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Abstract

Understanding the biosynthesis of cofactors is fundamental to the life sciences, yet to date a few 

important pathways remain unresolved. One example is the redox cofactor pyrroloquinoline 

quinone (PQQ) which is critical for C1 metabolism in many microorganisms, a disproportionate 

number of which are opportunistic human pathogens. While the initial and final steps of PQQ 

biosynthesis, involving PqqD/E and PqqC, have been elucidated, the precise nature and order of 

the remaining transformations in the pathway are unknown. Here we show evidence that the 

remaining essential biosynthetic enzyme PqqB is an iron-dependent hydroxylase catalyzing 

oxygen insertion reactions that are proposed to produce the quinone moiety of the mature PQQ 

cofactor. The demonstrated reactions of PqqB are unprecedented within the metallo β-lactamase 

protein family and expand the catalytic repertoire of non-heme iron hydroxylases. These new 

findings also generate a nearly complete description of the PQQ biosynthetic pathway.
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INTRODUCTION

The redox cofactor PQQ is a member of secondary metabolites annotated as ribosomally 

synthesized and posttranslationally modified peptides (RiPPs) and functions as a prosthetic 

group of alcohol and/or sugar dehydrogenases.1–5 PQQ is produced by a plethora of gram 

negative bacteria, a disproportionate number of which are opportunistic human pathogens, 

making the biosynthetic pathway for PQQ an attractive target for antibiotic development.
1, 6–8 Despite being categorized as a third major redox cofactor behind flavins and 

nicotinamides, a detailed account of PQQ biosynthesis has remained unresolved for over 40 

years.4, 6, 8–9

Gene knockout and bioinformatics studies indicate that five genes are required (i.e., pqqA-
E), and up to seven genes are implicated (e.g., pqqF and pqqG), in PQQ biosynthesis.8–9 The 

first step is a C-C crosslinking reaction between the conserved Glu and Tyr residues within 

the peptide substrate PqqA (Fig. 1a). This is catalyzed by the radical SAM enzyme PqqE 

and requires the protein PqqD to chaperone PqqA to the active site of PqqE for crosslinking.
10–11 The final and most characterized step of PQQ biosynthesis is catalyzed by PqqC, a 

cofactorless oxidase that carries out a step-wise 8 electron, 8 proton oxidation of the 

isoquinoline heterocycle AHQQ to PQQ.12–13 However, reactions occurring after the initial 

crosslinking by the PqqE/D complex and prior to the final reaction catalyzed by PqqC have 

remained an enigma (Fig. 1a).

PqqB belongs to the metallo β-lactamase (MBL) family, and contains two metal binding 

sites per monomer; one of these contains a tightly bound structural Zn2+ that induces correct 

protein folding and dimerization.14 The second metal binding site, and putative active site, 

presents a 2-His/1-Asp ligand set for metal coordination (see Supplementary Information 

Fig. S1). PqqB has been reported to hydrolyze amide and thioester bonds of the substrates of 

MBL and glyoxalase,15 respectively; however, the turnover rates for these processes are 

extremely low and suggest residual ancestral activity. Without a conclusive demonstration of 

robust PqqB activity, proposals of function remain speculative.8, 14, 16 Herein, we present a 

combination of metal and ligand binding studies, X-ray crystallography and detailed activity 

assays to show that PqqB is a previously uncharacterized hydroxylase. The aggregate data 

indicate that PqqB is capable of generating a hydroxyquinone intermediate that possesses 

the final quinone moiety of the mature PQQ cofactor. The implication of two stepwise 
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insertions of oxygen into the tyrosine ring of a PqqA-derived crosslinked diamino acid 

substrate, along with a down-pathway reaction also detected herein, permit a close to 

complete description of this elusive biosynthetic pathway.

RESULTS AND DISCUSSION

Metal and substrate analog binding determinates.

A range of metals (Table S1) and potential substrates (Fig. S2) were tested with the 

Methylobacterium extorquens PqqB (Me PqqB), which identified Fe2+ as the most probable 

catalytic metal ion. At the outset, we considered the crosslinked Glu-Tyr a likely substrate 

(Fig. 1a), and generated the synthetically tractable Cys-Tyr (a putative substrate analog) and 

Cys-DOPA (a mimic of a potential PqqB catalytic intermediate, discussed below); these 

analogs replace the methylene and γ–carboxylate of Glu by sulfur (Fig. 1b).17–18 Initial 

metal binding experiments assayed for the affinity of Cu2+, Zn2+, Fe2+, Fe3+, Mg2+, and 

Mn2+ within the inferred active site of PqqB (Fig. S3 and S4). The highest affinities detected 

were for Cu2+ followed by Zn2+ (Fig. S3, Table S1), initially suggesting that PqqB might be 

a novel copper-dependent enzyme. Additional experiments pursued the extent to which the 

addition of Cys-Tyr or Cys-DOPA leads to altered metal binding and/or new UV/Vis spectral 

features. As shown in Fig. S5, aerobic addition of Cu2+, Cu1+ (anaerobic), Zn2+ and Fe3+, 

but not Mg2+ nor Mn2+, gives rise to a charge transfer band between 300 nm and 350 nm in 

the presence of Cys-DOPA. The presence of Cys-DOPA also increases the strength of metal 

binding for Zn2+ and Fe2+ (Fig. 2a and b, Table S1). A similar trend of increased binding for 

Cu2+ was anticipated, but could not easily be tested due to the very high intrinsic affinity of 

Cu2+ in the absence of added ligand. The additional feature, of the comparative impact of 

Cys-Tyr vs Cys-DOPA on the strength of metal ion binding, was then examined. Only a 

single metal, Fe2+, is observed to undergo increase in affinity to Me PqqB in the presence of 

both Cys-Tyr (ca. 3-fold) and Cys-DOPA (ca. 10-fold), Fig. 2b. Of potential mechanistic 

importance, replacement of Fe2+ by Fe3+ obliterated the impact of Cys-DOPA on metal 

affinity (Fig. S4 and Table S1), which when taken collectively with the results above 

implicated a functional role for Fe2+.

The implied synergy observed for the binding of either Zn2+ or Fe2+ in the presence of Cys-

DOPA led to an examination of the affinity of Cys-DOPA to PqqB in the presence or 

absence of the non-redox active Zn2+. As assayed by ITC, the interaction of Cys-DOPA with 

MePqqB is negligible in the absence of Zn2+ (Fig. 2c) but undergoes very tight binding (Kd 

~ 200 nM) when excess Zn2+ is included in the titration (Fig. 2d). While a comprehensive 

analysis of all substrate analogs (cf., Fig. S2) was beyond the scope of this work, an X-ray 

structure of the Zn2+-PqqB-Cys-DOPA complex provides additional details on the substrate 

analog-metal interaction (presented below).

Fe2+-dependent hydroxylase activity of PqqB.

Our expectation was that the substrate analog Cys-Tyr might be capable of ring 

hydroxylation, mimicking an early step in the requisite addition of two addition oxygen 

atoms into the tyrosine precursor of PQQ. However, all efforts to establish a robust, metal-

dependent reaction of PqqB with Cys-Tyr were unsuccessful, with the notable exception of 
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an Fe2+-catalyzed oxidative decarboxylation of alpha-ketoglutarate (α-KG) (Fig. 3a and b 

and Fig. S6). The suggestion that α-KG, a common co-substrate of non-heme iron 

hydroxylases,19 could act as a redox co-substrate in PqqB came from the X-ray structure of 

the Mn2+-reconstituted enzyme from P. putida, which required malic acid to retain 

significant bound metal in the crystal.14 Addition of Cys-Tyr and α-KG to PqqB does, in 

fact, give rise to a slow increase in absorbance between 350 and 550 nm (Fig. 3a), though 

the very low level of product precluded detailed characterization. Reasoning that a highly 

uncoupled decarboxylation of α-KG might be occurring, we looked for evidence of the 

accompanying reaction product, succinate. As shown in Fig. 3b, succinate (comparable to a 

standard Fig. S6) is clearly detected by LC-HRMS in the reaction of Fe2+-PqqB with Cys-

Tyr and α-KG, falling to background when Cys-Tyr is excluded from the reaction mixture. 

The low (5% turnover after 1.5 h) but unambiguous (tens of μM) production of succinate 

indicates an uncoupling of α-KG decarboxylation from substrate hydroxylation in the 

presence of Cys-Tyr; this can be attributed to a disruption in the binding geometry as well as 

altered ring electronics and reactivity relative to a native Glu-Tyr substrate.

The final structure of PQQ (Fig. 1a) indicates that one oxygen atom must undergo insertion 

ortho-to the C4 hydroxyl of tyrosine, pointing toward Glu-DOPA as a reasonable first 

intermediate generated via a stepwise oxygenation of Glu-Tyr. We proceeded to synthesize 

the Cys-DOPA analog as a model for the putative Glu-DOPA, testing the former’s activity 

with PqqB. Remarkably, incubation of Cys-DOPA with Fe2+-reconstituted PqqB leads to an 

almost instantaneous (< 1 min) oxygen-dependent reaction (Fig. 3c), and occurs without 

detectable production of hydrogen peroxide (Fig. 3d). This process converts an initially 

formed charge-transfer complex to a 413 nm species in an O2-dependent process (Fig. 3e). 

Liquid chromatography-high resolution mass spectrometry (LC-HRMS) analyses showed a 

new ion of mass-to-charge ratio (m/z) = 331.0596 ([M+H]+) (Fig. 4a and Fig. S7) consistent 

with OH-Cys-DOPA quinone (+14 Da). The source of the inserted oxygen was then 

monitored by 18O-isotopic labeling. Reactions of Cys-DOPA and PqqB were carried out 

either in an atmosphere of 97% 18O2, or with 97% 18OH2 as a solvent, and evaluated by LC-

HRMS. The uptake of one oxygen atom during the reaction with 18O2 is shown from the 2 

Da change in the product: there is no mass change when the reaction is conducted in 18OH2 

(Fig. 4a) indicating that the source of the inserted oxygen is from molecular O2.

To confirm aromatic ring hydroxylation, and exclude the possibility of sulfur oxidation 

accompanied by quinol to quinone formation (also predicting a +14 Da product), we 

performed several essential controls. First, we reacted PqqB with L-DOPA (lacking the Cys 

moiety all together), observing a UV-Vis absorbance feature similar to the OH-Cys-DOPA 

quinone product (Fig. 3e); LC-HRMS analyses showed a product mass consistent with OH-

DOPA quinone (addition of 14 Da, Fig. S8). Next, tandem MS (MS/MS) analyses were 

performed on the product of the PqqB reaction with Cys-DOPA under an 16O2 atmosphere. 

Collision induced dissociation (CID) of the hydroxylated Cys-DOPA (m/z = 331.0596, [M

+H]+) produces a major fragment ion at m/z = 313.05 ([M+H]+) ascribed to a neutral loss of 

a molecule of water (−18 Da) (Fig. 4b). By contrast, CID of the 18O-labelled OH-Cys-

DOPA quinone (m/z = 333.0639, [M+H]+) resulted in fragment ions arising from loss of 

both 16OH2 (−18 Da) and 18OH2 (−20 Da), leading to the distribution of peaks shown in Fig. 

4c. While a loss of 18 Da could arise from lactone formation between the inserted oxygen 
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and side chain carboxylate, the loss of 20 Da requires scission of the newly inserted OH. 

From the near equal distribution of −18 Da and −20 Da fragments we suggest loss of a 

hydroxyl group from an equilibrium mixture of tautomeric trihydroxyquinone structures 

(either 18OH from C-2 or 16OH from C-4 (Fig. 4). These results both confirm production of 

OH-Cys-DOPA quinone and rules out a dominant oxidation of the thioether occurring 

concomitant with quinol oxidation. These assignments are fully supported by our failure to 

detect significant peroxide production, indicating that water is the second product derived 

from O2 reduction (Fig. 3d). While it is conceivable that a net 4-electron oxidation of both 

sulfur and the quinol of Cys-DOPA could lead to some water production, at least some 

hydrogen peroxide is expected from two parallel oxidative processes.

The collective results of (i) rapid ring hydroxylation of Cys-DOPA and (ii) conversion of α-

KG to succinate in the presence of Cys-Tyr provide strong support for a PqqB-catalyzed 

hydroxylation of both the C2 and C3 positions of the PqqA-derived diamino acid substrate 

(Fig. 1a, numbering based on the Tyr ring alone). We note that the above data cannot 

distinguish between an oxygen addition to Cys-DOPA at the 2-vs. the 6-position of the 

DOPA ring; however, the fortuitous observation of a downstream product from OH-Cys-

DOPA quinone (discussed below) provides experimental support for the regiochemistry 

presented in Fig. 1a.

X-ray structure of the inactive Zn2+-PpPqqB-Cys-DOPA complex.

To interrogate the structure of a Cys-DOPA complex we soaked this analog into crystals of 

Pseudomonas putida (Pp) PqqB reconstituted with inactive Zn2+ in the active site. Attempts 

to obtain a crystalline complex of Cys-DOPA with Zn2+-MePqqB were unsuccessful, but 

this was achieved using Zn2+-PpPqqB crystals (41.5% sequence identity, Fig. S1)14. The X-

ray structure of this complex shows high occupancy of Cys-DOPA at the active site and 

close contact of the DOPA moiety with the metal ion (Fig. 5, Fig. S9 and Table S2). This is 

consistent with the metal-dependent tight binding of Cys-DOPA (Fig. 2d) and observed 

charge-transfer complexation (Fig. S5). These structural studies confirm the location of the 

active site of PqqB and suggest a functional role for the metal ion.

Although omit electron density was strong in the active site, the Cys-DOPA could be 

modelled in multiple binding modes (Fig. S9a). One Cys-DOPA model is ligating the zinc as 

a monodentate through the O–3 position of the DOPA moiety (Fig. S9b), but there are other 

off-metal binding modes within the electron density at occupancies similar to the metal-

ligated mode (one is shown in Fig. S9c). In one of the possible poses for Cys-DOPA, the 

electron density also contains difference density consistent with displacement of the metal-

coordinating Asp92 ligand (Fig. S9 and S1)14; this may be relevant to the mobility of this 

Asp ligand in our proposed catalytic mechanism (Fig. 7 below). More than three distinct 

Cys-DOPA poses could simultaneously fit into the electron density, and although we refined 

combinations of these with differing relative occupancies, the results were unable to fully 

account for all the electron density. In light of this low level of data resolution, the deposited 

structure (PDB ID 6E13) was restricted to the protein without the bound ligand. The 

presence of multiple binding modes may well be the result of features that include the 

absence of a gamma-carboxylate in the Cys-DOPA analog as well as a tetrahedral geometry 
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associated with zinc ligation that contrasts with an anticipated octahedral geometry for an 

active Fe2+ as observed in the Mn2+- reconstituted PpPqqB (PDB ID 4Z67)14. There is also 

the unresolved issue of whether the cross-linked Glu-Tyr product formed with PqqE/D will 

undergo full hydrolysis prior to interaction with PqqB. This question is under further 

investigation in the laboratory.

Identification of a downstream product from OH-Cys-DOPA quinone.

While monitoring the PqqB catalyzed formation of OH-Cys-DOPA quinone from Cys-

DOPA, we observed a slower, time dependent, second product (Table S3) that is red-shifted 

in its absorbance features (Fig. 6a) and detected as an ion of m/z = 313.0490 ([M+H]+) (Fig. 

6b). MS/MS analysis (Fig. 6c) and comparison of this products’ λmax at 460 nm to AHQQ13 

suggested an isoquinoloid heterocycle derivative that is a structural analog AHQQ (Fig. 1a), 

the direct precursor to PQQ.13 Importantly, we were able to follow stable isotope 

incorporation from 18OH-Cys-DOPA quinone (formed in the presence of 18O2) into the 460 

nm product, observing an ion of m/z = 315.0528 ([M+H]+) under these reaction conditions 

(Fig. 6b, inset). Thus, the new product is concluded to derive from OH-Cys-DOPA quinone 

in a precursor-product fashion.

We estimate the rate of conversion of OH-Cys-DOPA quinone to the proposed isoquinoloid 

product to be ca. 10-fold slower than the initial hydroxylation of Cys-DOPA (Fig. 6a inset). 

Determination of the relative amounts of OH-Cys-DOPA quinone and isoquinoloid by LC-

HRMS indicated that up to 15% of the original Cys-DOPA converts to the isoquinoloid 

within 10 minutes (Table S3), and that this value does not change substantially at longer 

incubations. Given the evidence for a precursor-product relationship between OH-Cys-

DOPA quinone and isoquinoloid, one explanation for a leveling off of the latter at ca. 15% is 

the presence of competing reactions in which bound OH-Cys-DOPA quinone partitions 

between further cyclization and dehydration to form an isoquinoloid vs. release to solvent 

(in a ratio of 85:15). The use of Glu-Tyr as native substrate for PqqB could, in principle slow 

down dissociation of the hydroxylated reaction intermediate significantly, allowing sufficient 

time for near complete formation of enzyme-bound isoquinoloid product. However, the 

available structure of the Cys-DOPA complex with Pp-PqqB does not allow us to conclude 

whether reorientation and subsequent cyclization of a OH-Cys DOPA quinone to 

isoquinoloid is feasible since multiple poses of the analog fit the electron density. 

Consequently, we also considered an alternative possibility in which only a small fraction of 

the OH-Cys-DOPA quinone dissociates from PqqB during the single turnover reactions, 

subsequently leading to isoquinoloid formation via a spontaneous reaction in solution.20 The 

latter is consistent with the observation that rapid acid quenching of the initially formed 

PqqB/product OH-Cys-DOPA quinone complex and subsequent neutralization leads to 

detectable amounts of isoquinoloid. Distinguishing between spontaneous isoquinoloid 

production vs. a guided PqqB reaction will be the subject of future studies.

The MS/MS spectrum of the isoquinoloid is of considerable interest in the context of the 

position of oxygen insertion during the hydroxylation of Cys-DOPA to OH-Cys-DOPA 

quinone. Fig. 6c shows an MS/MS spectrum exhibiting a prominent neutral loss of 117.0 Da, 

ascribed to scission of both the sulfur and nitrogen side chains that are derived from Cys, to 
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generate 2,3-DOPA quinone. Given the anticipated formation of a Schiff’s base between the 

amine side chain of cysteine and the 4-position of the initial tyrosine ring, the appearance of 

the 2,3-DOPA quinone fragment in the MS/MS spectrum supports an initial hydroxylation 

of Cys-DOPA at its C-2 position.

Mechanism of PqqB hydroxylation.

The collective observations in this work strongly implicate PqqB as a novel non-heme 

hydroxylase. Several mechanisms for aromatic hydroxylation can be envisioned and we 

propose the simplest model to explain our findings. While aromatic dioxygenases exist that 

can install two oxygen atoms from one molecule of O2 to produce a catechol moiety,21 to 

our knowledge an enzyme capable of directly producing hydroxyquinone from tyrosine and 

one equivalent of O2 is unprecedented. Given the combined experimental observations that 

first, α-KG is converted to succinate in an O2-dependent reaction and second, that a catechol 

substrate is rapidly converted to hydroxyquinone in a subsequent O2-dependent reaction 

giving water and not peroxide as product, we propose a two-step, O2-dependent reaction for 

PqqB in which α-KG is the two electron donor in the first step and the quinol intermediate 

provides the two electrons required for hydroxylation in the second step (Fig. 7a). While the 

nature of this proposed two-step hydroxylation may share consistencies with regard to the 

mechanism of each hydroxylation, it is likely that these reactions are unique and features 

fully explaining the multifunctionality of PqqB will emerge in future works.

The unusual properties for the conversion of Cys-DOPA to OH-Cys-DOPA quinone can be 

rationalized by a mechanism (Fig. 7b) in which initial coordination of the catechol moiety of 

Cys-DOPA (1) and O2 to the active-site iron produces an activated Fe2+-superoxo (or Fe3+-

peroxo) intermediate (2). Radical combination of the metal-bound superoxo- with the 

catechol-derived semiquinone leads to oxygen insertion at the C2 position of the substrate to 

give (3). Subsequent breakdown of this intermediate, in a manner reminiscent of Baeyer-

Villiger rearrangements,22 yields the 2-hydroxy-3,4-orthoquinone, (4), resetting the active 

site for another catalytic turnover.

We note that other mechanisms are possible, and introduce one alternative in Fig. S10. In 

this instance, Cys-DOPA is first oxidized to Cys-DOPA quinone concomitant with formation 

of iron-hydroperoxide, which then undergoes a nucleophilic attack at C2 of the electrophilic 

Cys-DOPA quinone. Subsequent proton abstraction from C-2 of the ring would yield 4-

hydroxy-2,3-orthoquinone, with cleavage of peroxide to water as a second product (Fig. 

S10). This mechanism is attractive since it avoids the proposed 1,2-hydride-shift necessary 

for the breakdown of the intermediate (3) in Fig. 7b. However, we consider this option less 

likely since it allows for a possible disruption at the Cys-DOPA 3,4-orthoquinone and iron-

hydroperoxide step, leading to loss of peroxide from the enzyme; as shown in Fig. 3d 

virtually no detectable hydroperoxide forms during Cys-DOPA oxidation. Additionally, the 

oxygen inserted at C2 would be one of the carbonyls of a 2,3-orthoquinone and, as such, 

may be susceptible to exchange with solvent. However, the product produced in the presence 

of 18O2 is seen to completely retain its O-18 label (Fig. 4a). While details of the unusual 

mechanism presented in Figure 7b are expected to emerge on further study, as presented it 

captures all of the essential experimental features discussed herein.
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CONCLUSIONS

The activity of PqqB demonstrated herein is unprecedented and to our knowledge has never 

been reported for a member of the MBL-fold family. MBL-fold proteins bind various metals,
23 and have been shown to catalyze reactions beyond the canonical hydrolysis of β-lactam 

substrates, such as redox and hydroxylation reactions.24 However, none of the enzymes 

reported possess substrate, metal, or reaction features similar to PqqB, which appears to 

more closely resemble other non-heme iron-dependent oxidases such as catechol 

dioxygenase.25 Importantly, since PqqB is substantially different from MBL-fold proteins 

and carries out chemistry more akin to non-heme iron enzymes, it presents an unrecognized 

crossover between these two distinct classes of proteins. An additional product from reaction 

of Cys-DOPA with PqqB is also detected in this study, shedding light on the down-stream 

portion of the PQQ pathway and further corroborating the identity of the initial Cys-DOPA 

hydroxylation product. These findings piece together the long standing mechanistic enigma 

of PQQ biosynthesis and show how a remarkably complex pathway may be achieved by a 

small number of gene products that are multifunctional and capable of catalyzing multiple 

stepwise reactions (e.g., PqqB as well as PqqC).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: PQQ cofactor biosynthesis.
a) A biosynthetic schematic. Steps in blue are derived from the analog studies presented 

herein. A protease, to convert the peptide-bound cross-linked Glu and Tyr to the substrate of 

PqqB, is inferred from the present study but not yet characterized. b) Structures of the PqqB 

substrate analog Cys-Tyr and catalytic intermediate analog Cys-DOPA.
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Figure 2. Substrate and metal binding determination by ICP and ITC.
a) ICP binding titration of ZnCl2 or b) FeSO4 into MePqqB (black), with Cys-DOPA (red) 

or with substrate analog Cys-Tyr (blue). The subsequent discovery of rapid oxidation of 

Cys-DOPA by Fe2+-PqqB (Fig. 3 below) indicates that the red trace would have contained a 

mixture of Cys-DOPA and oxidized product. Nevertheless, a strong impact on Fe2+ binding 

is observed. c) ITC titration of Cys-DOPA into MePqqB without metal present, or d) with 

excess ZnCl2. The background traces (buffer titrated into PqqB) are in red.
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Figure 3. Reaction details of Fe2+-dependent PqqB hydroxylation.
a) and b) Reaction with Cys-Tyr: a) UV-visible spectra of PqqB, Fe2+ and Cys-Tyr in 

solution (black) and after addition of β-KG (blue). b) LC-HRMS extracted ion 

chromatograms quantifying the succinate fragment ion by tandem MS (m/z = 73.33, [M-H]
−) relative to a succinate standard (Fig. S6). Succinate formation is seen for reaction 

mixtures of PqqB, Fe2+, α-KG and Cys-Tyr (blue), but not in the control in absence of Cys-

Tyr (black). c) and d) Reaction with Cys-DOPA: c) Reaction time course showing O2 

consumption (red), and 413-nm absorption band formation (blue). d) Absence of hydrogen 

peroxide production during Fe2+-PqqB hydroxylation of Cys-DOPA. e) UV-visible spectra 

of anaerobic PqqB and Cys-DOPA (black). Addition of FeSO4 results in charge transfer 

(gold). Exposure to O2 leads to rapid formation of OH-Cys-DOPA quinone (blue). An 

analogous reaction is conducted with L-DOPA to give OH-DOPA quinone (magenta).
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Figure 4. High-Resolution Mass Spectrometric (HRMS) analyses of Fe2+-dependent PqqB 
hydroxylation.
a) Overlaid mass spectra showing isotope 18O-incorporation from 18O2 atmosphere 

exposure during the Fe2+-PqqB-catalyzed hydroxylation of Cys-DOPA (blue to red). No 
18O-atom incorporation was observed when the reaction was conducted in 18OH2 (blue to 

black). b) MS/MS analyses of the OH-Cys-DOPA quinone and c) 18OH-Cys-DOPA quinone 

product. Details of the LC-HRMS experiments are provided in Supplementary Information 

Figs. S6, S7, and S8. The behavior in (c) is ascribed to an equilibration of OH-Cys-DOPA 

quinone between the species shown in red in (a) and a tautomer bearing the ring hydroxyl 

group at C-4 of the OH-Cys-DOPA quinone product.
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Figure 5. X-ray crystal structure of the Zn2+-PpPqqB-Cys-DOPA complex.
A close-up of the active site of the crystal structure of the inactive Zn2+-PpPqqB-Cys-DOPA 

complex (PDB ID 6E13). Two poses of Cys-DOPA are shown of the multiple possible poses 

that are consistent with the observed electron density. Further structure details are presented 

in Table S2 and Fig. S9.
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Figure 6. Characterization of down-pathway reactions.
a) Overlaid UV-Visible spectra of the proposed isoquinoloid (magenta) product that appears 

after formation of OH-Cys-DOPA quinone (blue). Inset shows a time-course comparing the 

appearance of the initial 413 nm absorbance band (OH-Cys-DOPA quinone) and the 

subsequent 460 nm absorbance band (assigned to the putative isoquinoloid). b) A HRMS 

spectrum of a reaction of PqqB with Cys-DOPA at 1hr shows two predominant products 

occurring at m/z = 313.0490 ([M+H]+) (isoquinoloid) and m/z = 331.0596 ([M+H]+) (OH-

Cys-DOPA quinone). Relative product distribution has been calculated from integrated 

extracted ion chromatographs (Table S3). Inset is a mass spectrum that shows isotope 18O-

incorporation when reactions were conducted under an 18O2 atmosphere. c) MS/MS analysis 

of the product where the ion occurring at m/z = 313.0490 ([M+H]+) has been fragmented by 

collision induced dissociation (CID).
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Figure 7. Proposed reactions of PqqB.
a) A proposed mechanism for the PqqB reaction with the Glu-Tyr diamino acid. b) Our 

postulated mechanism for the PqqB-catalyzed hydroxylation of Cys-DOPA. The X-ray 

structure of the Zn2+-PqqB-Cys-DOPA complex (Fig. 5), in which Asp is either on or off 

metal, is compatible with the illustrated mobility of the Asp ligand within intermediate (2). 
An alternative mechanism is presented for consideration in Fig. S10.
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