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INTRODUCTION

The catalytic triad forming the active center of serine proteases

has been known for decades and the elucidation of its mechanism

was one of the main achievements of modern enzymology.1,2 In

these enzymes, a charge-relay network among Asp, His, and Ser res-

idues increases the nucleophilicity of the reactive serine side chain

in the first step of peptide bond hydrolysis. A similar, catalytic and

serine-based triad is found in the active site of some other hydro-

lytic enzymes such as cholinesterases,3 cutinases,4 or lipases.5,6

Much more surprising was the finding of a constellation of Glu,

His, and Ser residues in starch-degrading a-amylases,7 perfectly

adopting the spatial arrangement of the catalytic triad and having

the residue composition of some lipases8 or acetylcholinesterases,9

that is, Glu instead of Asp present in proteases [Fig. 1(A) and S1].

This constellation is located at 22 Å from the a-amylase active site,

close to the surface of the (b/a)8 central barrel, but has a low sol-

vent accessibility (Fig. S2). The main difference with the catalytic

triad is found at the level of the His residue, which adopts a flipped
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ABSTRACT

Chloride-activated a-amylases contain a noncata-

lytic triad, independent of the glycosidic active

site, perfectly mimicking the catalytic triad of ser-

ine-proteases and of other active serine hydrolytic

enzymes. Mutagenesis of Glu, His, and Ser residues

in various a-amylases shows that this pattern is a

structural determinant of the enzyme conforma-

tion that cannot be altered without losing the

intrinsic stability of the protein. 1H-15N NMR

spectra of a bacterial a-amylase reveal proton sig-

nals that are identical with the NMR signature of

catalytic triads and especially a deshielded proton

involving a protonated histidine and displaying

properties similar to that of a low barrier hydro-

gen bond. It is proposed that the H-bond between

His and Glu of the noncatalytic triad is an unusu-

ally strong interaction, responsible for the observed

NMR signal and for the weak stability of the triad

mutants. Furthermore, a stringent template-based

search of the Protein Data Bank demonstrated

that this motif is not restricted to a-amylases, but

is also found in 80 structures from 33 different

proteins, amongst which SH2 domain-containing

proteins are the best representatives.
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VVC 2007 Wiley-Liss, Inc.

Key words: a-amylase; protease; catalytic triad;

protein stability; low barrier hydrogen bond.

320 PROTEINS VVC 2007 WILEY-LISS, INC.



position with His ND1 facing Ser instead of facing the car-

boxylate in the charge relay system, as shown in Figure 1(A)

and S1. Although slightly differing by the side chain orienta-

tion, these triads (catalytic or not) are characterized by the

perfect conservation of the geometry and interatomic distan-

ces among the four functional atoms, that is, the carboxylate

oxygen of Asp (OD2) or Glu (OE2), the imidazole nitrogen

atoms (ND1, NE2) of His, and the hydroxyl oxygen (OG) of

Ser. Noncatalytic triads have been previously reported in

proteins10,11 but all these motifs were strongly distorted and

not perfectly superimposable with the catalytic triads, in con-

trast with the motif found in chloride-activated a-amylases.

a-Amylases (a-1,4-glucan-4glucanohydrolases, EC

3.2.1.1) are widely distributed in microorganisms, plants,

and animals. They catalyze the hydrolysis of internal

a(1,4)-glycosidic bonds with net retention of the anome-

ric configuration in starch and related polysaccha-

rides.12–14 These enzymes are typically monomers of

about 50 kDa exhibiting a central domain A formed by a

(b/a)8 barrel, a small b-pleated domain B protruding

between b3 and a3 delineating the active site, and a C-

terminal globular domain C consisting of a Greek key

motif15 (Fig. S2). These enzymes also require at least

one tightly bound calcium ion for structural integrity.

Amongst these enzymes of various origin, one group of

a-amylases also requires a chloride ion for enzymatic ac-

tivity, that acts as an allosteric activator.16,17 This un-

usual bound anion was observed at close proximity of

the active site in the crystal structures of porcine pancre-

atic,18 human pancreatic,19 human salivary,20 insect,21

and bacterial7,22 a-amylases. Site directed mutagenesis

of the chloride protein ligands combined with biochemi-

cal and crystallographic studies have shown that this

anion raises the pKa of the catalytic Asp proton donor to

higher values, allowing optimal activity near neutrality,

but also shields this side chain from unfavorable electro-

static interactions.23–26 A bioinformatic search based on

the occurrence of the conserved chloride ligands within

the a-amylase sequences has revealed that the chloride-

dependent a-amylase family is composed of all animal

a-amylases and of some bacterial enzymes27 such as the

a-amylase from Pseudoalteromonas haloplanktis (AHA)

used in this study. In the latter case, it has been sug-

gested that the occurrence of an animal-type a-amylase

in bacteria originates from horizontal gene transfer.28

Besides these structural and phylogenetic relationships,

the chloride-dependent a-amylases are also characterized

by the strict and unique conservation of the aforemen-

tioned noncatalytic triad in the five high-resolution crys-

tal structures solved so far7,18–22 [Fig. 1(B) and S3]. In

addition, more than 70 amino acid sequences of chlo-

ride-dependent a-amylases are known and the three resi-

dues forming the triad are found to be strictly con-

served,27 revealing that the occurrence of this constella-

tion is not fortuitous. Since the first mention of

noncatalytic triads in proteins,10,11 their possible signifi-

cance (fortuitous or functional) has remained obscure.

The discovery of the a-amylase model of noncatalytic tri-

ads prompted us to investigate the function and occur-

rence of such an unusual motif.

Figure 1
Structural superimposition of catalytic and noncatalytic triads. A, the noncatalytic triad of pig pancreatic a-amylase (PPA, black, labeled) is superimposed with the active

site catalytic triads of trypsin (blue), chymotrypsin (orange), subtilisin (green), and lipase (red). B, superimposition of the noncatalytic triads in the five crystal structures

of chloride-dependent a-amylases: porcine pancreatic (orange), human pancreatic (green), human salivary (blue), insect (red), and bacterial (black) a-amylases.

Interatomic distances are given in Å and the four functional atoms are indicated in panel B.
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MATERIALS AND METHODS

Mutagenesis and enzyme expression

Site directed mutagenesis of the P. haloplanktis a-amy-

lase gene in the vector paH12wt*, enzyme expression in

E. coli RR1 cells at 188C and a-amylase purification were

performed as described.29 Western blots of culture sam-

ples were performed using rabbit anti-AHA IgG as pri-

mary antibodies and alkaline phosphatase conjugated

anti-rabbit IgG as secondary antibodies. Random muta-

genesis of paH12wt* was carried out in Epicurian Coli

XL1-Red competent cells (Stratagene) in the conditions

recommended by the supplier. The pool of randomly

mutated plasmids was transformed in E. coli RR1 and

the transformants were subcultured at 378C for 48 h in

96-well uncoated micro-plates containing 200 lL of

Luria–Bertani medium, with the wild-type and the

Ser303Ala mutant plasmids as controls. The Et-G7-pNP

reaction mixture (see later) was added directly to the

microcultures and absorbance variation at 405 nm was

recorded after 15 min. Under these conditions, cells

expressing the wild-type a-amylase are active whereas

those expressing the Ser303Ala mutant are inactive. The

gene amy-p coding for Drosophila melanogaster a-amylase

was kindly provided by Dr. Jean-Luc Da Lage, CNRS,

Gif-sur-Yvette, France. The sequence of native signal pep-

tide was replaced by the sequence of the bacterial P. halo-

planktis a-amylase signal peptide and the gene was trans-

ferred into a pET-22b vector for induced production in

E. coli BL21(DE3) cells. Mutations of the triad were

introduced with the Quikchange Mutagenesis kit from

Stratagene.

Enzyme assays

Spectrophotometric determination of a-amylase activ-

ity and of the kinetic parameters were carried out using

the Et-G7-pNP Amyl kit (Roche) as described.23 Sub-

strate specificity for polysaccharides was determined by

isothermal titration calorimetry,30 using a MCS microca-

lorimeter (Microcal) and soluble starch (2%) or oligosac-

charides (5 mM) as substrates. Agar-immobilized starch,

casein, and emulsified tributyrin were used to detect

traces of amylolytic, proteolytic, and lipolytic activities,

respectively. The substrates in 50 mM HEPES, pH 7.5

were autoclaved with 1.5% agar, and poured into Petri

dishes. Filter-sterilized (0.22 lm) protein samples were

loaded onto the solid medium and incubated at 258C up

to 1 month. Activity appeared as halos of hydrolysis.

Amylolytic activity of recombinant E. coli colonies was

detected by the same procedure on Luria–Bertani plates.

NMR spectroscopy

Purified AHA29 was prepared in 200 lM MES, 1 lM
CaCl2, pH 5.8, and concentrated to 0.3 mM. Thirty

microliter of D2O were added to 430 lL of sample before

running the experiment. Data were recorded at 208C on

a Varian 800 MHz Inova NMR spectrometer at the

RALF-NMR facility (Grenoble). To produce 15N-labeled

AHA, the gene coding for AHA and its signal peptide

have been inserted into the expression vector pET-22b

following the engineering of an NdeI restriction site at

the start codon. The 15N-labeled enzyme was produced

in M9 minimal medium containing 15NH4Cl as sole

nitrogen source. The production yield in E. coli

BL21(DE3) cells was �3.5 mg/L. 15N-labeled AHA was

purified to homogeneity as described for unlabeled

AHA.29 Analysis of isotopic labeling was performed in a

quadrupole-time of flight system (Q-TOF Ultima) after

ionization by electrospray and showed a mass difference

of 587 � 4 Da between the labeled and unlabeled

enzyme, indicating an isotopic labeling of 97.7 � 0.7%.

Bioinformatics

The PDB31 scan was performed with the constraint-

based Jess algorithm,32 a modified version of TESS.33

Jess was kindly provided by Jonathan Barker (EBI, Hinx-

ton, Cambridge, UK). The template consisted of the

atomic coordinates of ND1 and NE2 of His337 imidazole

ring and the oxygen atoms OG of Ser303 and OE2 of

Glu19, based on PDB no. 1AQH of AHA. The tolerance

factor D (the distances between pairs of atoms are within

D Å of the corresponding distance in the template) was

set to 0.5 Å. Glu OE2 atom was allowed to be replaced

by any noncarbon, side chain atom without residue

matching. A strict conservation was imposed on Ser OG.

His ND1 and NE2 were allowed to match either with tri-

ads in protease- or in a-amylase-like orientation. Copla-

narity of the heteroatoms of matching structures was

checked visually with SwissPdb-Viewer. The Catalytic Site

Atlas (CSA)34 was consulted for separating catalytic from

noncatalytic triads. The primary literature was consulted

for crosschecking of CSA results and for the structures

lacking in the CSA.

RESULTS

Mutational study of the noncatalytic triad

Both the wild-type AHA and the recombinant a-amy-

lase produced in E. coli are devoid of proteolytic and li-

polytic activity on agar-immobilized casein and emulsi-

fied tributyrin, which allows the detection of trace activ-

ity not recorded by usual spectrophotometric methods.

This observation rules out a possible accessory hydrolytic

activity in this enzyme, as already suggested by the burial

and low solvent accessibility of the triad. To evaluate the

function of the noncatalytic triad, the mutations

Glu19Gln, Ser303Ala, and His337Asn were separately

introduced in the a-amylase gene, as well as the three

J.-C. Marx et al.
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combinations of double mutations (Glu19Gln/Ser303Ala,

Glu19Gln/His337Asn, and Ser303Ala/His337Asn) and the

triple mutation (Glu19Gln/Ser303Ala/His337Asn). These

mutations eliminate the respective chemical function of

the original residues while maintaining a similar steric

hindrance. In the expression system used,29 the wild-

type AHA is produced at a high yield of about 200 mg/L

culture. The mutants are also readily expressed in E. coli,

as demonstrated by Western blotting using anti-AHA IgG

after SDS-PAGE, and in an active form as shown by

halos of hydrolysis on starch-containing LB plates. How-

ever, they display a strongly reduced stability, with a half-

life of activity in cell-free extracts of one or two days,

whereas the wild-type a-amylase is stable for weeks in

these conditions. This weak stability is also demonstrated

by immunoblotting, as these mutants become undetect-

able after 2–3 days of culture. The low activity of these

mutants in cell-free extracts (less than 0.5% of the wild-

type a-amylase expressed in the same conditions, Et-G7-

pNP as substrate) also suggests that mutations in the

noncatalytic triad promote strong structural alterations.

The least stable and active mutants (only detectable on

agar-immobilized starch) are those bearing the Glu19Gln

mutation, either alone or in combination. In attempts to

produce a stable mutant containing an altered triad, the

following mutations were also engineered in P. haloplank-

tis a-amylase: His337, the central residue of the triad,

has been subjected to saturation mutagenesis and

replaced by the 19 other amino acid residues. Further-

more, two double mutants, Glu19Cys/His337Cys and

Ser303Cys/His337Cys, were designed to introduce a cova-

lent disulfide bridge within the triad. Finally, the three

basic mutations Glu19Gln, Ser303Ala, and His337Asn

were introduced in Mut5, a strongly stabilized variant of

P. haloplanktis a-amylase35 and in the closely related

insect a-amylase from Drosophila melanogaster (AmyD)

that belongs to the most stable chloride-dependent a-
amylases according to microcalorimetric studies.36 These

mutants can be expressed in E. coli in an active form but

all display the same pronounced instability and weak re-

sidual activity as described earlier. As a result, attempts

to purify these mutants were unsuccessful, even using

fast chromatographic techniques. These results on the 34

engineered mutants demonstrate that any alteration in

the noncatalytic triad leads to a drastic destabilization of

the protein structure in these a-amylases.

Mutant characterization

The mutant of the triad Ser303Ala is slightly more sta-

ble as far as the half-life of activity in cell-free extracts is

concerned. The fast loss of activity of this mutant cannot

be avoided by inhibition of serine-, thio-, metallo-, or

acid proteases, and the stability of the enzyme in cell-free

extracts cannot be improved by usual protein stabilizers

such as MgSO4, Na2SO4, sucrose, threalose, glycerol, ala-

nine, polyethylene glycol, or acarbose, a stabilizing inhib-

itor of glycosidases. Trimethylamine N-oxide, a protecting

osmolyte that has a strong ability to force proteins to

fold37 is also ineffective in stabilizing the Ser303Ala mu-

tant. By contrast, the concentration-independent kinetic

parameter Km for the synthetic substrate Et-G7-pNP (Km

5 150 lM) is identical to that of the wild-type a-amy-

lase. Furthermore, isothermal titration calorimetry, re-

cording the heat release of hydrolysis,30 was used for the

determination of the relative substrate specificity. The ac-

tivity of the mutant Ser303Ala on the macromolecular

substrate starch was set to 100% activity and the activity

on shorter oligosaccharides was recorded (maltooligosac-

charides from corn syrup, 64%; maltopentaose, 69%; Et-

G7-pNP, 113%). These relative activities are unchanged

with respect to the wild-type enzyme. Maintenance of

the kinetic parameters suggests that mutants of the non-

catalytic triad are produced in a native state followed by

a fast and irreversible unfolding, leading to proteolysis of

the unfolded state.

Random mutagenesis

In an attempt to understand the destabilizing effect of

these mutations, the mutant Ser303Ala was subjected to

extensive random mutagenesis in the mutator strain Epi-

curian Coli XL1-Red (Stratagene) with a programmed

mutation frequency of one to six basepair substitutions

for the AHA gene. The objective of this experiment was

to obtain a secondary mutation restoring the stability of

the native a-amylase or at least improving the stability of

the mutant Ser303Ala. However, none of the 12,500

screened mutants displayed an improved stability com-

pared with the Ser303Ala mutant. In control experiments

on the wild-type a-amylase gene randomly mutated in

the same conditions, it was found that at a mutation fre-

quency of 1 bp substitution per gene, about 2% of the

mutants possessed a significantly improved stability. The

sequence of some of these mutants also confirmed the

programmed mutation frequency. These results suggest

that mutational perturbations in the noncatalytic triad of

the a-amylase cannot be balanced by simple mutations

or weak interactions in the enzyme structure.

NMR spectroscopy

At this stage, and considering the previous results, we

have assumed that the noncatalytic triad contains at least

one nonconventional H-bond, contributing significantly

to the overall global stability of a-amylases. This hypoth-

esis was based on the description of a strong or low bar-

rier hydrogen bond (LBHB) in the catalytic triad of ser-

ine proteases, leading to a typical proton signal of the

NMR spectrum in the 15–20 ppm range.38 The algo-

rithm ShiftX, allowing the calculation of chemical shifts

on the basis of atomic coordinates of a molecule,39 did
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not predict any proton chemical shift higher than 10

ppm for AHA (PDB no. 1AQH). By contrast, and despite

the large size of the native a-amylase (�50 kDa) and its

solubility limit (pH � 5.5), the 1H NMR spectra display

an unusual low field proton signal (Fig. 2). This proton

appears well downfield from other protons in the a-amy-

lase, exhibiting a chemical shift dH of 15.5 ppm at pH

5.8. This dHvalue in the a-amylase matches the chemical

shift of the LBHB linking Asp and His residues in the

catalytic triad of serine proteases.40 Interestingly, the 1H

NMR spectrum of AHA also displays a signal at 14.4

ppm (Fig. 2), exactly as in the spectra of some serine

proteases. In these cases, this signal has unambiguously

been attributed to the Ser-OH proton of the catalytic

triad.41,42

These observations prompted us to produce 15N-

labeled AHA to characterize the low field proton. As

shown in Figure 3, the correlation spectrum of 15N-

labeled AHA displays a signal at 15.5 ppm (1H) and

183.2 ppm (15N), hence demonstrating that the proton

of interest is bound to a nitrogen atom. Comparison of

these experimental chemical shifts with the data of the

Biological Magnetic Resonance Bank43 indicates that the

only possible N��H configuration accounting for both

chemical shifts is a protonated histidine imidazole ring.

In conclusion, this bacterial a-amylase contains a proto-

nated His residue engaged in a strong H-bond, the latter

displaying properties close to those of a LBHB. Unfortu-

nately, the NMR signals could not be unambiguously

attributed to the His residue composing the noncatalytic

triad for several reasons: (i) two-dimensional NMR tech-

niques failed to identify this His residue because of the

size of the protein and the resulting high number of

overlaying signals, and (ii) the proton NMR spectra of

the triad His mutants of AHA and of AmyD should be

devoid of the 15.5 ppm signal but these mutants cannot

be produced (see earlier).

Noncatalytic triads in other proteins

To check the occurrence of protein structures different

from a-amylases but bearing a similar Ser-His-Glu/Asp

triad, the entire PDB was scanned with a stringent con-

straint-based algorithm. The atomic coordinates of the

Figure 2
800 MHz proton NMR spectra of AHA in 1H2O. A, overview of the proton

signals for AHA. B, enlargement of the downfield spectrum in A showing two

typical proton signals at 14.4 and 15.5 ppm.

Figure 3
800 MHz 15N-1H HSQC correlation spectra of 15N-labeled AHA. A, spectrum

recorded with the carrier centered on the amide proton at 120 ppm. B, spectrum

recorded with the carrier centered at 190 ppm on the histidine ND1 chemical

shift. The proton signal at 15.5 ppm (Fig. 2) is correlated with a nitrogen atom

at 183.2 ppm.
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four functional atoms of the triad in AHA were used as a

template for this search that identified 450 matching pro-

tein structures. After the removal of enzymes bearing a

catalytic triad and of all the Cl2-dependent a-amylases,

80 PDB codes were retained that fulfill the coplanarity

and the distance requirements for the correct establish-

ment of hydrogen bonds in the triad. Among these hits,

69 PDB entries, representing 28 nonredundant structures,

bear an a-amylase-like noncatalytic triad whereas 11

PDB entries, representing 5 nonredundant structures,

bear a protease-like noncatalytic triad (Table I). The

mean distances for the structures described in Table I are

2.76 � 0.12 Å between the His imidazole ring nitrogen

atom and the carboxylic oxygen atom, and 2.85 � 0.15 Å

between the second His nitrogen heteroatom and Ser

OG. The primary literature of all the retained structures

never describes any resemblance with the triad, in the

rare cases where the role of some of the identified resi-

dues is discussed. Without exception, these roles are

described to be of a structural nature: coordination of

ions, cofactor binding, stabilization through hydrogen

bonding, intra- and intersubunit stabilization. In addi-

tion, several structures amongst homologous proteins are

found bearing the triad (Table I) indicating that this con-

stellation is also conserved in other proteins. The best

examples are the 30 structures of SH2 domain-containing

proteins, representing nine different proteins that also

show the best geometry statistics for superimposition

with the a-amylase template. Unfortunately, none of the

structure reported in Table I has been determined by

NMR, therefore impairing the search for an unusual low

field proton signal in these proteins. It should also be

noted that the noncatalytic triad is a unique feature of

the chloride-dependent a-amylase family as no other a-
amylase type from microorganisms or plants was identi-

fied by the search.

DISCUSSION

The strict conservation, in both the amino acid

sequences and the crystal structures, of the 3 residues

Table I
Noncatalytic Triads in Proteins

PDB no.
rmsd
(�) D (�)

Structure name
as in PDB file S H E/D

No. of
redundancies Redundant PDB no.

Noncatalytic amylase-like triads
1R1S 0.08 0.05 SH2 domain S97 H106 E71 30 1A07, 1A08, 1A1B, 1A1C, 1A1E, 1A81,

1AOT, 1AOU, 1LKK, 1LKL, 1O4G, 1O4I,
1O4L, 1O4N, 1O42, 1O46, 1OPK, 1OPL,
1CWD, 1P13, 1FYR, 1JYR, 1ZFP, 1H9O,
1QAD, 1R1P, 1R1Q, 1SPS, 2SHP

1VH4 0.13 0.14 Protein binding protein (stabilizer) S243 H215 E187 1
2HMY 0.16 0.35 Methyltransferase S294 H292 E47 1
1ODO 0.16 0.18 Cytochrome P450 S318 H291 E20 1
1NKG 0.18 0.27 Rhamnogalacturonan lyase S367 H365 E136 1
1VFR 0.19 0.12 NADPH oxidoreductase S81 H82 E54 1
1N2K 0.19 0.38 Sulfatase S250 H227 E253 2 1E2S
1CF2 0.22 0.18 Glyceraldehyde-3-P dehydrogenase S302 H299 E301 1
1JY1 0.24 0.2 Tyrosyl-DNA phosphodiesterase S419 H372 E415 2 1QZQ
1IZN 0.31 0.2 Actin capping protein S171 H152 E221 1
1QHM 0.13 0.17 Pyruvate formate lyase S1083 H1084 D1074 6 1CM5, 1H16, 1H17, 1H18, 2PFL, 3PFL
1BGL 0.15 0.28 b-galactosidase S971 H972 D591 2 1JYW
1KW0 0.17 0.31 Human Phe-hydroxylase S273 H271 D151 2 1MMT
1H46 0.18 0.28 Exoglucanase S43 H42 D74 1
1UKP 0.18 0.1 b-amylase S464 H335 D275 3 1BFN, 1BYB
1ASG 0.18 0.14 Aspartate aminotransferase S141 H145 D223 7 1ASL, 1ASM, 1CQ7, 8AAT, 1AMR, 1ARG
1DE6 0.2 0.2 Rhamnose isomerase S177 H229 D231 2 1D8W
1SI0 0.21 0.15 Iron binding protein S278 H267 D205 2 1PMB
1MRJ 0.23 0.18 Ribosome inactivating protein S61 H51 D1 2 1BRY
1DEL 0.28 0.17 Deoxynucleoside-P kinase S7 H194 D218 1
Noncatalytic protease-like triads
1IHU 0.07 0.13 Arsenite-translocating ATPase S420 H148 E416 3 1F48, 1II9
2BSP 0.11 0.1 Pectate lyase S18 H193 D150 2 1BN8
1QNQ 0.12 0.16 b-mannanase S158 H198 D195 3 1QNO, 1QNR
1U43 0.19 0.33 2-C-methyl-D-erythritol

2,4-cyclodiphosphate synthase
S35 H42 D8 1

1R8W 0.26 0.18 Glycerol dehydratase S7 H368 D312 2 1R9D

The first four columns provide the best matching structure with its rmsd and delta values, as well as its name as it appears in the PDB file. The following three columns

present the identified residues constituting the triad; the second last column shows the number of redundancies, with the PDB identifiers detailed in the last column.
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constituting the noncatalytic triad of chloride-dependent

a-amylases indicates that the occurrence of this motif is

not fortuitous. The results of our site-directed and ran-

dom mutagenesis studies clearly show that the noncata-

lytic triad fulfills an important structural role, as Glu,

His, and Ser residues in various a-amylases cannot be

altered without losing the intrinsic stability of the pro-

tein. Furthermore, the kinetic parameters of a transiently

stable mutant of the triad indicate that this enzyme is

synthesized in a native conformation, followed by a fast

and irreversible unfolding. At this stage, one should won-

der how a constellation of three residues can constitute a

key determinant of the conformational stability in a large

monomeric protein such as AHA (453 residues, 49,340

Da). This a-amylase tolerates various amino acid substi-

tutions: more than 20 mutations have been previously

introduced during various studies with some being at

close proximity of the noncatalytic triad,29,35 but none

had the drastic destabilization effect displayed by muta-

tions implicating the residues of the triad. Moreover, the

two putative H-bonds linking the side chains in the non-

catalytic triad are a priori unlikely to contribute signifi-

cantly to the a-amylase conformational stability when

compared to the 400 H-bonds identified in the crystal

structure.22 However, this effect can be explained if at

least one hydrogen bond in the triad is not a conven-

tional interaction but a strong H-bond, such as the

LBHB found in the catalytic triad of serine proteases.40

Hydrogen bonds have been classified in three types

according to their stabilization energy38: conventional

(10–50 kJ/mol), strong or low barrier (50–100 kJ/mol),

and very strong or single-well (>100 kJ/mol) hydrogen

bonds, the latter providing bond strength close to cova-

lent bonds, such as in hydrogen fluoride, but have not

been reported in proteins. The most unambiguous pa-

rameter for characterizing a LBHB in proteins is the

NMR chemical shift dH of the participating proton which

ranges from 15 to 20 ppm.38 Surprisingly, the NMR

spectra of AHA revealed many features that are identical

with the NMR signature of catalytic triads. First, the 15.5

ppm proton signal is typical for an LBHB between His

and an adjacent carboxylate group. In the case of AHA,

this proton is correlated with a nitrogen atom and is

assigned to a protonated histidine. Second, a signal at

14.4 ppm is observed in the 1H NMR spectrum of AHA,

exactly as in the spectra of some serine proteases in which

this signal has been attributed to the Ser-OH proton.

Although these NMR signals in AHA cannot unambig-

uously be assigned to the H-bonding network in the

noncatalytic triad of the a-amylase, several observations

support the occurrence of a strong H-bond between His

and Glu of the triad: (i) all LBHBs detected thus far in

enzymes involve a carboxyl group,44 represented by Glu

in the noncatalytic triad, (ii) analysis of the correlation

between the 1H chemical shift and the H-bond length for

strong hydrogen bonds implicating an imidazolium ring

and a carboxyl group45 indicate that a chemical shift of

15.5 ppm corresponds to a bond length of 2.66 Å: this is

in agreement with the 2.71 � 0.07 Å measured for the

triads of the five chloride-dependent a-amylase struc-

tures, (iii) The two histidine residues found in the active

site of a-amylases and involved in catalysis have no car-

boxyl group at H-bonding distances: this rules out a pos-

sible catalytic LBHB in the active site of these enzymes,

(iv) Amongst the 11 additional His (of 12 in total) in the

AHA structure, three have a carboxyl group at H-bond-

ing distance but these are nonconserved His-Glu pairs of

residues within the Cl2-dependent a-amylase family.

The occurrence of a strong hydrogen bond in the non-

catalytic triad can therefore account for the instability of

mutants of the participating residues. Indeed, the resi-

dues in the noncatalytic triad in a-amylases bridge the

N- and C-extremities of the central (b/a)8 barrel of the

enzymes: removal of this interaction may lead to the

opening of this major domain and to the subsequent

unfolding of the structure. The functional role of a

strong hydrogen bond in the noncatalytic triad in chlo-

ride-dependent a-amylases can be proposed in the light

of data available for the well characterized serine pro-

teases. On the one hand, the spatial arrangement of Glu,

His, and Ser residues in the noncatalytic triad seems to

provide the required environment in order to favor

strong H-bonding between His and Glu. Ser is proposed

to position the His side chain correctly in terms of dis-

tance and coplanarity. On the other hand, the flipped

position of His in the noncatalytic triad possibly pre-

cludes abstraction of the proton from the Ser-OH group,

therefore avoiding a reactivity increase of the serine side

chain.

Interestingly, the geometry adopted by the three resi-

dues in the noncatalytic triad is not restricted to Cl2-de-

pendent a-amylases but has also been detected in 80

other protein structures, accounting for 33 different pro-

teins in the Protein Data Bank. In all these structures,

the mean distance between the carboxyl group and the

imidazole ring is short and compatible with the forma-

tion of a strong H-bond, whereas the mean distance

between the imidazole and the Ser hydroxyl group is

slightly longer, like in the a-amylase triad. This constella-

tion is frequently found in series of homologous proteins

(Table I), indicating that the triad geometry is also

strictly conserved.

Although in most instances the residues forming the

triad are not mentioned in the related publications, some

peculiar cases are worth commenting. SH2 domain-con-

taining proteins represent the largest number of matching

structures from the search and also display the best

superimposition statistics (Table I). SH2 domains contain

about 100 amino acid residues and are involved in many

signal transduction processes mediated by binding to

phosphotyrosine-containing proteins.46 Two interesting

aspects should be mentioned: (i) the sequence position
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of His from the noncatalytic triad is variable but not its

position in the 3D structures of SH2 domains, (ii) the

histidine of the triad is the critical residue involved in

the binding of phosphotyrosine in the majority of pro-

teins with SH2 domains. Accordingly, the noncatalytic

triad seems to be directly involved in the essential cell

signaling function of SH2 domains. In the case of D-glyc-

eraldehyde-3-phosphate dehydrogenases (GAPDH), the

identified Glu residue is strictly conserved within the

whole family of GAPDHs and is known to contribute to

the protein stability through hydrogen bonding.47 In

addition, His and Ser residues of the triad are only con-

served in hyperthermophilic archaeal GAPDHs. This sug-

gests that the noncatalytic triad could function as a stabi-

lizing motif in these hyperstable proteins. In the hetero-

dimeric actin-capping protein, the identified Glu residue

has been reported to be crucial for maintaining the over-

all architecture of one subunit and for stabilizing the

dimer, as it also interacts with the second subunit. The

present finding that this residue belongs to a noncatalytic

triad, with His and Ser partners located on different sec-

ondary structures, suggests that this constellation could

be implicated in the protein stability, as in a-amylases.

In conclusion, these noncatalytic triads could represent a

still not described structural motif involved in the con-

formational stability of proteins by enhancing the

strength of interactions between the partners or with

other partners located within the structure or on a differ-

ent polypeptide.
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