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ABSTRACT: Functionally distinct conformations of HbA (human adult hemoglobin) were probed using
deoxy and diliganded derivatives of symmetric-FZn hybrids of HbA. To expand the range of accessible
structures, different environments were utilized including solution;-gel encapsulation, and crystals.
Further structural and functional modulation was achieved by the addition of allosteric effectors. Functional
characterization included oxygen affinity measurements, CO combination rates, and geminate and
bimolecular CO recombination, after photodissociation. The conformational properties were studied using
visible resonance Raman spectroscopy as a probe of local tertiary structure at the iron-containing hemes
and UV resonance Raman spectroscopy as a probe of elements of the globin known to be sensitive to
guaternary structure. The combined results show a pattern in which there is a progression of conformational
and functional properties that are consistent with a picture in which the T quaternary structure can
accommodate a range of tertiary conformations (plasticity). At one end of the distribution is the equilibrium
deoxy T state conformation that has the lowest ligand reactivity. At the other end of the distribution are
T state conformations with higher ligand reactivity that exhibit “loosened” T state constraints within the
globin including thea,3, interface and reduced proximal strain at the heme.

Traditionally, mechanistic explanations for cooperative under conditions designed to tune the tertiary structure
binding of ligands to hemoglobin have been based on awithout inducirg a T to Rtransition.

Iigation-depe_ndent equilibrium between two crystgllpgraphi- The Fe-Zn hybrid used in the present study is one of
cally \(ve.ll—defmed quaternary structurés.(}/Vhergas initially many types of irormetal hybrids of HbA in which some
two distinct quaternary structures were identified (R and T), of the active sites have the heme iron replaced with a metal
it is becoming increasingly more apparent that there are caion that does not bind specific ligands. Such hybrids have
families of quaternary structure®)( In addition, there is  peen ysed to identify and 3 chain-specific contributions
evidence of plasticity associated with the tertiary structure spectroscopic and functional properties of the HbA
It? thgt ee;ch of thesef quaterqglry structures flmposes 8tetramer and to generate half-liganded species useful as
oundary for a range of accessible tertiary conformations. ,,qe|s for kinetic intermediates. Furthermore, the choice of

The present study explores plasticity within the T quaternary peg| permits the selection of defined conformations. Metal
state through measurements that focus on the functional ancﬂ;ns such as Cr(ll)3) and Mn(lll) (4) when incorporated

conformational properties of F&Zn hybrid forms of HbA into the heme of HbA mimic the properties of a liganded
: Fe(ll) and thus favor the formation of substantial R state
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heme is intermediate between the maximally separated Preparation of Symmetrical, Fe&Zn Hybrids of Human
position for five-coordinate Fe(ll) or Zn hemes and the HbA. (A) o and 8 Globins of HbA.The globin of human
minimally separated position for either CO heme, Cr(lll) HbA was prepared by the acighcetone precipitation method
porphyrin or Mn(lll) porphyrin. The separation distance of Rossi-Fanelli et al.25) as modified and described by Hui
between the heme and the F helix appears to correlate withet al. 6). The precipitated globin was solubilized in 8 M
T state stability and reactivityld). urea and 3 mM DTT in 50 mM phosphate, pH 6.7, buffer

Studies using irormetal hybrids have raised the issue of and fractionated into itsx and 3 globin components by
conformational and functional plasticity within HbA. In  chromatography in urea buffers on a CM-Sepharose CL-6B
particular, T state forms of HbA having different oxygen column by a modification of the method of Clegg et &7,(
binding properties have been identifieg).(Furthermore, T 28) and described by Hui et al2¢).
state ligand binding properties have been shown to be tunable (B) Human Hemoglobii# Chains Containing Zinc Pro-
as a function of the specific metal used to generate the hybridtoporphyrin IX. 8[Zn] chains were prepared by reactifig
(14). The present study seeks to extend such studies toglobin with zinc protoporphyrin 1X as described by Noble
identify the tunable range of both functional and conforma- and othersZ9). A buffered solution of3 globin in 8 M urea
tional properties. was diluted to 0.3 mg/mL in water, and a 1.2 molar excess

In this study, we focus on Fe(H)zn(ll) hybrids of HbA. pf solupilized Zn porphyrin was addgd. After overnight
These hybrids exhibit properties suggesting that functionality incubation at #C, the sample was purified by chromatog-
within the T state can be tuned, through the addition of f@Phy on a CM-52 column. The yield from this procedure is
allosteric effectors, from the lowest oxygen affinity form of tyPically 30%. All preparations and experiments (whenever
the T state to species exhibiting much higher affinitigs (~ POSSible) involving Zn porphyrin were carried out in lights
The choice of sample conditions used is designed to trap©Ul; Sémidark conditions. , L
different functional forms. The crystal studies and the cO  (C) Human Hemoglobim Chains Containing Zinc Pro-
combination studies using mixing techniques are used to tOPOrPhyrin IX.afZn] chains were prepared by two methods
characterize the extreme low-affinity “end-point” forms. In &S previously describe@9). In the first,a globin was reacted
contrast, the CO recombination studies on-sg#l encap- with zinc protopor_phyrm IXina procgdure similar to that
sulated forms of the hybrid that are conformationally trapped USed for thefi chains, except purification was by chroma-
(15—-20) as well as on solution phase samples are designedtography ona DE-52 column followed by further purification
to probe a progression of functionally distinct forms of the PY HPLC using a DEAE Toso Haas column. In the second,
intermediate. Measurements of ligand association and re-2[Zn] chains were prepared by displacing the heme with
combination (including geminate and solvent phases) as wellZ" Porphyrin. A solution ofx chains was incubated with a
as oxygen affinity are used to probe functionality. Resonance 1-5 molar excess of Zn porphyrin af@ overnight, and the

Raman (visible and UV) spectroscopy is used to explore the ffé€ porphyrin was then removed by chromatography on
conformational properties of these hybrids. phenyl-Sepharose. Following a total of three such incuba-

tions, the replacement of heme by Zn porphyrin was
complete.

(D) Preparation of Fe-Zn Hybrids of Human Hemoglo-
bin. Symmetrical, Fe-Zn hybrid hemoglobins (eithee.-
[Felp[Zn] or B[Fe]a[Zn]) were assembled by combining a
Zn porphyrin containing chain with a 1.2-fold molar excess
of its corresponding heme-containing partner chain, d.e.,

f [Zn] chains with[Fe] chains andx[Fe] chains with3[Zn]
chains as previously describe2l9}. Of critical importance
for the validity of this study is the ability to know when and
if the probed samples indeed contain tetramer HbA and not
dimers which would have different properties. CO recom-
bination kinetics, following photolysis with long pulses of
light from photographic strobes (data not shown), clearly
show that the propensity for dimer formation of the+zn
hybrids is less than or comparable to that of HbA. On the
basis of these findings, the dimer populations were deter-
mined to be insignificant under all conditions (including the
low concentration conditions used for the combination rate
MATERIALS AND METHODS meaSUrementS) for which this is true for HbA.

Fe—Zn hybrid samples were stored in the dark &tCl

Materials. Unless otherwise noted, all chemicals and Samples showed no optical or functional indications of
reagents were obtained from commercial suppliers at thedegradation subsequent to experiments requiring laser il-
highest quality available and were used without further lumination or excitation.
purification. Three different effectors were used in this  Equilibrium and Kinetic Measurements in Solution. (A)
study: inositol hexaphosphate (IHP), bezafibrate (BZF), and Kinetics of CO Combination with Deoxygenated Hemoglobin
2-[4-(3,5-dichlorophenylureido)phenoxy]-2-methylpropion- by Stopped FlowKinetics were measured with an OLIS
ic acid (L35), a potent bezafibrate-type effect@d), that U.S.A. (On Line Instrument Systems Inc., Bogart, GA)
was obtained as a generous gift from Dr. I. Lalezari. stopped-flow apparatus. The procedures were essentially

In this study the range of functional and structural
properties of the hybrids is tuned using a combination of
approaches that includes varying the extent of ligation and
the addition of allosteric effectors. Allosteric effectors, such
as IHP, BZF, and L35 (abbreviations defined in Materials
and Methods), are small non-heme binding molecules that
modulate Hb reactivity in part by preferentially binding to
the T state and by modifying the functional properties o
both the R and T state. Whereas IHP binds in at the DPG
binding site G cleft at the terminus of the central cavity)
(21), both BZF @2, 23) and L35 @4) bind in the central
cavity (toward theoa end). The overall objective is to
determine the extent to which conformation and functionality
can be tuned through partial ligation, allosteric effectors, and
external constraints that limit ligation or deligation-induced
conformational change. The results support a picture in which
there is considerable conformational and functional plasticity
within the T quaternary structure.
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those of Gibson 30) as described by Doyle et al31). or “lock” different conformations of CO-saturated derivatives
Reactions were carried out at 20 in 100 mM HCI/BisTris of both HbA and the hybrids. The species placed in the
buffer at pH 7 and were followed at 420 and 435 nm using brackets are encapsulated prior to aging, whereas those
a 1.7 cm path length cell. Concentrations of CO and placed outside the brackets are added after gelation and aging.
hemoglobin (in porphyrin equivalents) were 20 andM, For HbA, protocols 1 and 2 typically yield the R and T state
respectively. CO derivative of HbA. This basic approach but with different
(B) Equilibria of Oxygen Binding to Hemoglobin in  sol—gel recipes has been used by several groups to trap and
Solution.Oxygen-binding curves were measured at°20 probe R and T state forms of HbA using oxygen titrations,
in 0.1 M HCI/BisTris buffer, pH 7, in the absence and kinetics, and spectroscopyg—17, 19, 40, 41). The gelation
presence of 10@M IHP by tonometry using the procedure protocol used in the present study has also been shown to
of Allen et al. 32), modified by Nagel et al.33), and be successful in limiting CO binding induced tertiary
described by Doyle et al3Q). A 500 mL tonometer with  structure changes in myoglobin (MB2Q).
an attached 2 mm cuvette was used. The Hb concentration
was 160uM in heme equivalents. To maintain the heme protocol 1: trapping the COHb equilibrium structure
roups in their reduced, ferrous state, the enzyme system of i i
Hayashi et . 34 was utiized. e COHb = effectors Xy
Equilibrium of Oxygen Binding to Crystals of Deoxygen-
ated Fe-Zn Hybrids of HbACrystals of Fe-Zn hybrids of _ .
hemoglobin were grown from PEG 8008, solutions at  deoxyHb+ effectors &rorandadng
room temperature as previously describ&g).(Once grown,
the crystals were washed sequentially with 20% and 36%

[COHb + effectors]

protocol 2: trapping the deoxyHb equilibrium structure

O exposure
|~

[deoxyHb4- effectors] =

(W/v) anaerobic PEG 800B!, containing 30 mM sodium [deoxyHb+ effectors]+ CO
dithionite and 10 mM potassium phosphate, pH 7.2, and were
stored at 20°C until use 86). In this study sot-gel samples are prepared as a thin layer

Crystals were resuspended one time in a solution contain-€ither on the inner face of a cuvette or on the bottom portion
ing 34% (w/v) PEG 8000, 10 mM potassium phosphate, 1 of an NMR tube as previously describe2l). In all cases
mM EDTA, and 30 mM sodium dithionite, pH 7.2, and six the sol-gel sample is bathed in an excess of buffer (50 mM
times in a dithionite-free deoxygenated solution containing BisTris acetate, pH 6.5 25% glycerol). The atmosphere
3000 unit/mL catalase. Crystals were anaerobically loaded above the buffer is carefully controlled {Nr CO). The redox
in the Dvorak-Stotler flow cell 7) that was mounted on  and ligation status of the sefel encapsulated samples are
the thermostated stage of a Zeiss MPMO03 microspectropho-monitored using the visible absorption spectrum that is taken
tometer 88). Crystal orientation and polarized absorption before and after either preparative procedures or measure-
measurements were carried out as previously descr@®d ( ments. The samples are stored a4 °C to minimize
Due to the light sensitivity of FeZn hybrids, crystals were  relaxation of nonequilibrium populations trapped within the
protected from light and illuminated only with monochro- solgel (17).
matic light of low intensity. Geminate and Soént Phase Recombinatio@eminate

Polarized absorption spectra were recorded as a functionand solvent phase recombination after photodissociation by
of oxygen pressure. Heliurpxygen mixtures were obtained 530 nm Nd:YAG second harmonic 8 ns pulses at 1 Hz was
using an Environics 200 gas mixture generator. Fractional monitored and displayed using a previously described
saturation with oxygen and fractional concentration of methodology 20, 42). The kinetics, at-3 °C, are displayed
oxidized hemes were calculated by fitting the observed on a log-log plot of absorbance versus time to better expose
spectra to the spectra of fully deoxygenated, oxygenated, andhe multiple phases that extend over many decades in time.
oxidized Fe-Zn hybrids (reference spectra) plus a baseline On such a plot an exponential decay appears as a horizontal
offset 38). Reference spectra were obtained by suspendingline that abruptly changes to a near vertical line that intercepts
first an Fe-Zn hybrid crystal first in a buffer solution the time axis at a point that is approximately the reciprocal
containing dithionite, then in a solution equilibrated with 760 of the exponential time constant. Kinetics derived from a
Torr of oxygen at 4.5C, and finally in a buffer solution  large continuous distribution of exponentials (distributed
containing 5 mM potassium ferricyanide. Individual crystals kinetics) appear as a sloping straight line. Such behavior is
were exposed to only one or two oxygen pressures since aobserved for ligand rebinding at cryogenic temperatures or
fast oxidation was observed. Oxygen binding measurementshighly viscous solutions4@, 44).
were carried out at 18C, pH 7.2. Visible Resonance Ramaforet- enhanced resonance

Sol-Gel EncapsulationBoth HbA and the hybrids were ~ Raman spectra were generated from the deoxy and half-
encapsulated in porous sajels using an acid-free variation liganded iron metal hybrids using 436 nm 8 ns pulses at 20
of the encapsulation protocol of Zink and co-worke38)( Hz. For the half-liganded derivatives, these pulses both
In this modified protocol, described in detail in earlier work photodissociated the CO and generated the spectrum of the
(19, 20), there is no sonication or addition of either acid or 8 ns photoproduct. The apparatus used for generating these
alcohol. A key feature of this protocol is the addition of spectra is described in detail in earlier publicatio#S)(In
glycerol (25 vol %) to the pH 6.5 buffers used for both gel all cases the spectra are generated from scattering off a thin
preparation and gel-sample bathing. This protocol provides layer of sample contained in a spinning NMR tube main-
a greater degree of conformational “locking” compared with tained at~4 °C.
other protocols that have been tried. The diagram below UV Resonance Ramaithe 229 nm excited resonance
shows two different preparative protocols designed to trap Raman spectra of F&Zn hybrid hemoglobins were generated
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Table 1: Averages of Kinetic Data for the Reactions of the-Ee

Table 2: Oxygen Affinities of FeZn Hybrids of HbA

Hybrid with CO

sample IHP K1 Pso n
' @M1 s 'z @M *s ) a[FelBizn] - 75 67 1.04

a(FeB(zn) a[Zn]pIFe] - 70 67 1.02

—IHP 0.13 0.10 a[FelB[zn] + 138 131 1.02

+IHP 0.10 0.10 a[Zn]pIFe] + 156 182 0.93
o(Zn)s(Fe)

—IHP 0.11 0.09

+IHP 0.046 0.036

at ~4 °C using previously described instrumentation and
protocols (8, 45).
Variance in Experimental Condition€are was taken to

ensure consistent experimental conditions among the different

experimental protocols; however, some variance, most

notably in the temperature and in some cases pH as well as

buffer, was unavoidable due both to the required conditions
of the individual techniques and of experimental setups and
to the need to compare certain results to earlier measurement
using established protocols.

RESULTS

CO Combination KineticsThe kinetics of CO combination
with the deoxygenated derivatives of gzn]S[Fe] anda-
[Felp[zn] hybrids have been examined at pH 7 in the
presence and absence of 104 IHP. Unlike the reaction
of CO with deoxygenated HbA, which is accelerating or
autocatalytic, CO binding to the F&n hybrids exhibits

apparent second-order rate constants which decrease to
variable extents as the reactions proceed. Since the heme

moieties in a symmetrical hybrid are expected to be identical
prior to the attachment of the first ligand molecule, these
kinetics were fitted to a sequential reaction mechanism as
shown in eq 1. The results are reported in Table 1. In the

2, I
HbZn,Fe, + 2CO—- HbZn,FeFeCO+ CO—>
HbZn,(FeCO), (1)

absence of IHP the two hybrid molecules bind CO with very
similar kinetics. In both cases the kinetic scheme of eq 1
gave a good fit to the data. The results suggest that the
binding of CO at one of the hemes reduces the rate of CO
binding to the second, equivalent heme by about 25%. The
effects of IHP addition are significantly different for the two
hybrids. For thex[Fe]s[Zn] hybrid IHP has no effect ofi,
but reduced’; to the value ofl',, resulting in a kinetically
homogeneous reaction. In contrast, IHP reduces Ibodimd
I'; of thea[Zn]B[Fe] hybrid. The effect ofii; is greater than
seen with thex[Fe]5[Zn] hybrid, and the fractional reduction
in I', is even greater.

Equilibrium of Oxygen Binding FeZn Hybrids in Solution.
Binding equilibria for the reactions of oxygen wit§Zn]3-
[Fe] anda[Fe]B[Zzn] hemoglobins were determined at 20

S

CE

Absorban

450 550 650 450 550 650

Wavelength

Ficure 1: Polarized absorption spectra @fFe]3[Zn]. Polarized
absorption spectra (large dotted line) were recorded on different
crystals at 7 (a, b), 75 (c, d), and 760 Torr (e, f) alongdHe, c,

e) andc (b, d, f) directions. The calculated spectra (solid line) and
the deoxygenated (dashedotted-dotted-dashed line), oxygen-
ated (dashed line), and oxidized (dotted line) hybrid spectra are
shown plus the baseline (dashatbtted-dashed line). The frac-
tional saturations with oxygen are 0.06 (a), 0.04 (b), 0.51 (c), 0.48
(d), 0.87 (e), and 0.88 (f).

ligand binding to two initially identical sites can be easily
solved without this information. Using the Levenberg
Marquart fitting procedures found in Sigma Plot (SPSS), the
dissociation constants for the two binding stefsandKs,

are obtained. Thpsg is then calculated as the square root of
the product of the two dissociation constants. Phgs the
relevant parameter for comparison with tigof the hybrids

in T state crystals. The results of these calculations are
presented in Table 2. A reasonable standard error faosthe

and pH 7 in the presence and absence of IHP as described" Table 2 is 10%. Therefore, in the absence of IHP the

in Materials and Methods. Because of the relatively low
oxygen affinities and low cooperativity of these hemoglobins,
they are not saturated at 1 atm of pure oxygen, with the result
that the spectrum of the oxygen-saturated protein was not
available. Although this would present a serious problem in
the analysis of the binding of oxygen to the four hemes of
HbA, the two-step Adair equation for the equilibrium of

oxygen affinities of the two hybrids are not significantly
different, but the oxygen affinity of[Zn]S[Fe] appears to
be reduced more by the addition of IHP than is thatef
[Fels[Zn]. No significant cooperativity is observed in the
binding of oxygen to these hybrids. The slightly negative
cooperativity found for thezn]S[Fe] hybrid in the presence
of IHP is at the boundaries of significance.
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Ficure 2: Oxygen binding curve and Hill plot af[Fe]3[Zn] (A, B) anda[Zn]S[Fe] (C, D) crystals. (A) Fractional saturation with oxygen
along thea (closed circle) ana (open circle) directions. (B) Hill plot of data shown in panel A. The straight lines are the fittings through
points collected along the (solid line) and ¢ (dash line) directions. Theg values are 81.4 1.5 and 81.3t 1.5, respectively, and the Hill
coefficients are 1.0& 0.02 and 1.1Gt 0.02, respectively. (C) Fractional saturation with oxygen alongatf@osed circle) ana (open

circle) directions as a function of oxygen pressure. (D) Hill plot of data shown in panel C. The straight lines are the fittings through points
collected along tha (solid line) andc (dashed line) directions. Th®, values are 154.6- 2.2 and 152.2+ 3.3, respectively, and the Hill
coefficients are 1.13 0.01 and 1.08: 0.02, respectively. In panels B and D, the dotted line is the Hill plot of HbA crys&ls (

Equilibrium Measurements of Oxygen Binding to Crystal-
line HemoglobinA representative set of polarized absorption ]
spectra recorded at different oxygen pressures, the corre- <
sponding calculated spectra, and the component reference
spectra for Fe-Zn hybrids of HbA are shown in Figure 1.

The quality of the fitting is so good that observed and
calculated spectra are indistinguishable. The oxygenation
curves in Figure 2 indicate thatfFe]3[Zn] hybrid crystals 0.1
(panels A and B) exhibit @so of 81.4 and 81.3 Torr along 1
thea andc crystal axes, and the[Zn]S[Fe] hybrid crystals

(panels C and D) exhibit jpsp of 154.6 and 152.2 Torr along

thea andc crystal axes. The corresponding Hill coefficients

for a[Fe]s[Zn] hybrid crystals are 1.08 and 1.10 and tor

[Zn]p[Fe] hybrid crystals are 1.13 and 1.08.

Geminate and Bimolecular Recombinatiéigure 3 shows 0.01 1
the rebinding of CO to the[Zn]S[FeCO] hybrid in solution
after photodissociation using an 8 ns photolysis pulse. The
rebinding trace for photodissociated COHbA is included as Ficure 3: Geminate and bimolecular rebinding displayed on a-lo
refe_rer_me to indicate . a.r?tmpat.ed. behaV|0r. for different log plot of normalized absorbance versus gme pforyCOHbA agnd
rebinding phases. The initial rebinding occurring throughout [7nj5[FeCO] in pH 6.5 (50 mM BisTris acetate) solution at 3.5
the nanosecond time regime has been identified as geminateC. Plots: (a) COHbA; (bx[Zn]B[FeCO]; (c)a[Zn]f[FeCO] +
recombination 46—48). The two recombination phases IHP (8x excess over tetramer); (d)Zn]S[FeCO]+ L35; (e)a-
observed for COHbA occurring between 106 and 1 s  [Zn]A[FeCO]+ IHP + L35.
correspond to the bimolecular rebinding of CO molecules
from the solvent49). The fast and slow bimolecular phases ~65% to 35%. The addition of IHP and/or L35 further
correspond to R and T state combination rates, respectively.reduces the geminate yield. The most rapid second-order

It can be seen that even in the absence of IHP and/or L35,process in hemoglobin is the recombination within the R
the geminate recombination for the hybrid is substantially conformational state as seen for HbA. This R state rebinding
less than for HbA. The geminate yield (GY) drops from does not begin until well after 10s following photolysis.

Time [sec]
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FiGURE 4. Geminate and bimolecular rebinding displayed on alog 109 plot of normalized absorbance versus time for —sydl
log plot of normalized absorbance versus time for COHbA and €ncapsulated COHbA andZn]j[FeCO] bathed in pH 6.5 (S0 mM

o[FeCOPB[Zn] in pH 6.5 (50 mM BisTris acetate) solution at 3.5  BiSTris acetate) buffert 25% glycerol at 3.5°C. Plots: (a)
oC. Plotf: (a) COHbA; (bp[FeCOPIzn]; (c) a[FeCOB[Zn] + encapsulated COHbA,; (b) encapsulatddn][FeCO]; (c) encap-

IHP(8x excess over tetramer); (@[FeCOB[Zn] + IHP + L35. sulateda[Zn]S[FeCO] + IHP (8x excess over tetramer).

tion rate. Although in the absence of IHP the second-order

If we accept that all processes occurring beforeu$Oare process appears to be quite homogeneous, in the presence
geminate, then in the presence of IHP and/or L35 the of IHP or IHP + L35 the reaction becomes heterogeneous.
geminate yield for thex[Zn]B[FeCQ] hybrid varies from Not shown are the recombination kinetics from an effector-
10% to 15%. Unlike COHbA, where two bimolecular phases free sample ofa[FeCOPB[Co]. The kinetic trace is very
are clearly discernible, for the[Zn]S[FeCQ] hybrid, only similar (partially reduced GY and the absence of a distinct
a single phase is evident. However, the single phase isR state bimolecular combination phase) to that of the
nonexponential. On a leglog plot, a homogeneous expo- correspondingy[FeCOJB[Zn] sample.
nential reaction takes place over approximately 2 decades Figure 5 shows the kinetic traces for the recombination
on the log time axis. The second-order process in curve bof CO after the photodissociation of samples of ¢&n]3-
occupies some 3.5 decades. Although the kinetics eventually[FeCO] hybrid that are encapsulated in a porous-gel
slows to that of the T state, a significant proportion of the matrix. The corresponding trace for sael encapsulated
reaction takes place in the time regime normally assigned COHbA is also shown. As previously reportetl9), the
to the R state, between 10and 102 s. Addition of IHP recombination for setgel encapsulated COHbA consists of
and/or L35 reduces the amount of reaction occurring in this an enhanced geminate phase (increased geminate yield
time window but does not eliminate it. Half-liganded iron ~ compared to a comparable solution phase samples) and a
cobalt hybrids behave differently. In contrast to the altered single fast solvent phase that corresponds to the R state
rebinding behavior observed for the effector-frefZn]f- bimolecular rebinding. The enhanced geminate yield is not
[FeCO] hybrid, the geminate yield and the bimolecular seen for COHbA encapsulated using other gelation protocols
kinetics (trace not shown) for the effector-fregCo]S[FeCO] that do not have the added glycer&B(40). This enhance-
hybrid are very similar to those shown for COHbA. ment is likely the result of a higher internal viscosity within

Figure 4 shows the geminate and bimolecular recombina- the glycerol containing selgel (20, 50). A comparison with
tion of CO to thea[FeCOJ[Zn] hybrid, and as in Figure 3,  Figure 3 reveals that the kinetic pattern observed in solution
the kinetic trace for COHDbA is again included for compari- is similar to that seen for the encapsulatd@n]j[FeCO]
son. The kinetic patterns are similar to those seen for the hybrid. The geminate yield, in both the presence and absence
o[Zn]p[FeCO] hybrid but with some differences. In the of IHP, is somewhat larger in the sefjel, but the geminate
absence of IHP and/or L35, the geminate yield is greater traces are similar in form. However, in the absence of IHP
for this hybrid (~52% versus 35%) but still less than for the encapsulated[Zn]3[FeCQ] exhibits little or no reaction
HbA. Furthermore, although the addition of IHP and/or L35 inthe 10°—102s time window and is quite homogeneous.
reduces the geminate yield as seen for dtfign]5[FeCQO] This is in contrast to recombination in solution in the absence
hybrid, in this case the combined presence of IHP and L35 of IHP (Figure 3) where heterogeneity is observed. @he
is required to achieve the maximum reduction in geminate [Zn]B[FeCO] hybrid encapsulated in the presence of IHP
yield. Unlike thea[Zn]B[FeCQ] hybrid where the GY drops  exhibits a significant recombination reaction in the same time
to roughly 10%, for this mutant there is still an observable interval, just as is observed for the hybrid in solution in the
GY of 20—30% under similar conditions. As with the- presence of IHP. The kinetic trace (not shown) for a sample
[Zn]B[FeCO] hybrid, only a single phase is observed for the that was initially encapsulated as the fully deoxygenated
bimolecular recombination either with or without IHP and/ derivative of theo[Zn]5[Fe] hybrid and converted to the
or L35, and the single phase endsiwét T state recombina-  CO derivative after a period of aging is virtually identical
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Ficure 6: Geminate and bimolecular rebinding displayed on a-log
log plot of normalized absorbance versus time for—sysl
encapsulated COHbA ardFeCOP[Zn] bathed in pH 6.5 (50 mM
BisTris acetate) buffer+ 25% glycerol at 3.5°C. Plots: (a)
encapsulated COHbA; (b) encapsulatdBeCO}[Zn]; (c) encap-
sulated deoxyn[Fe]3[Zn] to which CO is added after aging; (d)
encapsulated[FeCOP[Zn] + IHP + L35; (e) encapsulated deoxy
o[FelB[Zn] + IHP + L35 to which CO is added after aging.

to that shown in Figure 5 for the sample @fzn][FeCO]
encapsulated in the presence of IHP.

Figure 6 shows the kinetic traces for the recombination
of CO in samples of the encapsulatgée COJ3[Zn] hybrid.

Samuni et al.

Table 3: Visible Resonance Raman DaigFe—His) Band Peak
Position (cm?)

deoxy CO 8 ns photoproduct
IHP + IHP +
solution IHP L35 IHP L35
HbA 214 230 225
a[Zn]p[Fe] 2205 220.2 220.2 230 223.9 223.3
o[Felp[Zzn] 2042 2286 226 2215
ao[Co]p[Fe] 230
a[Fe]s[Co] 224.5
encapsulated encapsulated deoxy
deoxy turned CO
IHP + IHP +
gels IHP L1354 IHPd L35d
HbA 214 214 215 2186226.4 2192239 219-222
o[Zn]p[Fe] 220.5
o[Felp[Zn] 205 212.3

aBroad band? Samples of deoxyHbA with and without effectors
encapsulated in a sebel. ¢ Samples where deoxy-liganded HbA with
and without effectors are encapsulated in a-gm@l and kept deoxy
during gelation and aging of the gel, thereby trapping the deoxy
conformation. Only after aging were the gels exposed to CO. The
measurements are of the 8 ns photoprodiiEffectors present before
and during gelation and while aging the sgel sample, as well as in
the bathing buffer.

the heme plane upon ligand binding due to the coupling of
the globin to the iron coordinate. Proximal enhancement
refers to a globin-mediated reduction in the energy cost of
moving the iron in plane 57, 60). Proximal strain is
associated with a reduced frequeney2@0 cn1?), whereas
enhanced frequencies 220 cn?) reflect proximal enhance-
ment. In general, increases in this frequency correlate with
increases in the geminate yiel84( 57, 59—61).

The traces from the encapsulated samples mirror those ) ) ]
obtained from the corresponding solution phase samples. Table 3 contains the peak frequenciesv(ffe—His) for
However, there is also a slight difference. In solution, in the Samples of the [Fe][Zn] hybrid hemoglobins in both solution
absence of IHP and/or L35, no recombination reaction is @nd so-gel matrices. The frequencies given are from both
observed in the time window of the typical second-order the equilibrium deoxy derivatives and the 8 ns photoproduct
recombination with the R state betweerriand 103 s. In (derived from CO-saturated derivatives). Also included for
the gel in the absence of IHP significant reaction occurs in comparison are the frequencies obtained from several HbA
this time interval, whether the sample is encapsulated as theS@mples under similar conditions and from the photoproduct

deoxygenated (d) or the CO (b) derivative. In the latter case Of half-liganded iror-cobalt Hb hybrids. Representative

70% of the total recombination is complete by 18, but

series of a low-frequency segment of the full VRR spectra

still the total process ends with the T state rate of recombina-ar¢ shown in Figures—9. This segment includes(Fe—
tion, and no clear transition between R state and T stateHis) as well as several bands sensitive to the inner core of

processes, as seen with CO HbA in solution, is observed.the porphyrin and the heme propionates.

Encapsulation in the presence of IHP or L35, whether as

The frequencies of(Fe—His) for the deoxy derivatives

the deoxygenated or CO derivative, reduces both geminateare very similar to those reported earlier for the corresponding

rebinding and the amount of reaction occurring in the®30
103 s window.

Visible Resonance Raman (VRR) Spectra:-Peoximal
Histidine Stretching Frequencyhe stretching frequency of
the iron—proximal histidine stretching mode;(Fe—His),

deoxy [Fe][Co] hybrid forms of HbA with the frequency of
v(Fe—His) being higher by approximately 15 cfor the
B(Fe) subunits relative to the(Fe) subunits 13). It is
noteworthy that, for the fully deoxy derivatives of +&n
hybrids, the frequency of/(Fe—His) for the § heme is

observed in the Soret Band enhanced resonance Ramageemingly insensitive to the addition of IHP and/or L35 and

spectra of equilibrium and nonequilibrium forms of five-
coordinate ferrous derivatives of hemoglobins is highly
responsive to tertiary structurél, 51—59). For HbA, the
frequency of v(Fe—His) increases in the following se-
guence: deoxy T state (214 ch), photoproduct T (226
225 cnmtl) ~ deoxy R, photoproduct R (230 cr). The
frequency is in effect a strain gauge reflecting proximal strain
or proximal enhancement at the hend8)( Proximal strain
refers to the additional energy cost of moving the iron into

thus remains substantially higher in frequency théife—
His) for thea. heme under all conditions. In the present study,
the low intensity and broad line shape makes a precise
determination of the peak frequencyigfe—His) for thea
heme difficult ~~205 cnt?); nevertheless, it is substantially
lower than that of thg heme (220 cmt) and similar to the
o. heme result seen for the [Fe][Co] hybrids3).

Unlike the deoxy derivatives, the symmetric half-liganded
CO derivatives of the [Fe][Zn] hybrids exhibit a marked
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Ficure 7: Visible resonance Raman spectra of deoxy and photo-
product derivatives o&Zn]S[Fe] and HbA in solution (BisTris
acetate, pH 6.5, at approximately’@): (a) 8 ns photoproduct of
COHDbA; (b) 8 ns photoproduct a&[Zn]S[FeCO]; (c) o[Zn]f-
[FeCO] + IHP (8x excess over tetramer); (d) 8 ns photoproduct
of a[Zn]f[FeCQO]+ IHP + L35; (e) deoxy derivative of[Zn][-
[Fe]; (f) deoxyHbA. The intensities of the spectra are normalized
to thev; band 762 cnt?).

Normalized Intensity

T T T
300 350 400

Raman Shift (cm-1)

Ficure 8: Visible resonance Raman spectra of deoxy and photo-
product derivatives ofi[Fe]5[Zn] hybrid HbA in solution (BisTris
acetate, pH 6.5, at approximately’@): (a) 8 ns photoproduct of
o[FeCOP[zn]; (b) 8 ns photoproduct o [FeCOP[Zn] + IHP

(8x excess over tetramer); (c) 8 ns photoproductiffeCOJ5-

[Zn] + IHP + L35; (d) deoxy derivative ofx[Fes[Zn] + IHP.

The intensities of the spectra are normalized toithband.

T
250

response to the addition of IHP and/or L35 as reflected in
the frequency ofv(Fe—His) for the 8 ns photoproduct. It
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Ficure 9: Visible resonance Raman spectra of deoxy derivatives
of a[Fels[Zzn] and HbA encapsulated in a sedel matrix: (a)
deoxy derivative ofo[Fe]s[Zn] encapsulated in the presence of
IHP; (b) 8 ns photoproduct spectrum of a samplexfffe]s[Zn]
initially encapsulated as the deoxy derivative in a—sg#l matrix
in the presence of IHP to which CO is added after the sample had
aged for several days; (c) 8 ns photoproduct spectrum of a sample
of HbA initially encapsulated as the deoxy derivative in a-sygl
matrix in the presence of IHP to which CO is added after the sample
had aged for a several day period. The intensities of the spectra
are normalized to the; band.

[FeCQ] hybrid. The peak frequencies do not fully convey
the effect since the quality of the spectra makes it difficult
to accurately evaluate peak positions. A direct superposition
of spectra reveals line shape patterns that allow for a clearer
assessment of peak shifts. The combined effect of IHP and
L35 lowers both frequencies still further to an end-point value
of ~222 cm! for both hybrids. It can be seen that, in the
presence of both IHP and L35, thé~e—His) frequency for

the a[Zn]B[FeCO] hybrid is nearly the same for the deoxy
derivative and for the photoproduct. In contrast, the frequency
difference between the deoxy derivative and photoproduct
of the a[FeCOJ[Zn] hybrid remains substantial under all
conditions even though the difference does decrease from
~23 to ~15 cnt! with the addition of IHP and L35. A
pattern of decreasing photoproduct frequency{ére—His)

with addition of IHP and/or L35 is also observed for COHbA
but with a reduced response as noted in Table 3. A detailed
treatment of the response of COHbA to the addition of
allosteric effectors will be the subject of a future publication.

It can also be seen that the frequency for the photoproducts
of the a[FeCOJB[Co] and thea[Co]5[FeCO] hybrids cor-

can be seen in Figures 7 and 8 that both photoproductsresponds respectively to the lowest and highest values

exhibit av(Fe—His) that is close in frequency to the 230
cm! that is observed for the photoproduct of COHMAL(
52, 54, 55, 59, 62). The photoproduct of the[Zn]S[FeCQ]

observed for the FeZn hybrids.
The VRR spectra of selgel encapsulated derivatives of
the a[Fe]s[Zn] hybrid are shown in Figure 9. On the basis

hybrid yields a frequency that is very nearly the same as for of earlier studies¥5—17, 19, 20, 41, 60, 63) it is anticipated

COHDbA,; however, for the hybrid, the relative intensity with

that the encapsulated deoxy derivatives will retain their initial

respect to other Raman bands is lower, and the line shape igjuaternary state after the samples are exposed to CO. It can

skewed toward lower frequencies. The photoproduat-of
[FeCOP[zn] yields a slightly lower frequency for(Fe—
His), 228 cn1t vis avis 230 cn1!. These high frequencies

be seen that the spectrum of the encapsulated deoxy
derivative is very similar to that of the corresponding solution
phase deoxy sample. The spectrum of the encapsulated deoxy

are typically associated with the photoproduct of the liganded sample+ IHP turned CO after aging (protocol 2) yields a

R state of HbA; however, as will be discussed below, the

v(Fe—His) band that is broad with a frequency distribution

kinetics and UV resonance Raman results suggest that, inthat spans the values of the equilibrium deoxy derivative
the case of the hybrids, the high frequency is associated withthrough those of the photoproduct plus effectors seen in

a T state population having a highly perturbed tertiary
structure relative to that of deoxyHbA.

The addition of IHP lowers the frequency offFe—His)
for both photoproducts but with more impact on td&n]3-

solution. For comparison, the figure also displays the
photoproduct spectrum of [deoxyHbA} CO (protocol 2).

It can be seen that the frequencyigfFe—His) is at~220
cm ! as previously reported2(Q). Similar frequencies are
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observed (not shown) for samples of [deoxyHBAHP +
L35] + CO but with the IHP+ L35 containing sample
having a slightly higher frequency (222 c#). In contrast,
the corresponding frequency from the photoproduct of
[COHDbA] (protocol 1) is the same as in solution at 230¢m
Visible Resonance Raman (VRR) Spectya: The VRR
spectra show that the Raman band~&00 cnt?, which
arises from the heme; mode, exhibits subunit-specific
behavior with respect to CO binding induced changes. This
mode is associated with an out of plane motion of the heme
methine carbons, and its Raman frequency decreases with |

increasing strain in the hem&4). The frequency of this

Raman band is observed to increase~d cnm! in going c

from the equilibrium deoxy T form of HbA to the photo-

product of COHbA. The spectra presented above show that T T T T
this shift is due almost exclusively to changes in the 1000 1200 1400 1600
subunit. The presented results also show that this shift occurs wavenumber (cm’)

when CO binds to thex heme for both R and T state FiGUrRe10: 229 nm excited UV resonance Raman (UVRR) spectra

structures. Earlier analysis of the subunit-specific behavior ©f the deoxy and CO derivatives of HoA aafZn]j[Fe] in solution
of this mode in deox I¥|bAQ4) in con'unctipon with the at pH 6.5 (50 mM BisTris acetate): (a) deoxyHbA (solid line) and
Yy , ) a[Zn]B[FeCO] + 8x excess IHP over tetramer; (b) UVRR

present findings, indicates that when the deaxyheme difference spectrum for deoxyHbA a[Zn]A[FeCO]+ IHP; (c)
undergoes ligation even within the T state, there occurs aUVRR difference spectrum for deoxyHbA COHbA.
protein conformational change that reduces heme-associated
strain. for HbA that serves as the reference for the difference
UV Resonance Raman (UVRR) Spectra. (A) UVRR Specspectrum between the deoxy T and liganded R conformations
tra: Overview.All but one of the figures in this section show as accessed for HbA. It can be seen from the difference
only the high-frequency region (1560660 cm?) of the spectra that whereas there are clear-cut frequency shifts
full UVRR spectrum (806-1680 cnt?). This high-frequency  associated with the HbA spectra (e.g., Y8a), there are no
region contains bands that have been well characterized withmajor frequency shifts for the hybrid. The difference
respect to conformational degrees of freedom. The weak bandspectrum involving the hybrid reveals that several bands have
at 1512 cm? has recently been reassigned as the 2xW18 lower intensity relative to the deoxyHbA spectrum. Overall,
overtone modegp). This band shows a decrease in intensity the spectrum oi[Zn]A[FeCO] + IHP resembles that of
when HbA switches from the T state to the R std6, 67, deoxyHbA but with reduced intensity in most bands. The
74). This intensity change is likely related to TA37 in the general reduction in the intensity of the spectrum derived
switch region of thex,3; interface on the basis of its behavior from the CO-saturated hybrids relative to the spectrum of
in the HbA337Trp — Glu mutant ¢5). The W3 band at  deoxyHbA is also apparent for most of the other hybrid
~1558 cn! has two contributions5g8, 66—68). The central samples; however, several of the samples do show additional
feature that peaks at1558 cnttis derived from the two A spectral changes that are typically associated with elements
helix tryptophansd14 and315) whereas the RT sensitive of the R staten,3, interface. The following three figures
shoulder at~1550 cn1! originates from TrpS37. The are designed to feature these sample-dependent differences
intensity of this shoulder is reflective of the-R sensitive in the UVRR spectra.
hinge region of they S, interface. The tyrosine-derived Y8a Figure 11 shows, as a function of added allosteric effector,
band at~1616 cm?® shows an~2 cm* shift to higher a comparison of the high-frequency segment (350650
frequency when liganded R state HbA is converted to the cm™) of the UVRR spectrum fon[Zn]S[FeCQ] with the
deoxy T state §6, 67). This frequency shift originates corresponding spectrum segment from deoxyHbA. Included
primarily from Tyra42 (568, 69—71) in the switch region of is the difference spectrum generated by subtracting the hybrid
the o3, interface. spectrum from the deoxyHbA spectrum. The spectra in
(B) UVRR Spectra of the Deoxy Destives of the [Fe]- panels ac are normalized with respect to the selenate
[Zn] Hybrids. The Raman bands in the 229 nm excited internal standard. The figure shows the progression in going
UVRR spectra of the deoxy derivatives of both-Fn from effector-free (a) to added IHP (b) to added IHR_-35
hybrids (not shown) were essentially identical in frequency (c). Panel d shows the corresponding comparison between
and intensity to the corresponding bands in the spectrum ofdeoxyHbA and COHbA.
deoxyHbA under the same solution and concentration Panel ¢ shows that the intensity of the 2xW18 band at
conditions. In the subsequent figures, the UVRR spectrum ~1510 cm! and the Y8a band for the[Zn]B[FeCO] in
of deoxyHbA is used as the deoxy T state reference spectrumthe presence of IHP and L35 is very similar to that of the
(C) UVRR Spectra of the CO-Saturated Detives of the corresponding bands of the deoxyHbA sample. The similar
ofZn] B[Fe] Hybrid. Figure 10 shows both the UVRR spectra intensity of the 2xW3 bands and the absence of a shift in
of deoxyHbA and the CO-saturated derivative of tfign]S- the Y8a band (the broad contribution between 1590 and 1610
[FeCO] hybrid + IHP (both normalized to the selenate cmtis due to the Raman from the added L35) are consistent
Raman band at approximately 850 ¢inand the difference  with a T state conformation for the hybrid under these
spectrum obtained by subtracting the later from the former. conditions. The enhanced intensity for {h&7 shoulder of
Also included is the deoxy minus CO difference spectrum the W3 band is beyond the intensity enhancement expected

wl4p1sE
Y8a

37

Intensity
x W18
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Ficure 11: High-frequency segment of the UVRR spectrum and
the corresponding difference spectrum for solutions (as in Figure
10) of HbA anda[Zn]S[FeCQ]. In all of the panels the solid line

is the result for deoxyHbA. In panels-a, the dashed line represents
a[Zn]B[FeCQ] with (a) no effectors, (b) 8-fold excess of IHP, and
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intermediate in the ligation-induced transition from deoxy
T to liganded R HbA.

In panel b of Figure 11, it can be seen from the difference
spectrum that the spectrum from thgZn]S[FeCO] in the
presence of IHP resembles an intensity-reduced version of
the deoxyHbA spectrum as inferred from the full spectrum
shown in Figure 10. This intensity-reduced version of the
deoxy T state spectrum is also seen both for the second
intermediate formed when CO is added to-sgél encap-
sulated deoxyHbAX8) and for the asymmetric cyanomet-
deoxy hybrids of HbA T4). The generalized reduction in
intensity has been attributed to a general weakening in both
the T state interfacial contacts and the interhelical scaffolding
that maintains the spacing between sets of helit8s712,
74,75, 77, 78).

In panel a of Figure 11, where the effector-free CO
derivative is compared to deoxyHbA, it can be seen from a
direct comparison and from the difference spectrum that for
the hybrid the intensities of the three bands shown, 2xW18,
W3, and Y8a, all show a decrease in intensity as in panel b.
In addition, the Y8a band of the hybrid is shifted slightly to
lower frequency as emphasized by the derivative-shaped
feature in the difference spectrum. The Y8a shift is in the
direction of the hybrid having the beginnings of an “R"-like
signature with respect to this band; however, the shift is
substantially less than the approximately 2 érshift that
occurs when deoxyHbA is converted to COHDbA as seen in
panel d. The shift in Y8a to lower frequency in going from
T to R structures is attributed primarily to the loss of the
hydrogen bond between Ag®9 and Tyra42 in the switch
region of thea, (3, interface 69, 71). The most straightfor-
ward interpretation of the spectrum for the effector-feee
[Zn]p[FeCO] is that it represents the next step in the

(C) excess IHP and L35. In panel d, the dashed line is the result for Sequence Of Conformat|ona| Changes from deoxy T to

COHDbA. In all panels the difference spectrum is the result of
subtracting the CO-liganded spectrum from the deoxyHbA spec-
trum.

for a T species based on deoxyHbA (without L35). Prelimi-

liganded R in that there are still the loosened T state contacts
but now we are seeing the onset of an R state interaction in
the switch region of they3, interface.

In Figure 12 are shown the same spectra as in Figure 11,

nary results (Juszczak and Friedman, unpublished results)ut in this instance the intensities of the Y8a and the W3

from other Hb derivatives indicate that this further intensity
increase is due to a direct effect of L35 on Ta®7 occurring
through the interaction of L35 with central cavity residues,
which are likely to include Asm94, Trp 337, and nearby
waters. The indole ring of Tr37 is hydrogen bonded to
Asp a94. It is the variation in that interaction that is

bands are each independently normalized with respect to the
corresponding bands from deoxyHbA in order to facilitate
the detection of the Y8a peak shifts and the changes in the
low-frequencyB37 sensitive shoulder of W3. It is clear that,
for the effector-free and the plus IHP sampleso§Zn]j-
[FeCO], the W3 band behaves as anticipated from the above

responsible for the conformation dependence of the 1550discussion. When intensity normalized, the W3 bands from

cm ! shoulder of W3.

The reduced relative intensity of the central peak of the
W3 band at 1558 cnit reflects a weakened hydrogen bond
between one or both of the A helix tryptophand4, 515)
and their hydrogen-bonding partner on the E helix. On the
basis of the analysis of other Hb samples showing similar
behavior 72—76), it is likely that the change is due to the
combined effect of partial ligation and the addition of IHP,

the hybrid and deoxyHbA are very nearly superimposable.
In contrast, the Y8a band from the hybrid shows clear
evidence of shifts in frequency.
(D) UVRR Spectra of the CO-Saturated Datives of the

o[Fe][Zn] Hybrid. The UVRR spectra from the[FeCOP-

[Zn] hybrid show similar features seen with the other hybrid
but with some differences. Figure 13 compares the UVRR
spectra of the hybrid to that of deoxyHbA as a function of

and L35 is causing a collapse of at least one of the E helicesadded IHP+ L35. The intensity of the W3 and Y8a bands

away from the A helix. A reduction in the intensity of the have been independently normalized as in Figure 12. It can
central peak of the W3 band without noticeable alteration be seen that, in the absence of effector, weak but clearly
of the T state signatures (Y8a and {&7 shoulder of W3) discernible R state signatures are seen for the Y8a band (shift
was also observed to be the first UVRR change occurring to lower frequency) and thg37 shoulder of the W3 band
upon addition of CO to a cooled seyel encapsulated sample (decreased intensity). The addition of IHP does not ap-
of deoxyHbA. This similarity suggests thafzn]s[FeCO] preciably alter the spectrum. The combined addition of IHP
in the presence of IHP and L35 resembles the very first and L35 reduces the difference in the Y8a band and induces



8282 Biochemistry, Vol. 42, No. 27, 2003 Samuni et al.

Intensity

Intensity

1 1 T T T T 1
1540 1560 1580 1600 1620 1640 1660
wavenumber {(cm’)

Ficure 12: W3 and Y8a UVRR bands for solutions @fZn]s-
[FeCO] with each of these two bands independently normalized to

the same band from a deoxyHbA sample (solid line): o@n]5- '
[FeCOJ; (b) aZn]A[FeCO] + IHP; (c) a[zn]f[FeCO] + IHP + 1540 1560 1580 1600 1620 1640 1660
L35; (d) COHbA (no normalization required). wavenumber (cm’)

Ficure 13: W3 and Y8a UVRR bands for solutionsaffreCOJ5-

the enhanced intensity in thi#87 shoulder of the W3 band. [Zn] with each of these two bands independently normalized to
Not shown is the behavior of 2xW18 band that, in contrast the same band from a deoxyHbA sample (solid line): a)
to the behavior seen for the previous hybrid, displays minimal [fel_%(sj;]g(%”]c‘:g)&g}&':(er%oﬁ[rzn?l“;g&'gﬁ (rce)gu[:? gg)(.)]e[zn] +1HP
intensity variation with addition of effectors. In all three cases
(+£IHP and IHP+ L35) the intensity of this band is the same g palance between constraining elements (e.g- gl
for the hybrid and for deoxyHbA. Within the context of the  allosteric effectors) that limit conformational excursion from
analysis presented above for tZn]f[FeCO] samples, we  the stable deoxy T state structure and those factors, such as
interpret the UVRR spectra from thdFeCOJB[Zn] samples  ligation, that favor T state destabilization.
as reflecting a continued but slight progression toward a more  Previous studies have also identified species that exhibit
R-like species. The spectra shown in panel ¢ of Figure 13 UVRR spectra with reduced intensity. Typically, samples
indicate that the[FeCOP[Zn] + IHP and L35 has a T state  exhibiting such behavior are species that are likely to be near
hinge region (as reflected in the behavior of #87 shoulder  or at the transition state for the-R quaternary transition.
of W3), but the small shift in the Y8a band signals the onset Both R and T state species having this property have been
of R state properties for the switch region (vide supra). Thus jdentified. Deoxy R state species observed either in time-
the a[FeCOP[Zn] sample with added effectors is similar  resolved photolysis experimen2( 79), in Hb mutants%7),
conformationally to the effector-free sample ofZn]s- or in chemically modified Hbs75) exhibit the R signatures
[FeCOQ]. with respect to peak positions in the UVRR spectrum but

Preliminary UVRR measurements (not shown) on-sol also exhibit a general decrease in peak intensity across the
gel encapsulated FeZn hybrids indicate that the addition of spectrum. These same low-intensity R state UVRR spectra
CO to the encapsulated deoxy derivatives of the hybrids bothwere observed for the half-liganded derivatives of-E®
with and without effectors results in half-liganded hybrids hybrids (2) and triply liganded R state specie34y.
that exhibit spectra that are minimally changed with respect Similarly, a liganded T state form of HbA, trapped within a
to the starting deoxy spectrum. This finding in conjunction porous sotgel matrix, exhibited the T signature in the
with the solution phase UVRR results illustrates that there UVRR spectrum but, as with the deoxy R species, there was
is a range of accessible conformations for the liganded Fe a decrease in peak intensity across the spectil@nh @A
Zn hybrids that appear to fall within the T state family and similar T state spectrum was reported for asymmetric deoxy-
that isolation of these various T forms can be achieved usingcyanomet hybrids of HbA74). In the present study both R
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and T state-like UVRR spectra with reduced intensity are Table 4: Oxygen Affinities and Hill Coefficients of Hemoglobin

observed for the liganded hybrids. Crystals

The above pattern of intensity reduction in the UVRR species pso(@F  Pso(c)  Hilln(@F  Hill n(c)?
spectra of hemoglobins has been attributed to a weakening iy ad 135 133 1.00 101
of the interhelical hydrogen bonds and salt bridges that act HpaA + IHP? 136 132 0.94 0.95
as scaffolding for the stable and compact end-point structures HbA+ BZF* 133 128 0.96 0.97
such as the deoxy T and liganded R conformati&s 15). f chains in HbA 200
The process of ligand binding and ligand dissociation o chains in HoA 79

k . o[Ni] B[Fele 123 102 b)° 0.87 0.93

weakens these interactions for the T and R state structures, o[Feg[Ni]' 95 @) 87 0.96 0.90
respectively. Thus both the liganded T and deoxy R are of[Zn]j[Fe] 154 152 1.13 1.08
structures in which the scaffolding is loosened. The observa-_{FelBzn] 81 81 1.08 1.10
tion that the UVRR spectra of liganded +2n hybrids can a(a) and (c) refer to measurements carried out with light polarized

easily be made to exhibit either R, T, or mixed state Parallel to these principle optical axes of the crystawith crystals of
signatures by varying the solution conditons suggests that, " <THI/TREL e esstrements can be made onl sontne
under conditions where the scaffolding is loosened, there is ments can be made only along thandc optical axes? Mozzarelli et

a reduction in the energetic cost of switching between al. 81). ¢Betatti et al. 82). f Bruno et al. {)

quaternary states. This pattern suggests that under these
conditions there has been a disengaging of the constraint
within the a3, interface that stabilize the usual end-point
structures for HbA. If this hypothesis is borne out, it would
support the concept that conformations with the weakened
or loosened scaffolding are well suited for the role 6f R
transition states. Furthermore, the UVRR and the VRR
together indicate that, under conditions where the T state
interfacial constraints are loosened, proximal strain can be
drastically reduced as reflected in the increased frequency
of v(Fe—His) for the half-liganded photoproducts of the FeZn

Sauthors did not report the slight deceleration of the CO
combination reactions described in the present study.
Equilibrium of Oxygen Binding to FeZn Hybrids in
Solution.As shown in Table 2, the affinities of the two FeZn
hybrids of HbA are also consistent with the properties
expected of the deoxygenated T conformational state of HbA.
No cooperativity in ligand binding is observed. The addition
of IHP results in a marked reduction in the oxygen affinities
of both hybrids, consistent with earlier reports of the effects

hvbrids of this allosteric effector ok, of HbA. However, the IHP
y ' effect is significantly greater for th8 subunit than for the
DISCUSSION a. subunit.

In their studies of mixed-metal hybrids of HbA Miyazaki

Functional Properties of FeZn Hybrids: Kinetics of CO et al. @) also measured equilibria of oxygen bindingde
Combination with Unliganded Hybridg.he rate constants  [Zn]f[Fe] ando[Fe]3[Zn] hybrids. Although their measure-
for the combination of CO with the FeZn hybrids of HbA ments were not carried out under the same conditions used
are consistent with the initial rates of CO combination with in the present study, the oxygen affinities they reported are,
HbA. At pH 7 in the absence of IHP or L35, the latter rate in general, consistent with our data. However, they report
constant is approximately O~ s~* while in the presence  greater cooperativity than indicated by our resuhtis= 1.1
of IHP it is 0.06uM~* s™%. These values are similar to the in most experiments at pH 6.5 or 7.4. Since the hemoglobin
averages of the values fd for the two FeZn hybrids in ~ concentration used in their study was @01 in heme
the absence and presence of IHP, respectively. Although theequivalents, considerably lower than used in the present
reaction of CO with HbA is an accelerating process, with work, the observed cooperativity might be due in part to
the reaction rate increasing as much as a factor of 4 as thesome dissociation of the diliganded protein int8 dimers
reaction proceeds, no similar acceleration is observed with which have higher oxygen affinity than the T state tetramer.
the Fezn hybrids. On the contrary, in the absence of organic The possible role of dissociation inég8 dimers is consistent
phosphates the kinetic properties of both FezZn hybrids with the still higher Hill coefficients reported at pH 8.5 where
indicate the presence of a small, but reproducible, negativesuch dissociation is expected to be greater. In general, the
interaction between the two heme-containing subunits. The equilibrium and kinetic properties of the F&n hybrids
kinetics are decelerating and are best fitted not by a sum ofreported here correlate well with those previously reported
exponential functions but by a sequential reaction mecha- for similar hybrids prepared in other laboratories by different
nism. The indication is that the sites that bind CO more procedures.
slowly are not present initially but form as a result of binding ~ Extreme T State Behir Obsewed in the Oxygen Binding
a CO molecule at one heme site on the-Fa hybrid to Crystals of the FeZn Hybrids.The affinities ofo andf
hemoglobin molecule. The addition of IHP tdFe]3[Zn] hemes in crystals of FeZn hybrids are compared with those
reduced’; by about 25% without affectingj,, eliminating calculated for Hb A crystals in either the absence or presence
kinetic heterogeneity. Addition of IHP has a much larger of IHP or bezafibrate and with those determined for-Re
effect on the rate of CO combination tdZn]j[Fe]. Both hybrid crystals in the presence of IHP (Table 4). The values
I'y andl’; are reduced to approximately 40% of their values of pso estimated for thex subunit are in close agreement,
in its absence. In this case kinetic heterogeneity is maintained.ranging from 79 to 95 Torr, whereas the valuespgf for
The kinetic properties of the hybrids are those expected of the s subunit vary from 102 to 200 Torr. Recent calculations
the deoxygenated T conformational state of the Hb molecule. by Mozzarelli et al. led to an estimate of a 2.5-fold difference
The data in Table 1 are in close agreement with the kinetic (81). The experimental determinations@fndg affinities,
results of Blough et al 4, 80), with the exception that those using Fe-Ni metal hybrid crystals of space group2,
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indicate that the average/$ affinity ratio is 1.2 {7, 82). slower bimolecular rebinding will typically contain contribu-
These same oxygen binding measurements have also evitions from the initial distribution of structures as well as from
denced the existence of a 1.3-fold difference in oxygen populations that have undergone relaxation of the initial
affinity betweena, and o, and betweerf; and /3, in these quaternary and tertiary conformations. It has been shown that,
crystals 82), due to asymmetric subunit interactions within under appropriate conditions, sajel encapsulation will slow
the crystal packing. This finding is in agreement with or eliminate conformational relaxation (in particular, the R
structural evidence indicating different occupancy of oxygen — T transition) on the time scale of the rebindirth(17,
molecules within a fully liganded hemoglobi&3). However, 63). Under these conditions, it is anticipated that the full
in the present study aa/f affinity ratio of 1.8 is found, range of rebinding phenomena will reflect the starting
and the oxygen affinities measured along the two polarization equilibrium-liganded population.
directions are much more similar than in Ni hybrids, = The kinetic traces for both hybrids at pH 6.5 in the
suggesting negligible difference between the affinitiea.of  presence of both IHP and L35 are consistent with an initial
anda; hemes ang; and 3, hemes. population that is overwhelmingly T state. The geminate
In general, the oxygen affinities of T state crystals of HbA vyield is at a minimum. The slower bimolecular phase is
approximateK,, the oxygen affinity of the deoxygenated T characteristic of the slow T state combination rate observed
state in solution, in the presence of IHP. This finding has in the rapid mix experiments, and there is no indication of
been interpreted as being due to the stabilization in the crystala separate kinetic phase that corresponds to the R state
of a very low oxygen affinity substate of the quaternary T bimolecular reaction. This conclusion is supported by nearly
structure of hemoglobin. Such a low-affinity substate of identical kinetic traces of the corresponding samples encap-
hemoglobin becomes fully populated in solution when sulated in the setgel where relaxation is reduced or
allosteric effectors are prese4j. The Fe-Zn hybrids are eliminated. Furthermore, nearly the same traces are obtained
seen to follow the same pattern. The measurements of oxygerwhen the fully deoxy hybrids are initially encapsulated and
affinity of the crystalline hybrids were carried out at 16 then exposed to CO after the gel has aged. Under those
while those of affinities in solution were at 2C. Since a conditions, the initial quaternary/tertiary conformation of the
10 deg increase in temperature decreases the oxygen affinitydeoxy derivatives is “locked in” and retained after ligation.
of HbA by a factor of 2 84), division of the dissociation In the absence of effectors, the pH 6.5 solution phase
constants measured at 2G by a factor of 1.4 permits a  samples of the two hybrids both exhibit a distinct geminate
direct comparison with the crystal measurements. Foothe phase that is intermediate between what is observed for
subunits in thea[Fe]5[Zn] hybrid, the correctedpsy in COHbA and what is observed for the hybrids in the presence
solution in the presence of IHP is 91 Torr, which compares of both IHP and L35. Thex Zn hybrid exhibits a lower
well with 81 Torr for the crystals of this hybrid. The geminate yield {30%) than thes Zn hybrid (~50%). The
correctedps for the a[Zn]S[Fe] hybrid is 129 Torr, which ~ geminate yield for COHbA under these conditions-85%.
is roughly 20% less thampso for the crystal. The two  The intermediate values for the geminate yield might suggest
equilibrium constants yield am—/ affinity ratio in solution that the starting population for the hybrids is a simple mixture
in the presence of IHP of 1.4. In the absence of IHP, the of liganded R (with a geminate yield of 65%) and liganded
correctedpsp values fora[Fe] andj[Fe] subunits are both T (with a nearly zero geminate yield) species. Several
47 Torr, indicating significantly greater affinities than found observations argue against this hypothesis.
for the crystals. It is remarkable that the affinity of HbA For both hybrids, there is no evidence of a distinct
crystals is the same as the low oxygen affinity T state isolated bimolecular phase corresponding to the R state solvent phase
in Hb gels @1). Finally, the Hill coefficients of metal hybrids  seen for COHbA. The absence of this phase is not necessarily
in the crystal are always very close to unity (Table 4). This a feature associated with half-liganded species since both
finding is in agreement with findings in solution in the the normal R state geminate phase (with 65% geminate yield)
present study and elsewhe& 85). and an R state bimolecular phase are observed][©o]s-
Functional Properties of [FeCQJZn], Hybrids: CO [FeCOQ]. In contrast, the bimolecular phase for both effector-
RecombinationLigand binding parameters associated with free samples of FeZn hybrids has the appearance of a T
the first ligation step for the deoxy derivatives of the hybrids state population with no clear R state fast phase. However,
are unambiguous in that they are readily attributed to the the a[Zn]B[FeCO] hybrid does exhibit a bimolecular recom-
properties of an initial deoxy T state population. The absence bination phase with significant heterogeneity. Part of the
both of cooperativity in binding equilibria and of acceleration process takes place between38nd 102 s where rebinding
in reaction kinetics is consistent with the second step in the to the R state normally occurs. However, the typical transition
saturation process involving only the low-affinity T state as between R state and T state phases is not present. These
well. However, these data cannot define with precision the observations argue against there being a large starting
properties of the diliganded hybrids. In the framework of population of a liganded R state species similar to that which
the traditional two-state modeB), the presence of 20% R occurs for COHbA on[Co]s[FeCQ]. This point is especially
state in the population of diliganded tetramers would only true of thea[FeCOJ}5[Zn] sample where the geminate yield
raise the affinity of the second binding reaction by 20% and is close to that observed for COHbA, but with bimolecular
might not be detected, particularly if there is negative rebinding that is quite homogeneous and T-like.
cooperativity in ligand binding to like subunits in the low- A second argument against the hypothesis that a simple
affinity T state as concluded by Ackers and othé¥g 88). mixture of liganded R and T species can characterize the
The use of CO as a ligand ensures a maximally liganded starting hybrid population comes from the sglel results.
population. Geminate recombination of CO will reflect the Since the sotgel eliminates the R to T transition for
properties of the starting photodissociated population. The photodissociated COHDbA, it is anticipated that if there were
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a substantial R state population that were undergoing rapidhybrids with IHP to half-liganded hybrids with no effectors
relaxation, stopping the relaxation via sgel encapsulation ~ would therefore reflect a progression of T state conformations
would result in the appearance of the R state bimolecular and functionalities. The progression would start from the
recombination. Contrary to this expectation,-sgél encap- most stable and compact T state conformations with strong
sulation ofa[Zn]p[FeCOQ] in the absence of IHP results in T state contacts (salt bridges and hydrogen bonds contributing
a relatively homogeneous bimolecular kinetic phase with no to the stability of the T quaternary structure) and high
significant reaction occurring in the 18-10"% s time proximal strain at thex subunit upon ligand binding and
interval. On the other hand, encapsulation ofdliee COP3- progress to conformations with weakened T state contacts,
[Zn] hybrid under the same conditions results in a very looser scaffolding, and diminished proximal strain. The
heterogeneous bimolecular reaction, a large fraction of which second scenario is similar but has the added element that,
occurs between 10 and 103 s, whereas in solution these toward the end of the progression, the population becomes
same conditions result in no significant reaction in this time inhomogeneous with both R and T state species contributing.
interval. However, when deoxygenatedFe]5[Zn] is en- In this case, both the T and R state species contributing are
capsulated and then made CO, the bimolecular phase remaingot likely to be the equilibrium T and R species associated
heterogeneous, although somewhat less so, with significantwith the deoxy and fully liganded end-point conformations
reaction in the 1°—10°2 s interval. These observations of HbA.

argue against the possibility that the absence of the R state Support for these scenarios comes from several sources.
recombination phase in solution originates from a rapid and A comparison of effector-dependent oxygen binding proper-
complete relaxation of a starting photodissociated R stateties of HbA in crystals, setgel matrices, and solution reveals
population to a full T state population prior to the onset of a range of T state functionalities consistent with low- and
the solvent phase bimolecular recombination process. high-affinity T conformations41, 90).

Conformational Properties of Solution Phase F&n Recently, Yonetani and co-worker81j interpreted their
Hybrids. The VRR and UVRR spectra of the deoxy-F2n results to show that both the T and R quaternary states can
hybrids are both entirely consistent with conformations that accommodate a wide range of effector-dependent oxygen
are essentially identical to the equilibrium deoxy T state affinities, implying a wide range of accessible tertiary
structure observed for HbA. This result is not unexpected conformations for each quaternary state. Nevertheless, for
given the solution phase CO on rates and the oxygen bindingeach set of solution conditions there is a clear-cut ligation-
properties of the deoxy hybrid crystals. As observed for induced T to R transition (with a solution-dependent increase
several other T state deoxy Fmetal hybrids, the frequency in oxygen affinity). When comparing oxygen affinity as a
of v(Fe—His) for thea[Fe] is substantially less than for the function of solution conditions, the range of oxygen affinities
PBIFe]. The lower frequency is an indication of the increased for R and T has regions of overlap. As a result the R state
proximal strain associated with the unligandedubunit of under one set of solution conditions can have a lower affinity
the T state tetramer. than T state species stabilized under different solution

Conformational evaluation of the half-liganded hybrids is conditions (e.g., R state in the presence of a combination of
not clear-cut. The UVRR and VRR show a clear progression effectors versus T state in the absence of effectors).
for both half-liganded hybrids with respect to added effectors. Furthermore, there are solution conditions where the T and
In the presence of both IHP and L35, the frequency of R states have similar oxygen affinity (with R having slightly
v(Fe—His) for the iron heme photoproduct is in the 220  higher affinity). These conditions are also associated with
223 cnttrange. This range is similar to values obtained from decreased stability of both quaternary states. If the liganded
liganded Hbs that are stabilized in the T stei#, G2, 89). hybrid data in the present study reflect an inhomogeneous
These include NOHbA- IHP (11), COHb (Kansas)- IHP population, it is likely that we are accessing regimes where
(52), and sot-gel encapsulated deoxyHbA to which CO is there are conformational substates of R and T having similar
added 20). The liganded T state assignment for the half- reactivity and stability that are easily interconverted through
liganded FeZn hybrids in the presence of IHP and L35 is manipulation of solution conditions (due to low-energy
supported by the T state features seen in the UVRR indicativebarriers), as would be expected for species having transition
of the ayf, interface having T state contacts. In the state properties.
progression from samples having both effectors to just IHP  Relationship between Conformation and Ligand Regti
to no added effectors, the photoproduct frequency(B&— The CO combination rates for the +&n hybrids and the
His) for the half-liganded hybrids increases into a regime oxygen binding properties of the deoxy crystals of the-Fe
that is traditionally viewed as being reflective of liganded R Zn hybrids are all consistent with the known ligand binding
state species. For the F&n hybrids neither the UVRR nor  properties of the lowest affinity form of the T state. In
the kinetic traces support the presence of a sizable populatiorcontrast, the effector-dependent functional properties of the
of a liganded R state (similar to the R state accessed byhalf-liganded hybrids span a broad range of reactivities. As
COHDbA). In contrast, the photoproduct afCo]s[FeCO] noted earlier, the effector-dependent kinetic traces for the
also has a high frequency fe{Fe—His) that is typical of rebinding of CO to the photodissociated hybrids cannot be
an R state photoproduct, but in this case rebinding kinetics explained using the standard R and T state properties
are fully consistent with a liganded R state population. associated with HbA. The geminate yield follows the same

The FeZn hybrid data are most consistent with either of progression as the Raman results in that samples exhibiting
two scenarios. The first scenario is that the conformational higher frequencies for(Fe—His) exhibit higher geminate
populations for each sample are largely homogeneous. Theyields. This progression is also reflected in the UVRR where
progression for the hybrids from the deoxy derivatives to the lowest geminate yields are associated with the samples
half-liganded hybrids with both effectors to half-liganded with UVRR spectra most closely resembling that of the
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deoxyHbA and the highest geminate yields are associatedthe 5 subunits 93, 94). Additional studies14) on a variety
with samples having spectra indicative of either a “loosened” of hybrids provided evidence that the metal-specific dis-
T state conformation or a mix of the loosened T species with placement of the F helix in the subunits was a significant
a small population having an R state conformation. The factor in the destabilization of the T state. Thus the
increased geminate yield of the loosened T state species islestabilization effect of Co in the subunits is explainable
consistent with an increased ligand affinity. on the basis of it being situated closer to the heme plane
All of the presented kinetic traces show either of two than either high-spin ferrous iron or Zn. Thus theCo
patterns for the bimolecular rebinding. In one case there is behaves almost like a liganded iron, and as a consequence,
only the single slow phase that is associated with conven- ligand binding to the ferrous-containiffgsubunits accesses
tional T state populations. In the other case, there is still the the liganded R state more readily than for the corresponding
distinct slow T state phase, but there is also a nearly a Zn hybrid. It is also clear that for th8 subunit it is not
continuous distribution of rebinding rates that extends from the metal or F helix displacement per se that is the
the traditional R state regime into the T state regime. An destabilizing parameter; rather it is the actual presence of a
implication of the present work is that the loosened T state ligand at the iron binding site in th&subunit that is required
constraints give rise to a distribution of barrier heights for f heme-derived destabilization of the T state. This point
controlling iron—ligand bond formation. For the. hemes is reflected in the retention of the T state kinetic and
this distribution is likely to arise from a distribution in the spectroscopic patterns for thgFe COPB[Co] hybrid as well
proximal strain related to the loosening of the hinge region as the geminate yield differences between the two Fe/Zn
of the a3, interface. A distribution in the positioning of  hybrids and the sensitivity of the kinetics and spectra of the
Val E11 in thef subunits is likely to be a major contributor  two different half-liganded hybrids to added effectors.
for the distribution of barrier heights for that subunit. Use ~ The UVRR supports this assessment of the subunit-specific
of Mb mutants has clearly demonstrated the potential role role of ligand binding in the destabilization of the T state.
of the E11 residue in blocking or opening ligand access to The hinge region of the,s interface has been shown to be
the heme iron. It is interesting to note that Yoneta®i)( the major determinant of T state stability. Furthermore,
reported that the distribution of functionally distinct forms studies o337 mutants of HbA show that the status/stability
of HbA was paralleled by a distribution of tertiary conforma- of the hinge region directly impacts the degree of proximal
tions as reflected in the NMR signal from Val E11. strain at the heme of thee subunit. The present study directly
Thus the kinetic heterogeneity could be accounted for by demonstrates that ligand bindingdcsubunits is significantly
either a distribution of intermediate tertiary conformations more effective in destabilizing the T state hinge than is ligand
or a distinct intermediate tertiary/quaternary conformation binding to thes subunits. This result supports the lever arm
that contains a slowly interconverting distribution of acces- model in which ligation in thex subunit is directly coupled
sible conformational substates with differing positions for to the hinge 37W) through the movement of tlesubunit
loosened gate keeper residues such as E11 and B10 as weiton directly loosening the packing of tH87W side chain
as residues impacting proximal strain (e£87 anda140). by shifting the position of the.140Y side chain. In the deoxy
For these intermediate species (visvis deoxy T and T state, then140Y side chain packs up against the indole
liganded R HbA), the proposed broad distribution of positions ring of 537W, thus stabilizing the T state hinge configuration.
for these residues and the rate at which they interconvert The ligation-induced movement of tikel 40Y side chain out
(temperature and viscosity dependent) should determine theof its constrained and relatively hydrophobic deoxy T state
distribution of rebinding rates. site is likely a source of the T state ligation-induced intensity
Spectroscopic Signature of the High- and Low-Affinity T decrease observed for tyrosine bands in UVRR spectra.
State Specie€vidence for high and low oxygen affinity
forms of the T state HbA has emerged from ligand binding SUMMARY
properties of HbA in solution phase in the presence of The presented results show that the deoxy derivatives of
allosteric effectors and of HbA in crystal§4 16, 81, 92) the FeZn hybrids of HbA are conformationally and function-
and in sot-gel matrices 16, 41, 90). The conformational  ally similar to that of deoxyHbA. In contrast, there is an
basis for these states is still unclear. The functional and effector-dependent distribution of functional and conforma-
spectroscopic studies on the-=&n hybrids under a diverse tional properties associated with the diliganded (CO) deriva-
range of conditions (solution, crystal, sajel, +-effectors) tive of the hybrids. This range of effector-dependent func-
provided an opportunity to systematically generate and probetional and conformational properties of the diliganded hybrids
a range of T state properties. The results support the ideais most consistent with a progression of tertiary conforma-
that the variation in T state properties originates from the tions within the overall T quaternary state. These extend from
extent to which the initial deoxy T state conformation evolves the equilibrium deoxy T state conformation to conformations
upon ligand binding. Factors such as-sgél encapsulation,  that reflect considerable destabilization of the T state
crystallization, and allosteric effectors which limit the constraints and thus are likely transition state species. The
diligation-induced conformational evolution toward the properties of the hybrids observed in solution, in the crystal,
loosened, less constrained T state favor the low-affinity forms and in sot-gel matrices support the concept that ligand
of the T state. binding properties within the T state result from a balance
Subunit-Specific Differences in the Mechanism of Ligation- of forces, some of which favor retention of the initial low-
Induced Destabilization of the Deoxy T State Conformation. affinity deoxy T state conformation (e.g., crystal, sgkl,
The present study as well as previous studies shows thateffectors) and those (diligation) that favor a “loosening” of
having cobalt in thex subunits provides much more of a T T state constraints. Thus the results are consistent with
state destabilization than the corresponding substitution in considerable plasticity of tertiary structure within the con-
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straints of the T quaternary structure. It is also apparent that 32

as the tertiary structure progresses from the crystallographi-

cally well-defined deoxy T state low-affinity end point, the
spectroscopic signatures of quaternary structure become 34
progressively more ambiguous.
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