ABSTRACT
The Effects of D-Amino Acids on Staphylococcus Aureus SA113 Biofilm Formation
Elizabeth R. Luper
Director: Sung Joon Kim, Ph.D.
Biofilms play a major role in the development of drug-resistant, persistent bacterial
infections. D-amino acids have been proposed as biofilm inhibitors that prevent biofilm
formation by incorporating into the peptidoglycan. We investigated this mechanism of
inhibition using SA113, a Staphylococcus aureus clinical isolate that exhibits strong
biofilm formation. The dispersive and inhibitory effects of D-tyrosine, D-phenylalanine,
and D-proline were measured with a crystal violet biofilm assay. The addition of Damino acids during or after biofilm formation did not disperse the biofilm or inhibit its
formation. To study the proposed D-amino acid incorporation into peptidoglycan, SA113
cells were treated with mutanolysin and then analyzed with liquid chromatography-mass
spectrometry (LC-MS). Our initial LC-MS analysis of SA113 grown in the presence and
absence of D-amino acids suggested that peptidoglycan composition was not affected by
the addition of D-amino acids.
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CHAPTER
C
O
ONE
Introductioon
Staphyllococcus aurreus Biofilm
Biofillm is a com
mmunity of cells
c
embeddded within an extracelllular matrixx that
fo
orms a prottective struccture.

Thee matrix is mostly com
mposed of polysaccharrides,

polysaccharid
de intercellullar antigen, staphylococc
s
cal and hostt proteins, exxtracellular D
DNA,
an
nd teichoic acids,
a
which
h are phosph
hate rich aniionic glycoppolymers (Arrcher et al., 2011
an
nd Swobodaa et al., 2009
9). This maatrix helps s essile comm
munities of ddifferentiatedd and
orrganized baccteria to livee and attach to
t inert or livving surfacees (Figure 1).

Figure
F
1. Ellectron micrrograph of S. aureus ffound on thhe surface oof an indweelling
caatheter. Th
he biofilm forms
fo
a web
b-like structuure betweenn the cocci. (Donlan M
M. R.,
2001).
S. aurreus biofilm presents a major
m
mediccal problem because it pprotects S. auureus
ceells from an
ntimicrobial agents and host immunne responsess (Otto, 20008, Chuard eet al.,
1991).

In vitro
v
studiess demonstraate that the effective bbactericidal concentratioon of
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antibiotics against bacteria in a biofilm must be 100 to 1,000 times greater than that
needed to eliminate bacteria in planktonic stages (Ceri et al., 1999). Research of methods
to facilitate the elimination of S. aureus is of interest to the medical community because
of the infections caused by the bacteria.
S. aureus is a gram-positive coccus bacterium, found on skin and mucous
surfaces. The bacteria can cause potentially deadly infections. Multi-drug resistant S.
aureus is of great clinical relevance due to its prevalence in hospital environments,
especially on indwelling medical devices (Archer et al., 2011). Methicillin-resistant S.
aureus (MRSA) and vancomycin-resistant S. aureus (VRSA) strains are antibiotic
resistant threats. According to the Centers for Disease Control and Prevention (CDC)
2013 report, 80,461 invasive MRSA infections and 11,285 related deaths occurred in
2011. Also, “an unknown but much higher number of less severe infections occurred in
both the community and in healthcare settings” (CDC, 2013).

The CDC has

acknowledged 13 cases of VRSA in the United States since 2002, and stated the bacteria
to be of concern, “leaving few or no treatment options” (2013). The use of indwelling
medical devices increases the risk of S. aureus infections because they provide an ideal
site for bacterial aggregation and biofilm formation (Herrmann et al., 1988).
Research about biofilm development and destruction can offer solutions to the
growing problem of biofilm-related S. aureus infections. Biofilm-related diseases caused
by S. aureus include osteomyelitis (the infection of bones), periodontitis (the infection
and inflammation of the ligaments and bones around teeth), and peri-implantitis, which is
the inflammation of tissue around dental implants (Archer et al., 2011). S. aureus biofilm
is also at the source of 1) chronic wound infections, such as the inflammation disorder
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chronic rhinosinusitis (Hamilos, 2013), 2) endocarditis, which is an infection of heart
valves, 3) ocular infections, 4) polymicrobial biofilm infections, 5) cystic fibrosis
(Goerke and Wolz, 2010), and 6) infections associated with indwelling medical devices,
such as urinary catheters and prosthetic heart valves, and orthopedic devices (Archer et
al., 2011). Biofilms are commonly associated with indwelling medical devices because
of their need for a surface on which to form. Biofilms can cause chronic infections by
providing bacterial resistance to antimicrobial agents. Biofilms facilitate S. aureus’
resistance to antimicrobial agents via two main mechanisms: “(1) prevention of the
antibacterial substance from reaching its target, e.g. by limited diffusion or repulsion, and
(2) the specific physiology of a biofilm, which limits the efficacy of antibiotics, mainly of
those that target active cell processes and which may also include specific subpopulations
of resistant cells (“persisters’)” (Otto, 2008 and Keren et al., 2004).
Biofilm Inhibition by D-amino acids
One method suggested for disrupting pre-existing biofilm or preventing its growth
is to introduce D-amino acids into the environment surrounding the biofilm. D-amino
acids are the enantiomers of L-amino acids, the building blocks of proteins found in most
living organisms. In January 2011, Harvard researchers led by Dr. Richard Losick of the
Molecular and Cellular Biology department filed an application for a patent of the use of
D-amino acids for “treating or reducing biofilms, treating a biofilm-related disorder, and
preventing biofilm formation.” Losick’s research group published an article in 2010
about the ability of D-amino acids to disperse and inhibit biofilm growth in gram-positive
Bacillus subtilis, S. aureus and gram-negative Pseudomonas aeruginosa strains
(Kolodkin-Gal, I. et al., 2010). The S. aureus strain they examined was a lab isolated
3

strain. Further research supported the statement that D-amino acids can inhibit the
growth of S. aureus biofilm (Hochbaum et al., 2011). Applications of this discovery
might include medical devices and scaffolds for open fractures which slowly release Damino acids (Hochbaum et al., 2011 and Sanchez et al., 2013).
D-amino acids were first suggested as potential biofilm inhibitors because of the
discovery of their secretion in stationary phase cultures of Vibrio cholerae and B. subtilis
(Lam et al., 2009). It is advantageous for bacteria to be able to switch between the
planktonic and biofilm-associated forms, based on environmental cues (Karatan and
Watnick, 2009). Biofilms can sequester nutrients from the environment for the bacterial
cells, protect bacteria from antimicrobial agents, and allow the spread of biofilmassociated bacteria (Archer et al., 2011). However, changes in environmental conditions
or in biofilm size, preventing some cells from accessing nutrients or avoiding toxic
wastes, could lead to the necessity to return to the planktonic form (Karatan and Watnick,
2009). The planktonic mode describes single bacterial cells unfixed to a surface. Thus,
biofilms must be able to trigger their own disassembly.

Based on this conclusion,

Kolodkin-Gal et al. looked at whether the media from old biofilms produced factors that
would trigger biofilm disassembly (2010). After observing that factors in the media
inhibited biofilm formation, the group proposed that D-amino acids, produced by cells in
the stationary phase, represented a set of biofilm dispersing and inhibiting factors
(Kolodkin-Gal et al., 2010).
The mechanisms of action of D-amino acid biofilm inhibition and dispersal are
still unclear. Kolodkin-Gal et al. showed that D-amino acids are incorporated into the
peptidoglycan cell wall of B. subtilis (Kolodkin-Gal et al., 2010). They hypothesized that
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the D-amino acids replaced the terminal D-alanine in the peptidoglycan of B. subtilis,
preventing TasA amyloid fibers (fibers of insoluble protein aggregates) from binding to
the cell walls (Kolodkin-Gal et al., 2010). TasA, a major protein component of B. subtilis
biofilms, helps form B. subtilis’ biofilm extracellular matrix (Branda et al., 2006 and
Romero et al., 2010). The Losick group demonstrated that D-amino acids prevent the
adhesion of TasA to B. subtilis cell wall (Kolodkin-Gal et al., 2010). However, S. aureus
and P. aeruginosa do not secrete biofilm matrix-associated amyloid fibers, suggesting
that a universal mechanism of D-amino acid biofilm inhibition does not exist (Cava et al.,
2010).
Hochbaum et al. proposed that D-amino acids inhibit biofilm formation in S.
aureus by changing the properties of the extracellular matrix and thus preventing cellular
aggregation (Hochbaum et al., 2011). In S. aureus biofilm formation, surface proteins
play important roles of cellular adhesion in the extracellular matrix (Cucarella et al.,
2001, Geoghegan et al., 2010, O’Neill et al., 2008 and Schroeder et al., 2009).
Hochbaum et al. used fluorescence and confocal scanning laser microscopy to determine
that D-amino acids inhibit the accumulation of surface proteins at the cell wall
(Hochbaum et al., 2011). D-tyrosine, D-phenylalanine, and D-proline were shown to be
the most effective at biofilm inhibition (Hochbaum et al., 2011). This inhibition of cell
surface-associated protein accumulation resembles the inhibition of TasA binding to the
cell wall in B. subtilis. D-amino acids were therefore hypothesized to prevent surface
proteins from accumulating by incorporating into the peptidoglycan (Kolodkin-Gal et al.,
2010 and Hochbaum et al., 2011).

5

The in
nhibition of S. aureus biiofilm develoopment by D
D-amino acids may be ddue to
in
ncorporation
n of these D--amino acids into peptiddoglycan, reesulting in sttructural chaanges
of the cell wall.
w

Kuru
u et al. hav
ve shown th
that fluoresccent D-aminno acids caan be

in
ncorporated into peptido
oglycan biossynthesis (20012). Peptidoglycan foorms the majjority
of the cell waall of gram--positive baccteria and iss found on thhe outside oof the membbrane.
Thus,
T
peptido
oglycan may
y have a very
y important role in bioffilm formatioon, since it iis the
su
urface of graam positive cells
c
where external
e
com
mponents cann attach. Peeptidoglycann is “a
polymer com
mposed of linear glycan strands madee up of repeaating disacchharide units of Naccetyl glucosaamine (GlcN
NAc) and N--acetylmuram
mic acid (MuurNAc) crosss-linked by short
peptides,” wh
hich include certain D-am
mino acids ssuch as D-allanine (Cavaa et al., 20100). In
S.
S aureus, altternating β1
1-4-linked GlcNAc
G
and MurNAc aare cross-linkked with peeptide
ch
hains contaiining L-alan
nine, D-isoglutamine, L
L-lysine, andd D-alanine residues, annd an
in
nterpeptide pentaglycyl
p
bridge
b
(Figu
ure 2) (Vollm
mer et al., 20008).

Figure 2. Structure
S
of peptidoglyca
p
an (Kim, S. J. et al., 20113).
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Hypothesis: S. aureus Biofilm Inhibition by Incorporation of D-Amino Acids into
Peptidoglycan
We were interested in confirming that D-amino acids disperse pre-existing
biofilm and inhibit the formation of biofilm of a clinical strain of S. aureus. We chose to
use mainly SA113, which is a clinically-isolated, strong biofilm-producing strain. We
used a crystal violet assay to quantify biofilm growth. Crystal violet was used to stain
surface-attached cells of S. aureus that were grown in media with and without D-amino
acids. The crystal violet biofilm assay was based on the protocol developed by O’Toole
and Kolter which involves staining cells attached to a surface because of biofilm
(Kolodkin-Gal et al., 2010 and O’Toole and Kolter, 1998).
We also were interested in confirming that D-amino acids can inhibit biofilm by
being incorporated into the peptidoglycan. This specific question lies within a larger
investigation about the role that peptidoglycan plays in biofilm development. We used
liquid chromatography with mass spectrometry to analyze peptidoglycan fragments from
S. aureus grown in the absence and presence of D-tyrosine. D-tyrosine was used because
previous research showed it to be effective at inhibiting biofilm formation for
concentrations as low as 50 µM (Kolodkin-Gal et al., 2010 and Hochbaum et al., 2011).
Peptidoglycan fragmentation was produced by digesting the cell walls with mutanolysin,
which cuts the β1-4 glycosidic linkages of the glycan backbone. A library of mass-tocharge ratios of possible peptidoglycan fragments with incorporated D-tyrosine was
compared to the data obtained from mass spectrometry sample analysis. Matches would
indicate the presence of D-tyrosine in the peptidoglycan. Thus, the presence or absence
of D-tyrosine in peptidoglycan could be elucidated from mass spectrometry.
7

CHAPTER TWO
Materials and Methods
Growth Conditions
Before biofilm dispersion and inhibition experiments, SA113 (Dr. Berger-Bachi’s
lab at the Institute of Medical Microbiology, University of Zurich, Zurich, Switzerland)
overnight cultures were prepared by inoculating TSB media (BD Bacto) with 1% SA113,
and incubating it at 37 °C and 90 rpm, overnight.
For biofilm inhibition and dispersion experiments in glass test tubes, 30 μL of
SA113 overnight culture was pipetted into 3 mL of TSB media with the appropriate
additives of D-amino acids and glucose in each test tube. The following 5 conditions
were used: 1) 1% glucose (Alfa Aesar) (48 hours), 2) 1% glucose and 100 μM D-tyrosine
(Alfa Aesar) (48 hours), 3) 1% glucose added initially and 2.5 mM D-tyrosine added after
24 hours (total time was 48 hours), 4) no additives (48 hours), and 5) 2.5 mM D-tyrosine
(24 hours). The test tubes were parafilmed and placed in the incubator at 37 °C and 180
rpm. These test tubes were used for liquid chromatography-mass spectrometry sample
preparation.
For biofilm dispersion experiments in 24-well plates, 10 μL of SA113 overnight
culture was grown in 1 mL of TSB media with 1% glucose in each well. Each plate was
placed in an incubator at 37 °C or 37.5 °C and 90 rpm. After 24 hours, the dispersion
plates were removed from the incubator and the media from each well was pipetted out.
1 mL of TSB media with the appropriate additives of 0.25 mM to 10 mM D-tyrosine, Dphenylalanine (Alfa Aesar), and D-proline (Pure Chemistry Scientific Inc.) and of
8

glucose were added to each well. The plates were returned to the incubator at 37 °C or
37.5 °C and 90 rpm. After 24 hours, the plates were removed from the incubator,
photographed, and assayed for biofilm formatting, using the crystal violet asssay.
For biofilm inhibition experiments in 24-well plates, 10 μL of S. aureus strain
SA113 or RN4220 overnight culture were pipetted into 1 mL of TSB media with the
appropriate additives of D-amino acids (0.25 mM – 10 mM) and glucose (0% or 1%) in
each well. Each plate was placed in an incubator at 37 °C or 37.5 °C and 90 rpm. After
24 hours, the plates were removed from the incubator, photographed, and assayed for
biofilm formation using crystal violet.
Crystal Violet Assay
The biofilm grown in the wells of 24-well plates was stained with crystal violet
(Alfa Aesar) according to the following procedure. The media from each well was
removed by pipetting. Next, each well was washed twice with 1 mL each time of
phosphate buffered saline (PBS) buffer, pH = 7.4. Then, 500 µL of 0.1 % crystal violet
in deionized water were added to each well. The wells were incubated with crystal violet
for 15 minutes. After removing the crystal violet by pipetting, each well was washed
twice with 1 mL of deionized water. The water was removed, then the plates were dried
at 50 °C for 6.5 hours. Then, 500 µL of 95 % ethanol were added to each well. After
incubating for 2.5 hours at 30 °C and 180 rpm, the ethanol was collected in
microcentrifuge tubes and stored at -80 °C for optical density analysis. Optical density
analysis was performed on thawed samples, after 4 fold and 20 fold dilutions in deionized
water. The absorbance at 595 nm was measured with a UV-Vis spectrophotometer.
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Liquid Chromatography-Mass Spectrometry (LC-MS) Sample Preparation
Samples from the biofilm experiments in glass test tubes were prepared for LCMS analysis. To collect the samples for LC-MS sample preparation, the media was
removed by pipetting. The samples were washed twice with 1 mL each time of PBS
buffer, pH = 7.4.

They were each resuspended in 1 mL of PBS buffer in a

microcentrifuge tube. The tubes were placed in boiling water for 10 min. They were
then centrifuged for 2 minutes at 10,000 rpm. The supernatants were removed and the
pellets were resuspended in 1 mL of 20 mM HPLC (high performance liquid
chromatography) grade Tris buffer (pH = 8.0).

After repeating the centrifugation

process, the pellets were again resuspended in 1 mL amounts of HPLC-grade Tris buffer
(pH = 8.0). Next, 50 µL of mutanolysin (Sigma-Aldrich) were added to each sample.
The mutanolysin was from a bottle of 5000 units of freeze-dried enzyme that were
dissolved in 600 μL of 20 mM Tris buffer. The solutions were vortexed and set aside for
approximately 24 hours.
Filtration of the samples was a two-step process. First, the samples were filtered
with a 0.45 µm filter. Next, the filtrates were filtered with a 30 kDa cutoff filter. Cation
exchange was performed on the filtrates, using a cation exchange column and 20 mM
HPLC-grade Tris buffer (pH = 8.0). The collected solutions were stored at -80 °C until
mass spectrometry analysis could be performed.
Liquid Chromatography-Mass Spectrometry (LC-MS)
The samples analyzed with LC-MS were collected from the biofilm experiments
in glass test tubes. LC-MS analysis of the samples was performed with the ACQUITY
UPLC System (Waters) and the SYNAPT G2-Si High Definition Mass Spectrometer
10

(Waters). The mass spectrometer was set to run TOF-LC/MS (time of flight-liquid
chromatography/mass spectrometry). The instrument was set on the positive mode. The
gradient program on the instrument was the following. Initially, 99% of the mixture was
water + formic acid, and 1% was acetonitrile + methanol. After 30 minutes, 50% of the
mixture was water + formic acid, and 50% was acetonitrile + methanol. At 31 minutes,
the solvent mixture was 15% water + formic acid and 85% acetonitrile + methanol. At
37 minutes, the solvent mixture was returned to the initial ratio of 99:1. The flow rate
was 0.45 μl/min.
Data Processing
Data from the LC-MS sample analysis was processed with the Waters MassLynx
Mass Spectrometry Software. A library of masses was used to analyze the data. The
library was generated by drawing potential structures with ChemBioDraw, a software
system from CambridgeSoft.
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CH
HAPTER TH
HREE
Results
Biiofilm Produuction
First attempts at growing bio
ofilm-produccing S. aureeus consisteed in lookinng for
biofilm growth in glass teest tubes. Biofilm
B
was expected to be a thin w
white layer orr film
th
hat stuck to the sides orr bottom of the
t tubes. S
SA113, a cliinically-isolaated strain w
which
prroduces larg
ge amounts of biofilm, was grown overnight inn various coonditions. W
White
pellets were then
t
visible at the botto
om of all thee tubes, except the tubee without gluucose
(F
Figure 3).

The pelletss of cell ag
ggregates coorresponded to biofilm growth.

T
These

saamples weree collected fo
or mass specctrometry annalysis.

1% glc

1% glc +
D-Y
100 μM D

0% glc

Figure
F
3. Pho
otograph of overnight cu
ultures of SA
A113 grownn in TSB witth additives. The
ad
dditives are,, from left to
o right: 1% glucose, 1%
% glucose + 100 μM D-tyrosine, annd no
ad
dditives. S. aureus bioffilm is visible as a pellett at the bottoom of each teest tube for all of
th
he conditions, except thee tube withou
ut glucose (ffar right).
ubsequent experiments were set up in 24-well plates. Diffficulty had aarisen
The su
when
w
trying to
t decant and
d rinse the biofilm
b
in thee glass test ttubes withouut loss of bioofilm.
Also,
A
the biofilm did nott seem to “sstick” to the glassware. The glass ttubes were rrather
cu
umbersome and did nott allow for as
a many expperimental ddesigns. Whhile having glass
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tubes provided large sample amounts for use in mass spectrometry, the large sample size
was not necessary for the purposes of observing differences in biofilm formation based
on the presence of D-amino acids. Thus, 24-well plates were used instead of glass tubes.
When growing SA113 in 1 mL wells in 24 well-plates, the yellow media became
cloudy and, in the presence of glucose, a thin, opaque, white, filmy substance formed on
the bottom of each well. This substance was partially attached to the bottom and side
walls of the well. Sometimes it had a net-like characteristic to it, and seemed thicker in
the center of the well. Sometimes the substance was more of a uniform, cracked film
over the bottom of the well. Figure 4 is a photograph of one of the plates before media
removal.

The substance was assumed to correspond to SA113 biofilm.

As far as

durability, the majority of the biofilm stayed in the wells after removing the media with a
micropipette, and rinsing the biofilm with PBS buffer twice. However, some chunks or
flakes of biofilm were sometimes aspirated into the micropipette tip if the media and
wash were removed too quickly.

Thus, the experimenter had to exercise delicacy,

uniformity, and patience while washing the biofilm.
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Figure
F
4. Ph
hotograph of
o a D-amiino acid disspersal expeeriment plaate before m
media
reemoval. Eacch well conttained SA11
13 and TSB and 1% gluucose, exceppt well D2, w
which
had the SA11
13 ΔccpA strrain. After 24
2 hours of ggrowth withoout D-aminoo acids, the m
media
was
w exchanged for mediia with D-am
mino acids, to test for ddispersal of biofilm. A
A1-C1
in
ncluded D-ty
yrosine, at 2.5
2 mM, 1 mM
m and 0.255 mM, respeectively. A22-C2 includeed Dph
henylalaninee, at 2.5 mM,
m
1 mM and 0.25 m
mM, respecttively. A3-C3 includeed an
eq
quimolar co
ombination of
o D-tyrosine and D-pheenylalanine,, at 1.25, 0.55 and 0.1255 mM
eaach. D1-3 had
h no D-am
mino acids. For
F D3 there was no meddia change.
Our results
r
indicated that SA
A113 requirred glucose to form biofilm. Figuure 3
hows that SA113
S
grown
n in TSB media
m
withouut glucose ddid not prodduce biofilm
m, but
sh
raather stayed in the plank
ktonic phasee. This is evvidenced byy the lack off cell aggreggation
an
nd the cloud
diness of thee sample. We
W recordedd additional observationss that SA113 did
not form bio
ofilm in testt tubes without glucosee, including whether or not 2.5 mM
M Dty
yrosine was added. In 24-well
2
platte experimennts, SA113 formed less to no biofillm in
wells
w
withoutt glucose, as illustrated in Figure 5 aand recordedd in our lab nnotebook.
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Figure
F
5. Photograph of SA113 biofi
film growth iin wells withh TSB and 1% or no gluucose.
Crystaal violet staaining was used
u
to quanntify changees in biofilm
m growth. After
trrying out 0.1
1%, 0.01% and
a 0.001% crystal violeet solutions, the 0.1% soolution seem
med to
prrovide the best
b staining
g concentratiion. The 0.1% solutionn stained all of the bioffilm a
brright purple color. Thee inside edgees of the weells tended tto be the moost stained. This
ob
bservation might
m
be exp
plained by th
he edges prooviding an iddeal place foor biofilm grrowth
because of th
he available scaffolding,
s
or by the crrystal violet solution colllecting alonng the
ed
dge. 95% ethanol
e
was used
u
to colleect the dye, and the opttical densitiees were measured
affter 4 fold dilutions.
d
The
T dilutionss were necesssary becausse of the higgh absorbannce of
etthanol with concentrated
d concentrattions of crysttal violet, buut the 0.1% solution was still
used to stain in
i order to make
m
visualizzation easierr.
Biofilm Dispeersion
Attem
mpts at disp
persing bioffilm with D
D-tyrosine, D
D-phenylalaanine, and/oor Dprroline weree unsuccessfful.

Obserrvations from
m the test tube disperrsal experim
ments

in
ncluded the following. Biofilm waas observed 24 hours aafter additionn of 2.5 mM
M Dty
yrosine to a pre-formed
d biofilm. Biofilms
B
weere also obsserved 24 hhours after m
media
ex
xchanges with
w
1% glu
ucose and th
he conditionns of 2.5 m
mM D-tyrossine, 10 mM
M Dph
henylalaninee, and 2.5 mM
m D-tyrosin
ne with 5 mM
M D-phenylaalanine.
15

Visuaal observatio
on of biofilm
m presence inn 24-well pllates before and after crrystal
violet staining
g showed a lack of signiificant effectt of these D--amino acids on the pressence
a 7 illustraate the visuaal similarity of many weells of
orr amount off biofilm. Figures 4, 6, and
SA113 grown
n in various D-amino accid dispersall conditions. The initiaal observatioons of
th
he various pllates were in
nconclusive.

Figure
F
6. Pho
otograph of a SA113 D-amino acids dispersion eexperiment, before mediia
reemoval for crystal
c
violett straining. SA113
S
was ggrown in TS
SB with 1% gglucose in w
wells
in
n columns 1--4. In colum
mn 6, SA113 was grown in TSB withhout glucosee. After 24
hours, the meedia was exchanged with
h TSB with tthe followingg additives. In column 11,
wells
w
A-D corresponded to
t 2.5 mM, 2.5
2 mM, 1 m
mM, and 0.5 mM D-tyrosine,
reespectively. Column 2 consisted
c
of wells A-D w
with 10 mM,, 5 mM, 1mM
M, and 0.5 m
mM
D-phenylalan
D
nine, respectiively. Colum
mn 3 consistted of wells A-D with 2..5 mM Dty
yrosine + 5 mM
m D-pheny
ylalanine, 2.5 mM 1:1 raatio, 0.5 mM
M 1:1 ratio, aand 0.25 mM
M 1:1
raatio of D-tyrrosine and D-phenylalan
D
ine, respectiively. In collumn 4 and w
wells A5 andd B5,
no D-amino acids
a
were ad
dded, and 1%
% or 0% gluucose was addded. Wellss C5 and D5 were
in
nhibition testts.
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Figure
F
7. Ph
hotograph off a SA113 D-amino
D
aciids dispersioon experimeent, before m
media
reemoval for crystal
c
violeet staining. SA113 straiin was grow
wn in TSB w
with 1% gluucose.
After
A
24 hou
urs, the mediia was exchanged with TSB with 11% glucose and additivees, as
described on the figure.
With crystal violeet staining, the
t lack of bbiofilm disppersion due tto D-amino acids
became moree evident. Figures
F
8, 9,
9 and 10 prrovide imagges for varioous crystal vviolet
asssays of thee dispersal effects
e
of D-tyrosine,
D
D
D-phenylalaanine, D-prooline and vaarious
co
ombinationss of the threee D-amino acids
a
on SA 113 biofilm. These figuures illustratte the
laarge presence of biofilm
m in each welll. In some ccases, wells with D-amiino acid soluutions
seeemed to pro
oduce just ass much, if no
ot more, bioffilm than thee positive coontrols.
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Figure
F
8. Photograph of the crystal violet
v
assay of the SA113 D-aminoo acids dispeersion
ex
xperiment frrom Figure 6.
6 0.1% cry
ystal violet w
was used forr all wells, eexcept wells B4-5
an
nd D4-5, forr which 0.01% crystal viiolet was useed.

Figure
F
9. Photograph of the crystal violet
v
assay of the SA113 D-aminoo acids dispeersion
ex
xperiment frrom Figure 7.
7 SA113 was
w grown foor 24 hours iin TSB meddia containinng 1%
glucose, and then the media was exchanged withh TSB with 1% glucose and additivees, as
described on the figure.
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Figure
F
10. Photograph of
o the crystal violet assaay of a SA113 D-aminoo acids dispeersion
ex
xperiment. SA113 was grown for 24 hours in T
TSB with 1%
% glucose, annd then the m
media
was
w exchangeed with TSB
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Figure 11. Chart representing the optical densities of diluted ethanol from the crystal
violet assay from the D-amino acid biofilm dispersal experiment in Figures 6 and 8. The
difference in crystal violet concentration was corrected for by multiplying by 10 the
absorbance of ethanol from wells assayed with 10-fold diluted crystal violet.
Figures 12 and 13 show that 5 mM to 1 mM D-tyrosine, D-phenylalanine, and Dproline did not disperse pre-existing biofilm. In Figure 12, the error bar from the control
overlaps with all of the average values of optical density measurements from various
conditions. The control was SA113 biofilm formed in TSB media containing 1% glucose
and no D-amino acids. The error bars are unfortunately rather large, which may be due to
errors in the crystal violet analysis or inherent dissimilarities between biofilms. In Figure
13, all of the average optical densities are larger than the control, except for the
combination of 1 + 1 + 1 mM D-tyrosine, D-phenylalanine, and D-proline. The error bar
of the latter condition overlaps with the error bar of the control. Thus, Figure 13 also
demonstrates that 5 mM to 1 mM D-tyrosine, D-phenylalanine, and D-proline did not
provide any appreciable reduction to pre-existing biofilm.
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Figure 12. Chart representing the optical densities of diluted ethanol from the D-amino
acid biofilm dispersal experiment in Figures 8 and 9. The error bars are based on the
average sample standard deviation.
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Figure 13. Chart representing the optical densities of diluted ethanol from the D-amino
acid biofilm dispersal experiment in Figure 10. The error bars are based on the average
sample standard deviation.
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Biofilm Inhibition
The potential therapeutic benefits and the desire to better understand how biofilm,
peptidoglycan, and extracellular components interact motivated the investigation
concerning the mechanisms by which D-amino acids inhibit biofilm formation.
Inhibition tests in glass test tubes suggested that D-amino acids may not inhibit biofilm
formation. The second image in Figure 6 displays a test tube with a cell aggregate at the
bottom, illustrating that TSB media containing 1% glucose and 100 μM D-tyrosine did
not inhibit SA113 biofilm formation.
Upon visual inspection, Figures 14 does not show any marked difference between
wells with and without D-amino acids. Figure 14 shows an increase in crystal violet
coloring on the left-hand column. This may be due to uneven drying in the incubator.
Figure 14 shows that large amounts of biofilm were nevertheless present when D-amino
acids were initially present to inhibit biofilm formation. Figure 15 provides the average
optical density measurements at 595 nm for the various conditions in Figure 14.
According to Figure 15, the error bar of the control overlaps with all of the error bars of
the other conditions, which range from 1 mM to 10 μM of D-tyrosine, D-phenylalane, Dproline, and an equimolar 10 μM combination of those three amino acids. Thus, none of
the tested conditions provided statistically significant inhibition of biofilm formation,
compared with the positive control.
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Figure 17. Chart representing the optical densities of diluted ethanol from the crystal
violet assay of a D-amino acid RN4220 biofilm inhibition experiment. RN4220 was
grown for 24 hours in TSB containing 1% glucose and additives, as listed on the figure.
The error bars are based on the average sample standard deviation.
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Figure 18. Chart representing the optical densities of diluted ethanol from the crystal
violet assay of a D-amino acid RN4220 biofilm inhibition experiment. RN4220 was
grown for 24 hours in TSB with 1% glucose and additives, as listed on the figure. The
error bars are based on the average sample standard deviation.
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Liquid Chromatography-Mass Spectrometry (LC-MS)
The samples analyzed with LC-MS were grown in glass test tubes, under the
various conditions of 1) 1% glucose for 48 hours, 2) 1% glucose and 100 μM D-tyrosine
for 48 hours, 3) no additives for 48 hours, and 4) 2.5 mM D-tyrosine for 24 hours.
Samples from the conditions 1 and 2 formed biofilm. Samples from the conditions 3 and
4 did not form biofilm. The samples with biofilm were grown in 1% glucose, whereas
the samples without biofilm were grown in the absence of glucose. These samples were
analyzed with LC-MS to compare the peptidoglycan composition of samples grown
without D-tyrosine to those grown with D-tyrosine. We were specifically looking for the
incorporation of D-tyrosine into the mutanolysin-digested peptidoglycan fragments, via
replacement of the terminal D-alanines in the peptidoglycan structure.
In order to decipher the data obtained from LC-MS, it was necessary to create a
library of masses and their respective mass-to-charge ratios for which to search. The
library of potential peptidoglycan species was constructed by drawing out the structures
of monomers and polymers of peptidoglycan in ChemBioDraw. Mutanolysin, which was
the enzyme used to digest the cell wall, cuts peptidoglycan at the β1-4 glycosidic linkage
between N-acetylmuramic acid and N-acetylglucosamine. The various subunits included
in the library were peptidoglycan fragments with cleaved β1-4 glycosidic linkages. The
library included monomers, dimers, trimers, tetramers, and pentamers, with various
acetylation patterns, cross-linking, and some replacements of D-alanine with D-tyrosine.
The first step in analyzing the LC-MS data was to identify peaks in the
chromatograms which corresponded to peptidoglycan. This involved comparing the
peptidoglycan library with noticeable peaks in the chromatogram. Most of the peaks in
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the chromatogram were under 1500 m/z, but many of the peaks corresponded to masses
larger than 1500 because of multiple charges.

The charge of the species can be

determined based on the m/z difference between isotopic peaks. For example, for singly
charged species, the isotopic peaks are different by 1 m/z unit. For doubly-charged
species, the isotopic peaks are separated by 1/2 m/z. For triply-charged species, the they
are separated by 1/3 m/z.

For quadruply-charged species, the isotopic peaks are

separated by 1/4 m/z, and so forth.
While looking at the various high intensity peaks and comparing their values to
the library, one peak at 833.0392 m/z, which corresponded to a triply-charged species,
was of interest. This peak had a mass-to-charge ratio that matched that of a triplyprotonated doubly-acetylated peptidoglycan dimer with a pentaglycyl bridge, within
0.0033 a.m.u. of the exact mass of 2496.0987 a.m.u.. Figure 19 depicts the structure of
the doubly acetylated peptidoglycan dimer with a pentaglycyl bridge. This peak was
present in all of the samples. Figure 20 corresponds to the selective ion chromatogram of
the 833.0392 m/z peak for all 4 samples. The compound elutes from the LC column at
approximately 17 minutes. Figure 21 depicts the combined spectra for these selective ion
chromatograms over the time range of 16.5 to 17.8 minutes. Figure 21 shows that the
isotopic peak 833.3668 m/z is the most prominent peak of the set of 833.0392 m/z peaks.
Figure 22 provides an enlarged spectrum of the isotopic peak distribution of the 833.0392
m/z peak, for sample 1. We show the enlarged spectrum only for sample 1, since the
isotopic peak distribution is identical among the spectra of the various samples.
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Figure
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19. Chemical stru
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24
497.4897 g/m
mol.
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Figure
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Figure
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833.0392 m/z
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or 833.0392 m/z.
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Figure
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Figure
F
24. Enlarged combined
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peptidoglycan
n from SA11
13 biofilm saamples.
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CHAPTER FOUR
Discussion and Conclusions
Results from our observations, measurements of optical densities from crystal
violet biofilm assays, and LC-MS analysis suggest that S. aureus (SA113 strain) biofilm
is neither significantly dispersed nor inhibited by addition of D-phenylalanine, D-proline,
or D-tyrosine to growth media. The lack of dispersion was surprising as dispersal was
mentioned in the article initially reporting the effects of D-amino acids on biofilm growth
(Kolodkin-Gal et al., 2010). The lack of significant biofilm inhibition was also surprising
due to the reported inhibitive function of the D-amino acids that were used (Hochbaum et
al., 2011). The lack of identifiable peptidoglycan fragments with D-tyrosine residues
suggests that D-tyrosine does not inhibit biofilm formation by being incorporated into the
peptidoglycan.
Biofilm Production
The presence of biofilm was identified based on certain characteristic features of
biofilms. Biofilms are bacterial communities living within an adhesive matrix composed
of polysaccharides, proteins, extracellular DNA and teichoic acids. The adhesive nature
of biofilms is key.

Biofilms are adhesive internally (forming a single pellet) and

externally (adhering to surfaces). Staphylococcal biofilms often adhere to inert surfaces,
such as indwelling medical devices. We determined that the S. aureus strain we grew,
SA113, produced biofilm in the presence of glucose because the cells appeared to be
attached to one another and the surfaces of 24-well plates. Biofilms are also usually
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visualized by staining the cells with crystal violet. The crystal violet dye was another
source of biofilm identification.
Our observations of biofilm growth show that SA113 is a strong biofilmproducing strain, in the presence of glucose. SA113 grown without glucose stayed
primarily in the planktonic phase, suggesting that glucose plays a very important role in
biofilm formation.

The glucose may be a source of building material for the

peptidoglycan, which we think plays a central role in biofilm formation.

Our

observations also suggest that SA113 biofilms adhere better to polystyrene surfaces than
to glass. In fact, we had greater difficulty in retaining cells from washing away in the
glass test tubes than in the plastic 24-well plates. Descriptions of the structure of SA113
biofilm provide examples of a particular biofilm phenotype, to which other biofilm
phenotypes can be compared and contrasted. We observed biofilms that often formed
web-like structures, with tick middle sections and attachments to the walls of each well.
Characterization of biofilms is the first step toward increasing our understanding of
biofilms.

Future research should investigate the role that glucose plays in biofilm

formation.
Errors in growing the biofilm are most likely quantitative errors. We assumed
that a certain number of cells should produce the same amount of biofilm when placed
under the same conditions. Differences in amounts of biofilm under identical conditions
could be caused by statistical variation among the bacteria and by errors of the
experimenter. Potential sources of human errors include misuse of the micropipette when
preparing solutions, miscalibrated pipettes, and improper cleaning of glassware that could
result in growth of other bacteria. Also, we noticed that significant evaporation (5-20%
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of the volume in a well) sometimes occurred in outer wells. Parafilming the plates and
placing them away from the hot air source in the incubator was used to correct for
unequal drying. However, we observed when parafilming 24-well plates of some strains
which normally produce biofilm, such as the lab strain RN4220, that those strains formed
less biofilm. This could be explained by an understanding of the causes of biofilm
growth. Biofilm growth in a lab strain may be triggered by adverse external factors, such
as increasing concentrations of metabolic waste, due to a decrease in media volume
because of drying. Thus, when the wells with RN4220 were parafilmed, the strain may
not have sensed the need to form as much biofilm.
SA113 was chosen for these experiments because it is a clinically-isolated strain
that produces large amounts of biofilm in the presence of glucose (Seidl et al., 2008).
SA113 served as a model strain for biofilm studies. In one of our experiments, RN4220,
which is a lab strain that produces less biofilm than SA113, was used. The measured
optical densities for RN4220 biofilms exhibited results similar to those of SA113 biofilm
crystal violet assays. In future biofilm studies, comparing the biofilm phenotypes of
various strains could be useful. Branda et al.’s article suggests that “domesticated”
bacterial strains can exhibit different growth patterns than natural isolates do (2001).
Because of the medical relevance of microbial biofilm research, studying biofilm
formation, dispersion, and inhibition using various laboratory and clinical strains is ideal.
The majority of our experiments were performed in 24-well plates. These plates
are made of polystyrene. They are uncoated cell culture plates. These plates were
chosen for in vitro analysis because Losick’s group used similar polystyrene plates
(Kolodkin-Gal et al., 2010, and Hochbaum et al., 2011) and the plates constitute a simple,
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relatively inexpensive, and efficient method to study biofilm growth under various
conditions. While our experiments did not focus on the surface on which the biofilm was
grown, our initial comparison between biofilm grown in glass test tubes and in 24-well
plates did raise some interesting questions about the interactions between various
surfaces and biofilms. Catheters, a common surface on which S. aureus biofilms form,
are often made of polyurethane, Teflon, silicones, polyethylene, polypropylene, polyvinyl
chloride, polytetrafluoroethylene, and latex rubber (Treter, J.; Macedo, A. J., 2011 and
Curtis, J.; Klykken, P., 2008). Also, formation of biofilms on indwelling medical devices
can be affected by other components which can adsorb to surfaces (Ferrieres et al., 2007).
Biofilms often contribute to chronic wounded infections, growing on biological tissues.
Coraca-Huber et al. compared S. aureus biofilm growth on polystyrene plates with metal
discs made of materials often used for orthopedic implants, suggesting a model for
biofilm studies with different surfaces (2012). Additional types of inert surfaces, such as
polystyrene, latex and silicone, or in vivo models should be used in biofilm studies. Such
studies can more accurately depict the roles of bacterial biofilms in hosts and show how
attachment surfaces and biofilms interact.
When the model of biofilm infection was originally developed, infections were
thought of in terms of single-species (Wolcott et al., 2013). However, many biofilm
infections are polymicrobial. This polymicrobial nature of biofilm may be a source of
horizontal gene transfer, thus strengthening the biofilm communities.

Perhaps

cataloguing characteristics, such as morphology, of many types of biofilm could help
establish connections between different biofilm structures, species, and external
influences such as growth media and attachment surfaces. Current research into biofilm
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morphology includes performing multi-resolution analysis of confocal laser scanning
microscopy images (Yerly et al., 2008). Molecular methods must be used to identify and
quantify various species present in polymicrobial biofilms. For example, PCR of the
bacterial 16S rDNA gene (a genomic fingerprint) combined with mass spectrometry can
be used (Wolcott et al., 2013). Sequencing techniques such as pyrosequencing (Dowd et
al., 2008) or methods based on kinetic properties (Wolcott el al., 2013) can also be used.
Future research should contribute to a library of biofilm morphologies and connections
between bacterial species commonly associated in biofilms.
Biofilm Dispersion
The results from visual observations and crystal violet assays indicated that Dtyrosine, D-phenylalanine, and D-proline do not disperse SA113 biofilm within 24 hours.
These results are disappointing because of the tremendous medical application that would
have been achievable with positive results. Hochbaum et al. reported that an equimolar
10 mM mixture of D-tyrosine, D-phenylalanine, and D-proline caused SC01 biofilm
disassembly (2011). However, a high 10 mM equimolar mixture of D-amino acids would
most likely be lethal. One thing to note concerning the preparation of media containing
D-amino acids was the poor solubility of D-tyrosine. D-tyrosine only has a solubility of
2.5 mM in water at 25 °C (Sigma-Aldrich). In TSB media, the solubility of D-tyrosine
appeared to be even less because of our inability to prepare 2.5 mM D-tyrosine solutions
in which the D-tyrosine was completely dissolved.
Potential sources of error include incomplete mass transfer when weighing out the
D-amino acids, instrument drift of the balance, and unequal washing away of unattached
cells in each well for the crystal violet assay. Also, the low solubility of the D-amino
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acids, especially D-tyrosine, could lower the actual concentrations of amino acids relative
to the calculated concentration, which could lead to less inhibition. Preparing larger
volumes of D-amino acid stock solutions would have made it easier to weigh out the
small amounts of amino acids required. More rigorous washing of a more robust biofilm
produced by a different strain might make the crystal violet results more uniform.
The crystal violet assay is a common way to quantify biofilm growth. Crystal
violet is usually used because it is an inexpensive and relatively simple colorimetric
assay. Based on personal experience, some of the disadvantages of the assay include the
fact that it is somewhat messy and mostly a qualitative quantitation approach. A crystal
violet assay is a great way to detect traces of bacteria or to qualitatively compare amounts
of biofilm. However, relative standard deviations ranging from 6 to 75% indicate the
results have low precision. This low precision can be due to variation of biofilm growth
between wells, but it could also be caused by an imprecise assay method. Increasing the
number of samples could help reduce relative standard deviations. Using different assays
and comparing the results with those from crystal violet assays could help validate the
crystal violet method or point to additional sources of error.
Other techniques used to quantify biofilm growth include the determination of
colony forming units (c.f.u.) after desorption, the use of high resolution microscopic
techniques such as scanning electron microscopy, environmental scanning electron
microscopy (SEM), transmission electron microscopy, cryo-electron microscopy, and
atomic form microscopy, and the staining of cells with crystal violet, safranin or
fluorescent dyes in combination with UV-Vis spectroscopy or ELISA (Hannig et al.,
2010). Many sensitive techniques exist which can be used to more accurately quantify
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biofilm growth than the crystal violet assay. However, many of these techniques are
more expensive, labor-intensive and time-intensive.

The traditional method for

quantification by determination of the number of c.f.u. determines the number of active
bacteria, but cannot be used to reliably quantify semi-planktonic bacteria, as may be
present in biofilms (Hannig et al., 2010). The high resolution microscopy techniques
present many challenges, such as sometimes requiring the samples to be coated,
dehydrated, and under vacuum. The main problems with microscopy techniques are the
extensive preparations necessary and the complexities of the techniques (Hannig et al.,
2010). Three-dimensional microscopy visualization is useful for learning more about
biofilm structure and morphology, but is more complex than needed to simply quantify
biofilms.
Staining seems to be the overall best technique for experiments similar to ours.
However, crystal violet assays used in combination with better detection methods may be
more precise. Peeters et al. compared 6 different staining assays for quantifying biofilms
of various species, such as Pseudomonas aeruginosa and S. aureus, in microtiter plates
(2008). Their results showed high reproducibility and applicability for most isolates,
with the exception of the use of the crystal violet assay for P. aeruginosa strains (Peeters
et al., 2008). Also, the crystal violet and Syto9 assays did not allow differentiation
between dead and alive cells (Peeters et al., 2008). Differences between Peeters et al.’s
crystal violet assay and ours involved the use of different S. aureus strains, different ways
of measuring absorbance (manually vs. with a plate reader), slight procedural variations
such as using acetic acid instead of ethanol to release bound crystal violet, and the
amount of runs (24 wells/experimental set-up vs. 3-6 wells/experimental set-up). The

38

crystal violet assay is a cheap and simple way to quantify biofilm, but its reliability
should be verified for our experiments.
Finding compounds and techniques which can disrupt biofilms is very medically
relevant because of the ineffectiveness of antibiotics against biofilm-producing species,
especially in light of the increasing number of antibiotic-resistant bacteria. Our results
showed that D-tyrosine, D-phenylalanine, and D-proline failed to disrupt SA113
biofilms. In current research, some proposed compounds and techniques to disrupt S.
aureus biofilms include silk fibroin-silver nanoparticle composites (Fei et al., 2013),
enzymes such as α-amylase (Kalpana et al., 2012), antibiotics like daptomycin (Roveta et
al., 2008), and the use of lasers (Baffoni et al., 2012 and Krespi et al., 2011). Fei et al.
used SEM and confocal laser scanning microscopy (CLSM) to observe the effects of
silver nanoparticles on mature methicillin-resistant S. aureus (MRSA) (2013). Based on
their descriptions and SEM and CLSM images, the biofilms began to break apart and
more cells died with silver nanoparticle concentrations equal to or greater than the
determined minimum bactericidal concentration (MBC). Silver nanoparticles are known
to have antimicrobial properties, but the particles can be easily oxidized. Fei et al.
present a method to stabilize silver nanoparticles.
Kalpan et al. used light microscopy to visualize the effects of α-amylase from a
marine B. subtilis on mature biofilms (2012). Based on their observations, this enzyme
can disrupt biofilms at its biofilm inhibitory concentration (BIC), determined with
spectrophotometric assays and microscopic visualization (Kaplan et al., 2012). Roveta et
al. did not describe in detail how the effects of daptomycin on biofilm disruption were
tested, but did claim that daptomycin disrupted mature biofilm (2008). Their findings
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suggest that more research is needed. Baffoni et al. showed that, unlike Krespi et al.’s
results, near infrared laser irradiation of S. aureus and P. aeruginosa biofilms does not
significantly disrupt biofilms (2012).

However, Baffoni et al. suggested that

combinatorial uses of lasers with antimicrobial therapy may be more effective. The best
methods to kill biofilm-producing bacteria are to use combinatorial methods, which
include antibiotics and other biofilm-disrupting tools such as silk fibroin-silver
nanoparticles or lasers. Future research should examine the effects of combinatorial
strategies on biofilm-producing strains in vivo.
Biofilm Inhibition
Our results indicated that concentrations ranging from 10 µM to 2.5 mM of Dtyrosine, D-phenylalanine, and D-proline do not inhibit SA113 biofilm growth. These
results contradict those obtained by Kolodkin-Gal et al. (2010) and Hochbaum et al.
(2011). In fact, we used concentrations of D-amino acids equal to and greater than those
used in both papers, but obtained less noticeable changes in biofilm growth. Differences
between our procedure and the procedure in Hochbaum et al.’s article include the use of
different strains (SA113 vs. SC01) and different concentrations of media supplements
(0% vs. 3% NaCl and 0.5% vs. 1% glucose). The most likely cause of difference
between the results is the use of different strains. SA113 is a prolific biofilm former,
probably because as a clinical isolate, it has been bred to form biofilm. The Losick group
may have stumbled across a strain which is significantly affected by D-amino acids
present in the growth media. Based on our results, D-amino acids are not universal
biofilm inhibitors. These results point to the necessity in research of this nature to
examine the effects of potential biofilm disruptors and inhibitors on a variety of strains.
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Potential sources of error in the inhibition experiments most likely stem from
errors made during preparation of D-amino acid solutions and during the crystal violet
assay. Sources of error in D-amino acid preparation include instrument drift of the
balance, incomplete mass transfer, and incomplete dissolution of the D-amino acids.
Sources of error during the crystal violet assay include irregular washing between wells
due to variation in the force of rinse added and removed, and incomplete rinsing and
drying of cuvettes between optical density measurements. One should note that despite
potential variation in the crystal violet assay, no remarkable decrease in SA113 biofilm
growth was observed under D-amino acid conditions. Another source of error is uneven
drying of wells in the incubator. To improve similar types of experiments, D-amino acid
solution preparation could be improved with larger masses to be weighed. The crystal
violet assay could be improved by using a plate reader and multichannel or electrical
micropipettes.

Parafilming the plates can help reduce error due to uneven drying.

Increasing the number of replicate tests could help reduce relative standard deviation.
Biofilm inhibition is an important area of research, especially because of the
increasing number of antibiotic-resistant strains. Current research in finding effective
Staphylococcus aureus biofilm inhibitors has taken three routes. One area of research
deals with biomaterial engineering, another concerns natural products chemistry, and a
third deals with synthetic chemistry. Biomaterial engineering research focuses on the
effects of the microtopography and composition of surface materials on biofilm growth.
Chung et al. designed a surface microtopography based on shark skin which showed
positive results for inhibiting S. aureus biofilm growth (2007). The shark skin-like
surface prevented biofilm formation for a duration of time that was three times longer
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than the pre-biofilm time on smooth surfaces (Chung et al., 2007). Depan and Misra
obtained results indicating that approximately 93% less S. aureus cells adhere to silicone
surfaces with incorporated nanophase titania than without titania (2014). In this area of
research, natural products chemistry focuses on searching for compounds which may
inhibit biofilm growth, especially molecules that block quorum sensing, such as
furanones (Pereira et al., 2014). Quorum sensing is a way that bacteria communicate
with each other, based on population density (Bhardwaj et al., 2013). Natural products
chemistry looks at potential compounds that are used medicinally in various parts of the
world (Hobby et al., 2012; Chaieb et al., 2011; and Quave et al., 2008), and isolated from
various plant and animal origins (Wang et al, 2011; Jiang et al, 2011; and Bendaoud et
al., 2011). The Losick group’s research was similar to some other natural products
research in the fact that the discovery of a potential broad-range biofilm inhibitor began
with observations of biofilm inhibition in a particular species. However, the inhibition
mechanism proposed by Hochbaum et al. was not related to quorum sensing inhibition,
but rather to the incorporation of D-amino acids into the cell walls (2011).

Also,

synthetic chemists have attempted to create molecules which interfere with biofilm
formation, such as the MBX compounds, proposed to inhibit Staphylococcal and
Enterococcal biofilm growth (Opperman et al., 2009).
Future research on the effects of D-amino acids on biofilm growth should not be
pursued. The results obtained were not promising enough to warrant continued work on
this particular topic. Additionally, conversation with other microbiology labs working
with various species and strains suggested that they obtained similar negative results.
Kolodkin-Gal et al. published an article about norspermidine’s potential as a biofilm
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disassembly factor of B. subtilis, E. coli, and S. aureus (2012). However, because of the
importance of these results, Hobley et al. reexamined the key findings and determined
that “norspermidine is not a self-produced trigger for biofilm disassembly” (2014). This
interaction lowers the credibility of Kolodkin-Gal et al.’s previous but similar work with
D-amino acids, especially with respect to our negative results.
conclusively negate Kolodkin-Gal et al.’s research.

Our results do not

Instead, the results provide

cautionary advice against investing time, work, and money in studying the effects of Damino acids on S. aureus biofilm growth. Nevertheless, future research should continue
to investigate how biofilms form and can be inhibited.
As a philosophical aside, our results raise questions about how scientific work
which produces negative results is and should be perceived. Is it more difficult to publish
such results? If so, is that the correct approach? Do negative results require more
evidence than positive results? Does it just depend on the nature of the claims made?
Should all results require the same amount of evidence? Science claims to be selfcorrecting. For example, publishing is based on a peer-review system and collaborative
work is encouraged.

Collaborations with others, especially people from different

backgrounds, can reduce biases and improve research quality.

Gould’s book The

Mismeasure of Man describes how science is very much influenced by cultural norms.
Gould’s work looks at how cultural ranking of people affected scientific questions and
conclusions. Gould’s fascinating book points to the necessities of thinking about how
science is often done and how to improve. Scientific communities, organizations, and
seminars are essential for pushing science to be self-critical. Publishing negative results
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ought to be encouraged just as much as publishing positive results, since both types can
provide more insight into how the world works and how to do “good” science.
Liquid Chromatography-Mass Spectrometry
Results from our LC-MS analysis of biofilm samples indicated that none of the
potential peptidoglycan structures containing D-tyrosine that we could think of were
present in the D-tyrosine biofilm inhibition experiment samples.

The first step to

analyzing the LC-MS data was to identify which peptidoglycan components were
present, after a mutanolysin digest. Mutanolysin is an N-acetylmuramidase that cuts
peptidoglycan at the β1-4 glycosidic linkage between N-acetylmuramic acid and Nacetylglucosamine. One peak of interest was at 833.0392 m/z, which could correspond to
a triply protonated ion of a peptidoglycan dimer with double acetylation and a 5-glycine
bridge. The second step was to look through the library of potential peptidoglycan
fragments with incorporated D-tyrosine. D-tyrosine could have been incorporated in
place of the terminal D-alanine. No corresponding m/z were isolated. Thus, the LC-MS
analysis suggests that D-tyrosine is not significantly incorporated into the peptidoglycan
structure, and cannot therefore be a mechanism of biofilm inhibition.
Potential sources of error include incomplete digestion of the cell walls due to an
insufficient amount of time or denatured mutanolysin, an unclean UPLC column,
instrument drift, low signal-to-noise ratio for minute concentrations, and errors in peak
identification. The LC-MS samples were mutanolysin-digested cellular pellets that were
filtered through a 30 kDa filter.

Thus, the LC-MS samples contained cellular

components other than peptidoglycan subunits, such as proteins, nucleic acids, lipids,
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carbohydrates, etc. These other components could display peaks with m/z values close to
those of interest. These could be a source of error in peak identification.
The instrument we used combined the separation techniques of ultra-performance
liquid chromatography (UPLC) with mass spectrometry.

Different molecules have

different retention times in the UPLC column. Mass spectrometry separates ions based
on mass-to-charge ratios. A mass spectrometer has three main sections: an ion source, a
mass analyzer, and a detector.

The ionization technique we used was electrospray

ionization (ESI), which uses a high energy field to ionize molecules. ESI causes very
little to no fragmentation of ions. ESI is a more recent ionization method, which is
especially useful for analyzing large biomolecules with mass spectrometry (Fenn et al.,
1989). Another recent ionization technique for large biomolecules is matrix-assisted
laser desorption/ionization (MALDI), which uses a laser beam to ionize molecules
incorporated in a matrix (Karas and Hillenkamp, 1988).
The mass analyzer in our instrument was a time-of-flight (TOF) mass analyzer.
In TOF mass spectrometry, ions separate in a drift tube because of differences in velocity
due to variations in mass. Mass spectrometry is a highly specific technique, and is
therefore a very powerful tool for detection purposes. MALDI-TOF has become a
prominent technique in microbiology for bacterial identification. However, ESI sample
preparation is much easier and simpler than MALDI sample preparation, which involves
incorporating the sample into a matrix.

Fast and simple bacterial identification is

especially important in large polymicrobial communities, which can be very easily found
in biofilm-promoting environments (Clark et al., 2013). Research into applying and
overcoming certain limitations of mass spectrometry is needed.
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The LC-MS analysis of peptidoglycan in search of incorporated D-tyrosine was
performed for two purposes. One purpose was related to the proposed mechanism of Damino acid biofilm inhibition, and the other dealt with increased scientific knowledge
about peptidoglycan organization and its role in biofilm formation. Hochbaum et al.
suggested that D-amino acids inhibit biofilm formation by being incorporated into
peptidoglycan in place of D-alanine, and then disrupting cell surface-associated proteins
(Hochbaum et al., 2011). Cava et al. showed that non-canonical D-amino acids can
modify peptidoglycan by being incorporated into the peptidoglycan (2011). Some of the
enzymes responsible for peptidoglycan biosynthesis, and mediating incorporation of Damino acids, include penicillin-binding proteins (PBP) (Lam et al., 2009). PBP4 can add
D-amino acids to peptidoglycan in vitro (Lupoli et al., 2011). Therefore, the proposed
mechanism of inhibition was plausible.
Our results indicated that D-tyrosine was not incorporated into the peptidoglycan.
These results however might be connected to the Losick group’s later findings about the
effects of D-amino acids on another organism, B. subtilis. Leiman et al. published an
article showing that D-amino acids inhibit biofilm formation in a B. subtilis strain that
has a mutation in the dtd gene which encodes D-tyrosyl-tRNA deacylase (2013). The
mutation causes a lack of regulation of misincorporated D-amino acids. Thus, Leiman et
al. proposed the misincorporation of D-amino acids into proteins as the mechanism of
biofilm inhibition. This mutation was strain-specific. Perhaps a similar specific mutation
could explain Kolodkin-Gal et al. and Hochbaum et al.’s results concerning D-amino acid
inhibition of S. aureus biofilm.
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The next step in this particular research is to perform LC-MS analysis of SA113
cell wall isolates, in order to confirm the peak identities. LC-MS analysis of cell wall
isolates could also point to other important peaks present in peptidoglycan samples. Data
from LC-MS analysis of cell wall isolates, using this particular instrument, would be very
useful for future LC-MS analyses of S. aureus peptidoglycan. Future research should
look at (1) identifying typical mass spectrometry peaks of peptidoglycan, (2) comparing
peptidoglycan from various species to learn more about peptidoglycan structure, and (3)
investigating changes in peptidoglycan composition under various growth conditions,
including in environments which promote biofilm formation.

Peptidoglycan, a

component of the outer membranes of gram-positive and gram-negative bacteria, has
been extensively studied. However, while the composition of peptidoglycan is known,
the organization of bacterial cell walls and the interactions between peptidoglycan and
extracellular and intracellular components still have areas to be explored.
Conclusions
D-amino acids do not inhibit biofilm formation by being incorporated into the
peptidoglycan of SA113, a clinical strain. Crystal violet biofilm assays indicated that
SA113 required glucose for biofilm formation, suggesting that glucose plays a central
role in biofilm development. Crystal violet biofilm assays also indicated that D-tyrosine,
D-phenylalanine, and D-proline did not disrupt mature biofilm or inhibit biofilm
formation of SA113. LC-MS data analysis suggested that D-tyrosine does not replace
terminal D-alanines in peptidoglycan. Future research should focus on investigating the
roles that glucose and peptidoglycan play in biofilm formation across a wide range of
strains.
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