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ABSTRACT. The crystal structure of the xenobiotic acetyltransferase fRseudomonas aerugino®A103
(PaXAT) has been determined, as well as that of its complex with the substrate chloramphenicol and the
cofactor analogue desulfo-coenzyme A. PaXAT is a member of the large hexapeptide acyltransferase
family of enzymes that display tandem repeated copies of a six-residue hexapeptide repeat sequence motif
encoding a left-handed parallglhelix (LSH) structural domain. The xenobiotic acetyltransferase class

of hexapeptide acyltransferases is composed of microbial enzymes that utilize acetyl-CoA to acylate a
variety of hydroxyl-bearing acceptors. The active site of trimeric PaXAT is a short tunnel into which
chloramphenicol and the cofactor analogue desulfo-CoA project from opposite ends. This tunnel is formed
by the flat parallefs sheets of two separatggH domains and an extended 39-residue loop. His 79 of the
extended loop forms hydrogen bonds from its imidazole NE2 atom to the 3-hydroxyl group of
chloramphenicol and from its ND1 group to the peptide oxygen of Thr 86. The interactions of this histidine
residue are similar to those found in the structurally unrelated type Il chloramphenicol acetyltransferase
and suggest that His 79 of PaXAT may be similarly positioned and tautomerically stabilized to serve as
a general base catalyst.

Inspection of the amino acid sequence database revealanhydrase fromMethanosarcina thermophil§l0), and a
the existence of a family of proteins that are composed of bacterial tetrahydrodipicolinatd-succinyltransferasel().
imperfect tandem repeated copies of a hexapeptide sequencd,he carbonic anhydrase represents an unusual example of a
generally described as [LIV]-[GAED]-X[STAVI]-X (1). hexapeptide enzyme that does not function as an acyltrans-
This hexapeptide repeanotif (2, 3) is characterized by the  ferase. The crystal structure of LpkAevealed that the
frequent occurrence of an aliphatic residue (Leu, lle, or Val) hexapeptide repeat sequence directs folding of a highly
at positioni, a small residue (Ser, Thr, Ala, or Val) at position unusual structural domain termed a left-handed pargllel
i +4 and Gly at positiom + 1. Proteins that contain tandem helix that is unique to hexapeptide proteis. ( The L5H
repeated copies of this six-residue repeat are chbedpep- domain is intimately involved in the subunit interface of these
tide proteins Hexapeptide proteins often display catalytic trimeric enzymes and has been suggested to function
function as acyltransferases and participate in a variety of catalytically (L0, 11), although the three-dimensional struc-
enzymatic processes, including cell wall biosynthesis, amino ture of any hexapeptide acyltransferase in complex with
acid metabolism, and detoxificatioA<8). They are found substrates has yet to be reported.
predominantly in microorganisms and higher plants. The It has become apparent in the last several years that there
hexapeptide acyltransferases utilize the phosphopantothenykxists a homologous class of hexapeptide enzymes that utilize
moiety of either acyl-coenzyme A6) or the acylated acyl  acetyl-CoA to O-acetylate a variety of natural products.
carrier protein 4, 5), to which the transferred acyl group is These enzymes have been termed xenobiotic acetyltrans-
attached in thioester linkage. The acyl groups transferredferases, a class that can be further subdivided into two groups
are either acetat®), succinate?), or R-3-hydroxy fatty acids on the basis of shared amino acid sequence similarity and
(4, 5). The acceptor substrates are amino acids, sugarsacceptor substrate specificitg)( Among the enzymes of
metabolic intermediates, or natural products bearing free the first group are the acetyltransferases frdgnobacterium

hydroxyl or amine groups. tumefacien€58 (12), theE. coli multiresistance transposon
The crystal structures of three hexapeptide proteins haveTn2424 (3), and Pseudomonas aeruginos2A103 @4).
been determined. These include &scherichia coliUDP- These enzymes are all able to acetylate chloramphenicol in

GIcNAc O-acyltransferase 9§, a thermophilic carbonic
1 Abbreviations: PaXAT,Pseudomonas aeruginodeexapeptide
xenobiotic acetyltransferasefH, left-handed paralles helix; LpxA,
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* Address correspondence to this author: Phone (718) 430-2784; o, root-mean-square units; PHMRShydroxymercuribenzenesulfonic
Fax (718) 430-8565; E-mail roderick@aecom.yu.edu. acid; CAT,, type Ill chloramphenicol acetyltransferase; SA, simulated
§ Authors who contributed equally to this work. annealing.

S0006-2960(98)00106-8 CCC: $15.00 © 1998 American Chemical Society
Published on Web 04/23/1998



6690 Biochemistry, Vol. 37, No. 19, 1998 Beaman et al.

Table 1: Data Measurement Statistics

data set unique reflections observed reflections completeness (%) redundancy (Hy(1)0 Rmerge Riso
native | 10949 231793 1.00 21.2 3.3 0.217
cis-Pt(NH)-Cl, 5745 123 688 0.99 215 2.3 0.341 0.126
PHMPS 10939 125703 0.99 115 31 0.267 0.096
native Il 10448 34784 0.95 3.2 13.6 0.078 0.146
Cm/desulfo-CoA 10 328 42 067 0.94 3.8 10.9 0.094 0.236

a X-ray data were measured using either highly redundant fast scans or less redundant slow scans (Experimental Procedures). The data sets are
the fast scan data for native | and two heavy atom derivatives, cis-BYH2 mM; 2 h soak) and PHMPS (0.2 mM; 90 min soak), and slow scan
data for native Il and Cm/desulfo-CoA (2 mM Cm, 50 mM desulfo-CoA). The resolution of the data is 3.2 A for all of the data sets except for the
cis-Pt(NHy)Cl, data set (4.0 A). The number of unique reflections, total number of observed reflections, fractional completeness, redundancy, ratio
of individual intensities to their standard deviations, and the merging and isomorphous residuals am.giyen.y |li — OO/ |1;| within one data
set andRso = Y |Fnat — Faenl/Y |Fnad between native and derivative data sets. Rgrcalculations, the heavy atom derivative data sets are compared
to native | and the Cm/desulfo-CoA data are compared to native Il. The valRg,dbr native Il is a comparison to native I.

Table 2: Heavy Atom Parameter Refinement and Phase Calculation Statistics

derivative occupancy X Y z B(A? f/LOC Re
cis-Pt(NH)Cl; 0.58 0.6001 0.0199 0.0060 29.4 1.46 0.60
PHMPS 0.83 0.5307 0.8887 0.1028 10.7 1.21 0.71

aThe refined relative occupancies, fractional coordinates, and thermal fac®reeghilting from the 3.2 A heavy atom parameter refinement
and isomorphous replacement phase calculation are shown. MIR phase calculations were conducted using)ziStRd@t#to 4.0 A and PHMPS
data to 3.2 A resolutiorf/LOC = RMS heavy atom structure factor amplitude/RMS lack-of-closBee= 5 ||fuobd — [fu.cad|/Y ||frond| for the
1254 a}rid 1958 centric reflections measured from the two heavy atom derivative crystals. Overall figure-of-merit for 10 674 reflections (0t8Y comple
to 3.2 A= 0.43.

vitro but are distinct from the well-known type Ill chloram- prepared and X-ray data were measured is identical to the
phenicol acetyltransferas@g—17) and may acetylate other pH used to assay the enzymd).
molecules in vivo. The second group of hexapeptide Data Measurement and Phasing-ray diffraction data
xenobiotic acetyltransferases has been associated with rewere measured using a Siemens X1000 area detector
sistance to the virginiamycin class of antibiotics and they mounted on a Rigaku RU200 rotating-anode generator
generally do not acetylate Cri§—24). operating with fine focus at 50 kV and 80 mA. X-ray data
We have previously reported the overexpression, purifica- were measured from single crystals at ambient temperature
tion, and crystallization of the xenobiotic acetyltransferase for a 36-48 h period over which the crystals were stable.
from Pseudomonas aeruginoB#\103, an enzyme composed These data sets were measured with either fast-sca8 (2
of three identical subunits of 212 residues (23.4 kDa), and min) or slow-scan (15 min) exposure times for each 0.25
have demonstrated that the purified enzyme acetylates Cmcrystal rotation frame width and were reduced with either
(14). We report here the 3.2 A resolution X-ray crystal- the XDS @5) or XENGEN @26) program packages (Table
lographic structure of PaXAT and its complex with Cm and 1), The relatively high values of the merging residuals for
the cofactor analogue desulfo-CoA. These results define thefast-scan data are a consequence of the weak diffraction
active-site geometry and conformation of substrates boundobtained from these crystals (unit cell volume 3. 2.0° A3;
to a hexapeptide acyltransferase and reveal active-sitesolvent content 79%) and reflect the statistical uncertainty
similarities to the nonhomologous CATand to other  of individual observations. However, due to the high
members of the hexapeptide acetyltransferase family of symmetry of these cubic crystals, the observed data were
enzymes. very redundant and produced acceptable merged data after
averaging, as indicated by the typical values of the isomor-
EXPERIMENTAL PROCEDURES phous residuals between merged native and derivative data
Purification and Crystallization ThePseudomonas aerug- ~ Sets as well as the lower merging residuals obtained from
inosa xenobiotic acetyltransferase was overexpressed andthe slow-scan data for which fewer, but more accurate,
purified as previously described and crystallized by the individual observations were made.
hanging drop method from solutions containing—BD% Primary phases were determined by the method of iso-
poly(ethylene glycol) monomethyl ether 2000, 100 mM Tris, morphous replacement using two heavy atom derivatives.
pH 8.5, and 10 mM NiGl The crystals belong to the cubic Analysis of heavy atom difference Patterson functions
space grouf4,32 (a = 154.8 A) (14). The largest crystals  immediately revealed the presence of one cis-PHE,
attain dimensions of 0.& 0.6 x 0.8 mm but diffract rather  site (average vector density 2.for 16 distinct self-vector
weakly, yielding X-ray reflections to 3.2 A resolution using positions) and also one distinct PHMPS site ¢3.0or
a laboratory rotating-anode X-ray source. Isomorphous crystals soaked in solutions of these heavy atom compounds.
crystals of PaXAT in complex with chloramphenicol and The PHASES program package7f was used to conduct
desulfo-CoA were prepared by soaking intact apoenzyme heavy atom parameter refinement and multiple isomorphous
crystals for 3 days at ambient temperature in 20% poly- replacement (MIR) phase calculations using cis-Pt{}H
(ethylene glycol) monomethyl ether 2000, 100 mM Tris, pH Cl, data to 4.0 A and PHMPS data to 3.2 A resolution (Table
8.5, 10 mM NiCh, 2 mM Cm, and 50 mM desulfo-CoA. 2). The mean overall figure-of-merit for the MIR protein
The pH at which apoenzyme and complex crystals were phase determination to 3.2 A resolution was 0.43 using
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Table 3: Structure Refinement Statistics

apoenzyme Cm/desulfo-CoA

resolution (A) 8.6-3.2 8.0-3.2
data completeness (%) 95.1 (87.3) 93.8.(87.9)
protein atoms 1573 65
substrate atoms 67
RMS deviation from ideality

bond lengths (A) 0.009 0.011

bond angles (deg) 1.4 1.4
temperature factors @

mean (all atoms) 21.7 18.0

mean (substrate atoms) 34.3

Wilson 24.8 22.7
R-free (%) 25.9 (27.7) 25.5(25.3)
R-factor (%) 22.1(26.4) 21.3(25.2)

a Refinement statistics for PaXAT apoenzyme and substrate com
plexes are shown. The X-ray data used in these refinements were th
slow-scan data sets (Experimental ProceduiRgee (%)= Y |F, —
Fc|/Y|Fo|(100) for a 5% subset of X-ray diffraction data omitted from
refinement calculationd-factor (%)= 3 |F, — F¢|/3 |Fo|(100) for all
available data, including data reserved for the calculatioR-fee.
Values in parentheses refer to the corresponding statistic calculated
for data in the highest resolution bin (3:39.20 A).
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Ficure 1: Ramachandran diagrar@5) of the main-chain torsion
anglesy andy for the refined apoenzyme model of PaXAT. The
shading indicates levels of conformational energy for non-glycine
residues, with white signifying energetically forbidden regions.
Glycine residues are depicted as filled triangles. The figure is based
on the output from PROCHECK34).

10 674 reflections (0.97 complete).

Although the MIR electron density map calculated on the
basis of the two heavy atom derivatives showed evidence
of the expected and distinc{fH structural domain, it was
clear that this map was not of good quality. Solvent
flattening procedures were therefore carried out using either
PHASES 27) or the program DM of the CCP4 suit2g).
Since the composition of the asymmetric unit was not known,
and rotation function analyses did not clearly indicate the
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histogram matching, worked best and improved the quality
of electron density dramatically.

Model Building and Atomic Parameter Refinement of
PaXAT The solvent-flattened 3.2 A resolution electron
density map supported a polypeptide chain trace using the
graphics program Q2Q). The initial model building efforts
were aided by the known three-dimensional structure of the
coiled LsH domain and the rather large fraction of aromatic
residues in PaxXAT (13%) and resulted in a model that
included 195 of 211 residues of a single subunit. Ap-
proximately 5% of the 3.2 A resolution diffraction data were
assigned to a test set and omitted from refinement procedures
in order to calculate the refinement working set residRiaglx
as well as the cross-validation statisRgee (30, 31). Ruyork

Jor the model prior to the first parameter refinement was

40.7% Riree 40.6%) for 1299 atoms (0.79 complete).

Simulated annealing atomic model parameter refinements
were conducted with the X-PLOR program packagé) (
using 3.2 A data and a single overall thermal factor. The
first SA refinement reduce®,or t0 28.3% Riee 34.0%).

This model was rebuilt and a second SA refinement reduced
Ruork t0 23.7% Ryree 29.3%) for 1529 atoms (0.93 complete).
At this stage, a series of 11 sequential omit maps were
calculated, each preceded by a 4000 K SA refinement of
nonomitted atoms in order to reduce model bias. These maps
served to confirm the polypeptide chain trace and to correct
side-chain positioning errors. The conjugate direction
procedures encoded in the TNT suite of computer programs
(33) and Powell refinement of X-PLOR were then used in
the final several cycles of positional refinement against the
apoenzyme slow-scan data (native Il; Table 1), retaining the
same subsets of reflections for calculation of the working
set and cross-validation residuals. A final grouped refine-
ment of thermal factors (one value per residue) redirRigd

t0 22.1% Riee 25.9%; Table 3).

To determine the active-site location and conformation of
bound substrates, intact apoenzyme crystals were soaked in
a crystal stabilization solution containing Cm and desulfo-
CoA. Previous experiments using either acetyl-CoA or CoA
did not clearly reveal the conformation of the pantetheine
arm, perhaps due to hydrolysis and oxidation of the free thiol
group by the Ni* present in the crystal soaking solution.
The location and conformation of bound substrates was
revealed most clearly in an unbiageégd— F, map calculated
using the apoenzyme coordinates as a phase source and the
observed substrate complex and apoenzyme amplitudes.
Least-squares refinement of the substrate complex model was
carried out using the Powell refinement procedure of
X-PLOR while maintaining the same set of reflections for
the calculation ofRyo and Ryee as for the apoenzyme
structure refinement. Cyclic model building and refinement
reducedRyork t0 21.3% Riee 25.5%; Table 3).

RESULTS AND DISCUSSION

Atomic Model of PaXAT Structure refinement statistics

presence of molecular symmetry, assumed solvent volumesfor the apoenzyme and substrate complex models of the

corresponding to one, two, or three subunits per asymmetric
unit were used in these trial calculations. Inspection of these
solvent-flattened maps revealed clearly that the asymmetric
unit was composed of just one subunit (79% solvent volume)
and that the program DM, employing solvent flattening and

Pseudomonas aeruginosanobiotic acetyltransferase are
given in Table 3. The stereochemical quality of the model
is good, with RMS deviations of bond lengths and bond
angles from ideality of 0.009 A and F.4or the apoenzyme
model. The program ProChecB4) was used to monitor
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Ficure 2: PaXAT in complex with chloramphenicol (blue) and desulfo-CoA (gray). (Left) Viewed parallel to the crystallographic 3-fold
axis that relates subunits of the trimer. (Right) Viewed perpendicular to the 3-fold axis. Drawn by MOLSCR)RIn{ Raster3D42,
43).

Ficure 3: Polypeptide chain conformation of a PaXAT subunit. (Left) Ribbon diagram. (Right) Divergent steremdaron diagram.

the quality of the model, which was found to be better in all (220). An additional lower occupancy platinum site was also
geometric categories for both main-chain and side-chain located at this stage bound to Met 4&)9

groups compared to other structures determined to similar Oligomeric Structure and Crystal PackingThe oligo-
resolution. A Ramachandran plo35) (Figure 1) of the meric structure of most enzymes containing ti#ldomain
apoenzyme main-chain torsion angle pafrandiy shows fold is trimeric ®—11) and the elution volume for PaXAT
that 7.1% of all nonglycine residues are placed in the outlier from gel-filtration columns is consistent with this structural
region of the plot, a better fraction than for 20 of 26 3.2 A assignment (data not shown). The three-dimensional struc-
resolution structural models in the Brookhaven Protein Data ture of PaXAT determined here is also based on a trimeric
Bank 36). The final refined model is also sterically and arrangement with each subunit situated near a crystal-
chemically consistent with the positions of heavy metals used lographic 3-fold rotation axis (Figure 2). The overall
in MIR phasing. A difference Fourier map calculated with dimensions of the trimer are 8% 85 x 32 A with the
phases from the refined model of PaxXAT identified Cys 43 shortest dimension parallel to the 3-fold axis. Contacts
as the residue to which PHMPS is bound€®g, — F, map between subunits that produce the cubic crystals studied here
density) and Met 126 as the cis-Pt(j)bCl, binding site are of three types. The first is the association of the three
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subunits surrounding a crystallographic 3-fold axis to form
the trimeric enzyme. The second is the association of two
distinct trimers in a “head-to-head” arrangement to form a
hexamer with 32-point symmetry. The centroid of this
hexamer is located at the crystallographic coordinég (
3/g, 3lg); a location in the crystal at the intersection of a
crystallographic 3-fold rotation axis and three 2-fold axes.
The third type of contact is made between the C-terminal
a-helical domain and the extended loop domain of a single
subunit (see below) with similar residues from a distinct
hexamer.

Overall Polypeptide Chain Fold A single subunit of the
enzyme is formed by four domains (Figure 3). An NH
terminal domain corresponding to residues22 is involved
in formation of the crystalline hexamer and caps gL
domain of five coils (23-153). The coiled fold of the BH
structural domain is interrupted by an extended loop domain
formed by residues 72110 and is terminated at its C-
terminal coil by g3-hairpin loop (154-160). A C-terminal
domain is composed predominantly of theedelices in the
residue ranges 167176, 183-193, and 198210. The
overall polypeptide chain fold of PaXAT is unrelated to that
of the type Ill chloramphenicol acetyltransferad®)(

Left-Handed Parallel Helix Domain The largest
structural domain of PaXAT is theAH structural domain
(residues 23153). This domain corresponds to the imper-
fect tandem repeated hexapeptide sequence and folds as
large coiled prism as if wound in a left-handed spiral around
the surface of an equilateral prism (Figures 3 and 4). The
faces of the |3H are formed by three extremely flat parallel
pB-sheets, each of which is composed of either three or five
shortgs-strands. The first coil of thegH domain is irregular
and includes a residue range (36) that does not form
interstrand hydrogen bonds with residues from the succeeding
coil. The crossover connections between the pafadtands
of this domain are all left-handed, an extremely rare
occurrence in proteins not possessing thgHLstructural
domain 37). Direct connections between these strands are
made by tight turns that are similar in conformation to
classical type Il tight turnsg( 38), placing main-chain amide
and carbonyl groups of the central peptide units in position
to hydrogen bond to similar groups in the turns of adjacent

coils. : :
. Ficure 4: Left-handed parallgd helix (LAH) domain of PaxXAT.
The pleat of the threg-sheets that comprise thesH Residues 114128 (coil C3) of the I3H from the final refined

structural domain causes side chains to either project intomodel of the apoenzyme are depicted. (A, top) Electron density
the lumen of this domain or outward and arranges amino (red) from the solvent-flattened MIR map used for initial fitting.
acid side chains in stacks. A structure-based amino acid(hBexX goctetotrig)e ?een:gtyrfer:i?uéhte figg' (Eol_ ':)c ;:glg?)lﬁ)j'ic;?: .
sequence ahgnment d.epICtS.the ayrangeme_nt of these struc('see ri')e)?t and I(Egend to FiguryepS). This' figure and Figure 6 were
turally equivalent residues in adjacent coils of thgH. drawn by SETOR44).

domain and defines a nomenclature for the parghgirands

(PB1, PB2, and PB3) and tight turns (T1, T2, and T3) of are accommodated by a widening of th8H.near the T3
each coil (Figure 5). The conserved hydrophobic residuesturn position of these coils, which relieves otherwise close
at positioni (Leu, lle, and Val) of the hexapeptide repeat contacts to preceding residues at trendi + 4 positions
motif ([LIV]-[GAED]-X »[STAV]-X) project into the interior and also allows position+ 4 to accommodate an unusual

of the LBH domain (Figure 4). Valine and isoleucine leucine residue type at position 57. Residues at position
residues at this position frequently adopt staggered side-chaint- 4 are usually small (Ser, Thr, Ala, or Val) and project
conformations with respect to the main chain (side-chain into the L3H at the triangular corners of each coil. Polar
torsion anglesy; = 180° and —60°, respectively). The  residues at this position form hydrogen bonds to inward-
structure of PaXAT is unusual in that two aromatic residues pointing main chain peptide groups in the tight turn of the
(Phe 71 and Phe 125) are present atitipesition of the succeeding coil, while nonpolar residues allow ordinary
hexapeptide repeat sequence, which is ordinarily occupiedhydrogen-bond formation between main-chain peptide groups
by aliphatic residues (Leu, lle, or Val). These substitutions across these turns. No charged residues are present in the
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PB1 T PB2 T2 PB3 T3
i+4 045 i i+1 42 i+3 +4i+5 i i+1 +2 43 i+4 i+5 i i+1 i+2 i+3
C1 23 | RIVIG RY BJY Y 32-56 | 56
Cc2 57 BV (I |G S F [S|I|G S G LWA|F| 72110 110
Cc3 111 L |G HE RAW|I|G TE L9IM|FIM PG 128
C4 1290 MUR|V|G HG WI|[I|G S R LML[V| 144145 | 145
C5 146 DIVIE PY EM! |V 153

Ficure 5: Structure-based amino acid sequence alignment of the
LAH domain of PaXAT (residues 23153) identifying structurally
equivalent residues in each of the five coils. Each horizontal line
represents one complete or partial coil. The pardlstrands that
form the planar faces of theAH are denoted PB1, PB2, and PB3
and the turns separating these strands are denoted T1, T2, and T3.
The residues types within each hexapeptide unit are indicated (
+ 1, ...). The conserved hydrophobic residues at positiane
boxed. Residues in left-handed conformation (main-chain torsion
anglep > 0) at positioni + 3 are depicted in boldface type. The
small residues at the corners of each coil at positibri are reverse
shaded. Residues not involved in the coifetelical structure are
enclosed in boxes and include the extended loop domain formed
by residues 72110.

interior (, i + 4) positions of the fH domain of PaXAT,

as has been found for all other known hexapeptide protein
structures. An additional structural determinant of tif#L
domain occurs at position+ 3. Residues at this position
project outward from the gH and adopt a left-handed Ficure 6: Refined coordinates of Cm and desulfo-CoA superim-

Con_formation (main-chain torsion.ang¢e> 0°) fqr 90f9 .. posed with the unbiased electron density ¢2.0alculated using
residues, as has been observed in other proteins containingnhe apoenzyme model as a phase sourceFand F, coefficients.
the LBH domain (9-11).

The axis of each BH domain makes an angle of 2with Ser 32A
the 3-fold axis of the trimeric enzyme. This degree of
inclination is unusual for hexapeptide proteins, all of which Gly 11A |
. NH HO Pro 8A
previously had been found to adopt a very nearly parallel 320 o

arrangement of their 8H domain axes with the trimeric
3-fold axis (e.g., +2° for LpxA and Cam, 3-4° for DapD).
This may be related to the shorter length of tigH .domain

of PaXAT (five coils) compared to LpxA (10), Cam (seven),
and DapD (seven), which would allow for comparatively
fewer inter-L5H interactions across the 3-fold axis as a result.

Tyr 30A

Subunit-subunit interactions distant from the 3-fold axis Thr 86B

involve the extended loop (residues—7210) of one subunit cee-0=(
with the LSH and C-terminal domains of an adjacent subunit. 29

The amino acid sequence of this extended 39-residue loop His 798

does not obey the hexapeptide repeat sequence rule and its o i -
conformation is not accommodated in the coilggH_fold, FIGURE 7:_ _Schematlc dlag_rar_n of the chloramp_henlco_l binding site.
. o\ . . Hydrophilic contacts are indicated by dotted lines with associated
instead e_>qtmg from and reenter[ng thﬁl-tl atthe same tight  jistances (in angstroms).
turn position of the second coil (Figures 3 and 5). Such
loops are a common structural feature of hexapeptide The main-chain conformations of the apoenzyme and
proteins, although the extended 39-residue loop of PaXAT substrate complex structures are nearly identical, with an
is an unusually long example. These loops may representRMS discrepancy between pairedcarbon atoms of 0.24
an important means by which hexapeptide proteins have A for residues 3-210, indicating that little conformational
attained structural and functional diversity in the context of rearrangement of the main chain is required to bind
the largely invariant structure of the coileg@gd domain. substrates. Only slight rearrangements of side-chain posi-
Active Site of PaXAT The refined structure of PaXAT  tions accompany ligand binding.
in complex with Cm and desulfo-CoA defines the location  The binding site for the cofactor analogue desulfo-CoA
of the active site and illustrates its use of residues from two is located at the C-terminal end of the active-site tunnel and
subunits (termed A and B). The ligands bind to the opposite includes residues from both the A and B subunits. The
ends of a short tunnel formed by the extended loop from cofactor conformation is bent at the pyrophosphate group
subunit B (72B-110B) and residues from theH domains and adopts the conformation of a fishhook (Figure 6). The
of both the A and B subunits. This tunnel is given accessible 3'-phosphate ADP moiety binds to residues in the C-terminal
volume by the presence of glycine residues atithie 1 domain and to the C-terminal end of eagfH.domain. The
position of thes-sheet PB2 of the £H in three successive  extended pantetheine arm is oriented parallel to the 3-fold
coils (residues Gly 66A, Gly 120A, and Gly 138A; Figure axis of the enzyme and points directly toward the Cm binding
5) and the first residue of the C-terminal domain, Gly 154A. site. The ribose "2hydroxyl is within hydrogen-bonding
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Al 10

Ficure 8: Divergent stereoview of the active site of PaXAT. Residues from the A subunit (blue) and B subunit (green) are depicted, as
are the substrate Cm and cofactor analogue desulfo-CoA (black).

distance of Thr 144B and the-Bhosphate contacts Arg these binding sites. Modeling experiments indicate that this
159B. The pyrophosphate group interacts with Arg 162A. cavity is of sufficient volume to accommodate the acyl group
The amide carbonyl oxygen atoms of the pantethgiatanyl of acetyl-CoA and that the carbonyl carbon of its thioester
units are within hydrogen-bonding distance of the main-chain group can be modeled in several different ways to bring it
nitrogen of Thr 121A and the hydroxyl and main-chain in close proximity to the primary C-3 hydroxyl group of Cm.
nitrogen groups of Ser 139A. The amide nitrogen of the g importance of His 79 is indicated by its conservation
terminal f-alanine residue is within hydrogen-bonding j, the sequence of all xenobiotic acetyltransferases and the
distance of the side-chain oxygen of GIn 77B. The adenine j,,iyation ofAgrobacterium tumefacienenobiotic acetyl-

ring is directed toward the protein and its exocyclic amino . nsterase by the site-directed replacement of this residue
group is within hydrogen-bonding distance of the peptide , 5anine g). " The indole ring of Trp 118A stacks against
oxygen of Ser 139A. The overa]l bent conformation of the s 79 i the structure of PaXAT and this tryptophan is
cofactor, the extended pantetheine arm, the soIvent—expose%lSO conserved among xenobiotic acetyltransferases as well

?-phc()jst[:;]hate ?rpu.p, ar;_d ﬁhe d'.:fCtI'.OE of the ad”efnme grgupas two hexapeptide acetyltransferases that are not members
oward the protein in anti glycosidic inkage are all equently ¢y, yanobiotic classk. coli galactoside acetyltransferase

observed features of protein-bound CoA conformati@e. ( (40) and Rhizobium leguminosaruniipooligosaccharide

The Cm binding site is located at the ierminal end acetyltransferases). The galactoside acetyltransferase ho-

of the active-site tunnel and consists chiefly of residues from
; . ; mologue of PaXAT Trp 118 (Trp 139) has been proposed
the NHyterminal 32 residues of the A subunit. The solvent to lie near the active site of this enzyme on the basis of its

accessibility of_Cm i_s r_educed _b_y 95% on binding to PaxAT, site-directed replacement to alanine, which abolishes the
largely due to its binding position under a loop formed by intrinsic fluorescence quench observed on acetyl CoA

D e v, 800, bidig 4D, These resutssugoet hat some noenotit
conformation of Cm bound to PaXAT cannc')t be superim- hexapeptide acetyltransferases may share active-site structural
b features in common with PaXAT and other members of the

posed on that of Cm bound to CAT differing by 120 hexapeptide xenobiotic acetyltransferase class of enzymes
torsion angle rotations about the €C2 and C2-C3 bonds. pep y y '

The C-1 hydroxyl group of Cm bound to PaXAT is within Although the precise role of PaXAT His 79B is unknown,
hydrogen-bonding distance of the hydroxyl of Ser 32A and its function may be revealed by a comparison of the active
the peptide oxygen of Pro 8A (Figures 7 and 8). The Cm sites of PaXAT and CAjJ (16, 17). The overall polypeptide
carbonyl oxygen accepts a hydrogen bond from the peptidechain folds of these enzymes are completely unrelated but
nitrogen of Gly 11A and itg-nitrophenyl ring participates both enzymes are trimers and bind similar substrates to
in a perpendicular ring interaction with Phe 9A. The primary opposites ends of an active-site tunnel located at the boundary
hydroxyl group of Cm at the C-3 position is within hydrogen- of adjacent subunits. PaXAT His 79B projects into the
bonding distance of the phenolic hydroxyl of Tyr 30A (2.4 active-site tunnel from an extended loop domain and appears
A) and the imidazole NE2 atom of His 79B (3.0 A), an to form interactions with its side chain that are identical to
extended loop residue of the B subunit. His 79B also donatesthose made by CAT His 195, a residue that has been
a hydrogen bond from its imidazole ND1 to the peptide proposed to function as a general base catalySt (Both
oxygen of Thr 86B and participates in a parallel ring stacking residues appear to donate a hydrogen bond from their
interaction with the indole of Trp 118A belonging to the imidazole ND1 to a main-chain oxygen atom and to receive
LAH domain of an adjacent subunit. The distance betweena hydrogen bond from the C-3 hydroxyl of Cm with their
the C-3 hydroxyl of Cm and the terminal methyl group of imidazole NE2 atoms. Although attempts to superimpose
the desulfo-CoA is 4.8 A and a cavity is located between additional active-site features do not reveal further structural
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correspondence, the environmental similarities of these 20. Toriya, M., Sakakibara, M., Matsushita, K., and Morohoshi,

histidine residues could indicate that His 79B of PaXAT T. (1992)Chem. Pharm. Bull. 402473-2477.

plays a similar role to that proposed for His 195 of GAT 21. Alignet, J., Loncle, V., Simenel, C., Delepierre, M., and El

L Solh, N. (1993)Gene 13091—98.

In such a case, the hydrogen bond donated by the imidazole ) .

ND1 of PaXAT His 79B to the pebtide oxvaen of Thr 86B 22. Rende-Four_lner, R., Lecle_rcq, R., Galimand, M., Duval, J.,
i pept Y9 o and Courvalin, P. (1993)ntimicrob. Agents Chemother. 37

would stabilize the proper tautomeric form of the imidazole 2119-2125.

lacking a proton on NE2 and could promote the role of this  23. Alignet, J., and El Solh, N. (1995Antimicrob. Agents

residue as a general base catalyst capable of deprotonating Chemother. 392027-2036.

the C-3 hydroxyl group of the Cm acceptor. 24.Bunny, K. L., Hall, R. M., and Stokes, H. W. (1995)
Antimicrob. Agents Chemother. 3886—-693.
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