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A genetically engineered water-soluble derivative of PBP2x of Streptococcus preumoniae has
been produced, purified and crystallized in a form suitable for X-ray diffraction analysis.
The best erystals have been grown at 15°C, from solutions containing 8%, polyethylene
glycol 10,000 at pH values ranging from 3-9 to 6-0. These crystals diffract to a resolution of
35 A and have a space group P6,22 (or enantiomorph) with unit cell dimensions of
a=5b=1622 A, ¢c=171-8 A, o = f = 90°, y = 120°. The molecular mass and cell dimensions
suggest that there is one molecule of enzyme per asymmetric unit. The breakdown of a
chromogenic cephalosporin derivative diffused into a crystal reveals clearly that the enzyme

ig active in the crystalline state.
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The deleterious effects of penicillin on growing
bacterial cells involve inhibition of essential
membrane-bound enzymes functioning in murein
biosynthesis. These so-called penicillin-binding pro-
teins (PBPs]) interact with beta-lactam antibiotics
by formation of a covalent penicilloyl- {cephalos-
poroyl-) complex »ia an active site serine residue.
The acyl-enzyme complex is enzymatically inactive;
upon release of the beta-lactam moiety by hydro-
lysis, active enzyme is restored. According to
sequence homologies with PBPs of Escherichia colz,
the only organism where the in w»itro function of
these enzymes has been studied in detail, PBPs are
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}Abbreviations used: PBPs, penicillin-binding
proteins; hmm, high molecular mass; Imm, low
molecular maes; [PTG, Isopropyl-f-n-
thiogalactopyranoside.

divided into high molecular mass (hmm) PBPs cata-
lyzing essential transpeptidation reactions, and low
molecular mass {(Imm) PBPs acting as p,n-carboxy-
peptidases, which appear to be dispensable for cell
growth (for a review, see Ghuysen, 1991). In addi-
tion to the penicillin binding domain hmm PBPs
contain a long N-terminal domain that performs a
penicillin-intensive transglycosylation reaction, and
usually a C-terminal extension of unknown
properties.

Hmm and lmm PBPs form, together with class A,
C and D beta-lactamases, the protein family of
penieillin-interacting serine enzymes. Despite their
different biological funections they share structural
features, such as two conserved amino acid
sequences located in their penicillin-sensitive cata-
Iytic domain: the SXXK-box with the active site
serine, and the triad KT(S)G.

The three-dimensional structures of several beta-
lactamases have been solved by X-ray erystallo-
graphic analysis (Dideberg et al., 1987; Herzberg &
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Moult, 1987; Sutton ef al., 1987; Ocfner et al., 1990;
Moews et al., 1990; Jelsch et al., 1992; Strynadka et
al., 1992) and were shown to be remarkably similar
in polypeptide folding compared to the small soluble
carboxypeptidase/transpeptidase of Sireplomyces
R61 (Kelly et al., 1986; Samraoni ¢t al., 1986). The
architecture of these proteins serves as a model for
the penicillin-binding domain of hmm PBPs. At the
present time, only one Imm PBP has been crystal-
lized: the water-soluble derivative of PBP5 from
E. coli K12 (Ferreira et al., 1988) yielded crystals
suitable for X-ray analysis. However, lack of iso-
morphism between native and heavy atom deriva-
tive  crystals has always prevented the
establishment of the structure of this protein. For
hmm PBP, no satisfactory crystals have heen
obtained so far and the structural arrangement of
their N-terminal domains and their C-terminal
extensions remainsg completely unknown.

Structural information of hmm PBPs is of special
interest since they represent the important primary
targets for beta-lactam antibiotics. In several
bacterial species like Streptomyces pneumoniae,
intrinsic penicillin resistance is achieved by modifi-
cation of essentinl PBPs into variants with
decreased affinity for the antibiotic. The first PBP
that is affected in resistant pneumococei appears to
be PBP2x (Laible & Hakenbeck, 1987; Laible et al.,
1991). This protein represents a promising maodel
enzyme for studying the structural prerequisites for
the interaction of a hmm PBP with beta-lactams in
detail. A number of point mutations resulting in
succesive decrease in penicillin affinity have been
characterized in a number of cefotaxime resistant
mutants (Laible & Hakenbeck, 1991}, indicating
protein sites critical for interaction with the anti-
biotic. A soluble, active derivative (PBP2x*) has
been constructed recently by deleting the hydro-
phobic membrane anchoring domain by molecular
genetic techniques, and high overexpression in an
E. coli system facilitated the purification of suffi-
cient amounts of active enzyme suitable for crystal-
lization trials (Laible et af,, 1992),

For the crystallization studies described here, the
following modifications of the published purification
procedure were introduced. To avoid the observed
unstable constitutive expression from the recombi-
nant plasmid pCG 31-26 in E. coli DHS, in which
the PBP2x gene is cloned behind the lacZo
promoter, the plasmid was transformed into the
lacfg repressor-carrying £, coli strain JMI101.
Overexpression was induced by addition of 0-1 mM
TPTG, for two hours at an Ag g .. value of 06,
Approximately 50 g of cells were used for isolating
large amounts of PBP2x*. Cells were resuspended in
200 ml 50 ml Tris- HCI buffer pH 80, 5 mM MgCl,,
0-029, PMSF and DNase, and passed twice through
a French pressure cell press (145 Pa). Supernatant
containing the soluble PBP2x*, obtained after
centrifugation for one hour at 100,000 g, was
dialyzed against 10 mM Tris- HCi, pH 8, 0029,
sodium azide (buffer A) and fractionated over a
400 ml  EMD-TMAE-fractogel column (Merck,

Germany} equilibrated with the same buffer at a
flow rate of 5 ml/min. After washing with 5 1 buffer
A, PBP2x* was eluted with a linear gradient using
buffer A+0:3 M NaCl. The fractions cantaining the
protein (around 200 mM NaCl) were pooled and
dialyzed twice against buffer A followed by dialysis
against 25 mM Bis-Tris buffer pH 63, 0029
sodium azide (buffer C). Final purification was
achieved by chromatotocusing on a PEP47 column
(50 x 1 em) (Pharmacia, Sweden). A total of 5 ml
polybuffer 47, diluted 20-fold was applied to the
column equilibrated in buffer C before PBP2x* was
loaded. For elution, polybuffer 47 was applied until
the elution buffer reached a pH of 40. Samples
containing PBP2x* (around pH 50) were pooled,
dialyzed against buffer A containing 1 mM EDTA
and concentrated by ultrafiltration to a protein
concentration of >10 mg/ml as determined by
Bradford (1976). Usually 1 g cells yielded 2 mg
purified PBP2x.

PBP2x* was monitored on immunoblots using a
specific rabbit antiserum directed against PBP2x*.
Enzymatic activity of PBP2x* was tested in a
penicillin-binding assay and by active site titration
with ['*C] Penicillin G (>989%, penicillin bound:
Mottl & Keck, 1991) and by measuring the hydro-
lysis of the thiocester substrate S2¢ (Adam et al.,
1991).

For crystallization, hanging-drop vapor diffusion
methods were carried out systematically. Several
crystal forms were obtained under various condi-
tions. The largest crystals (>0'3 mm) have three
types of morphology. Bipyramidal erystals (form A)
were grown in 10 ul droplets of an equi-volume
mixture of 25 mg protein/ml solution and a reser-
voir solution containing 8%, PEG 10,000 in 100 mM
acetate buffer, pH 4, at 15°C. These crystals
diffracted up to 35 A and are suitable for X-ray
analysis. We obtained prismatic crystals (form B)
under similar conditions but at a pH between 5 and
6. Finally, well-shaped isotrope crystals (form C)
appeared after two weeks under the same conditions
but they diffracted only up to 7 A.

For X-ray analysis, crystals were mounted in
glags capillaries containing some mother liquor.
Diffraction patterns were recorded on the FAST
diffractometer system (Enraf-Nonius) using the
MADNES software (Messerschmidt & Pflugrath,
1987). The reflections of the best diffracting crystals
(form A and B} could be indexed on a hexagonal
lattice corresponding to unit cell parameters
a=1622 A, ¢=171'8 A. The space group was
determined by inspecting the intensity distribution.
The data showed systematic absences along 00f for
1 # 6 n, which allowed confirmation that the space
group is 6,22 (International Tables no. 178} or
P6522 (no. 179). Large (05 mm x 05 mm x
06 mm) single crystals were used to collect native
data using the FAST system. A total of 35,317
observations were reduced to 7804 unique reflec-
tions with a merging R-factor of 779% on
intensities.

Crystal density was measured with a Ficoll



Crystallization Notes

1009

density gradient to be 1-145 gfml. Given the volume
of the asymmetric unit and using a value 7 = 0737
for the partial specific volume of the unsolvated
protein we confirm the presence of one molecule in
the asymmetric unit.

For the poorly diffracting crystals no attempt was
made to measure a full data set, however, using only
strong reflections we found a tetragonal lattice with
unit cell dimensions a = 171-5 &, ¢ = 1333 A.

An activity assay confirmed that a functional
enzyme has been crystallized. Two crystals were
firstly soaked in a stabilizing solution {159, PEG
10,000, 100 mM acetate, pH 4). One crystal was
transferred to the same solution containing 10 mM
Cefuroxime for two hours, then washed three times
with the stabilizing solution. Finally, both crystals
were moved in a new drop of the same stabilizing
solution containing 1 mM Nitrocefin. This chromo-
genic cephalosporin derivative changes its color
from yellow to red upon hydrolysis of the endocyclic
amide bond. In a few minutes, the native crystal
became red while the other stayed transparent
demonstrating hydrolyzing activity in the first case,
and a complete inhibition of PBP2x* hy Cefuroxime
in the second case. After half an hour, the untreated
crystal turned completely red. A slight release of the
Cefuroxime was only observed after 24 hours.

This work was supported in part by the French
IMABIO program, the Eurcpean Economic Community
Contract EEC SC1*0141-C, and the TFonds der
Chemischen Tndustrie im Verband der Chemischen
Industrie e.V.

References

Adam, M., Damblon, C., Jamin, M., Zorzi, W.. Dusart, V.,
Galleni, M., El Kharroubi, A., Piras, G., Spratt.
B. G., Keck, W., Coyette, J., Ghuysen, J.-M.,
Nguyen-Disteche, M. & Frére, J.-M. (1991).
Acyltransferase activities of the high-molecular-mass
essential penicillin-binding proteins. Biockem. J. 279,
601-604.

Bradford, M. M. (1976). A rapid and sensitive method for
quantitation of microgram quantities of protein
utilizing the principle of protein dye binding. Anal.
Biochem. 72, 248-254,

Dideberg, 0., Charlier, P., Wery, J. P., Dehottay, P.,
Dusart, J., Erpicum, T., Frére, J. M. & Ghuysen,
4. M. (1987). The crystal structure of f-lactamase of
Streptomyces  albus G at 03 nm resolution.
Biochem. J. 245, 911-913.

Ferreira, L. C. 8., Schwarz, U., Keck, W., Charlier, P.,
Dideberg, 0. & Ghuysen, J. M. (1988). Properties and
crystallization of a genetically engineered, water-
soluble derivative of penicillin-binding protein 5 of
Escherichia coli K12, Eur. J, Biochem. 171, 11-16.

(thuysen, JJ.-M. (1991). Serine S-lactamases and penicillin-
binding proteins. Annu. Rev. Microbiol. 45, 37-67,

Herzberg, 0. & Moult, J. (1987). Bacterial resistance to

B-lactam antibiotics: crystal structure of f-lactamase
from Staphylococcus aureus PC1 at 25 A resolution.
Seience, 236, 694-701.

Jelsch, (., Lenfant, F., Masson, J. M. & Samama, J. P
(1992). f-Lactamase TEM I of . coli. Crystal struc-
ture determination at 25 A rezolution. FEBS Letfers,
299, 135-142.

Kelly, J. A., Dideberg, O., Charlier, P., Wery, J.-P.,
Libert, M., Moews, P. C., Knox, J. R., Duez, C,
Fraipont, C., Joris, B., Dusart, J., Frere, J.-M. &
Ghuysen, J.-M. (1986). On the origin of bacterial
resistance to penicillin: comparison of a f-lactamase
and a penicillin target. Seience, 231, 1429-1431.

Laible, G. & Hakenbeck, R. (1987). Penicillin-binding
proteins in f-lactam resistant laboratory mutants of
Sireptococcus pneumonioe, Mol, Microbiol. 1, 355-363.

Laible, G. & Hakenbeck, R. (1991). Five independent
combinations of mutations can result in low-affinity
penicillin-binding protein 2x of Streptococcus preumo-
niae. J. Bacteriol. 173, 69868000,

Laible, G., Spratt, B. G. & Hackenbeck, R. {1991).
Interspecies recombinational events during the
evolution of altered PBP 2x genes in penicillin-
resistant clinical isolates of Streptococcus preumoniae.
Mol Microbiol. 5, 1993-2002.

Laible, G., Keck, W., Lurz, R., Mottl, H., Frére, J-M.,
Jamin. M. & Hackenbeck, R. {1992). Peniciilin-
binding protein 2x of Streplococcus preumoniae. Eur.
J. Biochem. 207, 943-949,

Messerschmidt, A. & Pflugrath, J. W. (1987). Crystal
orientation and X-ray pattern prediction routines for
area-detector diffractometer systems in macro-
molecular crvstallography. J. Appl. Crystallogr. 20,
306-315.

Moews, P. (., Knox, J. R.. Dideberg, O., Charlier, P. &
Frére, J. M. (1990). f-Lactamase of Bacillus licheni-
Jormis T49/C at 2 A resolution. Proteins, 7, 156-171.

Mottl, H. & Keck, W. (1991). Purification of penicillin-
binding protein 4 of Escherichin coli as a soluble
protein by dye-affinity chromatography. Eur. J.
Biochem. 200, 7167-773.

Oefner, G., D’Arcy, A., Daly, J.J., Gubernator, K.,
Charnas, R. L., Heinze, 1., Hubschwerlen, . &
Winkler, F. K. (1990). Refined ervstal structure of
f-lactamase from Citrobacter freundii indicates a
mechanism  for  fS-lactam  hydrolysis, Nature
{ London ), 343, 284-288.

Samraoni, B., Sutton, B. J., Todd, R. J., Artymiuk, P. J.,
Waley, 8. i, & Phillips, D. C. (1986). Tertiary strue-
tural similarity between a class A B-lactamase and a
penicillin-sensitive  n-alanyl  carboxypeptidase-
transpeptidase. Nature ( London), 320, 378-380.

Strynadka, N. C. [J., Adachi, H., Jensen, 8. K., Johns, K.,
Sielecki, A., Btezel, C., Sutoh, K. & James, N. G.
(1992). Molecular structure of the acyl-enzyme inter-
mediate in f-lactam hydrolysis at 17 A resolution.
Nature (London), 359, 700-705,

Sutton, B. J., Artymiuk, P.J., Cordero-Borboa, A. E,
Little, C.. Phillips, D. €. & Waley, 8. G. (1987). An
X-ray crystallographic study of f-lactamase IT from
Bacillus cereus at 0-35 nm resolution. Biochem. .J.
248, 181-188.

Edited by R. Huber



