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ABSTRACT. In this work, we study the kinetics of the-R T transition in hemoglobin using a combination

of near-infrared and near-ultraviolet spectroscopy. We use-ageblencapsulation protocol to decelerate

the conformational transitions and to avoid spectral perturbations arising from ligand migration and
recombination. We monitor two spectroscopic markers: band Il in the near-IR, which is a fine probe of
the heme pocket conformation, and the tryptophan band in the near-UV, which probes the formation of
the Trpp37—Aspa94 hydrogen bond, characteristic of the T structure, at the criigilsubunit interface.

The time evolution of these two bands is monitored after deoxygenation of encapsulated oxyhemoglobin,
obtained by diffusion of a reducing agent into the porous silica matrix. Characteristic spectral shifts are
observed: comparison with myoglobin enables us to assign them to quaternary structure relaxations. Band
Il spectral relaxation is clearly nonexponential, and analysis with the Maximum Entropy Method enables
us to identify three processes. On the other hand, near-UV spectral relaxation follows an exponential
decay with a time constant closely corresponding to the second process observed in the near IR. Very
interestingly, the rates of all processes markedly depend on the viscosity of the co-encapsulated solvent,
following a power law. Our results reveal correlations between heme pocket relaxations, induced by the
R — T transition, and structural event(s) occurring at tiag, interface and highlight their solvent
dependence. The power law viscosity dependence of relaxation rates suggests that the observed protein
relaxations are “slaved” to the co-encapsulated solvent. The stepwise character of the quaternary transition
is also evidenced.

Conformational transitions involving the quaternary struc- as a consequence, the two quaternary structures are charac-
ture of proteins are fundamental for several biological terized by different geometries for the interdimer contacts
mechanisms. The R—> T transition of hemoglobin, in  and different arrangements of hydrogen bonds and salt
particular, is strictly related to the highly cooperative bridges.
behavior of this protein in its reaction with oxygen. In fact, Much less is known about the structural pathway con-

cooFelrlat(ljwty 'P I|gandtb|ntd|ng ar;sEsf from ? I|gan]E!o_r:- necting the end states of the allosteric transition in Hb,
controfied quaternary structure Switch from a ‘ow-aflinity although recently several approaches, both experimedital (

state to a high-affinity state;x. The end points of the_ 13) and computationall4, 15), provided additional informa-
hemoglobin quaternary transition have been characterized;; : : o
tion. In particular, there is a continuing debate between the

well: they correspond to the crystal structures of HBCO N Do . .
(2 (high-);ffinity sFt)ate, R or thuélternary conformatiof) standard desgr!ptlon ofthe R- T switch as a smgle-stgp
and of deoxyHb (low-affinity state, T quaternary conforma- c_oncerted trans_|t|or116—18) and the more cpmple_x descrip-
tion) (3). On the basis of the crystal structures mentioned 0N @s @ multistep compound pathway involving several
above, the R~ T conformational transition can be described Ntermediates 4-13); in any case, a complete and well-
as a relative motion between the tag8 dimers correspond- accepted picture is at the moment far from being reached.
ing to a rotation of=15° and a translation of0.8 A (6, 7); The hydration properties of hemoglobin in R and T
guaternary conformations are also known to be widely
* This work has been supported by a grant from Italian MIUR (PRIN  different; in particular, it has been shown thaé0 water
2005, 2005027011). molecules are released at theRT transition (9, 20) so
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Archirafi 36, 1-90123 Palermo, Italy. Telephone:39-(0)91-6234221.  marked effect of solvent composition on the-TR allosteric
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1 Abbreviations: Hb, hemoglobin; HbCO, carbonmonoxyhemoglobin; (21, 22). Analogous studies on the effect of solvent viscosit
deoxyHb, deoxyhemoglobin; HeDoxyhemoglobin; TMOS, tetram- ' ) 9 . g y
ethylorthosilicate; MEM, Maximum Entropy Method. on the rates of conformatlorjal transitions have_also been

2Two different quaternary structures have been found for HbCO performed for both myoglobin2@) and hemoglobin 24);

depending on the crystallization procedure: the high-salt R structure i ; ;
(2) and the low-salt Rstructure 4). Recently published NMR data such studies fare greaﬂy rel.evant aISE n VIeW. of fthﬁ
(5) suggest that the quaternary structure of HbCO in solution is actually dependence of protein dynamics upon the dynamics of the

a nearly 50% mixture of R and,Rn dynamical equilibrium. solvent in the hydration shelRp).
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A large body of experimental data on the kinetics of the scopic and functional studie82—34) show that encapsulated
R — T transition in Hb has been obtained with the flash- proteins maintain almost intact spectral and functional
photolysis technique. In these experiments, a HbCO sampleproperties with respect to the solution, thus indicating that
is illuminated by an “instantaneous” laser flash that breaks the encapsulation procedure per se does not introduce
the iron-ligand bond. The subsequent transient spectral relevant structural distortions. On the other hand, a number
changes, reflecting structural changes in the protein and/orof data obtained with both optice88, 35—37) and resonance
ligand migration and recombination, are monitored with time- Raman spectroscop&, 39) show that rates of conforma-
resolved spectroscopy. Results obtained with optical absorp-tional transitions in encapsulated proteins can be substantially
tion (Soret band)§, 10, 12, 16, 26) substantially converge reduced. In particular, for selgel-encapsulated Hb, it has
to identify five (or six) different relaxations on time scales been shown that the rate of theRT quaternary structural
ranging from nanosecond to millisecond. These relaxationstransition is dramatically reduced to days, weeks, or even
are interpreted as corresponding to ligand rebinding andyears, the extent of the slowing depending on details of the
tertiary and quaternary conformational changes; the spectralencapsulation protocol, temperature, and solvent composition.
relaxation occurring at-20 us is usually attributed to the R Once HbQ is encapsulated, the ligand can be removed by
— T transition. Earlier processes, occurring on the nano- diffusing a reducing agent (sodium dithionite). Due to matrix
second to microsecond time scale, are attributed to geminateporosity, the dithionite diffusion time can be made much
rebinding and to tertiary structure changes; late events onfaster than the characteristic times of the quaternary transition
the time scale of hundreds of microseconds and millisecondsof sol—gel-encapsulated Hb: the protein is “instantaneously”
depend on the CO concentration and are therefore attributeddeoxygenated while its quaternary structure remains (initially)
to the bimolecular rebinding of CO from the solution to R. This makes it possible, once suitable spectroscopic
R-state and T-state hemoglobin tetramers, respectively. Thismarkers are chosen, to follow the kinetics of conformational
picture is in substantial agreement with data obtained with transitions using conventional absorption spectroscopy (time
time-resolved resonance Raman spectrosc@jgy28). resolution of~100 s) and preventing any interference from

The recent development of flash photolysis in connection ligand rebinding. Moreover, in view of the high porosity of
with time-resolved vibrational spectroscopy [both FTE®) ~ the sot-gel matrix, the composition of the solvent co-
and UVRR (12, 13, 30)] and with time-resolved CD) and encaps'ulated' with the protein W|th|n'the matrix pores can
MCD (11, 31) spectroscopy has provided new insights and be ea5|l_y' varied, thus allowing studies at various solvent
added to the complexity; in fact, further spectroscopic COMPOsItions.
intermediates on the submicrosecond time scale have been We have chosen two spectroscopic markers that probe two
evidenced and attributed to multiple intermediate structures different sites in the protein: the so-called band Il in the
in a multistep compound pathway of the allosteric transition. near-infrared region and the band~8290 nm in the near-

In recent papersl@, 13), the group of T. Spiro has proposed ultraviolet absorption region of aromatic residues.

a “working model” for a multistep allosteric transition Band IlI, positioned at~760 nm (13200 cntd), is
pathway. After photolysis, the breaking of the@0 bond gpserved only in the deoxygenated derivative of Hb and is
brings the protein into the so-called geminate state: strain attriputed to a porphyrin to iron charge transfer electronic
first accumulates at the hememidazole complex and  ransition ¢0). Itis mainly sensitive to heme pocket structural
subsequently+65 ns) relaxes via the rotation of the E and rg|axations, and for this reason, it was called the “conforma-
F helices in which hydrogen bonds connecting different tion pand”. It was shown 41-43) that, in the 10 ns
helices are broken. In the following steps, these bonds arephotoproduct obtained after photolysis of HbCO, band Il
re-establishec 740 ns), the hydrogen bond between3® s red-shifted by~6 nm (~120 cnt?) from its equilibrium
and Asm94 is formed (the so-called “hinge contact’, position; in the pioneering work of Sassaroli and Rousseau
~2.9 us), and finally the formation of a hydrogen bond (41), spectral relaxation toward the equilibrium deoxy
between Tya42 and Asp99 (the so-called “switch contact”, position was observed at up to 400 us where a plateau
~21us) concludes the transition toward the T state, this last region was reached with a residual red shift nm (~35
step corresponding to the classical R T transition, as  c¢m1). Ligand recombination prevented meaningful measure-
detected by optical spectroscopy. ments at longer delay times. In our previous work on the
In flash photolysis experiments, however, spectral signals identification of spectroscopic markers of the R T
arising from conformational transitions are always superim- transition in sot-gel-encapsulated HI34), the residual shift
posed with those (often much larger) arising from ligand described above was clearly assigned to the quaternary
rebinding; this problem frequently makes the quantification, structure transition. Band Il therefore appears to be a suitable
or even the detection, of the structure-dependent spectralprobe for studying the effects of protein conformational
contributions very difficult. As far as time-resolved spec- relaxations (both tertiary and quaternary) as seen in the active
troscopic investigations of the hemoglobinRT transition site (heme pocket) of the protein.

are concerned, removal of any effect linked to ligand  The band at~291 nm (34350 cml) is assigned to the
rebinding seems therefore highly desirable. tryptophanyl residues of the protein; the band red shift
For this work, we adopted the technique of -sgél observed in deoxyHb- oxyHb difference spectra has been
encapsulation. The basic idea is rather simple. Following a specifically attributed by Perutz et a4, 45) to Trp337
well-established approacB82), HbO, (in the quaternary R located at the quaternary structure sensitiyg, interface.
or R, conformation) is encapsulated in a porous silica In fact, these authors showed that this band shift is not present
hydrogel obtained through the hydrolysis and polyconden- in a mutant hemoglobin with a TA37 — Ser substitution
sation of the alkoxide precursor TMOS. Several spectro- and clarified that the peak shift observed for this band
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between liganded and unliganded hemoglobin is related only proteins not only with numerous access channels for the
to the quaternary structure change and not to the ligationreactants but also with ample surrounding space for accom-
state: the observed shift was assigned to a perturbation inmodation of solvent. Pore size estimates in analogous sol
the Trp337 electronic structure induced by formation of the gel silica matrices obtained using fructose and horseradish
Trps37—Aspa94 hydrogen bond, characteristic of the T peroxidase as templates [measured from désorption
structure. This assignment was questioned in the works byisotherms via the BarretJoyner-Halenda (BJH) approach]
Peterson and Friedmad®) and Kiger et al. 47) showing give rather broad distributions with, however, a dominant
that mutation of Tr37 to Tyr, Ala, Gly, or Glu induces a  contribution of “mesopores” with ar:35—45 A BJH pore
large perturbation in they, interface and leads to dis- diameter $0, 51). This suggests that at most one protein
sociation of the tetramer into dimers. However, more molecule (plus solvent) is present in one matrix pore;
recently, Goldbeck et al.1q) have used near-UV time- moreover, given the high protein concentration at the moment
resolved magnetic circular dichroism spectroscopy to follow of encapsulation (see below), the fraction of hemoglobin
the Trp37 band position during the R> T transition in dimers can be considered negligible.

native Hb: they found that the peak of the tryptophan band To perform NIR and near-UV measurements, from this
red-shifted rapidly from its R-state position 540.6 nm with common recipe two analogous samples were prepared with
a time constant of2 us. This was attributed to the formation suitable characteristics for the different spectral regions.

of the hinge contact Tf§87—Aspa94 hydrogen bond, in Samples for NIR MeasurementBrotein solution B
agreement with the time-resolved resonance Raman data otontained 5.5 mM (in heme) Ha®r MbOy; after protein
Spiro and co-workers1@). The ~291 nm band appears solution B had been mixed with solution A, the resulting
therefore to be a suitable probe for studying the protein mixture was layered on the inner face of a PMMA cuvette.
quaternary relaxation, as seen by the crueigh intersubunit ~ The gel thickness was-1 mm. Immediately before the

interface. experiment, the protective solution was anaerobically sub-
stituted with an otherwise identical solution saturated with

MATERIALS AND METHODS N and containing 50 mM sodium dithionite; this procedure
defined time zero for the kinetic measurements.

Samples

Samples for Near-UV Measuremen®otein solution B
Hemoglobin was prepared from the blood of a single contained 1.4 mM (in heme) Hbafter solution B had been

healthy individual following a standard procedure described Mixed with solution A, the resulting mixture was injected
previously @8). Concentrated30% by weight) hemoglobin into a rotating glass tube_. The resultm_g gel thlckness was
stocks were stored in liquid nitrogen as the oxy form; suitable ~100u4m. As for the previous sample, immediately before

aliquots were thawed immediately before use. Lyophilized the €xperiment the protective solution was anaerobically
myoglobin from horse heart was purchased from Sigma substituted with an otherwise identical solution saturated with

Aldrich. N, and containing 10 mM sodium dithionite. Hemoglobin
reduction occurred in~1 min in view of the small gel
thickness and was checked by inspection of the visible
spectrum. After full reduction, the protective solution was
anaerobically substituted with a new one, fully $aturated
and sodium dithionite free; this last procedure, necessary
since dithionite absorption in the near-UV region would

with a _second solution _(solution B) containing th_e protein gnscure the hemoglobin absorption, defined time zero for
at a suitable concentration, glycerol [53.3% (v/v) in water], ha kinetic measurements

and 0.2 M potassium phosphate buffer (pH 7). Under these In all samples, the percentage of methemoglobin was found

ponditiorjs, formation'of a solid, jelly-like hydrogel occurrgd to be less than 5%, as judged from spectral inspection. For
in ~1 min. After gelification, the sample was covered with the more concentrated HbOr MbO, samples used for band

I I 0, -
a protective solution [40% (v/v) glycerol and 0.2 M potas [l studies, the percentage of methemoglobin was estimated
sium phosphate buffer (pH 7)] and left to age for 10 h, at ¢ > " 0 O30 to ODggo (~0.5 and 10 for oxy and
~7°C. This procedure was followed for all samples so that met proteins, respectively); the absence of significant protein

E%‘:gggbmagﬁ; ?g&%gb :Jnn) d\évflsst:r?dcgf dsue:ﬁtje(:elpr)]ro?justl:lilglae oxidation during the kinetics was checked via the absorbance
conditions. After 10 h, the protective solution was substituted at 800 nm (nearly isosbestic for oxy and deoxy proteins).

with an otherwise ider_1ticql solution containing the desired Spectral Measurements

glycerol:water proportion in the range of~G0% (v/v) so

that the solvent composition inside the hydrogel could be  Absorption spectra in the near-UV and NIR regions were
varied. Equilibration of the hydrogel with the new solvent recorded with a Jasco V-570 spectrophotometer. The spectral
was performed overnight at°C; the protective solution was ~ resolution was 0.2 nm for UV spectra and 1 nm for NIR
changed at least three times during this period. The effectivespectra. The background was subtracted from the spectra via
sample equilibration with the protective solution was checked a cubic baseline. The temperature was set to°@5and

by measuring the relative intensities of glycerol and water controlled to within+0.1 °C with a Peltier thermostat.

IR absorption bands. Given our sdajel protocol, both MEM analysis has been performed with MemEXxp, version
glycerol [and/or water/glycerol aggregaté$)| and hemo- 3.0, developed by P. J. Steinbach and available on-line.
globin—hydration shell act as templates directing the forma- Details of the algorithm adopted in the program have been
tion of the silica cages and network: this provides the discussed in the literatur&Z, 53).

Protein encapsulation in silica hydrogels was performed
using the following protocol. A solution containing 60%
TMOS, 38% water, and 2% HCI (0.04 M) (solution A) was
sonicated for 20 min in an ice bath; immediately after
sonication, it was mixed in a 3:2 proportion and at@



Quaternary Relaxations in Hemoglobin Biochemistry, Vol. 46, No. 41, 200711571

6 12500 13000 13500
\fsé) 1 C;IEO 1 I L i a)
& 75 | 170
10?
= s0f 145 =
3 [
©
= 25 j 120
o of
© [
2
2 b)
13160 4 13155

o
W

12500 13000 13500 44 e e
O e S 13140 13135 S
) . = =
Ficure 1: Time evolution of band Ill. The data are for a sample
of HbOZ. encapsulated in a silica hydrogel; the co-encapsulated 13120 13115
solvent is 20% (v/v) glycerol/watefl. = 25 °C.
As usual, the zeroth, first, and second moments of the c)
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— f—°° ) —M.2 Ficure 2: (a) Time evolution of the band Il zeroth moment. (b)
2 Mg 1 Time evolution of the band Il first moment. The arrows indicate
M; values relative to R-state (left arrow) and T-state deoxyHb (right
RESULTS AND DISCUSSION arrow) encapsulated in a silica hydrogel under the same experi-

mental conditions. (c) Time evolution of the band Ill second
Band Il Spectral RelaxatiorTypical experimental data moment. The data are for Hg@amples encapsulated in a silica

ina the i luti f band Il ted | hydrogel at two different compositions of co-encapsulated sol-
concerning the time evolution of ban are reported N yant: 200 (v/v) glycerol/water (red circles, left axis) and 70% (v/

Figure 1. As Figure 1 shows, band Il gradually develops vy glycerol/water (blue squares, right axid)= 25 °C.
following sample deoxygenation; further band shifts are then

observed after longer times while the band intensity remains weeks, depending on solvent composition; it spans an overall
almost constant. The time dependence of the zeroth, first,M; shift of ~35 cm?, starting from anM; value charac-
and second moments of the band in typical experiments isteristic of deoxyHb encapsulated in a silica hydrogel in the
reported in panels-ac of Figure 2, respectively. Two kinetic R quaternary conformation and ending with ki value
processes are observed: (1) an almost exponeMial  characteristic of deoxyHb encapsulated in a silica hydrogel
increase withM; remaining at the value typical of R-state inthe T quaternary conformation and to deoxyHb in solution
deoxyHb encapsulated in a silica hydrogg#)(and (2) a (arrows in Figure 2b34). In the room-temperature flash
clearly nonexponentiaM; shift, occurring at an almost  photolysis study of HbCO by Sassaroli and Rousséd (
constantM,, toward the equilibrium value observed for band lll relative to the 10 ns photoproduct was found to be
deoxyHb in solution or for T-state deoxyHb encapsulated red-shifted by~120 cm! from the equilibrium deoxyHb
in a silica hydrogel 34). During the entire time course of value; the time-dependent relaxation of the peak position
the experiment, the second moment of the band exhibits onlyshowed a large change between8and 10° s, followed
a very small increase. by a plateau region extending up to 2@ with a remaining
The first process can clearly be attributed to the diffusion red shift of 36-40 cn . Meaningful measurements at longer
of dithionite inside the silica gel and to sample deoxygen- delay times were prevented by ligand recombination. The
ation; full deoxygenation was checked in a separate experi-authors attributed the observed peak shift to relaxation(s) of
ment on a less concentrated sample by looking at the full the tertiary structure, while the residual red shift was assigned
development of the deoxy visible band 655 nm. It is to the effect of the quaternary conformation. It is remarkable
remarkable that this first process appears to be rather wellthat the total M; span observed in our experiments
separated in time from the second one, even at the highes(~35 cn1!) matches exactly the residual red shift reported
glycerol concentration (i.e., at the highest solvent viscosity) by Sassaroli and Rousseall); we are therefore led to assign
studied: this enables us to study spectral shifts linked to the M, shift observed in our experiments to the effect of the
protein conformation without interference from variations R— T quaternary transition. The assignment described above
of the ligation state. is further substantiated by the data reported in Figurec3a
The second process is much slower and occurs on a timeobtained with sot-gel-encapsulated myoglobin. In fact, for
scale from thousands of seconds to several days or evermyoglobin, the first procesdV, increase due to dithionite
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(a) Both for Hb and for Mb, thevl; deoxy equilibrium
values observed in sebel-encapsulated samples coincide
with those observed in solution; this indicates that our-sol
gel encapsulation protocol does not introduce any relevant
(or, at least, spectrally detectable) structural distortions in
the encapsulated proteins. (b) For Hb, Meshift induced
by the R— T quaternary transition occurs without any
relevantM, variation; in view of the charge transfer character
of band Il (40, 56), this indicates that the R~ T transition
of deoxyHb does not involve any further displacement of
the iron from the heme plane, contrary to previous sugges-
tions in the literatureg7).

To analyze quantitatively the observed spectral shifts, we
define a relaxation function as follows:

My () — My()

) =— "

O =M, M)

According to its definition,®(t) represents the fraction
of hemoglobin molecules that, at a tirnafter deoxygenation,
are still in the R quaternary conformation. In view of the
clear nonexponential character of the relaxation, we have
analyzed the data with the Maximum Entropy Method
(MEM) (52, 53). This method assumes that the kinetics is
described by a distribution of relaxation processes each
having a different lifetime and extracts the most probable
lifetime distribution,g(z).

Figure 4 reports theb(t) values measured for all our
samples together with thg(r) distributions obtained from
the MEM analysis. From Figure 4 the following facts emerge.

diffusion and protein deoxygenation) is again observed and  First, under all the conditions that were studieg) is

is identical to that relative to Hb; different is the fact that no

composed of three very narrow peaks. This implies that the

M, shift was observed over the entire time interval that was ©verall band lil relaxation reflects three (maybe slightly

investigated, the observed constfitvalue being equal to
that relative to equilibrium deoxy Mb in solution. It should

distributed) processgsather than a single heterogeneous
relaxation. Second, the characteristic times of the three

be noted that the 10 ps photoproduct obtained after flash Processes depend markedly.on the c_omposition of the solvent
photolysis of MbCO in solution and at room temperature inside the pores of the matrix, the difference between the 0
exhibits a band 11l red shift 0f-100 cnt® with respect to and 70% glycerol/water proportions being a factor~@.
the equilibrium deoxy valuesd, 55); spectral relaxation is ~ On the other hand, the amplitudes of the three processes are
observed on a time scale of picoseconds to nanoseconds. [argely solvent independent (see Table 1).
Comparing data in Figures 2 and 3 with data from flash  With regard to the first point, we note that, in principle,
photolysis studies in solution, we conclude that in oursol  the observed result could also be attributed to the existence
gel encapsulated samples tertiary relaxations remain fastetof @ single relaxation process performed by three different
than the time resolution of our experimentsl(® s, limited protein structures (i.e., three different conformations of LHbO
by dithionite diffusion times) and are therefore not detectable. @nd/or three different environments inside the silica matrix)
Previous work by J. Friedman and co-workers on the time
evolution of the iror-proximal histidine stretching frequency | _ \ds to | :
showed that the selgel was indeed able to substantially sample is deoxygenated. In view of the finite time that it takes for
d I he h lobi . | . d theref sodium dithionite to diffuse into the silica matrix, a spreading of zero
ecelerate the e_mOQ obin tert'_ary re ax_atlons an ! thereforejmes occurs, and one may wonder how this effect influences the
to trap R-state tertiary structure intermediat®);(as Figures observed relaxations. From Figure 2a, it can be seen that the
2 and 3 show, this is not observed in our work, the difference deoxygenation kinetics (measured from tig time dependence) is

; : : : almost exponential and that its ratg)(is at least 1 order of magnitude
being attributable to the different segel encapsulation faster than thév; relaxation (compare panels a and b of Figure 2). It

protocols. On the cont(ary, rat.es of quatema_ry relaxation(s) can be easily shown that under the assumption of exponential
are reduced to fall within our time window; it is remarkable deoxygenation wherk, > k; (i.e., deoxygenation process much faster

that sot-gel encapsulation is able to increase the character-than spectral relaxationsjl,(t) approaches the value obtained when
istic times of quaternary relaxation(s) in hemoglobin by some all hemoglobin molecules are deoxygenated at the same time. Moreover,

31n our experiment, time zero corresponds to the time at which the

- s taking into account an exponential distribution of deoxygenation times
9 orders of magnitude, from the value ©fl0~> s observed  brings about in thab(t) time dependence a further exponential term

with a rate constant equal te; fittings performed with such a new
term gave almost indistinguishable results. We therefore conclude that
rates of the relaxation processes extracted fronMtheéme dependence
are, under our experimental conditions, not affected by the time
distribution of hemoglobin deoxygenation.

in solution (16) to the value of~10* s observed in our
experiment.

We stress two further features of the data in Figures 2

and 3:
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HbO, samples encapsulated in a silica hydrogel with different
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each having a different lifetime. We discard this possibility
for the following reasons: different quaternary structures for
HbO, have never been crystallized or observed in solution;

Biochemistry, Vol. 46, No. 41, 200711573

of matrix pores should correspond to a broad distribution
rather than a discrete number of different environments.
Moreover, previous kinetic studies on sgel-encapsulated

Hb using Soret band absorption spectroscopy have shown
the existence of monophasic processes occurring in encap-
sulated Hb 85) and demonstrated that the-R T transition

in gel-encapsulated Hb at 2C€ can be described well by
three kinetic components of nearly equal amplitudes and time
constants of~8 x 1, ~5.4 x 1% and~6.8 x 10* s,
respectively. Our results are in fairly good agreement with
those in ref35, thus suggesting that the same kinetic
processes are monitored with Soret band and NIR band IlI
absorption spectroscopy; the slight discrepancies can be
attributed to the different temperature or, more likely, the
different encapsulation protocols used. In view of the
considerations mentioned above, we conclude that data in
Figure 4 can be taken as further evidence of a multistep
pathway for the R— T allosteric transition in hemoglobin.

With regard to the second point, we stress that, as pointed
out in Materials and Methods, in all our samples the hydrogel
matrix that encapsulates the protein is always formed under
identical conditions and the solvent is varied only after the
gel is well-stabilized. The dependence of relaxation rates on
solvent composition therefore suggests that the 9 order of
magnitude effect of selgel encapsulation on R~ T
transition rates is attributable not only to covalent, van der
Vaals, or electrostatic contacts between protein residues and
functional groups on the pore surfaces but also to interactions
between the protein and the solvent within the confined
geometry provided by the hydrogel matrix. To highlight this
effect, we report in Figure 5 the dependence of relaxation
rates k = 1/r) upon bulk solvent viscosity, on a logarithmic
scale. Linear relationships are found for all processes, in
agreement with previously published resultg,(58); values
of slopes are 0.35, 0.44, and 0.54 for processes |, Il, and I,
respectively, in remarkable agreement with the value of 0.55
found by different authors in different systen&3(59). A
power law dependence of relaxation rates upon bulk solvent
viscosity k O #7P) is consistent with the “slaving model”
of Frauenfelder and co-workerg5, 59—61) and suggests
that hemoglobin quaternary relaxation(s) follows thee-

analogous data obtained in the near-UV spectral region revealaxation in the solvent. The fractional viscosity dependence
a single relaxation; and distinct encapsulation environments(p < 1) can be attributed to a preferential hydration effect

within the same hydrogel do not correspond to a realistic

(see, for example, red2 and references cited therein) and/

picture of matrix structure since the structural heterogeneity or to a solvent-dependent entropy terf9)(

Table 1: Solvent Dependence of Characteristic Times and Amplitudes of the Various Processes Observed in the Relaxation of Band I

glycerol/water
(viv) 71 (8) T (S) T (S)

0% (1.7£0.1) x 103 (8.9+0.3)x 1C° (6.3+0.3) x 10*
20% (3.1£0.2) x 10° (12.9+0.7) x 1C° (6.94+0.3) x 10*
40% (3.0£0.1) x 10° (24.0+ 1.2) x 10° (17.1+0.7) x 10¢
50% (4.0£0.2)x 10° (33.4+1.2)x 1C° (27.5+ 1.3) x 10
70% (6.3+0.3) x 103 (38.2+ 1.7) x 10° (34.1+1.7)x 10¢

glycerol/water
(vIv) amplitude | amplitude Il amplitude Il
0% 0.41+ 0.02 0.23+ 0.02 0.36+ 0.03
20% 0.42+ 0.02 0.22+ 0.03 0.36+ 0.02
40% 0.40+ 0.01 0.25+ 0.02 0.35+ 0.01
50% 0.41+ 0.01 0.27+ 0.02 0.32+ 0.02
70% 0.40+ 0.02 0.23+0.01 0.37+0.03
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log (k/sec™)
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Ficure 5: Viscosity dependence of relaxation rates on a-log
scale: @) band lll relaxation, process 1) band Il relaxation,
process II; ¥) band Il relaxation, process lll; andk{ 291 nm
band relaxation. Error bars are shown. Solid lines are linear fits.
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Ficure 6: Time evolution of the near-UV band a291 nm. The
data are for a sample of Hh@ncapsulated in a silica hydrogel;
the co-encapsulated solvent is 40% (v/v) glycerol/waler=
25°C.

34365 |

'E
S 34350 !

=

34335

10x10*  15x10*

5x10*
time / sec

0

Ficure 7: Time evolution of the first moment of the near-UV band.
Solid lines are fittings with a single exponential: (top) 40% (v/v)
glycerol/water and (bottom) 70% (v/v) glycerol/water.

Near-UV Spectral Relaxatio.o elucidate the structural
counterpart of the spectral relaxations monitored by band
Ill, we performed experiments using as a spectral marker
the Tr337 band in the near-UV region that probes thf,
interface and in particular the formation of the BRY—
Aspo94 hydrogen bond in the hinge contact region charac-
teristic of the T quaternary conformation. We have studied

Schiroand Cupane

Table 2: Solvent Dependence of the Characteristic Time Observed
in the Relaxation of the Near-UV Band a291 nm

7 ()
(25.7+ 3.5) x 10°
(35.2+ 5.0) x 10°

glycerol/water (v/v)

40%
70%

two samples of setgel-encapsulated Highaving 40 and
70% glycerol/water as co-encapsulated solvent; data for the
40% glycerol/water sample are shown in Figure 6. Figure 7
reports the time dependence of the first moment of the band
for both samples that were investigated; in the case of the
near-UV band, no relevaiM, andM, variations are observed

in the time span of the experiment. As shown in Figure 7, a
single exponential fits the data very well, implying that the
relaxation of the Trg37 band monitors a single monophasic
process. In analogy with the band Il behavior, the charac-
teristic time of this process markedly depends on solvent
composition, as reported in Table 2. Since the two bands
monitor different sites in the protein, it is remarkable that,
for both 40 and 70% (v/v) glycerol/water, the characteristic
times observed for the near-UV relaxation coincide with
those relative to process Il observed in the band Il relaxation.

CONCLUSIONS

The time dependence of band Il after deoxygenation of
sol—gel encapsulated HiOndicates the presence of three
relaxation processes that we label, in order of increasing time
constants, processes I, Il, and IlI; since these effects are not
observed for myoglobin, we attribute them to quaternary
relaxations (the R— T transition) that drive the protein
toward the deoxygenated equilibrium structure (T state). Only
one of these events (the intermediate one, process Il) has a
counterpart in the near-UV TA37 band and is simultaneous
with the formation of the hinge contact T3p7—Aspa94
hydrogen bond that links the C helix of omechain with
the F helix of the oppositg chain and is characteristic of
the quaternary T structure. This process in solution and at
room temperature occurs-3 us after photolysis of HbCO,
as reported by Goldbeck et alll) and by Balakrishnan et
al. (12); in sol—gel-encapsulated hemoglobin, it occuy8
x 10° s after deoxygenation, implying that sajel encap-
sulation is able to reduce the rates of quaternary relaxations
by more than 9 orders of magnitude. Moreover, our data
suggest that the relaxation monitored by the near-U\337p
band and process Il monitored by the near-IR band Ill reflect
the same structural event and therefore that the structural
deformation of the R-state,f3; interface necessary for the
formation of the hinge contact hydrogen bond is transmitted
to the heme environment; this is plausible since the H-bond
formation described above involves the F helix to which the
heme is linked and constitutes direct evidence that confor-
mational changes at thig S, interface are indeed transmitted
to the heme environment, thus likely affecting the functional
properties of the protein.

With regard to processes | and Il monitored by band I,
our data do not enable us to identify their structural origin.
However, it would be tempting to speculate that both
processes correspond to the relaxations observed in solution,
both with transient optical absorptio8, (10, 16) and with
transient UVRR 12) spectroscopy, at 750 ns and~20 us,
respectively. In a manner independent of any specific
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assignment, our data support a multistep pathway for the R 15. Xu, C., Tobi, D., and Bahar, I. (2003) Allosteric changes in protein
— T allosteric transition in hemoglobin.

Finally, we stress that all the observed relaxation rates 1g.

depend markedly upon the composition of the solvent co-

encapsulated within the matrix pores and decrease with an

increase in solvent viscosity. This fact may be taken as an
indication that quaternary relaxations in hemoglobin follow
the a relaxation of the solvent, in agreement with the slaving
hypothesis. This underlines the biological relevance of
investigations of the dynamic properties of proteins and

solvents in confined geometries and of the strict interplay 19.
between solvent and protein dynamics that may be enhanced

by confinement and crowding. From an applicative point of
view, these results suggest the possibility of controlling the
rates of conformational changes of proteins immobilized
within solid porous matrices by varying the viscosity of the
co-encapsulated solvent.
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