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ABSTRACT

The function of proteins, such as the catalytic enzyme activity, depends on the interaction of their active
sites with their specific substrates and the environment conditions that affect the stability of those sites.
This study presents a structure-to-function characterization of the folding process of a recombinant
6x-His tag leucine aminopeptidase (rLAP) based on a platform of analytical techniques. The results
demonstrated an increase up to 31U/mg in the activity of the enzyme after folding as revealed by
circular dichroism, intrinsic fluorescence, differential scanning calorimetry, and free thiol analysis. Collec-
tively, these techniques revealed a larger number of covalent and non-covalent bonds within the protein
seen as an increase in the chemical and thermal stability, while exhibited a lower level of non-bonded
cysteines after the protein was folded. Mass spectrometry analysis showed the maintenance of the dis-
tribution of the enzyme isoforms related to N-terminal histidine residues after folding, which confirmed
that the enzymatic activity of rLAP depends on its three-dimensional structure rather than N-terminal
self-processing activity. In summary, the studied attributes allow a better understanding of the structure-
to-function relationship of rLAP, that permit a more proficient manufacturing of the enzyme that would

improve the bioprocesses in which is employed.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

DNA technology has been widely used for the production of
recombinant proteins such as therapeutic proteins and enzymes.
Currently, the production of recombinant proteins in prokaryotic
hostess is an advantageous process because allows yielding higher
amounts of product [1,2]; nevertheless, the expression of recombi-
nant proteins in Escherichia coli, and the purification of insoluble
inclusion bodies represent major challenges in determining the
correct structure of the recombinant proteins that ensure their
biological activity [3-6].

The study of the physical attributes of proteins, and their effects
on their biological function, is an important asset in the establish-
ment of the processes and conditions to obtain the appropriate
protein structure [7,8]; in addition, is also important to determine
the optimal conditions in which these proteins will be preserved
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and used under specific environments [9-11]. Additionally, iden-
tifying the principles of protein folding allows understanding the
forces that drive and/or preclude this phenomenon [12,13].

The gaining of knowledge about the relationship between struc-
ture, function, and the environment conditions; depends on the
study of variables that affect folding, such as: protein concentration,
pH, temperature, and ionic strength [14-16]. So, adjustments on
the conditions of the protein environment can be planned toward
the improvement of its manufacturing bioprocesses. On this regard,
enzymes are ideal model proteins, because they act on specific sub-
strates that can be employed to measure their biological activity,
and thus investigate the impact of environmental variables on their
functionality.

Recombinant leucine aminopeptidase (rLAP) is an enzyme com-
monly used by the biopharmaceutical industry for the remotion
of N-terminal methionine [17-21]. The mature 6x-His tag rLAP
under study is a non-glycosilated monomeric protein of 304 amino
acids, with an apparent averaged mass of 32.8 kDa (by reducing
SDS-PAGE) [17]. This enzyme exhibits a characteristic secondary
structure, as reported by circular dichroism [22]; furthermore, as
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in the wild type leucine aminopeptidase (LAP) [19,23], rLAP has
only one disulfide bond in its mature form which makes easier to
study its folding.

In a previous study, we reported an increase in the enzymatic
activity of rLAP after an incubation period that was conceived as
the best for folding [22]. Herein, we focus on the structural changes
of rLAP and the repercussion on its functional attributes headed to
the improvement of bioprocesses.

To achieve this objective, a set of sensitive techniques capa-
ble to detect conformational changes in proteins was employed,
such as: circular dichroism (CD), intrinsic fluorescence (IF), differ-
ential scanning calorimetry (DSC), and mass spectrometry (MS),
along with colorimetric free thiol analysis, and enzymatic activ-
ity assays that helped to track the changes of rLAP subjected to
folding and/or induced denaturation. Collectively, these techniques
provided a quick and reliable platform to assess structural and
functional changes in the protein associated to predetermined vari-
ations on its environment.

2. Materials and methods
2.1. Materials

Wild type leucine aminopeptidase from Vibrio proteolyti-
cus, Leucine-p-nitronilide (L-pNA), zinc chloride (ZnCl,), DL-
dithiotreitol, tricine, acetonitrile (LC-MS grade), formic acid
(LC-MS grade), and water (LC-MS grade) were obtained from
Sigma-Aldrich (St. Louis, MO); citric acid, sodium citrate,
mono-dibasic sodium phosphate, sodium carbonate, and sodium
bicarbonate from ]. T. Baker (Center Valley, PA); Urea from
Millipore Corp. (Billerica, MA); DyLight 488 Maleimide and Slyde-
A-Lyzer 10 kDa MWCO Cassettes from Thermo Fisher Scientific Inc.
(Waltham, MA); and Recombinant leucine aminopeptidase (rLAP)
in-house produced.

2.2. Activity assay

Enzymatic activity was determined by hydrolysis of L-pNA.
The assays were conducted by triplicate for each sample of rLAP
in a final volume of 480 uL; 0.5mM L-pNA and 3 x 108 M of
purified enzyme were incubated in 10 mM tricine, 1mM ZnCl,
buffer at pH 8.0. A negative control without enzyme was used to
account for non-enzymatic hydrolysis of the substrate. The reac-
tions were incubated at 25 °C for 5 min, and then 20 pL of 20 mM
pL-dithiotreitol were added to quench the reaction. Absorbance
from p-nitroaniline at 405 nm (¢=10,800 M~ cm~1)[24], and from
rLAP (£=38,700M~1cm~1) was measured in a Beckman Coulter
DU 640 spectrophotometer (Beckman Coulter Inc.; Brea, CA). One
enzyme unit (U) was defined as the amount of enzyme that released
1 wmol of p-nitroaniline at 25°C in 1 min.

2.3. Folding conditions

3 wM rLAP (in the folding state in which was purified from the
inclusion bodies, referred as unfolded) was incubated at 37°C in
10 mM phosphate, 10 wM ZnCl, buffer at pH 6.0 for 72 h (main fold-
ing conditions). The samples were collected every 12 h to track the
enzyme activity. Three different combinations of rLAP and ZnCl,
concentrations were also evaluated to observe their effect on the
folding process: (1) 30 wuM and 20 uM, (2) 152 M and 50 pM,
and (3) 305 wM and 100 wM respectively. After 72 h of folding, the
protein was dialyzed in Slyde-A-Lyzer 10 kDa MWCO cassettes, in
10 mM tricine, 1 mM ZnCl, buffer pH 8.0, at 4 °C, for 24 h; the pro-
tein obtained from this step was referred as rLAP¢y (folded rLAP).
Enzyme no subjected to folding was dialyzed under the same con-
ditions prior to be analyzed and was referred as rLAP,s (unfolded

rLAP). For the mass spectroscopy analysis the enzyme was incu-
bated at 15 °C under the main folding conditions, and was analyzed
every 24 h.

2.4. Circular dichroism (CD)

The analysis was conducted at 15 uM of enzyme in the far UV
CD region (190-270nm) at 25°C using a 0.1 cm path length cell
in a Jasco ]J-815 spectropolarimeter (Jasco Corporation Ltd.; Tokyo,
Japan). Three scans per test were accumulated at 1 nm bandwidth.

2.5. Intrinsic fluorescence (IF)

The analysis was conducted at 3 WM of enzyme in 3 mm quartz
cells. Fluorescence spectrum was monitored from 290 to 400 nm
at 25°C, using an excitation wavelength of 283 nm in a Fluorolog-
3 spectrofluorometer (Horiba Ltd.; Tokyo, Japan). The wavelength
of maximal emission (Amax) was defined as the point of maximal
intensity from the fluorescence spectra.

2.6. Thermal analysis by IF

IF was monitored in a range from 5 to 90°C, at a scanning rate
of 1°Cmin~! using the same instrument and settings mentioned
above.

2.7. Fluorescence lifetime using time correlated single photon
counting (TCSPC)

Fluorescence lifetime analysis by the Time-Correlated Sin-
gle Photon Counting method (TCSPC) was performed at 25°C
using 332nm as emission wavelength, 2 nm band-pass, and a
280 nm =+ 10 Nanoled as excitation source. Data analysis was car-
ried out with the DAS6 software (Horiba Ltd.; Tokyo, Japan) using
two exponential decay components. The intensity decays were cal-
culated as the sum of exponentials using the Eq. (1) [25].

I(t):Zaiexp (_?lt) (1)

where Xq; is normalized to the unit, ¢; is the pre-exponential
factor, and t; is the lifetime. The lifetime average () was calculated
using the Eq. (2) [26].
2
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2.8. Chemical denaturation observed by IF and TCSPC

() = (2)

Solutions of 6 wM rLAP were prepared at different concentra-
tions of urea (0-8 M) in 10 mM tricine, 1 mM ZnCl, buffer at pH 8.0.
Urea-induced unfolding was analyzed by IF and TCSPC at 25°C as
described in the methodology of those techniques.

2.9. Chemical denaturation evaluated by enzymatic activity

The urea-induced unfolding of 6 wM rLAP was measured by its
specific enzymatic activity at different urea concentrations (from
0 to 8 M) in 10 mM tricine, 1 mM ZnCl, buffer at pH 8.0 at 25°C.
Reversibility of the chemical denaturation was evaluated by sub-
jecting the enzyme to decreasing urea dilutions from 8 M to 0.4 M.

2.10. Differential scanning calorimetry (DSC)

Transition temperatures (Tp;) and enthalpies (AH.) were
measured at 46 uM of rLAP using a nano-DSC system from TA
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Fig. 1. Enzymatic activity of three in house-produced batches (LO11005 squares;
L0O12001 circles, and LO10004 triangles) of rLAP over the time of folding, under
main folding conditions.

Instruments (New Castle, DE) equipped with a 300 wL platinum
cell. Each sample was evaluated in triplicate at a scanning rate of
1°Cmin~1.

2.11. Free thiol analysis

Free thiols were derivatized using DyLight 488 Maleimide to a
final concentration of 12.5uM in a buffer of 100 mM phosphate
at pH 8.0 [27]. The analysis was carried out in an ACQUITY UPLC
System from Waters (Milford, MA), using a SEC column BEH 200,
4.1 x 300 mm, using a flow rate of 1.7 wM at a 0.4mLmin~! for
protein-fluorophore separation and quantification [28].

2.12. Mass spectrometry (MS)

Liquid chromatography electrospray ionization mass spectrom-
etry (LC-ESI-MS, hereafter referred as MS) was performed in an
ACQUITY UPLC System coupled to a SYNAPT G2 HDMS mass spec-
trometer from Waters (Milford, MA). A BEH300 C18 (1.7 wm)
reverse phase column, UV detection at 214nm, a flow rate of
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0.3mLmin~! at 70°C and a linear gradient from 30 to 65% phase B
(0.10% formic acid in acetonitrile) were used for LC analyses. Pos-
itive mode of ESI ionization source, 3.0kV capillary voltage, 40V
cone voltage, 350 °C desolvation temperature, 120°C source tem-
perature, and acquisition range from 300 to 3500 m/z were used for
MS analyses. MS data was analyzed using MaxEnt1 algorithm. The
molecular masses of rLAP isoforms were calculated based on the
amino acid sequence of the mature form of LAPy:¢ [29].

3. Results
3.1. Functional and structural properties of rLAP

In a previous study we reported an increase in the enzymatic
activity from 1 to 18 U/mg when 3 .M rLAP were incubated at 37 °C
for 72h in a buffer of 10 mM phosphate, 10 wM ZnCl, at pH 8.0
[22]. In this study we conducted exploratory tests by employing
different pH values and buffers to assess the folding process of rLAP
through its activity toward the optimization of the process. When
tricine buffer at pH 8.0, or citrate buffer at pH 4.0, 5.0 or 6.0 were
employed, the enzymatic activity remained below 2.5 U/mg. A sub-
tleincrease to 3 U/mg was observed using carbonate buffer at pH 8.5
and 9.0; however, when the pH increased to 10.0 the activity was
totally lost after 72 h at 37 °C. An increase to 15 U/mg was observed
after 72 h of incubation in phosphate buffer at pH 7.0 and 8.0, which
remained similar to our original assessment, performed using a dif-
ferent batch of rLAP,¢ [22], however, when pH decreased down to
6.0, the specific activity of rLAP augmented to 31 U/mg after 72h
of incubation. The enzymatic activity of rLAP folded in phosphate
buffer at pH 6.0, along with the aforementioned results at pH 8.0,
suggests that the folding process was reproducible among batches
(Fig. 1).

CD spectra revealed structural changes among: rLAPgq, rLAP,
and LAPy: (Fig. 2). Although, the minimum negative ellipticity
([0]mre) of these enzymes was centered at 208 nm (Fig. 2A), the CD
spectrum intensity of rLAP¢4 was 0.4 times higher than the intensity
of rLAP,, and 0.4 times lower compared to the intensity of LAPyy.

IF spectrum of rLAP¢y confirmed structural changes during the
folding process, showing a decrease in the intensity of IF, and a blue
shift of the Amax from 330 to 325 nm exhibiting a closer profile to
LAPy: (Fig. 2B). On the other hand, when rLAPgy was chemically
denatured with urea revealed a red shift of its Amax to 345nm
(Fig. 2B) and an increment in the intensity of its IF exhibiting a
closer profile to rLAP .
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Fig. 2. (A)Circular dichroism spectra: LAP,, (A-a), r(LAP¢ (A-b), and rLAP (A-c). (B) Intrinsic fluorescence spectra: LAPy, (B-a), rLAPgq (B-b), rLAP¢ (B-c), and rLAP,; denatured
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Fig. 3. (A) Thermal unfolding of rLAP analyzed by DSC; rLAP (short-dot line) exhibits only one T, at 54 °C, where as rLAPg (solid line) exhibits three T, at 54, 85, and 88°C.
(B) Thermal denaturation of rLAP analyzed by IF; rLAP (closed circles) exhibits two inflection points (16 °C and 50 °C), whereas rLAPg exhibited only one around 85°C.

Table 1
Thermodynamic parameters of rLAP by DSC.
Sample Tm1 Tmz Tm3 AH] AHZ AH3 AHCM
°0) °0) (°Q) (kCalmol-1) (kCalmol~1) (kCalmol~1) (kCalmol-1)
TLAP¢ 54 + 0.1 NP NP 55+2 NP NP 55+2
rLAPgg 54 + 0.3 85+0.4 88+0.1 4+1 65+3 31+2 100 + 5

NP: not present.

3.2. Thermal stability of rLAP

Thermal stability evaluated through DSC showed that rLAPgy
exhibited three different T;; (54, 85, and 88 °C) while rLAP only
exhibited one T, at 54°C (Fig. 3A and Table 1). The transition
at 54°C found in both, folded and unfolded enzyme, exhibited
enthalpies that differed in about 13 times, where the higher
enthalpy was observed in rLAP,s (Table 1). The total enthalpy
(AH¢,) differed in almost two times between rLAPgq and rLAP .

Thermal denaturation of rLAP was analyzed by IF, and showed
a different behavior between rLAP, and rLAPg (Fig. 3B). For
rLAPf, Amax behavior was defined by temperature regions, where
the displacement below 35°C shifted toward blue fluorescence,
whereas above this temperature shifted toward red fluorescence. In
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addition, when Amax of rLAP ¢ was analyzed as the first derivative in
function of the temperature (dAmax/dt) a minimum and a maximum
inflection points (at 16°C and 50°C, respectively) were observed.
A thermal transition was observed around 85 °C for rLAPg.

3.3. Urea-induced unfolding of rLAP by lifetime and intrinsic
fluorescence

The values of T and A max (Fig. 4) augmented as the concentration
of ureaincreased, although 7 showed a marked inflection across the
denaturation gradient in both, folded or unfolded enzymes. Fluo-
rescence lifetime values and x2 (as the measure of fitting) of rLAP
and LAP,y; are shown in Table 2. Another interesting result is that
the t value of rLAPg is the closest to the t value of LAPyy.
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Fig. 4. Chemical denaturation of rLAP in function of the urea concentration assessed by 7 (solid squares) and Amax (open circles). (A) The range of 7 between the initial and
the final stress levels for rLAP s was 2.20-2.90 ns, with a red shift of A« from 331 to 345 nm. (B) The range of 7 for rLAPy was from 1.97 to 2.15ns and its Amax Was from

330nm to 333 nm.
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Table 2

Fluorescence lifetime values of rLAP.
Protein T X2

(ns)

LAPy¢ 1.61 1.20
rLAP¢ 223 1.20
rLAP in 8 M urea 291 1.26
rLAPg 1.96 1.16

rLAPgy in 8 M urea 217 1.24

Data fitted using two exponential decays.

3.4. Reversibility of the urea-induced unfolding process

The enzymatic activity evaluated at several dilutions of urea,
from 8 M to 0.4 M, at 25°C, showed that the enzymatic activity
increased as the urea concentration was diluted (Fig. 5).

3.5. Folding promoted the formation of disulfide bond of rLAP

A0.54 mol of free cysteines/mol of protein ratio was observed for
rLAP¢, whereas for rLAP¢q the ratio was 0.34 mol of cysteines/mol
of protein. In regard to an implicit amount of rLAP molecules
that buried free cysteines as disulfide bonds (S—S) (without any
consideration of thiol oxidation, improper S—S bonding, or other
degradation), an increase from 47% (for rLAP ) to 66% (for rLAP¢q)
was observed (Fig. 6).

3.6. Mass spectrometry analysis

Due to the increase in the enzymatic activity after folding, we
considered the possibility that the enzyme was capable to self-
catalyze its 6x-His tag as suggested by other researchers [18]. To
explore this hypothesis we evaluated the enzyme by mass spec-
trometry during 15 days of incubation at 15°C. As shown in Fig. 7A
and B, the enzyme exhibits the same distribution of mass isoforms
at the beginning and at the end of the folding process (Fig. 7C); the
mass of each isoform is summarized in Table 3.

The enzyme activity was also determined during this incuba-
tion period (Fig. 7D); an increase in the activity was observed from
2.14+0.1, and 8.54+0.1U/mg, at the beginning and the end of the
folding period respectively.

22

2.0+

Activity (U/mg)

Concentration of urea (M)

Fig. 5. Evaluation of the reversibility of the urea-induced denaturation of rLAP. The
open squares curve shows the denaturation process of the enzyme as the concen-
tration of urea was increased, while the open circles curve shows the reversibility
of the denaturation process as the urea concentration was diluted.
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Fig. 6. Percentage of established (white area) and non-established disulfide bonds
(shaded area) for rLAPs and rLAPg.

3.7. Effect of enzyme and zinc concentration on folding through
the activity of rLAP

To evaluate the feasibility of scaling up the folding process,
different concentrations of rLAP and ZnCl, were tested from an
enzymatic activity perspective: (1) 30 wM and 20 pM, (2) 152 pM
and 50 pM, and (3) 305 M and 100 wM, respectively. No more than
7 U/mg of enzymatic activity was observed when the concentration
of enzyme and ZnCl, were augmented (Fig. 8).

4. Discussion
4.1. Structure and activity of rLAP after folding

The biological activity of a protein is strongly linked to its con-
formation; thus, is expected that structural changes may have a
positive or negative impact on its functionality [10,20,30,31]. It
have been reported that N-and C-terminal propeptides are essential
for the folding of rLAP when it was expressed in E. coli [32,33]; how-
ever, we were capable of expressing a mature protein fused to the
6x-His tag in N-terminal, and determine the optimal folding con-
ditions by testing different buffer solutions and pH values, where
the higher activity was 31 U/mg when the protein was incubated
in phosphate buffer at pH 6.0 (Fig. 1).

The increase of the enzymatic activity at pH 6.0 is potentially
associated to the couple of two zinc atoms with the two histidines
along with other residues (mainly acidic) located in the catalytic
site through coordinate covalent bonds. At pH 6.0 the theoretical
relative amount of cationic zinc species is about 90% (as denoted by
the ion distribution as function of pH in the zinc-gluconic acid sys-
tem) [34], whereas the deprotonated imidazole groups of the his-
tidines (which have a pK; of 6.02) would be around 50%, resulting

Table 3
Isoforms molecular masses of rLAP obtained by LC-ESI-MS.

Symbol Isoforms of rLAP Molecular mass (Da)
A Met - 6 His tag - rLAP 32,828
B 6 His tag — rLAP 32,665
C 5 His tag - rLAP 32,528
D 4 His tag - rLAP 32,391
E 3 His tag - rLAP 32,253
F 2 His tag - rLAP 32,116
G 1 His tag - rLAP 31,995
H rLAP 31,880
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favorable for their binding [35]. This electrostatic interaction also
explains the absence of enzymatic activity when the citrate buffer
system is used for folding, even at pH 4.0, because cationic species
of zinc (above the 50% of relative abundance) are theoretically only
present at pH lower than 3.7 under the Zn-citric acid system [36],
which is no longer useful, due to the imidazole substituent pKj,.
Under the phosphate buffer conditions, the zinc speciation
behavior should be more similar to the observed in the gluconic acid
system rather than in the citric acid system, based on the phosphate

Activity (U/mg)
»
1

=~ O- -

Time of folding (h)

Fig. 8. Curves of enzymatic activity of rLAP under different folding conditions: (1)
circles represent 3 wM rLAP, and 10 wM ZnCl;; (2) squares 30 wM rLAP, and 10 uM
ZnCly; (3) triangles 152 wM rLAP, and 10 wM ZnCl,; (4) diamonds 305 wM rLAP, and
10 wM ZnCly; (5) asterisks 30 wM rLAP, and 20 uM ZnCl; (6) stars 152 wM rLAP, and
50 wM ZnCly; and (7) cross 305 wM rLAP, and 100 M ZnCl,.

second pK; around 6.0. This also could explain the reason why the
enzymatic activity remains similar to the activity of the unfolded
protein at pH below or above 6.0, despite that the enzyme was
subjected to folding (see results in Section 3.1).

The increase in the activity of rLAP was attributable to structural
changes, which was confirmed by the comparison of the con-
formation of rLAPs, rLAPgg and the LAPy¢, through spectroscopic
techniques (Fig. 2). The dichroic response indicated that there was
a gaining in structure in rLAPgy with respect to rLAP . The decrease
in intensity, and the blue shift of the Ayax observed by IF in rLAPy,
was an indicator of the most folded conformation of the enzyme as
well (Fig. 2B), as have been observed in proteins that contain buried
tryptophans [11,37,38].

Disulfide bonds also play a key role in promoting and maintain-
ing amore stable conformation of proteins [4,39], due to anincrease
in their thermal stability. Is well known that LAPy: has a unique
disulfide bond that relies on the hydrophobic pocket adjacent to
the active site [23]; in our study the number of established bonds
was indirectly estimated by the quantification of free cysteines. The
results showed that the increase of the enzymatic activity could
be associated to an additional 20% in the formation of disulfide
bonds in rLAPg (Fig. 6) and consequently to a gaining in struc-
ture for the active site. On the other hand, when the protein was
not folding-processed, the level of free cysteines was higher than
in the folding-processed protein; which is an indicator of a lower
level of established disulfide bonds in rLAP,¢, which stands for a
less structured protein.

The slow progression of rLAP folding (Fig. 1) might be related
to the cis/trans isomerization of the peptide bond [40-42], which
in other proteins takes to the appropriate formation of the disul-
fide bond [40], that in rLAP are adjacent to the catalytic site.
The cis-peptide bond in LAPy is located between the Asp-117
and the Asp-118 in its folded conformation [23], although rLAP
came through different expression and purification conditions than
LAPy, it also contains this particular sequence, thus it is possible
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that its folding takes longer due to the slow establishment of a cor-
rect cis/trans configuration followed by the establishment of the
disulfide bond; as have been reported for cytrochrome c whose fast
or slow folding are determined by already present specific motifs
in its molten globule state [12].

The results obtained so far helped us to understand the factors
thatimpact on the folding process, and consequently to improve the
downstream process toward a more stable and functional enzyme
for industrial purposes. On this regard, the effect of the enzyme and
ZnCl, concentrations during folding evaluated through the enzy-
matic activity showed that the increase in the concentration of
the enzyme reduces the folding yield, even if we increased ZnCl,
concentration (Fig. 8).

4.2. Increased thermal stability of rLAP

It is well known that thermal stability of a protein is related to
its level of covalent and non-covalent bonds that maintain an orga-
nized structure [43-45]. Herein, we observed a positive effect of
folding in the thermodynamic stability of rLAP that increased its
Tm, (Fig. 3, and Table 1) which is an indicator of a higher number of
hydrogen bonds and disulfide bonds, also consistent with the free
cysteines analysis (Fig. 6). The results obtained by DSC suggest that
the T, found at 54°C in rLAPg corresponds to a residual amount
of rLAP¢, whereas the transitions at 85 and 88 °C in rLAP¢, corre-
spond to a more folded protein that increases its ration after folding
(Fig. 3A, and Table 1). In addition, IF confirms a higher stability of
rLAP¢q up to 85°C when a red displacement of Amax Was observed
(Fig. 3B) which is consistent with previous IF responses in other
protein studies [46-48]. For rLAP IF revealed that the folding pro-
cess occurs below 40 °C, based on the blue shift of Amax, whereas the
thermal denaturation takes place from 40 °Cuntil 60° C. Unlike to IF,
DSC has a lower sensitivity to detect gradual molecular transitions
of subtle exothermic enthalpies during the establishment of hydro-
gen bonds; however, it is capable to detect the single endothermic
transition that comprises the rupture of all the non-covalent inter-
actions.

4.3. Chemical stability of rLAP

Urea was employed as chaotropic agent to denature rLAP,¢
and rLAP¢gq to compare their chemical stability at different stress
levels (0-8 Murea) (Fig. 4); rLAP,s exhibited a wider range of t
between the initial and the final levels of the denaturation curve
(2.23-2.90 ns), with respect to rLAPg4 (7 from 1.97 to 2.17 ns). On
the other hand, the red displacement of Amax after denaturation is
higher in rLAP ¢ (331-345 nm) than in rLAP¢gy (330-333 nm), which
was chemically more stable.

As part of the extended characterization of rLAP, we observed
that urea-induced denaturation of rLAP was a reversible process,
since the protein recovered its enzymatic activity as the urea was
diluted (Fig. 5). These results demonstrated that once rLAP is pro-
duced as insoluble inclusion bodies in E. coli, it would be feasible to
increase its enzymatic activity through folding, even after stressful
solubilization procedures that are typically employed for harvest-
ing the protein from insoluble inclusion bodies.

4.4. Molecular mass distribution of rLAP during folding

The relative abundance of all the molecular masses isoforms
of rLAP was maintained across the folding process (Fig. 7C, and
Table 3). There was no evidence that the enzyme was capable of
self-catalyze; hence, the increase in the enzymatic activity (Fig. 7D)
is more likely to be associated to structural changes as have been
discussed throughout this study.

5. Conclusion

The collective information obtained from the spectroscopic
and thermodynamic techniques, along with the enzymatic assays
employed on this study, are valuable for describing the folding
processing of rLAP, and the way that pH favored the coupling of
zinc to the catalytic site. These findings allowed the establishment
of a characterization approach for a better understanding of the
folding process in bimetallic proteins. Hence, the conditions of fold-
ing for rLAP were optimized with respect to our previous study,
since we obtained a recombinant enzyme with a higher activity
resulting from a better structural stability associated to the fold-
ing treatment. In this sense, orthogonal techniques represent an
advantageous approach for distinguishing phenomena that occur
at different molecular levels during the folding process of a protein
that could be helpful for a better understanding of the processes
toward their improvement.
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