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Table S1.   Comparison between of M13, fd and Pf1

M13 Ref. fd Ref. Pf1 Ref.
Ff filamentous 
phage class I I II

Genome ID NC_003287.2 J02451.1 NC_001331.1

Genome type Circular ssDNA Circular ssDNA Circular ssDNA

Genome length 
(bp) 6407 6408 7349

Percent Identity  
Matrix – Clustal 2.1 100% 96.99% 50.11%

Virion length
(nm) 850-900 1,2 760-870 2  ~ 2000 3

Virion diameter 
(nm) ~ 6.6 1 ~ 5.6 2  ~ 7 3

Number of major 
coat proteins per 
phage

2700 4 2700 4 7600 4

Coat proteins PIII, PVI, PVII, 
PVIII and PIX

2 III, VI, VII, VIII and 
IX

5 p3, p6, p7, p8 and 
p9

6

Molecular weight
(Da) 16.8 × 106 7 16.4 × 106 8 37.5 × 106 4

Further information on the differences between M13, fd and Pf1 can be found in the 

literature.3,4,9–12



Page 3 of 17

Table S2.   Molecular weight of M13 with calculated values
Amino acids

(aa)
Base pairs

(bp)
Number of 

copies
MW
(Da)

MWtot 
(Da)

PIII 406 5 42 579.09 212 895.45

PVI 112 5 12 350.09 61 750.45

PVII 33 5 3 602.24 18 011.20

PIX 32 5 3 653.29 18 266.45

PVIII 50

n/a

2700 5 238.04 14 142 708.00

ssDNA n/a 6407 1 1 976 583.36 n/a

Mass of protein capsid: 14 453 631.55 Da

Mass of protein capsid and nucleic acid: 16 430 214.91 Da

The molecular weight (MW) of proteins shown in Table S2 were calculated using 

ExPASy Compute pI/Mw tool, available at the following link 

https://web.expasy.org/compute_pi/.13–15 The MW of the ssDNA (M13 genome 

sequence available here https://www.ebi.ac.uk/ena/data/view/V00604&display=fasta) 

was calculated using DNA calculator (nucleic acid parameters: DNA; single strand; 

circular), available at the following link http://www.molbiotools.com/dnacalculator.html.

Table S3.   Molecular weight of M13 with measured values
Amino acids

(aa)
Base pairs

(bp)
Number of 

copies
MW
(Da)

MWtot 
(Da) References

PIII 406 5 42 675 213 375

PVI 112 5 12 264 61 320

PVII 33 5 3 587 17 935

PIX 32 5 3 654 18 270

PVIII 50

n/a

2700 5 234 14 131 800

16

ssDNA n/a 6407 1 2 × 106 n/a 2,17

Mass of protein capsid: 14 442 700 Da

Mass of protein capsid and nucleic acid: 16 442 700 Da

The total mass calculated is in agreement with the value proposed by Beck et al. (16.8 

× 106 ± 0.8 Da)7 and with the values obtained via combining the data in Table S3.

https://web.expasy.org/compute_pi/
https://www.ebi.ac.uk/ena/data/view/V00604&display=fasta
http://www.molbiotools.com/dnacalculator.html
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The surface area in Table S4 were calculated with pyMOL selecting individual PVIII 

chains (free and assembled) and the central 15 chains all together (core). The values 

were calculated using the molecular and solvent accessible surface parameters, 

respectively. Note, that the values of subunits sum of Assembled, Asbl_ext and 

Asbl_int correspond to the sum of the chains between T to h, while Core, Core_ext 

and Core_int correspond to the values of the 15 chains taken all together. The M13 

areas were calculated as: (Subunits sum/15)*2700.

Figure S1.    M13 surface areas

The surface of PVIII according to Table S4: (a) free, (b) assembled and (c) core.
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Table S5.   pKa1 models

Title Equation Y axes: charge – X axes: pH

A1 (1 / (10^(ph - 3.69) + 1)) * (1)

A2 (1 - 1 / (10^(ph - 4.25) + 1)) * (-1)

A3 (1 - 1 / (10^(ph - 3.65) + 1)) * (-1)

A4 (1 - 1 / (10^(ph - 3.65) + 1)) * (-1)

A5 (1 / (10^(ph - 10.53) + 1)) * (1)
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A6 (1 - 1 / (10^(ph - 4.25) + 1)) * (-1)

A7 (1 - 1 / (10^(ph - 10.07) + 1)) * (-1)

A8 (1 - 1 / (10^(ph - 10.07) + 1)) * (-1)

Atot = A1 + A2 + A3 + A4 + A5 + A6 + A7 + A8

Atot = A1 + A2 + A3 + A4 + A5 + A6
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Table S6.   pKa1 + exposure models

Title Equation Y axes: charge – X axes: pH

B1 (1 / (10^(ph - 3.69) + 1)) * (1)

B2 (1 - 1 / (10^(ph - 4.25) + 1)) * (-1)

B3 (1 - 1 / (10^(ph - 3.65) + 1)) * (-1)

B4 (1 - 1 / (10^(ph - 3.65) + 1)) * (-0.58)

B5 (1 / (10^(ph - 10.53) + 1)) * (1)
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B6 (1 - 1 / (10^(ph - 4.25) + 1)) * (-0.75)

B7 (1 - 1 / (10^(ph - 10.07) + 1)) * (-0.30)

B8 (1 - 1 / (10^(ph - 10.07) + 1)) * (-0.77)

Btot = B1 + B2 + B3 + B4 + B5 + B6 + B7 + B8

Btot = B1 + B2 + B3 + B4 + B5 + B6
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Table S7.   pKa2 models

Title Equation Y axes: charge – X axes: pH

C1 (1 / (10^(ph - 8.62) + 1)) * (1)

C2 (1 - 1 / (10^(ph - 3.45) + 1)) * (-1)

C3 (1 - 1 / (10^(ph - 3.11) + 1)) * (-1)

C4 (1 - 1 / (10^(ph - 4.02) + 1)) * (-1)

C5 (1 / (10^(ph - 11.56) + 1)) * (1)
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C6 (1 - 1 / (10^(ph - 5.21) + 1)) * (-1)

C7 (1 - 1 / (10^(ph - 14.74) + 1)) * (-1)

C8 (1 - 1 / (10^(ph - 13.14) + 1)) * (-1)

Ctot = C1 + C2 + C3 + C4 + C5 + C6 + C7 + C8

Ctot = C1 + C2 + C3 + C4 + C5 + C6
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Table S8.   pKa2 + exposure models

Title Equation Y axes: charge – X axes: pH

D1 (1 / (10^(ph - 8.62) + 1)) * (1)

D2 (1 - 1 / (10^(ph - 3.45) + 1)) * (-1)

D3 (1 - 1 / (10^(ph - 3.11) + 1)) * (-1)

D4 (1 - 1 / (10^(ph - 4.02) + 1)) * (-0.58)

D5 (1 / (10^(ph - 11.56) + 1)) * (1)
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D6 (1 - 1 / (10^(ph - 5.21) + 1)) * (-0.75)

D7 (1 - 1 / (10^(ph - 14.74) + 1)) * (-0.30)

D8 (1 - 1 / (10^(ph - 13.14) + 1)) * (-0.77)

Dtot = D1 + D2 + D3 + D4 + D5 + D6 + D7 + D8

Dtot = D1 + D2 + D3 + D4 + D5 + D6

Following the code to calculate the charge of the PVIII protein based on the selected amino 

acids (A1, E2, D4, D5, K8, E20, Y21, Y24). The following code can be used in R to calculate 

the IEP of modified versions of the PVIII changing some some parameter accordingly (Code 
S1). More information on how to use it are included in the code as well as two examples are 

listed below (Code S2 and S3).
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Code S1.   IEP calculator for PVIII protein and other modified versions
# Activate the necessary libraries
library(ggplot2)

# Building the X axes which is the pH scale
pH <- seq(1, 12, by=0.001)

# The amino acid listed below are the residues contributing to the total charge 
of the M13 wild type
# Adjust the value row:9 column:12 accordingly with the number of residues of 
your modified M13 
num <- c(1:8)

# Add in brackets the amino acid name and position of your modified M13 
name <- c("A1", "E2", "D4", "D5", "K8", "E20", "Y21", "Y24")

# Add the pKa of the corresponding amino acid
pka <- c(8.64, 3.45, 3.11, 4.02, 11.56, 5.21, 14.74, 13.14)

# Add 1 or 0 if the residue is positively or negatively charged
char <- c(1, 0, 0, 0, 1, 0, 0, 0)               

# Add the level of exposure to the solvent of the corresponding residue
exp <- c(1, 1, 1, 0.58, 1, 0.75, 0.3, 0.77)                  

# Create a data frame with all data
PVIII <- data.frame(num, name, pka, char, exp)
PVIII

for(i in num){   
if(PVIII$char[i] == 1){
  assign(sprintf("amino.acid_%d", i), ((1/(10^(pH - PVIII$pka[i]) + 1)) * 
(PVIII$exp[i])), envir = .GlobalEnv)
  }
  else {
  assign(sprintf("amino.acid_%d", i), ((1-1/(10^(pH - PVIII$pka[i]) + 1)) * (-
PVIII$exp[i])), envir = .GlobalEnv)
  }
 rm(i)
}
  
# Once obtained the vectors named "amino.acis_n", if more than 8, add them to the 
vector tot (Eg: amino.acid_9 + amino.acid_10)
tot <- amino.acid_1 + amino.acid_2 + amino.acid_3 + amino.acid_4 + 
       amino.acid_5 + amino.acid_6 + amino.acid_7 + amino.acid_8

# IEP is the isoelectric point generated from the modified PVIII
IEP <- pH[which.min(abs(tot-0))]
# IEP2 is the closest value to zero of the generated charge values
IEP2 <- tot[which.min(abs(tot-0))] 

result <- data.frame(pH, tot, IEP2)
result

plotIEP <- ggplot(result, aes(x=pH, y=tot, lable=pH)) +
           geom_point(size=0.5, shape=1, color="red") +
           geom_text(aes(label=ifelse(tot==IEP2,as.character(pH),'')),hjust=-
0.5,vjust=-1.5) +
           xlab("pH") +
           ylab("Number of charges") +
           theme_light()
plotIEP <- plotIEP + geom_hline(yintercept=0, linetype="solid", color = "black", 
size=0.8)
plotIEP <- plotIEP + geom_vline(xintercept=IEP, linetype="solid", color = 
"black", size=0.8)
plotIEP
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Code S2.   IEP calculator used to calculate a modified version of the PVIII
# Example: PVIII protein with 3 aspartic and 1 glutamic acids at the N-terminus 
in position 2, 3, 4 and 5
pH <- seq(1, 12, by=0.001)
num <- c(1:12)
name <- c("A1", "D2x", "D3x", "D4x", "E5x" "E2", "D4", "D5", "K8", "E20", "Y21", 
"Y24")
pka <- c(8.64, 3.11, 3.11, 3.11, 3.45, 3.45, 3.11, 4.02, 11.56, 5.21, 14.74, 
13.14)
char <- c(1, 1, 1, 1, 0, 0, 0, 0, 1, 0, 0, 0)               
exp <- c(1, 1, 1, 1, 1, 1, 1, 0.58, 1, 0.75, 0.3, 0.77)                  
PVIII <- data.frame(num, name, pka, char, exp)
PVIII
for(i in num){   
  if(PVIII$char[i] == 1){
    assign(sprintf("amino.acid_%d", i), ((1/(10^(pH - PVIII$pka[i]) + 1)) * 
(PVIII$exp[i])), envir = .GlobalEnv)
  }
  else {
    assign(sprintf("amino.acid_%d", i), ((1-1/(10^(pH - PVIII$pka[i]) + 1)) * (-
PVIII$exp[i])), envir = .GlobalEnv)
  }
  rm(i)
}
tot <- amino.acid_1 + amino.acid_2 + amino.acid_3 + amino.acid_4 + amino.acid_5 + 
amino.acid_6 + amino.acid_7 + amino.acid_8 +
  amino.acid_9 + amino.acid_10 + amino.acid_11 + amino.acid_12
IEP <- pH[which.min(abs(tot-0))]
IEP2 <- tot[which.min(abs(tot-0))] 
result <- data.frame(pH, tot, IEP2)
result
plotIEP <- ggplot(result, aes(x=pH, y=tot, lable=pH)) +
  geom_point(size=0.5, shape=1, color="red") +
  geom_text(aes(label=ifelse(tot==IEP2,as.character(pH),'')),hjust=-0.5,vjust=-
1.5) +
  xlab("pH") +
  ylab("Number of charges") +
  theme_light()
plotIEP <- plotIEP + geom_hline(yintercept=0, linetype="solid", color = "black", 
size=0.8)
plotIEP <- plotIEP + geom_vline(xintercept=IEP, linetype="solid", color = 
"black", size=0.8)
plotIEP
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Figure S2.    Determination of the IEP of M13

(a) The ζ-potential values were fitted with a polynomial function of order 5 and compared to the model 

pKa2 which includes tyrosins and exposure level. The final IEP value was calculated via averaging the 

IEPs fom both curves. (b) The parameters of the fitting function.
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