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Abstract

Based on the detailed structural analysis of proteins, Go [M. Go, Nature 291 (1981) 90-92] found that protein structures
can be divided into some structural units, ‘modules,” which correspond to peptides coded by exons. In the present study, to
investigate functional and structural roles of modular structures in proteins, we have engineered eight chimera globins, in
which the exons are shuffled among human myoglobin, human hemoglobin «- and B-subunits, in addition to the chimera
BPBa-globin described previously [K. Wakasugi, K. Ishimori, K. Imai, Y. Wada, I. Morishima, J. Biol. Chem. 269 (1994)
18750—18756]. Although all of the chimera globins stoichiometrically bound the heme and their a-helical contents increased
by heme incorporation as found for native globins, the a-helical contents of the chimera globins were significantly lower
than those of native globins, suggesting that ‘module’ substitutions seriously affect the protein folding and stability in
globins. The comparisons among several chimera globins demonstrated that such structural alterations are mainly attributed
to loss of some key intermodular interactions for protein folding. By simultaneous substitution of the modules M1 and M4
from the same globin, the protein structure was stabilized, which indicates that the module packing between modules M1
and M4 would be one of the crucial interaction to stabilize the globin fold. Present results allow us to conclude that module
substitutions would be available for designing and producing novel functional proteins if we can reproduce the stable
modular packing in the ‘module’-substituted proteins. © 1997 Elsevier Science B.V.
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1. Introduction

Unlike the genes of prokaryotes whose coding
sequences are continuous, the coding sequences of
eukaryotic genes were found to be present in blocks,
exons, separated by intervening noncoding se-
quences, introns. Gilbert [1] and Blake [2] hypothe-
sized that exons encode functional and structural
units and that new functional proteins have evolved
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by selection of various combinations of the units that
are produced by unequal crossing-over on introns,
exon shuffling. Using a diagonal plot of all the
distances between the a-carbon atoms, Go [3,4]
demonstrated that there is a correlation between pro-
tein structure and the exon pattern and found that the
‘modules,” which could be called compact structural
units, correspond to the exons. The correspondence
of the ‘modular’ boundaries with the position of
introns in globins [3], lysozyme [4], cytochrome ¢
[5], and other proteins [5—7] suggests that exons may
have behaved as evolutionary units to produce new
proteins by combining various exons through the
mechanism of exon shuffling.
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Fig. 1. (a) Construction of expression vectors for the nine chimera globins. (b) Intrasubunit interactions in native globins. The region of the
conserved residue—residue interaction for protein packing is denoted by a box. (c) Exon (modular) boundaries and residues with
well-defined functional roles in native human hemoglobin proposed by Eaton [14]. Main interactions between their residues are denoted by

arrows.

Although enormous amount of gene analyses to
investigate the traces of exon shuffling have been
accumulated {8-10], very few experimental studies
to investigate the characteristics of the proteins pro-
duced by exon shuffling have been attempted [11,12].
Therefore, we have tried artificial exon shuffling
among human myoglobin, human hemoglobin «a-
and B-subunits by utilizing gene engineering and
investigated the structures and functions of the corre-
sponding ‘module’-substituted globins. The gene of
each globin is made up of three exons interrupted by
two introns and the exons 1, 2 and 3 correspond to
the modules M1, M2 + M3 and M4, respectively [3].
In our previous paper, we have replaced the exon 3

in human hemoglobin S-subunit with that in the
a-subunit by the cassette mutagenesis and showed
that we can prepare a novel chimera globin subunit,
in which the heme’s environmental structure and
ligand-binding properties are similar to those of the
[B-subunit, whereas the association properties corre-
spond to those of the a-subunit, by the ‘module’
substitution [13].

In the present study, to gain further insight into
the effects of the ‘module’ substitutions on structures
and functions of globins, we have engineered eight
other chimera globins in addition to the chimera
BBa-globin, as illustrated in Fig. la. By use of
absorption, fluorescence and circular dichroism (CD)



K. Wakasugi et al. / Biophysical Chemistry 68 (1997) 265-273 267

spectra and gel filtration, we focused on the effects
of the ‘module’ substitution on the protein structure
and subunit association properties. Our results will
shed light on the aspects of the relationship between
the modules and the structure and function of the
globin protein.

2. Materials and methods
2.1. Preparation of ‘module’-substituted globins

The expression vectors of the nine chimera globins
were constructed by using the natural or artificial
restriction sites, which are shown in Fig. la. The
chimera globins possess the following additional mu-
tations due to introduction of the restriction sites:
chimera BBa-globin, three mutations [on His (FG4)
to Arg, Glu (G3) to Val, Arg (G6) to Lys] [13];
chimera aaB-globin, three mutations [on Arg (FG4)
to His, Val (G3) to Glu, Lys (G6) to Arg] [15]; both
chimera aamyoglobin (Mb)- and Mba Mb-globins,
two mutations fon Lys (G6) to Glu, Phe (G7) to
Leu]; chimera MbMb -globin, 13 mutations [on Thr
(FG1) to Asp, His (FG3) to Leu, Lys (FG4) to His,
Ile (FGS5) to Val, Pro (G1) to Asp, Val (G2) to Pro,
Lys (G3) to Glu, Tyr (G4) to Asn, Leu (G5) to Phe,
Glu (G6) to Arg]; chimera BaB-globin, two muta-
tions [on Gly (B11) to Ile, Lys (G6) to Glu]; chimera
MbMba-, Mbaa- and Mb BB-globins, no mutations.
All chimera globins were expressed in Escherichia
coli and purified as previously reported [13]. We
checked whether or not the desired mutations were
correctly introduced and no other mutations unex-
pectedly occurred in the engineered proteins by
means of fast-atom-bombardment mass spectrometry
on tryptic digests [16].

2.2. Measurements

Electronic absorption spectra were recorded on a
Hitachi U-3210 UV-VIS spectrophotometer. The
experiments were performed in 50 mM tris—HCI, pH
7.4 at 20°C. Each sample concentration was ~ 10
uM heme ™},

Fluorescence emission spectra of l-anilino-8-
naphthalene sulfonate (ANS) bound to globins were

measured at 20°C on a Shimadzu RF-503A spectro-

photometer. The samples were excited at 365 nm,
and emission spectra were measured between 400
and 700 nm. Each sample concentration was ~ 10
M heme™'. The buffer used for the fluorescence
measurements was 50 mM tris—HCl, pH 7.4.
Circular dichroism spectra were recorded on a
Jasco J700 spectropolarimeter connected to a per-
sonal computer PC98 at 20°C. The buffer used was
10 mM tris—HCI, pH 7.4. A cuvette of 0.1 cm light
path was used. Each sample concentration was 5 to
10 uM heme !. Each molar ellipticity (deg cm?
dmol ') is expressed on a mean residue basis. The
a-helical contents (f};) were calculated by the fol-
lowing equation according to Chen et al. [17].

fu= —([0]22 um +2340) /30,300.

The carbon monoxide rebinding kinetic measure-
ments were made by using the millisecond flash
photolysis as previously described [18]. The monitor-
ing wavelength was 436 nm. Each sample concentra-
tion was ~ 20 uM heme'. The experiments were
performed in 50 mM tris—HCI, pH 7.4 at 20.0°C.

Association properties of globins were investi-
gated by gel filtration on a Sephacryl S-200 HR
column (1.0 X 64.5 cm) over the concentration range
1 to 30 M heme ' [19]. The buffer used for the gel
filtration was 50 mM tris—HCl, 0.1 M NaCl and 1
mM Na,EDTA, pH 7.4 at 10°C and saturated with
CO. The eluent was monitored by measuring the
absorbance at 420 nm.

3. Results and discussion

3.1. Structure and function of ‘module’-substituted
globins

Titration of the chimera globins with ferric hemin
showed that the heme bound to the chimera globins
in a stoichiometric ratio of 1:1 heme:protein. In order
to investigate the hydrophobicity of the heme envi-
ronment, we utilized the fluorescence of ANS, which
can be incorporated into the heme pocket [20], as a
sensitive probe. As summarized in Table 1, the
emission maxima of ANS bound to the chimera
globins (456—-461 nm) were significantly shifted from
that of the buffer (515 nm), and corresponded to
those of native globins (454-457 nm). Table 1 also
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shows that the electronic absorption spectra of the
carbon monoxide derivatives of all chimera globins
exhibited the same absorption maxima as those of
the native globins.

However, in the absence of the exogenous ligand,
the absorption spectra of the chimera globins are
quite different from that of native globin. The bis-im-
idazole type spectra (data not shown) were obtained
for the chimeric proteins, which implies that the
distal histidine is easy to ligate to the heme iron to
form the internal hemi- or hemochromogen. The
formation of the hemi- or hemochromogen type heme
is also encountered for some protease-digested
globins [21] and aged native globins [22], in which
the protein structures are partially unfolded or dena-
tured, suggesting that folding of the chimeric pro-
teins are significantly perturbed by the ‘module’
substitution. Oxygen adduct of the chimera globins
could not be observed due to their rapid autooxida-
tion.

To investigate the secondary structures of the
chimera globins, we measured their CD spectra and
the a-helical contents were estimated on the basis of
[61,, am» Which are compiled in Table 1 [17]. As
illustrated in Fig. 2, the a-helical contents of the
chimera globins are increased by the heme binding.
The increases in the a-helical contents with heme
binding are also observed for native globins, suggest-

70

ing that the heme incorporation into the chimera
globins induced structural rearrangements in the
globin structure as found for native globins. How-
ever, it should also be noted that the a-helical
contents of the chimera globins were drastically re-
duced as compared with those of native globins in
the absence or presence of heme. The reduced a-
helical contents imply that the ‘module’ substitutions
seriously affect the secondary structures of globins,
which lead to remarkable decreases in protein stabil-
ity.

These structural differences are also manifested in
the NMR spectra. In native globins, some character-
istic NMR signals have been assigned: up-field
shifted peaks of the amino acid residues in the heme
vicinity, and dispersed peaks from aromatic and
histidine 'H*! protons [23]. All these characteristics
were present in the chimera BBa-globin [13] but not
observed for other chimera giobins as well as
molten-globule-state myoglobin [23]. These NMR
resonances indicate that the chimera BBa-globin
forms almost the same tertiary structures as native
globins [13], whereas other chimera globins form
unstable tertiary structures and always fluctuate as
found for denatured globins.

To examine functions of the chimera globins, the
CO rebinding kinetic measurements have been done
by using flash photolysis method and the rate con-
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Fig. 2. The a-helical contents of the nine chimera globins in the absence and presence of heme. The a-helical contents of all the chimera

globins were not altered even by the addition of counterpart globins.
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stants were calculated as listed in Table 1. Photolysis
of the carbonmonoxy chimera BBa-globin gave
biphasic rebinding kinetics as found for the B-globin
and the rate constants were almost identical to those
of the B-globin [13]. In our previous paper, we
concluded that the ligand-rebinding kinetics is regu-
lated by the modules M2 + M3, in which the amino
acid residues associated with the heme contacts are
localized. For the chimera BaB-globin, the rate con-
stant of the main fraction (68%) in the CO rebinding
(4.7 uM™! s7') is almost identical to that for the
a-globin (4.3 uM™' s7!), also implying that the
modules M2 + M3 of the chimera BafB-globin regu-
late ligand-binding kinetics. The rate constants of
other chimera globins, however, are different from
those predicted from their modules M2 + M3. As
summarized in Table 1, these chimera globins exhib-
ited more multiple phases in the CO rebinding reac-
tion than native globins. These multiphasic kinetics
was observed for the CO rebinding process of mini-
Mb, which is composed of 108 amino acid residues
(32nd-139th) of Mb, and the complicated kinetics
has been considered to come from the substantial
protein fluctuation upon ligand binding and dissocia-
tion [24]. Since large structural destabilization was
observed in the chimera globins as described above
and the thermal stability was also significantly re-
duced (results not shown), the multiphasic kinetics
for these chimera globins might imply that they
cannot dampen the amplitude of the structural
changes induced by ligand binding.

3.2. Interaction between modules

Recent studies for myoglobin by using NMR
spectroscopy, mutagenesis and computer graphics

suggested that the packing among the A (in module
M1), G and H helices (in module M4) plays impor-
tant roles in the protein folding and stability as
illustrated in Fig. 1b, since the folding and packing
of the A, G, and H helices has been considered to be
the first step for the dominant folding pathway of
apomyoglobin [25-28]. Based on the amide proton
exchange rates, Hughson et al. [26] listed several
amino acid residues which are protected from the
exchange and supposed to be used for the packing of
the helices (Table 2). Although some of the amino
acid residues are highly conserved in globin proteins,
the positions of A9, B11, G13 and G15 are occupied
by the different amino acid residues among human
hemoglobin subunits and myoglobin as listed in Table
3. In particular, at the position of A9 and BI1,
hydrophobicity of the amino acid residues are quite
different. Since the positions of A9, B11, G13, and
G15 are located on the modules M1 and M4, it is not
surprising that the substitution of the modules M1
and M4 disrupted the packing of the helices of
globin, resulting in large destabilization in globin
structure. In fact, by introducing disruptive mutations
into the A—H and G-H helix packing site, Hughson
et al. [25]} showed that these mutations significantly
shifted the transition pH midpoint for acid denatura-
tion of apomyoglobin to neutral pH.

These observation suggest that some key interac-
tions between modules M1 and M4 would be lost in
the chimera globins having extremely low a-helical
contents such as the chimera aaB-globin. With the
structural analysis of the low a-helical contents,
chimera globins have not been successful due to its
low stability. We have not yet elucidated the key
interactions or amino acid residues for the stable

Table 2

Amino acid residues having large protection (> 50,000) in apomyoglobin and the corresponding amino acid residues in human hemoglobin
subunits

Residue in myoglobin Position Protection factor [26] Residue in a-subunit Residue in S-subunits
Val-10 A8 100,000 Val Val

Leu-11 A9 > 100,000 Lys Thr

Trp-14 Al12 > 100,000 Trp Trp

Val-17 AlS 80,000 Val Val

He-30 B11 70,000 Glu Gly

Ile-112 G13 60,000 Leu Val

Val-114 G15 200,000 Thr Val

Leu-115 Gl6 60,000 Leu Leu
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folding of the globins. Instead of the structural analy-
sis of the unstable chimera globins, we engineered
and characterized the chimera BafB- and MbaMb-
globin and compared the properties of the corre-
sponding chimera globins, the chimera aaB- and
aaMb- (Mbaa-) globin to examine the effects of
the packing of modules M1 and M4 on the protein
stability and subunit association property.

As shown in Table 1 and Fig. 2, the electronic
absorption, fluorescence and CD spectra have re-
vealed that the chimera BaB-globin bound the heme
stoichiometrically at an apolar heme-binding pocket
and forms much higher a-helical structures than the
chimera aafB-globin in the absence and presence of
heme. The emission maximum (456 nm) of ANS
bound to the chimera MbaMb-globin also corre-
sponds to that for the a-subunit (456 nm) and signif-
icantly differs from that for the chimera Mba a- (459
nm) and aaMb-globin (461 nm). The a-helical
contents of the chimera MbaMb-globin are much
higher than those of the chimera Mba a-globin in the
absence and presence of heme (Table 1). The ther-
mal stability of the chimera Mba Mb-globin was as
high as that of the a-globin, whereas the chimera
Mbaa-globin was highly destabilized (results not
shown). The stable structures of the chimera Bap-
and Mba Mb-globins imply that the interactions be-
tween modules M1 and M4 are essential for folding
and stability in globins.

3.3. Association properties of ‘module’-substituted
globins

In Fig. 3a—g, several elution patterns of the gel
chromatography for the chimera aaf- and Bapf-
globins and their mixture with native globins are
shown. Trace D is the elution pattern for the chimera
a«a B-globin and the elution peak was observed at the
position for the tetramer. By addition of the a-sub-
unit (trace E), two peaks appeared, which correspond
to the monomeric a-subunit and tetrameric aoaf-
subunit, indicating that the chimera a«B-globin does
not associate to the a-subunit. On the other hand, the
chimera aapB-globin gave a single peak as a te-
trameric globin in the presence of the [-subunit.
Since the p-subunit is equilibrium between the
monomer and tetramer under the conditions we used,
the single peak at the tetrameric globin corresponds

tetramer dimer monomer

i

= E
@h}/f
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T

14 16 18 20 22 24 26 28 30
Elution Volume (ml)

Fig. 3. Chromatography of carbonmonoxy forms of globins on a
Sephacryl S-200 HR column (1.0X64.5 cm). (a) the mixture of
carbonmonoxy myoglobin (Mb) and cross-linked hemoglobin (XL
Hb); (b) a-globin; (c) B-globin; (d) chimera aa B-globin; (e) the
mixture of the a- and chimera aap-globins; (f) chimera Bag-
globin; (g) the mixture of the a- and chimera BafB-globins.
Experimental conditions were as follows: Concentration, 1 ©M on
heme basis. The buffer used was 50 mM tris—HC], 0.1 M NaCl
and 1 mM Na, EDTA, pH 7.4 at 10°C and saturated with CO. The
eluents were monitored by measuring the absorbance at 420 nm.

to the specific binding of the chimeric aaB-globin
to the B-subunit, (aaB), B, (results not shown).
The elution peak for the chimera B« fB-globins
was observed at the position for the dimeric globins
(trace F). Regardless of addition of the monomeric
a-subunit, no additional peak was observed and the
elution peak remains at the same position with in-
creased intensity (trace G). The disappearance of the
monomeric peak and increased intensity of the peak
for the dimeric globins indicates that the chimera
BaB-globin binds to the a-subunit to form a dimer,
a{ BaB). We examined other chimeric globins and
the association properties are complied in Table 3.
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Table 3
Association properties of the chimera globins and the mixtures with the a- or B-globin

o B Mb BBa aaf aaMb MbMba MbMb g Mbaa MbgB Bap MbaMb
itself m m~t m t t d d @ t d @
+a d~t - — - - - - - d -
+B d~t - t t d d @ - - -
Abbreviations: m, monomer; d, dimer; t, tetramer; @, aggregate; —, not associate. The association properties of all chimera globins were

independent of their concentrations (1-30 uwM).

Assuming that the chimera globins form the simi-
lar tertiary and quaternary structures as native
globins, we can estimate the number of the intersub-
unit hydrogen bonds at the «, 8, subunit interface
which is the most appropriate for the subunit associa-
tion [29,30]. As listed in Table 4, the number of
hydrogen bonds at the «, B8, surface increases from
3 to 7 by mixing the chimera BBa-, MbMba- or
Mbaa-globins with the B-globin, from 4 to 5 by
mixing the chimera aa Mb-globin with the B3-globin.
These chimeric globins are found to bind to the
B-globin (Table 3). As illustrated in Fig. 3g, the
chimera Ba - bound to the a-globin and the hydro-
gen bonds at the a, 8, surface also increases from 6
to 7 as listed in Table 4.

However, some ‘module’-substituted globins ex-
hibited the complicated association properties. One
of such chimeric globins is the chimera aa B-globin.
As clearly shown in Fig. 3d, the chimera aa3-globin
did not associate with the a-subunit (Fig. 3e), al-
though the number of the hydrogen bonds for the
subunit association can be increased by the binding
of the a-subunit (Table 3). It should be noted here
that the structure of the chimera aapB-globin is
highly destabilized and the interface could be much
more perturbed, compared to that of native globins.
In other words, the number of the hydrogen bonds at

the subunit interface might be different from that we
estimated for the aaB-chimera globin.

It is quite interesting that the chimera Ba B-globin
preferentially binds to the a-globin (Fig. 3g). Since
the module M1 does not bear so many amino acid
residues responsible for the subunit interactions as
illustrated in Fig. 1c, the chimera Ba B-globin would
afford the same association property as observed for
the chimera aapfB-globin. However, the chimera
a«B-globin associate with the B-subunit to form a
tetramer, (aafB), 3,, not the a-subunit (Fig. 3a—g).
The different association property of the chimera
BapB-globin from that of the chimera aap-globin
might be originated from the stability of the globin
structure; the chimera BafS-globin has much higher
a-helical contents than the chimera aa B-globin (Fig.
2 and Table 1). Thus, we can suggest that the protein
folding in the chimera aaB-globin is somewhat
different from that in native globin and the structure
of subunit interface is highly perturbed, which pre-
vent some key amino acid residues from forming the
hydrogen bond between the subunits for the associa-
tion with the «-subunit. By the substitution of the
module M1, the globin structure would be stabilized
by stable packing between the modules M1 and M4
and be able to form the subunit interface for the
specific binding to the «-subunit.

Table 4
The estimated number of intersubunit hydrogen bonds at the «, 8, subunit surface
« B Mb BBa aap aaMb MbMba MbMb g Mbawo MbgBg Bap MbaMb
itself 3 6 4 3 6 4 3 6 3 6 6 4
+a 3 7 4 3 7 4 3 7 3 7 7 4
+B 7 6 4 7 6 5 7 6 7 6 6 5

The mixtures indicated by bold-face type means that the association in the chimera globin with the native globin is predicted.
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4. Conclusion

By using ‘module’ substitutions corresponding to
the artificial exon shuffling, we were able to prepare
several novel globins and change subunit association
properties of the globins. It was also elucidated that
the ‘module’ substitutions often reduce structural
stability of the globins due to lack of the interactions
between the modules. These results indicate that the
packing of the modules is quite essential for stable
functional proteins and modules would not be inde-
pendent structural and functional units. If the interac-
tions between modules can be fine-tuned for stable
protein folding, for example, by ‘module’ substitu-
tion in combination with site-specific mutagenesis,
the ‘module’ substitution based on the artificial exon
shuffling would be available as one of the potent
strategies to design and produce stable functional
proteins.
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