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ABSTRACT: Histidinol-phosphate aminotransferase (HspAT) is a key enzyme on the histidine biosynthetic
pathway. HSpAT catalyzes the transfer of the amino grouptostidinol phosphate (Hsp) to 2-oxoglutarate

to form imidazole acetol phosphate (IAP) and glutamate. Thus, HspAT recognizes two kinds of substrates,
Hsp and glutamate (double substrate recognition). The crystal structures of native HspAT and its complexes
with Hsp andN-(5'-phosphopyridoxyl)--glutamate have been solved and refinedRttactors of 19.7,

19.1, and 17.8% at 2.0, 2.2, and 2.3 A resolution, respectively. The enzyme is a homodimer, and the
polypeptide chain of the subunit is folded into one arm, one small domain, and one large domain. Aspartate
aminotransferases (AspATs) from many species were classified into aminotransferase subgroups la and
Ib. The primary sequence of HspAT is less than 18% identical to thogesclfierichia coliAspAT of
subgroup la an@hermus thermophiludB8 AspAT of subgroup Ib. The X-ray analysis of HspAT showed

that the overall structure is significantly similar to that of AspAT of subgroup Ib rather than subgroup la,
and the N-terminal region moves close to the active site like that of subgroup Ib ASpAT upon binding of
Hsp. The folding of the main-chain atoms in the active site is conserved between HspAT and the AspATSs,
and more than 40% of the active-site residues is also conserved. The eHspAT recognizes both Hsp and
glutamate by utilizing essentially the same active-site folding as that of ASpAT, conserving the essential
residues for transamination reaction, and replacing and relocating some of the active-site residues. The
binding sites for the phosphate and teearboxylate groups of the substrates are roughly located at the
same position and those for the imidazole gndarboxylate groups at the different positions. The
mechanism for the double substrate recognition observed in eHspAT is in contrast to that in aromatic
amino acid aminotransferase, where the recognition site for the side chain of the acidic amino acid is
formed at the same position as that for the side chain of aromatic amino acids by large-scale rearrangements
of the hydrogen bond networks.

Aminotransferase, which requires a pyridoxaphosphate ~ Scheme 1
(PLPY as a cofactor, reversibly catalyzes the transamination ppp_ensyme + o-aminoacid1 === PMP-enzyme + 2-oxoacid (1)

PLP-enzyme + glutamate @

PMP-enzyme + 2-oxoglutarate
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transamination reaction requires an ingenious design of the HspAT is homologous to AspATs3), which have been
active-site structure in comparison with a single substrate extensively studied using biochemical, spectroscopic, and
recognition. The X-ray crystallographic studies of a hexa- X-ray crystallographic method9{16). AspATs were clas-
mutant of Escherichia coli aspartate aminotransferase sified into the aminotransferase subgroupT)( which was
(eAspAT) andParacoccus denitrificanaromatic amino acid  further subdivided into subgroups la and i8). More than
aminotransferase showed that binding sites for both acidic 40% amino acid sequence identities were observed in each
and aromatic side chains of the substrate are formed at thegroup (19), but less than 16% sequence identities between
same location by the rearrangement of the hydrogen bondthem. Despite the low sequence identities between the
network of the active site without a conformational change AspATSs of subgroups la and Ib, the overall and active-site
in the backbone structure of the enzym@s3). structures are apparently similar. However, there are two
Histidinol-phosphate aminotransferase (HspAT) catalyzes gjstinct differences between them. In AspAT subgroup la,
the transfer of the amino group of thehistidinol phosphate  Arg292 recognizes the side-chain carboxylate of the sub-
(Hsp) to 2-oxoglutarate to form _imidazole acetol phosphate strate, while in AspAT subgroup Ib, Lys109 forms a salt
(IAP) and glutamate. HspAT is a product of the third pyigge with the side-chain carboxylate. In AspAT subgroup
structural gener(isC) of the histidine operon associated with |5 sybstrate binding induces a large movement of the small
the histidine biosynthetic pathway, which is a key and gomain as a whole to close the active site, but in the enzyme

common metabolic pathway(5). The enzyme consists of 4 gypgroup Ib, only the N-terminal region approaches the
two identical subunits, and each subunit is composed of 356 , tiye site.

amino acid residues with a subunit molecular weight of

39 315 and binds a PLP. The reaction process of eHspAT 1he aligned amino acid sequences Bf coli HSpAT
with Hsp is given in Scheme 2 based on the proposed (EHSPAT), €ASpAT of subgroup la, arithermus thermo-

mechanism of the transamination reactién7). Hsp binds ~ Philus HB8 ASpAT (tASpAT) of subgroup Ib show that

to eHspAT in the PLP form to make a new Schiff base Sequence identities of eHspAT with respect to eAspAT and
linkage with PLP. The amino group of the released Lys ASPAT are 18.5 and 17.4%, respectiveBf), and some of
eliminates thex-proton to give the quinonoide intermediate. the important residues for catalytic action in the active site
The protonated amino group of Lys addscaproton to C4 do not seem to be conserved among the enzymes. The overall
to produce the ketimine. The ketimine is hydrolyzed to PMP structure of eHspAT is expected to be similar to those of
and IAP through the carbinolamine. Since the Hsp is not €ASpPAT of subgroup la and tAspAT of subgroup Ib, but
amino acid but amine, not only the side-chain part (imidazole the precise three-dimensional structure of eHspAT is un-
ring), but also thexr-carboxylate part (phosphate) is different  known. AspATs bind and catalyze only acidic amino acids
from the corresponding groups of glutamate. The enzyme (aspartate and glutamate), while eHspAT recognizes Hsp and
should have the mechanism switching the binding site for glutamate as substrates, although eHspAT is homologous to
the basic side-chain of Hsp to that for the acidic side-chain AspATs. It is interesting to elucidate the mechanism to
of glutamate. Moreover, the bulky phosphate group with recognize double substrates (Hsp and glutamate) which are
double negative charge and the carboxylate group with adifferent in shapes, sizes, charges, and properties and to
single negative charge must be accommodated in the same&ompare the mechanism observed in eHspAT with that in
region of the active site. the aromatic amino acid aminotransferase.
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Structure determination of eHspAT should help in under-  Data Collection An X-ray diffraction data set for a native
standing the double substrate recognition, the role of the crystal was collected to a 2.0 A resolution at 293 K on a
active-site residues, and the reaction mechanism of theRigaku R-AXIS lic imaging plate detector using monochro-
aminotransferases, and comparing the three-dimensionaimated Cukx radiation (40 kv, 100 mA). The space group is
structures between eHspAT and AspATs of subgroups la C2 with cell dimensions o& = 133.3,b = 63.8,c = 46.2
and Ib provides some insight into the evolutionary relation- A, ands = 104.TF. There is one subunit in the asymmetric
ships of the PLP-dependent enzymes. Here we report theunit, and approximately 50.4% of the crystal volume is
X-ray crystallographic studies of eHspAT in the unliganded occupied by solvent. The data sets for the eHsp#sp
form, eHspAT complexed with Hsp and eHspAT complexed crystal, eHspATPxy—Glu crystal, a selenomethionyl protein
with N-(5'-phosphopyridoxyl)--glutamate (Pxy-Glu) at 2.0 crystal, and crystals soaked in 1ImMHzHgCl were col-

and 2.2 and 2.3 A resolution, respectively. lected to 2.2, 2.3, 2.1, and 3.1 A resolution, respectively, at
293 K with a Rigaku R-AXIS llc. All data were processed
MATERIALS AND METHODS and scaled using the programs DENZO and SCALEPACK

Preparation of eHspAT in the Complex with Pxy-Glu (23) (Table 1).
Pxy—Glu was synthesized according to the method reported ~ Structure Determination.The structure of the native
by Severin 21). To obtain apoenzyme, the PLP form of eHspAT in the PLP form was solved by the MIR method,
enzyme (26-25 mg/mL) was treated with 10 mM glutamate using two isomorphous data sets. The scaling of all data and
and 1.0 M potassium phosphate (pH 7.0) for 12 h at@5 map calculations were performed with the CCP4 program
The solution was dialyzed overnight against 500 mL of 100 suite @4). The difference Patterson map calculation for
mM Tris-HCI, pH 7.7, with three exchanges of buffer. The ethylmercury chloride using the data from 8 to 3.1 A
glutamate and dissociated PMP were washed out with theresolution allowed a clear interpretation of one mercury site.
same buffer using centripep YM-30. To this apoenzyme, The positions of three selenium sites in the selenomethionyl
Pxy—Glu was added to a 10-fold concentration and was eHspAT were determined from the difference Fourier map
incubated 12 h at 28C to obtain holoenzyme. based on the mercury phasing. Refinement of the heavy atom

Protein Expression, Purification, and Crystallizatiobhe parameters and calculation of the initial phases were
Ndd site was built into plasmid pUC118 at the initiation performed with the program MLPHARE4). The resulting
codon ATG of thdacZ gene by a site-directed mutagenesis. MIR map has a mean figure-of-merit of 0.33 at a resolution
The PCR-cloned structural gene of eHspAT has been insertedof 10—3.0 A. The map was significantly improved by the
betweenEcoR| and theNdd restriction site of the mutated  process of solvent flattenin@%) and histogram matching
pUC118.E. coliHB101 was transformed with the resultant (26) with the program DM 24). The mean figure-of-merit
plasmid, pUC11&isC. The enzyme was purified by a three- reached 0.78 with the same resolution range. The map was
step column chromatography procedure: first by a DEAE- of good quality and the model of the subunit was gradually
Toyopearl column (Tosoh) with a linear gradient from 0 to built into the 3.0 A map through several cycles of model
0.3 M NacCl, followed by a Gigapite column (Seikagaku building using the program Q27).
Kogyo) using a linear gradient of pottasium phosphate (5 The structure of eHspAT was refined by simulated
150 mM) and a phenyl-Sepharose CI-4B column (Pharmacia) annealing and energy minimization using the program
using a linear gradient of 25 to 0% saturated ammonium X-PLOR (28, 29), using X-ray data from 8:02.5 A
sulfate. Selenomethionyl eHspAT was prepared by overex- resolution. The entire structure including the PLP molecule
pressing pUC11&isCin E. coli DL41(metA") cells grown was scrutinized by successively omitting 10 residue segments
in a synthetic medium containingL-selenomethionine in  of the model from the phasing calculation and inspecting
place of methionine2?2). The selenomethionyl protein was the map. Refinement by simulated annealing and rebuilding
purified and crystallized in the same way as the wild-type was alternated until no further improvements in the structure
one. and statistics were apparent with tRggr of 21.8% and

Crystallization for the native enzyme in the PLP form was Ryee Of 26.6%. The resolution was progressively increased
carried out at 20C using the hanging-drop vapor-diffusion to 2.0 A and after several rounds of refinement and manual
method, using 2625 mg/mL protein solution and 21% (w/  rebuilding, Riactor and Riree Were reduced to 24.2 and 27.7%,
v) PEG 4000, 200 mM MgGJ] 100 mM Tris-HCI, pH 7.7, respectively. Water molecules were picked up on the basis
as the reservoir solution. After 3®0 h, crystals had grown  of the peak heights and distance criteria from the difference
to dimensions of about 0.8 0.3 x 0.4 mm. Crystallization =~ map. The water molecules whose thermal factors were above
of HspAT in the complex with Hsp was performed using 52 A2 (maximum thermal factor of the main chain) after
the hanging-drop vapor-diffusion method in combination refinement were removed from the list. Further model
with microseeding, using 2625 mg/mL protein solution and  building and refinement cycles resulted inRg.orof 19.7%
17.5% (w/v) PEG 4000, 82 mM Hsp, 200 mM Mg£100 and Ryee Of 24.7%, using 24 041 reflection&{ > 20(F,)]
mM Tris-HCI, pH 7.7, as the reservoir solution. When an between 8.0 and 2.0 A resolution (Table 1). During the last
excess amount of the substrate Hsp was added to the proteirstep of the refinement, unambiguous water molecules were
solution, the solution changed from yellow to colorless and added including those with a temperature factor higher than
the complex of eHspATHsp was obtained as colorless 52 A2 The maximum temperature factor of the water
crystals. Crystals of PxyGlu complex were obtained using molecules was 70 A
the same procedure as that for the native enzyme. A The refinement of eHspAT in the complex with Hsp was
preliminary X-ray study of the native enzyme, HspAIBp started using the coordinates of the unliganded eHspAT
and Pxy-Glu complex indicated that these three crystals are except for PLP as an initial model. The structure of eHspAT
isomorphous. was refined by simulated annealing and energy minimization
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Table 1: Data Collection, MIR, and Refinement Statistics

crystal native Hsp Pxy-Glu Se-Met EMC
diffraction data
resolution (A) 2.0 2.2 2.3 2.1 3.1
no. of reflections
unique 25542 18 942 16 231 21597 6724
observed 88073 87 507 55982
completeness (%) 96.7 (85%) 98.3 (95.5) 97.8 (97.4) 95.7 97.2
Rmerge(%0)2 6.9 (23.0) 8.6 (23.1) 8.9 (26.5) 8.8 13.7
MIR
Ruir (%) 11.2 13.1
phasing powef 0.5 0.4
no. of sites 3 1
refinement
resolution limits (A) 8.6-2.0 8.0-2.2 8.0-2.3
Riactor (%) 19.7 (31.% 19.1 (28.5) 17.8 (24.0%
Riree (%) 24.7 (33.% 26.1(33.5) 25.7 (34.9%
deviations
bond lengths (A) 0.008 0.008 0.006
bond angles (deg) 1.4 14 1.3
meanB factors
main chain atoms (A 21.6 22.6
side-chain atoms (A 24.0 23.9
cofactor atoms (A 16.8 20.2
water atoms (A 34.6 31.8

2 Rmerge= 2 nikl i |lhkii — MhVYnia 3i Iniai, Wherel = observed intensity andC= average intensity for multiple measuremeftBir = Y ||Fen
— |Fel|/3 |Fel, where|Fpr| and |Fp| are the derivative and native structure-factor amplitudes, respectiehasing power is the ratio of the root-
mean-square (rms) of the heavy atom scattering amplitude and the lack of closuré En@wralues in the parentheses are for highest resolution
shells (2.072.00 A) in the native enzyme, (2.28.20 A) in the Hsp complex, and (2.38.30 A) in the Pxy-Glu complex.c Ethylmercury
chlorode.

L | i cofactor, indicating that Hsp is covalently bonded to the
cofactor (Figure 5a). The Hsfrofactor bond structure was
then assumed to be ketimine or carbinolamine, which was
0.25 - - modeled into the residual electron density. The ketimine form
showed a good fit to the electron density, but¢h®H group

of carbinolamine could not be fitted into the electron density.
- The Hsp-cofactor bond structure was then assigned to be
ketimine as the most probable form. The water molecules
whose thermal factors were above 59(Aaximum thermal

~ factor of the main chain) after refinement were removed from
the list. Further model building and refinement cycles
resulted in amRacior Of 19.1% andRee 0f 26.1% using 18 299

B reflections F, > 20(F,)] between 8.0 and 2.2 A resolution
(Table 1). During the last step of the refinement, unambigu-
ous water molecules were added even when having a high-
temperature factor. The maximum temperature factor of the
water molecules was 732A

The refinement of eHspAT in the complex with Pxy
300 350 400 450 500 550 Glu was started using the coordinates of the unliganded
Wavelength (nm) eHspAT except for PLP as an initial model. The structure
FiGURE 1: Absorption spectra of wild-type HspAT in the absence Of €HSPATPXy—Glu was refined by simulated annealing
(broken line) and the presence of substrate Hsp at pH 7.7 and 25and energy minimizatior?, 29) using X-ray data from 8:0
°C with light path of 1 mm; 25 mg/mL protein in 17.5% (w/v) 2.3 A resolution. When théRactor Was below 25%, the
PEG 4000, 200 mM MgG] 100 mM Tris-HCI, pH 7.7; 82 MM (ifference Fourier map clearly exhibited the residual electron

Hsp. density corresponding to the Pxlu. The water molecules

(28, 29) using X-ray data from 8:62.2 A resolution. When ~ Whose thermal factors were above 58(Aaximum thermal

the Reacor Was below 25%, the difference Fourier map clearly factor of the main chain except for that of Ala23 and Arg24)
exhibited the residual electron density corresponding to the after refinement were removed from the list. Further model
substrate Hsp and cofactor. The crystals were colorless, andduilding and refinement cycles resulted inRgor of 17.8%

the spectra showed the loss of the 430 nm absorption withand Ree Of 25.7% using 16 008 reflection&{ > 20(F)]

a new absorption band at 330 nm when eHspAT was treatedbetween 8.0 and 2.3 A resolution (Table 1). During the last
with Hsp (Figure 1). Thus, ketimine, carbinolamine, and the step of the refinement, unambiguous water molecules were
IAP-PMP forms shown in Scheme 1 were selected as theadded even when having a high-temperature factor. The
candidates for the Hspcofactor complex. The residual maximum temperature factor of the water molecules was 70
electron density of Hsp is connected to the N4 atom of the A2,
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Ficure 2: Alignments of eHspAT, tAspAT, eAspAT, and pig cytosolic AspAT with secondary structaréselices are indicated by
HO—H16, andf-sheets by &g in the large domain and-ad’ in the small domain. eAspAT and pig cytosolic AspAT belong to
aminotransferase subgroup la, and tAspAT belongs to subgroup Ib. In the consensus sequence, capital letters imply full conservation, and
small letters imply conservation between eHspAT and one of two subgroups.

FIGURE 4: Stereoview of the subunit structure in eHspAT in the
complex with Hsp with secondary structure assignmesttlelices

- are denoted by HOH16, ands-sheets by ag in the large domain
Ficure 3: Cu ribbon tracing of the eHspAT in the complex with  and a—d' in the small domain. The shaded and open ribbons
Hsp viewed down the molecular 2-fold axis. One subunit is represent the large and the small domains, respectively.
represented by the shaded ribbon, and the small and large domains
of the other subunit by the lightly shaded and full ribbons, . . .
respectively. Hspcofactor bond structure, shown by the ball-and Using 1-mm cell, with the same protein and substrate
stick model, is bound to the active-site pocket, which is located at concentration and buffer solution as that for crystallization.

the domain interface and the subunit interface. The free enzyme exhibited a 427 nm absorption band
characteristic of the internal aldimine form of the enzyme.
Spectrophotometric Measurememnhe absorption spectra  The enzyme treated with excess amount of Hsp resulted in
of the native eHspAT and eHspAT in the complex with Hsp a new band at 327 nm with the disappearance of 427 nm
were recorded with a Hitachi spectrophotometer, model 3300, absorption (Figure 1)
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RESULTS AND DISCUSSION

Overall Structure The structure of eHspAT was super-
imposed on that of tAspAT using the program DAIL31j
to give an initial alignment, which was then manually
modified to have the maximum agreement of the conserved
residues between the two enzymes. The primary sequence
alignment thus obtained was combined with the reported
alignment among tAspAT, eAspAT, and pig cytosolic
AspAT (19) (Figure 2). The residues are numbered according
to the sequence of the pig cytosolic ASpAT. The sequence
identities of eHspAT with respect to tAspAT, eAspAT, and
pig cytosolic AspAT are 17.9, 15.2, and 14.6%, respectively.

The overall structure of eHspAT is shown in Figure 3.
The eHspAT is folded into a dimeric form with a crystal-
lographic 2-fold axis. The subunit structure of eHspAT is
shown with secondary structure assignments by the program
DSSP 82) in Figure 4. A small domain is formed by two
parts of the polypeptide chains from Tyrl3 to Ala48 and
from 1le326 to the C-terminus and the large domain from
Val49 to Met325. The N-terminal part comprising Metl

2 . < : : Leul? is called an arm and does not belong to either domain.
FiGUrRe 5. (a, top) Stereoview of theR2 — F. electron density The large domain is an/f domain with an open twisted
e T Sscheh dniy oy Shows s s o - Sheetstucture The sougrirands designated a9, 1
a coealent bond between Hsp ang cofac)t/or, and the absence of a?wb and c (all parallel except for the g-strand) form a sharply
hydroxy group on thex-carbon of Hsp, supporting the fact that isted/3-sheet structure as a central core surrounded by three
the Hsp-cofactor complex is in the ketimine form. (b, bottom) a-helices (H5, H6, and H11) from the interior side of the
Stereoview of the B, — F electron density map calculated using protein and threex-helices (H3, H7, and H8) from the
8.0 and 2.3 A resolution for PxyGlu complex. surface side (Figure 4). Many of the active-site residues are

) ) situated at or near one end of a seven-strartisldeet (the
Quality of the StructureThe refined model of eHSPAT  _ierminus of a-, f-, e-. d-, and b-strands and the N-terminus

contains 2594 non-hydrogen atoms and a covalently boundy the g-strand) forming the base of the active-site cavity.
molecule of PLP. Additionally, 142 water molecules were ,_Helix H12 is located around the molecular 2-fold axis,

included. The model lacks four N-terminal residues, Thrl8 4nq participates in the formation of the subunit interface.
to Asp32, and five C-terminal residues. The average thermalThe small domain also assumesdR structure with a four-
fazctors of the main-chain atoms (NpCC, and O) are 22 stranded-likes-sheet surrounded by threehelices (H13,
A2, H15, and H16) from the surface side of the small domain.
The refined model of eHspAHsp contains 2641 non-  The antiparallef-sheet of four strands (bb', d', and ¢) is
hydrogen atoms and a covalently bound molecule of the |inked to the parallef-sheet of two strands '(@nd &) by
cofactor in the ketimine form. Additionally, 120 water sharingp-strand ¢ to give the four-stranded-likg-sheet.

molecules were included. The model lacks four N-terminal PLP-dependent enzymes have been classified into four
residues, Ser22 to Asn30, and five C-terminal residues. Thegsmilies (fold type FIV) (33), and the fold type | was

average thermal factors of the main-chain atoms (&, C, subdivided into subgroups-1V. The AspATs were assigned

and O) are 23 A to the subgroup 147), which was further subdivided into
The refined model of eHspAPxy—Glu contains 2611  subgroups la and IHg). The program DALI 81) was used

non-hydrogen atoms and a noncovalently bound-F&iu. to search the Protein Data Bank database for PLP-dependent

Additionally, 116 water molecules were included. The model enzymes having a structure similar to that of eHspAT. The
lacks four N-terminal residues, Thrl8 to Ser22, Arg25 to highest Z-scores (strength of structural similarity) were
Asp32, and five C-terminal residues. The average thermal calculated to be 35.3 for tAspATLf), 32.8 for tyrosine
factors of the main-chain atoms (NaCC, and O) are 21 aminotransferase frorfrypanosoma cruz{34), 32.3 for
Az, cystalysin fromTreponema denticolg85), 30.4 for the MalY
Analysis of the stereochemistry with PROCHECBOY protein from E. coli (36), 30.2 for aminocyclopropane
showed that all the main-chain atoms fall within the 1-carboxylate synthase fromalus domestic437), and 24.2
additional allowed regions of the Ramachandran plot for all for cAspAT (15). Since the first four enzymes with the
structures. The 265 and 28 residues of eHspAT are in thehighest scores belong to subgroup 118,(33) and the sixth
most favored region and the additionally allowed region, enzyme is a member of subgroup la, eHspAT might be
respectively, the 265 and 33 residues of eHsgASp are in assigned to subgroup Ib. More accurately, the overall
the most favored region and the additionally allowed region, structure of eHspAT is more similar to that of subgroup Ib
respectively, and the 262 and 31 residues of eHSPAY— than to subgroup la, because eHspAT shows relatively low
Glu are in the most favored region and the additionally Z-scores from 30.4 to 35.2 to the first four enzymes,
allowed region. Pro138, Pro192, and Prol95 assume ciscompared with the Z-scores from 35.7 to 47.2 among these
conformations. four enzymes.
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Open-Closed Conformational Chang2ne of the striking deviation of the @ atoms between eHspAT and eAspAT is
features of the AspATs in subgroup la is the overall 1.46 A. When the @ atoms of four residues (sequence
enzymatic conformational change from the open to the closednumber 37, 296, 382, and 386) are excluded from the least-
form, depending on the binding of the substrate®-(15). squares fitting, the corresponding rms deviations between
This conformational change is due to the small domain eHspAT, and tAspAT and eAspAT are 0.66 and 0.54 A,
movement to close the active site. Also, in the tAspAT of respectively. These results indicate that the folding of the
subgroup Ib, the substrate binding induces a large confor-active-site residues are similar among these three enzymes,
mational change from the open to the closed form. However, but Co. atoms of Ala37, Tyr296*, Arg382, and Arg386 are
only the N-terminal region (Lyst3Val30) of the small significantly displaced compared with those in tAspAT and
domain approaches the active site to interact with the eAspAT.
substrate 19). PLP is bound to this pocket by extensive noncovalent

The CGu atoms of the residues {87, 33-351) located interactions with the residues forming the base of the active-
on the electron density map of the native eHspAT were site pocket except for Tyr70* and by forming an internal
superimposed onto the corresponding atoms of eHsHAG aldimine bond (Schiff base linkage) with the catalytic residue
and eHspATPxy—Glu by least-squares fitting with rms  Lys258. The pyridine ring of PLP is sandwiched by the
deviations of 0.16 and 0.17 A and maximum displacements methyl group of Ala224 (the ethyl group of lle in tAspAT
of 0.75 and 0.60 A, respectively, indicating that the enzyme and the methyl group of Ala in eAspAT) and the hydroxy-
does not change its main-chain folding of these residues upornphenyl ring of Tyr140 (the indole ring of Trp in tASpAT
binding with Hsp or glutamate. However, the structure of and eAspAT). The pyridine ring of the cofactor makes an
native eHspAT is distinguishable from those of eHspAT angle of 12.0 with the hydroxyphenyl ring of Tyr140, while
Hsp and eHspATPxy—Glu. The residues from 18 to 32 of in tASpAT and eAspAT, the corresponding angles between
the N-terminal region of the small domain were disordered the pyridine and indole rings are 8.&nd 20, respectively
in eHspAT, while the six residues (321, 31-32) in (12, 19).
eHspAT-Hsp and the two residues (23, 24) showed their  The phosphate group of PLP is involved in seven hydrogen
ordered structures. In eHspAHsp, Thrl8, Prol9, Tyr20, bonds and acts as an anchor to fix the cofactor to the active
and GIn21 covered the active site. The binding substrate, site. The negative charge of the phosphate group is well
Hsp, is almost shielded from the solvent, since the ASA of balanced with the positive charge of Arg266 and the dipole
375 A2 in Hsp is reduced to 13.0 A In tAspAT, the of a-helix H5, whose N-terminus is close to the phosphate
N-terminal region from Lys13 to Val30 moves to close the group. Asp222 forms an ion pair with the protonated nitrogen
active site, while the enzyme, except for this mobile region, atom of the pyridine ring of PLP. Tyr225 and Asn194 are
keeps their main-chain folding. Thus, eHspAT exhibits an hydrogen bonded to O3of PLP. Five water molecules are
open-closed conformational change on binding of Hsp, and located in the active-site pocket and are involved in the
the behavior of the N-terminal regions of eHspAT mimics formation of hydrogen bond networks as is shown in Figures
that of tAspAT in subgroup Ib. In eHspAPxy—Glu, Ala23 6a and 7a. W1, W2, W3, and W4 form a one-dimensional
and Arg24 approached the active site, and the ASA of 318 hydrogen bond network with a branch to W5. Asp109 bridges
A2 in Glu is reduced to 34 A But, the y-carboxylate of W1 and the OH of Tyr140. W2 and W3 are hydrogen bonded
Glu is exposed to the solvent region with the ASA of 25 to the OH of Tyr70* and the main-chain=€D of Ala37,

Az, respectively. W4 bridges the guanidino groups of Arg382

Active Site of eHspAT in PLP fornThe stereo structure  and Arg386, relaxing the repulsive forces between them.
and hydrogen-bonding scheme of the active site are shownArg386 is further hydrogen bonded to Asn194 and tle C
in Figures 6a and 7a, respectively. The molecule has two O of Asn36.
active-site pockets around the molecular 2-fold axis. Each Active Site of eHspAHsp. The &, —F electron density
pocket is located at the domain interface of one subunit and map for the Hsp-cofactor complex and the residues around
at the subunit interface. The residues comprising the pocketit is shown in Figure 5a. The stereo structure and hydrogen-
are made up of two parts. The first part is the bottom of the bonding scheme of the active site in eHspA$p are shown
active-site pocket, which consists of the residues, Asn194in Figures 6b and 7b. The binding of Hsp liberates five water
(Asn in tAspAT and eAspAT), Asp222 (Asp), Ala224 (Ile  molecules (WEWS5) from the substrate binding region of
and Ala), Tyr225 (Tyr), Thr255 (Gly and Ser), Ser257 (Ala the active site in the free enzyme, inducing residues Thr18,
and Ser), and Lys258 (Lys) and is at one end of the seven-Prol9, Tyr20, GIn21, Gly31, and Asp32 to be ordered, and
strandegB-sheet of the large domain. The second part forms approach and close the active site. Upon binding of the
the active-site wall, and consists of Ala37 (Ala and lle), substrate, the cofactor makes a new covalent bond with Hsp
Asp109 (Lys and Thr), Tyr140 (Trp), Arg382 (Val), Arg386 in place of Lys258. Possibly, the major component of the
(Arg), Tyr70* (Tyr), and Tyr296* (Thr and Ser). Seven and Hsp—cofactor bond structure is ketimine based on the
eight residues of the active-site pocket are conserved betweersolution spectra, crystal color, and the agreement between
eHspAT, and tAspAT of subgroup 119 and eAspAT of the substrate model and residual electron density (see
subgroup la 12—14), respectively, indicating a higher Materials and Methods). The released amino group of Lys258
conservation of the active-site residues than those of othermakes a hydrogen bond with Tyr70*, which will decrease
parts of the molecule. The correspondimgcarbons of the  the free energy level of the Hsjzofactor complex form of
active-site residues are superposed by a least-squares methdtle enzyme. New hydrogen bond network is formed between
between eHspAT, and tAspAT and eAspAT. The &oms the Hsp and the surrounding residues. However, the active-
of the active-site residues of eHspAT fit the corresponding site residues except for Lys258 do not change their positions
atoms in tAspAT with an rms deviation of 1.74 A. The rms  and retain the interactions among them upon Hsp binding,
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Ficure 6: Stereoview of the active site in eHspAT. The upper and lower parts of each figure are the protein (bottom of the active site) and
solvent (entrance of the active site) sides, respectively. (a, top) A close-up view of the active site of the unliganded eHspAT. Two loops
(red) of the small domain of the other subunit participate in the formation of the active site. The active-site residues and PLP (yellow) are
shown by a ball-and-stick model. The N-terminal region from Trp18 to Asp32 is missing because the region is disordered. (b, middle)
Close-up view of the active site of eHspAT in complex with Hsp. Part of the missing region (the residt2%) 18 the unliganded form

showed its ordered structure on the active-site pocket, and is displayed with Tyr20. Hsp is colored red with the cofactor in yellow. (c,
bottom) Close-up view of the active site of eHspARKy—Glu. Glu is colored red with the cofactor in yellow. Thecarboxylate of Glu

directs toward the solvent side, and has weak interactions with Arg24 which is disordered in the unliganded enzyme.
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compared with those in the free enzyme. This rotation is
induced by the formation of a covalent bond between the
cofactor and Hsp, which are fixed at the substrate binding
site by extensive interactions with the active-site residues.
Also, in the tAspAT of subgroup Ib, a cooperative rotation
(about 12) of the cofactor and Trp140 was observa@)(

Active Site of eHspAPxy—Glu. The Z, — F. electron
density map for Pxy Glu and the residues around it is shown
in Figure 5b. The stereo structure and hydrogen-bonding
scheme of the active site in eHspAxy—Glu are shown
in Figures 6¢ and 7c. Out of five water molecules located
on the substrate binding region of the active-site in the free
enzyme, four water molecules (W2V5) are liberated,
inducing the residues Ala23 and Arg24 to be ordered, and
approach the active site. The amino group of Lys258 makes
a hydrogen bond with Tyr70*. New hydrogen bond network
is formed between the glutamate part of PXglu and the
surrounding residues. However, the active-site residues
except for Lys258 and Arg382 do not change their positions
and retain the interactions among them upon glutamate
binding, since the corresponding residues in the free enzyme
and the complex are superimposed within 0.25 A with the
maximum displacement of 0.62 A except for the side chains
of Lys258 and Arg382.

The side chain of the glutamate part in P>x@lu takes
the place of W2 and W5 to form hydrogen bonds with W1
and Tyr296*. Thex-carboxylate group of the glutamate part
occupies the positions of W3 and W4, and makes a salt
bridge with Arg386, and a hydrogen bond with Asn194. The
pyridine ring of the cofactor and the hydroxyphenyl ring of
Tyr140 both rotate by 17and 8 toward the solvent side,
respectively, compared with those in the free enzyme.

Substrate Recognitiomhe eHspAT recognizes the sub-
strates Hsp and glutamate, which are different in size, shape,
charge, and property, using the same active site. The
mechanism for the double substrate recognition in eHspAT
has now been uncovered.

In eHspAT-Hsp, the phosphate group of Hsp is recognized
by Arg382, Arg386, Tyr20, and Asn194 (Figures 6b and 7b).
Arg382 and Arg386 form salt bridges/hydrogen bonds by
side on and end on configurations, respectiveg)(and
the total two positive charges compensate the two negative
charge of the phosphate group. Tyr20 and Asn194 interact
with the phosphate group of Hsp as hydrogen bond donors.

. 7. Schematic di howing hvd bond and salt The imidazole group of Hsp is bound to the pocket
IGURE 7: Schematic diagram showing hydrogen bond and sa ; ; *
bridge interactions of active-site residues in the unliganded eHspAT constructed by the side chains of Tyr20, Tyr70*, Asp109,

(a, top), eHspATHsp (b, middle), and eHspAPxy—Glu (c, _and Tyr2_96* (Figures 6b and 7b)._ Tyr20_ a_nd Aspl(_)9 are
bottom). Putative interactions are shown by dotted lines if the involved in the hydrogen bonds with the imidazole ring as
acceptor and donor are less than 3.5 A apart. hydrogen bond acceptors, implying that the imidazole ring
is protonated. Tyr70* and Tyr296* make van der Waals
since the corresponding residues in the free enzyme and thecontact with the imidazole ring.
complex are superimposed within 0.21 A with the maximum  |n eHspATPxy—Glu, Thea-carboxylate group of glutamate
displacement of 0.483 A except for the side chain of Lys258. is recognized by Arg386 and Asn194 (Figures 6¢ and 7c).
The N-terminal residue Tyr20 covers the entrance of the The hydrogen bond network formed among PGiu,
active-site pocket to shield Hsp from the solvent. Arg386 and Asn194 is the same as that observed in the active
The imidazole group of Hsp takes the place of W1 and site of eHspATHsp. This network is common structural unit
W2 to form hydrogen bonds with Asp109 and Tyr20. The seen in aminotransferases of subgroup la an@Hip, 19).
phosphate group of Hsp occupies the positions of W3 and The acidic side-chain of glutamate forms hydrogen bonds
W4, and makes salt bridges with Arg 382 and Arg386, and with the hydroxy group of Tyr296* and W1 which is further
hydrogen bonds with Tyr20 and Asn194. The pyridine ring hydrogen bonded to the carboxylate group of Asp109
of the cofactor and the hydroxyphenyl ring of Tyr140 both (Figures 6¢ and 7c). Tyr70* makes a van der Waals contact
rotate by 13 and 10 toward the solvent side, respectively, with the side chain of glutamate. The residues (Tyr20, Tyr70,
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Ficure 8: Superimposition of the active-site residues between eHdg#T and eHspAIPxy—Glu by least-squares fitting of all atoms

except for Arg382 and Tyr296*. The active-site residues are well overlapped except for Arg382 and Tyr296*. Tyr20 and Arg24 are disordered
in eHspAT-Hsp and eHspATPxy—Glu, respectively. The imidazole ring of Hsp apetarboxylate of glutamate are located on the different
positions of the active site.

Aspl109, Asn194, Tyr296, Arg382, and Arg386) interacting 15, 19, 39). Interestingly, AspATs and eHspAT homologous
with Hsp and/or glutamate are conserved in the HspATs, to AspATs bind the acidic side chains at the different
whose primary sequences have more than 34% sequencéocations of the active site.
identities with eHspAT, and might interact with Hsp or Among the residues interacting with Hsp and/or glutamate,
glutamate in a mode similar to that observed in eHsSpAT Tyr70*, Asn194, and Arg386 are conserved in the AspATs
Hsp or eHspATPxy—Glu. and have common roles in eHspAT and the AspATS. In the
The superposition of the active site between eHs#sp AspATSs, Tyr70* approaches the side-chain of the substrate
and eHspATPxy—Glu is shown in Figure 8. The corre- (9-15), and Asn194 and Arg386 interact with thecarboxy-
sponding residues in eHspAAisp and eHspATPxy—Glu late in the same manner as observed in eHspisp and
are superimposed within an rms deviation of 0.16 A and the eHspAT-glutamate. Thus, the unconserved residues, Tyr20,
maximum displacement of 0.39 A except for the side chains Asp109, Tyr296*, and Arg382 are characteristic of the Hsp
of Arg382 and Tyr296*, indicating that eHspAT recognizes and/or glutamate recognition.
both Hsp and glutamate without the large-scale rearrange- In eHspAT-Hsp, the disordered Tyr20 in the free enzyme
ment of the hydrogen bond networks and the active-site approaches Hsp, bridges the imidazole ring and the phosphate
residues. A comparison of the location of Hsp in eHspAT group by hydrogen bonds, and almost shields Hsp from the
Hsp with that of glutamate in eHspAPxy—Glu showed that ~ solvent. The induced fit of the N-terminal region bearing
the phosphate group of Hsp occupies the similar position asTyr20 is critical for Hsp recognition. Asp109 induces the
that of thea-carboxylate group of glutamate, while the basic protonation of the imidazole ring, and forms a strong
imidazole group of Hsp and the acidic side chain of glutamte hydrogen bond with the ring. In tAspAT of subgroup Ib,
are located on the different positions showing that the binding the residue 109 is Lys, which is a key residue to recognize
site for the basic imidazole group of Hsp is different from the side-chain carboxylaté9), while in subgroup la AspAT,
that for the acidic side chain of glutamate (Figure 8). The Arg292 takes the place of Lys109 to interact with the side
bulky phosphate group of Hsp is folded to make short chain of the substrate9¢15). Aspl09 in eHspAT and
hydrogen bonds (2.7 and 2.8 A) with the guanidino group Lys109 in tAspAT play a role similar in the substrate
of Arg386 compared with the corresponding ones (3.0 and recognition, although their charges are opposite. Tyr296*
3.3 A) in eHspATPxy—Glu. The imidazole group of Hsp  participates in the formation of the pocket for the imidazole
faces the protein side and is shielded from the solvent region.ring of Hsp, directly interacting with the ring. Thus, Tyr20,
On the other hand, the acidic side chain of glutamate is Asp109, and Tyr296* are key residues to recognize the
directed to the opposite side and approach the solvent regionimidazole group of Hsp. Most of the residues 382 in AspATs
The mechanism for the double substrate recognition observedare hydrophobic lle, Leu, or Val, which are situated just on
in eHspAT is in contrast to that in the hexamutant of eAspAT Arg386. In eHspAT, the residue is replaced by Arg to interact
and an aromatic amino acid aminotransfer&ey In these with the phosphate group of the substrate. Arg382 is one of
enzymes, the recognition site for the side chain of the acidic the key residues for substrate recognition.
amino acid is formed at the same position as that for the In eHspATglutamate, the binding of the substrate glutamate
side chain of the aromatic amino acids by large-scale induces the approach of the disordered loop toward the active
rearrangements of the hydrogen bond networks. This positionsite. But the behavior of the loop is different from that of
is quite similar to that for the recognition site for the eHspAT-Hsp in that Arg24 shows its ordered structure with
imidazole group of Hsp in eHspAMHsp and that for the  Tyr20 disordered. Arg382 changes its side-chain direction
acidic side chain of aspartate or glutamate in AspATls|( to approach the-carboxylate of glutamate. The distances
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between the guanidino groups of Arg24 and Arg382, and PLP similar to that of the AspAT subgroup la, suggesting
the y-carboxylate are 5.6 and 4.8 A, respectively. The two that the strain of the protonated Schiff base is critical for
Arg residues may at least partially compensate the negativethe catalytic action of this enzyme. This hypothesis is now
charge of the/-carboxylate by the electrostatic interactions. being tested by mutational analysis.

Aspl09 and Tyr296* participate in the recognition not only
for the imidazole group of Hsp in eHspAHisp but also for
the y-carboxylate of glutamate. Asp109 interacts with the
y-carboxylate of glutamate in the medium of W1 and
Tyr296* makes a direct hydrogen bond with thearboxy-
late.

The eHspAT, tAspAT, and eAspAT are divergently
evolved from the same ancestor. eHspAT gained the ability
to recognize both Hsp and glutamate and catalyze them, by
utilizing essentially the same active-site folding as that of
AspAT, conserving the essential residues for transamination
reaction, and replacing and relocating some of the active-
site residues to make the binding sites for the phosphate and
the o-carboxylate groups of the substrates at the same
position and those for the imidazole apatarboxylate groups
at the different positions.

Mechanistic ImplicationsComparison of the active-site
residues of eHspAT described above with those of the
AspATs of subgroup la and tAspAT of subgroup Ib showed
that the essential residues for the catalytic actions in the
AspATs are conserved in eHspAT. These residues are
Asnl194, Asp222, Tyr225, and Lys258. Asn194, Tyr225, and
Asp222 control the electronic state of tiieonjugate system
of the Hsp-cofactor bond structure through hydrogen bonds
to O3 and a salt bridge to N'lof the cofactor 40-43), and
Lys258 is the catalytic residue as a proton shuttle. In addition
to these residues, Tyr70 and Arg386 are conserved. Tyr70
makes a van der Waals contact with the side chain of the
substrate44), and Arg386 recognizes thecarboxylate of
the substrate15). The main-chain atoms of the conserved
residues except for Arg386 are superimposed within 0.87 A
with those of eAspAT of subgroup la, and the locations of
the side chains of these residues are approximately the same
between eHspAT and eAspAT, indicating that the stereo-
chemistry of the catalytic reaction in eHspAT is the same
as those proposed for the AspATs of subgroup7a (

In the uncomplexed AspATs of subgroup la in the PLP
form, the Schiff base (C4N) between PLP and Lys258
was characterized by the unusually loW,pralue of about
6.8, and the large deviation of the @N bond from the
planarz-conjugated system between'€N and the pyridine
ring of PLP with the dihedral angle of CG4—C4—N
amounting to 56-90° (12—15). The deviation of C4=N and
the low K, value were proved to be caused by the
stereochemical strain of the protonated Schiff base coplanar
with the pyridine ring of PLP: the Schiff base is tethered to
the protein backbone, and the rotation of the pyridine ring
of PLP is restricted by the access of Ala22,(45). This
strain is essential for the enzyme function, since the strain
of the protonated Schiff base enhances the catalytic activity
of the enzyme by increasing the energy level of the free
enzyme plus substrate at a neutral pH relative to the transition
state 45). Also, in eHspAT, the Schiff base formed by PLP
and Lys258 deviate significantly from the plane of the
pyridine ring of PLP with the dihedral angle of €&€4—
C4—N = 52°. The Schiff base is linked to the protein
backbone, and the rotation of the pyridine ring of PLP is
restricted by Ala224, with the active-site structure around
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