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Abstract Polymerization and self-assembly of proteins into nanoaggregates of different
sizes and morphologies (nanoensembles or nanofilaments) is a phenomenon that involved
problems in various neurodegenerative diseases (medicine) and enzyme instability/
inactivity (biotechnology). Thermal polymerization of horse liver alcohol dehydrogenase
(dimeric) and yeast alcohol dehydrogenase (tetrameric), as biotechnological ADH
representative enzymes, was evaluated for the development of a rational strategy to control
aggregation. Constructed ADH nuclei, which grew to larger amorphous nanoaggregates,
were prevented via high repulsion strain of the net charge values. Good correlation between
the variation in scattering and A 2 was related to the amorphousness of the nanoaggregated
ADHs, shown by electron microscopic images. Scattering corrections revealed that ADH
polymerization was related to the quaternary structural changes, including delocalization of
subunits without unfolding, i.e. lacking the 3D conformational and/or secondary-ordered
structural changes. The results demonstrated that electrostatic repulsion was not only
responsible for disaggregation but also caused a delay in the onset of aggregation
temperature, decreasing maximum values of aggregation and amounts of precipitation.
Together, our results demonstrate and propose a new model of self-assembly for ADH
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enzymes based on the construction of nuclei, which grow to formless nanoaggregates with
minimal changes in the tertiary and secondary conformations.

Keywords Self-assembly - Nanoensembles - Nucleation - Nanoaggregates - Net charge -
Scattering correction - Polymerization - Electron microscopy

Introduction

Alcohol dehydrogenases (ADHs) are oxidoreductases, which are present in animal tissues,
plants, and microorganisms. These enzymes have attracted major scientific interest because
of their evolutionary perspectives, wide occurrence in nature, and their broad substrate
specificity and stereo-selectivity [1]. ADHs are generally subdivided into three major
groups [2]: (a) the short-chain zinc-independent ADHs [3], (b) medium-chain zinc-
dependent ADHs (including horse liver [4] and yeast ADHs (isozymes I-1II)) [5], and (c)
the long-chain iron-activated ADHs [6]. ADHs play considerable roles in the processing
and production of alcohols and acetic acid [7] and are uniquely suited for direct biomass
fermentation to ethanol [8]. They also support the growth of methylotrophs, oxidize
alcohols, and catalyze lignin degradation [7]. There is also a considerable interest in the use
of ADHs in the chemical synthesis industry, particularly the pharmaceutical industry where
the production of chiral compounds is an increasingly important step in the synthesis of
chirally pure pharmaceutical agents [9, 10].

As industrial catalysts, enzymes must have robust activities that are stable under various
chemical processes and thermal conditions. The potential biotechnological application of
ADH enzymes, as chiral chemical catalysts, has long been recognized [11, 12]. The two
medium-chain zinc-dependent ADHs, including yeast alcohol dehydrogenase (YADH) and
horse liver alcohol dehydrogenase (HLADH), are among the first dehydrogenases studied
as the representatives of ADH enzyme family. They have catalytic zinc ions, important
cysteine residues, and homologous structures [13]. YADH is a tetramer of approximately
150 kDa, very similar in amino acid sequence to the mammalian dimeric ADH, the best
studied of which is the dimeric HLADH. HLADH is composed of two identical subunits;
each containing two zinc atoms. These enzymes are used for the synthesis of chiral
compounds and widely studied for their well-known biotechnological significance [8, 14].
Unfortunately, both YADH and HLADH are unstable in aqueous solutions under thermal
stress and can easily be aggregated [15—17], leading to phase separation and precipitation.

Stability, particularly the thermostability, is an important functional property of enzymes.
ADHs are temperature labile in general. YADH is somewhat unstable even at 25°C [18].
Thermal treatment of proteins results in destabilization of the compact protein structure,
which may lead to protein aggregation and precipitation. The aggregation of native soluble
proteins, into insoluble inclusion bodies, is a serious concern in biotechnology and
biomedical research. Both YADH and HLADH are thermally labile and easily aggregated.
They have been used for many years as the model proteins to study the chaperone-like
activity of many proteins such as x-crystallin, heat shock proteins [15-17], and [3-caseins
[19]. It is generally believed that the hydrophobic interactions result in protein aggregation.
Therefore, many studies have focused on decreasing the hydrophobic interactions between
proteins using different approaches such as: point mutations, residue modifications, solvent
engineering by preferential hydration, and designing mini-chaperone peptides [20-23].
Recent studies, however, indicate that aggregation can often be reliably correlated with low
net charges [20, 24]. Developing rational approaches to manage protein aggregation
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requires a better understanding of the mechanisms that promote polymerization. Herein,
evidence of the net charge and electrostatic repulsion effects on the suppression of YADH
and HLADH aggregation and mechanistic view about their polymerization into aggregation
are presented. Our results suggest that the disruption of native intersubunit contacts
enforces the appearance of amorphous nanoaggregates by unfavorable interface into
associated subunits without changing the protein’s 3D conformation.

Materials and Methods

Crystallized and lyophilized HLADH, YADH, and NAD" were purchased from Sigma. Other
chemicals were of analytical grade, obtained from Merck, and used without further purification.
All solutions were prepared with double-distilled water and stored at 4°C before use.

Aggregation Assays
Time Dependency of Aggregation Assays

The ADH aggregation rates were determined by turbidity measurements, which cause an
increase in optical density because of high scattering potency of larger aggregated macro-
molecules. The samples, including 0.1 mg/mL of HLADH or YADH, were placed in the
thermostatic cell holder and the absorbance vs. wavelength was measured as a function of time.
For the better analysis of aggregation process and its relationship with enzyme conformational
changes, the samples were scanned within the range of 220400 nm instead of a single
wavelength. The OD values in each cuvette were recorded at 2-min intervals during the 60-min
incubation at 55°C. All measurements were made while incubating ADHs in 50 mM sodium
phosphate or pyrophosphate buffer (pH=7.0-9.5) at 55°C in a Carry-100 spectrophotometer,
equipped with a ten-cell holder and a Peltier temperature control accessory.

Thermal Dependency of Aggregation Assays

Here, the stability of ADHs against the aggregation was evaluated under thermal stress, at
different pHs (7.0-8.5). The amount of aggregation upon heating was determined by
measuring the apparent absorption, due to scattering at 350 nm (OD 350) under the heat
stress at 30-90°C. The experimental conditions were the same as those indicated for the
above experiment.

Scattering Correction Analysis

Macromolecules such as proteins not only absorb but also scatter light and, therefore,
appear to have an artificially high absorbance. Light scattering of the molecules, much
smaller than the wavelength, is proportional to A~* [25], while the scattering of molecules,
comparable in size or larger than the wavelength, is proportional to A2 [26].

The differences between the small and large molecules are due to homogeneous electric
field strength over the molecules with the dimensions smaller than the wavelengths as
compared to a different macromolecular excitation phase due to their various partitions.
However, a scattering correction of protein samples can be made by measuring absorbance
at a series of wavelengths far from the A,,. As the macromolecular scattering varies with
A2, a plot of measured absorbance versus A2 (in the wavelength region far from the Amay)
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was made. The degree of linearity of this plot may indicate the amounts of scattering by the
macromolecules under study. The high degree of correlation coefficient of this fitted curve
confirmed the existence of the scattering phenomenon in the macromolecule-containing
solution. Extrapolation of the linear equation of OD = ak 2 + b, derived from fitting the
absorbance data (OD values) of the wavelength region far away from A.., to the
wavelength region of A, gives the absorbance due to scattering. Coefficients “a” and “b”
show the slope and intercept of linear equation and are used for the calculation of scattering
amounts for the wavelength region of A.,,,. The corrected absorbance values are calculated
by subtracting the values of the absorbance spectrum from the values of scattering plots.

Analysis of Secondary Ordered Conformation

Secondary structures of ADHs (YADH and HLADH) were analyzed by circular dichroism
(CD) AVIV spectropolarimeter, model 215. Far-UV CD studies were carried out with a 0.1-cm
quartz cell, in the wavelength range of 190-260 nm at 25°C and at a pH range of 7.0-9.5. The
enzyme concentration was 0.1 mg/mL in 50 mM phosphate or pyrophosphate buffer. For
detailed analysis of the structural changes in protein, the CDNN software was used to determine
the percentage of different types of secondary conformation in each sample.

EM Analysis of Aggregate Formation

Electron microscopy (EM) was used to evaluate the formation of larger-sized fibrils or the
construction of amorphous nanoaggregates under heat stress. The samples of HLADH and
YADH were incubated for 60 min at pH 7, the pH at which the ADHs readily begin to
aggregate under thermal stress of 55°C. Following incubation, 3 puL of each ADH solution
was applied to 400-mesh copper grids, coated with Formvar/carbon film for 30 s. Excess
solution, on the other side of grids, was absorbed using a filter paper. The grids were
stained with a drop of 1% aqueous filtered uranyl acetate for 20 s. The excess staining
solution was absorbed using a filter paper and samples were air dried for 2 h. The grids
were then examined under an electron microscope (HHU-12A Hitachi) at 75 kV.

Enzyme Activity Assays at Different pHs

The optimum pH of ADHs activity was determined by assaying the enzyme activity at 25°C
and different pHs. The enzyme reactions were carried out in 50 mM phosphate/
pyrophosphate buffer (pH=7.0-9.5) at 25°C, as described by our recent study [27]. Briefly,
ethanol oxidation by ADH was carried out by using NAD™ as a coenzyme, which is
continuously reduced to NADH. NADH absorption, at 340 nm vs. time, is linearly related to
ADH activity. In all cases, the activities were measured at least thrice. The specific activity
(SA) values were normalized and reported, based on the %SA, for comparing the activity of
HLADH and YADH at different pHs.

Results
ADH Turbidity Assays

Mesophilic ADH enzymes are more sensitive to high temperature and are readily
aggregated. Figure 1 shows the absorbance values of samples at the pH of 7.0, 7.5, and
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Fig. 1 Absorption spectra of HLADH at different pHs. The sequential increase in each spectrum was
recorded at 2-min intervals during the incubation of HLADH enzyme at 55°C for 60 min

8.0, which increased for all ranges of the wavelengths (220—400 nm) studied throughout the
incubation analysis at 55°C. It also shows that thermal stress causes the native soluble form
of HLADH to be changed to a nonsoluble type of macromolecule during incubation,
resulting in scattering. Scattering in macromolecule solutions is related to larger aggregated
conformations. Hence, Fig. 1 indicates that increasing pH diminishes aggregation up to pH
8.0 and suppresses the aggregation at pH>8.5 under thermal effects. Similar results were
observed with the mesophilic YADH enzyme (Fig. 2).

Scattering Corrections and 3D Conformational Analysis

The use of scattering corrections gives useful information regarding the aggregation
phenomenon as well as the 3D structural changes in macromolecular solution [28].
Scattering causes artificially high absorbance in a series of wavelengths even at A,,,.. The
Amax 18 related to the absorbance of aromatic residues, which are usually employed for
folding/unfolding studies and are related to 3D conformational changes. Therefore,
scattering correction was made by measuring the absorbance at a series of wavelengths
far from A, (300-400 nm). Absorbance changes at the wavelengths >300 nm were purely
related to the scattering, derived from aggregation. Figures 3 and 4 (left panels) show a
good linear relationship between the absorbance of both mesophilic ADHs vs. A 2 (the
wavelengths at the range of 300-400 nm) at a pH<8.5. A high linear correlation of OD
values with A2 indicates comparable sizes for polydispersed molecules with the
wavelength of 200400 nm due to the aggregation phenomenon for both HLADH and
YADH. Figures 3 and 4 (left panels) also show that there are not high values of R? for
enzyme solutions at the zero time of incubation. This indicates the absence of scattering and
so the lack of aggregation at the start of the experiment. The same type of plots, at pH>8.5
for both enzymes (plots are not shown for brevity), revealed a curvature treatment for the
absorbance vs A 2, which indicates the nonlinearity of scattering results. If the size of
sample solute is much smaller than the studied wavelengths, it is not possible to obtain a
linear correlation with A 2 [25, 26]. The nonlinearity of absorbance vs. A 2 for the samples
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Fig. 2 Absorption spectra of YADH at different pHs. The experimental conditions were the same as in Fig. 1

free from aggregation, at pH>8.5, has indicated that the sizes of soluble ADH solutes are
much smaller and noncomparable with the wavelength. However, a greater linear
correlation between the absorbance and A2 confirms the polymerization of ADH
molecules, leading to the construction of nanoaggregates, which are comparable with the
size of related wavelength.

Scattering correction plots vs. A, in Figs. 3 and 4 (right panels), were derived from the
extrapolation of linear parts (R*>0.90) with mentioned OD values vs. 1> for both ADH
enzymes at a series of wavelengths. The absorbance spectra of the enzyme solutions,
incubated for 60 min with and without scattering corrections, are also shown in Figs. 3 and 4
(right panels). They show that any absorbance variation in A, was compensated by
subtracting the artificial absorbance values, based on the scattering. Superimposing the
sample spectra, by scattering corrections, have indicated that heat stress for a long time
(60 min at 55°C) had no effects on the 3D conformational changes of both ADHs. Thus, both
ADHs readily aggregate under the heat stress without any significant 3D structural changes.

Charge Dependency of ADHs Physical Instability

Our results have indicated that pH>8.5 suppresses the aggregation and/or any other
conformational changes in both ADHs during the incubation times under thermal stress. It
was exhibited that YADH aggregation is more dependent on the pH than HLADH. To
better analyze this fact, the aggregation percentage was plotted for both ADHs vs. pH
(Fig. 5). A rapid decrease in the aggregation quantity (85%) with increasing the pH from 7
to 7.5 was observed for YADH. In contrast, only 10% of initial aggregation value decreased
for HLADH under similar conditions. An interesting observation of the experiment showed
that at the pH>8.5, the aggregation was completely suppressed for both YADH and
HLADH. The isoelectric points (pI) of YADH [29] and HLADH [30] are 5.4 and 6.8,
respectively. The pl is related to pH when the net charge of protein is zero. Higher pI is
related to higher amounts of basic residues in the primary structure of proteins. Different
residues that make up the primary structure of HLADH and YADH are listed in Table 1. As
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Fig. 3 Correlation of HLADH absorbance with A > at different pHs (left panels) and scattering correction (right
panels) for the entire series of wavelength region. The gray shadows indicate the range of scattering correlation
with A2 (left panels) and A (right panels) from zero to the last incubation time. None and good linear scattering
correlation with A2 at zero time (filled squares) and the last incubation time of 60 min (filled circles),
respectively. The spectra in right panels, at zero incubation time (empty squares), at last time of incubation
before scattering correction (dashes) and after the scattering corrections (empty triangles) are depicted

expected, the basic residues were 1% more in HLADH than in YADH, whereas the acidic
residues were almost the same. Hence, a 1% increase in basic residues is sufficient to
increase the pl from 5.4 (YADH) to 6.8 (HLADH) and is responsible for slower aggregation
slope in HLADH at pH 7.0-8.5. In addition, Table 1 signifies the same percentage of
hydrophobic residues in the primary structure of both HLADH and YADH. Thus, a sharp
decrease in the aggregation of YADH should be related to the differences in charge effects
and not to the differences of hydrophobic interactions. pH changes is related to the changes
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Fig. 4 Correlation of YADH absorbance with A2 at different pHs (left panels) and scattering corrections

(right panels) for the entire series of wavelength region. The symbols and conditions of experiment were the
same as for the Fig. 3

in net charge values of the enzymes. The net charge quantity of HLADH and YADH was
calculated using PROPKa [31] and listed in Table 2. The net charge values indicated that
the negative charge of YADH is greater than that of HLADH at the identical pH. Thus,
because of less basic residues in YADH, which results in a lower pl value with higher
negative charge, there exists a higher pH dependency for aggregation.

Thermal Scanning of ADHs and Charge Effects

Figure 6 shows turbidity measurements vs. thermal scanning (25-95°C), confirming the
time-dependent net charge effects on the aggregation of both HLADH and YADH. Thus,
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Fig. 5 The percentage of aggregation for YADH (empty triangles) and HLADH (empty squares) vs. pH after
60 min of incubation at 55°C. The values are acquired via normalization of aggregation at each pH by the
relation ’“”7 x 100. Apy7 and Ay, is related to the average value of turbidity, based on OD3gonm during
10 min from the end times of incubation (50-60 min) at pH 7 and other pHs, respectively

the increase in pH from 7.0 to 8.5 caused not only a delay in the aggregation temperature at
least by 10° but also decreased maximum aggregation amount at the saturation phase.
Another important observation was related to the precipitation of both HLADH and YADH,
especially at pH=7.0. Precipitation caused phase separation of macromolecules, leading to
decreased OD values at the temperatures above 75°C, representing the final state in
aggregation process. Thus, these results emphasize the important role of net charge not only
in decreasing and delaying the aggregation but also actively preventing the precipitation of
both ADHs as well.

The Relationship Between the Aggregation and Secondary Structure of ADHs

To elucidate whether the aggregation of the two proteins can be attributed to the remarkable
differences in nonnative {3 sheets, which were previously shown to be important determinants
of the aggregation [32], we used Far-UV CD analysis, which is proven to be a powerful
method to define secondary structure of macromolecules in solution. Far-UV CD results have
shown no remarkable spectral differences for aggregated ADHs during the 30-min incubation
at 55°C (Fig. 7). These findings confirmed the scattering corrected UV results in “Scattering
Corrections and 3D Conformational Analysis”, demonstrating little or no secondary and 3D
structural changes in both ADHs during the aggregation under heat stress.

Table 1 The number of different group of amino acid residues in the primary structure of HLADH and
YADH monomers.

ADHs Basic a.a. Acidic a.a. Polar a.a. Non Polar a.a.
HLADH 49 (13.1%) 38 (10.2%) 70 (18.7%) 217 (58.0%)
YADH 42 (12.1%) 36 (10.4%) 69 (19.9%) 200 (57.6%)

The numbers in parentheses indicate the related percentage of each group of amino acids. The Pdb structures
of 1A71 and 2HCY were used by Swis-PdbViewer 3.7 to analyze HLADH and YADH, respectively
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Table 2 Predictions of HLADH and YADH enzymes net charge as a function of pH using PROPKA [31].

Different pHs® HLADH YADH
pH=5 +9.67 +1.93
pH=6 +2.62 -5.07
pH=7 +1.06 -8.30
pH=8 —3.55 —10.12
pH=9 —7.66 -12.52
pH=10 -19.05 —21.40
pH=11 -36.94 —36.38
pH=12 —46.63 —46.55

The Pdb structures of 1A71 and 2HCY were used to calculate the HLADH and YADH geometry,
respectively

?The pl values for HLADH and YADH were predicted to be 6.65 and 5.19, respectively. It is noteworthy that
the predicted pl values are in agreement with the experimental values 6.8 [30] and 5.4 [29].

For analyzing the possibility of secondary structural changes in ADHs under increasing
negative net charge, the percentage of different types of secondary structure was studied
and evaluated by CDNN software (Tables 3, 4). CDNN (http://bioinformatik.biochemtech.
uni-halle.de/cdnn/) was used to compute the percentage of different types of secondary
structures in details. These results indicated that in aggregated ADH molecules, not only is
there no induction of nonnative 3 sheet but also the transition of other types of secondary
structures including «-helices, turns, and coils were almost invariant. Almost, all types of
secondary structures such as helices, sheets, turns, and coils were unvaried under the
experimental conditions (pH=7.0-9.5). However, the propensity to form nonnative (3-sheet
type of secondary structure (favorite structure in amyloid-fibril aggregates), even under
favorable low net charge conditions of aggregation, was absent for both ADHs.

14 i 14
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l 7 1 4
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Fig. 6 Optical density (4350 nm) vs. scanning temperature of HLADH and YADH at different pHs (pH=7
(empty squares), pH=1.5 (empty triangles), and pH=8.5 (empty diamonds)

KU
3& Humana Press


http://bioinformatik.biochemtech.uni-halle.de/cdnn/
http://bioinformatik.biochemtech.uni-halle.de/cdnn/

1198 Appl Biochem Biotechnol (2010) 160:1188-1205

25 1 HLADH
20 4
7 315
St to)
on on
b T
g g
& &
Z z°
& =
= =
-5 4
-35 ; ; ‘ ‘ ‘ ‘ -10 ‘ ‘ : ‘ ‘ ‘ ‘
195 205 215 225 235 245 255 190 200 210 220 230 240 250 260
A (nm) A (nm)

Fig. 7 Circular dichroism spectra of HLADH and YADH at 55°C, pH=7. Filled lines and dashed lines are
related to zero time and 30 min of incubation at 55°C, respectively

Assessments of the Configuration of Nanoaggregates by EM

To determine whether amyloid-like filaments and/or amorphous nanoaggregates were
formed or not, EM was used to examine the incubated ADHs under most favorable
aggregation conditions at pH 7.0, as described in the “Materials and Methods” section. EM
is a powerful method to analyze the configuration of recently formed aggregates [33].
Herein, EM was used to evaluate possibly fibril formation or construction of amorphous
nanoaggregates of ADHs. Figure 8 illustrates no fibril formation or the appearance of any
other known pattern conformers for aggregated ADHs. Construction of amorphous
aggregates, free from fibril formation, was consistent with the CD results. Assessment of
the secondary structure of aggregated ADHs, in Fig. 7, showed the lack of induction for any
nonnative 3 sheets (fibril structures). EM images also indicate that the aggregation
phenomenon results in the formation of different nanoparticles with broad sizes, possibly
10-1,000 nm. Thus, the configurations of aggregated enzymes are formless at nanoscale
with different particles as a high polydispersion.

Charge Effects on Physical Stability and Enzyme Activity

Our findings are notable because net charges have two different effects: anti-aggregation
and unfolding effects [34]. The favorable charge—charge interactions are important in
determining the unfolded state ensemble [24]. Natively unfolded proteins have a total net
charge that is generally higher in addition to having a lower content of hydrophobic

Table 3 The percentage of the secondary structure of HLADH at different pH obtained by cdnn program
version 2 using CD Spectra.

Secondary St. pH=7.0 pH=7.5 pH=8.0 pH=8.5 pH=9.0 pH=9.5
%Helix 17.1762 16.9714 17.079 16.5632 17.0567 16.4479
% Antiparallel 29.1231 30.4054 30.1277 32.7386 30.7021 33.1274
%Parallel 8.8898 8.5056 8.5395 7.9131 8.3697 7.9151
%Beta-turn 12.5503 12.5994 12.6496 12.6455 12.733 12.5869
%Random coil 32.2607 31.5183 31.6042 30.1396 31.1384 29.9228
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Table 4 The percentage of the secondary structure of YADH at different pH obtained by CDNN program
version 2 using CD spectra.

Secondary St. pH=7.0 pH=7.5 pH=8.0 pH8.5 pH=9.0 pH=9.5

%Helix 15.6142 15.5009 16.1938 14.818 15.1228 15.35807
% Antiparallel 13.4083 13.4715 13.2693 13.7901 13.7441 13.54616
%Parallel 13.019 13.0829 12.8328 13.2334 13.1409 13.11475
%Beta-turn 17.6471 17.6166 17.6779 17.6874 17.751 17.68766
%Random coil 40.2249 40.3282 39.9825 40.3854 40.2413 40.29336

residues than those of proteins that fold into globular structures. To confirm that the
extreme net charges under alkaline pH had negligible effect on the native conformation of
enzymes, the activity of ADHs was assayed within the same environment. The results of the
activity assays, for HLADH and YADH at various pHs, are shown in Fig. 9. These results
indicate that the alkaline pH is most suitable for increased activity of ADH enzymes. The
3D structure of proteins determines their function. Thus, both YADH and HLADH were
more active at pH 8-9. Thus, the optimum pH of the catalytic activity for both YADH and
HLADH was 8.5.

Fig. 8 EM analysis of amorphous aggregate formation in HLADH (A, C) and YADH (B, D) at different
polydispersed nanoscale sizes. A and B are related to controls while C and D are related to incubated
enzymes (0.1 mg/ml) at 55°C for 60 min
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Discussion

Unlike crystallization and self-assembly processes, aggregation involves the association of
thermo-labile conformation intermediates rather than the stable native protein. Controlling
aggregation requires a clear understanding of the important factors that cause polymeri-
zation. Important factor, in decreasing turbidity and suppressing the aggregation for both
ADHs, were based on the pH that is related to the net charge effects. Turbidity-caused
augmentation of absorbance values for both HLADH and YADH at all wavelengths and pH
7.0, 7.5, and 8.0 during the incubation period. However, 3D structural changes in the
absence of scattering generally caused an increase in absorbance only at A,,x. Appearance
of larger aggregated molecules caused artificially increased absorbance and interfered with
true absorbance values at A,,,,. Therefore, we performed scattering correction by following
A2 with a reliable correlation. Following the true absorbance (corrected scattering) at Apax
for both ADHs indicated no 3D conformational changes in the enzymes during aggregation.
Evaluation of secondary ordered conformation by far-UV CD was related to the lack of any
helix or sheet to coil transitions during the long incubation period under heat stress. Thus,
these results strongly confirm the interesting phenomenon that ADHs aggregation occurs
with minimal secondary and/or tertiary structural changes.

Protein aggregation is considered as an irreversible reaction, proceeding with the
participation of n molecules of the nonnative conformations. First, aggregation is preceded
by the protein’s unfolding stage and secondly, the association of a number of unfolded
states conformers:

N—->U—-U+Un—4

N is the native state of the protein molecule and U is the unfolded state, which is prone
to aggregation (4). Interaction of denatured protein molecules result in aggregation. The
aggregation of monomeric proteins is a simple process and follows the indicated
mechanisms [35]. It involves interactions of several protein molecules in the unfolded
state, transforming into a larger aggregate. However, aggregation of oligomeric proteins,

100 -
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Fig. 9 The percentage of specific activity for HLADH (empty squares) and YADH (empty triangles) vs. pH.
Activity was assayed in 50 mM phosphate buffer at pH 7.0-8.0, in 50 mM pyrophosphate buffer (pH=8.5—
9.5). Each point represents the average quantity of at least three determinations
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with different subunits, may occur via different mechanisms. Dissociation of subunits,
under harsh conditions, such as thermal stress, is the first phenomenon that appears in
oligomeric enzymes [36, 37]. Different subunits in oligomeric enzymes are linked to each
other by special sites namely “conformational lock” [37]. Based on Poltorak theory [37—
39], the thermal stress causes sequential disruption of conformational locks leading to
subunit dissociation:

MMn —-MMn—-1—MMn—-2 —MMn—-3 - M+M

The model includes three sequential stages for the formation of monomers in dimeric
MM macromolecule by loosing three conformational locks (n=3). Monomerized subunits
tend to achieve 3D conformational changes with unfolding and then association leads to
aggregation by heat stress as it occurs in monomeric proteins.

MMn — nM
M —nU — (U+U)n— A4

A possible mechanism, based on this theory, was proposed for ADHs aggregation in
Scheme 1 by sequential 1, 2, and 3 reactions. In reaction 1, the native dimeric HLADH (or
tetrameric YADH) dissociate into monomers by breaking weak interactions in the quaternary
structures at the conformational locks under thermal stress. Based on reaction 2, the
monomeric subunits loose native 3D conformation and denature. Finally, the unstable
unfolded monomers tend to associate and lead to the aggregation in reaction 3. However, our
findings indicated that under aggregation process of ADHs, not only the 3D conformation of
the enzymes is invariant but also their secondary structures do not change. Thus, the
aggregation of oligomeric ADHs is different from the indicated usual mechanism in the
reactions 1, 2, and 3. Therefore, we proposed an alternative mechanism for the polymerization
pathway of ADHs in reactions 1’ and 2’. These processes indicate broken native locks in
quaternary structures and the subunit dislocation by new unfavorable locks, built as an
aggregation-prone state intermediate (/) without unfolding. Recently, we have shown that the
appearance of I conformers during aggregation by chemometric PCA analysis, which had
high affinity to bind chaperon like 3-casein proteins (JCN) construct /-3CN. The I-GCNs
complex suppressed the formation of final aggregated state of HLADH molecule [40]. The
quaternary structural changes are the only possible conformational changes during
aggregation phenomenon that leads to aggregation and are proposed as “I” conformers.

Hence, aggregation-prone state intermediate / should be related to the changes only in
quaternary structure of enzymes, based on delocalization of subunits, without any changes
in secondary/3D conformations of ADHs during aggregation. The / molecules can justify
our previously reported nucleation-growth mechanism [27]. Three models, by kinetic
mechanism of aggregation, include the sequential particle—cluster aggregation, multimeric
cluster—cluster aggregation, and nucleation-dependent aggregation [41, 42]. Nucleation-
growth pathway is characterized by slowly forming nucleus, followed by the rapid
aggregate growth. This mechanism generates a sigmoidal-shaped curve in light scattering.
Thus, the appearance of “I”” molecules leads to the construction of nuclei, which is the first
stage in aggregation phenomenon and tends to form larger amorphous aggregates.
Therefore, the nucleation-growth pathway of delocalized lock subunits, in oligomeric
ADHs, can illustrate the appearance of amorphousness aggregated nano-particles with high
polydispersion.

Increasing the net charge suppresses aggregation by preventing the construction of /
molecules, which are inclined to aggregation and associating the nuclei. The possible model
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Scheme 1 A proposed schematic model for polymerization mechanism of HLADH aggregation pathway
with two subunits as a dimer protein (similar model is possible for tetrameric YADH with four subunits)

for negative net charge effect on the aggregation suppression was proposed in reactions 1”
and 2". When the net charge of protein is high, the approach and interaction between
distinct protein molecules is hindered by an overall effect of electrostatic repulsion. A
decrease in the net charge leads to reduction in the extent of such repulsions, contributing to
an acceleration of the aggregation process. At pH 8.5, HLADH and YADH have
approximately —7 and —12 net charges, respectively. Therefore, each molecule carries a
significant amount of negative charge to repel the other one. Our results demonstrate that
the negative charges (=7 and —12) enforce sufficient strain and repulsion against other
favorable forces of aggregation, namely hydrophobic interactions, preventing the
aggregation at pH 8.5. Increasing pH>8.5 results in increased negative net charge and
strain against close proximity and aggregation of ADHs.

It has been previously shown that heat-induced RNase A aggregation depends on the pH of
solution [43]. Long incubation period of RNase at harsh conditions (75°C and pH 3.0), having
a +16 net charge, led to the prevention of aggregation. While at higher pH with low net charge,
RNase was easily aggregated. Thus, electrostatic repulsion was proposed to be responsible for
the absence of aggregates at low pH [44]. Studying two homologous proteins AcP and HypF-
N, able to form amyloid fibrils, showed higher hydrophobicity and a lower net charge
contribution to the aggregation and amyloid formation. At the considered pH values,
HypF-N, and AcP had a net charge of +1 and +5, respectively. HypF-N aggregated with a

3'¢ Humana Press



Appl Biochem Biotechnol (2010) 160:1188-1205 1203

rate constant 1,000 times faster than AcP [20]. In agreement with these findings and
Scheme 1, the aggregation of both HLADH and YADH correlated inversely with the net
charge at various pHs. In contrast, the two proteins differ considerably in their net charge
values at lower pH. However, increasing the pH>8.5 results in compensation of this
effect. In addition, comparison of these two enzymes implies minimum precipitation for
YADH under heat stress because of higher negative net charge.

The pH is one of the important physical parameters for enzyme function either in vivo or
in vitro and determines the unique conformation for enzyme’s activity. This notion is
consistent with our structural studies, discussed above. The higher net charge not only
prevents aggregation but also has a favorable effect on enzyme function. The ability of pH
to prevent ADH aggregation was considered as a result of net charge at the studied pH.
These evidences suggest that charge—charge repulsion is effective in preventing ADH
aggregation via the inhibition of building nucleus by / conformers.

Conclusion

The failure of correct folding of proteins leads to aggregation with severe functional deficit
for biotechnological over-production of enzymes in vivo. A fundamental understanding of
molecular processes, leading to misfolding and self-assembly of proteins, is involved in
various diseases or biotechnological applications of enzyme, which can provide important
information to help identify the appropriate routes to control these processes. Here, we have
shown that charge—charge repulsion is effective in preventing the ADH aggregation under
heat stress. We proposed a model for oligomeric ADHs aggregation and possibly other
oligomeric enzymes in order to elucidate the correctness of the popular mechanism (1, 2,
and 3), and the time-course of protein aggregation following 3D conformational changes.
The net charge effect on preventing the appearance of an intermediate (/) molecule to build
up nucleus defines that the attributes of electrostatic charged amino acids by site-directed
mutagenesis may be important. In this way, effective substitutions of hydrophobic amino
acid residues with the charged ones may be beneficial in preventing the protein aggregation
at neutral pH.
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