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ABSTRACT: The biosynthesis of ansamycin antibiotics, including rifamycin B, involves the synthesis of
an aromatic precursor, 3-amino-5-hydroxybenzoic acid (AHBA), which serves as starter for the assembly
of the antibiotics’ polyketide backbone. The terminal enzyme of AHBA formation, AHBA synthase, is a
dimeric, pyridoxal 5phosphate (PLP) dependent enzyme with pronounced sequence homology to a number
of PLP enzymes involved in the biosynthesis of antibiotic sugar moieties. The structure of AHBA synthase
from Amycolatopsis mediterrandias been determined to 2.0 A resolution, with bound cofactor, PLP,
and in a complex with PLP and an inhibitor (gabaculine). The overall fold of AHBA synthase is similar
to that of the aspartate aminotransferase family of PLP-dependent enzymes, with a large domain containing
a seven-strandefl-sheet surrounded by-helices and a smaller domain consisting of a four-stranded
antiparallels-sheet and foua-helices. The uninhibited form of the enzyme shows the cofactor covalently
linked to Lys188 in an internal aldimine linkage. On binding the inhibitor, gabaculine, the internal aldimine
linkage is broken, and a covalent bond is observed between the cofactor and inhibitor. The active site is
composed of residues from two subunits of AHBA synthase, indicating that AHBA synthase is active as
a dimer.

In recent years, genetic approaches to understandinghas prompted work on the genetics of rifamycin biosynthesis,
antibiotic biosynthesis have yielded a large amount of which recently resulted in the sequencing of the entire
information on a number of key biosynthetic pathways (  rifamycin biosynthetic gene cluste#,(5). This work laid
This has led to the real possibility of engineering new the ground for a deeper understanding of rifamycin biosyn-
biologically active compounds by genetic manipulation of thesis and for the genetic engineering of unnatural analogues
antibiotic biosynthesis?). The ansamycins are a prominent of the natural rifamycins.
class of antibiotics produced by various actinomycetes.
Because of its pronounced anti-mycobacterial activity rifa-
mycin B (1) is one of the more notable members of this
class of antibiotics. Synthetically modified versions, e.g.,
rifampicin, are commonly used in the treatment of tubercu-
losis and other mycobacterial infection3).(However, as
with many other antibiotics, the clinical utility of the 7 \ing group, thereby closing the macrolactam rigy (
nfamycms is jeopardized 'by the widespread appearance Of(Figure 1). The starter unit AHBA is formed by a new
resistant pathogens, calling for the development of new

it . t subiect to th ist hani Thi arallel branch(9) of the shikimate pathwayl(Q) which
rilamycins hot subject to these resistance mechanisms. I%roduces 5-deoxy-5-amino-3-dehydroshikimic acid (amino-

DHS), from which AHBA is then formed by the action of
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J.C.E.) and from the U.S. Public Health Service (NIH Grant Al 20264 AHBA synthase gene results in the loss of rifamycin B
to H.G.F.). . ) )

#The atomic coordinates of AHBA synthase with PLP and PLP ~ formation; supplementing the mutant with AHBA restores
gabaculine are available from the Brookhaven Protein Data Bank under 1 production.
entry codes 1B9H and 1B9I, respectively.

Like all the ansamycins, rifamycin B is assembled on a
type | polyketide synthase by chain extension of an unusual
starter unit, the aromatic amino acid 3-amino-5-hydroxy-
benzoic acid (AHBA) (6, 7), using two acetate and eight
propionate units. The carboxy terminus of the resulting linear
polyketide eventually forms an amide linkage to the AHBA
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! Abbreviations: AHBA, 3-amino-5-hydroxybenzoic acid; amino- gabaculine (3-amino-2,3-dihydrobenzoic acid), a naturally

DHS, 5-deoxy-5-amino-3-dehydroshikimic acid; AAT, aspartate ami- -
notransferase; AroAT, aromatic amino acid aminotransferase; CBL, occurring substrate analogué2j. AHBA synthase shows

cystathionings-lyase; FOM, figure of merit; Hepesi-(2-hydroxyethyl)- pronounced homology to the deduced amino acid sequences
piperazineN'-2-ethanesulfonic acid; MAD, multiple wavelength anoma-  of a group of PLP-dependent enzymes with putative functions
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Ficure 1: Structure of rifamycin BX) and its biosynthetic assembly. P represents the phosphate group in the structures of E4P, PEP, and
aminoDAHP.
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Ficure 2: Representation of the overall reaction catalyzed by AHBA synthase and its mechanism, with substrate and product numbering
as used in the text. (From réf.)

other gene from this familystsC from the streptomycin  dependent enzyme structures have expanded significantly,
biosynthetic gene cluster, has so far been expressed, and itallowing careful comparisons of structuriinction relation-
product has been characterized as-glutaminescyllo- ships in this important class of enzymes. Structural studies
inosose aminotransferasey). of enzymes that catalyze different types of reactions will
Pyridoxal 3-phosphate-dependent enzymes catalyze adeepen our understanding of how the protein can modulate
diverse range of reactions, including transamination, decar-the chemistry facilitated by the PLP cofactor.
boxylation,s-replacementg,3-elimination, angs,y-elimina- In this paper we present the crystal structures of AHBA
tions (16, 17). Recently, the number and variety of PLP- synthase with bound PLP and with PLP and the substrate
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analogue inhibitor, gabaculine. These structures show that,linear gradient of 560% saturated (N,SO; in buffer B.
in terms of three-dimensional structure, AHBA synthase Fractions were collected every 10 min, and the fractions
belongs to the aspartate aminotransferase family of PLP-containing high AHBA synthase activity, eluting at-228%
dependent enzymes. The structures also confirm several(NH,),SO, saturation, were monitored for purity by SBS
aspects of the proposed mechanism, including the functionPAGE and showed the protein to be nearly homogeneous.
of conserved active site residues. They lay the foundation The AHBA synthase solution from the Superose 12 column,
for future studies on the detailed catalytic mechanism of concentrated to a volume of 3 mL in buffer B, was applied
AHBA synthase and for comparative studies with other to a Sephadex G-100 column (2550 cm), which was then
members of the subfamily of PLP enzymes involved in eluted with the same buffer at a flow rate of 10 mL/h.
biosynthesis of antibiotic sugar moieties, to address questionsFractions with a high specific activity were collected and
such as what structural features determine whether a givenwere shown to be highly homogeneous, as judged by-SDS
enzyme acts as a dehydratase or as a transaminase. PAGE. The overall purification was 74-fold; 435 mg of
homogeneous protein was obtained from 10 LEofcoli
EXPERIMENTAL PROCEDURES BL21(DE3)/pLysS/pHGF7406 culture.
Overexpression and Purification of Recombinant AHBA  Tq optain partial amino acid sequence data for the

SynthaseTo express the intact AHBA synthase gene from eypressed recombinant AHBA synthase, the single protein
Amycolatopsis mediterran&i699, the 129 bjpldd —EcdRI band from the Sephadex G-100 purification step was cut out
DNA fragment from pRSETB/AHBA12) was replaced with  from the SDS-PAGE gel and electrophoretically transferred

a 24 bpNdd —EccRI digested DNA fragment, which was 5 pyDF membrane for gas-phase microsequencing. The
amplified by PCR using pfu-polymerase (Stratagene), pSK-/ jntact protein revealed a 14 amino acid N-terminal sequence
AHBAl (12) as tgmplate., and the fqllowmg primers: ® H,N-N-A-R-K-A-P-E-F-P-A-W-P-Q-Y, which was consis-
primer RM11 which carried aiNde site (shown in bold  tent with the AHBA synthase sequence obtained directly
letters) at the Sterminus of the AHBA synthase gene fom A mediterraneB699 (L2). ESI-MS analysis was carried
(underlined) [d(GATGGATCCACATATG AACGCGC- out on the NaBHreduced and the unreduced protelr®)(
GAAGGCACCGG)3], containing the ATG start codon of 454 gave a molecular mass of 42 077.0 Da for the denatured
AHBA synthase, and (i) primer RM16 [(CACCGGCAT-  550enzyme (the calculated average molecular mass is
GATCACCTTGGTGCGC)J, containing the antisense- 45 039.0 Da) and 42 308.5 Da for the reduced, denatured
strand nucleotide sequences located 374 bp downstream Oﬁoloenzyme. The difference between holo and apo forms,

the N-terminus of the AHBA synthase gene. The resulting 237 5 pa, is consistent with the molecular mass of the
recombinant clone, pHGF7406, was confirmed through DNA phosphopyridoxyl moiety (231 Da).

sequencing and then transformed iBgxherichia colBL21- c llizati d Data CollectianAll chemical d
(DE3)/pLysS for protein expressioi?). ¢ rysta ||z|_at|qn an atab o ec(:jtlof CFTT('CaS.Uﬁe h
A 200-mL overnight culture ofE. coliBL21(DE3)/pLysS/ or crystallization were obtained from Fluka, with the

pHGF7406 in LBBS medium (10 g of trypton& g of yeast exception of PLP and gabaculine, which were obtained from
extract; 10 g of NaCl: 182.2 g ab-sorbitol; 0.293 g of Sigma. Cryoloops and crystallization supplies were obtained

betaine per liter) containing 5@y/mL carbenicillin and 34 ~ 1oM Hampton Research. All pH measurements were per-
ug/mL chloramphenicol was transferred to 10 L of the same formed at room temperature. Crystals of AHBA synthase
fresh medium in a fermentor. Fermentation, harvesting, and ere Produced by the hanging-drop vapor diffusion method.
washing of the cells were carried out as described previously AHBA synthase (11 mg/mL) in buffer (50 mM HEPES, pH
(12). The washed cells were suspended in 100 mL of buffer /-2; 0-05% Nal) was incubated at 4C with an excess of

A (50 mM Tris-HCI, pH 7.5; 10% glycerol; 50 mM KCI; 1 PLP (05 mM) and then mixed 1:1 with a precipitant solution
mM EDTA; 1 mM phenylmethanesulfonyl fluoride; 1 mm ~ ontaining 100 mM HEPES, pH 7.5, 1.7 M (M)$Q,, and

dithiothreitol). The cell suspension was passed through a3~8% PEG 400. The mixture was suspended over 1 mL of
French pressure cell twice and centrifuged to separate thelN® Same precipitant solution and left at k8 For crystals
cell debris and supernatant. (MESO; was added to the containing the inhibitor gabaculine, gabaculine was added

supernatant, and the precipitate obtained between 58% andt© 0-5> mM) after addition of PLP. The gabaculin@HBA
84% saturation was collected, dissolved in buffer B (50 mM crystals were almost colorless, whereas the uninhibited form

Tris-HCI, pH 7.5: 20% glycerol; 50 mM KCI; 1 mM EDTA: of the enzyme with PLP gave yellpw crystals, in accordance
1 mM phenylmethanesulfonyl fluoride), and dialyzed against With the solution absorption maximum at 416 nm. Crystals
the same buffer. The dialyzed protein solution was loaded ©f @ mercuric acetate derivative of AHBA synthase were
onto a column of DEAE resin (bed volume 185 mL), Produced by cocrystallization of native protein with a 3-fold
preequilibrated with buffer B, at a flow rate of 1 mL/min, Molar excess of mercuric acetate.

After being washed with 2 volumes of buffer B, the column For all data collections, crystals were transferred to
was eluted with a gradient of 5850 mM KCI in buffer B. cryoprotectant mother liquor (20% v/v glycerol) and then
The fractions containing AHBA synthase were collected (at were frozen at 136140 K in a liquid N cryostream.
200-240 mM KCI) and concentrated using Centriprep-10 Diffraction data for crystals of native and gabaculine-
(Amicon). (NH,).SO, was added to the concentrated AHBA inhibited AHBA synthase were collected using a rotating
synthase solution to give 50% saturation. The solution was anode generator (Rigaku RU-H2R) and Raxis-1IC image
applied to a Superose 12 column (bed volume 100 mL), plate detector. A higher resolution dataset for the gabaculine
preequilibrated with 50% saturated (WESO, in buffer B. complex was obtained using synchrotron radiation (Dares-
The column was flushed with buffer B containing 50% bury beamline 7.2) with a MAR image plate detector. The
saturated (NE),.SO, for 30 min, followed by elution with a  diffraction pattern was consistent with the trigonal space
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Table 1: Data Collection and Phasing Statistics

nativet Hg A1 HgA2 HgA3 gabaculine
A (R) 1.54 1.54 1.008 0.832 1.54 and 1.488
resolution range 392.35 49-2.0 99-2.4599-1.7 42.3-2.0
no. of unique reflections 21993 43340 22161 65659 38950
WolD 7.7 (3.1} 8.5(2.9) 24.6 (12.0) 18.6 (2.6) 5.1 (4.0)
Reym(%)° 7.2(23.2) 5.7 (24) 3.1(5.0) 3.7 (20.3) 8.9 (17.7)
completeness 86.7 (58.5) 98 (92.6) 98.9 (99.4) 99.6 (100) 96.3 (89.0)
phasing powet(iso) 3.3 3.0 25
phasing power(ano) 25 25 3.7
RCuniSd (iSO) 53 60 66
Reuiis (ano) 75 76 59

2 Native data used for phase calculations, Bupitvalues calculated by SHARP were used for refinement and map calculabata from two
crystals were merged for final dataseRsym = Y |(I — O0|/Y 1, wherel is the observed intensity of a reflection afiflis the mean intensity of the
reflection. For the gabaculine dataset, the statistics reflect the agreement between scaled intensities from twd Batesetspower anBcuiis
given for acentric reflections only.Values in parentheses indicate the values obtained for the highest resolution shell of data, which is the last 0.11
A of data except for dataset HiB, where it corresponds to the last 0.06 A of data.

groupP3,21 or P3,21, with unit cell dimensions = b =
89.7 A andc = 127.7 A (native data). The asymmetric unit
contains one monomer of AHBA synthase (i.e., 387 amino
acids, residues-2388) and 60% solvent. Data were pro-
cessed with MOSFLM X8) and SCALA (9), and the
statistics for all the merged data sets are given in Table 1. ¥
One dataset of the mercuric acetate derivative was collected &
using a rotating anode generator (Rigaku RU-2HB) equipped k5,
with Yale focusing mirrors (Molecular Structures Corp.) and
an Raxis-1V image plate detector. Two subsequent datasets
of the mercuric acetate derivative were obtained using
synchrotron radiation, at 0.832 and 1.008 A, to coincide with
the maximum of"" above the Hg L(I) edge and the maximum

of |f'| at the L(lll) edge, respectively. These data were
collected with the BM14 beamline at ESRF, Grenoble, using
a MarResearch image plate detector and were processed with
DENZO and SCALEPACK?20). The data collection statis-
tics are listed in Table 1.

Structure Determination and Refinemehhe two mercury .
sites were located using anomalous difference Patterson maps &&# ’ 7
and confirmed by direct method21). The site information Ficure 3: Initial electron density map|Kp|,amap-mir) Of the
was then input to SHARP2Q) for phase calculation and AHBA synthase complex with PLP showing the active site area.
refinement, using data from all three wavelengths for the Fr values and phases were determined from SHARP calculations

ot : : ; “ _ (see Experimental Procedures). The map is contoured at the 1.5
Hg derivative and the isomorphous native data in a "MAD level, and the final model is superimposed. C4A is iD4he text.

MIR" approach to phasing2@, 24). The calculated phases  Tne figure was prepared using XtalVie®s).
gave excellent FOM values to 1.9 A (for centric reflections

FOM = 0.54; for acentric reflections FOM- 0.58). The refinement as implemented in X-PLORSE], resulting in a
resulting phases were further improved by density modifica- model with anR-factor of 32.2% andRy.. = 35.1% (using

tion (Solomon solvent flattening), as implemented in SHARP. data between 10 and 2 &,> 10). TheF values used were
The final choice of spacegroup was made by inspection of those calculated by SHARP, as these extended to higher
the electron density map: in the correct spacegr&3s2(1), resolution than the native data. Phase restraints were found
the a-helices could be seen to have the correct handednessto improve the refinement at this stage. The PLP cofactor
The experimental electron density map produced was easilywas positioned into the experimental electron density and
interpreted, showing clear continuous electron density for was added to the model after the first round of refinement.
the entire polypeptide chain from residue 5 and clear electron Further model building, followed by energy minimization
density for the bound PLP cofactor (see Figure 3). A refinement (X-PLOR, without phase restraints), reduced the
complete @ trace (residues-5388) was built using the  R-factor to 30.0% Ryee = 32.3%). At this point, individual
automated fitting routine (xfit) in XtalViewZ5). The AHBA temperature factor refinement was employed, which reduced
synthase sequence could easily be aligned to thdr&ce the R-factor to 27.7%Ryee = 30.5%). SigmaA-weighte(®7)

by inspection of the electron density maps. The backbone electron density maps (calculated in XtalView) were used
atoms and most of the side chains were added to the initialto aid model building. Further cycles of manual model
model, using XtalView/Xfit to refine the side chains into building, including the addition of water molecules, with
the experimental electron density. The initial model produced positional and temperature factor refinement lowered the
was subjected to simulated annealing from 3000 K and R-factor to 23.2% Rqee = 26.2%). For the last cycles of
energy minimization refinement, followed by overBifactor model building and solvent addition, the structure was refined
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vidual B-factor refinement, reduced thefactor to 21.1%
(Rree = 26.6%), for data withF > 20, 20—2.3 A. At this
point, data to 2.0 A were merged with the original data set
(see Table 1 for statistics on the merged data set), and

Table 2: Statistics for the Refinement of AHBA Synthase
Structures

PLP complex PLP-gabaculine

E?gé?gfg,/g ;mge A 2%%2‘0 2(;32.0 addition of water molecules followed by maximum likelihood
Riee (%) 250 272 refinement 28) produced a final model with aR-factor of
no. of reflections in refinement 37744 36758 22.4% Ruee = 27.2%) for all data to 2.0 A. The statistics
no. of reflections used fdRree 1994 1936 for refinement are given in Table 2.

no. of protein atoms 2940 2935

no. of coenzyme and inhibitor atoms 15 24

no. of water molecules 216 190 RESULTS AND DISCUSSION

av B-factor for protein atoms 33.7 36.5 . . .
av B-factor for ﬁgand atoms (g; 25.0 26.4 Quality of the Final Model The refined structure of the
av B-factor for water atoms (A 39.5 38.8 AHBA synthase-PLP complex yields aR-factor of 21.5%
fmg:@"gﬁ??ﬁ fr(?&';“ ideality 0015 0016 for all data to 2.0 A (Table 2). The final model contains
gths . ) . .
bond angles (deg) 53 50 residues 5388 of the 388 residues of AHBA synthase, one

PLP molecule, and 216 ordered water molecules. The
stereochemistry of the final model has been analyzed by
PROCHECK 29), which gives an overalb-factor of —0.26,
within the limits expected for a structure refined at this
resolution. A Ramachandran plot shows all non-glycine
residues fall within allowed regions of conformational
energy. There is oneis-proline residue (Prol13), and there
are no disulfide bridges. The structure of the enzyme with
+ gabaculine resulted in aR-factor of 22.4% for all data to

2.0 A (Table 2), also with good geometry, and no outliers
Iéi \X

aTheR-factor is calculated for all reflections (no cutoffs were applied
to the data).

in the Ramachandran plot.

Description of the @erall Fold of AHBA Synthaselhe
overall fold of AHBA synthase (shown in Figure 5) consists
of three distinct regions, an N-terminal region, a “large”
cofactor-binding domain, and a “small” (C-terminal) domain.
The large and small domains closely resemble the aspartate
aminotransferase fold3(Q), which has now been observed
\C\ in nine other PLP-dependent enzym&4-39) but is not

+ the only fold observed for a PLP-dependent enzyd@, (
/ N/ ‘ 41). The N-terminus starts with an extended region, which
FiGURE 4: Electron density omit map |l — |Fcl),0caicomi) Of leads into amx-helix (A1). This leads into the large (cofactor-

AHBA synthase complexed with PLP and gabaculine showing the 1, 4ing) domain, which consists of a central seven-stranded
active site area. The substrate and cofactor atoms were omitted from !

the model after refinement, and the calculation of phases and theﬂ,'Shee_tlnthe orderagfedtﬁm,anddlrecthﬁl- -ttt

omit map were performed in XtalView. The map is contoured at (I-€., Six parallel strands and one antiparallel strand), sur-

the 6 level, with the final model superimposed. The figure was rounded bya-helices, with four (A3, A4, A7, and A10) on

prepared using XtalView2s). one face of the sheet and three (A2, A5, and A6) on the
) . o . . other face. The small (C-terminal) domain consists of a four-

using the maximum likelihood metho@8), producing afinal  stranded antiparallg-sheet (strands ABDC), with-helices

model with anR-factor of 21.5% Ryee = 25.2%). The A9 A13, and Al4 and the C-terminal end of helix A8
stereochemistry of the model was assessed with PROCHECKstacked on the side of the sheet that is furthest from the

(29) (see Table 2).

Structure Determination of the AHBA Synthasgaba-
culine ComplexThe refined model of AHBA synthase with

cofactor-binding domain. The two domains are connected
by o-helices A8, All, and Al2.

The asymmetric unit of the AHBA synthase crystal

PLP, but without added water molecules, was used as thecontains one subunit of the enzyme. However, a crystal-
initial model for the structure of AHBA synthase with lographic 2-fold axis generates a dimer that has many close
gabaculine. The model was subjected to rigid body refine- contacts between subunits, especially at the active site. This
ment (using the samBy.e flagged reflection set as for the  is strong evidence that a dimer is essential for the catalytic
isomorphous native structure), followed by energy minimiza- activity of AHBA synthase. The observation of a functional
tion and overall B-factor refinemen2@). This model was  dimer in the crystal structure is in agreement with the finding
used to make sigmaA-weighted electron density maps inthat AHBA synthase behaves as a dimer in solutib®).(
XtalView (25, 27. The position of the inhibitor could be  The dimer interface has two main features (Figure 6). The
clearly observed in the electron density maps (Figure 4), andfirst is the long loop (residues 21@38) between helices
the inhibitor was added to the model, assuming a single bondA7 and A8, which comprises a large part of the dimer
between C4 (C4A) of the cofactor and the nitrogen of interface and also forms part of the active site. This long
gabaculine (see also Figure 10 for chemical structure). Cyclesloop interacts with the following regions of the other
of manual model building and addition of ordered water subunit: (i) helix A10 and the preceding seven residues, (ii)
molecules, combined with energy minimization and indi- residues at the N-terminal end of helix A3, and (iii) residue
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Ficure 5: Ribbon diagram of the AHBA synthase monomer showing the overall fold. Secondary structure elements are labeled
sequentially: ATAl4 for a-helices, ag for strands in the large domain, and-R for strands in the small domain. The N-terminal
region is colored blue, the large (cofactor-binding) domain is in green, and the small domain is in pink. The cofactor is shown in a ball-
and-stick representation. The figure was prepared using Molsd®pt (

Ficure 6: Representation of the AHBA synthase dimer. The two monomers are colored green and magenta, with the two molecules of
PLP shown in ball-and-stick representation. The figure was prepared using Mold®)ipt (

194 (in the loop between strands f and g). The second majorout of the plane of the pyridoxal ring but still within 2.7 A
feature of the dimer interface is the N-terminal helix A1 and of the O3 atom. From the absorption spectrum, which has a
the following loop up to residue 34. Helix Al lies antiparallel maximum at 416 nm, it can be assumed that the internal
to its symmetry-related counterpart. The C-terminal residuesaldimine is protonated as the ketoenamine tautomer (Figure
of helix A1 and the following residues until Arg34 lie near 7) (42), which is consistent with the observed electron
residues of the loop between strands f and g of the seconddensity.
subunit and also near the active site. The negatively charged O3 atom is also within 2.76 A of
Description of the Actie Site: PLP BindingThe arrange- His162. The position of His162 is maintained by a hydrogen
ment of residues at the PLP binding site is shown in Figures bond between the histidine ring nitrogen and amide nitrogen
7 and 8. In the PLP form of the enzyme (no inhibitor), the of Alal136. Asp159 forms a salt bridge with the protonated
PLP—enzyme forms an internal aldimine species with pyridoxal N1. Van der Waals interactions between the
Lys188. Electron density maps (for example, the initial cofactor and Alal61, Phe88, and Leu66 also stabilize PLP
electron density map shown in Figure 3) show clearly binding. The torsional angle, defined by the atoms OP4
continuous electron density between the side chain aminoC5—-C5—-C4, is 42, which leaves the phosphate ester
group (NE) of Lys188 and PLP C4The refined structure  oxygen OP4 on the A-facesi(face) of the cofactor, as
shows that the torsional anglg, around the C4C4 bond observed in CBL2) and Tnase33). This is in contrast to
is 33 (x is the torsional angle defined by the atom&-N PLP bound to AAT, in whichp is —47°, leaving OP4 on
C4'—C4—C3). This results in the Lys188 Natom being the B-face of the cofactoB(). The phosphate group of PLP
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Ficure 7: Diagram of PLP bound to AHBA synthase showing

Eads et al.

an open and closed form of the enzyn34,(43). The most
significant movement in the AHBA synthase structure on
binding gabaculine is a small (ca. 0.6 A) overall shift in the
loop of residues 218*232*, which is at the dimer interface
and also contains residues that form part of the active site.
Tyr226* moves to accommodate the gabaculine carboxylate
group (the side chain oxygen of Tyr226 is displaced 0.85
A) and causes the loop to move slightly away from the active
site.

When gabaculine binds to AHBA synthase, the charac-
teristic absorption at 416 nm is lost, as the internal aldimine
linkage between Lys188 and the cofactor is broken. Con-
sistent with this, there is a clear break in the electron density
between Lys188 Kland PLP C4(not shown). The Lys188
side chain repositions away from the cofactor, leaving the
N¢ atom within hydrogen bond distance of the hydroxyl
group of Tyr291 and the carbonyl oxygen of GIn185 (see
Figure 9). The formation of the covalent bond between the

the residues that form hydrogen bond and charge interactions atamino nitrogen of gabaculine and ‘@4 the cofactor causes

the active site. The torsional anglesind¢ are marked (see text).
WAT denotes a water molecule.

is stabilized by hydrogen bonds and by electrostatic interac-
tions. The phosphate group is positioned at the N-terminal
end of a-helix A3 (residues 6273), providing a positive
charge of a helix dipole for stabilization of the phosphate
group. In addition, Arg236* is 3.9 A from the phosphate
group and can provide some electrostatic stabilization for
the negatively charged phosphate. Hydrogen bonds to th

phosphate group are provided by Gly62, Thr63, Ser183, and
Asn234* and ordered water molecules. The protonation state

of the phosphate group of the cofactor is not known, but it
is likely that the interaction with Arg236* and the dipole
provided by the N-terminus of helix A3 are sufficient to
stabilize the dianionic form at neutral pH.

Description of the Actie Site: Inhibitor Form. The
binding of gabaculine to AHBA synthase causes small
changes at the active site and dimer interface of the enzyme
with the overall tertiary structure remaining essentially
unchanged. The rms deviation obi@ositions between the
two structures (with and without gabaculine) is 0.2 A. This
is in contrast to the structures of AAT and aromatic amino

e

only minimal movement of the PLP in its binding pocket
namely, a 16-15° rotation of the plane of the pyridoxal ring,
principally around the C5C5 bond. The rotation positions
C4 further from Lys188, but leaves N1 and the phosphate
group almost unchanged. There are surprisingly few adjust-
ments to the AHBA synthase structure on binding the
inhibitor. The carboxylate group of the inhibitor is stabilized
by hydrogen bonds to Tyr226* and Arg219* of the second
subunit of the catalytic dimer, and as discussed above,
Tyr226* is displaced ca. 0.85 A as gabaculine binds. The
aromatic side chain of Phe88 forms an effective stacking
interaction with the aromatic ring of the inhibitor (Figure
9). In addition, the Arg236* side chain moves to within 3.4
A of the PLP phosphate group when gabaculine is bound,
allowing a salt bridge interaction (compared to a distance
of 3.9 A in the absence of gabaculine; see Figures 7 and
10). Gabaculine binding displaces several ordered water
molecules that are observed at the active site in the structure
of the uninhibited form of the enzyme.

Due to the similarity of AHBA and gabaculine, it is
reasonable to suggest that the prodterizyme complex
would show overall similarity to the gabaculinenzyme

acid aminotransferase (AroAT), which show significant complex, in the orientation of the benzene ring and its amino
changes in the small domain on inhibitor binding, reflecting and carboxylate substituents. In this case, the hydroxyl

Arg236*

Glul 83

Ficure 8: Stereo diagram of the active site of AHBA synthase showing the bound cofactor and amino acid side chains at the active site
in ball-and-stick representation. Carbon atoms are shown in light gray, oxygen atoms in medium gray, and nitrogen atoms in dark gray, and
phosphorus is in black. The bonds of the protein are in white and the bonds of the cofactor are in black. An asterisk indicates a residue from
the neighboring subunit of the catalytically active dimer. Prepared using Molsdépt (
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Arg236*

|
(=D Asp159 D Asp159

Ficure 9: Stereo diagram of the active site of AHBA synthase showing the inhibitor gabaculine, PLP, and amino acid side chains at the
active site in ball-and-stick representation. The shading of atoms and bonds is as described in Figure 8. For clarity of the gabaculine group,
the orientation shown is different from that in Figure 8. An asterisk indicates a residue from the neighboring subunit of the catalytically
active dimer.

R219* domains differ considerably3p). In addition, the small

domain varies in the arrangement®ttrands, in the length

of loops and helices, and in the involvement of residues from

the N-terminus. AHBA synthase has four antipargilaitrands

in the small domain, with no involvement of residues of the

.-HO—Y226* N-terminus. AAT has fouis-strands in its small domain,
but they are arranged somewhat differently, in &22
arrangement, with one antiparallel and one parallel pair of
strands and with one strand contributed from the N-terminus.

/:( In this aspect, AHBA synthase appears to have the highest

N homology with CBL.

The enzymes with the AAT fold all exist as dimers, with
the dimer interface forming the active site in a generally
similar arrangement. However, the contribution of residues
to the dimer interface and active site differs considerably
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between the individual enzymes. This is largely a result of
the differences in the topologies of the N-terminal regions
and small domainsthe overall relationships of the mono-
mers are similar.

There is not a strict conservation of PLP-binding residues
in the AAT structural family of PLP-dependent enzymes.

Ficure 10: Diagram of PLP and gabaculine bound to AHBA The active site lysine (Lys188 in AHBA synthase) is
synthase showing the residues that provide hydrogen bond interaccompletely conserved, as is the aspartate residue that is close
tions at the active site. WAT denotes a water molecule. to the PLP N1 (Asp159 in AHBA synthase). The serine
) , located near the PLP phosphate (Serl83 in AHBA synthase)

substituent of AHBA would be close to the Trp33*ring and 5 ~onserved in nearly all of the AAT subfamily, but
the side chain amide group of GIn185. interestingly Ser183 is five (rather than three) residues before

Comparison of AHBA Synthase with Other PLP-Depend- the active site lysine. This five-residue spacing between Ser
ent EnzymesA search for structurally homologous structures and Lys in the PLP-binding site is conserved within the
in the Brookhaven database using DAKK] resulted in high family of putative aminotransferases and dehydratases in-
similarity scores between AHBA synthase and PLP-depend- volved in the biosynthesis of antibiotic sugar moieties, which
ent enzymes with the aspartate aminotransferase (AAT) fold. show strong sequence homology to AHBA synthase.
There are currently ten enzymes with known 3D structures  Many of the remaining active site residues are semicon-
that show this fold: AAT 80), AroAT (31), CBL (32), Tnase served within the AAT subfamily, for example, the stacking
(33), tyrosine phenol-lyase (TPLB4), glutamate semialde-  of a small side chain (Alal61 in AHBA synthase) and an
hyde aminotransferase3), dialkylglycine decarboxylase  aromatic side chain (Phe88 in AHBA synthase) on either
(36), w-amino acid:pyruvate aminotransfera8&)( ornithine face of the pyridoxal ring. An interesting lack of conservation
decarboxylase38), and ornithine aminotransferasg9|. The is observed near the PLP O3 at the active site, where residues
cofactor-binding domain is structurally very similar in all vary from basic (Arg226 in Tnase) to polar (Tyr225 in AAT,
these enzymes, with some differences in the length andHis162 in AHBA synthase). This interaction has been
orientation of the helices and loops connecting the sevenproposed to modulate the&kpof the Schiff base45) and is
strands. When the large domains of the enzymes are overlaidjikely to play a vital role in determining the reaction pathway
it is observed that the relative orientations of the small of AHBA synthase. Among the family of enzymes that show
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strong homology to AHBA synthase (see the introduction), However, it is interesting that a phosphate oxygen atom is
the putative transaminases generally have a glutamine orvery close to the likely position of the substrate 4-OH group.
histidine in this position, whereas the putative dehydratasesThe negatively charged phosphate would hinder a negatively
have an acidic residuel?2—14). Thus, as a dehydratase, charged leaving group, reinforcing the hypothesis that the
AHBA synthase appears to be exceptional in having histidine 4-OH group must be protonated before elimination. An
at this position. alternative to 4-OH protonation by Lys188 could be envis-
Implications for Substrate Binding and CatalysiBhe aged if the phosphate group were protonated (monoanionic
structure of AHBA synthase with the inhibitor gabaculine form). In this situation, a proton could be donated from the
can be used to predict which groups of the enzyme (and phosphate to 4-OH to effect its elimination. It is likely,
cofactor) are likely to be involved in the binding of substrate however, that the phosphate group is in a dianionic form, as
and thus may suggest residues that may have roles in theshown for Tnase4g), as the presence of the helix dipole
various steps of the proposed catalytic mechanism. Gaba-and charged group (Asp236) would stabilize the negative
culine (3-amino-2,3-dihydrobenzoic acid) is an analogue of charge and lower theKp. The 6-H abstraction has been
both the substrate and product of AHBA synthase, having a shown to be facilitated by the enzyme, as it is completely
1,3-arrangement of carboxylate and amino substituents.stereospecificl2). Again, Lys188 would be a good candidate
However, it is possible that the gabaculine complex is not base for this step (especially if unprotonated, following
an accurate model of the likely substrate orientation, so too protonation of the leaving 4-OH group). Tyr291 is the next
detailed speculation is not warranted. The route from closest residue to the 6ghposition (ca. 4 A).
substrate to product involves several steps (Figure 2): (1) In summary, it is probable that the specificity of AHBA
formation of the cofactoersubstrate external aldimine, (2) synthase for its substrate arises in part from hydrogen
abstraction of then-proton, (3) abstraction of the 4-OH bonding between its carboxylate group and Tyr226* and
group, (4) abstraction of thgro-6S proton and protonation ~ Arg219* and from aromatic stacking between the benzene
of the 3-enolate, and (5) release of the product and formationring and the Phe88 side chain. The importance of other
of the internal aldimineX2). The order of steps 3 and 4 has residues identified at the active site (especially GIn185 and
not yet been determined. Stereochemical studiBstogether Tyr291) in the reaction mechanism cannot be determined
with the orientation of the gabaculin€LP complex deduced  from the structure alone; further experiments will establish
from the crystal structure imply that all enzymatic (or their precise roles.
nonenzymatic) steps are carried out on the' Gi4ace of
the substratecofactor complex. CONCLUSIONS

In the AAT and Tnase mechanisms, the “active” form of  AHBA synthase shows strong sequence homology to a
the internal aldimine is the dipolar ionic form, with a  family of enzymes that have been assigned putative functions
deprotonated imine nitrogen and O3 enolaté, (47). On as transaminases or dehydratases in sugar nucleotide trans-
formation of the substratePLP external aldimine, the active  formations of antibiotic biosynthesis. The present study
site lysine is in an unprotonated state and is poised to act agyredicts that members of this family of enzymes are all likely
the base fori-proton abstraction. In AHBA synthase, the g contain the familiac-aspartate aminotransferase fold. The
resting state of the enzyme at pH 7.5 appears to be thesirycture of AHBA synthase provides a framework from
ketoenamine tautomer of the protonated aldimine, but it iS \yhich to build a detailed understanding of this family of

reasonable to suggest that the active form is again the dipolarenzymes and to explore what determines whether a particular
ionic form, as the His162 residue near O3 would have the gnzyme acts as a transaminase or dehydratase.

effect of lowering the [, of the internal aldimine, similar

to the effect of Tyr225 and Asn194 in AAT and of Arg226 ACKNOWLEDGMENT
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