BIOL4640/8646
BIOL 4640 Study Guide for Exam 2 (Wed 10/28/26): Lecture 16 Pili, External
Structures and Envelope Styles

Source: Dr. Rowen's lecture slides, in the order of the 2025 Exam 2 study guide outline.

Slide blanks still empty in the notes are filled from the textbook and marked "textbook".

Tags like [L16 p08] give the source page of each line.

Textbook to read (Slonczewski 6e, Textbook page on the site): 3.6 Specialized Structures and 25.2 Microbial Attachment: First Contact (pili); 3.3
The Envelope and Cytoskeleton (the cell envelope). Also useful: 19.1 Archaeal Diversity at a Glance (archaea); 18.3 Firmicutes, Mycoplasma,
and Actinobacteria (Mycoplasma, pp. 734-735); 3.5 Cell Asymmetry, Membrane Vesicles, and Extensions (stalks, nanotubes).

(teal italics) = plain meaning of the word before it. /A\ Do not mix up = a look-alike pair to keep apart.

Contents
B. External Structures of BaCteria ..............ccooiiiiiiiiiii et 3
What eXterNal STFUCTUTES AT€ ........coiiiiiiiiiiiiii ittt e st e s b e e s b e e s ab e e s bt e s b e e s abeeesmneesabeesbeeeanaeesnnees 3
Main Kinds Qnd JODS ..ottt e b e b et e be e s bt e e bt e e b et e ahbeeeabe e e be e e beeeabeeeenreenreeas 4
Pili, fimbriae and MOtIIILY ..ottt e e bt e e b e e ab e e s abe e s be e e be e e nbee e enneesreenas 4
Appendages and internal SEFUCTUIES ............cociiiiiiiiiiiii e a e s s saesae 4
2. Pili and Fimbriae (3.6 and 25.2 60€)...........c.cooiiiiiiiiiieiieeesee ettt ettt ettt ettt st ettt e et b e e b e b et ebe e 4
WRAT LREY QT ...ttt e e st e s e b et e s m s e e e e e an et e e aan e e e e s amr e e e e sanreeeesnreeeeannreeesanres 5
Three types Of PAli ...... ..ottt ettt et e s bt e b et e sb et e s ab e e s abeeeabe e e beeesneeeeabeesabeeebeeennes 5
Roles and comparison with flagella..................cocoiiiiiiiiiii 5
a. Structure, arrangement in cells and asSEMDLY ..........ccccooiiiiiiiiiiii e 6
Basic StrucCture and SIZE.............cooiiiiiiiiiii e e et 6
NUMDEE PO CelL........ooii ettt e et e ettt e e s b e e e s e b e e e e s nre e e s aas b e e e eannaeeesnraeesaaneeeesanreeeesans 6
Pilin and tip PrOtein.........coooiiiiiiiii ettt ettt et et et e bt e be bt e be et e e be e be e bt e beebe e beenreenee 6
Proteins that form a PIlUS............coooiiiiii ettt ettt ettt ettt e be e 6
Changing which pilin is MAE..............occooiiiiii e e 7
Assembly compared with fIagellum ... 7
b. Roles of Common pili, Sex pili and Type IV Pili........cccoooiiiiiiiiiiii e 8
Common Pili OF fIMDIIAC. ... ...ttt e s bt e sr e e e sse e e sb e s b e e e nee 8
T @ 1] 1| TP T T TSP 9
Sex pilus steps and F PIASII ........coooiiiiiiiiiiei e e e 9
Type IV pili and tWItCHIIE .........c.oooiiii et e s e e b e e sne e e sabeesbeeenee 9
Other PILUS EYPES ... ..ottt ettt et e et e e b et e bt e e st e e s b et e b e e e ambeesabeesabeeebeeeaneeesnneesareeeanes 9
Which types are called fIMDIIAe ...............ooiiiiiiiiiii e e e 10
c. Assembly of Type I and Type IV, how it differs from flagellar ................ccccooiiiiiniiine, 10
Type IPili @ssemBLy ......cooniii ettt et s b e s e s e s e s be e e enne e sareeeas 10
Type IV Pili @SS@MIDLY .....c..ooiiii ettt et s bt e b e s e e s e e e b e e e nree e eneeesareenas 12
Pili versus flagellum fIlament................ccoooiiiiiiiii 12



BIOL4640/8646

Flagellum assembLy OFAer .............oooiiiiiiiiiiii et ettt e st sb e e sar e e st e e s b e e s aneeesnneesabeenas 12
3. Other eXterNal SEFUCTUIES .........cc.ooiiiiiiiiiiiiieiee ettt e s b e e s e e sre e s b e e s re e saeesae e saeesbeesnaesanesanesanes 13
Others as an eXtErNAL SEFUCTUIE ...........ocuiiiiiiiiiieie ettt sb e st e s b e e sb e e s bt esbeesseesseesseesseesneesaeesneesneesneesanes 13
Stalks and Caulobacter CYCle ..o 13
TAPIN PIOTEII ...ttt et e e bt e a e e e a bt e st e e et et e bt e e mbeesat e e e b e e e anee e mbeeeabeeaaseeeanbeesateesaneeeseeennneas 14
INADOTUDES ...t s e s s e s e s ae e s e e s aa e s aeesae e sanesane e ar e s anesane s anesareene e re e 14
C. Cell envelope (glycocalyx, outer membrane, cell wall, and cell membrane)................cccccooiniiiininiiiiin, 15
Cell NVEIOPE PATLS ...ttt b e e e b e e bbb bbb 16
FIVE @NVEIOPE SEYLES.... ..ottt et e st e et e e b et e bt e e e a bt e st e e et et e be e e enbeesabe e e b e e e reeenneeas 16
Gram NEGALIVE LAYEI'S.........ooiiiiiiii ittt ettt ettt et e e st e et e e e bt e e ab e e e beeebe e e easeesabeesabe e e beeeanbeesabeesabeeebeeennneas 16
ATChAaea AN S-TAYEY .......ooiiiiiiiiiii e e s 17
1. Know the layers and components of the envelope in each of the following types of bacteria. How similar and
different from eacCh OTREr ...............cooiiiiiiii ettt b e b e b e b e b e s bt e b e e s b e e b e e nreesreenreens 17
FIVE @NVEIOPE SLYIES ... ..o ettt ettt e bt e e st e e s bt e e ab et e s abeesabe e e bt e e beeesabeesabeesbeeebeeennreas 17
WRAL the SEYLES SHAT@..........ooi et e e e e s s n et e s e ar e e e s anr e e e e s neeeesannneeesanreeeesans 17
HOW they differ ............ocoooiiiiiii e bbb 17
Peptidoglycan differences..............ocooiiiiiiiiiiiiii e e 18
Electron miCroSCOPEe APPEATAIICE. .......cc..eiiuiiiiiiiiieeette ettt e et e e bt e e abeeeaateesabeesabeeeabeeaaueeaaabeeaaseeaseeesaseesabeesbeeeaseeennseas 18
A, Gram POSItIVE DACLEIIA ........oc.ooiiiiiii et r e e nreenree 18
Layers outside t0 INSIAE .........c..coouiiiiiiiieee ettt et ettt sttt e be e be b enee 19
Thick wall, N0 OUter MEIMDIANE. .............oooiiiiiiiiiee e eree e e e e e st e e e e stteeeessbbeeeesabseeeessbaeessasseeessnseseeanns 19
MOLeCUles t0 KNOW..........oooiiiiiiiiiiiiii e saa e e sabe e 19
b. Gram Negative DACLEIIA ............ociiiiiiiiie e 19
Layers outside t0 INSIAE .........c..ooouiiiiiiiiieee ettt et ettt et et be e b b enee 20
Peptidoglycan thiCKIESS ...........cc.ooiiiiiiiiiiiiieieiee ettt ettt b e s bt e b e satesae e s bt e saeesbe e s bt e sasesabesanesanesanes 20
OULEE IMEIMDIANE..........oiiiiiiiiiie et e st e bt e s b e s bt e s bt e s b e e b e e sh e e sbeesb e e sbeesmeesseesneesseeaseesmeesmeesmnesnnennnes 20
Co MYCODACEITA (3.3 0€).......eoiiiiiiiieieeee ettt r et e bt e b e e b e e s bt e s b e e s he e sbe e e b et e Re e ebe e e ne e e neeene e nnennees 20
What MYCODACLETIA AT .......ooiiiiiiiiiii et e ettt e a bt e s b e e s b e e s be e e snreesab e e s b eesareeesnnees 20
Layers outside t0 INSIAE ............ooueiiiiiiiii e et e s e s s b et e snne e saree e 21
Wall sugars and MYCOLIC ACKH .......cc.ooiiiiiiiiiiee e s s en e e re e re e 21
(013110 1 211 PP T PP PROPRO 21
ACIA FASE @NIVEIOPE ...ttt e st s b et e e et e s b e s b et e b et e e nre e e b e e s b e e e re e e nnee s 21
(i I N P T T LN Y- LU SPPPPRO 21
S-layer I Archaea ... ... s 21
[0 |71 | T PO P T PRUPR PSP 22



BIOL4640/8646

MEMDIANE LPIAS ......oooniiiiiiee ettt ettt et e st e e bt e e s a bt e s bt e b et e ebe e e enb e e sab e e e beeeareeeenneeanreenas 22

e. Mollicutes (Mycoplasma) (PP 734=5 60€) .......oooiiiiiiiii ettt ettt e st e s b et e sab e e sane e sbeesabeeenneeas 23
INO CRIL WAlL......oiiiiii et et s bt e s b et b et et e e s b e e s b e e s saa e e sab e e s b e e s raeennae s 23
MEemDBIrane Proteils.........ccooiiiiiiiiiiiiiii e bbb a e 23
MeMDBIane SUFFACE ...........cociiiiiiiiiiee e e s e s r e st s e e s e e e s e e sre e sra e sreesaeesnnesaeesanes 23
How do scientists determine the structure of the envelope of bacteria?..................coccoiiiiiiine, 23
Staining teCAMIGUES...........oc.oiiiiii s 23
EICCLION MICTOSCOPY .....oooviiiiiiiiiiiii i s b bbb s bbb e b s b s b b e b sb e s as b sbe 24
Confirming a Gram Positive eNVEIOPE ..............ooiiiiiiiiiii e s e e 24
How the nature of the envelope affects bacterial Cells? ................ccooiiiiiiiiii e 24
Why the envelope Matters............ccccoiiiiiiiiiiii e 25
GlycocalyX and S-layer effects ..o 26
Penicillin in STream WATer............cooiiiiiiiiiee e 26

2. Know role, feature and basic composition of each of these layers (3.3 6€) ..............cooceiiiiiiiiiniiini e, 26
MembBrane HPIAS .........cccoooiiiiiiiii e e e s 26
LPS and membrane Proteins ..............cooiiiiiiiiiiiiiiii e e e 27
a. Glycocalyx (capsule and slime layer): role and composition ...............ccccoiiiiiiiiiiiiii e 28
What the LYCOCALYX IS ....cooiiiiiiee ettt ettt e st e e bt e e s ab e e st e e e beeebee e sabeesabeeebeeeabeeesaneas 29
COMIPOSTLION......c.eiiiiiiiiieiie ettt ettt et e e st e e s bt e s bt e sbeesbeesbeesb e e bt e b e e bt e b e e sbe e st enbeesaeesssesssessbesaeesnnesnnenanes 29
Sugar chains AN EPS...........cooiiii ettt ettt et e et e bt e s b e e s beesb e e s bt e sbeesbeesbeenbeenbeesbeenreens 29
Capsule examples and CONCIUSION.............ociiiiiiiiiiiiiieee e s sse e s e e e e ennees 29
ROIES ... e a e e b e e b e saae s 29
b. S-layer: composition and Where 10Cated ................cccooiiiiiiiiiiiiiiie s 30
WHAL the S-TAYET S....c..eiiiiieiieiee ettt sh e s h e e s et e e it e st e et e e s beeabesabeeabeeabeeabeenbesabeenbeenee 30
WHhHere Gt 08 LOCATEA.........ooeiiiiiiee ettt ne e 30
HYPOtRESIZEA FOIES ..ot b e s b s b e e s be e s ae e s be e s ae e sbeesneesneesnnesneesnnesnnes 32

Click a line to jump to it. The PDF side panel (bookmarks) has the same parts as tabs and topics as subtabs.

B. External Structures of Bacteria

Book: 3.6 Specialized Structures, Pili and Stalks (chapter 3 PDF, p. 123).

What external structures are
External structures: protein filaments that project out from the cell. (116 po3, L16 p20, L16 p21]
They are NOT enclosed by the cell membrane (thin skin around the cell) or cell wall (stiff layer around the cell
membrane). (116 p03, L16 p20, L16 p21]
Watch out: This describes the protein filaments; nanotubes (tiny tube joining two cells), listed under Others, are an
extension of the cytoplasm (jelly inside the cell membrane) or periplasm (space between the two membranes) between
two cells. [L16 p03, L16 p20, L16 p21]
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Main kinds and jobs
Protein filaments that project OUT of the cell

NOT enclosed by cell membrane or cell wall 2 main types + others

About pili

a filament tube

types: several different
more in Gram negative

1 Flagella: motility

3 Others: stalks, nanotubes

structures and roles:
3 structures, 3 roles
common: adherence

sex pilus

2 Pili and fimbriae

type IV: twitching
sex: DNA transfer

thinner, shorter, more numerous than a flagellum

flagellum
common pili: 100s per cell
sex or F pili: <10 per cell

14 to 20 nm D

G S to 10 nm

® ~7nm

diameter, bars to scale (~ = about)

Key: wavy dark purple = flagellum; purple = pili; F = F plasmid

[ TRAP: fimbriae are NOT longer, thicker or fewer than a flagellum

External structures: flagella, pili and fimbriae, stalks and nanotubes [L16 p03]

fimbriae (short sticky hairs). (116 po3)
Flagella: motility (ability to move). (116 po3, 116 p20, L16 p21]

L16 p20, L16 p21]

Pili, fimbriae and motility

molecule) transfer and a form of motility.

Twitching (jerky crawl using pili), gliding (smooth crawl on a
surface) and sliding (passive spreading by pushing) are motility
not mediated by flagella.

Appendages and internal structures

cell), nucleoid (DNA region without a membrane) or
chromosome (one long DNA molecule), actin (protein of
eukaryote thin filaments) cytoskeleton (inner scaffold of the

bacteria). [L16 p24]

| 2. Pili and Fimbriae (3.6 and 25.2 6e)

- stalks -

thinner

nanotubes -

External

Prokaryotic cell —

Cell envelope —

Internal

Appendages
Flagella
Pili
L Fimbriae
[— Glycocalyx
Capsule, slime layer

(Outer membrane)
Cell wall
| Cell membrane

Cytoplasm
Ribosomes
Inclusions
Nucleoid/chromosome
Actin cytoskeleton

Prokaryotic cell parts sorted into extern

L Endospore

al, cell envelope and internal

Book: 3.6 Specialized Structures, Pili and Stalks (chapter 3 PDF, p. 123); 25.2 Microbial Attachment: First Contact (chapter 25 PDF, p. 36).

A\ Do not mix up: Fimbriae (short sticky hairs) are thinner than flagella (whip tails that spin), not thicker or longer.
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A\ Do not mix up: Fimbriae are the common pili (Type I, P, Type V, curli); Type IV and sex pili are generally called
pili, NOT fimbriae. (116 pos, 116 pos]

Make fimbriae (short, many) Generally called pili
Type | pili: host cells and surfaces Type IV pili: twitching motility
mannose-containing receptors; E. coli @ extend + retract fast; P aeruginosa, Neisseria
P pili: urinary tract infections Conjugative (sex) pili: DNA transfer
made by plasmids; F pilus of E. coli

interaction with host cells

chaperone-usher assembly
n Type V pili: adhesion and aggregation Type IV secretion: DNA/protein transfer
relatively short surface fibers

Curli: biofilm formation Competence pili: DNA uptake
surface amyloid fibers; E. coli, Salmonella f during transformation

Tad pili: "tight adherence” Type IV-like: Gram-positive bacteria

persistent attachment; pili or fimbriae surface adhesion, motility, uptake of DNA

Key: teal = cell; purple line = pilus; blue arrow = DNA moving; gray band = surface; gray text = features and examples

[TRAP: sex pili are NOT fimbriae (not generally called fimbriae) }

Types that make fimbriae and types generally called pili [L16 p08]

What they are

from the cell. [L16 pos)
They are thinner, shorter and more numerous than

Several different types exist: Type |, P, Type IV, Type V, ' / /:
Flagella

e’
Type IV-like pili in Gram positive (thick wall, stains purple) g8 A 3
bacteria. [L16 poa]
They are more commonly observed in Gram negative (thin
wall plus outer membrane) bacteria. [L16 po4]

Three types of pili

Pili form 3 types of structures, each with a different role:
[L16 p04, L16 pO05, L16 p06, L16 p09, L16 p10]

L16 p09, L16 p10]

2) Type IV pili: twitching (jerky crawl using pili) motility

(ability to move). [L16 po4, L16 p05, L16 p06, L16 p09, L16 p10]
| 3) Conjugative, sex or F pili: DNA (cell genetic instruction molecule) transfer. [L16 po4, L16 p05, L16 p06, L16 p09, L16 p10]
Roles and comparison with flagella

Flagella, capsule (firm sugar coat outside the cell) and S-layer (crystal like protein coat outside) do not mediate all
three: flagella give motility, while capsule and S-layer roles are attachment and protection.

Pili vs fimbriae

‘ Fimbriae (common pili) Other pili (Type IV, sex pili and more)

What it is Fine, hairlike protein filament tubes from the | Protein filament tube; the DNA transfer pilus is
cell surface an elongate, hollow appendage

Main role Adherence to other cells and surfaces; biofilm | Type IV: twitching motility, DNA uptake. Sex

(F) pili: DNA transfer by conjugation

Width 3-10 nm Sex pili: about 7 nm (flagellum 14-20 nm)

How many per cell Numerous: 100s per cell Sex pili: only a few (<10)

Key part or action Adhesin protein at the tip binds specific Type IV: extend, attach, then shorten (retract).
molecules (usually sugars) Sex pilus: shortens to bring cells close

Types with this name Type |, P, Type V, curli (Tad: can be called pili | Type IV, conjugative (sex), Type IV secretion,
or fimbriae) competence, Type IV-like in Gram positive

Table source: [L15 p04, L16 p04, L16 p05, L16 p06, L16 p08, L16 p09, L16 p10, L16 p11]
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a. Structure, arrangement in cells and assembly
Book: 3.6 Specialized Structures, Pili and Stalks (chapter 3 PDF, p. 123); 25.2 Microbial Attachment: First Contact (chapter 25 PDF, p. 36).

A\ Do not mix up: Pili (thin hairs on the cell) add subunits (building block piece) at the base; flagella (whip tails
that spin) add flagellin (protein that builds the whip) at the tip. Do not flip them.

A\ Do not mix up: The pilus (thin hair for sticking or DNA swap) tip is NOT made of the filament protein: it is 1-
2 proteins different from the filament. (116 p13, 116 p14]

Basic structure and size
Basic structure: protein filament tube extending from the cell. (116 pos, L16 pos]
Common pili are thinner and shorter than flagella. (116 po4, L16 pos]
Diameter: 3-10 nm for a common pilus vs 14-20 nm for a flagellum (whip tail that spins). (116 pos, L16 pos)

Number per cell
Number per cell: common pili are numerous (100s per cell). (116 pos, L16 p10, L16 p09]

Sex pili are few (<10). [L16 pos, L16 p10, L16 p09]

[ host surface ]
@ binds specific molecules (sugars)

Multiple shaft genes
2) Tip = 1-2 proteins

8 unlike the shaft protein
adhesin mediates adhesion =[ gene 1 {gene ZH gene 3 }:

A

~ 1) Filament: many copies ' O made
of ONE pilin cell can change which
-\ one is made
may have a 2nd minor protein (purple = gene in use)
E. coli P pilus

new subunit added at BASE

= PapA shaft, PapG ti
so the tip extends apA shatt, PapG tip

A pilus = a FEW proteins

cell envelope

Key: light ovals = subunits; solid oval = second protein;
dark ball + white ovals = tip; hexagon = target; blue = DNA

[ TRAP: the tip is NOT made of shaft subunits ]

Pilus filament of pilin, adhesin at the tip, new subunits added at the base [L16 p10]
On the figure: Pilin - adhesin - tip - base -

Pilin and tip protein
Composition, filament: mostly many copies of a single protein. 116 p13]
It may have a second minor protein. (116 p13]
Composition, tip: 1-2 proteins that are different from the filament. [L16 p13, L16 p14]

It binds specific molecules (sugars). (116 p13, L16 p14]

Proteins that form a pilus
How many different proteins form a pilus? 116 p12]
Answer: more than one protein: one major subunit plus a few minor subunits (tip adhesin and tip fibrillum at

One major subunit is repeated many times. 116 p12]
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(@ E. coli Ecoii [Jj © c. s. s. S. E. B.
P pili Type | pili diphtheriae| pyog lacti: P iae |faecalis |cereus
Major Major T3m3 [66] | GBS80PI1 [61]
subtnit % PapA[100] | FimA[92] sublinit Q SPaA48] | Toys(62] |GBS59pI2a (63] | R1OB191:94.99] | EbRC (73] [BepA [68]
Minor tip s Minor tip Cpawms [66]
adhesin Pap [100] | FimHioe] WO e O seacisl | Grausien) RigC [74.91] | EbpA(73] |BepB [68]
Minor tip ” Interspersed GBS104p1-1 [63] |RrgA [71,91,94,99] | EbpA [73]
fibrillum PapFEK" [100]| FimGF [o6] [l " o SpaB [46] [Orf130M1 (62]| Gpa7p0a 63] | RrgC[91:94] | EbpB (73]
Minor o Surface Cpawms [62] |GBS104pi1 [63] RrgA[91] EbpA (73] [BcpB [68]
terminator T | PerH"21] associated @ Orf130m1 [62)| GBS67p12a [63]
[SHB/C-1 [74.91,99]
Assembly ; Assembly Fo0 SrC/Bps
ISrtC/C-2 [74,91,99
factorIUshera PapC [101] | FimD [97] fictor SrtA[46] | SrtC2ws [65] proie {74.91‘99} {73 |SrD (e8]
i SipA2ws3 [66]
Chaperoneo Papp o8] | Fimcios [l ¥ utatitve @ A2 [06]
chaperone
tB;a:;:;stcnated’l SpaB [77) GBS150p1-1 (78]
Cell wall
attachmont SrtF (76] SrtA 93] SrtA [68]
(d)

(iii)

TRENDS in Microbiology

Pilus components of E. coli P and Type | pili and Gram positive pili [L16 p12]

Also have usher FimD and chaperone FimC. [L16p12]
Gram positive (thick wall, stains purple) pili also have a cell wall (stiff layer around the cell membrane)
attachment factor. [L16 p12]
Gram positive sortase enzymes form a peptide (short chain of amino acids) bond from a cell wall cross-bridge to
a protein extending from the cell (textbook).
Among the six Gram positive pili listed (C. diphtheriae, S. pyogenes, S. agalactiae, S. pneumoniae, E. faecalis, B.
cereus), the only putative chaperone (helper protein that guides others) is SipA2, from S. pyogenes. [L16 p12]

Changing which pilin is made
Cells may have multiple different pilin genes. 116 p14]
They can change which pilin is made. [L16 p14]

Assembly compared with flagellum
Assembly in general: assembly varies by type. [L16 p14, 116 p15, L16 p19]
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Feature \ Common pili / fimbriae Sex (F) pili Flagellum
Diameter 3-10 nm ~7 nm 14-20 nm
Number per cell 100s only a few (<10) not given
Length thinner and shorter than flagella |longer than common pili and longer than common pili
described as wider, though ~7
nm falls inside the 3-10 nm
common pili range
Table source: [L16 p06, L16 p10]
Gram positive pili | C. diphtheriae ‘ S. pyogenes S. agalactiae S. pneumoniae E. faecalis B. cereus
Major subunit SpaA T3 and T6 GBS80 and GBS59 |RrgB EbpC BcpA
Minor tip subunit |SpaC Cpa none listed RrgC EbpA BcpB
Interspersed on SpaB 0rf130 GBS104 and RrgA and RrgC EbpA and EbpB none listed
fiber GBS67
Surface associated | none listed Cpa and Orf130 GBS104 and RrgA EbpA BcpB
GBS67
Base associated SpaB none listed GBS150 none listed none listed none listed
terminator
Assembly factor | SrtA SrtC2 none listed SrtB/C-1, SrtC/C-2, | SrtC/Bps SrtD
SrtC/C-3
Putative none listed SipA2 none listed none listed none listed none listed
chaperone
Cell wall SrtF none listed SrtA none listed none listed SrtA
attachment

Table source: [L16 p12]
b. Roles of Common pili, Sex pili and Type IV pili
Book: 3.6 Specialized Structures, Pili and Stalks (chapter 3 PDF, p. 123).

A\ Do not mix up: Type IV pili (thin hairs on the cell) do twitching (jerky crawl using pili) motility (ability to
move); F (sex) pili do DNA (cell genetic instruction molecule) transfer by conjugation (cells passing DNA by
contact). (116 po9, L16 p10]

A\ Do not mix up: The adhesin (sticky protein for attaching) protein is at the TIP of the filament. 116 v0s)
Common pili or fimbriae
Role: adherence to surfaces

fimbriae: 100s per cell bacterium |

NIty 0L L0 LETIL S pilin

E. coli many copies of ONE type
form the filament

l l l l \ ® adhesin at TIP

MAQAAAARARAAANTY] | @ tesssrsy==

intestinal microvilli

host cell

Tip proteins = important virulence factors Made from several types:
also aid biofilm formation Type |, P, V, curli, Tad

Key: teal = bacterium; purple ovals = subunits;
dark ball = tip protein; brown hexagon = target;
pink = host; gray box = area zoomed in

[TRAP: the tip protein is NOT along the shaft ]

Common pili: tip adhesins stick E. coli to intestinal microvilli [L16 p08]

On the figure: adherence - adhesin - tip - intestinal microvilli - virulence - biofilm - E. coli

8
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Sex pili
Type IV pili: twitching motility Conjugative, sex or F pili: conjugation
© several pili @ attaches © pili retract a0
extend to surface cell moved toward E¥ recipient {F-)

attachment site m o n @ pilus attaches to other cell
(O "ooX ~00 ) @ pilus shortens: cells pulled close
( ) : & (:Q (O/"%% ~00 ) © DNA copied and sent across
) o ) @ o both now carry the plasmid
also: adhesion, biofilm, DNA uptake Key: gray outline = old spot - N

examples: Pseudomonas aeruginosa, Neisseria dark dots = attached tips F plésmid chromosome Fiy:!;ck:s ict"f'"ieS the plasmid,
Sex pili: Longer and wider than common pili; only a few per cell (<10) pili do attachment, DNA transfer and one motility
Diameter (circles to scale): () common pili 3 to 10 nm @ sex pili ~7 nm @ flagellum 14 to 20 nm ~ = about
(TRAP: twitching is NOT driven by flagella (pili pull the cell )

Type IV pili pull the cell by twitching; sex pili pass the F plasmid across [L16 p09]
On the figure: Type IV - twitching - Conjugative - sex pilus - F plasmid - chromosome - Diameter - conjugation

Watch out: Sex pili are called wider than common pili, yet ~7 nm falls inside the 3-10 nm range. [L16 p10]
Number: only a few per cell (<10). [116 p10]

for transfer of DNA (textbook).
Sex pilus steps and F plasmid

Sex pilus step 2: the pilus shortens and brings the cells close together. [L16 p11]
Sex pilus step 3: DNA is transferred to the recipient cell. [t16 p11]

A copy goes from the F+ cell to the F- cell. L6 p11)

Both cells end with the F plasmid. (116 p11]

Several pili extend, attach to a surface, and then shorten. (116 po9]

This moves the cell in the direction of the attachment site. [L16 po9)

In twitching, the pili act as limbs that walk the bacterium across a substrate (textbook).

PilB/PilT sit at the base of the Type IV pilus, in the cytosol (jelly inside the cell membrane). (.16 pos]

p17]

Twitching motility is not mediated by flagella (whip tails that spin).

Other pilus types

Other pilus types: Type V (adhesion and aggregation, short surface fibers). [L16 pos]

coli and Salmonella. 116 pos]
Type IV secretion pili: DNA/protein transfer, interaction with host cells. [L16 pos]

9

In Gram negative (thin wall plus outer membrane) enteric bacteria, sex pili attach a donor cell to a recipient cell

Watch out: another Type IV pilus figure names the base proteins PilF and PilT instead of PilB and PilT. [L16 pos, L16

Curli: amyloid (stacked protein fibers) fibers, surface attachment, aggregation (clumping together), biofilm; E.

Competence (ability to take up DNA) pili: DNA uptake during transformation (cell taking up free DNA). (116 pos]
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Tad (tight adherence pili) pili ("tight adherence"): strong attachment and colonization. [L16 pos)

Type IV-like pili in Gram positive (thick wall, stains purple) bacteria: adhesion (sticking to a surface), motility,

DNA uptake. [L16 pos]
Which types are called fimbriae

Pilus type

Common pili (Type I, P, Type V, curli and
Tad form fimbriae; Tad can be called pili or
fimbriae)

\ Major roles
Adherence to surfaces and host cells, biofilm

Types of pilin (protein that builds a hair) that form fimbriae: Type |, P, V, curli, Tad. [L16 po7, L16 pog]
Terminology: Type |, P, V and curli form fimbriae. 116 pos, 116 po7]
Tad "can be called pili or fimbriae". (116 pos, 116 p07]

Type IV, Type IV secretion and competence pili are "generally called pili rather than fimbriae"; Type IV-like pili
in Gram positive bacteria are "generally called pili". (116 pos, L16 p07]

Conjugative pili are not generally called fimbriae. (116 pos, 116 p07]

 Features / examples

Adhesin at tip binds specific molecules
(usually sugars); adhesins are important
virulence factors

Type IV pili

Twitching motility, adhesion, biofilm, DNA
uptake

Rapidly extend and retract; Pseudomonas
aeruginosa and Neisseria

Conjugative (sex, F) pili

DNA transfer between cells by conjugation

Longer and wider than common pili; only a
few per cell (<10); F pilus of E. coli

Table source: [L16 p05, L16 p07, L16 p08, L16 p09, L16 p10]

Pilus type \ Major function Feature
Type | pili Adhesion to host cells and surfaces; biofilms | Forms fimbriae; E. coli type 1 fimbriae bind
mannose-containing receptors
P pili Adhesion, especially in urinary tract Forms fimbriae; E. coli P fimbriae bind
infections receptors on urinary tract cells
Tad pili Strong surface attachment and colonization | "Tight adherence" structures important for

persistent attachment

Conjugative (sex) pili

DNA transfer between bacterial cells

Produced by conjugative plasmids; the F
pilus of E. coli is the classic example

Table source: [L16 p05]

c. Assembly of Type I and Type IV, how it differs from flagellar

Book: 25.2 Microbial Attachment: First Contact (chapter 25 PDF, p. 36); 3.6 Specialized Structures, Pili and Stalks (chapter 3 PDF, p. 123).

A\ Do not mix up: Pili (thin hairs on the cell) subunits (building block piece) go on at the BASE; flagellin
(protein that builds the whip) goes on at the TIP. (116 p19]

Type I pili assembly

| Type | pili assembly has 4 steps. [L16 p16]
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Inner Quter

) membrane membrane
Subunits

synthesizec

Q.

General
secretion,
(SecAY, Se

1. Proteins from the cytoplasm are
secreted by the Sec system to the
periplasm, where they are chaperoned
by PapD to the site of assembly.

‘3- o
OGRS
&

2. PapC, also called the usher,
assembles the individual proteins in

G the proper order. Assembly starts with
the tip protein, PapG, marked at the
far right, which ultimately binds to
carbohydrates on host membranes.

_

g
=
;

\

ity

VA “4;
.

PapH

3. PapH is the anchor of
the PapA filament and can
terminate PapA assembly.

Type | pilus assembly: Sec system, chaperone PapD, usher PapC, tip PapG first [L16 p16]
On the figure: PapD - PapC - PapG - SecAY - SecB - inner membrane - outer membrane

Type | pili, step 1: proteins are secreted into the periplasm (space between the two membranes) by the Sec
system (protein export machine) [L16 p16]

membrane outS/de the wall). 1L16 p16]
Type 1 pili, step 4: it starts with the adhesin (sticky protein for attaching) on the tip [L16 p16]

Pilin (protein that builds a hair) proteins are then added to the base of the shaft to extend the filament. [L16 p16]

11
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Type IV pili assembly

1. Pilin PilA is made as a
preprotein and inserted
into inner membrane.

2. PiD is a peptidase that
removes a leader sequence
from PilA preproteins prior

to pilus assembly.

3. RIIT and PilF
are NTP-binding
proteins that
provide energy for
retraction and

assembly.
(a4
=
{=]
[}
4. The secretin PilQ ;
Inner is required for the >
membrane o type IV pilus to cross PIIC1 g
the outer membrane. and Y1 =
i
C
Outer i
membrane e

Type IV pilus assembly: PilA in inner membrane, PilT and PilF with NTP, PilQ channel [L16 p17]
On the figure: PilA - PilC1 - PilT - PilF - inner membrane - outer membrane

and assembly. (116 p17]

Pili versus flagellum filament

How the filament differs from a flagellum (whip tail that spins): pili subunits are added to the BASE. [116p19, L16
pl4, L16 p17, L16 p18]

This causes the filament to extend. [L16 p19, L16 p14, L16 p17, L16 p18]

In a pilus the tip is made first and goes out first; new pilin joins at the base and pushes the tip out (the tip
extends outward). (116 p14, 116 p16, L16 p19)]

Flagellum subunits (flagellin) are added to the TIP. [L16 p19, 116 p14, 116 p17, L16 p18]

They pass through the basal body (anchor of the whip in the envelope) and the hollow filament. [Li6 p19, L16 p14, L16
p17, L16 p18]

Type IV pili can also retract (pull back in) by disassembly from the base. (116 p19, 116 p14, L16 p17, L16 p18]
Flagellum assembly order

Flagellum assembly order: two ring structures form in the cell membrane (thin skin around the cell).
12
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The rod is added.

The hook is added.
The filament is formed.

The rod is capped after it is added (step 3). 16 p1s]
Then two more rings are added in the cell wall (stiff layer around the cell membrane) layer or outer membrane.

The P ring (step 4) sits in the peptidoglycan; the L ring (step 5) sits at the outer membrane. [L16 p18, L15 p14]

The last step (9) adds the Mot proteins (motility proteins, the motor parts) in the cell membrane. (116 p1s]

Step / feature ‘ Type | pilus (chaperone-usher)  Type IV pilus Flagellum
Starts Proteins secreted into the Pilin PilA made as a preprotein Rings of the basal body inserted
periplasm by the Sec system (pre-PilA) and inserted into the into the cell membrane (steps 1
inner membrane; PilD peptidase |and 2)
removes the leader sequence
Middle Bound by chaperone (PapD); the |Pilin assembled into a filament at | Rod added and capped (3), two

proteins enter the usher channel
(PapC)

the inner membrane; PilF and
PilT NTP-binding proteins give
energy for assembly and
retraction

outer rings added (4 and 5), hook
added and finished (6 and 7)

Later steps

On the outer membrane at the
usher (PapC)

Pushed through a channel
(secretin PilQ) in the outer
membrane

Filament added (8), then motility
proteins added in the cell
membrane (9)

How it grows

Adhesin tip protein (PapG) goes
first, then pilins are added at the
BASE of the shaft; PapH anchors
and can end assembly

New pilin added at the base

Flagellin subunits pass through
the hollow core and are added at
the TIP

Retraction

Not stated

Yes, shortens by disassembling
pilin from the base

Not stated

Table source: [L16 p16, L16 p17, L16 p18, L16 p19]

| 3. Other external structures

Book: 3.6 Specialized Structures, Pili and Stalks (chapter 3 PDF, p. 123).

A\ Do not mix up: Stalks (stem that anchors the cell) are for adhesion (sticking to a surface); nanotubes (tiny tube
joining two cells) connect the cytoplasm (jelly inside the cell membrane) or periplasm (space between the two
membranes) of two cells. (116 p20, L16 p21]

Others as an external structure

| Stalks and nanotubes are "Others", the third kind of external structure. [L16 po3)]

Stalks and Caulobacter cycle

| Stalks (Caulobacter and other bacteria): used for adhesion. 116 p20]

13
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Swarmer cel! Flagellum is lost; @ Pod) (flagellum)
Flagellum  Pili TipN  stalk grows. @ DivJ (stalk)

< O TipN (new pole)
Pod) Stalked cell

Holdfast PodJ moves

Stalk to opposite

pole with TipN.
DivJ —

Old pole New pole Old pole

W,_a

TipN concentrates
at both new poles.
—_—

Predivisional cell B
TipN

delocalizes.
Flagellum grows
at pole with PodJ.
TipN localizes \%
to septum.

—_—
Caulobacter cycle: swarmer cell, stalk and holdfast, TipN and PodJ at the poles [L16 p20]

hairs on the cell). 1116 p20]
Then the flagellum is lost and the stalk grows. (116 p20]

p20]
The tip of the stalk secretes adhesion factors that form the holdfast, which firmly attaches the bacterium (textbook).

The cell then divides; the end with the flagellum becomes the old pole of the new swarmer cell. (116 p20]

The cycle gives a stalked cell and a new swarmer cell (swimming daughter cell). (116 p20]
TipN protein

Nanotubes
Nanotubes: extension of the cytoplasm or periplasm between two different cells. (116 p21, 116 p22]

They can be between different species. 116 p21, 116 p22]
Components shared through nanotubes: protein and nucleic acids. (116 p21, 116 p22]

14
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R R
CmR LinR (Erm) Cm®+ Lin

—— catmMRNA @ Cat protein
== ermmRNA @ Erm protein

Nanotube joins a Cm resistant and a Lin resistant cell, sharing mRNA and protein [L16 p22]
On the figure: Cm - Lin - cat mRNA - Cat protein - erm mRNA - Erm protein

C. Cell envelope (glycocalyx, outer membrane, cell wall, and cell membrane)
Book: 3.3 The Envelope and Cytoskeleton, Cell Envelope of Bacteria (chapter 3 PDF, p. 49).

A\ Do not mix up: Mycobacteria (waxy walled bacteria) are Gram positive but have NO outer membrane (extra
membrane outside the wall) with LPS (outer membrane sugar and fat coat).

15
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Cell envelope parts

Cell envelope (layers wrapped around the cell): includes the " ' B ]
cell membrane (thin skin around the cell), cell wall (stiff layer (vgfi;’;?,,yx ]
around the cell membrane), outer membrane and glycocalyx structure)
(sugary coat outside the cell)/capsule (firm sugar coat ey | [~ Cell envelope
outside the cell). (116 p2s) (variesin  —

. . structure)
Different envelope styles are seen: Gram positive, Gram =

. X X Cell membrane —
negative (thin wall plus outer membrane), mycobacteria, = R 7
Mycoplasma (mollicutes) and archaea (single cell microbes : ]
without a nucleus, their own domain (also called archaeal
bacteria)). (116 p2s, 121 p28]
Each style has different layers and components. [116 p25)
The envelope topic has three parts: the major styles, the Bl
layers and components of each, and antibacterial chemicals
and resistance. [L16 p27]
. . . . Bacterial Cell

EnveIOPe Style Is a major way to group bacterial SPECIES. [L16 el envelope made of glycocalyx, cell wall and cell membrane around

925] the cytoplasm [L16 p37]

stain and acid fast). (116 p25)

Five envelope styles

Five envelope styles: Gram positive, Mycobacterial (Gram
positive actinomycete, acid fast), Gram negative, Mollicutes
(Mycoplasma, no cell wall), Archaeal (of archaea). The
envelope topic has three parts: styles, layers and

components, and antibacterial chemicals and resistance. [L16
p27]

3333333333333 555 5> > > ) »aglycocalyx: capsule
OO b s layer

????? ???( c outer m_embrane:
B854848 8

0<
Ov

phospholipids + LPS

[10==0-
O==0-

8
- d cell wall: peptidoglycan
OO0 —»
0% ~ e PERIPLASM

2] ® @®9 aqueous space between

outer and inner membranes

(Gram negative); own
it @mmm@@@@@@@\Wesetofprotems
ell membrane
protein cytoplasm ETC protein (inner membrane)

Main Functions

1 osmotic protection: holds oligosaccharides

2 transport: binding proteins bring solutes (food) to membrane transporters

3 oxidation-reduction reactions of the electron transport chain; stores H+ ions
4 hydrolysis: cuts nutrients (red slash) into subunits small enough to import

TRAP: the periplasm is NOT outside the cell; it lies inside the envelope
Gram negative layers outside to inside, with the periplasm between the membranes [L16 p36]

On the figure: glycocalyx - outer membrane - peptidoglycan - Periplasm - cell membrane - phospholipids -

Watch out: The Gram negative envelope list says capsule in some, made of sugar.

16
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The outer membrane is porous to most ions (charged particle) and many small organic molecules but prevents the
passage of proteins and other macromolecules (textbook).

The periplasm lies between the outer and inner membranes (the skin around the cytoplasm), includes the cell wall, and
holds enzymes and nutrient transporters (protein that carries molecules across) not found within the cytoplasm
(textbook).

Archaea and S-layer
Archaea: no mycolic acid (waxy fatty acid of mycobacteria) in the envelope.
Pseudopeptidoglycan (archaea version of wall mesh) is in the cell wall of some archaea.
S-layer (crystal like protein coat outside) is a protein coat.

1. Know the layers and components of the envelope in each of the following types of bacteria. How
similar and different from each other
Book: 3.3 The Envelope and Cytoskeleton, Cell Envelope of Bacteria (chapter 3 PDF, p. 49).

A\ Do not mix up: Only Gram negative (thin wall plus outer membrane) has an outer membrane (extra membrane
outside the wall) with LPS (outer membrane sugar and fat coat); Gram positive and mycobacteria (waxy walled
bacteria) have none. [116 p30, L16 p31, L16 p32]

Five envelope styles

b. Mycobacterisl d. Mollicutes
stains purple Gram+ actinomycete stains pink layers: only 1 brown = only in this group
capsule: OO08 some species
E 2 2 2 2 glycolipids
@@@@ some species LPS s B
T —) " - . " ——
=i mycolic acids outer membrane = [ [ lipid-glycans
- ) 1 { hick wal waxy, acid-fast o o
4—5—; thick wall JT 1] OO08 most species
| U s ¢ . 1]
Y=y , 2
e . El thin wall 0 lipoproteins :
(ﬁ(,< teithoicaeide arabinogalactan 0 PST“dOPeP"dOQW‘?a"
= 17 1 only some
periplasm
L = ;
cell brane inner brane pl brane isoprenoid
ether lipids
S-layer = crystalline protein coat [ = peptidoglycan (wall polymer) = phospholipid bilayer top = outside, bottom = inside
[ TRAP: mycobacteria have NO lipopolysaccharide membrane, and Mycoplasma has NO cell wall ]

Five envelope styles side by side, outside at top [L16 p27]
- Gram negative - Mollicutes - S-layer - LPS - teichoic acids - outer membrane - peptidoglycan

What the styles share

Similar: Gram positive, Gram negative, mycobacteria, Mycoplasma and archaea (single cell microbes without a

nucleus, their own domain (also called archaeal bacteria)) all have a cell membrane (thin skin around the cell). (.16 p3o,
L16 p31, L16 p32, L16 p34, L16 p43, L21 p29, L21 p30, L21 p31, L21 p32, L21 p35]

negative and archaea. (116 p30, 116 p31, L16 p32, L16 p34, L16 p43]
The S-layer is NOT on all bacteria. (116 p30, L16 p31, L16 p32, 116 p34, 116 p43]

How they differ

Only Gram negative has a periplasm (space between the two membranes) holding a thin peptidoglycan. 116 p30, L16 p31,
L16 p32, L16 p33, L16 p34]

p32, L16 p33, L16 p34]
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Gram positive has no outer membrane. (116 p30, L16 p31, 116 p32, 116 p33, 116 p34]

Mycobacteria add arabinogalactan (chain of arabinose and galactose sugars in the wall) and mycolic acids (waxy
fatty acids of mycobacteria) to the wall. (116 p30, L16 p31, L16 p32, L16 p33, L16 p34]

Mollicutes have no cell wall (stiff layer around the cell membrane). (116 p30, L16 p31, 116 p32, 116 p33, L16 p34]
Archaea have no peptidoglycan (pseudopeptidoglycan or S-layer). (116 p30, 116 p31, L16 p32, 116 p33, 116 p34]
Archaea have isoprenoid (branched five carbon repeat fat) membrane lipids. (116 p30, 116 p31, L16 p32, L16 p33, L16 p34]

Peptidoglycan differences

Peptidoglycan (murein): long chains of TWO alternating sugars, cross-linked by a peptide of amino acids
[1 G = NAG (GIcNAc) = N-acetylglucosamine

[1 M = NAM (MurNAc) = N-acetylmuramic acid . . ] . Gram positive Gram negative
glycan chain peptide cross-bridge
B-1-4 linkage —_— C ) OM
sugar to sugar
crosslink = —_— r ,
two linked peptides, : :
eachonan M C ) C )
3-20 layers (thick) thinner: 1-2 layers

orange beads = cross-link units ONE large, interconnected molecule ¢ = one peptidoglycan sheet
brown = membrane; OM = outer membrane

peptide sequence varies around the outside of the cell thicker = more layers

most contain some D-amino acids (L-forms are in proteins)
Many antibiotics inhibit its synthesis

[TRAP: the M sugar is NOT NAT, the sugar of archaeal pseudopeptidoglycan ]

Peptidoglycan chains cross-linked by peptides; thick in Gram positive, thin in Gram negative [L16 p27]

Peptidoglycan is made of parallel glycan (sugar chain) chains cross-linked by peptides (short chain of amino acids) of
four to six amino acids (textbook).

Electron microscope appearance
The Gram positive envelope appears as a single dark line. (116 p2s]
A diffuse gray zone lies outside it (one thick wall layer). (116 p2s)
The Gram negative envelope appears as separate dark bands. 16 p2s]

Light spaces lie between the bands (outer membrane, thin wall and inner membrane). [L16 p28]

Layers, outside to inside Cell wall Outer membrane

Gram positive glycosyl chains, S-layer, thick peptidoglycan (3-20 layers) none
peptidoglycan with teichoic acids,
cell membrane with membrane

proteins
Mycobacteria (acid fast, Gram capsule (glycolipids, sugar peptidoglycan plus none with LPS; Watch out: one
positive actinomycete) mycolates), mycolic acids on arabinogalactan plus mycolic acid | envelope diagram calls the
arabinan, arabinan, galactan, mycolic acid layer a
peptidoglycan, cell membrane mycomembrane (mycobacterial
outer membrane)
Gram negative S-layer (some), LPS, outer thin peptidoglycan (1-2 layers) in | yes, with LPS
membrane with porins, the periplasm

lipoproteins, periplasm with thin
peptidoglycan, inner membrane

Mollicutes (Mycoplasma) plasma membrane only, with lipid- | none none
glycans and lipoproteins on its
surface

Archaea S-layer (and pseudopeptidoglycan |pseudopeptidoglycan in some, S- |none
in some), cell membrane of layer only in others (Sulfolobus)
isoprenoids

Table source: [L16 p27, L16 p30, L16 p31, L16 p32, L16 p33, L16 p34, L16 p36, L17 p15]
a. Gram positive bacteria
Book: 3.3 The Envelope and Cytoskeleton, Firmicute Cell Envelope: Gram-Positive (chapter 3 PDF, p. 52).

/A Do not mix up: Gram positive (thick wall, stains purple) wall is thick (3-20 layers) and has NO outer
membrane (extra membrane outside the wall). (117 p15, 116 p30]
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Layers outside to inside
Gram positive envelope (layers wrapped around the cell):

through it. [Li6 p3o)

Teichoic acid cross-threads and the thick wall help the Gram
positive cell retain the Gram stain (textbook).

Thick wall, no outer membrane

Peptidoglycan is thick: 3-20 layers in Gram positive. 117 p15)
No outer membrane: a TEM of a Gram positive envelope
shows this. [L16 p2s, L16 p30]

It also shows a thick peptidoglycan layer. [L16p30]

Gram positive has only one membrane (the cell membrane),
under the peptidoglycan. [L16 p30]

Molecules to know

Cell wall (stiff layer around the cell membrane): teichoic acids
and peptidoglycan. [L16 p30, L16 p36]

Cell membrane: phospholipids (membrane fat with a charged
head) and proteins. [L16 p30, L16 p36]

b. Gram negative bacteria

34 443333 3]

(‘1?? ?3(‘ (\3 —Srgicnc;syl

$929 929999

"iv_."_."—.—'_ — S-layer
riome Y -G

ANV A-NA
AANAAD
$ i |

d QAR IAT DD 1

{_;,‘ s«r,.- 53

Cell
. | membrane
~Membrane

proteins

Gram positive envelope: glycosyl chains, S-layer, thick
peptidoglycan with teichoic acids, membrane [L16 p30]

Book: 3.3 The Envelope and Cytoskeleton, Proteobacterial Cell Envelope: Gram-Negative (chapter 3 PDF, p. 56).

A\ Do not mix up: Gram negative (thin wall plus outer membrane) peptidoglycan (sugar and peptide mesh of
the wall) is thin (1-2 layers) and sits in the periplasm (space between the two membranes). 117 p15, L16 p32]
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Layers outside to inside

Gram negative envelope (C. crescentus): from outside Gran-negative snvelop (C. crescantu) »
-layer

Magnesium ions (charged particle) form ionic cross-
links that bridge the negatively charged LPS chains and
give structural support (textbook).

-LPS

wall) with porin (water filled channel in outer

Outer
membrane). (116 p32]

membrane

membrane beta barrel channels that permit entry of A Lipoproteins
nutrients such as sugars and peptides (textbook).

Cells that fail to make murein lipoprotein (protein
anchoring outer membrane to wall) cannot attach the
outer membrane to the cell wall (stiff layer around the
cell membrane), so it balloons out where daughter

M $3333333333333333383
cells separate (textbook). }/ QOO
Membrane

I Periplasm

- Inner
membrane

p32] proteins
Last: inner (Ce”) membrane (thfn lipid Iayer) with Gram negative envelope: S-layer, LPS, outer membrane, lipoproteins,

membrane proteins. [L16 p32] periplasm, inner membrane [L16 p32]

Peptidoglycan thickness

Peptidoglycan is thinner: 1-2 layers in Gram negative.
[L17 p15]

Gram positive (thick wall, stains purple) has 3-20
layers. (117 p15]

Outer membrane
| Outer membrane: LPS and phospholipids (membrane fat with a charged head). (116 p36]
c. Mycobacteria (3.3 6e)

Book: 3.3 The Envelope and Cytoskeleton, Mycobacterial Cell Envelope (chapter 3 PDF, p. 63).
A\ Do not mix up: Mycolic acid (waxy fatty acid of mycobacteria) is in the acid fast wall; an LPS (outer
membrane sugar and fat coat) outer membrane (extra membrane outside the wall) is NOT.

What mycobacteria are

Mycobacterial (about waxy walled bacteria) envelope (layers wrapped around the cell): a Gram positive
actinomycete (branching thread bacterium). (116 p27, 116 p31]

It is acid fast (detected by the acid fast stain). [L16 p27, L16 p31]

Mycolic acids (waxy fatty acids of mycobacteria) provide the basis for acid fast staining: the cells retain the dye
carbolfuchsin (textbook).
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Layers outside to inside

'—Phenolic

(glycolipids and sugar mycolates). (116 p27, L16 p31] glycolipid
The capsule also has phenolic glycolipid and phospholipid
(membrane fat with a charged head). (116 p27, L16 p31]

Next: mycolic acids, attached to arabinan (five carbon m m

s The capsule consists
Phospholipid of glycolipids and
/ sugar mycolates.

- Capsule

Next: arabinan, then galactan (mycolic acids, arabinan and m m m

% Sugar %
mycolate Fibronectin-

L16 p31]
Last: the cell membrane (thin skin around the cell). (.16 p27, L16 el b binding
p31] Porin }_L-protein
r— 1’ 2
Wall sugars and mycolic acid ot J _
Arabinogalactan (chain of arabinose and galactose sugars ‘
in the wall): sugar chains made of arabinan and galactan. (.16 N—
p31, L16 p36] (attached to
. T . rabinan)

Mycolic acid is in the cell wall (stiff layer around the cell !
membrane). (116 p31, 116 p36] q - Cellwal
Other parts Ethambutol blooks - Arabinan
Other parts: a porin (OmpA Tb) channel crosses the mycolic Snthess. J
acid layer. (116 p31] | Galactan

. . . . . . . I~ Peptidogl,
A fibronectin binding protein (Fbp) sits in the capsule. .16 e
A i .
The drug ethambutol blocks arabinan synthesis. [L16 p31] (u e L membrane
Acid fast envelope Mycobacterial envelope: capsule, mycolic acids, arabinan,

Acid fast envelope: peptidoglycan, arabinan-galactan galactan, peptidoglycan, membrane [L16 p31]

sugars, mycolic acid.
They also have a phospholipid bilayer (two layers)
membrane.
They do NOT have an outer membrane with phospholipids and LPS.
Watch out: One envelope diagram calls the mycolic acid layer a mycomembrane (mycobacterial outer
membrane).
The thick waxy envelope excludes many antibiotics and retards nutrient uptake, so mycobacteria (waxy walled
bacteria) grow extremely slowly (textbook).

d. Archaea (19.1 6e)

- Mycolic acids - arabinan - galactan -

Book: 19.1 Archaeal Diversity at a Glance (chapter 19 PDF, p. 5).

A\ Do not mix up: Some archaea (single cell microbes without a nucleus, their own domain (also called
archaeal bacteria)) have pseudopeptidoglycan (others have only an S-layer); all archaea have isoprenoid
(branched five carbon repeat fat) membranes (thin lipid layer); none have mycolic acid (waxy fatty acid of
mycobacteria).

S-layer in archaea
Most archaea have a crystalline (neat repeating pattern) S protein layer.

Archaea with no cell wall (stiff layer around the cell membrane) have just the S-layer (crystal like protein coat
outside). [L16 p36, L16 pa3)]
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Envelopes of archaea

A. Sulfolobus B. Methanothermus

Pseudopeptidoglycan

;';i"'gp

.‘.t

O0C VR
D00

above the cell membrane (thin skin around the cell). (116 p34, 116 p43]
Sulfolobus has no cell wall. [L16 p34, L16 p43]

Cell wall
Only some archaea have a cell wall with chains of sugar.

Archaeal wall (in archaea that have one): pseudopeptidoglycan instead of peptidoglycan (sugar and peptide
mesh of the wall).

Pseudopeptidoglycan is found in some archaeal bacteria. [L17p24]
Mycolic acid is NOT in the archaeal wall.

Membrane lipids
A Bilayer (glycerol diethers)

Membrane 20-carbon isoprenoid groups
protein |'|| T
/ H_C_O_CHZ/Y\/Y\/Y\/Y Y\/\(\/\/\/\(\CHZ—O—C—H
Ether | |
linkages ' \
H—c—o—CHz/WWY\/Y Y\/YVY\/Y\CHZ_O_C_H
Lipid bilayer of ’ |
some archaeal = $—°— R §u=g gygrr%%%r;,phate B=B=c =i
membranes H !

B Monolayer (diglycerol tetraethers) 40 C arb on 1 sopren Oi d H
Membrane Glycerol H—O—é —H
protein H
| |
H—C—0-~CH, CH,—O0—C—H
Ether | ‘
linkages !
H—C—O0--CH, CH,—O0—C—H
Lipid monolayer ‘ |
of some archaeal H—C—O—H H
membranes | Glycerol

H

Archaeal membrane lipids: ether linkages, isoprenoid groups, bilayer and monolayer [L17 p39]



BIOL4640/8646

fat with a charged head).

Membrane: isoprenoids (not phospholipids). [L17 p39]

Isoprenoids are joined to glycerol (three carbon fat backbone) by ether (C O C bond) linkages (the bond type
holding the chains to glycerol). [L16 p3a, 117 p39]

The ether linkage resists hydrolysis (breaking with water), and branched isoprenoid chains increase membrane
stability by hooking each other in place (textbook).

e. Mollicutes (Mycoplasma) (pp 734-5 6e)

Book: 18.3 Firmicutes, Mycoplasma, and Actinobacteria, Mycoplasmas Lack a Cell Wall (chapter 18 PDF, p. 63).

No cell wall :

! i B
Mollicutes (Mycoplasma): no cell wall (stiff layer around the cell membrane). (16 p27, °"9°f:p°:‘,:'ta""° —
L16 p33] i
The only membrane (thin lipid layer) is the plasma membrane (PM); a sugar layer of = ::&‘?':Z:’ 7
lipid-glycans on its surface may be a capsule (firm sugar coat outside the cell). (.16 p27, ‘-;?uence f
L16 p33] - i
Mycoplasmas need no cell wall because they are parasites living in host — % LG
environments, where they are protected from osmotic (about water moving across - 5
membranes) shock (textbook). g ° f‘
Membrane proteins é/\ E
The PM has membrane proteins. [116 p27, 116 p33] ?E;i . &
IMP is intermembrane protein. [L16 p27, L16 p33] I\ 4
PMP is peripheral membrane protein. (116 p27, 116 p33] PM
Membrane surface @
Surface of the membrane: lipoproteins (LPPs) with a repetitive amino acid
sequence. [L16 p33] Mycoplasma
Lipid-glycans (LG) have an oligosaccharide repeat. (16 p33) Mycoplasma plasma membrane

with IMP, PMP, lipoproteins and
lipid-glycans [L16 p33]

How do scientists determine the structure of the envelope of bacteria?

Book: 3.3 The Envelope and Cytoskeleton, Cell Envelope of Bacteria (chapter 3 PDF, p. 49).
/A\ Do not mix up: A Gram stain (stain that sorts bacteria purple or pink) color does not always match the
actual envelope (layers wrapped around the cell) style. (16 p3s]

Staining techniques
Staining techniques: the Gram stain and the acid fast stain detect differences in the envelope. [L16 p25, L16 p26]
They are basic tools for grouping bacteria by envelope. [L16 p25, L16 p26]
Limit of the Gram stain: color does not always match the actual envelope style. 116 p3s]

New strain stained purple: test the envelope

= |J &S O O

electron microscope isolate penicillin no growth on genome:
thick wall, te'Cho'hC acid  ills it: medium for  no layer ¢
1 membrane from the clearzone  Gram-only  genes

Gram+ wall

Tests for a purple strain: electron microscope, teichoic acid, penicillin, selective medium, genome [L16 p35]

23



BIOL4640/8646
Other methods can determine or predict the envelope of a newly isolated bacterium: electron microscopy,

genes. [L16 p35]

Electron microscopy
Microscopy: electron microscope images (50 nm bar) show a single dark line for Gram positive (thick wall,
stains purple). (116 p2s)
They show separate dark bands for the Gram negative (thin wall plus outer membrane) envelope. (116 p2s]

Confirming a Gram positive envelope
Purple cells from an insect gut: how could you confirm a Gram positive envelope?
Method 1: transmission electron microscopy.

Method 1 shows a thick peptidoglycan (sugar and peptide mesh of the wall) layer and no outer membrane
(extra membrane outside the wall).

Method 2: isolate teichoic acid from the cell wall (stiff layer around the cell membrane).
Method 3: test sensitivity to a penicillin.

some do not pass through the Gram negative outer membrane.

Penicillin disables cross-bridge formation: the transpeptidase (enzyme making wall cross bridges) that cross-
links the wall peptides (short chain of amino acids) is its target (textbook).

Method 4: no growth on selective media for Gram negative.
Method 5: look at genome predicted genes.

Method 5: no genes for LPS (outer membrane sugar and fat coat) synthesis, outer membrane and periplasmic
(in the space between the two membranes) proteins.

Method 5: genes for teichoic acid synthesis are found.

How the nature of the envelope affects bacterial cells?

Book: 3.3 The Envelope and Cytoskeleton, Cell Envelope of Bacteria (chapter 3 PDF, p. 49).

A\ Do not mix up: Mollicutes (bacteria with no cell wall) have no cell wall (stiff layer around the cell
membrane); the plasma membrane (thin lipid layer) is their only membrane, with a sugar layer on its surface
that may be a capsule (firm sugar coat outside the cell). (.16 p27, 116 p33)
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Why the envelope matters

Cell envelope = every layer that wraps the cell

Transport: am =TT ~u capsule or glycocalyx
what material y. '\’\/
gets in K ‘. — outer membrane
; | (Gram negative only)
" cytoplasm !
a : — cell wall
\ /
Sensitivity: ’
antibioticsy N _ > cell membrane

o —— -

disinfectants

Classify: major way to group bacterial species

sketch: dark band = layer

Detected by:

E———

Gram stain,

Gram+ (purple): Gram- (pink):

one thick wall

2 membranes, thin wall

acid-fast stain,
electron microscopy

[ TRAP: the envelope is NOT only the wall

Cell envelope layers; what gets in, antibiotic sensitivity, and classifying species [L16 p26]

[L16 p26]
Staining techniques detect differences. [L16 p26]
Reason 2: affects transport of material into the cell. [L16 p26]
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Glycocalyx and S-layer effects

Attachment (biofilms) teal = bacteria, gold = capsule

EPS matrix glues cells together Y \ ~

attach multiply build matrix mature cells leave
Protection from phagocytosis Protection from desiccation
phagocyte sun = drying -C‘-
red X = cannot engulf blue drops = water

[TRAP: the capsule does NOT do DNA transfer or twitching motility; those use piIi]

Glycocalyx roles: biofilm attachment, protection from phagocytosis and desiccation [L16 p41]
On the figure: phagocytosis - desiccation - biofilms - attachment

S-layer (crystal like protein coat outside) hypothesized effects: protection from osmotic (about water moving
across membranes) stress, protection from viruses. (116 pa1, L16 pa4]
S-layer may also be a barrier to large molecules. [L16 pa1, L16 pas]
Penicillin in stream water
Penicillin treatment of stream water: why might penicillin not work?
The bacteria may not be growing.
It may not be effective against the type of bacteria (Gram negative).
The bacteria may be resistant or the concentration too low.

| 2. Know role, feature and basic composition of each of these layers (3.3 6e)
Book: 3.3 The Envelope and Cytoskeleton, Cell Envelope of Bacteria (chapter 3 PDF, p. 49).

Membrane lipids
Membrane (thin lipid layer) components differ: archaea (single cell microbes without a nucleus, their own domain
(also called archaeal bacteria)) have isoprenoid (branched five carbon repeat fat) lipids while bacteria have
phospholipids (membrane fat with a charged head). (117 p39]

Some bacteria have hopanoids (five ring cholesterol like fat), molecules similar to sterols (stiff ring shaped fat). 117
p40]
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One phospholipid Cells change their chains with temperature  Composition of E. coli cells cultured at different temperatures
head group (varies) they alter chain length and # of double bonds chain type 10 °C 20 °C 30 °C 40 °C
Low temp (10 °C) P -
phosphoryl group ; . Myristic (14:0) 4 4 4 8
(- charge) more unsaturated (kinked tails) Palmitic (16:0) 18 25 29 48
glycerol T( T( ﬁ ﬁ R ﬁ K i ﬁ K K K o Palmitoleic (16:1) 26 24 23 9
. ® Oleic (18:1) 38 34 30 12
£20) (£=01 2 estar linkages Hydroxymyristic 13 10 10 8
o—— 2 fatty acids: vary in High temp (40 °C) unsat : sat ratio 29 20 16 038
length and saturation more saturated (straight tails)
16:0
straight 18:1
cis kink @ blue dot = unsaturated (has a double bond)
circle = head; 2 lines = its two tails ratio decreases
16:0 = 16 carbons, 0 double bonds kink = cis double bond in the tail (16:1) = carbons : double bonds

TRAP: cold does NOT raise the saturated share; it lowers it (unsaturated chains take over in the cold)
Phospholipid head group and chains; more unsaturated chains in the cold [L16 p40]

LPS and membrane proteins

Porin Membrane protein

Lipopolysaccharide

Outer membrane Phospholipid

Lipoprotein

Ce” Wa" __{ S e e e e e e e e e e =3
Periplasm T~ Murein

Cell (inner) i Membrane protein

membrane ~—~Phospholipid

Gram negative outer membrane with lipopolysaccharide, phospholipid, porin and membrane proteins [L17 p31]

Gram negative (thin wall plus outer membrane) has LPS (outer membrane sugar and fat coat) in its outer membrane
(extra membrane outside the wall). [L16 p36]

LPS act as endotoxins (toxin built into the cell): harmless while the pathogen is intact, but released by a lysed
(broken open) cell they overstimulate host defenses (textbook).
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Layer
Glycocalyx (capsule or slime layer)

\ Components
polysaccharides, peptides, DNA

Where it is found

beyond the cell wall; capsule in some Gram
positive and some Gram negative cells and in
mycobacteria

S-layer

proteins or glycoproteins

outside the cell wall or membrane: Gram
positive (possibly all, not certain), Gram
negative (some), archaea (some to all); not
found on all bacteria, and usually lost in lab
cultured strains

Outer membrane

LPS and phospholipids

Gram negative

Cell wall

peptidoglycan, pseudopeptidoglycan, teichoic
acid, mycolic acids, arabinogalactan

Gram positive: thick peptidoglycan, teichoic
acid in some (another list says most Gram
positive bacteria, so the sources differ); Gram
negative: thin peptidoglycan; mycobacteria:
mycolic acids, arabinogalactan, peptidoglycan;
archaea (some): pseudopeptidoglycan;
Mycoplasma: none

Periplasm

thin peptidoglycan, oligosaccharides (osmotic
protection), its own unique set of proteins
(proteins that bind solutes)

Gram negative

Cell membrane

phospholipids and proteins (bacteria; some
also hopanoids); isoprenoids (archaea); sterols
(Mycoplasma)

all five: Gram positive, Gram negative,
mycobacteria, archaea, Mycoplasma

Table source: [L16 p32, L16 p36, L16 p37, L16 p40, L16 p42, L17 p31, L17 p32, L21 p29, L21 p30, L21 p31, 21 p32, L21 p35]
a. Glycocalyx (capsule and slime layer): role and composition

Book: 3.3 The Envelope and Cytoskeleton, Firmicute Cell Envelope: Gram-Positive (chapter 3 PDF, p. 52); 3.3 The Envelope and
Cytoskeleton, Proteobacterial Cell Envelope: Gram-Negative (chapter 3 PDF, p. 56).

A\ Do not mix up: Slime layer (loose sticky coat outside) is loosely attached; capsule (firm sugar coat outside
the cell) is more firmly attached. Both are glycocalyx (sugary coat outside the cell). [L16 p37, L16 p3s]
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Slime Layer

What the glycocalyx is

Glycocalyx: extracellular material beyond the cell wall (stiff layer
around the cell membrane). (116 p37, 116 p3s]

It has two types. [L16 p37, L16 p38]

Capsule is more firmly attached. 116 p37, 116 p3s)]

A darkfield microscopy (view with a dark background where objects
glow bright) image shows the coat as a bright halo around clusters of
cells. [L16 p37]

Layers from inside out: inner (cell) membrane (thin lipid layer),
murein (another name for peptidoglycan), outer membrane (extra
membrane outside the wall), capsule. [L16 p3g]

Capsule

(b)
Slime layer loosely attached and capsule firmly
attached around a cell [L16 p38]

On the figure: Slime layer - capsules
Composition
Usually polysaccharides  (extracellular polysaccharide = EPS) Composition varies Capsule table: 10 species
homopolymer  heteropolymer ~May be peptides May contain DNA between species, )
1 sugar type mixed sugars amino acids between strains of a species, Gram+
Gm+ more often? and during the life
® of the organism
90 Gram- @ @ @ @ @
Oe E. coli: capsular polysaccharides gold = sugar, purple = peptide,
) called K antigens; count: ~80 half and half = both
(€]

I cell wall i " 9 of 10 contain some polysaccharide
cell membrane &

5 peptide coats: only in the genus
cream = capsule seen up close; chains are usually short each shade = a different capsule Bacillus

[ TRAP: capsules are NOT only sugars: the species B. anthracis makes a polypeptide capsule (polyglutamic acid) ]

Glycocalyx composition: polysaccharides, peptides, DNA; 10 capsule examples [L16 p37]

May be peptides (more common in Gram positive, not certain). [L16 p4o]

Peptides are short chains of amino acids. [L16 pa0]

May also contain DNA. [L16 p40]

It varies between species, strains of a species, and during the life of an organism. [L16 p40]

Sugar chains and EPS

B. anthracis has polyglutamic acid; B. megaterium has both. (116 p39, L16 pa0]
This fits "peptides more common in Gram positive". [L16 p39, L16 p40]
All 5 Gram negative (thin wall plus outer membrane) examples are polysaccharides. (116 p39, L16 pa0]

Roles
Roles: attachment (biofilms). (116 pa1]
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Biofilms (slimy community on a surface): the glycocalyx is a matrix for their formation.

Protection from phagocytosis (being eaten by immune cells). (116 pa1)
The capsule can prevent phagocytosis by a phagocyte (white blood cell that swallows microbes). (116 pa1)]
Protection from desiccation (drying out). (.16 pa1]

Bacterium \ Capsule composition Subunits

Bacillus anthracis (Gram positive) polypeptide (polyglutamic acid) D-glutamic acid

Bacillus megaterium (Gram positive) polypeptide and polysaccharide D-glutamic acid, amino sugars, sugars
Streptococcus mutans (Gram positive) polysaccharide (dextran) glucose

Streptococcus pneumoniae (Gram positive) | polysaccharides sugars, amino sugars, uronic acids
Streptococcus pyogenes (Gram positive) polysaccharide (hyaluronic acid) N-acetyl-glucosamine and glucuronic acid
Acetobacter xylinum (Gram negative) polysaccharide (cellulose) glucose

Escherichia coli (Gram negative) polysaccharide (colonic acid) glucose, galactose, fucose, glucuronic acid
Pseudomonas aeruginosa (Gram negative) | polysaccharide mannuronic acid

Azotobacter vinelandii (Gram negative) polysaccharide glucuronic acid

Agrobacterium tumefaciens (Gram polysaccharide (glucan) glucose

negative)

Table source: [L16 p39]

Biofilm step ‘ What happens (textbook)

1 Cells attach to a surface

2 Microcolonies form

3 The cells form a thick extracellular matrix (sticky sugar web, the EPS)
of polysaccharide polymers

4 The biofilm matures

5 Dispersal: some cells leave to start new biofilms

Table source: [L16 p41]
b. S-layer: composition and where located
Book: 3.3 The Envelope and Cytoskeleton, Firmicute Cell Envelope: Gram-Positive (chapter 3 PDF, p. 52).

A\ Do not mix up: S-layer (crystal like protein coat outside) is protein, found especially on archaea (single cell

microbes without a nucleus, their own domain (also called archaeal bacteria)), and is NOT on all bacteria. (.16
p42, L16 p43]

What the S-layer is
S-layer: a protein coating beyond the cell wall (stiff layer around the cell membrane).
It is observed in some bacteria and archaea.
S-layer (surface layer) features: found on most bacteria (not certain), especially archaea. (116 p42]

Watch out: It is also described as observed in some bacteria and archaea, and as not found on all bacteria. (.16
p42]

Usually lost in lab cultured strains. (116 pa2)
A layer of proteins or glycoproteins, a complex of a few proteins. [116 pa2]
It makes a crystalline (neat repeating pattern), porous matrix. (116 p42]
The S-layer is built of protein subunits (building block piece) that fit together like tiles, and it is rigid but flexes
(textbook).
Where it is located
On the outside of the cell wall or membrane (thin lipid layer). (116 pa2]
Where located: the S-layer sits in three places (Sleytr and Beveridge). 116 p43)
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» S-layer
i Peptidoglycan
Cytoplasmic and/or other
mem‘t))rane polymers
I Cytoplasmic
membrane
(c)

S-layer Membrane
S-layer (glyco)- protein
protein
T Outer membrane

Peptidoglycan - URERCOR (ORI Of E Membrane lipids

other polymers

Cytoplasmic

membrane . Lipopoly- Lipo-
Porin saccharide protein

S-layer on archaea, Gram positive and Gram negative envelopes [L16 p43]

Tonmcdn e B Bimanbal

On the figure: S-layer - peptidoglycan - outer membrane

the wall). 1116 pa3)
S-layer is NOT found on all bacteria. (116 pa3]
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Hypothesized roles
Hypothesized roles: not totally understood purple = S-layer, teal = bilayer
—_— <
| |
Protection: Structural: shape Protection from
osmotic stress (Archaea) viruses
blue arrows = water push coat holds the outline red X = phage blocked

L

Barrier to Attachment to Site for attachment
large molecules surfaces of proteins
ball stops, dots pass gray bar = a solid drops = bound units
[ TRAP: this coat is NOT an extra membrane )

S-layer hypothesized roles: osmotic stress, viruses, large molecules, attachment [L16 p44]
On the figure: osmotic stress - viruses - large molecules - Attachment to surfaces - Site for attachment of proteins - Structural

Hypothesized roles (not totally understood): protection from osmotic (about water moving across membranes)
stress. [L16 p4a4]
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