Evolution d Transcription Fadors

Evolution of Transcription factor
function: Homeotic (Hox) proteins

» Hox proteins regulate morphology in
cdlular zones on the anterior-posterior axis
of embryos viathe activation/represson of
unknown numbers of downstream effedor
genes.

Recessive mutationsin the
Hox gene Ultrabithorax (Ubx)

two —=> four-winged flies

Dr. Willi am McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Dominant mutations
in the Antennapedia
(Antp) gene

Homeotic
transfor mations of
antennatoleg

Drosophila homeotic (Hox) genes

lab pb Dfd Scr Antp Ubx abd-A Abd-B
Wl W W — ) G SN

Antennapedia Bithorax
complex complex

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Homeotic (Hox) gene complexesin vertebrates and
invertebrates

be
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i Hox1 Hox2 Hox3 Hox4 Hox5 Hox®6 (central) Hox7 (posterior)
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Hox genesare expressed in stripes of cells
on the head-tail axis of embryos

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Homeotic or Hox gene

DNA— ® = =5 == o

t

'homeobox' sequence
~180 nucleotides

Hox o —

Protein
i

'homeodomain'
60 amino acid region that is
the molecular signature of Hox proteins

Hox genesarerequired to diversify
mor phology during animal development.

Has mutation of Hox genes diversified
mor phology during animal evolution?

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Bilateral ) ~
ancestor

A/P diversification: Hox genes

Arthropods have variable numbers of limbs

Insects
_ millipedes,
spiders, centipedes
scorpions

\:_: Iy B .-‘r'

trilobites

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Distalless promotes limbsin fly embryos,
Ubx and AbdA Hox proteinsrepresslimbs

Drosophila wild- Drosophila ectopic Ubx or AbdA

type

T11
Appende!ge Primordia

Drosophila Ubx + abdA mutant

Mutations of Hox
cis-regulatory
elements and
morphological

evolution

Warren et al. (1994)
Nature 372,458

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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When evolving different mor phologies, is
cis-regulatory mutation/seledion where the action is?

« Much indirect evidence for Cis-reg mutatione==> morph. change.

¢ Cisreg mutation has been hypothesized to be“easier” on a
developmental system and organism, sinceit would involve
changesin the expression pattern of only one gene at atime
(Of courseif that gene encodes aregulatory protein it isn’'t easer).

¢ Because of binding ste “redundancy” in enhancers, Cis-reg
mutations might be extremely gradual (micro-micro mutations), and
therefor e also beneficial from the viewpoint of organismal survival
Although in the @ase of micro-micro changes, what isthereto
be selected?

Evolutionarily conserved roles of transcription factors -
How conserved are they? Ectopic Hox-6 in Drosophila.

Dfd ScrAntp

Represson of homothorax, DI
and/or spinelessin antennal
primordia will suffice

Dr. Willi am McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Ectopic Pax-6 protein can mimic the “master regulator” Eyeless
Isthisgood evidence for detailed functional conservation?

twin of eyeless

Eyeless mammal Pax-6

401

Dac eya 0

Compound eyesin Drosophlla legs, etc

The evidence for stringent functional conservation
of distantly-related homologsis skimpy to non-existent.

Hexapod insects evolved from an
ancestral crustacean with many limbs

Insects _/
_ L millipedes,
spiders, ( i centipedes

scorpions

.!r'

' trilobites

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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What kinds of mutations could contribute to limb |oss?
1. Loss of upstream limb activator gene
expression (wg, dpp).

2. Gain of Hox repressor binding sites in
Distal-less.

3. More anterior expression pattern of a
pre-existing Hox repressor.

4. Mutation of abdominal Hox proteins to
generate appendage repressor.

5. Mutation in Hox cofactor function or
expression pattern.

Artemia franciscana

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Different expression patterns between insect and crustacean
“édominal” Hox proteinsfail to explain [imb number evolution

Antp Ubx AbdA

Hox 6 7 8

~ 450 million years ago

crustacean
Artemia franciscana,
the brineshrimp

The structure of Ubx proteinsfrom
Artemia and Drosophila are highly diverged,
except in the homeodomain

Ultrabithorax proteins

artemia W BE= - - - -——{ - (EELE =~
Drosophila [F—Hil [T  EER

N-terminal Conserved Domain

YLPY Domain

KLY Domain

YPWM Domain (Exd Interaction Domain)
Homeodomain (DNA Binding Domain)

OEOEEE

Region of Extended Homeodomain Homology

Overall match 123/388 = 32%

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Expression of Artemia or Drosophila Ubx proteins
in thethorax of Drosophila embryos. You haveto quantitate.

wt | FP6.87 arm: A ’beHA

HA]

HA
arm : DinUbx o H arm : AfUbx

In contrast to Dros. Ubx, Artemia Ubx doesn’t repress limbs
or Digtalless, but it doesregulate other genes,
even in thelimb field.

wt arm : DiUbx 1 arm : AbexHA

it ro—

D11304- -

.

ol . i
Antp ' w" —

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Artemia Ubx can activate dpp in a striped pattern,
the stripes dependent on the C-terminal Ser/Thr aaresidues

dpp transcripts
2 s ——
’ Drosophila Ubx YPWM _HD _
L1 [ | I 1H]
armGAL4 : Drosophila Ubx
I 7."-;“_' e ‘
4 ““‘ - Artemia Ubx
- ' : Artemia Ubx 6 S/T to A AAAAATA
j ) = Eraes =
armGAL4 : AQIJB‘)LE'/T to A1-5and 7
M i' ArtemiaUbx AQA
{ , [ -,
armGAl.Al:Dms\AQ; > e

Like Drosophila Ubx, Artemia Ubx represses wing
development

Wing driver done

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Differencesin C-terminal residues between fly and crustacean
Ubx control whether limbs are repressed.

s KO
Drosophila Ubx YPWM HD _ rep
' 0 —H 100%
Artemia Ubx

15%
Dros281Art
' 25%

Dros356Art
L

[ 20%

Art250Dros
70%

The C-terminus of Artemia Ubx inhibits, in cis, a covert
limb repression function, the C-terminus of Drosophila Ubx is
largely permissive for limb repression

Limbrep
Art AC-term
80%
Dros AQA
[ T - 80%
Art250Dros AQA

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Ubx C-termini from multilimbed arthropods have multiple
Ser/Thr resides, Ubx from insects have none

| Ubx proteins |HD[ |
Myr Divergence
500 400 300 200 100 Ubx C-termini
T T T Insecw
fruit fly . TQAT KELNEQEKOAQAOKAARAAARAARVOEGHLDD
mosqui to . IQAT KELNEQEKQAQAOKA A AAARARAALHEQN
moth . IQAI KELNEQEKQAQROKAARAARRAAAAROCHPEH
beetle . IQAT KELNEQFKOAQAOKARAARAAVAROVDEN
Collembol.
springtail  .IQAT KELNEQEKQAQAAKADCK!W
Crustacea
b.shrimp
copepod
isopod
Myriapada
centipede
millipede
Chelicerate
spider TASTST
Onychaphoran
velvet worm .MOTKOLNEQRKKORDESLEY

The importance of CKII sitesin regulating
Hox protein ability to represslimbs

. repress limbs
Drosophila Antp and D11

) No
CKII sites + + ++

— Yes
CKII sites - -

Jaffe, Ryoo, and Mann, Genes Dev. 1997

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Ser/Thr residues, including onein a CKIl consensus site,
inhibit thelimb repression function of Artemia Ubx

Limbrep
Art Ubx S/T to A 1-5 AAAAATS
35%
Art UbxS/Tto A1-5& 7 AAAAATA
75%

wildtype I...];P%KLH%NC%S;P;FGD o

CKII consensus

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Another study on Ubx protein evolution suggested Dros. Ubx
acquired a repression function not in onychophoran Ubx

Drosophila Ubx YPWM HD Elxep
[ 0 I— 100%
onychophora Ubx

ycnop 0%
D 2
: ros ? ony | .
on A Dros

¥ Q 1 100%
ony AC-term T

C————1r 1 0%

Dros AQA
[ 1 O--fi 80%

Galant and Carroll, Nature, 2002

A serineto alanine mutagenesis scheme
contributed to the evolution of the hexapoda

I limb repression function I .

branchipod crustacean Ubx
(Antennapedia-like)

nllg::gft;/?n 400 million years ago ‘

Expansion of QA

¢ repress limbs in
I limb repression function I . abdomen
h

insect Ubx exapod body plan

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)

16



Evolution of Transcription Factors

Microevolution

Steamboat willii Mickey mousculus

Macroevolution

M acroevolution, and Ser/Thr-mediated regulation of
Hox transcriptional repression

* Ser-mutant phenotypes are dominant, no need to fix recessive
alleles.

« Variation in number of Ser/Thr residues may allow
microevolutionary steps toward a macr oevol utionary event
(hopeful monster) such asloss of appendages from the segments
of aviableanimal.

* Thenovel evolutionary variation can be regulated by cell-cell
signaling pathways

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Parallel evolution? CK1l sitelossin Daphnia Antp
protein correlateswith gain of limb repression function

repress limbs

and DIl in
Drosophila Ant YPWM HD ﬂyl\?mbryo
/, : CKII sites + + e o
Ex o
% @ EK\I%EP 'Q}*}: &’} 5 Artemia Antp
"Ny ,"3«\%" Pr [ TH I 1 ?
w o CKII sites (cons) + + F =
Las E LR Daphnia Ant
] : Yes
CKII sites (cons) - - e
] Daphnia Ant s Kiy)
ess es (wea
DIl expression CKII sites(cons) - - ++

Shiga et al. Development, 2002

What biochemical propertiesand
interactions of Artemia Ubx are altered by
C-terminus Ser/Thr resdues?

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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GSK3 CKII CKIl GSK3
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Phosphorylation of Artemia Ubx protein by CKII affectsin vitro DNA
binding to the DII-BX1 element
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Artemiafranciscana UBX C-Terminus:

SKLHSNCSSPTGDISDDEK DK EK NL

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)



Evolution of Transcription Factors

Model of Artemia Ubx protein binding to DII-BX1 element

DII-BX1: AATATTTGGGAAATTAAATCATTCCCGCC

DII-BX1: AATATTTGGGAAATTAAATCATTCCCGCC

A domain required for limb repression in Drosophila
Ubx maps between aa 20 and 61.

Limb repression

YPWM HD
(NsYF] I— I %
EFPLs) I -3
I (PYD] I——

Ny o T 100%
| (PPP) B/ 0%

| e o
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Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Some of the Drosophila genesin the Hox complex have lost

their segment identity functions

s

]

Hox1 Hox2 Hox3 Hox4 Hox5 Hox®6 (central)
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Drosophila Ftz protein evolved from a Hox precur sor

Embryonic

loss of homeotic A
Expression

function

Functional
Assays

acquisition of N\ Drosophila —mmm- CNS

segmentation (True Flies) pair-rule
function
\ Tribolium —HHE—— CNS,
(Beetles) stripes

Schistocerca CNS’.
—{HE- posterior

L. t
{Lagusts) growth zone

Sacculina

—{H.-
{Crustaceans) CNs

Lithobius

CNS,
(Myriapods) /-

Hox-like

Archegozefe #/—{HE CNs?

(Chelicerates) Hox-like

0 LXXLL meotif
0 F/YPWM motif
I homeodomain

segmentation

homeotic,
segmentation

homeotic,
weak
segmentation

?

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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Empis
Haematopota Zen—H1
Clogmia

Tribolium Zen ———
(Bestles)

Schistocerca Zen —E—}

(Locusts)

Hox3-Zen
divergence

N

Crust: s ?

Myriapods ?

Chelicerates Hox3—{ HIl—

Vertebrates Hox3—{ HIl—

Il putative zen motif
[ FPWM motif
I homeodomain

Drosophila Zen and Bcd proteins evolved from a Hox precur sor

Embryonic
Zen-Bed Expression
divergence R -
\ Drosophila } <Bcd—-— Maternal
Q
Megaselia Zen —H— Extra-embryonic

Extra-embryonic,
maternal

Extra-embryonic
Extra-embryonic,
maternal
?
Hox-like

Hox-like

Hox3
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Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)
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rho
Nascent Transcript M-FISH
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Nascent Transcript Multiplex FISH

“3P nuclear nanoarrays’
3 probe colors- 7 genes

AntpP1 |[Alexa 488 | Alexa 555 | INICKeoat |
Alexa 488 | DI Spindess | Exd
| FER BN
Alexa 555 Btd Hth
||
— |

4 probe colors- 15 genes
5 probe colors- 31 genes
6 probe colors- 63 genes

Dr. William McGinnis, UCSD (KITP Bio Networks 2/12/03)



