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ABSTRACT. Substitutions of Asn, Glu, and Leu for GIn at ti@31 position of the hemoglobin molecule
result in recombinant hemoglobins (rHbs) with moderately lowered oxygen affinity and high cooperativity
compared to human normal adult hemoglobin (Hb A). The mutation site affects the hydrogen bonds present
at theay81-subunit interface betweerl03His and3131GiIn as well as that betweerd 22His ang335Tyr.

NMR spectroscopy shows that the hydrogen bonds are indeed perturbed; in the casefif3HbIIi—

Asn) and rHb 131GIn— Leu), the perturbations are propagated to the oth@i-interface H-bond
involving a122His ang335Tyr. Proton exchange measurements also detect faster exchange rates for both
oufi-interface histidine side chains of the mutant rHbs in 0.1 M sodium phosphate buffer at pH 7.0 than
for those of Hb A under the same conditions. In addition, the same measurements in 0.1 M Tris buffer
at pH 7.0 show a much slower exchange rate for mutant rHbs and Hb A. One of the mutanfsl 3HG1h

— Asn), shows the conformational exchange of its interface histidines, and exchange rate measurements
have been attempted. We have also conducted studies on the reactivity of the SH gf@3Cg$ (a
residue located in the region of thefS,-subunit interface) towarg-mercuribenzoate, and our results
show that low-oxygen-affinity rHbs have a more reacfp@3Cys than Hb A in the CO form. Our results
indicate that there is communication between th@:- and ouf»-subunit interfaces, and a possible
communication pathway for the cooperative oxygenation of Hb A that allows.{fesubunit interface

to modulate the functional properties in conjunction with thé interface is proposed.

Human normal adult hemoglobin (Hb Ajs one of the subunit interfaces, namelgyS:1 (or af2) andayS, (or auf1),
most studied proteins and serves as a paradigm for theand that during the transition from the deoxy to the oxy state,
structure-function relationship of multimeric, allosteric the ayf82-subunit interface undergoes a sliding movement,
proteins. Hb A is a tetrameric protein of molecular mass while the ouf:-subunit interface remains essentially un-
~64 500 daltons consisting of 2 identiaglchains with 141 changed. Subsequent research has thus focused agshe
amino acids each and 2 identigaichains with 146 amino  subunit interface of hemoglobin (Hb), both to understand
acids each. The binding of oxygen to Hb A is cooperative; the molecular mechanism of its functio8) @nd to attempt
i.e., the binding of the first oxygen molecule enhances the production of low-oxygen-affinity mutants, which might
binding of the second, third, and fourth oxygen molecules. be useful as blood substitutes) (

Based on a comparison of the detailed structural features of The discovery that naturally occurring Hb with mutations
Hb Ain deoxy (T) and oxy (R) forms, Perutz and colleagues at the o3;-subunit interface can result in lowered oxygen
(1-5) have shown that there are two different types of affinity (8, 9) sparked new interest in this interface. The
mechanism of the lowered oxygen affinity of these mutants,
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A (13, 19. Experimental results from Ackers and colleagues  The rHbs were then checked with a VG Quattro-BQ
(15, 19 also support the existence of favorable cooperativity (Fisions Instruments, VG Biotech, Altrincham, U.K.) electro-
between then- and -chains of the same dimer. A recent spray ionization mass spectrometer as described in Shen et
study shows that the;31-interface histidines are destabilized al. (20). Automated cycles of Edman degradation were per-
in the deoxy state relative to the liganded stdt@é).(Both formed on an Applied Biosystems gas/liquid-phase sequencer
tetramer-dimer dissociation studied®) and NMR results (model 470/900A) equipped with an on-line phenylthio-
where the T-state marker appears in low-oxygen-affinity hydantoin amino acid analyzer (model 120A). Except for

ouf-interface mutantsl@) suggest that changes at g - unlabeled rHb£131GIn— Glu), all rHbs used in this study

subunit interface can propagate to th@,-subunit interface. had the correct molecular weights and contained less than
In this study, we have introduced mutations at fiS1 1% methionine at the amino termini. Unlabeled riAt31GIn

site, which is located at the;3:1-subunit interfaced, 5, 6) — Glu) had 9% methionine.

The mutations affect the H-bond betweerd03His and Oxygen-Binding Properties of rHb$db samples were

p131GIn. These mutant rHbs show varied degrees of loweredexchanged with deionized water in a Centricon centrifugal
oxygen affinity compared to Hb A. We have used nuclear concentrator with a molecular mass cutoff of 30 kDa
magnetic resonance (NMR) spectroscopy on unlabeled and(Centricon-30, Amicon, Inc.). The oxygen dissociation curves
15N-labeled proteins to identify the,3:-interface histidines,  of rHbs were measured by a Hemox Analyzer (TCS Medical
and to measure their proton exchange rates atC5The Products, Huntington Valley, PA) at 2&€ as a function of
reactivity of the SH group 0f93Cys (a residue located at pH in 0.1 M sodium phosphate buffer. The concentration of
the au2-subunit interface) wittp-mercuribenzoate (PMB)  Hb used for these measurements was around 0.1 mM per
was measured via a stopped-flow apparatus as a marker foheme. The methemoglobin (met-Hb) reductase system was
the oy 82-subunit interface. Our results indicate that mutations used as needed to reduce the amount of met-Hb in the sample
which affect the al03His also affect the dynamics of (23). A visible absorption spectrum of each Hb sample was
a122His, and that these changes can be propagated to theecorded immediately after oxygen equilibrium measurement,
ouf.-subunit interface. We also propose a general model by and the met-Hb content was estimated by using the extinction
which interactions at the,5;-subunit interface can modulate  coefficient for Hb reported by Antonind). In the presence
the functional properties of hemoglobin. of the met-reductase system, the met-Hb content of the
samples studied was below 2%. Oxygen equilibrium param-
MATERIALS AND METHODS eters were derived by fitting the Adair equations to each
Construction of Expression Plasmid$e Escherichia coli equilibrium oxygen-binding curve by a nonlinear least-
Hb expression plasmid pHE2 was constructed in our labora- squares procedur®s,, a measure of oxygen affinity, was
tory as previously describe@@). The8131 mutations were  obtained at 50% @saturation. The Hill coefficientimay, a
introduced into this plasmid between tiRst and Nhdl measure of cooperativity, was determined from the maximum
restriction sites with the Muta-Gene phagemid kit from slope of the Hill plot by linear regressionmax was derived
Bio-Rad. The synthetic oligonucleotides used to introduce between 60% and 65% oxygen saturation. The accuracy of

the mutations are'8S5CAACAACTTTTTCGTAAGCAG- Pso measurements (in mmHg) #55%, and that ofmax is
CCT-3 for rHb (6131GIn— Glu) (pHE274), 5GCAA- +7%.

CAACTTTGTTGTAACGAGCCT-3 for rHb (5131GIn— Proton NMR Spectroscopy:estigation of rHbs'H NMR
Asn) (pHE275), and 'SGCAACAACTTTCAGGTAAG- spectra of rHbs were obtained from Bruker AVANCE DRX-

CAGCCCT-3 for rHb (3131GIn— Leu) (pHE2013), and 300 and/or AVANCE DRX-600 spectrometers. All rHb
were purchased from DNA International, Inc. (Lake Oswego, samples were either in 0.1 M sodium phosphate buffer or in
OR). Chemicals and restriction enzymes were purchased0.1 M Tris buffer in the presence of 0.18 M Cin H,O.
from major suppliers, such as Fisher, Sigma, Bio-Rad, Some of the samples had-30% ?H,0O added for the lock
Boehringer Mannheim, New England BioLabs, Pharmacia, signal. The Hb concentration used for the experiments varied
Promega, Cambridge Isotope Laboratories, and United Stategrom 3% to 5% for the'®N-labeled samples, and from 4%
Biochemicals, Inc., and were used without further purifica- to 10% for the unlabeled samples. The water signal was
tion. The desired mutations were confirmed by DNA suppressed by using either a jump-and-return sequéage (
sequencing. or a selective shaped-power soft pulse sequence. Proton
Growth and Purification of rHbsGrowth and purification chemical shifts are referenced to the methyl proton resonance
of rHbs followed the procedures described previoug,(  of 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) indirectly
21). For rHb (3131GIn— Glu), the cells were lysed, and by using the water signal, which occurs at 4.76 ppm
the supernatant from the lysate was left &CAfor 3 nights, downfield from that of DSS at 29C, as the internal
after which the color of the supernatant became very red. reference. The nuclear Overhauser effect spectroscopy
For rHb (36131GIn— Asn) and rHb 131GIn— Leu), the (NOESY) experiments and heteronuclear multiple-quantum
supernatants were left at 3C overnight. Uniformly?>N- coherence (HMQC) experiments were all carried out on a
labeled rHbs were obtained by the method described by Bruker AVANCE DRX-600 instrument, and a 5-ms mixing
Simplaceanu et al2@Q). The >N-labeled proteins were all  time was used for the NOESY experiments. Processing of
left at 4 °C overnight. Following the procedure developed the 2D spectra was carried out with the XWinNMR package
in our laboratory 20, 21), the rHb fraction collected after  (Bruker) on a SGI workstation (Silicon Graphics Inc.).
the Q-Sepharose Fast-Flow column (Pharmacia) was oxidized Proton Exchange Measurements of rHbs and Hb A with
and reduced, and converted to the CO-liganded form. This Sokbent. The proton exchange measurements were performed
Hb solution was then purified by eluting through a fast at 15°C on a Bruker AVANCE DRX-600 spectrometer for
protein liquid chromatography Mono-S column (Pharmacia). the mutant rHbs and at both & and 37°C for Hb A as
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a control. Following the protocol of Mihailescu and Russu where

(17), the water proton resonance was selectively inverted with

either a 2-ms or a 5-ms Gaussian 1p0lse, and the intensity X = 3tk (5)

of the Hb proton resonances was monitored as a function of

the exchange delay) after inversion. A weak gradient was andlaa andlgg are the intensities of the diagonal resonances
applied during the delayto prevent the effects of radiation ~ for each conformer, ankg is the intensity of the exchange
damping on the recovery of water magnetization to equilib- cross-peak between those twa.is the forward exchange
rium. A modified jump-and-return sequence was used for rate andk-, the reverse exchange rate { = 2k;). The
the observation pulse. The magnetization of an exchangeablgelationship betweeke,, ki, andk-; is

proton varies with the delay, and is described by the

equation 26): kex = ky + k4 (6)

M(7) = Reactiity Measurements g#93Cys with p-Mercuriben-
0 0 —(Ri+K)T "R zoate (PMB)Reactivity studies were conducted on an OLIS
M+ {M(0) — M”— A} x & B+ A x e ™7 (1) stopped-flow apparatus (OLIS, Bogart, GA) with a dead time
with of ~3 ms. A circulating water bath, monitored with a
thermometer, was used to keep the temperature &C20
0 The light source was a deuterium lamp, and the reactions
A=(g—-1)x m x M were monitored at 255 nm. Reactions were followed for
! 200-500 ms in the case of liganded rHbs and Hb A, and
for 2—5 s in the case of deoxy-rHbs and deoxy-Hb A. A
final heme concentration of 128Vl and a PMB concentra-
tion of 50uM were used for all reactions. For reactions in
the presence of inositol hexaphosphate (IHP), the final IHP
concentration used was 1 mM. All reactants were prepared
in 0.1 M potassium phosphate buffer at pH 7.0 according to
Mathews et al. Z7). For anaerobic operations, a 10-mL
solution of degassed 0.1 M potassium phosphate buffer at
pH 7.0 containing 10 mg of sodium dithionite was loaded
M(z) = into the stopped-flow system on the day before actual
measurements. The water bath in the stopped-flow apparatus
M(0) — {[M(0) — M x (R, +K) — (g — DkM} 7 (2) was bubbled with Ar gas overnight and during the measure-
ments. Before the samples were loaded, a 15-mL solution
The magnetization of the exchangeable proton of interest of degassed 0.1 M potassium phosphate buffer at pH 7.0
was fitted as a function of exchange detajo either eq 1 was used to wash the stopped-flow system. All loading
or eq 2.M(0) is left as an independent parameter in the fit syringes were washed with Ar-saturated buffer just prior to
to allow for the small uncertainty in the definition of the usage. The pseudo-first-order rate constant was then obtained
exchange delay resulting from the length of the inversion py fitting the experimental data with a single-exponential
pulse on water.R, and q were measured in separate equation through a least-squares method.
experiments. R; + k) values were measured in inversion
recovery experiments in which each exchangeable protonRESULTS
resonance of interest was selectively inverted and its recovery Oxygen-Binding Studies of Hb A and Mutant rHbable
over delaysr was monitored. 1 is a summary of the oxygen-binding studies of the various

Conformational Exchange Measurement of &i22His rHbs and Hb A in 0.1 M sodium phosphate buffer at°zg

Resonances in rHp531GIn— Asn).Based on a two-site and the resulting plot is shown in Figure 1. We notice that

system, and assuming '(|)'no crogs—rglaxatlon bgtween theaII three mutant rHbs show lowered oxygen affinity while
two conformations, (ii) similar longitudinal relaxation rates

for th ton in both f i d (i libri maintaining essentially normal cooperativity under these
or letpro OT)tm. Obl an f[)r:mf.i |tons,_tan t(.'") beqtu“ nurt?] experimental conditions. While the differences in oxygen
population obtainable by the intensily ratio between the affinity among rHb (131GIn— Glu), rHb (131GIn—

resonances representing the two conformations, one is abl%sn) and Hb A are very small, tHIB{31GIn— Leu) does

to extract the conformational exchange rate using a 2D- ShOV\; a markedly lower oxygén affinity. Thé131GIn—

NOESY spectrumZ6). Assuming an equilibrium constant Glu mutation also occurs in nature [HbICamd@lC{lGIn

of around 2 [obtained by integrating th_e resonances at 12.9__ Glu)], and previous reports stated it as having normal

?hned clozriflofmp?tioorf]e:l'-'gilr?alneln_> Asn) mbthe tS:O fo(;mb], h oxygen affinity compared to Hb A28, 29. While it is true
S ge rate can be obtained by ey, ihe differences are very small at any given data point,

equations: when looking at Figure 1 as a whole, it is clear that the

slightly lowered oxygen affinity of rHbA131GIn— Glu)

where M° is the equilibrium magnetizationR; is the
longitudinal relaxation ratek is the exchange rate for the
proton of interestR, is the longitudinal relaxation rate of
water, andq = MW(O)/MSv expresses the efficiency of
inversion of the water magnetization (eq= —1 for perfect
inversion).

Depending on the rate of exchange, either the full equation
or its initial-rate approximation was used:

1—-¢e*

IA_B ==_° (3) over the pH ranges studied cannot be explained by experi-
laa 24+€7 mental error alone.

| x Proton Resonances afLl03His anda122His in rHbs and
n_2-2e” (4) Hb A.The exchangeable proton resonances 1i3His and

lgg 1+ 2e* al22His of the various mutant rHbs and Hb A in the CO
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Table 1: Oxygen-Binding Data of Varioy#131 Mutant rHbs and A. Oxygen Affinity
Hb Ain 0.1 M Sodium Phosphate Buffer at 2@ A X

pH Pso (mmHg) Nmax 301

Hb A 6.74 22.2 3.2 _ %57 P X
6.88 20.0 3.2 cF
7.08 15.9 3.2 £ A X
7.22 13.9 3.2 E 15- 0.
7.41 105 33 F 0. ‘Cﬁ
7.70 7.3 3.1 1
8.04 5.1 3.0 5. &

rHb (Q131E) 6.76 225 2.7 0 ‘ ' ' . |
6.95 19.0 2.8 6 6.5 7 7.5 8 8.5
7.37 12.1 2.9 pH
7.63 9.4 3.0
T 92 20 B. Hill Coefficient
8.07 6.5 2.8 34 v

rHb (Q131N) 6.22 30.8 2.9 32 | Col/e® * !
6.84 24.2 2.9
7.04 19.2 3.2 31 ) f KX @
7.34 13.5 3.0 3 s X ] A
7.40 13.9 3.0 H 2.8 1 hd L -
7.78 8.9 2.9 - +
8.14 5.6 3.1 :

rHb (8Q131L) 6.53 41.4 2.8 24
6.79 33.9 2.9
7.06 25.0 2.9 22 1
7.36 17.4 33 ) | | | | |
7.62 115 3.0
786 8.9 30 6 6.5 7 7.5 8 85

pH

o P Ficure 1: Oxygen affinity Pso) (A) and the Hill coefficient (imay)
form at 15°C are shown in Figure 2. In Hb A, the resonance (B) in 0.1 M sodium phosphate buffer at 2@ as a function of

at 12.2 ppm has been assigned to the side-chaif §roup pH: (#) Hb A: (+) rHb (8131GIn— Glu): (a) rHb (8131GIn—
of al03His, which is hydrogen-bonded #131GIn (or to  Asn); and &) rHb (3131GIn— Leu). Oxygen dissociation data
the peptide carbonyl 0f108Asn) @9, 22, 30, 31 The were obtained with 0.1 mM Hb and in the presence of a reductase
resonance at 12.9 ppm has been assigned to the side-chaifystem £3).
NeoH group ofal22His €2), which forms a water-mediated  observed in the CO form. In Figure 4A, we show the
H-bond with the side chain g835Tyr. Both H-bonds are  proximal histidines observed at a lower magnetic field at 29
located at thexy51-subunit interface of Hb A. Itis clear in  °C. The resonance at 63 ppm has been assigned to the
this figure that mutations at thel31 position can perturb  hyperfine-shifted \H-exchangeable proton aB7His, while
both interface histidine resonancesl03His ando122His) the resonance at 75 ppm has been assigned to the corre-
and that the perturbations are not just confined to the sponding proton of892His (34, 35. These resonances are
mutation site. rHb £131GIn— Glu) shows a slight down-  indicative of the heme pocket environment of Hb. Here, we
field shift of thea122His resonance at 13.1 ppm, indicating have observed slight shifts of the proximal histidine reso-
that the Glu mutation g#131 can affect the environment of nances in the mutant rHbs compared to Hb A. In Figure 4B,
a122His. The nature of the bulge at 14 ppm in rifa31GIn we show the ferrous hyperfine-shifted and exchangeable
— Glu) is unclear to us. In deoxy-Hb A, the resonance at proton resonances under the same conditions as Figure 4A.
14 ppm has been assigned to the H-bond betvesk2Tyr The hyperfine-shifted resonances between 15 and 24 ppm
andf99Asp @2), and used as a T-state marker. In other low- are also slightly different in the mutant rHbs. These
oxygen-affinity mutants, the appearance of the 14-ppm resonances have already been assigned to eithex-toe
resonance in the liganded form is often taken as an indicationthe g-chains 81). Our results show that the differences are
of the presence of a T-like structurg, (33. However, we  not limited to thep-chain resonances, suggesting that the
observe only a slight decrease in the oxygen affinity of rHb mutations aj3131 affect both thex- and 8-heme pockets.
(131GIn— Glu). More research will be needed to elucidate Assignment of the:122His ando103His Resonances in
the nature of this resonance in rHB1@1GIn— Glu). Mutant rHbs.The first question that we need to address is
The deoxy spectra of the mutant rHbs and Hb A under which resonance belongs to which interface histidine in the
the same experimental conditions are shown in Figure 3. Wemutant rHbs. We have carried out protgoroton NOESY
can immediately observe the direct effect of mutajiig1 and heteronucleatH-1*N correlation experiments on the
on theal103His resonance. In rHEB131GIn— Asn) and various mutants in the CO form and attempted to determine
rHb (3131GIn— Leu), the effect extends to thel22His the assignments by comparing the nuclear Overhauser effect
resonance, just as observed in the CO form. &h22His (NOE) patterns of the mutants with those of Hb A. As shown
resonance in rHY3L31GIn— Leu) is shifted, thus indicating  in Figure 5, the NOE patterns of the cross-peaks between 6
that it has been affected by the Leu mutation. rBb31GIn and 8.5 ppm in Hb A are different for thel22His (12.9-
— Glu) shows no significant changes to thel22His ppm) andx103His (12.1-ppm) resonances. These cross-peaks
resonance except for a slight downfield shift similar to that should arise from the C2 and C4 protons of the histidyl
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rHb (131GIn->Leu) rHb (3131GIn~>Leu)

rHb (3131GIn->Asn)

B37Trp

rHb (6131GIn->Glu) a122His

Hb A

FiGURE 3: 600-MHz'H NMR spectra of the exchangeable proton
resonances of Hb A and rHbs in the deoxy form in 0.1 M sodium
15 14 13 12 11 ppm phosphate buffer at pH 7.0 and 16. The resonances marked by
the dashed lines from left to right have been assigned to the H-bond
FiGURE 2: 600-MHzH NMR spectra of the exchangeable proton  petweena42Tyr andf99Asp, al22His, a103His, and337Trp in
resonances of Hb A and rHbs in the CO form in 0.1 M sodium Hp A, respectively.
phosphate buffer at pH 7.0 and 186. The resonances marked by

the dashed lines from left to right have been assignatl@PHis, oy ent thanu122His. Our proton exchange rate measure-
a103His, and337Trp in Hb A, respectively. .

ments (discussed below) show that the 11.7-ppm resonance
residue 80); due to the different environments between of rHb (131GIn— Asn) and the 11.6-ppm resonance of
a122His (proximity to the aromatic ring g835Tyr) and rHb (3131GIn— Leu) have much faster exchange rates with
o 103His, the cross-peaks show a different pattern confirmedsolvent than the other measurable resonances of their
by HMQC experiments. We can see from the same figure respective mutant rHbs.

that the 13-ppm resonance of rHB1B1GIn— Glu), the Furthermore, Figure 6 shows a putative histidine resonance
12.9- and 12.1-ppm resonances of rtfii31GIn— Asn), at (10.5 ppmtH, 158 ppm?®*N) in rHb (3131GIn— Asn).
and the 12.1-ppm resonance of rH}81GIn— Leu) all Its intensity, compared to the resonance at (11.7 pHm

share the same pattern as tiE22His resonance of Hb Aat 165 ppm?®N), is similar to the intensity of the resonance at
12.9 ppm. They definitely belong to a histidyl side chain as (12.9 ppm*H, 166 ppm>N) compared to the resonance at
shown in Figure 6. Thus, we propose that these resonance$12.4 ppm*H, 163.5 ppm!*N). Based on these results, as
should be assigned tal22His. The strong cross-peaks well as the NOESY results (Figure 5), we propose that this
(shown with an asterisk) between the 12.9- and 12.1-ppm histidine resonance arises from an alternative environment
resonances of rHR3L31GIn— Asn) arise from the proton  of al03His. This leads us to suggest that each interface
sampling two alternative environments (discussed below). histidyl residue in rHb£131GIn— Asn) has two alternative
Unfortunately, we could not observe mutant NOE patterns conformations in the CO form.
similar to the one observed farl03His in Hb A, except Proton Exchange Rate Measuremeiiiable 2 summarizes
possibly for rHb $131Glu— Leu). However, we suggest our results on the proton exchange rate measurements of the
that the 11.7-ppm resonance of rH}MB1GIn— Asn) and interface histidine residues of the mutant rHbs and Hb A.
the 11.6-ppm resonance of rHB131GIn— Leu) should We have conducted our experiments in either 0.1 M sodium
be assigned tax103His. This is based on the following phosphate buffer at pH 7.0 and 16 or 0.1 M Tris buffer
reasons: (i) According to the HMQC spectra of the various in the presence of 0.18 M Clat pH 7.0 and 15C. The
rHbs in the CO form shown in Figure 6, the aforementioned overall differences between the CO and deoxy forms of the
resonances appear in the usual range at wiighinterface mutant rHbs generally agree with those reported previously
histidines are observed in Hb. (i) There are only two (17);i.e., bothoi103His andx122His show faster exchange
interface histidyl residues pet3-dimer, and since we can rates in the deoxygenated T-state than in the ligated R-state.
assign theal22His resonances directly from their NOE The small number of cases where we see a slightly faster
patterns, by elimination the resonances that are left in therate fora122His in the CO form could arise from experi-
region should belong ta103His. (iii) It is known that the ~ mental errors, where the noise in the spectra alone accounts
o 103His resonance has a faster proton exchange rate wittfor close to 3% error (overall errors due to curve-fitting are
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A. N;H Resonances of Proximal Histidines B. Hyperfine-shifted and Exchangeable Proton
Resonances

B o ) Iu
rHb (B131GIn—>Leu) /\4\ / W)\,\/\/

rHb (B131GIn—>Asn)

)
rHb (8131Gln—>Glu) :

T T T T T T T T T T T T L T T T T T T T 1
84 82 80 78 76 74 72 70 68 66 64 62 60 58 ppm 28 26 24 22 20 18 16 14 Ppm

T T T T

Ficure 4: 300-MHz'H NMR spectra of hyperfine-shifted and exchangeable resonances of Hb A and rHbs in the deoxy form in 0.1 M
sodium phosphate buffer at pH 7.0 and €2 (A) ferrous hyperfine-shifted M resonances of proximal histidines; and (B) hyperfine-
shifted and exchangeable proton resonances.

ppm ppm ppm ppm
6.5 0 0] 6.5 6.5 6.5
[¢]
E 3 1 e E
7.0 ) 7.0 o 7.0 7.0 0
5} [}
7.5 7.5 7.5 7.5
@ o
8.0 8.0 8.0 8.0
8.5 8.5 8.5 8.5
9.0 9.0 9.0 9.0
9.5 9.5 9.5-] 9.5
10.0+ 10.04 10.04
10.5-] 10.5 10.54 J
11.04 103Hs 11.04 11.0 J—
11.5- 11.54 11.54
ax228is A1)
122His
12.04 12.0-] 12.04
12.5- 12,5 ®122His 12,54
' 0
13,0 13.04 13.0
13.5 T . 13.5 . . 13.5 ; ; 13.5 . ;
13 12 ppm 13 12 ppm 13 12 ppm 13 12 ppm
Hb A rHb (8131Gln->Glu) rHb (8131Gin—>Asn) rHb (3131GIn->Leu)

Ficure 5: 600-MHz!H-1H NOESY spectra of the interface histidyl residues of Hb A and rHbs in the CO form in 0.1 M sodium phosphate
buffer at pH 7.0, and 18C.

on the order of 510%). We do see, however, a large impact al122His, possibly due to the more compact environment of
of the buffer on the exchange rate. In 0.1 M phosphate buffer, the latter.

it was often impossible to resolve some of the faster Under the same ligation states and buffer conditions, we
exchanging resonances, especially when the sample was ithave observed faster exchange rates for bdt@3His and

the deoxy form. Changing the buffer to 0.1 M Tris in the «122His in the mutant rHbs than in Hb A. This suggests
presence of 0.18 M Clslows down the exchange enough that theo,:- andoy32-subunit interfaces of the mutant rHbs
for us to observe these fast-exchanging proton resonancesare more accessible to solvent, and thus they are more
as shown in Figure 7. This effect is observed not only in the destabilized by the mutations. Again, we see that the mutation
mutant rHbs but also in Hb A. In Table 2, we see that the at$131 has effects on thel22His exchange rate, suggesting
exchange rates measured for Hb A in 0.1 M Tris in the a structural interplay between these tw;-interface sites.
presence of 0.18 M Clat 15°C are much slower than those Conformational Exchange Measurementsxd®?2His in
measured in 0.1 M sodium phosphate at the same temperrHb ($131GIn — Asn) Since we could observe two
ature. It should also be noted here thd0D3His seems to be  conformations ofx122His in rHbCO £131GIn— Asn), we
more strongly affected by this choice of buffers than have attempted to measure the conformational exchange rate



5650 Biochemistry, Vol. 41, No. 17, 2002 Chang et al.

Table 2: Proton Exchange Measurementgb31 Mutant rHbs and Hb A

CO formkex (s™) deoxy formkey (s™)
a103His al22His o103His al22His
0.1 M sodium phosphate, Hb A 7 5 30 4
pH 7.0, 15°C rHb(BQ131E) NA 10 NA® 8
rHb(Q131N) 73 12 NA®e NA®e
16t
rHb(3Q131L) 43 7 NA 21
0.1 M Tris+ 0.18 M CI, Hb A(37°C) 11 7 38 9
pH 7.0, 15°C Hb A(15°C) 6 5 8 4
rHb(5Q131E) NA 8 NAP 8
rHb(3Q131N) 26 12 36 19
14 19
rHb(3Q131L) 11 7 44 8

aThe accuracy of the experimental measurements is witifi%. ° The a103His resonance of rHIB{31GIn— Glu) is not observed in either
the CO or the deoxy form spectra under our experimental conditidvigmbers are for the downfield resonance, or “major” formodP2His.
4 Numbers are for the upfield resonance, or “minor” formodf22His.® The a103His resonances of rHIB131GIn— Asn) are broadened beyond
detection under this conditiohFor rHb (3131GIn— Leu), theal03His resonance is broadened beyond detection under this condition.

rHb (B131GIn—>Leu) Table 3: Conformational Exchange MeasurementeXi#2His in
ppm the CO Form of rHb £131GIn— Asn)
160 temp ¢C) Tm (MS) Kex (S°9)
165 R 15 5 57
15 10 69
170 15 20 64
avg 63+ 6
rHb (8131Gin—>Asn) ‘33 13 ﬁi
ppm
avg 151+ 10
160- ° 9
165 Py * o oy interface of rHb $131GIn— Asn) is wobbling between
170 two conformations at 18C. In the “major” conformation,

the a122His—35Tyr water-mediated H-bond is essentially
unaltered relative to Hb A. The shorter side chain of Asn
presumably disrupts the103His—3131GIn H-bond ordi-

rHb (8131GIn->Glu)

ppm narily formed in Hb A, resulting in a more solvent-accessible
160 environment. The weakening of the H-bond results in an
upfield shift from 12.2 to 10.5 ppm in the proton dimension
1657 © of the NMR spectrum. In the “minor” conformation, the Hb
1704 molecule attempts to form an H-bond betweeg®3His and

either the mutated side chain g131Asn or the backbone
carbonyl of 3108Asn, which is less preferred in Hb A due

Hb A to geometry issues. Such an attempt, however, puts a strain
ppm on the oy, interface, which is propagated to thd 22His
160 - site, thus probably weakening the original water-mediated
165 ] 0 H-bond betweern122His andB35Tyr. This results in an
0 «103His upfield shift (to 12.1 ppm) of thet122His resonance. Also,
170 «122His if the attempt is successful, tlel03His resonance regains
175 - - ] : l some of its H-bond strength, and thus causes a downfield
16 15 14 13 12 11 ppm shift. This could explain why we observe the “minor”

FiGURE 6: 600-MHz 1H-15N flip-back HMQC spectra of the o103His resonance at 11.7 ppm. _The coupled mechanism
interface histidyl residues of Hb A and rHbs in the CO form in 0.1 between the twa;-interface histidines would also explain
M sodium phosphate buffer at pH 7.0 and I5. their relative intensities in the HMQC spectrum.

Studies of the Reaectty of f93Cys with PMBTable 4
of this mutant rHb. The results are shown in Table 3. We summarizes the results obtained from GABCys reactivity
see that the numbers obtained under diffetgragree fairly studies. PMB is a sulfhydryl reagent which reacts with the
well with each other. The increase in temperature leads to SH group of393Cys in Hb A @6). In the deoxy form,
an increase in the conformational exchange rate as expected393Cys is protected by the salt-bridge formed between
We were not able to measure the conformational exchange94Asp and3146His, thus lowering its reactivity in relation
rate fora103His, probably because of the dominating effect to the liganded forms3y7, 38. All samples show lowered
of the faster exchange with the solvent protons. By correlat- reactivity in the deoxy form compared to the CO form with
ing these results with those obtained from our HMQC and without IHP, which is consistent with the above
experiments (Figure 6), we suggest that in the CO form the hypothesis. All the low-oxygen-affinity rHbs show higher
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A. 0.1 M Sodium phosphate
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B. 0.1 M Tris+ 0.18 M chloride

pH 7.0, 15°C pH 7.0, 15°C

T T T ™o T T — T

14 13 12 Ppm 14 13 12 ppm
rHb (8131GIn->Leu)

f T T T ™ T T T T T

14 13 12 ppm 14 13 12 ppm
rHb (8131GIn->Asn)

g T T T ™o T T T il

14 13 12 ppm 14 13 12 ppm

rHb (8131GIn->Glu)
Ficure 7: 600-MHzH NMR spectra of rHbs in the deoxy form: (A) in 0.1 M sodium phosphate buffer at pH 7.0 af@;l&nd (B) in

0.1 M Tris buffer+ 0.18 M chloride at pH 7.0 and 1%C.

Table 4: Pseudo-First-Order Rate Constants of Various rHbs Reacting with PMB°&t i200.1 M Potassium Phosphate Buffer at pH37.0

CO form CO form+ 1 mM IHP % change deoxy form
(s™ (s (+IHP/—IHP) (s
Hb A 81 72 —12 1.7
low-oxygen-affinity rHbs
rHb (BQ131E) 161 120 —26 1.8
rHb (5Q131N) 129 94 —27 15
rHb (BQ131L) 145 111 —-23 1.8
rHb (3N108K) 167 85 —49 15
rHb (3N108A) 151 76 —50 1.3
rHb (aVI6W) 154 66 -57 1.6
rHb (aV96W, SN108K) 211 72 —66 15
high-oxygen-affinity rHbs
rHb Kempsey §D99N) 40 44 +10 e
rHb (aY42D, SD99N) 36 41 +14 —b
rHb (3C93A) 0 - - -

aThe accuracy of the experimental measurements was withbo.° Values were not obtained due to our inability to completely deoxygenate

the samples.

reactivity than Hb A in the CO form, while the high-oxygen-
affinity rHbs tested in this study show lower reactivity under
the same conditions. Upon addition of IHP while in the CO
form, the low-oxygen-affinity rHbs show lower reactivity

affinity rHbs show little change in reactivity when IHP is
added. The increased reactivity of the low-oxygen-affinity
rHbs represents increased accessibility ofi®8Cys residue,

and suggest a more open environment and/or increased

than in the absence of IHP. The magnitude of change seemsnobility aroundf93Cys in the CO form. The results from

to be related to the mutation site position. The high-oxygen-

the low-oxygen-affinity double mutant rH@6Val— Trp,
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BL08Asn— Lys) suggest some synergistic effect on the slightly lowered oxygen affinity 45). In Figure 2 of that
accessibility of393Cys when two mutations are combined. paper, thex103His resonance of deoxy-rHB35Tyr— Phe)

at 12.2 ppm appears to be slightly broader than that of deoxy-
DISCUSSION Hb A, and there appear to be some changes in the relative
intensities of the interface-histidine resonances in the ligand-
ed form of the mutant. This hints at the possibility of a two-
X s way propagation pathway between thkE03His environment
mutations seem to propagate to d22His site even though 5 theq122His environment. Based on our present inter-

itis 7 A away from the mutation site. The crystal structures pretation as described above, we speculate that the destabi-
of R, R2, and T structures of Hb A show a number of ordered lization of the ordered water molecules aiS-subunit

water molecules at theyf;- andoifz-subunit interfaces interface brought about by thg85Tyr — Phe mutation is
5, 39, 40. These water molecules are conserved throughout sne of the factors responsible for the functional change.

the R, R2, and T structures of Hb AQ). In Hb A, two Recent crystallographic studies 85 mutant rHbs 46)
conserved water molecules bridge #h&03His residue to ¢\, changes in the water molecule network atdhy-

the a122His residue. The Asn and Leu mutations could g nit interface, including increased mobility of the water
destabilize this water network, thus leading to changes atqjecyle originally involved in the water-mediated H-bond
the a122His environment. This interpretation is especially patveena122His and835Tyr in Hb A,

attractive considering that the water molecule participating Interaction between they3:- and ouf.-Subunit Interfaces.

in the water-mediated H-bond betweeh22His ang335Tyr In Table 4, we used the reactivity of the SH group of
is part of the network. According to Burnett et &lj, polar f93Cys as an indicator of change at togB.-subunit

to nonpolar or more bulky amino acid substitutions seem 0 | \iarface. It is evident that mutations at thgf,-subunit
have a larger destabilization effect on the ordered water; terface.have an impact on thag,-subunit interface. If
molecules. Here, we see the same trend being propagateqe ake the CO-form and deoxy-form reactivity constants
from the mutation site to the122His environment, resulting of the various low-oxygen-affinity mutants as a basis, and
in the large shift of thex122His resonance observed in tHb - 55 me that the addition of IHP forces the molecule toward
(131GIn— Leu) (Figures 2 and 3). In tHSL31GIN=  yhe T ype structure, our results from rH@YEVal— Trp),
Glu), we do not observe noticeable changes in the position ) (3108Asn— Lys), and rHb 96Val— Trp, f108Asn

of thea122His resonance (Figures 2 and 3); however, Table _, Lys) give us the following trends: (i) The three mutant

2 shows that the exchange rate with solvent is still affected . ,p< mentioned above have a higher tendency to stay in the

in this mutant rHb. T structure upon addition of IHP. (ii) In the double-mutant
The destabilization of thewji-interface water cluster  rHb (@96Val — Trp, f108Asn— Lys), the stabilization

could very well lead to changes in the functional properties effect on the T structure induced by the@6Val — Trp

of hemoglobin. It has been shown BrapharcaHb that mutation on thgg108Asn— Lys mutation is additive. These
ordered water molecules act as allosteric mediators of thistrends are essentially the same as observed by Tsai et al.
dimeric hemoglobin (Hbl) 42). Furthermore, it has been (19).

reported that mutations destabilizing the water cluster in Hbl  On the other hand, thg131-mutant rHbs show more
alter its allosteric activity, aIthough in this case they lead to moderate Changes rﬁQSCyS reacti\/ity, which is in good

a destabilized T-state, resulting in a high-oxygen-affinity agreement with the general trend that fi81-mutant rHbs
phenotype43). In Hb A, computer simulation studies have have less impact on the oxygen affinity of the Hb molecule.
shown that ordered water molecules at g ;-subunit The sole exception, rH3(31GIn— Leu), exhibits low-
interfaces can have an impact on the energetics of theoxygen-affinity characteristics comparable to those of the
allosteric transition41). Mutations that affect interaction of ~ 3108-mutant rHbs2, 19, while maintaining the reactivity
the protein with ordered water have been shown to be profile of the131-mutant rHbs (Table 4). Considering the
responsible for changes in the oxygen affinity, like in the rather extreme mutation of rHEB{31GIn— Leu) and its
case of rHb ¢96Val — Trp) (44). In the case of theu/:- dramatic effect on the,5:-subunit interface (Figures 2 and
subunit interface, it has been proposed that these mutants) other pathways are probably involved in modulating the
are more stable in the R-state than in the T-stdi@.( oxygen affinity of this mutant.

Destabilizing the water network at theg; interface in the Surprisingly, the high-oxygen-affinity rHb Kempsey
R-state relative to the T-state should entice the Hb molecule (B99Asp— Asn) and rHb (42Tyr— Asp, 399Asp— Asn)
to adopt a more T-like character, thus lowering its oxygen showdecreasedeactivity of their393Cys-SH groups in the
affinity. However, only rHb 131GIn— Leu) shows an  cO form (Table 4). We can interpret this result as a less
appreciable difference in oxygen affinity compared to Hb mopile or less opeff93Cys environment, thus reducing the
A. One possible explanation is that other interactions are gy group reactivity in these mutant rHbs. Coupled with the
countering the destabilization of the ordered water molecules proken T-state H-bond betweed 2Tyr and399Asn, it could
(41) Another pOSSible reason is that the deStabi”Zing effect exp|ain the h|gh oxygen aff|n|'[y of the mutants. A “'[igh'[er”
is not limited to the R'State; from Table 2 we see that the environment arounﬁ93CyS, which is located on the F helix
proton exchange rates of the mutant rHbs with solvent in of the 8-chain, could also explain the delayed motion of the
both the CO and deoxy forms are affected. A combination H helix and slower formation of thed2Tyr-$99Asp/Asn
Of the two COU|d |ead to the Only Sl|ght|y IOWered OXygen H_bond Compared to Hb A4(7) by representing a |arger
affinity observed for most cases in Table 1. constraint on the motion of adjacent parts of the Hb molecule.
It should be noted that the mutatipB85Tyr— Phe, which The effect of IHP on the reactivity gi93Cys in these two
should affect thex122His environment directly, also shows mutant rHbs in the CO form is small.

Ordered Water Molecules at th®3;-Subunit Interface.
In rHb (5131GIn— Asn) and rHb 131GIn— Leu), the



Communication betweea,5; anda,, Interfaces Biochemistry, Vol. 41, No. 17, 2005653

The results from thg108 and3131 mutant rHbs provide  oxygen affinity of hemoglobin by introducing mutations that
additional evidence that there is communication between thechange the dynamic properties of #hg-subunit interface.
oufi- and oy B2-subunit interfaces. The fact that the results Whereas then5:-subunit interface is destabilized in the
from the high-oxygen-affinity mutant rHbs show the reverse unliganded state, the;5,-subunit interface seems to show
trend from the low-oxygen-affinity mutant rHbs also points a reversed behavior. A comparison of the T, R, and R2
to the possibility of using this reactivity assay as a fast and structures of Hb A has shown that thg3,-subunit interface
easy way to screen for low-oxygen-affinity rHbs. Although is “tighter” in the T structure than in either R or R2 structures
the exact mechanism of such a trend cannot be inferred from(51), and 37Trp, which is located in the hinge region of

these results alone, it is clear that the accessibilijo3Cys- the oy 3, interface, has been suggested to be stabilized in
SH in the R-state is an important indicator of the oxygen unliganded Hb A%2). In the T-state, mutations that introduce
affinity of the mutant rHbs. new interactions at the;»>-subunit interface can lower the

Conformational Exchange of thgS;-Interface Histidines oxygen affinity (7, 44), while those that disrupt interactions
in the CO Form of rHb §131GIn — Asn). The four tend to raise it, but these results can be partly reversed by
resonances that appear at the interface histidine region ofintroducing a second mutation at thgs,-subunit interface
rHb (5131GIn— Asn) in the CO form (Figure 6) pose two  (53). The interactions at the;/3:-subunit interface seem to
interesting questions: (i) why do four resonances appear incounteract the interactions at theg.-subunit interface
this mutant; and (ii) how do they affect the functional during the allosteric transition.
properties of Hb? We have already suggested under Results Results from Ackers and co-worker$§, 54 imply the
a possible mechanism as an answer to the first question. Theexistence of favorable cooperativity between the and
second question is more difficult to answer, mainly because -hemes within the samef dimer. Mihailescu and Russu
we do not have enough information to show that the (17) suggested that the;3:-subunit interface is involved in
conformational exchange is affecting the function of this this energetic coupling. Structures of thg dimer that are
mutant rHb. Many of the functional experiments (Tables 1 conformationally invariant between the deoxy and oxy forms
and 4) carried out for this mutant in the current study show of hemoglobin have been identified through analysis of

no significant differences between it and rHi81GIn— existent crystal structured). These invariant structures
Glu), which does not show the conformational exchange have been suggested to play a role in communicating
phenomenon for the interface histidines. structural changes between the hemes, andifigsubunit

If the conformational exchange ofLlO3His andn122His interface plays an important role in this communication

is coupled as we propose, there is the possibility that the pathway. Ramadas and Rifkind4) have further linked
entire a31-subunit interface is involved in this exchange. changes at the distal heme pockets of a methemogtgbin
We think that at least in the CO form, by relaxing the dimer with dynamic fluctuations at the;5:- and oS-
interface interactions, an alternative interface conformation subunit interfaces.

could become available to the molecule. It is interesting to  In the 5131 mutant rHbs, the disruption at thg3;-subunit
note that rHbCO/131GIn— Leu) has an interface histidine interface would result in a partial decoupling of the coopera-
resonance profile very similar to that of the “minor” form tive pathway within theo8 dimer. According to Acker’s
resonances of rHbCQ131GIn— Asn) in Figure 6. This  symmetry rule model, such a decoupling should not incur a

could be interpreted as a complete switch ofdhg;-subunit large penalty on the cooperativity of the rHb because most

interface of rHb £131GIn — Leu) to the alternative  of the cooperativity originates from the binding of oxygen

conformation in the CO form. across the dimer interfacel®, 54. Disruption of com-
Buffer Effects on Proton Exchange Measuremebif. munication between the- and S-chains within the dimer

ferent buffer systems seem to have an effect on the protonshould moderately affect the oxygen affinity of the rHb, since
exchange rate of the;f3:-interface histidines (Table 2 and the enhanced binding brought about by the intradimer
Figure 7). By changing from phosphate buffer to Tris buffer cooperativity will be attenuated. Such a mechanism is in line
with chloride, we are able to slow the proton exchange rate with what we have observed in Figure 1, with the exception
of a103His and122His. It has been reported that phosphate of rHb (8131GIn— Leu), where the nature of the amino
exerts a larger allosteric effect than Tris with chlorid&)( acid substitution could introduce other factors that affect its
thus, the former lowers the oxygen affinity of Hb A more functional properties.
than the latter49). The fact that we see a change in the  Based on our present findings and other published results
proton exchange rate in different buffers that affect the (1, 14, 22, 5%, we propose a possible signal communication
oxygen affinity of hemoglobin strongly suggests a connection pathway for the cooperative oxygenation of hemoglobin [for
between these two properties. The increase in protondetails, see§5)]. Upon the binding of the first @molecule
exchange rate of the interface histidines also suggests thato the Hb molecule, changes can be propagated ta.{fie
the interface is more mobile in phosphate buffer. It has been subunit interface through proximal heme pocket interactions.
shown that anions can affect the tertiary structure around At the same time, interactions propagating from the distal
the ligand-binding site of hemoglobin in the R-staf®)( side of the heme pocket are communicated to the distal heme
Among the inorganic anions, phosphate has a bigger effectpocket of the adjacent subunit within the sam@ dimer
than chloride. Molecular dynamics studies have linked the through a modulation ofi;5:-interface dynamics, since the
distal heme pocket of met-Hb with tlgS;-subunit interface  two subunit interfaces share a number of amino acid residues,
(14). 1t is possible that we are observing a manifestation of e.g., at the G helices). The second @binding event on
this linkage caused by the change of buffer. the samey3 dimer then affects the remainingg;-interface
Implication for Hemoglobin Structure and Functidraken interactions. At this point, thesf.-interface interactions have
together, our results show that it is possible to moderate thebeen weakened to the point where th@:-interface interac-
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tions can now overpower them. This results in a further
increase in affinity for the third @molecule, and when it
binds to the hemoglobin molecule, it activates the transition
to the R structure. The fourth @nolecule then binds to an
essentially high-affinity structure.

It is quite clear that there are long-range relationships
among various parts of the Hb tetram®&6(57. Much effort
has been focused on the;S.-subunit interface, since
according to crystallographic results most of the structural
changes during the + R transition occur at this particular

interface. Most of the analyses based on those results start 17.

out by treating the Hb molecule as a dimer of dimers. One
must not forget, however, that the four chains of hemoglobin

are in a tetrahedral arrangement, and thus changes at any

one chain could potentially affect the other three. Our results
allow us to reach the following conclusions: (i) mutations
at5131 affect the proton exchange rate of batfi;-interface
histidyl residues; (ii) these changes can have structural
consequences on theS:-subunit interface; and (iii) the
overall effect of these changes can alter the functional
properties of the Hb molecule. We also propose thatuife-
interface interactions might counteract thgS.-interface
interactions, thus playing a part in the allosteric mechanism
of hemoglobin. The present results provide further support
to our early suggestion that allosteric interactions have
multiple pathways for signal transmission in allosteric
proteins (9, 58-60). Our results further illustrate that
hemoglobin is a rather flexible or adaptable molecule whose
conformation can be adjusted in response to various pertur-
bations (amino acid substitutions, binding of ligands and/or
allosteric effectors, etc.) consistent with the “induced fit”
model first proposed by Koshland and co-workes,(62.
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