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A neutron small-angle scattering study was performed to determine the thickness and the scattering density
profile of isolated peptidoglycan sacculi of Escherichia coli W7 in aqueous suspension (D20). The maximum
thickness (7 ± 0.5 nm) of the sacculus from the exponential-phase cells was large enough to suggest the existence
of a more-than-single-layered architecture. The experimental density profile across the thickness of the sacculus
did not allow an unambiguous differentiation between a single-layered architecture characterized by completely
extended peptide side chains projecting from the sugar strands or, alternatively, a partially triple layered
structure. To resolve this ambiguity, sacculi were labeled with deuterated wall peptides. Comparison of the two
experimental profiles indicated that the sacculus is more than single layered across its surface, with about 75
to 80% of its surface single layered and 20 to 25% triple layered.

One of the most characteristic differences between gram-
positive and gram-negative bacteria is the existence of a
thick, multilayered peptidoglycan sacculus in the former
type of bacteria and a thin peptidoglycan network in the
latter. The difference in architecture of this well-defined cell
wall component seems to be the major reason for the
different staining behaviors between the two types of bacte-
ria (2). The sacculi of both types of bacteria are made from
peptidoglycan (murein), a polymer of relatively short glycan
strands (average length in Escherichia coli of about 25 nm)
that are cross-linked by short peptide bridges (for a review
with emphasis on E. coli, see reference 18). On the basis of
conventional transmission electron microscopic data show-
ing a peptidoglycan layer of only about 3-nm thickness (8,
24), a single-layered sacculus was generally assumed to form
the basic architecture for gram-negative bacteria. However,
the amount of peptidoglycan per cell seems sufficient to form
a double or even triple layer (6). Therefore, the basic
structure of the sacculus, whether single layered or multi-
layered, as well as the mode of cell wall enlargement and
formation during growth and division remained unresolved.
The insertion type of model for incorporation of nascent
murein suggests the existence of a single-layered peptidogly-
can (6, 19, 25), while the inside-to-outside growth model is
compatible with a triple-layered architecture (13, 28).
The exact architecture of gram-negative peptidoglycan

sacculi is difficult to determine because there are no direct
methods of observing or measuring a structure in the colloi-
dal range of 1 to 10 nm under native conditions (e.g., full
hydration of the sacculus). Research methods which pro-
vided indirect evidence for a multilayered arrangement of
the sacculus include electron microscope observations using
new preparation techniques, such as low-temperature em-
bedding and freeze substitution (17) or special staining
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techniques (23), as well as studies using sophisticated high-
performance liquid chromatography techniques (12, 13)
combined with theoretical and model building studies (22,
21). One method that has been extensively used for the study
of systems with colloidal dimensions, including many bio-
logically important macromolecules and assemblies at fully
hydrated conditions, is the small-angle scattering technique
in solution (11). An important aspect of this technique is
observed with anisotropic particles (one or two dimensions
larger than the other dimension[s], i.e., rodlike or lamellalike
particles). The scattering contribution due to the short axis
(axes) of the particle can be easily separated from the total
scattering, although the particles are in a random orientation
in solution. Thus, for lamellalike particles such as sacculi,
the distribution of material across their thickness axes, as
well as their average surface thickness, can be studied.
Interestingly, this technique has already been applied to
gram-positive sacculi (32). In this instance, however, the
gram-positive multilayered arrangement was used only as a
test system to study the applicability of a magnetically based
orientation setup.

Either neutrons or X rays can be used as the primary
exciting beam with the small-angle scattering technique. One
specific advantage in using a neutron beam is that molecules
containing hydrogen atoms can be distinguished from those
which contain the isotope of hydrogen, deuterium (11).
Hydrogen atoms have a negative scattering length (-0.372 x
10-12 cm), i.e., they tend to diminish the amount of scattered
intensity, while deuterium is strongly positive (+0.67 x
10-12 cm). Thus, somewhat similar to radiolabeling tech-
niques, scattering label techniques can be performed by
labeling molecules with deuterium (31). Deuterated peptides
(isolated from E. coli grown on D20) can be used to label the
sacculus since they are taken up and incorporated into the
murein without being degraded (14). We hypothesized that
this would allow us to measure the thickness and scattering
density distribution across the thickness of the sacculus as
well as to localize the position of the peptide component
within the sacculus. In addition, the deuterium labeling
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technique might also be useful for monitoring the fate of
newly inserted peptidoglycan units.
The experiments described in this report provide the first

information on the structure of the E. coli sacculus obtained
by using a small-angle neutron scattering technique. A
comparison of the hydrogenated and deuterated experimen-
tal profiles indicated that the sacculus was neither single
layered nor multilayered across its complete surface but
more than single layered, with about 75 to 80% of its surface
a monolayer and 20 to 25% a triple layer of peptidoglycan.

MATERIALS AND METHODS

Bacterial strains and culture conditions. E. coli W7 (Dap-
Lys-) was grown in minimal C medium (16) supplemented
with glucose (0.2%), MgSO4 (0.25 mg/ml), and all essential
L-amino acids except cysteine (40 ,ug/ml each). The nondeu-
terated cells were grown in the minimal C medium (including
essential amino acids) with diaminopimelic acid (20 ,ug/ml).
The cells containing deuterated murein peptides were grown
for approximately six generations in a medium containing tri-
and tetrapeptides instead of diaminopimelic acid as previ-
ously described (15). The tri- and tetrapeptides contained
almost 100% deuterium, and the peptides in the sacculi
isolated from cells grown for six generations in D-peptides
were over 90% labeled with deuterium. Both cultures were

grown to an optical density at 578 nm of 0.5.
Preparation of deuterated murein peptides. Murein mem-

brane fractions of E. coli grown in D20 were a kind gift of H.
Heumann and H. Lederer, Max-Planck-Institut fur Bio-
chemie, Munich, Federal Republic of Germany. All murein
peptides used for labeling experiments were 100% deuter-
ated, since all medium constituents for growing the bacteria
used for peptide isolation were in a deuterated form. How-
ever, some exchange of hydrogen for deuterium took place
during isolation of the peptides and during labeling experi-
ments, since these procedures were all performed in a

normal water environment. Murein peptides were purified
from membrane fractions as described previously (14).
Membrane fractions were boiled in 4% sodium dodecyl
sulfate (SDS) for 15 min, washed in distilled water, and
centrifuged (100,000 x g, 30 min) five times. The isolated
murein was digested with human amidase, and the tri- and
tetrapeptides were isolated by passing the digested products
over a Fractogel TSK-HW-40-S column (2.5 by 60 cm; E.
Merck AG, Darmstadt, Federal Republic of Germany; elu-
tion buffer was 20 mM ammonium acetate in 25% ethanol)
(14, 27).

Isolation and preparation of sacculi. The growth of bacteria
(labeled with deuterated peptides or unlabeled) was stopped
by rapid transfer of the culture into a flask containing ice.
The cells were pelleted, resuspended in cold distilled H20,
transferred into boiling 4% SDS for 15 min, washed with
distilled water, and centrifuged (100,000 x g, 30 min) five
times. a-1,4-Glycan, which had been found in cell wall
preparations of E. coli W7 (12), and lipoprotein were di-
gested successively by incubation with a-amylase (Sigma) at
100 jxg/ml for 2 h at 37°C and trypsin (Sigma) at 100 ,ug/ml for
1 h in 10 mM Tris hydrochloride-10 mM NaCl (pH 7.4). The
enzymes were inactivated by boiling in 1% SDS for 10 min,
and the suspension was centrifuged three times (100,000 x g,
30 min). The digestion procedure with amylase and trypsin
was repeated to ensure complete digestion of all nonmurein
carbohydrates and proteins. The cell wall preparation was

resuspended in D20 and centrifuged three times (100,000 x g,
30 min) to exchange the H20 for D20. The final pellet was

resuspended in approximately 1 ml of D20 per 1.5 mg (dry
weight) of sacculi for a final sample volume of 200 to 250 ,ul.
The supematant of the final wash was retained and used as a
measurement for background in the neutron scattering studies.
Neutron scattering data collection and evaluation. Small-

angle neutron scattering experiments were performed with
the H 9-B small-angle scattering instrument (29) of the
high-flux beam research reactor at the Brookhaven National
Laboratory, Upton, N.Y. Samples were measured in quartz
flasks (path length, 3 mm; approximately 200 ,ul per sample)
at room temperature. Sample scattering curves were cor-
rected for contributions of buffer, empty cell, and back-
ground counts. The radially averaged scattering curves
(angular range Q = 0.2 to 3.3 nm-'; Q = 4 -n sin O/X; 20 =
full scattering angle; A = wavelength) were deconvoluted
with the wavelength and primary beam profiles by using the
indirect Fourier transformation program ITP of Glatter (9,
10). The program was also applied to calculate the thickness
distance distribution function -y(r), which describes the prob-
ability of finding a given distance r between any two posi-
tions across the thickness of a sacculus, weighted by the
scattering-length densities at these positions. From the sec-
ond moment of this function, the corresponding thickness
radius of gyration was calculated and the maximum length
across the sacculus was taken from the distance rmax, where
the distance distribution function reached the value 0.

RESULTS

Thickness determination by neutron scattering on nondeu-
terated sacculi. Since the neutron scattering technique can
only distinguish between the scattering density of the mac-
romolecule and the solvent system, this contrast is of
primary importance. The scattering density of each compo-
nent can be estimated from the sum of the tabulated scatter-
ing-length contributions of the individual atoms forming the
respective component divided by the volume occupied by
these atoms (31). In this way, the scattering-length densities
of the peptide and sugar portions were estimated to be
approximately 2.5 in the usual units of 1010 cm-2, while
those of H20 and D20 are -0.56 and 6.34, respectively (31).
Since the contrast of the sacculi suspended in either H20 or
D20 was nearly identical, but H20 produces strong incoher-
ent background of scattering (31), we decided to perform all
neutron scattering experiments in D20. A gel-like, stable
suspension of sacculi was used for all samples (ca. 1.5 mg of
sacculi in 1.0 ml of D20) to prevent sedimentation of the
sacculi during scattering experiments.

Figure la shows the experimental scattering curve, i.e.,
logarithm of intensity I of the scattered beam versus the
scattering angular variable Q (Q = 4 i . sin 0/X; 0 = half of
the scattering angle; X = wavelength of the neutrons), and
Figure lb shows the thickness distance distribution function
-y(r) calculated from Fig. la by the method of indirect Fourier
transformation (9, 10). Since the distance distribution func-
tion represents the probability of finding any distance r to
occur within the thickness of the sacculus, it has its largest
values when r is small (the probability of finding a small
distance to occur within the sacculus is high) and vanishes at
the maximum diameter rmax, which can be measured from
Fig. lb as 7 ± 0.5 nm. It should be noted that this value
represents the maximum thickness of the sacculus (as op-
posed to a mean value). The maximum thickness may be
found only in some regions of the peptidoglycan network and
not necessarily across the complete surface of the sacculus.
In fact, if the sacculus had a constant density over its entire
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FIG. 1. Neutron small-angle scattering data on sacculi contain-

ing nondeuterated peptides. (a) Experimental neutron scattering
data, log intensity versus the angular variable Q (0) and fitted
intensity curve (-) obtained with the indirect Fourier transform
technique (9, 10) used to calculate the thickness distance distribu-
tion function shown in panel b. The minor deviations between the
experimental and fitted intensity curves at high Q values are
probably due to small residual background scattering contributions
and are of neglegible influence on the data shown in panels b and c.
(b) Distance distribution function [y(r); arbitrary units] calculated
from panel a, revealing a maximum sacculus thickness of 7 ± 0.5 nm
and a substructure with ca. 2.5-nm periodicity. The dashed line
indicates the distance distribution function for a structure with the

surface and could be approximated by a single box shape,
the distance distribution function would reflect this by a
linear decrease toward larger r values. This obviously was
not the case (Fib. lb). Instead, the quasiperiodical side
maxima at ca. 2.5 and 5 nm demonstrated a variation in
scattering density, with a 2.5-nm periodicity across the
sacculus.
The thickness also can be determined from another impor-

tant parameter, calculated from the scattering data and the
-y(r) function, namely, the radius of gyration R of the
thickness. This physical quantity is completely analogous to
the common radius of inertia well known from mechanics,
not weighted by mass but by scattering density, according to
the following formula:

ocI2 (r)= r2 dr

0

2 f y(r) dr

0

The radius of gyration was determined according to the
above equation, with R = 1.6 ± 0.1 nm. The proof for
consistency of these calculations was determined according
to the well-known Guinier approximation with R = 1.5 + 0.1
nm. From this value, an equivalent thickness of a structure
could be calculated which has the same radius of gyration
and a constant density across its thickness of about 5.0 to 5.5
nm (= R VT1) (11). The discrepancy between this value
and the experimental rmax of 7.0 nm indicated again that the
real scattering density across the thickness of the sacculus
was nonuniform but higher in its center. This is more easily
observed when the distance distribution is deconvoluted into
a profile corresponding to the direct scattering density vari-
ation across the thickness of the sacculus (Fig. lc). How-
ever, while it is easy to calculate the distance distribution
function for any density profile, it is not possible to obtain
the density profile directly from the distance distribution
function because of the well-known phase problem of X-ray
and neutron scattering theory (11). We therefore used sev-
eral centrosymmetric model profiles (e.g., box shaped, one
to three Gaussian curves, etc.) to mimic the profiles for
single-, double-, or triple-layered sacculi. These provided
starting models for a subsequent least-square fit minimiza-
tion using the Powell algorithm (26). The quantity minimized
was the sum of squares of the deviations between the
experimental and the model distance distribution functions.
Independent of the various starting models, good approxi-
mations were obtained only when the final model converged
to the profile shown in Fig. lc. Thus, a model using a
double-layered structure could not account for the course of
the thickness distribution function with a threefold modula-
tion as the experimental one (cf. Fig. lb). Even when models
corresponding to mixtures of double- and triple-layered

same dimensions but uniform density distribution across the thick-
ness. (c) Scattering density profile across the thickness of the E. coli
sacculus calculated from the distance distribution function shown in
panel b. For details, see text.
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FIG. 2. Schematic representation of two possible peptidoglycan arrangements compatible with the experimental density profile across the
thickness of the sacculus (a) of sacculi of E. coli W7 from the logarithmic phase of growth. (b) Single-layered model with central glycan chain
(G) and extended peptide chain (P) substitution. (c) Partially triple layered model.

structures were used in the calculations, the starting model
was changed by the minimization procedure to that shown in
Fig. lc. One should note that this optimized model also did
not fully explain the experimental thickness distribution
function at large r values (cf. the small deviations between
the experimental and calculated functions at large r values in
Fig. lb). This might be due to the existence of a very small
proportion of the sacculus surface containing more than
three layers. It is important to note that other, noncen-

trosymmetrical profiles cannot be excluded by this proce-
dure, since the thickness distribution function is always
centrosymmetrical (i.e., if there is a distance, say, from layer
1 to layer 2, there is also the centrosymmetrical one from
layer 2 to layer 1) (see Discussion).
The most striking feature of the density profile shown in

Fig. lc is the existence of a large central core of about 2.5 nm
at the borders, wherein the density reaches the level of the
solvent, surrounded by two regions again of approximately
2.5 nm thickness but with much less density. Two different
structural interpretations could be consistent with this pro-
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file (Fig. 2). The larger-density peak in the middle of the
sacculus could represent a central glycan strand, with the
lower-density peaks representing the peptides which may
project away from the sugar strands. A second interpretation
also is possible, since the neutron scattering data represent
an average over the entire sacculus. Some regions of the
sacculus could contain only a single-layered structure while
others could contain a triple-layered architecture, with a

ratio of the two approximately 4 to 1.
Discrimination between single-layered or partially triple

layered peptidoglycan by neutron scattering. To discriminate
between the two structural models shown in Fig. 2, i.e., a

single-layered peptidoglycan with extended peptide chains
or a partially triple layered murein, the scattering experiment
described above for sacculi containing only hydrogenated
peptides was repeated by using the sacculi containing deu-
terated peptides. In D20 suspension, the average scattering-
length density of the deuterated peptide can be estimated at
approximately 5.8 in units of 10-10 cm-2. Thus, the contrast
between deuterated peptides and D20 suspension (density =

b
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FIG. 3. Predicted influence of deuterated wall peptide on the neutron scattering density profile of E. coli peptidoglycan for the
single-layered model (a) and for the partially triple layered model (b) (cf. Fig. 2). G, Glycan strand; PD, deuterated peptide moiety.
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FIG. 4. Comparison between the neutron scattering-length den-

sity profiles of nondeuterated (1) and deuterated (2) sacculi of E. coli
W7.

6.34 x 10-10 cm-2) is nearly eliminated and much lower than
that of the wall peptides containing hydrogen atoms (approx-
imately 2.5 x 10-10 cm-2).
As shown schematically in Fig. 3, the scattering density

profiles expected for the two possible models would be quite
different because the deuterated peptides cannot be more

effectively detected by the neutron beam in a D20 suspen-
sion. In the single-layered model with the peptide chains
extended, the outermost peaks should be nearly as low as
the solution level, since they contain only (deuterated)
peptides. It should be noted that exchangeable hydrogen
atoms of the peptides should also be deuterated, since all
measurements were performed in D20. The profile compat-
ible with the partially triple layered architecture, on the
other hand, should be very similar to that shown in Fig. lc
and 2, since the peptides would be distributed over all three
density peaks in the profile. The relative sizes of the three
peaks should remain the same, since all of these peaks are
being produced mainly by the glycan strands which contain
only hydrogen atoms. Furthermore, the region between the
three main density peaks should be diminished, since the
peptides would be concentrated here. The experimental
results shown in Fig. 4 compared with the profile from the
sample containing only hydrogenated peptides clearly illus-
trate that the small peaks did not represent extended peptide
chains. Therefore, these results provide clear evidence for
the existence of a partially triple layered sacculus.

DISCUSSION

On the basis of thickness measurements and determina-
tion of the scattering density profiles across the thickness
obtained by using E. coli W7 sacculi containing either
hydrogen- or deuterium-labeled peptides, the neutron scat-
tering data clearly provide evidence of the existence of a

more-than-single-layered peptidoglycan in gram-negative
bacteria. The murein sacculus of exponentially growing E.
coli W7 contained a single-layered part (thickness of 2.5 nm)
covering approximately 75 to 80% of its surface and a

triple-layered part (thickness of about 3 x 2.5 = 7.5 nm)

covering the remaining 20 to 25%. Interestingly, there was
no evidence for the existence of a double-layered region or a
more-than-triple-layered region. This result also shows that
the experimental data were not influenced by artifacts due to
aggregation, as has also been revealed by the results from
preliminary X-ray experiments showing no influence of
concentration on the scattering behavior up to the range of
concentrations used for the neutron studies (data not
shown). It also should be noted that the results were not
influenced by the curvature of the sacculus or by any
contacts of parts between two sacculi or by both sides of the
same sacculus. This is because these conditions do not cause
a coherent scattering contribution. However, it must be
stated clearly that the density profiles shown in Fig. lc, 2,
and 4 represent only one possible variation (the centrosym-
metrical one) of the common scheme: 75 to 80% single-
layered and 20 to 25% triple-layered profile. This is because
the scattering data result in a thickness distribution function,
which by its very nature is always centrosymmetric and
therefore cannot be used to differentiate between a cen-
trosymmetrical or a nonsymmetrical architecture (e.g., both
additional layers on the outside or inside of the single layer
exclusively or any combination of these possibilities). Fur-
thermore, the remaining small deviations at large r values
between the experimental thickness distribution function
and the one recalculated from the partially triple layered
model might indicate the existence of a very small portion of
the sacculus surface comprising even more than three layers.

It is interesting to compare the measured thickness of 7 +
0.5 nm obtained under fully hydrated conditions in this study
with those of electron microscopic data. Originally, the data
from electron microscopic techniques indicated the thick-
ness of the sacculus to be about 3 nm (8, 24). These lower
values may have been caused by the dehydration of the
relatively loose and strongly hydrated peptidoglycan. How-
ever, our results are in closer agreement with recent electron
microscopic studies using new preparation techniques. Ho-
bot et al. (17) reported results on isolated pure peptidoglycan
as compatible with a somewhat fuzzy layer of 5 to 7 nm
width by using low-temperature techniques, and Leduc et al.
(23) reported a sacculus thickness of 6.6 + 1.5 nm by using
application of a special staining technique. Considering the
difficulty in evaluating a width value from projection of
sacculus sections much thicker than this width, the agree-
ment with the neutron data seems to be very good.

If the distribution of the single- and triple-layered struc-
tures is assumed to occur in two clearly distinct regions of
the sacculus, two attractive possibilities seem to exist. The
first model would posit the existence of a single-layered
peptidoglycan in the cylindrical wall region and a triple-
layered peptidoglycan at the polar caps. The surface ratio of
these two wall regions would roughly fit the experimentally
observed proportions, and these two wall regions are syn-
thesized independently under the control of different peni-
cillin-binding proteins (1, 3, 7, 30). If the structure of the
sacculus is similar to this model, then the intercalation-type
model of growth proposed by Burman and Park (6) and Park
(25) would be most plausible and would be in agreement with
the predictions from conformational considerations which
favored a partially multilayered structure in the polar cap
region (21, 22). The alternative model would posit the
existence of multilayered regions across some areas of the
cylindrical surface (probably not centrosymmetrical), repre-
senting the growth zones in an inside-to-outside growth
model as proposed by Glauner et al. (13). It appears possible
that further neutron small-angle scattering studies would
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answer important questions regarding the way in which
nascent murein is added to the sacculus. We expect some of
these answers from future pulse-chase studies using peptides
labeled with deuterium and from analysis of sacculi from
bacteria with large variations in the ratio of cylindrical to
polar cap wall content. These studies would include the
isolation of peptidoglycan from minicell preparations, which
should predominantly contain polar cap material, and pepti-
doglycan from cells grown in the presence of nalidixic acid,
which grow as filaments with a greatly enlarged proportion
of cylindrical wall material.
The neutron scattering data, indicating the existence of a

partially triple layered peptidoglycan and a thickness of 2.5
to 7 nm, also help us to understand the existence of oligo-
meric peptidoglycan subunits as trimers and tetramers at
positions other than the chain ends. If only a single-layered
sacculus exists, conformational considerations require that
the oligopeptides be located at the ends of the glycan
because of the helical conformation of the sugar chains (5,
20-22). The partial arrangement of the peptidoglycan in more
than one plane, however, is easily consistent with the
experimentelly observed existence of oligomeric units within
the glycan chains (22), with most of the oligopeptides located
between the layers. The neutron scattering profiles of the
deuterated and hydrogenated peptide samples (Fig. 4) sup-
port the conclusion that the peptides are also located be-
tween glycan layers of the triple-layered regions of the
sacculus and extending away from the glycan structural
plane in the single-layered regions.
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