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Figure 19. The proposed configuration of Leu-185 in (a) rHSA(HL)—heme
and (b) rHSA(HF)—heme, Asn-185 in (¢) rHSA(HL/L185N)—heme
and (d) rHSA(HF/L185N)—heme, and Leu-186 in (e) rHSA(HL/
R186L)-heme.

values were 1/6—1/11 of their former values. This corresponds
to a free energy difference of —1.8 kcal mol™' at 22 °C. The
magnitude of the effect seems to be reasonable considering that,
in HbO, and MbO,, the distal His-64 stabilizes the coordinated
O, by —0.6 to —1.4 kcal mol™' because of the hydrogen bond
(187). In contrast, The O, and CO binding parameters for
rHSA(HF)—heme and rHSA(HF/L185N)—heme showed no
significant differences. The bulky benzyl side chain of Phe-
161 can prevent rotation of the polar amide group of Asn-185
and thereby decrease the effect of polarity and size on O, and
CO binding parameters (Figure 19c.d) (788).

C. Substitution of Arg-186 with Leu or Phe. For administra-
tion into the human circulatory system, it would be better if
the affinity were similar to the human RBC [Psy(O,): 8 Torr,
25 °C]. It is expected that providing a certain degree of
hydrophobicity into the distal side of the heme by insertion of
a nonpolar residue would reduce the O, binding affinity of the
rHSA—heme complex. The most suitable position for that
introduction might be at Arg-186, which is the entrance of the
heme pocket and which is rather close to the central Fe(Il) ion.
Therefore. rHSA(HL/R186L)—hemin and rHSA(HL/R186F)—
hemin were prepared. The O, dissociation rate constants of
rHSA(HL/R186L)—heme and rHSA(HL/R186F)—heme were
3—4-fold higher than that of rHSA(HF)—heme, which reduced
the O, binding affinities [larger Psy(0O,)]. This reduction might
be attributable to the increased hydrophobicity in the distal
pocket. The O, binding affinities of rHSA(HL/R186L)—heme
[Ps3(O5): 10 Torr] and rHSA(HL/R186F)—heme [Psy(O-): 9
Torr] have become equivalent to those of human RBC. The
important structural factor in these mutants is Y161L. which
enables the rotation of the isopropyl group of Leu-185 above
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the O, coordination site. Unexpectedly, the £,,(O2) and k,,(CO)
values of rHSA(HL/R186L)—heme and rHSA(HL/R 186F)—heme
were 3-fold and 3—4-fold higher than those of rHSA(HL)—heme
and in the same range as that of rHSA(HF)—heme. In fact, Leu-
161 is small, but the hydrophobic Leu-186 or Phe-186 might
be integrated into the heme pocket from the entrance and might
push up the neighboring Leu-185 residue (Figure 19¢) (188).

We have engineered mutant rHSA —heme complexes that can
bind O,. Principal modifications to the heme pocket that are
necessary to confer reversible O, binding are (i) replacement
of Tyr-161 by hydrophobic amino acid (Leu or Phe), and (ii)
introduction of His as a proximal base at position Ile-142.
Furthermore, (iii) modification of the distal amino acid has a
considerable effect on the modulation of O, and CO binding
affinities.

4. CONCLUSIONS

The structures of our artificial O, carriers differ greatly from
those of sophisticated RBCs. However, clear advantages of
simplified artificial O, carriers are readily apparent: the absence
of blood-type antigens and infectious viruses, stability for long-
term storage at room temperature for any emergency, all of
which overwhelm the functionality of RBCs. The shorter half-
life of artificial O, carriers in the bloodstream (ca. 3 days) limits
their use, but they are applicable as a transfusion alternative
for shorter periods of use. Easy manipulation of physicochemical
properties such as Pso(0O,) and viscosity supports their possible
development of tailor-made O, carriers to suit various clinical
indications. The achievements of ongoing research described
above give us confidence in advancing the further development
with the expectation of its eventual realization.
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The O, binding properties of complexes of iron(II) proto-
porphyrin IX with quadruple mutants of recombinant human
serum albumin (tHSA) that provide axial His-186 coordination
have been characterized; their O, binding parameters were
similar to those of analogues having proximal His-185 and of
human red blood cells.

In our bloodstream, iron(IIT) protoporphyrin IX (hemin) dis-
sociated from methemoglobin (metHb) is captured by human se-
rum albumin (HSA) and transported to liver cells for catabolism.
Crystal structure analysis of this naturally occurring hemopro-
tein revealed that hemin is bound within a narrow D-shaped cav-
ity in subdomain IB of HSA with a weak axial coordination by
Tyr-161 and electrostatic interactions between the porphyrin
propionate side-chains and three basic amino acid residues
(Arg-114, His-146, and Lys-190) (Figure 1).! The axial pheno-
late ligation by Tyr-161 of HSA keeps the hemin group physio-
logically silent. In fact, the reduced ferrous HSA-heme is imme-
diately oxidized by O,.> We previously demonstrated that a pair
of site-specific mutations in subdomain IB of HSA conferred O,
binding capability on the heme: (i) introduction of a proximal
His at Leu-185 position and (ii) substitution of Tyr-161 with

‘4 T~ :‘
(1 0 o &5’
A ;
e I ok,
e
\
[ ; \\
s
." !\!'p@’v
fs o *’
| 30N 4
L185 E R186
Position
rHSA
146 161 185 186 190
Wild type (wt) His Tyr Leu Arg Lys

H146R/Y161G/R186H/K190R (1G) Arg Gly Leu His Arg
H146R/Y161L/R186H/K190R (1L) Arg Leu Leu His Arg
H146R/Y161G/L185H/K190R (2G) Arg Gly His Arg Arg
H146R/Y161L/L185H/K190R (2L) Arg Leu His Arg Arg

Figure 1. Structure of the heme pocket in the rHSA(wt)-hemin
complex (PDB ID: 109X from ref 2).5 Positions of the amino
acids where site-specific mutations were introduced and abbrevi-
ations of the mutants are shown in the table. Structural models of
the four rHSA(quadruple mutant)-heme complexes are demon-
strated in Figure S1.5¢

noncoordinating Leu.***® The resulting artificial hemoprotein
can reversibly bind O in much the same way as Hb and myoglo-
bin (Mb). The albumin-based O, carrier has attracted medical
interest because of its potential acting as a red blood cell
(RBC) substitute. Interestingly, the proximal His introduced into
the opposite side of the porphyrin plane (Ile-142 position) also
allows O, binding to the heme.* These results suggest that there
may be other sites where the proximal His can be inserted in the
coordination sphere of the central iron. Our modeling and exper-
imental results showed that Arg-186 is the third candidate be-
cause rHSA(I142H/Y161L/R186H)-heme formed a bishistidy]
low-spin hemochrome.* Furthermore, we have recently found
that replacing His-146 and Lys-190 at the entrance of the heme
pocket with Arg (H146R, K190R) resolved the structural heter-
ogeneity of the two orientations of the porphyrin plane and af-
forded a single O, binding affinity.*d

In this study, we generated new rHSA(quadruple mutant)-
heme complexes involving axial His-186 coordination and
kinetically characterized their O, binding properties. The steric
effect of the neighboring amino acid at the 161 position to the
O binding parameters is also investigated.

We designed rHSA quadruple mutants; rHSA(H146R/
Y161G/R186H/K190R) [tHSA1G], rHSA(HI46R/Y161L/
R186H/K190R) [rHSA1L], rHSA(H146R/Y161G/L185H/
K190R) [rfHSA2G], and rHSA(H146R/Y161L/L185H/K190R)
[rHSA2L] (Figure 1). Site-specific mutations were introduced
into the HSA coding region in a plasmid vector (pHIL-D2
HSA) using the QuikChange (Stratagene) mutagenesis kit. All
mutations were confirmed by DNA sequencing. The proteins
were expressed in the yeast species Pichia pastoris. The corre-
sponding ferric rtHSA-hemin complexes were prepared accord-
ing to our previously reported procedures.*

UV-vis absorption spectra of the four rHSA(quadruple mu-
tant)-hemin complexes were essentially identical regarding their
general features (Figure 2, Table S1).° They were easily reduced
to the ferrous complexes by adding a small molar excess of aque-
ous Na;S,04 under an N, atmosphere (Figure S1).% A broad ab-
sorption band (4 = 557-559 nm) in the visible region was similar
to that observed for deoxy Mb, indicating the formation of a five-
N-coordinate high-spin ferrous complex.”# Upon exposure of the
rHSA-heme solution to O,, the UV-vis absorption changed to
that of the O, adduct complex (Figure 2)."% After flowing CO
gas, these hemoproteins produced stable carbonyl complexes. It
can be concluded that the histidyl group at position 186 acts as
a proximal base for dioxygenation of the prosthetic heme group.
In contrast, rHSA(single mutant)-heme [rHSA(L185H)-heme
and THSA(R186H)-heme] could not bind O,. In these com-
plexes, Tyr-161 appears to coordinate to the central ferrous ion
of the heme in competition with His-186 or His-185.

Copyright © 2009 The Chemical Society of Japan
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Figure 2. UV-vis. absorption spectral changes of rHSA1L-
heme in 50mM potassium phosphate buffered solution
(pH 7.0) at 22°C.

To determine the association and dissociation rate constants
(kon and kofr) for O, binding to rHSA(quadruple mutant)-heme,
laser flash photolysis experiments were carried out.*® The O, re-
combination to the heme after the laser pulse irradiation occurs
according to eq 1.

kun
Heme + O, = Heme-O, (D)
off

(P2 = K™ = (kon/kot) ']

The time dependences of the absorbance decays accompanying
the O, and CO recombinations to rHSA(quadruple mutant)—
heme complexes were clearly monophasic (Figure S2).° This
can be attributed to a uniform heme orientation in the subdomain
IB by introduction of Arg into the His-146 and Lys-190 posi-
tions.* As a result, each hemoprotein showed a single O, binding
affinity (Table 1). It is noteworthy that all the rHSA(quadruple
mutant)-heme complexes exhibited similar O, binding parame-
ters independent of the position of the axial base (His-185 or
His-186) and the size of the hydrophobic amino acid residue at
161 (Gly or Leu). We had postulated that the small Gly-161
would provide greater room for the proximal His-186 (or His-
185), thereby loosening the spatially confined axial ligation. In
general, such fluctuation decreases the kg value and enhances
the O, binding.*>#¢ However, this was not observed in dioxyge-
nation of rHSA1G-heme and rHSA2G-heme. The O, binding
affinities (Py2) of the rHSA(quadruple mutant)-heme com-
plexes (5-8 Torr) are very close to that of the human RBC
(P12 = 8 Torr) and, therefore, well adapted for O, transport in
the circulatory system.

In conclusion, we have prepared rHSA(quadruple mutant)—
heme complexes, in which (i) the proximal His was introduced at
position 186 (or 185), (ii) Tyr-161 was substituted with Gly or
Leu, and (iii) His-146 and Lys-190 at the heme pocket entrance
were replaced with Arg. These artificial hemoproteins formed
O, adduct complexes with a similar O, binding affinity. On
the basis of our systematic investigations on rHSA—-heme,* we
conclude that the favorable positions for proximal His insertion
are 142, 185, and 186; in all cases Tyr-161 must be replaced with
noncoordinating amino acid (e.g., Gly, Leu, Phe, though Ala,
Val, or Ile may also be tolerated). This structural flexibility of
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Table 1. O; binding parameters of rHSA(quadruple mutant)—
heme in 50mM potassium phosphate buffered solution
(pH 7.0) at 22°C

Hemoproteins y m\fﬂ"l - /rI::’sff_ 1 /}’;']o/ ir
rHSA1G-heme 39 0.36 6
rHSA1L-heme 67 0.54 5
rHSA2G-heme 36 0.46 8
rHSA2L-heme? 42 0.41 6
Hba (R-state) 33b 0.013¢ 0.24
Mbd 14 0.012 0.51
RBC® 8

aRef 4d. °In 0.1 M phosphate buffer (pH 7.0, 21.5 °C), ref 9.
°In 10mM phosphate buffer (pH 7.0, 20°C), ref 10. 4In
0.1M phosphate buffer (pH 7.0, 20°C), ref 11. *“Human
RBC suspension, in isotonic buffer (pH 7.4, 20°C), ref 12.

the heme pocket architecture in HSA has enabled the creation
not only of an artificial O, carrier using the most abundant plas-
ma protein but may also allow engineering of various hemopro-
tein enzymes.

This work was partially supported by Grant-in-Aid for Sci-
entific Research (No. 20750142 and No. 20350058) from JSPS,
PRESTO from JST, and Health Science Research Grants from
MHLW Japan.
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Complexation of iron(II) protoporphyrin IX (Fe?*PP) into a genetically engineered heme pocket on
recombinant human serum albumin (rHSA) creates an artificial hemoprotein which can bind O,
reversibly at room temperature. Here we highlight a crucial role of a basic amino acid triad the entrance
of the heme pocket in rHSA (Arg-114, His-146, Lys-190) for O, and CO binding to the prosthetic
Fe** PP group. Replacing His-146 and/or Lys-190 with Arg resolved the structured heterogeneity of the
possible two complexing modes of the porphyrin and afforded a single O, and CO binding affinity.
Resonance Raman spectra show only one geometry of the axial His coordination to the central ferrous

ion of the Fe**PP.

Introduction

Hemin [iron(III) protoporphyrin IX (Fe**PP), Fig. 1] dissociated
from methemoglobin (metHb) is potentially toxic in the human
body, because it intercalates in phospholipid membranes and
participates in Fenton’s reaction to produce hydroxyl radicals.!
Hemopexin (Hpx, 60,000 Da), a B-glycoprotein in plasma
(< 17 uM), captures the Fe’*PP with an extraordinarily high
binding affinity (K > 10'> M™) and transports it to the liver
for catabolism.> When Hpx becomes saturated (e.g. as a result
of serious hemolytic injuries), the Fe**PP is first bound by human
serum albumin (HSA, 66,500 Da) (K = 1.1 x 105 M™),** the
most abundant plasma protein (ca. 650 uM), and then transferred

R:H FePP
CH; FePPDM

FeDMDP

Fig. 1 Chemical formula of Fe porphyrins.
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to Hpx. The biological function of the HSA-Fe**PP complex
has attracted considerable interest for many years. However,
Casella et al. reported little peroxidase or catalase activity,’ so
this naturally occurring hemoprotein may not play any significant
role in vivo. If anything, HSA may serve to keep the incorporated
hemin group physiologically silent.

Crystal structure analysis of HSA—Fe** PP revealed that Fe**PP
is bound within a deep hydrophobic slot in subdomain IB of HSA
with axial coordination to the side-chain hydroxyl of Tyr-161 and
salt bridges between the porphyrin propionates and a triad of basic
amino acid residues at the pocket entrance (Arg-114, His-146,
and Lys-190) (Fig. 2).%” While the reduced ferrous HSA-Fe** PP
is immediately autoxidized by O,,° we found that a pair of site-
specific mutations into the subdomain IB of HSA allows the
Fe?*PP to bind O,: introduction of a proximal His at the Leu-185
position and substitution of the coordinated Tyr-161 with non-
polar Leu (Y161L/L185H [rHSA1]) (Fig. 2).*>¢ Remarkably,
introduction of the proximal His at the Ile-142 position (on
the opposite side of the porphyrin ring plane) also confers O,
binding capability to the Fe**PP (I1142H/Y161L [rHSAZ2]).%»¢
These albumin O, transporters may serve as an effective red blood
cell (RBC) substitute if the O, binding affinity is sufficient for
clinical use. However, rHSA1-Fe**PP and rHSA2-Fe**PP both
show two O, binding affinities (P,,°*). The major component
(species I, 60-75%) exhibits similar P,,,°* to that of human RBC
(P,/,°* = 8 Torr), but the minor component (species II, 25-40%)
shows only a seventh to a tenth of the affinity (Table 1).° Our
explanation for this observation is that the porphyrin plane of
Fe**PP binds in the pocket in either of two alternative orientations
(180° rotational isomers) that have slightly different geometries of
axial His coordination to the central ferrous ion, only one of which
confers high affinity O, binding.® Since less than 20% of species II
of THSA2-Fe** PP (P,,°* = 134 Torr) is dioxygenated in the human
lung’s conditions (Po, = ca. 110 Torr, 37 °C), the low O, binding
affinity component cannot effectively deliver O, to the tissues and
should be excluded to develop this promising O, carrying plasma
protein as an RBC substitute. Interestingly, a similar dependence
of O, binding affinities on the orientations of the porphyrin ring
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Table1 O, and CO binding parameters of rHSA-Fe**PP in 50 mM potassium phosphate buffered solution (pH 7.0) at 22 °C

kor® (ms™) P,,% (Torr) ko (WM™'s™) ko (s™) Py, (Torr)
kon©? (UMs™!
® ) Im I II I I I II I II
rHSA1-Fe**PP° 31 0.20 21 4 41 3.7 0.35 0.012 0.077 0.0026 0.18
rHSA2-Fe**PP* 7.5 0.22 1.7 18 134 2.0 0.27 0.013 0.079 0.0053 0.24
rHSA1(H146R)-Fe** PP 43 0.37 — 6 — 5.1 — 0.013 — 0.0033 —
rHSA1(L190R)-Fe** PP 24 0.35 — 9 — 4.0 — 0.010 — 0.0031 -
rHSA1(H146R/K190R)-Fe**PP 42 0.41 — 6 — 6.1 — 0011 — 0.0022 —
rHSA2(H146R/K190R)-Fe**PP 11 0.30 - 10 o 1Y — 0012 — 00058
Mb* 14 0.012 0.51 0.51 0.019 0.030
“ Ref. 9b. ® Sperm whale Mb in 0.1 M potassium phosphate buffer (pH 7.0, 20 °C); ref. 17.
(‘% : ;_,‘{“[_“f Results and discussion
4 ) L
= i Design of the heme pocket
AR
& To bind the hemin molecule tightly, HSA exploits multiple
» b ' electrostatic interactions between three basic amino acid residues
and the hemin propionates at the wide entrance of the heme
A y; lle-142 pocket (Fig. 2). Lys-190 adopts a central position and makes salt
2> bridges to both propionic acid side chains. His-146 and Arg-114
: provide a second electrostatic coordination with each carboxylate.
= the-146 Notably, the UV-vis absorption spectrum of HSA complexed
) L g with an iron(III) protoporphyrin IX dimethylester (Fe**PPDM,
Arg-114 bl '185 Fig. 1) showed very broad Soret and Q bands, suggesting that
Leu- . . . .
Lys-190 . Fe**PPDM without peripheral carboxylic acids may not be bound
stably within subdomain IB. This suggested that modification
Position of this key basic amino acid triad involved in coordinating the
rHSA 5 e hemin propionates could be used to regulate the orientation of
the porphyrin ring plane in subdomain IB. We designed four
Wild type (WT) lie His Tyr Leu Lys new rHSA mutants based on the existing pair of double mutants
; 1'}'6 ::: Lé; tz: that contain the substitutions necessary to confer O, binding
1(H146R) Tle Arg e Lys to the Fe**PP (Y161L/L185H or 1142H/Y161L).° His-146 and
1(K190R) lle His - Fits Arg Lys-190 were replaced by more bulky and basic Arg: H146R,
1(H146R/K190R) lie Arg His Arg KI190R, and H146R/K190R mutations were combined with the
2(H146R/K190R) Arg Leu Arg

Fig. 2 Structure of the heme pocket in the rHSA(WT)-hemin complex
(PDB ID: 109X from ref. 7).® Positions of the amino acids where
site-specific mutations were introduced and abbreviations of the mutants
are shown in the table.

plane is found in insect Hb." If one could prepare a desired heme
pocket architecture to distinguish the two possible binding modes
of the asymmetric Fe**PP, it would provide new insights into the
modulation of hemoprotein chemistry.

In this paper we report for the first time a role for the basic
amino acid triad at the entrance of the heme pocket in THSA in
regulating O, and CO binding to the prosthetic Fe**PP group.
Replacing His-146 and/or Lys-190 with Arg in rHSA1-Fe**PP
and rHSA2-Fe**PP resolved the structural heterogeneity of the
porphyrin plane orientation and afforded a single high-affinity O,
and CO binding equilibrium. Moreover, the O, binding affinities
of these hemoproteins are all similar to that of RBC. Resonance
Raman (RR) spectra clearly show one geometry of the axial His
coordination to Fe**PP.

O, binding mutations (see Fig. 2 for details). We postulated that
the introduction of Arg residues would reduce the space available
at the entrance to the cavity and might thereby restrict the binding
of Fe**PP to a single conformation.

Site-specific mutations were introduced into the HSA coding
region in a plasmid vector (pHIL-D2 HSA). The proteins were
expressed in the yeast species Pichia pastoris. The rHSA-Fe* PP
complexes were prepared according to our previously reported
procedures (see Experimental).

O, and CO binding properties of rHSA-Fe**PP

The UV-vis absorption spectra of all six rHSA(mutant)-Fe** PP
were essentially identical (Fig. 3, Table S1t). They were easily
reduced to the corresponding ferrous complexes by adding a small
amount of degassed aqueous Na,S,0, under an N, atmosphere.
A single broad absorption band (A = 558-559 nm) in the visible
region signified the formation of a five-N-coordinate high-spin
complex similar to deoxy Mb" or the synthetic chelated heme in
DMF." The spectral features and amplitude did not change in the
temperature range of 5-25 °C. These observations show that the
guanidinium groups of Arg-146 or Arg-190 do not interact with

This journal is © The Royal Society of Chemistry 2009
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Fig. 3 UV-vis absorption spectral changes of rHSA1(H146R/
KI190R)-Fe**PP in 50 mM potassium phosphate buffered solution
(pH 7.0) at 22 °C.

the ferrous iron of the Fe?*PP, since the resulting formation of a
six-N-coordinate low-spin complex would have yielded sharp and
split o, B bands in the visible region® and been sensitive to rapid
oxidation by O, via an outer sphere mechanism.

Upon exposure of the rHSA-Fe?*PP solution to O, gas, the
UV-vis absorption changed to that of the dioxygenated complex
(Fig. 3).>" After exposure to flowing CO, the Fe?* PP produced a
typical carbonyl complex.

We then used laser flash photolysis spectroscopy to determine
association and dissociation rate constants (kp, ko) for O,
and CO binding to rHSA-Fe**PP* The time dependence of
the absorption change accompanying the CO recombination to
rHSA1-Fe** PP and rHSA2-Fe?* PP obeyed double-exponentials,
although the O, binding kinetics followed a single-exponential.®
The slow phase (species II) of the CO rebinding showed
7-11-fold lower k,,°° and 6-fold higher ko, than those of
the fast phase (species I) (Table 1). We interpreted this to
mean that the low O, binding affinity conformers of rHSA1-
Fe*PP and rHSA2-Fe** PP have bending strain in the proximal
His coordination.**'¢ In contrast, the rebinding kinetics of
O, and CO to rHSA1(H146R)-Fe**PP, rHSA1(K190R)-Fe* PP,
rHSA1(H146R/K190R)-Fe**PP and rHSA2(H146R/K190R)-
Fe**PP were strictly monophasic (Fig. 4). As a result, these
hemoproteins showed single O, and CO binding affinity (P,,%
and P,,,°), which were all similar to the higher affinities (speciesI)
of the original double mutants (Table 1). We can conclude that
the introduction of Arg into the entrance of the heme pocket of
rHSA1 and rHSA2 is effective at excluding the low O, binding
affinity conformer.

CO binding to rHSA-Fe** DMDP

To verify our interpretation that the replacement of H146
and/or K190 by Arg resolved the structural heterogeneity of
the two complexing modes of the Fe**PP and gave a single O,
and CO binding affinity, we examined the incorporation of a
symmetrical iron(II) 2,4-dimethyl-deuteroporphyrin (Fe?* DMDP,
Fig. 1) as an active site. The UV-vis absorption spectrum of
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Fig. 4 Absorption decay of O, and CO rebinding to rHSA1(H146R/
K190R)-Fe** PP after the laser flash photolysis at 22 °C; (a) O, and
(b) CO. Both kinetics were composed of monophasic phases. A relaxation
curve was fitted single exponential (red line).

the ferric rHSA2-Fe**DMDP showed a very similar pattern to
that of rHSA2-Fe**PP though each A, value was hypsochromic
(8-11 nm) shifted (Table S1t). The reduced ferrous form of
rHSA2-Fe**  DMDP under an N, atmosphere exhibited a slightly
broadened Soret band absorption, but the main species was
a five-N-coordinate high spin complex involving axial His-142
coordination. Upon introduction of O, gas through the solution,
rHSA2-Fe* DMDP bound O, only at 5 °C and was observed
to autoxidize at 22 °C. In general, the stability of the O, adduct
complex of a heme derivative is sensitive to the electron density at
Fe™ and thus to the substituents at the porphyrin periphery.'*
Our attempt to determine the O, binding parameters of rHSA2-
Fe** DMDP unfortunately failed. However, after introduction of
CO gas, rtHSA2-Fe? DMDP produced a stable carbonyl complex.
We again used laser flash photolysis to characterize the CO binding
properties of this hemoprotein. As expected, the absorption decay
associated with CO recombination with rHSA2-Fe** DMDP was
clearly monophasic (Fig. S1t). This result implied that the
symmetric Fe** DMDP molecule is accommodated in subdomain
IB of rHSA2 in a single orientation and there is only one
geometry of the axial His-142 coordination to the central ferrous
ion of Fe*’ DMDP. Interestingly, the CO rebinding to rHSA2-
Fe**DMDP (k,,°: 0.42 uM's!) was relatively slow compared to
that of rHSA2-Fe** PP and similar to Mb."”

RR and IR spectroscopies

The RR and infrared (IR) spectra of these artificial hemopro-
teins also supported the results described above. The stretching
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frequencies of the carbonyl complex [v(Fe-CO) and v(CO)]
provide crucial information about the Fe—trans ligand bond.?*
The high-frequency region of the RR spectra of rHSAl-
Fe**PP(CO) and rHSA1(H146R/K190R)-Fe**PP(CO) both ex-
hibited an intense peak at 1373 cm™ (A.: 413.1 nm), which
indicates a deformed pyrrole-ring breathing-like mode (v,) and
corresponds well to the value of the 6-coordinate low-spin car-
bonyl complex.?* However, while the low-frequency RR spectra
of rHSA1-Fe**PP(CO) exhibited two v(Fe-CO) bands at 493 and
525 em™, rHSA1(H146R/K190R)-Fe** PP (CO) showed only a
single v(Fe—CO) band at 493 cm™ (Fig. 5).2 Since it is known
that the weaker the Fe-trans ligand coordination, the stronger the
Fe—CO bond in the carbonyl complex,” we assigned the higher
525 cm™ band of rHSA1-Fe**PP(CO) to the low CO binding
affinity conformer. The 493 cm™ band was therefore assigned
to the high affinity conformer, in which the proximal His-185
coordinates to the Fe** PP without unfavourable strain.

525 (a)
493

Intensity
-3
—

493

11T 17T 1T P 1T 17T 1T
450 470 490 510 530 550 R

Wavenumber (cmr!)

Fig. 5 Resonance Raman spectra of (a) rHSA1-Fe**PP(CO) and
(b) rHSA1(H146R /K 190R)-Fe**PP(CO) in 50 mM potassium phosphate
buffered solution (pH 7.0) at 22 °C.

Regarding IR spectra, the v(CO) vibration appeared at
1963 cm™ for rHSA1-Fe*PP(CO) and at 1967 cm™ for
rHSA1(H146R /K 190R)-Fe**PP(CO). Spiro et al. prepared a
systematic plot of v(Fe—CO) versus v(CO) for a large number of
carbonyl heme complexes and found a single inverse correlation
when imidazole is the axial ligand.?™®* This is attributed to back
donation of Fe?* dr electrons to the CO ©* orbital. The relation-
ship between v(Fe~CO) and v(CO) for rHSA1(H146R/K190R)-
Fe**PP(CO) fits on the line for the imidazole complexes.>'> On the
other hand, the low O, binding component of rtHSA1-Fe**PP(CO)
showed a positive deviation from the line. This result again
indicates a very weak electron donation from the proximal His-185
in the low O, binding conformer.

Conclusions

We prepared rHSA-Fe*PP complexes having a single O, and
CO binding affinity by introducing Arg into the His-146 and/or
Lys-190 positions. These artificial hemoproteins have a uniform
Fe** PP orientation and His ligation (His-185 or His-142) geometry
to the central ferrous ion without inclination. The key triad of the
basic amino acid residues (Arg-114, His-146 and Lys-190) at the
entrance of the heme pocket of HSA plays an important role in
stabilizing the porphyrin molecule via salt-bridge formation and
might also discriminate the two sides of the porphyrin ring. In
mammals, His-146 is universally conserved, but Lys-190 is present
only in primate albumin. The wild-type HSA statistically accom-
modates the hemin in alternative orientations; the discrimination
of the porphyrin plane by serum albumin might be unnecessary
for the evolution process. But the engineering of an rHSA-
Fe**PP complex with a single O, binding affinity is potentially
of tremendous clinical importance for blood substitutes and
O,-transporting therapeutic reagents.

Experimental
Materials and apparatus

All materials were used as purchased without further purifica-
tion. Iron(IIT) protoporphyrin IX chloride (Fe**PP) was pur-
chased from Fluka. Iron(II) protoporphyrin IX dimethyl ester
chloride (Fe**PPDM) was synthesized from protoporphyrin IX
dimethyl ester (Sigma). Iron(IIl) 2,4-dimethyl-deuteroporphyrin
chloride (Fe*DMDP) was synthesized from 2,4-dimethyl-
deuteroporphyrin dimethyl ester (Frontier Scientific).”? UV-vis
absorption spectra were obtained on an Agilent 8453 UV-visible
spectrophotometer equipped with an Agilent 89090A temperature
control unit. Kinetic measurements for the O, and CO bindings
were carried out on a Unisoku TSP-1000WXK time-resolved
spectrophotometer with a Spectron Laser Systems SL803G-10
Q-switched Nd:YAG laser, which generated a second-harmonic
(532 nm) pulse of 6-ns duration (10 Hz). A 150 W xenon arc
lamp was used as the probe light source. The gas mixture with the
desired partial pressure of O,/CO/N, was prepared by a Kofloc
Gasblender GB-3C. Resonance Raman spectra of the carbonyl
rHSA-Fe?*PP complexes were obtained on a JASCO NRS-1000
spectrophotometer using a Kaiser Optical Holographic Notch-
Plus filter and a liquid N,-cooled CCD detector. The excitation
source was a Coherent Innova 90C Kr* laser. Infrared spectra of
the carbonyl rHSA~Fe** PP complex were obtained on a JASCO
FT/IR-4200 spectrophotometer.

Preparation of rHSA

The designed rHSAs were prepared according to our previously
reported techniques.®™ The mutations (H146R and/or K190R)
were introduced into the rHSA coding region in a plasmid
vector encoding the double mutant {[rHSA1 or rHSA2] by use of
the Stratagene QuikChange mutagenesis kit. All mutations were
confirmed by DNA sequencing. The plasmid was then digested by
NotI and introduced into yeast (Pichia pastoris GS115) by electro-
poration. The expression protocols and media formulations were
as previously described.® The expressed proteins were harvested
from the growth medium by precipitation with ammonium sulfate
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and purified by a Cibacron Blue column of Blue Sepharose 6
Fast Flow (Amersham Pharmacia Biotech). After concentration
using a Vivaspin 20 ultrafilter (10 kDa M,, cutoff), the samples
were applied to a Superdex 75 column (Amersham Pharmacia
Biotech) using 50 mM potassium phosphate as the running buffer.
The purification steps were followed by SDS-PAGE analysis.
The purified rHSA was lyophilized and stored in the freezer at
-20°C.

Preparation of rHSA-Fe** porphyrin

Typically S mL of 0.1 mM rHSA in 50 mM potassium phosphate
(pH 7.0) was mixed with 0.8 mL of 0.688 mM Fe*PP in DMSO
(Fe**PP : rHSA was molar ratio of 1:1) and incubated overnight
with rotation in the dark at room temperature. The complex was
then diluted with 50 mM potassium phosphate (ca. 15 mL) and
concentrated to the initial volume (5.8 mL) using a Vivaspin 20
ultrafilter (10 kDa M,, cutoff). These dilution and concentration
cycles were repeated to reduce the final concentration of DMSO to
ca. <0.001 vol%. The tHSA-Fe**PPDM and rHSA-Fe* DMDP
were also prepared in the same manner. The 50 mM phosphate
buffered solution (pH 7.0) of rHSA-Fe**PP ([Fe**PP]: ca. 10 uM)
in a 10 mm path length optical quartz cuvette sealed with a rubber
septum was purged with N, for 30 min. A small excess amount of
degassed aqueous sodium dithionite was added by microsyringe
to the sample under an N, atmosphere to reduce the central
ferric ion of the Fe’*PP, generating the deoxy ferrous rHSA-
Fe*PP.

Determination of O, and CO binding parameters

The O, and CO recombination with rHSA-Fe?* PP after nanosec-
ond laser flash photolysis of the dioxygenated or carbonyl complex
occurs according to eqn (1) with the association rate constant (k")
and dissociation rate constant (k.z") (where L: O, or CO).

k

L
Fe**PP-L — Y ,Fe?*PP +Lk°ﬁ“LFe“PP—L 4))
off

(Pt =KV = (kon™Tkor )]

The k,,“© was measured by following the absorption at 436 nm
for Fe**"PP(CO) or 411 nm for Fe** DMDP(CO) after laser pulse
irradiation to the carbonyl complex at 22 °C. The k,,% and O,
binding equilibrium constant [K** = (P,,,°*)')] can be determined
by a competitive rebinding technique by use of gas mixtures with
different partial pressures of O,/CO/N, at 22 °C. The relaxation
curves that accompanied the O, or CO recombination were
analyzed by single or double exponential profiles with Unisoku
Spectroscopy & Kinetics software. The k. was calculated from
ko 92/ K2, The k.;*° was measured by displacement with NO for
the carbonyl complex at 22 °C. The time course of the UV-vis
absorption change that accompanied the CO-dissociation was
fitted to single or double exponential. The CO binding constants
[K° = (P,,,°)""] were calculated from k,;°/k,,°.

Raman spectroscopy

Spectra of the carbonyl complexes of rHSA-Fe**PP ([Fe**PP]:
24 mM in 50 mM phosphate buffered solution (pH 7.0))
were collected using back-scattering geometry at an excitation

wavelength of A.,: 413.1 nm. The laser power for the samples was
1.8 mW. Each spectrum was recorded with 20 s accumulation time
at 22 °C, and ten repetitively measured spectra were averaged to
improve the signal to noise ratio. Peak frequencies were calibrated

relative to indene and CClI, as a standard and were accurate to
1cm™.

IR spectroscopy

The IR spectra of the carbonyl complexes of rHSA-Fe*PP
([Fe**PP]: 2-4 mM in 50 mM phosphate buffered solution
(pH 7.0)) were obtained in CaF, cells (JASCO, path length:
0.025 mm). The cell containing water was used for the reference.
The spectrum was accumulated 64 times to improve its signal-to-
noise ratio.
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Summary: Human serum albumin (HSA) is a versatile protein found at high concentration in blood plasma
and binds a range of insoluble endogenous and exogenous compounds. We have shown that complexation
of functional molecules into HSA creates unique proteins never seen in nature. Complexing an iron-
protoporphyrin IX into a genetically engineered heme pocket of recombinant HSA (rHSA) generates an artifi-
cial hemoprotein, which binds Oz reversibly in much the same way as hemoglobin. A pair of site-specific mu-
tations, (i) introduction of a proximal histidine at the Ile-142 position and (ii) substitution of Tyr-161 with Phe
or Leu, allows the heme to bind O,. Additional modification on the distal side of the heme pocket provides
rHSA (triple mutant)-heme complexes with a variety of O; binding affinity. Complexing a carboxy-Ceo-fulle-
rene (CF) into HSA generates a protein photosensitizer for photodynamic cancer therapy. Energy transfer oc-
curs from a photoexcited triplet-state of HSA-CF (HSA-3CF*) to Oz, forming singlet oxygen (}03). This pro-
tein does not show dark cytotoxicity, but induceds cell death under visible light irradiation.

Keywords: human serum albumin; oxygen carrier; photosensitizer; heme; site-directed mutagenesis;

fullerene; singlet oxygen; photodynamic therapy

Introduction

Human serum albumin (HSA, Mw: 66.5 kDa) is the
most prominent plasma protein in our bloodstream and
is characterized by remarkable ability to bind a great vari-
ety of hydrophobic molecules.'™ Typical endogenous
ligands for HSA are fatty acids, bilirubin, bile acids and
thyroxine.*® The protein binds a wide range of drugs.
Hemin (Fe3+ protoporphyrin IX, Fig. 1) released from
methemoglobin (metHb) during the enucleation of red
blood cells (RBCs) is also captured by HSA. Free hemin is
potentially toxic because it may catalyze hydroxyl radical
formation. In 1938, Fairely verified that serum protein
observed to bind the hemin was albumin and proposed
the name “methemalbumin”.? Muller-Eberhard and
Morgan reported the UV-vis absorption spectrum of the
HSA-hemin complex in 1975 and supposed formation of
high-spin hemoprotein with an axial coordination of ami-
no acid residue of the protein.'” The binding constant for
hemin to HSA was determined to be 1.1 X 108 M™'.!)
This strong affinity of HSA for hemin has stimulated ef-
forts to develop HSA as an artificial hemoprotein which

mimics the diverse biological reactivities of natural
hemoproteins, such as O, transport of Hb. If the HSA-
based O, carrier is realized, it has the potential of acting
not only as an RBC substitute, but also an O»-providing
therapeutic reagent. However, it has taken over 60 years
to confer the O binding capability on the HSA-hemin
complex since Fairely’s finding.

HSA is composed of three structurally similar domains
(I-11I), each containing A and B subdomains.'*'” Crystal-
lographic studies reveal that hemin is bound within a nar-
row cavity in subdomain IB with an axial coordination of
tyrosine to the central Fe’" ion and electrostatic interac-
tions between the porphyrin propionates and a triad of
basic amino acid residues (Fig. 2).'*'” In terms of the
general hydrophobicity of this a-helical pocket, the sub-
domain IB of HSA has similar features to the heme bind-
ing site of Hb or myoglobin (Mb), namely “heme pock-
et”. However, the reduced form of HSA-hemin is rapidly
oxidized by 0,.'9

It is of current interest to prepare albumin-based fake
enzymes by exploiting the ligand binding properties of
HSA.'*' Casella et al., demonstrated the HSA-hemin
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Carboxy-Cg,-fullerene (CF)

Fig. 1. Chemical formula of heme and CF

(A) HSA-hemin

Fig. 2. (A) Crystal structure of HSA-hemin complex (109X) from ref.
amino acids where site-specific mutations are introduced.
Abbreviations of triple mutants are shown in the table.

complex exhibited weak peroxidase and catalase activi-
ty.'” Gross et al. showed that HSA incorporating Fe’*
corrole or Mn** corrole is useful for enantioselective sul-
foxidation of prochiral sulfides by hydrogen peroxide (up
to 74% ee).'” Reets et al. used HSA-Cu®* phthalocyanine
as Lewis acidic catalyst for highly enantioselective Diels-
Alder reactions of azachalcones (85-98% ee).'®
Moreover, Gozin et al. prepared bovine serum albumin-
Ceo fullerene hybrid using cyclodextrin-Ceo intermedi-
ate.'” We investigated HSA incorporating synthetic Fe?*
porphyrin (FeP) “HSA-FeP” as an entirely synthetic O,
transporter.”>* A saline solution of HSA-FeP is a most
promising material for RBC substitute. In this review, we
describe very recent results on the O; carrier formed by
complexing natural Fe’* protoporphyrin IX (heme) with
genetically engineered HSA and on photosensitizer
formed by complexing carboxy-Ceofullerene (CF) with
HSA (Fig. 1).%

(B) Heme pocketin subdomain IB

Positions
142 161
Wild type bs AY - AL R
1142H/Y161F H F L R
1142H/Y161L H L L R
1142H/Y161F/L185N H F R
1142H/Y1610L/L185N H R
1142H/Y161F/L185Q H F R
1142H/Y161L/L185Q H L R
1142H/Y 161F/L185H H F R
1142H/Y161L/R186L B L &
1142H/Y161L/R186F H L L

15. (B) Heme pocket structure in subdomain IB and positions of

Recombinant HSA Mutants Complexed with
Heme (rHSA-Heme) as Oxygen Carrier

Naturally occurring HSA-hemin complex: Crys-
tal structure analysis revealed that hemin is bound within
a narrow D-shaped hydrophobic cavity in subdomain IB
of HSA where the central ferric ion is axially coordinated
by Tyr-161 and the two propionate side-chains at the por-
phyrin periphery form salt-bridges with a triad of basic
amino acid residues (Arg-114, His-146, Lys-190)
(Fig. 2)."*'> The UV-vis absorption spectrum of the
HSA-hemin solution showed a Soret band at 405 nm and
the p7t-d7r charge-transfer (CT) band at 624 nm (Fig. 3).
The dominant features of the spectrum were almost the
same as those of previously reported HSA-hemin'®'® and
HI93Y recombinant Mb [rMb(H93Y)), in which the prox-
imal His-93 was changed to tyrosine.***” Our absorption
spectral data imply that the hemin is bound to Tyr-161 of
HSA to form a ferric five-coordinate high-spin complex.
Neverthless, CT absorptions of the HSA-hemin appeared
at a higher wavelength (Amx: 624 nm) compared to
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Fig. 3. UV-vis absorption spectral changes of the HSA-heme in
50 mM potassium phosphate buffered solution (pH 7.0)

rMb(HI3Y) (Amax: 598-599 nm), which suggests that the
axial coordination of Tyr-161 to the hemin is weaker
than that of rMb(H93Y). The magnetic circular dichro-
ism (MCD) spectra also support the formation of a five-
coordinate high-spin hemin complex with weak Tyr-161
ligation in HSA-hemin.*"

Reduction of the ferric HSA-hemin by the addition of
aqueous sodium dithionite under an Ar atmosphere gave
a ferrous heme complex with a Soret band at 419 nm and
two definite Q bands at 538 and 570 nm (Fig. 3). Based
on careful inspection of UV-vis and MCD spectra, we
concluded that the ferrous HSA-heme is an unusual mix-
ture of a five-coordinate high-spin complex with Tyr-161
and a four-coordinate intermediate-spin state under an
Ar atmosphere. Smulevich et al. recently measured
resonance Raman spectroscopy of the HSA-hemin com-
plex and strongly supported our interpretation.‘”

Upon the addition of O gas through this solution, the
central ferrous ion was rapidly oxidized even at 5°C.
This is due to the fact that HSA lacks the proximal histi-
dine which enables the prosthetic heme group to bind O;
in Hb and Mb.

rHSA(double mutant}heme complexes: On the
basis of the crystal structure of the HSA-hemin complex,
we used site-directed mutagenesis to introduce a histi-
dine into the heme binding site of HSA. This should pro-
vide axial coordination to the central Fe** atom of the
heme and thereby promote O; binding. Tyr-161 was the
first candidate for site-directed mutagenesis (Fig. 2), but
our simulation results showed that the distance from
N(Y161H) to Fe(heme) would be too far (~ 4.0 A). As an
alternative, favorable positions for axial imidazole inser-
tion would be Ile-142. The N¢(I142H)-Fe distance was es-
timated to be 2.31 A. We therefore designed and pre-
pared rHSA mutants, rHSA(I142H/Y161F) and
rHSA(I1142H/Y161L) (Fig. 2) and evaluated the O; bind-

- = = Fe*
r— 22" UnderAr

———: Fe**under CO

Absorbance

350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 4. UV-vis absorption spectral changes of the rHSA(I142H/
Y161L)-heme in 50 mM potassium phosphate buffered solu-
tion (pH 7.0)

ing properties of the heme complexes.

The rHSA(double mutant)-hemin was easily reduced to
the ferrous complex under an Ar atmosphere. A single
broad Q band (Amx: 559 nm) in the visible absorption of
rHSA(1142H/Y161Frheme and rHSA(I142H/Y161L)
heme was similar to that of deoxy Mb*” or the synthetic
chelated-heme in N,N-dimethylformamide (Fig. 4),*® in-
dicating the formation of a five-N-coordinate high-spin
complex. The heme was incorporated into the artificial
heme pocket with axial His-142 coordination. Upon ex-
posure of the rHSA(I142H/Y161Fyrheme and
rHSA(1142H/Y161Lyheme solutions to O, the UV-vis
absorptions changed to that of the O; adduct complex at
22°C (Fig. 4).*® After flowing CO gas, these
hemoproteins produced very stable carbonyl complexes.
The single mutant rHSA(I142H)-heme which retains
Y161, could not bind O,. The polar phenolate residue at
the top of the porphyrin plane probably accelerates the
proton-driven oxidation of the Fe’* center.

To evaluate the kinetics of O; and CO binding to
rHSA(double mutant)-heme, laser flash photolysis experi-
ments were carried out.*""***3% It is noteworthy that the
absorbance decay accompanying CO recombination to
rHSA(I142H/Y161Fyheme and rHSA(I142H/Y161L)
heme was composed of double-exponential profiles nor-
mally not seen in Mb. The rebinding of O: to the
hemoproteins followed simple monophasic decay. Based
on numbers from investigation on synthetic Fe?* porphy-
rin models, it has been shown that a bending strain in the
proximal histidine coordination to the central Fe?* atom,
“proximal-side steric effect”, increases the dissociation
rate and decreases the association rate for CO, whereas it
increases the O dissociation rate without changing the
kinetics of O association.***® Our interpretation was
that there may be two different geometries for axial
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His-142 coordination to the central Fe?* of the heme
(species I and II), each one accounting for a component
of biphasic kinetics of CO rebinding. The heme molecule
appears to bind to subdomain IB in two orientation
(1800 rotational isomers), giving two different geomet-
ries for axial His-142 coordination.

The association and dissociation rate constants for O,
or CO (ko™ ket™, Eon"°, k™) and binding affinities for
O; or CO [P%=(K*)7", Pii°=(K®)""] for the
rHSA(mutant)-heme complexes (eq. 1) are summarized
in Table 1 and 2.

konL
rHSA-heme + L]:_—‘L’ rHSA-heme-L (1)
off
(L=0z or CO)

Pi% of rHSA(I142H/Y161F)-heme and rHSA(1142H/

Table 1. 0, binding parameters of rHSA(mutant)-heme com-
plexes in 50 mM potassium phosphate buffered solution (pH
7.0) at 22°C°

kO kg™ (ms™Y) P> (Tomr)
Hemoproteins @MY : 1 . 1
rHSA(1142H/Y161F)Heme 20 010 099 3 31
rHSA(1142H/Y161L)Heme 7.5 022 170 18 134
rHSA(I142H/Y161F/L185N)yHeme 26 010 103 2 24
rHSA(1142H/Y161/L185N)}Heme 14 002 029 1 14
rHSA(1142H/Y161L/R 186L)-Heme 25 041 859 10 209
rHSA(1142H/Y161L/R 186F)Heme 21 029 701 9 203
Hba (R-state)’ 33 0.013 0.24
Mb* 14 0.012 0.51
RBC 8

‘Number I or Il indicates species I or I1.***?. "Human Hb a-subunit. ‘In 0.1 M
phosphate buffer (pH 7.0, 21.5°C)."" ¢ In 10 mM phosphate buffer (pH 7.0,
20°C).*” ‘Sperm whale Mb. In 0.1 M potassium phosphate buffer (pH 7.0,
20°C).**"Human red cell suspension. In isotonic buffer (pH 7.4, 20°C)*™

Y161L)heme were determined to be 3-18 and 31-134
Torr for species I (the first phase) and species II (the se-
cond phase), respectively. Even the O; binding affinity of
species I was 6-75-fold lower than that of native Hbo (R-
state) and Mb.*'**) This low affinity for O was kinetically
due to an 8-180old increase in k.

In Hb and Mb, the distal His-64 stabilizes bound O,
due to the hydrogen bonding. Rohlfs et al. showed that
replacement of His-64 in rMb with nonpolar amino acid
residues (Leu or Phe) results in loss of hydrogen bonding
and increases ko™ (342-833-fold higher than Mb).*» In
rHSA(double mutant)-heme, dioxygenated heme is bu-
ried in the core of the hydrophobic cavity without any
counterpart for the hydrogen bond; thus the even small
k™ for species I are greater than those of Hba and Mb.
In species II, the proximal-side steric effect further en-
hanced the dissociation rates and caused large decline in
O: binding affinity.

We compared O; and CO binding properties of the
rHSA(I142H/Y161F heme and rHSA(I142H/Y161L)
heme and found an interesting distal-side steric effect on
ligand binding.*” The rHSA(I142H/Y161F)-heme com-
plex binds O: and CO about 4-6 times more strongly
than rHSA(I142H/Y 161L)heme, because of high associa-
tion rate constants. This affect appears due to the con-
certed steric effects of the residues at positions 161 and
185. In the rHSA(I142H/Y161Fyheme complex, the
bulky benzyl side-chain of Phe-161 (137 A®) may prevent
rotation of neighboring Leu-185, thereby providing easy
access of O to the heme (Fig. 5A). In contrast, substitu-
tion of Phe-161 by the smaller Leu-161 (102 A%) may al-
low free rotation of the isopropyl group of Leu-185,
which reduces the volume of the distal side (Fig. 5B)and
hinders association of O; and CO with heme.

rHSA(triple mutant)heme complexes with a dis-
tal base: HSA(I142H/Y161F)-heme and HSA(I142H/
Y161L)heme bind and release O, but their O, binding
affinity is one order of magnitude lower than that of Hbo:

Table 2. CO binding parameters of rHSA(mutant)-heme complexes in 50 mM potassium phosphate buffered solution (pH 7.0) at

22°¢C°
e ) ka 67 Pz (Torr)
Hemoproteins
I i I ) 1 1

rHSA(I142H/Y161FyHeme 6.8 0.72 0.009 0.061 0.0011 0.068
rHSA(1142H/Y161L)-Heme 2.0 0.27 0.013 0.079 0.0053 0.240
rHSA(1142H/Y161F/L185N)Heme 7.7 1.09 0.008 0.043 0.0008 0.032
rHSA(1142H/Y161L/L185N)}Heme 6.8 1.60 0.008 0.039 0.0010 0.020
rHSA(I142H/Y161L/R 1 86L)-Heme 5.0 0.57 0.011 0.165 0.0018 0.234
rHSA(1142H/Y161L/R186F)Heme 7.9 112 0.010 0.148 0.0010 0.107
Hba (R-state)’ 46 0.009° 0.0016°

MY 0.51 0.019 0.030

‘Number I or Il indicates species I or I.*** "Human Hb a-subunit. ‘In 50 mM potassium phosphate buffer (pH 7.0, 20°C).*” “mn 0.1 M phosphate buffer (pH 7.0,
20°C).*" “Calculated from (k,, /kgq™") ' %Sperm whale Mb. ‘In 0.1 M potassium phosphate buffer (pH 7.0, 20°C)*?



