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Abstract

This paper reports that the acetylation of lysine e-NH3
+ groups of a-amylase—one of the most important

hydrolytic enzymes used in industry—produces highly negatively charged variants that are enzymati-
cally active, thermostable, and more resistant than the wild-type enzyme to irreversible inactivation on
exposure to denaturing conditions (e.g., 1 h at 90°C in solutions containing 100-mM sodium dodecyl
sulfate). Acetylation also protected the enzyme against irreversible inactivation by the neutral surfactant
TRITON X-100 (polyethylene glycol p-(1,1,3,3-tetramethylbutyl)phenyl ether), but not by the cationic
surfactant, dodecyltrimethylammonium bromide (DTAB). The increased resistance of acetylated a-
amylase toward inactivation is attributed to the increased net negative charge of a-amylase that resulted
from the acetylation of lysine ammonium groups (lysine e-NH3

+ ! e-NHCOCH3). Increases in the net
negative charge of proteins can decrease the rate of unfolding by anionic surfactants, and can also
decrease the rate of protein aggregation. The acetylation of lysine represents a simple, inexpensive
method for stabilizing bacterial a-amylase against irreversible inactivation in the presence of the anionic
and neutral surfactants that are commonly used in industrial applications.

Keywords: amylase; charge ladders; industrial biotechnology; protein aggregation; protein engineering;
sodium dodecyl sulfate; thermostability

Supplemental material: see www.proteinscience.org

This paper describes a strategy for generating chemically
modified derivatives of industrially important enzymes
with unusually high net negative charge in order to

increase their resistance toward irreversible inactivation
by negatively charged and neutral surfactants (Vendruscolo
and Dobson 2007). The acetylation of multiple lysine
residues (;17) in a thermostable a-amylase (from Bacillus
licheniformis; E.C. 3.2.2.1, denoted BLA) protected this
enzyme from irreversible inactivation by heat and surfac-
tant, and did not perturb the native structure or decrease
the thermostability of the enzyme. Using inexpensive
chemistry to produce highly charged enzymes is a prac-
tical method for improving the resistance of industrially
important hydrolases (e.g., a-amylase) and other enzymes
(e.g., carbonic anhydrase, E.C. 4.2.1.1) against irreversible,
surfactant- and heat-mediated inactivation. Achieving
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similarly large increases in net charge with mutagenesis is
time consuming, and the effects of multiple amino acid
substitutions on the structure, thermostability, and activity
of the protein can be difficult to predict.

Enzymes are used as catalysts in various industrial,
commercial, and pharmaceutical applications (Kirk et al.
2002; Soetaert and Vandamme 2006); they are more
selective, more efficient, and less toxic than many
synthetic catalysts. Among their disadvantages (in com-
mercial or industrial applications) are their low thermo-
stability, their propensity to aggregate, their high cost,
and their potential to act as allergens. Efforts to develop
variants of industrially important enzymes that have
increased resistance toward inactivation have involved:
(1) the discovery of new enzymes from thermophilic,
halophilic, or alkaliphilic bacteria such as Bacillus clausii
(Salameh and Wiegel 2007), (2) the engineering of ex-
isting enzymes by site-directed mutagenesis (Korkegian
et al. 2005; Reetz et al. 2006), and directed evolution
(Johannes and Zhao 2006).

The largest application of enzymes in industrial bio-
technology, both in terms of quantity and cost, is the use
of a-amylases, cellulases, lipases, and proteases in
commercial cleaning solutions, e.g., fabric cleaners (Kirk
et al. 2002). Among the surfactants commonly used in
commercial cleaners are the anionic surfactants sodium
dodecyl sulfate (SDS, also known as sodium lauryl
sulfate, or SLS), sodium lauryl ether sulfate (SLES),
and the nonionic surfactant Triton X-100 (i.e., 4-[1,1,3,3-
tetramethylbutyl]phenyl-polyethylene glycol). Cationic
surfactants are not commonly used because of their
toxicity. The concentration of surfactant in liquid for-
mulations of detergent is typically 5%–20% by weight
(Saeki et al. 2007). Enzymes used in these applications
must therefore retain (or regain) activity after storage in
high concentrations of surfactants.

The inactivation of enzymes (in vivo and in vitro) is a
result of: (1) protein unfolding and/or loss of a cofactor,
(2) the misfolding and aggregation of proteins, (3) the
covalent modification of amino acids needed for catal-
ysis, (4) the binding of inhibitors at the active site, and (5)
the hydrolysis of peptide bonds.

The inactivation of industrial enzymes in applications
in vitro, and particularly in surfactant solutions, involves
principally the first two factors: unfolding and aggrega-
tion (or misfolding). Four factors determine the rate of
aggregation of proteins: thermostability of the native
state, net charge, hydrophobicity, and the propensity to
form b-sheet secondary structure (Chiti et al. 2002,
2003). In general, the rate of aggregation correlates di-
rectly with both hydrophobicity and propensity to form
b-sheets, and inversely with both net charge (positive or
negative) and thermostability (Chiti and Dobson 2006).
The potent effect of net charge, in particular, on the rate

of protein aggregation is illustrated by single amino acid
substitutions that reduce net charge and promote protein
aggregation without significantly changing the hydro-
phobicity, thermostability, solution structure, or activity
of the protein (e.g., the E100K, D101N, S139K, and
D90A variants of superoxide dismutase that cause the
protein aggregation disease, amyotrophic lateral sclero-
sis) (Shaw and Valentine 2007). Liu and coworkers have
shown recently that ‘‘supercharged’’ variants of green
fluorescent protein and glutathione-S-transferase, with
increases in formal charge between ;20 and 50 units
(generated by multiple rounds of mutagenesis), are
especially resilient to irreversible inactivation and aggre-
gation (Lawrence et al. 2007).

Net charge, hydrophobicity, and thermostability also
govern the rate of surfactant-mediated unfolding. Recent
work from our laboratory using protein charge ladders has
shown that increases in net charge, and decreases in
hydrophobicity, can increase the kinetic stability (e.g.,
the half-life) of native bovine carbonic anhydrase II
(BCA II) against denaturation in SDS by factors of up
to 1000 (Gitlin et al. 2006b,c; Gudiksen et al. 2006). This
kinetic stabilization against denaturation by SDS was
most pronounced at intermediate degrees of acetylation
(i.e., with the intermediate rungs of the charge ladder),
and occurred in spite of large decreases in the thermo-
stability of BCA II (e.g., peracetylation of BCA II
decreased the temperature of unfolding by ;20°C)
(Gitlin et al. 2006b).

Results and Discussion

This study focused on a-amylase, a calcium-containing
metallo-enzyme that catalyzes the hydrolysis of a-1,4
glycosidic bonds in starch. a-Amylase has at least six
different industrial applications (including a part of the
process for the production of ethanol from corn starch)
(Kirk et al. 2002). The heat-stable a-amylase protein that
we used (from Bacillus licheniformis, and denoted BLA),
is a single subunit protein with a molecular weight (MW)
of 55 kDa; it has no disulfide bonds and has 28 lysine
residues. The isoelectric point (pI) is ;6.0.

Chemical modification of a-amylase

By adding 20 mL of 800-mM acetic anhydride to 10.0 mL
of a solution of BLA (1.5 mg/mL BLA, 100 mM HEPES,
pH 9.0, 23°C), we obtained a mixture of derivatives of
BLA that had 16–19 R-NHCOCH3 groups (DMW ¼ +42
Da per acetyl modification). The predominant species
contained 17 acetyl modifications according to electro-
spray ionization (ESI) mass spectrometry (MS) (Fig.
1A,B). We studied this mixture of acetylated species,

Highly charged enzymes by chemical modification
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which we refer to as ‘‘BLA-Ac(;17),’’ without further
separation. Since BLA does not naturally undergo acety-
lation at the N terminus, it is possible that some
regioisomers in the BLA-Ac(;17) mixture were acety-
lated at the N terminus by acetic anhydride (discussed
below; see also Supplemental Fig. S1).

In order to determine if the acetylation of lysine
residues in BLA-Ac(;17) were nonspecific in the lysine
residues that were modified, and to detect N-terminal
actetylation, we used tandem ESI-MS (ESI-MS/MS) to
identify modified residues in BLA-Ac(;17). Nonspecific
acetylation of lysine residues in BLA-Ac(;17) would
result in the detection of acetyl modifications on all 28
lysine residues in BLA.

Because the acetylation of lysine e-NH3
+ groups in

BLA might prevent trypsin from proteolyzing BLA at

lysine residues, we performed two separate proteolyses of
BLA-Ac(;17) using trypsin and elastase (elastase hydro-
lyzes peptide bonds at hydrophobic residues). Peptides
representing ;89% of the BLA sequence were sequenced
by ESI-MS/MS (Fig. S1; see Supplemental material).
Eighteen different lysine residues had a +42 Da modifi-
cation: lys70, 80, 88, 154, 176, 213, 234, 237, 251, 306,
315, 319, 370, 381, 383, 389, 392, and 436. Five lysine
residues were not modified: lys47, 76, 106, 180, and 344.
Three lysine residues, lys23, 136, and 170 and the ala1
N-terminal alanine residue were not contained in the se-
quence coverage; we therefore do not know if these
residues were acetylated. Nevertheless, the results of
ESI-MS/MS suggest that the acetylation of lysine resi-
dues in BLA were not entirely random under our reaction
conditions.

Figure 1. Mass spectrometry of acetylated BLA and capillary electrophoresis of a charge ladder of BLA. (A,B) Electrospray ionization

mass spectra of unmodified BLA (denoted ‘‘BLA-Ac[0]’’) and acetylated BLA (denoted ‘‘BLA-Ac¼[;17]’’). (C) Capillary

electropherogram of a charge ladder of BLA prepared by acetylating lysine-e-NH3
+ (and possibly the a-amino terminus). The ruler

above the charge ladder correlates the number of acetyl modifications, n, with each rung of the ladder; dashed lines in the ruler denote

the shoulders of some rungs that constitute a faint second and third charge ladder (the chemical and biophysical nature of these ladders

are unknown). The peak marked ‘‘DMF’’ represents the electrically neutral marker, dimethyl formamide. (D) Plot of the

electrophoretic mobility (m) of each rung of the charge ladder of BLA as a function of n (i.e., the number of acetyl modifications).

A line was fit by linear least squares to the linear region of the plot; the x-intercept is equal to the ratio Z0
BLA-Ac(0)/DZAc; i.e., the ratio

between the net charge of the rung of lowest mobility (Z0
BLA-Ac[0]) and the change in charge resulting from a single acetylation (DZAc).

The net charge (Zo) of BLA-Ac(0) (m ¼ 1.3 cm2 kV�1 min�1) is equal to the x-intercept. The inset table shows Z0
BLA-Ac(0) as a function

of DZAc.
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Measuring the net charge of a-amylase with protein
charge ladders and capillary electrophoresis

From studies of carbonic anhydrase at pH 8.4, we have
estimated that each acetyl modification increases the net
negative charge by 0.9, instead of 1.0 (Gitlin et al. 2006a).
This difference in charge is attributed to charge regula-
tion. Charge regulation can be thought of as a conse-
quence of differences between the local pH (pHlocal) at a
particular residue and the pH of the bulk solvent (pHsolv);
such differences in pHlocal and pHsolv will affect the
ionization of acidic or basic residues that have pKa values
within 63 units of pHsolv. (Menon and Zydney first
discussed charge regulation in the context of protein
charge ladders) (Menon and Zydney 2000). Alternatively
and equivalently, charge regulation can be considered to
reflect changes in the values of pKa of ionizable groups
due to changes in local electrostatic fields. In the case of
the acetylation of lysine-e-NH3

+, charge regulation arises
from a local decrease in pH, and/or an increase in pKa

(largely in histidine residues).
After taking into account the effects of charge regu-

lation (as measured from charge ladders of BCA II)
(Gitlin et al. 2006b), we estimated that the proteins in
the mixture BLA-Ac(;17) had an average net charge (at
pH 8.5) that was ;15 units more negative (i.e., 17 3 0.9)
than that of unmodified BLA (referred to as ‘‘BLA-
Ac[0]’’). In order to estimate the net charge of BLA-
Ac(0) and the net charge of the BLA derivatives in the
BLA-Ac(;17) mixture, we prepared a charge ladder of
BLA by acetylating lysine-e-NH3

+ functional groups, and
analyzed this charge ladder using capillary electropho-
resis (CE) (Fig. 1C). CE separates molecular species
according to their electrophoretic mobility (m), which is
proportional to the net charge (Z) of the protein and
inversely proportional to its hydrodynamic drag (Equa-
tion 1) (Grossman 1992). The analysis of protein charge
ladders by CE is a convenient tool for the estimation of
the net charge of a protein (Gao and Whitesides 1997).
We have previously reviewed methods for measuring the
net charge of proteins with protein charge ladders and
capillary electrophoresis (Gitlin et al. 2006a), and we also
include a brief discussion here.

Equation 1 is the generally used approximation that
expresses the electrophoretic mobility (m) of a molecular
species in terms of its net charge (Z) and molecular
weight (M). The terms Cp and a in Equation 1 are
constants. The theoretical value of a varies from 0.3 to
1.0, and depends on the model used to derive the hydro-
dynamic drag from the molecular weight; typically for
globular proteins a � 2/3 (Rickard et al. 1991; Basak and
Ladisch 1995). Equation 1 expresses the mobility of
rungs of a charge ladder by expressing the net charge,
Z, as a function of the net charge of the unmodified

protein (Z°BLA-[Ac0]) and the change in charge (n � DZ) that
results from n acetylations.

m = Cp
Z

Ma = Cp

Z0
BLA�AcðnÞ + n � DZ

Ma ð1Þ

The charge ladder for BLA (Fig. 1C) consisted of 23
observable rungs (including the ‘‘zeroth’’ rung, which
represents the unmodified protein, BLA-Ac[0]). Each rung
consisted of a mixture of proteins derived from BLA with
the same number (n) of acetylated R-NH3

+ functionalities,
and thus approximately the same net charge. For an R-
NH3

+-based charge ladder of BLA, there might theoret-
ically be 30 rungs (BLA has 28 lysine residues and one
nonacetylated a-amino terminus; the unmodified protein
counts as another rung). The observed charge ladder (Fig.
1C) has, however, only 23 observable rungs. The rungs at
n $ 22 were not well resolved; the 23rd rung (i.e., n ¼ 22
in Fig. 1C) appeared as a shoulder and not a well-resolved
peak. We expected these higher rungs to have lower resolu-
tion because of the nonlinear relationship between n and m

at very high values of n (Carbeck et al. 1999).
If the change in net charge (DZ) that results from

acetylation is known, then the net charge of the lowest
rung (e.g., Zo

BLA-[Ac0]) can be estimated by fitting a line to
the linear region of the plot and extrapolating the line to
the X-axis. Figure 1D shows this type of plot: Here the
electrophoretic mobility of each rung of the charge ladder
of BLA is plotted as a function of the number of acetyl
modifications (n). Extrapolation of the best fit line to the
X-axis determined that Zo

BLA-Ac(0) ¼ –1.8 (assuming DZ ¼
0.9 per acetyl modification).

In contrast to the net charge of BLA-Ac(0) determined
by protein charge ladders and capillary electrophoresis
(i.e., Zo

BLA-Ac[0] ¼ –1.8), the net charge of BLA-Ac(0) at
pH 8.5 is predicted from its sequence to be –13 (i.e., BLA
contains 21 Arg, 28 Lys, 23 His, 25 Glu, and 37 Asp
residues; one nonacetylated a-amino terminus and one
a-carboxy terminus). A difference of this magnitude
between values is surprising (although the net charge of
proteins as measured by CE (ZCE) and their net charge as
calculated from the amino acid sequence (Zseq) are often
different). For example, a survey of 23 proteins found that
the values of Zseq and ZCE differed in magnitude by an
average of 26% (Colton et al. 1997).

We have two explanations (which are not mutually
exclusive) for why the measured net negative charge of
BLA-Ac(0) is ;11 units lower than the value predicted
from its amino acid sequence: (1) the coordination of
metal cations, and (2) nonstandard values of pKa of some
ionizable functionalities in BLA. The binding of Ca2+ to
BLA is essential for its activity (Juncosa et al. 1994) and
X-ray crystallography has shown that the active site of

Highly charged enzymes by chemical modification
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BLA exhibits a unique Ca2+–Na+–Ca2+ triad that is
coordinated to side-chain carboxylate groups and the
oxygen of main-chain carbonyl groups. A third Ca2+

cation is bound distal to the active site (Lee et al. 1991;
Machius et al. 1998). The binding of these metal cations
might reduce the net negative charge of BLA by as much
as 7 units of formal charge. The most plausible candidates
for anomalous values of pKa are histidine residues. A
survey of pKa values of 39 different histidine residues
from 13 different proteins (Edgcomb and Murphy 2002)
showed that the pKa of imidazole groups (as measured by
NMR spectroscopy) differed greatly from the regularly
cited (‘‘standard’’) value of 6.3 (Thurlkill et al. 2006)
and ranged from 4.6 (His40 of bovine chymotrypsinogen)
to 9.2 (His72 in tyrosine phosphatase). The physical-
chemical basis for this variation is not completely under-
stood (Edgcomb and Murphy 2002), but may be due in
part to local variations in electrostatic potential. The value
of pKa of aspartate-b-CO2H and glutamate-g-CO2H also
vary widely in proteins (Garcı́a-Moreno et al. 1997).

Measuring the effects of acetylation on the structure
and thermostability of a-amylase

In order to determine if the acetyl modifications changed
the secondary structure of native BLA, we analyzed BLA-
Ac(0) and BLA-Ac(;17) with circular dichroism (CD)
spectroscopy. The CD spectra of BLA-Ac(0) and BLA-
Ac(;17) (Fig. 2A) were nearly superimposable; this sim-
ilarity suggests that the extensive acetylation did not perturb
the overall secondary structure of BLA (under reaction con-
ditions that favored the native state of BLA; 25°C, pH 8.4).

Differential scanning calorimetry (DSC) demonstrated
that lysine acetylation did not decrease the thermostabil-
ity of BLA (Fig. 2B; 0 mM surfactant, 10 mM phosphate,
pH 7.4). The thermal unfolding of BLA-Ac(0) produced a
single endothermic transition with a melting temperature
(Tm) at 83°C. This value is consistent with previously
published reports (Declerck et al. 2003). The thermal
unfolding of BLA-Ac(;17) produced two unresolved,
overlapping endothermic transitions at ;84°C and 93°C.
We cannot fully explain the overlapping transitions, but it
is reasonable to attribute them to (1) a uniform decrease
in the cooperativity of unfolding of all proteins in the
mixture, (2) distinct transitions for different derivatives in
the mixture (e.g., BLA-Ac[16] vs. BLA-Ac[19]), or (3)
distinct transitions for regioisomers of derivatives in the
mixture. Nevertheless, the increase in thermostability
upon acetylation is not completely surprising, and is not
necessarily due to increases in net charge. For example,
lysine acetylation also increases the hydrophobicity of
the lysine side chain. The Hansch p-parameter (logP) for
NH3

+ groups is log P ¼ –2.12; and for NHCOCH3 groups
log P ¼ –1.21 (Hansch and Steward 1964; Hansch and

Coats 1970). Although it is a general rule of protein
engineering that increasing the surface hydrophobicity
(e.g., by introducing hydrophobic residues via site-direc-
ted mutagenesis) decreases the thermostability of the
native state (Matthews 1993; Lee and Vasmatzis 1997),
BLA represents a well-known exception to this rule
(Declerck et al. 2003; Machius et al. 2003). Over nine
different hydrophobic variants of BLA have been shown
to be more thermostable than the wild-type (WT) protein.
For example, the hepta-variant of BLA (H133I/H156Y/
A181T/N190F/A209V/Q264S/N265Y) exhibited a Tm ¼
106°C, whereas the WT protein exhibited a Tm ¼ 83°C
(Declerck et al. 2003). X-ray crystallographic analysis of
hydrophobic variants of BLA suggested that the stabiliz-
ing effects of these bulky substitutions could be due to an
increase in the molecular packing at surface indentations
in BLA (Declerck et al. 2003). The stabilizing effects of
lysine acetylation in BLA (against thermal unfolding)
could be due to a similar effect.

Figure 2. Lysine acetylation did not alter the secondary structure or

decrease the thermostability of BLA. (A) Circular dichroism of unmodified

BLA (denoted ‘‘BLA-Ac[0]’’) and acetylated BLA (denoted ‘‘BLA-

Ac[;17]’’). CD spectra of acetylated and nonacetylated proteins were

nearly superimposable (0 mM surfactant, pH 8.5, 25 mM Tris). (B)

Thermal unfolding of acetylated and unmodified BLA monitored by

differential scanning calorimetry (pH 7.4, 10 mM phosphate, 0 mM

surfactant). BLA-Ac(0) had a single transition at Tm ¼ 83°C; the thermal

unfolding of BLA-Ac(;17) yielded two transitions at 84°C and 93°C.

Shaw et al.
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We do not expect the increase in thermostability that
we observed for acetylated a-amylase to be a general
outcome of acetylating proteins. For example, analysis of
derivatives of BCA II using DSC showed that peracety-
lation lowered the Tm from 70°C to 50°C (although
peracetylation did increase the kinetic stability of BCA
II toward unfolding by SDS) (Gitlin et al. 2006b).
Similarly, the acetylation of ;60% of the lysine residues
in cytochrome c reduced the Tm from 85°C to 65°C (Jain
and Hamilton 2002).

Lysine acetylation protects a-amylase from irreversible
inactivation by heat and surfactant.

We measured the enzymatic activity of BLA and its
derivatives by measuring an increase in absorbance at 400
nm due to the formation of p-nitrophenol (lmax ¼ 400 nm)
by hydrolysis of 4,6-o-benzilidine-p-nitrophenyl maltohep-
taoside in the presence of a-glucosidase (McCleary et al.
2002). The activity of BLA was measured after cooling an
aliquot of BLA solution (25°C or 90°C, 0–100 mM SDS,
Triton X-100 or DTAB) on ice and diluting 1:181 into an
assay solution of maltoheptaoside and a-glucosidase that
contained no surfactant and was at room temperature (see
Materials and Methods for additional details).

After 1 h in 100 mM SDS, 25°C (and after a 1:181
dilution into the surfactant-free assay solution), both
proteins had equal activity (Fig. 3A); that is, before
heating, the activities of BLA-Ac(0) and BLA-Ac(;17)
were indistinguishable. On incubating at 90°C, however,
the activity of BLA-Ac(0) decreased by ;60% after 20
min and by 95% after 60 min (Fig. 3B; see Supplemental
material for raw kinetic data). The BLA-Ac(;17) protein
was more resistant to inactivation: It lost only ;30% of
its initial activity after 20 min, and ;60% after 60 min
(Fig. 3B). We fit the inactivation plot in Figure 3B with a
single exponential function (y ¼ Ae�x/k). It is difficult to
measure values of initial activity that are <5%; we
therefore only fit points in Figure 3B with values >5%
initial activity. This fit yielded time constants (k) of 94 6

4 min for BLA-Ac(;17) (R2 ¼ 0.969) and 17 6 1 min for
BLA-Ac(0) (R2 ¼ 0.946). The ratio of time constants,
kBLA-Ac(;17):kBLA-Ac(0), is 5.5 6 0.1; this ratio indicates
that BLA-Ac(;17) had a 5.5-fold greater half-life than
BLA-Ac(0) under the experimental conditions. Numer-
ical integration of the inactivation plots for BLA-Ac(0)
and BLA-Ac(;17) in Figure 3B yielded a total product
ratio (BLA-Ac[;17]: BLA-Ac[0]) of 5.2; that is, BLA-
Ac(;17) produced 5.2-fold more product than did BLA-
Ac(0) during the experimental time course.

Surfactant aids the refolding of acetylated a-amylase.

Lysine acetylation did not protect BLA against thermal
inactivation in the absence of surfactant (Fig. 4). Both acet-

ylated and unmodified BLA were inactive (i.e., retained
<5% of the initial activity) after 60 min at 90°C in 0 mM
surfactant. The requirement for surfactant in order for
denatured acetylated BLA to refold into its active form is
consistent with previous reports that surfactants aid in the
refolding of chemically or thermally unfolded proteins
(including a-amylase) (Cleland et al. 1992; Khodagholi
and Yazdanparast 2005; Swietnicki 2006).

Figure 3. Lysine acetylation inhibited the irreversible inactivation of BLA

under denaturing conditions (90°C, 100 mM SDS, 25 mM Tris, 192 mM

glycine, pH 8.5). Activity assays were initiated by diluting an aliquot of

heated BLA solutions 1:181 into the a-glucosidase/4,6-o-benzilidine-p-

nitrophenyl maltoheptaoside assay solution. (A) Activities of BLA-Ac(;17)

and BLA-Ac(0) were approximately equivalent after exposure to 100 mM

SDS at room temperature (pH 8.5, 25 mM Tris) with turnover numbers

equaling 847 6 16 min�1 for BLA-Ac(;17) and 885 6 20 min�1 for BLA-

Ac(0). Error bars represent the standard deviation of absorbance values

from the mean (N ¼ 7). (B) Inactivation of BLA-Ac(;17) and BLA-Ac(0)

after incubation in 100 mM SDS (90°C, pH 8.5), expressed as a percent of

the initial activity (i.e., activity in 100 mM SDS at room temperature, before

heating at 90°C). Values <5% of the initial activity were ignored due to

unknown reliability. Both data sets were fit to an exponential (y ¼ Ae�x/k)

yielding time constants (k) of 94 6 4 min for BLA-Ac(;17) (R2 ¼ 0.969)

and 17 6 1 min for BLA-Ac(0) (R2 ¼ 0.946); BLA-Ac(;17) therefore had

a 5.5-fold greater half-life than BLA-Ac(0). Numerical integration yielded a

total product ratio (BLA-Ac[;17]: BLA-Ac[0]) of 5.2. Error bars in B

represent the standard deviation of percent of activity from the mean (N¼ 7).
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Surfactant-mediated refolding is not completely under-
stood, but one hypothesis is that the hydrophobic tail of
the surfactant shields hydrophobic regions of the protein
from aggregating with other hydrophobic polypeptides,
and thus prevents irreversible aggregation and precipita-
tion of the protein (Cleland and Randolph 1992; Lu et al.
2005). Surfactants are sometimes used in tandem with
a/b-cyclodextrins in order to increase the yield of refolding
of thermally or chemically denatured proteins (Rozema
and Gellman 1996; Daugherty et al. 1998). The mode of
action in these tandem systems is thought to involve the
binding of surfactant to the protein, followed by the
stripping of the surfactant by the cyclodextrin (these
tandem systems are even considered to be simple alter-
natives to conventional denaturation/renaturation meth-
ods for studying protein folding) (Otzen and Oliveberg
2001). The typical yield of recovered activity for thermally
or chemically denatured proteins, when surfactant and
cyclodextrins are used, is 50%–100%; excluding the cyclo-
dextrin step, however, can result in recovery of only
;1% (Rozema and Gellman 1996; Daugherty et al. 1998;
Khodarahmi and Yazdanparast 2004; Khodagholi and
Yazdanparast 2005; Yazdanparast et al. 2005a,b). After
1 h under harsh conditions (90°C, 100 mM surfactant), up
to 50% of the activity of BLA-Ac(;17) could be recovered
(without cyclodextrins), whereas <5% of the activity of
BLA-Ac(0) was recovered.

Effects of surfactant charge on inactivation
of acetylated a-amylase

In order to investigate how the charge of the surfactant
affects the inactivation of BLA, and in order to test
further the hypothesis that electrostatic interactions
between the surfactant and the polypeptide govern (at
least in part) the rate of inactivation, we measured the
activity of BLA after exposure to positively charged and
neutral surfactants at three concentrations (1, 10, and 100
mM surfactant; Fig. 4). BLA-Ac(0) was completely
inactivated after 60 min at 90°C in cationic, neutral or
anionic surfactants at these concentrations (Fig. 4). The
inability of BLA-Ac(0) to regain enzymatic activity when
cooled and diluted from denaturing to nondenaturing
concentrations of neutral, cationic, or anionic surfactant
is consistent with previous studies involving chemically
denatured a-amylase (Khodarahmi and Yazdanparast
2004; Yazdanparast et al. 2005a).

Acetylation did not protect BLA from inactivation in
the presence of the cationic surfactant DTAB. Both BLA-
Ac(0) and BLA-Ac(;17) retained <5% of the initial
activity after heating in DTAB and dilution into the
assay solution (which was at room temperature; Fig. 4).
The low activity of BLA-Ac(;17) in DTAB might be due
to favorable electrostatic interactions between the pos-
itively charged DTAB and the negatively charged BLA-
Ac(;17) polypeptide. Several groups have shown that
charged macromolecules, as well as charged surfactants,
bind more favorably (kinetically or thermodynamically)
to polymers (e.g., DNA or polypeptides) that have the op-
posite sign of net charge than to polymers with the same
sign of net charge (La Mesa 2005; Liu and Guo 2007).

Lysine acetylation did protect BLA from inactivation in
the presence of the neutral surfactant, Triton X-100 (Fig.
4), and the protection was slightly more pronounced in
Triton than in the anionic surfactant SDS. For example,
after 60 min at 90°C, BLA-Ac(;17) retained ;55%
initial activity in 10 mM Triton, but only ;37% initial
activity in 10 mM SDS. We hypothesize that the activity
retained by BLA-Ac(;17) in neutral surfactant was
greater than that in anionic or cationic surfactant because
the neutral surfactant bound more weakly than the anionic
or cationic surfactant. We note that in the presence of
Triton, the difference in retained activity between BLA-
Ac(;17) and BLA-Ac(0) cannot be explained by differ-
ing electrostatic interactions between the two proteins
and surfactant because TRITON is uncharged.

Lysine acetylation does not affect the rate
of inactivation by sodium perborate

We also explored the possibility that lysine acetylation
might protect BLA from inactivation by sodium perborate

Figure 4. The protective effects of lysine acetylation against BLA

inactivation in anionic (SDS), cationic (DTAB), and nonionic (TRITON

X-100) surfactants. In the absence of detergent (denoted 0 mM detergent),

both BLA-Ac(0) and BLA-Ac(;17) were almost completely inactivated

after 1 h at 90°C. In the presence of 1 mM SDS, the BLA-Ac(;17)

retained ;20% of the initial activity, whereas BLA-Ac(0) retained <5% of

the initial activity after 1 h at 90°C. At 10 or 100 mM SDS, the percent of

initial activity retained by BLA-Ac(;17) was nearly an order of

magnitude higher than that of BLA-Ac(0). Both BLA-Ac(0) and BLA-

Ac(;17) retained #5% initial activity after exposure to 1, 10, or 100 mM

DTAB for 1 h, 90°C. In 1–100 mM Triton X-100, BLA-Ac(;17) retained

45%–55% activity and the unmodified protein retained ;5% activity.

Error bars represent the standard deviation of activity values from the

mean (N ¼ 7).
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(NaBO3), an oxidant used along with a-amylase in many
commercial and industrial processes. We found, however,
that the kinetic profiles of inactivation for both BLA-
Ac(0) and BLA-Ac(;17) were indistinguishable (Sup-
plemental Fig. S2).

Lysine acetylation inhibits the precipitation of a-amylase

The acetylation of BLA also resulted in a decrease in its
propensity to form insoluble aggregates. Supplemental
Figure S3 compares the results of assays of the thermal
aggregation of BLA-Ac(0) and BLA-Ac(;17) (see Sup-
plemental material for experimental details). Aggregation
was initiated by heating solutions of BLA at 90°C (9 mM
BLA, pH 8.5, 25 mM Tris, 192 mM glycine, 10%
trifluoroethanol); aggregation was assayed by centrifug-
ing protein solutions and measuring the absorbance of
the supernatant. Supplemental Figure S3 shows that ;90%
of BLA-Ac(0) aggregated after 15 min at 90°C. In contrast,
only ;15% of BLA-Ac(;17) aggregated after 15 min;
after 200 min the amount of aggregated BLA-Ac(;17) had
not increased and ;80% of the protein remained soluble.
We note that our result regarding the increased solubility
of BLA-Ac(;17) is similar to the claims of Eriksen and
Pedersen (N. Eriksen and G. Pedersen, U.S. Patent
5,286,404, Feb. 15, 1994); they claimed that the solubility
of an engineered alkaline protease (Alcalase) could be
increased by the acylation of its lys-e-NH3

+.

Conclusions

Acetylation of a-amylase with acetic anhydride generated
derivatives with high net negative charge, apparently
without perturbing the structure of the enzyme, and
without decreasing its enzymatic activity or thermo-
stability. These derivatives of BLA have a net charge
ranging from approximately –16 to –19 (at pH 8.5). The
acetylation reaction is easily performed with stoichio-
metric amounts of acetic anhydride. The by-product of
the acetylation reaction is acetic acid, and the acetylated
lysine functionality is a common post-translational mod-
ification found in biological systems (Kim et al. 2002;
O’Shea et al. 2005).

Lysine acetylation represents a useful method for
increasing the net charge of a-amylase and improving
its resistance against irreversible inactivation; these
changes may make it more useful in some applications
in biotechnology. The methods that we described for a-
amylase should be applicable to other proteins used in
industrial biotechnology, especially those used in other
enzyme–surfactant systems; for example, surfactants are
being considered for use in the production of ethanol
from lignocellulose sources such as soft wood or corn
stover (Kaar and Holtzapple 1998), as well as in the

degradation of paper-based waste (Kim and Chun 2004).
In both of these processes, the presence of a nonionic
surfactant (e.g., Triton X-100) can increase the activity of
cellulase and inhibit the thermal inactivation of cellulase
(Kaar and Holtzapple 1998; Kim and Chun 2004). Up to
60% of the production cost of fermentation of corn stover
can come from the cost of the cellulase enzyme (Galbe
and Zacchi 2002). Therefore, an inexpensive method for
prolonging the activity of enzyme catalysts, such as the
chemical modification method described here, might
improve cost-sensitive industrial processes that involve
enzymes (Kaar and Holtzapple 1998).

Materials and Methods

Chemical modification of a-amylase

Heat-stable a-amylase from Bacillus licheniformis (BLA) was
purchased from Sigma as a lyophilized powder (;95% pure,
Sigma Cat. No. A4551). Acetylated variants of BLA were
prepared using protocols for the acetylation of other proteins
(Gitlin et al. 2006c). Briefly, solutions of BLA (1.5 mg/mL or
27 mM BLA, 100 mM HEPBS buffer, pH 9.0, 10.0 mL total
volume) were allowed to react with various volumes of acetic
anhydride (800 mM acetic anhydride in dioxane) ranging from 0
to 300 mL; the pH of the reaction mixture was monitored with a
pH electrode and kept at 9.0 by the addition of NaOH. We then
dialyzed BLA proteins (both BLA-Ac(;17) and the nonacety-
lated BLA-Ac(0) control) against Tris buffer (25 mM Tris, 192
mM glycine pH 8.5, 2 mM CaCl2) using Slide-A-Lyzer dialysis
cartridges (Pierce; 10,000 MWCO). For storage, protein sol-
utions were adjusted to 10.8 mM of BLA and stored at 4°C.
The concentration of BLA was determined using UV-vis
absorption spectroscopy with the extinction coefficient, e ¼
137,000 M � cm�1 (280 nm).

Electrospray ionization mass spectrometry (ESI-MS)

Acetylated BLA proteins were analyzed with HPLC directly
coupled to an electrospray ionization triple quadrupole mass
spectrometer (API III Perkin-Elmer Sciex). During LC-ESI-MS
the scanning range of the ESI-MS was set at 300–2300 m/z. The
ESI-MS was calibrated by flow injection of a mixture of poly-
propylene glycol (PPG) 425, 1000, and 2000 Da (3.3 3 10�5,
1 3 10�4, and 2 3 10�4 M, respectively) in water/methanol
(1:1, v/v) containing 2 mM ammonium formate and 0.1% (v/v)
acetonitrile. Normal spectra were obtained by scanning at
instrument conditions sufficient to resolve the isotopes of the
PPG/NH4

+ singly charged ion at m/z 906 with 40% valley and
with a 0.3-Da step size during data acquisition. Calculation of
molecular masses from the series of multiply charged ions found
in the spectra, and deconvolution of the ion series into a
molecular mass spectrum, was achieved with the Bio MultiView
computer programs (version 1.3.1 PE Sciex).

Charge ladders and capillary electrophoresis

Charge ladders of BLA were made by reacting lys-e-NH3
+

groups with increasing amounts of acetic anhydride as described

Highly charged enzymes by chemical modification

www.proteinscience.org 1453

JOBNAME: PROSCI 17#8 2008 PAGE: 8 OUTPUT: Saturday July 5 20:05:08 2008

csh/PROSCI/164284/ps035154

 Cold Spring Harbor Laboratory Press on July 30, 2008 - Published by www.proteinscience.orgDownloaded from 

http://www.proteinscience.org
http://www.cshlpress.com


above and also as previously described (Gitlin et al. 2006b).
Solutions of BLA charge ladders were dialyzed against the
running buffer before analysis. The neutral marker dimethyl
formamide (DMF) was added to each sample (1 mM) in order to
calibrate the electrophoretic flow during each CE experiment.

Capillary electrophoresis (CE) was performed on a Beckman
Coulter P/ACE Electrophoresis apparatus that was fitted with a
fused-silica capillary (length ¼ 110 cm; inner diameter ¼ 50 mm;
Polymicro Technologies). Protein species were detected by
absorbance at 214 nm. CE experiments were conducted for 1 h
with an applied voltage of 30 kV. A Tris-Glycine buffer was used
as the running buffer (10 mM Tris, 192 mM glycine, pH 8.5).
This buffer is ideal for experiments involving capillary electro-
phoresis because it has a low absorbance at 214 nm, and has a
low conductivity (which allows it to be subjected to high voltages
without overheating the apparatus) (Hjerten et al. 1995; Righetti
et al. 2000).

Circular dichroism spectroscopy

Circular dichroism (CD) spectra were obtained on a JASCO J-7
spectropolarimeter. Buffer conditions were 0 and 3 mM SDS, 25
mM Tris, 192 mM glycine, pH 8.5. Mean residue ellipticities, u,
(deg cm2 dmol�1) were calculated by using the relation: [u] ¼
uobs 3 (MRW / 10 3 l 3 c), where uobs is the measured signal
(ellipticity) in millidegrees, l is the optical path length of the cell
in cm, c is concentration of the protein in mg/mL, and MRW is
the mean residue molecular weight (molecular weight of the
peptide divided by the number of amino acid residues).

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was carried out on a
VP-DSC instrument (MicroCal) with a scan rate of 1°C/min.
Acetylated and unmodified BLA samples (;10 mM; pH 7.4, 10
mM phosphate) were degassed prior to analysis. Raw DSC data
were smoothed and deconvoluted using Origin 5.0 (MicroCal).
Phosphate buffer was used for analysis of BLA with DSC
(instead of Tris buffer, which was used for all other experi-
ments). Tris is often avoided in experiments involving DSC
because the buffering capacity of Tris is more dependent upon
the temperature than other buffers (e.g., phosphate or acetate).

Thermal inactivation of a-amylase in the presence
of detergent

Stock solutions of BLA-Ac(0) and BLA-Ac(;17) (20 mL, 10.8
mM BLA, 25 mM Tris, 192 mM glycine, pH 8.5HHHHhhh)
were diluted 1:25 into 480 mL of surfactant solution (1, 10 or
100 mM surfactant; 25 mM Tris, 192 mM glycine, pH 8.5). The
three surfactants used in this study were the anionic surfactant
sodium dodecyl sulfate (SDS), the nonionic surfactant Triton
X-100, and cationic surfactant dodecyltrimethyl ammonium
bromide (DTAB). Solutions of BLA were then heated at 90°C
in closed microcentrifuge tubes using a Peltier-effect heating
device. At various times, up to 520 min, microliter-scale
aliquots were removed, cooled on ice for 2 min, diluted 1:181
into the activity assay buffer (50 mM maleic acid, 1 mM CaCl2,
50 mM NaCl, NaN3 0.005% w/v, pH 6.67, room temperature;
Megazyme, Inc.), and the activity of BLA was measured as
described below. To determine whether any loss of activity was
reversible, the solutions of BLA were cooled to 25°C for 1 h at

the end of the 520-min, 90°C incubation, and the activity was
measured. We chose to use Tris-glycine buffer because of its
strong buffer capacity at alkaline pH (many enzyme-surfactant
systems operate at alkaline pH) and also because Tris is an ideal
buffer for electrophoretic experiments (Hjerten et al. 1995;
Righetti et al. 2000).

Measurement of a-amylase activity

All reagents used for measuring the activity of BLA were
purchased as a kit from Megazyme, Inc. (product number:
KCERA). The activity of BLA was determined by measuring
the increase in absorbance at 400 nm, resulting from the
hydrolysis of blocked 4,6-o-benzilidine-p-nitrophenyl malto-
heptaoside (by BLA) and the subsequent hydrolysis of the
resulting oligosaccharide (by a-glucosidase) to yield glucose
and p-nitrophenol (lmax of p-nitrophenol ¼ 400 nm; e ¼ 18,290
M � cm�1). Enzymatic assays were initiated by combining 90 mL
of solution ‘‘A’’ (thermostable a-glucosidase, blocked p-nitro-
phenyl maltoheptaoside, pH 6.73) with 90 mL of solution ‘‘B’’
(100 mM maleic acid, 2 mM CaCl2, 100 mM NaCl, NaN3 0.01%
w/v, pH 6.58) followed by the addition of 1 mL of BLA-
surfactant or BLA-perborate solution (final assay conditions: 50
mM maleic acid, 1 mM CaCl2, 50 mM NaCl, NaN3 0.005% w/v,
pH 6.67, room temperature). This mixture was immediately
loaded into a cuvette for measurement by UV-vis spectroscopy.
Spectra were collected at 10-sec intervals for 1000 sec.

Electronic supplemental material

Supplemental data are available online (at http://www.protein
science.org/supplemental) including: the results of proteolytic
digestion of BLA-Ac(;17) with trypsin and elastase and the
sequencing of BLA-Ac(;17) with ESI-MS/MS; raw kinetic
plots of the inactivation of BLA-Ac(0) and BLA-Ac(17) by heat
and surfactant; kinetic plots of the inactivation of BLA-Ac(0)
and BLA-Ac(17) by sodium perborate; aggregation assays for
BLA-Ac(0) and BLA-Ac(17). A Materials and Methods section
that describes these experiments is also included online.
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