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Abstract: Photolysis of HLONO has been studied below 20K by
electron spin ressonance at continuous 1llumination. Non
exponential kinetics of bolh dissociation and reassociation of NO
have yielded a consistent picture of NO tunneling to probably more
than one site distant less than O.inm from the bound position.
This result is obtained using the model of conformational

substates or a model of a sum of two exponentials.

Key-words: Photolysis of HbNO; EPR of HbNO; Hemoproteins at low
'temperatures.
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I.Introduction

The process of recombination of carbon monoxide (COD to
the heme in myoglobin C(MbY> and to the hemes of the isolated
chains of hemoglobin CHbY has been studied by Frauenfelder et al.®
by microsecond laser flash photolysis using optical absorption and
infrared measurements. It has been shown that at temperatures
below 200K the reassociation of ligands after the flash, |is
geminate and not exponential in time. This was attributed to a non
homogeneity of the frozen population of molecules reflected by a
distribution, gCE), of the activation energies Centhalpy) for the
ligand reasssociation. As a result, the kinetics follow a power
law. Recently anocther model interprets the reaction dynamics in
terme of vibrational modes® in the protein.

Dissociation of CO and (.')z in Mb and Hb has been observed
st high temperatures by fast spectroscopic techniques' after
femto, pico and nanc second laser pulse photolysis before the
proteins relax to the stable deoxy conformation. In these
experiments the transient spectra of intermediate species have
been identified, in contrast to the kinetic approaches of the low
temperature experiments.

AL low temperatures it is possible to isolate the
intermediate steps of the reactions fallowing the
photodissociation. The low temperature photoproduct is the same
that is generated transiently at room temperatur.‘. The geminate
process which occurs at low temperature can occur at room

temperature.
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Photolysis depends on the protein and on the ligand".
Investigations with different ligands and with modified protoinsd
are important to verify conformaticnal effects; use of other
techniques besides the optical ones’ CRaman, infrared spectroscopy
and optical abscorption) is helpful in extending our understanding
of these complicated processes.

Hb and Mb recombination with NO ligand at room
temperature have been cbserved by optical absorption.. Since
nitrosyl heme compounds have an odd electron spin (S = 172>, the
Electron Paramagnetic Ressonance CEPRY technique can alsoc be used
in these compounds studies®.

Nagai et al.*® cbserved NO photodissociation in Hb,
isolated chains and hybrids of Hb by EPR at T = 4.2K.
Reassocliation was not observed at this temperature.

Doetschman and Utterbach'! described photodissociation in
HbNO crystals at T = 1,7K and cbserved the thermal reassociation
only at T > T70K. NO-cytochrome c¢ oxidase photolysis was also
studied by EPR and the kinetic curves were fitted according to the
conformational substate model*?,

In this work we use EPR tc analyze the recombination of
NO to human Hb during and after photolysis with continuous
illumination below T = 20K. The ligand recombination rates were
determined under two different experimental conditions: with light
on and in the dark.

Our experimental kinetiec curves can be fitted under
various assumptions; with the energy distribution in the
conformational substates model *®, including the hypothesis of

recombination via quantum-mechanical tunneling‘b or with a sum of
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two exponenti als*®,

-

Il.Material and NMethods

Hemoglobin solution (Hb) was obtained by hemolysis of
human blcod, and was stripped of ione by passage through a
sephadex G-28 (Sigma Co.2 column. The solution was diluted to a
O.2mM heme concentration with a 0.1M phosphate buffer, pH 6.5,
Nitrosyl hemoglobin C(HbNO) was prepared as described by Louro et
al.®® . The Hb samples were left to equilibrate with nitric oxide
for at least 2 hourse before freezing.

A helium flux cryostat CHelitran LTD-3-1100 with a APD-E
temperature controller (both from Air Products and Chemical) were
used to control the sample temperature. Temperatures were
measured with a Au-Fe versus Chromel thermoccuple placed on the
sample tube wall. Temperatures were stable to within 1K.

EPR experiments were performed with a X~band
spectrometer (Varian E-QD. Spectra were obtained at low microwave
power (X% 2mW) to avoid saturation effects and with 2.06 modulation
ampl {tude.

Photodissocliation experiments were performed illuminating
the sample through the window of the EPR cavity, with a 1000W
Xenon Arec Lamp (Oriel Corp. of America Stanfordd) collimated and
filtered through a saturated copper sulphate solution. A
dissociation rate of 0.04s”' was estimated considering the
geometry and the filter characteristics. The light was left on for
a time long enough for Lthe EPR signal to reach steady state.

Figure 1 shows, as example, the EPR spectra of a HbNO
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sample at 7.2K before photolysis, So. and during illumination at
.,_\st.cady state, Sm‘ The reassociation 1s then observed after
blocking the light with a screen. Before repeating the experiment
al a different temperature, the sample was warmed to 77K so that
the EPR signal intensity was recovered.

Curves of Figure 2 show the time dependence of the HbBNO
EPR intensity AICt) at g = 1,08 Cindicated by arrow on Figure 1)
during and after illumination. These curves were digitalized at

intervals of 0.6s and normalized to the equilibrium values at each

temperature:
I -1 CLd
N Ct> = 2 LD c1d
LD
I -1
o m

Nt..pCt'D is proportional to the fraction of unbound NO molecules
during the illumination and in the dark. ZII° is the EPR signal
intensity at g = 1.98 before photolysis and Icn' the steady state
value during illumination. AIL’nCt.) = Io - ICLd is directly
obtained from Figure 2. The normalized experimental curves are
shown in Figure 3. The experimental errors are estimated at
maximum 10%,

During the illumination the experimental steady state
fraction of dissociated ligands, at each temperature, can be
obtained either from the EPR line amplit,udes.F‘L(m) = CIo - Ioa)/Io
or by double integration of the EPR signal area CAO and Aao)’

E Cod.
L

I1I. Theoretical Aspects
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Before illuminating the sample all the molecules are in
}he A C(bound) substate and contribute Lo the paramagnetic signal.
Buring the illumination ligands are dissociating to the B unbound-
substate at a rate kv' which depends on the intensity of the lamp
and on sample concentration . The ligands in the B substate do not
contribute to the signal. We have searched for a wide line signal
due to the dissociated NO ligands, but none was found. During the
illumination some NO ligands return to the A substate with a
reassocliation rate kL. After turning off the light a fraction of
NO which remained in B, reassociates. This process is geminate and
not exponential in time. During illumination the kinetics can be

expressed as:

dF-Ct) .
'———ar— = ka‘Ct) - kLF.Ct) c2)

where F. =1 - FACt) is the fraction of ligands in B. At L = O,
FA(O) = 1 and F;CO) = O, Since F.Ct) = FLCt) the above squation

becomes

Y
F (L = —E,_:—'i: {1 - exp[-(x , + kl_)t]} &>

Since the light intensity during photolysis is relatively
low, the kinetics are determined not only by kv’ but also by the
reassociation rate kLCED. This rate is given by the distribution

of activation energies, g(Ed. Eq. 2 becomes

Kk .
» -
FL( L BJ-GdE‘.gC EJ w {1 @*xXp [ [k » +k L( E) t ] } C4
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In steady state (L + o the dissocliated fraction is

+ @lven by

o K

3

F"_(on) = IdEgCED R 34 5 (9]
o » L

The normalization of FLCt) gives

g Kk

J dEgCE)—E—-—:_'—E——CE){i - .xp[ —[kv-l-kLCE)t]]}
N Cty = =2 z_= - (>}

[ 24
dEgQCED
_L k, + Kk CE5

When equilibrium is established and the light is turned
off the rebinding process is observed. The normalized fraction of

ligands which remains in the B substate is then

- o)

N Ctd = j dEgCEYexp [k CEDt] <

E .
min

wvher e kDCED is the resassociation rate in the dark and Emin
represents the cut off in the energy distribution - the molecules
with energy barrier below Emh\ having reassociated during

illumination.

Since our measurements were made at temperatures below
20K, where the rebinding does not. oceur via classical
over—the-barrier motion, the quantum-mechanical tunneling

18,14

dominates. Among several tunneling models we chose the
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simplest one'® where

6-01/:] ced

kL‘n(ED = A('Do;qa[-rE
ACT> is the frequency factor, the exponential is the Gamow factor

and 8 is a free parameter, taken here equal to 1%¢

For a parabolic barrier and E >> K.T:

17
y = %{aﬁ) dCED> 4->)

wher e K' is the Boltzmann constant, M is the reduced mass of Fe
and NO and d(ED> is the tunneling distance.

We follow Frauenfelder assuming that d(E)> is the width at
the bottom of the barrier and depends on the barrier height, E,

through

AED = do(—EE;) é €100
where do is the barrier width corresponding to the peak of the
distribution energy, EF.

1% t{hat the principal parameters, EP

Since it was shown
and ACTD, do not depend on the choice of g(E), we used the energy

distribution given by Alberding et al.'®.

CED = goexp{ KEP - E) - nexp-2(EP - E)} €11

D
with IgCE)dE =1
o
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where ¢ o is Lthe normalization constant and a and n are adjustable
parameters.

‘ The parameters o, n, E®, A, do and kv were determined
by Monte Carlo method minimizing the mean square error.

Assuming that the conformational substates are frozen at
low temperatures the same distribution was used to fit the
experimental curves in the dark. ACTD and do vere left as free
parameters and the energy Emi.n of the eq. 6, was introduced as
ancther parameter,

Equation 5 was also fitied with the experimental val ues
of F‘LCmD introducing a normalization constant No' The values of No
and ACTY) were obtained through an iterative process to obtain
values of ACTY) of the order of magnitude of the value obtained

from the fit of NLCt).
IV.Results and Discussion

Figure 1 shows that the dissociation with light at 7.2K
is considerable. So and S‘:° are EPR spectra of HbNO, before
11lumination and at equilibrium during illumination. After
{llumination in the new steady state, the resulting spectrum is
very similar to Sm showing that the reassociated ligand fraction
ig quite small (8%. The kinetic curves AI:..,nCt') are shown in
Figure 2. The fraction of dissociated ligands decreases from 0.62
at 65,3K to 0.28 at. 15.5K. This fraction F‘L(en) differs by a factor
of two from ELCm'). obtained by double integration of the EPR

signals. We believe that this is due to a difference in the
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fraction of dissociated o and 2 chains, and possibly te the
presence of R and T conformations which reflect differently on tLhe
EPR absorption area and on the amplitude of the signal in each
.situa.t.ion.

The decrease of F‘LCGD with the increase of the
tenperature is due to a competition between kv' which is constant
and the reassoclation rate, kL(E). which increases with the
temperature according to eq. 8. The kinetic curves can be
observed only at temperatures T < 20K because of the limitations
in signal to noise ratio.

The calculated values of ACT) are given in Figure 4 which
shows that at temperatures below 7K, the pre-exponential factor

ACTD iz almost constant. The observed behaviour can be expressed

by

ACTD = A‘T" + A expC-e/K TD QU

where A = 20ts™", A = 4.840'% ™, n = 0.89 and &K =
49. 7Tk J/mol. Similar behaviour was observed for CO in the # chains
of Hb'™®.

The experimental resulis obtained under illumination with
the normalized kinetic curve show tLhat thtﬁ. curves do not depend
on the temperature. The variation of kLCE) with T, is hidden by
the effect of kv' Because of the normalization procedure, the
temperature dependence observed in the Figure 2-a is lost. However
for samples with concentration 8 times higher, which means =a

smaller kp. it become=s possible to observe temperature dependence

of the normalized curves (Figure B).
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The parameters in Table 1 were obtained from tLhe eqgs.
B8-11 using the model of conformational substates, in the tunneling
-Tegime. The energy distribution g(E) was obtained by fitting tﬁo
experimental curves with the light on since the resolution ix
better than in the dark. At each temperature the curves were
fitted separately and the sets of parameters obtained have nearly
identical values. This confirms that the temperature dependence
can be neglected. The final fitting was made from the average of
the experimental points (Figure 3-ad.

As shown pt‘c'w.t:a.lsly“"c in our case the Arrhenius rate
parameter does not contribute to the observed kinetics.

Figure 3-b shows NDCtD. the normalized kinetic curve in
the dark. Since the recovery of the =ignal is small, energy
distribution gCE) should not be determined from these results. The
parameters of gCE) Ca, n and EP) obtained in the experiments with
light, give a good fit Lo the kinetic resultis in the dark, only if
do and ACT) are left free. It is alzo necessary to use a cut off
in the energy distribution with a minimum energy Emim CFigure 6D,

The tunneling parameter do iz related to the peak energy
of the distribution by eq.8. The difference between the values of
do ocbtained from the kinetics with and without light is equivalent

to a shift of the energy distribut.:l.on‘d.

The effect of this
variation is to decrease the reassociation rate in the dark in
spite of the increase of the frequency factor ACTD. To understand
the meaning of these different tunneling barrier widths we can
suppose that the light partially contributes favoring transitions
to the excited states where the barrier width i smaller than that

in the ground state Can intrinsic assumption of the model used
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hered. Ancther hypothesis is that the photolyzed molecules occupy
ore than one position‘c.

In our experiments the fastest ligands return during the
illumination and correspond to & smaller tunneling distance, while
the slower ones return in the dark and belong to conformations
with larger tunneling distances.

For any given energy of the distribution g(ED, kL(E) is
much larger than knCE). This characterizes two groups of
molecules: fast Clight ond and slow Clight off). Since the
dissociation rate kv is 0.07s™* the ligands with kLCEJ > 0.07s *
can be rephotolyzed during the time of illumination, 120s. In the
dark & small fraction of photolyzed ligands returns with slow
rates while the major part is trapped in the pocket.

The kinetic curves can also be well fitted with a sum of

two exponentials (Figure 7J:

Light on, N Ct) =1 - {B‘exp[—Cku’-l* k ] + Bexp [k, + kv)t]}

Light off, NDFt) = C‘oxp C-k‘nt) + Czoxp(~kzpt)

As can be seen in Figure 7, k and k’L are in the range

1L
of values determined for the fast group molecules by the previous
model and kzn for the slower group. A small fraction €100 has a
rebinding rate, k‘b. out. of the range of the slower group and its
value can be related to energy of 3.0kJ/mel, smaller than Emhf
This may not be relevant in view of variety of the initial values

of the various g(E) models for rebinding in the dark. In recent

papers"‘d it was shown that several distributions fit well the
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experimental data in spite of their different initial energies.
The k values of the sum of exponentials can be seen as dominant
average rates given by the distribution model.

The EP value of the distribution g(Ed found here is
BkJ/mol. It is smaller than the value of EP found for CO for
carp-—-Hb‘?. Cornelius et al."®, in their picosecond photolysis
work, found two geminate processes for NO ligand to Hb, at room
temperature. They observed also that the geminate recombination of
NO is faster than CO and occurs with greater probability, which
led them to propose that the external barriers Cto solvent) are
the same for CO and NO and that the internal barrier is smaller
for NO. Using low temperature experiments we were able to isoclate
the inner barrier and found EF in a good agreement with their
estimated value, without any assumption about the external
barrier.

In the photolysis experiments with HbBNO crystal“ the
estimated value of the activation energy was 7kJ/mol, which is
within the distribution energy range found in this work. No
tunneling has been observed, Nevertheless the temperature
dependence shown in Figure S and the fitting of the experimental
data strengthens the tunneling hypothesis.

Summarizing we have shown that the use of EPR at low
temperatures leads to a coherent analysis of dissociation and
reassociation kinetics of NO. These kinetics can be analyzed
equally well by a conformational substate model, and by a
syperposition of two exponentials with different kinetic rates, k.
Both dissociation and reassociation occur via tunneling only

being limited to temperatures below 20K.
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Figure Captions

™~

Figure 1 -

Figure 2 -

Figure 3 -

Figure 4 -

Figure 5 =

Figure 68 =

EPR spectra of HbNO at 7.2K (0.2mM, phosphate buffer
O.1M, pH = 8.5, So’ before photolysis and Sm' at
steady state during jillumination; microwave power =

O.2mW, modulation amplitude 2. 06G.

Cad AI'_Ct.) - fraction eof dissociated NO under
illumination; (b2 AIDCt.) = fraction of dissociated NO
in the dark; the gain of curves in Cb) is twice that

one in Cad. HbNO O.2mM, phosphate buffer 0.iM, pH =6.5,

Normalized kinetic curves of HbBNC (0.2mM, phosphate
buffer 0.1M, pH = 8.5),. Nl..,nCt') - normalized fraction
of unbound NO: Cad light on: o 9. 2Kk, + 11.09K, o 12.8K,
A 13.8K; (b)) light off: X 7.2k and ©.2K, ¥V 12.5K and
13.8K. The solid lines represent the fit with eqgs.

4-10,

The tunneling pre-exponential ACT) vs. log T; solid

line represents the fit with eq. 5.
Normalized kinetics of HbBNO (1.2mM, phosphate buffer
C.1M, pH = 6.5 with light on: o 11.7K, + 14.8K and o

16, 0K.

Activation energy spectrum for innermost barrier in the
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binding of NO to Hb. Emu‘is the energy cut off in the

NO binding to Hb in the dark.

Exponential model of normalized kinetic curves of HDNO.
Cad light on Cwith k, = 0.078"3: B = 0.510 k_(s™ =
0.077, B, = 0.481, kal_(s-"); CbY light off: € = 0.100
and 0.652, kmCs‘B = 0.852 and 0.014, C, = 0.900 and
0. 835, kans"‘) = 0.001 and 0.001, for the curves at

7.2k and ©.2K and at 12.5K and 13, 8K, respectively.
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Table Caption

Table 1 ~ Parameters for NO Rebinding Process to Hb ¢

a

Fitting parameters of the curves given in Figure 3 using
the distribution function gCEd): n = 0.3 and a = 1.68mol/J.
“Log[ACs™>] is 8.1 at 12.5K and 13.8K for curves in the dark. All

other parameters are the same. *Not an ad justed parameter.
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Light on Light off |
EPCkI mol) 4.0 4.9
d_Cnmd 0.021 0. 049
logtACs %)) 3.2 4.0
kas"'D 0.074 |  ece--
E . CkJ/mol)d 4.4" 4.7
min
&Pcs"‘a 1.8 0.36:d40°%

Table 1
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