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Abstract

Biosynthesis of the ribosomally synthesized and post-translationally modified peptide (RiPP),
pyrroloquinoline quinone (PQQ), is initiated when precursor peptide, PqgA, is recognized and
bound by the RiPP precursor peptide recognition element (RRE), PqqD, for presentation to the
first enzyme in the pathway, PqqE. Unlike other RiPP-producing, post-ribosomal peptide synthesis
(PRPS) pathways in which the RRE is a component domain of the first enzyme, PqqD is
predominantly a separate scaffolding protein that forms a ternary complex with the precursor
peptide and first tailoring enzyme. As PqqgD is a stable, independent RRE, this makes the PQQ
pathway an ideal PRPS model system for probing RRE interactions using NMR. Herein we
present both the solution NMR structure of Methylobacterium extorquens PqqD, as well as results
from 1H,1°N-HSQC binding experiments that identify the PqqD residues involved in binding the
precursor peptide, PqgA, and the enzyme, PqqE. The reported structural model for an independent
RRE, along with the mapped binding surfaces, will inform future efforts to both understand and
manipulate PRPS pathways.
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RiPPs comprise a collection of diverse natural products with probiotic, as well as antibiotic,
anti-cancer, and anti-viral activities.1~# Recent genome sequencing efforts have
demonstrated that RiPPs represent a major natural product biosynthesis route additional to
terpenoid, alkaloid, polyketide, and non-ribosomal peptide (NRP) biosyntheses.> In NRP
biosynthesis, peptide bond formation requires multimodular “megaenzymes” in an assembly
line encoded within the operon.4-6 In comparison, PRPS pathways can produce equally
complex and diverse molecules from simpler operons, as they utilize ribosomal machinery to
produce the precursor peptide that is subsequently modified. RiPPs can encompass 70+
amino acids, such as the putative pore-forming bacteriocin, enterocin AS-48, for which an
X-ray crystal structure exists,’ or be relatively small, as with the 330 Da tricyclic c-quinone,
PQQ (C14HgN>Og, IUPAC: 4,5-dihydro-4,5-dioxo-1 H-pyrrolo[2,3-f] quinolone-2,7,9-
tricarboxylic acid) derived from two amino acid residues (Fig. 1).8 ® PQQ biosynthesis is
part of a PRPS biosynthesis subclass that includes pantocin, mycofactocin, and thyroid
hormone biosyntheses.? 10. 11

PQQ is the cofactor for a class of bacterial aldose sugar and alcohol dehydrogenases.12-15
The cofactor is synthesized outside of the dehydrogenase framework, and then non-
covalently inserted into the apoenzyme.16-18 These dehydrogenases—and therefore, PQQ—
give a growth advantage to the bacteria when aldose sugars and/or alcohols are available.1?
The electrons generated by the reduction of PQQ to PQQH> are fed into the constitutive
electron transport chain of the organism, and ultimately generate ATP. More recently, data
suggested that PQQ may be a sugar oxidoreductase coenzyme in the basidiomycete
mushroom, Coprinopsis cinerea.?°

The majority of PQQ-producing bacteria are Gram-negative, and include a number of human
pathogens, such as Klebsiella pneumoniae and Burkholderia cenocepacia.?® Interestingly,
PQQ also enhances the growth rate of some non-PQQ-producing bacteria, such as
Escherichia coli, which under certain nutrient conditions express a PQQ-dependent
dehydrogenase.1® 22 Therefore, PQQ is a prokaryotic vitamin.
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Eukaryotes do not synthesis PQQ, however, removal of PQQ from the diets of mice and rats
leads to decreased fertility, smaller litter sizes, and slowed neonatal growth.23-26 The
specific mechanism(s) by which PQQ alters reproductive success are currently unknown,
although data are emerging that PQQ promotes mitochondrial metabolism.27-33 As an
antioxidant, PQQ can undergo approximately 20,000 redox cycles, making it, on a molar
basis, 100-times more efficient than ascorbic acid as a cellular redox molecule,34-36

While biochemically intriguing in its own right, the PQQ biosynthesis pathway contains an
independent RRE protein that can serve as a model system for understanding the
presentation of precursor peptides by enzyme-integrated RRE domains, which are present in
more than 50% of all PRPS pathways.> 37 PQQ biosynthesis requires five to six genes
encoded by the pgq operon; pggA-E are absolutely required, while an additional gene for a
putative protease, pggF, is also often present.2l: 38 PQQ biosynthesis is initiated when the
precursor peptide, PqgA, is recognized and bound by PqgD for presentation to the first
tailoring enzyme, PqqE, a member of the radical S-adenosyl methionine (rSAM)
superfamily of enzymes that additionally contain a C-terminal Subtilosin, PQQ, Anaerobic
Sulphatase (anSME), and Mycofactocin (SPASM) domain.38 PqqD is a member of the
structurally conserved RREs, but is unusual in being a stand-alone peptide chaperone, as
most RREs are domains within PRPS biosynthesis enzymes.37: 3% The core segment of PgqqA
contains an absolutely conserved EXXXY sequence, where the glutamate and tyrosine
residues contain all the carbons and nitrogens comprising PQQ (Fig. 1).40: 41

This paper presents the NMR solution structure for Methylobacterium extorquens (Me)
PaqgD, which represents the first experimental structure of PqqD in its physiological
monomeric form. Further, we identify the residues of PqgD involved in binding PqgA alone,
and in binding PqgA and PqqE within the ternary complex. These findings are placed in the
context of other structural work on RRE domain interactions with RiPP precursor peptides
and the enzymes of which they are a part.

EXPERIMENTAL PROCEDURES

Materials

The T4 DNA ligase and all restriction enzymes were purchased from New England BioLabs
(Ipswich, MA). Oligonucleotides were purchased from Eurofins (Huntsville, AL).
Polymerase was obtained from Agilent (Santa Clara, CA). DNA sequencing was performed
by the University of California DNA Sequencing Facility (Berkeley, CA). The precursor
peptide, MePqgA (Uniprot Q49148), was chemically synthesized and purified (80% purity)
by CPC Scientific (Emeryville, CA), and was used without further purification in
experiments. The MePqgA peptide used in these studies did not include the N-terminal
methionine, and residue 11 was changed from a cysteine to a serine to avoid inter-peptide
crosslinking. The final sequence for the construct was

KWAAPIVSEISVGMENTSY ESAEIDTFN (the absolutely conserved EXXXY sequence is
highlighted).
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Recombinant expression of 13C,15N-labeled PqqD

Although PqgD predominantly exists as a separate protein in most PQQ biosynthesis
pathways, MePqqD is found N-terminally fused to MePqqC. A truncation of MePqqCD
(Uniprot Q49150) containing only the MePgqD portion was constructed, as done in previous
studies in which the presence of the MePqqC portion of the native polypeptide was shown to
have no effect on MePgqgA and MePqgE binding to MePqgD.42 The truncation sequence
was derived by aligning the MePgqCD natural fusion sequence with PqgD and PqgDE
sequences from 8 other bacterial species: Pseudomonas putida, Acinetobacter calcoaceticus,
Klebsiella pneumoniae, Azotobacter vinelandii, Gluconobacter oxydans,
Rhodopseudomonas palustris, Methylocystis sp. (containing the natural fusion, PqqDE), and
Xanthomonas campestris (XcPqqD)(Clustal Omega, www.ebi.ac.uk/Tools/msa/
clustalo/).43-45 The 94 residues comprising the MePqggD used in the study include an N-
terminal methionine followed by 5 residues (EPTAF) representing the juncture of the linker
and PqggD protein and the remaining C-terminal residues from MePqqCD. Thus, the
MePqqD sequence is:

MEPTAFSGSDVPRLPRGVRLRFDEVRNKHVLLAPERTFDL DDNAVAVLKLVDGRNT
VSQIAQILGQTYDADPAIIEADILPMLAGLAQKRVLER (Fig. S1).

The truncated MepgqD gene construct was cloned into a kanamycin resistant pET28a vector
with an N-terminal Hisg-tag (EMD Millipore). The gene was used to transform £. co/iBL21
(DE3) cells for gene expression. Cells were grown aerobically in minimal media
supplemented with 13C- and 15N-labeled ammonium chloride and D-glucose, respectively
(Cambridge Isotope Laboratories, Tewksbury, MA). Yield for the Hisg-tagged, 13C-,15N-
labeled MePqqD was 27 mgs per liter of culture. After immobilized metal affinity
chromatography purification (nickel column), the protein was buffer exchanged into 25 mM
potassium phosphate at pH 6.5 for all NMR experiments. For experiments involving the
ternary complex only, the PqgD sample had been lyophilized for storage.

Recombinant expression of unlabeled PqqE

The gene encoding MePqgE (UniProt P71517) was cloned into the pET28a vector from
genomic DNA using the Ndel and Xhol restriction sites. After sequence verification, the
cloned gene was used to transform £. coli BL21(DE3) that also contained a sufoperon
plasmid, pPH149, for gene expression. The pPH149 and pggEAET 28a-transformed cells
were grown aerobically at 37 °C in TB media containing 35 g/ml chloramphenicol and 50
g/ml kanamycin. At a cell density of Aggg = 0.6, 50 pM iron(l11) citrate and 5 mM fumarate
were added. The growth flasks were immediately stoppered to transition to anaerobic
conditions. Anaerobic growth was allowed to continue for 30 minutes at 37 °C, after which
the expression of Hisg-MePqgE was induced by adding 0.4 mM isopropyl-D-
galactopyranoside. Following a 12-hour induction period at 19 °C, cells were centrifuged for
10 minutes at 6,500 rpm and then frozen. Subsequent work was performed in an anaerobic
chamber. Cells were suspended in 5x (mass of cell paste) degassed 50 mM Tris buffer, pH
7.9, 50 mM imidazole, 1 mM TCEP, and 200 mM sodium chloride (lysis buffer). Cells were
lysed following the manufacturer’s protocol for BugBuster (Novagen). BugBuster was
supplemented with Benzonase (Novagen). Lysate was transferred into sealed tubes for
centrifugation (outside the anaerobic chamber) for 15 minutes at 20,000 rpm. The sealed
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tubes were then moved back into the anaerobic chamber where the combined supernatants
were loaded onto a 5 ml His-Trap FF column (GE Healthcare) using a peristaltic pump. The
column, maintained at 22 °C, was washed first with lysis buffer to remove non-tagged
protein and then with a degassed solution consisting of 300 mM imidazole, 50 mM Tris (pH
7.9), 1 mM TCEP, and 200 mM sodium chloride to elute the tagged protein. Fractions were
combined, concentrated, and buffer exchanged using PD-10 columns equilibrated with
degassed 50 mM Tris (pH 7.9), 100 mM sodium chloride, 5% glycerol, and 1 mM TCEP.
The protein, anaerobically aliquoted and sealed in cryogenic vials, was then flash frozen in
liquid nitrogen. SDS-PAGE was used to confirm protein homogeneity. Hisg-MePqgE yield
was 18 mgs per liter of culture.

NMR Experiments

The PqgD protein was highly stable, and periodic 1H,15N-HSQCs on the single sample used
for all experiments showed no discernable degradation over the multiple months of data
collection. Likewise, the varying ratios of PqqD + PqgA and PqgD + PqgA + PqgE were
highly stable, and a single preparation of each of these also lasted for the duration of the
experiments needed for structure determination and binding studies. Protein samples were
stored at 4°C when not in use.

All NMR experiments were performed using D,O matched 5 mm Shigemi microtubes. The
PaqgD sample contained 0.14 mM MePqqgD, 1.0 mM sodium azide, and 5% D,0O. The
physiological stoichiometry for PqgD with PqgA is 1:1, with a dissociation constant (Kp) of
~200 nM for MePqgA-PqqD.*2 To determine the proper molar ratio of PqqD and PgqA for
defining the residues of PqqD affected by binding PqgA, three 2D 1H,1°N-HSQC spectra
were acquired in ratios of 1:0, 1:0.7, and 1:1.3 of PqqD:PqgA, respectively. The 2D HSQC
spectra demonstrated that at the PqqD:PqgA ratio of 1:1.3, all chemical shift changes were
complete with peaks fully evolved. The PqqD + PggA samples were made by adding 0, 5,
and 10 pL of 6.4 mM PqgA, in identical buffer, to the 270 pL PqgD only sample (for the 1:0,
1:0.7, and 1:1.3 sample ratios, respectively). The starting concentration of PqqD was 0.17
mM in the presence of 1.0 mM sodium azide, and 5% D,0.

The physiological stoichiometry for PqgA with PqgE and PqgD is 1:1:1, with Kss of ~12
UM for the MePqgD-PqqE binary complex, and ~5 uM for the MePqqD-PqgA-PqqE ternary
complex.#2 Protein solubility was an issue with the PqqD + PqgA + PqqE sample, as PqqE
tended to precipitate out of solution as the ratio of PqqE to PqgD exceeded 0.2 to 1.
However, chemical shift assignments for the identification of PqqD residues involved in
binding PqgE in the presence of PqgA could be ascertained using a ratio of 1:1.25:0.2 for
PaqD:PqgA:PqgE. Therefore, the PqgD + PggA + PqqE sample was made to a similar
volume as the other samples, but contained 0.80 mM MePqgD (~ six times the quantity used
in the previous experiments in order to increase signal-to-noise due to the weak NMR signal
of the slower tumbling ternary complex), 1 mM MePqgA (25% excess over PqgD), 0.16
mM MePqqE (only 20% of PqgD), 1.0 mM sodium azide, and 5% D,0O The PqqE was
diamagnetic as the samples were treated aerobically throughout all experiments, as was done
in the previously published work that determined As.42
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All experiments were performed at 25°C on Bruker 850 or 900 MHz spectrometers, each
equipped with 5 mm TCI CryoProbes. NMRPipe*® was used to process experimental data.
Proton chemical shifts were calibrated with respect to the water signal relative to 4,4-
dimethyl-4-silapentane-1-sulfonic acid (DSS), and 13C and 1°N chemical shifts were
indirectly referenced to DSS.#” Data were analyzed leading to peak assignments using
Sparky.*8 The complete backbone and side chain chemical shift assignments for MePgqD
have been deposited in the BioMagResBank (BMRB) database (www.bmrb.wisc.edu) with
accession numbers 26634 for PqgD only, 26690 for the PqgD + PqgA complex, and 26696
for the PqqD + PggA + PqqE ternary complex.49: 50

Binding studies (PqqD + PqgA)
As for chemical shift assignments, NMR data acquired from PqgD + PgqgA were similar to
that of PqgD alone. Typically, sequence-specific backbone assignments were completed
using two 3D spectra, IBS_Best HNCACB and IBS_Best_ HN(CO)CACB.5! The
IBS_Best HNCACB experiment finds both intra- and inter-residue correlations, whereas the
IBS_Best HN(CO)CACB finds only inter-residue correlations. The IBS_Best version of the
two experiments improves signal sensitivity. Combining these two spectra, backbone
chemical shifts including THy, 1°N, 13CA, and 13CB were assigned.*® The assigned 1Hy
and 15N shifts were then used to identify PqgD residues involved in the binding of PqgA.
Data sets acquired from experiments using both PqgD alone and PqgD + PggA samples
were used to assign 13C” and sidechain chemical shifts.#® Complete chemical shift
assignments were obtained for both samples. Finally, an overlay of the 1H,15N-HSQC
spectra for PqgD alone and PqgD + PqgA identified residues where the weighted peak shifts
(Equation 1)52 were at least 1.5 standard deviations from the statistical mean for all shifts,
thus indicating which of the RRE residues are involved in binding the precursor peptide.

AST N\ /As15 2
A(Sweighted: \/( 1 1 > + ( = >
1)

Binding studies (PqqD + PqgA + PqgE)

at

A comparison of the 2D 1H,1°N-HSQC spectra acquired from samples PqgD alone, PqgD +
PqagA, and PqgD + PqgA + PqqE showed that the changes in chemical shifts for spectra
from the binary complex to the ternary complex were not as significant as those from PqqD
alone and PqgD + PggA. It was not, therefore, necessary to acquire a full set of NMR data in
order to assign the chemical shifts of PqgD in the ternary complex as it was for PqgD +
PggA. We were able to use the assigned chemical shifts of PqgD in the binary complex and
limited NMR data for PqgD + PqgA + PqqE to assign the backbone chemical shifts of PqgD
in the ternary complex. These data included a 3D IBS_Best HNCA, a 3D HNCO, and the
first 1H-13C 2D plane of an HN(CA)CO, allowing for the assignment of chemical shifts for
backbone Hy, N, CA, and CO.5! No experiments aimed at assigning sidechain chemical
shifts were performed. A 2D H,1°N-HSQC using the IBS_SOFAST pulse sequence was
also acquired.>3 The IBS_SOFAST pulse sequence enhanced signal sensitivity to about three
times that of a regular HSQC, and allowed for the acquisition of a 2D HSQC with high
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sensitivity in just 20 minutes. Again, an overlay of the 1H,15N-HSQC spectra for PqqD
alone versus that of PqqD + PgqgA + PqqE identified residues where the weighted peak shifts
were at least 1.5 standard deviations from the mean for all shifts, indicating RRE residues
involved in binding the initial tailoring enzyme, PqqE, during peptide presentation.

3D structure determination

To determine the three-dimensional structure of MePqqD, we utilized internuclear distances
from NOE spectra, dihedral angles estimated from the chemical shifts using TALOS+,
scalar $JynHa coupling constants from HNHA spectrum, and hydrogen bonds (Table
1).54.55 Even though the only deposited structure for PqqD (XcPqqD, PDB ID: 3G2B) is a
non-physiological dimer in which p-hairpins are exchanged between monomers, an /n silico
PggD monomer model was created using PyMOL by combining the p-hairpin from one
monomer with the a-helical bundle of the other (Fig. $2).58: 57 This model had a fold similar
to the RRE domains of PRPS biosynthesis enzyme crystal structures, and was used to inform
NOE peak assignments. The intensities of NOE cross peaks of two 3D 15N- and 13C-edited
NOESY spectra were binned into three categories: strong, medium, and weak,
corresponding to 1.8-3.7 A, 1.8-5.0 A, and 1.8-6.0 A distance restraints, respectively. A
total of 2,697 NOE-derived distances were obtained from the NMR spectra and converted
into unambiguous structural restraints. On average, we obtained 28.7 unique distance
restraints per residue. The chemical shifts for the 1Hg, 13C,, 13Cg, and 3CO resonances
were used as an input for TALOS+ to predict the backbone dihedral angles ¢ and . A total
of 158 ¢ and  angle restraints were implemented in the structure calculation protocol.
Three-bond scalar 4Jynpa coupling constants were obtained from the 3D HNHA
experiment using J= sqrt(=Seross/ Sdiagonal)/ (21 8), Where the Sgross and Sgiagonal are the
signal intensities of cross and diagonal peaks, respectively, and § (= 0.013 sec) is the time
delay used in this experiment.> A total of 82 SJyyna coupling constants were entered into
the structure calculation protocol.

Structure calculations were performed using XPLOR-NIH version 2.37.58: 59 As a starting
structure, an extended conformation of the polypeptide with randomized dihedral angles was
used. Torsion angle restrained molecular dynamics (rMD) was carried out at 3,500 K for 100
ps. Subsequently, hybrid simulated annealing and rMD calculations were performed. After
several rounds of structure calculations, the conformers converged to a similar fold with ~1
A of root mean square deviation (RMSD) for all heavy atoms. At this stage, 15 hydrogen
bonds between the carbonyl and the amide groups of the backbone in the a-helices and
between B-strands were identified using two criteria: donor-acceptor distances < 2.4 A and
angles < 35°. Therefore, a total of 30 hydrogen bond restraints (each hydrogen bond having
two distance restraints) were included in the final stage of energy minimization. A hundred
conformers were calculated, and the 20 best structures were chosen for the final analysis.
During structural refinement, calculated structures and constraints were validated using the
Protein Structure Validation Suite (PSVS) (http://psvs-1_5-dev.nesg.org/). The average
RMSD:s for all atoms and for just the a-carbons were obtained using the PyMol “super’
command (allowing 5 outlier rejection cycles).?” The calculations were performed using the
lowest energy MePggD model’s core fold (residues 17-90) and the XcPqqD in silico
model’s core-fold (defined as residues 15-31 from one monomer and residues 34-88 from
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the second)(Fig. S2). The NMR solution structure for MePqgD, based on BMRB entry
26634, has been deposited in the RCSB Protein Databank (PDB) (www.rcsh.org) with the
PDB 1D 55XY.59: 61 Figures containing images of protein structures were created using
MacPyMOL,>” and NMR HSQC spectra were generated using Sparky.*®

Structure of Methylobacterium extorquens PqgD

This structure represents the first detailed physiological structure of PggD in its monomeric
solution state.#2 96. 62 The restraints used in the structure determination, and comparison
between the 20 lowest energy structures are given in Table 1. Labeled PqgD showed
excellent 1H,15N-HSQC signal-to-noise with clear peak separation even in the most peak-
dense regions of the spectra (Fig. 2). All backbone and sidechain 1H, 15N, and 13C chemical
shifts were assigned with the exception of 14 (out of 27) aromatic 13C’s and 4 (out of 21)
aromatic 1H’s, due to the inherent ambiguity of C-H definition within an aromatic ring.°
Based on 1Hg, 13C,, 13Cg, and 13CO chemical shift resonances, PqqD was predicted to
contain three B-strands and three a-helices, and the top 20 (lowest energy) annealed
structures display a common core containing precisely these elements (Fig. 3).

All residues in the ensemble (20 x 94) were in favored or allowed Ramachandran regions
with no residues in disallowed regions. PqqD structural order predicted by TALOS+%4 and
CSI12.053. 64 indicated a high level of disorder at the N-terminus (residues 1 to 7, Fig. S3).
This is perhaps not surprising as the PqgD construct used in this study was derived from the
natural MePqqCD fusion, and so the N-terminus in the native protein is connected to the
PgqC C-terminus via a 26-residue polypeptide linker (Fig. S4). There is no evidence that
PaqC and PqgD specifically interact, and so MePqgD can be viewed as “tethered” and
independent of MePqqC.

PqgqD residues involved in binding PgqgA

PggA must be bound to PqgD to become a substrate for the first enzyme in PQQ
biosynthesis, PqqE.®° To map the binding site, NMR was used to define the PqqD residues
with which PqgA interacts. 2D HSQC spectra demonstrated that at a PqgD + PqgA ratio of
1:0.7 (Fig. 4B), the chemical shifts observed were in identical positions to those for PqqD
alone (Fig. 4A) and PqqgD fully bound to PqgA (Fig. 4C). This indicates slow chemical
exchange relative to the NMR time scale, and is consistent with the reported K of ~200
nM.*2 As such, an HSQC titration experiment to track migrating peaks was not possible, and
all chemical shifts for the PqgD + PqgA sample had to be completely reassigned.

An examination of the weighted (Equation 1) H,1°N-HSQC peak shifts > 1.5¢ above the
mean shift between the unbound and binary complex spectra identified the following PqgD
residues as involved (either directly or indirectly) in binding PqgA: Phe38*, Asp39*,
Aspdl*, Aspd2*, Asnd3*, Aladd>, Valds, Vald7, Leud8, and Val91 (asterisks indicate
residues > 2o above the mean shift). These residues are almost contiguous in the primary
sequence (38-48), except for residue 91, and those with = 2o above the mean shift are
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located in the third p-strand (B3) and first a-helix (a1) (Fig. 3C) that together form a
“saddle” in the structure between the B-sheet and the a-helical bundle (purple, Fig. 5).

Additional PqqD residues perturbed when PqqE binds the binary complex, PqgD + PqgA

For the rSAM enzyme, PqqE, to act on the precursor peptide, PqgA, it must be bound to
PqqD.%5 PqqE is the first enzyme in PQQ biosynthesis, and it catalyzes the formation of a
carbon—carbon cross-link between the Tyr and Glu of PqgA, the residues that provide most
of the raw material for PQQ (Fig. 1).52 65 Although MePqqE can form a binary complex
with MePqqD in the absence of MePqgA (Kp ~ 12 pM), it is the ternary complex PqqD +
PqgA + PqqE that is physiologically relevant.42 62. 65 Therefore, NMR was used to define
additional residues on PqgD that were involved in binding PqqE within the context of the
ternary complex. PqqE is large compared to PqqD and PggA (MePqgE, 41.7 kDa; MePqqD,
10.4 kDa; MePqgA, 3.07 kDa), and so the ternary complex tumbles significantly more
slowly than PqgD + PqgA. To overcome the resulting weaker signal-to-noise the
concentration of PqgD was increased, but this led to PqqE precipitating out of solution at
ratios greater than 20% PqqD. Therefore, while PqqE binding to the PqgD + PggA complex
was within the regime where an NMR titration experiment could be possible (Kp~5 pM), it
was impractical.#2 Even though PqgD, PqgA, and PqgE bind in a 1:1:1 ratio, PqqE at 20%
the concentration of PqgD was sufficient to visualize HSQC peak shifts (Figs. 2B, 2D).
Reassignment of the chemical shifts was carried out for backbone atoms only.

1H,15N-HSQC peak shifts = 1.50 above the mean shift between the binary complex and
ternary complex spectra indicated that the additional PqgD residues involved in binding
PqqE in the presence of PqgA are: Ser9*, Leu20, Leu31*, Ala33*, Leu40, Asp71, and
Arg94* (asterisks indicate residues > 2o above the mean shift) (Fig. 5). The two most N-
terminal B-strands and residues in the N-terminal and C-terminal tails of the polypeptide are
interacting (directly or indirectly) with PqqE. Interestingly, Leu40 that showed no peak shift
in the PqgD + PggA complex, but lies between the p-strand and a.-helix to which PqgA
binds, now becomes perturbed in the ternary complex (green, Fig. 5). Whether this is a
direct interaction, or an indirect effect mediated through PqgA, is currently unknown.

DISCUSSION

The monomeric NMR structure of MePqqgD represents the first detailed, physiologically-
relevant structure of PqgD

Size exclusion chromatography, along with small angle x-ray scattering (SAXS) experiments
and now NMR, show that PqgD is physiologically monomeric.42 62 The MePqqD NMR
solution structure closely resembles the /in silico models created to model the SAXS data,
and to show that PqqgD likely belongs to the “prevalent peptide-binding fold” in PRPS
biosynthesis pathways.3": 42 These in silico models, and the model used to assist with NOE
peak assignments, were informed by an earlier x-ray structure (PDB ID 3G2B) showing the
protein as a dimer.56 The XcPqqD dimerization observed in the structure was likely due to
the high protein concentration required for crystallization.>® While the secondary structure is
largely intact in the XcPqqgD crystal structure, the first two B-strands from the p-sheet
subdomain of one monomer have switched with the equivalent subdomain portion of the
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second monomer. Interestingly, the subdomain-swapped elements from the XcPqqgD crystal
dimer retain very similar packing between the a-helices and p-sheet as observed in the
MePqggD monomer (Fig. S2). The RMSD for alpha carbons of the XcPqgD core fold (B1-p2
from one monomer and B3, a1l-a3 from the second) and the MePqqgD core fold was 1.72
AZ. This indicates remarkable fold similarities between the NMR structure for MePqgD and
the subdomain-swapped monomer from the XcPqqD crystal structure.

The B-strands and a-helices in MePqqD also closely match the constituent RRE folds seen
in three PRPS biosynthesis enzymes for which crystal structures in complex with peptide
exist; Lactococcus lactis NisB (PDB ID 4WD9), a lanthipeptide dehydratase in the
biosynthesis pathway of nisin;5¢ Lyngbya sp. PCC-8106 LynD (PDB ID 4V1T), a fused
cyclodehydratase involved in cyanobactin biosynthesis;5”- 68 and £. co/i MccB (PDB ID
3H9Q), an adenylating enzyme in the microcin C7 pathway,5° (Fig. 6).

PggA binding to PqqD

Chemical shift perturbations observed during substrate binding can be caused directly by
non-covalent interactions with either solvent molecules or binding partners, or indirectly by
alterations to the conformational environment of residues not in direct contact. Comparing
the residues that showed the greatest chemical shifts in the PqqD + PqgA 1H,1°N-HSQC
with the peptide positions in the NisB, LynD, and MccB crystal structures, PqgA appears to
bind to a similar region on the surface of PqqD as the peptides of NisB and LynD (Fig.
6D).%6. 70 |n the case of MccB, the substrate, MccA, is a heptapeptide, one of the shortest
RiPP substrates known, and the short length does not enable substantial interactions with the
MccB RRE (Fig. 6C).59 As such, the MccB—MccA interaction is likely atypical with contact
limited to one end of the RRE B-sheet, principally through the side chain of MccA Arg2. In
the cases of NisB and LynD, the peptide forms an additional -strand to the core p-sheet
with the expected main chain hydrogen bonds to 83, and this constitutes the defining, major
interaction with the RRE. In the case of PqqgD, the B3 strand chemical shifts are significantly
perturbed, suggesting that PqgA may also form a p-strand with the PqqD B-sheet. The
residues prior to those within the p-strand adopt different conformations in the NisB and
LynD peptides (Fig. 6). Despite this, both the NisB and LynD peptide side chains in this
region interact with the N-terminal a3 helix side chains, and primarily involve bulky
hydrophobic residues, such as Leu, Tyr, and Phe. However, it should be noted that the first
four ordered residues of the LynD peptide are in a substantial crystal contact that may
influence the conformer observed in this particular case. Although the binding of PqgA does
not lead to large chemical shift perturbations in the a3 helix of PqqgD, it is likely that there
are interactions between these two elements. Interestingly, residues at the N-terminus of the
al helix of PqqD show large chemical shift changes when complexed to PqgA (Fig. 5). This
could suggest that PqgA folds over the saddle between the B2 strand and a.2 helix of PqgD
in a direct interaction, but equally the effect could indirectly arise from the interaction
between PqgA and the B3 strand of PqgD, which is immediately N-terminal to the a1 helix.

PqgqE binding to the PqgD-PqgA complex

For NisB, LynD, and MccB, the enzyme portion of the RRE-enzyme superstructure interacts
with the RRE domain such that the B3-a1 and a2-a.3 loops and the associated ends of those
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secondary structures are solvent exposed (Fig. 6A—C). Results from the PqqD + PqgA +
PqqE binding experiments indicate that PqgD positioning relative to PqqE is similar to the
position seen in the RRE-enzyme superstructures of NisB, LynD, and MccB (Fig. 6). RiPP
precursor peptides are bipartite, with an N-terminal leader sequence involved in RRE-to-
precursor peptide recognition, and a C-terminal core sequence that contains the residues
ultimately comprising the final RiPP natural product.® Since the C-terminal core portion of
PggA must insert into the active site of PqqE, it is likely that the peptide is oriented such that
the N-terminal end is close to the a2—a.3 loop and the C-terminal end of the leader of PqgA
lies at the p2—p3 loop, as observed in NisB and LynD. While the NisB and LynD leader
sequences of the respective precursor peptides contain 23 and 43 residues, the peptide
segments for which electron density was observed and modeled were only 13 and 15
residues long, respectively, and represent only the residues critical to recognition (Fig.
6E).”% 71 In both cases, the amino acids bound to the RRE domain are significantly
upstream from the start of the core peptide that is acted on by the enzyme (8 residues in
NisB, and 9 residues in LynD). In both these cases, the active sites are relatively distant from
the last ordered residue of the precursor peptide bound by the RRE (LynD, > 25A; NisB, >
30A). In contrast, the entire leader of PqgA is a similar length to the ordered peptide
observed in the LynD and NisB crystal structures, with only 14 residues N-terminal to the
Glu residue that is cross-linked to Tyr through the action of PqgE.%° These observations
suggest that the majority of the PqgA leader is likely bound to PqgD, placing the PqgA
EXXXY core sequence very close to the RRE with few intervening residues such that the
interaction between PqqgD and the PqqE active site may be quite intimate. PqQE is a rSAM
enzyme, and the chemistry must be sequestered from solvent.”2 Although the structure of
PqqE is currently not known, an additional function of PqgD may be to act as a plug to
prevent quenching of the radical by solvent during turnover.”2 This is in contrast to LynD
and NisB, both dehydratases, where reaction byproducts need to exit the active site (ADP/
phosphate and glutamate, respectively), and the RRE domains are more distant.66: 70 This
additional function may be specific to RiPPs whose biosynthesis involves rSAM enzymes,
suggesting that even if the RRE is part of the polypeptide of the rSAM enzyme, it may
require more mobility than the RRE domains of NisB, LynD, and MccB. Supporting the
hypothesis that PqgD acts as a plug is the presence of a long linker (26 residues) seen in the
MePqqCD natural fusion (Fig. S4).

It should be noted that the NMR experiments with PqqE were conducted aerobically, which
means that the active site and SPASM domain Fe-S clusters were oxidized, and probably
partially occupied; even the anaerobically isolated PqgE contains incomplete clusters that
need to be reconstituted.8 As well as the [4Fe-4S] cluster of the rSAM active site, the PqqE
SPASM domain contains a [4Fe-4S] and a second cluster that may be a [2Fe-2S].6% 73
Electron paramagnetic resonance data indicate that the binding of PqgD affects at least one
of the [4Fe-4S] clusters, which is consistent with the hypothesis that PqgD must bind in
close proximity to the active site.52

It is becoming clear that rSAM-SPASM enzymes are widespread (~14,000 annotations in the
Interpro sequence database), particularly in association with RiPPs. The prevalence of rSAM
enzymes in RiPP biosynthesis (both with and without SPASM domains) is likely linked to
the inherent ability of radicals to initiate peptide chemistry. Bioinformatics suggests that ~
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50% of all RiPP rSAM-SPASM enzymes have an identifiable N-terminal RRE domain as
part of the polypeptide, although in mycofactocin biosynthesis, like PQQ, the RRE is present
as a separate protein, MftB.42: 74 75 The chemistry catalyzed by these enzymes includes
carbon-carbon bond formation (PqqE,%® StrB76), oxidative decarboxylation (MftC’# 75), and
thioether bond formation (AIbA,”7: 78 SkfB, 7% 80 ThnB,81 SCIFF maturase®?). The final
RiPP products are chemically diverse with a wide-range of physiological functions;
antibiotic (thurincin H, subtilosin A), growth regulation (sporulation killing factor),
signaling (streptide), and redox cofactors (PQQ). Unfortunately, the only crystal structure of
a rSAM-SPASM enzyme is that of anSME, which is not part of a RiPP pathway but activates
a sulfatase under anaerobic conditions through post-translational modification.83 Therefore,
the structural details of how peptide substrates are presented to the prevalent rSAM-SPASM
enzymes found within diverse RiPP biosynthesis pathways are currently unknown. This
work provides the first insight by identifying residues in PqqgD that interact with PqqE, and
showing that the binding surface overlaps with that of PqgA.

In conclusion, the first detailed monomeric structure of PqgD is presented. Mapping of
chemical shifts perturbed by binding of PqgA, the precursor peptide, demonstrate that the
binding mode of the PqgA leader peptide is likely similar to that observed in crystal
structures of the unrelated dehydratases, LynD and NisB, utilizing a cleft formed between
the a3 helix and B3 strand. The length of the ordered leader peptide bound to the RREs of
LynD and NisB suggests that the core EXXXY residues of PqgA lie adjacent to the PqqD
bound peptide. This suggests that the PqqE active site lies very close to PqgD in the ternary
complex, and so PqgD may play the additional role of sequestering the PqqE radical
intermediate from solvent. Structural work to precisely define these interactions is currently
underway.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

PQQ pyrrologuinoline quinone
PQQH- the reduced form of PQQ

RiPP ribosomally produced post-translational modified peptide (refers to the
product, not the pathway)

RRE RiPP recognition element (the protein or protein domain that binds the
precursor peptide)
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HOOC

Figurel.
Chemical structure of PQQ. All of the carbons and nitrogens in PQQ come from a glutamate

and tyrosine in an absolutely conserved EXXXY sequence located in the precursor peptide,
PggA. Atoms and bonds in red are derived from the glutamate, and those in blue are from
the tyrosine. Black represents modifications during biosynthesis.
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(A) 1H,15N-HSQC of PqqD alone (blue peaks) overlaid with the 1H,1°N-HSQC of PqgD in
complex with PqgA (red peaks). (B) 1H,1°N-HSQC of PqqD in the binary complex with
PggA (red peaks) overlaid with that of PqgD in the ternary complex with PqgA + PqqE
(green peaks). (C) Expanded section from panel A showing peak separation. (D) Expanded

section from panel B showing peak separation.
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Figure 3.
NMR structure of MePqgD. (A) Topology and location of secondary structure vs primary

sequence as predicted by TALOS+ (a) and CSI2.0 (b). (B) Ca trace of the superposition of
the 20 lowest energy NMR conformers. (C) Cartoon of the lowest energy conformer. a.-
helices, red; p-strands, yellow; loops, green.
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Figure 4.

(A). 1H,15N-HSQC for PqgD alone. (B) The spectrum before saturation at a PqgD:PgqA
ratio of 1:0.7. Peaks colored based on assignment to PqgD alone (panel A) or the PqqD +
PqagA complex (panel C). (C) The fully evolved spectrum indicating saturation at a ratio of

1:1.3.
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Figureb.
PqqD residues identified as having *H,15N-HSQC peak shifts = 1.5 above the mean shift

are indicated for the complex with PqgA (purple) along with additional residue peak shifts
upon addition of PqqgE to the PqgD + PqgA complex (green). Ternary complex interactions
are based on chemical shifts of the backbone only, however sidechains are displayed for
recognition ease. PqqD cartoon and molecular surface renderings from the same viewpoint
are shown in each panel, with panel B being a 120° rotation of panel A around an axis
vertical in the plane of the paper.
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MccB

NisB’s precursor peptide:
p——— shown ——
MS KDSGASP1ITSISLCTPGCKTGALMGCNMKTATCHCSHIvSK

leader core

MDEENILPQQGQPVIRLTAGOIRSSINNARIANIREDACLEASKITACITFCAYDGELE
leader core

LynD’s precursor peptide:

PqqA:

KWAAPIVSEISVGMEVTSYESAEIDTFN

< leader core >
Figure®6.

Comparison of PqgD to RREs from other PRPS enzymes in complex with peptide. (A)
NisB, PDB 4WD?9 (residues 142-223), (B) LynD, PDB 4V1T (residues 1-81), and (C)
MccB, PDB 3H9J (residues 1-78). Constituent RREs with bound peptides are shown as
cartoon and colored by secondary structure with bound precursor peptides drawn as stick
and colored purple. The enzyme of which the RRE is a part is shown as a gray molecular
surface. (D) PqgqD residues perturbed by binding PqgA and the rSAM enzyme, PqqE, are
colored purple and green, respectively. The peptides of NisB and LynD crystal structures are
overlaid based on superposition of the RREs with PggD (NisB peptide, light blue; LynD
peptide, dark blue). (E) Precursor peptide sequence comparison between NisB, LynD, and
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PggD. The peptide residues observed in the NisB and LynD crystal structures are white in
colored boxes. The most proximal residue that is post-translationally modified is colored
red.
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Table 1

Structural statistics for 20 model ensemble of MePgqD

NMR Restraints 2,967
Total distance restraints 2,697

Intraresidue (i-j=0) 549

sequential (Ji-j|=I) 862

medium range (I<[i-j|<5) 740

long range <|i-j|5) 546
Total dihedral angle restraints 158

[} 79

v 79
3Jnma coupling constants 82
Hydrogen bonds 30
RMSD from idealized geometry

bonds (A) 0.012

angles (deg.) 14
RMSD (A)

all backbone atoms of residues 7-93 0.7+0.1

all heavy atoms of residues 7-93 1.3+0.2

all backbone atoms of ordered residues * | 0-6 0.1

all heavy atoms of ordered residues 1.1+0.2
Ramaehandran

Most favorable regions 97.9 %

Allowed regions 21%

Disallowed regions 0%

*
Ordered residues: 7-21, 29-32, 39-61, 71-86, and 91-93.
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