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ABSTRACT. Human methionine synthase reductase (MSR) is a protein containing both FAD and FMN,
and it reactivates methionine synthase that has lost activity due to oxidation of cob(l)alamin to cob(ll)alamin.
In this study, anaerobic redox titrations were employed to determine the midpoint reduction potentials for
the flavin cofactors in two highly prevalent polymorphic variants of MSR, 122/L175 and M22/S175. The
latter is a genetic determinant of plasma homocysteine levels and has been linked to premature coronary
artery disease, Down'’s syndrome, and neural tube defects. The 122/L175 polymorphism has been described
in a homocystinuric patient. Interestingly, this polymorphism is in the extended linker region between the
two flavin domains, which may mediate or facilitate interaction with methionine synthase. In MSR 122/
L175, the FMN potentials are 103 mV (oxidized/semiquinone) anell75 mV (semiquinone/hydroquinone)

at pH 7.0 and 25C, and the corresponding FAD potentials af@52 and—285 mV, respectively. For

the M22/S175 variants, the values of the four midpoint potentials-at&4 mV (FMN oxidized/
semiquinone),—212 mV (FMN semiquinone/hydroquinone),236 mV (FAD oxidized/semiquinone),
and—264 mV (FAD semiquinone/hydroquinone). The midpoint potential values in the two variants are
generally comparable to those originally determined for the MSR 122/S175 variant [Wolthers, K. R. (2003)
Biochemistry 423911-3920], with relatively minor variations in the different redox couples. In each
case, blue neutral flavin semiquinone species are stabilized on both flavins, and are characterized by a
broad absorption band in the long wavelength region. In addition, stopped-flow absorption and fluores-
cence spectroscopy were used to study the pre-steady state reduction kinetics by NADPH of the two
polymorphic variants. The reversible kinetic model proposed for wild-type MSR was validated for
the 122/L175 and M22/S175 variants. Thus, the biochemical penalties associated with these poly-
morphisms, which result in less effective methionine synthase activation, do not appear to result from
differences in their reduction kinetics. It is likely that differences in their relative affinities for the redox
partner, methionine synthase, underlie the differences in the relative efficiencies of reductive activation
exhibited by the variants.

Methionine synthase reductase (MSR) is an enzyme MSR is similar to cytochrome P450 reductase, the first
containing both FAD and FMN, and it is involved in recognized member of the family of enzymes that contains
regenerating the activity of mammalian cobalamin-dependentboth FMN and FAD 8). This family includes the eukaryotic
methionine synthasé,(2). The reductive activation involves members NOS4, 5) and NR1 6), as well as prokaryotic
conversion of cob(ll)alamin, which occasionally forms from members such as the flavocytochrome P450 BW)3 &nd
oxidation of cob(l)alamin during catalysis by methionine sulfite reductaseg). The fact that the acceptor substrate for
synthase, to methylcobalamin. Formation of the latter from these enzymes is a protein is a hallmark of this enzyme
cob(ll)alamin restores the active state of methionine synthasefamily. These enzymes seem to have evolved phylogeneti-
and thus maintains the metabolic pathway that salvagescally by the fusion of two ancestral genes, one that encodes
homocysteine as methionine. an FMN-containing flavodoxin and the other an FAD-

containing ferredoxin oxidoreductas® (0). The combina-

. : : tion of the two flavins on a unique protein scaffold ensures
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necting spacer domair2,(14) are related to a severe clinical Expression and Purification of Human Methionine Syn-
picture accompanying the manifestations of classical hyper-thase Reductase VariantBhe MSR polymorphic variants,
homocysteinemial®, 16). From an epidemiologic point of M22/S175 and 122/L175, were expressed as GST fusion
view, it is also important to focus on genetic polymorphisms proteins in Escherichia colistrain BL21(DE3), using a
that may potentially induce mild hyperhomocysteinemia and, modified version of the protocol described previously. (

in turn, could enhance the risk of degenerative afflictions Briefly, an overnight culture ofE. coli containing the
such as atherosclerotic vascular modificatiohg, (L8) or appropriate expression construct was grown at@m LB
other organ system disorders, including neural tube defectsmedium containing ampicillin (10@&g/mL). One liter of
(19) and Down’s syndromel@, 20). To date, two polymor- modified Terrific Broth (20 g of yeast extract, 10 g of
phisms identified in the MSR open reading frame have bactotryptone, 4 mL of glycerol, 4.33 g of pHPO,, and
received particular attention, namely, 122W8( 21, 22) and 2.65 g of KHPOy), with 100 ug/mL ampicillin, was
S175L. Particular emphasis was put on the study of the 122M inoculated with 10 mL of overnight culture and grown in a
variant, which was the first one to be associated with an shaker at 28C. When the culture reached an ggof ~1.0,
allele frequency of-0.55 for isoleucine8, 21, 22). It was IPTG was added to a final concentration of 0.1 mM and the
the key player in several genetic studies of homocysteine-temperature was lowered to 2&. The cells were grown
related conditions, viz., premature cardiopathy, spina bifida, further overnight, pelleted by centrifugation at 5d6r 20

and trisomy 21 17—22), and was reported to be a genetic min, and stored at80 °C until they were used further.
determinant of increased blood homocysteine levEs. (n The frozen cells were thawed and resuspended in GST
contrast, the S175L polymorphism is less well studied, and wash/bind buffer (4.3 mM N&PQ,, 1.47 mM KH,PQO,, 137

to our knowledge, there is only one report describing the mM NaCl, 2.7 mM KCI, 0.5 mM EDTA, and 1 mM DTT
presence of this variant in@lE patient and the prevalence containing Complete protease inhibitor tablets). Cell lysis
in a group of healthy subjects [allele frequency for serine of was achieved by addition of lysozyme (2@@/mL) and
0.62 @3)]. Our early efforts were dedicated to understanding sonication (seven 20 s bursts with 3 min pause intervals at
the spectral and kinetic characteristics of the M22/S175 anda power setting of 7), using a Misonix XL2020 sonicator
122/L175 recombinant MSR proteins and to compare those (Misonix Inc.). The sonicate was centrifuged at 159®6r
properties with those of the 122/S175 (“wild-type”) counter- 60 min to pellet cell debris and insoluble matter. The
part 24). We noticed a difference in the efficiency of their resulting supernatant was loaded on a Glutathione Sepharose
electron transfer to the natural substrate, methionine synthase4B column, previously equilibrated with GST wash/bind
and to a series of artificial electron acceptors. These resultsbuffer. Nonspecifically bound proteins were washed from
were interpreted in terms of a diminished affinity between the column wih 1 L of GSTwash/bind buffer, and the GST-
the MSR variants and methionine synthase. Although the fused MSR variant proteins were eluted with a 10 mM GSH
redox potentials for the flavins in wild-type 122/S175 MSR solution in 50 mM Tris-HCI (pH 8.0), 0.5 mM EDTA, and
have been reporte@%), these values were unknown for the 1 mM DTT. The GST tag was removed by limited proteoly-
variants. sis with thrombin. The buffer was exchanged with 50 mM

In this study, we compare the thermodynamic and kinetic POtassium phosphate buffer (pH 7.0) by overnight dialysis
properties of the M22/S175 and 122/L175 variants in detail °f MSR at 4°C, and the enzyme was further purified by
to assess how these polymorphisms affect the properties of2Nion exchange chromatography as previously descrihed (
MSR. The findings of an altered biochemical phenotype may The concentration of purified recombinant MSR was deter-
help us understand the potential influence of a suboptimal mined spectroscopically, using a molgr extinction coefficient
methionine synthase activity on homocysteine blood con- Of 21 600 M cmat 450 nm. Approximately 8 mg of MSR
centration and homocysteine-related disease in individualsM22/S175 or 122/L175 was obtained per liter of culture.
harboring these polymorphisms. These studies demonstrate Potentllometrllc TitrationsRedox titrations were performed
that the common polymorphisms, 122M and S175L, do not @naerobically in a Belle Technology glovebox, under a
influence the redox centers in the protein to the extent whereNitrogen atmosphere at Z&. Oxygen levels were main-
there should be any major influence on turnover with tained atless than 5 ppm. Titrations were performed in 100
methionine synthase (an overview of the redox potential MM potassium phosphate buffer (pH 7.0) made anaerobic
values is presented in Tables 1 and 2 and Figure 9). Theyby argon bubbling. Concentrated protein samples (1100
are consistent with our previous finding that the biochemical in @ total volume of +2 mL) were treated with several
phenotypes of the polymorphic variants appear to result from crystals of potassmm ferricyanide to ensure full oxujann
altered affinities for the redox partner, methionine synthase. @nd then were admitted to the glovebox. The protein was
The polymorphisms presumably exert only a mild effect on then made oxygen-free by passing it over a 10 mL Econo-
homocysteine metabolisin vizo, which is to be expected, ~Pac 10 DG column (Bio-Rad, Hercules, CA), pre-equilibrated
considering the common occurrence of the 122M and S175L with anaerobic titration buffer [LO0 mM potassium phosphate

substitutions in healthy human subjec4,(23). (pH 7.0)]. This step was also used to remove excess
ferricyanide. The eluted protein sample was diluted with
EXPERIMENTAL PROCEDURES titration buffer to a total volume of 8 mL (28M MSR based

on flavin content, final concentration). Prior to titration, redox
Chemicals and ReagentSlutathione Sepharose 4B was mediators were added to the protein solution, to mediate
purchased from Amersham Pharmacia (Piscataway, NJ).electrical communication between the electrode and enzyme.
Complete protease inhibitor tablets were from Roche Typical mediator concentrations were as follows:u8l
(Indianapolis, IN), and all other chemicals were from Sigma 2-hydroxy-1,4-naphthoquinone, 2M phenazine metho-
(St. Louis, MO). sulfate, 1uM benzyl viologen, and 0.56M methyl viologen.
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All of these mediators were mixed together for individual and semiquinone/hydroquinone couples, respectivelyEand
experiments. Absorption spectra (25800 nm) were col- and E', are the corresponding midpoint potentials of the
lected using a fiber optic absorption probe (Varian) connected second flavin.
to a Varian Cary 50Bio UV-visible spectrophotometer. The The data fitted to eq 1 by nonlinear least-squares regression
electrochemical potential of the solution was measured usinganalysis provided values for the midpoint potentials of the
a Pt/Calomel electrode (ThermoRussel Ltd.) linked to a oxidized/semiquinone and semiquinone/hydroquinone couples
Hanna pH211 pH/voltmeter. The electrode was calibrated of the individual flavin cofactors. During this process, the
using the Fe(ll)/Fe(IlI)/EDTA couple (108 mV) as a standard, variables were unconstrained and regression analysis pro-
and the measured potentials were normalized relative to thevided values in close agreement to those of the initial
standard hydrogen electrode by a factor of 244 mV. The estimates. However, because of the large number of param-
oxidized protein solutions were initially titrated electro- eters in fitting eq 2, estimates of the potential valugs-{
chemically with sodium dithionite as a reductant and then E';) obtained from the previous two-electron fits were used.
reoxidized with potassium ferricyanide according to the Also, estimates of the values of the absorbance components
method of Dutton 26). Aliquots of either dithionite or needed to be made to prevent unrealistic fitting. The first
ferricyanide were delivered from concentrated stock solu- several iterations had the potential values fixed. Then, the
tions, and absorbance spectra of the protein were recordedabsorbance values were fixed and the potential values
after each addition, once the potential values were allowed allowed to vary during the fitting routine. By alternating these
sufficient time to stabilize. Typical experiments required the processes several times, we obtained reasonable values for
collection of 66-90 spectra at various potentials. During the the absorbances and potentials, with only the redox potentials
several hours required to complete a full titration of MSR, being allowed to vary during the final fitting cycle.
a small amount of baseline drift occurred, causing minor  Kinetic MeasurementsStopped-flow studies were per-
increases in the absorbance across the entire spectrum. Téormed using an Applied Photophysics SX.17 MV stopped-
correct for these changes (typicath0.05 absorbance unit), flow spectrophotometer. Unless otherwise stated, measure-
small corrections were made to restore the absorption at 800ments were taken at 2% in 50 mM potassium phosphate
nm to zero in all spectra. buffer (pH 7.0). The protein concentration was A for
All data manipulations and analysis were performed using single-wavelength and 2m%M for multiple-wavelength
Origin version 6 or 7 (MicroCal). From the set of spectra absorption studies (reaction cell concentration), and reactions
obtained during titration experiments, the absorbance valueswere performed under anaerobic conditions. For this purpose,
of the flavin cofactors at different wavelengths were plotted the sample handling unit of the stopped-flow instrument was
against potential, to determine the redox potentials for FAD contained within a glovebox (Belle Technology). All buffers
and FMN. The absorbance values between-4880 nm were made anaerobic by extensive bubbling with argon
(Amax for oxidized flavin) and 586605 nm @max for the blue before use. Prior to stopped-flow studies, protein samples
semiquinone flavin) were summed and used for the analysiswere treated with potassium ferricyanide, and excess ferri-
of titration data. In addition, the isosbestic point at 500 nm, cyanide was removed by rapid gel filtration on Econo-Pac
associated with the §e—Egq transition, and the isosbestic 10 DG columns (Bio-Rad) equilibrated in 50 mM potassium
point at 425 nm, associated with the latter half of theE phosphate buffer (pH 7.0).
Ereq transition, were also plotted versus potential. The 425  Stopped-flow multiwavelength absorption studies were
and 500 nm plots were fitted to eq 1, which describes a two- carried out using a photodiode array detector and X-SCAN
electron reduction process and is derived by extension of software (Applied Photophysics Ltd., Surrey, U.K.). Spectral
the single-electron Nernst equation and the LambBeer deconvolution was performed by singular-value decomposi-
law (26, 27): tion (SVD) methods using PROKIN software (Applied
, , Photophysics Ltd.). In single-wavelength studies, flavin
A= 2X 10EEV9 4 4 ¢ x 10F7 550 (1) reduction by NADPH in the MSR polymorphic variants was
1 + 10EED/59 4 1 E2B)59 observed at 454 nm. Transients were biphasic (over 10 s)
and were fitted using the standard double-exponential
The 450-460 and 586-605 nm plots were fitted to eq 2, expression (eq 3):
which represents the sum of two two-electron redox proc-

esses: A= Cetot + Cgtorsd 4 (3)
105 EIO e x 1057559 wherekops: andkqpsy are the observed rate constants for the
A= 1+ 10EED59 | 1 fE2E)59 fast and slow phases, respectivély,andC; are the relative
amplitude values for the two phases, dnds the offset
dx 10EFI L a4 fx 1055 corresponding to a non-zero baseline value. NADPH reduc-

1 + 10EE959 4 1 ofEa—ENS9 (@) tion of MSR analyzed by photodiode array studies resulted
in a reverse rate for flavin reduction that is several orders of

In these equationg is the total absorbanca, b, andc are magnitude slower than the forward reaction. Therefore,
absorbance values contributed by one of the flavins in the simplified hyperbolic eq 4 was used to describe the NADPH
oxidized, semiquinone, and hydroquinone oxidation states, concentration dependencelqf; (the limiting rate of flavin
respectively, while, e, andf are the corresponding absorb-  reduction).
ance components associated with the second fl&vis the
observed potentiaE’; and E', are the midpoint potentials Kype = Kim[S] (4)
for the first flavin, corresponding to the oxidized/semiquinone S K + [S]
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where [S] is the NADPH concentration akds the substrate
concentration at thé;,/2 value. 0.6

Stopped-flow absorbance traces detected at 600 nm 1. 4
described the generation and subsequent decay of an  0.5-7%%
NADPH-oxidized enzyme charge transfer species and con-

sisted of a rapid “up” followed by a slower “down” phase. § 0.4
Equation 5 was used to fit the observed rates for these two§

phases: S o034
]
<

A= &(Cle—kobsﬁ _ Cz—kobsi) +b (5) 0.2

kosz_ bsl .

0.1 R pereiEn N
wherekqps1 andKkopsz are the observed rate constants for the NS :
appearance and decay of the charge transfer intermediate, ¢, ——
respectively,C, and C, are the corresponding amplitude 350 400 450 500 550 600 650 700
terms, and is the offset value. Wavelength (nm)

An excitation wavelength of 295 nm was employed for ggyre 1: Absorption spectra for the redox titration of MSR 122/
stopped-flow tryptophan fluorescence experiments. The L175 (254M). The spectra were recorded after each addition of
emission wavelength (340 nm) was selected using the dithionite as described in Experimental Procedures. The solid lines

appropriate band-pass filter. Data fitting to fluorescence "epresent spectra recorded during the addition of the first equivalent

: ; : . _and are characteristic of the oxidizesemiquinone transition of
transients was done by using a standard monophasic equatlor‘fr;e flavins. An isosbestic point at 500 nm appearing during this

transition is labeled with a 1. The dotted lines represent spectra
RESULTS recorded between potential values of approximatel0 and—270

N mV. The dashed lines represent spectra at potentials more negative

Redox Titrations of the MSR 122/L175 and M22/S175 yhaq 270 mv. During tFr)ﬂs phasg of the tiriration, an isosbegtic
Polymorphic VariantsThe general changes in the spectral point (labeled with a 2) appears at 425 nm.
properties of the two polymorphic variants were very similar
during the course of electrochemical redox titrations. There- between—130 and—270 mV are represented with dotted
fore, the results with only one, MSR 122/L175, are described lines. No obvious isosbestic points are visible during this
here in detail. Anaerobic spectroelectrochemical titration phase of titration, because of the presence of multiple
experiments allowed determination of the four midpoint partially reduced forms of MSR, i.e., FMNFADx, FMNs{
potentials for reduction of the two flavins. Titrations FADs, and FMN,¢/FADs, At potentials more negative than
proceeded from the fully oxidized enzyme form, which was approximately—270 mV, the third and final phase of the
gradually reduced by adding small aliquots of a concentratedtitration is observed (dashed lines). In this phase, the major
sodium dithionite stock solution. The fully reduced enzyme observed spectral change is due to reduction of the FAD
was then reoxidized by addition of aliquots from a stock blue semiquinone to the hydroquinone species. An isosbestic
solution of potassium ferricyanide. A stable voltage reading point is seen at 425 nm during this phase, due to the
indicated full equilibration after each addition of reducing predominance of only two species (FAand FAD,) as
or oxidizing agent. Similar spectra were recorded at es- the titration approaches completion.
sentially identical potential values during the reductive and A plot of the summed absorbance values from 450 to 460
oxidative titrations, suggesting the absence of hystereticalnm (spanning the oxidized flavin absorbance maximum)
behavior during the experiments. versus potential is shown in Figure 2A. The redox profile is

The MSR protein remained generally stable upon reduction composed of two sigmoidal features that merge at ap-
by dithionite, which allowed a high-quality set of spectrato proximately—150 mV. From previous potentiometric analy-
be recorded. Minor spectral drifts were corrected by simple ses of related FAD- and FMN-containing enzymg$g)( the
baseline subtraction, as described in Experimental Proce-positive end of the trace is ascribed to the FMRNMNg,
dures. Figure 1 shows a typical set of corrected spectral tracesouple, whereas the remaining components (at the negative
obtained during redox titration of MSR 122/L175. The end) are a function of the other three midpoint potentials:
reduction process can be dissected into three distinct phasesADy/FADsg FADs{FADp, and FMN/FMNyq. Compared
In the first phase of the titration (solid lines in Figure 1), to wild-type MSR (122/S175), the redox titration plot reveals
addition of dithionite results in accumulation of the blue a smaller separation between the FMRMNsq potential and
semiquinone species, as indicated by the broad absorbancéhe three remaining redox couples for the MSR 122/L175
band centered at 595 nm. An isosbestic point evident in this and M22/S175 variants (72 and 98 mV separate the FEMN
phase of the titration is attributed to the FIMINFMNgq FMNsgq and FMN,/FMNpq couples, respectively, compared
transition (a reduction potential more positive that30 with 118 mV in the wild type). Both CPR2{) and NOS
mV). In the first part of the second phase of the titration (28) have much larger separations between these couples than
(potential values between approximatehl 30 and— 180 wild-type MSR. However, only for the MSR 122/L175 does
mV), the absorption of the semiquinone species stays closethe midpoint potential for the two-electron reduction of the
to its maximal value, concomitant with a decrease in FMN (=139 mV) vary significantly from that for the wild
absorbance of the lower-wavelength absorbance peakstype (—168 mV) or the M22/S175 variant163 mV). The
Between approximately-180 and—270 mV, the semi-  dependence of the summed absorbances between 580 and
quinone signal decays considerably. Spectra in the region605 nm (across the blue semiquinone maxima) is shown in
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] A Table 1: Reduction Potentials for the Flavin Cofactors in MSR
1 122/L175
5 1 reduction potential (mV)
vs a normal hydrogen electrode
g, FMN cofactor FAD cofactor
% ox/sq sq/red ox/sq sq/red
< 5 425 nnt —-104+3 - —248+5 -
2 500 nnt - —185+ 4 - —262+5
ﬁ 450-460 nn®  —103+4 —175+4 —252+4 —285+6
2 580-605 nn*® —99+3 -—208+5 -—246+6 -—270+4
aValues are from a fit of the data shown in Figure 3 to ef\talues
are from a fit of the data shown in Figure 2 to eq 2. The errors are
1 T T T T T T from nonlinear least-squares fits of the data shown in the corresponding
-500 -400 -300 -200 -100 o 100 figure.
Potential vs. NHE (mV)
1B Table 2: Reduction Potentials for the Flavin Cofactors in MSR
54 M22/S175
reduction potential (mV)
4] vs a normal hydrogen electrode
E FMN cofactor FAD cofactor
g 3 ox/sq sq/red ox/sq sg/red
8 1 425 nnt 117+ 4 - —245+ 6 -
2 2] 500 nnt - —217+5 - —286+ 8
< 450-460 nn?  —114+4 —212+10 —236+5 —264+6
~ 580-605nn? —104+5 —212+5 —244+4 —273+7
b aValues are from the isosbestic points data vs potential, fitted to eq
1 1.°Values are from the absorbance (4300 and 586-605 nm,
0 respectively) data vs potential, fitted to eq 2. The errors are from

350 -300 -250 -200 -150 -100 -50 0 50 nonlinear least-squares fits of the data generated in one experiment.
Potential vs. NHE (mV)
Ficure 2: Plots of absorbance vs potential for MSR 122/L175. In able estimates of the midpoint potentials are obtained and
panel A, the sum of absorbance values between 450 and 460 nm igheir validity is supported by the generally good agreement
plotted against the reduction potential. In panel B, the summed i, e values obtained from the two four-electron plots for
absorbance values between 580 and 605 nm are plotted agalnst.th% -
potential. Both data sets were fitted to eq 2 as described in POth the MSR 122/L175 and M22/S175 variants (Tables 1
Experimental Procedures, and the midpoint potentials for the and 2). The differences in values calculated from the data at
oxidized/semiquinone and semiquinone/hydroquinone couples of 450 and 590 nm are due to variations in the algorithm fitting
both flavins are given in. Tab!e 1. The corresponding data for the tg each individual data set.
M22/5175 variant are given in Table 2. The potentials of the individual redox couples can be
further cross-checked against the results derived from
Figure 2B for MSR 122/L175. The bell-shaped curve includes analysis of the absorbance versus potential data at the two
two semiquinone signals, with the high-potential FMN isosbestic points, 425 and 500 nm, respectively (Figure 3).
FMNsq couple in the right-hand region and the three At an isosbestic wavelength, there is near-zero absorbance
remaining midpoint potentials on the left-hand side of the variation accompanying the electronic transition of a redox
curve. The features of this plot mirror those seen with wild- couple, e.g., the semiquinonydroquinone transition in the
type MSR 122/S175 and differ from the distinctly asym- case of the 425 nm isosbestic point. Hence, plotting the
metrical bell-shaped trace found in CPR/( and NOS 28). absorbance change at this wavelength (425 nm) versus the
For the MSR 122/L175 variant, a slight asymmetry can be potential can be used to extract the midpoint potentials for
discerned in the lower limb of the curve, with a minor the oxidized/semiquinone couples of both FMN and FAD.
inflection seen at approximatety250 mV. A slightly more Conversely, analysis of the absorbance at 500 nm versus
pronounced inflection at the same position is observed for potential will yield the midpoint potentials for the semi-
the M22/S175 variant (data not shown), due to small changesquinone/hydroquinone couples for each of the flavins.
in the relative potentials for the FM§FMNpg, FADq/FADs, Equation 1 was used to fit the data in panels A and B of
and FAD{FADyq couples for this mutant. Figure 3, and the resulting midpoint potential values were
Analysis of the data from these two plots allows the obtained: —104 mV for FMN,/FMNs, —185 mV for

calculation of the contributing midpoint potentials (two FMNg/FMNn, —248 mV for FAD,/FADs, and—262 mV
oxidized/semiquinone and two semiquinone/hydroquinone) for FADs/FADyq (Table 1). The values of the midpoint
by using eq 2, which relates the changes in absorbance andgotentials determined by either the two-electron or four-
potentials to a four-electron reduction process. Because ofelectron approaches were in good agreement for MSR 122/
the relatively large number of parameters that are involved, L175 and underscore the validity of the analytical methods
it was necessary to impose several constraints for thethat were employed. When compared to that of the wild-
amplitude of the contributing absorbance coefficients, as type MSR 122/S175, the only difference of note is the
described in Experimental Procedures. In this way, reason-aforementioned decrease in potential difference between the




Common Polymorphic Variants of Human MSR Biochemistry, Vol. 43, No. 7, 20041993
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0.30 -
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0 c 034
< 0.25 ®
@ 2
2 0
< @
0.20 g 024
[
0.15 -
d T T T T T v T T T 0.1
-400 -300 -200 -100 0 100
Potential vs. NHE (mV)
0224 B w7771
1 - 350 400 450 500 550 600 650 700
0.20
) Wavelength (nm)
0.18 + Ficure 4: Absorption spectra for the redox titration of MSR M22/
1 S175 (20uM). The spectra were collected after each addition of
0.16 dithionite as described in Experimental Procedures. The solid lines
g i represent spectra recorded during the addition of the first electron,
o 0.14- following the oxidized-semiquinone transition of the flavins. An
3 i isosbestic point at 500 nm appearing during this transition is labeled
8 0124 with a 1. The dotted lines represent spectra recorded between
< | potential values of approximatety130 and—270 mV. The dashed
010 lines represent spectra at potentials more negative-ti2a0 mV.
i During this phase of titration, an isosbestic point (labeled with a
0.08 ] 2) appears at 425 nm.
! was followed for 200 s, during which time enzyme reduction
0.06 -—— 77 occurred, as noticed by the progressive reduction of the
-500 400  -300  -200  -100 0 100 magnitude of the absorption peak at 454 nm. Since the

Potential vs. NHE (mV) spectral data for the two variants were virtually identical,
FiGURE 3: Plots of absorbance vs potential for MSR 122/L175 at ©nly those of the 122/L175 variant are shown (Figure 5A).
isosbestic points shown in Figure 1. In panel A, the absorbance atSpectra collected during this time interval were globally fitted
425 nm (isosbestic point for the semiquinone/hydroquinone couples by SVD analysis to a three-step reversible model, involving
O e B mehimemipelOUl dSCrete spectal species (Fgure 58). The observed
couples of both flavins) is plottedpagainst the potential. The data Kinetic rates for the two MSR variants are comparable and
were fitted to eq 1 as described in Experimental Procedures, andvirtually identical to those generated with the wild-type
the midpoint potentials for all four couples are given in Table 1. enzyme R9) (Table 3). Hence, a reaction scheme described
The corresponding data for the M22/S175 variant are given in Table py a three-step model (Scheme 1) fits the data well with
2. respect to both the rates and the absorbance values of the

) intermediates previously ascribed to wild-type MSED)(

FMNox/FMNsq and FMNJ/FMNhq couples. Otherwise, the  priefly these steps are (i) conversion of oxidized enzyme
relatively small alterations in the potentials suggest no major o 5 "'FaAD hydroquinone species B followed by (i) an
chqnge in the electron transfer properties of this polymorphic equilibrium of two-electron-reduced enzyme populations,
variant. comprising FARYFMNoy, FADs/FMNsg, and FAD,/FMNhy,

The electrochemical titrations of the MSR M22/S175 couples and (jii) the formation of the four-electron-reduced
polymorphic variant yielded similar spectral changes as enzyme species upon transfer of an electron from a second
shown in Figure 4, and were analyzed using the same set ofmolecule of NADPH.
approaches as described for the other variant (Table 2). The sjngle-Waelength Absorption and Fluorescence Studies
redox potential values are in close agreement for the two Sing]e_wa\/e|ength stopped_ﬂow studies were performed to
variants, with the M22/S175 variant being rather more similar determine rate constants for the formation of Spectra|
to the wild-type MSR due to the more similar potential values intermediates seen in the photodiode array experiments. In
of the FMN cofactor. addition, they substantiated the assignment of kinetic phases

Flavin Reduction Monitored by Photodiode Array Spec- in the global fitting model. Transients measured at 454 nm
troscopy The reductive half-reaction of the MSR polymor- under pseudo-first-order conditions (rapid mixing of MSR
phic variants was initially investigated at 26 under pseudo-  122/L175 or MSR M22/S175 with an at least 20-fold excess
first-order conditions (20-fold excess of NADPH). Rapid NADPH) were best described by a biphasic exponential
mixing of MSR (either 122/L175 or M22/S175) with NADPH  equation (over 10 s), and the data for the 122/L175 variant
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Table 3: Comparison of Kinetic Rate Constants in Wild-Type MSR and MSR Polymorphic Variants

rate constant (3)

MSR 122/S175 MSR 122/L17% MSR M22/S175
A—B 24.9+0.1 16.3+ 0.05 16.7+ 0.03
B—A (32+1.4)x 10 (9.94 2.5) x 107 (1.840.1) x 10°*
B—C 0.18+ 0.00 0.15+ 0.00 0.14+ 0.00
Cc—B (1.74+0.1) x 10°3 (1.940.2) x 10°3 (1.54 0.5)x 10°5
c—D 1.6 x 102+ 0.03x 1073 (1.340.01) x 102 (1.34 0.01) x 10°2
D—C (1.1+£0.1)x 104 (3.840.8) x 107 (2.940.2) x 10°*
Kim (454 nm) 24.8+ 0.3 215+ 0.2 20.5+ 0.2
K (uM) 57.2+2.6 91.0+ 3.1 74.4+2.9

2Values from ref29. * Values are from the data depicted in Figures 5B (global fit) and 6B (fitted to €qvajlues are from multiple-wavelength
and single-wavelength (454 nm) absorption experiments (data not shown).

Scheme 1
“A” “B”
FMN FMN 1635 FMN
g EFAD +NADPH &— |—FAD &— EFADH2
= NADPH 99X 10%s™ |_NADP*
2
o
17
g 0.15 S'1H'L9X10‘3 s
FMNH, _1.3X103s" FMN FMNH, FMNH-
FADH, &—/@838— + + .
2 e X104t FADH, FAD FADH
NADP* NADP* NADP* NADP*
400 450 500 550 600 650 “p” o

constank,ps; exhibited a hyperbolic dependence on NADPH
B concentration (Figure 6B). A fit of the data to eq 5 gave a

c - kim (maximal rate of flavin reduction) of 21.% 0.2 and

15 20.5+ 0.2 st for MSR 122/L175 and MSR M22/S175,

20000 -

15000 A respectively, which are similar to the value for wild-type

MSR 122/S175 (24.8t 0.3 s'1). The data indicate that the
small changes measured for the midpoint potential for the
ol FAD,/FADq potentials (and hence driving force for electron
T e ™ transfer between NADPH and the flavin) between wild-type
and polymorphic variants do not influence the electron
transfer kinetics to any degree that is significant to the cellular
roles of the enzyme. The correspondigalues were 91.0
+ 3.1 and 74.4+ 2.9 uM for MSR 122/L175 and M22/
S175, respectively.

Stopped-flow absorption studies at 600 nm were also
FIGURE dB:fI ReaﬁtiondqfdMSR 122/L175 with NA'[r)rF\)H f0”g_V\_/ed by  performed to characterize in more detail the small absorption
z;o%ﬁlf) V\_/s?vé(l)omol\t/lopgags?ﬂﬁypie)i%tr:g?g%%fer (gﬁo?'?o;tggyswere changes at this wavelength observed by photodiode array
[MSR 122/L175]= 25 uM, and [NADPH] = 500 «M. (A) Time- spectroscopy. Single-wavelength experiments were per-
dependent spectral changes (recorded over 200 s) occurring uporformed by mixing MSR 122/L175 with a 20-fold excess of
rapid mixing of MSR 122/L175 with NADPH. The first spectrum  NADPH. The recorded transients displayed a rapid increase

was recorded 1.28 ms after mixing; only selected subsequent spectrgn absorption at 600 nm, followed by a decay of the signal
are shown for purposes of clarity. (B) Deconvoluted spectra of the '

intermediates generated by global SVD analysis of the reaction over a Ionger_ pe_rlod of time (Flgure_7). The rate c.:o.nStantS
depicted with spectra in panel A. The data (shown in panel A) were for the two kinetic phases were estimated from fitting the
fitted globally to a reversible three-step<A B <= C <= D model. data to eq 4. The values obtained kgys1 (130 s1) andKogps2

The calculated rate constants (insfor this kinetic scheme are (13 s1) most likely represent the formation and decay of a

presented in Table 3. The inset shows calculated concentrationsharge transfer species. respectively. as described for the
profiles (over 200 s) of intermediates in the reaction of MSR 122/ 9 P ' P Y,

L175 with NADPH. Profiles were obtained by fitting the data shown V\illd-type enzyme%9) and are similar 'n_valu_d(‘bﬂ: 100
in panel A to the reversible kinetic scheme {AB <> C < D). s ! andkons= 20 s°!, respectively). As with wild-type MSR,

over an extended time base the absorbance increases again
are shown in Figure 6. Over a time interval of 10 s, the as the distribution of enzyme species relaxes to its most
observed rate constants determined from these measurementeermodynamically stable state.
concur with the deconvoluted rate constants for the inter-  Tryptophan fluorescence-monitored stopped-flow spec-
conversion of spectral intermediatesAB and B— C in troscopy was also employed to investigate hydride transfer
the photodiode array experiments (Table 3). The larger ratein MSR 122/L175. On the basis of structural analogies with

10000 A

5000 A

Extinction Coefficient (M‘1 cm'1)

400 450 500 550 600 650
Wavelength (nm)
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FIGURE6: Single-wavelength absorption (454 nm) transient for the
reaction of MSR 122/L175 with NADPH. The conditions were as
follows: 50 mM potassium phosphate buffer (pH 7.0) at°25
[MSR 122/L175] = 10 uM, and [NADPH] = 1000 uM. (A)
Biphasic absorption trace for the reduction of MSR 122/L175.
Fitting the data in panel A to eq 3 over 10 s yielded the following
rate constant valuesky,s; = 19.3 st and kgps = 0.1 s1. (B)
Dependence of,,s; 0n NADPH concentration. The data in panel
B were fitted to eq 3 to give the followingkj, = 21.5+ 0.2 s1
andK = 91.0+ 3.1 uM.
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FIGURE 7: Single-wavelength absorption (600 nm) transient for the
reaction of MSR 122/L175 with NADPH. The conditions were as
follows: 50 mM potassium phosphate buffer (pH 7.0) at°25
[MSR 122/L175]= 10uM, and [NADPH]= 200uM. The stopped-
flow data were fitted to eq 4 and yielded the following rate constant
values: kops1 = 130 s* (for the up phase) ankbps;= 13 s71 (for

the down phase).
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Ficure 8: Tryptophan fluorescence transient for the reaction of
MSR 122/L175 with NADPH. The conditions were as follows: 50
mM potassium phosphate buffer (pH 7.0) at 25, [MSR 122/
L175] = 10 uM, [NADPH] = 200uM, excitation at 295 nm, and
emission at 340 nm. The stopped-flow data were fitted to a single-
exponential equatiorkfys; = 15 s%).

concerted motion is accompanied by a change in fluorescence
intensity, which can then be used to characterize the kinetics
of hydride transfer, as demonstrated with wild-type MSR
(29). Mixing of MSR 122/L175 with a 20-fold excess of
NADPH generates a monophasic fluorescence transient,
which can be fit to a single-exponential equation to give a
kobsrate constant of 157 (Figure 8). This is consistent with

the largekopsi Obtained from single-wavelength spectroscopy
at 454 nm, under the same conditions.

DISCUSSION

Pathogenic mutations mapping to the genes involved in
homocysteine metabolism, such as methionine synthase and
MSR, impede transmethylation of homocysteine to methio-
nine and result in hyperhomocysteinemia. Elevated homo-
cysteine levels are associated with an increased risk for a
variety of pathologies, including atherosclero§i6)( neural
tube defects 1), and Alzheimer’s disease32—34). A
collection of MSR mutants, consisting of deletions, inser-
tions, and missense and nonsense mutations, have been
identified throughout the MSR coding sequen2el). In
addition to these mutants, which have pathogenic conse-
guences11, 16, 35), two common polymorphic variants in
MSR have also been describe?il( 23). The first, 122M,
has an isoleucine allele frequency of0.55 in several
populations 18, 21, 22) and may be a risk factor for Down’s
syndrome 19, 20, 36), neural tube defect2{, 37), and
premature coronary artery diseade)( The second poly-
morphism, S175L, was described in a homocystinahlE
patient, in conjunction with two other mutations, 14596
and 1623-1624insA @3), and a serine allele frequency of
0.62 was reported in a small control population.

We had previously evaluated the relative efficacies of the
polymorphic versus the wild-type MSR variants in reductive
activation of methionine synthas@4j. We observed that
with the variants, a 34-fold increase in the stoichiometry
for MSR to methionine synthase was required for full
activation. In this study, we have compared thermodynamic
and kinetic properties of the MSR variants with those of wild-

rat liver CPR (0), tryptophan 697 is predicted to cover the type MSR 122/S17525, 29). The 122M variant is in the
re-face of the FAD isoalloxazine ring and move away from predicted FMN binding domain, whereas the S175L variant
the ring upon transfer of hydride from NADPH. This is predicted to reside in the interdomain linker region.
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neuronal NOS, but the corresponding redox couples for
human CPR and NR1, and for P450 BM3, are very similar
to that for the NADPH midpoint potential. In NR1, electron
transfer between NADPH and FAD occurs at a rate of only
~1 st However, in P450 BM3, the corresponding rate is
several hundred-fold faster. Thus, it is difficult to correlate
the rate of NADPH-dependent flavin reduction directly with
the relative thermodynamic driving force in these systems.
Clearly, there is considerable overlap in the midpoint
potentials of the individual redox couples in all human
diflavoenzymes, with subtle differences having evolved in
each reductase to fulfill the catalytic requirements of the
individual system.

The similarities in the thermodynamic properties of the
wild type and polymorphic variants of MSR support a
common mechanism for electron transfer to methionine
synthase (Scheme 1). The first step, i.e., hydride transfer from

1001 FuNoxisq] [FMN oxisal

=200 FMN sa/hq

FAD ox/sq
FAD sa/hq|

FMN sq/hq
FAD ox/sq

FAD ox/sq|
[FAD sainq]

FAD sq/hq
FAD ox/sq

IFMN oxlsql
FAD sq/hq

-300

-400 4

500 wsr MSR MSR

122/S175  122/L175 M22/S175

Ficure 9: Comparison of flavin reduction potentials in MSR N ADPH to FAD. is followed by a disproportionation of the
polymorphic variants and homologous bacterial flavoenzymes. The ’

various midpoint potentials for the oxidized/semiquinone and electrons between the fIavms. Since the midpoint pP_te”“a'
semiquinone/hydroquinone couples of the FMN and FAD cofactors for the FMN,,/FMNsq couple is~70—-120 mV more positive

in human ance. coli methionine synthase-activating flavoenzymes than the other three potentials, reduction of the FMN cofactor
(flavodoxin and flavodoxin reductase) are shown. These are MSR jg greatly favored. The FMN hydroquinone presumably

FLD FLDR

122/S175 5), MSR 122/L175 and MSR M22/S175 (this work;

potentials shown are those from the fit of the 43B0 nm data to
eq 2), flavodoxin (FLD), and flavodoxin reductase (FLDRBY

transfers an electron to the cob(ll)alamin cofactor of me-
thionine synthase. However, as discussed below, the redox

The midpoint reduction potential for the physiological reductant potentials of the donor/acceptor pair are thermodynamically

NAD(P)H (—336 mV) is shown as a dashed line.

Anaerobic redox titrations of the two variants confirmed

unfavorable for reduction of cob(Il)alamin.
The cob(ll)alamin/cob(l)alamin couple in solution has a
very low redox potential o~610 mV at pH 7.0 89), but

that both flavins generate blue, neutral semiguinone speciesthe potential is shifted te-526 mV in theE. coli methionine

in agreement with results from EPR and UVisible
spectroscopy4). The four midpoint potentials of the flavin

synthase 39). The midpoint potentials for the semiquinone
and hydroquinone forms of flavodoxin (the proximal reduc-

cofactors in the two MSR variants were generally very ing partner of bacterial methionine synthase) a@60 and

similar to those of the wild-type protein (Figure 9). In
addition, they fall within the range found in other diflavin

—440 mV, respectively 40), which makes reduction of
enzyme-bound cob(ll)alamin a thermodynamically unfavor-

reductases, with the major difference being that the redox able reaction. However, the reduction reaction is facilitated
couples in MSR are more closely disposed than in the otherby adoption of two strategies. First, association of flavodoxin
human dual flavoenzymes (CPR, NOS, and NR1). The with inactive methionine synthase results in a conformational
highest midpoint potential is assigned to the FMRNMNg,q change in the cob(ll)alamin and leads to dissociation of the
couple, which is considerably more positive than the remain- lower axial histidine ligand41). In this base-off conforma-
ing three potentials. In the two MSR variants studied here, tion, the reduction potential of the cob(Il)alamin/cob(l)alamin
the FMN,/FMNsq potentials are (from 450 to 460 nm data couple is expected to be more positive. Second, rapid
fit to eq 2, unless otherwise statee}l03 mV (122/L175) methylation of cob(l)alamin b$-adenosylmethionine serves
and—114 mV (M22/S175), which are similar to that of the to couple the endergonic reduction to an exergonic and
wild-type MSR 122/L175 enzyme<{109 mV) and~25—35 irreversible methylation reaction and drives the reaction in
mV more positive than that of NR18) and~50—60 mV the forward direction42).

more negative than those of human CPR and N2¥%$48). The flavin midpoint potentials reported in this study for
The FMNy{FMNyq and FADQ,/FADsq couples are closely  the two MSR variants and previously for the wild-type 122/
disposed, as in the other human enzymes containing bothS175 protein25) are more positive than for flavodoxidZ).
these flavin cofactors. However, there is a rather larger They also differ, although to a lesser extent, from the flavin
difference between the couples for the 122/L175 variant (77 midpoint potentials irE. coli flavodoxin reductase (Figure
mV) than for the wild type and the M22/S175 variant (27 9) (43). Instead, they show redox properties more similar to
and 24 mV, respectively). In wild-type and mutant isoforms, those observed for the other eukaryotic reductases containing
the order of the potentials is the same (FMNMNgq > both FMN and FAD cofactors, to which they are evolution-
FMNs/FMNpq > FADo/FADsq > FADs{FADg). Finally, arily much closer. Nevertheless, we expect human MSR
the midpoint potential for the two-electron reduction of the utilizes a similar kinetic coupling strategy for activating
FAD quinone to its hydroquinone is approximatei269 methionine synthase, i.e., by reductive methylation, to
mV in the 122/L175 variant ane-250 mV in the M22/S175  facilitate electron transfer in the physiologically relevant
variant, compared with-273 mV for the wild-type. In all direction between MSR and methionine synthase.

cases, the potentials are considerably more positive than that The similarity in the redox properties of the wild-type and
for the physiological reductant NADPH (midpoint potential polymorphic variants of MSR is reflected in the similarities
of —336 mV), which favors electron transfer in the physio- in their electron transfer kinetics. The time-resolved spectra
logically relevant direction. The situation is similar in for the variants fit the same three-step kinetic model proposed
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for wild-type MSR (Scheme 1). The rates at which the

intermediates form and decay are comparable for the two

polymorphic variants and match closely those found with
the wild-type 122/S175 enzyme (Table 3). Thus, the overall
behavior of the MSR polymorphic variants is similar to that
of wild-type MSR in terms of the limiting rates of hydride

transfer and the hyperbolic dependence of the flavin reduction 1

rate on NADPH concentratior29).
The current study reveals that there are subtle changes in 20.

the

redox properties of the flavin cofactors (particularly the

FMN) in the polymorphic variants. However, in view of these
minor changes in potential being relatively small in com-
parison with the large thermodynamic barrier faced with
regard to electron transfer to methionine synthase, they are 22.
unlikely to have any considerable effect on this prodess
vivo. This prediction is borne out by the similarity in the
transient kinetic behavior of the wild-type and mutant MSR
enzymes demonstrated in this study. Thus, the data presented
here suggest that the mutations do not have effects on flavin 24.
potentials or electron transfer kinetics that would impinge
on the catalytic efficiency of the variants. In contrast, the
polymorphic variants presumably differ from the wild-type
122/S175 enzyme in their affinity for their redox partner,
methionine synthase, and are-&-fold less efficient. To-

gether, these data provide a framework for characterization

of mutations in MSR, particularly those associated with a
homocystinuric phenotype in theblE complementation
group (@4, 23, 35).
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