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ABSTRACT. The linkage between the proximal histidines and the proximal polypeptide in normal adult
human hemoglobin (Hb A) has been proposed to play a major role in transmitting allosteric effects between
oxygen binding sites [Perutz, M. F. (197Npture 228 726—734]. Here we present circular dichroism
(CD), ™H NMR, analytical ultracentrifugation, and stopped-flow kinetic data to better define the quaternary
structure of hemoglobins in which the linkage between the proximal histidines and the polypeptide backbone
has been broken [Barrick et dllat. Struct. Biol. 478—83 (1997)] and to characterize the distal ligand
binding properties of these proximally detached Hbs. CD spectroscopy indicates thatHBBQG) and

rHb (aH87GBH92G) retain at least partial T-quaternary structure with distal ligand bound, whereas rHb
(BH92G) does not, consistent wiftdH NMR spectra. Analytical ultracentrifugation reveals significant
tetramer dissociation in rHEBH92G) to be the likely cause of loss of T-state markers. These quaternary
structure studies indicate that in distally liganded Hb, the T-state is compatible with proximal linkages in
the 5- but not thea-chains.*H NMR titrations of rHb @H87G) with n-butyl isocyanide demonstrate the
o-chains to be of high affinity as compared with ffrehains. Comparing ligand association and dissociation
rates between the rHImH87G) variant with the T- and R-states of wild-type Hb A indicates that at the
o-chains, carbon monoxide affinity is modulated entirely by the proximal linkage, rather than from distal
interactions. Some residual allosteric interactions may remain operative &ctens of rHb ¢H87G).

Human normal adult hemoglobin (Hb Adisplays arange  the reactive heme sites to the polypeptide backbone.

of _comple>.< binding and linkage phenomena that are critical Thege proximal histidine linkages have been proposed by
to its function (—4). Through careful structural analys’s ( perutz and others to play a critical role in the cooperativity
6) and through mutagenesis, thermodynamic, kinetic, and ¢ ligand binding in wild-type Hb A §, 6, 23—25). The
spectroscopic studies, many of the amino acid residues thaj, oximal linkages are proposed to mechanically couple distal
play key roles in allostery and cooperativity are being |igand binding to the overall quaternary structure of the
identified, and an understanding of how these residues yotein, producing in a change in quaternary structure from
influence energetic and kinetic processes that relate t0T (g R jn response to distal ligand binding. Indeed, coupling
cooperativity and allostery is emerging22). One pair of o the proximal environment to the subunit interfaces has
residues in hemoblogln that hav_e largely escaped S|te-d|rect_ed0een suggested from studies by Morishima and co-workers
mutagenesis, because of their presumed central role iNgn chimeric hemoglobins in which sequence blocks in the
organizing the structure of the heme pockets, is the proximal proximal pocket are substitute@3). For the T-to-R qua-
hlstldm_es. The proximal histidines are directly bqnded to the ternary structure transition to produce cooperativity, the
heme irons, and thus connect, through a bonding network, ¢4 tivity of the unoccupied heme sites must increase in the
R-state. This enhancement of distal ligand reactivity in the
" Supported by a research grant from the NIH (HL-24258) to C.H., R-state may result from the same mechanical linkage that
and from a Scientist Development Grant from the American Heart jnitiates the T-to-R transition namely, the proximal histi-
Association (9930126-N) to D.B. dine—polypeptide linkage. Alternatively, enhanced reactivity
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shown that residues in the distal pocket greatly influence evaluate the extent to which proximal versus distal mecha-
equilibrium and kinetics of distal ligand binding,(8, 12, nisms contribute to distal ligand affinity enhancement in the
15). The increased distal ligand affinity of the R-state may R-state.

instead result from changes in the heme and proximal Here, the quaternary structure of our proximally detached
histidine, which include heme flattening, movement of the rHps is analyzed by circular dichroism (CD) spectroscopy,
iron toward the distal face of the heme, and coincident 1H NMR, and by analytical ultracentrifugation to better
movement of the proximal histidined). Increased steric  characterize the structural consequences of rupturing this
accessibility of the iron is expected to increase distal ligand potentially critical proximal control mechanisritH NMR
affinity, and several studies of the reactivity of heme- and stopped flow absorbance are used to analyze the relative
methylimidazole complexes in solution support these ex- reactivity of proximally detached distal ligand binding sites
pectations. The interaction between the sterically hinderedto provide a more quantitative assessment of the proximal
2-methylimidazole and five-coordinate ferrous heme in mechanism in allosteric control and to learn how this control
organic solvents is weak as compared with unhindered js kinetically partitioned. We find that for the distal ligand
imidazoles, presumably by steric clash between the methylCO, proximal detachment in thee-subunit increases reactiv-
group and the heme26—28). As a result, the affinity of ity to a level near to that for the R-state of wild-type Hb A,
distal ligands such as CO ang @r heme complexed with  despite the persistence of T-state structure. This affinity
2-methylimidazole is lowZ8, 29), consistent with crystal-  enhancement appears to be partitioned into both an enhanced
lographically observed lengthening of the Fe4fand seen  CO on-rate and a decreased CO off-rate as compared to the
in the crystal structure of £heme complexed with 2-me-  T_state of wild-type Hb A. For a bulkier distal ligana:butyl
thylimidazole as compared with the unhindered 1-methylimi- jsocyanide --buNC), residual allosteric interactions appear
dazole. to modulate reactivity.

The studies presented here are designed to further our
understanding of the structural origins of cooperativity and MATERIALS AND METHODS
allostery in Hb A. We have produced three recombinant ) o ) )
hemoglobins (rHbs) in which the covalent bonds between Protein Purification. Proximally detached hemoglobins
the proximal histidines and the polypeptides are severed. WeWere produced using @ coli expression vector containing
have replaced the proximal histidines of thechains and/  Poth the humaru- and g-globin genes 0). Protein was
or B-chains with glycine and have added imidazole (imd) in €XPressed and purified as describéd G0). Imidazole was
trans to mimic the local bonding interactions of the proximal Maintained at a concentration of 10 mM at all stages of
histidines in the absence of their normal covalent linkages &xPression and purification to ensure saturation of proximal
to the polypeptideX(7). We designate these three recombinant igand sites.
proteins rHb ¢H87G), in which we have severed linkages ~ Circular Dichroism SpectropolarimetrAll CD samples
in the a-chains only, rHb §H92G), in which we have  contained 0.1 M sodium phosphate, pH 7.2, and 10 mM imd.
severed linkages in thg-chains only, and rHboH87G/ Deoxy-Hb was prepared by first flushing samples with O
BH92G), in which we have severed linkages in battand for 1 h onice, under direct illumination from a halogen lamp
B-chains. The Perutz model for cooperativity predicts that to exchange tightly bound CO that is present during
proximal detachment should prevent quaternary structurepurification and long-term storage. Bound, @as then
switching, i.e., T-state structure should persist after saturationremoved by flushing with nitrogen for an hour, and deoxy-
with distal ligand. As a result, cooperativity is predicted to Hb samples were transferred anaerobically to sealed 0.1-cm
be lost. Distal ligand affinity in this predicted noncooperative, stress-free quartz cells. The cuvettes contained:D.8f a
detached T-state tetramer will depend on the degree to whichsolution d 1 M sodium dithionite that had been anaerobically
affinity is controlled by the proximal versus distal mecha- prepared. To prepare CO-saturated samples, protein samples
nisms. If distal ligand affinity is controlled largely through and cuvettes were flushed with CO prior to transfer.
the proximal linkage mechanism, affinity should be nearly Concentrations ranged from 0.56 to 0.92 mM in hemes, as
as high as in R-state hemoglobin, even though the proximally determined from visible absorbance spectra and published
detached protein remains in the T-state. If, however, distal extinction coefficients4). CD spectra were collected on a
ligand affinity is controlled largely through distal interactions Jasco J-715 spectropolarimeter atZa CD was scanned
that change between T and R, the affinity should be closer at a rate of 5 nm/min with a bandwidth of 1 nm, and nine
to that of T-state hemoglobin. A mixture of the two consecutive scans were averaged for each spectrum.
mechanisms should give rise to distal ligand affinity thatis  Analytical Ultracentrifugation. All ultracentrifugation
between T- and R-state levels. samples contained 0.1 M sodium phosphate, 10 mM imd,

We have shown previously that severing the proximal and 1 mM EDTA, and had a pH of 7. Samples were
linkage, which we refer to as “proximal detachment”, deoxygenated in stoppered vials by blowing a gentle stream
increases distal ligand affinity and decreases cooperativity,of CO over each sample while stirring. Anaerobically
consistent with the Perutz mechanishT)( In addition, we prepared sodium dithionite was added to each sample to a
have shown that proximal detachment causes partial retentiorconcentration of 5 mM, and samples were loaded into
of T-state markers in theH NMR spectrum of two of our  velocity ultracentrifugation cells in an anaerobic chamber.
three proximally detached proteins with distal ligand bound Samples were 8@&M in hemes. Velocity sedimentation
(17), suggesting that proximal detachment uncouples qua-experiments were run on a Beckman XLA/XLI analytical
ternary structure from distal ligand binding, leaving these ultracentrifuge spinning at 45 000 rpm, at 26. Radial
detached Hbs in the T-state. If indeed these proximally distribution profiles were obtained by measuring absorbance
detached Hbs are stuck in the T-state, they can be used tat 500 nm, a minimum of absorbance for HbCO. Data were
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analyzed using the program “Svedberg1,(32). A modified replacement of CO by NO is limited by CO dissociati@n (
Fujita-MacCosham function was used to determine the 34, 35). Thus, the rate of CO dissociation can be determined
sedimentation and diffusion coefficients for each HbCO by measuring the progress of the €8O substitution
sample. reaction.

H NMR. All 'H NMR samples contained 0.1 M sodium Progress curves for CO dissociation were fitted using
phosphate, pH 7.2, and 10 mM imd. Proteins were concen-nonlinear least-squares by single exponentials of the form
trated to around 5 wt % (approximately 0.7 mM tetramer)
unless otherwise noted. HbCO and deoxy-Hb samples were Aty = AAe M+ A, (1)
prepared as described above and were transferred anaerobi-
cally to sealed NMR tubes under positive pressure. To avoid Or by a pair of exponentials of the form
met-Hb formation, all deoxygenated samples were made 10 kit et
mM in deoxygenated sodium dithionite. Inositol hexaphos- Al) = AAe ™+ AAe ™ + A, 2)
phate (IHP) was purchased as a dipotassium salt from Sigma . )

Chemical Company (St. Louis, MO) and was neutralized In these equafuonszﬁ,oo represents the f|r_1al absorbance value
with NaOH. n-butyl isocyanide i-buNC) was purchased after.the reaction has gone to completion, A represents .
from Aldrich Chemical Co. (Milwaukee, WI) and was the difference in absorbance between the start- and end-points

dissolved in deoxygenated water to a concentration of 0.1 ?f thze) reaction (eq 1) or one of the two the kinetic phases
M. €q <). o _ :
1H NMR spectra were collected at 300-MHz on a Bruker For CO binding reactions, progress curves were fitted

AM-300 spectrometer. Water suppression was achieved using/Sing several models. At saturating (5@) CO concentra-
a jump-return pulse sequencé3(. For deoxy-Hb spectra tions, CO was in 50-fold excess at the start of the reaction,

16 384 FIDs were averaged, each containing 8k complex SO @n integrated rate_expression in which C.O concentration
points, and 71.4 kHz sweep-width. For HbCO spectra, 1024 1S held constant was f!tted to the data._ Both single and double
FIDs were averaged, each containing 8k complex points, andexponentials were fitted, as described above. At lower
8 kHz sweep-widths. Proton chemical shifts are referenced concentrations of CO, this approximation could not be used.
to the water resonance, which occurs 4.76 ppm downfield Instead, a simple bimolecular model was adopted of the form
from the methyl proton resonance of 2,2-dimethyl-2-sila- Ky
pentane-5-sulfonate at 2€. Hb + CO— HbCO

Measurement of Rates of CO Association and Dissociation.
Progress curves for CO bhinding and dissociation were
determined by stopped-flow methods using an Olis stopped- [Hb]
flow apparatus (Bogart, Georgia). The dead-time of the
instrument was around 3 ms. Binding and dissociation of
CO was determined by measuring absorbance changes of —kbi([Hb]2 + [Hb]([CO], — [Hb]y)) (3)
the heme chromophore. Proteins were buffered at pH 7.0
using 0.1 M sodium phosphate and contained 10 mM imd. Where the subscripts O are used to designate concentrations
Buffers were purged extensive|y with argon to remove traces at the start of the reaction. Equation 3is Separable, and can

The rate law for the above scheme can be written as

=~k {Hb][CO] =

of oxygen. All reactions were measured at Zh) be integrated to yield
For determination of CO binding rates, deoxy-Hb was B
prepared as described above. Sodium dithionite that had been [Hb] [HP]([CO], — [Hb]o) (4)

prepared anaerobically was added to 5 mM prior to mixing [CO], exd kei([COlo — [Hbla)t} _ [Hb],
to keep the solutions £free and to keep the heme irons in

the ferrous oxidation state. To initiate the CO binding Equation 4 can then be used to give the change in absorbance
reaction, deoxy-Hb solutions were mixed with equal volumes as a function of time:

of buffer containing CO. To prepare buffers with subsatu-

rating CO concentrations, a 10-mL glass syringe fitted with _ [CO], — [Hb],
a three-way stainless steel stopcock and containing an 0.8- Alt) = A [CO] exdqait([CO]o— [Hblo) _ [Hb] * Auco
cm magnetic stir-bar was purged with nitrogen and was then 0 0 (5)

rinsed with and finally filled with CO-saturated buffer. All
gas bubbles were expelled, as was part of the CO-saturatedEquation 5 can be considered to have four adjustable
buffer. The syringe was then topped up, using anaerobic parameters in addition to the second-order association rate
methods, with argon-saturated buffer, and the solution wasconstant: the starting concentrations of Hb and CO, the
mixed using the magnetic stir-bar. This process was repeatedabsorbance of HbCO, amiiA (the difference in absorbance
to further dilute the CO. In some cases, the reverse procedureébetween deoxy-Hb and HbCO). Since the goal of the fitting
was used, i.e., the syringe was filled with argon-saturated procedure is to determinlg; accurately (and to determine
buffer, and a small volume of CO-saturated buffer was added.whether the model is consistent with the data), the other four
Both procedures yielded similar results. parameters were fixed at their estimated concentration and
To measure CO dissociation, HbCO was mixed with buffer absorbance values. However, it was found that at some
of identical composition that had been saturated with NO. starting CO concentrations, subsets of these parameters were
For CO dissociation reactions, sodium dithionite was omitted well-determined by the progress curves, and allowing adjust-
as it was found to react with the dissolved NO. Because NO ment of such parameters during fitting significantly improved
binding to Hb is fast and nearly irreversible, the rate of agreement between the model and the data. For example, at
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low CO concentration, [CQ]was well determined by the 100,000 . , ,

data, wherea8yncowas not. Therefore, in this fittingiqpco 2 soof A

was fixed at a value determined from the end of a progress pl b

curve at saturating CO, and [CQ}as optimized during the § ookl ]

fit. At higher [CO], the reverse was trueAunco was well 2 40000 4 ]

determined by the progress curves and was optimized during E oo

the fit, whereas [CQ]was not well-determined and was fixed -l S oo s ]

at its experimentally predetermined value. 5 of ‘-?;‘-»aug,-.s‘u.ﬁ_._o»e-”"" e
For CO binding to rHb ¢H87G), eq 5 was fitted to * ook ~ “ag a” 1

progress curves obtained at low concentrations of CO (where b L i

CO concentration was less than or equal to total heme 00

concentration) to estimate the second-order rate constant
associated with the fast phase. To determine the rate constant
of the slow phase, a simple single exponential (eq 1) was
fitted to progress curves obtained at saturating CO concentra-
tions. At intermediate CO concentrations where both phases
are seen, neither eq 1 nor eq 5 could not be used.

RESULTS

Near-UV Circular Dichroism on Proximally Detached
HbCOs. CD spectroscopy has been shown to provide a
valuable assessment of the quaternary structure of Hiy A (
36—38). Although the CD spectrum of hemoglobin is

dominated by heme transitions, which are largely dependent z E
on distal ligand binding rather than quaternary structure, the ?,, 000
region of the spectrum containing signals from the aromatic § 60000
side chains contains a transition that has been shown to = 40000 |
depend on quaternary structure rather than heme liga3@n ( g 20,000 [
37). It has been suggested that this transition, a peak of "
negative ellipticity centered at 287 nm in T-state deoxy-Hb = oo

which is largely absent in R-state Hb@nd HbCO, results
from a tryptophangW37) or a tyrosinedY42) in theoy,
subunit interface.

CD spectra of the CO forms of the proximally detached
Hbs were collected and compared with spectra of wild-type
Hb A in the CO (R) and deoxy (T) forms (Figure 1). Spectra
of wild-type deoxy-Hb A and HbCO A collected here closely
resemble those of oxy- and deoxy-Hb A published previ-
ously, both in shape and in magnitude [compare with Figure
3 of ref36]. The two prominent bands in the wild-type HbCO
A spectrum, located at 259 and 343 nm, are both greatly
enhanced as compared to deoxy Hb A (Figure 1, panel A).
These two bands have been suggested to result from the heme

150,000 — . - .
chromophore and thus report directly on ligarfiteme ~ ey E
interactions rather than rearrangement of the protein. In z 100000 | | % ]
support of this, enhancement of both of these bands is also §, i
seen in carbonmonoxy-myoglobin (MbCO) as compared to 3 500003
deoxy-Mb (Figure 1, panel E), which lacks quaternary s e°°:ﬂ o0
structure and undergoes minimal tertiary structure change A a3 S 7
upon distal ligand binding. In contrast, the negative band at FRN o, o ]
287 nm in the CD spectrum of deoxy-Hb is absent in the = 2g.a"
spectrum of deoxy-Mb, consistent with its reporting on e ST L Lot
250 300 350

specific quaternary interactions within the T structure.

Molar ellipticity (100 degeem’ sM ")

Molar ellipticity (100 degecm 'sM™*)

20,000 F

120,000

100,000 |

Wavelength (nm)

Ficure 1: Near-UV circular dichroism spectra of proximally
detached carbonmonoxy hemoglobins. (A) Wild-type deoxy-Hb A
and HbCO (circles and squares, respectively). The negative ellip-
and rHbCO ¢H87GsH92G), although the bands at 259 and ticity at 287 nm has been attributed to t487 trp in the T-qua-
343 nm (those indicative of distal ligand binding to heme) Et(%:r)néﬂ)t; é»toruglt_llggg Sin(]?B)awbgg&g%gg)égggﬂ%HE7|_G),
show enhanced ellipticity, similar to the enhancement seen'%) »an rHDbLL » (thICK IN€S

. . with diamonds), each plotted with wild-type deoxy-Hb A and HbCO
in the spectrum of Wlld-type. HbCO A, ,the quat,emar}’ as in panel (A). (E) Horse myoglobin in the deoxy- (circles) and
structure band at 287 nm retains substantial negatlve elllp- CO-forms (squares)_ Conditions: 0.1 M sodium phosphatel 10 mM
ticity, reminiscent of the spectrum of wild-type deoxy (T) imd, 1.5 mM sodium dithionite, pH 7.2, 2%C.

CD spectra of proximally detached HbCOs have features
of both wild-type HbCO A and deoxy-Hb A spectra (Figure
1, panels B-D, Table 1). In particular, for rHbCQuH87G)



3784 Biochemistry, Vol. 40, No. 13, 2001

FicUrRe 2: The effect of IHP on théH NMR spectra of proximally
detached carbonmonoxy hemoglobins. 300 MHz prétéiNMR
spectra for wild-type deoxy-Hb A (A); wild-type HbCO (B); rHbCO
(aH87G) (C, D); rHbCO gH92G) (E, F); rHbCO ¢H87G5H92G)
(G, H). Conditions: 0.1 M sodium phosphate, 10 mM imd, 10 mM
sodium dithionite, pH 7.2, 28C; samples D, F, and H contain 10
mM IHP.

Hb A (Figure 1, panels B and D). The CD spectrum of
rHbCO (BH92G) shows less negative ellipticity in this region
(280—290 nm), resembling the spectrum of wild-type HbCO
A (Figure 1, panel C). On the basis of CD in the region of
the T-state marker, it appears that rHbC&HB7G) and
rHbCO @H87GSH92G) HbCOs have significant T-qua-
ternary structure in the vicinity of the reporting side chains,
whereas rHbCO/AH92G) lacks this structure.

Analytical Ultracentrifugation.To gain qualitative infor-
mation on the tetramer stability of the proximally detached
Hbs, we have used velocity sedimentation to determine
sedimentation coefficients for the CO forms of the detached

Barrick et al.

PPM

Ficure 3: H NMR spectra of proximally detached deoxy-
hemoglobins. 300 MHz protoAH NMR spectra for wild-type
deoxy-Hb A (top), rHb ¢H87G) (second from top), rHEBHI2G)
(third from top), and rHb ¢H87G/H92G) (bottom) deoxy-Hbs

in the presence of 10 mM imd. Resonances in this region are from
protons in close proximity to the unpaired electrons of the heme
irons. For wild-type Hb A, the resonances at 63.3 and 75.8 ppm
have been assigned to theédMNs of thea- and S-chain proximal
histidines, respectively 45, 46). Conditions: 0.1 M sodium
phosphate, 10 mM imd, 10 mM sodium dithionite, pH 7.2,°29

Table 1: Molar Ellipticities of Proximally Detached Hemoglobins at
Selected Wavelengths

protein ) 287 [60]259 [0]343:5
wild-type Deoxy-Hb A —12 100 +31 100 +6 800
wild-type HbCO A +1 000 +75200 —21700
rHbCO (@H87G) —8 300 +66 600 —13800
rHbCO (BH92G) —3700 +108000 —19 300
rHbCO (@H87G3H92G) —8900 +98900 —15400

Hbs. We have used the CO forms of these proteins because *Molar ellipticities are reported in deg cthM™ x 1072 where

for wild-type Hb, the tetrameric deoxy form is very stable,
rendering sedimentation studies relatively insensitive to
changes in dimertetramer stability. Because of linkage of
the quaternary structure to distal ligand binding, the addition
of CO weakens the tetramer, aiding in detection of tetramer
dimer equilibrium 89).

Velocity sedimentation of wild-type and proximally de-
tached HbCOs indicate that the sedimentation coefficient for
rHbCO @H87G) is the same, within error, as that obtained
for wild-type HbCO A (about 4.1 S, Table 2) and is similar
to published values wild-type HbCO AQ—42). However,
the sedimentation coefficients for rHbC@H{87G/pH92G)
and rHbCO gH92G) are significantly smaller (3.5 and 2.8,

the molar concentration refers to moles of heme per liter, rather than
moles of hemoglobin tetramer. Uncertainties in molar ellipticity values
are around 1200 deg cthM~! x 1072 at the 67% confidence level.

Table 2: Sedimentation and Diffusion Coefficients of Proximally
Detached Carbonmonoxyhemoglobins

protein 3 Db
wild-type HbCO 4.05 8.08
rHbCO @H87G) 4.11,4.17 8.04
rHbCO (BH92G) 2.81 9.01
rHbCO (@H87GfH92G) 3.51 8.64

aln Svedbergs (10° seconds)®In Ficks (107 cn? s™1), both
determined using the modified Fujita-MacCosham function from the
program SVEDBERG31, 32).

respectively). These numerical values suggest that although

wild-type and rHbCO ¢H87G) are fully associated, or are
at least associated to the same degree, rHb@EABTG/
pH92G) and rHbCO fH92G) are partly dissociated. Cal-
culated diffusion coefficients support partial dissociation for
rHbCO @H87GfH92G) and rHbCO gH92G): whereas

diffusion coefficients for wild-type HbCO A and rHbCO
(aH87G) are nearly identical (8-68.1 x 107 cn? s 1Y), that

for rHbCO (@EH87G/SH92G) is larger (8.6<x 107 cn? s7Y),

and that for rHbCO/£H92G) is larger still (9.0x 107 cn?

s1), suggesting a decrease in Stokes’ radius for these two
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detached HbCOs. These results are consistent with equilib-tively (49—51). Because these resonances originate at the
rium ultracentrifugation experiments (results not shown) in heme pocket of each subunit and are baseline-resolved, they
which rHbCO @H87G) and wild-type HbCO A are nearly are excellent probes for resolving ligand binding to the
identical in their radial distribution profiles, but rHbCO versusf-chain hemes22, 51-53). Resolving distal ligand
(BH92G) and, to a lesser extent, rHbC@H87GSHI2G) binding curves into binding at the- versusg-chains is of
distribute as lower molecular weight complexes. particular interest for rHb oH87G), where analysis of
Effects of IHP on T-State Markers in tHd NMR Spectra  absorbance-monitored distal ligand binding curves yield a
of Proximally Detached HbCO3here are several resonances Hill coefficient of less than one. As absorbance spectroscopy
in theH NMR spectrum of wild-type Hb A that are sensitive cannot distinguish between ligand binding at te and
indicators of Hb quaternary structure. Resonances at 14.13-chains, the molecular origin of the shallow rHbH87G)
and 11.2 ppm in théH NMR spectrum of wild-type deoxy-  distal ligand binding curve (negative cooperativity versus
Hb A have been assigned to hydrogen bonds (betweenaffinity differences betweermi- and (-chains) remains
o42Tyr and f99Asp, and betweew94Asp andB37Trp, uncertain.

respectively) that are formed in the T-quaternary structure, The low-field'H NMR spectra of wild-type deoxy-Hb A
and thus serve as excellent markers for T-state struet@re ( and proximally detached deoxy-rHbs are shown in Figure
47). When CO is added to wild-type Hb A, these resonances 3. Unlike the two baseline-resolved resonances seen in the
disappear because the R quaternary structure is adopted. Wepectrum of wild-type Hb A, the proximally detached spectra
have previously shown that these T-state markers persist inshow extra resonances. In addition, peak positions shift
the 'H NMR spectrum of the CO forms of rHm{H87G) significantly between wild-type Hb A and the three proxi-

and to a lesser extent the CO form of rHiH87GfH92G) mally detached Hbs, preventing transference of assignments
(17, also see Figure 2). We have also shown that IHP, an from wild-type deoxy-Hb A.

allosteric effector that binds to the T-structure of wild-type
Hb and thus decreases distal ligand affinig8) also
decreases distal ligand affinity in proximally detached Hbs
(17). Here, we uséH NMR spectroscopy to test whether
the effect of IHP on distal ligand affinity in proximally

One potential source of extra peaks as a result of proximal
detachment is that, as compared with proximal histidine
ligands, proximal imd ligands will have an extra hydrogen
attached to the carbon analogous to the histidipelCthe
k - proximal imd ligand binds to the heme without significant
detached rHbs is a result of enhancement of the stability of tilt, the through-bond and through-space relationship between

the T-state. If th]is is the ca}se,llthe T-st{;te markers iriﬁhel the electrons of the heme iron and thgHCshould be similar
NMR spectra of our proximally detached HbCOs should  those petween the electrons of the heme iron and the

become more intense upon addition of IHP. For the 14.1 \\sH2 Thus. the @H may be expected to resonate at
ppm peak in théH NMR spectrum of rtHbCO dH87G), approximately the same frequency as théH\ Such
this is the case: the 14.1 ppm resonance sharpens and appegia,ayior is observed for proximally detached sperm whale
to increase in intensity at 10 mM IHP (Figure 2). For erCQ deoxy-Mb. As compared with wild-type deoxy-Mb, which
(aH87GpH92G), there also appears to be some sharpenlnghas a single proximal ®H resonance at around 76 ppm
of the ~14.1 ppm peak, although the effect is more modest (Figure 4, panel A), H93G deoxy-Mb has two resonances
than for rHbCO @H87G). For both rtHbCOdH87G) and ot gimjijar intensity, one at 82 ppm and one at 58 ppm (Figure
rHbCO (@H87GfH92G), these spectral changes_ appear to 4, panel D). By replacing the # with D;O, the 76 ppm

be completg at 2 mM IHP, the lowest concentration that We oconance of wild-type deoxy-Mb is eliminated (compare
have examined (data not shown). For rHb@IBI92G), the g re 4, panels A and C), confirming the assignment of

14.1 ppm T-state marker is absent at all concentrations of ic resonance to the labile thedNboroton 60). For HI3G
IHP. IHP has less of an effect on the intensity of the T-state deoxy-Mb, replacement of 40 with DO eliminates the 82
marker in the 11.2 ppm region of the spectra of_prOX|maIIy ppm resonance (Figure 4, panel F), suggesting that the 82
detached HbCOs. For rtHbC@Ki87C), the intensity of the 5 regonance results from a labile proton, presumably the
~11.2 ppm T.-state marker does not _chang_e, but the g NH, and that the 58 ppm resonance results from the
frequency of this resonance appears to shift to slightly lower ;.4 csH. To confirm that the resonance of the nonlabile
field and has a somewhat asymmetric shape. The observatiorbroton at 58 ppm is attached to an imd carbon, the imd in

that the 11.2 ppm T-state marker is insensitive to IHP is not 1o 193G deoxy-Mb sample was replaced with fully deu-

;urpriging, since it appears to be at approximately full (o 4iaq (@) imd. Since the sample was prepared igOH
intensity (as compared to the 12.2 and 12.9 ppm resonancesshe labile imd ND is expected to be replaced with an H:

in the absence of IHP. For rHbCQ@UI87G/5HI2G), the | \,ever, the three carbon-borne deuterons of fiend are

weak resonance in this region, which centered at about 11.3,,1apile and should be retained in complex with H93G Mb.
ppm, shows neither intensity or chemical shift sensitivity ©0 ¢ regyt of imd deuteration is that the resonance at 58 ppm
IHP. rHbCO (3H92G) lacks this T-state marker in both the disappears from the spectrum (compare Figure 4, panels D
absence and presence of IHP.

Hyperfine-Shifted Resonances in fifeNMR Spectra of
Proximally Detached Deoxy-Hbi the’H NMR spectrum {1 REeaie S e e 0ere e oo posiions i
of deoxy-Hb, two resonances have been identified at very ;. imaj histidine (N coordinating the iron, 8H in opposition). Using
low frequencies. Their low chemical shifts result from |UPAC nomenclature, Nwould be designated N3, ¥ would be
hyperfine interactions (either contact or dipolar) with the designated N1H, and the three ring CHs would succesively be

; ivhocni _ ; designated C2, C4, and C5. Although in solution C4 and C5 are not
unpalred electrons of the hlgh Spin deoxy heme irons. Thesedistinguishable because of tautomerization of N1H and N3, when bound

resonances, at 63.3 and 75.8 ppm, have been assigned t@ the asymmetric proximal pocket, C4 and C5 become chemically
the NoHs of thea and-chain proximal histidines, respec- distinct.
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A A presumably at the € position, and suggests that the two
downfield resonances come from proximabis, presum-

ably one from imds at thex-chains and one from the
Emwjkmww proximal histidines of thg-chains fH92). This assignment

is qualitatively similar to that for the imd complex of H93G
C deoxyMb, in which the carbon-borne proton resonates at 57
ppm, and the imd NH proton resonates at 82 ppm. The fact
D A A that the chemical shift of one of the downfield proximal

resonances (at around 74.5 ppm) is very similar to the

resonance assigned to fhrehain proximal histidines in wild-

EMMMWMWW type deoxy-Hb A suggests that in the deoxy-rHtH87G)

spectrum this resonance may derive from thehain
F A proximal histidine §H92) NoHs, and the farthest downfield
resonance (82 ppm) results from théMlof the imds at the
o-chains. For the fully detached deoxy-rHmH87G/
) _ BH92G), replacement of imd with deuterated imd results in
g'GtURﬁ“(:j 300 MHZ;HIN'X'R spectra ‘l’f g\(lld-tyRe w%qroxm&auy the loss of the resonances at 54 ppm, the same as in the
Meb?(iB‘Sa Ws”%iryrgewdg:xy_?\jluéywrﬂ%ogoo n|1n’\_;, |$m):i (IC) \Xlﬁg_tyggxy deoxy-rHb @H87G), and al;o at 74 ppm. 'I_'his suggests the
deoxy-Mb in DO, (D) H93G deoxy-Mb with 10 mM imidazole, ~ esonance at 54 ppm derives from the imgHS of the
(E) H93G deoxy-Mb with 10 mM deuterated (d4-) imd, (F) H93G a-chains, and that at 74 ppm derives from the imdHS of
deoxy-Mb with 10 mM imidazole in BD. Conditions: 0.1 M the 3-chains. Two resonances remain in the far-downfield
sodium pyrophoshpate, pH 8.6, 26. region after substitution with deuterated imd (at 82.5 and

89 ppm). The resonance at 82.5 ppm has a chemical shift

M /\N similar to the resonance assigned to th#HN\bf the imd at

the a-chains in the spectrum of deoxy-rHoHI87G) and

may result from the same protons in deoxy-HHB7G/
M pH92G). One puzzling feature of the proximdl NMR
spectrum of deoxy-rHboH87GSH92G) is the low intensity

of the 74 ppm resonance relative to the 54 ppm resonance.

M If these two resonances derive from imd ring protons, they

should have the same intensity. One possibility is that at imd

concentrations in théH NMR samples (10 mM), the
D S-chains are not completely saturated with imd. This would
be surprising, since measurement of imd affinity to proxi-
M mally detached H93G deoxy-Mb has yielded a dissociation
constant of about ZM (54). A second possibility is that
the imd proximal ligands in th@-chains occupy multiple
W\\,/\AM/\LA conformations with different magnetic environments. Con-
F sistent with this second possibility, there appear to be

additional shoulders in the deoxy-rHmH87GBH92G)

M spectrum (one upfield of the 54 ppm resonance, one upfield
of the 82.5 ppm resonance).
s BAans e Aaned A Unlike the downfield'H NMR spectrum of deoxy-rHb
90 85 80 75 70 65 60 55 50  ppm (aH87G), which has a resonance at the same frequency as
Ficure 5. Assignment of hyperfine-shifted resonances to nonex- the 5-chain proximal histidine resonance of wild-type Hb
changeable imidazole protons. 300-MHz spectra of proximally A, the spectrum of deoxy-rHRBH92G) lacks a resonance

detached Hbs with either imd or perdeuterated)(dnd. (A) wild- hai - PP
type Hb A, (B) rHb (H87G) with 10 mM imd, (C) rHb ¢H87G) at the frequency of the-chain proximal histidine resonance

with 200 mM dw-imd, (D) rHb (3H92G) with 10 mM imd, (E) rHb of wild-type deoxy-Hb A. This indicates that proximal
(BH92G) with 200 mM ¢-imd, (F) rHb @H87G/3H92G) with 10 detachment in thg-chain has structural consequences at the
mM imd, (G) rHb @H87G/ BH92G) with 200 mM d-imd.  q-chain heme sites. Further, neither of the poterftiahain
COhdItIOﬂS; 0.1 M sodium phosphate, 10 mM sodium dithionite, jmidazole resonances (74 and 89 ppm) of deoxy-rHb
PH 7.2, 29°C. (aH87GpH92G) are visible in the spectrum of deoxy-rHb
and E), confirming that this resonance derives from a proton (SH92G), indicating that the environment at ffxehain heme
bound to an imd carbon, presumably that equivalent to the sites is also different between the two proteins. Replacement
Cy of the proximal histidine (which, in histidine, is not of imd with deuterated imd in deoxy-rHpKI92G) produces
directly bonded to a proton). decreases in signal intensity in two regions of the spectrum.
To assign proximal imd and histidine resonances in the The resonance at 54 ppm disappears, and signal intensity
proximally detached Hbs, imd was replaced with deuterated appears to be lost in the region around 66 ppm. The loss of
imd (Figure 5). For rHb@H87G) complexed with deuterated multiple resonances is again consistent with a multiple
imd, the resonance at 54 ppm is lost, while the two downfield conformations for the proximally detach¢tchain imds.
resonances are retained. This result demonstrates that the 5€onformational multiplicity is also suggested by the presence
ppm resonance comes from an imd carbon-bound proton,of at least four distinct resonances in the spectrum of deoxy-

ppm 95 9 8 80 75 70 65 60 55 S50
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Ficure 6: Binding of n-butyl isocyanide to rHb H87G)
monitored by'H NMR. 300-MHzH NMR spectra of 1.2 mM rHb
(aH87G) (4.85 mM hemes) with increasing concentrations of
n-butyl isocyanide (n-buNC). From top to bottom: 0, 0.5, 1.0, 1.5,
2.0,2.5,3.0,4.0,5.5,7.0, 8.5, 10.0, 13.0, and 16.0 mM total buNC.
Conditions: 0.1 M sodium phosphate, 10 mM imé mM sodium
dithionite, pH 7.2, 29C.

rHb (BH92G), in contrast with that of deoxy-rHil87G),
which shows only three resonances.

Resolution ofx- and8-Chain Binding during Titration of
rHb (aH87G) with n-buNC.The ability of *H NMR to
resolve signals from the- and 3-chain proximal pocket-
sallows overall equilibrium distal ligand binding curves to
be resolved into microscopic binding events. By titrating
deoxy-rHb @H87G) withn-buNC, a distal ligand that binds
cooperatively to wild-type Hb AJ5) but with a stretched
isotherm to rHb ¢H87G), a clear preference can be seen in
the ITH NMR spectrum fom-buNC to thea-chains (Figure
6). Addition of limiting amounts ofn-buNC decrease the

Biochemistry, Vol. 40, No. 13, 2008787

at 54 ppm and is likely to result from the-chain imd NH,

the remaining 74.5 ppm resonance is likely to be that of the
pB-chain proximal histidine NHs. This assignment is con-
sistent with its resonance frequency at 74.5 ppm, which is
roughly the same as that of tifechain proximal histidines

of wild-type deoxy-Hb A. These results indicate that the low
Hill coefficient measured forn-buNC binding to rHb
(aH87G) by absorbance spectroscoply7)( results from
heterogeneity between tlee andS-chains, rather than from
negative cooperativity. Specifically, the-chains of rHb
(aH87G) are of high affinity, whereas th&chains are of
low affinity.

CO Dissociation from Proximally Detached Hemoglobins.
Equilibrium studies have shown that deleting the covalent
bond between the proximal histidines and the F-helices of
Hb increases the affinity of £andn-buNC, and decreases
cooperativity (7). To obtain a more complete picture of
distal ligand binding to proximally detached Hbs, we have
examined the kinetics of CO binding and dissociation. These
kinetic studies allow equilibrium changes in affinity to be
decomposed into changes in the reactivity of the ligand-free
versus ligand-bound forms of the protein. In addition, kinetic
measurements of distal ligand binding and dissociation allow
direct measurement of reactivity of the T- and R-quaternary
structures. Because Hb binds distal ligands cooperatively,
isolation of these states is difficult using equilibrium methods,
requiring measurements of very high sensitivity and precision
3).

Because CO binds to Hb with high affinity, its rate of
dissociation cannot be measured by simple ligand dilution.
Instead, the rate of dissociation of CO can be measured by
competition with NO 84, 35). Because NO combines with
Hb much faster than CO, and because NO dissociates very
slowly from Hb once bound, mixing HbCO with a saturated
solution of NO results in near complete displacement of the
CO in a process that is rate limited by CO dissociatidn (
34, 35). In such exchange experiments, a high level of distal
ligand saturation is maintained; thus for wild-type Hb A,
the observed kinetics reports on R-state ligand dissociation.
However, for the proximally detached Hbs, kinetics should
report on ligand dissociation from either the T-state [rHbCO
(aH87G)] or from dissociated dimers [rHbC@BH92G)],
either with or without proximal restraint. For wild-type
HbCO A, rHbCO [H92G), and rHbCOH87G5HI2G),

CO dissociation curves show a single kinetic phase (Figure
7). For rtHbCO §H87G), however, the progress curve clearly
reveals two kinetic phases (Figure 7). The biphasic nature
of the CO dissociation curve of rHmH87G) can also be
seen by inspection of residuals: those from fitting a single-
exponential decay curve to the CO dissociation data of rHb
(aH87G) are highly nonrandom, whereas those from fitting
a double exponential are uniformly distributed (Figure 8).
In contrast, residuals resulting from fitting single-exponential
curves to wild-type Hb A, rHbAH92G), and rHb ¢H87G/

intensity of the resonance identified above as resulting from fH92G) CO dissociation curves are all randomly distributed

the a-chain imd G/Hs (54 ppm). Concurrent with this loss

of intensity, the resonance at 82 ppm also loses intensity,

(data not shown). For the two kinetic phases seen for rHb
(aHB87G), rate constants are separated by around 15-fold,

supporting the proposal that this resonance derives from theand relative amplitudes for the two kinetic phases are nearly
a-chain. In contrast, the resonance at 74.5 ppm retains itsequal (Table 3).

intensity until very highn-buNC concentrations (Figure 6).

Fitted rate constants for the monophasic CO dissociation

Since the resonance at 82 ppm loses intensity at the sameurves of rHbCO£H92G) and rHbCO¢H87GfH92G) are

n-buNC concentrations as tleechain imd G/H resonance

only slightly different than that for wild-type HbCO A,
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CO Binding to Proximally Detached Hemoglobirisor
binding of CO to wild-type deoxy-Hb A, a single-exponential
decay curve is observed, and almost all of the reaction can

be observed using stopped-flow techniques with saturated

<:°: 0.6 CO (500 uM after mixing, Figure 9). However, for the
S proximally detached deoxy-Hbs, greater than half of the CO
04 binding reaction is completed during the dead-time of the
L instrument. This missing amplitude is most pronounced for

L rHb (BH92G) and for rHb ¢H87G/SH92G), whereas for
0 bbbl L rHb (aH87G), the reaction proceeds to around 60% comple-
time (sec) 7 tion in the Qead—time (Figure 9). The portiqn of the progress
— ) - . curve that is detected at 501 CO can be fitted reasonably
Ficure 7: Kinetics of CO dissociation from proximally detached

hemoglobins by NO competition. Normalized absorbance changesWeII by a single-exponential decay curve. Fitted second-order

at 440 nm are shown for the replacement of CO with NO from rate constantskgyy for CO binding to rHb H92G) and for
wild-type HbCO A¢-v—), rHbCO @HB87G) (- - O- - -), tHbCO rHb (aH87GH92G) are somewhat larger than that for wild-
(6H92G) (~@—), and rHbCO ¢H87G/3HI2G) (- - M- - -). Condi- type rHb A by around 5- and 10-fold, respectively (Table 4,
ggg?hzﬁe;tmgxs'“%gégdfz,5%33'?'\,& Zgré}ﬁﬁfﬁ'gsﬂwatt‘ztri‘gﬁﬁ’im 4. Kepd- Whereas faster overall reaction may explain the missing
20 °C. P T phosphate, " amplitude for CO binding to rHbH92G) and to rHb
(aH87GpH92G), for rHb @H87G) the apparent second-
order rate constant is slightly smaller than for wild-type
deoxy-Hb A, that the missing amplitude suggesting results

from a second, fast kinetic phase.

To observe the portion of the CO binding curves that are
completed in the dead-time in Figure 9, we repeated the
stopped-flow measurements at low concentrations of CO.
Decreasing CO concentration slows the overall reaction,
permitting detection of fast phases. This method allowed
‘ Olson and co-workers to characterize the reactivity of the
0-00' 1(‘)0 260 3(‘)0 4(’)0 5(‘)0 6(‘)0 T-state of wild-type Hb A and to characterize the reactivities

time (sec) of a number of variant rHbsl@). Progress curves for CO
binding to wild-type deoxy-Hb A show a single major kinetic
phase (Figure 10, panels A and B). This is most obvious in

1.0}

the plot of the extent of reaction as a logarithmic function
osi time (Figure 10, panel B) at saturating CO concentrations,
T where a single sigmoidal curve is observed of nearly full
§ 06 amplitude. Fitting a simple bimolecular scheme to progress
;ﬁ f curves for wild-type Hb A at different CO concentrations
041 yields approximately the same second-order rate constant
ol irrespective of the concentration of CO, and thus, the portion
' of the curve being fitted (Table 5). Simple progress curves,
0.0 . . . et corresponding to a single major kinetic phase, are also seen
0 100 200 300 400 500 600 for binding of dilute CO to rHb H92G) (not shown) and
time (sec) for rHb (aH87GBH92G) (Figure 10, panels E and F).

FiGUrRe 8: Kinetics of CO dissociation from rHbC@«(i87G). Solid Saturation is incomplete at substoichiometric CO concentra-

lines result from fitting single exponential (panel A) and biexpo- iong phut as CO concentration is increased to exceed the
nential (panel B) decay curves to the data (eqs 1 and 2, Materials ’

and Methods). Insets in each panel show residuals from egs 1 andconcentration of hemes, the progress curves grow to full
2 and are plotted on the same scale for comparison. The solid linesaturation. As CO concentration increases, the progress curve

represents zero residual. Residuals using the single exponentiabecomes more rapid, as expected for a bimolecular reaction,
equation are nonrandom (A), whereas those for the biexponential jagiting in loss of amplitude to the dead-time of the
gfquatlon are randomly distributed (B). Conditions are as in Figure instrument_. For both rHb AH92G) and rHb ¢H87G/

PH92G), fitted second-order rate constants are roughly

independent of CO concentration at low CO, but at high
showing an increase of 2- and 1.5-fold, respectively (Table concentrations the apparent second-order rate constants
3). For the biphasic CO dissociation curve of rHbCO decrease with increasing CO (Table 5). The origin of this
(aH87G), the rate constant associated with the fast phase isdecrease is coincident with the loss of much of the amplitude
greater than the overall CO dissociation rate constant for of the reaction to the dead-time, and may represent a minor,
wild-type HbCO A, whereas the slow-phase rate constant slow kinetic phase. Fitted second-order rate constants for rHb
for rHbCO (@H87G) the same as the overall dissociation (3H92G) and rHb ¢H87G/3H92G) at CO concentrations
rate constant for wild-type rHbCO A. The addition of IHP  where the entire progress curve is observed are around 15
has very little effect on the progress curves for CO dissocia- to 25 times larger than for CO binding to wild-type deoxy-
tion from wild-type or rHbCOs (Table 3). Hb A.
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Table 3: Kinetic Parameters for Carbon Monoxide Dissociation from Proximally Detached Hemoglobins

single exponential biexponential fitting
protein [IHP] mM Kot 10357t ki 108s? %1 k, 107357t %2

wild-type Hb A 0 4.2 nd

rHb (aH87G) 0 nd 67 (89, 45) 48 (47,48.5 5.0(6.8 4.2 52 (63,51.5
rHb (aH87G) 1 nd 104 48.5 55 515

rHb (BH92G) 0 8.510.07.]) nd

rHb (BH92G) 1 9.7 nél

rHb (aH87GSH92G) 0 6.0 nél

rHb (aH87G/8H92G) 1 5.4 nél

a Although subsequent injections yielded fitted rate constants that differed by less than 10%, larger differences were seen when fresh samples
and buffers were prepared and reactions were measured on different days. The results of such measuH8iehen(sH92G) are presented
as the mean value, with values from different days given in parentheNes.determined because progress curves are clearly biexponéil.
determined because progress curves are well fitted using a single exponential.

In contrast to wild-type Hb A, rHb/4H92G), and rHb compatible with/3-chain proximal restraint [the only type
(H87GfH92G), progress curves for CO binding at low of proximal restraint remaining in rHmH87G)]. When the
concentration to deoxy-rHm{H87G) show two kinetically proximal linkages in theS-chains are broken, T-state
distinct phases (Figure 10, panels C and D). At the lowest structural markers are diminished (or absent) in the near-
CO concentrations, only the fastest phase is detected; theUV CD andH NMR spectra when CO is bound. This result
fitted second-order rate constant is as large as that of deoxy-suggests that the T-quaternary structure is incompatible with
rHb (aH87GBH92G). As the concentration of CO increases, o-chain proximal restraint, or that proximal detachment in
a slower phase becomes evident. These two phases appedhne S-chains favors another quaternary structure. If, unlike
to be of approximately equal amplitude (see Figure 10, panelthe a-chains, proximal restraint in thg-chains is not
D, 20uM CO; green dots). As CO concentration increases correlated to quaternary structure, then the fully detached
further, this fast phase disappears, and the progress curve isHb (aH87G/fH92G) should behave, in terms of quaternary
entirely represented by the slow phase. The fitted rate structure, like rHb @H87G). Instead, théH NMR spectrum
constant of this phase is slightly smaller than the fitted rate of rHbCO @H87G/fH92G) shows less T-state character
constant for wild-type deoxy-Hb A (Table 5). (based on the marker at 14.1 ppm) than is seen in rHbCO

The addition of IHP to a final concentration of 1 mM (aH87G), but unlike rHbCO £H92G), the resonance is
decreases the rate of reaction for wild-type Hb A and all clearly visible. Thus, based on the 14.1 ppm T-state marker,

proximally detached rHbs (Table 4). the effects ofo- and-chain proximal detachment seem to
be opposing. This opposing effect can also be seen in the

DISCUSSION effect of proximal detachment on hydrodynamic radius
(Table 2).

Quaternary StructureBoth the near-UV CD (Figure 1) . .
and'H NMR Sstudies (Figure 2) show the proximal linkages The observation that the T-state marker in the near uv
to be important determinants of quaternary structure, and thusCP Spectrum of rHbCO dH87G/fH92C) is equal in
allostery, in Hb A. When the proximal linkages in the intensity to that of erCOc(HS?G) appears to be in conflict
a-chains are broken, T-state structural markers persist bothVith the observation that the 14.1 and 11.2 ppm T-state
in the near-UV CD andH NMR spectra when CO is bound markers in théH NMR spectrum are less intense in rtHbCO
as distal ligand. This result suggests that the T-quaternary(¢H87GBH92G) than in rHbCO ¢H87G). The T-state

structure, as defined by tHéi NMR and CD markers, is marker in the near UV CD spectrum is believed to originate
' ' from either W37 or aY42 in the a3, subunit interface,

. the same side chains to which the 14.1 and 11.2 ppm T-state
i markers in théH NMR spectrum have been assigned. One
possible explanation for this discrepancy between CD and
IH NMR T-state markers is that the diminished intensity of
the 'H NMR T-state markers may result from an increased
rate of exchange with solvent protons, rather than a signifi-
cant depopulation of the T-state quaternary structure. Another
possible explanation for this discrepancy is that the quater-
nary structures of wild-type Hb A and of the proximally
detached rHbs may not be single “discrete” structures but

0.8
0.6
s [
g L

< 0.4
< [ O

o2f

of |

t

0002 008 006 008 0.1 rather a somewhat plastic family conformations. Such

time (sec) quaternary structure ensembles may be related in overall fold
FIGURE 9: Kinetics of CO binding to proximally detached —@nd assembly but may differ in structural and dynamic details
hemoglobins at high CO concentration. Normalized absorbanceto which the various T-state markers are sensitive. Such
changes at 440 nm are shown for wild-type deoxy-Hb-¥(-), structural heterogeneity could account for the asymmetric

»O_Q'LLL [

deoxy-rHb @H87G) (- - O- - -), deoxy-rHb fH92G) (—@—), and ; ;
deoxy-rHb (H87GffHO2G) (- - - - ). Conditions after mixing: line shape seen in the 12.9 and 11.2 ppm resonances of

285 to 31.5uM hemes (7.5 uM Hb tetramers), one-haif rHbCO (@H87G) (Figure 2). A dramatic example of struc-
atmosphere of CO (0.5 mM), 0.1 M sodium phosphate, 10 mM tural heterogeneity can be seen by comparing the many
imd, 2.5 mM sodium dithionite, 20C. different crystal structures of Hb A that have been determined
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Ficure 10: Kinetics of CO binding to proximally detached hemoglobins at low CO concentration. Absolute absorbance values at 440 nm
are shown for wild-type deoxy-Hb A (panels A, B), deoxy-rltH87G) (panels C, D), and deoxy-rHoKI87GfH92G) (panels E and F);
concentrations of CO after mixing are, in order in increasing reaction amplitydd, (®lack), 2.5uM (purple), 5uM (dark blue), 10uM

(light blue), 20uM (green), 5uM (yellow), 200uM (orange), and 50@M (red). Conditions after mixing: 1@M hemes, 0.1 M sodium
phosphate, 10 mM imd, 2.5 mM sodium dithionite, 0.

under different conditions56—61). liganded Hb. The proximal detachment scheme here differs
Differences in the response af versuss-chain proximal from these studies in that here the iron-histidine bonds are
linkages to quaternary structure in distally liganded Hbs have retained, but the bonds between the histidine side chains and
also been noted in other studies. The bonds between théhe F-helices are broken. Nonetheless, the studies listed above
proximal histidines and the heme irons in tirechains (but (58, 62) are consistent with the proximal detachment results
not theS-chains) break when NO-liganded Hb is driven into here, which indicate that the T-quaternary structure is
the T-state by addition of IHF6Q). Thesea-chain (but not compatible with theg-, but not the a-chain proximal
pB-chain) heme-His bonds are also broken in a crystal linkages, when distal ligands are bound. In another study of
structure of wild-type HbCN A that has been locked into the relationship between proximal linkages and quaternary
the T-quaternary structure by lattice force8)( demonstrat-  structure, Fuijii et al. §3) prepared Hb derivatives in which
ing considerable tension at this bond in the T-state of distally either thea-chains or thes-chains contain porphyrins that
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Table 4: Kinetic Parameters for Carbon Monoxide Binding at High Concentration to Proximally Detached Heméglobins

single exponential biexponential fitting

protein [IHP] mM kmM-1st kpmM~1st %1 kemM~1st %2
wild-type Hb A 0 155 (151, 159) rid
wild-type Hb AP 1 95 nd
rHb (0H87G) 0 91.5 (83, 100) 183 (18179) 45 (4149) 68 (65, 71) 55 (5%1)
rHb (aH87G) 1 47 90 49 32 51
rHb (BH92G) 0 474 (598, 351) 1090 (156000) 87 (91, 84) 171 (290, 52) 13 (9, 16)
rHb (BH92G) 1 230 852 72 150 28
rHb (aH87G/BH92G) 0 885 (878, 892) iid
rHb (tH87G/3H92G) 1 624 (14) nel

a500uM CO after mixing. Although subsequent injections yielded fitted rate constants that differed by less than 10 percent, larger differences
were seen when fresh samples and buffers were prepared and reactions were measured on different days. The results of such measurements are
presented as the mean value, with values from different days given in parenth@stsrmined by C.-K. Hu in the laboratory of C.FNot
determined because progress curves are well-fitted using a single exponential.

lack metal ions (protoporphyrin 1X; PP). In these derivatives, distal ligands and the protein matrix in tifechains that
where the metal-proximal histidine bonds are permanently destabilize the T-state, as well as from proximal restraint in
missing at half of the heme sites, T-state quaternary structuralthe a-chains. Thesg-chain distal interactions are absent in
markers are also retained thl NMR spectra when CO is  the analogous (Fe-C@B(PP) since distal ligands cannot
bound to the subunits that retain heme irons. Like the bind to the metal-fre@-chains.

proximal detachment studies here, these T-markers appear sypunit DissociatiorOne route to learning about allostery
to be retained at higher intensity when the iron-histidine jn Hb A is measurement and comparison of dimtatramer
bonds are absent from the-chains p(PP)/5(Fe-CO), assembly free energies of deoxy-, partly, and fully distally
analogous to rHbCOoH87G) in the present study] than  |iganded Hbs g, 18). A fundamental result of such studies
when the bonds are absent from fhiehains p(Fe-COY is that tetramers of deoxy-Hb A are more stable than
B(PP}, analogous to rHbCOBHI2G)] (63). However, in  tetramers of distally liganded Hb A by around 6 kcal/mol
the present study, T-state markers could not be seen unde(1g). |f the proximal linkages mediate this distal ligand-
any conditions for tHbCOAH92G), whereas these markers  induced destabilization of the T-quaternary structure, causing
are clearly present in(Fe-COY/3(PP) (63). This difference  tetrameric Hb A to convert to the R-quaternary structure,
in behavior may be related to a fundamental difference then removal of the proximal linkages should allow tet-
between these two systems. Although the linkage is brokenrameric Hb A to remain in the T-quaternary structure without
in both systems, in the proximally detached Hbs described gestabilization after distal ligands have bound. Thus, proxi-

here, the iron remains in place in all four hemes and binds ma|ly detached HbCOs should more stable with respect to
distal ligands reversibly to all four subunits. Thus, the sypunit dissociation than wild-type Hb A.

absence of T-state markers in thd NMR spectrum of

rHbCO (BH92G) may result from interactions between the Velocity sedimentation experiments on wild-type and

proximally detached HbCOs suggest that rHb@&MBI87G)
retains significant tetramer stability (Table 2). Combined with
the observation byH NMR and by near-UV CD that rHbCO
(aH87G) retains T-state quaternary structural elements, it

Table 5: Fitted Parameters for Carbon Monoxide Binding at Low
Concentrations to Proximally Detached Hemoglobins

[CO] = fitted ~wild-type ~ rHb rHb rHb appears that, as predicted by Perutz, in thatdhehains

()? constarit HDA (aHB7G) (fH92G) (aHB7GPHO2G) proximal linkage destabilizes the HbCO tetramer. The
2'5 ﬁi 128 gggg gggg 2888 observation that rHbCCuH87G) and wild-type HbCO are

10 ke 190 nd 2200 8600 in the same aggregation state has been confirmed using light-
20 Koi nd nd 2000 4700 scattering experiments to determine translational diffusion
50 Kpi nd nd 1600 4100 coefficients (D. B., E. Bucci, D. Arosio, unpublished).

§88 ﬁ: 123 ?g 1%28 1388 In contrast to rHbCO ¢H87G), velocity sedimentation

500 Kapp 155 100 470 890 experiments indicate that the rHbCBH92G) tetramer is

50 ke nd* 4100 nd nd* less stable than the wild-type HbCO tetramer (Table 2). If a
50 ko nd° 80 nd nd°

spherical shape is assumed for dimeric and tetrameric forms
of Hb, molecular weights should scale as the S-values to
the three-halves powef4). With this approximation, the

aTotal concentration of CO after mixing; total Hb concentration after
mixing was 10uM. P All rate constants have units of ni¥ s™.
Bimolecular rate constant&, result from fitting eq 5. For CO

concentrations of 1@M and lower, the starting concentration of CO
was adjusted during the fit, an&l,co was held constant at a value
determined independently from a solution of saturated HbCO. For CO
concentrations greater than 4®, the starting concentration of CO
was fixed to its experimentally determined value, afghco was
adjusted during the fitkapp is the result of fitting a single exponential
(eq 1). ks and k; result from fitting a biexponential (eq 29rHb
(aH87G) showed clear biexponential behavior aboveulCO, so
single biexponential fittinglgi) was not attempted. Since the other Hbs
did not show biexponential behavior, only rHoH87G) was fitted
with two exponentialsk; andk).

ratio of the molecular weight of rHbC@H92G) to that of
rHbCO @H87G) is calculated to be (2.81/4.%4)or 0.56.
This crude analysis suggests that whereas rHb@d8{7 G)
remains tetrameric, rHbC@K92G) is mostly dimeric. Thus,
unlike thea-chain proximal linkage, th@-chain proximal
linkage appears to stabilize the HbCO tetramer against
dissociation: in the absence of thechain proximal linkage
(PH92G HbCO), the tetramer falls apart. These conclusions
are consistent with results frothl NMR and CD that show
that T-state quaternary structure markers are lost in rHbCO
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(BH92G); rather than conversion to the R-quaternary struc- 10,000 - ;

ture as is seen for wild-type HbCO, these markers appear to g 7 o-subunit A
be lost to dissociation. The mechanism by whichghehain i [_] B-subunit
proximal linkage stabilizes the HbCO tetramer is not obvious

1,000 |
to us. ;
For the fully proximally detached rHbCOaH87G/
BH92G), velocity sedimentation experiments also show a
decreased sedimentation coefficient as compared to wild-
type HbCO and rHbCOoH87G), although the decrease is
more modest than that seen for rHbGEHO2G) (Table 2). 10
Assuming spherical shape, the ratio of the S-value of rHbCO
(H87GfH92G) to rHbCO (H87G) indicates a molecular
weight ratio of (3.51/4.14% or 0.78, suggesting a mix of
dimers and tetramers for rHbC@K87GSH92G). Thus, it
appears that the tetramer dissociation that is produced by
proximal detachment in thg-chains is partly compensated
for by a-chain proximal detachment, consistent with the idea
that thea-chain proximal linkages destabilize the HbCO
tetramer, and its deletion stabilizes the tetramer. These results
are supported byH NMR and CD studies, where-chain
proximal detachment in th@-detached background restores
T-state markers, albeit to a limited degree.
Relative Equilibrium Affinities of thex- and 5-Chains of
rHb (aH87G).Titration of the'H NMR spectrum of deoxy-
rHb (aH87G) with n-buNC clearly shows binding site 10 ¢
heterogeneity to play a large role in the stretched equilibrium
binding curve measured for this mutant using absorbance
spectroscopy 1(7). On the basis of the assignments made
using deuterated imd, ther-chains of this proximally 1
detached protein have higher affinity for distal ligand than
the 5-chains. Since thei-chain is detached in this mutant,

H

100

Kd, n-BuNC (uM)

A\

_

wild-type wild-type aH87G
T R

1000 ¢

|

100

—-

-1
koff (sec™)

—

N\

—1

N\,
"M

Wild-type Wild-type oH87G  BH92G  «H87G/
T R BH92G

these observations indicate that proximal detachment in- e C
creases distal ligand affinity in the T-state, confirming that : {» o T
in the T-state, proximal restraint limits reactivity. In the i jg |
pB-chains of rHb ¢H87G), where the proximal linkages ? % ;v g %
remain intact, proximal restraint decreases affinity. —: 105 - % / %
A quantitative estimate of the contribution of proximal o F /

restraint in limiting T-state reactivity can be obtained by = / /
comparing midpoints for the two phases in the binding Z / / %
curves. Fitting absorbaneebuNC titration data with a two- B 0 L / / % ?
site noninteracting model yields binding constants that differ g / % /
by around 6-fold 7). These values can be compared with / % % /
binding constants determined by Reisberg and Ol&&h ( / / / %
for n-buNC to thea- andp-chains of the T- and R-states of o / / %

wild-type Hb A (Figure 11, panel A). Although the proxi- Wildtype Wildtype HSIG  PHO2G  aHSTG/
mally detachedo-chain has enhanced affinity (a lower T R BH92G

midpoint) for n-buNC as compared with thg-chain, its FiGure 11: Comparison of distal ligand rate and equilibrium
affinity is not as large as the-chain of the R-state of wild- ﬁonsta?tz _ forbp,r\clnéimall_lybqetached Hbs (gthcg- f?nd R-(sé;-).te
type Hb A. Similarly, thes-chain of rHb @H87G) has low emoglobinn-buNC equilibrium constants (A), CO ofi-rates (B),

. . . and CO on-rates (C) fan- and8-chains (stippled and open bars,
affinity for n-buNC, but it is not as lOW, as theé-chain of respectively). For rHbgH92G) and rHb ¢H87G/3H92G), kinetic
the T-state of wild-type Hb A. Thus, it appears that for phases were not resolved, so the same values are reported for both
n-buNC, reactivity at theo-chains is also limited by  chains. Association rate constants for proximally detached Hbs are
nonproximal interactions, such as those between boundfrom fits at low CO concentration for the fast phase of rdbl87G)

] : P : and for the entire progress curves of rHB$102G) and ¢H87G/
n-buNC and side chains in the distal pocket. BH92G), and from fits at high CO concentration for the slow phase

Kinetics of Distal Ligand Binding and Dissociation from  of rHp («H87G) (Table 5). Equilibrium constants farbuNC
Wild-Type Hb A.The progressive enhancement of distal binding to wild-type Hb A are from Reisberg and OlsoBb),
ligand affinity as the number of bound distal ligands increases Association rate constants for T- and R-state Hb, dissociation rate

. L Lo constants for R-state HbCO, and uncertainty estimates are taken
has its origins in both a progressive increase of the rate Offrom ref 12. Values for CO dissociation rate constants from the

ligand binding and a progressive decrease in the rate of ligandr.state of Hb A are from studies of nickel and magnesium-
dissociation, as distal ligand occupancy increage$6— substituted Hbs74). Similar values are obtained for T-state HbCO
70). These changes in the rate of distal ligand binding and dissociation rate constants through the relatign= 13«%; from
dissociation have been represented using a kinetic Adair-ref 68, using values ok from ref 12.
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type scheme containing eight stepwise rate constants, andstructure. Conversely, the time course of distal ligand
as a simpler kinetic MonodWyman—Changeux (MWC) dissociation rates in this all-proximal limit should be insensi-
model in which rate constants are determined by just two tive to proximal detachment in comparison to wild-type
quaternary structures (T and R} 68). The latter treatment ~ HbCO A, dissociating at the R-state rate despite a T-state
has fewer variables and has recently gained support fromdistal pocket.

sophisticated kinetic analyses that span 7 orders of magnitude If the polypeptide surrounding the distal ligand binding
of time (71), although recent kinetic measurements of ligand sites also plays a role in modulating distal ligand affinity
binding in metal substituted Hbs suggest that more than two between T versus R states, proximal detachment should affect
states are necessary to explain ligand reactivity in HB2). ( both the rates of distal ligand association and dissociation.
Here, we base our discussion of the kinetics of CO binding Rates of distal ligand association to proximally detached Hbs
and dissociation on the simpler kinetic MWC mod&PR( should be enhanced relative to wild-type deoxy-Hb A
68).2 The time course of association of CO to wild-type because proximal restraint is released by detachment, but
deoxy-Hb A should be dominated by distal ligand binding because the T-quaternary structure persists in the proximally
to the T quaternary structure, with a second-order rate detached Hbs, binding may not be as fast as to the R-state
constant close to that of the T-state association consta@nt ( of wild-type Hb A. Rates of distal ligand dissociation should
Because subsequent association reactions are of an equal die increased, because the proximally detached Hbs remain
faster rate, they increase the amplitude of the progress curven the T-state, destabilizing distal ligand and promoting fast
but are otherwise invisible behind the slow, rate-limiting step release. Of course, the degree to which both proximal and
of binding the first ligand. The time course for dissociation distal interactions affect rates will also depend on which side
of CO from wild-type HbCO should be dominated by distal of the kinetic barrier these interactions occur.

ligand dissociation from the R-quaternary structure and Kinetic Effects of Detachment in rHbUd87G).Since rHb
should be first order. Because NO binds very fast in the (aH87G) remains a tetramer in the distal ligand-saturated
kinetic competition experiments, dissociation rarely proceeds form, and sincéH NMR and CD indicate that rHH87G)

past one free heme site; thus, the observed dissociation timeemains in the T-state with distal ligand bound, the results
course results from the conversion from Hb(G®) Hb- of kinetic and equilibrium studies provide an assessment of
(COs. the contribution of proximal restraint to the low distal ligand

Anticipated Kinetic Effects of Proximal Detachmewte reactivity of the T-state of Hb. The proximally detached
have shown pre\/iousul_(]) that detachment of the proxima| a-chains remain in the T-state but are free from proximal
histidines increases distal ligand affinity and decreases restraint, whereas the-chains are stuck in the T-state and
cooperativity. If T-state structure persists after distal ligand remain under proximal restraint. However, to determine the
binding [as it does for rHbCOoH87G) and, to a lesser  effects of proximal restraint in the T-state, it is necessary to
extent, for rHbCO ¢H87G/3H92G)], the increase in distal assign the relevant portions of kinetic progress curves to the
ligand affinity in proximally detached Hbs indicates that part @- and -chains. In the case of the equilibriumBuNC
of the enhancement in affinity in the R-state of wild-type binding curve for rHb ¢H87G), this assignment was made
Hb A results from relief of proximal restraint, as predicted Using*H NMR (Figure 6), which showed the-chains to be
by the Perutz mechanism. However, whether relief of high in affinity as compared to thg-chains. Although
proximal restraint accounts for the entire affinity difference €quilibrium binding curves for CO have not been measured
between T- and R-state Hb cannot be determined without because of very high affinities, ®inding to rHb H87G)
making quantitative measurements of distal ligand reactivity also shows biphasic behavid7). Assuming that CO also
that isolate the T- and R-states. As described above, kineticbinds with such biphasic characteristics, and that the two
studies provide an effective means to isolate the T- and Phases are the result of high affinitychains and low affinity
R-state reactivities. By examining the kinetics of distal ligand A-chains, it seems reasonable to assign the fast phase of CO
binding and release from our proximally detached Hbs, we binding to the high affinityo-chains, and the fast phase in
should be able to determine the relative roles of proximal CO dissociation to the low affinity3-chains. However,
restraint relief versus distal mechanisms in modulating distal definitive assignments will require second-site modification,
ligand affinity between T- and R-state Hb, and will determine as was done by Matthews and Olsdr?)(

which side of the ligand barrier proximal and distal effects ~ Assuming the slow kinetic phase in CO dissociation is
are partitioned on. from the a-chain, CO dissociates from the proximally

detachedx-chains of rHbCO ¢H87G) at nearly the same

sites plays no direct role in modulating distal ligand affinity rate as from theo-chains of wild-type HbCO A in the

between T versus R, proximal detachment should affect rates?'Statlf_' althoijlgh the rl)r(étm[l\_rr]etalr:js_ the '_I'-t(_quater?ary_ St{ﬁc'
of distal ligand association but not dissociation. In this all- turé (Figure 11, panel B). Thus, dissociation rates in the

proximal limit, the time course of distal ligand association a-subunits.are controlled by the proximal linkage, rather than
should be accelerated by proximal detachment, becaus y the tertiary and quaternary structure of the surrounding

detachment frees the heme irons from the low-affinity -state protein matrix. CO dissociation from tfechains

proximal restraints of the polypeptide in its T quaternary gfcrrgi)rg:soof(avt:ﬁj?t?/z)gﬁggoaitnir:gt'e}-gcgf; (tt(rjlethnafnte;;}rheed

rate constant is three times smaller than that of the wild-
$The extensions of the MWC model by Henry et al. to include type 8-chain T-state, and 10 times larger than that for the

stretched exponentials and geminate recombinafityefe not required AL _ ; ;
in our studies, because on the slow time-scale of the reactions that WeWIId type R-state [Flgure 11, panel B]) Given that the

monitor, thermal averaging of conformational substates should be A-chains of rHbCO ¢H87G) are in the T-quaternary
complete. structure and are subject to proximal restraint, it is not

If the polypeptide surrounding the distal ligand binding
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unexpected that the rate of CO dissociation fromtehains enhancement of the T-quaternary structure, producing slow
should approach the wild-type HbCO A T-state rate. dissociation rates fan- as well ag3-chains (Table 3, Figure
Although modest, the 3-fold decrease in CO dissociation rate 11, panel B). In contrast, it appears from rates of CO binding
from the-chains of rHb ¢H87G) as compared to the wild- to rHb (BH92G) that there may be some T-state restraint
type T-state rate may be an indication that there are somelimiting distal ligand binding: although CO binds faster than
allosteric effects still operative at thfechains that enhance to wild-type T-state Hb, binding is slightly slower than to
reactivity despite the presence of T-quaternary structure andwild-type R-state Hb, especially at thfechain (Figure 11,
proximal restraint. Such allostery may result either from panel C). That the T-state is acting to decrease the rate of
interactions betweefi-chains or from interactions transmitted  distal ligand binding in rHb §H92G) is also supported by

to theS-chains from the distal faces of thechains. Residual  the observation that IHP, which acts on the T-state, signifi-
allostery in distal ligand binding to thg-chain of rHb cantly slows the rate of distal ligand binding.

(aH87G) is also suggested in the comparison of equilibrium  For (HHCO H87GBHI2G), where tetramer dissociation
affinities of rHb (@H87G) forn-buNC to affinities on-buNC i reduced, and where partial T-state quaternary structure
for the T- and R-states of wild-type Hb A (Figure 11, panel persists in the CO form, slow distal ligand dissociation rates
A). The f-chains of rHb @H87G) are around four times  4re expected from both- and 3-chains, because proximal
more reactive than th@-chains in the T-state of wild-type  yestraint is relieved in all subunits. Indeed, the fitted rate
Hb A (Figure 11, panel A). constant for CO dissociation from rHbC@H87G/3H92G)
Comparison of the rate constants for CO association with (0.006 s?) is midway between the values seen for the
rHb (aH87G) to those of wild-type Hb A shows that CO  andg-chains of the R-state of wild-type Hb A (0.0046 and
binds to thes-chains of rHb ¢H87G) at rates close to those 0072 s?, respectively). Of course, the data are also
seen for the T-state of wild-type Hb A. Again, since the consistent with slow dissociation frora3 dimers. The
f-chains are still proximally restrained, and since the rHb apparent distal ligand association rate constant in rHb
(H87G) remains in the T-state, low reactivity is expected (aH87GBH92G) is roughly equal to that of the R-state of
at theS-chains. The residual allostery that may be seen in wild-type Hb A; again this may either be a result of loss of

CO dissociation is not detected in CO association (Figure proximal restraint or of partial loss of tetrameric structure.
11, panel C). Thus, residual allostery of distal ligand binding

to rHb (@H87G) may be kinetically partitioned exclusively SUMMARY

into dissociation rates, although kinetic cooperativity in

association may go undetected, because the kinetic enhance- The results here are consistent with the Perutz model for
ment would follow the slow step in distal ligand binding. In  cooperative distal ligand binding in Hb. Elimination of
contrast with the3-chains of rHb @H87G), thea-chains proximal restraint increases reactivity in the T-state, as seen
bind CO at a rate comparable to the R-state of wild-type Hb for the a-subunits of rHb ¢H87G). For CO, kinetic studies

A. Thus, as with CO dissociation, CO binding to tikehains suggest that this enhancement is as great as for the R-state
appears to be controlled entirely by proximal restraint. This of wild-type Hb A, despite the persistence of the T-state

picture differs somewhat from the distal ligamdbuNC,
where reactivity of thex-chains of rHb ¢H87G) is lower
than that of thex-chains of R-state wild-type Hb A (Figure

structure. Fon-buNC, it appears that some residual allostery
may still be operative. Although the tendency of rHbCO
(BH92G) to dissociate prevents a similar analysis of proximal

11, panel A). Thus, the allosteric properties of different distal restraint in the/-subunits, quaternary structure studies
ligands may result from different interactions with the protein demonstrate that the proximal linkages of theandf-chains
matrix. Larger ligands such asbuNC may be more sensitive  have different effects on the T-state of distally liganded Hb.
to distal interactions.
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