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ABSTRACT: The crystal structure of penicillin binding protein 4 (PBP4) fr&scherichia coli which has

both DD-endopeptidase and DD-carboxypeptidase activity, is presented. PBP4 is one of 12 penicillin
binding proteins irkE. coliinvolved in the synthesis and maintenance of the cell wall. The model contains

a penicillin binding domain similar to known structures, but includes a large insertion which folds into
domains with unique folds. The structures of the protein covalently attached to five different antibiotics
presented here show the active site residues are unmoved compared to the apoprotein, but nearby surface
loops and helices are displaced in some cases. The altered geometry of conserved active site residues
compared with those of other PBPs suggests a possible cause for the slow deacylation rate of PBP4.

The bacterial cell wall is a single molecule of peptidogly- and transglycosidase activities. Seven low-MW PBPs are
can, which is essential for cell growth and survival under known in E. coli, but none is essentiall). It has been
normal conditions. Since the enzymes involved in pepti- concluded, on the basis of peptidoglycan composition on
doglycan synthesis have no counterpart in mammalian overexpressing PBP4, that the enzyme has both DD-
biochemistry, they present a variety of attractive and endopeptidase and DD-carboxypeptidase activifi@sand
validated targets for antibiotic design. Many natural bacte- was once suggested to be the endopeptidase responsible for
riocidal compounds, including members of the penicillin breaking cross-links to insert new glycan chais PBP4
family, also exploit the dependence of bacterial survival on from E. coli (encoded by dacB) is not directly related to
the integrity of the cell wall. Penicillin derivatives remain PBP4s from Gram-positive bacteria, which are functionally
an important class of antibiotics, but the growing problem equivalent tcE. coli PBP5. Surprisingly. coli missing the
of antibiotic resistance has led to renewed efforts to find genes for all the low-MW PBPs can survive and grow in
new classes of antibacterials. Despite a great deal of researclrich medium, but together with PBP2 and PBP3, at least
the biological role of the various penicillin binding proteins either PBP1a or PBP1b is essential, since they have the
(PBPs} found in the periplasmic space of Gram-negative transpeptidase activity required to make peptidoglydan (
bacteria such aSscherichia colremains poorly understood  PBP2 controls cell shape (without it, the cells become spheres
(1-5). Together, these proteins are responsible for pepti- instead of rods), and PBP3 is involved in septation. The
doglycan synthesis, repair, and hydrolysis, maintaining a remaining PBPs appear to play more specific roles; PBP5 is
stable cell wall while allowing the bacteria to grow. PBPs membrane-anchored and presumably acts to trim peptidogly-
are the target of thg-lactam family of antibiotics which  can close to the surface of the inner membrane. PBP4 is
include penicillin and its derivatives. The inhibitory action unusually sensitive to benzyl penicillin and ampicillin, which
of these drugs is based upon their structural similarity to the suggests an active site slightly different from those of other
p-alanyl-o-alanine moiety present on peptidoglycan precur- PBPs 0, 10).

sors @. p-Lactams acylate 'th'e active site serine residue,  Tha |ow-MW PBPs are grouped into three classes (A, B,
blocking further catalytic activity. and C) by sequencd.{, 12). PBP4, a class C PBP, shows

Twelve PBPs have been characterize&iroli (1). These  three short sequence motifs widely found in PBPs and
are divided into two groups, with high and low molecular g |actamases, and it was suggested that PBP4 has a common
weight (MW). The high-MW PBP1a, PBP1b, PBP2, and ancestor with class A-lactamases, but has acquired an extra
PBP3 are bifunctional enzymes with both DD-transpeptidase gomain of 188 residues18). PBP5 from E. coli and
Streptomyce®R61 are well-studied members of classes A
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Table 1: Data Collection and Refinement Statistics

native ampicillin penicillin G penicillin VV Farom Flomox

refinement resolution (A) 50:01.55 50.0-1.60 50.0-1.60 50.0-1.65 50.0-1.70 50.0-1.75
no. of reflections (measured/unique) 473198/75038 459562/68074 361461/68046 338643/61661 470700/58679 366163/52964
completenes$q%) (overall/outer shell) 95.9/77.8 95.2/69.9 94.6/76.3 94.4/72.1 98.4/89.0 96.9/78.7
Rmergé” (%) (overall/outer shell) 5.4/36.4 6.0/31.1 7.7/136.1 5.7/40.4 5.4/34.4 5.3/33.0
redundancy (overall) 6.3 6.8 5.3 55 8.0 6.9
meanl/a(l)(overall) 15.3 14.9 19.1 17.8 16.5 16.3
o cutoff 0.0 0.0 0.0 0.0 0.0 0.0
Reryst/Reree (%) 20.5/23.9 21.6/25.2 20.2/22.9 20.6/24.2 19.8/22.1 20.8/26.2
rmsd for bond lengths (A) 0.014 0.015 0.013 0.015 0.015 0.017
rmsd for bond angles (deg) 14 1.4 1.4 15 15 1.6
no. of water atoms 349 268 303 229 251 168
averageB-factor (A2) (protein/water/ligand) ~ 30/37/* 32/37/28 31/36/28 31/38/30 29/36/42 35/38/63
Ramachandran plot

residues in most favorable regions (%) 93.9 92.1 93.4 93.1 92.9 92.9

residues in additional allowed regions (%) 6.1 7.9 6.6 6.9 6.9 7.1

a Qverall values and values for the highest-resolution shell (overall and outer shell, respectively). The highest-resolution shells frorhtleft to rig
are 1.8+1.75, 1.76-1.70, 1.7+1.65, 1.66-1.60, and 1.6%1.55 A, respectively? Ruerge= Y |Ii — OVY [li|, wherel; is the intensity of an observation
and [0is the mean value for that reflection. The summations are over all reflecti®gsi = Y nl|Fo(h)| — [Fc(h)[|/YnFo(h), whereF, andF. are
the observed and calculated structure factor amplitudes, respectiRly.was calculated with 5% of the data excluded from the refinement.

and covalently linked to five different antibiotics, and in liquid nitrogen. The crystals are in space grdef2;2,

compare it to other PBP structures. and contain one molecule in the asymmetric unit. Crystals
of antibiotic complexes were prepared by soaking native
EXPERIMENTAL PROCEDURES crystals fo 2 h with mother liquid saturated with the relevant

The coding region for mature PBP4 (dacB)&fcoliwas compound. Crystal soaking expgriments uging ampicillin,
cloned from genomic DNA by PCR using the primers D-Ala-D-Ala, and p-Ala were carried out using 100 mM
TTTGTGTCATATGGCAAATGTTGATGAGTACATTA- substrate for 24 h. Diffraction data were collected at PF BL5
CTC and TTTGTGGGATCCTTAATTGTTCTGATAAA- and NW12A station, PF, Tsukuba, Japan, using an ADSC
TATCTTTATACAAACGGC. The product was then di- Quantum 315 CCD detector. The structure of PBP4 was
gested with Ndel and BamH1 and ligated into suitably cut initially determined to 2.5 A_ resolution by the single-
pET21b. Sequencing a number of independent clones fromwavelength a_nomalous dispersion (SAD)_method. Diffraction
separate PCR mixtures confirmed there is a single basedata were integrated and scaled with HKL2000 and
change compared to the sequence expected from the genome CALEPACK @0). General handling of the scaled data was
sequence OE. coli K12, giving an Asp— Tyr mutation at  carried out with programs from the CCP4 suigl) The
position 261. Native and selenomethionine-containing protein PoSitions of Se atoms were determined using SOLVE, and
were expressed by standard protocols. The plasmid wasdensity modification was carried out with RESOLVEX(
introduced intcE. coli BL21(DE3) cells, which were grown 23). The resulting electron density map was sufficiently clear
to an optical density of 0.5 (600 nm) in LB medium at 20 to build an initial model of the structure. The model was
°C. Expression was induced by adding IPTG to a final built with TURBO-FRODO @4). Structural refinement was
concentration of 0.2 mM, and growing the cells for a further Performed using X-PLOR version 3.8525 and REFMAC
8 h. Cells were lysed by sonication in 50 mM Tris-HCI (pH  (26). Solvent molecules were placed at positions where
8.5) containing 30 mM NaCl and 15 mg/mL lysozyme. The spherical electron density peaks_ were found above h3
lysate was centrifuged and applied to a Q-Sepharose columri"® #o — Fc map and above 3d0in the F, — F. map and
in 50 mM Tris-HCI (pH 8.5) and eluted with a salt gradient where stereochemically reasonable hydrogen bonds were
up to 300 mM NaCl. The protein was then dialyzed into 10 allowed. Structural evaluations of the final models using
mM potassium phosphate (pH 6.8) and 300 mM NaCl and PRQCHECK 27) indicated that 9693% of the residues
loaded onto a hydroxyapatite column (30 mL bed volume). &€ in the most favorable regions of the Ramachandran plot,
The protein was eluted with 500 mM potassium phosphate with no residues in disallowed regions. A summary of the
and 500 mM NaCl. Following concentration, the protein was data collection and refinement statistics is given in Table 1.
gel filtered using a HiLoad 16/60 Superdex 200 column The models have been deposited with the Protein Data Bank
washed with 20 mM MES (pH 6.5). The final protein was 2aS entries 2EX2 (native), 2EX6 (ampicillin bound), 2EX8
then concentrated to 10 mg/mL for crystallization (15 mg/ (Penicillin G bound), 2EX9 (penicillin V' bound), 2EXA
mL for the SeMet derivative protein). (Farom bound), and 2EXB (Flomox bound).

Crystals were obtained by the hanging drop method using
a mother liquor of 0.1 M MES (pH 6.5) and-30% PEG RESULTS AND DISCUSSION
20000. Crystals were grown at 2€. Microseeding was Cloning and CrystallizationThe dacB gene dE. coliwas
necessary to produce single crystals of adequate size forcloned by PCR, omitting the' $egion encoding the leader
analysis, and produced well-ordered crystals up to 0.7 mm peptide which directs protein to the periplasm. The coding
long. Data collection and refinement statistics are given in region for the mature protein (from residue 21) was inserted
Table 1. Prior to data collection, crystals were transferred into the pET21 vector for high-level expression in the
to a cryoprotectant solution consisting of the same reservoir cytoplasm, permitting more than 5 mg of pure protein to be
solution containing 25% (v/v) glycerol and were flash-cooled obtained from each liter of culture. Difficulties in expression
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a)

Ficure 1: Overall structure of PBP4. (a) Ribbon diagram of the monomer, showing domains I, Il, and Ill colored green, brown, and blue,
respectivelya-Helices are shown as ribbons gftdtrands as arrows. Domain | consists of residue8dand 294477, domain Il residues

81-172 and 248292, and domain Il residues 1#247. Domain numbering was chosen for consistency with the convention chosen for
R39 (18). The active site seine (Ser 62) is colored red. (b) Dimer present in solution, one partner being colored olive and the other colored
as in panel a.

appear to have been the major stumbling block in previous the globular portion beginning with Ala 21. The monomer
attempts to determine the crystal structure; the protein washas approximate dimensions of 80465 A x 30 A. From
expressed with an N-terminal His tag, which led to protein one perspective, the dCtrace of the monomer shows a
aggregation in solution1@, 28). We used the strategy of passing resemblance to the British Isles, with Ireland forming
expressing only the globular part of the protein, which has a separate domain Ill. This region, from Cys 173 to Ala 247,
been used before to enhance the yield of periplasmic proteinsis formed froms-strands connected by short loops. Cys 173
in the mature, soluble forn@). Crystals were obtained by  forms a disulfide bond with Cys 159. Thex@Gtoms of Cys
routine screening and after optimization yielded X-ray 173 and Ala 247 lie only 4.6 A apart, and domain Ill has
diffraction to a resolution of 1.6 A. Analytical ultracentrifu- few contacts with the rest of the monomer so that it could
gation analysis (sedimentation and equilibrium) showed the probably be removed without unduly destabilizing the
protein forms a tightly bound dimer (data not shown). The remainder of the structure. Despite its small size, this domain
crystals are in space grol#2;2, with a monomer in the  has a well-ordered hydrophobic core, suggesting it could
asymmetric unit. Since there is only one crystallographic form a stable globular protein on its own. It contributes
2-fold symmetry axis, this must be the symmetry of the dimer roughly 1000 & (40%) of the dimer interface area (Figure
in solution. A total surface area of 232¢ Aer monomer is 1b). The two copies of domain Ill within the dimer contact
buried at the dimer interface, consistent with a tightly bound each other only through Asp 205, which hydrogen bonds to
dimer. its symmetry mate.

Overall Structure.The overall structure of the 457-residue The bulk of the structure is built from domain | and
protein shows three distinct domains, as shown in Figure 1, domain I, each having an antiparallel five-strangiesheet
with domain Il embedded in domain I, itself embedded in and associated-helices, the chain passing twice between
domain I. Throughout this paper, residue numbers refer to the sheets, and the C-terminus ending close to the N-terminus
the full-length protein, although the crystals were grown from in domain I. It has been suggested on the basis of sequence
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alignments that PBP4 is evolutionarily related fdacta- the electron density map even in the absence of substrate.
mases, but carries an insertion of 188 residues shortly afterAla 61 has unusuakp and y angles, 52 and 14%Z,

the active site serine, Ser 623). The crystal structure  respectively, despite the remainder of the structure showing
supports this idea but shows the insertion is slightly longer, no unexpected features in the Ramachandran plot. The
and consists of the 218 residues making up domains Il anddistance between the carbonyl oxygens of Ala 61 and Pro
ll. Sequence comparison with the Protein Data Bank shows 60 is only 3.0(6) A.

PBP4 closely matches only one entry, 1D2F, a pyridoxal ~Comparison with much-studied related enzymes shows
phosphate-dependent enzyme with no known relation to PBP4 to have all the groups necessary to activate the serine
PBPs B80). The two sequences are almost 11% identical hydroxyl for nucleophilic attack, including the “SXXK”,
overall, but with no region of special similarity. Searching “SXN”, and “KTG” motifs characteristic of PBPs. The
the Protein Data Bank with DALIZ1) yielded no known SXXK motif includes the active site serine, and the lysine
protein structures similar to PBP4 or domain Ill. Additional (Lys 65 in PBP4 and Lys 52 in R39) clearly plays an
searches with SSMB() also failed to find a close match to  important role in organizing the nearby residues as well as
the protein. Unusual features of the protein include the edgereducing the K, of the serine hydroxyl group. Overlapping
strand of3-sheet 2 from Ser 271 to Arg 276. The chain the structures of PBP4 and R39, one can see the active sites
continues by crossing the-sheet, and residues Ala 288 to are highly similar with Lys 417, Thr 418, and Ser 306 sitting
Ser 292 form the opposite edge of the sagbrgheet, with in locations identical to those of their counterparts in R39.
the same orientation as the previous strand. These residues form a hydrogen bond network with Ser 62

While this paper was being prepared, a report of the and Lys 65. The lysine and threonine form the highly
structure of DD-peptidase from Gram-positi&ketinomadura conserved KTG motif, and Ser 306 starts the SXN motif. In
sp. R39 appearedl®). This protein (“R39") exhibits a  apo-PBP4, Asn 308 forms a hydrogen bond with Lys 65 [2.6-
structure very similar to that of PBP4, but is monomeric. (5) A long] through its side chain oxygen. The importance
The 400 C-terminal residues of the two proteins are 28% of the conserved Asn has been demonstrated with several
identical, but R39 has a signal sequence rather longer, 49PBPs (4, 33). The precise mechanism of acylation of the
residues, than the 21-residue leader peptide on PBP4. Aactive site serine is uncertain, and may involve separate
sequence alignment of PBP4 with R39 and two other PBPsnucleophilic attack and return of a proton to the substrate,
is shown in Figure 2. R39 is significantly more similar (45% or a concerted mechanism. In either case, Lys 65 abstracts
identical over 453 residues) to a putative PBP fiBatillus a proton from the hydroxyl group of Ser 62, and Ser 306
subtilis Overall, the structures of PBP4 and R39 are very returns a proton to the nitrogen in tffielactam ring.
similar, the main differences being found in loop regions,  Structures of Coalent AdductsTo observe the interactions
especially just before the final helix in the loop from Tyr between PBP4 and different penicillin derivatives, crystals
448 to Pro 461 in PBP4. The regions with the highest degreeof apo-PBP4 were soaked with five different compounds.
of conservation with PBP4 closely match the active site, but In these structures, Ser 62 is covalently linked to the substrate
also include the sequence DPTL (from Asp 95 in R39 and via an ester linkage. With the exception of Flomox (cefapeme
Asp 108 in PBP4) which forms a turn. Sauvage and pivoxil hydrochloride), these all yielded very clear electron
colleagues have suggested that domain Il of R39 may servedensity into which the antibiotics could be readily modeled.
to bind other components of the septation machiné&sgy, ( Electron density maps for these adducts are shown in Figure
but no patch of conserved surface residues indicates amd. In the case of the ampicillin complex, Ser 420 makes two
obvious binding site. They also implicate Trp 139 in hydrogen bonds to the adduct, through its N atom to the
peptidoglycan binding by R39, a function which may be ester carbonyl and through its carbonyl to the ampicillin
served by Trp 153 in PBP4. Domain Il also shows amide nitrogen. Asn 308 hydrogen bonds to the ampicillin
differences between the two proteins, PBP4 notably including amide oxygen. The benzene ring of the antibiotic contacts
a short insertion from Ser 211 to Cys 217 relative to R39. Phe 160 in an edge-to-face fashion. Lys 65 makes several
Cys 217 forms a disulfide bond with Cys 234 to stabilize hydrogen bonds, with the side chains of Ser 62, Asn 308,
this extra loop, which lies close to Phe 323 and Thr 325 in and Ser 306, the latter also hydrogen bonding to the nitrogen
the partner chain. Tyr 216 and Glu 218 form hydrogen bonds of the ampicillin 5mer ring. Overlaying the structure of the
with Asp 334 and Arg 330, respectively, in the partner protein with and without substrate shows no significant
protein. movements in the active site.

Active Site.The active site serine is found at the bottom  Although the active site shows very little movement on
of an open groove on the protein surface, readily accessiblebinding, small shifts are found near the N- and C-termini in
to small molecules such as ampicillfrSheet 1 and domain ~ some of the complexes. For example, Flomox places a methyl
Il lie on either side of the active site, creating a U-shaped ester group very close to the position of Leu 421 in the apo
valley roughly 20 A deep and 15 A across (Figure 3). Long crystal structure. A short hairpin loop from Ser 420 to Tyr
thin substrates appear to be able to reach the active site mord25 is pushed away from the active site, the &om of
easily than bulky ones, and one function of domain Ill may GIn 422 moving~3 A. The loop in turn presses against the
be steric control of substrate access. R39 rapidly hydrolyzeslast strand of the firsp-sheet in domain 1 (residues 438
small synthetic substrates, demonstrating these can readily448), disordering the loop from Ala 449 to Arg 459, and
enter the active site3@). The active site of PBP4 is formed moving the N- and C-terminai-helices between 2 and 4 A
by an edge strand @f-sheet 1 (Gly 419Leu 421), a turn along their axes. The penicillin V and penicillin G adducts
between two helices (Lys 365Asn 308), and a section of  do not exhibit these movements, but residues489 and
coil (Asn 154-Ser 161). The active site serine (Ser 62) is the six N-terminal residues do become disordered with
found at the start of helix 1. This region is well-ordered in penicillin V in the binding site. Ampicillin also disorders
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Ficure 2: Sequence alignment of domain | of PBP4 with R39 (“DDCP_ACTSP”, SwissProt entry P384%)i PBP2 (SwissProt entry
P08150), antreptococcus pneumoniB8P2x (SwissProt entry P14677). Note that the PBP4 models described here have a single mutation,
D261Y, relative to the SwissProt entry (P24228), on the protein surface roughly 35 A from the active site. Secondary structure is indicated
with arrows and coils fop-strands andi-helices, respectively. Residues common to all four sequences are depicted with white letters on

a red background. These residues closely match the active site motifs beginning with Ser 62, Ser 306, and Lys 417. Domains Il and Ill do
not contribute to the active site.

the N-terminal helix without disturbing residues 44469. methods have been used to analyze the different rates in PBPs
None of the motions on substrate binding appears to be ableand s-lactamases3d). Even with the very large body of
to support cooperativity between the two active sites of the research dedicated to PBP5, including kinetic analysis and
dimer, which are nearly 28 A apart, and it seems highly likely crystal structures of the native protein and site-directed
that the subunits function independently. The rms deviations mutants, and an inhibitor complex structure, Nicola and
for the main chain atoms of the different complexes colleagues conceded recently that a comprehensive under-
compared to apo-PBP4 are given in Table 2. standing of the PBP5 catalytic mechanism has “proven
The second part of the reaction cycle, the deacylation to elusive” 35). They further point out that the deacylation
free the serine from covalent attachment to the substrate, ismechanism need not necessarily be the same for peptide
less well understood than the acylation. Quantum mechanicalsubstrates anfl-lactam antibiotics, but appears to involve a
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Ficure 3: Molecular surface of the PBP4 monomer, colored by charge, showing the positive potential around the active site. Full color
saturation (red for negative, blue for positive) corresponds to an electron enet0kdT. Lysine and arginine residues in this region are
indicated, including Lys 65 and Lys 417. Ampicillin in the active site is shown as a ball-and-stick model, showing the cleft between
domains | and Il easily accommodates small antibiotics. Domain Il may prevent highly cross-linked peptidoglycan from reaching the
active site.

subtle network of polarizing interactions. Far less research rate-limiting step of penicillin hydrolysis by TEM1, and
has so far been published on PBP4, which is unusually replacing Glu 166 with tyrosine reduces the deacylation rate
susceptible to penicillins. In testing the effectiveness of a 4000-fold @39, 40). Deacylation is much slower in PBP4,
new penicillin derivative, Farom (faropenem sodium), Ish- and clearly cannot proceed by the same mechanism. PBP4
iguro and colleagues found only PBP2 [6f coli is more has a serine, Ser 357, close to the active site which overlays
readily inhibited 86). Some clues about the slow deacylation with Glu 166 of TEM1. Asp 312 hydrogen bonds with the
rate are found by comparing PBP4 with two class A main chain nitrogen atoms of Gly 356 and Ser 357, and also
structures, PBP5 frork. coli and TEM1j-lactamase. to the y-hydroxyl of the serine. This hydroxyl oxygen lies
Comparison with TEM13-Lactamases are enzymes which ~7.2 A from the ester carbon atom, and a water molecule
have evolved to hydrolyze penicillins and cephalosporins, positioned halfway along the line between these two atoms
rendering the host bacteria immune to these antibiotics. would hydrogen bond to the side chain of Asn 308 and be
Among theS-lactamases, class A TEML1 is one of the most in a favorable position for nucleophilic attack. PBP4 has no
studied; crystal structures are known of both mutants and equivalent of Asn 170 in TEM1 which also hydrogen bonds
inhibitor complexes 33, 37), and electrostatic analysis has to the nucleophilic water molecule. A small positive peak
been carried out to analyze the catalytic efficien8p)( in the F, — F¢ density map of the ampicillin complex
Comparing PBP4 with TEM1 shows that these enzymes do suggests a water molecule may be very weakly held in a
share topology, despite the failure of DALI and SSM to suitable position for attack on the acyl intermediate, but the
locate similar structures in the Protein Data Bank. In fact, occupancy is very low. The other complexes show no
PBP4 shows almost all the secondary structures of TEML1 evidence of a water molecule in this position. The lack of a
except the firsti-helix. Mature TEML1 is 262 residues long  suitably positioned and activated water molecule provides
and corresponds to domain | in PBP4. Overlaying the two the most convincing explanation for the reported slow
structures on only the four € atoms of the SXXK motif deacylation step, which makes ampicillin a potent inhibitor
(Ser 62-Lys 65 in PBP4 and Ser #lys 73 in TEM1) gives of PBP4. Clearly, further work is required to test this
a remarkably good fit over the wholeoCirace of TEM1, hypothesis, however.
though the loop regions are clearly less conserved and exhibit Comparison with PBPS.ike PBP4, PBP5 is a low-MW
a number of small insertions. Residues 79 and 294 in PBP4PBP which plays a role in maintaining cell morphology, but
correspond to residues 92 and 118 in TEM1, respectively. which shows a high deacylation rate. The crystal structure
Around the active site (Figure 5), th&hairpin from Ser of a deacylation defective engineered mutant of PBP5 from
415 to Phe 430 is also found in TEM1, and the active site E. coli was determined several years add)( and models
serine is found at the same point at the start of helix 1 (helix of the apoprotein and inhibitor-bound wild-type protein have
2in TEM1). Ser 136-Asn 132 of TEM1 overlay closely on  appeared sincelb, 35). PBP5 is membrane-anchored by an
Ser 306-Asn 308 of PBP4 (the SXN motif), and Lys 234 N-terminal hydrophobic leader sequence which was removed
matches Lys 417 of PBP4 (the KTG motif). There are, to prepare crystals of the globular domain. Comparing PBP5
however, marked differences; the loop from Asp 355 to Leu (PDB entry 1INZO) with PBP4 again shows the two proteins
359 in PBP4 is not present in TEM1. Also, te&loop in share topology around the active site, but PBP5 has an extra
TEML1 (residues 161180) has no counterpart in PBP4. This C-terminal domain from residue 263 which has no counter-
loop carries Glu 166, which is responsible for the deacylation part in PBP4, and does not have domains Il and 11l of PBP4.
reaction via activation of a nearby water molecule to attack Thus, the active site of PBP5 is more exposed than that of
nucleophilically the intermediate ester. Deacylation is the PBP4, but PBP5 is restricted to the membrane in vivo, which
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Ficure 4: 2mF, — DF, electron density maps covering the antibiotic moiety covalently attached to Ser 62 of PBP4. The drug moieties are
shown as ball-and-stick models with carbon atoms colored green, oxygens red, nitrogens blue, and sulfurs yellow. All maps are shown at
the 1o contour level, and beside each is a figure showing the unreacted antibiotic. Disordered parts of the molecule are colored red, as is
the covalent link to the protein: (a) ampicillin, (b) penicillin G, (c) penicillin V, (d) Farom, and (e) Flomox. Hydrophobic groups such as
the phenyl group on penicillin G and ampicillin lie close to Phe 160, and the ester carbonyl oxygen hydrogen bonds to the main chain
nitrogen of Ser 420. Few other interactions are formed with the protein, except that Asn 308 hydrogen bonds to the amide carbonyl in the
case of the two penicillin derivatives and ampicillin.

presumably prevents uncontrolled digestion of the pepti- share a leucine residue (359 in PBP4 and 153 in PBP5) which
doglycan layer. Overlapping theoCatoms of the SXXK is not found in TEM1. There are also clear differences
motif of the two proteins (Ser 62Lys 65 in PBP4 and Ser  between PBP4 and PBP5. In PBP4, the amine side chain of
44—Lys 47 in PBP5) shows the active sites retain many Lys 417 (of the KTG motif) hydrogen bonds to the side chain
similar features (Figure 6). Lys 417 and Asn 308 of PBP4 hydroxyl of Thr 418. In PBP5, the threonine adopts a
overlap Lys 213 and Asn 112 of PBP5, and the two enzymes different rotamer, and the lysine hydrogen bonds to Ser 110
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GLU 166

Ser 357 Ser 357

PHE PHE

FiGUrRe 5: Stereo overlay of apo-PBP4 with TEM1 (PDB entry 1BTL), showing the main active site residues. The main chain atoms of Ser
62—Lys 65 (PBP4) were least-squares fitted to those of SerL¥8 73 in TEM1. PBP4 residues are colored by atom type and labeled in
black. TEM1 residues are colored and labeled in orange. The SXXK and SXN motifs match closely, and Ser 130 in TEM1 lies close to Ser
306 in PBP4 (only the major conformer of the Ser 306 side chain is shown for clarity). PBP4 has no counterpart to Glu 166 of TEM1,
however, the closest residue being Leu 359. Together with Asn 170, Glu 166 makes the active site of TEM1 much more polar than that of
PBP4. The carbonyl oxygen of Ser 357 in PBP4 points toward Ser 62, and3i@sA from the active site serine side chain oxygen atom.

The carboxyl side chain of Glu 166 in TEM1 lies slightly farther4(2 A) from its active site serine. Figures-3 were produced with
Molscript (41) and Raster3D42).

Ser 306 Ser 306
b ] b ]

HIS 151 SER 110 HIS 151 SER 110
Lys 65 Lys 65

Thr 418
Ser 357 }
Lys 417 THR 214 Ser 62 Lys 417 HR 214

Ficure 6: Stereo overlay of the active sites of PBP4 and PBP5 fEorgoli. The main chain atoms of Ser 62ys 65 (PBP4) were
least-squares fitted to those of Ser44/s 47 in PBP5 (PDB entry 1NZO). PBP5 residues are colored and labeled in orange. The carbonyl
oxygen atom of His 151 in PBP5 lies in a position and orientation similar to those of Ser 357 in PBP4, and was originally suggested to play
a role in the enzyme mechanism. Attention has now centered on Ser 110, which adopts a conformation slightly different from that of Ser
306 in PBP4. The conformations of the KTG motif lysine (Lys 417 in PBP4 and Lys 213 in PBP5) are also different.

ASN 161 TYR 150

Ser 306

Asn 308

357,

[¥]
Lys 417 o Thr 418 Ser Lys 417 o Thr 418
z ALA‘i%
Ser 62 Ser 62
Lys 65 HIS 298 Lys 65 HIS 298

FiGURe 7: Stereo overlay of PBP4 and R61 (PDB entry 3PTE). The structures were fitted using the main chain atoms oL $£1662

in PBP4 and Ser 62Lys 65 in R61. R61 residues are colored and labeled in orange. The active site of R61 is more different from PBP4
than TEM1 or PBP5. Lys 417 is replaced with a histidine and Ser 306 with a tyrosine (only the main conformer of Tyr 159 is shown for
clarity). The carbonyl oxygen of Ser 357 in PBP4 closely fits the carbonyl of Ala 237 in R61.

of the SXN motif. The largest difference lies around Ser 357 side of Leu 153 from Ser 44 (the active serine of PBP5) so
and Asp 312 of PBP4. As described above, these replaceits role in deacylation is not clear. It has been suggested that
Glu 166 of theQ-loop found in TEM1, and probably explain  the carbonyl oxygen of His 151 may promote deacylation
the very different rates of deacylation in the two enzymes. by activating a water moleculd.4). This oxygen atom lies
The chain trace of PBPS5 is different again, placing a histidine 5.1 A from the active site serine hydroxyl of PBP5, compared
in this position (His 151). The histidine lies on the other to 3.7 A between the carbonyl oxygen of Ser 357 and the
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Table 2: Root-Mean-Square Deviations between the Native
Structure and the Other Complex PBPs

ampicillin - penicillin G penicillin V' Farom Flomox
0.247 0.136 0.206 0.347 0.425

rmsd (A)

Biochemistry, Vol. 45, No. 3, 2006791

useful starting point for further studies to examine the
reaction mechanism. Studies are currently underway to
examine the substrate preferences of PBP4 using various
peptidoglycan fragments with specific compositions.

2 The root-mean-square deviations of main chain atoms of residues ACKNOWLEDGMENT

40-400 inclusive.

active site hydroxyl in PBP4. Water can possibly more easily

We thank Prof. S. Wakatsuki and Drs. N. Igarashi and N.
Matsugaki of the Photon Factory for help with data collec-

access the acyl intermediate of PBP5 because of the moréion'

open active site; however, Glu 166 of TEM1 also sits within
4 A of the active site serine, and the conserved active site
residues of PBP4 more closely resemble TEM1 than those
of PBP5. Disrupting the SXN motif dramatically slows the
deacylation, and a recently determined crystal structure of

PBPS5 suggests that Lys 213 and Ser 110 of PBP5 are needed

to activate the attacking water moleculé(35). The slower
deacylation rate of PBP4 may therefore be due to the notably
different conformations of its residues in the SXN and KTG
motifs. Serine is not absolutely required at the active site

among PBPs since the class B enzyme R61 replaces the SXN

motif serine with tyrosine (Figure 7). R61 notably retains
Asn and Lys residues which overlap very closely with Asn
308 and Lys 417 of PBP4, respectively.

CONCLUSION

The high-resolution crystal structure of PBP4 (dacB) from
E. coli shows the protein to be related to other PBPs and

fp-lactamases, as predicted from the presence of sequence

motifs and sequence similarity. The active site appears to
be little changed by the presence of ampicillin or other
antibiotics covalently linked to the active site serine, and
there is no evidence of cooperativity between the symmetry-
related sites of the dimer. While the catalytic groups involved
in nucleophilic attack on substrates are relatively well
conserved, compared to PBP5 and TEM1, there are clear
differences in the mechanism of deacylation. In the case of
TEML, this may reflect the need for the enzyme to turn over
substrate as rapidly as possible to allow the host bacteria to
survive in the presence of antibiotics. PBP4 and PBP5 are
not essential, and it may be that a very high turnover rate is
not required.

Since the antibiotic resistance marker of the expression
vector that was used (pET21) is ampicillin resistance,
ampicillin was added to the cultures on inoculation. Fresh
antibiotic was not added upon addition of IPTG to induce
expression of PBP4. The fact that no ampicillin is found in
the active site of the purified protein suggests it is largely
hydrolyzed before PBP4 overexpression, and PBP4 can
remove any remaining ampicillin slowly over the course of
purification. Soaking the crystals with ampicillin readily gives
the covalent adduct. Soaks witltAla-p-Ala and p-Ala
produced no changes in the electron density map to indicate
binding, however, despite the open and seemingly rigid
binding site. Isothermal titration calorimetry experiments also
failed to give any indication that ampicillim-Ala-p-Ala,
or p-Ala interacts with the protein (data not shown). This
may be due to binding with a very small heat change, but
the inability to observe the presumed natural substrate and
product in the binding site by crystal soaking implies that
additional interactions with the peptidoglycan are required
for binding. The crystal structures presented here provide a
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