Biochemistry2004,43,1213-1222 1213

Conserved and Nonconserved Residues in the Substrate Binding Site of
7,8-Diaminopelargonic Acid Synthase froascherichia coliAre Essential for
Catalysi$

Jenny SandmarkAndrew C. Eliot? Kristoffer Fammé Gunter Schneiderand Jack F. Kirsch®

Department of Medical Biochemistry and Biophysics, Karolinska Institutet, S-171 77 Stockholm, Sweden, and Department of
Chemistry, Urversity of California—Berkeley, Berkeley, California 94720-3206

Receied October 6, 2003

ABSTRACT. The vitamin B-dependent enzyme 7,8-diaminopelargonic acid (DAPA) synthase catalyzes
the antepenultimate step in the synthesis of biotin, the transfer aii-da@ino group ofS-adenosyl--
methionine (SAM) to 7-keto-8-aminopelargonic acid (KAPA) to form DAPA. The Y17F, Y144F, and
D147N mutations in the active site were constructed independentlyk T 2°P values for the half-
reaction with DAPA of the Y17F and Y144F mutants are reduced by 1300- and 2900-fold, respectively,
compared to the WT enzyme. Crystallographic analyses of these mutants do not show significant changes
in the structure of the active site. The kinetic deficiencies, together with a structural model of the enzyme-
PLP/DAPA Michaelis complex, point to a role of these two residues in recognition of the DAPA/KAPA
substrates and in catalysis. Tkg/Kn2PPvalues for the half-reaction with SAM are similar to that of the

WT enzyme, showing that the two tyrosine residues are not involved in this half-reaction. Mutations of
the conserved Arg253 uniquely affect the SAM kinetics, thus establishing this position as part of the
SAM binding site. The D147N mutant is catalytically inactive in both half-reactions. The structure of this
mutant exhibits significant changes in the active site, indicating that this residue plays an important structural
role. Of the four residues examined, only Tyr144 and Arg253 are strictly conserved in the available amino
acid sequences of DAPA synthases. This enzyme thus provides an illustrative example that active site
residues essential for catalysis are not necessarily conserved, i.e., that during evolution alternative solutions
for efficient catalysis by the same enzyme arose. Decarboxylated Sfdddnosyl-(5-3-methylthiopro-
pylamine] reacts nearly as well as SAM and cannot be eliminated as a putative in vivo amino donor.

Biotin is essential to all organisms because of its function (Scheme 28). However, the enzyme is unique among them
as a cofactor in carboxylation reactions. It is synthesized in in that Sadenosyl--methionine (SAM) is the amino group
bacteria, plants, and some fungi, while mammals are de-donor. Initial, limited kinetic studies of the enzyn® (vere
pendent on obtaining biotin from the diet or from intestinal followed recently by a more detailed kinetic analysis of
bacteria. The absence of the biotin biosynthetic pathway in recombinant DAPA synthase froBscherichia col(10). The
mammals makes it a possible target for safe antibiotics andE. colienzyme is a homodimer with a molecular mass of 94
herbicides {). The pathway requires four committed en- kDa. Each subunit has 429 amino acids. The enzyme belongs
zymes (for recent reviews, see refsand 3), and detailed to subclass Il of the fold type | family of aminotransferases
studies of these enzymes may aid in the design of novel (11, 12).

inhibitors. One such antibiotic already exists. Amiclenomy-  The three-dimensional structures of the DAPA synthase/

cin, originally isolated from a eptomycespeciesinhibits KAPA complex (L3) (Figure 1) and that with amiclenomycin
7,8-diaminopelargonic acid (DAPApynthase specifically  (14), respectively, led to the identification of the invariant
(4-6). Arg391 as the residue that interacts with the carboxyl group

DAPA synthase is a pyridoxal $hosphate- (PLP-)  of the bound ligand. The results of a subsequent mutagenesis
dependent aminotransferase that catalyzes the second stegtudy are consistent with a role of Arg391 in recognition of
of the pathway, the conversion of 7-keto-8-aminopelargonic the substrates, DAPA and KAPA®). The three-dimensional
acid (KAPA) to DAPA (Scheme 17). The reaction is typical  structure of the enzyme/KAPA complex also revealed a
of PLP-dependent catalysis seen in other aminotransferases
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Ficure 1: Stereoview of the KAPA/DAPA binding site in DAPA synthase as revealed by the three-dimensional structure of the DAPA
synthase/PLP/KAPA complex. Hydrogen bonds are represented by dashed lines.

Scheme 1: Reaction Catalyzed by DAPA Synthase
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cluster of three residues, Tyrl7, Tyrl44, and Asp147, in the EXPERIMENTAL PROCEDURES

vicinity of the 8-amino group of the substrate, close to the , .
PLP cofactor. They are connected by a network of hydrogen R€agentsDAPA was synthesized according to the method

bonds and appear to be involved in substrate recognition©f duVigneaud et al.15). dcSAM was kindly provided by
(Figure 1). Tyrl7 in particular was predicted to be important, Dr- Anthony Pegg (Pennsylvania State University College
since it is one of the few active site residues that changes®f Medicine, Hershey, PA). All other reagents are com-
conformation upon association with KAPA and it forms a mercially available.

hydrogen bond with the 8-amino group of that substrate. We —Mutagenesis, @erexpression, and Purificatiohe muta-
have now constructed the individual active site mutants tions, Y17F, Y144F, and D147N, were introduced into the
Y144F, Y17F, D147N, and R253(A, K, M, Q) to elucidate E. coli DAPA synthase gene with the QuikChange kit
further the functions of the parent amino acid side chains in (Stratagene). The R253A, R253K, R253Q, and R253M
the enzymatic mechanism. Specifically, we have studied mutations were introduced by standard PCR site-directed
single-turnover reactions of a selection of these mutant mutagenesis protocols. The entire genes were sequenced to
enzymes with the substrates SAM and DAPA, respectively. ensure that no other mutations were present. The mutant
The three-dimensional structures of the mutant enzymes wereProteins were expressed using the pT7bioA plasmid and
determined in order to examine their structural integrity. The purified as described previousl{).

results are consistent with a mechanistic proposal in which ~ Single-Turneer Reactions of DAPA Synthase with SAM
Tyrl7 and Tyr144 participate in recognition of the DAPA/ or Decarboxylated SAMMutant DAPA synthase (2.0M)
KAPA substrates and in catalysis. They demonstrate furtherwas incubated with varying SAM or decarboxylated SAM
that these residues are not involved in the reaction with the (dcSAM; 50-2000xM) concentrations in 50 mM AMPSO
amino donor SAM. Asp147 appears to play a structural role containing 20% glycerol at pH 9.0. Fluorescence emission
in maintaining the two tyrosine residues in the proper position (lexc= 330 nm) at wavelengths360 nm was followed over

for catalysis. time with an Applied Photophysics Ltd. SF17.MV spectrof-
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Table 1: Data Collection and Refinement Statistics

Y17F

Y144F D147N R253A R253K

unit cell dimensions (A)

a 58.5 58.8 58.4 58.3 58.1

b 55.7 55.3 55.1 55.7 56.5

c 121.4 121.5 120.3 121.2 121.0

B 97.0 96.8 96.7 97.0 96.3
wavelength (A) 1.13 1.13 1.10 0.85 1.13
resolution (A) 20-1.7 (1.80-1.71p 20-1.8(1.93-1.83) 20-2.1(2.2%2.10) 20-2.4(2.48-2.42) 206-2.2(2.32-2.20)
Rsym (%) 9.6 (40.8) 5.2 (21.6) 8.9 (33.1) 7.7 (24.8) 12.4 (42.1)
o 11.5(2.6) 17.1(5.2) 11.8(2.9) 14.8 (2.8) 11.0 (2.4)
completeness (%) 97.2 (90.7) 99.2 (94.8) 99.7 (99.2) 90.6 (55.3) 99.2(98.2)
no. of reflections 325020 256256 149282 86216 138828
unique reflections 81351 67391 44599 26936 39626
Rrefinement (%) 18.9 18.6 20.1 18.9 19.2
Riree (%) 20.8 20.9 22.7 225 225
B factor (A%

Wilson plot 22.0 22.1 26.7 34.7 26.9

protein atoms 23.2 24.9 31.9 30.8 27.6

cofactor 15.5 17.8 229 194 20.4

water 35.8 34.0 32.0 35.8 31.1
rms deviation

bonds (A) 0.009 0.009 0.013 0.016 0.014

angles (deg) 1.3 1.3 1.6 1.6 1.6
Ramachandran plot, % of residues in

most favorable regions 89.5 89.1 90.0 89.1 88.9

additionally allowed regions 9.5 9.9 8.7 10.1 104

generously allowed regions 0.3 0.1

disallowed regions 1.0 11 1.0 0.7 0.7

aValues in parentheses represent the highest resolution shell.

luorometer. Rate constants for the appearance of the producsynthase 13) by difference Fourier methods. The initial
were determined by a nonlinear regression fit to a single electron density maps were inspected before replacing the

exponential. Th&max and apparenky, values for the half-

wild-type side chains by the mutated side chain in the model.

reactions were determined from a plot of the observed rate The structures were refined with Refmac®) using the
constants vs substrate concentration according to the formal-maximum likelihood algorithm. Five percent of the reflec-

ism outlined in refl0.

Single-Turneer Reaction of DAPA Synthase with DAPA.
Solutions of DAPA synthase mutants (kM) in buffer (50
mM AMPSO containing 20% glycerol, pH 9.0) were mixed
with DAPA (final concentrations 5, 10, 25, 50, #M). The
fluorescence emission was measured at wavelerg8td
nm with an Applied Photophysics Ltd. SF17.MV stopped-
flow spectrofluorometer. The kinetic constaktg, andK2°P
were determined as described in f&f

Crystallization and X-ray Data CollectionThe mutant
proteins were crystallized by the hanging drop method at
20 °C as described by K et al. (L6). Crystallization was
achieved by mixing the well solution (2&28% PEG 4000,
9—-12% MPD, 100 mM HEPES, pH 7.5) 1:1 with 10 mg/
mL protein. WT crystals were used for microseeding, and

crystals appeared within 2 days after the seeding procedure

The R253A data set was collected at beamline BW7B at
DESY, Hamburg, with a Marresearch 300 mm image plate,
and the data were processed with DENZQ®7)( and
SCALEPACK (@8). All other data sets were collected with
a Marresearch CCD detector at beamline 1711 at MAX
Laboratory, Lund University, Lund, Sweden, at 100 K. The
data were processed with MOSFLNI9) and SCALA (18).
The crystals belong to space groBg; with the dimer in
the asymmetric unit, and they diffracted to resolutions
ranging from 1.7 to 2.4 A. Cell dimensions and details of
the data collection are given in Table 1.

Structure Determination.Structure determination and
refinement for each mutant followed the same protocol. The
initial phases were obtained from the model of holo-DAPA

tions were excluded to monitd¥.e The O softwareZ1)

was used for monitoring the refinement progress and manual
rebuilding. Water molecules were added to the model and
inspected manually during refinement. The quality of the
models was assessed with PROCHEQ@R)(

All five mutant structures contain one PLP molecule and
one sodium ion per monomer. A number of residues on the
surface of the proteins have flexible side chains for which
the occupancies were set to 0. Two loop regions in the
D147N mutant structure (residues 15670 and 306-303,
respectively) were disordered and were therefore excluded
from the model. The final model for this mutant includes
residues +157, 171182, 184-299, and 304429 for
monomer A; 3157, 172-182, 184-298, and 303428 for
monomer B; and 402 water molecules. The final models of
the Y17F, Y144F, R253A, and R253K mutants consist of
residues +182 and 184428 and include 660, 572, 243,
and 336 water molecules, respectively. As a comparison, the
final model for the WT structure to 1.8 A resolutiond]
contains all residues of the dimer but one (subunit A182
and 184-429; subunit B, +429) and 556 water molecules.
Details of the refinement and the stereochemistry of the
protein models are given in Table 1. Structural comparisons
were carried out using the program Q1) with default
parameters.

The observed structure factor amplitudes and the refined
atomic coordinates have been deposited in the Protein Data
Bank with the accession numbers 1SO0A (Y17F), 1S09
(Y144F), 1S08 (D147N), 1S07 (R253A), and 1S06 (R253K).
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Table 2: Kinetic Parameters for Single-Turnover Half-Reactions of WT and Mutant DAPA Synthases
kna(SAM) (s)  Kn®™ASAM) (uM)  kna DAPA) (s1)  Kn?PHDAPA) (uM)  knmadcSAM) (s) Ky dCSAM) (M)

WT 0.016 (0.004 300 (50) 0.79 (0.01) 1.0(0.1) 0.016 (0.002) 750 (190)
R253A <0.001 >1000 1.3(0.05) 2.2(0.3)

R253K 0.009 (0.001) 10(2) 1.3(0.09) 0.8(0.2) 0.016 (0.001) 100 (20)
R253Q  0.074 (0.004) 105 (14) 1.7 (0.2) 1.4 (0.5)

R253M  <0.01 0.67 (0.05) 0.6 (0.3)

Y17F 0.0035 (0.0006) 63 (6) 0.012 (0.001) 20 (5)

Y144F >0.00 >3000 0.04 (0.002) 150 (20)

D147N nd nd nd nd

2Values in parentheses are the calculated erPrie knax and KPP values could not be determined because this mutant cannot be saturated
with SAM. kma/Km2P for this reaction is 16 1 M~* s%. ¢ No detectable activity.

RESULTS measurable level{0.001 s?), andK2*?is increased te- 1

. . . mM (Table 2). Theknax and Kp,2PP for DAPA, on the other
The active site residues Tyrl7, Tyrl44, and Asp147 were hand, botrincrease resulting in a net decrease lofudKn

replaced by Phel7, Phel44, and Asn_147, respectively. Thefor DAPA of only 25%.
mutant enzymes were analyzed by single-turnover experi-
ments where DAPA or SAM is reacted with the PLP form  The Conserative Mutations R253K and R253Q Result in
of the enzyme; thus the two half-reactions may be probed Increases in k(K" for SAM with Little Impact on the
individually. The first is the conversion of SAM to the Reaction with DAPAThe more conservative mutations,
corresponding keto acid@adenosyl-4-methylthio-2-oxobu- ~R253K and R253Q, increase thga/Kn* for SAM 17-
tanoate), coupled to the transformation of the PLP form of fold and 13-fold, respectively. The increase results from a
the enzyme to the pyridoxaminé-phosphate (PMP) form  decrease&**Pfor both mutant enzymes and an increase in
(Scheme 2). In the second half-reaction, the PMP form reactskmax for R253K (Table 2). The R253M mutation was also
with KAPA to produce DAPA and the PLP enzyme is constructed, but this enzyme is unstable and is nearly
regenerated. In this study, we analyzed the first half-reaction inactive.
and the reverse of the second half-reaction, i.e., the reaction Decarboxylated SAM Is Nearly as Reaetias SAM.
of the PLP form of the enzyme with DAPA. The latter was Decarboxylated SAM $-adenosyl-(5-3-methylthiopropy-
required because the PMP form of DAPA synthase is not |amine (dcSAM)] was evaluated as a possible alternative
stable. substrate with both the WT and R253K mutant enzymes.
Kinetic Parameters for the Single-Turper Transamina- k.. for WT DAPA synthase with this substrate is identical
tion of DAPA Synthase Mutants with SAMiIdition of SAM to that obtained with SAM (Table 2), bitt2"is increased

to the Y17F and Y144F mutants led to the conversion of 2 5-fold. The R253K mutant enzyme retains the s&me
the 430 nm absorbance peak characteristic for the PLP formfor dcSAM with a decrease iK%, resulting in a net
of the enzyme to a band at 335 nm, typical for the ketimine jncrease ofkma/K.2°° of 7.5-fold over WT. This effect,

or the PMP form of the enzyme. No such spectroscopic however, is less than the 15-fold increasekin/K,2°° for
change could be detected when the D147N mutant wassam that results from this mutation.

incubated with 2 mM SAM, indicating that this mutant does
not react with this amino donor. THe.x and apparenkK,
values for the Y17F mutant are 0.0033 and 63uM (Table

2), which is a 5-fold decrease kpaxandK2PPcompared to
the WT enzyme with no resulting decreaséa/Kn2*F. On
the other hand, thémax value for the Y144F mutation

Three-Dimensional Structures of DAPA Synthase Mutants.
The crystal structures of the Y17F, Y144F, D147N, R253A,
and R253K mutants were refined to 1.7, 1.8, 2.1, 2.4, and
2.2 A resolution, respectively. The electron density maps are
of good quality, and th&-factors and stereochemistry are
increases more than 10-fold, but tKge®Pvalue is raised to as expected for protein structures at these resolutions (Table

an unattainable concentratiou/K.2is thus reduced more 1). The overall folds of the five mutants are identical to the
than 3-fold to 16 M® st " structure of the WT enzyme, as shown by the root mean

S . . iati Iculated for all &oms after superposi-
Kinetic Parameters for the Single-Tursgr Transamina- square deviations cal .

tion of DAPA Synthase Mutants with DAPAhis half- tion with the WT DAPA synthase dimer: 0.13 A (Y17F),

reaction was followed by fluorescence detectidg € 280 0.06 A (Y144F), 0.38 A (D147N), 0.29 A (R253K), and 0.30

nm) on a stopped-flow spectrophotometer. The D147N A (R253A). The PLP molecule is _well-defmed in all
mutant reacts with neither DAPA nor SAM (see above): structures and shows IoW—fag:tor_s s!mllar. to those of the
therefore, this form of the enzyme is severely catalytically cofactor in the WT enzyme, indicating high occupancy.
compromised. The Y17F mutant has an appakgnvalue All side chains of the active site residues in the three-
for DAPA that is 20-fold greater than that for WT and a dimensional structure of the Y17F mutant occupy the
kmax value that is 60-fold lower than that of the WT (Table identical position of the corresponding amino acids in the
2). The Y144F mutation results in a 150-fold increase in WT enzyme, with the exception of the carboxylate side chain
apparenK, for DAPA. Theknaxis reduced to about 5% of  of Asp147, which adopts two roughly equally populated
that for the WT reaction. conformations (Figure 2a). One is identical to that of the
The R253A Mutation Increases thga for SAM More carboxylate in the structure of the WT enzyme. The other is
Than 10-fold but Has Little Effect on the Reaction with slightly shifted but is still close enough to Tyr144 to form a
DAPA.The R253A mutation primarily influences the reaction hydrogen bond (Figure 2a). There are a number of water
with SAM. The knax for SAM is reduced to below a molecules at conserved positions in the active site of DAPA
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Ficure 2: Parts of the B, — F. electron density maps for DAPA synthase mutants. The refined model of the mutant is shown in gray and
that of WT enzyme in black. Panels: (a) Y17F, contoured at the [eel; (b) Y144F, 1.8; (c) D147N, 1.0.

synthase. The network of solvent molecules around Tyrl44 Phel44 to be able to substitute for the missing hydroxyl
is unperturbed by the mutation, but there is an additional group in the structure of the Y144F mutant.
water molecule located halfway between Aspl47 and Phel7. The substitution of Asp147 by an asparagine has, however,
This water molecule is within hydrogen-bonding distance more significant consequences for the structural integrity of
of the residues that interact directly with the hydroxyl group the active site in DAPA synthase. The side chain of Asn147
of Tyrl7 in the WT structure. is flexible and adopts at least two different rotamer confor-
The structure of the Y144F mutant is similar to that of mations. This movement is more pronounced than for the
the Y17F in that the only difference compared to the WT Y144F and Y17F mutants (Figure 2c). The side chain of
structure is the double conformation of Asp147. Itis a small Tyrl7 is disordered in both subunits and also had to be
deviation, and the carboxyl group of Asp147 remains within modeled in two conformations. A stretch of residues,-304
hydrogen-bonding distance of Tyrl17 (Figure 2b). The double 306, close to the active site, carrying the conserved His306,
conformation does not affect the position or conformation is also disordered in this structure. In addition, the main chain
of other residues in the active site. Tyrl7 does not deviate for residues 1523, including Tyrl7, shows a minor shift
from its position in the WT structure, and the side chain of away from the cofactor.
Phel44 superposes very well onto the side chain of the WT The R253A mutation induces a significant conformational
Tyrl44 (Figure 2b). The water molecules that normally change in the vicinity of the active site. A stretch of five
interact with the side chain of Tyrl44 are either displaced residues, Ser51Ala55, is shifted from its original position
or missing. There are no water molecules close enough toby several Angstnms, and the main chain adopts a new and
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Ficure 3: (a) Stereoview of the R253A mutant structure (red) superposed onto the structure of the WT DAPA synthase/KAPA complex
(black). Residues from R253A are marked with an asterisk where the main chain conformation deviates from WT. TheFgfinéd 2

map is contoured at 102 (b) Stereoview of the R253K mutant structure (red and blue) superposed onto the WT DAPA synthase/KAPA
complex (black). The side chain position of Lys253 differs from WT Arg253. In the mutant structure the side chains of Trp53 and Met400
are modeled in two different conformations (red and blue), one of which (red) corresponds to those observed in the KAPA complex. The
second conformation of Met400 (blue) adopts the position occupied by Arg253 in the WT structure, and Trp53 (blue) replaces the side
chain of Met400 (red). The refined=2 — F. map is contoured at 103 (c) Superposition of WT DAPA synthase (black) and the structure

of the R253K mutant (gray) showing the network of hydrogen bonds involving the side chains of Arg253 and Lys253, respectively. The
side chains of Trp52, Trp53, and Met400 are excluded for clarity.

well-defined conformation (Figure 3a). This part of the Curiously, even though the main chain is positioned differ-
polypeptide chain includes Trp52 and Trp53, the first of ently, the indole side chains of the two tryptophans are found
which forms a hydrogen bond to the KAPA carboxyl group in positions almost identical to those observed in the WT
in the KAPA complex, and the latter lines the active site. structure, but they have switched positions; i.e., the side chain
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of Trp52 is positioned approximately where the side chain 17 144 147 253
of Trp53 is in the WT structure and vice versa (Figure 3a). =.coli HPYTSMTS .... RNGYHGDTFGAM .... GFGRTGKL
H H H E.coll 08 HPYTSMTS .... ENGYHGDTFGAM .... GFGRTGEL
The dlsplacement Of the maln Chaln asa reSUIt Of the Arg253 5. typhimurium HPYTSMTS .... RHGYHGDTFGAM .... GFGRTGKL
to alanine replacement is probably due to the loss of the &.herbicola HPYTSMTS .... RRGYHGDTFGAM .... GFGRTGKL
H H Y.pestis HFYTSMTE .... RHGYHGDTFGAM .... GFGRTGEL
hydrogen bond between the guanldlnlum group_ Of Ar9253 S.marescens HPYTSMSE .... RHGYHGDTFGAM .... GFGRTGEKL
and the carbonyl group of Trp53, as well as the displacements. aphidicoia HPYSSMNN . ... RNGYHGDTFSAM . ... GFGRTGKM
EB.aphidicola HPYSSMVN .... FNGYHGDTFSAM .... GFGRTGEF
Of a Conserved water mOIeCUIe_that fOfmS hydrpgen bqndSB,aphidi cola HPYASMIQ .... KKSYHGDTFARM .... GFGRTGEF
to both Arg253 and Trp53 (Figure 3c). The interaction u.influenzae HPYSSVSS .... RSGYHGDTWNAM . ... GFGRTGKL
between Arg253 and the hydroxyl group of Ser50 is also ¥-meningitidis — HPYTSMID ... RRGYHGDTWNAM .. .. GFGRTGKM
3 . Lo . C.glutamicum HPYAAPGV .... RSGYHGDTFTAM .... GFGRTGEL
abolished in the R253A mutant, but this is not likely to be . tuberculosis HPY¥SSIGR .... RGGYHGDTFLAM .... GFGRTGAL
the main cause of the rearrangement of the active site, since?-cerevisias HEQUSLSS ... INGEHCRTEGAM ... GFGEICEI
. . . . . M.leprae HPYSTIGA .... RGGYHGDTLTPM .... GFGRTGEL
this bond is absent in the R253K mutant as well, but it retains z. sphaericus H_QMKD .... TDAYHQEILGAL .... GFGRTGTL
the main chain architecture of the active site (see below). ¥.europaea HHGIQMKH . ... ONGEHGETLGAL .... GFGRIGTL
A.asolicus HPFTQMEV . ... SEAYHGDTVGAV .... GFGRTGTM
The crystal structure of the R253K mutant showed that, =.cereus HPFTQMKD .... KEAYHGDTIGAV .... GFGRTGKM
H H HE H H L.interrogans YPFTLQFE .... NSSYHGDTIGTM .... GFGRTGSV
unlike the R25$A mutant, thg main chain in the agtlve Site o o o HEGIONAR .. .. EHOWHABILGAL .. .. GCORTGT
adopts the position observed in the WT enzyme (Figure 3b). 5.me1itensis .. HS-WHGDTIGTM .... GWGRTGTL
. ENGYHGDTIGAV .... GFGRTGEM

Apparently, the replacement of the arginine residue by lysine 2-subtilis

M.jannaschii

does not severely affect the integrity of the active site. The c¢.jejuni
side chain of Lys253 does not superpose onto the Arg253#-priori Js9

H.pylori

side chain in the WT structure but forms a hydrogen bond r.rucieacum
to the main chain carbonyl of Ala248. The side chains of -
Trp53 and Met400 are modeled in double conformations, FIGURE 4: Parts of an amino acid sequence alignment of DAPA
one of which corresponds to the positions observed in the synthase, highlighting residues Tyrl7, Tyrl44, Asn147, and Arg253.

Seven of the sequences have a cysteine moiety at position 17; the
structure of the WT enzyme/KAPA complex. In the second gzme sequences contain a glutamic acid at position 147. These

conformation, Met400 adopts the position occupied by residues are encircled by black frames. The following DAPA
Arg253 in the WT structures, and the side chain of Trp53 synthase sequences from the Swiss-Prot and TrEMBL databases

superposes onto the WT conformation of the Met400 side Were aligned with the program ClustalV23), using the slow/
chain (Figure 3b) accurate pairwise alignment with default options (top to bottom):
g o ) Escherichia coli(P12995),E. coli O6 (tr Q8FJQ5),Salmonella
Sequence Conseation. To further assess the importance typhimurium(P12677) Erwinia herbicola(P53656) Yersinia pestis
of Tyrl7, Tyrl44, Asp147, and Arg253 in the active site of (tr Q8ZGX3), Serratia marescend36568) Buchnera aphidicola

; ssp. Acyrthosiphon pisur(P57379), Buchnera aphidicola ssp.
DAPAb'SIynth{:lse, CéustalWZG) Wa? [l)J,ileDC,jA to r;lrl:gn Z?h tSchizaphis graminurfQ8K9P0),Buchnera aphidicola ssp. Baizon-
microbial amino acid Sequences o synthases tha gia pistaciae (tr Q89AK4), Haemophilus influenza¢P44426),

were available in the Swiss-Prot and TrEMBL databases Neisseria meningitidiserogroup A (tr Q9JV96)Corynebacterium
(releases 41.22 and 24.10; Figure 4). The alignment showsglutamicum(P46395) Mycobacterium tuberculos{©06622),Sac-
that Tyr144 and Arg253 are strictly conserved, while there charomyces ceugsiae (P50277) Mycobacterium lepra¢P45488),

: ; ; ; ; ; ; Bacillus sphaericugP22805)Nitrosomonas europagir Q82Y62),
IS a'W"?‘YS e:ILT7ergn a?pr?rtlzc8a0|d '?rb? glutamic aC|d7reS|du§ Aquifex aeolicug066557),Bacillus cereusstrain ATCC 14579/
atposition 147. Out of the 28 available sequences, 7 contaiNpgy 31 (tr Q818WS8), Leptospira interrogans(tr Q8F499),

a glutamic acid at position 147. In these 7 cases, a covariantralstonia solanacearuffiPseudomonas solanaceartmQ8XZC4),
replacement occurs at position 17, where tyrosine is ex- Brucella melitensis(tr Q8YBV8), Bacillus subtilis (P53555),
changed for a cysteine residue. Curiously, there are five Metanococcus jannaschi{Q58696), Campylobacter jejuni(tr

: : Q9P1J32) Helicobacter pyloriJ99 (Q9ZKM5),Helicobacter pylori
examples where Tyr17 is replaced by a phenylalanine, bUt(025627), andrusobacterium nucleatulir Q8RETS8). Accession

these are not linked to the Asp to Glu replacement at position ¢oges are given in parentheses. Sequences obtained from TrEMBL

... GFGRTGKEM
.... GFGRTGTL
. ... GFGRTGSM
.... GFGRTGSM
«... GFGRTGEM

* kk ok

147. are marked tr above. The sequences are listed according to their
alignment score with respect to tie coli sequence, withS.
DISCUSSION typhimuriumat the top exhibiting 86% identity arfél. nucleatum

at the bottom showing 30% identity, respectively.

Tyrl7 and Tyrl44 Participate in the Half-Reaction with
DAPA but Are Not Required for the Reaction with SAe structural damage introduced by the mutation but rather
kinetic analysis of site-directed mutants of DAPA synthase reflect a key function of the mutated residue in KAPA/DAPA
from E. coli provides compelling evidence that the two recognition and catalysis.
tyrosine residues in the KAPA/DAPA substrate binding site  The outcome of the Y17F mutation is as anticipated from
are essential for the half-reaction with DAPA but have little the structure of the enzyme/KAPA complex. The side chain
influence on the half-reaction with SAM. In both cases, the of this residue binds to the 8-amino group of KAPA and, by
conservative tyrosine to phenylalanine substitution results inference, that of DAPAX3). This interaction might not only
in mutant enzymes that are severely impaired in catalytic provide binding energy and specificity but also appears to
activity. The kna/Kn??P values for the half-reaction with  be of importance in aligning DAPA in a proper orientation
DAPA are reduced 1300-fold for the Y17F mutant and 2900- for the reaction to occur (Figure 5). The moderate influence
fold for the Y144F mutant. The crystallographic analysis on K., if interpreted as affinity for the substrate, may be
shows little change in the active site architecture and that due to the fact that the 8-amino group forms an additional
interactions within the active site are maintained with the hydrogen bond to the main chain oxygen of residue 307.
exception of those with the mutated residue. The observed The Y144F mutation results in a dramatic effect on the
kinetic deficiencies of the mutants are thus not due to kinetics of the half-reaction with DAPA, with a 3000-fold
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Ficure 5: Model of the DAPA synthase/DAPA Michaelis complex, which was derived from the crystal structure of the nonproductive
DAPA synthase/KAPA complex. All atoms shared by DAPA and KAPA were superposed, and the carbonyl group of KAPA was replaced
by the 7-amino group of DAPA with the correct stereochemistry. Hydrogen bonds are shown as dashed lines (black). The distance between
the 7-amino group of DAPA and the,Qf the internal aldimine is approximage8 A (red).

decrease ifkma/ Km?*P. Tyrl44 is thus a key residue in that Interactions in the SAM Binding SiteAlthough no
half-reaction. This conclusion is buttressed by the fact that structure has been solved of a complex with SAM, we
it is one of the few invariant active site residues in DAPA postulated on the basis of the structure of the unliganded
synthase. Its function can be explained by modeling the enzyme that Arg253 might interact with the carboxylate
DAPA synthase/DAPA Michaelis complex, which is based moiety of SAM, as it is the only arginine residue within 15
on the corresponding nonproductive KAPA complex (Figure A of PLP. It is 12 A from G’ of the cofactor but might
5). In this model, which includes the KBS DAPA move closer upon substrate binding, as does Arg386 of
stereochemistry, Tyrl44 forms a hydrogen bond to the AATase @4). Arg253 is conserved among all known DAPA
7-amino group of DAPA, positioning it so that it is poised synthase sequences (Figure 4), suggesting that it has an
for attack on the internal aldimine (3.0 A distance between important structural or functional role. The R253A, R253K,
the 7-amino group and the,/Ccarbon atom of PLP). This and R253Q mutations were constructed to investigate this
residue could thus have several functions: (i) anchoring of possibility.
the 7-amino group, (ii) ensuring that the proper sterecisomer The R253A Mutation Affects Only the Reaction with SAM.
of the product is obtained, and (i) maintaining the catalyti- Consistent with the hypothesis, the R253A mutation results
cally competent orientation of the substrate for the transami- in a variant that exhibits a significant increase in the apparent
nation reaction. In this orientation, the proton to be abstractedK, for SAM but has only a small effect on the rate of reaction
from the C7 carbon of DAPA points toward the putative with DAPA (Table 2). These data strongly support the
base in this reaction, Lys274. contention that Arg253 is important for the interaction of
Interestingly, both Tyr—~ Phe mutants show little change the enzyme with SAM but not with DAPA. X-ray analysis,
in catalytic efficiency for the half-reaction with SAM. The however, revealed that the R253A mutation induces a
kna/Kn?Pvalue for the Y17F mutant is very similar to that conformational change of the polypeptide chain near the
for the WT enzyme (56 and 53 M s ™%, respectively), and  active site. The effects on the reaction kinetics may, therefore,
there is only a 3-fold decrease found for the Y144F mutant, be the result of this structural change, rather than a direct
to 16 M1 s™1. These observations demonstrate that the two effect of a lost interaction between the substrate and Arg253.
residues have little influence on the reaction of DAPA  The Conserative Mutations R253K and R253Q Increase
synthase with the amino donor SAM. The fact th&r? Activity toward SAM.The more conservative R253K and
and kmax values vary in parallel for the SAM half-reaction R253Q mutant enzymes were constructed to evaluate the role
may be indicative of the rate-determining step being product of Arg253 further. The R253K mutant enzyme retains the
release in the two enzymes. Improved affinity for the WT conformation. Both mutations result in a greater than
substrate would lead to an increase in the affinity for the 10-fold increasein kma /K2 for SAM (from 53 M1 st
product, resulting in a decreased reaction rate (in the Y17Ffor WT to 900 and 700 M* s™%, respectively, for the lysine
mutant) and vice versa for the Y144F mutant. and glutamine substitutions), with little effect on the DAPA
The mutational analyses suggest that DAPA and SAM kinetics (Table 2). These results confirm the general conclu-
bind in nearly completely distinct sites on the enzyme. They sions resulting from the R253A mutation results: that the
both interact with the PLP cofactor and must therefore be reaction with SAM is affected by changes in this region of
bound in its vicinity, but mutation of the residues that are the enzyme, while that with DAPA is not. It is therefore
crucial for KAPA/DAPA binding seem not to affect associa- established that part of the SAM specificity site does involve
tion with SAM. For example, crystallographyl3) and Arg253, but the fact tha,2PPis reducedby these mutations
mutational analysed () identified Arg391 as one of the key indicates that it does not likely interact directly with the
residues in KAPA/DAPA binding, but kinetic characteriza- substrate carboxylate (see below).
tion of the R391A mutant shows that this residue is not Is SAM the True Amino Donor&lthough the 7-amino
essential for the SAM half-reaction. group of biotin is derived from SAM2Z5, 26), the highK,2PP
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for SAM and the failure to identify a carboxylate binding residues 17 and 147&( coli numbering) always vary in
site raise the possibility that the in vivo substrate for the tandem, it is quite possible that a glutamic acid at position
enzyme might be the SAM-derived metabolite decarboxy- 147 may fill the function of anchoring KAPA, in place of
lated SAM (dcSAM). This molecule is a precursor to Tyrl7.

polyamines in most organism&%) and is generated from In five of the naturally occurring DAPA synthase se-
SAM by decarboxylation 28, 29). Although dcSAM is a  quences, Tyrl7 is replaced by phenylalanine, which corre-
substrate for DAPA synthase, withkaax equal to that of  sponds to one of the site-directed mutants of this study. The
SAM, its Kn*PP value is 2.5-fold higher than that of SAM;  in vitro replacement led to a catalytically defective enzyme,
thus it is not quite as good a substrate as SAM itself. Since whereas the naturally occurring enzymes with the same
the SAM concentration in the cell is expected to be much mutation must retain sufficient catalytic activity to maintain
higher than that of dcSAR(30), it is less likely that dcSAM  growth. The deleterious effect on activity of this side chain
functions as an in vivo substrate. The comparakierP replacement, seen in thE. coli enzyme, must be ac-
values, however, argue that the carboxylate of SAM is not companied by compensating mutations elsewhere in the
involved in a strong interaction with the enzyme. DAPA species with the Y17F replacement. Indeed, there are a
synthase is, therefore, the first known example of an number of amino acid side chain replacements in the vicinity
aminotransferase that does not associate with the carboxylate)f the DAPA binding site in these sequences. Itis, however,
of ana-amino acid substrate via a conserved arginine residue.not clear which and how these side chain substitutions would
Further evidence that Arg253 is not responsible for carboxy- compensate for the loss of the hydroxyl group at position
late binding is provided by the fact thi.x for the reaction 17.
of the R253K mutant with SAM is unchanged relative ©o  papA synthase thus illustrates the point that active site
the WT enzyme, buK,*"is reduced (Table 2). residues that contribute to catalysis are not necessarily
Asp147 Is Required for Structural Integrity of the Substrate conserved, i.e., that several solutions for efficient catalysis

Binding SiteThe D147N substitution, although conservative, by the same enzyme arose during the course of evolution.
results in an enzyme that is devoid of catalytic activity in

both half-reactions. This mutation affects the structure in ACKNOWLEDGMENT
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