
Bh.~himha et Bioph)'sita .4eta, 11411 { Iqt;'2) 73 78 "2 
,4. 1002 [il,~evicr Science Publisller~, B.V All right', resc~'ed tN~IIS+272N/q2/$iI5t10 

BBABIO 43~32 

Electron-transfer self-exchange kinetics of trimethylphosphinc 
horse-heart myoglobin 

Christian Brunel, Arnaud Bondon and G. Simonneaux 
I.al~ratoirc tit' ( 'himw OrgaPunntrt~dhzpu' ct Bioh~giffu,,, f,)m t'r~lt+' +h' R~'ltm'~, /?cnnc~ ~l+t,m,, J 

IReceived 17 December IOt~l) 

Ke5 v, ords: Electron Iram4er:qrimeth}tpho,,phin¢: M}<+gl,+hin 

Electron self-exchange has hccn measured by an NMR technique fl~r horsc+hcarl nlyoglobin. The rate i,, ?,.l ] 11!: M t • h at 
23°C in 0.1 M phosphate at pH 6.9. The rate was v, cakly dcpcndcnt on ionic strcnglh up h+ 117 M in added KCI 13.t~ • In: M r 
s i). The cnthalpy o[ activation was 12.1 _+.+ 11.5 kcal tool t. and the entropy of acli~,ation ',~,a', 1.2 1- 11.5 cat lm~l + dog + 
Analysis of the data in terms of the Marcus thcory gives a rcorg "lization energy,, a. Ior sell-exchange ot 1.6 cV mt~l i. 

Introduction 

Long+range e lec t ron  t ransfer  ;s an essential  compo-  
nen t  o f  biological systems, playing an impor tant  role in 
respirat ion and photosynthes is  [1]. Much current  re- 
+search is cen te red  around probing what  factors control  
the rates of  e lectron t ransfer  [2] and thc prepara t ion  of  
multi-site redox prote ins  allows such studies [3.4]. In 
recent  years, mitochondria l  cy tochrome c has been  one  
of  the prote ins  most widely used as the study system 
[5-8]. Even though hemoglobin  and myoglobin are not 
directly involved in c l e c m m  transfer  reactions,  an un- 
ders tand ing  of  the mechan ism of  a self-exchange rerc-  
tion involving thesc prote ins  is impor tant  in the  under-  
s tanding of  the  overall picture ,f e lectron t ransfer  
processes  in heine proteins.  Fewer  studies of  redox 
react ions of  the oxygen carriers,  hcmoglobin  and myo- 
giobin [9-11], have been  under taken ,  in part.  because 
suitable reduced  and oxidized s ta tes  have not been  
available [12]. These  s tudies  have focused on the  oxida- 
t ion-reduct ion pathways of  myoglobin (or hemoglobin)  
with a variety o! inorganic reactants .  For most of  these 
systems, and especially near  physiological pH+ the elec- 
t ron- t ransfer  mechanism !s almost certainly of  the 
ou te r - sphere  t~q3e. However .  the repor ted  self-ex- 
change  rate cons tants  of  myoglobin, calculated from 
Marcus  theory, with inorganic redox couples,  span a 
wide range [13,14], thought  to reflect different  mecha-  
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nisms and dis tances  for electron transfer l rom dilter~:nt 
reagents.  [ :ur lhermore the experimental  self-exchange 
process was not de te rmined  in these systems. 

Several considerat ions  make horse heart m.~oglobin 
an excellent  candidate  for such determinat ion.  For 
instance, a large b~Jy of  functional data is already 
available [15-17] and the three-dimensional  structure 
of  the met- form has been de te rmined  [IS]. in addit ion.  
t r imethylphosphine  (PMe +) may serve a:; ligand to bc+!h 
the ferric and ferrous hcme of myoglobins [19.20]. 
Among  the many interest ing features of this complexa- 
tion is the presence  of  a well resol~ed up[ield-shif tcd 
methyl-group resonance of  PMe~, coordinated  u~ the 
metal atom in ht+,lh oxidat ion Mates ill the N M R  xpec- 
tra. Consequently. this protein is particularl~ amel,ablu 
to stud~ via N M R  techniques. The subject of  this 
report  is the non-phy.siological electron transfer study 
in t r imcthylphosphinc horse heart  myog!obin betv, een 
thc two rcdox states.  Fc I1 and Fe I!1. The electron 
transfer  self-exchange rate =onstant has been measured  
as a funelitm of  ionic strength,  t empera ture  +,nd pH. 
The reorganizat ion energy has been calculated Ir~m~ 
the rate constant  at a given ionic s t rength and temper-  
ature.  

Material and Methods 

Horse-hear t  myoglobm and speml  whale myoglobin 
~e re  purchased  from Sigma Chemicals  and purified on 
a CM-52 kin-exchange colunm [21]. Trimeth~lphos-  
phine metmyoglobin sample ,  were prepara lcd  under  
argon by adding a 3-fold excess o! PMe~ to 2 mM 
mctmyog|obin  solutions in ILl M phospha te  buffer,  p l l  
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f).~) in I ) , ( ) ;  p i t  vahic~, were  tH lco l r cc tcd  l o t  the Iso- 

tope el feel. I:{}i the cxperinl~:ill ulili, ' ing a nlixlu:'c of  
n]e tMIq 'Mc ~ / M h P M c  ~, the , ipproprialc ¢quiwdcnl  (ff 
sodium dilhi~milc w~:~, added  in D ,O.  Samples  were 
run ii: /L q.l M r~h¢)sphatc buffer  (p l l  6.9), with 
added K('I. I)rohln N M R  spccH,i were rcctlrded on a 
l}rukcr A (  3()0 I' spec t romcle r  and  a Bruker  AM  300 
W B  spcc i romcl~ ' r  in a t empera tu re - r egu la t ed  probe 
( ( R M P ( ) ,  Rcnncs) .  ( 'heroical  shi l ls  were referenced to 

2 ,2-dirncihyl-2-s i lapentane-5-sulfonatc  (DSS) lh rough  
the residual waler  resonance .  

Fnr calculat ion of  the ra te  conslants ,  a 180°-T-q(P 
sequence  was used.  A delay time ( r )  of (1.002-1 s was 
used as the exchange  period be tween  the non-select i ,  e 
180 ° pulse  and  the 90 ° detect ion pulse.  Each  measure -  
merit had  a ser ies  of  20 different  'r values.  Data  were 
taken in blocks of  32 scans  with two d u m m y  scans  
be tween  each block. The  spectral  width was 20.8 kHz. 

. / ~ . ,  130 ~.s - -  , % ,  

I I~! ~ I I [ l l a l l  ~, lul: i~,cd l i t  Tn~l l  ~  ̀ np~'uth, ~1: htl lsi, l ie* i l l  l l , , i )~h)hhL ,is a [ t l f lc l :Ol i  o l  1- ill :! 1~',()'+7-{~|t ' T I m~,¢rsion-r~:ci.)%cry e x p e r i m e n t .  
~.~iLIII11Wf (I {he I:I 'lh~.: ~,r,i .p r c , . . l ance , , :  A .  I :c f l l )  P M e  i: I t .  Fc f i l l )  P M e  x. 
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The data were analyzed by using the method previously 
reported by Gupta and Mildvun [22]. For the reduced- 
state methyl resonance of PMe 3 at - 3 .3  ppm, the 
nonselective T, was determined as 37(1 + 10 ms in tile 
aoscncc of metmyoglobin. The measurements were 
found reproductible to belier  than 111%. A selective 
181) ° pulse, inverting only thc peak of interest, was also 
used. As expected, this gives shorter Tj values than 
the method in which all the pcaks arc inverted, duc to 
the contribution of the nuclear Overhauser effect to 
rdaxat ion of the magnetisation. In this case, the selec- 
tive T~ for the reduced-state methyl resonance of PMc 3 
was determined as 145+ 10 ms, in the absence of 
metmyoglobin. The rat,: cons ants calculatcd from the 
two methods were the same within experimental error. 
Since the two redox states of horse-heart myoglobin 
PMct are characterized by different spectra, observed 
rcsoh'cd resonances included the three-methyl reso- 
nance of the phosphine, upfield of 0 ppm from both 
the ferrous state and the ferric state in the mixed 
sample [20]. The spin-lattice relaxation time 7", (non- 
selective pulse) was 370 ms and 4 ms in the completely 
reduced and oxidized states, respectively, for the phos- 
phine protons. The ratio of oxidized to reduced protein 
was determined from the integrated areas (PMe,) of 
the two forms of the complexed protein in the NMR 
spectrum. The relaxation rates reported here were 
measured in the Fe (I1) protein and assume that the 
lifetime in the oxidized state is long compared to the 
spin-lattice relaxation time in this stale [22]. The rate 
constants determined in this study were found to be 
independent  of protein concentration within cxpcri- 
mental error (range of protein concentrations: 2 -6  
mM). 

R e s u l t s  / 

A mixture of oxidized and reduced trimethylphos- 
phine horse-heart myoglobin undergoes electron trans- 
fer in the slow exchan,t'_' l ime Ihnit. where resonances 
from both the oxidized and reduced protein arc sccn 
clearly in a mixture of the two proteins (Fig, 11. In 
particular, both the PMc 3 methyl resonances from the 
oxidized and reduced proteins are secn in the upficId 
region of the NMR spectrum. Inversion recovery tcch- 
niqucs wcrc used to measure the rate constant tbr 
electron exchange [7,22] (Fig. 2), in 0.1 M potassium 
phosphate buffer (pH 6.9) and 23°C, lhe bimolccuhn 
rate constant for self-exchange fi,r horse-heart myo- 
globin is 3.1 • 103 M t s i. 

The ionic strength dependance of the myoglobin 
self-exchange rate is shown in Fig. 3. As seen from the 
Fig. 3, the rate constants for horse-heart myoglohin 
increase weakly with ionic strength. For example, the 
rate under the previous conditions but. ~i th added KCI 
to( ) .7M,  w a s 3 . 7 1 0  ~ M J s l .  l n o r d t r t o f o l l o w t h e  
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Fig. 3. I h c  i l i l l i f  ntrenglh dcpt..ndancc i,i the ill)o~ltil~.in ,.:lccirllil- 
i ran!,lcr self-exchange nitc ,COll,,t~lllt ~p[ | 6.~}. _.23<('1. 

ionic strength depelid;inc¢ ol Ihe rate of a ru'icthm 
between two large p r ( l l c n l s  will] a dipole moment, we 
used the van l,eeuwcll approach [23]. For instance, 
sperm whale my~ghJhin has 3 dipole mt~mcnt of  17(} [ )  
[24]. The method also assumes that electron transfer 
occurs at the p:~rtially exposed hem~ edge. An extrapo- 
lation to infi;fitc ionic stiength c,f a phil of the ilmic 
strength dependance of the self-exchange rate between 
myoglobins vcrsus f ( x ) (~,- is 0.329 # , , 2  ) yields k , ,  ,~= 5 
• 10 3 M I s I. The method also allows the determina- 
tion of an interacti3n energy, w,, of 0.3(I kcal tool +~ for 
the two myoglobins in a home edge-to-home edge 
geometry. 

The temperature dependance of the self- cxchangc 
talc constaht w~,s investigated over the range 23'~-42 ° 
in (I.1 M phosphate (pH 6.9) (Fig. 4). The vahics of 
• .1 t t  * and .-IS* obtained from an Eyring plln at ll.l M 
ionic strength and 2 mM protein concc,ir;ttion arc 
12.1 ±0.5 kcal tool -I [12] and -1.2 +:11.5 cal In l ) l  I 

dog I rcspcclively (.3('; :+ " 12.5 + 0.5 kc~ll. 25"('). 

I.- 
7, 3 

2 '~,' ! i 
3 .1  3.2 3 . 3  3 . 4  

l tT 1000 (K) 
Fig. 4 E>th~ print t>l lhc nly~l~lolml ch.'cti~ui IHn'qcr ~cll m, chmL~c 

~il ~ : II.l M. [MhJ , 2 mM 
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The rate at low ionic ~,trcnglh (0.1 M. 23~'C) varies 
• ~ith pi t ,  in ,t manner  ~,howa in Fig. 5. One obta ins  a 
rate up from /, = 1.6. 1(1 ~ M ~ ~, ~ ( p i t  5,fi) to 3.1 " 103 
M t s I (011 t'~.t)) which falb, off to k = 2.5 '  11) 3 M t 
s t with increasing pH to 8.1. Myoglobin is capable  of 
t ransferr ing clcctrons at acidic and basic pH with a 
small decrease  in bo th  cast:s. 

For sperm whale myoglobin under  the same condi- 
tion.,,, at 0.1 M ionic s t rength (pH 6.9, 23°C), the  
self-exchange rate constant  was slightly higher,  4.1 • 103 
M i s i 

I)isenssion 

I tcmopro tc ins  have a high aftinitly for phosphines  
[_. -_  ]. Wc ha~,c shown th:~t c l cc t r ,n  t ransfer  in vitro 
bctv, ccn trimcthyl phosphinc  myoglohin molcculc,,i of 
diffc,cni nxkh t i tm ,,tatcn occurs v,i:h modera te  rapid- 
its,. In get;oral, long cytochronxc~ ( I(1(1--115 aminoacids)  
cxch:mgc clcclron~ slov, Jy (10L-.I() ~ M i s I) while 
.'d',ort cytochromcs t,S()-q0 aminoacid~) do so quickly 
( I (F ' - I0"  M ~ s i) [6,7.28-30]. The  rate constants  for 
the proteins ~tudied hcrc arc remark-lhly similar, at 
Io~: ionic s trength,  to those prcviou~,ly reported for 
hor~c-hcart cytochromc c (5,4. 1()~ M i s t) 171 and 
tot cytochronlc h~ (2.t~" I(1 ~ M I ~, t) [-~l. It is unex- 
pected thai the r[llck exhibited by thc~,c pmtcin,~ are ~,n 
similar hcc~tusc the polypcptide chair1 of myoglobin, 
containing 153 aminoacid rcsitlucs, is longer than the 
polypcplidc chain of cytochrt)mc (" (103 amim) acids) 
anti the tryp',in-'~olLtbilizcd form of c y t , c h m m c  h~ (82 
mnim~ acid~,). This indicates that ttlc rate o f  self-ex- 
change electron t ransfer  in nayl/gh)bin is affected by 
other  fat!ors. 

["cctrostat ic  intcracti tms are obviously impor tant  
for ~,cli-cxc~angc transfers in proteins.  The  overall 
charge ccilculalcd i', a_ 3.5 :it pH h.8 ft~r fcrromyoglobin 

[13,~,1] and is +6 ;It pH 7 for ferrocytochromc c [32]. 
When Ihc prolc in  molecules  are charged,  thci r  dis- 
tancc of  closest approach  is limited, due to electro-  
',ratio rcimlsinn. Consequent ly ,  charge  effect may he 
more impor tan t  in cytnchromc ( than in myoglobin at 
pH 7. As  seen previously (Fig. 3), the increase is very 
h~w with horse-hear t  myoglobin and  we c ,mcludc that  
the rate is weakly d e p e n d a n t  on ionic s t rength  over this 
ntngc of  salt concent ra t ion .  Studies on electron self-ex- 
change for cytochromes c-551 from Pseudomonas 
aerugmosa [29] and Pseudomonas stutzeri show similar 
behaviors  [30]. In contrast ,  the ra te  constants  for  c, 
tochrome b.~ [28] and  cytochrome c [331 increase,  by on 
order  of  magni tude ,  over the same range  of  iot~ic 
s t rength,  as expected for a react ion between two simi- 
larly charged proteins.  

O t h r r  cont r ibut ing  factors in myoglobin in e lectron 
t ransfer  self-exchange include the  perch.hi of home 
exposure [34], steric effect [7], dipole momen t  [7,231 
and the  or ienta t ion  of hemc  prop iona te  groups [35]. 
For example,  it has been  proposed  for many year~., that  
e lectron t ransfer  in cytochromes occurs primarily near  
the exposed edge of the home.  The  heine of m' oglobin 
118%) is far more exposed to solvent than that  of 
cytochromc c (4~;~) [34]. This  difference is numerically 
significant and  leads to the  predict ion that  the  the 
myoglobin electron self-exchange rate should be  sub- 
stantially grea te r  than  that  of cytochrome c. However,  
the measured  rate cons tan ts  for the  two proteins  are 
similar at /.t = 0.1 M and, in contrast ,  the  value for the  
cytochtome c system is much  larger than  that  for the 
myoglobin system, at high .3nic s t rength.  Consequent ly ,  
this di f ference in the electrostat ieal ly-corrected rate 
constants  is not, due printarily, to the difference in 
home cxposure [7,34]. 

It is, thclcforc,  of interest  to calculate the reorgani-  
Lation energy from the rate constant  at a given ionic 
s t rength  and tempera ture .  This approach  was recendy 
repor ted by Dixon c t a l .  [28]. The  authors  have ob- 
ta ined a value of 11.72 cV for cytochrome c and a value 
of 1.2 cV lk)r cytochromc h 5. With the  use of the 
Marcus formalism [2], the myoglobin sclf-exch;mge rate 
c o n s t a n t  c a n  b c  expressed as: 

l,,l : S K ,  ',,~,l cxp( - A(;~* / R T )  

where S is the steric fitctor, K,, is the association 
constant  for format ion of the precursor  state from the 
two myogtt)bins, v, is the nuclear  frequency factor, x~ 
is the probdbility of electron tunneling,  and ,1(;,* is the 
free energy of activation. The  association constant  K,  
can bc expressed as 

K ,  = 4, '7:Vr ' -~(r)  exp( w , / p , T )  

where N is the Avogadro ' s  number ,  r = 36.8 ,~, [31] is 



77 

the sum of radii of the two proteins, 8(r) is usually 
taken as /3-1 = !.11 .~ [2~g] and, with the use of van 
Leeuwen formalism, exp( - w , / R T )  = In(k ~/k inf) (wv is 
0.31 kcal t oo l  t when ~ = 0.1 M). Given these values, 
we calculate K,, = 6.72 M i. Marcus and Sutin [2] have 
introduced the steric factor S to allow for the fact that 
there is an angular dependance of the electron trans- 
fer, A lower limit for the steric factor S is equal to the 
square of the ratio of the surface area of the exposed 
heme edge to the surface area of the protein. The 
surface nf myoglobin is 2% heine [34]. Using this 
assumption, and an enhancement facto: of 5[28], we 
have estimated the value of S as 0,Ol0. t, nK~t can be 
expressed as 

I,,,K,.I = In ~3 cxp( - .aid - d,,D 

where d is the closest heme-heme distance, d o = 3 .~, 
and ,8 = 0.9 , ~  ~ are the standard values [2,28]. Using 
the hemoglobin-cytochrome b_~ model, previously re- 
ported by Poulos and Mauk [36], for myoglobin- 
myoglobin complex, we estimate a (similar) value of 
d = 7 ,~, for the closest approach in the heme edge-to- 
heme edge geometry. This analogy is made on the basis 
that hemes, which are not covalently attached to the 
polypeptide chains as in hemoglobin, myoglobin and 
cytochrome b 5, are oriented such that the heine propi- 
onate groups are located on the protein surface. In 
addition, the similarity in the heine exposure of all 
three proteins is striking: Mb 18%, Hb~. 14%, Hb¢~ 
20% and cytochrome b s 23% [34]. Therefore, we calcu- 
late a value for un Kel of 2.7' 1011 s -I  and, with the 
above values for Kj, S and Ku, the value of ZIG~* is 
9.20 keal mol-  ~. The reorganization energy ,~ can ob- 
tained through application of the following relation- 
ships, according to the Marcus formalism: 

aG; = (A /4 ) (  l + a~;'"/a)" 

.3GW= AG II + n. o -- w, 

where ziG,* is the free energy of activation that is 
related to ~, to ziG ~, the free energy change of the 
reaction, and to the work of bringing the reactants (w~) 
or products (w o) to the mean separation distance in the 
electron transfer complex. For self-exchange reactions, 
ziG c~ is zero and w o = w~. Therefore, the energy of 
reorganization can be expressed as: ,~ = 4 .4Gr* and 
the reorganization energy for the self-exchange reac- 
tion of m~,oglobia is 1.6 eV. Values of/3 in the range of 
0.9-1.4 A-~ [37] have also emerged from studies of 
Iong-d'~stance electron transfer reaction in ruthenium- 
modified myoglobin. (With /3 = 1.4 ,~-~, for example, 
the associated reorganization energy is 1.4 eV.) Al- 
though ~?o varies with the system [34], we have chosen 
/3 = 0.9 A-~ in the present work, since this value is 

similar to most other estimates of this paramcter 
[28,381. 

Our reorganization cncrgy fi'.r myoglobin can be 
compared to that h)r cytochrome c, (I.72 eV and for 
cylochrome b s, 1.2 eV, which were recently reported 
by Dixon and Mauk [28]. Thc origin of the greater 
value for myoglobin may be due, primarily, to the lower 
relative stability (greatest flexibility) of the heme pocket 
for horse-heart myoglobin, compared to those of cy- 
tochrome b 5 and cytochrome c. It is now well estab- 
lished that the nature of the heine interactions with 
proteins is not sufficiently ~eleetive to force a single 
orientation of the heme group within the pocket of 
hemoproteins [39]. The heine moiety of cytochrome c 
is eovalently linked by thioether bonds at the vinyl 
groups and co-ordinated by histidine and methioninc 
side chains [40]. Accordingly, cytochrome c exhibits no 
major differences inside the hcme pex:ket in thc oxi- 
dized and reduced states [2]. in contrast, the hemc 
binding of myoglobin is non-covalent [18j as in cy- 
tochrome b~ [41,42], and, furthermore, in myoglobin, 
the sixth ligand (here the phosphine) is also non-cova- 
lently bound to the polypeptide chain. The reorganiza- 
tion energy, arising partially from changes in the metal 
ligand bond distances 12], may increase because it is 
possible that the iron-ligand distances in the two oxida- 
tion states are quite different. As an essential comple- 
ment of this study, we recently reported the structures 
of two model phosphine complexes of iron(ll) and 
iron(Ill) porphyrins [43,44]. The axial metal-phos* 
phorus bond length in the ferric complex (2.350(1) A) 
[44] is significantly longer than that observed in the 
analogous ferrous complex (2.284(1) ,~,) [43]. This ob- 
servation is consistent with the suggestion that changes 
in the iron-ligand distances may result from the changc 
in oxidation state of the iron atom of myoglobin. Our 
reorganization energy car, bc also compared with the 
intramolecular reorganization energies for electron 
transfer within ruthenium-modified myq~globins. Gray 
c ta l .  have recently investigated a wide range of reac- 
tion-free energies that places the reorganization energy 
for ruthenium-modified myoglobin bctwcen 1.90 and 
2.45 eV [38]. "l'hese values are slightly grcatcr than our 
value, indicating that a similar analysis of intramc~lcc- 
ular electron transfer reactions and bimolccular reac- 
tions may be applied [28,37,45,46]. 

We note that the values of AH* and .iS* obscrved 
here are remarkably similar to those previously re- 
ported for e:ectron transfer reactions between two 
metalloproteins [6]. The positive activati~,n entropies 
for the self-exchange electron transfer reactitgns with 
myoglobin f6], azurin [47] and horsc-hcart cytochrome 
c [6] systems are noteworthy. This pattern may result 
from the extensive hydration of the proteins and, ctm- 
,,equently, water rearrangement might play an impor- 
tant role in the activation process [6], By contrast, thc 



7~ 

values of .IS* observed ~,ilh cytochromc h.~ arc ncga- 
l ive  ( 23 c u t  [281 t h o u g h  the  o r i g i n  o f  Ih is  d i f t~ t rcncc  

is n o t  aplF, a r c n t  ~ll p r e s e n t .  

A f inal  c o m m e n t  c o n c e r n s  t h e  e s t i m : t t i o n  o f  t h e  

e l e c t r o n  s¢ l f - cxcha l l gC  r~llC 0|' oxyg¢l l  c a r r i e r s  ( m y o g l o -  

hin or hcrnoglobin) between t~xitlizctl and reduced 
ntatcs, To our knowledge lr imcttlylphosphinc is the 
first ligand which alh)ws suitable reduced and ~)xidi,ed 
stales and makes the experimental determination pt,s- 
sible. The reported self-exchange rate constant of myo- 
globin, calculated from thc Marcus theory with inor- 
ganic redox couples, varies from 5 10-:  to 1.2- 10 
M ~ s ~ [13]. For example, from the kinetic of the 
reduction of myoglobin by Fc(EDTA)-" (EDTA, clh- 
ylcnediaminc lelr;.lacet;ite), tile self-exchange rate con- 
Slilllt w,.t',; calculated to I,c 1.2t) - I11 ~ at pH 7 and 25%'. 
The large discrcpcncy between thc experimental mea- 
surements and the calculated values indicates that an 
estimation of t h e  self-exchange rate constant of thc 
metMb/del)xyMb system, based on the Marcus theory, 
is diffi,:ult, because this system requires a change in the 
coordmalion number upon reduction of metMb(H:O)  
to deoxyMb. Accordingly, it was recently reported that 
modificatitm of the homes distal histidine by BrCN 
resulted in acccb.:ration of the setf-cxchange rate of  
myoglobin, as compared with its native form. The self- 
exchange rote constant Ior the penta-eoordinatcd mod- 
ified metmyoglobin/deoxyMb system was evaluated to 
be 1 • 10 ~ M t s ~, based on the Marcus theory [14]. 
Extensi~m of these studies to other oxygen carriers, 
such its hemoglobins, which are in progress in this 
laboratory, will provide a more definitive dcscription of 
t h e  v a r i o u s  f a c t o r s  w h i c h  g o v e r n  t h e  c l e c l r o n  t r a n s f e r .  
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