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ABSTRACT: Furan-2,5-dicarboxylic acid (FDCA) is a bio-based platform chemical with the potential to replace terephthalic 
acid in the production of polymers. A critical step for enzymatic and whole-cell FDCA production from 5-(hydroxyme-
thyl)furfural (HMF) is the transformation of 5-(hydroxymethyl)furoic acid (HMFA) into 5-formylfuroic acid (FFA). Here, 
we establish periplasmic pyrroloquinoline quinone (PQQ)-dependent alcohol dehydrogenases (ADH) as biocatalytic tools 
for the oxidation of HMF and HMFA and further identify the “lid loop” of the substrate channel as a promising target for 
future engineering steps towards a fully periplasmic oxidation pathway to FDCA. 

In 2019, the worldwide plastic production was about 360 
million metric tons with over 98 percent of it originating 
from fossil carbon sources.1 Carbon dioxide emissions from 
plastic production and incineration strongly contribute to 
global warming and climate change. Thus, transitioning 
towards a bio-based production of plastics based on renew-
able feedstock and using less energy demanding produc-
tion processes are essential steps to reach the goal of net-
zero greenhouse gas emissions by 2050.2  

Furan-2,5-dicarboxylic acid (FDCA) is a promising plant-
derived platform chemical, which could replace tereph-
thalic acid for the production of polyethylene tereph-
thalate and other polymers.3,4 FDCA can be synthesized by 
the oxidation of 5-(hydroxymethyl)furfural (HMF), which 
itself is easily accessible from lignocellulose, the most 
abundant biomass on earth.4,5 As today’s chemical synthe‐
sis of FDCA typically is highly energy-demanding due to 
metal catalysts operating at high temperature and pres-
sure, more sustainable routes are sought after.6 Conse-
quently, various bio-catalytic routes to FDCA have been 
presented.7–14 These routes start with an oxidation step of 
HMF leading either to 5-(hydroxymethyl)furoic acid 
(HMFA) or 5-(formyl)furfural (FFF) followed by a second 
oxidation step towards 5-formylfuroic acid (FFA), before fi-
nally being oxidized into FDCA (Fig. 1A). To the best of our 
knowledge, one of these routes that employs Pseudomonas 

putida as biocatalyst has recently been established for in-
dustrial production.15–17 In P. putida, as well as in many 
other organisms, furanic aldehydes are rapidly oxidized by 
native enzymes.18,19 In contrast, the oxidation of HMFA 
cannot be performed by cells of the P. putida wildtpye12,18,20 
or other strains that have been used to produce HMFA 
from HMF, such as Gluconobacter oxydans21 or Comamo-
nas testosteroni22. For FDCA production, the oxidation of 
HMFA to FFA is crucial and requires the specific HMF ox-
idase HmfH. Different variants of this enzyme have been 
heterologously expressed in the cytoplasm of P. putida to 
enable the production of >80 g l-1.10,12,14,18,23 However, the use 
of oxidases in whole-cell biotransformations is generally 
problematic for two reasons: i. they require equimolar 
amounts of molecular oxygen, which is a limiting factor in 
high-density cultures,24 and ii. the associated cytoplasmic 
formation of equimolar amounts of cytotoxic hydrogen 
peroxide as a side product.25  Although P. putida as a mi-
crobial catalyst has a high tolerance towards such stresses, 
the stress response is energy-demanding26 and thus re-
duces the overall yield of the process18.  

Pyrroloquinoline quinone (PQQ)-dependent alcohol de-
hydrogenases (ADHs) could overcome the abovemen-
tioned drawbacks as they are functional in the periplasmic 
space and do not form hydrogen peroxide as co-product.  
PQQ-ADHs are a class of enzymes that rely on calcium or 
lanthanide ions as well as PQQ as cofactors to oxidize a 
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broad spectrum of alcohol and aldehyde substrates.27–30 
They transfer the electrons derived from the oxidation re-
action via c-type cytochromes to the cytochrome c oxidase 
complex.31–34 Subsequently, the cytochrome c oxidase effi-
ciently uses four electrons (the equivalent of two substrate 

oxidation steps) to reduce one molecule of O2 and addi-
tionally generates a source of electrochemical energy in 
form of the proton motif force.35 In a whole-cell process 
this not only provides energy to fulfill maintenance de-
mand36, it also  halves the consumption of oxygen com-
pared to oxidases due to the stoichiometry of this transfer.

 

Figure 1: (A) Schematic representation of the oxidation pathways from HMF to FDCA. HMF is either oxidized at the aldehyde 
group to yield HMFA or at the alcohol group to yield FFA. Upon further oxidation both routes proceed via FFA to FDCA. (B) View 
of the active site of PedH with PQQ cofactor as well as active site residues that were not included in mutant libraries shown as 
grey sticks. Residues that were selected for combinatorial random mutagenesis are depicted as red sticks. Pr3+ metal cofactor is 
displayed as blue sphere. (C) Schematic representation of solid phase screening assay. Nylon membranes loaded on LB agar plates 
were inoculated with E. coli cells expressing PedH variants. After growth and protein production, membranes were transferred 
into colored reaction solution and colonies expressing active variants were identified by surrounding white halo.

Alternatively, also bioelectrochemical systems using 
PQQ-dependent enzymes, either based on P. putida cells 
or as isolated entities, have been described that can oper-
ate even in the absence of molecular oxygen.37–39 

PQQ-ADHs catalyze the oxidation in an irreversible 
fashion, leading to unhindered accumulation of the prod-
ucts outside of the cells. Their periplasmic localization 
would avoid the rate-limiting transport across the cyto-
plasmic membrane and the associated need for co-expres-
sion of the hmfT1 transporter in a whole-cell biotransfor-
mation.15,18 In addition, the cytoplasmic accumulation of 
furanic aldehydes, which are known for their strong bacte-
ricidal properties, could be reduced.40,41 Lastly, PQQ-ADHs 
can readily be engineered for increased stability at high 
temperatures as well as in the presence of organic sol-
vents.42 

Based on these characteristics, we propose that a biocat-
alytic route based on PQQ-ADHs would be highly benefi-
cial for the production of FDCA. In the present study, we 
describe the first and crucial step for a successful realiza-
tion of such a pathway by engineering a lanthanide-de-
pendent PQQ-ADH from Pseudomonas putida KT2440 
(PedH) for oxidation of the pathway intermediates HMF 
and HMFA (Fig. 1A). 

Initial experiments demonstrated that purified PedH ex-
hibits no enzymatic activity towards HMFA (data not 
shown). However, marginal activity with HMF (0.13 ± 0.02 
U mg-1) was observed. In order to expand the substrate 
specificity towards the oxidation of HMFA to FFA – a key 
reaction within the biocatalytic route towards FDCA pro-
duction – a set of 12 small focused mutant libraries was gen-
erated (Fig. 1B, Table S1). Each mutant library consisted of 
a pair of NNK-randomized active site positions in order to 
increase the chances to identify potentially synergistic 
combinations of mutations.43 To reduce the creation of in-
active variants, no active side residues that are directly in-
volved in the catalytic mechanism were included.44 To fur-
ther reduce the screening effort, two additional constraints 
based on structure-sequence relationship information 
were applied. These were derived from a 3DM-database 
consisting of >1300 sequences of PQQ-ADHs that show 
structural similarity to PedH.45Firstly, no positions of low 
sequence variability in the 3DM database were included. 
Secondly, only residues with a high correlation score in the 
3DM database (Table S2), meaning that two positions 
show a high degree of natural co-evolution,46 were chosen 
for combinatorial NNK mutagenesis. 



 

Table 1: Specific enzyme activities of purified PedH as well 
as variants F412I/W561S, F412I/W561Q, F412V/W561A with 10 
mM HMFA as substrate. Values represent the average of three 
individual measurements with corresponding standard devia-
tion. Activities below detection limit are indicated (n. d.).  

Variant Specific activity [U mg-1] 

PedH n. d. 

F412I/W561S 0.12 ± 0.02 

F412I/W561Q 0.35 ± 0.01 

F412V/W561A 1.04 ± 0.05 

 

Figure 2: Kinetic parameter determination. (A to E) Michaelis-Menten plot showing the specific enzyme activities of PedH 
wildtype (A) and PedHF412V/W561A variant (B to E) with different concentrations of ethanol (A and B), HMF (C), FFF (D) or HMFA 
(E). Kinetic parameters of PedH (F) and PedHF412V/W561A (G) derived by fitting specific enzyme activities at different substrates to 
the Michaelis-Menten model of single-substrate enzyme kinetics.

To screen these combinatorial libraries, we developed a 
colony screen, based on a previously established whole-cell 
assay (Fig. 1C).42 For this, E. coli cells transformed with the 
combinatorial libraries grew on nylon membranes placed 
on LB agar plates. The transfer of the membrane onto 
rhamnose-containing LB agar subsequently induced plas-
mid-borne protein production. After incubation of the 
membranes in a colorimetric assay solution, colonies with 
enzymatic activity towards HMFA were identified by a 
white halo (Fig. 1C). 

In the initial screening more than 30.000 clones were 
tested. As a result, 15 clones showed apparent enzymatic 
activity towards HMFA. Re-evaluation of the novel enzy-
matic activity and subsequent sequencing revealed three 
different variants with activity towards HMFA, namely 
PedHF412I/W561S, PedHF412V/W561A and PedHF412I/W561Q (Table 1). 
To exclude potential host specific effects, activities for all 
variants were evaluated using enzymes purified by affinity 
chromatography (IMAC). The variants PedHF412I/W561S and 
PedHF412I/W561Q showed a specific activity with HMFA of 0.12 
± 0.02 U mg-1 and 0.35 ± 0.01 U mg-1, respectively. 
PedHF412V/W561A exhibited by far the highest specific activity 
of 1.04 ± 0.05 U mg-1. Notably, all variants are combinatorial 
mutants derived from the same mutant library 
PedHF412X/W561X suggesting that a single point mutation at 
position F412 or W561 is not sufficient to alter the substrate 
specificity towards HMFA. 

To identify the reaction product, biotransformations us-
ing purified enzymes and the artificial electron media-
tor/terminal acceptor pair PMS/DCPIP were performed 
(Table 2). While no product formation was detected with  
PedH or in control experiments without enzyme addition, 
FFA was identified as the single reaction product (1.40 ± 
0.11 mM in 24 h) in conversions using PedHF412V/W561A

. Fur-
ther oxidation to FDCA was not detected. 

To verify the screening results and gain mechanistic in-
sights into the novel activity towards HMFA, we purified 
PedH and its F412V/W561A variant using His-affinity- fol-
lowed by size-exclusion chromatography. Kinetic parame-
ters of PedH and PedHF412V/W561A were derived from specific 
activities determined under a slightly modified protocol 
compared to the initial screens to reach saturating sub-
strate concentrations (≥ 50 mM HMFA). Under these con-
ditions, PedHF412V/W561A exhibited kinetic values with HMFA 
(Fig. 2E, G) that were in a similar range as the reported 
kinetic constants of the only characterized proteins with 
activity towards HMFA, namely the 5-(hydroxymethyl)fur-
fural oxidase HmfO of Methylovorus sp. strain MP688 (kcat 
= 8.5 s-1, KM = 73 mM, kcat/KM = 0.12 mM-1 s-1) and the aryl-
alcohol oxidase AAO of Pleurotus eryngii (kcat = n. d., KM = 
n. d., kcat/KM = 0.017 ± 0.002 mM-1 s-1).8,47 Consistent with 
our initial observations, PedH showed no activity with 
HMFA (Figs. 2E). Additionally, both PedH and 
PedHF412V/W561A oxidized ethanol (Figs. 2A, B). However, 
PedHF412V/W561A exhibited an approximately 520-fold higher 



 

KM value than PedH, while the maximal velocity appeared 
to be unchanged (Figs. 2F, G).  

Table 2: Biotransformations of HMFA using purified 
PedHF412V/W561A and an enzyme free control with PMS/DCPIP 
as artificial electron acceptor pair. Samples were taken at sev-
eral time points after substrate addition. Values represent av-
erage of two individual measurements with corresponding 

standard deviation. Enzymatic reaction without detectable 
product formation are indicated (n. d.). 

Time [h] 
FFA [mM] 

Control PedH PedHF412V/W561A 

0 n. d. n. d. 0.28 ± 0.01 

1 n. d. n. d. 1.24 ± 0.15 

24 n. d. n. d. 1.40 ± 0.11 

  

Figure 3: (A) Schematic representation of the β-propeller and position of the active site. Top view of PedH wildtype (B) and 
PedHF412V/W561A (C) showing the position of the roof sheet and the lid loop. (D) Overlay of the lid loop in PedH wildtype (wheat) 
PedHF412V/W561A (blue) and relative position of W561. Cut-away of the active site in PedH wildtype (E) and PedHF412V/W561A variant 
(F). Glycerol as the substrate mimic in the active site of the PedHF412V/W561A variant is depicted in yellow.

This suggests that the oxidative capability of the 
PedHF412V/W561A variant is unaffected by the amino acid 
changes, and only the substrate binding is modulated. 

In addition to HMFA, PedHF412V/W561A also oxidized HMF 
and FFF. In comparison to HMFA, the maximal velocity 
with HMF and FFF as substrate was about 5-fold and 4-fold 
higher, respectively.(Figs. 2C, D, E, G). This might be 
caused by the electron withdrawing nature of the carboxyl 
group on the conjugated ring system in HMFA. Notably, 
the PedH wildtype showed no activity with FFF. In contrast 
to our initial findings, PedH also displayed no activity with 
HMF as substrate. However, this discrepancy can most 
likely be explained by the change of the enzymatic assay 
conditions, which caused overall lower specific activities 
compared to the initial screening conditions. Enzymatic 
assays with PedHF412V/W561A confirmed that FFA does not 
serve as a substrate under these conditions as even with 

substrate concentrations as high as 100 mM, no enzyme ac-
tivity could be detected. This sheds new light on the previ-
ously perceived importance of PQQ-ADHs in HMF oxida-
tion to FDCA.18 

Taken together, these findings show that the 
PedHF412V/W561A variant is capable of not only oxidizing 
HMFA but also HMF and FFF, while it is not able to oxidize 
FFA. Aldehyde oxidation by PQQ-ADHs is believed to pro-
ceed via the hydrated aldehyde and the stability and/or for-
mation of these gem-diols are therefore crucial for activ-
ity.44  

Gem-diol formation of FFA in aqueous solution is dra-
matically lower in comparison to FFF.7,48 Additionally, the 
carboxylic group of HMFA negatively influences both the 
substrate affinity and the catalytic activity. The lack of ac-
tivity towards FFA can therefore most likely be explained 
by a combination of the low effective concentration of the 



 

diol substrate, the decreased activity due to the electron 
withdrawing nature of the carboxyl group and the reduced 
substrate affinity of the variant towards carboxylated furan 
compounds. Future engineering efforts would conse-
quently need to improve substrate binding to enable the 
conversion of this furan aldehyde. 

To interrogate the molecular basis of these findings, we 
determined the structures of PedH and PedHF412V/W561A 
bound to PQQ and praseodymium to resolutions of 1.7 Å 
and 1.6 Å, respectively (Table S3). The crystal structures 
show the typical beta propeller fold consisting of 8 four-
stranded β-blades (W1 to W8) as the core structural ele-
ment with three additional strands inserted after W5 
(named: “roof sheet”) (Fig. 3A). Two small α-helices are in-
serted between the strands B and C of W8 (named: “lid 
loop”). The active site containing the PQQ cofactor and 
praseodymium ion localizes in a hydrophobic cradle close 
to the surface of the β-propeller. Here, PQQ is coordinated 
by Q87, I135, R137, S181, R350, L413, N417, W418, W493 (Fig. 
S1A). The side chains of W263 and vicinal disulfide bond 
between C131 and C132 provide additional stacking interac-
tions with PQQ (Fig. S1B). The praseodymium ion coordi-
nation is highly conserved and achieved by the amino acid 
side chains of E199, N281, D323, D325 and the O5 and O7A 
atoms of the PQQ cofactor (Fig. S1A). Structural compari-
son of PedH and PedHF412V/W561A shows that neither the 
PQQ nor the metal binding environment is changed. How-
ever, our comparison also shows significant differences be-
tween both structures (Fig. 3B, C). Access to the 
PQQ/praseodymium-containing active site is provided 
through a substrate channel of about 4 Å in diameter (lined 
by: F412, L413) and a length of 9 Å (shortest distance from 
the metal ion to the PedH surface). In PedH, W561 within 
the “lid loop” restricts this substrate channel reminiscent 
to a diaphragm and hampers the entrance of bulkier sub-
strates. In PedHF412V/W561A, W561 is replaced by alanine, 
which leads to an opening of the substrate channel. In 
PedH, F412 lines the inner surface of the substrate channel 
and serves in positioning the “lid loop” relative to the cen‐
ter of the substrate channel (Figs. 3D, E, F).  

In the structure of PedHF412V/W561A, replacement of F412 
with the “smaller” valine not only widens the substrate 
channel at its bottom, but also leads to a remodeling and 
repositioning of the “lid loop” including the amino acid po-
sitions 559 to 566 effectively moving the loop backbone 
about 2.5 Å away from the channel entrance (Figs. 3B, C, 
D). 

Taken together, our structural analysis shows that the 
amino acid changes remodel the narrow substrate channel 
of PedH into a much wider one in PedHF412V/W561A, which is 
not shielded from substrate entry by the “lid-loop”. In ac‐
cordance with these structural changes, we found electron 
density for a glycerol in the active site of PedHF412V/W561A. 
This molecule might illustrate how the similarly sized 
HMFA, HMF and FFF easily pass through the widened 
channel in PedHF412V/W561A compared to the impeded access 
in the PedH enzyme (compare: Figs. 3E, F and S2A). These 
observations are consistent with the increased activities of 
PedHF412V/W561A towards HMF and the newly gained activity 

towards HMFA as well as FFF and further explain the mas-
sively increased KM value of PedHF412V/W561A for ethanol. Ad-
ditionally, an overlay of the glycerol molecule with HMFA 
indicates that in an active binding conformation the apolar 
residue L560 of the lid-loop as well as L455 and the phenol 
rings of W285 and F459 point towards the negatively 
charged carboxyl group of HMFA (Fig. S2B). This might 
not only explain the decreased KM of PedHF412V/W561A for 
HMFA in comparison with the uncharged HMF or FFF but 
might also reveal promising targets for the further engi-
neering of FFA activity.  

In conclusion, our work established a novel screening 
platform for engineered PQQ-ADHs. With this platform, 
two active site residues that are crucial to expand the sub-
strate scope of PedH towards HMFA were found. The best 
double mutant exhibits activities similar to known HMFA 
oxidizing enzymes and could serve as an alternative to cur-
rently employed oxidases. 

Structural analysis of the variant revealed significant 
changes to the geometry and composition of several active 
site and substrate channel features and suggests the “lid 
loop” as attractive target for further engineering of this en-
zyme class. By targeting the identified residues, additional 
variants with a lower KM, or increased and/or de novo ac-
tivities towards other pathway intermediates could be en-
gineered. With these, a whole-cell biocatalyst with a  com-
pletely periplasmic production route from HMF to FDCA 
can be envisioned. Such a route would avoid the intracel-
lular formation of toxic by-products or intermediates such 
as hydrogen peroxide and furan aldehydes. Consequently, 
the stress-associated maintenance for the cell would be re-
duced, instead efficient channeling of electrons from the 
oxidation reaction into the cellular energy metabolism. In 
general, our study shows that PQQ-dependent ADH en-
zymes can be engineered into useful tools for biocatalysis 
and paves the way for their application in bio-based plastic 
production. 

Data Availability. Coordinates and structure factors have 
been deposited at the Protein Data Bank (PDB) under the ac-
cession codes: XXX (wildtype PedH) and YYY 
(PedHF412V/W561A). 
Supporting Information. Experimental details. Mutant li-
brary composition. Crystallographic data collection and re-
finement statistics. Structure of PQQ coordination in the ac-
tive site of PedH. This information is available free of charge 
on the ACS Publications website. 
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Materials and Methods 

Bacterial strains and growth conditions. For cloning and expression Escherichia coli Bl21 (DE3) was 

used and if not stated otherwise, cells were routinely grown in liquid LB medium at 37°C and 180 rpm 

shaking in a rotary shaker.1 For plasmid maintenance and selection 40 µg/ml of kanamycin were supple-

mented to the growth media. 

 

Library construction and evaluation. DNA-fragments of the pedH gene containing ends homologous 

to the SrfI and HindIII digested expression vector pMW102 were and NNK randomization at the desired 

positions (see Figure 1b) were synthesized by an external supplier (Synbio Technologies, USA). For 

library construction the pedMW10 vector was digested using SrfI and HindIII, purified and joined with the 

NNK-randomized DNA fragments using one-step isothermal assembly.3 The reaction product was sub-

sequently transformed into E. coli BL21(DE3) cells and plated on LB-agar. A minimum of 2500 clones 

per library were subsequently suspended in LB-medium and stored as glycerol stocks (30% v/v) at -80°C 

until further usage. To evaluate library quality the plasmids from 56 individual clones were purified and 

the correctness was verified using Sanger sequencing. As around 20 % of the sequenced clones did not 

contain the correct insert, the screening size was increased accordingly. 

 

Solid-phase screening assay. The solid phase screening assay to detect PQQ-ADH activity in cell 

colonies grown on nylon membranes was based on a previously developed screening assay for PQQ-

ADHs in liquid cell cultures.4 In the final protocol 200 µL of a E. coli BL21(DE3) cell suspension (OD600 = 

3 x 106) were spread on a nylon membrane (pore size 0.45 µm, GVS Life Sciences) loaded LBKan agar 

plate supplemented with 100 µM PrCl3. Upon incubation for 16 h at 37°C protein production was induced 

by transferring the membranes were transferred onto new LBKan agar plates supplemented with 100 µM 

PrCl3, 10 µM PQQ and 0.2% rhamnose. Upon incubation for 24 h at 16°C the membranes were washed 

placing them for 10 min on a round filter (Rotilabo Type 113A, Carl Roth GmbH) soaked in 3 ml 100 mM 

Tris buffer (pH 8). Upon drying on cellulose paper for 5 min, the washed membranes were transferred 

onto a new round filter that was immersed in 3 ml of a colorimetric enzyme activity assay solution (100 

mM Tris buffer pH 8, 5 µM PQQ, 5 µM PrCl3, 500 µM phenazine methosulfate, 25 mM imidazole, 30 mM 

KCN, 10 mM substrate) and incubated in darkness under the hood for 1 – 24 h. Cell colonies producing 

PQQ-ADHs with activity towards the tested substrate were identified by a white halo. 

 

Library screening. To guarantee with 80% certainty that each variant of the library is tested at least 

once, at least 1978 colonies (32 [NNK] x 32 [NNK] x 1.2 [correction for vectors without insert] x 1.61 

[oversampling factor])5 per mutant library were screened for activity with 10 mM HMFA using the solid-

phase activity assay (see solid-phase screening assay). Colonies that showed activity with HMFA were 

isolated on LBKan agar plates and reevaluated in triplicates in a second round of screening. Therefore 

one colony per identified clone was resuspended in 20 µL H2O and 3x 2 µL were spotted in ~5 mm 

distance from each other on a nylon membrane loaded LBKan agar plate supplemented with 100 µM 

PrCl3. For comparison, also 3 x 2 µL of PedH as well as EGFP producing cells were spotted on the same 

membranes. Cell growth, protein production and PQQ-ADH activity screening with 10 mM HMFA as 

substrate were performed as described above. Subsequently the plasmids were isolated from clones 

that showed increased activity with 10 mM HMFA in comparison to the PedH reference colonies and 

submitted for sequencing. The final evaluation of the identified clones was performed using the colori-

metric enzyme activity assay with purified enzymes. 

  

Molecular cloning. The gene encoding PedH (PP_2679) was PCR amplified from genomic DNA of 

Pseudomonas putida KT2440 without the signal peptide (PedH28-595) using the following forward pri-

mer (5′- ttaaggtctcccatgGCTGTCAGCAATGAAGAAATCCTCCA-3′) and reverse primer (5′- 
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ttaaggtctcctcgagTTAgtggtgatggtgatgatgTGGCTTGACGCTTGCCG-3′) containing a NcoI and XhoI re-

striction site and the coding sequence for a c-terminal hexa-histidine tag. The fragment was digested 

with NcoI and XhoI and cloned into pET24d(+) (Novagen) yielding in pET24d-PedH. Mutants have been 

cloned using Golden Gate Mutagenesis. The mutant fragments were amplified from pET24d-PedH using 

forward and reverse primers having the desired mutation and BsaI restriction site. All Golden Gate reac-

tions were performed in a total volume of 15 µl. The final reaction volume contained 1-fold concentrated 

T4 ligase buffer (Promega, Madison, US). Prepared reaction mixtures (ligase buffer, acceptor plasmid, 

insert(s)) were adjusted to 13.5 µl with ddH2O. In a final step, the corresponding enzymes were quickly 

added. First, a volume of 0.5 µl of BsaI-HF®v2 (10 units; New England Biolabs, Ipswich, US) and then 1 

µl (1-3 units) of T4 ligase (Promega, Madison, US) was added. Golden Gate reactions were carried out 

by default under following conditions: a) Enzymatic restriction 37 °C (2 min); b) Ligation 16 °C (5 min) 

[10 passes each] and c) enzyme inactivation: 80 °C (20 min).  

 

Protein production and purification. For initial screening of enzyme activity as well as biotransfor-

mation experiments, protein production and purification was performed as described elsewhere.2 For 

enzyme kinetics and crystallography protein production and purification was performed as follows. 

Briefly; constructs were transformed in E. coli BL21 (DE3) (Novagen) for overexpression. Cells were 

grown in lysogeny-broth (LB) medium, supplemented with 1 % lactose and kanamycin (50 mg/l). Cells 

were incubated at 30 °C overnight under rigorous shaking (180 rpm). Cells were harvested by centrifu-

gation (3,500 x g, 20 min, 4 °C) and resuspended in 20 ml buffer A (20 mM HEPES-Na, pH 8.0, 500 mM 

NaCl, 20 mM KCl, 20 mM MgCl2, 40 mM imidazole) before lysis in a M-110L Microfluidizer (Microfluidics). 

The lysate was cleared at 47,850 x g for 20 min at 4 °C and the supernatant was applied onto 5 ml 

HisTrap FF columns (GE Healthcare) for NiNTA affinity chromatography. After a wash step with 15 col-

umn volumes (CV) of buffer A, proteins were eluted with three CV of buffer B (20 mM HEPES-Na, pH 

8.0, 500 mM NaCl, 20 mM KCl, 20 mM MgCl2, 500 mM imidazole). Protein eluted fractions were pooled 

and treated with a final concentration of 100 mM EDTA prior to concentration in Amicon Ultra-10K cen-

trifugal filters to 2.5 ml and further purified by size-exclusion chromatography (SEC). PedH was purified 

using a HiLoad 26/600 Superdex 200 column (GE Healthcare) equilibrated in buffer SEC (20 mM 

HEPES-Na, pH 7.5, 500 mM NaCl). Fractions containing PedH were pooled and concentrated for crys-

tallization experiments. 

 

Screening of enzyme activity 

Initial enzyme activity measurements were performed in 96-well plates using 10 mM of substrate and 1 

– 20 µg/ml enzyme following an established protocol with minor changes.2 To represent the screening 

conditions, 5 µM PQQ instead of 1 µM PQQ and 5 µM PrCl3 instead of 1 µM PrCl3 were used. 

 

Enzyme kinetics measurements. To be able to reach saturating substrate concentrations, a modified 

protocol was used to determine specific enzyme activities for the analysis of kinetic enzyme parameters. 

Shortly, 1 ml of assay solution containing 20 mM HEPES-Na (pH 8), 500 µM phenazine methosulfate 

(PMS), 150 µM 2,6-dichlorophenol indophenol (DCPIP), 25 mM imidazole, 50 µM PrCl3, 0.1 mM PQQ, 

and 0.2 µM of enzyme. Addition of the enzyme to the reaction mixture started the measurement. Enzyme 

activity was calculated based on the change in OD600 within the first minute upon substrate addition. 

Assays were performed in two (PedHF412V/W561A/FFF) or three replicates (PedH/Ethanol, 

PedHF412V/W561A/Ethanol, PedHF412V/W561A/HMF, PedHF412V/W561A/HMFA) and data are presented as the 

mean value with error bars representing the corresponding standard deviation. Kinetic parameters were 

obtained by fitting the enzyme activities at different substrate concentrations to the Michaelis-Menten 

equation. Kinetic values are presented as mean value with corresponding standard error. 
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Crystallization and structure determination. Crystallization was performed by the sitting-drop method 

at 20 °C in 0.5 µl drops consisting of equal parts of protein and precipitation solutions. PedH wild type 

was co-crystallized at 250 µM concentration with equimolar concentration of PQQ and metal of interest 

in 0.1 M sodium acetate pH 4.6 and 30 % (w/v) PEG 2000 MME. PedHF412V/W561A was co-crystallized at 

250 µM concentration with equimolar concentration of PQQ and metal of interest within 24 h  in 0.2 M 

Lithium sulfate, 0.1 M sodium cacodylate pH = 6.5, 30 % PEG 400. Prior data collection, crystals were 

flash-frozen in liquid nitrogen employing a cryo-solution that consisted of mother-liquor supplemented 

with 30 % (v/v) glycerol. Data were collected under cryogenic conditions at the DESY at beamline P14. 

Data were integrated and scaled with XDS and merged with XSCALE. Structures were determined by 

molecular replacement with PHASER, manually built in COOT6, and refined with PHENIX7. The structure 

of the PedH-PQQ-Metal complex was determined by molecular replacement using the crystal structures 

of ExaA of Pseudomonas aeruginosa (PDB-ID: 1FLG) as search models. Figures were prepared with 

PYMOL. 

 

Biotransformations and compound analysis. Biotransformations were performed as duplicates with 

500 µL reaction solution in sealed 1.5 ml reaction vials at 30°C and 180 rpm shaking. The reaction solu-

tion contained 100 mM Tris-HCl (pH 8), 5 µM PQQ, 5 µM PrCl3, 150 µM DCPIP, 500 µM PMS, 25 mM 

Imidazol, 10 mM HMFA (substrate) as well as purified PedH or PedHF412V/W561A protein (cend = 20 µg/ml). 

Control reactions were performed without protein. In this setup, electrons are transferred from the active 

site of the enzyme to the electron mediator PMS and eventually to DCPIP, which itself is slowly re-

oxidized by oxygen.8 Probes were incubated in the dark to reduce light-induced decomposition of PMS.9 

Samples were collected at several time points, filtered and stored at -80°C before product analysis. Furan 

quantification was performed by HPLC analysis using a Beckman System Gold 126 Solvent module with 

a 168 diode 201 array detector (Beckman Coulter, Brea; USA) and a SUPELCOSIL™ LC-8-DB HPLC 

column (Supelco, Bellefonte, USA). Column was tempered to 40°C. As eluent, a binary mix of 100% 

acetonitrile and 20 mM KH2PO4 with 1% acetonitrile (adjusted pH = 7.0, degassed) was used at a flow 

rate of 0.8 mL min-1. Elution started with an increasing gradient of acetonitrile from 0% to 5% within 3.5 

minutes. Acetonitrile gradient increased again from 5% to 40% in the next 2.5 minutes. Afterwards the 

column was flushed with 20 mM KH2PO4 with 1% acetonitrile (adjusted pH = 7.0, degassed) for 2 

minutes. UV detection was performed at 230 nm. If needed each compound was detected at distinct 

wavelengths to separate overlapping peak areas. FDCA shows a signal 264 nm, HMFA at 251nm, FFA 

at 289 nm, 2,5-Bis(hydroxymethyl)furan (HMFOH) at 225 nm and HMF at 285 nm. Retention times of 

furan compounds were 2.62 minutes, 2.83 minutes and 2.13 minutes for HMFA, FFA and FDCA, respec-

tively. Further compounds HMF and HMFOH had retention times of 5.35 minutes and 4.4 minutes.
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Table S1: Composition of the individual screened PedH mutant libraries. 

Library Mutated residues  

1 A556 + W561 

2 F412 + W561 

3 F412 + A556 

4 L455 + W561 

5 F412 + L455 

6 F459 + W561 

7 F412 + F459 

8 I461 + F412 

9 I461 + L455 

10 I461 + F459 

11 I461 + A556 

12 I461 + W561 
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Table S2: Correlation matrix of active site and substrate channel residues extracted from 3DM-database 

of PQQ-dependent alcohol dehydrogenases (1 ≙ 100% and 0 ≙ 0% coevolution of two distinct alignment 

positions in 3DM-database).Combinations of residues that were selected for mutant library generation 

are colored in red. 

Position W285 F412 L413 L455 F459 I461 A556 W561 

W285 - 0.14 0.11 0.19 0.15 0.24 0.18 0.19 

F412 0.14 - 0.36 0.77 0.74 0.88 0.92 0.79 

L413 0.11 0.36 - 0.32 0.29 0.39 0.36 0.32 

L455 0.19 0.77 0.32 - 0.71 0.84 0.84 0.74 

F459 0.15 0.74 0.29 0.71 - 0.78 0.76 0.74 

I461 0.24 0.88 0.39 0.84 0.78 - 0.93 0.78 

A556 0.18 0.92 0.36 0.84 0.76 0.93 - 0.79 

W561 0.19 0.79 0.32 0.74 0.74 0.78 0.79 - 
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Table S3: Crystallographic data collection and refinement statistics for PedH and PedHF412V/W561A. 
 

PedH  PedHF412V/W561A 

Data collection   

Space group P43212 P43212 

Resolution range (Å) 47.81  - 1.648  

(1.707  - 1.648) 

47.19  - 1.70  

(1.661  - 1.604) 

Unit cell parameters   

a, b, c (Å) 105.28, 105.28, 187.13 105.53, 105.53, 186.88 

α, β, γ (°) 90, 90, 90 90, 90, 90 

Rmerge 0.2083 (3.522) 0.1844 (2.846) 

Average  I/σ(I) 14.23 (1.11) 9.57 (0.75) 

No. of total reflections 3378794 (330606) 3724161 (366029) 

Completeness (%) 99.84 (98.85) 99.79 (98.45) 

CC1/2(%) 0.999 (0.492) 0.998 (0.322) 

   

Refinement   

Rwork 0.1473 (0.2669) 0.1538 (0.3257) 

Rfree 0.1592 (0.2833) 0.1687 (0.3432) 

No. of atoms   

Overall 5028 9971 

Protein 4384 8723 

Ligands 26 64 

Water 618 1184 

Average B-factor(Å2)   

Overall 27.6 25.68 

Protein 25.98 24.13 

Ligands 19.51 24.28 

Water 39.38 37.18 

Root-mean-square deviation   

Bond lengths (Å) 0.011 0.011 

Bond angles (°) 1.42 1.16 

Ramachandran plot (%)   

Favored 95.89 96.15 

Allowed 3.57 3.58 

Outliers 0.54 0.27 

  



 

 

16 

 

Figure S1: Coordination of PQQ in the active site of PedH. A) Top view depicting residues in the same 

plane as PQQ and the 4 residues coordinating the metal praseodymium. B) Side view depicting the 

stacking of PQQ between W263 and the disulfide bridge between C131 and C132. 
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Figure 

S2: A) Cutaway of the active site of PedHF412V/W561A. HMFA (purple) is superimposed onto glycerol (yel-

low) and would fit into the widened substrate channel of the variant. B) Top-view of the active site of 

PedHF412V/W561A with HMFA (purple) superimposed onto glycerol (yellow). Surface of amino acid residues 

pointing to the carboxyl group of HM that are not part of the catalytic mechanism are colored in red.   
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