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ABSTRACT: Ferric metHb can be photoreduced to the ferrous state by direct photoexcitation in the near-
ultraviolet region. In this research, we studied the mechanism and facilitating conditions for the
photoreduction and the resulting restoration efdinding. MetHb in phosphate-buffered saline or pure
water in a CO atmosphere was photoreduced to form HbCO by illuminating the N band (365 nm), one
of the porphyrint — z* transitions, whereas the photoreduction did not occur in A, & O,. The
transient absorption spectrum exhibited the generation of deoxyHb within 30 ns in both the CO and Ar
atmospheres; however, only in CO did the subsequent CO binding inhibit the back reaction. The
photoreduction rate was dependent on the pH and ligand anions, showing that aquametHb in the high-
spin state was predominant for the photoreduction. Axial ligand-to-metal charge-transfer (LMCT) bands
overlap with the Soret and Q bands in metHb; however, the excitation of these bands showed little
photoreduction, indicating that the contribution of these LMCT bands is minimal. Excitation of the N
band significantly contributes to the photoreduction, and this is facilitated by the external addition of
mannitol, hyaluronic acid, Trp, Tyr, etc. Especially, Trp allowed the photoreduction even in an Ar
atmosphere, and the reduced Hb can be converted te BpO, bubbling. One mechanism of the metHb
photoreduction that is proposed on the basis of these results consists of a charge transfer from the porphyrin
ring to the central ferric iron to form the porphyrim cation radical and ferrous iron by the N band
excitation, and the contribution of the amino acid residues in the globin chain as an electron donor or an
electron pathway.

The photoinduced charge separation and the electron-dazole (1—14). In the absence of base ligands, on the other
transfer reaction in a metal complex embedded in a hosthand, irradiation at a halide anion ligand-to-metal charge-
protein play key roles in the functions of biological systems, transfer (LMCT) band may induce photoreduction as the
especially in the chlorophyHprotein complex during pho-  result of halide radical formatiorlb—17). It has also been
tosynthesis. In other hemoproteins such as hemoglobin(Hb), confirmed that the addition of alcohols such as 2-propanol
myoglobin (Mb), cytochrome oxidase, and P450, which are or glycerol facilitates the photoreduction of hemoprotéh (
originally not related to the photoreaction in the biological and synthetic heme$,(18, 19).
system, photoexcitation and the resulting photoreduction have In this study, we have made a significant effort to
been reported since the 1970k-6). However, the pho-  determine the conditions that facilitate the photoreduction
toreduction mechanism even for synthetic hemes is still of ferric metHb by the direct excitation of heme in the near-
controversial §—8). It is suggested that the electron transfer ultraviolet N band as one possible method. The N band is
from a distal histidine to a ferric iron would be the primary one of the porphyrint — 7* transitions, and its origin has
step 0), which was supported by the facts that the photore- been extensively studie@@-22). We analyzed the influence
duction of hemin was accelerated with the increasing amountof dissolved gases, irradiation wavelength, pH, radical
of pyridine as a basel(Q) and that the synthetic heme scavengers, amino acid residues, etc., to elucidate the
underwent photoreduction in the presence of 2-methylimi- underlying mechanism of the metHb photoreduction that
cannot be explained by the conventional proposed mecha-
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vantec Co.). The extent of metHb conversion was 99.8%,
as measured by the modified Evelyklalloy method 25).

ChemicalsAmino acids (Trp, His, Tyr, Ser, Phe, Thr, Val,
and Leu), alcohols (mannitol, glucose, glycerol, ethylene
glycol, and sodium citrate), and hyaluronic acid as radical
scavengers, halide salts (NaF, NaCl, NaBr, and Nal), KCN,
and NaN were purchased from Kanto Chemical Qg
Ethylmaleimide (NEM) and 5,&dimethyl-1-pyrroline N-
oxide (DMPO) were from Sigma. All the reagents were used
without further purification.

Photoreduction of MetHbrhree milliliters of phosphate- f f
buffered saline (PBS, pH 5-8.0) with a reagent (e.g., amino 300 400 500 600 700
acids or radical scavengers) or deionized pure water in a Wavelength (nm)
quartz cuvette was sealed with a butyl rubber cap. Through Ficure 1: Photoreduction of metHb in PBS (pH 7.4) by irradiation
the solution was bubbled either Ar,,ON,, or CO for 30 with 365 nm light in a CO atmosphere. [henw] 10 M, and

min. A concentrated metHb stock solution (about 3 mM, 10 [Afrggnnitol] o 1.t00 'SM- Tt.he’lgax of the So.rtf]t bﬁ‘”td.‘)f 37ett.Hb ilfl
. nm, and its absorption decreases with photoirradiation. New
uL) deaerated by a gentle:Nlow in another bottle was peaks at 419 nm of the Soret band and 540 and 569 nm of the Q

injected into the cuvette. This procedure avoided bubbling pand appear, indicating that metHb is reduced to form HbCO.
which might induce foaming and metHb denaturation. The

final concentration of heme was 1M ([Hb] = 2.5 uM). Chemical Blocking of Cys and Tyr Residues in Hb.

The light source was a super-high-pressure mercury lampclarify the contribution of Cyg93 to the photoreduction
(USH-250D, 250 W, Ushio Co., Tokyo, Japan) with a cutoff system as an electron pathway from the external to the
filter (U-360, Hoya Co., Tokyo, Japan) to obtain a single internal Hb @7), Cys{393 was blocked by the reaction with
beam with a maximum wavelength of 365 nm which is near NEM at a Hb-to-reagent ratio of 1:27). An HbCO solution

the wavelength of the laser beam for transient spectrum (10 g/dL, 5 mL) in 10 mM PBS was mixed with 2.3 mL of
measurements (355 nm). The cuvette was located 2.5 cmg 10 mM NEM solution. The reaction was carried out at 37
away from the light source, and the light intensity was 89 °C for 1 h in PBSfollowed by Sepharose CL-4B chroma-
mWi/cn¥, which was measured with a power meter (PSV- ography (Pharmacia, Uppsala, Sweden) to separate the Hb
3102, Gentec Co.). The extent of conversion of the reaction from the reagents. The obtained G§83-blocked Hb was

was calculated from the Soret band peak ratio of 405 nm gxidized with potassium ferricyanide to convert it to metHb
(metHb) versus 419 nm (HbCO), 430 nm (deoxyHb), or 415 gnd then deionized in the same manner.

nm (HbQ,), measured with an U¥vis spectrophotometer
(V-560, Jasco, Tokyo, Japan). The initial rates of photore-
duction (% per minute) were obtained by extrapolation of
PN . _—
gh(renpi)rllots of the levels of photoreduction (%) during the initial Hb solution in PBS (pH 9.0) was mixed with 1.55 mL of a

For the analysis of the photoreduction dependence on the?mdll_?d'ne ?_C;:UUOI’; (3'05 MZ"T o'dZA'dM Ktl) an(Sj |n(r:]ubatedCL
irradiation wavelength, a light with a 405 nm maximum or 1> min. The soiution was loaded onto a sepharose &.L-

wavelength using L-39/HA-50 cutoff filters (103 mW/ém 48 column and eluted with PBS (pH .7'4).' The Tyr-_blo_ckeq
and a light with a range of 240400 nm using a U-330 filter metHb was prepared by the same oxidation and deionization
(152 mW/cni) were employed. A halogen lamp (500 W) method.
was also used as the visible light source to irradiate both Isoelectric Focusing (IEF) and Restoration of the Oxygen
the Q and Soret bands (1591 mWAmMA ferrioxalate Binding Property|lEF was performed on PhastGel IEF 5-8
actinometer was used to measure the quantum yield of the(pH 5—8) using the PhastSystem (Pharmacia). The photo-
metHb photoreduction2@). reduced Hbs in CO in the presence or absence of 10 mM
Transient Spectrum Measuremewdaser flash photolysis ~ Trp were compared with metHb and the purified HbCO.
system (Tokyo Instrument Co.) was used for the transient Forty microliters of a sample (1 mg/mL) per one lane was
spectrum measurements. The sample solution was excitecapplied to the gel. This was focused and then stained with
with the third harmonic (355 nm) of a pulsed Nd:YAG laser PhastGel Blue R (Coomassie brilliant blue) in the develop-
(SL803G-10, Spectron Laser Systems, Ltd.). The pulse width ment unit of the PhastSystem. The marker was the pl
was 5-8 ns (fwhm), and the interval was 100 ms. A total of calibration kit 3-10 (Pharmacia).

100 accumulations were collected to obtain an acceptable The photoreduced deoxyHb solution in the presence of
signal-to-noise ratio. The transient spectra were recorded10 mM Trp in an Ar atmosphere was bubbled for a few

between 350 and 550 nm using a spectrophotometer (MS257geconds with @ and the UV-vis spectrum was measured.
Oliel Instrument Co.) equipped with an ICCD detector

(DH520-18F-WR, ANDOR Technology Co.). The resultant RESULTS

spectra were digitalized and manipulated using computer

software (LabVIEW) to produce the ultimate difference Influences of Dissekd Gas and Irradiation Waelength
spectra. A metHb sample solution ([heme]10 uM) was (Aex) ON PhotoreductionThe photoreduction of metHb did
placed in a 10 mm quartz cuvette purged with either CO, proceed by irradiation at 365 nm in PBS (pH 7.4) with a
Ar, or O,. The effect of the external addition of 1 mM Trp CO atmosphere as shown in Figures 1 and 2, evidenced by
in an Ar atmosphere was also measured. the absorption decrease afla.x of 405 nm (metHb) and

Absorbance

To study the contribution of a Tyr residue as an electron
donor or pathway, blocking of the Tyr residues in Hb was
performed by iodination28). Briefly, 25 mL of a 1 wt %
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100 O absorption may result in an overestimation of the photore-
9 duction level (Figure 2).
g 75 The transient absorption difference after flash irradiation
'§ \ (Aex = 355 nm) in a CO atmosphere showed that after 30
B ns, deoxyHb had already appeared with a pdak.(= 430
g 50 - nm), and the peak intensity slightly increased up to 50 ns
s (Figure 3A). Simultaneously, a decrease in the metHb
3 intensity was confirmed from a peaknfax = 405 nm). The
% succeeding CO binding to deoxyHb to form HbCQ.4 =
- 419 nm) was observed, and the HbCO formation was

0 50 700 completed within 50@s. In an Ar atmosphere, on the other
hand, metHb was reduced to form deoxyHb by 30 ns, the
Fioure 2- Eff ¢ dissoly ArNan N absorption increased at 50 ns, and it remained until /500
pffc?toreductior?cotf cr)ne(til-?gobyei(rjra(‘:]dailzt?c')sn(vcv% 3652Jr:l§1 ﬁgr%)inoPBS However, the_ absorption decreased between&d@nd 5

(pH 7.4) where [hemeE 10 uM: (A) CO, @) Ar, () N, and ms; most of it returned to metHb, and an unknown peak
(O) O,. Mannitol (100 mM) was added to facilitate the photore- with a Amax 0f 424 nm was confirmed (Figure 3B). In an,O
duction ©). In PBS, only the CO atmosphere allows photoreduc- atmosphere, the absorption change was much smaller than

tion, and the addition of radical scavengers such as mannitol ; ;
significantly facilitates the photoreduction. Photoirradiation in other L?ZTe other gases,f_a nd 3 n_ev(\j/_ untl_(nOV\;E F:e?hk Wﬁh‘a‘a of
gases resulted in chemical modification of the heme portions which nm was coniirmed, indicating tha ¢ heme was

was evident from the flattening of the absorption (data not shown), chemically modified (Figure 3C).
resulting in overestimation of the photoreduction level. The levels Figure 4 demonstrates the relation of the photoreduction
geﬁ’ngtgrmificggg r‘:"rﬁ)rflscalgglgt?glg%%)tihnec%):sggg)'glmt;a(td'f%oc’f conversion with the total irradiation energy for each irradia-
nm) in Ar and N, and oxyHb (415 nm) in @ tion wavelength, because the light intensity is different under
all the irradiation conditions. When the irradiation wave-
increase at 419 nm (HbCO). The photoreduction proceededlength (ey) was around 405 nm (Soret band) using L-39/
even in distilled and deionized pure water in the same way HA-50 filters, the photoreduction was significantly slower
(data not shown). On the other hand, the metHb solutions inthan the excitation of the N band even in the presence of
PBS saturated with either,NAr, or O, gas did not show an  CO. When the irradiation wavelength range included shorter
increase at 430 nm (deoxyHb) or 415 nm (HpGnd the wavelengths around 24100 nm using a U-330 filter, the
absorption of the Soret band at 405 nm gradually decreasedphotoreduction rate increased more than 3-fold probably due
especially with @, indicating that the heme moiety was to the excitation of aromatic amino acid residues such as
somehow chemically modifieB( 29). Since the reduction  Tyr or Trp which act as electron donor4)(However, the
levels were calculated from the ratio of the absorbances atphotoreduction level did not reach 100% and tended to
405 and 430 nm or 415 nm, the decrease in the Soret banddecline due to degradation. Irradiation with a wide range of
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Ficure 3: Transient difference spectrum of metHb photoreduction in (A) CO, (B) Ar, and (@t@ospheres and (D) Ar with 1 mM Trp.
[heme]= 10uM. The excitation wavelength was 355 nm. (A) DeoxyHb (430 nm) is formed at 50 ns with a decreasing metHb concentration
(405 nm) and binds CO to form HbCO (419 nm) from &9 to 5 ms. (B) DeoxyHb is transiently detected in Ar from 50 ns to B0

though it decreased at 5 ms. (C) In,@he absorption change was small, and the final product exhibiteg,af 424 nm, which is not

HbO; (415 nm). (D) Addition of Trp significantly facilitates the photoreduction even in the Ar atmosphere. DeoxyHb already appeared at
30 ns.
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Ficure 4: Effect of wavelength of irradiation light on the rate of
metHb photoreduction in a CO atmosphere. [hemd]0 M. The
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Ficure 5: Effect of the external addition of 100 mM alcohola)(
sodium citrate, ) glucose, [0) mannitol, @) ethylene glycol, &)
glycerol, and ©) hyaluronic acid (5 mM glucose)] on photoreduc-

1
100

abscissa is the total energy of irradiation (joules per square tion of metHb by irradiation with 365 nm light in PBS in a CO

centimeter) calculated from (irradiation time)[irradiation strength

atmosphere.lW) No additives. [heme} 10 uM.

(watts per square centimeter)]. A super-high-pressure Hg lamp was
used with a U-330 filter for the amino acid residues and the N
band excitation®), with a U-360 filter for the N band excitation
(»), and with L-39/HA-50 filters for the Soret band excitatidm) (

A halogen lamp was for the Soret and Q band excitatichp (
Excitation of the N band and amino acid residues markedly
facilitates the photoreduction. On the other hand, contribution of
the Soret and Q band excitations was minimal.
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Table 1: Influence of the Presence of Anions (150 mM) and pH on
the Photoreduction Rate of MetHb ([heme]10 xM) in 10 mM
Phosphate Buffer (pH 7.4) and in a CO Atmosphere

20

Level of photoreduction (%)

initial rate of

Soretband  redox potential of anions photoreduction 0 50 100
anion Amax € (x1CP) (Eo)2 (V) vs NHE (%/min) Time (min)
C’\f 421 1.09 B 0.0 FiGURE 6: Effect of external addition of 1 mM amino acids on the
Na 420 1.24 B 0.0 rate of metHb photoreduction in a CO atmospher@®@) Trp, (W)
F 403 1.30 2.87 0.8 Tyr, (a) His, (#) Ser, O) Phe, @) Thr, @) Val, () Leu, and
glr* jgg 1'28 ig? gg (V) no addition. [heme]= 10 uM. The photoreduction was
- 405 139 054 36 markedly enhanced by the addition of Trp.

aX, + 2e= 2X"; from ref 46. rate of metHb. The rate of photoreduction was 1.0%/min at

pH 9.0 which was increased to 14.5%/min by decreasing
the pH to 5.0, where aquametHb in the high-spin state is
formed.

Table 2: Influence of pH on the Photoreduction Rate of MetHb
([heme]= 10 uM) in a CO Atmosphere

Soret band initial rate of The effect of adding 100 mM alcohols was studied (Figure
pH Amax € (x10F) photoreduction (%/min) 5). All the alcohols that were tested facilitated photoreduc-
50 403 155 14.6 tion. Especially, mannitol, glucose, and sodium citrate
7.4 405 1.38 2.0 showed significant facilitation. The addition of hyaluronic
9.0 410 1.15 1.0

acid at a concentration of only 5 mM (glucose units)
significantly facilitated photoreduction. The addition of 50
mM DMPO doubled the photoreduction rate (data not
shown). However, ESR spectroscopy of the DMPO/metHb
solution ([DMPO]= 50 mM, and [heme} 40 uM) after
photoreduction for 5 min and immediate freezing could not

a[NaCl] = 150 mM, in 10 mM phosphate buffer.

strong visible light from a halogen lamp (500 W) with a
cutoff filter for the IR region did not induce photoreduction,
indicating that Q band excitation did not lead to photore-
duction. detect any radicals.

Effect of Anions, pH, and Addits.Table 1 summarizes The effect of the external addition of amino acids on the
the influence of ligand anions on the Soret band absorptionrate of metHb photoreduction was studied (Figure 6). The
and the initial rate of photoreduction. Among the anions amino acids with aromatic groups (Tyr, His, Trp, and Phe)
studied, CN, N3, and F are known to bind to ferric heme. facilitated photoreduction. Especially, the addition of Trp
CN~ and N;~, which are strongly bound to metHb, did not doubled it. On the other hand, Ser, Thr, Val, and Leu did
allow photoreduction. On the other hand, all the halide anions not contribute to the photoreduction. Moreover, the addition
exhibited photoreduction. The rates are in the order of anion of 1 mM Trp allowed photoreduction in the Ar atmosphere,
size: F < CI- < Br~ < 1~. These are in the order of the even though the level of reaction did not reach 100%.
spectrochemical series as well as in the order of the redoxIncreasing the concentration of Trp to 10 mM resulted in a
potential of anions. Table 2 summarizes the pH dependencesignificantly fast photoreduction, which was completed
of the Soret band absorption and the initial photoreduction within 5 min. The transient absorption spectrum of the metHb
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FIGURE 7: Effects of blocking of Tyr £) and Cysg93 (O) on the 300 400 500 600 700

rate of metHb photoreduction by the N band excitation in a CO Wavelength (nm)
atmosphere.{) No blocking. [heme}= 10 uM. Tyr was blocked . . .

P : FiIGUrRe 9: UV—vis spectra of metHb-{), photoreduced Hb in the

by iodination, and Cyg93 was blocked with NEM. presence of Trp in an Ar atmosphere), and metHb after bubbling

(pl) with oxygen ¢ - —). The peak at 415 nmifay) is an indication
P of HbO, formation; thus, the oxygen binding property was restored.

8.15 oxyhemoglobin (Hb@ with the characteristidax at 415

nm (Figure 9).

7.35
DISCUSSION
Our results from the metHb photoreduction support the
6.85 previous report that the photoreduction of metMb (not
metHb) proceeds in the presence of CO but not under aerobic
1 2 3 4 5 conditions, and that the addition of citrate and glycerol

Ficure 8: |IEF of photoreduced HbCO: (1) purified HbCO, (2) fa;cr:lltates rteQUCtlr?rla). yozye[\{ers, Ig tthhe prevkous. reports
photoreduced HbCO, (3) photoreduced HbCO in the presence of ©f hemoprotein photoreductiod {5, 8), the mechanism was

10 mM Trp, (4) metHb, and (5) markers. In the IEF pattern, metHb Not well-understood. We confirmed that in an Ar and N
exhibited an isoelectric point (pl) of 7.4. The photoreduced HbCO atmosphere, the photoreduction did not proceed; however,

exhibited a pl o#~7.0, which was the same for the purified HbCO.  the transient formation of deoxyHb was confirmed in an Ar
o atmosphere at 30 ns after pulsed excitation, showing a
photoreduction in the presence of 1 MM Tig(=355nm)  maximum change at s, and then it reconverted to metHb
in Figure 3D had already shown a significantly larger peak within 5 ms. In the presence of CO, the binding of CO to
of deoxyHb fmax= 430 nm) at 30 ns, and the intensity did  the reduced heme was detected, finishing the reaction within
not change even after 5 ms. This indicates that the photore—5ooﬂs, and the stable HbCO did not reconvert to metHb.
duction was very fast and completed within 30 ns. Apparently, the binding of CO to the deoxyHb inhibits a
The quantum yield of the metHb photoreduction aph0 back reaction for conversion to metHb. The rate of photore-
heme by irradiation at 365 nm in the CO atmosphere was duction of metHb to form deoxyHb seems comparable with
0.003. This was improved to 0.006 in the presence of 100 that of the tetraphenylporphyrin derivatives in organic
mM mannitol or 1 mM Trp, as photoreduction was facili- solvents that showed completion of the reduction within 50
tated. ns (L7, 30, 31). The host macromolecular globin chain does
Contribution of Amino Acid ResiduddetHb with a Cys- not seem to retard the reaction. The addition of Trp facilitated

93 blockade showed a similar rate of photoreduction with the photoreduction even in the Ar atmosphere. In the
normal metHb (Figure 7), indicating that Cj63 does not ~ Presence of oxygen, on the other hand, the formation .Of
contribute to the photoreduction system. lodination of the d€0XyHb was not confirmed even at 30 ns, and the generation

Tyr residues in metHb resulted in a reduced rate of metHb gf an unlfpownf ﬁe?]k Moax = 424 nnl;) bilndbica:]ed the_
photoreduction, indicating that Tyr residues should contribute gcomp05|t|ono t e heme portions probably yt er_eac_tlon
to the photoreduction. with oxygen or active oxygen species via photooxidation

. (29).

IEF and the Oxygen Binding Property pf PhotpredUCE«'Fj Even though in many reports the irradiation wavelength
Hb. In the IEF measurement, metHb exhibited an isoelectric ¢ 355 nm has been widely used because it matches the third
point (pl) of 7.4. The photoreduced HbCO in the presence parmonic of the Nd:YAG pulsed laser, littlle attention has
and absence of Trp exhibited a pl of about 7.0, which was peen paid to the relationship of this wavelength and the heme
the same as the purified HbCO (Figure 8). These results ghsorption band. Hb has an absorption band at around 360
indicate that the modification of the outer surface of Hb was nm, termed the “N band”, a charge-transfer band corre-
not detected after photoreduction. sponding to the a, (1) — e,(7*) porphyrin zz electron

The photoreduction of metHb in the presence of 10 mM transition bands20—22). Some of the energy levels of the
Trp was completed within 5 min in an Ar atmosphere. The five iron d orbitals are located between the porphyrin, a
resulting deoxyHb was exposed to oxygen by gentle bub- b,(), and g(r*) orbitals (20) (Figure 10). One simple idea
bling, and UV+-vis spectroscopy revealed the generation of for the mechanism of the photoreduction is that it may be
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Scheme 1: Proposed Mechanism of MetHb Photoreduttion
"4

(fyao s

[o]
W
* + [+
[T = (L) 2o 0 B L7
aquamethb (Fell) () ) © (d) HbCO (Fe [T
~50ns 5 ~ 500 ps

D : electron donor (e)

500 ps ~ 5 ms -
Lo

a(a) Photoexcitation of the N band and radiationless transition. (b) Electron transfer from the porphyrin ring to the central ferric iron and
formation of the porphyrint cation radical. (c) Reaction with an internal or external electron donor D to complete the heme reduction. (d) CO
binding to fix the reduced ferrous form. (€) A back reaction of reduced heme with an oxidized electron dohdo Drm metHb. (f) Rapid
reaction with externally added Trp to facilitate photoreduction to form deoxyHb even in the Ar atmosphere.

dea.p % Ar (Figure 3) showed an increase in the absorption from 30
Y ns until 50 ns, and this period may correspond to reaction
eglm*) ———— (c). This is supported by the report that a synthetic ferrous
M M heme (F&") porphyrinz cation radical prepared by oxidation
dy + with iodine showed a significantly decreased and flattened
absorption spectruni6), and the ferrous Hb porphyrin
cation radical may be converted to deoxyHb with an
dy, + increased absorption. In the presence of the externally added
* Trp, reaction (f) is so fast that it may be completed before
ez 30 ns.
dyy + The oxidation potentials,) of Trp and Tyr are 1.05 and
0.94 V versus the normal hydrogen electrode (NHE),
ap(7) _4+ respectively 87). Alc_ohols such as mannitol, glycerol, and
Soret and ethylene glycol exhibit arE, value of about 0.7 V versus
apy(m —T—%— 0 bands the NHE @8) which are higher than that of heme in
by () hemoglobin (0.2 V vs NHE), and there is no reaction between
2u '4_# them. However, th&, of the porphyrin ring is estimated to
a'y, () * I N'band be around 1.21.4 V versus the NHE3J9, 40), and the
downhill reduction of the porphyrimr cation radical and

FiGURe 10: Assignment of porphyrin orbitals for charge-transfer  oxidation of these amino acids and alcohols are possible.
EFﬁgS’i\}iogo?g{“fngrg ki)r:g ddtr‘;';]b;%?cl)sngf;geawgg}sﬂ“ .?;%Eje [{;etHb- Halogen anions Cl Br-, and I, which cannot be an axial
transitfon bahds. After excitation of the N FIi)arﬁ)d,}o'?he rgsulting I!gand in the case of metHb, can also act as electron donors
unoccupied a, and by) orbitals may be lower than the like Trp because theig, values are between those of the
unoccupied a and a(n) orbitals of the Soret and Q bands. porphyrin ring and heme central irodk). The photoreduc-
initiated by an excited electron in the(e*) orbital of a tion rates in the presence of halide anions are in the same
porphyrin ring which moves to the iron d orbitals, thus order of theE, values. However, their efficiency as electron
making the porphyrin ring & cation radical. Hemoproteins ~ donors (150 mM) is lower than 1 mM Trp. A back reaction
such as horseradish peroxidase, catalase, Hb, and Mb arenay be the oxidation of P& of the heme by “D” as
known to forms cation radicals as active intermediat8g,(  shown by reaction (e) because thg of D is higher than

33). Studies on the photochemistry of synthetic porphyrins that of the heme. In the presence of CO, reaction (d) may
are an indication of the formation of porphyrin cation compete with reaction (e). This can explain the transient
radicals with reduction of the central met&¥( 35). From absorption spectral changes in an Ar atmosphere (Figure 3B),
our transient spectra results, the mechanism of photoreductiorwhere the reduced deoxyHb reconverts to metHb at 5 ms
can presumably be described by Scheme 1, where reactiorby the intramolecular back reaction of the reduced heme and
(a) is the excitation of the N band, reaction (b) is the electron D). The substantially low quantum vyield of the photore-
transfer from the porphyrin to the central ferric iron and the duction, 0.003-0.006, is determined by the back reaction
formation of the porphyrint cation radical, reaction (c) is  of reaction (a) as a radiationless transition from the excited
the reaction with an internal or external electron donor “D” state to the ground state and reaction (e) as a reconversion
and the donor is then oxidized, reaction (d) is the CO hinding to metHb.

to fix the reduced ferrous form, and reaction (e) is the back The Soret band corresponds to thg @u(7) — ey(r*)
reaction of the reduced heme with an oxidized electron donor porphyrin transitions. The absorption of the N band is weaker
to form metHb. The transient absorption spectra in CO and than that of the Soret band, though the energy levels,pf a
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and b (w) are lower than those ofi@and ay(r) as shown tein (45). The addition of alcohols known as radical
in Figure 10 R0—22). Therefore, after excitation, the scavengers and a spin trap, DMPO, facilitated photoreduc-
resulting unoccupied lowefgand b, () orbitals may find tion, indicating that radical formation is involved in the
it easier to accept one electron from a donor molecule. This photoreduction system. These external additives as well as
may explain the much faster photoreduction by the excitation amino acids may react with not only the activated heme
of the N band than by excitation of the Soret and Q bands. cation radical but also globin radicals because it was reported
A high-spin state ferric heme has more d orbitals with that the lifetime of the globin radicals generated by a rapid
unpaired electrons than does a low-spin state ferric heme.mixing with metHb and HO; is significantly shortened with
One explanation for the faster photoreduction in the case of Trp and Tyr é6). We tried to detect globin radicals which
aquametHb at low pH than hydroxymetHb at high pH in would be formed during photoreduction, though ESR spec-
our study is that the former is in a high-spin state and the troscopy in the frozen state could not detect any radical at
latter is in a mixture of low- and high-spin states. MetHbs, the concentrations that were employed ([DMPO]0 and
which bind CN or N;3~, are known to be in the low-spin 50 mM, and [heme} 40 uM). During the time course of
state, and they do not cause photoreduction. On the othemphotoreduction, the generation and decay of globin radicals
hand, metHbs in the presence of halides are photoreducedmay proceed in parallel and the radical concentration may
though F, which binds to the heme, retards the photore- be substantially low for the ESR measurement.
duction. The reduction rates (= CI~ < Br~ < |7) arein Contrary to our proposed mechanism, it has been suggested
the order of the spectrochemical series as well as in the orderthat one electron may transfer through an axial LMCT band.
of redox potentials. Thus, metHb in the low-spin state with A halide anion such as Chs the ligand to a synthetic heme
more degenerated orbitals exhibits a slower rate of photore-may offer an electron through the axial LMCT barib,(
duction. 16, 47). However, the facts that Cldoes not bind to metHb
The results showing that the external addition of amino and that the photoreduction of metHb proceeds even in pure
acids (especially Trp and Tyr) and radical scavengers water support the hypothesis that the axial LMCT band
significantly facilitated the photoreduction indicate two excitation is not the mechanism in the case of metHi© H
important aspects. One is that amino acid residues in theand OH can be the sixth ligand of metHb, and the pH-
globin chain may contribute to the photoreduction, and the dependent UV-vis spectrum revealed that the axial LMCT
other is that there may be a direct electron transfer from anband should overlap with the Soret and Q bands).(
external additive to an excited heme. These additives areHowever, the significantly small photoreduction by the
too large to be inserted into the hydrophobic pocket of the excitation of these bands suggests that the contribution of
globin chains where hemes are embedded. Even so, twothe axial LMCT band excitation should be minimal.
propionic acid groups of protoporphyrin IX face the external ~ Studies on synthetic hemes suggest that charge transfer
aqueous phase. The distance between the central iron and &#om a pyridine or imidazole molecule as an axial ligand to
carboxylic group in a heme is only 4 A. On the other hand, the iron may be a key component of the photoreduction
the nearest Trp and Tyr residues are located2(®band 16- process 10, 11, 49). Sage et al. 9) reported the laser
14 A, respectively, from a heme. Therefore, it is possible wavelength dependence of the photoreduction of metMb
that water-soluble reagents such as alcohols or amino acidsoupled with the Soret transition. In contrast, the same group
can be located near the activated heme as a radical cation t@8) later showed an exponential decrease in the yield of the
supply one electron in the same way as the chemical hemoprotein photoreduction as the wavelength increased
reduction of metHb with reductants such as glutathione. from 250 to 400 nm, which coincides with our result; we
There are indications thatraelectron of the porphyrin ring  confirmed that light exposure below 300 nm directly excites
should participate in the initial step of such redox reactions Trp and Tyr residues and facilitated the photoreduction, and
in biological systems 42). The hydrophobic nature of irradiation with 405 nm light showed a significantly slow
hyaluronic acid and Trp may contribute to the enhancement photoreduction. A Raman investigation revealed that the
of the affinity with the globin chain and resulting facilitated Fe—N stretching mode of the distal histidine (FM;s) in
electron transfer. Mb and Hb is coupled to the Soret band-> 7*) resonance
The hypothesis that internal amino acid residues such asand not to a separate charge-transfer b&l These results
Tyr or Trp, which are located near a heme, may also indicate that the direct excitation of the +Mys charge
contribute to the metHb photoreduction is supported by the transfer may not be the mechanism in the case of the metHb
result that the photoreduction occurs even in pure water in photoreduction.
our study. To confirm the contribution of the Tyr residues  Without photoirradiation, oxidized hemoproteins slowly
to the photoreduction, we studied the effect of Tyr blocking undergo autoreduction in the presence of CO via the reaction
by iodination that inhibits Tyr conversion to the Tyr radical CO + H,O — CO, + 2H' + 2e (51). Bonaventura et al.
(28). Since the iodination of the Tyr residues retarded the (27) reported that half of the four oxidized hem@shemes)
metHb photoreduction, they may contribute to some extent in metHb undergo autoreduction in the presence of CO, and
to the electron donor or electron pathway to reduce metHb. the reaction is mediated by an electron transfer through Cys-
This is also supported by the oxidative reaction process of $93. We confirmed that the Cy393 blockade with NEM
metMb with HO,, where an Fe(I\/}-oxo porphyrinz cation did not affect the photoreduction rate. Moreover, the metHb
radical is formed, and this chain reacts with neighboring Tyr photoreduction proceeds not only in fhéheme but also in
or Trp residues to convert them to the corresponding cationthe a-heme. Therefore, the photoreduction mechanism is
radicals 28, 43, 44). Moreover, cation radical formation leads different from autoreduction. This is also supported by the
to the subsequent formation of other amino acid radicals evidence that metHb with Trp induces photoreduction in the
within an electron-transfer process throughout the hemopro-absence of CO.
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In conclusion, in this study, we clarified the dynamics of
the metHb photoreduction in relation to the spin state,
irradiation wavelength, electron donors, and globin chain.

We proposed a mechanism that includes the generation of a

porphyrin r cation radical as an active intermediate by
irradiation in the near-UV region. The photoreduced Hb,

especially in the presence of Trp, restores the oxygen binding

function without the detectable modification of the globin
chain. Even though the quantum yield is not high in this
system, the knowledge of this study may contribute to a

deeper insight into the photoconversion chemistry of hemo-
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