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ABSTRACT: Porphobilinogersynthasecatalyzesthe first committedstep of the tetrapyrrolebiosynthesigpathway.In
an aldol-like condensationtwo moleculesof 5-aminolevulinicacid (ALA) form the first pyrrole, porphobilinogen.
Newly synthesizedanaloguesof a reaction intermediate of porphobilinogensynthasehave been employedin
studying the active site and the catalytic mechanismof this early enzymeof tetrapyrrolebiosynthesis.This study
combinesstructuralandkinetic evaluationof theinhibition potencyof theseinhibitors.In addition, oneof thedetermined
proteinstructuregrovidesfor thefirst time structuralevidenceof a magnesiunion in the activesite. Fromtheseresults,
we cancorroborateanearlierpostulatecenzymaticmechanisnthat startswith formationof a C—C bond, linking C3 of
the A-side ALA to C4 of the P-side ALA throughan aldole addition. The obtaineddataare discussedvith respect
to the current literature.

Porphobilinogen synthase (PBGEC 4.2.1.24), also it has been shown that lower oligomeric states can be
called 5-aminolevulinic acid dehydratase (ALAD), catalyzes catalytically active as welld). Each monomer consists of a
the first common step during the biosynthesis of tetrapyrroles classical eight-strandedBd@)s barrel with the active site
such as hemes, chlorophylls, and bilins 2}, During the located at the C-terminal ends of tfiestrands. A flexible
catalytic process, the asymmetric condensation of two loop (lid) covers the active site and separates it from the
molecules of 5-aminolevulinic acid (ALA) yields the first  surrounding medium. The two ALA substrate molecules are
pyrrole porphobilinogen (PBG) (Figure 1). PBGSs from a distinguished as A- and P-side ALA due to the acetic acid
wide variety of organisms have been studied in detail, and and propanoic acid side chains, respectively, that they
crystal structures of many have been publish&d®). The contribute to the product PBG. The corresponding binding
most common active form of PBGS is a homo-octamer, but sites of PBGS are termed the A-site and P-site, respectively.
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5-OH-LA. 5-hydroxylevulinic acid: ALA, 5-aminolevulinic acid: e €nzyme family, it is commonly accepted that the PBGS
ALAD, aminolevulinic acid dehydratase; “amine”, 5-(4-carboxy-2- €action starts with the binding of the P-side ALA. The
oxobutylamino)-4-oxopentanoic aciicPBGS, porphobilinogen syn-  subsequent step in the reaction is the binding of the second
thase fromE. coli; “ether”, 5-(4-carboxy-2-oxobutoxy)-4-oxopentanoic  sybstrate molecule to the A-site. In zinc-dependent PBGS,

acid; HsPBGS, porphobilinogen synthase fréftomo sapiensPaPBGS, . . L . P o
porphobilinogen synthase from aeruginosaPDB, Protein Data Bank: the active site metal ion is essential for the binding of A-side

PBG, porphobilinogen; PBGS, porphobilinogen synthe3ePBGS, ALA (12). Crystal structures support this scenafi8)(PDB
porphobilinogen synthase froBaccharomyces cerevisiae; “sulfone”,  entry 1e51).

5-(4-carboxy-2-oxobutane-1-sulfonyl)-4-oxopentanoic acid; “sulfoxide”, . . .
5-(4-carboxy-2-oxobutane-1-sulfinyl)-4-oxopentanoic acid: “thioether’, ~ ON the basis of structural and biochemical data, we and

5-(4-carboxy-2-oxobutylsulfanyl)-4-oxopentanoic acid. others previously postulated a catalytic mechanism for PBGS
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Ficure 1: Reaction catalyzed by PBGS and inhibitors. Only trivial names are given.

initiated by the formation of Schiff bases between the two induced by adding IPTG to a final concentration of 100.
substrate molecules and two conserved lysine residues in théfhe cells were further grown at 17C overnight and
active site 9, 14,15). Several studies suggest that the reaction subsequently harvested by centrifugation.

proceeds with the formation of a-@C bond between C3 of The bacterial pe”et from a total growthf d L was

the A-side ALA and C4 of the P-side ALA (41, 13). resuspended in lysis buffer [50 mM Tris-HCI (pH 8.0), 100
Despite the impressive efforts in studying PBGS and its mM NacCl, 0.05% Triton X-100, and 5 mM Mgglcontain-
multistep mechanisml1{), many questions are still open. ing a protease inhibitor cocktail (Roche Diagnostics) and
No unequivocal picture for the succession of the chemical disrupted with a French press £220 000 Ib/in?). Cell debris
transformations involved in the enzyme-catalyzed mechanismwas removed by centrifugation for 45 min at 100§0The
has emerged. resulting supernatant was subjected to a 25% Jp&O,
In this study, we have employed six synthesized inhibitors precipitation at £C overnight. After centrifugation at 4C
to probe the active site dPaPBGS using X-ray crystal-  for 20 min at 5009, the pellet was resuspended in 50 mM
lography. Five of the inhibitors resemble bisubstrate ana- HEPES-KOH (pH 8.0) and 5 mM Mggl(buffer A) and
logues (symmetric dicarboxy, gi-keto compounds) with  directly loaded onto a phenyl-Sepharose coluiin= 10
variation of the central linking moiety. The sixth inhibitor ~mL) which had been previously equilibrated with 50 mM
is a close structural analogue of the substrate ALA (see HEPES-KOH (pH 8.0), 5 mM MgG| and 20% (NH).SOy

Figure 1 for structures). (buffer B). Unbound protein was removed by washing the
column with 3 column volumes of buffer B. Protein was
EXPERIMENTAL PROCEDURES eluted with a linear gradient from 20 to 0% (MBSO, in

Construction of Expression Vector pLM_PBGSe vector buffer A. PBGS-containing fractions were identified UV
was constructed and kindly provided by L. Stith and E. K. SPectroscopically and by SB$AGE, pooled, and directly

Jaffe (Fox Chase Cancer Center, Philadelphia, PA). After l0aded onto a DEAE-Sepharose colurbiw 25 mL) which
insertion (NNdel) and internal removal (BamHiI) of restriction  'ad been equilibrated with buffer A. Protein was eluted with
sites via QuikChange mutagenesis, Bheaeruginosa hemp & linear gradient from 0 to 1 M KCl in buffer A. PBGS eluted
gene was excised from pGEXmB (16) usingNdel and with ~500 mM KCI from the DEAE column. For further
BanHI and ligated into similarly digested pET3a, generating 2nalysis, the enzyme was dialyzed against 100 mM Tris-

pLM_PBGS. The integrity of the plasmid construct was -C! (PH 7.5) and 10 mM MgGCland concentrated using
verified by DNA sequencing. Amicon concentrator devices (MWC® 10 000). The yield

Protein Production and Purificatiorzreshly transformed of purified P. aeruginosavas approximately 100 mg from
Escherichia colBL21(1DE3) cells containing vector pLM_P- 1 L of bacterial culture.
BGS were grown in 500 mL batches of LB medium EnZyme ACtlUlty Assa)T.he aCtiVity of PBGS was deter-
Containing 100 mg/L amp|c||||n and Supp|emented with 0.4% mined USing a modified Ehrlich’s test which is based on the
glucose. An inoculum from a single bacterial colony was reaction between the product PBG and 4-(dimethylamino)-
grown at 37°C and vigorously shaken for 16 h. The cells benzaldehyde as described previously (16).
were harvested by centrifugation, resuspended in fresh LB Determination of IG, ValuesICsy values were determined
medium, and cooled to 17C, and protein production was to approximate the potency of the inhibitors. The assay



Table 1: Crystallization and Cryo Data

5-OH-LA/ “amine”/ “sulfoxide”/ “sulfone”/ “thioether”/
PaPBGS PaPBGS “ether"/PaPBGS PaPBGS PaPBGS PaPBGS
protein 10 mg/mL protein, 10 mg/mL protein, 10 mg/mL protein, 10 mg/mL protein, 10 mg/mL protein, 10 mg/mL protein,
solution 50 mM Tris-HCI 50 mM Tris-HCI 100 mM Tris-HCI 50 mM Tris-HCI 50 mM Tris-HCI 50 mM Tris-HCI
(pH 7.5), (pH 7.5), (pH 7.5), (pH 7.5), (pH 7.5), (pH 7.5),
5 mM MgCly, 5 mM MgCly, 5 mM MgCly, 5 mM MgCly, 5 mM MgCly, 5 mM MgCly,
10 mM 5-OH-LA 1 mM NacCl, 5 mM “ether” 10 mM “sulfoxide” 10 mM “sulfone” 10 mM “thioether”
sodium salt 1 mM “amine” disodium salt disodium salt disodium salt

monosodium salt

reservoir 9.0% (w/v) 18.0% (w/v) 12.0% (wiv)

18.0% (w/v) 31.0% (v/v) 17.0% (w/v)

PEG-4000, PEG-3350, PEG-8000, PEG-3350, PEG-400, PEG-3350,

180 mM KCl, 200 mM LiNGs 340 mM LSOy, 220 mM LiCl 100 mM 120 mM sodium
9 mM CaCl, 20% (v/v) glycerol Na-HEPES (pH 7.5), tartrate

0.05 mM sodium 180 mM MgCh

cacodylate (pH 6.0),
cryoprotective 20% (v/v) PEG-400, 20% (v/v) PEG-400,crystal directly
solution 80% reservoir 80% reservoir frozenin its
solution solution mother liquor

20% (v/v) PEG-400, 10% (v/v) PEG-400,
80% reservoir 90% reservoir
solution solution

20% (v/v) PEG-400,
80% reservoir
solution

contained a final PBGS concentration of 4/mL and
varying final concentrations of inhibitor [from 125 mM (or
lower due to solubility problems) to 12/8M] in a bis-tris-
propane (BTP) buffer [L00 mM BTP (pH 8.5) and 10 mM
MgCl,]. Stock solutions of protein, buffer, inhibitor, and
water were mixed and incubated at 32 for 30 min. To

using Cu Ka radiation and a Rigaku-MSC R-Axis IV
image plate or synchrotron radiation (PSF, BESSY, Berlin,
Germany; beamline BL1, = 0.98010 A) using a MAR
Research CCD detector (Table 2).

The structures oPaPBGS in complex with the inhibitors
were determined by difference Fourier synthesis, using the

start the reaction, substrate was added to a final concentratiortefined model of wild-typdaPBGS (PDB entry 1b4k). This

of 2 mM in a final volume of 40QuL. The mixture was

was followed by several rounds of refinement using REF-

incubated for 15 min. The PBGS-catalyzed reaction was thenMAC5 (18, 19) and ARP/WARP 20) and manual model

stopped by adding the reaction mixture (380 to the stop
reagent (35@:L) (25% trichloroacetic acid). After centrifu-
gation (3 min at 500§), the supernatant (45£.) was treated
with Ehrlich’s reagent (45@L) [0.4 g of 4-(dimethylamino)-

building using O (21). N& K*, Mg?", and CI" and ethylene
glycol oligomers were incorporated to match the electron
density, temperature factors, and coordination spi&starfd
references cited therein). In obvious cases, two to three

benzaldehyde in 10 mL of acetic acid and 10 mL of alternate amino acid conformations were modeled. The
perchloric acid]. After 15 min at room temperature, the quality of the structure was checked using PROCHEZB] (
amount of product was determined by measuring the absor-and Whatlf (24).

bance at 555 nm (= 60 200 Mt cm™3).
For determination of I values, the data of the dose
response plot were fitted to eq 1.
A _ 1

Ay o \r
1+(@)

(1)

where h is a Hill coefficient and accounts for potential
deviations from a simple noncooperative inhibition model
(see Discussion for details) (17).

Crystallization and Structure DeterminatioRrotein solu-
tions containing inhibitors were generated by mixing aliquots
of protein solution [20 mg/mL protein, 100 mM Tris-HCI,
and 10 mM MgC} (pH 7.5)] and inhibitor solution (see Table
1 for final concentrations). Crystallization lead conditions

Analysis of proteir-inhibitor interactions was facilitated
by the use of ligplot (25). Overlays have been created using
Isgkab as a part of the CCP4 suit8]. The overlay of the
PBGSs from different organisms (Figure 4A) was generated
by searching for the best fit for the backbone atoms of the
eight centrals-strands of these proteins to the respective
residues of wild-typé?aPBGS (PDB entry 1b4k). Figures 3
and 4 were generated using PyMOL (DeLano Scientific LLC,
South San Francisco, CA).

Structural coordinates were deposited in the PDB (Table

2).
RESULTS

Expression and Purification of Recombinant P. aeruginosa
PBGS. P. aeruginosBBGS was produced and purified from

were identified using Crystal Screen, Crystal Screen 2, Low & New expression system Which is under the control of aT7
lonic Strength Screen, Natrix, and Crystal Screen Cryo sparsepromoter. The advantage of this system over the previous

matrix screens (Hampton Research, Aliso Viejo, CA) in 96-
well sitting-drop CrystalClear strip racks (Douglas Instru-
ments) with 10Q:L of reservoir solution and drops of@d-

of reservoir and 3L of protein solution. Thereby produced
initial conditions as well as known crystallization conditions
for wild-type PaPBGS (5) were optimized by the hanging-
drop, vapor-diffusion method with 50@QL of reservoir
solution and drops of pL of protein and SuL of reservoir
solution in linbro plates (Hampton Research) (Table 1). Prior
to X-ray data collection, crystals were washed in a cryopro-
tective solution for 5 s and flash-frozen in liquic Kl'able

one (GST fusion) 16) is the extremely high protein yield
(~100 mg of protein per liter of bacterial culture) and the
lack of an affinity tag for purification. Therefore, the
recombinant protein employed in this study most closely
resembles the native enzyme. The obtained protein was
purified to ~98% homogeneity.

Inhibition Potency of the Employed Inhibitorsive
analogues of a bisubstrate were synthesi2&j &nd tested
in the standard PBGS assay system. Common to all
compounds are the two carboxylate groups and two keto
functions. The only difference between the analogues is the

1). Data collection was performed under cryogenic conditions variation of the central function and consequently the volume



Table 2: X-ray and Refinement Data

5-OH-LA “amine” “ether” “sulfoxide” “sulfone” “thioether”
structure determination
space group P422 P42,2 P42,2 P42,2 P42,2 P42,2
cell dimensions
a (A) 126.31 126.88 127.54 125.51 125.60 127.20
b (R) 126.31 126.88 127.54 125.51 125.60 127.20
c(A) 85.48 86.10 85.79 86.77 86.57 85.85
total no. of reflectiond 418190 433644 798378 297780 339607 467805
no. of unique reflections 37881 55853 117544 45985 55920 44731
resolution range (&) 40.2-2.15 40.13-1.90 38.10—1.48 39.68—2.02 39.50-1.93 34.26—2.05
(2.23—-2.15)  (1.94—1.90) (1.51-1.48) (2.07-2.02) (1.98—-1.93) (2.10—-2.05)
completeness (%) 99.2 (99.5) 98.8 (95.2) 96.2 (98.2) 99.8 (99.8) 95.0 (93.4) 97.8 (97.7)
redundancy 11.0(9.9) 7.8 (7.0) 6.8 (6.1) 6.5 (6.0) 6.1(5.5) 10.5(9.5)
Rmerg®© 12.6 (45.6) 16.3 (48.3) 8.0 (36.0) 4.1(22.6) 11.6 (47.9) 12.3(46.2)
l/oP 16.7 (4.9) 9.9 (2.0) 19.3(3.1) 38.0 (4.17) 11.7 (3.46) 14.5 (4.3)
temperature factor @ 225 19.2 10.6 17.9 20.3 20.9
refinement
resolution range used 89.8—2.15 89.8—1.90 90.17-1.48 89.8—2.02 89.8—1.93 89.8—2.05
for refinement (AY
no. of reflection3 35917 52367 107399 43556 47003 41499
no. of non-H protein 6020 6349 6841 6395 6180 6273
atoms/dimer
no. of solvent 456 723 968 654 639 659
molecules/dimer
no. of ions/dimer
Na* - - - - 2 2
K+ 2 - - - - -
Mg?+ 2 2 2 2 7 2
Cl~ 2 - - 1 2 -
averageB-factor (£2) 17.70 18.02 11.31 15.63 19.11 18.43
R-factor (%),Reree (%) 15.5,20.4 15.99, 20.12 14.91,17.11 14.48, 18.33 15.13, 18.63 14.66, 20.11
Ramachandran plaf%b)
most favored regions 92.6 94.6 94.1 93.4 93.0 93.5
additionally allowed regions 6.8 5.4 5.9 6.6 6.8 6.5
generously allowed regions 0.4 0.0 0.0 0.0 0.0 0.0
rms deviation from ideality
bond lengths (A) 0.017 0.016 0.008 0.015 0.015 0.016
bond angles (de§) 1.696 1.525 1.249 1.474 1.469 1.497
estimated overall coordinate 0.112 0.089 0.036 0.088 0.085 0.097

error, based on maximum

likelihood (A)
beamline home source Bessy, PSF, BL1 Bessy, PSF, BL1 Bessy, PSF, BL1 Bessy, PSF, BL1 home source
PDB entry 2c13 2c14 2c15 2cl6 2c18 2c19

2 Greater than & ° Value for the highest-resolution shell in parenthe§@&erge = 100Q hillnilnl/Ini In), where summation is over alh;
observations contributing to tHg reflection intensities? F. for a range of 87.7420.0 A. ¢ Five percent of the data was omitted from refinement
(42).f Calculated using Procheck (23)Calculated using Whatif (24).

and polarity of this moiety (Figure 1). It has been shown 10
previously that the carboxylate group and jhketo groups

are essential for recognition by the enzyme (28). In
addition to the bisubstrate analogues, one single-substrateE
analogue, 5-hydroxylevulinic acid (5-OH-LA), was employed g
(29).

To approximate the potency of the inhibitors, theisdC
values were determined using protein and substrate concen
trations comparable to those used in earlier studied 4,

30). The data are summarized in Figure 2, and deduced IC
values are listed in Table 3. “Ether”, “amine”, and “thioether”
are decent inhibitors with I§ values of<1 mM, whereas

the three others displayed weaker inhibition potency. Data
obtained for “sulfone” and “sulfoxide” were the only ones 0.0001
that fit eq 1 with a Hill coefficient (h) that deviated concentration of inhibitors in mM

significantly from unity (Table 3)_' . . FIGURE 2: Dose—response plots for the determination 0§IC
Crystal Structures of the Active Site of P. aeruginosa values. Shown is the dependence of product formation (here shown
PBGS with the Various Inhibitor®ecause of the excellent as absorbance at 555 nm for the complex of PBG with Ehrlich’s

crystallization behavior ofPaPBGS, we were able to reagent) on inhibitor concentration®) 5-OH-LA, (O) “amine”,
determine structures with each inhibitor bound. All enzymes (V) “ether’, (2) “thioether”, (M) “sulfoxide”, and (O) “sulfone”.
display the same overall fold that has been described for the
wild-type enzyme §). The loop covering the active site
(“active site flap”) of monomer A is ordered in all structures

0.6 -

absorbance at 55
o
N

0.2 -

0.001 0.01 0.1 1 10 100

except for “sulfoxide”’PaPBGS, while in “sulfonePaPBGS,
it displays a hitherto unobserved but ordered conformation.



5

LA/PaPBGS (9), 5-OH-LA/PaPBGS,and ALA/ScPBGS

Table 3: Gy Values for the Employed Inhibitors ] ) A
(32) (Figure 4A,B) structuresallowing comparablenterac-

inhibitor ICoo (mM) Hill coefficient (h) tions of both the carboxylic group (hydrophilic) and the
f’e't?‘;'rj!-A 3'823 :i apolar part (C7—C10, hydrophobic)with the surrounding
“amine” 0313 1 residues Furthermore the interactionsresponsiblefor the
“sulfoxide” 38.4 0.64 recognitionof the A-side carboxylicgroupandthe position-
“sulfone” 9.94 1.61 ing of this groupareconsistentvith the 5-OH-LA/PaPBGS
“thioether” 0.342 ~1 structure The C4 keto moiety possiblydeploysH-bondsto

two of the water moleculespresentin the active site.

In the case of “sulfonePaPBGS, this might be due to the Thedeterminatiorof thestructureof PaPBGSn complex
special binding of the inhibitor (see below) that induces slight with “amine” and “thioether” revealedadditionalinsights
changes (¢ atom shifts of D131 and Q138 of approximately (Figure 3C,D). Both inhibitors are covalently linked with
0.8 and 1.0 A, respectively) in the loop connecting D131 to their C4 and C8 atomsto the amino moietiesof K205 and
D139 lying adjacent to the active site flap. In “sulfoxide”/ K260, respectivelyInterestingly,n both casesthestructure
PaPBGS, Q138 and H136 exhibit two alternative, shifted revealscontinuouselectrondensitydirectly connectingC3
positions potentially contributing to a destabilization of the and C8 of the inhibitors, indicating that a C—C bond has
active site flap. All residues responsible for coordination of beenformed.We postulatethatinitially both keto moieties
the inhibitors, including R215 and K229, are nevertheless of the inhibitors havebeenlinked to the lysinesvia Schiff
well resolved in all structures. basedollowed by analdoleadditionof C3 of the A-sideto

The crystal structure d?PaPBGS in complex with 5-OH-  C8 of the P-side.Consequentlybond formation bringsthe
LA is of certain interest, as this inhibitor is the closest two partsof theinhibitor andtherebythelysineaminogroups
possible structural and chemical mimic of ALA (Figure 1). closertogetherNeverthelessno significantrearrangements
Because of this, it is able to perform very similar interactions of the surroundingresiduesare observedwhen they are
with the enzyme, although its is unable to undergo the comparedo the 5F-LA/PaPBGS 5-OH-LA/PaPBGS and
condensation reaction. Two molecules of 5-OH-LA are ALA/ScPBGSstructuregFigure4A). Insteadthe P-sidepart
bound to the A- and P-site. Both are fixed via Schiff bases of the inhibitor changesits conformationexceptthe car-
to K205 and K260, and their conformation is analogous to boxylic group which is kept fixed in its position (Figure
the binding of 5F-LA (Figure 3A) (9). Nevertheless, the 3A,C,D). For the samereasonsthe position of the A-side
interactions of the moieties in the 5 position of inhibitor carboxylic group is slightly shifted in both structures.
species 5F-LA and 5-OH-LA differ notably. While the two Thereby, these “upper” parts of the reacted inhibitors
fluorine atoms of the 5F-LA molecules coordinate a monov- (comprisingC1 to C4 and C8 to C11 in A- and P-side,
alent cation that is integrated into a network of hydrophilic respectivelyserveasa modelfor anintermediatein which
interactions, the hydroxy groups of the A-site 5-OH-LA the C—C bondformationhasoccurred.This canbe seenin
inhibitor directly interact with the respective residues (D139 anoverlay of theseinhibitorswith this respectivantermedi-
and S175) through H-bonds. Furthermore, the inhibitor in atethathadbeenmodeledn thestructureof HSPBGSmutant
the P-site is stabilized not only through the Schiff base F12L (7) [intermediatel, Figure5/1V andFigure4C]. This
fixation to K260 but also via the fixation of the carboxylic comparisonunderscoresthe relevanceof these reacted
group through interactions with Y324 and S286 and via inhibitors as mimics of reactionintermediates.
hydrophobic interactions between the inhibitors’ apolar part  The reacted inhibitors are stabilized by hydrophobic
(C2—-C5) and F86, Y202, Y211, F214, and Y283. The A-side interactionswith M177, A204, Y211, F214,Y283, V285,
5-OH-LA is fixed via the Schiff base to K205 but also forms andS286.As foundfor all boundcompoundsofar (Figure
hydrophilic interactions with its carboxylic group with R215, 4A—C), the P-side carboxylic groups of “amine” and
K229, Q233, and a water molecule and with D139 and S175 “thioether” arefixed throughH-bondsto S286(0O, andN)
(O and Q) with its hydroxyl group. On the basis of the and Y324. Their A-side carboxylic groups interact with
similarity between 5-OH-LA and the substrate, we propose R215,K229, Q233,and a water moleculethatis part of a
that the complex represents a snapshot of the onset ofhydrophilic networkatthe A-site, which alsoincludesD131,
catalysis (Figure 5). Recently, the structure of yeast PBGS D139,S175,andtwo additionalwatermoleculesin contrast
in complex with 5-OH-LA was determined. In contrast to to the hydrophobic thioether moiety of “thioether”, the
the structure presented here, 5-OH-LA is bound in two secondaryamino moiety of “amine” forms an additional
conformations in the yeast PBGS but only to the P-site lysine H-bondwith one of these two water molecules.
residue (31). The structure of “sulfoxidePaPBGS is much like those

The high-resolution structure of “ethePaPBGS gives an  of “amine”/PaPBGS and “thioether’/PaPBGS except for the
ambiguous picture of the inhibitor's binding (Figure 3B): differences in the loop connecting D131 to D139 (Figure
The P-side part of “ether” including the ether moiety as well 3E). Again, formation of a €C bond has occurred, and its
as C2 and the carboxylic group of the A-side part are nicely conformation and interaction with the surrounding residues
defined by electron density, while the rest of the molecule are analogous to those of “amine” and “thioether” except
(except partly the keto group) is flexible and not resolved in for the sulfoxide moiety. The amine moiety is a H-bond
the electron density. This part was modeled with the most donor, while the thioether is apolar. The sulfoxide moiety
likely conformation based on conformational constraints. The on the contrary is bulkier and a H-bond acceptor. In this
second Schiff base in the A-site is not formed according to structure, the side chains of D131 and D139 are moved
the electron density. The conformation of the defined part slightly away from the inhibitor compared to those of 5-OH-
in the P-site is identical to the conformation found in 5F- LA/PaPBGS andPaPBGS possibly due to this change in
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Ficure 3: Structures of the six inhibitors boundR@aPBGS with labels according BRaPBGS numbering. All nitrogen, oxygen, and sulfur

atoms are colored blue, red, and yellow, respectively, according to the CPK color convention. Carbon atoms of K205 and K260 are colored
with the same color as the respective inhibitor carbon atoms. (A) 5-OH-LA (orange) bound to K205 (A-site) and K260 (P-site) through
Schiff base linkages. The blue mesh represents the electron density at levetboSarfounding residues are colored gray, and water
molecules are depicted as red spheres. (B) “Ether” (yellow) bound to K260 (P-site) via a Schiff base. Clearly no intramolecular bond was
formed. The blue mesh represents the electron density at a level@f@3-C5 of the inhibitor molecule are not defined by electron

density and are modeled as the most likely conformation due to conformational restraints. Surrounding residues are colored in gray, and
water molecules are depicted as red spheres. D139 exhibits two alternative conformations. (C) “Amine” (green) bound to K205 (A-site) and
K260 (P-site) via a Schiff base and a single bond, respectively. The blue mesh represents the electron density at a tevehefalddle

reaction between C3 and C8 of the inhibitor has created a new bond as shown by the continuous electron density between these two atoms.
Surrounding residues are colored gray, and water molecules are depicted as red spheres. D139 exhibits two alternative conformations. (D)
“Thioether” (blue) bound to K205 (A-site) and K260 (P-site) via a Schiff base and a single bond, respectively. The green mesh represents
the electron density at a level of &.0The aldole reaction between C3 and C8 of the inhibitor has created a new bond as shown by the
continuous electron density between these two atoms. Surrounding residues are colored gray, and water molecules are depicted as red
spheres. (E) “Sulfoxide” (purple) bound to K205 (A-site) and K260 (P-site) via a Schiff base and a single bond, respectively. The blue
mesh represents the electron density at a level af. e aldole reaction between C3 and C8 of the inhibitor has created a new bond as
shown by the continuous electron density between these two atoms. Surrounding residues are colored gray, and water molecules are depicted
as red spheres. D131 exhibits two alternative conformations. (F) “Sulfone” (salmon) bound to K260 (P-site) via a Schiff base. Clearly no
intramolecular bond was formed. The blue mesh represents the electron density at a level 8tilr@unding residues are colored gray,

and water molecules are depicted as red spheres. D131 exhibits two alternative conformations. A magnesium ion (light purple) and a
chloride ion (light yellow) are bound to the active site.

the polarity. These changes are accompanied by the emerof M177 (3.22 A) and the side chain amide nitrogen of Q233

gence of a second conformation for residues 136—138 and(3.29 A). This chloride ion completes a network of H-bond

a disordered active site flap. The remainder of the active donors and acceptors. This is the first time that either a

site nevertheless is unaffected. magnesium or a chloride ion has been found in the active
Among the diketo inhibitors, “sulfone” exhibits the most site of any PBGS structure.

unexpected mode of binding, unmatched by any other PBGS

structure so far (Figure 3F). It is covalently fixed only with DISCUSSION

one of its keto groups via a Schiff base to K260 in the P-site. = .

As in “ether’/PaPBGS, the second Schiff base is not formed, Kinetic Measurements

and coincidentally,_ the conformation of its P-site part “Amine”, “ether’, and “thioether” are relatively good

resembles the P-sites of SE'WPBGS’ 5-OH-LA/PaP-  joninitors compared to other compounds assessed previously

BG.S’ and A!,‘A‘SCPB,,(.BS (Figure .4B)' Furthermore, the (9), while 5-OH-LA, “sulfone”, and especially “sulfoxide”

A-side part of “sulfone” is clearly defined by electron density. are weaker inhibitors. Interestingly, the inhibition data

The respective carboxylic moiety lies in the expected position obtained for “sulfoxide” and usulfonen’ could only be fitted

but with an orientation tilted by Sthighlighting the degree to the dose-response equation if a Hill coefficien) was

]?f strug:turalfflﬁxibility in dtr;ishpfa;rtjof thﬁ active center. The 4 introduced. Different events can account for deviations
ormation of the second Schilf base has not yet occurre ' leading to the introduction of Hill coefficients: nonideal

instead, the keto g_r%gp o>t<)yg%r_1 a?;.j one offcgge sulfonyl behavior of the inhibitor, cooperativity in the binding process
oxygen atoms are within H-bonding distance QfdiiK205. due to the multimeric character of the protein, alteration of

This ungxpgcted conformgtlon IS Very !Ikely a precond|t|on the multimeric state of the enzyme, more then one binding
for the binding of a metal ion in the active site, coordlnated site per monomer for the inhibitor, et 7). At this point,

by D131, D139, D176, and three water molecules (FIgures o cannot state the reason for these deviations. One might
3F and 4D). S_evgral indications are consistent with the needbe the alteration of multimeric states of the protein. In this
for a magnesium ion: an octahedral coordination sphere, they a1 ~recent findings describe the existence of freely
distances of 2.02-2.17 A between the coordinating oxygen equilibrating alternate PBGS quaternary isoforms, called

atoms and the metal ion (22nhd references cited therein), morpheeins for mutants of the human PBGS33, 34). It

and the amount of electron density (calcium, manganese, Of a5 heen proposed that the wild-type enzyme exists as an
zinc ions would fit the electron density at only 10W g0 ilibrium of octameric and hexameric forms, the latter of
occupancies). Furthermore, magnesium is the only dlvalentwhich has been shown to have decreased affinity for the

cation present in si_gnificant a_lmqu.nts in the purification and substrate due to the loss of interaction between the active
crystallization solutions. The inhibitor chelates the supposed site flap and the carboxyl moieties of the A-side AL34)

magn_esiu_m ion _indirectly. Two O.f _the magn_eSi“!“ ion If this concept holds true for other wild-type PBGSs,
coordinating water molecules are within H-bonding distance inhibitor binding might alter this equilibrium and there-

of the parboxylic moiety of.the A-side part of th.? inhibitor. fore account for the observed deviations of the Hill coef-
The third water molecule is part of a hydrophilic network ficient from 1.0. This might then lead to different binding

comprising D127, S175, the sulfonyl moiety of the inhibitor, constants for the inhibitors for the different oligomeric
and another water molecule. Additionally, circular-shaped states.

electron density was found adjacent to the magnesium

binding site that could not be sufficiently explained by a conformational Differences between PBGSs in the

water molecule. Instead, it was interpreted as a chloride ion |hibitor Complex Structures

fitting well the electron density. It exhibits a relatively short

H-bond to one of the magnesium ion coordinating residues The conformational differences among the BiaPBGS
(2.86 A) as well as two long H-bonds to the backbone amide structures are restricted to the loop connecting D131 with



inhibitor i 2p131 | inhibitor
! '

C intermediates and “amine” D “sulfone”/PaPBGS

Ficure 4: Overlays and a close-up of the magnesium binding site in “sulf@@#BGS. (A) Overlay of the residues lining the active centers of 5-OH?BRBGS (orange), “ethePaPBGS

(yellow), “amine”PaPBGS (green), “sulfoneFaPBGS (blue), ALASGPPBGS (gray) 82), DOSAECPBGS (pink) 28), intermediate HsPBGS mutant F12L (cyanY), and intermediate PBGS

(deep olive) 13), with the numbering frofPaPBGS, and alternative residuesHoPBGS,ScPBGS, antisPBGS in italics. The A- and P-site lysines with their bound respective compounds are
colored black. Most of the active site residues closely align, while the members of the two flexible loops corresponding to D127, D131, D139, and K229 are less fixed in their position:
Equivalents of D131, D139, and K229 are mutated in the zinc-binding enzymes. HsBPRBGS mutant F12L, equivalents of Q233, D131, D139, and K229 are undetectable due to disordering

of this part of the active site in this mutant. When a magnesium ion binds in this region in “suPaRBGS, D131 and D139 are significantly shifted compared to those of theRaRBGS

structures. The positioning of the carboxylic group of all compounds in the P-site seems to be very rigid, while there is diversity in the positioning of the second carboxylic group in the A-site
(B) Overlay of 5-OH-LAPaPBGS (orange), “ethePaPBGS (yellow), “sulfonePaPBGS (blue), ALAScPBGS (gray)32), and DOSAECPBGS (purple)48). The conformation of substratelike
(unreacted) molecules seems to be structurally conserved in the P-site. The amino moiety of the A-site lysine BcBBGA/is forced to the left to accommodate the formation of a second
Schiff base; the wounded conformation of DOSA is therefore not suitable &€ 6ond formation. (C) Overlay of “amind?aPBGS (green), intermediateHEPBGS mutant F12L (cyany),

and intermediate 2/ScPBGS (deep olive) (13). “Amine” is a good mimic of intermediate 1. (D) Magnified view of the magnesium binding site in the active center oP&RIBEQ®"The

electron density at a level of xGdescribes the ion and its octahedral coordination sphere formed of D131, D139, D176, and three water molecules that interact with “sulfone” and the chloride
ion through H-bonds.
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FicurRe 5: Proposed catalytic mechanism of PBGS frBrmaeruginosa. The steps in the condensation of A- and P-side ALA to form PBG
are indicated: (I) binding of P-side ALA, (Il) binding of A-side ALA, (lll) abstraction of ffom C3 of A-side ALA, yielding the A-site
enamine, (IV) aldole addition forming the-GC bond between A- and P-side ALA, (V) Schiff base exchange producing- Gond
between A- and P-side ALA, (VI) transfer offHo Lys260, (VII) trans elimination of P-site lysine, and (VIII) abstraction of pine-R H*

from C5 of P-side ALA, aromatization, and release of PBG.

D139 and the neighboring active site flap. The remainder of it revives the idea of an intermediary bound magnesium ion
the enzyme and, especially, the rest of the active site appeaparticipating in catalysis of zinc-free PBGSs.

to be remarkably rigid and unaffected by the binding of ) )

different compounds. This observation can be expanded everf-atalytic Mechanism of PaPBGS

to structures of PBGSs from other sources with or without  The comparison of the six different structures of inhibitor/

different substances bound (Figure 4A). Therefore, the pgppgs complexes together with recently determined
necessary flexibility of the active site is achieved by residues grctures now allows us to describe the catalyzed mechanism
belonging to these two loops. Variations range from the i more detail.
binding of different numbers of water molecules in this (1) Binding of P-Site ALAA first, a stable Schiff base is
region to the presence of a magnesium and chloride ion informeq petween the substrate molecule’s keto moiety and
the case of “_sulfoneF?aPBGS (see below). The flexibility  {he amino group of the P-site lysine (K260), as proven by
of the loops is also reflected by the temperature factors of seyeral crystal structures and Schiff base trapping studies
the corresponding residues lying well above the average for(Figures 4B and 5, step I) (&, 12, 15, 37—39).
all structures. (1) Binding of A-Site ALAIn a similar event, the second
substrate molecule is bound to the second lysine in the A-site
(K205); thereby, the more flexible parts of the active site
The binding of a magnesium ion in the active sites of (D131, D139, R215, and K229) are stabilized by several
PBGSs lacking the active site zinc binding site has been adefined interactions. The active site is shielded from the
continuous matter of discussion. On the basis of kinetic and surrounding medium by the ordering of the active site flap.
NMR data, the binding of a magnesium ion in the active 5-OH-LA/PaPBGS and 5F-LA/PaPBGS (9) resemble this
site of zinc-free PBGSs had been postula®sl 86), but so state prior to the onset of catalysis (Figures 3A and 5,
far, all structures of exclusively magnesium binding PBGSs step II).
(5, 6, 9, 10) showed only a magnesium ion bound to an  (lll) Enamine Formation. In vivo, the second Schiff base
allosteric binding site distant from the active site. Therefore, formation is transient and followed by the formation of an
the structure of the “sulfonePaPBGS complex is the first  enamine at the A-site as a prelude to the next step.
structural hint that a magnesium ion can truly be stabilized (IV) Aldole Addition (formation of the C—C bond}Jhe
within the active site (Figure 4D). Nevertheless, the interac- C—C bond between C3 of the A-site ALA and the P-site
tions stabilizing the magnesium ion in “sulfonBdPBGS ALA is formed by an aldole addition (Figure 5, step IV).
are partly artificial due to the artificial nature of the bound The formation of the A-site Schiff base and the enamine as
inhibitor. This finding should therefore not be overrated, but activation seems to be a prerequisite for this reaction step.

A Magnesium lon in the Active Site
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This fact is supportedby the complexes‘ether’/PaPBGS catalytic mechanism d?aPBGS proposed in an earlier study
and “sulfone”/PaPBGS(Figure 3B,F), where the second (9). Comparison with the findings of Erskine et a3} and
Schiff baseis lacking. In thesecasesno formation of the Breinig et al. ) and the mechanisms proposed by these
C—C bond has occurred which is in contrast to complexes groups leads to the conclusion that substrate binding and
in which the second A-site Schiff base is established activation through two Schiff bases, the initiaHC bond
“amine”/PaPBGS, “thioetherPaPBGS, and “sulfoxide”/  formation, and the stabilization of a ring structure intermedi-
PaPBGS). These inhibitor structures thereby support the ate are fundamentals of PBGS catalysis.

interpretation of electron density found in the partly disor-  Nevertheless, the function of metal ions in the catalytic
dered active site oHsPBGS that was modeled as this process remains an open question. The participation of the
respective intermediate 1 (Figure 5).(Why does formation  zinc ion at the active site in zinc-binding enzymes has been
of the C—N bond not occur first? Here the comparison postulated4, 11). The “sulfone’PaPBGS structure in which
among “amine’PaPBGS, “thioetherPaPBGS, “sulfoxide”  a magnesium ion is bound to the active site sheds new light
PaPBGS, and DOSA/EcPBGS (Figure 4B,C) (14) helps to on the direct involvement of magnesium ions in the mech-
explain that formation of the €C bond can only occur when  anism for exclusively magnesium binding PBGSs. To tackle
the compounds possess enough conformational flexibility. this question, new kinetic and crystallization experiments are
This allows the nucleophile (the A-side C3 atom) to attack underway.

the electrophile (P-side C4 atom, i.e., C8 atom of the

inhibitors) along the BurgiDunitz angle. This is most likely =~ ACKNOWLEDGMENT

the case for the two separate ALA molecules, prior to
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