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ABSTRACT: Recently it was discovered that lanthanides are
biologically relevant and found at the centers of many bacterial
proteins. Poorly understood, however, is the evolutionary
advantage that certain lanthanides might have over calcium at
the center of methanol dehydrogenase enzymes bearing redox
cofactor PQQ. Here, we present a straightforward method to
obtaining clean PQQ from vitamin capsules. Furthermore, we
provide full NMR, IR, and UV—vis spectroscopic character-
izations of PQQ. We conducted NMR experiments with the
stepwise addition of diamagnetic and paramagnetic lantha-
nides to evaluate the binding to PQQ in solution. This study
provides a deeper understanding of PQQ_chemistry and its
interaction with lanthanides.
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Bl INTRODUCTION

Oxidoreductases are a group of enzymes which transfer redox
equivalents from or to substrates." While nicotinamide or flavin
are commonly found cofactors in such enzymes,” in 1964
Anthony and Zatman discovered an enzyme with an
alternative, noncovalently bound redox cofactor,” which was
later determined to be pyrroloquinoline quinone (PQQ,
methoxatin). PQQ-containing enzymes form the oxidoreduc-
tase subgroup of quinoproteins and are an essential part of the
energy metabolism of many organisms.”

Redox cofactor PQQ is activated by a Lewis acid.® For more
than 30 years, it was thought that calcium was the only metal
ion that had this function in nature. However, many methanol-
oxidizing bacteria can in fact produce two types of MDH: the
traditional one that has been studied intensively for more than
S0 years uses calcium, and a second one, which has only
recently been discovered, uses lanthanides instead of calcium.
Lanthanides have long been thought to have no biological
relevance but are now firmly established as the natural metal
ion cofactors in MDH enzymes that are encoded by the xoxF
gene.”® Phylogenetic analysis shows that this lanthanide-
dependent class of MDH is, in fact, more widespread in nature
and might be evolutionarily older than its calcium counterpart
and perhaps the major pathway for methanol oxidation in
methylotrophic bacteria growing on methane or methanol.”
The first structure of a Ln-MDH was obtained from the XoxF-
MDH isolated from strain Methylacidiphilum fumariolicum
SolV and was reported by Pol et al.* The active site (Figure 1)
contains a nine-coordinate lanthanide ion, surrounded by
cofactor PQQ, three carboxyl groups from Asp,go, Aspse; (2
residue that is lacking in Ca-MDH), and Glu,;, as well as an
amide from Asn,gs. This MDH X-ray structure was refined

v ACS Publications  © xxxx American Chemical Society

H,N

Asn256

Asm

(0]

PQQ

Asp3o1

Figure 1. Active site visualization of Ln-MDH from strain SolV,
including cofactor PQQ, central metal Ln, and surrounding amino
acid residues.*

with Ce**(PDB 4MAE). Structures of a Eu-MDH (PDB
6FKW) from the same organism and a La-MDH (PDB
6DAM) from Methylomicrobium buryatense SGB1C are now
also available, showing similar active site arrangements.8 In Ca-
MDH, PQQ is coordinated in the same way by the Lewis acid
(Site 1, Figure 2).” Many bacteria possess genes for both MDH
enzymes encoded by mxaF (Ca-MDH) and xoxF (Ln-MDH)
and can switch between them depending on Ln availability;
this has been termed the “lanthanide switch”.'® It has been
shown that Methylorubrum extorquens AMI1 preferentially
expresses Ln-MDH even with only nanomolar concentrations
of lanthanides and a 20 yM concentration of Ca in the
cultivation medium."' The trivalent lanthanides are better
Lewis acids than calcium, and it has been suggested that they
pose an advantage in the redox cycling of PQQ."
Furthermore, it has been shown that not all lanthanides
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Figure 2. PQQ numbering scheme according to Unkefer et al'* and
possible binding sites in solution, adapted from Nakamura et al.'®

promote methanol oxidation in Ln-MDH equally.4’sa’10d’llb’l3

For the native metalloenzyme isolated from SolV, it has been
shown that the enzyme functions more eficiently with early
lanthanides (La—Nd)."** Bacteria also prefer early lanthanides
for growth and show improved uptake of these elements.*'
The lanthanide switch, the advantage over calcium, and why
some Ln are better than others are currently not yet fully
understood.

Cofactor PQQ was first isolated by Anthony and Zatman'®
and was later determined to be a quinone by Duine et al.'”
Salisbury et al.'® reported the first crystal structure of the
acetone adduct and proposed the structure of PQQ, shown in
Figure 2. The unusual orthoquinone structure of PQQ,
detected in the EPR measurements of Duine et al., led them
to propose the name pyrrolo-quinoline quinone for this new
prosthetic group.'” In successive years, PQQ was extensively
studied regarding total synthesis,”’ adduct formation with
nucleo}z)hiles,21 redox behavior,”> and metal ion interaction
(Ca**)** with several reviews published.””* PQQ has also been
proposed to be a vitamin for humans; however, these claims
remain doubtful.”® Previously, it was reported that PQQ
without the surrounding enzyme pocket is capable of the
coordination of metal ions at three positions (Figure 2). This is
supported by several crystal structure determinations (site 1°°
(Cu), site 2*” (Ru), and site 3'° (Cu)). For Ca®*, no crystal
structure exists with PQQ by itself, but studies of
trimethylester derivative PQQTME 2 in MeCN suggest a
coordination mode similar to that of MDH.> In light of the
discovery of lanthanide-dependent metalloenzymes, we have
investigated the metal ion coordination behavior of PQQ in
solution by NMR and UV—vis spectroscopy using lanthanides
and calcium. Our studies suggest that in solution the
coordination of lanthanides occurs in the same position as in
MDH (site 1) and that even if PQQ acts as a tridentate ligand
(Cs=0, Ny, C,—CO,H) the Ln-PQQ complexes undergo fast
exchange in solution. In this study, we have investigated
diamagnetic trivalent lanthanides La and Lu as well as
calcium(II) and compared them with paramagnetic lantha-
nides Ce, Pr, Sm, Eu, Tb, Er, and Tm.

B EXPERIMENTAL SECTION

Nuclear Magnetic Resonance (NMR). 'H NMR and *C NMR
spectra were recorded, unless otherwise stated, at room temperature
or 0 °C with Jeol ECP 270 (400 MHz), Jeol ECX 400 (400 MHz),
and Bruker Avance III (400 MHz) spectrometers operating at 400
MHz for proton nuclei and 100 MHz for carbon nuclei. Low-
temperature measurements (—S0 °C) were performed on a Varian
NMR System (400 MHz). "H chemical shifts are reported in units of
ppm relative to DMSO-dg (8 = 2.50) and DMF-d, (5, = 8.03). "*C
chemical shifts are given in units of ppm relative to DMSO-dg (6y =
central line of septet: 5; = 39.52) and DMF-d, (central line of triplet:
8¢ = 163.15). The software used for data processing was MestReNova
version 11.0. Two-dimensional heteronuclear multiple quantum

correlation (HMQC) and heteronuclear multiple bond connectivity
(HMBC) experiments were used to assign each resonance in the
spectra. Experiments were performed by default with 16 scans for 'H
and 4000 scans for *C experiments and were increased to up to 64
scans for 'H and 10000 scans for '*C for correct assignments and
side-product analysis. Solid state NMR was performed at room
temperature with a Bruker Avance III (500 MHz, 11.74 T) with
magic-angle spinning (MAS) in 4 mm rotors. 'H with single pulse
excitation, '*C with cross-polarization over 'H. Scan delays (d1): *C,
16 s; 'H, 128 s. Chemical shifts are reported in units of ppm relative
to TMS, indirectly measured with 0.1% TMS in CDCl;. All NMR
spectra are included in the Supporting Information.

Stepwise Addition of Lanthanide(lll) and Calcium(ll) Salts
to PQQ. Metal-induced NMR shifts were used to examine the
position of coordinating metals to PQQ in solution. PQQ shows good
solubility in polar solvents such as H,O (pH >7), MeOH, DMSO,
and DMF but not in MeCN. While metal addition to aqueous
solutions of PQQ_ leads to the precipitation of a 1:1 complex,
solutions in methanol give a hemiketal adduct as the predominant
species, which complicates analysis. In DMSO, significant solvent
complexation can also occur and is comparatively stronger than in
other solvents ([Ln(DMSO)g]**. For a summary, see Cotton and
Harrowfield.*® Therefore, DMF-d, was the solvent of choice for
coordination experiments. Unless otherwise noted, the NMR tube
contained PQQ (9 mg, 27 pmol), which was dissolved by sonication
at 50 °C for § min. LiClO, (16 mg, 0.15 mmol) for controlled ionic
strength and Ln/Ca salts were always added as solids and were
dissolved by sonication at 50 °C for 5 min. In the case of very small
amounts of metal (0.01 equiv), a stock solution was prepared in
DMF-d; (0.01 mg/uL), which was used for metal addition (0.01
equiv equals ~10 uL of stock solution (Table S1)). 'H and *C NMR
spectra were recorded within 1 h after the metal addition.
Experiments with larger amounts of PQQ_ (S0 mg, 151 umol) in
DMF-d, (0.6 mL) were performed in the same way, but higher
temperatures (65 °C) were necessary to ensure complete dissolution.
All NMR experiment conditions can be found in Table S1, and shifts
can be found in Tables S2—S4. FT-infrared spectroscopy (IR) was
carried out with a Jasco FT/IR-460 Plus with an ATR diamond plate.
IR data can be found in Table SS and Figures S3 and S4. UV—vis
spectroscopy of the different PQQ derivatives was conducted with an
Agilent 8453 diode array spectrophotometer in a I-cm-path-length
quartz Suprasil cuvette. The following stock solutions were prepared:
PQQ in DMF or DMSO (4 mM). A blank was recorded with 990 uL
of solvent (DMF/DMSO/H,0), followed by the addition of 10 L of
the respective PQQ stock solution (4 mM) to yield a final
concentration of 4 M. For measurements in H,O, the PQQ _stock
solution in DMF was used, leading to a total DMF concentration of
1% in the cuvette. Spectra were recorded instantly after mixing. UV—
vis spectra can be found in Figure S5. UV—vis spectroscopy of PQQ_
(1) in DMF or water with lanthanide chloride and calcium chloride
was performed on an Epoch 2 plate reader from Biotek using a 96-
well quartz microplate from Hellma. In DMF, measurements included
190 uL of a PQQ stock solution in DMF (42.1 uM) and 10 uL of
DME or 10 uL of LnCl;-nH,O (Ln = La—Lu, n = 7 for La—Ce and n
= 6 for Pr—Lu, except for Sm and Dy, where n = 0) or CaCl,-2H,0 in
DMF (0.8 mM) to yield a final concentration of 40 uM for both PQQ
and the metal salts (1:1) (Figure 6). In a subsequent experiment, 2 L
of DMF and 2 uL of LnClynH,O (Ln = La—Lu, except Pm) or
CaCl,-2H,0 in DMF (40 mM) were added to the respective well,
resulting in a final PQQ_concentration of 39.6 yuM and a PQQ to
metal ratio of 1:11. A blank was recorded in pure DMF (200 uL), and
the resulting absorbance was subtracted from the spectra. Additional
UV—vis spectra can be found in Figures S10 and S11. Measurements
in water included 180 L of a PQQ stock solution in H,0 (278 uM),
20 pL of H,0 or 18 uL of H,0, and 2 uL of LnCl;-nH,0 (Ln = La—
Lu, n =7 for La—Ce and n = 6 for Pr—Lu, except Sm and Dy, where n
=0) or CaCl,-2H,0 in H,0 (25 mM) to yield a final concentration
of 250 uM for both PQQ and metal salts (1:1) (Figure S7). A solvent
blank was recorded and subtracted from the respective spectrum.
Job’s plot measurements included PQQ as well as LuCl; (anhydrous)
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stock solutions in DMF (200 uM, Figure S9) or in water (250 uM,
Figure S8) and were conducted using a plate reader (Epoch 2). For
the PQQ _stock solution in water, a concentrated DMF solution was
prepared first (25 mM), which was diluted with water to the final 250
UM concentration (including 130 mM DMF). The LuCl; stock
solution in water was treated with the same amount of DMF (130
mM). Both water- and DMF-based measurements included x uL of
PQQ + y uL of LuCl; (x = 200, 190, 180, ..., 0) (y = 200 — x), a total
of 20 different ratios. For data processing, the corrected extinction of
PQQ was calculated at 343 nm (data analysis in water) or 435 nm (in
DMF) and plotted against the mole fraction of added lutetium(III).
The stepwise addition (0.2 equiv steps) of metal salts to a fixed
concentration of dissolved PQQ included stock solutions of PQQ_
(333.33 uM) in water and a S mM stock solutions of LaCl;-7H,O,
LuCl;-6H,0, or CaCl,-2H,0 in water. Each well contained 200 uL
total volume, including 150 yL of PQQ + x #L of metal salt + y uL of
water (x =0, 2, 4, .., 50) (y = SO — ), resulting in 250 uM PQQ with
increasing amounts of metal salts (0.2 equiv per 2 uL added) (Figures
5 and S6).

Elemental Microanalyses (EA). (C, H, N) were analyzed with a
vario EL element analyzer. Inductively coupled plasma optical
emission spectroscopy (ICP-OES) was conducted with a Varian-
Vista instrument with autosampler and was used for determining
lanthanide and calcium contents in precipitates. Samples were
digested in hot nitric acid and then diluted with Millipore water to
a final HNO; concentration of 3%. The following wavelengths (nm)
were used for metal content determination: La (333.749, 408.671),
Eu (381.967, 397.197), Lu (291.139), and Ca (393.366, 396.847).
The values shown are averaged. DFT calculations were performed
with Gaussian 09, revision D.01.>° All calculations were performed
using the B3LYP functional,® and the 6-31g(d) basis set was used.
Solvent effects were modeled using the conductor-like polarizable
continuum model (CPCM) with the default setting for the universal
force field (UFF).>' Magnetic properties (NMR shifts) were
calculated by the gauge-independent atomic orbital (GIAO)
method.*> Calculated structures and shifts can be found in Table
S6. Thermogravimetric analysis (TGA) was performed on a TGA
4000 system from PerkinElmer using Al,O; crucibles, and the plots
can be found in Figure S13. ESI mass spectra of PQQ were recorded
with a Thermo Finnigan LTQ FT ultra Fourier transform ion
cyclotron resonance mass spectrometer with acetonitrile/water as the
carrier solvent.

Materials. Metal salts were purchased from abcr Germany (LnCly-
nH,O-Ln, 99.9% = Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu;
Ln(NO;);nH,0-Ln, 99.99% = La, Lu), Sigma-Aldrich (LnCl;-nH,O-
Ln, 99.99% = La, Ce, Pr, Eu), Alfa Aesar (LiClO,, 99%; Ca(NO,);
4H,0, 99.9995%), and VWR (CaCl,-2H,0, 99%). The water of
crystallization of the lanthanides (nH,0) was analyzed by elemental
microanalysis prior to experiments and is given in the respective
experimental descriptions. Deuterated solvents were purchased from
Sigma-Aldrich (DMF-d,, 99.5%) and Eurlsotop (DMSO-dg, 99.8%).
PQQ was either used from a commercial source (Fluorochem Ltd.
Hadfield, 97% purity. (EA) Found: C, 47.81; H, 3.02; N, 7.98. Calcd
for [C,,HN,04-1.4H,0]: C, 47.31; H, 2.5; N, 7.88) or conveniently
(and cheaply) extracted from Doctor’s Best Science-Based Nutrition
PQQ capsules, as described below, and transferred from its disodium
salt to the fully protonated form, which gave PQQ in high purity.
Milli-Q-grade water (pH S.5), received from a Millipore Synergy UV
system from Merck (Darmstadt, Germany), was used for all
experiments.

Isolation and Purification of PQQ. PQQ was extracted from
Doctor’s Best Science-Based Nutrition BioPQQ_capsules containing
PQQ (as PQQ disodium salt), cellulose, and modified cellulose. The
capsules (60 X 20 mg of PQQ = 1.20 g, 3.21 mmol) were emptied,
and the powder was suspended in water (250 mL). While the PQQ_
sodium salt was soluble in water, the cellulose which remained as a
solid was filtered off and washed several times with water until the
filtrate was colorless. The water was subsequently removed from the
filtrate under reduced pressure to give the disodium salt of PQQ as a
brown powder (1.12 g 2.99 mmol, 93%). 'H NMR (400 MHz,

DMSO-dy): 5/ppm = 8.61 (s, 1H, 8), 7.08 (d, ] = 1.4 Hz, 1H, 3). IR
(neat): 7/cm™! = 3303, 2360, 2171, 1668, 1603, 1541, 1499, 1339,
1230, 905, 712. EA: Found C 35.72; H 3.39; N 5.93. Calcd for
C1,H,N,N2,04.5.5H,0 (PQQ disodium salt) (373.98): C 35.53; H
3.19; N 5.92. The isolated PQQNa, was converted to the fully
protonated form according to a literature procedure.33 In brief, crude
PQQNa, (1.12 g, 2.99 mmol) was dissolved in water (500 mL) and
heated to 70 °C. Concentrated HCI (2.3 mL) was added, and the
mixture was stirred at 70 °C for 24 h. The resulting precipitate was
filtered, washed with 2 M HCl, and dried in vacuo. The product (1.02
g, 3.09 mmol, 91%) was isolated as a bright red solid. Total yield over
two purification steps: 85%. IR (neat): 7/cm™ = 1742 (m), 1699
(m), 1640 (s) (C=0); 1506 (m) (C=N); 1191 (s), 1263 (s), 1315
(s) (C=C); 865 (m) (C—N). EA: Found: C, 48.04; H, 2.50; N, 7.93.
Caled for [C,HN,Oy 1.15 H,0: C, 47.92; H, 2.38; N, 7.98. HRMS
(ESI- , H,0/MeCN): m/z caled for [C;;H{N,Og]7: 329.0051;
found: 329.0051.

PQQ-Metal Complex Precipitation from Water. PQQNa, (30
mg, 0.08 mmol as received from Doctor’s Best PQQ capsules) was
dissolved in H,0 (12 mL). LaCl;-7H,0 (A: 0.5 equiv, 14.9 mg, 0.04
mmol/B: 1.0 equiv, 29.8 mg, 0.08 mmol/C: 2.0 equiv, 59.5 mg, 0.16
mmol) was added as a solid, resulting in immediate turbidity and a
color change from dark red to light brown. The suspension was
centrifuged (S min at 4500 rpm in a Heraeus Megafuge 8R benchtop
centrifuge with a swinging bucket), and the colorless supernatant was
removed. To wash the resulting pellet, water was added (12 mL), and
the suspension was first vortex mixed and then centrifuged (same
configuration), followed by the removal of the supernatant. This
washing step was repeated two more times. The pellet was then
transferred to a Schlenk flask and dried overnight under high vacuum
to afford A: 26 mg, B: 23 mg, and C: 43 mg of a brown powder. EA
(CHNLa): (A) Found C, 30.42; H, 2.44; N, 5.17; La, 25.94. (B)
Found: C, 31.21; H, 2.34; N, 5.22; La 22.97. (C) Found: C, 30.14; H,
2.50; N, 5.19; La 25.18. Caled for PQQLa-SH,0 [C,,H,;LaN,0,,]:
C, 30.23; H, 2.36; N, 5.04; La, 24.98. The experiments were repeated
with CaCl,-2H,0 (0.5, 1.0, 2.0, and 3.0 equiv), EuCl;-6H,0 (1.0 and
3.0 equiv), and LuCl;-6H,0 (1.0 and 3.0 equiv), each indicating a
PQQ:M-SH,0 complex as well. (IR data are available in the
Supporting Information, Figure SS.) We have attempted to obtain
mass spectra of the M-PQQ_complexes; however, we mostly observed
PQQ (1) and the geminal diol (3, Figure S1).

B RESULTS AND DISCUSSION

Study of PQQ Metal lon Interactions in Water. After
precipitation of PQQ_the water equivalent present in the solid
could not be removed by drying at 100 °C or under high
vacuum. To exclude the possibility that the solid could be the
water adduct of PQQ (3, a geminal diol can result from the
hydration of the quinone 1 at the CS position, Figures 2 and 3)
solid state NMR was performed, which indicated pure PQQ
(1) and can be found in the Supporting Information (Figure
S2A). IR spectra of disodium salt and purified fully protonated
PQQ can be found in the Supporting Information (Figure S3,
Table S5). The solubility of PQQ in water is limited to its
(partially) deprotonated form (pK, = 0.30 (Ng), 1.60 (C,-
CO,H), 2.20 (C,-CO,H), 3.30 (C,-CO,H), 10.30 (N,)).** In
addition, PQQ will form the geminal diol (3) in a molar ratio
of 2(1):1(3) in water, as observed with NMR by Duine et al.*®
In DMF, PQQ will form 3 to some extent when traces of water
are present or introduced by the addition of metal salts
containing waters of crystallization (Figure S1A). On the basis
of DFT calculations (Table S6), we propose that this addition
is taking place at the CS5 carbon. The formation of a diol is
evidenced by a new resonance at 91.7 ppm stemming from a
diol moiety in position 5. The formation of 3 is also supported
by ESI mass spectrometry in a H,O/MeCN mixture where
both PQQ (1, m/z = 329.0051, [C,,H.N,05]") and PQQ-
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Figure 3. Structures of the different PQQ species and PQQ adducts
referred to in this study.

H,0 (3, m/z = 347.0157 [C,,H,N,0,] ") are observed (Figure
S1B). Previously, Zheng and Bruice also showed with
calculations that (methanol) adducts at C5 of PQQ are
energetically favored.”® When trivalent lanthanide ions or
calcium(II) were added to an aqueous, concentrated solution
of PQQNa, (pH >7), a 1:1 PQQ—metal complex precipitated.
Elemental microanalysis of the solids revealed similar
stoichiometries, regardless of the amount of added metal salt.
Analysis suggested the formation of a PQQ-M-5H,0 complex
(M = Ca*, La**, Eu**, Lu*"), although the exact coordination
mode in the solid state could not be ascertained. TGA analysis
of the solids (PQQ + Eu or La) did not give a clear indication
of whether the five water molecules were bound tightly to the
metal ion in the complex or were present as cocrystallized
water molecules or whether one of them was covalently bound
to PQQ to form 3. TGA analysis showed a continuous weight
loss to 84% on heating to 100 °C, which fits with the
elimination of the five water molecules (Figure S13). The
compound then gradually lost three CO, molecules until it was
heated to 500 °C (Figure S13). Numerous attempts to
recrystallize the solid or obtain single crystals suitable for X-ray
crystallography were unsuccessful. IR spectra of solid PQQ
showed seven bands between 1743 and 1583 cm™" which can
be attributed to the C=0 stretching vibrations of the carboxyl
and quinone groups (Figure 4).>7

A complex of PQQ with Ti** in binding site 1, previously
described by Dimitrijevic et al,”* led to a splitting of the
quinone signal into two features (1643 to 1653 and 1636
cm™) and an intensity reduction of one of the carbonyl
stretches (1744 cm™) due to coordination to C;=0 and C,—
CO,H while the other carbonyl signals remained unaffected. It
is important to note that the affected carboxyl group was
denoted by Dimitrijevic et al.*® to be an ester, stemming from
an impurity in their PQQ_sample. However, their PQQ_data
match that obtained in the present work (from biological
synthesis and fermentation, a highly purified sample), making
the previous ester assignment doubtful and the feature at 1744
cm ™" more likely to be a carboxylic acid stretch. In our study,
the coordination with lanthanum(I1I) led to a strong shift of all
seven carboxyl and quinone absorption bands and the
appearance of a broad, poorly resolved feature between 1734

100

80+

%T

704

60+

—PQQ
——PQQ-La complex

50 T ] ] 1
1800 1700 1600 1500 1400

Wavenumber [cm'1]

Figure 4. Overlayed IR spectra of PQQ (red) and the PQQ-La

complex (green) between 1800 and 1400 cm™".

and 1521 cm™'(Figure 4). In the IR spectra of Fe** and Fe®*
complexes with structural PQQ analogues, the bands
associated with the coordinated carboxyl groups (C,) are
much more strongly shifted, or disappear completely, in
comparison to noncoordinating carboxyl or ester groups
(Cy).”” Hence, a clear statement about the coordination
mode of lanthanides solely by IR data remains difficult, but the
data indicate a participation of all three carboxyl groups in a
three-dimensional coordination network in the solid state with
different coordination modes.

An analysis of the PQQ-lanthanide complexes in water was
difficult because the precipitation of Ln-PQQ complexes
limited the investigations to UV—vis spectroscopy at low
concentrations. Furthermore, as mentioned above, PQQ forms
at least two species (1 and 3) in aqueous solution. Upon metal
ion addition, there are then at least four different species
present: 1, 3, and M-1, and M-3. The UV—vis spectra of PQQ_
with the stepwise addition of lanthanum(III) or lutetium (III)
in unbuffered water is shown in Figure 5. Both lanthanides
induce a decrease in the 330 and 478 nm transitions of PQQ
(mixture of 1 and 3) and give rise to an additional absorption
feature at 375 (La) or 380 (Lu) nm, respectively. With the
same amount of calcium(II), the changes are less pronounced
and the new feature is not as red-shifted and appears at 357
nm. The absence of clear isosbestic points and overlapping
transitions and the presence of more than two species
complicates the analysis of the stoichiometry in solution
using Job’s method (Figure S8).*

Study of PQQ Metal lon Interactions in Nonaqueous
Solvents. The coordination chemistry of PQQ was previously
examined with several transition metals as well as sodium ions
in both the solid state and in solution. Depending on the metal
and the coligands, all three possible binding sites of PQQ can
be occupied: With structural PQQ analogues (benzoquino-
lines) and Fe?*,*” or with C9-decarboxy PQQ and Cd*",*" or
with Cu®,*' coordination was observed in site 1 (Figure 1).
With Cu*, PQQ and 2,2'-bipyridine (bipy) or terpyridine
(terpy) coordination also took place in site 1, as well as with
Cu*, PQQ and terpy,"” and with Cu’, PQQTME and PPh; as
coligands also in site 1.°° With Cu*, PQQ and terpy,
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Figure S. UV—vis spectra of PQQ in H,0 (250 uM) with increasing
equivalents of LnCl;nH,O (Ln = La, Lu) or CaCl,-2H,0, directly
measured after metal addition. For spectra of the complete Ln series
and data showing the addition of up to five metal equivalents, see
Figures S6 and S7.

coordination took place in sites 1 and 3,** and with Ru**, PQQ
and bipy in site 2.** With Na, coordination was observed in all
three sites.*

Itoh et al. described a Ca®* coordination with trimethyl ester
PQQTME (2) in MeCN solution, where shifts of the proton
and carbon NMR resonances indicated coordination in site
1.2>* However, not all PQQ signals were mentioned, and no
indication was given of the PQQ/metal ratio. An ESI mass
spectrometry, UV—vis spectroscopy, and in silico study of the
interaction of the uranyl ion and Ca** with PQQ suggested
binding in site 1.*7 In 2018, Schelter described a La3*
coordination in site 1 with an MDH active site model ligand
containing a structural PQQ analogue (benzoquinoline
quinone).”® Here, we examine the interaction of PQQ (1)
with lanthanides for the first time directly, without the help of
structural analogues or methylester species PQQTME (2). As
mentioned above, water proved to be problematic for metal
coordination experiments as a result of the precipitation of a
poorly soluble complex at higher concentrations, limiting the
analysis in water to UV—vis spectroscopy. PQQ_shows good
solubility in MeOH, DMF, and DMSO and for the PQQNa,
salt also in H,O (UV—vis spectra are included in the SI, Figure
S5 and Table S7). Because PQQ is known to form hemiketal
adducts in methanol (5, 6),*** and water adducts (to yield 3),
additional coordination experiments were conducted in DMF.
UV—vis experiments with a stepwise addition of lanthanides
and calcium ions to PQQ are shown in Figures 6 and S9—SI11.
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Figure 6. UV—vis spectra of PQQ in DMF (40 uM) with 1 equiv of
LnCly;nH,0 (Ln = La, Gd, Lu) or CaCl,-2H,0, measured directly
after metal addition. For spectra of the complete Ln series, see Figure
S10.

The UV—vis spectrum of PQQ (1) in DMF is only slightly
influenced by Ca®', leading to a decrease in the intraligand
absorption bands at 334 and 447 nm. Throughout the
lanthanide series, the absorption intensity is steadily reduced
upon addition of 1 equiv of Ln (La* to Gd**), accompanied by
a small but steady shift toward longer wavelengths. The effects
of metal ions on PQQ in DMF are much weaker than in water.
However, coordination to Ln in DMF clearly influences the
electronic structure of PQQ. From Tb*" onward, the red shift
is more pronounced, with the maximum absorbance now being
at 340 nm. However, the intensity change of the absorption
(upon Tb*" to Lu*" addition) is less drastic as with the earlier
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lanthanide-series ions (Figure S10). We can only speculate as
to why such a clear break between early and late lanthanides
appears, but a decrease in the coordination number, caused by
the lanthanide contraction, is common for lanthanide
complexes and could also be of relevance here.”” Kaim et al.
had previously observed a shift from 364 and 434 to 378 and
488 nm upon binding of Cu* to the trimethylester derivative
(2) in CH,CL.*® Our experiment in DMF shows that the
interaction of 1 with Ln follows a pattern that can be attributed
to the different properties of the lanthanides (decrease in ionic
radii and increase in Lewis acidity) caused by the lanthanide
contraction. Spectra were recorded again after 15 min and with
a total PQQ/metal ratio of 1:11 (Figures S10 and S11),
leading to a further increase in the observed effects: red shift
and absorption intensity change. The addition of water (10 uL,
S vol %) to the DMF solution decreases the intraligand
absorption bands even further but causes only a slight red shift
(Figure S10 and S11). Because of the up to 7 equiv of water in
the lanthanide salts, not only metal coordination but also
water-adduct formation has to be taken into account. This is
also further elaborated on in the NMR section below. Because
lutetium generated the strongest shift in the UV—vis spectrum
in DMF, we attempted to analyze the binding of this
lanthanide using the method of continuous variation (Job’s
plot)® in the absence (to avoid the formation of 3) and
presence of traces of water.*” Because the most pronounced
change in the absorption spectrum of PQQ, without other
overlapping transitions, was in the region of 435 nm, we used
this wavelength for our analysis. As mentioned above, PQQ
can add water, and thus we have to assume the presence of
multiple PQQ _species before even adding metal ions. We thus
collected the data in dry DMF and with anhydrous LuCl;. The
data collected directly after mixing PQQ with Lu** suggest a
PQQ/Lu 1:1 complex (mole fraction ~0.5, Figure S9).
Surprisingly, the absorbance changed slightly over time (within
1S min), shifting the maximum of Job’s plot to 0.6, which
could indicate a different stoichiometry and/or the presence of
a dynamic process/formation of another species. We want to
emphasize here that the complex nature of multiple species of
PQQ in solution clearly hampers a straightforward analysis of
stoichiometry in solution and that PQQ does add traces of
water at the CS position, leading to the formation of a water
adduct (3). When using LuCl;:6H,O instead of anhydrous
lutetium salt, the shift over time was stronger, clearly indicating
an effect of water on PQQ. Furthermore, the curvature was
stronger in DMF, indicating a low binding affinity of PQQ
(Figure S9). We have also explored the possibility of learning
about the coordination of lanthanides using the hypersensitive
transitions that some Ln exhibit.’' As can be seen in Figure
S12, the hypersensitive transitions of the Nd** ion are visible
before and after PQQ addition. The transition at 578 nm gains
some intensity; however, within this experimental setup, no
meaningful insight into the nature of the coordination sphere
of Nd was obtained. To investigate the site of coordination in
solution further, we conducted NMR experiments on 1 with
the stepwise addition of different lanthanides. Full NMR data
of 1 in DMSO are included in the Supporting Information
(Table S4); however, this solvent is known to be more strongly
coordinating (to lanthanides)® and 1 is less soluble in DMSO,
hence DMF was used to investigate the interaction with metal
ions. Initial investigations included Ca*" and diamagnetic Ln
salts La®* and Lu®*, with chlorides and nitrates as counterions
with increasing amounts of added metal salts from 1 to 10

equiv and with and without controlled ionic strength (LiClO,).
For all three metals and regardless of the counterion employed,
the resulting shift for both 'H and *C experiment was very
small, with the exception of Cy (Figure 2, para to N,,). In
addition, new resonances appeared in both 'H and *C
experiments, especially with increasing amounts of added
metals. Because of the presence of up to seven waters of
crystallization per added lanthanide equivalent, the formation
of a water adduct is plausible. In fact, the addition of water
itself (20 equiv, 9.8 uL) to a solution of 1, CaCl,(10 equiv),
and LiClO, in DMF further increased the intensity of the new
signal sets, confirming the presence of the water adduct (3).
Even a sample of purified 1 showed minute traces of additional
signals due to trace amounts of residual water. A recrystallized
pure sample of 1, which contained 2 equiv of DMF crystal
solvent but no traces of water, did not show such additional
signals in the '"H NMR recorded in dry DMF (Figure S14).
This demonstrates that PQQ readily adds water in nonaqueous
solvents even when only minute traces are present, confirming
our conclusions from UV—vis spectroscopy. On the basis of
DFT NMR-shift calculations, this addition is proposed to take
place at the Cg carbon (Table S6). In contrast to the
experiments with PQQTME (2) described by Itoh,”* where
one coordination site is blocked (site 3, see Figure 2), a clear
conclusion solely based on resonance shifts as to where metal
coordination takes place with the diamagnetic metal ions and
PQQ (1) proved to be challenging. Interestingly, besides the
discussed water resonances, no new resonances which could be
attributed to complex formation appeared. Thus, temperature-
dependent NMR experiments with La(NO;); (0.5 equiv) were
conducted at r.t., 0 °C, and —50 °C (the lowest accessible
temperature within our experimental setup), but regardless of
the temperature, only one signal set was visible for PQQ,
suggesting a fast exchange in solution even at low temper-
atures. However, all resonances were further shifted depending
on the temperature ("H and “C: C,, C,;, C,, and Cg,
downfield, with all other signals upfield).

Experiments with lanthanides and 2,6-dipicolinic acid (dpa)
reported by Piguet and co-workers showed a similar
phenomenon:>* excess ligand, added to an already-formed
[Lu(dpa);] complex in D,O, gave distinct NMR signals for
free and bound ligands, which merged to one signal set at
higher temperatures. Hence, —50 °C is likely not low enough
to affect a signal separation in our experiments. While no
strong metal-induced shifts could help with the assignment of
the coordination position, we recognized a broadening of some
resonances with increasing amounts of lanthanum and lutetium
but not with calcium. Especially with lutetium, the addition of
1 equiv caused resonances C,,, C;, and C, to almost disappear
in the noise, and exponential line broadening (6.5 Hz) had to
be used to make them visible (Figure 7). To further study the
coordination mode of PQQ to biologically relevant metals in
solution, paramagnetic lanthanides were used.’® Shifts of the
light paramagnetic Ln-chlorides (Ce, Pr, Sm, Eu) for 'H
experiments with 0.5 equiv of metal salt were expectedly
stronger than the ones from diamagnetic Ln (0.04—0.19 (H,),
0.05—0.62 (Hg), 0.01—0.11 (H;)), and all signals became
broadened, especially the Hg signal (Eu > Pr > Ce > Sm,
Tables S1—S3). With increasing amounts of metal salt (0.5—
3.0 equiv), all signals were further shifted and broadened (8 >
1 > 3). Shifts of *C experiments were in the same range as
those from diamagnetic Ln; however, resonances that
decreased in intensity or completely disappeared due to strong
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Figure 7. Stacked 3C spectra of 1 in DMF-d, (27.2 umol) with 1.0
equiv of LaCl;-7H,0 or LuCl;-6H,0 showing the broadening of some
resonances after the addition of these diamagnetic metal ions.

broadening (especially Cs, C;, and C,) were induced by lower
metal ion concentrations. With 0.5 equiv, certain resonances
were already undetectable (Figure 8). With Pr and Eu, more
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Figure 8. Stacked *C spectra of 1 in DMF-d, (27.2 umol) with 0.5
equiv of PrCl;-6H,0, showing the disappearance of some resonances
after metal addition.

resonances decreased in intensity or disappeared than with Ce
and Sm (Table S3), probably stemming from differences in the
electronic structure and the magnetic susceptibility tensor of
the lanthanides.>**“** The resonances, which disappeared,
were partially different (Table S3) and were affected by the
amount of added metal.

The only resonances which remained unaffected in these
experiments were C,, C;, and C;. With the heavier,
paramagnetic Ln-chlorides of Tb, Er, and Tm, 0.01 equiv of
metal salt led to the above-mentioned changes. Because of the
commonly known pseudocontact shift of paramagnetic
compounds,”*° the spectral width of '*C experiments was
increased to —300 to 600 ppm.52 However, no additional
resonances were detected in this range. It is still possible that,
because of the paramagnetically induced broadening, the
resonances were indeed shifted to low field or high field but
were too broad to be observed. Experiments were also repeated
with larger amounts of PQQ (50 mg, 143.2 ymol) with 1 equiv
of CeCl; or PrCl;, but besides the now clearly visible

resonances of the water adduct (3), no additional resonances
were observed. However, taking together the observation that
certain '3C resonances were unaffected (C,,, C,, and C;)
while others (especially C, C;, and C,) decreased in intensity
or completely disappeared because of broadening, our
experiments support the binding of lanthanides to PQQ_in
solution in the biologically relevant coordination pocket (site
1, Figure 2), as was also proposed for the uranyl ion by Peyton
and co-workers.

B CONCLUSIONS
Although PQQ has been known and studied for over 50 years,

many analytical details of species have been only sparingly
reported and often relied on the use of the trimethyl ester. For
the first time, we report full NMR, IR, and UV-vis
characterization of PQQ_and its water adduct. In addition,
the interaction of PQQ in solution with biologically relevant
metal ions (lanthanides and calcium) has been investigated,
and these studies suggest that the coordination of lanthanides
in nonaqueous solvents takes place in the biologically relevant
pocket (site 1).*” We further show that even if lanthanides
have similar chemical properties, the subtle differences in ionic
radii across the series impact the electronic structure as
evidenced in the UV—vis spectrum of PQQ. These results will
aid the development of PQQ-based model systems and further
our understanding of lanthanide-dependent enzymes.
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