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Each protein folds into a unique and native structure spontaneously. However, during
the unfolding or refolding process, a protein often tends to form aggregates. To establish
a method to prevent undesirable protein aggregation and to increase the stability of
native protein structures under deterioration conditions, two types of aggregation con-
ditions, thermal unfolding-induced aggregation and dilution-induced aggregation from
denatured state, were studied in the presence of additional amino acids and ions using
lysozyme as a model protein. Among 15 amino acids tested, arginine exhibited the best
results in preventing the formation of aggregates in both cases. Further biophysical
studies revealed that arginine did not change the thermal denaturation temperature
(Tm) of the lysozyme. The preventive effect of arginine on aggregation was not depen-
dent on the size or isoelectric point of eight kinds of proteins tested.

Key words: amino acid, dilution-induced aggregation from denaturant, heat-induced
aggregation, protein aggregation.

Proteins in their functional native structure are engaged in
promoting or controlling virtually every event on which life
depend. We have learned a great deal about the manner in
which native structures are attained through the complex
process of protein folding. However, many proteins often
form undesirable and uncontrollable aggregates during the
unfolding or refolding processes, even in the natural envi-
ronment of the living ceD, despite the elaborate biological
procedures to ensure that a protein folds correctly (1-3).
Actually, a range of debilitating human diseases is associ-
ated with misfolded proteins, including non-disease-associ-
ated proteins, that result in the malfunctioning of the
cellular machinery (4). Among these diseases, most atten-
tion has focused on a group of diseases in which proteins or
fragments of proteins convert from their normally soluble
forms to insoluble fibrils or aggregates that accumulate in a
variety of organs.

During the protein folding process, the formation of ag-
gregates competes with the correct folding pathway during
in vitro folding (5). A simple protein folding scheme can be
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described as follows:

N<—> A >Agg (Scheme 1)

where N, A, and Agg represent a native state, a non-native
state, and an aggregation form (6). Scheme 1 involves the
first-order reversible unfolding of the protein from "N" to
"A" and subsequent inter-molecular association with a
higher order process. Aggregates are operationally defined
by poor solubility in aqueous or detergent solvents (2). The
process "A" —> "Agg" is an irreversible intermolecular pro-
cess. Scheme 1 has been confirmed for several model pro-
teins (7, 8). The kinetics of Scheme 1 is also changed by
various environmental factors, such as temperature, pH,
pressure, ionic strength, and the coexistence of small mole-
cule additives. When establishing a method to prevent pro-
tein aggregation by additions to a protein that aggregates
via this folding pathway, it is important to apply a practical
method of production because it is easy to remove a small
molecule after refolding is completed. Accordingly, a small
molecular additive is useful as an aggregation suppressor.

These additives may influence both the solubility and the
stability of proteins in the unfolded and native states, re-
spectively. They also may change the folding rate to prevent
or accelerate the formation of non-specific aggregates. Dur-
ing refolding of human plasminogen activator, Arg is very
effective in increasing the yield of the active, soluble form
(9). The effect of Arg on the refolding yield was confirmed
for immunotoxine (10) and antibody Fab fragment (11),
while Arg slightly destabilizes cytochrorne c (12). Other
molecules also have been reported as refolding additives.
Pro at 1 M, glycerol at 10%, and heparine at 25 jig/ml pre-
vent the aggregation of creatine kinase (13). Pro prevents
aggregation during the oxidative refolding of reduced and
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denatured lysozyme, while sucrose, glycerol, Gly, and ethyl-
ene glycol do not prevent it (3). Polyethylene glycol im-
proves the structure formation of bovine carbonic anhy-
drase B in vitro (1). Empirical data have been reported for
the prevention of protein aggregation by small molecular
additives, but systematic analysis has not been done.

In this paper, we focus on the mechanism of protein
aggregation with the addition of amino acids and ions.
Heat-induced aggregation and dilution-induced aggrega-
tion by denatured hen-egg lysozyme were systematically
examined and compared. Findings about the protein aggre-
gation process and additives for the prevention of protein
aggregation will help to improve the in vitro folding process
of proteins and provide clues for designing drugs to prevent
protein misfolding in vivo.

MATERIALS AND METHODS

Materials—Hen-egg white lysozyme, Candida rugosa
lipase, bovine trypsin, bovine a-chymotrypsinogen, bovine
ribonuclease A, horse myoglobin, bovine cytochrome c, and
concanavalin A were purchased from Sigma Chemical (St.
Louis, Missouri). AD amino acids and urea were purchased
from Wako Pure Chemical Industries (Osaka). All other
chemicals used were of high-quality analytical grades. Re-
duced carboxymethyl lysozyme (RCM-lysozyme) was pre-
pared as described previously (14).

Heat-Induced Aggregation of Lysozyme—The amount of
heat-induced aggregation of lysozyme was determined as
follows. Lysozyme or other proteins at 0.2 mg/ml in 50 mM
Na-phosphate buffer (pH 6.5) with various concentrations
of amino acids, NaCl, and KC1 were prepared. All additive
preparations were adjusted to pH 6.5 before the prepara-
tion of samples. Samples were subjected to heat treatment
at 98"C for the specified time, and centrifuged at 15,000 xg
for 20 min at 4'C. The samples were monitored by a Jasco
spectrophotometer, model V-550 (Japan Spectroscopic Com-
pany, Tokyo). The concentration of the soluble fraction was
determined by the absorbance spectrum, focusing on
changes at 280 nm.

Dilution-Induced Aggregation from Denatured RCM-
Lysozyme—The amount of dilution-induced aggregation
from the denatured state was determined as follows. RCM-
lysozyme at 2.0 mg/ml in 8 M urea was diluted with 10-fold
sample buffer containing various concentrations of amino
acids, NaCl, or KC1 in 50 mM Na-phosphate buffer (pH

6.5). All additives were adjusted to pH 6.5 before prepara-
tion of the monitored samples. Protein stock solutions and
sample buffers were preincubated at 30°C. After dilution,
the refolded sample was centrifuged at 15,000 xg for 20
min. The samples were monitored in a Jasco spectropho-
tometer, model V-550. The concentration of the soluble frac-
tion was determined from the absorbance spectrum at
around 280 nm.

Differential Scanning Calorimetry (DSC) Measurement—
DSC scans for measuring the Tm of lysozyme with amino
acid additives were obtained using a nano-DSCII Differen-
tial Scanning Calorimeter 6100 (Calorimetry Sciences Cor-
poration, UT) with golden cells in a volume of 0.30 ml at
scanning rates of l°C/min. Degassing during the calorimet-
ric experiments was prevented by maintaining an addi-
tional constant pressure of 2.5 bar over the liquid in the
cells. The measurements were performed in 50 mM Na-
phosphate buffer (pH 6.5) with and without Gly or Arg. The
protein concentration was adjusted to 4.0 mg/ml.

RESULTS

Effect of Amino Acids on Aggregation—Two types of ag-
gregation, heat-induced and dilution-induced, were investi-
gated using lysozyme as a model protein. As intact lyso-
zyme shows full reversibility from the denaturant-induced
unfolded state, reduced and carboxymethylated (RCM)
lysozyme was used to monitor dilution-induced aggrega-
tion.

The effect of amino acids on aggregation was investi-
gated using the heat-induced aggregation method. Figure
1A shows the time course of aggregation lysozyme with and
without Arg. Without amino acid, the amount of aggrega-
tion increased with longer incubation times at 98°C. The
data can be described well by a single exponential function
with a time lag of 4 min. The rate constant of aggregation
was 9.3 x 10^/min. With 0.1 M Arg, the rate constant of
aggregation decreased by about 40% (5.4 x 10^/min) com-
pared to that without Arg. Figure IB shows the dependence
of cooling time on aggregation after heat treatment at 98'C
for 30 min. No time dependence was detected from 0 to 25
min with or without Arg.

Figure 2A shows the concentration of soluble lysozyme
remaining in the supernatant after heat-induced aggrega-
tion with various concentrations of Arg. In the case of heat
treatment at 98°C for 30 min, Arg concentrations lower
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Fig. 1. (A) Time course for the aggregation of lyso-
zyme after heat-induced denaturation in the pres-
ence of 100 mM Arg (open squares) and without
Arg (closed circles). The continuous curves show the
best fit to a single-exponential equation. (B) Cooling
time dependence of the aggregation of lysozyme
after heat-treatment at 98"C for 30 min. Horizontal
axis is defined as the cooling time from 98 to 50'C.
Closed and open circles show the data without Arg and
with 100 mM Arg, respectively.
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Fig. 2. (A) Soluble lysozyme concentration after heat treatment
at 98'C for 30 min with L-Arg (closed squares), 30 min with D-Arg
(crosses), and 60 min with L-Arg (closed circles) at different Arg
concentrations. Open circles and open squares represent the con-
centration of soluble lysozyme after heat-induced denaturation at
98'C for 30 min with different concentrations of NaCl and KC1, re-
spectively. (B) Concentration of soluble lysozyme after heat-in-
duced denaturation in the presence of Lys or Gly. Soluble lyso-
zyme concentration after heat treatment at 98'C for 30 min (open cir-

cles) or 60 min (closed circles) with various concentrations of Lys.
Open triangles show the soluble lysozyme concentration after heat
treatment at 98'C for 30 min in the presence of various concentra-
tions of Gly. (C) Prevention of RCM-lysozyme aggregation in-
duced by dilution from the denatured state. RCM-lysozyme in 8.0
M urea was diluted 10-fold in the presence of the respective concen-
trations of amino acids dissolved in 50 mM Na-phosphate buffer (pH
6.5). Closed circles, Arg; open circles, Lys; closed squares, Gly; crosses,
NaCl; open squares, KC1.

than 200 mM, the amount of soluble lysozyme increased as
the concentration of Arg increased (Fig. 2A). At Arg concen-
trations greater than 200 mM, almost 100% of the lyso-
zyme remained in the soluble form. The preventive effect of
D-Arg was identical to that of L-Arg. The titration curve of
L-Arg monohydrochloride was identical to that of L-Arg
(data not shown). When the heat-treatment time was
extended to 60 min, the overall concentrations of soluble
lysozyme decreased in comparison with the shorter heat-
treatment time (30 min) and higher concentrations of Arg
(>500 mM) were needed to prevent aggregation almost
completely (>90%). It was clearly shown that 200 mM Arg
could significantly prevent the formation of insoluble aggre-
gates. Although ions have been considered to have a pre-
ventive effect against protein aggregation, NaCl and KC1
did not prevent aggregation at concentrations of 500 mM
(Fig. 2A). Figure 2B shows the concentration of soluble
lysozyme in the presence of various concentrations of Lys
and Gly. With increasing concentrations of Lys, the concen-
tration of soluble lysozyme became higher. As in the case of
Arg, after extended heat treatment (60 min), the concentra-
tion of soluble lysozyme was lower than after the shorter
heat-treatment time (30 min). However, Gly did not pre-
vent aggregation even at high concentrations (>500 mM),
indicating that the side-chains of charged amino acids
might be very important for preventing aggregation. More-
over, even among charged amino acids, the slight difference
in the side-chain structures between Arg and Lys was cru-
cial for the effective prevention of aggregation.

The dilution-induced aggregation of denatured lysozyme
was also attempted in the presence of various amino acids
as additives. Figure 2C shows the preventive effects of Arg,
Lys, and Gly on dilution-induced aggregation of the dena-
tured state. As the Arg concentration increased from 0 to
300 mM, the concentration of soluble lysozyme in the
supernatant became higher. At about 300 mM Arg, almost

V L I P M Q S T K R O D E

- 2 0 -

A V L I P M Q S T K R O

sj E
D

Fig. 3. Preventive effect of amino acids on lysozyme aggrega-
tion by the heat-induced method (A) and the dilution method
from denaturant (B). Inserted letters show the single letter code
for amino acids as additives. (A) Soluble lysozyme concentration af-
ter heat-induced denaturation at 98'C for 30 min with 200 mM
(open bars) and 50 mM (shaded bars) of each amino acid. Data for Q,
D, and E at 200 mM could not be determined because of the low sol-
ubility of the amino acids in the buffet (B) Soluble RCM-lysozyme
concentration after dilution from 8.0 M urea to buffer containing 200
mM (open bars) and 50 mM (shadow bars) amino acida Q, D, and E
at 200 mM could not be determined because of their low solubility

all the lysozyme remained in a soluble form, even after the
denaturing treatment. The profile for Lys was almost the
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same as that for Arg, although the maximum effect of Lys
on the prevention of aggregation was slightly weaker. On
the other hand, as the concentration of Gly became higher,
dilution-induced aggregation was accelerated. Ions showed
less ability to prevent aggregation than Arg or Lys (Fig.
2C). By adding Arg or Lys as additives, dilution-induced
aggregation of denatured lysozyme could be significantly
prevented.

The effects of the side chain structure of amino acids on
preventing lysozyme aggregation was carried out by study-
ing the effects of various hydrophobic and charged amino
acids, Ala, Val, Pro, Leu, He, Met, Gin, Ser, Thr, ornithine
(Orn), Asp, and Glu. Because of low solubility in the buffer
or strong noise while detecting absorbance around 280 nm,
the effects of Trp, Phe, Tyr, His, Asn, and Cys on aggrega-
tion could not be examined. Figure 3 shows the ratio of sol-
uble lysozyme concentration in the presence of 200 mM
and 50 mM added amino acid in the cases of both heat-
induced aggregation (Fig. 3A) and dilution-induced aggre-
gation (Fig. 3B). In the case of heat-induced aggregation,
charged amino acids (Lys, Arg, Asp, Glu, and Orn) exhib-
ited high preventive effects on aggregation, but hydropho-
bic amino acids (Ala, Val, Leu, lie, Pro, and Met) were less
effective. In the case of dilution-induced aggregation (Fig.
3B), amino acids with a non-charged group (Ser, Thr) failed
to prevent protein aggregation at all, although positively
charged amino acids (Lys, Arg, and Orn) and hydrophobic
amino acids prevented aggregation as in the case of heat-
induced aggregation. Interestingly, in this case, negatively
charged amino acids (Asp and Glu) promoted protein
aggregation, unlike the case for heat-induced aggregation.
The different effects of side-chain structures in heat-
induced and dilution-induced aggregation must depend on
the equilibrium condition between the unfolded state (U)
and the native state (N) specifically found in the case of
dilution-induced aggregation from the denatured protein.
The data suggest that positively charged amino acids pre-
vent the refolding rate of lysozyme because of their high
isoelectric points. The results of these survey studies indi-
cate that polarity rather than amphipathy of amino acids is
important in preventing aggregation.

DSC Analysis—DSC analysis was performed to deter-
mine the melting temperature (Tm) of lysozyme in the pres-
ence of amino acids as additives (Fig. 4). The Tm value of
lysozyme in 50 mM Na-phosphate buffer was 77.5°C. With
20 mM Arg and Gly, the Tm value of lysozyme in 50 mM
Na-phosphate buffer was 77.8 and 77.7°C, respectively.
With 60 mM Arg and Gly, the Tm value of lysozyme in 50

mM Na-phosphate buffer was 78.0 and 77.7'C, respectively.
The results indicate that the prevention of aggregation by
Arg is not due to a higher Tm, but that other factors are in-
volved.

Prevention of Aggregation in Other Proteins—We further
studied the preventive effects of Arg on protein aggregation
using other target proteins with different sizes and p/s
(Fig. 5). RNaseA (124 residues; p/ 9.5), chymotrypsinogen A
(245 residues; pZ 9.5), concanavalin A (237 residues; pi 4.4),
cytochrome c (103 residues; pJ 10.1), myoglobin (153 resi-
dues; p/ 8.1), trypsin (223 residues; p/ 8.1), and lipase (534
residues; p/ 4.5), as well as lysozyme (130 residues; p/
11.0), were tested. The proteins were heat treated at 98°C
for 30 min in the presence of 50 mM amino acid, and the
protein concentration in the soluble fraction was deter-
mined. Figure 5 shows the prevention of aggregation by
Gly, Asp, Glu, Lys, and Arg. Protein aggregation was not
prevented by the addition of Gly in the case of any of the
tested proteins, indicating that the main chain of the amino
add does not contribute to the prevention of aggregation.
Other charged amino acids prevented aggregation, except
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Fig. 5. Preventive effect of amino acids on heat-induced aggre-
gation of different proteins. Various proteins at a concentration of
0.2 mg/ml were incubated, respectively, with 50 mM Asp, Glu, Lys,
Arg, and Gly at 98'C for 30 min. The concentration of soluble
lysozyme was then determined. The isoelectric points of the proteins
were calculated from their amino acid sequences. Chymotrypsinogen
A, 9.5; concanavalin A, 4.4; cytochrome c, 10.1; lipase, 4.5; lysozyme,
11.0; myoglobin, 8.1; RNaseA, 9.5; trypsin, 8.1.

Fig. 4. DSC measurements of lysozyme with Arg
(thin solid line), with Gly (dotted line), and without
amino acids (bold solid line). (A) 20 mM additivea (B)
60 mM additives. DSC scan for each condition was ob-
tained using a solution containing 4.0 mg/ml lysozyme in
20 mM Na-phosphate buffer (pH 6.5) at a scan rate of
rC/min.
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for Glu and Asp in the case of myoglobin. Interestingly, no
<;lear relation-could be found between the- prevention-of
aggregation and the p/ of the target protein. For example,
the aggregation of an acidic protein (lipase: p/ = 4.5) was
prevented even by positively charged amino acids (Lys,
17%; Arg, 58%), while the aggregation of lipase could not be
prevented by negatively charged amino acids (Asp, 1%;
Glu, 6%). However, the aggregation of a neutral protein
(myoglobin: pZ = 8.1) showed a similar profile. The aggrega-
tion of myoglobin could be prevented by positively charged
amino acids (Lys, 32%; Arg, 86%) but not by negatively
charged amino acids (Asp, -22%; Glu, -27%). The averages
of the preventive effects on aggregation by Asp, Glu, Arg,
Lys, and Gly were 14, 9, 41, 16, and 3%, respectively. These
results indicate that Arg has the most significant effect on
the prevention of aggregation of various kinds of proteins
despite differences in pi and molecular weight.

DISCUSSION

In this paper, two typical types of aggregation, heat-in-
duced and dilution-induced, were chosen and the effects of
amino acids as additives were systematically examined.
From both the basic and practical points of view, protein
aggregation could be improved by the following methods, (i)
The addition of Arg at 200 mM improves heat-induced pro-
tein aggregation. When Arg cannot be used for some rea-
son, charged amino acids can be used instead. However,
Asp and Glu cannot be dissolved in buffers at high concen-
trations (upper limit 50-100 mM). (ii) The addition of Arg
at 200 mM also improves dilution-induced aggregation
from the denatured form. However, dilution-induced aggre-
gation is related to the balance of folding competition, (in)
Ions can prevent protein aggregation, but at least for lyso-
zyme, the efficiency of prevention is lower than in the case
of Arg. (iv) Keeping the protein concentration low is one of
the easiest ways to minimize protein aggregation. Previous
reports have suggested that optimum refolding yields can
be expected in the range of 10-50 jig/ml (15).

Protein-protein interactions relate to the refolding yield.
Basic proteins enhance the refolding yield of other basic
proteins (26), suggesting that the net charge of proteins
plays a significant role in protein aggregation. However,
aggregation of the basic protein lysozyme (pi = 11) was im-
proved by Asp and Glu as well as by Arg, Lys, and Orn (Fig.
3). Our results indicate that hydrophilicity rather than hy-
drophobicity of the additive is the important factor for pre-
venting aggregation. However, the results of a survey of dif-
ferent proteins, as shown in Fig. 5, suggest that Arg has
the greatest preventive effect against aggregation for vari-
ous kinds of proteins with different molecular weights and
p/s. If the side-chain of Arg possesses properties identical to
those of Gdn-HCl, incorrect inter- or intra-molecular hydro-
gen bonds may be cleaved and rearranged by Arg as in the
case by Gdn-HCl (16).

We thank Dr. Robert B. Digiovanni (JAIST) for helpful comments
and-critical- reading of the-manuscript. -— _ . _
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