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ABSTRACT

A comparison among threez_moc.iell.s‘l"6 foi: reagssociation of COwith
carp-hemoglobin, in R state, is made for temperatures below
200K. The experimental data utilized are from Cobau et al.7
who analyzed them according to one of these models. The dif-
ferences among the models lead to distinct shapes of their en
ergy diStributions. Nevertheless it was verified that the peak
energy of these distributions and the Arrhenius frequency fac
tor are independent of the models. Their values are smélhm:for
hemoglobin than for myoglobin6 and the distribution is wider
for myoglobin, showing that it has a larger number of confor-
mational substates. The three models studied reproduce well

the experimental curves of 100K, 140K and 180K.

Keywords: Hemoglobln; reassociation dynamics; rebinding models.
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INTRODUCTION

Myoglobin {Mb) and hemoglobin (Hb) have been extensively studied

1:2 4 great number of dynamical

as models for proteins. Lately
studies have been performed concerning mainly the reaction of
different ligands with Mb, in order to understand the oxygenation
process. The studies at low temperatures (T <200K) are impor-
tant because they show the last step in the ligand-protein re
action namely the process of fixation of the ligand at the heme
iron. At highér T, when several steps are present, the fixa-
tion process of the ‘ligand at the iron may be the ocne which
controls the reaction3. )

One of the first papers in this line and one which 1s basic
for the following papers is by Austin et al.4 In their expe-
riment rebinding of photodissociated carbon monoxide in Mb has
been observed in the temperature range between 40 and 350K.
To interpref the data obtained, they assumed that the disso-
chated ligand encounters, on itsway between the solvent and the fer
~bousg heme iron four potential barriers in succession. The results in the
range between 40 and 160K showed that N{t),the fraction of rnon

9 to 10~! seconds, can

reassociated 1igand-in a time range 10~
not be described by an exponential funcfion; To explain this
behaviour the model (here called Model A) proposes the exis-
tence of confofmational substates (CS) with different barrier
heights for the transition from unbound state B to bound state

A. At temperatures T higher than the freezing temperature Tg {about

200K), each protein molecule changes rapidly among the different sub

states, varying continuously its structure., At T <Tg it re-

mains in one partiéular conformational substate, In this tem-
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perature range the ligand overcomes cone single barrier EBAin
its reassociation'procesé with the iron. Eza is slightly dif
ferent for each one of the molecular conformatiohs, resulting
for T <Tg, in a temperature independent energy distribution
g(E). g(E) is then the probability to find a protein with e-

nergy barrier between E and EBA+ dEBA and is defined as

Ba
g(EBA) dEBA' N(t)}) becomes

N(t) = IQIEBA) exp(-kt) dE., 1)

where k is the reaction rate which, at T > 40K, obeys the Ar-

rhenius equation
kpa{T) = A exp(-Eg,/RT) | (2)

where A is a frequency factor and R(=1.99 cal/mol.K) the gas
constant.

Other models based on model A followed and different forms
of the energy distributions g(E) were proposed. Two of them, by
Agmon and Hopfield (model B)5 and Young and Bowne (model 136,
treat the problem from a microscopic point of view. Both-mo-
dels assume that the conformational substates follow a Bol-
tzman distribution, resulting in an energy distributicn g[E(x}],
where x. .is the conformational coordinate of profein which pa
rametrizes each CS, The total potential of the protein | has
contributions from the reaction potential V(r), where r is the Pe
1ligand distance and from the conformational potential V(x} which des-

cribes the fluctuations among the protein substates. The dif
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ferences between these two models are: in model B V(x) is har
monic and the conformational stiffness is independent of the
protein states; and in model C, V(x) is unharmonic and the con
formational stiffness depends on each protein state.

The model A assumes that, in the case of Mb, in the tempera
ture range between 40 and 160K, g(E) is temperature “indepen-
dent. The process is ligahd—concentration indepéndent since
the ligand remains inside the heme pocket. When the tempera-
ture T is higher than Ty and the ligand moves away from Fe to
ward the solvent, other processes become important.

Carp hemoglobin rebinding with carbon monoxide (CO) was ob-
served.by Cobau et a1.7 in R (relaxed) and T (tense) states.
Only the model B was épplied to these results. They found sig-
nificantly different parameters between these states.

In this work we apply models A and C to their experimental
results for R state at 100, 140 and 180K. We verified that
these models are as good as the model B in fitfing the experi
mental curves at 180K. |

We also nobticed that the values of the frequency factor A
and the value of the peak energy EY are almost independent of
the models.

None of the models here presented can be considered to be

better than the others because:

1) - the experimental measurements are restricted to tempera
tures close to Tg;

-~ 2) = the three models involve many parameters;

3) - the models are distinguished one from the other by their

distribution function g(E). The experimental results
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give N(t) which is not a direct measurement of g(E). The .in-
tegral evaluated with (eq. 1) to obtain N(t) is tobe compared
with the different models.

The second section describes the three models and the third
one gives the results and discussion. In the Appendix we show
the sensitivity of the reassogiation‘curves and of the distri

bution functions to the parameters of each model.

MODELS

The model A determines a distribution function g(kBA)' for
T <Tg, in terms of kBA by the inverse Laplace transform. To
determine g(kp,} in terms of Ey, the observed rebinding func

tion N(t) is épproximated by a power law
N(t) = (Let/e )70 (3

which describes reasonably well the observed curves over a
fair range in time. n and to are temperature dependent parame
ters which give the slope of N(t) in the "straight" part of
the logN{t)X logt plot, and the time at which N(t) breaks away
from the horizontal, respectively.

The parameters n and to'are determined at each temperature
fitting N(t) curves by eq.. (3).

The values of n and t0 chosen to calculate.the distribution
function g(Eg,}, at T <Tg, are the ones which best fit the da

ta points between 40 and 160K. Theh
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-5m.
(at )™ nE
: [v] BA max
g(E,,) = —— exp[——"1I]. E,, <E {4a)
BA RTT(0) - _T BA ~ “BA
_ ' max
g(Egp) = 0 Epa *Epa (4b)

If g(Eg,) is temperature independent eq. (4a) can be written
g(Eg,) = B exp (-oEg,)

where o and B are constants. Comparison of equations (4) and

the equation above shows that n satisfies the relation
n = o RT (5)

where T is the experimental temperature.
Ag a result, g(EBA) can take the form given by Alberding et

al.8

g(Eg,) = g {expla(BE,-Eg) - n exp S(EL,~Ep,)1} (6)
where EBA is the energy corresponding to the maximum value of
the distribution g(EBA) and g, is the normalization constant.
The calculated N(t) are fitted from eq. (1) with log{a), EP,
o and n as adjustable parameters.

In the model B the activation energy is determined by the
intersection of two potential surfaces of B (unbound)} and A
(bound) states, VB(r,x) and VA(r,x). respectively. In the state
A the heme iroﬁ has zero spin, and VA(r) is a Morse curve; in

the state B, the spin is 2 and V,(r) is repulsive. V(x) is har
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monic with the conformational stiffness independent of - the
binding state of protein, either A or B.

The distribution function g[E(x)] suggested by this model
is

/2

| , _
o g g

(7

where the conformational cocrdinate x is related to the acti

vation energy E, by

b 4
Q

x=-2-+§.§;-3(3-§)f}‘; (8)

Besides the frequency factor A, the adjustable parameters
are (see fig. 3 from ref, 5): D, the depth of the reaction
well; A, the shift between VB and the surface of zero poten-
tial; £, the conformational stiffness; and Xy thé difference
of the coordinate x between the two spin states of the pro-
tein in equilibrium. Below Tg the protein no longer owvercomes
the barrier between the substates and remains frozen in a
particular substate. The population at T <Tg is a nOn—eqﬁili
brium population characteristic of the freezing temperature
Tg which is assumed equal to 200K. |

Since E/D << 3, g[E(x)] given by eq. (7) can be considered
approximately a gaussian.

In the third model, V{x) is unharmonic and the conforma-
tional stiffness is characteristic for A,B and transition states.

The energy barrier does not depend on the form of V(r), but
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is determined as the difference between the protein potential
in the activated state and the unbound-B state. The transition
between conformational substates are described by the confor-
mational potential Vg(x) where i=A,B or{l (transition state).
Because of the large number of substates, V%(x) is a continuous
function of x..Assuming that the conformational'energy is iso

tropic, it can be expressed as follows
i _ 1/v L1
vyix) = £, x .+Vv(0)

where x >> 0,

The barrier height is

- - N hi 1/v
EBA = EBA(x) = Emin + (£ -—fB) X
This equation assumes that the protein coordinate x does not
change during the B +A transition,
Model C assumes a Boltzman distribution for the population of
the C8, and for T« Tg this distribution is temperature iride-

pendent and is determined for EBA 2 Emin as follows

= Co(Enn=E_, ) V"1 explaa (B, ~E_, }] (9)
- Y£f'"BA Tmin P £f'“BA Tmin
with
a3V
C, = £
£ T(3V)}
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and
th = fA/(fﬂHs-fB) RTg

Emin is 9efined as the smallest activation energy of a con
formational substate such that the protein coordinate x is zero.
The four adjustable parameters in this model are: A, v,q i

and Og.

RESULTS AND DISCUSSION

In the present work we fit the curves of reassociation of
CO with carp Hb in R state, using the least-squares fitJﬁﬂindg
and the Monte Carlo method which minimizes the mean square
error. |

Since the parameters iﬁ the model A which fit the curves at
140K do not reproduce well the curves taken at others tempera
tures, the fits have been made for theoretical values of log(N(t)]
at 100K. N(t) is given by eq. (1) with g{(E) corresponding to
each model. This suggests that the hypothesis that the di;tré
bution g(E) is temperature-independent and ﬁhat the ligand re
association is made across one single potential barrier near
the iron, can not be valid:anymore. We‘verify the existence of
several sets of parameters which fit well the curves at 100K,
but we present in Tables I, II e III the set which gives the
best fit simultaneocusly at. the three temperatures, . supposing

that g(E) is temperature independent at T <Tg.
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Table I gives acomparison between the values of the parame
ters from model B.obtained in this work and the ones given
in ref. 7, where the. value of the frequency factor which ap;
pears in eq. (2) is not given. The last two 1iﬁes_of ‘Table
I show the peak enerqy.EP and the minimum energy Emin of the
distribution ¢g(E) found by the five parameters fitting. These
energies are adjustable parameters in the models A.énd C, re
. spectivelv, B

Fig. 1 gives the curves that correspond to the set of vara
meters shown in Table I, where the dashed lines are the re-
sults in ref. 7 and the solid lines are our results., We can
clearly see that our fit is better than the one in ref,
7. However, there is onlv a deviation of about f% between the
two sets of parameters,

This result can be understood because our value for X is
almost the same as in ref. 7, This gquantity defines the shape
of the cur#e. A and f influence the curve, too, but to a
gmaller degree. The frequency factor A does not change the shape
of the N(t) curve but influences its absolute value. The ab-
solute wvalue of N(t) depends equally on A, A &_lnd'xD variations,
and to a lesser deqree on f, in the range of the values pre
sented in Table I. The fit baséd on this model is insensiti-
ve to parameter D, both in the form and in the absolute va-
lue of N(t}.

Table II shows the results obtained applying model C, re-
membering that in this model the peak energy E® is not an ad
justable parameter, but is determined from the distribution

g(E) . The corresponding nlot log N(t} X log t is shown in. fig. 2.
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The curvature is defined by Cg and v which also determine
the peak energy. The absolute value of N(t) is more sensi-
tive to parameter A, and almost insensitive to Emin'

Table III shows two sets of parameters of model A.

In the set A.l we consider log(A), EP, n and o as indepen-
dent pérameters, that is to say, without taking into aCCOun£
eq. (5), which relates n and a. To satisfv this equation T
must be about 515K, a surprisingly high value. This result
can not be interpreted as in ref. 4, where, for Mb, in the
‘range from 40 to 160K, the chosen n and o are related by eq.

(5) at the temperature of the best fit, T =120K. The fitting
was made with the value of T* between 100 and 220K. So that
the temperature r* which connects o and n in eg. (5}, be of
‘the corder of_Tq. The set A.2 was obtained withf;in&gxmdaﬂ:EP,
n and T* and log(A) was fixed at a value egual to the mean
value_df’log(A) found using the models A.l, B and C.

The curves of N(t) corresponding to both sets are shown in
fig. 3. We can observe that both reproduce well the experi-
mental data with some difference in the behaviour at the end
of the curves.

The curvature in this model is mainly defined by the para-
meter o but it is also weakly affected b; n. The wvalue of
N(t) is influenced, basically, by the frequency factor A,

min

but is also sensitive to EY. The minimum energy, E , is de

termined by E° and n.
In spite of the great difference in the values of the para

. *
meters n and o (conseguently in E_, and T ) between the A.l

n
and A.2 sets, we can not choose one of them as the set that
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best reproduces the available experimental results., The figu-
res 1-3 show that the fits at 100 and 140K are better than at
180K. This fact gives an additional support for the  supposi-
tion that near Tg (v200K), the distribution function g(E) is
not temperature independent anymore, and that other reaction
mechanisms, can give contribution to N(t).

The Table IV shows the comparison between the qmnmiﬁum oam=
mon to the three models.

Table IV and fig. 4 shoﬁ that the models can be distinguish
ed one from another by the different values either of the mi-
nimum energy or of the distribution width A. Model A.2 has

Emin¢ 0 significantlv different from the Em n of the‘ other

i
models. However it is in model C that this quantity is defined

"a priori", although we have obtained a very small value for

it {0.4kcal/mol). For Mb, Young6 considers that the gaussian

5

distribution™ (model B) does not give a good fit for the reas

sociation of CO with Mb, mainly because it has a sianificant

contribution for values of Ega <Emi . Our results suggest that

n
the minimum energy does not determine the best model for Hb
since the four distributions obtained, give good fits,  .inde-
vendently of the value of E , . Even with distribution with

small Em.

in (value of the energy smaller than the value found

in model A.2) we can obtaln fits as good as the ones in fias.
1 and 2. The c¢bservation that the N{t) curve is weakly sensi-

.tive to wvariations of Emi .strengthens this supposition.

n

The distribution width does not determine which is the best
model either. In fig. 4 we see that the distribution in model
A.2 has a width very different from the others, but this is

not enough to determine if this model is the best. Although
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the tail of the curve obtained from model A.2 has a different
behaviour, in this region the signal to noise ratio is too low
to allow for a choice between the two fits.

In Table IV we see that the values of EP and A are almost
the same for all the models. In view of this we consider that
the two quantities are the most relévant to the fitting.

For all the models discussed here, these two parameters, A

and EP, are smaller for Hb than for Mbs

« and the distribution
g(E) for Mb is wider than for Hb, showina that Mb has a greater
number of conformational substates.

This work shows tﬁat the models proposed to understand the
reassociation of CO with Mb can be also utilized for Hb, in
spite of Hb being a protein composed of four chains with coo—l
perative effect in the Fe-ligand reaction. It would be .inte-

resting to make a comparative study of these models for Hb in

a larger temperiture range, mainly in the region below 1l00K.

APPENDIX

We show in this section the behaviour of the distribution
function g(E} and of the reassociation curves logN(t)X logt as
a function of changes of only one parameter of each model.

Some parameters affect only the absolute value of the cur-
ves and other modify its curvature. |

We verified that the shave of the curve does not change when
different values of the same parameters yield curves which can
be suvervosed by a simple shift. If such superposition is not

possible it is because the curvature has changed.
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Only the frequency factor A is common to the three models
and does not affect the shape of the curve but strongly modi
fies its ihtensity. The distribution functions do not depend
on A.

The solid lines in the following figures represent the cur-
ves obtained from the best fits. Other curves on the same fi
agure show the effect of the variation of the narameters which
most strongly affect the curves in each model. The variation
utilized is about 30% of the value of the parameters used for
the solid lines.

The effect of the varameters on the leogN(t) X loat curves
is destribed in the text and can be infered from the .curves

in figures 5-c, 6-~b .and 7=b.
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FIGURE CAPTIONS

Fig. 1 - Rebinding of CO to carp-Hb, in R state, using model
B. Solid lines: our results. Dashed lines: results from ref.

5. Values of parameters taken from Table I.

Fig. 2 = Rebinding of CO to carp-Hb, in R state, using model

C. Values of parameters are taken from Table II.

Fig. 3 - Rebinding to CO of carp~Hb, in R state, using model
A. Values of parameters are taken from Table III. Solid li-

nes: set &.1. Dashed lines: set A.2.

Fig. 4 - Energy distributions g(E) for the three models

«++ model A.l., — model A.2. --=- model B. -.- model C.

Fig. 5-a- g{(E) for model A.l. Solid lines: parameters"fmm Ta~
ble III. ———EP =2.47 kcal/mol; ~+=0 =3.64 mol/kcal; -**n=3.64.

Fig. 5-b- g(E) for model A.2. Solid lines: log(A)=8.7; EF =

1.9kcal/mol; n=0.6; « =2.01 mol/kcal and T" = 150K. Dashed

lines: o =1.55 mol/kcal and T* = 195K.

Fia. 5-c- Reassociation curves for model A. The values of the

parameters are the same as in Fiag. 5-a.

Fig. 6-a —a({E) for model B. Solid lines: parameters from Ta-
ble I. --+A=13.39 kcal/mol; —---£=15.86 kcal/{mol a.u.?) and
---'x°=1.13 a.u. Obs: The value of the parameter D alhostdoes

not affect the curves.

Fig. 6-b - Reassociation curves for model B. The values of the

parameters are the same as'in Fig. 6-a.

Fia. 7-a—- g{E) for model C. Solid lines: parameters from Table

II., === Emin=o.52 kcal/mol; »+-v=2.86 and —.—af=5.2 mol/kcal.
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Fig. 7-b - Reassociation curves for model C. The values of the
parameters are the same as in Fig, 7-a.
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.- TABTE I - Parameters for mode] B for rebindino of Co-
in Carp-Hb in R state.

MODEL B°
Qur results Ref. 7
[ R _ _
tog[A(s™")] . 8.6 | E—
-
D{kcal/mol) 15,2 : 16.0
blkcal/mol) § 10.3 | 9.7+0.4
£(kcal/wol.a.u.?)|  12.2  13.0+0.5
xo(a.u.) 0.87_ 0.88 +0.1
EF (kcal/mol) 2.0 1.6
E min(kcal /mol) 0 0 0.0
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TABLE II - Set of parameters for model C.

MODEL - _c6
' logia(s™h) e
E;  (kcal/mol) 1 0.4
| af(mol/kcal) T ;.0
v B 2.2 |
EP(kcal/mol . ) l.:8 | |
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TABLE III - Sets of parameters for model A ob-
tained by the fitting of log N{t) at 100K. The
igdependent parameterg are: set A.l: log(a},
Ef¥, o and n; set A.2; E°, n and T*.

4#This value corresponds to the mean value of
log(A) using the three models.

MODEL A4
A.l :. A2
logtats™hH1 g7 | 8.
EF (kcal/mol) 1.9 B Y
n 2.8 0.6
‘a(mol/kcal) 2.8 1.9
™ (K) 515, 158.
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TABLE IV - Comparison of the results obtained in this
work for the three models.

log(a) | E® B | A gtE)
_ | Alsfll iu.kaal/mo%_ : mol/kecal
a1 | 8.7% | 1.9 | o.al15]| oces
'MOD._A‘__ . : 4 SRR W
a.2 | 87 (1.8 1. (1. | 0.86
MOD. B> 8.6 2.0 0. [ 1.6 | o.66
Mop. c® | 8.7 |1.8| o024l o.67
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