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Abstract

Comparative studies of the secondary structures of six model proteins, adsorbed onto aluminum hydroxide gel (Alhydrogel) or in
aqueous solution, were carried out by Fourier transform infrared (FTIR) spectroscopy. The analysis of high-quality spectra of all six
model proteins, with a broad range of secondary structure compositions, obtained at 15 mg/ml by the conventional method and at
0.5 and 1.0 mg/ml adsorbed to Alhydrogel revealed that adsorption onto hydrophilic surfaces of aluminum hydroxide particles did
not alter the secondary structures of the proteins. The results of this study suggest that adsorbing proteins to Alhydrogel provides a
means of obtaining FTIR spectra to study secondary structure and conformational changes of proteins in aqueous solution at very
low concentrations. The new procedure effectively lowers the concentration requirement for FTIR studies of proteins in aqueous solu-
tions by at least 40-fold, as compared with the conventional FTIR method. It permits FTIR study of proteins to be carried out in the
same concentration range as is used for circular dichroism and fluorescence, thereby making it possible to compare structural informa-

tion obtained by three commonly used techniques in protein biophysical characterization.

© 2006 Elsevier Inc. All rights reserved.
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Aluminum hydroxide gel (Alhydrogel) is one of the alu-
minum-containing adjuvants approved by the Food and
Drug Administration for use in humans and has been for-
mulated into various vaccine products for enhancing
immunological effects, especially of protein antigens [1].
Structural studies of the adjuvant have shown that com-
mercial Alhydrogel is a poorly soluble crystalline alumi-
num oxyhydroxide, mineralogically known as boehmite,
which consists of corrugated sheets of octahedral alumi-
num [2-4]. The primary particles of aluminum hydroxide
adjuvant are known to have needle-like or fibril morpholo-
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gy, with a diameter of approximately 2 nm [3] and a high
surface area [5,6]. The latter provides excellent adsorptive
capability for protein antigens [7,8]. The adsorption of sev-
eral proteins has been reported, including 1.6-3.1 mg/mg
aluminum for bovine serum albumin (BSA)' [8-10],
1.9 mg/mg aluminum for o-lactalbumin [11], 1.1 mg/mg
aluminum for myoglobin [11], and 1.6-2.6 mg/mg alumi-
num for ovalbumin [9,12]. The mass of protein adsorbed

' Abbreviations used: BSA, bovine serum albumin; ATR-FTIR, atten-
uated total reflectance Fourier transform infrared; DSC, differential
scanning calorimetric; rhIL-1ra, recombinant human interleukin-1 recep-
tor antagonist; rhlgGl, a recombinant human immunoglobulin GI;
sTNF-R1, soluble tumor necrosis factor receptor type-1; PBS, phosphate-
buffered saline; FFT, fast Fourier transform; H-D, hydrogen—deuterium.
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to aluminum hydroxide adjuvant is influenced predomi-
nantly by electrostatic attractive forces; thus, it is affected
by the isoelectric points and surface charges of proteins
[10,13,14]. Hydrophobic forces are also thought to contrib-
ute to some degree to the adsorption of proteins to alumi-
num hydroxide gel [10].

Despite extensive studies of the mechanism [15-17],
applications, and safety/toxicity [18,19] of aluminum
hydroxide adjuvants, few studies have focused on the
effects of adsorption on protein structure and stability
due to the lack of suitable techniques. Using attenuated
total reflectance Fourier transform infrared (ATR-FTIR)
and fluorescence spectroscopic and differential scanning
calorimetric (DSC) techniques, Jones and coworkers [9]
reported that three model proteins—ovalbumin, lysozyme,
and BSA—adsorbed to aluminum-containing adjuvants
exhibited lower thermal stability than did their counter-
parts in aqueous solutions, indicating a destabilization of
proteins’ structures. However, no detailed structural infor-
mation could be provided due to insufficient qualities of the
ATR-FTIR spectra of the three model proteins. In earlier
studies, it was reported that the secondary structures of
proteins bound to silica were not grossly altered but had
reduced thermal stabilities [20,21]. If the silica surface
was modified to render it more hydrophobic, structural
alterations were detectable. The extent of destabilization
also increased as the hydrophobicity of the silica surfaces
increased [20,21].

Because of the extensive use of aluminum salt adju-
vants in human vaccine products, the importance of
understanding the structure and stability of protein anti-
gens when adsorbed onto them cannot be overempha-
sized. Unlike solid silica surfaces [20,21], the average
dimensions of the primary crystallites of aluminum
hydroxide, calculated at 4.5x2.2x10.0 nm along the
crystallographic axes [6], are much smaller than most pro-
tein antigens. Furthermore, the surfaces of aluminum oxy-
hydroxide octahedral are hydrophilic in nature, and the
particles are fully suspended in an aqueous environment
[10,11,14]. Thus, the interaction model between the hydro-
philic surfaces of the adjuvant and hydrophilic surfaces of
proteins is not expected to cause structural perturbations
of proteins. To test our hypothesis, we carried out com-
parative infrared spectroscopic studies of six model pro-
teins: ovalbumin, cytochrome ¢, o-chymotrypsinogen A,
recombinant human interleukin-1 receptor antagonist
(rhIL-1ra), a recombinant human immunoglobulin G1
(rhIgGl), and the 2.6 domain of the soluble tumor necro-
sis factor receptor type-1 (STNF-R1, MW ~ 10.5 kDa) in
solution and adsorbed to Alhydrogel. In a newly devel-
oped procedure, the protein was bound to the Alhydrogel
and concentrated by low-speed centrifugation to obtain a
loosely packed protein—Alhydrogel complex. The new
procedure reduced the initial concentration requirement
for proteins in H,O-based solution to as low as 0.3
mg/ml and allowed collection of high-quality spectra
using the conventional transmission method rather than

ATR-FTIR. The high-quality infrared spectral data
presented here indicated clearly that the adsorption of
six model proteins to aluminum hydroxide gel did not
alter the secondary structures of the proteins.

Materials and methods
Materials

Cytochrome ¢ (horse heart, C7752), ovalbumin (chicken
egg white, A-5503), a-chymotrypsinogen A (bovine pancre-
as, C4879), and deuterium oxide (99.9 atom% D) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) and
used without further purification. Pharmaceutical quality
rhlL-1ra, IgGl, and sTNF-R1 were generous gifts from
Amgen [22]. Alhydrogel (2%) is the product of Brenntag
(Denmark).

Sample preparation

The stock solutions of cytochrome ¢, ovalbumin, and
o-chymotrypsinogen A were prepared by dissolving lyophi-
lized protein powders in phosphate-buffered saline (PBS,
10 mM phosphate buffer with 140 mM NaCl, pH 7.4) and fil-
tering with 0.22-pm syringe filters. rhIL-1ra was obtained as
a concentrated protein solution (220 mg/ml) in 10 mM cit-
rate/140 mM NaCl/0.5 mM EDTA (pH 6.5) and was dia-
lyzed against PBS buffer (pH 7.4) overnight prior to use.
IgG1 and sTNF-R1 were obtained as concentrated protein
solutions in 20 mM sodium acetate (pH 5.0). The concentra-
tions of protein stock solutions were determined by UV-vis
spectroscopy using the extinction coefficients as follows:
E410 nm = 1.06 X 10° M~ cm™" for ferricytochrome ¢ [23],
AN = 6.9 for ovalbumin, 455 = 20.0 for a-chymotrypsino-
gen A [24], AX% = 7.7 for rhIL-1ra [25], A% = 14.0 for rhI-
¢Gl, and A;S/B = 11.4 for sSTNF-R1 as determined by the
method described previously [26].

Aluminum hydroxide gel was washed with a fivefold
volume of the respective buffer to be used for each protein
and precipitated by centrifugation with a benchtop centri-
fuge at 5000 rpm for 2 min. After discarding the superna-
tant, the Alhydrogel was resuspended in the buffer to the
original concentration (2%). Aliquots of protein stock solu-
tions were diluted to 0.5 and 1.0 mg/ml and then mixed
with aluminum hydroxide gel at a ratio of 0.1 ml aluminum
hydroxide gel/ml protein solution and incubated at room
temperature for 30 min. The protein—Alhydrogel mixtures
were then precipitated with a benchtop centrifuge at
5000 rpm for 2 min. The adsorption of proteins onto alu-
minum hydroxide gel was confirmed spectroscopically by
measuring the protein concentrations before and after
Alhydrogel precipitation (data not shown).

FTIR spectroscopy

Infrared spectra were measured using an ABB
Bomem (Que., Canada) MB-series FTIR spectrometer.



284 Secondary structures of proteins adsorbed onto aluminum hydroxide | A. Dong et al. | Anal. Biochem. 351 (2006) 282—289

For studying the structure of proteins adsorbed to the
adjuvant, the protein—Alhydrogel was loaded into a Bio-
Cell (Bio Tools) with CaF, windows having a 6.5-um fixed
path length well. For investigating protein structure in
solution using the conventional method, the protein solu-
tions were loaded into a liquid cell (P/H 2500) with CaF,
windows and a 6-pm spacer. For each spectrum, a 128-scan
interferogram was collected in a single-beam mode with a
4cm™! resolution. The reference spectrum was recorded
under identical scan conditions with aluminum hydroxide
gel suspended and precipitated in corresponding medium
in the cell. The protein spectra were obtained according
to previously described criteria and water subtraction pro-
cedures [27,28]. If residual water vapor signals were present
in the spectrum of protein, they were removed by subtract-
ing the spectrum of gaseous water. Second-derivative spec-
tra were obtained with a seven-point Savitsky—Golay
derivative function. Second-derivative spectra were base-
line corrected as described previously [29]. Final spectra
were treated with a 2x fast Fourier transform (FFT) inter-
polate function and plotted with SigmaPlot 8.0 software
(Systat Software).

Hydrogen—deuterium exchange

To eliminate any concentration-dependent differences,
the protein sample for adsorption to aluminum hydroxide
gel was prepared by adding 100 pl of Alhydrogel (2%) to
1 ml of ovalbumin solution at the same concentration
(15 mg/ml) as used for the solution sample and incubated
for 30 min at room temperature. After discarding the
supernatant, the precipitated ovalbumin-Alhydrogel com-
plex was first rinsed with PBS and then resuspended into
another 1-ml aliquot of the same buffer, followed by centri-
fugation and resuspension as described above to remove
any unbound and loosely bound protein molecules. Hydro-
gen—deuterium (H-D) exchange experiments were carried
out by mixing one part protein solution (15 mg/ml) with
three parts D,0; in the case of protein adsorption to Alhy-
drogel, one part precipitated protein—Alhydrogel complex
was mixed with three parts D,O. The resulting samples
were loaded into a liquid infrared cell with a 25-pum spacer.
The spectra were measured in a kinetic mode with a 32-
scan average per subfile at 2-min intervals. A 40-s lag time
between the start of sample mixing and spectral recording
was observed. The spectrum of fully deuterated ovalbumin
was obtained by dissolving the lyophilized protein powder
in PBS-D,O buffer and incubating the sample at room
temperature for 1h, followed by incubation in a 50 °C
water bath for 1 h. The fraction of unexchanged amide
hydrogens (X) was calculated using the equation [30]

X = (Au — Ano)/(A1o),

where A; and Ay are the absorbance maxima of the amide I
and amide II bands of ovalbumin exposed to D,O solution,
respectively; Ay, is the amide II absorbance maximum of
fully deuterated ovalbumin; and w is the Apo/Ayo ratio,

with Ao and Ay being the respective absorbance maxima
for the amide II and amide I bands of the undeuterated
ovalbumin in H,O-based buffer.

Results

To obtain high-quality infrared spectra of proteins in
aqueous solution by the conventional FTIR spectroscopic
method, high concentrations (>12 mg/ml) of protein gener-
ally are required to compensate for the extremely thin cell
path length used for spectral measurement. Fig. 1 presents
a series of primary and second-derivative spectra of cyto-
chrome ¢, free from interference of gaseous water, mea-
sured at 3, 6, 9, 12, and 15 mg/ml using the conventional
method with a 6-um spacer. It clearly demonstrates that
as the protein concentration decreases, the quality of the
second-derivative spectra deteriorates as a result of the
decreasing signal/noise ratio, especially in the protein con-
formation-sensitive amide I region. The second-derivative-
enhanced band components in the amide I region distort as
the interference of white noise intensifies; this would affect
the accuracy of data interpretation involving the secondary
structures and conformational changes of proteins.

The concentration requirement of the conventional
method for high-quality spectral data has made FTIR
spectroscopy useless in conformational studies of proteins
at low concentrations such as those relevant to vaccine
studies and poorly soluble protein therapeutics. It also
makes the direct comparison between two commonly used
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Fig. 1. High-quality primary and second-derivative spectra of cytochrome ¢
acquired at 3, 6, 9, 12, and 15 mg/ml. All spectra are free from the
interference of gaseous water. The spectrum of aqueous water was
subtracted from the spectra of the protein using the procedure described in
Materials and methods. The inset shows the second-derivative spectra of
cytochrome c¢ in the amide I region.
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spectroscopic techniques, FTIR and circular dichroism
spectroscopy, somewhat uncertain. To lower the protein
concentration requirement without compromising the
quality of the FTIR spectra, we developed a new procedure
for concentrating protein from dilute samples that involves
adsorbing proteins onto aluminum hydroxide adjuvant,
concentrating the complex by centrifugation at low speed,
and measuring the FTIR spectra of the protein—Alhydrogel
complex in an aqueous environment.

Fig. 2 shows the second-derivative spectra of avian oval-
bumin in the amide I region acquired with the conventional
method at 15 mg/ml concentration and with the new Alhy-
drogel method at initial protein concentrations of 1.5, 1.0,
0.5, and 0.3 mg/ml. Avian ovalbumin contains both o-helix
(the band near 1657 cm™!) and PB-sheet structures (the
bands near 1638 and 1626 cm™') in similar amounts [31];
thus, it serves as an excellent model protein for demonstrat-
ing the usefulness of the new procedure. This result clearly
shows that ovalbumin molecules adsorbed onto the surface
of aluminum hydroxide adjuvant retain their native confor-
mation. In addition, it demonstrates the excellent quality of
the second-derivative spectra for samples prepared at initial
protein concentrations as low as 0.3 mg/ml, which are com-
parable to the spectrum obtained by the conventional
method at 15 mg/ml concentration.

To determine whether or not the conformations of pro-
teins with a broad range of secondary structural composi-
tions are altered when adsorbed to aluminum hydroxide
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Fig. 2. Comparisons of the second-derivative spectra of ovalbumin in
amide I region obtained at 15 mg/ml concentration by the conventional
method and at 1.5, 1.0, 0.5, and 0.3 mg/ml concentrations by the
Alhydrogel method.

adjuvant, we selected several proteins, including cyto-
chrome ¢, a-chymotrypsinogen A, rhlL-1ra, rhigGl, and
STNF-R1, as model proteins and conducted detailed com-
parisons of the second-derivative spectra acquired at
15mg/ml by the conventional method and at 0.5 and
1.0 mg/ml by the Alhydrogel method. This group of model
proteins includes proteins with predominantly a-helical
(cytochrome c¢), B-sheet (a-chymotrypsinogen A, rhIL-
Ira, and rhIgGl), and random coil (sSTNF-R1) structures.

Fig. 3 presents the second-derivative amide I spectra of
cytochrome ¢, a-chymotrypsinogen A, rhlL-1ra, rhlgGl,
and sTNF-R1. For cytochrome ¢, IL-1RA, and rhigGl,
the spectra obtained for samples adsorbed onto the adju-
vant from 0.5 and 1.0 mg/ml initial protein concentrations
are nearly superimposable with the spectra acquired at
15 mg/ml in solutions, indicating similar secondary struc-
tures, types, and contents, for the proteins adsorbed to alu-
minum hydroxide adjuvant as their counterparts in
solutions. Thus, for these proteins, there is no measurable
alteration in the secondary structure when adsorbed to alu-
minum hydroxide adjuvant.

However, there are noticeable differences between the
spectra acquired at different concentrations with or without
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Fig. 3. Comparisons of the second-derivative spectra of cytochrome ¢
(Cyt ¢), a-chymotrypsinogen A (a-Chymn A), rhIL-1ra (IL-1ra), rhlgGl
(IgGl), and sTNF-R1 in the amide I region obtained at 15 mg/ml
concentration by the conventional method and at 0.5 and 1.0 mg/ml
concentrations by the Alhydrogel method. rhIgGl was in 20 mM sodium
phosphate (pH 7.0), and sTNF-R1 was in 10 mM sodium acetate (pH
5.92).
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adsorption to aluminum hydroxide adjuvant for a-chymo-
trypsinogen A and, to a lesser degree, STNF-R1. The spec-
tral differences are observed at the region assigned to
random coil (1648 & 2 cm ') for both a-chymotrypsinogen
A and sTNF-RI1 and at the regions assigned to B-sheet
structures (near 1638 and 1690 cm ™) for a-chymotrypsin-
ogen A (Fig. 3). Although those changes do not alter the
assignments of the secondary structures, they do suggest
somewhat different microenvironments being experienced
by those structures. In the case of a-chymotrypsinogen A,
the band assigned to the random coil (unordered structure)
is much narrower in the spectra measured at lower initial
concentrations (0.5 and 1.0 mg/ml) adsorption onto Alhy-
drogel and has a lower frequency than that measured at a
higher concentration (15 mg/ml) in solution. Furthermore,
the spectral differences are highly reproducible; thus, it is
unlikely that they were produced by experimental error.
To determine whether the differences in a-chymotrypsin-
ogen A structure were due to the initial low concentrations
of protein used for the adsorbed samples, the structure of
protein adsorbed to Alhydrogel from solution at 15
mg/ml was studied. After precipitating the aluminum
hydroxide gel and removing supernatant, the protein—
Alhydrogel complex was washed with PBS buffer to
remove any unbound protein molecules in the solution.
The upper panel of Fig. 4 presents the overlays of the sec-
ond-derivative amide I spectra of a-chymotrypsinogen A
adsorption to Alhydrogel at 15 mg/ml and in solution at
15 mg/ml as well as the spectra of a-chymotrypsinogen A
adsorption to Alhydrogel from solutions initially contain-
ing 0.5 and 1.0 mg/ml protein. It shows that the spectra
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Fig. 4. Comparison of the second-derivative spectra of a-chymotrypsin-
ogen A acquired at 15 mg/ml concentration by both the conventional and
Alhydrogel methods (upper panel) and effect of wash and resuspension
(lower panel).

of the protein at 15 mg/ml with adsorption to Alhydrogel
are nearly identical to those without adsorption to Alhy-
drogel. This result demonstrates unequivocally that the
spectral differences between spectra measured at 15 mg/
ml and at 0.5 and 1.0 mg/ml are due to a concentration-de-
pendent conformational change in a-chymotrypsinogen A,
not to a protein—Alhydrogel interaction.

To determine whether the protein molecules adsorbed to
aluminum hydroxide adjuvant at a high concentration
(I5mg/ml) could change their conformation to that
observed at lower concentrations, we resuspended the pro-
tein—Alhydrogel complex in PBS buffer for 1 h and then
reconcentrated the protein—Alhydrogel complex for spec-
tral analysis. The lower panel of Fig. 4 shows the compar-
ison between the spectrum of the protein after resuspension
and the spectra recorded at 15, 1, and 0.5 mg/ml. The sec-
ond-derivative amide I spectrum of the resuspended pro-
tein revealed a transitional spectral pattern between the
high and low concentrations. This observation suggests
that the conformation of the protein molecules adsorption
onto aluminum hydroxide adjuvant is flexible and that it
changes slowly in response to changes in the environment.
Alternatively, the protein may be in equilibrium with that
in solution, and some of the protein may release from the
Alhydrogel and then rebind with the conformation of the
lower concentration protein.

So far, we have demonstrated that the adsorption onto
aluminum hydroxide adjuvant does not significantly alter
the native conformations of six model proteins with a
broad range of secondary structural compositions. Howev-
er, we wanted to determine whether the structural alter-
ation by absorbing to aluminum hydroxide gel manifests
in another process, namely H-D exchange. It has been
reported previously that although ribonucleases A and S
exhibited nearly identical second-derivative amide I spec-
tral patterns, they revealed differences in their structural
dynamics during H-D exchange [32]. We performed an
H-D exchange experiment using ovalbumin as our model
protein and compared the rates of amide proton exchange
of the protein in solution and adsorption onto Alhydrogel.

Fig. 5 shows the overlays of selected primary spectra of
ovalbumin recorded at 0, 2, 10, 20, 40, 60, and 120 min
(starting time for data collection) immediately after mixing
with D,O at 1:3 ratios. Fig. 6 presents the second-deriva-
tive spectra in the amide I region calculated from the spec-
tra shown in Fig. 5. The spectra in the upper panel are for
ovalbumin in solution mixed with D»O, and the spectra in
the lower panel are for ovalbumin adsorbed onto Alhydro-
gel and mixed with D,0. The spectra of the protein in
H,O-based buffer and in the fully deuterated form in
D,0O-based buffer are included for comparison. As shown
in Fig. 5, the protein amides I and II band maxima shifted
to lower frequencies on mixing with D,O. A time-depen-
dent intensity change was observed between the amide II
band in H,O (~1547 cm™') and the amide II' band in
D,O (~1453 cm™'), and this is typical for the exchange
of amide protons to deuterons. The rates of amide proton
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Fig. 5. H-D exchange of ovalbumin in solution or adsorption to
aluminum hydroxide gel. The H-D exchange experiments were carried
out by mixing the protein, in solution or adsorption to Alhydrogel, to D,O
at a ratio of 1:3. The spectra of ovalbumin in PBS buffer and fully
deuterated form in D,0O-based buffer are included for comparison. The
time points were referred to as scan starting times. There was a 40-s lag
time between the start of H-D exchange and the first spectral measure-
ment. The amide I absorbance maxima of all spectra were normalized to
the same intensity for easier comparison. The preparation of ovalbumin—
Alhydrogel is described in Materials and methods.
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Fig. 6. Second-derivative amide I spectra of ovalbumin during H-D
exchange as functions of time. The spectra were calculated from the
primary spectra shown in Fig. 5. The spectra of ovalbumin in H,O-based
buffer and fully deuterated in D,O-based buffer are included for
comparison. The arrows present the direction of intensity change as a
function of time.

exchange calculated from both the primary spectra and the
second-derivative spectra show a slower exchange for the
ovalbumin adsorbed to aluminum hydroxide gel than for
the ovalbumin in solution (Fig. 7). The slower amide pro-
ton exchange rate for ovalbumin adsorption to Alhydrogel
is expected due to the immobilization of the protein
molecules on the surfaces of aluminum hydroxide particles.
No sign of secondary structure abnormality, such as an
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Fig. 7. Fraction of unchanged amide protons and relative intensity at
1657 cm™! for ovalbumin as a function of time at 22 °C. The fraction of
unexchanged amide protons was calculated as described in Materials and
methods. The relative intensity change at 1657 cm™' was calculated from
the second-derivative spectra using the intensity in H,O as 100% and the
intensity in the fully deuterated state in D,O as 0%.

elevated level of random coil structure, was observed in
ovalbumin adsorption onto aluminum hydroxide gel other
than the slower rate of amide proton exchange resulting
from the protein immobilization. The amide proton
exchange data further confirm our observation that
adsorption onto aluminum hydroxide gel does not alter
the native conformations of the model proteins.

It is noteworthy that because of the aluminum hydrox-
ide gel precipitation step during the sample preparation,
the Alhydrogel method does not reduce the total amount
of protein required for each measurement to produce a
high-quality infrared spectrum. The concentrations of pro-
teins for the Alhydrogel experiments are the protein solu-
tion concentrations before adsorption onto aluminum
hydroxide particles, not the actual concentrations for the
spectral measurements. However, this method does effec-
tively reduce the concentration requirement of the starting
materials. From the experimental data currently available,
the gel precipitation procedure does not alter the confor-
mation of protein adopted at a given protein concentration
when aluminum hydroxide adjuvant was applied.

Discussion

The results presented in this study strongly suggest that
the interactions between the aluminum hydroxide gel and
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the six model proteins do not alter the secondary structures
of these proteins. These results indicate that the interac-
tions between the hydrophilic surfaces of aluminum
hydroxide particles and globular protein may be similar
to those between the hydrophilic surfaces of silica and
the hydrophilic surfaces of proteins reported previously
[20,21,33]. Although previous studies suggest that protein
adsorption onto either material results in decreased ther-
mal stability of the proteins [9,20,21,33], neither results in
substantial alteration of protein secondary structure. Previ-
ous studies have indicated that the interactions between
aluminum hydroxide particles and proteins are dominated
by electrostatic attractive forces [10,13,14]. The small parti-
cle sizes, in nano scales, and full suspension in aqueous
solution of the aluminum hydroxide adjuvant may also
allow for binding to proteins without resulting in protein
conformational changes.

The H-D exchange data for ovalbumin suggest that
immobilization of protein molecules onto aluminum
hydroxide gel particles retards the amide proton exchange
of the protein. However, it does not prevent the amide pro-
ton exchange from taking place. The spectral data shown in
Fig. 4 also suggest that there are some degrees of freedom
for the adsorbed protein to change its conformation
responding to the changes in the environment. These obser-
vations further strengthen our conclusion that the confor-
mations of proteins adsorbed to aluminum hydroxide gel
are in their native states.

Previously, ATR-FTIR spectroscopy was used to study
three model proteins—ovalbumin, BSA, and lysozyme—
adsorbed onto aluminum salt adjuvants [9]. The protein
structural analysis by ATR-FTIR, however, has been
known to suffer severe drawbacks, including nonpropor-
tionality and spectral distortion [34]. Even when caution
is observed, the quality of the spectra obtained by ATR—
FTIR might not be sufficient for further analysis by decon-
volution, especially second-derivative analysis. Although
lysozyme and BSA were not included in our model system,
ovalbumin was used in both studies. We noticed that com-
parative structural analysis was not conducted in the earlier
study due to insufficient quality of the ATR-FTIR spectra
of samples adsorbed to the aluminum salt adjuvants. The
conclusion that protein conformation was perturbed on
adsorption onto aluminum hydroxide adjuvant was based
mainly on a thermal denaturation studies. Although chang-
es in thermal stability can be associated with changes in the
conformation of a given protein [35], we did not see this in
the current study. In addition, the decrease in thermal sta-
bility of ovalbumin adsorbed onto aluminum hydroxide in
a heated aqueous environment might not result from struc-
tural destabilization of the protein; instead, it may result
from potentially higher thermal stress experienced by pro-
tein molecules at the surfaces of crystals than in solution.
Changes in thermal stability of ovalbumin adsorption onto
aluminum hydroxide gel may be manifested in other ways.
Further study on thermal stability of model proteins using
the new procedure is needed.

FTIR spectroscopy is one of the widely used vibrational
spectroscopic methods in protein structural analysis
[28,36,37]. It is extremely sensitive to the conformational
changes of proteins induced by various factors such as tem-
perature, pH, and added chemicals and solvents. It has
been used to study the secondary structure of proteins
not only in the soluble native state [28,37,38] but also in
precipitated states, both native (e.g., salted out) and dena-
tured by various factors such as heat and chemical stresses
[29,39-41]. However, to obtain high-quality FTIR spectra
of proteins for detailed structural analysis, relatively high
concentrations (>12 mg/ml in H,O-based solution) of pro-
tein samples are required for all commercial FTIR instru-
ments. In comparison, other spectroscopic techniques,
such as circular dichroism, typically use a sample concen-
tration range of 0.1-2.0 mg/ml.

The high concentration requirement for the FTIR spec-
troscopic analysis of proteins is due primarily to the high
absorbance of water in the amide I region and the require-
ment for extremely thin cell path lengths (6-10 um). The
thin cell path length is used to avoid the strong absorbance
of the O-H bending mode of water molecules in the region
between 1600 and 1700 cm ™' [27,28], which overlaps with
the conformation-sensitive amide I region of proteins
[36,37]. The concentration requirement renders the tech-
nique unsuitable for the secondary structural and confor-
mational studies of proteins in aqueous solution at low
concentrations. The use of an ATR apparatus would not
improve the quality of the spectra of proteins under these
circumstances [34].

To overcome the shortcomings of FTIR spectroscopy in
studies of low concentrations of proteins, we developed a
new procedure by precipitating protein adsorbed to alumi-
num hydroxide gel using low-speed centrifugation and
obtaining a loosely packed and fully hydrated protein—
Alhydrogel complex. The new procedure effectively low-
ered the concentration requirement for FTIR studies of
secondary structure and conformational changes of pro-
teins in aqueous solutions by at least 40-fold as compared
with the conventional FTIR method. It greatly expands the
concentration range of FTIR spectroscopic applications of
protein studies, thereby making it possible to study concen-
tration-dependent conformational changes of proteins.
Most important, the new procedure permits FTIR mea-
surement of protein samples to be carried out in the same
concentration range as those used by circular dichroism
and fluorescence, thereby making it possible to directly
cross-reference among three commonly used techniques
in protein studies.
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