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Abstract

In addition to being an essential natural amino acid, L-histidine is biologically important in the dismutation of superoxide radical (O, ~) by
superoxide dismutase (SOD). In this work, fluorescence and absorptiometric techniques were used to characterize the photo-phenomenon and optical
properties of this compound in a simulated body fluid (SBF). L-Histidine fluoresces at 360 nm when excited at 220 nm. Its molar absorptivity, ¢, is
4.8 x 10° M~! cm™!. The observed bimolecular quenching rate constant, k, of 7.5 x 103 M~! s~!, by hydrogen peroxide, suggests a non-diffusional
activation-controlled mechanism with a rate constant, k,, of 8.55 x 103 M~! s~! and an electron transfer rate constant, kg of 6.06 x 10% s™1. The
determined radiative and non-radiative rate constants, 4.73 x 107 and 2.9 x 10® s~!, respectively, suggests that the deactivation of the thermally
excited L-histidine is by non-radiative route rather than by normal fluorescence, which accounts for the low quenching constant, Ksy, of 2.22 M~}
that was obtained. The solvent reorganization energy, A, and the reaction free energy change, AG, of 1.48 and —5.62 eV, respectively, suggest that

the electron transfer reaction in the L-histidine-H,O, reaction is through a solvent separated mechanism.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

L-Histidine is one of the naturally occurring amino acids. It
plays a very active role in many biological systems [1-3]. Its rel-
evance in the overall structure and activity of the metalloenzyme,
superoxide dismutase (SOD), in the dismutation of debilitating
superoxide is well documented [4—7]. The nitrogens on the imi-
dazole moiety of this amino acid, which is a vital component of
superoxide dismutase, is ligated to copper and zinc ions as shown
in Fig. 1. These metallic sites act as the catalytic centers for the
superoxide dismutation reactions. In order to fully understand
the mechanism by which this amino acid performs its multi-
farious biological functions, its optical and physico-chemical
properties must be known and be controllable for more efficient
tailoring of its activities for specific functions.

Fluorescence techniques have always been found to be quite
sensitively reliable in its application in the study and the under-
standing of chemical and biological reactions. Data obtained by
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fluorescence techniques have been found reliable in obtaining
not only the binding constants between molecules but also in the
determination of the rate of such binding as well as the result-
ing mechanism. This is especially important in the binding of
bio-molecules to enzymes for catalysis in bio-activities [8—16].
Fluorescence quenching studies have been used extensively in
this type of studies. We have therefore carried out fluorescence
quenching experiments of L-histidine using hydrogen peroxide
as aquencher molecule, in other to obtain vital physico-chemical
and optical properties of this compound.

SOD is a cytosolic metalloenzyme and its reactions are car-
ried out in that medium. Therefore, in other to obtain spectro-
chemical properties that is meaningfully consistent with what
is obtained in the cytosol, spectrochemical experiments were
conducted in a simulated body fluid (SBF) that is known to effi-
ciently mimic biological fluid [17]. The observed pH of the SBF
medium used in this work is 7.4, which is very close to the
biological pH. In this medium and at this pH, L-histidine exists
essentially as a neutral compound as shown in Fig. 2. Its isoelec-
tronic point (p/) at this pH is known to be about 7.5 [18], which
is in close agreement with the pH of the SBF medium used in
this work.
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Fig. 1. Structure of the imidazole moiety of L-histidine showing the ligated
metal ions on the nitrogen atoms.

2. Experimental
2.1. Chemicals

ACS certified grade L-histidine was obtained from J.T. Baker
so also is a 99.0% purity quinine sulfate. A 30.7% analytical
reagent grade hydrogen peroxide and a 95-98% pure sulfu-
ric acid were obtained from Sigma-Aldrich. Cetyltrimethyla-
monium bromide (CTAB) (99.0% purity), magnesium chlo-
ride (99.0% pure) and ACS reagent grade disodium phosphate
(Na,HPO4) were obtained from Acros. Potassium chloride
(99.4% pure), calcium chloride (99.0% pure) and sodium bicar-
bonate (NaHCO3) (~100.0% pure) were obtained from Fisher
chemicals and sodium chloride of 99.98% purity was obtained
from Thorn Smith chemist. All chemicals were used as received.

2.2. Simulated body fluid preparation

This fluid system which was used as the solvent for all exper-
iments performed in this work was prepared in accordance with
literature directions [19,20]. Briefly, the following compounds
were dissolved in 500mL of triply distilled deiozed water:
NaCl (3.9681 g); KCI1 (0.1864 g); CaCl, (0.1387 g); MgCl,
(0.1307 g); NaHCO3 (0.1764 g) and NayHPO4 (0.0710 g). These
compounds give an ionic concentration of Na* (143 mM), K*
(5.0mM), Mg* (1.5mM), Ca>* (2.5mM), CI~ (148.8 mM),
HCO3™ (4.2mM), and HPO4~ (1.0mM). The ionic strength
was calculated to be 0.16 M and the pH of the solution is about
7.4.

2.3. Optical measurements

All fluorescence measurements were performed using a
Perkin-Elmer’s Luminescence Spectrophotometer, Model LS
50B. The L-histidine exhibits complex fluorescence spectra due
to the presence of the imidazole moiety [21]. For this reason
the excitation and emission wavelength of this compound were
determined by varying the excitation wavelength from 200 to
250 nm and observing the resulting fluorescence intensity. This
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Fig. 3. Plot of the observed fluorescence intensity of L-histidine as a function
of the exciting wavelength.

way the excitation wavelength that gave the maximum emis-
sion intensity was obtained at 220 nm as can be seen in Fig. 3.
The wavelength (220 nm) was used for all further excitation
experiments in this work. The excitation and emission slits were
kept constant at 3.0 nm. At this excitation wavelength, the flu-
orescence of this amino acid was observed at 360 nm. In all
experiments, unless otherwise specified, the concentration of
L-histidine was kept constant at 2.5 x 10~* M and the concen-
tration of the quencher, hydrogen peroxide, was varied from
0.0185 to 0.1294 M. All experiments were conducted at room
temperature (25 4= 0.2 °C). The fluorescence spectra from which
the fluorescence intensities were obtained were uncorrected.

The absorptiometric experiments were performed using a
Cary Spectrophotometer, Model 1E, supplied by Varian Analyt-
ical Instruments. Absorptiometric spectrum of this compound
whose Amax 1S observed at 211 nm was also obtained using a
1.0 cm cuvette. This absorption wavelength of L-histidine is in
good agreement with that observed by Tatischeff et al. [21]. The
molar absorptivity, &, of L-histidine in SBF was determined by
plotting the ratio of the observed absorbance, A, taken at Apax
to the concentration, C, as a function of the respective wave-
lengths encompassing the absorbance spectrum in accordance
with Beer—Lambert’s law (A/bC). b is the solution thickness or
light path length, was 1.0 cm. The ¢ was taken at the peak of the
plot at which A = Anax.

2.4. Refractive index determination

The refractive index, n, of SBF and 0.05 M H,SOy4 solutions
were determined using the digital Abbe Leica Refractometer
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Fig. 2. Structure of L-histidine at isoelectronic point (p/) of 7.59.
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which was calibrated with a triply distilled deionised water. The
obtained refractive indices for these solutions were 1.33563 and
1.33336, respectively.

2.5. Quantum yield

The quantum yield, @, of L-histidine was determined in
accordance with the literature methodology [22]. Briefly, the
solutions of the reference standard (quinine sulfate) and the L-
histidine were prepared to have approximately equal absorbancy,
0.0304 and 0.0321, respectively, and both were excited at the
same wavelength (223.0nm). In a review articles on quantum
yields determination, Demas and Crobsy [23] comment that
the quantum yield of quinine sulfate is constant between the
excitation wavelength of 200 and 390 nm. The value of the
quantum yield for this reference sample is recommended to be
0.54 and it was used in this work. This way, the fluorescence
emission spectrum of the L-histidine solution was corrected for
quantum yield determination. The observed absorbance and flu-
orescence were further corrected in accordance with Eq. (1)
[24]:

(1 — 10~4)Fyn2
Py =Py ————— (1
(1 —107"v)Fyn
In this equation, the subscripts u and s refer to the unknown sam-
ple (L-histidine in SBF) and reference sample (quinine sulfate),
respectively. The A and F refer to the absorbance and area of
the fluorescence band, respectively. Using the above equation,
the fluorescence quantum yield for L-histidine was determined
as 0.14. This value is in good qualitative agreement with the
quantum yield values of some aromatic amino acids [25,26].

2.6. Fluorescence lifetime

The fluorescence lifetime, t(o, for L-histidine in SBF was
determined using the Strickler—Berg relation [27] given in Eq.

Q):

% =2.88 x 10_91121)?<i)_1 /edlnv 2
0

In this equation n, v and v are the solvent (SBF) refrac-
tive index, the fluorescence wave number, taken at the center
of gravity of the fluorescence spectrum, and the integrated
wave number of the absorption band, respectively. L-Histidine
exhibits an uncomplicated single absorption band whose maxi-
mum centered at 211 nm. The integration in Eq. (2) was therefore
done analytically by measuring of the area enclosed under the
absorbance envelope using the relation of full width at half max-
imum (FWHM) technique. In this case Eq. (2) is reduced to a
much simpler relation given in Eq. (3):

1
=288 x 109123 leln (”2> . 3)
70 V]

Subscripts 1 and 2 in this equation denote the wavenumber cor-
responding to the high and low end of the wavenumbers of the
band.

2.7. Electrochemical experiment

Cyclic voltammetric technique performed with an Electro-
chemical Analyzer supplied by Cypress Systems was used to
obtain the current—voltage data with which the Ey, value for
L-histidine was determined. The working electrode in this exper-
iment was a glassy carbon electrode of 0.016 cm? electrochem-
ical surface area. The counter and quasi-reference electrodes
were a wound platinum wire and a silver rod, respectively. L-
Histidine is known to be electro-inactive in aqueous solution
[28]; therefore the oxidation peak potential, E;,, was obtained in
a 0.01 M cationic (cetyltrimethylammonium bromide) micellar
solution. In all solutions, 0.15M KCl was used as supporting
electrolyte and in each solution a fairly constant value of 1.48 V
versus SCE was obtained. The concentration of L-histidine in
all the solutions was 3.66 x 1073 M.

3. Results and discussion

Fig. 4 is the L-histidine absorbance spectrum with which
the fluorescence lifetime, 79, and molar absorptivity, e, of
4.8 x 103 M~! cm~! were obtained, as described in Section 2.3.
The spectra of the steady state fluorescence experiments of L-
histidine in SBF at different concentrations of hydrogen peroxide
and at a constant L-histidine concentration are shown in Fig. 5.
As indicated by the arrow in this figure, the fluorescence inten-
sity of L-histidine is seen to decrease with increasing hydrogen
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Fig. 4. The absorbance spectrum of L-histidine.
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Fig. 5. The fluorescence spectra of L-histidine with increasing concentration of
hydrogen peroxide (see text).

peroxide (quencher, Q) concentration, as it should be. Analysis
of the quenching data was carried out in accordance with the
Stern—Volmer relationship as given in Eq. (4):

10

7= 1+ Ksv[H202] = 1 + kq1o[H202] 4
10 and Iin this equation are the observed fluorescence intensity in
the absence and in the presence of quencher, respectively. The
values of I° and I were taken at the emission band maximum
as is usually the standard practice. Kgy is the Stern—Volmer
quenching constant and kq and 7 are the quenching rate constant
and the natural fluorescence lifetime of L-histidine, respectively.
The plot of the observed data, in accordance with Eq. (4) is shown
in Fig. 6. As can be seen, the plot obeyed the Stern—Volmer
equation with a correlation coefficient of better than 0.99 with
a slope of 2.22 M ™!, corresponding to Ksy as per Eq. (4). This
value was used with the value of 7 discussed above, to obtain
a quenching rate constant, kg, of 7.5 x 108 s~L. The observed
experimental and calculated parameters for this work are listed
in Table 1. As can be seen the value of Kgy is surprisingly low and
may be explained by the deactivation of the thermally excited
L-histidine via non-radiative route. It has been established that
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Fig. 6. The Stern—Volmer plot of L-histidine with hydrogen peroxide as
quencher.

Table 1
The observed and calculated physico-chemical and optical properties of L-
histidine in SBF

Parameter Value Parameter Value

€ 48x 1M~ em™! hexe 220nm

Amax 211 nm Aem 360 nm

D 0.14 70 2.96 ns

ke 473 x 107 57! K(R) 1.48

Ko 29x 108571 kq 75x108M~1's
ka 8.55x 108 M1 s! ket 6.06 x 108 57!
AG —5.62eV Ak 1.48eV

kq 6.11 x10° M~ 57! Ksv 2.22M7!

H,0; is a good electron scavenger [29,30] and can interact with
the thermally excited L-histidine at the excited state and form a
charge transfer complex at the excited state. It is further noted
by these authors that no ground state complexation was formed
between hydrogen peroxide and the compounds studied. That
argument is consistent with what is observed in this work.

As can be seen in Fig. 5, there is no apparent structural dif-
ference between the fluorescence spectrum of L-histidine in the
presence and the absence of H>O;. This signifies that there is
no ground state complexation between this fluorophore and the
quencher to account for the low Kgy observed in this work. It
is further observed (Fig. 5) that at the excited state the HyO»
can withdraw electron from the fluorescer, L-histidine. When
this happen, the H,O; becomes an ineffective quencher and the
L-histidine can thereafter return to ground electronic level via
non-radiative route. This type of mechanism has been reported
by several workers with respect to some aromatic amino acids
and indole derivatives [29-33]. This deactivation route, non-
radiative decay by excited L-histidine can account for the low
Kgv obtained in this work. Furthermore, a comparison of the
radiative and non-radiative deactivation rate constants can be
used to lend credence to the observed low Kgy:

P

k= — 5)
70

1-@

70

knr =

(©)

In the above equations, k; and &y, are radiative and non-radiative
rate constants and the rest terms have the meanings described
earlier. Using the observed values of 0.14 and 2.96ns for @
and t(, respectively, the k. and k,r values determined were
4.73 x 107 and 2.9 x 103 s~!, respectively. From these values
it can be seen that the deactivation rate constant of the thermally
excited L-histidine due to non-radiative process, kyr, is about
an order of magnitude more than that of pure fluorescence, ;.
These observed rate constants may be used as a further sugges-
tion that the deactivation of the thermally excited L-histidine is
by non-radiative route rather than by normal fluorescence, and
this fact can account for the low quenching constant, Kgy that
was obtained as discussed above. The obtained kq was compared
with the theoretical bimolecular diffusion-controlled reaction
rate constant, kg, using the Smoluchowski—Debye equation for
neutral reacting species such as those under consideration in
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this work:
_ 47N
"~ 100(Da + Dp)(Ra + Rp)

D and R in this equation refer to diffusion coefficient and radius,
respectively, and N is the Avogadro number. Subscripted A and
D refer to acceptor and donor species, hydrogen peroxide and
L-histidine, respectively. The radius, R, values were obtained
using the Smoluchowski relation: R = (3 M/4wNp)'3, where M
and p refer to the molar mass and the density of the respec-
tive compounds. The p for hydrogen peroxide (1.11 gecm™)
was taken from Ref. [34], giving R-value of 2.30 x 1078 cm.
The p for L-histidine (1.42 gcm™>) from which an R-value of
3.51 x 1078 cm was determined was obtained from the ACD/lab
extension program of the CS ChemDraw of the CambridgeSoft
Corporation, Version 6.0 [35]. The density thus obtained is in
agreement with what is reported in the J.T. Baker MDS sheet for
this amino acid and also with that calculated using the incremen-
tal atomic volume method by Edwards [36]. The diffusion coef-
ficient for the reactants was calculated using the Stokes—Einstein
relationship (D =kT/6mnR), where k is the Boltzmann constant,
n the viscosity of the medium (SBF) (1.13 cP) and T=298 K. The
value of kq obtained from these relations is 6.11 x 109 M1 s~1.
This value is an order of magnitude larger than the kq value given
above. This indicates that the reaction between L-histidine and
hydrogen peroxide is not diffusion controlled.

kq

(N

3.1. Electron transfer rate constant

As stated earlier in Section 3, the Kgy that was obtained in
this work is quite low and that the deactivation reaction is con-
sidered to be due to a non-radiative process. Further probing of
the mechanism for the observed quenching reaction was con-
sidered. According to Sutin [37], kq and kq are related to the
electron transfer constant, kgT, by the equation:

_ kerkd
kgt + k_q
k_q in this equation is the first order diffusion-controlled dis-

sociation rate constant of the precursor complex shown in the
following scheme:

kq ®)

Ky
D* + A = [DA]*
K_q

D + hv — D*,

Rearrangement of Eq. (8), in accordance with Darocher’s
method [38], gives the following:

1 1 k_ 1 1
4 K

—=—t ——=—t )
ke ka  ketka ka  K(R)kgr

kgt is the first-order electron transfer rate constant and K(R)
(equal to kg/k_q) is the distant dependent association or equilib-
rium constant of the precursor complex that is obtained using
the Debye and Fuoss—Eigen model [39—41] given in Eq. (8) for
uncharged reactants as is the case in this work:

A7 NR3
3000

K(R) = (10)

The value of K(R) thus calculated is 1.48 M~!, when the R-
value is approximated by the sum of the radii of the reactants
(5.81 A). A combination of Eqgs. (6)—(8) was used to obtain kgt of
6.06 x 108 s~1. This value is consistent with what is expected for
long range photo induced electron transfer reactions within an
encounter radius >7 A [42—45]. The activation-controlled rate
constant, k,, of 8.55 x 108 s~ for the reaction under study was
determined using the Sutin formalism [37]: k, = K(R)kgT. These
rate constants are listed in Table 1. A comparison of the mag-
nitude of k, with kg, kq and kgt reveals some relevant facts in
this work: (a) kq =k, and kgt <kq and (b) Kgy is quite low. The
observation in (a) implies an activation-controlled reaction pro-
cess and the observed kg is within a value expected in a solvent
separated radical ion pair reaction.

3.2. Solvent reorganization energy

In order to fully understand the observed electron transfer
mechanism, the solvent involvement is considered. For the cal-
culation of the solvent reorganization energy, As, we have used
the Marcus dielectric continuum formula [46] given in Eq. (11):

62

Ag =
" 4meg(1/e], — 1/e)(1/2Ra + 1/2Rp — 1/Rap)

an

In the above equation &g (so,pznz) and &g are the solvent
refractive index and the solvent dielectric constant, respectively.
The value of gy (1.7839) was experimentally determined as
described in Section 2.4. The observed refractive index of the
SBF is within the value of the dioxane—water mixture whose
dielectric constant from 10 to 100% dioxane is known [47]. The
estimation of fluidic dielectric constant based on dioxane—water
scale is frequently used in experimental works [48—54]. There-
fore the dielectric constant of SBF was estimated from this scale
and was found to be 78.3 D. This can be compared to that of
water, which is known to be 78.355 D [55]. This is not surpris-
ing since the SBF is essentially a water-solution of different ionic
species as shown in Section 2.2. In Eq. (11), e is the electronic
charge and g is the permittivity of vacuum. The use of this
equation gave a value of 1.48 eV for the solvent reorganization
energy for L-histidine—-H; O, reaction in SBF. The observed g
value is within the range of those values that implicate a solvent
separated reaction process.

3.3. Free energy change

In addition to the solvent reorganization energy, the free
energy change, AG , for the electron transfer reaction in this
system was also determined using the Rehm—Weller relation-
ship given in Eq. (12) [56,57]:

&2

AG® =E | —E\p—Eog— —— 12
172 172 0-0 dmepes Ry (12)
In this equation EY , and EY , are the half-wave potentials of
the oxidant and reductant species of the reactants, H>O, and
L-histidine, respectively. Ey_g is the zero—zero excitation energy
of L-histidine taken at the maximum of the excitation spectrum.
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Fig. 7. The voltammogram of 3.015 x 107> M L-histidine at glassy carbon
electrode in 0.01 M cationic surfactant (CTAB) Micelle and 0.15 M KCl as sup-
porting electrolyte.

Ry is the effective electron transfer encounter distance between
the reactants, which is related to the observed quenching rate
constant by Eq. (13) [58]:

kq =47 N'DapRq (13)

However, in this work, the Rq (7.51 x 1078 cm) in the above
equation was approximated to Ra + Rp + Rgolvent, Where the
Rsolvent 18 the radius of the water molecule sandwiched between
the reactants, as it is observed that the reactants in the reaction
under study are solvent separated as observed in Section 3.2.

3.4. Determination of the oxidation peak potential of
L-histidine

Cyclic voltammogram of L-histidine was obtained as
described in Section 2. This is shown in Fig. 7. As can be seen
from this voltammogram, L-histidine exhibited a non-reversible
behavior and the peak potential is centered at about 1.48 V. As
a result of the irreversibility of this compound, the half-wave
potential is difficult of ascertain without some ambiguity. As an
approximation, therefore the peak potential was used in place
of the half-wave potential given in Eq. (12). This was also the
case for the hydrogen peroxide whose peak potential of 1.76 V
versus NHE was taken from Refs. [59,55]. This value is in good
agreement with other literature value [54]. The determined peak
potential of L-histidine was referenced to the NHE scale before
its use for the determination of AG . Using these values, the
AG' was calculated as —5.62 eV. This very high exergonic free
energy value is well within the value consistent with a solvent-
separated (or outer sphere) reaction mechanism [60—62].

4. Conclusion

It has been shown in this work that L-histidine is excitable
at a wavelength of 220nm and its fluorescence is observed
at 360nm. Its absorption wavelength and molar absorptivity
were determined as 211nm and 4.8 x 1M~ em™!, respec-
tively. Its bimolecular reaction with hydrogen peroxide is not
diffusion-limited but rather an activation-controlled process. Its

deactivation is also not through a normal fluorescence decay
but through a non-radiative process. Both of the reorganization
energy, s, and the free energy change of the reaction, AG’,
implies further that the reaction is consistent with a solvent sep-
arated ion pair mechanism.
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