HSA-Based Oxygen Carrier and Photosensitizer 291

(A) 1142H/Y161F

(B) 1142H/Y161L

H142

1 "ﬂg f

\
'" b T/Lm
W

Fig. 5. Structural models of the heme pocket in dioxygenated rHSA(I142H/Y 16 1F)-heme and rHSA(I142H/Y 16 1L)-heme. Distal-side

steric effect of Leu-185 on O, and CO association

(R-state). To develop this O carrying albumin as a blood
substitute, it is required to regulate O binding affinity
suitable for Hb, Mb, and human RBC. One approach to
increasing O binding affinity of rHSA(double mutant)-
heme would be to introduce another histidine into an ap-
propriate position on the distal side of the heme pocket.
The N, atom of histidine may act as a proton donor to
form an hydrogen bond with the coordinated O,.

In Hb and Mb, His-64 on the distal side of the heme
plays a crucial role for tuning their ligand affinity, as
shown by a neutron diffraction study and high-resolution
X-ray structureal analysis.***® A number of systematic in-
vestigations on site-directed mutants of Hb and Mb show
that the overall polarity and packing of the distal residues
are key factors in regulating the equilibrium constants for
ligand binding.”****" Then, we generated new rHSA(tri-
ple mutant)-heme complexes, in which the specific third
mutation was introduced near the O; binding site.
Another important point in this design is to prevent the
formation of a six-coordinate low-spin ferrous complex.
Bis-histidyl hemochromes are generally autoxidized by
0,.%8-% Therefore, the distal amino acid must be located
relatively far (>4 A) from the central iron. Our simula-
tion indicated that the favorable position for the distal
His insertion was Leu-185 (Fig. 2). Thus the polarity of
the distal side of the heme in rHSA(I142H/Y161F) and
rHSA(I142H/Y161L) was increased by replacing Leu-185
with asparagines, glutamine, and histidine using site-
directed mutagenesis. Five triple mutants [rHSA(I142H/
Y161F/L185N), rHSA(I142H/Y161L/L185N), rHSA
(I142H/Y161F/L185Q), rHSA(I142H/Y161L/L185Q), and
rHSA(I142H/Y161F/L185H)] (Fig. 2) were thus cloned
and their heme complexes were prepared.

The rHSA(I142H/Y161F/L185N)-heme, rHSA(I142H/
Y161L/L185N)-heme, and rHSA(I142H/Y161L/L185Q)-
heme showed a visible absorption band at 558-559 nm
with a small shoulder at 530 nm, that was similar to the
spectrum observed for the rHSA(I142H/Y161F)-heme,

rHSA(I142H/Y161L)heme, deoxy Mb*’ and synthetic
chelated-heme.*® The spectral patterns indicated the for-
mation of a five-N-coordinate high-spin complex. In the
spectra of the rHSA(I142H/Y161F/L185Q)heme and
rHSA(I142H/Y161F/L185H)heme, the f band at 528
nm appeared slightly sharp, suggesting partial formation
of a six-N-coordinate heme complex. On the basis of all
the UV-vis absorption and MCD spectral results, we con-
cluded that the heme is axially coordinated by His-142 in
rHSA(triple mutant) and forms a five-N-coordinate high-
spin ferrous complex under an Ar atmosphere in the case
of I142H/Y161F/L185N, I1142H/Y161L/L185N, and
I142H/Y161L/L185Q mutants (Fig. 6A, B, D). In addi-
tion to the His-142 ligation, GIn-185 and His-185 partial-
ly interact with the sixth coordinate position of the cen-
tral Fe’* ion of the heme in 1142H/Y161F/L185Q and
[142H/Y161F/L185H mutants in spite of the bulky
Phe-161 (Fig. 6C, E). We suppose that the rHSA
(I142H/Y161L/L185Q)-heme may also produce a six-
coordinate low-spin complex, because the small Leu-161
allows free rotation of Gln-185. However, it gave a five-
coordinate high-spin ferrous complex. This suggests that
the long Gln-185 may interact with neighboring amino
acids (Fig. 6D).

With exposure of the rHSA(I142H/Y161F/L185N)-
heme and rHSA(I142H/Y161L/L185N)-heme solutions to
Oz, the UV-vis absorptions changed to that of the O; ad-
duct complex at 22°C. However, the rHSA(I142H/
Y1611/L185Q)-heme complex bound O; only at 5°C and
was oxidized at 22°C. This rapid oxidation may suggest
that the distal side of the heme has an open structure,
which allows easy access of water to the heme. The
rHSA(I142H/Y161F/L185Q)heme and rHSA(I142H/
Y161F/L185H)-heme complexes could not bind O even
at low temperature. After introducing CO gas, all
hemoproteins produced stable carbonyl complexes with
identical absorption spectral patterns.*-*®)

In rHSA(double mutant)-heme complexes, there exists
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Fig. 6. Structural models of the heme pocket in rHSA(triple mutant)-heme complexes
Distal-side effect of engineered amino acid at position 185.

two geometries of axial His-142 coordination to the cen-
tral Fe?* ion of the heme (species I and II). In species I,
the proximal His coordinates to the heme without strain,
while in species II, the His-Fe ligation involves some dis-
tortion, resulting in weaker O binding. In rHSA(triple
mutant)-hemes, this alternative geometry of the heme
plane would also arise in the same manner. As expected,
the binding behavior of O; for rHSA(I142H/
Y161F/L185N)heme and rHSA(I142H/Y161L/L185N)-
heme was almost the same as that of the original double
mutants.

The ko is normally an indicator of bending strain in
the proximal His coordination to the central Fe®*
ion.***® The rHSA(I142H/Y161F)-heme, rHSA(I142H/
Y161L)yheme, rHSA(I142H/Y161F/L185N)heme, and
rHSA(I142H/Y161L/L185N)-heme exhibited similar k4°
in species I (0.008-0.013 s™') which were identical to
that of Hba (R-state) (0.009 s~ ') (Table 2).°" This indi-
cates that the axial His-142 ligation to the heme in these
artificial hemoproteins has the same features as that of
Hb.

Oz and CO binding parameters for the rHSA
(1142H/Y161Fyheme and rHSA(I142H/Y161F/L185N)-
heme complexes did not show any significant differences.
The bulky benzyl side-chain of Phe-161 may retard rota-
tion of the polar amide group of Asn-185 (Fig. 6A). In

contrast, there are significant differences in the O, and
CO binding parameters for rHSA(I142H/Y161L)-heme
and rHSA(I142H/Y161L/L185N)-heme. The Asn-185 in-
duced 18-fold and 10-fold increases in the O; binding af-
finity for species I and II. The increase was mainly due to
the 6-11-fold reduction of k. It is noteworthy that the
high O; binding affinity (Px°: 1 Torr) for rHSA
(I142H/Y161L/L185N)-heme is close to that of natural
Hba (0.24 Torr)*"*» and Mb (0.5 Torr)*® (Table 2).

Further tuning of O, binding affinity of rHSA(tri-
ple mutant)heme complexes: The O; binding
equilibrium and kinetics of rHSA-heme complexes are
significantly enhanced by site-directed mutagenesis.
However, for artificial rHSA-heme solutions to provide
effective O transport from lungs to tissues in the body,
the O binding affinity of HSA(I142H/Y161L/L185N)-
heme should be reduced to that of human RBC (P,,°: 8
Torr).*” This requires an O binding affinity intermediate
between the values for rHSA(I142H/Y161L)heme and
rHSA(I142H/Y161L/L185N)-heme.

We thus designed new triple mutants, rHSA(I142H/
Y161L/R186L) and rHSA(I142H/Y161L/R186F) (Fig. 2).
An important structural factor in these mutants is
Y161L, which allows rotation of the isopropyl group of
Leu-185 above the O; coordination site. The reduced fer-
rous forms produced the five-N-coordinate high-spin
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complexes under an Ar atmosphere and formed the O;
adduct complex after bubbling O; gas. The distinct fea-
tures of all the spectra were similar to those of the
rHSA(1142H/Y161Lyheme.

Following laser flash photolysis, the absorption decay
associated with O, recombination to the rHSA(1142H/
Y161L/R186Lyheme and rHSA(I142H/Y161L/R186F)
heme was monophasic. The kinetics for CO rebinding
were still composed of two single-exponentials, consis-
tent with the existence of two different geometries of the
axial His-142 coordination to the central Fe** ion of the
heme.

The rHSA(I142H/Y161F)heme binds O, with higher
affinity than rHSA(I142H/Y161L) because of the
presence of Leu at position 161, which allows a down-
ward rotation of the L185 side chain and reduces the af-
finity. However, insertion of Leu or Phe at position 186
in the presence of Leu-161 yielded kn® and ko, "® 3-4-
fold higher than those of rHSA(I142H/Y161L)-heme. The
presence of a hydrophobic residue at position 186 may
restrict the downward rotation of the isopropyl group of
Leu-185 (Fig. 7). Overall, the O; and CO binding
parameters of rHSA(I142H/Y161L/R186L)heme and
rHSA(I142H/Y1611L/R186F)heme were more similar to
those of rHSA(I142H/Y161F)-heme, but their O, dissoci-
ation rate constants were 3—4-fold higher than found for
rHSA(1142H/Y161F)-heme, which modestly reduced O;
binding affinity. This may be due to increase in
hydrophobicity in the distal pocket. It is noteworthy that
O: binding affinity of the rHSA(I142H/Y161L/R186L)-
heme (Pi,°: 10 Torr) and rHSA(I142H/Y161L/R186F)
heme (P1,%: 9 Torr) is essentially the same to that of hu-
man RBC (P.,°: 8 Torr).

Circulation life of rHSA complexes: It would be
of great importance to study the in vivo circulation be-
havior of rHSA(mutant)-heme complex for practical med-
ical applications. This investigation is currently under-
going, but we have several results on the HSA-FeP com-
plex. In general, the ligand molecule complexed with
HSA gradually dissociates from the protein when infused
into the body, since the ligand is noncovalently bound
into the hydrophobic cavity of HSA. We found that sur-
face modification of HSA-FeP by poly(ethylene glycol)
(PEG) significantly improved the circulation lifetime of
FeP in animals and thereby retained its O,-transporting
ability for a long period.*® Interestingly, the linkage form
of the PEG chain dramatically affects the circulation per-
sistence of FeP. Maleimide-PEG conjugates showed 6-8-
fold longer lifetime compared to the succinimide-PEG
analogue.’¥ PEG modified rHSA(mutantrheme would
also remain in the circulatory system with long persis-
tence, which could be a potential advantage for O, deliv-
ery to the tissues.

HSA Incorporating Ce Fullerene as
Photosensitizer for Photodybamic Therapy

Structure and photophysical properties of HSA-
fullerene complex: Photodynamic therapy (PDT) is
advanced cancer treatment involving a photosensitizer,
visible light and tissue 0,.°** Singlet oxygen (‘0y)
formed by energy transfer from photoexcited state of
sensitizer is highly cytotoxic and has been implicated as
an intermediary species leading to cell death in tumors.
To accelerate this 'O, formation, various organic dyes,
especially porphyrin derivatives, have been designed as
photosensitizers.*® The most widely used reagent in clini-
cal PDT is Photofrin, which is a mixture of water soluble
hematoporphyrin oligomers.****% Several porphyrin or
chlorin compounds are also being tested.®®64#%)
Another potential regent is 5-aminolevulinic acid
(ALA).”%"" ALA enters into cancer cells and induces the
biosynthesis of protoporphyrin IX (PP). Buckmin-
ster{60ffullerene (Ceo) produces 'O, by energy transfer
with extremely high quantum yield (@4: 0.96, Aex. = 532
nm)'*’? and shows strong resistance against laser irradia-
tion. Consequently, various water-soluble fullerenes and
fullerene-polymer hybrids have been synthesized as new
photosensitizing reagents.”>”’® However, to evaluate the
biological function of fullerene, one must investigate the
structure and properties of the HSA-fullerene complex,
because exogenous compounds administered into the
bloodstream are generally captured by HSA. We pre-
pared HSA complexed with a tris(dicarboxymethy-
lene){60] fullerene C;-isomer (HSA-CF) and characterized
its photoinduced energy transfer to O, to produce 'O,
and its cytotoxicity to cancer cells under visible light.*?

The HSA-CF complex was prepared essentially as
described previously for HSA-hemin complex.*” The gel
permeation chromatogram of the orange-colored protein
exhibited a single elution peak. This indicates that CF ef-
ficiently binds to HSA. The UV-vis absorption spec-
troscopic features of the HSA-CF solution are the sum of
those from the individual HSA and CF (Fig. 8), which
implies that CF is monomolecularly incorporated into
HSA and no specific interaction occurs between the two
molecules at the ground state. Gozin et al. reported that
CF is incorporated into the subdomain I1A of HSA with a
binding constant of 1.2X10’M™' by fluorescent
quenching experiments.””

The HSA-CF complex was sufficiently stable to apply
to HPLC measurement. In the elution profile, only a sin-
gle peak was observable. The ratio of peak intensity
monitored at 280 nm (based on HSA) and at 490 nm
(based on CF) (Lzso/lsso = 30) was exactly the same as the
absorbance ratio at 280 nm and 490 nm in the UV-vis ab-
sorption spectrum (Azso/Ass0) of HSA-CF, which suggests
that all CF molecules are eluted within the HSA fraction.
The ESI-TOF mass spectroscopy showed a distinct ion
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Fig. 7. Structural models of rHSA(1142H/Y 161L)-heme and rHSA(I142H/Y161L/R186L)-heme complexes
Introduction of R186L mutation may induce upward rotation of the L 185 residue.
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Fig. 8. UV-vis absorption spectrum of HSA-CF, CF, and HSA in
50 mM phosphate buffered solution (pH 7.0)

Inset photographs are 5 g dL™" HSA (left) and HSA-CF (right) solu-
tions.

peak at 67,587 Da, which corresponds to the mass of the
equivalent complex of HSA-CF. CD spectral patterns and
intensities of HSA-CF were identical to those of HSA. We
inferred that fullerene binding did not change the highly
ordered structure of the protein. The incorporation of
negatively charged CF may influence the surface charge

distribution of albumin. However, isoelectric focusing of
HSA-CF indicated the same isoelectric point with HSA.

We used small-angle X-ray scattering (SAXS) to evalu-
ate the globular particle structure and protein-protein in-
teractions of HSA-CF. The pair-distance distribution
functions [p(r)] of HSA-CF and HSA were almost identical
to the curve calculated from crystallographic data of
HSA (Fig. 9A). This demonstrates that the maximum di-
ameter (Dma: ca. 8 nm) and three-dimensional particle
shape of HSA are not changed by complexation of the CF
moelcule. The extrapolated structure factors [S(g—0)]
reflect the net repulsive forces between the protein
molecules. Plots of §(q— 0) for HSA-CF and HSA were
lower than that predicted for hardsphere with an identi-
cal volume fraction (Fig. 9B), this being due to the
strong electrostatic repulsion between the proteins. The
perfectly same lines of HSA-CF and HSA suggest that the
HSA molecule preserves its surface net charge upon CF
binding. We conclude that CF is accommodated into the
deep hydrophobic cavity of HSA with internal charge
neutralization, and it does not induce marked change in
the globular particle size or surface charge distribution of
HSA.

Photoexcited triplet state of the HSA-CF com-
plex and 'O: production: Photoexcitation of fulle-
renes generates the singlet state, which undergoes inter-
system crossing to the triplet state in high yield.”*’> Laser
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Fig. 9. (A) Pair-distance distribution functions [p(r)] obtained
from SAXS measurements of HSA-CF and HSA in 150 mM PBS
solutions. (B) The extrapolated structure factors [S(g—0)] of
HSA-CF and HSA

flash photolysis of the HSA-CF solution under an N; at-
mosphere gave a triplet-triplet (T-T) absorption spectrum
of the ’CF* chromophore (Amw= 740 nm).”*’>’® The
time course of the absorbance decay was composed of a
single exponential kinetics with a lifetime (7r) of 46 Us. In
the presence of O, the triplet lifetime of HSA-CF mar-
kedly decreased. Energy transfer took place from HSA-
’CF* to the O; molecule to generate active 'Oz The
Stern-Volmer plot depicts a linear correlation for O; con-
centrations (0-1.0 mM), giving the quenching rate con-
stant [ky(O2): 2.2 X 10° M~ 's™']. The intensity of the visi-
ble band of HSA-CF (Am:x = 490 nm) did not change after
10’-times laser flash irradiation (Aex=532nm, 0.5 W)
under air. In contrast, Soret band of HSA-PP was 6%
bleached after identical flash photolysis. The light
resistance of CF chromosphere is significantly higher
than that of PP.

The quantum yield of 'O; production (@4) for HSA-CF
was determined from the value of emission intensity of
the 'Oz (Amx 1270 nm).” @4 of HSA-CF (0.46) was in
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Fig. 10. Living cell numbers of LY80 with HSA-CF and PBS af-
ter visible light irradiation (20 MW cm™2, 2 h, 36% 1°C)
Each value represents the mean+SD (n=4).

the same range as that of monomeric CF (0.48), methy-
lene blue (0.52), protoporphyrin IX dimethyl ester in
benzene (0.59),”” and substituted fullerenes in organic
solvent,®*®!) but somewhat lower than for rose bengal
(0.75), hematoporphyrin in methanol (0.74),*» and
pristine Ceo (0.96) in benzene.”® Substitution of the Ceo
fullerene causes perturbation of the electronic structure
of the fullerene core, thereby decreasing the quantum
yield for 'O, formation.**#"

Cytotoxicity of HSA-CF complex: The cytotoxici-
ty and photodynamic activity of the HSA-CF complex to
LY80 tumor cells was evaluated. The cell cultures were
first incubated for 24 h in the dark with HSA-CF (20 uM)
at 37°C under 5% CO.. Cell numbers after incubation
were identical to those of the control group with the
phosphate buffered saline (PBS, pH 7.4) solution. The
HSA-CF complex showed no dark cytotoxicity. The cell
culture plate was then exposed to visible light of
350-600 nm (20 mW cm™?) for 2 h at 36+ 1°C. Some
cells mixed with HSA-CF showed morphological change
after light irradiation, whereas the PBS group did not
show any morphological change of the cells. The living
cell numbers of the PBS groups with and without light
were almost the same (Fig. 10), which means that light
exposure did not affect the LY80 tumor cells in this ex-
perimental condition. The living cell numbers of the
HSA-CF group were lower than that of the PBS group;
57% cell death occurred by visible light irradiation. This
clearly implies that the HSA-CF complex acts as a pho-
tosensitizer for PDT.

Conclusions

Transport of O; by the rHSA(mutant)-heme complex
may be of great medical importance not only as a blood
alternative, but also as an Ox-therapeutic fluid. The first
generation of rHSA(double mutant)-heme complexes can
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be successfully engineered to bind to O,. However, these
complexes did not show optimal O; binding affinity. We
attempted to modify the heme pocket architecture to re-
fine O binding properties. By focusing on modification
on the distal side of the heme pocket, we prepared
rHSA(triple mutant)-heme complexes with a broad range
of O; binding affinity. The highest affinity mutant
rHSA(I142H/Y161L/L185N) contains Asn-185, which
has a short amide side-chain that enhances O; binding af-
finity. In a different approach, substitution of the polar
Arg-186 with Leu or Phe caused useful reduction in O,
binding affinity, yielding P1,°* almost identical to that of
human RBC.

Amphiphilic Ce fullerene also be adopted as function-
al ligand for HSA. The HSA-CF complex is easily excited
by visible light and shows a high charge transfer rate con-
stant for O. The efficiency of 'O, production of this ar-
tificial protein is in the same range as common dyes. The
HSA-CF complex does not have dark cytotoxicity, but en-
genders cell death under visible light irradiation.

In both the HSA-based O; carrier and photosensitizer,
the protein plays a crucial role for solubilizing the heme
and CF in aqueous medium up to ca. 3 mM. Even at high
concentration, shielding of the chromophore by negative-
ly charged HSA inhibits oxidation of the dioxygenated
heme via f-oxo dimer formation and a bimolecular
Triplet-Triplet annihilation of excited *CF*. Further-
more, in the case of the rHSA-heme complex, a pair of
site-specific mutations is essential to confer O, binding
capability on the heme. In contrast, no mutation is re-
quired for photosensitizing HSA-CF; replacement of
some amino acid around the CF binding site may en-
hance the photophysical properties of the CF molecule.
rHSA is now manufactured on an industrial scale using
yeast species Pichia pastoris,*® which allows these func-
tional proteins for use in practical applications.

Acknowledgments: This work was supported by
PRESTO ““Control of Structure and Functions”, ]ST,
Grant-in-Aid for Scientific Research (No. 20350058)
from JSPS, and Health Science Research Grants (Regula-
tory Science) from MHLW Japan. The authors thank to
Prof. Dr. Eishun Tsuchida for his precious suggestions
and Prof. Dr. Stephen Curry (Imperial College London)
for his valuable comments and cooperation on protein
structure and site-directed mutagenesis. Prof. Koichi
Kobayashi and Prof. Hirohisa Horinouchi (Keio Universi-
ty) are also gratefully acknowledged for their supports on
animal experiments. We are grateful to Dr. Takaaki Sato
for his skillful experiments and evaluation on SAXS
measurements. X.Q. thanks a JSPS Postdoctoral Fellow-
ship for Foreign Researchers.

References

1) Peters, T.: All about Albumin: Biochemistry, Genetics and Medi-

2

4)

3)

6)

7)

9)
10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

cal Applications. San Diego, Academic Press, 1996.
Kragh-Hansen, U.: Molecular sepcts of ligand binding to serum
albumin. Pharmacol. Rev., 33: 17-53 (1981).

Kragh-Hansen, U.: Structure and ligand-binding properties of
human serum-albumin. Danish Med. Bull., 37: 57-84 (1990).
Curry, S., Madelkow, H., Brick, P. and Franks, N.: Crystal struc-
ture of human serum albumin complexed with fatty acid reveals
an asymmetric distribution of binding sites. Nat. Struct. Biol., 5:
827-835 (1998).

Curry, S., Brick, P. and Franks, N.: Fatty acid binding to human
serum albumin: new insights from crystallographic studies.
Biochim. Biophys. Acta, 1441: 131-140 (1999).

Petitpas, I., Petersen, C. E., Ha, C.-E,, Bhattacharya, A. A., Zun-
szain, P. A., Ghuman, J., Bhagavan, N. V. and Curry, S.: Struc-
tural basis of albumin-thyroxine interactions and familial dysal-
buminemic hyperthyroxinemia. Proc. Natl. Acad. Sci. USA, 100:
6440-6445 (2003).

Zunszain, P. A., Ghuman, J., McDonagh, A. F. and Curry, S.:
Crystallographic analysis of human serum albumin complexed
with 4Z,15E-birirubin-IXcx. J. Mol. Biol., 381: 394-406 (2008).
Ghuman, J., Zunszain, P. A., Petotpas, I., Bhattacharya, A. A,,
Otagiri, M. and Curry, S.: Structural basis of the drug-binding
specificity of human serum albumin. J. Mol. Biol., 353: 38-52
(2005).

Fairley, N. H.: Methemalbumin (pseudo-methemoglobin). Na-
ture, 142: 11561157 (1938).

Muller-Eberhard, U. and Morgan, W. T.: Porphyrin-binding pro-
teins in serum. Ann. N.Y. Acad. Sci., 244: 624-650 (1975).
Adams, P. A. and Berman, M. C.: Kinetics and mechanism of the
interaction between human serum albumin and monomeric
haemin. Biochem. J., 191: 95-102 (1980).

He, X. M. and Carter, D. C.: Atomic structure and chemistry of
human serum albumin, Nature, 358: 209-215 (1992).

Carter, D. C. and Ho, J. X.: Structure of serum albumin. Adv.
Protein Chem., 45: 153-203 (1994).

Wardell, M., Wang, Z., Ho, J. X., Robert, J., Ruker, F., Rubel, J.
and Carter, D. C.: The atomic structure of human serum
methemalbumin at 1.9 A. Biochem. Biophys. Res. Commun., 291:
813-819 (2002).

Zunszain, P. A., Ghuman, J., Komatsu, T., Tsuchida, E. and Cur-
ry, S.: Crystal structural analysis of human serum albumin com-
plexed with hemin and fatty acid. BMC Struct. Biol., 3: 6 (2003).
Monzani, E., Bonafe, B., Fallarini, A., Redaelli, C., Casella, L.,
Minchiotti, L. and Galliano, M.: Enzymatic properties of human
serum albumin. Biochim. Biophys. Acta, 1547: 302-312 (2001).
Mahammed, A. and Gross, Z.. Albumin-conjugated corrole
metal complexes: extremely simple yet very efficient biomimet-
ic oxidation Systems. J. Am. Chem. Soc., 127: 2883-2887
(2005).

Reetz, M. T. and Jiao, N.: Copper-phthalocyanine conjugates of
serum albumins as enantioselective catalysts in Diels-Alder reac-
tions. Angew. Chem. Int. Ed., 45: 2416-2419 (2006).
Belgorodsky, B., Fadeev, L., Kolsenik, J. and Gozin, M.: Forma-
tion of a soluble state complex between pristine Cgo-fullerene
and native blood protein. Chem. Bio. Chem., 7: 1783-1789
(2006).

Komatsu, T., Hamamatsu, K., Wu, J. and Tsuchida, E.: Phys-
icochemical properties and O,-coordination structure of human
serum albumin incorporating tetrakis(o-pivalamido) phenylpor-



21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

33)

HSA-Based Oxygen Carrier and Photosensitizer 297

phinatoiron(ll) derivatives. Bioconjugate Chem., 10: 82-86
(1999).

Tsuchida, E., Komatsu, T., Mastukawa, Y., Hamamatsu, K. and
Wu, J.: Human serum albumin incorporating tetrakis(o
-pivalamido)phenylporphinatoiron (II) derivative as a totally syn-
thetic Oj-carrying hemoprotein. Bioconjugate Chem., 10:
797-802 (1999).

Komatsu, T., Hamamatsu, K. and Tsuchida, E.: Cross-linked hu-
man serum albumin dimer incorporating sixteen (tetraphenyl-
porphinato)iron(Il) derivatives: synthesis, characterization, and
Oy-binding property. Macromolecules, 32, 8388-8391 (1999).
Tsuchida, E., Komatsu, T., Hamamatsu, K., Matsukawa, Y., Taji-
ma, A., Yoshizu, A., Izumi, Y. and Kobayashi, K.: Exchange
transfusion of albumin-heme as an artificial O,-infusion into
anesthetized rats: physiological responses, O,-delivery and
reduction of the oxidized hemin sites by red blood cells. Biocon-
jugate Chem., 11: 46-50 (2000).

Komatsu, T., Matsukawa, Y. and Tsuchida, E.: Kinetics of CO
and O, binding to human serum albumin-heme hybrid. Biocon-
jugate Chem., 11: 772-776 (2000).

Komatsu, T., Matsukawa, Y. and Tsuchida, E.: Reaction of nitric
oxide with synthetic hemoprotein, human serum albumin incor-
porating tetraphenylporphinatoiron(Il) derivatives. Bioconjugate
Chem., 12: 71-75 (2001).

Komatsu, T., Okada, T., Moritake, M. and Tsuchida, E.: Oy
binding properties of double-sided porphinatoiron(Il)s with po-
lar substituents and their human serum albumin hybrids. Bull.
Chem. Soc. Jpn., 74: 1695-1702 (2001).

Komatsu, T., Matsukawa, Y. and Tsuchida, E.: Effect of heme
structure on O,-binding properties of human serum albumin-
heme hybrids: intramolecular histidine coordination provides a
stable O,-adduct complex. Bioconjugate Chem., 13: 397-402
(2002).

Kobayashi, K., Komatsu, T., Iwamaru, A., Matsukawa, Y.,
Watanabe, M., Horinouchi, H. and Tsuchida, E.: Oxygenation
of hypoxia region in solid tumor by administration of human se-
rum albumin incorporating synthetic hemes. J. Biomed. Mater.
Res., 64A: 48-51 (2003).

Tsuchida, E., Komatsu, T., Matsukawa, Y., Nakagawa, Y., Sakai,
H., Kobayashi, K. and Suematsu, M.: Human serum albumin in-
corporating synthetic heme: red blood cell substitute without
hypertension by nitric oxide scavenging. J. Biomed. Mater. Res.,
64A: 257-261 (2003).

Komatsu, T., Oguro, Y., Teramura, Y., Takeoka, $., Okai, J., An-
raku, M., Otagiri, M. and Tsuchida, E.: Physicochemical charac-
terization of cross-linked human serum albumin dimer and its
synthetic heme hybrid as an oxygen carrier. Biochim. Biophys.
Acta, 1675: 21-31 (2004).

Komatsu, T., Yamamoto, H., Huang, Y., Horinouchi, H.,,
Kobayashi, K. and Tsuchida, E.: Exchange transfusion with syn-
thetic oxygen-carrying plasma protein “‘albumin-heme” into an
acute anemia rat model after seventy-percent hemodilution. J.
Biomed. Mater. Res., 71A: 644-651 (2004).

Komatsu, T., Oguro, Y., Nakagawa, A. and Tsuchida, E.: Albu-
min clusters: structurally defined protein tetramer and oxygen
carrier including thirty-two iron(Il) porphyrins. Biomacromolec-
ules, 6: 3397-3403 (2005).

Nakagawa, A., Komatsu, T., lizuka, M. and Tsuchida, E.: Hu-
man serum albumin hybrid

incorporating tailed por-

34)

35)

36)

37)

38)

39)

40)

41)

42)

43)

44)

45)

46)

phyrinatoiron(Il) in the a,0,0,S-conformer as an O,-binding site.
Bioconjugate Chem., 17: 146-151 (2006).

Huang, Y., Komatsu, T., Wang, R.-M., Nakagawa, A. and
Tsuchida, E.: “Poly(ethylene glycol)-conjugated human serum al-
bumin including iron porphyrins: surface modification improves
the Oj-transporting ability. Bioconjugate Chem., 17: 393-398
(2006).

Huang, Y., Komatsu, T., Yamamoto, H., Horinouchi, H.,
Kobayashi, K. and Tsuchida, E.: PEGylated albumin-heme as an
oxygen-carrying plasma expander: exchange transfusion into a-
cute anemia rat model. Biomaterials, 27: 4477-4483 (2006).
Komatsu, T., Huang, Y., Wakamoto, S., Abe, H., Fujihara, M.,
Azuma, H., lkeda, H., Yamamoto, H., Horinouchi, H.,
Kobayashi, K. and Tsuchida, E.: Influence of O,-carrying plasma
hemoprotein “albumin-heme” on complement system and
platelet activation in vitro and physiological responses to ex-
change transfusion. J. Biomed. Mater. Res., 81A: 821-826
(2007).

Nakagawa, A., Komatsu, T., Huang, Y., Lu, G. and Tsuchida, E.:
O,-binding albumin thin films: solid membranes of poly(ethylene
glycol)-conjugated human serum albumin incorporating iron
porphyrin. Bioconjugate Chem., 18: 1673-1677 (2007).
Nakagawa, A., Komatsu, T., lizuka, M. and Tsuchida, E.: O,
binding to human serum albumin incorporating iron porphyrin
with a covalently linked methyl-L-histidine isomer. Bioconjugate
Chem., 19: 581-584 (2008).

Horinouchi, H., Yamamoto, H., Komatsu, T., Huang, Y.,
Tsuchida, E. and Kobayashi, K.: Enhanced radiation response of
a solid tumor with the artificial oxygen carrier ’albumin-heme’,
Cancer Sci., 99: 1274-1278 (2008).

Komatsu, T., Ohmichi, N., Zunszain, P. A., Curry, S. and
Tsuchida, E.: Dioxygenation of human serum albumin having a
prosthetic heme group in a tailor-made heme pocket. J. Am.
Chem. Soc., 126: 14304-14305 (2004).

Komatsu, T., Ohmichi, N., Nakagawa, A., Zunszain, P. A., Cur-
ry, S. and Tsuchida, E.: O, and CO binding properties of artifi-
cial hemoproteins formed by complexing iron protoporphyrin
IX with human serum albumin mutants. J. Am. Chem. Soc., 127:
15933-15942 (2005).

Komatsu, T., Nakagawa, A., Zunszain, P. A., Curry, S. and
Tsuchida, E.: Genetic engineering of the heme pocket in human
serum albumin: modulation of O; binding of iron protoporphy-
rin IX by variation of distal amino acids. J. Am. Chem. Soc., 129:
11286-11295 (2007).

Qu, X., Komatsu, T., Sato, T., Glatter, O., Horinouchi, H.,
Kobayashi, K. and Tsuchida, E.: Structure, photophysical
property, and cytotoxicity of human serum albumin complexed
with tris(dicarboxymethylene)[60fullerene. Bioconjugate Chem.,
19: 1556-1560 (2008).

Adachi, S., Nagano, S., Ishimori, K., Watanabe, Y., Morishima,
L., Egawa, T., Kitagawa, T. and Makino, R.: Roles of proximal
ligand in heme proteins: replacement of proximal hitidine of hu-
man myoglobin with cycteine and thyrosine by site-directed
mutagenesis as models for P-450, chloroperoxidase, and cata-
lase. Biochemistry, 32: 241-252 (1991).

Hildebrand, D. P., Burk, D. L., Ferrer, J. C., Brayer, G. D. and
Mauk, A. G.: The proximal ligand variant His93Tyr of horse
heart myoglobin. Biochemistry, 34: 1997-2005 (1995).
Nicoletti, F. P., Howes, B. D., Fittipaldi, M., Fanali, G., Fasano,



298

47)

48)

49)

50)

51)

52)

53)

54)

55)

56)

57)

58)

59)

60)

61)

62)

Teruyuki KoMmaTsu, et al.

M., Ascenzi, P. and Smulevich, G.: Ibprofen induces an alloster-
ic conformational transition in the heme complex of human se-
rum albumin with siginificant effects on heme ligation. J. Am.
Chem. Soc., 130: 11677-11688 (2008).

Antonini, E. and Brunori, M.: Hemoglobin and Myoglobin in
Their Reactions with Ligands. Amsterdam, North-Holland Pub.,
1971, pp 18.

Traylor, T. G., Chang, C. K., Geibel, J., Berzinis, A., Mincey, T.
and Cannon, J.: Synthesis and NMR characterization of chelated
heme models of hemoproteins. J. Am. Chem. Soc., 101:
6716-6731 (1979).

Collman, J. P., Brauman, J. L, Iverson, B. L., Sessler, J. L., Moris,
R. M. and Gibson, Q. H.: O, and CO binding to iron(1I) porphy-
rins: A comparison of the “picket fence” and “pocket” porphy-
rins. J. Am. Chem. Soc., 105: 3052-3064 (1983).

Traylor, T. G., Tsuchiya, S., Campbell, D., Mitchel, M., Stynes,
D. and Koga, N.: Anthracene heme cyclophanes. Sterice in CO,
O; and RNC Binding. J. Am. Chem. Soc., 107: 604-614 (1985).
Gibson, Q. H.: The reaction of oxygen with hemogiobin and the
kinetic basis of the effect of salt on binding of oxygen. J. Biol.
Chem., 245: 3285-3288 (1970).

Olson, J. S., Andersen, M. E. and Gibson, Q. H.: The dissocia-
tion of the first oxygen molecule from some mammalian oxyh-
emoglobins. J. Biol. Chem., 246: 5919-5923 (1971).

Rohlifs, R., Mathews, A. ]., Carver, T. E., Olson, J. S., Springer,
B. A., Egeberg, K. D. and Sliger, S. G.: The effects of amino acid
substitution at position E7 (residue 64) on the kinetics of ligand
binding to serum whale myoglobin. J. Biol. Chem., 265:
3168-3176 (1990).

Phillips, S. E. V. and Schoenborn, B. P.: Neuteon diffraction rev-
eals oxygen-histidine hydrogen bond in oxymyoglobin. Nature,
292: 81-82 (1981).

Shaanan, B.: Structure of human oxyhemoglobin at 2.1 A reso-
lution. J. Mol. Biol., 171: 31-59 (1983).

Olson, J. S., Mathews, A. ], Rohlfs, R. J., Springer, B. A., Ege-
berg, K. D., Sligar, S. G., Tame, J., Renaud, J.-P. and Nagai, K.:
The role of the distal histidine in myoglobin and haemoglobin.
Nature, 336: 265-266 (1998).

Springer B. A, Sligar, S. G., Olson, J. S. and Phillips Jr. G. N.:
Mechanism of ligand recognition in myoglobin. Chem. Rev., 94:
699-714 (1994).

Chu, M. M. L., Castro, C. E. and Hathaway, G. M.: Oxidation of
low-spin iron(Ill) porphyrins by molecular-oxygen-outer sphere
mechanism. Biochemistry, 17: 481-486 (1978).

Tsuchida, E., Nishide, H., Sato, Y. and Kaneda, M.: The prepara-
tion of protoheme mono-N[5-2-methyl-1-imidazolyl)phenyl]
amide and its oxygenation. Bull. Chem. Soc. Jpn., 55: 1890-
1895 (1982).

Uno, T., Sakamoto, R., Tomisugi, Y., Ishikawa, Y. and Wilkin-
son, A.: Inversion of axial coordination in myoglobin to create a
“proximal” ligand binding pocket. Biochemistry, 42:
10191-10199 (2003).

Sharma, V. S., Schmidt, M. R. and Ranney, H. M.: Dissociation
of CO from -carboxyhemoglobin. J. Biol Chem., 251:
4267-4272 (1976).

Imai, K., Morimoto, H., Kotani, M., Watari, H., Hirata, W. and
Kuroda, M.: Studies on the function of abnormal hemoglobins I.
An improved method for automatic measurement of the oxygen
equilibrium curve of hemoglobin. Biochim. Biphys. Acta., 200:

63)

64)

65)

66)

67)

68)

69)

70)

71)

72)

73)

74)

75)

76)

77)

78)

79)

189-197 (1970).

Steinmeier, R. C. and Parkhurst, L. ].: Kinetic studies on the five
principal components of normal adult human hemoglobin.
Biochemistry, 14: 1564-1571 (1975).

Dougherty, T. J., Gomer, C. J., Henderson, B. W., Jori, G., Kes-
sel, D., Korbelik, M., Moan, J. and Peng, Q.: Photodynamic ther-
apy. J. Natl. Cancer Inst., 90: 889-905 (1998).

Sharman, W. M., Allen, C. M. and Lier, J. E.: Photodynamic
therapeutics: basic principles and clinical applications. Drug Dis-
cov. Today, 4: 507-517 (1999).

Sternberg, E. D., Dolphin, D. and Bruckner, C.: Porphyrin-based
photosensitizers for use in photodynamic therapy. Tetrahedron,
54: 4151-4202 (1998).

Dougherty, T. J.: Studies on the structure of porphyrins con-
tained in Photofrin-II. Photochem. Photobiol., 46: 569-573
(1987).

Aveline, B., Hasen, T. and Redmond, R. W .: Photophysical and
photosensitizing properties of benzoporphyrin derivative
monoacid ring A (BPD-MA). Photochem. Photobiol., 59:
328-335 (1994).

Kato, H., Furukawa, K., Sato, M., Okunaka, T., Kusunoki, Y.,
Kawahara, M., Fukuoka, M., Miyazawa, T., Yana, T., Matsui, K.,
Shiraishi, T. and Horinouchi, H.: Phase II clinical study of pho-
todynamic therapy using mono-L-aspartyl chiorine €6 and diode
laser for early superficial squamous cell carcinoma of the lung.
Lung Cancer, 42: 103-111 (2003).

Kennedy, J. C., Pottier, R. H. and Pross, D. C.: Photodynamic
therapy with endogeneous protoporphyrin IX: basic principles
and present clinical experience. J. Photochem. Photobiol. B, 6:
143-148 (1990).

Lopez, R. F. V., Lange, N., Guy, R. and Bentley, M. V. L. B.: Pho-
todynamic therapy of skin cancer: controlled drug delivery of
5-ALA and its esters. Drug Deliver. Rev., 56: 77-94 (2004).
Arbogast, J. W., Darmanyan, A. P., Foote, C. S., Rubin, Y,,
Diederich, F. N., Alvarez, M. M,, Anz, S. J. and Whetten, R. L.
Photophysical properties of Cg. J. Phys. Chem., 95: 11-12
(1991).

Guldi, D. M. and Prato, M.: Excited-state properties of Cgq fulle-
rene derivatives. Acc. Chem. Res., 33: 695-703 (2000).
Nakamura, E. and Isobe, H.: Functionalized fullerene in water.
The first 10 years of their chemistry, biology, and nanooscience.
Acc. Chem. Res., 36: 807-815 (2003).

Andersson, T., Nilsson, K., Sundahl, M., Westman, G. and Wen-
nerstrom, O.: Cgy embedded in Y-cyclodextrin: a water-soluble
fullerene. Chem. Commun., 604-606 (1992).

Yoshida, Z., Takekuma, H., Takekuma, S. and Matsubara, Y.:
Molecular recognition of Cg with p-cyclodextrin. Angew. Chem.
Int. Ed., 33: 1597-1599 (1994).

Benyamini, H., Shulman-Peleg, A., Wolfson, H. J., Belgorodsky,
B., Fadeev, L. and Gozin, M.: Formation and characterization of
stable human serum albumin-tris-malonic acid [Cgffullerene
complex. Bioconjugate Chem., 17: 378-386 (2006).

Anderson, ]. L., An, Y.-Z., Rubin, Y. and Foote, C. S.: Pho-
tophysical characterization and single oxygen yield of a di-
hydrofullerene. J. Am. Chem. Soc., 116: 9763-9764 (1994).
Wilkinson, F., Helman, W. P. and Rossa, A. B.: Quantum yields
for the photosensitized formation of the lowest electronically
excited singlet-state of molecular-oxygen in solution, J. Phys.
Chem. Ref. Data, 22: 113-262 (1993).



80)

81)

HSA-Based Oxygen Carrier and Photosensitizer 299

Hamano, T., Okuda, K., Mashino, T., Hirobe, M., Arakane, K.,
Ryu, A., Mashiko, S. and Nagano, T.: Singlet oxygen production
from fullerene derivatives: effect of sequential functionalization
of the fullerene core. Chem. Commun., 21-22 (1997).

Prat, F., Stackow, R., Bernstein, R., Qian, W., Rubin, Y. and
Foote, C. S., Triplet-state properties and singlet oxygen genera-
tion in a homologous series of functionalized fullerene deriva-

82)

83)

tives. J. Phys. Chem. A, 103: 7230-7235 (1999).

Tanielian, C., Wolff, C. and Esch, M.: Singlet oxygen production
in water: aggregation and charge-transfer effects. J. Phys. Chem.,
100: 6555-6560 (1996).

Kobayashi, K.: Summary of recombinant human serum albumin
development. Biologicals, 34: 55-59 (2006).



ErFIE7ZILT S DEAVEBEDST - HHORIR

Synthesis of Functional Molecules and Materials Based on
Human Serum Albumin

AR RZCP, B OEO, LB KR, T EAC
Teruyuki Komatsu 2, Xue Qu ®, Eishun Tsuchida ©, Akito Nakagawa

D&Y

EEDIIE MUET LT I (HSA) OS5 FRGELZFA LT, ZONMICHEEMS T2 AEISEIHED, S5bic
THSA L BN FEREAOKRERMBEL S AMEOMILAN THERTIHEICLY, SRARIIEREAZ LOTE A= —
JIRRBRESDF - MBI ZAIRL TE T3, HSAWKET F5 7 == ARV T7 4 U L HiMIK (FeP) %41 X7 HSA-FeP
BEERABLET CBRRL AENCREMETE A ALIBRTERKL 21, BEFERIT AT I (HSA) It~T
T7uabrrOEEFLTHZET 0 bBELT 4 U (heme) RS SH7- rHSAheme K LMERBED T2 5 A T~A
EAHELZD. —F, HSA—ESMT o bRV T 1 U UEKITAKDOKBITIC L DARRERSOMBE & LTHEAL,
HSA—=ANKRF 77—V BEERT-—EEMBLEROLERA L L TUEELR N ERE~OISARSZ I TS, X
BIZ, BHAMRY A—FRR— MEET 7L — b LESFHARERBIEIC LY, HSADLRBHZES ) L F—iEEnT
JFa—TRERTED. INLOFBEST - MBOBRLISAREICOWT, BEOZEES BN+ 5.

Abstract

We have synthesized unique functional molecules and materials based on human serum albumin (HSA), which have never seen
in nature, by means of incorporation of functional ligands into the protein or fabrication of layer-by-layer assembly in the
nanoporous membrane. HSA incorporating iron (II) tetraphenylporphyrin derivative (FeP) (HSA-FeP) is an artificial O, carrier
which can reversibly binds and release O, under physiological conditions. Recombinant HSA complexed with a natural iron (II)
protoporphyrin IX (heme) (rHSA-heme) also acts as O, transport hemoprotein. On the other hand, HSA complexed with a zinc
(II) protoporphyrin IX functions as a photosensitizer for H, evolution from water, and HSA-carboxy fullerene hybrid produces
singlet O, by visible light irradiation; it may be used as a sensitizer in photodynamic cancer therapy. Furthermore, HSA
nanotubes are prepared by layer-by-layer deposition technique using porous polycarbonate membrane template. We highlight
recent development and applications of these functional molecules and materials.

Keywords
Human serum albumin, albumin-heme, oxygen carrier, red blood cell substitute, photosensitizer, nanotubes
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Fig. 1. Structure of HSA with seven myristic acids (PDB le7g). The
protein secondary structure is shown schematically and the
domains are colored (I; red, II; green, III; blue). The A and B
subdomains are depicted in dark and light shades, respectively.
The fatty acid binding sites are represented from FAI to FA7 in
italics.

EZEELTVS (ERAAMUVIEBIZ2DODYT FAL VA,
BiZ4riF b3, Fig 1). Sudlow & 23428 L 7= & #8972 HSA @
EYREET A RL (AT 7 V2, A RAZIU72E) 39
T RAL VA, BOREETA VL (PTERL, 7Tz
oY) EH T RFAL VINTAIREY T3,
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AT TETWAS. #HlziE, Gross bITHSAICw o Hranm
—NVEREIVEEEEERARL, 27 4 FOMERIRGE
feffE e UTHRIA L. £72, Reetz bIZHSAIKERZ7 &y
T = EEE SHTBEEEN, Diels-Alder RISKERTH S
T EERALMNTLEY.

AR TIX, BRRERE, SHEBRA» D, BEREST / F=2—7
ET, EEONEDTVWAHSAZFA LI-H LUVBESF -
MELOBIM L ISR OWTREDFEELZ B L.

2. ZLTIU—BHBESHEORHESMERT

HSADE b K< bz v FIZIsHi#E M H 5. 19984,
Curry b IZHSA — BB A D X Mt RHEERITICHD T
BEL, B - REBEVBOEEY A N (FASA F) 2BEL
7219 HSAIZIXLTOIEHERIC BT 2 7TEOY 1 F23db Y
(Fig. 1), FA¥ A+ 1, 4, 5, TREYT FAL vOfdz,
FAY¥A b2, 3IZZOoD ALV OEREIC, £FLTFAY
A RBIXZODH T FAL ORREINBETS. FAHA |+
1 — 5T, IEBRABEOREED VAR ¥ IV ENEEM F 7= 13B4
TI/BERELBEERATAIZLICEYV Loy LEEENT
W3, INH5205 b EIMRKRLEFMEDRNERALL DD,
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Fig. 2. Chemical formula of typical FeP molecules that can be incorporated
into HSA to form HSA-FeP hybrid.

FERMEIED D ITHE TE 2V, ¥ x HSA DM 72 "C-NMR
AT PVBIEMNS, FAYA b2, 4, 5BB|HOBEANY
AR THBEZENALNIZENE". TODFAHYA FLTIZ
EBEBEET 2L, HSAREKDOHFHEIIFAFI v I
ETD. WIZFAL CBICHEETBAFAYA b2, 3~0f
B, FASVI28E LTRERBEL(LEHR L. HSA
DZEREET -~V v 7 AN6T%, BHEENRO%THS. &
KOIRMBER DY H v FHEAITX Y HSA O ZRilENE
ETDLNIBMENRHHD, VH FEGE D _RBEICEL
B2V EBRBREEMITRINE. Curry bizF D% b &E
HSA — U F v FEE KO RIBERRT 2 R ED, £<
DBEEAEIZOWTHEELZ A L TVWA ', B7EProtein Data
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BEEOREERRANDIA /oy (Mb) # LEY, BEE
it (Pg) 1%0.1 TorrA>5 230 Torr £ CATZDMEICHIZ B =
EBTED. 2%, ERAKSCERBIOBRNBTEEL 25T
W%. HSA-FePBHBOMREEEITE L, NKEER, #Hk
%, M/MROBEERICH L THEEEZRITERNWD, ZBT2
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EIX2 VY. BRMAZHBRRAR (Sv b, ©—2ZARK) bl
3y 7REDCOBEDR, AENICEIT 3 EERBIEENIEH
SNTVEHY, EAREZ LEHHbREICROND L 52
MERNZMIEA D DR, —B{EERBIRICEE S MENE, @
ETTERLBREINARVY. ZHIZHSADREER AT
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—R I R I B RO R IR R R L, #
DRED—-> & U TERFMBHEAEERMEE (hypoxic cel) ©
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BV OPRVEEMEEEMIR TIE, +o72mikes X OmELs
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MEWEL7#ME# X HSA (rHSA) iZheme 3 @ X4 7
rHSA-heme$5{&73, KP CHRLZBRHECXZ L2 RHL
7!-:33).
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a) b)

7o bARLT 4 Y IX (hemin) 1E, BE~NERF L LET
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17uM EABW72%, B hemin D% < 1Z— B HSA 12464 LTl
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TNz, 19384, Fairely (Zhemin & MEEAT A MEEA
HPHSATHDHZ LEHRL, ZOHAA% hemalbumin &
ATTF72¥. ZNLIK, ZDOHSA-hemind&fdkiz, orn4
BERARHDOTRZVNEFEZZDBELOME 2o T
7z. 19754, Muller-Eberhard 52 & Y HSA-hemin $&#k 0%
IRARY MHBESH, hemin DF LT I BB E A EH
BN L7cB A E LS ERERHE SN, £7-, 19804
(ZfXBerman 5A3HSA & hemin DfEAER (K : 1.1 X 10° M™)
ERET, ZOMIIEHBICE~STHI00£ZE <, hemin A
HSAITHES BB TAHZ L SEAREL 2o 7=,

20024, Carter & F 4 O 2 /v —F 13712 HSA-hemin 8444
D X B fEBARERRT 2T L, hemin AHSA DH 7 KA A >
IBRADBHAKRYT v MIHEALTWAZ LALLM LE®D,
ZOEALIX, BESBMOFAY A b 1I12H%7 5. hemin®H L
BIZIXFr o (Tyn)-16107 =/ L— NEEFRASEIEIAL L,
ZOoDTu A UBEREIY, Zo0HEMT I JBBE (Vs
v, BRFTVY, TAF=V) FHEEALTWAZ L b
272 (Fig. 3b). K<HBRATWBESIZMbDO~LHES, v A
T, ~AFLERICERF T (His)-93 MEhENIL, 20 k
T AR (5 6 ERALE) [CBEHTFIELSTS (Fig. 3c). &b
W, BETEERMICIZ D 5 — DD His-64 ABATHEE L LTHEL,
MREEERENMLTVD. ZZTHELRENTHB L, #
bOREDOHEERLEICR S THB 5. Lal, BALERSL
HSA-hemin$§ED F.0 k& ¢k (1) (2B L CTEESZ KR EIA
ATHTH, BREEIIBONZVY, ZhIIEEA F 23 His
TIRRWHTHSH. HSA-hemin &k A3 M T & A DBE|
ZIZTEL TV DD TRAR2VWMEWIHIF L IZBEIC, LA
HSAZhemin 5 FDEMEZIBHRICMZAAL T =D TH 5.
L2rL72235, heme DSBR/AKEI72 4y FZEfIC BB & 7= M 1L
MbDA~NLRY v M EFEBLTVWBDT, FhiebIiTHSA D
ETHUNLKOEMNERN (7 K ALV IB) I2His REETH
iE, BRBEDBTEL20TR2VNEEL-. 2 - CRETE

Fig. 3. (a) Chemical formula of iron (II) protoporphyrin IX (heme). Heme pocker structures of (b) HSA-hemin complex

(PDB 109x) and (c) oxy-Mb (pdb 1mbo).
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BIZEMERANT, 47842 (lle)- 142 B ~EAEE &
LTH< His2FEREAL, S 2HLERICHELTWVS
Tyr-161 2BUKET7 I /B (nA 2> (Leuw) CEHBLZEZ
5, ZO#E# % HSA-heme [rHSA (1142H/Y161L)-heme] &&
X, ERTHEREZEBRMEST D LN TEL®Y, rHSA &
heme N OERINIBERREATLA~NLEHEOAD TOHIT
5. EIT, BREANTA—F—ZHMITEFT L.
rHSA (1142H/Y161L)-heme $&#& D P, ,13 18 Torr (22°C) TH
Y, Hb, Mb, bt FMRIMERDOMEIZHRTEV (BEFRHFEITE
V). rHSA (1142H/Y161L)-heme $&E DX\ \EEFR B ML, &
ERAICIIRE RBEEEER (ko WCERA LA™Y, rHSA
DHF Tidheme Y EHL S FRENEHAM TH B72DIT kD
m<, BMRBAFENMBES<MZIONTVADTHS.
IDESIEBFRERIBONTZ DD, EEICrHSA
(I142H/Y161L)-heme $&{k % N LEFEMIA L L CHIAT 7=
HIZIE, £ OBFEHFMEE Hb CRMERDE TS 2 i
LRV, £EIZT, BZOERYEATHILIZLY, BRE
ftEZ L5 TRETo7. BB L7ZL HiZ, HbMb D~
LRy b ICIIEERECALERIZ His-64 ASEAIHEE L L CHEE
L, BBRBFMOHEKIZHFELE L TWVE"Y, HKxZrHSA D
b, BREMEMOBEY LB IEMEELEATHE, B
RBEMMER LR TE2OTIIRVWAEELX. HFVIal—
3 VORERNOCENMBEELDOLeu-1852BE L, %I ~EAL
WELLTOTRANRNT X (Asn) ##E AL~ [rHSA
(1142H/Y161L/L185N) ]*". rHSA (I142H/Y161L/L185N)-
heme &k (Fig. 4) ORHRBRARY hvik, EREHEKT T
I8k (1) SEMEAE VSEEOMERL, £ ~BELE
RTDEECHICBREER~LBITLZ. Pi¥l Torr
(22°C) &720, BERBEFMEIT L L O EHERKITHTI18/F
HbEALE. AsnDEAIZI Y A~LRYT v POWBHERERL
K3 LR, BREAFTMES LR bDEEZLNS.
rHSA (I1142H/Y161L/L185N)-heme $&{&iX, Hb & A% DEEHR
BEEFETOIAI~LEBAR L o7, DEVRLIT, £k
HRDFEHETOLRVWEMEREOHSAK, BEFEEAEL

Fig. 4. Structural model of the heme pocket in rHSA (I142H/Y161L/
L.185N)-heme complex.
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TETHZEITMIILIEDY TR, ~NART v hO/NE
MBI RRNT I BERICL Y RET S LT, BES
D= ba—LE2ERLEOTHS.

TR, BREMERICHDTLF=" (Arg)-186 B
KT I VBRITEBRT D L, BRBMMEN L M RMER & F%E
WCHREBTEHZ L2 RH LY. rHSA-heme$&KITRRD S
B hANLZEREFLETS, Wi ‘BRBEDOTE 2KRAD
mEEEE" TH5. BRAFATRELZROLRAEYE LT, R
ERAICMI=EhRED LN TS,

5. PLISU—FEMTOMRILI V) VK (KBRRE
D FIEBH)

RNVT 4 ) ALEDOBRRKOENL, FOFLEREEZD
TEICL VB BERRIETEIAIIHD. HICATHLER
ICRERBUHEEZFOBEEAENLL T, HBREOEBEH L LT
IESFIRENTWS. LA L, &RILT 4 U TR R
BOFMP OO THVED, —BIICIIERIEDEBHNIZIE
BT, BEFMORVERNEENAVONS.

AFE (H) RIEBERFHHORVIERKDZ Y —r XL
X¥—Tdhd. Gritzel LITHEIT T AFALEY D=7 AR L
T4V E2AFLEFRST L MVY) /BA&=204 K,/ EDTA
KERIZMZ FIRERF TS &, KOBITRIGIET LAE
BEONDIZEZRHLEY, L2 bEALT7 42U U IX
(PP) 2AKDHBIRIZFHATENIE, KAYELHEBA L L
IKBREVAT LANRHILTEDI LIZR5. LrlL, @EH T
FRVTZ 4 U VIX (ZnPP) IKIZARET, #0OEEFEHTS
TLIIEELY. £ZC, ZnPPR2HSAICABEEEBR - LIZLY
HSA-ZnPP#EL L, KOXABERE~DIEBERA7-.
HSA-ZnP $§AKESHIZMV 2%, 7A I BESTFCL—
=77 w2 (532 nm) 2BETHE, ZnPORE=HE
RENS MV ~OEFBBRIENBRIS Y. KT, A
&aoA R, BERELLTONIZZ ) — AT IVEMAT
BHBHLTHRBD L, ELNIZADBITAEZ W EEED A
ENRREL (Fig 5). KRBEDHRIIEHT FSAFALEY
VEULARLNT 4 VU ERVERBEIVLEY. OF b,
HSA-ZnPP $8KI3K DB RIGIZ BT 2 B2 8BH & LT
BrET 5.

IOWRIX, TAMTIV—BRA 74 ) VEEKIZBWTRLT
4V VDOFRLERBEEZXDIEICLY, BapiliErZEoT- A
TEEEPAIRTEDZZ LR RELTVA.

hv

X

TEOA > ( HSA-3ZnPP* > ( MV > @ < ;/22:2 ¢t

TEOAOX HSA-ZnPP* Mvz+

Fig. 5. Reaction scheme of photoreduction of water to hydrogen using
HSA-ZnP complex.
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6. PILTI—05—LUEAHK LR NEREDEER)
ERBRENT 4V VUNDOKEESFTHHSAILEH#ESIEN
1, FLLWALELESBERTE DT THS. £Z T, HSA
75— L oRERRAESRETATIV -7 TV UBE
HRERBML, ToME, Xtk XBRNHFRE (photodynamic
therapy: PDT) 28T 2#BA & L TOREHIZ OV THRE
L7=. BE, I<HmbhTWaBPDTOXEREANITIX, ~<
BLT7 4V OFEHRETHBE T+ 7Y, Fa hFL7
4V ORBETHB5-TI/LTY B, o0l UF
HETHAECRLZA LV RERHD. ZTRHDORALT 4 U U5
WERITHR, 77— LV Culd@WEREMELRD, —EEHK
FAEROEFINEAE N &b, PDTOHFLWERAIL L
THFEShTWBH*?,
HSAIZHNVARF 77— (CF, Fig 6a) EHEIEE
HSA-CFBEAEKIZIE LD TRET, TOKBERIIARN2FERT
LR - BER 2B LR o7 (Fig 6b)™. FIHREKIX
A~ kv, HPLC, BESTDERNSL, HSAELCFA 1 @ 1
THRALTWVWAZ L, ELI/NAXBREELBIENS, CFREE
%L HSA DS FR, REEWMIIEITRVWI ERlbhos7e™.

b)

18

- Sl O

12
10
8 —
6
4 4
2- .

0 R e — SN I e I

PBS without PBS HSA-CF
irradiation

Living Cell Numbers (104mL)

Fig. 6. (a) Chemical formula of carboxy-Ce-fullerene, (b) red colored
solution of aqueous HSA-CF. and (c) living cell numbers of LY80
with HSA-CF and PBS after visible light irradiation (20 mW cm?,
2 h, 36 = 1°C). Each value represents the mean * SD (n = 4).

—RIEESTFERBET S L, ETRE—EERELFK
L, ZI0bEMRECIVBE=EERE~LEBRTS. —
BEEBBEEAROBDRAERBEN L 2572021, TOME=E
IHRENRLETRITNER L2, HSACFESERORIE=H
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EHEMIT6 us RS, FNIICFREBEAERAMICEEINT
Wa7w, BERY D LICXaHEERMAbNEZEIZLSD.
FHICEHRZEFIED L, HEZEBERENOBRSF~D
TRAF—BEREA SN, £ERTS5—EEEFRIZ1270 nm
IZENERTOT, TOMENL—EEBEREROEFINENS
BHTX%%. HSA-CFHEAKDOEFINEIZ046 TH Y, HSA-
PPEABRLAF LY IN—LRABE THoI MDY, K
LB —EEMRERDEDRNMBA L LTHERTZZ L
Nt
BEWTZOMFOMBESEIZCOVWTRIEL-. EFSHIR
(LY80) IZHSA-CFARE#&ZMZ, TR T TERLEHFICH
BRI L 2R, TO®Nu S I U TERWVWTER
H (2hr) $5&, MIEEIIHBRICETED L (Fig 60)7.
ZDRBRIZHSA-CFESENPDTOXBEA E LTHHTH
BT EERLTWVS.

7. PLITIoF/Fa—7 (FHEH, EDERK,
T UTFTI28=)

X TERERAVCBRE AR AEOBRERKIHESI LT
LIk, HSAIREBEFAIZLLAANRNL AT VT LVOFERAR
FEMELTHLEBRZEDTWAY, R idfkil, BHAREHR
BEICLYHSANLRAZFES Y U F—BEDT ) Fa—T
EARTAILICHIILE . HSADSKEAIT48 L &L,
ABEHET CIRSFRANVAICEHFEELTWS. ERLELSIZ
HSA 2 Hb IZ bR TI B/ ~EBL LB 01X, &N KR
MU HAIEERE OBREBERRICLS. TZTETEEREZE
THENFEMRE Bz, RY-L-7A¥=r (PLA) &
ORIV T I VBRI ZFLUAILRYE) 2BHAMERY h—
Ax—F (PC) EDOHMFILAIZESE I, Hi\THSAKERK%
BREESD. ZOBREZBVRLZMESL, MIALANEBEIZHSAD
S EFMBELZER L, REBICPCEEZEMERET S L, HSAH,
LRBY—TCERRT/ Fa—T70E60%5. HE400 nmD
PCHRIZPLA L HSA%& 3EITO@B I TER L3 68
WENPDRDT /) F2—T7ONRITM400 nm, WNEIIH 300
nm, FEEE(IF50 nm & 725 (Fig 7). FEARAREE (7
vY7r— hEER) DOFIRIL,

OQEWMEATHKBMEST (BEBE, £6HT, O TE

RERE) ThHhE, T/ Fa—T0RMIIRVED
(HFREOEBENEL, BRSTFOBRGEAIIE)

Q@ HRLELRIZAMBEOIBRBIVEALDRESIZL Y, F

2a—TOABRBLURIEZH—ICHETAZ LN TED
@ MEBEBEKOREHIZLY, Fa—TOREEEZT/ A=V
AT—NLTHIETHZLNRTED

@ BEOBESESFEEEDIEBFCHEEBT S LITLY,
EREEE Y BHICOFRETE S

O MnF ) Fa—TEREICHSR, FARSMHE, FHRMEN
&L, Karx b, KEUERES

RETHA.

Bonl-F /) Fa—TOBEROERIZ, REEOBKRREEER
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Fig. 7. SEM images of protein nanotubes comprised of (PLA/HSA);.
Schematic illustration of the protein nanotubes prepared by
template synthesis using layer-by-layer deposition technique.

AR THREABBIRKENWILIZHD. HSAF /) Fa—70
KOGBHIRIZHSAD Y A K (e y) 2HEm+5E, 7
Fa—TEBEIHRIHEAEL, KFroHERPNIBREENS.
HSAIZHE LW FIIE<BIVAENLZVDT, WOET
HLARPIZFETSD. HhPMb 2 BERED ELTFH /) Fa—7T
ZERTHILLTEBLY, HSA-FeP bR B F ) Fa—
TIIMREZAHNICRBE TS, £, BEKERSYORER
JTARALICEBRRREEMNE5T 22N TELZDT, FxE
BANBICIKSAREER ZEE L/-HSAF / Fa—7Tix, N
FLEERE CTHEEDOMAKSRIEITT D, HICEEARICE VT
YWHRZAIVHTZ L TED. 3XF /YA XDV T 75—
Thd. ZOHRE, RALUAOEELERTIEAEINHSA
THHIZLERFETHD. MITHLEA A OFIE - FEL2E S
HRERRBEAE 7=V FohbRbdFT /) Fa—TbaRaNn, A
AT )T R UTHAESRE, FEEBENRI S TY
5.

TEDODHRLT, Fa—TO—RITNILZEMZTANLZRY
R — LR EOKREBREGBY F2 Y4 XBROICHET D
LLRRETHS. FELY X —DOMmA O EHIZBEEAT
ENE, EROIBEARYRY —LLIZRLEIFLWVEKET v
T7xx VT OREIZHLORNBBETHA.

8. BhYIz

EELIIE FOET AT IO FRESEEICEEIL, 20
NEBICHEREE S T2V AT H A FEICLY, BxDODATER
BEARLTE TV, YIBREREKICESLR>T-BH
ThHolB, ERNLOLZELTHOBEESFLHRLICA
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Exogenous nitric oxide increases microflow
but decreases RBC attendance in single capillaries
in rat cerebral cortex

Minoru Tomita®, Takashi Osada®, Miyuki Unekawa?, Yutaka Tomita?,

Haruki Toriumi? and Norihiro Suzuki?*
1) Department of Neurology, School of Medicine, Keio University

Abstract

The effects of nitric oxide (NO) on microflow and capillary red blood cell (RBC) velocity of
the cerebral cortex were examined in 5 urethane-anesthetized rats through an open cranial
window. Changes in microflow were evaluated with hemodilution technique with in-house
Matlab-domain software, KEIO-IS1, presented as a 2-D microflow-map. When FITC-labeled
RBCs were injected into the femoral vein, they appeared in the microvasculature of the cere-
bral cortex including capillaries. Changes in RBC velocity and attendance in single capillaries
were determined with a high-speed camera laser scanning confocal fluorescence microscope
before, during and after NO administration. The velocity and number of RBCs in the ROI
were calculated with KEIO-IS2. Nitroprusside (a NO donor) was administered topically on
the exposed brain surface, additionally microinjected into the tissues in 3 rats, and further
intravenously in 2 rats. We found that: 1) NO increased microflow markedly regardless of the
routes of administration and when limited to the cases of topical application microflow in-
creased by 182+22 % (mean + SD) of control (P<0.01). 2) RBC velocity in capillaries remained
broadly unchanged, whereas RBC number (attendance) decreased in all cases (P<0.05). We
interpreted that NO induced an increase in microflow not through nutritional capillaries but
via other pathways from artery to veins, e.g., thoroughfare channels. This finding suggests the
presence of an independent velocity-impedance mechanism at the level of individual single
capillaries in which excessive increase in capillary flow is somehow prevented. [MVRC 3(1):
11-16, 2009]
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lary, tissue perfusion
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Introduction

Arterioles have been implicated in the control of capil-
lary flow, feeding nutrition to neurons which dispatch time-
to-time feedback signals to the arterioles concerning their
nutritional requirements arising from their functional ac-
tivities. However, recent studies have revealed that sudden
neuronal activation causes capillary flow changes on a time
scale of less than 1 sV. This time seems to be too short for
the response to be controlled by arterial blood supply. sug-
gesting the existence of a direct flow control mechanism op-
erating from neurons to nearby capillaries. We showed RBC
capillary flow decrease when cortical spreading depression
and therefore neuronal depolarization was induced by potas-
sium application on the brain surface of rats®. Involvement
of intrinsic nitric oxide (NO) as a chemical mediator from
neurons to capillary was postulated by Hudetz?). In fact,
it is a gaseous material, which would afford a very rapid
response in vascular dilatation®) or tonic regulation®. How-
ever, capillary does not have muscles in possession. NO has
a dual effect on cerebral tissue: NO is a poison that rapidly
intoxicates neurons®’), while it increases cerebral blood flow
greatly. It is still unclear whether or not exogenous NO is
beneficial to neurons under ischemic conditions.

The aim of this study is to investigate the effects of exog-
enous nitric oxide (NO) on RBC velocity changes in cortical
single capillaries following application of NO via various
routes.

Methods and Materials

Five Wistar male rats were used. The experiments were
approved by the Animal Ethics Committee of Keio Uni-
versity, and experimental procedures were performed in
accordance with the University guidelines for the care and
use of laboratory animals. The effects of nitric oxide (NO)
on microflow whose definition will be given below and
red blood cell (RBC) velocity in single capillaries were
examined in urethane-anesthetized rats through an open
cranial window. A femoral artery and a femoral vein were
catheterized to measure blood pressure (SABP) and to allow
administration of FITC-labeled RBC suspension prepared
beforehand. respectively. A catheter was also inserted into
the internal carotid artery for the injection of a small amount
of saline (we used the saline as a negative indicator of blood
in the present study). The external carotid artery was tied
to avoid indicator escaping to the external carotid system.
The animals were placed on a head holder with ear bars. A
S-mm-diameter cranial window was trephined above the
left temporoparietal cortex and the dura was removed. The
microvasculature in the cortical tissue was continuously
videotaped with a conventional 30 fps (frames per second)
video camera (Fig. 1). A FITC-labeled RBC suspension was
injected into the femoral vein so that the labeled RBCs were
circulating at the concentration of 0.4% of the total RBCs
for approximately 3 hours after the injection.

Microflow: The principle and assumptions underlying
the measurements of flow in “pixels’ (100 averaged Scion
pixels or practical size 40 um x 40 pm) were described else-
where®). Briefly, when a dye was injected into the internal
carotid artery. the dye was distributed to microvasculature
to all corners of cerebral cortex: the bolus of blood passed
through all pixels producing time-variable concentration
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Fig. 1. Protocol of experimental procedure. Video record-
ing of brain surface started at the closed arrow. NO was
applied on the brain surface at NO drop. RBC velocity
and number was measured with the high-speed camera
laser scanning confocal fluorescence microscope during
10 s at the empty square. At the whitening marks in the
dark bar, small amount of saline was injected into the
internal carotid artery to produce hemodilution process
which was recorded on the video tape and analyzed
with KEIO-IS1 The dotted triangle area indicates NO
effective period. NO was microinjected into the cortex
and above set measurements were repeated. At NO i.v.,
NO was injected intravenously into the circulating blood.
Above set measurements were repeated.

changes in the pixel as appearance, peaking and disappear-
ance reflecting blood flow rapidity. The cortical images
with dye dilution process were continuously recorded on
videotape at 30 fps or directly fed into a personal computer
through a Scion LG-3 frame grabber card (Scion Cor-
poration. MD, USA). The dye dilution curves for all the
individual pixels of an approximately more than 50 x 50
matrix (the size of the matrix was automatically decided
by the computer in the ROI of ca. 4 mm x 5 mm) were all
together analyzed with in-house Matlab-domain software,
KEIO-IS1*! to evaluate the MTTs by employing a custom-
ized algorithm of the area/height of hemodilution curves
(MTT= Jt.c(t)dt/fe(t)dt) where ¢ is the optical density change
in a pixel). The reciprocal mean transit time (1/MTT) was
taken to represent the microflow (so termed by us), which
was arranged in appropriate coordinates to construct a two-
dimensional (2-D) microflow map with aid of KEIO-IS1.
The 2-D flow map had a resolution of 625 flow values/mm?,
which is ca. 500-fold higher spatial resolution than that of
conventional laser Doppler flowmetry. The KEIO-ISI thus
calculated automatically all pixular flow values in the region
of interest (ROI) yielding a distribution curve of individual
miroflows, and displayed a 2-D microflow map together
with the histograms of microflow plotted against magnitude
of flow rates. The unit of microflow was just relative or flow
index relative to the control. However, time to time and
location to location changes in flow value could be quantita-
tively compared.

*1 KEIO-ISI (Patent No. 4068098) has potentially a wide ap-
plicability to analyze videotaped optical density changes of
dye-dilution process in various organs, e.g., heart. liver, skin,
stomach etc.. to calculate reciprocal mean transit times of a dye,
microflow mapping and analysis of microcirculatory parameters
such as mean of flow values, standard deviation, skewness and
kurtosis employing the moment analysis formula9). IS stands
for initials of Istvan Schiszler, a Hungarian MD who stayed with
us at age 26 (1998-2001) as a JSPS researcher. KEIO-IS2 (Patent
No 4068099) has also been developed by him with a wide ap-
plicability to trace or track movements of fluorescence labeled
cells or molecules. Those who are interested in the softwares
running on PC. please contact Yutaka Tomita <yutakacnrsaol.
com>,
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Fig. 2. RBC tracking map (T map) obtained with KEIO-IS2 from a 2 s video clip

taken at 500 fps. Frame-by-frame movements of all RBCs appearing in the se-
quential 1000 frames are all shown. RBCs were automatically numbered in order
of appearance. Arrows indicate RBC tracking in single capillaries.
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Fig. 3. A. RBC velocity map (V map) and B. RBC number map (N map), calculated
with KEIO-1S2 from the same video clip as used for Figure 2. Color scales are
shown at the right of the each figure. The RBC velocities in VV map were calculated
from moved distances per frame multiplying by the frame rate (500 fps). N map
represents all RBCs that appeared in the ROI during 2 s, or integration of all 1000
frames. Note that the V map and N map resemble each other although their image

elements were different.

Capillary RBC velocity: RBC velocity in single capillar-
ies was examined with microscope in a central small area
of 400 pm » 300 um in the same cortical area as used for
the above microflow measurement (the area was approxi-
mately 1/100™ of a 2-D microflow map). The measurement
was done by switching the optical system to a high-speed
camera laser scanning confocal fluorescence microscope.
A tracer FITC-labeled RBC which had been injected previ-
ously into the femoral vein was seen in arteries. capillaries
and veins in the cortical microvasculature. The vast number
of RBCs were analyzed with in-house Matlab-domain sofi-
ware. KEIO-IS2!%10. The software KEIO-IS2 automatically
calculated velocities of all RBCs and displaved an RBC
tracking map (T map. Fig. 2). an RBC velocity map (V
map. Fig. 3: left). and an RBC number map (N map. Fig. 3:
right). The numerical data of individual RBC velocities in
single capillaries were further exported 10 a Microsott Excel
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spreadsheet for statistical analyses'?. On the tracking map.
we sorted RBCs flowing in single capillaries (Fig. 2) and
their velocities and numbers were exported to a spreadsheet
Excel for further statistical analysis.

NO administration: A small amount of nitroprusside
(3-5 mg/ml). a donor of NO. was topically applied in all

cases on the brain surface. Additional application was made
intraparenchymally with a microinjector in 3 cases. and
intravenously from the femoral vein (i.v.) in 2 cases. The
experimental protocols were schematically summarized in
Figure 1. FITC-labeled RBC was injected into the femoral
vein (at the empty arrow). Video recording made throughout
the experiments starting at the closed arrow. NO was applied
on the brain surface at mark A. Recording with high-speed
camera laser scanning confocal fluorescence microscope
during 10 s was interspaced at empty squares to monitor
RBC movements for the calculation of RBC velocity and



