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Evolução Natural de Proteínas 

 Mutações aleatórias nos genes codificantes de 

proteínas podem levar à mudanças estruturais em 

domínios localizados, ou afetar completamente a 

estrutura tridimensional da proteína. 

 Estrutura tridimensional global protéica define sua 

função. 

 Mudanças estruturais pontuais podem afetar a função 

protéica positiva ou negativamente. 

 



 As mudanças funcionais não-disruptivas da estrutura 

tridimensional global podem: 

 aumentar a eficiência catalítica de enzimas; 

 alterar a especificidade do substrato enzimático; 

 alterar a especificidade reacional de enzimas; 

 alterar a especificidade de interação proteína-ligante; 

 aumentar a força de interação proteína-ligante. 

 Seleção natural definirá se as novas características 

funcionais serão mantidas no genoma do organismo. 

Evolução Natural de Proteínas 



 Técnica desenvolvida em 1985 por George P. Smith. 

 Nobel de Química – 2018 dedicado a G.P. Smith, 

Gregory P. Winter (peptídeos e anticorpos em phage 

display) e Frances H. Arnold (evolução dirigida de 

proteínas). 

Phage Display 

Fonte: Fundação Nobel, www.nobel.org 



 Objetivo: apresentar proteínas, ou peptídeos, na 

superfície de bacteriofagos para estudar interação in 

vitro com ligantes/substratos. 

 

 Atualmente utilizado principalmente para realizar a 

evolução dirigida de peptídeos e anticorpos para uso 

em diagnóstico e tratamento de doenças. 
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2. The M 13 Bacteriophage

Central tophagedisplay technology isthebiology of thebacteriophageused todisplay antibodies.

Different bacteriophagesystemscan beutilized for phagedisplay, including theT4, lambda, aswell as

thefilamentousM13bacteriophage[11]. Thesedifferent phagesystemseach havetheir benefitsand

drawbacks. However,primarily theM13phagehasbeen utilized extensively in recent times, and tothe

best of our knowledge, thisistheonly phagesystemthat hasbeen explored within toxinology [2,12].

Therefore, thisreview will focuson antibody phagedisplay techniquesutilizing thisspecificphage

system. Beforegiving an in-depth description of thestepsinvolved in phagedisplay experiments,

an introduction to the wild-type M13 phage is provided.

The M13 phage [13] belongs to a group of filamentous phages collectively referred to as Ff

phages[14]. TheFf phagesonly infect Escherichiacoli strainsthat expresstheFpilusastheadsorption

of thephageto thebacterium requiresbinding of aphagecoat protein to thetip of theFpilus[15].

TheM13phageisneither temperatenor lytic. Instead, thephageestablishesachronic infection in its

host, whereit continuously releasesnew phages. Thephagecontainsagenomeof single-stranded

DNA (ssDNA) with alength of 6407bp [16] that consistsof ninegenesencoding 11different proteins.

Fiveof theseproteinsarecoat proteins, and theremaining six proteinsareinvolved in replication

and assembly of the phage. The M13 phage has a length of 900 nm and a width of 6.5 nm [17].

Themost abundant of thecoat proteinsisthecapsid protein G8P, which formsan envelopearound

thechromosomeconsisting of approximately 2700protein units(Figure1). Theremaining four coat

proteins, G3P, G6P, G7P, and G9P, areeach present in approximately fivecopies. Information on the

genes and proteins of the M13 phage is listed in Table 1.
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Figure 1. Schematicrepresentation of theM13bacteriophage, which isafilamentousphagecarrying

asingle-stranded DNA (ssDNA) chromosome. Thegenomecontains ninegenes, which encode11

proteins. Fiveof theseproteinsarecoat proteins(G3P, G6P, G7P, G8Pand G9P), whiletheremainingsix

proteins are used for replication of the genome, assembly of the phage, and phage extrusion.

Table 1. Gene name, protein name, protein size, and the function of the genes carried by the M13 phage [16].

Gene Name Protein Name (Abbreviation) Size (kDa) Function

I
Gene 1 protein (G1P) 39.6 Assembly

Gene 11 protein (G11P) 12.4 Assembly

I I
Replication-associated protein (G2P) 46.2 Replication

Gene 10 protein (G10P) 12.7 Replication

I I I Attachment protein (G3P) 44.7 Coat protein Adsorption and extrusion

IV Virion export protein (G4P) 45.9 Assembly and extrusion

V DNA-binding protein (G5P) 9.7 Replication

VI Head virion protein (G6P) 12.4 Coat protein Infection and budding

VII Tail virion protein (G7P) 3.6 Coat protein Assembly and budding

VII I Capsid protein (G8P) 7.6 Coat protein

IX Tail virion protein (G9P) 3.7 Coat protein Assembly and budding

Bacteriofago M13 

Fonte: Ledsgaard et al., Toxins, 2018.  

Infecção de E. coli por M13 

depende da proteína G3P do 

capsídeo, por interação com o 

pilus F e ligação à proteína de 

membrana TolA, responsável por 

facilitar a inserção do material 

genético viral na bactéria. 



Phage Display – M13 

Toxins 2018, 10, 236 4 of 15

of ssDNA (+) strands. ThessDNA bound by theG5Pprotein is thesubstrate for phageassembly

(Figure 3F).
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Figure 3. Infection cycleof theM13phage. (A) Upon infection, thesinglestranded (+) chromosome

of the M13 phage is converted into the double-stranded replicative form (RF) (B) After proper

accumulation, the G2P nicks the (+) strand in the RF and binds covalently to the 50-end (C) The

genomeisthen replicated fromthe30end of thenick, using the(− ) strand asatemplate. Theoriginal

G2P-bound (+) strand isphysically displaced by theRep helicasethroughout theelongation process

(D) Theold (+) strand isre-circularized by thebound G2Pafter dissociation, ready to beconverted

into an RF or to be packaged into new M13 phages (D) Genome replication continues until the

concentration of G5Phasaccumulated tosufficient levelsto sequester thessDNA (E) When sufficient

G5Pisaccumulated, G5Pswill bind thessDNA in aback-to-back dimericconformation, causing the

morerod-shaped appearance of thessDNA (F) A pore is formed in themembrane, and thephage

genome is translocated through this pore, while the phage coat is assembled.

Assembly and budding of the M13 phage is a five-step process that includes: preinitiation,

initiation, elongation, pretermination, and termination. During preinitiation, an assembly complex

is formed, consisting of G1P, G11P, and G4P, all interacting through their periplasmic domains.

A cylindrical structure, consisting of 12-14 G4P monomers, mediates close contact between the

cytoplasmic membrane and the outer membrane. In addition to a large structure generated by

G4P, amultimericcomplex containingfivetosix copiesof both G1Pand G10Pisgenerated, potentially

forming a second channel [22].

Initiation awaitsformation of theassembly complex during preinitiation aswell asaccumulation

of G5P-bound M13chromosomes, and subsequently positionsG7Pand G9Pat thetip of thecomplex.

Here,G7Pand G9Pinteract with thepackingsignal in thephagechromosome, which facilitatescontact

with the G1P, resulting in binding of thioredoxin from the cell [31].

During the elongation step, the G5P bound to the phage genome is replaced with G8P for

translocation of theDNA through themembrane-spanning channel (Figure3F). Thetranslocation

continuesuntil thephagegenomehasbecomecompletely coated with G8P, at which point G3Pand

G6Pwill collaboratein thereleaseof thephagefromthebacterium. If either G3Por G6Pismissing,

additional phagegenomescan beloaded through theporeresulting in formation of amuch longer

phage particle [32,33].

During pretermination, membrane-embedded G3Pscomplexed with G6Psareincorporated at the

terminal end of thephageparticle. Termination involvesthereleaseof thephage, brought about by

a conformational change in the G3P-G6P complex [32,34].

Fonte: Ledsgaard et al., Toxins, 2018.  

Amplificação do fago: replicação e montagem de novos fagos. 
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3. Using the M 13 Phage as a Tool in Antibody Discovery

Phagedisplay technology wasdemonstrated in 1985by Smith, whosuccessfully incorporated

foreign DNA into theM13 phage chromosome such that foreign peptides were fused to theG3P

coat protein of the M13 phage [35]. Five years later, antibody phage display selection was first

described by McCafferty et al., who wereable to fusegenes encoding an entireantibody binding

domain (in theformof single-chain variablefragments, scFvs) togeneIII (Figure4) [36]. Thisapproach

facilitated asufficient level of antibody display on theouter surfaceof thephagevirion to permit

selection of antigen-recognizing phages [36]. Themethod thus exploits thepossibility of directly

linking aprotein (phenotype) to itscognategene(genotype) through aphage. Since1990, different

antibody formatshavebeen employed in theconstruction of antibody-displaying phage libraries,

including heavy-domain human antibody fragments(VH s),heavy-domain camelid and shark antibody

fragments (VHHs), scFvs, diabodies (bivalent scFvs), and entire fragments antigen binding (Fab)

antibodies [37–40]. Generally, these antibody fragments are fused to the G3P of the M13 phage

(Figure 4), and by cloning large numbers of genes encoding an antibody fragment, large phage

display antibody libraries can begenerated from which many diverse antibodies can beselected.

Asan example,Schofield et al. successfully selected morethan 7200recombinant antibodies to292

antigens from a human scFv library containing 1.1⇥ 1010 clones [41].
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Figure 4. Engineering of theM13phagefor phagedisplay experiments. TheG3Pisgenetically fused

to ahuman single-chain variablefragment (scFv) with atrypsin cleavagesiteshown in yellow aspart

of a peptide linker connecting the two proteins.

4. Phage and Phagemid Libraries

In theearliest examples, antibody geneswerecloned directly into thefilamentousphagegenome,

which carriesall thegenesneeded for infection, replication, assembly, and budding whilealsocarrying

thegeneencoding theantibody-G3Pfusion. Sinceeach phageparticlenormally incorporatesthreeto

fivecopiesof G3P, theuseof phagevectorspotentially resultsin amultivalent display of antibody-G3P

fusion proteins(although proteolyticdegradation can result in removal of aproportion of thefused

antibody). Asan alternative, phagemid vectorsbased on smaller “minimal plasmids” may beused.

Phagemid vectorscontain threekey elements(i) an antibioticmarker for selection and propagation of

theplasmid (ii) thegeneencoding theantibody-G3Pfusion protein, and (iii) theregionsof theM13

chromosome(phageorigin of replication) required for rolling circleamplification and theproduction

of the(+) DNA strand that iscapableof being packaged intoaphage. In order toproducefunctional

phageparticlesdisplaying antibody-G3Pfusion, E. coli harboring aphagemid vector isinfected with

a “helper phage”. The helper phage contains the complete M13 genome encoding all the phage

proteinsneeded for capsid production, phageassembly, chromosomereplication, and budding (the

concept of helper phageisdescribed in Section 5in detail). Upon infection, wild-typeG3Pfromthe

helper phagecompeteswith thephagemid encoding theG3P-scFv fusion protein for incorporation

into thephage. Ninety percent of theresulting phagepopulation donot display any fusion protein and

Fragmento protéico 

fusionado à uma 

G3P modificada. 

 Por meio de técnicas de Biologia Molecular, a região 

codificante de proteína/peptídeos é fusionada à região 

codificante da proteína G3P no DNA viral. 
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Figure 5. GeneIII product from helper phageand geneIII-scFv product from phagemid. Thehelper

phagecarriesthegeneencodingatrypsin-sensitive ‘bald’ G3P.Thephagemid carriesthegeneencoding

the G3P-scFv fusion protein. As M13 phages will be assembled with three to five copies of G3P,

thenumber of assembled phagescontaining morethan oneG3P-scFv fusion protein will betoo low

to influence theoutcomeof selections, becausemore ‘bald’ G3Pthan G3P-scFv fusion proteinswill

beexpressed. Thereby, themajority of thescFv-displaying phagemidswill only becarrying onescFv

(monovalent display).

Bald phages do not participate in positive antibody: antigen selection and only contribute

to background noise within the system. It is possible to reduce the background noise from this

population by rendering them non-infectious. This isachieved by engineering gene III within the

helper phageto render theencoded G3Psensitiveto trypsin [46]. Trypsin treatment beforeinfection

will result in inactivation of bald phages, which rely on labile G3P encoded by the helper phage

(Figure6). In contrast, phagescarrying aG3P-scFv fusion, encoded by thephagemid, will beresistant

toG3Pdisruption and will retain infectivity after trypsin treatment (Aspreviously shown in Figure4,

theG3P-scFv fusion protein encoded by thephagemid contains a trypsin cleavagesite, but this is

situated between the scFv and the G3P, and thereby does not prevent infection (Figure 6)).
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Figure 6. Trypsin treatment of G3Pand G3P-scFv fusion proteinson theM13phage. G3Pencoded

by the helper phage is trypsin-sensitive and can thus be cleaved by trypsin, rendering the phage

non-infective. In contrast, theG3P-scFv fusion protein encoded by thephagemid containsamyc-tag in

thelinker between theG3Pand thescFv, which will becleaved during trypsin treatment. Thisleaves

a G3P on the phage, rendering it infective.

Digestão com tripsina elimina 

G3P natural e o fragmento 

protéico fusionado, mas 

mantém a G3P à qual o 

fragmento estava ligado. 

 Modificações no genoma viral insere sítios de digestão 

de tripsina nas proteínas G3P não-fusionadas. 

Fonte: Ledsgaard et al., Toxins, 2018.  
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Etapas: 

1. Seleção de 

fragmentos com boa 

interação com o 

ligante 

2. Amplificação dos 

fagos positivos. 

3. Novos ciclos de 

seleção e 

amplificação 

4. Identificação dos 

melhores resultados 

pelo 

sequenciamento do 

DNA do fago. 

 



 Bibliotecas de peptídeos com mutações aleatórias, ou 
específicas, criadas por reação em cadeia da 
polimerase (PCR) das regiões codificantes. 

 Clonagem das bibliotecas em bacteriofagos M13 para 
criação de biblioteca de Phage Display. 

 Seleção artificial in vitro e obtenção de peptídeos 
mutadas com interação muito específica e forte com o 
ligante de interesse. 

 Novas proteínas/peptídeos não encontrados 
naturalmente, mas com melhor especificidade. 
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Phage Display e Evolução Dirigida 
Exemplo: Desenvolvimento de anticorpos por evolução dirigida. 

 

Estrutura de um anticorpo to tipo IgG. 

Fonte: Almagro et al., Front Immunol, 2018. 



Phage Display e Evolução Dirigida 
Exemplo: Desenvolvimento de anticorpos por evolução dirigida. 

 

Mecanismos de ação de medicamentos baseados em anticorpos. 

Fonte: Almagro et al., Front Immunol, 2018. 
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Fonte: Frenzel et al., Transf Med Hemothr, 2017. 

Exemplo: Desenvolvimento de anticorpos por evolução dirigida. 



Phage Display e Evolução Dirigida 

Nome Não-

Proprietário 
Alvo Companhia 

Fase de 

desenvovimento 

Indicação de 

tratamento 

AdalimumAb TNF AbbVie 
Aprovado  

(FDA, 2002) 
Artrite reumatóide 

RanibizumAb VEGF A Genentech 
Aprovado  

(FDA, 2006) 
Degeneração macular 

BelimumAb 
Estimulador do 

linfócito B 
GSK 

Aprovado  

(FDA, 2011) 

Lúpus eritematoso 

sistêmico 

RaxibacumAb 
Antígeno 

protetor 
GSK 

Aprovado  

(FDA, 2012) 
Anthrax 

NecitumumAb Receptor EGF 
ImClone / 

Lilly 

Aprovado  

(FDA, 2015) 

Câncer de pulmão 

(SNSC) 

RamucirumAb 
Receptor 2 

VEGF 

ImClone / 

Lilly 

Aprovado  

(FDA, 2014) 

Câncer de estômago, 

cólon e de pulmão 

(SNSC) 

Fonte: Frenzel et al., Transf Med Hemothr, 2017. 

Alguns anticorpos comerciais desenvolvidos por evolução dirigida em phage display. 

Atualmente, já há mais de 20 anticorpos comerciais para tratamento de 

câncer aprovados pela FDA! 


