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Studies on Interactions Between Metmyoglobin and Heparin
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Abstract. The complex formation between metmyoglobin and heparin was investi-
gated by absoibance and fluoiescence spectroscopy as well as differential scanning
microcalotimetry In acidic pH region, three distinct complexes detected by ab-
sorbance measurements are formed depending on pH and time of equilibration
The kinetwcs of the conformational transition of metmyoglobin-heparin complex
equilibrated at neutral pH observed after pH change to acidic region comprises
two steps During the furst step, characterized by rapid changes of the absoiption
spectra (approximately 5 minutes) as well as fluorescence intensities reversible
transition with pX = 65+ 01 occurs and the first type of the complex forms
Below pH 6 2 the transition with pK = 5 740 115 observed and the second type of
the complex 1s formed During the second slow step, the third type of the complex
formed after 30 minutes of equilibration 1s chatac terized by a spectium correspond-
mg, to low-spi form without protemn axzal ligand bound At neutral pH and 25°C,
thc mteraction between metMb and heparin only shghtly alters absorption and
fluorescence spectra On the other hand the formation of metMb-heparin complex
15 «stablished fiom the decrease of the transition tempetature from 80 4 £ 0 5°C
to 74 7+ 0 5°C Moreover, the binding of hepaiin pievents the aggregation of the
protem at 1soelectric pont resulting in a considerable mciease 1in the reversibility
ot theimal denaturation
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Introduction

Myoglobin (Mb) 1s an ovygen-binding heme proten found in the heart and skeletal
muscle tissue The ferious form ot Mb 1s 1equued for 1eversible oxygenation to
occur However the mactive metMb form 15 generated 1 the presence of oxidants,
therefore a mechantsm for reducing metMb 1s necessary It has been shown that the
metNb reduction system requues (vt by as an clectron transfer mediator MetNb
and ¢yt bs form a 1 1 complex thiough electiostatic mteractions Computer mod-
ching 1eveals thiee positively charged 1esidues of Lys of methMhb and negatively
charged carboxvl 1esidues and heme propionate as contact pomts 1 the complex
(Livingston et al 1985) Absorption spectroscopic studies can provide wsight mto
the molecular structure of these complexes but difficulties arise when similar chno-
mophotic groups of both protems contiibute to the measured spectrta The use of
polvanions as models of natural basic 1edox partners appears ads antageous because
the polyvanions contamn no absorption bands m the visible 1egion (Chottard et al
1987, Hildebrandt 1990, Antahk et al 1994 Sedlak 1997)

Chottaid et al (1992) have observed the bmding of several polytungstates
to metMb (as an example of neutral protemn) with association constants and stoi-
chiometry comparable to those of the eyt bs-metMb complex

Heparin 1s one of the strongest polvamons that occurs naturally m orgamsms
(Jacques 1980, Fromm et al 1993) The chamn of the fiee molecule 1s hydiophilic
and unfolded due to the electiostatic 1epulsion between the negatively chaiged
groups Hepaim foims complexes with basic protemns by means of electrostatic
mteractions (Jacques 1980) Binding of hepaiin to these protemns mduces confor-
mational 1carrangement and alters then activity (Antahik et al 1992, Fromm ct
al 1995) Compaimg with polytungstates, the polvamon heparn lacks the great
disadvantage of them namely low stabihty m wide pH range

In the present work we studied the complex formation between metMb and
hepann m neutral and acidic pH 1egions The resulting structural modifications
upon heparin addition were mvestigated by optical absorption spectroscopy, fluo-
rescence, and differential scanning microcalorimetry

Materials and Methods

Heparnn, sperm whale and horse sheletal muscle tissue metMb weie obtained from
Sigma Chemical Co (St Lows USA) MetMDb was used without further puifica-
tion Before everv measurement, 18 pmol/l K3Fe(CN), was added to the sample
to keep metMb fully oadized

HEPES and phosphate buffers were obtamned fiom Seiva (Hewdelberg, Ger-
many) The pH values were changed by addition of concentrated HCI, and were
measured with a Sensorea glass electiode
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The concentiation of metMb was determined spectiophotometrically (€400=
157 1/(mmol cim) for sperm whale and e403=188 1/(mmol cm) for horse heart)
(Antonini and Brunoi1 1971) In titration experiments the sample was equilibrated
prior to the measurements The cquilibration of the sample was determined by
monitormg the evolution of the absorption spectrta Typical incubation times for
complex formation were 2 houts, and 30 min for pH titration of the complex

Absorption measurements were made on a SHIMADZU UV 3000 spectropho-
tometer, and fluorescence measurements on a SHIMADZU-5000 The excitation
warelength for Tip was 290 nm The protew concentiation was about 5 pmol/l
Differential scanning calormmetric measurements were cained out using a highly
sensitive DASM-4 mucrocalorimeter with a heating rate of 1°C/min and a tempet-
ature 1ange fiom 18°C to 110°C All the experumental curves were calibrated to
the base line obtamed by heating of the buffer solution The piotemn concentration
was about 90 pmol/]

The enthalpies of denaturation weie evaluated from the experimental curves
of the heat absorption according to the following equations

AHcy was determined from the thermal effcct Qq of denaturation by 1elating
the area of the heat absorption peak to the area of the calibration peak

The van’t Hoff enthalpy was calculated trom the equation

—\Hl H — 4R (Tm)chmax/(u)t

where AH,p 15 the van’t Hoff enthalpy, R 15 the gas constant, Cpnax 15 the height
of the heat capacity curve for T = T}, (Privalov and Khechinashvili 1974)

The ph values of transition were obtamed from the change of the maximum
posttion of absorption bands at 505 535 nm, from the change of the mtensity of
the band at 535 nm and from the change of the fiaction of fluorescence intensity
and optical absorption at 395 410 nm, where 7ero value corresponds to the native
state and value 1 to the state when conformational changes caused by polyanion
binding are fully saturated

Results
Spectral properties of heparin binding to metMb
Optical absorption

Upon stepwise addition of hepann to the solution of metMb at pH 6 2 after 30
min equilibration and after each addition of heparn the following changes were
observed the Soret peak was shifted from 408 nm to 395 nm and 1ts intensity de-
creased the bands at 505 and 635 nm were weakened and a band was formed at 535
nm (Fig la,b) No additional changes weie observed above heparm concentration
15 mg/ml Smce the molecular weight of hepaiin cannot be evaluated exactly due
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Figure 1. Absorption spectra of free sperm whale metMb (4 jnnol/l) (solid line) and 1ts
complex with heparin (1 5 ing/ml) (dashed line) m Soret (a) and 1n 480 700 nm 1egion (b)
m 10 mmol/l HEPES buffer ~olution pH 6 2 Inset in b the plot of the complex metMb-
heparin fraction detected bv absorbance change at 408 440 nm vs heparin concentiation
Value 0 of the optical absorbance fraction corresponds to the native state and value 1 to
the state when conformational changes caused by heparin binding are fully saturated

to the vaiious lengths of the chain and the molar association constants could not be
precisely determined, the complex formation was quantitatively characterized only
m terms of gram per millibter As can be seen fiom Fig 1b (mset), the complex
formation between metMb and heparin 1s not a simple process Only small changes
of the Soret absorbance change appear up to heparin concentration of 0 4 mg/ml
Any subsequent mcreasc of heparin concentration 1esults m an abrupt mcrease of
the Soret absorbance change, which 15 fully saturated at 1 5 mg/ml

At pH 7 3, the spectium of metMb 1n the presence of saturation amounts of
Lepatn after 2 hours of equiibration (Fig 2 <olid line) was practically 1dentical
to that observed for native metMb Only the mtensitv of the Soret band shghtlv
decreased (by about 8% not shown) It should be pomnted out that the binding of
hepaim had no overall effect on metMD stiuctute m the heme moety at neutral
pH This form of the comples should be (lassified as type N Fig 2 also shows the
spectia obtamed upon changing the pH fiom 7 3 to 6 7 and 6 2 after 30 munutes
of equilibration until no additional changes of absorbance occurred The intensities
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Figure 2. Influenc ¢ of pH on the viaible spectrum of sperm whale metMb-heparin complex
m Sotet (a) and m 480 700 nm 1egion (b) in 10 mmol/l HEPES pH 7 3 (hold sohid line)
6 7 (dashcd hne) 62 (sohd hne) Protemn concentration 4 gmol/l hepain concentration
15 mg/ml The spectra were obtamned by changmmg pH fiom 73 to 6 7 and 6 2 after 30
minutes of equilibration until no additional changes of absorbance occurred Inset i b
acid denaturation curves of free sperm whale mctMb (@) and metMb heparin complex
(0) at the same conditions Value 0 of the optical absorbance fraction corresponds to the
native state and value 1 to the state when conformational changes caused bv pH change
ate fully saturated

of the bands decieased with the lowering pH The bands at 505 nm and 635 nm
typrcal of igh-spm form decieased a band occurred at 535 nm and the Soret band
shightly shifted from 408 min to 395 nmm Exen though the decreases of several bands
could mdicate the formation of low-spin species the decrease of the intensity and
the blue shutt of the Soret band appaientls 1eflected a partial exposure of the heme
fiom the cavity when the protein avial ligand was not vet bound to the heme This
partially low-spm form should be classthed as type H The acid-untolding profiles
ot met\Ib and the metMb-hepain complex shown m Fig 2b were obtammed fiom
the absorption spectra 1ecorded m the Soret 1egion The pK constant of native
methbi1s 4 1401 In the presence of heparm the transition was slufted to a higher
pH value ph =624+01 It was not possiblc to convart the H form to N form by
changmg pH fiom acidic to neutral region

The kmetics of the conformational transition of the metAb-heparm complex
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Figure 3. Absorption spectrum of sperm whale metMb-heparin complex mm 10 mmol/]
HEPES pH 7 3 (sohd lme), 6 2 (dashed Line) obtaned after 5 minutes upon pH change
from 7 3 to 6 2 Protemn concentration 3 pymol/l, heparin concentration 1 5 mg/ml Inset
Dependence of the absorbance maximum position in 505 535 nm region on pH

equilibratcd at pH 7 3 observed after pH change to acidic region comprised at
least two steps (not shown) The fitst step was charactenized by very rapid changes
(approximately 5 mim) mn spectia The second step was a slow 1elaxation of the
metNb heparm complex to unhiganded heme H foim (Fig 2) Wheteas in the
Soret 1egion the absorbance only decreased with the decreasing pH, significant
shifts of maxuma positions wete observed within the 500 700 nm region Fig 3
shows the absorption spectium of the metMb-heparin complex at pH 7 3 and the
spectrum obtamned after 5 mmutes upon pH change fiom 7 3 to 6 2 The band at
505 nin shifted to 535 nm and 1ts intensity mcreased, the shoulder at 545 nm shifted
to 565 nm and the mtensity of the band at 635 nm decrcased This form of the
metMb heparin complex 1s classified as type I From the plot of the shift of the
maxInum position at Ayayx regron from 505 to 535 nm vs pH we obtained the value
of ph = 6 5+0 1 of the tranwition between N and I form (Fig 3, inset) A decrease
of pH to below 6 2 led to an additional shift of the band at 535 nm to 520 nm and
an ncrease of the 635 nm band (not shown) From the plot of the absorbance of the
band at 535 nm we established the pA constant for the transition hetween I and
Ttoom ph=57 (Fig 4) Fig 5 shows the spectra of metMb-hepann complex at
pH 13 and fice metMb at pH 2 The form of the complex present at pH 4 5 should
be classified as tyvpe II (Fig 5, solid ine) The structure of the visible spectrum
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Figure 4. Plot of absorbance of the band at 535 nn for sperni whale metMb-heparin com-

plex vs pH in 10 mmol/l HEPES, protemn concentration 3 gmol/l, heparin concentration
15 mg/ml
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Figure 5. Absorption spectia of free sperm whale metMb (4 yrmol/l) i pH 2 (dashed
line) and metMb-bepaun (1 5 mg/ml) complex at pH 4 5 (solid line) i 10 mmol/I HEPES
buffer solution obtained after 30 minutes of equilibration
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Figure 6. Dependence of normalized fluorescence emission at 350 nm (@) (excitation
wavelength Ao = 290 nm) and normalized difference in absorption spectrum at 408 440
nm (©) for spetm whale metMb (4 gmmol/1) on hepann concentration {¢y pg) 1 10 mmol/l
HEPES pH 62

Soret 1egion 1esembles the spectium of acid- denatured metMb at pH 2 the slight
differences of the position of bands at 635 nm and absorbance at 535 nm mdicate
that the weak mfluence of heparin on metAIb 1s still present at this pH and the
complex 15 not broken at this pH Whale m the case of H type the mcease of pH
did not lead to structure renewal i the heme 1egion, 1t 15 possible to convert type
I to type N as well as tvpe II to I by changing pH immediately after complex 11
has formed

Fluorescence

Two tiyptophanvl residues Tip-T and Trp-14 are located in the N-terminal 1e-
gion {Takano 1977) In the case of mtact metMb, the mtrnsic fluorescence of both
tryptophans 1s partially quenched due to the energy transfer to the heme group
(Hochstrasser and Negus 1984) The efficiency of the energy transfer depends on
the distance and relative ortentation between the heme group and the t1yptophan
molecules Hence Tip fluotescence seems to be a switable marker of structural
changes m the N-terminal region and the heme pocket Native metMDb has a fluo-
rescence enssion masimum near 340 nm 1 respounse to excitation at 290 nm, the
maxnmuun of the fluotescence mtensity of the protein cortesponds to 10% of the
fluorescence mtensity of friee Tip i the same concentiation
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Figure 7. pH dependence of normalized fluorescence emission at 350 nm (excitation
wavelength Aexe = 290 nm) for free sperm whale metMb (@ 10 mmol/l HEPES ¥

10 mmol/l HEPES + 05 mol/l NaCl ) and metMb heparin complex (0 10 mmol/l
HEPES V 10 mmol/l HEPES + 05 mol/l NaCl) Protem concentration 4 pmol/l,

heparm concentration 1 5 mg/ml

The change 1n fluorescence intensity versus heparin concentiration at pH 6 2 15
shown m Fig 6 In the presence of increasing amounts of heparin the fluorescence
mtensity mcreases and the maximum of the emission spectium 15 1ed shifted about
10 nm, w hich suggests that heparin binding results in the exposing of Trps to more
polar environments than i native methMb This Figure 1s a plot of the fiaction
of fluorescence mtensity and optical absorption, whete zero value corresponds to
the native state and value 1 to the state when conformational changes caused by
heparin binding are fully saturated Although both curves are sunilar (Fig 6)
shorter tune 1s needed to reach equilibrium i fluorescence measurements As a
result of compaison of both curves 1t may be concluded that perturbation due
to heparin binding 1s not localised but 15 sequentially distributed from the surface
throughout globule In other words, the binding of heparin comprises cooperativelly
the entire protemn molecule

The relative fluorescent intensity of Mb and of the complex with heparin as a
function of pH and 1on1c stiength 1s shown in Fig 7 After mitial rapid equilibration,
no additional changes of fluorescence intensity were observed The transition with
ph =41%01 was typical for fiee methMb 1in 10 mmmol/l HEPES In the case of
the complex the pA value was shifted to 6 5+ 01 This pk value agiees with that
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Figure 8. Temperatuie dependence curves of normalized difference i absorption spec-
trum at 408 440 nm for free (@) and complexed (0) sperm whale metMb as well as free (¢)
and complexed (O) horse sheletal muscle mesMb w10 mmol/l phosphate buffer solution
pH 74 Protemn concentration 4 jumol/l, heparin concentration 1 5 mg/ml

obtamed from absorption measurements for the rapid process However the phA
value of the transition established fiom absorbance spectia at lower pH was not
obtamed by the fluotescence method In the presence of 05 mol/l NaCl the plf
constant of the complex decicased to 4 840 1 and approached the value of 4 4401
for native methIb

Thermal stability of the heparin-metMb complex

Fig 8 shows the temperature dependence curves of the optical absotbance change
at the Soret tegion of native sperm whale metMb and hoise skeletal muscle inetMb
and their complexes with hepain i 10 munol/1 phosphate buffer, pH 74 It can
be seen that sumilar t1ansition midpoints wetre obtamned for both speim whale and
hotse sheletal muscle myoglobin The T}, value was 824 + 0 5°C' and van’t Hoft
enthalpy AH 1 was 437430 kJ/mol for native meth b Addition of hepann altered
the denatuation properties of the protemn The transttion temperature decreased to
73 3+0 5°C and the van t Hoff enthalpy to 349+ 30 kJ /ol The denaturation was
only partially reversible probably due to exposing of the heme from heme pocket
Thus 1 the process of heat denaturation, the presence of heparin n the solution
shghtly dccrcased the thermal stability of metMb

For the precise thermodynamic analysis of heat denaturation we used the
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Figure 9. DSC-theimograms of fiee horse skeletal muscle metMb (curve 1) and metMb-
hepann complex (curve 2) n 10 mmol/] phosphate buffer solution pH 74 Protem con-
centration 90 pumol/l heparin concentration 3 mg/mil

calonimetric method One of 1ts gieatest advantages compared to other methods
15 that not only calonmetiic, but also van’t Hoff enthalpy of denaturation can be
obtamed from the same expermmental curve of heat absorption

Fig 9 shows the DSC thermograms for native metMb and for the complex with
heparin i 10 nunol/l phosphate buffer solution at pH 73 The thermal transition
of pure metdb was characterized by a single peak at 804 £ 0 5°C calormetiic
enthalpy AH 4 = 364£30 kJ/mol and cffective enthalpy AH iy = 893+30 kJ/mol
The 1atio of AHj; to AHey was 244 In the presence of satwration amount of
heparm, the transition temperature 1s shifted to 747 £ 0 5°C and the values of
the enthalpies decieased to AH 5 = 282 & 30 kJ/mol and AH,y = 590 & 30
KkJ/mol respectively The AH,y to AH 4 1atio was 20 The reversibility of heat
denaturation of native metMb was only 10% due to the aggregation at this pH, the
transition of the complex was 75% reversible

The observed heat effect T, and the shape of the melting curve detected by
DSC did not depend on the heating rate (0 5 2°C/mun), whereas heat denaturation
monttored in heme 1egion by Soret absorbance change was shightly rate-dependent
Therefore, there was a difference mn van’t Hoff enthalpies obtained by the calori-
metiic and the spectroscopic methods
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Discussion

In this paper we have shown the complex formation between metMb and polyanion
heparin not only 1n acidic but also i neutzal pH 1egion Even though the addition of
heparn to metMb solution at neutral pH left the spectrophotometric parameters
practically unchanged the formation of the N foim complex was detected fiom
it mfluence on thermal stability The presence of the complex m physiological
conditions 15 of importance m the case of complex formation between methb and
1ts natural redox partner cvt bs Mauk and Mauk (1982) have reported that no
difference spectium was clicited upon mmxang of these proteins We could show that
even if hepann binding did not affect the visible spectium at 1oom temperature 1t
significantly decteased the transition temperatwe of heat denaturation of metMb
at neutral pH

It 15 generalls known that in the pH range hom 5 5 to 9 (conditions near to the
1oelectiie point) myglobi has a strong tendencs to aggregate and preapitate m
the process of heating Regarding this fact we observed low 1eversibility (only 104)
of thaamal denaturation of native metMb as a consequence of aggregation However
the comples formation between metMb and heparin was found to partially prevent
agglegation 1esultimg i a sharp transition with 75% teversibility and a shght
decicase of the van’t Hoft enthalpy and calonimetiic enthalpy 1atio fiom 2 4 to 2 at
pH 7 The chain of heparm 15 unfolded due to the repulsion of the negative charged
groups Its mteraction with metMb 1esults 1 a lowering of the ability of the protem
to form aggregates, probably due to the sterwe hindrance and repulsion of charged
groups on the heparn chain and metNDb molecule Bagelova et al (1994) have
studied hieparm binding to the basi protem (ytochiome ¢ (1soelectic pomnt 10 3)
In the presence of saturation amount of heparm, a more substantial decirease of
transition tempetature of (vtochrome ¢ by about 20°C' (from 84 1°C' to 61 4°C') has
been observed at pH 7 A 63% 1eversibility of heat denaturation was achieved, and
van t Hoff and calotimetiic enthalpy ratio was 122 As metMb 15 neutral whereas
(vtochtome ¢ 18 a basie protemn, the lower deciease of transition temperature of
metMb by about 6°C' (from 80 4°C to 74 5°C) 15 probably due to the lower content
of charged groups at neutial pH However, the spatially displaccd charged groups
on the sutface of the metMb molecule form the positively charged 1cgions These
charged areas enable electrostatic binding with negatively chaiged groups on the
heparin cham

Different foims of metDb-heparin complex are observed m acidic pH region
Upon a 1apid pH change, the whole molecule gets reartanged as could he deduced
from the comadence of ph constants (pA” = 6 5) obtamed fiom the absorption
spectia of heme region and the fuorescence spectra of tivptophanyl residues lo-
cated at a distance from the heme plane This form of the comples 1s marked type |
A decicase n pH mduced additional 1earrangement i heme 1egion and transition
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from type I to IT wath p& constant 5 7, which could only be seen from absoiption
spectia After the mmtial global change. the absoiption spectia of the heme 1egion
developed and the H type metMb-heparin complex was formed In this form the
heme 15 partially exposed fiom the cavity and the axial protemn ligand 1s not bound
to the heme This confoimational change of the heme region occurs slowly and 1s
not seen m the Trp r1egion The high content of van der Waals contacts of heme
with the tightly packed nonpolar groups i the heme pocket 1s probably responsible
for the slow 1earrangement of groups in the heme region (Takano 1977) A simulax
behaviour 15 observed for free metMD after pH titration Faster changes are noticed
fo1 Tip fluorescence than heme optical absorbance due to the greater accessibility
of Tip 1csrdues from the surface The transition between N form and H foim 15
characterized by the appatent pA constant of 6 2 In confrast to the rapid equi-
Iibrated forms T and IT which can be to converted to N type by 1eversing the pH
value, no conversion of the H type complex to N 15 observed

Livingston et al (1985) have shown that (vt by-metMMb complex 1s formed when
protewn concentrations aie equal and the association appeats to be stiongest at pH
46 Thete 15 a physwological advantage of Mb-cyt by binding at low pH because
anaciobiosis and lactate production results m the lowermg of sarcoplasmic pH from
71to 67 (Acherman et al 1980) This partially 1esembles ow inding that evident
compley 15 present within this pH 1ange Even thought the p/A constant of the
transition for metMb-cvt by complex has not been established, the pK constants
for H and I metMb-hepaim complex (62 65 1esp ) comcide with the fact that
the pH optimum for ensymatic rteduction of metAb is 6 5 (Livingston et al 1985)
Chottard et al (1992) have studied the binding of seveiral heteropoly tungstates to
met\ b Different fiom our measurements they studied only equilibrated compleves
and did not analyse processes occung before the equlibiium The value of the
ph constant of nieversible tiansition for slow equilibrated H type of the complex
obtamed m the present work partiaily comades with the pi constant obtamed
by the above authors for metMb-SHW complex (6 5) and differs from pA” = 74
for met M b-AsW complex which has stronger imfluence on met\b stiucture than
heparm, probably due to the rigid arrangement and a higher content of charged
groups 1 the mteraction space

It 15 apparent that negatively charged partners bind more readily i acidic than
m ncutral pH region In its natine confoimation at pH 7 the polypeptide cham
of Mb cutls mto a spherical shape This compact tertiary structure 1s stabibsed
thiough clectiostatically interacting mtiamolecular won paus, hydiogen bonds and
by diophobic mteractions (Bagelova et al 1994) A deaicase of pH 1esults mn the
neutialisation of negative charges on the catboxylic groups and the unvelling of the
counteracting positine charges on the ammo groups which distupts the 1on pans
and canses the protein to unfold (Ghehs and Yon 1992) The 1elaxed Mb chain after
denaturation cxposes other buried chargeable sites, such as the internal His residues
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for protonation Hence the strong negative charge of the heparin cham favours the
uptake of HT 10ns and the unfolding of Mb at higher pH values than native protein
as could be deduced from the mcrease of the pA constant of transition from 4 1+£0 1
for native metMb to higher values for all thiee types of the complexes observed

The properties of the formed complexes also depend on the 1onic strength as
15 expected for electrostatic binding The electrostatic nature of the interaction
between met Mb and heparin comcide with the fact that the formation of metNIb-
(vt by complex 1s assumed to be realised by interactions between three positivels
charged Lyvs of met\Mb with negatively chaiged carboxvlate groups

As follons fiom previous results the polyanion heparin appears to be a suit-
able model for the studsy of the properties of methb i complexes with <ystews
which contain locally distithuted negatively charged groups such as vt by mem-
branes chaperons, glycosidic proteins, not only i hmited pH range as in the case
ot polytungstates but 1 a wide range of pH conditions
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