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Heparin inhibits transport of electrons from reduced cytochromc ~ In cylw.:hromc c oxid;=,,e. 1he tilt:el i++ duc t¢, lilt ,n'cr:~ct,~ ~ 
of hcparin with cytochrome c. It has been ob~rved thal binding of hcparin to the reduced or uxidizcd ~."..t~.'hr,me ~ ch~Jr, gc~ th.: 
spectrum of cytochromc (' at the St)tel region. Atfinity chr()matotzraph~, of heparin in c.~t~,.'hr<>mc ~ inlm+~hili,'cd 1,+ thnt,+-'~cp- 
harose shows Ihat commercial heparin is cluted in Ihe h}v+-affinity and high-affir:ilv Iracuons. I~th p,Jrt~cnp~,tc =n the ~ntcr:=~i~n 
with cytochrome c. Polylysine induces decay of the cyt~chrome ~ heparin complex. 

Introduction 

Cytochrome c is a basic protein which participates 
in a transfer of electrons in the respiratory chain. It 
forms tight complexes with its biological redox partners 
through electrostatic, interactions [1-5]. It was sug- 
gested that this process optimizes the orientation be- 
tween the heine of cytochrome c and the heine ~f the 
redox partner  Moreover, binding of redox partner to 
cytochrome c induces +, rearrangement of the protcir. 
matrix near the heme [6, 7] and thereby decrea~s the 
height of the barrier for electron transport. Neverthe- 
less, despite intensive investigation, the precise mecha- 
nism of the formation of these complexes is still un- 
clear. 

it is eviden that the electron absorption spectrum 
of the cytochrome c heine is dependent on the type of 
ligand and polarity of the medium [8-iO]. Binding of 
redox partners to cytochrome c alters its optical ab- 
sorption spectrum, mainly in the Soret region [I !,12]. 
This fact enables speetrophotometrie indication of the 
formation of complexes and conformational changes 
which occur near the heme of ~tochrome c. Since 
similar changes are characteristic for the heine-con- 
taining biological redox partners of cytochrome c [12] 
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the interpretat ion of results is vcD complncatcd. |-or 
this reason, the cxtenske effort has been developed tor 
the application of I~lyanil)ns (not containing a home) 
in the studies of conformational changes of the cS- 
tochrome c. it has been ,~bser~ed that polytungsfatc~. 
alter structure of ~'tochrome c similarly to bioh" !cal 
redox partners [!?.14]+ A oisadvantage of t~)l~- 
tungstates is their Io~ stability in alkaline s ,  luti~m [13]+ 

Heparin is one o l  the stronge,;t I~dvanlon ', that 
occur,; naturally in organisms [tSI. t;nlikc the pr,;~c~n~ 
and nucleic acids, the flexibility -I hop;ran molc~ulu 
that ix induced by the t]e~ibilit~, of gl,.cosldic bond~, l,, 
ve~' high [16]. The high content ot ncgati+c char+c~ ~n 
hcparin causes an ~.-IcetroMatic repul',ion bct~.ccn the 
parts of the chain, so the chain ot the free molecule ix 
hydrophilic and unfolded [16]. Heparin creatc~ xer3 
tight complexes with basic proteins thrtmgh eluctro+ 
static interactions [151. Binding of heparin t~, liw~+ 
prt+teins induces conl~,rmatiomd rt.-arrangcq+,,.nt ,rod 

alters their activity, [15.17]. Pctcrm:n and ('o~. <+b~,,+-r,.~+'d 
an exoressive inhibition of reduction ~',1 cyt~hrom~: 
with ascorbic acid due to hcparin [1~]. i'hc~ suggcslcd 
thai formation of the t3tochrom¢ c-heparin tamlple:~ is 
related to the replacement of a ptrsiti~c charge un the 
free ~k~chrome c b.~ negative charges. Sin¢~: hcparin. 
like tm~l.vtung+,dales, does ,lot ab,a*rb light in the vi,,iblc 
region, i! can ,,+.:rvc as a uv.:tul mt~dcl ,.~slcm to ,+ 
characterization o l  complcxe,, o[  ba.~ic hemc proteins 
with i~lyanion,,. ~ e  have qud ied the lormauon ~f ~he 
complex ol t3tochmme c v, ith hcparin and his ef fco on 
the electron ab~)rpli~m ~pcctrum ~l ~.3t~,,chromc 
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M a t e r i a l s  a n d  M e t h o d s  

Cytochrome c I!1, cytochromc c Sac~hrmnyces cerc- 
z'isiae Vlll  and 2-mcrcaptocthanol were obtained from 
Sigma. Tris-HCI and polylysine were from Serva and 
heparin from Sigma and Spofa, Praguc, Czechoslo- 
vakia. No differences were obscrvcd in the effect of 
these two types of hcparin on eytochromc c. All other 
chemicals were purchased from Lachema, Brno. 
Czechoslovakia. Cytoehrome c oxidase from btwine 
heart was isolated according to the method of Yone- 
tani [19] and stored in liquid nitrogen. 

The concentratkm of cytochromc c was detcrmined 
from the extinction coefficient red-o~5,. ~ = 21 000 M 
cm *. The concentration change of heparin f,,~r affinity 
chromatography was indicated from the changes of 
clucnt absorbancc at 250-300 nm. ~'dfinity chromatog- 
raphy of hcparin was pcrformcd on thioI-Scpharosc 4B 
(Pharmacia) with linl<ed S. c~'rezisiae cytochromc 
:hrough disulfidc bonds. The length of a column was 
I(1 cm and diameter 2.5 cm. Thiol-Sepharose 4B-cyto- 
chrome c was prcparcd as described in Ref. 20 at a 
ratio of 15 mg ol cyttvchromc c pcr 2.5 g of activated 
thioI-Scpharosc 4B. 

Reduced cytochromc c as a substratc for the mca- 
suzcment of the activity of cytochrome c oxidasc was 
prepared by adding a small amount of ,sodium dithion- 
ite which was removed from the solution using a col- 
umn G-25 (Pharmacia). The activity of cytochrome c 
oxidase was determined from the dccrcase of absorp- 
tion spectrum of reduced cytochromc c in reaction 
mixture at 55(I nm. 

The effect of  heparin on the optical spectrum of 
oxidized and reduced cytochrome c was measured in I 
em cuvette, for 0.12 m M  concentrat ion of cytochrome c 
in II.l cm cuvette. The reduced cytochrome c for 
spectroscopic measurements was prcparcd by 20 min 
incubation of oxidized cytoehrome c with 3 mM 2-mer- 
captoethanol in a buffer solution at pH 7.4. For the 
measurement of the spectral changes of the oxidized 
c3'tochrome c, the cytochrome c was kept in oxidized 
state by 22 ,uM potassium ferricyaride in a buffer of 
ptt 7.4. In the reference cuvctte, t3,tochrome c was 
omitted. Potassium fcrricyanidc did nol create a com- 
plex with heparin and prevented partial reduction of 
cytochrome c caused by higher concentrations of hep- 
arin. All the spectrophotometric measurements were 
performed by spectrophotometer Shimadzu UV-3000. 

The other experimental conditions are described in 
the legends to the figmcs. 

Results and Discussion 

in Fig. 1. the effect of heparin on the rate of 
oxidation of cytochrome c (Fe -'~) by ¢3"tochrome c 
oxidase is illustrated, lleparin inhibits the rate of oxi- 
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Fig. I Inhibition ~)f cyto, chrome c oxidase activity induced by hep- 
arin. Cylochzome c' oxidase activity without heparin was 30 t am  
~.~'l(vchr(~mc c rain t at 25~C. The assay was carried in 50 m M  Hepes  
(pit  7.4) with tl.5':k Tween 80 and 0.12 /aM cytochrome c oxidase 

and 2 ta M [errocytochromc c. 

dation of cytochrome ~ and 51)% inhibition is observed 
for conccntra,.,ms of 1O units/ml.  The transport of 
electrons from cytochromc c to cytochrome c oxidase 
is realized by formation of the cytochrome c-cyto- 
chrome c oxidase complex and is inhibited by higher 
ionic strength of the medium [21]. The inhibitive effect 
of heparin, negatively charged in the neutral water 
solution, can be explained by an increase in the ionic 
strength of the medium. On the other hand, if we 
consider that each chain of heparin contains a high 
number of negative charges participating in the inter- 
action with multiply positively charged polymers, the 
effect of heparin can be different. 

The positively charged lysine amino groups on cy- 
t-chrome c participate in the formation of complexes 
between cytochrome c and its natural redox partners 
or polytungstates. The number and arrangement of  
negative groups on polytungstates effect the conforma- 
tion of the t3'tochrome c {near a heine) in the cy- 
tochrome c-polyanion, as has been observed in Refs. 
13 and 14. Fig. 2. shows that addition of heparin in 
excess of the nonionic reduction agent 2-mercapto- 
ethanol leads to the appearance of absorption maxi- 
mum in the difference spectrum of reduced cy- 
tochrome c at 417 nm. The dependence of the changes 
of the absorption maximum at 417 nm on the concen- 
tration of hcparin is illustrated in Fig. 3. The maximum 
cb:,nge is attained at 4 units of heparin/ml.  It is very 
,!idicult to deiermine the exact value of the binding 
c~mstant and binding ratio of the cytochrome c, since 
.or,mercia! heparin consists of different polymeric 
r~,iecules with various number of carboxyl and sulfate 
groups. A further complication in determination of the 
binding ratio of cytochromc c and heparin is that very 
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Fig. 2. Spectral change on binding of heparin 1o reduced cytochrome 
c. Absorption difference spectrum of reduced cylochrome c was 
measured in 50 mM Tris-HCI 2 mM mercaploethanol (pH 7.4); 
concenlzation of c3.rtoghrome c was 5.2 pM. Baseline (curve 1), 

absorption difference spectrum obtained by adding to reduced c~,- 
Iochrome c 4 units/ml heparin (curve 2). 25 units/ml heparin (curve 

3) and 25 units/ml hepatin +0.1 M KCI (curve 4). 
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Fig. -~. Effect of ~flylysine o n  the change of the absorption c(~effi- 
cient ,,T 417 r.m t,f the complex of reduced ~' tochrome c with 
heparin in 511 mltl Tris-HC'l ( p t t  7 M / 2  mM 2-mercaptoelham)l, 

cylochrom~ t concentration 7.5 .u M, heparin 4 ! m i t s / m l  

high concentrations of heparin induce a dec r ea~  in 
the absorption spectrum with a minimum at 414 nm 
(Fig. 2). 

Fig. 4 demostrates the participation of the negative 
charged groups on heparin in the formation of the 
cytochrome c-heparin complex. Addition of polylysine 
to the complex of cytochrome c with heparin induces a 
decrease in the absorption maximum at 417 nm. Half 
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FiB. 3. Effect of heparin on the change of reduced ~locblome c 
absorption coefficient at 417 nm in 50 mM Tris-HCI (pH 74)/2 mM 

2-mercaptoethanol; ¢ytoehrome c concentration 7.5 FM. 

maximum is attained at 17/xg of polylysinc/ml. The 
spectrum of cytochrome c in the presence of 5(1 /tg 
polylysine and 4 units hepar in /ml  is identical to that of 
the free cytochrome c (not shown). Electrostatic nature 
of the interaction between cytochrome c and heparin is 
shown in Fig. 2 (curve 4) as the spectral alteration of 
the cytochrome c in the presence of heparin is not 
observed if 0.1 M KCI is used. 

Spectrophotometric measurements indicate sensitiv- 
ity of cytochrome c in oxidized state to the addition of 
heparin, too. Mauk et al. [111 and Michel et al. [12] 
observed that cytochrome b~ and ~ tochrome c oxidase 
affect the height and red-shift of the Soret band of the 
difference spectrum of oxidized c3'tochromc c. Similar 
heparin-induced changes in the difference spectrum of 
cytochrome c are demonstrated in Fig. 5. Heparin at a 
concentration of 80 uni t s /ml  gave rise to two absorp- 
tion bands, at 412 nm and smaller one at 362 nm (Fig. 
5, curve 2). Conservation of the absorption band at 695 
nm (not shown) referred to the fact that spectral 
changes of cytochrome c in the Sorer region are mtt 
caused by interruption of the bond between iron in 
heme of cytochrome c and methionine-80. Higher con- 
centrations of heparin, similarly as for reduced cy- 
tochrome c, induce a decrease of the absorption spec- 
trum with a minimum at 408 n m  Fig, 6 shf~s  the 
dependence of the changes of the absorntion n ~x;n,am 
of oxidized cytochrome c at 414 nm on the con~ mra- 
tion of heparin. At lower concentration of q,'toc:.rome 
c, when the maximum absorption differen: e is achieved. 
a slow decrease after addition of higher concentrations 
of heparin has been observed. At higher conccntra- 
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Fig. 5, Spcclral chzlngc oil binding of hcparin to oxidized t ' . ' , , r l(whr'om¢ 

~. Absorption difference ',pech'm~ of  oxidized c.'.t(~hromc ~' v,a~ 
measured in 5(} mM Tfi,,-IK'l/( 2 mM pot:~r, bium ferri~,s:midc (p|l 
7.4): cyl*~chromc ¢' conccnlr~*ti*m 1211 #M. Fl:~selinc (curve IL ab- 
sorption difference speclrum oblaincd by adding to oxidized ta'- 
tochrnme c S0 units Jml hcparin (curie 2). 2lit) anits/ml hcparin 
(cur~'e 3) and 2t~) unit~,/ml hcparin÷0.5 M KCI (cur',e 4). Conccn 

tn=ti¢m of oxidized cylochrnme ~" in the lasl tv, n cases v, as ,g.2 ,aM. 

fions of cytochromc c 10,12 m,~L heparin induces a 
gradual incerase in absorbancc at 414 nm up to the 
concentration level of 80 un i t s /ml .  The molar extinc- 
tion coefficient at maximum absorpt ion difference is 
similar to that for the complex of cytochrome c-cyto- 

chrome c oxida,~e (E = 8 mM cm ~ )  [12] or cytochromc 
c-cytochrome h 5 (~ = 3 mM c m -  l) [1 I]. 

As in the case of reduced cytochrome c, the forma- 
tion of an oxidized cylochromc c-heparin complex is 

affected by ionic strength. It is clear that in 0.5 M KCI. 

formation of the complex is inhibited (Fig. 5, curve 4). 
The dependcnce of inhibition of the complex forma- 
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Fig. e,. Effect t~t hcparin ,.m the change of ~.3't~vchn~mc c absorption 
coefficient at 4t2 nm in 511 rnM Tr is- I lCI  (p i t  7.4); (L2 mM I~t~tssium 
ferricyanidc, cytoch[omc ~' conccntr~tion 0.12 mM 1,_) and 

5.2 ,aM tel. 
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Fig. 7. Effect of ionic strength on the changes of cylochrome c 
ah,;nrption coefficient induced by heparin in 511 mM Tris-HCI (pH 
7,4): cytochromc c concentration 5.2 ,aM, hcparin concentralion 2 
unils/ml at 412 nm (A) and I(l() units/ml at 408 nm (B); ©, 

p~tassium: D. Nit:SOn: II. KCI. e. potassium phosphate. 

tion on the ionic strength is illustrated in Fig. 7. There 
is no specificity in the effects of different ions. The 
effectiveness of ions increases with the number of 
negative groups in the molecule of the ion. Similarly to 
the reduced cytochrome c, polylysine eliminated hep- 
arin from ihc complex bui ices cfficit:utly (Fig. 8). 

Commercial heparin is a mixture of polysaccharides 
which differ in chain length, number and position of 
sulfate, carboxyl and of hydroxyl groups. So, it is proba- 
ble that individual fractions of heparin interacted with 
cytochrome c differently. Fig. 9 shows the affinity 
chromatography of heparin in yeast cytochrome c im- 
mobilized to thioI-Sepharose 4B. The elution of the 
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Fig N. Effect of polylysine on the change of the absorption coeffi- 
cient at 412 nm of the complex between oxidized cylnchrome c and 
hcparin in 511 mM Tris-tlCI (pit 7.41, 5(I .aM potassium terricyanid¢: 

c~hvchromc c concentration 7.5 p.M. hepafin 4 anits/mL 
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Fig. 9. Affinity chromatography of heparin in cylochrome c immt~bi 
lized to lhiol4ephamse 4B. 3 mg of heparin per 200 ~,1 of 50 mM 
Tris (pH 7.4D was applied to a column and eluted wilh 50 mM 

Tris-H('l (pH 7.4). Arrow indicales additit~n o[I M KCI. 

column with 50 mM Tris-HCl (pH 7A), whcn hcparin 
has been applied, caused a partial scparation of thc 
low-affinity fraction of  heparin binding to cytochrome 

c. Addition of 1 M KCI induces a release of the 
high-affinity fraction of  heparin. This follows from the 

fact that electrostatic interactions between eytochrome 

c and heparin are applied. 
We suppose that the observed spectral changes of 

cytochrome c in the Soret region are caused by surface 
contact of  cytochrome c with hcparin which lead to the 
rearrangement  of  the heme environment as in the case 
of biological redox partners.  Conservation of the ab- 

sorption band at 695 nm for oxidized cytochrome c- 

heparin complex indicated that alteration can be in- 

duced by a change in polarity in the microenvironment 
around the heme, as was suggested by Michel et al. [8] 

for cytochrome c and cytochrome c oxidasc complexes. 
Also. the heparin-induced spectral changes in cy- 

tochromc c at the Sorer region, when the absorption 

band at 695 nm is conserved, may be explained by the 
transfer of  the charge from protein surface to the heine 

through aromatic amino acids, 
The effect of  ions on the formation of the c~- 

tochrome c-heparin complex shows that electrostatic 

interactions are applied in this process. ] h e  elimina- 
tion of heparin from the complex wilh cy'ochromc ( by 

polylysinc suggests that Ihc groups ~hich  can partici- 

pate in the inleractkm arc positively charged amino 
groups on the c,vtochrome c. 
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