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Abstract: Facile immobilization of myoglobin (Mb), lysozyme (Lys), hemoglobin (Hb), chymotrypsin (CT),

and glucose oxidase (GO) at the interlayer regions of layerediconium phosphatentZrP) under ambient
conditions (pH 7.2, room temperature) is described. The proteins retain their structure and activity after
immobilization. The interlayer spacings a@fZrP (observed in powder XRD experiments) increased from 7.6

A (for a-ZrP) to 53, 47, 66, 62, and 108 A when Mb, Lys, Hb, CT, and GO are bound to the matrix, respectively.
These XRD data strongly suggest intercalation of the proteins in the galleries. The binding constants of the
above proteins witlu-ZrP, estimated from the centrifugation method, are in the range‘ef1® M1, The

o, B, and the soret absorption bands of Mb/Hb immobilizedoerrP were essentially superimposable with
those of the native proteins in solution. The FTIR spectra of the enzgpwi&P composites, measured with

an attenuated total reflectance accessory, show that the amide | and amide Il bands of the immobilized proteins
correlate well with those of the free proteins. The circular dichroism (CD) spectra of immobilized proteins,
similarly, are quite similar to those of the corresponding native proteins. These various spectral investigations
are consistent with high affinity binding of the proteinsxt@rP with considerable retention of protein structure.
Activities of the immobilized proteins are investigated for comparison with those of the proteins in solution.
The hydrolytic activity of immobilized lysozyme is essentially the same as that of the free protein. CT and
GO showed small but reproducible increases in their activities upon immobilization. The enzymatic activity
parameters{ny, and Vinax, Observed for the immobilized Mb, lysozyme, and GO are comparable to those of the
native proteins. The peroxidase activity of Mb/Hb depended on the substrate structure. Activities are higher
for the immobilized Mb whemp-methoxyphenol, phenol, and-aminophenol are used as the substrates. The
activities have been lower, on the other hand, when anilireresol, ando-aminophenol are used as the
substrates. In general, the ratio of the specific activities of immobilized Mb to those of free Mb roughly increases
with increased substrate oxidation potential. The interlayer spacings observed for the-axefeihcomposites

show a strong correlation with the average size of the protein, and this method may be useful for the
determination of protein size. The binding affinities of the proteins correlate with their respective pl values,
with the exception of Hb, suggesting the role of electrostatic interactions in the binding process. The average
area occupied per protein molecule is larger than the average area of cross section of the proteins, and the area
occupied correlates with the reciprocal of the corresponding binding constants. These studies indicate that the
hydrophilic character of the matrix and its surface charge are important attributes that influence the bound
protein behavior. Enhanced activity of Mb with specific substrates and improved activities of CT and GO are
additional advantages of immobilization. Control over the immobilized protein properties is important for
their application in biosensors and biocatalysis.

Introduction instances the selectivity of the enzyme is altered in a desirable
way? Although the interaction between the protein and the
support matrix is expected to play a major role in attenuating
the immobilized enzyme properties, the effect of surfaces on
at solid surfaces can partly overcome these limitatiolra- the immpbilized proteins is not well-understood. Immobilizatio_n
mobilized enzymes can be recycled, thereby lowering their ,Of proteins at well-defined surfacgs and §tudy of thellrproper'qes
effective cost; the immobilized catalyst can easily be separatediS necessary for understanding immobilized protein behavior.
from the reaction mixture for easy workup; and reactions may D€Veloping a general methodology for the immobilization of
be carried out in organic solvents. Immobilization can stabilize Proteins at well-defined hydrophilic solid surfaces and correlat-

enzymes in specific cases, with improved activity, and in few ing their properties With the support surche characteristicsr
therefore, has been our interest. Such studies may be useful in

identifying specific surfaces that improve the properties of the

Enzymes are highly efficient and specific catalysts, but their
routine use in chemical transformations is severely limited by
their high cost and poor stability. Immobilization of enzymes
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Protein Immobilization in-Zirconium Phosphate

Chart 1. Schematic representation of a single layer of
o-zirconium phosphate (A). ThR groups are oriented
perpendicular to the plane of Zr(IV) (large circles), and six
oxygens (small open circles) surround each Zr ion. Shaded
circles are phosphorus atoms. In the case-@rP, Ris OH.
Proteins may bind in the galleries afZrP (B) and on the

outer surfaces (C).
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molecules (from protons to proteing)-ZrP is thermally stable
and chemically inert in neutral/acidic media. The narrow
galleries ofo-ZrP may protect the bound proteins from microbial
degradationa-ZrP provides a large surface area upon exfoliation
of the lamellag€? and o-ZrP can present anionic surfaces (up
to one negative charge per phosphate) for bindiagrP binds
metal ions, alkylammonium salts, metal complexes, organic
cations, and proteins in the interlayer regidhbnmobilization

of cytochromec (cyt c) in the galleries ob-ZrP, for example,
has been reported earlf&rCyt ¢ shows a high affinity foo-ZrP

(Kp > 10° M71), and upon binding ta-ZrP, Cyt retained its
spectroscopic features/redox activity. The hydrophilic nature of
the a-ZrP surfaces (due to the OH groups) may play an
important role in stabilizing the surface-bound protein. Acid
phosphatase and amylase immobilized on hydrated tricalcium
phosphate matrix, for example, retained their activities with

interactions. In addition to the above motivations, the importance INcreased thermal stabilifyThe water molecules bound to the
of surface-bound proteins in biosensors, medical implants, PhoSphate matrix are suggested to provide an aqueous-like
enzyme reactors, and biomedical devices demands that gnedium to stabilize immobilized proteid$.The surface hy-

sufficient understanding of proteirsurface interactions be

droxyl functions ofo-ZrP bind water and provide a suitable

developed such that the support matrix surfaces can be designed€dium to immobilize hydrophilic proteins.

on a rational basis to maximize protein function.

Binding of proteins tax-ZrP is expected to be dominated by

The support matrix, in general, should prevent enzyme electrostatic interactions. Positively charged proteins especially
aggregation, or spontaneous denaturation, and the matrix should'€ expected to show high affinities for the anionic surfaces of

not perturb the native properties of the immobilized protein to
a significant extent in an undesirable way. The support matrix,
in addition, should allow access to the immobilized enzymes

by cofactors, substrates, or redox reagéftazymes have been

immobilized, in this context, using polymers, sol gels, surfactant

films, and hydrogel8.The protective environment of these hosts

can inhibit microbial degradation, hydrolysis, and deamidation,
and can extend the useful lifetime of the bound proteins while

preserving their activit§.Binding of proteins at the surfaces of
phospholipids, and Langmuit-Blodgett films have also been

reported® These various studies clearly established the advan-

o-ZrP (at pH 7.0). The excess surface chargeoefirP may

not be favorable to some proteins, and in such cases the surface
charge can be altered by adding appropriate electrolytes/buffer
ions or by controlling the pH of the medium. Mild conditions
required for ionic binding are expected to result in significant
retention of enzyme structure and activity. Binding of penicillin

G acylase to anionic methacrylate polymers, for example,
increased immobilized enzyme stability when compared to the
free enzymé. lonic binding is labile, and this lability may be
used as an advantage to remove the spent enzyme at high ionic
strengths and to recharge the support matrix with the fresh

tages of enzyme immobilization, although the support surface €NZyme.

characteristics are not well-defined in many cases.
Layereda-zirconium phosphate (Zr(HRQ-nH,O, abbrevi-
ated asn-ZrP, R = OH, Chart 1) is used as the support matrix
in the current studiesa-ZrP is a well-characterized layered
material with hydrophilic hydroxyl functions present on its two-
dimensional lamellar surface (one OH per 24)& Some
advantages of using-ZrP for protein immobilization are that
the host has a layered structure and ¢h&rP layers can be

Met-myoglobin (Mb), lysozyme (Lys), met-hemoglobin (Hb),
glucose oxidase (GO), amdchymotrypsin (CT) are chosen for
the current studie¥~15 These proteins are well-characterized
and provide several convenient attributes. Mb and Hb, for
example, are heme proteins, and they have strong spectroscopic
signatures that are suitable to monitor protein binding or their
redox activity in the host environmetit!4Hydrogen peroxide

(10) Upon exfoliation, the entire gallery surface can be exposed for

readily expanded to accommodate small as well as large gueshinding, and each phosphate can provide upto 24 square angstroms of surface
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Press: San Diego, 1996. (B)osensor and Chemical Sensor Technojogy
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reacts rapidly with Mb/Hb to generate the ferryl iron
(Fe(IV)=0), which is capable of oxidizing amines, phenols,
and other organic compounds. CT and lysozyme are hydrolytic
enzymes with considerable potential for use in organic trans-
formations, while GO is a redox enzyme widely used for blood-
glucose monitoring®

Immobilization of Mb, Hb, Lys, CT, and GO at the galleries
of a-ZrP is reported here. Exposure of the exfoliatedrP

Kumar and Chaudhari

was resuspended in phosphate buffer (0.01 wii%8rP), and the
proteinb-ZrP suspensions scattere®% of incident light above 400
nm.

Binding Stoichiometry Studies.Mb/o-ZrP samples were prepared
with increasing concentrations of Mb (10, 15, 20, 25, andu80).
After equilibration for 1 h, the samples were centrifuged at 12 000 rpm
in a Fisher Scientific minicentrifuge (Marathon 16KM), and the
absorbance of the supernatant at 410 nm was recorded. Free protein
concentration was plotted against the total protein concentration to

platelets to the above proteins leads to spontaneous binding ofestimate the stoichiometric coefficients. LysZrP samples contained

the proteins. Direct intercalation of proteins into the layered
metal phosphates, without exfoliation of the layers, has also

increasing concentrations of Lys (6, 8, 12, 14, 17, and/®). After
equilibration for 1 h, followed by centrifugation, the absorbance of

been reported, but these methods require extreme pH conditiondysozyme at 280 nm in the supernatant was monitored to construct the

(2—3 or >8) and long reaction times (as long as 17 days), and
resulted in partial denaturation of the immobilized prof€in.
Current results indicate that-ZrP binds a variety of proteins
(hydrolytic/redox) under mild conditions (neutral pH, and room
temperature) with a significant retention of protein structure and
activity. The resulting proteininorganic composite matrices
are examined by diffuse reflectance spectral methods<{UV
Vis, FTIR, CD), powder X-ray diffraction (XRD), and activity
studies. Such information on proteins immobilized at well-

binding plots. Similarly, the binding stoichiometries of CT, Hb, and
GO have been determined.

Binding Constant Measurements. The binding constants are
estimated by the centrifugation methtddvb/a-ZrP samples contained
0.3 mM o-ZrP and varying concentrations of Mb (0.2, 0.4, 0.6, 0.8,
and 1uM Mb, 12 mM potassium phosphate, pH 7.2). The samples
were equilibrated fol h and then centrifuged at 12 000 rpm for 5 min
to separate the free protein from the bound protein. Concentration of
the free Mb in the supernatant was estimated from the absorbance of
the samples at 410 nm. The binding data were plotted according to the

defined surfaces may be useful to learn how surface groups ofScatchard equation (eq ).

the support matrix interact with proteins.

Experimental Section

Spectral MeasurementsThe absorption spectra were recorded on

r'C;=Ky(n—r) Q)

In eq 1,r, G, Kp, andn are the binding density, the free protein
concentration, the binding constant, and the binding site size, respec-

a Perkin-Elmer Lambda 3B spectrophotometer or HP 8453 diode array tively. Binding density is the ratio of the concentration of the bound

spectrometer using 1-cm cuvett@sZrP suspensions of appropriate

protein to that of the binding sites. A similar procedure was used to

concentrations were used as reference samples to compensate for th@etermine the binding constants of the other proteins.

light scatter byo-ZrP (<5% above 400 nm). Upon exfoliation with
tetrabutylammonium hydroxide, theZrP suspensions became trans-
lucent and scattered much less light.

Protein Sources.Mb (horse skeletal muscle), Hb (bovine), GO
(aspergillus niger type VII), lysozyme (chicken egg white), and

XRD Studies.Proteinf-ZrP suspensions (5aL00uL) were spotted
on glass slides and air-dried. XRD analysis of the immobilized protein
samples was carried out with a Scintag Model 2000 diffractometer using
nickel-filtered Cuko radiation. Scan rates for these runs wetérin.
The interlayer separations were measured from tHer@@ections

o-chymotrypsin (bovine pancreas) are from Sigma Chemical Co. Protein (I = 1, 2, etc.,) using Bragg’s law.

solutions were made in potassium phosphate buffer (10 mM, pH 7.2)
unless stated otherwise.

o-ZrP Synthesis. The metal phosphate was prepared according to
published procedures, with minor modificatichBhosphoric acid (17
g, 172 mmol, 9 M) was added to ZrOZ[L0 g, 31 mmol). The reaction
mixture was heated at € for 24 h. The resulting white product was
washed twice with 50 mL of water and once with 20 mL of acetone.
The solid was dried overnight at 6C. The FTIR spectra and the
powder XRD pattern of the sample matched with those of the reported
data.

Exfoliation and Immobilization of Proteins. Exfoliateda-ZrP (2%)
suspensions were prepared by mixing 0.1 g-@rP in 5 mL of distilled
water with stoichiometric amounts of tetrabutylammonium hydroxide
(40 wt % in water). The resulting suspensions were sonicated fer 30
40 min and diluted with buffer as needed for the protein binding studies.
Proteint-ZrP samples were prepared as reported eddi&tock
solutions of the protein (0.5 mg/mL, 10 mM;KPQ,, pH 7.2) and
exfoliateda-ZrP (2 wt %) are mixed in a 3:1 volume ratio. The mixture
was equilibrated fol h and centrifuged to collect immobilized protein.
In case of GQ#-ZrP, the protein solution (2.3 mg/mL of GO, 10 mM
potassium phosphate, 1 mM Ca@H 7.2) was mixed with exfoliated
o-ZrP (2%) in a 3:1 volume ratio. Dry samples of the proteiZiP
mixtures were prepared by lyophilizing the samples. The resulting solid
was powdered for XRD or FTIR studies. For optical studies, the solid

(15) (a) Hecht, H. J.; Kalisz, H. M.; Hendle, J. Mol. Biol. 1993 229,
153. (b) Zubay, G. IrBiochemistry Addison-Wesley: Boston, 1983.

(16) Commercial BiosensorfRamsay, G., Ed.; J. Wiley and Sons: New
York, 1998.

(17) (a) Ding, Y.; Jones, D. J.; Maireles-Torres, P.; Rozier&hkem.
Mater.1995 7, 562. (b) Kanzaki, Y.; Abe, MBull. Chem. Soc. Jpri991],
64, 2292.

(18) Mallouk, T. E.; Keller, S. W.; Kim, H.-NJ. Am. Chem. S0d994
116, 8817. Cao, G.; Hong, H.-G.; Mallouk, T. Bcc. Chem. Res 992
25, 420.

FTIR Studies. A JASCO 410C spectrometer in the attenuated total
reflectance (ATR) mode was used to record the protedrP FTIR
spectra. Proteina-ZrP suspensions were prepared in 10 mpBHRO,
buffer (pH 7.2). After equilibration for 1 h, samples were centrifuged
and the pellets were dried in vacuum for 3 h. ATRTIR spectra were
recorded in the reflectance mode with 4 ¢mesolution. Several scans
(16—256) were averaged for each measurement, and the data have been
replotted using KaleidaGraph (Version 3.0) software.

CD Studies.A JASCO model 710 spectropolarimeter was used to
record the CD spectra from 190 to 300 nm. Scan rates were 50 nm/
min with step resolution of 0.1 nm/data point. Bandwidth and sensitivity
were 1 nm and 50 millidegrees, respectively. Several scans were
accumulated for each sample, and the optical path length was 0.1 cm.
CD spectra of the free proteins were recorded after placement of a
suspension ofi-ZrP in a separate cuvette in front of the sample cuvette
to account for the attenuation of the CD signal due to light scatter by
the particles. Use ai-ZrP, exfoliatedx-ZrP, or butylamine intercalates
of a-ZrP attenuated the signal to the same degree. Protein samples
dissolved in 1 mL of buffer (10 mM BHPO,, pH 7.2) were added to
exfoliateda-ZrP (0.5%) as described earlier. After equilibration for 1
h, samples were centrifuged and pellets were resuspended in fresh buffer
(10 mM potassium phosphate, pH 7.2). All proteifdrP suspensions
were diluted as needed for the CD measurements.

Mb Activity Assay. The activity of Mb was followed using the
reported procedure with minor modificatioffsStock solutions of Mb
(103uM) and the substratgp{methoxyphenol, 127 mM)) were mixed
with hydrogen peroxide in varying proportions. Substrate concentrations
were increased from 0.5 to 4.0 mM BV Mb) while keeping the
peroxide concentration constant (0.5 mM), and blank runs contained
no peroxide (diluted with an equivalent volume of water). The product

(19) Marshall, A. G. InBiophysical Chemistry, Principles, Techniques,
and ApplicationsWiley & Sons: New York, 1978; p 70.
(20) Maehly, A. C.; Chance, Bviethods Biochem. Anal954 1, 357.
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formation was monitored as a function of time using a diode-array

) - A 45
spectrophotometer in the kinetics mode. Sample spectra were recorded Mb/ZrP
for 20—30 min while monitoring the absorbance at 470 nm every 10 C =12 uM
s. Mbla-ZrP samples contained/@Bv Mb, 1 mM a-ZrP with varying s 35} ®
concentrations of the substrate, and 0.5 mM hydrogen peroxide. =
Lineweaver-Burke plots were constructed using these data, kpd 8
: = 25¢
as well asVmax values have been calculated from these plots using eq -
219K, is the Michaelis constant (substrate concentration when the rate g )]
is half of Vinay), Vimax IS the maximum reaction velocity, an§][is the — 15+ .
substrate concentration.
5 s . I
IN = K/ (Vinax [S) + 1Vax @ 0 8

4 6
Free [Mb}/pM

Lysozyme Activity Assay.Lysozyme activity was monitored using
the reported procedure with some modificati6hysozyme (6QuM) Lysozyme/ZrP
and various concentrations of the substrate (glycol chitin, 0.05% to C =8uM
0.30 wt %) were incubated at 4C for 1.25 h. To these solutions (1.5 b
mL each) were added 2 mL of 1.5-mM potassium ferricyanide (in 0.5
M sodium carbonate). Samples were then heated in boiling water for
30 min and cooled to room temperature, and the product absorption at
420 nm was observed. A standard calibration curve of absorption vs
product concentration was constructed by mixing stock solutions of
ferricyanide and n-acetylglucosamine. Lys activity was estimated by
using this standard curve, and the activity of immobilized enzyme (7 5
UM Lys, 1.5 mMa-ZrP, 12 mM phosphate, pH 7.2) was determined 0 3 6 9 12
in a similar way. Free [Lys]/uM

CT Activity Assay. Activities of free and immobilized chymotrypsin
were measured following a reported procedure with minor modifica-
tions22 Protein solutions (114M) were prepared in 20 mM tris buffer Hb/ZrP
(38 mM CaC}, 25% methanol, pH 7.8). The Cd/ZrP sample was C =14uM
resuspended in the above tris buffer. Protein sampleMjiwere mixed -0
with N-benzoylt-tyrosine ethyl ester (BTEE). Absorbance at 254 nm
was recorded after 1, 12, and 24 h after the start of the reaction. Rates
were calculated based on the differences in the absorbances of the
product and the starting material, using reported extinction coefficiénts.

GO Activity Assay. Activities of the free and immobilized glucose
oxidase were measured following a reported procedure with some
modifications?® Pyrenyl-1-butyrate (kM) was added to the protein
solution (0.6uM glucose oxidase, 1 mM Cag}) and the reaction was
initiated by the addition of glucose (2 mM). The increase in the
fluorescence intensity at 375 nm (excitation at 340 nm) was monitored
as a function of time. For the immobilized glucose oxidase assay, the Chymotrypsin
o-ZrP bound enzyme was resuspended in phosphate buffer (10 mM C =3uM
phosphate, pH 7.2, 0.6M GO, 0.1 mM CadC). The fluorescence b
growth curves were fitted using KaleidaGraph software (version 3.0),
and the first-order rate constants were extracted from the data. The
initial reaction velocities were used to construct Linewea\Burke
plots, and the catalytic parameters were calculated from these plots.
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A general procedure for the intercalation of proteins into the 4 7 11
galleries ofa-ZrP under mild ambient conditions (pH 7, room Free [CHT)/uM
temperature) is described here. Immobilized proteins are active,Figure 1. Stoichiometry plots for Mb, Lys, Hb, and CT (a through d,
and they show high affinitieskg ~ 1 M) for the o-ZrP respectively). The concentration @ZrP (5 mM potassium phosphate,
matrix. A mild environment is indicated from the spectral data pH 7.2) was kept constant at 1.5 mM for all proteins, except that 0.3
and activity studies. In specific cases, the immobilized proteins mM a-ZrP was used for lysozyme.
show improved activities.

Binding Studies. When equilibrium mixtures ofa-ZrP/
protein suspensions (1.5 mdZrP, 12 mM KHPO,, pH 7.2,

t4

smaller than total protein concentratioG;) at all the protein
concentrations examined, confirming the binding of the protein

. : : to a-ZrP. From they intercepts of these binding plots, the
0—13 uM of protein) are centrifuged, the-ZrP bound protein L S . ;
settles to the bottom and separates from the free protein. The_?'r:‘g'ggf;ﬁj'g;'?;ngtmﬁ h—aéka))eeesr][irizttlgja;?:IS:/Ikg:bL—i_sCflzib
free protein concentrations in the supernatant have beenCT art;d GO are '12 40(114 3 ‘and LM, respecti él yT’abIe’
determined, and the corresponding binding stoichiometry plots ="’ P T 1@, respectively (

are shown in Figure 1-ad. Free protein concentratio@q was D). These studies clearly establish the binding of the above
proteins to thex-ZrP matrix.

(21) Imoto, T.; YagishitaAgric. Biol. Chem 1971, 35, 1154. Binding Constants. Equilibrium mixtures ofa-ZrP with
gg; gi‘é’:‘F?e}__Bé%?g‘:r?"'z’_‘_ Jéfs'ﬁﬁge?';f hgzgfnfﬁ a3ti76 nl%?%lucose . increasing concentrations of the protein were centrifuged, and
Blood Based on the Intrinsic Fluorescence of Glucose Oxidasal. Chem. we estimated the concentrations of the bound protein. These

1997, 69, 1471. binding data are analyzed using the Scatchard equation {éq 1),
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Table 1. Interlayer Spacings, Stoichiometries, and Binding Constants Observed for Immobilized r@enComposite’s

proteinb.-ZrP stoichiometry 4M) Ky/M~1 d spacing (A) protein size (A)
no protein 7.6
tetrabutylammonium 18.6
myoglobin 12 2x 10° 54 30x 40 x 40 (37)
lysozyme 40 1.3% 1¢° 47 32x 32 x 55 (40)
hemoglobin 14 5.4 1¢° 66 53x 54 x 65 (57)
chymotrypsin 3 2510 62 40x 43 x 65 (49)
glucose oxidase 1.1 5% 10¢ 116 43x 51 x 68 (54)

a Protein dimensions are estimates from the known crystal structures and the average of the three dimensions is given in parentheses.
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The XRD peaks are sharp given the large protein dimensions,
0 i : L L and the broad peak observed for Mb may indicate a distribution
137 275 412 550 . . . . . .
1/r of orientations, whereas in other cases the distribution is narrow.
C 1 Glicose OxidaszP Such a distribution may be important for the substrates to access

0.75 K = 6 x 10%/M the active sites of the bound proteins, unless the orientation
. b

= exposes the active site. The obserdespacings with Mb, Lys,
é, 0.5} . Hb, and CT are slightly larger than that of a monolayer of
= . . proteins at the galleries (Table 1), and a bilayer packing of the
025 . proteins at the galleries will requigespacings much larger than
o . the observed values. Perhaps these proteins carry counterions,

i
0 110" 2 10

|
Jo 310" 4 10* co-ions, and water molecules into the galleries, expanding the

) o layers by slightly more than a monolayer thickness. In the case
Figure 2. Scatchard plots for the binding of Mb, CT, and GQxt@rP of GO, however, a bilayer packing appears to be involved with
(a through ¢, respectively). ad spacing of 108 A, twice its average size ¥254 A). The
XRD data, therefore, provide strong evidence for the intercala-
tion of proteins into the galleries of-ZrP. The bound protein
characteristics are examined in FTIR, CD, and activity studies.
Infrared Spectra. Immobilization of proteins at solid sur-
faces, in some cases, results in the loss of native conformation
to a significant extent or denaturation. Such structural changes
can be followed by monitoring the infrared absorption and
circular dichroism spectra of protei#s26The amide vibrational
frequencies of proteins, for example, are sensitive to hydrogen
bonding interactions of the amide function with the solvent, and
with the neighboring functionalities. Protein denaturation modi-
fies these interactions to a significant extent, and the amide
vibrational frequencies shift. Accordingly, the amide | (assigned
to the stretching of the carbonyl coupled to theX) and amide
Il vibrational bands are used as sensitive markers of protein

and the binding plot for Mb is shown in Figure 2a. The binding
constant for Mb calculated from this plot is 2 10° M™%,
comparable to that of horseradish peroxid&de. the cases of
lysozyme and Hb, the binding constants are higher,x1 B®

and 5.5x 10° M1, respectively (Table 1). Similarly, the binding
constants for GO and CT are 5610* and 2.5x 1P (Figure
2b,c), respectively. These protein affinities f@fZrP clearly
demonstrate the ability of the metal phosphate matrix to bind a
variety of water-soluble proteins with reasonable affinities. The
binding of the proteins in the interlayer regionswZrP was
tested in powder X-ray diffraction experiments.

Intercalation into o-ZrP Galleries and Expanded Inter-
layer Spacings.The XRD patterns of.-ZrP/protein complexes
are presented in Figure 3. Immobilization of Mb, Lys, Hb, CT,
and GO in the galleries of the-ZrP matrix is indicated by the
expanded interlayer spacings indicated by the powder diffraction o (34) (a) K;ndrsw, kJ Pl\r/}“”RISV' D.; _StlonS:, m\?vturelgejq 12_4, 42b2. (b) 5

i i ICKerson, . opkKa, . einzierl, J.; arun, J.; Isenberg, .
Zc';ltt%lgsé;h:lnsdp?—(gggﬁ\s Ifr(l)(r:t:;e;lefgog)rftgérgfﬁrg tl(_)ySSS,Hb Mgrgoliash: EJ. BicE)I. Chgm 1967, 242, 3015. (c) Perut.z, M.; Muirhgad,

! J ! ! ol J ' H,; Cox, J.; Goaman, L.; Mathews, L.; McGandy, E.; Webb,Nature
CT, and GO, respectively. The peaks corresponding-#rP 1968 219, 29. Sizes were estimated using data from the protein data bank
(7.6 and 3.8 A, for example) and that of the tetrabutylammonium and using Chem3D Pro. _
intercalateci-ZiP (L7 A) are absent in the XRD patters of (29 Torh t: Jasunl Iy nnhared Spectoscopy of Slomolecdes
the proteina-ZrP intercalates. New peaks, thus, appeared at pp 1-18. Krimm, S.; Bandekar, Adv. Protein Chem1986 38, 181. Susi,
lower 20 values that indicate increaseldspacings (Table 1).  H.; Byler, D. M. Methods Enzymoll986 130, 290. Pancoska, P.; Wang,
Larger proteins showed higher spacings, and the ObservedL.;(lég;dve\z/rollgg, TIQAV.VPL(‘)E;Q ISaCrJ I%?c%?oziérﬁlgﬁd Conformational Analysis
interlayer distances correlate with the respective sizes of the Biommecu?gspésngan, Gl,JD_, Ed.: Plenum Press: New York, 193/6; pp
proteins?* 25-27. Gratzer, W. B.; Cowburn, D. ANature 1969 222, 426.
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Table 2. Relative Rates for the Oxidation of Various Substrates with M&/Hbound toa-ZrP vs Free)

amide l/amide Il CD peaks
protein band (cnT?) (nm) specific activity Km Vimax

Mb 1651/1530 210/222 3.810%s 1.4mM 0.08:«M/s
Mb/o-ZrP 1651/1530 210/222 20 10°%s 1.6 mM 0.04uM/s
Lys 1650/1521 207/223 1% 10°%/s 0.5mM 0.6uM/s
Lys/o-ZrP 1650/1521 207/223 94 10°%s 0.5mM 0.6uM/s
Hb 1653/1521 210/222 0.013/s 0.103 mM 34 nM/s
Hb/a-ZrP 1653/1521 210/222 0.038/s 0.112 mM 42 nM/s
CT 1656/1523 202/231 312/Ms

CTlo-ZrP 1658/1523 202/231 400/Ms

GO 1645/1538 210/218 2 10°/Ms 0.8 mM 0.037mM/s
GOla-ZrP 1645/1538 210/218 2% 10°/Ms 2.5mM 0.042mM/s

a Substrate concentrations were the same in all cases (6.6 mM), while Mb concentrationadd)s (5
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Figure 4. FTIR spectra of free and immobilized proteins recorde
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Figure 5. The circular dichroism spectra of Hb and GO, free and bound
to the o-ZrP matrix, as indicated. The vertical axes of GO and GO/
ZrP were offset by 400 ellipticity values. The peak positions of the
free protein match with those of the bound protein.

minima at 210 and 222 nm are characteristicoohelices,
whereas theg-sheets exhibit a single, broad, negative peak at
212 nm, and random coils show a strong, sharp, negative peak
at 195 nne® The CD spectra of the immobilized proteins should
indicate whether immobilization induces denaturation or un-
winding of the protein structure. The CD spectra of the
immobilized Mb, Lys, Hb, CT, and GO are nearly superim-
posable with those of the native proteins, and the CD spectra
of Hb and GO, as representative examples, are shown in Figure
5. The CD peak positions of Mb, Lys, CT, and GO are

4 summarized in Table 2. Little or no structural change is evident

using the ATR accessory. Parts a, b correspond to the spectra of Mb,after immobilization of these proteins at theZrP galleries.

Lys, and CT, GO, respectively.

structural changes. Upon denaturation of arhelix, for
example, the amide | band shifts from 1650 ¢rto 1640 cnt?,

The CD spectra of immobilized proteins at other matrixes are
not readily available for comparison. Loss of secondary
structure, at any rate, can be readily identified from the CD
spectra. Further insight into the behavior of the immobilized

while the amide Il band shifts to higher frequencies from 1550 proteins was obtained from activity measurements. The access
cm™ L. The FTIR spectra of Mb, Lys, Hb, CT, and GO bound of the protein active site to the substrates, and the ease of
to a-ZrP, as well as the corresponding native protein spectra, diffusion of the reagents in to and out of theZrP galleries,

are recorded (Figure 4a,b). The amide | and Il vibrational bands are examined in activity studies.

of the bound Mb, Lys (Figure 4a), for example, are nearly

Activities of the Bound Proteins. Immobilized enzymes

superimposable with those of the free protein (Table 2). The should retain their activity and be readily accessible for
amide bands of Hb and GO, similarly, did not change after substrate$:® The peroxidase activity of Mb/Hb, hydrolytic

immobilization ono-ZrP (Figure 4b). A small shift in the amide
| band of CT is evident, indicating the sensitivity of CT to its

activity of Lys/CT, and oxidase activity of GO have been
followed before and after immobilization. Oxidation of 4-meth-

microenvironment, rather than denaturation. The FTIR data oxyphenol by Mb, in the presence of hydrogen peroxide,
indicate no major structural changes when the proteins are boundoroduces a colored tetrameric product, and this product provides

to the matrix.

Circular Dichroism Studies. The chiral nature of the protein

a convenient spectrophotometric handle to monitor the peroxi-
dase activity of MIZ° Oxidation of 4-methoxyphenol by the

building blocks and their arrangement in the secondary structurefree and immobilized Mb (absorption monitored at 470 nm) is
result in characteristic circular dichroism (CD) spectra. Double shown in Figure 6. Similarly, oxidation of glucose by GO, with
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monomer/mlVma= 38 uM/min), suggesting that immobiliza-

0.16 Vi
L Mb Activity /. tion has little or no influence on lysozyme activity.
—O— Mb A Lineweaver-Burke plot for the immobilized GO is shown
o | —®  Mb/ZrP / in Supporting Information 2b, and the corresponding catalytic
g L / parameters are collected in Table 2. The activities of the bound
S proteins are comparable to those of the free proteins, and in
s / i specific cases, the immobilized proteins showed better activities.
3 °
< T } . o Discussion
- ’/o [ = Protein immobilization at well-defined solid surfaces is both
{ challenging and interesting for applications in biosensors and
L O biocatalysis. The experiments described here indicate successful
0 ' ' ' ' ' immobilization of proteins at the anionic surfacesefrP, and
0 20 40 60 the immobilized proteins retain their structure/activity. In
Time/min specific cases, the enzyme activities are improved by im-

Figure 6. Peroxidase activity of free and immobilized Mb with
p-methoxyphennol as the substrate.

1.2
—e— Mb/ZrP

—®— Free Mb

0.9

mobilization.

The binding stoichiometries estimated for Mb, Lys, Hb, CT,
and GO are 125, 38, 100, 500, and 2700 ZrP units, respectively.
As each phosphate provides 24 &f area at the galleriedd
the number of phosphate groups occupied by the protein is
expected to increase with the size of the protein. The radii of
the average areas occupied by these proteins are 31, 17, 27, 61,

and 143 A, respectively. However, these radii do not correlate
well with the hydrodynamic radii of the proteins (19, 15, 48,
29, and 70 A, respectivelyy:-31 This is not surprising, because
the average area occupied by the protein, under equilibrium
conditions, also depends on the dissociation constant of the
protein—o-ZrP complex. Weak binding (of G&Xb = 5.6 x

10* M~1) resulted in larger occupied area per protein (2700 ZrP
units), whereas strong binding (of Lykb = 1.3 x 10* M™1)
resulted in much less area occupied per molecule (38 ZrP units).
Average area occupied by the protein (footprint) thus depends
on the binding constants as well as their average sizes. Loose
packing of the proteins, as in the case of GO, is perhaps is
important in maintaining access to the bound proteins by
substrates and other reagents.

the concomitant consumption of oxygen, was monit@fet(1- The binding constants observed for these proteins (Table 1)
Pyrene)butyric acid (PBA) served as a convenient fluorophore roughly correlate with the known pl values of the proteifs,

to monitor oxygen concentration. The fluorescence from PBA suggesting the strong role of electrostatic interactions in
is monitored as a function of time after the addition of glucose determining the binding constants. The moderate binding
(2 mM) to a solution of GO (0.6&M). The first-order growth observed for Mb witho-ZrP (2 x 10° M~1) is consistent with
curve of the fluorescence intensity was nearly the same for thea pl of 7.017 The binding affinity of lysozyme (p&= 11.0)}"
immobilized and the free GO samples (Supporting Information on the other hand, is much larger than Mb. In contrast, GO has
1). These results demonstrate the facile diffusion of the reactantsthe lowest affinity fora-ZrP, resulting from its low pl value
and products through the layered support and the facile accesg4.0)2° Addition of MgCl, (1 M) to the proteind-ZrP com-

to the active sites of the immobilized proteins. Encouraged by posites suppresses binding (qualitatively), consistent with the
these results, we compared thg, and Vmax values of the role of electrostatic interactions in the binding process.
immobilized proteins with those of the free proteins. The interlayer distances measured for the proteifvP

The initial rates of product formation are recorded at different composites provide strong evidence for protein intercalation in
substrate concentrations, and these data were used to constru¢he galleries. The interlayer distances are larger than that of
Lineweaver-Burke plots (Figure 7, Supporting Information a-ZrP and tetrabutylammoniune-ZrP. The observed interlayer
2a,b) to estimat&, andVmax values (using eq 2P TheK, for spacings, in addition, correlate with the average diameter of
the bound Mb (5tM), with guaiacol as the substrate, was 1.6 the proteins determined from the X-ray crystal data reported in
mM, larger than that of the free Mb (1.4 mM), whereas the the literature®® A plot of interlayer spacing vs average protein
Vmax for the bound protein was 2/8Vi/min, nearly half that of size is linear (Figure 8), and in the case of GO, twice the average
the free Mb (5.1uM/min). The turnover numbersV{ax
/[enzyme]), therefore, for the bound and free Mb are 0.5 and
1.0 per min, respectively.

Lysozyme activity, similarly, was monitored by following
the hydrolysis of glycol chitin, a known substrate for lysozyme.
The initial velocities of the product formation are followed as
a function of glycol chitin concentration, and the corresponding
Lineweaver-Burke plots are linear (Supporting Information 2a).
The rates of product formation for the bound protein are nearly
the same as those of the immobilized protel, (= 0.5

0.6

1/V in min/pM

0 | 1 |
o10° 310* 6 10* 9 10"

pM/[Guaiacol]

Figure 7. Lineweaver-Burke plot for the peroxidase activity of free
and immobilized Mb with guaiacol as the substrate.
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110 Table 3. Ratio of the Rates of Peroxidase Activity of Immobilized
Intercept=6; Slope =0.94 Mb to Those of the Free Mb with Various Substrétes
i relative rate oxidation
ﬁ 90 L substrate (bound/free) potentialW/?
! p-methoxyphenol 2.54 0.406
o o-methoxyphenol 0.24 0.456
S phenol 1.26 1.04
s 70 - o-cresol 0.31 0.556
« aniline 0.97 0.70
o m-aminophenol 175
F 50 L o-aminophenol 0.09 0.124
:g L] a Oxidation potentials of the substrates are listed.
= hd tronic factors effecting the oxidation by Mb, the rates of
30 ' ! ! reactions with a number of substrates have been examined
30 50 70 90 110 (Table 3). Rate accelerations are observed with phemel,
(Average Size)/A aminophenol, ang-methoxyphenol. With all thp-isomers, the
Figure 8. The observed interlayer spacings for the proteira/P oxidation was accelerated by the immobilized Mb in comparison
composites correspond to the average sizes estimated from theto that of the free protein, while theisomers reacted slower
crystallographic data. with the immobilized protein when compared to the free Mb.

Theo- andp-methoxy phenols (with similar oxidation potentials)
showed large differences in the rate enhancements. One pos-
sibility is that the active site goemetry of Mb/ZrP allows for
better access tp-methoxy phenol while restricting access to
theo-isomer, resulting in improved selectivity. The ratio of rates
(rate with immobilized Mb to that with free Mb) correlates well
with the substrate oxidation potential (Supporting Information
3), with the exception op-methoxyphenol. In this small set of
substrates, rate accelerations are associated with oxidation
potentials greater than 0.7 V, while rate deceleration are
observed below this potential. Binding of Mb to the negatively
charged matrix alters Mb redox potential, and this can enhance
or lower the observed rates. Changes in the oxidation potential
of Mb bound to the negatively charged DNA helix were
reported®® Enhanced activities and improved selectivities of
immobilized enzymes, in specific cases, are additional benefits
of immobilization, but such rate enhancements/improvements
are rarely observet

protein size correlates with the observed spacing. This correla-
tion is consistent with the bilayer packing of the enzyme at the
galleries. The strong linear correlation found in the plot also
reaffirms intercalation of the proteins in the galleries. The
nonzero intercept (6 A) in the plot is indicative of the average
size of the hydration shell carried with the proteins into the
interlayer regions, and this shell may contain co-ions and
counterions as well.

The FTIR spectra of the immobilized proteins correlate well
with those of the native proteins. The amide | and amide I
peak positions estimated from the second derivative spectros-
copy method® (Table 2) indicate that the immobilized proteins
experience a nativelike environment. These conclusions are
bolstered by the CD spectra of the immobilized proteins. Taken
together, FTIR and CD data clearly indicate that the structures
of immobilized Mb, Lys, Hb, and GO have not been perturbed
to any significant extent after immobilization. In case of CT,
however, the amide | band is shifted from 1656 to 1659%m )
and the amide Il band is unchanged. But immobilization of CT Conclusions
did not perturb its CD spectrum, indicating that the changes in  The spontaneous self-assembly of several proteins as single
the IR spectra could be due to environmental effects rather thanlayers at the galleries af-ZrP, at room temperature and pH
denaturation of the protein. 7.2, is demonstrated here. The binding constants correlate with

Activity studies of the immobilized proteins are encouraging. the net charge of the proteins at pH 7.2. FTIR and CD spectra
Large interlayer spacings observed for the immobilized materials indicate no detectable changes in the immobilized protein
(40—110 A) should facilitate substrate access to the bound structure. Immobilized proteins retain their activity, and in
protein. The specific activities of Lys, CT, and GO are specific cases, small increases in the activities are observed.
essentially the same as or slightly higher than those of the free With Mb, substantial increases in the rates are observed with
proteins (Table 2). Some of the observed increases are withinselected substrates. The activity studies clearly indicate the facile
our error limits of££10%. The reason for the low&f,x value diffusion of small molecules or ions into and out of the galleries
estimated for the immobilized Mb, as compared to that of the of protein—a-ZrP composites. Such access is necessary for the
free Mb, is not due to protein denaturation or restricted accessincorporation of these biocomposite materials in chemical or
to the galleries. Immobilized Lys (with similar gallery spacing) biological sensors. Similar studies with commercially important
is nearly as active as the free Lys, and the specific activities of enzymes and specific host surfaces are underway.

CT and GO are slightly larger than those of the free enzymes. Acknowledgment. The financial support for this work was
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Interestingly, the peroxidase activities of Mb and Hb are strongly s | suib for access to the XRD equipment.

modulated by the nature of the substrate.

In case of guaiacol, the product formation is slower with
immobilized Mb when compared to that in buffer. 4-Methoxy-
phenol, in contrast, reacts more rapidly with the immobilized
Mb than with free Mb (Figure 6). To evaluate the stereoelec-

Supporting Information Available: Growth curve of
fluorescence intensity for immobilized and free GO samples;
Lineweaver-Burke plots estimatind, and Vmax values; plot
of KpoundKfree VS OXidation potential (PDF). This material is

available free of charge via the Internet at http://pubs.acs.org.
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