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The C-terminal domain (Ct-FDH) of 10-formyltetrahydrofo-
late dehydrogenase (FDH, ALDH1L1) is an NADP�-dependent
oxidoreductase and a structural and functional homologof alde-
hyde dehydrogenases. Here we report the crystal structures of
several Ct-FDH mutants in which two essential catalytic resi-
dues adjacent to the nicotinamide ring of bound NADP�, Cys-
707 and Glu-673, were replaced separately or simultaneously.
The replacement of the glutamate with an alanine causes irre-
versible binding of the coenzymewithout anynoticeable confor-
mational changes in the vicinity of the nicotinamide ring. Addi-
tional replacement of cysteine 707 with an alanine (E673A/
C707A double mutant) did not affect this irreversible binding
indicating that the lack of the glutamate is solely responsible for
the enhanced interaction between the enzyme and the coen-
zyme. The substitution of the cysteine with an alanine did not
affect binding of NADP� but resulted in the enzyme lacking the
ability to differentiate between the oxidized and reduced coen-
zyme: unlike the wild-type Ct-FDH/NADPH complex, in the
C707A mutant the position of NADPH is identical to the posi-
tion of NADP� with the nicotinamide ring well ordered within
the catalytic center. Thus, whereas the glutamate restricts the
affinity for the coenzyme, the cysteine is the sensor of the coen-
zyme redox state. These conclusions were confirmed by coen-
zyme binding experiments. Our study further suggests that the
binding of the coenzyme is additionally controlled by a long-
range communication between the catalytic center and the
coenzyme-binding domain and points toward an �-helix
involved in the adenine moiety binding as a participant of this
communication.

Enzymes belonging to the family of aldehyde dehydrogenases
(ALDH)3 are involved in conversions of a broad variety of ali-

phatic and aromatic aldehydes to their respective carboxylic
acids (1–3). These enzymes are either dimers or tetramers of
identical subunits (1). Numerous crystal structures showed that
subunits of different ALDHs have very similar fold with each
composed of catalytic, nucleotide binding, and oligomerization
domains (4–10).
Two members of the family, cytosolic ALDH1 and mito-

chondrial ALDH2, are essential components of the pathway
metabolizing ethanol (2, 11). ALDH2 is also involved in medi-
ating the vasodilator activity of nitroglycerine (12). Further-
more, activation of this enzyme correlates with reduced ische-
mic heart damage in rodent models (13). The polymorphism in
the ALDH2 gene found in about 40% of the Asian population
causes decreased tolerance to alcohol in heterozygous and
homozygous individuals (14). This ALDH2 genetic variant,
ALDH2*2, has a lysine instead of a glutamate at position 487
within the oligomerization domain of the tetrameric enzyme.
This substitution induces conformational changes at the sub-
unit interface, which are reflected by structural alterations
within the catalytic center and the coenzyme binding site (5, 15,
16). The final outcome is a strong decrease in the affinity for
NAD� binding and a severely reduced catalytic activity (17).
Recent studies have demonstrated that the activity of the cata-
lytically deficient mutant is restored in the presence of a small
molecule identified by a high-throughput screening (13). One
of the effects of this activator was a significant reduction in the
apparent Km for NAD� (18).
It is generally accepted that theALDH reaction occurs in two

principal steps, acylation and deacylation (Fig. 1) (5, 7, 19–21).
In the first step, the invariant active site cysteine 302 (the num-
bering is according to human ALDH2) conducts a nucleophilic
attack on the carbonyl carbon of the aldehydemolecule to form
a thiohemiacetal intermediate. The hydride ion is then trans-
ferred from an aldehyde to the C4 atom of the nicotinamide
ring of NAD(P)�, which causes a collapse of the thiohemiacetal
to a thioester intermediate. In the second step, an activated
water molecule hydrolyzes the thioester, releasing the product.
It has been suggested that deprotonation of the catalytic cys-
teine prior to the nucleophilic attack on the substrate, a
required step in this mechanism, involves acceptance of a pro-
ton by either glutamate 268 or 399 (5, 7, 20, 22–24). The result-
ing thiolate ion is likely stabilized by the positively charged nic-
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otinamide ring of the coenzyme and/or adjacent main chain
amide groups. It has also been suggested that, in tetrameric
class 1 and 2 ALDHs, the proton abstracted by Glu-268 is shut-
tled to bulk water (10, 25). In addition, Glu-268 is also the most
likely residue activating a water molecule in the deacylation
step of the reaction (5, 7, 10, 23, 26).
A distinct feature of ALDHs is the apparent requirement for

coenzyme flexibility in the process of catalysis (10, 27–29). For
hydride transfer to occur, in the first step of this reaction the C4
atomof the nicotinamide ring has to be in close proximity to the
catalytic cysteine. After the hydride transfer, the reduced nico-
tinamide ring must exit the catalytic site to allow for the acces-
sibility of a water molecule, which hydrolyzes the acyl-sulfur
bond releasing the product. In agreement with thismechanism,
numerous crystal structures of ALDH revealed two common
conformations of the coenzyme, depending on its oxidation
state: the extended (“hydride transfer”) conformation of
NAD(P)�, with the nicotinamide ring positioned close to Cys-
302; and the contracted (“hydrolysis”) conformation of
NAD(P)H, with the nicotinamide ring found outside of the cat-
alytic site or disordered (4, 5, 7, 10, 25, 27, 30). The mechanism
by which ALDHs sense the oxidation state of the bound coen-
zyme and control its conformation is not fully understood.
In humans there are 19 known aldehyde dehydrogenases (2).

One member of the ALDH family, 10-formyltetrahydrofolate
dehydrogenase (FDH, ALDH1L1), is the product of a natural
fusion of three unrelated genes (31). A part of the ALDH1L1
gene encoding for the 500-amino acid residue long C-terminal
domain (Ct-FDH) was derived from an ancestor ALDH gene.
Expressed separately, this domain displays enzymatic and
structural features of canonical class 1 or 2 ALDHs including
the presence of two catalytically essential residues, glutamate
673 and cysteine 707 (corresponding toGlu-268 andCys-302 of

ALDH) (10, 32). Previously solved crystal structures of apo-Ct-
FDH and its complexes with reduced or oxidized coenzyme
indicated interactions between the two catalytic residues and
the nicotinamide ring. Specifically, a reversible rotation of the
glutamate side chain upon NADP� binding and a covalent
bond formation between the cysteine and the C4 atom of nico-
tinamide were observed (10). In the current work, we solved
crystal structures of the E673A, E673A/C707A, E673Q, and
C707A mutants of Ct-FDH and their complexes with NADP�

or NADPH to investigate the role of these catalytic residues in
conformational flexibility of the bound coenzyme and in the
retaining oxidized and discharging reduced coenzyme.

EXPERIMENTAL PROCEDURES

Generation of Mutants—Site-directed mutagenesis was car-
ried out using a QuikChange site-directed mutagenesis kit
(Stratagene) and confirmed by DNA sequencing of the mutant
constructs. The mutant proteins were expressed in Esche-
richia coli and purified as previously described (10).
Crystallization andDataCollection—Crystalswere grownby

the vapor diffusion technique in hanging drops over wells con-
taining 1.4–1.9 M ammonium sulfate and 0.1 M MES, pH 6.4–
6.8, 0.1 M HEPES, pH 7.0, or 0.1 M Tris-HCl, pH 7.5–8.1, as
described previously (10). Crystals of binary complexes of the
E673Q andC707Amutants withNADP� orNADPHwere pro-
duced by soaking protein crystals overnight in a solution con-
taining 0.1 M Tris-HCl, pH 7.5, 5 mM DTT, 5 mM of the corre-
sponding coenzyme, and the concentration of ammonium
sulfate equal to that in the mother liquor. To maintain equiva-
lent conditions, the crystals of apoproteins were soaked in the
same solution containing no coenzymes beforemounting. Prior
to data collection, all crystals were passed through the same
solution containing 27.5% glycerol and flash-frozen in situ at

FIGURE 1. Proposed mechanism of the aldehyde dehydrogenase catalysis. In the active site of an apoALDH, a glutamate (Glu-268 in class 1/2 ALDHs or
Glu-673 in Ct-FDH) is hydrogen bonded to a cysteine (Cys-302 in class 1/2 ALDHs or Cys-707 in Ct-FDH). Binding of NAD(P)� (step 1) results in the rotation of the
glutamate side chain away from the cysteine, which simultaneously loses a proton; in some ALDHs the glutamate might assist in the proton withdrawal.
Negatively charged sulfur of the cysteine forms a transient covalent bond (shown as a gray oval) with the C4 atom of the nicotinamide ring of the coenzyme.
The aldehyde dehydrogenase catalysis includes two phases, acylation (steps 2– 4) and deacylation (steps 5 and 6). In this mechanism, Cys-707 functions as a
catalytic nucleophile, whereas Glu-673 is postulated to activate a water molecule in the deacylation step. The structures studied in this paper are shown in
boxes (they include apoproteins and their complexes with NADP� or NADPH).
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100Kusing anX-StreamCryostream (RigakuMSC). In the case
of the binary complexes, the cryoprotecting solution also con-
tained 5 mM of the corresponding coenzyme.
The data sets were collected on an RAXIS IV�� image plate

detectormounted on a RU-H3R rotating anode x-ray generator
operating at 50 kV and 100 mA (Medical University of South
Carolina) and at a wavelength of 1.0 Å onMAR300 CCD detec-
tor (MAR-USA) at the SER-CAT beamline ID22 at the
Advanced Photon Source (Argonne National Laboratory,
Argonne, IL). All the crystals belong to space groupC2with cell
dimensions a � 258.6, b � 194.8, c � 97.4, and � � 108.8. The
data were processed using HKL2000 (33). The statistics are
shown in Table 1.
Model Building and Refinement—All the structures were

obtained by molecular replacement withMolrep (34) using the
structure of apo-Ct-FDH (PDB code 2O2P) (10) as a search
model. The coenzyme molecules were identified by examining
the �Fo� � �Fc� and 2�Fo� � �Fc� electron densitymaps. Themodels
were refined by alternating rounds of restrained refinement in
REFMAC5 (35) and manual building using O (36) and Coot
(37). Water molecules were introduced using Coot and
inspected manually. During refinement, 5% of the data were
reserved to calculate the free R-factor and this assignment was
maintained for all data sets. In all the structures, unidentified
electron density of varying intensity was observed in the sub-
strate entrance tunnel. In some subunits it could be filled with a
MES molecule at 0.5 occupancy or with a combination of a
glycerol molecule and a water molecule, as in the structures of
wild-type Ct-FDH (10). The refinement statistics are shown in
Table 1. The stereochemistry of the models was verified by
PROCHECK (38) (Table 1). The figures were prepared using
PyMol (www.pymol.org). Coordinates and structure factors
have been deposited in the Protein Data Bank with codes 3RHJ,
3RHL, 3RHM, 3RHO, 3RHP, 3RHQ, and 3RHR for the E673A
mutant incomplexwithco-purifiedNADP�, E673A/C707Adou-
ble mutant in complex with co-purified NADP�, E673Qmutant,
E673Qmutant in complex with NADP�, C707Amutant, C707A
mutant in complexwithNADP�, andC707Amutant in complex
with NADPH, respectively.
Determination of the Oxidation State of the Coenzyme—To

determine the oxidation state of the coenzyme that was co-pu-
rifiedwith E673A andE673A/C707Amutants, a protein sample

was diluted 1:80 with deionized water and concentrated using
an Amicon Ultra centrifugal filter device (Millipore). The pro-
tein was then denatured by addition of NaOH to increase the
pH to 11.5. After a 1-h incubation, the lower molecular weight
components were separated by filtration as described above.
Concentrations of NADP� and NADPH were then estimated
from the absorbance spectra of the filtrates recorded in the
240–380 nm range using extinction coefficients 1.8 � 104 M

cm�1 (NADP� at 260 nm), 1.5 � 104 M cm�1 (NADPH at 260
nm), and 6.22� 103M cm�1 (NADPHat 340 nm). The presence
of NADPH in the filtrate was additionally verified using a fluo-
rescence spectrum excited at 330 nm and recorded from 400 to
550 nm. The protein concentration in the high molecular
weight fraction was estimated by the method of Bradford. The
approximate ratio of the coenzyme molar concentration to the
protein subunit molar concentration was calculated from these
data.
Equilibrium Dialysis—The E673A and E673A/C707A

mutants of Ct-FDH were subjected to 5 consecutive 24-h
rounds of dialysis at 4 °C against either 20 mM Tris-HCl buffer,
pH 7.8, containing 50 mMNaCl, 0.5 mM DTT, and 0.02% NaN3
or 20mMMESbuffer, pH5.6, containing 0.5MNaCl and 0.5mM

DTT, at a protein sample to buffer ratio of 1:500. The sample
was then concentrated and crystallized as described above or
used for the coenzyme binding study.
Coenzyme Binding Study—Wild-type Ct-FDH or mutant

proteins were incubated with increasing concentrations of
NADP� (up to 5 � 10�5 M) or NADPH (up to 6 � 10�5 M) for
1 h at room temperature in 20 mM BisTris propane buffer, pH
7.5, containing 100 mM NaCl and 0.5 mM DTT. Emission fluo-
rescence spectra of proteins were recorded on a Hitachi F-2500
fluorescence spectrophotometer by scanning from 300 to 400
nm with excitation at 295 nm. Changes in NADPH fluores-
cence at 450 nm were recorded upon excitation at 330 nm. Kd
values were determined by non-linear fitting of experimental
data points to equations described under supplemental
materials.

RESULTS

All crystals produced in this study share the same C2 space
group with unit cell dimensions and crystal packing identical to
those of the crystals ofWTCt-FDH (10). Root mean square devi-

TABLE 1
Data collection and refinement statistics

E673A E673A/C707A E673Q apo E673Q NADP� C707A apo C707A NADP� C707A NADPH

Synchrotron (Y/N) Y Y Y Y N N N
Resolution (Å) 1.9 2.0 2.38 2.25 2.5 2.1 2.3
Completeness, % 98.6(89.2)a 96.4(78.8) 96.9(81.2) 99.9(99.9) 98.2(96.7) 95.7(93.4) 99.8(99.8)
Mean I/�I 9.8(1.9) 10.4(2.0) 6.7(1.9) 9.7(5.5) 7.4(2.9) 8.1(2.6) 6.9(2.1)
Redundancy 4.2(2.2) 3.9(1.9) 4.7(2.1) 5.3(4.9) 4.8(4.7) 4.9(4.8) 3.9(3.8)
Rmerge (%) 11.8(49.8) 8.8(36.3) 14.3(47.5) 13.0(54.7) 15.2(43.8) 11.6(60.5) 12.4(60.2)
Rcryst (%) 19.0 17.6 18.4 16.6 22.5 17.3 16.7
Rfree (%) 20.4 19.0 20.7 18.5 25.7 19.1 18.5
Root mean square deviation bond lengths (Å) 0.010 0.008 0.011 0.009 0.011 0.009 0.009
Root mean square deviation bond angles (°) 1.25 1.13 1.29 1.19 1.33 1.15 1.21
Ramachandran plot
Most favored, % 90.6 90.9 89.1 90.7 89.9 90.7 90.6
Additionally allowed, % 8.9 8.7 9.7 8.9 9.5 8.9 9.0
Generously allowed, % 0.2 0.2 0.7 0.2 0.4 0.2 0.2
Disallowed, % 0.2 0.2 0.5 0.2 0.2 0.2 0.2

a The numbers in parentheses refer to the highest resolution shell of the data.
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ations in positions of all C� atoms betweenmutant structures and
WTCt-FDH(PDBcode2O2P)werewithin0.32Å,with theexcep-
tion of the structure of the E673Q mutant in the absence of
NADP�, which showed a rootmean square deviation of 0.62Å. In
each structure, the four subunitsmaintain the same fold, and there
were no large scale structural rearrangements due to introduction
of the mutations or binding of NADP�/NADPH.
Crystal Structure of the E673A Mutant of Ct-FDH Reveals a

Co-purified NADP� Molecule in the Active Site—The structure
of the E673A mutant of Ct-FDH, crystallized without addition
of the coenzyme, was determined at 1.9-Å resolution. The elec-

tron density in the active site of each subunit suggested the
presence of a co-purified NADP� molecule bound in the
extended conformation (Fig. 2A). In contrast, WTCt-FDHwas
crystallized as the apoenzyme in the absence of NADP�/
NADPH (10). After denaturing the protein, the bound coen-
zyme was extracted and identified as NADP� based on the
absorption spectrum (Fig. 2B) and the absence of fluores-
cence at 460 nm upon excitation at 330 nm, typical of
NADPH. NADP� molecules were introduced into the den-
sity and assigned occupancies of 0.75 based on minimizing
the peaks in the �Fo� � �Fc� electron density map (Fig. 2C).

FIGURE 2. NADP� molecule in the E673A mutant structure of Ct-FDH. A, stereoview of the active site region. The �Fo� � �Fc� electron density map of
co-purified NADP� (shown in green) was obtained by refinement in the absence of the coenzyme and contoured at 3 �. The NADP� molecule (shown in stick
mode, gray) from the holo-structure of WT Ct-FDH (PDB code 2O2Q) is displayed for reference. B, the presence of NADP� in the E673A mutant demonstrated
by absorption spectroscopy: solid curve, the absorption spectrum of the purified E673A mutant (the shoulder at 320 nm is a signature of a covalent bond
between Cys-707 and the NC4 atom of NADP�); dotted curve, the absorption spectrum of the low molecular weight component separated after denaturation
of the protein. C, stereoview of a superposition of the active sites of the E673A mutant (colored) and the WT Ct-FDH/NADP� complex (gray). The 2�Fo� � �Fc� (1
�) electron density map of Cys-707, Ala-673, and the coenzyme is shown in blue.
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This occupancy value is in agreement with the spectropho-
tometrically determined NADP� to protein subunit molar
ratio of 0.8 (see “Experimental Procedures”). Soaking the crys-
tals in the presence of NADP� increased the occupancy of the
cofactor to 1.0 (data not shown).
The structure of the active site of the mutant is identical to

that of WT Ct-FDH in complex with NADP� (Fig. 2C). The
coenzyme is bound through a non-classical Rossmann fold
with the pyrophosphate part open to the solvent and the nico-
tinamide moiety buried in a pocket adjacent to the active site,
with no noticeable deviations between positions of amino acid
residues involved in contacts with NADP�. Likewise, confor-
mations of NADP� in the two structures were identical. As we
previously observed in theWTCt-FDH structure (10), two con-
formations of the sulfur atom of the active site cysteine 707
were observed in electron density of the E673A mutant. How-
ever, the C4 atom of the nicotinamide ring apparently forms a
covalent bond with one of these conformers only in subunits B
and D (supplemental Figs. S1 and S2), whereas in the wild-type
protein such covalent bonds were formed in all four subunits.
The covalent adduct with NADP� was confirmed by the pres-
ence of a small but reliably detected absorbance peak at 320 nm
in the spectrum of the E673A mutant (Fig. 2B). We showed
previously that this peak is associated with formation of the
Ct-FDH/NADP� covalent adduct (10).
NADP� IsTrapped in theActive Site of theE673AMutant—We

attempted to remove NADP� from the active site of the E673A
mutantusing extensivedialysis of theprotein sampleprior to crys-
tallization trials.The resulting2.7-Åstructure showed strongelec-
tron density for NADP� in all four subunits (supplemental Fig.
S3A). The presence of bound NADP� was confirmed using the
aforementioned spectrophotometric assay (data not shown). In
another approach, multiple rounds of soaking the E673A crystals
in mother liquor in the absence of the cofactor did not influence
the electron density with respect to NADP�. In contrast, a single
“back-soaking” completely removes the coenzyme from WT Ct-
FDH (10). These results indicate that replacing the catalytic gluta-
mate of Ct-FDH with an alanine traps NADP� in the active site
without inducingnoticeable structural rearrangements of thepro-
tein molecule.

To strip the E673A mutant of NADP� we had to destabilize
the complex by decreasing the pH to 5.6 and increasing the
sodium chloride concentration to 0.5 M. Prolonged dialysis at
this condition resulted in removal of most of the coenzyme as
demonstrated by the corresponding crystal structure solved at
2.0 Å (supplemental Fig. S3B). Of note, a further decrease in pH
resulted in irreversible protein precipitation.
We have previously demonstrated that the E673Amutant of

Ct-FDH has essentially no ALDH activity (10). In agreement
with this finding, soaking the crystals of themutant in the pres-
ence of propanal, a substrate for the Ct-FDH ALDH reaction,
had no noticeable effect on the conformation of either the
active site residues or the coenzyme (data not shown). In con-
trast, the same treatment of WT Ct-FDH in complex with
NADP� altered the positions of both the Glu-673 side chain
and the nicotinamide part of the coenzyme (due to reduction of
the coenzymeupon induction of the enzymatic reaction by pro-
panal) (10).
The E673A/C707A Double Mutant—The structure of the

E673A/C707A double mutant, determined at a 2.0-Å resolu-
tion, is essentially identical to the structure of the E673A
mutant. Examination of the �Fo� � �Fc� and 2�Fo� � �Fc� electron
density maps in the active center revealed the presence of co-
purified cofactor molecules in all four subunits (Fig. 3) at occu-
pancy of 0.8. The bound coenzymewas identified asNADP� by
absorption spectroscopy after extraction from the protein (data
not shown). Despite the absence of the contact with residue
707, the coenzyme in this structure maintains exactly the same
conformation as in the E673A mutant and WT Ct-FDH, as
demonstrated by superimposition of C� atoms of these struc-
tures (Fig. 3). Attempts to remove NADP� from the active site
by dialysis of protein preparations or crystal back-soaking were
not successful: the structure of the mutant still revealed prom-
inent electron density for coenzyme molecules. These results
confirm that the increased affinity of the E673Amutant toward
NADP� was not caused by a stronger covalent bond between
the nicotinamide ring of the coenzyme and Cys-707 (as a pos-
sible result of lacking a glutamate residue at position 673).
The Structures of the E673Q Mutant of Ct-FDH—The active

site of the 2.38-Å apo-structure of the E673Q mutant of Ct-

FIGURE 3. Stereoview of a superposition of the active sites of the E673A/C707A mutant (colored) and the E673A mutant (gray). The 2�Fo� � �Fc� electron
density map of the active site Ala-707 and Ala-673 and co-purified NADP� for the double mutant is shown in blue and contoured at 1 �.
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FDH is substantially different from that of the WT enzyme in
the absence of NADP� (Fig. 4A). Only one conformation of the
sulfur atom of Cys-707, corresponding to SNat1 inWT Ct-FDH
(10), was observed in the electron density map. Similar to Glu-
673, Gln-673 points toward the active site cysteine, but an
apparent rotation around the C� atom places the side chain of
Gln-673 farther fromCys-707 (the distances between the sulfur
atom of Cys-707 and oxygen/nitrogen of the carbamide group
of Gln-673 or oxygens of the carboxyl group of Glu-673 are 4.0
and 4.9 Å versus 3.3 and 3.7 Å, respectively). This results in the
loss of the direct contact between Cys-707 and the side chain of
residue 673, observed in the wild-type protein structure.
The active site of the complex between the E673Q mutant

and NADP� significantly deviates from the active sites of both
the native protein complexed with NADP� and the E673Q
mutant in the absence of NADP�. In this 2.25-Å structure, two
conformations of Cys-707 are clearly seen. Of note, upon bind-
ing of the coenzyme, the side chain of residue 673 is not dis-
placed by the nicotinamide ring (as seen in WT Ct-FDH) but
maintains the position close to Cys-707 typical of the apo-
structure of Ct-FDH (Fig. 4B). The position of the adeninemoi-
ety of NADP� is identical to that observed in the wild-type
protein but electron density clearly indicates two conforma-
tions of the pyrophosphate of the nicotinamide part, each with

0.5 occupancy. Although the overall strong electron density for
NADP� is somewhat distorted in the vicinity of Cys-707, the
positions of the nicotinamide ring and the ribose of one of the
NADP� conformers are well defined. However, these positions
are significantly different fromwhat is observed in the extended
and contracted conformations of the coenzyme in ALDH (Fig.
4B), apparently due to the inability to displace the side chain of
Gln-673 from the active site. The nicotinamide ring and the
ribose of the second conformer of NADP� are not clearly
defined and thus were not modeled. As in WT Ct-FDH, the
coenzyme can be removed from the active site by a single round
of soaking in the mother liquor.
Conformational Changes of Helix G—Helix G (residues 652–

667) of the nucleotide-binding domain, which forms one-half
of a cleft for binding of the adenine part of the coenzyme in
ALDH, displayed a high degree of disorder in all four subunits
of the apo-structure of the E673Qmutant (Fig. 5A): no electron
density was seen for the side chains and some of themain chain
atoms of amino acids of this helix. Therefore, residues 652–667
were built as alanines. The average temperature factor of the
residues in helix G is 87.0 versus 42.8 Å2 for the entire structure.
This is in sharp contrast with the structures ofWTCt-FDH and
other mutants analyzed in this study, which show high-quality
electron density (Fig. 5A) and no increase in temperature fac-

FIGURE 4. Active sites of the E673Q mutant of Ct-FDH. A, a superposition of the active sites of the mutant in the absence of NADP� (colored) and WT Ct-FDH
(gray). The 2�Fo� � �Fc� electron density map of active site cysteine 707 and glutamine 673 of the mutant protein contoured at 1 � is shown in blue. B, stereoview
of the active site of the E673Q mutant in the presence of NADP�. Two conformers of NADP� are shown. The 2�Fo� � �Fc� electron density map of the catalytic
cysteine 707, glutamine 673, and NADP� of the mutant protein contoured at 1 � is shown in blue.
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tors in this region. Interestingly, binding of NADP� to the
E673Qmutant stabilizes helix G, as reflected by strong electron
density in this region, which allows a reliable assignment of
positions of all amino acid side chains (Fig. 5A). Of note, a
superposition of the apo- and holo-structures of the E673Q
mutant revealed no significant conformational differences
except for the altered position of the side chain of Arg-644, a
residue located in a loop adjacent to helix G (Fig. 5B). In WT
Ct-FDH and in the complex of E673QwithNADP�, Arg-644 of
chains A and C forms hydrogen bonds with Glu-831 of chain B
and D, respectively (Fig. 5B). Arg-644 of chains B and D partic-
ipates in symmetrical interactionswithGlu-831 of chainsA and
C. In the coenzyme-free E673Q structure, however, Arg-644
contacts the main chain oxygen atom of Lys-876 of the neigh-
boring subunit (Fig. 5B).
The Structures of the C707A Mutant—Three structures of

the C707A mutant were determined, including the coenzyme-

free form at 2.5-Å resolution, the complex with NADP� at 2.1
Å, and the complex with NADPH at 2.3 Å. The binary com-
plexes were obtained by soaking in the presence of NADP� or
NADPH. Active sites of these structures are virtually identical
to that ofWTCt-FDH. Inspection of the electron density in the
active center of the coenzyme-free structure showed no pres-
ence of NADP� or NADPH. Despite the lack of the contact
with the sulfur atom in the absence of a cysteine residue at
position 707, the side chain of Glu-673 of the mutant occupies
exactly the same position as observed in the apo-structure of
WT Ct-FDH (Fig. 6A).
In the NADP�-bound structure of the C707A mutant, the

coenzyme was found in the extended conformation, with the
nicotinamide ring positioned between Ala-707 and Glu-673
(Fig. 6B). Because of the absence of the restraint imposed by the
covalent bond, the ring is positioned slightly farther from resi-
due 707. This is very similar to the coenzyme position in the

FIGURE 5. Disorder in the nucleotide-binding domain (helix G) of the Ct-FDH E673Q mutant. A, schematic representation of dimer of subunits A and B of
WT Ct-FDH (central panel, helices G are shown in yellow; NADP� is shown in cyan) and stick representations of helices G in the apo- (left panel) and holo-E673Q
(right panel). The 2�Fo� � �Fc� electron density maps (1 �) are shown in blue. B, replacement of the active site glutamate with glutamine leads to disordering of
helix G and an altered position of Arg-644. Schematic/stick representations of helix G and surrounding residues of the E673Q mutant in the absence (left) and
presence (right) of NADP� are shown. The red sphere represents a water molecule (see “Discussion” for details).
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structures of ALDHs lacking the covalent adduct between the
catalytic cysteine and nicotinamide (5, 27). As in the WT
enzyme, the nicotinamide ring of NADP� displaces the side
chain of glutamate 673 away from residue 707 by an apparent
rotation around the C�-C� bond. The back-soaking of crystals
of the C707A mutant in mother liquor in the absence of the
coenzyme resulted in a structure that showed no traces of elec-
tron density corresponding to NADP� (data not shown).
The structure of theC707Amutant in complexwithNADPH

shows a high degree of similarity to the NADP�-bound struc-
ture (Fig. 6C). An unusual feature of this structure, however, is

a well ordered nicotinamide moiety of NADPH in the same
(extended) conformation as observed in the complex with
NADP�. This is in striking contrast with WT Ct-FDH where
this part of NADPH is completely disordered (10). Of note,
based on the overall analysis of the conformation of NADPH
bound to WT Ct-FDH, we previously suggested that this
coenzyme is bound in the extended conformation (10), and
the structure of the C707Amutant now gives direct evidence
for this conclusion. Thus, the extended conformation of
NADPHwith a disordered nicotinamide ring observed in the
complex with WT Ct-FDH is a functional analog of the con-

FIGURE 6. Stereoview of the active site of the apo-Ct-FDH C707A mutant (A) and its complexes with NADP� (B) or NADPH (C). The 2�Fo� � �Fc� electron
density maps of the active site alanine 707, glutamate 673, and NADP�/NADPH contoured at 1 � are shown in blue. Panel A also shows the superimposed active
site of WT Ct-FDH (gray).
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tracted conformation of the reduced coenzyme in canonical
ALDHs.
Determination of Equilibrium Dissociation Constants—Kd

values for NADP� were determined based on quenching of
tryptophan fluorescence upon binding of the coenzyme (39).
The candidate tryptophan residues in the structure of Ct-FDH
with bound NADP� (PDB code 2O2Q) are Trp-573 located
about 4 Å from the pyrophosphate group of the coenzyme and
Trp-582 located about 8 Å from the nicotinamide ring. In our
experiments, protein fluorescence was decreased by up to 40%
for wild-type andmutant Ct-FDH upon NADP� addition (data
not shown). In agreement with the fact that the coenzyme was
bound irreversibly to the E673Amutant at physiological pH, we
observed a strong decrease inKd forNADP� binding indicating
an about 100-fold increase in the affinity (Fig. 7A). Mutation of
the glutamate to a glutamine also resulted in a decrease inKd in
about 3-fold (Fig. 7A). In contrast, the replacement of Cys-707
with an alanine has increased Kd about 10-fold (Fig. 7A).

The above method cannot be used to measure Kd values for
NADPH binding due to the fluorescence resonance energy
transfer from tryptophan residues toNADPH (data not shown).
Instead, changes in NADPH fluorescence at 450 nmweremon-
itored after excitation at 330 nm (binding to Ct-FDH leads to
dequenching ofNADPH fluorescence) (39). These experiments
demonstrated that replacement of Cys-707 with an alanine
decreases Kd for NADPH about 5-fold (Fig. 7B).

DISCUSSION

Catalytic Glutamate Is Critical forMobility andCorrect Posi-
tioning of Coenzyme—Several studies have suggested that the
invariant catalytic glutamate of ALDHs (Glu-268 in class 1 and
2 enzymes) participates in both acylation and deacylation
stages of the ALDH catalysis (5, 7, 23, 25). Specifically, it has
been proposed that in the first step it deprotonates the catalytic
cysteine prior to nucleophilic attack on the substrate, whereas
in the second step it activates a water molecule to facilitate the
hydrolysis of the acyl-enzyme intermediate. In agreement with
this mechanism, we have previously shown that the conserved
glutamate of Ct-FDH (Glu-673) is an essential catalytic residue
(10). In the present studywe demonstrate that, in addition to its
role in catalysis, Glu-673 of Ct-FDH defines the positioning of
the nicotinamide moiety of NADP� in the active center as well
as prevents excessively tight binding of the coenzyme.
Replacement of glutamate with an alanine traps NADP� in

the extended conformation within the binding pocket, result-
ing in a coenzyme-protein complex that is essentially irrevers-
ible at physiological conditions. Indeed, the apparentKd for the
mutantwas in a lownanomolar range, a 100-fold decrease com-
pared with the wild-type protein. The tighter binding of the
coenzyme could potentially result from conformational
changes or misfolding induced by the mutation. However, the
two crystal structures harboring the E673A mutation (E673A
mutant and E673A/C707A double mutant) do not show any
detectable conformational deviations from WT Ct-FDH and
display the conformations of NADP� indistinguishable from
that in the wild-type protein. Another possible explanation for
the enhanced coenzyme binding in the E673Amutant could be
the inability to reverse the transient covalent bond between
Cys-707 and the C4 atom of the nicotinamide ring demon-
strated inWTCt-FDH (10). The structure of the E673A/C707A
double mutant, which cannot form a covalent bond with the
coenzyme, ruled out this possibility: this mutant also irrevers-
ibly binds NADP�, indicating that the transient covalent bond
does not play a role in this enhanced binding of the coenzyme.
Therefore, we propose that enabling of coenzyme flexibility is
an intrinsic role of Glu-673.
In the crystal structure of the E673Qmutant in complexwith

NADP�, the glutamine is not displaced by the nicotinamide
ring of the coenzyme and maintains contacts with the catalytic
cysteine. This arrangement prevents binding of NADP� in the
extended conformation (because Gln-673 blocks the entrance
to the catalytic center) but allows binding of the coenzyme in a
new conformation that is similar to the canonical contracted
conformation in that the nicotinamide ring lies outside of the
active site (Fig. 4B). A significant increase in affinity of NADP�

binding (about 3-fold) was observed for the complex between

FIGURE 7. Equilibrium binding of NADP� (A) or NADPH (B) to wild-type
Ct-FDH and its mutants. Insets show Kd values calculated from these exper-
iments. All measurements were done in duplicates. Non-linear curve fitting
was performed using Origin 8 (OriginLab). Closed circles, wild-type Ct-FDH;
open squares, C707A; open circles, E673A; closed squares, E673Q.
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the coenzyme and E673Qmutant.We speculate that thismight
be a result of enhanced interactions between the coenzyme and
helix G (see below for a more detailed discussion). This com-
plex, however, should be catalytically inactive because attaining
the position of the nicotinamide ring close to the sulfur atom
of the catalytic cysteine is an essential requirement for the
hydride transfer in the ALDH reaction (5, 27, 28). These results
suggest that the conserved glutamate controls the binding of
the coenzyme within the catalytic center.
Of note, replacement of the corresponding conserved gluta-

mate in nonphosphorylating glyceraldehyde-3-phosphate
dehydrogenase from Streptococcus mutans did not enhance
NAD�binding but trapped the covalent thioacyl-enzyme inter-
mediate (40). Thus, it is not clear at present whether the newly
discovered function of the glutamate is a common phenome-
non in ALDH enzymes or it is a unique feature of Ct-FDH.
However, because Ct-FDH ismore closely related to class 1 and
2 ALDH, it would be plausible to suggest that replacement of
the glutamate in somemembers of these two classes produces a
similar effect on the coenzyme binding.
Active Site Cysteine Distinguishes between Oxidized and

Reduced Forms of Coenzyme—Although numerous studies
have demonstrated that oxidized and reduced forms of the
coenzyme are bound to ALDHs in distinct conformations (5, 7,
10, 27–29), the mechanism of recognition of NAD(P)� versus
NAD(P)H remains unclear. In our study, in the structures of the
binary complexes of the C707A mutant of Ct-FDH with
NADP� or NADPH, the coenzymes were bound in the same
(extended) conformation with the nicotinamide moieties
clearly present in the active site, which is typically observed only
for NAD(P)� (Fig. 6, B and C). Of note, the binding constants
for NADP� and NADPH were significantly different between
the mutant and wild-type protein: the affinity for NADPH was
increased and the affinity for NADP� was simultaneously
decreased in the mutant (Fig. 7). Although the enhanced
NADPH binding could be explained by a better accommoda-
tion of the nicotinamide ring within the active center (as com-
pared with the disordered ring in the wild-type protein), the
drop in NADP� affinity is apparently a result of the absence in
themutant of the transient covalent bond between the cysteine
and C4 atom of the nicotinamide ring observed in the wild type
protein (10).
Overall, the C707A mutant demonstrates very similar affin-

ity for NADP� and NADPH, which is in agreement with the
fact that both coenzymes occupy the same position in this pro-
tein, and is in sharp contrast with the wild-type enzyme prop-
erties. Thus, replacement of the catalytic cysteine with an ala-
nine results in loss of the ability to discriminate between the
oxidized and the reduced coenzymes, indicating that this resi-
due is important to prevent the nicotinamide of NADPH from
entering the active site. Apparently, the thiol of the cysteine
experiences a steric clashwith the reduced nicotinamide ring of
NADPH forcing the ring out of the active site. This is likely to
constitute the mechanism of the coenzyme elimination from
the catalytic center after the reaction. Of note, the C302S
mutant of ALDH2 has been shown to correctly position NAD�

(extended conformation) and NADH (contracted conforma-
tion) (27) that indicates the importance of a nucleophile in the

catalytic center to differentiate between oxidized and reduced
forms of the coenzyme.
Activation of the Catalytic Cysteine—It was postulated that

the catalytic cysteine is deprotonated in the initial phase of the
ALDH catalysis (23). In the case of class 1 and 2 ALDHs, the
likely candidate to abstract a proton from Cys-302 is Glu-268
(5, 10, 20, 22). The glutamate then shuttles the proton to bulk
water before participating in the deacylation step of the reac-
tion (10, 25). Crystal structures of wild type Ct-FDH in complex
with NADP� gave further support of the cysteine deprotona-
tion: the covalent bond between its sulfur atom and the nico-
tinamide ring, predicted based on quantummechanical/molec-
ular mechanical simulations in ALDH2 (41, 42) and directly
observed in our structure, is possible only upon the loss of a
proton from the sulfhydryl group (10). Based on the postulated
mechanism, we proposed that the glutamate acts as the proton
acceptor. If this is true, the substitution of the glutamatewith an
alanine should prevent deprotonation of the cysteine.However,
the present study indicates a covalent bond between the sulfur
atom of the cysteine and the C4 atom of the nicotinamide ring
in two out of four subunits of the E673A mutant. Thus, in Ct-
FDH the catalytic cysteine can be activated in the absence of
glutamate 673, presumably through stabilization of a thiolate
by the positive charge of either the nicotinamide ring of
NADP� or the main chain amides of surrounding residues, as
suggested earlier (5). Regardless, Glu-673 undoubtedly facili-
tates formation of the thiolate. We propose that these two acti-
vation mechanisms are involved simultaneously to accelerate
the deprotonation of the catalytic cysteine.
Communication between the Active Center and the Nucle-

otide-binding Domain—Numerous studies of ALDHs showed
that the adenine moiety of the coenzyme is largely responsible
for binding, whereas the nicotinamide ring and the adjacent
ribose make just a few contacts with the protein (5, 7, 8, 10, 27).
Our data suggest that Glu-673 plays a critical role in the accom-
modation of the coenzyme within the Ct-FDHmolecule. How-
ever, rather than providing additional binding contacts, the glu-
tamate plays the role of a restrictor by preventing tighter
binding of the coenzyme. Indeed, the replacement of this resi-
due with either alanine or glutamine strongly increases binding
affinity. It is unlikely that the mechanism for this phenomenon
is a direct repulsion because the interactions ofGlu-673 and the
carboxyamide group of the nicotinamide ring are limited to
only two potential hydrogen bonds (10). Instead our studies
point toward a different mechanism that involves communica-
tion between the catalytic and nucleotide-binding domains. In
support of this view, introducing a glutamine residue in place of
catalytic Glu-673 of Ct-FDH induces a prominent conforma-
tional disorder in helix G, which forms one-half of the site for
binding of the adenine part of the coenzyme (Fig. 5). Of note, a
disorder in the adenine-binding site was described earlier in the
“asian variant” (E487K) mutant (15, 16) or the R475Q mutant
(43) of human ALDH2. These two residues participate in inter-
subunit interactions to stabilize the dimer interface. In the case
of Ct-FDH, aminorGlu/Gln alteration in residue 673 located in
the catalytic domain propagates to the nucleotide-binding
domain of the same subunit indicating communication
between these domains (Fig. 5). Therefore, we hypothesize that
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the exceptionally strong binding of NADP� in Ct-FDHwith an
alanine instead of a glutamate at position 673may be a result of
the distant enhancement of interactions with the adenine moi-
ety of NADP�. Although we do not observe significant alter-
ations between the native and the mutant structures, such an
enhancement may result from minor movements of the sec-
ondary structure elements forming the nucleotide-binding
domain.
Interestingly, the E673Q mutation also alters the inter-sub-

unit contacts within the dimer that forms theCt-FDH tetramer.
In particular, Arg-644 hydrogen bonded to Glu-831 of the
neighboring subunit inWTCt-FDHdisplaces a watermolecule
to contact the main chain oxygen atom of Lys-876 instead (Fig.
5B). Of note, Arg-644 is located about 20 Å from the active
center. Curiously, in a recent paper,Gonzáles-Segura and coau-
thors (25) suggested that this “crystallographic water”molecule
bound at the C terminus of helix G could be a potassium atom.
Located in the inter-subunit interface, this atom seems to be
critical for maintaining the tetrameric state of Pseudomonas
aeruginosa betaine ALDH (44). The authors proposed that
binding of a stabilizing potassium or sodium atom at this posi-
tion could be a general feature of ALDH.Whether the “signals”
from the active site that we have demonstrated here may influ-
ence the stability of the tetramer of Ct-FDH will await experi-
mental verification.
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