
Optical Spectra of Lactoperoxidase as a Function of Solvent†

B. Zelent,‡ T. Yano,‡ P.-I. Ohlsson,§ M. L. Smith,| J. Paul,⊥ and J. M. Vanderkooi*,‡

Johnson Research Foundation, Department of Biochemistry and Biophysics, School of Medicine, UniVersity of PennsylVania,
Philadelphia, PennsylVania 19104, Department of Plant Physiology, Umeå UniVersitet, S0910 87 Umeå, Sweden, Anabolic

Laboratories, Tempe, Arizona 85281, and DiVision of Physics, Luleå UniVersity of Technology, 971 87 Luleå, Sweden

ReceiVed July 14, 2005; ReVised Manuscript ReceiVed September 16, 2005

ABSTRACT: The iron of lactoperoxidase is predominantly high-spin at ambient temperature. Optical spectra
of lactoperoxidase indicate that the iron changes from high-spin to low-spin in the temperature range
from room temperature to 20 K. The transformation is independent of whether the enzyme is in glycerol/
water or solid sugar glass. Addition of the inhibitor benzohydroxamic acid increases the amount of the
low-spin form, and again the transformation is independent of whether the protein is in an aqueous solution
or a nearly anhydrous sugar. In contrast to lactoperoxidase, horseradish peroxidase remains high-spin
over the temperature excursion in both solvents and with addition of benzohydroxamic acid. We conclude
that details of the heme pocket of lactoperoxidase allow ligation changes with temperature that are dependent
upon the apoprotein but independent of solvent fluctuations. At low pH, lactoperoxidase shows a solvent-
dependent transition; the high-spin form is predominant in anhydrous sugar glass, but in the presence of
water, the low-spin form is also present in abundance. The active site of lactoperoxidase is not as tightly
constrained at low pH as at neutrality, though the enzyme is active over a wide pH range.

Lactoperoxidase (LPO)1 is a heme enzyme that was
originally found in milk (1). It is now identified in other
exocrine secretions, including sweat, saliva, cervical fluid,
tears, and lung surfactant (2, 3). LPO catalyzes the oxidation
of SCN- by H2O2 to form OSCN-; this product is a highly
reactive oxidizing agent that destroys bacteria, fungi, and
viruses. In so doing, LPO acts in the first line of defense
against pathogens (4, 5). This activity prevents many
pathogens from entering the mammalian body where they
signal the synthesis of a sister enzyme, myeloperoxidase
(MPO). LPO and other mammalian peroxidases have the
ability to bind many small anions either directly to heme
iron or within a few angstroms of the porphyrin, depending
upon the particular anion (6). One toxic byproduct of MPO
from bromide ion and peroxide is OBr-, a well-known
mutagen; LPO does not catalyze this reaction (7).

As an extracellular protein, LPO must be active at various
solvent pH’s, viscosities, and salinities, which implies that
LPO is a stable enzyme under many conditions. In fact, LPO
exhibits excellent in vitro stability under many conditions
(8, 9). LPO is a rather large heme enzyme with eight disulfide
linkages, and the heme is covalently attached to the polypep-
tide by ester linkages through the 1-methyl- and 5-meth-
ylporphyrin substituents (10). These linkages have also been
observed for MPO, where the heme is also attached to the

polypeptide through an unusual sulfonium linkage (11, 12),
which has been postulated to also act inductively, removing
electron density from the iron toward the porphyrin periph-
ery. These interesting and unusual bonds keep the heme
firmly attached to the protein, not allowing dissociation under
even harsh conditions. In contrast, protoheme is readily
dissociated from plant peroxidases into aqueous buffers under
mild conditions (13). The bonds between the heme and
polypeptide might also be in part responsible for the higher
Fe(III)/Fe(II) reduction potential of mammalian peroxidases
in contrast to those of plant peroxidases (14). Both these
results and the crystallographic structure of MPO suggest a
large arena for enzymatic activity, distal to LPO heme, not
only apparently open to water but also well-controlled by
the protein (11). How nearby water affects the electrochemi-
cal potential and selectivity of heme protein activities has
been a fundamental question in this field for decades (15).

Whether protein dynamical modes are coupled to solvent
modes is relevant to enzyme function. Heme proteins have
proven to be especially useful in addressing this question.
Austin et al., using infrared spectroscopy, demonstrated the
presence of dynamically interconverting conformational
substates in myoglobin (16). Computations of heme optical
spectra give a firm basis for the correlation of protein
conformations with spectral bandwidths (17-20). In view
of the wide range of functions of heme proteins, from a
carrier of small molecules to electron transfer and redox
reactions, it stands to reason that dynamical correlations
among the solvent, polypeptide chain, and prosthetic group
vary considerably among different heme proteins. This
premise can be examined by comparing different heme
proteins. To distinguish between solvent-slaved and solvent-
independent motions, various solvents and a wide range of
temperatures should be used. With decreasing temperatures,
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the thermal energy and mobility of all groups are reduced.
When the heme is isolated from the solvent by the polypep-
tide chain, the heme’s spectral temperature dependence will
not follow the temperature dependence of the solvent. By
this means, solvent-dependent and -independent effects can
be separated.

In this paper, heme visible absorption spectra, as functions
of solvent and temperature, are used to characterize lactop-
eroxidase (LPO). Resting LPO displays a high-spin ferric
form with an absorption band at>600 nm. This band is
polarized in thez direction, and it is attributed to a charge
transfer transition from the a2u HOMO of the porphyrin to
the dxy/dyz orbital of the metal (21, 22). In this paper, we
report that ferric LPO undergoes a spin state change from
high-spin to low-spin with a decrease in temperature, but
without the common appearance of fine structure. Under
most conditions, this change is independent of the solvent,
i.e., whether the protein is in a glycerol/water mixture or in
a nearly water-free sugar glass. At low pH, however, the
spin state change becomes a function of solvent. In contrast,
horseradish peroxidase (HRP) remains high-spin over the
temperature range of 300-20 K, although the spectral
resolution increases as the temperature decreases and the
resolution is dependent upon solvent (23). The results are
discussed in terms of subtle temperature-dependent changes
within the LPO heme pocket, including the lack of water
solvation about the heme of LPO in contrast to that of HRP.

MATERIALS AND METHODS

Materials. Water was deionized and then glass distilled.
LPO from unpasteurized bovine milk was isolated by using
the method of Paul et al. (2). Glycerol (99%), R-D-
glucopyranosylR-D-glucopyranoside [D-(+)-R-trehalose],
R-D-glucopyranosylâ-D-fructofuranoside (sucrose), and, for
some experiments, LPO were supplied by Sigma Chemical
Co. (St. Louis, MO). LPO from Sigma, with a Reinheitzahl
(RZ) value (A412/A280) equal to∼1, was used without further
purification. The concentrations of LPO was calculated using
an extinction coefficientε412 of 112 cm-1 mM-1 (24).

Sugar Glass Preparation.LPO was incorporated into
trehalose/sucrose (TS) glass as described previously for other
proteins (25). Trehalose (300 mg) and sucrose (300 mg) were
dissolved in 500µL of distilled water to form the TS stock
solution. Samples were prepared as 450µL solutions
containing 150µL of a 250µM LPO solution, 200µL of 10
mM potassium phosphate buffer, and 100µL of the TS stock
solution. The pH of the sample was adjusted to 3, 7, or 9.
Following this step, the sample was placed on a 25 mm
quartz plate 2 mm in thickness (Escoproducts, Oak Ridge,
NJ) and allowed to solidify as water evaporated on a VWR
Scientific Products Heat Block at 65°C for 2 h. The resulting
sugar glasses were hard to the touch and optically clear. LPO
has been shown to be stable in aqueous solution to 70°C
(9). To achieve hydrated glasses (used in Figure 9), the glass
was equilibrated in the room (30% relative humidity) or
above saturated ammonium nitrate; this gives 65% relative
humidity. The time of equilibration was∼15 h at 20°C.
When the sugar glass is equilibrated at 65% relative
humidity, the water/sugar molar ratio is∼2, as determined
by infrared analysis (25).

Cryosolution Preparation.LPO in a glycerol/aqueous
buffer system was prepared by first preparing the protein in

10 mM potassium phosphate buffer. Glycerol was then added
to the solution to obtain a 60% (w/w) glycerol/aqueous
buffer. The pH of the sample was adjusted to 3, 7, or 9.

UV-Visible Absorption Spectroscopy.Visible absorption
spectra were measured using a Hitachi Perkin-Elmer (New-
town, PA) U-3000 spectrophotometer. Samples were placed
between circular quartz plates separated with a 200µm
Teflon spacer. The sample temperature for temperature-
dependent absorption measurements was regulated using an
APD closed cycle Helitran cryostat (Advanced Research
Systems, Allentown, PA). A chamber was constructed to
alleviate strain on windows due to contraction at low
temperatures. For visible absorption measurements, the outer
windows of the compartment were made of quartz and the
inner windows were made of sapphire. The temperature was
measured and controlled using a silicon diode near the sample
connected to a model 9650 temperature controller (Scientific
Instruments, Palm Beach, FL). Temperature-dependent mea-
surements were performed from high to low temperatures
at 10 K increments. Most spectra were taken at 1 nm spectral
resolution, but some spectra were observed at 0.5 and 0.1
nm spectral resolution, to search for fine structure.

RESULTS

Optical Spectra of LPO in Sugar Glasses and Glycerol/
Water Mixtures.Clear matrices that are suitable for optical
studies of proteins were prepared using two cryosolvents
commonly used to study proteins: glycerol/water and sugar
glasses (25-27).

The spectrum for Fe(III)-bound LPO in sugar glass made
of trehalose and sucrose is shown in Figure 1A. The Soret
peak is at 412 nm, and the visible spectrum exhibits maxima
at 500, 542, 585, and 630 nm. These values are the same as
what was previously reported for LPO in aqueous buffer (28).
The band at 630 nm is characteristic of a charge transfer
band (21, 22) and demonstrates that the ferric ion of LPO is
high-spin at room temperature. However, at 14 K the iron
becomes low-spin, which is shown by diminution of the
charge transfer absorbance at 630 nm, and the shift of the
Soret peak maximum to a higher wavelength and absorbance.
The absorbance maxima are presented in Table 1.

The temperature dependence of the spin state transforma-
tion of LPO exhibits continuous change in spectra with the
temperature decline, as is documented for the visible range
in Figure 1B where spectra taken over the entire, wide
temperature range are shown.

The spectra given in Figure 1B point to the existence of
isosbestic points; isosbestic points would definitely prove
the existence of only two species. But an expanded picture
(Figure 2) shows that the crossover point is close but not
rigorously exact. As the temperature decreases, the optical
spectral bands of heme proteins in general become sharper
(23, 29). The data are therefore consistent with two temper-
ature-dependent processes: the major factor is the shift from
high-spin to low-spin, while spectral band sharpening as the
temperature decreases is more subtle.

Figure 3 shows the absorbance at the peak values of 500,
542, 580, and 630 nm over the entire temperature excursion.
When absorbance at one wavelength decreases, absorbance
at another wavelength increases, consistent with a two-state
model and equilibrium between low- and high-spin forms.
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Temperature-dependent spin state change was also seen
for LPO in glycerol/water systems. The spectra at high,
intermediate, and low temperatures are given in Figure 4.
Spectra of Fe(III)-bound LPO at 20°C in aqueous phosphate
buffer (not shown), the glycerol/water system (Figure 4), and
sugar glass composed of trehalose and sucrose (Figure 1)
all match within experimental resolution.

The changes in spectra of LPO in either solid sugar glass
or in the glycerol/water system are reversible when the
sample previously held at low temperatures was returned to
intermediate and high temperatures, i.e., room temperature.
In another experiment, LPO in the glycerol/water system was
held at 150 K for 240 min; during this time, no change in
the spectrum was detected. The spectra were also compared
at 0.5 and 0.1 nm spectral resolution. Examination of the

FIGURE 1: (A) UV-visible absorption spectra of LPO. LPO in TS
glass at pH 7 measured at 295 and 14 K. Sample prepared as
described in Materials and Methods. (B) Visible absorption bands
of LPO. LPO in TS glass at pH 7 over a range of temperatures.
The temperature was varied from 290 to 20 K in 20 K increments.

Table 1: Optical Properties of Fe(III)-Bound LPOa

complex
Soret

band (nm) visible bands (nm)
temp
(K)

LPO in phosphate (pH 7) 412 500, 542, 585, 630 295
LPO in TS (pH 7) 412 500, 542, 585, 630 295

416 -, 543, 580, 630 14
LPO in TS (pH 9) 412 500, 543, 586, 630 295

416 -, 543, 580, 630 14
LPO in glycerol/water (pH 7) 412 500, 544, 586, 631 295

417 -, 543, 581 120
417 -, 543, 580 12

LPO in glycerol/water (pH 9) 412 500, 545, 586, 631 295
414 -, 542, 580, 626 120

LPO and BHA in TS (pH 7) 417 -, 545, 580, 632w 295
419 544, 577 12

LPO and BHA in
glycerol/water (pH 7)

416 545, 582, 631m 295

420 544, 577 120
LPO in TS (pH 3) 413 505, 545, 588, 630 295

414 500, 542, 580, 630 14
LPO in glycerol/water (pH 3) 414 500, 544, 588, 631 295

418 -, 542, 578 130
a TS refers to trehalose/sucrose glass, and glycerol/water is a 60/40

(w/w) solution. Details of sample preparation are found in Materials
and Methods. W means weak and m medium.

FIGURE 2: Spectra from Figure 1B are replotted, showing the
gradual movement of the isosbestic point as a function of temper-
ature.

FIGURE 3: Temperature-dependent absorption maxima of visible
absorption bands. LPO in TS glass at pH 7. Closed square: 580
nm; open square: 630 nm; closed triangle: 542 nm; open triangle:
500 nm.

FIGURE 4: UV-visible absorption spectra of LPO in a glycerol/
water mixture (60/40, v/v) at pH 7.

Effects of Solvent on the Spin State of Lactoperoxidase Biochemistry, Vol. 44, No. 48, 200515955



spectra under resolved conditions was of interest because
the spectrum of horseradish peroxidase (HRP) exhibits
vibrational fine structure at low temperatures (21-23). For
LPO, there was no detectable change with an increase in
spectral resolution; unlike HRP, vibronic resolution was not
observed for any LPO experiment.

Addition of Inhibitor to LPO.Several studies indicate that
the heme site in LPO is accessible to small inorganic
substrates, whereas more bulky organic substrates do not
appear to bind within the heme pocket (14, 30). Benzohy-
droxamic acid (BHA) is a strong competitive inhibitor of
HRP (31), with the binding having a large effect on the
optical properties of the heme and heme derivatives (32, 33).
Addition of BHA to ferric LPO in the glycerol/water system
causes a small shift in the heme absorption spectrum (Figure
5A), and the titration yields a normal binding curve with a
Kd of 20.9 mM (Figure 5B). The calculated binding constant
was ∼3 orders of magnitude lower than that reported for
binding of BHA to HRP (34).

BHA remains bound at low temperatures, as can be
surmised from peak positions of spectra of LPO recorded at
low temperatures in sugar glass (Figure 6A) and the glycerol/
water system (Figure 6B). The peak positions at∼ 120 K
are at 420, 544, and 577 nm, which compare with values of
417, 543, and 581 nm, respectively, for the noncomplexed
form (Table 1). It was also noted that the iron remains ferric
when BHA is added to resting Fe(III)-bound LPO. As

reported (35), the Fe(II)-LPO spectrum is quite distinct from
the spectra shown above.

Spin State Change as a Function of Temperature. The data
presented above are summarized in Figure 7, which displays
the ratio of the 580 nm/630 nm absorbance maxima as a
function of temperature. Note that the profiles were only
mildly influenced by the matrix, as can be seen by comparing

FIGURE 5: (A) Effect of BHA on the absorption spectra of 5.3µM
LPO in a glycerol/water mixture at pH 7. The thick line shows no
addition. Arrows indicate the spectra in increasing amounts of BHA.
Concentrations in millimolar are given in the inset. (B) Ratio of
absorption bands at 580 nm to 630 nm for LPO in a glycerol/water
mixture (50/50, v/v) with BHA concentration. Data were fit to the
saturation functionY ) Y0 + (YSat - Y0)[[BHA]/([BHA] + KD)];
the calculated dissociation constantKD ) 20.9 mM.

FIGURE 6: (A) UV-visible absorption spectra of LPO with BHA.
LPO and 50 mM BHA were prepared in sugar glass at pH 7. Spectra
measured at 295 and 15 K. (B) UV-visible absorption spectra of
LPO with BHA. LPO and 50 mM BHA in a glycerol/water mixture
(60/40, v/v) at pH 7. Spectra measured at 295 and 120 K.

FIGURE 7: Temperature dependence of absorption bands. Ratio of
absorption at 580 nm to 630 nm for LPO in sugar glass (filled
symbols) and a glycerol/water mixture (empty symbols). Squares
are data for LPO at pH 7, triangles for LPO at pH 9, and circles
for LPO at pH 7.0 with BHA. The BHA concentration was 50 mM.

15956 Biochemistry, Vol. 44, No. 48, 2005 Zelent et al.



filled symbols (sugar glass) and empty symbols (glycerol/
water). A second point is that binding of BHA drastically
increases the temperature of conversion from high-spin to
low-spin. This effect is very dramatic; the temperature
profiles reflect a∼200 K shift in temperature for the high-
to low-spin transition, relative to that of the free enzyme.

Spin State Change for LPO at Low pH.It appears that the
protein, not the solvent, determines the spin state changes
of LPO. A question is whether this is true for LPO under all
conditions. Lowering the pH results in a less well-defined
protein for many heme proteins (36), but it has been reported
that LPO is very stable under extreme conditions (9). For
LPO, the spectrum at pH 3.0 is given in Figure 8. At room
temperature, the spectrum for LPO is the same for sugar glass
and glycerol/water matrices. However, for LPO at pH 3, there
are interesting differences in the two matrices with a decrease
in temperature. In the glycerol/water matrix, the transition
of LPO to low-spin occurs with an inflection at around 200
K (Figure 9),∼100 K higher than observed at pH 7 (see
Figure 7). For LPO in dry sugar or glass, the sample remains
high-spin over the entire temperature decline, as seen by the
filled squares in Figure 9. When the glass sample is partially
hydrated, some of the sample is then converted to the low-
spin form as the temperature decreases, and this conversion

to low-spin is dependent on water hydration (circles and
triangles).

DISCUSSION

Resting Fe(III)-bound LPO at room temperature is high-
spin as presented in panels A and B of Figure 1, consistent
with optical spectra (35, 37) and NMR measurements (38,
39). The spin state of LPO is very sensitive to temperature,
and it was of interest to see whether the spin state is
influenced by the medium. To test this, we examined spectra
of LPO in two solvents. We have previously shown by the
IR absorption of amide I band that proteins are stable in sugar
glass over a temperature excursion of 10-300 K (27). The
IR amide I bands of surface amide groups of HRP (40) and
model peptides (41) in glycerol/water solutions show spectral
shifts consistent with an increased level of H-bonding of
exposed groups to the solvent as the temperature decreases,
but the structure is maintained at low temperatures. Bulk
water can also rearrange in cryogenic solvents, as indicated
by IR spectral shifts occurring at even low temperatures (42).
Water inside the heme pocket of heme proteins may well
rearrange with temperature changes.

The procedures for making the matrices are quite different
and should influence the protein solvation. Sugar glass,
prepared at 65°C, remains a solid over the temperature
excursion here. In contrast, the glycerol/water matrix is liquid
at ambient temperature and undergoes a glass transition at
∼140 K, as indicated by infrared spectroscopy (42). The
solvent, whether sugar glass or glycerol/water matrix, has
an influence on inhomogeneous broadening of optical lines
for other heme proteins. The effect of solvent on inhomo-
geneous broadening for low-spin ferrous cytochromec was
quantified by comparison of optical and molecular dynamics
(20). The conclusion was that internal dynamics has a
stronger effect on the inhomogeneous broadening than
solvent-dependent motions, but the broadening due to the
solvent was larger in sugar glass than in the glycerol/water
matrix. For heme proteins that carry oxygen, broadening of
the Soret band is also attributed to dynamical modes of the
solvent (17, 43). The activity of bulk water with the exposed
porphyrin periphery is paramount for oxygen-carrying heme
proteins (15, 44).

We observed the spin state change of LPO usually
occurred over a small temperature range, irrespective of
whether the protein was in a glycerol/water matrix or sugar
glass. Our results are consistent with a loosely bound water
(to iron) present in the high-spin LPO at room temperature,
independent of solvent. As the temperature is lowered, the
low-frequency vibrational modes of water are no longer
excited and water is drawn more closely to iron, giving the
spectrum a more low-spin appearance. In contrast, the
presence of BHA shifts the temperature dependence of the
spin state toward a much higher value (Figure 7), a shift of
∼200 °C. It appears that BHA binds preferentially to the
low-spin form of LPO, thereby stabilizing it. Myeloperoxi-
dase is also reported to exhibit a temperature dependence of
the spin state (45). The two mammalian enzymes, MPO and
LPO, act in contrast to the plant peroxidase, HRP. HRP,
either without BHA or with BHA, and irrespective of solvent,
remains high-spin over this temperature range (46).

Since spin state change occurs with a change in the doming
of the heme, and certainly with a change in iron-ligand

FIGURE 8: UV-visible absorption spectra of LPO. LPO in sugar
glass at pH 3 measured at 295 and 12 K (indicated). Other
temperatures were 100, 150, 200, and 250 K. The sample was
equilibrated at 65% relative humidity and 20°C overnight as
described in Materials and Methods.

FIGURE 9: Temperature dependence of absorption bands for LPO
at pH 3. Filled symbols are for sugar glass: (9) anhydrous sugar
glass, (b) sugar glass equilibrated at∼30% humidity, (2) sugar
glass at 65% humidity. The empty squares are for the glycerol/
water mixture (60/40, v/v).
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interaction, the spin state change implies a rather large change
in the position of atoms in LPO as a function of temperature.
Low-spin heme proteins are always hexacoordinated and
usually by two nitrogenousz-axial ligands (47). We should
consider the possibility that the nitrogen of BHA directly
ligates to iron, which was suggested for MPO, where BHA
binding also yields the low-spin state (46). The temperature
dependence of the LPO spin state shift suggests there is a
ligand near the iron that, with a decrease in the level of
thermal motion, is able to ligate iron. This ligation is seen
both in the “liquid” (glycerol/water) and in the “solid” (sugar
glass) matrices. His-226, which is a catalytic residue, and
Arg-372 potentially provide electron donation on the distal
side of the heme pocket (48). To accomplish a reorientation
of porphyrin and iron, the distal ligand, probably His-226,
must change geometry with BHA binding, concomitantly
releasing the iron-bound water of the high-spin heme.

At low pH, the temperature dependence of LPO becomes
very sensitive to the matrix effects (though LPO retains
activity even at this low pH). In nearly anhydrous sugar,
LPO remains high-spin. When the sugar glass is allowed to
incorporate some water, there is a transition to the low-spin
form, and the amount of the low-spin form increases with
an increase in the amount of water (Figure 9). LPO now
acts like myoglobin, where there is a mixture of spin states
(49) and the temperature dependence is water-dependent (50).
Since water, with its large dipole moment, effectively shields
charges, the change in water position itself may be enough
to influence spin. The presence of water in the heme pocket
is, for example, suggested to determine the redox behavior
of the iron (15), and water can also directly polarize the
electrons in the porphyrin structure (51). Furthermore, the
ability of water to rearrange may help to prevent the
surrounding protein residues from being trapped in shallow
potential wells; in this sense, water acts as a plasticizer.
Eventually, however, a temperature is reached where the
protein conformations are trapped in perhaps a few low-
energy conformations, and there is no further change in the
spin state. The data of Figure 9 are particularly interesting,
since the amount of low-spin iron formed depends on the
presence of water. Once the low temperature is reached, the
distribution between proteins in the high- and low-spin states
becomes static, and there is a mixture of the two spin forms.

To summarize, LPO at neutrality undergoes a spin state
change with temperature that is solvent-independent. At low
pH, the LPO active site becomes more open to solvent effects
despite the rigid framework of the surrounding protein.
Addition of the classic peroxidase inhibitor, benzohydrox-
amic acid, encourages the low-spin state and probably iron
ligation by distal His-226. In contrast, HRP remains in the
high-spin state at all temperatures, and the resolution of the
optical spectra is dependent upon water. Relative to HRP,
the active sites of LPO and MPO are more controlled by
protein constraints and less by solvent interactions.
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