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Behavior and Catalytic Activity of Cytochrome c in Methanol
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A variety of lariat ethers were employed to solubilize water-soluble cytochmmenethanol, in which alcohol,

ether, ester, amine, and amide functionalities were attached as cation-ligating side arms to 18-crown-6, 15-crown-
5, and 12-crown-4 rings. Among these lariat ethers, the alcohol-armed 18-crown-6 derivative offered the highest
solubilization efficiency for cytochrome via supramolecular complexation. The resulting cytochremtariat

ether complexes were electrochemically and spectroscopically characterized and confirmed to have redox-active
heme structures of 6-coordinate low-spin population in methanol. Some of them catalyzed the oxidation of
pinacyanol chloride with hydrogen peroxide in methanol and exhibited higher activities than unmodified cytochrome
¢ and its poly(ethylene glycolated) derivative. Since the supramolecular complexation between lariat ether and
cytochromec includes extremely simple procedures, it provides a facile preparation method of effective biocatalysts
working in organic solvents from metalloproteins.

Introduction cryptand[2.2.2] allowed dissolution of several heme proteins
in organic media but scarcely investigated the reactivities of
the resulting supramolecular complexes. Reinhoudt et al. and
our group recently employed crown ether derivatives in some
enzymatic reactions and found remarkable enhancement of their

Biocatalysts working in nonagueous organic solvents have
opened new fields in bioscience and biotechnology. Several
kinds of enzymes are known to perform reactions which are

impossible in aqueous solutioh®eptide synthesis by proteases, o S
P d b y yp reactivities® Although only a limited number of crown ethers

transesterification by lipases, and biotransformation of water- d related les h b ned i tein ch
insoluble substrates successfully proceeded in organic media 3N related macrocycies have been examined in protéin chem-

Heme proteins have the potential to be effective biocatalysts. istry, they are expect_ed to modif)_/ the phySiC_aI prpperties and
Since most of them are insoluble in organic solvents, chemical to en_hance the chemical reactivities of the biological '.“eta”o'
modification and immobilization through covalent bonds are proteins upon noncovalent supramolecular complexation.
usually employed to solubilize them. Because these methods Here we present supramolecular complexes of water-soluble
require a series of laborious procedures such as chemicalCytochromec with alcohol-armed lariat ethers which work as

derivatization, dialysis, and lyophilization and since they often effective biocatalysts in nonaqueous methanoytochromec
lower the protein activities, there is a need for an alternative 1 a water-soluble heme protein which mediates electron transfer
method of solubilization and functionalization of bioproteins. [N the mitochondrial respiratory chain. This is not an enzyme
Crown ethers and their derivatives can bineNHs*, in the biological processes but a promising candidate for an
—CO,~M™, or other functional moieti@exposed on the protein effective biocatalyst having grgat advantages over common
surface and fornm:1 (crown ether:protein) types of supramo- heme_ enzymes: covalently protein-bound heme group an_d stable
lecular complexes. When the protein is wrapped by a number prote|n+ backbong. There are a number of lysine residues
of small crown ethers, its solubility, stability, reactivity, and (~NHs") and other functional groups on its surface, which are
other functions can be modifidOdell and Earlam demon-  Useful for effective binding sites of crown ethers. We employed
strated supramolecular complexation between water-soluble€re a series of lariat ethers as complexing agents of cytochrome
protein and crown ethérThey reported that 18-crown-6 and  © They are a family of crown ethers having functionalized side

(1) (a)lnada, Y.; Takahashi, K.; Yoshimoto, T.; Ajima, A.; Matsushima,  (5) (a) Reinhoudt, D. N.; Eendebak, A. M.; Nijenhuis, W. F.; Verboom,
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arms, and some of them were reported to operate as effective
ligands for small and polymer guests. Since the native cyto-

chromec has several different conformations and properties 3a-af 4a, af

which depend on microenvironmeritsthe supramolecular

complexation with lariat ether can modify the solubility, redox

behavior, and reactivity of cytochrome (Scheme 1). The

supramolecular complexes between cytochramend lariat R | Substitutent -R | Substitutent
ethers were obtained by simple procedures: mixing of a a -CH,OH d -CHoNH,
methanol solution containing lariat ether with solid cytochrome o
cgave a homogeneous brown-red solution of the supramolecular b |-CHyO(CH,)3CHs e | -CH,NHCCHS,
complex. Spectroscopic and electrochemical characterizations C

revealed that the supramolecular complexes have 6-coordinate € | -CH,OCCH,4 f -H

low-spin-state hemes in methanol. Although cytochrariiself
does not work as a catalyst in the biological processes, the
present supramolecular complexes exhibit interesting catalytic Lys, 9 Glu, 3 Asp,
reactivities in the oxidation of pinacyanol chloride. Therefore,
the present study describes a new possibility of the metallo-
protein functionalization and also a useful method for the
biocatalyst preparation.

Figure 1. Employed lariat ethers and related polyethers.

and other ionic amino aci¥sSince the
lariat ether complexation modified the solubility and redox
property of cytochrome and also offered uncommon catalytic
activity, a new series of biocatalysts working in organic solvents
can be derived from water-soluble heme protein via supramo-
lecular complexation.

2. Solubilization of Cytochrome c via Supramolecular

1. Lariat Ethers. We examined a series of lariat ethers having Complexation. Supramolecular complexation was investigated
alcohol, ether, ester, amine, and amide moieties on their sideby solid (cytochrome)—liquid (lariat ether/methanol) solubi-
arms: 12-crown-4 {a—e), 15-crown-5 Ra—e), 18-crown-6 lization experiments: cytochromec powder (0.4umol) was
(3a—e). Benzo-18-crown-6 having an alcohol-functionalized suspended in a methanol solution of lariat ether (&6bl/1
moiety 4a) was also examined for comparison (Figure 1). In mL). After 1.5 h of stirring, the suspension was centrifuged
this class of compounds, the parent crown ethers and side-armand a brown-red methanol solution was separated from cyto-
functionalities act as binding sites “cooperatively” or “inde- chromec powder. The methanol solution exhibited the char-
pendently™® When we properly combine crown ring with side  acteristic UV spectrum of a porphyrin derivative: a strong Soret
arm, the resulting lariat ether forms three-dimensional complexesband at 407 nm and a weak Q-band at 528 nm. Since
with metal ions, ammonium groups, and water, which are cytochromec is insoluble in pure methanol, the amount of the
common species in biological systems. This ether also may bindsolubilized cytochrome is a good indication of the supramo-
bifunctional guests at two points as a ditopic receptor and then lecular complexation with lariat ether. Solubilization efficiency
may recognize amino acid sequence in the peptide backbone(%) of cytochromec was estimated from the absorbance at the
Actually, the lariat ethers employed here bound both alkali- Soret band in methanol (Table 1). Among the employed lariat
metal cations and organic catio#¥ NMR binding experiments  ethers, alcohol-armed lariat ethets—3a solubilized cyto-
confirmed that the alcohol-armed 15-crow2#typically bound chromec more effectively than ether-, ester-, amine-, and amide-
methylammonium, imidazolinium, and methylguanidinium cat- armed lariat ethergéb—3b, 1c—3c, 1d—3d, andle—3e When
ions as well as Naand Kt ions in CD;OD/D,0 (10/1, v/v)1t 18-crown-6 derivatives were compared, the addition of 400

We have examined sid-arm effects of the lariat ethers on equiv of alcohol-armed lariat ethe3a solubilized all the
supramolecular complexation with cytochromas well as size cytochromec added, but considerable amounts of solid cyto-
effects of the parent crown rings. Cytochrooeom horse heart chromec remained in the presence of 400 equiv of lariat ethers
(My = 12 500) was chosen as a guest protéiwhich has 19 3b—e: solubilization efficiencies were determined as 100% for
3a, 30% for 3b, 32% for3c, 7% for 3d, and 12% for3e As

Results and Discussion

(9) Moore, G. R.; Pettigrew, G. W. Ii€ytochrome c Evolutionary, reported earlief2the simple 18-crown-8f and cryptand[2.2.2]
5“”“”{%'9%”" Physiochemical AspecBpringer: Heidelberg, Ger-  go|ypilized cytochrome in methanol. The former exhibited
many, .

(10) (a) Gokel, G. W.; Schall, O. IlComprehensie Supramolecular
Chemistry Pergamon Press: Oxford, U.K., 1996; Vol. 1, p 97. (b) (12) We carried out several experiments with cytochranadter dialysis

Tsukube, H.Talanta1993 40, 1313. and compared the results obtained with those without purification.
(11) The'3C NMR signal for the methine carbon ia shifted in the However, no significant difference between them was observed.

presence of 3 equiv of guest salts0.76 ppm for methylammonium (13) Kaim, W.; Schwederski, B. IBioinorganic Chemistry: Inorganic

chloride; —0.12 ppm for guanidinium chloride;-0.12 ppm for Elements in the Chemistry of Lifé&/iley: Chichester, U.K., 1994; p

imidazolinium chloride. 109.
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Table 1. Solubilization Efficiency (%) of Cytochromec

a Conditions: see text. The solubilization efficiency (se) is defined ,
as [absorbance at 407 nm in the presence of 400 equiv of lariat ether]/ 0 200 460
[absorbance at 407 nm in the presence of 400 equBapf® Gelation
occurred. [ Lariat Ether ]/ [ Cytochrome ¢ ]

L ] [ ]

se se se se £ 3a o H
la. 55 2a 9 3a 100 4a 79 S N —
1b <3 2b <3 3b 30 = o
1c <3 2c 4 3c 32 o é 2a 8
1d <3 24 3 ad ™ el A
le 25 2e <3 3e 12 2 . n 1a
1f <3 2f <3 3f 100 Af 81 3 / '/

g ,’ n

Figure 2. Solubilization profiles of cytochromewith alcohol-armed
excellent solubilization efficiency (100%) under the employed lariat ethersla—3a
conditions, while the latter formed gel products and offered only
low efficiency (25%). The hydrophobicity of the crown ethers
seemed to be one of the important factors determining the
solubilization efficiency. We calculated the I8yalue for each

18-membered crown ether using the PALLAS for Windows i ; :
program (version 3.0, CompuDrug International Inc., San structural information about supramolecular complexation be-

Francisco, CA), which can be considered a measure of tween cytochrome and lariat ethers. For example, 90 equiv
hydrophobicity of the crown ether: Idg= —1.73 for3a, 0.38 of alcohol-armed lariat ethe8a completely solubilized cyto-
for 3b. —1.21 for3c —1.91 for3d. —2.20 fo.r3e ~1.01 for chromec in CDsOD. The obtained solution gave a broad singlet
3f. Since this trend is apparently different from that of Signalfor crown ring protons of CHz— (o4 3.63 ppm) at room

solubilization efficiency for cytochrome, other factors should ~ t€mperature which was not separated ever&b °C. When

play more important roles in the supramolecular complexation. the parent 18-crown-8f was employed, one set of S|gnalls for
The alcohol-armed 15-crown-Za and 12-crown-4la solubi- the complexed and free 18-crown-6 was observed-a82°C

lized cytochromec much more effectively than unsubstituted (0w 3.63 and 3.58 ppm). Although the stqlchlometry of the
crown ether2f and1f: 90% for2a <3% for 2f: 55% for 1a; cytochromecfo complex was not determined exactly, the
<3% for 1f. The alcohol-armed benzo-18-crowrdé also had shape analysis of the separated signals suggested that about 30

high solubilization efficiency (79%), though 4-aminobenzo- and molecules of crown ethesf b(_)u_nd to one cytochl_rom_e
4-acetamidobenzo-18-crown-6 derivatives rarely solubilized Molecule. Both3a and 3f exhibited similar solubilization
cytochromec (solubilization efficiency<3%). Thus, the actions gfﬁuenues of pytpchrome, ,bUt there were marked dlﬁerencgs
of an alcohol-functionalized side arm attached to the crown ether N the NMR binding experiments. Thus, a_IcohoI-armed lariat
ring operated well in the supramolecular complexation and €ther3abound to cytochrome more dynamically than parent

allowed effective dissolution of water-soluble cytochrooia crown ether3f. . o
methanol. 3. CD Spectroscopic Characterization of Supramolecular

Solubilization efficiency is also dependent upon the size of Complexes.Fig_ure 3 illustrates CD spectra of th? cytochrome
the parent crown ring as well as the structure of the side-arm 0‘33 complex in methanol and cytochroroétself in aqueous
functionality. In general, 18-membered lariat eth&s—d solutions (pH 10.3 and 4.6). Pon(gtherne glygolatgd) cyto-
solubilized cytochromes in methanol more effectively than chromec was empl_oyed f_or comparisdms _descnbed in the
corresponding 15- and 12-membered etHiersd and 2a—d Experimental Section, this has 7 or 8 chains of poly(ethylene
indicating that the 18-crown-6 ring provides a better “fit” for glycol) (M = ca. 5000) and .|s.readlly. soluble in methanol.
the binding site of cytochrome than the smaller 15-crown-5 Al (.)f them exhibited charactgnsqc CD signals at the Spret pa}nd
and 12-crown-4 rings. A combination of 18-membered crown regions (ca. 407 nm), but with different shapes and intensities.

ring and alcohol-functionalized side arm probably promoted the Cyt?chrorpec |IS'[ liggwnd :0 eﬂst n sevefral plt—_|-de||oe2dent
supramolecular complexation. Polyether derivatives are known conformational statesand to undergo a conformational change
as effective solvating reagents for protetisviethoxypoly- as the pH of the aqueous solution increases. In this conforma-

— tional change, methionine-80 is displaced by lysine-79 at an
ethylene glycol = ca. 5000), poly(ethylene glycol) mono- L o
E)—isc))loctylghyeny)l lgl'mer (Triton )2]?00%( an)(gl tris[g-¥2-rr)1ethoxy- axial ligand of heme and the heme crevice is opened. The shapes

ethoxy)ethyllamine were examined, but they rarely solubilized .Of the CD signals observed with the cytochromsolubilized

s thanol are similar to those observed at pH 10.3 rather than
cytochromec under the employed conditions 8%). Inme e
Figure 2 plots the absorbance of the solubilized cytochrome chOrfr? ?Enserrvec:hat pg;?:g ’r[]Bi]tVS [?] {rED] 'Sn lrzlg[]uge gatop}). th
c at 407 nm vs the mole ratio of the added alcohol-armed lariat - ermore, the ensity at the >Soret band of the
etherla, 2a or 3ato cytochromez. When 15-membered lariat cytochromec—3a complex in methanol was 2.6 times larger

ether2awas employed, the dissolution of cytochrooeccurred iﬂiz tﬁithg{ g¥togrr& rtT;]e |2|r?§e |mc§||:?£)eca?g§3 léiizovl\;];:n’
in an allosteric manner: cytochroroevas scarcely solubilized 9 poly(ethy gly Y

at [lariat ether)/[cytochrome] < 150, whereas it was accel- 1.7 times larger. .These spectra suggest that Fhe solupiliz_ation
eratively solubilized at [lariat ether]/[cytochrom@ > 150. of cytochromec in methanol was accompanied by similar

Lariat ethersla and3abehaved similarly, but the critical mole conforma_tlonal changes to those ob_ser_ved at high pH, Wh.'Ch
ratio was much lower in the case of 18-membered lariat ether probably include exchange of the axial ligand and the opening

3athan in the case of 12-memberge 5 for 3aand 270 for of the heme crevice.
la These results can be rationalized by assuming that cyto-

chromec is not solubilized by complexation with a few lariat
ethers but becomes soluble when its surface is totally covered
by a number of molecules.

Variable-temperature NMR experiments provided more direct

(15) Dickerson, R. E.; Timkovich, R. lThe EnzymesAcademic Press:
New York, 1975; Vol. XI-A, p 397.
(14) Prime, K. L.; Whiteside, G. MJ. Am. Chem. S0d.993 115 10714. (16) Gaertne, H.; Puigserver, &ur. J. Biochem1989 181, 207.
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Figure 3. CD and UV spectra of cytochrome derivatives: [A] of the iron atom. The electron density marker bagdt 1374

cytochromec—3a (MeOH); [B] poly(ethylene glycolated) cytochrome

1 o -
¢ (MeOH); [C] cytochromec (pH 10.3):[D] cytochromec (pH 4.6). cm~tin all spectra indicates that these cytochranaerivatives

have ferric heme group$A], [B], and[C] in Figure 4, top).
The spin- and coordination-sensitive banglat 1508 cm?
confirms that they are in 6-coordinate ferric low-spin states.
Since the bands, andvo were also observed at 1590 and 1639
cm~1, the examined cytochromederivatives were supported
to have 6-coordinated low-spin heme groups. In the low-
frequency region (208600 cntl), there are some differences
between supramolecular complexes and poly(ethylene glyco-
lated) cytochrome ([A] and[B] vs [C] in Figure 4, bottom):
0the band at 205 crmt was observed only in the case of poly-
(ethylene glycolated) cytochronee Since this region provides
useful information about axial coordination of the heme group,
e poly(ethylene glycolated) cytochrontemay have somewhat
different modes of axial ligation from those of the two
supramolecular complexes.

We applied ESR spectroscopy in nonoriented rigid glass to
identify the ground-state spin multiplicity of the cytochrome
c—3f complex. A mixture of ESR spectra with salient features

to have a structurally ordered protein structure in methanol, .Of ground-state low spin and high spin (sextet_) due to _heme
where the heme was accommodated in an unnatural fashion fon Was observed from 2.5 to 35 K. The loww-spin-state signals

4. Resonance Raman and ESR Spectroscopic Character- dominated despite the minority species due to ferric iron. Only

ization of Supramolecular Complexes.Resonance Raman the signals attribuFed_ to_the low-spin state_ showe_d a rapid
spectroscopy has been an effective method to characterize thdassage at2.5k, |nd_|cat|ng that the low-spin state is isolated
nature of heme derivativé8.Figure 4 shows the resonance in terms of electronic structure and there is no apparent

Raman spectra of supramolecular complexes with alcohol-armedggrsriil?)tf'(énsgeéwgft?o?fo l?xvéigra;':izh;%gfpég Sta;f:hgnoéhei
lariat ether3a and parent crown eth&f, together with that of P P  BOWY

poly(ethylene glycolated) cytochrome all of which were concluded that the cytochronee-3f complex contained at least

measured in methanol. The Raman bands i the high-frequenay[1 . SHERR, Stes T T1e B KoLt o8 1Ee
region (1306-1700 cnt?) are assigned to porphyrin in-plane 99 9

vibrational modes that are sensitive to the electron density in ?#;'22??;?2;‘25%1%21 Tg('gg vsenge tg‘:rrnrgigtrpgéggt'onh;?r;l
the porphyrin ring and also to the coordination and spin state P P y

have the 6-coordinated low-spin population in methanol at room
(17) Serre, P. A.; Haladjian, J.; Bianco,P Electroanal. Chem. Interfacial temperature. . .
Electrochem1981, 122, 327. 5. Electrochemical Characterization of Supramolecular
(18) (a) Teraoka, J.; Kitaga\llva, If-lPhysi Chentl98Q 84, 4322. (b) Spiro, Complexes. Cytochrome c has a redox-active heme and
T. G.: Li, X.-Y. In Biological Application of Raman Spectroscopy ; i hi ;
Spiro. T. G.. Ed.: Wiley: New Vork. 1998: Vol. 3. p 1. (c) Das, T. mediates electron transfer in blologlqal systems. Because.of very
slow electron transfer between protein and electrode, the indirect

K.; Franzen, S.; Pond, A.; Dawson, J. H.; Rousseau, Ihdrg. Chem. : T
1999 38, 1952. electrochemical method has been developed to determine its

The supramolecular cytochroroe 3acomplex also exhibited
largely enhanced CD signals around 209 nm, which is a good
indication of a-helix contents in the protein backbone. Since
poly(ethylene glycolated) cytochroneeggave a modestly intensi-
fied CD signal in this region, the-helix structure of cytochrome
c was more stabilized by lariat ether complexation than by poly-
(ethylene glycolation)[A] vs[B] in Figure 3, bottom left). The
native cytochromes has a 6-coordination heme group in the
neutral aqueous solution, in which methionine acts as the secon
axial ligand. This was clearly supported by the fact that the
LMCT band was observed at 690 dmWhen cytochromes
was solubilized in alkaline aqueous solution, the methionin
was displaced by lysine and the LMCT band at 690 nm
disappearedC] vs[D] in Figure 3, bottom right). Similar UV
changes were observed when cytochroonderivatives were
solubilized in methanol[A] and[B] in Figure 3, bottom right).
Thus, the cytochrome—lariat ether3a complex was suggested
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(a) Table 2. Reduction Potentials of CytochroneeDerivatives
Amax n E” (V
cytochromec  (nm) (mV) vs SHE) remarks
© cytochromec 0.260 HO?(pH 6.0)
2 cytochromec 0.060 HO?(pH 9.0)
g cytochromec—3a 550 57 —0.360 MeOH (0.05 M E4NCIOy)
2 cytochromec—3f 550 53 —0.393 MeOH(0.05 M E4NCIOq)
g poly(ethylene 550 47 —0.439 MeOH (0.05 M E4NCIOy)
glycolated)
cytochromec

aConditions: cytochrome, 3.6 x 107> mol/L. For other conditions,

0 560 Séo (nml) see ref 21° Conditi(_)ns: cytochrome, 10-3 mol/L; 33, 0.5 mol/L; 3f,
0.5 mol/L; methylviologen, 10" mol/L.
®) formational change of cytochronueand the natures of coexist-
ing environmental species. Among them, the methanol-induced
-380 . . X
conformational change of cytochroraenust first be considered.
s When the electrochemical reduction was carried out at pH 9.0,
_05-400 s cytochromec exhibited a reduction potential (0.060 V) more
W negative than that observed at pH 6.0 (0.26GA\As described
420 7 above, the solubilization of cytochronsénto methanol induces
changes in the ligation mode of heme and protein conformations
-04 0.0 0.4 which are similar to those observed in alkaline aqueous solution.
log [Areq - Al/ A - Ag] Thus, the cytochrome solubilized in methanol is thought to
Figure 5. (a) Spectra of cytochrome—3a in methanol at different ~ exhibit a negatively shifted reduction potential upon such
potentials andb) its Nernst plot. conformational changes. Simple solvation generally influences

the reduction potentials of redox-active species. For example,
redox potential in aqueous solution, where the redox-active the reduction potential of methylviologen was estimated to be
mediator promoted the interfacial electron-transfer prot¢ess. more negative by 50 mV in methanol than that in aqueous
We applied this method to characterize the supramolecular com-splution22 Other factors giving negative reduction potentials of
plexes in methanol. By a thin-layer spectroscopic technfue, cytochromec are the presence of perchlorate electrolyte and a
their redox processes could be followed using methylviologen high concentration of cytochrome!?:21 When cytochrome
as a mediator. When the methylviologen was reduced in a meth-was solubilized in methanol by supramolecular complexation,
anol solution of the cytochrome-3a complex at a controlled  jts solubility was determined by concentrations of cytochrome
potential of —0.6 V vs Ag/AgCI, new absorptions for the ¢ lariat ether, and coexisting perchlorate anion. We employed
reduced species were observed at 523 and 550 nm in the visible; mM of cytochromec and 0.05 M of perchlorate to obtain
spectrum with disappearance of a small absorption band at 530reproducible data in the electrochemical experiments, which are
nm for the fully oxidized specié(Figure 5a). Since the reduced  much higher than those usually reported in aqueous solution
cytochromec species formed during the controlled-potential systemg@! Therefore, the observed negative reduction potentials
electrolysis, this supramolecular complex was confirmed to have of the supramolecular complexes support that they have ordered

the redox-active heme structure in methanol. ~ structures in methanol as observed in alkaline aqueous solutions.

A Nernst plot of absorbance at 550 nm for the ferri-  1apje 2 also indicates that three cytochroméerivatives
cytochromec/ferro-cytochrome couple according to eq 1 gave  paye different reduction potentials, though these included similar
the redox potentiaE” = —0.396 V vs Ag/AgCl for the 6-coordination heme moieties:0.360 V for the3a complex,

cytochromec—3a complex (Figure 5b)), which corresponds to g 393 v for the3f complex, and-0.439 V for poly(ethylene
—0.360 V vs SHE (see Experimental Section). The supramo- gycolated) cytochrome. Since the charge distribution on the
protein surface was reported to have a great influence on the
E—E 4 0-059|O Ared — A] reduction potential of cytochroniz,23 the coordination of lariat
= g 1) o
A—A, ethers or poly(ethylene glycol) to the cationic sites of the
cytochromec should modify charge distribution on the protein
lecular complex with3f and poly(ethylene glycolated) cyto- surface and subsequently shift the reduction potential.
chromec were similarly reduced in methanol, and their reduction 6. Catalytic Oxidation of Pinacyanol Chloride. Since the
potentials were estimated a€0.393 and—0.439 V vs SHE. cytochromec—lariat ether complexes have unique heme proper-
Table 2 compares the reduction potentials of several cytochrometies in methanol, they are expected to offer uncommon activities
¢ derivatives observed in methanol with those reported in as biocatalysts. We employed them in the oxidation of pina-
aqueous solution®, indicating that the former exhibited more  cyanol chloride with hydrogen peroxide. Pinacyanol chloride
negative reduction potentials. The reduction potentials of the (1,1-diethyl-2,2-carbocyanine chloride) has a maximum ab-
supramolecular complexes observed in methanol should besorbance at 603 nm and has frequently been used as a useful
affected by several factors, such as self-assembling and con-substrate to spectroscopically determine activities of manganese
peroxidase and related model catalysts in the organic ni&dia.

(19) (a) Hawkridge, F. M.; Kuwana, TAnal. Chem1973 45, 1021. (b) Although cytochrome was reported to catalyze the oxidation
Eddowes, M. J.; Hill, H. A. OJ. Am. Chem. Sod.979 101, 4461.

(20) (a) Heineman, W. R.; Hawkridze, F. M.; Blout, H. N.Ebectroana-
lytical Chemistry Marcel Dekker: New York, 1984; Vol. 13, p 15. (22) The reduction potential of tris(2;Bipyridyl)iron was also more
(b) Ichimura, A.; Naka, J.; Kitagawa, Denki Kagakul994 62, 489. negative by 43 mV in methanol than in agueous solution.

(21) Betso, S. R.; Klapper, M. H. Anderson, L. BAm. Chem. So&972 (23) Rodgers, K. R.; Sligar, S. G. Am. Chem. S0d.991, 113 9419.
94, 8197. (24) Glenn, J. K.; Gold, M. HArch. Biochem. Biophy4.985 242, 329.
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Figure 6. Time course of catalytic oxidation of pinacyanol chloride
by cytochromec—lariat ether complexes]A] cytochromec; [B]
cytochromec—14g; [C] cytochromec—2&; [D] poly(ethylene glycolated)
cytochromec; [E] cytochromec—3a.
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Table 3. Oxidation of Pinacyanol Chloride with Cytochrome
c—Lariat Ether Complexes

lariat ether conversion (%) se (%P
la 0 <5
2a 29 91
2f 0 <5
3a 37 100
3b 2 28
3c 0 8
3d 0 <5
3e 0 10
3f 35 100
da 20 73
Af 19 77
poly(ethylene glycolated) 30 1600
unmodified 0 0

a0n the basis of absorbance at 603 nm after 40 min. For oxidation
conditions, see the Experimental Sectib&ince the added cytochrome
¢ was completely solubilized in the presence of 200 equi@afthe
solubilization efficiency (se) of cytochrontewas defined as follows:
[absorbance at 407 nm in the presence of 200 equiv of lariat ether]/
[absorbance at 407 nm in the presence of 200 equiS8apfx 100.
Note the added amount of cytochromeas different from that reported
in Table 1.¢ The concentration of cytochroneen the reaction solution

of aromatic hydrocarbons and organosulfides in aqueous as adjusted to be same as that of3heomplex, based on absorbance

methanol solution, this did not work well in nonaqueous
methanoP® We carried out the oxidation of pinacyanol chloride

at 407 nm.

in nonaqueous methanol and compared the catalytic activitiesproteins in organic medi&?>but this usually includes a series

of cytochromec—lariat ether complexes with that of poly-
(ethylene glycolated) cytochrome pinacyanol chloride, 25
umol; H,Op, 480 umol; cytochromec, 2.5 umol; lariat ether,
500 umol; MeOH, 2.01 mL. When alcohol-armed lariat ether

of laborious procedures. Actually, the total preparation of poly-
(ethylene glycolated) cytochronwerequires more than 3 days:
activation of poly(ethylene glycol) (1 day), reaction with poly-
(ethylene glycol) and cytochrome(3 h), dialysis (1 day), and

13, 23, or 3awas added to the reaction solution, disappearance lyophilization (1 day). Fedorak and colleagues reported that
rates of the pinacyanol chloride were apparently dependent onpoly(ethylene glycolated) cytochroneecatalyzed some oxida-

the solubilized amounts of cytochrongein methanol (Figure
6). Lariat ethers2a and 3a readily solubilized cytochrome

tion reactions in THF/KO (90/10)?° This was readily soluble
in nonaqueous methanol but exhibited catalytic activity (30%)

(91 and 100%) and offered high catalytic activities (29 and in the oxidation of pinacyanol chloride that was lower than those
37%). In the case of lariat ethig, all the cytochrome added of cytochromec—3a and —3f complexes (37 and 35%). Since
was suspended as a powder and oxidation rarely occurred.2 hours is enough for the present complexation method, the
Figure 6 also illustrates that the activity of each cytochrame preparative period of biocatalysts was remarkably shortened and

catalyst decreased after 20 or 30 min. Although native cyto-
chromec is known to be rapidly decomposed in the presence
of hydrogen peroxidéS cytochromec—2a and—3a complexes
retained high catalytic activities for a relatively long period.
Thus, the supramolecular complexation not only modified the
solubility of cytochromec but also offered nonbiological
catalytic reactivity.

Table 3 summarizes the catalytic activities of various cyto-
chromec—Ilariat ether complexes, together with their solubili-
zation efficiencies determined under the oxidation conditions.
When alcohol-armed lariat ethéda was employed, all the
cytochromec added was solubilized in the reaction mixture,
and its supramolecular complex exhibited slightly higher
catalytic activity (37%) than the cytochronse-crown ethe3f
complex (35%). Since our electrochemical and NMR experi-
ments suggested that these two ethers bound to cytochtome
in different fashions, the structure of the lariat ether influenced
the catalytic activity of cytochrome as well as its solubility
and redox behavior. Other 18-membered crown eti3xs,and
4a,f, modestly solubilized cytochrome under the employed
conditions and promoted the oxidation of pinacyanol chloride
with activities lower than those @a and 3f. The attachment
of poly(ethylene glycol) has been widely used to solubilize the

(25) Vazquez-Duhalt, R.; Semple, K. M.; Westlake, D. W. S.; Fedorak, P.
M. Enzyme Microb. Technol993 15, 936.

(26) Tinoco, R.; Vazquez-Duhalt, EEnzyme Microb. Technol998 22,
8.

their catalytic activities were satisfactorily high.

Conclusion

We have demonstrated that some lariat ethers formed
supramolecular complexes with water-soluble cytochrored
effectively solubilized it in methanol. In particular, the su-
pramolecular complex with alcohol-armed lariat etBarhad
redox-active heme in the ordered protein matrices and worked
as an effective catalyst in the oxidation of pinacyanol chloride
with hydrogen peroxide. The solubilization experiments revealed
that the attachment of an alcohol-functionalized side arm to the
crown ring effectively promoted supramolecular complexation
with cytochromec. The spectroscopic and electrochemical
characterizations confirmed that the supramolecular complexes
had structures and redox properties similar to those of cyto-
chromec in alkaline aqueous solution. Since supramolecular
complexation with alcohol-armed lariat ethers offered higher
catalytic activities than poly(ethylene glycolation) of cytochrome
¢, this has advantages over chemically modified proteins of easy
solubilization procedure, structural versatility, and high catalytic
activity. Further combinations of synthetic receptors and met-
alloproteins can offer a facile preparation method of a new series
of biocatalysts working in organic media.

Experimental Section

General Considerations.'H and**C NMR spectra were recorded
on JEOL LA-300 and GX-400 spectrometers. IR, mass, and CD spectra
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were obtained on Jasco FT/IR-420, JEOL AX500, and Jasco J-720
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1,4,7,10,13-Pentaoxacyclopentadecane-2-methylacetamide (2e)

spectrometers, respectively. ESR spectra were obtained from liquid was prepared from crown eth@d: o4 (CDCl) 2.01 (3H, s, CH),

helium temperature to 35 K with a Bruker ESR 300 spectrometer.

3.25-3.79 (21H, m, 9x OCHp, NCH,, CH), 6.30 (1H, br, NH)d¢

Raman scattering was excited by a 413.1 nm Kr ion laser (Spectra (CDCl;) 23.19, 41.07, 69.53, 70.29, 70.39, 70.48, 70.68, 70.74, 71.05,
Physics, Model 2580). The resonance Raman light was dispersed with72.08, 77.48, 170.5%; (KBr) 1658 and 1120 cmt. High-resolution

a JEOL 400D spectrometer equipped with a photomultiplier.
Materials. Alcohol- and amine-armed lariat ethera—3aand1d—

3d were obtained from Aldrich as well as unsubstituted crown ethers

1f—4f and employed as received. Cryptand[2.2.1], methoxypoly-

(ethylene glycol) M, = ca. 5000), poly(ethylene glycol) morns-

isooctylphenyl ether (Triton X-100), tris[2-(2-methoxyethoxy)ethyl]-

MS (m/z): M*, 291.1682; GgH2sNOg, 291.1670.
1,4,7,10,13,16-Hexaoxacyclooctadecane-2-methylacetamide (3e)

was prepared from crown eth8d and recrystallized from EtOAe

hexane: mp 5657 °C; 4 (CDCl;) 2.00 (3H, s, CH), 3.32-3.82 (25H,

m, 11 x OCH,, NCH,, CH), 6.77 (1H, br, NH);0c (CDCl;) 23.03,

40.78, 68.84, 70.23, 70.33, 70.39, 70.42, 70.65, 70.75, 70.93, 71.91,

amine, and 4-aminobenzo-18-crown-6 were also purchased from Merck, 170.83;v (KBr) 1656 and 1108 crit Anal. Found: C, 53.57; H, 8.92;
Sigma, Nakalai Tesque, Fluka, and Acros. Ether-armed lariat ethersN, 4.13. Calcd for @H2NO;: C, 53.72; H, 8.72; N, 4.18.

1b—3b were prepared by reaction of butyl bromide and corresponding
crown etherda—3ain the presence of NaH.Ester-armed lariat ethers
2c and 3c were synthesized as described for compotiad® Amide-
armed lariat etherse—3ewere derived from amine-armed lariat ethers
1d—3d. Alcohol-armed benzo-18-crown-a was also obtained from

its carboxyl derivativé? which was purchased from Acros. All of them

2,3-Benzo-1,4,7,10,13,16-hexaoxacyclooctadecan-2-eredthyl-
acetamide (4-acetamidobenzo-18-crown-&)as prepared from 4-ami-
nobenzo-18-crown-6 and recrystallized from LLH—diethyl ether: mp
114°C; 6 (CDCl) 2.14 (3H, s, CH), 3.68-3.89 (12H, m, 6x CH,),
3.90 (4H, t, PhOCKCH,), 4.13 (4H, t, PhOE,), 6.79+ 7.28 (1H, d,
2 x Ph H), 6.85 (1H, dd, Ph H), 7.30 (1H, br, NH): (CDCl;) 24.44,

were chromatographed (silica gel; ethyl acetate/hexane) and had the68.90, 69.47, 69.51, 69.66, 70.68, 70.71, 70.76, 70.77, 107.15, 112.40,

correct elemental compositions determined by microanalysis and high-

resolution mass spectroscopy (EI mode). The purity of all new
compounds was established By and *3C NMR spectroscopy. The
newly obtained materials were oils, except 88 and their selected
spectroscopic data are summarized below.

1,4,7,10-Tetraoxacyclododecane-2-methyl butyl ether (1hyas
prepared from crown ethdra and n-bromobutane:dy (CDCl;) 0.91
(3H, t, CHs), 1.36 (2H, sex, €,CHs;), 1.54 (2H, qui, CHCH,CH,),
3.37-3.88 (19H, m, 9 OCH,, OCH); ¢ (CDCly) 14.15, 19.52, 31.97,
70.53, 70.68, 71.00, 71.12, 71.25, 71.66, 72.14, 78:9KBr) 1127
cmL. High-resolution MS 1fV2): M*, 262.1780; calcd for GH2¢Os,
262.1822.

1,4,7,10,13-Pentaoxacyclopentadecane-2-methyl butyl ether (2b)
was prepared from crown eth@a and n-bromobutane:dy (CDCls)
0.91 (3H, t, CH), 1.35 (2H, sex, E,CHs), 1.54 (2H, qui, CHCH,-
CH,), 3.44-3.88 (23H, m, 11x OCH,, OCH); 6c(CDCl;) 13.92, 19.29,

114.59, 132.06, 145.57, 149.09, 168.16(Nujol) 1656, 1129, 840
cmL. Anal. Found: C, 57.13; H, 7.46; N, 3.70. Calcd fogld,70/N-
2H,O: C, 57.50; H, 7.45; N, 7.45.

Poly(ethylene glycolated) cytochromec was prepared using
activated methoxypoly(ethylene glycolM¢ = ca. 5000; Sigma-
Aldrich) with cyanuric chloride? the polydispersity index of which is
approximately 1.2. To 20 nmol of cytochronsgin 3 mL of 40 mM
borate buffer (pH 10), was added 10 M excess (over amino groups in
the cytochromec) of activated poly(ethylene glycol). The resulting
mixture was gently stirred at room temperatureffd and then dialyzed
at 4°C against phosphate buffer (pH 6.1) using an ultrafiltration cell
fitted with an Amicon PM 30 membrart€.The average number of
introduced poly(ethylene glycol) groups was estimated as 7.3 per
cytochromec by measuring the number of the unreacted amino groups
with trinitrobenzenesulfonaé. The concentration of this cytochrome
¢ derivative was adjusted to be the same as that of the cytochrome

31.74, 70.25, 70.56, 70.60, 70.77, 70.93, 71.02, 71.04, 71.35, 71.66,C—lariat ether complex, based on the absorbance at 407 nm.

78.75;v (KBr) 1117 cnt?. High-resolution MSifvz): M™, 306.2042;
calcd for GsHzo0s, 306.2061.

1,4,7,10,13,16-Hexaoxacyclooctadecane-2-methyl butyl ether (3b)
was prepared from crown eth8r and n-bromobutanedy (CDCl)
0.92 (3H, t, CH), 1.35 (2H, seq, 8,CHs), 1.54 (2H, qui, CHCH,-
CHy), 3.41-3.81 (27H, m, 13x OCH,, OCH); 6c (CDCl;) 13.88,
19.25, 31.70, 69.91, 70.64, 70.71, 70.78, 70.86, 71.29, 71.83, 78.43;
(KBr) 1108 cnt. High-resolution MSifVz): M+, 350.2304; calcd for
C17H3407, 350.2343.

1,4,7,10,13-Pentaoxacyclopentadecane-2-methyl acetate (@ep
prepared from crown eth@a: d4 (CDCl3) 2.08 (3H, s, CH), 3.55-
4.12 (21H, m, 10x OCH,, OCH); dc (CDCl;) 20.91, 64.29, 70.24,
70.45, 70.51, 70.58, 70.78, 70.87, 70.90, 71.12, 77.45, 170 (6&Br)
1737 and 1117 cni. High-resolution MS 1Vz): M™, 292.1522;
Ci3H2407, 292.1579.

1,4,7,10,13,16-Hexaoxacyclooctadecane-2-methyl acetate (@a$
prepared from crown eth@a: oy (CDCl;) 2.08 (3H, s, CH), 3.59-
4.24 (25H, 12x OCH;,, OCH); dc (CDCls) 20.95, 63.93, 69.85, 70.62,
70.66, 70.75, 70.83, 70.93, 71.02, 77.07, 170:96KBr) 1736 and
1108 cnrl. High-resolution MS ifvz): M*, 336.1784; GsH2¢0s,
336.1781.

1,4,7,10-Tetraoxacyclododecane-2-methylacetamide (1&s pre-
pared from crown ethetd: 64(CDClz) 1.99 (3H, s, CH), 3.27-3.80
(17H, m, 7x OCH,, NCH,, CH), 5.91 (1H, br, NH)pc (CDCls) 23.186,
40.63, 69.49, 70.20, 70.47, 70.65, 70.75, 72.13, 76.61, 170 (BBr)
1650 and 1128 cnit. High-resolution MSifVz): M*, 247.1420; GiHy1-
NOs, 247.1446.

(27) Nakatsuji, Y.; Nakamura, T.; Okahara, M.; Dishong, D. M.; Gokel,
G. W.J. Org. Chem1983 48, 1237.

(28) Tsukube, H.; Betchaku, A.; Hiyama, A.; Itoh, X..Org. Chem1994
59, 7014.

(29) Gramain, P.; Lauth, MNow. J. Chim.1985 9, 633.

Solubilization Experiment. The solubilization experiments were
carried out by adding a methanol solution of lariat ether (1 mL, 80
umol) to cytochromec solid (0.4umol). After the mixture had been
stirred for 1.5 h, the methanol phase was separated by centrifuge and
characterized using UV and CD spectroscopy. The solubilization
efficiency (%) was estimated on the basis of the absorbance at 407 nm
of the methanol solution after appropriate dilution. The obtained
methanol solutions of supramolecular complexes were essentially stable
at 4 °C and exhibited exactly the same UV and CD spectra after 10
days.

CD, Raman, and ESR Experiments.The methanol solutions of
supramolecular complexes and poly(ethylene glycolated) cytochrome
c were prepared as described above.

CD experiments for measurement of the Soret region (3D
nm): cytochromec, 0.4 mmol; lariat ether, 80 mmol; MeOH, 4 mL.
CD experiments for measurement @fhelix region (206-250 nm):
cytochromec, 0.04 mmol; lariat ether, 8 mmol; MeOH, 4 mL. The pH
values of aqueous solutions were adjusted using phosphate buffers.

Raman experiments: cytochrorogd.2 mmol; lariat ether, 40 mmol;
MeOH, 2 mL.

ESR experiments: cytochroneg0.5 mmol; lariat ether, 100 mmol;
MeOH, 4 mL.

Electrochemical Experiments.Methylviologen dichloride (reagent
grade) was recrystallized from methanol and dried in vacuo. The
electrochemical reduction of cytochroroelerivative was carried out
in an air-tight thin-layer spectroelectrochemical cell: the working
electrode is gold gauze and is sandwiched by a pair of quartz plates
with a Teflon spacer. Another platinum gauze is used as an auxiliary
electrode, while Ag/AgCl is employed as reference electrode. The redox

(30) Vazquez-Duhalt, R.; Fedorak, P. M.; Westlake, D. W.EBzyme
Microb. Technol.1992 14, 837.
(31) Habeeb, A. F. S. AAnal. Biochem1966 14, 328.
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potential of the ferrocenium/ferrocene couple was observela364 hydrogen peroxide. The reaction progress was monitored spectroscopi-

V vs Ag/AgCI in methanol. Since this was reported-88.400 V vs cally: the decrease in the amount of pinacyanol chloride was determined

SHE??the redox potentigE®’ = —0.396 V vs Ag/AgCl of cytochrome by measuring the decrease in the absorbance at 603 nm.

c—3a complex typically corresponds te-0.360 V vs SHE. The
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