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Abstract

2-Hydroxyisobutyric acid (2-HIBA) is a biomarker of adiposity and associated metabolic diseases such as
diabetes mellitus. It is also formed in the bacterial degradation pathway of the fuel oxygenate methyl tert-butyl
ether (MTBE), requiring thioesterification with CoA prior to isomerization to 3-hydroxybutyryl-CoA by
B12-dependent acyl-CoA mutases. Here, we identify the adenylating enzymes superfamily member 2-HIBA-
CoA ligase (HCL) in the MTBE-degrading bacterium Aquincola tertiaricarbonis L108 by knockout
experiments. To characterize this central enzyme of 2-HIBA metabolism, ligase activity kinetics of purified
HCL and its X-ray crystal structures were studied. We analyzed the enzyme in three states, which differ in the
orientation of the two enzyme domains. A 154° rotation of the C-terminal domain accompanies the switch from
the adenylate- into the thioester-forming state. Furthermore, a third conformation was obtained, which differs
by 50° and 130° from the adenylation and thioesterification states, respectively. Phylogenetic and structural
analysis reveals that HCL defines a new subgroup within phenylacetate-CoA ligases (PCLs) thus far
described to exclusively accept aromatic acyl substrates. In contrast, kinetic characterization clearly
demonstrated that HCL catalyzes CoA activation of several aliphatic short-chain carboxylic acids,
preferentially 2-HIBA. Compared to the classical PCL representatives PaaK1 and PaaK2 of Burkholderia
cenocepacia J2315, the acyl binding pocket of HCL is significantly smaller and more polar, due to unique
active-site residues Y164 and S239 forming H-bonds with the OH-group of the acyl substrate moiety.
Furthermore, HCL and PaaK topologies illustrate the evolutionary steps leading from a homodimeric to the
fused monomeric core fold found in other ligases.

© 2019 Published by Elsevier Ltd.

Introduction

CoA thioesters play an important role in primary and
secondary metabolism. Acetyl-CoA, succinyl-CoA
and other acyl-CoA thioesters are intermediates in
the tricarboxylic acid cycle, carbohydrate catabolism
and fatty acid synthesis as well as degradation via
beta oxidation. In addition, carboxylic and amino acids
as building blocks in polyketide [1] and non-ribosomal
peptide [2,3] synthesis are activated by CoA thioester
formation prior to incorporation into these secondary

0022-2836/© 2019 Published by Elsevier Ltd.

metabolites. Another example for a CoA thioester-
dependent reaction is the carbon skeleton rearrange-
ment of carboxylic acids catalyzed by B4»>-dependent
acyl-CoA mutases through a radical mechanism [4].
Here, the relatively large CoA group guarantees a
tight binding of the acyl-CoA substrate, even if the
acyl moiety itself lacks functional groups for a
strong interaction with the enzyme. An activation of
carboxylic acids to the corresponding CoA thioesters
is also required in biotin precursor synthesis [5]
and dissimilatory pathways of specific substrates,
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such as phenylacetic and benzoic acid [6]. In total,
CoA thioesters may be involved in about 4% of all
enzymatic reactions [7] and the use of these
building blocks seems to be a very ancient invention
in biology [8].

Many carboxylic acids are activated by AMP-
forming acyl-CoA synthetases, also called acid-CoA
ligases, using the free energy of ATP hydrolysis for
thioester bond formation. Most of these enzymes
belong to the large superfamily of adenylating or
acyl-AMP/thioester-forming enzymes (also designated
as ANL superfamily), including also luciferases and the
adenylation domains of non-ribosomal peptide syn-
thetases [9]. In addition, two other classes of
adenylate-forming enzymes are the aminoacyl-tRNA
synthetases and specific subunits of non-ribosomal
peptide synthetase-independent siderophore synthe-
tases [8]. Recently, pimelate-CoA ligase BioW has
been identified as a fourth class of adenylate-forming
enzymes [5]. Interestingly, all these enzyme classes
are structurally not related and, consequently, the
strategy of carboxylate activation via an acyl-AMP
intermediate has been adopted several times in
convergent evolution.

On principle, the energetically difficult acyl-AMP
formation from the free carboxylic acid through attack
of the ATP a-phosphate requires a proper positioning
of all reactive groups [8,9]. This challenge has been
met in different ways. In all ANL enzymes, albeit
overall sequence similarity among the diverse mem-
bers of this superfamily only ranges between 20% and
30% [9,10], catalysis is carried out through a
conserved two-step mechanism (Fig. 1). After forma-
tion of an enzyme-bound acyl-AMP intermediate
(adenylation), a large-scale rotation of the C-terminal
domain of about 140° occurs and the carboxylic acid
residue is transferred to CoA or another thiol-bearing
carrier molecule (thioesterification) [9]. This domain
movement results in the presentation of different faces
of the C-terminal domain to the active-site part formed
by the N-terminal domain, thus enabling successive
catalysis of the two part reactions. The loop bearing
the catalytic Lys residue required for the adenylating
half-reaction, for example, moves about 25 A away
from the active site. In contrast, ANL-unrelated ligases

generally achieve the two-step catalysis by much
smaller conformational changes, for example, the
pimeloyl-CoA synthetase BioW by <3 A movements
of few active-site residues [5]. It has been speculated
that this discrepancy results from the evolution of
today's ANL enzymes from ligases which catalyzed
the activation of simple carboxylic acid substrates
having only “one handle” (functional polar group), that
is, the carboxylate group, for specific interactions [9].
Proper positioning for the a-phosphate attack is
achieved by positioning a large aromatic residue
(His, Phe or Trp) close to the carboxylate [9,11].
Because of this arrangement, the large domain
orientation is required to move the aromatic residue
out of the active site and position the nucleophile for
the thioesterification step. An advantage of the large
domain rotation in the ANL enzymes might be that
evolutionary adaptations to new substrates are more
easily achieved compared to the other enzymes that
have more restrictions concerning the active-site
geometry for catalyzing the two chemical steps.
Indeed, the ANL-unrelated enzyme classes present
much less divergent groups of adenylate-forming
enzymes. ANL superfamily enzymes are often pro-
miscuous, but the substrate spectrum can also be
quite narrow and several subgroups, such as en-
zymes with specificity to aromatic compounds or
aliphatic carboxylic acids with short-, medium- or
long-chain acyl residues, can be distinguished [10].
The ANL active site including the acyl substrate
binding pocket is located at the interface of the N- and
C-terminal domains involved in acyl-AMP and CoA
thioester formation [9]. The size and structure of this
acyl binding pocket mainly determine substrate
specificity. The thus-far characterized representatives
of the phenylacetate-CoA ligase (PCL) group, for
example, initiate bacterial degradation of phenylacetic
acid derived from phenylalanine, lignin-related
phenylpropane units, and other natural or xenobiotic
aromatic compounds (EC 6.2.1.30) [6]. Crystal
structures of two paralogous PCLs from Burkholderia
cenocepacia J2315, PaaK1 and PaaK2, have been
analyzed [12]. In PaaK1, 13 amino acid residues have
been identified defining the aryl substrate binding
pocket, while only 11 residues are involved in PaaK2.

Adenylation Thioesterification 9
R // +ATP T TT' R~/<
AMP SCoA
Carboxylic acid Acyl-AMP CoA AMP Acyl-CoA

Fig. 1. Two-step mechanism of carboxylic acid-CoA ligase catalysis. During adenylation, an enzyme-bound acyl-AMP
mixed anhydride intermediate and pyrophosphate (PPi) are formed from ATP and carboxylic acid catalyzed by the adenylate-
forming conformation. Then, in ANL enzymes a large-scale rotation of the C-terminal domain to the thioester-forming
conformer occurs and the acyl residue is transferred to CoA in the thioesterification step resulting finally in the release of
acyl-CoA and AMP. In vivo, coupling of this energetically unfavorable reaction with the highly exergonic hydrolysis of PPi by
pyrophosphatase assures efficient thioester synthesis.
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This divergent extension of the aryl substrate
pocket in PaaK1 resulted in a broader substrate
spectrum allowing enhanced CoA activation of
phenylacetic acid derivatives with polar ring substitu-
tions. In addition, a closely related PCL enzyme from
Bacteroides thetaiotaomicron VPI-5482 (Bt_0428),
which accepts preferentially only phenylacetic
acid [13], has been structurally characterized
(PDB ID: 4RVN).

Another specific acid-CoA ligase has been
postulated for the activation of 2-hydroxyisobutyric
acid (2-HIBA), which is an intermediate in bacterial
degradation of the fuel oxygenate methyl tert-butyl
ether (MTBE). In this pathway (Fig. 2), the CoA-
activated branched carboxylic acid is isomerized to
the common metabolite 3-hydroxybutyryl-CoA by a
B1>-dependent mutase reaction [15]. In the bacterial
strain Aquincola tertiaricarbonis L108 and also in
other MTBE-degrading bacteria such as Methylibium
petroleiphilum PM1, the two-component enzyme
HcmAB is responsible for the rearrangement of
2-hydroxyisobutyryl-CoA [14,16]. In addition, the
recently discovered B4,-dependent mutase RcmAB
catalyzes the isomerization of 2-hydroxyisobutyryl-
CoA in the bacterial strains Kyrpidia tusciae DSM
2912 [17]and Bacillus massiliosenegalensis JC6 [18],
indicating that 2-HIBA degradation pathways evolved
several times. In all these strains, however, the
mutase genes are associated in an operonic organi-
zation together with genes encoding the putative G
protein chaperone MeaH and a putative 2-HIBA-CoA
ligase (HCL) [17]. The latter enzyme would be the first

acid-CoA ligase showing specificity to a short-chain
carboxylic acid bearing a tertiary OH-group.

Phylogenetic analysis reveals a significant distance
of HCL to other bacterial short- and medium-chain
acid-CoA ANL ligases characterized thus far. For
sequences of propionate-CoA ligase PrpE from
Salmonella enterica [19] and short-chain acid-CoA
ligase FadK from Escherichia coli [20], for example,
a BLAST analysis [21] shows only very low similarity
to HCL, with less than 20% coverage of homologous
sequence segments. However, HCL is more closely
related to PCLs, for example, sharing 34% and 33%
identical residues and 91% sequence coverage with
PaaK1 and PaaK2 from B. cenocepacia J2315,
respectively.

In order to identify the role of HCL in MTBE and
2-HIBA degradation by A. tertiaricarbonis L108,
we constructed an insertion knockout mutant strain
L108(Ahcl)K4. This strain was unable to grow on
the MTBE metabolite tert-butyl alcohol (TBA)
but accumulated 2-HIBA on this substrate stoi-
chiometrically. The purified ligase showed high
specificity for 2-HIBA. To characterize the enzy-
me's molecular determinants of substrate
specificity, its adenylate-forming complexes with
2-HIBA and other short-chain carboxylic acids
were analyzed. In addition, crystal structures of
the thioesterification conformation and an open
conformation were obtained. These structures
show the high flexibility of the domain orientation
necessary for the whole reaction cascade in agree-
ment with previous studies.

OH HO O
CH3 2-Hydroxyiso-
R butyric acid
Hs;C | OH —™ H3C | OH = H;C OH (2HiBA)
CH3 CH3 CH3
tert-Butyl alcohol 2-Methyl-1,2-
(TBA) propandiol ATP (Cok
Acid-CoA
PPi, AMP ligase
CoAS 40 CoAS %O
Common 2-Hydroxyiso-
. ¢ — butyryl-CoA
metabolism CH3z Acyl-coA H;C OH
mutase
3-Hydroxy- (HecmAB CH3
butyryl-CoA QH or RemAB)

Fig. 2. Bacterial degradation of the MTBE metabolite TBA. After hydroxylation and two dehydrogenase steps, 2-HIBA is
formed, which is converted to the corresponding CoA thioester by a carboxylic acid-CoA ligase. Then, 2-hydroxyisobutyryl-
CoA is isomerized by a Bo-dependent acyl-CoA mutase to the common metabolite 3-hydroxybutyryl-CoA [14].
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Results

Insertional inactivation of hc/and characterization
of mutant strain

Transposon-mediated mutagenesis resulted in the
hcl mutant A. tertiaricarbonis L108(Ahcl)K4 bearing
an insertion of an active kanamycin resistance gene
in the hcl gene (Fig. S1). In resting-cell experiments,
mutant strain K4 stoichiometrically accumulated
2-HIBA from TBA (Fig. S2), establishing the postu-
lated role of HCL in TBA degradation via 2-HIBA
[14,15]. In line with this, growth of the mutant strain
on TBA as well as 2-HIBA was insignificant (data not
shown), while the C5 tertiary alcohol homolog
tert-amyl alcohol still supported growth, as the latter
is not degraded via the acyl-CoA mutase pathway
requiring specific activation by a 2-hydroxyacid-CoA
ligase [22]. These results strongly support the
role of HCL as specific ligase for 2-HIBA activation
in A. tertiaricarbonis L108, although we cannot
completely rule out any polar effects of the insertion
on neighboring genes, such as the 2-hydroxyisobutyryl-
CoA mutase genes hcmA and hemB.

Structure of the adenylate-forming complex

We analyzed the crystal structure of HCL in the
adenylate-forming state in complex with 2-HIBA to
2.3 Aresolution (Fig. 3, Table 1). HCL consists of two
protein domains, an N-terminal domain of residues 1
to 361 and a C-terminal domain from residues 362 to
467. In agreement with the close phylogenetic
relationship to PCLs, the most similar previously
determined structures are those of PaaK1 (PDB ID:
2Y27, rmsd for Cy-coordinates 1.9 A; Figs. S3 and 4c)
and PaaK2 (PDB ID: 2Y40, rmsd 2.1 A) [12] and of
the PCL member from B. thetaiotaomicron VPI-5482
(PDB ID: 4RVN, rmsd 2.0 A). All three enzymes form
a symmetrical dimer and a characteristic 7-stranded
B-sheet between the two subunits, such that one
subunit contributes two and the other subunit five
strands to the B-sheet (sheet a, Figs. 4a—c and S4).
Interestingly, this B-sheet is present in all members of
the ANL superfamily, but it is formed within one
subunit in the other members, as noted previously
[12]. This is due to the internal symmetry presentin the
other ANL subunit structures [23], which is most likely
the result of a gene duplication and fusion eventin the
evolution of the ANL enzymes (Figs. S4 and S5 and
discussion). Two additional 3-sheets (denoted sheets
b and c) are present in each subunit further away from
the central two-fold dimer axis. These sheets are
strongly twisted and bent and they contain 3-strands
of different length, some of which form part of
both sheets. Thus, there is no unique solution to
represent these two sheets in a topology diagram
such as Fig. S4.

Substrate specificity and active-site architecture
of the adenylate-forming complex

At optimal pH and temperature conditions (Fig. S6),
that is, pH 7.8 and 35 °C, recombinant HCL is
able to convert 2-HIBA to the corresponding CoA
thioester at high rates showing Vinax and k.o values
of 20.3 umol min™' mg™" and 18.9 s, respectively
(Table 2). Only a few other short-chain carboxylic
acids can be CoA-activated by the enzyme (Fig. S7),
although at significantly lower rates than 2-HIBA
(Table 2, Fig. S8). Still, between 2.6% and
6.5% of the 2-HIBA Vax is obtained with 2-HBA
(2-hydroxybutyric acid), 3-HIBA (3-hydroxyisobutyryic
acid) and pivalic acid. Less than 1% of the 2-HIBA
Vmax is obtained with isovaleric acid. In the case of
3-HBA (3-hydroxybutyryic acid), only catalysis of
CoA thioester formation from the (S)-enantiomer is
observed, showing a V;,ax value of about 0.15% of the
rate obtained with the main substrate 2-HIBA. Other
carboxylic acids tested, phenylacetic, isobutyric,
butyric and acetic acid, cannot be CoA-activated by
HCL. With a K, value of about 200 uM, HCL also
shows the highest affinity to 2-HIBA, resulting in a
catalytic efficiency of about 60- to 4000-fold higher
than with all other carboxylic acids tested. This clearly
establishes HCL as an acid-CoA ligase highly specific
for 2-HIBA. Hence, HCL forms a new subgroup
within the PCL family of aromatic acid-CoA ligases,
however, showing high specificity toward the short-
chain aliphatic carboxylic acid 2-HIBA.

To analyze the structural basis of HCL substrate
specificity, we determined complex crystal structures
of the adenylate-forming state of HCL after
cocrystallization with ATP and the substrates 2-HIBA,
R3-HIBA [(R)-3-hydroxyisobutyric acid] and S3-
HBA [(S)-3-hydroxybutyric acid] at resolutions of
2.3,2.2and 2.2 A, respectively (Table 1). For 2-HIBA,
the electron density clearly reveals the formation of
the substrate adenylate 2-HIB-AMP (Figs. 3a, b and
S9A), which was refined with 100% occupancy.

The substrate specificity of HCL corresponds well
to the adenylate-forming active-site architecture.
Identical to the PaaKs and other acid-CoA ligases,
the acyl substrate pocket is located at the interface of
the N- and C-terminal domains. However, in direct
comparison with PaaK1 and PaaK2, the acyl pocket
of HCL is significantly smaller in size (Fig. 4b, d). The
amino acids interacting with the acyl substrate
moiety of 2-HIB-AMP comprise only the N-terminal
domain residues Y164, Y208, S239 and F272.
In addition, K455 (catalytic residue for adenylating
half-reaction) from the C-terminal domain forms an
H-bond to the carbonyl oxygen of the substrate
anhydride linkage and a salt bridge to the phosphate
residue of the adenylate (Fig. 4b). Thus, binding of
phenylacetic acid or other aryl substrates as well as
aliphatic carboxylic acids with more than five carbon
atoms is impeded by the limited size of the acyl
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(a) C-terminal domains (b)
adenylate-forming
state
subunit A
subunit B
(c) (d)
C-terminal

domains
thioesterificatiqn

C-terminal domains
open state

Y164

2-HIB-AMP

Fig. 3. Different conformations of the HCL dimer. The overall view and the stereoscopic views of bound ligands are
shown for the adenylate-forming state in panels a and b, respectively, the thioesterification state in panels c and d and the
open conformation in panels e and f. The N-terminal domains are colored in yellow and brown. The C-terminal domains are
colored blue (a), red (c) or green (e). The ligands 2-HIB-AMP and CoA are colored in green and cyan, respectively. For all
ligands (2-HIB-AMP and CoA), the omit electron density map (blue, 2.0 0,,s) is shown.

binding pocket. Another unique feature of this binding
pocket in HCL is its polarity established by residues
Y164 and S239, which correspond to the nonpolar
residues F141 and G213 in PaaK1 (Fig. S3).
Substrate 2-HIB-AMP fits well into this polar substrate
pocket and its OH-group forms H-bonds with Y164
and S239 (Fig. 4b). Y164 in HCL corresponds to the
hydrophobic residue mentioned in the introduction
that participates in substrate positioning in the
ANL enzymes and that repositions with the domain

reorientation to make space for the nucleophile in the
thioesterification step.

Furthermore, we analyzed adenylate-forming com-
plex structures with R3-HIB-AMP and S3-HB-AMP
(Fig. S9B, C). After incubation with ATP and acid
substrates, alternative binding of the product mixed
anhydride acyl-AMP (refined with 50% occupancy)
and of AMP (resulting from the hydrolysis of ATP or the
mixed anhydride) together with the free carboxylic acid
was observed (both refined with 50% occupancy).
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Table 1. Crystallographic data and refinement statistics.

Adenylation Adenylation Adenylation Thioesterification Open conformation
2-HIB-AMP R3-HIB-AMP S3-HB-AMP 2-HIB-AMP + CoA 2-HIB-AMP + CoA
Ligands bound 2-HIB-AMP (1.0) R3-HIB-AMP (0.5), S3-HB-AMP (0.5), 2-HIB-AMP (0.5), 2-HIB-AMP (0.5),
(and occupany) R3-HIB (0.5), S3-HB (0.5), AMP (0.39), AMP (0.4),
AMP (0.5) AMP (0.5) CoA (1.0) CoA (1.0)
Data collection
Beamline Bessy 14.1 Bessy 14.1 Bessy 14.1 Bessy 14.1 Bessy 14.1
Space group P4,2,2 P4,2,2 P4,2,2 P3:21 P2,2424
Cell dimensions
a, b, c(A) 83.9,83.9,219.8 83.9, 83.9, 219.7 84.2,84.2,219.8 95.1, 95.1, 100.7 93.9, 101.9, 109.5
a, B,y (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 120.0 90.0, 90.0, 90.0
Solvent content (%) 64.4 64.4 64.7 47.6 47.4
Resolution (A) 24.58-2.30 24.58-2.20 24.65-2.20 40.00-2.31 40.00-2.30
(2.42-2.30) (2.32-2.20) (2.32-2.20) (2.43-2.31) (2.42-2.30)
Rmerge (%) 10.7 (96.3) 10.7 (89.7) 8.7 (80.9) 7.8 (33.1) 8.7 (47.2)
oim (%) 5.3 (47.8) 4.9 (41.4) 4.4 (41.2) 2.9 (12.9) 4.0 (21.3)
<lol> 13.2 (1.7) 11.9 (2.0) 13.2 (2.0) 16.2 (5.0) 11.9 (2.0)
Completeness 98.2 (99.7) 99.8 (99.4) 99.9 (99.7) 99.8 (99.0) 99.9 (100.0)
(%)
Redundancy 5.0 (5.0) 5.7 (5.6) 4.8 (4.8) 8.2 (7.5) 5.6 (5.7)
Refinement
Ruwork/ Riree 21.3/24.0 20.6/23.7 20.8/24.1 17.4/22.0 18.8/22.2
Ramachandran plot
Most favored (%) 91.6 91.3 91.3 90.1 90.3
Allowed (%) 7.7 8.2 8.0 9.4 9.0
Generously 0.5 0.2 0.5 0.2 0.3
allowed (%)
Disallowed (%) 0.2 0.2 0.2 0.2 0.4
No. atoms
Protein 3741 3737 3737 3764 7010
Water 102 135 150 164 291
Ligands 29 29 29 100 200
B-factors
Protein gAZ) 53.6 47.5 50.2 39.9 43.2
Water (A%) 43.9 42.1 44.4 38.5 40.5
Ligands (A?) 35.7 35.7 37.6 30.7 52.2
R.m.s. deviations_
Bond lengths (A) 0.01 0.01 0.01 0.01 0.01
Bond angles (°) 0.98 1.038 1.02 1.06 1.02
Molprobity clash 2 2 3 3 1
score?
PDB Code 6HDW 6HDX 6HDY 6HEO 6HE2

#The Molprobity all-atom clashscore is defined as the number of clashes found per 1000 atoms (including hydrogen atoms).

As in the case of 2-HIBA, the OH-groups of R3-HIBA
and S3-HBA form H-bonds with active-site residues
S239 and Y164. However, their carbon backbones are
longer (Fig. S7) probably causing less-favorable
stereochemical arrangements. This is indicated by
the significantly higher K, and lower ligase activity
values (Table 2) and by the binding of the acid-AMP
product in equilibrium with the free acid and AMP, in
contrast to full occupancy binding observed for 2-HIB-
AMP.

Pivalic acid, although structurally closely related to
2-HIBA in size and degree of branching (Fig. S7),
cannot form the important H-bond interaction with
Y164 and S239, as the acyl OH- is replaced by
another methyl group. Consequently, enzyme activ-
ity and substrate affinity are significantly reduced
compared to the main substrate 2-HIBA, resulting in
an about 60 times lower catalytic efficiency (Table 2).

In the comparison of the structurally related 3-HIBA
and isovaleric acid substrates, the latter compound
is again turned over with about 50-fold reduced
catalytic efficiency (Table 2). This is likely also due
to the lack of an acyl OH-group in isovaleric acid
(Fig. S7), resulting in a completely nonpolar acyl
moiety unable to form H-bonds with Y164 and S239
of the acyl binding pocket.

HCL in the thioesterification state

We cocrystallized HCL with AMP and
2-hydroxyisobutyryl-CoA, the products of the thioes-
terification step (Fig. 1), to obtain the thioesterifica-
tion conformation (Table 1). Electron density maps
indicate the presence of AMP and the substrates
2-HIB-AMP and CoA of the thioesterification step
(Fig. 3c,d and Fig. 5). AMP and 2HIB-AMP bind to
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\ K422\
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phenylacetyl-AMP
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Fig. 4. Adenylate-forming states of HCL and PaaK1. (a) X-ray crystal structure of dimeric HCL in the adenylate-forming
state. The N-terminal domains are colored in yellow and brown. The N-terminal extension is colored in green. The
C-terminal domains are colored in blue. The ligand 2-HIB-AMP is colored in green. The intersubunit 3-sheets are colored in
orange and red. (b) Stereoscopic view of the 2-HIB-AMP interactions. Interacting residues of the N-terminal distance to the
thioester low, and those of the C-terminal domain are colored in blue. 2-HIB-AMP is colored in green. Equivalent
superimposed PaaK1 (PDB ID: 2Y4N) residues and ligand phenylacetyl-AMP are shown in pale colors. (c) Superposition
of the adenylate-forming conformations of HCL (N-terminal domain colored in yellow, C-terminal domain colored in blue)
and PaaK1 (gray, PDB ID: 2Y4N). Ligands are colored in green (2-HIB-AMP) and magenta (phenylacetyl-AMP).
(d) Stereoscopic view of the interactions of phenylacetyl-AMP with PaaK1 (magenta). Equivalent aligned HCL residues
and 2-HIB-AMP are shown in pale colors.

the same binding site alternatively with occupancies
of 39% and 50%, respectively. The thioesterification
states of HCL and PaaK2 have a similar domain
orientation with an rmsd value of 2.0 A for superpo-
sition of both domains, and a difference in the domain
orientation of 10° (Fig. 5e). The thioesterification state
of HCL differs from the adenylate-forming state by a

domain rotation of 154° (see analysis in the next
section for further details). Whereas the H-bond
interaction of 2-HIB-AMP with S239 is maintained in
the thioesterification conformation, Y164 is reorien-
tated to make space for the incoming ligand CoA.
In addition, K455 is replaced by the much smaller G367
for the accommodation of CoA for the nucleophilic

Table 2. Kinetic parameters of reconstituted HCL incubated with various carboxylic acid substrates at pH 7.8 and 35 °C

Substrate Vinax® (umol min~" mg™) Ko (UM) Keat (571 Keat/Km (MM~ s71)
2-Hydroxyisobutyric acid 20.3+1.0 201 + 33 18.9 £ 0.9 93.9 + 16.0
Pivalic acid 1.32 + 0.14 771 £ 173 123 +0.13 1.60 + 0.40
3-Hydroxyisobutyric acid (racemate) 1.05 £ 0.05 840 + 94 0.97 + 0.05 1.16 £ 0.14
2-Hydroxybutyric acid (racemate) 0.52 + 0.02 800 + 77 0.49 + 0.02 0.61 + 0.07
Isovaleric acid 0.11 £ 0.03 3990 + 1840 0.10 + 0.08 0.025 + 0.014
(8)-3-hydroxybutyric acid 0.031 + 0.002 490 + 50 0.029 + 0.002 0.058 + 0.007

@ Acyl-CoA formation was not detected (<0.001 pmol min™

mg~' ligase activity when tested with up to 10 mM carboxylic acid

substrate) for (R)-3-hydroxybutyric acid, isobutyric acid, butyric acid, phenylacetic acid and acetic acid.
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attack (Fig. 5d). CoA is well anchored by many  carbonylcarbon atom of 2-HIB-AMP. Although such
interactions with amino acid side chains and is bound  a catalytically productive binding mode is supported
in a substantially bent conformation. by positive residual density, we refrained from
At the entrance of the CoA binding cavity, the including this conformation into the crystallographic
3'-phosphate interacts exclusively with residues of  model, as it is not unambiguously indicated by the
the N-terminal domain forming H-bonds with G190,  density maps. Furthermore, all or part of the CoA in
S192 and H216 as well as with A193 mediated by a  this conformation may also exist in the acylated
water molecule. Likewise, the adenine N1 interacts  2-hydroxyisobutyryl-CoA form.
with A159, V160 and T210 via two water molecules.
In addition, hydrophobic interactions with the ade-  Crystal structure of an open conformation
nine ring are mediated by A186, Y213 and M399.
The phosphopantetheinyl arm of the CoA ligand Interestingly, a second crystal form grew within the
is mainly bound to the enzyme via salt bridges of the ~ same crystallization drop, representing an open
a- and B-phosphates with R438 and R366, respec- conformation, in which the two domains are almost
tively. In addition, the pantoate carbonyl interacts via  separated from each other (Table 1). AMP, 2-HIB-
water-mediated H-bonds with the repositioned Y164  AMP and CoA were modeled into the electron density
and with V437. (Fig. 3e, f). As in the thiocesterification state, AMP and
The cysteamine and B-alanine groups of CoA have  2-HIB-AMP bind alternatively with occupancies of
significantly higher B-factors and weaker density = 40% and 50%, respectively. CoA binds close to its
compared to the rest of the cofactor indicating flexibility. binding site at the N-terminal domain compared to the
In an alternative conformation, the thiol group of CoA thioesterification conformation, but it is rotated and
may be modeled in <4 A distance to the anhydride  bound in a different conformation (Fig. S10). In both

adenylate-forming

b adenvlate forming thioesterification

state

(d) Y208, Y208 (e)
PaaK2
w V J§ HCL C-domain
F273 F273 i
s2308 g s239 Pz 9 p
2a CoA : 2-HIB-AMP
- ,
& phenylacetyl-AMP
Y164
Y164 CoA
e 2 3 HeL Uy
N-domain
2-HIB- AMP 2-HIB-AMP 535
adenylate-forming thioesterification

Fig. 5. Adenylate-forming and thioesterification states of HCL. (a) Adenylate-forming state with bound 2-HIB-AMP
(green), (b) thioesterification state with bound 2-HIB-AMP (green) and CoA (cyan). The N-terminal domains are colored in
yellow. The C-terminal domains are colored in blue and red for the adenylate-forming and thioesterification state,
respectively. In the adenylate-forming reaction, K455 points toward the active site. In the thioesterification state, G367
replaces this position. (c) Superposition of the N-terminal domain of HCL of the adenylate-forming and thioesterification
states to visualize the rotation of the C-terminal domain relative to the N-terminal domain. The rotation axis is shown as a
solid line. (d) Pseudo-stereoscopic view of the interactions of 2-HIB-AMP (green) with HCL in the adenylate-forming state
(left) and thioesterification state (right). When viewed in stereo alternating eye-switching results in an optimal impression of
the binding modes and interactions of the ligand. Ligand CoA is colored in cyan. Interacting residues of the N-terminal
domain are colored in yellow, and those of the C-terminal domain are colored in blue (adenylate-forming) or orange
(thioesterification). (e) Superposition of the thioesterification conformations of HCL (N-terminal domain colored in yellow,
C-terminal domain colored in red) and PaaK2 (gray, PDB ID: 2Y40). Ligands are colored in green (2-HIB-AMP), magenta
(phenylacetyl-AMP) and cyan (CoA).
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protein molecules in the asymmetric unit, the adenosyl
3'-phosphate moiety of CoA is well defined in the
electron density and forms the same interactions with
H116, G190 and S192 of the N-terminal domain as in
the thioester-forming conformation. This indicates a
stable binding mode. The rest of the cofactor is
flexible, probably due to the absence of the C-terminal
domain, which interacts with the pantetheine group of
CoA in the thioesterification state. Thus, CoA can bind
to the N-terminal domain in the absence of the
C-terminal domain in a position that is close to the
catalytically competent binding mode of the thioester-
ification conformation of the enzyme. This open
conformation might be important to bind CoA and
the substrate prior to the enzyme conformational
switch and to release the products.

To analyze the catalytic states with respect to their
domain orientation, N- and C-terminal domains were
subsequently superposed (Fig. 6). Starting from the
open conformation, a rotation of about 50° of the
C-terminal domain yields the adenylate-forming
state. From this, a 154° rotation is necessary to
form the thioester-forming conformation. With a
further 130° rotation the open state is restored. The
domain reorientations are described by three differ-
ent rotation axes, which point in distinct directions
but intersect at one point at the domain interface,
passing near by the hinge residues between the
two domains. The non-colinearity of the axes clearly
reveals that the open conformation is not an
intermediate along a linear rotation trajectory be-
tween the adenylate- and the thioester-forming
conformations. Nevertheless, since the nature of
the movement of the domains between the adenyla-
tion and thioesterification states is unknown, a
distinction between putative open and intermediate
states cannot be made. We denote the observed
third conformation of HCL as “open,” whereas other
authors have designated additional conformations
as “intermediate.”

The average B-values of the N-terminal domains
are 38.5 and 39.9 A? for chains A and B of the
asymmetric unit, respectively. In contrast, these
values are 50.3 and 81.9 A? for the C-terminal
domains. The high average B-value of the C-terminal
domain of chain B compared to a low value of
the N-terminal domain indicates a rigid body
movement of the complete C-terminal domain in
the crystal. A superposition of the two subunits
of the dimeric HCL in the asymmetric unit further
shows that the C-terminal domains differ by a
rotation angle of 11° in their orientation. These
findings further demonstrate the high domain mobility
of the enzyme.

There is no obvious indication that the open form of
HCL in these crystals is stabilized by unusually strong
crystal contacts. The strength of crystal packing forces
is expected to correlate with improved resolution
and with lower solvent content. All three crystal forms

diffract to intermediate resolutions around 2.3 A. The
solvent content of the crystals of the open form
is 47.4%, representing a normal average value for
protein crystals.

Discussion

Position of the PCL group within the ANL
superfamily and evolutionary implications

The presence of internal symmetry was recognized
in the first crystal structure analysis of an ANL enzyme
by Conti and coworkers [23] for firefly luciferase. The
authors suggested that this symmetry results from a
gene duplication and fusion event in the evolution of
these enzymes. Almost all ANL enzymes structurally
characterized so far have such a fold with internal
symmetry within the subunit(s). Since there are no
ANL enzyme structures known that consist of only the
structural elements corresponding to one subunit of
the homodimeric enzymes HCL or PaaK, we assume
that a functional enzyme of this superfamily needs
the core elements from both HCL subunits. Thus, the
common ancestor enzyme fold most likely resembled
HCL and the other PCL enzymes in having a
homodimeric core fold forming the common architec-
ture of this superfamily. The gene duplication and
fusion event constitutes a distant key branching point
in the evolution of the ANL superfamily, which is also
the cause of the structural differences between acid-
CoA ligases (i.e., between HCL and PaaK with the
homodimeric core fold and the other ligases with the
duplicated monomeric core fold). In line with this, HCL
and the PaaKs share a characteristic N-terminal
extension (residues 24-81 in HCL) consisting of
three a-helices, which is not present in this form in
other ligases (Figs. S3 and 4a). The function of
this extension is unknown. Interestingly, the protein
EhpF, which is involved in the biosynthesis of the
antimicrobial compound p-alanylgriseoluteic acid, has
a similar homodimeric architecture to HCL and the
PaaKs, and it also contains the N-terminal extension
(Fig. S11) [24]. EhpF has no C-terminal domain,
and its function has not been clarified. Nevertheless,
it appears as if the presence of the N-terminal
extension is related to the homodimeric ANL
core fold. Coenzyme F390 synthetase from
Methanobacterium thermoautotrophicum Marburg
[25] is also an ANL enzyme with a homodimeric
non-fused core fold and an N-terminal extension.
Interestingly, this enzyme lacks a large part of the
C-terminal domain.

To analyze the structural features that distinguish
the now predominant canonical ANL enzymes
with pseudo-symmetric fused core structures
from the homodimeric PCL enzymes (and EhpF),
which probably resemble a common ancient ancestor
ANL enzyme, we compared ANL enzymes of known
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Fig. 6. Domain reorientations between the two catalytic conformations and the open conformation of HCL. The
N-terminal domains of all three states have been superimposed and are colored in yellow. The C-terminal domains for the
adenylate-forming state (blue), the thioesterification state (red) and the two open conformations (different green colors for
the two subunits in the asymmetric unit) have different orientations. The respective rotation axes are labeled by the rotation
angle (the triangle defines the rotation angles for the three conformational changes).

structure to HCL (see legend Fig. S4 for further
information). In addition to the loss of the N-terminal
extension, all analyzed canonical structures exhibited
the following main structural differences concerning
the secondary structure topology compared to PCL
enzymes (Figs. S4 and S5). (1) The N-terminal
helix (A’, refer to Fig. S5 for the annotation of
secondary structure elements) has a different position
in the canonical folds interacting with helices C
and C'. (2) In the connection between the two halves
(corresponding to the two subunits of PCL enzymes),
helix F' and the complete C-terminal subdomain
of sheets b and c are lost. In some canonical ANL
enzymes also, strand 7' is no longer present, and in
most enzymes, a short additional helix has formed
upstream of the linker that forms the connection to the
second half of the pseudo-symmetrical fold (green in
Fig. S4B). (3) Helix A is lost. (4) An additional long
a-helix has formed between two strands of sheets b
and c. Interestingly, this helix has a similar length,
position and orientation as the lost helix A of this
subunit of the PCL enzymes, but it runs in different
N - C-direction. In forming this additional helix in the
canonical folds, the main chain passes strand 2 of
B-sheet &', in some enzymes forming a usually short
antiparallel 3-strand to strand 2, such that this central
B-sheet becomes 8-stranded.

Substrate specificity and relationship of HCL to
other PCL enzymes

Substrate kinetics as well as phylogenetic
and structural analyses clearly define HCL of
A. tertiaricarbonis L108 as a new subgroup within
the PCL family. HCL is highly specific for the
aliphatic tertiary OH-group-bearing 2-HIBA. In addi-
tion, the phenotype of the mutant strain L108(Ahc))K4

establishes the previously predicted role of HCL in the
fuel oxygenate degradation pathway via 2-HIBA to the
common metabolite 3-hydroxybutyryl-CoA [14].

Several acid-CoA ligases phylogenetically be-
longing to the PCL family have been kinetically
characterized, such as the enzymes from Azoarcus
evansii [26], B. cenocepacia [12] and Thermus
thermophilus [27]. In all these cases, short- and
medium-chain non-aromatic acids were not trans-
formed into the corresponding CoA thioesters,
but preferentially phenylacetic acid and at lower
rates often other aromatic monocarboxylic acids,
such as benzoic and 4-hydroxyphenylacetic acid,
could be used for the thioesterification reaction.
Nevertheless, HCL preferentially uses 2-HIBA as
acyl substrate, indicating that the PCL family might
be much more diverse than assumed thus far, which
would also go with its proposed proximity to the
origin of the ANL enzymes. In this connection,
another PCL subtype has recently been identified in
the bacterium Syntrophorhabdus aromaticivorans
Ul, catalyzing the CoA activation of the aromatic
dicarboxylic acid isophthalate [28].

The specificity of HCL for 2-HIBA, and to a lesser
extent also for other short-chain hydroxylated carbox-
ylic acids, is clearly determined by the architecture of
its active site which is significantly smaller and more
polar than found in other ligases belonging to the PCL
family. The unique H-bond formation between the acyl
OH-group and active-site amino acids S239 and Y164
during adenylation seems to be most important for
substrate binding, and these residues are well
conserved among HCLs (Fig. S12). In line with this,
enzyme activity and substrate affinity are dramatically
decreased for the substrates isovaleric and pivalic
acid because of missing polar OH-groups in the
respective acyl moieties.
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Despite the evolutionary modification of the acyl
binding pocket, structural comparison reveals that
the general PCL architecture is still well conserved
in HCL, as both homodimeric enzymes build up
an intersubunit B-sheet and possess a common
N-terminal extension not found in other acid-CoA
ligases [12]. Likely, after closer inspection of their
substrate kinetics, also other ligases annotated as
PCLs may turn out to catalyze CoA activation of
aliphatic carboxylic acids. This evolution of PCL
enzymes toward short-chain carboxylic acid sub-
strates seems to be quite straightforward, as PCL-
dependent degradation of phenylacetic acid and
other aromatics is widespread among bacteria
and the pathway-encoding genes are present in
about 16% of all sequenced bacterial genomes
[6]. In addition, paralogous PCL enzymes with
divergent substrate specificity, but still preferring
aromatic substrates, have been found in some
bacterial strains, such as PaaK1 and PaaK2 in
B. cenocepacia J2315 [12]. In a next evolutionary
step, the structure of the aryl substrate pocket of one
of these paralogs may adapt toward aliphatic
substrates. Thus, in combination with the acquisition
of other enzymatic functions, a new degradation
pathway might evolve. Another example for this
adaptation toward aliphatic acyl residues might
be BvaA, which is a PaaK-like ligase supposed
to catalyze the synthesis of B-valinyl-CoA in the
B-valine-degrading strain Pseudomonas sp. DSM
29543 [29]. As outlined in the Introduction section,
the domain movement of the ANL enzyme fold might
have facilitated the evolutionary development of the
diverse substrate specificities described here.

The branched 2-HIBA is rarely found in nature. Itis
a metabolite in the oxidation of the volatile hydro-
carbon isobutene via isobutylene epoxide [30].
In addition, 2-HIBA may be formed in the catabolism
of the amino acid valine and is linked to microbial
activity of the gut bacterium Faecalibacterium
prausnitzii [31]. It is used as biomarker for adiposity
[32,33] and associated metabolic diseases such
as diabetes mellitus [34]. Recently, lysine
2-hydroxyisobutyrylation has also been identified
as a posttranslational modification of histones as
well as other proteins [35,36], indicating that biosyn-
thesis of this carboxylic acid is more widespread.
However, bacterial 2-HIBA metabolism has only been
well documented in connection with xenobiotic
compounds [15,37], such as the fuel oxygenate
MTBE and industrial production of poly(methyl
methacrylate). This suggests that the amounts of
2-HIBA formed from the above mentioned natural
compounds are negligible and hardly serve as
microbial energy and carbon sources. In line with
this, BLAST analysis shows that HCL, in contrast to
PaaKs, is not widespread among the currently
sequenced genomes. Nevertheless, it can be found
in several bacterial strains (Fig. S12), while it seems to

be absent in the Archaea domain. Interestingly, the
HCL-bearing bacteria have been isolated from
very different habitats, such as MTBE-contaminated
groundwater (strain A. tertiaricarbonis L108), marine
dinoflagellates (strain Marinobacter algicola DG893)
and geothermal solfatara ponds (strain K. tusciae
DSM 2912), indicating that HCL and the correspond-
ing 2-HIBA metabolism are present in various
ecosystems [17]. This indicates that bacterial
2-HIBA metabolism has obviously evolved earlier
than significant anthropogenic sources for it occurred,
likely driven by a not-yet-considered biogenic origin of
this highly branched carboxylic acid.

CoA binding mode in comparison to other
ANL ligases

For the HCL structure trapped in the thioesterifica-
tion state, CoA binds in a substantially bent confor-
mation. This is in contrast to other ANL ligase
structures, where the CoA or acyl-CoA molecules
adopt more stretched conformations, for example, in
the thioester-forming conformations of bacterial [38]
and fungal acetyl-CoA synthetase (PDB ID: 5K85),
human medium-chain acyl-CoA synthetase [39] and
plant 4-coumarate-CoA ligase [40]. As a result, the
CoA binding modes of these enzymes lack the many
contacts between the adenine ring and the pan-
tetheine arm in HCL. Furthermore, the adenine ring of
CoA in HCL has a different binding site, which
overlaps partially with the pantetheine group of CoA
in the related enzymes. It has already been pointed
out by Reger and co-workers [41] when comparing
structures of bacterial 4-chlorobenzoate-CoA ligase
and acetyl-CoA synthetases that CoA binding sites
are not well conserved among AMP-forming ligases
and each ANL subfamily may have a characteristic
binding mode resulting in a different anchoring of
this ligand. In the case of HCL, the CoA binding
mode is even more diverged from the enzymes
mentioned above.

ANL domain motion in catalysis

Within the ligase family, the domain rotation enables
the catalysis of the two-step reaction of acyl-CoA
synthesis (Fig. 1). The active site is quite buried in both
catalytic states. Accordingly, ligase enzymes have
been captured in the adenylate- and thioester-forming
states as well as in so-called open conformations,
which may enable substrate binding and product
leaving [9]. However, for a single ligase, neither a
complete three- nor multi-conformational catalytic
cycle has been documented so far. In this study, HCL
has been analyzed in the adenylate-forming confor-
mation complexed with acyl-AMP after incubating with
ATP and carboxylic acid substrates. In addition, the
thioester-forming and an open conformation were
obtained in the presence of 2-hydroxyisobutyryl-CoA
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and AMP. With the HCL-related PCLs PaaK1 and
PaaK2, on the other hand, crystallization with ATP
and phenylacetic acid resulted either in the adenylate-
forming state (PaaK1) or in the thioester-forming
conformation (PaaK2) [12]. Moreover, in the case of
the PCL Bt_0428, both catalytically active conformers
have been captured even in the same asymmetric
unit when incubating the enzyme with AMP and
CoA in the absence of carboxylic acid substrates.
With these enzymes, however, open or intermediate
conformations were not obtained.

We compared the open conformation of HCL
to other conformers of ANL enzymes (PDB IDs:
3L8C, 2VSQ, 4FUQ, 1ULT, 3R44, 3A9U, 3FCC,
3IPL, 3LNV, 3KXW, 3NYR, 3NYQ, and 2V7B,
as described in chapter 5 of Ref. [13]), which differ
significantly from the two catalytically reactive
conformers. The most similar conformers are
those of 1ULT chain B (33.7° deviation of the
C-terminal domain orientation, long chain fatty
acyl-CoA synthetase from T. thermophilus HB8
[42]) and of 4FUQ chain C (32.7°, methylmalonyl-
CoA synthetase MatB from Rhodopseudomonas
palustris CGA009 [43]) (Fig. S13). In conclusion,
binding and release of the different substrates
and products in the catalytic cycle of carboxylic
acid-CoA ligases may proceed through one or even
more stable open conformations.

Materials and Methods

Chemicals, strains and cultivation conditions

Purity and supply sources of chemicals used in
this study are listed in the supporting information.
CoA thioesters used as standards in HPLC
analysis were either prepared from their anhy-
drides [44] or from the free acids via thiophenyl
thioesters [45]. Synthesized CoA thioesters were
analyzed by ESI-MS/MS as previously described
[14]. E. coli ArcticExpress (DE3) (Novagen) was
cultivated in LB medium containing 20 mg L™
gentamycin. The bacterial strain A. tertiaricarbonis
L108 previously isolated from an MTBE-
contaminated aquifer at Leuna, Germany [46], was
routinely cultivated in a liquid mineral salt medium [14]
containing MTBE at a concentration of 0.3 g L™". An
hel knockout mutant strain L108(Ahc/)K4 was obtain-
ed by using the EZ-Tn5 < KAN-2 > Tnp transposome
kit (Epicenter Biotechnologies) as previously de-
scribed [22]. Briefly, mid-exponential bacterial cells
of A. tertiaricarbonis L108 were transformed by
electroporation and rescued in mineral salt medium
amended with 10 mM fructose. Then, dilutions were
plated on fructose agar containing 50 yg mL™
kanamycin, and all colonies formed were analyzed
for loss of their capability to grow on 2-HIBA.
Strain K4 completely failed to grow on 2-HIBA. Direct

sequencing of the transposon integration site revealed
that the hcl gene was disrupted in this strain (Fig. S1).

Resting-cell experiments with mutant strain
L108(AhclK4

For resting cell experiments, cultures of strain
L108(AhcK4 were pre-grown on tert-amyl alcohol in
close glass bottles in 1 L culture medium at 30 °C
and harvested by centrifugation applying 13,000g
at 4 °C for 10 min. After washing twice and adjusting
cell concentration to 1.4 g biomass (dry weight) per
liter by diluting with mineral salt medium, cells were
immediately used as inoculum for resting-cell exper-
iments on TBA. Biomass was followed by measuring
the optical density at 700 nm, using a multiplication
factor of 0.54 for calculating dry biomass in g per liter
[47]. TBA was quantified by headspace GC using
flame ionization detection on a GC system (Agilent
Technologies, USA) [14]. 2-Methyl-1,2-propandiol
and 2-HIBA were quantified using ion exchange
HPLC with refractive index detection on an HPLC
system (Shimadzu Corp., USA) [47] applying an
eluent of 0.005 M sulfuric acid at 0.6 mLmin~" and a
Nucleogel ION 300 OA column (300 x 7.7 mm,
Macherey-Nagel, Switzerland). The data shown in
this study represent the mean values and SD of five
replicate experiments.

Expression of hcl and protein purification

The hclgene was amplified from genomic DNA of strain
L108 by applying the forward primer 5-AGCGGCTCTT
CAATGGAAGAGTGGAACTTTCCG-3' and reverse
primer 5-AGCGGCTCTTCTCCCGGCGCTCGATTG
CAGTTG-3. PCR was accomplished with Pfu DNA
polymerase (Promega) for 30 cycles, including
denaturation at 94 °C for 1 min, annealing at 55 °C for
1 min, and extension at 72 °C for 2 min. The PCR
product was cloned into expression vector pASG-IBA43
(IBA Goettingen), which was used for transformation of
E. coli ArcticExpress (DE3) at 300 mV for 4 ms in chilled
0.1-cm cuvettes in a MicroPulser (Bio-Rad). After growth
at30 °Cin LB medium containing 20 mg L™ gentamycin
and 100 mg L~ ampicillin to an ODss, of 0.35 and further
incubation at 12 °C to an ODs5q of 0.5, induction was
performed for 24 h at 12 °C after addition of 200 pg L™
anhydrotetracycline. Then, cells were centrifuged,
suspended in Tris buffer and disrupted with glass beads
(212 to 300 pm, Sigma) using a mixer mill (MM 400,
Retsch GmbH, Germany) at 30 s™' for 30 min. The
recombinant protein was purified with the help of its His
tag. Crude extract of E. coli ArcticExpress (DE3) pASG-
IBA43 [hcl) were loaded on a nickel-nitrilotriacetic
acid Superflow 10-ml column (IBA Goettingen). After
washing with 20 column volumes of imidazole buffer
(50 mM sodium phosphate, 300 mM NaCl, 20 mM
imidazole, pH 8.0), HCL was eluted with the same
buffer containing 250 mM imidazole. For determination of
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kinetic parameters, fractions containing HCL were
concentrated via Viva spin columns (30 kDa, GE
Healthcare) and diluted with conservation buffer
(50 mM potassium phosphate, 10% glycerol, pH 7.4).
For crystallization, the protein was further purified by
size-exclusion chromatography using a HiLoad 16/60
Superdex 200 prep grade column (GE Healthcare) in
20 mM Tris, 150 mM NaCl and 5% glycerol (pH 7.5)
as buffer (protein storage buffer) and concentrated to
10 mg mL™" afterward.

Acid-CoA ligase assay

Activity of purified HCL was measured by directly
quantifying CoA thioester formation from carboxylic
acid substrates employing HPLC ion-pair chroma-
tography. For determining pH and temperature
optimum, 2-hydroxyisobutyryl-CoA formation activity
was measured incubating recombinant HCL in
50 mM potassium phosphate buffer, amended with
3mM ATP, 5 mM CoA, 5mM MgCl, and 10%
glycerol at pH values between 5.8 and 8.6 and at
temperatures between 15 and 45 °C. For determin-
ing kinetic parameters, 2 yM of recombinant HCL
was incubated in 50 mM phosphate buffer adjusted
to pH 7.8 and amended with 5 mM MgCl, and 10%
glycerol at 35 °C. As K, values for ATP and CoA
with 2-HIBA as carboxylic acid substrate (Fig. S14)
were 270 + 20 and 410 = 20 uM, respectively,
ligase activities were routinely determined in the
presence of 3 mM ATP and 5 mM CoA. The reaction
was started by adding carboxylic acid substrate.
To quench the reaction, samples were mixed with an
equal volume of 100 mM sodium acetate buffer
(pH 3.5) and heated at 60 °C for 5 min. Free CoA
and CoA thioesters were analyzed by HPLC
(Shimadzu Corp., USA) by photometric detection at
260 nm applying a Nucleosil 1005 C18 column
(250 x 3 mm, 5 ym, Macherey-Nagel, Switzerland)
and a mobile phase of 20 vol% acetonitrile, 10 mM
tetrabutylammonium hydrogen sulfate and 100 mM
sodium phosphate at pH 4.5 [14]. Eluent flow
was adjusted to 0.8 mL min =" and column oven
temperature was 35 °C. Detection limit at 260 nm
was 0.5 uM CoA thioester. Kinetic parameters were
calculated by nonlinear regression analysis applying
the Michaelis—Menten equation (OriginPro 9.0).

Crystallization and structure determination

For the crystallization of the adenylate-forming
state, HCL was cocrystallized with 3 mM ATP and
various substrates (2-HIBA, 3-HIBA, S3-HBA) at
5 mM concentration in 2.1 M lithium sulfate, 10 mM
magnesium chloride and 50 mM MES pH 6.0).
For obtaining the thioesterification conformation,
HCL was cocrystallized with 5 mM AMP and 5 mM
2-hydroxyisobutyryl-CoA in 24% PEG 3350 and
100 mM Tris (pH 8.0). Crystals were cryoprotected

using 20% glycerol. Diffraction data were collected
using synchrotron radiation (beamline BL14.1 at
HZB BESSY Il in Berlin, Germany). Data processing
was accomplished using XDS [48] for integration
and SCALA [49] for scaling within the CCP4 program
package. The structure was solved by molecular
replacement using the program Molrep [50] and PDB
ID: 2Y4N as a search model. Model building was
performed using Coot [51], and the structure was
refined with BUSTER [52]. The programs MolProbity
[53] and Procheck [54] were used to evaluate the
final protein model and PyMOL [55] for visualization
of the protein structure. Details of data collection and
refinement are summarized in Table 1.

Domain orientations of HCL were analyzed by
aligning first the N-terminal (M1 to D361) and then the
C-terminal domains (M362 to S467) using the program
LSQKAB [56]. For comparison of crystal structures
from different enzymes, domains rotating as rigid
bodies were determined and aligned with the
RAPIDO-server [57]. Subsequently, again first the
rigid bodies of the N-terminal and then of the
C-terminal domain were superposed. Comparison of
protein architectures of HCL and PaaK and calculation
of rmsd values were performed with the Dali server [58].
Sequences of HCL and related enzymes have been
aligned using Clustal Omega [59] and ESPript [60].
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