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ABSTRACT: The protonation status of the peroxide
moiety in C4a-(hydro)peroxyflavin of p-hydroxyphenyla-
cetate-3-hydroxylase can be directly monitored using
transient kinetics. The pK, for the wild-type (WT) enzyme
is 9.8 + 0.2, while the values for the H396N, H396V, and
H396A variants are 9.3 + 0.1, 7.3 + 0.2, and 7.1 + 0.2,
respectively. The hydroxylation efficiency of these mutants
is lower than that of the WT enzyme. Solvent kinetic
isotope effect studies indicate that proton transfer is not
the rate-limiting step in the formation of C4a-OOH. All
data suggest that His396 may act as an instantaneous
proton provider for the proton-coupled electron transfer
that occurs before the transition state of C4a-OOH
formation.

C4a-(Hydro)peroxyflavin is a reactive intermediate that is
essential for monooxygenation in flavin-dependent monoox-
ygenases."> This enzyme family catalyzes a broad range of
reactions. The versatility of these enzymes comes from the
differences in their active site environments that control the
reactivity of the intermediate. For example, the protonation
status of the terminal -OOH group is important in controlling
whether the intermediate can act as an electrophile in
hydroxylation, dehalogenation, halogenation, and epoxidation
reactions or as a nucleophile in Baeyer—Villiger oxygenation
reactions and in the oxidations of amino acid sulfoxides,
selenides, phosphate esters, and organoboron and in light-
emitting reactions.' ™ Understanding how different enzymes
regulate the protonation status of C4a-(hydro)peroxyflavin
should be useful for engineering them to fit the needs of specific
biocatalytic applications in the future.

Formation of C4a-(hydro)peroxyflavin is initiated by the
transfer of a single electron from the reduced flavin to oxygen to
generate a caged radical pair of flavin semiquinone and
superoxide anion.’”® Recently, density functional theory
(DFT) calculations of pyranose 2-oxidase (P20), an oxidase
that can form C4a-hydroperoxyflavin,” indicated that the single-
electron transfer process to generate the radical pair is tightly
coupled with proton transfer. The proton-coupled electron
transfer helps neutralize the negative charge that develops and
aligns the resulting *OOH radical for formation of the C4a-
hydroperoxyflavin adduct’ (Figure S1 of the Supporting
Information). In the P20 reaction, the catalytic residue
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His548, which is in the vicinity of the flavin C4a position,
directly transfers a proton for this process. The findings from the
P20 reaction prompted us to investigate the protonation status
and the mechanism controlling this process in the reaction of the
electrophilic monooxygenase that forms C4a-hydroperoxyflavin
as an essential part of catalysis.
p-Hydroxyphenylacetate-3-hydroxylase (HPAH) from Acine-
tobacter baumannii is a flavin-dependent two-component
monooxygenase that catalyzes the ortho hydroxylation of p-
hydroxyphenylacetate (HPA). This enzyme consists of a smaller
reductase component (C,) that provides reduced flavin to a
larger oxygenase component (C,)."°"'* Previous studies of C,
have shown that in the absence of HPA, the C4a-hydro-
peroxyflavin formed on this enzyme is quite stable,'>'*
presumably because of the H-bond interaction between the
flavin NS and Ser171."* Rapid-quench studies and product
analysis indicated that the rate constant of hydroxylation is not
significantly affected by pH and the hydroxylation ratio is around
90% over a pH range of 6.0—10.0.">'® These observations
suggest that one or more amino acid residues are likely to be
crucial for maintaining the C4a-hydroperoxide in its protonated
form over this broad pH range so that it can promote efficient
hydroxylation of its substrate (see the C, reaction in Figure S2 of
the Supporting Information). In addition, the rate of C4a-
hydroperoxyflavin formation in C, is very fast (~10° M~'s™" at 4
°C). Therefore, the active site of C, must contain a feature that
ensures the effective formation of C4a-hydroperoxyflavin.

On the basis of the crystal structure of C,, His396 is located at a
strategic position (~4.6 A from the C4a position of the flavin).'”
Previous investigations indicated that His396 is not directly
involved with the elimination of H,0, from C4a-hydro-
peroxyflavin; however, the mechanistic role of this residue is
not yet known.'* We speculated that this residue may be involved
in the control of protonation of the -OOH moiety of C4a-
hydroperoxyflavin (Figure 1A). In this report, we investigated (i)
the protonation status of Cd4a-hydroperoxyflavin, (ii) the
involvement of His396 in controlling the protonation of C4a-
hydroperoxyflavin, and (jii) the involvement of a proton transfer
process in the formation of C4a-hydroperoxyflavin.

Received: April 22, 2014
Revised: ~ May 22, 2014
Published: May 30, 2014

dx.doi.org/10.1021/bi500480n | Biochemistry 2014, 53, 4084—4086


pubs.acs.org/biochemistry

Biochemistry

Rapid Report

'T' fe) 0.25
High pH
N ® 02
NH ] e
O Jo 8 o5
( N™ =0 5 \
H R @ 041 v \\( Low pH
) 2 \
\ < oos \
| /> 0 m
His N 350 400 450 500 550 600
396 Wavelength(nm)
A B

Figure 1. (A) Putative hydrogen bonding between the Ne2 atom of
His396 and the -OOH moiety of C4a-hydroperoxyflavin. (B) Spectra of
the C4a-(hydro)peroxyflavin of H396N at pH 7, 7.5, 8.2, 9.0, 9.6, 10.0,
and 10.4.

Absorption spectra of the flavin intermediate formed in the
reactions of wild-type C, and the His396 variants (H396N,
H396A, and H396V) at various pHs and 4 °C were monitored
using stopped-flow spectrophotometry with diode array
detection to probe the effect of pH on the spectrum of the
intermediate. In general, the A, of the intermediate shifted to
shorter wavelengths at higher pH values (Figure 1B and Figure
S3 of the Supporting Information). For wild-type C, at pH 7.5,
the 4,,,, of the intermediate was 380 nm, while at pH 11.2, it was
370 nm. These results are consistent with the spectral changes
being due to protonation and deprotonation of the C4a adduct or
the protonation state of nearby residues as in the case of
cyclohexanone monooxygenase."® For H396N at pH 7, the 4.,
of the intermediate was 378 nm, while at pH 10.4, it was 365 nm.
For H396V at pH 6, the 4, of the intermediate was 380 nm,
while at pH 9.8, it was 376 nm. For H396A at pH 6, the 4,,,, of the
intermediate was 373 nm, while at pH 9.5, it was 368 nm. The
results indicated that C4a-hydroperoxyflavin has 4, values ~10,
13, 4, and 5 nm longer than C4a-peroxyflavin in the reactions of
the wild type and H396N, H396V, and H396A variants,
respectively. The fact that the C4a adduct was detected at all
pHs employed also indicates that C, proteins are stable over this
pH range.

To investigate whether the shift in the intermediate A, is
indeed due to the deprotonation of C4a-hydroperoxyflavin to
form C4a-peroxyflavin, a pH jump experiment to convert the two
forms of the intermediate was performed. C4a-Hydroperoxy-
flavin at low or high pH was generated in situ by mixing the
reduced enzyme and oxygen in the first mixing of the double-
mixing stopped-flow spectrophotometer. The pH of the system
was then quickly changed to a different value in the second
mixing. The change in absorption characteristics was monitored
by diode array and single-wavelength spectrophotometry. This
experiment was performed with the H396N mutant because it
showed the maximum difference in 4,,,, between the two forms
of intermediates (previous paragraph and Figures S3 and SS of
the Supporting Information). The results indicate that when the
intermediate that was formed at pH 7.0 (4., = 378 nm) was
mixed with a buffer with a higher ionic strength to change the pH
of the system to 10, an intermediate with a 4, of 365 nm was
immediately observed. Likewise, when the intermediate
preformed at pH 9.5 (4., = 365 nm) was mixed with a buffer
to change the final pH to 7.3, the intermediate with a 4, of 378
nm was immediately observed (Figure SS of the Supporting
Information). This experiment clearly shows that the inter-
mediate with a longer A, is indeed C4a-hydroperoxyflavin,
while the intermediate with the shorter 4, is C4a-peroxyflavin.

A similar shift in A,,,,, corresponding to the conversion of C4a-
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cyclohexanone monooxygenase,'® siderophore-associated flavin
monooxygenase (SidA)," and ornithine hydroxylase (PvdA),*
but it was different from the shift observed for 3-hydrox-
ybenzoate-6-hydroxylase.”’ The rapid change of intermediate
characteristics immediately after the stopped-flow second mixing
for the C, reaction (Figures SS and S6 of the Supporting
Information) indicates that proton transfer between the two
forms of the intermediate is very fast. These data are different
from those for cyclohexanone monooxygenase'® and pyranose 2-
oxidase®” in which the proton equilibration was slow enough that
the kinetics of proton transfer could be measured.

The pK, values of the deprotonation of C4a-hydroperoxyflavin
in wild-type, H396N, H396V, and H396A C, were thus analyzed
by plotting the increase in absorption at 370, 365, 376, and 368
nm versus pH, respectively. Results indicate that the pK, values
for the wild-type enzyme, H396N, H396V, and H396A are 9.8 +
02,93 +0.1,7.3 + 0.2, and 7.1 + 0.2, respectively (Figure 2A
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Figure 2. (A) Plots of the change in absorbance vs pH of WT, H396N,
H396V, and H396A. The changes in the spectra of intermediates with a
change in pH were used to determine the pK, values of intermediates
(Figures S3—S6 of the Supporting Information). Graphs 1—4 are plots
of the change in absorbance at 370, 365, 376, and 368 nm vs pH of wild-
type, H396N, H396V, and H396A C,, respectively. (B) Comparison of
the reactions of reduced wild-type C, with 0.13 mM O, in D,O (filled
circles) and H,O (solid lines) buffers. The values of absorbance at 390
and 450 are colored black and blue, respectively.

and Figures S3—S6 of the Supporting Information). The
decrease in the pK, values of C4a-hydroperoxyflavin observed
for the His396 variants, especially in H396A and H396V, where a
hydrogen-bonding group is removed, suggests that His396 is
important for keeping C4a-hydroperoxyflavin in the protonated
form (Figure 1A).

On the basis of the crystal structure of C,, the distance between
the Ne2 atom of His396 and the carbon atom at the C4a position
of FMN is ~4.6 A (Figure S7 of the Supporting Information).'”
His396 may be involved in stabilizing the FMN-C4a-OOH
group by acting as a hydrogen bond acceptor (FMN-OOH:-
Ne2-His396) (Figure 1A). The putative hydrogen bonding
interaction between the Ne2 atom of His396 and the -OOH
group of C4a-hydroperoxyflavin may be key for maintaining its
high pK, value (9.8 +0.2) in the wild-type enzyme. In the H396A
and H396V mutants from which a hydrogen bond acceptor was
removed, much lower pK, values (7.1 + 0.2 and 7.3 £ 0.2) were
observed (Figure 2A). For the H396N variant in which the
hydrogen bonding interaction can still be maintained, the pK,
value of C4a-OOH is less perturbed (9.3 + 0.1). Altogether,
these data suggest that His396 may act as a hydrogen bond
acceptor for the C4a-OOH group. The ability of C, to maintain a
high pK, value for the C4a-OOH group is advantageous for
catalytic function, as the C4a-OOH group acts as an electrophile
in the hydroxylation of HPA.

To explore whether the ability of C, to maintain a high pK,
value for C4a-OOH is correlated with the hydroxylation
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efficiency, product analysis of wild-type C, and the H396 variants
at various pH values was conducted. For wild-type C,, product
formation was ~90% over the pH range of 6—10, > while for the
His396 variants, product formation significantly decreased at
higher pHs (Table S1 of the Supporting Information). The
results indicate that His396 is indeed important for maintaining
protonation of C4a-OOH, and subsequently the efficiency of
hydroxylation.

We used solvent kinetic isotope effects (SKIE) to probe
whether the proton transfer occurs prior to or is a part of the
transition state for the formation of C4a-OOH. If the proton
transfer occurs before the transition state for C4a-OOH
formation (proton-coupled electron transfer to form a cage
radical pair) as in P20,”**** no SKIE should be observed. The
kinetic traces indicated that the reactions in D,O are biphasic,
similar to those in H,O (Figure 2B and Figure S8 of the
Supporting Information). The increase in absorbance at 390 nm
(black) over the first 0.02 s is due to formation of the C4a
adduct." There is no measurable difference in the rate constants
in H,0O and D, 0, with both yielding second-order rate constants
of ~1 X 10° M~ s71. However, the formation of oxidized FMN as
shown in traces recorded at 450 nm (blue) shows a SKIE of ~4
with rate constants of 7.7 X 10™*s™* (in D,0) and 0.003 s™* (in
H,0)."”® A significant value observed for the SKIE for the
hydrogen peroxide elimination step implies that breakage of the
NS5—H bond in C4a-hydroperoxyflavin plays a significant role in
the H,0, elimination process similar to the reaction of P20*
and SidA.”®

The lack of a SKIE for the C4a-hydroperoxyflavin formation
step indicates that the proton transfer process is rapid and is not
the rate-limiting step for C4a-hydroperoxyflavin formation,
similar to the results observed for P20 and SidA."*** According
to the DFT analysis of P20, this phenomenon is due to the
prompt donation of a proton from His548 (in P20) that is ~4.5
A from position C4a of flavin®® before the transition state for
formation of the C4a intermediate. The results in Figure 2B
indicate that His396 may function like His548 in P20 by
donating a proton for the proton-coupled electron transfer
process that occurs before the transition state (Figure S9 of the
Supporting Information). DFT analysis of the C, reaction should
allow the future confirmation of this hypothesis.

In summary, our findings indicate that His396 is important for
maintaining the protonation of C4a-OOH by acting as a
hydrogen bond acceptor. A high pK, of C4a-hydroperoxyflavin is
required for efficient hydroxylation of HPA. Proton transfer is
not the rate-limiting step for the process of C4a-hydro-
peroxyflavin formation, possibly because the concerted proton-
coupled electron transfer occurs prior to the transition state for
formation of the C4a-OOH.
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results. This material is available free of charge via the Internet at
http://pubs.acs.org.

B AUTHOR INFORMATION
Corresponding Author
*E-mail: pimchai.cha@mahidol.ac.th. Phone: (662) 201-5596.

Funding

We acknowledge research support from The Thailand Research
Fund via Grants RTAS5680001 (to P. Chaiyen), TRGS5780122

4086

(to P. Chenprakhon), MRGS580151 (to K.T.), and
RSAS580050 (to J.S.) and Mahidol University (to P.
Chenprakhon and P. Chaiyen). D.T. is a recipient of a
Development and Promotion of Science and Technology Talent
Project.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Panida Surawatanawong and Surawit Visitsattawong
for valuable discussion.

B REFERENCES

(1) van Berkel, W. J. H., Kamerbeek, N. M., and Fraaije, M. W. (2006)
J. Biotechnol. 124, 670—689.

(2) Fagan, R. L, and Palfey, B. A. (2010) in Comprehensive natural
products II. Chemistry and Biology (Mander, L., and Lui, H. W., Eds.) Vol.
7, pp 37—113, Elsevier, Oxford, UK.

(3) Huijbers, M. M., Montersino, S., Westphal, A. H., Tischler, D., and
van Berkel, W. J. (2014) Arch. Biochem. Biophys. 544, 2—17.

(4) Suadee, C., Nijvipakul, S., Svasti, J., Entsch, B., Ballou, D. P., and
Chaiyen, P. (2007) J. Biochem. 142, 539—552.

(S) Tinikul, R, Pitsawong, W., Sucharitakul, J., Nijvipakul, S., Ballou, D.
P., and Chaiyen, P. (2013) Biochemistry 52, 6834—6843.

(6) Bruice, T. C. (1984) Isr. J. Chem. 24, 54—61.

(7) Eberlein, G., and Bruice, T. C. (1983) J. Am. Chem. Soc. 105, 6685—
6679.

(8) Massey, V. (1994) J. Biol. Chem. 269, 22459—22462.

9) Wongnate, T. Surawatanawong, P., Visitsatthawong, S.,
Sucharitakul, J., Scrutton, N. S., and Chaiyen, P. (2014) J. Am. Chem.
Soc. 136, 241—-253.

(10) Chaiyen, P., Suadee, C., and Wilairat, P. (2001) Eur. J. Biochem.
268, 5550—5561.

(11) Sucharitakul, J., Phongsak, T., Entsch, B., Svasti, J., Chaiyen, P.,
and Ballou, D. P. (2007) Biochemistry 46, 8611—8623.

(12) Phongsak, T., Sucharitakul, J., Thotsaporn, K, Oonanant, W.,
Yuvaniyama, J., Svasti, J., Ballou, D. P., and Chaiyen, P. (2012) J. Biol.
Chem. 287, 26213—26222.

(13) Sucharitakul, J., Chaiyen, P., Entsch, B., and Ballou, D. P. (2006) J.
Biol. Chem. 281, 17044—17053.

(14) Thotsaporn, K., Chenprakhon, P., Sucharitakul, J., Mattevi, A.,
and Chaiyen, P. (2011) J. Biol. Chem. 286, 28170—28180.

(15) Ruangchan, N., Tongsook, C., Sucharitakul, J., and Chaiyen, P.
(2011) J. Biol. Chem. 286, 223—233.

(16) Tongsook, C., Sucharitakul, J., Thotsaporn, K., and Chaiyen, P.
(2011) J. Biol. Chem. 286, 44491—44502.

(17) Alfieri, A., Fersini, F., Ruangchan, N., Prongjit, M., Chaiyen, P.,
and Mattevi, A. (2007) Proc. Natl. Acad. Sci. US.A. 104, 1177—1182.

(18) Sheng, D., Ballou, D. P., and Massey, V. (2001) Biochemistry 40,
11156—11167.

(19) Frederick, R. E,, Ojha, S., Lamb, A., and Dubois, J. L. (2014)
Biochemistry 53, 2007—2016.

(20) Meneely, K. M., Barr, E. W, Bollinger, J. M., Jr., and Lamb, A. L.
(2009) Biochemistry 48, 4371—4376.

(21) Sucharitakul, J., Tongsook, C., Pakotiprapha, D., van Berkel, W. J.
H., and Chaiyen, P. (2013) J. Biol. Chem. 288, 35210—35221.

(22) Prongjit, M., Sucharitakul, J., Palfey, B. A., and Chaiyen, P. (2013)
Biochemistry 52, 1437—1445.

(23) Sucharitakul, J., Wongnate, T., and Chaiyen, P. (2011) J. Biol.
Chem. 286, 16900—16909.

(24) Wongnate, T., and Chaiyen, P. (2013) FEBS J. 280, 3009—3027.

(25) Robinson, R,, Badieyan, S., and Sobrado, P. (2013) Biochemistry
52, 9089—9091.

(26) Kujawa, M., Ebner, H,, Leitner, C., Hallberg, B. M., Prongjit, M.,
Sucharitakul, J., Ludwig, R., Rudsander, U., Peterbauer, C., Chaiyen, P.,
Haltrich, D., and Divne, C. (2006) J. Biol. Chem. 281, 35104—35115.

dx.doi.org/10.1021/bi500480n | Biochemistry 2014, 53, 4084—4086


http://pubs.acs.org
mailto:pimchai.cha@mahidol.ac.th

