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Figure 6§ (see previous page)

Various tumors that developed spontaneously in p53 medaka knockouts. (a,b) The tumor that arose in the left gill of a p53E24/X/* fish with the
lymphomatous infiltrate, consistent with the diagnosis of thymic lymphoma. (,d) Adenocarcinoma found in the right gill of a p53£24/XE24IX homozygous
fish. (e,f) Retinoblastoma in the right eye of a p53E24/1XE24IXhomozygous fish. Note the rosette-like structures throughout the tumor. (g,h) A germ cell
tumor found in the anterior upper part of the peritoneal cavity of a p53E241XE241X homozygous fish. All fish presented here died or were sacrificedat
around 8 months of age. Arrowheads indicate tumors. Hematoxylin-eosin staining, original magnificadon: (b,d) 100%; (f,h) 10x.

were obtained that developed to adulthood. Progeny were
genotyped by sequencing and heterozygous fish carrying the
mutation of interest were incrossed to obtain homozygous
fish.

$53 target gene induction

For most of the studies, the p53E2#X allele was used. F2 p53+/
E241X heterozygous fish resulting from the in vitro fertilization
were incrossed to produce F3 progeny of all genotypes. Four
days post-fertilization, F3 embryos were irradiated with 20
Gy of ionizing radiation using *7Cs (0.02 Gy/s, Gammacell
40, Atomic Energy of Canada Limited Industrial Products,
Ontario). Six hours later, the embryos were frozen in liquid
nitrogen and RNA was extracted by Trizol (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer's instruc-
tion. The embryos were genotyped by PCR and resequencing
of the simultanecusly extracted genomic DNA. cDNA was
synthesized from each genotype using SuperScript III
(Invitrogen). The mRNA expression levels were determined
by PCR reactions (94°C for 1 minute; predetermined cycles of
04°C for 30 s, 55°C for 20 s, 72°C for 30 s). The numbers of
cycles used were: f-actin, 15; Mdm2, 24; and p53, p21 and
Bax, 26. Details on oligonucleotides used can be obtained
from the authors upon request.

Apoptosis assay

Primary cell cultures derived from psgfeaX/E241X and p53*+/*
embryos were obtained as described previously [42]. Cells
(1.5 x 105) were inoculated in a 35 mm dish and irradiated
with 10 Gy of y-rays. The cells were monitored for
fragmentation using a IX81 inverted microscope (Olympus,
Tokyo, Japan) controlled by IPLab software (BD Biosciences,
Rockville, MD, USA) from zero to eight hours after y-irradia-
tion.

Histology

After tumors were observed under the stereomicroscope, fish
were fixed in 4% paraformaldehyde for 24 hours and
embedded in paraffin. Tissue sections were stained by stand-
ard hematoxylin-eosin staining. Photographs of the slides
were obtained by a VC4500G digital camera (Omron, Kyoto,
Japan) mounted on an ECLIPSE E800 microscope (Nikon,
Tokyo, Japan).
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{6-4) photolyase catalyzes the light-dependent repair of UV-
damaged DNA containing (6-4) photoproducts. Blue light exci-
tation of the enzyme generates the neutral FAD radical, FADH",
which is believed to be transiently formed during the enzymalic
DNA repair. Here {(6-4) photolyase has been examined by opti-
cal spectroscopy, electron paramagnetic resonance, and
pulsed electron nuclear double resomance spectroscopy.
Characterization of selected proton hyperfine couplings of
FADH", namely those of H®* and HY', yields information on the
micropolarity at the site where the DNA substrate is expected to
bind. Shifts in the hyperfine couplings as a function of structural
modifications induced by point mutations and pH changes dis-
tinguish the protonation states of two highly conserved histi-
dines, His*** and His®*®, in Xemopus laevis (6-4) photolyase.
These are proposed to catalyze formation of the oxetane inter-
mediate that precedes light-initiated DNA repair. The results
show that at pH 9.5, where the enzymatic repair activity is high-
est, His®>*® is deprotonated, whereas His®** is protonated.
Hence, the latter is likely the proton donor that initiates oxetane
formation from the (6-4) photoproduct.

Ultraviolet light (A <300 nm) damages cellular DNA by the
formation of cyclobutane pyrimidine dimers (CPDs)® and (6-4)
photoproducts from adjacent pyrimidine bases on the same
DNA strand (1). Such dimers are restored to their monomeric
form by the action of two photoactive (300 < A < 500 nm)
damage-specific DNA repair enzymes, named CPI photolyase
and (6-4) photolyase, collectively known as DNA photolyases
(2—6). Both enzymes are found in various organisms, exhibit a
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20-30% amino acid sequence identity (2, 7, 8), and share a
common chromophore, FAD (9-12), although the two photol-
yases differ in DNA substrate specificity and repair mechanism.

For the CPD photolyase, the initial step in the proposed
repair mechanism (13) is a photoinduced electron transfer from
the fully reduced FAD cofactor (FADH™) to the CPD, resulting
in the formation of a CPD anion radical and a neutral FADH'
radical. The cyclobutane ring of the unstable CPD radical
opens, and subsequently the electron is transferred back to
the FADH" radical, thus restoring the initial redox states of
both the FAD and the pair of pyrimidine bases in the DNA.
Thus the entire process represents a true catalytic cycle with
net-zero exchanged electrons.

Unlike CPD photolyase, (6-4) photolyases are not able to
directly restore the original bases from the (6-4) photoproduct
in UV-damaged DNA; rather, following binding of the lesion,
the overall repair reaction consists of two distinct steps, one of
which is light-independent and the other one light-dependent
(Fig. 1) (14-16). In the initial light-independent step, a 6'-imi-
nium ion is thought to be generated via proton transfer induced
by two histidines highly conserved among the (6-4) photolyases
(His®** and His®®® in Xenopus luevis (6-4) photolyase) (16) (Fig.
2). This intermediate spontaneously rearranges to form an
oxetane intermediate by intramolecular nucleophilic attack.
Such a mechanism requires that one histidine acts as a proton
acceptor and the other as a proton donor (see Fig. 2), which
implies that the two histidines should have markedly different
pK, values. However, until now it has not been established
which histidine acts as an acid and which one functions as a
base. The proposed reaction mechanism is based on a biochem-
ical study using alanine-substituted mutants (16), and as yet
spectroscopy has not been employed to address this stage of the
reaction.

In the subsequent light-driven reaction, one electron is
believed to be transferred from the fully reduced FAD cofactor
(FADH™) to the oxetane intermediate thus forming a neutral
FADH' radical and an anionic oxetane radical, which spontane-
ously fractures. The excess electron is then back-transferred to
the flavin radical restoring the fully reduced flavin cofactor and
a pair of pyrimidine bases (see Fig. 1).

When the FAD cofactor is not in its catalytically active (fully
reduced) redox state, another photoreaction takes place both in
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FIGURE 1. The proposed light-driven reaction mechanismfor the repair of (6-4) photoproducts in DNA by
{6-4) photolyase. A denotes the ribityl side chain of the FAD cofactor. B’ and R” are either CH; in thymine or H
in uracil. MTHF is the light-harvesting chromophore 5,10-methenyltetrahydrofolylpolyglutamate.
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FIGURE 2. The proposed mechanism for oxetane intermediate formation in X. laevis {6-4) photo-

iyase. R’ and R” are either CH, in thymine or H in uracil.

CPD photolyase and (6-4) photolyase (17-20). In this so-called
photoactivation (also called flavin-cofactor photoreduction), pho-
tolyases undergo reversible electron transfer reactions via amino
acid residues to stepwise reduce their flavin cofactors to FADH™
(for recent reviews see Refs 5 and 21). With regard to its electronic
state (22), the stable neutral radical form of the flavin (FADH') is
the electronic state involved in both cofactor photoactivation and
the catalytic repair of (6-4) photoproducts. Therefore, the charac-
terization of FADH' leads to a better understanding of the individ-
ual steps of enzymatic DNA repair and furthermore is of consid-
erable interest for comparative analyses of other flavoenzymes (23,
24) with reactive flavin radical intermediates.

Hyperexpression strains of Escherichia coli can generate
large amounts of recombinant bacterial CPD photolyase in a
catalytically inactive form characterized by intense absorption
in the spectral range 0f 400 — 650 nm. This blue species contains
a flavin radical that has been characterized in detail by EPR (25,
26). In contrast, recombinant X. [lgevis (6-4) photolyase
expressed in E. coli is characterized by intense light absorption

FEBRUARY 16, 2007-VOLUME 282-NUMBER 7 $8088
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in the range of 400500 nm. The
yellow species contains the flavin
chromophore-in-its-fully oxidized
redox form (FAD®) (19).

In this study, the stable blue radi-
calform  (FADH") of “the flavin~
cofactor of (6-4) photolyase was
generated by photoreduction of
purified recombinant enzyme in the
presence of an exogenously added
electron donor, followed by aerial
oxidation. This radical was exam-
ined by continuous-wave EPR spec-
troscopy and pulsed Davies-type
electron nuclear double resonance
(ENDOR). The hyperfine interac-
tions arising from protons attached
to the isoalloxazine moiety of the
FAD cofactor were exploited to
probe the immediate environment
of the flavin, in particular hydrogen
bonding and the micropolarity. The
main focus of this study is to obtain
information about the protonation
states of His®** and His®®®, which
are essential for DNA repair by (6-4)
photolyase (16). This information is
crucial for a thorough understand-
ing of the light-independent cata-
lytic steps preceding blue light-initi-
ated enzymatic DNA repair, and the
specific structural traits that distin-
guish (6-4) photolyase from the
related CPD photolyase.

_ oxetane
inflermediate

EXPERIMENTAL PROCEDURES

Protein Preparation—X. laevis
wild-type and mutant (6-4) photol-
yases were overproduced in E. coli,
purified as described previously (10, 19), and stored in liquid nitro-
gen. The concentration of the enzyme was determined on the basis
of the oxidized FAD cofactor’s absorbance at 450 nm (g5, =
1.12 % 10* M~ em ™) (10). For the present experiments, typically
0.5 mM (6-4) photolyase in a buffer containing 0.1 M NaCl, 0.05
M TrissHCl (pH 6 to 9.5) and 30% (v/v) glycerol was used. The
redox state of the flavin cofactor was monitored by recording
the ground state optical absorption spectrum from 300 to
800 nm using a Shimadzu UV-1601PC spectrophotometer.

Preparation of a Stable Flavin Radical—Recombinantly pro-
duced oxidized (6-4) photolyase samples were supplemented
with 10 ma EDTA, illuminated at 4 °C for 1 min with blue light
{Halolux 30HL, Streppel, Wermelskirchen-Tente, Germany)
selected with a 420-470-nm band filter (Schott, Mainz), and
then incubated for about 20 min at 4 °C with air to reoxidize the
light-generated dihydroflavin form of the flavin cofactor. The
concentration of the resultant blue flavin radical (FADH") was
estimated based on its absorbance at 580 nm (ezq, = 0.48 X 10*
M em ™) (27).
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Bufler Exchange—Samples were transferred into the desired
buffer (usually 0.1 M NaCl, 0.05 m Tris'HC], or 0.05 m HEPES

The isotropic hyperfine coupling of a B-proton is related
to the spin density p¥ of the neighboring carbon (X = C) or

(pH 6 -9.5) in 50% (v/v) glycerol) by dilution and ultrafiltration
through Amicon C30 microconcentrators at 4 °C. Experiments
in D,O were carried out at pH 8.0 (uncorrected glass electrode
reading) by performing a gel filtration chromatography step
(HiPrep Desalting, GE Healthcare) at 4 °C.

EPR Sample Preparation—The enzyme preparations were
transferred into EPR quartz tubes (3 mm inner diameter) under
an argon inert-gas atmosphere in the dark. The enzyme was
frozen rapidly with liquid nitrogen and stored therein. No
changes in the signal line shape and intensity have been
observed over a period of several months.

EPR/ENDOR Instrumentation—Continuous-wave X-band
(microwave frequency, 9.67 GHz/magnetic field, ~0.345 T)
EPR spectra were obtained using a laboratory-built spectrom-
eter described previously (25). X-band pulsed ENDOR spectra
were recorded using a commercial pulse EPR spectrometer
Bruker E580 (Bruker BioSpin GmbH, Rheinstetten, Germany)
in conjunction with a dielectric-ring ENDOR resonator Bruker
ER 4118X-MD5-EN. For Davies-type ENDOR (28), a micro-
wave pulse sequence m-t-m/2-71-1r using 64- and 128-ns 7/2-
and 7-pulses, respectively, and a radio frequency pulse of a
10-ps duration starting 1 ps after the first microwave pulse was
used. The separation times ¢ and 7 between the microwave
pulses were set to 13 ps and 500 ns, respectively. To avoid
saturation effects because of long relaxation times, the entire
pulse pattern was repeated with a frequency of only 200 Hz.

ENDOR Spectra Analysis—For doublet state radicals, two
ENDOR lines were expected per group of magnetically equiva-
lent nuclei according to the first-order resonance condition,
Vibor = V. £ (472)], where », = g,8,Bo/h is the Larmor
precessional frequency of the nucleus at the respective mag-
netic field B,, and g, and 3, are the nuclear g values and the
Bohr magnetons, respectively. In the weak coupling case,
l4|<2|v,|. the separation of the line pair is determined by the
orientation-dependent hyperfine coupling constant, 4, that
quantifies the interaction of the nuclear magnetic moment with
the electron magnetic moment.

The hyperfine couplings from so-called a-protons bonded
directly to m-conjugated carbon (or nitrogen) atoms are typi-
cally anisotropic, and the interaction symmetry is rhombic, i.e.
A, # A, # A, where %, y, and z are the principal axes of the
hyperfine tensor. With respect to the C—H (or N-H) bond and
the aromatic wr-plane, %, y, and z are aligned along the C-H (or
N-H) bond, in-plane perpendicular to the C—H {or N-H) bond
and parailel to the plane normal, respectively. If one extracts
the isotropic part 4, = (4, + A, + 4,)/3 from the tensor,
the traceless anisotropic hyperfine contributions remain
T,=A, — Ao i € {& ¥ z}. These are largely determined by
the electron-nuclear dipolar interaction. Following argu-
ments outlined previously for the N®-H® fragment in FADH'
(26), short N—H bond lengths lead to a symmetric rhombic
hyperfine tensor with 7, — 0 and I, = —T,. When the
N-to-H bond length is increased, e.g. as a result of hydrogen
bonding of the flavin to the protein backbone, the hyperfine
tensor is expected to become more axially symmetricwith T, =
T,=T,and T,= T)—>—2T,.

4740 JOLRNAL OF BIOLOGICAL CHEMISTRY

nitrogen (X = N) atom in the 7-plane, and according to the
McConnell relation (29-32), 4, (H®) = pZ (B’ + B'cos*#),
depends on the spatial orientation of the side chain. From the

“two empirical constants, B and B”, B' istypically very small, i.e

B’ =~ 0. @is the dihedral angle between the plane normal of the
ar-system and the projected CHP bond. The hyperfine anisot-
ropy of B-protons is typically small and approaches axial sym-
metry: T, =T, =T, ,T, =1,

Spectral Simulations—For ENDOR spectral simulations, the
signal amplitudes were normalized to the integral of the signal
arising from the hyperfine coupling of H® in FADH'. This pro-
ton is nonexchangeable, and hence, the intensity of its ENDOR
signal is expected to remain constant throughout different
buffer conditions. Furthermore, H® is more than 1 nm distant
from the proposed substrate-binding pocket. Hence, changes of
the protonation states of the histidines close to the substrate-
binding site are not expected to alter the intensity or shape of
the H® ENDOR signal pair. To precisely extract the principal
values of the hypertine couplings of the H®* and H*' probes
from the ENDOR data, spectral simulations were performed
using the EPR spectral simulation software package FasySpin
(33) in conjunction with the MATLARB routine Isqcurvefit (The
MathWorks, Natick, MA). This program calculates ENDOR
powder spectra arising from two hyperfine tensors and fits their
principal values to achieve the best possible agreement with the
experimental data.

RESULTS

UV-visible Spectroscopic Analyses of the Flavin Cofactor
Redox State—FAD cofactors often show characteristic optical
absorption properties in all three biologically relevant redox
states as follows: fully reduced (FADH™ or FADH,), semiqui-
none radical (FAD™ or FADH"), and fully oxidized {(FAD®). The
(6-4) photolyase enzyme from X. laevis is isolated in a yellow
form characteristic of a flavoprotein with a fully oxidized
FAD®. The protein has absorption maxima at 448 and 366 nm
that represent the S, — 8, and §, — S, transitions of its flavin
colactor, respectively (Fig. 3). Well resolved vibration side
bands at 425 and 475 nm and 356 and 372 nm, respectively, are
indicative of tight and well defined noncovalent binding of the
chromophore to the highly ordered protein structure. After
illumination with blue light (420 < A < 470 nm) in the presence
of EDTA as an exogenous electron donor, the formation of the
fully (two-clectron) reduced FADIT™ form of the flavin chro-
mophore is observed (see Fig. 3). A flavin radical, which exhibits
absorption maxima at 590 and 635 nm, is subsequently gener-
ated by exposurce of the enzyme to molecular oxygen. Residual
absorbance at around 450 nm is because of flavin molecules
that remained in the fully oxidized redox state because of
incomplete flavin photoreduction. Under an inert gas atmo-
sphere, the radical is stable on a time scale of hours, whereas
hack-reaction to the fully oxidized redox state occurs within
minutes upon exposure of the enzyme to oxygen at room tem-
perature (data not shown). The similarity of the optical absorp-
tion spectrum of the radical form of (6-4) photolyase to that
nbtained from the radical form of CPD photolyase (34) allows
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FIGURE 3. Optical absorption spectra of the (6-4) photolyase from X. lae-
vis after enzyme isolation and purification before Hlumination (solid
fine), after photoreduction with EDTA (dotted line), and following subse-
quent exposure of the enzyme to oxygen (dashed line). Spectra were
recorded at 298 K. a.u. indicates absorbance units.

us to conclude that in (6-4) photolyase the flavin radical is also
present in the H®-protonated neutral form, FADH". Typical for
neutral flavin radicals are the absorption bands at 635 nm,
which are assigned the D, —> Dy transition, and the weak shoul-
der at around 510 nm that arises from the D, — D, transition
(35). A closer examination of the absorption spectrumn of (6-4)
photolyase reveals significant red shifts of 10, 10, and 13 nm for
the red-most absorption bands at 590 and 635 nm relative to
those of E. coli, yeast, and Thermus thermophilus CPD photo-
lyase, respectively (34, 36, 37). Such bathochromic shifts in
chromophores are normally caused by more extended delocal-
ization of the m-electron system of aromatic molecules thus
implying that FADH-" of (6-4) photolyase has altered electronic
and hence redox properties as compared with the CPD photo-
lyases, which could be important for its function.
Characterization of the Flavin Radical State by EPR
Spectroscopy—To obtain a more detailed characterization of
the electronic structure of the flavin radical in X lgevis (6-4)
photolyase, EPR experiments were performed with a sample
that was frozen in liquid nitrogen after generation of the flavin
radical. The continuous-wave detected X-band EPR signal (see
Fig. 4) reveals a radical signature centered at g = 2.0034 %
0.0005. The experimentally observed peak-to-peak line width
of (2.00 + 0.01) mT is typical of a neutral flavin radical, FADH".
The overal line width and the line shape of the signal are attributed
to the mostly unresolved contributions of hyperfine couplings of
the unpaired electron spin with *H and N nuclei of the isoallox-
azine moiety of FADH" as well as of the protein environment.
Upon buffer deuteration, the exchangeable protons at N® and N*
are replaced with deuterons. This results in a significant reduction
of the inhomogeneous line width, which is clearly visible in Fig. 4.
Characterization of the Flavin Radical State by ENDOR
Spectroscopy—We have performed ENDOR experiments to
further characterize the electronic structure of the FADH'
cofactor in (6-4) photolyase. In Fig. 5, the X-band pulsed
ENDOR spectrum of the FADH" radical cofactor in protiated
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FIGURE 4. ¥-band (9.6703 GHz) frozen solution, continuous-wave-de-
tected EPR spectrum of the FAD cofactor of X. laevis (6-4) photolyase in
protiated {sofid line) and deuterated (dashed line) buffer. The spectra
were recorded at 80 K with a microwave power of 8 microwatts and a mag-
netic field modulation amplitude of 0.1 mT (modulation frequency, 100 kHz).
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FIGURE 5. X-band frozen solution, proton-pulsed (Davies) ENDOR spec-
wrum of the flavin cofactor of X. laevis (6-4) photolyase in protiated
buffer recorded at the center magneticield position (346.43 mT, 2.7138
GHz) in the EPR signal (see Fig. 4).

buffer is shown. The spectrum was recorded at a magnetic field
value corresponding to the center magnetic field position of the
X-band continuous-wave EPR signal shown in Fig. 4. In brief,
ENDOR signals in five spectral regions between 1 and 37 MHz
can be identified. Nearly all signals in this range are symmaetri-
cally distributed in pairs around the free proton Larmor fre-
quency, vy = 14.75 MHz. Hence, most proton hyperfine cou-
plings are detected in the weak-coupling limit.

(i) The central so-called matrix-ENDOR signal extends from
about 13.2 to 16.2 MHz and includes hyperfine couplings from
protons whose nuclear spins are only weakly interacting with
the unpaired electron spin, which is delocalized over the aro-
matic 7-plane of the FADH- isoalloxazine moiety. Small hyper-
fine couplings originate from protons in the protein backbone
within the cofactor binding pocket, from protens of water mol-
ecules surrounding the flavin, and also from weakly coupled
protons directly attached to the 7,8-dimethyl isoalloxazine ring,
namely H¥, H’%, and H°.
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(ii) Two prominent features are observed in the flanking
10.5-12- and 17.5-19-MHz radio frequency ranges. The ten-
sorial line shapes are of almost axial symmetry and arise from
the hyperfine couplings of the B-protons of the methyl group
attached to C¥ Typically, methyl groups rotate about their C~C
bond at elevated temperatures. Hence, if this rotation is fast on
the ENDOR time scale, one common hyperfine tensor for all
three protons of the methyl group is observed. Signals of the
H?®* hyperfine tensor are in general easily detected in proton-
ENDOR spectroscopy on flavins (25, 38 —41) and are consid-
ered to be sensitive probes of the electron spin density on the
outer xylene ring of the flavin isoalloxazine moiety (see also
below). Furthermore, theory shows that the size of this cou-
pling responds sensitively to polarity changes of the protein
surroundings (42).

(iif) Flanking the H® signals at around 9-10.5 and 19-20.5
MHz are found the transitions of one of the two S-protons, H*',
attached to C*' in the ribityl side chain of the isoalloxazine
ring. In flavins, an analysis of this hyperfine coupling
together with the one from the weaker-coupled second
B-proton at C*’ yields information on the geometry of the
ribityl chain attached to N'® as has been shown for the case of
E. coli CPD photolyase (25).

(iv) Signals arising from the hypetfine coupling of the H¢
proton are found at around 12 and 17.5 MHz. These show a
small hyperfine anisotropy, in line with recent quantum-chem-
ical calculations {22, 43).

(v} The broad feature extending from 21 to 34 MHz in the
pulsed ENDOR spectrum is typically not observed in continu-
ous-wave ENDOR experiments (25, 26). Its counterpart span-
ning the corresponding low radio frequency range is not
resolved because of the overlap with ENDOR signals of the
nitrogen nuclei. The broad 21-34-MHz pulsed ENDOR signal
disappears when the enzyme is transferred from protiated into
deuterated buffer (data not shown) (26). The symmetry of the
underlying hyperfine coupling is clearly rhombic, ie. A, # 4, #
A,. As inferred from EPR spectroscopy and quantum-chemical
calculations (22), this hyperfine coupling in the pulsed ENDOR
spectrum is assigned to the proton bound to N® (44). Its contri-
bution to the overall spectrum is easily discriminated from that
of other protons in the isoalloxazine moiety because of the
exchangeability of H® with a deuteron upon buffer deuteration.
The only other exchangeable proton in the isoalloxazine moiety
of flavins is that at N®, Its hyperfine coupling, however, is con-
siderably smaller than that of H, as has been shown by previous
ENDOR experiments and quantum-chemical calculations (22).
The amplitude and the anisotropy of the H® hyperfine coupling
has been shown recently to yield information on the strength of
hydrogen bonding at H® of the flavin to the protein backbone
(26). The A, and A, components of this coupling are easily
extracted from the peak position of the proton-ENDOR signal
and the outer inflection point of the tensor pattern, respec-
tively. The value of the 4, component has been obtained from
deuteron ENDOR (44).

In Table 1, the proton hyperfine couplings from X. laevis
(6-4) photolyase that have been obtained from pulsed ENDOR
spectroscopy are summarized and compared with the proton
hyperfine couplings of E. coli CPD photolyase.

4742 JOURNAL OF BIOLOGICAL CHEMISTRY

TABLE1

Proton hyperfine coupling constants of the FADH' cofactors in X.
{aevis-(6-4) photolyase-and-£: coli- CPD-photolyase-obtained from
puised ENDOR spectroscopy and pulsed and continuous-wave
ENDOR spectroscopy, respactively

All values are given in MHz. Experimental errors are 0.1 MHz. The signs of
hyperfine couplings have not been determined experimentally but were taken from
theoretical considerations (22). The principal axes (x, 9, and 2) of the H® hyperfine
tensor are oriented as described in the text {26).

Atom X. laevis (6-4) photolyase E. coli CPD photolyase
H AF (—)13.7% {—)8.5°
A7 (—)38.4 {(—)87.0"
A* (-)26.1 (249"
Auy {(~)26.1 (—)23.5%
H* A, ()42
Ay {(~)5.42
A, (—)2.65 —4.,86°
H* A4, (+)6.50 (+)6.97°
A {1)8.13 (1)8.52¢
o (+)7.04 (47497
HY A, (+)7.15 (+)7.9°
A, (+)7.93 (+)7.9°
A, {+)11.46 {+)11.3°
A, (-+)8.85 (+)9.0°

ian

“Data were scaled from deuteren ENDOR {44].
“Data were from Ref. 26.
“Data were from Ref. 25,

ThepH Dependence of the H*® Hyperfine Coupling—Two his-
tidines, His*** and His®*®, in X. laevis (6-4) photolyase that are
unique to (6-4) photolyases (and consequently are not found in
CPD photolyases) are critical for DNA repair activity. These
histidines were proposed to play a pivotal role in the formation
of the oxetane intermediate from the (6-4) photoproduct (Fig.
2), a step that is believed to occur prior to light-induced reduc-
tive cleavage (16). A theoretical structure model of (6-4) pho-
tolyase, which was built based on the crystallographic structure
of E. coli CPI) photolyase (45), suggests that these histidines are
located close to (~-0.4 nm) the 8a-methyl group of the isoallox-
azine moiety. Furthermore, if these histidines indeed play a
functional role, then one would expect that changing the pH
might readily cause a change of their protonation state. To test
this model, we have recorded pulsed ENDOR spectra for the
wild-type enzyme over the pH range between 6 and 9.5.

In Fig. 6, a series of difference ENDOR spectra for the wild-
type protein as a function of pH are depicted. In the spectral
region where the H®* protons show resonances, significant
spectral shifts and intensity changes are observed. Other differ-
ences are mostly restricted to the matrix-ENDOR, region but
they are very small. Notably, the signals of the other protons
sach as H® or H® remain virtually unchanged. Hence, in the
following Figs. 7 and 8, we only show the high frequency parts of
the ENDOR spectra in the 17.8 —21.2-MHz range. These spec-
tra were normalized with respect to the ENDOR signal of H®. It
is immediately apparent that the intensity of the H®* ENDOR
signal changes significantly as a function of pH (see Fig. 7, panel
A). Similar experiments carried out with HEPES-buffered pro-
tein in order to exclude potential buffer-dependent artifacts
(46) yielded virtually identical results.

For data analysis, it has to be taken into account that the
signal of H** overlaps with the one arising from H*. We have
therefore simulated the data from Fig. 7, panel A, using a least
squares fitting program that calculates ENDOR spectra arising
from these two nonequivalent protons with anisotropic hyper-
fine tensors. In the simulations, the hyperfine principal values
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of both tensors were then adjusted such that the best possible
agreement with the experimental data was obtained. As an

ENDOR on (6-4) Photolyase

observer, the hyperfine couplings of the three protons coalesce
and average to give a single purely axial hyperfine coupling ten-

illustration, the experimental and simulated ENDOR spectra of
the wild-type enzyme recorded at pH 8 are shown in Fig. 7,
panel B. In general, the agreement between experiment and
simulation is excellent. Thus precise principal values for the
two hyperfine tensors of H®* and H'' could be obtained (see
Table 2). Both the principal values of the H®** hyperfine cou-
pling tensor and the overall signal intensity (the integral over
the entire tensorial pattern; see Fig. 7, panel C) are affected by
changes of the pH. This is not unexpected because it is well
documented that changes in the micropolarity or the pH of the
surroundings of a paramagnetic molecule may alter both the
hyperfine couplings and the relaxation behavior of the nuclei
(47-50). Furthermore, changes in pH often cause small but dis-
tinct geometrical reorientations of protein side chains. These
structural changes may influence the free rotation of methyl
groups. When the motion is fast on the time scale of the

VYRR ! Mz

FIGURE 6. Difference X-band frozen solution, proton-pulsed (Davies)
ENDOR specira of the flavin cofactor of X. laevis (6-4) photolyase in pro-
tiated buffer. Panel A, pH 6-pH 7; panel B, pH 6~pH 8; panel C, pH 6 -pH §;
panel D, pH 6-pH 9.5.

sor. When the motion slows, the averaging is incomplete, thus
rendering the tensor slightly rhombic.
Two mutant proteins, H354A and H358A, were also exam-

ined by pulsed ENDOR spectroscopy at two extreme pH values,

pH 6 and 9.5, to identify the origin of the pH dependence of the
principal values of the H®* hyperfine tensor. Both mutant
enzymes are inactive in photorepair (16), but the photoreduc-
tion reaction is still possible. In Fig. 8, the pulsed ENDOR spec-
tra and the spectral simulations for the mutant proteins are
shown and compared with the data from the wild type. A com-
parison of the wild type and the mutants at different pH condi-
tions reveals characteristic differences both in the hyperfine
principal values and the signal intensities.

For the wild-type enzyme, the ENDOR signal arising from
the H®* hyperfine coupling has axial symmetry, i.e. 4,(H®*) =
A HE)==A  (H**) and A3(H®) == A,(H®*) (see Table 2) as is
expected for a rapid (on the ENDOR time scale) methyl group
rotation about the C*~C3 bond in FADH'. The H* hyperfine
coupling tensor on the other hand is slightly rhombic,
A (HY) # A,(HY) # A;(HY) as is predicted from quantum-
chemical calculations (22). Within experimental error, the
principal values of the hyperfine tensors of H?* and H' remain
constant from pH 9.5 to pH 6. In contrast, the signai intensity of
H¥* is pH-dependent with an observed maximum at pH 7.

The overall shapes of the ENDOR spectra of the H358A
mutant protein largely resemble those of the wild type at the
respective pH conditions. The slight rhombicity of the H**
hyperfine splitting measured at pH 9.5 reveals a perturbation of
the flavin-binding site at this position induced by the replace-
ment of His®>*® by alanine. Furthermore, the isotropic hyperfine
coupling of H** at pH 9.5 (Table 2) increases from 7.05 MHz
(wild type) to 7.16 MHz (H358A) indicating that the modifica-
tion of the environment renders the surroundings of H®*
slightly more polar. The small shift observed in the hyperfine
coupling of H'" likely reflects a small reorientation of the ribityl
side chain, although no appreciable changes in the principal
values of the hyperfine tensor are observed upon reduction of
the buffer pH.

The H354A protein, in contrast

) 8 ® o to the wild type or the H358A

S i mutant, exhibits significant pH-de-

T & pendent changes in its ENDOR

T, o spectra (Fig. 8). At pH 9.5, a sub-

;.‘ \g\’*. a,;?p%{;gde %{g ° stantial reduction of the H'" hyper-

i . 8 =¥ ° fine coupling is observed accompa-

j : / 5 gﬁi nied by a clear symmetry change of

e ? By the H®* signal, Furthermore, the

S & A Ay A - ® principal hyperfine values of both

A A oy 6 & w0 12 7 & é "4 Protons change significantly upon

vre f MHz hyperfine coupling [ Mtz

FIGURE 7. X-band (9.7318 GHz) frozen solution (80 K), pulsed ENDOR spectra of FADH bound to wild-
type X. laevis (6-4) photolyase. All experimental spectra were recorded at a magnetic field of 347.07 mT. Panel
A, pulsed ENDOR spectra recorded at different pH values as follows: pH 6 (blue curve), pH 7 (green curve), pH 8
{red curve), pH 9 (turquoise curve), and pH 9.5 (magenta curve). Panel B, experimental (dots) and simulated
{dashed line) pulsed ENDOR spectra of wild-type X. jaevis {6-4) photolyase (pH 8.0). The red and the biue curves
show the contributions of the H** and the H" hyperfine couplings to the calculated ENDOR spectrum, respec-
tively. Panel C, the integral over the H® hyperfine contribution as a function of the pH value.
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altering the pH. Thus replacement
of His®*** with alanine leads to sig-
nificant modifications of the cofac-
tor-binding site at the 8a-methyl
group and at the linkage of the ribi-
tyl side chain. These modifications
rendér the principal components of

pH value
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the H?* hyperfine tensor more sensitive to pH changes as com-
pared with the wild-type enzyme and the H358A mutant. Vir-

14 are conserved in X. laevis (6-4) photolyase; two have similar
electronic properties, and three are dissimilar. Among the (6-4)

tually identical results were obtained from samples where the
pH has been adjusted by HEPES instead of Tris buffer.

DISCUSSION

Comparison of the Electromnic Structure of the Neutral Flavin
Radicals in (6-4) Photolyase and CPD Photolyase—Differences
in the proton hyperfine couplings of FADH' bound to (6-4)
photolyase versus CPD photolyase (Table 1) can be interpreted
in light of sequence and proposed structural differences in the
flavin-binding sites of these DNA repair enzymes. Isotropic
hyperfine couplings of ¢~ and B-protons of aromatic radicals,
such as EADH’, reflect the unpaired electron spin density onthe
carbons and nitrogens to which they are bonded. This electron
spin density distribution in turn reflects the protein environ-
ment. In Fig. 9, the amino acid alignment of the C-terminal
parts of E. coli CPD photolyase and X laevis (6-4) photolyase
highlights the 14 amino acids within 0.5 nm of the isoalloxazine
moiety of FADH" in E. coli CPD photolyase (45). Nine of these

pH .5
wikd typé

pH &

\}vii(i type:

HisS®4Ala His3%Ala

His¥5%Ala

His%5821a

#h A's. N
¢ 8 1 i3 5 10 12
hyperfing coupling ! MHz hyperfine coupling | MHz

FIGURE 8. X-band {2.7318 GH2) frozen solution (80 K), pulsed ENDOR
spectra of FADH' bound to wild-type and mutant X, lgevis (6-4) photo-
lyases at different pH values. All experimental spectra (dots) were recorded
at a magnetic field of 347.07 mT. The simulations have been performed using
the parameters given in Table 2. The red and the blue curves show the contri-
butions of the H®* and the H" hyperfine couplings to the overall calculated
ENDOR (dashed black curves) spectra, respectively. The vertical lines show the
positions of the principal hyperfine components of the hyperfine tensors.

TABLE2

photolyases, two of these are highly conserved histidines
(His®** and His®*® in X. laevis), and the third is the polar Asn®**
(X. laevis) replacing of Gly®®! in CPD photolyase (£. coli).

H®* proton hyperfine coupling is known to be an excellent
probe for sensing subtle differences in the surroundings of the
xylene region of the iscalloxazine up to distances of about 0.6
nm (39, 42). The size of the H** coupling depends on the
micropolarity as well as on the aromaticity of the amino acids
binding the flavin. Although the H®*-proton hyperfine cou-
pling of FADH" in E. coli CPD photolyase is one of the smallest
reported for an enzyme with a neutral flavin radical (25, 40),
that of FADH" in (6-4) photolyase is even smaller (see Table 1).
This decrease in H®*-proton hyperfine coupling implies a less
polar and/or more aromatic environment for FADH" in (6-4)
photolyase, due to one or both of the following changes: (i) a
smaller substrate-binding pocket for (6-4) photolyase that
would limit the number of water molecules that could approach
the redox-active flavin cofactor in the absence of a DNA lesion;
and (ii) the two aromatic histidine residues, His?>* and His®®,
predicted to replace nonaromatic Asn and Met in the E. coli
CPD photolyase active site (16).

Analysis of the crystal structure of a CPD photolyase bound
to a repaired CPD-damaged DNA double strand showed that
the 8a-methyl group of FAD is oriented toward the substrate
binding cavity (51). The structure of (6-4) photolyase is pre-
dicted to be largely similar (16); however, because of the differ-
ent geometry of the (6-4) photoproduct (52, 53), one would
expect a smaller substrate cavity as compared with the CPD
photolyase. We have previously shown that the displacement of
water molecules upon substrate binding to E. coli CPD photo-
lyase alters the polarity of the flavin cofactor surroundings (42).
In these experiments, however, the proton hyperfine shifts
detected upon binding of a DNA substrate were minute; the
isotropic hyperfine coupling of H** in substrate-bound photo-
lyase was only about 1% smaller than that of the free enzyme.
Thus, it is very likely that the small H?* hyperfine coupling in
{6-4) photolyase is predominantly because of differences in the
immediate environment of H®* introduced by His*** and
His®®, rather than to the smaller substrate cavity.

Hydrogen Bonding of the Flavin Chromaophore to the Protein
Environment—By further inspection of the hyperfine couplings
of FADH" listed in Table 1, and by comparison of these values

H®* and H'' proton hyperfine couplings of the FADH' cofactors obtained from simulations of the pulsed ENDOR spectra of wild-type and

mutant X. laevis (6-4) photolyase at different pH values

All values are in MHz; signs of hyperfine couplings have not been determined experimentally but were taken from theoretical calculations. The experimental errors are

+0.02 MHz for the A, components, and +0.04 MHz for the 4, and A4, components.

Han H].
Protein
pHeé pH Y5 pHé6 pH 9.5
Wild type Ay 6.46 A, 700 A, 6.50 A, 7.05 Ay 7.10 Ao 882 A, 6.95 A, 8.80
A, 6,46 A, 6.50 A, 7.96 A, 7.94
Ay 8.07 Ay 8.14 A, 11.39 A, 1151
H354A A, 6.43 A, 747 A, 6.14 Ay, 741 A, 6.40 A, 828 A, 6.72 A, 8.31
A, (.76 A, 6.83 A, 7.35 A, 7.1t
A, 8.32 A, 8.37 A, 11.08 A, 1110
H358A A, 6.58 A 715 A, 6.52 A, 716 A, 7.38 A, 910 A 7.30 A, 9.09
A, 6.64 A, 6.71 A, 8.18 A, 8.20
A, 8.24 Ay 8.26 A, 1173 A, 11.78
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FIGURE 9. Alignment of the amino acid sequences of E. coli CPD photolyase and X, laevis (6-4) photo-
lyase. Residues within a distance of 0.5 rim from the isoalloxazine of the respective FAD cofactor in E. coli CPD
phatolyase (45) are marked with asterisks. Conserved amino acids are shaded in black; similar residues in terms
of the electronic properties of their side chains are shaded in gray. Dissimilar amino acids in the FAD binding

domains of both photolyases are marked with a #.

pH 6 pHOS
wild type
His¥%Ala
& A;azsa
His358Ala

FIGURE 10. Proposed changes in the microenvironment of H®* and H'
introduced by point mutations and pH changes. For details, see text.

with the corresponding couplings from E. coli CPD photolyase,
more conclusions can be drawn. The respective values of the
proton hyperfine couplings from H® and H*" are almost identi-
cal, implying that the unpaired electron spin density at C® and
the geometry of the ribityl side-chain attachment are very sim-
ilar in both enzymes. The isotropic hyperfine coupling of H5,
however, is significantly larger in {6-4) photolyase (—26.1 MHz)
than in its counterpart CPD photolyase (—~23.5 MHz). Further-
more, the symmetry of the H® hyperfine tensor is different. An
analysis of its anisotropy reveals the components 1/, = — 1, =
124 MHz and T, = 0 for (6-4) photolyase. Such values are
indicative for a shortened N-H bond as compared with CPD
photolyase, thus implying that the expected hydrogen bond
of an amino acid to H® is weaker in X. lgevis (6-4) photolyase

FEBRUARY 16, 2007+ VOLUME 282-NUMBER 7 m
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than in E. coli CPD photolyase (T,
=150MHz T, = —-135MHz T, =

—1.4 MHz). Within 0.5 nm around
H®, however, no changes in the
amino acid alignment are observed
(see Fig. 9). Therefore, this pro-
nounced effect must be due to
minor changes in the spatial
arrangement of the hydrogen bond
forming amino acid Asn®*? and H®,
Interestingly, a weakened hydrogen
bond N°-H>-O(Asn**?) in (6-4)
photolyase, and hence a shorter
N-H bond, also correlates with the
observed red shifts (13 nm as com-
pared with E. coli CPD photolyase) in the optical absorbance
bands. Although on a smaller scale, this effect parallels the dra-
matic red shift of the longest wavelength optical absorptions
observed when going from the N°-deprotonated anion radical,
FADY, to the nentral radical, FADH". Thus, in anionic flavin
radicals, the electron in the singly occupied molecular orbital
more confined to the outer xylene ring and hence the larger H*
hyperfine couplings are typically observed. In neutral flavin radi-
cals, on the other hand, the electron in the singly occupied molec-
wlar orbital is more shifted toward the central pyrazine ring thus
leading to smaller H** hyperfine couplings. Similar conclusions
have been recently drawn from results of a resonance Raman
study of Arabidopsis thaliana (6-4) photolyase (54).

The Positions and Protonation States of the Functional Histi-
dines His*>* und His***--In 1994, Kim et al. (14) proposed that
formation of a four-membered ring intermediate precedes thy-
mine-dimer splitting in (6-4) photolyase. Later it was suggested
that two highly conserved histidines His*** and His**® catalyze
the formation of this oxetane intermediate (16). (6-4) photo-
lyases, in contrast to CPD phctolyases, exhibit a pronounced
pH dependence for DNA repair. The repair activity is highest at
around pH 9; the reaction rate decreases by nearly 50% at pH 7
(16). The interpretation of this phenomenon led to discussions
about the protonation states of His*** and/or His®*®. Because
the function of histidine is markedly influenced by its protona-
tion state, it is likely that the histidines at the solvent-exposed
active site cause the unusual pH dependence in the (6-4) pho-
tolyase repair activity in vitro (16). The protonation of a histi-
dine alters its polarity, which may be indirectly probed by pro-
ton-ENDOR spectroscopy using FADH" as an observer. The
principal values of the hyperfine coupling tensors of T and
H*, the symmetry of their hyperfine interaction, and the
relaxation behavior of the nuclear spins as reflected in the
FNDOR signal intensities depend on structural modifica-
tions introduced by point mutations and on the pH. Hence,
proton-ENDOR experiments performed on the wild-type
enzyme and the two mutant proteins, in which the two histi-
dines are separately replaced by alanine, allow a detailed picture
of the microenvironment at the putative substrate-binding site
to he painted (Fig. 10).

Nothree-dimensional structure of a (6-4) photolyase enzyme
is available to date, but the strong shift of the isotropic hyper-
fine conpling of H'' in HB54A, as compared with the wild type
4745
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or the H358A protein, both at pH 9.5 and pH 6 (see Fig. 8),
suggests that His*** is close to H"' (see Fig. 10). The changes in

Auo(H) may be rationalized in terms of a ribityl side-chain
reorientation, which happens when His®** is replaced by the
smaller alanine. This reorientation results in an altered direc-
tion of the CY'—H* bond with respect to the 7-plane of the
isoalloxazine ring, thus changing the dihedral angle 6 (see
above) and hence the H' hyperfine coupling. Only small changes
on the H* coupling are observed in the H358A mutant, which
shows that His**® must be further removed from H""

At pH 9.5 the shift of the isotropic hyperfine coupling of H*%,
with respect to the wild type, is larger in the H358A mutant
than in H354A, which shows that His®*® is located close to H**.
The line shape of the H** ENDOR signal in the H354A mutant
is quite different from that of the other two proteins. In H3544,
a more rhombic symmetry is observed: A, # A, # A, whereas
in the others the hyperfine tensor is nearly axial symmetric, ie.
A, = A, # A, Furthermore, the H®** ENDOR signal in the
H354A mutant is also strongly pH-dependent, an effect that
must originate from a protonation change of His**® when going
from pH 9.5 to 6. For steric reasons, it is likely that at pH 9.5, the
(deprotonated) His**® residue turns toward the smaller Ala®*,
The axial symmetry of the hyperfine tensor, which is due to free
methyl group rotation in the wild type, might be atfected by this
His®® rearientation such that the rotation about the C®-C**
bond is hindered and thus the rhombicity of the H** hyperfine
coupling is increased. At pH 6, the H** hyperfine coupling
remains slightly rhombic, although the anisotropy between A,
and A, is significantly reduced presumably due to a further
reorientation of His®*®, which is protonated at pH 6 (Fig. 10). In
the wild type, these effects are not observed presumably
because reorientation of the histidine residue is not possible
because of mutual direct or indirect hydrogen bonding.

The pH changes are also reflected in the signal intensities of
the H®* hyperfine coupling. The integrals of this signal at two
different pH values, pH 9.5 and 6, for all three proteins are
compared graphically in Fig. 11.

In the wild type and the mutants, the H?** ENDOR signal
intensity generally increases when going from pH 9.5 to pH 6
(see Figs. 7 and 8). However, although the wild type and the
H354A mutant protein exhibit virtually the same intensity
changes as the proton concentration is raised, the H** ENDOR
signal of the H358A mutant shows a larger increase (Fig. 11,
panel A). This is more clearly observed if one corrects the gra-
dients of H354A and H358A for the wild-type effect (Fig. 11,
panel B). The same quantitative changes in the relaxation
behavior of the H354A mutant and the wild type imply that
His®%® undergoes the same change of protonation state in both
the wild-type and H354A mutant proteins. In the H358A
mutant, His*** could be protonated at pH 6 and deprotonated
at pH 9.5, but the effect of a possible protonation change on the
H5 ENDOR signal is expected to be small because His** is
closer to HY. However, the principal values of the H' and H**
hyperfine couplings in the H358A mutant show (within exper-
imental error) virtually no pH dependence. This implies that
His®** does not change its protonation state when going from
pH 9.5 to 6. Hence, the protonated histidine that catalyzes oxet-
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FIGURE 11. pH dependence of the H®* ENDOR signal intensities (sea Fig.
9} of mutant and wild-type (6-4) photolyases. Pane/ A, relative signal inten-
sities with respect to the nommalized H® ENDOR signal (in arbitrary units):
wild-type {6-4) photolyase (circles); H354A (6-4) photolyase (filled squares);
H358A (6-4) photolyase (open squares). Panel 8, relative signal intensities cor-
rected for the wild-type signal intensity changes: H354A {6-4) photolyase
(filfed squares); H358A (6-4) photolyase (open squares).

ane intermediate formation must be His?** because His**® is
deprotonated at pH 9.5.

Conclusions—In the absence of an x-ray structure of (6-4)
photolyase, an alignment of the amino acid sequences of £. coli
CPD photolyase and X. [zevis (6-4) photolyase has been used to
suggest that the amino acids His**® and His®**, which play a
crucial role in DNA repair, are close to the flavin cofactor and
replace Asn®*® and Met® in E. coli CPD photolyase, for which
the structure is known. Our spectroscopic data provide the first
experimental evidence that this model is essentially correct;
His®™ is close to FAD H'' and His®*® is close to FAD H** (Fig.
10). Furthermore, we showed that at pH 9, His**® is likely to be
deprotonated, and His*** is protonated. Hence, His>** is pro-
posed to be the protonated histidine that initiates formation of
the oxetane intermediate from the (6-4) photoproduct (Fig. 2)
in the enzymatic DNA repair reaction.

These conclusions are based on changes in the principal
components and the intensities of selected hyperfine coupling
tensors of the flavin radical caused by point mutations and pH.
Simulation and deconvolution of pulsed ENDOR spectra have
allowed complete tensorial patterns of H® H, H®, and HYina
protein-bound neutral flavin radical to be resolved, showing
that, in the present case, point mutations in the protein pre-
dominantly affect the hyperfine couplings of individual pro-
tons. Thus, pulsed-ENDOR examinations of flavoproteins pro-
vide far more information than is typically obtained by the
continuous-wave ENDOR technique; the latter method is not
well suited for the detection of broad lines arising from strong
anisotropic proton hyperfine couplings such as those from H®
and HY. Thus, we expect that pulsed ENDOR will emerge as a
potent tool to study the protonation states of amino acid resi-
dues located close to the cofactor in flavoproteins.
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Abstract

Previously. we observed that in rats, olfactory stimulation with.scent of grapefruit oil (SGFO}) elevates the activities of sympathetic nerves.
SGFO also suppresses gastric vagal (parasympathetic) nerve activity (GYNA), increases the plasma glycerol concentration, blood pressure (BP)
and body temperature, and reduces appetite. In contrast, olfactory stimulation with scent of lavender oil (SLVO) has opposite effects in rats. Here,
we show that in mice, olfactory stimulation with SGFO elevated activities of sympathetic nerves innervating the kidney, adrenal gland and brown
adipose tissue as well as increasing BP and suppressing GVNA, whereas oifactory stimulation with SLVQ decreased these sympathetic nerve
activities and BP, and elevated GGVNA. Electrolytic lesions of the mouse hypothalamic suprachiasmatic nucleus {SCN) eliminated changes in renal
sympathetic nerve activity (RSNA), BP and GVNA induced by either SGFO or SLVO. Furthermore, SGFO-induced elevations in RSNA and BP
and the SLVQ-induced GVNA increase were not observed in Cryptochrome (Cry)-deficient mice, which harbor mutations in both cryl and cry2
and lack normal circadian rhythoms. These findings suggest that SGFO and SLVO affect autonomic neurotransmission and BP via the SCN in mice.
Moreover, the molecular clock mechanism ii the SCN, which invoives the cryl and cry2 genes, is partially involved in mediating these autonomic

and cardiovascular actions of SGFO and SLVO.
© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: Suprachinsmatic nucleus; Autonomic nerves; Cryptochrorne; Blood pressure

In mammals, the hypothalamic suprachiasmatic nucleus (SCN)
functions as a master circadian clock and forms circadian
rhythms in physiological phenomena and behaviors {10}, Pre-
viously, we observed that the hyperglycemia induced by
2-deoxy-p-glucose (2DG) [13], an inhibitor of glucose uti-
lization, is associated with excitations of sympathetic nerves
innervating the pancreas, liver and adrenal gland, a reduction in
the blood insulin level and elevations in.the blood glucagon and
adrenaline level [13]. Since a daily thythm was observed in the
hyperglycemia induced by 2DG [15], the effect of bilateral elec-
trolytic lesions of the SCN was examined and it was found that
these lesions eliminated the 2DG-induced hyperglycemia {13]

* Comesponding author at: Y.MP.-Inermational Corporation, 4th Floor,
Nukajima-Building, 4-12-17 Toyosaki, Kita-Ku, Osaka 5310072, Japan.
Tel.: +81 6 6486 1080; fax: +81 6 6486 1081.
E-mail uddress: mtanida@ymp-i.co jp (M. Tanida).

0304-3940/$ - see front matter © 2006 Elsevier Ireland Lad. All rights reserved.
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and autonomic changes [ 14]. These findings raised the possibil-
ity that the SCN is involved in the control of blood glucose via
regulation of autonomic activities. Supporting this possibility,
we found that pseurorabies virus (PRY), which is retrogradely
and multi-synaptically transported along the neural pathway,
when injected into the pancreas, was transported to the SCN
via sympathetic and parasympathetic relay neurons in the central
nervous system [6,7]. These findings suggest that the SCN sends
autonomic projections to these peripheral organs and tissues.
Recently, we observed that olfactory stimulation with scent
of grapefruit oil (SGFO) or scent of lavender oil (SLVO) affects
autonomic nenrotransmission and elicits changes in lipolysis,
thermogenesis, food intake, body weight and blood pressure
(BP) in rats [22,23,25,26]. To investigate this phenomenon, we
firstly established whetber the responses to SGFO and SLVO
also exist in mice, agd confirmed that either SGFO or SLVO
causes autonomic and cardiovascular changes. Moreover,
our previous study found that bilateral lesions of the SCN
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- eliminated these SGFO- and SLVO-induced changes in rats
[25,26]. These facts raised a possibility that the molecular
mechanism-of-¢ircadian-clock-in-the-SCN is.involved.-in-the
regulation of autonomic nerves, thus in those of physiological
phenomena. To examine whether the molecular mechanism
in the-SCN {10] is responsible for the control of autonomic
nervous system, we determined whether the above responses
to SGFO and SLVO were observed in Cryl and 2 double
knockout [Cry(—/—)} mice, which lack circadian thythm in
their locomotion under constant dark conditions [29].

Sixteento eighteen week old male C3H mice (wild-type mice,
n=130) and cryl and cry2 mutant mice (Cry(—/-), n=29)
[29] backerossed in C3H background were used. Animals were
housed in 2 room maintained at 24 £ 1 °C and luminated for
12 h(07:00 to 19:00) everyday. Food and water were freely avail-
able. To record locomotor activity of animals under constant
dark conditions (DD), the activity of a mouse in an individual
cage was monitored using a far—infrared monitoring apparatus
{Bio-Medica Co., Japan). Since light suppressed the activity
of Cry({—/—) mice [28], electrophysiological experiments were
performed in the DD, All animal care and handling procedures
were approved by the Institutional Animal Care and Use Com-
mittee of the Institute for Protein Research, Osaka University.

General preparations were performed as described previously
{25]. Briefly, under anesthesia {1 g/kg urethane, intraperitoneal
(i.p.)], mice cannulated intratracheally were fixed in a stereo-
taxic apparatus. The adequacy of the depth was checked by
paw pinch {12]. For recording renal sympathetic nerve activ-
ity (RSNA) and adrenal sympathetic nerve activity (ASNA),
the left renal and adrenal nerves were exposed retropesitoneally
through a left flavk incision. For recording brown adipose tis-
sue sympathetic nerve activity (BAT-SNA), the left BAT nerve
was dissected from veniral surface of the left interscapular BAT
pad. For recording gastric vagal nerve activity (GYNA), the gas-
tric branch of the ventral subdiaphragmatic vagal nerve was
identified and exposed on the esophagus after incision of the
abdomen midline [18]. The distal end of the respective nerve
was ligated, and then hooked up with a pair of silver wire elec-
trodes for recording efferent nerve activity. Electrical changes
in neural activities were recorded and analyzed as described
previously [25). Mean anterial pressure (MAP) was calcuiated
from the BP data sampled in off-line anatysis. For olfactory
stimulation, grapefruit essential oil (Cirrus Paradisii, Pranarom
Intemational, Belgium) and lavender essential oil (Lavendula
angustifolia, Pranarom International, Belgium) were suspended
in a 100-fold volume of water. A cubic cotton gauze, soaked in
the suspension, was placed on the bottom of a plastictube and the
mouse’s nose was placed inside the plastic tube for 10 min. At
the end of the experiment, hexamethoninm chioride (10 mg/kg)
was intravenously administered to block evoked potentials in
order 1o determine the noise level of the recording.

In some mice (n=235), about 3 weeks prior to olfactory stimu-
lation, bilateral electrolytic lesions of the SCN were performed.
Briefly, under pentobarbital anesthesia (35 mg/kg, i.p.), a stain-
less steel electrode was inserted into the SCN using coordinates
A-P, 0.2 mm posterior to bregma: L, 0 mm from the midline; V,
7.0 ram from the skull surface {201, following which a 0.5-mA

anodal direct current was passed through the electrode for 10s.
Control mice received a sharn operation withous the current. At
the end of the experiment, the brain was removed and histolog-
ically examined to verify placement of bilateral lesions in the
SCN by Cresyl violet staining.

The RSNA; MAP, GVNA and BAT-SNA measured during
each Smin pericd after olfactory stimulations were evaluated
by digital signal processing and statistical analyses. All data
were expressed as means £S.E.M. Normality in the data or
differences in respective basal values (Omin) were detected
by Kolmogorov-Smirnov test or Mann-Whitney U-test,
respectively. Because of the inter-individual variability in the
pre-injection state, percent change was calculated for RSNA,
MAP, GVNA, ASNA and BAT-SNA. Two-way analysis of
variance (ANOVA) was applied to compare group responses
to olfactory stimmulations. P<0.05 was applied as significant
level.

Typical recording data of the RSNA, blood pressure, GVNA,
ASNA and BAT-SNA before and after oifactory stimulation
with SGFO or SLVO are shown in Fig. 1. Control treatment
using water without oils did not affect autonomic neuro-
transmission, In contrast, olfactory stimulation with SGFO
increased renal sympathetic nerve activity (RSNA), adrenal
sympathetic nerve activity (ASNA), brown adipose tissue-
sympathetic nerve activity (BAT-SNA) and BP, and decreased
gastric vagal nerve activity (GVNA) in mice (Fig. 1A). More-
over, SLVO lowered RSNA, ASNA, BAT-SNA and BP, and
elevated GVNA (Fig. 1A), Significance of differences for peri-
ods between 5 and 75 min after olfactory stimulation with SGFO
and water were compared by ANOVA and results were as
follows: RSNA, P<0.001 (F=30); MAP, P<0.001 (F=25);
ASNA, P<0.001 (F=38); BAT-SNA, P<0.001 (F=34);
GVNA, P<0.005 (F=60) (Fig. |B-F). Comparison of simi-
tar parameters in water and SVLG-exposed groups by ANOVA
produced the following resulis: RSNA, P<0.001 (F=93);
MAP, P<0.001 (F=35); ASNA, P<(.001 (F=34); BAT-SNA,
P<0.001 (F=26); GVNA, P<0.001 (F=40) (Fig. I1B-F).
Absolute basal (0 min) values of these parameters for the exper-
iments shown in Fig. | are summarized in Table {; none of
the basal values differed significantly between SGFO-exposed,
SLVO-exposed and water-exposed groups, according to the
Mann—-Whitney U-1est.

We examined the effects of bilateral lesions of the SCN in
mice. As expected, SCN lesions also abolished these responses
to SGFO and SEVQ in mice (Fig. 2). Although part of the optic
chiasm was damaged in some SCN-lesioned mice {Fig. 2A),
pupillary reflexes induced by light stimulation to both eyes
were intact in all mice. In sham-operated mice, RSNA and
MAP (Fig. 2B and C) were elevated and GVNA (Fig. 2D) was
suppressed by SGFQ, and RSNA and MAP were lowered and
GVNA was enhanced by SLVO. In contrast, in SCN-lesioned
mice, SGFO and SLVO did not affect RSNA (Fig. 2B), MAP
(Fig. 2C) or GVNA (Fig. 2D). Thus, bilateral lesions of the
SCN eliminated all changes in RSNA, MAP and GVNA induced
by olfactory stimulations with either SGFO or SLVO. Absolute
basal (0 min) RSNA, MAP and GVNA vatues for the experi-
ments shown in Fig. 2 are summarized in Table 1; basal values
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did not differ significantly between water, SGFO or SLVO
groups, as determined by Mann-Whitney {/-test.

To examine whether the molecular mechanism in the SCN
{10 is responsible for the control of autonomic nervous system
and thus is involved in mediating the effects of SGFO and SLVQ,
we determined whether the above responses to SGFO and SLVO
were observed in Cryl and 2 double knockout [Cry(—/—)] mice,
which lack circadian thythm in their locomotion uader constant
dark conditions (Fig. 3A). Similar to the effects in rats, in wild-
type mice, SGFO elevated RSNA and MAP (Fig. 3B and C) and
suppressed GVNA (Fig. 3D) while SLVO fowered RSNA and
MAP and enhanced GV NA, However, most of these effects were

eliminated in Cry{—/—) mice. The suppression effects of SLVO
on RSNA and MAP and activation effect of SLVO on GVNA
were maintained in Cry(—/—) mice. Thus, mutations of cry/
and cry2 genes largely suppressed elevations in RSNA, MAP
and GVNA induced by olfactory stimulations with SGFO and
SLVO, respectively. Absolute basal (0 min) RSNA, MAP and
(GVNA values for these experiments shownin Fig. 3 are surnma-
rized in Table 1; basal values did not ditfer significantly between
groups, as determined by Mann—Whitney {/-test. These findings
suggest that these clock-related gene products may be involved
in mediating autonomic neurotransmission and cardiovascular
responses to olfactory stimulation.
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Table |
Basal levels {Omin) in experimental group
Groups RSNA {spikes/3s) (n)—MAP {(mmHg) (n}—— —GVNA{spikes/s) {n) ASNA-(spikes/s)- () BAT-SNA-(spikes/s)(n)
Bxperiment {1) v
Waler 123.1 4 452 (6) 60.1 £ 4.6(6) 91.5 £ 24.6(5) 1480 & 54.0(5) 1414 £ 29.4(5)
SGFO ’ 1NLeE11.5(4) 58743 108.9 +19.1¢5) 1822 F120(5) 158X 14.3(5;
SLVO 764 £ 8.0(5) 555 £7.1(5) 132.7 £ 31.9{6) 126.6 & 21.9(5) 1329 +£17.3(4)
Expedment (2)

SCN-sham, SGFO
SCN-gham, SLVO
SCN-lesion, SGFO

1162 £ 17.6(4)
1475 £ 234 (3)
104.6 & 18.3(6)

SCN-lesion, SLVO 109.8 £ 30.2(3)
Experimeat (3)

Witd. SGFO 932 % 2035(4)

Wild, SLVO 1102 £ 27.2 (9

DKO, SGFO 894 4 9.044)

DKOQ, SLVO 1784 % 63.1 (3)

61.5 % 2.1 (4)
63.1 + 383
591 & 5.8(3)
624 + 10.2(3)

618 £ 53(%
639 £ 8.8(4)
612 & 694
58.4 £ 9.5(3)

9124+ 31.0(3)
89.5 & 1344
1203 £+ 19.4(3)
1369 4 25.8(3)

99.6 + 20.4 (3)
838 £ 5.4(%

80.6 + 382 {9
694 + 139(9)

Wild, wild-type mice: DKO. Cry(—{-) mice. Data are presented as means +S.E.M.

Since excitation of sympathetic nerve activity is closely
related to a reduction in body weight [5], we examined
body weights and a portion of the visceral adipose tissues
(mesenteric + perirenal + epididymal adipose tissues). Notably,
significan reductions in both of these parameters were observed
in Cry(—/~) mice [wild versus Cry(~—/=):31.9+1.8g (n=24)
versus 22.0+0.6g {n=23) for body weight (P<0.05 by
Manp—Whitney U-test); 1.8+0.2g (n=24) versus 0.4+ 0.1g
{n=23) for adipose tissue weight (P <0.03 by Mann—Whitney
U-test)].

In this study, we observed that in mice, SGFO and SLVO
affected RSNA, ASNA, BAT-SNA, BP and GVNA in a manner
similar to that observed in rats [22,23,25.26]. In rats, anosmic
treatments with ZnSQ; or xylocaine abolished these responses
[22,23,25,26] thas it is likely that in mice, responses to SGFO

SCN Tesion

(A SCNshawm

and SLVO might also be elicited through olfactory receptors in
the nasal mucosa. SGFO- and SLVO-induced changes in RSNA,
GVNA and BP were eliminated by bilateral electrolytic lesions
of the SCN in mice (Fig. 2), as was previously observed in
rats [25,26]. These findings also suggest that the SCN, a mas-
ter circadian oscillator, might be involved in autonomic and
cardiovascular changes due to SGFO and SLVO in mice.

Thus, we verified whether the effects of SGFO and SLVOQ
were altered in Cry(—/~) mice, who lack normal circadian
locomotor activity. As expected, we observed that SGFO-
induced elevations of RSNA and BP did not occur, and
SLVO-induced elevation of GVNA was largely suppressed in
Cry(—/—) mice, suggesting that Cry 1 and 2 in the SCN
might be, at least parually, implicated in these physiologi-
cal effects of SGFO and SLVO. Morzover, we preliminarily
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Fig. 2. Effects of lesion of the SCN on SGFO- or SLVO-induced changes in autonemic neurotransmission and BP. {A) Photamicrographs of representative coronal
brain sections including the SCN of a sham-operated (SCN sham) and an SCN-lesioned (SCN lesion) mouse. OC, optic chiasm. RSNA (B), MAP (C) and GVNA
(D) after olfactory stimulation are expressed as means % S.E. of the percentages Omin values. *P<0.05 vs. SCN sham,
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examined blood levels of noradrenaline and adrenaline in
addition to glucose to identify body condition status. Under
urethane anesthesia (1 g/kg, i.p.), blood samples (0.2 ml each)
were withdrawn from the abdominal artery, and adrenaline
and noradrenaline in the deproteinized plasma were deter-
mined in a fully automated HPLC-fluorometric system (Model
HIC-725CA Catecholamine Analyzer, Tosoh, Japan) using
a diphenylethylenediamine condensation method {19]. The
plasma glucose levels were measured with a Fuji Dri-chem sys-
tem (Fuji Film, Japan). The blood levels of adrenaline (pmol/ml),
noradrenaline (pmol/mi) and glucose {(mg/dl) of wild-type mice
were 1.02+0.19 (n=3), 6.67 % 1.26 (n=4) and 195.7 £ 14.9
(n=4), respectively, whereas that of Cry{(—/—) mice were
1244043 (n=3),626%£1.42(n=4)and 254.3+ 15.3 (n=4),
respectively. Therefore, the adrenaline and glucose levels were
significantly bigher in Cry(—/—) mice than in wild-type mice
{P <0.05, by Mann-Whitney U-test). These data suggest a possi-
bility that the hyperglycemic and hyperadrenlinemic state might
exist in Cry(—/—) mice. Moreover, using immunohistochemical
method, we preliminarily examined changes in the expression
of c-Fos protein in the hypothalamic paraventricular nucleus
(PVN) and SCN as a marker of neural transmission. Mean
numbers of c-Fos expression in the PVN and SCN of wild-
type mice were 100.9+28.1 (n=3) and 109.04+37.8 (n=3),
respectively, whereas that of Cry(—/—) mice were 181.1+44.9
{n=3) and 293.1 £79.7 (n=3), respectively, and these values
are different between wild-type and Cry(—/—~} mice (P <0.05,
by Mann-Whitney U-test). In studying with the PRV we found
evidence that autonomic projections from the SCN to the pan-
creas, liver and adrenal gland passed through the PVN [6,7].

Therefore, the stimulation in the PVN might be secondary to
that of the SCN.

Considering that BP and body temperature [11,16] were
higher, and weights of body and adipose tissues were lower in
Cry(—/—) mice, it seems that sympathetic nerves, which inner-
vate the adrenal gland and BAT, controlling adrenaline release
and thermogenesis, respectively, might be activated via a mech-
anism involving neural excitation of the SCN and PVN. Thus,
it is possible that already elevated sympathetic tone originated
from the SCN in Cry(—/~) mice might cause the deterioration
in the autonomic and cardiovascular responses to SGFC and
SEVO (Fig. 3). In this regard, it has been reported that obe-
sity associated with hypertriglyceridemia, hypercholesterolemia
and hyperglycemia is observed in Clock mutant mice [27].
Therefore, it is quite likely that the molecular circadian clock
mechanism in the SCN is involved in the homeostasis of glu-
cose and lipid metabelism, food intake, BP and body temperature
through reguiation of autonomic neurotransmission. With regard
to the role of the SCN, it has previously been suggested that
the SCN sends sympathetic and parasympathetic neural inputs
to peripheral organs and tissues [2,3,6-9,24]. We obtained evi-
dence that the originating SCN neurons of the sympathetic and
parasympathetic neural connections to the periphery are differ-
ent [7]. Therefore, it might be possible that in Cry(—/~) mice,
activities of respective original neurons of the sympathetic and
parasympathetic nerves were both in exciting conditions, caus-
ing the conditions favor to sympathesic excitations in peripheral
organs and tissues. Thus, in Cry(—/—) mice, effects of sympa-
thetic excitations in them might be domisant compared with
those of parasympathetic excitations, This might cause the
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suppressions of further excitations but not inhibitions in the
sympathetic original and parasympathetic original neurons in
the SCN due to SGFO and SLVO and thus largely suppress
the elevating responses of RSNA and GVNA due to SGFO and
SLVO (Fig. 3). Whether these are the cases must be examined
in future. : ' o

These defects in autonomic neurotransmissions observed in
mice lacking the intact molecular clock mechanism might be
related with the mechanism of depressive state in patients with
winter depression, which is regarded as a disease caused by the
circadian clock disturbance and is known to have lower odor
detection thresholds [21] and abnormality of autonomic func-
tions [ 1], because the response of aulonomic nerve activities is
suggested to be implicated in the formation of emotions [4].
On the other hand, Nievergelt et al. found that there was not
close association bipolar disease with Cry 1 gene [17]. However,
lacking both genes of Cry 1 and Cry 2 caused loss of the circa-
dian thythm, and lacking of Cryl gene maintains the circadian
thythm [29)]. Therefore, whether there is connection between
bipolar disease and Cryl and Cry2 remained to be studied.

In conclusion, the results obtained here suggest that the
molecular circadian clock mechanism is, at least partly, involved
in mediating the elevating effects of SGFO and SLVO on auto-
nomic and cardiovascular functions,
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Duchenne muscular dystrophy (DMD), the most common lethal genetic disorder in children, is an X-linked recessive
muscle disease characterized by the absence of dystrophin at the sarcolemma of muscle fibers. We examined a putative
endometrial progenitor obtained from endometrial tissue samples to determine whether these cells repair muscular
degeneration in a murine mdx model of DMD. Implanted cells conferred human dystrophin in degenerated muscle of
immunodeficient mdx mice. We then examined mensirual blood-derived cells to determine whether primarily cultured
nontransformed cells also repair dystrophied muscle. In vivo transfer of menstrual blood-derived cells into dystrophic
muscles of immunodeficient mdx mice restored sarcolemmal expression of dystrophin. Labeling of implanted cells with
EGFP and differential staining of human and murine nuclei suggest that human dystrophin expression is due to cell
fusion between host myocytes and implanted cells. In vitro analysis revealed that endometrial progenitor celis and
menstrual blood-derived cells can efficiently transdifferentiate into myoblasts/myocytes, fuse to C2C12 murine myoblasts
by in vitro coculturing, and start to express dystrophin after fusion. These results demonstrate that the endometrial
progenitor cells and menstrual blood-derived cells can transfer dy: sfrophm into dystrophied myocytes at a high frequency

through cell fusion and transdifferer

INTRODUCTION

Skeletal muscle consists predominantly of
with peripheral, postmitotic myonuclei, and & intfinsic re-
pair potential in adulthood relies on the persistence of a
resident reserve population of undifferentiated mononuglear,
cells, termed “satellite cells.” In mature skeletal musck
most satellite cells are quiescent and are activated iri s
sponse to environmental cues, such as injury, to mediate
postnatal muscle regeneration. After division, satellite ce
progeny, termed myoblasts, undergo terminal differentia
tion and become incorporated into muscle fibers (Bischoff,
1994). Myogenesis is regulated by a family of myogeni

transcription factors including MyoD, Myf5, myogenin, and”:

MRF4 (Sabourin and Rudnicki, 2000). During embryonic
development, MyoD) and Myf5 are involved in the establish-
ment of the skeletal muscle lineage (Rudnicki ¢ al., 1993),
whereas myogenin is required for terminal differentiation
(Hasty et al., 1993; Nabeshima ef al., 1993). During muscle
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ite cells recapitulate the expression program of
> genes manifested during embryonic develop-

; is associated with a large oligomeric complex
glycoproteins that provide linkage to ‘the extracellular
brane (Ervasti and Campbell, 1991). In Duchenne mus-
ystrophy (DMD), the absence of dystrophin results in
destabilization of the extracellular membrane-sarcolemma-
ytoskeleton architecture, making muscle fibers susceptible
- fo contraction-associated mechanical stress and degenera-
_tion. In the first phase of the disease, new muscle fibers are
~formed by satellite cells. After depletion of the satellite cell
pool in childhood, skeletal muscles degenerate progres-
sively and irreversibly and are replaced by fibrotic tissue
(Cossu and Mavilio, 2000). Like DMD patients, the mdx
mouse lacks dystrophin in skeletal muscle fibers (Hoffman et
al., 1987; Sicinski et al, 1989). However, the mdx mouse
develops only a mild dystrophic phenotype, probably be-
cause muscle regeneration by satellite cells is efficient for
most of the animal’s life span (Cossu and Mavilio, 2000).
Myoblasts represent the natural first choice in cellular
therapeutics for skeletal muscle because of their intrinsic
myogenic commitment (Grounds ef al., 2002). However,
myoblasts recovered from muscular biopsies are poorly ex-
pandable in vitro and rapidly undergo senescence (Cossu
and Mavilio, 2000). An alternative source of muscle progen-
itor cells is therefore desirable. Cells with a myogenic po-
tential are present in many tissues, and these cells readily

1
<zdoi;10.1091/mbe.E0G-09-0872>
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form skeletal muscle in culture (Gerhart ef al., 2001). We
report-here that human dystrophin expression in the mdx
model of DMD is attributed to cell fusion of mdx myocytes
with human menstrual blood- derived stromal cells.

MATERIALS AND METHODS

Isolation of Human Endometrial Cells from Menstrual
Blood

Menstrual blood samples (n = 21) were collected in DMEM with antibiotics
(final concentrations: 100 U/ ml penicillin/streptomycin} and 2% fetal bovine
serum (FBS), and processed within 24 h. Ethical approval for tissue collection
was granted by the Institutional Review Board of the National Research
Institute for Child Health and Development, Japan. The centnruged pellels
containing endometrium-derived cells were resuspended in high-giucose
DMEM medium (10% FBS, peniciliin/streptomycin), maintained at 37°C in a
humidified atmosphere containing 5% CO,, and allowed to attach for 48 h.
Nonadherent cells were removed by changing the medium. When the colhure
reached subconfluence, the cells were harvested with 0.25% trypsinand 1 mM
EDTA and plated to new dishes. After 2-3 passages, the attached endometrial
stromal ceils were devoid of blood cells. Human EM-E6/E7/hTERT-2 cells,
endometrium-derived progenitors, were oblained from surgical endometxial
tissue samples and were immortalized by E6, E7, and hTERT-2 (Kyo éf al,
2003). C2C12 myoblast cells were supplied by RIKEN Cell Bank (The Institute
of Physical and Chemical Research, Japan).

Flow Cytometric Analysis

Flow cytometric analysis was performed as previously described (Terai et al,
2005). Cells were incubated with primary antibodies or 1sotvpe~matched
control antibodies, followed by additional treatment with the immunofluo-
rescent secondary antibodies. Cells were analyzed on an EPICS ALTRA
analyzer (Beckman Coulter, Fullerton, CA). Antibodies against human CD13,
CD14, CD29, CD31, CD34, CD44, CD45, CD50, CD34, CD55, CD59, CD73,
CD90, CD105, CD117 (c-kit), CD133, HLA-ABC, and HLA-DR were pur-
chased from Beckman Coulter, Immunotech (Marseille, France), Cymtegh
(Hellebaek, Denmark), and BD Biosciences PharMingen (San Diego, CA).

In Vitro Lentivirus-mediated Gene (EGFP) Transfer into
EM-E6/E7/[RTERT-2 Cells

Infection of EM-E6/E7/hTERT-2 cells with lentivirus having a CMV pro-
moter and EGFP reporter resulted in high levels of EGFP expression in all
cells. Cells were analyzed for EGEP expression by flow cytometry (Miyoshi ef
al., 1997, 1998).

In Vitro Myogenesis
Menstrual blood~derived cells or EM-E6/E7 /hTERT-, 2 [
collagen I-coated cell culture dishes {Biocoat, BD Bioscier
at a density of 1 % 10%/mi in growth medium (DMEM;
20% FBS). Forty-elght hours after seeding onto collagen 1-coz
were treated with S-azacytidine for 24 h. Celi cultures were then w ashs\d ]
with PBS and maintained in differentiation medium (DMEM, supplenien
with either 2% horse serum (HS) or 1% insulin-transferrin-selenium suppl
ment [ITS}). The differentiation medium was changed iwice a week
experiment was terminated.

RT-PCR Analysis of EM-E6/E7/WTERT-2 Cells and
Menstrual Blood-derived Cells

Total RNA was prepared using Isogen (Nippon Gene, Tokyo, Japan). Humzn '
skeletal muscle RNA was punhdyed from TOYOBQ (Osaka, Japan). RI-PCR
of Myf5, MyoD, desmin, myogenin, myosin heavy chain-Iix/d (MyHC—IIxf
<), and dystrophin was performed with 2 g of total RNA. RNA for RT-PCR

was converted to ¢DNA with a first-stand ¢DNA synthesis kit (Amershamn
Pharmacia Biotechnology, Piscataway, NJ) according to the manufacturer’s
recommendations. The sequences of PCR primers that amplify human but not
mouse genes are listed in Supplementary Table 1. PCR was periormed with
TaKaRa recombinant Taq (Takara Shuzo, Kyoto. Japan) for 30 cycles, with
each cycle consisting of 94°C for 30 s, 62°C or 65°C for 305, and 72°C for 20 s,
with an additional 10-min incubation at 72°C after completion of the last
cycle.

Immunohistochemical and Immunocytochemical Analysis

Immunochistochemical analysis was performed as previously described (Mori
et al., 2005). Briefly, the sections were incubated for 1 h at room temperature
with mouse mAb against vimentin (Cone V9, DakoCytomation, Fort Collins,
CO). After washing in PBS, sections were incubated with horseradish perox-
idase-conjugated rabbit anti-mouse immunoglobulin, diluted, and washed in
cold PBS. Staining was developed by using 2 solution containing diaming-
benzidine and 0.01% H.O, in 0.05% M Tris-HC! buffer, pH 67. Slides were

counterstained with hematoxylin. In the cases of flucrescence, frozen sections
fixed with 4% PFA were used. The antibodies against human dystrophin

(NCL-DYS3; Novocasira, Newcastle upon Tyne, United Kingdom) or anti-
human nuclei mouse mAb {clone 235-1, Chemicon, Temecula, CA) was used
as a first antibody, and geat anti-mouse IgG conjugated with Alexa Fluor 483
or goat anti-mouse Ig antibody con,ugaxed with Alexa Fiuor 546 (Molecular
Probes, Eugene, OR) was used as a second antibody:

Immunocytochemical analysis was performed as previously described
(Mori of af., 2005), with antibodies t¢ skeletal myosin (Sigma, St. Louis, MO;
product no. M 4276), MF20 (which reacts with all sarcomere myosin in
striated muscles, Dev elopmental Studies Hybridoma Bank, University of
Iowa, 1A), a-sarcomeric actin (Sigma, produc* no. A 7811), and desmin (Bio-
Science Products, Bern, Switzerland; no. 010031, clone: D9) in PBS containing
1% bovine serum albumin. As a methodological control, the primary antibody
was omiited. In the cases of fluorescence, slides were incubated with Alexa
Fluor 546-conjugated goat anti-mouse IgG antibody.

Western Blotting

Western blot analysis was performed as previously described (Mori et al.,
2005). Blots were incubated with primary antibodies {desmin, myogenin
|Clone F5D, Santa Cruz Biotechnology), and dystrophin [NCL-DYSA, Novo-
casira]) for 1-2 h at room temperature. After washing three times in the
blocking buffer, blots were incubated for 30 min with a horseradish peroxi-
dase-conjugated secondary antibody (0.04 pg/ml) directed against the pri-
mary antibody. The blots were dev eloped with enhanced chemiluminescence
substrate according to the manufacturer’s instructions.

Fusion Assay

EM-E6/E7/hTERT-2 cells (2500/an?) or EGFP-labeled EM-E6/E7 /hTERT-2
cells (2500/cm?) were coculiured with C2C12 myoblasts (2500/cm?) for 2 d in
DMEM supplemented with 10% FBS and then cultured for 7 additional days
in DMEM with 2% HS to promote myotube formation. The cultures were
fixed in 4% paraformaldehyde and stained with a mouse anti-human nuclei
IgG1l mAb and the mouse anti-human dystrophin Ig(G2a mAb {or anti-myosin
heavy chain IgG2b mAb MF-20). The celis were visualized with appropriate
Alexa-fluor- -conjugated goat anti-mouse IgGl and IgG2a (or IgG2b) second-
ary antibodies (Molecular Probes). Total cell nuclei were stained with DAPI
(# 6-diamidino-2-phenylindole).

In Vivo Cell Implantation

Six- to 8-wh-old NOD/Shi-scid/IL-2 receptor —/~ (NOG, CREA, Shizuoka,
Japan) mice and 6- to 8-wk-old mdx-scid mice were implanted with EM-E6/
E7/HTERT-2 cells and menstrual blood-derived celis in seven independent
iments. The cells (2 X 107} were suspended in PBS in a {otal volume of
d were directly injected into the right thigh muscle of NOG mice or
efx-6cid mice. The mice were examined 3 wk after cell § implantation, and the
ht thigh muscle was analyzed for human vimentin and dystrophin by
hxstochemlstry The antibodies to vimentin and dystrophin (NCL-
ith human vimentin and dystrophin-equivalent protein, but not

Surfnce Marker Expression of Endomeirium-derived Cells

nvestigated myogenic differentiation of primary cells
out gene introduction from menstrual blood, because
menstrual blood on the first day of the period is considered
include endometrial tissue. We successfully cultured a

< farge number of primary cells from menstrual blood. Men-

strual blood-derived cells showed at least two morpholog-
ically different cell groups: small spindle-like cells and large
stick-like cells, regarded as being passage day (PD) 1 or 2
(Figure 1, A and B, respectively). Surface markers of the
menstrual blood-derived cells were evaluated by flow cy-
tometric analysis. Surface markers of EM-E6/E7 /hTERT-2
cells (Figure 1C) and menstrual blood—derived cells (Figure
1D) were evaluated by flow cytometric analysis (Figure 1E}.
In these experiments, the cells were cultured in the absence
of any inductive stimuli. EM-E6/E7/hTERT-2 cells were
positive for CD13, CD29 (integrin B1), CD44 (Pgp-1/1y24),
CD54, CD55, CD59, CD73, and CD90 (Thy-1), implying that
EM-E6/BE7/hTERT-2 cells expressed mesenchymal cell-re-
lated antigens in our experimental setting. Menstrual blood-
derived cells were positive for CD13, CD29, CD44, CD54,
CD55, CD59, CD73, CDY0, and CD105, implying that prolif-
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