"The fundamental differences in the structure and physiology of bacteria as infectious
agents vs. us as hosts are the bases for most of the damaging effects of infectious
disease and our ability to fight infectious disease with antibiotics.”

For example, the small size and simple internal structure enable the rapid growth of
bacteria to contaminate food or overcome host defenses.

Comment

PROKARYOTES VS. EUKARYOTES

Cell Structure: Prokaryotic Eukaryotic

Organization Unicellular Unicellular/
Multicellular

Cell Membrane: transport, motility, transport

oxidative phosphorylation,
DNA replication

Endocytosis/Exocytosis - +

Intracellular Membranes: - +
Nucleus, Golgi,
Mitochondria,
Endoplasmic Reticulum

Cytoskeletal:
Microfilaments - +
Microtubules - +
Cell wall Peptidoglycan -
Genetics:
Chromosomes 1 >1
Topology Circular Linear
Segregation Cell membrane Mitotic spindle
Transcription/ coupled in Transcription - nucleus
Translation cytoplasm Translation - cytoplasm
mRNA capping, - +
poly-A
Introns (-) +
Cistron structure Polycistronic Monocistronic
Ribosome 70S (50S + 30S) 80S (60S + 40S)
Genetic Transformation, Meiosis, Zygote fusion
Exchange Transduction,

Conjugation
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|. Bacterial structure
A. Bacteria are small (1-8 uM)
B. Primary shapes (important for identification and making diagnosis)

OO~

Rods

Cocci

Spirochetes

Others (vibrios, O C)

filamentous,

coccobacilli) COCCUS ROD SPIROCHETE
[BACILLUS]

C. Envelope structure is unique to prokaryotes

1.

Cell wall |- rigid structure surrounding the cell membrane

a. functions - prevent osmotic lysis, protect cell from external stresses (host),
contributes to virulence, target for antimicrobials
b. characterized by the Gram stain and Acid fast stain
i. gram-positive
ii. gram-negative
iii. acid fast
iv. wall-less

peptidoglycan

/ \ outer membrane

g waxes and lipids

R

wall-less

gram-positive gram-negative acid-fast

cytoplasmic membrane

2. Gram-positive structure -

a. [thick peptidoglycan|cell wall (40+ layers of chain link fence)

b. thick peptidoglycan enables cell to resist lysis by complement, but still can be
opsonized

c. [teichoic acids|and lipoteichoic ~ Gram-positive wall structure
acids (polymer of ribitol or Y
glycerol - phosphates) E

d. other proteins and carbohydrates -
(e.g., M protein fibrillar layer and 1 7 peptidoglycan

fibrillar layer

Group A carbohydrate capsule of

1}
L |
i |
|
x ¥
F

Streptococcus pyogenes

contribute to virulence). @M@ Eﬁ%ﬁ}’ﬁr@imm cell membrane

CYTOSOL

teichoic and lipoteichoic acids



3.| Gram-negative structure - |

a. the outer membrane - a second lipid bilayer

b. periplasmic space between inner (cytoplasmic) and outer membrane

c. single layer of peptidoglycan in periplasmic space

d. special outer membrane proteins (porins) enable diffusion across outer
membrane

e. outer surface of the outer membrane contains unique lipid component -
lipopolysaccharide (LPS), which is extremely important in pathogenesis

Gram-negative wall structure

porin

lipopelysaccharid

(LPS)
LL outer membrane
peptidoglycan
Bayer's periplasmic space
junction

4 ? Mﬁﬁ@ﬁfﬁ cell membrane

CYTOSOL



D.[Peptidoglycan|= murein layer
1. unique to prokaryotes
a. target of antimicrobials - B-lactams: penicillins and cephalosporins,
vancomycin, bacitracin
b. the host enzyme lysozyme in tears, etc., hydrolyses peptidoglycan backbone
2. composition - murein backbone with unusual peptide chain
a. N-acetyl glucosamine - N-acetyl muramic acid
b. pentapeptide with L and D amino acids
3. synthesis
a. build blocks in cytoplasm
b. transport through cytoplasmic membrane
c. polymerize backbone
d. cross-link peptides
4. the third amino acid is an NH2 acid (lysine [gram-positives] or diaminopimelic
acid [gram-negatives]) which can join through a peptide bond to displace the
terminal amino acid (D-alanine) of another peptide chain, thereby crosslinking the
chains and conferring rigidity
Penicillin-binding proteins (PBPs) - perform crosslinking, etc.
gram-positive cells can have a|pentaglycine bridge|to form cross-links
muramyl dipeptide (building block) is highly inflammatory and chemotactic

No o

Peptidoglycan Structure

Gram Negative

Building Block

Gram Positive

Building Block
(G) (M)
N-Acetyl N-Acetyl (G) (M)
Glucosamine Muramic Acid N-Acetyl ___ N-Acetyl
Glucosamine Muranl‘uc Acid
D-Al
a D-Ala
L-GI
- L-Glu
DA|P-NH2 Lys-Gly-Gly-Gly-Gly-Gly-NH2
: |
D-Ala b=
D-ALa
D-ALa
Crosslinking
(Transpeptidation) o
Crosslinking
~M (Transpeptidation)
o G ~M
m M e G
- G M M
D-Ala M~ G ey
| G/ | . M D-Ala
. l |
L-Glu D Tua G”p. f"a e
DAP-NH2 L-Glu |
| | L-('[.-ilu Lys-Gly- -
D-»‘l\la \ D-"iP'NHz Lys-Gly-Gly-Gly-Gly-Gly-NH2 —_ D_,Lla
i | '
D-ALa D-Ala D. ,c|\|a DAL
D-ALa D-ALa



E.|Lipopolysaccharide (LPS) - Endotoxin: |

1. The most important part of gram-negative bacteria
2. three parts

a.
b.

C.

R —
INSIDE |~ JOUTSIDE

lipid A -

i. embedded in membrane is responsible for endotoxin activity

ii. unique C14 fatty acid - B-hydroxy myristic acid, phosphates, glucosamine

core oligosaccharide

i. highly conserved among different bacteria

ii. unique components - KDO and heptose

O antigen

i. may be present or not, depending on species

ii. composed of repeating units consisting of 3 to 4 carbohydrates polymerized
into polysaccharide

ii. @ "smooth" with O antigen
@® "rough" without (ending at core)

iv. antigenic and highly variable among species and strains

OUTER

MEMEBRANE LIPOPOLY
STR

_—

1 1 1 1
FKDO-KDO-M-M-M-M-|a-B-CtA-B-C-A B C A-D-C- = = =
CORE OLIGOSACCHARIDE O-AMNTIGEMN REPEAT >< 40)

. —

LIPID A

ROUGH

SMMOOTH

F. Other optional gross structural components
1.| Capsule|(slime layer), K antigen - not impermeable

a.
b.

Both gram-positive and gram-negative bacteria can make capsules
polysaccharide (one exception: Bacillus anthracis causes anthrax; capsule is
composed of poly-glutamate)

role in virulence - inhibit complement and phagocytosis

glycocalyx - extracellular polysaccharide produced by bacteria growing in
biofilms - technically not a capsule

2. Flagella - H antigen

a.
b.

functions differently from ours (propeller as opposed to whip)
motility and chemotaxis

3. [Pili/fimbriae|

a.
b.
C.

hair-like projections comprised of protein building blocks
adherence
genetic exchange (not related to adherence fimbriae)
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4. Fibrillar layer - (Gram-positive only)

a.
b.

proteins
virulence (e.g., M protein of Streptococcus pyogenes is anti-phagocytic, others
involved in adherence to host cells)

5. [Spores]

6.

a.

b.
C.
d.

a.
b.
c.

certain gram-positives only - both aerobic and anaerobic

metabolically inactive

resistant to heat (boiling) and desiccation - the reason for the autoclave

developmental stage in response to stress

@ vegetative (growing) cell -> stress -> sporulation -> dormant spore ->
germination -> vegetative cell

m- Non-chromosomal DNA

usually circular
can be transmissible between cells by genetic exchange (conjugation)
some encode virulence properties, antibiotic resistance

OPTIONAL STRUCTURES

FIBRILLAR LAYER

PLASMID

ENDOSPORE

................

CAPSULE N\ ‘
PILI { FIMBRIAE

G.|Cytop|asmic/|nner Membrane |

1.

similar in structure/composition to the eukaryotic plasma membrane and
mitochondrial membrane

2. therefore little usefulness as target for antibiotics
3.

carries out many more functions than eukaryotic plasma membrane

a.
b. electron transport and oxidative phosphorylation
c. energy production

d.
e

transport: facilitated diffusion, active transport, group translocation

motility
replication



H.|Nucleoid - Chromosome - DNA
1. Single, circular structure (haploid genome)
2. Much smaller than eukaryotic chromosomes, encodes about 3,000 genes
3. Not surrounded by nucleus or nuclear membrane. Therefore transcription
occurs in cytoplasm along with translation
4. Supercoiling - DNA gyrase involved in DNA replication
Nalidixic acid and other quinolones inhibit gyrase and DNA replication
5. Metronidazole - binds to DNA after metabolism by anaerobes, inhibiting DNA
replication
l. - similar but different
1. 70S ribosomes composed of 50S and 30S subunits
2. translate proteins directly from mRNA simultaneously with transcription
(co-transcription-translation)
3. target of many useful antimicrobials:
aminoglycosides, tetracyclines, chloramphenicol, macrolides - erythromycin
Il. Metabolism
A. The "meaning of life" for bacteria is growth = replication - they don't just sit around
B. Life/viability is measured as ability to grow (Colony Forming Unit = CFU)
C. Since bacteria replicate by binary fission, replication consists of synthesizing a bacterial
cell
D. Most metabolic pathways are similar if not identical to ours, therefore not targeted by
antibiotics
E. Oxygen and bacterial physiology and growth
1. aerobes - grow well in the presence of oxygen; they tolerate oxygen and oxidative
products of metabolism
2. strict or obligate aerobes require oxygen
3. facultative anaerobes - grow well in presence or absence of oxygen (therefore,
they are also considered aerobes)
4. anaerobes - grow best in the absence of oxygen
a. microaerophilic or aerotolerant - can tolerate small amounts of oxygen
b. obligate anaerobes - cannot tolerate oxygen or oxidative products of
metabolism
5. keeping this straight is important for processing samples and ordering culture
tests for specific bacteria
F. Unique functions

1.

2.

acquisition of iron by iron-binding compounds called siderophores - important for

virulence since we bind free iron

folic acid metabolism (1 carbon donor: DNA synthesis, etc.)

a. humans get folic acid as a nutrient, bacteria cannot transport it and must
synthesize it

b. sulfanilamide is a PABA analog that inhibits dihydropteroate synthetase

c. trimethoprim inhibits dihydrofolate reductase



G.| Transcription

1.
2.
3.

RNA polymerase - very simple (0(2[33-0) compared with eukaryotes

inhibited by rifampin

regulation of protein synthesis is primarily at level of initiation of transcription
involving regulatory DNA binding proteins to turn on/off genes in response to
environmental conditions

many bacterial genes are organized in polycistronic operons, several genes are
transcribed from the same promoter and regulated by the same conditions

some genes regulated in response to stress - lheat shock proteins|involved in
survival (also involved in autoimmune reactions)

H. Translation

1.
2.

occurs concomitantly with transcription in cytoplasm
ribosomes - smaller and slightly different from eukaryotes (see above)

Growth

A. Fast - as little as 10 min. generation time
(Vibrio vulnificus) as long as 24 hr.
(Mycobacterium tuberculosis)

B. Phases: lag, log (exponential), stationary, LOG
death "

Calculating yield: CFU, = CFU, x 2°

TStationary death

CFu log (exponential]

g = number of generations
TIME

C. Biofilms - certain bacteria (both gram-
positive and gram-negative) have the ability of forming specialized communities on the
surface of materials in liquid environments. They change their metabolism in several
ways - they secrete glycocalyx that holds the cells together, and they slow down their
metabolism and growth. Biofilms are important medically for contaminated devices
(catheters, artificial valves, etc.) as well as tooth plaque, etc.

D. Effects of temperature on growth:
- Mesophiles - grow best at our body temperature - 37°C
- Some bacteria require special growth temperatures for isolation and culture

(e.g., Campylobacter - 42°C)



V. Bacterial Genetics
A. Impact on medicine
1. Antibiotic resistance through mutation, plasmids, genetic exchange
2. Genetics of virulence (bacteriophages encoding virulence traits)
3. Plasmids encoding virulence traits and antibiotic resistance

B. Thelbacterial genome:| chromosome, plasmids, bacteriophage, insertion

sequences, transposons

1. |haploid |- there is only one copy of the chromosome, so mutations are almost
always homozygous
2. mutation - a change in the DNA seguence

a.
b.

S

10°/base or 10%/gene per replication

happen all of the time, regardless of growth conditions - are they selected for to
become enriched in the bacterial population?

can change a gene so that protein is no longer affected by an antibiotic, yet
still retains its function

point mutations involve single bases (insertion, deletion, missense, nonsense)
macro-mutation affect >1 base (insertion, deletion, inversion, duplication)
effects of genotype on phenotype

i. silent

ii. loss of function

iii. altered function

iv. completely new genes are not constructed by mutation

C.|Genetic exchange |

1. Importance

a.
b.
C.

moving antibiotic resistance genes among bacteria
moving virulence gene among bacteria
changing the antigenic make-up of bacteria to avoid immunity

2. Mechanisms
a. transformation - uptake of naked DNA

b.
C.

transduction - bacteriophage as vectors
conjugation - plasmids moved by cell-cell contact

3. transformation
a. recipient cell must be competent for uptake of DNA

b.
c.

natural competence versus artificial competence
only certain bacteria are naturally transformable - Streptococcus pneumoniae,
Haemophilus influenzae, Neisseria gonorrhoea
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4. transduction
a. bacteriophage (phage) are viruses of bacteria - can be either lytic or
temperate

b. Iysogeny

lytic - always lyse (kill) host bacterial cell
temperate - can stably infect and coexist within bacterial cell (lysogeny) until
a lytic phase is induced

the phage genome during lysogeny is called the prophage, and the bacterial
cell is called a lysogen

if the phage genome encodes an observable function, the lysogen will be
altered in its phenotype {lysogenic conversion|(e.g., diphtheria toxin in
Corynebacterium diphtheriae)

c.[specialized transduction |

some prophages integrate into the bacterial genome at a specific location
when a prophage is induced to lytic phase, it may drag along a piece of the
bacterial genome next to the integration site and move that bacterial
sequence into the new recipient host cell, changing the recipient's genome
not very important medically since only selected genes can be transferred

d.[generalized transduction |

when a phage lyses the host bacterial cell, it normally packages phage
genome into the capsid

sometimes the capsid is accidently filled with random pieces of bacterial
genome, possibly including plasmids

i. when the capsid injects the host genes into a new recipient, the new gene

can recombine into the recipient genome and cause a change

. virulence and antibiotic resistance genes can be moved by generalized

transduction

e. important - understand the difference between lysogeny and generalized
transductlon

lysogeny - when a phage lysogenizes a host bacterial cell and brings in a
new gene that changes the characteristics of the cell - it is a phage gene that
makes the change

generalized transduction involves the phage particle acting as a vehicle to
move bacterial genes from one cell to another, the phage genome is not
moved

11



GENETIC EXCHANGE

CONJUGATION TRANSFORMATION
Donor Recipient :hhﬁ: DNA
|
™ _ 4
(Q OF—— ) ( v )

Jrr‘ pilus
plasmid

GENERALIZED TRANSDUCTION

0 — (= )

transduction

(80 A% —» (3RO )

lytic infection transduclng
particle
Lysogenic Conversion
phagawthtmnm cause
b part cffs genoms Lﬁmgavandlnteg'atim
[ 2 bactarium conversion of cell to Tox+
Specialized Transduction

R EOBE G2 ~
Normal phage infects a H/SogeN -Irtegaien
bacteriumwith gene A

near integration site

@B .‘2

Smﬁprogewrpr’ﬂgenwungaﬁ

Duingthe lysogenic phase A andirfect a cell without cene A
the oall is NOWA gen
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5. |conjugation|

a.

o o

plasmids can have one of three states for conjugation

i. conjugative - the plasmid encodes all of the functions for conjugation and
can move itself from the donor cell to the recipient cell

ii. mobilizable - the plasmid cannot move itself, but can be moved with help
from a conjugative plasmid

iii. non-transmissible - can't move by conjugation at all

. conjugation functions

i. synthesis of sex pilus

ii. cell to cell contact via pilus

iii. copying plasmid DNA and transfer of copy into recipient cell
bacteria containing a conjugative plasmid are called donor, male, (F+)

. bacteria receiving the plasmid are called recipient, female, (F-)

the F plasmid is a specific E. coli plasmid that has nothing to do with medicine

other than its historical and laboratory use (and standardized exams)

other terms of interest for the boards

i. Hfr - some plasmids can integrate into the chromosome, if they try to
conjugate from there, they will move part of the chromosome into the recipient
(is not of medical relevance)

ii. F'-when a plasmid has integrated into the chromosome and upon excising
itself drags along a sequence of the chromosome. F' plasmids can therefore
move pieces of host DNA between cells (not of medical relevance)

unlike transduction, most plasmids are more promiscuous in their host range

the most important aspect of conjugation is moving plasmids encoding

multiple antibiotic resistance genes (R plasmids) among diverse bacterial
species

®o)t &) (6 \H@ Bl

F- F-

/
§0)-F0)-E 5

D. Other mobile DNA elements - Insertion Sequences and Transposons
These sequences are part of other genetic elements - chromosome, plasmid. They
move from one site in DNA to another WITHIN the same cell (transposition)

1.

2.

Insertion sequence (IS)

a. gene encoding transposition enzyme (transposase) flanked by inverted repeats

of DNA sequence

b. can interrupt genes if they insert into them

13



. | Transposon (Tn)|- also called composite insertion sequence

a. a gene usually encoding an observable function (e.g., antibiotic resistance)
flanked by two copies of an insertion sequence

b. the insertion sequences enable transposition of the transposon

c. transposons can move genes between the chromosome and plasmids or
between different plasmids

d. of medical importance since many antibiotic resistance genes are encoded
by transposons in antibiotic resistance plasmids

INSERTION SEQUENCE
IR - INWERTED
&transpasase L REPEAT

" IS - INSERTION
SEQUENCE
HOST
GEMOME *
/ﬂ:— AHTIBIOTIC ﬁ\
IS-LEFT peSisTANCE GENE 15-FIGH

TRANSPOSON

Transposition can create multiple resistance plasmids (R plasmids) that can move by
connjugation (below).

\ ( THA h
TNAI‘-—_\\'
o A-resist.
B-resi;‘t.
A-resist. B-resist. ) C_nnj: )
Hon-conj. Conij. \Double antlblotlc-resmtant}
&
J’Transposition T
TNA THA
O Conjugation
A-rosist. A-resist, Antibiotic-sensitive
Hon-conj. B-Eem_s’t.
onj.
Donor / \ Recipient P
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E.|Phase variation and Antigenic variation
1. Phase variation
a. change in DNA sequence leading to an ON-OFF switch of a gene or A-B switch
of two different genes
b. caused by inversion of a DNA sequence (see below)
2. Antigenic variation
a. change in DNA sequence leading to switch of expression among multiple
possible genes
b. most common mechanism is the cassette model
c. non-expressed copies (silent) of a gene (the cassettes) are copied or
recombined into a site where the cassettes can be expressed

PHASE YARIATION - INVERSION MODEL

p>  gene—> p>  <—auab (site-specific recombination)

™
~ ON "7 OFF .

ANTIGENIC YARIATION - CASS5ETTE MODEL (RecA-mediated recombination)

p>A-expressed B - non-expressed C-non-expressed A -non-expressed
remove A copy B ¢

p>B-expressed B _pop-expressed  C-non-expressed A - non-expressed

v ™~

p> promoter and direction of transcription
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VI. Antimicrobial chemotherapy
NOTE: | expect you to understand the principles of antimicrobial therapy and the
general characteristics of the major antibiotics listed below.

A. Based on selective toxicity - toxic to bacteria, not bad for us
1. Selective toxicity based on differences in physiology between bacteria and us
2. Measured as|therapeutic index |= toxic dose/therapeutic dose (high is good)
3. Also consider allergenicity

B. Bactericidal vs. bacteriostatic
1. bactericidal - kills bacteria (irreversible)
2. bacteriostatic - stops growth (reversible)
3. measured in lab as:

a. Minimum Bactericidal Concentration (MBC) - lowest dose for complete killing
b. Minimum Inhibitory Concentration (MIC) - lowest dose for stasis

C. Pharmacologic absorption and distribution in body
1. oral vs. i.v.
2.[ penetration to relevant site|(e.g., blood brain barrier or inside of host cells)
3. rate of excretion
4. rate of metabolism
E. Broad spectrum vs. narrow spectrum
1. broad good for unknown bacterial agent with serious effects
2. narrow good for known bacterial agent
F. Existing antibiotic resistance among the population
G.[combination therapies |
1. synergistic
2. additive
3. antagonistic
H. Other practical considerations for compliancy
1. cost
2. frequency and length of administration
3. for pediatrics - taste!

I. Summary of key antimicrobials
1. peptidoglycan

a. B-lactams inhibit transpeptidation (similar in structure to D-Ala-D-Ala)
i. penicillins (methicillin, amoxicillin)
ii. cephalosporins (in third generation)
iii. carbapenems

b. monobactams inhibit transpeptidation

c. [vancomycin finhibits transpeptidation (recognizes D-Ala-D-Ala, note difference
with B-lactams)

d. bacitracin transport of the subunits across membrane
2. Outer membrane -|polymyxins |(similar to cationic detergents)
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VII.

w >

oo

Protein synthesis - act at ribosome

aminoglycosides: gentamicin, kanamycin, neomycin, streptomycin
aminocyclitols: spectinomycin

tetracycline

chloramphenicol

e. macrolides: erythromycin, azithromycin

DNA synthesis

a. quinolones inhibit gyrase: nalidixic acid, ciprofloxacin

b. metronidazole incorporated into DNA after metabolism in anaerobes
RNA synthesis - rifampin (rifampicin, rifamycin) and its derivatives
metabolic inhibitors {folic acid inhibitors
a. sulfonamides - PABA analogs block dihydropteroate synthetase
b. trimethoprim blocks dihydrofolate reductase

Inhibitors of antibiotic resistance function

a.| clavulanic acid|inhibits B-lactamase

b. ‘usedin conjunction with amoxicillin (Augmentin)

coow

Antibiotic resistance
Very serious problem since some bacteria are already resistant to all usable antibiotics
Proper and rational use of antimicrobials can help with the problem.

1.
2.

indiscriminate prescription and use
agricultural use

General mechanisms of resistance

1.

enzymatically modify or degrade the antibiotic

a. most common - [3-Tactamase (bla)
b. chloramphenicol acetyl transferase (cat)
c. aminoglycoside phosphotransferase (aph)
alter the target of the antibiotic
a.[ spontaneous mutation most common mechanism (retain original function) see
b.[ enzymatic modification
c. new biosynthetic pathway yielding altered target|(vancomycin)
d. acquire new enzymes
i. [methicillin-resistant Staphylococcus aureus | permanent change in genome -
penicillin-binding proteins
ii. plasmid-encoded enzymes - sulfa drugs
change flux of antibiotic
a. pump the antibiotic out of the cell (tetracycline resistance)
b. [decreased uptake | more specific pores - multiple antibiotic resistance (MAR)
innate resistance
@ permeability barrier of gram-negatives
@ lack of peptidoglycan in Mycoplasma

*

* from 2.a. (Str - rpsL, Nal - gyrA, Rif - rpoB)
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D. Genetics of resistance: plasmid vs. chromosomal

1. If a whole new enzyme or biosynthetic pathway is required to degrade the
antibiotic or create a resistant pathway, the set of genes is most likely received as a
block on an antibiotic resistance pIasmid|(MRSA is an exception)

2. If the target has been altered to retain function, but not be inhibited by the antibiotic,
a spontaneous point mutation in the chromosomal gene could work

3. [vancomycin resistance|is an exception where a plasmid results in the alteration of
the target

4. R plasmids are the most concern since they can encode multiple resistances and
they can be rapidly transferred to diverse bacteria

5. spontaneous point mutations are of less concern because they are less likely to
spread among different populations. Instead, the resistant strain must spread.
(problem in hospital setting)

6. |Penici|lin resistance of Streptococcus pneumoniae is an exception|to the usual
[-lactamase resistance plasmids - spontaneous mutations accumulating resistance
in penicillin-binding proteins

18



This table should be a review to most of you. It summarizes many of the things that will be
discussed in subsequent lectures.

cell wall - some people consider the cell wall to be only the peptidoglycan layer. | take a
broader term that is in my notes - the essential structures beyond the cell membrane. This
would exclude capsules (discussed later) because they are not essential for the viability of the
bacteria in normal growth media. They could be essential for viability in an infected host.

peptidoglycan - | like to thing of the peptidoglycan as chain link fence. It is tough, but porous.
The bacteria have to let nutrients in without significant permeability barriers.

Without the cross-linking of the peptidoglycan chains, it would be like a fence that was not
intertwined. You could just pull it apart very easily. It would not lend structural integrity to the
cell.

teichoic acid and lipoteichoic acid - Because these sugar-phosphate chains can be
decorated with other substances, they can give antigenic specificity to the gram-positive
bacteria.

gram-negative structure - the bacteria want to grow fast, so having a second lipid bilayer
doesn’'t make sense - except for the porins which form water-filled channels that enable small
molecular (about trisaccharides or tripeptides) through. Some porins are somewhat specific
for the types of molecules they let through. This is an energy-independent process, since
there is no proton gradient across the outer membrane (the protons would just flow back
through the porins)

acid fast structure - this makes the bacteria relatively resistant to dessication, so they could
be more communicable.

peptidoglycan structure - as noted below for antibiotics, the [3-lactams mimic the D-Ala-D-Ala
portion of the amino acid side chain that is critical for cross-linking (transpeptidation).
Therefore, the [3-lactams and related antibiotics prevent cross-linking (they don’t break down
peptidoglycan like lysozyme does). Note that gram-negative bacteria are susceptible to
B-lactams, just like gram-positives. If their single layer of peptidoglycan is disrupted, they lyse,
too. There are some restrictions on which antibiotics will work against gram-negative bacteria
because of the permeability barrier of the outer membrane.

Special note - some viruses of bacteria (bacteriophage or phage) encode enzymes that break
down the peptidoglycan when the phage lyse the cell to move on to infect new bacterial hosts.
These lytic enzymes (lysins) are incredibly potent and can kill gram-positive bacteria very
quickly and efficiently. There is effort underway to develop them into effective treatment for
gram-positive bacteria. Question - why would these lysins not work against gram-negative
bacteria? A - The proteins cannot penetrate the outer membrane - they are too big.



pentaglycine bridge of some gram-positive bacteria - For those of you who used to play
tag and there was a base where you were free (safe from being tagged) and there was this
thing called “electricity” where, if someone was touching the base and they touched you, it was
the same as touching the base, and you were safe. Well, the pentaglycine chain is kind of like
electricity for crosslinking. It extends the amino group to the terminal glycine and helps if form
the crosslink with the D-Ala in place of the lysine that is typically present in the third position of
gram-positive bacteria. | don’t know if it is really true, but | think of the pentaglycine bridge as
helping crosslinking in gram-positive bacteria go vertically between the layers of peptidoglycan,
as well as the typical horizontal crosslinking.

LPS structuref/function - endotoxic activity - discussed later in the course - fever,
vasodilation, inflammation, hypotension, shock, disseminated intravascular coaggulation

If you purified lipid A and injected it into an animal, you would get all of the effects of endotoxin.
You could get an immune response to the lipid A as well, but the most important reaction
would be the endotoxic activity.

If you purified the core oligosaccharide or O antigen and injected it into an animal, you would
get an immune response to the saccharides, but no toxicity.

capsules - Please note - both gram-positives and gram-negatives can make capsules. The
LPS O antigen is NOT capsule. The term K antigen is pretty much restricted to certain gram-
negative rods of the Enterobacteriaceae family (e.g., E. coll).

You may read or hear about “glycocalyx”, which could be related to capsule. It is a matrix of
polysaccharide outside of certain bacterial cells when they form a biofilm on a surface in a
liquid environment (e.g., plaque on your teeth or a vegetation on a heart valve during
endocarditis).

pili-fimbrae - OK, there is some sloppiness in these terms. Both of these are hair-like
projections on the surface of bacterial cells. The first pili to be identified were involved with the
conjugation of plasmids from one bacterial cell to another as a form of genetic exchange (see
later). The structures most correctly termed fimbriae were discovered later - they are involved
with the adherence of bacteria to host cells or even other bacteria. We will not split hairs, as it
were, in the use of these terms. The adherence structures are called both pili and fimbrae;
however, the conjugation structures are only called pili.

spores - Note that only gram-positive bacteria make spores. Some anaerobes makes spores
(e.g., the Clostridia), and some aerobes make spores (the Bacilli). They are a developmental
form of the bacteria usually in response to stress. Vegetative cells are the typical cells that are
actively growing. Spores are metabolically inactive and resistant. Sporulation is when a
vegetative cell produces as spore as a result of an unequal cell division. Germination is when
a spore changes back to a vegetative cell when conditions are more favorable.

plasmids - Not all plasmids are circular. The Lyme disease bacterium (Borrelia) has linear
plasmids. Not all plasmids move from cell to cell by conjugation.



cytoplasmic membrane/inner membrane - Since this is the only membrane for the bacteria,
any function that requires a water-tight lipid bilayer will happen here. There are numerous
ways that bacteria transport nutrients through the cell membrane. You should recall that there
are a few forms of facilitated diffusion in which small molecules pass through protein
transporters that are energy idependent. There is active transport involving symport (energy
is provided by a second molecule passing through - usually after it was pumped out to create a
concentration gradient), antiport (molecules pass in different directions), and something called
group translocation (as a sugar is transported through the inner membrane it is
phosphorylated). Group translocation is most common in gram-negatives and usually
involves a specific periplasmic binding protein to help get the transported substance to the
inner membrane transporter. There is also a specific porin in the outer membrane to help get
the substance through the outer membrane.

The cell membrane is also involved with secretion of proteins. In a sense, it acts like rough
endoplasmic reticulum. In fact, the secretion system of bacteria resembles that of eukaryotes
to some degree.

Electron transport and oxidative phosphorylation also go on at the cytoplasmic membrane.
These usually occur in the mitochondria of eukarytoic cells. In fact, mitochondria are vestigial
bacteria that became endosymbionts to form eukarytoic cells a long time ago. Note that since
mitochondria are derived from bacteria, they sometimes are inhibited by some antibiotics that
affect bacteria.

The motor for motility is located in the cell membrane. It used proton motive force to spin the
flagella. As the protons flow through the pump, the flagellum spins. Depending on the
direction of spin, which is regulated by the chemotaxis system of sensors and regulators, the
bacteria will either swim in a straight line or tumble randomly. This mixture of swimming and
tumbling helps them move toward the attractant or away from the repellant.

The membrane is involved with replication in two ways. First, as the cell divides a septum
forms between the progeny cell, eventually pinching off the two cells. Second, since bacteria
do not have actin microfilaments of microtubules, they must have some way of getting one
copy of the chromosome into each of the progeny cells as they divide and split apart. This is
accomplished by attaching the chromsome to the cell membrane. As the membrane grows
and the bacteria split, the chromosomes will be dragged into the progeny cells.

Chromosome - Not only is the physical nature of the bacterial genome simple becasue there
is no membrane-bound structure of a nucleus (the mass of DNA is technically the nucleoid),
the genetic organization of the genome is very simple. There is hardly any wasted DNA, unlike
the case for the human genome, where it seems that there is more “junk” than coding
sequence. There are no introns or poly A tails that have to be either taken out of or added to
MRNAs.

Interesting note - The genus Vibrio (e.g., V. cholerae) actually has two different
chromosomes. So the genome is still haploid.

ribosomes - Yes, bacteria have ribosomes - they are not membrane organelles. Not only are
they slighlty small than their eukaryotic counterparts, they involve different factors that are
involves with initiation and elongation of protein synthesis.



transcription - | am always amazed that as unique as bacterial transcription is relative to
eukaryotic trnascription, that we do not have more antimicrobials that target this function. We
do not ahve time to discuss it in class, but you should review the basic genetics of the lactose
operon (lac). For example, the Lacl gene product represses the transcription of the lac
promoter, which expresses the lacZYA genes. If lactose is present, Lacl will not bind, and
trnascription will occur. This is an example of repression.

heat shock proteins - These proteins are turned on in response to many forms of stress ina
addition to heat. They are conserved all the way through the evolutionary scale of life forms.
The heat shock proteins of bacteria cross-react immunologically with those of humans.
Therefore, some people with specific HLA haplotypes (e.g., B27) make autoimmune reactions
after certain bacterial infections. These reactions manifest themselves in the joints (Reiter’s
syndrome).

bacterial culture - Fastidious organisms like rich media such as blood agar, which contains
sheep red blood cells as a nutrient supplement. Some even more fastidious organisms might
need the red blood cells lysed for them to get to the goodies inside. These like a medium
called chocolate agar, in which the RBCs are added while the agar is still hot, so the RBCs
pop. The agar looks like it is chocolate, hence the name.

Organisms with simple requirements can grow on sugar, salt, phosphate, and
ammonia. They can synthesize every building block and polymer from that. Note that if the
medium lacks necessary elements (e.g., P, C, N, S, O), the bacteria cannot grow.

sterilization and disinfection - There are important concepts here - especially washing the
hands. Note that the medical community is coming around to encouraging the use of the hand
antimicrobial lotions. They are essentially gels with ethanol. Since they do not require
extensive rinsing and washing, compliance is less of an issue.

It wouldn'’t hurt for you to know that autoclaves reach 121°C for 15-20 min.

Note that the only things that absolutely require autoclaving are things that could
contain spores. Anything else could be sterilized by steaming or boiling.

Consider the nature of what it is you want to treat. You cannot sterilize skin or flesh
without causing damage. Some things are labile to heat to chemicals, so they must be filtered
or irradiated. Perhaps we should discuss radiation of food since Publix is about to start selling
irradiated meats, and people might look to you as experts.



bacterial genome - The chromosome, plasmids, and phage usually exist as
independent genetic elements (however, plasmids and phage can be integrated into the
chromosome). On the other hand, insertion sequences and transposons are always
part of some other genetic element such as the chromosome, a plasmid, or a phage
genome.

haploid genome - | have pointed out that bacteria of the genus Vibrio have two
chromosomes. They are different from each other, not copies of the same chromosome
(like eukaryotes). One of them is smaller than the other. Question - how do we know
that the smaller chromosome is not a large plasmid? Answer - by DNA sequencing we
know that it encodes essential functions, and plasmids don’t usually encode essential
functions for growth in lab media. However, plasmids encoding virulence functions
might be essential for growth or survival in an animal host. Also, if the bacterial growth
medium contains an antibiotic, then an antibiotic resistance plasmid would be essential
under those conditions.

Another comment on haploid genome - some of you microbiology majors may
recall that bacteria can temporarily contain more than one copy of the chromosome if
they are growing very fast in lab media (it take longer to replicate the chromosome than
it does to replicate the cell that holds it). Since growth in an infected host is usually
much slower, this is not an issue during the disease process. So everyone else can
ignore this comment.

mutation rate - Note that the average colony contains over 10° bacterial cells. That
means that in that colony there are many, many independent mutations due to the
spontaneous mutation rate. The same thing happens in an infected patient with a high
bacterial load. Think about this in relation to antibiotic resistance (see below).

Genetic exchange - Note that all forms of genetic exchange do not occur with all
organisms. Only certain bacteria are naturally transformable. Only certain plasmids
participate in conjugation. Only certain phage participate in transduction.

lysogeny - The prophage can either integrate into the chromosome or can replicate as
a plasmid. Most of you are probably familiar with Lambda phage, which integrates into
the E. coli chromosome at a specific place (between the gal genes encoding utilization
of galactose and the bio genes encoding the biosynthesis of biotin). This distinction
becomes important for specialized transduction (see below).

lysogenic conversion - This occurs when the phage normally encodes a function that
it confers to the bacterial cell that it lysogenizes. Most of the important examples in
medical microbiology are toxins. Where did the toxin genes come from? Anyone’s
guess. Perhaps the phage picked them up a long time ago in a process similar to
generalized transduction.



specialized transduction - Note that this only happens when the prophage is
integrated into the chromosome. It picks up an adjacent gene when it induces lytic
phase to replicate. For example, Lambda usually only transduces the gal or bio genes
by specialized transduction.

generalized transduction - Lytic or temperate phage can perform generalized
transduction because integration is irrelevant. An empty phage head accidentally picks
up bacterial DNA instead of phage DNA. Note that this “transducing particle” does not
contain phage DNA (which is very different from specialized transduction in which there
must be phage DNA present). If the phage particle with the bacterial DNA binds and
injects the DNA into a recipient cell, and if the recipient has a homologous (but not
identical gene), and if the injected donor DNA recombines with the recipient genome,
then the recipient is changed by the transduction. Some phage are very specific in
recognizing their own DNA when they package DNA during lysis. Such phage do not
perform generalized transduction very well.

conjugation - The pilus and DNA-active enzymes can be provided in trans. However,
they act at cis active sites. That is how a plasmid can be mobilizable. If a plasmid does
not encode the conjugation functions, but contains the cis-active sites, and if the
conjugation functions are encoded on another plasmid in the same bacterial cell, then
the conjugative plasmid can move the mobilizable plasmid. Some plasmids lack both
the cis and trans active functions.

Insertion sequences - The transposase recognizes the specific inverted repeats of the
insertion sequence, and then either copies or cuts and pastes the insertion sequence
into another site within the same cell. The transposase is specific in recognizing the
inverted repeats, but the target DNA sequence is pretty much random.

transposon - | gave the example of vancomycin resistance in which there are
numerous genes in the middle of the transposon. This is unusual. If you look at the
figure for the IS and TN, you will notice that there are arrowheads at the extreme ends
of the IS and TN. The transposase from one of the IS can recognize these sequences
and move the whole TN as if it were an |S.

The next figure shows how transposition can produce plasmids with multiple
antibiotic resistance genes. The left plasmid with TNA is not conjugative, but has TNA
which encodes resistance to antibiotic A. The right plasmid is conjugative and encodes
resistance to antibiotic B. If the TNA hops into the B-resistance plasmid, a new plasmid
is formed that now encodes resistance to both antibiotics. If this A-B resistance plasmid
now conjugates into a recipient cell that originally had no antibiotic resistance, the cell
has acquired double resistance in a single step. This scenario has been played out in
nature so that there are resistance (R plasmids) that encode five or more resistances.



Phase variation vs. antigenic variation - OK, there is some ambiguity here. The
broad category is antigenic variation. Phase variation is the simplest form in which
there are only two options possible - ON/OFF or A/B. | have provided the flipping DNA
sequence model to show this. This usually involves an inverted repeat flanking the DNA
to be flipped (in the figure it is the “gene” encoded by the dark line). As opposed to a
transposase, which performs a cut/paste or copy/paste, there is a site-specific
recombinase involved here that inverts the sequences in between the inverted repeats
(this involves a stem-loop structure of DNA).

The antigenic variation model shows how numerous possible changes can occur
(as opposed to ON/OFF or A/B). | have shown the cassette model in which there are
numerous silent copies of homologous genes in the genome, but there is only one
expression site where all of the DNA sequences necessary for expression are present.
By a recombination event via the RecA gene product, a silent allele can be placed into
the expression site and now be expressed. The old expressed gene is gone from the
expression site.

In the example shown, which closely resembles that of the pili for Neisseria
gonorrhoeae, the pieces of DNA which provide the DNA to replace that in the
expression site actually get into the cell by transformation. N. gonorrhoeae is one of the
naturally transformable species. So one cell dies, releases its DNA, and then another
cell picks up the DNA and uses it to change its antigenic structure by this system. This
is technically called a gene conversion event. So my figure is a little over-simplified, but
the essence is correct.



Therapeutic index - toxic dose is toxic for humans - we want a high dose for that.
Therapeutic dose is what stops or kills the bacteria - we want a small number there.

MIC/MBC - Because all antibiotics can be measured with an MIC (if they’re dead, they
won’t grow), you usually hear about sensitivity/resistance measured as the MIC, since
bacteriostatic antibiotics do not have MBCs.

penetration of antibiotics to relevant site - Some bacteria live within our cells, but
some antibiotics don’t get inside our cells. These would be ineffective. Some bacteria
get to places where some antibiotics have a difficult time getting to (e.g., cerebrospinal
fluid across the blood-brain barrier). Therefore, some antibiotics are contraindicated for
treating meningitis.

combination therapies - mixing antibiotics is not always beneficial. You will here about
cases where mixing antibiotics is essential (e.g., treating tuberculosis). Many antibiotics
only work if the bacteria are actively growing. Therefore, if you mix a bacteriostatic
antibiotic with a bactericidal antibiotic you could have problems, because the static will
stop bacterial growth, but then the cidal will not be effective.

vancomycin - beta-lactams act by mimicking the substrate for transpeptidases and
therefore bind to and inhibit the penicillin-binding proteins. Vancomycin is the opposite.
It mimics the penicillin-binding proteins and binds to the substrate (D-Ala-D-Ala) and
prevents the enzyme from getting to the substrate.

Vancomycin and bacitracin are too big to get through the gram-negative outer
membrane porins, so they are ineffective against gram-negatives. Note that if they
could get into the periplasm, they would probably be effective.

polymyxins - Because the polymyxins act by binding to membrane components (LPS
of gram-negatives) as opposed to completely unique components like peptidoglycan,
their specificity (therapeutic index) is not very high.

sulfa drugs and trimpethoprim - remember that we completely lack the target of the
sulfa drugs, while we do have the target of trimpethoprim - it is just different enough
between bacteria and us that there is a good therapeutic index.

clavulanic acid - Note that this is not really an antibiotic. If you added it to a bacterial
culture it would not harm the bacteria. However, if the bacterium expressed beta-
lactamase (see next section) and you added clavulanic acid plus a beta-lactam, the
bacteria would die because the clavulanic acid would inactivate the resistance
mechanism of the bacteria.



Antibiotic resistance - The list of degrading/modifying enzymes is not complete, but
should make the point.

Alter the target - spontaneous mutation - | gave the example of DNA gyrase. If a
mutation occurs within the gyrA gene so that the amino acids recognized by the
quinolones is changed, but the gyrase retains its function, then the bacteria will be
resistant to quinolones.

Enzymatic modification - A good example is an enzyme that methylates a ribosomal
RNA that is targeted by erythromycin.

New biosynthetic pathway - See my figure on the web. Vancomycin binds to D-Ala-D-
Ala and prevents penicillin binding proteins from working. With some forms of
vancomycin resistance new enzymes are made that change the D-Ala-D-Ala to
D-Ala-D-lactate. This modified form still functions in cross linking, but is not bound by
vancomycin. This change in the peptidoglycan building block could not have been
formed by a single point mutation. There are four or fives new genes involved.

Acquire new enzymes - The methicillin resistant S. aureus acquired a block of PBPs
that are not affected by methicillin (one of the last effective antibiotics against Staph) a
long time ago from an unknown source by genetic exchange. Therefore, a given Staph
strain does not change its sensitivity to methicillin. It is either MRSA or not.

For the sulfa drugs and trimpethoprim, some bacteria acquire a new set of folic acid
biosynthetic genes on a plasmid.

Decreased uptake - Some gram-negatives can express porins that let less antibiotic in
(you can think of them as being tighter).

Genetics of resistance - MRSA is an exception to new enzymes being plasmid-
encoded because the “new” resistance PBPs that replaced the “old” sensitive PBPs
were acquired a long time ago, and they now reside in the chromosome.

Vancomycin resistance - The target is altered, not by point mutation, but by new
enzymes. These enzymes happen to reside on a transposon that resides on a plasmid.
You can see why the medical community is worried about vancomycin resistance
moving around and ultimately getting into MRSA.



Streptococcus pneumoniae beta-lactam resistance - The major way bacteria
become beta-lactam resistant is by plasmid-encoded beta-lactamase. The MRSA
became resistant by acquiring new genes by genetic exchange and recombination into
the chromosome. You generally do not see point mutations conferring beta-lactam
resistance because there are numerous PBPs, and a mutation in one will not confer
complete resistance. What is happening with S. pneumoniae is that people are not
taking their full regimen of beta-lactams for diseases such as otitis media (middle ear
infection), hence selective pressure against mutation is not maintained. Therefore, the
bacteria are accumulating mutations that will make the beta-lactams useless.





