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Abstract: Siderophore A (SidA) from Aspergillus fumigatus is a flavin-containing monooxygenase that
hydroxylates ornithine (Orn) at the amino group of the side chain. Lysine (Lys) also binds to the active site
of SidA; however, hydroxylation is not efficient and H,0, is the main product. The effect of pH on steady-
state kinetic parameters was measured and the results were consistent with Orn binding with the side
chain amino group in the neutral form. From the pH dependence on flavin oxidation in the absence of
Orn, a pK, value >9 was determined and assigned to the FAD-N5 atom. In the presence of Orn, the pH
dependence displayed a pK, value of 6.7 +0.1 and of 7.70 +0.10 in the presence of Lys. Q102 interacts
with NADPH and, upon mutation to alanine, leads to destabilization of the C4a-hydroperoxyflavin
(FADoon)- Flavin oxidation with Q102A showed a pK, value of ~8.0. The data are consistent with the pK,
of the FAD N5-atom being modulated to a value >9 in the absence of Orn, which aids in the stabilization
of FADoon. Changes in the FAD-N5 environment lead to a decrease in the pK, value, which facilitates
elimination of H,0, or H,0. These findings are supported by solvent kinetic isotope effect experiments,
which show that proton transfer from the FAD N5-atom is rate limiting in the absence of a substrate,
however, is significantly less rate limiting in the presence of Orn and or Lys.

ABBREVIATIONS: FAD, flavin adenine dinucleotide; Orn, orni-
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monooxygenase siderophore A; SKIE, solvent kinetic isotope
effects.
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Short statement for broader audience: Iron-binding molecules,
known as siderophores, are required for the pathogen Asper-
gillus fumigatus to scavenge iron during infection in humans.
Siderophore A (SidA) is an enzyme that plays an essential role
in the biosynthesis of siderophores. Oxidation of the flavin
cofactor of SidA was probed using pH studies, site-directed
mutagenesis, and kinetic solvent isotope effects. Results indi-
cate that the N5-atom of the flavin cofactor is responsible for
regulating the stability of the hydroxylating flavin intermediate
and for oxidation. This information that is important for drug
design.
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Introduction

Flavin-dependent monooxygenases that catalyze the
hydroxylation of nitrogen atoms (N-monooxygenases,
NMO) are important in the biosynthesis of isoxazoli-
dinone rings and hydroxamate functional groups in
siderophores.’?> Because siderophores are essential
virulence factors in bacterial and fungal pathogens,
NMOs have been identified as potential drug tar-
gets.>* NMOs catalyze the NADPH- and oxygen-
dependent hydroxylation of ornithine, lysine, hista-
mine, and propyl or butyl-diamines.>® Siderophore A
(SidA) from Aspergillus fumigatus is the most bio-
chemically and structurally characterized member of
this family of enzymes. The reaction begins with
binding of NADPH to SidA with the FAD in its oxi-
dized form (FADgx) [Fig. 1(A)].%!° This is followed by
sterospecific (pro-R) transfer of a hydride equivalent,
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resulting in NADP* and reduced FAD (FAD,.q),
which completes the reductive half-reaction (Fig. 1).}!
In the oxidative half-reaction, the FAD,.4qNADP*
complex reacts with molecular oxygen forming the
C4a-hydroperoxyflavin (FADoon) intermediate.”'2 In
the absence of ornithine (Orn), this intermediate is
stable and decays to hydrogen peroxide very slowly
(kuzos ~ 0.01 s71). However, in the presence of Orn,
the enzyme is “activated” and rapid turnover is
observed (ke ~1.0 s71).7 Stabilization of the FADgon
in the absence of Orn ensures that oxidation of
NADPH is coupled to the hydroxylation of Orn,
thereby, preventing the production of H,O, and the
wasting of NADPH. The active site architecture pro-
vides high specificity for Orn, with almost 100% effi-
cient hydroxylation by the FADgop intermediate,
with little or no Hy0, being released (~100%
coupled). SidA, however, can also bind lysine (Lys).
This amino acid is hydroxylated with lower efficiency
than Orn, with most of the FADooy releasing as
H,0, (~10% coupled).13

Previously, we studied the mechanism of forma-
tion and stabilization of FADgoy using a combination
of rapid reaction kinetics, isotope effects, and density
functional theory. These studies showed that NADP*
plays several key roles in this process. First, NADP*
is involved in the protonation of the distal oxygen of
FADgo- to form FADgoy via the 2’-OH of the nicotin-
amide ribose [Fig. 1(B)]. Second, NADP" provides
binding interactions that are essential for stabiliza-
tion of this intermediate, including hydrogen bonding
of the NADP" amide carbonyl with the FADoogn-
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N5-H and hydrogen bonding between the 2-OH of
the NADP™ ribose and the distal oxygen of FADoow.
Third, NADP* allows Orn to be in proper orientation
for hydroxylation [Fig. 1(B)].”813

Here, we present steady-state, rapid reaction
kinetics, pH studies, and solvent Kkinetic isotope
effects, focusing mainly on decay of FADgom in the
absence and presence of Orn or Lys. The data are
consistent with Orn binding with the side chain
amino group in the deprotonated form. Favin oxida-
tion in the absence of Orn substrate is very slow due
to stabilizing interactions with the FAD-N5-H atom,
which results in a pK, value >9. When Orn or Lys are
present, the pK, value decreases to ~7 and flavin oxi-
dation no longer limits the catalytic cycle. We present
a complete description of the oxidative half-reaction
of SidA and briefly discuss previous studies that show
conflicting results.

Results

kcat and Kc.:/K,,, pH profiles

The pH profile of SidA activity under steady-state
conditions was determined using oxygen consumption
assays at a fixed concentration of NADPH (1 mM)
and varying Orn. The data show that as the pH
increases, the k., value of SidA slightly increases
with a single pK, value of 7.0 £0.2 [Fig. 2(A)]. The
dependence of k../K,, in Figure 2(B) shows a similar
trend with increasing values as the pH increases with
a single pK, value of 8.0 +0.2. The amplitude of the
kea/ Ky PH profile is greater than the k., pH profile
because, as the pH increases, the apparent K, for

—_ =

FAD,;qNADP*

O,
Ormn '/

-/ FADoonNADP*

NH,
(B) FADoon
AN
‘ N O
N
+ 5
NADP* v o e nH
P
R o0
,o'od/\N \N
~T o
H 2o R
H i HN
OH H 5
y 0
O—H
+, -
HaN o)
Ornithine

Figure 1. (A) Kinetic mechanism for the reaction catalyzed by SidA. The enzyme begins with the flavin in the oxidized form
(FADox). NADPH binds and reduces the flavin (FAD,eq). The reduced FAD/NADP* complex reacts with oxygen, forming the C4a-
hydroperoxyflavin (FADgow). This is followed by Orn binding and hydroxylation at the Orn N5-atom. The next step is release of
H,0O from the hydroxyflavin (FADo). Release of products is shown to occur in one step. (B) Scheme of the FADoon, NADP*, Orn
complex obtained from previous molecular dynamics simulation and density functional theory studies.”*®
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Figure 2. Effect of pH on the steady-state oxygen consumption activity of SidA. (A) Effect of pH on the k.4 value. (B) Effect of pH
on the k.o/Kim value. The pH profiles were analyzed using Eq. 3 and pKj values of 7.0 +0.2 and 8.0 +0.2 were obtained for kg,
and kqa/Km, respectively. (C) Changes in the K, value as a function of pH. Values used in all plots are listed in Table S1. The line

on panel C connects the points for viewing purposes.

Orn decreases ~39-fold across the pH range studied
[Fig. 2(C), Table S1].

pH dependence of FADoon formation

The pH dependence of the rate of formation of the
FADoon intermediate was determined in both the
presence and the absence of Orn to determine if any
ionizable groups contributed to oxygen activation in
SidA. The presence of Orn enhanced the rate con-
stant for formation of the FADgom intermediate.
However, the rate constant for FADqog formation in
the presence or absence of Orn did not significantly
change as a function of pH, resulting in an almost flat
pH profile, as previously observed by our group and
others (Supporting Information Fig. S1).1%14

pL dependence and SKIE for flavin oxidation in
the absence of substrate

The pL profile for flavin oxidation in the absence of
substrate was performed to calculate the pK, value
and SKIE of flavin oxidation. This experiment reports
on the pL dependence of HyOy elimination from
FADoomn. It is essential to calculate SKIEs in the pL-
independent region as the pK, values of ionizable
groups can change in Dy0. The data in the absence of
substrate in Figure 3(A) show a single pK, value for
flavin oxidation that is >9 in H,O and a pK, value
>10 in D,O, where the rate constant for flavin oxida-
tion increases as the pL increases. The pK, values
could not be accurately determined as SidA is unsta-
ble at pH >10 and the upper rate limit of flavin oxida-
tion could not be defined. These data are consistent
with previous experiments with SidA where a high
pK, value was observed for flavin oxidation in the
absence of a substrate.!*!® The kinetic traces at
452 nm occurs mainly in a single phase regardless of
pH (not shown). To properly measure the SKIE, it is
essential to perform the reaction in the region where
the kinetic constant is pL independent. This is
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necessary to prevent measuring an apparent SKIE
that is due to the shift in the pK, value in D2O. For
example, in Figure 3(A) at pL of 8.5, a significant dif-
ferent in the rate constant in DyO vs. HyO is
observed. However, this is not a KIE, instead it is
due to the shift in the pK, value. Therefore, the SKIE
was calculated at pL 7.0 and a value of 2.30 +0.05
was determined. This is consistent with our previous
study, where we had a pL of 7.5 (Table I).”

pL profile and SKIE for flavin oxidation with Orn
The pL profile for flavin oxidation in the presence of
Orn (HyO elimination from FADgy) was performed to
determine the ionizable groups important for hydrox-
ylation. The data in Figure 3(B) show a significant
shift in the pL profile compared with that in the
absence of substrate with pK, values of 6.7 £0.10 in
H,O and 7.18 4+0.05 in Dy;O. A SKIE value of
1.56 +0.14 was calculated from the upper limit of pL
profiles (Table I).

pL profile and SKIE for flavin oxidation with Lys
SidA is selective for hydroxylation of Orn. Although
Lys binds to the active site, hydroxylation is not effi-
cient, and the main outcome is the stimulation of
hydrogen peroxide release from FADoon.>'¢ The pL
profile of flavin oxidation with Lys was performed to
determine if its presence alters the pK, value and the
SKIE associated with flavin oxidation. Results show
a pL profile with pK, values of 7.70 +0.10 in H,O and
8.42 +0.07 in DyO [Fig. 3(C), Table I]. A SKIE value
of 1.10 £0.06 was also calculated from the upper limit
of the fits at high pL (Table I).

Characterization of Q102A

The reaction of Q102A with NADPH was character-
ized in a stopped flow spectrophotometer as previ-
ously described.>!” The same experiment was
performed on the wild-type enzyme for comparison.

Flavin Oxidation in NMO
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Figure 3. Rate constant for flavin oxidation (kox) of SidA
monitored at 452 nm as a function of pL in the absence or
presence of amino acid substrates in H,O (@) or DO (O).

(A) Changes in the oxidation rate constant as a function of pH
in the absence of amino acid substrate (H,O, elimination).

(B) In the presence of Orn (100 mM). (C) In the presence of
15 mM Lys.

Robinson et al.

Reduction occurred in two phases. A fast phase corre-
sponding to flavin reduction and a slow phase that is
independent of NADPH concentration has been sug-
gested to be product release or a subpopulation of
slow enzyme.''® The affinity for NADPH is high,
which prevents accurate calculation of the Kp value
using the stopped-flow (changes in flavin absorbance
are very small at low concentrations of NADPH).
Thus, the reaction and apparent binding affinity for
NADPH are not negatively affected in the Q102A
enzyme (Table S2). The steady-state kinetic parame-
ters for Q102A were determined by monitoring the
rate of oxygen consumption and the formation of
hydroxylated Orn, as previously described.>!” The
oxygen consumption for Q102A was determined using
Orn as the variable substrate at fixed saturated con-
centrations of NADPH. The k., value was ~45%
higher than the value for SidA, while the K, value
was ~30-fold lower. This is an apparent K, value as
the enzyme was highly active in the absence of Orn,
indicative of high oxidase activity. The steady-state
analysis of Orn hydroxylation as a function of Orn
concentrations under saturating concentrations of
NADPH resulted in a k.. value of 0.32 s~1, which is
~50% lower than for SidA. The lower k., value for
hydroxylation compared with the value obtained in
the oxygen consumption assay indicates that the
mutant protein is only ~37% coupled compared with
~100% for SidA (Table II). The low coupling in Q102A
indicated that this enzyme is not efficient in stabiliz-
i].'lg the FADOOH.

PH profiles for flavin oxidation with Q102A

Having established that the main effect of Q102A is
on coupling, we measured the pH profile of the elimi-
nation of HyO5 from the FADgox (e.g., in the absence
of Orn). The increase in absorbance at 452 nm
showed a single exponential rise, which was analyzed
as described above with SidA. The results are shown
in Figure 4 along with the pH profile for SidA for
comparison. In the absence of Orn, kox increases as a
function of pH with a pK, value of 8.55 + 0.05, which
is lower than for the wild-type enzyme. In the pres-
ence of Orn, kox also increases as a function of pH
with a pK, value of 6.4 £ 0.2, which is very similar to
the value obtained for SidA (Table I).

Discussion

Flavin-dependent monooxygenases are important for
adding chemical diversity to natural products as they
are responsible for hydroxylating aromatic rings, ali-
phatic chains, sulfur, and nitrogen atoms.%!® In addi-
tion, the formation of epoxides, esters, or lactones are
also outcomes of flavin-dependent monooxygenation
reactions.'®2! Qur research group has been inter-
ested in the function of flavin-dependent monooxy-
genases involved in the biosynthesis of hydroxamate-
containing siderophores.”11:13:22-25 Tpy this work, we
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Table I. Observed pK, Values and Solvent Kinetic Isotope Effect Values for SidA Oxidation

Parameter No substrate Orn Lys

pK,, H,O >9 6.7 +0.10 7.70 +0.10
pK,, D2O >10 7.18 +0.05 8.42 +0.07
kox, HoO 0.0100 +0.00020 2.50 £0.07 2.52 £0.10
Roxs D2O 0.0043 +0.00010 1.60 +0.02 2.30 +0.08
SKIE 2.30 £0.05% 1.56 +£0.14" 1.10 +0.06°

All pL experiments were performed at 25°C.

* The SKIE values for flavin oxidation with no substrate were calculated at pL 7.0.
" The SKIE values for flavin oxidation with Orn and Lys were calculated using the upper limits obtained from the fits of the

pL profiles.

were interested in determining whether functional
groups with specific protonation states were required
for the reaction catalyzed by SidA. The pH profile of
koK showed that an ionizable group needs to be
deprotonated for activity with a pK, value of ~8.0.
We focused on the k../Ky pH profile, since it reports
on the protonation states of the free enzyme and sub-
strate.?® The main effect observed was a decrease in
the Ky value for Orn as the pH of the solution was
increased [Fig. 2(C)]l. Thus, as an ionizable group
becomes deprotonated, Orn binding becomes favor-
able. The structure of SidA in complex with Orn
revealed that Lys107, Asn105, Ser469, and Asn323
are in hydrogen bonding distance to Orn (Fig. 5).!3
Site-directed mutagenesis showed that these residues
are important for Orn binding.'” Asn105, Ser469, and
Asn323 do not contain a side chain with a pK, value
close to ~8.0. The pK, value of ~10.5 for the side
chain of Lys107 could be lowered in the active site;
however, the K, value for Orn would increase as
Lys107 becomes deprotonated. Therefore, the ioniz-
able group that needs to be deprotonated for Orn
binding does not appear to belong to SidA.
Alternatively, the ionizable group could be
assigned to one of the amino groups of Orn. Although
the pK, value of both groups is ~9, higher than the
values observed in the k..+/Ky pH profile, it has been
well established that flavoproteins’ active sites modu-
late the protonation states of substrates to facilitate
the chemical steps. For instance, p-hydroxybenzoate
hydroxylase (PHBH) modulates the protonation state
of the p-hydroxyl group such that it becomes deproto-
nated upon binding. This deprotonation is important

Table II. Steady-State Kinetic Characterization

to facilitating the nucleophilic aromatic hydroxyl-
ation.?%?° Another well-established modulation of the
protonation state of the substrate is the case of amino
acid oxidases. It has been shown that the amino acid
binds with the a-amino group in the deprotonated
form, where deprotonation facilitates hydride trans-
fer to the flavin.?® Thus, it is not unreasonable that
SidA is capable of decreasing the pK, of the N°-Orn
atom so that it binds in the deprotonated form. Previ-
ous computational studies have suggested that bind-
ing of Orn with the side chain in the deprotonated
neutral form is more favorable.”® Another ionizable
group present in Orn is the a-amino group. However,
this group hydrogen bonds with Asn293 and deproto-
nation is not required for this interaction to occur
(Fig. 5).23'7 Our conclusions are different from that
of Fredrick et al.,, who concluded that Orn binds in
the protonated form and then becomes deprotonated
in the ES complex. Their conclusion was mainly
based on the pH profile of flavin oxidation that dis-
played a pK, value of ~7, which they assigned to Orn.
However, as we will discuss below, we believe that
this pK, value reports on the protonation state of the
FAD-N5 atom instead.

The effect of pH on flavin oxidation in SidA was
also studied. In this case, the FAD,.q:NADP* complex
reacts with molecular oxygen to form the FADoon
intermediate, which decays to FAD,, and H5O, if Orn
is absent. Hydroxylation occurs in the presence of
Orn and H,0 is eliminated to form FADgx. The effect
of pH on the formation and decay of the FADoou
intermediate was determined first. We observed that
formation of the FADgoy is pH independent in the

Parameter SidA Q102A
Oxygen consumption assay

Fea, 71 0.59 +£0.01 0.86 +0.03

K. Oy, mM 1.1 +0.3 0.035 -£0.02

keat/Kim Oy, M1 s71 500 100 24,700 £1400

Orn hydroxylation assay

Fea, 74 0.62 + 0.02 0.32 +0.04
Ku (Orn) mM 1.0 £0.2 0.64 +0.03
Feat/Km Oy M71s71 600 +100 510 +20
Coupling, % 105 +4 37.2 +0.4

Conditions: 100 mM sodium phosphate, pH 7.5, and 25°C.

94 PROTEINSCIENCE.ORG

Flavin Oxidation in NMO



(A)

0.8 -

0.6 -
pKa=8.30+0.10

-1
kox, S

0.4

0.2

pKa=6.7 £ 0.1 A

pKa=6.4+0.2

Figure 4. Effect of pH on the oxidation of Q102A (@) in the
absence of Orn (A) or in the presence of 100 mM Orn (B). In
both panels, SidA (x) is shown for comparison.

absence of Orn, whereas the presence of Orn
enhanced the rate constant for formation of the
FADgoomn intermediate. However, this effect is also pH
independent, as previously shown (Supporting Infor-
mation Fig. $1).}41% This is also consistent with our
previous work that showed that this enhancement is
independent of the amino group of the side chain of
Orn, since norvaline (which lack an amino group in
the side chain) can also enhance the formation of
FADoox, albeit to a lesser extent.”

In contrast, decay of FADpou in the absence of
Orn was very slow at low pH values and accelerated
as the pH of the solution was increased. A pK, value
above 9 could only be approximated from our data
(Fig. 3 and Table I). It has been proposed that stabili-
zation of the FADpopn intermediate is mediated by
hydrogen bonding interactions with the FAD-N5-H
atom, as this atom is release with HyO5 or Hy,O dur-
ing oxidation.3"32 We have shown that the carbonyl
oxygen of the nicotinamide moiety of NADP* in SidA
plays a key role in the stabilization of this intermedi-
ate (Fig. 1).!® Thus, the pK, value might be assigned

Robinson et al.

to the FAD-N5-H atom, which is tuned to prevent
elimination of HyO, in the absence of Orn pH studies
in other monooxygenase systems have shown similar
high pK, values, which have also been assigned to
the FAD-N5-H atom.?? We then measured the effect
of pH on decay of FADgon in the presence of Orn or
Lys. Here, the amino acid binds either to the FAD,4:
NADP* or the FADoom:NADP* complex in a rapid
equilibrium process.”'® Hydroxylation of Orn takes
place and the FADgy; intermediate is formed. This is
followed by elimination of H,O, which yields the oxi-
dized FAD,,. A pK, value of 6.7 was obtained from
the kox pH profile, indicating that a group in the ES
complex needs to be deprotonated for optimal activity
(Fig. 3 and Table I). This pK, value is very similar to
the pK, value of 7.0 obtained from the k.,; pH profile,
which reports ionizable groups in the enzyme sub-
strate complex.?® In the presence of Lys, where
hydroxylation occurs less than 10% of the time, a pK,
value of ~7.7 was measured. We believe that this pK,
value is for the FADoi-N5-H, which is tuned to a
lower value to accelerate turnover. SKIE was used as
an indirect measure of the relative strength of the
FAD-N5-H bond. In the absence of Orn, the SKIE
value is 2.3, suggesting that elimination of the step
that involves the hydrogen atom equivalent from the
FAD-N5 is significantly rate limiting. The SKIE
decreases to 1.6 in the presence of Orn (Table I) and
further decreases to a value of 1.1 when Lys is pre-
sent, suggesting that breaking of the FAD-N5-H bond
is facilitated in these cases. It is worth noticing that a
previous work reported a SKIE value >6 with Lys.
This high value most likely originated from perform-
ing the assay in the pH sensitive region of the curve
and not in the pH independent region.*

Evidence of modulation of the FAD-N5-H atom
comes from studies on flavin-dependent oxidases,
where flavin oxidation appears to be pH independent
or more likely that the pK, value is much lower than
what can be tested in vitro (possibly lower than 5).
The decrease in the pK, value of FAD-N5-H allows

-j N293

Figure 5. Active site of SidA showing the FAD (yellow
carbons), NADP* (orange carbons), and Orn (cyan carbons)
(PDB code 4B63). The figure was made using PyMol.2”

PROTEINSCIENCE | VOL 2890-39 %
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Figure 6. Observed conformational changes in SidA upon
reduction. The oxidized form is shown with yellow carbons
(PDB code 4B63) and the reduced form with white carbons
(PDB code 4B65). The only observed changes are the rotation
of residues R144 and M101, which are near the N5-C4a.
Typical bending of the FAD in the reduced form is also
observed. Rotation of the amide bond is predicted based on
the hydrogen bonding interactions with the oxidized flavin
(where the amino group acts as a hydrogen bond donor) or
reduced flavin (where the carbonyl oxygen acts as a hydrogen
bond acceptor).

for the fast elimination of HyO. in oxidases.?®3* To
provide further evidence that the pK, value of the
FADoou-N5-H intermediate is decreased from >9 to
facilitate elimination of HyO or Hy0O,, we performed
the pH profile of Q102A. In this mutant, interactions
with FAD-N5 have been changed, leading to destabi-
lization of the FADgon intermediate and, thus, the
elimination of HyOg, as suggested by only 37% cou-
pling (Table II). The pH profile of flavin oxidation in
the absence of Orn shows a clear shift, with a lower
pK. value (~8.5). These results suggest that in the
absence of Orn, the hydrogen bonding network that
tunes the pK, value of the FADoou-N5-H atom to >9
in SidA is changed in the Q102A mutant, presumably
by changing the position of NADP*. These changes
result in a lower FADoou-N5-H pK, value and, thus,
a more facile elimination of HyO,. Binding of Orn and
formation of product leads to further changes in the
hydrogen bonding of the FADoyz-N5-H, which further
decreases the pK, value to ~6.4 (compared with 6.7
for the wild-type). Computational studies of elimina-
tion of HyOs or HyO from FADgon have shown the
requirement of a proton transfer network.?> Analysis
of the structure of SidA:NADP* in the oxidized form
and SidA:NADP* that had been reduced by soaking
the crystal in dithionite only show changes in the
position of the side chains of R144 and M101. These
residues are located above the FAD-N5-H locus and
might be involved in the hydrogen binding network
that tunes the pK, atom, presumably mediating with
water molecules (Fig. 6).
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The results presented here show that Orn binds
with the N5-atom in the deprotonated form, which is
required for the activity. The active site of SidA tunes
the FAD-N5-H for optimal catalysis. The pK, value >9
in the absence of Orn stabilizes the FADgopn. Binding
and hydroxylation of Orn leads to changes in the active
site that decrease the FAD-N5-H pK,, value to ~7.

Materials and Methods

Materials

Buffers and media were obtained from Fisher Scien-
tific (Pittsburgh, PA). BL21(DE3)-T1® chemically
competent cells were obtained from Sigma-Aldrich
(St. Louis, MO). NADPH was obtained from EMD4
Biosciences (Billerica, MA). DoO was obtained from
Cambridge Isotope Laboratories (Tewksbury, MA).
Chromatography columns were obtained from GE
Healthcare. All reagents were used without further
purification.

Protein expression and purification

Wild-type SidA (SidA) and Q102A were expressed in
Escherichia coli BL21(DE3)-T1® cells and purified as
previously described.’® In general, ~25 mg of protein
was obtained per liter of media. The purified proteins
were stored in 30 pL aliquots in 100 mM sodium
phosphate and 50 mM NaCl, pH 7.5, at —80°C at a
concentration of ~200 pM. Protein concentration was
calculated using the extinction coefficient at 450 nm
of 13700 M~ cm™? for the FAD bound.?

pH effects on steady-state kinetic parameters
The rate of oxygen consumption was measured using a
Hansatech Oxygraph system (Norfolk, England). Assay
solutions consisted of 1 mL of 100 mM sodium phos-
phate (pH 6 —8) and 100 mM Tris-SO,4 (pH 8.5-9.0) at
25°C. NADPH was kept constant at a concentration of
1 mM while Orn was varied between 0.1 and 10 mM.
Reactions were initiated by the addition of 2 pM SidA
and monitored for 5 min with constant stirring.

pL (pH or pD) effects on flavin oxidation

All rapid reaction experiments were carried out at
25°C using an SX-20 stopped-flow spectrophotometer
(Applied Photophysics, Leatherhead, UK) in an
anaerobic glove box (Coy, Grass Lake, MI). The prep-
aration of anaerobic buffer was carried out with five
cycles of vacuum (5 min) and flushing with O.-free
argon (0.5 min) with continuous stirring. This was
repeated five times. The enzyme was made anaerobic
with 10 cycles of vacuum (2 min) and flushing with
O,-free argon (10 s). The stopped-flow was made
anaerobic by flushing with 1 mL of anaerobic 100 mM
sodium acetate, pH 5.0, containing 100 mM D-glucose
and 100 pg/mL glucose oxidase Type-X. Substrates
were made anaerobic by dissolving the appropriate
mass in anaerobic buffer inside the glove box.
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The rate constant of flavin oxidation (kox, moni-
tored at 452 nm) as a function of pH was measured in
double mixing mode. Anaerobic SidA (60 uM before
mixing) was first mixed with an equal volume of
NADPH (60 pM before mixing) in 20 mM Tris-Cl,
200 mM NaCl, pL 8.0 [pL refers to either the pH
(H50) or the pD (D20)]. This mixture was incubated
in an ageing loop for 60 s until the bound flavin was
fully reduced. The reduced SidA-NADP* complex
was then allowed to react with air saturated buffer
(130 pM oxygen after mixing at 1 atm and 25°C
[Og] = 260 pM). This air-saturated solution contained
200 mM of buffer, which rapidly increased the pL to
the desired value in the flow cell. Between pL values
of 6 and 8, sodium phosphate was used, between pL
values of 8.5-9.0, Tris-SO, was used, and between pL
values of 9.5—-10.5, sodium carbonate/bicarbonate was
used. In pL experiments with different amino acids
present, 100 mM Orn and 15 mM Lys were used. For
the reactions in D,O, SidA was concentrated to
~400 pM (based on flavin content) and diluted to
60 pM in a 100% DyO buffer of 20 mM Tris-Cl,
200 mM NacCl, pD 8.0. This gave a concentration of
~85% D,0O and, after two mixes in the stopped-flow
with 100% D50 buffer, a final D;O concentration of
~96% was achieved. The proper pD of all D;O buffers
was calculated by adding 0.4 to the value on the pH
meter, which is the variation from the change in the
equilibrium on a hydrogen selective glass electrode.®®
All solutions were checked for their proper pL values
with a Fisher Scientific Accumet AB15+ Basic pH
meter. Spectra were taken on a logarithmic time
scale until complete flavin oxidation was observed.
The rate constants were calculated from the average
of at least three experiments.

Site-directed mutagenesis

Replacement of Gln at Position 102 to Ala was per-
formed using the QuikChange (Agilent Technologies,
Santa Clara, CA) method following manufacturer’s
instructions. The wild-type SidA gene, subcloned into
the pET15b plasmid, was used as the template.'* The
reaction was done using the forward primer (5'-
CCGGGCTCGAAGATGGCTATCAGCTTCATCAAG-3)
and reverse primer (5-CTTGATGAAGCTGATAGC-
CATCTTCGAGCCCGG-3'). Mutations were confirmed
by DNA sequencing at the Virginia Biocomplexity
Institute Core Sequencing Facility.

Characterization of Q102A

Steady-state kinetic parameters were obtained by mon-
itoring the reaction with oxygen using a Hansatech
Oxygraph System (Norfolk, England). Reactions con-
sisted of a 1 mL volume of 100 mM sodium phosphate,
pH 7.5, at 25°C. NADPH was kept constant at a con-
centration of 1 mM while Orn was varied between 0.1
and 15 mM. Reactions were initiated by addition of
2 uM of Q102A. Reactions were monitored for 5 minutes

Robinson et al.

with constant stirring. Hydroxylated Orn was moni-
tored using a variation of the Csaky iodine oxidation
assay.?2®” The standard assay buffer contained 104 pL
of 100 mM sodium phosphate (pH 7.5) with varying
concentrations of Orn and NADPH held constant at
1 mM. Reactions were initiated by addition of 2 M
Q102A. Reactions were incubated for 10 min at 25°C
with constant stirring at 750 rpm. The rates of flavin
reduction with NADPH measured in the stopped-flow
spectrophotometer were done as  previously
described.11%83° The effect of pH on flavin oxidation in
the absence or presence of Orn were performed as
described above for wild-type enzyme.

Data analysis

All data were fit using KaleidaGraph (Synergy Soft-
ware, Reading, PA). For flavin oxidation studies, the
increase in absorbance at 372 nm corresponding to
formation of the FADgon intermediate, was fit to
Eq. 1 and describes a single exponential rise. Flavin
oxidation in the absence of substrate, measured at
450 nm, was also fit to Eq. 1. In the presence of Orn
or Lys the increase in absorbance at 452 nm, was fit
to Eq. 2, which describes a double exponential rise. In
both of these equations, ¢ is the absorbance value at
the beginning of the experiment, a is the total absor-
bance change, and k, is the rate constant for the for-
mation of FADgon (Eq. 1) or flavin oxidation (Eq. 2)
at a particular pH value:

v:c+a<1—e"(k><t)> (1)

v:c+a1<1—e'(k‘”)> +a2(1—e'<k2Xt)> (2)

The pL dependence of flavin oxidation (monitored
at 452 nm) and the pH dependences of k.,; and k.q/
K., were fit to Eq. 3, which describes a curve with a
single pK, value with increasing activity as the pL
increases and with plateau regions at high and low
pL. The upper limits and lower limits for the pL pro-
files are denoted by C and A, respectively. The sol-
vent kinetic isotope effects were calculated by
dividing the value obtained for C in HyO by the value
obtained in D5O:

C+A(10PKP))

Y= 1 + 10(PKa-pPL)
Supporting Information.
Table S1, Figure S1, Table S2.
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