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Chapter 5

A Rapid Freeze-Quench EPR Study of the Enzymatic
Reduction of Oxygen by Wild-type SLAC

In this chapter EPR spectroscopy is combined with the rapid freeze-quench
technique to study the reoxidation of wild-type (wt) small laccase (SLAC)
under similar experimental conditions as used for the study of T1 Cu depleted
(T1D) SLAC described in the previous chapter. The EPR spectra of fully
reduced wt SLAC mixed with oxygen on the time scale of milliseconds and
longer can be described as the sum of T1 Cu and T2 Cu signals. We find no
indications of the involvement of tyrosine 108, as observed with T1D SLAC, or
of a native intermediate, as observed with other multicopper oxidases, in the
single turnover of wt SLAC.



Chapter 5

5.1 Introduction

Laccases are a subfamily of multicopper oxidases (MCO’s), enzymes that
catalyze the reduction of oxygen to water while oxidizing a wide variety of
substrates. The function of these enzymes is based on the distinctive redox
ability of four copper ions to carry out the four-electron reduction of molecular
oxygen. The coppers are distributed in three distinct sites, categorized according
to their spectroscopic features. In the oxidized state, the type 1 (T1) copper is
characterized by an intense absorption band around 600 nm and an EPR signal
with a small parallel copper hyperfine coupling of 120 to 300 MHz*. The type 2
(T2) copper shows no appreciable optical absorption in the visible range and a
larger parallel copper hyperfine coupling of 480 to 600 MHz. The binuclear
type 3 (T3) copper center is characterized by an absorption shoulder at about
330 nm and does not give rise to an EPR signal due to the antiferromagnetic
coupling of the copper spins. The T2 Cu and the two T3 Cu’s form a trinuclear
cluster (TNC)? The T1 Cu, at a distance of about 13 A from the TNC, is the
primary electron acceptor from the substrate and the electrons are subsequently
transferred to the TNC, where O, binds and gets reduced. The reaction of O,
with the fully reduced enzyme has been proposed to proceed via two sequential
two-electron steps, the first generating a peroxide intermediate (PI) and the
second generating the native intermediate (NI). The PI is characterized by
absorption bands at 340 and 480 nm, while it lacks any EPR signal®**. The PI
was trapped in enzymes in which the copper in the T1 site was depleted (T1D)
or replaced by mercury, and is believed to be a catalytic precursor to the NI. In
the NI, all four coppers are oxidized and an oxygen bridge couples the three
coppers in the TNC. The NI is characterized by absorption bands at 318, 330,
365 and 614 nm and a broad EPR signal at low temperature (<20 K) in the

region g<22°. NI-like features have been observed in several MCO’s and the
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lifetime of the intermediate varies from milliseconds to minutes®®’. The NI
decays to the resting form of the enzyme in which the T2 Cu is magnetically
uncoupled from the Cu’s in the T3 center®,

The molecular mechanism of O, reduction at the TNC is being studied
extensively, with the focus on the geometric and electronic structure of the
intermediates®®'®*, An open issue is whether the overall description given
above applies to all MCO subfamilies, which stem from different sources,
function under different conditions, and are structurally different. MCO’s are
found in different organisms such as bacteria, fungi, plants, insects and
humans**3. Based on the conditions to which they are exposed, enzymes might
find different pathways to efficiently reduce O, to H,O without releasing
reactive oxygen-species, which might harm the enzyme. As for the structure,
most of the MCO’s are composed of three cupredoxin-like domains (3dMCO)
such as three-domain laccases (3dLACS), ascorbate oxidase, CueO and Fet3p,
and there are laccases with only two domains (2dLAC’s)*. Ceruloplasmin is
another variant of the MCO’s, which is composed of six domains®®. 3dMCO’s
and ceruloplasmin are active in monomeric form, while 2dLAC’s function as a

homotrimer.

Small laccase (SLAC), the focus of this study, is a 2dLAC, which was
identified some years ago when searching the genome of Streptomyces
coelicolor for the presence of copper proteins®™®. Characterization of the protein
revealed that besides structural differences, SLAC represents some other
features distinct from those of 3dMCQO’s. Surprisingly, the T1D SLAC is able to
complete the reduction of oxygen to water in a single turover’, while for
3dMCO’s the reduction is not completed in the absence of the T1 Cu. Reaction
of the reduced T1D SLAC with oxygen results in the formation of a biradical

intermediate detected by electron paramagnetic resonance (EPR) spectroscopy
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on the time scale of minutes'’. Such an intermediate has not been reported for
the 3dMCO’s. Primary characterization of this intermediate led to the
hypothesis that the biradical signal originates from two exchange-coupled spins,
one localized on the T2 Cu and the other one on an amino-acid-derived radical,
most probably a tyrosyl radical. The proposal was later supported by the crystal
structure of SLAC'®, which revealed that the tyrosine residue Y108 is about 5 A
away from the T2 Cu. In chapter 4, we have characterized the biradical
intermediate using rapid freeze-quench (RFQ) multi-frequency EPR on the time
scale of milliseconds. From multi-frequency EPR spectra of the intermediate, an
exchange interaction of about 12 GHz was derived between the T2 Cu and the
tyrosyl radical. When Tyr 108 was replaced with phenylalanine (Y108F) by
site-directed mutagenesis, no biradical signal was observed on the time scale of
milliseconds and longer. As the O, reduction to H,O requires four electrons and
each copper center provides one electron, in the absence of T1 an insufficient
number of electrons is available to complete the reaction. For T1D SLAC, Tyr
108 is proposed to provide the fourth electron required to complete the
reduction, in order to prevent the generation of reactive oxygen species (ROS),

which might damage the enzyme.

Besides the occurrence of the biradical intermediate, the lack of an optical Pl
signal during the reoxidation of T1D SLAC is another striking difference
between this enzyme and 3dMCQO’s. However, Pl-like features in the optical
absorption were observed for Y108F/Y108A T1D SLAC, i.e., when neither the
T1 Cu nor the tyrosine is present, while for 3dMCOs the Pl was observed
during reoxidation of the T1D enzymes. In addition, no NI-like species was
observed, neither for T1D SLAC nor for Y108F T1D SLAC. For Y108F T1D

SLAC, a clear signal from T2 Cu is observed for the freeze-quench samples at
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both 9 and 94 GHz, which is not compatible with the NI, as for NI the T2 Cu is
coupled to the T3 Cu’s.

The remarkable observation of a biradical intermediate in the reoxidation of
T1D SLAC and the absence of signals characteristic of a Pl and an NI, calls for
a search for such intermediates in the case of wild-type (wt) SLAC. Here we
report on the EPR study of the reoxidation of wt SLAC under similar
experimental conditions as used for the study of T1D SLAC described in the
previous chapter. The EPR spectra of fully reduced wt SLAC mixed with
oxygen on the time scale of milliseconds and longer can be described as the sum
of T1 Cu and T2 Cu signals. We find no indications for a biradical or an NI in
the single turnover of wild-type SLAC.

5.2 Materials and methods

5.2.1 Protein isolation. The wt SLAC was isolated from E. coli cultures
harboring the pET20b overexpression plasmid as previously described™. The
purity of the preparations was checked by SDS PAGE. The protein was stored
in 10mM phosphate buffer pH 7.2 at —80° C until required for use. Protein
concentration was determined by absorption spectroscopy using an extinction

coefficient of 38 mM™ cm™ at 280 nm.

5.2.2 Chemicals. All chemicals were of analytical grade, purchased from

Sigma-Aldrich and used without further purification.
5.2.3 EPR measurements

The 9.5 GHz spectra were recorded on an ELEXSYS E680 spectrometer
(Bruker BioSpin GmbH) equipped with a He-flow ESR900 Cryostat (Oxford

Instruments) and a standard TE102 cavity.
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5.2.4 RFQ sample preparation

The RFQ apparatus used for the sample preparation is described in chapter 4.
To prepare the RFQ samples, the enzyme was anaerobically reduced by addition
of a slight excess of anaerobically prepared sodium dithionite (DT) in a
glovebox. The reduction was monitored on a mini UV-Vis spectrometer (Ocean
Optics) as a decrease of the 330 and 590 nm bands, which completely disappear
for a fully reduced wt SLAC. The excess of DT was removed in the glovebox
using a 10K Amicon centrifugal filter from Millipore. Before loading the
reduced enzyme into the RFQ syringe, the UV-Vis spectrum was recorded to
ensure that no DT is remained in the solution. The syringe assemblies for the
enzyme were made rigorously anaerobic in the glovebox one day prior to the
experiment. The samples were prepared by 1:1 mixing of the reduced enzyme
with oxygen-saturated sodium phosphate buffer (100mM, pH 6.8). The mixing
was conducted at room temperature and the reaction mixture was sprayed into
cold isopentane. Frozen particles were then packed into a 3mm (i.d.) EPR tube

using the sucking method®®, which is described in chapter 2, and a steel rod.

The sample with a reaction time of two seconds was frozen in a different way.
The reactants were mixed by the RFQ setup and the reaction mixture was

injected into an EPR tube and immediately frozen on dry ice.

5.3 Results

As stated above, the experiments were designed to investigate the possible
occurrence of a tyrosyl radical and/or the native intermediate during the
reoxidation of fully reduced wt SLAC with O,. The X-band EPR spectra at 40
K of RFQ samples of reduced wt SLAC reacted with oxygen for different times

are presented in Figure 5.1. The overall shape of the spectra hardly varies with
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the reaction time between 8 ms and 2 seconds, which means that the ratio of the
different components that contribute to the spectra does not significantly change
during this time. The 270 mT signal and the high-field signal (337-347 mT)
refer to oxidized T2 Cu. The 290 mT signal and the blue color of the RFQ
samples refer to oxidized T1 Cu. The spectra obtained for the RFQ samples are
virtually identical to the spectrum of the resting form of wt SLAC, also shown
in Figure 5.1. The spectrum of the resting form is the superposition of T1 and
T2 Cu signals and this seems to apply to the spectra of the RFQ samples as
well.

130 ms
2s
_,_/./\ﬁw
240 270 300 330 360

Field, mT

Figure 5.1. The cw X-band EPR spectra of RFQ samples of reduced wt SLAC reacted
with oxygen for different times. Enzyme and oxygen concentration are 320 uM (360
uM for the 8 ms-sample) and 650 uM, respectively, both in 100 mM sodium phosphate
buffer, pH 6.8. EPR measurements: microwave frequency 9.5 GHz, T =40 K,

microwave power 0.16 mW and modulation amplitude 0.5 mT.

In order to quantify the contribution of each component, we first determined the

T1 Cu spectrum. The T1 Cu spectrum was obtained by subtracting the spectrum
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of the resting form of T1D SLAC (only T2 signal) after normalizing at 272 mT
from that of wt SLAC (figure 5.2a).

A

—— wt SLAC (A)
—— T1D SLAC (B)
—A-B
l T l T l T T T T T T
240 260 280 300 320 340 360 380 400
Field, mT

— 8ms-T1

—— 2sec-T1
— Resting form T1D

T T T T T T T T T T T T
240 260 280 300 320 340 360 380 400
Field, mT

Figure 5.2. a) The X-band EPR spectra of the resting forms of wt and T1D SLAC and
the difference of the two spectra, which represents the spectrum of T1 Cu. b) The T1-
subtracted X-band EPR spectrum of the RFQ sample of reduced wt SLAC reacted with
oxygen for 8ms and 2 seconds overlaid with the spectrum of the resting form of T1D
SLAC. To subtract the T1 spectrum, the spectra were normalized at the low-field signal
of T1 (~292 mT). EPR measurements: microwave frequency 9.5 GHz, T = 40 K,

microwave power 0.16 mW and modulation amplitude 0.5 mT.
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We assumed that the T1 Cu spectrum for the resting form is the same as that for
the RFQ samples. The T1 Cu signal was subtracted from the spectra of the RFQ
samples after normalizing at the low-field signal of T1 (~292 mT). The
remaining spectra resemble the spectrum of the T2 Cu, as shown by the
comparison with the spectrum of the reoxidized form of T1D in which we have
only the T2 Cu (Figure 5.2b). A small signal around g = 2, which is a sign of an
organic radical, can be seen on top of the T2 Cu signal. We neglect this small
signal, which contributes less than 1% to the whole spectrum. Spin
guantification reveals that the ratio of T1 to T2 Cu in the RFQ samples of wt
SLAC is approximately 1:1. The spectra show no indication of a tyrosyl radical,

neither as an isolated radical nor as a radical in interaction with a copper.

In order to investigate the possible presence of NI, the X-band EPR spectrum of
the RFQ sample of reduced wt SLAC reacted with oxygen for 8ms was
obtained at 8 K, high microwave power of 100 mW and high modulation
amplitude of 1.6 mT. The spectrum is presented in Figure 5.3. The low-field
features of T1 Cu and T2 Cu between 270 to 310 mT are not resolved at such
high power due to saturation. We do not observe any indication of a broad band

above 350 mT (g ~1.85), which would be a sign of an NI intermediate.
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T T T T T T T
240 280 320 360 400
Field, mT

Figure 5.3. The X-band EPR spectrum at high microwave power and modulation
amplitude of the RFQ sample of reduced wt SLAC reacted with oxygen for 8ms.
Enzyme and oxygen concentration are 360 uM and 650 uM, respectively, both
in 100 mM sodium phosphate buffer, pH 6.8. EPR measurement: microwave

frequency 9.5 GHz, T = 8 K, microwave power 100 mW and modulation amplitude 1.6
mT.

5.4 Discussion

In this study, we have investigated the reoxidation of fully reduced wt SLAC
with molecular oxygen at pH 6.8 using RFQ EPR on the time scale of
milliseconds. The EPR spectra at 40 K for the RFQ samples with a reaction
time between 8 ms and 2 seconds are found to be the superposition of T1 Cu
and T2 Cu in approximately 1:1 ratio. The shape of the EPR spectrum hardly
changes after 8 ms, which means that the ratio of T1 to T2 Cu remains constant.
Quantitative EPR experiments are necessary to find out whether the overall
signal increases with time. If not, both T1 and T2 Cu are completely reoxidized

within 8ms.
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In the reoxidation of T1D SLAC, clear evidence for the participation of a
tyrosine radical in the catalytic cycle of the enzyme was obtained by EPR
spectroscopy, optical spectroscopy and mutagenesis studies'”?°. We have not
obtained any indication from EPR of the presence of a tyrosyl radical during the
reoxidation of wt SLAC, neither a signal of an isolated radical nor of a radical
in interaction with a copper. In agreement with this results, no 420 nm
absorption band of tyrosine was detected during the reoxidation of wt SLAC by
transient absorption spectroscopy under similar experimental conditions of pH
(6.8) and concentration of oxygen (610 uM) [A. Tepper and G. W. Canters,
unpublished data]. This seems to imply that, in contrast to TID SLAC, the
tyrosine residue Y108 plays no role for wt SLAC. However, the 420 nm
absorption band was previously observed during the reoxidation of wt SLAC in
the presence of a lower amount of oxygen (130 pM)'’. Moreover, studies by
optical spectroscopy showed that the replacement of Y108 with alanine or
phenylalanine in wt SLAC affects the turnover number of the enzyme in the
steady state”. For the moment the observations as regards the participation of
tyrosine Y108 in the oxygen reduction to water by wt SLAC seem
contradictory, and more investigations under a variety of reaction conditions are

necessary before definite conclusions can be drawn.

Our RFQ EPR experiments did not provide any indication of the presence of the
native intermediate in the reoxidation of wt SLAC. The EPR spectra recorded at
40 K clearly show the signal from T2 Cu, which is not expected for NI because
of the coupling with the T3 Cu’s. As observed with other MCQO’s, the coupled
TNC shows a broad signal with g < 2 at low temperature (<20 K)% The EPR
spectrum of the RFQ sample of reduced wt SLAC reacted with oxygen for 8 ms
recorded at 8 K, high microwave power and high modulation amplitude did not

show a broad band above 350 mT (g ~1.85). Such an intermediate has also not
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been observed for T1D and T1D Y108F SLAC under similar experimental
conditions. The lack of detection of NI during the single turnover of wt SLAC
and different mutants means that either NI is not formed or its lifetime is shorter
than 8 ms. The lifetime of the NI varies between milliseconds and minutes for
different MCOs for which such an intermediate has been detected. For instance
in the absence of reducing substrate, the NI in wt Rhus Vernicifera laccase is
formed within 1 ms and is stable for minutes® while in the case of wt human
ceruloplasmin the half-lifetime of NI was estimated to be 200-500 ms®. On the
other hand no indication of NI-like features was observed for the wt Laccase
from Trametes versicolor (a 3dMCO) even on the time scale of microseconds®.
This suggests that the differences in the quaternary structure, the second-sphere
residues around the coppers and the source of the enzyme may lead to
differences in the pathway of O, reduction by MCO’s. As yet, we have no
evidence of a role of NI for SLAC, but more experiments under different
reaction conditions (pH and concentration of O,) are required to exclude that NI

is part of the reaction cycle for SLAC.

5.5 Conclusion

We have investigated the reoxidation of wild-type SLAC by RFQ/EPR under
similar experimental conditions as used for the study of T1D SLAC described
in chapter 4 to search for the involvement of the tyrosyl radical and NI during
the reoxidation of the wt enzyme. The EPR spectra of fully reduced wt SLAC
mixed with oxygen on the time scale of milliseconds and longer can be
described as the sum of T1 Cu and T2 Cu signals. We find no indications of a
tyrosyl radical nor of an NI in the single turnover of wt SLAC. The lack of
detection of these intermediate during the single turnover of wt SLAC means

that either these are not formed or their lifetime is shorter than 8 ms. More
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experiments under a variety of reaction conditions are necessary to exclude the

involvement of these intermediates in the reaction cycle of wt SLAC.
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