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ABSTRACT: Bacterial aldolase—dehydrogenase complexes catalyze the last steps in
the meta cleavage pathway of aromatic hydrocarbon degradation. The aldolase
(TTHB246) and dehydrogenase (TTHB247) from Thermus thermophilus were
separately expressed and purified from recombinant Escherichia coli. The aldolase
forms a dimer, while the dehydrogenase is a monomer; these enzymes can form a
stable tetrameric complex in vitro, consisting of two aldolase and two dehydrogenase
subunits. Upon complex formation, the K value of 4-hydroxy-2-oxopentanoate, the
substrate of TTHB246, is decreased 4-fold while the K, of acetaldehyde, the substrate
of TTHB247, is increased 3-fold. The k., values of each enzyme were reduced by ~2-
fold when they were in a complex. The half-life of TTHB247 at S0 °C increased by
~4-fold when it was in a complex with TTHB246. The acetaldehyde product from
TTHB246 could be efficiently channelled directly to TTHB247, but the channeling
efficiency for the larger propionaldehyde was ~40% lower. A single A324G

Bphl-Bph)

Bphl-TTHB247

TTHB246-Bph)

substitution in TTHB246 increased the channeling efficiency of propionaldehyde to a value comparable to that of acetaldehyde.
Stable and catalytically competent chimeric complexes could be formed between the T. thermophilus enzymes and the
orthologous aldolase (Bphl) and dehydrogenase (Bph]) from the biphenyl degradation pathway of Burkholderia xenovorans
LB400. However, channeling efficiencies for acetaldehyde in these chimeric complexes were ~10%. Structural and sequence
analysis suggests that interacting residues in the interface of the aldolase—dehydrogenase complex are highly conserved among
homologues, but coevolution of partner enzymes is required to fine-tune this interaction to allow for efficient substrate channeling,

Protein—protein interactions are important in biological
systems as they form the core of fundamental cellular pro-
cesses such as signal transduction, gene expression, and meta-
bolism.'™® For example, the formation of multienzyme
complexes allows the coordination and regulation of individual
enzymes, which has direct bearing on overall catalytic effici-
encies and specificities. Several enzyme complexes that catalyze
successive reactions in metabolic pathways can also directly
transfer common intermediates from one active site to another
without release to the bulk solvent.* This process, known as
substrate channeling, sequesters labile or toxic intermediates,
preventing formation of unwanted products from competing
cellular reactions, and increases the efficiency of the overall
reaction.””’

Aldolase—dehydrogenase complexes in bacterial aromatic
meta cleavage pathways are examples of bifunctional enzyme
complexes that exhibit substrate channeling. The best-
characterized complex is BphI—BphJ from the polychlorinated
biphenyl (PCB) pollutant degradation pathway in Burkholderia
xenovorans LB400.>® The class II pyruvate aldolase Bphl uses
Mn?" as a cofactor to catalyze the reversible C—C bond cleav-
age of 4-hydroxy-2-oxoacids to form pyruvate and an aldehyde
up to six carbons in length.'”'?> The latter product is
channelled through a molecular tunnel to the dehydrogenase,
BphJ, where it is converted to an acyl-CoA, using CoA and
NAD" as cofactors.'” Replacement of two glycines (Gly-322
and Gly-323) that line part of the tunnel with bulkier amino
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acids led to reduction or abolishment of aldehyde channeling."®
The aldol cleavage reaction performed by Bphl is allosterically
activated 15-fold by the dehydrogenase, BphJ, when it undergoes
turnover and approximately 4-fold in the presence of the dehy-
drogenase cofactor, NADH.'’ Because aldehydes are reactive and
toxic, substrate channeling and allosteric activation allow for the
coupling of the respective enzyme activities and the sequestra-
tion of this toxic metabolite from vital cellular macromolecules.

Studies of protein—protein interactions within the aldolase—
dehydrogenase complex have been hampered by the inability to
separately express Bphl, Bph]J, or other orthologues in heter-
ologous hosts.'”'*'> To date, only SanM and SanN from
Streptomyces ansochromogenes, the aldolase and dehydrogenase
involved in nikkomycin biosynthesis,' respectively, have been
successfully expressed independently in Streptomyces lividans.
Limited biochemical characterization, focusing on deciphering
the functions of these enzymes in the nikkomycin biosynthetic
pathway, has shown that while the purified dehydrogenase
SanN is active, the aldolase, SanM, is not active unless it is in a
complex with SanN."”

Here we describe the expression, purification, and character-
ization of an aldolase and dehydrogenase from the thermophilic
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bacterium, Thermus thermophilus HBS8, that is homologous to
the BphI—-BphJ and SanN—SanM complexes. Unlike the latter
enzyme systems, the T. thermophilus enzymes could be
expressed separately in recombinant Escherichia coli and are
both catalytically active. Biochemical analysis revealed that
TTHB246 and TTHB247 have properties distinct from those
of the BphI—BphJ complex. Chimeric complexes consisting of
aldolase and dehydrogenase subunits from T. thermophilus and
B. xenovorans were successfully constructed and characterized.
This represents the first study of interspecies chimeric com-
plexes derived from enzymes that exhibit substrate channeling.

B EXPERIMENTAL PROCEDURES

Chemicals. Sodium pyruvate, acetaldehyde, propionaldehyde,
coenzyme A, L-lactate dehydrogenase (LDH, rabbit muscle),
alcohol dehydrogenase (Saccharomyces cerevisiae), and Chelex
100 were from Sigma-Aldrich (Oakville, ON). Aldehyde
dehydrogenase was obtained from Calzyme (San Luis Obispo,
CA). Restriction enzymes, T4 DNA ligase, and Pfx polymerase
were from Invitrogen (Burlington, ON) or New England
Biolabs (Pickering, ON). Ni-NTA Superflow resin was ob-
tained from Qiagen (Mississauga, ON). All other chemicals
were analytical grade and were obtained from Sigma-Aldrich
and Fisher Scientific (Nepean, ON). 4-Hydroxy-2-oxopentanoate
and 4-hydroxy-2-oxohexanoate were synthesized and purified as
previously described."

DNA Manipulation. DNA was purified, digested, and
ligated using standard protocols.'® The bphl and bph] genes
were inserted into pBTL4-T7 and pET28a, respectively, as pre-
viously described'® for coexpression with T. thermophilus enzymes.
The gene encoding TTHB246 was amplified from genomic
DNA, obtained from the RIKEN Bioresource Centre," by polym-
erase chain reaction (PCR) using the primers GCGGCATAT-
GAGCTGGGACCTTTCCACGG and GCACAAGCTTC-
TAGTCCGCGAGGGCCCC and the gene encoding TTHB247
with the primers GCGACATATGAGCGAAAGGGTTAAGG-
TAGCCATC and ATATTAAGCTTCACGCCACCA-
CCTCCTCCACGG. Introduced Ndel and HindIIl restriction
sites are underlined. PCR mixtures contained 10 ng of genomic
DNA, 0.1 unit of Pfx polymerase (Invitrogen), 20 nM amounts of
each ANTP, 1X expand High Fidelity buffer, 1X Pfx enhancer,
1 mM MgSO,, and each primer at 2 M in a total volume of S0 yL.
The following amplification profile was followed: 94 °C for 2 min,
followed by 30 cycles of 94 °C for 30 s, 48 °C for 30 s, and 68 °C
for 1 min and finally 68 °C for 10 min. The gene encoding
TTHB247 was inserted into vector pET28a (EMD, Bio-
sciences Inc., San Diego, CA), while the gene encoding
TTHB246 was inserted into pBTL4-T7'® for coexpression
with BphJ or in pET28a for expression of the aldolase alone.
Mutagenic primers for generating a TTHB246 A324G variant
were as follows: CGGTGGGAGGGCAGGAGGACTGGAT-
CCTG and CTGCCCTCCCACCGCCTGGCGGCGGCCG.
Site-specific mutagenesis was performed according to a
modified Quikchange (Stratagene) method that uses the
partially overlapping primers mentioned above.*® The following
touchdown amplification profile was followed: 94 °C for 2 min,
followed by eight cycles of 94 °C for 30 s, 60 °C for 1 min, and
72 °C for 6 min, followed by two successive runs of eight cycles
with an annealing temperature of 55 and 50 °C. The PCR was
completed with a final extension of 72 °C for 10 min. Genes
from positive clones were sequenced at the Guelph Molecular
Supercenter (University of Guelph) and were found to
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correspond to the genome sequence of T. thermophilus HB8
(GenBank entry AP008227).

Phylogenetic and Protein Interface Analysis. A multiple-
sequence alignment containing orthologous aldolases and
dehydrogenases was generated using ClustalX.”’ Amino acid
conservation was mapped onto the structure of the DmpG—
DmpF ortholog** using Consurf>** and visualized using
PyMOL.* Calculation of solvent accessible surfaces between
interacting chains was completed using the crystal structure of
the DmpG—DmpF complex”® and the Protein Interfaces,
Surfaces and Assemblies (PISA) server.”® The evolutionary
history was inferred by using the Maximum Likelihood method
based on the JTT matrix-based model*” from MEGAS.*® Initial
trees for the heuristic search were obtained automatically as
follows. When the number of common sites was <100 or less
than one-fourth of the total number of sites, the maximal parsi-
mony method was used; otherwise, the BION] method with the
MCL distance matrix was used. Trees were drawn to scale, with
branch lengths measured in the number of substitutions per site.
All positions containing gaps and missing data were eliminated.

Expression and Purification of Proteins. Recombinant
E. coli BL21(ADE3) cells harboring the genes encoding
TTHB246 or TTHB247 were propagated in 1 L of Luria-
Bertani medium supplemented with 34 pg/mL kanamycin at
37 °C. When the optical density reached 0.6—0.8 at a wave-
length of 600 nm, protein expression was induced by the
addition of 1 mM IPTG to the culture. Following induction,
cultures expressing the aldolase and dehydrogenase were
incubated at 37 and 15 °C, respectively. Cells were harvested
following overnight induction by centrifugation at 12096g for
10 min. Cells were lysed with a French press and centrifuged at
39191g for 25 min to remove cell debris. The supernatant was
subjected to a 70 °C heat treatment for 10 min, followed by an
additional centrifugation at 39191g for 25 min to remove pre-
cipitated proteins. The purification of each protein were performed
by Ni**-NTA chromatography according to the protocol des-
cribed for the BphI—BphJ complex.'’ The TTHB246—TTH247
complex was formed by incubation of 2 mg/mL TTHB246 and
2 mg/mL TTHB247 for 20 min at 25 °C. Complexes were
concentrated and separated from uncomplexed protein using
gel filtration on a HiLoad 26/60 Superdex 200 column at 25 °C
in 20 mM HEPES buffer (pH 7.5) containing 150 mM NaCl, at
a flow rate of 2 mL/min.

Chimeric aldolase—dehydrogenase complexes were expressed
in E. coli BL21(ADE3) cells harboring the aldolase gene in vector
pBTL4-T7 and the dehydrogenase gene in vector pET28a.
Following Ni**-NTA chromatography,'® the His tag was
removed by thrombin cleavage and the proteins were subjected
to gel filtration (HiLoad 26/60 Superdex 200). Purified enzy-
mes were stored in 20 mM HEPES (pH 8.5) at —80 °C.

Determination of Protein Concentrations, Purities,
and Molecular Masses. Protein concentrations were
determined by the Bradford assay using bovine serum albumin
as the standard.”® Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE) was performed, and the gels
were stained with Coomassie Blue according to established
procedures. The PageRuler Protein Ladder (Fermentas) contain-
ing proteins ranging from 10 to 220 kDa was used as molecular-
mass markers.

The native molecular masses of purified aldolase, dehydro-
genase, and the complex were estimated using gel filtration on a
HiLoad 26/60 Superdex 200 column (GE Healthcare).
Chromatography was conducted at 25 °C in 20 mM HEPES
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buffer (pH 7.5) containing 150 mM NaCl, at a flow rate of
1 mL/min. Apparent molecular masses were calculated from the
corresponding elution volumes usin% a calibration curve that
was obtained with standard proteins.'® The molecular masses of
purified proteins were also determined by static light scattering
using a Nano S Series Zetasizer (Malvern Instruments, South-
borough, MA). Light scattering measurements were performed
over five protein concentrations ranging from 0.5 to S mg/mL
in triplicate at 25.0 + 0.1 °C. The molecular mass was deter-
mined from a Debye plot using a specific refractive index
increment of 0.18S. Toluene (Sigma-Aldrich) and the buffer
[20 mM HEPES (pH 8.5)] were used as references.

Divalent Metal lon Specificity. Apo-aldolase enzymes
were generated by incubation in 20 mM EDTA (pH 8.5) for
30 min at 25 °C followed by repeated dilution using metal free
20 mM HEPES buffer (pH 8.5) in a stirred cell containing a
YMIO filter. The metal ion specificity of the aldolase was deter-
mined by incubating 10 ug of apo-aldolase with varying concen-
trations of metal chloride for 20 min followed by activity
measurements using the standard aldol cleavage assays.'®'* All
buffers, reagents, and cofactors used in assays were prepared
with highperformance liquid chromatography (HPLC) grade
water and were additionally treated with Chelex 100 for 30 min
to remove any remaining metal ion contaminants.

Aldolase Assays. Aldolase activity was deduced by
assessing the production of pyruvate by coupling with NADH
oxidation using LDH in a spectrophotometric assay. All assays
were performed in at least duplicate in a total volume of 1 mL
of 100 mM sodium HEPES buffer (pH 8.0) at 25 or 50 °C,
using a Varian Cary 3 spectrophotometer equipped with a thermo-
jacketed cuvette holder, and were initiated by adding 10 pg of
enzyme, unless otherwise stated. The extinction coefficient of
NADH at 340 nm was taken to be 6200 M~ cm™. A standard
aldolase activity assay contained 0.4 mM NADH, 1 mM MnCl,
(for BphI) or 1 mM CoCl, (for TTHB246), and 19.2 units of
LDH, and the level of the substrate was varied from 0.1K,, to
SK,,. The background rate was determined prior to addition of
enzyme and subtracted from the results from the assays con-
taining enzyme. One unit of enzyme represents the amount of
protein that produces 1 umol of pyruvate from substrate in
1 min. Data was fit by nonlinear regression to the Michaelis—
Menten equation using Leonora.*

A discontinuous assay was performed in duplicate to deter-
mine the activity of the aldolase in complex with the dehydro-
genase in the absence of cofactors. Assays contained 1 mM
MnCl, or CoCl, and 20 ug of enzyme with the level of
4-hydroxy-2-oxopentanoate (HOPA) or 4-hydroxy-2-oxohexa-
noate (HOHA) varied from 0.1K,, to SK, in 100 mM HEPES
buffer (pH 8.0). A solution without enzyme at each substrate
concentration acted as a negative control. At 5 and 10 min
intervals, reactions were quenched by addition of 20 mM
EDTA (pH 8.5) and 0.4 mM NADH. The amount of pyruvate
produced by the aldolase was determined by an end point assay
by coupling to the stoichiometric oxidation of NADH by LDH.

Aldol addition assays with 2-ketobutyrate as the carbonyl
donor were completed as previously described with 2-ketobutyrate
concentrations ranging between 1 and 30 mM and the acetal-
dehyde concentration kept at 100 mM.""'?

Dehydrogenase Assays. Dehydrogenase assays were
conducted using 0.4 mM NAD", 0.1 mM coenzyme A, and
aldehyde concentrations that varied from at least 0.1K to SK ..
All assays were performed in at least duplicate in a total volume
of 1 mL of 100 mM sodium HEPES buffer (pH 8.0) at 25 °C,
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using a Varian Cary 3 spectrophotometer equipped with a
thermojacketed cuvette holder, and were initiated by adding
2 pg of enzyme, unless otherwise stated. Concentrations of
aldehyde stocks were determined by end point assays of NADH
oxidation with alcohol dehydrogenase.

Thermostability Assays. Thermostability was tested at
50 °C in a digitally controlled water bath with an accuracy of
+0.1 °C using 1.5 mL microcentrifuge tubes containing 1 mg/mL
enzyme in 20 mM HEPES buffer (pH 8.5). At given time points,
an aliquot of the enzyme was removed and activity determined
under standard conditions with SK, HOPA or acetaldehyde.
Data were plotted using an exponential decay equation using
SigmaPlot version 11.0.

Test of Substrate Channeling. The amount of aldehyde
channeled directly from the aldolase to the dehydrogenase was
assessed using an enzyme competition assay. All assays contained
100 uM HOPA or HOHA, 0.4 mM NAD?, 0.1 mM coenzyme A,
1 mM MnCl, and 5 pg of enzyme complex with 20 units of
aldehyde dehydrogenase (ALDH), which converts aldehydes to
acids and reduces NAD". Reactions were completed in 100 mM
HEPES buffer (pH 8.0) and were initiated via addition of
substrate. The amount of NADH produced was measured
spectrophotometrically and extrapolated to time zero. Reactions
were quenched after 5 min with 24 yL of 3 N HCI, and mixtures
were centrifuged for 3 min at 21000g to pellet the denatured
enzyme. A 500 pL aliquot of the reaction mixture was subjected to
HPLC using an AKTA Explorer 100 instrument (Amersham
Pharmacia Biotech, Baie d'Urfe, QC) equipped with a HyPURITY
C18 column (Thermo Scientific). The sample was eluted with S0
mM sodium phosphate (pH 5.3) and acetonitrile (47:3) for
acetyl-CoA and propionyl-CoA. The channeling efficiency (eq 1)
is calculated by comparing the acyl-CoA concentration
(determined using HPLC) to the concentration of 4-hydroxy-2-
oxoacid utilized by the aldolase based on the amount of NADH
produced by the aldehyde dehydrogenases as previously
described.”

[acyl-CoA produced]

X 100%
[4-hydroxy-2-oxoacid utilized]

channeling efficiency (%) =
(1)

B RESULTS

Phylogenetic Analysis of Aldolase and Dehydrogenase
Homologues of Bphl and BphJ). Amino acid sequences
of aldolases and dehydrogenases from different bacteria were
obtained from Uniprot®' and separately aligned. Phylogenetic
analysis revealed that the respective enzymes cluster similarly
into six clades (Figure 1). The genes encoding enzymes within
clades I-IV are within operons containing other aromatic meta-
cleavage pathway genes that are arranged in a similar order
in the genome of the respective organisms.”**~** Members of
these clades include DmpG and DmpF involved in phenol
degradation in P. putidia CF600 (clade III) whose X- ray crystal
structure is available and Bphl and BphJ from the B. xenovorans
PCB degradation 3pathway (clade IV) (Table S1 of the Supporting
Information).'>***' The enzymes from T. thermophilus
(TTHB246 and TTHB247) appear to be evolutionarily divergent
and form a separate group (clade V) in the phylogenetic tree (48
and 52% similar in sequence to Bphl and BphJ, respectively).
They are within operons that contain other genes encoding enzy-
mes of the meta-cleavage pathway, but the order of these genes in
the operon differs from those in clades I-IV. Members of clade VI
on the other hand are unique in that they consist of members
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Figure 1. Dendrogram of the best trees obtained by alignment of 24 (A) aldolases and (B) dehydrogenases. The evolutionary history was inferred by
using the maximum likelihood method based on the JTT matrix-based model.”” The trees are drawn to scale, with branch lengths measured in the
number of substitutions per site. All positions containing gaps and missing data were eliminated. The dendrogram was constructed using SplitsTree
4. Six distinct clades are present (I-VI); clades I—V contain enzymes involved in aromatic degradation pathways, and clade VI contains enzymes
involved in biosynthetic pathways. Additional sequence information can be found in Table SI of the Supporting Information.

(SanM and SanN, and NikB and NikA) that are part of a
biosynthetic pathway of the antifungal nikkomycin.'®'” The
physiological reaction catalyzed by SanM and SanN and by
NikB and NikA is the reverse of that of the homologous
enzymes in the aromatic meta-cleavage pathways. In addition,
these enzymes utilize 2-ketobutyrate as the carbonyl donor
and picolinaldehyde as the electrophilic acceptor rather than
pyruvate and aliphatic aldehydes, respectively. The other two
members of clade VI (SGR_564 and Spro_3025) do not
appear to be part of an antibiotic biosynthetic operon or an
aromatic meta-cleavage pathway operon, and therefore, their
physiological functions are not known.

Further analysis revealed that the dehydrogenase genes are
encoded directly upstream of the aldolase genes in the genome
of all representative members analyzed. The dehydrogenase
genes from clades I-IV are preceded by a gene encoding a
hydratase that catalyzes the step prior to the aldolase in the meta-
cleavage pathway (Table S2 of the Supporting Information).
Phylogenetic analysis of these hydratases revealed that some
members (DmpE, Xyl], and NahL) are not clustered in the
clades as the corresponding aldolases and dehydrogenases from
the same organisms (Figure S1 of the Supporting Information).

Expression and Purification of T. thermophilus
Enzymes and Chimeric T. thermophilus—B. xenovorans
Enzyme Complexes. The T. thermophilus enzymes were
separately expressed in soluble form and purified to homo-
geneity using Ni**-NTA chromatography. Typical yields of each
protein were 20 mg of purified protein per liter of bacterial
culture. The molecular masses of TTHB246 and TTHB247 as
estimated by SDS—PAGE were 37 and 33 kDa, respectively
(Figure 2A,B), which are in agreement with the predicted molec-
ular masses calculated from their respective amino acid sequences.
The native molecular masses of TTHB246 and TTHB247, deter-
mined by gel filtration and static light scattering, correspond to a
dimer for the aldolase and a monomer for the dehydrogenase,
respectively (Table 1). On the other hand, the native molecular
mass of the protein mixture containing TTHB246 and
TTHB247 (Figure 3A and Table 1) was consistent with a
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Figure 2. Coomassie Blue-stained SDS—polyacrylamide gel of purified
TTHB246 and TTHB247. Gel loaded with (A) TTHB246 and (B)
TTHB247 following purification using Ni**-NTA and cleavage of the
histidine tag (lane 2). The molecular masses of the proteins in the
standard (lane 1) are indicated beside the gel. The molecular masses of
TTHB246 and TTHB247 as determined from the gel are 37 and 33
kDa, respectively.

heterotetramer with two aldolase and two dehydrogenase sub-
units per complex, similar to the oligomeric state observed in
the crystal structure of the DmpG—DmpF complex (Figure 4A).**

Chimeric complexes of the B. xenovorans and T. thermophilus
enzymes (TTHB246—Bph] and BphI-TTHB247) were
created by coexpression of the relevant genes in E. coli using
separate expression plasmids. Although only the dehydrogenase
encodes a histidine tag, association of the aldolase with the
dehydrogenase in these chimeric complexes was sufficiently tight
to allow for the copurification of the aldolase by Ni**-NTA
chromatography (Figure 3B). Subsequent analysis by gel
filtration and static light scattering of purified proteins (Table 1)
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Table 1. Determination of Oligomeric Molecular Masses
Using Size Exclusion Chromatography and Static Light
Scattering”

molecular mass
determined by static light

molecular mass determined
by size exclusion

protein chromatography (kDa) scattering (kDa)
TTHB246 72+ 8 78 + 4
TTHB247 40 £ 5 33+1
TTHB246—TTHB247 142 + 18 152 + 10
BphI-TTHB247 144 + 18 137 £ 12
TTHB246—Bph] 144 + 18 145 + 13

“Theroretical molecular masses as calculated by amino acid sequences
are 36.8 kDa for Bphl, 32.2 kDa for BphJ, 37.2 kDa for TTHB246, and
33.1 kDa for TTHB247.

A
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Figure 3. Determination of molecular masses of proteins by exclusion
column chromatography and SDS—PAGE. (A) FPLC traces of elution
profiles detected at 280 nm. Three distinct peaks can be resolved
corresponding to the sizes of a tetramer for the TTHB246—TTHB247
complex, a dimer for TTHB246, and a monomer for TTHB247. (B)
Coomassie Blue-stained SDS—polyacrylamide gels of purified
aldolase—dehydrogenase complexes after elution from gel filtration
and concentration using a YM1O0 filter. The molecular masses of the
proteins in the standard are indicated.

suggested that the chimeras have a tetrameric quaternary struc-
ture similar to that of their native complexes.

Metal Cofactor Specificity of TTHB246. Kinetic
parameters of TTHB246 with a variety of divalent metal ions
were determined (Table 2). The apoenzyme had <0.5% activity
relative to that of the enzyme incubated with 1 mM Co*".
TTHB246 had the highest specificity for Co** followed by
Ni** and Mn?*. This differs from Bphl, in which Mn** was
found to give the highest activity while the Co®* enzyme
exhibited a S-fold lower activity than the Mn*'-containing
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Figure 4. Structure of the aldolase—dehydrogenase complex showing the
domains in each enzyme and conservation of residues in the enzymes. (A)
Cartoon representation of the hetereotetrameric configuration of the
DmpG—DmpF complex as observed in the crystal structure. (B) Cartoon
representation of an aldolase—dehydrogenase dimer showing four distinct
domains. The HMGLlike domain (residues 1—250), colored blue, is
located on the N-terminus of the aldolase, while a five-a-helix com-
munication domain (residues 251—345), colored red, composes the
C-terminal end of the protein. Both domains contribute residues that
interact with the dehydrogenase. The dehydrogenase is composed of a
Rossmann fold N-terminal NAD*-binding domain (residues 1—130 and
286—312, colored green) and a C-terminal dimerization domain (residues
131285, colored yellow) and exclusively forms protein—protein inter-
actions with the aldolase. (C) Conservation of residues in orthologous
aldolases at the aldolase—aldolase interface. The crystal structure of the
DmpG—DmpF complex was used as a template, and conserved residues in
the aldolases were mapped to this structure using the previously generated
sequence alignment. One aldolase subunit in the dimer is represented as a
space-filled model and colored according to the conservation scores, while
the other is depicted as a gray cartoon. Highly conserved residues are
colored red, while highly variable residues are colored teal; the intensity is
directly proportional to the degree of conservation. (D) Conserved
residues in orthologous aldolase—dehydrogenase complexes at the
aldolase—dehydrogenase interface. The aldolase (left) and dehydrogenase
(right) are represented as space-filled models and colored according to the
conservation scores as before. The structures of partner enzymes are
depicted as gray cartoons. Phylogenetic mapping was completed using the
Consurf server,”** and structures were visualized using PyMOL.>®
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Table 2. Relative Activities of TTHB246 with Various
Divalent Metal Ions”

metal keat/ Ko relative ki,

o 6‘“1\4"5 ko (57 (10" M1 (%)
Co** 55+ 4 1.0 +£ 0.02 1.9 +0.13 100 + 2.6
NiZ* 74 + 6 0.79 + 0.03 1.1 + 0.10 754 + 2.8
Mn? 45 + 6 0.57 + 0.03 1.3 +0.20 57.0 + 2.1
Mngr 80 + 7 0.13 + 0.03 0.16 + 0.04 12.5 + 3.2
Ca** 95 +9 0.08 + 0.001 0.08 + 0.008 82 + 2.8

“The activity obtained with CoCl, is taken to be 100%. Assays were
performed with 30 ug of enzyme, 2 mM 4-hydroxy-2-oxopentanoate,
0.4 mM NADH, 19.2 units of LDH, and metal chloride salts with
concentrations varying between at least 0.1K, and 10K, in 100 mM
HEPES buffer (pH 8.0) at 25 °C in a total volume of 1 mL.

enzyme.'® Cd**- and Cu’*-containing enzymes exhibited no
detectable aldol cleavage activity (<0.0001 s™").
Thermostability. TTHB247 had a halflife of only 1.6 h
at 50 °C. The half-life of TTHB246 at the same temperature
was ~40 h longer. Interestingly, when these enzymes are in
complex, the halflife of TTHB246 was reduced by approximately
30 h while that of TTHB247 was increased by ~4 h relative to
that of the uncomplexed enzyme (Table 3). In comparison, the

Table 3. Half-Lives of Aldolases and Dehydrogenases at
50 °C*

halflife (h)

enzyme aldol cleavage activity ~ dehydrogenase activity
TTHB246 42+ S -
TTHB247 - 1.64 + 0.05
TTHB246—TTHB247 10.0 + 0.7 59+ 0.5
BphI-Bph] 0.220 + 0.002 021 + 001
TTHB246—BphJ 2.66 + 0.2 1.62 + 0.1
BphI-TTHB247 0.54 + 0.03 247 +£0.2

“Thermostability was determined at 50 °C in a digitally controlled
water bath with an accuracy of +0.1 °C using 1.5 mL microcentrifuge
tubes containing a 1 mg/mL enzyme solution in 20 mM HEPES buffer
(pH 8.5). At given time points, an aliquot of the enzyme was removed
and assayed under standard conditions with a saturating level of
substrate, yielding the steady state kinetic activity.

BphI—BphJ complex was found to be very unstable at 50 °C,
with both enzymes exhibiting a half-life of approximately
13 min. Partnered with a thermostable counterpart in the
chimeric complex, the Bph enzymes were more stable than
in their native complex. TTHB246 exhibited lower stability
in these chimeric complexes, whereas the stability of
both enzymes in the BphI-TTHB247 complex improved
compared to that of Bphl in its native complex and un-
complexed TTHB247.

Steady State Kinetic Analysis. Similar to Bphl, TTHB246
exhibited stereochemical control as the aldolase was able to
catalyze the cleavage of only one enantiomer of HOPA [(4S)-
HOPA] and HOHA.""** TTHB246 exhibited similar catalytic
parameters for these two substrates (Table 4). TTHB246 was
not able to catalyze the aldol addition of 2-ketobutyrate with
acetaldehyde. This indicates that like Bphl,'"'> the enzyme is
specific for pyruvate as the carbonyl donor. TTHB247 exhi-
bited similar kinetic parameters for acetaldehyde and propio-
naldehyde. However, in both circumstances, the catalytic param-
eters were dependent on the oligomeric state of the enzyme
(Table S). For instance, the catalytic efficiency (k./K,) of
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TTHB246 for both 4-hydroxy-2-oxoacids was increased
(~3-fold) when it was in complex with TTHB247, primarily
because of decreases in K, values. Conversely, k.,./K,, for alde-
hydes decreased ~3-fold in the TTHB246—TTHB247 complex
compared to that of uncomplexed TTHB247, because of in-
creases in K, values. Using HOPA as a substrate, kinetic
parameters were also determined at 50 °C for TTHB246 alone
and TTHB246 in complex with TTHB247. While the K, value
was not affected by the increase in temperature, the k., value
increased marginally by approximately 4-fold. Because of the
volatility of aldehydes, dehydrogenase assays could not be
reliably performed at 50 °C.

In the TTHB246—Bph] and BphI-TTHB247 chimeric com-
plexes, K, values for HOPA in the aldolases were 3—5-fold
higher than those of their native heterotetrameric complexes.
The k., value for TTHB246 in complex with BphJ increased
4-fold compared to k., of its native complex, while that of the
BphlI in complex with TTHB247 decreased 2-fold. A similar
trend was observed for the aldolase kinetic parameters in the
chimeras for the substrate HOHA. The most significant change
in kinetic parameters was observed in the TTHB246—Bph]
complex, where the k., for BphJ was reduced ~5-fold for
acetaldehyde and propionaldehyde in comparison to that of the
native BphI-Bph] complex.

Substrate Channeling and Activation. It was previously
determined that the BphI—BphJ complex channels acetalde-
hyde and propionaldehyde with 95 + 5% efficiency.'® Using the
same assay, the TTHB246—TTHB247 complex was observed
to channel acetaldehyde, the intermediate produced from the
cleavage of HOPA, with an efficiency similar to that of the
Bphl-Bph] complex (94 + 1%). However, the channeling
efficiency for propionaldehyde was ~57% (Table 6). The
replacement of an alanine residue (A324) that is proposed, on
the basis of the work with the BphI—BphJ complex,"® to line
the aldehyde channel in the aldolase with glycine resulted in a
channeling efficiency of 94 + 1% for propionaldehyde. Chimeric
complexes, on the other hand, were observed to exhibit a low
but detectable substrate channeling efficiency of ~10% for
acetaldehyde.

In the presence of the NADH cofactor, TTHB246 exhibited
a 2-fold increase in k. This is slightly lower than that of the
BphI—BphJ complex, where 5-fold activation was reported.'
Neither chimeric complex was activated by the presence of the
nicotinamide cofactor (Table 7). When the aldolase and de-
hydrogenase reactions were coupled, the k., of the overall
reaction with HOPA as the substrate in the TTHB246—Bph]
chimeric complex did not exceed the k., of TTHB246 alone,
indicating that TTHB246 activity is not increased when BphJ is
undergoing turnover.

Analysis of Interacting Residues in the Aldolase—
Dehydrogenase Complex. Residues interacting between
enzyme subunits were analyzed on the basis of the available cry-
stal structure of the DmpG—DmpF complex (PDB entry INVM),”
which is orthologous to the BphI—-BphJ and TTHB246—TTHB247
complexes. The aldolase is comprised of two domains: an
N-terminal HMGL-like TIM barrel domain that is composed of
residues 19—251 and a C-terminal a-helical domain, termed a
communication domain, of residues 275—340.>> The dehydro-
genase is also composed of two domains: an N-terminal NAD"
binding domain fold spanning residues 6—119 and a C-terminal
dimerization domain of residues 127—273 (Figure 4B). The aver-
age dimer interface area between adjacent aldolases is 1499.6 A?,
with a A'G of —15.8 kcal/mol (p = 0.044) (Figure 4C).
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Table 4. Steady State Kinetic Parameters of Aldolases TTHB246 and BphI“

HOPA HOHA
aldolase dehydrogenase K, (uM) ke (s7Y) ko/ Ky (X10* M2 s71) K, (uM) ke (s7) koo/ Ky (X10* M1 s71)
TTHB246 206 + 17 1.0 £ 0.03 5.0+ 0.5 210 £ 15 1.1 + 0.03 52+ 0.5
TTHB246 TTHB247 41 +£3 0.6 + 0.01 14.0 + 0.01 37+£3 0.5 + 0.01 13 £ 0.01
TTHB246 BphJ 2587 + 11 24 + 0.04 94 + 04 218 + 11 22 + 0.04 10 + 0.0S
Bphl TTHB247 295 + 20 2.3 +£0.03 7.8 £ 0.5 199 + 10 2.1 + 0.03 11 £ 0.05
Bphl BphJ 89 + 8 41+0.1 46 + 4 117 £ 10 39+ 02 33+£2

“Assays were performed at 25 °C and contained 0.4 mM NADH, 1 mM MnCl, (for Bphl) or CoCl, (for TTHB246), and 19.2 units of LDH in

100 mM HEPES buffer (pH 8.0) in a total volume of 1 mL.

Table S. Steady State Kinetic Parameters of Dehydrogenases TTHB247 and BphJ toward Acetaldehyde and Propionaldehyde®

acetaldehyde propionaldehyde
dehydrogenase aldolase Kinapp (mM) ke (579 Kot/ Kinapp (x10* M~' s71) - (mM) ke (s7Y) Ll (x10* M~! s71)
TTHB247 - 5.5+0.5 7.4 + 0.04 13.5 £ 1.2 6.4 + 0.6 8.4 + 0.04 131 £ 12
TTHB247 TTHB246 154 + 1.5 3.5 + 0.01 23 +03 16.1 + 1.3 3.6 + 0.02 2.2 + 0.03
TTHB247 Bphl 94 £+ 0.8 2.8 + 0.07 3.0+03 9.6 + 0.8 2.6 + 0.07 27 +02
BphJ TTHB246 157 £ 13 2.2 + 0.06 14 +£0.1 161 + 1.2 2.3 + 0.0 14 £ 0.1
BphJ Bphl 23.6 + 1.8 172 £ 0.5 7.3 + 0.06 231+ 1.7 163 + 0.5 7.0 + 0.05

“Assays were performed at 25 °C and contained 0.4 mM NAD* and 0.1 mM coenzyme A in 100 mM HEPES buffer (pH 8.0) in a total volume of

1 mL.

Table 6. Substrate Channeling Efficiencies in Enzyme
Complexes®

channeling efficiency (%)

enzyme substrate acetaldehyde  propionaldehyde
TTHB246 TTHB247 94 +1 S7+2
Bphl TTHB247 9+2 -
TTHB246 BphJ 12+1 -
TTHB246  TTHB247 (A324G) 94 + 4 9% + 1

“Assays were performed at 25 °C and contained 0.4 mM NAD", 0.1
mM coenzyme A, 1 mM MnCl,, and 10 pg of enzyme in the presence
of excess ALDH. The substrate concentration was 100 uM (S)-HOPA
or HOHA. NADH production was measured spectrophotometrically
at 340 nm, and CoA esters were detected at 254 nm using HPLC.

The dimer interface is primarily composed of highly conserved
hydrophobic residues. The interface between the aldolase and
dehydrogenase, on the other hand, has an average area of
1458.2 A% with a A'G of only —9.9 kcal/mol (p = 0.244).
Forty-two amino acid residues of each enzyme contribute to the
aldolase—dehydrogenase interface (Figure 4D). In the aldolase,
the TIM barrel domain contributes 27 of the 42 residues, with
the remainder contributed by the extreme C-terminus of the
a-helical communication domain. On the other hand, the
C-terminal dimerization domain of the dehydrogenase contributes
all 42 interacting residues. While hydrophobic residues pre-
dominantly constitute the amino acids at the interface between
aldolase and dehydrogenase, four salt bridges are present in the
crystal structure of the DmpG—DmpF complex (Figure SA).
The residues that form salt bridges are largely conserved among
homologues with the exception of the TTHB246—TTHB247
complex, where Lys-304 and Asp-331 in DmpG are replaced
with glutamate and arginine, respectively, in TTHB246 and
their paired residues, Asp-250 and Arg-208 in DmpF, are
replaced with glutamate and threonine, respectively, in
TTHB247 (Figure SB). These substitutions have the potential
for charge repulsion in the TTHB246—Bph] chimera because of
the proximity of Arg-207 with Arg-330 and Arg-66 with Arg-176.
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No obvious charge repulsions between interacting side chains
were identified in the BphI-TTHB246 chimera.

In DmpF, amino acids 250—268 form a loop containing an
antiparallel -sheet. This loop, which is unique to clade III, is
responsible for the formation of a hydrophobic interaction with
the aldolase as Leu-258 and Ile-260 in the middle of the loop
interact with Phe-64 of the aldolase while Pro-261 interacts
with Gly-65 and the f-methyl of Thr-68 of the aldolase. Clade
V dehydrogenases, including TTHB247, contain a shorter
loop, while clade IV dehydrogenases, including Bph]J, do not
contain this motif. However, there are no significant alterations
in the amino acid residues at the interface in the correspond-
ing aldolases of clade II in comparison to those in clades
I and IIL

B DISCUSSION

Phylogenetic analysis revealed that the aldolases and dehydro-
genases homologous to Bphl and BphJ are clustered similarly
into six clades based on amino acid sequence similarities. The
enzymes TTHB246 and TTHB247 from T. thermophilus HB8
belong to a clade distinct from that of the well-characterized
orthologs, Bphl and BphJ from B. xenoverans LB400, and bio-
chemical characterization revealed that their properties are
distinct from those of the Bph enzymes.

The TTHB246—TTHB247 complex was able to channel
acetaldehyde efficiently (>90%), but a channeling efficiency of
only ~57% was observed for the larger propionaldehyde. Signi-
ficantly, a residue corresponding to Gly-322 of Bphl is an
alanine in TTHB246. Gly-322 is located at the narrowest
diameter of the channel of Bphl that links the aldolase and the
dehydrogenase active sites, and previous substitution of Gly-
322 with the larger alanine in Bphl by site-specific mutagenesis
led to a reduction in the channeling efficiency for propio-
naldehyde in BphI—Bph] complex of ~40%."* This substitution
effectively causes a partial steric blockage in the channel
manifested by a decreased channeling efficiency for propio-
naldehyde but not the smaller acetaldehyde. A single A324G
substitution in TTHB246 was able to increase propionaldehyde
channeling efficiency to that observed for acetaldehyde.
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Table 7. Kinetic Parameters of the Aldol Cleavage Reaction of 4-Hydroxy-2-oxopentanoate in the Absence of NADH”

enzyme substrate Kopapp (WM) ke (s7Y)
Bphl BphJ 158 + 20 0.8 + 0.06
TTHB246 TTHB247 123 + 15 0.3 + 0.01
TTHB246 BphJ 253 + 19 2.4 + 0.06
Bphl TTHB247 290 + 27 2.3 + 0.07

/Jea— (x10° M~! s71) x-fold activation by NADH

S1+04 5.1+ 04

29 £0.1 2.0 + 0.07
93+ 0.8 1.0 £ 0.03
7.9 +£0.3 1.0 = 0.03

“Assays were completed in a discontinuous fashion and contained 1 mM MnCl, or 1 mM CoCl,. HOPA concentrations varied from 0.1K,, to 10K,
in 100 mM HEPES buffer (pH 8.0). At 10 min, the reaction was quenched with 20 mM EDTA and 0.1 mM NADH. The amount of pyruvate
produced by the aldolase was determined by an end point assay by coupling to the stoichiometric oxidation of NADH by LDH.

Lys-304 — Asp-250

Asp-331 — Arg-208

_________________

Aldolase

B

Aldolase

= &
Dehydrogenase ‘
F./

Figure 5. Salt bridges found in the aldolase—dehydrogenase interface. (A) Salt bridges in the DmpG—DmpF complex are shown; red and blue
residues represent the respective charges of the amino acid side chains. The aldolase (blue) and dehydrogenase (green) are represented as space-
filled models. (B) Identification of salt bridges that are not conserved in the TTHB246—TTHB247 complex. The enzymes are depicted as a cartoon,
while identified residues are shown as sticks with carbon atoms colored according to their respective enzyme colors. Salt bridges were identified using
the Protein Interfaces, Surfaces and Assemblies (PISA) server’® and visualized using PyMOL.>

All aldolases that group with TTHB246 (clade V) as well as
aldolases in clade VI in the phylogenetic tree have alanine
residues that correspond to Gly-322 of Bphl. Group VI
members include SanM and NikA, which utilize bulky pico-
linaldehyde as a substrate, and the potential constriction in the
channel suggests that this aldehyde may diffuse through the
bulk solvent from one enzyme to another rather than through
the molecular channel. Because all other amino acid residues
proposed to compose the channel are conserved across homo-
logues, the channel dimensions and locations in these enzymes
are likely to be similar to that reported for the BphI—Bph]
complex.'?

Unlike other aldolase—dehydrogenase complexes, TTHB246
and TTHB247 can be separately expressed in recombinant
E. coli and are both catalytically active.'®'*'” This contrasts
with the reported inactivity of the aldolase from the nikkomycin
biosynthetic pathway, SanM, when it is not in complex with
the corresponding dehydrogenase, SanN.'” In comparison, the
a and f subunits of tryptophan synthase, another enzyme
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system that exhibits substrate channeling,® are catalytically
active when purified individually, but their activities are 1-2
orders of magnitude higher when they are in complex.**

Analysis by gel filtration and static light scattering indicated
that the oligomeric state of the aldolase TTHB246 is a dimer,
while the oligomeric state of the dehydrogenase is a monomer.
However, these enzymes had the propensity to form a stable
heterotetramer in vitro when both proteins were present. This
indicates that formation of the tetrameric complex occurs via
the association of the dehydrogenase to the aldolase dimer and
not the association of two heterodimers. Once formed, the
tetrameric complex was stable and did not dissociate into
smaller oligomeric units. Similarly, it has been reported that the
DmpG—DmpF heterotetramer cannot be separated using vari-
ous chromatography methods in both high- and low-ionic strength
solutions.

Interestingly, upon formation of the complex, the catalytic
efficiency of the aldolase was increased while that of the dehydro-
genase was decreased relative to those of the free enzymes. In the
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complexed state, the K, value for TTHB246 was reduced
4-fold while that of TTHB247 was increased 3-fold relative to
those of the unassociated enzymes. The k, value, on the other
hand, was reduced by ~2-fold in the complexed enzymes
relative to the uncomplexed enzymes. However, the thermal
stability of the TTHB247 was enhanced in the complex, while
TTHB246 was less thermostable when in complex with
TTHB247. In contrast, it has been reported that formation of
the affa complex in tryptophan synthase from Thermotoga
maritima resulted in a 1—3-fold increase in the half-life at
85 °C, and in this case, both the  and f subunits had improved
thermostability upon formation of the complex.*® Formation of
the complex between TTHB246 and TTHB247 is nevertheless
beneficial because of the increased catalytic efficiency as a result
of substrate channeling,

As expected from the high degree of conservation of residues
at the interface between aldolase and dehydrogenase subunits,
chimeric complexes of T. thermophilus and B. xenovorans are
stable and could be copurified by gel filtration and affinity chro-
matography. While aldehyde channeling occurs, the efficiencies
of acetaldehyde channeling in these chimeric complexes are
low. Detailed analysis using multiple-sequence alignments and
the crystal structure of the DmpG—DmpF complex revealed
potential charge—charge repulsion in the TTHB246—Bph]
chimera that may prevent proper alignment of enzyme sub-
units. Thus, the low channeling efficiency observed in this
chimeric complex may be the result of aldehydes escaping from
the subunit interface. No obvious unfavorable side chain inter-
actions can be seen in the BphI-TTHB247 complex. Alterna-
tively, improper coupling and communication between enzyme
subunits could also result in a reduced efficiency of substrate
channeling.

Previous studies with tryptophan synthase suggest that
coevolution of enzymes within an enzyme complex may be
required to establish stable interactions that are prerequisites
for efficient substrate channeling.*® The genes encoding the
aldolase and dehydrogenase that we analyzed in this study are
adjacent in the genomes of different bacteria, and linkage
analysis based on the encoded amino acid sequences showed
that they cluster similarly in their phylogenetic trees. However,
differences in the phylogenetic tree of corresponding hydratases
encoded within the same operon indicate that the similar
phylogenetic clustering of aldolases and dehydrogenases cannot
be entirely ascribed to random sequence drift of genes in differ-
ent bacterial species.*” Similarity in the phylogenetic tree of
interacting proteins has also been observed in other systems,
such as insulin and insulin receptors,48 dockerins and cohexins,*
and vasopressins and vasopressin receptors.>

In summary, TTHB246 and TTHB247 exhibit unique
biophysical properties that allow them to be individually ex-
pressed while maintaining catalytic activity. The complex is
different from the BphI—Bph] complex in that it preferentially
channels acetaldehyde over propionaldehyde and appears to be
allosterically activated to a lesser degree. However, phylogenetic
analysis revealed that residues involved in protein—protein
interactions in the TTHB246—TTH247 complex and orthol-
ogous complexes are highly conserved, allowing for the asso-
ciation of enzymes from different bacterial species as demon-
strated by the successful construction of chimeric complexes.
However, fine-tuning of this interaction appears to be
important for ensuring efficient substrate channeling between
the aldolase and dehydrogenase. Finally, it should be noted that
because the aldolase exhibits identical stereochemical control
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and amino acid residues that compose the active site of
TTHB246 are conserved in Bphl, previous modifications
to Bphl could be applied to TTHB246 to create a more
stable enzyme that is suitable for industrial synthesis of chiral
4-hydroxy-2-oxoacid skeletons as synthons for organic
reactions.*”
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