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Design and Synthesis of Sugar-Responsive Semiartificial Myoglobin Triggered 
by Modulation of Apoprotein- Cofactor Interactions 

Itaru Hamachi,* Yusuke Tajiri, Tsuyoshi Nagase, and Seiji Shinkai 

Abstract: Phenylboronic acid groups as 
sugar recognition sites were successfully 
introduced into native myoglobin by a 
cofactor-reconstitution method. Spec- 
trophotometric pH titration demonstrat- 
ed the sugar-induced pK, shift of the H,O 
coordinated to the heme center of the 
semisynthetic myoglobin bearing phenyl- 
boronic acids (met-Mb(PhBOH),). By 
means of circular dichroism (CD) and 
paramagnetic 'H NMR spectroscopies, it 
was provcn that sugars that were bound 
to phenylboronic acid sites induced the 
rearrangement of the heme crevice to rein- 

force the heme cofactor-apoprotein in- 
teractions. The structural changes that 
were induced by the binding of  sugars 
subsequently enhanced the dioxygen stor- 
age activity of Mb(PhBOH), . Such sugar- 
induced structural and functional changes 
did not occur for other modified Mbs that 
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Introduction 

In the research field of bio-related materials science, proteins 
and enzymes are considered to be attractive molecular materials 
bearing individual functions within the nanometer size range. 
When naturally occurring proteins are hybridized with artificial 
molecules, the molecular interface capable of introducing so- 
phisticated functions to the hybrid proteins is significant. In 
recent years, artificial molecules and/or molecular assemblies 
that are able to regulate enzyme alignments, orientations, and 
rcactivitics have been exploited as promising interfaces, instead 
of passive matrices that simply immobilize the enzymes.['] 

The interface molecules can be introduced into native 
proteins in a covalent or noncovalent manner. However, it is 
generally difficult to  incorporate nonnatural molecules into 
specific positions of proteins and enzymes. Solid-phase peptide 
synthesis and protein semisynthesis have often been used to 
prepare novel proteins containing nonnatural amino acids.['] A 
more general biosynthetic method using aminoacylated sup- 
pressor t-RNA has been successfully developed in recent 
years.[31 Thus, it is now desirable to establish what categories of 
nonnatural molecules can actively operate in natural proteins a t  
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had no sugar-recognition units. Interest- 
ingly, a randomly modified M b  with 
phenylboronic acid units did not show 
any sugar response. In Mb(PIiBOH),. the 
information from the sugar-binding event 
was efficiently transmitted to the active 
center, so that the activity was efficiently 
altered upon sugar binding. In conclu- 
sion, the active site specific incorporation 
of molecular recognition units as nonnat- 
ural functional molecules can provide a 
novel strategy for the design of stimuli- 
responsive semisynthetic proteins. 

a molecular level. We recently showed that the reconstitution of 
chemically modified cofactors with apoproteins or apoenzymes 
can be used to modify active sites with nonnatural molecules 
(Scheme Our group and others have used this procedure to 
synthesize a number of unusual hemoproteins containing, for 
example, a photosensitizer, a redox-active moiety. a molecular 
recognition site, or a hydrophobic alkyl chain.[4. We previous- 
ly communicated a preliminary report on a sugar-responsive 
myoglobin, which was prepared by the reconstitution of  a syn- 
thetic heme bearing phenylboronic acid pendants with apo- 
Mb."' In this article, we clearly demonstrated that a sugar- 
induced dynamic change of the cofactor-apomyoglobin inter- 
actions is esscntial to the sugar-responsive activity of the 
semisynthetic myoglobin, by providing detailed information on 
the structure and function of various myoglobin derivatives. 

Results and Discussions 

Design and Synthesis of Chemically Modified Heme Derivatives: 
Phenylboronic acid is known to act as a Lewis acid in forming 
covalently bonded stable complexes with 1,2- or 1,3-diols in an 
aqueous medium.['' In the resulting phenylboronate ester, the 
acidity of the boronic acid is enhanced to generate ii tetrahedr;il 
boronate anion. These properties suggested to us that  phenyl- 
boronic acid might be used to bind sugar derivatives to a protein 
molecule. We therefore set out to incorporate the former into 
myoglobin (Mb), a structurally well-defined protein, by the re- 
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apo-myoglobin 

Scheme 1. Reconstitution 
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constitution of apomyoglobin with a heme having m-amino- 
phenylboronic acids attached to two propionic acid terminal 
groups (1). In order to elucidate in detail the effect of the sugar 
on myoglobin, protoheme derivatives bearing anionic car- 
boxyphenyl groups (2), neutral but isoelectronic nitrophenyl 
groups (3),  neutral carboethoxylphcnyl groups (4), and simple 
phenyl groups ( 5 )  were synthesized and reconstituted with apo- 
Mb. These hemes were prepared by Schotten- Baumann con- 
densation of protoporphyrin bis(acid chloride) with corrc- 
sponding meta-substituted anilines, followed by iron insertion 
under anaerobic conditions (Scheme 2). Protoheme diethyl es- 
ter 6 was also synthesized and reconstituted with apo-Mb. 

Effects of the Sugar on Heme Reconstitution with Apomyoglobin: 
The reconstitution of heme 1 b with apo-Mb was conducted by 
the addition of 1 b dissolved in a small amount of pyridine to 
apo-Mb in aqueous solution (isolated yield = 20 %). The recon- 
stituted Mb (met-Mb(PhBOH),) was found to be sufficiently 
pure, since the ratio of the absorbance at 405 nm (Soret band of 
heme) to that at 280 nm (aromatic side chain of apo-Mb) was 
4.4, which is comparable to the value of 4.8 for native Mb and 
is greater than those of other Mbs (3.4 for Mb(PhCO;),, 4.2 for 

MbfPhH),, and 3.8 for Mb(OEt),E81). The 
ligand exchange, redox, and dioxygen-bind- 
ing reactions, in addition to various spectro- 
scopic measurements by UV/Vis, circular 
dichroism (CD) , electron paramagnetic reso- 
nance (EPR), and nuclear magnetic reso- 
nance (NMR), confirmed that the heme 1 
was satisfactorily fixed in the native heme 
pocket of myoglobin. 

When we used dimethyl sulfoxide (DMSO) 
as a solvent for 1 b instead of pyridine, the 
reconstitution failed (yield = 0 %). However, 
the reconstitution was found to proceed 
smoothly in the presence of D-fructose 
(yield = 32 YO). Under these conditions, the 
change in the absorption spectrum of 1 b with 
the addition of apo-Mb gave a good titration 
curve, which was saturated at a 131 ratio of 
apo-Mb to 1 b (see Figure 1). The ability of 
monosaccharides to facilitate the reconstitu- 
tion depends on their structure. The strength 

Wavelength I nrn 

Figure 1 Changes in the dbborptlon 5pectrum of heme 1 b (10 VM in carbonate 
buffer 50 mM, pH 10 5,  25 C )  with dddition of apo-Mb in the presence of D-frUC- 
tose (0 1 M) Inset titration curve? of 1 b with apo-Mb in the presence of various 
sugars, o-fructose (o), o-arabinose (A), wmannose (D), D-glucose (0 )  

of this effect increases in the same order as their binding affini- 
ties to phenylboronic acid (D-fructose > D-arabinose > D-man- 
nose > wglucose).['] 1,3-propanediol is less effective in promot- 
ing the Mb reconstitution than sugars. Sugars do  not assist the 
insertion of any of the other hemes (2b-6b) into apo-Mb. These 
results indicate that the hydrophilicity of l b  is increased 
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Scheme 2. Synthetic route to 
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through complexation of sugars at the boronic acid sites, be- 
cause of the generation of a boronate anion and the binding of 
the sugar molecules. The sugar-associated heme 1 b can then be 
incorporated more readily because of its increased amphiphilic- 
ity, in the same way as propionate terminal groups in hemin give 
better results than propionic acids in the conventional reconsti- 
tution.["] In addition, saccharide-protein interactions in the 
proximity of the heme crevice may play some role in the stabi- 
lization of the obtained holoprotein. 

Sugar-induced pK, Shift of H,O Coordinated to the Heme 
iron(ni) Center: Substituents incorporated into the heme are 
known to change the pK, of the axial H,O molecule coordinated 
to the iron(in) center of heme in myoglobin. This pK, shift can 
be used as an index to evaluate the interactions in the microen- 
vironment of the heme crevice. Table 1 summarizes the pK, val- 
ues of the reconstituted Mbs with 1 b-6b  in the presence and in 

'Table 1 .  pK, value5 of coordinated H,O molecules in various Mb derivatives in the 
presence and in the absence of 11-fructose (0.1 M). 

Myoglobin Heme PK, pK,(u-fru) 

Mb(PhBOH), l b  8 0  8 5  
Mb(PhCO,H), 2b 8 5  x 5  
Mb(PhNO,), 3 b  - bl - [a1 

Mb(OEt), fib n o  8 0  

Mb(PhCO,Et), 4b [dl - [dl 
Mb(PhH), 5 b  8 1  8 3  

native Mb protoheme IX 9 1  9 1  

[a] Thece proteins are not stable enough to allow determination of their pKa. How- 
ever, no spectral changes were observed on addtion of u-fructose (0.1 M ) .  

the absence of D-fructose. Obviously, the pK, values of all the 
Mb derivatives are lowered compared to that for the unmodified 
Mb. It is widely accepted that propionate anions of native pro- 
toheme form a tight ion pair with Lys CD3 and a hydrogen 
bond with Ser F 7, both of which greatly contribute to the stable 
fixation of heme cofactor in apo-Mb.[' The loss of these stabi- 
lization factors by chemical modification causes the lowering of 
the pK,. Turning to the Mbs with appended phenyl derivatives, 
we observe that the pK, for Mb(PhBOH), is lower than that for 
Mb(PhH), . This may be due to the fact that the bulkier -B(OH), 
substituents disturb the three-dimensional structure of the apo- 
protein to a greater extent than do the smaller -H groups. The 
instability of Mb(PhCO,Et), and Mb(PhNO,),, which prevents 
us from determining their precise pK, values, supports this ex- 
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planation of the effect of bulky substituents on the holoprotein 
structures. In contrast, the pK, of Mb(PhCO;), is close to that 
of native Mb. This suggests that the incorporation of the nega- 
tively charged benzoate groups considerably stabilizes the holo- 
protein complex, even though the negative charges are slightly 
further from the protein skeleton than the native propionates. 
The pK, for Mb(OEt), is rather low, in spite of its small sub- 
stituents. The less polar ester bond might have less effect on the 
heme-apoprotein stabilization than the more polar amidc 
bond. 

A more important observation is that the pK, of 
Mb(PhBOH), changes from 8.0 to 8.5 on addition of D-fructose. 
It is conceivable that the newly generated boronate anions 
formed upon sugar complexation facilitate a tight fixation of the 
heme cofactor in the pocket of apo-Mb, so that the pK, in the 
presence of D-fructose is increased to a value comparable to that 
of Mb(PhCO;),. A sugar-induced pK, shift is not observed for 
any of the other chemically modified Mb derivatives. 

The sugar-induced spectral changes of Mb(PhBOH),-- 
sharpening of the Soret band (408 nm) and increase in the inten- 
sities of Q-bands due to aqua-met-Mb (503 and 630 nm) with 
simultaneous decrease in the intensities of the Q-bands due to 
hydroxide-Mb (540 and 580 nm)['21-show a typical saturation 
behavior with respect to the D-fructose concentration (Fig- 
ure 2). We can estimate the binding constant of Mb(PhBOH), 
to D-fructose from this saturation curve. In the presence of 
excess D-fructose, the Benesi -Hildebrand plot gives a good lin- 
ear relationship for the reciprocal square of the D-fructose con- 
centration. This indicates that a 2:  1 complex of D-fructose to 
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Figure 2. Spectrophotometric titration curve of met-Mb(PhBOH), (10 p~ in phos- 
phate buffer, 50 mM, pH 7.5,25"C) with D-fructose. Inset: Benesi-Hildebrand plot 
obtained from the titration curve. 
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-Me(8) spectrd Thcse results demonrtrnte that 
the sugars bound nt the two phenyl- 
borondte sites can efficiently redrrangc 
thc heme-npopiotein inteiactions 
through the steric and electrostatic per- 
turbations nround their vicinal sites No 
changes in the CD dnd N M R  spectrn 
were observed for the other M b  deriva- 
tives beaiing no boronic acid groups 

The Effect of Sugars on the Dioxygen 
Storage Activity of Modified Mbs: 
Structural perturbation In a variety of 
semisynthetic myoglobins directly influ- 
ences their activity (1 e , dioxygen stor- 
age cdpdbihty) The dioxygen coinplex 
of M b  (oxy-Mb) gradually decomposer 
to the ferric Mb (met-Mb) This process 

u ~ 4  

r - - - - v  I -  I I I c I 
30 28 26 24 22 20 I t ;  1 6  14 1 2  1 0  

6ippm 

Figure 1 ' H  N M R  ,pr~t ia  ot met-Mb(PhBOH), in the absenci (top) , r i d  in the presence (bottom) of 
I> Inictow (mct-Mb(l'hBOH), 2 8 mM D tructoje 50 m w  phosphdle buffer >O inhi pD 7 5) cont'uning KCN 
(10 IlIV) 'I[ 25 c 

Mb(PhBOH), is predominantly formed under the prcsciit con- 
ditions with an association constant of 8 x 1 0 4 ~  '. Based on 
this valuc, it is clear that more than 99 o/r, of Mb(PhBOH), binds 
o-fiwtose under our standard conditions (10 p~ of Mb, 0.1 M of 
sugars). 

Structural Changes in Mb(PhBOH), on Binding with Sugar 
Derivatives: Direct evidencc for the sugar-induced structural 
changcs of Mb(PhBOH), was obtained by CD spectroscopy. In 
thcse experiments, we used the low-spin form of met-Mbs in 
which a cyanidc anion was bound as an axial ligand, becausc the 
sugar-induced ligand exchange fi-om H,O to hydroxide can be 
neglected in cyanide complexes.['31 A positive peak at  408 nm, 
characteristic of the induced C D  of the hcme moiety, clearly 
increased in intensity to 120% on addition of racemic fructose. 
In the U V  region, on the other hand, two negative peaks (225 
and 208 nin) and a positivc peak (1 90 m i ) ,  which are charactcr- 
istic of r-helix structure. scarcely changed. It is evident that thc 
hem-apomyoglobin interactions are efficiently itinforced 
upon fructose binding. 

We next conducted ' H N M R  measurements on Mb(Ph- 
BOH), with the aim of investigating the detailed structural per- 
turbations in proximity to the active site. Figure 3 shows the 
'H NMR spectra between 0 = 10 -30 in the presence and in the 
absence of D-fructose. Some of the proton signals due to thc 
heinc and amino acid residues of Mb changed on addition of 
o-fructose. The methyl proton at  C, of the heme shows a signif- 
icant downfield shift from 6 = 23.3 to 24.2. Similar downfield 
shifts arc observed for the methyl protons at C ,  (6 =11.7 to 
11.9) and vinyl protons of the heine c', (0  = 17.6 to 17.9). In the 
amino acid residues of the Mb polypeptide skeleton, upfield 
shifts of pcwtr  and nzcJ/cr protons of Phe CD I are dctccted 
((5 = 17.5 to 17.0 and 6 = 12.7 to 12.5, respectivcly). On theother 
hand, thcrc is no change in the C ,  methyl protons of the heme 
a n d  in the methyl protons of Ile FGS"41 In general, it is clear 
that the u-fructose-induced changes in the chcmical shifts are 
greatest for the protons of the amino acid residues and of the 
heine side chains, which are located at the entrance or the heme 
crcvice. This is consistent with thc results obtained from the C D  

can be monitored spectrophotometrical- 
ly (Figure 4). Table 2 shows the autooxi- 

dation rate constants ( k J  of oxy-Mb. These rates are good 
parameters for measuring the lifetimes of the active states. The 
oxy-Mb states of all the chemically modified h e m s  are less 
stable than that of native Mb. The autooxidation rates of oxy- 
Mb(PhNO,), and oxy-Mb(PhCO,Et),, both of which bear 
noncharged and sterically bulky substituents, were espe- 

x . 

x.. A -.__ 
palatinose, saccharose 

0 50 100 150 200 250 300 
Time I min 

Figure 3. Tiiiie courses of the autooxidation of oxy-Mb(PhBOH), in the absence 
( 0 )  m d  in the presence ofwfsuctose (-1, u-gluco~e (m). palatinose (A). and saccha- 
rose ( A ) .  

Table 2.  Autooxidation rate constants ( k J  of the dioxygcn complexes ofserni~yii- 
thelic Mby in the absence a i d  the presence of  fructose (0.1 M) [aj. 

Myoglobin Heme k,,, 11 ~ I A,,,(o-fsu) hK' 

Mb(PIiBOHl2 l b  0.1 I 0 4 3  
Mh(PhC'OI H), 2 I1 0.12 (1.18 
M b( P h N  0 l 2  3 b  >0 .42  [bl lbl 
MI>( I'hC0,Et 4 b  > 1 0  [c] > 10 [c] 
M b(PhH), S h  0 I6 0.16 
Mb(OT:t)? 6 b  11.13 0.13 
native M h  protoheme I X  0.02 0 0 2  
rmdoinly modilied Mb protoheme 1X 0.08 0.08 

[a] Expcrimcntal conditions: [Mb] = 10 p ~ .  SO mM phosphate buffer. pH 7 . 5  at 
25 C. lbl Illoxygen complcx of Mb(PhNO,), was not st;ible enough to iillow 
; icc~i i- :~tc evaluatioii of I;,,,. [c] Typical absorption spectrum of diowygen coinplexea 
\ u s  not observed. but autooxidation rate was roughly c\timatcd from the observed 
disortlcrcd spectrum. 
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charide, is lcss effective than 
D-fructose, a s  expected from 

N - 0  B-OH 0.6 its lower association constant. 
Scheme 3. The eflect of the phcnyl substituents on oxy-Mh ytabiliration. Palatinose and saccharose, 

disaccharidcs bearing the u- 

0 0 0 HO HO 0 

cially accelerated. Mb(OEt), and Mb(PhH), bearing non- 
charged but less hindered groups formed considerably more 
stable dioxygen complexes. Oxy-Mb(PhCO;), is more stable 
than oxy-Mb(PhNO,), having a pseudo-isoelectronic but non- 
charged substituent. This indicates that the introduction of 
negative charge is important for the stabilization of oxy-Mb, 
as is the minimization of steric hindrance (Scheme 3). Oxy- 
Mb(PhCO,Et), was remarkably destabilized by a factor of 100 
relative to oxy-Mb(PhCO,), . This also supports the signifi- 
cance of anionic charges. The lifetime of  oxy-Mb(PhBOH), is in 
the samc range as those of Mb(PhH), and Mb(PhCO,), . 

Most significantly, the stability of oxy-Mb(PhBOH), ( l / k o x )  
was enhanced by D-fructose. The lifetimes of 

fructose unit a t  their C, end, 
do not have any distinct effect on the stabilization of the oxy 
complex. This might be due to the higher molecular volume of 
disaccharides cancelling out the sugar-induced stabilization 
factor. 

In order to clarify whether the site-specific incorporation of 
the nonnatural phenylboronic acid molecules is a crucial factor. 
we used a randomly modified M b  as a control protein. It was 
prepared by the condensation reaction of [:-amino groups of 
lysine residues of the native M b  with ((succinimidy1oxy)car- 
bony1)phenylboronic acid (Schcme 4, an average of 8 groups 
were incorporated per Mb).['51 As shown in Table 2, no activity 
enhancement by D-fructose was observed for the randomly 

thc other oxy-Mbs did not change with the ad- 

dition dioxygen of complex D-fructose. of At Mb(PhBOH), pH 7.5 or 8.5, is four the MbfNHz)zo + :>*:.& - Mb(Nb$-!O<" OH 

times more stable in the presence of D-fructose 0 
(Table 3); however, a t  lower pH (pH 6.51, this Scheme 4. Synthesis of a randomly modified Mh.  

Table 3. Autooxidation rate constants for dioxygen complexes of Mb(F'hBOH), 
under various conditions [:I] 

Condition5 Autooxidation rate constants (k, ,) /h- I 
pH [SUpar]/mM D-fructose i>-glucose palatinosc: saccharose 

6.0 0 
1 00 

1.5 0 
5 

20 
50 

100 

8.5 0 
100 

0.36 0.36 0.36 0.36 
(1 59 ~ 

0 1 1  0.1 1 0.21 0.1 1 
0.10 
0.06 
0.04 ~ 0.15 0.11 
0.03 0.06 

0.1 3 0.13 0.13 0.13 
0.03 

~ ~ 

~ ~ ~ 

[a] Expcrrmental condition: [MbJ = 10 p!vi, 50 mM phosphate buffti- at 25 C .  

is no longer the case. The p H  dependence of k,, correlates well 
wilh the fact that phenylboronic acid cannot bind sugar deriva- 
tivcs in acidic solution. In detailed experiments, k,, showed sat- 
uration kinetics with regard to the D-fructose concentration (0- 
100 mM). Based on these results combined with the preceding 
structural data, sugar-mediated stabilization of oxy-Mb(Ph- 
BOH), can be ascribed to the modulation of the heme cofactor- 
apomyoglobin interactions induced upon complexation of D- 

fructose in the vicinity of the heme pocket. 
The lifetime of oxy-MbfPhBOH), also depends on the identi- 

ty of the added saccharide (see Table 3). 11-Glucose, a monosac- 

Palatinose Saccharose 

modified Mb. The information ensuing from the binding of 
the sugar molecules to the phenylboronic acid groups is 
therefore much more efficiently transmitted to the active 
center in Mb(PhBOH), than in randomly modified Mb. 
This result clearly demonstrates the value of our active site 
directed modification based on the cofactor reconstitution 
method. 

Conclusion 

A variety of functions of hemoproteins and enzymes, such as 
dioxygen transport and storage, electron transport, oxidation 
and oxygenation of substrates, are generally considered to be 
regulated by the apoprotein -cofactor (heme) interactions." 6 1  

Two major controlling factors for the interactions are 1) the 
nature of the axial ligands and 2) the microenvironment in 
the heme pocket. In most recent examples hcmoproteins 
have been modified by the stutic replacement of an axial 
ligand or of amino acids located in the heme I n  
sharp contrast, the present phenylboronic acid appended niyo- 
globin is quite novel in its dynumic response to the sugars: the 
introduced recognition site acts as a "reporter" group. The sub- 
tle change in the heme- apoprotein interactions upon sugar 
binding results in the regulation of nc/ protein activity. Thus. it 
is established that our methodology can confer an allosteric 
property upon a protein with a specific effector modifying the 
molecular recognition site (Scheme 5 ) .  We expect that artificial 
interface molecules having molecular recognition functions, 
such as phenylboronic acid, will significantly expand the possi- 
bilities for the design and synthesis of stimuli-responsive 
semiartificial proteins for use in protein-based science and tech- 
nology." 8l 
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less active 

Schemc 5 .  lllustratioii of basic concept of stimuli-responsive semisynthetic proteins. 

Experimental Section 

Materials: Protopor-phyrin 1X was purchased from Aldrich. Myoglobin 
(horse heart) was purchased from Sigma. All chemicals were used without 
further purification. 

General Procedures: Thin-layer Chromatography (TLC) was carried out on 
aluminum shccts coated with silica gel 60 (Merk 5554). Column chromatog- 
raphy was performed on silica 60 (Merk 9385, 230 400 mesh). Melting 
points were determined on a micro melting point apparatus Yanaco MP- 
50OD and arc uncorrected. U V W s  spectra were recorded on a Shimam 
UV-3000 spectrometer. ' H N M R  spectra were recorded on either a Bruker 
AC-250P (250 MHz) or a JEOL GSX-400 (400 MHz) spectrometer. 1R spec- 
tra were recorded on a Jasco A-100 spectrophotometer. C D  spectra were 
recorded on a .Iasco 5-720 spectrometer. 

Synthesis of H e m e  Derivatives: 

2,7,12,18-TetramethyI-3,~-divinyl-13,17-bis(((3-boronophenyl)carbamoyl)- 
ethy1)porphyrin (1 a) was prepared according to literature procedure.['Y1 

[2,7,12,18-Tetramethyl-3,8-divinyl- I3,17-bis(((3-horonophenyl)carhamoyl)- 
ethyl)porphyrinateliron(in) Chloride (1 b): Under N, atmosphere, 1 a (50 mg, 
0.06 mmol) and FeCl,'nH,O (80 mg, 0.63 mmol) were suspended in dry 
D M F  (15 mL) and stirred at 50 C for 12 h i n  the dark. The reaction was 
followed by absorption spectroscopy and TLC (SiO,; CHC1,-MeOH, 10: 1 
( P I , ) ) .  The mixture was cooled to room temperature, and the solvent was 
removed under reduced pressure. The rcsidue was washed with water contain- 
inp  one drop of 1 v HC1. The precipitation was separated by filtration and 
dried to give I b a s  a dark brown powder: 83 % (46 mg) yield; Anal. calcd for 
C,,H,,N,06B,FeCI: C ,  62.09; H,  4.9X; N, 9.44. Found: C, 62.35; H,  5.00: 
N. 9.34. 

2,7,12,18-Tetramethyl-3,8-divinyl-13,17-bis(((3-carhoxyphenyl)carbdmoyl)- 
ethy1)porphyrin (2a): Under N 2  atmosphere, protoporphyrin IX (100 mg, 
0.18 mmol) was suspended in dry CH,Cl, (10 mL) and treated with oxalyl 
chloride ( I  mL, excess). The mixture was stirred in the dark for 2 h. After 
removal of the solvent. the residue yield the protoporphyrin bis(acid chloride) 
as ii  dark green solid, which was used immediately without further purifica- 
tion. Under N,  atmosphere, the his(acid chloride) in the dry CH'CI, (15 mL)  
was added dropwise to a solution of dry D M F  (80mL) and dry pyri- 
dine(20 mL) containing 3-aminobenzoic acid (1.22 g, X.18 mmol). The mix- 
ture was stirred in the dark overnight. The solvent was removed under rc- 
duced pressurc, and the residue dissolved in T H E  The organic layer was 
w;ished with brine and dried over sodium sulfate. and the solvent was re- 
moved undcr reduced pressure to give 2a as a black powder: 55% (78 mg) 
yield; m.p.>300"C (decomp.); IR (KBi-). i: =1720-1650 (C=O)cm- ' ;  
' H N M R  ([DJDMSO, 250 MHz): 6 = - 4.04 (2H.  S. N H ) ,  3.35, 4.45 (4H 
each,teach. 13', 17', 13,, 17'.CH,), 3.62-3.70(12H, br ,2 ,7 ,  12. 18.CH,), 
6.19, 6.41 (2H each. d each, 3. 8, =CH,), 7.29. 7.52, 7.75, 8.18 (2H each, t ,  
d. d, and 4. respectively, Ar-H), 8.45 (2H,  m, =CH-), 10.16-10.31 (4H, brs, 
methiiie-H) 
Other derivatives were synthesized according to the same methods as 
described above. 

~2,7,12,18-Tetramethyl-3,8-divinyl-13,17-bis(((3-carboxyphenyl)carbamoyl)- 
ethyl)porphyrinateliron(iii) Chloride (2 h): Dark brown powder: 36 % (33 mg) 
yield: Anal. cakd forC,,H,,N,O,~eCI~1.5H,O: C,62 86; H,4.95; N ,  9.16. 
F(.iund: C, 62.68; H. 4.71: N, 9.07. 

2,7,12,18-Tetramethyl-3,8-divinyl-13,17- 
bis(((3-nitrophenyl)carbarnoyl)ethyl)- 
porphyrin (3a): Black powder: 70 "/' 
(0.10 g) yield; m.p >30O'C (decomp.): 
IR (KBr): 3 =I680 (C=O),  1530, 1350 
(N=O) cm-' : ' H N M R  ([DJDMSO, 
250 MHL): 6 = 3.34, 4.46 (4H each, t 
each, 13'. 17', 13', 17', CH,), 3.62- 
3.70 (12H, br, 2. 7, 12. 18. CH,). 6.22. 
6.40 (ZH each. d each. 3, 8. 
=CH,), 7.79, 8.37, (4H each, d and m, 

respectively, Ar-H), 8.56 (2H, m, =CH-), 10.09-10.24 (4H. s, methine-H). 
Anal. calcd for C,,H,,N80;2.5H,0: C, 65.16; H. 5.59; N, 13.22. Found: 
C. 64.98; H, 5.21; N, 12.98. 

[2,7,12,18-Tetramethyl-3,8-diviny1-13,17-bis(((3-nitrophenyl)carhamoy1)ethy1)- 
porphyrinateliron(i1I) Chloride (3b): Dark brown powder: 14% (14 mg) yield; 
Anal. calcd for C,,H,,N80,FeCI.0.5H20: C, 61.31; H, 4.59: N. 12.43. 
Found: C ,  61.24; H, 4.86; N. 12.50. 

2,7,12,18-Tetramethyl-3,8-divinyl- 13,17-bis(((3-ethoxycarbonylphenyl)- 
carbamoyl)ethyl)porphyrin(4a): Black powder: 79% (0.12 g) yicld; n1.p. 243- 
245'C;  IR (KBr): ? = 3300 (NH), 1720 (ester C=O), 1660 (amide 
C = O ) c n i ~  I: ' H N M R  ([D,]DMF/[D,]THF, 250 MHz): 6 = - 3.80 (2H. s, 
NH),  1.23 (6H,  t.ethyl-CH,), 3.45,4.56(4Heach, teach, 13'. 17', 13', 17*, 
CH2). 3.58, 3.75 (6H each, seach, 2, 7, 12, 18, CH,), 4.23 (4H,  q, ethyl-CH,- 
), 6.20, 6.45 (2H each, d each, 3, 8. =CH2). 7.31. 7.57, 7.83. 8.28 (2H each. 
t,  d, d, and s, respectively, Ar-H), 8.52 (2H,  m, =CH-), 10.25-10.45 (4H,  s, 
methine-H). Anal. calcd for C,,H,,N,O,.CH,OH: C, 72.60: H, 6.35; N. 
9.45. Found: C, 72.50; H,  6.20; N, 9.63. 

[2,7,12,18-Tetramethyl-3,8-divinyl-l3, I7-his(((3-ethoxycabonylphenyl)- 
carbamoyl)ethyl)porphyrinateliron(in) Chloride (4 h): Dark brown powder: 
73% (41 mg) yield; Anal. calcd for C,,H,oN,O,FeCI.CH,OH.CHCI,: C. 
59.09: H, 5.50; N ,  7.66. Found: C, 59.29 H,  5.34; N. 7.27. 

2,7,12,18-Tetramethyl-3,8-divinyl-13,17-bis((phenylcarhamoyl)ethy1)porphyrin 
(Sa): Black powder: 55% (70 mg) yield: m.p.>300'C (decomp.): IR (KBr): 
f =  3300 (NH), 1650 (C=O)cm- ' ;  ' H N M R  ([D,]DMF, 250MH7): 
6 = - 3.59(2H,s,NH),3.46,4.57(4Heach, teach, 13', 17'. 13'. 17'.CH,). 
3.70. 3.72. 3.80, 3.81 (3Heach,seach, 2,7, 12,18,CH3).6.23. 6.95(2Heach. 
d each, 3, 8, =CH,). 6.94, 7.17, 7.60 (2H, ZH and 4H.  respectively, t ,  t. and 
d, respectively. Ar-H), 8.5X (2H. ni, =CH-), 10.11, 10.38. 10.46. 10.52 (1H 
cach, s each, methine-Hi). Anal. calcd for C,,H,,N,O;CH,OH: C. 75.78: 
H,  6.49; N ,  11.72. Found: C. 75.98; H, 6.23; N, 11.56. 

12,7,I2,18-Tetramethyl-3,8-divinyl-l3,17-bis((phenylcarbamoyl)ethyl)- 
porphyrinateliron(iir) Chloride (5b): Dark brown powder: 38% (24 mg) yield: 
Anal. cakd for C,,H4,N,0,FeCI.H20: C, 67.36; H. 5.41; N. 10.25. Found: 
C, 67.56; H, 5.35; N, 10.06. 

2,7,12,18-Tetramethyl-3,8-divinyl-13,17-his(ethoxyethyl)porphyrin (6 a):  This 
was prepared according to the literature procedure.'201 

[2,7,12,18-Tetramethyl-3,8-divinyl-13,17-bis(ethoxyethyl)porphyrinate~iron(r1i) 
Chloride (6h): Dark brown powder: 51 '% (70 mg) yield, Anal. calcd for 
C,8H,,N,0,FeC1: C, 64.46; H, 5.69; N, 7.91. Found: C, 64.86; H,  5.76; N. 
7.47. 

active 

Reconstitution of apomyoglohin with various protoheme derivatives: Apomyo- 
globin was prepared from horse heart metmyoglobin by the acid- butanone 

Protoporphyrin derivatives were incorporated into the heme 
pocket of apoinyoglobin by slightly modifying a procedure described in the 
litcrature.ri"~'21 Iron protoporphyrins (Ib, 3h, 4b, 5h, 6b, 1.5-2.0 equic) 
dissolved in pyridine,CH,OH (3.1 v , ' ~ )  (1 mg~0. l  mL) were added dropwsc 
to an aqucous apoinyoglobin solution with ice-cooling. The mixture was 
diluted with 10 niM phosphate buffer (pH 7.0) to keep the concentration of 
the organic solvenl below 5 10 % (v, 1,). The resulting mixtures were incubat- 
ed at 4 'C for 3 - 5  h a n d  centrifuged at 4 C (10000 rpm, 15  min). The super- 
natant was dialyzed against 10 i l l M  phosphate buffer (pH 7.5) and purified by 
gel column chromatography (Sephadex G-25). The reconstituted inyoglobins 
were concentrated by ultrafiltration, if necessary. Iron porphyrin 2 b  was 
dissolved in pyridine and aqucous NaOH (0.1 m o l d m ~  '. 1 : I  ( v : ~ ) .  1 nig 
0.1 mL) as a solvent. Thc solution was then diluted 10 times with H,O and 
added to an apomyoglobin solution. The purification was conducted by the 
same method described above. Molar extinction coefficients of the Soret band 
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for the reconstitutcd Mbs were determined by the conventional pyridine- 
hemochromogen method'*31 (edO9 (Mb(PhBOH),): 148 mM- 'cm-', cdO9 
(Mb(PhCO,H),): 207 mM-'cm- I ,  B~~~ (Mh(PhH),): 138 mM 'cm-I,  E , ~ ,  

(Mb(OEt),):[R1145 mM- icm-i,~409(nativeMb):'81188 mM-'cm-'). Based 
on the corresponding values, Mbs concentrations were spectrophotometrical- 
ly determined. 

Reconstitution of apomyoglobin with 1 b in the presence of sugars: Compound 
1 b (6 mM) in DMSO solution (2.5 pL) was added to  50 mM carbonate buffer 
(pH 10.5, 3 mL) containing 0.1 M monosaccharide. To the solution of 1 b, an  
appropriate amount of 0.25 mM apo-Mb solution was added dropwise and 
then UV/Vis spectral changes were measured by using a differential spectrum 
technique at  25 "C. 

Assay of dioxygen storage activity of modified Mbs in the presence of sugars: 
To the M b  solution containing 0 . l ~  sugar in 50mM phosphate buffer 
(pH ? . 5 ) ,  5 mg of sodium dithionite was added. Dioxygen gas was carefully 
bubbled through the solution for 1 min. The stabilities of dioxygen-binding 
Mbs (oxy-Mbs) were monitored by means of their UV/Vis spectra, through 
the Q-bands (absorption maximum at  540 and 580 nm), which are character- 
istic of typical dioxygen complex of Mb(oxy-Mb). 

'HNMR spectra of cyano-Mb(PhBOH), :[I4] The cyano-Mb(PhBOH), 
sample was concentrated, and the solvent replaced by 5 0 m ~  phosphate 
buffer of D,O (pD 7.5) contnining 2 mM KCN and 0.1 M (or OM) o-fructose 
by using centricon 30 (Amicon). ' H N M R  spectra of the cyano-Mb(Ph- 
BOH), samples were recorded at 25 "Con a JEOL GSX-400 N M R  spectrom- 
eter and required 30000 transients collected over a 24 KHz  bandwidth with 
a 5 p, 45" pulse. Peak positions were referenced against internal DSS. 
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