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ABSTRACT: Oxygen binding curves of sol-gel-encapsulated deoxy human adult hemoglobin (HbA) have
previously revealed two distinct noncooperative populations with oxygen binding affinities approximately
1000 and 100 times lower than that of the high-affinity R state. The two populations which have been
termed the low-affinity (LA) and high-affinity (HA) T states can be selectively stabilized using two different
encapsulation protocols for deoxy-HbA. The present study seeks to understand the factors giving rise to
these different affinity states. Visible and UV resonance Raman spectroscopies are used to characterize
the conformational properties of both the deoxy and deoxy-turned-carbonmonoxy (CO) derivatives of
HbA derived from the two encapsulation protocols. The geminate and bimolecular recombination of CO
to the photodissociated CO derivatives is used to characterize the functional properties of the slowly
evolving encapsulated populations. The results show that the initial deoxy-HbA populations are
conformationally indistinguishable with respect to encapsulation protocol. The addition of CO to sol-
gel-encapsulated deoxy-HbA triggers a detectable progression of conformational and functional changes.
Visible resonance Raman spectra of the CO photoproduct reveal a progression of changes of the iron-
proximal histidine stretching frequencies: 215, 222, 227, and 230 cm-1. The low and high values correspond
to the initial deoxy T state and liganded R (R2) state species, respectively. The 222 and 227 cm-1 species
are generated using encapsulation protocols that give rise to what are termed the LA and HA T states,
respectively. The UV resonance Raman spectra of these and related species indicate that the progression
from deoxy T to LA to HA is associated with a progressive loosening of T state constraints within the
hinge and switch regions of theR1â2 interface. The time scale for the progression is determined by a
balance between the ligation-initiated evolution toward high-affinity conformations and factors such as
allosteric effectors, gel matrix, and added glycerol that slow ligand-binding-induced relaxation. Thus, it
appears that the encapsulation protocol-dependent rate of ligand-binding-induced relaxation determines
the functional properties of the initially encapsulated deoxy-HbA population.

The cooperative binding of ligands to the hemoglobin
tetramer is accompanied by a transition of the structure of
the protein from the low-affinity, unliganded T quaternary
configuration to the high-affinity, ligand saturated R qua-
ternary configuration. The sequence and nature of the
ligation-induced structural transitions linking these two end
point functional states are not fully understood especially
with regard to the mechanism of cooperativity (1, 2). Recent
studies have suggested that human adult hemoglobin (HbA)1

can exhibit a larger degree of conformational and functional
plasticity than what is accepted under the traditional two-
state model (3). Crystallography (4) and NMR (5) studies

show clear evidence for multiple R state conformations.
Moreover, thermodynamic (6, 7), functional (8-10), and
spectroscopic (10) studies reveal indications of functionally
distinct T state species. Furthermore, the traditional view that
the role of effectors in modulating ligand affinity arises
exclusively from an effector-induced shift in the equilibrium
between the two quaternary structures is being reassessed
due to more recent studies indicating that effectors can
modulate the tertiary structure and functionality within a
given quaternary state including both the R and T states
(11, 12). Recently, a tertiary two-state allosteric model has
been proposed that explains the functional variability by
distinct populations of tertiary t and r conformations within
the quaternary T and R states (13).† Financial support for this study was provided by Grant P01

GM58890 to J.M.F. and A.M. and FIRB Nanotechnologies 2003 to
A.M.

* To whom correspondence should be addressed. Phone: (718) 430-
3591. Fax: (718) 430-8819. E-mail: jfriedma@aecom.yu.edu.

‡ Albert Einstein College of Medicine.
§ Department of Public Health, University of Parma.
| Department of Biochemistry and Molecular Biology, University

of Parma.

1 Abbreviations: HbA, human hemoglobin A; LA, low affinity; HA,
high affinity; IHP, inositol hexaphosphate; BZF, bezafibrate; TMOS,
tetramethyl orthosilicate; L35, 2-[4-({[(3,5-dichlorophenyl)amino]-
carbonyl}amino)phenoxy]-2-methylpropanoic acid; VRR, visible reso-
nance Raman; UVRR, UV resonance Raman spectra; CW, continuous
wave; NMR, nuclear magnetic resonance; CD, circular dichroism.

13674 Biochemistry2004,43, 13674-13682

10.1021/bi048531d CCC: $27.50 © 2004 American Chemical Society
Published on Web 10/05/2004



The mapping out of the sequence of conformational
changes associated with the quaternary transition and the
functional importance of the various intermediates are key
objectives with regard to developing a detailed molecular
level understanding of cooperativity. Studying this sequence
of structural transitions is an inherently difficult task as the
species involved are often short-lived intermediates, making
spectroscopic and functional characterization difficult. Time-
resolved spectroscopy, including absorption (14-18), CD
(19), visible resonance Raman (20-22), and UV resonance
Raman (23-25) have been successful in mapping out some
of the conformational changes occurring after rapid ligand
photodissociation in solution. Those approaches are typically
limited to those conformational transitions initiated through
ligand dissociation. Furthermore, in solution, functional
characterization of intermediates becomes virtually impos-
sible since the relaxation times of the nonequilibrium
populations are too fast to allow for functional characteriza-
tion using ligand affinity measurements. Thus, to a great
extent, the limitations associated with solution-phase studies
of both ligand-binding-induced changes and functional
properties of intermediates arise from ligand diffusion times
that are much slower than the lifetime of allosteric intermedi-
ates.

The novel approach of sol-gel encapsulation of proteins
(26, 27) breaks this “diffusion barrier” since the gel environ-
ment can slow conformational change to a degree where it
is much slower than ligand diffusion times. A major
advantage is that sol-gel-encapsulated biomolecules are still
solvated, allowing for direct comparisons with solution-based
studies. Indeed, previous studies have demonstrated that sol-
gel encapsulation of myoglobin (Mb) (28-32) and Hb
(8, 30, 32-39) does not perturb structural and functional
properties of individual tertiary and quaternary states.
Nevertheless, under the appropriate conditions, encapsulation
effectively prevents the interconversion of conformational
states in Mb (30) and pyridoxal 5′-phosphate-dependent
enzymes (40).

Early studies on sol-gel-encapsulated deoxy-HbA showed
that the encapsulated HbA bound oxygen noncooperatively,
with a low affinity consistent with T state properties (33,
37). The CO rebinding kinetics of encapsulated deoxy-HbA
samples exposed to CO were similarly consistent with T state
properties (10, 36, 41, 42). Most recently, it was shown that
deoxy-HbA encapsulated using two different protocols binds
oxygen noncooperatively but with protocol-specific affinities
(8). In both cases the oxygen affinity is distinctly lower than
that associated with an encapsulated R state population (e.g.,
encapsulated O2HbA, P50 of 0.16 mmHg (37)). The two
encapsulated populations have been referred to as low-affinity
(LA) T and high-affinity (HA) T, on the basis of the
assumption that in both cases the sol-gel matrix prevents
the T f R transition upon oxygen binding during the time
course of the affinity measurements (8). Other encapsulation
studies have also yielded indications of T state populations
with different oxygen affinities (9). It is remarkable that LA
exhibits the same oxygen affinity as T state HbA crystals
(43, 44).

The present study seeks to further characterize these LA
and HA populations with the intent of exposing those factors
responsible for the different oxygen binding affinities. Visible
(Soret-enhanced) and UV resonance Raman spectroscopies

are used to characterize the deoxy-HbA samples encapsulated
using the LA and HA protocols. The response of the LA
and HA deoxy-HbA samples to ligand binding is explored
by exposing the samples to CO. Visible Resonance Raman
(VRR) spectroscopy of the 8 ns photoproduct of the deoxy-
turned-CO samples is used to probe the response of the heme
environment to CO-binding-induced conformational changes
(22, 45). UVRR spectroscopy (excitation at 229 nm) is
utilized to probe CO-binding-induced structural changes in
theR1â2 interface, utilizing the position and shape of specific
tryptophan and tyrosine bands which are known quaternary
and tertiary structure markers (23, 24, 46-49). The functional
properties of LA and HA deoxy-turned-CO samples were
followed using CO recombination (including geminate and
solvent phases) after photodissociation using an 8 ns photo-
dissociation pulse (36, 41, 42). Our results show that the
two samples generated by adding CO to deoxy-HbA
encapsulated in the two protocols have distinctly different
spectroscopic and kinetic signatures, and expose the role of
effectors in controlling the relaxation properties of T state
populations of HbA under nonequilibrium conditions.

MATERIALS AND METHODS

Materials.All materials, including inositol hexaphosphate
(IHP), bezafibrate (BZF), and tetramethyl orthosilicate
(TMOS) were commercially obtained at the highest purity
available. 2,[4-({[(3,5-dichlorophenyl)amino]carbonyl}amino)-
phenoxy]-2-methylpropanoic acid (L35) (50) was obtained
as a gift from Dr. I. Lalezari. Human hemoglobin was
purified as described previously (43).

Sol-Gel Encapsulation.Two different previously de-
scribed (8) preparative protocols were used, designed to
prepare the two different affinity T states (or populations)
of HbA: HA and LA T states. When referring to the samples,
we use a notation that indicates the history of the samples
(see Scheme 1). Square brackets are used to indicate the
species and conditions present during the sol-gel encapsula-
tion and aging. Any changes to the samples after gelation
and aging (e.g., the addition of a ligand or a change in bathing
buffer) appear outside and to the right of the square brackets
with subsequent modifications added on the right. To allow
comparison of this study with the previous affinity and
kinetic measurements on the HA and LA T states (8), we
have employed the exact same sample preparation protocols
(8), where the HA and LA protocols correspond, respectively,
to protocols 1 and 2 in that paper as well as in Scheme 1.
All the buffers and solutions were deoxygenated prior to
gelation, and the deoxy-HbA stock was generated by nitrogen
purging and reduction with dithionite. Anaerobic conditions
were kept at all steps prior to CO addition. UV/vis measure-
ments were taken before and after gelation to verify that the
samples are deoxy and that no binding to oxygen or any
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change in the oxidation state of the iron occurred during the
procedure. The sample made in the low-affinity protocol
(protocol 2), labeled [dx HbA LA], had effectors present
during gelation (2 mM bezafibrate, 2 mM IHP, and 50 mM
phosphate). The bathing buffer contained all the effectors
but was either 100 mM phosphate and 1 mM EDTA, pH
7.0, or 50 mM BisTris, 50 mM Tris, 200 mM chloride, and
1 mM EDTA, pH 7.0. Samples made in the high-affinity
protocol (protocol 1), labeled [dx HbA HA], had no effectors
present during the gelation, and the bathing buffer was 100
mM Hepes, pH 7.0, and 1 mM EDTA. The final protein
concentration in the sol-gel samples was∼0.5 mM in heme.

For both protocols the gels were cast on the inner bottom
surface of an NMR tube (Wilmad, Buena, NJ, or New Era
Enterprises, Vineland, NJ). A thin film was obtained by
rapidly spinning the NMR tube using a tube spinner
(Princeton Photonics, Princeton, NJ). After gelation was
complete, the gels were washed several times and then filled
with excess buffer (phosphate buffer or Tris buffer both with
effectors for the LA samples, and effector-free Hepes buffer
for the HA samples) and left to age at 4°C for a minimum
of 2 days. It should be noted that the method of gel casting
in this study is different from the one used in the work by
Mozzarelli and co-workers (8). The variation of the casting
method proved to be inconsequential as the oxygen affinity
measurements of the generated HA T and LA T samples
reproduced the results of the previous study (data not shown).

Experimental Procedure.To improve “locking in” and
minimize the relaxation of nonequilibrium populations
trapped within the sol-gel, the samples were always kept
at ∼4 °C. The “clock” is started by a rapid addition of CO
to the sol-gel-encapsulated samples. CO binding to the heme
is monitored using UV/vis spectra. Usually within 5 min the
sample turns fully CO. Then the samples are measured on
the UVRR setup, VRR setup, and kinetic setup (CO
rebinding by way of transient absorption).

Experimental Protocols for VRR, UVRR, and CO Rebind-
ing. 1. Visible Resonance Raman Spectroscopy. VRR spectra
were generated using an 8 ns pulsed laser at 435.8 nm
(obtained using a hydrogen-filled Raman cell to Raman shift
532 nm pulses of a Nd:YAG laser (Continuum, Santa Clara,
CA)). The NMR tubes were spun and cooled (∼4 °C). A
detailed description is available elsewhere (10, 29, 51).

2. UV Resonance Raman spectroscopy. UVRR spectra
were generated using a continuous wave (CW) laser at 229
nm as described previously (10, 35). The sample-containing
NMR tubes were cooled (∼4-10 °C) and both spun and
restored vertically to minimize sample heating and laser-
induced degradation. The absorption spectrum of the sample
was recorded before and after each UVRR measurement.

3. CO Rebinding Kinetics. CO recombination measure-
ments were carried out by following the transient absorption
of the sample. Pulses of 8 ns duration at 532 nm and 1 Hz
from a Nd:YAG laser (Minilite, Continuum) were used for
the CO photodissociation. A greatly attenuated CW laser at
442 nm was used as the probe. Samples were kept at 3.5
°C. A detailed description is available elsewhere (51, 52).

RESULTS

VRR Spectra. The VRR spectra of the sol-gel-encapsu-
lated, fully deoxy-HbA species, are essentially identical to

that of solution-phase deoxy-HbA (trace not shown). In
addition, the spectra are the same for deoxy samples
encapsulated using either the LA or the HA protocol (see
Figure 1a). Once CO was added to the samples and bound
to the heme (as reflected in the visible absorption spectrum),
ligation-induced conformational changes in the heme envi-
ronment were evident in the 8 ns photoproduct VRR
spectrum. These changes are qualitatively similar to those
that are typically observed when deoxy-Hb evolves to HbCO
derivatives (21, 22, 45). These include an increase in
frequency ofν(Fe-His), a loss of intensity for the 341 cm-1

band (ν8), and an upshift in the 300 cm-1 γ7 band.
In contrast to the encapsulated deoxy-Hb samples whose

VRR spectra are independent of encapsulation protocols, the
deoxy-turned-HbCO samples display protocol-sensitive VRR
spectra for the 8 ns photoproduct immediately (within 1 h)
after CO ligation. In particular, the frequency ofν(Fe-His)
differs for the initial photoproduct spectrum of the HA and
LA samples. The visible resonance Raman spectra of the
photoproduct of [dx HbA LA] + CO (i.e., sol-gel-
encapsulated CO-ligated HbA, which was initially encap-
sulated and aged as deoxy-HbA in the presence of effectors
following protocol 2), measured shortly after CO addition,
revealed aν(Fe-His) band with a frequency of 222 cm-1.
This rapid increase in the Fe-His frequency from that of
[dx HbA + effectors] at 214 cm-1 (i.e., the same sample
before CO addition) shows that some conformational relax-
ation has occurred. The visible resonance Raman spectra of
the photoproduct of [dx HbA HA]+ CO (i.e., sol-gel-
encapsulated CO-ligated HbA, which was initially encap-
sulated and aged as deoxy-HbA following protocol 1), again
measured shortly after CO addition, revealed aν(Fe-His)
band with an even higher frequency of 227 cm-1. Thus, for
the HA encapsulation protocol, theν(Fe-His) frequency for
the 8 ns photoproduct is at a higher frequency, indicating
that there is an almost immediate (on the time scale of the
measurements) ligand-binding-induced relaxation for the HA
sample that is substantially greater than for the corresponding
LA sample (see Figure 1b).

FIGURE 1: Low-frequency region of the VRR spectra of HbA HA
and LA gels. All the samples were made in the gel as deoxy. The
traces of the various samples are color coded; LA is blue, HA is
green, and an LA sample where the BZF effector was washed off
is red. Panel a shows the VRR spectra of the deoxy species. Panel
b shows the VRR spectra of the 8 ns photoproducts of the same
samples immediately after they were converted to the CO derivative.
Panel c shows the VRR spectra of the 8 ns photoproducts of the
same samples 3 days after they were converted to the CO derivative.
The spectra were normalized to theν7 peak.

13676 Biochemistry, Vol. 43, No. 43, 2004 Samuni et al.



Figure 1 also displays a third sample prepared using a
modified version of protocol 2 used for LA, where the
potential potency of the effectors has been reduced by
removing BZF following gelation and aging ([dx HbA LA]
- BZF). The unliganded deoxy-HbA gel of this sample gives
the same VRR spectra as the other two gels (Figure 1a) with
the same frequency forν(Fe-His). However, the VRR
spectrum of the photoproduct of the CO-liganded sol-gel-
encapsulated deoxy-HbA in the absence of BZF, measured
immediately after CO addition ([dx HbA LA]- BZF + CO),
reveals aν(Fe-His) frequency of 224 cm-1 (Figure 1b),
indicative of an intermediate degree of conformational
relaxation compared to that of the standard HA and LA
samples.

UVRR Spectra. The UVRR spectra of the encapsulated
deoxy-HbA samples (Figure 2) are all very similar to that
of the corresponding deoxy-HbA in solution. The comparison
of the UVRR spectra before and immediately after CO
addition shows shifts in the Y8 band position at∼1617 cm-1

for both the HA and LA samples. This behavior parallels
that observed for HbA in solution where the ligation-induced
2 cm-1 shift in this band is associated with the disruption of
theR42Y-â99D T state hydrogen bond in the “switch” region
of theR1â2 interface upon relaxation to the R state (47, 49,
53). In contrast, the intensity of theâ37 tryptophan shoulder
of the W3 band, a sensitive marker for the status of the hinge
region of theR1â2 interface, decreases for the HA sample
(in the direction of the liganded R state) but not for the LA
sample or the HA sample to which effectors were added.
Furthermore, the CO-binding-induced intensity change for
the â37 tryptophan-sensitive band at 1512 cm-1 (also a
marker of the hinge region) (29, 54) is more prominent for
the HA sample but less than that for solution-phase samples.
Both markers indicate that the HA sample has relaxed away
more extensively from the deoxy T state compared to the
LA sample.

It is interesting to note that when effectors were added to
an aged deoxy HA sample, the UVRR spectroscopic markers
of that sample, when measured immediately after CO
ligation, behave more like the LA sample with an amplitude
reduction in the changes in the hinge region markers (see
Figure 2c).

CO Rebinding Kinetics. Transient absorption measure-
ments, which follow CO rebinding, were measured for CO-
liganded samples of sol-gel-encapsulated deoxy-HbA, made
via the two different protocols. The species probed in the
transient absorption correspond to those probed in the
structural measurements (VRR and UVRR) since the kinetic
measurements were made on the same samples shortly after
the VRR and UVRR measurement (immediately following
CO addition).

The CO rebinding measurements correlate well with the
spectral and structural results, revealing that the two sample
preparation protocols yield samples that exhibit different
rebinding kinetics, which are also different from that of a
sample trapped in the R state, [CO HbA]. Figure 3 shows a
progression of functional properties, as reflected in a
decreasing geminate yield in the order [COHbA], [dx HbA
HA] + CO, and [dx HbA LA] + CO.

Time EVolution of the Encapsulated Deoxy-Turned-CO
Samples. As noted above, the addition of CO to the HA and
LA deoxy samples yields spectra that indicate that some
relaxation has occurred within a relatively short period of
time after the addition of CO. The time course of the
structural relaxation is probed by monitoring the VRR spectra
of the evolving sample. Figure 1c shows that, 3 days after
the CO addition, the values of theν(Fe-His) frequency for
the LA and LA- BZF samples have continued to increase
to 224 and 227 cm-1, respectively. The HA sample has
increased very slightly to 228 cm-1. Note that even though
relaxation continues out to 3 days there are still differences
in the spectra when the LA and HA samples are compared.

Following the evolution of the spectra well beyond the
initial 3 days reveals that the HA sample does not evolve
much more, with theν(Fe-His) frequency having stabilized

FIGURE 2: UV resonance Raman spectra of sol-gel-encapsulated
deoxy-HbA samples before and after CO addition. All the samples
were made in the gel as deoxy. Traces are color coded. For the
sol-gel samples, deoxy samples are blue, while red is used for the
same samples after CO was added. The measurements for the latter
samples were taken immediately after CO addition. Panel a displays,
as a reference, the spectra of solution samples of deoxy-HbA and
CO-ligated HbA. Panel b is for the LA sample. Panel c is for the
HA sample. Panel d is for an HA sample to which effectors (IHP
+ BZF) were added prior to CO addition. The excitation laser was
at 229 nm.

FIGURE 3: CO rebinding kinetics of sol-gel-encapsulated HbA:
trace a, [dx HbA LA]+ CO; trace b, [dx HbA HA]+ CO; trace
c, [CO HbA]. All measurements were done at 3.5°C. Traces a and
b were measured immediately after the addition of CO to the deoxy
gels.
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at 227-228 cm-1. The LA samples on the other hand
continued to evolve, ending with an Fe-His value of 227
cm-1, very similar to that obtained for the HA sample
immediately after CO addition (see Figure 4, trace a3).

The [dx HbA LA] - BZF + CO sample, which showed
an intermediate conformational relaxation behavior at early
times (see Figure 4, trace b2), reached the same end value
for the Fe-His frequency of 227 cm-1 measured at 3 days
with no further evolution 8 days and 8 months after CO
addition (Figure 4, trace b3). Interestingly, the acceleration
of the relaxation due to the effect of removing BZF from
the LA sample can be reversed when 50% glycerol is added
to the bathing buffer. The resonance Raman spectra of the
photoproduct of such a sample, [dx HbA LA]- BZF +
50% glycerol + CO measured just after CO addition
displayed an Fe-His frequency of 221 cm-1, similar to the
LA sample in the presence of BZF ([dx HbA LA]+ CO)
(Figure 4, traces c2 and a2, respectively). The [dx HbA LA]
- BZF + 50% glycerol+ CO sample also evolved with
time, and after 30 days, theν(Fe-His) frequency had also
reached 227 cm-1 (see Figure 4, trace c3).

The ability of added glycerol in the bathing buffer to slow
the conformational relaxation is even more pronounced for
an HA sample for which the bathing buffer is replaced with
a buffer containing 50% glycerol prior to addition of CO.
The VRR of the photoproduct of [dx HbA HA]+ 50%
glycerol + CO measured immediately after CO addition
exhibited a very lowν(Fe-His) frequency of 219 cm-1.
Interestingly, this frequency, measured in the absence of
effectors, is actually lower than that observed for an LA

sample (222 cm-1) which does contain effectors (see Figure
4, traces d2 and a2, respectively). Despite the low frequency
of the initial liganded sample, the high-viscosity HA sample
does eventually relax, and after 30 days, theν(Fe-His)
frequency of the photoproduct of [dx HbA HA]+ 50%
glycerol + CO has also reached 227 cm-1 (Figure 4, trace
d3).

The CO-initiated relaxation of the HA sample can also
be slowed through the addition of effectors (IHP+ BZF). It
is observed that, when effectors are added to a [dx HbA HA]
sample and the resulting sample is allowed to age prior to
the addition of CO, the VRR photoproduct spectrum recorded
immediately after CO addition shows a lowν(Fe-His)
frequency of 221 cm-1, which is similar to that from the
protocol 2, LA samples (trace not shown).

Kinetic BehaVior as a Function of the Conditions and Time
EVolution of the Samples. Figure 5 depicts kinetic traces of
CO rebinding to HbA sol-gel samples initially encapsulated
as deoxy-Hb using different protocols and then allowed to
evolve after the CO addition, for varying lengths of time
(up to 60 days from the initial addition of CO to the deoxy
samples). Trace a shows the rebinding kinetics of CO to [dx
HbA HA] + CO 63 days after CO was added to the deoxy
gel. It can be seen that this trace exhibits the highest geminate
yield and the most rapid bimolecular rebinding. After more
than 60 days, the trace from the HA sample resembles that
of [CO HbA] (trace not shown), indicating the protein
structure has relaxed considerably toward the end point
liganded R state conformation. Traces f, d, and b show the
time evolution of the CO rebinding kinetics of [dx HbA LA]
+ CO from 1 day, 9 days, and 44 days (respectively) after
CO was added to the deoxy gel. There is a clear gradual
increase in the geminate yield as well as in the rate of the
bimolecular rebinding. Traces e and c show the time
evolution of the CO rebinding kinetics of [dx HbA LA]-

FIGURE 4: VRR spectra of deoxy-HbA samples encapsulated and
aged in the sol-gel and their time evolution following CO addition,
as a function of the conditions and time. The top four traces show
the VRR of the sol-gel-encapsulated deoxy samples: a1, [dx HbA
LA]; b1, [dx HbA LA] - BZF; c1, [dx HbA LA] + 50% glycerol
- BZF; d1, [dx HbA HA] + 50% glycerol. Traces a2, b2, c2, and
d2 show the VRR spectra of the photoproduct of the respective
sol-gel samples a1-d1 immediately after CO addition. Traces a3,
b3, c3, and d3 show the VRR spectra of the 8 ns photoproduct of
the respective sol-gel samples a1-d1 30 days or more after CO
addition. The spectra were normalized to theν7 band. The peak
marked as “H2” is an artifact due to hydrogen rotational lines
originating from the Raman converter cell.

FIGURE 5: CO rebinding kinetics of sol-gel-encapsulated HbA:
trace a, [dx HbA HA]+ CO 60 days after CO addition; trace b,
[dx HbA LA] + CO 44 days after CO addition; trace c, [dx HbA
LA - BZF] + CO 8 days after CO addition; trace d, [dx HbA
LA] + CO 9 days after CO addition; trace e, [dx HbA LA- BZF]
+ CO 1 day after CO addition; trace f, [dx HbA LA]+ CO 1 day
after CO addition; trace g, [dx HbA+ IHP + L35] + CO
immediately after CO addition. The latter sample was encapsulated
using a no sonication protocol (30). All measurements were done
at 3.5°C.

13678 Biochemistry, Vol. 43, No. 43, 2004 Samuni et al.



BZF + CO 1 day and 9 days, respectively, after CO was
added to the deoxy gel. Again, there is a gradual increase in
the geminate yield as well as in the rate of the bimolecular
rebinding. The last trace, g, displays what is close to the
limiting end point kinetic trace with respect to reduced
geminate yield and a slow bimolecular phase that is very
similar to what is measured in CO combination experiments
for deoxy-HbA in solution. The sample in trace g, [dx HbA
+ IHP + L35] + CO, measured shortly after CO addition,
was made using a different encapsulation protocol (30) that
has been shown to be especially effective in limiting (i.e.,
slowing) ligation-induced relaxation in hemoglobins and
myoglobin.

DISCUSSION

Comparing Sol-Gel and Solution Results.A prerequisite
to the analysis and discussion of the implication of the sol-
gel study is a verification of the assumption that the sol-
gel encapsulation does not perturb the native structure of
the protein in any significant way, thereby making the results
from the sol-gel study applicable to the interpretation of
solution-based studies. Indeed, it is known that sol-gel-
encapsulated proteins are fully solvated since the gel allows
for the free and rapid diffusion of many water-soluble
molecules and for the retention of water-dependent protein
activity (55, 56). In addition, spectroscopic evidence indicates
that the encapsulated equilibrium populations of hemoglobins
and myoglobins typically retain the same conformational
distribution as in solution (30). However, due to the variable
nature of the different sol-gel preparation protocols, the
implicit assumption that the protein conformation is mini-
mally perturbed by encapsulation must be verified for each
new variation of the encapsulation protocol. It has already
been shown that the HbA samples encapsulated using the
two gelation protocols employed in this study have a
“normal” UV/vis absorption spectrum (8). Our spectroscopic
characterization of the deoxy-HbA sol-gel-encapsulated
samples, both HA and LA protocols, show that both the
visible resonance Raman and the UV resonance Raman
spectra of the sol-gel-encapsulated deoxy-HbA samples are
very similar to that of the solution-phase deoxy-HbA,
demonstrating that there is little perturbation of the tertiary
and quaternary conformation of deoxy-HbA by the sol-gel
environment.

Furthermore, the finding that the VRR spectra of deoxy-
HbA gels made using the two protocols, as well as for
samples where the bathing buffer was later modified (by
removal or addition of effectors, or a change of bathing buffer
to one containing 50% glycerol), are practically the same
(including the frequency ofν(Fe-His)) indicates that the
starting structure for all the sol-gel-encapsulated deoxy
samples is the same “end point” T structure. We use the
expression “end point” since the spectra derived from these
samples represent for HbA one limit (on the T state side of
the distribution) of the range of accessible conformational
populations that are spectroscopically distinct. For Hb the
frequency ofν(Fe-His), a spectroscopic marker of the degree
of proximal strain, ranges from∼214 cm-1 for deoxy-HbA
( effectors to∼230 cm-1 for the 8 ns photoproduct of the
fully liganded R state in the absence of effectors (21, 45,
57-60). The significance of the observation that the LA and
HA protocols yield essentially the same end point deoxy-

HbA spectrum is that the conformational basis for the
functional differences between these two samples must
become manifestonly after ligand binding.

Comparison of the HA and LA Samples.The main
objective of the present study was to identify spectroscopic
markers that correlate with the two different noncooperative
oxygen affinity populations of HbA that were isolated using
the HA and LA encapsulation protocols (8). Our spectro-
scopic measurements reveal distinct differences between HA
and LA samples associated only with the liganded deriva-
tives. The visible Raman spectra of the photoproduct of LA
and HA HbA generated shortly after CO addition to the
deoxy gels reveal a difference in the value of the Fe-His
frequency, 222 cm-1 vs 227 cm-1, respectively. The differ-
ence in theν(Fe-His) frequency for the LA and HA species
implies a different proximal environment for the structures
of the two intermediate species (or populations), where the
conformation of the LA intermediate is closer to that of the
initial deoxy T state and that of the HA intermediate is further
relaxed toward that of liganded R. The UVRR findings
support the VRR findings showing that, following the CO
addition, the T stateR1â2 interface is more disrupted for the
HA sample than for the LA sample, which is consistent with
the HA intermediate undergoing more ligation-induced
relaxation away from the original end point T state confor-
mation of the starting deoxy-HbA population. The CO
rebinding kinetics show that the HA and LA populations have
different functional activities, with the CO-saturated LA
population exhibiting rebinding kinetics that are closer to
those associated with populations that are viewed as extreme
T, such as partially liganded iron-metal hybrid forms in the
presence of allosteric effectors (10).

Conclusions Related to Sample EVolution with Time and
EnVironmental Conditions.Our results, both spectroscopic
and kinetic, indicate that the properties of the intermediate
species generated upon CO ligation can be modulated by
adding or removing effectors after gelation but prior to the
addition of CO. This observation is an indication that
effectors can not only diffuse in and out of the sol-gel but
also bind or detach in a functional manner to the sol-gel-
encapsulated protein. This conclusion has implications for
sol-gel-based studies as it increases the scope and variety
of experiments that can be attempted as well as underlines
the precautions that need to be taken to maintain a functional
presence of effectors or other small molecules.

An implication derived from the HA and LA study is that
the fate of these samples can be modified beyond the initial
limitation of the gelation protocol used. The effect of
increasing the viscosity of the bathing buffer, where the
presence of 50% glycerol greatly slows the conformational
relaxation following CO addition, further validates this
conclusion (32).

The results of the kinetic measurements show that with
time there is a considerable evolution of the samples where
the kinetic traces progress toward increased geminate yield
and faster bimolecular rebinding. Theν(Fe-His) spectro-
scopic marker also evolves with time, correlating with the
functional findings, a result that is consistent with a confor-
mational relaxation away from the initial end point T state
conformational population that was initially prepared in the
gel. The HA and LA samples start at the same point
conformationally/spectroscopically prior to the addition of
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CO andeVentuallyend up at roughly the same point after
the addition of CO. The major difference is the rate at which
the populations evolve.

The interpretation that has emerged is that the HA and
LA populations result from environmental differences arising
from factors including gelation protocol, added effectors, and
added glycerol that modulate the relaxation properties of
encapsulated deoxy samples upon ligand binding. There is
a combination of opposing forces influencing the hemoglobin
molecule. The initial binding of CO to the heme generates
a nonequilibrium population of CO-liganded HbA. As a
result of the ligand binding there is a driving force toward
conformational relaxations of the HbA structure leading to
the equilibrium COHbA R state structure. On the other hand,
there are forces that either favor the deoxy-HbA structure
(the binding of effectors) or slow both tertiary and quaternary
conformational relaxation (the sol-gel environment, and
increased glycerol in the bathing buffer). The net balance
between these opposing factors will determine the rate of
evolution. In this framework, the relationship between the
LA and HA HbA intermediate conformational distribution
is that of two points on a path from the end point T state
(the initial deoxy-HbA structure) toward the R state (COHbA
equilibrium structure). Immediately after CO addition, the
HA intermediate has undergone faster conformational re-
laxation than the LA intermediates, primarily because the
relaxation for the LA sample is slowed by the presence of
effectors. With time both samples will continue to relax,
albeit slowly, due to the sol-gel environment. The structural
and functional probes used in the present study support the
concept that eventually the HA and LA samples reach a
similar stable or quasi stable high-affinity end point (e.g.,
the frequency ofν(Fe-His) of the photoproduct of the LA
sample slowly reaches 227 cm-1, the same value that the
HA sample had almost immediately after CO addition).

The above assessment of the origin of the difference in
CO reactivity between the HbA populations prepared using
the HA and LA protocols can also account for the protocol-
specific difference in the oxygen affinity. Oxygen affinity
is determined largely by the oxygen dissociation rate, which
is a function of the local conformation of the oxygenated
protein. On the limited time scale for oxygen titration
measurements, the LA sample, relative to the HA sample,
will undergo a much more limited conformational shift away
from the end point deoxy T state population upon binding
of dioxygen. As a result, the dissociation rate for the LA
oxygenated heme is anticipated to be higher than for the
hemes in the HA samples. On the basis of the CO-induced
behavior, oxygenation for the HA sample should rapidly
induce a much more extensive (vis-a`-vis the LA sample)
evolution of the local tertiary structure away from the end
point deoxy conformation. The direction of the conforma-
tional changes as reflected in both spectroscopic and kinetic
markers is clearly toward that of higher affinity populations.
The rapidity of the changes for the HA sample within the
sol-gel makes it plausible that these initial changes are
occurring within the boundary of the T state quaternary
structure (with greatly weakened constraints). The spectro-
scopic markers clearly indicate that many of the constraints
normally associated with the T state have been “loosened”
as was observed for effector-free partially liganded Fe-Zn
hybrid derivatives of HbA (10).

The finding of a tunable range of structural and functional
liganded intermediates that appear to be within the umbrella
of the overall T quaternary structure of HbA is consistent
with results of work onâ37 mutants of HbA (59, 61, 62)
and FeZn hybrids of HbA (10) where the diliganded hybrids
showed an effector-dependent progression of functional and
conformational properties that were interpreted as evidence
for a progression of liganded tertiary conformations within
the T quaternary state. This is not inconsistent with the
tertiary two-state allosteric model recently proposed by Eaton
and co-workers (13), since such progression of functional
and conformational properties could arise from changes in
the relative population of t and r tertiary species within the
T quaternary conformation (63).

CONCLUSIONS

In this study we have employed sol-gel encapsulation to
lock in hemoglobin samples in their initial T state and then
trigger a slow conformational relaxation initiated by CO
binding. VRR and UVRR spectra show that only after CO
ligation are the two populations HA and LA spectroscopically
distinct, indicating conformational differences. CO rebinding
kinetic measurements confirm that the HA and LA species
are functionally distinct. The combined findings correlate
well with the differences in oxygen affinity reported earlier
(8). The data support the notion that the sample preparation
protocols and other environmental factors such as the
presence of allosteric effectors do not change the protein’s
initial conformation. Rather, they determine, after ligand
binding, the rate at which the initial deoxy T state structure
relaxes along a path that first includes the LA T population
and later the HA T population. The time scale for the
progression is determined by a balance between the ligation-
initiated evolution toward liganded R and factors, such as
allosteric effectors and the gel, that favor conformations that
resemble the initially encapsulated deoxy T population. This
conclusion can account for the oxygen affinity results since
the sample that undergoes more conformational relaxation
once oxygen binds will display a higher oxygen affinity.
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