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Redox control of iodotyrosine deiodinase
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Abstract: The redox chemistry of flavoproteins is often gated by substrate and iodotyrosine deiodinase
(IYD) has the additional ability to switch between reaction modes based on the substrate. Association
of fluorotyrosine (F-Tyr), an inert substrate analog, stabilizes single electron transfer reactions of IYD
that are not observed in the absence of this ligand. The co-crystal of F-Tyr and a T239A variant of
human IYD have now been characterized to provide a structural basis for control of its flavin reactivity.
Coordination of F-Tyr in the active site of this IYD closely mimics that of iodotyrosine and only minor
perturbations are observed after replacement of an active site Thr with Ala. However, loss of the side
chain hydroxyl group removes a key hydrogen bond from flavin and suppresses the formation of its
semiquinone intermediate. Even substitution of Thr with Ser decreases the midpoint potential of
human IYD between its oxidized and semiquinone forms of flavin by almost 80 mV. This decrease does
not adversely affect the kinetics of reductive dehalogenation although an analogous Ala variant
exhibits a 6.7-fold decrease in its k..;/K,,,- Active site ligands lacking the zwitterion of halotyrosine are
not able to induce closure of the active site lid that is necessary for promoting single electron transfer
and dehalogenation. Under these conditions, a basal two-electron process dominates catalysis as
indicated by preferential reduction of nitrophenol rather than deiodination of iodophenol.
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Abbreviations: AQS, anthraquinone-2-sulfonate; Fl,y, oxidized
flavin; Flsq, semiquinone (one electron reduced) flavin; Flpg,
hydroquinone (two-electron reduced) flavin; F-Tyr, 3-fluoro-L-
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Short statement for a broader audience: The environment
surrounding a flavin cofactor typically determines its ability to
promote one and two-electron transfer processes. Crystallog-
raphy, redox titration, site-directed mutagenesis and reaction
kinetics are used to describe a related method of control
based on ligand binding to iodotyrosine deiodinase. This
enzyme promotes single electron transfer for catalytic dehalo-
genation but also supports two-electron transfer in the pres-
ence of nitrophenol to promote nitroreduction.
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Introduction

Todotyrosine deiodinase (IYD) was first discovered by
its ability to salvage iodide from iodotyrosine. This
activity is crucial for iodide homeostasis in verte-
brates and helps to sustain formation of thyroid hor-
mone. IYD also represents a rare example of a
reductive dehalogenase that acts under aerobic condi-
tions and requires a flavin cofactor, FMN (Fig. 1).%?
Surprisingly, IYD is not limited to organisms that
produce thyroid hormone and instead is found in
most all metazoa and even certain bacteria and
archaea.®* Its broader role in biology has not yet
been defined and may alternatively relate to its abil-
ity to debrominate and dechlorinate the correspond-
ing halotyrosines®® since a requirement for iodide
has not been widely identified beyond vertebrates. A
preference for halotyrosine versus other halogenated
compounds, however,
enzyme homologs characterized to date ranging from
human (HsIYD) to bacteria (Haliscomenobacter
hydrossis, HhIYD) IYD.” Additionally, human and
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Figure 1. lodotyrosine deiodinase (YD) promotes reductive
dehalogenation of halotyrosines while oxidizing flavin
hydroquinone (Flig) to flavin (Floy).

Drosophila melanogaster IYD are equally active with
both bromo- and iodotyrosine®® and, as discovered
recently, either one of these substrates may have a
role in Drosophila fertility.?

IYD represents one subgroup within the very
large and ancient nitroreductase superfamily
(>20,000 sequences).? This enzyme is also likely
ancient since homologs in mammals, bacteria and
archaea all share a similar sequence identity of
~40%.2 Only a very limited number of proteins within
this superfamily have yet been characterized and
most studied to date rely on their bound flavin cofac-
tor (F1) to promote hydride transfer, a two-electron
process (Fig. 2). Moreover, the flavin semiquinone
intermediate (Fly) generated by one electron transfer
is significantly destabilized in enzymes catalyzing the
namesake reaction of this superfamily, reduction of
nitro groups.’® In contrast, all mechanistic evidence
to date suggests that dehalogenation is catalyzed by
a process involving sequential single electron trans-
fer.2 Although redox titration of human and bacteria
IYD does not generate observable quantities of Fly, in
the absence of an active site ligand, significant con-
centrations of this species are evident when redox
titrations are repeated in the presence of fluorotyro-
sine (F-Tyr), an inert substrate analog.”!! F-Tyr is
proposed to co-ordinate F1 and induce closure of an
active site lid in analogy to that observed in co-
crystals of I-Tyr and IYD containing Fl,,.”"!3 In
these structures, the aromatic portion of I-Tyr stacks
over Fl,, and its zwitterion is chelated by the pyrimi-
dine ring of Fl,, and a conserved set of active site res-
idues, Tyr, Glu, and Lys. This association stabilizes
closure of an active site lid and dramatically changes
the environment surrounding Fl,,. 2-Iodophenol can
also stack over Fl,, but lacks the functional groups to
establish the remaining interactions.” Consequently,
2-iodophenol does not induce lid closure nor stabilize
a Flyq intermediate and its efficiency of dehalogena-
tion is suppressed by 4 orders of magnitude.”
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Figure 2. Redox states of flavin (FI).
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Crystal structures of human and mouse IYD sug-
gest that a conserved Thr shifts into a hydrogen
bonding range of the F1 N5 in response to binding of
a halotyrosine and this change may be responsible for
stabilizing Flsq.n’12 Hydrogen bonding through a side
chain hydroxyl group is prevalent in enzymes of the
nitroreductase superfamily that appear to stabilize
Fly, intermediates. In contrast, most members of this
superfamily contain a backbone derived hydrogen
bond to F1 N5 and suppress Flg, formation while pro-
moting concurrent transfer of two electrons.? The
expected shift in the active site Thr was not evident
in the crystal structure of HhIYD but still likely
mediates its redox chemistry since substitution of the
Thr with Ala destabilized its Flsq.14 This result was
apparent from the lack of Flg, observed during reduc-
tion of the HhIYD variant in the presence of F-Tyr
and by its gain of nitroreductase activity that seems
diagnostic of hydride transfer in this superfamily.
The structural and chemical consequences of
substituting this key Thr have now been examined in
detail using HsIYD as described in this article. A co-
crystal with F-Tyr confirms the relevance of this
ligand as a substrate mimic in redox studies and
finally, the significance of repositioning the active site
Thr is demonstrated with WT HsIYD by a diagnostic
change in catalytic specificity.

Results and discussion

Co-crystal structure of F-Tyr and HslYD
containing an Ala for Thr substitution (T239A)

IYD like most all other representatives of the nitrore-
ductase superfamily exists as an as-homodimer in
which two identical active sites are formed along the
subunit interface. The core architecture is highly con-
served throughout the superfamily and its diversity
is primarily established by the presence or absence of
inserts at three distinct locations that establish loop
structures surrounding the active site.* One such loop
is present in IYD and used for binding and covering
the active site [E1 in Fig. 3(A)]. The co-crystal struc-
ture of F-Tyr and the T329A variant of HsIYD was
determined for the dual purpose of identifying possi-
ble perturbations caused by loss of the key Thr and
binding of the inert substrate analog F-Tyr. Charac-
terization of the redox properties has required the
use of F-Tyr rather than I-Tyr to prevent turnover of
the Fl,-containing enzyme. The structure of T239A
HsIYD with F-Tyr was determined at a resolution of
2.3 A (PDB code, 5YAK, Table S1) and is illustrated
in Figure 3(A). The aromatic region of F-Tyr stacks
over the Fl,; and its zwitterion interacts with both
the E1 loop and Fl,, in analogy to I-Tyr in the native
enzyme (PDB code, 4TTC).!! The general features of
these two structures are nearly equivalent and super-
pose with an RMSD of 0.23 A for a 2918 atom com-
parison (Fig. S1).
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Figure 3. Structure of T239A HslYD. The two polypeptides of
the ax,-homodimer are illustrated in purple and green. Atom
type is distinguished by color in the active site bound FMN
and the carbon atoms of F-Tyr are depicted in cyan. (A) The
homodimer of the T239A variant of HslYD containing F-Tyr
(pdb 5YAK). (B) The active site region surrounding F-Tyr bound
to T239A HslYD is overlaid with the co-crystal structure of WT
HslYD and I-Tyr (grey, pdb 4TTC)."

F-Tyr establishes all of the same polar contacts
with the T239A variant identified earlier in the co-
crystal of I-Tyr and WT HsIYD.!! Similar to I-Tyr, F-

(A)
Thr239

Tyr likely binds in its phenolate form and is stabi-
lized by co-ordination to the 2'-hydroxyl of the Fl’s
ribityl group.!! Additionally, the zwitterion of F-Tyr
interacts with the same Glul57, Tyr161, and Lys182
as did I-Tyr [Fig. 3(B)]. Closure of the E1 lid and
sequestration of the active site ligand from the sol-
vent is also nearly identical for F-Tyr and I-Tyr as
evident from their superimposition [Fig. 3(B)]. Resi-
dues that typically surround the iodo substituent of I-
Tyr do not significantly condense around the fluoro
substituent of F-Tyr despite its relatively small size
and short C—F bond distance. For example, the clos-
est approach of Y212 to the halogen is 4 A in the
structures containing I-Tyr!! and F-Tyr. Similarly,
distances between the halogen and the proximal
oa-carbon of G129 (3.8 A and 3.5 A) and the backbone
nitrogen of A130 (3.6 A and 34 A) for I-Tyr and F-
Tyr, respectively, differ by less 10%. However, the
fluoro group of F-Tyr resides closer to the N5 of Fl
by ~0.5 A relative to the iodo group (3.7 Avs. 43 A)
and conversely, the iodo group resides closer to the
B-carbon of Y211 and indole nitrogen of W169 by ~
05 A (8.7 A vs. 43 A and 4.1 A vs. 46 A, respec-
tively). Overall, F-Tyr is a reasonable analog of I-Tyr
as characterized by its active site coordination and
stabilization of the closed form of loop E1. This vali-
dated the further use of F-Tyr in characterizing the
redox chemistry of IYD.!1:14

Replacement of Thr by Ala in the T239A variant
has minimal impact on the local structure of IYD rel-
ative to that of WT HsIYD with I-Tyr (Fig. 4). The
backbone orientation in the active site remains con-
stant and the amide nitrogen of residue 239 maintains
equivalent distances to N5 (3.5 A) and 0* (2.9 A) of
Fl,x. All remaining residues that interact with Fl
including Ser residues at positions 102 and 128 and
Arg residues at positions 100, 101, 104, and
279 superpose with their counterparts in the struc-
ture of WT HsIYD. No groups apparently shift to
minimize the void created by the loss of a methyl and
hydroxyl groups created by the Thr to Ala substitu-
tion. Also, no electron density surrounding the F1 N5
was observed during refinement of the crystal

Figure 4. The environment of the N5 position of Floy in the co-crystals of (A) WT HslYD with I-Tyr'" and (B) its T239A variant with

F-Tyr.
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Figure 5. Omit map (2F,—F. contoured at 1 ) of the region
between Ala239 and Fl.4 in the co-crystal of T239A HslYD and
F-Tyr illustrated in the colors defined in Figure 3.

structure that might have indicated the presence of
water in place of the Thr side chain for the T239A
variant (Fig. 5). Such water might not be apparent if
it were highly dynamic or disordered but then it
would also not likely contribute significantly to bond-
ing with F1 N5. The effects of the Thr to Ala substitu-
tion described here for the human HsIYD also likely
explain the inability of a bacterial HhIYD to stabilize
its Fly, intermediate after equivalent substitution of
its corresponding Thr residue with Ala.'* Further
consequences of the Ala for Thr substitution in
HsIYD are described below.

Altering the redox properties of IYD by
substitution of Thr239

From the very first structural studies of IYD, the sub-
strate was expected to modulate the redox chemistry
of F1 by significantly altering its surrounding environ-
ment.'2 However, a change between two and one elec-
tron processes was not initially anticipated. In the
absence of substrate, the redox active isoalloxazine
ring of F1 is highly exposed to solvent and shares only
a single polar interaction with the protein created
between Arg104 and N1,02 of F1.! In the presence of
substrate, exposure becomes extremely limited. The
zwitterion of substrate establishes polar interactions
with the pyrimidine portion of the isoalloxazine ring
and, as described above, a Thr shifts into hydrogen
bonding distance of F1 N5. Collectively, these addi-
tional interactions stabilize the Fly, intermediate of
WT HsIYD (Table I).!' Hydrogen bonding to the FI
N5 was expected to be particularly important for this
stabilization based on precedence from many other
flavoproteins that contain hydrogen bond donors or
acceptors at this position.'®1” The significance of this
interaction in IYD was first tested by substituting
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the active site Thr for an Ala in the bacterial HhIYD
but its efficiency for dehalogenation (k../Ky)
decreased only 15-fold relative to WT.'* Another
group of enzymes within the nitroreductase super-
family named BluB contains an analogous side chain
hydrogen bond from a Ser to F1 N5 and consequently
also has the possibility of stabilizing a Fly, intermedi-
ate as it reacts with molecular oxygen to form
dimethylbenzimidazole.'® Replacement of its active
site Ser with Gly suppresses turnover by ~30-fold.'®
However, the effect of these substitutions on the
redox potential of F1 had not been reported previously
and has now been examined for HsIYD.

The standard xanthine/xanthine oxidase protocol
was used to reduce human HsIYD slowly under
anaerobic conditions.2%?! The T239A variant in the
absence of F-Tyr generated its fully reduced Fly,q form
without accumulation of the one electron reduced Flgq
(Fig. S2) as expected from the prior behavior of WT
HsIYD.!! Repetition of this reduction in the presence
of a standard dye indicated that the redox potential
for this process (Flyxng) is only slightly lower than
that for WT enzyme (Table I) and these together
frame the midpoint potential of free Fl in solution
(Flyxmg — 205 mV).?2

The T239A variant does not accumulate the Flgq
intermediate after addition of F-Tyr in contrast to the
response by WT HsIYD [Fig. 6(A)].1! Thus, the loss of
hydrogen bonding to F1 N5 resulting from the T239A
substitution significantly destabilizes the one elec-
tron reduced intermediate similar to that observed
for the bacterial HhIYD.'* As the co-crystal structure
of T239A HsIYD and F-Tyr illustrates, no other sig-
nificant perturbations are observed from this amino
acid substitution (Fig. 4). While the change in the FI
environment induced by F-Tyr did not facilitate sin-
gle electron transfer, the change still had a substan-
tial effect on the redox potential of Fl. The Flyyng
couple decreased by 57 mV in the presence of F-Tyr
(Table I and Fig. 7). This is best explained by the
n-stacking that forms between Fl1 and the electron
rich aromatic substrate. Such an effect has been
observed with other flavoproteins and ascribed to the
unfavorable electrostatics associated with the sys-
tem’s gain of additional electrons during F1 reduc-
tion.232* The zwitterion of F-Tyr could also affect the
Flyxmq couple since both the cationic ammonium and
anionic carboxylate groups directly coordinate to the
pyrimidine portion of the isoalloxazine. However,
their influence may be minimized by their opposing
abilities to stabilize an increase in electron density
resulting from the reduction of Fl,.

A Thr equivalent to Thr239 in HsIYD is highly
conserved throughout the IYD subgroup of the nitror-
eductase superfamily,® even though Ser has the
potential to satisfy the required hydrogen bonding to
FI N5 and is the most common residue for this func-
tion in the subgroup BluB.!® A T239S variant of
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Table 1. Reduction potentials of HsIYD and its T239A and T239S variants®

—F-Tyr + F-Tyr
HsIYD Flogng (mV) Flygsq (mV) Flog/ng (mV)
WTP —200 + 4 —156 + 2 -310 + 4
T239S —206 + 4 ~—234 nd®
Flogng (mV)
T239A -215+ 4 -272 + 4

#Data are relative to the standard hydrogen electrode and represent average E, values based on three independent

determinations.
PFrom Hu et al.1!

“Not determined due to the concurrent presence of Fl,y, Flyg, and Fly,q.

HsIYD was consequently generated to test the strin-
gency for Thr at this position. In the absence of F-
Tyr, the Ser-containing HsIYD behaved equivalently
to all other IYDs and did not accumulate detectable
levels of Fly, (Fig. S2). Similarly, T239S HsIYD did
not affect the Flyynq couple and its midpoint potential
remained indistinguishable from that of WT HsIYD
[Table I and Fig. 8(A)]. In the presence of F-Tyr, Flg,
was evident during reduction but did not accumulate
to the extent observed for WT HsIYD [Fig. 6(B)].}
This result is consistent with a destabilization of the
Fly, intermediate and the ~78 mV decrease in the
Flox/sq couple relative to the WT system [Table I and
Fig. 8(B)]l. Further reduction of the T239S variant
generated a mixture of Fl,, Fly, and Fl, that com-
plicated quantitative determination of the Flsymng
potential. Despite the common hydrogen bonding
properties of Ser and Thr, these residues are not fully
interchangeable in the active site of IYD. Perhaps the
additional methyl group of Thr helps to maintain
the hydroxyl group in an optimal orientation for the
Fl. However, not even the constraints established by
the Thr methyl group are always adequate since the
crystal structure of bacterial HhIYD revealed distinct
rotamer populations for the Thr methyl and hydroxy

(A) 0.16 1 T239A (+ F-Tyr)
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0.12 4
0.10

0.08 1

absorbance

0.06

0.04

0.02

0.00 .
400 450 500 550 600 650

wavelength (nm)

groups.” Not all flavoproteins are equivalently sensi-
tive to a similar Ser for Thr substitution. For exam-
ple, neither the redox properties nor side chain
orientation is affected when a Thr responsible for
hydrogen bonding to F1 N5 is replaced by Ser in pyra-
nose 2-oxidase.?

Modulating active site binding and catalysis by
hydrogen bonding at FI N5

Substrates of IYD, unlike those of most other flavo-
proteins, bind directly to F1 and the protein and thus,
any perturbations to the Fl environment have the
potential to affect halotyrosine binding as well as
turnover. However, no change in binding was
observed for the T239A variant. Both I-Tyr and the
inert substrate mimic F-Tyr bound to WT HsIYD and
its T239A variant with equal affinity (Fig. S3 and
Table II). Surprisingly, the more conservative substi-
tution of Thr with Ser affected binding more than the
change from Thr to Ala. The dissociation constants of
F-Tyr and I-Tyr increased by a similar two-fold for
the T239S variant relative to those for WT HsIYD
(Fig. S4 and Table II). In all examples to date, F-Tyr
typically binds IYD at least 10-fold more weakly than
chloro-, bromo-, and iodotyrosine.>”®!! This decrease

(B) 0.40 4 T239S (+ F-Tyr)

0.35 1 | Flox

0.30 1
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0.20 1
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0.10 { “ Fleg
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Figure 6. Reduction of (A) the T239A and (B) T239S variants of HslYD in the presence of F-Tyr (0.6 pM). IYD samples containing
900 puM xanthine, 2 pM methyl viologen, 200 mM potassium chloride and 100 mM potassium phosphate pH 7.4 were degassed
with argon and reduction was initiated by addition of xanthine oxidase (40 pg/ml).2°2" The initial spectra representing Floy are
highlighted in blue and the spectra with a maximum Asgg representing Flgq is highlighted in red.
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Figure 7. Redox titration of the T239A variant of HslYD.

(A) Enzyme was reduced by xanthine/xanthine oxidase in the
presence of the reference dye AQS. Reduction of AQS was
monitored at 328 nm, an isosbestic point for Flo.ng in HsIYD
T239A, and conversely reduction of Fl,, was measured at
355 nm, the isosbestic point of AQSx/eq. INSet: the linear best
fit of log(Flox/Flhg) versus 10g(AQS,AQS,eq) Was used to
calculate the midpoint potential.2%2" (B) Equivalent analysis
was repeated in the presence of F-Tyr (0.6 mM). Reduction of
the standard dye SFO was monitored at 520 nm and
compared to the reduction of Fl,y that was monitored at

445 nm after correcting for the absorbance of SFO. Inset:
linear best fit of log(Flox/Flng) versus 10g(SFO.,/SFOeq) Was
used to calculate the midpoint potential.2%2

in F-Tyr affinity is consistent with the loss of van der
Waals interactions between the halogen and the sur-
rounding protein. Side chains do not appear to pack
around the small fluoro substituent and instead
remain at a distance that would accommodate the
large iodo substituent. The difference in acidity of I-
Tyr and F-Tyr may also contribute to their relative
binding affinities since only the phenolate form is
expected to bind IYD.!! However, this could only
account for a two-fold effect on K; since the concen-
tration of the phenolate form of I-Tyr should be only
twice that of F-Tyr at pH 7.4 based on the greater
acidity of 2-iodophenol relative to 2-fluorophenol
(0.33 pK, units).?® The minimal ability of fluoro

Hu et al.
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Figure 8. Redox titration of the T239S variant of HslYD.

(A) Enzyme was reduced by xanthine/xanthine oxidase in the
presence of the reference dye AQS. Reduction of AQS was
monitored at 330 nm, an isosbestic point for Flong in HslYD
T239S, and conversely reduction of Fl,, was measured at
355 nm, the isosbestic point of AQSy/eq- INset: the linear best
fit of log(Flox/Flhg) versus l1og(AQS,AQS,eq) Was used to
calculate the midpoint potential.2>2" (B) Equivalent analysis
was repeated in the presence of F-Tyr (0.6 mM). Reduction of
PSF was monitored at 494 nm, an isosbestic point for Floy/sq
and reduction of Fl, to Fls; was monitored at 455 nm. Inset:
the linear best fit of log(Flox/Flsq) versus 10og(PSF,,/PSFq) was
used to calculate the midpoint potential.2%2!

groups to participate in halogen bonding is unlikely
to affect the affinity for IYD since even the iodo group
of I-Tyr does not participate in this type of interaction
from the structures characterized to date.”'™13 A
Trp (W169) is proximal to the iodo substituent in the
T239A structure (closest approach of 4.6 A) but nei-
ther its mn-system nor its side chain nitrogen is ori-
ented appropriately for halogen bonding.2”

The T239S variant of HsIYD was fully competent
at promoting reductive dehalogenation of diiodotyro-
sine (Io-Tyr) despite its two-fold lower affinity for
halotyrosines (Table II). Moreover, the catalytic effi-
ciency of this variant was greater than WT by almost
two-fold resulting from a decrease of its K,, value
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Table II. Binding and catalytic dehalogenation by HsIYD and its T239A and T239S variants

Catalytic constants®

Ky
HsIYD F-Tyr (uM) I-Tyr (uM)
WTP 1.3 +04 0.15 + 0.09
T239S 33+05 0.37 &+ 0.07
T239A 1.5+ 0.2 0.20 + 0.05

FPear (min~1) K, (u(M) Fea/Km (min~t pM™1)
13+ 1 31+6 04 +0.1

12+ 2 17+ 4 0.7+ 0.2

34+05 55 + 10 0.06 + 0.01

#Determined by [?*T]-iodide release from I,-Tyr.
"From Hu et al.'*

(Fig. S5). Values of k., for WT and T239S HsIYD
remained equivalent despite the lower potential of
the Floysq couple for the Ser variant. In contrast, cat-
alytic activity was compromised by the loss of the
side chain hydroxyl group in the T239A variant. Both
keat and K, decreased (3.8- and 1.8-folds, respec-
tively) for a net loss in efficiency of less than seven-
fold. This effect seems modest for a variant that can-
not sustain an observable concentration of Fly, but
the ability to accumulate this intermediate and the
ability to promote single electron transfer processes
are not necessarily synonymous. An analogous substi-
tution of a Ser with Gly in the BluB subgroup of the
nitroreductase superfamily also did not abolish its
catalytic activity but rather diminished the efficiency
by ~30-fold as noted above.'®

A mechanism of reductive dehalogenation involv-
ing the sequential transfer of single electrons
remains most consistent with all data gathered on
IYD to date (Fig. 9).2 This also best explains the
inability of the 5-deaza analog of F1 to support cataly-
sis since this species is restricted to hydride transfer
reactions.?®?? The modest effects of T239A on cataly-
sis suggest that the loss of hydrogen bonding to FI
N5, while important for stabilizing the Fly, interme-
diate, may not substantially contribute to the rate
determining step of reductive dehalogenation. The
slow step in turnover has not yet been identified and
could involve the closure of the active site lid, sub-
strate protonation or electron transfer. Cleavage of
the aryl-halide bond is not likely rate determining
since I-Tyr and bromotyrosine are processed at simi-
lar rates despite differences in their C-X bond
strengths.®® Similarly, product release is not likely
rate determining since the second-order rate constant
of I-Tyr turnover measured by rapid Kkinetics is
approximately equivalent to the corresponding k..i/
K,, measured under steady-state conditions.®

While accumulation of Fl;, may not be a major
determinant in the catalytic efficiency of IYD, it is
likely related to catalytic specificity. Hydrogen bonding

between FI1 N5 and a side chain of Ser or Thr correlates
in the nitroreductase superfamily with the promotion
of one electron processes to catalyze reductive dehalo-
genation (IYD subgroup) and oxygen activation for
dimethylbenzimidazole formation (BluB subgroup).
Alternative hydrogen bonding between a backbone
amide NH and FI N5 allows for hydride transfer and
nitroreduction.'® Accordingly, destabilization of Fly as
described in this work likely explains why a similar
Thr to Ala substitution in bacterial HhIYD allowed
hydride transfer to become competitive based on a
decrease of dehalogenase activity and gain of nitrore-
ductase activity.’* Thus, changes in hydrogen bonding
allow for a switch between disparate activities.

Switching catalytic specificity of IYD under
control of substrate

For WT HsIYD, the switch between one- and two-
electron transfer relies on the hydrogen bonding of
Thr239 but this, in turn, is controlled by a mecha-
nism dependent on the substrate. Halotyrosine bind-
ing is necessary to close the active site lid and shift
Thr239 into hydrogen bonding distance to F1 N5.!!
The inability for 2-iodophenol to induce similar
changes in conformation was used to rationalize its
very slow rate of dehalogenation.” The co-crystal
structure of 2-iodophenol and bacterial HhIYD con-
firmed this expectation. The aromatic group of
2-iodophenol stacks above F1 analogously to I-Tyr but
the lid sequence remains dynamic and undetected by
X-ray crystallography.” Consistent with this observa-
tion, 2-iodophenol was also not able to stabilize
detectable levels of Fl, during reduction of human
HhIYD.” 2-Todophenol binds with even less affinity to
human HsIYD than to its bacterial homolog.” Similar
to the results with bacterial HhIYD, human HsIYD is
now shown to process 2-iodophenol with very low effi-
ciency as illustrated under single turnover conditions
by oxidation of Fly,, [Fig. 10(A)]. Less than 50% of the
reduced Fly,, of HSIYD could be oxidized after 8 h in
the presence of 10 equivalents of 2-iodophenol. In
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Figure 9. Proposed mechanism of reductive dehalogenation.2
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Figure 10. Oxidation of HslYDeFl,,4 by 2-iodophenol and
2-nitrophenol. (A) HslYD (30 pM, black) in 100 mM MES

pH 6.0, 500 mM NaCl and 10% glycerol was reduced with a
minimal concentration of dithionite under anaerobic conditions
(600 pl, brown) and then checked for excess dithionite by
adding a small trace of air-saturated buffer (6 pl, red). Next, a
spectrum was recorded 2 h after addition of 2-iodophenol

(30 pM, green), again 2 h after a further addition of
2-iodophenol (20 pM, magenta) and 2 h after each of two more
additions of 2-iodophenol (100 uM tan, 150 pM, dark blue). A
spectrum typical of Fl,x was regenerated 1 h after addition of
I-Tyr (30 pM, light blue). (B) HslYD (24 uM, black) was reduced
under the same conditions (brown) and then a spectrum was
recorded immediately after addition of 2-nitrophenol (12 uM,
red) and again after 2 h (green). Spectra were further recorded
2 h (magenta), 4 h (tan) and 8 h (dark blue) after a subsequent
addition of a final aliquot of 2-nitrophenol (12 uM).

contrast, oxidation of the remaining Fl,, was accom-
plished within 1 h and one equivalent of I-Tyr [Fig. 10
(A)]. These data are consistent with the inability of
2-iodophenol to establish sufficient interactions with
IYD to activate the switch for single electron
transfer.

An alternative to 2-iodophenol was then used to
identify the intrinsic properties of IYD in the absence
of the substrate-induced activation. A complementary
strategy involving substitution of the key Thr with
Ala in bacterial HhIYD already revealed an alterna-
tive nitroreductase activity common to many mem-
bers of its superfamily.!* The potential for WT
human HsIYD to reveal an analogous activity was
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tested with 2-nitrophenol. This ligand binds weakly
to HsIYD (K4 of 2.7 mM, Fig. S6) but with a similar
magnitude as 2-iodophenol (K4 of 1.4 mM).” However,
unlike 2-iodophenol, 2-nitrophenol is fully competent
at oxidizing the Fl,q of WT HsIYD [Fig. 10(B)]. This
oxidation was readily observed with a single equiva-
lent of 2-nitrophenol. However, even this amount can
be considered a potential excess since nitroreductases
generally yield the two-electron reduced nitroso inter-
mediate transiently before promoting a more rapid
second reduction to the hydroxylamine product.3°-32
This ability of 2-nitrophenol to undergo reduction by
a WT IYD is not duplicated with 2-nitrotyrosine since
this tyrosine derivative is expected to activate the
one electron mechanism of Fl;,, oxidation by the clo-
sure of the active site lid of WT IYD.*

The general strategy of substrate control has pre-
viously been identified in a variety of flavoproteins.
For example, efficient reduction of p-hydroxybenzoate
hydroxylase by NADPH requires the presence of p-
hydroxybenzoate and avoids non-productive activa-
tion of molecular oxygen.®® Active site lid and loop
sequences are also known to facilitate substrate cap-
ture and sequestration for efficient Fl-dependent
catalysis.>*®® Closure of the active site lid of IYD is
distinct from most examples since the conformational
change does not accelerate an intrinsic reaction of FI
but rather switches the redox processes available to
Fl. The dehalogenation activity of IYD depends on
the presence of the full halotyrosine substrate. Only
such compounds are capable of inducing the neces-
sary conformational change and hydrogen bonding to
F1 N5 for promoting single electron transfer associ-
ated with dehalogenation (Fig. 9).

IYD illustrates a level of substrate control that
serves an obvious purpose in vertebrates. These
organisms all require the recovery of iodide from I-
Tyr and I,-Tyr but consumption of other iodinated
compounds such as thyroid hormone and its biosyn-
thetic intermediates would disrupt thyroid function.
This deleterious activity is prevented by the inability
of the common iodophenol group to close the active
site lid and stabilize Flsq.7 However, in the absence of
the physiological substrate or the appropriate residue
to hydrogen bond with F1 N5, a promiscuous nitrore-
ductase activity can be detected.>®

Material and methods

Materials. Oligonucleotides were obtained from
Intergrated DNA Technologies. Rosetta™ 2(DE3)
competent Escherichia coli cells were purchased from
Novagen (San Diego, CA). All enzymes were obtained
from New England Biolabs except for xanthine oxi-
dase that was obtained from Sigma-Aldrich Chemi-
cals (St. Louis, MO). All other biochemical reagents
were purchased at the highest grade and used with-
out further purification unless specified. F-Tyr and
Nile Blue were obtained from Astatech, Inc. and
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Santa Cruz Biotechology, Inc. (Santa Cruz, CA),
respectively. 2-Iodophenol and 2-nitrophenol were
obtained from Acros Organics and Sigma-Aldrich
Chemicals, respectively.

General methods. Catalytic deiodination of I-Tyr
was determined by a standard protocol that quan-
tifies the release of [12°I]-iodide from [*2°T]-Io-Tyr as
reported previously.>”®® Assays are maintained at
pH 7.4 with 100 mM potassium phosphate and initi-
ated by addition of the reductant, dithionite, as
described in Figure S5. Ligand binding to HsIYD was
monitored by quenching the fluorescence of the active
site Flyx (Aex = 450 nm and A, = 527 nm) as described
previously.?>3® Briefly, HsIYD was titrated indepen-
dently with I-Tyr, F-Tyr, and 2-nitrophenol over a
range of concentrations centered at that necessary for
50% quenching of the emission when possible. Fluo-
rescence intensities (F) were normalized by dividing
by the initial fluorescence (F,) (obtained in the
absence of ligand) and plotted against the ligand con-
centration ([L]) using Origin 7. Dissociation constants
(K;) were obtained from nonlinear fitting to the fol-

lowing equation:>°

F_,,AF
- E,
(Ka+ B, + [L]) -/ (Kq + [E], + [L])* -4 [E},[L]
2[E],

(1)

Mutagenesis of HslYD. The parent HsIYD identi-
fied as WT represents the native HsIYD lacking Resi-
dues 1-31 that constitute a transmembrane anchor.
This is expressed as a fusion with a C-terminal Hisg
and an N-terminal SUMO using the plasmid
pETSUMO-hIYD described previously.!! Enzyme var-
iants were generated by site-directed mutagenesis
of this plasmid. The T239A variant was produced
by using a forward primer of 5-CTGGTGACTGT-
CACTACGGCGCCTCTCAACTGTGGCC-3' and its
complement 5-GGCCACAGTTGAGAGGCGCCGTAG
TGACAGTCACCAG-3'. The T239S variant was
created by using a primer of 5-GGTGACTGTC-
ACCACGAGTCCTCTCAACTGTGGCC-3' and its
complement 5-GGCCACAGTTGAGAGGACTCGTGG
TGACAGTCACC-3'. Mutations were confirmed by
DNA sequencing and the desired plasmids were used
to transform electro-competent E. coli Rosetta 2(DE3)
for protein expression.

Protein expression and purification. Transformed
cells were grown in LB media with kanamycin and
chloramphenicol at 37°C to an ODggo of 0.6-0.8. Pro-
tein expression was then induced by adding isopropyl
B-p-1-thiogalactopyranoside (0.2 mM) and further
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incubation at 18°C for 4 h. Cells were harvested by
centrifugation, resuspended in 50 mM sodium phos-
phate pH 8.0, 500 mM NaCl and 10% glycerol and
flash frozen for storage at —80°C. Purification has
been described previously and relies on nickel ion
affinity chromatography, cleavage of the SUMO
fusion with Ulpl protease and a final gel filtration
column.! Fractions containing IYD were pooled and
the concentration of IYD was estimated from the Asgg
value after correcting for the contribution of bound
FMN (Ags0/Ass0 = 1.57)'! and an extinction coefficient
(€980 = 37,930 M~ cm™?) estimated by ExPASY Prot-
Param tool for HSIYD and used for the T239A and
T239S variants as well.*° The concentration of FMN
derived from its Ay (e450 = 12,500 M~ em™).%! Puri-
fied IYD was concentrated to ~10 mg/ml by using
Amicon® Ultra centrifugal filters prior to storage
at 4°C.

Crystallography of HslYD T239A with F-Tyr. To
obtain a co-crystal of F-Tyr and the T239A variant of
HsIYD, the protein was pre-incubated with 3 mM F-
Tyr for at least 20 min (4°C). Co-crystals formed in ~
2 days at 20°C by the hanging drop diffusion method
with a ratio of 0.8 pl T239A HsIYD (11.7 mg/ml,
50 mM sodium phosphate pH 7.4, 100 mM NacCl,
1 mM DTT, 10% glycerol) to 1 pl precipitant contain-
ing 0.17 M sodium acetate, 85 mM Tris—HCI pH 8.5,
22.5% wi/v polyethylene glycol 4000 and 15% glycerol.
Crystals were suspended in cyroloops mounted on
copper magnetic bases (Hampton Research, Alisa
Viejo, CA) and flash cooled in liquid nitrogen. X-ray
diffraction data were collected at the National Syn-
chrotron Light Source beamline X-25. All data were
processed using the HKL2000 package.*? Molecular
replacement was performed by PHASER within the
CCP4 program suite using a dimer of mouse IYD con-
taining I-Tyr (PDB code 3GFD) with all heteroatoms
removed and B-factors set to 20.0 (A2).124344 Three
iterations of PHASER were performed to yield a
model with six monomers per asymmetric unit, as
predicted by Matthews coefficient calculations. Itera-
tive manual model building and the addition of water
molecules, FMN, and the F-Tyr ligand were per-
formed in COOT and refined by Refmac5 in
CCP4.%5%6 The final refinement statistics are summa-
rized in Table S1. All structural figures were pre-
pared with PyMOL.

Reduction and redox titration of IYD variants under
anaerobic conditions. All titrations were performed
at 25°C using a standard xanthine/xanthine oxidase
reducing system.?%2*7 Individual samples within
sealable quartz cuvettes contained 10-15 pM IYD,
900 pM xanthine, 2 pM methyl viologen, 200 mM
potassium chloride and 100 mM potassium phosphate
pH 7.4. Molecular oxygen was removed from these
solutions by continuously flushing with argon for at
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least 20 min prior to addition of IYD. The reaction
was initiated by addition of 40 pg/ml xanthine oxi-
dase. Spectra changes were monitored every 2 min
over 2 h. Midpoint potentials were measured as
described by Massey?®?! using reference dyes as indi-
cators, anthraquinone-2-sulfonate (AQS, —225 mV),
phenosafranine (PSF, — 259 mV), and safranin O
(SFO, —280 mV).*® The concentration of each species
was determined at the wavelengths described in the
relevant figure. All midpoint potentials were calcu-
lated based on the Nernst equation and reported ver-
sus the standard hydrogen electrode.?! Values
represent the average of three independent determi-
nations and the error corresponds to the standard
deviation.

Conclusions

The inert substrate analog F-Tyr was expected to
mimic the binding of the physiological substrate I-Tyr
to IYD and thus when F-Tyr was discovered to stabi-
lize the Fly, intermediate of IYD during redox titra-
tion, I-Tyr was expected to act similarly. The
assumption that F-Tyr induced the same conforma-
tional changes in IYD that were discovered earlier for
I-Tyr''!2 has now been confirmed by characterizing
the co-crystal structure of F-Tyr and a T239A variant
of HsIYD. F-Tyr adopts a conformation nearly identi-
cal to that of I-Tyr in WT HsIYD (Fig. 3).! Charac-
terization of the co-crystal emphasizes the power of
hydrogen bonding at F1 N5 to control the pathways
available for catalysis. Loss of hydrogen bonding by a
Thr side chain previously correlated to destabiliza-
tion of the Fly, intermediate and the structure of
T239A HsIYD in complex with F-Tyr now demon-
strates that no other changes are evident to influence
the reactivity of F1 (Figs. 4 and 5). Even a minor per-
turbation of the hydrogen bonding to FI N5 by a Thr
to Ser substitution significantly destabilized the Fly,
intermediate. Surprisingly, this substitution did not
adversely affect catalytic dehalogenation and loss of
this hydrogen bond by a Thr to Ala substitution
decreased k ,i/K., by less than seven-fold. Alignment
of the appropriate hydrogen bonding in WT IYD is
dependent on substrate identity and provides a mech-
anism for specificity in thyroid tissue where other
iodinated species abound. In the absence of halotyro-
sine, IYD exhibits a weak ability to promote an alter-
native nitroreduction that is expected to require
hydride rather than single electron transfer.!’ Thus,
reductive dehalogenation catalyzed by IYD can be
controlled by the substrate as well as by its protein
and cofactor, as demonstrated previously.!*?°
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