Biochemistry2001,40, 7581-7592 7581

393 Modified Hemoglobin: Kinetic and Conformational Consequehces
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ABSTRACT. The reactive sulfhydryl on Cy893 in human adult hemoglobin (HbA) has been the focus of
much attention. It has purported functional roles such as a transporter of nitric oxide and a detoxifier of
super oxide. In addition, it has a proposed role in the allosteric mechanism. The present study addresses
the functional and conformational consequences of modifyingg@3esulfhydryl using either maleimide

or disulfide-based reactions. The geminate and bimolecular recombination of CO derivatives of several
different 593-modified Hbs in both solution and sejel matrixes provide a window into functional
modifications associated with both the R and T states of these proteins. Nanosecond time-resolved visible
resonance Raman spectroscopy is used to probe conformational consequences associated with the proximal
heme environment. The results show functional and conformational consequences that depend on the
specific chemistry used to modif§93. Maleimide-based modification show the most significant alterations

of R-state properties including a consistent pattern of a reduced geminate yield and a loss of the favorable
heme-proximal histidine interaction normally seen for liganded R-state HbA. A mechanism based on a
displacement of the side chain of T§t45 is explored as a basis for this effect as well as other situations
where there is loss of the quaternary enhancement effect. The quaternary enhancement effect refers to the
enhancement of ligand binding properties of th@ dimers when they are associated into the R-state
tetramer.

Hemoglobin (Hb) functions as the primary oxygen clinically viable acellular oxygen transport reagents, such
transport protein in nearly all vertebrate organist)s¥lore as (PEG200QXLHbA (6) and anti-sickling forms of HbS,
recently, other functions have been either identified or such as glutathionyl HbS(8). The objective of the present
proposed for both vertebrate and nonvertebrate Hbs. Somestudy is to better understand the conformational and func-
of these proposed additional functionalities are based on thetional consequences resulting from chemical modification
presence of reactive sulthydryl groups. Each of the two Cys of the 593 sulfhydryl group.
£93 residues in human adult Hb (HbA) has a reactive Cys[393 is situated in a conformationally plastic domain
sulfhydryl group. These sulfhydryl groups, which are the only containing residues whose interactions are directly linked to
reactive ones in the tetramer, have been implicated in aallosteric properties of the Hb tetram®(12). The reactivity
number of reactions that have important functional conse- of the 93 sulfhydryl toward many reactants is highly
qguences for HbA. Formation of an SNO derivative&B3 sensitive to both the quaternary and tertiary conformation
occurs to a limited extent in vivo and has been propo2ed (  of HbA (13—21). It has been proposed that in vivo functional
3) to play an important role in controlling vasoactivity. Direct roles of 593 are also modulated by the overall protein
evidence from spin resonance measurements suggests thatructure 2). Conversely, modification of th893 sulfhydryl
£93 may also function as a deactivator of superoxide has been shown to have an impact on both the allosteric
generated upon oxygen dissociation within the distal heme properties of HbA and the ligand binding reactivity of HbA
pocket @). There are also indications of a redox linkage to within a given quaternary stat®Z—27). Little is known
the f heme B). Furthermore 393 modifications are being  regarding the molecular details of how the binding of
explored as a means of generating suitable candidates foreagents tg¢93 impacts Hb structure and function.

In the present study, two categories 3 modification
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of modifications in which molecular species (glutathione binding and ligand loss. Although the state of ligation is
(GSH) and thiopyridone) are linked t893 through a easily changed for the encapsulated Hb, the-gel can be
disulfide bond. used to “lock in” the initial conformation and, thus, prevent

Ligand binding reactivity of393-modified forms was  subsequent ligand induced quaternary structure changes.
monitored through the geminate and bimolecular recombina- Recent studies6Q) show that T-state ligand rebinding
tion of CO that occurs after the nanosecond photodissociationkinetics can be obtained from samples in which encapsulated
of the CO saturated derivative. The local tertiary structure deoxyHbA is exposed to CO, resulting in a liganded T-state
at the ligand binding site was monitored using resonance species. In the present study, a recently described modifica-
Raman as a probe of the conformation-sensitive bond tion (60) of the original encapsulation protocdl) is used,
between the iron and the proximal histidine. since it was showng() to be far more effective in preventing

Ligand rebinding kinetics28—31) are an effective probe  conformation change after ligand binding or release.
of functionality for sot-gel encapsulated Hbs as well as for
Hb in solution. Kinetic traces can be generated quickly and METHODS AND MATERIALS
the kinetic analysis allows for identification of functionally
distinct populations. Ligand rebinding kinetics from photo-
dissociated liganded Hbs fall into two classes of phenom-
ena: a submicrosecond intraprotein rebinding termed gemi-
nate recombinatiorB(l—36) and a solvent phase bimolecular
rebinding @8). Both are highly sensitive to conformation
and solvent conditions.

In solution at ambient temperature the fraction of the
photodissociated population undergoing geminate recombi-
nation, i.e., the geminate yield (GY3&—47) and the rate
of solvent recombinatior28—31) are both dependent upon
the protein conformation to which the ligand rebinds. In

solution, geminate recombination can occur over a temporal h _ als for th . f th |
window extending from a few picoseconds out to several € starting materials for the preparation of the-sggls

hundred nanoseconds. This time scale is faster than the timeé*'® all "9“"’.5- The sequence of hydrolysi.s, coqdensation and
scales for both quaternary relaxation (28) and large ~ POlymerization of the TMOS-based solutions yield tough gel

amplitude tertiary relaxations-(L xs) (30, 48-53). Thus, samples_, which a}dopt the shape of the container into Whl(_:h
for geminate recombination, the protein conformation that the starting materials were added. Shortly after the hydrolysis/

determines the GY may be presumed to reflect the tertiary condensation reaction is initiated (while the sample is still
and quaternary structure of the starting liganded species. cr?mpletﬁlly I|C_|U|0(Ij), 3”h aﬂquot ?f.Hb solution is ﬁdded and
The rate constant for solvent phase recombination of co thoroughly mixed with the evolving TM(?S' In the present
with HbA is on the order of 2 10f M~ s for the R-state study, Bis-Tris acetate at pH 6.5 with 25% glycerol was used
and about a factor of 50 slower for the T sta?8)( The R for the prgparatlon Of. the segels. Al Saf“p'es were
and T state solvent processes are much slower than amp][epared deltzelr (;S l%thm_B mm :ayer on a s:jngle Isuc;fac_:eh
tertiary relaxation events occurring after photodissociation. ora Staf‘ ar mm OP“C"?‘ cuvette an seae wit
In the present study, comparing the differgeB-modified airtight ribbed septa, through which gases and solutions could

Hbs to unmodified HbA, resonance Raman spectra were be introduced or removgd or as a thin layer on the inside
generated from solutions containing either the equilibrium Surface of a 10 mm diameter NMR tube. The buffer-
deoxy forms or the CO saturated forms. For the latter, the |mmerse_d gels_ were stor_ed are for at least 1.2 h after
spectra generated are of the photoproduct occurring within Preparation prior to carrying out further experiments. The
10 ns of photodissociation or the EGBeme complex. Ligand concentration Of. Hb in the selgel was usually in the range
rebinding kinetics are compared for solution phase CO of 0.5-0.6 mM_m heme.
saturated samples and for sglel encapsulated CO saturated ~ TWO categories of seigel encapsulated COHb were
samples. prepared. In one case, referred to as [deoxyHllLO, the
Sol-gel encapsulated Hb proved to be very useful in Protein is initially encapsulated as deoxyHbA and subse-
identifying conformation-dependent aspects of the ligand- uently exposed to CO after an aging period of at least 12
binding kinetics of 493-modified forms. In traditonal N (in the presence of a bathing buffer). The second case
solution phase studies, one probes the geminate rebinding€signated [COHbA] refers to a sample that is initially
from the equilibrium form of the liganded species (typically encapsulated and aged as COHb.
the liganded R structure) and the bimolecular binding to  The absorption spectra of the encapsulated Hbs were all
either the equilibrium deoxy species (typically deoxy T very similar to the corresponding solution phase samples.
structure) or the quasi-stable deoxy R that appears within Absorption spectra were recorded before and after each
microsecond of photodissociation of a liganded R form of kinetic measurement in order to determine the condition of
Hb. In an attempt to compare the ligand reactivity for both the sample with respect to degree of oxidation and state of
the liganded R and T derivatives, a new approach was usedigation. The absorption measurements revealed that no
in which either the deoxy or CO saturated Hb derivative is changes or degradation in the samples occurred over the
encapsulated in a porous salel (54—60). The encapsulated ~ course of the experiments.
protein is in contact with the solvent through the water-filed  Preparation of Hbs.Five different maleimide modified
pores of the setgel and can, therefore, undergo ligand Hbs were prepared. Figure 1 shows a schematic of the

Preparation of the SetGel Encapsulated HbsSol-gel
encapsulated samples were prepared using a new preparative
protocol described in detail elsewhefg). Briefly, this new
protocol differs from the standard preparation derived from
proton initiated hydrolysis/condensation reaction of tetram-
ethyl orthosilicate (TMOS) (Aldrich)&21) in that all of the
solutions added to the TMOS contain 25 vol % glycerol and
that a gentle vortexing step replaces the initial sonication
step used in traditional preparation. This protocol yields-sol
gels that are much more effective in restricting changes in
protein conformations than the initially reported protocol
(62).
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Ficure 1: A schematic depiction of the differeif3 modification
reagents.

different 593 modifications used in this study. For two of
the materials, NESHbA and NESdes-ArgHbXd-ethylma-
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16—24 h in the cold. The modified protein was separated
from the excess reagents by passing the reaction mixture
through a Sephadex G25 column. (Succinimidoethyl-
PEG5000)-HbA or (SE-P5K)-HbA was prepared by reac-
tion of HbA with O-(2-maleimidoethyl)©' methyl PEG5000
(Fluka Biochemicals) employing the same procedure as that
described above for the preparation of (SP-RSKDA.

(c) G-S-S-HbAGIutathionyl HbA was prepared by a two-
step process. In the first step, HbA was converted to a mixed
disulfide of thiopyridine. HbA (1 mM) in PBS, pH 7.4, was
incubated with a 5-fold molar excess of dithiopyridine on
ice for 1 h. The thiopyridyl HbA was separated from the
excess reagents by gel filtration through a column of
Sephadex G25 in PBS, pH 7.4. The thiopyridyl HbA (0.5
mM) was then incubated with a 20-fold molar excess of
reduced glutathione at 4C overnight and gel filtered on
Sephadex G25 again to isolate the glutathione-HbA adduct.
Modification of the Cys-93¢) was confirmed by the failure
of G-S-S-HDbA to react with Mal-Phe-PEG5000, and by the
absence of any free thiols in oxy-G-S-S-HbA on titration
with 4,4-dithiopyridine by the method of Ampulski et al.
(63). Isoelectric focusing analysis demonstrated that the
product was homogeneous and free of unreacted HbA.

(3) NEM (N-Ethylmaleimide) TreatmemMlESHbA was
made by treating 3 mL of 0.05 M bis-tris solution 1 mM
(heme) HbA with 3 mM NEM achieved by adding 45L
of 0.2 M NEM (protein:NEM ratio of 1:3). The reaction
mixture was incubated at® for 1 h. The reaction is stopped
by dialysis vs 0.05 M hepes at pH 7.4 overnight.

(4) NESdes-ArgHbAThe des-Arg¢l141)HbA was pre-
pared using carboxypeptidase B (CPB) digestidrn. mL
sample of HbA was passed down a Pharmacia type PD-10
column and eluted with 0.05 M tris, pH 8.3. The Hb
concentration was approximately 1 mM in heme. An aliquot
of 0.5 mL of CPB stock solution (7.6 mg/mL) was then

leimide (NEM) was used as the reactant. For the other three,added to 4.4 mL of the eluted Hb solution (77 mg of heme)

the following PEG-linked maleimides were used: Bis-Mal-

(maleimide)-Phe-PEG-2000, Mal-Phe-PEG5000, and Mal-

Eth-PEG5000Q-(2-maleimidoethyl)-Omethyl PEG5000).
The two modified Hbs having disulfide linkages/i83 were

yielding a 1:200 ratio of protein to enzyme. Prior to the
addition of the CPB, 4L of 100 mM CPA inhibitor was
added to the eluted HbA stock solution yielding a concentra-
tion of 1 mM. After the addition of CPB, the sample was

generated using glutathione and 4-PDS(4,4-dithiopyridine) converted to the CO form and incubated at°&7for 1 h,
as reactants. The preparative details for all six modified Hbs followed by dialysis vs 0.05 M bis-tris, pH 7.4. The resulting

are described below.

(1) HemoglobinHbA was purified from erythrocyte lysate,
as described earlie6).

(2) Preparation of Cys-9@))-Modified HbA. (a) Cys-93-
Bp-Succinimidophenyl PEG2000 HbA&A-SP-P2K-HbA).
BB-SP-P2K-HbA, a cross-linked derivative containing a
single bifunctional PEG2000 chain bridging the ty¥#63
residues, was prepared by reaction of HbA with Bis-Mal

(maleimide)-Phe-PEG-2000 in PBS, pH 7.4, followed by ion-

des-ArgHbA was then modified with NEM as described
above for the preparation of NESHbA.

(5) 4-PDS (4,4-Dithiodipyridine) Modified HbRyridine
disulfide HbA was prepared by reacting HbA with 4-PDS
using a previously described protoctb( 63). The reaction
was monitored by following the appearance of one of the
products of the reaction, 4-thiopyridone, in the near UV
absorption spectrum as previously describ&g).(

All samples used for both kinetic and Raman measure-

exchange chromatography on a CM-Cellulose column, asments were at least 0.5 mM in heme. A pH 6.5, Bis-Tris

described by Manjula et al6).
(b) (SP-P5K)}-HbA and (SE-P5kK}HbA. HbA was surface
decorated at its Cys-93(with PEG5000 using two different

acetate (50 mM) buffer was used both for the solution
samples and for the bathing buffer for the-sgkel samples.
Kinetic MeasurementsThe flash photolysis apparatus

PEG-maleimide reagents that differ in the spacer linking the employed for the carbon monoxide (CO) rebinding rate

reactive maleimide moiety to the PEG moiety (Acharya,
unpublished results). (Succinimidophenyl-PEG5@MHBA

or (SP-P5K)-HbA was prepared by reaction of HbA with

Mal-Phe-PEG5000 (BioAffinity Systems, Rockford, IL).

Briefly, HbA (0.5 mM in tetramer) in PBS, pH 7.4, was

experiments is based on pumprobe optical setup described
in detail in earlier work €0, 64). The frequency-doubled
output of a Nd:YAG laser (57 ns, Surelite & Minilite lasers,
Continuum) at 532 nm and 2 Hz repetition rate served to
photolyze the carbonmonoxy Hb derivatives. Recombination

reacted with 5-fold molar excess of Mal-Phe-PEG5000 for of the CO was monitored by measuring the change in sample
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Table 1: Geminate Yield (GY) and the Iron-Proximal Histidine

A Stretching Frequency(Fe-His)] Associated with the Photoproducts
b of the Carbonmonoxide Derivatives of Both HbA afiéi3-Modified
i ) Forms of HbA at 3°C in pH 6.5 Bis-Tris Acetate Buffér
d ¢ V(Fe-His)
| Hb species GY (cm™)
< b HbA 0.65 230
“ ol da HbA + IHP 0.45 226
E [COHbA] 0.80 230*
[deoxyHbA]+ CO 0.25 222*
NES HbA 0.45 226.0
NESHbA+ IHP 0.42 226.0
[CONESHbA] 0.60 nd
[deoxyNESHbA]+ CO 0.35 nd
NESdes-ArgHbA 0.42 2255
NESdes-ArgHbA+ IHP 0.40 2255
00t di [CONESdes-ArgHbA] 0.60 nd
107 o0 o o [deoxyNESdes-ArgHbA}- CO 0.55 nd
. BB(XL)-SP-P2K-HbA 0.42 226.5
Time [sec] BA(XL)-SP-P2K-HbA+ IHP 0.38 226.0
Ficure 2: Kinetic trace showing the geminate and bimolecular  BB(XL)-SP-P2K-HbA+ IHP + L35 nd 225.0
rebinding of carbon monoxide after the 8 ns photodissociation of ~ (SP-P5K)-HbA 0.42 226.5
COHbA (a), PDS-COHbA (b), CONESHbA (c), amiB(XL)-SP- (SP-P5K)—HDbA + IHP 0.40 226.0
P2K-COHDA (d). Samples (0.5 mM in heme) were all maintained ~ (SE-P5K}-HbA 0.42 227.0
at 3°C in pH 6.5 50 mM Bis-Tris acetate buffer. (SE-P5K)-HbA + IHP nd nd
G-S-S-HbA 0.60 229.0
absorption at 441.6 nm (CW, HeCd laser, Liconix). The S&ig‘:AJF HP %_5652 2‘?‘1%'0

HeCd probe laser beam was passed through the studied —— —
2The designation nd indicates that the measurement was not

sample (1 mm pa;h—lengt.h Cuvette_ for solution phase determined. The Raman frequencies i¢Fe—His) have been ap-
samples) nearly collinear with the Nd-YAG b_eam and Was proximated to the nearest half wavenumber. The bracketed species refer
separated from the second harmonic generation of Nd:YAG to sol-gel encapsulated samples (see text for details). The Raman

laser of 532 nm using a dichroic mirror. The intensity of the frequencies designated (*) refer to as results from Peterson, Samuni,
cw blue probe beam was maintained (using a variable and Friedman that are to be described in detail in a future publication.
attenuator) at a level that produced no noticeable effects on

the kinetics and minimal photoproduct population. Absorp- SS-succinimidophenyl PEG2000 HbA [also referred to as
tion spectra and reproducibility of sequential kinetic traces either3-SP-P2K-HbA or (PEG2000) XLHbA]. Also studied
were used to evaluate sample damage. Samples invariabljput not shown are the rebinding kinetics for NESdes-
showed no signs of laser induced alterations. ArgHbA, (succinimidophenyl-PEG50Q9bA or (SP-P5Ky}

The kinetic traces are displayed on a 1dgg plot of HbA, (succinimidoethyl-PEG5008HbA or (SE-P5K)-
survival probability or absorbance versus time. Plotting the HbA, and glutathionylHbA or G-S-SHbA. The kinetic traces
full kinetic trace for the rebinding of CO to photodissociated can be described as alterations observed in three clear-cut
COHDbA (using a nanosecond photolysis pulse) on a log time phases. The rebinding occurring prior to several microsec-
axis, allows for a clear separation among the three rebinding onds after photodissociation is due to geminate recombination
processes: geminate rebinding, R-state bimolecular rebind-whereas the two slower phases are derived from bimolecular
ing, and, when applicable, T state bimolecular rebinding. An CO rebinding from the solvent. The faster solvent phase is
advantage of a loglog plot is that the kinetics of even a  attributed to rebinding to the R-state structure and the slower
small population of a kinetically distinct species can be phase is derived from rebinding to that fraction of the
observed. Furthermore, on a letpg plot exponential rate  photoproduct population that has undergone the quaternary
constants are easily approximated since exponential traceswitch to the low affinity T structure. At the concentrations
appear as horizontal lines that abruptly curve down and of Hb used, there is minimal contribution to the kinetics from
intersect the time axis atk,/where thek is the rate constant ¢ dimers of Hb. In the case of the cross-linked Hb, there
in exp(—kt). is clearly no issue of dimers being present.

Visible Resonance Raman Spectrosc&fp’giple resonance All of the 93 modified Hbs show a reduction in the
Raman (VRR) spectra were generated using 8 ns pulse alyeminate yield (the percentage of the photoproduct popula-
435.8 nm. The apparatus and methods for generating.fion yndergoing geminate recombination) compared to
detecting and analyzing the Raman spectra were as previynmagified HbA (see Table 1). Whereas, both nonmaleimide
ously reported46, 47, 64) except that in the present case, & pased modifications (PDS and glutathione) show only a small
0.27 m single spectrograph (Spex) with an intensified CCD qecrease in the geminate yield of a few percent, all five of
detector (Princeton Instruments) was used for dispersing andie majeimide-based derivatives show essentially the same
detecting the Raman scattered light. substantial~23% decrease (from-65% to ~42%). The
RESULTS same decrease is seen for both PEG(500@pdified
derivatives despite the difference in the linker group between

CO Rebinding Kinetics at pH 6.5 in SolutioRigure 2 the maleimide and the start of the PEG chain (phenoxy versus
shows the £C CO rebinding kinetics at pH 6.5 for (a) HbA, ethoxy). The same kinetic pattern observed at pH 6.5 holds
(b) 4-PDS modified HbA, (c) NESHbA, and (d) Cys-93- for samples studied at pH 7.5 in Bis-Tris acetate. All of the
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FiGure 3: Kinetic trace showing the geminate and bimolecular Figyre 4: Kinetic trace showing the geminate and bimolecular
rebinding of carbon monoxide after the 7 ns photodissociation of repinding of carbon monoxide after the 8 ns photodissociation of
the CO liganded derivatives of HbA (a), HbA IHP (6x excess sol-gel encapsulated Hbs: [COHDA] (a), [CONESdes-ArgHbA]
over Hb tetramer concentration) (B)3(XL)-SP-P2K-HbA (c), and (b), [deoxyNESdes-ArgHbAJ- CO (c), [deoxyNESHbAH- CO
BP(XL)-SP-P2K-HbA + IHP (6x excess over Hb tetramer (q) and [deoxyHbA[+ CO (e). The brackets indicate the initial
concentration) (d). Samples (0.5 mM in heme) were all maintained gpecjes encapsulated in the porous-gl. The+ CO designation
at 3°C in pH 6.5 50 mM Bis-Tris acetate buffer. refers to CO added after the [deoxyHb] sgeel sample has aged
at least overnight. Samples (final concentration of Hb in the-sol
samples show very similar kinetics associated with the fast gel was approximately 0.5 mM in heme) were all maintained at 3
(R-state) bimolecular solvent phase rebinding. Under the °C in @ pH 6.5 Bis-Tris acetate buffer.
conditions used to make the current kinetic measurements,
the T-state kinetics constitute only a very small fraction of
the total rebinding and, as a consequence, they are hard t
characterize and compare. A future study will focus on the
slower kinetic phases.

Effect of IHP on the CO Rebinding Kinetics $B3

Figure 4 shows the kinetics from (a) [COHbA], (b)
JCONESdes-ArgHbA], (c) [deoxyNESdes-ArgHbA] CO,
(d) [deoxyNESHbAH- CO, and (e) [deoxyHbA}- CO. Also
studied but not shown are the kinetics from [CONESHbA]
which are very similar to those shown for [CONESdes-
i~ k X ) ; ) ArgHbA]. For all of [COHb] samples, there is a single
Modified HbA in SolutionA representative comparison with i qecular kinetic phase which is very similar to the fast
HDA of the IHP effect on the CO rebinding kinetics 883~ h556 observed for the solution phase samples under similar
modified HbA at pH 6.5 is shown in Figure 3. The kinetics  nqitions. The GYs for [CONESHbA] and [CONESdes-
observed for thf(XL)-SP-P2K-COHbA and COHbA are  argHpA] are similar (-60%). This value is lower than the
shown in the figure. It can be seen that for the PEG modified v of 809% for [COHbA] (see Table 1).
sgmple, there is a;mall IHP induced det;rease in the .geminate The traces ee are derived from samples initially encap-
yield and a slowing of the R-state bimolecular Kinetics. g ated in their respective equilibrium deoxy state, i.e.,
Similar results were obtained for all of th#93 modified [deoxyHb]+ CO. Whereas the traces for [CONESHbA] and
derivative_s (see Tabl_e 1). T_he same pattern of IHP induced [CONESdesArgHbA] are very similar, the traces derived
changes in the geminate yield and the rate of the R-statefo heir respective encapsulated deoxy forms are not. The
bimolecular rate was observeq at pH 7.5; however, at pH [deoxyNESdes-ArgHb} CO sample shows both a much
7.5, the IHP-induced reduction in the GY of all the Hbs was larger GY (~55%) and a bimolecular recombination phase
less than at pH 6.5. It can be seen that the pattern observedy; is only slightly slower than what is observed for both
for the 393 modified samples holds for COHbA in that IHP o corresponding [CONESdes-ArgHbA] sample and the
reduces the geminate yield and slows the R-state bimolecular[COHbA] and [CONESHbA] samples. The [deoxyNESHDA]
kinetics; however, compared to what occurs in @3 + CO and the [deoxyHbAH CO samples both exhibit a
modified Hbs, the IHP effect in HbA is clearly much larger y,,ch reduced GY compared to the corresponding encapsu-
both in terms of a fractional reduction in the GY and the |3ted CO derivative (see Table 1) and a bimolecular
degree of slowing for R-state bimolecular rebinding. recombination phase that is similar to the slowest phase

CO Rebinding Kinetics of HbA, NESHbA, and NESdes- observed in solution after photodissociation of the CO
Arg HbA Encapsulated in a selgel Matrix. Figure 4 shows  derivative. It can be seen that the GY for the [deox-
the CO rebinding kinetics for HbA, NESHbA, and NESde- yNESHbA]+ CO sample is slightly greater than that from
sArgHbA encapsulated in a porous sgkl. As described  the [deoxyHbA]+ CO sample. The inclusion of IHP with
in the Materials and Methods, the encapsulated derivativesthe deoxyHb solutions when initially encapsulating the deoxy
were prepared using two different protocols. In one case, samples results in a further reduction of the GY for both
[deoxyHb]+ CO, the deoxy derivative is first encapsulated [deoxyNESHbAH CO and the [deoxyHbA} CO samples.
and after a period of aging the sample is exposed to CO. Visible Resonance Raman Spectrg88 Modified HbA
The other class of sample, [COHb], is generated by Figure 5 shows the(Fe-His), the iron-proximal histidine
encapsulating the CO saturated derivative from the start. stretching band in the 435.8 nm generated resonance Raman
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Ficure 5: A segment of the low-frequency resonance Raman
spectrum showing(Fe-His), the iron-proximal histidine stretching

mode generated from the 8 ns photoproduct of the CO saturated

derivatives of: HbA (a), G-S-S-HbA (b), and (SP-P5H)bA (c).
Samples (0.5 mM in heme) were all maintained &73C in pH
6.5 50 mM Bis-Tris acetate buffer.

Khan et al.

modified forms so that in the presence of IHP all but the
NESdes-Arg derivatives have virtually the same frequency
for v(Fe-His) as deoxyHbA. Even in the presence of IHP,
the deoxyNESdes-Arg derivative has a peak that is 3'cm
higher in frequency than deoxy HbA as reported in earlier
studies 65).

DISCUSSION

Sol-Gel Encapsulated Hbs: A Method for Restricting
Conformational Changdézncapsulation of proteins in porous
sol—gels is an approach for generating Hb intermediates that
are not accessible through conventional time-resolved tech-
nigues such as flash photolysis and rapid mix. It has been
shown that many proteins can be encapsulated in porots sol
gels derived from tetramethyl orthosilicate (TMOS) with a
retention of functionality and enhanced stabili®l(64, 66,

67). The sot-gel matrix traps the protein, but both solvent
and small solute molecules can diffuse into the—sml
through a network of 58100 A diameter pores. These small
molecules can bind to or react with the encapsulated protein
molecules. Thus, oxyHbA can be encapsulated, but the
oxygen can still be removed by the addition of sodium
dithionite. Similarly, encapsulted deoxygenated HbA (deoxy-
HbA) can become saturated with ligands, (@O, or NO)
when ligand is introduced into the solvent bathing the gel.

Pioneering measurements of oxygen binding and dissocia-
tion curves derived from encapsulated deoxy and oxyHbA
at 10°C indicated an absence of cooperative ligand binding
(54, 55). The encapsulated deoxyHbA was shown to bind

spectra of the 8 ns photoproduct generated from the COand release oxygen with low affinity, consistent with the

derivative of both HbA and tw@93 modified HbAs (see
Table 1). The shown spectra and peak positions ffign
(XL)-SP-P2K-COHbA and (SP-P5KJCOHbA are typical

of all of the derivatives generated via maleimide reactions.
With respect to COHbA, all of the maleimide modified
derivatives show a similar decrease e# cm! in the
frequencyv(Fe-His). The photoproduct derived from the
G-S-S-COHbA sample showed a much smaller shift-af
cm™! (mainly in the form of broadening on the low-frequency
side of the band). The addition of IHP to the CO maleimide
derivatives resulted in very small decreases<df5 cnt?

in the frequency of/(Fe-His) in the photoproduct spectra.
A small IHP induced decrease in frequency of about T'tm
was observed for G-S-S-COHDbA. In contrast, and as previ-
ously reported 38, 39, 46), the addition of IHP to COHbA
results in a decrease in the frequencyv{fe-His) of ~4
cm? for the 8 ns photoproduct.

With the exception of NESdes-ArgHbA, the resonance
Raman spectra of the deoxy derivatives for 88 modified
Hbs and for HbA are all very similar. Previously reported
results 65 demonstrated that NEMdes-ArgHbA shows a
large increase of 6 cm in the frequency ofv(Fe-His)
relative to the value observed for deoxyHbAZ15 cnt?).
The other93 deoxy derivatives exhibit a(Fe-His) band
having frequencies much closer to that of unmodified
deoxyHbA. The broadness of th€Fe-His) band for the
deoxy derivatives makes accurate peak positions difficult;
however, the frequency of th€¢Fe-His) band for several of
the 393 derivatives appear to be between 1 and 2'dmigher
than for HbA. The addition of IHP has little effect on the
deoxyHbA spectrum, as previously reported, but shifts the

properties of a noncooperative T state species. In contrast,
encapsulated PIbA was shown to lose and rebind oxygen
with high affinity, in a manner consistent with a trapped
R-state species. These and subsequent stus& ST, 60)
strongly suggested that the sglel greatly slows the ligation
associated relaxation of the quaternary structure of the
initially encapsulated population. Thus, when deoxyHbA and
O.HbA are encapsulated, there is an extended period of time
during which the T and R structures are maintained
respectively even when the ligation status of the heme is
changed.

The altered oxygen binding properties reported for-sol
gel encapsulated Hb raised the exciting prospect of using
sol—gels to trap nonequilibrium species, such as liganded T
and deoxy R. A full analysis of the potential of this technique
required a more detailed probe of the functional, conforma-
tional, and dynamical behavior of the encapsulated proteins.
Resonance Raman spectroscopy was used to help determine
the extent to which both tertiary and quaternary conforma-
tional changes are restricted in the-sgel. Visible resonance
Raman spectra of a deoxygenated sample of encapsulated
HbA generated by adding dithionite to an encapsulated O
HbA sample revealed that both tertiary and quaternary
structural changes are slowed as the-gml is cooled %8).
A UV resonance Raman stud§9) on encapsulated deoxy-
HbA exposed to CO revealed that at@ the addition of
CO minimally perturbs the quaternary or tertiary structure
of the encapsulated T state HbA. Subsequent spectra,
obtained after allowing the sample to remain at ambient
temperatures for a few hours, indicated additional confor-
mational changes reflectingR changes in the hinge region
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but not the switch region of the-TR sensitivea,, (and derivatives. Even more surprising is the large reduction in
0f31) interface. These two Raman studies clearly showed the geminate yield for COHbA when derivatized with
that sot-gel encapsulation is a viable method for overcoming maleimide. The effect is clearly maleimide specific since
the diffusion and mixing time limitations in a typical rapid virtually the same reduction in geminate yield occurs for the
mix experiment. In a more recent studydy, it was shown wide variety of maleimide modified forms examined but not
that sot-gel encapsulated Hbs can yield high quality ligand for the nonmaleimidgs93 modified Hbs. Thus, the male-
rebinding kinetics after nanosecond photodissociation andimide induced modification of COHbA results in both a
that a modification of the original selgel preparative proto-  reduction in the geminate yield and a diminished response
col is considerably more effective in restricting the confor- of the geminate rebinding to the addition of IHP. Earlier
mational relaxation of the initially encapsulated structures studies 22—25) have shown that the reactivity of NESHbA
after the addition or removal of ligands. This newer protocol toward dioxygen is reduced relative to HbA as reflected in
was used in the present study to trap the conformations ofK, differences. The present study indicates that at least part
the initially encapsulated derivatives 883 modified HbA. of this reduction in reactivity is kinetic in origin.

Geminate Recombination for R-State Solution Phase The reduction in geminate yield for R-state species either
SpeciesSeveral studies indicate that the geminate yield for through the maleimide modification @g®3 or the addition
Hbs is highly responsive to quaternary structu38—<45). of allosteric effector can originate either through an alteration
In general, the geminate yield appears to decrease signifi-of the tertiary structure within the R quaternary state that
cantly in going from an R-state to T state form of a given impacts the ligand binding site or an enhancement of the
Hb. Using iron-metal hybridsA4@), double pulse excitations  sub-microsecond relaxation of the local tertiary structure
(40), mixed ligation statesAd), and allosteric effectorgip), upon photodissociation of the COHb. Monitoring the gemi-
it was inferred that the geminate yield for T state COHbA nate rebinding for setgel encapsulated samples helps to
is just a few percent. In contrast, the geminate yield for discriminate between the two mechanisms since 4C4
R-state COHbA is approximately 50% at 25 (32—34, 36). tertiary relaxation on the sub-microsecond time scale is
Through the use of selgel encapsulation techniques, it was greatly slowed %8). Furthermore, by virtue of preventing
directly demonstrated that the geminate phase for T stateinterconversion of distinct conformational populations, the
COHbA is only a few percent6() as predicted from the  encapsulation protocol can establish if there are multiple
above earlier indirect studies. The geminate yield has alsopopulations of functionally distinct species present in the
been shown to decrease for R-state liganded HbA whenequilibrium distribution (e.g., the presence of both R and T
allosteric effectors are adde®7 38, 47). These results  state forms of the CO derivative). The presence of distinct
suggest that tertiary structure changes within the R-state inhigh and low affinity populations trapped in the sgjel
the direction of the T state also decrease the geminate yield.would result in the presence of distinct and separable kinetic
Relaxation of tertiary structure within the R-state after traces for the bimolecular solvent phase rebinding. An
photodissociation is claimed to progressively increase the analysis of the setgel results with respect to this issue is
kinetic barrier for geminate recombinatioBY( 45, 49). It discussed below.
follows that a slow-down in the tertiary relaxation due to R-State Geminate Recombination for-sgél Encapsu-
either viscosity effects6g8, 69) or mutations 47) can result lated Derivatives The geminate recombination for the sol
in an enhanced geminate yield. A comparable effect for the gel encapsulated CO derivatives of HbA, NESHbA, and
T state has also been proposd#, (70). As with the R-state, = NESdes-ArgHbA shows two distinct features (1) the gemi-
the T state should manifest at least two tertiary conforma- nate yield is enhanced over that derived from the corre-
tions: the deoxy T and liganded T structures. The more sponding solution phase and (2) the reduced geminate yield
R-like liganded T conformations should exhibit a higher observed for the maleimide-modified samples is maintained
geminate yield than those closer to the extreme deoxy Tin the sol-gel.
conformation. As a consequence, the rate of relaxation of The enhancement in the geminate yield for all of the
the liganded T conformation toward the deoxy T conforma- encapsulated samples is explainable in terms of a combina-
tion after photodissociation should also play a role in tion of two effects: (i) an extended geminate phase due to
determining the geminate yield for T state liganded species. an increase in viscosity resulting in a slow in the rate of

In the absence of added allosteric effectors, all of the Hbs ligand escape from the protein to the solvent and (2) a slow
in the present study are expected to adopt the R quaternanor cessation in tertiary relaxation occurring on the same time
structure when fully liganded. Indeed the maleimide modi- scale as geminate recombination. A slow of tertiary relaxation
fication of 93 has been shown to favor the R quaternary would have the effect of lowering the effective potential
state (6—18 22—25). The doubly modified NESdes- energy barrier controlling the binding of the CO to the heme
ArgHbA has been shown to be minimally cooperative in that (47, 49, 69, 71). The observation that, under these conditions
the deoxy derivative can be readily stabilized in the R-state of slowed tertiary relaxation, the reduction of the geminate
(22). The observation in the present study that all of the yield for the maleimide derivatives is fully maintained, argues
effector-free samples exhibit a typical R-state bimolecular that this reduction arises at least partially from differences
recombination process with approximately the same rate isin the R structure of the initial liganded species. Furthermore,
consistent with the population of CO saturated derivatives the appearance of only a single phase for the bimolecular
being overwhelmingly R-state. rebinding kinetics indicates that the reduced geminate yield

As anticipated (vide supra), we find that, in general, the is not the result of there being a mixed population consisting
addition of allosteric effectors reduces the geminate yield. of both an R-state population similar to that associated with
Unexpectedly, the degree of reduction in the geminate yield COHbA and a lower affinity population having a reduced
brought about by IHP is greatly reduced {683 modified geminate yield.
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Effector-Induced Changes in the Liganded R-Statee To extend the correlation to the deoxy samples requires
solution results presented show that IHP reduces the R-stateyenerating the frequency ofFe-His) for the photoproduct
geminate yield and slows the rate of the R-state bimolecular of samples prepared as [deoxyHB] CO. Under these
recombination as has been shown in earlier studigs The conditions, the spectra reflect both the quaternary structure
effect is maximal for HbA and minimal for thg93 of the initially encapsulated deoxy derivative and the tertiary
derivatives of HbA. That the addition of IHP impacts the structure changes within the segel (to the extent that they
Raman spectrum of the 8 ns photoproduct of COHbA occur) resulting from ligand binding within that quaternary
indicates that the effect is likely to originate at least in part state. Such studies are currently in progress. In the present
from a static alteration of the liganded R-state conformation. study, the comparison of the CO rebinding kinetics for
That conclusion is also consistent with observations of IHP- [deoxyNESdes-ArgHbA}- CO, [deoxyNESHbAH CO and
induced spectroscopic changes observed for the ligandeddeoxyHbA] + CO correlate with the frequency ofFe-
species12). Furthermore, that conclusion is consistent with His) of the solution-phase deoxy derivatives. The latter two
the earlier claim43) that liganded HbA in the presence of both exhibit deoxy T state values for the frequencyvef
effectors adopts an R-state tertiary conformation that is (Fe-His) and T state kinetics. The [deoxyNESdes-ArgHbA]
functionally distinct from that of the effector free population. + CO sample exhibits R-state kinetics and the corresponding

Effector Modified R-State ang-93 Modified R-State: A deoxy derivative yields an R-state frequency #@Fe-His)
Functional ComparisonThe geminate yield for COHbA is  (65). The difference in both the geminate and bimolecular
reduced both upon addition of allosteric effectors and upon CO rebinding kinetics between [CONESdes-ArgHbA] and
maleimide modification of$93. The similar pattern of [deoxyNESdes-ArgHbAHCO are likely to reflect differ-
reduction in the geminate yield raises the possibility that both ences in the R-state tertiary structures that originate from
alterations produce the same modified liganded R-statethe sot-gel limiting tertiary relaxation both upon ligand
conformation. A comparison of the R-state bimolecular photodissociation and ligand binding, respectively.
recombination in solution reveals that whereas the allosteric The correlation between the geminate yield and the
effectors reduce the geminate yield and slow the bimolecularfrequency ofv(Fe-His) can be explained in terms of both
rate, maleimide modifications only bring about the former. proximal constraint and proximal enhancement. In five
This difference argues in favor of distinctly different coordinate ferrous Hbs, the heme-iron is several tenths of
pathways through which each of these modifications impacts an angstrom out of the heme-plane. The formation of a stable
the R-state. It is also clear that modification3®3 interferes CO bound ferrous derivative requires that the iron move into
with the mechanism through which IHP reduces the rate of the heme-plane. The movement of the iron also entails
the R-state bimolecular recombination. This conclusion movement of the proximal imidazole (from His F8) and the
follows from the observation that addition of effectors to F helix to which this imidazole is attached. The molecular
the $93 derivatives does not produce the same degree ofwork required to move the “protein-decorated” iron upon
slowing of the bimolecular rebinding as is observed for HbA. CO ligation contributes to the potential energy barrier
An earlier study using a fluorescent analogue of DRG) ( controlling the formation of the six coordinate CO-heme
showed that at pH values comparable to those used in thespecies in HbJ9, 45, 75, 76). Proximal strain is a term that
present study, the CO derivative of (PEG2QBQHDbA binds refers to the added work required to move the iron in plane
the DPG analogue even more effectively than COHbA. It under conditions where the tertiary/quaternary structure
follows that maleimide induced alteration 893 does not counters that motion. Such is the case for the typical T state
interfere with effector binding to the R-state (it may even Hbs where at least for the subunits, the protein constrains
enhance it), but does to some extent disrupt the communica-the proximal imidazole to a tilted orientation that energeti-
tion pathway through which effector binding impacts R-state cally favors an out-of-plane iron configuration for the heme.
reactivity as reflected in the geminate and bimolecular The frequency of/(Fe-His) is a good indicator of conforma-
rebinding processes. A recent X-ray crystallographic study tions that functionally manifest proximal straiB9; 41, 45,
of a chemically modified HbA 74), in which the DPG 46). Raman studies on both protein and model porphyrin
binding site is modified through a cross-link between the samples indicate that frequencies f¢Fe-His) in the range
two 382 lysines, reveals possible communication pathways of 220-224 cn! reflect an unconstrained proximal environ-
between the DPG binding site and boflf®3 and key ment. The dramatically lower frequenciessZ10 cn1?)
surrounding residues such as Pt45. observed for theo subunits of T state deoxy Hbs are

Correlation of Geminate Yield witlr(Fe—His). In the reflective of a conformation that exhibits proximal strain
absence of distal heme pocket alterations, the frequency ofwhen undergoing ligand binding.
v(Fe-His) for the photoproduct at 8 ns derived from the  Proximal enhancemen#() is a term that refers to a
various carbonmonoxy Hbs usually correlates with the reduction in the energy cost of moving the iron in plane upon
geminate yield 39, 41, 45, 46). The geminate yield is ligand binding that arises from the protein constraining the
observed to decrease for those species that have the loweF helix to a “hyper-favorable” conformation with respect to
frequency. The correlation clearly extends to the presentligand binding. Such a situation has been proposed for the
study where the geminate yield and the frequency(bk- photoproduct of R-state COHbAIT). Upon photodissocia-
His) for the photoproduct both decrease in the following tion of the CO, the iron moves out of the heme plane within
sequence: COHbA; nonmaleimide modified COHbASs; ma- at most a few picosecond7¢—78). The ability of the
leimide modified COHbAs. Similarly in those cases where proximal imidazole to follow that motion depends to a large
the addition of IHP lowers(Fe-His), the geminate yield also measure on the “vertical” mobility of the F helix. If the F
decreases, with the decrease scaling with the magnitude ohelix is slow to accommodate the movement of the iron and
the frequency reduction of(Fe-His). proximal imidazole, there will be an extended period during
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which there is a compressed Hdis bond {9). The
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reveal thaK; is increased for NESHbA2G—25) comparable

compressed bond is reflected in an increase in the frequencyto what is observed for des-HisHbA. Whereas it is readily

of v(Fe-His) as observed in the photoproduct of COHbA
(79—-81). In this picture, the nanosecond to microsecond
relaxation ofy(Fe-His) for photodissociated R-state COHbA
is reflective of a decompression of +elis bond as the F

helix undergoes tertiary relaxation from the liganded R
conformation to that of the deoxy R conformation. It has
been proposeds@) that this relaxation takes the form of

“clam shell” type rotation of the F and E helices. Ligand
rebinding to the “relaxed” deoxy R conformation requires
that the iron, the proximal imidazole and the F helix all shift;

understandable how the disruption of the 4§4—His 5146
and the Hisf146—Lys a40 hydrogen bonds results in a
destabilization of the T quaternary structure with respect to
the R structure, it is not clear how these modification result
in the increase in ligand binding reactivity within the T state.
The slight increase in the frequencyf-e-His) reflects a
communication pathway that ultimately impacts the ligand
binding site. An alteration in the interaction between the
penultimate tyrosingd Tyrl45 andf Val98 is a possible
pathway for impacting th heme-histidine interaction. The

whereas, ligand rebinding to the unrelaxed photoproduct doesyritium exchange studies88, 84) reveal that the NES

not require the movement of the F helix. As a result, the
energy cost for ligand rebinding is lower for the unrelaxed
photoproduct. This effect has been proposéd (o be the

modification gets communicated to the N terminus ofdhe
subunits as well. Similarly, FeNi hybrid NESHbA shows
that the enhanced ligand binding reactivity extends to both

conformational origin of quaternary enhancement. Quaternary supunits 26, 27). The pathway(s) through which modifica-

enhancement is the increase in ligand binding reactivity of
the R-state tetramer over that of the dissociated dimié¥s (
21). Within the above model, the loss of the quaternary
enhancement for a modified or mutant liganded HbA would
be reflected both in a reduced frequencyffffe-His) from

the 8 ns photoproduct and a reduction in the geminate yield.
All of the maleimide-modified HbAs in the present study
fulfill those criteria for a reduction of the quaternary
enhancement effect.

Conformational Origins for Altered Functional Properties
Associated withf 93 Modified deoxyHbAStudies 23—25)
have shown that NEM modified derivatives of HbA typically
bind the first oxygen with higher affinity;) than does HbA.
WhereasK; for NESHbA is only a little more than a factor
of 2 greater for HbA, for the NESdes-Arg derivative it attains
values associated with a noncooperative R-s2g Several
biophysical studieseb, 82—84) indicate that the NESdes-
Arg derivative of HbA exhibits R-state properties even in
the deoxy form. These findings are consistent with the
present results that show R-like bimolecular CO rebinding
kinetics from photodissociated [deoxy NESdes-Arg HbA]
+ CO. Thus, all the results indicate that the highvalue
for NESdes-ArgHbA stems from the full relaxation of T state
constraints as reflected at least in part by the 6'dmcrease
in the frequency ofv(Fe-His) 65) and 2 nm red shift of
absorption Band Il (758760 nm) (7) for the deoxy
derivative of NESdes-Arg.

Whereas the increase i{; for NESdes-ArgHbA can
readily be explained in terms of an R-state deoxy derivative,
the functional properties of HbA modified exclusively3&3
cannot. Tritium exchange studie83( 84) show that in
solution with respect to destabilization of the T structure,
the NES modification of deoxyHbA has a nearly identical
energy consequence as loss of Hi$46 in the desHis
derivative of deoxyHbA. Despite the destabilization of the
T-state due to the loss of both the A8p4—His 3146 and
the His3146—-Lys a40 hydrogen bonds, the deoxy deriva-
tives of both species retain the T state conformation.
Furthermore, X-ray crystallography reveals that both deoxy
desHisHbA 85) and deoxy (PEG2002XLHbA (6) exhibit
T state conformations with only very modest local changes
around the C-terminus of the chains.

Despite the clear indications that deoxy derivatives of
maleimide modified HbA (with the exception of NESdes-
ArgHbA) are stabilized in the T structure, functional studies

tion of 93 communicates with the hemes is unclear but
might involve theoyf; interface via a perturbef99—a42
interaction. The slight increase itfFe-His) observed for the
93 modified deoxy derivatives might represent a decrease
in the kinetic barrier for the ligand on rate and hence explain
part of the enhanced reactivity. More likely, but as yet
unexplored, is the possibility that the global changes observed
for 593 modified deoxy derivatives described above influence
the stability and perhaps conformation of the liganded T state,
which would influence the T state off rates (and T state
geminate yield).

Conformational Origins for Altered Functional Properties
Associated witl 93 Modified COHblsolatedf chains 22)
as well as the intact R-state tetramer show alterations in
reactivity upon formation of the NES derivative. The present
study indicates that the maleimide modification in particular
produces an alteration in conformation of the liganded
derivative that is manifested in the substantially reduced
frequency ofv(Fe-His) for the 8 ns photoproduct. Within
the context of the “clam shell” type of relaxation described
above, the maleimide modified derivatives of COHbA could
be said to display an F helix that is at least partially relaxed
from the energetically more favorable (with respect to
rebinding) compressed configuration (vide supra) of the
normal COHbA photoproduct to the less favorable config-
uration of the deoxy R conformation. The present results
suggest that the scaffoldingq, 86—88) that maintains or
stabilizes the F helix in the position that results in the
compressed FeHis bond has been compromised in the
maleimide-modified COHb derivatives. Since {p@—146
andfp146—040 hydrogen bonds are already lost in the R-state
structure, the above effect is not likely to originate from those
interactions. A more likely origin is from Typ145. A
crystallographic study of a SNB93 modified R-state Hb
reveals a marked shift in the position of Tgt45 (89). A
disruption of the Typ145-Val 598 hydrogen bond is likely
to have an impact on the scaffolding supporting the F helix
and may therefore be the source of altered R-state properties
of maleimide-modified HbA. Furthermore in a previous
study, it was proposed that a mutation-induced alteration in
the conformation of the TypB145 is the source of an
enhanced HF helix scaffolding and an exaggerated qua-
ternary enhancement effect observed in HbYpsilanti-

(B99ASp—Tyr) (47).
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CONCLUSIONS

The present study shows that the conformational and
functional consequences to HbA upon modificationse8
are chemistry specific. All of the maleimide-based modifica-
tions result in alterations of the liganded (carbonmonoxy)
R-state as manifested by a substantial reduction in the
geminate yield and a several wavenumber (Ynadecrease
in the iron-proximal histidine stretching frequency for the
photoproduct. The disulfide-based modifications result in
similar consequences, but with the changes being much
smaller. Both classes of modifications are shown to interfere
with the full expression of the IHP effect within the liganded
R structure. Setgel encapsulation is demonstrated to be an
effective method for restricting conformational changes that
allows for a comparison of kinetics of CO rebinding by the
deoxy and liganded conformations of the differg#23
modified Hbs.
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