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Design and Synthesis of a Transition Metal Responsive Semisynthetic Myoglobin-Bearing
Iminodiacetic Acid Moiety
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Iminodiacetic acid appended myoglobins (IBMb, n = 1, 2) were synthesized by conventional reconstitution

of chemically modified hemes with apomyoglobin. The metal responsive property of the obtaineeMBA

was studied by metal ion titration, pH titration, circular dichroism (CD) ##hdNMR spectroscopies, and reduction

with ascorbate. IDA-Mb quantitatively bound various transition metal cations{CdNi2*, Zn?", Cc*, and

CW?") but not Mg™. The binding stoichiometry of IDA2-Mb was 1:1 for &g Ni2*, Zn?*, and Cd" and 1:2

for CL2™, whereas the stoichiometry of 1:1 was shown for IDA1-Mb to all transition metal$ (@62, Zré™,

Cc?t, and C@'). The acidic [, shift of the HO coordinated to the heme iron(lll) was clearly observed upon
the binding of transition metals, suggesting the microenvironmental change of the heme crevice. This was supported
by the CD andH NMR spectra of IDA-Mb. The transition metal induced structural changes of tEMb were
reflected in their redox behavior, i.e., the reduction rate of IDA2-Mb by ascorbate was enhanced 8-fold upon the
Cc?* binding. The rate showed a good linear relationship with the shiftlgdbpthe axial HO, indicating that

the transition metal binding directly affects the electron acceptability ofrHMb. These results demonstrated

that iminodiacetic acid moieties can play a crucial role as a reporter molecule for design of a transition metal
responsive semisynthetic protein.

can confer a sugar responsive property on the engineered
myoglobin (Mb)# This example suggested that rational intro-
duction of artificial receptors into naturally occurring proteins
and enzymes may become a novel strategy for the development
of stimuli responsive semiartificial proteins. To generalize this
concept, we are now attempting to expand the sort of artificial
receptors which are promising for the function modulation of
native proteins. Here we describe that the active-site directed
modification of Mb with iminodiacetic acid group can facilitate
an electron-transfer reaction from ascorbate to Mb with response
to the transition metal binding. The metal responsive properties
in the structure and the function of the iminodiacetic acid
appended myoglobins are discussed in detail.

Introduction

Hemoproteins in natural systems are known to perform
diverse functions such as electron transport (cytochromes), O
transport or storage (hemoglobin or myoglobin), and substrate
oxidation (oxygenase or peroxidase)Accumulated research
from the past several decades shows that hempeprotein
interactions including the sort of the axial ligand or the
microenvironment of the heme active site rigidly control the
molecular functions of the hemoproteins. These results elicit
an interesting idea that the artificial regulation of the heme
apoprotein interactions can switch the hemoprotein activity.
We are now interested in molecular engineering for hemopro-
teins, not only to elucidate their structarfinction relationships
in chemical aspects but also to create novel biocatalysts basedjegyits
on the templates of native proteifisThe well-defined frame-
work of some hemoproteins is one of the ideal models to
evaluate the structurdunction relationship of the engineered
proteins in the molecular term. We recently found that the
incorporation of phenylboronic acid capable of binding sugars

Design of Iminodiacetic Acid Pendant Myoglobins. As a
metal-binding site, iminodiacetic acid is selected because of its
high affinity to various transition metal&gss= 10f~10° M1
for transition metalsjy. Its low molecular weight and high water
solubility are expected to be helpful for the modification of
protein surfaces without denaturation. Iminodiacetic acid ap-
pended heme$ and2 (Chart 1) were synthesized as shown in
Scheme 1. Protoporphyrin IX (PPIX) was amidated viNtiN-
di(ethoxycarbonylmethyl)ethylenediamine, followed by iron
insertion and hydrolysis to afford the her@e According to
the similar manner, the hem& was prepared from PPIX
monoethyl ester as a starting material rather than from PPIX.

* E-mail: itarutcm@mbox.nc.kyushu-u.ac.jp.
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Scheme 1. Reaction Scheme of IDA1- and IDA2-Hefe
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a(a) BrCHCO,Et, NaHCQ, DMF; (b) TFA, CHCly; (c) 4, BOP, DIEA, THF/DMF; (d) FeG| DMF; (e) NaOH, MeOH, HO; (f) 4, BOP,

DIEA, THF/DMF; (g) FeCh, DMF; (h) NaOHag, MeOH/ED.

Chart 1
J J
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O{N\FO Oﬁ/_N\fo Oﬁ/_N_\sO
OH OH OH OH OH OH
IDA2-heme IDA1-heme

Incorporation of the hemg or 2 into apo-Mb was conducted
by a slightly modified cofactor-reconstitution methbouh afford
iminodiacetic acid appended myoglobins (IDA1-Mb and IDA2-
Mb, respectively) with almost quantitative yield (95% fband
90% for 2). Ligand exchange reactions and redox reactions
proved that IDA-Mbs (n = 1, 2) are almost identical to native
Mb in their active-site structure [U¥Vvisible spectral data of
these Mb derivatives are as follows: aqua-met native-Mb, max,
409, 505, and 633 nm; azide-met native-Mb, max, 422, 542,
and 576 nm; fluoro-met native-Mb, max, 408, 546, and 606
nm; deoxy (F&)-native-Mb, max, 435, 560 nm; oxy-(O

(6) (a) Asakura, T. IlMethods in Enzymolog¥leischer, S., Packer, L.,
Eds.; Academic Press: New York, 1978; Part C, p 446. (b) Teals, F.
W. J. Biochim. Biophys. Acta959 35, 543.

complex) native-Mb, max, 418, 540, and 579 nm; aqua-met
IDA2-Mb, max, 408, 502, and 630 nm; azide-met IDA2-Mb,
max, 419, 542, and 575 nm; fluoro-met IDA2-Mb, max, 406
and 606 nm; deoxy (P¢IDA2-Mb, max, 432 and 557 nm;
oxy-(O,-complex) IDA2-Mb, max, 413, 542 and 579 nm; aqua-
met IDA1-Mb, max, 408, 498, and 629 nm; azide-met IDA1-
Mb, max, 420, 539, and 575 nm; fluoro-met IDA1-Mb, max,
406 and 607 nm; deoxy-(FeIDA1-Mb, max, 431 and 558 nm;
oxy-(O,-complex)-IDA1-Mb, max, 413, 542, and 576 nm]. The
ratio of the Soret absorbance (408 nm) to the protein absorbance
(280 nm) is 5.2 and 5.1 for IDA1-Mb and IDA2-Mb, respec-
tively. These values are greater than that of native Mb,
indicating that IDA-Mbs are pure enough for the subsequent
experiments.

Binding of Transition Metals to IDA n-Mbs. When various
transition metal cations were added to the agueous solution
containing IDA-Mbs, we observed the Uvvisible spectral
changes. Figure la shows a typical spectral change of IDA2-
Mb by the addition of Co(ll) cation. Increasing the amount of
Co?* lessens the absorbance of both the Soret band at 408 nm
and the Q bands at 505 and 630 nm and simultaneously
intensifies two Q bands at 540 and 580 nm with isosbestic points
at 492, 525, and 628 nm. These changes depend linearly on
the concentration of Cd and level off at 1 equiv of Co
addition (Figure 2b), indicating that a 1:1 complex between
IDA2-Mb and Ca&* forms predominantly in the present condi-

(7) Tamura, M.; Asakura, T.; Yonetani, Biochim. Biophys. Actd973
295 467.
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Figure 1. (a) UV—visible spectral change of IDA2-Mb upon addition of Ca@A2-Mb, 13.7 uM in phosphate buffer (50 mM, pH 8.0) at 25
°C. (b) Visible and (c) UV regions of CD spectral change of IDA2-Mb by the addition of £@Céquiv):IDA2-Mb, 13.7uM, KCN, 500uM in
phosphate buffer (50 mM, pH 7.0) at 26.

Table 1. pK, Values of IDA2- and IDA1-Mb in the Presence of

100 Several Metal Cations

pKa
metal cation IDA2-Mb IDA1-Mb native-Mb

none 8.9 9.0 9.0
Co*t (1 equiv) 8.2 8.5 9.0
Ni2* (1 equiv) 8.2 8.5 9.0
Cw?* (1 equiv) 8.5 8.1 9.0
CU?™ (2 equiv) 8.0 9.0
Zn2* (1 equiv) 8.2 8.5 9.0
Cd?* (1 equiv) 8.2 8.4 9.0
Mg?* (5 equiv) 8.9 9.0 9.0
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" T " " Transition Metals Induced pK, Shift of the Coordinated
H,0. According to the literature, the absorbances at 505 and
pH 630 nm that were lessened upon addition of transition metals
are assigned to the absorption maxima due te@-ebordinated
003 b Mb, and the intensified absorbances at 540 and 580 nm are due
to a hydroxide-coordinated Mb.The above-mentioned spectral
/*—‘—‘—*—- changes (Figure 1a) induced by transition metals therefore
—o St o suggest the acidic shift ofify of the HO coordinated to the
002t heme iron(lll). Careful pH titration experiments in the presence
and the absence of metal ions clearly demonstrate the metal-
induced X, shift for both IDA2-Mb and IDA1-Mb. Typical
Cu* pH titration plots monitored by absorption spectroscopy (IDA2-
0. Mb with and without Cé") are displayed in Figure 2a. It is
Mg apparent that thelfy, value is shifted from 8.9 to 8.2 by addition
Ve of 1 equiv of C8".10 Table 1 summarizes all thekp values
) X ) n . of IDAn-Mb in the presence of various divalent metal cations.
0 05 10 15 20 25 30 We should note the following important points: (iKpvalues
M2*/ eq. to IDA2-Mb for IDA1- and IDA2-Mb in the absence of metals are almost
comparable to that of native MB;(ii) addition of transition
Figure 2. (a) Typical pH titration curves of IDA2-Mb monitored by metals (C6+, Ni2+, Cwt, zZn?t, and CG*) causes the acidic

UV —visible spectroscopy in the absence of and the presence o CoCl i - -MbL2 (iii i
(1 equiv). (b) Titration curves of the metal-induced absorbance change PKa shift for both IDA2-Mb and IDA1-Mb; (iii) the pKa shift

001

AAbs. at 580nm

0.00

(580 nm). 8) It was reported that the s_tability constant of iminodiacetic acid for

tions. Similar spectral changes of IDA2-Mb take place for the L\fg;;t'% r}%igta'\’l':('ﬂ";hl'gb ':/Sl_ff)markab'y smaller than that for other
i > .

Oth_er metal cations (m' Zr?*, and Cd+). For the Cu(ll) (9) (a) Antonini, E.; Brunori, M.Hemoglobin and Myoglobin in Their

cation, on the other hand, the spectral changes are saturated at ~ Reactions with Ligand$North-Holland Publishing Co.: Amsterdam,

a 1:2 ratio of IDA2-Mb to C&*. This indicates the quantitative gﬂé{- (b) EVUH%U,AMB; Ag}lcogg Gh Anfntgggé.;l\é\ayn;ig, J.; Zito,

: . M- ; .; Rossi Fanelli, ABiochim. Biophys. Ac , .
formation of a 1:2 complex (IDA2 .Mb'.C?d) (see also Flgur.e 10) Curves of the pH titration of IDA-heme incorporated in Triton X-100
2b). In the case of IDA1-Mb, the titration curves show typical micelle instead of apo-Mb did not change by addition of any transition
saturation behavior at a 1:1 ratio (metal:IDA1-Mb) for all metals.

transition metals (C70L Ni2t Zm2+t Cd*+. and Cét+: data not (11) This indicates that iminodiacetic acid modification scarcely disturbs
L ’ ’ T ’ the Mb active site, which may be explained by the net anionic charge
shown). Mg@* never affects the UVvisible spectra of IDA1- of iminodiacetic acid moiety and the less bulkiness, like the native

and IDA2-Mb (Figure 2b}. propionate ends.
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by metal cations is generally greater for IDA2-Mb than that for

IDA1-MDb; (vi) the metal-induced g, shift is saturated at the E 0.4 J
binding stoichiometry of IDA-Mb to metals which is mentioned 2 0.3 1
above; (v) M@ does not have any effect on thjof IDAN- % 02
Mb. =
The considerablely, shift induced by transition metals may 0.1

Vinit.

imply that the microenvironment of the active site (i.e., heme 00 05 10 15 2.0—'

crevice) alters by the metal binding at the IDA moiety. Figure 1.5 Co* / eq. to IDA2-Mb

1b,c shows circular dichroism (CD) spectra of IDA2-Mb in the

absence and the presence of?Coation!® The induced CD

peak of the heme (a positive Cotton effect at 408 nm) is clearly

lessened by 10% in its intensity by the addition of?C¢1

equiv), whereas the-helix region (two negative peaks at 220

and 208 nm and a positive peak at 190 nm) scarcely changes.

For the other transition metals, IDA2-Mb shows the CD spectral

changes similar to that for €o. Mg?" is not effective again.

It is clear that the transition metal binding at the IDA2 site 0

perturbs the active-site microenvironment more efficiently rather 0 3 10 15 20

than the whole myoglobin structure. The similar but less time / min

distinguished CD changes of IDA1-Mb are induced by the Figure 3. Time course of the reduction of IDA2-Mb by ascorbate (0.2
iti mM) in the presence and the absence of Go(@l equiv). Inset:

tralr|1_|5|;t\||(|)\;|1RmSe;2ICSt.ra of IDA2-Mb in the absence and presence Dep)endenpepof the initial reduction rate of_ ?gAZ?Mb)on CpCl

. concentration: IDA2-Mb, 13.ZM; KCN, 500uM in phosphate buffer

of Cc?* support these results. We observed the metal-induced (50 mM, pH 7.0) at 25C

chemical shift changes of the amino acid residues of Mb located ' ' '

in the proximity of the heme center: e.g., Phe (CD1); 16.8

16.6 ppm, Val (E10)~1.65 to—1.55 ppm, Leu (G5):-1.40

to —1.38; lle (FG5);—3.10 to—3.05 and—3.50 to —3.461*

The upfield shift of thepara-proton of Phe (CD1) implies that

the paramagnetic shift due to iron(lll) becomes small upofi Co

binding. Similarly, the shift of Val (E10), Leu (G5), and lle

(FG5) suggests that the shielding effect due to the heme ring

becomes weak. Such spectral observations consistently shovxg

that the hemeapomyoglobin interactions loosen upon?Co

binding. No spectral changes in CD oriH NMR occurred

by the metal addition in native Mb.

Transition Metals Facilitated Reduction of IDAn-Mbs by
Ascorbate. The transition metal induced structural changes of
the active site of IDA-Mbs were reflected in their redox
properties. The reduction of met-ID¥Mb (Fe(lll) state) by
ascorbate gives deoxy-Mb (Fe(ll) state) which is rapidly ¢ Jnsence of metals and 410 mV vs NHE in the presence
oxygenated under aerobic conditions to form oxy-Mb-@und of Co?*, Ni2+, Zr2*, or Cckt).

Mb).15 This process can be spectrophotometrically monitored ' ' '

as shown in Figure 3. Obviously, the reduction rate of IDA2- Discussion

Mbhis accelera_tecli_ 8_f0||d lépon adddition thg%(lg cation. -SUCh UV —visible titration of IDA2-Mb with C&" clearly shows
enhancement is linearly dependent on t ncentration : ) ) >

and is saturated at a 1:1 ratio of Co(ll) to IDA2-Mb (inset of theozggneranorg)of a stable co_mpleg_havmg a 1d1 stoichiometry
Figure 3). This saturation kinetics is in good agreement with (C_:d "DAZI_'M )d E_ecause Imino |a0ﬁt|c acl ID(,L‘DIA) 'S(‘j a
the behavior of the metal-induced WVisible changes. It is g:]eerl]\jlal;[ecc;gzzrét?vé?yrisgrksﬁggfiﬁﬁ E’afe%%onal C'?(?(?BZ)'”
(12) The K, values are determined under the condition where more than complex. Other transition metals such a$Zmi*", and Cd*

_

o

with Co?*

o
W

without Co%*

oxy-IDA2-Mb / X 10° M

clear that the Co(ll) binding directly affects the electron-transfer
reaction. We measured the initial rat®,() for IDA2-Mb and
IDA1-Mb in the presence and absence of various divalent metal
cations. Generally, IDA2-Mb displays the greater rate enhance-
ment by the addition of transition metals ¢ Ni?*, C/?*,
Zn?*, and Cd") in this reduction, relative to IDA1-Mb.

The redox potentialsH; ;) of IDAn-Mb were determined by
pectroelectrochemistry using methylene blue (MB) as a media-
tor. TheE;s, value of IDA2-Mb was 78t 10 mV (vs NHE) in
the absence of metal cations, which is almost comparable value
to that of native Mb. The addition of €b (1 equiv) to IDA2-

Mb scarcely caused arB, shift (694 10 mV vs NHE). The
Euz in the presence of other transition metals?(Nizn?*, or
Cd?™) was also in the same range (#8L0 mV vs NHE). IDA1-
Mb showed similar behavior fd€;, (63 + 10 mV vs NHE in

99% of IDAN-Mb’s bind the corresponding transition metals. also show a 1:1 stoichiometry, indicating the formation of the
(13) In Cc?tﬁxpeﬂtmle_nas, Wg tfzd _tgle CNOltmtlﬂ IEM_M?;S in Ordefr_ to g similar complexes. In contrast, €uforms a 2:1 complex. It

avol e metal-induce ISIble spectral change. It was confirme : _ .

that the CN-bound IDAn-Mb’s do not show any UV+visible change is probable that Cu prefers a square-planar complex with IDA_’

upon addition of metal cations. so that 2 mol of the Cu(IDA)complex are generated predomi-

(14) (a) Emerson, S. D.; La Mar, G. Biochemistry199Q 29, 1556. (b) nantly.

Emerson, S. D.; La Mar, G. NBiochemistry199Q 29, 1545. (c) ; ; ; " ; i
Emerson. S. D.. Lecomte, G. N.: La Mar, G. 8Am. Chem. Soc. Complexation of IDA sites with transition metals is consid

1988 110, 4176. Chemical shifts for Phe (CD1) and Val (E10) located €red to cause breakage of electrostatic and hydrogen bonding
in the distal side of the heme pocket slightly changed by replacement interactions between IDA ends (carboxylic acid) and amino acid

of protohemin to IDA2-heme (Phe (CD1), 1%26.8 ppm; and Val i _ i i
(E10), 195 to—-1.65 ppm). However, i, values withot metals. residues of the apo-Mb skeletéh.Conceivably, the weakening

CD spectra, the stability of oxy-Mb, and the redox potentials suggest of the hemeqpomyoglobin ir.‘teraCtionS. as probed bY the CD
that the distal pocket is not significantly perturbed by the heme Spectroscopy induces a consideratig ghift of the coordinated

) r{lﬁdiz_cation with ID?n-  DAMD owlv autoxidized to met H.O in the Mb active site. In fact, an acidikp shift was
e dioxygen compiex o was slowly autoxidizea to me : ; :
form. The autoxidation rate constanig of oxy-IDAM-Mb were in already reported for a reconstituted Mb with a heme bearing

the range of 0.20.4 hr%, which are almost comparable to native Rtb.
The values were slightly affected upon metal binding {@2 h1). (16) Evans, S. V.; Brayer, G. 0. Mol. Biol. 1990 213 885.
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-0.2 strongly suggest that dynamic structural perturbations given
upon the transition metal binding at the myoglobin surface which
induce the lessened reorganization energy and/or the facilitated
Mb—ascorbate complexation can effectively modulate the active
site microenvironment. And as a result, the electron injection
from ascorbate is accelerated in response to various metal cations
in our engineered IDA-Mbs.

In conclusion, we have established that the inserted imino-

= (@)
57 -0.81 cu2*.IDA2-Mb
o0
[}

1.0 (@ .
Cu?*-IDAI-Mb

12 diacetic acid can play a crucial role as a reporter group in the

metal responsive regulation of the Mb structure and the function.
-1.4 This is due to the transition metal triggered changes in the
16 cofactor-apoprotein interactions. The present semisynthetic Mb

is regarded as a prototype of the sophisticated biomaterials which

78 80 82 34 86 88 90 92 can regulate the activity with sensing the concentration of the

pK, environmental metal ions. We envisage manipulation of activity
Figure 4. pK,—initial rate profile of IDAN-Mb. of engineered biocatalysts through rationally designed artificial
receptors?

two propionate masked by methyl esters (tig phifted from ] )

9.0 (native) to 7.5%7 due to the structural disturbance raised EXperimental Section

by the loss of the electrostatic interactions as well as by the  gpectrophotometric Titration of IDA n-Mb with Metal Cations.
steric repulsions between the heme side chains and peptide sid@ corresponding amount of metal salt (Ca@iCl,, CuSQ, Zn(NO),,
chains. The above explanation is strongly supported by the Cd(NG),, or MgSQ, 0—3 equiv) was added to an aqueous solution
result of the transition metals responsive behavior of IDA1- of IDAn-Mb (13.7uM, 50 mM phosphate buffer (pH 8.0)) at 2&.
Mb. One propionate anion remains free to interact with apo- After equilibrium (5-10 min later), the absorption spectra were
Mb unlike IDA2-Mb, even when a divalent metal is bound. measured.

Therefore, the hemeapomyoglobin interactions of IDA1-Mb Determination of pK, of the Coordinated H,O of IDAn-Mb.

do not become weaker upon the metal binding, rather than thoseSPectrophotometric pH titrations for ID0AMbs in the presence of
for IDA2-Mb. This is consistent with the less acidi&pshift various metal cations were conducted by a conventional manners:

. IDAn-Mb, 13.7uM, pH 6—11 (10 mM phosphate buffer) at 2%&.
for the metal-bound IDA1-Mb than IDA2-Mb. Ctiis regarded Reduction of IDAN-Mb by Ascorbate. To a solution of IDA-

as an exception again. Mb (13.7uM, 50 mM phosphate buffer (pH 7.0)) was added an aqueous
The K, reduction rate (logVini) profile in Figure 4 shows solution of ascorbic acid (final concentration, 0.2 mM), and the
that the reduction rate of met-Mb linearly increases with absorbance change at 580 nm was monitored by the time-scanning
decrease of thel, of the axial HO. The correlation factor method at 25°C. Separately, we confirmed quantitative conversion
(0.86) is nearly unity when two outlying data points forau of met-Mb to oxy-Mb by the repeated scanning of bVisible range
IDA1,2-Mb are omitted® It was reported that the lowering of ~ (250-800 nm).
the K, reflects on the weakening of the hydrogen bond of the =~ Measurement of the Redox Potential of IDA-Mb. The redox
distal histidine (His 64) with the axial watét. The coordination ~ Potential of IDAn-Mb (Fe'/Fe’) was determined using a typical thin-
environment of the iron site disordered by the weakened layer spectroelectrochemical methidPt mesh was used as a working

hvdr n bond might oromote the rearrangement of the h _electrode, and methylene blue was a mediator: rBAb, 5_.4/4M,

y oge 0 Ight promote the ea. angement of the gxa 0.1 M KCI (50 mM phosphate buffer, pH 7.0) at 2&, optical cell
coordinated met-Mb to the' pentac.oo.rdlna.ted dequ-Mb QUrlng length 1 mm under Natmosphere, potentiostat, BAS 100W.
the electron-transfer reaction. This idea is c_onS|ste_nt with the Syntheses. (a)N,N-Di(ethoxycarbonylmethy!)-N'-BOC-ethyl-
present result that the lower th&pof the axial HO is, the enediamine (3). To a solution ofN-BOC-ethylenediamine (500 mg,
more accelerated the met-Mb reduction is. The redox potential 3.1 mmol$* dissolved in 10 mL of dry DMF were added ethyl
of IDAn-Mb scarcely changed upon metal binding. The bromoacetate (3.3 mL, 31 mmol), KI (520 mg, 3.1 mmol), and NaklCO
electron-transfer rate is controlled by several parameters, such(2.5 g, 30 mmol). After the mixed solution was stirred foh at 25
as the reaction driving force, reorganization energy, and °C, the residue was dissolved in 30 mL of CH@hd washed with
precomplexation property of Mb with ascorbate, according to distilled water (30 mLx 2). The organic layer was dried over Mgs0O
the Marcus theor§® Reasonably, the present rate enhancement a_nd concentrat%d |n1vacuo. The title compotﬂwgs obtained as an
cannot be ascribed to the change of the driving foEg) oil (1.02 g, 96%). *H NMR (CDCl, 250 MHz): 6 1.29 (6H, t

. . - . —CH,CHj3), 1.45 (9H, st-C4Hg), 3.00 (2H, m,—NHCH,CH,;N=), 3.27
The structural data and the linedfp-reduction rate relationship (2H 2m —3)NHCH§CH2|§II=)43%9 (4H( S—ECHzco—z) 4.220 ()4H q

—CH.CHa), IR (KBr, Cm_l): 3300 @nw), 1730 fco).

17 Z?trngjggMé;lyvggdmw' G. V., lll; Yonetani, Biochim. Biophys. (b) N,N-Di(ethoxycarbonylmethyl)ethylenediamine Ditrifluoro-
(18) From Figure 4. we obtained the following equation: Yag = —0.96 acetic Acid Salt (4). Into a solution of BOC derivativ@ (300 mg,
pKa + 7.3, with a correlation factor of 0.86 where two data points for
CW?" are omitted. (22) Noncovalent interactions of enzymes with some crown ethers have
(19) (a) Tsukahara, K.; Yamamoto, Y. Biochem.1982 93, 15. (b) been reported: (a) Reinhoudt, D. N.; Egendebak, A. M.; Nigenhuis,
Tsukahara, Klnorg. Chem. Actd 986 124, 199. (c) Tsukahara, K.; W. F.; Verboom, W.; Kloosterman, M.; Schoemarker, HJEChem.
Okazawa, T.; Takahashi, H.; Yamamoto, IMorg. Chem.1986 25, Soc., Chem. Commui996 2205. (b) Nagasaki, T.; Kimura, O.; Ukon,
4756. M.; Arimori, S.; Hamachi, I.; Shinkai, Sl. Chem. Soc., Perkin Trans.
(20) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 265 811. 1 1994 75. (c) Itoh, T.; Takagi, Y.; Murakami, T.; Hiyama, Y.;

(21) Since the transition metals are bound to the Mb surface, the facilitated Tsukube, HJ. Org. Chem1996 61. 2158.
electron transfer may be due to the electrostatic effect. To clarify this (23) (a) Brunori, M.; Saggese, U.; Rotilio, G. C.; Antonini, E.; Wyman, J.

effect, we compared the rate of the reconstituted Mb with protohemin Biochemistry1971, 10, 1604. (b) Wilson, D. F.; Erecinska, M.;
diethyl ester (2 = 8.0). The initial rate was determined to be one- Ohnishi, T.; Dutton, P. LBioelectrochem. Bioendl974 1, 3. (c)
half of the rate for C&"-bound IDA2-Mb, suggesting that the metal Dickinson, L. C.; Chien, J. C. WJ. Biol. Chem1973 248 5005.

cation induced electrostatic effect may partially contribute to the rate (24) Krapcho, A. P.; Kuell, C. SSynth. Commuri99Q 20, 2559.
acceleration. (25) Brown, W. D.; Mebine, L. BJ. Biol. Chem.1969 244, 6696.



Regulation of Iminodiacetic AcidMyoglobin Response

0.88 mmol) dissolved in 5 mL of dry Ci€l, (distilled over CaH)
was added trifluoroacetic acid (TFA, 1.02 mL, 13.2 mmol) in 5 mL of
dry CH,Cl,, dropwise over 30 min at @C. After the mixed solution
was stirred fo 3 h at 25°C, CH,CI, was evaporated off. The oily
residue was dried in vacuo (3@, 0.06 Torr, 6 h). This is used in the
next step without further purification'H NMR (CDCls, 250 MH,): 6
1.27 (6H, t,—CH,CHa), 3.27 (4H, m,—NCH,CH,N—), 3.74 (4H, s,
—NCH,CO-), 4.19 (4H, q,—CH2CHs), 7.69 (3H, bs—NHz+). IR
(neat, cnl): 3300 (nk), 1730 ¢co).

(c) 3,8,12,18-Tetramethyl-2,7-divinyl-13,17-bis[bis(ethoxycarbo-
nylmethyl)aminoethylaminocarbamoylethyl]porphyrine (5). To the
dry mixed solution (10 mL of THF and 10 mL of DMF) containing
the preceding aming (250 mg, 0.54 mmol) were added protoporphyrin
IX (140 mg, 0.25 mmol), benzotriazole-1-yloxytris(dimethylamino)-
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(Wnh), 1730 @co). UV—visible spectrum (10:1 CHgImethanol, nm):
396 (Soret), 504, 634.

(e) IDA2-Heme 2 Derived from 6. To a mixed solution (8 mL,
1:2 THF:MeOH) of6 (50 mg, 0.046 mmol), 55@L of 1 N NaOH
(ag) was added. After 30 min of stirring, a few drops of distilled water
was added in order to dissolve the formed precipitate. After 1 day of
stirring 20 mL of distilled water was added and the solution was
acidified to pH 3.0 wih 1 N HCI (aqg). The resulting precipitate was
collected by centrifuge (10 000 rpm, 5 min) and washed with distilled
water. The dark-red solid was purified through gel chromatography
(Sephadex LH-20; eluent, DMF) to obtain the prod2¢25 mg, 58%),
mp >300°C. Anal. Found: C, 56.67; H, 5.46; N, 11.49. Calcd for
CueHs2NsO10CIFe0.4H,0: C, 56.64; H, 5.46; N, 11.49. IR (KBr,
cm1): 3300 ¢nk), 1710 fco). UV—visible spectrum (DMF, nm): 387

phosphonium hexafluorophosphate (BOP, 240 mg, 0.55 mmol) and (Soret), 509, 636.

diisopropylethylamine (DIEA, 0.33 mL, 1.9 mmol). The reaction
mixture was stirred for 1.5 h at Z&. After concentration, the residue
was dissolved in 30 mL of CHghnd washed with saturated NaHEO
(ag) (2x 20 mL) and distilled water ( 20 mL). The organic layer

was dried over MgS@and concentrated in vacuo. The solid residue

was further purified through chromatography (silica gel, coluzh@
cm x 20 cm, 5:1 CHG:acetone and then 10:1 CH@hethanol) to
yield the producs, 170 mg (69%), as a dark-red solid, mp 1558
°C. H NMR (CDCls, 250 MHz): ¢ 0.97 (12H, t,—CH,CH3), 2.40
(4H, m,—CH,NCH,CO-), 3.02 (8H, m,—CH,CONHCH,—), 3.14 (8H,
s, —NCH,CO-), 3.56-3.68 (12H, m, Ar-CHj3), 3.82 (6H, q,—CH,-
CHs), 4.30 (4H, m, Ar-CH,—), 6.18-6.45 (4H, dd, Ar-CH=CH,),
7.79 (2H, s,—CONH-), 8.38-8.50 (2H, m, AF-CH=CH,), 10.10-
10.17 (4H, m, mesdt). IR (KBr, cm™): 3300 ('nn), 1730 fco). Anal.
Found: C, 65.28; H, 7.06; N, 11.17. Calcd fop870NgO10. C, 65.44;
H, 7.12; N, 11.30. UWvisible spectrum (CHGJ) nm): 407 (Soret),
505, 540, 575, 628.

(d) Iron(lll) Complex 6 Derived from 5. The free base porphyrin
derivative5 (160 mg, 0.16 mmol) and Fe£AH,0 (320 mg, 1.60 mmol)
dissolved in 20 mL of dry DMF was heated at 86 for 6 h with

stirring. DMF was evaporated off, and the black residue was dissolved

in a mixed solvent (CHGITHF (25 mL/5 mL)) and washed with 30
mL of HCI (aq) (pH 3.0) until the yellow color due to Feh aqueous
solution disappeared. The organic layer was dried over Mgs@d
concentrated in vacuo. The title compouhidias obtained as a dark-
red solid (110 mg, 63%), mp 164166 °C. IR (KBr, cml): 3300

(f 3,8,12,18-Tetramethyl-2,7-divinyl-13-(ethoxycarbonylethyl)-

17-[bis(ethoxycarbonylmethyl)aminoethylaminocarbamoylethyl]-
porphyrine (7). Protoporphyrin IX (PP1X) monoethyl ester (224 mg,
0.96 mmol) was converted to the title compound (100 mg, 26%) as
described in previous text, mp 18688 °C. H NMR (CDCls, 250
MHz): 6 0.95 (6H, t,—CH.CHs), 1.05 (6H, t,—CH,CHs), 2.34 (2H,
m, —CH,NCH,CO—), 2.98 (6H, m,—CH,CONHCH,—, —CH,COCH--
CH;s), 3.10 (4H, s,—NCH,CO-), 3.5-3.7 (12H, m, Ar-CHs), 3.78
(4H, g, —CH,CHs), 4.05 (2H, q,—CH,CHs), 4.30 (4H, m, A
CHz—), 6.1-6.5 (4H, dd, A-CH=CH,), 7.65 (1H, m,—CONH-),
8.4-8.5 (2H, m, Ar-CH=CH,), 10.1-10.2 (4H, m, mesdd). IR
(KBr, cm™): 3300 rnn), 1730 fco). UV—visible spectrum (CHG]
nm): 407 (Soret), 505, 540, 575, 628.

(9) Iron(lll) Complex 8 Derived from 7. Compound? (70 mg,
0.087 mmol) was converted to the title compound (55 mg, 71%) as
described in previous text, mp 13337 °C. IR (KBr, cnmY): 3300
(vnn), 1730 fco). UV—visible spectrum (10:1 CH@methanol, nm):
388 (Soret), 509, 635.

(h) IDA1-Heme 1 Derived from 8. Iron(lll) Complex 8 (35 mg,
0.039 mmol) was converted to the title compound (26 mg, 81%) as
described in previous text, nip 300°C. Anal. Found: C, 58.84; H,
5.35; N, 9.97. Calcd for gH4NsO-,CIFe-0.5H,0: C, 58.65; H, 5.29;

N, 10.26. IR (KBr, cm?): 3300 @nn), 1710 fco). UV—visible
spectrum (DMF, nm): 387 (Soret), 509, 635.
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