7
DO FEDOIZHE AT % (Figures 11B, C & D),
3,8-DMD(Fe*")& 6mer, 6mer/T, 6mer/A ZiLE
NOEEIED pK, 1%, TNZEH 9.20 + 0.02,
9.39 + 0.01, 9.93 + 0.02 THY, 6mer/T DEE
{ZIS@ pK. 7% 6mer DEGIELVE /NI EREL
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Figure 11. Molecular structures of heme(Fe?®*)
(Proto) (A), 3,8-dimethyldeutero-porphyrinato-
iron(lll) (3,8-DMD(Fe?®*)) (A’), and 13,17-bis(2-
carboxylatoethyl)-3,7,12,18-tetramethyl-2,8-
bis(trifluoromethyl)-porphyrinatoiron(lll) (2,8-
DPF(Fe®)) (A”), and schematic representa-
tion of complexes between heme and parallel
G-quadruplex DNAs [d(TTAGGG)]s (6mer),
[d(TTAGGGT)]ls (6mer/T), and [d(TTAGGG
A)ls (6mer/A), i.e., heme-6mer (B), heme-
6mer/T (C), and heme-6mer/A complexes (D),
respectively.

66



Acc. Mater. Surf. Res.

%o ZL T, 6mer/A DELIED pK, INEHIT/IE
WERE I, «\Az’;‘i G6 G VT e AT HEFED
[ D B KM ZE BICAFTE T 52 EITZ T,
eH20 2% A7 iﬁ%&7k?%%ﬁ%ﬂ:/ﬁkj—5:k7ﬁ§
Ezoib,

FLHEIX, Figure 11 (TR~ ALPUEH S DNA
ZnEh 3 moMAEE TR cEAEANRE 9
FEIZDOUWT, pKa LER{LARIETEME D BILR 2 f#AT
L72[45] (Figure 12), £, A KL T DM
HHH DNA M[FEICTHIUX, AlETEED KN
%1% 2,8-DPF < Proto < 3,8-DMD THDHZ &,
FD pre DK/NEAFRER—THHZEDIRSHLIZ,
AL AR A — B TITHIELAL 7 B~ Sk~
DOEAHEEH Compound 1 AERRDIEHEIZ AT 5-
LCWWDIEEEETHE, HEIRTIE pre 28K
FUNVERAR TR MR 2SR Z U E WIS R T ARED
THHEEZD, T2, WTILDOALTY, filtfit
TEMEO K PNEIRI 6mer/T DEESAR < 6mer D
BAEIK <6mer/A DEAIKTH -7, 6mer/T D
BEAEEROABIEMY 6mer OESIRIVE /NS
WEEF LTI, T7 MO SRR E LD~
~OIEOBHE N T oD ENE 2 HD,
F72. 6mer/A DEEARDARPEIEER K EZ VD
. A7 MRS — IR A U CTEAL .
Compound I DAERKAREET 20D THHEE X
HIENTED, iz, [A—PUEEH DNA T~
LINRI2DEAR 3 FRIZDOWTO pK IZxFT%
BV S DAIERE O 7 ry M3A B0 oM
IZHY | EOBEMOMEZIXIUES DNA (ZIXK
TELIRNWZEDBI BT 5Tz, ZORERIE. pre

DEACZ B LT E F R B L~ LT 55 O
{EFBR BRI, 2 E NI L CHEA R ORE
(bR EE M OFRENAER 3222 R L TS,
L7c35 T, ~A DNA BER Tl ~vAF s
— B2\ TPush-PullHEHE[ 53, 54]&L THID
FUDBHEINL 173D AER A~ D “Push”FfE &~ 2
T 55 OO — M PR MR I AR AR FH I K2 “Pull B A%
DAL FIZ LD Compound T A AR DL T8
RStz

7. 455

AR TIL, ~LETUES DNA OHEAKRDT
A L FA L AR D 2 - FERE LDV THRR

Acc. Mater. Surf. Res. 2023, Vol.8 No.2, 58-69.

https://www.hyomen.org

Heme-6mer/A

Heme.ﬁw;merﬁ

NE
9.0 10.0
PK,

s
\
\

Ry/uM min-!

Figure 12. Plots of the initial slope (Ro), as a
measure for the peroxidase activity, against
the pKas, as a measure for the pre, (pKa-Ro
plots) of the heme(Fe®")-6mer, heme(Fed®)-
6mer/T, and heme(Fe®*)-6mer/A complexes;
3,8-DMD (), Proto (o), and 2,8-DPF (m) [45].
The similarity in the slope for the pKa-Ro plots
among the three systems indicated that the
“push mechanism” in the heme(Fe®*)-DNA
complex is independent of the local heme
environment.
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