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Introduction
Cancer is a term used for a group of diseases in which abnormal 
cells divide uncontrollably, having the ability to invade other 
tissues and spread to other parts of the body through the 
blood and the lymph systems. It is one of the dominating 
causes of death worldwide, being responsible for 8.2 million 
deaths in 2012, while annual cancer cases are expected to rise 
from 14 millions in 2012 to 22 millions during the next two 
decades. There are a number of cancer treatment approaches, 
with surgery, chemotherapy, and radiotherapy being some of 
the most common ones. Traditional chemotherapy drugs act 
against all rapidly dividing cells, including the non-cancerous 
ones, a disadvantage that led to an increased interest in the 
development of targeted anticancer therapies (TATs). TAT 
refers to the systemic administration of drugs or other sub-
stances with particular mechanisms that interfere with spe-
cific molecules involved in cancer cell growth and survival, 
and have minimized adverse effects on healthy cells.1–7

Antibody–drug conjugates (ADCs) constitute a class of 
TAT. An ADC molecule consists of three components: a cyto-
toxic drug, also called payload; a tumor-targeting monoclonal 
antibody or antibody fragment; and a molecule that connects 
the previous two, called linker. Its mechanism of action can be 
described in general terms as the binding of the antibody to 
its antigen and the subsequent release of the cytotoxin, which 
results in the death of the cancer cell. The choice of the anti-
body depends on the target antigen, usually a molecule present 
in cancer cells at a much higher concentration than in normal 
cells. Therefore, the expected performance from an ADC upon 
its administration to the patient is to remain stable in circulation 
and deliver the cytotoxic substance selectively to cancer cells, 
maximizing their exposure to the drug, while minimizing the 
exposure of healthy cells. Some ADCs are internalized by the 
cell upon the binding of the antibody to the target, although 
other ADCs reduce the blood supply of the tumor by targeting 
endothelial cells within the tumor vasculature. There are 
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three internalization routes: clathrin-mediated endocytosis, 
caveolae-mediated uptake, and pinocytosis.8–18

The most common antibody form incorporated in ADCs 
is the full monoclonal antibody, or immunoglobulin (IgG). 
IgGs have a long half-life in blood, usually spanning from 
days to weeks, which enables them to travel in the blood ves-
sels for a time long enough to locate the tumor cells.19–22 The 
second part of the ADC, the linker, is required to be stable 
during the circulation of the ADC in the bloodstream in order 
to avoid the premature release of the drug, as well as able to 
discharge the drug after the binding of the antibody to its 
antigen. Linkers currently explored can be categorized into 
cleavable and non-cleavable linkers. Cleavable linkers include 
lysosomal protease-sensitive linkers, acid-sensitive linkers, 
and glutathione-sensitive linkers.23–25 Regarding the cytotoxic 
part of the ADC, there are two main classes of ADC payloads 
that have been explored, the first one being drugs that disrupt 
microtubule assembly, such as auristatins and maytansinoids, 
and the second one being drugs that target DNA structure, 
such as calicheamicins and duocarmycins.8,9,25–29

Since the hypervariable regions of the antibody are 
expected to bind to the cancer-specific antigen, they are not 
advisable as conjugation sites. Instead, the conjugation of a 
linker to an antibody takes place at the more preserved regions 
of the antibody, at solvent-accessible reactive amino acids.30,31 
Two amino acids typical for conjugation with drugs are lysines 
and cysteines, the latter being exposed after the reduction of 
the interchain disulfide bonds of the antibody. Even though 
the number of drugs linked to an antibody is usually 0–8, 
conjugation can occur at 40 different lysines and at 8 differ-
ent cysteines per antibody. The numerous possible conjugation 
sites, in combination with the fact that the drug-to-antibody 
ratio (DAR) can be larger than 1, means that numerous dif-
ferent ADCs can be generated from the same antibody, drug, 
and linker. In addition, controlling the site and stoichiometry 
of drug conjugation to the antibody is not easy and typically 
results in heterogeneous mixtures of ADCs. Heterogeneous 
ADCs do not have well-defined in vivo pharmacokinetic 
properties, which is a disadvantage in terms of their thera-
peutic effect and manufacturing process, and they cannot be 
easily optimized. Therefore, the production of homogeneous 
ADCs is a necessity and a lot of effort is being made toward 
that direction. Part of that effort is the accomplishment of 
site-specific conjugation with a number of methods, such as 
cysteine engineering, glycoengineering, and enzymatic conju-
gation, as well as use of non-native amino acids such as seleno-
cysteine, acetylphenylalanine, para-acetylphenylalanine, and 
para-azidophenylalanine.12,19,32–37

Drug development is a complicated, time-consuming, 
and expensive process. Bioinformatics is a multidisciplinary 
scientific field that aids this process, giving the opportunity 
to model biologically active molecules and make estimations 
about their properties. For example, computational drug 
design and molecular mechanics methods, although imperfect, 

aim to predict whether a given molecule will bind to a target 
and with what binding affinity. The information obtained 
through those computational methods, even though it is not 
exact, accelerates the process of drug discovery. However, even 
though a number of computational tools for drug design exist, 
the specialized field of ADC computational design has been 
explored to a much smaller degree.38–45

The in silico study of biological molecules requires their 
computational representation, usually in the Protein Data 
Bank (PDB) format. The PDB format provides a standard 
representation for three-dimensional structures of biologi-
cal macromolecules, derived experimentally with X-ray dif-
fraction and NMR studies. A PDB file includes information 
about the primary, secondary, and tertiary structure of the 
molecule described. The atomic coordinates of the molecule, 
as well as the bonds between its atoms are some of the most 
essential data contained. However, additional information can 
be included, such as crystallographic structure factors, NMR 
experimental data, sequence database references, and biblio-
graphic citations.46 In this paper, a method of computational 
construction of ADCs using data from established databases 
is described. The three PDB files of the antibody, the linker, 
and the drug are processed and merged into a final PDB file of 
an ADC molecule. Specifically, the configuration of the linker 
and the drug molecules is changed so that they are aligned 
with the antibody, and hydrogen bonding occurs between the 
successive molecules in the ADC triplet. The amino acids of 
the antibody that were chosen to be conjugated with the linker 
are lysines in the surface of the antibody. The change in the 
configuration of the linker and the drug is accomplished via 
translation and rotation. The data used are antibodies from 
the RCSB Protein Data Bank and anticancer drugs from the 
Open National Cancer Institute Database, as well as the mol-
ecule C15N, which represents a non-cleavable linker, all as 
PDB files. The computational processes were executed in the 
C++ programming language. Molecular graphics and hydro-
gen addition were performed with the UCSF Chimera pack-
age. Chimera is developed by the Resource for Biocomputing, 
Visualization, and Informatics at the University of California, 
San Francisco (supported by NIGMS P41-GM103311).41

Methods
conjugation process. In this section, the process of the 

computational conjugation of the antibody, the linker, and 
the drug is described in more detail. As previously explained, 
the goal of the program developed is to produce the PDB file 
of an ADC molecule, given the PDB files of an antibody,  
a linker, and a drug. The drug and the linker are reconfigured 
via rotation and translation in order to be brought in positions 
appropriate for the hydrogen bonding to occur between the 
linker and the drug, as well as between the linker and a surface 
lysine of the antibody. The change in the configuration of the 
antibody, the linker, and the drug was executed computation-
ally by changing their atomic coordinates. First, the drug was 
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rotated and translated in relation to the linker, while the linker 
remained stable. The two files were subsequently merged into 
a linker–drug conjugate PDB file. Second, the linker–drug 
conjugate was rotated and translated in relation to the selected 
surface lysine of the antibody, while the antibody remained 
stable. Similarly, the two files were merged to produce the 
final PDB file of the antibody–drug conjugate.

In order for the reconfiguration of the molecules to be 
correct, the changes in their atomic coordinates had to pre-
serve the initial lines and distances between the atoms, which 
was accomplished with the use of an affine transformation. An 
affine transformation is any transformation that preserves col-
linearity, which means that all points placed on a line before 
the transformation still lie on a line after the transformation. 
It also conserves the ratios of distances, which means that the 
midpoint of a line segment remains the midpoint after the 
application of the transformation.47,48 According to the homo-
geneous transformation matrix defined in Ref. 49, the change 
in the position of an atom can be described with the following 
equations,

R00 = a * cos(rz) * cos(ry)

R01 = a * (cos(rz) * sin(ry) * sin(rx) − sin(rz) * cos(rx))

R02 = a * (cos(rz) * sin(ry) * cos(rx) + sin(rz) * sin(rx))

R03 = Tx

R10 = a * (sin(rz) * cos(ry))

R11 = a * (sin(rz) * sin(ry) * sin(rx) + cos(rz) * cos(rx))

R12 = a * (sin(rz) * sin(ry) * cos(rx) – cos(rz) * sin(rx))

R13 = Ty

R20 = (−1) * a * sin(ry)

R21 = a * cos(ry) * sin(rx)

R22 = a * cos(ry) * cos(rx)

R23 = Tz

x’ = R00 * (x) + R01 * (y) + R02 * (z) + R03

y’ = R10 * (x) + R11 * (y) + R12 * (z) + R13

z’ = R20 * (x) + R21 * (y) + R22 * (z) + R23

where x, y, z are the initial coordinates of an atom, x’, y’, z’ are 
the new coordinates of the atom, a is the scaling factor, set at 
the value of 1 since in this project scaling was not necessary, 

rx, ry, rz are the rotation angles of the atom around the x, y, z 
axis, respectively, and Tx, Ty, Tz are the distances according 
to which the atom will be translated in the x, y, z direction, 
respectively.

In order to rotate a molecule in relation to another mol-
ecule, an axis was defined for each of them. The axis of the 
linker was defined as the line connecting its two most distant 
non-hydrogen atoms, in order to be representative of the shape 
of the molecule. For that purpose, the distance between every 
pair of heavy atoms of the linker was calculated, and the pair 
with the largest distance was chosen. These two atoms also 
participated in the connections of the linker with the drug and 
the antibody, as will be explained in the following paragraph. 
The axis of the drug was defined as the line connecting the 
hydrogen atom of the drug that took part in the hydrogen 
bond with the linker and the electronegative atom of the drug 
covalently bonded to it. The axis of the linker–drug conjugate 
was defined as the line connecting the two most distant non-
hydrogen atoms of the linker–drug conjugate, similarly to the 
axis of the linker. Finally, the axis of the lysine was defined 
as the line connecting the alpha carbon of the lysine and 
the nitrogen atom of its side chain, since this line is directed 
toward the exterior of the antibody, which is the desired direc-
tion for the linker–drug conjugate.

Similarly, in order to translate a molecule in relation to 
another molecule, a distance between them had to be defined. 
The distance between the drug and the linker was defined as 
the distance between the hydrogen atom of the drug that par-
ticipates in the hydrogen bond with the linker and the linker 
atom that participates in the hydrogen bond with the drug, 
which was selected to be one of the two most distant atoms 
of the linker. The distance between the linker–drug conjugate 
and the antibody is defined as the distance between the linker 
atom that participates in the hydrogen bond with the antibody, 
which was selected to be one of the two most distant atoms of 
the linker–drug conjugate, the one that belongs to the linker, 
and a hydrogen atom covalently bonded to the nitrogen of the 
lysine side chain.

As a molecule (ie, the drug or the linker–drug conjugate) 
rotates in relation to a stable molecule (ie, the linker or the anti-
body, respectively), or equivalently as the values of the variables 
rx, ry, rz change, the angle between its axis and the axis of the 
stable molecule is calculated. The values of rx, ry, rz for which 
this angle becomes minimal are selected, and finally the mol-
ecule is rotated according to those angles. Similarly, as a mol-
ecule (ie, the drug or the linker–drug conjugate) is translated 
in relation to a stable molecule (ie, the linker or the antibody, 
respectively), or equivalently as the values of the variables Tx, 
Ty, Tz change, the distance between those two molecules is cal-
culated as described in the previous paragraph. The values of 
Tx, Ty, Tz for which that distance becomes minimal are chosen, 
and the molecule is translated according to those values.

According to the Steiner–Saenger definition of the 
hydrogen bond, a hydrogen bond is any cohesive interaction 
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X–H•••A where H carries a positive and A a negative (partial 
or full) charge and the charge on X is more negative than on H.  
The molecule C15N, which represents a common non-cleavable 
linker, can form hydrogen bonds with a drug as well as a lysine 
amino acid of an antibody. In particular, every hydrogen atom 
of the drug that is connected to a heavy atom more electrone-
gative than hydrogen can form a hydrogen bond with a heavy 
atom of the linker, such as carbon. Similarly, the nitrogen 
atom of the lysine side chain and the hydrogen atom covalently 
bonded to it can form a hydrogen bond with a carbon atom of 
the linker. After a molecule has been rotated and translated 
in relation to the stable molecule, the hydrogen bond is simu-
lated computationally by deleting the hydrogen atom of the 
hydrogen donor from the PDB file, before the two files are 
merged into one PDB file.50

The final ADC molecule obtains a realistic conformation, 
as ensured by a final minimization step using the molecular 
dynamics package Gromacs, and specifically the GROMOS 
bonding library.51

results
The application of the process described in the Methods sec-
tion resulted in the generation of a number of ADC PDB files. 
Since the antibody and the drug, as well as the conjugation 
sites of the antibody and the drug, can vary, the number of 
different combinations of initial molecules generating distinct 
ADCs is quite large.

Here, four different ADCs are demonstrated as results 
of this process. The two conjugates depicted in Figure 2 con-
tain the antibody with PDB id 4GAG. In the left conjugate, 
the linker has formed a hydrogen bond with the surface lysine 
with residue sequence number 147, located at the antibody 
chain with id L, while the drug with sequence number 600 
(nci_600.pdb) has formed a hydrogen bond with the linker. 
In the right conjugate, the linker has been connected with 
a hydrogen bond to the surface lysine with residue sequence 
number 115, located at the antibody chain with id H, while 
the drug with sequence number 450 (nci_450.pdb) has formed 
a hydrogen bond with the linker. The conjugation areas of 
these two ADCs are depicted in Figure 3, from a different 
angle and a smaller distance.

In Figure 4, two different ADCs are illustrated, both 
containing the antibody with PDB id 4GAJ. In the left conju-
gate, the linker has formed a hydrogen bond with the surface 
lysine with residue sequence number 75, located at the anti-
body chain with id H, while the drug with sequence num-
ber 700 (nci_700.pdb) has formed a hydrogen bond with the 
linker. In the right conjugate, the linker has been connected to 
the surface lysine with residue sequence number 209, located 
at the chain with id H, with a hydrogen bond. Also, the drug 
with sequence number 14 (nci_14.pdb) has formed a hydro-
gen bond with the linker. The conjugation areas of these two 
ADCs are depicted in Figure 5, from a different angle and a 
smaller distance (Figs. 2–6).

discussion
computational prospects in the field of antibody–

drug conjugation. In this paper, a process of computational 
construction of ADCs has been described, choosing surface 
lysines as the antibody conjugation sites. For this purpose, drug 
PDB files from the Open National Cancer Institute Database, 
antibody PDB files from the RCSB Protein Data Bank, and 
the PDB file of the non-cleavable linker molecule C15N were 
used. Between the linker and the drug, as well as between 
the antibody lysine and the linker–drug conjugate, hydrogen 
bonds were formed. The change in the configuration of the 
molecules was accomplished using the affine transformation.

The method described in this paper represents one of the 
many ways a drug can be conjugated with an antibody. Para-
meters such as the amino acid participating in the conjuga-
tion, the DAR, the type of linker and drug used, as well as 
the chemical bonds formed between the components of the 
conjugate can vary. Besides lysine, other natural or synthetic 
amino acids such as cysteine, selenocysteine, or acetylpheny-
lalanine can be connected with a linker–drug conjugate. In 
addition, other non-cleavable or cleavable linkers can be used, 
while maytansinoids, auristatins, calicheamicins, and duocar-
mycins can be used as cytotoxic substances.

An example of a different conjugation technique is the 
formation of a covalent bond between an amino acid and a reac-
tive functional group pendent to the linker–drug conjugate. 
The direct conjugation of a lysine with a linker–drug conjugate 

Antibody Linker

Hydrogen bond Hydrogen bond

Drug

figure 1. General scheme of the molecules and the bonds forming an aDC,9 according to the method described in this paper.
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figure 3. Zoomed images of the aDCs depicted in figure 2, from 
different angles for better view of the conjugation. (A) Zoom in the 
conjunction of the drug with sequence number 600 (nci_600.pdb) to the 
surface lysine with residue sequence number 147 and chain id L of the 
antibody with pdb id 4GaG, through the linker molecule C15n. (b) Zoom 
in the conjunction of the drug with sequence number 450 (nci_450.pdb) 
to the surface lysine with residue sequence number 115 and chain id H of 
the antibody with pdb id 4GaG, through the linker molecule C15n.

figure 2. aDCs composed by the antibody with pdb id 4GaG, the linker molecule C15n, and a drug from the open nCI database. Left: the drug with 
sequence number 600 (nci_600.pdb) has been conjugated through the linker molecule C15n to the surface lysine with residue sequence number 147, at 
the chain with id L. right: the drug with sequence number 450 (nci_450.pdb) has been conjugated through the linker molecule C15n to the surface lysine 
with residue sequence number 115, at the chain with id H.

through amide bonds is also possible, using an N-hydroxysuc-
cinimide (NHS) ester appended to the linker–drug, a method 
applied in the commercial ADC Mylotarg. Surface lysines of 
the antibody can be modified to introduce a reactive group 
such as maleimide, and then conjugated to a linker–drug 
that contains an appropriate reactive handle such as thiol,  
a method applied in the commercial ADC Kadcyla. Regarding 
cysteine conjugation, the controlled reduction of existing dis-
ulfide bonds in an antibody liberates cysteine residues, which 
can react with a maleimide attached to the linker–drug, 
a method used in the commercial ADC Adcetris. However, 
the conjugation processes described above are rather random 
and produce heterogeneous mixtures of conjugates with vari-
able DARs. In addition, the site of conjugation could be dif-
ferent for each ADC species containing even only one drug. 
Heterogeneity in overall charge can impact negatively the 
solubility, stability, and pharmacokinetic properties of the 
produced ADC.52–55

The need for the development of homogeneous ADCs led 
to an increasing interest in site-specific conjugation, through 
which the number of conjugated drugs and the site of conju-
gation can be controlled. Site-specific conjugation has been 
achieved with a number of methods, such as cysteine engi-
neering, amino acid insertion, enzymatic conjugation, and 
glycoengineering. THIOMAB–drug conjugates (TDCs) are 
a class of engineered antibodies in which cysteines have been 
introduced into the amino acid sequence by single point muta-
tions. The ideal sites for mutation are identified with phage 
display techniques, while the engineered antibody is reduced 
and reoxidized to present the thiols of the mutated cysteines 
for conjugation. Conjugation using the engineered cysteine 
site leaves the antigen-binding regions unaffected and is quite 
homogeneous, with greater than 92% of the engineered anti-
body (THIOMAB) conjugates containing two drugs. Another 
approach is the replacement of interchain cysteines with 
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serines in order to reduce the number of potential conjugation 
sites. Site-specific conjugation has also been accomplished by 
inserting non-native amino acids into the antibody, such as 
selenocysteine, acetylphenylalanine, para-acetylphenylalanine, 
and para-azidophenylalanine, which can provide orthogonal 
conjugation chemistries that otherwise are not available from 
functional groups present in the 20 canonical amino acids. 
For example, site-specific ADCs have been produced using 
anti-5T4 and anti-Her2 antibodies, with oxime bond forma-
tion between ketones on the side chain of the incorporated 
non-native amino acid and hydroxylamine-functionalized 
monomethyl auristatin D with either protease-cleavable or 
non-cleavable linkers. An additional strategy is conjugation 
using the enzymes glycotransferase and transglutaminase. In 
particular, glycotransferase has been used to attach a chemi-
cally active sugar functional group to a glycosylation site on 
an antibody, which serves as a conjugation site. Transglutami-
nase, on the other hand, has been used to form a bond between 
an amine group on the linker–drug and an engineered glu-
tamine residue on the antibody. Chemoenzymatic approaches 
have been explored with the aim to generate bioorthogonal 
reactive groups for selective conjugation. For example, the 
formylglycine-generating enzyme (FGE) has been utilized to 
recognize a CXPXR sequence and convert a cysteine to form-
ylglycine, in order to generate antibodies with aldehyde tags. 
Finally, site-specific conjugation has also been achieved by 
conjugating drugs at the glycosylation site of antibodies, with-
out changing their amino acid sequence or cell culture condi-
tion. In particular, the native glycans on an asparagine residue 
(Asn297) of antibodies have been enzymatically remodeled in 
vitro using galactosyl and sialyltransferases in order to intro-
duce terminal sialic acids. These sialic acids were subjected to 
periodate oxidation, resulting in aldehyde groups that were 
used to conjugate cytotoxic agents with oxime ligation. The 
ADCs produced with site-specific conjugation proved to 
have improved pharmacokinetic and therapeutic properties in 

figure 4. aDCs composed by the antibody with pdb id 4GaJ, the linker molecule C15n, and a drug from the open nCI database. Left: the drug with 
sequence number 700 (nci_700.pdb) has been conjugated through the linker molecule C15n to the surface lysine with residue sequence number 75, at the 
chain with id H. right: the drug with sequence number 14 (nci_14.pdb) has been conjugated through the linker molecule C15n to the surface lysine with 
residue sequence number 209, at the chain with id H.

figure 5. Zoomed images of the aDCs depicted in figure 4, from 
different angles for better view of the conjugation. (A) Zoom in the 
conjunction of the drug with sequence number 700 (nci_700.pdb) to the 
surface lysine with residue sequence number 75 and chain id H of the 
antibody with pdb id 4GaJ, through the linker molecule C15n. (b) Zoom in 
the conjunction of the drug with sequence number 14 (nci_14.pdb) to the 
surface lysine with residue sequence number 209 and chain id H of the 
antibody with pdb id 4GaJ, through the linker molecule C15n.
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comparison with the randomly generated ADCs. Therefore,  
a future step regarding ADC-related computational operations 
can be the simulation of site-specific conjugation methods as 
those mentioned above.25,36,37,52,56–60

Another aspect that could be examined is the evalua-
tion of the computationally produced ADCs, perhaps taking 
into account the existing analytical technologies that assess 
the physicochemical properties of real ADCs. Properties of 
real ADCs, such as the DAR, drug distribution, aggregation, 
and fragmentation, are evaluated with a variety of techniques. 
For instance, UV/VIS spectroscopic analysis and hydrophobic 
interaction chromatography (HIC) are two methods used to 
measure the DAR, while technologies such as mass spectro-
scopic analysis and chromatographic analysis are used to eval-
uate drug distribution. Therefore, computational techniques 
could be developed in order to perform the equivalent analyti-
cal evaluations on computational ADCs, in order to further 
aid the design and manufacturing processes of real ADCs.10,61 
In addition, computational techniques that make estima-
tions about the pharmacokinetic and therapeutic properties 
of a given ADC would be beneficial to the process of ADC 
design, since an ADC could not only be constructed, but also 
evaluated in silico, obtaining valuable information in relatively 
little time and cost prior to in vitro development.

In conclusion, ADCs have emerged as a promising anti-
cancer targeted therapy that aims to treat cancer by selectively 
attacking cancer cells while leaving normal cells unaffected for 
the most part. In comparison to conventional chemotherapy, 

this targeted mechanism of action has fewer side effects and 
enables the use of more potent drugs. The fact that ADCs 
are formed from three molecules instead of one makes their 
design and manufacturing even more complex than the already 
complicated discovery process of standalone drugs. However, 
it also results in an increased number of possible combina-
tions of antibody conformation, linker, drug, and conjugation 
method. Therefore, the scientific field of ADCs provides vast 
research opportunities, not only in biology but also in bio-
informatics, since specialized computational methods could 
benefit considerably the evolution of TAT.
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