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Abstract

By introducing an additional H-bond in the,3, subunit interface or altering the charge properties of the amino
acid residues in the,, subunit interface of the hemoglobin molecule, we have designed and expressed recombinant
hemoglobins(rHbs) with low oxygen affinity and high cooperativity. Oxygen-binding measurements of these rHbs
under various experimental conditions show interesting properties in response (Batitl effec) and allosteric
effectors. Proton nuclear magnetic resonance studies show that these rHbs can switch from{dn€®@}yquaternary
structure(R) to the deoxy quaternary structuf€) without changing their ligation states upon addition of an allosteric
effector, inositol hexaphosphate, alod reduction of the ambient temperature. These results indicate that if we can
provide extra stability to the T state of the hemoglobin molecule without perturbing its R state, we can produce
hemoglobins with low oxygen affinity and high cooperativity. Some of these rHbs are also quite stable against
autoxidation compared to many of the known abnormal hemoglobins with altered oxygen affinity and cooperativity.
These results have provided new insights into the structure—function relationship in hemog@lob@@2 Elsevier
Science B.V. All rights reserved.
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1. Introduction 141 amino acids each and two identigakchains
of 146 amino acids each. The arrangement of the
Human normal adult hemoglobiitHb A) is one subunits of Hb A depends on the ligation state of
of the most studied proteins and serves as a modelthe protein and is crucial in determining its func-
for investigation of the structure—function relation- tion [1]. As first reported by Perut2], the four
ship in multimeric, allosteric proteins as well as chains can be arranged into either the(t€nse
for research to understand the molecular details of quaternary structure for the low affinity deoxy-Hb
|nterm0|ecu|ar InteraCtlonS |n prOteInS Hb A con- or the R (relaxed quaternary structure for the
sists of four subunits i.e. two identicatchains of  high affinity oxy-Hb. The transition from the T- to
*Corresponding author. Tel.:1-412-268-3395; fax:+1- the R-st_ate of hemoglobin involves a Cor.]SIderaple
412-268-7083. change in the free energy upon oxygenation, which
E-mail address: chienho@andrew.cmu.edC. Ho). manifests itself in the cooperativity of oxygen
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500-MHz "H-NMR Spectra of Hb A in the CO form
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Fig. 1. A summary of 500- and 300-MHz H-NMR spectra of 6-8% Hb A in 0.1 M phosphate at pH 7.9 in H O°&t 29

binding. Based on a comparison of the detailed 15 ppm downfield from the methyl proton reso-
structural features of Hb A in deoxy- and oxy- nance of 2,2-dimethyl-2-silapentane-5-sulfonate
forms, Perutz and colleagud2—5 have shown (DS9 have been characterized as originating from
that upon ligation, thea,B, subunit interface the intersubunit H-bonds in the,B, and a3,
undergoes a sliding movement, while thgp, subunit interfaces in both the deoxy and @ar
subunit interface remains essentially unchanged. oxy) states of Hb A(Fig. 1). These H-bonded
Specific H-bonds, salt bridges, and non-covalent protons observed by H-NMR can be used as
interactions characterize both types of subunit structural markers in structural and functional stud-
interfaces. Many of the naturally occurring human ies. In particular, the resonance appearing-dt4
Hbs with mutations in thex,B, subunit interface  ppm downfield from DSS has been assigned to
are found to have increased oxygen affinity and the intersubunit H-bond between42Tyr and
diminished cooperativity1,6]. B99Asp in thea,B, subunit interface of deoxy-
Proton nuclear magnetic resonand®iMR) Hb A [8], a characteristic feature of the T-quater-
spectroscopy has been found to be an excellentnary structure of Hb A[2]. By observing this
tool for investigating the tertiary and quaternary T-structural marker in both the deoxy and CO
structures and structural changes of Hbs in solution forms of Hbs under various experimental condi-
[7]. Several exchangeable proton resonances at 9-tions, we can assess the stability of the T confor-
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mation as well as monitor the T- to R-quaternary
structural transitior{7,9-13.

In our laboratory, we have developed an expres-

sion system to produce authentic Hb A in good
yields in Escherichia coli [14,13. With this

expression system, we have designed and
expressed a class of recombinant hemoglobins yp a2

(rHbs) with low oxygen affinity and high coop-
erativity [9—13. Our strategy for designing rHbs
with low oxygen affinity and high cooperativity is
to stabilize the T-quaternary structure without per-
turbing the R-quaternary structure. In this review,
we will discuss the structural and functional prop-
erties of this class of rHbs with low oxygen affinity
and high cooperativity caused by amino acid sub-
stitutions in thea,8, and a4 ; subunit interfaces.

2. Low-oxygen-affinity rHbs with mutations in
the o138, subunit interface

The working hypothesis for our design of low-
oxygen-affinity rHbs with high cooperativity is
that if we can stabilize or provide extra stability
to the T-quaternary structure of the Hb molecule
without perturbing its R-quaternary structure, we
should have Hbs with low oxygen affinity. This
strategy was first demonstrated in rllaV96W)

[9] and rHb (BL105W) [13] by introducing an
additional H-bond in thex,3, subunit interface of
the T structure. rHi§aVO6W) and rHb(BL105W)
both exhibit lower oxygen affinity as compared to
Hb A and maintain high cooperativity as shown
in Table 1[9,13. *H-NMR studies show that both
rHbs exhibit quaternary and tertiary structures
similar to those of Hb A in both the CO and deoxy
forms [9,13. The X-ray crystallographic studies
of rHb (V96W) in the T state show the existence
of additional water-mediated H-bonds between
a96Trp andB101Glu in thea,, subunit interface
and the central cavity of the Hb molecul&7],
while the! H-NMR studies of rHBL105W) and
rHb (aD94A, BL105W) confirm an additional H-
bond formed betweef105W anda94D in the T
state[13]. According to* H-NMR studies, rHbCO
(aV96W) and rHbCO(BL105W) can switch from
the R- to the T-quaternary structure without chang-
ing their ligation states(as evidenced by the
appearance of the T-state marker at 14 ppnhen

17

Table 1

Oxygen binding affinity(pso) and cooperativity(n,,,) for Hb

A and rHbs in 0.1 M sodium phosphate buffer at pH 7.4 and
29°C

Hemoglobin Dso Nmax
(mmHg)

8.0 31
rHb (aVI6W)? 12.8 2.8
rHb (BL105W)P 28.2 2.6
rHb Presbyteriaf{3N108K)? 24.5 2.9
rHb Yoshizuka(BN108D)? 15.5 2.9
rHb (BN108Q° 17.4 3.1
rHb (BN108R¢ 28.9 31
rHb (BN108E)¢ 241 2.9
rHb (BN108A) 23.1 3.1
rHb («VI6W, BN108K)? 48.8 2.3
rHb («V96W, BN108D)? 18.6 2.6
rHb (aL29F, BN108Q)° 121 2.8

aData taken from Ref[11].
b Data taken from Ref[13].
¢ Data taken from Ref[12].
9 Data taken from Ref[16].

the temperature is lowered afm when a strong
allosteric effector, such as inositol hexaphosphate
(IHP), is added[9,13. For example, as seen in
Fig. 2, the intensity of the T-state marker in the
spectra of rHbCQaV96W) is much more prom-
inent than in the spectra of rHbCO A at TC
and/or in the presence of IHP. The tendency of a
ligated Hb to switch into the T-state conformation
suggests that the equilibrium between the R- and
the T-states of this rHb has been shifted toward
the T state due to the mutation at e, subunit
interface[9,13. In other words, these rHbs prefer
to remain in the T-quaternary structure even when
they are still ligated. The oxygen-binding studies
as a function of temperature have further shown
that upon decreasing temperature, the increase in
oxygen affinity is much less pronounced in these
two rHbs than in Hb A, suggesting a progressive
stabilization of the T-quaternary structure of the
mutants as the temperature is lowergD,19.
Also, these rHbs exhibit a much less cooperative
oxygen binding than Hb A when the temperature
is lowered andor IHP is added, suggesting that
they prefer to remain in the deoxy state. Hence,
we propose that the appearance of a T-structural
marker in the! H-NMR spectra of rHbs in the CO
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Fig. 2. Effects of temperature on the 300-MHz H-NMR spectra of 4-6% solution of Hb A andaMB6W) in the CO form in
0.1 M HEPES in H O at pH 7.0 and in the presence of 0.1 M chloride and 2 mM (8Pat 29°C; (b) at 11°C.

form is an indication of a more stable T state,

the ambient temperature and adding 4 mM of IHP

which serves as a molecular basis of the low (Fig. 3). These results suggest that amino acid

oxygen affinity in rHb (aV96W) and rHb
(BL105W) as well as other rHbs studied in our
laboratory.

3. Low-oxygen-affinity rHbs with mutations in
the a4, subunit interface

We have further tested our working hypothesis
on rHbs having amino acid substitutions at the
108 site, which is located in the;B; subunit
interface and in the central cavity of the Hb
molecule. Hb PresbyteriaffBN108K) and Hb
Yoshizuka(BN108D) are two naturally occurring
low-oxygen-affinity mutantd18-21, despite the

substitutions with either a positively chargéd/s/
Arg), negatively charged Asp/Glu), or a non-
polar charged residuéGIn) at 3108 can result in
a more stable T state. It is noted that rHbs with
amino acid substitutions @108 are highly coop-
erative despite the fact that the resonance at 12.1
ppm, which is assigned to the H-bond between
«103His andpB131GIn in thea,; subunit inter-
face(C.K. Chang and C. Ho, unpublished resjlts
is perturbed due to mutations at tiel08 site
(Figs. 3 and 4.

The side chain oB108Asn interacts freely with
water molecules in both the deoxy and Qor
oxy) forms of the Hb molecul¢3-5,23. Previous

fact that these two mutants have opposite charges.studies on the oxygen-binding properties of rHb

Previous NMR studies of rHb Presbyterian and

Presbyterian (BN108K) and rHb Yoshizuka

rHb Yoshizuka have suggested that these two rHbs (BN108D) have suggested that mechanisms other
prefer to remain in the T state even when they are than the buildup of excess positive charges in the

still ligated [11]. In an effort to investigate the
functional role of theB108Asn site, we have
constructed rHb(BN108Q), rHb (BN108B), and
rHb (BN108R), which have been found to exhibit
low oxygen affinity and high cooperativity as
shown in Table 1[12,14. *H-NMR studies of

central cavity of Hb contribute to the lower oxygen
affinity and high cooperativity of rHb Presbyterian
[11]. Amino acid substitutions a@108Asn with
either charged(Asp, Lys and Glu, Arg or
uncharged GIn) residues result in rHbs with low
oxygen affinity, further suggesting that the solva-

these rHbs in the ligated form show the appearancetion effect can play a role in regulating the oxygen
of the T-state marker at 14 ppm upon decreasing affinity of the Hb [23]. That is, as thg3108Asn
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Fig. 3. Effects of temperature on the 500-MHz H-NMR spectra of 4—6% solution of #1080Q) (a); rHb (BN108R) (b); and
rHb (BN108BE) (c) in the CO form in 0.1 M phosphate buffer in,H O at pH 7.0 and in the presence of 4 mM IHP.

residue is replaced by GIn, Lys, Arg, Asp, or Glu,
the electrostatic interactions between tpa08

erative interactions are interactions between sites
that bind the same ligand, such as in the case of

residue and the water molecules in the central Hb where the binding of one O to one of the four

cavity of the Hb become progressively stronger,

which would increase the stability of the T state.
The recent X-ray structure of rHb Presbyterian

hemes increases the affinity of the other sites
towards Q . The oxygenation of Hb is also regu-
lated by interactions between individual amino

[24] has suggested that the extra H-bond formed acid residues and various solutes, such as hydrogen

betweenB108Lys andB35Tyr in the deoxy state
can contribute to lowering the oxygen affinity of
rHb Presbyterian by stabilizing the T state. An Ala
mutation atB108, which is unlikely to introduce
favorable solvation effects or to introduce an H-
bond betweerg108Ala andp35Tyr, also exhibits
a lowered oxygen affinity and good cooperativity
(Table 1. Hence, the molecular basis of the low
oxygen affinity found in rHbs with mutations at
108 appears to be removing the ‘destabilizing
effect of asparagine in Hb A.

4. Allosteric interactions

Allosteric interactions are of central importance
in biological system425—2g. Homotropic coop-

ions, chloride ions, inorganic phosphate, carbon
dioxide, and organic polyanions, such as 2,3-
bisphosphoglycerat€?,3-BPG and IHP[1]. Such
interactions are known as heterotropic allosteric
interactions. The classical example of this type of
interaction is the influence of pH on the oxygen-
binding properties of Hb A. At pH above 6.5, the
oxygen affinity of Hb A increases as the "H
concentration decreases, known as the alkaline
Bohr effect. Both homotropic and heterotropic
allosteric interactions involve structural changes
that are believed to mediate the allosteric effects.
Determining the degree to which amino acid resi-
dues in thex,B, or o4 ; interface and the central
cavity of the Hb molecule can contribute to the
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(a). Exchangeable Proton (b). Ring-Current-Shifted
Resonances Proton Resonances

rHb (aVOBW,
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BN108D)

BN108Q)
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Fig. 4. 500-MHz* H-NMR spectra of 4—6% solution of Hb A, rHaL29F, BN108Q), rHb («VI6W, BN108D), and rHb(aVIEW,
BN2108K) in the CO form in 0.1 M phosphate buffer in,H O at pH 7.0 and in the presence of 2 mM IHP°&x 14) exchangeable
proton resonancesb) ring-current shifted proton resonances.

allostery in Hb would provide insights into how the central cavity, results in a minor modification
this protein can transmit ligand-binding informa- of the chloride’2,3-BPG effects. These results
tion over a long distance. Previous studies have strongly suggest that an alteration of electrostatic
shown a marked difference of oxygen-binding interactions within the central cavity of the Hb
properties among rHbV96W), rHb Presbyterian  molecule has a pronounced effect on the modula-
(BN108K), and rHb Yoshizuka(BN108D) in tion of oxygen affinity by heterotropic effectors.
response to various heterotropic effectors, such as We have further investigated the sensitivity of
Cl—, inorganic phosphate, and 2,3-BPQ]. Table oxygen binding to the ionic strength of the buffer
2 shows the changes in free energy of the chloride (anion effeci by studying the effect of charge
or 2,3-BPG effect induced by mutation with either alterations in the central cavity of Hb molecules
a positively chargedLys), bulky non-polar(Trp), on the Bohr effect. As shown in Table 3, amino
or a negative charget@Asp) residue in theo,, acid substitution aB108 with a positively charged
or a,f3, interface and the central cavity of the Hb residue i.e. LygArg, results in an increased alka-
molecule. rHb Yoshizuka exhibits significantly line Bohr effect, while substitution with a nega-
reduced chloride and 2,3-BPG effects, while rHb tively charged residue i.e. Agflu, results in a
Presbyterian exhibits enhanced orjé4]. Amino decreased Bohr effedtl1,16. Thus, amino acid
acid substitution with a non-polar bulky residue, substitutions in the central cavity that increase the
Trp, at a96, located in thex,3, interface and in  net positive charge enhance the Bohr effect. This
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Table 2
Oxygen affinities of rHbs in 0.1 M HEPES and in 0.1 M HEPES plus 0.1 M chloride or 2 mM 2,3-BPG at pH 7.4 &@l 29

Hb A rHb Presbyterian rHb Yoshizuka rHb

(BN108K) (BN108D) (aVIBW)
Pso (MMHQ)
—chloride 2.49 3.42 8.91 4.24
+chloride 6.50 13.49 12.66 9.07
+2,3-BPG 11.87 31.54 26.96 20.68
log[pse(mutand/ps{Hb A)]
—chloride 0.14 0.55 0.23
+chloride 0.32 0.29 0.14
+2,3-BPG 0.42 0.36 0.24
AA log pse(chloride) 2 +0.18 —0.26 —0.09
AA log pso(2,3-BPG 2 +0.28 -0.19 +0.01

Taken from Table 3 of Ref{11].
2 AA log pso={log [psdmutand /psdHb A)] (+chloride or 2,3-BP@ —{log[p sdmutand/p s§Hb A)] (—chloride or 2,3-
BPG)} = A log pso(mutand — A log ps(Hb A). The Hb concentration was 0.1 mbih terms of hemg

supports our model of the Bohr effect, in which 5. L ow-oxygen-affinity mutants with amino acid
the presence of anions alters the electrostatic dis-substitutionsin both the a;3, and «,8, subunit
tributions in the Hb molecule and thereby influ- interfaces or in the heme pocket region

ences the microscopic mechanism of the Bohr

effect[11,30-33. _ . Our working hypothesis has been further tested
It has been recognized that thef, subunit  on double mutants with amino acid substitutions
interface plays a very important role in the quater- in both the a8, and a B, interfaces or in the
nary conformational changes of Hb upon oxygen- heme pocket region of the-chain, such as rHb
ation, and thus can affect its function. However, (qVv96W, BN108K), rHb (V96W, BN108D), and
the role of thea,B, interface has often been rHp (aL29F, BN108Q. rHb (a«VI6W, BN108K),
overlooked. Though thex,, subunit interface rHb (aV96W, BN108D), and rHb (alL29F,
remains essentially unchanged based on a compardN108Q exhibit lower oxygen affinity than Hb
ison of the crystal structures of Hb A in deoxy- A and maintain good cooperativitfTable 1
and oxy-forms, amino acid substitutions in the [11,13. *H-NMR results show that the T state of
o4, subunit interface have been shown to affect these rHbs is more stable than that of Hb(&s
the oxygen affinity and cooperativity of recombi- evidenced by the appearance of the T-state marker
nant mutant hemoglobin§l1,14. Based on an at 14 ppm at low temperature afat in the
analysis of the oxygen-binding curves, a substitu- presence of IHP rHb (aV96W, BN108K) is of
tion of GIn for Asn atp108 in thea B, subunit particular interest because it exhibits the lowest
interface has been shown to affect the oxygen oxygen affinity and the greatest tendency to switch
affinity of the a-chain, especially in the initial to the T-quaternary structure when it is still ligated
stage of the oxygenatiofil2]. These results sug- among all the low-oxygen-affinity rHbs studied in
gest that there is communication between the our laboratory(Fig. 4). Furthermore, the effect of
a4, and a4 , subunit interfaces during the oxy- «V96W (in the a4, interface and BN108K (in
genation process of the Hb molecule. This is yet the o, interface on the protein conformation is
another indication of multiple pathways for signal complementary or additive as shown by the higher
transmission in allosteric proteii41,12,32—34 intensity of the T marker of the double mutant
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Table 3
Number of Bohr protons released upon oxygenation of rHb3188 and Hb A in 0.1 M HEPES and 0.1 M phosphate buffer at
29°C
Hemaoglobin A log pso/ApH (per heme A log pso/ ApH (per heme

in 0.1 M HEPES buffer in 0.1 M phosphate buffer
Hb A2 0.33(pH 6.72-8.00 0.52 (pH 6.53-8.00

rHb (BN108Q)

rHb Presbyteriaf{3N108K)2
rHb (BN108R

rHb Yoshizuka(BN108D)?
rHb (BN108B)P

0.23 (pH 7.18-8.01°
0.42 (pH 6.63-8.00
e

0.18 (pH 6.59-8.00
0.13 (pH 6.80-8.12

0.56 (pH 6.79-8.09°¢
0.62 (pH 7.00-8.0}
0.60 (pH 6.82—8.03"¢
0.29 (pH 6.50-8.28
0.30 (pH 6.83-8.13"

2 Data taken from Table 1 of Refl1].
P Data taken from Table 4-2 of Ref16].
¢ Data taken from Table 1 of Ref12].

4 Oxygen-binding measurements were conducted in the presence of the met-reductasg2gystem
¢ Undetermined due to more than 8% of met-Hb formation during the oxygen-binding measurements.

compared to that of the single mutanfi].
Interestingly, rHb(aV96W, BN108K) still retains
some cooperativity at low temperatures and in the
presence of IHP i.en,.,=1.3, suggesting that
there is considerable cooperativity in the oxygen-
ation process of the T-state Hb in the solution
[10,17. This is in agreement with our early finding
[35] and that of Ackers et al.36].

Natural mutant Hbs with low oxygen affinity
are known to exhibit an increased rate of autoxi-
dation [1]. The oxidation rate appears to be
inversely proportional to the oxygen affinity of
Hbs [37]. rHb (BN108Q), however, exhibits a
slower rate of autoxidation from F&é to¥e as
compared to other low-oxygen-affinity rHbs that
we have studied so faf12]. As suggested by
Olson and coworker$38,39, amino acid substi-
tution of a bulky residue, such as Phe for Leu at
the B10 position of myoglobin, can inhibit autox-
idation and at the B10 position of the-chain of
hemoglobin can lower NO reaction in both the
deoxy- and oxy-forms of Hb A. When we inserted
the mutationaL29F into Hb A, rHb (aVO6W,
BN108K), and rHb (BN108Q), the autoxidation
rates were decreased by 2-, 3-, and 2.8-fold,
respectively[12,44. It is noted that the formation

nances at 23 and 37 ppm after 3 h in the autoxi-
dation process. The appearance of the proton
resonances at 15, 18, 23 and 37 ppm from DSS in
the 'H-NMR spectra of met-rHbaL29F, « VI6W,
BN108K) is suggestive of the formation of the
anionic form of bishistidine hemichrome in rHb
(aL29F, aV96W, BN108K) [40]. Hemichrome
forms when met-Hb converts from the ferric high-
spin form to the ferric low-spin form in which the
distal imidazole displaces the,H O ligaiuil—43.
However, hemichrome-like spectra are not
observed in the autoxidation process of rHb
(aL29F, BN108Q (Fig. 5b). It appears that the
distal heme pocket structure of met-r{aL29F,
BN108Q) may not be as hydrophobic as that of
met-rHb(aL29F, «VI6W, BN108K), and thatH O
may still be able to enter and to stay in the heme
pocket of met-rHb (aL29F, BN108Q. rHb
(aL29F, BN108Q) is stabilized against auto- and
NO-induced oxidation as compared to rHb
(BN108Q), but exhibits slightly lower oxygen
affinity and good cooperativity as compared to Hb
A [12].

Brunori and coworkers have selected
Leu(B10) — Tyr and Hi<E7) — GIn as potentially
relevant sites to limit the accessibility of the ligand

of two sharp resonances at 23 and 37 ppm from and hence control ligand-binding parameters in the

DSS started during the first 30 min in the autoxi-
dation process of rHfaL29F, «V96W, BN108K)

a- and B-chains of Hb A[44]. rHb (af°B%?)
indeed exhibits very low oxygen affinity, reduced

as seen in Fig. 5a. Resonances at 15 and 18 ppncooperativity, and slower NO and autoxidation

started to build up together with the two reso-

reaction. These are interesting rHbs.
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(a). rHb (@L29F,aV96W,3N108K) (b). rHb(xL29F,;N108Q)

isilf_lili\N/\/J
%’J

3 hours

TRV TR g I

30 minutes u J/

T T T T T T T T 1 T T T T T T T T 1

90 80 70 60 50 40 30 ppm 90 80 70 60 50 40 30 ppm

Fig. 5. 300-MHz* H-NMR studies of the effect afL29F on the autoxidation process of oxy-rlL29F, «VI6W, BN108K) (a)
and oxy-rHb(aL29F, BN108Q (b) in Plasmalyte buffer at pH 7.4 and 3C.
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