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Enzymes are excellent biological catalysts with high
selectivity and efficiency, but their use in chemistry is
severely restricted because of a number of factors, such
as their poor thermal stability, high price, limited
availability, and chemical sensitivity.! Immobilization
of proteins at inert/stable solid surfaces can overcome
some of these problems, and immobilized enzymes can
be used for chemical transformations in organic and
aqueous media.? Immobilized proteins, however, are
often less active than the native proteins but these may
be more stable than the free protein in solution.® Heat
denaturation of proteins in aqueous media, or im-
mobilized proteins, may result in irreversible loss of
structure/activity, and hence, enzymatic reactions are
often restricted to ambient temperatures.* Thermal
stability and the ability to refold efficiently after thermal
denaturation are desired attributes that are not often
encountered with immobilized proteins. Refolding of
small (single-domain) proteins in solution and on se-
lected solid supports is reported. Ubiquitin C-terminal
hydrolase, cytochrome ¢, and myoglobin, for example,
undergo reversible thermal denaturation.52-d Sol—gel
encapsulated cytochrome c exhibited enhanced thermal
stabilities®® as well as reversible thermal denaturation
concomitant with inhibition of aggregation of the dena-
tured proteins.5" Matrixes such as sol—gels were sug-
gested to stabilize the native conformation and promote
recovery of protein structure after thermal denatur-
ation.% Denaturation of chymotrypsinogen immobilized
on poly(2-hydroxyethyl methacrylate) was followed us-
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ing fluorescence methods and cooling of the immaobilized
denatured protein resulted in recovery of protein fluo-
rescence.b In this context, we report here, for the first
time, the efficient, stoichiometric, reversible thermal
denaturation of multi-subunit functional met-hemo-
globin (Fe(l1l) Hb) intercalated in the galleries of
carboxymethyl Zr(IV) phosphonate. In contrast, the
recovery of the Hb structure in solution is poor. The
extent of recovery of the intercalated protein structure
depended on the nature of the support matrix surface
functions.

Hb consists of four subunits and each subunit has one
noncovalently bound heme prosthetic group. Hb is
interesting from the protein-refolding point of view, and
this is because proper folding of each subunit, incorpo-
ration of the prosthetic group at its native site, and
assembly of subunits to form the appropriate quater-
nary structure are necessary for the recovery of the Hb
native form.” Although Hb does not function as an
enzyme in biological systems, in the presence of hydro-
gen peroxide, Hb is converted to a reactive Fe(IV)oxo
form capable of oxidizing substrates such as phenols,
amines, and olefins (peroxidase activity).® This high
valent form may have an important role in injury
resulting from ischemic reperfusion, myocardial infarc-
tion, stroke, and internal hemorrhage.® We have used
spectroscopic methods combined with activity studies
to probe the recovery of the Hb structure. Hb is known
to denature at 73 °C and the denaturation is ac-
companied by the loss of peroxidase activity, loss of
a-helical content, and the production of random coils.t°
The enzymatic, thermal, and spectroscopic properties
of immobilized Hb are monitored before and after heat
denaturation to examine the extent of recovery of the
protein native structure.

Immobilization of Hb at the galleries of the inorganic
layered material, a-ZrP (a-Zr(O3POH)2nH,0), has been
previously demonstrated!! and protein immobilization
resulted in expanded gallery spacings (55 A for Hb/a-
ZrP vs 7.6 A for a-ZrP!2). In a similar manner, Hb is
readily immobilized at the galleries of o-zirconium
carboxymethyl phosphonate, a-ZrCMP (a-Zr(O3PCH,-
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Figure 1. Powder X-ray diffraction patterns of Hb/a-ZrCMP
(18 uM Hb/13 mM a-ZrCMP), heat-denatured Hb/a-ZrCMP,
and renatured Hb/a-ZrCMP.
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Figure 2. Circular dichroism spectra of Hb (3 uM), Hb/o-
ZrCMP (3 uM Hb/13 mM o-ZrCMP), and renatured Hb/o-
ZrCMP.

COOH),-nH,0), as indicated by the expanded gallery
spacings from 11 A for o-ZrCMP to 64 A for Hb/a-
ZrCMP (Figure 1). Heating the immobilized Hb/-ZrCMP
under nitrogen to 99 °C for 5 min resulted in the loss of
the XRD peak, suggesting the collapse of the layer
spacings due to protein denaturation (Figure 1). When
the sample is cooled to room temperature, the d spacings
were recovered within 1 h (Figure 1), indicating the
recovery of the protein size. In contrast, Hb immobilized
on a-zirconium carboxymethylphosphonate (o-Zr(Os-
PCH,CH,COOH),°nH,0 or a-ZrCEP?*?) did not recover
its XRD pattern (see Supplemental #1 in the Supporting
Information) under similar conditions. Hb/a-ZrP also
indicated irreversible denaturation, in a similar way,
and the denatured protein did not recover its layer
spacings, even after 3 days at room temperature.
Renaturation of immobilized Hb is further monitored
in spectroscopic studies.

The recovery of the protein secondary structure was
followed by monitoring the circular dichroism (CD) and
infrared absorption (FTIR) spectra of the renatured
proteins. Native Hb has nearly 80% a-helical content
and these features are assigned to strong negative CD
bands at 210 and 223 nm.1® The CD spectrum of the
Hb/a-ZrCMP is similar to that of the native protein
(Figure 2), and heating of the protein to 83 °C for 5 min
results in the loss of most of its molar ellipticity at 210
and 223 nm. Cooling the immobilized sample to room
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temperature (36 h) resulted in near complete recovery
(90%) of its initial molar ellipticity at these wavelengths.
The CD data are complemented by the FTIR spectra
and these are recorded using the attenuated total
internal reflection accessory (see Supplemental #2 in the
Supporting Information). The amide | and amide Il
band positions of Hb/o-ZrCMP are determined from the
second derivative of the absorbance data. The amide |
peak appeared at 1651 cm~! for Hb/a-ZrCMP and this
value matches that of the free protein. Upon denatur-
ation at 95 °C and cooling, the amide | peak recovers
its position at 1651 cm~1. The amide Il band of Hb/a-
ZrCMP appeared at 1548 cm~! (superimposable with
the free protein), and this matches the spectrum of the
heat-treated samples (see Supplemental #2 in the
Supporting Information). Overall, the CD and FTIR
data indicate recovery of the Hb/a-ZrCMP secondary
structure.

Free Hb, Hb/o-ZrP, and Hb/a-ZrCEP, in contrast, did
not recover their structures when subjected to heat
denaturation and cooling. Only 20% of the CD signal
was recovered for the free Hb after 24 h and no recovery
was observed for Hb/o-ZrP. The recovery of the FTIR
spectrum was not observed. The amide | band of Hb/
o-ZrP at 1651 cm~1 shifted to 1637 cm™1, indicating the
loss of its a-helical structure. Free Hb in the solid state
also did not recover its native spectrum with 50% loss
of intensity of the peaks at 1651 and 1548 cm~t. The
FTIR spectrum of denatured Hb/o-ZrCEP showed shifts
in the amide | peak position (1655 vs 1651 cm™1),
corresponding to irreversible loss of structure. These
data suggest the key role of a-ZrCMP in the renatur-
ation of denatured Hb while the other two supports
examined do not permit efficient renaturation. The
refolding of immobilized Hb was further examined in
activity studies.

Immobilized Hb/a-ZrCMP showed peroxidase activity
and this provided a simple method for monitoring the
renaturation process.™ The activities of immobilized Hb/
o-ZrCMP before and after heat treatment are shown in
Figure 3 and the data clearly indicate the complete
recovery of activity for the heat-treated samples, and
the activities are nearly equal, within our experimental
error (initial slopes of the curves are 5 + 0.04 x 10~%/s
and 8 £ 0.94 x 10~5/s, respectively).®> The recovery of
activity after denaturation was also examined by meas-
uring the activity as a function of cooling time (Figure
3, inset).’® Hb/a-ZrCMP showed 50% recovery of its
initial activity after 10 min and 100% recovery after 1
h. This is in contrast to the free protein that when
thermally denatured recovers <30% of its activity, even
after several hours. Hb/a-ZrP recovered only 50% of its
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Figure 3. Peroxidase activity of Hb/o-ZrCMP (0.72 uM Hb/1
mM a-ZrCMP) at room temperature (open circles) and after
heating/cooling (closed circles). The inset shows the recovery
of enzyme activity as a function of time and the recovery was
complete after 1 h.

activity in 1.5 h, and the activity did not improve any
further with time. Hb/a-ZrCEP was even less efficient
in activity recovery, with a maximum of 30% recovery,
and no further improvement was observed with time.

Surface-specific refolding of Hb/a-ZrCMP, therefore,
is demonstrated here for the first time. We attribute
this selectivity to the nature of the surface functions of
the support matrix. The CH,CH,COOH functions of
o-ZrCEP, for example, are known to react with primary
amines to produce amides while the CH,COOH func-
tions of a-ZrCMP are unreactive under similar condi-
tions.1” The orientation of the carbonyl functions with
respect to the a-ZrRP surface (Chart 1) was suggested
to be important in controlling the reactivity of these
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Chart 1. Schematic Structures of o-ZrRP and the
Surface Functions of a-ZrP, o-ZrCMP, and
a-ZrCEP in the Galleries
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surfaces. The reason for the partial reversibility with
o-ZrP is not clear. Amide formation between the lysine
side chains of the denatured Hb with o-ZrCEP can
readily prevent the recovery of its native structure while
such reactivity is not expected with a-ZrCMP. Only a
small fraction of such amide functions can seriously
impede protein structure recovery. Cross-linking of the
e-amino groups of lysine with corresponding aspartate
and glutamate side chains, upon heat treatment of
keratin (in the absence of coupling agents), resulting
in intramolecular amidations, was documented.1®8 Chemi-
cal reactivities of supports at elevated temperatures are
an important consideration in evaluating the properties
of immobilized proteins.

Immobilized proteins may react with the support
matrix surfaces, in specific cases, and proper surface
functions should, in principle, allow the refolding of
proteins into their native structures. In this respect,
zirconium phosphonate support matrixes with appropri-
ate surface groups may function as artificial chaperones
for protein folding. In future studies, we plan to probe
the molecular details of these support surfaces for
efficient refolding of proteins.
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