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A B S T R A C T

Zymogram assays have been used extensively to identify novel peptidoglycan hydrolases. In this study it is
reported that the zymogram is susceptible to false positive results when highly positively charged proteins are
assayed. As an example, we report on the case of the ChiZ membrane protein from theMycobacterium tuberculosis
divisome, which previously was described as a peptidoglycan hydrolase. Even though the full length ChiZ
protein was able to produce positive assay results, other direct methods for measuring peptidoglycan hydrolysis
do not provide convincing evidence that ChiZ has peptidoglycan hydrolysis activity. We show that the false
positive result is produced by the highly positively charged N-terminal region of ChiZ. Thus, we developed a
zymogram control that can be used to identify false positives results. This control assay lacks the refolding step in
the normal zymogram assay. For lysozyme the control assay shows no activity, while the N-terminal region of
ChiZ shows a false positive result. Given the limitations of the zymogram assay to reliably identify peptidoglycan
hydrolases, we recommend using the zymogram control assay together with other methods to evaluate possible
peptidoglycan hydrolysis activity.

Introduction

The Zymogram assay is the primary assay for the identifying the
functionality of peptidoglycan hydrolase enzymes. Here, we report a
false positive result using this assay and note that false positives have
been reported in the literature from other labs leading to incorrect
identification of protein functionality. Furthermore, we have identified
the cause for the false positive results that has led to a misidentification
of the protein's functionality. Peptidoglycan (PG) remodeling is a key
cellular process in which peptidoglycan is synthesized and hydrolyzed
during bacterial proliferation. One important group of enzymes called
peptidoglycan hydrolases are essential for PG remodeling. These en-
zymes can be classified into several groups depending on the bonds
broken during PG hydrolysis [1]. Identification of new PG hydrolases
has been achieved primarily through the use of zymogram assays, this
method was developed in the late 80's and it is been used to date for
that purpose [2]. The zymogram assay consists of running an SDS-PAGE
gel of the protein to be tested with substrate for peptidoglycan hydro-
lysis suspended in the gel matrix; usually this substrate is a gram po-
sitive bacterium, such as Micrococcus lysodeikticus or pure PG. After, the
gel is incubated in refolding buffer it is then stained with methylene

blue that is known to bind to PG. Thus, proteins able to hydrolyze PG
are revealed as clear bands in a blue background. Since this method is
fast and easy, it has been applied to identify new proteins with pepti-
doglycan hydrolysis activity using whole cell lysates [3,4] and even to
evaluate enzymatic activity under different conditions [5].

Despite the advantages of the zymogram assay, it has been observed
that the results from this method do not always agree with other ex-
perimental tools used to further characterize PG hydrolases. For in-
stance, it was concluded that the membrane anchored protein SpoIID
from Bacillus subtilis is a PG hydrolase based mostly on the zymogram
assay [6]. However, SpoIID did not show PG hydrolase activity in so-
lution based assays [7]. The same case was observed for the protein
EnvC from E. coli [8,9]

This work explains the cause of such false positive results by
studying the case of ChiZ, a membrane protein from M. tuberculosis,
which was identified as a PG hydrolase using primarily the zymogram
assay [10]. ChiZ is one of many proteins associated with the M. tu-
berculosis divisome. It has a single transmembrane helix, a cytoplasmic
N-terminus and periplasmic C-terminus. The periplasmic domain is
homologous with LysM domains that bind peptidoglycan. The trans-
membrane domain has small residue motifs suggesting that this helix
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binds to other protein transmembrane helices. It is further known that
ChiZ binds to both FtsQ and FtsI [11], each of which has a single TM
helix and FtsI is known to be a transpeptidase [11]. When the cyto-
plasmic N-terminus of ChiZ was determined to be a PG hydrolase it was
speculated that Lipid II, the peptidoglycan precursor that is transported
from the cytoplasm to the periplasm for PG assembly might be hydro-
lyzed. This hypothesis was consistent with elongated Mtb bacilli upon
ChiZ overproduction and a modest increase in cell size of chiZ deletion
mutants [10].

Material and methods

Zymogram assay

The zymogram assay was performed as described previously [10].
SDS-PAGE was run using a 16% gel containing 0.1% (wt/vol) of Mi-
crococcus lysodeikticus cells (Sigma) as substrate. Then, the gel was
washed three times by soaking it in water for 10min. After washing, the
gel was incubated in refolding buffer (25mM tris-HCl at pH 7.0, 1%
(wt/vol) Triton-X 100) for 16 h at 37 °C and then washed as before.
After that the gel was stained with 0.1% (wt/vol) methylene blue
(Acros) in 0.01% (wt/vol) KOH solution for 3 h. The gel was washed
overnight with water to remove excess stain.

Zymogram assay control

A zymogram assay control was performed in the same way as the
normal zymogram except that the refolding step for the protein was
removed. Thus, after the SDS-PAGE was run the gel was washed and
immediately stained with methylene blue solution.

Purification of ChiZ N-terminal constructs

Purification of ChiZ N-terminal constructs (ChiZ1-64, ChiZ1-54, ChiZ1-
47, and ChiZ1-37) proceeded as follows: after protein expression in E. coli
BL21 cells, the cells were resuspended in 20mM tris-HCl pH 8.0 con-
taining 500mM NaCl and 6M urea. The cells were lysed using a French
Press. Insoluble debris was pelleted by centrifugation at ∼250,000× g
for 30min. Protein purification proceeded using nickel affinity chro-
matography (Ni-NTA resin, Qiagen). The column was washed with
20mM tris-HCl pH 8.0 containing 500mM NaCl and 20mM imidazole.
Then, the protein was eluted in the same buffer containing 400mM
imidazole. The His-tag was cleaved using TEV protease. To remove the
TEV protease the protein preparation was passed through a Ni-NTA
column and then washed with 20mM imidazole.

Fluorescence cell wall hydrolysis assay

The cell wall hydrolysis assay was performed as previously reported

[10]. Briefly, 50 μg of fluorescamine labeled M. tuberculosis pepti-
doglycan was mixed with ChiZ in 50mM tris-HCl pH 7.0 and 0.25%
(wt/vol) with a final volume of 100 μL. The hydrolysis reaction was
performed at 37 °C for 2 h and then stopped by addition of 100 μL of
4M LiCl. Insoluble peptidoglycan was pelleted by centrifugation and
the supernatant was used for fluorescence measurements. Fluorescence
emission was measured at 482 nm using an excitation wavelength of
390 nm. Negative controls were performed using samples without
protein and peptidoglycan substrate. Positive control was performed
using Lysozyme.

Results

ChiZ peptidoglycan hydrolysis, a false positive case

Previous studies of the ChiZ membrane protein demonstrated that
the N-terminal region was responsible for hydrolyzing peptidoglycan.
As can be seen in Fig. 1, the zymogram assay of the full length protein
(lower band corresponds to a degradation product), first 91 residues (N-
terminal region and transmembrane helix) and N-terminal region alone
(first 64 residues) are all able to produce clear bands suggesting that the
N-terminal region is capable of hydrolyzing peptidoglycan. Fig. 2A
shows the result of cell wall hydrolysis assay using fluorescent labeled
M. tuberculosis peptidoglycan demonstrating that ChiZ has no sig-
nificant activity when compared to controls without substrate. It is
clearly observed that there is an apparent increase in activity when the
protein concentration is increased (Grey bars), but the same increase in
fluorescence emission with protein concentration is observed when no
substrate is used (Blue bars). Even though, there is a small difference
between treatments (Grey bars) and only protein controls (Blue bars),
this difference is not significant when compare to lysozyme positive
control (Fig. 2B). This demonstrates that ChiZ is giving rise to a false
positive result in the zymogram assay.

False positive results are produced by positively charged proteins

To understand how a false positive result can be produced it is
necessary to understand how the zymogram assay works. This assay
relies on staining PG with methylene blue, which forms a complex with
peptidoglycan [12]. Thus, regions where peptidoglycan has been hy-
drolyzed, such as in the area of the hydrolase band, appear clear against
the dark blue background. The nature of the interaction in the methy-
lene blue-peptidoglycan complex appears to be electrostatic since me-
thylene blue is a positively charged organic molecule (Fig. 3A) and
peptidoglycan is a negatively charged biopolymer that is rich in acidic
amino acids, such as glutamic acid and diaminopimelic acid in some
cases. Based on this, it could be anticipated that proteins with a high net
positive charge density could give a false positive result by simply re-
pelling the methylene blue from an area of the gel where the protein

Fig. 1. Zymogram assay of ChiZ constructs. A) SDS-PAGE
that shows the different ChiZ constructs used for the zy-
mogram assay. B) Result of the zymogram assay. Lysozyme
(L) and Bovine serum albumin (BSA) were used as positive
and negative controls, respectively. The gel includes ChiZ
without the LysM domain (1–91), the N-terminal soluble
region (1–64), and the full length protein (FL).
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band is located. In the case of the ChiZ N-terminal region this ex-
planation seems reasonable since it has a +10 net charge resulting from
13 arginine residues and just 3 negatively charged residues (Fig. 3B). To
test the idea that positively charged proteins can produce false positive
results; a zymogram assay was performed using another membrane
protein with a positively charged N-terminal region that is known not to
be associated with PG metabolism. For this test the membrane protein
CrgA from M. tuberculosis was selected, which has a +8 net charge, for
which the N-terminal 25 amino acids has a +7 net charge and hence a
high charge density (Fig. 3C). CrgA produced clear bands after staining
with methylene blue (Fig. 4). This result supports the idea that posi-
tively charged proteins having a high charge density can produce false
positive results in a zymogram assay.

Zymogram control assay

To further corroborate the hypothesis that positively charged pro-
teins can produce clear bands, new shortened constructs of the N-
terminal region of ChiZ were prepared (Fig. 3B). These new constructs
have different numbers of arginine residues and net charge. It is ex-
pected that a minimum number of positive charges or charge cluster in
the sequence may be identified as a requirement to produce false po-
sitive results. The zymogram results for these new constructs shows that
all constructs show apparent activity, except the construct of residues

1–37 with the smallest number of charges (+5) (Fig. 5B).
Since positively charged proteins can produce clear bands, it would

be useful to discriminate false positives from functional positive results.
For that purpose, a small, but significant modification can be made to
the zymogram procedure by removing the refolding step. Thus, it is
expected that proteins that truly hydrolyze peptidoglycan will not be
able to produce clear bands when unfolded. However, if the unfolded
protein has a large enough net charge and or charge density similar to
the intrinsically disordered ChiZ constructs then a false positive result
will be achieved. Here, we refer to this assay as a zymogram control.
Fig. 5C shows the result for this zymogram control performed for the
different ChiZ N-terminal constructs and for unfolded lysozyme that
failed to clear the gel despite having a net charge of +9 distributed over
137 residues. This Lysozyme result suggests that a protein or protein
domain must have a substantial net positive charge or cluster of positive
charges to produce a false positive result.

Based on these false positive results it is possible that running a
zymogram assay with high concentrations of a positively charged pro-
tein could result in false positive results. The contribution of loading a
variable amount of protein on the gel for the zymogram assay was
tested using lysozyme and the ChiZ N-terminal region (Fig. 6). As ex-
pected, lysozyme is active over a broad range of protein loaded onto the
gel, except with the smallest amount which provided no clearing in the
gel image. However, denatured lysozyme does not clear the gel at any

Fig. 2. M. tuberculosis peptidoglycan fluorescence hydrolysis assay. Hydrolysis assay was performed using fluorescamine labeled PG. Fluorescence emission of soluble fragments was
measured at 482 nm. (A) Experiments were performed with different concentrations of ChiZ (grey bars). Control experiments were performed without protein (green bar) and without
substrate (blue bars). All experiments were performed in triplicate. (B) Fluorescence emission spectra obtained for the peptidoglycan only control (green), lysozyme positive control
(1 mg/mL) (Grey), ChiZ only control (0.16mg/mL) (Red), and peptidoglycan treated with ChiZ (0.16mg/mL) (Blue).

Fig. 3. Methylene blue chemical structure and
protein amino acid sequences. (A) Chemical
structure of methylene blue that shows it is a
positively charged organic molecule. (B) Amino
acid sequence of ChiZ N-terminal region. Charges
of truncation constructs (1–37, 1–47, 1–54 and
1–64) are shown on top. (C) Amino acid sequence
of CrgA membrane protein. The predicted trans-
membrane helices are underlined. Positively and
negatively charged residues are highlighted in
blue and red, respectively.
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protein concentration used for the zymogram control. On the other
hand, the ChiZ N-terminal region produces clear bands on both assays,
in this case the intensity of the bands is proportional to the amount of
protein loaded. This result supports the idea that not all positively
charged proteins will produce a false positive, even when high amounts
of protein are used.

Discussion

Peptidoglycan remodeling is essential for bacterial survival.
Identification of the proteins involved in PG hydrolysis has been key to
understanding important cellular processes, especially for cell elonga-
tion and cell division, where both PG hydrolysis and assembly occur.
The zymogram assay has been used extensively to identify those pro-
teins associated with PG hydrolysis, but not without some complica-
tions. As mentioned earlier, conflicts have arisen between the zymo-
gram assay and other methods used to evaluate peptidoglycan
hydrolysis. The SpoIID and EnvC proteins were described as pepti-
doglycan hydrolases based only on zymogram assays [6,8] and later
those results were questioned by other experimental results [7,9].
However, in both cases, the results were reconciled with the explana-
tion that protein binding to peptidoglycan may prevent methylene blue
from staining the peptidoglycan where the protein is located. From this
study it is proposed that highly positively charged proteins and po-
tentially those that have a cluster of positive charges can prevent
staining with methylene blue by electrostatic repulsion. Thus, the net
charge at pH 7 for SpoIID is 13 while for EnvC is 18 and both sequences
have high net positive charge densities of +5 over sequences of 10 and

Fig. 4. Zymogram assay for CrgA, ChiZ full length (FL) and
ChiZ N-terminal region (1–64). A) SDS-PAGE of the pro-
teins used for zymogram assay. B) Result of zymogram
assay for ChiZ constructs and CrgA. Arrow heads show
bands corresponding to CrgA, which can be seen as mono-
mers and dimers. Lysozyme is included as a positive control
(L).

Fig. 5. Zymogram assays of truncated ChiZ N-terminal region. A) SDS PAGE of the proteins used for zymogram assay. B) Zymogram assay for each construct. C) Zymogram control assay
performed without the refolding step. Lysozyme (L) and BSA were used as positive and negative controls, respectively.

Fig. 6. Zymogram assays of different amounts of lysozyme and ChiZ N-terminal region.
A) SDS PAGE for Lysozyme and ChiZ N-terminal region (ChiZ1-64) with amounts loaded
from 0.1 μg to 3 μg per lane. Zymogram assay and zymogram control loading with the
same amounts of protein in B) and C), respectively.
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13 residues. The results presented here suggest that the inconsistency
among the peptidoglycan hydrolase assays for SpoIID and EnvC may
result from their positive charges rather than a PG binding activity
leading to a false positive zymogram assay result. However, the fact
that denatured lysozyme does not produce band clearing on the zy-
mogram control assay despite being a positively charged protein in-
dicates that the net charge of a protein is not the only factor to consider
in explaining false positive results. It is possible that as described here
that a combination of net charge, charge distribution, and possibly the
amount of protein used during the assay may influence the final result.
Even though highly positively charged protein seem to influence the
zymogram assay results, it is not possible to discount that protein
binding to the peptidoglycan matrix may have an influence. Thus, our
objective is not to fully explain the mechanism of interference, but to
report the limitations of the assay and how to overcome them.

The demonstration that the zymogram assay is susceptible to pro-
ducing false positive results suggest that the zymogram assay can not be
used as the only or even the primary method to conclude that a protein
is a peptidoglycan hydrolase. Thus, it is highly recommended to use
additional methods to evaluate peptidoglycan hydrolysis, such as
methods based on the detection of soluble hydrolysis products gener-
ated after incubating PG with the protein under study. For instance,
amine functional groups of soluble hydrolysis products [13], radio-la-
beled peptidoglycan fragments [14,15], fluorescent labeled pepti-
doglycan fragments [10], or identification of hydrolysis products by
HPLC or mass spectrometry can be detected [16–18]. In addition, this
last method has proven essential to classify PG hydrolases depending on
what bonds are cleaved during hydrolysis. We propose the use of the
zymogram control as an easy tool to minimize false positives when
characterizing new PG hydrolases. This method can be applied in par-
allel with the normal zymogram procedure. This zymogram control
experiment can help to avoid the use of more time consuming and
expensive methods to evaluate PG hydrolysis.

Conclusions

It was determined that the zymogram assay, used to evaluate pep-
tidoglycan hydrolysis activity, is susceptible to false positive results.
Evaluation of the possible causes that could produce a false positive
result indicate that highly positively charged proteins can repel me-
thylene blue from binding to peptidoglycan. However, net positively
charge proteins do not predict a false positive result, such as in the case
of lysozyme, while it was shown, as examples, that ChiZ and CrgA N-
terminal regions were able to produce false positive results. Thus, a
zymogram control was developed. This control lacks the refolding step
where peptidoglycan is hydrolyzed so proteins with real peptidoglycan
hydrolysis activity such as lysozyme do not produce clear bands. Given
the limitation of the zymogram assay described here, we recommend
supplementing the identification of new peptidoglycan hydrolases with
other biochemical and analytical methods.
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