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ABSTRACT: Impaired functioning of methylenetetrahydrofolate reductase (MTHFR) can cause high levels
of homocysteine in plasma or hyperhomocysteinemia, which is an independent risk factor for cardiovascular
diseases and neural tube defects. We have studied in detail the effect of modulation of hydrophobic and
electrostatic interactions oEscherichia coliMTHFR on its structure and function. Alterations in
hydrophobic interactions of MTHFR, using urea, lead to dissociation of the native tetramer, resulting in
stabilization of enzymatically active holoenzyme dimers followed by unfolding of the holoenzyme dimer
to the denatured monomer along with dissociation of FAD from the enzyme. This is the first report of an
enzymatically active dimer oE. coli MTHFR and suggests that the dimer rather than tetramer is the
smallest functionally active unit of the enzyme. Furthermore, these results also demonstrate that dissociation
of the FAD cofactor from the enzyme occurs only on unfolding of the dimer to denatured monomers.
Modulation of electrostatic interactions, using NaCl, leads to dissociation of the native enzyme, resulting
in stabilization of an enzymatically inactive partially unfolded holoenzyme dimer. Comparative analysis
of loss of enzymatic activity and changes in structural features of MTHFR demonstrate a very good
correlation between enhanced flexibility of the enzyme-bound FAD and loss of enzymatic activity,
suggesting the importance of rigidity of the FAD cofactor in maintenance of the enzymatic activity of
MTHFR.

Homocysteine is an emerging risk factor for cardiovascular N-terminal catalytic domain and a C-terminal regulatory
diseases and neural tube defects in humard)(as elevated  domain (3). Determinants of binding for FAD, NADPH,
plasma homocysteine concentrations are associated with thesand CH-H.folate are located in the N-terminal portion of
diseases. Folate treatment decreases homocysteine levels anHe protein. The subunits of MTHFRs of enteric bacteria are
dramatically reduces the incidence of neural tube defé¢ts ( shorter chains of about 300 residues in length. The MTHFRs
4). The flavoprotein methylenetetrahydrofolate reductase of E. coli are homotetramers of 33 kDa subunits (273
(MTHFR)! is a likely target for the actions of folate as it residues in length) that prefer NADH to NADPHZ). The
catalyzes the reduction of 5,10-methylenetetrahydrofolate primary sequence of the subunit Bf coli MTHFR can be
(CHz-Hafolate) to 5-methyltetrahydrofolate (GHH4folate) aligned with the N-terminal catalytic domain of the human
using NAD(P)H 6). MTHFR is the only route for synthesis  \THFR and shows about 30% identit¢). This level of

of the CH-Hafolate that is the predominant circulating form  yrimary sequence conservation predicts that the catalytic
of folate and the main carbon donor for the remethylation yomains of human an. coli enzymes will possess similar

of homocysteine to methionine. Impaired functioning of i\ ,cture 8)

MTHFR due to mutations in this gene has been correlated ' . .

with elevated plasma levels of homocysteine or hyperho-  1he structure oE. coli MTHFR, the first example of an

mocysteinemia in humans,(7). Psos barrel that binds FAD, has been reporte’). (The
The MTHER proteins and genes Bcherichia coliand enzyme is a tetramer of identical subunits. The X-ray

mammals including humans have been characteriged (  Structure reveals an unusual structure forEheoliMTHFR

12). The mammalian MTHFRs are homodimers of 77 kDa tetramer with four subunits arranged in a planar rosette and

subunits that employ NADPH as a reducing agé@jt The only 2-fold rotational symmetry8). The cofactor FAD is

polypeptide chain of mammalian MTHFR contains an bound atthe C-termini of th strands. The riboflavin moiety
lies within the barrel with its plane parallel to staves of the
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We have carried out extensive studies on the effect of CD spectra were measured at an enzyme concentration of
modulation of hydrophobic and electrostatic interactions on 3.0 uM with a 1 mmcell at 25°C. The values obtained
functional and structural (quaternary and secondary) proper-were normalized by subtracting the baseline recorded for
ties of E. coli MTHFR. Comparative analysis of changes in buffer having the same concentration of denaturant under
various structural parameters and loss of enzymatic activity similar conditions.
of MTHFR on treatment with increasing concentrations of  Cross-Linking Using Glutaraldehyd®THFR (2 «M) was
urea or NaCl has been carried out. Furthermore, the structuraincubated in the desired concentrations of urea or NaCl for
details of the urea-induced unfolding of MTHFR have also 6 h. Glutaraldehyde was added to a final concentration of

been discussed. 1%. After 5 min of incubation at 25C, the reaction was
guenched by the addition of 22 mg of glycine (3 mL reaction
EXPERIMENTAL PROCEDURES mix). After incubation for 20 min at 28C, 2 uL of 10%

deoxycholic acid was added. The protein was precipitated
by addition of orthophosphoric acid so as to bring the pH to

All chemicals were purchased from Sigma Chemical Co., 2-2.5. The sample was centrifuged, and the pellet was

St. Louis, MO, and were of the highest purity available. ~ Suspended in sample buffer for analysis on 8% SBSGE.
Size Exclusion Chromatograph$el filtration experiments
Methods were carried out on a Superdex 200HR 10/30 column
) o (manufacturer’s exclusion limit 600 kDa for proteins) on

Overexpression and Purification of Methylenetetrahydro- aAxTA EPLC (Amersham Pharmacia Biotech, Sweden). The
folate ReductaseThe MTHFR was overexpressed in the  \THFR solution (3uM) was incubated at the desired NaCl
BL21(DE3)recD” (Novagen) strain ofE. coli cells. The o yreq concentration f h at 25°C. Then 20QuL of this
overproduced protein was purified to homogeneity with slight sample was loaded on the column and run using the same
variations in the previously described procedutg)(The buffer at a flow rate of 0.4 mL/min with detection at 280
pH of all the buffers was 8.0 instead of 7.6. The purity of

the purified enzyme was evaluated on SERAGE (14) Refolding of MTHFRMTHFR was incubated in various
followed by Coomassie blue staining and was found 10 be fiyeq concentrations of urea or NaClrfé h at 25°C. The
about 99% pure. Both native and C-terminally hexahistidine- enzyme was refolded by the dilution method (10 times
tagged MTHFRs were clongd, overexpressed, and.purifieq.d"ution at 4°C) in 50 mM phosphate buffer, pH 7.2. The
The basic strgctural propertle's and changes associated ‘_’V'thefolding efficiency was measured by monitoring the enzy-
the_: denaturation of enzyme with urea and NaC_I were studied yatic activity after refolding and presented as percent
using both enzymes and were found to be similar. Hence, gctjvity, taking the enzymatic activity of the native enzyme
the C-terminally hexahistidine-tagged enzyme was used for 55 1009
the detailed study, as its purification was easier.

Urea and NaCl Treatment of MTHFRITHFR in 50 mM RESULTS

phosphate buffer, pH 7.2, containing 0.3 mM EDTA and  \ye have studied the effect of urea- and sodium chloride-

10% glycerol, was incubated in the absence and presence Ofquced changes on the structural and functional properties
increasing concentrations of urea or sodium chloride for 6 h ¢ MTHER.

Materials

at 25°C before the measurements were made. Time-dependent changes in structural parameters and
Enzymatic Actiity. Methylenetetrahydrofolate reductase enzymatic activity of MTHFR at 0.5, 2.5, érb M urea and

activity was determined by the NADHmenadione oxi- 0.5 and 1.6 M NaCl concentrations were monitored to

doreductase assay method as described previolSlyRor ~ standardize the incubation time required for achieving

studies using increasing concentrations of urea or NaCl, theequilibrium under these conditions. Under all of the condi-
assay buffer contained concentrations of urea or NaCl similar tions studied, the changes occurred within a maximum of 5
to those in which the enzyme was incubated. h with no further alteration up to 12 h (data not shown).
Fluorescence Spectroscoplfluorescence spectra were These observations demonstrate that an incubation time of
recorded with a Perkin-Elmer LS 50B spectrofluorometer abou 5 h is sufficient for achieving equilibrium under any
in a 5 mmpath length quartz cell. MTHFR dissolved in 50 condition studied.
mM phosphate buffer, in the absence and presence of Urea-Induced Changes on Molecular Properties of MTH-
increasing concentrations of NaCl or urea, was incubated FR. Enzyme activity can be regarded as the most sensitive
for 6 h at 25°C before the spectra were recorded. The protein probe to study the changes in the enzyme conformation
concentration was 3.@M for all experiments, and the during various treatments as it reflects subtle readjustments
measurements were carried out at Z5 For monitoring at the active site, allowing very small conformational
FAD fluorescence, the excitation wavelength was 380 nm, variations of an enzyme structure to be detected. Figure 1A
and the spectra were recorded between 450 and 650 nm. Thehows the effect of increasing concentrations of urea on the
polarization was measured at a fixed wavelength of 525 nm. enzymatic activity of MTHFR in the urea concentration range
Circular Dichroism Measurement€CD measurements of 0—3.5 M. A biphasic curve corresponding to two
were made with a JASCO 810 spectropolarimeter calibratedindependent transitions centered at about 1M urea,
with ammonium {+)-10-camphorsulfonate. The results are respectively, was observed. About 60% loss of enzymatic
expressed as the mean residual elliptici®, [which is activity was found to be associated with the first transition,
defined as §] = 100.d(Ic), where O, is the observed  and a complete loss of activity was observed above 2.5 M
ellipticity in degrees,c is the concentration in moles of urea. These observations suggest that an intermediate of
residue per liter, antlis the path length in centimeters. The MTHFR is stabilized at low concentrations of urea.
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Ficure 1: Changes in functional and structural propertie€of
coli MTHFR in the presence of increasing concentration of urea at
pH 7.2 and 25C. (A) Changes in enzymatic activity of MTHFR

on treatment with increasing concentration of urea. The data in the

figure are expressed in terms of relative activity using the activity
of native enzyme as reference (100%). (B) Changes in FAD
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Optical spectroscopic studies on MTHFR in the presence
of increasing urea concentrations were performed to study
the effect of denaturant on the structural properties of the
enzyme.

Studies on various flavoproteins have reported that the
fluorescent prosthetic group FAD or FMN exhibits different
spectral characteristics in different proteins, reflecting the
specific environmental property of isoalloxazine, which is
the chromophore present in the molecul6)( For this reason
the FAD group has been used as a natural marker to probe
the dynamical microenvironment of the flavin fluorophore
in flavoproteins 17, 18). MTHFR contains four tightly
bound, but noncovalently linked, flavin adenine dinucleotide
(FAD) molecules 8). In the native conformation of MTHFR
the FAD moiety is buried; hence, a significantly high
polarization and a weak fluorescence intensity of FAD are
observed for emission at 525 nm.

Figure 1B summarizes the changes in FAD fluorescence
polarization of MTHFR with increasing urea concentration.
A biphasic dependence of FAD fluorescence polarization
with increasing urea concentrations{8.5 M) was observed,
indicating the presence of two independent transitions
centered at 0.75 and about 2.2 M urea, respectively, under
these conditions. These results substantiate the observation
of stabilization of an intermediate of MTHFR at low urea
concentrations, as indicated from enzymatic activity mea-
surements reported above. A loss of about 55% in fluores-
cence polarization of FAD was associated with the first
transition. This decrease in polarization is as a result of
increased local freedom of rotation of enzyme-bound FAD
due to loss of rigidity at the FAD binding site in the enzyme
molecule under these conditions. At urea concentrations of
3 M and above, a complete loss of polarization was observed,
suggesting that under these conditions the enzyme molecule
is denatured and perhaps the FAD gets dissociated from the
enzyme molecule.

Figure 1C summarizes the changes in FAD fluorescence
intensity of MTHFR with increasing urea concentration. A
sigmoidal dependence of FAD fluorescence intensity with
increasing urea concentration was observed. A slight linear
enhancement in FAD fluorescence of the native enzyme was
observed between 0 and 1.2 M urea. However, between 2
and 4.5 M urea, an enhancement of about 10 times in FAD
fluorescence intensity was observed. Enhancement of FAD
fluorescence intensity of MTHFR has been associated with
release of the FAD molecule from the enzyr8el(0); hence,
the above observations suggest that treatment of MTHFR
with higher concentrations of urea induces dissociation of
FAD from the enzyme.

The FAD fluorescence studies are very interesting. A
significant loss (about 55%) of FAD polarization is observed
between 0 ath 1 M urea, but a significantly large enhance-
ment in the FAD fluorescence intensity of native MTHFR

fluorescence polarization of MTHFR on treatment with increasing s not observed under these conditions. This suggests that
urea concentration as monitored by the fluorescence emission at

525 nm and excitation at 380 nm. (C) Changes in FAD fluorescence although a significant enhancement in ﬂeXIbmty of enzyme-
of MTHFR on treatment with increasing urea concentration as Pound FAD occurs on treatment of MTHFR with low urea

monitored by fluorescence emission at 525 nm; the excitation concentrations, there is no significant enhancement in the
wavelength was 380 nm. (D) Urea-induced changes in the secondaryexposure of the buried FAD molecule in the native enzyme
structure of MTHFR as monitored by following changes in  tqyard the solvent under these conditions. However, at higher

ﬁ),'}?j'ﬁgy Ztt iznzczreggngb?(')?]ignﬁg?mtge Of? r[JlrJe\/a.C%guglaiz Oaflre urea concentrations a significantly large enhancement in FAD

represented as percentage of ellipticity at 222 nm, taking the value fluorescence intensity as well as complete loss of fluores-
observed for native MTHFR as 100%. cence polarization is observed, suggesting that under these
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trations of urea £1 M) a form of the enzyme having an

30Ff A altered active site and FAD microenvironment and slightly
/ o less secondary structure than the native tetrameric enzyme
A/ is stabilized. The major part of the urea-induced transition
251 /o observed for MTHFR as monitored by loss of secondary
- A/ structure (Figure 1D) and changes in FAD fluorescence
w20k /o intensity (Figure 1C) corresponds to the second transition
we A/ (at higher urea concentration) observed for changes in
/o V/V/V/V/V_V enzymatic activity and FAD polarization under similar
151 / V/v/ . o conditions. This suggests that higher concentrations of urea
/F::::::::::::__. bring about major unfolding of MTHFR. Furthermore, the

enhancement in FAD fluorescence intensity, indicating
dissociation of FAD from the enzyme molecule, correlated
0 %0 100 150 200 250 wgll yv_lth loss of secondary structure as monitored by CD

ellipticity at 222 nm. This suggests that the FAD molecule

KI [mM . .
[(mV] _ undergoes dissociation from the enzyme molecule only on
Ficure 2: Stern-Volmer plot of FAD fluorescence quenching by major unfolding of the enzyme.

Kl of native MTHFR (filled squares)L M urea-stabilized enzyme . .
(filled circles) 4 M urea-stabilized enzyme (open circles), 1.2 M Sodium Chloride-Induced Changes on Molecular Proper-

NaCl-stabilized enzyme (open inverted triangles), and free FAD ties of MTHFR.Figure 3 shows sodium chloride-induced
(filled triangles). Quenching with KI was performed at pH 7.2 and changes in functional and structural features of MTHFR as
25°C by addition of 3uL of KI (4 M stock solution) to 70QuL of studied by measurements of the enzymatic activity and

sample, to obtain a final KI concentration between 0 and 250 mM, . s -
and by monitoring the decrease in fluorescence emission at 5250pt|cal spectroscopy on treatment of MTHFR with increasing

nm. An enzyme concentration of8V was used in the study. concentrations of NaCl (01.8 M). The effect of NaCl
treatment on the enzymatic activity of MTHFR is sum-

conditions the FAD is probably dissociated from the enzyme, marized in Figure 3A. A slight enhancement in enzymatic
resulting in exposure of FAD molecules to solvent. These activity (maximum of about 10%) of MTHFR was observed
observations are further supported by the studies on FAD on treatment of enzyme with low concentrations (up to 0.2
fluorescence quenching using Kl. Figure 2 shows the M) of NaCl. However, between 0.2 drl M NaCl a sharp
fractional fluorescence of FAD in native and 1deh M urea- decrease in enzymatic activity was observed. Panels B and
stabilized MTHFR as a function of Kl concentration. For C of Figure 3 summarize the effect of increasing concentra-
both native ad 1 M urea-stabilized MTHFR, a small tions of NaCl on the FAD microenvironment as monitored
quenching of FAD by Kl was observed, suggesting that under by changes in FAD polarization and fluorescence intensity,
these conditions the FAD molecule is buried in the protein respectively. An exponential decrease in polarization values
interior and is only partially accessible to the quenchigy.( from 0.405 to 0.30 was observed between 0 and 1.2 M NaCl
However, fo 4 M urea-stabilized MTHFR, fluorescence (Figure 3B). This change in fluorescence polarization is
quenching similar to that for free FAD is observed, thus similar to that observed for the first transition during urea
suggesting thatni 4 M urea-treated MTHFR the FAD denaturation of MTHFR (Figure 1B). Under similar condi-
molecule is dissociated from the enzyme and is freely tions, an almost linear enhancement in the FAD fluorescence
available in the solvent. The results of FAD fluorescence intensity with increasing NaCl concentration was observed
studies in conjunction with studies of enzymatic activity (Figure 3C). However, the maximum enhancement in FAD
(Figure 1A) demonstrate that for MTHFR loss of enzymatic fluorescence intensity associated with this transition was
activity is closely related with loss of rigidity of the enzyme- significantly less (only about 2.6 times) compared to that
bound FAD and not with dissociation of FAD from the observed (10 times; Figure 1C) for the transition of native
enzyme. enzyme to unfolded enzyme. These observations indicate that

Far-UV CD studies on urea-induced changes in MTHFR NacCl treatment of MTHFR leads to enhanced exposure of
were carried out to study the effect of urea on the secondaryenzyme-bound FAD toward solvent molecules. This conclu-
structure of the enzyme. In the far-UV region, the CD sion is also supported by the studies on FAD fluorescence
spectrum of native MTHFR shows the presence of substantialquenching using Kl (Figure 2), where a significantly
a-helical conformationX9). Figure 1D summarizes the effect enhanced quenching of FAD fluorescence for 1.2 M NaCl-
of increasing urea concentration on the ellipticity of MTHFR treated MTHFR as compared to the native enzyme was
at 222 nm for native MTHFR. Up to a urea concentration of observed. The enhanced solvent exposure of FAD for NaCl-
about 1.0 M, a slight decrease (about 10%) in ellipticity at treated MTHFR is probably as a result of NaCl-induced
222 nm of native MTHFR was observed. However, between partial unfolding of the enzyme. The partial unfolding of
urea concentrations of 1.2 and 4 M, a large gradual decreaseMTHFR by NacCl is further confirmed by the results from
in ellipticity at 222 nm was observed, suggesting that the the CD studies where changes in CD ellipticity at 222 nm
transition corresponds to the urea-induced major unfolding were monitored at increasing NaCl concentration (Figure
of MTHFR. The significant loss of secondary structure of 3D). A sigmoidal dependence of loss of secondary structure
MTHFR induced by urea corresponds to the second transitionwith increasing NaCl concentration was observed between
observed at high urea concentration for enzymatic activity 0.6 and 1.6 M NaCl. However, only about 25% loss of
and FAD polarization studies. secondary structure was found to be associated with the

The urea-induced changes in the molecular properties of NaCl-induced transition of MTHFR, thus confirming that
MTHFR as reported above demonstrate that at low concen-NaCl induces only partial unfolding of MTHFR.

1.0
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S 1o0f and molecular dimension of MTHFR. The SBBAGE profiles
§ of glutaraldehyde cross-linked samples of MTHFR and on incuba-
£ ol tion with increasing concentration of urea (A) and 1.0 M NaCl
ﬁ (B). In panel A, lanes 15 are the 66 kDa marker, glutaraldehyde
-% cross-linked native MTHFR, and 1, 2, &w6 M urea-treated
3 6of MTHFR, respectively. In panel B lanes-B are the 66 kDa marker,
glutaraldehyde cross-linked native MTHFR, and 1.0 M NaCl-treated
a0 L ) \ . . MTHFR, respectively. Size exclusion chromatographic profile of
0.0 0.4 0.8 1.2 16 2.0 the Superdex 200HR column for (C) urea-treated MTHFR and (D)
[NaCl] M NaCl-treated MTHFR. In panel C, curves-airepresent samples
of native and 1.0, 2.0, 3.5, 5.0, and 6.0 M urea-treated MTHFR,
100 [D] respectively. In panel D, curves-a& represent samples of native
9 i and 0.65 M and 1.2 M NaCl-treated MTHFR, respectively. The
—.%' o5 experimental details are given in Experimental Procedures.
5 ol The results presented above demonstrate that NaCl treat-
g ment of MTHFR leads to enhanced exposure of the enzyme-
g 8y bound FAD toward the solvent along with loss of about one-
T gl fourth of the secondary structure of the enzyme. These
ol observations collectively suggest that alteration of electro-
= 7y —e static interactions in MTHFR by NaCl results in partial
unfolding of native enzyme.

O 1 1 1 1 1 1 1 1 1 1
00 02 04 06 08 10 12 14 16 18 20

NaCI] M Urea- or NaCl-Induced Changes in Quaternary Structure
a

_ _ _ and Molecular Dimensions of MTHFR. (A) Cross-Linking
Ficure 3: Changes in functional and structural propertie€of  Stydies Glutaraldehyde cross-linking studies were carried

coli MTHFR in the presence of increasing concentration of sodium ;
chloride at pH 7.2 and 25C. (A) Changes in enzymatic activity to study the effect of urea and NaCl treatment on the subunit

of MTHFR on treatment with increasing concentrations of Nacl. configuration of MTHFR and are summarized in Figure
The data in the figure are expressed in terms of relative activity 4A,B. For MTHFR treatment with a urea concentration of 1

using the activity of native enzyme as reference (100%). (B) and 2 M only dimers were observed (Figure 4A), suggesting

C.Tﬁr.‘ges in FADNﬂLgeSCG”C? ptqlarization Of.iv'T"('jF; ?I” treatment that under these conditions urea induces dissociation of the
with increasing NaCl concentrations as monitored by fluorescence ... e clatle
emission at 525 nm; the excitation wavelength was 380 nm. (C) native tetramer of MTHFR, resulting in stabilization of

Changes in FAD fluorescence intensity of MTHFR on treatment dimers. At a high urea concentration Of_ about 6 M, only
with increasing NaCl concentrations as monitored by fluorescence monomers of MTHFR were observed (Figure 4A).
emission at 525 nm; the excitation wavelength was 380 nm. (D)  Figure 4B summarizes the effect of NaCl on the subunit

r'?%ﬁi'{é?gﬁeﬁoﬁgﬁ?n%eﬁlé%Zﬁ;gg?ﬁgn p?tti::lijtfltg;ezzgfnmgg;ﬁ]e?js composition of MTHFR. Glutaraldehyde cross-linking of 1.2
from the far-UV CD curves of MTHFR at increasing concentrations M NaCl-treated MTHFR showed the presence of only

of urea. The data are represented as percentage of ellipticity at 222dimers, suggesting that NaCl treatment results in dissociation
nm, taking the value observed for native MTHFR as 100%. of the native tetramer of MTHFR into dimers.
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(B) Size Exclusion Chromatographyhe effect of urea

and NaCl on the molecular dimensions of native MTHFR 10
at increasing concentrations of urea and NaCl was monitored I
by size exclusion chromatography on a Superdex S-200 “E; 08
column. Figure 4C summarizes the results of gel permeation ¥
experiments on MTHFR in the presence and absence of ' 8T
increasing concentrations of urea at 25 on a Superdex % I
200HR 10/30 column (Amersham Pharmecia Biotech, Swe- £ 041
den; manufacturer’'s exclusion limit 600 kDa for proteins). 2

For the native MTHFR tetramer, a single peak centered at s 02
13.5 mL was observed, which is slightly greater than the - 00k
retention volume of 13.0 mL observed in this column for a ' L

molecular mass marker of 160 kDa (Amersham Pharmacia 20 30 40 50 60 70 80
Biotech, Sweden) under similar conditions. As the molecular
mass of native MTHFR is 133 kDa, these observations ) i , . )
indicate that native MTHER under the conditions studied is FiIGURES: Thermal denaturation profiles of the native (open circles),
n e v . ) 1 M urea-stabilized holoenzyme dimer (filled circles), and 1 M
a tetramer, which is in agreement with the results obtained NaCl-stabilized holoenzyme dimer (filled squares) of MTHFR as
from glutaraldehyde cross-linking (Figure 4A) and literature monitored by changes in CD ellipticity at 222 nm with increasing
reports B). However, fo 1 M urea-treated MTHFR, a single  temperature between 5 and 100. An enzyme concentration of
peak with a significantly higher retention volume of 14.6 104M lWG_lS ”Sfeﬁ for thl‘? St“.dy'h For all of the curves, allme_ar
b d. indicating a larae decrease in moleculareXtrapo ation of the baselines in the pre- and posttransitional regions
mL was observed, 9 g S was used to determine the fraction of unfolded protein within the
dimensions of the enzyme under these conditions. For thetransition region by assuming a two-state mechanism of unfolding.
molecular mass marker of 66 kDa (Amersham Pharmacia

Biotech, Sweden), a retention volume of 14.6 mL was Table 1: Properties of Urea- and NaCl-Stabilized Holoenzyme
observed. As the dimer of MTHFR has a molecular mass of Dimers Compared to the Native Tetramerfcoli MTHFR

Temperature°C

about 66 kDa, these observations suggest that the reduced urea-stabilized  NaCl-stabilized
hydrodynamic radius observed rfd M urea-stabilized properties dimer dimer

MTHFR is due to dissociation of the native enzyme tetramer enzymatic activity 70% activity inactive

to a dimer under these conditions. These conclusions are alsd=AD polarization 60% loss 25% loss
supported by the results from glutaraldehyde cross-linking Iszi\cgrfllﬂ?)rr)ésségﬁégr;tensity ;%J/I;)t:)cl)sesnhanced 225;/(;ilr?15ess enhanced
studies (Flgure 4A). Wth increasing urea concentration to refolding efficiency 100% 0%

2 M, a slight decrease in the retention volume of MTHFR  thermal stability ~7°C lower ~7°C lower

was observed, indicating a partial unfolding of MTHFR by
urea under these conditions. Howevdr2avl urea dimeric
species of MTHFR were observed by glutaraldehyde cross-
linking (Figure 4A). These observations collectively suggest
that & 2 M urea a partially unfolded dimer of MTHFR is
stabilized. A6 M urea, a single peak with a retention volume
of 12.6 mL was observed, which is slightly less than the
retention volume of 13.5 mL observed for the native tetramer.
These observations indicate that the enzyme under thes
conditions has a slightly enhanced molecular dimension as
compared to the native tetrameric enzyme. However, at 6
M urea only monomeric species of MTHFR were found to »
be stabilized (Figure 4A). Monomeric species of MTHFR report ). However, for tle 1 M urea-stabilized or 1.2 M

having molecular dimensions greater than the native tetramer'\l""CI'St"Jlblllzed dimer of .MTHFR' alm of 51 °C was
can occur only when the unfolded monomers of MTHFR observed. These observations demonstrate that the dimeric

are present. The presence of unfolded enzyh®e M urea species of MTHFR are thermally less stable than the native

is also supported by the results of structural studies presentedetramer_Of MTHFR' . - .
above (Figure 1). Refolding StudiesThe refolding efficiency of the various

holoenzyme dimers of MTHFR stabilized under different

above and also observed in the glutaraldehyde cross-linking
experiment (Figure 4B).

Thermal Denaturation Profiles of Urea- and NaCl-
Stabilized Dimers of MTHFRStudies on the thermal
denaturation of dimers of MTHFR stabilized at 1 M urea
and 1.2 M NaCl were carried out. Figure 5 represents the
echange in ellipticity at 222 nm fol M urea-stabilized and
1.2 M NaCl-stabilized dimers of MTHFR at increasing
temperature. For native MTHFR at pH 7.2 Ta of about
58 °C was observed, which is in accordance with the earlier

Figure 4D summarizes the results of gel permeation

experiments on MTHFR in the presence and absence Ofconditior!s was ‘T"ISO .studied. ehl Mo urea-stgbilized
increasing concentrations of NaCl at 25 on a Superdex enzymatically active dimer showed 100% refolding (Table

200HR 10/30 column. For NaCl treatment of MTHFR with 1) as observed by recovery of enzymatig activity on Temo"a'
increasing concentrations of NaCl up to 0.75 M, no of urea. However, the ho_loenzyme dimers stablhze_q by
significant change in retention volume of the native tetramer modulaﬂon of electrastatic Interactions (_the NaC_I-_stat_)lhzed
of MTHFR was observed, indicating no significant alteration dimers) were founq .to undergo irreversible modification as
in the molecular dimension of native MTHFR under these "© M€cOVery of activity was observed on removal of NaCl.
conditions. However, for treatment of MTHFR with 1.0 M 5,5-s510N

NaCl, a single peak with a significantly higher retention

volume of 14.5 mL was observed, indicating the stabilization =~ The X-ray structure oE. coliMTHFR reveals an unusual
of a dimeric species under these conditions, as discussedstructure for the native tetramer of the enzyme, with four
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1 M NaCl 1M Urea 1M Urea
<« <> >

Enzymatically Inactive N X X .
. Native Enzymatically Active Enzymatically
Holodimer ) .
Holotetramer Holodimer Inactive
Holodimer
4
0‘9[
>
&
FAD
FAD
P ———
P ——

Unfolded MTHFR

Ficure 6: Schematic diagram summarizing the urea- and NaCl-induced changes in the MTHFR subunit structure and FAD release from
the enzyme.

subunits arranged in a plane rosette and only 2-fold rotational C-termini of thef-strands present in the enzyme molecule
asymmetry 8). Each subunit of MTHFR interacts extensively (8). The riboflavin moiety of FAD lies within th@/a barrel
with one of its neighbors and much less with the other, with its plane parallel to the staves of the barrel andghe
favoring dissociation of the tetramer into dimers rather than face exposed to the solvenRl). Investigation of the
monomers§). The experimental support for this suggestion stereochemistry and mechanism of the NADREH,-H,-
comes from the studies presented in this paper (Figure 6)folate oxidoreductase reaction with porcine MTHFRL)
where modulation of either hydrophobic interactions, using which has catalytic properties similar to those of Ehecoli
urea @O0), or electrostatic interactions, using NaCl, of enzyme 22), has demonstrated that in the reductive half-
MTHFR was found to result in stabilization of holoenzyme reaction NADPH binds at thei face of the FAD and the
dimers due to dissociation of the native tetrameric enzyme 4S-hydrogen of NADPH is transferred as hydride to N5 of
under these conditions. the FAD cofactor 21). NADP™ then dissociates from the
An unexpected and novel finding of our work is the first €nzyme. In the oxidative half-reaction, @H.folate also
time report of an enzymatically active holodimer of MTHFR binds at thesi face of the reduced FAD, consistent with the
which was stabilized on treatment of MTHFR tvit Murea ~ ping-pong bi-bi mechanisn2p). Due to the binding of the
(Figure 6). The urea-stabilized holodimer showed about 70% reactants to thesi face of FAD, as described above, the
enzymatic activity compared to the native enzyme. Only a orientation/stereochemistry of the FAD molecule in the active
slight loss of secondary structure was observed on dissocia-Site would play an important role in maintenance of
tion of the tetramer to dimer, as the urea-stabilized holoen- enzymatic activity of MTHFR. In the native enzyme the FAD
zyme dimer showed secondary structure slightly lesser thanmolecule is buried and is in a rigid conformation (Figure
that of the native tetramer (Table 1). The urea-stabilized 1A). Modulation of the hydrophobic or electrostatic interac-
holoenzyme dimer showed complete reassociation into ations in the enzyme by urea or NaCl was found to lead to
native tetramer on removal of urea. However, the enzymati- 10ss of rigidity at the FAD binding site, resulting in enhanced
cally active holodimer of MTHFR showed slightly decreased local freedom of rotation of the FAD cofactor. This would
thermal stability as compared to the native tetramer (Figure result in a modification in the orientation of the FAD
5). Besides the enzymatically active holodimer, an enzymati- molecule, which would subsequently lead to either a decrease
cally inactive holodimer of MTHFR was also observed. This in binding affinity or complete loss of binding of NADH or
was stabilized on modulation of electrostatic interactions of CHz-Hifolate to FAD as a consequence of which either
MTHFR by treatment of the enzyme with about 1.2 M NaC| partial or complete loss of enzymatic activity will be
(summarized in Figure 6). Structural studies on the 1.2 M observed.
NaCl-stabilized holoenzyme dimers of MTHFR showed that  Matthews and co-worker$(10) have proposed a model
a loss of about 25% of secondary structure of the native depicting the steps involved in dissociation of MTHFR
tetramer, along with movement of the buried FAD molecule sybunits and the FAD from the enzyme. According to this
toward the solvent, is associated with NaCl-induced dis- model, the dissociation of the tetramer into dimers precedes
sociation of MTHFR. These observations suggest that thethe FAD release from the enzym#&0j. The urea-induced
holoenzyme dimer of MTHFR that is stabilized on modula- denaturation studies presented in this paper provide experi-
tion of electrostatic interactions in the enzyme is probably a mental support for the proposed model as they demonstrate
partially unfolded holodimer. that dissociation of the native tetramer of MTHFR leads to
Comparative analysis of the changes in structural proper-formation of the holoenzyme dimer. According to the results
ties and loss of enzymatic activity of MTHFR on urea and presented in this paper, the FAD dissociation from the
NaCl treatment of MTHFR, as reported in this paper, enzyme occurs only on unfolding of the holodimer to
demonstrates a very good correlation between the loss ofmonomer. This suggests that FAD is very tightly bound to
enzymatic activity of MTHFR and loss of rigidity of the FAD  the enzyme and is released only on extensive unfolding of
molecule, suggesting a close relationship between these twaenzyme. This suggestion is also supported by the structural
properties. In MTHFR the cofactor FAD is bound at the analysis of the FAD binding site of the enzyme obtained
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from the X-ray crystal structure of MTHFR. An intriguing 4.

feature of the FAD binding site in the MTHFR is the belt of
side chains arching over the ribityl and phosphate groups

and secured by the Arg11&lul58 interaction that acts as 6.

a buckle. Thegg5—a5 connector, which includes Glu158 from
the belt buckle, encloses the ribitydliphosphate ribose
segments of the FAD. Hence, for release of FAD from the

enzyme molecule, significant rearrangement or significant 8.

unfolding of the enzyme molecule must occur, which was
indeed deduced from the structural studies presented in this

paper. 10.

The results presented in this paper demonstrate that
modulation of either the hydrophobic or electrostatic interac-
tions in E. coli MTHFR leads to dissociation of the native

tetramer, resulting in stabilization of holodimers. FAD release 12.

from MTHFR has been conclusively demonstrated to occur
only on unfolding of the holodimer to monomers.

14.
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