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ABSTRACT

Various chemical modifications of hemoglobin (Hb) including PEGylation have been
investigated to produce red blood cell substitutes. Some of those modifications are designed on
the premise that the a3 tetrameric structure of Hb is fundamentally stable and that it rarely
dissociates into two o3 dimers in a physiological condition. However, in the present work using
the “clipping” method we detected and quantitatively analyzed the considerable degree of
exchange reaction of aff subunits between f93Cys-bis-PEGylated and native Hbs through
dissociation into o dimers and restructuring to o232 tetramer in a physiological condition. The
equilibrium constant (Keq) of subunit exchange reactions increased from 0.82 to 2.86 with
increasing molecular weight of PEG from 2 to 40 kDa, indicating that longer PEG chains
enhanced such exchange reaction. The results suggest that the exchange might occur for other

modified Hbs even at a practically high concentration for use as a red blood cell substitute.

KEYWORDS: blood substitutes, artificial oxygen carriers, hemoglobin-based oxygen carriers,
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1. INTRODUCTION

Hemoglobin (Hb) based oxygen carriers (HBOCs) have been investigated as red blood
cell substitutes to overcome transfusion-related problems such as the possibility of infectious
disease, blood type mismatching, immunological responses, and shortage.!> HBOCs are
classified mainly into two categories: cellular and acellular. The former are produced by
encapsulation of a native Hb solution in synthetic polymer membranes®* or in liposomes>® to
shield the toxicity of Hb molecules. The latter are produced by chemical modification of native
Hb to prevent subunit dissociation or to enlarge the molecular size by dimerization,’
polymerization,®’ conjugation with gel particles,'” and conjugation with non-immunogenic
compounds for covering the Hb surface.!!"!* Polyethylene glycol (PEG) conjugation
(PEGylation) of Hb is a standard method for lowering the antigenicity and for extending the
circulation time of isolated Hbs.!?"!* Site-selective PEGylation is achieved by maleimide-
terminated PEG (mal-PEG), which is known to bind to human Hb through the residue of B93Cys
to produce bis-PEGylated Hb (bis-PEG-Hb).!3 Multiple PEGylation of Hb can be achieved by
combination use of 2-iminothiolane and mal-PEG.'*!* Several acellular HBOCs have come into
the stage of clinical trials.!®!” Nevertheless, some of them retain side effects®® such as
vasoconstriction, hypertension, and oxidation stress, which are ascribed to the extravasation of

small Hb molecules through the endothelial layer.?!2*

One Hb molecule consists of an a2 tetramer, with dissociation equilibrium to two a3
dimers. The dissociation constant of the tetramer to the dimers (Kq) is reportedly of micromolar
order.?® The tetrameric structure of native Hb is regarded as extremely stable, and dissociation is

expected to occur rarely in a physiological condition. The K4 values were also reported for



multiple PEGylated Hbs. The o232 structure showed almost equal stability to that of native Hb
up to hexa-PEGylation.?¢ However, the stability of the o232 tetramer of native and PEGylated
Hbs decreases in highly acidic and basic conditions,?” or in a diluted and an aerobic condition.?®
A question arises of whether a PEGylated Hb in the presence of native Hb shows subunit
exchange reactions through dissociation and association of the owf3> tetramers, even at

physiological pH and high Hb concentrations.

In this work, we detected the exchange of aff subunits between PEGylated and native
Hbs. Mal-PEG (Scheme 1) was reacted with native Hb at different molar ratios to produce a
mixture of native Hb, mono-PEGylated Hb (mono-PEG-Hb), and bis-PEGylated Hb (bis-PEG-
Hb). To analyze the distribution of o3> tetrameric structures, we clipped the af3 dimers together
to fix the azf32 tetramer structures by reacting bis-(3,5-dibromosalicyl)fumarate (DBBF)
(Scheme 2A). A native Hb (-R! = —R? = —H) in a relaxed state is known to be crosslinked
between two B82Lys by a fumarate framework to obtain Bp-crosslinked Hb (XLHb).>*
However, no reaction between PEGylated Hbs and DBBF has been reported. As described in the
present report, PEGylated Hbs (—R! and/or —R? = 12 kDa PEG) were crosslinked in the same
manner as native Hb. Moreover, mal-PEGs with different molecular weight (Mw: 2—40 kDa)
were reacted to native Hb, respectively, to produce bis-PEG-Hb. The purified bis-PEG-Hb was
mixed with native Hb. Then DBBF was added to clip tetrameric structures (Scheme 2B). We
examined the generation of mono-PEGylated XLHb using size exclusion chromatography (SEC)
and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). It constitutes
strong evidence of exchange of oy subunits between bis-PEG-Hb and native Hb. We strove to
ascertain the kinetic parameters for the exchange equilibrium based on the ratios of clipped

components.
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Scheme 1. Chemical structures of maleimide-terminated polyethylene glycols (mal-PEGs).

Number averaged Mw (M,) of mal-PEGs were, respectively, 2, 5, 12, 20, 30, and 40 kDa.
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Scheme 2. (A) Intramolecular B-crosslinking (XL) of native and PEGylated Hbs by DBBF.
The X-ray crystal structure of BBXLHD is shown particularly addressing the binding site for mal-
PEG (PDB ID:1B1)).*° Using DBBF, PEGylated Hbs are crosslinked by fumarate through two
82Lys in the same manner as that of the native Hb. (B) Exchange of a3 subunits between bis-
PEGylated and native Hbs, and subsequent crosslinking using DBBF. Mono-PEGylated XLHb

was produced as a result of the subunit exchange.



2. MATERIALS AND METHODS

2.1. Preparation of native and Bf-crosslinked Hbs

Human Hb was purified from red blood cells provided by the Japanese Red Cross Society,
as reported previously in the literature.’!*> Highly purified human carbonyl Hb (native Hb)
solution was obtained through pasteurization and nanofiltration. Intramolecularly Bf-crosslinked
Hb (XLHb) was prepared according to the method reported by White et al.** with some
modifications. To a 500 mL of native Hb solution (0.42 mM, 2.7 g/dL, 0.21 mmol) in phosphate
buffered saline (PBS, pH 7.4) was added 1.6 molar equivalents of powdered bis-(3,5-
dibromosalicyl)fumarate (Scheme 2A, DBBF, 225 mg, 0.335 mmol; Abcam plc., Cambridge,
UK). They were then stirred at room temperature under a CO atmosphere for 2 h. The reaction
mixture was cooled immediately in an ice bath and dialyzed continuously with PBS (pH 7.4).
Then the mixture was concentrated by ultrafiltration using a labscale tangential flow filtration
system (Merck Millipore, Merck KGaA, US) equipped with a cassette (Pellicon® XL, Biomax® 8
kDa, 50 cm? filtration area; Merck Millipore). After the effluent volume reached 1.5 L, the

XLHDb solution was concentrated to 57.5 mL of 23.1 g/dL. XLHb solution (yield, 98.3%).

2.2. Reaction of native Hb and XLHb with 12 kDa mal-PEG

XLHb or native Hb (0.50 mM, 3.2 g/dL, 0.50 mL) in PBS (pH 7.4) was reacted with 12
kDa mal-PEG (Scheme 1, M, 12077, Mw/M, = 1.02; NOF Co. Ltd., Tokyo, Japan) at room
temperature. Molar ratios of mal-PEG to Hb or XLHb were adjusted to 0.5, 1, 2, 3, 4, or 5. The

reaction mixture was diluted by PBS to 0.050 mM (0.32 g/dL) for SEC and SDS-PAGE analyses.



2.3. Intramolecular Bf-crosslinking for clipping PEGylated and native Hbs in an equilibrated

State

To each reaction mixture of native Hb and 12 kDa mal-PEG ([Hb] = 0.50 mM, 3.2 g/dL,
0.10 mL) described above, two molar equivalents of DBBF was added as a suspension (67.2 pg

in 0.10 mL PBS). Then, it was stirred for 2 h at room temperature. The resulting solution ([Hb] =

0.25 mM, 1.6 g/dL, 0.20 mL) was diluted further by PBS to 0.050 mM (0.32 g/dL) for analyses.

2.4. Synthesis of bis-PEGylated Hbs with using various Mw of mal-PEG

Bis-PEGylation of native Hb was conducted following the method reported by Manjula et
al.!? with some modifications. Native Hb was reacted with three-fold molar excess mal-PEG
(Scheme 1; 2, 5, 12, 20, 30, or 40 kDa mal-PEG; M, were, respectively 2278, 5255, 12077,
20137, 29858, or 40869; NOF Co. Ltd.). The initial concentrations of native Hb were 4.0 mM
(26 g/dL) for 2 and 5 kDa PEGylation, 1.0 mM (6.5 g/dL) for 12 and 20 kDa PEGylation, and
0.50 mM (3.2 g/dL) for 30 and 40 kDa PEGylation, respectively, in PBS (pH 7.4). Each reaction
mixture was stirred overnight at 4 °C under CO atmosphere. Then, bis-PEGylated Hb was
purified three times by salting out using 3 M ammonium sulfate (ionic strength 9 M) to remove
unreacted Hb and excess mal-PEG. Each precipitate was dissolved again in PBS. Then the
solution was dialyzed overnight using a Dialysis Membrane (Size 27, Wako Chemicals USA,

Inc., US), against 400 mL saline at 7 °C. After saline was replaced with another 400 mL PBS, it



was dialyzed again for 4 h. After dialysis, bis-PEG-Hb solution was collected. The yields were

34.1-65.3%, depending on the Mw of PEG.

2.5. Exchange of off subunits between bis-PE Gylated and native Hbs, with subsequent

crosslinking in an equilibrated state

Each purified bis-PEG-Hb was mixed with native Hb in PBS (pH 7.4), and stirred for
30—120 min. The concentration of bis-PEG-Hb was fixed to 0.20 mM (1.3 g/dL), and that of
native Hb was 0.20, 0.16, 0.12, 0.10, 0.08, 0.04, 0.02, and 0.01 mM (1.29-0.06 g/dL). Then, two
molar equivalents of DBBF to total Hb was reacted. After crosslinking reaction was completed,
each resulting solution was diluted four times by PBS for analyses. For comparison, each bis-

PEG-Hb was reacted with DBBF to obtain bis-PEG-XLHb.

2.6. Size exclusion chromatography (SEC)

SEC was conducted at room temperature using a high-performance liquid
chromatography system (HPLC, Chromaster®; Hitachi High-Technologies Corp., Tokyo, Japan)
equipped with an SEC column (Shodex Protein KW-804; Showa Denko K.K., Tokyo, Japan) for
12, 20, 30, and 40 kDa PEGylation, and with a different SEC column (Shodex Protein KW-
802.5; Showa Denko K.K.) for 2 and 5 kDa PEGylation. Effluent was monitored using a diode
array detector (5430 Diode Array Detector; Hitachi High-Technologies Corp.) with absorbance

at 419 nm, which corresponds to the Amax of Soret band of carbonyl Hb. A modified Hb solution

of 0.050 mM (0.32 g/dL) was filtered through a syringe-driven filter unit (Millex® 0.22 um



PVDF filter; Merck Millipore). Twenty puL of analyte was injected into the SEC column through

a sampler. PBS (pH 7.4) was used as an eluent with a flow rate of 1.0 mL/min.

2.7. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Tris(hydroxymethyl)aminomethane (Tris), sucrose, SDS, 2-mercaptoethanol, and
bromophenol blue used to prepare Hb solutions for electrophoresis were purchased from Wako
Pure Chemical Industries Ltd. (Osaka, Japan). A modified Hb solution (0.050 mM, 0.32 g/dL)
was mixed with a half volume of a denaturing buffer’* (0.19 M Tris-HCI pH 6.8, 6.0% (W/v)
SDS, 15% (v/v) 2-mercaptoethanol, 30% (w/v) sucrose, and 0.006% (w/v) bromophenol blue)
and was incubated at 80 °C for 15 min. Electrophoresis was conducted on a 13% polyacrylamide
gel using a mini-slab electrophoresis system (NA-1010; Nihon Eido Corp., Tokyo, Japan). A kit
(Amersham Low Mw Calibration Kit for SDS Electrophoresis; GE Healthcare UK Limited,
Buckinghamshire, UK) was used for Mw markers. The gel was stained with Coomassie brilliant
blue (Quick CBB; Wako Pure Chemical Industries Ltd.). The stained gel image was obtained by

transmission scanning (GT-X970; Seiko Epson Corp., Nagano, Japan).



3. RESULTS

3.1. SEC profiles of 12 kDa PEGylation and subsequent crosslinking of native Hb comparing

with PEGylated XLHb

XLHb and native Hb were reacted with 12 kDa mal-PEG at different mixing molar ratios
of mal-PEGs to Hb of 0.5-5. Chromatograms of the reaction mixtures of XLHb and mal-PEG
with molar ratios of 0.5, 1, 2, and 4 are presented in Figure 1A. Those of native Hb and mal-
PEG are presented in Figure 1B. For PEGylation of XLHb, two products with retention times
(RT) of 10.42 and 9.69 min were observed in sequence, indicating step-by-step PEGylation. First,
one of the two thiol groups of two B93Cys residues in one Hb was conjugated to mal-PEG
(mono-PEG-XLHD). Subsequently, the other residue was conjugated to produce bis-PEG-XLHb.
In contrast to XLHb, PEGylation of native Hb showed a single broad peak (Figure 1B). RT of
PEGylated Hb shifted from 10.61 to 9.97 min with the increasing molar ratio of mal-PEG. It was
longer than that of bis-PEG-XLHb (9.69 min). These results imply that the reaction mixture
includes mono-PEG-Hb and bis-PEG-Hb, and that their of3> tetramers dissociate and restructure

along with mutual exchange of their subunits (Scheme 3).

We terminated this exchange reaction between mono-PEG-Hb, bis-PEG-Hb, and native
Hb using DBBF (Scheme 2A). Chromatograms obtained after the DBBF addition toward the
reaction mixture of Hb and 12 kDa mal-PEG are presented in Figure 1C. The single and broad
peaks, ascribed to the mixture of PEGylated Hbs (Figure 1B), split into two individual peaks
(Figure 1C) with RTs identical to those of mono-PEG-XLHb and bis-PEG-XLHb (Figure 1A),
indicating that the crosslinked PEG-Hbs were identical to PEGylated XLHbs. Molar ratios of the

components calculated from the relative peak areas of SEC before and after adding DBBF are
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presented in Table 1. For all mixing ratios of mal-PEG to Hb, the molar ratio of native Hb before
adding DBBEF is larger than that of XLHb after adding DBBF, indicating that the molar ratio of

native Hb increases during SEC.

XLHb + mal-PEG native Hb + mal-PEG (B) + DBBF
XLHb ,. 1163 Hb - XLHb _
- L PEGyi -H, ! A 11.62
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Figure 1. SEC profiles of (A) the reaction mixtures of XLHb and 12 kDa mal-PEG, (B) the
reaction mixtures of native Hb and mal-PEG, and (C) crosslinked native and PEGylated Hbs
obtained after DBBF addition to the reaction mixtures of Hb and mal-PEG. The molar ratio of
mal-PEG to Hb was fixed from 0.5 to 4.
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Scheme 3. Schematic illustration of the exchange equilibrium between bis-PEG-Hb, native Hb,

and mono-PEG-Hb by dissociation to aff dimers and restructuring of the o3> tetramer.

Table 1. Molar ratios of respective components calculated from the relative peak areas of SEC

before and after addition of DBBF (Figure 1B and Figure 1C) to the reaction mixture of Hb and

12 kDa mal-PEG at different mixing ratios

molar ratio

molar ratio (%)

of mal-PEG  before adding DBBF after adding DBBF
to Hb
Hb PEG-Hbs* XLHb  mono-PEG-XLHb bis-PEG-XLHb
0.5 86.4 13.6 81.1 18.9 0.0
1 64.8 352 50.9 41.2 7.9
2 27.6 72.4 15.1 41.9 43.0
3 14.2 85.9 6.9 28.4 64.7
4 8.2 91.8 4.9 25.1 70.3
5 7.6 924 3.5 22.7 73.9

#mixture of mono- and bis-PEGylated Hbs
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3.2. Confirmation of clipping modality for PEGylated Hbs by SDS-PAGE

Band patterns of SDS-PAGE for the reaction mixtures of XLHb and 12 kDa mal-PEG
with molar ratios of 0.5, 1, 2, 3, 4, and 5 are presented in Figure 2A. Those of native Hb and
mal-PEG are presented in Figure 2B. For PEGylation of XLHb, the crosslinked 3 subunits (B-f3,
band a) were initially single-PEGylated to generate 3-B-PEG (band b). The intensity of band b
then decreased concomitantly with increasing molar ratio of mal-PEG. Alternatively, the band of
bis-PEGylated - subunits (band ¢, (B-PEG).) appeared with the double-PEGylation. This
profile is consistent with that of SEC (Figure 1A), indicating step-by-step PEGylation of XLHb.
In the case of PEGylation of native Hb, 3 subunits were PEGylated to generate B-PEG subunits
(band d, Figure 2B). The band patterns of Figure 2B changed by adding DBBF, as shown in
Figure 2C. The band of B-PEG almost disappeared. The bands of B-B-PEG (band b) and (B-

PEG): (band ¢) appeared. The band patterns of Figure 2C are identical to those of Figure 2A.
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Figure 2. SDS-PAGESs of (A) the reaction mixtures of XLHb and 12 kDa mal-PEG, (B) the
reaction mixtures of native Hb and mal-PEG, and (C) crosslinked native and PEGylated Hbs
obtained after DBBF addition to the reaction mixtures of Hb and mal-PEG. The molar ratio of
mal-PEG to Hb was fixed from 0.5 to 5. Bands are assigned as follows: band a, B-3 subunit of
XLHb; band b, B-B-PEG; band ¢, (B-PEG); band d, B-PEG.

3.3. Subunit exchange reaction confirmed by SDS-PAGE

Mal-PEGs with different Mw of 2—40 kDa were reacted to native Hb. The bis-PEGylated
Hbs were purified by removing excess mal-PEG and unreacted native Hb. Each purified bis-
PEG-Hbs was mixed with equimolar native Hb. Then DBBF was reacted to clip the tetrameric
structures (Scheme 2B). After clipping, the products were analyzed using SDS-PAGE and were
compared with purified bis-PEG-Hb and clipped bis-PEG-Hb (Figure 3). For all cases using
different Mw of PEG, lanes I are purified bis-PEG-Hbs. Bands d observed in lanes I correspond

to the PEGylated -subunits (B-PEG). By adding DBBF to purified bis-PEG-Hb (lanes II), the [3-
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PEG subunits were crosslinked intramolecularly. Bands ¢ ascribed to (B-PEG); appeared as main
bands. When DBBF was added to the equimolar mixture of bis-PEG-Hb and native Hb (lanes
IIT), not only bis-PEGylated B-f3 subunits (bands c), but also mono-PEGylated ones (bands b, 3-
B-PEG) were observed. Bands a observed in lanes III are ascribed to 3-f subunits of

unexchanged XLHb.

{kDa) c
66 ¢ b d

45 b

30 s
201 d

144 b

@ -
T He 1 I mr 1 I m 1 Im m 1 Im m 1 Im Im 1 I I
Marker 2 kDa 5 kDa 12 kDa 20 kDa 30 kDa 40 kDa

Figure 3. SDS-PAGE of PEGylated native and XLHbs: Lanes I, purified bis-PEG-Hb; Lanes II,
after adding DBBF to the bis-PEG-Hb; Lanes III, after adding DBBF to the equimolar mixture of
bis-PEG-Hb and native Hb. The Mw described below (2—40 kDa) are those of mal-PEG used for
synthesis of bis-PEG-Hb. Band assignments are the same as those of Figure 2.

3.4. Numerical analysis of exchange reactions for different Mw of PEG

Sequential reactions of exchanging and crosslinking were also monitored by SEC. The
chromatograms of 12 kDa bis-PEGylated Hb before and after mixing equimolar native Hb are

presented in Figure 4A. RT of bis-PEG-Hb shifted slightly from 9.83 to 9.87 min. However, the
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peak area of PEGylated Hb did not increase to a considerable degree. The chromatogram after
addition of DBBF to the mixture is presented in Figure 4B. The peak of PEGylated Hb split into
two individual peaks of mono- and bis-PEG-XLHb by clipping tetrameric structures. The
appearance of mono-PEG-XLHb in Figure 4B supports the SDS-PAGE results (Figure 3). The
relative amount of native Hb was 42.9%, and it decreased to 21.5% by clipping of the o232
tetrameric structure. That of alternatively appeared mono-PEG-XLHb was 41.0% (Figure 4B).
The ratios after the addition of DBBF are regarded as reflecting the compositions at the

equilibrated state in the solution.

A Hb
bis-PEG-Hb 11.66
42.9%
983 g 87
57.1%

bis-PEG-Hb
+Hb (1eq.)
I L] T L] L] I T T L] L] I L] T T L} I T T L} L} I L} L] T T I

8 9 10 11 12 13
Retention time (min)

B mono-PEG-XLHb
10.36
_ 41.0%
bis-PEG-XLHb XLHb
9.61 11.64

37.5%

8 9 10 1 12 13
Retention time (min)

Figure 4. SEC profiles of (A) 12 kDa bis-PEGylated Hb before and after mixing equimolar of
native Hb, and (B) crosslinked products after the addition of DBBF toward the equimolar
mixture of 12 kDa bis-PEGylated and native Hbs.
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Chromatograms after DBBF addition to the equimolar mixture of native Hb and each
purified bis-PEG-Hb with different Mw are presented in Figure 5. Generation of mono-PEG-
XLHb (marked with a red dot) was observed for all cases. The molar ratios of bis-PEG-XLHb,
mono-PEG-XLHb, and XLHbD are presented in Table 2. The ratio of mono-PEG-XLHb

increased from 31.9 to 44.4% with the increase of PEG Mw.

mono-PEG-XLHb
bis-PEG-XLHb

PEG Mw °
40 kDa
.

L e e e LI I o i o e e LA
8 9 10 1 12 13

Retention time (min)

[
-

- a
L]
5 kDa
L
° Ld
[Trr T r [T
8 7 8 9 10

Retention time {(min)

Figure 5. SEC profiles of bis-PEG-XLHb, mono-PEG-XLHb, and XLHD obtained by the
addition of DBBF to the equimolar mixture of native Hb and bis-PEG-Hb with different Mw of
PEG (240 kDa).
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Table 2. Molar ratios of XLLHb, mono-PEG-XLHb, and bis-PEG-XLHb calculated from the
relative peak areas of SEC for different Mw of PEG (Figure 5). Equilibrium constants (Keq) were

obtained from the molar ratios using Eq. (2).

molar ratio (%)
PEG Mw

(kDa) XLHb mono-PEG-XLHb bis-PEG-XLHb Keq
(crosslinked o, ;)  (crosslinked a,38*)  (crosslinked o, 33)
2.3 30.8 31.9 373 0.89
53 24.5 322 433 0.98
12.1 21.5 41.0 37.5 2.09
20.1 24.2 40.2 35.6 1.88
29.9 19.4 43.7 36.9 2.67
40.9 20.8 44.4 34.8 2.72

3.5. Kinetic analysis of exchanging equilibrium

The exchange equilibrium between the PEGylated and native Hbs, as shown in Scheme 3,
can be expressed as Eq. (1) using tetrameric structures consisting of a, B, and PEGylated 3 (B*)

subunits. The equilibrium constant Keq for Eq. (1) is defined as Eq. (2).
0z B5 + azB == 2 BB (1)

[a2BB]?

" leafilloaf]

The ratios of crosslinked tetramers of XLLHb, mono-PEG-XLHDb, and bis-PEG-XLHD observed

in Figure 5 reflect those of corresponding native Hb (a,[3,), mono-PEG-Hb (a,[38*), and bis-

18



PEG-Hb (o, [33) in the equilibrated state just before clipping with DBBF. The K.q values for
different Mw of PEGs are determined from the molar ratios of crosslinked tetramers observed in
Figure 5 and inserting them to Eq. (2) (Table 2). To confirm the accuracy of the K¢q values, the
squared molar concentration of mono-PEG-Hb was plotted against the product of those of bis-
PEG-Hb and Hb at various mixing ratios for each Mw of PEG (Figure 6). The plots showed a
linear relationship, indicating the validity of the subunit exchange mechanism as Eq (1). The Keq
values were determined from the slopes for different Mw of PEGs as shown in the Figure, which
are nearly identical to those in Table 2. The K¢q value tends to increase from 0.82 to 2.86 with

increasing Mw of PEG.

400
40 kDa (2.86)

[0z BB*]? = K, [z B3 1[0z B 30 kDa (2.67)

[0
o
o

12 kDa (2.09)

N
o
o

[z BB™]* (10710 M2)

100

0 50 100 150 200
[o2 B3] a2 B2] (10770 M)

Figure 6. Relationship between the squared molar concentration of mono-PEG-Hb (o, 38*) and
the product of the concentrations of bis-PEG-Hb (o, 35) and native Hb (a;[3;) in the equilibrated
state, according to the inset equation which is converted from Eq. (2). The initial concentration
of each bis-PEG-Hb was fixed to 0.20 mM, and that of native Hb was from 0.01 to 0.20 mM. The
lines are obtained by least square fitting. For all the lines the correlation coefficient (r?) was higher than
0.97. The Keq values, which are obtained as the slopes, are shown in the parentheses beside the

Mw of PEG.
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4. DISCUSSION

The most important finding of this study is that the subunit exchange between bis-PEG-
Hb and native Hb is detected as generation of mono-PEG-XLHb merely by mixing them and
subsequently crosslinking them. The crosslinking clips the o232 tetrameric structures of Hb
derivatives and enables the direct analysis of actual ratios of mono-PEG-Hb, bis-PEG-Hb, and
native Hb in a physiological condition. Using this method, the equilibrium constants Keq of
subunit exchange between bis-PEG-Hb and native Hb are determined for different Mw of PEG.

Results reveal that the longer PEG chain enhances the subunit exchange.

PEGylation of XLHb progressed by a step-by-step process (Figures 1A and 2A). The
PEGylated native Hb is observed as a single broad peak in SEC (Figure 1B). Their RTs are
longer than that of bis-PEG-XLHb. Moreover, it shifts with increased mixing ratio of mal-PEG,
indicating mutual exchange of o subunits through the dissociation equilibrium of the o232
tetramers. Then, we tried to “clip” the o2p32 structures of native and PEGylated Hbs by
crosslinking using DBBF (Scheme 2A). Native Hb in a relaxed state is known to be crosslinked
between two B subunits. ** However, no report has described a study of crosslinking of
PEGylated Hbs. By the addition of DBBF to the reaction mixture of native Hb and mal-PEG,
mono- and bis-PEGylated Hbs were crosslinked intramolecularly to obtain products that are
identical to those of the direct PEGylation of XLHb (Figures 1C and 2C). These results indicate
that Bp-crosslinking of mono- and bis-PEGylated Hbs progresses in the same manner as that of
native Hb does. The exchange reaction of af subunits between purified bis-PEG-Hb and native
Hb was examined directly (Scheme 2B). When equimolar native Hb was added to bis-PEG-Hb,

they were observed individually without a marked peak shift or peak area change in SEC
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(Figure 4A). However, after reacting with DBBF, mono-PEG-XLHb, produced by subunit
exchange, is detected clearly (Figures 3 and 4B), which is strong evidence of exchanging a3

dimers between bis-PEG-Hb and native Hb.

Such exchange progresses through the dissociation to the oy dimers (Scheme 3).
Reportedly, o232 structures of native and PEGylated Hbs dissociate in some extreme conditions.
For example, the native oxy Hb (0.1 mM) maintains a tetrameric structure between pH 7.1 and
7.4 in a phosphate buffer.?’ It dissociates in the presence of 0.5-1.0 M MgCl,.*>*¢ Generally,
native Hb maintains tetrameric structures over the concentration of 0.1 mM at pH 7.4 37 and
dissociates at lower concentrations such as 5 uM.* Reportedly, PEGylation promotes
dissociation of the a2, tetramer.?®?%3 An earlier study demonstrated that the dissociation
constants of o3> tetramer into dimers (Kq) are 8.5 uM for native Hb, 10.5 uM for 5 kDa bis-
PEGylated Hb, and 43.2 uM for 5 kDa multiple-PEGylated Hb with 6 PEG chains in the average
(hexa-PEGylated-Hb),?® although it was not described how the Kq values were measured. The
tetrameric structure of hexa-PEGylated Hb is stable at a higher concentration of 800 uM in both
anaerobic and aerobic conditions at pH 7. However, it dissociates in an aerobic condition at a
lower concentration of 8 uM?®. By contrast, another group reported that hexa-PEGylated Hb
dissociates into dimers even at 1 mM in PBS (pH 7.4).%® The concentration at which tetrameric

structures dissociates varies with conditions. It has not been ascertained for PEGylated Hbs.

In this work, pH was always adjusted to 7.4 in PBS. The pH and salt concentration are
close to physiological conditions. Therefore, the tetrameric structure is expected to be favored.
Based on the reported dissociation constant of native carbonyl Hb (K4 = 1.05 uM),*” the

tetrameric structure is expected to be maintained as greater than 99% at 0.10 mM and as no less
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than 90% at 0.050 mM at pH 7.4. The Hb concentrations for PEGylation and for subsequent
clipping were 0.50 and 0.25 mM. That for clipping after subunit exchange between bis-PEG-Hb
and native Hb were 0.40 mM. By contrast, SEC was conducted at a diluted concentration of
0.050 mM. From SEC analysis, the RT of purified bis-PEG-Hb was observed as between those
of mono- and bis-PEG-XLHbs (Figure 4), indicating that the tetrameric structure of bis-PEG-Hb
is fundamentally maintained, but that it is equilibrated between o3> tetramer and o dimers. In
the solutions of higher Hb concentrations at the clipping reaction (0.25-0.40 mM), the tetrameric
structures are regarded as dominant. We clarified from a clipping experiment that the subunit
exchange through dissociation into oy dimers and restructuring to o232 tetramers occurs easily
between PEGylated and native Hbs. Actually, such a subunit exchange occurs not only for Hb
tetrameric structure but also for other various dimeric or oligomeric proteins such as aA-
crystallin,®® histidine kinase of Escherichia coli,*® multimeric heat shock proteins,*! and HIV-1

protease.*?

Exchange reactions of o subunits might occur for multiple-PEGylated Hbs.***> They
presumably exchange o3 subunits with themselves and their Mw are distributed broadly because
they are not crosslinked intramolecularly. Li et al.*’ tried to regulate the numbers of PEG chains
for PEGylation (4, 6, 8, and 10). However, the separation of each PEGylated Hb by the strictly
decided number of PEG seemed complicated, presumably because of the subunit exchange
reactions during separations. PEGylated Hb fundamentally favors tetrameric structures in the
physiological conditions. Even if the multiple-PEGylated Hb dissociates into dimers, the dimers
still have non-immunogenic PEG chains with a large hydrodynamic volume. Such PEGylated
dimers might not extravasate through the endothelial layer. Therefore, the absence of

hypertension would not necessarily relate to the lack of dissociation.
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In some pathological conditions such as hemolytic anemia, one modified Hb without
intramolecular crosslinking might exchange their a3 subunits with plasma native Hbs to
decrease their respective Mw, thereby decreasing their performance. The subunit exchange might
occur not only for the PEGylated Hbs but also for other chemically modified Hbs. Such an
exchange of the a3 tetramers has not attracted the attention of researchers. In contrast,
intramolecularly BB- or a.o-crosslinked Hbs,*® intermolecularly double-crosslinked dimers,*’
polymerized pyridoxylated-Hb,*® and o-raffinose-crosslinked Hb* reportedly prevent
dissociation of o> tetramer. Therefore, they are rarely caught by haptoglobin.’® An exchange

should not occur by the coexistence of native Hb.

The clipping method used in this work enables the SEC analysis of actual ratios of the
components in a physiological concentrated condition without considering concentration changes
during SEC. The relative ratios of XLHb after adding DBBF are always lower than those of
native Hb before adding DBBF (Table 1, Figure 4). The ratios of the o3> tetrameric structures
are changed during passage through the SEC column. The clipped o232 tetrameric structures are
unaffected by dilution, or by separation in the SEC column. Therefore, the ratios of the
respective components after the clipping reaction are regarded as reflecting the ratios in the
equilibrated state in the physiological condition. The equilibrium constants (Keq) of the subunit
exchange reactions increase with Mw of PEG (Table 2, Figure 6), indicating that bis-PEG-Hb
becomes more unstable than mono-PEG-Hb for using long PEG chains. The exchange reaction
proceeds through dissociation to aff dimers (Scheme 3). Therefore, Eq. (2) can be converted to

Eq. (3) using the concentrations of dimers.
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This can be converted to Eq. (4) using dissociation constants (Kq) from one tetramer to two
dimers of native Hb (K40), mono-PEG-Hb (Kq1), and bis-PEG-Hb (K42) as Eq. (4).
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Judging from the increase of Keq, the dissociation constant of bis-PEG-Hb (Ka) is expected to
become larger with increasing Mw of PEG. It is inferred that the tetrameric structure of bis-
PEGylated Hb with longer PEG chains is destabilized by steric repulsion between two PEG
chains with large hydrodynamic volumes. Also, bis-PEGylated Hb is likely to be restructured to

asymmetric mono-PEGylated Hb with lower steric hindrance in the presence of native Hb.

5. CONCLUSION

A subunit exchange equilibrium was observed between stable anf3> tetramers of native
and PEGylated Hbs. In a simple and easy procedure of clipping with DBBF, the exchange
reaction was terminated in an equilibrated state by intramolecular crosslinking. This clipping
method enables the direct detection of o3 subunit exchange equilibrium between the native and
bis-PEGylated Hb. The equilibrium constants (Keq) were found for the subunit exchange reaction
between native Hb and bis-PEG-Hb using several PEGs with different Mw. Results show that
the longer PEG chain enhances the dissociation of symmetric bis-PEGylated Hb in the presence

of native Hb to generate asymmetric mono-PEGylated Hb. Our results suggest that the higher Hb
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concentration does not inhibit exchange of o subunits for PEGylated Hbs, although it
fundamentally favors an o[> tetrameric structure. The clipping method is applicable to other
types of PEGylated Hbs using bi-functional PEG chains for evaluation of the intermolecular

exchange of o3 subunits. The project is now in progress.
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