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Introduction
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TF

Gene

Transcription

Transcription factors are proteins that bind to DNA-regulatory sequences, localized in the 5-upstream region of target 

genes in order to promote, or block the recruitment of RNA polymerase. 

This may result in increased or decreased gene transcription, protein synthesis, and subsequent altered cellular 

function.



Proteins
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BASIC HELIX-LOOP-HELIX 
DOMAIN (b-HLH)

ZINC-COORDINATING DNA 
BINDING DOMAIN 

MyoD Zif268
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Helix-loop-helix
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Helix 1
 (+ basic region)

Helix 2

Loop

Helix-loop-helix
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Figure 1.  Murre C. Helix-loop-helix proteins and the advent of cellular diversity: 30 years of discovery. Genes Dev. 
2019 Jan 1;33(1-2):6-25.

E-box: CANNTG

The bHLH is a protein structural motif that characterizes one of the largest families of 
dimerizing transcription factors.  They are able to form homodimers or heterodimers.

The bHLH domains fold into a parallel, left-handed, four-helix bundle with a 
well-defined hydrophobic core, that lies just above the DNA.



“MyoD
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Biological function

Myoblast determination protein 1 (MyoD) is part of the myogenic regulatory factor (MRF) family of TFs that 

control the determination and differentiation of skeletal muscle cells

FUNCTION

Master regulatory factor → enables myoblast proliferation during development

Reactivation during muscle regeneration (exercise or tissue damage)

Figure 2. Whole-mount in situ hybridization for MyoD mRNA in wild-type in mice 
embryos. Chen JC, Ramachandran R, Goldhamer DJ. Essential and redundant functions of the MyoD 
distal regulatory region revealed by targeted mutagenesis. Dev Biol. 2002 May 1;245(1):213-23.

Figure 3. Development of axial muscles in tetrapods. Sefton EM, Kardon G. 
Connecting muscle development, birth defects, and evolution: An essential role for muscle 
connective tissue. Curr Top Dev Biol. 2019;132:137-176.



SCOP classification
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Class All alpha proteins

Fold HLH-like       4-helices; bundle, closed, left-handed twist; 2 crossover connections

Superfamily HLH, helix-loop-helix DNA-binding domain

Family HLH, helix-loop-helix DNA-binding domain

Protein
 Myod B/HLH domain

Species Mouse (Mus musculus)
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General structure

1 318
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bHLH Domain 
Sequence

Regions Basic Region Helix 1 Loop Helix 2

DNA Interaction Dimerization

Sequence and regions
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General structure
3D structure

Basic region
Helix 1
Helix 2
Loop

MyoD



Sequence and structure analysis
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MSA: Evolution among different species
Methodology and multiple sequence alignment results

BASIC HELIX1 LOOP HELIX 2

SEQUENCE ANALYSIS
PSI-BLAST and selection of 

homologous proteins
MSA alignment
using ClustalW
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Structural alignment: bHLH family
Methodology

PDB ID Resolution Protein Length

1MDY 2.80 Å MyoD 68

MyoD 62

1AM9  2.30 Å SREBP1 82

SREBP1 82

1NKP 1.80 Å Myc 88

Max 83

PDB ID Resolution Protein Length

1NLW 2.00 Å Mad 80

Max 76

2YPB 2.87 Å SCL 91

E47 82

2QL2 2.50 Å NeuroD1 60

E47 60

STRUCTURAL ANALYSIS
PSI-BLAST and 

selection of 
homologous proteins Rough STAMP with dimers Superimposition of dimers

Rough STAMP with monomers Superimposition of monomers



BASIC HELIX1 LOOP

HELIX 2
14

Same family structures
Structural alignment (monomers)
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bHLH family structures 
Monomers superimposition

SREBP1

Myc

NeuroD1

Mad

SCL

MyoD

Max

E47

Sc = 6.74  RMS =  0.47  Len = 72 nfit = 49
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bHLH family structures 
Monomers superimposition

SREBP1

Myc

NeuroD1

Mad

SCL

MyoD

Max

E47

Sc = 6.74  RMS =  0.47  Len = 72 nfit = 49
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bHLH family structures 
Dimers superimposition

Sc = 6.82  RMS =  0.84  Len = 173 nfit = 103

SREBP1-SREBP1

Myc

NeuroD1

Mad-Max

SCL-E47

MyoD-MyoD

Myc-max

E47-NeuroD1



Important residues and interactions
Dimer interactions
DNA-protein interactions
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Important residues and interactions
Dimer interactions - Hydrophobic core

Hydrophilic Hydrophobic
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Important residues and interactions
Dimer interactions - Hydrophobic core

Hydrophilic Hydrophobic

Leu160          

Tyr156

Iso157
Tyr156
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Important residues and interactions
Dimer interactions - Hydrophobic core

HELIX 2

LOOP

Val125  Phe129 Leu132   Ile149 
Leu150 

Leu160          Ala153 Tyr156
Ile157
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Important residues and interactions
Dimer interactions - Dimerization specificity

Ser135
Arg155
Gln161

Gln-161

Ser-135

Gln-161

Arg-155
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Important residues and interactions: 
Dimer interactions - Dimerization specificity

HELIX 2

LOOP

Ser135                      Arg155     Gln161



Dna interactions
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Specific and non-specific interactions

SPECIFIC INTERACTIONS

NON SPECIFIC 
INTERACTIONS

5’ TCAACAGCTGTTGA 3’
3’ AGTTGTCGACAACT 5’

DNA

-Direct contact between the basic region 
of MyoD and the DNA base pairs. 

-Hydrogen bonds or van der Waals 
interactions

Primary basis for 
sequence selectivity

Important for 
stability

-Independent of nucleotide sequence.

- Electrostatic interactions between 
basic residues and the sugar-phosphate 
backbone



Important residues and interactions
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A6

Glu-118

C5

A4

C8’

5’ TCAACAGCTGTTGA 3’
3’ AGTTGTCGACAACT 5’

Glu-118

DNA-protein interactions: SPECIFICITY



Glu-118

Arg-121

C5
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Important residues and interactions 
DNA-protein interactions: SPECIFICITY

5’ TCAACAGCTGTTGA 3’
3’ AGTTGTCGACAACT 5’

Glu-118

Arg-121
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Important residues and interactions 
DNA-protein interactions

Glu118   Arg121
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Important residues and interactions
DNA-protein interactions: SPECIFICITY

5’ TCAACAGCTGTTGA 3’
3’ AGTTGTCGACAACT 5’

Arg-111

Thr-115

G10’

Thr-115

Arg-111
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Important residues and interactions 
DNA-protein interactions - Hydrophobic Pocket

5’ TCAACAGCTGTTGA 3’
3’ AGTTGTCGACAACT 5’

Glu-118

Thr-115

Glu-118

Thr-115
T9’
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Important residues and interactions 
DNA-protein interactions - Hydrophobic Pocket

5’ TCAACAGCTGTTGA 3’
3’ AGTTGTCGACAACT 5’

Glu-118

Thr-115

Glu-118

Thr-115
T9’



31

Important residues and interactions
DNA-protein interactions

Arg111 Thr115 Glu118
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Important residues and interactions
DNA-protein interactions: STABILIZATION

Arg-117

Arg-110

T1

C2

A3

5’ TCAACAGCTGTTGA 3’
3’ AGTTGTCGACAACT 5’

Arg
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Important residues and interactions
DNA-protein interactions: STABILIZATION

G7’

Arg-119

C8’ 5’ TCAACAGCTGTTGA 3’
3’ AGTTGTCGACAACT 5’

Arg-119
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Important residues and interactions
DNA-protein interactions

Arg110              Arg117  Arg119
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Important residues and interactions
DNA-protein interactions: STABILIZATION

5’ TCAACAGCTGTTGA 3’
3’ AGTTGTCGACAACT 5’

Arg-143

Lys-146

A6’
C5’

Arg-143

Lys-146
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Important residues and interactions
DNA-protein interactions

HELIX 2

Arg143
Lys146



Thr-115

Ala-114Thr-115

Ala-114
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Important residues and interactions
DNA-protein interactions: MYOGENIC CODE

The myogenic code is a sequence of 
residues absolutely required for dominant 
induction of myogenesis by the MRFs.

Myogenic code

Alanine 114 and Threonine 115 (AT) may 

be required to set the basic domain in a 

particular conformation required for the 

proper binding to the E-box. 



Thr-115

Ala-114Thr-115

Ala-114
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Important residues and interactions
DNA-protein interactions: MYOGENIC CODE

The myogenic code is a sequence of 
residues absolutely required for dominant 
induction of myogenesis by the MRFs.

Myogenic code

Alanine 114 and Threonine 115 (AT) may 

be required to set the basic domain in a 

particular conformation required for the 

proper binding to the E-box. 

Ala-114

Thr-115
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ANNEX: Same family structures

Multiple sequence alignment (MRF family)

Multiple sequence alignment (MyoD in different species)

Structural alignment (monomers)
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Interactions summary

Figure 4.  Ma PC, Rould MA, Weintraub H, Pabo CO. Crystal structure of MyoD bHLH domain-DNA complex: 
perspectives on DNA recognition and implications for transcriptional activation. Cell. 1994 May 6;77(3):451-9. 



2.
Zinc Fingers

41



42

Zinc fingers

Small, functional, independently folded domain that requires coordination of one or more zinc ions to stabilize its structure.

1. C2H2 family
2. Zinc Ribon
3. Zinc binding loops
4. Gag Knuckle
5. Zn2/Cys6
6. Metallothionein
7. Treble clef
8. TAZ2 domain

C2H2 family

Zn is coordinated by two Cys and two His residues

They are transcription factors that function by 

recognition of specific DNA sequences 

Figure 5. William J, Lennarz, M. Daniel Lane. (2013) Encyclopedia of biological Chemistry: 
Zinc Fingers. Academic Press



“Zif268
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Zif268/EGR1 

Basic features

● Transcription factor

● Binds to the DNA sequence 5'-GCG(T/G)GGGCG-3’

● Key role in the regulation of cell survival, proliferation invasion and cell death.

● Oncogenic role → gastric and pancreatic cancer

● Tumor suppressor → gliomas and melanocytomas
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Class Small proteins

Usually dominated by metal ligand, heme, and/or disulfide bridges

Fold Beta-beta-alpha zinc fingers

(N-terminal beta-hairpin and C-terminal alpha-helical region; each 
part provides two zinc-coordinating residues)

Superfamily Beta-beta-alpha zinc fingers

Family Classic Zinc Fingers, C2H2

Protein ZIF268

Organisme Mus musculus (Mouse)

SCOP classification
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Zif268: general structure

● 3 Zinc fingers

● Antiparallel β-sheet + α-helix

● Zn + hydrophobic core

α-helix

β-sheet 

Specific DNA contacts

Non-specific DNA 
contacts
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1AAY Second structure correlation

Finger 1 Finger 2 Finger 3

Figure 6.  https://www.rcsb.org/

M E R P Y A C P V E S C D R R F S R S D E L T R H I R I H T G Q K 

   P  F Q C R I - - C M R N F S R S D H L T T H I R T H T G E K

P F A C D I - - C G R K F A R S D E R K R H T K I H L R Q K D

Antiparallel β-sheet α - helix
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-Z-X
1-2

-C-X
2-4

-C-X
3

-Z-X
5

-Z-X
2

-H-X
3-5

-H

C2H2 family: Consensus sequence

C = Cysteine residue
Z = Hydrophobic residue
H = Histidine residue
X = Any residue

His85

Cys81

Phe72

Arg78

His81

Finger 3 Zif268

Cys65

Phe63



Sequence and structure analysis
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Methodology

SEQUENCE ANALYSIS

PSI-BLAST
Finding 

homologous 
proteins

MSA 
alignment

using 
ClustalW

MSA 
Alignment

Using 
ClustalW

Between ZIf268 of 
different species

Between different 
proteins of the 

C2H2 family

Finding 
proteins of 

C2H2 family

PSI-BLAST
Using PFAM 

family
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Methodology

PDB ID Resolution Protein Length Organism

4r2e 1.80 Å Wilms Tumor Protein 93 Homo sapiens

1aaY 1.60 Å Zif268 90 Mus musculus

1ubd 2.50 Å YY1 124 Homo sapiens

2gli 2,60 Å Gli 155 Homo sapiens

STRUCTURAL ANALYSIS STAMP Alignfit
Selection of C2H2 

family proteins
Superimposition



Analyzing consensus sequence residues
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MSA: Residues conservation among different species

  Cys         Hydrophobic        His

Finger 1 Finger 2 Finger 3

-Z-X
1-2

-C-X
2-4

-C-X
3

-Z-X
5

-Z-X
2

-H-X
3-5

-H

β-strand β-strand α-helix β-strand β-strand α-helix β-strand β-strand α-helix
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-Z-X
1-2

-C-X
2-4

-C-X
3

-Z-X
5

-Z-X
2

-H-X
3-5

-H

MSA: Residues conservation among different C2H2 ZnF
Clustal 2.1 multiple sequence alignment  

  Cys         Hydrophobic        His

β-strand β-strand α-helix
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Structural analysis among different C2H2 ZnF

  Cys         Hydrophobic        His

-Z-X
1-2

-C-X
2-4

-C-X
3

-Z-X
5

-Z-X
2

-H-X
3-5

-H

Finger 1 Finger 2

Finger 2 Finger 3
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YY1C  

GliA 

WT1A  

Zif268A  
Sc = 6.18  RMS =  1.74  Len = 156 nfit = 82

Superimposition



His90
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Superimposition with Zn atoms

Cys68

His85

Cys65

His81
ZincFinger 3



Key residues
(Consensus sequence)
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Conservation of residues

  Cys           His -Z-X
1-2

-C-X
2-4

-C-X
3

-Z-X
5

-Z-X
2

-H-X
3-5

-H

Finger 1 Finger 2

Finger 2 Finger 3



Residues involved in Zn binding
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Cys40

Cys37

His57

2.060Å

His53

2.068Å2.249Å

2.284Å

Zinc

-Z-X
1-2

-C-X
2-4

-C-X
3

-Z-X
5

-Z-X
2

-H-X
3-5

-
H

Finger 2
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Conservation of residues

 Hydrophobic      

-Z-X
1-2

-C-X
2-4

-C-X
3

-Z-X
5

-Z-X
2

-H-X
3-5

-H

Finger 1 Finger 2

Finger 2 Finger 3
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Hydrophobic core

Leu22

Tyr05

Phe16

Finger 1

Phe16

Leu22

Tyr05
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Hydrophobic core in the different fingers

Hydrophilic Hydrophobic

Residues conservation

Hydrophobic core

Zn binding

Very stable 
structure
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Residues conservation among species

  Cys         Hydrophobic        His

Finger 1 Finger 2 Finger 3
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1) Aliphatic carbon side chain of this Arg residue contributes to the proper formation of the hydrophobic core
2) Leu mutants had no ability to bind DNA
3) Arg78  water-mediated interaction with phosphate  is essential for DNA binding

Zn Finger 3: Arg78 residue

Figure 7. Negi, S., Imanishi, M., Sasaki, M., Tatsutani, K., Futaki, S., & Sugiura, Y. (2011). An arginine residue instead of a conserved leucine 
residue in the recognition helix of the finger 3 of Zif268 stabilizes the domain structure and mediates DNA binding. Biochemistry, 50(28), 
6266-6272.
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Zn Finger 3: Arg78 residue

Arg78

C6

C5



Analyzing residues involved in DNA 
binding



Key residues
(DNA binding specific)
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Finger 1

Residues conservation among species

Position -1       Position 2    Position 3     Position 6

Finger 2 Finger 3

β-strand β-strand α-helix β-strand β-strand α-helix β-strand β-strand α-helix
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DNA Specific Interactions
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DNA-binding consensus sequence

GCG TGG GCG

Zif268 consensus binding site

5’ 3’ → Guanine-rich strand of DNA

ZnF 3 ZnF2 ZnF1
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Residues involved in specific DNA binding

Important residues

Finger 1 → Arg118, Asp120,Arg124 (positions -1,2,6)

Finger 2 → Arg146, Asp148, His149 ( positions -1,2,3)

Finger 3 → Arg174, Asp176, Arg180 (positions -1,2,6)

Figure 8. Miller, J. C., & Pabo, C. O. (2001). Rearrangement of side-chains in a Zif268 mutant 
highlights the complexities of zinc finger-DNA recognition. Journal of molecular biology, 313(2), 
309-315.
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Position -1 Position -1       Position 2    Position 3     Position 6

Finger 1 Finger 2 Finger 3

β-strand β-strand α-helix β-strand β-strand α-helix β-strand β-strand α-helix

GCG TGG GCG



Position -1

Finger 1 Finger 2

Arg18

G10

Arg74

G4



Position -1

Arginine Guanine

R18A mutation results in 100-fold loss affinity
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Position 2 Position -1       Position 2    Position 3     Position 6

Finger 1 Finger 2 Finger 3

β-strand β-strand α-helix β-strand β-strand α-helix β-strand β-strand α-helix
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Position 2: Interaction with position -1 residue 

Finger 1 Finger 2

Asp20

Arg18

Arg74

Asp76

-

+

+

-
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Position 2: Interaction with position -1 residue 

Arginine Aspartic

D20A mutation results in a reduced specificity for guanine 



Interaction between position -1 and position 2

G10

Arg18

Asp20
-

+



Position -1     Position 2     Position 3    Position 6
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Position 3

Beta strand Beta strand Alfa-helix Beta strand Beta strand Alfa-helix Beta strand Beta strand Alfa-helix

Finger 1 Finger 2 Finger 3

GCG TGG GCG



His49

T5

G6

81

Position 3

Glu21

C9

Finger 1 Finger 2



His49

T5

G6
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Position 3

Glu21

C9

Finger 1 Finger 2

T5

His49

G6
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Histidine

Position 3

Guanine

H bond 
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Finger 1

Position -1       Position 2    Position 3     Position 6

Finger 2 Finger 3

Beta strand Beta strand Alfa-helix Beta strand Beta strand Alfa-helix Beta strand Beta strand Alfa-helix

Position 6

GCG GCG



85

Position 6

G8

Arg24

Finger 1

GuanineArginine



Key residues
(non-specific DNA binding)
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DNA non-specific interactions: Arg 14 and His25

 Residue involved in non-specific interaction

Finger 1 Finger 2

Finger 2 Finger 3
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DNA non-specific  interactions: Arg 14 and His25

His25

Arg14

G6

G7

Arginine

Phosphate 
group

Histidine

Finger 1 
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 Residue involved in non-specific interaction

DNA non-specific Interactions: Arg 18

Finger 1 Finger 2

Finger 2 Finger 3
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DNA nos-specific  interactions: Arg 18

G10

Arg18

Asp20
-

+

Phosphate 
group

Arginine

Finger 1
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DNA non-specific interactions: Lys33

 Residue involved in non-specific interaction

Finger 1 Finger 2

Finger 2 Finger 3
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DNA non-specific  Interactions: Lys33

Lys33

T5

Linker region between finger 1 
and finger 2

Phosphate 
group

Lysine
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DNA non-specific interactions: Lys61

 Residue involved in non-specific interaction

Finger 1 Finger 2

Finger 2 Finger 3
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DNA non-specific  Interactions: Lys61

Lys61

G2

Linker region between finger 2 
and finger 3



Conclusions



Conclusions
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Hydrophobic residues are essential for protein stability and basic residues are highly important for DNA-binding. 
Hydrophobic and 

basic residues

Conservation of HLH and ZnF domains is high, demonstrating the huge importance of them for their function as transcription 
Factors. 

Conservation

These transcription factors have different DNA binding specificity since the sequences interacting are not the same. 
DNA-binding 

specificity

Stabilization of its structure is required  in order to perform their function of DNA binding.
Stability and 

function

MyoD and Zif268, which are structurally different can perform a similar function as transcription factors and bind to DNA. Structure



Thank you for your 
attention!

97
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Pem questions
1. Select the correct answers about MyoD:

1. According to SCOP it belongs to the helix loop helix family.

2. It binds specifically to the E-box (CAGCTG)

3. Some hydrophobic residues help to stabilize the protein. 

4. Its helix 2 is the one that binds to the DNA.

a) 2 and 4

b) 1, 2 and 3

c) 1, 2, 3 and 4

d) 4

e) None the above

2. b/HLH proteins like MyoD bind to DNA through the region:
a.     Helix 1 (H1)
b.    Basic region
c.     Helix 2 (H2)
d.     Loop
e.     All of the above

3. In transcription factors, the contacts made with the 
phosphates of the DNA are:

a.     Specific contacts
b.    π stacking
c.     Unspecific contacts
d.     Water mediated contacts
e.     Hydrophobic contacts

4. The binding domain of MyoD recognizes the:
a. Major groove of the DNA.

b. Minor groove of the DNA

c. Both of the above are correct

d. An specific region of minor groove of the DNA

e. All of them are correct. 

5. Select the WRONG answer/s about the conservation of MyoD:
1. Basic residues needed for DNA-binding in helix 1 are highly 

conserved among species and other bHLH proteins

2. Hydrophobic residues are not conserved among species because 

they are not needed for the proper binding to the DNA

3. The myogenic code is conserved among the Myogenic Regulatory 

Factor family (MRFs)

4. Residues located in the loop are highly conserved among other 

members of the bHLH family of transcription factors.

a) 2 and 4

b) 1, 2 and 3

c) 1, 2, 3 and 4

d) 4

e) None the above
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Pem questions
8.Which is the consensus sequence of C2H2 family?

a) .-Z-X
1-2

-F-X
2-4

-C-X
3

-Z-X
5

-Z-X
2

-H-X
3-5

-C

b) -Z-X
1-2

-F-X
2-4

-C-X
3

-Z-X
5

-Z-X
2

-C-X
3-5

-H

c) -Z-X
1-2

-C-X
2-4

-C-X
3

-Z-X
5

-Z-X
2

-Y-X
3-5

-H

d) -Z-X
1-2

-C-X
2-4

-C-X
3

-Z-X
5

-Z-X
2

-H-X
3-5

-H

e) -Z-X
1-2

-G-X
2-4

-C-X
3

-Z-X
5

-Z-X
2

-H-X
3-5

-H

9.Which are the most different zinc fingers regarding the 
DNA binding specificity?

a. Finger 1 and 3

b. Finger 1 and finger 5

c. Finger 1 and finger 2

d. Finger 4 and finger 3

e. All of them are exactly the same

6.Select the correct answers about Zif268:
1. According to SCOP it belongs to the helix loop helix family.

2. It has 4 zinc fingers

3. It is involved in the transcriptional activation of numerous 

muscle-specific genes

4. It is a transcription factor

a) 1,2,3,4 

b) 1,2,3

c) 1 y 3

d) 2 y 4

e) 4

7.Which of the following are specific interactions of Zif268 with DNA? 
Indicate the true statement.

a) Arg 18 of finger 1 with guanine

b) Lys33 with the 5′ phosphate of base 5

c) Cys17 with Zn ion

d) Lys61 with the 5’ phosphate of base 2

e) Arg98 with 5’ phosphate of base 3

10.Regarding the hydrophobic core of Zif268, select the false 
statement: 

a. It allows the stabilization of the zinc finger structure

b. The residues involved are highly conserved

c. In the three zinc fingers the residues forming the 

hydrophobic core are exactly the same. 
d. Tyr05, Phe16 and Leu22 are some residues forming the 

hydrophobic core. 

e. All of the above are true
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ANNEX: Same family structures
Structural alignment (dimers)


