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Electron-transfer reactions of myoglobin, hemocyanin and hemerythrin with the inorganic complexes [Fe(CN), ]} (oxidant) and
[Cotsep)]** (reductant) are considered. Rate constants k. (25°C) have been determined for the [Fe(CN), ]~ (410 mV)
oxidation of horse decoxyMb, 7 =0.100 M (NaCl). From the decrease in k. over the range pH 5.5 10 9.0 a pK, of <6.2 is
obtained, most likely due to the invoivement of the heme propionate(s). At the higher pH values the rate constant is 1.2+ 16°
M ' 57 L Rate constants k, (25°C) for the [Co(sep)* * (—260 mV) reduction of metMb are also pH-dependent. pK, = 8.82,
corresponding to acid dissociation of the H,O axially coordinated to the Fe(III). The rate constant for the aqua-met form is
28-10° M~! s~ ! at pH values < 7.0. In contrast. no reaction is observed for the deoxy and met forms of P. interruptus
hemocyanin monomer subunit a with the same two complexes (k < 102 M~ ! s~ 1), Comparisons are made with rate constants for
hemerythrin, also as the monomer, which have been determined previously. Rate constants for the reactions of deoxy forms with
the neutral small molecules, here O, and H,0,. arc also considered. Whereas the reactions of [Fe(CN) ]}~ and [Co(sep)}** arc
at the protein surface, those of O, and H,O, are at the active site. Hemocyanin with the more buried (~ 20 A) active site
compared with myoglobin (3.8 A) and hemerythrin (6.3 A), does not readily undergo clectron transfer with rcagents at the
surface. However, with the small molecules O, and H,O, penetration of the surrounding peptide occurs, with reaction at the
active site. Rate constants for the three proteins are now of similar magnitude. and in the range (2.3-7.8) - 10" M~ ts™! for O,,

and 10.9 to 3600 M~ ' s~ ! for H,0..

Introduction

This paper reports studies on the redox reactivity of
met and deoxy forms of horse myoglobin (Mb) and P.
interruptus ‘hemocyanin (Hc) with [Fe(CN),J*~ (as oxi-
dant) and [Co(sep)]** (as reductant) [1]. With informa-
tion from other studies comparisons of the redox reac-
tivities of the three O,-binding proteins (as monomers)
myoglobin (M, 16000; 1 Fe and 153 amino acids) [2},
hemocyanin (M, 78000; 2 Cu’s and 657 amino acids)
[3], and hemerythrin (Hr) (M, 13800: 2 Fe's and 118
amino acids) [4], are made. Attention is drawn to two
quite different catagories of redox reaction, to elec-
tron-transfer at the surface, and small molecule reac-
tions (here O, and H,0,) at the active site. Hemery-
thrin is the smallest of the proteins. From amino-acid
compositions both Mb (horse) and hemerythrin (T
zostericola) are estimated to be neutral in charge at
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pH = 7, with Mb (11 histidines) developing a substan-
tial positive charge at pH = 5. On the other hand, P.
interruptus hemocyanin, (here subunit a of a, b and ¢
was studied). has a substontial negative charge at pH =
7. X-ray crystal structurc: have been determined for
deoxyMb (sperm whale) [5] metMb (horse and sperm
whale) [6,7], deoxyHc from P. interruptus {8]. deoxyHr
(T. dyscritum. octamer) [9], azido-metHr (monomer T.
zostericola and octamer T. dyscritum) [10,11], and
metHr (T, dyscritum) [11]. The monomer proteins have
single polypeptide chains which in all three cases have
substantial helical structures (70-75% in the case of
Hr) [12]. This confers a czrtain flexibility on the pro-
tein, which is believed to help small molecules access
and bind to the metal at the active site. Of the three,
myoglobin is the only porphyrin-containirg protein.
The binuclear Cu site in hemocyanin is coordinated by
six, and the binuclear Fe site of hemerythrin by five,
histidines. In the case of Mb and Hr, auto-oxidation
occurs to the met states, Fe(II1) and Fe(IIl), respec-
tively. Such effects are kept in check by reductase
systems involving NADH and cytochrome b, [13-16].
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Hemoovanin is, however. extracellular. and does not
appear to undergo auto-cxidation.
OxyMb, which cquilibrates as in Egn. ©:

MBO == deowMb - 0, (h

has been used in this study as an in-situ source nf
deoxyMb. The cquilibrium constant K for (1) is 5.3 - 107
M at 25°C. This value was obiained from 7.8 10° M !
at 20°C using Al = ~13.7 keal mol ' for horse Mb
[17]. Al solutions were in air at 25°C. = 0100 M
(NaCD. when [0,]=263-10 ¥ M. Commercially
available metMb, purificd by anion-cxchange chro-
matography. was used as the source of oxidised pro-
tein.

FFor the studics on hemocyanin in situ deoxyHe and
isolated deoxvHe were both used. MetHe was obtained
by addition of H,0O, to oxyHe. when H .0, oxidation
of the deoxyHce component occurs,

deovvte - H.O- s mettle + H O ()

EXAFS mcasurements on metHe from three sources
(Cancer irrovatus, Limulus polvphemus. and  Busycon
canaliculanom) give Cu-Cu distances in the range 3.39-
3.45 A. consistent with a w-hydroxo rather than di-yu-
hydroxo structure for metHe [18].

Experimental procedures

Myaglobin

Oxymyoglobin was obtained from lyophilised horse
skeletal muscle metmyoglobin (Sigma). The various
purification procedures were similar to those described
by Shikama and collcagues [19.20]. The protein (0.5 g)
was dissolved in a minimum amount of air-frece 5 mM
Tris-HCl (pH 8.4) (to minimise auto-oxidation), and
reduced with sodium dithionite (10 mg: BDH. GPR).
Excess dithionite was removed by dialysis against 1000
ml of the same buffer in air. when oxymyoglobin was
formed. The protein was loaded onto a Whatman
DEAE 23 column (50 X 3 cm) cquilibrated in 5 mM
Tris-HCI (pH 8.4). The first major oxyMb fraction
cluted as a bright red band at 50 mM Tris-HCL. and
other bands eluted at higher ionic strength. The first
fraction was diluted (X 3), loaded onto a DEAE 23
column (30 X 3 c¢m) equilibrated in 1| mM Tris-HCI,
and eluted with 50 mM Tris-HCl. A brown-red metMb
fraction eluted ahead of the oxyMb. Protein having an
absorbance ( 4) peak ratio Ay, /A<,;: > 1.04 was used
in kinctic studies. Protein concentrations were deter-
mined at 418 nm, € = 1.33-10° M~ ! em ™' [20].

To obtain metMb no dithionite was added in the
above procedure, and the same column purificztions
were carried out. Protein concentrations werc deter-
mined at 409 nm. e = 1.88- 10° M~ ecm™* [21].

Hemocvanin

Hemolymph from the spiny lobster (Panuldirus inter-
ruptus) supplicd by the Pacific Bio-Marine Laborato-
ries (Venice, CA. USA) without added anti-coagulant,
was purificd by a procedure gencrously provided by
Dr. H. Buak at the University of Groningen., Nether-
lands. Details of the procedure and separation of
monomer subunit ¢ of oxyHc are as described in Ref.
M

To convert to deoxyHe. a solution of oxyHc (typi-
cally 2 mlof 2- 10 * M) was dialysed against 500 ml of
0.05 M Tris-HCI and 0.005 M Na.H,edta (edta'”,
cthylencdiaminetetraacetate) at pH 8.7, which had been
madc air-free by bubbling N, gas through the solution
for 6 h at 4°C. Sodium dithionitc (Fluka) 0.5 g/1 was
then added, and the solution dialysed against buffer for
8 h at 4°C. Excess reductant was removed by dialysis
against a 300-fold excess (v/v) of air-free buffer, with
three changes. in a glove box. Protein concentrations
were determined by absorbance measurements at 280
nm, e = L.04-10° M ' cm ! per binuclear Cu centre
{23]. or exposure to air and determination as oxyHc.

To obtain metHe a 50-fold cxcess of H,O, (BDH,
Analar) was added to a solution of oxyHc in 0.05 M
Tris-HCI containing 0.005 M Na,H,edta at pH 8.7 (20
h. approx. 20°C) and excess oxidant remov. ! by dialysis
against a 300-fold excess (v/v) of the required buffer,
which was changed three times. Protein concentrations
were determined by absorption measurements at 337
nm, assuming €= 3700 M~' cm™' per Cu’*. This
valuc was obtained by quantitative conversion of oxyHc
as in (2). where oxyHe has € =2.0-10° M~ ' em ™! at
337 nm [24]. MctHc denatured upon freeze / thawing
as judged by changes in the UV-VIS spectrum, and
solutions were therefore freshly prepared for each ex-
periment and used within 2 days.

Complexes

Potassium ferricyanide, K, [Fe(CN),] (BDH,
AnalaR), was used without further purification. Con-
centrations were determined spectrophotometrically at
the 420 nm peak (e = 1010 M~' ecm ™ !). The compound
[Colsep)ICl, - H,O, where ‘sep’ denotes the sepul-
chrate cage ligand 1.3,6,8.10,13,16,19-octaazobicyclo-
[6.6.6]cicosanc, was prepared as described in Ref. 25
and converted to the sulphate salt prior to clectro-
chemical reduction. To do this (Co(sep)ICl; - H,O (1 g)
was dissolved in conc. H,S0, (2.5 ml). After 1-2h the
solution was pourcd into methanol (50 ml), the precipi-
tate filtered off, and the compound recrystallised from
0.010 M H,SO, (10-15 ml, 75°C). A mixed sulphate/
hydrogen sulphate salt, formula [Co(sep)]SO, - HSO, -
2H,O was obtained. Electrochemical reduction was
carried out at a potential of —0.8 V (vs SCE). Solu-
tions of [Co(sep))** (10 mM) in 20 mM Tris-H,SO,
required about 5 h for reduction.



Reduction potentials

These have been reported (vs. nhe) for the Mb
Fe(HD /Fe(ID couple as low as 5 mV (sec below) [26]
and for the Hr change Fe(IlD, /Fe(1IDFe(IN (110 mV)
[27]. There are no values as yet for hemocyanin. Known
values for binuclcar Cu proteins are tyrosinase (360
mV) [28]. Rhus vernicifera (tree) laccase (434 mV). and
Polyporus versicolour (fungal) laccase (782 mV) [29].
The complexes [Fe(CN), ]} and (Cotsep)]*” were se-
lected as probes for clectron-transfer reactivity because
of their charge and EY values, [Fe(CN),F 4 (410
mV), and [Co(sep)*/** (260 mV) {25].

Buffers

The following buffers, all from the Sigma, were
used: 2-( N-morpholino)cthancsulphonic acid (Mces), pH
5.5-7.0; 3-(N-morpholino)propancsulphonic acid
(Mops), pH 6.2-7.6; N-(2-hydroxycthyl)piperazine-N ‘-
2-ethanesulphonic acid (Hepes) pH 6.7-8.2; tristhy-
droxymethyl)aminomethane (Tris), pH 7.20-9.00; and
2-( N-cyclohexylamino)ethanesulphonic acid (Ches), pH
8.6-10.0.

Procedure

Solutions of oxyMb were dialysed into 2 mM Tris-
HCl buffer at pH 8.4, I = 0.100 M (NaCl). The pH-jump
procedure was used for kinctic experiments at different
pH values, with the irorganic rcaeont in a larger
{dominant) concentration of buffer (50 mM), so that
the pH of the latter applied.

Solutions of Hc were dialysed against 50 mM Tris-
HCI containing 5 mM Na,H ,edta at pH 8.7, 1 = 0.100
M (NaCl). Under these conditions the protein is pre-
sent as monomer.

Rigorous air-free conditions were employed in all
studies involving reduction of met protein. All samples
of oxy protcin werc in air-saturated solutions. The
concentration of O, in such solutions is 2.63- 107 M,
as determincd using a Beckman 0260 O.-analyzer com-
plete with O, sensor cathode.

All the Mb kinetic studies were carried out using a
Dionex D-110 stopped-flow spectrophotometer. The
reaction of deoxyMb with [Fe(CN),]*~ was followed by
monitoring the decay of oxyMb at 582 nm. Thc
[Cotsep)l** reduction of metMb was monitored by the
absorbance decrcase at 502 nm. Inorganic reagents
were in at least 10-fold excess of the protein. First-order
rate constants, k  were obtained using fitting proce-
dures from On-Line Instruments Systems (Jefferson,
GA, USA). Second-order rate constants were obtained
from a linear or non-linear least-squares trcatment as
appropriate. Experiments with Hc were monitored on
a Shimadzu UV-21 01 PC spectrophotometer attached
to an RM Nimbus VX /2 PC.

All reactions were at 25.0 + 0.1°C, and with ionic
strength 7= 0.100 M (NaCl).
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TABLE ]

Rate constants 1235 C) fon the oxtdation of horse deowe M (= o 10
Mywah JFCCNDL [ T 00100 M (NaC D

ph IEONY | Ay 10 Y 10 A

(\D [ESRL T Y LN LTS Y BN
5.7 (Mes) 154 w0 1.8 276
6.0 (Mev) 043 0.77

0.6 1.05

(187 154

1.73 274

4.33 0.6

1.54 7.2

s 8.7 152k 2tk
6.5 (Mes) 134 6.2 1.37 1.91
7.0 (Hepes) 178 204

348 37

.54 19

6.08 6.4 ozt 1420
75 (Hepes) 454 1.3 199 1.38
RO (Hepes) 067 .65

1.69 1.65

2.36 230

1.54 12

888 5.7 (TNAR Pt
8.5(Tris) 4.54 14 0.88 1.23
90(Ches) 0.9 (.83

1.88 1.70

2.63 224

1.35 N

1.54 39

6.9 5.2 04" 117t

“Uhsing K= 53107 M and [O2]=2.63-10 1 M. " Using all data
obtaided at ihis pH.

Results

[FelCN), I?  Oxidation of DeoxyMb

Solutions of oxyMb were used as a source of de-
oxyMb. Stopped-flow traces indicate a single rate-de-
termining step. First-order equilibration rate constants
k... with [Fe(CN),]* in large excess. arc listed in
Table 1. The behaviour observed is consistent with the
reaction sequence in 3, 4,

MbO, = deoxyMb + O, 3)
deoxwMb + [Fe(CN) ' metMb+ [Fe(ON)yaJ? 4)

where reaction 3 is rapid. Apparent sccond-order rate
constants. & .. obtained from the linear dependence
of k. on [Fe(CN),J}~, gave rate constants k. from
the dependence Eqn. S.

kyp. = Kk

app

10,] 5)

making due allowance for reaction 3. The pH depen-
dence of k.. is illustrated in Fig. 1. At pH > 8.2 k. is
1.2-10° M~ ! s~ 1. No data could be obtained at pH <



248

20k \

107 ke, /M
/

0 i L
5 7 9
pH

Fig. 1. The variation of second-order rate constants A - (25 CY for

the [FeON) J° axidation of the horse deoawMb component of

ouvMb with pH 7 0100 M AIONaCh. The trend in rate constants
only is tustrated. no mathematical tit has been carried out.

5.7 due to protein denaturation. From Fig. 1. assuming
a single process to be refevant. the pK, is <6.2.

[Colsep) ]t reduction of MetMb

First-order rate constants k., for the single-stage.
stopped-flow reaction. are listed in Table 1. At pH 8.4
a lincar dependence on [Colsep)* ' present in > 10-
fold excess was demonstrated. Hence, second-order
rate constants k., were obtained. (Table 11). The
effect of pH is illustrated in Fig. 2. Previously it has

TABLE 1

<

Rate «onstants 127 C) for the reduction of horse metMb ( ~ 1.0 10
Mibwnn [Cotsepd,” *, T= 0100 M (NaCD

pH 107 [Cotsep)” ™ ] ko 0 ke,
(M) s H M 1o h
6.0 (Mey) 1.19 R 2.86
6.2 (Mes) 212 5.7 Q.69
6.8 (Mops) 1.29 3.7 287
7.5 (Mops) 1.28 33 258
8.0 (Tris) hAY 3.2 246
8.4 {Tris) .46 1.33
0.97 212
1.56 35
1.9 16
263 6.2
117 9.8 234
8.7 (Ches) 1.93 38 1.97
9.0(Ches) 118 1.97 1.67
9.5 (Ches) 1.88 2.40 1.28
9.8 (Ches) 212 2.35 Y

30
L ]
TTTe—
u
]
a
) 2:0
i i
z
:9 ;
1Ok ~
(0] 4 i
6 8 10
pH

Fig. 2. The variation of second-order rate constants & o, (25°C) for

the [Colsep)]” reduction of horse metMb with pHL. 7=0.100 M

(NGO, The solid line drawn is 1 accordance with the least-squares
fit to Eqn. 9.

been shown that the axial H,O of horse metMb has a
pK, of 8.82 at I=0.10 M (NaCl [30]. Accordingly a
reaction sequence (6)~(8) is proposed,

metMibL,0) = metMb(OH Y+ H” (6)
metMb(H Oy + [Cotsep)F* — deoxyMb + [Cogsep)] (7N
metMh(OH) + [Cogsep) )T = deoxyMb + [Cogsep) | )

from which (9) is obtained.

KT+ kLK
ST ER, ©
A non-lincar least-squares fit gives pK, = 8.82 + 0.07,
in cxcellent agreement with the literature value [30).
The rate constants &, =(2.75+0.04)-10° M~} s°!
and &, = (095 + 0.08)- 10* M~ s~ are also obtained.

Reactivity of Hc

Absorbances were monitored in the 300-850 nm
range by conventional spectrophotometry. In sharp
contrast to the above, no reaction of [Fe(CN),J*~ (3-
107* M) with deoxyHe (3-10~° M) was observed at
pH 8.7 over 48 h at 25°C. Similarly, no reaction of
metHe (8- 107 M) with [Co(sep)P** (5.5- 107 M) was
observed at pH 8.7 over 4 h. Although the latter
experiments were under air-free conditions using rub-
ber septum, N, and syringe technigues, some air gained
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Fig. 3. Structure of metMb (sperm whale) from data in Ret. 6. showing the heme Feoand attached propionates at postions 6 (far) and 7 (near)
positions.

access over longer reaction times. From these observa-
tions rate constants arc <10 * M ' '

Discussion

The redox inactivity of Hc. in this instance with
[Fe(CN).J*~ and [Colsep)}**, is a particularly impor-
tant feature. From the X-ray crystal structure the binu-
clear Cu active site in P. interruptus Hc" is buried and
about 20 A from the closest point of the surface. This
is mu°ch larger than tige corresponding distances for Mb
(3.8 A) and Hr (6.3 A). The reduction potential of Hc
is not known because of its redox inertness. Estimates
from values for other binuclear Cu proteins suggests a
value in the 300-800 mV range [28,29]. It is possible,

therefore, that [Fe(CN), T (410 mV) is not reactive
because it does not have a sufliciently high potential. Iif
this is the case then [Colsep)) ™ (=260 mV) should
have an enhanced reducing capacity for metHe. That
no reaction is obscerved in either case indicates that the
most likely explanation is the buried nature of the
active site.

In the case of Mb, effects of pH were studied in
order to define the precise form of the protein reac-
tant. Rate constants reported are in good agreement
with literature values, which have been reported at a
single pH value [31-33). 1t is possible that in the
tFe(CN), J*~ oxidation of deoxyMb, the pH effect ob-
served is due to protonation of onec or both of the
propionates at positions 6 and 7 on the heme ring. The



Fig. 4. Space-filling mode! of metMb from data in Ref. 6, showing
the exposed heme edge with the propionate groups at positions 6 (to
the right) and 7 (o the left).

orientation of these is shown in Fig. 3, and again in the
space-fitting model. Fig. 4. which indicates the extent
of exposure of the heme edge. and the inaccessibility of
the Fe. The exposed heme edge situation is similar to
that applying in the case of the cytochromes. The

TABLE 1}

Comperison of rate constunty (M Py 125°C) at pH =85 for
reactions of horse myoglobin (Mb), T. zostericola monomer form of
hemervthein (Hr), and P interruptus monomer subunit a form of
hemocvanin (el

The [Cotsep))” T entries are for reaction with met protein. the others
for the reactions of deoxy forms.

Ruactant A(Mb) " k(Ho k(HD®
[FetCN), ! 1200 No reaction >3-10d
ICosep)) 28-10%¢ No reaction © 22 00%¢
0. 23107 16:107¢ 781070
H,0, 6.0 ny* 97

ST=0100 M (NaCh: " 7= 0.150 M (Na,S0,); *© This work; ¢ Ref
A7 tor T, zostericola ocamer k = 1.5-10° M ' Ref. 38. © At pH 6.3
when active site is metaqua form. Ref. 39; ' Sperm whale Mb, Ref.
0. value not known for horse Mb: # Ref. 22: " Ret. 41: * Sperm
whale Mb. Ref. 19, value noit known for horse Mb: ! Ref. 42: for the
octamer A =55M s 1 Ref 43,

propionates are strategically placed and believed to be
influential. Protonation is seen to ¢nhance rate con-
stants for the reaction with [Fe(CN), I~ consistent
with an cffect of charge. There are, however, a number
of histidine residues, and as these protonate, some
additional cnhancement in rate constants is likely. From
Fig. 1 it can be concluded that, for a single dominant
acid dissociation process, the pK, will be < 6.2. Previ-
ously determined metMb pK, values are about 5.3 for
the 6-preponate {34], and 5.3 or lower for the 7-pro-
pionate [35]. Fig. 5 indicates the closest approach.

Arg4c

“

The 67,

His 64

Fig. 5. The pm.\'imil)‘cof the heme Fe active site of metMb to the surface, from Ref. 6. The arrow indicates the closest point of the surface to the
Fe (distunce 3.8 A). The proximal (His-93) and distal (His-64) residues, heme propionates. and surface amino acid residues are indicated.



Interpretation of the effect of pH in the case of the
(Co(sep))** reduction of metMb is more straightfor-
ward. The pK, corresponds to acid dissociation of the
axially coordinated H,O. This H,O is absent in the
case of S-coourdinate deoxyMb. It is reasonable that the
aqua-met form is more reactive because of the greater
case of bond stretching of Fe-H,O, as compared to
Fe-OH. Consistent with these observations, the E” of
horse metMb has been reported to be about 70 mV at
pH 6.0 (the aqua form), and about 30 mV at pH 9.5
(the hydroxo form) [36).

Rate constants for the reactions of [Fe(CN),F~ and
[Co(sep)l** with deoxyHr and metHr have been deter-
mined previously [39). Dependencies on [H*], which
are observed over the pH range 6-9, have been dis-
cussed. That for the first stage of the reduction of
metHr is, for example, like metMb, assigned to the
different reactivity of the aqua and hydroxo forms and
gives a 40% decrease. The reactivities of the monomer
forms of Mb, Hc and Hr, are summarised in Table 111
[37-43]. The rate constants for Mb and Hr are, in fact,
quite similar. From E° values the driving force is more
favourable for the [Co(sep)}** reduction of metHr than
for metMb, although the active site is not as close to
the surface. The precise region(s) of the surface at
which the redox partners bind and electron transfer
occurs are not known, and will presumably be deter-
mined by the location of charged residues, some of
which are shown in Figs. 5 and 6 [6,44]. as well as
favourable routes for electron transfer.

From studies on the interactions of inorganic com-
plexes with proteins there is no evidence, e.g., from
NMR [45], for changes in the structure of the protein
corresponding to substantial penetration of the protein
surface by such complexes. Solvation effects at the
protein surface, as well as the complex, will create a
barrier to such penetration.

It is quite extraordinary that Hc should be so unre-
active with the representative inorganic complexes here
tested, and yet be so reactive with O, and H,O,.
Indeed the rate constant for He with O, [22], is very
similar to those for Mb and Hr [4C,11]. Table III.
There is a somewhat wider spread of rate constants for
reaction with the 4-atom H,0, [42-43]. In the case of
Hc and Hr, the O, molecule is bound as a peroxo
ligand, with corresponding Cu(D), - Cu(Il), and
Fe(1D), — Fe(IID), changes in oxidation state. The ac-
tive site of oxyMb can be regarded as approximating to
Fe(HI)-O, , but alternative views have been presented
[46). The reaction of deoxyMb with H,0, is believed
to proceed via an Fe(IV) intermediate [19]. In the
reaction of O, with deoxyMb one view is that O,
enters the protein matrix and accesses the active site by
different routes in the vicinity of Val68(E11) and the
distal histidine His64(E7) [47].

To summarise, both the O, and H,O, small

His 54

His 25

Fig. 6. The proximity of the binuclear Fe active site of metHr to the

surface. from the structure coordinates in Ref. 44. The arrow indi-

cates the closest point of the surface to the nearest Fe (distance 6.3

A). The p-oxo group (unlabelled solid circle), active site ligands. and
surface aiaino acid residues are indicated.

molccule reactants can be regarded as inner-sphere
oxidants, whereas the reactions with [Fe(CN),]*~ and
[Co(sep))** are of the outer-sphere type. This is a
clear-cut example, therefore, in which these terms can
usefully be applied to metalloprotein reactions. Hemo-
cyanin is most reactive with small molecules which can
access the active site.

Hemocyanin on its own provides an interesting con-
trast. While it is able to carry out its O,-carrying
function as efficiently as myoglobin and hemerythrin, it
does not readily undergo auto-oxidation. Both myo-
globin and hemerythrin are intracellular and have ac-
cess to reductase systems to retrieve the met form,
whereas hemocyanin exists as an extracellular protein
with no known reductase.
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