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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.
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1. Introduction

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 bioinorganic chemistry are the oxygen cacriers such as
hemoglobins. The simplicity of the ligands (O,, CO, NO, CNR and CN 7) and the
wealth of structural data available for heme proteins have fed to a better understand-
ing of these systems. Surprisingly, 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 {or 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 monexide and phosphorus trifluoride, both ligands being considered as
strong T acceptor ligands [6], Unfortunately the stability of ligated PF, in hemoglo-
bin was very short-lived (a few minutes) due 10 probable hydrolysis of the P F
bond. Thus, it is quite recently that hinchenists and chemists have again begun to
think about the possibility of introducing phosphines into biological muterial,

In this article, we review the recemt developments of pliosphing ligation 1o iron
porphyrin models and to heme proteins, To our knowledpe, there is no reporied
review on this topic, One of the major applications of phosphine complexation has
bech in the study of iron porphyrin complexes in biological macromolecukes both
directly and in model systems. In the first two chapters, we witl confine our attention
to iron porphyrin tmodels, Then the use of phosphines as structural and functional
probes of hemoproteins will be presented.

2. Phosphines as ligands (o iron porphyrin models
2.1 Fervoporphyrins

Several routes have been used o prepare bis(phosphine) and bis(phosphite)
ferroporphyrins, all trom reduction of ferviporphyrins. Different porphyrins can be
used for these syntheses (i, 1), The reducing agent may be cither sodium dithionite
in dichloromethane/water (8], in whiene/water [9), 2ine amalgam in toluene {10]
(Fig. 2) or sodium borohydride in etrahydruturan (THF) {11]. Problems may be
encountered due to incomplete reduction. In this case the reduction with NaBH, in
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Fig. |. Structures of conimon porphyrins: mese-tetraphenyliporphyrin ( TPP), octacthylporphyrin (OEP),
pratoporphyrin IX (R = vinyl, PPIX), deateroporphyrin ¢ R - H, DP} and mesoporphyrin (R - 1, MP),

THE seems more complete. The reaction can also be carried out with a large excess
of ligamd which presumably acts as the reducing agent {12,13). Actually, avtoredue-
tion of fervic porphyrins by phosphines was previously reported in 1977 but no
radical species was detected [14). The bis(phosphine) complexes are quite stable in
the solid state but react rapidly with traces of air in solution, although no characteri-
zable complexes have been isolated [13]. However, ferryl porphyrins react with
wriphenylphosphine to give triphenylphosphine oxide and such ferryl intermediates
may be involved in the reaction with oxygen [15]. Fe(TPP)Y(PPh;), 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 veported. The new carbonyl complexes Fe(TPPY(COYPR;) and
Fe(PXIDME }(CO)(PR ;) were obtained in situ by stirring CO-saturated methylene
chloride solutions with the corresponding bis(phosphine) complexes. The reaction
is reversible and the mixed-phosphinc--carbonyl complexcs have not been isolated.
Solutions of Fe( TPP) PBu,); also react rapidly with a variety of aromatic aldehydes
at room temperature 1o yield Fe(TPP)(PBu,)CO. The aldehyde decarbonylations
involve radical pathways and become catalytic under argon in the presence of an
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Fig. 2. Synthetic scheme for the preparation of phosphine iron (¥ porphyrin complexes.

excess of aldehyde [13]. Mixed-phosphine-imiduzole complexes of ferrous tetra-
phenylporphyring have been also prepared as models of phosphine hemoglobin
derivatives (Fig, 2) [10].

Equilibrium }9,13] and kinetic {9] investigations of phosphine and phosphite
complexes of ferrous porphyrins huve been described. Using standard spectrophoto-
metric techniques, the equilibrium constant for CO binding to Fe(TPP){PBuy),
(Eq. (1)) is K=0.65 [13] and to Fe(protoporpbyrin IX)(PBu,), is K=1.7 [9] in
samilar experimental conditions (23-25 °C, toluene). For other mixed-ligated ferrous
porphyrins, the relative affinity order is PBuy > P{OBu), > Melm trans to Melm and
indicates a strong Fe-phosphorus bond with small phosphines. The weak atfinity
with triphenylphosphine is probably due to the steric interaction between the phenyl
groups of the porphyrin and the phenyl groups of the ligand.

K
Fe(TPP)(PBu,), + CO= Fe(TPP)(CO)PBu,)+PBu, (1)

All the Fe(TPP)(PR;), complexes exhibited “hyper”™ UV-visible spectra with two
Soret bands, one in the 450 am region and the second in the near-ultravielet 350 nm
region {12]. A phosphorus o porphyrin  churge-transier transition  a,,
(Oy-0y) ¢, (R*) may interact with the porphyrin &, (%), 4y, (7)-+c(n*) transitions,
This explains the optical feature, i.e. the red-shifted Soret-band. Such an interpreta-
tion has been previously proposed by Hanson et al, [17] for P450-CO and the same
authors suggested that this phenomenon can be extended to heme complexation
with other good electron donating ligands.
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The "H NMR spectrum of the PMe; ligand in Fe(TPP)(PMe,), shows a signal
at high field (-2.3 ppm). The high field shift is due to the shielding effect of the
porphyrin ring current [10]. A similar upficld spectral feature is observed with the
mixed species Fe( TPP){PMe,)L (L =pyridine or N-methylimidazole) (Table 1). 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 'H 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), [19] and are expected for diamagnetic iron(Il) porphyrin deriva-
tives [20,21].

3P NMR shifts have also been reported for Fe(TPP)(PR;), {10,22] and
Fe(TPP)(PR;)(base) complexes (base: imidazole, pyridine, benzyl methyl sulfide,
cyanopyridine...) {10,11,23] (Table 1). The *P NMR spectra of complexes
Fe(TPP)(PR,), 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 3'P chemical shifts are sensitive to the electron density
on the metal and consequently to the nature of both the porphyrin and the trans
axial ligand. For example, a chemical shift difference of 3.5 ppm is seen in the
deprotonation of the imidazole complex Fe(TPP){PMe;)(Him) [10]. The strong
trany effect can be related to the sensitivity of the PMe, ligand to the electronic
variation around the iron atom. Of particular relevance to this study on hemoprotenas
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
stucies because traces of paramiagnetic porphyrins will also medify the chemical

Table )
H and MP NMR data for Fe{ TPPMPR L complexes®

Porphyrin PR,
Complex pyr orthy meta und para tHY Mpe T(C)
Fe(TPP)(PMe,), 821 791 7.53 -261 35 25
Fe(TPPY PMe,Ph); 8.19 7.82 1.55 —~2.454 14.5 25
Fe{ TPPY(PMe,) (Melm) 7.89 7.78 149 ~ 287 25.5 = 44}
Fe(TPP)(PMe,(Py) 8.40 41 7.26 ~29) 25.7 =40
Fe(TPP)(PMe;)(Im) - : | 23.7 4o
Fe{TPPHPMe ) (Im™) - - . 20,2 -~ 4

* 0:05M in deaerated CD,CY, containing an excess ol phosphine L.
b in ppm; Me,Si reference.

¢ In ppm; H,PO, (85%) reference.

4 Ph: 0, 4.26 (d): m, 6.43 (1); p, 6.75 (m).

* Melnt: data were not determined.

T Py: 0, 249 (d); m, 543 (1); p, 6.14 (1).

¥ Solvent: DMF.
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shift [11]. The use of 5’Fe decoupling of the 3!P signals of PMe;-coordinated 5"Fe
enriched porpkyrin complexes has been recently reported in order to determine the
chemical shifts of 'Fe {11,23]. The method utilizes the sensttive 3'P nucleus as the
detected signal. The scalar coupling of °"Fe to the *'P nucleus of PMe;, which
resulted in the observed doublet, is then decoupled to detect the frequency necessary
to collapse the Fe-P doublet in the 3'P NMR spectrum, using a double resonance
technique. This method is very useful since the *’Fe NMR signals are very difficult
to detect due to very large chemical shift range and very low sensitivity of the
"Fe nucleus,

A comparative Mdssbauer investigation of low-spin iron(Il) 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 PR; by P(OR);, the porphyrin
appears to be able to modify the ¢ and n bonding characteristics 1o follow the
requirements of the axial ligands. The results supported the existence of an electron
sink ecffect capability of the macrocyclic ligand to explain a larger quadrupole
splitting for phosphine derivatives than for phosphite derivatives. A relationship
between these *"Fe NMR chemical shifts and the Mdssbauer 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
Mdossbauer NMR correlation to detect the *’Fe NMR signals in these systems.

Resonance Raman spectra are reported for phosphine and phosphite derivatives
of iron mesoporphyrin IX [8]. n-acid ligands such as phosphites or aromatic phos-
phines shift porphyrin bands I, 1l and V 1o higher frequencies as do CO and O,
but with & ~matler influence. A correlation between the increased m-acidity of the
ligand and the increased pasition of these bands has Deen found and related to a
decrease in & clectron back-donation from iron d,, and d,, orbitals 1o the a*
antibonding porphyrin orbitals |8].

The crystal wnd molecular structures of seveal derivatives: | TPPEe(PMe,Ph),y|
(Fig. 3} {19},  TPPFe(P(n-Bu)),) {13} {p-OCH ) TPPFAPMe, (1]
[OEPFe(PMe,),] {11] have been deiormined by Xeray crystallography (TPP is
tetraphenylporphyrin and OEP is cctacthylporphyrin). The porphyrinato core is
essentially planar and the Fe-N distances average from 1.990(6) to 1.999(6) A us
expected for low-spin iron (1) porph vins {15]. The axial trimethylphosphine ligands
have their methyl groups in staggere.” conformation. he Fe- P distances range from
2.278(6) o 2.346(1) A, These distances ae longer than those observed in the
analoguous phosphite iron(11) comylex T(p-OMIPPE[(P(OMe),),] (2.255(2) A)
126). This is consistent with a greater z-acceptor ability of phosphite ligands com-
pared with that of phosphine ligands [27] with & concomitant increuse in n back
bonding front iron to the axial ligand.

¥

S Ferviporphyvring

A vggor difficulty that is encountered with phosphine complexation to the ferric
state ts the autoredugction of ferric porphyrins [14). As an example. addition of
PMe; to tetraphenylporphyrin ferric chloride FeTPPCH at room temperature yiclded
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Fig. 3. A peespective view of the Fet TPRYPMe,Ph), mofecule tadapted from Ref. [10]).

directly to FeTPPP(PMe), [28]. Thus the general strategy [29-31] for preparation
of phosphine and phosponite derivatives is 1o choose meso-tetraphenylporphyrinato
won( H1) ligated by weakly coordinating counterions ( perchlorate or triflate) {32, 33],
as intermediates which made possible product isolation ( Eq. (2)).

Fe(TPPICIO, + 2(PR ) Fe(TPPYPR ),Cl0O, (2)
FeCTPRM T Melm), Y0, 4 (PR ) - Fe(TPPY(T - Melm)} (PR )10, {3

Complexes with natural porphyrins can be prepate in the sume way using deutero-
porphyrins as the macrocyelic ligand {29]. It should be noted that & seeond difliculty
that is encountered in preparing ferric derivatives with phosphonites, which are fess
basic ligand than phosphines, is the necessity of adding a large excess of the iigand
1o assurc complete complexation [3t]. Using perchlorate or triffluoromethy! sulfonate
as an intermediate allows also to solve the autoreduction problem. Mixed-ligation
complexes can be prepared with ferric tetraphenylporphyrins by addition of PMe,
to Fe(TPPY(Py),ClO, or to Fe(TPP)(1-Melm),Ci0; (Eq. (3)) [29] and, with dimer-
zaptide hemin derivatives, by addition of an excess of diethylphenylphosphine al
low temperature [34,35}).

The Fe(TPP)(PR;),ClO, complexes exhibited hyperspectrit with two Soret bands,
one in the 440 nm region and the second in the near-ultraviolet region (360 nin). 1
is interesting 1o note that two phosphines are necessary for the hyperporphyrin
spectrum since mixed ligated species with one phosphine and onc nitrogenous base
exhibited normal spectra. Hyperporphyrin spectra for bis-tnercaptide and mercaptide
phosphine hemin complexes are two other exceptions [34,35].

Progressive addition of PMe; to Fe(TPPYOCIO; has been followed by UV-
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visible and 'H NMR [28]. A mono phosphine intermediate formulated as
(Fe(TPP)(PMe)OCIO,) can be detected and characterized by a Soret band
at 415 nm and signals at 6.6 { p-phenyl), 5.67 (¢ +m-phenyl), —18.9 (pyrrole) and
—20.8 ppm (PMe,) in the '"H 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)OCIO,, already
has partial spin pairing.

The room-temperaturc 'H NMR data of bis-phosphine/iron(1II) porphyrins
(PMc,, PMe,Ph) and mixed-ligated iron porphyrins are characteristic of the low-
spin state {rric porphyrin system (Eq. (3)) [29]. All the phosphine complexes have
pyrrole resonances between ~ 19 and —21 ppm. These chemical shifts are typical of
iron(111) tetraarylporphyrins in a low-spin state {37-41]. As an cxample, the 'H
NMR spectrum of Fe(TPP)(PMe,)(1-Melm)ClO, 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 empiricat methods (Table 2) [40,41].
The data indicate that the meso-phenyl shifts are totally dipolar in origin for the
Fe('TPP)(PMey)( 1-Melm)ClO, complex bt with a small contact contribution for
Fe(TPP)(PMe;),ClO, [29]. The large upficld pyrrole proton contact shifts agree
with electron transfer from the porphyrin 3¢, orbitals to the d,. and d,, orbitals of
the metal (40,41]. The Curie plots are iinear for all the protons of the porphyrin
ligand, indicating u simple clectronic ground state The isotropic shift obtained for
PMe, is slightly upficld due to a contact shift and a dipolar shift which have a
similar magnitude but opposite signs, A dramatic change is observed with the
Fe(TPPHPMe,)(1-Mcelm)CIO, complex. In comparison to that in the bis(phos-

the contact shift dominates, The n=aeceptor character of the phosphorus ligand, due
to the presence of empty 3d orbitals, has a very targe effect on the observed isotropic
shifts of the axind figand protons. Consequently PMe; in tow-spin ferric hemoproteins
will resomate uptield of the diamagnetic region, irrespective of the nature of the

PR

mL-lW t‘-— ——

v 4

Ll

» s w5 0 S w0 a5 -m
TPPPe(II(PMe3)(1-Melm) ClO4 § = 112

B 4 TH NMR spectrum of Feg TPRHPMe){ 1-Medm)ClO, in C1,C at 20 C. Assignments of vanous
resonances ace indicated (8 marks the residual solvent peaks).
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Table 2

Observed chemicul shifts and separation of the isotropic shift into contact and dipolar contribution in
Fe(TPP)(PMe,),ClO, and Fe(TPP)(PMe,)( i-MeImCIO,

Proton  Fe(TPP)}(PMe,),CIO, Fe(TPP)(PMe;,)(1-Melm)CIO,
type (AH/HY (AH/H), (AH/H)g, (AH[H).n (AH/HY (AH/HY, (AH/H)g, (AH/H)
o-H 5.00 —291 =216 075 5.03 —2.75 -217 0
mH 678 —075  -092  +0.23 6.26 —123 -126 0
pH 6.36 ~117 -082  -0.29 6.2 -123 -L13 0
py-H  —196  —2781 —408  —2373  —1945 —2734 —524 —-22.10
PMe; —500 -—239  +1093 —1332  —1295 -1008  14.05 —24.10
Me(Im) 1503 1343 6.12 7.31
CH(lm) 1218

—4.99

—15.72

* Chemical shift in ppm at 20 °C with Me,Si as internal reference (CD,Cl,).
® Isotropic shift with diamagnetic Fe{ TPP)(PMe,), complex as Ref. [10].
¢ Isotropic shift with diamagnetic Fe¢ TPPYPMe; ) 1-Melm) complex as Ret. j16].

protein and thus, ceuld serve as & probe of the active site (see below), The *'P
chemical shilt of Fe(TPP)(PMe;),ClO, has been also reported (36 ppm) [11].

The EPR g values reported for Fe(TPP)(PMe,),ClO, are g=2.687, 2.088 and
1.680 at 140K [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,... signal
at g=3.5 [41]. This signal is consistent with near degeneracy of the d,. and d,,
orbitals us expected for low-spin ferric complexes with axial ligands that have
effective eylindrical symmetry [41].

It should be noted that the 'H NMR and EPR studies of low-basicity phosphonite
derivatives, Fe('TPP)P(OR),Ph),CIO, (R < Me, L. which stabilize the unusual
electronic ground state (d,;.d,.)* (d,,), have also been reported [31], In this particu-
lar case, a large r-spin delocalization to the meso-position and an anti-Curie behavior
of the pyrrole protons is observed. A similur situation was also observed with the
low-spin complex as Fe(TPP)(4-CNPy),ClO,4 [47a] and Fe(TPP)(+-BuNC ),Cl0O;
[47b).

Tae crystal and molecular structures of one complex: [TPPFe(PMe,Ph),] ClO,
{48], has been determined by X-ray crystallography ( Fig. 5). The porphyrinato 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(1I) complex
(2.284(1) A). The crystal and molecular structures of Fe( TPP)(POR),Ph},ClO, arc
completely different and show that the porphyrin ring is strongly ruffled, in agreement
with the unusual (d,.d,.)? (d,,)! clectronic state [49]. This is consistent with a
greater m-acceplor 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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S

TPPFe(III)(PMe2Ph)2 ClO4

Fig. 3. A persprective view of the Fe( TPPYHPMe,Phy,C10, mndecule Crdapted from Rel” [48)).

3. Phosphine binding as a structural probe of hemoprotein active site

In 1951 Wilkinson first reported complexation of triffuorophosphine with reduced
hemoglobin {7]. No more was heard for over twenty years until Mansuy ¢t al,
provided conglusive evidence in 1974 that organic phosphines are highly potent
ligands for eytochrome P-450 of rat liver microsomes [ 50]. Since then, a number of
pupers relating to the complexation of alkyl and aryl phosphines o hemoproteins
have appeared meluding myaglobins (Fig, 6)[18,22,51 56]. homoglobins [ 18,232,582
501, bacterial and microsomal cytochromes 1-450 [50,51,57 60}, and perosidases
{31, 58,61), For clarity, we will review separately in this section each main hemoprot-
eint group from the steuctural point of view. Unfortunately, no X-ray structure of a
phosphine ligated hemoprowein has been reported.

3.1 Myoglobin and hemoglobin

301 Fecll)

Addition of PMe, 10 reduced horse heart myoglobin [62] immediately gave a
phosphine myoglobin complex characterized by its clectronic speetrum (4 =436, 534
and 568 nm) (Fig. 7) {22]. This formation does not imply any protein denaturation,
sifice €O bubbling to the solution of Mb PMe, for 2 mn gave carbon monoxide
complexation to myoglobin {22] which produced a spectrum typical of Mb CO [1).
Simitar results have adso been obtained with sperm whatke myoglobin and hemoglo-
binx from a varicty of sources {22,352 { Fig. 8).

Mb 4 PMe, 2 MbPMe, (4)

The binding ol phosphines to ferrous myoglobin is characterized by high affinity.
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The equilibrium dissociation constants are 1.2 uM for horse heart myoglobin and
[.1 pM for sperm whale myoglobin ( Eg. (4)) [56]. 1t may be noticed that the aflinity
of myoglobin for CO is much higher (40-fold) than for PMe, but that the affinity
for oxygen and trimethylphosphine is quite simikar [63]. Associntion and dissociation
rale constants were also measured for trimethylphosphine binding to myoglobins
[36] and it was concluded that the high allinity is mainly due to very fow kinetic
dissociation constants (&= 7.7 mM) related to the strong phosphorus-iron bond.
In contrast, only small association constants were observed for ligand binding to
myoglobins, as expected for the migration and ligation of a bulky ligand into the
distal pocket,

The "I NMR study of PMec; bound to iron(11} is very characteristic since it
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X3

Wavelength (nm)

Fig. 7. Spectraphotometric titration of ferrous myoglobin with timethylphosphine in 0.1M potassium
phosphate, pH 7,15 and at 25 °C’

(net Mb) Fe il 3wl phe, (mot Mb-PMey)
K., Fe (CN $.0,%" 0 5.0,%"
gFe(ti) %29% 2 2Y%,

Mo

Mb Fo'l B rell pre, (b Ploy)
A
\ 3;)}///
" Piey, by
NbCO :

Fig. 3. Syuthetic scheme lor the complexation of trimethylphosphine to myvoglobin.
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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(CDy), instead of PMe, [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 PMe, 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 "H NMR study of human adult hemoglobin where two resonances corresponding

A
| I ' I ' T ) ¥ T g 1
19.8 a.0 6.0 4.9 X0 B.a -2.0 wld . B
PPy
he 43
His b4 -
Phe 43
B
His 64 Fhe 46
nes0s
¢ Phe 46
ovf § Ze vinyl | The 33 Pho 33
o] \W/\NMM
e S Il e et e 1 B e el e e e At B 2 St et e b e e ittt ety S A ARAARAN IR AL
. 9.0 . .9 7.5 7.8 6.5 5.2 5.5
9.5 8.9 9 2.8

Fig. 9. (1) ‘1§ NMR spectrum of trimethylphosphine myoglobin (pH 5.6, 25 'C). (b} Row from NOESY
spectrum of MbPMe,, showing NOE connectivities involving aromatic protons around the PMe, protons
(adapted from Ref. {54]).
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to PMe, bound to the heme of o and B chains are observed {18]. The use of this
ligand as a structural probe is also demonstrated by perturbations in the heme
pocket induced by a thiol reagent which have been detected in 'H spectra {52]. The
3P NMR technique is quite complementary since separated signals can also be
observed for PMe; bound to the o and f§ chains of hemoglobins [18].
Two-dimensional nuclear magnetic resonance techniques were used to assign
resonances corresponding to heme pocket and several other residues of horse heart
and sperm whale myoglobins ligated by trimethyl phosphine [54,56]. Two-dimen-
sional nuclear Overhauser effect spectroscopy [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 scope because of the difficulty of obtaining reliable assignments
of the NMR resonances in the crowded area in such a large protein. The highficld
shifts of PMe; proton resonances (— 3.4 ppm) removed this difficulty because these
resonances are markedly upfield and well away from the buik of the diamagnetic
protein resonances. The assignment procedure was based mainly on the nuclear
Overhauser effect connectivitics (from NOESY spectra) with the ligand and the
heme substituents (Fig, 9). Some assignments were also obtained using the phase-
scnsitive and double-quantum filtered 'H--'H correlated spectra (DQF-COSY ) [66].
For quantitative measurements of Overhauser cffects, application of truncated driven
NOE techniques [67] between 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 heme pockets and investigating the conformational dilferences
in the heme pockets between horse heart and sperm whale myoglobins, The interpro-
tein distances between distal amino acid residues and PMe; were found to be longer
in horse heatt myoglobin relitive to those in sperm whale myoglobin. This result
suggests thas the size of the heme pocket is Turger in horse heart myoglohin [36).

312 Ferlll)

Phosphines are more versatile thar 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 (4 =370, 424 and 536 nm) [$3]. Complexations of his(hydrox-
ymethyl)methylphosphine and dimethylphenylphosphine to metmyoglobin have also
been reported {31,

As in the ferrous state, the 'H NMR study of PMe, bound to metmyoglobin is
very characteristic since it exhibits a resonance at very high ficld (- 12 ppm). Thus
the ligand appears well away from the bulk of the diamaguctic protein resonances
due to the paramagaetic effect. The comparison of the chemical shifts of heme
methyl resonances with those of the meteyano complex of sperm whale [68] and
horse heart [69] myoglobins suggests a low-spin ferric state. The chemical shift
sensitivity, observed in the ferrous state, is maintained in the ferric state since in
the 'H NMR spectrum of human adult methemoglobin, two resonances correspond-
ing 10 PMe, bound to the heme of @ and § chains are observed [53). 'H NMR
saturation transter spectroscopy [67] and the nuclear Overhauser effect have been
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utilized to assign several heme methyl and hemie 2-vinyl group resonances [55]. A
qualitative interpretation involving the heme methyl shift pattern in MetMbCN
[70]. metMbN,. imidazole metMb {71] and trimethy!phosphine metMb {55} shows
a reverse methyl shift between pyrrole 1 and pyrrole IV. The different hyperfine shift
pattern for the latter may originate from a possible reorientation ot 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 {72-73]. The 2-vinyl group is formed in the ¢is
configuration [55}].

3.2. Crtochrome P-450 and chloroperoxidase

Phosphines bind to both ferric and ferrous P-450 {50,51.57-601 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 endogencous 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-450, \,[ 59} and
chloroperoxidase [51]. Moreover, magnetic circular dichroism studies of low-spin
ferric cytochrome P-450 ligand complexes and chioroperoxidase complexes with
dimethylphenyiphosphine zrans to cysteinate demonstrate that the spectrum fits into
the hyperpotphyrin category, with two MCD bands for cach ultraviolet-visible
absorption band {57].

The 'H NMR studics of PMc, bound to ferric and ferrous P-450 are very
chiractenistic since cach spectrum exhibits a resonancee at very high fickd: - 10 ppm
for lerric 450 and - 3.1 ppm lor ferrous P-450 {76 ). Thus the ligand appears well
away {rom the bulk of the diamagnetic protein resonances by the paramagnetic
effect. The comparison of the chemical shift of heme methyl resonances with those
of the meteyano complex of the sperm whale | 68] also suggests a low-spin ferric state.

Electron paramagnetic resonance investigations of cxogencous 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 bis(hydroxyl-
methyl )methylphosphine) {51,58,61). These studies provided additional support for
endogeneous thiolate ligation to the heme iron of chloroperoxidase since the ligation
of the cyteine thiolate to iron of P-450 was alrcady established at this time.
Surprisingly cylochrome P-420,y, [59] gave almost the same spectrum with diethy!-
phenylphosphine as cytochrome P-450, ., . Bis(phosphinc) derivatives [59] or P-420
1o P-450 reconversion were suggested [77).

3.3 Cvtochrome ¢

It is well known that the iron-sulfur bond is weak in the oxidized state of
cytochrome ¢ and the axial methionine is casily 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 ¢, it was first thought that the
methionine-80 sulfur atom must be alkylated in order to displace this ligand from
the sixth coordination position in both oxidation states [85,86]. Thus the binding
of trimethylphosphine to the axial position of the heme iron in modified cytochrome
¢ by alkylation of methionine (cyt. ¢ DMC) was first studied by nuclear magnetic
resonance spectroscopy [871. In order to make possible the binding of ligands to
native ferrocytochrome ¢, 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 state [88]). Addition of trimethylphosphine to ferricytochrome ¢ followed by
reduction yielded a stabie ferrous adduct (¢y,,> 12 h) characterized by its electronic
spectrum, A=424, 527 and 554 nm and its 'H NMR spectrum (Fig. 12). This latter
is very similar to the spectrum obtained after addition of PMe, to cytochrome ¢
DMC {87].

We must comment on the stability of the ferrocytochrome ¢ PMe,. Such a situation
is rather unusual. In ferric cytochrome ¢, cyanide and imidazole displace the methio-
nine whereas substitution of this aminoacid is not observed when the iron is reduced
[89]. The hypothesis that the iron-methionine sulfur bond is enhanced by delocaliza-
tion of the metal t,, electron into the empty 3d orbitals of the sulfur atom in the
ferrous state was suggested by Schejier and colleagues to explain this stability [86).
The relative stability observed with the phosphine may be related to the large steric
cffect due to the presence of the bulky phosphine ligand [90] which prevents the
binding of the methionine [R8).

4. Phosphines as functional probes of hemoproteins

4.1, Allostery

The affinity of trimethylphosphine for hemoglobin has been determined and the
plot of the fractional saturation versus the concentration of unbound ligand is
represented in Fig. 10 [18]. As expected, the cquilibrium data exhibit markedtly
cooperative behavior as evidenced by the sigmoid nature of the binding curve and
u large Hill coeflicient (n2=2.3). Dircct observation of intermediate ligation states
of hemoglobin was possible using the *'P NMR spectrum of partially liganded Hb
as & probe, This spectrum contains resonances at normal chemical shift positions of
the fully liganded species (R state), in addition to two resonances at intermediate
positions. Analysis of' the 'H NMR results in the absence and in the presence of
inositol hexaphosphate, which is known 10 bind hetween the B chains of deoxyhemo-
globin and stabilize the T state {91}, indicated that the intermediate resonances
represent the PMe, bound 10 a subunitis). Such a conclusion was confirmed by
MP NMR investigations of trimethylphosphine binding to {Fe(1DMa(11)] hybrid
hemoglobin [92]. In 1970, using X-ray structure evidence, Perutz suggested that o
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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 o subunit(s) with respect to the B 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 o subunits but not to
the P subunits [94]. The accumulation of more ligation intermediates in the binding
of phosphines to hemoglobin than in the binding of oxygen was related to a smaller
Hill coeflicient in the former case [18).

4.2. Mechanism of electron transfer

4.2.1. Myoglobin and cytochrome ¢

Long range clectron transfer is an essential component of biological systems, and
much current research is centered around probing what factors control the rates of
clectron 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 bor’y of functional data is already available [1] and the
three-dimensional structure of met-myoglobin has been determined {98]. Second,
trimethylphosphine (PMe,;) may serve as a ligand to both the ferric and ferrous
heme of myoglobins [22,53]. Third, this protein is particularly amenable to study
via NMR techniques [99] because of the presence of a well-resolved upficld-shifted
methyl group resonance of PMe, coordinated to the metal atom in both oxidation
states in the 'H NMR spectra {52-55].

A mixture of oxidized and reduced horse heart myoglobin trimethylphosphine
undergoes clectron transfer in the slow exchange regime of the NMR time scale
[100]. This was cvident from measurements using saturation transfer techniques, as
previously reported for cytochrome ¢ [101,102]. Pre-irvadiation at the frequency of
tae phosphine methyl resonance of myoglobin Fe(1I1) PMe;, at a power level
sufficient to abolish the resonance, caused a decrease of the intensity of the corre-
sponding PMe, resonance of myogtobin Fe(11) {100]. Thus, myoglobin PMe, can
be cycied between its two oxidation states by virtue of electron exchange. Inversion
recovery techniques {101,102} were used to measure the spin-lattice 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 states Fe(11) and Fe(1l) was measured as function of ionic strength,
temperature and pH, In 0.IM potassivin phosphate butfer, at pH 6.9 and 23 °C,
the bimoleculr rate constant for  self-exchunge for myoglobin  PMe, s
JAX10M ' b This rate constant for the protein studied here iy remarkably
similar to that  previously  reported  for  horse  heart  oytochrome ¢
(5.4x10°M '35 [101] and for cytochrome Ay (6% 10°M ‘&) [103).
Furthermore, the rate under the same conditions but with added KCl 1o 0.7M was
3.7% 10°M ~!s L, This increase is small and it was concluded that the rate is weakly
dependunt on ionic strength over this range of salt concentration { 100]. The enthalpy
of activation was 121 kealmol !, and the cntropy of activation was -1,
2cal mol “*deg '

The 300 MHz 'H NMR spectrum of a misture of reduced and oxidized PMe,
complexes of cytochrome ¢ is itlustrated in Fig. 12 [88]. Clearly. the situation is
similar to that which was previously observed with a mixture of trimethylphosphine
metmyoglobin and trimethylphosphine myoglobin with stow chemical exchange.
Thus, cytochrome ¢ can also be cycled between its two oxidation states by virtue of
clectron exchange [87.88]. The rates of selt-exchange electron transfer in the trimeth-
ylphasphine complex of' eytochrome ¢ have been measured by NMR over a large
range of ionic strengths, using the same technigue, i.e. inversion recovery [101, 102).
The rate is 136 x 10"M "'s % at 23°C (=034 M) at pH 6.9. The ionic strength
dependence of the rate constant is treated by the van Leeuwen theory [104].
Extrapolation of the rate constant to infinite ionic strength gives a rate constant of
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3.9% 10°M ~'s~ !, 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 PMe; [100] «cytochrome b5 [103] <cytochrome ¢PMe; [88)
<cytochrome ¢ {101]. At this stage, it should be noted that the reorganization
energy 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].
These authors have obtained reorganization energies of 0.72 eV for cytochrome ¢
and 1.2 eV for cytochrome b; [103]. With the use of the Marcus formalism [95],
the cytochrome ¢ PMe, self-exchange rate constant can be expressed as:

Ket = SK, VoK, CXP (""AG:/RT)

where S is the steric factor, K, is the association constant for formation of the
precursor staie from the two proteins, v, is the nuclear frequency factor., x, is the
probability of electron tunneling and AG} is the free energy of activation. Then
the reorganization energy 4 can be obtained through application of the following
relationships according 1o the Marcus formalism:

AGT =(4/4) 1 + AG* /A)?
AGY =AG" + Wy, = W,

where AGY is the free energy of activation that is related o 4, (o AG® the {ree encrgy
change of the reaction, and to the work of bringing the reactants (w,) or products
(wy) 10 the mean separation distance in the clectron transfer complex. For self-
exchitnge reactions, AG* is zero and wy, = 1w, Therefore, the energy of reorganization
can be express as: A=4 AGY and the reorganizimon energy for the self-exchange
reaction is 0.78 eV for eyt ¢ PMe, B8] and 1.6 ¢V for MbPMe, |95].

In many hemoproteins, one edge of the heme iron porphyrin prosthetic proup is
exposed o the protein surface, as for example cytochrome ¢, and thus the exposed
heme edge has been proposed as the site for electron transfer [101,103]. Actually
this situation s implicit in most of the discussion relevant to self-exchange clectron
transter, It the absence of a three-dimensional structure for the PMe, ligated
cytochrome ¢, it is not possible to rigorously define the geometry of the protein. in
particular the modificution in the heme pocket due to the presence of the phosphine
ligand, Precisely how this different heme pocket (due to the bulky phosphine com-
plexation) might transter an electron cannot be determined only on the basis of
these current studies. Moreover, the changes in the position of the amino acids on
the distal side, due to the presence of the phosphine, may not be the single determin-
ing factor of the decrease of the rate at infinite jonic strength. For example, it has
been recently demonstrated that Phe 82 does not contribute directly to electron
transfer, when the thermodynamic driving foree of the reaction is small (less than
100 mV ) or 2¢ro, s it is the case for sell-exchange reactions [106].

[Uis also of interest to determine the extent 1o which the coordination environmem
ol hemoproteins is also dictated by the nature of the heme ring (heme a.b or ¢) and
to what extent this may influence the rate of selfexchunge olectron transfer.
Compurison of the rates of this cytochrome ¢ PMe, with similar hemoproteins, as
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myogiobin PMe, permits definition of this lactor in greater detail [88]. Under infinite
ionic strength, the rate was 7.5 x 10°M ~'s~ 1. As myoglobin has more heme exposed
to solvent than cytochrome ¢ [107]. the main question is: why does evtochrome ¢
exchange electrons more rapidly than myoglobin since substitution of Met-80 by
PMe; 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. ¢, cyt. ¢ PMe;,, cyt bs and Mb PMe; together with the values of
the reorganization energies I88,103). 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 ¢ and b; 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 labetled with ruthenium complexes [107-109}. Among these four
hemoproteins, cyt. ¢ PMe, and Mb PMe,; have two identical axial ligands and the
iron coordination sphere differs mainly by the nature of the porphyrin ring. The
heme moiety of cytochrome ¢ 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 hink is not cnough to
maintain the stability, corresponding to a high reorganization energy and a low
exchange rate. The very fast rate of sclf-cxchange for cytochrome ¢sqy is also
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Fig. 13. Schematic iron coordination sphere displaying the heme-protein bonds. and citleulated
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explained as u small reorganizational energy for the protemn [1035]. In conclusion,
these studies [88] suggest a role for the flexibility of the heme coordiation sphere,
in addition to the usual fzctors {95,110, 111] in the medulation of biological electron
transfer kinetics.

4.2.2. Hemoglobin

Despite their biological importance, there s little systematic experimental data on
rates of bimolecular clectron transfer with mnltiredox center hemoproteins f112.113].
Most of the studics with these particular systems have been focused on intramolecular
[114-116] or interprotein complex [117] clectron transfers.

Hemoglobins are particularly weil-suited for detailed electron-transter mechanistic
mvestigation, because these proteins are well-chara<terized, including bigh-resolution
crystal structures [118). Furtherinore, the avalanbity of a convenient method for
the preparation of mixed-metal hvbrid hemoglobins [119} now permits a new
approach .2 the study of heterosubunit interaction in hemoglobin,

Aai experimental investigation of the mechamsm of clectron transfer in trimethyl-
phosphine complexed hemoglobin has also been performed [120). The 'H NMR
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spectrum recorded atter addition of reduced (Fig. 14(a)) and oxidized (Fig. 14¢(b))
hemeglobin trimethylphosphine shows four resonances: two resonances from Fe(ll)
subunits JA (B chains) and B (2 chains)] [18] and two resonances from Fe(lIl)
subunits [C (B chains) and D (x chzins)] [53] which are clearly seen in the upiield
region (Fig. 14(c)). The o/P 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 x chains and § chains are different from unity in both redox states, it was
assumed that electron-exchange occurs between the different subuniis. On this basis.
the oxidaiion-reduction potentials of o/f chains are different. the electron affinity
of the B chains being higher than that of the o chains. Such a difference in the redox
potential has been previously reported with unligated native hemoglobin [121,122].
Using saturation transier experiments with native and [Fe.Mn} hybrid Hb it was
shown that both intra- and mterchain 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 (1/7,4) of
the PMe; resonances of both chains, as a function of the concentration ot exchanging
species, was investigated. At constant ionic strength (0.1M phosphate bufier) and
near neutral pH, the life-time of the ferrous state (rate of exchange process) shows
{irst order decrease with the inverse of the ferrihemoglobin concentration. Therefore,
intramolecular exchange has little (it any) influence on the rate of the reaction.
Besides establishing an exchange of protein molecules between different oxidation
states, the technigue can also be used to measure the Kinetics of the redox reactions
[ 120]. Hlowever, because cach subunit can be cycled between its two oxidaiton states
by virtue ol electron exchange with fwo diflerent vedox subunits, the exchange
process s thesefore:

ktl

[CHBPMe |+ ja(IDPMey] < [a(1HPMe )+ [2(HDPMe, ]
h 14
ks

IBCIDPMe, | +IBODPMe,] == [BODPMe] - [BOTNPMe,]
h

ks
[ 1H)PMe, ]+ [BOUDPMe; j=2 (o DPMe, j+ [P PMe;)
ka
where a(11) and «(111) are the o chains in respectively the ferrous and the ferric
state: £y, and &, are respectively, the self-exchange constant for the homosubunit
reaction and the cross-exchange constant for the heterosubuait reaction.
The lifetimes of the two reduced species are deseribed by the following equations:

T = 00 H YAy Jo DY) o U -+ A fCEDLIBCOED) (5)
Cn = B a2 BODLIBCTOL o RO T (6)

Calculations based on 'H NMR spectra and using dhe inversion-recovery
method determined the rate constants to be &y, =3200M s ' (a0 chains) and
. » . . l . l

kay==2000M 's ' (B chains) for sclf-exchange transfers, k= 1020M g

(lod]+[B°)) and kjy =430M ' ! ((o')+[B) for interchain transfers. Application
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of the Marcus relationship to cross reactions [95] yields k;,=3830M "!s™1 and
ky =1730M ~ts! calculated values which are in good agreement with the NMR
ky; and k,, values. Three factors (similar heme exposure, low driving force, small
charge effect) were suggested to account for the good agrcement between the
observed and calculated constants indicating that all these electron transfers represent
reactions by a single pathway with no evidence of configurationally-limited
behavior {120].

4.3. Oxidation with P-450

The interaction of a lipophilic ligand with cytochrome P-450 will lead to an
inhibition of substrate monooxygenation by cither competition for the hydrophobic
site ciose 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
dicthylphenylphosphine can react with reduced microsomal cytochrome P-450 [50].
When tested in the O-dealkylation of 7-ethoxy-coumarin, diethylphenylphosphine
was proved to be a potent inhibitor with a Ki-vaiue of about 2 x 107°M in freshly
prepared microsomes. This mainly competitive inhibition of monooxygenase reac-
tions by phosphines suggested that the lipophilic ligands and the substrates interact
with the same hydrophobic pocket, quite close to the sixth coordination position of
cytochrome P-450 [50].

The metabolism of two tertiary aromatic phosphines, diphenylmethylphosphine
and Ydimethylaminopropyldiphenylshosphine by mu liver microsomes was also
studied and thus, found 1o be 4 funcuonul probe of cytochrome P-450 [124). The
latter compound was found 10 be a mammalian central nervous system depressint
and it thus represents one of a few examples of pharnmcologically active trivalent
phosphorous compounds [125]. These compounds were incubuted with subeellulur
fractions of rat liver homogenates and found to be enzymatically converted to the
corresponding phosphine oxides. Enzymatic activity was shown to be associated
with the cytochrome P-450  mixed-function oxidases.  [3-dimethylamino-
propyl Jdiphenylphosphine was metabolized to yield a mixtute of two products; the
corresponding phosphine oxide and the NP oxide. Since the oxygen atom of the
monv-oxide is bonded to the phosphorous (not nitrogen), this result indicates that
trivalent phosphorus is more susceptible to microsomal oxidation than nitrogen { 124)

Although the interaction of phosphine (PH,) itselt” with ferric homes has been
previously reported. in particutar with cytochrome ¢ and cytochrome oxidase [126].
this ligand cannot be considered as a steuctural or a functional probe of hemoproteins
and consequently this result will nor be reviewed herein.

In conclusion, although phosphine ligunds are pencrally considered as ligands for
vrganometlic complexes, the study of their interactions with hemoproteins can be
very useful Tor the understanding of the structure function relationship of these
metalloproteins. Phosphines are also more versatile than caibon monoxide in that
they may serve as ligands to both forric and ferrous heme iron of hemoproteins.
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