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The functional and structural adaptations to temperature have been addressed in homologous
chloride-dependent a-amylases from a psychrophilic Antarctic bacterium, the ectothermic fruit fly, the
homeothermic pig and from a thermophilic actinomycete. This series covers nearly all temperatures
encountered by living organisms. We report a striking continuum in the functional properties of these
enzymes coupled to their structural stability and related to the thermal regime of the source organism. In
particular, thermal stability recorded by intrinsic fluorescence, circular dichroism and differential
scanning calorimetry appears to be a compromise between the requirement for a stable native state and
the proper structural dynamics to sustain the function at the environmental/physiological temperatures.
The thermodependence of activity, the kinetic parameters, the activations parameters and fluorescence
quenching support these activity—stability relationships in the investigated a-amylases.

© 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

Life has successfully colonized nearly all environments on Earth,
from the permanently frozen polar regions or the arctic permafrost,
to the extremely hot deep-sea hydrothermal vents, hot springs or
geysers. The range of temperatures compatible with life is quite
large and is currently estimated from —20 °Cin seaice [1] to 122 °C
in hydrothermal vents [2]. Microorganisms living in these envi-
ronments are able to cope with the local chemical and physical
extreme parameters by various adaptive strategies in order to
maintain activity and metabolic functions despite these challenging
conditions [3,4]. From an evolutionary perspective, current views
suggest that the last universal common ancestor (LUCA) was
mesophilic or moderately thermophilic and that extant extrem-
ophiles have subsequently colonized harsh environments [5].
However, there are also arguments for a hot origin of life [6,7] and
even for a cold origin [8,9]. It is therefore of interest to understand
the molecular mechanisms of adaptation to temperature in

Abbreviations: AHA, a-amylase from Pseudoalteromonas haloplanktis (psychro-
phile); DMA, a-amylase from Drosophila melanogaster (ectothermic mesophile);
PPA, a-amylase from pig pancreas (homeothermic mesophile); TFA, a-amylase from
Thermobifida fusca (thermophile); Et-G7-pNP, 4-nitrophenyt-o-p-maltoheptaoside-
4,6-0-ethylidene; GdmCl, guanidine hydrochloride; DSC, differential scanning
calorimetry; IF, intrinsic fluorescence; CD, circular dichroism.
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contemporary enzymes. In a first step towards this goal, we have
compared homologous psychrophilic, mesophilic and thermophilic
a-amylases. Temperature adaptation has been well studied in
thermophiles [10] while this remains fragmental in psychrophiles
[11]. Furthermore, comparisons of homologous series of extrem-
ophilic and mesophilic proteins are scare [12—16].

a-Amylases (a-1,4-glucan-4-glucanohydrolase, EC 3.2.1.1) are
ubiquitous and widely distributed in microorganisms, plants and
animals. These enzymes belong to family 13 in the glycoside
hydrolase classification (http://www.cazy.org/and [17]) and cata-
lyze the hydrolysis of internal «(1,4)-glycosidic bonds with net
retention of the anomeric configuration in starch, amylose, amylo-
pectin, glycogen and other related polysaccharides through multiple
attacks toward the non-reducing ends. As a result of the huge
diversity of organisms that synthesize a-amylases, these enzymes
exhibit in general a very low degree of sequence similarity, although
they adopt the same overall fold [18]. Amongst these enzymes,
animal-type a-amylases are homologous enzymes present in all
bilaterian animals and in some rare microorganisms, a lateral gene
transfer having likely occurred between the two groups [19—22]. All
animal-type a-amylases isolated so far display the unusual property
to bind a chloride ion at a specific site that induces allosteric acti-
vation of the full amylolytic activity. It has been shown that the
chloride ion is responsible for the pKa shift of catalytic residues via
interactions with active site carboxyl groups [23—25].

Chloride-dependent o-amylases from the Antarctic bacterium
Pseudoalteromonas haloplanktis and its close homolog from pig
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(Sus scrofa) pancreas have been extensively studied in the context
of protein adaptation to low temperatures [26—30]. It was shown
that the high specific activity at low temperatures of cold-adapted
enzymes is a key adaptation to compensate for the exponential
decrease of chemical reaction rates as temperature is reduced. Such
high biocatalytic activity arises from the disappearance of various
non-covalent stabilizing interactions, resulting in an improved
flexibility of the enzyme conformation and in a weak stability
[11,31]. Here, we have extended these earlier observations to the
chloride-dependent o-amylases from the ectothermic fruit fly
Drosophila melanogaster and from the thermophilic actinomycete
Thermobifida fusca. This series covers nearly all temperatures
encountered by living organisms (chloride-dependent a-amylases
have not been detected in hyperthermophiles). We report a striking
continuum in the functional properties of these enzymes coupled
to their structural stability and related to the thermal regime of the
source organism.

2. Materials and methods
2.1. Gene cloning

The naturally intronless amy-p gene (coding for DMA a-
amylase) has been originally amplified by PCR from genomic DNA
of D. melanogaster using the forward primer 5-AACTTCCATCTG-
GAATCATC-3' and the reverse primer 5'-TGCTCCCCAGCTGTTTAC-3’
and the resulting PCR fragment was cloned in the pGEM-T Easy
vector (pGEM-AmyD). To construct an expression vector, restriction
sites Clal and Xbal were introduced by PCR in 5’and 3’ of the amy-p
gene, respectively. The paH12WT* plasmid, modified with an
engineered Ndel restriction site at the ATG codon and pGEM-AmyD
were digested by Clal and Xbal and ligated to produce pa-AmyD in
which the residual part of the AHA gene was excised by inverse
PCR, producing the pAmyD plasmid. Both pAmyD and pET-22b(+)
were digested by Ndel/HindIIl restriction enzymes and ligated to
give the pET-AmyD plasmid in which the amy-p gene is preceded by
the signal peptide of AHA. The nucleotide sequence of this
construct is given in the Supplementary Fig. S1.

Based on the sequence of T. fusca a-amylase Tfu_0985 (GenBank
ID: AAZ55023.1), the TFA gene was re-designed in order to replace
the native signal sequence by the signal peptide of AHA and to
introduce Ndel/Hindlll restriction sites. The codons were optimized
for E. coli codon usage and this TFA gene was synthesized by
GeneArt (Life Technologies) in a pMA vector. PSTFA_pMA plasmid
and pET-22b(+) were digested by Ndel/HindIll restriction enzymes
and fragments were ligated to produce the pET-TFA plasmid. The
nucleotide sequence of this construct is given in the Supplementary
Fig. S2.

2.2. Enzyme production and purification

The recombinant AHA (paH12WT* plasmid) was expressed in
Escherichia coli RR1 at 18 °C and purified by DEAE-agarose, Sepha-
dex G-100, and Ultrogel AcA54 column chromatography as previ-
ously described [32].

The recombinant DMA o-amylase (pET-AmyD plasmid) was
expressed in E. coli BL21(DE3) at 18 °C in TB (Terrific Broth) con-
taining 100 mg/1 ampicillin and a-amylase production was induced
by 0.5 mM IPTG (isopropyl f-p-thiogalactoside) at Agpo of ~4. After
20 h of induction, cells were recovered by centrifugation at 13,000 g
for 50 min at 4 °C. Bacteria were disrupted on an EmulsiFlex-C3
homogenizer (Avestin) in the presence of benzonase and protease
inhibitors and cell debris were removed by centrifugation. Purifi-
cation of DMA was achieved in five steps: (a) An ammonium sulfate
precipitation at 85% saturation during 1 h at 4 °C. The precipitate

was centrifuged at 23,000 g for 50 min and the pellet was dissolved
in a minimum volume of Buffer A (50 mM Tris, 1 mM CacCly, pH 7,5)
and then dialyzed against 2 x 2 L of Buffer B (20 mM Hepes, 20 mM
NadCl, pH 7,5). (b) A glycogen precipitation in 40% cold ethanol [33].
After dropwise ethanol addition, the insoluble material was
removed by centrifugation and glycogen was added to the super-
natant. The pellet was solubilized and dialyzed against Buffer A. (c)
The solution was loaded on a Q Sepharose Fast Flow anion
exchanger (2.5 x 40 cm) and eluted with a linear NaCl gradient
(0—1 M) in Buffer A. (d) Fractions displaying amylolytic activity
were concentrated to 10 mL by ultrafiltration using a Millipore
polyethersulfone membrane (cutoff 10,000 Da) in an Amicon
ultrafiltration unit under 3 bars nitrogen pressure and then loaded
on a Sephadex G-100 gel filtration column (2.5 x 100 cm) and
eluted with buffer A. (e) The fractions of interest were concentrated
to 10 mL by ultrafiltration as described above and then loaded on
a Ultrogel AcA54 gel filtration column (2.5 x 100 cm) eluted with
buffer A. The recombinant TFA a-amylase (pET-TFA plasmid) was
produced and purified as described above except that the Sephadex
G-100 step was omitted. PPA was from Roche.

Except where specified, enzyme concentration was determined
spectrophotometrically at 280 nm using A%1* = 1.90 for AHA, 1.71
for DMA, 2.41 for PPA and 1.95 for TFA. Dynamic light scattering was
performed on a DynaPro NanoStar instrument (Wyatt Technology
Corporation) operated in batch mode at 20 °C and fitted with a laser
beam emitting at 658 nm. A globular protein model was used for
mass estimation. The N-terminal amino acid sequence of DMA and
TFA was determined by automated Edman degradation using
a pulsed-liquid-phase protein sequencer Procise 494 (Applied
Biosytems) fitted with an online phenylthiohydantoin analyzer.
Mass determination was performed by ESI-Q-TOF mass spectrom-
etry (Waters, Micromass) in 25% acetonitrile, 0.5% formic acid.

2.3. Enzyme assays and kinetics

a-Amylase activity was recorded using 3.5 mM 4-nitrophenyl-o-
p-maltoheptaoside-4,6-O-ethylidene (Et-G7-pNP) as substrate
(Infinity™ Amylase kit, ThermoScientific) and by the dinitrosalicylic
acid (DNS) method using 1% soluble starch as substrate [23].
Catalytic concentrations of enzymes were determined by the
Bradford assay (Pierce).

The effects of pH on amylolytic activity was determined by the
DNS method using a poly-buffer containing 25 mM Na acetate,
25 mM HEPES, 25 mM CHES, 25 mM MES and 20 mM NacCl between
pH 3.5 —pH 10.5. Chloride-free a-amylase was prepared by exten-
sive dialysis against 20 mM HEPES-NaOH, pH 7,2. The dissociation
constants for CI~ were obtained from the saturation curves as
described [23].

Thermodynamic activation parameters were calculated as
described [34] using the equations:

AG* = RT x (In(kgT/h) — Inkcat) (1)
AH# = E —RT (2)
AS# — (AH# - AG#>/T (3)

where Kg is the Bolzmann constant, h the Planck constant, E, is the
activation energy of the reaction and R the gas constant.

2.4. Differential scanning calorimetry
Measurements were performed using a MicroCal VP-DSC

instrument at a scan rate of 60 K h~! and under ~25 psi posi-
tive cell pressure. Samples (~2 mg/ml) were dialyzed overnight
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against 30 mM MOPS, 50 mM NaCl, 1 mM CaCly, pH 7.2. For DMA
and TFA, both the sample and the reference buffer were brought to
1 M 3-(1-pyridinio)-1-propanesulfonate (i.e. a nondetergent sul-
fobetaine) as detailed [35]. After cell loading, the protein concen-
tration was determined on the remaining sample by the
bicinchoninic acid method (Pierce). Thermograms were analyzed
according to a non-two-state model in which the melting point Ty,
the calorimetric enthalpy AH¢, and the van’t Hoff enthalpy 4Hegr of
individual transitions are fitted independently using the MicroCal
Origin software (version 7). The magnitude and source of the
errors in the Ty, and enthalpy values have been discussed else-
where [36].

2.5. Unfolding recorded by intrinsic fluorescence

Heat-induced unfolding was recorded using an SML-Aminco
Model 8100 spectrofluorometer (Spectronic Instruments) at an
excitation wavelength of 280 nm and at an emission wavelength of
350 nm (AHA), 340 nm (DMA), 350 nm (PPA) or 336 nm (TFA). A
scan rate of 60 K h~! was generated by a Lauda thermostat. GdmCl-
induced unfolding was monitored at 20 °C after overnight incu-
bation of the samples at this temperature in 30 mM MOPS, 50 mM
NaCl, 1 mM CaCl,, pH 7.2 and increasing GdmCI concentrations on
a Perkin—Elmer LS50B spectrofluorometer at protein concentration
of ~0.1 mg/ml [30]. The equilibrium condition was ascertained by
recording unfolding as a function of time. Least-squares analysis of
AG° values as a function of GAmCl concentrations allowed esti-
mating the conformational stability in the absence of denaturant,
AG°H,0, according to:

AG = AG;qzo —m [GdmCl] (4)
2.6. Circular dichroism

Circular dichroism spectra of the native proteins were recorded
using a Jasco J-810 spectropolarimeter under constant nitrogen
flow. Spectra in the far UV were recorded at 20 °Cin a 0.2 cm cell at
a protein concentration of ~50 pg/ml in 5 mM MOPS, 50 mM NacCl,
1 mM CaCl,, pH 7.2. Spectra were averaged over five scans and
corrected for the buffer signal. Heat-induced unfolding was recor-
ded under constant nitrogen flow at 222 nm in 30 mM MOPS,
50 mM NaCl, 1 mM CaCly, pH 7.2 at a scan rate of 60 K h~. Protein
concentration was ~0.1 mg/ml for all proteins. GdmCl-induced
unfolding was recorded at 222 nm and 20 °C on the samples
used for intrinsic fluorescence.

2.7. GdmCl concentration determination

A Refractometer ATAGO R5000 was used to record the refractive
index of each sample in chemical unfolding studies and to calculate
the AN value (difference in refractive index between the sample
and the buffer without GdmCl). This AN value allows determination
of GAmCI concentration according to [37]:

2.8. Dynamic quenching of fluorescence

The acrylamide-dependent quenching of intrinsic protein fluo-
rescence was monitored as described [30,38]. The Stern—Volmer
quenching constants Ksy were calculated according to the relation:

F/Fy = 1+ Kgy[Q] (6)

where F and Fy are the fluorescence intensity in the presence and
absence of molar concentration of the quencher Q, respectively.

3. Results and discussion
3.1. Production of the recombinant DMA and TFA

The genes coding for DMA and for TFA possess a signal sequence
incompatible with periplasmic export in E. coli. Accordingly, these
sequences have been removed and replaced by the signal peptide of
AHA. The production and purification procedures yielded about
50 mg of TFA and 250 mg of DMA per liter of culture. These proteins
were found to be homogenous by SDS-PAGE and monodisperse by
dynamic light scattering (Supplementary Fig. S3). N-terminal
amino acid sequencing of the purified proteins indicated proper
cleavage of the signal peptide in DMA whereas the recombinant
TFA displayed four additional residues (Ile-Ala-Thr-Ala) from the
AHA signal peptide, originating from incorrect processing. Mass
determination by ESI-Q-TOF mass spectrometry also revealed the
lack of other post-translational modifications and a single
homogenous population for both proteins.

3.2. General parameters

Table 1 summarizes some general properties of the investigated
enzymes. TFA differs from its homologs by its larger size resulting
from an additional C-terminal extension comprising a linker
(residues 452—472) and a type 20 carbohydrate-binding module
(residues 473—572) [39] rich in tryptophan residues
(Supplementary Fig. S4). The optimum pH for starch hydrolysis was
found in the range pH 7.2—7.5 for these a-amylases.

3.3. Chloride binding

Both DMA and TFA were predicted to belong to the chloride-
dependent a-amylase family on the basis of sequence alignments
and conservation of the chloride ligands identified in available
crystal structures [20,21]. This was ascertained by removing the
chloride ions from the purified proteins by extensive dialysis and
performing activation kinetics allowing the determination of the
dissociation constants from saturation isotherms. As shown in
Table 2, the animal-type DMA and PPA display a high affinity for
chloride that can be related to the bidentate coordination by argi-
nine, the main chloride ligand [23]. In this respect, replacement of
this ligand by lysine (providing a monodentate coordination) in the
bacterial-type AHA and TFA can account for their lower affinity

2 3 . .
[GdmCl] = 57.147(AN) + 38.68(AN)“—91, 60(AN) (5)  (Supplementary Fig. S5). The weak affinity of AHA has been also
Table 1
General properties of the investigated o-amylases.
Source Abbreviation Genbank CAZy subfamily residues (n) Mr (Da) pl PDB ID
Pseudoalteromonas haloplanktis AHA CAA41481.1 GH13_xx? 453 493431 4.82 1AQH
Drosophila melanogaster DMA CAA28238.1 GH13_15 476 51899.2 5.38
Sus scrofa PPA AAF02828.1 GH13_24 496 55598.3 6.55 1PPI
Thermobifida fusca (native) TFA AAZ55023.1 GH13_32 572 61505.0 5.38
(recombinant) 576 61861.0 5.38

@ Currently not classified.
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Table 2

Chloride binding by the investigated a-amylases.
a-Amylases Chloride ligands Kd (mM)*
AHA 172ArgN"2 262AsnNP? 300LysV? 6.70 + 0.22°
DMA 184ArgNt? 286AsnNP? 325ArgNH1-NH2 0.22 + 0.01
PPA 195ArgNt? 298AsnNP? 337ArgNH1-NH2 0.29 + 0.01¢
TFA 184ArgNH? 278AsnNP? 312LysN? 1.22 + 0.02

¢ Data at 25 °C except for TFA (40 °C).
b Data similar to [40].
¢ Data from [57].

related to the flexible conformation of this psychrophilic enzyme
[29,40] and it appears that the higher affinity of TFA (versus AHA)
could be the result of a more stable and compact conformation of
this thermophilic enzyme.

3.4. Temperature dependence of activity and conformation

Fig. 1a depicts the thermodependence of activity, using starch as
substrate, of the four investigated enzymes. The psychrophilic AHA
retains a high relative activity at low temperature in order to
maintain catalysis in the cold, whereas the thermophilic TFA is
almost inactive at low temperatures, as generally observed [41].
There is a clear shift of the temperature range for efficient catalysis
(left limb of the curves) and of the temperature for maximal activity
(Table 3) with the environmental/physiological temperatures of the
source organisms. When the turnover numbers are compared at
the relevant temperature for the source organisms (Table 3), the k¢t
values exponentially increase from the psychrophilic to both
mesophilic and the thermophilic enzymes (Supplementary Fig. S6).
This result somewhat contradicts the “corresponding states”
hypothesis [42] suggesting that enzymes have evolved their func-
tionality to reach similar activity at their respective environmental
temperatures. In the case of the psychrophilic AHA, cold-
adaptations do not fully compensate activity when compared
with both mesophilic z-amylases. As a matter of fact, microor-
ganisms thriving at near-freezing temperatures grow much more
slowly than their mesophilic counterpart at 37 °C. On the other
hand, the thermophilic enzyme benefits of the high temperature of
its environment to boost its activity towards high kca¢ values. This
can partly explain the powerful degrading capacity of T. fusca in hot
environments [39]. The exponential increase of activity at relevant
temperatures suggests that the thermal energy of the environment
plays a crucial role in enzyme activity that is not averaged or
normalized by adaptive mechanisms. However, similar compari-
sons in other homologous series are required before to conclude.

Fig. 1b and c display the heat-induced unfolding of the tertiary
structures (as recorded by intrinsic fluorescence, IF) and of the
secondary structures (as recorded by circular dichroism, CD). In all
cases, these a-amylases unfold cooperatively, i.e. with simultaneous
melting of both tertiary and secondary structures. The melting point
Tm of the structural conformation (Table 3) also increases with
increasing environmental/physiological temperatures of the source

Table 3
Activity and stability of the investigated a-amylases.

100 4

=3
o
1

60 4

40 -

Relative activity (%)

20 A

0,8

0,4

Unfolded fraction IF

0,2 4

0,0 -

0,8 4

0,6

0,4 4

0,2 -

Unfolded fraction CD

0,0 4

Temperature (°C)

Fig. 1. Temperature dependence of activity (a) and heat-induced unfolding recorded
by fluorescence (b) and circular dichroism (c). From left to right: the psychrophilic AHA
(open circles), the ectothermic DMA (open triangles), the homeothermic PPA (closed
squares) and the thermophilic TFA (closed circles). In panels (a) and (b), data for AHA
and PPA are from [32,38].

organisms. Fig. 1 also indicates that the activity of both mesophilic
enzymes and of the thermophilic a-amylase is heat-inactivated
when their structure starts to melt, as judged by the correspon-
dence between the maximal temperature for activity and the
unfolding curves. This is in sharp contrast with the psychrophilic

a-Amylases Temperature of maximal activity kear at physiological temperature Melting temperature Ty,
(°C) (s™h (°C) Tertiary structure Secondary structures
9] Q9]
AHA 29 179 +9 5 441 44.1
DMA 54 280 + 13 20 57.7 57.7
PPA 54 518 + 22 37 65.0 65.0
TFA 72 1457 + 37 55 76.8 76.9
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AHA which is heat-inactivated before any detectable structural
change. It has been previously argued that a very flexible (and
therefore heat-labile) active site is required for activity at low
temperatures [11,31].

3.5. Thermodynamic parameters of activation

The thermodynamic parameters of activation have been calcu-
lated from Arrhenius plots of the exponential rise of activity with
temperature, providing the activation energy E,, and are reported
in Table 4. When the four enzymes are compared at an identical
temperature, the kc,; values clearly reflect the adaptive nature of
activity that decreases from the psychrophilic to the thermophilic
a-amylases, as also inferred from Fig. 1a. This is translated into
increasing values of the Gibbs free energy of activation 4G*, which
is an inverse function of k¢, in the transition state formalism (Eq.
(1)). Amongst the activation parameters, the variation of activation
enthalpy AH* appears to be the most instructive. Indeed, this
parameter reflects two aspects. Firstly, it depicts the temperature
dependence of the enzymatic reaction [43]: for a given variation of
temperature, the activity of the psychrophilic enzyme is less
modified than that of the thermophilic one. This ensures that
adecrease in temperature will moderately reduce the activity of the
psychrophilic enzyme therefore maintaining a high activity at low
temperature, whereas an increase in temperature will sharply
activate the thermophilic enzyme for maximal activity at high
temperature. It should be noted that the ectothermic and homeo-
thermic a-amylases display intermediate values in close relation
with their physiological temperatures. Secondly, the AH* param-
eter is related to the number of enthalpically-driven weak inter-
actions that have to be broken to reach the activated state [34]. It
follows that the number of such interactions that are disrupted
increases in the enzyme series, from a low number in the
psychrophilic enzyme to a high number in the thermophilic a-
amylase. It should be stresses that, in this respect, there is a striking
correlation between the AH* parameter and the stability of the four
enzymes which arises from increased numbers of stabilizing
interactions. The entropic contribution TAS* to the free energy of
activation is also worth commenting. In the case of the psychro-
philic enzyme, the large and negative variation of activation
entropy has been related to a transition from a flexible and mobile
active site in the ground state, to a more ordered active site in the
activated complex. This hypothesis was supported by experimental
evidences using a transition state analog [30,38]. In Table 4, the
progressive evolution of entropy in parallel with stability can be
tentatively related to a progressively more stable free enzyme in
the ground state. If calculated at the relevant environmental/
physiological temperatures given in Table 3, all these activation
parameters remain qualitatively similar (Supplementary Table S1).

3.6. Substrate binding

The kinetic parameters for hydrolysis of the chromogenic
substrate Et-G7-pNP are reported in Table 5. It has been previously

Table 4
Thermodynamic parameters of activation at 15 °C (Standard errors are + 1% on AG*
and <10% on both AH* and AS¥).

Keat Ea AG* AH* TAS*
(s (kcal mol™")  (kcal mol™!)  (kcal mol~!)  (kcal mol~1)
AHA® 392 + 18 8.9 134 8.3 -5.1
DMA 150+6 10.9 14.0 103 -3.6
PPA? 141 + 4 12.0 14.0 11.5 -25
TFA 42 +2 229 14.7 224 7.7

¢ Data from [28].

Table 5
Kinetic parameters at 25 °C for Et-G7-pNP hydrolysis.
kcat Km kcat/ Km
(s (uM) (s7'uMT)
AHA?® 675 + 31 223+ 15 3.0
DMA 364 + 15 130 + 8 2.8
PPAP 291+38 65 + 4 45
TFA 153 +4 260 + 10 0.6

@ Data similar to [28].
b Data from [28].

argued that a high activity at low or moderate temperature is
gained at the expense of affinity for the substrate [29,41]. This
allows a reduction of the activation free energy barrier (and
therefore increased k. values) by lowering the magnitude of the
energy pit of the enzyme—substrate complex. This is supported in
Table 5 by the simultaneous decrease of k¢ and Ky, values, from
AHA to DMA and PPA. Furthermore, the decrease of Ky, values
suggests that the active site dynamics also decrease from AHA to
DMA and PPA. By contrast, the affinity of TFA is weak and the low
kcat/Km ratio indicates that Et-G7-pNP is a poor substrate for the
thermophilic enzyme. It should be mentioned that amongst the 24
residues forming the catalytic cleft [44] (strictly conserved in AHA,
DMA and PPA), 6 are substituted in TFA (Supplementary Fig. S4).
These substitutions possibly account for the alteration in substrate
binding by TFA. It should also be mentioned that TFA appears to be
a maltotriose-forming «-amylase [45], therefore differing in
product release.

3.7. Equilibrium unfolding in GdmcCl

The resistance towards chemical denaturation using GdmCl
(guanidinium hydrochloride) was probed by equilibrium unfolding
recorded by fluorescence and circular dichroism (Fig. 2, Table 6).
Both methods indicate a single cooperative transition as well as
a cooperative unfolding of secondary and tertiary structures in all
enzymes. The GdmCl concentration for half denaturation (Cyj
value in Table 6) increases from AHA to TFA, while the large m value
of AHA reflects its sharp cooperative unfolding. Estimation of the
conformational stability in the absence of denaturant (4G°y,0) in
Table 6 shows that stability increases with the thermal regime of
the source organism. However, the stability determined by GdmCl
unfolding for PPA and TFA is very close (Fig. 2), in contrast with
their thermal stability (Fig. 1). This indicates unusual differences
between thermal denaturation and chemical unfolding in both
proteins.

3.8. Differential scanning microcalorimetry

In order to gain deeper insights into stability of these o-
amylases, thermal unfolding was recorded by differential scanning
calorimetry (DSC). Both mesophilic and the thermophilic proteins
required the addition of a nondetergent sulfobetaine to avoid heat-
induced aggregation. The normalized thermograms are displayed
in Fig. 3 and the related thermodynamic parameters are given in
Table 7. The melting temperature Ty, (top of the main transition)
increases from the psychrophilic AHA to the thermophilic TFA
(Fig. 3) and closely corresponds to the values recorded by spec-
troscopic methods (Fig. 1, Table 3). Furthermore, the calorimetric
enthalpy (4Hca, heat absorbed during unfolding calculated from
the area under the transition) also increases from AHA to TFA
(Table 7). This 4Hc value corresponds to the sum of all
enthalpically-driven interactions that have to be broken for
unfolding and precisely quantify the enthalpic stability of these a-
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T T T T T T

100

80 -

60
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Unfolded fraction (%) IF

80 -
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20 -

Unfolded fraction (%) CD

GdmCl (M)

Fig. 2. Equilibrium unfolding in GdmCl recorded by intrinsic fluorescence (IF, upper
panel) and circular dichroism (CD, lower panel). From left to right: the psychrophilic
AHA (open circles), the ectothermic DMA (open triangles), the homeothermic PPA
(closed squares) and the thermophilic TFA (closed circles). In the upper panel, data for
PPA are from [38].

amylases. Fig. 3 also shows that unfolding of mesophilic and the
thermophilic proteins is asymmetric and can be deconvoluted into
two cooperative transitions that are not detected by spectroscopic
methods. Accordingly, the cold-adapted AHA is uniformly unstable
(single cooperative transition) whereas the mesophilic and ther-
mophilic proteins are characterized by the appearance of thermo-
dynamic domains with increased stability, in parallel to the protein
thermal origin.

The thermophilic TFA differs by the occurrence of a small, very
stable transition at 85 °C. Two explanations can be proposed for this
unusual transition. i) This domain can correspond to the unfolding
of the additional C-terminal carbohydrate-binding module in TFA,
although spectroscopic methods fail to detect such transition. ii) It
has been shown that some thermophilic proteins retain residual
structure in the unfolded state [46]. This residual structure reduces
the entropy of the unfolded state and therefore increases the
stability of the native state. The additional DSC transition in TFA can
be regarded as the melting of such residual structure at high
temperature.

Table 6
Equilibrium unfolding parameters in GdmCI at 20 °C recorded by intrinsic fluores-

70

AHA DMA PPA TFA

60 -

50 4

40 -

30 4

20 4

Cp (kcal mol' K)

10 4

30 40 50 60 70 80 90 100
Temperature (°C)

Fig. 3. Thermal unfolding of a-amylases recorded by differential scanning calorimetry.
The individual thermograms are identified at the top of the transitions. Dashed lines
are deconvolutions of the main transition into two cooperative units in mesophilic and
thermophilic proteins. In TFA, note the additional transition melting around 85 °C. Data
for PPA are from [28].

3.9. Stability curves

On the basis of the microcalorimetric parameters (Table 7), the
stability curves have been calculated according to the relation [47]:

AG(T) = AHgy(1 = T/Tim) + ACP(T — Trn) — TACP In(T/Tpy)
(7)

In the present case, a ACp value of 8.47 kcal mol~! K~! measured
for various a-amylases [32] was used and the extra stability domain
of TFA was excluded from calculations. These stability curves (Fig. 4)
correspond to the work required to disrupt the native state at any
temperature. The stability curve of AHA has been validated exper-
imentally [32] whereas the curves for the other a-amylases are
estimations due to the non-two-state unfolding of their structures
(dashed in Fig. 3). By definition, the AG value is nil at the melting
point Tp,. It can be seen in Fig. 4 that the increasing stability of the a-
amylases is reached by uplifting the curves towards higher free
energy values from AHA to TFA. The thermodynamic implications of
these curves have been discussed elsewhere [41] and fit the present
observations. For instance, the maximal stability of all a-amylases is
reached near room temperature, possibly because the hydrophobic
effect is optimal in this range [48]. From an evolutionary perspec-
tive, the adaptive variations in stability appear to be restrained by
enthalpic stabilization (AH), Tm) as no significant alteration of the
curve shape (minor displacement of maximal stability, no slope
modification), except uplifting, are detected in Fig. 4.

3.10. Dynamic fluorescence quenching

The conformational flexibility of the ¢-amylases was probed by
dynamic fluorescence quenching of aromatic residues [30,38].

Table 7
Thermodynamic parameters of stability recorded by microcalorimetry (Standard
errors are + 0.05 °C on T, and +£2% on 4Hc,)).

cence (IF) and circular dichroism (CD). T (°C) AHea (kcal mol™)
Protein AHA DMA PPA TFA AHA 44.0 214
IF D IF ¢t I D IF D DMA >77 2
PPA? 65.6 295
Cij2 (M) 082 083 134 145 25 248 254 259 TFA (y 74.0 415
m(kcalmol ' M~") 432 437 243 273 27 275 296 275 (2) 84.7 46

AG°y,o (kcal mol~') 366 387 380 394 69 682 739 714
¢ Data from [38].

2 Data from [28].
> Main (1) and minor (2) transitions in Fig. 3.
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Fig. 4. Stability curves calculated from DSC data. The Gibbs free energy of unfolding
corresponds to the work required to unfold the native state as a function of temper-
ature. The increased stability of the a-amylases and of T, (at AG = 0) is essentially
gained via uplifting the curves towards higher free energy values. Data for AHA and
PPA are from [38].

Increased concentrations of a small quencher molecule (acrylamide)
were used to probe the accessibility of tryptophan residues within
the proteins. The decrease of fluorescence arising from diffusive
collisions between acrylamide and tryptophans reflects the ability of
acrylamide to penetrate the structure and provides an index of
protein permeability. The difference between the slopes of
Stern—Volmer plots at 30 °C and 4 °C illustrates the variations in
protein structural permeability with an increase in temperature
(Fig. 5). In the case of AHA, DMA and PPA, the recorded decrease in
permeability correlates with the increase in stability. This reveals
that when stability increases in this series, the proteins are charac-
terized by progressively more compact conformation undergoing
reduced micro-unfolding events of the native state and shorter
native state fluctuations. However, TFA does not integrate the rela-
tion in the series (slope between DMA and PPA in Fig. 5). This could
be related to its additional C-terminal domain rich in tryptophan
residues (Supplementary Fig. S4) that can interfere in this
fluorescence-based experiment by the presence of solvent- exposed
tryptophans (as expected in a carbohydrate-binding module).
Nevertheless, the thermostable ¢-amylase from B. amyloliquefaciens
displayed very limited quenching under similar conditions [38],
suggesting that the flexibility—stability relationship can be

Fg/F (30°c) - Fo/ F (4°C)

120

[Acrylamide] (mM)

Fig. 5. Variation of fluorescence quenching by acrylamide between 4 and 30 °C. Data
for TFA are dashed and data for PPA are from [38]. The slope of the plots is proportional
to the permeability of the proteins towards acrylamide.

extended to heat-stable proteins on the basis of fluorescence
quenching.

4. Conclusions

We report here a close correlation between thermal stability
and the environmental/physiological temperature in mesophilic
and extremophilic a-amylases. While the requirement for a high
stability is obvious for the thermophilic protein, this correlation for
all a-amylases cannot be fortuitous in regard of previous examples
[11,16,41,42]. It has been proposed that this correlation is the result
of a genetic drift related to the lack of selective pressure for stable
proteins at individual environmental temperatures [49]. More
importantly, it has been also argued that protein dynamics has to be
preserved at environmental temperatures in order to maintain
a functional state. Furthermore, such dynamic properties are
inversely linked with structural stability: the lower the mobility of
the protein structure, the higher its stability [50—53], as also indi-
cated here by fluorescence quenching. Such balance between
stability, dynamics and activity clearly accounts for the continuum
of the properties observed in the investigated o-amylases. The
thermodependence of activity, the kinetic parameters and the
activations parameters support these activity-stability trade-offs. In
the case of the psychrophilic AHA, there is notably a strong selective
pressure for a high activity at low and moderate temperatures. This
selection should be less essential for mesophilic and the thermo-
philic z-amylases that benefit from thermally-induced activity: this
can tentatively explain the exponential rise of k¢, values at relevant
temperature noted in the four a-amylases.

The enzyme functional properties are intimately governed by
protein motions and conformational changes. In this respect,
increasing attention is currently given to the pathways of adaptive
protein evolution [54], the evolution of protein conformational
changes [55] and to the mutational adjustments of conformational
energy landscapes [56]. For instance, we have recently shown that
mesophilic stability, activity and dynamics can be engineered in the
psychrophilic AHA by introducing key adaptive substitutions [30].
The availability of the crystal structure of DMA and TFA will
certainly further improve our understanding of temperature-
driven adaptations of the enzyme function.
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