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Abstract

Intrinsic steady-state fluorescence of lactoperoxidase (LPO) and its ligand-bound complexes has been character-
ized as a structural probe of its structure in solution. On excitation at 295 nm, a broad emission maximum is
observed around 338 nm for LPO and for its ligand-bound complexes. The quantum yield is 0.0185± 0.0005
for LPO and indicates tryptophan→ heme energy transfer. Tryptophan residues are located away from heme and
are approximately equally distributed among hydrophobic and hydrophilic environments. From Förster resonance
energy transfer equations, the “average” distance between tryptophans and heme within the enzyme is computed to
be 25.1± 0.2 Å. These fluorescence properties are consistent with the recent theoretical three-dimensional model
for LPO and reveal that Trp337 and Trp404 dominate the intrinsic fluorescence, and together contribute∼ 64%
of the observed intensity. The effects of the denaturing agents guanidine hydrochloride and urea on the intrinsic
fluorescence of LPO and CD of the backbone amide chromophores have been examined. The considerably red
shifted emission maximum at 356 nm indicates that tryptophans, buried in the hydrophobic environment, are
exposed to the solvent on denaturation. A simple two-state transition between the native and denatured forms of
the protein has been used to explain the results. [Denaturant]1/2∼ 5.5 M, determined from both these experiments,
indicates that LPO is relatively stable toward the denaturing agents. Quenching studies using. I−, Cs+ and polar
neutral acrylamide are consistent with this picture. Acrylamide can penetrate the protein matrix. It is an efficient
quencher and the quenching process is essentially homogeneous with all the tryptophans being accessible. Cs+ ion
is a very inefficient quencher but the iodide ion shows the quenching process to be predominantly heterogeneous
with widely differing tryptophan accessibility. The Stern–Volmer constants deduced areKsv = 8.4± 1.4 M−1

andKsv = 4.05± 0.65 M−1 for acrylamide and iodide quenching, respectively. The fractional accessibility,fa ,
deduced isfa = 0.52± 0.03 for iodide quenching.

Introduction

Lactoperoxidase (LPO) (donor: hydrogen peroxide
oxidoreductase, EC 1.11.1.7) is a redox enzyme with
antibacterial properties, found in several biological
fluids such as milk, tears, saliva etc. It is a mem-
ber of the mammalian peroxidase family (Pruitt &
Reiter 1985). The enzyme catalyzes oxidation of thio-
cyanate and iodide ions to generate highly oxidizing
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and toxic products which can kill viruses, gram pos-
itive and gram negative bacteria, fungi, parasites,
tumour cells and also mycoplasmas (Pruitt & Reiter
1985). LPO consists of a single polypeptide chain
of 612 amino acid residues (Dullet al. 1990; Cals
et al. 1991), a molecular mass of 78 500 Da, a co-
valently bound heme and about 10% carbohydrate
content (Calstrom 1969). There are 15 tyrosine and
15 tryptophan residues in the enzyme (Dullet al.
1990; Calset al. 1991). An x-ray structure for LPO
is not available; however, recently, a theoretical three-
dimensional model, built on the scaffold of an MPO
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x-ray structure, has been proposed for the LPO mole-
cule (Gioiaet al. 1996). The model shows that the
polypeptide is a nearly spherical molecule with an av-
erage diameter of≈ 64 Å and that the heme is deeply
buried inside the peptide fold located approximately at
the center.

In this study, the intrinsic fluorescence of LPO and
its ligand-bound derivatives has been examined. Fluo-
rescence changes occurring during denaturation, in the
presence of guanidine hydrochloride (GdnHCl), have
been studied in the hope that it would help to provide
information concerning the stability and reconstitution
of LPO. The results have been compared with circular
dichroism (CD) spectra of the amide backbone. Rel-
ative accessibility of fluorophores in a protein can be
determined by the sensitivity of intrinsic fluorescence
to a variety of freely diffusing quenchers. Steady-state
fluorescence quenching with ionic quenchers, I− and
Cs+, has been used to determine the amount of fluo-
rophores accessible to the surrounding solvent water.
Quenching by the uncharged polar quencher acry-
lamide has been examined to probe the efficiency of
a quencher, which can penetrate, to some extent, the
hydrophobic interior of LPO (Eftink & Ghiron 1976).

Experimental

LPO was isolated and purified from 30L of cows’ un-
pasturized, raw milk (Dumantet & Rousset 1983). A
purified enzyme having Rz = A412/A280 = 0.94 was
used for spectroscopic studies. Concentration of LPO
was measured usingε412 = 112 mM−1 cm−1 (Cal-
strom 1969). Steady-state fluorescence spectra were
recorded atλex = 295 nm on a SPEX-1681-0.22m
spectrometer equipped with dM 3000 software for data
acquiring and processing. Emission was scanned in
the wavelength region between 300 and 550 nm. All
measurements were made on a 2 ml sample in a 5 mM
sodium phosphate bufferpH = 7.0 and at 23◦C.
The fluorescence emission was corrected for inner-
filter effects. The quantum yield (ϕp) of the proteins
was calculated using tryptophan standard,n-acetyl
tryptophan amide (AcTrpNH2).

Förster-type nonradiative resonance energy trans-
fer occurs as a result of dipole-dipole coupling be-
tween donor and acceptor (Stryer 1978). The effi-
ciency of the energy transfer (E) between the donor
(Trp) and the acceptor (heme) is related to the separa-
tion, r, between excited donor dipole and the acceptor
dipole groups:

E =
(

1− ϕp
ϕa

)
= r−6

r−6+ R−6
o

, (1)

whereϕa , the quantum yield for tryptophan in ab-
sence of acceptors, is estimated to be 0.2 (Hillet al.
1986).Ro is the donor-acceptor separation at which
the donor fluorescence is quenched by 50%. It is given
byRo = 9.79× 103(κ2ϕaJn

−4)1/6. κ2, the orientation
factor of donor-acceptor transition dipoles, was as-
sumed to be 2/3 for random orientations between the
transition dipole moments (Haaset al.1978), since the
tryptophan residues possess two perpendicular emis-
sion dipoles (Lakowiczet al. 1983); the heme also
contains electronic transitions along two perpendicu-
lar axes, respectively. Under these circumstances, any
error in Ro introduced by orientation is expected to
be negligible (Stryer 1978).n is the refractive index
of the intervening buffer medium of the protein solu-
tion. For very dilute protein solutions,n is generally
given a value of 1.4 (Stryer 1978). Since the sixth
root of n−4 is involved, 15% variation in the value
n introduces less than 5% error inRo. J is the spec-
tral overlap integral between the tryptophan emission
and heme absorption. It was numerically estimated
over the spectral region from 300 to 550 nm, to be
J = 8.63×10−14 cm−3 M−1. For LPO,Ro = 36.8 Å
and in a multi tryptophan lactoperoxidase, the “aver-
age” tryptophan-heme separation,r = 25.1± 0.2 Å
were computed using Equation 1.

The percent contribution of each tryptophan to
the total fluorescence of LPO was calculated using
Equation 2 (Foxet al.1993).

%8 =
100

(
ϕp
ϕa

)
i∑(

ϕp
ϕa

) , (2)

where(ϕ/ϕa)i represents the relative quantum yield
of i th tryptophan. This was calculated for each tryp-
tophan, using tryptophan-to-heme separations, com-
puted from the three dimensional theoretical model
for LPO (Gioia et al. 1996) and using Equation 1.∑
ϕp/ϕa is the total relative quantum yield of fif-

teen tryptophans of LPO. It is related to the measured
relative quantum yield,(ϕp/ϕa)measured, which is an
average of the relative quantum yield of all the fif-
teen tryptophans in LPO. Thus, it is

∑
(ϕp/ϕa) =

15× (ϕp/ϕa)measured. The %8 computed for each
tryptophan in LPO using Equation 2, shown in Table 2,
thus depends on the tryptophan-to-heme separations.

Denaturation measurements were carried out on
DTT-treated samples (Jocelyn 1987) as LPO contains
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Table 1. Fluorescence of LPO derivatives & other heme proteins

Protein λem Soretλmax ϕ (AcTrpNH2) ϕp Reference

(nm) (nm)

LPO 338 412 0.142 0.0185 This work

LPO-CN 338 426 0.148 0.0193 This work

LPOII/S 343 412 0.0209 0.00273 This work

HRP 328 403 0.039 0.005 Ugarovaet al.1981

CCP 324 408 0.07 0.009 Foxet al.1993

Cytochrome-C

Oxidase 328 422 0.325 0.065 Hillet al.1986

twelve disulfide bridges (Gioiaet al. 1996). Relative
fluorescence intensity(F/Fo)was measured as a func-
tion of concentration of the denaturing agent, guani-
dine hydrochloride (GdnHCl).Fo is the fluorescence
intensity in absence of the denaturing agent. Unfolding
of DTT-treated LPO was also studied, for comparison,
by following the effect of the increasing concentra-
tion of a denaturant on the CD activity of the peptide
backbone (amide) chromophore at 222 nm. Urea was
preferred as a denaturant for CD measurements over
GdnHCl as it gave a relatively very low baseline CD
absorption of the buffer, containing equivalent urea
samples. This was subtracted from the protein CD
absorption.

The free energy of unfolding at each concentration
of the denaturing agent was calculated, assuming two-
state transitions between native (N) and unfolded (U)
forms being in equilibrium, and using:

1G = −RT ln
(Xn −Xi)
(Xi −Xd) . (3)

Xi is the numerical value of the structure sensitive
parameter(F/Fo). Xn, Xd in Equation 3 are the
numerical values of the same parameter of the pro-
tein when in native state (n) and the denatured state
(d), respectively. Variation of the calculated free en-
ergy change as a function of the concentration of the
denaturing agent is given by (Pace 1986):

1G = 1GH2O −m[denaturant]. (4)

Quenching of LPO fluorescence by the neutral
quencher acrylamide showed the presence of a sta-
tic component. The Stern–Volmer quenching constant
(Ksv), a measure of the dynamic quenching, was
determined using a modified Stern–Volmer equation
(Eftink & Ghiron 1976):

Fo

F exp(V [Lo]) = 1+Ksv[Lo], (5)

whereV is a parameter which takes care of the static
quenching component. Fluorescence quenching data
by ionic quenchers, however, showed differing acces-
sibility. Ksv was determined by a modified Lehrer plot
expressed as (Lehrer 1971):

Fo − F
Fo

= faKsv[Lo]
(1+Ksv[Lo]) , (6)

where Ksv represents the dynamic Stern–Volmer
quenching constant andfa represents the fraction of
the protein fluorophore accessible to the quencher.

Results and discussion

On excitation at 280, 290 and 295 nm respectively, the
fluorescence emission for LPO shows a single, broad
maximum at 338 nm (bandwidth≈ 52 nm). However,
the fluorescence, atλex = 295 nm, is relatively less
intense than observed atλex = 280 and 290 nm. In ad-
dition, the excitation spectrum shows a peak at 280 nm
with shoulders around 290 and 294 nm, respectively.
Tyrosine residues in protein are not excited at 295 nm
(Lakowicz 1983). The observed less intense fluores-
cence emission in LPO atλex = 295 nm therefore
arises nearly entirely from the tryptophan residues,
and the contribution from the tyrosine residues, if any,
must therefore be negligibly small.

The considerably red shifted emission maximum,
as compared to other hemeproteins (Table 1) suggests
that in LPO, the tryptophan residues are approxi-
mately symmetrically distributed in hydrophobic as
well as hydrophilic environment. Emission maxima
for LPO derivatives also occur essentially at the same
wavelength (Table 1).
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Table 2. Percent quantum yield (%8) for Trypto-
phan residues in LPO

Tryptophan r Å %8

Trp163 18.77 1.25

Trp178 23.20 4.26

Trp220 14.93 0.32

Trp337 31.18 19.50

Trp404 39.59 43.81

Trp441 21.81 3.00

Trp485 26.15 8.22

Trp501 22.39 3.48

Trp569 18.26 1.06

Trp610 9.970 0.03

Trp646 20.93 2.36

Trp647 26.12 8.17

Trp2+ Trp91+ Trp119 – 4.59

SUM 100

The tryptophan-to-heme distances in Table 2 show
Trp337 and Trp404, located far away from the ferric
heme at 31.18 Å and 39.59 Å, respectively, domi-
nating together the steady-state fluorescence of LPO,
and contributing almost≈ 64% of the observed inten-
sity. The fluorescence intensity of all other tryptophan
emission is quenched differently, depending on their
proximity to the heme group and their relative orien-
tation. It can be seen (Table 2) that three tryptophan
residues, Trp2, Trp91 and Trp119, omitted from the
model together contribute only≈ 4.6% to the ob-
served intensity. If they are assumed to contribute
equally, it is then estimated that they are located
around 19.5 Å from the heme center. It may be noted
that the tryptophan-to-heme distances in Table 2, are
only approximate average distances, as they are based
on the model. Therefore, the percent contributions of
each tryptophan, (%8), to the observed fluorescence
intensity calculated here are also approximate. It is
fair to expect, however, that their relative contributions
would remain nearly the same.

The emission maximum for LPO in the presence
of 9M guanidine hydrochloride is observed at 356 nm.
Considerable red shift in the emission maximum (Ta-
ble 1) indicates that tryptophans, buried in the interior
hydrophobic environment in the native folded state
and inaccessible to solvent water, get all exposed to
aqueous environment. Figure 1 shows the plot of the
observed relative fluorescence intensity as a function
of guanidine hydrochloride concentration. It shows a

Figure 1. Effect of GdnHCl concentration on the relative fluores-
cence intensity, (F/Fo) of LPO during denaturation. The excitation
wavelength was 295 nm. Measurements were made at 23◦C and
pH=7.0 in 5 mM, sodium phosphate buffer. GdnHCl stock so-
lutions were made in 5 mM sodium phosphate buffer pH=7.0.
Smooth curve was calculated using Equation 3. Inset shows the1G

as function of guanidine hydrochloride concentration.

Figure 2. Dependence of amide backbone CD of LPO on urea con-
centration during denaturation. The structure sensitive1ε222 M−1

cm−1, values at 222 nm plotted against urea concentration. Smooth
curve was obtained using fitted parameters in Equations 3 & 4.

typical sigmoid nature of the unfolding process. The
sigmoid nature is characteristic of a simple two-state
transition between the native (N) and unfolded (U)
forms of the protein in equilibrium. The free energy of
unfolding at each concentration of the denaturant was
calculated by using Equation 3. The inset in Figure 1
shows that the free energy change varies linearly with
the denaturant concentration.

The CD spectrum is absence of the denaturant
shows two maxima at 208 and 222 nm, which are
typical of a polypeptide in theα-helix andβ-sheet
conformations (Sievers 1980). Figure 2 shows that
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the CD activity (1ε222 M−1 cm−1) is initially in-
sensitive at low urea concentrations. At high urea
concentrations however, the variation of CD activity
has a sigmoid profile. This behavior is consistent with
a simple two-state transition between the native and
denatured state of LPO. The inset in Figure 2 also
shows that the free energy change varies linearly with
the denaturant concentration.

Table 3 shows the estimated1H2O andm values
by the least squares fit of1G Vs [denaturant] data
to Equation 4. The coefficients of determination,r2,
are the measure of closeness of the fit. The value of
1GH2O determined from the CD measurements (Ta-
ble 3) is of larger magnitude than that obtained from
the analysis of the fluorescence emission data. Fig-
ure 2 shows that even up to 9.5M urea, the CD activity
at 222 nm does not attain constancy as compared to
the relative fluorescence intensity up to 9M GdnHCl
(Figure 1). This indicates the existence of some resid-
ual secondary structure at 9.5 M urea. Neutral urea is
known to be 1.5 to 2.5 times less effective as denatu-
rant than GdnHCl (Pace 1986). The unfolding by urea
in the CD experiment is somewhat less complete up to
9.5M urea concentration and may be partly responsi-
ble for the difference in the1GH2O values in the two
experiments. In addition, fairly large extrapolations
of 1GH2O values from 9M of urea and 8M GdnHCl
(see inserts Figures 1 and 2), up to zero denaturant
concentration have to be effected in order to obtain
an estimation of1GH2O . This can also introduce
differences in the computed values of the parameter
(Ahamadet al. 1982). In absence of the denaturant,
1GH2O is a measure of stability of the protein confor-
mation (Pace 1986). For many globular proteins, the
stability values are in the range of 21–41.8 kJ/mole
(Pappa & Cass 1993). The low values determined in
the present study indicate that at neutralpH LPO is
not a very stable protein.

Them value depends on the size and composition
of the protein chain exposed to solvent upon unfold-
ing. The values of 2.1 and 2.2 kJ.[mol protein]−1.M
[denaturant]−1 respectively determined here are low
compared to 8.7 kJ.[mol protein]−1. M [denaturant]−1

reported for myoglobin (Ahamadet al. 1982). The
low values are consistent with the three-dimensional
model. They essentially indicate that only a small
amount of the additional peptide surface of LPO is
exposed to the solvent, upon unfolding. The ratio, m
(GdnHCl)/m (urea), has been suggested to be related
to the polarity of the unfolding (Greene & Pace 1974).
The ratio higher than 2.4 indicates the predominantly

Figure 3. Steady-state fluorescence quenching of LPO by acry-
lamide. The fluorescence was measured in 5 mM phosphate buffer
pH=7. The ionic strength of the sample was maintained at 1 M
by addition of appropriate quantity of NaCl from the stock so-
lution made in the same buffer. The fluorescence intensity is
expressed as the fraction relative to unquenched fluorescence,
(F/Fo) · λex = 295. λex = 295 nm andλem = 338 nm. Solid
circles are the data points and the smooth curve was obtained using
equation 5, and using fitted parameters.

polar nature of the unfolding unit. The low value of
≈ 1 observed here shows that unfolding residues in
LPO are predominantly non-polar in character.

The transition mid-point is defined by the concen-
tration of the denaturant required to effect 50% of the
total change, ([denaturant] 1

2
). It is a measure of the

stability of the protein towards the denaturing agent.
The values of transition mid-point in Table 3 show
that LPO is more stable toward the denaturing agents,
as compared to myoglobin (1.7 M GdnHCl) (Bismuto
et al. 1983) and horse heart cytochrome-c (2.8 M
GdnHCl) (Mineset al.1996).

Figure 3 shows the fluorescence quenching by
acrylamide. The upward curving plot indicates that all
the tryptophan residues are nearly accessible, and a
dynamic quenching process, having a static compo-
nent (Eftink & Ghiron 1976). Magnitude ofKsv =
8.4± 1.4 M−1 was determined for acrylamide using
Equation 5.Ksv in multi-tryptophan proteins essen-
tially denotes the weighted average of the individual
quenching constants.

Iodide ions also quenched LPO fluorescence.
Steady-state quenching by iodide ion did not give a
satisfactory linear plot ofFo/F Vs [Lo]. However,
((Fo−F)/Fo) is seen to smoothly follow the quencher
concentration (Figure 4), although data show some
more scatters than is generally observed. Data have
been analyzed using the modified Lehrer equation
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Table 3. Thermodynamic data on the Denaturation of LPO

Probe 1GH20 m r2 [denaturant]1/2
kJ/m kJ.[moleprotein]−1 M

M[denaturant]−1

Tryptophan 8.7 2.1 0.93 5.5

Fluorescence

Backbone CD 13.9 2.2 0.95 5.6

Figure 4. Modified Lehrer’s plot of quenching of the steady state
fluorescence of LPO by iodide ion. Fluorescence was measured in
5 mM phosphate bufferpH=7. The ionic strength of the sample
was maintained at 1 M by the addition of appropriate quantity of
NaCl from the stock solution made in the same buffer. Relative
decrease in the fluorescence,(Fo − F)/Fo at λex = 295 nm and
λem = 338 nm plotted as a function of iodide ion concentration.
Smooth curve calculated using parameters fitted to Equation 6.

(Equation 6). A unique set of parameters (Ksv fa)
are obtained withKsv = 4.05± 0.64 M−1 andfa =
0.52±0.03. The Solid line in Figure 4 shows the curve
calculated using fitted parameters. This indicates a
dynamic quenching process due to free diffusion of
iodide ions. Quenching, however, is essentially het-
erogeneous with tryptophan residues widely differing
in their accessibility.

Thiocyanate ion is very similar to iodide ion in
binding to LPO (Modiet al.1989; Ferrariet al.1997).
However, the relative fluorescence intensity in the
presence of thiocyanate anion does not shown any sys-
tematic variation with the quencher concentration. The
ineffectiveness of the thiocyanate ion as a quencher
may be due to its linear shape, it not being conducive
enough for effective collisional quenching as a spher-
ical iodide ion (Lakowicz 1983). Electronegativities
of nitrogen and sulfur are different. The asymmetric

charge distribution over the linear molecule may there-
fore also be responsible for the ineffectiveness of the
thiocyanate as quencher.

Cs+ does not quench LPO fluorescence up to
0.7 M. Cs+ was only seen to produce a small down-
ward curving Stern–Volmer plot with considerable
scattering in the data (not shown). That indicated the
Cs+ ion to be a very inefficient quencher. LPO with
pI > 8 (Calset al.1991) carries a net positive charge
on the surface. This may possibly inhibit the diffusion
of Cs+ ions but may also have facilitated the diffusion
and quenching by negatively charged iodide ions more
effectively.

Fluorescence quenching by both acrylamide and
iodide suggests that the surface of the LPO molecule
is sufficiently conducive for interactions of substrates
with both hydrophobic and hydrophilic characters.
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