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ABSTRACT. 10-Formyltetrahydrofolate dehydrogenase (FDH) catalyzes an NAI2Bendent dehydrogenase
reaction resulting in conversion of 10-formyltetrahydrofolate to tetrahydrofolate and 0@ reaction

is a result of the concerted action of two catalytic domains of FDH, the amino-terminal hydrolase domain
and the carboxyl-terminal aldehyde dehydrogenase domain. In addition to participation in the overall
FDH mechanism, the C-terminal domain is capable of NABIBpendent oxidation of short chain aldehydes

to their corresponding acids. We have determined the crystal structure of the C-terminal domain of FDH
and its complexes with oxidized and reduced forms of NADP. Compared to other members of the ALDH
family, FDH demonstrates a hew mode of binding of thglosphate group of NADP via a water-
mediated contact with GIn600 that may contribute to the specificity of the enzyme for NADP over NAD.
The structures also suggest how Glu673 can act as a general base in both acylation and deacylation steps
of the reaction. In the apo structure, the general base Glu673 is positioned optimally for proton abstraction
from the sulfur atom of Cys707. Upon binding of NADRhe side chain of Glu673 is displaced from the
active site by the nicotinamide ring and contacts a chain of highly ordered water molecules that may
represent a pathway for translocation of the abstracted proton from Glu673 to the solvent. When reduced,
the nicotinamide ring of NADP is displaced from the active site, restoring the contact between Cys707
and Glu673 and allowing the latter to activate the hydrolytic water molecule in deacylation.

10-Formyltetrahydrofolate dehydrogenase (FDHEC (5); storage of cellular folates as THB, (7); and participation
1.5.1.6) catalyzes NADRdependent conversion of 10- in formate oxidation §, 9). Recent studies have also
formyltetrahydrofolate (10-fTHF) to tetrahydrofolate (THF) implicated FDH in the regulation of cellular methylation
and CQ (1), a reaction that appears to be important in the reactions in human neuroblastoma cell§)(

pathway forde nao purine biosynthesisX( 3). While FDH The reaction catalyzed by FDH is a combination of two
is abundant in several tissues, its levels are ubiquitously low ynrelated reactions, executed by the functional domains of
in tumors @) and expression of the enzyme in FDH-deficient the protein: a hydrolase reaction that occurs in the N-terminal
cancer cells strongly suppresses proliferation and inducesgomain and an aldehyde dehydrogenase (ALDH) reaction
apoptosisZ, 4). Itis therefore likely that cancer cells down-  that resides in the C-terminal domain. When expressed
regulate FDH to support a higher rate @ nao purine individually, each domain is capable of independent catalysis
biosynthesis. Other functions proposed for FDH include (11—13). Our previous studies suggest that the 10-fTHF
removal of excess one-carbon groups from the folate pool dehydrogenase reaction is composed of three steps: (i)
hydrolysis of the folate substrate and release of the formyl
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mean square deviation. and, by its sequence and substrate specificity, this domain
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of FDH is most similar to class 1 and class 2 ALDHs. EXPERIMENTAL PROCEDURES
Mammalian class 1 and class 2 ALDHs are tetrameric
cytosolic or mitochondrial enzymes with variable substrate
specificities, but all manifest a strong_preference_ for NAD corresponding to amino acid residues397 was deleted
as a coenzymel{). The ALDH domain of FDH is also o the pRSET vector containing cDNA for full-length
organized as a tetramet, 18), and the full-length enzyme  £pp inserted through thEcoRI site (33). For this purpose,
is cytosolic (). In contrast with the class 1 and class 2 g unique restriction sitesSnal and Hpal, were intro-
enzymes, however, FDH utilizes NADP, with specificity for  qyced, the first immediately downstream of the sequence
NAD being 1000-fold lower 12). encoding for the His tag, and the second upstream of the
The postulated mechanism of ALDH catalysis comprises sequence encoding for amino acid 398. This was achieved
two steps, acylation and deacylation, with a covalent by site-directed mutagenesis using the QuikChange kit
intermediate 19—21). Crystal structures of ALDHs have (Stratagene) and the following primers:

revealed the close proximity of the two catalytic residues, _,
cysteine 302 and glutamate 268 (in class 1 and 2 enzymes)5 -CATCATCATCATACGTATGGCTAGCATG-3 and

within the active site Z2—25). In acylation, Glu268 is 5.CATGCTAGCCATACGTATGATGATGATG-3
postulated to be the general base that abstracts a proton from (SnaBl site)
Cys302, activating the latter for nucleophilic attack on the

carbonyl carbon of the substrat23( 25, 26). Although, in and

coenzyme-bound structures of ALDH enzymes, the side _,

chain of Glu268 is too far away to deprotonate the sulfhydryl S-CCTAGTGAGGAAGTTAACAGGGGAGG

group of Cys302 directlyA3, 25), it has been proposed that ACGAC-3 and
either (i) a water molecule positioned between the two 5-GTCGTCCTCCCCTGTTAACTTCCTCACTAGG3
catalytic residues can help in abstracting a proton or (ii) (Hpal site)
repositioning of the two residues during catalysis brings them

closer to each other2@). Others, however, have argued The sequence between the two restriction sites was excised
against a role for Glu268 in acylation. Specifically, a With Snal/Hpa endonucleases, and the plasmid was
downward shift in the |, attributed to the cysteine nucleo- religated through blunt ends. The resulting expression vector
phile in nonphosphorylating glyceraldehyde 3-phosphate enc_oded residues 39892 of fu_II-Iength FDH and included
dehydrogenase (GAPN) from 8.5 to 6.1, which was observed @ His tag at the N-terminus with flanking spacers (ArgGly-
upon binding coenzyme, was taken as evidence that Glu268>€" and ThrThrGly) (Figure 1A). This protein construct is
is not required for acylatior2{). By contrast, it is generally called .G'FDH’ and the amino acid sequence is numbered
accepted that Glu268 acts as a general base in deacylatioﬁ‘ccord'ng to fuII-Iepgth FDH. e

by activating a water molecule during hydrolysis of the Protedm_ Eé(prﬁss_lo# andI_Pu_rlflcait;]orCt-FDH was gx-
thioester bond3d3, 26—28). Assuming a dual role in acylation (Fj)slseslgpecljn fosrctheenl(il-lcirr%(i)nleﬁstljr:)?nair? O?aFrgeﬁg)rgiece;;es
and deacylation, it remains unclear, however, how the

d tonated f FGIU ted orior to d lati that, to increase the yield of the soluble recombinant protein,
eprotonated form ot GIUIs regenerated prior to deacylation. oy ression was performed at 22. The protein was purified

Crystal structures have also revealed highly variable from the soluble cell fraction in a single step using Ni-NTA
binding of the nicotinamide portion of the coenzyn22 chromatography (GE-Healthcare).
24, 28, 29). While in several structures this part of the  Site-Directed Mutagenesi€707S and E673A mutants of
coenzyme is disordere@4, 30, 31), two distinct conforma- C-FDH were produced using the QuikChange site-directed
tions of the coenzyme, each with a well-ordered nicotinamide mutagenesis kit (Stratagene). These were confirmed by DNA
ring, have also been observeth( 28, 32). In the so-called sequencing, and the mutant proteins were expressed and
hydride transfer (or extended) conformation, the nicotinamide purified as described for&DH. The correct folding of the
ring lies in close proximity to the active site cysteir 8| mutants was confirmed by circular dichroism spectroscopy
25), whereas in the hydrolysis (or contracted) conformation, (E673A) and X-ray crystallography (C707S) (data not
the nicotinamide ring has moved away from the active site Shown).

allowing a water molecule to access the thioester carbon of Assay of ALDH Actiity. The ALDH activity of the E673A
the acyl-enzyme intermediateg, 32). mutant of GFDH was measured by following the increase

in absorbance at 340 nm as a result of formation of NADPH.

Here, we report the crystal structure of the ALDH domain The standard assay contained 0.22 E673A mutant, 100
of FDH, including its two complexes with oxidized and «M NADP*, and 10 mM propanal in 0.1 M Tris, pH 8.4.

reduced NADP. Curiously, the complex with NADRP-  The reaction was initiated by the addition of propanal. Al
pears to show a covalent bond between the cysteine nucleomeasurements were done atZsusing Shimadzu 2401PC
phile (Cys707) and C4 of the nicotinamide ring whose double beam spectrophotometer.

existence is also supported by mutational and spectroscopic - Crystallization and Data CollectiorPrior to crystallization
studies. We interpret these structures to propose a mechanisritials, the protein was concentrated to 8 mg/mL in 20 mM
of ALDH catalysis that invokes a direct role for Glu268 in  Tris-HCI, pH 8.1, using Amicon microconcentrators (Mil-
both acylation and deacylation and suggests a proton relaylipore). Dithiothreitol and Nahwere added to the protein
mechanism for regeneration of the basic form of Glu673 after samples to final concentrations of 6 mM and 0.02% (w/v),
acylation. respectively.

Vector ConstructionTo generate the construct for expres-
sion of the ALDH domain of FDH, the fragment of cDNA
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Ficure 1: The crystal structure of &&DH. (A) Ribbon diagram of the €DH tetramer in which the four subunits are colored differently.

NADP* molecules are represented in stick form and colored red. The N-terminal residues (Val405) are denoted as N. (B) Sequence alignment
of C-FDH (upper sequence) vs human mitochondrial ALDH (lower sequence). The secondary structure elemeribarfe shown as

arrows (3-strands) and barsithelices). (C) Ribbon representation of one subunit@FBH in which the NADP-binding domain is colored

blue, the catalytic domain is yellow, and the oligomerization domain is green. The sfidnasd(0 are colored light pink. The secondary
structure elements are labeled. An NADRolecule with a M&" atom (red sphere) is shown bound to the NADP-binding domain. The

figure was prepared using MOLSCRIP®4j, Raster3D §5) (A, C), and SecSeq (xray.imsb.au.dkfeb/secseq) (B).

Crystals in the absence of coenzyme were grown by the An initial data set extending to 2.8 A resolution was
vapor diffusion technique in hanging drops over wells collected from an NADP-bound crystal of @FDH on an
containing 1.4-1.5 M ammonium sulfate and 0.1 M Tris- RAXIS IV** image plate detector mounted on a RU-H3R
HCI, pH 7.0-7.5. These appeared after 3 to 7 days rotating anode X-ray generator operating at 50 kV and 100
incubation at 153C and reached maximal size in two weeks. mA. The crystals belong to space grol2; with cell
Crystals of NADP-bound G-FDH were obtained by over-  dimensionsa = 259.5 A,b = 194.4 A,c = 97.3 A, andp
night soaking crystals of the native enzyme in mother liquor = 108.9. There is one tetramer per asymmetric uBi)(
containing 5-10 mM NADP' and 10 mM MgC}. Crystals Subsequent data sets were collected at a wavelength of 1.0
of the NADPH-bound complex were obtained by overnight A on a MAR300 CCD detector (MAR-USA) at the SER-
soaking in mother liquor containing 10 mM NADPH. Prior CAT beamline ID22 at the Advanced Photon Source (APS,
to data collection, all crystals were passed through mother Argonne National Laboratory, Argonne, IL). These data were
liquor containing 22-25% glycerol and then flash-frozém processed using HKL200B%), and the statistics are shown
situat 100 K using an X-Stream Cryostream (Rigaku MSC). in Table 1.



2920 Biochemistry, Vol. 46, No. 11, 2007

Table 1: Data Collection and Refinement Statistics

NADP* NADPH
native complex complex
resolution (A) 50.6-1.7 50.0-2.0  50.6-2.1%
(1.76-1.70) (2.072.00) (2.23-2.15)
completeness % 97.5(95.8) 97.3(85.3) 99.2(98.4)
meanl/ol 10.1 (2.5) 5.8 (1.7) 12.4(3.7)
redundancy 5.1(4.8) 4.8(3.1) 5.4(5.1)
Rinerge(%) 8.5(55.8) 13.6 (65.2) 9.9 (50.6)
no. of water molecules 1795 1848 786
Reryst (%) 17.4 16.9 18.1
Riree (%) 18.8 19.0 20.2
rmsd bond lengths (A) 0.011 0.012 0.013
rmsd bond angles) 1.26 1.29 1.38
Ramachandran plot:
% residues in
most favored regions 91.1 90.3 90.6
additionally allowed regions 8.5 9.3 9.0
generously allowed regions 0.2 0.2 0.2
disallowed regions 0.2 0.2 0.2

a2 The figures in parentheses refer to the highest resolution shell of
the data® This structure was refined at 2.2 A resolution.

Model Building and Refinemerithe 2.8 A data collected
from the crystal of the NADP-bound enzyme were used to

Tsybovsky et al.

The protein comprises four identical subunits related by
noncrystallographic 222 point group symmetry and is ar-
ranged as a dimer of dimers (Figure 143( 28, 29). All

the subunits maintain the same general structure, although
the positions of some side chains vary among individual
subunits. The overall structure of-EDH shares the general
fold of ALDH of class 1 and 2 23, 28). The subunit
comprises three domains (Figure 1C): an N-terminal NADP-
binding domain (residues 46%39, 564-675, and 867
893), a catalytic domain (residues 67835), and an
oligomerization domain (residues 54863 and 894-902).

The NADP-binding and catalytic domains a@f in
structure, whereas the oligomerization domain contains a
three-stranded antiparallgtsheet.

The structure can be superimposed onto that of sheep liver
ALDH (PDB code 1BXS) 28) and human mitochondrial
ALDH (PDB code 1000) 82) with rmsd between 474 £
atoms of 0.98 A and 1.36 A, respectively (Figure 2B), which
is somewhat higher than the typical values obtained within
the ALDH1 and 2 familiesZ8). Compared to other ALDH
enzymes, the highest divergence in structure occurs at the
N-terminal region of the molecule (Figure 2A). While in most

solve the structure by molecular replacement using MOLREP ALDH enzymes the first 7 to 20 amino-terminal residues

(36). The search model used was the structure of retinal
dehydrogenase |l frorRattus novegicus(24) (PDB entry
1BI9), which shares 49.4% sequence identity with-OH.

The initial model was refined by CNS37) and thereafter
by alternating rounds of REFMACS3®) and manual revision
using O @9). NADP™ molecules were identified by exami-
nation of the|Fo| — |F¢| and 2F¢| — |Fc| electron density
maps. The structures of nativg-EDH, the NADPH-bound
complex, and the final structure of the NAD®ound
complex were obtained by refinement of the initial NADP

are either not seen in the structure because of conformational
disorder or adopt irregular loop structure, residues-440e3
and 416-420 of G-FDH form two antiparallels-strands,
denoted ag-1 andf0 (Figure 1B), which pack againeB,
andoE (Figure 2A). These regions differ because, in full-
length FDH, the intermediate domain precedes the C-terminal
domain whereas other ALDH enzymes comprise only the
ALDH domain. After GIn423, the main chain of€DH
closely follows that of ALDH1 and ALDHZ2.

The location of the N termini of @DH suggests that

bound structure against the respective synchrotron data usinghe intermediate domain and, before that, the N-terminal

REFMACS. Based on minimizing peaks of positive and
negative density in thg=o| — |F¢| difference density maps,

ydrolase domain are located at the vertices of the tetramer
(Figure 1A). This arrangement, however, does not resolve

the Coenzyme molecules were assigned an occupancy of oghe queStion of whether there is a direct interaction between

in all structures. Similarly, the side chain of Glu673, one of

the hydrolase and the ALDH domains of FDH, via intra-

the residues involved in the catalytic reaction, was assignedsubunit or intersubunit interactions. The apparent positioning

an occupancy of 0:60.8, depending on the subunit. Solvent
molecules were introduced using ARP/wWARRQY and
inspected manually. During all steps of the refinement, 5%
of the data were reserved to calculate the fRefactor and

of the hydrolase domain beyond the tetramer, though, is
consistent with the monomeric state of this domain when
expressed separately3).

Active Site.The active site of EFDH is situated at the

this assignment was maintained for all data sets. The bottom of an approximately 12 A deep substrate entrance

refinement statistics are shown in Table 1.

For all three structures, the final models contain residues

405-902; the N-terminal histidine tag and residues 398
404 cannot be seen due to apparent conformational flexibility.

The models possess good stereochemistry, as defined b

PROCHECK 41) (Table 1). The only residue found in the

disallowed region of the Ramachandran plot is Leu884,
which is located inside the hydrophobic core of the protein
and exhibits well-defined electron density. Coordinates and

structure factors have been deposited in the Protein Data

Bank with codes 202P, 202Q, and 202R for the native
structure, the binary complex with NADPand the binary
complex with NADPH, respectively.

RESULTS

Structure of the Apoenzymghe structure of €FDH in

tunnel located between the coenzyme-binding and the
catalytic domains of the protein. The amino acid composition
of the tunnel is closer to that of ALDH1, which is known to
be more specific toward larger substrates than most ALDH2
embers 24, 28). The general arrangement of residues

m
X/vithin the active site itself is similar to that observed in the

ALDH family, including the cysteine nucleophile, Cys707
(23, 28) (Figure 3A). The only amino acid difference in the
active site occurs at position 706, wherg RDH has an
asparagine instead of a conserved cysteine present in
structures of ALDH1 and 2.

Interestingly, when the &DH structures were refined
with a single conformation for the side chain of Cys707, a
peak of negative electron density was observed consistently
in the |Fo| — |Fc¢| difference map at the current position of
the sulfur atom, as well as a positive peak situated at a
distance of 1.8 A from the Catom of the cysteine. Hence,

the absence of coenzyme was determined at 1.7 A resolutionan alternative conformation of the &tom was modeled and
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Ficure 2: Comparison of the N-terminal region of-EDH with human mitochondrial ALDH (PDB code 1000). (A) In this stereoview,
C-FDH in ribbon representation, which is colored blue, is superimposed onto human mitochondrial ALDH, which is colored gray. Secondary
structure elements of «FDH are labeled. (B) A stereoview of the superimposition of the overall folds@f0E (blue) vs human
mitochondrial ALDH (magenta) in which both main chains are shownasdces. The figure was prepared using MOLSCRIB2) énd
Raster3D §5).

refined with occupancy of 0.5 in all structures. We denote respectively (Figure 3A), and is unlikely to have any direct

these two conformations of the sulfur atom &8"nd 322 effect on catalysis in FDH.
Two conformations of the equivalent cysteine were also  E673A MutantTo examine the role of Glu673 in catalysis,
observed in the structure of ALDH frof. coli (31). we mutated this residue to Ala in-EDH and tested its

Additional electron density next to the sulfhydryl group ALDH activity using propanal as a substrate. In contrast to
of Cys707 in the ¥ position suggests that this group may native G-FDH, no NADPH formation was detected at 340
be oxidized. We have also detected similar modifications in nm, indicating an inactive enzyme (data not shown).
several other structures of ALDH (see Supporting Informa- However, if Cys707 could be activated without Glu673 (i.e.,
tion). It is well-established that the active site cysteine of Glu673 is involved in deacylation only), as argued elsewhere
glyceraldehyde 3-phosphate dehydrogenase can be oxidized21, 27), then the mutant enzyme should produce a burst of
to sulfenic, sulfinic, and sulfonic derivatived) and that 1 mol of NADPH per 1 mol of @FDH subunit before being
such oxidation accompanies a loss of dehydrogenase activityblocked at the deacylation step. To test this, the concentration
and increase in acylphosphatase activit§)( The density of the E673A mutant of @FDH in the described assay was
suggests that a sulfenic derivative of Cys707 is present inincreased to 4.4%M and the absorbance spectrum was
C-FDH. This modification appears to be reversible because recorded 2 min after addition of propanal. No corresponding
the same apo &-DH crystals were used in soaking experi- formation of NAPDH could be detected under these condi-
ments to give the NADPbound structure, which does not tions (Figure 4). These data are consistent with a major role
show a similar modification. for Glu673 in acylation.

The side chain of Glu673 points directly toward Cys707, = NADP"-Bound StructureThe structure of EFDH in
and its carboxylate oxygens are within 3.3 A and 3.7 A of complex with NADP was determined at 2.0 A resolution.
SMatl and 922 respectively (Figure 3A). This close proximity  All C, atoms of this structure could be superimposed onto
between the glutamate and cysteine was also observedhose of native @FDH with an rmsd of 0.23 A, and there
previously in the crystal structure of human ALDH25] were no large-scale rearrangements of the protein structure
and is consistent with the role of Glu673 as a general basedue to binding of this cofactor in any of the four subunits.
in deprotonation of Cys707 (in the absence of NADRs As in other ALDH enzymes22, 23), the coenzyme molecule
suggested for human ALDH26). The only other glutamate is bound through a nonclassical Rossmann fold. The adenine
in this region, Glu804, whose equivalent has been suggestedart is bound in a cleft bordered by helices andaG with
to be the thiol-activating general base in ALDHZX2( 44), thef strands37, 10, andf11 at the base (see Figure 1C).
is located 5.1 A and 6.6 A away fromN® and Q%at, The pyrophosphate part of NADRs relatively open to the
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Ficure 3: The active site region of the native, NAD#®ound and NADPH-bound crystal structures ¢fRDH. In these stereoviews, the

two conformations of the sulfur atom of Cys707 are denoted ad'@(SVAPPL and QAPPHL) gnd 2 (a2, NADPZ gnd QAPPH2) and are

colored green. Water molecules are shown as blue spheres. (A) The active site of the native protein. The potential hydrogen bonds involving
the sulfur atom of Cys707 are shown as dashed lines. (B) The active site of the binary complex with .N&ABR ovalent link is shown

between the sulfur atom of¥8P2 and the C4 atom of the nicotinamide ring. Selected hydrogen bonds involving the carboxyamide group

of the nicotinamide ring are shown as dashed lines. (C) The active site of the binary complex with NADPH. The nicotinamide moiety of
the coenzyme was disordered and is not shown. Potential hydrogen bonds of the sulfur atom of Cys707 are shown as dashed lines. The
figure was prepared using MOLSCRIP®4] and Raster3DgDb).

solvent, while the ribose of the nicotinamide moiety and the 1 and 2 ALDH enzymes is substituted with GIn600 ig C
nicotinamide ring itself are buried in a pocket that approaches FDH. Compared to Glul95, the side chain of GIn600 has
the active site from a direction opposite to the substrate moved away from the coenzyme (by apparent rotation around
entrance tunnel. The electron density maps show a singlethe G atom) to create the space necessary for the 2
well-defined conformation for the NADPmolecule with the phosphate (Figure 5A). The side chain nitrogen of GIn600
nicotinamide moiety in the hydride transfer (or extended) forms a hydrogen bond with a tightly bound water molecule
conformation (see Supporting Information). Based on the (B-factor 22.6 &) that, in turn, is bound to a'shosphate
electron density, a Mg atom has been modeled into the oxygen of NADP. Other notable differences in this region
structure between the oxygens of the adenine and nicotina-include a serine at position 629 compared to a Tyr224
mide phosphates of the pyrophosphate link, where it is (ALDH1) or Phe224 (ALDH2) and a valine at position 601
commonly found in other ALDH enzyme83%). instead of a glutamine. Both of these changes, involving the
The structure of EFDH is significantly different from replacement of larger groups with smaller ones, may help
those of ALDH1 and 2 in the region where the protein accommodate the altered position of GIn600.
contacts the 2phosphate group of NADP (Figure 5). An The comparison with binding region for thézhosphate
invariant Glu195 residue that forms a hydrogen bond with group in NADP-specific ALDHs45, 46) is intriguing. Those
the 2-hydroxyl oxygen of the adenine ribose of NAD in class enzymes have a threonine or serine residue in place of
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Ficure 4: Verification of the role of Glu673 in acylation.
Absorbance spectra of the Glu673Ala mutant ¢fFOH in the
reaction mixture before propanal was added (solid line) and 2 min
after the addition of the substrate (dashed line). The protein
concentration is 4.4aM. The dash-and-dotted line represents the
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the carboxyamide oxygen forms a hydrogen bond with a
water molecule, which in turn is hydrogen-bonded to Asp883
and Thr649.

As in the native structure, two conformations are observed
for the sulfur atom of Cys707, termed“SP! and $'APP2,
but, interestingly, one of these Y&P?) appears to be
covalently linked to the C4 atom of the nicotinamide ring
(Figure 3B). The existence of the covalent bond was
confirmed by a series of crystallographic refinements that
established the distance between the two atoms to be
approximately 1.6 A (Figure 7, see Supporting Information
for details). Furthermore, the distorted nature of the electron
density of the nicotinamide ring suggests a deviation from
planarity that might be a result of the covalent bond to
Cys707 due to the altered geometry at C4. This conclusion
is also supported by the planarity of the same group in a 2.3
A resolution crystal structure of a C707S mutant ¢FDH
(data not shown). Additional evidence for a covalent adduct
with NADP* came from absorption spectroscopy experi-

expected spectrum if the mutant enzyme was able to produce 1ments: appearance of a peak at 3640 nm was observed

mol of NADPH per 1 mol of protein subunit (the spectrum was
obtained as a sum of the first curve and the spectrum of AV.8
NADPH). At this protein concentration, a residual level of aldehyde

dehydrogenase activity could be detected after several hours of

incubation (data not shown).

GIn600 in G-FDH (Figure 5C). At first sight, this would

upon addition of NADP to apo G-FDH (see Supporting
Information).

Back soaking of a NADP-soaked crystal in mother liquor
in the absence of coenzyme resulted in a crystal structure
that showed no traces of the nicotinamide part of NADP
in the electron density, indicating that the covalent bond is
reversible. Further evidence for the transient nature of the

appear to be quite different from the binding mode observed coyalent bond comes from soaking experiments in the
in C-FDH, but, upon closer examination, the water molecule presence of NADP (10 mM) and propanal (100 mM), either
that bridges between the side chain of GIn600 and one of simyltaneously or stepwise. These structures showed no

the 2-phosphate oxygens overlaps quite closely with the
hydroxyl group of the threonine (or serine) in NADP-specific

substrate in the active site, while the electron density for
the cofactor was identical to that of NADPH.

ALDHSs. Hence, in both cases, the phosphate is oriented by NADPH-Bound StructureThe structure of GFDH in

the same number and arrangement of hydrogen bonds, an

it appears that the binding modes are in fact quite similar.
The major differences between the native and the NADP

bound structures are observed in the active site. In the

NADP*-bound structure, an apparent rotation about the C
Cs bond has moved the side chain of Glu673 away from

Cys707 and the intervening space is now occupied by the

nicotinamide ring (Figure 3B). In this structure, the side chain
of Glu673 contacts a group of highly ordered water

molecules located in a narrow channel that protrudes to the
protein surface (Figure 6). The channel is situated at the

intersubunit interface and is roughly perpendicular to the

cJ:omplex with NADPH was determined to 2.2 A resolution.

The protein fold of this structure shows a high degree of
similarity to the NADP-bound structure with an rmsd of
0.14 A between all Gatoms. The major difference between
the NADPH- and NADP-bound structures is in the respec-
tive positions of the nicotinamide moiety of the cofactor and
the side chain of Glu673 (Figure 3C). As judged from the
position of the nicotinamide phosphate, the reduced cofactor
still occupies the hydride transfer (extended) conformation,
but electron density corresponding to the nicotinamide ring
of NADPH and the neighboring ribose is not visible (Figure
S1B in Supporting Information), presumably due to disorder.

substrate entrance tunnel. The water molecules, together WithThis has also been observed in other ALDH enzyn®8}. (

carbonyls of Gly881 and Gly874, comprise a continuous |
chain of hydrogen bonding interactions and may represent a
pathway for translocation of the proton abstracted by Glu673

from Cys707 to the solvent. A sulfate ion (from the mother
liquor) is hydrogen bonded to two of the water molecules
constituting the chain.

The nicotinamide ring of the cofactor is involved in several
contacts with the protein (Figure 3B). Binding of NADP
induces a 180flip of the carbonyl of Leu674 to become
hydrogen-bonded to the carboxyamide nitrogen of the
nicotinamide ring. This change in configuration was con-
firmed by |Fo| — |Fc| electron density maps calculated after
crystallographic refinements in which Leu674 and Gly675
were excluded from the model. Both atoms of the carboxy-
amide group of NADP are within hydrogen-bonding
distance of one of Glu673 side chain oxygens. In addition,

n the absence of the nicotinamide within the catalytic center,
he side chain of Glu673 now occupies a position close to
Cys707 in essentially the same manner as in the structure of
the apoenzyme. The carbonyl of Leu674 is also the same as
that of apo GFDH, and two conformations are observed
for Cys707 (though position 1 is slightly rotated with respect
to that of the apoenzyme).

DISCUSSION

Coenzyme SpecificityDespite the high sequence and
structural similarity with NAD-specific ALDH1 and ALDHZ2,
C-FDH demonstrates a strong preference for NADR).(
To date, two structures of NADP-specific ALDH have been
solved: GAPN fronStreptococcus mutarfg5) and ALDH
from Vibrio harvei (46). In these structures, a threonine/
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R209 R209
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Ficure 5: Molecular recognition of the'zphosphate of NADP in Ct-FDH. (A) A stereoview of the '2phosphate binding region of
NADPT in the crystal structure of @DH. All potential hydrogen bonding interactions between the enzyme and the phosphate are shown
as dashed lines. Note how a water molecule (blue sphere) is positioned between the side chain amide nitrogen of GIn6paa@suhat2

oxygen of NADF. (B) A stereoview of the equivalent region in the structure of human mitochondrial ALDH (PDB code 1000), which is
NAD specific. (C) A stereoview of the'sphosphate binding region of NADPin the structure of GAPN fron8. mutangPDB code

2EUH). Although GIn600 of Ct-FDH is represented by Thr180 in this structure, note the overall similarity of the hydrogen bonding interactions
involving the 2-phosphate. In all structures, only the adenine part of the coenzyme is shown. The figure was prepared using MOLSCRIPT
(64) and Raster3DgDb).

serine (in place of Glul195 in ALDH1 and 2) helps orient it involves different amino acids, the mechanism of recogni-
the 2-phosphate of NADP via its side chain hydroxyl as tion at the physicochemical level is actually more similar
well as its main chain amide (Figure 5C). This led to the than it initially appears and in evolutionary terms might be
suggestion that a threonine or a serine at this position is considered a convergent event.

unique for NADP-specific ALDH enzymes and is the Coenzyme MobilityA hallmark of the ALDH family of
primary determinant for coenzyme specificiggs( 46). By enzymes is the unusual orientation of the NAD coenzyme
containing GIn600 in place of a threonine/sering;FOH within the Rossmann fold compared to other NAD-binding
demonstrates a different mode for accommodating the 2 proteins 22, 23). It has been suggested that the unusual
phosphate. Despite this difference, though, the main chainbinding mode of the coenzyme, in which the pyrophosphates
amide contact with the phosphate is retained#+DBH and, form relatively weak contacts with the enzyme, permits the
intriguingly, the hydroxyl-mediated contact of Thr/Ser is transition between the hydride transfer and hydrolysis
mimicked by a water molecule that bridges between the GIn positions of the nicotinamide ring during the reacti@8)(
side chain and the phosphate (Figure 5A). Hence, althoughin support of this, the hydride transfer position has been
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Ficure 6: The putative proton translocation network ofKDH. In this stereoview, water molecules are shown as blue spheres. The
residues that belong to subunit A are colored gray; those that belong to subunit B are colored yellow. Only the nicotinamide ring'of NADP
is shown. The figure was prepared using MOLSCRIBY) @nd Raster3DgY).

FiGure 7: An apparent covalent bond between Cys707 and the nicotinamide ring in the crystal structyfeDdf @ complex with
NADP*. Stereoview of unbiased electron density that shows the covalent link betweenatwrSof Cys707 and the C4 atom of NADP

set against the final model in which the length of the bond is 1.6 A. Shown in green and contoureis @& positive Fo| — |F¢| electron
density map that was obtained after a refinement in which the occupancies of all atoms of Cys707 andw&®Bet to zero. Colored
blue and contoured at 4 is the positive|Fo| — |Fc| electron density map obtained after a refinement in which the occupancies of only
SNAPPZ gand C4 atoms were set to zero. The figure was prepared using PyMOL (www.pymol.sourceforge.net).

observed in ALDH2 when oxidized coenzyme is bound and forms of the coenzyme. Although binding of NAD®vithin
the hydrolysis position when the coenzyme is redu@a)l. ( the active site of GFDH does not cause a significant
Flexibility of the coenzyme, correlated with enzymatic rearrangement of the active site residues, the position of
activity, has also been detected in ALDH2 using NMR and Glu673 is markedly different. In the structure of the
fluorescence spectroscopies). Our structures of €FDH apoenzyme, the carboxylate group of Glu673 is within
show a similar pattern. The nicotinamide moiety is well hydrogen bonding distance of the sulfydryl of Cys707
ordered when coenzyme occupies the hydride transferwhereas, in the complex with NADR this side chain has
position in the complex of @DH with NADP' but is rotated away from the cysteine and is now hydrogen bonded
apparently disordered in the complex with NADPH (we to the amide group of the nicotinamide. TheRDH structure
propose this to be analogous to the hydrolysis position). shows how the proton, abstracted by Glu673, can be released
Similar disorder of the nicotinamide ring was also observed from the catalytic center to the milieu. A continuous network
in the crystal structure of the YdcW ALDH frof&. coliin of water molecules and main chain carbonyl groups, all
complex with NADH @1), and in the structures of ALDH1  within hydrogen bonding distance of each other, leads from
(28), ALDH2 (23), and GAPN fromThermoproteus tenax the side chain of the glutamate to the protein surface (Figure
(48). Although these latter structures were complexes with 6) and could be the path for removal of the proton. Such a
NAD(P)", catalysis occurring within the crystals using trace proton shuttling network has also been seen in other enzymes;
aldehydes present in the crystallization solutions may havefor example, carbonic anhydrasg0( 51).
caused increased flexibility of the coenzyme as it became Interestingly, in the complex with NADPH, in which the
reduced 82). In fact, we observe this phenomenon directly nicotinamide moiety of the coenzyme is disordered and lies
in C-FDH because, when crystals of the enzyme in complex outside of the catalytic center, Glu673 occupies the same
with NADP* are soaked in buffer containing an aldehyde position as in the apo enzyme and the contact with Cys707
substrate of FDH, propanal, the nicotinamide ring is not seen s restored. These structural data are consistent with the idea
in the resulting structure, suggesting that it has become of a concerted motion of the glutamate and the nicotinamide
reduced and has shifted to the hydrolysis position (data notoccurring during catalysis, as has been suggested for ALDH1
shown). (28). When NADF binds, the nicotinamide occupies the
Concerted Motion of Glu673 and Coenzyrike reaction hydride transfer position, which causes the displacement of
catalyzed by ALDHs is believed to commence with binding the side chain of Glu673 away from the active center and
of the oxidized coenzyme followed by the binding of thus breaks the contact between Cys707 and Glu673. When
substrate 49). Comparison of the threeEDH structures  the coenzyme is reduced, however, the nicotinamide moves
presented here provides a snapshot of how the active site iaway from the active center, allowing Glu673 to rotate back
rearranged as a result of coenzyme binding and how it is in and restore its contact with Cys707. Most pertinently, these
altered during the transition between oxidized and reducedstructures show that, prior to catalysis, in the absence of
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Ficure 8: Modeling of aldehyde substrate into the active site @FBH. In this stereoview, a molecule of propanal (colored in magenta)
is modeled into the active site of-€DH, with bound NADP, as the thiohemiacetal intermediate. Dashed lines represent hydrogen bonds.
The figure was prepared using MOLSCRIPa4) and Raster3Dgp).
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Ficure 9: Proposed mechanism of the aldehyde dehydrogenase reaction catalyzed by FDH (see text for details). The gray boxes illustrate
the arrangement of catalytic residues, Cys707 and Glu673, and the nicotinamide ring observed in the crystal strydtlnd of e apo
and NADP-bound forms.

cofactor, Glu673 is well placed to abstract a proton from conformations of the active site cysteine sulfur and the C4
Cys707 and therefore probably plays a major role in atom of the nicotinamide ring of NADP The deviation from
acylation. This conclusion is supported by the mutation of planarity of the nicotinamide ring may be caused by partial
Glu673 to an alanine, which results in a virtually inactive tetrahedral geometry at C4. Furthermore, absorption spec-
enzyme, including the absence of a burst of NADPH troscopy indicated a small but measurable absorption band
production at the onset of the reaction. A similar lack of at around 320 nm after addition of NADRo C-FDH (see
NADH formation was observed in human ALDH2 when the Supporting Information), which is characteristic of adducts
equivalent Glu268 was substituted with glutamine, aspartate,observed between NAD(P) and various sulfhydryl com-
and lysine 26). It should be taken into consideration, pounds $3). Similar interactions between nucleophilic
however, that our mutagenesis studies do not exclude thegroups and the nicotinamide ring of NAD/NADP have also
role of Glu673 in hydride transfer, where it may position been observed in other enzymes. In horse liver ADH, the
the nicotinamide ring through the hydrogen bond with its N2 atom of pyrazole forms a partial covalent bond with C4
carboxamide moiety. Overall, our structural, mutational, and of NAD* (54). A covalent adduct detected in the structure
spectroscopic studies support a major role of Glu673 in of DrosophilaADH between G of 3-pentanone and the C4
acylation in G-FDH, in contrast to other studies that have atom of NAD" renders the enzyme inactivB5). A similar
argued against the role of the glutamate in acylatidn ( bond was observed between dihydroxyacetone phosphate and
52). The restored close proximity of Glu673 to Cys707 when C4 of NAD" in GAPDH from Leishmania mexicanb6).
the coenzyme is in the hydrolysis position is also consistent The presence of two apparent conformations for Cys707
with this residue playing a role in deacylation, which has (each modeled at 50% occupancy) in the complex ef C
been postulated previousIg3, 27, 28). FDH with NADP" suggests that not all the NADP
Apparent Cealent Bond between Cys707 and Coenzyme. molecules in the crystal are covalently bound to the cysteine.
A series of crystallographic refinements indicates the pres- In the second position, the sulfur is 2.6 A away from C4.
ence of a covalent bond in-EDH between one of the two  We interpret this as equilibrium between two states: one
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with a covalent linkage between C4 and the cysteine sulfur, (as suggested by their close proximity in the apo structure),
and one with a longer range electrostatic interaction, with and subsequently moves away upon coenzyme binding,
the positive charge at C4 and the negative charge on thenucleophilic attack on the substrate produces an oxyanion
sulfur (a sulfide anion). in the thiohemiacetal intermediate rather than a hydroxyl.
An important issue raised by the covalent adduct is An oxyanion has also been proposed in the reaction scheme
whether such a species is a part of the catalytic mechanismof other ALDH enzymesZ1, 23, 60). An alternative view
of C-FDH. Although it is difficult to envisage how the that derives from molecular modeling simulations in rat
aldehyde substrate can react with the cysteine covalentlyALDH3 invokes a concerted proton transfer from the main
bound to NADP, it could react with the thiolate of the chain amide of Cys243 to the carbonyl oxygen of the
dissociated state. A transient covalent bond might, therefore,intermediate, resulting in a protonated thiohemiaceia). (
help maintain the cysteine in an activated state after the sideln Ci-FDH, however, formation of the oxyanion is considered
chain of Glu673 has been displaced from the active site or more probable because this would dispense with the require-
act as a holding mechanism for retention and correct ment for a base to abstract the proton from the thiohemiacetal
orientation of the coenzyme in the hydride transfer position upon transition to the thioester intermediate, which correlates
prior to substrate binding. On the other hand, the covalent with the absence of a suitable residue to perform this role.
adduct could simply represent an artifact that results from In the structure modeled with propanal, the nearest residue
the nucleophilicity of the thiolate and the partial positive to the putative oxyanion is Asn706, which is unlikely to act
charge at C4 of NADP, which falls apart upon the substrate as a base (Figure 8). Moreover, the side chain amide of
binding. Interestingly, we detected a similar covalent bond Asn706 and main chain amide of Cys707 appear well placed
between Cys297 (the equivalent of Cys707 ¢FOH) and to form an oxyanion hole that stabilizes the negative charge
NADP* in the crystal structure of GAPN frof. tenax(48) of the oxyanion. This environment for the substrate is
(see Supporting Information). This suggests that similar distinctly different from that observed in GAPDH, the
covalent bonds may also occur in other members of the textbook example for catalysis of pyridine nucleotide-
ALDH family. In this regard, “half-of-the-site” reactivity of ~ dependent aldehyde oxidation, where a histidine is believed
some ALDH 67—-59) could be explained in the context of to function as a base by abstracting the proton from the
a covalent bond between enzyme and coenzyme. Equilibriumthiohemiacetal §2, 63).
between covalent and noncovalent states of NAD&ach
with approximately 50% occupancy, could result in only half ACKNOWLEDGMENT
of the active sites being active at a specific time point.
Overall MechanismTo illustrate catalytic reaction of€
FDH, a propanal molecule covalently bound to Cys707 was
modeled into the structure of the binary complex with
NADP (Figure 8). In this structure, the oxygen atom of the
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substrate is held by the side chain amide group of Asn706 also collected at Southeast Regional Collaborative Access

and the main chain amide of Cys707. The rest of the substrater, . (SER-CAT) 22-ID beamline at the Advanced Photon
molecule is surrounded by essentially hydrophobic residues,Source Argonne National Laboratory

such as 1le708, Leu834, Phe872, Trp582, Met578, and
Met579. SUPPORTING INFORMATION AVAILABLE

Based on this model and our structural data, we propose
a mechanism of catalysis in which Glu673 abstracts a proton Description of (i) electron density for NADP and
from Cys707 to produce a thiolate and then, upon binding NADPH complexed with €FDH (Figure S1); (i) possible
of NADP*, is displaced and loses this proton to solvent via chemical modification of the active site cysteine in ALDHs;
the network of ordered water molecules (Figure 9). After (iii) verification of the presence of a covalent bond between
the binding of substrate, the thiolate attacks the carbonyl Cys707 of GFDH and the C4 atom of NADR (iv) possible
carbon of the aldehyde to form a thiohemiacetal intermediate. covalent bond in the structure of the allosteric nonphosphor-
Transfer of the aldehyde hydride to C4 of the nicotinamide Ylating GAPDH from T. tenax and (v) evidence of the
ring converts the thiohemiacetal to a thioester intermediate. presence of a covalent bond in the structure of the binary
At this stage, the reduced coenzyme leaves the active sitecomplex with NADP obtained by absorption spectroscopy.
(to become disordered or to occupy the hydrolysis position) This material is available free of charge via the Internet at
and is replaced by a water molecule that is held in place by http:/pubs.acs.org.
Glu673. The glutamate, now acting as a base for the second
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