1562 Biochemistry2006,45, 1562-1570
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ABSTRACT. The aldo-keto reductases make up a superfamily of enzymes which can reduce a variety of
aldehydes and ketones to their corresponding alcohols. Within each family are distinct preferences for
certain substrates, presumably reflecting their role within the cell. The original member of the AKR7A
subfamily was purified from liver as an aflatoxin dialdehyde reductase AKR7AL. However, recent additions
to the family have revealed that even closely related enzymes have clear substrate preferences with
AKR7A2, AKR7A4, and AKR7A5 showing much higher affinities for succinic semialdehyde (SSA) than
does AKR7AL. To investigate the structural basis of this specificity, the crystal structure of mouse AKR7A5
has been determined to better than 2.5 A resolution. The structure is of the ternary complex of the enzyme
with NADP™ and tartrate as an inhibitor. This structure has the same overall fold as the previously
determined structure of AKR7AL; however, there are a number of differences in loops around the active
site that contribute to observed differences in the substrate specificity between the AKR7A enzymes.
Several differences are the result of bulky hydrophobic residues found in AKR7A5, namely, Met44, Trp77,
and Trp224, which significantly restrict the size and modify the architecture of the substrate-binding
pocket, producing a tighter or less flexible binding site for SSA than in AKR7AL. Site-directed mutagenesis
was used to introduce Met44, Trp77, and Trp224 individually into AKR7AL, to test if they improved the
affinity of the enzyme for SSA. Each mutation showed improved affinity for SSA, with Trp77Met having
the largest effect. This confirms the role of these amino acids as substrate determinants for SSA.

The aldo-keto reductases make up a superfamily of have been determined for a range of aldehyde and ketone
NAD(P)(H)-dependent oxidoreductases with broad physi- substratesi6—18), and it is apparent that in addition to the
ological roles. These enzymes show considerable diversitydetoxification of aflatoxin B1 dialdehyde, these enzymes are
in terms of substrate preference, each catalyzing the reductiorcapable of contributing to the reduction of carbonyls in a
of a range of aliphatic and aromatic aldehydes and ketones,range of physiological contexts. AKR7A2, AKR7A4, and
including sugars, steroids, and xenobiotics. Most membersAKR7A5 all have on average higher affinity for SSA than
of the superfamily are monomeric and share structural AKR7A1 (12, 14, 15), and there is mounting evidence to
features, including g¥{a)s barrel structureX, 2). The crystal indicate that human AKR7A2 can function as a succinic
structures of several members of the aldo-keto reductasesemialdehyde (SSA) reductase in brain and may play a role
family have now been determine@—8), including that of in the synthesis of-hydroxybutyrate (GHB)19).
the dimeric_ AKR7A1 9, 10), originally identified as rat liver On the basis of amino acid sequence similarities, the
aflatoxin dialdehyde reductasg1. current AKR7A family members can be grouped into two

Four other members of the AKR7 family have now been go5ate subfamilies. This information, in conjunction with
cloned: human AKR7A2, human AKR7A3, rat AKR7A4,  ieq e distribution 14) and enzyme kinetic datel?, 15),

and mouse AKR7A5(12—15). Their substrate specificities suggests that AKR7A2, AKR7A4, and AKR7AS (group II)
are functional orthologues, acting as SSA reductases, and
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enzymes. An understanding of the structural differences 1 p1c 1: pata Collection and Refinement Statistics
between AKR7Al1 and AKR7A5 and their impact on

substrate specificity may help explain species differences in AKRTAS
aldehyde toxicity and metabolism among rat, mouse, and Crystz'c‘;atf‘ou b1
human and will provide a useful insight into the physiological el nsions o= 98.469 Ab= 159.170 A,
roles of these enzymes vivo. ¢ = 96.636 A,0. = 90.00,
We report here the crystal structure of AKR7AS5 in _ p=119.38,y =78.53
complex with NADP and tartrate. We have used the no. of molecules in the 10
. . . . . asymmetric unit
structure and site-directed mutagenesis to examine the basis j,¢5 processing
for the different substrate specificity observed for AKR7A5, resolution (A) 42-25
a member of the SSA reductases (group Il), and AKR7AL, total ?o. of reﬂe(letion_s 41.197%%83533
A i no. of unique reflections
the original aflatoxin reductase (group 1). multiplicity*® 29(2.9)
overalll/o® 4.1(2.4)
MATERIALS AND METHODS completeness (%) 98.8 (98.4)
. . . . Rmerge(%)b'c 8.7 (477)
Expression and Purification of Recombinant AKR7A Wilson B (A?) 41.0
Enzymes.Mouse AKR7A5 was expressed from IPTG- refinement
inducible expression plasmids iBscherichia coliBL21 feso'u(f/'og A 137%2-27 0
pLysS as described previousl, (L5). The BL21 pLysS cells Ef”r”::‘(&);g 599 534'6;
were harvested by centrifugation, frozen-80 °C, and then coordinate error (A) 02
lysed with a French press in lysis buffer [20 mM sodium rms deviation
phosphate (pH 7.4) and 0.5 M NaCl]. The extract was loaded gong |eng|th5 8&) 0.032
on a5 mL Ni HiTrap chelating affinity column (Amersham eanB fgg%f(s'&(z)eg) 33254
Life Sciences) to purify the Hitagged AKR7AS5. The purity Ramachandran quality (%) '
of the eluted AKR7A5 was verified by SDSPAGE and its most favored region 90.9
concentration by the Bradford assa0. Allowed regions 9.1
Disallowed 0.3

Crystallization.Purified AKR7A5 was desalted and con- . _
centrated to 15 mg/mL using Centricon-10 centrifugal a Redundacy of data, defined as the ratio of the number of measured
. . . and the number of unique reflectiorfsvalues for data in parentheses
concentrators (Arr_ucon) into 20 r_nM Tris-HCI (pH 7.5) and for the final resolution shell (2.542.50 A). ¢ Ruerge= Sn3ill(hi) —
0.5 mM dithiothreitol. The protein was supplemented with  mn)mys,i(h,i), wherel(h,i) is the intensity value of thith measurement
1 mM NADP", and crystallization trials were set up using of h and O(h)Ois the corresponding mean value bf for all i
the sitting-drop vapor-diffusion method at 20. A number measurements oh; Ruerge is therefore the summation over all
of crystallization conditions were identified from commercial MeasurementS.R = 3n(|Fo — Fel)/3|Fol. Weak data were included
g . - S to 2.3 A, and statistics are quoted in parentheses for the resolution
and in-house sparse matrix screens. Linear optimization of 3nge of 2.382.30 A.

crystallization conditions and subsequent preliminary X-ray

analysis identified diffraction quality crystals. The best however, the weak data were included to 2.3 A in the
crystals were obtained by equilibrating a mixture qfl2of refinement. The CCP4 suite of progran®2(was used to
protein solution [15 mg/mL AKR7A5, 20 mM Tris-HCI (pH  convert integrated intensities to structure factor amplitudes,
7.5), 0.5 M dithiothreitol, and 1 mM NADH and 2uL of and 5% of the reflections were set aside for useRige
precipitant solution [0.2 M sodium tartrate, 7.5% PEGB8000, calculations. The data processing statistics are summarized
and 0.1 M MES-NaOH (pH 6.5)]. Needlelike crystals formed in Table 1.
within a few hours and grew to a maximum size of 0.07  Strycture Solution and RefinemeAKR7A5 was deter-
mm x 0.07 mmx 0.5 mm after 1 week. mined by molecular replacement with the stand-alone version
Data Collection.The diffraction data of AKR7A5 were  of AMoRe (23) using a symmetrical dimer generated from
collected at Daresbury SRS station 9.6 using a CCD (ADSC) rat liver AKR7Al1 (chain A of PDB entry 1GVE, the
Quantum 4 detector. A solution of 8% PEG8000, 0.1 M MES NADP"-bound form of the enzyme) as the search moglgl (
(pH 6.1), 0.2 M sodium tartrate, and 20% glycerol was added and X-ray data between 10é# A resolution. We searched
to the crystallization drop. Crystals were mounted in for six dimers on the basis of a Matthews numb24) (of
Hampton Research cryoloops and flash-frozen at 100 K. Data2.85 giving a solvent content of roughly 50%. However, an
were collected from a single crystal in a single pass using unambiguous solution was found for five dimers (Matthews
the I oscillations. Data for AKR7A5 were integrated and number of 3.42, 64% solvent content), which after rigid body
scaled using the HKL suite of progransl). The data were  refinement gave a correlation coefficient of 57.5% and an
initially indexed in aC-centered monoclinic space group, R-factor of 35.9%. Refinement was carried out using
but it became apparent during scaling based on the mergingREFMACS5 @25) with all data between 30 and 2.3 A using
R-factor and the number of rejections that the true space tight noncrystallographic symmetry (NCS) restraints reducing
group wasP1. The data were reprocessed with the following Ryow t0 25.2% andRieet0 29.9%. The 10-fold NCS-averaged
unit cell dimensions:a = 98.47 A b= 159.17 A,c = 96.64 electron density maps were calculated, and correction of the
A, o =90.0°, B = 119.38, andy = 78.53 in P1 with an model was carried out on a single monomer using QUANTA
R-merge of 10.8% to 2.3 A; however, the data were weak (Accelrys, San Diego, CA). The corrected model was used
with an averagé/ol of slightly greater than 1 in the 2.38 to generate the other nine monomers in the asymmetric unit
2.3 A shell. On the basis d®-merge statistics anldol, the by application of the NCS matrices. A model of a tartrate
data should be considered good 2.5 A resolution; molecule was produced and fitted into the electron density
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in the active site of the structure using X-LIGAND
(Accelrys). Waters were added into the,| — |F.| density g Loop A
map at>3c and within 2.95 A of the hydrogen bonding

partner using X-SOLVATE. In the latter stages of refinement,
six phosphate ions and 25 glycerols were identified and
included. After the inclusion of TLS refinement for each
individual monomer, the refinement was considered complete
when further rebuilding and REFMACS5 cycles failed to
decreaséRee

Site-Directed Mutagenesishe QuickChange site-directed
mutagenesis kit (Stratagene) was used to introduce V44M,
M77W, and F224W mutations into AKR7A1 expression
plasmid pEE65 11), using the following primers: V44M,
5'-dAGATAGACACCGCCTTCATGTATGCGAACGGT-
C-3 and 3-dCTGACCGTTCGCATACATGAAGGCGG-
TGTCTAT-3; M77W, 5-dCCACCAAGGCTGCCCCA- . :

’ y Ficure 1: Ribbon diagram of the ternary complex of mouse
TGGTTTGGGAAGACACTG-3 and 3-dCAGTGTCTTC- AKR7AS5, with ()L-helicesg colored cyan (and )I/abele(?) ghdtrands
CCAAACCATGGGGCAGCCTTGGTGG-3 and F224W, colored magenta. The classic AKR loops are highlighted [loop A
5-dGCTTCTTTGGGAATCCATGGTCTCAACT- (orange), loop B (yellow), and loop C (blue)], along with loop 3

GTACATGGAC-3 and 3-dGTCCATGTACAGTTGAG- (red), which has been shown to be important in AKR7 family
ACCATGGATTCCCAAAGAAGC-3 enzymes. Cofactor NADPis shown as a ball-and-stick model, and
—= ) tartrate is shown in stick format colored by atom type. Unaveraged

The underlined bases represent the mutated codons. Th@mit map electron density (corresponding to chain A) is shown for
complete coding regions of the mutated plasmids were NADP' (green) and tartrate (blue) contoured ata3.5his figure
sequenced to ascertain the fidelity of the mutant construct.W"Z‘\S produced using PYMOL from DelLano Scientific (San Carlos,

Enzyme Assay€nzymatic activities toward SSA were

measured with a Beckman DU650UV or Shimadzu UV- gymmetrical, both monomers having tartrate and NADP
2401PC single-beam recording spectrophotometer by moni-poyng, unlike the previously described AKR7AL structure
toring the decrease in absorbance at 340 nm c_eiused by théyhere one subunit is the ternary complex and the other the
oxidation of cofactor NADPH{ = 6270 M cm ). The apoenzyme9). There is only one significant difference in
initial velocity of the reaction was assayed atZ5inal  he composition of the dimer interface between AKR7A1
mL mixture containing 100 mM _sodlum phosphate buffer 54 AKR7A5, namely, that Lys155, which forms a salt
(PH 6.6), a series of concentrations of SSA, and 80 bridge with Glu118 in AKR7AL, is a serine in AKR7A5;

NADPH. The assays were initiated by the addition of the therefore, both the buried surface area and a charged
purified enzyme to the reaction mixture. The nonenzymatic jnteraction are lost.

rate was subtracted from the measurement, and nonlinear NADP* Binding. The NADP" cofactor binds in an

:ﬁgrﬁisnse“t)ig zzmﬁﬁ,eire:gz%ag igivrgé vsvgiused o CalCu"’m?axtended conformation in a deep cleft of AKR7A5 in a
al m .

fashion similar to that observed in AKR7A®)((Figure 1).

RESULTS AND DISCUSSION The cofactor makes numerous contacts with the protein, with
the nicotinamide ring being bound in the core of e
Crystal Structure of AKR7A5 barrel, the pyrophosphate group betwgkstrands57 and

/8, and the AMP moiety among-helicesa7 anda8 and

Overall Structure. The data reduction and refinement |oop B. Differences between the AKR7AL1 structure and the
statistics for the model are summarized in Table 1. The AKR7AS5 structure reported here are in the adenine moiety
structure contains 10 protein subunits in the asymmetric unit, of the cofactor. In terms of Changes in amino acid sequence,
all of them occupied by cofactor NADPand an inhibitor  there is a lysine at position 204 in AKR7A5 instead of an
tartrate (derived from the crystallization conditions) forming  arginine. This lysine forms a single charged interaction with
the ternary complex. The N-terminus of AKR7A5 is disor- g hydrogen bond to the-tnonophosphate and a hydrogen
dered in the structure and not visible in the electron density; hond to the adenine ring. Thé-Bhonophosphate moiety is
this includes the polyhistidine tag and the first 14 amino acid moved relative to the AKR7A1 structure with the phosphate
residues of the native protein (MSRPPPPRAASGAP) The oxygen atoms rotatedc30° around the phosphorus atom.
amino acid sequence of AKR7AS5 is numbered according to This results in better hydrogen bonding among GIn290,
the sequence of AKR7A1 described previousdy. ( Ser286, and the' 2nonophosphate (2.8 and 2.6 A distances,

AKR7AGS has a typical AKR7 family fold, commonto all  respectively) and worse interactions between Arg18, which
the members of the aldo-keto reductase superfamily, com-is not well-ordered, and Arg218 (both 3.2 A in distance).
prising a 3/a)s barrel with two additionaéi-helices, HL and ~ These changes are minor, however, and it is unlikely that
H2, which are associated with the C-terminal portion of the these would make a significant difference in the affinity of
protein (Figure 1). The key loops which are important for AKR7A5 for the cofactor. The residues that bind the
substrate specificity in the family 1 enzymes of the aldo- nicotinamide moiety of the cofactor are highly conserved
keto reductase superfamily (which are the most heavily between AKR family members9( 10). The nicotinamide
studied) are named loops-AC (Figure 1). Like AKR7A1 ring forms aw—x stacking interaction with the side chain
(9) and AKR2B5 @6), AKR7A5 is dimeric. The dimer is  of Tyr193 and orients the stereochemistry of hydride transfer
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Ficure 2: (A) Superposition of the rat liver AKR7AL structure (purple) and mouse AKR7A5 structure (green) represented as a CA trace.
The largest differences between the structures are highlighted with a red dot and labeled using the AKR7A5 numbering. Secondary structure
elements that have moved are also labeled. (B) Plot of the root-mean-square deviation (rmsd) in CA position between AKR7A1 and AKR7A5
vs residue number. The secondary structure is shown for clarityosfitelices represented as rectangfestrands as arrows, and significant
loops as lines; both helices and loops are labeled. On the rmsd plot, the largest differences in CA position are labeled, and if sequence
differences exist, these are shown with the AKR7A5 amino acid residue labeled first and AKR7A1 last.

with the assistance of a network of three hydrogen bonds There are a number of relatively small changes in the main
between the C3 carboxamide group and the side chains ofconformation between the AKR7A5 and AKR7A1 ternary
Serl39, Asn140, and GIn165. These interactions control thecomplex structures (Figure 2). Between residues 80 and 200
4-pro-R hydride transfer from the A face of the nicotinamide of the two protein structures, the difference in CA position
ring of NADPH to the substrate. A feature of the group | is on the order of the coordinate error and therefore is
enzymes (AKR7A1) is the presence of a phenylalanine at considered to be identical (Figure 2B). If one starts from
position 193 instead of a tyrosine, and as a result, hydrogenthe N-terminus, the first significant difference between the
bonds between the terminal hydroxyl and the side chains oftwo structures is the loop between strgbidand helixol
Asn140 and Arg327 are lost (2.5 and 3.0 A in length, which is largest at Argl8. Despite the sequences being
respectively), and the phenyl ring is moved 0.3 A away from identical, there are large changes in the positions of Arg17
these groups. It is possible that this change has more to doand Arg18. These differences in conformation are probably
with the orientation of Arg327, a residue implicated in sub- the result of the change from Alal2 (AKR7A1) to Thr
strate binding, than with any specific effect on the cofactor. (AKR7A5) before the loop and a series of sequence changes
Active Site.The residues implicated in catalysis for the after the loop, e.g., Val21 to Ala. In addition, the adjacent
AKR superfamily are conserved in the active site of loop has the sequence change from Ala46 to Cys, and this
AKR7AS. The individual roles of the four residues (Asp40, would form a short contact to CB of Arg17@.7 A) and
Lys73, Tyr4d5, and His109) are as follows: Tyr45 and His109 therefore is instrumental in the conformational differences
bind the aldehyde or ketone group of the substrates, Tyr45both in the first loop and in the residues around residue 46.
acts as the proton donor during the reduction reaction, while Helicesal anda8 shift concertedly relative to the rest of
the Asp4G-Lys73 salt bridge modulates thekp of the the structure, arguably as the result of sequence differences
tyrosine. Besides the catalytic tetrad, residues from loopsin the residues that form the hydrophobic core of the enzyme
A—C define the active center of AKR enzymes in general. in this region. Significant sequence differences in residues
However, in AKR7 family enzymes, loop A is significantly 56 and 67 which form the large turn between hel and
smaller than other mammalian AKR enzymes which be- strandj32 result in changes in the two structures, the largest
long to the AKR1 family, e.g., aldose reductase. Instead, the of which is the result of the change of Ser64 to Gly (Figure
amino acid residues that are normally contributed by loop 2A). A smaller loop (residues 254 and 255) between
A are in fact contributed in AKR7 enzymes by an equivalent a-helices H1 andx7 also has a changed conformation due
loop from the preceding-strand, which is called loop 3 to sequence differences between AKR7A1l and AKR7A5
(Figure 1). (Figure 2). These differences are to be expected and are far
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* a bc Group

A Mouse AKR7A5 KIATK WEGKSLK 123 IT
Human AKR7A2 KIATK%WDGKSLK 94 II
Rat AKR7A4 KIATK WDGKSLK 123 IT
Dogl KIATKANHWEGKSLK 114 IT
Bovinel KIATKANHWEGKSLK 110 II
Frogl KMATKANHWGGNTLK 110 IT
Chickenl EVATKANHWEGNTLK 19 II
Pufferfishl SVATKANHWDGKTLK 79 II
Zebrafishl RIATKANHWEGKTLK 79 IT
Rat AKR7A1 KIATKAA GKTLK 83 I
Human AKR7A3 KIDTKAI GNSLK 87 I
Chimpl KIDTKATI GNSLK 26 I

d e Group

Mouse AKR7A5 QPVGRFFGNNWAETYRN. EHHF 278 IT
Human AKR7A2 QPEGRFFGNSWSETYRN. EHHF 249 II
Rat AKR7A4 QPEGRFFGNSWSETYRN. EHHF 278 IT
Dogl QPVGRFFGNNWAE[TYRN! KEHHF 269 IT
Bovinel QPLGRFFGNSWAEVYRNRYWKEHHF 265 IT
Frogl QASCRFFGNSWAEVYRNRYWKKHHF 265 II
Chickenl QPTGRFFGNDWAQAYRDRYWKKHNF 174 IT
Pufferfishl QPAGRFFGNSWAKAYQDRYWKKSHF 234 IT
Zebrafishl QPAGRFFGNNWANAYRDRYWKESHF 234 IT
Rat AKR7A1 NPESRFFGNPFSQLYMDRYWKEEHF 238 I
Human AKR7A3 QPVGRFFGNTWAEMYRNRYWKEHHF 242 I
Chimpl QPVGRFFGNTWAEMYRNRYWKEHHF 205 I

FiGure 3. AKR7-related proteins from higher eukaryotes. Char- Ficure 4. Stereodiagrams comparing the structures of (A) loop 3
acterized enzymes are shown in bold. Putative proteins predictedand (B) loop B in AKR7A1 (carbons colored dark gray) and
from genome sequencing projects are shown in normal font. (A) AKR7A5 (carbons colored light gray).

Differences in loop 3 between group | and group Il AKR7 enzymes

are (a) Asn vs Ala/lle, (b) Trp vs Met/Leu, and (c) Glu/Asp vs ; ;
Phe. The lysine involved in the catalytic tetrad is denoted with an . With respect to loop B, both R218 and Tyr228 which are

asterisk. (B) Differences in loop B between group | and group Il iNvolved in binding the cofactor and substrate or inhibitor,
AKR7 enzymes are (d) Leu/Met vs Thr/Ala/Val and (e) Tyr vs respectively, occupy almost identical orientations in the two
Phe; how_ever, this is not conserved when all AKR7-related proteins AKR7 enzyme structures. In total, between AKR7A1 and
are considered. AKR7AS there are 11 amino acid differences between the
) . . two proteins in loop B, only two which are consistently

fr_om_the active site and not expected to play a role in the yifferent between group | and group Il AKR7A enzymes,
kinetic properties of the two enzymes. By far the largest namely, Leu227Thr and Tyr232Phe (Figure 3B). Given the
differences seen between the two enzymes are in loop 3 andyroximity of a number of residues in loop B to the active
loop B, both of which are close to the active site and play a site, it is probable that, for example, Trp224, which is Phe
role in substrate specificity. in AKR7A1, will have an effect on substrate specificity

In AKR7ADB, there are four differences in the sequence (Figure 4B). Of the consistent changes, Tyr232 in AKR7A1
within loop 3, three of which are changes seen to occur is Phe232 in AKR7A5 and as a result loses two hydrogen
between members of group | and group Il AKR7A enzymes, bonds with Asn169 and Asn194. It is expected that this may
namely, Asn75Ala, Trp77Met, and Glu78Phe (Figure 3A). have an effect on the dynamics of lid closure and potentially
Additionally, there are three changes in sequence betweerthe precise orientation of active site residues by loosening
AKR7A1 and AKR7AS at the beginning of helix3 which the structure somewhat. When the amino acid sequences of
follows the loop, but these are differences seen mainly all AKR7-like proteins are considered, it becomes clear that
between AKR7A1 and other AKR7A family members. The the Tyr232Phe difference between group | and group II
substitution of Phe78 for a Glu/Asp removes favorable van enzymes is not conserved. Therefore, it is unlikely that this
der Waals interactions of this side chain with Val44 and change should have a direct effect on substrate specificity
probably results in the movement of the main chain of loop and particularly SSA binding.
3 at this residue (Figure 4A). Other changes in the main chain Considering the differences between AKR7A5 and
conformation of loop 3 are the result of the Asp86Ser change AKR7AL, it seems that the changes that have a large effect
at the beginning of helixx3. The presence of an Asp in  Onthe active site cavity are Trp224 in loop B which lies flat
AKR7A1 results in a pept|de f||p in residue Ly580 to avoid over the active site of AKR7A5 and the introduction of the
a steric clash and permit Asp86 to hydrogen bond to the bulky hydrophobic residues Trp77 (loop 3) and Met44
amide nitrogen of Thr81. The side chain of Lys80 is able to (directly before the catalytic tyrosine) into the active site
adopt a different conformation and forms hydrogen bonds c_avity. T_ogether, these three residu_es_produce a smaller active
to the R group of Asn75 and the amide oxygen of Trp77 Site cavity more favorable to the binding of a substrate such
(Figure 4A). This undoubtedly further effects the conforma- @s SSA.
tion of the loop which results in Trp77 of AKR7A5 being . . . . : .
positioned farther into the active site cavity than Met77 in Probing the Actie Site Using Site-Directed Mutagenesis
AKR7AL. Thus, Trp77 in AKR7A5 occupies a position Several differences between AKR7A1 and AKR7A5
halfway between Met77 in AKR7A1 and Phe110 (the residue enzyme structures occur within the active site and in the
that immediately follows the catalytic histidine) on the proximity of the substrate analogue inhibitors. These include
adjacentg-strand, which in AKR7A5 and other group Il M77W, V44M, and F224W. These combine to reduce the
AKRT7A enzymes is always an alanine. size of the substrate binding pocket of AKR7A5 compared
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Ficure 5: Superposition of the residues involved in substrate binding of AKR7A1 and AKR7A5. The protein amino acid residues are
colored according to atom type and labeled with AKR7AL1 first and AKR7A5 last when there are differences. Only Trp224 is omitted for
clarity as the indole ring lies directly over the tartrate molecule. Hydrogen bonds from AKR7AGS to tartrate (carbons colored green) are
shown as dotted blue lines with hydrogen bond distances given.

5-fold, while k.5 remains roughly the same. Overall, mutants
V44M and M77W improve the specificity constant toward
SSA by 1.7- and 3-fold, respectively, which indicates the

Table 2: Kinetic Parameters of Wild-Type AKR7A Enzymes and
AKR7A1 Mutants for SSA

sample ke (Min™?) Km (uM) kealKm (Min~* uM~Y) ; : ;
AKRIAE 1216+ 10 198505 614 importance of these two residues for the proposed function
AKR7AL 1080136 2170+ 18.6 0.50 of the enzyme as a SSA reductase. These two residues,
V44M 80.4+ 4.3 97.2+ 125 0.83 therefore, appear to be important specificity determinants of
M77W 68.7+2.8  46.5+5.8 1.48 AKR7A5. The Val44Met mutation introduces a bulky
F224W 66.3+ 3.4 148.0+16.1 0.47

hydrophobic residue into the active site, reducing the size
of the substrate binding pocket and increasing the number
to that of AKR7A1 (Figure 5), accounting for the higher of favorable van der Waals contacts with substrate. However,
affinity of AKR7A5 for SSA versus AKR7A1. in the AKR7A1 Met77Trp mutant if the tryptophan were to

Single-site mutations of a number of active site residues adopt the same conformation as seen in the AKR7AS5
were carried out to test their effect on SSA binding. Three structure (Figure 5), a serious steric clash would occur with
mutants of AKR7A1 were constructed (V44M, M77W, and Phel10 (which is invariantly an alanine in type Il AKR7
F224W) and enzymes expressed and purified as previouslyenzymes). An alternative conformation of either Phe110 or
described for the wild-type enzyme$, (15). All mutant Trp77 must occur; either way, the Trp residue should extend
enzymes were expressed at high levels, and no significantinto the substrate binding pocket and restrict the size of the
protein degradation occurred during their purification and substrate binding pocket, accounting for the improved
storage, which indicated that the introduced mutations do stability of SSA binding.

not affect stability. Inhibitor Binding and Substrate Specificifjhe structure

of AKR7AL in complex with citrate and NADP(9) together
with the tartrate-bound ternary complex of AKR7AS5 reported
here allows comparison of the mode of inhibitor binding and
the arrangement of amino acid residues in the binding pocket
of the two enzymes. Although the structures of citrate and
tartrate differ slightly in size and chemical functionality, these
two inhibitors bind to equivalent residues in AKR7A1 and
AKR7A5 (Figure 5). As seen in other AKRinhibitor
complexes, carboxylate groups bind to the active site in the
anion hole created by the side chains of the catalytic histidine
(His109), tyrosine (Tyr45), and N4 of the nicotinamide ring

Kinetic Parameters of the Wild Type and the Mutants for
Succinic Semialdehyde (SSA)

The kinetic data of wild-type enzymes and mutants for
SSA are summarized in Table 2. Wild-type AKR7A1 has a
keat for SSA similar to that of AKR7AbB, but the specificity
constank.a/Kn of AKR7AL is less than one-tenth of that of
AKR7A5, due to the much lower affinity for SSA, shown
by the higheK, value. For the wild-type AKR7A enzymes
and all the mutants that were tested, khgK, values are at
most 16 M1 s71. As the keafKn is much lower than 10

M~! s it is reasonable to conclude that an equilibrium

of NADP (28—30). In both structures, one oxygen atom of

mechanism is more appropriate than a steady-state mechagitrate and tartrate are superposed within 0.3 A and occupy

nism @7). This means that the observi&gd, approximates
the dissociation constant of the enzynseibstrate complex

the presumed position of the aldehyde or ketone group of
the physiological substrates. In addition, in AKR7A1 the

and, therefore, reflects the affinity of the enzymes for these hydroxyl group of citrate hydrogen bonds with the oxygen

Substrates.
Considering theK, values, the mutants V44M, M77W,
and F224W improve the affinities for SSA between 2- and

NO7 of the NADPF amide and to the side chain Nigroup
of Arg327, in the same way as the C3 hydroxyl of tartrate
binds in the AKR7AS5 structure (Figure 5). Of the two acetate
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A

Ficure 6: Detailed views of the substrate binding pocket of AKR7A5 (A) and AKR7AL (B). The left-hand frame is a surface representation
of the enzyme colored according to electrostatic potential with blue representing positive potential and red negative potential. The right-
hand frame is a detail of the same view wjikstrands colored green.-helices purple, loop A orange, loop B yellow, loop C cyan, and

a short loop between strarft8 ando3 red. Residues are colored according to atom type. The inhibitors tartrate and citrate together with
the NADP' cofactor are both shown as thicker sticks than the protein side chains. The catalytic tyrosine and histidine are labeled in red for
clarity. The diagram was produced using DINO.

moieties in citrate, one is buried in the active site of AK7A1 Table 3: Inhibition of AKR7 Enzymes by Different Ligands
and forms hydrogen bonds with the side chains of Arg231, Kes: (M)
Tyr228, and Arg327 together with an electrostatic interaction.
The second carboxyl in tartrate forms essentially the same
interaction with side chains in AKR7A5 as the acetate moiety
of the citrate in AKR7ALl. These conserved interactions
between the inhibitors and the active sites of AKR7Al and
AKR7AS5 are likely to represent residues that play key roles
in binding substrates. (Figure 6). Although tartrate has a hydroxyl at C2, it is in
Citrate and tartrate seem to form essentially the samethe up position and therefore unable to make the favorable

interactions in AKR7A1 and AKR7A5: however, the main hydrogen bond interactions with the amide of the nicotina-
body of the two inhibitors adopts different orientations in Mide ring and the side chain of Arg327. The hydroxyl at C3
the active site. The most likely reason for this is the C3 IS, however, in the down position and therefore able to form

hydroxyl of tartrate, which although adopting a position these hydrogen bonds which are comparable in angle and
similar to that of the hydroxyl group of citrate is not in an length to those seen in the the AKR7A&itrate structure.
equivalent position within the molecule (Figure 5). As a Although the C4 carboxylate of tartarte forms hydrogen
result, the C1 carboxylate group of tartrate is rotated POnds equivalent to those seen in the AKR7Altrate
approximately 30 around the oxygen that is within the Structure, the equivalent carboxylate parbon atom in citrate
carboxy anion hole. This has two effects. First, C2 is moved IS 0.4 A above and therefore alters slightly the angle of the
1.4 A away from the equivalent carbon in citrate; second, nydrogen bonds that are formed.

the second oxygen of the C1 carboxylate is moved into an  Kinetic characterization of citrate, tartrate, and succinate
unfavorable position where it makes close contacts with CE as inhibitors of AKR7A5 and AKR7A1 with SSA as a
of Met13 (2.7 A) and CEL1 of the phenyl ring of Tyr45 (3.1 substrate showed that the inhibition is uncompetitive and that
A). These close contacts are associated with shifts in thecitrate is a good inhibitor of both enzymes havitg; values

two amino acid side chains to minimize the steric clash; for of 160 and 10Q:M, respectively (Table 3). As AKR7A5 is
example, Metl3 adopts a different rotamer conformation a much better SSA reductase than AKR7A1, succinate was

enzyme succinate citrate tartrate N-formylglycine

AKR7A1 320+20 160+8 840+50 7400+ 1700
AKR7A5 120+ 7 1006 810+ 60 850+ 50

a Mixed inhibition.
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expected to be a better inhibitor for this enzyme witkeg, mutations to arrive at a minimal subset of SSA specific
of 120 uM compared to &Kgg of 320 uM for AKR7AL. determinants.
However, that tartrate should be a much poorer inhibitor of  The AKR7AS5 structure reported here is in complex with
both enzymes was a surpris&eg§ ~ 820 uM for both the inhibitor tartrate, which proves to be a poor inhibitor of
enzymes). In light of the data from the crystal structure of both AKR7 enzymes that were studied. So far, only succinate
AKR7A5 in complex with tartrate, it seems clear that the citrate and indomethacin have been shown to be effective
unfavorable interactions formed by the carboxylate at C1 in inhibitors, and these show no selectivity and are only modest
tartrate offset favorable interactions formed by the C3 inhibitors of both enzymeslg, 17). N-Formylglycine which
hydroxyl and C4 carboxyl and therefore reduce the affinity is characterized here, while exhibiting almost 10-fold selec-
of the inhibitor for the enzyme. tivity for AKR7A5 over AKR7AL, is a much poorer inhibitor

A comparison of thé&es, of succinate (12@M) with the than either citrate or succinate. The availability of crystal
Kn of AKR7AS5 for SSA (19uM) suggests it is probable  structures of a group Il enzyme from mouse will pave the
that there are still some steric effects introduced by the way for the development of selective AKR7 inhibitors. These
oxygen of the C1 carboxylate of succinate compared to the are required to better understand the roles of the group |
hydrogen in SSA. In an attempt to investigate this possibility, ahd group Il enzymes in vivo and may have potential
N-formylglycine was investigated as a potential inhibitor, therapeutic benefits in the prevention of GHB accumulation
with the expectation that it could mimic the aldehyde from SSA.
substrate without itself being a substrate. However, the
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