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ABSTRACT: L-Aspartate oxidase (Laspo) catalyzes

the conversion-A$p to iminoaspartate, the first

step in the de novo biosynthesis of NADThis bacterial pathway represents a potential drug target since

it is absent in mammals. The Laspo R386L mutant was crystallized in the FAD-bound catalytically
competent form and its three-dimensional structure determined at 2.5 A resolution in both the native state
and in complex with succinate. Comparison of the R386L holoprotein with the wild-type apoenzyme

[Mattevi, A., Tedeschi, G., Bacchella, L., Coda, A.,

Negri, A., and Ronchi, S. (1888xture 7 745-

756] reveals that cofactor incorporation leads to the ordering of two polypeptide segments (residues 44

53 and 104-141) and to a 27rotation of the capping

domain. This motion results in the formation of the

active site cavity, located at the interface between the capping domain and the FAD-binding domain. The
structure of the succinate complex indicates that the cavity surface is decorated by two clusters of H-bond
donors that anchor the ligand carboxylates. Moreover, Glu121, which is strictly conserved among Laspo
sequences, is positioned to interact with th&sp o-amino group. The architecture of the active site of

the Laspo holoenzyme is remarkably similar to that of respiratory fumarate reductases, providing strong
evidence for a common mechanism of catalysis in Laspo and flavoproteins of the succinate dehydrogenase/
fumarate reductase family. This implies that Laspo is mechanistically distinct from other flavin-dependent
amino acid oxidases, such as the prototypizaimino acid oxidase.

Bacteria are able to synthesize NADisingL-Asp and
dihydroxyacetone phosphate as precursbxslhis pathway

is absent in mammals and represents an attractive target for

drug design studies. The first step in prokaryotic NAD
biosynthesis is carried out hyaspartate oxidase (Laspb),
which catalyzes the conversion ofAsp to iminoaspartate
(Figure 1) @). In the course of this reaction, the essential
FAD cofactor oxidizes the substrate and is subsequently
reoxidized by molecular oxygen to produce hydrogen
peroxide. The enzyme is also able to utilize fumarate as an
electron acceptor, yielding succinate. The ability to use both
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Ficure 1: Scheme of the reaction catalyzed by Laspo. The enzyme
is able to use as electron acceptors for FAD reoxidation both
molecular oxygen and fumarate. The reaction product is represented
in the amine form.

oxygen and fumarate in cofactor reoxidation is physiologi-
cally relevant in that it enables Laspo to be functional under
both aerobic and anaerobic conditiords 4).

Laspo is member of the succinate dehydrogenase/fumarate
reductase family of flavoproteins5{7) which includes
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flavocytochromec; (FC3) a_nd the flavoprotein subunit of Table 1: Data Collection and Refinement Statistics
the membrane-bound succinate dehydrogenase and fumarate
reductase (FRD). These oxidoreductases share several func-

cocrystallized

tional properties, all acting on dicarboxylic substrates. — with succinate native
However, Laspo is unique in that it is unable to oxidize g%zoclgt;glfp) 34?212 P24'15212
succinate. The low{216 mV) redox potential of the Laspo-  cell dimensions andc (&) 72.54,309.12  73.28,313.93
bound FAD cofactor is thought to represent a thermodynamic no. of crystals 2 1
barrier that prevents succinate oxidatia). ( no. of observations 100758 68503

Alignment of the amino acid sequences of members of NO: Of unique reflections 22099 26873

. . completeness (%) 94.3 (91.9) 96.1 (96.4)

the succinate dehydrogenase/fumarate reductase family re- Reym (%)2° 11.6 (37.7) 10.7 (37.3)
veals considerable homology withi30% sequence identity. no. of protein atoms 4150 4150
The recent determination of the crystal structures of two ho. of waters 21 25
membrane-bound FRD$,(8), FC3 @) and Laspo %), has 28' 8; I'i:é*a'?“?t;’t’(‘:;s 583 53
highlighted their clear structural homology. In all these g _ ‘(o). 23.2 24.8
enzymes, the FAD cofactor is bound to a FAD-binding R 28.1 295
domain, exhibiting the Rossmann fold topology. The active rmsd for bond lengths (&) ~ 0.025 0.022
center is lined with several strictly conserved amino acids, 'Msd forbond angles (dey) 2.5 2.6
. . e . Ramachandran analysis
including threg Arg and two His side chains. o _ most favored (%) 84 82

The recombinant wild-type Laspo froescherichia coli additionally allowed (%) 16 18
was crystallized in the apo fornd) The structure revealed aThe values for the highest-resolution shell are in parenthétgs

the overall architecture of the protein, although the absence= 3,5li(h) — I(h)I/Sh3ili(h), wherel;(h) andl(h) are theith and mean
of the cofactor prevented the analysis of the enzyme in a measurements of reflectidn respectively® R-factor= 3 u||Fol — |/
catalytically active conformation. All attempts to crystallize 2o, WhereF, andF. are the observed and calculated structure factors
the wild-type protein in the holo form were unsuccessful. of reflectionh, respectively® The rmsdsefrom the ideal values were

. . . . - calculated with the program Refmat5]. © Calculated with Procheck
The R386L mutant, in which an active site Arg is replaced (17).
with Leu (10), turned out to be amenable to crystallization
in the active FAD-bound state, producing a new crystal form. France) using a MarCCD detector. Before data collection,
The resulting holoenzyme structure reveals the basis of thecrystals were washed for a few seconds in a cryoprotectant
substrate specificity and provides strong evidence for the solution consisting of 100 mM Hepes/KOH (pH 7.5), 100
notion that Laspo functions through a mechanism that is mM sodium citrate (pH 7.5), 10% (v/v) 2-propanol, 20%
distinct from that of other flavin-dependent amino acid (v/v) glycerol, and, when required, 10 mM sodium succinate.
oxidases. Even if data were measured at 100 K, the data collection

experiments were severely hampered by the very high level
EXPERIMENTAL PROCEDURES of radiation damage exhibited by the crystals. Data process-
Materials. Sodium citrate, sodium succinate, glycerol, ing and reduction were carried out using MOSFLM)(and

2-propanolN-(2-hydroxyethyl)piperazin&¥-2-ethanesulfon- ~ programs of the CCP4 suitd2). The crystals belong to
ic acid (Hepes), tris(hydroxymethyl)aminomethane (Tris), space groupP4,2;2 with one Laspo monomer in the
sodium dodecyl sulfate, 2-mercaptoethanol, phenylmethane-asymmetric unit and the following unit cell parametees:
sulfonyl fluoride, and soybean trypsin inhibitor were from = b = 72 A andc = 310 A. Complete data sets were
Sigma. Trypsin was from Boehringer Mannheim (Mannheim, measured to 2.5 A resolution using one crystal of the native

Germany). protein and to 2.6 A from two crystals of the succinate
Crystallization and Data CollectionThe R386L mutant ~ complex. Data collection statistics are reported in Table 1.
of E. coli Laspo was purified as described previousl@)( Structure Solution and Refinemeithe structure of the

Attempts to crystallize the mutant by means of the protocol R386L Laspo mutant was determined by molecular replace-
employed for the wild-type proteirb) failed. A screening ment using the program Amoré3) and the native data set.
of conditions using commercially available kits (Hampton Various search models were tested. A clear solution was
Research) led to the discovery that yellow regularly shaped obtained using a “modified” wild-type apoenzyme model
bipyramidal crystals could be obtained using 2-propanol as (PDB entry 1CHU). This was constructed by moving the
the precipitant. Refinement of these conditions resulted in capping domain into the same orientation observed in the
an optimized protocol for crystallization of the R386L Shewanella fridigimarinad=C3 structure §). The correctly
mutant. Crystals were obtained by the vapor diffusion method oriented and translated model was subjected to rigid body
at 22°C. The well solutions consisted of 100 mM Hepes/ refinement. The resulting electron density map clearly
KOH (pH 7.5), 100 mM sodium citrate (pH 7.5), anet8% indicated the presence of bound FAD and of an ordered
(v/v) 2-propanol. Hanging drops were formed by mixing conformation for stretches of the polypeptide chain that are
equal volumes of 50 mg/mL protein in 50 mM Hepes/KOH disordered in the apoenzyme. Model building was carried
(pH 8.0) and well solutions. Crystals appeared after a few out with the program O14). The model was refined using
days and reached a maximum size of 0.1 mr.1 mm x the maximum likelihood refinement program Refmac version
0.2 mm. They were also obtained in the presence of 10 mM 5 (15). All measured data (n@ cutoff) were employed.
sodium succinate. Attempts to crystallize the wild-type Ordered water molecules were automatically added using Arp
protein following this protocol were unsuccessful. (16). The refined native atomic coordinates provided the
Diffraction data were measured at beamline ID14-EH2 of starting model for the refinement of the succinate complex,
the European Synchrotron Radiation Facility (Grenoble, using the same methodology that was employed for the native



3020 Biochemistry, Vol. 41, No. 9, 2002 Bossi et al.

structure. The set of reflections fd#.. calculation was
identical to that of the native structure refinement. The quality
of the stereochemical parameters was evaluated with the
program Procheckl{). A summary of refinement statistics
is presented in Table 1.

Analysis and inspection of the three-dimensional structures
were carried out with O14) and programs of the CCP4

package 12). Cavities were calculated with the program YN i,

Voidoo (18) using a probe radius of 1.4 A. Cutoff distances 5 W % { /*‘/Ir):,,
of 4.0 and 3.4 A were used for van der Waals contacts and <34 ﬂiﬁ'ﬂﬂ‘%‘@":}“ﬁ
H-bonds, respectively. Figures were generated with Ligplot \\'f‘wg;',‘\‘,‘,l

(19), Molscript 20), and BobscriptZ1).

Limited Proteolysis of the R386L Mutarithe R386L
mutant was incubated in 50 mM Hepes/KOH (pH 8.0) in
the presence of 10% (w/v) sequence-grade trypsin. FAD (1
mM) was included in the incubation mixture. At different
times, aliquots (8:g) were diluted 3-fold in 125 mM Tris-
HCI (pH 6.8), 4% (w/v) sodium dodecyl sulfate, 1.42 mM
2-mercaptoethanol, 2 mM phenylmethanesulfonyl fluoride, ;.4 succinate. The map was computed withweighted coef-

and soybean trypsin inhibitor (10/1, w/w with respect to ficients using the final model and contoured at the lgvel.
protease). Samples were immediately incubated at°@0  Produced with Bobscript2(l).

for 5—10 min and subjected to SDFAGE electrophoretic
analysis 22). Gels were stained for protein content with
Coomassie Blue R-250. Densitometric measurements of the Cani
stained gels were taken at 630 nm with a Bio-Rad model qappang
GS-700 laser densitometer interfaced with a Hewlett-Packard
computer. N-Terminal sequencing was performed on poly-
vinylidene difluoride electrotransferred samples using an
automated protein sequencer (model 477A, Applied Biosys-
tems, Foster City, CA).

Wl

RESULTS

Overall Structure and FAD BindingCrystals of the R386L
mutant ofE. coli Laspo grew under different conditions and
displayed different symmetry with respect to the wild-type
apoenzyme. The mutant was crystallized using 2-propanol
as the precipitant. The bright yellow color of the R386L
crystals indicated the presence of bound FAD in the
crystalline protein. Crystals were grown in both the presence
and absence of succinate, a reaction product when fumarate Heli
; . elical
is the electron acceptor (Figure 1). The structure was  domain
determined by molecular replacement using the wild-type
model (PDB entry 1CHU). The atomic coordinates for the
succinate complex were refined to a fiffactor of 23.2%

(Riree = 28.1%) at 2.6 A resolution, while coordinates of the

native protein were refined to a finRfactor of 24.8% Rirce

= 29.5%) at 2.5 A resolution (Table 1). In both structures, Figure3: Structure of. coliLaspo in the FAD-bound holo form.
the FAD cofactor is well-defined by the electron density map The FAD-binding domain is in red, the C-terminal domain in green,
(Figure 2). The native and succinate-containing structuresand the capping domain in cyan. The N-terminal and C-terminal

are virtually identical in both overall conformation and active @Mino acids of the model are labeled with the letters N and C,
respectively. The tight association between the capping domain and

center geometry, with a root-mean-square deviation (rmsd) ye'FAD-binding domain is apparent from the ribbon diagram. The
of 0.26 A for 529 G atoms (0.35 A for all 4150 protein  FAD and succinate ligands are in yellow and black, respectively.
atoms). For the analysis of the model, we shall mainly refer The orientation is the same as in Figure 2. Produced with Molscript
to the structure resulting from cocrystallization with succi- (20)-

nate.

The structure of holo Laspo consists of three domains architecture is identical to that observed in the apoprotein
(Figure 3): the FAD-binding domain (residues 243 and (5) and in the flavoprotein subunit of the membrane-bound
349-410) with the classic dinucleotide binding fold observed FRD (6, 8). The FAD is bound in an elongated conformation
in many flavoproteins 43), the capping domain (residues to the FAD-binding domain, with no cofactor atoms being
244—348) with an irregulac+p topology, and the helical ~ solvent accessible. The binding site displays the typical
C-terminal domain (residues 41533). Such a three-domain  features of the dinucleotide binding fold (Figure 2B(24).
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Ficure 4: Ligplot (19) schematic illustration of Laspo residues
interacting with FAD. H-Bonds are outlined with dashed lines. FIGURES5: Rotation (27) of the capping domain. The drawing was
Distances are in angstroms. Carbon atoms are in black, oxygengenerated by superimposing the residues of the FAD-binding
atoms in red, phosphorus atoms in violet, and nitrogen atoms in domain and C-terminal domain of the apo wild-type Laspo structure
blue. (PDB entry 1CHU) onto the holoprotein. The holoenzyme is in
gray with the two segments (residues—BB and 104-141) that

The pyrophosphate negative charges interact with the N- become ordered upon cofactor incorporation outlined by the red
color. The capping domain of the superimposed apo structure is

terminal residues of two helical segments (residuesZ®B  hown as a cyan ribbon, highlighting the difference in the
and 45-48); the adenine ring is H-bonded to an amino acid orientation. Specifically, the capping domain of the holoprotein
(Alal162) of as-strand belonging to the so-callgemeander,  adopts a closed conformation that defines the interdomain substrate
and the 30H group of the ribityl chain is H-bonded to a cavity (shown in green chicken-wire representation). The FAD is

: : : : : in yellow. The hinge point formed by residues Phe243, His244,
side chain carboxylate (Glu375). The isoalloxazine ring and Pro348 is denoted. With respect to Figure 2, the model has

adopts a planar conformation (Figure 2) and is located 0N peen rotated by 4Ground an axis vertical in the plane of the paper.
the side of the FAD-binding domain facing the capping Produced with Bobscript2(l).

domain (Figure 3). The flavin NAC2=02 locus is in contact
with the first amino acid (Leu392) of the C-terminal helix Thr259 and the main chain nitrogens of Gly51 and Glu260.
(residues 392409) of the FAD-binding domain. An ad- The C4 carboxylate group points toward Leu386 and is
ditional key element for flavin binding is the loop of residues H-bonded to the side chain of His351 and the backbone N
49-57. The cofactor N5 atom interacts with the backbone atom of Ser389. The succinate carbon skeleton is sandwiched
nitrogen of GIn50, while the N3 and O4 atoms are H-bonded between the Arg290 and Glul21 side chains and the flavin
to the O and N atoms of Gly52, respectively. ring. The C2 and C3 methylene groups are 3.4 and 3.0 A
Active Site The active site of Laspo is formed by a cavity from the flavin N5 and Arg290 NH2 atoms, respectively.
(Figure 5), which has a volume of 110*And is lined by ~ The presence of such unusual contact between a carbon of
the isoalloxazine ring and amino acids of both the capping the active site ligand and Arg290 guanidinium side chain
domain (His244, Leu257, Leu258, Thr259, Glu260, Ser261, has been also observed in the structures of B arfd FRD
and Arg290) and the FAD-binding domain (GIn50, Gly51, (25 and has profound mechanistic implications (see below).
Gly52, Glul2l, His351, Leu386, Ser389, Ser391, and Biochemical characterization of the R386L mutant has
Leu392). The architecture of the substrate-binding site canshown that the amino acid replacement severely impairs
be analyzed with reference to the structure of the complex catalysis, inducing a 2000-fold decreaseKin; and a 700-
with succinate, which is well-defined by the electron density fold increase irKy, (10). The three-dimensional structure of
(Figure 2). The residues lining the active site effectively the mutant holo form reveals a binding mode of succinate
shield succinate, which is totally solvent inaccessible when consistent with a key role of the side chain at position 386.
bound in the active site cavity. The ligand is anchored to Indeed, the structure strongly indicates that in the wild-type
the protein by interactions established by its two carboxylate Laspo, the Arg386 guanidinum moiety most likely interacts
groups (Figure 6). The oxygen atoms of the C1 carboxylate with the ligand carboxylate, in the same way as observed in
(the atomic numbering is described in Figure 6) are within FC3 @) and FRD 8). Thus, the effect of the R386L mutation
hydrogen bonding distance of the side chains of His244 andon the enzyme activity seems primarily due to the removal
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FIGURE 6: Stereodiagram of the succinate-binding site. The ligand

is outlined by gray bonds. H-Bonds are represented by thin dashed

Bossi et al.

binding is the ordering of two long polypeptide stretches
(residues 4453 and 104-141; Figure 5) that are disordered
in the apoprotein. The loop of residues<&B protrudes from
the FAD-binding domain (Figure 5), forming a niche for
isoalloxazine binding. The segment of residues-1041
consists of a long loop (residues 10#35) followed by an
o-helix (residues 136150). These residues contribute to the
sealing of the active site cavity and take part in substrate
binding through the Glul21 side chain (Figure 6). The
ordering of these two polypeptide segments is remarkable
in that it involves a total of 46 amino acids, corresponding
to 15% of the residues (residues-243 and 349-410)
forming the FAD-binding domain.

Another major difference between the apo and holo

lines. The thick dashed lines indicate the contacts between theStructures concerns the capping domain. Analysis by the

succinate C2 and C3 atoms with flavin N5 and Arg290 (3.4 and
3.0 A respectively). The atomic numbering of succinate is identical
to that used for fumarate in FC3 structuréd)( C1 is on the
carboxylate that interacts with Gly51, His244, Thr259, and Glu260.
C2 is the methylene carbon in contact with flavin N5. C3 is the
methylene in contact with Arg290. The C4 carboxylate interacts
with His351, Ser389, and Leu386.

program DynDom 26) shows that this domain is differently
oriented by 27 with respect to the FAD-binding domain.
The rotation is of the hinge type and does not significantly
affect the domain conformation as indicated by an rmsd of
0.48 A for 105 @ atoms in the capping domain of the holo
and apo structures. The hinge point is formed by Phe243,
His244, and Pro348, which belong to the linkers connecting

from the active center of a crucial element for substrate the capping domain to the FAD-binding domain. The main

binding and charge compensation.

consequence of the hinge motion is the formation of the

The conformation of the active site residues in the R386L active site cavity with the closure of the wide interdomain
protein crystallized in the absence of active site ligands cleft present in the apoprotein (Figure 5).

(native structure in Table 1) is identical to that of the

The closed conformation of the holo structure enables a

succinate-bound protein, the cavity being occupied by tight association between the capping domain and the FAD-
ordered water molecules. In addition, a strong electron binding domain with formation of interdomain H-bonds and
density peak in the active site has been interpreted as beingzan der Waals contacts. Many of these involve residues-119

due to a Ct ion, which binds in the same position occupied
by the C1 carboxylate of succinate.

Limited Proteolysis of the R386L Mutarfthe structure
of the R386L mutant was also probed by limited proteolysis.
The time course of limited trypsin digestion followed by
SDS-PAGE analysis showed that the holo form of the

127, belonging to one of the two segments that are disordered
in the apoprotein. Clearly, domain closure and ordering of
residues 4451 and 104-141 are not independent phenom-
ena. Cofactor incorporation seems to be necessary to fix the
conformation of residues forming the flavin- and substrate-
binding site, which may in turn favor closing of the capping

R386L mutant undergoes a complete degradation in smallerdomain. Thus, cofactor binding in Laspo is a combination
fragments. The major proteolytic products obtained upon of preorganization and induced fit; the bulk of the FAD site
tryptic digestion were isolated by SBRAGE, electroblot- is preorganized in the apoprotein, but some polypeptide
ted, and subjected to N-terminal sequencing to identify the segments attain a defined conformation only in the presence
sites of cleavage. The results show that the proteolysis patterrof the cofactor. In this respect, the mechanism of flavinylation
is identical to the one previously described for the Laspo in Laspo partly differs from that of vanillyl alcohol oxidase,
wild-type protein 22). The same results were obtained in in which FAD binds with a lock-and-key mechanism to a
the presence of 10 mM succinateAsp, and fumarate. This  highly complementary and preorganized cofactor binding site
supports the contention that the R386L mutation does notpresent in the apoenzyma7.
cause large conformational changes with respect to the wild- Comparison with Fumarate ReductaseEhe three-
type holoprotein. dimensional structures of other members of the succinate
Comparison between the Holo and Apo Forikisowledge dehydrogenase/fumarate reductase family are known. These
of the structures of the FAD-free wild-type protein and of include the membrane-bound FRDs frden coli (6) and
the FAD-bound R386L mutant allows a comparison between Wolinella succinogeneg8, 25) and flavocytochromes;, a
the Laspo holo and apo forms. Binding of FAD appears to soluble homologue of FRD, frorB. frigidimarina(9) and
be associated with considerable changes in FAD-binding Shewanella putrefacien@8). For a comparison with the
domain tertiary structure as well as the mutual orientation Laspo holoenzyme, we have referred to the structures of
of the domains forming the enzyme. Superposition of the enzyme complexes with dicarboxylate ligands: FC3 from
residues forming the closely assembled FAD-binding domain S. frigidimarinain complex with a malate-like molecule
and C-terminal domain (Figure 3) results in an rmsd of 1.0 (determined at 1.8 A resolution; PDB entry 1QJD) and the
A for the 343 Qx atoms that are ordered in both structures flavoprotein subunit oW. succinogeneBRD in complex

(residues 540, 60-100, 156-240, 350-410, and 426

with fumarate (2.2 A; PDB entry 1QLB) and malonate (3.1

533). These residues are left essentially unaltered by cofactod; PDB entry 1E7P).

incorporation, the largest variation being ai A shift of
residues 21220, which are close (though not in direct
contact with) to the cofactor ribose. The main effect of FAD

The FRD complexes with fumarate and malonate differ
by a 14 rotation of the capping domain, which in the
fumarate-bound protein adopts a “half-closed” conformation
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while in the malonate complex is in a “closed” position. ,
Comparison of the individual domains of Laspo with the Xmg y"msg

malonate-bound FRD shows that the residues forming the El2] El21
FAD-binding domain and C-terminal domain superimpose W W

with an rmsd of 1.5 A (336 @ atoms), whereas the capping

domain gives an rmsd of 1.3 A (94cCatoms). These H244 H244
calculations also indicate that the capping domain of the

FRD—malonate complex is only slightly rotated°jdwith

respect to Laspo, proving that the closed conformation of

the malonate-bound FRD is essentially identical to that of R2%0
the Laspo holoenzyme. A high level of structural similarity
also emerges from the comparison with Faigand com-
H351

plex. FC3 lacks the C-terminal domain, which is replaced = %
by an N-terminal heme domaim) The FAD-binding

domain and the capping domain of FC3 superimpose onto
those of Laspo with rmsds of 1.4 A (241aGitoms) and 0.6 b

A (48 Ca atoms), respectively. Moreover, the capping E121 50
domain is rotated by only*5with respect Laspo, implying

that also in the case of FC3 the orientation of the capping

domain is identical to that of the Laspo holoprotein.
The presence of the same orientation of the capping H244$

domain in the Laspo holoenzyme, FC3, and malonate-bound
FRD is reflected in a remarkable similarity in the active site
geometry (Figure 7a,b). Specifically, in Laspo and FC3, the
ligand C1 and C4 carboxylates are held in position by
interactions with two conserved clusters of H-bond donors.
Likewise, the C2 carbon is in contact with the flavin N5,
while C3 interacts with and Arg side chain (Arg290 in Laspo
and Arg402 in FC3). Such a high level of conservation
supports the notion that the closed position of the capping Ficure 7: Comparison of the active site of R386L Laspo with
domain represents the catalytically competent form of the that of oxidoreductases of the succinate dehydrogenase/fumarate
enzyme 7). reductase family. The residue numbering=ofcoli Laspo sequence
L ) . . . is used. The only active site residue that is not conserved is Glu121
The only significant difference in the active site of Laspo of Laspo, which corresponds to Met236 of FC3 and Phe141 of
with respect to the fumarate reductase structures is in theFRD. (a) Stereoview of the superposition of the active site of R386L

side chain of Glu121, which corresponds to Met236 in FC3 hislggulzn(thFBCei tggri’ié\]g()’ngjs))st‘ gf“ggiﬁ;(n ‘éVfitt';‘eaRg‘sfgitggtiK/ee
anq Phel4l in FRD (Fl'gur.e 7a,b). Alignment O.f the amino siie onto that of thg FRD froriV. sgccri)nogeneegray bonds) in
acid sequences7( 29) indicates that Glul21 is strictly  complex with malonate (PDB entry 1E7P). The position of the FRD
conserved among Laspo proteins, but it is replaced by residue (Arg301) homologous to Laspo Arg290 is tentative since
aliphatic side chains in succinate dehydrogenases and FRDsthis residue lacks clear electron density in the FRD struc2g (
Glul2l lies on the surface of the substrate cavity, in a ) ) .
position that is suited for interaction with teeamino group ~ NYPothesis derives from the perturbed spectral properties of

of theL-Asp substrate, possibly establishing an H-bond. Thus, e R386L mutant, which exhibits a shoulder around 470
this residue appears to be a key structural determinant"™ in its absorption spectrum, indicative of a more hydro-
dictating the specificity of Laspo for theAsp substrate4), phobic flavin environment10).

which cannot be oxidized by FRD and succinate dehydro- The Laspo holoprotein exhibits a remarkabl_e similarity to
genase. the fumarate reductases of known structure in both overall

conformation and active site architecture. A general mech-
DISCUSSION anism shared by the members of the succinate dehydroge-
nase/fumarate reductase family of oxidoreductases has been
Despite a large number of attempts, wild-type Laspo so proposed 7). Fumarate reduction involves hydride transfer
far has not been crystallized in a cofactor-bound form. The from flavin N5 to fumarate C2 coupled to proton donation
R386L mutation causes a 2-fold reduction in the affinity for by an active site residue (Figures 6 and 8). The residue
FAD, with the Kq value changing from 3.8M in the wild performing acid or base catalysis is the Arg side chain
type to 8.1uM in the mutant £0). Arg386 is at the interface  corresponding to Arg290 of Laspo. The structure of the
between the FAD-binding domain and the capping domain Laspo-succinate complex is in excellent agreement with this
and does not take part in crystal contacts in the wild-type mechanistic proposal. The succinate C2 atom is in the
apoenzyme crystals. Therefore, crystallization of the R386L expected position for hydride transfer to N5, while C3 is
mutant in the holo form is surprising and difficult to explain. 3.0 A from Arg290. Such a short contact between the ligand
Replacement of Arg386 with an aliphatic side chain exposes methylene group and the guanidinium nitrogen is consistent
on the active site surface a hydrophobic patch. This may with the role of Arg290 in fumarate protonation. Indeed,
favor closure of the capping domain, making the protein replacement of this residue with Leu leads to a totally inactive
amenable to crystallization in the holo form. Support for this enzyme that, however, fully retains the ability to bind

R290

H351

L386
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