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ABSTRACT A hot desert hypolith metagenomic DNA sequence data set was
screened in silico for genes annotated as acetyl xylan esterases (AcXEs). One of the
genes identified encoded an �36-kDa protein (Axe1NaM1). The synthesized gene was
cloned and expressed, and the resulting protein was purified. NaM1 was optimally
active at pH 8.5 and 30°C and functionally stable at salt concentrations of up to 5 M.
The specific activity and catalytic efficiency were 488.9 U mg�1 and 3.26 � 106 M�1

s�1, respectively. The crystal structure of wild-type NaM1 was solved at a resolution
of 2.03 Å, and a comparison with the structures and models of more thermostable
carbohydrate esterase 7 (CE7) family enzymes and variants of NaM1 from a directed
evolution experiment suggests that reduced side-chain volume of protein core resi-
dues is relevant to the thermal stability of NaM1. Surprisingly, a single point muta-
tion (N96S) not only resulted in a simultaneous improvement in thermal stability
and catalytic efficiency but also increased the acyl moiety substrate range of NaM1.

IMPORTANCE AcXEs belong to nine carbohydrate esterase families (CE1 to CE7,
CE12, and CE16), of which CE7 enzymes possess a unique and narrow specificity for
acetylated substrates. All structurally characterized members of this family are mod-
erately to highly thermostable. The crystal structure of a novel, mesophilic CE7 AcXE
(Axe1NaM1), from a soil metagenome, provides a basis for comparisons with thermo-
stable CE7 enzymes. Using error-prone PCR and site-directed mutagenesis, we en-
hanced both the stability and activity of the mesophilic AcXE. With comparative
structural analyses, we have also identified possible thermal stability determinants.
These are valuable for understanding the thermal stability of enzymes within this
family and as a guide for future protein engineering of CE7 and other �/� hydrolase
enzymes.

KEYWORDS acetyl xylan esterase, carbohydrate esterase 7, X-ray crystallography,
sequence-based metagenomics, directed evolution, thermal stability

Acetyl xylan esterases (AcXEs) are carbohydrate-active enzymes (CAZymes) that
hydrolyze ester bonds to liberate acetic acid from acetylated hemicellulose, typi-

cally polymeric xylan and xylooligosaccharides. Although several AcXEs have been
identified from culturable organisms, the discovery and characterization of new AcXEs
using metagenomic methods avoids the limitations of culture-based techniques (1) and
may aid the identification of enzymes with improved stability and activity. Several
studies have reported the identification and expression of full-length CAZyme-
encoding open reading frames (ORFs) in metagenomic data sets (2, 3). The Namib
Desert hypolith metagenome, designated a hypolithome in this study, has also been
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shown to possess a large number of genes encoding cell wall-degrading enzymes (4–6).
Members of the carbohydrate esterase 7 (CE7) enzymes are intracellular enzymes
with a narrow acyl moiety specificity for acetates. Some members, however, are also
active on butyrates. CE7 enzymes preferably deacetylate cephalosporin C (CPC),
7-aminocephalosporanic acid (7-ACA), simple acetylated sugars, aryl alcohols, and
acetylated xylooligosaccharides (AcXOS) rather than polymeric xylan (AX) (7).

Crystal structures for nearly a third of biochemically characterized AcXEs are avail-
able (www.cazy.org), including those from Bacillus subtilis (BsCAH) (8–10), B. pumilus

(BpAXE CECT5027 and BpAXE PS213) (11–14), Thermotoga maritima TM007 (TmAcE)
(15–18), and Thermoanaerobacterium saccharolyticum JW/SL YS485 (TsAcE) (19, 20), all
of which are moderately (temperature optimum [Topt] of 45°C) to highly (Topt of 90°C)
thermostable. High thermal stability is important for xylan deacetylation during indus-
trial hemicellulose bioconversion processes but is not required for CPC or 7-ACA
deacetylation processes (21). All characterized CE7 enzymes deacetylate CPC and/or
7-ACA, but not all deacetylate AX. BpAXE PS213 (Topt of 45°C) deacetylates xylan, while
the highly thermostable homologs TmAcE and TsAcE do not. Hence, the natural
substrates of TmAcE and TsAcE are not known (16, 20). A number of thermolabile
CAZymes (22), including AcXEs (23), have been modified to create more thermostable
variants for industrial lignocellulose deconstruction. Thermal stability (24, 25), substrate
specificity (17, 26), and activity (16, 18, 27) determinants of CE7 AcXEs have been
investigated. In TmAcE, a �-loop interface (24) and an N-terminal extension (25) were
identified as modulators of thermal stability and activity. Both elements are, however,
also present in less thermostable CE7 enzymes, making it difficult to identify specific
factors responsible for CE7 enzyme stability.

Directed evolution (DE), in particular error-prone PCR (EpPCR), is a powerful tool for
optimizing enzyme traits (28). EpPCR (29) and site-directed mutagenesis (SDM) (R.
DiCosimo, M. S. Payne, and J. E. Gavagan, 27 June 2013, World Intellectual Property
Organization application WO2013096045A1) have been used to improve CAZyme
activity. DE remains the best method for improving thermal stability and kcat of an
enzyme despite structural and functional data being available for homologs (30).

Here, we describe the in silico screening of a Namib Desert hypolith metagenomic
data set for novel AcXE-encoding genes by combining sequence-based and synthetic
metagenomic approaches with the structural and functional characterization of a novel
CE7 AcXE.

RESULTS

In silico biomining. A Namib desert hypolith metagenomic data set (�600 million
bp) was screened for AcXEs of CE families 1 to 7 with 71 AcXE homologs from the CAZy
database (31). Primary sequence hits were filtered for specific AcXE domain ORFs and
complete N and/or C termini. This analysis identified three putative AcXE sequences,
with the Axe1 or XynB-like conserved domain of CAZy family CE3 or CE7, respectively.
The putative AcXE-encoding genes, Axe1NaM1 (CE7), Axe1NaM2 (CE7), and XynBNaM3-like
(CE3), had 64, 69, and 59% sequence identities, respectively, to known AcXE sequences
from actinobacteria (see Table S1 in the supplemental material) and distinct domain
arrangements. The Axe1 domains were encoded by nucleotides 19 to 966 and 19 to 972
of the Axe1NaM1 and Axe1NaM2 genes, respectively, and shared 46.5% sequence iden-
tity. The two genes were located on two distinct contigs. The Axe1NaM1, Axe1NaM2, and
XynBNaM3-like proteins, subsequently referred to in this article as NaM1, NaM2, and
NaM3, all exhibited a Ser-His-Asp(Glu) catalytic triad and a GXSXG or GDS(L) motif
typical of the CE7 or CE3 family, respectively. The NaM3 sequence contained catalytic
residues typical of SGNH hydrolases: Ser49, Gly106, Asn163, and His225 (Fig. S2a).
NaM1, NaM2, and NaM3 had isoelectric point (pI) values of 5.1, 5.5, and 5.8, respectively,
and molecular masses of 35.6, 35.9, and 26.0 kDa, respectively. Residues 1 to 32
encoded by the NaM3 gene represented a signal peptide, while no signal peptide
sequences were identified for NaM1 and NaM2, implying intracellular localization.
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Catalytic residues of NaM1/NaM2 corresponded to Ser185/187, His304/307, and
Asp275/273 (Fig. S2b).

Cloning, expression, and purification. Synthetic genes were amplified (primers are

listed in Table 1), and gene sizes of 966, 990, and 735 bp for Axe1NaM1, Axe1NaM2, and
XynBNaM3-like genes, respectively, were confirmed by agarose gel electrophoresis.
Expression in Escherichia coli BL21(DE3) cells produced proteins of �35.6 kDa (NaM1),
35.9 kDa (NaM2), and 26 kDa (NaM3) (Fig. S3), with optimal production at 25°C for NaM1
and NaM2 and 18°C for NaM3. Clear zones in tributyrin agar confirmed that the
expressed NaM1 protein was active, while NaM2 and NaM3 showed no tributyrin-
hydrolyzing activity. Consequently, NaM1 was selected for further biochemical and
structural characterization. Immobilized metal (cobalt) affinity chromatography (IMAC)
purification of NaM1 culture extract yielded �95% pure protein (Fig. S3, inset).

Functional characterization. (i) pH optimum and stability. NaM1 was most stable

at pH 8 and showed optimal activity at pH 8.5 (Fig. 1a).
(ii) Temperature optima and stability. NaM1 was optimally active at 30°C without

NaCl (Fig. 1b) but at 35°C with 1 M NaCl (Fig. S4a). It retained 10% of initial activity after
incubation at 40°C for 1 h but 33% activity at 50°C with 1 M NaCl over a similar period.
All residual activity was lost after incubation at 55°C for 1 h (Fig. 1c and Fig. S4b).

(iii) Effects of solutes. Thermal stability and activity of NaM1 was improved with

increasing NaCl concentration, peaking at 1 M NaCl and retaining �50% activity in 5 M
NaCl at 40°C after 1 h (Fig. S5a). NaM1 activity and thermal stability were not affected
by bovine serum albumin (BSA) or other stabilizing solutes (results not shown) other
than NaCl and trehalose (Fig. S5b).

(iv) EpPCR, cloning, library analysis, and screening. DNA sequencing after EpPCR

revealed one or two mutations per clone, without any obvious bias of transitions over
transversions (28) being observed. Of 3,100 variant enzymes screened for thermal stability,
11 were putative thermostable mutants (4% of tested and 5% of active mutants).

(v) Sequence and structure-function analyses of mutants. NaM1 variants with

increased thermostability and reduced kcat all were derived from transitions (Table S6).
Enzyme activity and thermostability are often inversely related (32, 33), but mutations
improving both are possible (30). The variants NaM1H2, NaM1D8, and NaM1B4 each
contained two point mutations, one of which was silent in both NaM1D8 and NaM1B4,

TABLE 1 Primers used in this study

Primer

name Primer sequence (5=–3=) PCR conditions Target region

Reference

or source

CE7aF AAAACATATGGTGCCGCTGACGTTC 95°C for 8 min; 30 cycles of 95°C for 45 s,
55°C for 25 s, 72°C for 1 min; 72°C for
10 min; 25-�l reaction vol

966 bpb

CE7aR GAAGAATTCCTACAACCCTTGCAGG
CE7bF AAAACATATGGTGGCCCGCGCCGA 990 bpb

CE7bR AAAAGAATTCTCAGGATCGGCCCAGC
CE3F GAAACATATGGTGGGAACGATCCGG 735 bpb This study
CE3R AAAAGAATTCTCACCGCGCTGCTGG
NM1F AAAACTCGAGGTCCCGCTGACCTTTGATC 978 bp This study
NM1R ACCTCATATGTTACAGACCTTGCAGGAAC
NM2F ATAACTCGAGGTGGCGCGTGCCGATC 1,002 bp
NM2R ATTTCATATGTTACGAGCGGCCCAGAAC
NM3F AAAACTCGAGGTTGGCACCATTCGCTTTGG 747-bp insert
NM3R AATACATATGTTAACGAGCTGCCGGACG

A293G.for CACGGTTATACCGGCAGCAGCGGTGATTGGAG 95°C for 5 min; 25 cycles of 98°C for 20 s,
67°C for 15 s, 72°C for 3 min 30 s; 72°C
for 7 min; 100-�l reaction vol

978-bp SDM insert This study
A293G.rev CTCCAATCACCGCTGCTGCCGGTATAACCGTG
T634C.for CAGCTCCGGTGTACCCGCTTCTGTGTGACTTCCGTC
T634C.rev GACGGAAGTCACACAGAAGCGGGTACACCGGAGCTG

T7Fa TAATACGACTCACTATAGGG 95°C for 3 min; 25 cycles of 95°C for 30 s,
47°C for 30 s, 72°C for 1 min; 72°C for
10 min; 100-�l reaction vol

T7 region Novagen
(pET28 T7
primers)

T7Ra GCTAGTTATTGCTCAGCGG

aFor EpPCR and sequencing.
bFor amplification from metagenome.
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leaving only NaM1H2 with two amino acid substitutions, N96S and F210L. Figure S7
shows the locations of substitutions.

(vi) Thermal stability and inactivation assays. Six NaM1 putative thermostable

variants were identified as false positives by thermal stability assays. Of the remaining
five variants, NaM1E1 and NaM1F9 retained wild-type thermal stabilities but had higher
catalytic activity, while NaM1B4, NaM1D8, and NaM1H2 were more thermostable but less
active than NaM1WT (Fig. 2 and 3a). Thermal inactivation assays on cell extracts of the

FIG 1 (a) pH activity (A) and stability (B) profiles of NaM1WT (primary y axis) and NaM1H2 (secondary y axis). (b) Thermal optima for NaM1WT

and NaM1H2 shown at 30 and 40°C, respectively. (c) Thermal stability profile of NaM1WT. Vo, initial velocity.

FIG 2 Thermal stability profiles of NaM1 and its variants using their cell extracts.
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five mutant clones revealed that NaM1H2 retained 100% activity after 20 min at 50 and
55°C (Fig. 2a and b). The half-life of purified NaM1H2 at 65°C was 23 min (Fig. 3b),
equivalent to that of NaM1WT at 50°C (Fig. 1c). As the most thermally stable mutant
generated, NaM1H2 was used in all further analyses.

Site-directed mutagenesis. Amino acid substitutions yielding the enhanced sta-

bility of NaM1H2 were investigated by SDM. Substitutions N96S and F210L of NaM1H2
resulted from point mutations A293G and T634C in the Axe1NaM1 gene. The mutations
were separately introduced by SDM and the variant proteins designated NaM1N96S and
NaM1F210L. Incubating purified NaM1N96S and NaM1F210L at 50°C for 20 min gave 50%
and 20% residual activity, respectively, compared to 100% for NaM1H2 (Fig. 2a). Thus,
both variants were substantially less thermostable than NaM1H2 but more thermostable
than the WT enzyme, implying that both substitutions contributed to the increased
thermal stability of NaM1H2.

Substrate specificity and enzyme kinetics. NaM1 activity, specific activity, and

kinetic constants were determined for substrates para-nitrophenol acetate (p-NPA),
p-NP butyrate (p-NPB), 4-methylumbelliferone acetate (4-MUA), 2-naphthol acetate
(2-NA), 7-ACA, p-NP octanoate (p-NPO), and p-NP palmitate (p-NPP) (Table 2). No
detectable activity was observed for p-NPO and p-NPP, while p-NPA yielded the highest
specific activity (488.9 U mg�1), lowest Km (0.1 mM), and highest catalytic efficiency
(3.3 � 106 M�1 s�1). The lowest activity was observed for AX.

The temperature and pH optima for NaM1H2 were 40°C (Fig. 1b) and 7.5 to 8.5 (Fig.
1a), respectively. NaM1F210L and NaM1H2 had the lowest catalytic efficiencies (kcat/Km)
on p-NPA and retained only �20 and 30% of the activity of NaM1WT, respectively, while
the activity of NaM1N96S was �30% higher than that of NaM1WT (Table 3 and Fig. 3c).
The catalytic efficiency of NaM1WT was lower at 40°C than at 25°C, whereas NaM1N96S,
at 40°C, had approximately the same efficiency as NaM1 at 25°C (Tables 2 and 3).

FIG 3 (a) Deacetylase activity of selected NaM1 variants relative to the wild type (*, P � 0.01; **, P � 0.001; ***, P � 0.0001; NS, not
statistically significant). (b) Thermal stability profile of NaM1H2. (c) Catalytic efficiencies of NaM1WT, NaM1H2, NaM1N96S, and NaM1F210L on
substrates with acyl moiety length as indicated. (d) Thermal unfolding profiles (CD spectroscopy at 210 nm) of NaM1WT, NaM1H2, NaM1N96S,
and NaM1F210L. Inferred melting temperatures are around 47, 63, 52, and 52°C, respectively.
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Thermal unfolding of NaM1 and variant proteins. CD spectra of NaM1WT and

NaM1H2 at 25°C were indistinguishable (Fig. S8), implying that the amino acid substi-
tution in NaM1H2 had minimal effect on the overall fold. Plotting ellipticity at 210 nm
against temperature indicated a melting temperature (Tm) of 47°C and an unfolding
transition at 45°C for NaM1WT. These were shifted to 63 and 60°C, respectively, for
NaM1H2 (Fig. 3d). NaM1N96S and NaM1F210L initiated thermal unfolding at 50°C, had a
melting temperature of �52°C, and lost all secondary structures at 70°C (Fig. 3d). These
data suggest that both substitutions contributed to the thermal stability of NaM1H2.

Crystallization, data collection, and structure determination. Single crystals of

NaM1 were obtained in 0.1 M 2-(N-morpholino) ethanesulfonic acid (MES) buffers, pH
8.5, with 25% (wt/vol) polyethylene glycol (PEG) 8000. X-ray diffraction data set to 2.0-Å
resolution were collected, and the crystal structure of NaM1 was solved by molecular
replacement, finding one NaM1 hexamer per asymmetric unit of the orthorhombic
space group with a solvent content of 47% (Table 4). For NaM1 components, see Table
S9. A single oligomeric species of NaM1 was observed by size exclusion chromatogra-
phy, and the hexameric nature of NaM1 was confirmed by nondenaturing and SDS-
PAGE (Fig. S10). These showed the molecular mass of the oligomer (native NaM1) to be
�216 kDa, six times that of NaM1.

Residues Arg56 to Gly320 of NaM1 adopted a typical �/� hydrolase fold, dominated
by a central nine-stranded �-sheet arranged in sequence, with strands 4 and 5
exchanged, �-strand 1235 running antiparallel, and strand 546789 running parallel (Fig.

TABLE 2 Substrate specificity and enzyme kinetics of NaM1WT and NaM1H2

Substrate NaM1

Vmax

(U ml�1)a
Sp act

(U mg�1)a Km (mM) kcat (s
�1)

Catalytic

efficiency

(M�1 s�1)

p-NPA WT 0.88 � 0.016 488.9 � 16.71 0.1 � 0.015 293.3 � 10.03 3.26 � 106

H2 1.15 � 0.11 348.25 � 34.17 0.76 � 0.22 205.96 � 20.21 2.72 � 105

p-NPB WT 0.05 � 0.005 12.96 � 1.41 0.7 � 0.14 7.67 � 0.83 1.10 � 104

H2 0.1 � 0.01 20.46 � 2.23 1.34 � 0.27 12.18 � 1.33 9.09 � 103

p-NPO WT
H2 0.01 � 0.003 1.86 � 0.56 0.19 � 0.25 1.11 � 0.33 5.83 � 103

4-MUA WT 0.5 � 0.01 277.8 � 1.89 0.13 � 0.02 166.7 � 1.13 1.28 � 106

H2 1.06 � 0.06 211.67 � 12.65 0.47 � 0.08 125.99 � 7.53 2.68 � 105

2-NA WT 0.4 � 0.001 222.2 � 12.72 0.2 � 0.03 133.3 � 7.63 6.67 � 105

H2 0.39 � 0.05 78.51 � 9.30 0.41 � 0.14 46.73 � 5.54 1.14 � 105

7-ACA WT 0.8 � 0.02 200 � 0.038 0.46 � 0.05 120 � 12.53 2.60 � 105

H2 5.84 � 1.84 106.25 � 33.40 0.51 � 0.39 62.83 � 19.75 1.22 � 102

0.5% AX WT 0.24 � 0.08 6.05 � 1.99
H2 NDb

aOne enzyme unit is the amount of enzyme that releases 1 �mol of product from substrate per minute
under standard assay conditions.

bND, not detected.

TABLE 3 Comparison of the kinetics of NaM1H2 to those of NaM1N96S, NaM1F210L, and
NaM1WT at 40°C on p-NPA

NaM1

variant

Vmax

(U ml�1)a
Sp act

(U mg�1)a Km (mM) kcat (s
�1)

Catalytic efficiency

(M�1 s�1)

H2b 1.15 � 0.11 348.25 � 34.17 0.76 � 0.22 205.96 � 20.21 2.72 � 105

N96S 3.15 � 0.19 955.39 � 59.02 0.42 � 0.10 565.02 � 34.90 1.34 � 106

F210L 0.54 � 0.05 162.17 � 15.53 0.63 � 0.17 95.91 � 9.18 1.52 � 105

WT 2.75 � 0.34 832.36 � 102.50 0.58 � 0.21 492.26 � 60.62 8.43 � 105

aOne enzyme unit is the amount of enzyme that releases 1 �mol of product from substrate per minute
under standard assay conditions.

bNaM1H2 kinetic data on p-NPA are described in Table 2.
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S11a and c). NaM1 exhibited the �/�-hydrolase motif GXSXG (GYSQG) in loop �6-�5.
Like other CE7 enzymes, NaM1 deviated from the canonical �/� hydrolase fold by an
N-terminal extension (�-helices �1 and 2, Phe9 to Ala38; �-strand �1, Val44 to Pro47),
a three-helix insertion (�6, �7, and �8, Phe214 to Val254), and an additional interface
loop region (Gly120 to Leu140) (24).

The NaM1 hexamer has a D3 point group symmetry and consists of two interdigi-
tating trimers, involving monomers A, B, and C as well as D, E, and F (Fig. S11b). The
hexamer encloses a central void accessed through pores around the 3-fold rotational
axis on either side. The combined surface area of the six NaM1 monomers is 64,900 Å2,
of which 21,430 Å2 is buried in the hexamer. Each NaM1 monomer directly interacts
with the two monomers from the same trimer and with two monomers from the
opposite trimer. Thus, monomer A interacts with B and C as well as D and E (Table S12).
The A-D interface (equivalent to B-F and C-E), covering a surface area of about 837 Å2,
represents the largest monomer-monomer interface and involves two salt bridges, 12
hydrogen bonds, and �140 van der Waals interactions. Surprisingly, the use of a
deletion mutant, TmAcEΔ26 of TmAcE, identified these interactions as nonessential for
oligomer formation (24). The A-B subunit interface (repeated in B-C, C-A, D-E, E-F, and
F-D) involves six salt bridges, six H bonds, and �50 van der Waals interactions (Fig. 4a
and Table S12). The A-E interface (equal to B-D and C-F) covers 753 Å2 and involves 12
hydrogen bonds, no salt bridge, and �130 van-der-Waals interactions. MES atoms were
also found to be involved in intersubunit interactions (Fig. 4b).

Active site and oxyanion hole. The active sites of all NaM1 monomers face the

central space of the NaM1 hexamer (Fig. S11b). The catalytic triad consists of Ser185,
Asp275, and His304. Ser185 is located toward the end of a concave substrate binding
pocket that extends to the S2 pocket (Fig. 4c) accommodating the substrate acyl

TABLE 4 Summary of data collection and structure solution parameters

Parametera Value(s)

Data collection
Resolution range (Å) 89.23–2.03 (2.10–2.03)
Space group P212121
Unit cell dimensions
a, b, c (Å) 107.7, 116.8, 159.4
�, �, � (°) 90, 90, 90

Completeness (%) 99.94 (99.95)
I/�I 10.02 (2.24)
Rmerge 0.07 (0.35)
Mosaicity (°) 0.02

Refinement
Solution method Molecular replacement
Refinement resolution range 89.32–2.03 (2.05–2.03)
Rfree/Rwork (%) 22.03 (32.81)/16.92 (27.34)
RMSD
Angle (°) 0.89
Bond length (Å) 0.007

B-factors (Å2)
Avg 20.90
Wilson 18.29

No. of:
Chains 6
Residues 1,931
Ligands 27
Atoms 17,600
Water molecules 2,264

Ramachandran plot (%)
Favored regions 96.82
Allowed regions 2.76
Outliers 0.42

PDB entry 6FKX
aShell of the highest resolution is in parentheses. RMSD, root mean square deviation.
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moiety (16, 17). His304 bridges Ser185 and Asp275 (Fig. 4d). In the presence of
substrate, Asp275 polarizes His304 to deprotonate Ser185, allowing the latter to attack
the carbonyl carbon of the substrate ester to initiate bond cleavage (16, 34). Residues
Phe210, Pro226, Ile277, and Cys278 provide a hydrophobic environment around the
active site (14). Active-site residues indirectly interact with adjacent monomers, imply-
ing that the quaternary structure of NaM1 is critical for substrate binding and catalysis.
His304 of subunit A (His304A) hydrogen bonds Glu305A, which in turn forms a salt
bridge with Arg235D in �-helix �7 (Fig. 4a and Table S12). Helix �7 is part of the triple
helix insertion of NaM1, confirming its likely importance in oligomerization and catal-
ysis (14, 16). The NaM1 insertion residue (Pro226) nearest the active site is 7.3 Å from
His304 and delimits the substrate-binding site at one end, while the tryptophan,
typically delimiting the other end in CE7 enzymes, is replaced by a tyrosine in NaM1
(Fig. 4c) and TsACE. Laterally, the binding site is delimited by �-helix �3 and loop �3-�4
on the one side and the loop �9-�11 on the other, separated by 17.1 Å. The “floor” of
the binding site is defined by the N terminus of �5 and �-strands �6 and �5. The
oxyanion hole is located between the �6-�5 turn and the adjacent loop, involving the
backbone amide groups of conserved Tyr93 and Gln186.

Comparison with other CE7 esterase structures. TsAcE (PDB entry 3FCY), BpAXE

(3FVT and 2XLB), TmAcE (3M81), and BsCAH (1ODS) are structural homologs to NaM1
(Table S13). Alignment of NaM1 with CE7 homolog structures revealed low sequence
conservation (Fig. 5) but high structural conservation (Fig. 6a and Table S14) within the
family.

FIG 4 (a) Interactions between subunits A (brown) and B (cyan). Interacting residues are represented as sticks. (b) Trimer-trimer
interactions between subunits D and E facilitated by MES. Nonbonded interactions are represented by brushed lines (red). The figure
was generated using Ligplot (58). (c) NaM1 substrate-binding cavity. Tyr106 (yellow) and Pro226 (pink) mark the proximal and distal
ends. Catalytic Ser185 is shown in cyan. (d) Directed interactions for NaM1 catalytic and oxyanion hole residues. All distances are
measured in angstroms.
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Removing the �-interface loop in TmAcE (residues 120 to 145) negatively affected
thermal and conformational stability as well as activity (24). In NaM1, the loop (residues
121 to 140) is six residues shorter (Fig. 5), possibly affecting stability and activity. Some
residues of this loop, conserved in thermostable enzymes, are replaced in NaM1: two
glycines are replaced by Ala122 and Ser138 in NaM1, and asparagine, lysine, and valine
are replaced by His258, Arg264, and Gln283, respectively (Fig. 5).

FIG 5 Structure-based alignment of NaM1 with structural homologs from the CE7 family, generated using Multalin (63) and EsPript
3.0 (64) software. Black dots and red asterisks above sequences denote multiples of 10 and the locations of thermostabilizing
substitutions, respectively. Strictly and moderately conserved residues are highlighted in red and yellow, �-helices and �-strands as
coils and arrows, and strict �- and �-turns as TTT and TT, respectively. Relative accessibilities of residues are indicated as accessible
(blue), intermediate (cyan), or buried (white).
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DISCUSSION

In silico mining. In sequence-based metagenomic mining for functional genes,
ambiguous hits may be excluded through strict screening selections. Despite stringent
protocols being employed in this study, a large number of initial hits for putative AcXEs
proved to be false positives. The three putative AcXEs selected showed a reasonable
degree of sequence novelty, with sequence identities below 70%. The similarity of the
selected AcXE enzymes to actinobacterial homologs (see Table S1 in the supplemental
material) is not surprising, as this phylum is common to arid soils and hypolithons
(5, 6).

Functional characterization. Of the three isolated enzymes, only NaM1 was active,

mirroring similar observations of low folding success in published metagenomic screen-
ing experiments (2, 3). Most characterized CE7 enzymes have moderate to high
temperature optima (45 to 90°C), while NaM1 surprisingly had a temperature optimum
of only 30°C despite the hot desert soil origins of the sample. This may be attributed
to an adaptation of the enzyme to the refuge niche of the hypolithon (35).

NaM1 showed a preference for short-chain fatty acid esters, with the highest affinity
for C2 and C4 substrates and no detectable activity on long-chain (�C8) fatty acid
substrates. NaM1 displayed 7-ACA deacetylase activity that was comparable to or
higher than that for other CE7 enzymes (Table S15). NaM1 was least active on AX, in line
with the low xylan deacetylation rates of other CE7 AcXEs (7).

Thermostability of CE7 family enzymes. The structure of NaM1 was compared to

those of more thermostable CE7 enzymes to identify possible determinants of thermal
stability. Most notably, a hydrophobic valine in the strictly conserved PPSTVFAAYN
motif is replaced in NaM1 with a polar glutamine residue (Fig. 5). This Gln283 (�-helix
�10) residue interacts with active-site residue Asp275 via a water-mediated H bond (Fig.
6b), an interaction that is impossible with a valine and possibly impacts NaM1 active
site hydrophobicity and enzyme stability. Hydrophobic cores contribute to protein
thermal stability such that meso- to thermophilic proteins often replace uncharged
polar residues in less stable proteins with nonpolar residues (36). The larger size of

FIG 6 (a) Superposition of NaM1 (light orange) with thermostable CE7 enzymes from Thermoanaerobacterium sp. (cyan; root mean square deviation [RMSD],
1.2; PDB entry 3FCY) and Thermotoga maritima (salmon; RMSD, 2.1; PDB entry 3M81) revealing conserved folds. Active-site and oxyanion hole residues are
colored red and blue, respectively. (b) Hydrophobic valine in the strictly conserved PPSTVFAAYN motif of TmAcE (cyan) is replaced by polar Gln283 in NaM1
(light orange), creating water-mediated hydrogen bonds to catalytic Asp275. Residues labeled in red are unique to TmAcE. Interactions shown are between
NaM1 residues and are measured in angstroms.
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glutamine may result in less compact packing in the core of NaM1, potentially impair-
ing thermal stability (37), although the increased entropy may also be critical. Further-
more, NaM1 has fewer residues than the more thermostable TmAcE but a 3% larger
surface area (16, 24). This observation is consistent with the protein compactness,
which is strongly positively correlated with thermostability (37).

Improving thermostability through point mutations often reduces enzyme activity
(32). Correspondingly, all but one (NaM1N96S) of the thermostabilized NaM1 variants
had reduced specific activity. For variant NaM1H2, the optimal temperature (40°C) was
increased by 10°C relative to that for NaM1WT, but it had a 70% reduction in specific
activity. The highest substrate affinity, a Km of 0.42 mM for p-NPA, was observed for
NaM1N96S at 40°C. The catalytic efficiency of NaM1F210L was half that of NaM1H2, while
that of NaM1N96S was 5-fold higher than that of NaM1H2. Thus, the two substitutions
had opposing effects on NaM1H2 activity, with F210L decreasing and N96S increasing
catalytic efficiencies. The improved stability with reduced activity observed in NaM1H2
supports the notion that improving both thermostability and activity requires multiple
substitutions throughout the protein (30).

F210L variant. Phe210 of NaM1 is conserved as either tyrosine or phenylalanine in

all CE7 esterases. In NaM1WT, Phe210-N forms a main-chain hydrogen bond to catalytic
Ser185-O, and this interaction is retained by Leu210 in NaM1H2. However, while the
Phe210 side chain faces away from Ser185 in NaM1WT, modeling of NaM1H2 indicated
that the Leu210 side chain faces Ser185, creating an unfavorable interaction that
interferes with substrate positioning and may prevent the Ser185 O� nucleophilic attack
on the substrate. F210L also appears to increase the hydrogen bond length between
catalytic triad residues His304-N� and Asp275-O� from 3.1 to 3.4 Å, affecting deproto-
nation of the nucleophile Ser185 (Fig. 7a) and reducing catalytic efficiency of both
NaM1H2 and NaM1F210L.

However, the F210L mutation may have improved protein compactness by promot-
ing hydrophobic packing in the core, which might be expected to increase thermal
stability in NaM1F210L.

In analogy to TmAcE, residues Phe210, Pro226, and Ile277 of NaM1 are likely to
constrain acyl group size and orientation in the S2 binding site (18, 26). BpAXE
CECT5072 with a tyrosine in place of Phe210 does not metabolize para-nitrophenol
(p-NP) butyrate (14), while NaM1, with the less bulky Phe210, accommodates substrates
with up to C4 acyl groups (16, 20).

FIG 7 Possible structural effects of substitutions in thermostable NaM1 variants. (a) F210L. Shown are the
creation of unfavorable interactions between Leu210-C�1/2 and catalytic Ser185-O�1 and increased distance
between catalytic His304 and Asp275. (b) N96S. Shown is loss of H bond with G98 and A122. (c) T94A.
Shown is loss of H-bond and Thr94-O�1 to Tyr93-O. NaM1 is shown in light brown, while each mutant is
represented in another color. Extended H bonds are labeled red. All distances are measured in angstroms.
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NaM1WT was less active on p-NPB than NaM1H2 but was inactive on �C4 substrates
(Fig. 3d), while NaM1H2 was active on the C8 substrate p-NPO. Since Pro226 and Ile277
were unchanged in NaM1H2, differences in substrate preferences were thought to be
due to the F210L substitution. The smaller volume of leucine could accommodate
longer acyl chains in the active site.

N96S variant. Asn96 is located on the same loop as the oxyanion hole-forming

residue Tyr93, and it forms stabilizing H bonds with Ala122. Ala122 is located in the
�-interface loop (Gly120 to Leu140), which is important for thermal stability and activity
in the T. maritima enzyme (24). Although an N96S substitution deletes the stabilizing H
bonds Asn96-O� to Gly98-N and Asn96-N�2 to Ala122-O (Fig. 7b), thermal stability was
improved. This may have resulted from improved NaM1 packing, possibly due to the
replacement with the smaller serine side chain, as observed for an Asn-to-Ser substi-
tution in a thermostable variant of a thermolabile subtilisin E (32). It is not clear why this
mutation resulted in improved activity.

Surprisingly, NaM1N96S cleaved p-NPO, in contrast to NaM1WT and NaM1F210L,
confirming that the N96S substitution, rather than F210L, facilitated the change in
substrate specificity. Therefore, the N96S substitution not only improved thermal
stability and catalytic efficiency but also expanded the substrate specificity of NaM1.

T94A variant. Position 94 in NaM1 is invariably occupied by hydrophilic serine,

threonine, or asparagine in CE7 enzymes (Fig. 5). Replacing polar Thr94 with nonpolar
and smaller alanine (T94A) in NaM1D8 presumably improved side chain packing and
hydrophobicity, increasing thermostability. The increased hydrophobicity may have
resulted in reduced affinity for the intermediates of hydrophilic substrates, such as
p-NPA, with a consequential reduction in enzyme activity. Alternatively, reduced activ-
ity may have resulted from an increase in flexibility of the substrate intermediate, since
the T94A substitution eliminated an oxyanion hole H bond, Tyr93-O and Thr94-O�1 (Fig.
7c) (38).

N228D variant. Asn228 is located close to Pro226, the “barrier gate” to the S2

binding site (18, 26). Replacing Asn228 with aspartate (N228D) in NaM1B4 can improve
protein thermal stability (32), although the same also is true for the reverse (39). The
reduced activity of NaM1B4 may be due to the introduction of a negative charge near
the active site, affecting charge distribution during catalysis and reducing enzyme
activity (33).

Conclusion. This study demonstrates the value of metagenomics as an alternative

screening method for clone libraries and functional metagenomics. Presently, NaM1 is
the only CE of metagenomic origin to be structurally and functionally resolved to date.
NaM1 is a moderately alkalophilic, halophilic, and mesophilic AcXE, the least thermo-
stable of the characterized CE7 esterases. Through our comparison of NaM1 with
thermostable CE7 enzymes and our study of single thermostabilizing substitutions, we
have identified residues that influence thermal stability. We conclude that, in the CE7
enzyme family, reduced residue side-chain volume and increased enzyme compactness
enhance thermal stability. The N96S substitution in NaM1 further showed how a single
mutation influences the narrow acyl moiety specificity unique to this CE family.

MATERIALS AND METHODS

In silico mining and screening. A Namib hypolith metagenomic data set (5) was searched using
known AcXE homolog sequences with the hmmsearch tool of HMMER 3.0 (40). Hits were filtered by E
values, sequence length, and the presence of open reading frames (ORFs) or contiguous sequences
(contigs). ORFs coding for less than 100 amino acids were excluded. The NCBI conserved domain
database (CDD) was used to identify AcXE domains (41). Complete AcXE domains were included in
multiple-sequence alignments (MSA) to check for conserved motifs from the NCBI-CDD domain models
and Carbohydrate Active EnZyme (CAZy) database (31) using MAFFT-Align (42), Clustal-Omega (43), and
MEGA 6.0 software (44). ExPASy was used to compute the isoelectric point (pI) and molecular mass (45),
and SignalP 4.1 (46) was used to identify signal peptides.

Gene synthesis, subcloning, and expression. Three putative AcXE-encoding genes were codon
optimized, synthesized, and cloned into the EcoRV site of a pUC57 vector (2,710 bp; GenScript,
Piscataway, NJ, USA). Putative AcXE-encoding genes were PCR amplified using specific primers (Table 1)
and Dream Taq DNA polymerase (ThermoScientific, MA, USA). Axe1NaM1, Axe1NaM2, and XynBNaM3-like
gene sizes were confirmed by agarose gel electrophoresis, and synthesized genes were subcloned into
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a pET28a (5,369 bp) expression vector via XhoI and EcoRI restriction sites. The gene construct coding
for an N-terminal His6 tag was transformed into Escherichia coli BL21(DE3) for isopropyl �-D-1-
thiogalactopyranoside (IPTG)-induced gene expression.

Error-prone PCR and site-directed mutagenesis. The EpPCR protocol was adapted from published
protocols (47). Taq polymerase was induced to generate errors by an imbalance in deoxynucleotide
(dNTP) concentrations in the PCR mix. The EpPCR cycling conditions are described in Table 1. The pET
vector system T7 forward and reverse primers were used for direct amplification from the
kanamycin-resistant pET28a vector used in this study. PrimerX tool (http://www.bioinformatics.org/
primerx/documentation.html) was used to design mutagenic primers. SDM-PCR conditions are described
in Table 1. The annealing temperature was determined by gradient PCR as outlined by the Stratagene
QuikChange SDM protocol (Agilent Technologies, CA, USA). The PCR product was treated with DpnI (New
England BioLabs, MA, USA) for 1 h at 37°C to digest template DNA. Cloning and transformation of EpPCR
and SDM-PCR products were carried out as described above. A published protocol was adapted for
mutant library construction (48).

Protein production and purification. Proteins were produced for 6 to 8 h in E. coli in LB medium
after 0.1 mM IPTG induction during the mid-log growth phase at 25°C. Cells were harvested at 5,000 � g for
15 min at 4°C using a Sorvall Lynx 6000 centrifuge (ThermoScientific, USA). Harvested cells were
resuspended in 50 mM NaH2PO4, 300 mM (pH 7) NaCl (lysis buffer) and lysed on ice with a Q-Sonica Q500
sonicator (Newtown, CT, USA). Soluble protein was separated from cell debris by centrifugation at
17,000 � g for 1 h and purified by immobilized metal (cobalt) affinity chromatography (IMAC). For wash
and elution steps, the lysis buffer was supplemented with 10 and 250 mM imidazole, respectively. Target
protein fractions were pooled and stored at 4°C in 25 mM Tris-HCl, 25 mM NaCl (pH 8) following buffer
exchange using Amicon filters (molecular mass cutoff, 10 kDa) (Clontech, CA, USA). Cell extracts were
used to test for tributyrin hydrolysis. The His6-tagged gene product was confirmed using a KPL His6
detector Western blot AP colorimetric kit after SDS-PAGE.

Mutant library cultivation and screening. Mutant library cultivation, expression, and thermosta-
bility screening were adapted from established protocols (48, 49). Cells harvested at 4,000 � g for 10 min
at 4°C were resuspended in 20 �l B-PER reagent (ThermoScientific, USA) incubated for 15 min at room
temperature and diluted 1:1 with 25 mM Tris-HCl, 25 mM NaCl, pH 8. Duplicate plates containing 10-�l
aliquots of cell extracts were incubated at 25 and 55°C for 15 min and assayed spectrophotometrically
for para-nitrophenol acetate (p-NPA) hydrolysis activity (a rapid amber-to-yellow color change). Cell
extracts of selected mutants were checked to determine the thermal stability of esterase activities. The
thermostable mutant NaM1H2 and its SDM-derived variants, NaM1N96S and NaM1F210L, were purified from
large-scale (1-liter) fermentations.

Enzyme functional characterization. Acetyl esterase activity was determined spectrophotometri-
cally by quantifying the release of para-nitrophenol (p-NP) from p-NPA at an optical density at 405 nm
(OD405) and 25°C. Each assay mix contained 0.5 mM p-NPA (Sigma, Switzerland), 50 mM Tris-HCl, pH 8,
and 0.2 �g NaM1, except where otherwise indicated. One enzyme unit is defined as the amount of
enzyme that releases 1 �mol of p-NP min�1 at pH 8 and 25°C.

Temperature and pH optima were determined by performing acetyl esterase assays over a temper-
ature range of 20 to 75°C and between pH 4 and 11 at 25°C in the following buffers (50 mM): phosphate
citrate (pH 4 to 7), Tris-HCl (pH 7 to 9), and 3-cyclohexylamino-1-propanesulphonic acid (pH 9.5 to 11.1).

Thermal stability was monitored at 5°C intervals between 4 and 65°C by incubating the enzyme in
assay buffer at specified temperatures for 1 h. Thermal inactivation was quantified by determining
residual activity at 5-min intervals for 30 min at 50 to 65°C. pH stability between pH 5 and 11 was
determined by measuring residual activity after NaM1WT and NaM1H2 incubation for 1 h in buffers at the
appropriate pH at 35 and 40°C, respectively.

Effects of stabilizing solutes. The effects of stabilizing salts (NaCl and KCl), sugars (0.25 to 1.5 M
trehalose, 0.25 M sucrose, and 0.25 M glucose), sugar alcohol (0.25 M mannitol), and noncatalytic protein
(0.1 to 10 mg ml�1 BSA) on the thermal stability of NaM1 were evaluated. The residual activity of the
enzyme was determined after incubation in assay buffer supplemented with a specified solute at 30 to
65°C for 15 min (1 h for trehalose). NaM1 activity for increasing NaCl concentrations was tested by
supplementing assay buffer with NaCl. The stability of NaM1 in NaCl at 40°C was determined by
measuring residual activity after incubation in various NaCl concentrations for 1 h.

Substrate specificity. NaM1 activity on 0.05 to 2 mM p-NP butyrate (p-NPB), p-NP octanoate (p-NPO),
and p-NP palmitate (p-NPP) was assayed as described for p-NPA. The releases of 4-methylumbelliferone
(4-MU) from 4-methylumbelliferone acetate (4-MUA) (0.01 to 1 mM) and 2-naphthol from 2-naphthol
acetate (2-NA) (0.02 to 1 mM) were monitored spectrophotometrically at 354 nm and 330 nm, respec-
tively. Molar absorption coefficients for p-NP (18.3 mM�1 cm�1), 4-MU (10.47 mM�1 cm�1), and
2-naphthol (1.5 mM�1 cm�1) were determined experimentally (50). Deacetylase activity on 0.1 to 2.0 mM
7-ACA and 0.5% (wt/vol) AX were determined in 50 mM phosphate buffer, pH 8, in 20-min assays with
enzyme concentrations of 0.04 and 0.2 mg ml�1, respectively. Both deacetylation reactions (1 ml) were
terminated with 1 N H2SO4. Assay solutions were placed on ice immediately after adding the stop
solution. The release of acetic acid was determined at 210 nm using reverse-phase high-performance
liquid chromatography (RP-HPLC) on a Dionex Ultimate 3000 HPLC unit with a Phenomenex Luna C18 (2)
column. The mobile phase was a 93:7 (vol/vol) mix of 25 mM NaH2PO4, pH 2.5, and methanol at a
1-ml/min flow rate, a 20-�l injection volume, and a 25°C column temperature. Elution was achieved by
increasing the acetonitrile concentration to 60% (vol/vol) (51). Acetic acid standards (0.1 to 10 mM) were
prepared using HPLC-grade acetic acid. NaM1H2 activities on AX, 7-ACA, and substrates with acyl moieties
of more than two carbon atoms (p-NPB, p-NPO, and p-NPP) were also determined. The Michaelis-Menten
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constant (Km), maximum velocity (Vmax), catalytic constant (kcat), and catalytic efficiency were derived
from a nonlinear regression curve using GraphPad Prism 5 (San Diego, CA, USA). Kinetics of the NaM1WT,
NaM1H2, NaM1N96S, and NaM1F210L proteins (0.4 �g) on p-NPA were determined at 40°C. All error bars
indicate means � standard deviations.

CD spectroscopy. Protein thermal stabilities were investigated by circular dichroism (CD) spectros-
copy (Applied Photophysics Chirascan, USA) at 5°C intervals between 20 and 65°C. Proteins (4 �M in 25
mM Tris-HCl, pH 7.0, 25 mM NaCl) in 2-mm-path-length quartz cuvettes were incubated for 5 min at each
temperature, and ellipticities (	) were recorded from 195 to 250 nm. The thermal unfolding profile at 210
nm was extracted and fit to a Boltzmann sigmoidal curve. Blanks confirmed the noninterference of buffer
components.

Size exclusion chromatography and native PAGE. The oligomeric state of NaM1 was studied by
size exclusion chromatography using a Superdex 200 10/300 GL column (GE Healthcare Life Sciences,
Buckinghamshire, UK) in an AKTA 900 fast pressure liquid chromatography system (Amersham Biosci-
ences, New Hampshire, USA) and 500 �l of 11 mg ml�1 NaM1 solution in crystallization buffer at a
flowrate of 0.3 ml min�1. Protein eluents were collected in 1-ml fractions, and their native molecular
masses were further studied via native PAGE using BSA, which has a known oligomeric molecular mass,
as protein marker.

Crystallization, data collection, structure solution, and analysis. A 96-well, sitting-drop crystal-
lization experiment was set up using Qiagen PEG Suite (Hilden, Germany) with a 1:1 ratio between
reservoir and 8 mg ml�1 NaM1 protein in crystallization buffer (25 mM Tris-HCl, pH 7, 25 mM NaCl),
incubated at 18°C. Initial crystals were iteratively optimized and cryoprotected by 20 to 25% (vol/vol) PEG
400 in reservoir fluid. X-ray diffraction data were collected at 100 K on beamline ID23-1 of the European
Synchrotron Radiation Facility (ESRF), Grenoble, France, and processed by the Grenoble automatic data
processing system (GrenADeS) (52).

The structure was solved by molecular replacement (MR) using the structure of AcXE from TsACE
(PDB entry 3FCY) as a model in Phaser, followed by Phenix AutoBuild (53), manual correction in COOT
(54), and refinement in Phenix Refine (55). Protein geometry was analyzed using COOT and MolProbity
(56). Ligand interactions were analyzed using PDBsum (57) and Ligplot (58), and intersubunit interactions
were determined using the Protein Interfaces, Surfaces and Assemblies (PISA) service (59). To identify
structural parameters which affect NaM1 (variant) thermostability, the sequence and structure was
aligned with CE7 and related �/�-hydrolases. Proteins were modeled using SwissModel (60) and
compared against PDB structures using the DALI server (61). PyMOL (62) was used for structural
superpositions, analyses, and molecular images.

Accession number(s). Axe1NaM1, Axe1NaM2, and XynBNaM3-like genes have been deposited in the
NCBI database under nucleotide accession numbers KX818842, KX818843, and KX818844, respectively.
Protein identifiers for Axe1NaM1, Axe1NaM2, and XynBNaM3-like are ATB18054, ATB18055, and ATB18056,
respectively. Raw reads of the metagenomic dataset were deposited in SRA under accession number
SRR2124832. The Axe1NaM1 structure has been deposited in the Protein Data Bank under PDB entry 6FKX.
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