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ABSTRACT: Site-directed mutagenesis has been used to construct three recombinant mutant hemoglobins
(rHbs), rHbEL105W), rHb@D94A/3L105W), and rHb&D94A). rHb(BL105W) is designed to form a

new hydrogen bond fromi105Trp toa94Asp in theou 2 subunit interface to lower the oxygen binding
affinity by stabilizing the deoxy quaternary structure. We have found thatAH®5W) does indeed
possess a very low oxygen affinity and maintains normal cooperat®ity= 28.2 mmHgNmax= 2.6 in

0.1 M sodium phosphate at pH 7.4) compared to those of HBsA=% 9.9 mmHg,Nmax = 3.2 at pH 7.4).
rHb(aD94A/fL105W) and rHb@D94A) are expressed to provide evidence that fHRQ5W) does form

a new H-bond fronp105Trp toa94Asp in theou2 subunit interface of the deoxy quaternary structure.

Our multinuclear, multidimensional nuclear magnetic resonance (NMR) studié&Nelabeled rHb-
(AL105W) have identified the indole nitrogen-attacHétiresonance of105Trp for rHb(BL105W). H

NMR studies on Hb A and mutant rHbs have been used to investigate the structural basis for the low O
affinity of rHb(SL105W). Our NMR results provide evidence that rldb{05W) forms a new H-bond

from S105Trp toa94Asp in theayf, subunit interface of the deoxy quaternary structure. The NMR
results also show that these three rHbs can switch from the R quaternary structure to the T quaternary
structure in their ligated state upon addition of an allosteric effector, inositol hexaphosphate. We propose
that the low Q affinity of rHb(SL105W) is due to the formation of a new H-bond betweg®5Trp and
094Asp in the deoxy quaternary structure.

Human normal adult hemoglobin (Hb A)the oxygen molecules such as hydrogen ion, chloride ion, inorganic
carrier within red blood cells, is a protein with a molecular phosphate, carbon dioxide, and organic polyanions, such as
weight of about 64 500, consisting of four subunits, i.e., two 2,3-bisphosphoglycerate (2,3-BPG) and inositol hexaphos-
identicalo-chains of 141 amino acids each and two identical phate (IHP). For a review on hemoglobin, see Dickerson and
p-chains of 146 amino acids each. Hb A is probably the most Geis (L).

studied protein and has served as a model or paradigm for ¢ need to develop a safe, reliable blood substitute has
the st.ructurefunctlon relatlonshlp n multl_menc, allogterlg been recognized since infections through blood transfusions
prote_ms_. The oxyg_enat|on process of Hb is coope_ratl_ve; €. with the human immunodeficiency virus that causes AIDS
:22 génc(ggg ?L'trhde ;'LSJ %mr(t)s((ﬂ;ﬂ)?einreinfﬁetge b'gg':tgoﬁf were reported in the mid-1980s. Also, hemoglobin-based
» third, u ues. xyg : oxygen carriers are potential sources of blood substitutes

process is also regulated by interactions between |nd|V|duaIduring emergency medical situatior®.(The reasons why

amino acid residues and various solutes, known as hetero-IOW 0. affinitv and hiah cooperativity are reavired for the
tropic allosteric effectors. These effectors include ions or 2 y 9 P Yy a

designed Hb molecules in blood substitutes are as follows.
T This work is supported by research grants from the National (') The designed Hbs should be able to de“\@m'(:'emlyi
Institutes of Health (RO1HL-24525, RO1HL-58249, and S10RR-11248). i.e., they should load and unload €ooperatively as Hb A
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have shown that during the transition from the deoxy to the identified the resonance of the indole nitrogen-attached

oxy state, theoyf5, subunit interface undergoes a sliding
movement, while thexy5; subunit interface remains es-

proton of3105Trp for rHbBL105W). Our NMR results also
have shown that this rHb can switch from the R to the T

sentially unchanged. Specific hydrogen bonds, salt bridges,structure without changing its ligation state when IHP is
and noncovalent interactions characterize both subunitadded.

interfaces. Human Hbs with mutations in thg3, subunit
interface are known to have altered oxygen affinity and

To prove the formation of a new H-bond betwggd5Trp
and 094Asp in the T structure of rHBL105W), two

cooperativity. It is also known that the Hb molecule has a mutants, rHb§D94A/8L105W) and rHb{D94A), have been

lower O, affinity in the deoxy quaternary structure (T

constructed and also studied by NMR spectroscopy. Ac-

structure) than in the oxy quaternary structure (R structure) cording to the crystal structure of Hb A, there is an H-bond

(1, 6).

between94Asp and337Trp in both the R and T structures

Proton nuclear magnetic resonance (NMR) spectroscopy (4, 5). We expect rHbgD94A) to lose the H-bond between
has been an excellent tool for investigating the tertiary and residuesa94 and37 in both the R and T structures. In

quaternary structures of Hbs in solutiof).( Several ex-
changeable proton resonances at approximatety91pm
downfield from the methyl proton resonance of 2,2-dimethyl-

addition to losing the H-bond between residué€gl ands37
in both the R and T structures, rHdP94A/5L105W) will
also lose the new H-bond between residu®d ands105

2-silapentane (DSS) have been characterized as originatingn the T structure. IfH NMR spectra, the resonance of a

from the intersubunit H-bonds in the; and oy, subunit

proton involved in an H-bond is shifted downfield, away

interfaces in both oxy and deoxy states of Hb A. These from the water resonancd §-18), and the magnitude of

H-bonded protons observed B NMR can be used as
structural markers in functional studies. In particular, the
resonance at14 ppm from DSS has been identified as the
intersubunit H-bond betwee2Tyr and399Asp in theo, 5,
interface of deoxy-Hb A, a characteristic feature of the T
structure of Hb A 10, 11). By observing this T structure

marker in both the deoxy and CO forms of Hbs under various

the shift correlates with the strength of the H-bond. As a
corollary, we expect that when an originally H-bonded proton
is no longer H-bonded, its resonance will move closer to
the water resonance. Our NMR results demonstrate that rHb-
(pL105W) forms a new H-bond betweefil05Trp and
094Asp in the T structure.

conditions, we can assess the stability of the T conformation MATERIALS AND METHODS

as well as monitor the transition from the R to the T structure.
Our strategy for designing recombinant hemoglobins

(rHbs) with low oxygen affinity and high cooperativity is to

Materials The expression vector pHE2, containing syn-
thetic a- and S-globin genes and théscherichia coli

stabilize the T structure while not perturbing the R structure Methionine aminopeptidase, was constructed in a previous
(3,12, 13). This strategy has been demonstrated in the designStudy to produce authentic rHb A9). The Altered Sites ||

of rHb(atV96W), which has low oxygen affinity and normal

in vitro Mutagenesis System was purchased from Promega.

cooperativity 3). This designed mutation is located at the 14 DNA ligase, polynucleotide kinase, and restriction
a1f» subunit interface and in the central cavity of the Hb €NZymes were obtained from Boehringer Mannheim or
molecule. According t8H NMR studies, rHbCQ{VI6W) Promega. Synthetlc ollgonucleot_ldes were qbtamed from
can switch from the R to the T structure without changing PNA International. DNA sequencing was carried out at the
its ligation state when the temperature is lowered and/or whenBiotechnology Center at the University of Pittsburgh (Pitts-
IHP, an allosteric effector, is addetdj. The crystal structure ~ 2urgh, PA). DO (99.9% in deuterium content) artNH,-
of rHb(V96W) in the T state has shown a novel water- C! (98% *N) were purchased from Cambridge Isotope
mediated H-bond betwear®6Trp Ne; andf101GIu G, in Laboratories.
the a8, subunit interface ¥4). Both *H NMR studies and Site-Directed Mutagenesi§he synthetic human normal
the crystal structure indicate that the T structure of this rHb o- or -globin gene was mutated according to the protocols
is stabilized. of the Altered Sites llin vitro Mutagenesis System. The
In the study presented here, we have designed a mutatiorPligonucleotide primers used in site-directed mutagenesis
at positionf105 to stabilize the T structure, to lower the O were 3-CTG CGT GTT GCT CCG GTC AAC TTC AAA
affinity without diminishing the cooperativity, by introducing CTG-3 (aD94A) and 5-G GAAAAC TTC CGATGG CTG
an additional H-bond into the;3, subunit interface of the ~ GGT AAC GTA C-3 (SL105W), where the altered codons
T structure. According to the crystal structure of deoxy-Hb- for the designed mutations are underlined. The muteted
A, f105Leu is located at the; S, subunit interface and is ~ and/or-globin genes were then used to replace the human
close toa94Asp at a distance of 3.5 &) Tryptophan has ~ normal a- and/or -globin genes in pHE2 to construct
been chosen to replagd 05Leu due to the possibility of its ~ €xpression vectors pHE2020, pHE2004, and pHE2017 for
forming a new H-bond witlu94Asp in the T structure. The  rHb(@D94A), rHb(BL105W), and rHb&D94A/BL105W),
indole nitrogen-attached proton ¢H is a good candidate respectiyely. The desired mutations were confirmed by DNA
for being observed by NMR, as its resonance usually occursSequencing.
downfield from most other protonsl$). Moreover, there Production of Mutant rHbsExpression vectors pHE2020,
are only three tryptophans (pey dimer) in the native Hb pHE2004, and pHE2017 were individually transformed into
A. The oxygen-binding experiments show that this novel E. colistrain IM109. For the unlabeled rHbs, the transformed
rHb(SL105W) does possess very low oxygen affinity and cells were grown in terrific broth (TB) medium with 100
normal cooperativity. We have used both unlabeled'@Nel ug/mL ampicillin at 32°C in a 10 L Microferm fermentor
labeled proteins to investigate the structural basis for the low (New Brunswick Scientific, model BioFlow 3000), and the
O, affinity of rHb(5L105W) by NMR spectroscopy. We have  production of mutant rHbs was carried out as described
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previously (9—21). For the'>N-labeled rHbFL105W), TB 80 I Oxygen Affinity

medium was replaced by modified DM-1 and DM-4 media o s a

(22) in the seed culture and indtb L fermentor, respectively. 3 sor A

In the modified DM-1 and DM-4 media, the nitrogen source £ jg A o

was 15NH,Cl instead of NHSO, and yeast extract was not £ ol a

added. e oL °° o ; oo
Purification of Hb A and Mutant rHhsHb A was prepared 10} ° % o 5 g

and purified by standard procedures used in our laboratory I N TR Y

(23). Mutant rHbs were prepared and purified as described pH

previously (L3, 19—21, 24, 25). 4 B Tl Costficiont
Characterization of Mutant rHbsN-Terminal residues 35|

were identified by Edman degradation, and molecular gl o0 00 o© % e

weights were determined by mass spectrometric analyses as 2.5l 2477

in our previous studies1@, 19—21, 24—26). These two € 4 . 4

analyses were carried out to certify the quality of purified 2r .

rHbs. All purified rHbs have correct molecular weights and 15 o o

retain less than 5% methionine at the N-termini. L m7j5 'Z o
Oxygen Binding of Hb SampleBhe oxygen dissociation PH

curves of Hb A and rHbs were measured with a Hemox- Ficure 1: pH dependence of the oxygen affinity (A) and the Hill

Analyzer (TCS Medical Products, Huntington Valley, PA) coefficient (B): © and®) Hb A, (A and a) rHb(5L105W), O
at 29°C as previously described 2 24). The methemo- ~ 2ndM) rHb(D94A), and {7 andv) rHb(aD9A4A/SL105W). Open

. . symbols depict data recorded in the absence of 2 mM IHP and
globin (met-Hb) reductase system was used if needed tOfjleq symbols in the presence of 2 MM IHPs, and Nuax Were

reduce the amount of met-Hb in the sampl&)( Partial determined from each oxygen dissociation curve. Oxygen dissocia-
oxygen pressure at 50% saturatioRsgf and the Hill tion curves were obtained with 0.1 mM (in terms of heme) Hb in
coeficient i) wete determined from each owygen cs- (1 S09un phosphte buer t 28, T, oxen bl
sociation curve [for detal_ls, S(_ag Tsaietab). The acc_uracy Pedﬁctase systen27) to reduce the amount of the met-l%b formed
for Pso measurements (in millimeters of mercury)4$%, to less than 5% during the oxygenation process.

and that fornmax is +£7%.

Autoxidation Measurement§.he autoxidation was re-  allosteric effector, on the oxygen binding properties of rHbs
corded by monitoring the rate of disappearance of the NMR is also investigated. rHB{105W) exhibits very low oxygen
oxy marker (-2.34 ppm from DSS) on a Bruker AVANCE  affinity (about 2-3 times lower) and maintains normal
DRX-300 spectrometer. The autoxidation reaction was cooperativity from pH 7.0 to 8.0 compared to Hb A. From
carried out in Plasmalyte buffer (Baxter) in the presence of pH 7.4 to 8.3, rHb@D94A/AL105W) and rHb&D94A)

5% D,O and 5 mM ethylenediaminetetraacetate (EDTA) at exhibit lower oxygen affinities and almost no cooperativity
pH 7.4 and 37°C. The HbQ concentration was 5%~(0.8 compared to Hb A. The effect of pH on the oxygen affinity
mM). of Hb, the Bohr effect, can be expressed as the number of

NMR MeasurementsThe '"H NMR experiments were  hydrogen ions released per heme upon oxygenation and can
performed at 29°C on Bruker AVANCE DRX-300 and  be calculated with the equatiohH* = —d(log Pso)/d(pH)
DRX-600 NMR spectrometers operating at 300.13 and based on the linkage equatioBl( 32). The values of the
600.13 (or 600.33) MHz, respectively. Carbonmonoxy-Hb Bohr effect for Hb A, rHbBL105W), rHbD94A/L105W),
(HbCO) solutions and deoxy-Hb solutions for NMR mea- and rHbD94A) in 0.1 M sodium phosphate buffer at 29
surements were prepared as described elsewBgyeThe °C are 0.61, 0.55, 0.07, and 0.11, respectively, in the pH
'H NMR spectra of Hbs in kD were obtained by using a  range from pH 7.0 to 8.0. The addition of 2 mM IHP at pH
jump-and-return pulse sequend@3|with a delay time of 8.0 causes th®s, values to increase 165, 149, 20, and
1.0 s. A total of 256-1024 transients were accumulated for 2704 for Hb A, rHbBL105W), rHb@D94A/BL105W), and
each spectrum. Proton chemical shifts were referenced toyHp(D94A), respectively. These results show that the Bohr
the methyl proton resonance of 2,2-dimethyl-2-silapentane- offect and the IHP effect for rHBL105W) are very similar
5-sulfonate (DSS) indirectly. The water signal in samples g those of Hb A. However, the Bohr effect and IHP effect
of Hbs in HO (or in a 90% HO/10% DO mixture), which o rHp(DY4AIBL105W) and rHbGDI4A) are quite small
occurs 4.76, 4.83, and 4.92 ppm downfield from that of DSS compared to those of Hb A. It is noted that thg., value
at 29, 20, and 1IC, respectively, was used as an interal ¢, iy A decreases from 3.2 to 2.6 upon addition of IHP,
reference. HMQC 29), NOESY-HMQC @9), and HSQC e that for rHbBL105W) decreases from 2.6 to 2.0.
(30) experiments have also been performeddtlabeled  aggitional oxygen binding experiments have been carried
rHb(5L105W) and rHb A. out to determine whether the very low oxygen affinity of
RESULTS rHb(3L105W) is caused by intrinsically low oxygen affinity

in the absence of an anion or by an increased anion effect

Oxygen Binding Properties of Hb A, rHBi(105W), rHb- on oxygen affinity as compared to Hb A (Table 1). The
(aD94ABL1O5W), and rHbgD94A). The oxygen binding intrinsic oxygen affinity of rHbgL105W) is found to be
properties of Hb A, rHR§L105W), rHb@D94A/FL105W), about 3 times lower than that of Hb A. The cooperativity of
and rHb3D94A) in 0.1 M sodium phosphate buffer at 29 rHb(3L105W) is maintained at normal values in the presence
°C are summarized in Figure 1. The effect of IHP, a strong of 0, 0.01, and 0.1 M NaCl. The anion effect on the oxygen
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Table 1: Psp and nnax Values for Hb A and rHR{L105W) in the
Presence and Absence of NacCl

Pso (MmHgQ) Nmax
0.01M 0.1M 0.01M 0.1M
none NaCl NaCl none NacCl NacCl
Hb A 2.8 3.3 7.3 2.3 2.6 3.1
rHb(fL105W) 9.2 10.5 18.8 2.7 2.6 2.5

aData were obtained with 0.1 mM Hb in 0.1 M HEPES buffer at
pH 7.4 and 29C.

120 T T T

100 [Xp

80|

Oxy-Hb (%)
3

Ficure 2: Autoxidation of O) Hb A and @) rHb(3L105W) in
PlasmalLyte buffer in the presence of 5 mM EDTA and 5%t

pH 7.4 and 37°C. The autoxidation process was assessed by

monitoring the rate of disappearance of the oxy marker2a84
ppm from DSS by 300-MHZH NMR.

affinity of rHb(SL105W), however, is slightly smaller than
that for Hb A.

Autoxidation Properties of rHI#L105W).We have moni-
tored the autoxidation process of oxy-Hb A and oxy-rHb-
(L105W) by*H NMR. The resonance-2.34 ppm upfield
from DSS has been assigned to theCH; of E11 Val of
Hb A in the oxy form @3, 33). Monitoring the rate of
disappearance of the oxy markerd.34 ppm from DSS) as
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A. Exchangeable Proton B. Ring—Current Shifted

Resonances

r Hb @D94A)

r Hb @D94A, BL105W)

r Hb (BL105W)

PPM from DSS

FicUrRe 3: 600-MHz'H NMR spectra of 3-6% solutions of Hb

A, rHb(SL105W), rHb(@@D94A/3L105W), and rHb&D94A) in the

CO form in 0.1 M sodium phosphate at pH 7.0 and°Z9 (A)
exchangeable proton resonances and (B) ring current-shifted proton
resonances.

nuclear, multidimensional NMR studies &iN-labeled rHb

A, we have assigned the resonances at 10.6, 10.4, and 10.1
ppm to 837Trp, al4Trp, andp15Trp, respectively 34).
These assignments indicate that the previous assignment of
the resonance at 10.6 ppm to the H-bond betwe@hAsp

a function of time allows us to determine the autoxidation and$102Asn (L0) is incorrect.
rate of our Hb samples (Figure 2). The percentage of ferrous  The spectrum of rHIFL105W) in the CO form shows an

Hb varies with time {) monoexponentially and the autoxi-

additional proton resonance in the region of exchangeable

dation rate constant can be obtained from the equationproton resonances (Figure 3A) and a shift of the resonance

[ferrous Hb] = [ferrous Hbl-p x exp(—kaud), wherekauto

originally at 10.6 ppm. Since amino acid resid@&¥ and

is the autoxidation rate constant. The autoxidation rate 8105 are both located in the;3, interface and are close

constants of Hb A and rHB(105W) are 0.0158t 0.0002
and 0.123+ 0.0048 h't, respectively. At pH 7.4 and 3TC
in PlasmaLyte buffer, rHIfL105W) autoxidized 8 times
faster than Hb A.

IH NMR Studies of the Structures of rHbs in the CO Form.

together in the R quaternary structur, (the replacement

of Leu with Trp at the3105 position may cause the proton
resonance g637Trp to shift away from its original chemical
shift. We have suspected that the extra resonance (at either
11.0 or 10.8 ppm) originates frofL05Trp. Heteronuclear,

IH NMR spectroscopy has been an excellent tool for two-dimensional (2D) NMR studies o#?N-labeled rHb-
investigating the tertiary and quaternary structures of Hbs (5L105W) were, therefore, carried out to assign these
(9). Figure 3A shows the exchangeable proton resonancesresonances in the spectrum of ridb(05W) (vide infra).

of Hb A, rHb(BL105W), rHb@D94A/BL105W), and rHb-

The spectrum of rHI(D94A) in the CO form shows that

(aD94A) in the CO form. These resonances arise from the the resonance at 10.6 ppm (assigne@i3@Trp in Hb A) is

exchangeable protons in the subunit interfaces. e
resonance at 12.8 ppm recently has been assigretP@His
in the a5, interface, and the likely partner with which it
forms an H-bond i®35Tyr (34). The resonance at 12.1 ppm
was previously assigned to the H-bond betwed®3His
and $108Asp in theayf: interface (1). However, on the
basis of ourH NMR investigation of rHb§Q131E) (C.-K.

missing, and a new resonance appears at 9.7 ppm compared
to the spectrum of Hb A (Figure 3A, top trace). This result
suggests that the shift of the resonancg37Trp from 10.6

to 9.7 ppm (closer to the water resonance) is due to the
absence of an H-bond between residu@4 ands37 in rHb-
(aD94A) in the CO form. This result also confirms the
assignment of the resonance at 10.6 ppm to the intersubunit

Chang and C. Ho, unpublished results) as well as a highly H-bond betwee94Asp ang337Trp. The spectrum of rHb-

refined crystal structure of deoxy-Hb &%), it appears that
p131GIn, notf108Asp, is the H-bond partner ofL03His
in the af; interfaces. Finally, on the basis of our multi-

(aD94A/FL105W) in the CO form shows that one extra
proton resonance appears at 10.8 ppm compared to the
spectrum of rHbgD94A). We assign the resonance at 10.8
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In general, théHe; resonances of Trp residues usually appear
at approximately 912 ppm (5, 36) in the proton dimension,
and their'®Ne; resonances usually appear at approximately
121-133 ppm 86) in the >N dimension. Thé>N chemical
shifts for the proton resonances at 11.0 and 10.8 ppm in the
H NMR spectrum of rHQ§L105W) are at 134 and 129 ppm,
respectively, suggesting that these resonances originate from
Trp residues. Since the proton chemical shift is much more
easily affected by the environment than that of nitrogen, we
assign 11.0 and 134 ppm #37Trp and 10.8 and 129 ppm
to f105Trp (Figure 4). This also agrees with what we
observed in Figure 3A.

The HMQC spectrum also correlates the THNe;
chemical shifts with the carbon-bound proféiy; (through

PP 3 B rHb A

1104 two-bond scalar coupling). The observation of several proton
chemical shifts from the Trp indole ring protons provides
5N BISW additional evidence for our Trp assignments. As shown in
120 A 4 Figure 4, we have observed tHdd; cross-peaks at 7.3 and
o14W: 09 L Yol 129 ppm and 7.1 and 127 ppm forl4Trp andf15Trp,
i NN e ai respectively, in the spectra of bdfiN-labeled rHbBL105W)
1304 -@'@ and rHb A in the CO form. We also have observed'iHé,;
@@ Y cross-peaks fop37Trp at 7.4 and 134 ppm with much
1 s3rw weaker intensity in the spectrum &N-labeled rHb A in
1’1 1I(; ”"S') é s the CO form (results not shown in Figure 4B). Since we
have not observed th¥Ho; cross-peaks fo337Trp and
SH (PPM from DSS) B105Trp in the HMQC spectrum of5N-labeled rHb-
FicUrRe 4: 600-MHz 2D HMQC spectra 0f-58% solutions of->N- (AL105W) in the CO form (Figure 4A), NOESY-HMQC

labeled rHbL105W) (A) and rHb A (B) in the CO form in a ; ; i ;
90% H0/10% DO mixture in 0.1 M sodium phosphate at pH 7.0 experiments have been performed at different mixing times

and 29°C. to observe théHo; and *HE, cross-peaks of all four Trp
residues of rHR{L105W) (see Figure S1 in the Supporting

ppm to the indole NH of105Trp of rHb(xD94A/5L105W) Information). All these results confirm the assignments for

and rHbL105W), and then the resonance at 11.0 ppm in the Trp residues.

rHb(SL105W) is assigned to the indole NH gB7Trp. IH NMR Studies of the Structures of rHbs in the Deoxy
Figure 3B shows the ring current-shifted proton resonancesForm. Figure 5A shows the hyperfine-shifted;M reso-

of Hb A, rHb(SL105W), rHb@D94A/5L105W), and rHb- nances of proximal histidines in the 300-MHz spectra of Hb

(aD94A) in the CO form. The ring current-shifted resonances A, rHb(SL105W), rHb@D94A/5L105W), and rHb{D94A)

are very sensitive to the heme conformation and the tertiary in the deoxy form. The spectra for the hyperfine-shiftegHN

structure of the heme pocke®)(The spectrum for the ring  resonances of proximal histidines of the mutant rHbs in the

current-shifted proton resonances of rAb{05W) in the deoxy form are very similar to that of Hb A. Figure 5B shows

CO form differs only slightly from that of Hb A, while the  the hyperfine-shifted and exchangeable proton resonances

spectra of rHbgD94A/5L105W) and rHb&D94A) are very in the 300-MHz NMR spectra of Hb A, rHBL105W), rHb-

different from that of Hb A. These differences imply that (aD94A/5L105W), and rHb¢D94A) in the deoxy form. The

some adjustments of the heme conformation and/or the amindhyperfine-shifted proton resonances arise from the protons

acid residues in the heme pockets have occurred due to theon the heme groups and their nearby amino acid residues

mutation @D94A). Previous studies have shown that minor due to the hyperfine interactions between these protons and

differences in the ring current-shifteiH resonances are unpaired electrons of Fe(ll) in the heme pock@}. (The

common features in many mutant rHbs that we have studiedhyperfine-shifted proton resonances in the region of 2@

(13, 24—26). For rHb(@D94A/fL105W) and rHb&D94A), ppm are very similar between Hb A and rifh{05W) and

the big differences in the ring current-shifted resonances are somewhat different for the other two rHbs. Figure 5C

suggest that the substitution of Ala at94Asp causes  shows the exchangeable proton resonances in the 300-MHz

significant changes in the conformation of the heme pockets NMR spectra of Hb A, rHR§L105W), rHb@D94A/

in these two rHbs. BL105W), and rHb@D94A) in the deoxy form. TheH
Heteronuclear 2D NMR Studies ofiN-Labeled rHb- resonance at14 ppm has been identified as the intersubunit

(AL105W) in the CO ForniTo assign the proton resonances H-bond betweem42Tyr andf99Asp in thea,3, interface

at 11.0 and 10.8 ppm in thtH NMR spectrum of rHb- in deoxy-Hb A, a characteristic feature of the deoxy T

(AL105W), heteronuclear 2D NMR studies &iN-labeled quaternary structure of Hb A1Q, 11). The resonance at

rHb(BL105W) in the CO form were performed (Figure 4 ~12.2 ppm has been assigned to the H-bond between

and Figure S1 in the Supporting Information). Figure 4 shows a103His and$131GIn at theo,f; interface (C.-K. Chang

the 600-MHz HMQC spectra dfN-labeled rHbL105W) and C. Ho, unpublished results). The resonance - ht.1

and rHb A in the CO form. A doublet is observed at the ppm has been tentatively assigned to the H-bond between

(*He; and®™Ne;) chemical shift coordinates for Trp residues o94Asp and337Trp at thea,f3, interface (0, 37). On the

because these spectra were acquired witHbutlecoupling. basis of our recent heteronuclear, multidimensional NMR
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C. Exchangeable Proton
Resonances

B105W
r Hb (¢D94A,
BL105W) )UL

r Hb (BL105W)

)

Hb A

B3105W
T B37W

B37W

50 80 70 60 50 ppm 25 20

15 ppm 14 13 12 ppm

Ficure 5: 300-MHz'H NMR spectra of 3-6% solutions of Hb A, rHR§L105W), rHb@D94A/3L105W), and rHb¢D94A) in the deoxy
form in 0.1 M sodium phosphate at pH 7.0 and°22 (A) hyperfine-shifted YH resonances of proximal histidines, (B) hyperfine-shifted
and exchangeable proton resonances, and (C) exchangeable proton resonances. SiD@IA(105W) and rHbgD94A) form met-

Hb during the oxygenation process, a small amount of sodium dithionite was added to these NMR samples to diminish the met-Hb.

studies on!*N-labeled rHb A, we have assigned the
resonance at-13.0 ppm toal22His, and confirmed the
assignment of the resonance atl1.1 ppm toS37Trp

(unpublished results). As there is no H-bond between residues

094 and 37 in rHb@D94A) in the deoxy form, the
resonance fo337Trp should shift away from its original

chemical shift and closer to the water resonance (similar to

what we observe in its CO form). The spectrum of rHb-
(aD94A) in the deoxy form does indeed show that the
resonance at-11.1 ppm (assigned t6837Trp in Hb A) is

missing (Figure 5C). However, we are not sure what the new

chemical shift is forf37Trp in rHb@D94A) in the deoxy
form. The spectrum of rHIL105W) in the deoxy form
shows an additional proton resonance appearing at 12.7 ppm
in the region of the exchangeable proton resonances (Figure
5C). We suggest that the extra resonance at 12.7 ppm
originates fromp3105Trp. The spectrum of rHaD94A/
pLL1O5W) in the deoxy form exhibits an extra proton

resonance appearing at 11.1 ppm compared to that of rHb-

(aD94A). We suggest that this resonance originates from
p105Trp of rHb@D94A/fL105W). The NH resonance of
pL05Trp in rHbBL105W) shifts upfield 1.7 ppm closer to
the water resonance wher®4Asp is replaced with Ala in
rHb(aD94A/SL105W) (Figure 5C), consistent with the loss
of H-bonding. All of these results indicate that a new H-bond
forms betweernp105Trp ando94Asp in rHbBL105W) in

the deoxy form.

Heteronuclear 2D NMR Studies ofiN-Labeled rHb-
(AL105W) in the Deoxy Fornilo confirm the assignment
of the resonance at 12.7 ppm £405Trp in the!H NMR
spectrum of rHQR§L105W) in the deoxy form, heteronuclear
2D NMR experiments oA®N-labeled rHbL105W) in the
deoxy form were performed (Figures 6 and Figure S2 in the
Supporting Information). Figure 6 shows the 600-MHz

ppm -

110-]

120

1304
3N

140

150

160

o

-

13 12 11 10 9 8 7

3H (PPM from DSS)

FIGURE 6: 600-MHz 2D HMQC spectrum of-58% solutions of
15N-labeled rHbBL105W) in the deoxy form in a 90% 40/10%
D,0O mixture in 0.1 M sodium phosphate at pH 7.0 and°29

HMQC spectrum of®N-labeled rHbgL105W) in the deoxy
form. The'>N chemical shift for the proton resonance at 12.7
ppm in the'H NMR spectrum of rHRL105W) is at 134
ppm, suggesting that this resonance originates from a
tryptophan residue. In addition, we can observe 6,
cross-peaks to TriPNe; at 7.8 and 134 ppm, 7.6 and 135
ppm, 7.1 and 129 ppm, and 7.0 and 127 ppm#b05Trp,
B37Trp, aldTrp, andB15Trp, respectively, in the HMQC
spectrum oft*N-labeled rHbBL105W) in the deoxy form.
We have also observed tHele; and 'Hd, cross-peaks of
His *Ne, for a103His at 8.3 and 163 ppm and 7.1 and 163
ppm, respectively, and faxl22His at 7.6 and 167 ppm and
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A. In the Absence of IHP

11°C 20°C 29°C
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B. In the Presence of IHP
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FIGURE 7: Exchangeable proton resonances in 600-MHzNMR spectra of 3-6% solutions of Hb A, rHRL105W), rHb@D94A/
BLLO5W), and rHb@D94A) in the CO form in 0.1 M sodium phosphate at pH 7.0 and various temperatures in the absence (A) and
presence (B) of 2 mM IHP.

L

T !

7.0 and 167 ppm, respectively. NOESY-HMQC experiments deoxy form as shown in Figure S2 in the Supporting
have also been performed at different mixing times to provide Information.

more evidence for our assignments and to investigate the Effects of IHP and Temperature on the Spectra of Hbs in
local environment gB105Trp in rHbBL105W) in the deoxy the CO Form.Figure 7 shows the exchangeable proton
form. For3105Trp (at 12.7 ppm), th&#Hd; and'HE, cross- resonances of Hb A, rHBL105W), rHb@D94A/5L105W),
peaks at 7.8 and 8.2 ppm, respectively, can be observed aand rHb(D94A) in the CO form in the absence and presence
all four mixing times (Figure S2 in the Supporting Informa- of IHP at 11, 20, and 29C. In the absence of IHP (Figure
tion). For 837Trp (at 11.2 ppm), itdHo; and *HE, cross- 7A), the T marker can be observed only in the spectra of
peaks at 7.6 and 7.3 ppm, respectively, also can be observedHb(aD94A/5L105W). In the presence of IHP (Figure 7B),
at all four mixing times (Figure S2 in the Supporting the T marker can be observed in the spectra of all three
Information). In addition, we have observed an inter-residue mutant rHbs. Besides the appearance of the T marker, the
NOE effect between residues@105Trp and337Trp in the spectra of rHR§L105W) in the CO form in the presence of
NOESY-HMQC spectra ofN-labeled rHbgL105W) in the IHP also show several differences compared to those in the
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A. In the Absence of THP

11°C 20°C 29°C
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Ficure 8: Ring current-shifted proton resonances in 600-MHAMR spectra of 3-6% solutions of Hb A, rHR§L105W), rHb@D94A/
pL105W), and rHb@D94A) in the CO form in 0.1 M sodium phosphate at pH 7.0 and various temperatures in the absence (A) and
presence (B) of 2 mM IHP.

I
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—
0 -1 -2 0 -1 -2
PPM from DSS

absence of IHP (Figure 7). In the presence of IHP, new peaksinformation). When the temperature is lowered in the
at 13.1 and 11.2 ppm appear to gradually grow at the expensepresence of IHP, two neltHe; and*®Ne; cross-peaks appear

of the nearby resonances at 12.9 and 11.0 (or 10.8) ppm,at 11.0 and 131 ppm and 10.9 and 130 ppm (see Figure
respectively, when the temperature is lowered (Figure 7B). S3C,D in the Supporting Information). We propose that these
This suggests the existence of two conformations in slow two new cross-peaks originate froi87Trp ands105Trp
exchange, and this conformational equilibrium is affected in the other conformation.

by a change in the temperature. To monitor these changes Figure 8 shows the ring current-shifted proton resonances
in more detail, HSQC experiments have been performed for of Hb A, rHb(5L105W), rHb@D94A/5L105W), and rHb-
15N-labeled rHbFL105W) in the absence and presence of (aD94A) in the CO form in the absence and presence of
IHP at various temperatures (see Figure S3 in the SupportinglIHP at 11, 20, and 29C. The ring current-shifted proton
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resonances of rHBL105W) in the CO form differ only interface (Figure 5C). The appearance of the T marker in
slightly from those of Hb A in the absence of IHP, while the spectra of rHIHL105W) in the CO form also indicates
they are very different from those of Hb A in the presence that rHb{3L105W) can switch from the R to the T structure
of IHP. The ring current-shifted proton resonances of rHb- without changing its ligation state when IHP is added and
(aD94A/5L105W) and rHb¢D94A) in the CO form are very  the temperature is lowered (Figure 7B). These results suggest
different from those of Hb A in both the absence and that the formation of a new H-bond betweef4Asp and
presence of IHP, but they are very similar to each other in 5105Trp in theo,f interface can stabilize the T structure
the presence of IHP. In addition, the ring current-shifted of this rHb. Thus, we propose that the structural basis for
proton resonances of rHRI(105W) in the CO form in the  the low oxygen affinity of this novel rHIL105W) is the
presence of IHP turn out to be somewhat similar to those of new H-bond formed betweem94Asp and3105Trp in the
rHb(aD94A/5L105W) and rHb&D94A) when the temper-  of3; interface in the T structure.
ature is lowered (Figure 8B). We suspect that the spectra We propose that rH|L105W) has a more stable T
for the ring current-shifted proton resonances of idb@4A/ structure than Hb A, based on the observation of the
BL105W) and rHb@D94A) in the CO form in the presence appearance of the T structural marker in tHHENMR spectra
of IHP represent one type of spectra for rHbs in the CO of this rHb in the CO form when the temperature is lowered
form with a stable T structure. Therefore, the differences in and IHP is added. In other words, this rHb prefers to remain
heme pocket conformations between mutant rHbs and Hbin the T quaternary structure even when it is ligated. This
A also suggest that these mutant rHbs switch much more conclusion is supported by the following experimental results.
easily from the R structure to the T structure, as evidenced With decreasing temperature and in the presence of IHP,
by the appearance of the T marker in the exchangeable protorrHb(3L105W) exhibits a cooperativity and oxygen affinity
resonance region. The resonances-at8 and—1.9 ppm much lower than those of Hb A (for Hb Rso = 10.2 mmHg
have been assigned to the heme pocket distal valine (E11)and nmax = 2.5, and for rHRL105W), Psp = 23.5 mmHg
of a- andp-chains of Hb A, respectivelyd@, 38). Compared andnmax = 2.0, both in 0.1 M sodium phosphate and 1 mM
to the spectra of Hb A, the resonance of the distal valine IHP at pH 7.4 and 10C). It should be mentioned that rHb-
(E11) of theB-chain seems to be affected more in the spectra (aV96W/SN108K), which has the lowest oxygen affinity,
of mutant rHbs, especially in the presence of IHP, than that exhibits the strongest T structure marker among all the low-
of the a-chain (Figure 8). These results imply that the oxygen affinity rHbs studied in our laborator, (12). For
structural switching from the R to the T structure induced example, in 0.1 M phosphate and 2 mM IHP at°@@ rHb-
by IHP, temperature, or the mutations in this study might (oV96W/SN108K) has aPs of 23.2 mmHg and ammay of
occur mainly in thes-chain. 1.3 (3). In other words, the binding of Qo this rHb, under
these experimental conditions, is essentially noncooperative.

DISCUSSION The decreased cooperativity with decreasing temperature in

The a2 subunit interface of Hb A is very sensitive to the presence of IHP supports our proposal that our low-
mutations. Most of the mutations found in thg3, subunit oxygen affinity rHbs prefer to remain in the deoxy state.
interface region produce hemoglobins which have high We have observed that Hb A exhibits a 7.6-fold increase in
oxygen affinity and very low cooperativityl( 39, 40). oxygen affinity upon decreasing the temperature from 29 to
However, rHb@V96W) constructed in our laboratoryld) 10°C, while the oxygen affinity of rHI{L105W) increases
possesses low oxygen affinity (about 1.5 times lower than by only 2.5-fold. Thus, increasing the oxygen affinity upon
that of Hb A) and normal cooperativity in 0.1 M sodium decreasing the temperature is less pronounced in rHb-
phosphate from pH 6.5 to 8.0. According to the crystal (8L105W) than in Hb A, suggesting a progressive stabiliza-
structure of rHb@V96W) in the deoxy form, there are novel tion of the T structure of this mutant as the temperature is
water-mediated H-bonds betwee®6Trp andf101Glu in lowered. The appearance of the T state marker is an
the o3> subunit interface X4). Puius et al. 14) suggested  indication of a more stable T state, which serves as a
that these novel water-mediated H-bonds indhe, subunit molecular basis of the low oxygen affinity in rH}i(105W).
interface may stabilize the T structure of the protein. This  Both rHb@D94A) and rHb{&D94A/5L105W) have low
example has encouraged us to design mutations located iroxygen affinities, but almost no cooperativity. These oxygen
the a3, subunit interface to produce a mutant rHb which binding properties are very similar to those of human Hb
has low oxygen affinity and normal cooperativity by stabiliz- mutants which have an amino acid substitution affecting the
ing the T structure without disturbing the R structure. H-bond betweem94Asp and3102Asn in then,5; interface

To lower the oxygen affinity of Hb, we have designed a of the R structure, such as Hb Titusville[d94N) (39) and
mutation at residugg105 to stabilize the T structure by Hb Kansas gN102T) @1). Both rHb@D94A) and rHb-
introducing an additional H-bond into the subunit interface (aD94A/fL105W) can easily switch from the R to the T
of the T structure. Mutant rHBL105W) does possess very  structure without changing their ligation state when IHP is
low oxygen affinity (3 times lower) and maintains normal added and the temperature is lowered. The replacement of
cooperativity compared to that of Hb A (Figure 1 and Table Asp with Ala at thea94 position of Hb A destroys two
1). The normal cooperativity and the very similar spectra of H-bonds froma94Asp to537Trp and to102Asn in the
rHb(5L105W) in the CO form compared to those of Hb A a,f; interface of the R structure, while it destroys only one
(Figures 3, 7A, and 8A) imply that the global R structure of H-bond froma94Asp to337Trp in thea,3; interface of the
rHb(BL105W) is not perturbed by the mutation. We have T structure. The larger disturbance produced in the R
assigned the new resonance appearing at 12.7 ppm from DSStructure makes the T structure relatively more stable. Due
in the spectrum of rHIFL105W) in the deoxy form to the  to the mutation at residue94, both rHb§&D94A) and rHb-
new H-bond betweem94Asp andf105Trp in theayfs (aD94A/BL105W), therefore, switch more easily to the T
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FIGURE 9: Possible geometry (or orientation) @£05Trp in rHb-
(AL105W) in the deoxy form. The dashed lines represent H-bonds.
pL05Leu has been replaced with Trp in the deoxy structure of Hb
A (5; PDB entry 3HHB) without corrupting its nearby amino acid
residues.

structure in their ligated state compared to Hb A and rHb-
(BL105W). Although rHbD94A/FL105W) switches most

Biochemistry, Vol. 39, No. 45, 2003717

inter-residue cross-peaks are observed at a mixing time of
30 ms (Figure S2 in the Supporting Information).

The *H NMR spectra of rHb§V96W) in the CO form
from a previous studyl@3) have shown that the R marker
(the intersubunit H-bond betweer®4Asp ands37Trp) at
~10.7 ppm from DSS disappeared, while the T marker (the
intersubunit H-bond betweem42Tyr andf99Asp) at~14
ppm from DSS appeared in the presence of IHP &t9A
similar phenomenon has been observed for the NMR spectra
of rHb(SL105W), except that the intensity of the R marker
only becomes weaker (not disappearing). Interestingly,
temperature-dependeHti NMR spectral changes of rHb-
(BL105W) in the CO form in the presence of IHP have
shown that new peaks at 13.1 and 11.2 ppm gradually grow
from the nearby resonances at 12.9 and 11.0 (or 10.8) ppm,
respectively, when the temperature is lowered (Figure 7B).
This kind of spectral change has not been observed from
Hb A or other rHbs in this and previous studigi?(13).

The appearance and growth of the new resonances correlate
with the growth of the T marker and are indicative of a
shifting equilibrium between two conformations in slow
exchange. As the temperature is lowered, the T-like state
becomes more populated. The exchange rate is slow on the
chemical shift time scale defined by the difference in the
chemical shifts of thet122His (12.9 ppm in the R state and
13.1 ppm in the T state) an@37Trp (11.0 ppm in the R
state and 11.2 ppm in the T state). As the temperature is

easily from the R to the T structure without changing it gecreased, the intensity of the resonances with the chemical
ligation state compared to other Hbs studied here, its oxygenshit characteristic of the R state decreases, while the intensity
affinity is not the lowest (see Figure 1, at pH7.4). This  of the resonances with the chemical shift characteristic of
feature is different from a tendency observed from a previous the T state increases. To observe both resonances, the
study (L2) that the rHb with the lowest oxygen affinity has  exchange rate must be slow in comparison to that for 0.2

the greatest tendency to switch to the T structure. We believeppym at 600 MHz, which amounts to 120%s

that the cause of rHb®D94A) and rHb&D94A/FL105W)

In conclusion, the mutant rHBL105W) constructed in

not f(_)llowing the tendency observed fror_n the pervious study ipig study has further confirmed that our strategy for
(12) is that these two mutants have disturbed R structure designing mutant Hbs with low oxygen affinity and normal

and cannot undergo the usual T to R transition, thus
exhibiting essentially no cooperativity. The disturbed R
structure may also be the reason both Wdd®4A) and rHb-
(aD94A/BL105W) have very small Bohr effects and small
IHP effects compared to those of Hb A (Figure 1).

When we performed 2D NOESY-HMQC studies, we
observed NOE effects between the side chain81a5Trp
and 837Trp in the NOESY-HMQC spectra dfN-labeled
rHb(3L105W) in the deoxy form (Figure S2 in the Support-

cooperativity by stabilizing the T state without disturbing
the R state is successful. Mutant ridb 05W) has very low
oxygen affinity and normal cooperativity. This rHb has a
more stabilized T structure based on the fact that it can switch
from the R to the T structure without changing its ligation
state when IHP is added. Our NMR results also suggest that
rHb(FL105W) forms a new H-bond betwegil05Trp and
094Asp in theo, S, interface in the T structure. We propose
that this new H-bond is the structural basis for the low

ing Information). Specifically, there are cross-peaks between oxygen affinity of rHbBL105W).

the He, protons of both residues, and then cross-peaks from

the He; of one residue to not only its owndd and H., but
also the H; and H., protons of the other residue. These
results indicate that residugd05Trp and337Trp are very
close in space, especially at the;NCod; edge, supporting
the supposition that both Trp residues are involved in
H-bonds to the same residue94Asp. Figure 9 depicts a
possible geometry g#105Trp in rHbBL105W) in the deoxy
form, showing both337Trp ands105Trp forming H-bonds
with a94Asp. According to this figure, the distances from
the Ne; atom of 5105Trp to atoms @, and &, of 537Trp,
from atom N-; of 537Trp to atoms @; and G, of f105Trp,
and from atom N, of 5105Trp to atom N, of 537 Trp range
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SUPPORTING INFORMATION AVAILABLE

Figures S1 and S2 showing 600-MHz 2D NOESY-HMQC
spectra of a 5% solution 0fN-labeled rHbL105W) in
the CO form and deoxy forms, respectively, in a 90%H

between 4 and 6 A. The short distances between these atom&0% D,O mixture in 0.1 M sodium phosphate at pH 7.0 and

imply that their attached protons,eH Ho,, and H;, are
very close in space. This is consistent with the fact that six

29 °C recorded at various mixing times and Figure S3
showing 600-MHz 2D HSQC spectra of-8% solutions of
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15N-labeled rHbgL105W) in the CO form in a 90% KD/

10% D,O mixture in 0.1 M sodium phosphate at pH 7.0 and
various temperatures in the absence and presence of 2 mM
IHP. This material is available free of charge via the Internet
at http://pubs.acs.org.
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