
ELSEVIER 
Coordination Chemistry Reviews 

165 (1997) 447-474 

! : 

Phosphines as structural and functional probes 
of hemoproteins 

G6rard Simonneaux * 

Laboratoire de Chimie Organom~tallique et Biologique, URA CNRS 415. 
Universit~ de Rennes 1, 35042 Rennes cedex, France 

Received 24 January 1997 

Contents 

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  447 
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  448 
2. Phosphines as ligands to iron porphyrin models . . . . . . . . . . . . . . . . . . . . . . . . . . .  448 

2.1. Ferroporphyrins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  448 
2.2. Ferriporphyrins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  452 

3. Phosphine binding as a structural probe of hemoprotein active sites . . . . . . . . . . . . . . .  456 
3.1. Myoglobin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  456 

3.1.1. Fe{II) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  456 
3.1.2. Fe{lll) ............................................. ~0 

3.2. Cylochrome P.450 and chloroperoxidase . . . . . . . . . . . . . . . . . . . . . . . . . . . .  46! 
3.3. Cytochrom¢ c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  461 

4. Phosphin¢ binding as a functional prol~ hemoprotein active sites . . . . . . . . . . . . . . . . .  462 
4.1. Allos|¢ry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  462 
4.2. Mechanism of electron transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  463 

4.2.1. Myoglobin and cytochrom¢ c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  463 
4.2.2. Hemoglobin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ 8  

4.3. Oxidation with Po4S0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  470 
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  471 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  471 

Abstract 

The current application of  phosphines as structural  and functional probes of hemoproteins  
is reviewed, including iron porphyrin models. The biophysical studies performed to date on 
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hemoproteins are discussed on the basis of the spectroscopic results obtained with models. A 
review with 126 references. © 1997 Elsevier Science S.A. 

Keywords: Electron-transfer; Hemoproteins; Phosphines; Structure-function relationship 

1. Introdu~on 

The study of the binding of small ligands to heme proteins has played an important 
role in our ability to understand protein-substrate interactions in general [1]. 
Paralleling the progress in classical coordination chemistry have been the rapid 
advances made in the coordination chemistry of biomolecules [2,3]. Probably the 
most familiar examples of bioinorganie chemistry are the oxygen carriers such as 
hemoglobins. The simplicity of the ligands (Oz, CO, NO, CNR and CN-)  and the 
wealth of structural data available for heine proteins have led to a better understand- 
ing of these systems. Su~risingly, though there are numerous examples of complex 
compounds of trivalent phosphorus derivatives [4~6], the use of phosphines as 
structural and functional probes of hemoproteins has been hidden for a long time. 

Indeed, the formation of the phosphorus trifluoride=hemoglobin complex was 
reported by Wilkinson in 1951 [7]. The purpose was to compare the complexation 
of carbon monoxide and phosphorus trifluoride, both ligands being constdercd as 
strong n aceeptor ligands [6]. Unfortunately the stability of ligated PF~ in hemoglo- 
bin was very short-liv~ (a few minutes) due to probable hydrolysis of |he P F 
bond. Thus, it is quite re~nt!y °hat lochcm|sls and chemists have again begun Io 
think about the possibility of introducing phosphines into biological material. 

In this article, we review the r~eat developments of phosphine ligati~n to iron ...... 
porphyrin models and to heine proteins, q~ our knowledge, there is no reported 
review on this topic. One of the major applications of phesphine -3 *, c~ mplexatlon has 
been in the study of iron porphyrin complexes in biological macromolecules both 
directly and in model systems. In the first two chapters, we will confine our attention 
to iron porphyrin models, Then the use of phosphines as structural and functional 
probes of hemoproteins will be presented. 

2. P h ~ s ~ i ~  as ligamis to iron porphyria models 

2.1. Ferropoqdo,rins 

~weral routes have been used to prepare bis(phosphine) and bis~phosphile) 
ferroporphyrins, all from reduction of ferriporphyrins. Diil~rent porphyrins can be 
used for these syntheses ( Fig, 1 ), The reducing agent may ~ either sodium dithionite 
in dichloromethane/water [8], in toluene/water [91, zinc amalgam in toluene [10] 
( Fig, 2) or sodium borohydride in telrahydrufuran (THF) [ 11 ]. Problems may be 
encounte~d due to incomplete reduction, In this case the reduction with NaBH.~ in 
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Fig, I. Structures of common porphyrins: meso-tetraphenylporphyrin (TPPL octaethylporphyrin (OEP), 
protoporphyrin IX (R ~ vinyl, PPIX }, deuteroporphyrin { R ..... H, DP} and mesoporphyrin (R ~ Et, MP). 

TliF seems more complete. The reaction can also be carried out with a large excess 
of ligand which presumably acts as the reducing agent [ ! 2.13]. Actually, autoreduco 
tion of ferric porphyrins by phosphines was previously reported in 1977 but Jao 
radical species was detected [14]. The bis(phosphine) complexes are quite stable i. 
the s ' ~ohd state but react rapidly with traces of air in solution, although no characterio 
zable complexes have been isolated [13]. However, ferryl porphyrins react with 
triphenylphosphine to give triphenylphosphine oxide and such ferryl intermediates 
may be involved in the reaction with oxygen [15]. Fe(TPP)(PPh3)2 has also been 
prepared, but not in a pure state [13]. The bis-phosphine ferrous porphyrins are all 
diamagnetic as expected for complexation of two strong field ligands with ferrous 
porphyrins [16]. Mixed.phosphine-carbonyl complexes of ferrous protopor- 
phyrin IX dimethyl ester [9] and of ferrous tetraphenylporphyrins [ 10,11 ] have 
also been reported. The new carbonyl complexes F'e(TPP)(CO)(PR3) and 
Fe(PXIDME)(CO)(PR3) were obtained in situ by stirring CO-saturated methylene 
chloride solutions with the corresponding bis(phosphine) complexes. The reaction 
is reversible and the mixed-phosphineoocarbonyl complexes have not been isolated. 
Solutions of Fe(TPP)(PBu~)2 also react rapidly with a variety of aromatic aldehydes 
at room temperature to yield Fe(TPP)(PBua)CO. The aldehyde decarbonylations 
involve radical pathways and become catalytic under argon in the presence of an 
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Fig. 2. Synthetic ~heme for the preparation of phosphine iron(ll )[:mrphyrin complexes. 

ex~ss of aldehyde [13], Mised-phosphine=imidazole complexes of ferrous tetra- 
phenyiporphyrins have been also prepared as models of phosphine hemoglobin 
derivatives (Fig, 2) [ |0], 

Equilibrium [9,13] and kinetic [9] investigations of phosphine and phosphite 
complexes of ferrous porphyrins have ~ n  descried, Using standard spcctrophoto. 
metric t~hniques., the ~uilibrium constant for CO binding to F¢(TPP)(PBu~)2 
(Eq, (1))is K~0.65 [13] and to Fe(proto~mhyfin IX)(PBu3h is K~1.7 [9] in 
s,milar ex~rimental conditions (23~25 °C, toluene). For other mix~digat~ ferrous 
po~hyrins, the relative amnity order is PBu~ > P(OBuh > Melm trans to Meim and 
indi~tes a strong F¢-phosphorus bend with small phosphines. The weak amnity 
with triphenylphosphin¢ is probably due to the steric interaction between the phenyl 
groups of the porphyrin and the phenyl groups of the ligand. 

g 

Fe(TPP)(PBu3): +CO¢~ Fe(TPP)(CO)(PBu~) + PBu~ (I) 

All the Fe(TPP)(PR~): complexes e×hibited "hyl~r" UV-visibl¢ s~ctra with two 
Sorer bands, one in the 450 nm ~gion and the second in the near-ultraviolet 350 nm 
~gion [12]. A phosphorus to porphyrin charge°transfer transition a~,~ 
(~++~+)~e+(~ +) m~y interact with the ~rphyfin ai.u (n), a2.~ (n)~*e+(n*) transitions. 
This explains the optical |~.atu.~, i.e. the red.shifted Soret-band. Such an interpreta- 
tion has ~ n  p~viously proposed by Hanson el aL [ 17] for P450-CO and the same 
authors suggest~ that this phenomenon can be ex~end~ to heine comp|exation 
with other good el~tron donating ligands. 
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The ~H NMR spectrum of the PMe3 ligand in Fe(TPP)(PMea)z shows a signal 
at high field (-2.3 ppm). The high field shift is due to the shielding effect of the 
porphyrin ring current [I0]. A similar upfield spectral feature is observed with the 
mixed species Fe(TPP) (PMe3)L (L = pyridine or N-methylimidazole) (Table I ). This 
remarkable property will be used to probe the active site of the hemoproteins because 
coordination of trimethylphosphine to the iron will give a signal outside the bulk 
of the protein resonances [18] (see below)). The XH NMR spectrum shows also a 
group of signals corresponding to the porphyrin ring protons and the pyrrole 
protons (7-9 ppm). The chemical shifts of the latter are very similar to those of 
Fe(TPP)(pyr)z [19] and are expected for diamagnetic iron(II) porphyrin deriva- 
tives [20, 21 ]. 

atp NMR shifts have also been reported for Fe(TPP)(PR3)2 [10,22] and 
Fe(TPP)(PRa)(base) complexes (base: imidazole, pyridine, benzyl methyl sulfide, 
eyanopyridine...) [10,11,23] (Table l). The atp NMR spectra of complexes 
Fe(TPP)(PRa)2 exhibit two sharp peaks in the presence of excess phosphine: a 
signal due to free phosphine and a signal due to the bound phosphine. This implies 
slow ligand exchange on the NMR time-scale under the experimental conditions 
used. It was found that the atp chemical shifts are sensitive to the electron density 
on the metal and consequently to the nature of both the porphyrin and the t rans 

axial ligand. For example, a chemical shift difference of 3.5 ppm is seen in the 
deprotonation of the imidazole complex Fe(TPP)(PMea)(Him) [10]. The strong 
trans effect can be related to the sensitivity of the PMe3 ligand to the electronic 
variation around the iron atom. Of particular relevance to this study on hemoprotems 
is the observation that the proximal ligand in horseradish peroxidase is thought to 
be a histidyl residue that is strongly bonded to another amino acid at the imidazole 
I-H site giving it imidazolate character [24]. However, care is necessary in these 
studies I~cause traces of paramagnetic porphyrins will also modify the chemical 

°lhble i 
IH and ~tp NMR data for Fe(TPP)(PR~)L complexes ~ 

Porphyrin PR~ 
Complex pyr ortho meta and para tHl~ 3tpQ T (°C) 

F¢(TPP)(PM¢3h 8.21 7.91 7.53 
F¢(TPP)(PMo2Phh 8.19 7.82 7.55 
F¢(TPP)(PMe3)(Melm) 7.89 7.78 7.49 
Fe(TPP)(PMe~)(Py) 8.40 7.41 7.26 
Fe(TPP)(PMe:d (Ira) . . . . . . . . . .  
Fe(Tpp)(pMo0(Im °) . . . . . . . .  

-2.61 
- 2.45 a 
-2 .87  ° 

2.93 f 

13.5 25 
14.5 25 
25.5 - 4 0  
25.7 -4i} 
23.7 = 4(~ 
20.2 = 40 ~ 

0;05M in deaerated CD2C12 containing an excess of phosphine L. 
h In ppm; Me4Si reference. 

In ppm; H~PO4 (85%) reference. 
d Ph: o, 4°26 (d); m, 6.43 (t); p, 6.75 (mL 
° Melm: data were not determined. 
f Py: o, 2.49 (d); m, 5.43 (t); p, 6.14 (t). 
8 Solvent: DMF. 
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shift [ 11]. The use of 57Fe decoupling of the a~p signals of PMe3-coordinated 5"~Fe 
enriched porpbyrin complexes has been recently reported in order to determine the 
chemical shifts of 57Fe [ 11,23]. The method utilizes the sensitive 3tp nucleus as the 
detected signal. The scalar coupling of 57Fe to the alp nucleus of PMe 3, which 
resulted in the observed doublet, is then decoupled to detect the frequency necessary 
to collapse the Fe-P doublet in the 31p NMR spectrum, using a double resonance 
technique. This method is very useful since the 57Fe NMR signals are very difficult 
to detect due to very large chemical shift range and very low sensitivity of the 
~'~Fe nucleus. 

A comparative MOssbauer investigation of low-spin iron(ll ) porphyrin complexes 
with bis(phosphine) or bis(phosphite) axial ligands was first reported by of Ohya 
et al. [12]. Upon replacement of the axial ligands PRa by P(OR)3, the porphyrin 
ap~ars to be able to modify the ~r and n bonding characteristics to follow the 
requirements of the axial ligands. The results supported the existence of an electron 
sink effect capability of the macrocyclic ligand to explain a larger quadrupole 
splitting for phosphine derivatives than for phosphite derivatives. A relationship 
between th~,\se 57Fe NMR chemical shifts and the MOssbauer quadrupole splitting 
in a series of various phosphine, imidazole and pyridine ligated complexes has 
been proposed very recently [25]. The authors emphasize the value of the 
M6ssbauerNMR correlation to detect the STFe NMR signals in these systems. 

Resonance Raman Sl~tra are reported for phosphine and phosphite derivatives 
of iron me~oporphyrin IX [8], n-acid ligands such as phosphites or aromatic phos- 
phines shiq porphyrin bands !, 111 and V to higher frequencies as do CO and O, 
but with ~ ~maller influence~ A correlation ~tween the increased n-acidity of the 

tt c!~.s~d position of lhese b~u~ds has I~en lbund and related to a ligand and the 'a'o~a ~'~:, , ...... 

decleas,~'"'~ ~e in n elec!ron back°,donatioi~ tr(m~ iro/~ d,~ and d~,: orbitals to the n* 
antibol~ding porphyrin orbi|als i81, 

The crystal ,nd a~oleeular st!'uctures of sew:,':al derivatives: [TPPFe(PMezPh)~] 
(Fig, 3) [10], TPPFe(p(noBu),0~] [13], [~poOCi~!~J4TPPFe(PMeOg [111, 
[OEPFe{PMe~O~ [11] have been tier:trained by X-ray crystaUogfaphy (TPP is 
tetraphenyl~rphyrin and OEP is c~:taethylporphyrin). The porphyrinato core is 
essentially planar and the Fe=N distances average from 1.990(6) to 1.999(6)A ~:~ 
e x t ~ t ~  lbr low,spin iron(ll ) porph <tins [ 15]. The axi~l trimethylphosphine ligands 
have their methyl groups ia staggere,: -onl~rmafion. ~~ • ~,~e Fe~P distances range from 
2,275(6~ to 2,346{i)A. These dist:~nces a,e longer than those observed in the 
analoguous phosphite iron(ll)comt~rex T(p,OMe)PPFe[(P(OMe),~]J (2.255{2)AJ 
[26], This is ~onsistent with a greater ~-acceptor ability of phosphite ligands com- 
p a r~  with that ot phosphine ligands [271 with a concomitant increase in n back 
bonding from h'on |o lhe axial iigand, 

2,2, ~er~ ~po~7~hyrms 

A ~a~jor dill]tully that is encounlered with phosphine complexation to the ferric 
state is the autoreduction of ferric porphyrins [14]. As an example, addition of 
PMe3 to tetraphenylporphyrin i~rric chloride FeTPPCi al room tem~ralure yielded 



G. Simonneaux / ()~ordi~aation Chemistry Reviews 165 (1997) 447-474 453 

Fig. 3. A perspective view of the Fc (TPP) ( PMc~Ph}: molecule tadapted from Ref. [ ! 0]). 

directly to FeTPPP(PMe)2 [28]. Thus the general strategy 129-31] tbr preparation 
of phosphine and phosponite derivatives is to choose meso-tetraphenylporphyrinato 
iron ( 111 ) ligated by weakly coordinating counterions ~ perchlorate or triflate} [32, 33 ], 
as intermediates which made possible product isolation {Eq. (2 }1. 

Fe( TPP)CIO4 + 21PR.~ )-~ Fe( TPP)( PR,~ )~CIO~ t2} 

Fc{TPP)( I ~,~ MeimL, CIO4 + (PR~}o~,,Fe{TPP)( I ~-,~ Mclm){ PR ~)C!O4 13) 

(ompiexe~, with natural porphyrins can be prepare in the same way using deuteroo 
porphyrins as the macrocyclic ligand [29]. lit should be noted that a seeond diMculty 
that is encountered in preparing ferric derivatives with phosphonites, which are less 
basic ligand than phosphines, is the necessity of adding a large excess of the iigand 
to assure complete complexation [ 31 ]. Using perchlorate or trifluoromethyl sulfonate 
as an intermediate allows also to solve the autoreduction problem. Mixedoligation 
complexes can be prepared with ferric tetraphenylporphyrins by addition of PMe~ 
eo Fe(TPP)( Py)zCIO4 or to Fe(TPP)( l-Melm)zCIO4 (Eq. {3)) [291 and, with dimer- 
captide hemin derivatives, by addition of an excess of diethylphenylphosphine at 
low temperature [34,35]. 

The Fe{TPP)(PR3)2CIO4 complexes exhibited hyperspectra with two Soret bands, 
one in tile 440 nm region and the second in the near-ultraviolet region 1360 nm}. It 
is interesting to note that two phosphines are necessary lbr the hyperporphyrin 

an~ one nitrogenous base spectrum since mixed ligated species with one phosphine' 1 
exhibited normal spectra. Hyperporphyrin spectra for bis-mercaptide and mercaptide 
phosphine heroin complexes are two other exceptions [34,35]. 

Progressive addition of PMe3 to Fe(TPP)OCIO3 has been followed by UV- 



4 ~  G. S'~onneau:~ / Coordination Chemistry Reviews 165 (1997) 447--474 

visible and 1H NMR [28]. A mono phosphine intermediate formulated as 
(Fe(TPP)(PMe)OCIO3) can be detected and characterized by a Soret band 
at 415 nm and signals at 6.6 (p-phenyl), 5.67 (o+m-phenyl), -18.9 (pyrrole) and 
-20 .8  ppm (PMe3) in the tH NMR spectrum. Accordingly, a low-spin-state can be 
proposed for this intermediate. As previously suggested [36], a mono addition is 
possible since the intermediate spin starting complex, as Fe(TPP)OCIO3, already 
has pa~ial spin pairing 

The room-temperature ~H NMR data of bis-phosphine/iron(IIl) porphyrins 
(PMe3, PMe2Ph) aM mix~-ligated iron porphyrins are characteristic of the low- 
spin state f~rrie porphyrin system (Eq, (3))[29]. All the phosphine complexes have 
pyrrole resonan~ betw~n - 19 and -21 ppm. These chemical shifts are typical of 
iron(Ill) tetraaryiporphyrins in a low.spin state [37=41]. As an example, the tH 
NMR spectrum of Fe(TPP)(PMe3)(I-Melm)CIO4 is shown in Fig. 4. In order to 
characterize the electronic ground state of the phosphine iron porphyrins, analysis 
of the chemical shifts was made according to empirical methods (Table 2) [40,41]. 
The data indicate that the meso.phenyl shifts are totally dipolar in origin for the 
Fe(TPP)(PMe3)( l-Melm)CIO4 complex bt, t with a small contact contribution for 
Fe(TPP)(PMe3)2CIO4 [29]. The large upfield pyrrole proton contact shifts agree 
with electron transfer from the porphyrin 3e, orbitals to the d,= and dy, orbitals of 
the metal [~,41 ]. The Curie plots are linear for all the protons of the porphyfin 
ligand, ii~dicating a simple e!~tronic ground state The isotropic shift obtained for 
PMe~ is slightly upfie!d due to a contact shift and a dipolar shift which have a 
similar magnitude but opposite sig!ps, A dra~atic change is observed with the 
Fe(TPP)~PMe~)(I~Me!m)CIO4 complex. In comparison to that in the bis(phos- 
phine) species, the PMe~ proton signal i~ at higher field (~o 10 ppm), implying th~| 
the contact shift do~inates0 The noaccep~or char:~cte~ ~ of the phosphorus ligand, due 
to the presence of empty 3d orbi~al~, h~:Js ~l ver~ large effect on the observed isotropic 
shifts of the axhl lig~nd prolons, Consequenlly PMe~ i~ low-spin ferric hemoproteins 
will ~so~ate uptt¢|d of the diamagnetic region, ir~s~,ctive of |he nature of the 

~vR 

!$ ~ $ 0 ~$ ~ ..15 ~ 

TPPF~(III)(PM~3)(I-Melra) CIO4 S = 1/2 

Fig, 4, *H NMR s ~ t r u m  of Fe(TPP){PMe)~ l-Me|m}CtO~ in CD:CI: ~ 20 'C, Assignmcn|s of variot~s 
reso~n¢¢s at~ ind~¢~t~! { S m~rks the ~:sidu~l solvent pe~ks), 
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Table 2 

Observed chemical shifts and separation of the isotropie shift into contact and dipolar contribution in 
Fe (TPP) (PMe~),CIO4 arid Fe (TPP) (PMe3) ( l-Melm)CIO,~ 

Proton Fe(TPP)(PMea)zCIO,~ Fe(TPP)(PMe3)( 1-Melm)CIO4 
type (AH/H)" ~ b (AH#H)i,o (ASlH)dip (AHtH)co, (AHIH)" (AHIH)~,o (AH/H)d~p (AH/H)~o.a 

o-H 5.00 -2 .91 --2.16 - 0 .75  5.03 -2 .75  -2 .77  0 
m-H 6,78 -0 .75  - 0 .92  +0.23 6.26 - 1.23 - 1.26 0 
p-H 6.36 - 1.17 - 0 .82  - 0 .29  6.2 - 1.23 - 1.13 0 
pyrr-H - 19.6 -27.81 -4 .08  -23 .73  - 19.45 -27 .34  -5 .24  -22 .10  
PMea -5 .00  - 2 .39  + 10.93 - 13.32 - 12.95 - 10.08 14.05 -24 .10  
Me(ira) 15.03 13.43 6.12 7.31 
CH(Im)  12.18 

-4 .99  
- 15.72 

Chemical shift in ppm at 20 °C with Me4Si as internal reference (CDzCI2). 
b isotropic shift with diamagnetic Fe(TPP)(PMeah complex as Ref. [10]. 

lsotropic shift with diamagnetic FelTPP)(PMea)( l -Melm) complex as Ref. [10]. 

protein and thus, could serve as a probe of the active site (see below). The 31p 
chemical shift of Fe(TPP)(PMe3)2CIO4 has been also reported (36 ppm) [11]. 

The EPR g values reported for Fe(TPP)(PM%)zCIO4 are g=2.687, 2.088 and 
1.680 at 140 K [29]. These g values arc familiar for low-spin ferric porphyrins 
[34,35,42-46]. However, at 8 K the only EPR signal present is a large g,~a~ signal 
at g ~  3.5 [41]. This signal is consistent with near degeneracy of the dx.~ and dy~ 
orbitals as expected !br low-spin tbrric complexes with axial ligands that have 
eflL~ctive cylindr'ca!" l symmetry [ 41 ]. 

!! should be noted that the IH NMR and EPR studies of low-basicily phosphonite 
derivatives, Fe(TPP)[P(ORhPh]zC!O4 (R~Me,  El), which stabilize the unusual 
el~tronie ground state (d~,d~,~) 4 (d~00 ~, have also been reported [31]. in this particuo 
lar ease, a large n-spin deloealization to the ~ ~'-  " me~ o posmon and an anti-Curie behavior 
of the pyrrole protons is observed. A similar situation was also observed with the 
low-spin complex as Fe(TPP)(4-CNPy)2CIO4 [47a] and Fe(TPP)(t-BuNChCIO4 
[47b]. 

l ae crystal and molecular structures of one complex: [TPPFe(PMe2Phh] 0 0 4  
[48], has been determined by X-ray crystallography (Fig. 5). The p orphyrinato core 
is essentially planar and the Fe-N distances average to 1.999(6) A ,as expected for 
low-spin iron{ 111 ) porphyrins [16]. The axial trimethylphosphine ligands have their 
methyl groups in staggered conformation. The Fe=P distance is 2.350(1)A. This 
distance is longer than that observed in the analogous phosphine iron(ll)complex 
(2.284( 1 ) A). The crystal and molecular structures of Fe(TPP)[(POR)zPh]zCIO4 are 
completely different and show that the porphyrin ring is strongly ruined, in agreement 
with the unusual (d~.,dy~) 4 (dsr) ~ electronic state [49]. This is consistent with a 
greater n-aceeptor ability of phosphonite ligands compared with that of phosphine 
ligands [27] with a concomitant increase in n back bonding from iron to the 
axial ligand. 
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o.-< 

TPPFe(III)(PMe2Ph)2 CIO4 

Fig, 5. A !~rs!~ctive view of the Fc{TPP){ PMe2Ph):CIO4 molecule {adapled fronl Rel: [48]}. 

3. Phc~,phine binding as a structura! pro~ of hemoprotein active site 

In 1951 Wilkinson first reported complexation of trifluorophosphine with reduced 
hemoglobin [7]. No more was heard tbr over twenty years until Mansuy el al. 
provided ¢o|lc!usive evidence in !974 that organic phosphines are higMy potent 
ligatlds ior cytochrome Po450 of rat liver m|cros~;~ "" 3mes~, [50]. Since' lhen, a number of 
pal~r~ relaling to the complexalion of alky! ~md .,tryl phosphines |o hemopro|eins 
have ap~a~.0ed including myogMbins ( i:i_g0 6 ) [ 18,22,51 56], hemoglobins [ 18,22,52 .... 
56], bacterial and microso|lial cytochromes P~450 150, 51, 57 : 6{}], and peroxidases 
[5 I, 58,61 ], I~r cia~ity, we will review separately in this section each main hemoproto 
ein group i~om the structural ~ in t  of view. Unlbrtunately, no Xoray structure of a 
phosphine ligated hemoprotein has been reported. 

3.1, Myoglohin and hemogh~hi~ 

Addition of PM% !o reduced horse heart myoglobin 162] immediately gave a 
phosphine myoglobin complex characterized by its electronic spectrum (), =436, 534 
and 568 nm) (Fig. 7) [22]. This formation does nol imply any protein denalura|ion, 
sin~ CO bubbling to the solution of Mb PMe~ ibr 2 mn gave carbon monoxide 
complexation 1o myoglobin [22] which produced a s/~'trum typical of Mb CO [I ]. 
Similar resull:s have also ~en  obtained with s~ma whale myoglobin and hemoglo- 
bins from ~t variety of sources [22,52] (Fig. 8). 

Mb + PMe~ ~ M bPMe:~ ( 4 ) 

The binding of phosphines |o ferrous myoglobin is characterized by high zfffinity. 
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The equilibrium dissociation constants are !.2 laM Ibr horse heart myoglobin and 
I.I ~tM for sperm whale myoglobin (Eq. (4))[56]. !t may be noticed that the affinity 
of myoglobin for CO is much higher (40-fold) than Ibi PMe~ but that the allinity 
Ibr oxygen and trimethylphosphine is quite similar [63]. Association and dissociation 
rate constants were also measured tbr trimethylphosphine binding to myoglobins 
[56] and it was concluded that the high affinity is mainly due to very low kinetic 
dissociation constants (ken,= 7.7 raM) related to the strong phosphorus-4ron bond. 
In contrast, only small association constants were observed for ligand binding to 
myoglobins, as expected ibr lhe migration and ligation of a bulky ligand into the 
distal pocket. 

The ~H NMR study of PMe3 bound to iron(Ill) is very characteristic since it 
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Fig, 8, Synthetic ~hcm¢ for the complcxalion of trimethylphosphin¢ to myoglobin, 
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exhibits a resonance at high field ( -3 .5  ppm) (Fig. 9) [53,54] which was assigned 
to the axial ligand by using P(CD3)3 instead of PMe3 [29]. Thus the ligand appears 
well away from the bulk of the diamagnetic protein resonances due to the shielding 
effect of the ring current shift of the porphyrin. The comparison of the chemical 
shift of PMe3 bound to myoglobin with those of ferrous porphyrin models suggests 
a low-spin ferrous state (see above) and shows that the ligand is very sensitive to 
the protein environment of the heme. This chemical shift sensitivity is confirmed by 
the tH NMR study ofhuman adult hemoglobin where two resonances corresponding 

lO.O 0.9 6.0 4.0 2.0 0.0 ~2.0 ~a.~ 
PPH 

Pho 43 

His 64] ~w 43 o. 

9.S O.~ 8.B 0.0 ~.S ;P,B 6.5 G.m 5,5 
PPH 

Fig, 9. (a} ~H N MR sl~c|rum of" trimethylphosphine myog|obin (pH 5,6, 25 C ) .  { b) Row from NOESY 
arom,mc protons around the PMe~ prolons st~ctrum of MbPMe~, showing NOE connectivities involving' ' " 

(adapted from Ret: [541). 
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to PMe3 bound to the heme of ~ and 13 chains are observed [18]. The use of this 
ligand as a st~ctural probe is also demonstrated by perturbations in the heme 
pocket induced by a thiol reagent which have been detected in ~H spectra [52]. The 
3~p NMR technique is quite complementary since separated signals can also be 
observed for PMea bound to the ~ and ~ chains of hemoglobins [ 18]. 

Two-dimensional nuclear magnetic resonance techniques were used to assign 
resonances corresponding to heme ~ k e t  and several other residues of horse heart 
and sperm whale myoglobins ligated by trimethyl phosphine [54,56]. Two-dimen- 
sional nuclear Overhauser effect s~troscopy [NOESY] [64] has been recognized 
as a very powerful method for investigating the conformation of biological macro- 
molecules in solution [65]. However, in unfavorable cases, this technique is of 
somewhat limited ~ope because of the difficulty of obtaining reliable assignments 
of the NMR resonances in the crowded area in such a large protein, The highfield 
shifts of PMe3 proton resonances (-3.4 ppm) removed this difficulty ~ a u s e  these 
resonan~s are markedly upfield and well away from the bulk of the diamagnetic 
protein resonances. The assignment procedure was based mainly on the nuclear 
Overhauser effect connectivities (from NOESY spectra) with the ligand and the 
heine substituents (Fig. 9). Some assignments were also obtained using the phase- 
sensitive and double-quantum filtered ~HJH correlated spectra (DQF-COSY) [66]. 
For quantitative measurements of Overhauser effects, application of truncated driven 
NOE techniques [67] ~ t w ~ n  protons of distal residues and the methyl groups from 
the ligand was used to determine internuclear distances. These results have permitted 
the mapping of the heine ~ke~s  and investigating the conformational dii1~rences 
in the heine l~kets  ~tween horse heart and sperm whale myoglobins. The interpro- 
tein distances betw~n distal amino acid residues and PMes were tbund to be longer 

_ . I lus result io horse heart myoglobio relative to tl~ose in sl~rm whale myog!obin °~ *" 
suggests that the size of the heine pocket is !arg~r in horse heart myog!obin [56]. 

3,1~2, b~( lll) 
Phosphines are more versatile tha~ CO in that they may serve as ligands to both 

the ferric and the ferrous iron of hemoproteins. Addition of PMe~ to horse heart 
metmyoglobin immediately gave a phosphine myoglobin complex characterized by 
its electronic spectrum (,~, ~ 370, 424 and 536 rim) [ 53 ]. Complexations of his( hydrox- 
ymethyl)methylphosphine and dimethylphenylphosphine to metmyoglobin have also 
~ n  ~ported [51 ]. 

As in the feffous state, the ~H NMR study of PMes bound to metmyoglobin is 
very characteristic since it exhibits a resonance at very high field (o- 12 ppm). Thus 
the ligand appea~ well away from the bulk of the diamagnetic protein resonances 
due to the paramagnetic eff~t, The comparison of the chemical shifts of heine 
methyl resonances with those of the metcyano complex of s~rm whale [68] and 
horse heart [69] myoglobins su~¢sts a low-spin t~rric state, The chemical shift 
sensitivity, observed in the |~rrous state, is maintained in the ferric state since in 
the ~H NMR s!~trum of human adult methemogiobin, two resonances correspond- 
ing to PM% bound to the heine of ~ and [~ chains a~  observed [53]. ~H NMR 
~turation transfer spectroscopy [67] and the nuclear Overhauser effect have been 
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m~lized to assign several heme methyl and heme 2-vinyl group resonances [55]. A 
qualitative interpretation involving the heine methyl shift pattern in MetMbCN 
[70], metMbN3, imidazole metMb [71] and trimethylphosphine metMb [55] shows 
a reverse methyl shrift between pyrrole I and pyrrole IV. The different hyperfine shift 
pattern for the latter may originate from a possible reorientation of the proximal 
histidine plane or of the heme itself, different heme peripheral contact at the pyrrole 
I and IV, or a small contribution from high-spin character as was previously 
suggested for the other ligands [72-75]. The 2-vinyl group is formed in the cis 
configuration [55]. 

3.2. C.t,to&rome P-450 and &loroperoxidase 

Phosphines bind to both ferric and ferrous P-450 [50,51,57-60] as well as to ferric 
heme-thiolate model complexes [34,35] producing hyperporphyrin spectra. Such a 
unique Soret band (>450 nm) has been shown to be characteristic of the presence 
of an axial endogeneous thiolate to the heme iron in both the ferric and ferrous 
state of the protein. Thus, phosphine binding is a structural probe of the active site 
since a similar feature is absent after phosphine ligation to myoglobin. This was 
first suggested by Mansuy et al. [50] and latter confirmed by Dawson et al. on 
cytochrome P-450cam [57], rabbit liver microsomal cytochrome P-450LMd59] and 
chloroperoxidase [51]. Moreover, magnetic circular dichroism studies of low-spin 
ferric cytochrome P-450 ligand complexes and chloroperoxidase complexes with 
dimethylphenylphosphine trans to cysteinate demonstrate that the spectrum fits into 
the hyperporphyrin category, with two MCD bands for each ultraviolet-visible 
absorption band [571. 

The tH NMR studies of PMea bound to t~rric and ferrous P-450 are very 
chal,:Kteli~ tic since, ach speclrmn e×hibits a resonance at very high field: . . . . . . .  10 ppm 

~=, lell( us P°451} 176]. Thus the ligand appea , well for l~rric Po450 and 3 i ppm for """ ~ • , ,. rs 
away fi'om the bulk of the diamagnetic protein resonances by the paramagnet:ic 
effect. The comparison of the chemical shift of heine methyl resonances with those 
of the metcyano complex of the sperm whale [68] also suggests a low.spin ferric slate. 

Electron paramagnetic resonance investigations of exogeneous phosphine com- 
plexes of both proteins show EPR parameters that are quite comparable (P-450, 
g=  2.51, 2.28 and 1.86; chloroperoxidase: g=  2.59, 2.29 and 1.82 with his( hydroxyl- 
methyl )methyiphosphine) [51,58,61 ]. These studies provided additional support for 
endogeneous thiolate ligation to the heme iron of chloroperoxidase since the ligation 
of the cyteine thio!ate to iron of P-450 was already established at this time. 
Surprisingly cytochrome P-420LMa [59] gave almost the same spectrum with diethyl- 
phenylphosphine as cytochrome P'450LM2. Bis(phosphine) derivatives [59] or P-420 
to P-450 reconversion were suggested [77]. 

3.3. Q, tochrome c 

It is well known that the iron=sulfur bond is weak in the oxidized state of 
cytochrome c and the axial methionine is easily displaced by various ligands, such 
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as cyanide [78-81], pyridine [82] and imidazole [83]. In contrast, it has been 
recognized for some time that the thioether sulfur bond of axial methionine is very 
strong in the reduced state of the iron [78, 79,84]. In order to make possible the 
binding of trimethylphosphine to ferrocytochrome c, it was first thought that the 
methionine-80 sulfur atom must be alkylat~ in order to displace this ligand from 
the sixth coordination position in both oxidation states [85,86]. Thus the binding 
of tfimethylphosphine to the axial position of the heine iron in modified cytochrome 
c by alkylafion of methionine (cyt. c DMC) was first studied by nuclear magnetic 
resonance spectroscopy [87]. In order to make possible the binding of ligands to 
native ferrocytochrome c, it was decided later, to substitute the methionine by the 
ligand in the ferric state of the protein, and then to reduce the complex to the 
ferrous s~te [88]. Addition of trimethylphosphine to ferficytochrome c followed by 
reduction yielded a stable ferrous adduct (t~/2 > 12 h) characterized by its electronic 
s~ t rum,  2 ~424, 527 and 554 nm and its tH NMR s ~ t r u m  (Fig. 12). This latter 
is reD" similar to the spectrum obtained after addition of PMe3 to cytochrome c 
DMC [87]. 

We must comment on the stability of the ferrocytochrome c PMe3. Such a situation 
is rather unusual. In ferric cytochrome c, cyanide and imidazole displace the methio- 
nine whereas substitution of this aminoacid is not ob~rved when the iron is reduced 
[89]. The hypothesis that the iron~methionine sulfur bond is enhanced by delocaliza- 
tion of the metal t2s electron into the empty 3d orbitals of the sulfur atom in the 
ferrous state was suggested by ~hejter and colleagues to explain this stability [86]. 
The relative stability observed with the phosphine may be related to the large steric 
effect due to the presen~ of the bulky phosphine ligand [901 which prevents the 
binding of the methionine [881. 

4. ~ p h | ~  as funct|ona| p r o ~  of hemo~o|eins 

4,1. Allosteo, 

The amnity of trimethylphosphine for hemoglobin has been determined and the 
plot of the fractional ~turation versus the concentration of unbound ligand is 
~presented in Fig, 10 [18]. As expected, the equilibrium data exhibit markedly 
c~perative behavior as eviden~d by the sigmoid nature of the binding curve and 
a large Hill coefficient (n~ 2.3). Direct observation of intermediate ligation states 
of hemoglobin was possible using the ~ip NMR s ~ t r u m  of partially liganded Hb 
as a probe. This s ~ t r u m  contains resonan~ at normal chemical shift positions of 
the fully liganded species (R stateL in addition to two ~sonances at intermediate 
positions, Analysis of the ~H NMR results in the absence and in the p es~ncc of 
in~rsitol hexaphosphate, which is known to bind between the l~ chains of deoxyhemo- 
giobin and stabiiige the T statte [91 ], indicated that the intemlediate resonances 
r e p ~ n t  the PMe~ bound to ~ subunit(s). Such a conclusion was confi~ed by 
~P NMR investigations of trimethylphosphine binding to [Fe(ll),Mn(ll)] hybri~l 
hemoglobin [92]. In 1970, using X.ray structure evidence, Peru~ suggested that 
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chains have a higher affinity for the ligands where hemoglobin is in the T state [93]. 
This strong preferential binding to 0t subunit(s) with respect to the 1~ subunits in the 
T state was also supported by crystallographic studies of half oxygenated crystals 
which show a T state hemoglobin with oxygen bound to the 0t subunits but not to 
the [i subunits [94]. The accumulation of more iigation intermediates in the binding 
of phosphines to hemoglobin than in the binding of oxygen was related to a smaller 
Hill coetlicient in the former case [! 8]. 

4.2. Mechanism of electron tran,~i'er 

4.2.1. Myoglobin and cytochrome c 
Long range electron transi~r is an essential component of biological systems, and 

much current research is centered around probing what factors control the rates of 
electron transfer [95]. Few studies of redox reactions of the oxygen carriers [96,97], 
hemoglobin and myoglobin, have been undertaken in part because suitable reduced 
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and oxidized states have not been available. Even though hemoglobin and myoglobin 
are not involved in electron transfer reactions, an understanding of the mechanism 
of a self-exchange reaction involving these proteins is important to the understanding 
of the overall picture of electron transfer processes in heme proteins. Several consider- 
ations make the trimethylphosphine/myoglobin system an excellent candidate for 
such analysis. First, a large bo4~ of functional data is already available [ l ] and the 
thr~-dimensional structure of met-myoglobin has been determined [98]. Second, 
tdmethylphosphine (PMe3) may serve as a ligand to both the ferric and ferrous 
heine of myoglobins [22,53]. Third, this protein is particularly amenable to study 
via NMR techniques [99] ~ a u s e  of the presence of a well-resolved upfield-shifted 
methyl group resonance of PMea coordinated to the metal atom in both oxidation 
states in the tH NMR s ~ t r a  [52oo55]. 

A mixture of oxidized and reduced horse heart myoglobin trimethylphosphine 
undergoes electron transfer in the slow exchange regime of the NMR time scale 
[1 ~ ] .  This was evident from measurements using saturation transfer techniques, as 
previously reported for cytochrome c [101,102]. Pre-ircadiation at the frequency of 
the phosphine methyl resonance of myoglobin Fe(l l l)  PMe~, at a power level 
sumcient to abolish the resonance, ~used a decrease of the intensity of the corre- 
sponding PMe~ resonance of myoglobin Fe(II) [100]. Thus, myoglobin PMe3 can 
be cycled between its two oxidation states by virtue of el~tron exchange. Inversion 
recovery techniques [101,102] were u ~  to measure the spinAattice relaxation time 
and to calculate the self-exchange rate constant ( Fig. 11 ) [ 100]. The non-physiologi- 
cal electron transfer study in trimethylphosphine horse heart myoglobin between the 
two redox slates Fe(ll)  and Fe(l l l )  was measured as luncttc n of ionic strength, 
temperature and pfl. In 0.1M potassiuin phosphate bul1~r, at pH 6.9 and 23 *~C, 
the bimol~ular rate constant for self-exchange tbr myoglobin PM¢.~ is 
3.1 × 10SM ...... as ~. This rate constant for the protein studied here is remarkably 
similar to that previously reported tbr hone heart cytochrome c 
(S.4×10aM:=Js ~1) [101] and for cyt~hrome bs(2.6×10:~M .... ~s ~)  [i03]. 
Furthermore, the rate under the same conditions but with added KCI to 0.7M was 
3.7 × 10~M = t s === t. This inc~ase is small and it was concluded that the rate is weakly 
dependant on ionic strength over this range of salt concentration { 100]. The enthalpy 
of activation was 12.1 kcalmol .... t, and the entropy of activation was ~1. 
2 cal tool ~ ~ des ~ t. 

The 3 ~  MHz ~H NMR stg'ctrum of a mixture of reduced and oxidized PMe.~ 
complexes of cytochrome c is illustral~ in Fig. 12 [88]. Clearly, the situation is 
similar to that which was p~viously ob~rved with a mixture of trimethylphosphine 
metmyoglobin and trimethylphosphine rnyoglobin with slow chemical exchange. 
Thus, cyt~hrome c can also ~ cycled between its two oxidation states by virtue of 
electron exchange [87, 88]. The rates of sel|~exchange electron transfer in the ~rimeth- 
ylphosphine complex of cytt~hrome c have I~en measu~d by NMR over a large 
range of ionic strengthen, using the same t~hnique, i,e. inversion recovery [ 101,102]. 
The rate is 1.56 × 10'~M ..... ~s .... ~ at 23 ~C ~ 0 . 3 4  M) at pH 6.9. The ionic strength 
de~ndenc¢ of the rate constant is treated by the van L~uwen theory [104]. 
Ext~polation of the rate constant to infinite ionic strength gives a rate constant of 
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Fig. 12, ~H NMR spectra of cytochrome c PMe3 • A, tbrric state; B, partially reduced state 
( Fe( Ill )/Fe( I1 ) = 0.6). 
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3.9 x 105M-Is-~. This rate is compared with others reported for myoglobin and 
cytochrome bs. The values for these systems range over two orders of magnitude 
with myoglobin PMe3 [1~]  <<cytochrome b5 [103] <cytochrome cPMe3 [88] 
<cytochrome c [101]. At this stage, it should be noted that the reorganization 
ener~ can be calculated from the rate constant at a given ionic strength and 
temperature. This approach was recently reported by Dixon et al. [101,103,105]. 
The~ authors have obtained reorganization energies of 0.72 eV for cytochrome c 
and 1.2 eV for cytochrome b5 [103]. With the use of the Marcus formalism [95], 
the cyte, ehrome c PMe3 self-exchange rate constant can be expressed as: 

k~, =SK~. vnr.ct exp (-AG*/RT) 

where S is the steric factor, Ka is the association constant for formation of the 
precursor state from the two proteins, vn is the nuclear frequency factor, x~ is the 
probability of electron tunneling and AG* is the free energy of activation. Then 
the reorganization energy 2 can be obtained through application of the following 
relationships according to the Marcus formalism: 

aa: +() , /4) [  i + ago/ ,q 2 

A6~' ~ AG ° + w~ ~ wr 

where AG~* is the free energy of activation that is related to 2, to AG ° the free energy 
change of the reaction, and to the work of bringing the reactants (w,) or products 
(w~) to the mean separation distance in the electron transfer complex. For selt~ 
exchange reactions, A6 ~ is zero and w r, ~ .,,. Therefiwe, the energy of reorganization 
can be express as: A ~4 A(;~ and the 1"eorganiza|lon energy fi~r the sel!~exchange 
reaction is 0.78 eV for cyt c PMe:~ [88] and !.6 eV fi, r MbPMe:~ [951. 

In many hemoproteins, one edge of the heine ironporphyrin prosthetic group is 
exposed to the protein surlhce, as f i)r example cytochrome c, and thus the exposed 
henae ~ g e  has ~en  prol~3sed as the site for elat ion transfer [101,103], Actually 
this situation is implicit in most of the discussion relevant to sell~xchange electron 
transt'er, In the absence of a three~imensional structure ibr the PMe:~ ligated 
cyt~hrome c, it is not possible to rigorously define the geometry of the protein, in 
particular the mc~ification in the heine ~ k e t  due to the presence of the phosphine 
ligand, P ~ i ~ l y  how this different heine p~ket  (due to the bulky phosphine com- 
plexation) might transfer an electron cannot t~ determin~ only on the basis of 
the~ current studies. Moreover, the changes in the position of the amino acids on 
the distal side, due to the p~sen~ of the phosphine, may not be the single determin- 
ing fi~ctor of the d ~ a s e  of the rate at infinite ionic strength, l~br example, it has 
~en  ~en t ly  demonstrat~ that Phe 82 d ~ s  not contribute dirt~ctly to electron 
transfer, when the thennt~dynamic driving f~rce of the reaction is small (less than 
IIX) m¥) or ~:ero, as it is the case for ~lf~xchange reactions [106]. 

ilt is also of inte~st to determine the extent to which the coordination environmen| 
of hemoproteins is also dictated by the nature of i he heine ring (heine a,b or c) and 
to what extem this may influence the rate of self-exchange electron transfer. 
Comparison of the rates of this cytochrome c PMe~ with similar hemoproteins, as 
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myoglobin PMe3 permits definition of this factor in greater detail [88]. Under infinite 
ionic strength, the rate was 7.5 x 104M - t s- t. As myoglobin has more heme exposed 
to solvent than cytochrome c [107], the main question is: why does cytochrome c 
exchange electrons more rapidly than myoglobin since substitution of Met-80 by 
PMe3 appears to influence only weakly the rearrangement barrier to electron 
transfer? To illustrate the foregoing point, Fig. 13 shows the heme pocket of four 
hemoproteins cyt. c, cyt. c PMe3, cyt bs and Mb PMe3 together with the values of 
the reorganization energies [88,103]. Clearly, there is a decrease in energy with an 
increase in the number of covalent links between the axial ligands and the heme 
ring. The gap is between cytochromes c and bs on the one hand, and myoglobin on 
the other. This behavior is not unique to self-exchange systems and has also been 
observed for intramolecular electron transfer reactions, as exemplified by different 
hemoproteins labelled with ruthenium cemplexes [107-109]. Among these four 
hemoproteins, cyt. c PMe3 and Mb PMe3 have two identical axial ligands and the 
iron coordination sphere differs mainly by the nature of the porphyrin ring. The 
heme moiety of cytochrome c is covalently linked by two thioether bonds at the 
vinyl groups and this greatly increases the stability of the system. In contrast, this 
does not occur in myoglobin, and the presence of only one link is not enough to 
maintain the stability, corresponding to a high reorganization energy and a low 
exchange rate. The very fast rate of serf-exchange for cytochrome c55~ is also 

Mb PMQ~ 

tl ~ )  li Cll3 

Cyt c PMeJ ~k~0.78 eV 

Cyt b5 ~ ~,~l,2 eV 

- - - T -  

,, Y ' k , )  / 

~. e0.7 eV Cyt c 
Dixon (1990) 

Fig. 13. Schematic iron ¢oordintltion sphere displaying the hcmeoprolein bonds, and c~dculaaled 
reorganization energies ,~ tbr Mb PMe3, cyt bs, ¢yl c PMes and native cyt c. 
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explained as a small reorganizational energy ibr the protein [105]. In conclusion, 
these studies [88] suggest a role for the flexibility of the heme coordiaafion sphere, 
in addition to the usual f:~ctcrs [95, 110,111 ] in the medulation of biological electron 
transfer kinetics. 

4.2.2. Hemoglobin 
Despite their biological importance, there is little systematic experimental data on 

rates of bimolecular electron transfer with multiredox center hemoproteins [ 112,113]. 
Most of the studies with these particular systems have been focused on intramolecular 
[ 114~ I 16 ] or interprotein complex [ 117 ] electron transfers. 

Hemoglobins are particularly well-suited ibr detailed electron-~ransfer mechanistic 
investigation, because the~ proteins are well-char~,,.;terized, including h~gh-resoiufion 
crystal structures [118]. Furfl~em~ore, the av~i~a~ility of a convenient method for 
the preparation of mixed-metal hybrid hemoglobins [1i9] now permits a new 
approach ,~ the study of heterosubtmit imeractio~ In hemoglobin. 

An expefimen|al investigation of the mechanism of electron transfer in trimethyl- 
phosphine complexcd hemoglobin has also ~en  performed [120]. The ~H NMR 

(a) 

AB 

resoo~u~'c~ of I,-!b|~M¢~ (high iield p~rl i~ ~ff ihe ~[~eclra), As:~igame~l of lt~e methytogroup resonances: 
|;~(|tiPM¢~, Ai l !  ch~.,iasJ a,ld B i~ ~:h~ii~s) aml Fk~iI|IiPMe,, C ill d~aii'~s) and D ~ ehaias), (aj 
HbPMe~, (b) m¢IHhPM¢~, (~') mixlu~v ~" h~:m~;m l~cmogiobm HbPM¢:~ mclHbPMc,~ in lhe ralio 65/35 
ia O~O al 2,~ C ~p|:~| 6,9), 
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spectrum recorded after addition of reduced (Fig. 14(a)) and oxidized (Fig. 14(b)) 
hemoglobin trimethyiphosphine shows tbur resonances: two resonances from Fe(l l  ) 
subunits [A ([5 chains) and B (~ chains)] [18] and two resonances from Fe(llil) 
subunits [C ([3 chains) and D (~ chains)] [531 which are clearly seen in the upfield 
region (Fig. 14(c)). The u/13 ratios for the ferric and ferrous states are 1.6 and 0.74~ 
respectively, when 60% of the subunits are in the reduced state. Because the ratio 
between ~ chains and ~ chains are different from unity in both redox states, it was 
assumed that electron-exchange occurs between the different subunits. On this basis, 
the oxidaden-reduction potentials of ~t/13 chains are different, the electron affinity 
of  the [3 chains being higher than that of  the ~t chains. Such a difference in the redox 
potential has been previously reported with unligated native hemoglobin [121,122]. 
Using saturation transfer experiments with native and [F e, Mn] hybrid Hb it was 
shown that both intra- and interchain electron transfers occur [ 112]. The mechanism 
of electron transfer might be intramolecular or (and) intermolecutar. In order to 
obtain information on this point, the dependence of the inverse life-time (l/r~¢a) of 
the PMe3 resonances of both chains, as a function of the concentration of exchanging 
species, was investigated. At constant ionic strength (0.1M phosphate buffer) and 
near neutral pH, the life-time of the ferrous stale (rate of exchange process) shows 
first order decrease with the inverse of the ferrihemoglobin concentration. Theretbre, 
intramoiecular exchange has little (if any) influence on the rate of the reaction. 
Besides establishing an exchange of protein molecules between different oxidation 
states, the technique can also be used to measure the kinetics of the redox reactions 
[120]. However, because each subunit can be cycled between its two oxidation states 
by virtue of eleclron exchange with two difl~renl redox subunits, the exchange 
process is therelbre: 

i~( 111 )PMe3] +[~( tl )PM%] ~z~ [~,( 11 )I)M%] + [e~( l | l  )PMe~] 

lit( 111 )PMeo~] + [[R I1 )PMe3] ~ [fit ii )PMeo~] + [1:~( lli )PMe3] 

hi2 
[¢x{ II )PMe:~] + [[~( Ill )PMe3]~ [¢~( III )PMeo~I + [fit 11 )PMc3] 

k2~ 

where ¢~(il) and ~(111) are the ~ chains in respectively the ferrous and lhc t~rric 
state; kt~ and k~2 are respectively, the self-exchange constant tbr lhe homosubunit 
reaction and the cross-exchange constant lbr the heterosubunit reaction. 

The lifelimes of the two reduced species are described by the lbllowing equmions: 

T~,~, = ~( 11 )/kt~ .[~( | l  )].[at I l l  )] + k ~2.[~( 11 )].[[]( I l l  )1 

q,,., = [~( l :  ;/k22.[1~( 11 )].[l;~( ~ ) 1  + k2~ °li~( II )].l~( i[]~ )] 

"" " ' i .... tFI NMR spectra and tlsing {he Calculatons based on 
method determined the rate constan!s to be k~ =3200M -~s 
kzz = 2090M ..... ~ s ..... ~ (!~ chains) tbr seltZexchange transfers, 
1[a2]+[~3]) and kz~=430M ..... i s...~ ([~3]+[~2])lbr interchain transfers. Application 

(5) 

mverslon°lcco cry 
" ~ (~ chah~s) and 
k12 = I020M • I s .... 
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of the Marcus relationship to cross reactions [95] yields k~2=3830M -~ s -~ and 
k,~ = 1730M-t s-~ calculated values which are in good agreement with the NMR 
k~2 and k2~ values. Three factors (similar heme exposure, low driving force, small 
charge effect) were suggested to account for the good agreement between the 
o b ~ ~  and calculated constants indicating that all these electron transfers represent 
reactions by a single pathway with no evidence of configurationally-limited 
~havior [ 120]. 

4,3. Oxidation with P-450 

The interaction of a iipophilic ligand with cytochromc P-450 will lead to an 
inhibition of substrate monooxygenation by either competition for the hydrophobic 
site close to the sixth coordination position or by preventing oxygen binding through 
complexation with the iron atom [ 123]. Some time ago, Mansuy et al. reported that 
diethylphenylphosphine can react with reduced microsomal cytochrome P-450 [50]. 
When tested in the O-~ealkylation of 7-ethoxy-coumarin, diethylphenylphosphine 
was proved to be a potent inhibitor with a Ki-vaiue of about 2 x 10°6M in freshly 
prepared microsomes. This mainly com~titive inhibition of monooxygenase reac- 
tions by phosphines, uggested that the li~philic ligands and the substrates interact 

c~ oldmattc n position of with the same hydrophobic pocket, quite close to the sixth -3 " ' ~ '3 
eyt~hrome P-450 [501. 

The metabolism of two territory aromatic phosphines, dipheny!methylphosphine 
and 3odimethyl{~minopropy!dipheny!~,hosphine by rat liver microsomes was also 
studied ~md dlus, fi)und to be a i:unc~ion~d pro~ of cy~hrome Po450 [1241. The 
latter compound was found to ~ a mammali~m central ne~ovous system depressant 
and it thus r e p ~ n t s  one of a few examples of pharmacologically active trivalent 
phosphorous compounds [125], These compounds were incuba|~d with su~ellular 
fractions of t'a~ li~er homogenates and found to ~ enzymaticaily converted to the 
corres~nding phosphine oxides. Enzymatic activity was shown to be associated 
with the cyt~hrome P-450 mixed-function oxidases. [3-dimethylamino° 
propyl ]diphenylphosphine was metabolized to yield a mixtme of two prt~ucts; the 
cor~sponding phosphine oxide and the N,P oxide. Since the oxygen atom of the 
mono-oxide is bonded to the 13hosphorous (not nitrogen), this result indicates that 
trivalent phosphorus is more susceptible to microsomal oxidation than nitrogen [ 124] 

Although the interaction of phosphine (PH0 itself with ferric heroes has bt~n 
previously re!'~rted, in particular with cyt~hrome c and cytochrome oxidase [126]. 
this ligand canno! be considered as a structural or a functional p ro~  of hemoproteins 
and consequently this resutl will not. be reviewed herein. 

In conclusion, although phosphine iigands are generally considered as ligands tbr 
orgtmomet~dlic complexes, the study of their interactions with hemoproteins can be 
very useful for the understanding of the structure~function relationship of these 
metalloproteins, Phosphines are also mo~ versatile than carbon monoxide in lhat 
they T~ay serve as ligands to both ferric and ferrous heine iron of hemoproteins. 
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