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Abstract

Three recombinant mutant hemoglobifréibs) of human normal adult hemoglobitHb A), rHb («T67V), rHb
(BS72A), and rHb (aT67V, BS72A), have been constructed to test the role of the tertiary intra-subunit H-bonds
betweena67T andal4W and betwee372S andB15W in the cooperative oxygenation of Hb A. Oxygen-binding
studies in 0.1 M sodium phosphate buffer at 29 show that rHb(aT67V), rHb (3S72A), and rHb (aT67V,

BS72A) exhibit oxygen-binding properties similar to those of Hb A. The binding of oxygen to these rHbs is highly
cooperative, with a Hill coefficient of approximately 2.8, compared to approximately 3.1 for Hb A. Proton nuclear
magnetic resonanceNMR) studies show that rHBaT67V), rHb (BS72A), rHb (aT67V, BS72A), and Hb A have

similar quaternary structures in thgp, subunit interfaces. In particular, the inter-subunit H-bonds betvee®Tyr

and B99Asp and betweeR37Trp anda94Asp are maintained in the mutants in the deoxy form. There are slight
perturbations in the distal heme pocket region of the and B-chains in the mutants. A comparison of the
exchangeablé H resonances of Hb A with those of these three rHbs suggest§thaandp72S are H-bonded to

«14W andB15W, respectively, in the CO and deoxy forms of Hb A. The absence of significant free energy changes
for the oxygenation process of these three rHbs compared to those of Hb A, even though the inter-helical H-bonds
are abolished, indicates that these two sets of H-bonds are of comparable strength in the ligated and unligated forms
of Hb A. Thus, the mutations aiT67V andBS72A do not affect the overall energetics of the oxygenation process.

Abbreviations: Hb, hemoglobin; Hb A, human normal adult hemoglobin; deoxy-Hb, deoxyhemoglobin; HbCO, carbononoxy-
hemoglobin; rHb, recombinant hemoglobin; met-Hb, methemoglobin; UVRR, ultraviolet resonance Raman; NMR, nuclear magnetic
resonance; DSS, 2,2-dimethyl-2-silapentane-5-sulfonate; 2,3-BPG, 2,3-bisphosphoglycerate; HERERJroxyethy)piperazine-
N'-2-ethanesulfonic acid; 2-D, two-dimensional; HMQC, heteronuclear multiple-quantum coherence; HSQC, heteronuclear single-
guantum coherence.
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The preserved cooperativity in the binding of oxygen to these three mutants also implies that there are multiple
interactions involved in the oxygenation process of Hb A.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction energetically significant changes in the equilibrium
oxygenation process of Hb A.
Human normal adult hemoglobifHb A) is one One-dimensionaf1-D) proton nuclear magnetic

of the most studied proteins and has also servedresonancé NMR) spectroscopy has been an excel-
as a model for the structure—function relationship |ent tool for investigating the tertiary and quater-
in-multimeric, allosteric proteins. Hb A binds nary structures of Hbs in solutiof11]. In
oxygen cooperatively with a Hill coefficient of particular, the chemical shift changes of the
approximately 3.0. The cooperative ligand binding exchangeable protons due to the presence of H-
of Hb A has been interpreted by the sterochemical bonds can be observed directly by NMR studies
model of Perutz[l] on the basis of a detailed [12-14. Recent developments in NMR Spectros-
comparison of X-ray crystallographic structures of ’ o ) . :

copy together with isotopic labeling techniques

the deoxy- and liganded-H[2—4]. While the end h de i bl . e .
states of the allosteric mechanism of Hb have been "2V€ Made it possible to gain new information on
the structure—function relationship in Hb A8—

well characterized by the Tlow affinity) and R - ‘
(high affinity) structures[1], the T-to-R (or vice 20]. Specifically, the assignments afl4W, B15W

versa transition pathway has not been clearly andB37W by two-dimensiona(2-D) NMR spec-
defined and remains a subject of great intefgkt ~ troscopy[17,20 allow us to make a direct com-
Time-resolved ultraviolet resonance Raman parison between NMR and UVRR results on the
(UVRR) spectroscopy has been used to probe the structural changes upon the cooperative oxygena-
R-to-T transition pathway, which can be induced tion of Hb A and rHbs.
by photolysis of HbCO A[6-9. This pathway To understand the role of inter-helical H-bonds
has been proposed to involve the displacement of petweenn14W anda67T and betwee@15W and
the helices E and F, which sandwich the heme g72S in the oxygenation process of Hb, we have
prosthetic group. These displacements would fyrther constructed a double mutant, rtbT67V,
weaken the H-bonds connecting the E helix to the gs724). Here, we report the oxygen-binding prop-
A helix, from a67T to «14W and from[3_72$ to erties of rHb (aT67V), rHb (3S72A), and rHb
B15W, on the one hand, and the F helix to the H (aT67V, BS72A) as a function of pH in the

helix, from the backbone carbonyl groupsed3V. — jsence and presence of 2,3-bisphosphoglycerate
to «140Y and fromB9BV 0 B145Y, on the other. 53 0i Il NEETIE D 4o R T O

These inter-helical H-bonds are re-formed by sub- . .
to investigate the tertiary and quaternary structures

sequent motions of the A and H helices, which  th h h I ’
serve to move the amino and carboxyl termini into ©f these three rHbs. We have also carried out 2-D
NMR studies of!® N-labeled rHHaT67V) and

positions from which they establish the inter-
subunit salt-bridges that stabilize the T structure. Hb (aT67V, BS72A). We have found a reasonable
Though UVRR studies of rHi§aT67V) and rHb correlation between the downfield shift of the
(BS72A) have shown tha&14W andB15W par- amide proton resonances and the strength of H-
ticipate in the initial ste@150 n9 of this pathway  bonds[12,15-1T. Hence, the amide proton reso-
[10], the effect of these two H-bonds on the nances okx1l4W andB15W are expected to move
equilibrium oxygenation is not known. The ques- upfield and closer to water resonances in rHb
tion arises whether the influence of the H-bonds (aT67V) and rHb (8S72A), respectively, due to
on the observable intermediates is connected tothe loss of the H-bond partners.
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2. Materials and methods
2.1. Construction of expression plasmids
The Escherichia coli Hb expression plasmid,

pHE2, was constructed in our laboratdg4] and
forms the basis for constructing other plasmids for

expressing mutant Hbs. The plasmids, pHE209

and pHE210, for the expression of rHaT67V)
and rHb(BS72A), were reported previouslji0].
The plasmid pHE211 for the expression of rHb
(aT67V, BS72A) was constructed by ligation of
the 0.51 kb BstBI-Nhel fragment of pHE210 and
the 6.23 kb Nhel-BstBlI fragment of pHE209.
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two analyses were carried out to certify the quality
of purified rHbs. All purified rHbs had correct
molecular weights and retained less than 2%
methionine at the N-termini.

2.5. Oxygen-binding properties of rHbs

The oxygen dissociation curves of rHbs were
measured on a Hemox-Analyz€lfCS Medical
Products, Huntington Valley, PA, USAat 29°C
as a function of pH in 0.1 M sodium phosphate
buffer in the presence and absence of 5 mM 2,3-
BPG. The concentration of Hb used in this study
was approximately 0.1 mM per heme. The met-

Chemicals and restriction enzymes were purchasedHb reductase system was used if needed to reduce

from major suppliers, such as Fisher, Sigma, Bio-
Rad, Boehringer Mannheim, New England Bio-
Labs, Pharmacia, Promega,
Biochemicals, Inc., and Cambridge Isotope Labo-
ratories, and were used without further purification.

2.2. Growth of cells

The expression vectors pHE209, pHE210 and
pHE211, were individually transformed inté.
coli strain JM109. The transformed cells were
grown in Terrific-Broth (TB) medium plus 100
wg/ml ampicillin at 32°C in a 10-1 Microferm
fermentor (New Brunswick Scientific, Model
BioFlow 3000, and the production of mutant rHbs
was carried out as described previou$Bi,2d.
For the **N-labeled rHb(aT67V) and rHb
(aT67V, BS72A), TB medium was replaced by
modified DM-1 and DM-4 medid19] and NH, Cl
was replaced by® NH CI in the seed culture and
5-1 fermentor, respectively.

2.3. Isolation and purification of rHbs

The purification of rHbs followed the procedures
described previously21-23.

2.4. Characterization of mutant rHbs

The N-terminal residues were determined from

Edman degradation and the molecular weights of
rHbs were determined by mass spectrometric anal-

yses as detailed in our previous studi2$]. These

the amount of met-Hb in the sampl@4]. Partial
oxygen pressure at 50% saturatiGPs,) and the

United States Hill coefficient (n,,,,) Were determined from each

oxygen dissociation curvéfor details see Tsai et
al. [23]). The accuracy folPs, measurementéin
mmHg) is +5% and that fom,,. is +7%.

2.6. "H-NMR investigation of rHbs

IH-NMR spectra of rHbs were obtained from
Bruker AVANCE DRX-300, DRX-500 and DRX-
600 NMR spectrometers. All Hb samples were in
0.1 M sodium phosphate buffer in 100%, H O or
in a mixture of 90% H J10% D,O, and the Hb
concentration was between 6 and 8%. The water
signal was suppressed by using a jump-and-return
pulse sequencg25]. Proton chemical shifts are
referenced to the methyl proton resonance of 2,2-
dimethyl-2-silapentane-5-sulfonai®SS) indirect-
ly by using the water signal, which occurs at 4.76
ppm downfield from that of DSS at 2%C, as the
internal reference. HMQC and HSQC experiments
were performed of® N-labeled rHaT67V), rHb
(aT67V, BS72A), and rHb A as previously
described20].

3. Results
3.1. Oxygen-binding studies
Fig. 1 shows the oxygen-binding measurements

for rHb (aT67V), rHb (8S72A), rHb (aT67V,
BS72A), and Hb A in 0.1 M sodium phosphate
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Fig. 1. The pH dependence of the oxygen affifigy and the

Hill coefficient (b) of rHbs and Hb A in 0.1 M sodium phos-
phate buffer at 29C: (O) Hb A; (A) rHb (aT67V); (X) rHb
(BS72A); and (O0) rHb (a«T67V, BS72A). Pso and n1,., Were
determined from each oxygen dissociation curve, and Hb con-
centration was 0.1 mM heme. The oxygen-binding properties
of the mutant rHbs were measured in the presence of a reduc-
tase systenfi24] to reduce the amount of met-Hb forméess

than 29 during the oxygenation process.

buffer as a function of pH at 2%C. rHb (aT67V),
rHb (BS72A), and rHb(aT67V, BS72A) exhibit
oxygen affinities similar to that of Hb A. The
oxygenation process of rHb(aT67V), rHb
(BS72A), and rHb(aT67V, BS72A) is very coop-
erative with ann,,, value of approximately 2.6—
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3.0 depending on the pH, compared to
approximately 3.0—3.2 for Hb A. Fig. 2 shows the
decrease in oxygen affinity of these rHbs induced
by the presence of 2,3-BPG. Over the pH range in
which we have investigated the effect of 2,3-BPG,
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Fig. 2. The pH dependence of the oxygen affirigy and the

Hill coefficient (b) of rHbs and Hb A in the presence of 5 mM
2,3-BPG in 0.1 M sodium phosphate buffer at Z2 (O) Hb

A; (A) rHb (aT67V); (X) rHb (BS72A); and (O) rHb
(aT67V, BS72A). Pso and n,., Were determined from each
oxygen dissociation curve, and Hb concentration was 0.1 mM
heme. The oxygen-binding properties of the mutant rHbs were
measured in the presence of a reductase syf2dhto reduce

the amount of met-Hb forme€less than 2% during the oxy-
genation process.
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Table 1

Pgo andn o values for Hb A and rHiaT67V, S72A) in the
presence and absence of sodium chloride

[Chloridg Hb A rHb (aT67V,

(mM) BS72A)
Psg Nmax Pso Nmax

(mmHg) (mmHg)
0 3.7 3.3 3.9 3.2
50 54 3.2 6.1 3.3
100 6.9 29 7.6 31
200 8.4 2.8 9.7 3.0

Data were obtained with 0.1 mM Hb in 0.1 M HEPES buffer
at pH 7.4 and 29C; 30 nM catalase was used to prevent the
formation of met-Hb(less than 2% [24].

rHb (aT67V), rHb (BS72A), and rHb (aT67V,
BS72A) exhibit similar oxygen affinity to Hb A.
The intrinsic oxygenation properties of rHb
(aT67V, BS72A) in HEPES buffer are also similar

(a) Exchangeable Proton
Resonances

rHb (aT67V,
BS72A)

rHb (Bs72§s)

rHb («T67V)

to those of Hb A, and rHb(aT67V, BS72A)
exhibits a chloride effect similar to those of Hb A
(Table 1. Figs. 1 and 2 also show that the alkaline
Bohr effects of these three rHbs are similar to
those of Hb A in the presence and absence of the
allosteric effector, 2,3-BPG.

3.2. '"H-NMR investigation

IH-NMR is an excellent tool for monitoring
changes in the tertiary and quaternary structures
of Hb A and its variants[11,21,23,26-3l1 Fig.
3a shows the exchangeable proton resonances in
the 500-MHz NMR spectra of Hb A, rHb
(aT67V), rHb (BS72A), and rHb (aT67V,
BS72A) in the CO form. These exchangeable
proton resonances arise from the exchangeable
protons in the subunit interfaces. The resonances
at 129 and 12.1 ppm from DSS have been

(b) Ring-Current-Shifted
Proton Resonances

Fig. 3. The 500-MHZ H-NMR spectra of 4—6% solutions of Hb A, ribr67V), rHb (3S72A), and rHb(aT67V, S72A) in the
CO form in 0.1 M sodium phosphate buffer at pH 7.0 and®@9(a) exchangeable proton resonances; éndring-current-shifted

proton resonances.
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assigned to the H-bonds betweeri22His and
B35Tyr, and betweenal03His and $131GIn, (a) tHbCO (aT67V, BST2A) o
respectively{20,32,33. The resonance at 12.9 ppm <
is shifted upfield to 12.8 ppm in the spectra of BISW
rHbCO (aT67V) and rHbCO(aT67V, BS72A).
The resonances at 10.2, 10.4 and 10.7 ppm have
been assigned to the & of B15W, a14W and < [ 135
B37W in the spectrum of HbCO A, respectively i
[17,20. The chemical shift of37W does not
change in the spectra of these three rHbs in the
CO form. In the spectra of rHbCQuT67V) and (b) rHbCO («T67V)
rHbCO (aT67V, BS72A), the resonance at 10.4
ppm is missing and an additional resonance
appears at 9.5 ppm as compared to the spectrum
of HbCO A. In the spectra of rHbCQ@BS72A)
and rHbCO (aT67V, BS72A), the resonance at <
10.2 ppm is missing.

To assign the additional proton resonances at
9.5 ppm in the! H-NMR spectra of rHxT67V)
and rHb (aT67V, BS72A), heteronuclear two-
dimensional (2-D) NMR studies of *> N-labeled
rHb (aT67V) and rHb (aT67V, BS72A) in the B1SW
CO form have been performedFig. 4). The NH o"o
cross-peak at 10/429.5 ppm is missing in the ol4W
600-MHz HSQC spectra of*> N-labeled rHb Y
(aT67V) and rHb (aT67V, BS72A) in the CO B3TW 135
form (Fig. 4), suggesting that67Thr is H-bonded
to al4Trp. However, no NH cross-peak in the T . . T T . 140
proton dimension at 9.5 ppm has been observed 15 110 105 100 95 90  ppm
in the HSQC spectra df N-labeled rHRT67V) 'H (ppm from DSS)
and rHb (aT67V, BS72A), suggesting that the
extra resonance at 9.5 ppm observed in the 1D- lFSilgl-I4lehz 632;'\4?6273/%2325 (Sp)ecm ?f %;3\0//; ?g)lutiogs of

i i -labeled rHb(a . a), r o ,an
ll‘\rlg/er? j?j.?_:;a (')Ifl’ltgelfleH tV(\:lIf)OS;_k;Segl?eai nlo(;g??ate er'A (c) in the CO form in 90% H ®10% D,O in 0.1 M
e ) ’ : sodium phosphate buffer at pH 7.0 and 22

ppm (assigned toB15Trp in HbCO A is also
missing in the HSQC spectrum of N-labeled
rHbCO (aT67V, BS72A) and a new NH cross- at 7.1/125.9 ppm in the®® N-labeled rHGxT67V,
peak appears at 9/725.9 ppm. This suggests that BS72A), confirming the assignment of the cross-
the resonance g815Trp shifts away from 10.2 to  peak at 9.7125.9 ppm toB15Trp. The present
9.7 ppm due to the loss of its H-bond partner observation assigns the resonances at 10.4 and
B72Ser. To provide additional evidence for the 10.2 ppm to the inter-helical H-bonds between
B15Trp assignment at 9.7 ppm, HMQC spectra of a14W anda67T, and betwee815W andB72S,
15N-labeled rHbCO(aT67V, BS72A) have been  respectively, in the CO form of Hb A.
acquired with a refocusing delay of 22 ms, which ~ Fig. 3b shows the ring-current-shifted proton
diminishes the intensity of the directly bonded H- resonances of Hb A, rHbaT67V), rHb (BS72A),
15N cross-peaks, while retaining the cross-peak and rHb(aT67V, BS72A) in the CO form meas-
due to two- and three-bond correlation. As shown ured at 500 MHz. The ring-current-shifted proton
in Fig. 5a, we have observed the d3Hcross-peak  resonances are sensitive to the orientation/and

(c) tHbCO A <
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Fig. 5. The 600-MHz 2D-HMQC spectra of 6—8% solutions of
15N-labeled rHb(aT67V, BS72A) in the CO(a) and deoxy
(b) form in 90% H, Q’10% D,O in 0.1 M sodium phosphate

buffer at pH 7.0 and 29C.

ppm, respectively. This result suggests thatyhe
CHj; group of thea- andBE11 valine residues in
both rHbCO (BS72A) and rHbCO (aT67V,
BS72A) is located closer to the normal of the
heme than in HbCO A. Since67T (E16) and
B72S(E16) are in proximity to E11Val, the amino
acid substitutionse T67V andBS72A, are expect-

ed to alter the conformation of the distal heme
pocket site of then- and B-chains, respectively.
There are some other changes in the ring-current-
shifted resonances among these rHbs. Our experi-
ence has been that minor differences in the
intensity and positions of ring-current-shifted res-
onances are common features in many rHb mutants
that we have studied21,23,26—30,36 These
changes reflect slight adjustments of the confor-
mation of the hemes apidr the amino acid resi-
dues in the heme pockets as a result of the
mutations.

Fig. 6a shows the hyperfine-shifteds N H reso-
nances of proximal histidines in the 300-MHz
spectra of rHb (aT67V), rHb (BS72A), rHb
(aT67V, BS72A), and Hb A in the deoxy form.
The spectra for the hyperfine-shifteds N H reso-
nances of proximal histidines of the mutant rHbs
in the deoxy form are very similar to that of Hb
A. Fig. 6b shows the hyperfine-shifted and
exchangeable proton resonances in the 300-MHz
NMR spectra of Hb A and rHbs in the deoxy
form. The hyperfine-shifted proton resonances

conformation of the heme group relative to the arise from the protons on the heme groups and on
amino acid residues in the heme pockets, i.e. the nearby amino acid residues due to the hyperfine

tertiary structure of the Hb moleculEll]. The
resonances at approximatelyl.7 and—1.8 ppm
have been assigned to thg-CH; of the E11Val
of the a-chain andB-chain of HbCO A, respec-
tively [34,35. The resonance assigned to the
CHj; of theaE11Val of rHbCO(aT67V) is shifted
upfield to —1.9 ppm, suggesting that thg-CH,
group of the aE11 valine residues in rHbCO
(aT67V) is located closer to the normal of the

interactions between these protons and unpaired
electrons of Fél) in the heme pockelll]. There

are no noticeable differences in the resonances
from 10 to 25 ppm between deoxy-Hb A and
deoxy-rHbs, except that the resonance at 17 ppm
is shifted upfield to 16.7 ppm in the spectra of
deoxy-rHb (aT67V) and deoxy-rHb (aT67V,
BS72A). The hyperfine-shifted resonance at 17.0
ppm has been assigned to the hyperfine interaction

heme than in HbCO A. The resonances assignedoriginating from the a-chain [11]. The results

to the vy,-CH; of the aE11Val andBE11Val of
rHbCO (BS72A) are shifted upfield to approxi-
mately —1.75 and—1.95 ppm, respectively. The
resonances assigned to theCH; of theaE11Val
and BE11Val of rHbCO (aT67V, BS72A) are
shifted upfield to approximately-1.8 and—1.95

suggest that the mutation of Val in the EQ&67T)
position of thea-chain changes the environment
of the heme pocket of the-chain.

Fig. 6¢c shows the exchangeable proton reso-
nances in the 500-MHz spectra of rHbs and Hb A
in the deoxy form. The resonance at 13.0 ppm
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(c) Exchangeable Proton
Resonances
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Fig. 6. The® H-NMR spectra of 4-6% solutions of Hb A, reT67V), rHb (8S72A) and rHb (aT67V, S72A) in the deoxy
form in 0.1 M sodium phosphate buffer at pH 7.0 and°€9 (a) hyperfine-shifted Iy H resonances of proximal histidines at 300
MHz; (b) hyperfine-shifted and exchangeable proton resonances at 300 MH£¢)aexchangeable proton resonances at 500 MHz.

(assigned toa122His) is shifted slightly upfield
to 12.9 ppm in the spectra of rH@T67V) and
rHb (aT67V, BS72A) in the deoxy form. The shift
of the resonance assignedat®22His in the spectra
of rHb (aT67V) and rHb(aT67V, BS72A) is the
same in the CO form as in the deoxy form
(compare Fig. 3a with Fig. 6cThe!H resonance
at ~14 ppm has been identified as the inter-
subunit H-bond betweea42Tyr and 399Asp in
the a4, interface in deoxy-Hb A[13], a charac-
teristic feature of the deox¢T)-quaternary struc-
ture of Hb A [1]. Another characteristic feature of

upfield to 10.0 ppm. The chemical shift of the
resonance at 9.9 ppm in the spectra of rHb
(BS72A) and rHb (aT67V, BS72A) is similar to
that of Hb A in the deoxy form, except that the
intensity of this resonance appears to be much
smaller. An extra resonance is observed at 9.5 ppm
in the spectra of rHBS72A) and rHb(aT67V,
BS72A) in the deoxy form.

Fig. 7 shows HSQC spectra &f N-labeled rHb
(aT67V), rHb (aT67V, BS72A), and rHb A in
the deoxy form. The NH cross-peak at 10129.4
ppm is missing in the 600-MHz HSQC spectra of

the T structure is the appearance of the resonance®N-labeled rHb (aT67V) and rHb (aT67V,
at 11.2 ppm downfield from DSS, which has been BS72A) in the deoxy form, suggesting that the

assigned to the H-bond betweep37Trp and
o94Asp in the a,B, interface [13,20,37. The

resonance otx14Trp shifts away from 10.1 ppm
due to the loss of the H-bond partne67Thr. The

chemical shifts of these two resonances are not NH cross-peak at 9/27.4 ppm (assigned to
changed in the spectra of the rHbs in the deoxy B15Trp in deoxy-Hb A is also missing in the

form. The! He, for B15W anda14W are observed

HSQC spectrum of ** N-labeled deoxy-rHb

at 9.9 and 10.1 ppm, respectively, in the deoxy (aT67V, BS72A) and a new NH cross-peak

form of Hb A [38]. The resonance at 10.1 ppm in
the spectra of rHb(aT67V) and rHb (aT67V,
BS72A) in the deoxy form is shifted slightly

appears at 9/8.26.2 ppm. This suggests that the
resonance oB15Trp shifts away from 9.9 ppm to
9.5 due to the loss of the H-bond partrggf2Ser.
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that are donated by the indole-ring NH protons of
the A helix residuesal4W and B15W, to the
hydroxy groups of the E helix residues67T and
B72S, respectively. These H-bonds are evident in

(a) deoxy-rHb
(aT67V, BS72A)

- L 130 = crystal structures of both the CO and deoxy forms
of Hb A [2,3,39. The valine for threonine and
< " 135 alanine for serine substitutions are sterically con-

servative, and abolish the hydroxy H-bond accep-
tors. The mutant proteins, rHxT67V) and rHb
(BS72A), are shown to fold properly, and to

(b) deoxy-rHb (T67V) <>* maintain the native-like T-state structures in the
< = deoxy form, as assessed by the visible and ultra-
; violet resonance Raman probgd)]. The present
d? NMR data confirm that the T-state inter-subunit
contacts are unaffected by the mutations, i.e. the
<  as exchangeable! H resonances arising from the

a42Tyr$99Asp andB37Trp-w94Asp H-bonds are
at the characteristic Hb A positions in rHb
(aT67V) and rHb(BS72A), and also in the rHb
(aT67V, BS72A) double mutant. Other NMR res-
onances show that the mutation-induced perturba-
tions of the protein structure, in either the R or T
states, are limited to minor adjustments of the E
helix residues in the heme pocket.

Thus, the effect of the mutations is limited to

(c) deoxy-Hb A

Rt 135 disruption of the A-E inter-helical H-bonds, as
p3TW intended. This disruption can be detected in both

. . T T . T 140 UVRR and NMR spectra. H-bond donation by
15 1.0 105 100 95 90 ppm indole augments the UVRR intensities of indole
'H (ppm from DSS) vibrational bands because of the red shift in the

indole electronic transitions. This augmentation is
Fig. 7. The 600-MHz 2D HSQC spectrum of 6-8% solutions readily apparent in the difference UVRR spectra

of *N-labeled rHb(aT67V, BS72A) (&), rHb (a«T67V) (b), -
and rHb A(c) in the deoxy form in 90% K @10% D,O in ?etmeen Hb.Ata(;]d t?he &]Utintbto] '(jThe .aut%men
0.1 M sodium phosphate buffer at pH 7.0 and°Z9 ation associated wi € h-bonding IS the same

in the deoxy and CO forms, implying that the H-
In addition, we have observed the Hcross-peak bond strengths are the same ?n the R and T states.
at 7.0/126.2 ppm in the HMQC spectrum &  N- However, the augmentation is greater when the
labeled rHb («T67V, BS72A), confirming the 67 threonine is substituted than when tR&2
assignment of the résonance ’at/ggﬁ_z ppm to serine is substituted. The implication that the A—
B15Trp (Fig. 5b). The present result assigns the E H-bond is stronger in the- than thep-chains
resonances at 10.1 and 9.9 ppm to the inter-helical IS SUPPorted by the observation of a longer distance
H-bonds betweem14W anda67T, and between Petween the donor and acceptor atoms in (the

B15W andB72S, respectively, in the deoxy forms. chains[10].
The present results show that the NH proton

4. Discussion resonance of th@15W indole ring is shifted upon

the loss of theB72S H-bond, from 10.2 to 9.7

We have chosen theT67V andBS72A muta- ppm in the CO form and from 9.9 to 9.5 ppm in
tions to test the role of the inter-helical H-bonds the deoxy form. These assignments have been
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confirmed via the HSQC spectra éf N-labeled
protein. The similarity in the chemical shift differ-
ence again supports the view that the H-bond

C.-H. Tsai et al. / Biophysical Chemistry 100 (2003) 131-142

hence, preserve the hydrophobicity around the Trp
pocket. None of the side chains of these mutants,
i.e. Arg, Gly, Val or Ala, are able to preserve the

strengths are essentially the same in the R and TH-bonds betweem14W and«67T and between

states. In Hb A, thex14W indole NH resonance
is found at 10.4 and 10.1 ppm in the CO and
deoxy forms, respectively. The 0.2 ppm upfield
shifts, relative to the315W resonances, are con-
sistent with stronger H-bonds in the than in the
B-chains, as has been inferred from the UVRR
intensities. However, the1l4W resonances could
not be located in thex-chain mutants. No cross-
peaks appear in th® N HSQC spectra, implying
that the indole NH proton is in rapid exchange
with solvent. The exchange rate must be much
faster than that fot/y,, coupling of Trp at 600
MHz, which is estimated to be 90°$ . Attempts
to slow the rate down by lowering the temperature
or altering the pH were unsuccessful; no cross-
peaks have been observed at°T or at pH 5.7

or 8.4. The rapid exchange is attributable to the
loss of the H-bond, which allows the indole NH
to interact with the solvent. That this does not
happen for theB15W residue is attributable to
lower solvent exposure. Th@l5W indole ring is
surrounded by the contacting residues: 130Y, 75L,

B15W andB72S. These results suggest that the
van der Waals contacts around the ‘Trp pocket’
may be critical in stabilizing both the T and R
quaternary structure of the Hb molecule in addition
to the H-bonds betweea14W and «67T and
betweenB15W and B72S. A similar case was
observed in rH{BY145F) in which a ‘Tyr pocket’
stabilized by van der Waals interaction has been
proposed to stabilize the T quaternary structure of
deoxy-Hb in addition to the H-bond t@98Val
[37].

The oxygen-binding data indicate that the
aT67V andBS72V mutations have no significant
effect on the free energies of binding. Within
experimental error, neither ths, values nor the
Hill coefficients of these three mutants differ from
those of Hb A, in the absence or the presence of
allosteric effectors, 2,3-BPG or chloride. This find-
ing may seem paradoxical, since the free energy
changes should be affected by the addition or
subtraction of H-bonds. The key to the apparent
paradox is that the H-bond strength is essentially

72S and 68L, supplemented in the T state by 71F the same in the R and the T states, as gauged by

and 18V [40]. In contrast, thex14W indole con-
tacts only 66L and 63A, supplemented by 70V in
the T state[40]. Thus, «14W forms stronger H-
bonds thanB15W, but is also more accessible to
the solvent when the H-bond is disrupted.

There is no naturally occurring mutant reported
at thea67 site, while the only naturally occurring
mutant a3 72, Hb Headingtor{3S72R), is report-
ed to exhibit high oxygen affinity and reduced
cooperativity[41]. As for mutations at thex14W
and B15W sites, Hb EvanstofBW14R) and Hb
Belfast (BW15R) are reported to be high-oxygen-
affinity variants [41]. The only other naturally
occurring mutant at thgd15 site, Hb Randwick
(BW15G) [41], as well as our mutants, rHb
(aT67V), rHb (BS72A), and rHb (aT67V,
BS72A), exhibit functional properties similar to
those of Hb A. As compared to Arg, the side
chains of Val, Ala and Gly can easily fit into the
‘Trp pocket’ formed between the A and E helices
in both the CO and deoxy forms of Hb A and

both the UVRR intensities and the NMR chemical
shifts. Thus, the free energies of the initial and
final states are affected equally by the inter-helical
H-bonds, resulting in no change in the free energy
difference associated with ligation. On the other
hand, the highly cooperative oxygen binding to
rHb (aT67V, BS72A) could also indicate that this
rHb is fully able to undergo the T-to-R transition
upon oxygenation even after losing the four H-
bonds. NMR relaxation of the amide proton of
B37W has been shown to be sensitive to the R-to-
T conformational exchange, which can be induced
by adding IHP to HbCO A or by a single site
mutation, rHb («V96W), a low-oxygen-affinity
mutant. The R-to-T conformational exchange in
the micro- to millisecond time-scale motions can
be monitored by the transverse relaxation rate
constant in the laboratory frame,, at different
Tcp Values in the TROSY-CPMG experiment, in
which 7., is the delay between 18@ulses in the
CPMG pulse train[42]. Strong dependence of
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Rx(1/1) on T, has been observed f@37W in
rHbCO (aT67V, BS72A) in the presence of IHP,
similar to that observed in rHbCO ATsai et al.,
unpublished resulls These results suggest that
after losing the four inter-helical H-bonds, the
amide proton of337W can still undergo the R-to-
T conformational exchange in the,3, subunit
interface when IHP is added. These results indicate
that there are multiple interactions supporting the
R-to-T transition in the cooperative oxygenation
of Hb.

Nevertheless, these inter-helical H-bonds are
involved in the allosteric pathway between the
initial and final states. Time-resolved UVRR spec-
tra reveal a loss of tryptophan intensity upon
forming the first protein intermediate following
ligand photodissociatiofRyeox, T~50 N9, fol-
lowed by the recovery of the intensity upon form-
ing the second intermediatéS, 1~1 m9 [7].
150-ns transient UVRR spectra of thd67V and
BS72V mutants show that th®ye., intensity loss
is associated with theal4W andB15W H-bonds
[10]. The interpretation of this finding is that the
a1l4W andB15W H-bonds are broken transiently
via the displacement of the distal E helix toward
the heme upon the departure of the ligand from
the heme pocke(Ryeox, intermediat®; the H-
bonds are then re-forme€S intermediaté by a
subsequent motion of the A helix, which positions
the N-terminus for salt-bridge formation in the
final T state. Thus, the H-bonds guide the helices
along theR-T reaction co-ordinate without affect-
ing the overall free energy change.

The next question that needs to be addressed is
how the loss of the inter-helical H-bonds affects
the allosteric pathway. This issue is currently under
investigation with time-resolved spectroscopic
studies of the mutant proteins.
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