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ABSTRACT: PQQ is an exogenous, tricyclic, quino-cofactor for a number of bacterial dehydrogenases. The
final step of PQQ formation is catalyzed by PqqC, a cofactorless oxidase. This study focuses on the activation
of molecular oxygen in an enzyme active site without metal or cofactor and has identified a specific oxygen
binding and activating pocket in PqqC. The active site variants H154N, Y175F,S, and R179S were studied
with the goal of defining the site of O, binding and activation. Using apo-glucose dehydrogenase to assay for
PQQ production, none of the mutants in this “O, core” are capable of PQQ/PQQH, formation. Spectro-
photometric assays give insight into the incomplete reactions being catalyzed by these mutants. Active site
variants Y175F, H154N, and R179S form a quinoid intermediate (Figure 1) anaerobically. Y175S is capable
of proceeding further from quinoid to quinol, whereas Y175F, H154N, and R179S require O, to produce
the quinol species. None of the mutations precludes substrate/product binding or oxygen binding. Assays for
the oxidation of PQQH, to PQQ show that these O, core mutants are incapable of catalyzing a rate increase
over the reaction in buffer, whereas H154N can catalyze the oxidation of PQQH, to PQQ in the presence of
H,0, as an electron acceptor. Taken together, these data indicate that none of the targeted mutants can react
fully to form quinone even in the presence of bound O,. The data indicate a successful separation of oxidative
chemistry from O, binding. The residues H154, Y175, and R179 are proposed to form a core O, binding
structure that is essential for efficient O, activation.

Pyrroloquinoline quinone (4,5-dihydro-4,5-dioxo-1 H-pyrrolo-
[2,3-f]quinoline-2,7,9-tricarboxylic acid, PQQ' (1)) is an aro-
matic, tricyclic o-quinone that serves as a cofactor for a number
of prokaryotic dehydrogenases, found largely but not exclu-
sively in Gram-negative bacteria (/—3). The oxidative reactions
catalyzed by PQQ-dependent enzymes are focused on catabolic
pathways, where the best studied examples are methanol
dehydrogenase and glucose dehydrogenase (4). PQQ is part
of the quinone family of cofactors and has remarkable anti-
oxidant properties (5—7). Like all known quinone cofactors,
PQQ is peptide-derived (6). But unlike the other quinone
cofactors, such as topaquinone (TPQ), tryptophan tryptophyl-
quinone (TTQ), lysyl tyrosylquinone (LTQ), and cysteine
tryptophylquinone (CTQ) (6, 8, 9), it is freely dissociable from
the enzyme, and its biogenesis is independent of its catalytic
function. The biosynthesis of PQQ is a complex process and in
Klebsiella pneumoniae is catalyzed by the gene products of
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pgqABCDEF (10). All of the carbon and nitrogen atoms in
PQQ derive from a conserved tyrosine and glutamate in the
peptide substrate PqqA (11).

The final step of PQQ formation is catalyzed by PqqC and
involves a ring closure and eight-electron oxidation of AHQQ
(3a-(2-amino-2-carboxyethyl)-4,5-dioxo-4,5,6,7,8,9-hexahydro-
quinoline-7,9-dicarboxylic acid) (structure 1, Scheme 1) (12, 13).
As shown in Scheme 1, AHQQ must undergo a two-electron
oxidative ring closure (A) followed by three additional two-
electron oxidation steps (BI—BIII). Recent X-ray studies of a
mutant form of PqqC support ring closure as the initial step in
AHQQ oxidation (/4), while the order of BI—BIII is currently
unknown. The net reaction in Scheme 1 has been well character-
ized and occurs via the production of only 3 mol of hydrogen
peroxide (12), implicating bound hydrogen peroxide as the
electron acceptor in either step BI or BII; the biochemical detec-
tion of final products, H,O, and PQQ, during a single turnover of
PqqC (12) implicates O, as electron acceptor in the final product-
forming step (BIII). The absence of any requirement for an
external cofactor or metal (/2) raises the very interesting question
regarding how O, is activated in this metal and cofactor free
active site.

X-ray crystallographic studies of PqqC have provided a fairly
detailed picture of the amino acid side chains positioned near
bound PQQ (Figure 1) that are likely to be involved in the
postulated base-catalyzed proton abstraction steps (Scheme 1).

©2010 American Chemical Society
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According to our working model, base catalysis is a prerequisite
for tautomerization of substrate to a quinoid intermediate, which
then aromatizes to yield the individual quinol products of path-
ways A and BI—BIII. H84 is completely conserved among the
sequenced PqqC proteins and was the subject of an earlier
investigation (15). In this instance, mutations in H84 led to the
accumulation of quinoid species, not their precursors, revising

FiGURE 1: The active site of PqqC. Residues are shown in white
sticks with heteroatoms in blue (N) and red (O), PQQ is shown in
gold, and the putative oxygen molecule is shown above the PQQ ring
in red (PDB: 10TW) (12).
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the role for H84 to that of a proton donor in quinol formation.
We note that the progressive release of protons from the AHQQ
substrate and its derived intermediates, together with the require-
ment for a net uptake of two protons in the reduction of each
molecule of oxygen or hydrogen peroxide, requires proton
conduction through the active site. This suggests a dual role for
active site side chains as base catalysts in substrate oxidation
followed by proton donors in hydrogen peroxide formation.

In the present study, we have concentrated on defining the site
for O, binding and activation in PqqC. Inspection of the active
site of the complex of PqqC and PQQ has indicated electron
density above the PQQ ring that is consistent with either O, or
hydrogen peroxide. Three residues are identified within 5 A of the
putative oxygen site (/6): Y175, R179, and H154 (Figure 2). The
T-Nof HI54isat 3.3 A from Ol of the species bound above PQQ,
while &-N of R179 is 2.9 A away. Both Y175 and R179 are
completely conserved in PqqC, whereas H154 is highly conserved
with a glutamine occurring rarely at this position, for example,
in enzyme from proteobacterium Magnetospirillum magnetotac-
ticum (protein ID ZP 00052131) and from the Gram-positive
bacterium Desulfitobacterium hafniense (protein ID ZP 00101389)
(RoseFigura and Klinman, in preparation). The three residues,
H154, Y175, and R179, will, heretofore, be referred to as the
putative “O, binding core”. In contrast to H84, these residues
move into the active site following the conformational change
that occurs at helices 5 and 6 upon binding of PQQ to PqqC (12).
H154, located on helix 5, and Y175 and R179, on helix 6, are fully
solvent-exposed prior to the addition of PQQ to PqqC.

Scheme 1: Overall Mechanism Proposed for the Conversion of AHQQ to PQQ (12)¢
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H84
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FIGURE 2: (A) Distances in the PqqC active site for core residues
(Y175, H154, R179). PQQ is shown in gold with the putative oxygen
molecule in red over the quinone ring. Active site residues H84, H154,
Y175, and R179 are shown in green. (B) Space-filling model for Y175,
H154, and R179, as well as the putative O, (purple) above the PQQ
ring (gold). (PDB: 10TW) (12).

An X-ray structural analysis of PqqC mutants has recently
been published (/4). These structures indicate that mutants
H154S and Y175F have different effects on the structure of the
enzyme/product complexes. H154S/PQQ is unable to form the
closed complex, whereas the Y 175F/PQQ structure is closed and
closely resembles WT, with an observable electron density over
the quinone ring. Herein, we describe the kinetics of the reaction
of four active site mutants (H154N,2 Y175F, Y1758, R179S)
under single turnover conditions that permit the detection of
spectroscopic intermediates and their comparison to the wild-
type enzyme. The aberrant kinetic behavior found with all four
mutants, together with biochemical analyses of product forma-
tion, directly links their presence in the active site to the binding
and subsequent activation of O,.

MATERIALS AND METHODS

Chemical and Molecular Biological Reagents. Buffers,
salts, general reagents, and culture media were obtained from

RoseFigura et al.

Sigma and Fisher and were of the highest available purity. Nickel
nitriloacetic acid (NTA) resin, DNA purification kits, and PCR
primers were purchased from Qiagen. Enzymes and reagents for
mutagenesis reactions were from Strategene. PQQ was purchased
from Fluka. Restriction enzymes and appropriate reaction buf-
fers were purchased from New England Biolabs. Cell lines were
obtained from Invitrogen. AHQQ was purified from a pgqC
mutant strain EMSI12 of Methylobacterium extorquens AMI1 as
described. Concentration of AHQQ was determined spectro-
photometrically at pH 7 by averaging the concentrations deter-
mined at three wavelengths with the following extinction coef-
ficients: 222 nm = 15.7mM 'em ™!, 274 nm = 8.26 mM ' em ™,
and 532nm = 2.01 mM ' cm ™. Plasmids were developed in the
Schwarzenbacher laboratory and made from genomic DNA
from K. pneumoniae MGH 78578 (WT2). K. pneumoniae MGH
78578 PqqC varies from the previously described wild-type
(WTTI) PqqC at the base of the third a-helix. There are three
differences between the two sequences: A21D, D37N, and K41E,
with WT1 listed first. The A21D variant was obvious in the
original crystal structure, with further changes at positions 37 and
41 in agreement with the sequence deposited by Postma (PubMed
accession number X58778) (17, 18). Since PqqC from Klebsiella
subspecies MGH 78578 forms PQQ at close to the same rate as
WT ?, we have used these two parent enzymes from K. pneumo-
niae subspecies interchangeably.

PCR Cloning, Expression, and Purification of PqqC.
PCR cloning was performed by Sandra Puehringer of the
Schwarzenbacher group (University of Salzburg). Plasmids were
constructed in pET29 with kanamycin resistance and a C-terminal
His tag. The isolated plasmids were sequenced from both direc-
tions using the T7 promoter and terminator primers.

Expression of plasmids was done using BL21(DE3) cells in LB
medium supplemented with 50 ug/mL kanamycin. Cultures were
grown at 37 °C to an optical density at 600 nm of ~0.8, at which
time isopropyl 5-p-1-thiogalactopyranoside (IPTG) (1 mM) was
added, and the cells were harvested ~4 h later. All pET-29b-
pqqC/D plasmids produced high quantities of protein as judged
by SDS—PAGE analysis. Cells were resuspended in lysis buffer
containing 50 mM KH,POy, pH 8, 300 mM NaCl, 1 mM PMSF,
and 5 mM MgCl,. After sonication and centrifugation, as
described previously (15), the clear supernatant was applied to
a 10 mL Ni-NTA column that had been equilibrated in 20 mM
Tris buffer supplemented with 300 mM NaCl and 5 mM
imidazole. After two buffer washes with increasing amounts of
imidazole (5 and 10 mM) the His-tagged bound protein was
eluted with 25 mM Tris buffer supplemented with 300 mM NaCl
and 250 mM imidazole. Fractions containing mutant enzyme
were analyzed by SDS—PAGE, pooled, concentrated, and buffer
exchanged into 100 mM monobasic potassium phosphate, pH
8.0, before being aliquoted and snap-frozen. Further column
chromatography only provided inactive enzyme, unlike what was
seen in the WT1, WT2, and H84 variants, which were further
purified by size-exclusion chromatography. A single band was
seen on an SDS—PAGE gel, and the Ni-NTA column chroma-
tography provided enzyme with greater than 90% purity. The
expression for these mutants was lower than WT and yielded ~3
mg/L of culture.

Single Turnover Kinetics. The enzyme in the highest con-
centration possible without precipitation (WT, 104 uM; Y175F,

?H1548S was not a good candidate for full kinetic characterization, given
its demonstrated failure to form a closed enzyme/product complex.

3The rate constants for PQQ formation were determined as 0.25
min~" (WT2) versus 0.34 min~ " (WTI).
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27 uM; Y1758, 55 uM; HI154N, 25 uM; R179S, 30 uM) was
mixed with substrate, AHQQ (12 uM final concentration), in
100 mM potassium phosphate buffer, pH 8.0, in a total volume of
100 uL. The use of different concentrations for the mutant enzyme
forms resulted from their differential solubilities in the micro-
molar range; in all instances, final enzyme concentrations were
higher than substrate. The enzyme mixture was transferred to a
microcuvette, and UV —vis spectra were recorded within 10 s of
addition of AHQQ. Spectra were obtained on a Cary spectro-
photometer, and the temperature of the reaction was maintained
at 25 °C using a circulating water bath. Spectra were acquired at
predetermined time points and the data exported to SPECFIT/32
for analysis. Because of a small amount of protein precipitation
during the course of the reaction, all spectra were normalized via
a baseline correction (/9). Epsilon values and rates were obtained
via SpecFit after fitting the spectra to an appropriate kinetic
reaction. For spectra where two species built up concurrently, as
in all aerobic spectra, the A,,,,, for the peaks were found in SpecFit
(at ca. 315 and 356 nm).

Anaerobic reactions were done under the conditions described
above. Enzyme and substrate were made anaerobic by repeated
cycles of argon purging and high-vacuum evacuation on a
Schlenk line. The sealed samples were brought into an anaerobic
chamber, the protein was transferred into a microcuvette fitted
with a rubber stopper, and the substrate was loaded into a syringe
and the needle inserted through the stopper and into the top of
the cuvette. The cuvette, with the syringe attached, was brought
out to the spectrophotometer, and the substrate was mixed
thoroughly with enzyme before spectra were recorded. After
some time, when no further changes were observed in the UV—vis
spectrum of the samples, the stopper was removed and air was
blown over the surface of the sample for a few seconds, demon-
strating further reaction in some cases.

PQQ Binding. PQQ binding was investigated spectrophoto-
metrically. One equivalent of PQQ was added to enzyme in 100
mM potassium phosphate at pH 8.0. For binding of reduced
PQQ (PQQH,) to WT enzyme, 30 equiv of dithiothreitol was
included in the PQQ solution. All mutants showed absorbance
characteristic of a single species by UV—vis spectroscopy.

Kp values were acquired fluorometrically as previously de-
scribed (15). Data were fitted using Kaleidagraph to a quadratic-
binding isotherm (eq 1), where AF equals the change in fluores-
cence in a given sample compared to free ligand, AFy is the
change in fluorescence at saturation, [E]r equals the total con-
centration of enzyme in each sample, [L]r equals the concentra-
tion of total ligand, and Kp is the dissociation constant of the
enzyme—ligand complex (eq 1):

AF = {AFw[([Ely + LIy + Ko) = {([Ely + [Lr + Kp)’
~4[EJ[LI "]} /2Ly (1)

Some mutants, namely, Y175F and R179S, did not yield a
significant fluorometric change in the presence of PQQ. Since
evidence from both X-ray crystallography (/4) and UV—vis
spectroscopy shows that PQQ binds to these mutant forms of
enzyme, this result is attributed to the absence of a specific
interaction(s) necessary for the fluorescence increase normally
seen upon PQQ binding to PqqC. Determination of the binding
constant of PQQH, to WT was achieved by shortening the
incubation time after the addition of enzyme to 5 min, to avoid
reoxidation of PQQH, to PQQ.
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Expression and Purification of Glucose Dehydrogenase
(GDH). The apo form of GDH was expressed and purified with
a modification from literature procedures (20). Instead of using
a fermentor, overnight cultures (18 L) in shaker flasks were
employed. Cells (~80 g) were disrupted by sonication in 250 mL
of 0.1 M Tris, pH 7.5, 0.2 M NaCl, 3 mM CaCl,, 0.5 mM PMSF,
and 1000 units of benzonase. After centrifugation, the clear super-
natant was dialyzed overnight against 20 mM Tris, pH 7.5, and
3 mM CacCl, (GDH buffer). The dialysate was passed through
an SP-Sepharose column (2.5 x 30 cm), and after a buffer wash,
GDH was eluted with a NaCl gradient (0—450 mM) in GDH
buffer. Fractions containing GDH were assayed as described
elsewhere (20), pooled based on enzyme activity, and concen-
trated to ~20 mL. Tris buffer, pH 7.5, was added to a final
concentration of 0.1 M and solid (NHy4),SOy4 to a final concen-
tration of 1 M, and the protein solution was passed over a phenyl-
Sepharose column (1.5 x 20 ¢cm). The protein was eluted by
a gradient (500 mL) of decreasing concentration of (NHy4),SOy4
(1 M to 0). Enzyme-containing fractions based on activity assays
were combined and dialyzed against GDH buffer overnight. The
purified protein was concentrated by ultrafiltration (Amicon
YM10), frozen in liquid nitrogen, and stored at —80 °C. This pro-
cedure yielded a single band on a gel and gave ~20 mg of protein
with specific activity of ~7000 units/mg, which is comparable to
that reported in the literature.

GDH Assay. This was carried out to quantify product PQQ
production from AHQQ. After aerobic reaction of PqqC (25 uM)
and AHQQ (20 uM) in 100 mM KP;, pH 8.0, for 1 h, the assay
mixture was taken into an anaerobic chamber, where enzyme
samples were denatured with acid. Denaturation in the absence of
O, was necessary to prevent nonenzymatic formation of AHQQ-
derived quinones from reaction intermediates; after centrifuga-
tion and adjustment of the pH back to pH 8, the resulting super-
natants were incubated with GDH anaerobically. Following this
incubation, the GDH-bound PqqC products were removed from
the anaerobic chamber and assayed for glucose oxidation as pre-
viously published (4). This end point assay looks at the amount of
PQQ formed after 1 h of reaction of PqqC with AHQQ; all
enzymes examined showed a spectroscopic end point within
this time frame. The amount of PQQ formed from PqqC
catalysis can be inferred from the rate of DCIP reduction
catalyzed by GDH, which is monitored via a decrease in the
absorbance at 600 nm. GDH reactions were run for 30 min or
until no further change was observed; the initial point of each
reaction was normalized to 1.

Quinol Oxidation Assays. To directly test and compare the
ability of the WT and mutant enzymes to do oxidative chemistry,
20 uM PQQ was anaerobically reduced using 1.25 equiv of
dithiothreitol (25 uM). This reduced quinol was then bound to
25 uM PqqC enzyme anaerobically in 100 mM KP;, pH 8.0, and
sealed in a cuvette. This anaerobic cuvette was taken out of the
anaerobic chamber and exposed to oxygen approximately 10 s
before starting spectroscopic scans. Free reduced PQQ has an
absorbance at 308 nm, which generally shifts to 315318 nm
when the chromophore is bound to PqqC. The spectral traces
were analyzed with the program SpecFit. The data were baseline-
corrected at 800 nm and then fitted to a single exponential to find
the rate of oxidation of quinol to quinone.

When H,0, was tested as an oxidant instead of O,, the anaer-
obic cuvette remained sealed, and a gastight syringe was pre-
loaded with H,O, in an anaerobic chamber. H>O» (final con-
centration of 25 uM) was added to the quinol sample directly
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before spectra were collected. Spectral traces were analyzed by the
same method as the O,-dependent reoxidation spectral traces.
A 10-fold higher concentration of H,O, was tested and denatured
the enzyme in all cases.

RESULTS

Anaerobic Single Turnover Kinetics of HI54N, Y175F,
R179S, and Y175S. Under anaerobic conditions, the initial
steps of the PQQ reaction (Scheme 1) were probed by UV—vis for
comparison to WT enzyme. Representative time courses for reac-
tions initiated by addition of AHQQ are illustrated in Figure 3A
for Y175F. Similar time traces were observed for HI54N and
R179S, and data for all mutants are tabulated in Table 1 in com-
parison to WT enzyme. In each case, there is evidence for forma-
tion of a species at ca. 340 nm, which in a single instance (Y 175S,
Figure 3B) proceeds further to a new species at 318 nm. From
earlier studies, a 338 nm species was attributed to quinoid (2/),
while the neutral (protonated) quinol has been assigned to the
318 nm species (22). Unexpectedly, these data suggest that, except
for Y175S, mutants have lost their ability to convert the quinoid
intermediate to quinol anaerobically, despite the fact that this
chemical conversion is a nonoxidative one.

The anaerobic reactions were then exposed to air and the
resulting spectra recorded. Under these conditions, a clear 318 nm
species forms from the 338 nm species for HI54N and Y 175F
(see Figure 4 for an illustrative trace). The R179S variant was
found to be unstable under these conditions. Previous work done
on WT PqqC showed that anaerobic reactions form quinol
intermediates that proceed to PQQ upon the addition of oxy-
gen (15). Characterization of PqqC/PQQ complexes for H1 54N
and Y175S indicates an affinity of PQQ to these mutants that
brackets the affinity of PQQ to WT: the Kp’s for HI54N and
Y175S are 0.66 and 12.3 nM in relation to a previously
determined value of 2.0 nM for WT (/5). The absorbance for
mutant PQQ complexes is summarized in Table 2 and, in each
case, is distinct from 318 nm. Thus, while the kinetic trace in
Figure 4 shows that O, is binding to Y175F (with similar
behavior for H154N), and that this binding is required for
conversion of a quinoid to quinol intermediate, the data do not
directly support any oxidative chemistry in the presence of O,.

Aerobic Single Turnover Kinetics of HI54N, Y175F,
R179S,and Y175S. The addition of the substrate, AHQQ, and
O, to H154N, Y175F, and R179S, leads to spectra very similar to
that of WT PqqC reacted anaerobically (/5). As shown for
Y 175F (Figure 5A), two species form independently, 318 nm and
the other, more slowly, at 356 nm. Unlike WT enzyme, the species
from Y 175F persist in an aerobic environment up to 3 h (data not
shown). These intermediates are thought to both be quinols, with
one intermediate being the monoprotonated, anionic quinol
(356 nm) and the other corresponding to the diprotonated quinol
(318 nm) (15). R179S (Table 2) forms the same species as Y175F
aerobically, and H154N forms similar species but with slightly
shifted A,y values at 315 and 360 nm (Table 2), suggesting subtle
differences in charge stabilization of electronically excited states
in the HI154N variant.

The spectral species from Y1758, both anaerobically (Figure 3B)
and aerobically (Figure 5B), are distinct from intermediates seen
with the other three active site variants in several ways. First, a
quinol is seen anaerobically (318 nm species, Table 1) while a
quinoid intermediate is seen aerobically (344 nm species, Table 2).
The detection of additional species with Y175S allows both of their
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FIGURE 3: Single turnover reactions under anaerobic conditions.
The apparent absence of the initial enzyme—AHQQ complex at
532 nm is a result of its low extinction coefficient. (A) Active site
variant Y 175F. Representative spectra at time points 0.2,0.8, 1.6,2.4,
4,5.6,7.2,88,10.4, 12, 14.4, 19.5, 25.5, 31.5, 37.5, 43.5, 49.5, 55.5,
and 59.5 min. (B) Active site variant Y 175S. Representative spectra at
time points 0.2, 1.3, 3,4.3,8.3, 11, 13.6, 19, 21.6, 27, 31, 35, 39, 43, 47,
51, 55, 59 min.

rates of formation to be compared in the absence versus presence of
O,. In the case of H154N, Y175F, and R179S, the failure to see any
quinoid intermediate acrobically implies a very large rate accelera-
tion by O, in its breakdown to quinol. As a consequence, the
measured rates in the presence of O, are for quinoid formation, and
these can be seen to be enhanced only 2—5-fold. Overall, all of the
mutants catalyze the formation of quinoid at rates within a factor
of 4-fold of one another (either with or without O,). It is Y175S
that stands out, with its ability to form a quinol slowly in the
absence of O, and its failure to undergo a large rate acceleration for
quinol formation by O, binding. It appears that, with the exception
of Y1758, O, is necessary to restructure the active site in a way that
is essential for a base-catalyzed aromatization coupled to proton-
ation of the quinoid intermediate. Previous work with the PqqC
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Table 1: Anaerobic Spectroscopic Analysis of PqqC Mutants

Table 2: Aerobic Spectroscopic Analysis of PqqC Mutants

rate of formation

rate of formation

species Jmax (nm) & (mM 'em™h) (min™") species Jamax (nm) & (mM ' em™) (min™ ")
WS WT!S
WT-AHQQ 536 2.1 WT-AHQQ 536 2.0
WT-IA; 318 22 2.42(40.07) WT-I 316 23 0.960 (+0.013)
WT-14, 356 12 1.22(£0.06) WT-PQQ 346 12 0.340 (£0.005)
H154N 498 0.6
HI154N-AHQQ 532 2.1 HI154N
HI154N-1 338 6.6 2.22 % 1072 (40.62) HI154N-AHQQ 532 2.1
Y175F HI154N-1,, 315¢ 10.1 x 1072 (40.6)
Y175F-AHQQ 532 2.1 H154N-15, 360 10.2 x 1072 (£0.5)
Y175F-I 338 7.6 6.94 x 1072 (40.40) HI154N-PQQ 344
Y1758 Y175F
Y175S-AHQQ 532 2.1 Y175F-AHQQ 532 2.1
Y175S-14; 344 6.2 7.7 % 1072 (£0.3) Y175F-14; 318¢ 14.4 x 1072 (£0. 2)
Y175S-1 318 8.5 2.3 % 1072 (40.2) Y 175F-14, 356 6.6 x 1072 (£0.2)
R179S Y175F-PQQ 342
R179S-AHQQ 532 22 Y1758
R179S-I 338 7.9 3.34 x 1072 (£0.79) Y175S-AHQQ 532 2.1
Y 175S-15 344 2.3 27 x 1072 (£0.2)
Y175S-13 318¢ 7.6 x 1072 (£0.3)
Y175F Y1758-1¢; 356 2.2 % 1072 (£0.3)
Y175S-PQQ 344
R179S
R179S-AHQQ 532 2.1
R179S-1A, 3187 5.67 x 1072 (£0.08)
R179S-15, 356 6.5 x 1072 (£0.1)
R179S-PQQ 344

300 33 400 430 500

0
Wavelength (nm)

FIGURE 4: Anaerobic to aerobic transitions. The 338 nm peak de-
creases as the 318 nm peak increases. The Y 175F data shown here are
similar to the H154N reaction. Representative spectra at time points
0.2,0.6,1.2,1.8,3,4.2,54,6.6,7.8,9,10.2,11.4,12.6,13.8, 15, 18, 21,
24,27, and 30 min.

variants of H84 also showed inhibition of the quinoid to quinol
conversion anaerobically (/5) attributed, in that case, to the
absence of a proton donor to neutralize the intermediate quinoid
anion that is a prerequisite for quinol production. It should be
emphasized that, unlike the present studies, H84 mutants were able
to catalyze PQQ formation aerobically.

GDH Assay for PQQ Production. Although the spectro-
scopic analyses summarized above all point toward the failure of
the O, core mutants to produce PQQ), the repeated observation of
an absorbance band at 318 nm could have implicated formation
of reduced PQQ (PQQH,) that was unable to undergo further
oxidation, i.e., the final step of BIII in Figure 1. While reduced
PQQ bound to PqqC has an absorbance at 318 nm, previous
anaerobic studies with WT PqqC also showed a 318 nm peak that
could not be PQQH,, due to the absence of oxygen (/5), and
which was attributed to the first formed quinol species

“No effort has been made to estimate individual extinction coefficients in
the instance where two species form in parallel with similar rate constants.

(Scheme 1). The ability to reconstitute GDH activity, subse-
quent to the destructive release of mutant-derived PqqC
bound intermediates, was undertaken to test whether the 318 nm
species seen is PQQH,. It is expected that PQQH, will either bind
directly to GDH or undergo oxidation in solution to PQQ and
then add to the GDH (20). As shown in Figure 6, incubation of
GDH with either a PQQ standard or product produced by an
equivalent amount of WT PqqC or its H84A mutant gave similar
levels for GDH activity. Previous work has indicated that WT
and H84A form PQQ at very different rates, but since the experi-
ments run here are end point assays, it is not surprising
that the final concentration of PQQ detected is similar. We have
shown additionally that prebinding of GDH with chemically
reduced PQQ (PQQH,) gives a turnover rate that is ca. 50%
of GDH reconstituted with PQQ (data not shown). Turning to
the O, core mutants, in no instance are these capable of
producing a species that can support GDH-dependent turnover.
This contrasts with incubation of AHQQ alone, which is capable
either on its own (15) or subsequent to nonenzymatic breakdown
to act as a cofactor for GDH. This indicates that the products of
the O, core mutants are distinct from AHQQ and PQQ/PQQH,
in a manner that prevents their ability to restore activity to apo-
GDH when incubated with GDH anaerobically. Future work
will focus on the chemical structures of the mutant-derived
products.

PQQH, Reoxidation. To test the ability of the O, core
mutants of PqqC to do any oxidative chemistry, it was decided to
simplify reaction conditions and to examine the last step of the
reaction in which product PQQH, is converted to PQQ. WT
PqqC is found to bind PQQH, with a Kp = 114 nM (Figure 7),
less tightly than for PQQ (Kp = 2.0 nM) (15) but still stoichio-
metric under the conditions of these experiments (reoxidation
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FIGURE 5: Single turnover reactions under aerobic conditions.
(A) Y175F spectra are similar to those of HI5N and R179S.
Representative spectra at time points 0.2, 0.8, 1.6, 2.4, 3.2, 4,
6.4,8,9.6, 12, 14.4,19.5, 25.5, 33.5, 41.5, 47.5, 55.5, and 59.5 min.
(B) Y175S. Representative spectra at time points 0.2, 1.3, 3, 4.3,
8.3, 11, 13.6, 17.6, 19, 21.6, 27, 31, 35, 39, 43, 47, 51, 55, 57.6, and
59 min.

assays were run at 20 uM PQQH, with 25 uM enzyme).
PQQH, was first incubated with the targeted enzyme anaero-
bically and then exposed to air (representative spectra in
Figure 8A,B). Quinols are known to reoxidize to quinones in
buffer in the presence of air (23). Although a clear precursor/
product relationship is seen for the enzymatic reactions,
Figure 8, in no instance does PqqCs show rate acceleration
relative to buffer; however, WT oxidizes PQQH, ca. 10-fold
faster than any of the mutants.

On the premise that an enzyme-based reduction of H,O, could
occur more facilely than reduction of O, (24), we next tested
H,0, as the oxidant for the WT PqqC and the O, core variants.
In this instance, the rate for quinol reoxidation by the mutant
H154N is within experimental error of WT with H,O,, under-
going a shift in mechanism toward the utilization of this alternate
oxidant (Table 3).

RoseFigura et al.
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FIGURE 6: Reconstitution of GDH with PQQ versus mutant PqqC-
generated intermediates. Assays for glucose oxidation products (at
600 nm) are compared using a PQQ standard, WT, H84A, H154N,
Y175F, Y1758, and R179S (25 uM) with AHQQ (20 uM). The
incubation of AHQQ with GDH shows that the substrate itself can
serve as a cofactor for GDH.
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FiGure 7: Binding of PQQH; to WT enzyme as determined by
fluorescence spectroscopy.

DISCUSSION

Absence of O, Reactivity. Among the four mutants studied
herein, only one has been studied by X-ray crystallography
(Y175F), showing a structure in the presence of PQQ very similar
to the WT PqqC/PQQ structure, i.e., in a closed conformation.
Since H154N shows a Kp, value for PQQ binding that is similar to
WT, and the kinetic traces for HI154N and R179S are similar to
Y175F, it is reasonable to proceed on the assumption of closed
structures for the initial enzyme—AHQQ complexes. However,
the behavior of Y175S is sufficiently different from that of the
other mutants to suggest an open or partially closed con-
formation. What is striking about this variant, in relation to
the other mutants, is its relative independence of O, in the
quinoid to quinol conversion. A recently solved X-ray struc-
ture for a double mutant of PqqC, Y175S/R179S, indicated an
open conformation, in which the initial ring cyclization of
AHQQ could occur (A in Scheme 1) but was unable to proceed
further toward PQQ (/4).

When reacted anaerobically, WT PqqC catalyzes formation of
the initial quinol intermediate (Scheme 1), with subsequent




Abs

250 300 350 400 450 500 550 600

Wavelength (nm)

B. Y175F

1

06

Abs

04 [

02

250 300 350 400 450 500 550 600

Wavelength (nm)

FiGure 8: PQQH, reoxidation to PQQ in the presence of WT
protein (A) and representative O, core mutant Y175F (B). The time
scans are over 30 min, with a scan every 0.2 min for 10 min and every
0.5 min for 20 min.

addition of O, leading to PQQ. The first unexpected result with
the O, core mutants is the arrest (with the exception of Y175S) of
the reaction course at the quinoid stage, indicating a role for O,
binding in facilitating the first aromatization that generates
quinol from quinoid (Scheme 1). It appears that while the
introduction of Y175F, H154N, or R179S precludes an an-
aerobic transition of quinoid to quinol, O, binding to these proteins
is able to “correct” active site defects to allow quinol production.
Given the requirement for a properly positioned donor (H84) for
quinol formation (15), we suggest that the orientation of H84 may
be altered by mutation at H154, Y175, and R179 (cf. Figure 2)
and, further, that binding of O, facilitates realignment of H84 into
a catalytically suitable position. The second unexpected result is
that mutations in the O, core disable PqqC from doing oxidative
chemistry and ultimately forming PQQ. In all instances, the
product of the aerobic reaction of these mutations is spectro-
scopically different from that of genuine PQQ bound to the
mutant enzymes (Table 2). When AHQQ is added to enzyme
aerobically, we see the buildup of two peaks at approximately 318
and 356 nm (Figure 5). These peaks persist for hours, showing
insensitivity to an aerobic environment, and are very similar to
that observed with WT PqqC reacted anaerobically. The peaks at
318 and 356 nm have previously been described as the diproto-
nated and monoprotonated quinols, respectively (15). The data,
thus, indicate that while O, binds to protein, the mutants are pre-
vented from either facilitating/stabilizing the postulated superoxide
anion intermediate (3 in Scheme 2) or promoting the proton trans-
fers necessary for production of hydrogen peroxide (4 in Scheme 2).
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Table 3: Rates of PQQH, Reoxidation to PQQ in the Presence of H,O,

ky (min™")
enzyme H,0,
wild type 0.646 (£0.387)
HI154N 0.308 (£0.009)
Y175F 0.095 (£0.015)
Y1758 0.010 (£0.006)

While the spectroscopic traces of these reactions give evidence
that mutations in the O, core of PqqC stop formation of PQQ),
additional assays were undertaken to support this claim. Glucose
dehydrogenase (GDH) uses PQQ as an obligate cofactor and
provides an assay for PQQ production. As shown in Figure 6,
similar activity was seen in the presence of a PQQ standard
(20 uM) or the product formed from 20 uM AHQQ incubated
with a 1.25 excess of either the WT PqqC or the H84A variant.
The slightly reduced GDH activity in the latter two examples is
attributed to some loss of PQQ during enzyme denaturation. By
contrast, addition of either buffer or the products of the O, core
mutant reactions (that of HI54N, Y175F, Y175S, and R179S)
gave no indication of species capable of acting as a cofactor for
GDH. Surprisingly, the substrate for the PqqC reaction, AHQQ),
was able to reconstitute GDH activity, though at a rate lower
than that of PQQ. AHQQ is an unstable compound having a
half-life of approximately 2 h at pH 6 and room temperature, and
we attribute this behavior to likely degradation of AHQQ.
Denaturation of the O, core mutants acrobically did give low level
reaction with GDH (results not shown), which we attribute to
some oxidation of the AHQQ-derived intermediates, subsequent
to release from PqqC and prior to binding to GDH. Controls, in
which PQQH, was used to reconstitute GDH, indicated the ability
of reduced cofactor to support enzyme turnover. These data
provide corroborative evidence for the proposal that O, core
mutations form a species that is distinct from AHQQ and is
neither PQQ nor PQQH..

The ability of the O, core mutant enzymes to do oxidative
chemistry was further tested by examining their catalysis of
PQQH, oxidation to PQQ, the last step of BIII in Scheme 1.
The nanomolar Kp, for binding of PQQH, of PQQ to WT PqqC
(Figure 7), together with the similarity of the K for PQQ binding
to mutants and WT, indicated that PQQH, should be fully bound
under the conditions of these experiments. While the O, core
mutants showed a single isosbestic point for PQQ production
from PQQH, (cf. Figure 8B for Y175F), the rates are low and
within error of the formation of PQQ in buffer. The fact that the
use of hydrogen peroxide as an oxidant increased the rate for
H154N is of considerable interest. The presence of Y175 and
R179 appears to be sufficient to permit the thermodynamically
more favorable peroxide-based oxidation to proceed (24, 25).

Relationship of PqqC Activation of O, to Other Oxi-
dases. In aggregate, the data from this work have led to the
identification of three protein side chains in PqqC that enable O,
to bind and catalyze the oxidation of intermediate quinols to
quinones (Schemes 1 and 2). Historically, most of the mechanistic
study of O, activating enzymes has focused on either metalloen-
zymes or enzymes that use organic redox cofactors (24, 26).
Proteins generally cannot modulate redox potentials sufficiently
to activate O, using the 20 naturally occurring amino acids. A
possible mechanism for O, reduction by WT PqqC (Scheme 2)
shows an anticipated role of electrostatic interactions in the initial
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Scheme 2: Proposed Oxidation Mechanism of PqqC That Involves O, Binding at a Pocket Created by the “O, Core” Amino Acids,
Followed by a Series of Electron- and Proton-Coupled/Electron Transfer Steps To Generate Quinone and Bound Hydrogen Peroxide
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formation of O, , together with the requirement for two protons
within each step of the mechanism (Scheme 1). While one proton
can be provided by the quinol itself, presumably from H84
initially (15), the second proton is illustrated as being delivered
by H154. An important feature of Scheme 2 is the need to “reset”
the active site at each step (A, BI=BIII, Scheme 1) via uptake of
protons from solvent to H84 and H154 through an, as yet,
unidentified pathway.

Previous studies from this laboratory have focused on O,
activation in a copper amine oxidase from Hansenula polymorpha
(HPAO) and in glucose oxidase (GO) from Aspergillus, leading to
the identification of protein features that can facilitate O, binding
and reactivity in the absence of direct binding of O, to a metal. In
the HPAO instance, a hydrophobic pocket adjacent to an active
site Cu®" fon was proposed to be the site of initial O, bind-
ing (27, 28), with electron transfer from the reduced active site
cofactor (aminoquinol of TPQ) to bound O, being facilitated by
the +2 charge on the adjacent copper ion; subsequent binding of
the superoxide anion onto copper and further reduction of
superoxide to hydrogen peroxide completed the reaction cycle,
returning the reduced quinol cofactor to its oxidized, quinone
form. More recent studies, involving site-specific mutagenesis,
xenon binding/X-ray crystallography (29), and molecular dy-
namics identified pathways for O, to reach the proposed binding
pocket in HPAO. While the off-metal binding in HPAO has been
questioned in the case of two copper amine oxidases (30, 31), all
available data for HPAO support the described mechanism (9, 27).

In the case of GO, which contains a noncovalently bound
flavin as cofactor, O, has never been shown to saturate the
enzyme, reacting instead via a second-order process with reduced
flavin. Despite the absence of evidence for a distinct O, binding
pocket, an active site histidine that sits near the N-1 position of
the bound flavin has been shown to provide all of the catalysis
required for reduction of O, to superoxide ion. This is attributed
to electrostatic catalysis of superoxide anion formation, with
subsequent protonation and electron transfer leading to hydro-
gen peroxide (32, 33). In both HPAO and GO, the reduction of
0, is, thus, believed to occur via stepwise electron and proton
transfers, as proposed in Scheme 2 for PqqC. Work by others
on flavin-containing oxidases indicates pathways for O, bind-
ing, as well as support for the importance of electrostatic
catalysis (34—36).

The fact that PqqC contains neither a metal ion nor a redox
cofactor places it into a unique family of proteins that also
includes urate oxidase (UO) and coproporphryinogen oxidase
(CPO) (37). In the case of urate oxidase, the use of high-pressure
xenon binding and X-ray crystallography has identified an
oxygen binding pocket outside the active site (38). Recent studies

HN 22t HN
OH NH ¢ NH
> 0
o) (39 H,0,
H=\ OH RI179 N\ oH R179
+ NH NH
= =
H154 H1s4
TYR TYR
3 4

have also found a polar site above the substrate in UO that can
accommodate a water ion or chloride ion, with the latter being a
reasonable mimic of an anionic superoxide intermediate. Inspec-
tion of the active site of UO indicates a structural motif that has
some similarity to the O, binding core of PqqC, with the presence
of Lys (versus Arg in PqqC) and Thr (versus Tyr in PqqC), as well
as Asn that is seen in some PqqC variants. Mechanistically,
PqqC, UO, and CPO may differ. Both UO and CPO have been
proposed to proceed via a hydroperoxy intermediate (37) though
there is little experimental evidence to support this. There is no
evidence to suggest that PqqC proceeds by a similar mechanism,
leading to the proposal of outer-sphere electron transfer in
Scheme 2. The most significant, unifying feature of PqqC, UO,
and CPO is the nature of the substrates themselves. In each
instance, the reduced form of substrate has similarities to well-
studied organic cofactors (e.g., reduced flavins and quinols) that
are capable of one-electron transfer to O, to generate superoxide
anion (39). Given that the first electron transfer to O, to form
O, * is the most endothermic step in hydrogen peroxide forma-
tion (cf. ref 24), the major portion of catalysis in PqqC, UO, and
CPO is expected to depend on side chains that can catalyze the
first electron transfer step from reduced substrate to O, (25). The
reactivity and redox capabilities, i.e., capacity for one-electron
chemistry, of their substrates set these reactions apart.

As discussed earlier, among the three O, core side chains
in PqqC, two are completely conserved in all PqqC protein
sequences; these are the Y175 and R179. Inspection of Figure 2
indicates that both the phenyl ring of Y175 and the long side
chain of R179 could create a hydrophobic pocket for O,. Addi-
tionally, the tail of R179 is expected to contribute to electrostatic
catalysis of superoxide anion production. Thus, these side chains
have the potential to contribute both to O, binding and to a
subsequent rate-limiting outer-sphere electron transfer from sub-
strate to O, to form a superoxide anion. In the case of posi-
tion 154, which is also highly conserved, gene annotation indi-
cates replacement by Asn in two sequences (RoseFigura and
Klinman, in preparation). While this replacement could possibly
have arisen from an error in sequencing,* we must also consider
the possibility that a protonated histidine is not an absolute pre-
requisite for catalysis within the PqqC O, binding/activation
motif. If this is the case, the source of the second proton in
hydrogen peroxide formation (Scheme 2) would have to reside at
an as yet unidentified protein side chain. In this context, it may be
important that among the mutants studied only HI54N is
competent toward H,O, reduction (Table 3).

“The glutamine codon (CAC/U) is only one base pair away from
histidine (CAA/G).
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The challenge for the future will be to tease apart the detailed
properties of the O, core that contribute to O, binding versus
catalysis. We consider it important that addition of O, to mutant
proteins promotes the appearance of new spectral species. This
is the second example of a special role for nonmetal O, binding
in promoting a conformational rearrangement during quino-
cofactor biogenesis. In an earlier study of TPQ formation, it was
shown that a charge transfer complex between the active site
copper and the tyrosine (Y405) that is the precursor to TPQ occurs
only after exposure of anaerobic protein samples to O, (40, 41). It
appears that for both TPQ and PQQ biogenesis O, binding can
contribute to a restructuring of the active site that alters proton
movement involving deprotonation (of Y405) in the case of TPQ
biogenesis and most likely protonation of the quinoid intermedi-
ate in PQQ formation catalyzed by PqqC.

CONCLUSION

The aggregate data presented in this study are consistent with
an “0, core” in PqqC. We have characterized four mutations that
implicate the vital roles played by H154, Y175, and R179, with a
change at any single position inhibiting PQQ production via a
possible impact on a protein conformation change to the closed
structure (Y175S) or a direct impairment of oxidative chemistry
(H154N, Y175F, R179S). In the latter cases, it is further
proposed that occupancy at the O, binding pocket respositions
H84, a residue previously shown (75) to be a requisite proton
donor in quinol formation. Although the precise chemical nature
of the species formed from the single turnover of “O, core”
mutants is not yet demonstrated, it is clear that these can persist
for long times in the presence of O,. The present results, showing
a binding of O, to mutant forms of PqqC, add another example
to the literature of gas binding pockets that can be generated in
the absence of either an organic cofactor or metal ion.
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