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ABSTRACT. Laser flash photolysis technique is used to study human hemoglobin (HbA) oxygenation.
Monomolecular geminate oxygenation of triliganded R-state HbA molecules is described by a function
of three exponentials. Geminate oxygenation ofdk&ubunit within R-state HbA is characterized by two
components with time constants of 0.14 and 1 ns, while geminate oxygenation @fstifainit within

HDbA is characterized by two components with time constants of 1~@@ins. Bimolecular oxygenation

of triliganded R-state HbA molecules is described by a biexponential law. Two observed rate constants
are assigned to oxygenation of theandf-subunit within HbA. The bimolecular association rate constants
for O, rebinding with theo- and-subunit within triliganded R-state HbA akg = 18.8+ 1.3 uM-s)™?

andks = 52 + 4 (uM-s) 1, respectively. The apparent quantum yields of photodissociation ¢i-thed
o-subunit within completely oxygenated R-state HbA differ from each other by a factor of 3.6 and are
equal to 0.041 0.004 and 0.0114 0.0012, respectively. The apparent quantum yield of photodissociation
of completely oxygenated R-state HbA is equal to 0.626.003.

Tetrameric human hemoglobin (HbiA)s an allosteric the protein. This will make it possible to define @ajectories
protein that carries molecular oxygen §an blood and when the molecular oxygen moves in the interior of the
tissues. With its relatively simple structure, it serves as a protein toward the binding center and when it moves back
good model for studying nonlinear and cooperative interac- to the surrounding medium. The considered motion is a
tions in proteins composed of several subunits. HbA is an complex process. It is commonly accepted that after photo-
ensemble of two dimers formed by a pair of and dissociation, a free ©molecule moves diffusionally inside
f-subunits, each containing heme b. This protein is known the protein globule, successively overcoming barriers im-
to be able to bind four ©molecules, one molecule per one posed by the protein structurgd). A considerable number
heme in each subunit). With the use of X-ray diffraction  of O, molecules cannot overcome these barriers inside the
analysis, it has been found that there exist two conformationsprotein matrix or the border between the protein and the
of the HbA quaternary structure. Oxygenated HbA has a solvent and return and rebind to heme iron atoms. Such a
high-affinity structure called R (R-state), and the deoxygen- reaction is referred to as geminate recombination (GR). For
ated one has a low-affinity structure called T (T-stag) (  those HbA subunits from which Omolecules succeed in
As HbA is oxygenated, its Oaffinity is enhanced, and  escaping into the surrounding medium, rebinding is a
consequently, the protein itself regulates the ligand affinity pimolecular reaction (BR). Besides the oxygenation studies,
(1, 2). Since theo- and -subunits differ in structure,  the hemoglobin reactions with other small ligands (i.e., CO

knowledge of individual properties of each subunit type in 5,4 NO) were also extensively studied (see, for example,
the isolated state and in the different conformational forms tg 23-25), in particular for comparison with myoglobin

of tetrameric HbA 2—4) is necessary to understand the (26, 27).
molecular mechanism of HbA cooperative oxygenation. ’

Studies of photodissociation of the oxygenated protein
(5—21) aimed to examine the dynamics of Motion within

In a related approach to Gibson’s work),( the flash
photolysis technique was extensively used in kinetic studies
of the oxygenated hemoproteirss«(21). The earlier studies
(5—10) dealt with bimolecular @rebinding within micro-
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recombination€; = 0.19 ns and, = 1.6 ns) with an offset ~ mately 1 mJ. The radiation of the nitrogen laser is divided

component has been previously fourd,(19). A consider- into two beams by the splitter with a variable beam intensity
able optical delay between exciting and probing pulses maderatio. Before being focused on the sample, the excitation
it possible to study GR over the time range 95 ns (7). beam is adequately delayed in a fixed optical delay line. The

The main objective of the work is to determine the S€cond beam pumps the dye laser. Tunable radiation
complete oxygenation kinetics of R-state HbA from several Produced by the dye laser enters a variable multipass optical
picoseconds to several milliseconds using kinetic laser delay line after collimation by a telescope. When the optical
spectroscopy methods. This would enable us (i) to describedelay line is adjusted to get the longest optical path on a 2.5
kinetically the @ motion in the interior of the protein, (i) ™M ong guide rail, the monitoring pulse enters the sample
to estimate the efficiency of Gescape from the protein, and 92 NS after excitation. In the present study, transient
(i) to measure the bimolecular rate constants of O absorption kinetic curves are re_gu;tered in the sp_ectral region
association with hemoglobin. It should be pointed out that 430-440 nm. The time resolution of this setupd ns.
the results of our studies of the bimolecular oxygenation  Kinetic parameters for bimolecular oxygenation are mea-
reaction of native HbA and its isolated chains have been sured using another nanosecond laser spectroni€eie
published recentlyl(). In the present paper, we shall analyze second harmonic (532 nm) of an Nd:YAG laser serves as
bimolecular oxygenation in the context of its relation with an exciting light pulse: the pulse duration4£0 ns, and
geminate oxygenation. These measurements will help us tothe pulse energy ranges from 1.5 to 6.0 mJ. A halogen lamp,
find individual kinetic parameters of GR, which are yet KGM12-100 (Brest Lamp Plant, Belarus), fed by a stabilized

unknown, for thea- and 8-subunits within the tetramer. power supply is used as a probing light source. Lamp
radiation is focused with a condenser on the sample. After
MATERIALS AND METHODS passing the sample, the radiation enters a detecting mono-

chromator equipped with a FEU-84 photomultiplier as a light
Oxyhemoglobin was isolated from fresh donor blood by detector, time resolution being850 ns. Transient absorption
the method described elsewhe8); Oxyhemoglobin was  measurements are performed in the spectral region-430
separated into the- and-subunits by treating the protein 435 nm. The signals measured by the photodetector are
(5 x 1074 M) with a 10-fold excess op-chlormercuriben- digitized and visualized by a digital oscilloscope BORDO110
zoate (PMB) in 0.02 M potassium phosphate buffer at pH (Universal Enterprise “UNITECHPROM at the Belarusian
6.7 (29). The isolatedo- and -subunits were obtained by  State University”, Minsk). The sensitivity of the detection
ion exchange chromatography on CM cellulose of PMB- system allows us to measure photoinduced absorption
treated oxyhemoglobin at pH ranging from 6.0 to 8.5 at the changes up to Xk 10°% absorbance unit.
ionic strength from 0.01 to 0.02 M in potassium phosphate  The kinetics of photoinduced HbA reoxygenation is
buffer at+4 °C (29). studied under conditions when a small amount (no more than
The HbA concentrations are 100 and 4@81 on a per 1%) of G, is released from fully saturated HbA. Bearing in
heme basis. At such concentrations, the dissociation of themind the contribution from geminate recombination, we
tetrameric protein into dimers can be neglected. assume that the primary photodissociation level does not
Picosecond and subnanosecond experiments are performeg*ce€d 10%19). Such the photoexcitation level is used to
using a homemade pumrobe transient absorption spec- ensure th(_a experimental conditions when statistically each
trometer described in red0. The samples are excited with N€mMoglobin molecule loses only one molecule of oxygen
the second harmonic (532 nm) of a YAG:XNdsolid-state and t'he tetrqmerlc protem remains in the R-sta8).(In
master laser, while radiation of an optical parametric fact{ In experlm_ent_e_lther of two Seq“e”‘?es of events can be
oscillator is used as a probing beam tunable over the entire®@lized for an individual HbA molecule:
visible region (386-1000 nm). An intracavity negative- .
feedback electrooptical system in combination with intrac- (o-O,,5-O,)(0-O,,3-0,) ==
avity pulse selection provides sufficiently high stability of _ ; O = - . _
laser intensity (intensity scatter 5%) and gives sufficiently (0,3-0, + O)(0-0,,4-0,) = (0,-0,)(0-0,,5-0,) + O,
i itivi 3 hw
ggDh se_nsmwty anq accuracy (_)f the speg:tror_netex(lO‘ (0-0,,3-0,)(0-0,,8-0,) ==
units). An optical delay line used in picosecond and R
subnanosecond experiments allows us to carry out transient (-0, + O)(0-0,,5-0,) =
absorption measurements on a time scale up to 3.2 ns. Delay (0-0,,8)(0-0,,6-0,) + O, (1)
line control, registration of laser beam intensities, data
acquisition, and processing are performed with standard PCHere @-0,,3-0,)(a-0,,8-0,) denotes oxyhemoglobin. In
and CAMAC equipment. The time resolution of the above scheme 1, the oxygenated subunits are shown together with
setup is approximately 2625 ps as limited by the width of O, (a,8-O, + O,) and @-0,,8 + O,) are monooxygenated
the probe and pump pulses. HbA dimers. In this case, the photodissociatech®lecule
A computer-controlled nanosecond spectrophotomair ( still remains within the protein matrix. The right-hand terms
used in laser flash spectroscopy studies is based on a nitrogei! scheme 1 represent the case with freen@tion in the
laser (PL 2300, PTI) serving both as a source of excitation solution.
and as a pump for a dye laser generating the monitoring light. ~ Additionally, the isolatedx- and 3-chains modified by
Typical parameters of the nitrogen laser are as follows: the p-chloromercuribenzoate (thé™8- andSPMBE-chains of HbA)
emission wavelength of 337 nm, the repetition rate up to 10 are also studied. The choice of the modifiefVe-,5PMB-
Hz, the pulse widths 1 ns, and the pulse energy of approxi- chains of HbA is not accidental. It is dictated by some
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difficulties in obtaining the monomerjgs", since the protein
consists of a dimeftetramer mixture over a broad concen- 1.0 4
tration range and experimental studies atgM concentra-

tion, at which/3SH is mainly monomeric, are rather compli-
cated. As for theS"MB-chains, monomerigg"B can be
obtained when solutions of this protein are at a higher B
concentration of kM in heme. At heme concentration of XN
10 uM, o-chains are mainly monomeric. It is noteworthy &
that for theaPVB- andaSH-chains, the bimolecular association S
rate constants as well as the apparent quantum yields ofz
photodissociationy, coincide (L6). It has been showrlg)

that within the time range from several picoseconds up to
1.5 ns these monomeric proteins have the close geminate , oo
recombinations. As for the monomefiEMe- and/SH-chains, : 1000 2000

they also possess the same bimolecular association rate )

constants 16, 33). In this work, we measure kinetic Time, ps

parameters for the isolatedPVB- and APMB-chains at Ficure 1: Normalized transient absorption decay corresponding
concentrations 100, 10, andu. In our experiments, the to the recombination kinetics of Qwith R-state HbA over the

followi f lished: 0—3000 ps time range. Excitation wavelengflyc = 532 nm;
ollowing sequences of events are accomplished: detection wavelengthige: = 435 nm. Conditions were 50 mMK

HPO, buffer, pH 7.4, at 20C. HbA concentratior= 100 «M in

0.5

(a-Oz) g (o + 02) = (o) + o2 heme. The circles star)d for our experimer)tal data, and the solid
(2) line represents data fit by dual exponential plus constant. The
v - observed maximal change in the optical density of the sample was

(B-O) = (B + Oy) =(p) + O, 0.1 OD.

Notation used here corresponds to that of scheme 1. binding centers to that of absorbed light quanta will define
Transient absorption decays are analyzed with a standard,, 4nparent quantum yield of dissociation. It is obvious that
least-squares technique using a homemade software for PCyig ‘ratio will be a function of time elapsed after the
The deconvolution procedure is applied to correct the gissociation event and its value will be always smaller than
measured kinetics for the effect of instrumental response. ., - After GR is completed, the apparent quantum yield of
The quality of fitting is determined by examining the Student ,ngtodissociatiory is properly responsible for the number
coefficients for fitted function parameters and also by visual ¢ 0, molecules that escape from the protein, and the ratio
examination of residues. The bimolecular association rate ylyo represents the efficiency of,@scape from’the protein
constank is calculated using the formula: matrix. The apparent quantum yields determined using a
1 relative method previously discussetD). HbA in 50 mM
k= 70,] (3 K.HPQO,, pH 7.4, buffer is used as a reference standard, for
which y = 0.026+ 0.003 was obtained.

wherer is the time of deoxygenated subunit binding ta O RESULTS
The time is derived from the experimental curve for

photoinduced absorption change)J@& a concentration of Time courses for triliganded R-state HbA oxygenation are
molecular oxygen dissolved in the buffer. The measurementsshown in Figures 1, 2 (curve a), and 3 (curve a). Data
are made at 20C. analysis shows that the normalized oxygenation kinetics of

The primary quantum yield of photodissociatiops, triliganded R-state HbA in picosecond <3000 ps) and
representing the ratio of the number of dissociated O nanosecond (695 ns) time ranges can be modeled by the
molecules to that of absorbed light quanta is determined asfollowing equations:

_ AAV
707 AeloN

whereAA is the maximal change in the optical density of ~ AAnerm = & €Xp(—t/7}) + &5°exp(—t/75) + agons (6)

an oxyhemoglobin sample after photodissociation at the

initial time moment,Ae is the difference in the absorption where the superscripts “ps” and “ns” correspond to experi-
coefficients for deoxygenated and oxygenated hemoglobin mental data obtained for the picosecond-8000 ps) and

at the wavelength of observatiohis the optical path¢ is nanosecond (695 ns) time ranges, respectivel§Anom is

the fraction of absorbed light, adlis the number of photons @ normalized change in optical density of the sample (Figures
striking upon a working volum&/. The primary quantum 1 and 2 (curve a))a andr; (i = 1,2) are amplitudes and
yield of photodissociation is establishetb( 19) to be the  decay times of kinetic components, respectivelypstis a
same {o = 0.23 + 0.03) both for the isolated HbA chains constant component (offset). Table 1 lists the results for
and for the tetramer. It should be emphasized that a verythe kinetics approximated by eqs 5 and 6. Comparison of
similar value,yo = 0.28 + 0.06, was obtained for oxymyo-  the results for the considered picosecond and nanosecond
globin (34). Following the oxygenation recovery, the number time ranges demonstrates that a common component with
of deoxygenated binding centers produced after photodis-the decay timer5® (7)) is present in the GR kinetics of
sociation decreases. The ratio of the number of deoxygenatedriliganded R-state HbA for both time ranges. For this

(4) A pzrm = ags exp(—t/rﬁs) + ags exp(—t/rgs) + aggnst (5)
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Table 1: Kinetic Parameters for Oxygen Binding to R-State HbA and
Ranges

to the Isatatadd 3-Chains over the ©3000 ps and 695 ns Time

protein time range (ps) buffer C (uM)P 1% (ns) 75 (ns) ab® (%) ab® (%) abls (%)
HbA 0—3000 50 mM KHPO,, pH 7.4 100 0.14+ 0.02 0.98+ 0.12 25+ 3 49+ 2 26+ 3

protein time range (ns) buffer C (uM)® 77°(ns) 75°(ns) af® (%) ay® (%) ane (%)
HbA 0—-95 50 mM KHPO,, pH 7.4 400 1.5+ 0.2 29+ 2 60+ 3 25+1 154+ 2
oPMB 0—95 50 mM KHPQOy, pH 7.4 50 1.3:0.2 42+ 4 48+ 2 27+ 2 26+ 2
prve 0-95 50 MM KHPO,, pH 7.4 100 1.3 0.2 54+ 4 47+ 2 33+2 21+ 2

aFor kinetic parameters for the-B000 ps time range, the uncertainties are presented as 95% confidence intervals, while f®3hesQ@ime

range, they are presented as standard erfétsme concentration.

component, we shall use the valuerdf obtained from the
picosecond studies because the value Bfreceived with
lower time-resolution and signal-to-noise ratio. By conven-
tion, let us call the common component the 1 ns component.
As a result, the constant component with the amplitude
als is defined as a sum of the longest nanosecond com-
ponent with the decay time}® and the contribution from
bimolecular reactions. The constant component with the
amplitudea;, obtained from the nanosecond studies rep-
resents BR. Thus, a normalized kinetics of monomolecular
geminate oxygenation of triliganded R-state HbA can be
described by function of three exponentials and a constant
component, which corresponds to more prolonged bimo-
lecular nongeminate processes:

3

AAnorm = Zal exp(—t/ri) + 3y (7)

Equations 811 define amplitudesa() of the components
observable in the complete kinetics of the tetramer reaction:

a, =a® (8)
a,=ay %)
ay’
= al (10)
3 aconstags + nznst
ns
ps aCOI’]St (11)

S
onst

= aconstagsT
Hereay, a;, andas are the amplitudes of 0.14, 1, and 29 ns
components of geminate recombination of R-state HbA,
respectively, andy is the amplitude of bimolecular oxy-
genation reactions. In tetrameric native Hb#, relates
to the efficiency of ligand escape from the protein into
the environmental medium. Substitution of the experi-
mental kinetic parameters (Table 1) into egsl18 gives
the amplitudes of the components to be = 0.255 +
0.012,a, = 0.490 + 0.010,a; = 0.160 + 0.012, and
a, = 0.096+ 0.014. As it is mentioned in Materials and
Methods, after GR is completed, the rafify, determines
the efficiency of Q escape from the protein matrix. Thus,
based on the calculated value af the apparent quantum
yield of photodissociatioy and the primary quantum yield
yo differ by an order of magnitude as

a,=7ly, (12)

5

o
(9]

Normaliz

0.0 A

40
Time, ns

Ficure 2: Normalized transient absorption decays corresponding
to the recombination kinetics of Qvith R-state HbA and with the
isolated chains over the-®5 ns time range. Excitation wavelength,
Aexe = 337 nm; detection wavelengthge: = 430 nm. Conditions
were 50 mM KHPQ, buffer, pH 7.4, at 20C. Heme concentration,
[HbA] = 400uM (a); [aPMB] = 50 uM (b); [SPME] = 100uM (C).
Symbols correspond to our experimental data, and the solid lines
show data fit with biexponential function plus constant. The number
of experimental data points on the figures is reduced with a factor
of 4 for clarity. The observed maximal changes in the optical density
of the samples were 0.3 OD.

Having this in mind, let us consider the agreement of the
experimental values of, and y measured with help of
different experimental setups for various time ranges. In refs
16 and 19, the values of the primary quantum yielgy =
0.23 £ 0.03, and the apparent quantum yield of photodis-
sociation, y = 0.026 £ 0.003, have been determined
independently of each other. Using eq 12, one can take the
value ofyo = 0.23+ 0.03 and obtain a value of = 0.022

4 0.004. Alternatively, fory = 0.026+ 0.003 eq 12 yields

yo = 0.27 £ 0.05. This shows a good agreement between
the measured values of the quantum yieldand y.

Time courses for oxygenation of the isolatetB- and
BPMB-chains are shown in Figures 2 (curves b and c) and 3
(curves b and c). The normalized oxygenation kinetics of
the isolated chains in the nanosecond 98 ns) time range
can be modeled by eq 6. The results of fitting are summarized
in Table 1. One can see (Table 1) that there are differences
in the kinetics of the isolated."VB- and °MB-chains and
HbA (Figure 2). HbA is characterized by the increased
amplitudea’® = 60% + 3% of the 1 ns component and by
the smaller amplitudey, = 15% + 2% of the constant
component. The apparent increase of the valfieof the 1
ns component can be caused by the 0.14 ns component
superimposed on the 1 ns component. Additionally, tet-
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Table 2: Kinetic Parameters for Oxygen Binding to R-State HbA and to the Isalatedd 3-Chains over the ©2000us Time Range

protein buffer CuM)® ks M-Syt Ky (uM-s)yt a3 (%) aq (%) Vp Va 4
HbA 50 mM KHPQ,, 100 52+ 4 18.8+1.3 78+£3 22+3 0.041+0.004 0.0114t0.0012 0.026t 0.002
pH 7.4
HbA 10 mM Tris HCI, 100 62.9+ 1.6 272413 79+2 21+2 0.036+ 0.004 0.01G+ 0.001 0.023+ 0.002
pH 7.4
protein buffer C (uM)® K (uM-s)t y
oPMB 50 mM KoHPQ,, 100 444 2 0.0564+ 0.006
pH 7.4
oPMB 50 mM KoHPQ,, 10 46+ 2
pH 7.4
oPMB 50 mM KoHPQ,, 2 44+ 2
pH 7.4
prve 50 mM KoHPQ,, 100 49+ 1 0.068+ 0.007
pH7.4
prve 50 mM KoHPQ,, 10 52+ 2
pH 7.4
prve 50 mM KoHPQ,, 2 51+1
pH 7.4

aFor kinetic parameters for the-®000us time range, the uncertainties are presented as 95% confidence inteHaise concentration.

1.0 1
ho]
[0]
% 0.5 a
£ l >
s [+]
=z
00 T T T T T T
0 100 200 300 400 500

Time, us
Ficure 3: Normalized transient absorption decays corresponding
to the recombination kinetics of Qvith R-state HbA and with its
isolated chains over the-®00 us time range. Excitation wave-
length, Aexe = 532 nm; detection wavelengthiges = 430 nm.
Conditions were 50 mM BHPO, buffer, pH 7.4, at 20C. Heme
concentration, [HbAE 100uM (a); [oPME] = 100uM (b); [5PVB]
=100uM (c). The observed maximal changes in the optical density
ofPtSBe samples were 0.01 OD (HbA), 0.02 O&{'®), and 0.025
(B°VE).

rameric HbA demonstrates a shorter valug® & 29 + 2

ns) of the decay time for the slowest GR component in
comparison with values 42 4 and 54+ 4 ns for thea"MB-
andSPMB-chains, respectively.

Results of the bimolecular oxygenation studies are pre-

sented in Figure 3. The normalized oxygenation kinetics of
triliganded R-state HbA over the microsecond-@D0O0us)
time range is fitted with a biexponential function:

us

ARoom = 33 eXp(=titg) + a, expt-tir,)  (13)

where AA.om is @ normalized change in optical density of
the sample (Figure 3, curve a) amg, ag, 7,, and g are

these two bimolecular processes are assigned to bimolecular
oxygenation of thes- and a-subunits within triliganded
tetrameric R-state HbA. The amplitude ratiga, and the
valuey = 0.026+ 0.003 of the apparent quantum yield of
R-state HbA photodissociation indicate that the apparent
quantum yields of photodissociation of theanda-subunits
within completely oxygenated native R-state HbA differ from
each other by a factor of 3.6 and are equal to 0841004
and 0.0114+ 0.0012, respectively (Table 2).

The bimolecular oxygenation kinetics of the isolat&d'®-
and fPMB-chains (Figure 3) are approximated by monoex-
ponential functions. Our data show that the change in the
heme concentration of the”B-chains from 100 to M
does not affect, within the experimental accuracy, the rate
constant for @association with the”™8- chain,k, = 44 +
2 (uM-s)™* (Table 2, Figure 3, curve b). As the protein
concentration is varied, the invariance &f values is
attributed to the essentially monomeric form of a@Ve-
chain in the considered concentration range. In the case of
the fPMB-chains, the same effect is obvious. As the heme
concentration is decreased from 100 taM, we find that
the association rate constant is essentially unalteye€49
+ 1 @M-sytandks =51+ 1 uM-s)%, respectively (Table
2, Figure 3, curve c). On the basis of the experimental results
for the monomericaPVB- and S°MB-chains, it can be
concluded that @rebinding with thesPME-chains proceeds
1.2 times faster than oxygenationa@™&, and the efficiency
of the ligand escape from th#™B-chains into the surround-
ing medium is 1.2 times greater than the one fromcatfée-
chains.

DISCUSSION

As it is shown in Results, several different decay com-
ponents are detected in the time courses for triliganded
R-state HbA oxygenation. There is a reason to believe that
in the present experiment (i) the origin of all observed
spectral changes is ligand rebinding and (ii) all possible GR

amplitudes and decay times of exponentials. Table 2 lists stages should be seen. It should be specially pointed out that

the bimolecular recombination rate constdntierived from
the decay timeg, and 7z using eq 3, together with the

the largest difficulties are encountered in the analysis of the
events during the first few picoseconds after photoexcitation

amplitudes of the components of bimolecular processes. Onof oxygenated HbA. Some authors reported two intermediates

the basis of the considerations described in B&nd 10,

with lifetimes of ~300 fs and 2-3 ps (see, for example, ref



1680 Biochemistry, Vol. 43, No. 6, 2004 Lepeshkevich et al.

Table 3: Calculated Contributionss andwig) of the o- and 8-Subunits to théth Component of the Reaction betweep @hd Triliganded
R-State HbA and Calculated Amplitudes,(andais) of theith Component in the Reaction betweep &hd theo- and 5-Subunits of
Triliganded R-State HbA

Wia Wag Waq Wi Wi Wop Wsag Wag
0.85+0.25 0.54+0.10 0.00+0.20 0.22+0.01 0.15+0.25 0.46+0.10 1.00£ 0.20 0.78+0.01
ala o 8 Aa g az sl A
0.43+0.13 0.52+0.10 0.00+ 0.06 0.042+ 0.006 0.08t 0.13 0.45+ 0.10 0.32+0.07 0.15+ 0.02

35). It is, however, hardly possible to assign such fast association rate constakt = 44 + 2 (uM-s) ! and a value
components to any possible geminate recombination processpf the apparent quantum yield of photodissociafion 0.056

so the~300 fs and 2-3 ps decays mentioned seem to be + 0.006 for the isolated"™B-chain exceed corresponding
caused by other reasons (heme cooling and excited-statevaluesk, = 18.84+ 1.3 «M-s)* andy = 0.0114+ 0.0012
absorption) (see, for example, ref& and 36). Further, the  obtained for thex-subunit within HbA. The smaller changes
photolysis extent-{10%) is insufficient to drive the R~ T are seen in the kinetic parameters for fheubunits. The
quaternary transition. Therefore, only tertiary relaxations can apparent quantum yields of photodissociation differ less,
occur after photodissociation. Furthermore, both optical 0.068 + 0.007 and 0.04H 0.004 for the isolategBPVe-
absorption 5) and resonance Raman experimeB® bave  chain ands-subunit within HbA, respectively. The associa-
failed to reveal any spectral changes associated with thetion rate constark; = 51+ 1 (uM-s)* for the isolategsMe-
tertiary conformational changes in the 10 ps to 10 ns time ¢hain coincides with; = 52 + 4 (uM-s) 2 for the S-subunit
range. In solution at room-temperature geminate recombina-yjithin HbA. As it can be seen, the considered kinetic

tion can occur over a temporal window extended from afew arameters of bimolecular oxygenation of both the isolated
picoseconds up to several hundred nanoseconds. This timeseve_chajn ands-subunit within HbA molecule are relatively

scale is faster than the time scales for large-amplitude tertiary c|ose to each other. As a result. we should expect that upon
relaxations (1us). transformation of thes-subunit from the isolated state into

As mentioned above, in the experiment, one of two

sequences of events (see scheme 1) can be realized with on

individual HbA molecule. Consequently, after photodisso-
ciation in the hemoglobin solution, two reactions are
simultaneously initiated: one reaction occurs with the
participation of thea-subunits and the other with the
participation of the3-subunits of triliganded R-state HbA.
Hence, any determined amplitudge (eq 7) of theith
component of the reaction betweepddd triliganded R-state
HbA can be divided into two constituents:

Qg = W8, =14 (14)

ap= 2w, i=14 (15)

Herea, anday are amplitudes of théh component in
the reaction betweennd thea- andS-subunits of HbA,
respectively.wi, and wiz are contributions of thex- and
B-subunits to theth component of the reaction between O
and HbA. These contributions satisfy the conditieg +
wizg = 1. The condition for normalization of the amplitude
sum is

(16)

4 4 4
;&ﬁ 1, ;&f 1, ;aq =1

Equation 16 is valid because there is a sufficient reason

indicating that the primary quantum vyielgs of photodis-
sociation for the HbA subunits are equal to the valge=

the incorporated state (within R-state HbA), GR components
re not principally affected, the amplitudes of the corre-
sponding components are not altered significantly, and hence,
their ratio undergoes no marked changes. But forotfié-
chains, a different picture of GR can be suggested: the
longest GR component of R-state HbA is negligible or absent
for the a-subunit within HbA. This assumption is supported
by the results of cobattiron hybrid hemoglobin studie4 ),
which have shown the presence and the absence of the
longest GR component of R-state HbA in the and
o-subunits within HbA, respectively. Henceg, = 0.0 +

0.2 andwszs = 1.0+ 0.2 can be used as the contributions of
the a- and-subunits to the longest (29 ns) GR component
of R-state HbA.

Now the valuess, andayg (Table 3) can be found and
overall oxygenation kinetics of the- and/3-subunits within
triliganded R-state HbA can be presented by the following
equations:

AA) = (0.43+ 0.13) exp(-t/(0.14 ns))+ (0.52+
0.10) expt-t/(1 ns))+ (0.004 0.06) exp(-t/(29 ns))+
(0.042- 0.006) exp(£18.8 («M-s) H[O,]) (17)

ANl = (0.08+ 0.13) exp(-1/(0.14 ns)y+ (0.45+
0.10) expt-t/(1 ns))+ (0.324 0.07) exptt/(29 ns))+
(0.15+ 0.02) exp(E-52 @M-s) H[O,]) (18)

0.234+ 0.03, which has been found for oxygenated R-state Where the superscriptsx” and “” correspond to overall

HbA and its isolated subunit4 §).

Now let us analyze all available information on the
individual properties of the- and 5-subunits within HbA.
As it can be seen from Table 2, the contribution of the
and g-subunits to BR is equal teu, = a, = 0.22+ 0.03
andwy; = ag = 0.784+ 0.03, respectively. The value of the

O, rebinding with thea- and S-subunits within triliganded
R-state HbA, respectively, andAnm is a normalized
change in optical density. As it follows from the calcu-
lated data (Table 3), the contribution of thesubunit to the
0.14 ns component of geminate recombination of R-state
HbA is predominant 1, = 0.85 + 0.25). Accordingly,
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the contribution of theS-subunit to the 0.14 ns com- AE’BEC&S 19
ponent is not significant or is absemg = 0.15+ 0.25). Ton © ke  kec (19)

Using the values ofv,, and wys, we may conclude that

the 1 ns component of geminate recombination of R-state with a number of geminate intermediates with the single path
HbA is equally shared by both the- and g-subunit. The for oxygen molecule leaving and entering the bulk protein.
origin of the remaining components is considered above. Most authors agree that at room-temperature ligand binding
As shown in refl6, no 0.14 ns component of GR has to protein can be described by this linear mechanism
been found for the isolated- and3-chains in the 6-1500 involving three consecutive reaction processs; 88—40).

ps time range. These results of the previous picosecondin scheme 19, the molecular oxygen must overcome several
studies 16) are supported by the following data of the present barriers. State A corresponds to the bound state containing
studies. By multiplying the value 0.056 0.006 (0.068+ the ligand covalently attached to the heme iron atom; state
0.007) of the apparent quantum yiejdfor the isolated S corresponds to a state where a free ligand molecule is in
oPMB (BPMB) chain with the constant componeal, . = the so_Ivent phase_. State B represents the initial geminate state
0.26 & 0.02 (0.21+ 0.02), we can obtain the value of following disruption of the irorrligand bond; state C
the primary quantum yielgto = 0.22 0.03 (0.32+ 0.04). represents a state distinct from state B where the ligand is
These calculated values are in a sufficiently good agree-Still embedded in the protein matrix but farther away from
ment with the measured primary quantum yietd = 0.23 the iron atom. State C can bg plcturgd as a pocket outside
+ 0.03, indicating the absence of the0.14 ns GR of the heme pocket from which the ligand escapes to the

component for the isolated chains. Consequently, monomo-SOvent. o _
lecular geminate oxygenation of the isolated chains can To answer the question, if sequential model 19 can

be modeled as a sum of two exponentials and a constantdescribe the abovementioned conservation of the decay time
(eq 6). (1 ns) and the amplitude~(60%), the empirical kinetic
ns ns ns ns
The detailed analysis of the oxygenation parameters of Parametersy’, 7,5 a;, anda,” (eq 6) of the GR compo-
the subunits both in the isolated state and within HbA Nents of the isolated™ ®-chain should be expressed in terms
molecules reveals some interesting experimental features.Of rate constants of Ilga}nd movement between the states of
As it has been shown, the isolatefMe- and 8PME-chains scheme 19. The considered empirical parameters can be

display the~1 ns GR component with amplitudes being expressed through the rate constants by analytical solution
approximately the same-60%) for both isolated chains. of the following system of coupled differential equations (eq

Upon transition of thgs-subunits from the isolated state into 20) for sequential model 19.
the packed state (within the tetramer), the oxygenation kinetic

parameters are not change principally. Nevertheless, the ’M: kga[B] — KaglAl

decrease of the decay timg® from 54 + 4 ns (isolated dﬁ;]

state) to 29+ 2 ns (R-state HbA) occurs. This change is —— =Kyg[A] + keplC] — (kga + Kao)[B]
accompanied by the decrease in the apparent quantum yield dt

y from 0.068+ 0.007 to 0.041+ 0.004. These facts can a[c] = Kgo[B] + ksdS] — (keg + ke9IC]
indicate$3-subunit conformational changes, which cause the dt ¢ S ®
appreciable decrease of the decay time of geminate recom- @ = kedC] — ksdS]

bination and the probability of £escape from the protein. i dt s

In contrast to thg-subunits, the properties of thesubunits
proved to be more sensitive to whether the subunits are in
the isolated state or incorporated into the tetramer. After the

a-subunits are packed into the tetramer, a new GR cOMpO-  iganded subunit; only when state A is formed or decayed
nent appears with the decay time 040.02 ns. However s 5" gpactral change observed. The system of coupled

the 1 ns component is still observed with practically gigterential equations is simplified by omitting the rate of
unchanged co_ntrlbut|or=r(50%). The mt_ngumg conservation  inermal dissociationkas. This rate is negligible low com-

of the decay time (1 ns) and the amplitude50%) prompts  pared with the photodissociation rate. The rate of ligand entry
us to discuss a possible formal kinetic model that can into protein from the solvenksg, is also set to zero because
describe and explain such behavior of the parameters.of the negligible contribution that bimolecular recombination
There are many possible schemes, including parallel andmakes during the first 100 ns after photoradiation. The initial
more sophisticated mixed schemes (see, for example, refsoncentrations of states A, C, and S are set to 0, while that
38 and 39). At the present time, there is no a priori basis of state B is set equal to 1. This is an arbitrary initial
for selecting the best scheme. Within the framework of condition. It reflects only our prior assertion that, after a few
wells models, any oxygen binding scheme that reduces picoseconds of laser irradiation, the free ligand inside the
to two exponential decays can represent separately thedistal pocket and pentacoordinate heme (the spectral features
kinetics both for the isolated chains and for the subunits of this heme are similar to ones for the deoxy-protein) is
incorporated into the tetramer. At least four wells are required already the photolysis product (state B) of six-coordinated
to fit two-exponential geminate recombination time heme (state A). Thus, solution of the differential equations
courses. Let us begin with an analysis oflfinding within with the accepted initial conditions allows us to write the
the framework of a simple phenomenological sequential required empirical parameters in terms of sequential model
model 19:

Here [A], [B], [C], and [S] denote state concentrations. All
states, except for state A, exhibit spectral properties of
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M= 2 the 1 ns GR component being not affected by the subunit
! Kea T Kac + ke + kes + VP packing, one needs to assign the 1 ns component of ligand
e 2 movement in pathway

2

Ko H e s  es— v N
o Keallkce + ke (kon + ko — kep — kes VD) — Zkackes) 1 ke
' 2Vpl(ke + kac) (ke + ko) — Kackee)

This channel does not lead to the solvent phase. Conse-

ar= Konl(kos + ke (kon + ks — Kon — koc + V) + ool quently, after tetramerization the pathway cannot be blocked
2V((kea + ke (kce + ke — kackes) by adjacent HbA subunits or changed by inclusion of internal
P = (Kga + Ks)? + (Keg + Keo)® + 4kackes — 2(Kan + Kac)(Keg + Ko cavities of adjacent subunits of R-state HbA molecule.
(21) Thereby, all @that can reach the first cavity (state B) move

never into the solvent but rebind from the protein in tire

i PMB_, i i
Qf:]eerv\t/hé;{S(zjl(gir'tr?d;nenfgaln('asa?;ev\l/aiﬁ']c't(ﬁg an;g;hetiﬁér%:qir’ 1 ns (1ksa) and have no chance to escape from the protein
P pp Y matrix. But being in the another cavity (state C), the O

0.02 ns. This means that rate constants of ligand movementmolecule rebinds within the isolated?™B-chain in 42+ 4
betvye_en the states are cha_nged. As can be shown frgm €hs (1/kcs + kea)) or has the chance to escape from the
21, it Is very u_nI|ker that_, smultaneously,_the decay time protein with the efficiency 0.24+ 0.04. Upon subunit

and_ the amplitude remain unchange_d with rate C(.)nSt""mpacking, this second channel of, @otion displays some
variation. In anothe_r words, sequent_|al model 19 IS O o bstantial changes. As a result, we can see the disappearance
appropriate to describe present experimental data of Ilgandmc the 42+ 4 ns GR component, the appearance of a new
rebinding with theo-subunits. As will be shown below, the 0.14 ns GR component for tluesut;unit within R-state HbA
following parallel model and the decreased efficiency of €scape from the protein

Kag matrix. These can be associated with two possible effects.

1? B The first effect is a decrease of the internal volume for

e kes (22) disgociated I_igand by (_:han_ging position; of z_imino acid
Azﬁ Ct S residues, which determine ligand path trajectorigssAC

= S. The second one is “plugging” pathways# C =S

and opening new alternative pathways# D = S. Here

can describe ligand rebinding within the isolaté®'®-chain state D represents a geminate state differing from state C in
and can explain adequately the behavior of the empirical GR amino acid residues, which determine ligand path trajectories.
parameters (the decay times and the amplitudes) upon theThe equal values¢50%) of probabilities of states B and C
a-subunit transition from the isolated state to the packed (D) state populations after photodissociation can be due to
state. Recombination model 22 includes parallel reactions,randomly distributed directions of initial ligand motion on
which can occur in a single protein conformation. This the unit hemisphere on the distal side of the heme. Such
assumes that ligand-bound states @d A, should be distribution of probabilities leads to an assumption about two
considered as just the same state A, containing the ligandchannels of @motion in the opposite directions relative to
covalently attached to the heme iron atom. After ligand the heme iron atom. This suggestion is in accordance with
photodissociation within the isolated™B-chain, the system  the results of molecular dynamics simulatiofl), It has
goes from state A to state B or to state C. State C representdeen shown that trajectories can involve so-called classic
a protein cavity from which the ligand may escape to the “short path” (motion very nearly parallel to the heme plane
solvent. The ligand has no chance to escape from a proteinof the . chain, out of the heme pocket between His(E7) and
cavity represented by state B. State S corresponds toVal(E11)), and motion in the quite opposite direction of
movement of a free ligand molecule in the solvent phase. It pyrrole | (41). Parallel model 22 can also describe ligand
is supposed that the internal globin space (including the hemerebinding both in the isolated@”™B-chain and in the trili-
pocket subunit space) can be divided into two parts with ganded R-state HbA with one deoxygenat@dubunit.
relatively high barrier for oxygen motion from one part to Obviously, both channels of ligand movement within the
another. This internal globin space division means that isolated”™B-chain do not undergo marked modifications
immediately after photodissociation, heme pocket amino acid upon thef-subunit transition from the isolated state to the
residues can determine the reaction paths. The experimentallypacked state.

observed rate constant of bimolecular oxygenation for the Now we do not discuss in detail a concrete division of a
isolatedoP™B-chain is assigned to ligand rebinding from the globin space, including the heme pocket cavity, possible
solvent to the deoxygenated chain through intermediate stateconcrete oxygen trajectories, and amino acids residues
C. Upon thea-subunit transition from the isolated state to responsible for the observed kinetics. Investigations of
the packed state, the observed changes of the apparentutagenesis effect on geminate and bimoleculaeBinding
quantum yield and the rate constant of bimolecular oxygen- to mutants at different positions is required to map pathways
ation are assumed to accompany the measured change dbr ligand movement in to and out of the considered proteins.
geminate recombination. Similar to the previous models, the It is possible that proposed parallel model 22 is oversimpli-
rates of thermal dissociatiolkas and kac, and the rate of  fied for the description of ligand rebinding with tle and
ligand entry into protein from the solverksc, are omitted. [B-subunits. Perhaps, the ligand escapes through the interior
Therefore the detected decay times and amplitudes ofof protein by multiple transiently formed hydrophobic
geminate recombination can be expressed through the ratehannels that eventually lead to the solvent phase. The
constants for scheme 22. To comply with the observation of histidine gate is likely to be not the primary pathway for
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ligand movement in to and out of protein. This discussion
will be given elsewhere.

13.

CONCLUSIONS

We have found a kinetic description of dioxygen rebinding
with triliganded R-state HbA and presented the parameters
that describe oxygenation of thee and S-subunits within
the tetramer. The&-chain changes its properties markedly
upon transformation from the isolated state into the incor-

15

porated state (within R-state HbA): the appearance of the 16.

0.14 ns GR component and the disappearance of the slow
(42 ns) GR component are observed. In contrast to the
o-subunit, the3-subunit maintains its properties largely upon

transformation from the isolated state into the incorporated 17:

state. The experimental data presented in the study indicate
that the g-subunit of fully oxygenated HbA shows less
efficient geminate recombination and thus indicate higher
probability of G, escape into the surrounding medium. The
distal pocket of thgs-subunit within R-state HbA is more
accessible for oxygen molecules dissolved in the surrounding

medium. Additional experiments would be required to assign 19.

the above-mentioned protein cavities to concrete protein
regions. This elucidation is of immediate interest to under-
standing of protein structuredynamics relation.

20.
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