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Dansyl-labeled penicillin, reversed-phase chroma-
ography, and peptide mapping have been used to de-
ect, separate, and study penicillin-binding proteins
PBPs) and PBP multienzyme complexes of H. influen-
ae. The cross-linking of proteins in the multienzyme
omplex was accomplished with the aid of cyanogen, a
alt-bridge specific cross-linking agent. The chromato-
raphic profile of the PBPs clearly showed a dramatic
hange in the number and identity of peaks after
reatment of the bacterial cells with cyanogen. The
isappearance of all seven peaks corresponding to the
BPs was accompanied by the emergence of two new
eaks with molecular weights between 400 kDa and
00 kDa. The results hint at the existence of two
enicillin-binding multienzyme complexes, each con-
aining subunits that interact via salt-bridges. Chro-
atographic active site peptide mapping of PBPs and
BP complexes was used to determine the identity of
BPs involved in each complex. It is postulated that
ne multienzyme complex containing PBP 2 may be
nvolved in cell elongation while the other complex
ontaining PBP 3 may be responsible for cell
ivision. © 1999 Academic Press

In Gram-negative bacteria, the cell envelope is en-
losed by a murein biopolymer, the peptidoglycan,
hich is made of glycan strands cross-linked by pep-

ides. The glycan strands are composed of the amino-
ugars N-acetylglucosamine and N-acetylmuramic
cid linked together by b-1,4 glycosidic bonds. The
actyl group on the N-acetylmuramic acid provides a
oint of attachment for peptides, which are responsible
or the cross-linked net structure of the murein. In
aemophilus influenzae, the peptide bound to the
-acetylmuramic acid is composed of L-alanine,
-glutamic acid, meso-diaminopimelic acid, and
-alanyl-D-alanine (7).

1 To whom correspondence should be addressed. Fax: (513) 556-
239. E-mail: richard.day@uc.edu.
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Forming peptide bonds or hydrolyzing them are es-
ential parts of cell wall synthesis and are catalyzed by
number of enzymes, among which are the penicillin-

inding proteins (PBPs). The existence of PBPs was
rst confirmed in 1972, and in the following years they
ere shown to catalyze one or more of the transglyco-

ylation, transpeptidation, carboxypeptidation, or en-
opeptidation reactions in the bacterial cell (3–6). It is
ogical to assume that PBPs and other morphogene
roducts work in close association with one another in
ynthesizing and maintaining the bacterial cell wall.
ecent studies have been hinting that some of these
roteins may interact as members of multienzyme
omplexes, allowing better efficiency for incorporation
f newly synthesized cell wall or the degradation and
emoval of old cell wall (8–10).
Most recently, protein-protein interaction studies by

ffinity chromatography have demonstrated that
urein hydrolases and synthases can in fact interact
ith one another (11, 12). However, there has been no

n vivo evidence for existence of such a complex, even
hough the most widely accepted model for cell wall
nlargement proposes that the transpeptidase and
ransglycosylase enzymes that enlarge the wall, prob-
bly exist together as a complex, and that incorpora-
ion and cleavage occur coordinately (13, 14). Here we
re presenting evidence that may reflect an in vivo
ssembly of PBPs with murein synthase and murein
ydrolase activity in a multienzyme complex. Two such
omplexes were detected by selective cross-linking of
nteracting proteins with cyanogen, which is a salt-
ridge specific cross-linking agent (15, 16). The PBP
omponents of each complex have been identified by
hromatographic active site peptide mapping as PBP
a, PBP 3, PBP 4, and PBP 6 in one complex and PBP
b, PBP 2, PBP 4, and PBP 5 in another complex.

ATERIALS AND METHODS

Cell culture. Haemophilus influenzae Rd strain KW20 (Gram-
egative) was purchased from ATCC (#51907). The cells were grown

n brain-heart infusion broth supplemented with the required cofac-
ors, NAD (10 mg/mL) and hemin (10 mg/mL). Bacterial growth was
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



monitored at 650 nm with a Spectronic 20 spectrophotometer. Bac-
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eria were maintained at 280°C in a medium containing supple-
ented broth and glycerol.

Preparation of fluorescent label. Dansyl chloride was coupled to
-aminopenicillanic acid (6-APA), following the previously described
rocedure (17), with some modification. A 26 mL solution containing
qual volumes of 3% NaHCO3 and acetone was prepared. The pH
as adjusted to 9.0 before the addition of 6-APA (0.27 g). Dansyl

hloride (0.50 g, 1.5 molar excess), dissolved in 2 mL of acetone, was
dded to the above solution. The solution was allowed to stir for 3
ours, with constant monitoring of pH, which was kept between 8.5
nd 9.0 using 3 M NaOH. The final solution was washed with ether
nd the pH of the aqueous layer was adjusted to 2.5 with 2 M HCl.
he solution was saturated with NaCl before extraction with ethyl
cetate. The combined extracts were dried over MgSO4, and filtered.
he ethyl acetate was removed, and the product was crystallized

rom ethyl acetate/hexane. The vacuum-filtered product (150 mg)
as dried, and stored at 220°C. The fluorescent penicillin, dansyl
-APA was separated from the crude sample by HPLC. A C4 Mi-
rosorb reversed-phase column (5 m, 300 Å, 4.6 3 250 mm) was
mployed using gradient elution (95:5 water:acetonitrile to 0:100
ater:acetonitrile in 20 min) and a flow rate of 1.0 mL/min. The
lution profile was based on absorption of eluate at 320 nm. The peak
ontaining the fluorescent penicillin was identified by addition of
enicillinase II (from B. cereus); then eluted, collected and lyophi-
ized.

Labeling of penicillin-binding proteins. Bacterial cultures (100
L) were allowed to reach the late exponential phase of growth

A650 5 0.9). Bacteria were placed on ice and then centrifuged at 4°C
nd 4,600 3 g for 6 min to harvest the cells. The pellets were
esuspended and washed twice with 10 mM sodium phosphate buffer
pH 7.0) and then again resuspended in 40 mL of the buffer. To label
he penicillin-binding proteins, dansyl 6-APA (10 mg), dissolved in
0 mM phosphate buffer (pH 7.0), was added to the bacteria and the
ix was incubated for 30 min at room temperature. 6-APA (10 mg)
as added instead of dansyl 6-APA in the control experiment. The

ells were then centrifuged and washed as before.

Cross-linking of proteins. After washing the cells and resuspend-
ng them in 6 mL of buffer, six 100 mL aliquots were removed and
laced in 1.5 mL microcentrifuge vials. The head-space of each vial
as swept with a 20% stream of cyanogen (C2N2), and the sample
as incubated at room temperature: vial 1 (no cross-linking agent),
ial 2 (0.5 min treatment), vial 3 (2 min treatment), vial 4 (10 min
reatment), vial 5 (30 min treatment), vial 6 (60 min treatment).
fter treatment with cross-linking agent, the cyanogen gas was
wept out of each vial with a stream of argon gas.

Extraction of proteins. Cells were lysed and membrane proteins
olubilized by adding a 15% SDS solution (7 mL) to each vial and
ncubating the vial at room temperature for 30 min. The lysed
acterial cells were centrifuged at 16°C and 18,400 3 g for 30 min.
he extremely viscous bottom layer was discarded while the top

ayer containing solubilized proteins was removed and maintained at
80°C. Alternatively, the proteins in the top layer were precipitated
ith acetone (2) and maintained at 280°C.

Reversed-phase chromatography. Precipitated proteins from 60
L of detergent solubilized sample were redissolved in 60 mL of 10
M phosphate buffer. Detection and purification of PBPs and PBP

omplexes was carried out on a C4 Microsorb reversed-phase column
5 m, 300 Å, 4.6 3 250 mm) using gradient elution (95:5:1:0.1 water:
cetonitrile:isopropanol:TFA to 0:100:1:0.1 water:acetonitrile:isopro-
anol:TFA in 45 minutes) at a flow rate of 0.65 mL/min. The elution
rofile was based on the fluorescence of the eluate and monitored
ith an HP1046 fluorescence detector (lex 5 228 nm, lem 5 528 nm).

ndividual peaks were collected in glass vials and lyophilized.

Size-exclusion chromatography. Individual peaks eluted from the
eversed-phase column and lyophilized were redissolved in 20 mL of
192
atography was carried out using a Rainin Hydropore-5 SEC col-
mn (5 m, 300 Å, 4.6 3 250 mm) and isocratic elution (10 mM
hosphate buffer with 0.1% SDS) at a flow rate of 0.3 mL/min. The
lution profile was monitored as for reversed-phase chromatography.
n order to determine the molecular weights and identify the PBPs,
calibration curve was constructed using 5 protein standards: car-

onic anhydrase (29 kDa), albumin (66 kDa), b-amylase (150 kDa),
lcohol dehydrogenase (200 kDa), and thyroglobulin (669 kDa).

Proteolytic digestion of PBPs and PBP complexes. Individual
BPs and cross-linked PBPs, purified by reversed-phase chromatog-
aphy, were dissolved in 80 mL of 0.1 M NH4HCO3 (pH 7.5) and
laced in a boiling water bath for 2 min. To each sample was added
5 mL of a TPCK-treated trypsin solution (1 mg/ml in 0.1 M HCl).
he mix was incubated at 37°C for 1.5 hr, after which another 20 mL
liquot of the trypsin solution was added and the solution was
ncubated for an additional 1.5 hr.

Chromatography of tryptic digests and construction of chromato-
raphic tryptic maps. The tryptic digests were chromatographed on
C18 Microsorb reversed-phase column (5 m, 100 Å, 4.6 3 150 mm)

sing gradient elution (95:5:1:0.1 water:acetonitrile:isopropanol:
FA to 65:35:1:0.1 water:acetonitrile:isopropanol: TFA in 50 min)
t a flow rate of 0.70 mL/min. The elution profile was based on the
uorescence of the eluate (monitored as was previously described).
he exact times for elution of major peaks were recorded, and a
ryptic chromatographic map was constructed.

ESULTS

urification and Characterization of Fluorescent
Probe

Separation of the fluorescent probe (dansyl 6-APA)
rom crude product was facilitated through reversed-
hase chromatography. The fluorescent penicillin peak
as identified by the addition of a penicillinase which

esulted in disappearance of one major peak, namely
hat of the fluorescent penicillin. IR (neat) 3022, 2975,
789, 1570, 1462, 1336, 1146 cm21; 1HNMR (250 MHz,
D3CN) d 1.49–1.56 (6H, d), 2.86 (6H, s), 4.08 (1H, s),
.38–4.45 (1H, d), 5.05–5.13 (1H, d), 5.47 (1H, s), 7.26–
.30 (1H, d), 7.56–7.74 (2H, dd), 8.22–8.30 (2H, dd),
.56–8.60 (1H, d).

etection of Penicillin-Binding Multienzyme
Complexes

Without the use of cross-linking agent, seven peaks
orresponding to the penicillin-binding proteins were
bserved when comparing the reversed-phase HPLC
hromatogram of labeled cells to those of the controls
Fig. 1a). Generally, peak ratios differed as a function
f time of cell harvest. The fourth peak was consis-
ently the largest when cells were harvested at A650 5
.9. The addition of isopropanol to the mobile phase
nhanced protein recovery from the column. In order to
dentify each peak, it was collected, lyophilized, and
hen analyzed by size-exclusion chromatography.
ross-linking experiments were done using cyanogen

C2N2). This compound affords a technique for detec-
ion of specific interactions between subunits of an
nzyme complex, by covalently linking only those pro-
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eins with salt-bridges at their interfaces. As almost all
rotein-protein interactions studied so far have been
hown to involve salt-bridges which seem to play a
ajor role in protein binding and complex formation

19, 20), this cross-linking agent was believed to be
uite useful in demonstrating possible interactions be-
ween the different PBPs. After treatment of the bac-
erial cells with cyanogen, the chromatographic profile
f the PBPs clearly showed a dramatic change in the
umber and identity of peaks (Fig. 1b). The disappear-
nce of all seven peaks corresponding to the PBPs
with molecular weights between 30 kDa and 90 kDa)
as accompanied by the emergence of two new peaks

with molecular weights between 400 kDa and 600
Da). The results hinted at the existence of two
urein-synthesizing multienzyme complexes, each

ontaining subunits that interact via salt-bridges.

olecular Weight of PBPs and PBP Complexes

Molecular weights for PBPs and cross-linked PBP
omplexes were determined by size-exclusion chroma-

FIG. 1. Reversed-phase HPLC profile of labeled proteins, show-
ng the penicillin-binding proteins without the use of cross-linking
gent (a), and after treatment with cross-linking agent (b). The
hromatogram (b) shows the disappearance of seven peaks repre-
enting the PBPs and appearance of two new peaks (with different
lution times) after treating the cells with cyanogen.
193
ography, using the constructed standard calibration
urve (Table 1). Calculated PBP molecular weights
losely matched values determined from the genome
1) and those found by SDS–PAGE (18). The obtained

olecular weights for the complexes indicated that
hey are comprised of a number of penicillin-binding
roteins. The smaller peak (Peak I) seemed to contain
eavier or a higher number of components than the

arger peak (Peak II).

dentification of PBP Subunits of the Complexes

A small pore-size C18 column gave the best results for
eptide separation. One major peak, indicating the
ctive site peptide, bound to the fluorescent probe, was
een for every PBP. The complexes contained multiple
eaks containing a number of active sites. Due to the
igh resolution and the existence of only one major
ctive site peptide for each PBP, it was assumed that
ne could compare the tryptic map of the complexes to
hose of the PBPs in order to determine the PBP com-
onents of each complex with very little ambiguity.
sing this simple technique, which we refer to as ac-

ive site peptide mapping, it was found that complex I
as comprised of PBP 1a, PBP 3, PBP 4, and PBP 6,
hile complex II was made up of PBP 1b, PBP 2, PBP
, and PBP 5 (Fig. 2). The existence of PBP 5 in com-
lex I and PBP 1a in complex II could not be deter-
ined unambiguously. Both complexes contained hy-

rolases and synthases.

ISCUSSION

Using the combination of liquid chromatography,
rotein cross-linking, and active site peptide mapping,
e have identified two multienzyme complexes, each

omposed of a number of PBPs with polymerase and
epolymerase activity. Clearly, these findings support
ecent speculations regarding the close association of
ydrolases and synthases in assembling the cell wall.
ocated close to one another as part of a multienzyme

TABLE 1

Molecular Weights for PBPs and PBP Complexes

Peak1 Molecular weight (kDa)2 PBP

1 73.7 2
2 76.7 1b
3 88.1 1a
4 43.1 5
5 36.8 6
6 59.3 3
7 49.6 4
I 598 Complex I

II 458 Complex II

1 From RP-HPLC column.
2 As determined by size-exclusion chromatography.
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FIG. 2. Comparison of the active site tryptic maps of individual PBPs with those of the complexes. Broken lines connect active site peptide
eaks for each complex to the corresponding peak for individual PBPs. Elution times of labeled active site peptides of complex I match those
f PBPs 1a, 3, 4, and 6. Elution times of labeled active site peptides of complex II match those of PBPs 1b, 2, 4, and 5.
194
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omplex, these enzymes are able to carry out the
ask of inserting new strands in a secure and efficient
anner.
If we assign the function of each PBP of Haemophi-

us influenzae based on sequence homology with E. coli
1), it becomes apparent that the two complexes iden-
ified here contain enzymes with similar functions.

hile complex I contains PBP 1a, complex II holds its
unctional equivalent, PBP 1b. Similarly, PBP 3 is in
omplex I, while the other transpeptidase, PBP 2, is in
omplex II. On the other hand, while no role is foreseen
or an enzyme with carboxypeptidase activity as part of
multienzyme complex by any of the proposed models,

he results obtained here indicate that at least one of
he complexes (complex II) contains the carboxypepti-
ase PBP 5.
While PBP 2 has been found to be essential for for-
ation of rods, PBP 3 has been implicated as a neces-

ary component for the process of cell division (2, 22).
n this study, the finding that one complex contains
BP 2 while the other has PBP 3 indicates that there
ay be two different types of cellular machinery for

ell elongation and cell constriction. This seems logical
ince the two processes are most probably very differ-
nt as far as requirements for insertion of new pepti-
oglycan are concerned.
It is important to keep in mind that in identifying

he subunits of the two murein-synthesizing multien-
yme complexes, only the penicillin-binding proteins
ere targeted in this study. Other studies have indi-

ated that certain non-penicillin-binding proteins such
s lytic transglycosylases may also be involved in the
omplex (12, 21). The fact that the obtained molecular
eights for the two complexes are significantly higher

han the sum of the PBP molecular weights which
onstitute those complexes, may provide further evi-
ence for involvement of other proteins. In addition, it
ould mean that certain PBPs exist in numbers greater
han one within each complex (8). It is therefore logical
hat in continuing this work, to focus on finding ways
o identify possible non-penicillin-binding members, in
ddition to the number of PBPs in each multienzyme
omplex. Furthermore, extending this study to other
rganisms particularly E. coli, which has been studied
uch more extensively than H. influenzae, would un-

oubtedly improve our knowledge of involvement
f PBPs and other proteins in bacterial cell wall
ynthesis.
195
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