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ABSTRACT: Mutations G473D and A208D were identified in patients with isolated sulfite oxidase (SO)
deficiency, and the equivalent amino acids (G451 and A186, respectively) have been localized to the
vicinity of the molybdopterin active site in the X-ray structure of chicken SO [Kisker, C., Schindelin, H.,
Pacheco, A., Wehbi, W., Garrett, R. M., Rajagopalan, K. V., Enemark, J. H., and Rees, D. C.C&#97)

91, 973-983]. To assess the effects of these mutations in human SO, steady-state kinetic studies of enzyme
turnover and laser flash photolysis measurements of intramolecular electron transfer (IET) rate constants
between the reduced heme [Fe(ll)] and Mo(VI) centers were carried out in the recombinant G473D, G473A,
G473W, G473D/R212A, and A208D human SO mutants. In the G473D and A208D mutants, the IET
rate constants at pH 6.0 are decreased by 3 orders of magnitude relative to that of the wild type. Steady-
state kinetic measurements indicate that the IET process is the rate-limiting step in the catalytic cycle of
these two mutants. Thus, the large decreases in the IET rate constants &pgviddees, and the large
increases in thésUe values, rationalize the fatal impact of these mutations. Far-UV CD spectra of
G473D indicate that the protein backbone conformation is remarkably changed, and the sedimentation
equilibrium indicates that the protein is monomeric. Furthermore, EPR studies also suggest that the active
site structure of the Mo(V) form of A208D is different from that of the wild type. In contrast, similar
studies on G473A show that it is dimeric, that its Mo(V) active site structure is similar to that of the wild
type, and that its IET rate constant is only 2.6-fold smaller than that of the wild type. IET in G473W is
severely impaired, and no IET is observed for G473D/R212A. In chicken SO, the equivalent residues
(G451 and A186) are both buried inside the protein. Thus, for human SO, the mutations to charged residues
at the equivalent sites most likely cause crucial global or localized structural changes, and expose an
alternative docking site that may compete with the Mo domain for docking of the heme, thereby retarding
IET and efficient catalytic turnover of the sulfite oxidation reaction.

In animals, the molybdenum-containing enzyme sulfite SQZ_ + H,0 + 2(cytc), — 3042‘ + 2(CytC),eq + 2H"

oxidase (SG,EC 1.8.3.1) catalyzes the oxidation of sulfite 1)
to sulfate, with ferricytochrome [(cyt C)ox] as the physi-
ological electron acceptod{-5): This is the final step in the oxidative degradation of the

sulfur-containing amino acids cysteine and methionine, and
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FIGURE 2: Proposed oxidation-state changes occurring at the Mo

Ficure 1: Selected amino acids, ligands, and part of the polypeptide and Fe centers of native animal SO during the catalytic oxidation
chain in chicken SO. One subunit is colored black, and part of the of sulfite and the concomitant reduction of (cglx. Only the

dimerization domain of another subunit is colored yellow. The

equatorial oxygen atom among the ligands of Mo is shown for

selected amino acids and/or ligands are colored by CPK, exceptclarity. Note that intermediate F&oV-OH in the reductive half-

for G451 and A186 which are colored green. G451 and A186 in reaction can be detected by EPR. The one-electron reduction of
chicken SO are the equivalents of G473 and A208 in human SO, Fe'" indicated by a dotted arrow connecting Kfee" and Md''-
respectively. Note that G451 and A186 are buried underneath theF€' can be initiated with a laser pulse in a solution containing dRF
protein surface. Coordinates for this figure were from the Protein and the sacrificial electron donor semicarbazide. The subsequent
Data Bank (PDB entry 1SOX). This figure was generated with Deep |IET between M¥'Fe' and Md’Fe, which is of interest in this
View version 3.7 (http://www.expasy.org/spdbv/) and rendered with Study, is highlighted in the dashed box. The rate constants of

POV-Ray version 3.5 (http://www.povray.org).

which is a strong nucleophile that can react with a wide
variety of cell components); alternatively, a deficiency in
the reaction product (S®°) may disturb normal fetal and
neonatal development of the braig, (3). These severe
neurological symptoms result from either point mutations
in the SO protein itself (so-called isolated sulfite oxidase
deficiency, in which only SO activity is affected) or the
inability to properly produce the pyranopterindithiolate
cofactor, which results in deficiencies in all Mo-containing
enzymes (so-called Mo cofactor deficienc®) 13, 14). So

forward and reverse IETk(andk;, respectively) are defined in the
text.

arginines (R138, R190, and R450), W204, and Y322. A186
is ~3.8 A from the Mo atom, and is close to Y322. A186 is
also near a hydrophobic pocket that is formed by 1342, L345,
V452, and L453. G451 is more distant12 A) from the
Mo center, and adopts unique torsion angtes{(62°, y =

32°) that are normally observed in left-handeghelices.
G451 is not part of the region immediately surrounding the
sulfite binding domain. It is located on what could be
considered the “back face” of the protein below R190 and
R450 in Figure 1. Note that G451 is close to the C-terminal

far, several point mutations in human SO have been identified 4imerization domain. which has a fold that provides the

in patients suffering from isolated sulfite oxidase deficiency
(15—-19). These include G473D and A208RQ), which are

principal contacts between the two subunits of the protein
(Figure 1). Importantly, both A186 and G451 are buried

of significant interest in this study. G473 and A208 in human inside the protein with very little solvent accessibility.
SO are conserved in all SO species sequenced to date. The | the generally accepted mechanism for native SO in

equivalent amino acids in chicken SO, for which a crystal
structure is knownZ0), are G451 and A186, respectively.

animals (Figure 2)41, 22), sulfite is oxidized to sulfate at
the Mo center, and the reducing equivalents are passed on

The X-ray structure of native chicken SO has established to thebs heme, where, in turn, the terminal electron carrier

the relationship of the heme and Mo domai2€)( Each

subunit of the homodimeric protein contains a small N-
terminal bs-type cytochrome domain, a large central Mo-
binding domain, and a large C-terminal interface domain.
In each subunit, the Mo domain and thetype heme domain

are linked by a flexible peptide loop of 10 amino acids. The
molybdenum atom is coordinated by five ligands with

(cyt C)ox is reduced. The reductive half-reaction starts with
the reaction of the Mo(VI) center in the fully oxidized SO
with sulfite to produce sulfate. The transient two-electron
reduced form of Mo(IV)/Fe(lll) undergoes intramolecular
electron transfer (IET) to generate the Mo(V)/Fe(ll) form
that can be detected by EPR spectroscopy (Figur@2y (
27). In the oxidative half-reaction, a one-electron transfer to

approximate square pyramidal coordination geometry (Figure exogenous (cyt).x accomplishes reoxidation of the Fe(ll)
1). The terminal oxo group occupies the axial position, and center, and leaves the enzyme in the one-electron reduced
the equatorial positions are occupied by three sulfur atomsform of Mo(V)/Fe(lll). A second Mo— Fe IET step [giving

(one from C185 and two from pterin) and one water/hydroxo
ligand. The equatorial MGOH group can be directly

Mo(VI)/Fe(ll)], followed by reduction of a second equivalent
of (cyt C)ox, regenerates the enzyme to the fully oxidized

detected by continuous wave (CW) and pulsed electron state of Mo(VI)/Fe(lll). Recent attempts to mimic the
paramagnetic resonance (EPR) spectroscopy (see below). Aphysiological electron acceptor ayby a modified electrode
expected for binding an anionic substrate, the sulfite binding are gaining more interest for the development of novel sulfite

site is highly positively charged, and consists of three

biosensorsZ8).
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As a multi-redox-center enzyme, IET between the Mo and homologous chicken SO provides a starting point and
Fe centers in animal SO is fundamental to the function of molecular basis for understanding the kinetic and spectro-
the enzyme. We have previously shown that exogenousscopic studies of the effects of point mutations on recom-
deazariboflavin radicals generated in situ with a laser pulse binant human SO. It has been demonstrated that the com-
will rapidly reduce the Fe(lll) center of SO by one electron bination of powerful rapid kinetic methods, such as flash
(see the dotted arrow in Figure 2), followed by intramolecular photolysis, with site-directed mutagenesis can lead to the
equilibration between the redox centers. Note that this latter critical exploration of the involvement of specific amino acid
process corresponds to the second physiologically essentiatesidues in pathological human SO deficiencies. Thus, recent
IET step highlighted in the dashed box in Figure 2, and the flash photolysis studies on IET in the Y3430 and R160Q
laser flash photolysis technique follows the IET process in (35 human SO mutants have provided direct evidence of
the reverse direction of the enzymatic turnover. Compre- the vital roles of Y343 and R160 in an efficient IET process.
hensive flash photolysis studies on native chicken SO andVery recent comprehensive stopped-flow analyses of the
wild-type recombinant human SO have shown that the first- reductive half-reaction of Y343F and wild-type human SO
order IET rate constants between the reduced Fe(ll) andalong with the proteins lacking the N-terminal heme domain
oxidized Mo(VI) centers depend on the experimental condi- have clearly demonstrated that the Y343 residue is important
tions: solution viscosityZ9, 30), sulfate concentration8Q— for both substrate binding and oxidation of sulfite by human
32), and pH 80, 31, 33). The substantial viscosity depen- SO (1).
dence of IET, as well as constraints imposed by the large To better understand the mechanism for the lethal nature
Fe--Mo distance 84), strongly suggests that in solution of the G473D and A208D mutations in infants, we have
chicken SO may adopt a conformation that is an alternative explored the role of the conserved G473 and A208 residues
to that seen in the crystal structur29). This would most in human SO (the equivalent of G451 and A186 in chicken
likely be driven by electrostatic interactions between the Mo SO, respectively) in IET by comparative flash photolysis
and heme domains39), thereby facilitating rapid IET by  studies of the wild-type, G473D, G473A, G473W, G473D/
having an Fe-Mo distance much shorter than that observed R212A, and A208D human SO forms. The double mutant
in the X-ray structure. Very recently, electrochemical studies G473D/R212A was created to relieve possible steric interfer-
have also indicated that the motion of the heme domain is aence between Asp 473 and Arg 212. The results clearly
controlling factor for chicken SO activity3¢), and the implicate the importance of G473 and A208 in controlling
conformational flexibility of chicken SO has been further the rates of the IET process in human SO and allow the
supported by a recent pulsed electr@tectron double-  deleterious impact of these mutations to be rationalized.
resonance spectroscopy studr), Taken together, these
results indicate that efficient IET between Mo(VI) and Fe- EXPERIMENTAL PROCEDURES

e D et o e SiteDirctd Mitagenesiahe GA73D and A206D muta
Ft)IET ducti P p i f ' 15O tions were identified and isolated from the cDNA of human
consequen ~productive conformations ot anima are patients with sulfite oxidase deficiency as previously de-

vital to the facilitation of rapid IET between the two metal scribed (9, 20). These two patient-derived mutations were
centers. Interestingly, a comparison of the crystal structures; .4 ced into the pTG918 expression vector containing
of chicken SO and\rabidopsis thalian&0O reveals possible wild-type human SO48) by subcloning from the pRG118
surface regions in chicken SO for docking of its heme domain g1 the fragment of the gene that contained the mutation
to the Mo domain in the course of IET and cataly$8)( ~ (19) The G473A, G473W, and G473D/R212A mutations
SO is one of many biological electron transfer systems for \yere girectly introduced into pTG918 using the Transformer
wh|cr_1 specific protein conformations are required for optimal gjte_girected mutagenesis kit (Clontech) after appropriate
function 39-44). _ _ mutagenic primers had been designed. All constructs were
centers in separate tightly associated subunits, and thus, thig)niversity DNA Analysis facility.
enzyme represents a distinctly different type of sulfite-  gxpression and Purification of Wild-Type and Variant
oxidizing enzyme 49), in which a fairly rigid positioning  Hyman SO Protein®oth recombinant wild-type and variant
of the redox centers relative to one another is essential forhyman SO proteins were expressed in the TP1000 strain of
maintaining the enzyme’s integrit). In contrast to those g coli and purified as previously describedd with the
for animal SO, the IET rate constants in SDH are not affected fo”owing modifications. After the pheny|-Sepharose C0|umn,
by either solution viscosity or the presence of the sulfate fractions exhibiting am\s14/Azs0 ratio of >0.90 were further
anion, indicating that IET in SDH proceeds directly within  purified using a Superdex 200 FPLC column (Amersham
the protein medium and does not involve substantial motion Pharmacia) in 50 mM KPQbuffer containing 0.1 mM
of the two redox centers relative to each othé8)( These EDTA at pH 7.80. Fractions exhibiting af14/Azg ratio of
results also provide direct evidence that the effects of sulfate >0.98 were then pooled and used in the experiments
anion and solution viscosity on IET in animal SO are due to described in this study. The Mo content of purified SO
interference with interdomain docking, and clearly demon- proteins was determined using a Varian SpectrAA-220
strate the differences between animal SO and bacterial SDHdouble-beam atomic absorption spectrometer, and sample
in terms of conformational gating effects. preparation was as previously describdd)( indicating a
Human @7—49) and rat 60) SO have been successfully Mo/heme ratio of 0.92, 0.91, 0.90, 0.81, and 0.88 for G473D,
cloned and expressed in highly active form$Eischerichia G473A, G473W, G473D/R212A, and A208D, respectively.
coli. Due to the lack of an X-ray structure for SO from either ~ Laser Flash Photolysis Studiekaser flash photolysis
of these two species, the crystal structure of the highly experiments were performed anaerobically on 0.50 mL of
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Table 1: Oligomeric-State and Steady-State Kinetic Parameters for Wild-Type (wt), G473A, G473W, G473D, and A208D Human SO at pH
8.5and 6.0

pH 8.5 pH 6.0
oligomeric state kcal (Sfl) Kmsulfite (,LtM) kcalesulfite (Mfl Sfl) kcal (Sfl) Kmsulfite (,LtM) kca[KmSUIme (Mfl sfl)
wit dimer 26.9 8.25 3.26¢ 1¢° 13.2 1.29 1.05¢ 10
G473A dimer 28.4 107 2.65 10° 4.15 4.53 9.% 10°
G473W monomer 2.48 2.08 10° 1.22x 10° 0.60 1910 314
G473D monomer 0.54 2.04 10° 265 0.14 1660 84
A208D dimer 0.75 1.3% 10° 539 0.15 69.2 2168

a Solutions contained 20 mM Tris (pH 8.5) or 20 mM Bis-Tris (pH 6.0). The pH was adjusted to 8.5 or 6.0 with acetic acid. G473D/R212A
exists in an equilibrium between monomeric and dimeric forG®.(The activity of G473D/R212A human SO was undetectable.

solutions containing 5-deazariboflavin (dRF) and 0.5 mM RESULTS

freshly prepared semicarbazide as the sacrificial reductant. : . L

The laser apparatus and associated visible absorbance dete%-gg\)mézgé%atzn%nizitggdzfrﬁtﬁ g&zt'gﬁggfmgﬁzaD’

gon_systhem hzve k_)eeln extenswgly dehs_crr:tgmd(as ha-‘:’) t?le . state, verified by gel filtration and sedimentation equilibrium,
asic photochemical process by which 5-deazariboflavin and the values ofos, Kn®e, andk.o/Kne of wild-type,

semiquinone (dRFH is generated by reaction between

triplet-state dRF and the sacrificial reductant and used to .G473D’ G473A, GA73W, and A208D hum_an SO are sh_o_wn

reduce redox-active proteinsb3). Briefly, a N, laser in Table 1. The G473D/R212A mutant exists in an equilib-

[Photochemical Research Associates (PRA), London, ON] "um between monomeric and dimeric forms, as verified by
. ’ sedimentation equilibrium studieS8).

was used to pump a dye laser (BBQ 2A368 dye, 396 nm S .
; . : Steady-state kinetic studies showed a remarkable decrease
wavelength maximum; PRA), which was focused onto the in keaf K@ of 4 orders of magnitude in G473D and A208D

sample cell, and used to trigger the reactions. The dRF human SO mutants, along with 2 order of magnitude changes
solution was deaerated by vigorously bubbling it witfCH in the individual parameter, and K. These results

saturated @free argon for at least 2 h, and the absorption i | t that both tict d the bindi
change at 510 nm due to dRFidrmation and disappearance strongly suggest that both enzymatc turnover and the binding
of sulfite are substantially inhibited in these two mutants.

was monitored to check the degassing efficiency, prior to L .

addition of microliter volumes of concentrated protein. Argon ;fr;gclt(g:jet\l,si tﬁrgﬁeorﬂﬁls l%f ftcr;l?j S:Zrac‘a’:sg:;;?lzt f},,rffe t”r]]l;(t:?sless
H 1 ’ - m

was purged over the surface of the protein solution to removeentirely due to theK. value. Note also that the kinetic

traces of Q before mixing the protein droplet into the bulk : M . .

solution. Experiments were performed at room temperature. t)ehawo(; cgf;gsw 'j ;ﬂtetrmedgﬁggtwegrEZ?gs\];the ;N'l?
Further details concerning the photochemical process, WhiChgrzerr?cr)]nomeric inagolutign € an mutants
are particularly relevant to the SO proteins, are presented Photochemical Reduction of Human SO by Deazaribofia-

below. Generally, data from -612 laser flashes were in Semiaui The photochemical reducii fthe F
averaged. Transient absorbance changes at 555 nm wer In Semiquinone.ne photochemical reguction of the e-
I) center of the heme moiety of human SO was monitored

grzlyzed using SIFIT, obtained from OLIS Inc. (Jefferson, at 555 nm by laser flash photolysis-induced transient

absorbance changes. The flash-induced difference spectra of
the G473D, G473A, and A208D human SO mutants exhib-
ited peaks and isosbestic points (data not shown) similar to
those obtained with the wild-type human S&)and native
chicken SO 83). These difference spectra confirm that the
transient absorbance changes observed at 555 nm are directly
related to reduction and reoxidation of tietype heme
prosthetic group (see below).

Figure 3 shows a typical transient kinetic trace obtained
at 555 nm upon laser flash photoexcitation of a solution

- ; : ; taining oxidized G473A human SO, 5-deazariboflavin
methane, pH 6.0], adjusted to the appropriate pH with acetic con : ; . :
acid to minimize the possibility of anion inhibitios{, 54).  (GRF). and semicarbazide (AH The kinetic behavior can

EPR StudiesEPR samples of G473D, G473A, Ga73w, DP¢€ fully described in terms of eqs-5.
G473D/R212A, and A208D human SO were obtained by

Steady-State Kinetic Studidaitial velocities were deter-
mined by following the reduction of a freshly prepared
oxidized cytochrome (type VI, Sigma-Aldrich Co.) solution
at 550 nm, using an extinction coefficient change of 19 630
M~1 cm™!. Steady-state kinetic assays were conducted
aerobically using a saturating concentration of cytochrome
¢ and varying the concentration of sodium sulfite as
previously described5). The buffers used were 20 mM
Tris [tris(hydroxymethyl)aminomethane, pH 8.5] or 20 mM
Bis-Tris [bis(2-hydroxyethyl)aminotris(hydroxymethyl)-

hy
reducing the protein with a 20-fold molar excess of sodium dRF— dRF— %dRF 2
sulfite in buffers containing 25 mM Pipes (1,4-piperazinedi- 3 .
ethanesulfonic acid) and 25 mM Bicinl,N-bis(2-hydroxy- dRF+ AH, — dRFH + AH )

ethyl)glycine]. The pH of the buffer was adjusted with

NaOH. Buffer exchange into J® was accomplished by dRFH + Mo(VI)/Fe(lll) — dRF+ Mo(VI)/Fe(ll) (4)
concentrating the protein samples to:2Q and then diluting

to 0.5 mL with the appropriate buffer in,D. This procedure ki

was repeated three times. The pD value was calculated as Mo(VI)/Fe(ll) <= Mo(V)/Fe(lll) ®)
described by Glasoe and Long5; i.e., pDwe = PDapparent

+ 0.4. CW EPR spectra were recorded at 77 K on an ESP-The laser pulse producé$RF by absorption and intersystem
300E Bruker X-band spectrometer. crossing (eq 2), which abstracts a hydrogen atom from
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0.00 0.02 0.04 0.06 0.08 0.0000 i i i i
t(s) 0 1 2 3 4
Ficure 3: Transient obtained at 555 nm upon photoexcitation t(s)
of a solution containing &M G473A human SOx~90 uM dRF,
10 mM Tris, and 0.5 mM semicarbazide hydrochloride (pH 7.4). 0.0020 - Wild Type
The solid line indicates a single-exponential fit to the IET phase. ’
Keq = bla.
0.0015 -

semicarbazide to form the highly reducing dRRqg 3).
The initial positive deflection of absorbance from zero in X :
Figure 3 is due to net reduction of the Fe(lll) center to the 51“ 0.0010 4
Fe(ll) form (eq 4), which has an absorbance maximum at

555 nm. The subsequent slow absorption decay is due to

the net IET from Fe(ll) to Mo(V1), i.e., the intramolecular 0.0005 -
reoxidation of Fe(ll) (eq 5). The transient does not fall back ]
to the baseline, which clearly indicates the existence of an -‘1'4
equilibrium between the Mo(VI)/Fe(ll) and Mo(V)/Fe(lll) °'°°°°0 000 0.008 0.010 0.015
forms of SO (eq 5). The kinetics of this process are ' ' ' '

independent of G473A SO concentration (data not shown), _ ) te) o
indicating that the heme reoxidation is an intramolecular Z";‘éﬁﬁn Egﬁ}'};‘iﬁ?rfgo?;\a)"rg&aéi?gé‘rgr“(%‘;“gphl\jl’tsv‘?l’éc't%s“ of
process, which is the focus of our interest in this study. The human SO, with~90 M dRF, and 0.5 mM semféarbazide in 20
IET rate constants of the G473D and A208D mutants are mwm Bis-Tris. The pH was adjusted to 6.0 with acetic acid. The
all independent of protein concentration as well (data not solid line indicates a single-exponential fit to the IET phase.
shown), consistent with the intramolecular nature of this

electron transfer. Table 2: Flash Photolysis Kinetic Parameters for wt, G473D, and
For the case shown in Figure 3, in which the flash-induced A208D Human SO at pH 620
reduction of SO (eq 4) occurs much faster than the ket (S7Y) Keq
subsequent IET (eq 5), accurate values for the overall IET — 411+ 15 0.36+% 0.02
rate constarke (=k; + k) and parametemsandb (see Figure G473D ~0.17 ND
3) can be obtained by fitting the heme reoxidation phase gz;’?’(wmnm ”2‘108 1 ND
with the exponential function given in eq 6. ratio (W/G473W) ~ 4000
A208D ~0.10 ND
Agss = a+ bexp(—k.t) (6) ratio (Wt/A208D) ~ 4000

. . a Solutions contained 0.5 mM semicarbazide hydrochloride and 20
On the basis of eq 5, parameterandb in eq 6 have the  mm Bis-Tris. The pH was adjusted to 6.0 with acetic a¢ién accurate
meanings given in eqs 7 and 8, respectively (whiyés value ofKeq could not be determined because of the unfinished decay
the absorbance extrapolated to time zero, assuming that thavithin the maximum time range we could use (5 s), beyond which

photochemically induced reduction of SO is instantaneous). diffusion cannot be excluded.

_ 5 _ K, 7 Table 3: Flash Photolysis Kinetic Parameters for wt and G473A
= Aoket_ Ao—kf Tk () Human SO at pH 7%
kf kf Ket(s7h) Keg
wt 491+ 11 0.73+ 0.08
b= AOE = Ao—kf T 8 GAT3A 188+ 4 0.81+ 0.03
t ratio (Wt/G473A) 2.6 1.1
kf 2 The solutions contained 0.5 mM semicarbazide hydrochloride and
S k_) 10 mM Tris. The pH was adjusted to 7.4 with hydrochloric acid.
K 9)
eq kr a

(transient similar to that of G473D, not shown) human SO
Thus, the individual IET rate constanks and k. can be at pH 6.0 are shown in Table 2. Table 3 shows the values
calculated fromke and Keq (=b/a, eq 9). The IET rate  for G473A and wild-type human SO at pH 7.4.
constants andKeq values for wild-type, G473D (transient Although we attempted to observe IET in the G473D,
decay curve shown in Figure 4), G473W, and A208D G473W, and A208D human SO mutants in the same pH
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Table 4: pH Dependence of IET Rate Constants of G473A Human 1004 ] el
S@ g 120
- o 3 LIS
PH k(s Keg k(sh k(s “ s0. L
7.09 200+ 5 1.14+0.32 107+ 3 93+ 2 2 g ° o
7.42 112+ 3 1.20+ 0.18 62+ 2 50+ 1 S - i -
7.53 100+ 3 1.02+ 0.15 51+ 2 49+ 2 g 07 S0 soxto’ 2o’ taxto®
7.71 85+ 3 1.06+ 0.06 44+ 2 41+ 2 o o B forr1om
8.00 53+ 2 0.83+0.07 24+ 1 29+1 £ 40 o)
(.4
2 The solutions contained 0.5 mM semicarbazide hydrochloride and I o
6 mM HCI and were titrated with Tris base so as to achieve the = 20 L]
appropriate pH while keeping the Ctoncentration at-6.5 mM.

00 2.0;10" I 4.0);10’7 ' 6.0);10'7 ' 8.0);10'7 ' 1.0);104

range (approximately-78) as for the wild-type enzyme, no [OH™] (M)

decay after heme reduction was observed. For these mutantss g e 5: Dependence of the rate constakitél) andk, (O) of

the Fe(ll) reoxidation phase only began to be detectable atG473A human SO on hydroxide ion concentration. Solutions
pH 6.0. We presume that this is due to an unfavorable contained 0.5 mM semicarbazide hydrochloride and 6 mM HCI.
equilibrium above this pH, which may be due to a decrease For all experiments, the Tris base concentration was chosen to
: : o achieve the appropriate pH while keeping the €bncentration at

in the reduction potential _of the Mo(VI)/Mo(V) couple. By ~6.5 mM. The inset is plot of; (M) andk, (O) of wild-type human
means of steady-state activity measurements, however, it Wasso s hydroxide ion concentration at low “Ctoncentrations
observed that the G473D, G473W, and A208D human SO (adapted from reB0).

mutants still remained functional at pH 6K{= 0.14, 0.60,
and 0.15 5! for G473D, G473W, and A208D, respectively). Table 5: EPR Parameters of G473D, G473A, G473W, G473D/
In addition, the magnitudes of the signal change at 555 nm R212A, and A208D Human SO, and Those of wt Human SO

for heme reduction by deazariboflavin semiquinone in flash gvalue A(H) (x104cmY
photolysis experiments at this pH were comparable to those 1 2 3 a 1 2 3 av
observed with the wild-type protein at pH 7.4. Under low pH
comparable conditions (pH 6.0), tkgvalues for the G473D, GA4730 2002 1.974 1.965 1.980
G473W, and A208D mutants are at least 3 orders of G473§ 2.001 1.976 1.965 1.980
magnitude smaller than that for wild-type SO (Table 2:note 005 5004 1674 1963 1982 90 80 130 100
the remarkable difference in the time scale of the traces for ;¢ 2004 1972 1966 1981 80 74 119 91
wild-type and G473D SO in Figure 4), whereas kaevalue high pH
for the G473A mutant is only 2.6-fold smaller than that for ~ G473D' 1990 1.966 1957 1.971

G473 1.990 1.967 1.956 1.971

the wild type (Table 3). Note also that we were not able to
. G473 1.990 1.966 1.952 1.969
determine &4 value for the G473D, G473W, and A208D G473D/R212& 1.990 1.966 1.956 1.971

mutants because of the slowness of the decay process (for A208D¢ 2.004 1974 1969 1.982 63 50 107 7.3
technical reasons, we are limited to a maxifa time scale wi 1.990 1.966 1.954 1.970

in the flash experiment). The&.q value for the G473A mutant aBuffer of 25 mM Bicine and 25 mM Pipes (pH 6.2)Buffer of

is similar to that of wild-type SO (Table 3). 25 mM Bicine, 25 mM Pipes, and 100 mM NacCl (pH 6.2Buffer of

: 100 mM Tris and 100 mM NaCl (pH 7.0); cf. ré&f. 9 Buffer of 25
Dependence of IET Rates in G473A on flble 4 shows mM Bicine and 25 mM Pipes (pH 8.6 Buffer of 25 mM Bicine and

the values of the IET rate constants for G473A human SO 25 mMm Pipes (pH 9.5)’ Buffer of 100 mM Bis-Tris propane (pH 9.5);
between pH 7.0 and 8.0, in solutions containing low Cl cf. ref 25.

concentrations~6.5 mM). Note that bottk andk. for the
mutant decrease significantly with an increase in OH
concentration (Figure 5). Due to the small amplitude and
slowness of the signal decay due to IET (see Figure 4A),
experiments on G473D and A208D human SO were not
conducted over a range of pH values.

EPR of G473D, G473A, G473W, and G473D/R212A
Human SOThe EPR parameters for G473D and G473A at
low pH (6.2) are given in Table 5. For G473A, addition of
100 mM chloride produces strong coupling from an ex-
changeable proton, as shown by the CW EPR spectrain H
and DO buffers (Figure 6), analogous to wild-type human
SO under comparable conditions. However, addition of DISCUSSION
chloride to G473D at pH 6.2 yields a mixture. CW EPR
spectra of G473W and G473D/R212A at low pH [25 mM IET Rates of G473D Human S@t pH 6.0, theke value
Bicine, 25 mM Pipes, and 100 mM NaCl (pH 6.2)] show a of G473D human SO is only 0.17%5(cf. Table 2), which
mixture of species (cf. Figures S1 and S2 of the Supporting is close to itsk. value at this pH (0.1478). Thus, IET in
Information), which is different from the wild-type spectrum G473D SO becomes the rate-limiting step during catalytic
under comparable conditions. turnover, similar to the results obtained with R160Q human

The CW EPR spectra of G473D, G473A, G473W, and SO 35). These severely compromised IET and catalytic rates
G473D/R212A at high pH are similar to those of the high- may seriously retard efficient catalytic turnover of toxic

pH form of the wild type (cf. Table 5; Figures S1 and S2 of
the Supporting Information).

EPR of A208D Human S®igure 7A shows the CW EPR
spectrum of A208D at pH 6.2 and pD 5.8 in the presence of
100 mM NacCl, which is similar to the low-pH form of the
wild type. Figure 7B shows the CW EPR spectrum of A208D
at pH 9.5 and pD 9.1. Note that the EPR spectrum of A208D
at pH 9.5 has the santgvalues as the low-pH form of the
wild type and shows splitting due to the strong coupling of
the nearby exchangeable proton (Figure 7B and Table 5).
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G473A, pH 6.2
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N / \ D,0
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3300 3350 3400 3450
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Ficure 6: CW EPR spectra of G473A human SO obtained at pH
6.2 (top) and pD 5.8 (bottom), in a buffer of 25 mM Bicine, 25

mM Pipes, and 100 mM NacCl.

3500 3550

A A208D, pH 6.2
J\M Hzo
D,0
Il 1 L L
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A208D, H,0
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I} 1 '} L A
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Ficure 7: (A) CW EPR spectra of A208D human SO at pH 6.2
(top) and pD 5.8 (bottom), in a buffer of 25 mM Bicine, 25 mM

Pipes, and 100 mM NaCl. (B) CW EPR spectra of A208D human
SO at pH 9.5 (top) and pD 9.1 (middle) and wild-type human SO

at pH 9.5 (bottom).

sulfite to sulfate in vivo, thereby helping to explain the fatal

effect of the G473D mutation in human SO.

Gel filtration and sedimentation equilibrium studies show
that the G473D mutant exists primarily as a monomer in

Feng et al.

protein 66), which certainly indicate a significant change
in backbone conformation. On the basis of these observa-
tions, the slow IET in G473D could be a result of a large
change in backbone conformation. From the structure of
chicken SO, such a conformational change is likely a
consequence of the buried nature of G473 (Figure 1), which
in the mutant would place a bulky charged residue close to
the two hydrophobic residues, M215 and V221. For the
G473D mutant, on the basis of thermodynamic considerations
alone, the presence of a negative charge in the same
environment seems to be highly unfavorable. However, in
the absence of a structure for this mutant, we can only
speculate about the reasons for the dramatic effects that are
seen. One possibility is that the conformational change is
due to the fact that G451 in chicken SO (G473 in human
S0O), with unique torsion angles conferring backbone flex-
ibility, is near P440 (shown in Figure 1), which is in turn
probably important in the structural integrity of the C-
terminal dimerization domain. Thus, the change in backbone
conformation at residue 473 in the human SO mutant could
be transmitted to this proline, thereby interfering with
dimerization interactions, which could account for the
tendency of G473D human SO to exist as a monomer in
solution.

Next we consider why the G473D mutation led to impaired
IET. We have previously proposed from the viscosity
dependence of IET in wild-type human and chicken SO that
docking of the heme domain with the Mo domain, possibly
driven by electrostatic interactions5), is required for
efficient IET (29). Very recently, the high-resolution structure
of Starkeya noella SDH has allowed the identification of
contact regions between the Mo and heme domains in a
complex in which the cytochrome subunit is in a position
for efficient IET (57). It is possible that the monomeric nature
of the G473D enzyme allows “competition” for docking of
the heme domain between the Mo domain and a new exposed
site of the dimerization domain. Recently, a comparison of
the structures of chicken SO ard thalianaSO makes it
possible to identify a region of conserved surface residues
in chicken SO that are close to the substrate binding pocket
at the entrance of the Mo active site, where its heme domain
may transiently dock for efficient IET during enzymatic
turnover @8). The cartoon of Figure 8 shows the proposed
heme docking site with a green arrow (structure 1). Motion
of the Mo and Fe centers toward each other generates the
proposed transient internal complex (structure 1) that may
facilitate subsequent IET to generate structure lll. In the
monomeric G473D human SO mutant (structure 1V), the
exposed dimerization domain may provide access to another
heme docking site (red arrow) that competes with the Mo
domain site (green arrow), thereby retarding IET.

IET Rates of G473A Human S@o further understand
the dramatic effects of the G473D mutation, the G473A
variant was created to test the effect of forcing a change in
the torsion angles without the complication of the bulky

solution 66), demonstrating disruption of the interactions charged Asp residue at that position. At pH 7.4, kheand
that allow dimer formation in the wild-type enzyme. The Keqvalues of G473A human SO are 1884 s and 0.81
overall structure of the G473D human SO has also been= 0.03, respectively (compared to values for the wild type
evaluated by circular dichroism (CD) spectroscopy. We have of 491 4+ 11 s and 0.734 0.08, respectively; Table 3).

observed that the far-UV CD spectrum (26240 nm) of

Furthermore, the far-UV CD spectra of G473A and wild-

G473D exhibits pronounced differences in shape, intensity, type human SO are nearly identicad6f, indicating the
and position of the CD bands from that of the wild-type similarity in their secondary structures. In addition, steady-
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v/
propriate conformation is very important for efficient IET

® an and turnover in human SO.

G473D l ]l Rapid IET When the G473D mutation is mapped onto the chicken
Mutation SO crystal structure, it can be seen that the Asp 473 residue
would be in steric conflict with Arg 212, preventing the
C-terminal domain from folding correctly, thus precluding
dimerization. In an attempt to remove the steric conflict of
Asp 473 with Arg 212, the double mutant G473D/R212A
was generated. Although the double mutant does regain its
partial ability to dimerize, there is still significant misfolding

av) (m at the secondary structure level, as evidenced by CD data
Ficure8: Proposed docking of the heme domain to the Mo domain (56). No IET decay was observed for this mutant. This is

in vertebrate SO that could move the Mo and Fe centers closer i ~ ot
together (structure Il) than that observed in the crystal structure of not surprising because steady-state kinetics show that the

dimeric SO (structure 1). Subsequently, the transient internal Protein is completely inactive. In addition, the CW EPR
complex (structure I1) may facilitate rapid IET to generate structure spectrum of G473D/R212A at low pH shows a mixture of
lll. A possible docking site near the Mo domain in the dimeric species (Figure S2 of the Supporting Information), which is

human SO mutant (structure IV), IET may be retarded by . P : :
competition for docking of the heme domain between the Mo conditions. These results indicate that the introduction of

domain site (green arrow) and an alternative docking site on the charged D473 at the buried site disrupts local folding, protein
exposed dimerization domain (red arrow). dimerization, and subsequently the overall conformation of

the protein, and this impact cannot be offset by nearby
state kinetic studies on the G473A mutant showed an only substitutions.
slightly smallerk../K2Uf¢ value relative to that of the wild IET Rates of A208D Human S@t pH 6.0, thek value
type (Table 1), indicating rather similar binding of sulfite. of A208D human SO is only 0.10°5(cf. Table 2), which
CW EPR spectra of G473A at both low pH (with 100 mM is close to itda value (0.15 st). Thus, the severely impaired
NacCl, Figure 6) and high pH are similar to those of the wild 1ET in A208D SO becomes the rate-limiting step during
type under the same conditions (Table 5), indicating little catalytic turnover, and prevents efficient enzymatic turnover,
or no change in the Mo(V) active site structure. It should thereby rationalizing the fatal effect of the A208D mutation
also be noted that gel filtration studies showed that the in human SO.
GA473A mutant remains a dimer in solutioB6f, similar to The slow IET in A208D human SO may also be a result
the wild type. Together, these results are consistent with theOf structural change, although in this case dimerization is
view that in the G473D mutant it is the electrostatic Notaffected. The EPR spectra of A208D (Figure 7 and Table
interactions between the negative charge at D473 and its9) are independent of pH and closely resemble the spectrum
nearby arginines that are responsible for the significant Of the low-pH form of wild-type human SO. Note that the
backbone conformational change (see above), and thehigh-pH form of A208D (Figure 7B) has tigevalues of the
corresponding much larger decrease in the IET rate constant/©W-PH form of the wild type (Table 5), and does show
In other words, the slow IET and low activity of G473D are Strong couplings due to nearby exchangeable protons. This
not due to a loss of the Gly residue itself. In G473A human P€havior contrasts with the results for wild-type human SO
SO, at low anion concentrations, bokhand k. decrease at high pH, which has. d|§t|ngU|shabIe lowgvalues and
significantly with an increase in OHconcentration (Table _shov_vs no proton coupling in the CW EPR (bottpm_spectrum
4 and Figure 5), which is similar to the pattern observed in Figure 7B). Therefore, the CW EPR data indicate that

previously for the wild-type human SG), again indicating the A208D mutation perturbs the SO Mo(V) active site

S o structure. In addition, the CD spectrum of A208D (Figure
the similarity between G473A and wild-type SO (see above). S3 of the Supporting Information) displays some of the same

IET Rates of G473W and G473D/R212A HumanB@.  stryctural perturbations as the monomeric mutant G473D
G473W variant was investigated to study human SO in the (56), even though it is a dimer, which indicates that a
monomeric state in the absence of the negative chargestryctural change in the A208D mutant is at least partially
contributed by Asp. At pH 6.0, thie value of the G473W  responsible for the IET impairment in this mutant.
human SO is only-0.1 s'* (kinetic trace not shown), which In the structure of chicken SO, A186 (A208 in human SO)
is highly impaired relative to that of the wild-type protein. s buried in the protein (Figure 1). As with the G473D
CD data indicate significant backbone change, and sedimen-mutation, adding a charged side chain at this buried position
tation equilibrium centrifugation and gel filtration studies is thermodynamically unfavorable. For the Asp residue to
show that G473W exists primarily as a monomer in solution remain buried in the hydrophobic core in the A208D variant,
(56). In addition, the CW EPR spectrum of G473W at low the K, of the Asp 208 residue may change or the residue
pH shows a mixture of species (Figure S1 of the Supporting may form an ion pair with a nearby Arg residue to remain
Information), which is different from the wild-type spectrum electrically neutral. The alternative is that the residue may

under comparable conditions. This is consistent with the CD
results.

The introduction of the bulky group (W473) at this position
prevents the correct local folding in the dimerization domain,
resulting in a monomeric protein with a different conforma-
tion. These results clearly demonstrate again that an ap-
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move to the solvent accessible surface, which would induce
a structural change in the protein. Furthermore, on the basis
of the structure of chicken SO, adding a charged side chain
at residue 186 in chicken SO could interfere with its direct
neighbor C185, which is coordinated to the Mo atom (Figure
1), and the nearby Y322, which is part of a hydrophobic
pocket formed by 1342, L345, V452, and L453. The local
structural rearrangements necessary to accommodate this
charged residue may affect the substrate binding pocket. To 5.
confirm this, the crystal structure of this mutant will have
to be determined. However, it is significant that tke/
Kqsufitt of the A208D mutant does decrease by nearly 6000-
fold relative to that of the wild-type enzyme, with a large
effect on Ksufte (Table 1). The possible changes in the
substrate binding pocket may also retard efficient IET by
disrupting the proposed interaction between the heme and
Mo domains because the conserved docking surface of the
Mo domain is close to the substrate binding pocket (see
above, Figure 8).

In conclusion, the data presented here provide an experi-
mental explanation for the fatal impact of the G473D and
A208D mutations in human SO. The 3 order of magnitude
decreases of the rate of IET in G473D and A208D human
SO mutants are ascribed to remarkable structural and 10.
conformational changes, without affecting the ability of the
protein to bind the molybdenum cofactor. Thus, this work
demonstrates the importance of the appropriate conformation
of human SO in efficient IET and rapid turnover. Steady-
state kinetic studies on these mutaris)(indicate that the
interaction between the heme and molybdenum domains is 4,
important for the cytt interaction, although the mutations
are not in the heme domain, which is consistent with this
work.

This work also suggests the importance of the conserved
surface near the Mo site for efficient IET by appropriate
docking of the heme domain. This work should inspire new 14.
efforts to carry out systematic mutagenesis studies on
conserved surface residues in SO enzymes, especially of the
strictly conserved charged residues near the Mo center in
human SO. Further flash photolysis studies on mutants at
these conserved charged surface residues should provide15'
additional insights into the role of surface charge in the
docking of the heme domain and IET in SO.
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