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a b s t r a c t

Non-surface-enhanced Raman spectroscopy using a 514.5 nm wavelength laser has been used to measure
the molecular difference of conditional mutants of Mycobacterium smegmatis expressing three different
alleles: wild-type wag31Mtb, phosphoablative wag31T73AMtb, and phosphomimetic wag31T73EMtb. This
study demonstrates that the phosphorylation of Wag31, a key cell-division protein, causes significant dif-
ferences in the quantity of amino acids associated with peptidoglycan precursor proteins and lipid II
which are observable in the Raman spectra of these cells. Raman spectra were also acquired from the iso-
lated P60 cell envelope fraction of the cells expressing wag31T73AMtb and wag31T73EMtb. A significant
number of the molecular vibrational differences observed in the cells were also observed in the cell enve-
lope fraction, indicating that these differences are indeed localized in the cell envelope. Principal compo-
nent analyses and discriminant function analyses were conducted on these data to demonstrate the ease
of spectral classification and the reproducibility of the data.

� 2009 Elsevier Inc. All rights reserved.
Introduction T73EMtb) in the wag31 conditional mutant of M. smegmatis showed
Tuberculosis (TB) is a worldwide health problem with a high
mortality, infecting one out of every three people globally [1]. La-
tency, which creates a reservoir of persons with the potential to
develop active tuberculosis, is especially important in the epidemi-
ology and pathogenicity of tuberculosis. Despite its importance, it
is still not clear how Mycobacterium tuberculosis controls the latent
state in a human host [2]. However, to achieve, maintain, or escape
from the latent state, M. tuberculosis must carefully regulate cell
division, requiring a wide variety of signaling molecules.

Two protein kinases, PknA and PknB, are thought to be essential
for signal transduction in this microorganism and have been
shown to play an important role in regulating cell morphology
and cell division [3–7]. Wag31, a substrate of PknA and PknB, is a
homolog of the Gram-positive cell-division protein DivIVA that is
localized in the cell poles in mycobacteria including Mycobacterium
smegmatis and Mycobacterium bovis BCG, and controls cell mor-
phology [8–10].

The phosphorylation of Wag31 plays a key role in the cell divi-
sion of mycobacterium. We have previously shown that the
expression of phosphomimetic M. tuberculosis wag31 (wag31-
ll rights reserved.
higher growth rate than cells expressing wild-type wag31Mtb or
phosphoablative wag31T73AMtb and that the phosphorylation of
Wag31 regulates M. smegmatis peptidoglycan biosynthesis and
growth of mycobacteria [10,11].

In this study, we observed molecular differences in the three
wag31 conditional mutants of M. smegmatis by using visible-wave-
length Raman spectroscopy on the bacteria in vitro. Experiments
performed on the P60 cell envelope fraction of these cells revealed
similar spectroscopic differences.

Materials and methods

Microorganisms and growth conditions. The M. smegmatis condi-
tional mutant strains of wag31 containing tetracycline-inducible
Ptet-wag31, Ptet-wag31T73A, or Ptet-wag31T73E at the attB locus
were used in our study [10,12,13]. Cells were grown on 7H9-ADC
agar plates containing 5 ng/ml tetracycline and 50 lg/ml hygromy-
cin. Cells from the plate were inoculated in liquid 7H9 medium
with 10 lg/ml hygromycin without inducer and cultured overnight
to deplete the inducer and Wag31 inside the cells. Cells were rein-
oculated in 7H9-ADC liquid medium supplemented with 20 ng/ml
tetracycline as an inducer followed by OD measurement every 3 h.
M. smegmatis cells expressing wag31WT, wag31T73A and
wag31T73E were harvested during log phase and washed once with
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Fig. 1. Average Raman spectra of M. smegmatis expressing phosphomimetic M.
tuberculosis wag31 (wag31T73EMtb) (TE), wild-type wag31Mtb (WT), or phosphoab-
lative M. tuberculosis wag31 (wag31T73AMtb) (TA). Spectra were acquired with
514.5 nm laser excitation.
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1� phosphate buffer (137 mM NaCl, 2.7 mM KCl, and 11.9 mM
phosphates) to remove traces of the media.

Cell envelope isolation. The cell envelope fraction (P60) was pre-
pared as described in detail elsewhere [11]. The harvested cells with
wag31T73A and wag31T73E allele were stored at �80 �C, then 8 g of
harvested cells were resuspended in 30 ml of buffer A (50 mM MOPS
(pH 8.0), 10 mM MgCl2, and 5 mM b-mercaptoethanol) and sub-
jected to probe sonication using 10 cycles of 60 s with 90 s cooling
on ice between the cycles. The cell lysates were centrifuged at
23,000g (Beckman, JLA10.500) at 4 �C for 30 min. then the pellet
was resuspended in buffer A and Percoll (GE Healthcare) was added
to achieve a 60% final concentration. The resulting mixture was cen-
trifuged at 23,000g for 60 min at 4 �C. The upper, flocculent band was
recovered and washed with buffer A three times to remove residual
Percoll. The pellet containing membranes and cell walls was then
resuspended in buffer A using a Dounce homogenizer. The final con-
centrations of total protein from cells expressing wag31T73E and
wag31T73A were 10 and 8 mg/ml, respectively.

Sample preparation. For Raman measurements on cells and cell
envelope fractions, 10 ll of each of the suspensions was mounted
onto a low-fluorescence quartz slide and dried in air prior to the
Raman measurements. After each use the slides were cleaned with
deionized water, acetone, and methanol successively to remove
trace organic contaminants.

Raman spectroscopy. Raman measurements were performed
with a Raman microscope system consisting of a Jobin–Yvon Hor-
iba Triax 550 spectrometer, a liquid-nitrogen cooled charge-cou-
pled device (CCD) detector, an Olympus model BX41 microscope
using a 100� objective, and Innova 90 argon-ion laser (Coherent,
Inc.) operating at 514.5 nm. The power at the sample was
10 mW. The Raman-scattered light from the sample was collected
with the same microscope objective and focused on the entrance
slit of a spectrometer with a 1200 line/mm diffraction grating. A
notch filter placed in the scattered light path blocked all Rayleigh
scattered 514.5 nm laser light. A PC running LabSpec software con-
trolled the spectrometer and detector and recorded the spectra.
Each spectrum was constructed from the average of three expo-
sures with an exposure time of 10 s. Typically 10–20 spectra could
be obtained from each dried 10 ll pad. Raman spectra were col-
lected in the information-rich region between 600 and
2000 cm�1 with a spectral resolution of about 4 cm�1. All Raman
spectra were calibrated using Si as an external standard.

Spectral processing and data analysis. Background fluorescence in
the Raman spectra was removed by a custom Matlab program uti-
lizing an adaptive minmax method [14]. After fluorescence sub-
traction, the spectra were normalized by setting the maximum
intensity to one. The Raman spectra were then analyzed using
the multivariate chemometric techniques of principal component
analysis (PCA) and discriminant function analysis (DFA) using SPSS
data-analysis software (SPSS, Inc., v17.0). PCA is a well-known
technique used to reduce the number of dimensions of data with
a minimum loss of information by providing a set of principal com-
ponents (PCs) which represent the original data. In this analysis
PCA reduced the dimensionality of the spectra from 1993 channels
to 13 PCs which were used as input independent variables into a
DFA. DFA was used to discriminate between the different groups
by maximizing the variance between the different groups and min-
imizing the variance within the same group.

Results and discussion

Raman spectra from bacterial cells

To ensure the reproducibility of the Raman spectra, approxi-
mately 100 spectra of each M. smegmatis mutant were obtained
from suspensions of several cultures prepared over several weeks.
Fig. 1 shows the average of the processed Raman spectra from cells
expressing wag31WT (WT), wag31T73A (TA), and wag31T73E (TE).
The spectra obtained from WT cells and TA cells are reproducibly
similar while there are considerable differences between them
and the spectra obtained from TE cells. The observed features in
the Raman spectra reveal the composition of the bacterial cell, spe-
cifically protein, carbohydrates, lipid, and nucleic acids. The major
peaks and their assignments are listed in Table S1. WT and TA
spectra have significantly stronger protein peaks at 1518 cm�1

and at 1154 cm�1, which have the assignments of carbon–carbon
double bond and single bond stretching mode vibrations. TE has
significant Raman features at 1310 cm�1, which has previously
been attributed to lipid vibrations; at 1361 and 1396 cm�1, which
have previously been attributed to D-glutamic acid, D-alanine, and
N-acetylglucosamine; at 1448 and 1582 cm�1, tentatively assigned
to lipid vibrations; and at 1656 cm�1 which is a broad peak result-
ing from the overlapping of two peaks assigned for Amid I in pro-
tein and a carbon–carbon double bond stretching mode vibration
in lipid.

The most statistically significant differences were revealed by
performing the PCA on all of the spectra together. The original
spectra consisted of 1993 intensity channels which the PCA was
able to reduce into 13 principal components (PCs) which main-
tained 99.3% of the variance in the data sets. The first PC accounted
for 70.9% of the data variation, while PC2 and PC3 accounted for
17.9% and 3.5%, respectively. A plot of PC loadings (shown in
Fig. 2) provides significant information about the biochemical basis
of the mathematical discrimination [15]. The loadings of PC1 are
shown in Fig. 2A. This plot has strong negative peaks at 1154,
1518, and 1182 cm�1 (assigned to proteins) which are associated
with the dominant features in the spectra from TA and WT cells.
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PC1 also has strong positive peaks associated with the dominant
features in the spectra from TE cells, which were discussed above.
This indicates that PC1 was constructed to maximize the spectral
differences between TE cells and WT/TA cells and identifies the
important biochemical components of these differences. PC1 does
not show a considerable difference between TA and WT bacteria.
To further highlight the significance of PC1, Fig. 2B shows a plot
of PC1 and the resulting difference spectrum when the average
spectrum of TA cells is subtracted from the average spectrum of
TE cells and Fig. 2C shows a plot of PC1 and the resulting difference
spectrum when the average spectrum of WT cells is subtracted
from the average spectrum of TE cells. The similarities in these
plots reinforce the interpretation that the basis of discrimination
between spectra is the change in the Raman spectral features of
the cells expressing phosphomimetic wag31T73E. It has been found
that the third PC (PC3) is significant in the discrimination between
TA and WT cells, based on the subtle differences in their spectra.
Fig. 2D shows the similarity between the PC3 loadings plot and
the resulting difference spectrum when the average spectrum of
WT cells is subtracted from the average spectrum of TA cells. The
main changes were observed in protein peaks at 1518, 1125, and
1154 cm�1, although none of these are as large as the dominant
features in 2B or 2C.

The 13 PC scores were used as independent input variables in a
DFA which further reduced the dimensionality of the spectra. For
600 800 1000 1200 1400 1600 1800 2000

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

D
iff

er
en

ce
 in

 N
or

m
al

iz
ed

 In
te

ns
ity

TE-WT 
 PC1 Loads

-0

A

600 800 1000 1200 1400 1600 1800 2000

-0.3

-0.2

.1

0.0

0.1

0.2

0.3

0.4

11
82

13
96

11
74

16
57

15
8214

48
13

61
13

11

11
54

15
18

Raman Shift (cm-1)

Lo
ad

s 
In

te
ns

ity

 PC1 Loads

C

Raman Shift (cm-1)

Fig. 2. Principal component loadings of the PCA performed on the Raman spectra acquir
spectral features are identified. (B) PC1 loadings plotted with the difference of the ave
difference of the average Raman spectrum of WT cells and TE cells. (D) PC3 loadings p
bacteria.
discrimination among the three bacterial cell types, two discrimi-
nant function (DF) scores were calculated for each individual spec-
trum. The DFA allowed a rapid sorting or grouping of unknown
spectra on the basis of the discriminant functions, and also gave
an immediate measurement of the reproducibility of the spectra.
In this analysis, 100% of the spectra obtained from the TE cells were
correctly classified by the DFA in a leave-one-out classification test,
indicating that these bacteria were reproducibly molecularly dis-
tinct from the other two groups. Only 69% of the TA bacteria and
88.9% of the WT bacteria were correctly classified, indicating that
their spectra were similar to each other due to an almost identical
molecular composition.

Raman spectra from bacterial cell envelope

In order to identify the changes present in the bacteria with the
phosphomimetic form of Wag 31 and with the phosphoablative
form of Wag31, the P60 cell envelope fraction was isolated and Ra-
man measurements were performed on a dried suspension of the
cell envelope. Fig. 3A shows the averaged Raman spectra for the
P60 cell membrane fraction of bacteria with Wag31T73A (labeled
‘‘TA envelope”) and with Wag31T73E (labeled ‘‘TE envelope”).
Ninety-nine TA envelope spectra and 101 TE envelope spectra were
averaged to make these spectra. Spectra of the P60 cell envelope
fraction of the wild-type bacteria were not taken. Significant differ-
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Fig. 3. Raman spectroscopy was performed on the P60 cell envelope fraction of the
M. smegmatis cells expressing phosphoablative wag31T73AMtb (TA) and phosphom-
imetic M. tuberculosis wag31 (wag31T73EMtb) (TE). (A) The average Raman spectra of
the TA and TE cell envelope fraction. (B) The difference between the average
spectrum of the TA and TE cell envelope fraction plotted with the PC1 loadings.
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from other groups.
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ences between TA cell envelope and TE cell envelope can be ob-
served at the same locations as were measured in the bacterial
cells, indicating that significant cellular changes occurred in the
cell envelope. Table S1 provides the detailed assignments for the
main features which appeared in the cell envelope spectra. It was
observed that the lipid peaks which are located at 1311, 1448,
and 1582 cm�1 seem to be stronger in the TE envelope spectrum
than in the TA envelope spectrum indicating that TE cell envelope
contains more lipid than the TA cell envelope. Moreover, TE enve-
lope spectra show an enhancement in the peaks assigned for amino
acids in protein such as the peaks at 1361 and 1396 cm�1. This re-
sult is consistent with the results of a study which revealed a high-
er enzymatic activity of peptidoglycan biosynthetic pathway
(MraY and MurG) and a greater production of lipid II in cells
expressing wag31T73EMtb than cells expressing wag31Mtb or wag31-
T73AMtb [11]. These Raman spectroscopic results indicate that cells
with the wag31T73EMtb allele produce more peptidoglycan precur-
sor molecules than those expressing wag31Mtb or wag31T73AMtb. To
accentuate the differences in these spectra, in Fig. 3B the average
spectrum of the TA cell envelope has been subtracted from the
average spectrum of the TE cell envelope and plotted with the
PC1 loading from a PCA performed on these data. This analysis
demonstrates that the PCA classification of these data relies on
the main spectral changes in the Raman spectra of the samples un-
der investigation.

Fig. 4 summarizes all the data obtained in this Raman spectro-
scopic study. Fig. 4A compares the average spectrum of the bacte-
ria cells with their corresponding average spectrum obtained from
the cell envelope fraction. Noticeably, considerable differences are
observed between the spectra obtained from cells possessing the
phosphoablative Wag31T73A and cells possessing the phosphom-
imetic Wag31T73E. Strong similarities (with some slight differ-
ences) in the spectra obtained from bacterial cells and the
spectra obtained from the corresponding bacterial cell envelope
indicate that the significant spectral changes observed between
cells with Wag31T73A and Wag31T73E are primarily due to bio-
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chemical changes localized in the cell membrane and wall. Molec-
ular identification of these differences suggests an increase in pep-
tidoglycan biosynthesis and production of lipid II. These results are
consistent with previous enzymatic studies and reports of the dif-
ferences observed in cell-division and multiplication between cells
with the wag31T73EMtb allele and those expressing wag31Mtb or
wag31T73AMt. Raman spectra from cells expressing wag31Mtb or
wag31T73AMt were almost identical. Fig. 4A shows the regions of
the tentative assignments corresponding to the main components
of the bacterial cells, namely, nucleic acids (A), proteins (B), carbo-
hydrates (C), and lipids (D).

All the 516 spectra obtained from the five different samples (TE
cell and envelope fraction, TA cell and envelope fraction, and WT
cells) were analyzed using PCA followed by a DFA. The analysis re-
sulted in the 100% correct classification of TE bacterial cell spectra,
99% correct classification of TE cell envelope spectra, 95% correct
classification of TA cell envelope spectra, 67% correct classification
of TA bacterial cell spectra, and 85.5% correct classification of WT
bacterial cell spectra. The resulting PC-DFA plot (Fig. 4B) shows
the first two computed discriminant function (DF) scores for all
the Raman spectra obtained in this study. In this plot, each data
point represents an entire spectrum. The highly similar spectra
from the TA and WT cells are indicted by the overlapping of their
clusters (points with similar DF1 and DF2 scores) in the DF plot.
The between-group separation seen in Fig. 4B is caused by real bio-
molecular differences measured in the Raman spectra and demon-
strates the ability of non-surface-enhanced visible-wavelength
Raman spectroscopy to reveal subtle molecular differences in bac-
terial cells expressing different alleles and to localize those molec-
ular differences in a specific domain of the cell structure. The
clustering of data points around the group centroid in this graph
which is composed of hundreds of spectra acquired from multiple
cultures over an extended period of time also demonstrates that
there is little variation in day-to-day measurements within the
same group. The residual scatter in the data is indicative of typical
measurement noise and is relatively small for similar studies of
this nature. This DFA plot is a statistical chemometric way of quan-
tifying the similarities and dissimilarities between the average
spectra shown in Fig. 4A.

The results presented here demonstrate that visible-wavelength
Raman-spectroscopy can be an effective tool to determine the bio-
molecular differences in the wag31 conditional mutants of M.
smegmatis, that this spectroscopy can be performed with excellent
signal-to-noise on the cell envelope fraction of these cells, and that
significant biochemical and/or structural changes in the cell enve-
lope can be measured, indicating that wag31 and its phosphoryla-
tion play an important role in peptidoglycan synthesis and the
growth of mycobacteria.
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