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Abstract

Assigning valid functions to proteins identified in genome projects is challenging, with over-
prediction and database annotation errors major concernst. We, and others?, are developing
computation-guided strategies for functional discovery using “metabolite docking” to
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experimentally derived3 or homology-based? three-dimensional structures. Bacterial metabolic
pathways often are encoded by “genome neighborhoods™ (gene clusters and/or operons), which
can provide important clues for functional assignment. We recently demonstrated the synergy of
docking and pathway context by “predicting” the intermediates in the glycolytic pathway in E.
coli®. Metabolite docking to multiple binding proteins/enzymes in the same pathway increases the
reliability of in silico predictions of substrate specificities because the pathway intermediates are
structurally similar. We report that structure-guided approaches for predicting the substrate
specificities of several enzymes encoded by a bacterial gene cluster allowed i) the correct
prediction of the in vitro activity of a structurally characterized enzyme of unknown function
(PDB 2PMQ), 2-epimerization of trans-4-hydroxy-L-proline betaine (tHyp-B) and cis-4-hydroxy-
D-proline betaine (cHyp-B), and ii) the correct identification of the catabolic pathway in which
Hyp-B 2-epimerase participates. The substrate-liganded pose predicted by virtual library screening
(docking) was confirmed experimentally. The enzymatic activities in the predicted pathway were
confirmed by in vitro assays and genetic analyses; the intermediates were identified by
metabolomics; and repression of the genes encoding the pathway by high salt was established by
transcriptomics, confirming the osmolyte role of tHyp-B. This study establishes the utility of
structure-guide functional predictions to enable the discovery of new metabolic pathways.

We report application of this strategy to discover a novel reaction, 4R-hydroxyproline
betaine 2-epimerase (Hyp-B 2-epimerase; Figure 1a), as well as the catabolic pathway by
which tHyp-B is converted to a-ketoglutarate. The crystallographically determined
unliganded structure of the uncharacterized “target” as well as homology models for binding
proteins/enzymes encoded by its genome neighborhood were used to predict the Hyp-B 2-
epimerase activity as well as those of downstream enzymes of the pathway.

The marine bacterium Pelagibaca bermudensis encodes an uncharacterized member of the
enolase superfamily (GI: 114543141) in which two Lys residues of the TIM-barrel domain
are positioned to function as acid/base catalysts5~8. The New York SGX Research
Consortium determined its structure (PDB 2PMQ) because it shared <30% sequence identity
with structurally characterized enolase superfamily members. The only ligand was the Mg2*
that stabilizes the enolate anion intermediate obtained by abstraction of the a-proton of a
carboxylate substrate. The active site is sequestered from solvent by two closed loops so was
suitable for virtual metabolite docking for substrate prediction (Supplementary Figure S1).

Figure 2 shows the genome neighborhoods of the gene encoding 2PMQ [hpbD;
hydroxyproline betaine from its functional characterization (vide infra)] plus a putative
Paracoccus denitrificans orthologue. The automated TrEMBL annotations (Supplementary
Table S1) fail to assign the in vitro activity of HpbD or identify the metabolic pathway. P.
bermudensis is not genetically tractable; hence, we studied P. denitrificans which encodes
one HphD orthologue and two sets of orthologues of most of the genes neighboring the P.
bermudensis hpbD gene. Genome neighborhoods are “conserved” for other putative
orthologues (~20 can be identified in the sequence databases; http://sfld.rbvi.ucsf.edu/).

The in silico ligand docking library (87,098 members) included the KEGG metabolite
library? as well as other potential enolase superfamily substrates, e. g., dipeptides, N-
acylated amino acids, acid sugars and the enolate anions obtained by abstraction of the a-
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proton (high energy intermediatesi®) (Methods). The library was docked in the active site of
HpbD using Glide SP, and energy scoring functions rank-ordered the members of the library
according to binding affinity. The best-scoring molecules were enriched with amino acid
derivatives, especially proline analogues and N-capped amino acid derivatives (Figure 3),
allowing the prediction that HpbD is an amino acid racemase/epimerase, with the substrate
likely having N-substitution.

The genome neighborhood includes an ABC transporter with a periplasmic binding protein
(HpbJ) annotated as binding “glycine betaine/L-proline”. The structure of a homologous
binding protein with glycine betaine!! (1R9L) was used as the homology model template
(HpbJ and 1R9L share 48% sequence identity) (M ethods). The binding site contains three
Trp residues (Figure 1b) that form a pi-cation “cage” for a quaternary ammonium (betaine),
which may also be electrostatically stabilized by Glu42, located 5.4 A from the quaternary
nitrogen. Thus, the homology model allowed the prediction that its ligand is a betaine. A
library of 31 betaines was docked to the model; tHyp-B had the highest rank
(Supplementary Table S2) so we predicted that HpbJ participates in transport of tHyp-B. In
addition, the HpbD active site contains Trp320 and Asp292 that are similarly positioned
relative to the predicted binding pose of betaines (Figure 1c). Therefore, the structural basis
for the predicted specificity of HpbJ refined the prediction that the substrate for HpbD is a
proline betaine, e.g., tHyp-B.

A homology model was constructed for the Rieske-type protein (HpbB1) using a homologue
(3N0Q) as the template (60% sequence identity) (Figure 1d) (Methods). The active site
resembled the binding sites in the betaine binding proteins (aromatic residues and Glu200);
indeed, some Rieske-type proteins are betaine demethylases?-14 (Supplementary Figure S2
and Table S3). Thus, we predicted that the substrate is a small betaine. [While this work was
in progress, the X-ray structure of a Rieske-type Pro-B demethylase from Sinorhizobium
meliloti (PDB 3VCP) was published!®; its active site superimposed closely with our HpbB1
homology model.]

The results of library docking to the experimental apo structure of HpbD (2PMQ) and to
homology models of HpbJ and HpbB1 allowed prediction that HpbD utilizes Hyp-B or Pro-
B as substrate in a 1,1-proton transfer reaction. The betaines Gly-B and carnitine also were
candidates (although these would be substrates for virtual reactions; the a-carbons are
prochiral). Although >25 functions have been assigned to members of the enolase
superfamily, including N-succinylamino acid racemases and dipeptide epimerases, no amino
acid or amino acid betaine was known to be a substrate®.

tHyp-B, L-Pro-B, Gly-B, and carnitine were incubated with HpbD in D,0 (M ethods).

The IH NMR spectra with tHyp-B, D-Pro-B, and Gly-B revealed exchange of the a-proton
with solvent deuterium (the latter a virtual reaction); also, for tHyp-B, resonances associated
with cHyp-B, the 2-epimer, were observed (Supplementary Figure S3). These results are
expected for a 1,1-proton transfer reaction that equilibrates the configurations at carbon-2 of
tHyp-B and Pro-B using two Lys acid/base catalysts.
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The kinetic constants for tHyp-B and L-Pro-B were determined for both HpbDs (Figure 4b)
(Methods). Although the kg4t values are large, the Ky, values also are large so the Keat/ Kp
values are modest. Betaines, including tHyp-B, are osmoprotectants accumulated by many
bacteria, including pelagic (P. bermudensis) and plant-associated (P. denitricans), to survive
osmotic stress16-20; their intracellular concentrations can approach molar levels?1.22, We
determined that the intracellular concentration of Hyp-B is 170 mM in P. denitrificans
grown on glucose in the presence of 0.5 M NaCl and 20 mM tHyp-B (M ethods). Therefore,
Hyp-B 2-epimerase likely functions with a high intracellular concentration of tHyp-B, so the
kinetic constants are both physiologically reasonable and expected?3. That only four
compounds were tested (tHyp-B, L-Pro-B, carnitine, and Gly-B) and two have
physiologically relevant kinetic constants confirms that pathway docking enables efficient
functional prediction.

The 1.70A structure of HpbD was determined in the presence of tHyp-B (M ethods,
Supplementary Figure S4 and Table S4). The ligand electron density, with elevated B-
factors, was interpreted as a mixture of tHyp-B (substrate) and cHyp-B (product)
(Supplementary Figure S5). The betaine forms a pi-cation interaction with Trp320 and is
proximal to Asp292, similar to the interactions in the Gly-B periplasmic binding protein
(Figure 1c). The predicted pose with D-Pro-B superimposes closely with the experimental
pose, explaining the correct computation-based prediction of substrate specificity.

We also hypothesized that the proteins/enzymes encoded in the HpbD genome
neighborhoods constitute a catabolic pathway that degrades tHyp-B to a-ketoglutarate
(Figure 4a), with HpbD catalyzing the first step in which tHyp-B is 2-epimerized to cHyp-B,
i.e., the in vivo activity of HpbD is Hyp-B 2-epimerase. Subsequently, HpbB1/HpbC1, the
Rieske-type protein, catalyzes demethylation of cHyp-B to N-methyl cHyp; HpbA, a flavin-
dependent enzyme, converts N-methyl cHyp to cHyp; HpbE, a D-amino acid oxidase,
catalyzes oxidation of cHyp to its iminoacid; HpbG, a member of the dihydrodipicolinate
synthase superfamily24 catalyzes dehydration of the 4-OH group and “hydrolysis” of the 5-
amino group to a-ketoglutarate semialdehyde; and HpbF, an aldehyde dehydrogenase,
catalyzes oxidation of a-ketoglutarate semialdehyde to a-ketoglutarate. This pathway would
allow utilization of tHyp-B as a carbon and nitrogen source. The activities predicted for
HpbE and HpbG were described recently in pathways for tHyp catabolism in Pseudomonas
aeruginosa, P. putida and S. meliloti2>:26; however, the sequences of HpbE and HpbG are
sufficiently divergent (<35% sequence identity) that the cHyp oxidase and cHyp imino acid
dehydratase/deaminase functions could not be assigned to the P. bermudensisand P.
denitrificans enzymes without additional information (Supplementary Figure S6).

When tHyp-B is used as an osmoprotectant (sea water is ~0.6 M NaCl), its catabolism
should be depressed to maintain high intracellular concentrations. However, in the absence
of osmotic stress, bacteria should be able to catabolize tHyp-B as a carbon and nitrogen
source. P. denitrificans utilizes both tHyp-B and cHyp-B as carbon and nitrogen sources in
the presence of low salt, as expected if the genome encodes the proposed catabolic pathway
(Methods). Moreover, tHyp-B alleviates growth inhibition in glucose medium by high salt
(0.5 M NacCl), arguing that P. denitrificans uses tHyp-B as an osmoprotectant
(Supplementary Figures S7-S9). Growth stimulation by tHyp-B in high salt glucose medium
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could result from both osmoprotection and catabolism of tHyp-B. To address this possibility
we utilized strain RPd4 which lacks the demethylases that convert the isomers of HypB to
the isomers of N-methyl Hyp and, therefore, cannot utilize tHyp-B or cHyp-B as carbon
source (Supplementary Table S8). Strain RPd4 grew almost as well on high salt glucose
medium in the presence of tHyp-B or cHyp-B as the culture without salt supplementation,
but growth on high salt glucose medium in the absence of tHyp-B or cHyp-B was strongly
inhibited (Supplementary Figure S8). The results establish that tHyp-B and cHyp-B function
as osmoprotectants.

We identified the metabolites obtained from tHyp-B under low salt conditions (M ethods).
In addition to Hyp-B (21 mM; Supplementary Table S10), N-methyl Hyp, and Hyp (the
carbon-2 epimers cannot be distinguished), the predicted downstream Al-pyrroline-4-
hydroxy-2-carboxylate, a-ketoglutarate semialdehyde, and a-ketoglutarate were observed
(Supplementary Figures S10 and S11). The metabolites were not detected with succinate as
a carbon source. In high salt glucose medium containing tHyp-B, the intracellular
concentration of Hyp-B was 170 mM (as expected for an osmolyte; Supplementary Table
10); however, its downstream metabolites were not detected. Thus, the flux through the
pathway is regulated so tHyp-B is not catabolized when it is needed as
osmoprotectant®-20.27 No Hyp-B was detected in cells grown on high salt glucose medium,
establishing that P. denitrificans lacks an anabolic pathway for tHyp-B.

We used gRT-PCR to investigate expression of the genes encoding the catabolic pathway
(Methods and Supplementary Table S6). P. denitrificans encodes one orthologue of Hyp-B
2-epimerase (HpbD) and the FAD-dependent N-methyl Hyp demethylase but two
orthologues of the remaining proteins/enzymes involved in transport of tHyp-B and its
catabolism (Figure 2). The genes encoding the pathway are upregulated by tHyp-B and
cHyp-B, as expected if their encoded proteins are involved in the catabolic pathway.

The effects of high salt were determined using equimolar concentrations of glucose and
either tHyp-B or cHyp-B. Salt (0.5 M NaCl) enhanced expression of the transporters (HpbN/
HpbO/HpbH/HpbJ and HpbX/HpbY/HpbZ). In contrast, salt decreased expression of the
genes encoding Hyp-B 2-epimerase (HpbD), both Hyp-B demethylases (HpbB1/HpbC1 and
HpbB2/HpbC2) and the single N-methyl Hyp demethylase (HpbA) (Supplementary Table
S6). Transport of tHyp-B/cHyp-B is required for uptake as both osmolytes and carbon/
nitrogen sources; expression of their transporters is enhanced, whereas epimerization and
demethylation are suppressed, thereby allowing tHyp-B/cHyp-B to be retained as osmolytes.

The genes encoding the P. denitrificans pathway were individually disrupted by insertion of
antibiotic-resistance cassettes (M ethods and Supplementary Table S7). The growth
phenotypes are consistent with the predicted functions (Supplementary Discussion).

In summary, we used homology modeling and metabolite docking to several proteins
encoded by a gene cluster to guide in vitro assignment of the novel Hyp-B 2-epimerase
activity to 2PMQ), a structure determined by the Protein Structure Initiative. With knowledge
of the catalytic capabilities of enzyme superfamilies, we also predicted the pathway that
catabolizes cHyp-B to a-ketoglutarate. These predictions were verified by metabolomics

Nature. Author manuscript; available in PMC 2014 April 30.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Methods

Page 6

and genetics. Finally, we used transcriptomics to demonstrate that Hyp-B 2-epimerase is a
“switch” that determines whether the tHyp-B is accumulated as an osmolyte or catabolized
as carbon and nitrogen source.

Orthologues of HpbD can be identified in 20 microbial species (http://sfld.rbvi.ucsf.edu/), so
both the in vitro activity and in vivo functional assignments identified in this study can be
extended to these proteins/organisms. Moreover, we expect that the Hyp-B 2-epimerase
activity assigned to HpbD will be used to leverage discovery of the in vitro activities and in
vivo functions of uncharacterized homologues in the enolase superfamily.

We propose that pathway docking is an efficient strategy for predicting novel in vitro
enzymatic activities and in vivo physiological functions. Additional refinements and
applications of this strategy are in progress.

a. Homology modeling and docking

Sequence similarity network analysis—All sequences from the MLE subgroup in the
Structure-Function Linkage Database (SFLD)” were used in the MLE subgroup network
analysis. BLAST analyses were performed using these sequences as queries in an all-by-all
fashion. The details have been described previously?.

Sequences in the cHyp oxidase and Pyr4H2C deaminase networks were collected by
BLAST, using red and blue dots in Supplementary Figure S3 as queries, and 107100 a5
BLAST E-value cutoff. The Pythoscape v1.0 program36 was used to make the two networks.

Homology modeling and docking—The models of HpbJ and HpbB1 were built by
using our in-house software Protein Local Optimization (PLOP, marketed as Prime by
Schradinger LLC). The template PDBs used for HpbJ and HpbB1 are 1R9L and 3NOQ,
respectively. The sequence alignment of each pair of target and template was made by the L-
INS-i method in MAFFT v6.925b37. While constructing the models, we included both the
metal ions and the cocrystallized ligands (if any) from the templates. For docking, 2PMQ,
the 1.72 A X-ray apo structure of HpbD, was used. The structures were processed by Protein
Preparation Wizard in Schrédinger Suite 200938 prior to docking.

Two different libraries were used for docking in the active site of HpbD. The large
metabolite library is the KEGG metabolite library plus potential substrates for members of
the enolase superfamily not found in KEGG. The small library for focused docking to HpbD
contained 31 betaines and betaine-like metabolites.

The KEGG metabolite library was generated by the following steps. First, we obtained
14,039 compounds from the KEGG COMPOUND database; then, we used LigPrep3? in
Schrodinger Suite 2009 to convert each compound from 2D to 3D, and enumerate up to 32
chiral forms. During this process, compounds with unspecified chemical groups (listed as
“R™), polymers, and monatomic ions were automatically removed. Next, we removed
compounds with molecular weights greater than 400 because we did not expect these would

Nature. Author manuscript; available in PMC 2014 April 30.


http://sfld.rbvi.ucsf.edu/

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 7

fit into the active site of HpbD, as well as duplicates generated by LigPrep preparation. We
obtained 82,952 unique KEGG ligands.

Potential substrates for the enolase superfamily proteins include all dipeptides (formed by 20
standard amino acids), several types of N-capped (N-succinyl, N-acyl, N-formimino, N-
formyl and N-carbamoyl) amino acids, acid sugars (monoacid sugars, diacid sugars, uronate
sugars, 6-deoxy acid sugars and phospho sugars) and their corresponding enolates (i.e., high
energy intermediates); these also were processed by LigPrep. After combining the KEGG
metabolite library with these additional potential substrates for members of the enolase
superfamily, and removing duplicates, the library used for docking into the active site of
HpbD contained 87,098 unique ligands.

The betaine library used for docking to the active site of HpbJ contains 31 betaines and
betaine-like metabolites, including dimethylsulfoniopropionate (DMSP), ectoine, 5-
hydroxyectoine and trigonelline; the compounds are listed in Supplementary Table S2. The
members of this library also were processed by LigPrep.

Two docking methods were used. Glide SP docking followed by MM-GBSA was used with
HpbD; the details have been described*C. The Glide XP docking method*! was used with
HpbJ.

b. In Vitro Activity Measurements

Cloning, Expression, and Purification of the 2PMQ (HpbD)—The protein sample
was provided by the NYSGXRC structural genomics center (PSI-2; U54GM074945).

Cloning, Expression, and Purification of the 2PMQ Orthologue (HpbD) from P.
denitrificans—The protein sample was provided by the NYSGXRC structural genomics
center.

Cloning, Expression, and Purification of the HypF from P. denitrificans—The
hypF gene was amplified by PCR using primers P17 and P18 and genomic DNA of P.
denitrificans as a template. The PCR product was digested with Ndel and Bglll and ligated
to pET15b expression vector, yielding plasmid pRK9. The cloned HypF was expressed in E.
coli BL21 (DE3) cells for protein purification. 4 L of LB media was shaken at 20°C and
induced with 0.5 mM IPTG when the culture reached 0.6 at ODgqg. The cells were harvested
after 24 hours by centrifugation. The cells were resuspended in 100 mL buffer containing 5
mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI, pH 7.9, and 0.1 mM dithiothreitol (DTT).
The suspension was lysed by sonication and debris was cleared by centrifugation. The
supernatant was applied to a Sepharose FF column charged with Ni2* and eluted with a
linear gradient (450 mL) of 60 mM to 1 M of imidazole buffered with 0.5 M NaCl, 20 mM
Tris-HCI, pH 7.9, and 0.1 mM DTT. The purest fractions were pooled and dialyzed against
20 mM Tris-HCI, pH 8.0, and 0.1 mM DTT.

Screening HpbD Activity by 'H NMR—Epimerization/racemization of tHyp-B, L-Pro-

B, Gly-B, and carnitine were screened by disappearance of the a-proton in a DoO-containing
buffer via 1H NMR. The reaction mixture contained 10 mM compound, 50 mM Tris-DClI
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(pD 8.), 10 mM MgCl,, and 1 uM enzyme and was incubated at 30°C for 16 hours prior to
acquistion of the 500 MHz *H NMR spectrum.

Polarimetric Assay for HpbD Activity—Hyp-B 2-epimerase and L-Pro-B racemase
activities were measured at 25 °C by quantitating the change of optical rotation. The assay
was performed in a 100 mm pathlength cell in a total volume of 0.8 mL and a Jasco P-1010
polarimeter with a Hg 405 nm filter. Buffer conditions for the assay were 50 mM Tris-HCI
(pH 8.0) containing 10 mM MgCls.

Polarimetric Assay for HpbF Activity—Hyp epimerase activity was measured at 25 °C
by quantitating the change of optical rotation. The assay was performed in a 100 mm
pathlength cell in a total volume of 0.8 mL and a Jasco P-1010 polarimeter with a Hg 405
nm filter. Buffer conditions for the assay were 50 mM sodium phosphate buffer (pH 8.0)
containing 1 mM DTT.

c. Structure Determination

Expression of HpbD—Plasmid 9437a2BNt21p1, obtained from NYSGRXC stock

clones 42, consists of a codon optimized HpbD gene in pSGX2, a derivative of pET26b
(NOVAGEN), with the N-terminal methionine of HpdD changed to the sequence
MAHHHHHHSL. The vector was transformed into Rosetta2(DE3)pLysS Competent Cells
(EMDMILLIPORE) and plated on LB-Agar plates. 5-10 colonies were added to 75 mL of
LB with 0.5% glucose and grown overnight at 37° C. HpbD was expressed utilizing 4 L of
autoinduction media at 25° C 4344, The starter culture and autoinduction media were
distributed equally among ten 2L baffled flasks, and shaken at 300 rpm for approximately 24
hours to an OD >15. All growth media contained 100 pug/mL kanamycin (KAN) and 50
ug/mL chloramphenicol (CAM). Cells were pelleted and stored at =80 C.

Purification of HpbD—AII purification was performed at 4° C. Cells were resuspended in
3X (w/w) buffer A (50 mM Hepes (pH 7.8), 150 mM NaCl, 20 mM imidazole, 10% (w/v)
glycerol) supplemented with 0.1% (v/v) Tween-20 and disrupted by sonication. Cellular
debris were removed by centrifugation, and the supernatant was applied to a 10 mL metal
affinity column (Ni Sepharose High Performance:GE HEALTHCARE) pre-equilibrated
with buffer A. The column was washed with five column volumes (CVs) of buffer A and
subsequently eluted with 2 CV of the same buffer with 300 mM imidazole. Eluted protein
was pooled and applied to a 120 mL Superdex 200 column (GE HEALTHCARE)
equilibrated with buffer B (10 mM HEPES pH 7.5, 150 mM NacCl, 5% (v/v) glycerol).
Fractions with greater than 95% purity by SDS-PAGE analysis were pooled, concentrated
by centrifugal ultrafiltration, snap frozen in liquid N5, and stored at —80 C.

Crystallization and structure solution of HpbD—Crystals were obtained by vapor
diffusion at 18° C using the sitting-drop vapour diffusion method in 96-well IntelliPlates
(ART ROBBINS). Equal volumes of protein [24.6 mg/mL in 10 mM HEPES (pH 7.5, 150
mM NaCl, 5% (w/v) glycerol, 5 mM EDTA, 2 mM NiCl,] and crystallization buffer (70%
(viv) MPD, 0.1 M HEPES pH 7.5) were combined and equilibrated against 70 pL of
crystallization buffer in the reservoir. Crystals grew as parallelograms measuring 0.05 x 0.15
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mm over a 1-2 week time period. Crystals were soaked for 2 min in the reservoir solution
supplemented with 200 mM trans-4-hydroxy-L-proline betaine (tHyp-B) and 50 mM
MgCl,. Crystals were flash cooled by immersion in liquid nitrogen, and subsegeuntly stored
and shipped to the Advanced Photon Source beamline 31-ID (LILLY-CAT). Data were
collected at 100 K and a wavelength of 0.97929 A. Crystals were rotated through 180° in 1°
increments and the data processed using MOSFLM?#® and scaled using SCALA% in space
group P2;. The unliganded structure (APQ) was determined by selenomethionine SAD
phasing by the NYSGXRC in 2007 from a C- terminally His-Tagged protein (2PMQ,
Supplemental Table S4), with a dimer per asymmetric unit. A single subunit from the
unliganded structure was used as a search model in molecular replacement for the structural
determination of the liganded structure. PHASER*’ within the refinement package
PHENIX“8 located eight subunits which subsequently could be assembled into the
molecular octamer. Several rounds of manual rebuilding and ligand and water fitting within
the molecular graphics program COOT4? followed by refinement in PHENIX were
performed to finalize the structure. Several iodine atoms (7—8/subunit), originating from the
synthesis of the substrate, were modeled into difference density peaks with features
suggestive of bound iodine. The geometry restraints for tHyp-B were produced using the
PRODRG2 server®0. The density was fit equally well by tHyp-B and the product cHyp-B. It
is presumed that the protein is active in the crystalline form and that the density is most
likely a mix of substrate and product; however, only tHyp-B was used in refinement. The
final structure has 98.6% of its residues in favored regions of the Ramachandron plot, and
0.0% in dissallowed regions (4H2H, Supplemental Table S4). The liganded structure
(4H2H) superimposes with the APO structure (subunit A vs. subunit A) with an RMSD of
0.25 A over 366 aligned Cas with no substantial changes to the structure upon ligand
binding.

d. Microbiology

Bacterial Strains and Growth Conditions—~P. denitrificans PD1222 wild-type and
mutant strains were grown in minimal medium containing (g per liter) KoHPQy, 6.0; 4.0 g of
KH,PO4 4;, sodium molybdate, 0,15; MgS047H0, 0.2, CaCly ; 0.04; MnSO42H,0, 0.001;
and FeSO47H,0 1.1 g with or without 1.6 g of NH4CI as nitrogen source. P. denitrificans
PD1222 was grown aerobically at 30°C in mineral medium supplemented with either
glucose/succinate, t/c-Hyp-B or methanol at the same concentration (20 mM). E. coli strain
TOP10 (Invitrogen) was used for plasmid maintenance, propagation and cloning purpose. E.
coli strain S17-1 was used for conjugation®. Strains used are listed in Supplementary Table
S7. To study the role of t/c-Hyp-B in osmoprotection, cultures were grown in minimal
medium with glucose and +/- 500 mM NaCl. E. coli cultures were grown at 37°C in LB
(Luria-Bertani media). Antibiotics were used at the following concentrations (in pg/ml:
kanamycin sulfate, 50; chloramphenicol, 35 and sodium ampicillin, 100.

Construction of Disruption Mutants—Gene inactivation mutant strains were generated
in P. denitrificans by conjugation?® or electroporation30.

Molecular Biology Protocols—Chromosomal DNA was isolated from 3-5 mL of P.
denitrificans PD1222 cell cultures using a DNeasy Blood & Tissue Kit from Qiagen
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(Hilden, Germany) or a Wizard Genomic DNA Purification Kit from Promega (Madsion,
WI1). Restriction enzymes, DNA polmerases, and T4 DNA ligases were purchased from New
England Biolabs (Ipswich, 136 MA), Fermentas (St. Leon-Rot, Germany), Invitrogen
(Carlsbad, CA), or Promega (Madison, WI). Plasmids were prepared from E. coli TOP10
cells using a Plasmid Mini Kit from Qiagen.

Gene disruption plasmids—Most plasmids for construction of gene disruptions were
obtained by a standard protocol in which the appropriate chromosomal segements were
amplified from P. denitrificans PD1222 genomic DNA using Pfu polymerase followed by
insertion of the PCR products into the pGEM T Easy vector (Promega). The resulting
plasmids were then digested with EcoRV (pRK1), Nrul (pRK2) BmgBI (pRK4) and ligated
to a 900 bp fragment blunted-ended chloramphenicol resistance (cat) cassette. These
plasmids were then used as PCR templates with the same primers and the products were
ligated to vector pSUP202, which had been digested with EcoRI and treated with the
Klenow fragment of DNA polymerase I, plus the four dNTPs to give the plasmids used for
gene disruption. Primer sets P1+P2, P3+P4 and P7+P8 gave rise to plasmids pRK1, pRK2
and pRK4, respectively. Plasmid pRK5 was obtained similarily using primers P9 and P10
except that the original PCR product was inserted into vector pCR2.1-TOPO (Invitrogen)
and the cat cassette was inserted into the Hincll site. Plasmid pRK3 was obtained similarily
using primers P5 and P6 except that a 1400 bp kanamycin resistance cassette was inserted
into the BmgBl site of the intermediate pGEM T Easy construct. In the case of plasmids
pRK6 and pRKS, the products of PCR (primers P11+P12 and P15+P16, respectively)
amplification from chromosomal DNA were inserted into pETBIlue-1 (Novagen) and the
kanamycin resisance cassette was inserted into the Sfol site of this plasmid. Plasmid pRK7
was obtained by the same manipulations using primers 13 and 14 except that the
chloramphenicol cassette was inserted into the Sfol site.

Expression plasmids—These plasmids were constructed as above except that the PCR
products obtained from chromosomal DNA contained the promoter and coding sequences
and were directly ligated to vector pSUP404.2 which had been digested with EcoRI and
treated with the Klenow fragment of DNA polymerase | plus the four dNTPs. Primers
P19+P2, P20+P4 and P21+P10 gave rise to plasmids pRK10, pRK11 and pRK12.

High level protein expression plasmids pRK9 and pRK13 were obtained by insertion of the
PCR products obtained from chromosomal DNA into pGEM T Easy. Plasmid pRK9 was
obtained by ligation of the Ndel and Bglll hypF fragment of the intermediate plasmid to
pET15b digested with Ndel and BamHI whereas pRK13 resulted from ligation of the hypO
Ndel-Bpll fragment of the pGEM T Easy intermediate plasmid into pET15b cut with the
same enzymes.

Cell preparation for gene expression analysis—P. denitrificans PD1222 wild-type
or mutant cultures were grown in 10 mL of minimal media with 20 mM glucose as carbon
source to an ODggg of 0.4. The cells were pelleted by centrifugation (4,000xg, 10 min, 4
°C). The cell pellet was washed twice and resuspended in 10 mL of minimal medium
lacking a carbon source. The cultures were divided into two 5 mL aliquots. Glucose or
succinate was added to one aliquot and Hyp-B (either trans or cis) or methanol was added to
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the other as carbon source followed by aerobic growth at 30 °C for 1 h prior to cell harvest.
For studying the effect of salt stress on gene expression, NaCl was added to the minimal
medium to 500 mM; glucose or succinate were the carbon sources and Hyp-B was the
osmoprotectant.

RNA Sample preparation—For preparation of RNA samples, 1.0 - 5.0 mL of an
actively growing P. denitrificans PD1222 culture (ODggg of 0.5 — 0.6) were added to 2
volumes of RNA protect Bacteria Reagent (Qiagen). After vortex mixing for 10 s the
solution was incubated for 5 min at room temperature. The cells were pelleted by
centrifugation (10,000xg for 5 min at 4°C), the supernatant was decanted, and the remaining
liquid was removed. RNA isolation was performed on ice in an RNAse-free environment
using an RNeasy Mini Kit (Qiagen), following the protocols for bacteria given by Qiagen.
RNA concentrations were determined by absorption at 260 nm with one absorbance unit
corresponding to 44 ug mL~1 RNA. Isolated RNA was analyzed by agarose gel
electrophoresis, and spectrophotometrically in the Nanodrop (Thermo) using the ratios
Aogo/Azgo and Aggol/Arzg, and the Assgl/Asy absorption spectra to assess sample integrity
and purity. RNA preparation purity and absence of DNA was validated by agarose gel
electrophoresis and control PCR reactions. The RNA preparations were stored at —80°C
until use.

qRT-PCR—Reverse transcription (RT) was performed on 1 pg of total RNA by using the
RevertAid H Minus First Strand cDNA synthesis kit (Fermentas) according to the
manufacturer’s protocol. Of the cDNA, 1 L was used in separate PCR reactions of 20 uL
for each gene. Minus-RT controls were performed to test for genomic DNA contamination
in each RNA sample. Primers were designed by Universal probe library system (Roche
Applied Science). The primer length was 21 to 27 nucleotides, with a theoretical T, of 58—
60°C. The amplicon size ranged from 66 to 110 bp. Real-time PCR was carried out in 96-
well plates using the Roche LightCycler 480 (LC480). The 20 uL PCR mix was prepared by
adding to 1 pL cDNA template, 2 pl of forward and reverse primers (final concentration 150
nM of each primer) and 10 pL of SYBR 2X Concentration Green Master Mix (Roche). The
PCR conditions were: one cycle at 95°C for 5 min, 40 cycles of amplification at 95°C for 15
s, 60°C for 1 min. Finally, a dissociation program was applied with one cycle at 95°C for 15
s, 60°C for 1 min and 95°C for 15 s. Efficiency of all the primers used in gRT PCR was
calculated as 97% + 2%. The gene expression data were expressed as Cp or cross point
values. The 16S rRNA was used as a reference gene. The data was analysed by 2 AACT
(Livak) method®2. Data presented is the average of five biological replicates. Primer
sequences are provided in Supplementry Table S9.

e. Metabolomics

Metabolomics analysis of the P. denitrificans tHPB degradation pathway—LC-
FTMS metabolomics of whole cell extracts were carried out with samples of Paracoccus
denitrificans fed with tHyp-B with or without osmotic stress. First, these experiments were
performed as a time course in minimal medium with or without the addition of tHyp-B.
Succinate minimal medium grown cells were diluted 1:500 into 250 mL minimal medium
with tHyp-B as the sole carbon source and grown to an ODggg of ~ 0.7 (approximately 18
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hours). The culture was harvested by centrifugation (4000 x g, 10 min, 4°C), washed, and
resuspended in minimal medium without carbon source. The cell suspension was then
depleted of catabolic metabolites by 15 minute incubation at 30°C before transferring them
to ice. After verifying the concentrated cell density by multiple 50-fold dilutions into
minimal medium (calculated ODggg = 26.7 + 0.2), 1 mL aliquots of ODggg 6 cell
suspensions were prepared in eppendorf tubes on ice in minimal medium. 20 mM tHyp-B
was added quickly to half of the samples before incubation in a 30°C water bath, and at time
points of 0, 2, 5, and 15 minutes, samples were transferred on ice to a 4°C centrifuge for
pelleting at 16,000 x g for 2 minutes. The supernatant was then removed, and the cell pellets
were flash frozen in liquid nitrogen. The process of collecting time point samples from 30°C
to liquid nitrogen took approximately 3 minutes. Samples were stored at —80°C before
analysis.

To ascertain the effect of osmotic stress on the levels of the metabolites from tHyp-B
catabolism, P. denitrificans was grown as described above except that a replicate culture
with 0.5 M NaCl was also prepared. After these cultures reached ODggg ~ 0.5, each were
concentrated by centrifugation, aliquoted into 1mL of cells with ODggq = 6, pelleted by
centrifugation, separated from the supernatant, and frozen for analysis.

Metabolomics analysis of these samples followed the procedure from Erb et al.53. The cell
pellets were extracted with 0.375 mL of 10 mM ammonium bicarbonate (pH 9.2) in 90%
acetonitrile by pipetting followed by 15 minutes of vortexing at room temperature. The
extraction was cleared of cell debris via two rounds of centrifugation at 16,000 x g before
analysis. Samples were applied to a custom 11T LTQ-FT mass spectrometer (Thermo-Fisher
Scientific) with an Agilent 1200 HPLC system equipped with a Sequant Zic-HILIC column
(2.1 mm x 150 mm) previously equilibrated with the extraction buffer (solvent B). Solvent
A was 10 mM ammonium bicarbonate, pH 9.2. Each extracted sample was injected at 100
uL for three separate chromatographic runs. The samples were eluted with a 200 uL/min
flow rate using the following elution profile: 100% B for 17 minutes, a linear gradient from
100% B to 40% B over 3 minutes, and another linear gradient from 40% to 100% B over 15
minutes. Data were collected at a resolution of 50,000 with full scan set to m/z 100-1000,
and duplicate samples were individually analyzed in either positive or negative mode.

Data analysis was performed with the Qualbrowser application of Xcalibur (Thermo-Fisher
Scientific) (Supplementary Figures S10 and S11). For metabolites, tHyp-B, N-methyl cHyp,
cHyp, and a-ketoglutarate, standards were run to verify retention time. Unfortunately, the P.
denitrificans samples appeared to damage the Zic-HILIC column over time, as after dozens
of runs, many of the peaks broadened and showed longer retention times. While HPLC
analysis of betaine derivatives of biological origin have been reported?8:54-56 the metabolic
analysis of bacteria utilizing betaines has not. It is assumed that the extremely large
concentrations of tHyp-B accumulated in P. denitrificans cells were to blame due to
overloading the column.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Homology modeling and docking results for HpbD, HpbJ and HpbB1
a, Reaction catalyzed by HpbD, the Hyp-B 2-epimerase. b, The binding site of the model of

HpbJ, with the top ranked ligand tHyp-B docked. The ligand surface is shown in magenta. c,
Comparison of HpbD top ranked docking pose of D-Pro-B (magenta) with the experimental
pose of tHyp-B (cyan). The unliganded structure used in docking (PDB 2PMQ) and the later
determined liganded structure (PDB 4H2H) are shown in magenta and cyan, respectively. d,
Superposition of the model of HpbB1 (magenta) and the closest characterized Rieske-type
protein (cyan, PDB 107G, a naphthalene dioxygenase), showing that the active site of the
model is too small to accept naphthalene as a substrate. Steric clashes identified by using
van der Waals overlap > 0.6 A are shown in red lines.
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Pelagibaca bermudensis HTCC2601
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Paracoccus denitrificans PD1222
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Figure 2. Genome contexts of HpbD in P. bermudensis and the orthologous genesin P.
denitrificans

The genes encoding orthologues are highlighted with the same color; the sequence identities
relating orthologues in P. bermudensis and P. denitrificans are indicated. The ecological
sources of tHyp-B would be seaweed (sargasso)31:32 for the Sargasso Sea bacterium, P.

bermudensis and plants33-3° for the soil bacterium, P denitrificans.
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Figure 3. Chemotype analysis of HpbD docking results
a, Enriched chemotypes in the top 120 hits. Most of them are amino acid derivatives, in

which N-capped amino acid derivatives and proline analogues are the two most common
subtypes. b, Proline analogues in the rank ordered list of predicted ligands illustrating the
frequent occurrence of N-modified proline analogues. Pro-B, a substrate for HpbD, ranks at
number 110 in the list (top 0.12% of the docking library).
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P. bermudensis
tHyp-B 330 + 30 42 £+ 10 7800
L-Pro-B 5.3+0.3 81 700

P. denitrificans
tHyp-B 110+ 9 64 +9 1700
L-Pro-B 68 10 34 +£10 2000

Figure 4. Catabolic pathway for tHyp-B and kinetic constants for HpbD
a, Catabolic pathway for tHyp-B. Based on the genome neighborhood contexts in P.

bermudensis and P. denitrificans, tHyp-B is epimerized to cHyp-B that undergoes two N
demethylation reactions to cHyp; cHyp is oxidized, dehydrated/deaminated, and finally
oxidized to a-ketoglutarate (a-KG). Pyr4H2C and a-KGSA denote for Al-pyrroline-4-
hydroxy-2-carboxylate and a-ketoglutarate semialdehyde, respectively. The enzymes are
colored as in Figure 2. b, Kinetic constants for HpbD from P. bermudensisand its
orthologue from P. denitrificans.
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