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Quinoprotein alcohol dehydrogenases use the pyrroloquinoline
quinone (PQQ) cofactor to catalyze the oxidation of alcohols. The
catalytic cycle is thought to involve a hydride transfer from the alco-
hol to the oxidized PQQ, resulting in the generation of aldehyde and
reduced PQQ. Reoxidation of the cofactor by cytochrome proceeds
in two sequential steps via the PQQ radical. We have used a combi-
nation of electron nuclear double resonance and density functional
theory to show that the PQQ radical is not protonated at either O-4
or O-5, aresult that is at variance with the general presumption of a
singly protonated radical. The quantum mechanical calculations
also show that reduced PQQ is unlikely to be protonated at O-5;
rather, it is either singly protonated at O-4 or not protonated at
either O-4 or O-5, aresult that also challenges the common assump-
tion of a reduced PQQ protonated at both O-4 and O-5. The reac-
tion cycle of PQQ-dependent alcohol dehydrogenases is revised in
light of these findings.

A number of Gram-negative bacteria utilize a class of dehydrogenases
known as quinoproteins, which are distinct from the flavin- and nicoti-
namide-dependent enzymes, to catalyze the oxidation of alcohols or
aldoses (1-3). The reaction is the first step in an electron transport chain
that generates a proton motive force that is used to produce ATP. Sev-
eral quinoproteins contain the noncovalently bound quinoid cofactor
pyrroloquinoline quinone (PQQ)? (Fig. 1), the role of which as a poten-
tial vitamin in mammals is currently under debate (4—6). Among this
class of enzymes, methanol dehydrogenase (MDH) (7-15), quinopro-
tein ethanol dehydrogenase (QEDH) (16), quinohemoprotein alcohol
dehydrogenase (QH-ADH) (17, 18), and soluble glucose dehydrogenase
(s-GDH) (19) have been described and crystallized. Spectroscopic, bio-
chemical, and in particular x-ray crystallographic studies have allowed
great progress to be made in the understanding of the structure and
function of these proteins (20 -22).

The most frequently investigated PQQ-dependent alcohol dehydro-
genase is MDH. This soluble enzyme is a heterotetramer of two large
and two small subunits (a,f3,) (8—12, 14, 15). In contrast, QEDH is
composed of two large subunits (e,) (16). The common structure of the
a-subunit is a super-barrel composed of eight radially arranged
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B-sheets, a so-called propeller fold. The PQQ cofactor bound to a Ca**
ion is buried in the interior of the super-barrel and sandwiched between
the indole ring of a tryptophan residue and an eight-member disulfide
ring formed from adjacent cysteine residues. In QEDH these are Cys'*®
and Cys'% (16).

Two mechanisms have been proposed for the oxidation of alcohols in
quinoprotein dehydrogenases, both of which begin with the PQQ in an
oxidized state. Initially, an addition/elimination mechanism was pro-
posed, a suggestion that is now considered unlikely; rather, a hydride
transfer mechanism is preferred (19, 23, 24) (see Fig. 1). Following sub-
strate binding, the reaction is initiated by amino acid (Asp (11) or Glu
(25)) base-catalyzed proton abstraction of the hydroxyl proton of the
alcohol. Nucleophilic attack of the hydride from the substrate to the C-5
position of PQQ then occurs. Subsequently, the PQQ enolizes to form
the quinol. The reduced PQQ is reoxidized by two sequential single
electron transfers (ET) to cytochrome ¢; in MDH, cytochrome cg5, in
QEDH, or the cytochrome ¢ domain in QH-ADH via the intermediate
free radical (26-28), a process that is thought to be mediated by the
disulfide bridge (17, 18, 29).

Information that is not usually obtained from x-ray analysis but is
necessary for obtaining a full understanding of a dehydrogenation reac-
tion cycle concerns the protonation states of the singly and doubly
reduced species. As shown in Fig. 1, apart from one review (21), reduced
PQQ is usually shown protonated at both O-4 and O-5, whereas the
radical is depicted singly protonated at either O-4 (30, 31) or O-5 (20, 24,
32), although a deprotonated radical was recently postulated (33).
Knowledge of the protonation states is crucial if the ET and proton
transfer pathways in both reoxidation steps are to be understood,
because depending on the protonation states of the initial and final
molecules, the reaction is either simple ET or must be accompanied by
the release of a proton. Furthermore, apart from the driving force and
the reorganization energy, according to ET theory (34), the rate of ET is
dependent on the electronic coupling between the donor (PQQ) and
acceptor (heme). Therefore, a full understanding of ET kinetics in qui-
noproteins will only be possible with knowledge of both the spatial and
electronic structures of the ET partners (35). The latter may be provided
by electron nuclear double resonance (ENDOR) via determination of
hyperfine couplings (hfcs) in combination with density functional the-
ory (DFT) calculations (36). These methods enable us to establish that
the PQQ radical is deprotonated when bound in QEDH from Pseudo-
monas aeruginosa. In the light of this finding, we present here a revised
reaction cycle for PQQ-dependent dehydrogenases.

MATERIALS AND METHODS

Enzyme Isolation—The apoform of QEDH enzyme was heterolo-
gously over-expressed in Escherichia coli and purified to homogeneity
as described earlier for holoQEDH (37, 38).

Reconstitution of the Holoform of QEDH—The formation of an enzy-
matically active holoenzyme in either protiated or deuteriated buffer
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FIGURE 1. The currently accepted reaction cycle for alcohol oxidation in quinoproteins, adapted from Anthony and Williams (24). The mechanism is based on a hydride
transfer from the alcohol to the C-5 position of the PQQ (19). The back-reaction is via a radical intermediate protonated at O-4 or O-5. The IUPAC numbering scheme of PQQ is also

shown.

was achieved as described previously (39). Before reconstitution, the
enzyme was transferred to the appropriate buffer (protiated or deuteri-
ated) by ultrafiltration using Centricon filters with a 30-kDa cut-off
(Millipore, Billerica, MA). PQQ (Sigma) was dissolved in the same
buffer.

In a previous study we observed that following reconstitution or iso-
lation of the native enzyme, substrate is often bound (40). Therefore,
following reconstitution the preparations were washed by repeated
ultrafiltration cycles in freshly prepared alcohol-free protiated or deu-
teriated buffer (100 mm Tris/HCI, 100 mm NaCl, 10 mm CaCl,). Finally,
the samples were concentrated to a subunit concentration of 300 M.

EPR Sample Preparation—The enzyme preparations were trans-
ferred into 3-mm (inner diameter) quartz tubes for X-band (9 GHz) EPR
and 0.7-mm (inner diameter) quartz tubes for W-band (94 GHz) EPR.

EPR Instrumentation—X-band continuous wave EPR spectra were
recorded using a pulsed EPR spectrometer (Bruker Elexsys E580)
equipped with an EPR resonator (SHQEWO0401) cooled by a helium
cryostat (Oxford ESR 910).

X-band-pulsed ENDOR spectra were recorded using the same spec-
trometer together with a DICE-ENDOR accessory including a radiofre-
quency amplifier (Amplifier Research 250A250A) and a dielectric ring
ENDOR resonator (Bruker EN4118X-MD-4-W1), which was
immersed in a helium gas flow cryostat (Oxford CF-935). For Davies-
type ENDOR, a microwave pulse sequence 7-t-7/2-7-r using 64- and
128-ns /2 and 7 pulses, respectively, and a radiofrequency pulse of 10
ws duration, starting 1 us after the first microwave pulse, were used. The
separation times ¢ and T between the microwave pulses were selected to
be 13 us and 500 ns, respectively.

W-band-pulsed ENDOR spectra were recorded using a pulsed EPR
spectrometer (Bruker Elexsys E680) equipped with a DICE-ENDOR
accessory including a radiofrequency amplifier (Amplifier Research
250A250A) and an ENDOR resonator (Bruker Teraflex EN600—
1021H), which was immersed in a helium gas flow cryostat (Oxford).
For Davies-type ENDOR, a microwave pulse sequence r-t-7/2-7-1r

JANUARY 20, 2006+ VOLUME 281+NUMBER 3

using 120- and 240-ns 7/2 and 7 pulses, respectively, and an RF pulse of
20 us duration, starting 1 us after the first microwave pulse, were used.
The separation times ¢ and 7 between the microwave pulses were
selected to be 25 us and 600 ns, respectively.

All experiments were performed at 80 K. The pulse patterns were
repeated with a frequency of 200 Hz so as to avoid saturation effects due
to long relaxation times. Note that as no modulation was used, the
ENDOR spectra are in absorption. To increase signal-to-noise and to
aid interpretation and discussion, the ENDOR spectra have been sym-
metrized with respect to the nuclear Zeeman frequency. They are dis-
played on an hfc axis centered at the nuclear Zeeman frequency.

Computations—DFT was used to calculate the geometric and elec-
tronic structure of PQQ in several oxidation and protonation states.
Geometries were optimized at the B3LYP/6-311G(d,p) level of theory,
as implemented in the program package Gaussian 03 (41). For closed
shell and radical species, restricted and unrestricted calculations,
respectively, were performed. Single point calculations of isotropic and
dipolar hfcs were carried out on the optimized geometries. Graphical
representations of molecular orbitals and electron spin density surfaces
were achieved using the Molden program package (42) followed by
rendering with POV-Ray™.

RESULTS AND DISCUSSION

EPR—The X-band cw-EPR spectrum of the PQQ radical bound in
QEDH is shown in Fig. 2 (continuous line). The spectrum shows a
slightly asymmetric line shape centered at g, = 2.0043 and a peak-to-
peak line width of 0.5 millitesla and is similar to that observed in MDH
(3, 43, 44), s-GDH (33), and QH-EDH (45). Typical of all of the EPR
spectra is the shoulder at low field and the ease of microwave saturation.
When the enzyme was reconstituted in deuteriated buffer, the peak-to-
peak line width was reduced only slightly, but the shoulders decreased in
relative intensity (Fig. 2, dotted line). The narrow line width of both
spectra and the absence of dramatic changes when comparing the two
samples are qualitative evidence that the exchangeable protons have
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FIGURE 2. Continuous wave EPR spectra of the PQQ radical bound in QEDH. Enzyme
was reconstituted in H,0 buffer (solid line) and in D,0 buffer (dotted line). The spectra
have been normalized to have the same double integral. Experimental conditions:
microwave frequency, 9.384 GHz; microwave power, 2 microwatts; magnetic field mod-
ulation amplitude, 0.1 millitesla (frequency 100 kHz).

only small hfcs. Hence, to garner more specific details about the proto-
nation state of the PQQ radical, we have turned to the higher resolution
of ENDOR.

ENDOR—X-band-pulsed ENDOR spectra of the PQQ radical bound
in QEDH and reconstituted in protiated buffer and deuteriated buffer
are displayed in Fig. 3, A and B, respectively. The ENDOR spectra are
centered at the nuclear Zeeman frequency (v = 14.75 MHz), and in the
weak coupling limit, which is the case here, each set of equivalent pro-
tons gives rise to a pair of tensorial patterns, whereby the splitting is
equal to the hfc component (Fig. 34). To aid comparison, the spectra
have been normalized so that the outer shoulder and peak (in the range
of v, = 6 to 10 MHz), which appear to be almost unaffected by changes
in the buffer, have the same intensity.

The spectrum from QEDH reconstituted in protiated buffer exhibits
avery rich and well resolved hyperfine structure with hfcs in the range of
0to 10 MHz. When the enzyme was reconstituted in deuteriated buffer,
there was a dramatic reduction in intensity in the middle part of the
spectrum. The difference between the spectra recorded in deuteriated
buffer and protiated buffer is shown in Fig. 3C. The difference spectrum
gives us a high degree of confidence that the exchangeable protons have
hfcs in the range of 0 to 5 MHz, one of which is expected to be the proton
at N-1. The protonation states of the three carboxylic acid groups of
PQQ when bound in quinoproteins are not known, although in solution
at pH 7 it is expected that they would be deprotonated (33, 46). Never-
theless, even if they were protonated, such protons always have negligi-
ble hfcs. The only other positions in the cofactor that could have
exchangeable protons with significant hfcs are at O-4 and O-5. Other
contributions can arise from exchangeable protons such as water mol-
ecules, in the binding pocket, and nearby amino acids such as Arg>**.

The spectrum from the sample reconstituted in deuteriated buffer
(Fig. 3B) should contain only nonexchangeable protons, of which the
PQQ cofactor has two, at C-3 and C-8. Indeed, outside of the matrix
region (>2 MHz), two tensorial patterns are discernable. One has
rhombic symmetry and components at 9.6 and 6.2 MHz, whereas the
third and smallest component is smaller and hidden. The second has a
narrow and intense component at 4.0 MHz, which implies axial sym-
metry, although the other component cannot be positively identified.
The matrix region (<2 MHz) shows an intense signal and some struc-
ture, but it cannot be easily interpreted. We expect that it is due in part
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FIGURE 3. X-band-pulsed ENDOR spectra of the PQQ radical bound in QEDH. Enzyme
was reconstituted in H,O buffer (A) and in D,O buffer (B). C, difference between the two
spectra shown in A and B.
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FIGURE 4. Pulsed ENDOR spectra of the PQQ radical bound in QEDH reconstituted in
D,0 at X-band (A) and at W-band (B-D). B-D, spectra were recorded at field positions
corresponding to molecules with their axes parallel to the external magnetic field: B, g,;
C, 9,; D, g,. Also shown are two pairs of three lines corresponding to the three principal
components of the two hyperfine tensors discussed in the text.

to the B-protons on the cysteine residues forming a disulfide bridge that
is in van der Waals contact with the PQQ cofactor.

To gain a more complete understanding of the spectrum containing
only nonexchangeable protons, we performed pulsed ENDOR experi-
ments at W-band. The improved spectral resolution provided by the
increased Zeeman interaction allows us to measure ENDOR spectra
with orientation selection. Fig. 4 shows the X-band ENDOR spectrum
(A) together with the W-band spectra (B, C, and D) of the same sample
recorded at magnetic field positions in the W-band EPR spectrum at
which principal values of the g-tensor are on resonance. The W-band
EPR spectrum and principal values of the g-tensor have been published
previously and are not repeated here (40).
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Comparison of experimental and calculated proton hfcs for the PQQ radical bound in QEDH

All values are in MHz. The experimental values have errors of £0.05 MHz. The signs are given by comparison with the theoretical values. For the protons at positions C-3
and C-8, the experimental values are givenas A, A, , and A, as these may be assigned by the W-band ENDOR experiments. For the exchangeable proton at N-1 and the
putative protons at positions O-4 and O-5, there is no directional assignment, and they are simply labeled as A;, A,, and A,.

Calculated values

Experimental values for

Proton QEDH from P. aeruginosa Anion radical Neutral radical Neutral radical
Ca>*PQQ* Ca®*PQQ(4HH>" Ca®>*PQQ(5)H?"
N-1
A, <5 —4.88 —3.21 —1.50
A, <5 —4.13 —1.80 0.34
Ay <5 0.24 3.17 0.99
C-3
A, (—)4.1 —3.62 -1.35 —-24.12
A, (—)4.0 —3.55 0.92 —18.10
A, (—)1.6 —1.01 1.99 —5.18
0O-4
A, —-3.17
A, -2.08
As 1.55
0O-5
A, —-1.68
A, -0.73
A, 0.60
C-8
A, (-)9.6 ~11.11 535 -1.07
A, (—)6.2 —7.06 —3.78 —0.15
A, (—)2.6 —1.63 —0.73 1.10

The advantage of W-band ENDOR over conventional X-band
ENDOR is immediately apparent. The powder-type X-band spectrum is
separated into three more simple spectra. The most straightforward
ENDOR spectrum to interpret is that with the magnetic field parallel to
g, (Fig. 4D). Given that the PQQ cofactor is approximately planar, an
assumption that all x-ray data and quantum mechanical calculations
support, then as in all quinoids, g, is expected to be perpendicular to the
molecular frame. Hence, only molecules with their planes perpendicu-
lar to the external magnetic field are on resonance at this position.
Therefore, only the component of the hfc tensor that is perpendicular to
the molecular plane is detected. For the C-3 and C-8 a-protons of PQQ,
this is the middle hfc component, and indeed, the spectrum recorded at
g, shows two intense transitions, with hfcs A, of 6.2 and 4.0 MHz,
which are also observed at X-band.

The spectrum recorded at g, (Fig. 4C) also shows two distinct, albeit
broader transitions: a large hfc with a maximum at 9.6 MHz and a
smaller hfc of 4.1 MHz. Again, these can be associated directly with the
equivalent transitions in the X-band spectrum. In the spectrum taken at
g, (Fig. 4B), all large hfcs have vanished and only a single pair of lines
with a hfc of 2.6 MHz is observed outside the intense matrix region. On
the flanks of the matrix region is another pair of lines with a hfc of
1.6 MHz.

Taking all this information together, we obtain, for two nonex-
changeable protons, one symmetric rhombic tensor with components
A, =26MHz A, = 9.6 MHz, A, = 6.2 MHz and one almost axial
=41 MHz, A, = 40
MHz. The experimental values are collected in Table 1. In previous
Q-band ENDOR studies on MDH, the two quite similar A,, compo-
nents were determined: A__; = 6.6 MHz and A_,, = 4.1 MHz in Rho-
dopseudomonas acidophila (47) and A_,; = 6.3 MHz and A__, = 3.7
MHz in Hyphomicrobium X (43). The comparison shows that the elec-
tronic structure of the PQQ radical in MDH and QEDH is quite similar,
so that we expect that the results obtained here should be generally

tensor with components A,, = 1.6 MHz, A

22,2

applicable to this class of enzymes.
Quantum Mechanical Calculations—To assign the hfcs we carried
out DFT calculations on the PQQ radical. The ground state oxidized
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PQQ was taken as PQQ>~ with all three carboxyl groups deprotonated
in line with spectroelectrochemical studies (33, 46), an approach that
has been included in recent quantum chemical calculations (48, 49).
Hence, formally the one-electron reduced PQQ radical has the struc-
ture PQQ™*".

Previous quantum mechanical calculations have shown that the
binding of Ca®* has very little effect on the geometry of PQQ (30).
Nevertheless, as it is present in all quinoproteins, it was also included
here giving Ca®>*PQQ*" as the anion radical form. The literature por-
trays two possible neutral radical forms, Ca®> " PQQH>" with the PQQ
protonated at either O-4, Ca>*PQQ(4)H?", or O-5, Ca>*" PQQ(5)H*™
(see Fig. 1). We take the anion and neutral nomenclature from the flavin
literature. The predicted hfc parameters for the protons are collected in
Table 1.

All three structures converged, and apart from the carboxylic group
at C-9, which was slightly twisted to form a better hydrogen bond with
the proton at N-1, the geometries were approximately planar, in agree-
ment with previous work (30, 48). However, it is not our purpose here to
discuss all the details of the structures; rather we have concentrated on
comparing the experimental and theoretical hfcs.

Ca®"PQQ(4)H>" and Ca?"PQQ(5)H?™ are structural isomers, and
therefore we can compare their energies directly. The total energy of
Ca®>"PQQ(5)H> is 71 k] mol ! more unfavorable than Ca®> " PQQ(4)H>".
The coordinate bond from O-H to Ca®* is clearly weaker than that from
O~ to Ca**. The hfcs of Ca>"PQQ(4)H>" are all small, whereas
Ca®"PQQ(5)H?" has one very large hfc for the proton at C-3. The hfcs
of neither isomer match the experimental data.

The calculations for Ca®>"PQQ*" predict two medium-sized hfcs for
the nonexchangeable protons. The tensor of the proton bound at C-8 is
larger and has a rhombic shape, whereas that at C-3 is smaller and axial.
The magnitudes and symmetries match the experimental data rather
well (see Table 1). Furthermore, the hfc tensor components for the
proton at N-1 are all under 5 MHz, which is what we expected from the
H,O0/D,0 buffer exchange experiments. Similar results were obtained
from calculations in which all three carboxylic acid groups were proto-
nated (not shown). The good agreement between theory and experi-

JOURNAL OF BIOLOGICAL CHEMISTRY 1473

/T0Z ‘02 AInc uo 1s9nb Aq /610°0q " mamm/:dny wioly papeojumoq


http://www.jbc.org/

Structure of the PQQ Radical in Quinoproteins

alcohol
oxidation

PQQ E
reoxidation | — €

PQQ
reoxidation

Radical

Oxidized Reduced
A h B
alcohol Y
oxidation
 —
: : OR
PQQ
reoxidation | — €
OR
E
PQQ
reoxidation
L
Radical

FIGURE 5. Revised reaction cycle for PQQ-dependent quinoproteins showing the molecular structures (/) and the molecular orbitals (/) of intermediates that are known to
be present (A and E) or potentially present (B, C, and D). Oxidized PQQ (A) is reduced by hydride transfer from the alcohol, resulting in the formation of a reduced PQQ in one of
three possible protonation states: B, doubly protonated, Ca>*PQQH3 ~; C, singly protonated, Ca>* PQQH*~; or D, deprotonated, Ca>*PQQ® . The reoxidation of the reduced PQQ is
achieved by two sequential ET steps to cytochrome via the deprotonated Ca®* PQQ*" radical complex (E). The molecular orbitals are presented at a contour level of 0.05 e/au. The

blue and red areas denote regions of opposite signs of the wave function.

ment establishes that the PQQ radical in QEDH is deprotonated at O-4
and O-5, as was recently suggested for the PQQ radical in s-GDH (33).
To summarize, we have shown that the PQQ radical in QEDH is well
described by a Ca>* PQQ*" complex and now will consider the implica-
tions of this result for the reaction mechanism (Fig. 5). Panel I (Fig. 5)
shows the molecular structures that are active or potentially active in
each step, and panel II shows the molecular orbitals of these species.
The oxidation of the radical species (Fig. 5E) Ca>*PQQ"" to the oxi-
dized species (Fig. 54) Ca>*PQQ>~ is a simple ET to cytochrome. The
singly occupied molecular orbital (SOMO) for the Ca> PQQ*" complex
derived from DFT calculations is presented in Fig. 5E, panel II. It has a
highly localized electron density concentrated on the central ring with a
maximum at C-5 and appears designed to have optimal overlap with the
orbitals of the sulfur of the nearby Cys'% (4 A above C-5), thus promot-
ing electron transfer to the electron acceptor via the disulfide bridge.
We optimized the structure of the oxidized species, Ca”PQQ3 ~,and
have displayed the lowest unoccupied molecular orbital (LUMO) in Fig.
5A, panel 1I. The loss of one electron in comparison with the radical
species has only a small effect on the electronic structure. The minor
changes to the orbital imply that there will be only minimal electronic
reorganization accompanying the ET, thus enhancing the rate.
Furthermore, the LUMO of the oxidized PQQ has the proper form,
maximum electron density at C-5, to act as hydride acceptor during
alcohol oxidation. Following this reaction, reduced PQQ is formed. The
protonation state of this species when bound in the protein is not
known, although it is usually depicted as the quinol, PQQH,, proto-
nated at both O-4 and O-5. Nevertheless, there does not seem to be any
reason why the two protons liberated during the oxidation of ethanol
should not be immediately released (see Fig. 1). This is particularly true
for the proton abstracted from the alcohol by the amino acid base, Asp
or Glu, which does not have to be transferred to the PQQ. On the other

1474 JOURNAL OF BIOLOGICAL CHEMISTRY

hand, the intermediate PQQ species formed by hydride addition to C-5
does provide a proton that could relocate to O-4 by enolization. Indeed,
Arg®™, which is located close to O-4 and O-5, provides a positive charge
that could balance a negatively charged reduced PQQ. For comparison,
a negatively charged reduced form is common in flavoproteins, ie.
FADH ™.

This reasoning led us to perform DFT calculations on the possible
protonation states of the reduced species shown in Fig. 5: protonated at
both O-4 and O-5, Ca“PQQH? (B); singly protonated at O-4 or O-5,
Ca®"PQQH*" (C); deprotonated, Ca>*" PQQ”~ (D). The step to form
the radical Ca> " PQQ*" (Fig. 5E) depends on the nature of the reduced
species. The simplest reaction would be a straightforward ET from
Ca®*PQQ"~ to cytochrome. If we start out from Ca>"PQQH®*", then
the ET must be accompanied by the loss of a proton, and from
Ca’*PQQH; ™ by the loss of two protons.

We have optimized the geometry of the deprotonated reduced spe-
cies, CaHPQQSﬂ and display the highest occupied molecular orbital
(HOMO) in Fig. 5D. The addition of one electron to the radical species
has some effect on the orbital with a markedly reduced electron density
on N-1 and C-3. Nevertheless, it still has a high electron density at C-5
close to the cysteinyl sulfur for optimal orbital overlap and efficient ET
to cytochrome, and thus this structure is a good candidate for the
reduced species.

ET concomitant with proton release to generate the Ca>*PQQ"" rad-
ical from the reduced Ca>*PQQH"™ is certainly possible, but again it is
important to know the electron density distribution in the HOMO.
Hence, we have optimized the geometries of the two isomers. As in the
radical, the protonation of O-5 appears to be very unfavorable, and the
species protonated at O-4 is 84 k] mol ! more stable. The HOMO of
this species is displayed in Fig. 5C. Its electron density distribution is also
quite similar to that of the radical Ca>*"PQQ*" (Fig. 5E), with good
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overlap with the disulfide bridge, and therefore this structure is also a
good candidate for the reduced species.

Given the high energetic cost of protonating the reduced species at
O-5, it seems implausible that a doubly protonated Ca** PQQH; ™ (Fig.
5B) would be an active intermediate. Furthermore, formation of the
Ca>*PQQ™ radical from Ca>* PQQHj ™ by ET accompanied by the loss
of two protons also appears unlikely, but as it is the standard structure
given in the literature we also considered this possibility. We have opti-
mized the structure and display the HOMO in Fig. 5B, panel II. The
protonation of O-5 has a dramatic effect, in that the HOMO now has
almost no electron density on the central ring; rather, this is concen-
trated on the carboxylic group at C-2. The orbital overlap with the
disulfide bridge is now very much lower, so that a reduced species with
this structure would not be expected to be a good electron donor via the
disulfide bridge pathway. Furthermore, the electronic reorganization
following ET is now significant, which can only diminish the rate.

The clear finding is that in the reduced species O-5 is not protonated.
Rather, this species is either deprotonated (Fig. 5D) or, in concurrence
with one review article (21) and our chemical intuition, is singly proto-
nated at O-4 (Fig. 5C). We favor the latter proposition, not only because
this species is less highly charged but also because, in this case, the two
protons liberated during the reaction cycle are released sequentially and
not simultaneously. The first proton is released by the Asp or Glu during
alcohol oxidation. This negates the need for the complex schemes often
introduced to bring the proton abstracted by the amino acid base onto
the PQQ. The second proton is released during the first step of PQQ
reoxidation. The advantage of this scheme is that the proton flux pro-
duced by the enzyme is distributed over both halves of the reaction
cycle.

Conclusions—hfcs calculated with DFT for a deprotonated radical
complexed with a calcium ion, formally Ca“PQQ47 (Fig. 5E), are in
good agreement with the experimental values. This agreement led us to
present a model for the SOMO of the radical species that has highest
electron densities at O-4, C-5, and O-5 on the central ring. This result is
abeautiful example of the theory of orbital steering (50), as this orbital in
its guises as SOMO (in the radical form) and LUMO (in oxidized form)
has optimal spatial form to function in twin roles, as acceptor for a
hydride transfer from substrate and as electron donor with good overlap
with the orbitals of the disulfide bridge, thus promoting ET to cyto-
chrome and reoxidation of the PQQ. Hence, these results support the
proposed hydride transfer mechanism and an ET pathway via the disul-
fide bridge. For the reduced PQQ), energetics and the character of the
HOMO clearly indicate that O-5 is deprotonated. We suggest that
reduced PQQ is singly protonated at O-4 (Fig. 5C), although a doubly
deprotonated species (Fig. 5D) cannot be entirely excluded.

Although the EPR spectrum of the PQQ radical bound in MDH was
first observed many years ago (3), its nature has only now been correctly
determined, and in the meantime the wrong structure has been used as
a basis for mechanistic discussions. The actual structure of the PQQ
radical bound in a quinoprotein and our suggestion for the structure of
the reduced PQQ species provide a corrected reaction scheme in which
electron and proton transfer pathways may be examined meaningfully.
We hope that this contribution will encourage the use of the appropri-
ate spectroscopic and theoretical techniques alongside x-ray crystallog-
raphy to elucidate reaction mechanisms in full. The results are a salutary
reminder that although protons are not usually observed in x-ray struc-
tures, they should not be neglected, as together with electrons, they are
the moving parts of the enzymatic machine.
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