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ABSTRACT: In human methylenetetrahydrofolate reductase (MTHFR) the Ala222Val (67j@olymor-

phism encodes a heat-labile gene product that is associated with elevated levels of homocysteine and
possibly with risk for cardiovascular disease. Generation of the equivalent Ala to Val mutation in
Escherichia coliMTHFR, which is 30% identical to the catalytic domain of the human enzyme, creates

a protein with enhanced thermolability. In both human Endoli MTHFR, the A— V mutation increases

the rate of dissociation of FAD, and in both enzymes, loss of FAD is linked to changes in quaternary
structure [Yamada, K., Chen, Z., Rozen, R., and Matthews, R. G. (Z&@L). Natl. Acad. Sci. U.S.A.

98, 14853-14858; Guenther, B. D., Sheppard, C. A, Tran, P., Rozen, R., Matthews, R. G., and Ludwig,
M. L. (1999)Nat. Struct. Biol. 6359—-365]. Folates have been shown to protect both human and bacterial
enzymes from loss of FAD. Despite its effect on affinity for FAD, the-AV mutation is located at the
bottom of the ga)s barrel of the catalytic domain in a position that does not contact the bound FAD
prosthetic group. Here we report the structures of the Alal77Val mutaBt obli MTHFR and of its
complex with the 5,10-dideazafolate analogue, LY309887, and suggest mechanisms by which the mutation
may perturb FAD binding. Helixt5, which immediately precedes the loop bearing the mutation, carries
several residues that interact with FAD, including Asn168, Argl71, and Lys172. In the structures of the
mutant enzyme this helix is displaced, perturbing proté&iAD interactions. In the complex with
LY309887, the pterin-like ring of the analogue stacks againssilfi@gce of the flavin and is secured by
hydrogen bonds to residues GIn183 and Aspl120 that adjoin this face. The direct interactions of bound
folate with the cofactor provide one mechanism for linkage between binding of FAD and folate binding
that could account in part for the protective action of folates. Conformation changes induced by folate
binding may also suppress dissociation of FAD.

Methylenetetrahydrofolate reductase (MTHIBatalyzes folate is directed either to the methionine/adenosylmethionine
the only reaction that forms methyltetrahydrofolate g€H  (AdoMet) cycle or to synthesis of thymidylate (Figure 1).
H.folate) and lies at an important metabolic switch point In the mammalian enzyme, which is a dimer of identical
where the flow of one-carbon units from methylenetetrahydro- ~70 kDa chains containing catalytic and regulatory modules
(1, 2), AdoMet acts as an allosteric inhibitor. Its effects are
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DHFR It also seemed possible that shifts of this same helix could
— /\ affect interchain interactions responsible for holding the
AdoMet i oo tetramer together.
s Hafolate C;HMT v This paper describes structures of the Alal77Val mutant
AdoHoy aly s of E. .CO|I MTHER. A H|_s§ ta}g was _mtrodyced at the
N C-terminus to facilitate purification of this relatively unstable
CHjy-Hyfolate CHy-Hyfolate dUMP enzyme 19). We were able to obtain crystals in the presence
‘\/ of a stable 5,10-dideaza analog@d)(of the folate substrate
MTHFR and were also able to crystallize the mutant enzyme in the

FiGURE 1: Segments of the pathways of one-carbon metabolism absence of substrates. The structure determinations allow a
showing the fates of methylenetetrahydrofolate. In the AdoMet cycle description of structural changes associated with the mutation
on the left, CH-Hjfolate is used to form methionine by the dual at position 177 as well as the assignment of the binding

action of methylenetetrahydrofolate reductase (MTHFR) and me- determinants for the folate analogue. The dideazafolate

thionine synthase (MS); in the thymidylate synthase (TS) cycle on ; o ~
the right, the methylene group is utilized for thymidylate biosyn- proves _to be an ideal mimic of the product, EHifolate,
thesis. Dihydrofolate reductase (DHFR) catalyzes the conversion ©CCUPYing the same site as product bound to the Glu28GIn

of dihydrofolate (Hfolate) to tetrahydrofolate (ifolate), and Ch- mutant enzyme2y). The several structures of free enzyme
Hifolate is regenerated by the enzyme serine hydroxymethyl and of substrate complexes, determined earli@rZ5), help
transferase (SHMT). The conversion of homocysteine to methionine tg distinguish changes induced by ligand binding at the flavin
(k:lztrzllyzed by betaine-homocysteine methyltransferase is not shownrrom those associated with the Ala= Val mu_tation.
Structural changes induced by folates may contribute to the

Ala222Val mutation is a significant risk factor for coronary effects of folate on FAD binding.
heart disease in populations where diets are not supplemented
with folates (6—18). MATERIALS AND METHODS

To obtain a structure for the catalytic domain of MTHFR,
and to examine the properties of the-A 'V mutation, we
have employedscherichia colMTHFR as a model system.
This bacterial MTHFR, with only 296 residues, is muc

Enzyme Purification and CrystallizationThe mutant
enzyme was prepared as described by Sheppard &@al. (
h 27). The antifolate LY309887 is a stable 5,10-dideaza

smaller than mammalian MTHFRs. It is not regulated by ?“a'ogue of tetrahydrofolate with tpeaminobenzoyl (PABA)
AdoMet, and aggregates to form a tetramer rather than a9 replaced by thiophene (€120NsOcSy). This compound,
dimer éheppardl@ 20) characterized ak. coli MTHFR 6R-2',5'-thienyl-5,10-dideazatetrahydrofolate (monoglutamate)

carrying the mutation Alal77Val that corresponds to the (24 was a gift from Eli Lilly & Co.
Ala222Val polymorphism in the human enzyme. She showed  His-tagged protein in 10% glycerol, 50 mM KpH 7.2,
that the mutation did not affect the kinetic properties of the 0-2 MM EDTA, and 125(M excess FAD was concentrated
enzyme but instead inactivated MTHFR by enhancing the t0 about 15 mg/mL 450 uM) by centrifugation using
loss of the essential FAD cofactor, and further demonstratedMicrocon30 filters (Amicon). For hanging drop crystalliza-
in vitro that addition of folates decreased the rate of tion 2 uL of protein was mixed with 2uL of reservoir
dissociation of FAD in dilute solutions of the enzyme. Loss Solution (0.2 M Mg acetate, 0.1 M cacodylate pH 6.5, 14%
of the flavin occurs in concert with dissociation of the PEG 8K, 5% glycerol) and LL of LY309887 (5 mM).
tetrameric enzyme to dimerd9). In parallel experiments ~ Crystals appeared in a day at 22 and grew in the same
Rozen and co-workers compared extracts of the wild type C2 Space group as the wild type enzynig)(but with the
and mutant human enzymes and established a similarSlightly different cell dimensions = 101.56 Ab = 128.64
phenotype for the mutant human enzyn2e 19). Loss of A ¢ = 96.74 A, = 120.87. In this crystal form three
FAD and activity from both the thermolabile mutant enzymes €hains constitute the asymmetric unit; these chains are
and the wild type enzymes could be suppressed by addition@'ranged around the crystallographic dyad to form a hexamer
of folates and/or FAD 19). These effects of folates have from _Whlch we can choose the tetrameric unit that e>_<|sts in
helped to provide the rationale for dietary supplementation solu_tlon. Substrate-fre_e mutant enzyme was crystallized by
with the vitamin @1—23). adding 2uL of reservoir solution (14% PEG 4K, 225 mM
Structure analysis d. coliMTHFR (19) has established ~ Li25Q:, 100 mM sodium cacodylate pH 6.5, 5% ethanol) to
that the bacterial enzyme is Ac()s barrel in which the entire 2 #L of protein, with nucleation promoted by seeding.
sequence constitutes the catalytic domain. The initial structure ~ Cryoprotection. Before flash-cooling, crystals of the
of E. coli MTHFR, determined in the absence of substrates LY309887 complex were transferred in two steps to a
(19), located the mutation site at the bottom of tiflerfy ~ holding solution that was 14% PEG 8K, 10% MPD, 7%
barrel near the N-terminal end of straf@, away from direct  glycerol, 100uM excess FAD, and 1 mM LY309887, with
contact with any atoms of the bound FAD cofactor. Although cacodylate and Mg acetate at the same concentrations as in
this remote position was consistent with the observation that the reservoir solution. Substrate-free crystals were transferred
catalytic activity (per flavin) is not impaired in the Alal77Val to a holding solution (15% PEG 4K, 225 mMASQ,, 100
mutant, it complicated elucidation of the mechanism by MM sodium cacodylate pH 6.5, 5% ethanol) containing 5%
which the mutation prompts dissociation of the FAD. methylpentanediol (MPD) for 5 min. They were subsequently
Because the Ala177 side chain resides in a tight loop betweertransferred to a solution containing 10% methylpentanediol
a5 andp6, it was suggested that steric overlap of the valine and flash-frozen.
with helix a5 might displace this helix, disturbing some of Data Collection and Structure DeterminatidDatasets for
the FAD-binding residues that are contributedddy (19). both the substrate-free and LY309887 complexes were
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collected on an RAXIS IV detector. Initial molecular held in place by a salt bridge between Arg118 and Glu158.
replacement searches with the coordinates for wild type Residues that contribute to FAD binding have been described
MTHFR (1B5T.pdb) were necessary to position the chains earlier (L9) and are noted in Figure 2B. The FAprotein
comprising the asymmetric unit. The first refinements were interactions that are important for analysis of the Alal77Val
conducted in X-PLORZ8); later calculations used CNSv1.1 mutant are depicted in Figure 2C.

(29). Rounds of refinement in CNS included simulated  Structural Changes Induced by the Alal77Val Mutation
annealing in torsional space, coordinate minimization, and and Effects on ProteiaFAD Interactions.To examine the
restrained individuaB-factor adjustment with maximum-  structural perturbations resulting from the mutation, the
likelihood targets. The program PRODRGBO| was used to  structures of the folate-free A V mutant and of the A~
construct restraints for refinement of LY309887, and ligand V mutant complexed with LY309887, both determined at
occupancies were fixed at unity. Because of differences in pH 6.5 (Tables 1 and 2), have been compared with structures
the conformations of loop regions, NCS restraints were not of the wild type enzyme and its complexes with the product,
applied to the three chains constituting the asymmetric unit. CHs-Hjfolate, or the substrate, NADH2§). The initial
Data/parameter ratios for independent refinement of the structure analysis of wild typ&. coli MTHFR at 2.5 A
chains were as follows: 2FMN, 2.17, and 2FMO, 1.94. The resolution employed untagged protein and crystals grown at
three chains differ from one another in their average pH 6.1 (19). We subsequently obtained higher resolution
temperature factor®p). Residues 123128 are not visible (1.85 A) in an analysis of substrate-free His-tagged protein,
in the electron density of the A~ V mutant structure or in  using crystals equilibrated at pH 7.25). Comparisons with

the wild type structures. The N-terminal helix of the C chain the A— V mutant are made with this higher resolution wild

is disordered in all structures, and cannot be modeled type structure, but the patterns of changes resulting from the
completely in the A and B chains of the substrate-free mutation (Figure 3) are the same regardless of the choice of
structure of Alal77Val. substrate-free wild type structure.

Quiality indices for the model geometry and agreement RMS differences of atomic positions were obtained after
with structure factors were evaluated with the programs pairwise alignments of the backbone cores of the models
PROCHECK and SFCHECK, respectively. The mutant using LSQKAB @2) (see Materials and Methods). Back-
LY309887 complex has 92.3% of the residues in the most ground ¢) values for the matches were taken as the average
favored region of the Ramachandran plot, with 7.1% in RMSDs in the core regions, and vary from 0.15 to 0.23 A
additional allowed regions. The substrate-free mutant hasin comparisons between wild type MTHFR and the-AV
91.5% of the residues in the most favored regions and 8.1%mMmutant or its complex with LY309887 (Figure 3). Significant
in additional allowed areas. differences from wild type that are attributed to the-AV

Pairwise comparisons of A, B, or C chains from different mutation occur ire5 and in then5—/6 connector that carries
structures were carried out in LSQKABZ) using backbone the mutation _site. In this region, differencgs betyveen the
atoms of a core of residues judged not to be affected by Mutant and wild type structures are larger in chains A and
mutation, ligation, or pH. Sequences used for these structuralC: Where the side chain of Asn168 in he® fully adopts
alignments were 2259, 68-90, 96-117,131-160,185- a new conformation (see below). Segments of hefixand
200, and 254294. Average RMS differences between the IS C-terminus also appear to be perturbed in the A and B
cores established a background deviatienagainst which cha_lns of the mutant (Figure 3). Strut_:tural differences in other
to measure putative structural changes. Having three inde-régions are attributed to pH- and/or ligand-dependent changes
pendently refined chains in six structures of bacterial in conformation (Figure 3). _ _
MTHFR (this work and re25) allows good measurement 1 he prediction that steric effects at the site of the mutation
of deviations, and the relatively large radius of convergence Might initiate structural perturbations is borne out by the

of simulated annealing should sample experimental variationsChanges observed in the loop that conneéso 56 (Figure
in fitting models to the X-ray data. 4). Introduction of valine leads to overlaps of the Vall77

side chain with backbone oxygens at 172 and 179 and with
the G of 173 that are relieved by spreading of the loop and
displacement of helixt5. As seen in Figure 4B and Table 3

the helix backbone is displaced by 0.75 to 0.95 A at Lys172.

Dynamic Light Scatteringleasurements of light scatter-
ing (31) were performed on a Protein Solutions Dyna Pro
instrument. Histidine-tagged wild type MTHFR was studied
at a concentration of 1 mg/mL in 0.1 M sodium cacodylate

pH 6.0 Smaller backbone shifts are propagated as far as Asn168.
e Despite the displacement of the helix backbone, the amino
RESULTS AND DISCUSSION group of LySl72 maintains its interaction with the adenine

phosphate of FAD (Figure 4C). However, the conformations
The Structure of the Monomer and the FAD Binding Site. and interactions of the Asn168 side chain, in the previous
A drawing of the MTHFR monomer, designating the turn of o5, are completely altered in the A and C chains of
secondary structure elements of tifielfs barrel, is shown the tetramer (Figure 4C, Table 3). Rearrangement of Asn168
in Figure 2A. The chain oE. coli MTHFR begins with an breaks a hydrogen bond with the adenine phosphate, but
extra-barrel helix at its N-terminus. The largest insertion in generates a new hydrogen bond to th&®©2of the adenine
the main barrel follows stranf7 and includes two extra- ribose. The displacement of Asn168 appears to be coordi-
barrel helices denoted7a anda7b. In barrels that bind  nated with movement and increased mobility of Arg171 and
FMN, the phosphate of the cofactor is associated with the is accompanied by the introduction of a solvent that interacts
N-terminus of an extra-barrel helix, but binding of FAD to with the adenine phosphate (Figure 4C). Arg171 swings out
MTHFR does not follow this pattern. The FAD side chain toward bulk solvent to accommodate the displacement of
adopts an unusual kinked conformation and appears to beAsn168, and the adenine ring of FAD shifts, as it is no longer
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FIGURE 2: (A) The monomer of MTHFR with FAD and LY309887 shown in ball-and-stick mode. The view is along the axis gbdhe (

barrel. Loops at the C-termini of barrel strands are referenced to the preceding strand, e.g. L4 fdrineetsThe groove that accommodates

the folate analogue is formed by the shortep&dstrand and L8, and lies next to helxza. (B) Alignment of the sequence &f coli

MTHFR with the N-terminal region of human MTHFR. Secondary structures in the bacterial enzyme are displayed above the sequences,
and residues that are conserved in the bacterial and human sequences are highlighted in blue. The location of Alal77/Ala222 is marked in
red. Residues that interact with the FAD cofactor are marked by asterisks. (C) A stereoview of features of the binding site for FAD in the
Alal77Val mutant showing Vall77, helix5, and some of the residues that interact with FAD.

Table 1: Data Collection Statistics Table 2: Refinement Statistics
EOXA177V~LY309887 EOXA177V Ere $177V-LY309887 EOXA177V
(pH 6.5) (pH 6.5) (pH 6.5) (pH 6.5)
resolution (A) 35-2.05 20-2.25 resolution (A) 35-2.05 20-2.25
reflectiong 222652 121116 averageB-factor 34.6 32.2
unique reflection® 64861 50833 Reryst/Rired™ 0.216/0.249 0.219/0.247
completeness (%) 96.8 (92.6) 99.7 (98.7) (highest resolution shell) 0.292/0.316 0.273/0.300
Reyne-P: 0.048 (0.286) 0.048 (0.297) correlation coefficierst 0.923 0.912
1/o(1)? 22.0 (4.35) 16.6 (3.25) RMSD bonds (A) 0.0081 0. 0089
a Statistics calculated using the programs DENZO and SCALEPACK Sgﬂrﬁ aD cﬁgﬁ:ﬁ;ﬁd;gz 1.538 1.485
b e - " .
(48). P Statistics for highest resolution shell are enclosed in parentheses. most favored (%) 92.3 915

Roym = Jllobs — lal/3 lobs additional allowed (%) 7.1 8.1

2 Reryst = 3 |IFobd — |Fead /3 |Fond, Where|Fond and |Fead are the
constrained by a contact of C8 with Asn168. The displace- observed and calculated structure factor amplitudes, respecthi®y
ment of Arg171 breaks an interaction with N7 that is replaced was 03|C#late?1 USIHGIJI a randOT tefst Se;g‘: rtleﬂf*ictlodns (5%)hwf1(I:Cé1PVXere
by water. The changes in FAEprotein interactions and the ~ ©mitted throughout all stages of refinemenCalculated using the
. . . program SFCHECK: correlation coefficient Fopd=caid - Fobd TFcad )/
introduction of solvents at the adenine phosphate and N7[(EF20b O Fopd?)(Poad - Foad?)]2.

are consistent with weaker binding of FAD in the mutant.

In chain B the mutation is accommodated with subtly Vall77 is displaced a bit more than in the other chains, helix
different structural adjustments. The-$ connector carrying a5 is correspondingly less perturbed, and the dominant
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Ficure 3: (A) RMS differences in positions of backbong &oms in the B chains of wild type MTHFR (pH 7.4) and the A177V mutant,

with or without bound LY309887 (pH 6.5). Differences between A117%309887 and wild type are shown in red, and differences between
A177V and wild type are in blue. The Alal77Val mutation primarily affects residues-188. Large differences are observed in loops L2,

L3, and L4, which undergo pH- and ligand-induced conformational changes that are not caused by the substitution at position 177; smaller
differences near 223 and 243 are attributed to folate binding. Chains were aligned as described in Materials and Methods. The inset magnifies
the region in which changes are ascribed to the-A/ mutation. (B) Inset regions showing the RMS difference values for the A (left) and

C (right) chains.

conformer of Asn168 remains close to the adenine phosphatemodes of dissociation disrupt different interfaces and hence
However, significant electron density corresponding to the involve different energies. Using the notation of Figure 5,
alternate conformation of Asn168B is observed in omit maps the resulting dimers could be either type-& (B—B' by
for the A— V mutant and its complex with LY309887. molecular symmetry) or AB' (B—C by symmetry). Earlier
Rearrangement of Asn168 is a characteristic feature of thecalculations of the areas of the two different interfaces found
A — V mutant structures. Examination of the density around in MTHFR suggested that the plane of dissociation would
Asnl68 in simulated annealing omit maps of the twelve be vertical as viewed in Figure 5, so that interfaces not far
chains in the four high-resolution wild type structures that from the site of the Alal77Val mutation would be broken
we have determine@) fails to reveal density corresponding on disaggregation to give -AC dimers (9). Inclusion of
to the alternative conformation of Asn168. In all of the chains the N-terminal helices in chains designated A and B (Figure
from structures of wild type MTHFR, Asn168 forms a 5), helices which could not be built in the initial structure
hydrogen bond to the adenine phosphate oxygen. determination 19), has increased the estimates of the
Effects of the A~V Mutation on Dissociation of MTHFR interface areas. They are nowl350 A per monomer face
to Dimers.Evidence thaE. coli MTHFR is a tetramer in (2700 A buried per dimer for formation of the tetramer from
solution comes from gel filtration experimen®d) and from dimers) for the horizontal interfaces and 578 #r the
dynamic light scattering measurements that yield a weight- vertical interfaces, rather than the smaller values of 800 and
average molecular weight of 143.1 kDa (this work). The 500 A? cited earlier 19). Thus the more complete model
tetramer of MTHFR is unusual; it does not display the full still predicts that dissociation will produce identical dimers
222 symmetry found in most tetramers, but instead showsof A and C (or B and B chains. These dimers are held
only 2-fold point symmetry (Figure 5). This lower symmetry together by interactions between heliees, a7b, a7c, and
is not an artifact of crystallization but is an inherent property o8 and their equivalents that are related by 2-fold symmetry
of the molecule. In the MTHFR tetramer there are two (Figure 5). The observation that the N-termineh helix
possible ways of dissociating chains to form dimers: these could not be modeled in the substrate-free structures



Ala — Val Polymorphism of MTHFR Biochemistry, Vol. 45, No. 15, 20061813

{ vi73 3~ { V173 57

- ) ,\_ff .
R179 7 A177\€},;_ = .
el S -“_._; "t _;_‘ o

) U iy ¢ %F

Ficure 4: (A) Perturbations at the mutation site and their propagation to hélixrhe upper panel shows the crowding and steric overlap

that result when valine is substituted for alanine without allowing any relaxation of the structure. The lower panel displays the actual
structure of the C chain from the LY309887 complex of the Ataval mutant. (B) Structural changes in thé&—/36 loop bearing the
Alal77Val mutation. A stereoview of the superposition of wild type (gray and atom coloring) and A177V mutant (yellow and atom coloring)
showing expansion of the—f loop bearing the mutation. (C) A stereoview centered at Asn168 oftthielix, showing the effect of
mutation on the interactions of the protein with FAD. Wild type enzyme (gray) is superposed onto the A177V mutant (yellow and atom
coloring). In the A177V mutant, Asn168, which forms an interaction with the adenine phosphate (PA) in wild type enzyme, undergoes a
rearrangement which allows for a water to intervene between PA and the neighboring helix. Arg171, which interacts with adenine, becomes
disordered in the A177V mutant and is replaced by solvent. The two solvents that are introduced ir-théAutant are in red and

labeled W. The interaction of Lys172 with PA is maintained despite the displacement of the backbone.

Table 3: RMS Displacements (A) of QAtoms of Residues best fit to a model in which FAD dissociates from the dimer
Perturbed by the Alal77Val Mutatidn rather than from the tetramer. These results do not distinguish
A177V-LY309887 ALT7V between effects of the mutation on the tetrardimer
equilibrium and effects on the affinity of the dimeric protein

chain Vall77 Lysl172 Asnl68 Vall77 Lysl72 Asnl68 for EAD.

A 069 095 079 069 08(7) 0.7(6) i . o

B 0.8(7) 0.7(5) 0.2(8) 1.0(00) 0.6(4) 0.3(5) Although comparisons of the FAD binding sites in wild

C 0.8(1) 0.7(9) 0.50) 0.8(1) 0.8(2) 0.5(7) type and mutant enzymes, described above, suggested that

aIn the B chains, displacements are calculated for the dominant the A — V mutation alters the affinity of each chain for
conformer of Asn168, which maintains a hydrogen bond to the adenine FAD, we also looked for mutation-linked changes at the
phosphate of FAD. interchain contacts that might affect the tetrameimer

equilibrium. Superimposing the tetramers of wild type and

determined at pH 6.110) or 6.5 (this work) indicates that A177V MTHFR did not reveal any significant differences
the stability or mobility of these N-terminal helices varies in the relative orientation of the chains in the mutant protein.
with pH. We then examined the structures for evidence of more local

Sheppard and Matthewq, 20) showed that loss of FAD  changes at the AB" and B-C interfaces. Residues in the
from the Alal77Val mutant or from wild type enzyme is a5—f85 connector that carries the mutation do not contact
linked to dissociation of the tetramer to dimers, and that the neighboring chains, but in all three of the unique chains,
mutant enzyme loses FAD much more rapidly than does wild residues 173 and 17880 at the site of the mutation contact
type MTHFR (see introductory comments). Their data are residues 204206 in thea6—/37 region of the same chain.
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Asp120

GIn183 | a” \
Ficure 5: The MTHFR tetramer with bound LY309887 viewed
down the local 2-fold axis. As in Figure 2, sheet strands are gold
and helices are cyan, with the exception of the N-terminal helix
(green). The N-terminal helix, which could not be built in the initial ;
structure, fills in the center of the tetramer. Chains are designated »
differently from those of our previous drawing9). e _

I - . . ; +» Glu28

As a result small shifts in the vicinity of the mutation can 4 1Y300887 / /’
be transmitted to the.6—A7 connector, which does form CH;-H folate J Y 4
part of the A-B' (or B—C) interface (Figure 5). The shifts X
observed at 204206 are greater than the background RMSD
values in chains A and B. Interactions of Glu206B with the Ficure 6: (A) A larger perspective of interactions made by the
backbone nitrogens of C chain residues-1683 at the B-C 5,10-dideazafolate, LY309887. Omit difference density, calculated
interface are slightly altered in the 4 V mutant. However after simulated annealing, is overlaid onto the final model for

; ; =y LY309887. The 5-deazapterin ring is oriented by hydrogen bonding
_these contacts are not replicated in the corresponding'A interactions with Asp120 and GIn183, which are conserved among
interface of the tetramer, and these and other features of the,oth pacterial and mammalian MTHFRs. The isoalloxazine and
interfaces are not systematically different in the wild type pterin planes are in van der Waals contact. The thiophene is
and mutant structures. Thus while we can describe pathwayssandwiched between Phe223 and Leu277, and hydrogen bonds from

tracing structural perturbations from the mutation site in chain GIn219 and Arg33 position the.- and y-carboxylates of the

. . . . glutamate tail of deazafolate. (B) Comparison of bound LY309887
B to the B-C interface, there is no definitive evidence for 1o nd methyitetrahydrofolate. The LY309887 complex of the
loosening of the interchain contacts or for transmission of A177v mutant (lime) is superposed on the structure ofy&tt

structural perturbations to the neighboring chain. In particu- folate bound to the Glu28GIn mutant Bf coli MTHFR (purple)

lar, the environment of GIn163C, which occupies a pocket (29). The binding modes of LY309887 and GH.folate are very

surrounded by residues from chain B, seems undisturbed bysimilar: the deazapterin of LY309887 and the pterin ofs&H-

th tation. Alth h the LY309887 | btained folate are oriented by similar interactions with Asp120 and GIn183,
€ mutation. Although the complex was obtained 5,4 the thiophene of LY309887 occupies the same hydrophobic

by cocrystallization rather than by adding the ligand to pocket as the PABA ring25).

preformed crystals, it remains possible that changes in

interchain interactions are suppressed in the crystal structureine C6 side chain of th&isomer pointing into a central
The Conformation and Interactions of the Bound Folate groove that is carved into the top of the barrel (Figures 2A,

Analogue LY30988A fundamental question is how binding 6). The overall shape of the ligand is determined by the

of folates can protect MTHFR from loss of its essential FAD.
Protection against inactivation is of considerable clinical
importance. To study the interactions of a folate with the
A177V mutant enzyme we cocrystallized the mutant protein
with LY309887, an unreactive analogue of the reaction
product, CH-Hjfolate. This strategy is an alternative to
investigating the binding of CHH folate, which is feasible
only with the inactive mutant enzyme Glu28GI25{ and
would therefore require introduction of a second mutation.
In the complex, the deazapterin ring of LY309887 stacks
against thesi face of the isoalloxazine ring of FAD, with

pucker at the tetrahedral C6 atom, which is displaced from
the plane of the remaining atoms of the deazapterin ring.
The conserved GIn183 hydrogen bonds to pterin nitrogens
that establish the orientation of the GIn side chain. The
oxygens of Asp120 are close to N3 and thex&NH. group

of the deazapterin, but the carboxylate of Asp120 is not
perfectly in-plane with the pterin. Tyr275 acts as cushion
for the C9 and C10 atoms of the dideazafolate analogue.
The thiophene ring is enclosed in a conserved hydrophobic
box with sides provided by Phe223, Leu212, Leu277, and
Phel84. Phe223 swings away from its position in the
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substrate-free enzyme in order to stack over the thiophene
ring.

The glutamate tail of the folate analogue extends along
the groove whose base is formed by strg#@l and the
following loop L8 (Figure 6). Theo-COO™ binds to the
backbone and side chain of GIn219, andth€ OO~ makes

D120?
’ o-{‘

. N63
S A52~Q?

g
LN \;i.-,.‘-\-; ,“}}‘"
L {',:_\_I_J_‘.‘ -z
SNy L2

B
e

a bidentate interaction with Arg33, a semiconserved residue i‘:»w‘ Y60

that is sometimes lysine and sometimes arginine. Physi- Hss

ological folates are polyglutamylated, and tkg and K;

depend on the length of the glutamylated side cha@34); '0120! '0120,

in E. coli the triglutamates are the major form of folates.  _ «gr -.ﬁ,v*w e \ﬁ""““

With a polyglutamylated substrate or inhibitor, the interaction ﬁi i Ab‘% ‘:}: _ AG%

with Arg33 would be modified to accommodate the second “*s*¢* = L _ N63 Sty e L NB3

y-linked glutamate. pe Y e g kv*&}'}j/ X
The interactions made by LY309887 are very similar to Fg’r < Lo ﬂ‘ e L2

those described in the Glu28GIn complex with the product, ' Y80 ' ’; " Y80

CHs-Hfolate 25) (Figure 6B). In particular, GIn183 and H88 H8s

Aspl120 make interactions with the pterin and deazapterin Ficure 7: The conformations of loops L2 and L4 and their
rings, while the hydrophobic quartet (Phe223, Leu212, inr&rfifgiglrgss g;tgrt]geLfLagineﬂn% éAc))fS;Ie;eaozvif%vmoi tzhiesﬂr?vér:oriré%

H H H Wi .
Leu277, ar.]d Phel84) surrounds the th!Ophene fing n thebonded to the flavin Oz,pbut NH of Asp120 interacts th}r/oug% an
complex with LY309887 and the PABA ring in the product jtervening water molecule. (B) Stereoview of the flavin ring with
complex. Because the deazapterin ring of LY309887 lacks L2 open and L4 closed. The hydrogen bond between NH 62 and
a methyl substituent at position 5, it is more tightly stacked O2 is lost, but NH of Asp120 interacts directly with O2. In the
against the flavin isoalloxazine ring. In both structures the complex of Glu28GIn MTHFR with CkiH.folate, both loops are
a-COO" of the glutamate tail interacts with GIn219. C¢losed:
However they-COO™ of CHs-Hfolate interacts with Arg279
rather than Arg33. A mutation of the residue equivalent to

Table 4: Conformations of L2 and L4 Loops

Arg279 is among the variants observed as severe in patient = e = S = et
populations 85). Therefore the interaction of GHHfolate loop (PHE.5 (pHES) (PHT74) (PH7.4)
with Arg279 (not shown) is more likely to be physiologically ~ L4 (Asp120) ~ opeh ~ closed  open closed
relevant than the apparently opportunistic contact of LY309gg7 -2 (A1262)  closed  open closed closed
with Arg33. aPreviously reported structureg). ® See Figure 7 for description

As expected for a mimic of one of the substrates, °f ‘Pen” and “closed".

LY309887 is an inhibitor of MTHFR. Preliminary measure-

ments of inhibition, in assays that monitored the oxidation rings have been documented for several enzymes, including
of NADH by menadionedg), are consistent with competitive  nitric oxide synthase4@, 43) and phenylalanine hydroxylase
inhibition by LY309887 with &; of approximately 2Q:M. (44).

How Do Folates Affect the Affinity of MTHFR for FAD? Folates may also affect FAD binding indirectly via
Direct measurements &7 for the binding of FAD to theE. conformation changes that are induced by folate binding.
coli enzyme have been precluded by the inability to find Alternate “open” and “closed” conformations are adopted
conditions for reversible resolution and reconstitution of the by the loops L2 (6167) and L4 (118-131), depending on
holoenzyme. Instead, the rates of dissociation of FAD have pH and the presence of ligands. These states have been
been used to estimate the relative affinities for FAD. Several described elsewher2%) and are illustrated in Figure 7. The
folates, including ChtH,folate, dihydrofolate, 5,10-didea- closed conformers of loops L2 and L4 form proteifavin
zafolate (Gly), and CH-Hfolate, protect MTHFR against  hydrogen bonds that cannot occur in the open conforma-
dissociation of FAD and the consequent loss of activi§) ( tions: in the closed form of L2, NH 62 interacts with the
These observations can be explained either by kinetic effectsflavin O2, and in the closed form of L4, NH 120 interacts
in which folates act simply to impede dissociation, or by with O2. The affinity for FAD may therefore be modulated
positive cooperativity between the binding of FAD and the by opening and closing of these loops.
binding of folates. Analysis of the structures of the A177V mutant in the

Structures of the complexes of A177V with LY309887 presence and absence of inhibitor shows that binding of
and of CH-Hsfolate with the E28Q mutant suggest mech- LY309887 at pH 6.5 induces closure of loop L4, which
anisms to account for interaction between FAD binding and moves to allow Asp120 to interact with both the deazapterin
folate binding. One likely contribution to tighter binding of and flavin rings. Comparison of substrate-free MTHFR with
FAD in the presence of folates comes from the stacking of the complex MTHFR (Glu28GInLHs-Hsfolate 25) at pH
the pterin and isoalloxazine rings, which presumably provides 7.4 similarly shows that binding of GHHfolate induces
substantial favorable free energy of interaction. There is closure of the L4 loop. Thus it appears that folates uniformly
ample evidence that stacking interactions are preferred byshift the distribution of L4 conformers toward the closed state
the flavin ring. Free FAD is folded in solutio3¢, 38), and (Table 4).
stacking of the isoalloxazine ring with protein side chains  The effects of LY309887 and CHHifolate on the
(39, 40) and substrates or other ligandd) is very common conformation of L2 are more complicated. In the-A V
in flavoproteins. Stacking interactions of protein-bound pterin mutant at pH 6.5, binding of inhibitor is accompanied by




4816 Biochemistry, Vol. 45, No. 15, 2006

opening of L2. However in structures determined at pH 7.4,
L2 is closed in the presence or absence of;Ekfolate
(Table 4). Thus the equilibria in which conformation changes
are coupled to ligand binding vary with pH, with the open
form of L2 observed only in the inhibitor complex at the
nonphysiological acid pH. At physiological pH, L2 and L4
are simultaneously closed when gHjfolate binds, so that
the protein makes more direct interactions with FAD in the

Pejchal et al.

Perturbations of the FAD binding site that may occur in
the human A222V polymorphism are likely to resemble the
local changes that are observed in the mutant bacterial
enzyme. Conservation of the sequences within the catalytic
domains (Figure 2B) strongly suggests that the human
enzyme employs similar mechanisms to transmit structural
distortions from Val222 to the FAD binding site. Direct
interactions between folates and the flavin ring are also likely

presence of CkHjfolate than in the absence of substrates. to be similar in the bacterial and mammalian enzymes. To

A complete analysis of the energetics of folate binding the extent that these interactions account for the protective
should include contributions from the conformation changes €effects of folate binding, then the present structures of folate
that are induced in loops L2 and L45). For example, complexes also provide good models for the phenomenon
conversion of L2 to the closed conformation unravels the Of protection in mammalian enzymes. However the differ-
start of helix a2 and substitutes an energetically less ences inlength and sequence of the loops L2 and L4 suggest
favorable type Il turn, and the simultaneous closure of L2 that the contributions of loop rearrangements induced by
and L4 requires disordering of residues downstream of folate binding might not be identical in bacterial and human
Pro122 in the L4 loopd5). MTHFRs.

Opening and closing of L4 might also affect the stability ~ In contrast, the mechanisms by which changes at the site
of the Arg118-Glu158 “belt” that surrounds the ribityl side  of mutation affect enzyme oligomerization are expected to
chain of FAD (Figure 2C). The salt bridge between Arg118 be specific for the bacterial enzyme and may not be relevant
and Glul158 must open to release or admit FAD)( The to the human protein. The structure of the dimeric human
functional importance of this bridge is supported by the MTHFR has so far resisted determination by X-ray crystal-

dysfunction of the Arg118GIn mutant . coli (Campbell,

H., unpublished results) and by the devastating effect of the
corresponding R~ Q mutation in humans4g). Although

the populations of the open and closed forms of L4 are
shifted by folate binding, the salt bridge itself is not disrupted

in the Alal77Val structures or in any of the other structures
that we have determined.

Conclusions: Releance of the Bacterial Model for the
Human A222V Polymorphisnin both human ande. coli
MTHFR, the A — V mutation enhances the rate of
dissociation of FAD, and in both enzymes loss of FAD is
linked to changes in quaternary structu2el(9). The present
study reveals local structural perturbations that may account
for weaker binding of FAD by the mutar. coli enzyme.

It also suggests mechanisms by which folate binding can
protect the enzyme against loss of FAD, but it does not
explain how the mutation affects the tetramdimer equi-
librium.

The perturbations in the FAD binding site that are
propagated from the site of the mutation are modest but
reproducible in the structures of the bacterial enzyme;
backbone displacements of similar magnitude occur in all
three chains of both the folate-bound and substrate-free
mutant structures (Table 3). Rearrangement of Asn168, which
breaks an interaction with the adenine phosphate of FAD,
and alters otherFAD interactions in the structures of the
mutant protein, is observed only in the A V mutant.
Twelve independent images of this region in wild type
MTHFR and its complexes with ligands all show Asn168
interacting with the adenine phosphate. To reduce bias that
may arise from fitting a single model to the electron densities
(49), we have examined three independently refined chains
in each of two mutant structures and have sampled four
different wild type structures for comparison with the mutant
(see Materials and Methods).

21n chain C, the L2 loop adopts an alternative conformation that is
stabilized by local crystal packing contacts and not influenced by a
shift in pH or presence of substrate.

lography. Although dimeric mammalian MTHFR is a planar
object with four lobes47) that superficially resembles the
tetrameric enzyme frorg. coli, the domair-domain contacts
are expected to be different from those found in the bacterial
protein.
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