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Background
Our activity on 
galactosemia started in 
2004 at the Institute of 
Food Science, CNR, Italy

Background
What are we doing?

BIOINFORMATICS

Biology Informatics

Medicine Biotechnologies



20-1415 G Expanded Research Marabotti.ppt 2

Background
We were interested in studying molecular systems
(and in particular, proteins) involved in food processes
and diseases linked to food by applying bioinformatics
approaches such as:
‐molecular analysis
‐molecular modeling
‐ docking
‐molecular dynamics simulations
All of these approaches require ONLY a computer to
be done!

(...well, also some brain...)

??
MSRTTAYG…

Molecular modelingMolecular analysis

Docking MD simulations

Background

Marabotti, A. and Facchiano, A. M.: “Homology modeling studies on
human galactose‐1‐phosphate uridylyltransferase and on its galactosemia‐
related mutant Q188R provide an explanation of molecular effects of the
mutation on homo‐ and heterodimers.” J. Med. Chem. 2005, 48: 773‐779.

At present, only the three‐dimensional structure of the
enzyme from E. coli has been experimentally
determined (by X‐ray crystallography).

However, the structure of the human enzyme has
been obtained by homology modeling methods in our
laboratory.

Background
Have you ever seen your GALT enzyme?

Active site

Active site

GALT is a dimeric protein
formed by two identical
subunits (homodimer).
It has two active sites in
which the galactose‐1‐P is
transformed in glucose‐1‐P.
Each active site is formed by
elements belonging from
both subunits.
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Background
How can a mutation alter a protein?

STRUCTURE

FUNCTION DYNAMICS

INTERACTIONS

Analysis of effects on:
 secondary structure
 solvent accessibility
 H‐bonds, salt bridges
 interface interactions
 stability
…

Analysis of effects on:
 substrate binding
 catalysis
…

Analysis of effects on:
 protein motion
 folding
…

Analysis of effects on:
 interactions
 cellular localization
metabolism
 degradation
…

 The structural characterization of >100 mutants is not
easy to do experimentally!

Computational biology

 Creation of the models of published missense mutants
 Analysis of their structural features
 Storage and wide accessibility of the results

Background

Facchiano, A. M. and Marabotti, A: “Analysis of galactosemia‐linked
mutations of GALT enzyme using a computational biology approach.” PEDS
2010, 23: 103‐113.

We predicted that:
 12 missense mutations involve residues in the active site
 48 missense mutations may affect intersubunit interface
 4 missense mutations may affect the secondary structure in which
the residue is inserted
 16 missense mutations may affect the solvent exposure of the
residue
 22 missense mutations may affect the network of salt bridges in
which the residue is inserted
 56 missense mutations may affect the network of H‐bonds in
which the residue is inserted
64 missense mutations may affect protein stability
Each mutation can have multiple effects.
From our studies, only 10/107 missense mutations have no
predictable effects on protein structure and function.

Background Background
Have you ever seen your GALT mutations?

How many people among you are dealing with Q188R
mutation?

Q188R is a residue in the active site and is responsible
for the ligand binding and catalysis. Its replacement
with Arg alters the ligand binding and perturbs the
catalysis. It is also involved in intersubunit
relationships and the replacement with Arg may alter
the contact with the other subunit.
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Background
ARG 188

O2B

O5’

UDP-galactose

GLN 188

O2A
O1B

UDP-galactose

Normal GALT Q188R GALT

A Gln 188
B Arg 48 B Arg 48

A Arg 188

Normal GALT Q188R GALT

Background
Have you ever seen your GALT mutations?

How many people among you are dealing with K285N
mutation?

K285 is a residue enclosed in a very long helix, which
interacts with the backbone of V233 that belongs to
the central ‐sheet of the protein, via an H‐bond.
The loss of this interaction caused by K285N mutation
may cause instability to the protein structure.

Background

K285

N285

V233

2.88 Å

4.21 Å
5.48 Å

Background
In order to allow the full availability of all data and
analyses, we built up a database and a Web
application.
The Web application is currently composed of two
parts: the analysis on wild type protein and the section
formutations.
People interested in analysing new mutants can
provide us information about the type of mutation
using the appropriate form.
Other links are available to several Web resources
related to galactosemia, including other scientific
databases and patient’s associations.
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Background
Web address: http://bioinformatica.isa.cnr.it/GALT/ 

A recent development of this research activity
Characterization of newly identified GALT mutations 
using a combination of static and dynamic approach.

(in collaboration with Prof. Kent Lai, Univ. Utah, USA)

Tang M, Facchiano A, Rachamadugu R, Calderon F, Mao R, Milanesi L, Marabotti
A, Lai K, Correlation assessment among clinical phenotypes, expression analysis and
molecular modeling of 14 novel variations in the human galactose‐1‐phosphate
uridylyltransferase gene. HumMutat 2012, 33, 1107‐15.

The use of a more complete computational
approach, with molecular dynamics
simulations, has allowed not only to show the
structural effects of mutations on the static
structure of the GALT protein, but also to
highlight hidden effects not immediately
evident, on the basis of the alteration of the
dynamic behavior of the protein.

Obviously these effects are still limited to the
investigation of GALT alone.

The project
Computational biology strategy for the
development of ligands of GALK enzyme as
potential drugs for people with classic
galactosemia.

Institute of Biomedical 
Technologies, CNR, Italy
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Aims
To find ligands able to block GALK enzyme and
to stop production of galactose‐1‐P which is
not further metabolized by altered GALT
enzyme and which is considered as the main
responsible for symptoms in galactosemic
patients (Wierenga et al, 2008):

XGalactose Galactose-1-P Glucose-1-P (Carbohydrate 
metabolism)

GALK
GALT

GALE

UDP-GalactoseUDP-Glucose

Aims
During the past years few inhibitors of GALK
enzyme were identified by High‐Throughput
Screening by Prof. Lai's group (Tang et al,
2010, Boxer et al, 2010).
They show moderate affinity and selectivity
towards GALK enzyme.

Our goal:
to find better inhibitors for GALK enzyme
using a computational biology approach.

The structure of human
GALK enzyme is
currently available. It has
been obtained by X‐ray
crystallography in the
presence of its two
ligands (galactose and
ATP).

(PDB file: 1WUU)

Methods
Have you ever seen your GALK enzyme?

Methods
We planned to use a virtual screening pipeline
combined with a molecular dynamics simulation
protocol to find the best ligands to be experimentally
tested for further characterization.
This will reduce costs and time for finding a potential
lead compound.
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Methods
A virtual screening
pipeline was already
available and has
been adapted to this
project's purpose.

D'Ursi P, Chiappori F, Merelli I,
Cozzi P, Rovida E, Milanesi L. In
silico saturation mutagenesis and
docking screening for the analysis
of protein‐ligand interaction: the
Endothelial Protein C Receptor
case study. Biochem Biophys Res
Commun. 2009, 383: 445‐449.

Protein target(s) Ligands

Database

Ligand preparation

Docking parameters
preparation

Full results

Docking program

Selected ligands

Energy‐based filters
Interactions‐based filters

Best complexes coordinates

Methods
But...before the screening, it is necessary to know the
features of our system and to set up our protocol!

Docking with known inhibitors

Analysis of their interactions

MD simulations

Analysis of their interactions

Implement 
information into the 
virtual screening 
pipeline

Do the screening

Results
First step: docking of known inhibitors to GALK enzyme

Galactose in the 
principal binding 
cavity

ATPGalactose in a 
secondary 
binding cavity!!

Results
First step: docking of known inhibitors to GALK enzyme

Comp1
(Tang et al., 
2010)

Comp24
(Tang et al., 
2010)

ML152
(Boxer et 
al., 2010)

Comp4
(Tang et al., 
2010)
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Results
Second step: analysis of their interactionswith GALK enzyme

Results
Third step: MD simulations of

known inhibitors bound to GALK enzyme

Starting point: the structure of the substrate / inhibitor
bound to GALK, either in the canonical or in secondary
binding pocket, in the presence or absence of ATP.

30 ns of simulation in order to evaluate the stability of
the interactions between the enzyme and each ligand

Insert movie

Results

Comp1
(Tang et al., 
2010)

Comp24
(Tang et al., 
2010)

ML152
(Boxer et 
al., 2010)

Comp4
(Tang et al., 
2010)

Third step: MD simulations of
known inhibitors bound to GALK enzyme

Results
Fourth step: analysis of interactions of known inhibitors

bound to GALK enzyme after MD simulations
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Results
Our results showed that:

 two potential binding sites (one "canonical" and a
"secondary" one) are present in GALK enzyme for
substrate binding
 the known inhibitors can bind in both binding sites
 the presence/absence of ATP can influence the
binding of ligands into the cavities of GALK enzyme
 the strength of interaction is higher in the absence of
ATP
 we know which are the residues in the protein
interacting in a stable way with the inhibitors

Results
Starting from this information, we set up the pipeline
for the virtual screening in order to:

 choose the database(s) to screen
 choose the energy level to set as cut‐off for
determining the binding energy (strength of
interaction) of the inhibitors
 choose the interactions to take into account for
determining a stable interaction
 choose the enzymes to compare the selectivity of
the ligands

Results

35

Similarity with known inhibitors 
(Tanimoto coefficient > 80%)

~ 50,000 compounds
Clustering

~ 13,000 compounds

Energy filters 

2,840 results

1,274 results

~ 4,000 compounds

Energy filters 

Interaction filters (from MD 
simulations)

1,194 results

475 results

Kinase 
inhibitors

DUD database
Aldose reductase 
ligands

+

Interaction filters (from MD 
simulations)

98 compounds

Results
We screened the 98 inhibitors derived from the virtual
pipeline against a panel of 5 different kinases, in order
to check their selectivity:
‐ Hexokinase
‐ Glucokinase
‐Mevalonate kinase
‐ Pyruvate kinase
‐ CDK2
‐ RAS
33 ligands are predicted to bind GALK with higher
affinity with respect to other kinases.
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Ongoing activities
98 ligands selected (including the 33 with the
highest selectivity towards GALK enzyme) are
currently being experimentally tested.
The results of these tests will give us
information about:
‐ the correctness of our approach
‐ the physico‐chemical features of the most
promising compounds tested
‐ their potential to become lead compounds for
a future development as drugs.

These results are currently stored into a database.
A Web site (password protected) is available to
access the results.

Ongoing activities

Conclusions
 Our simulation studies were able to dissect
the interaction between GALK enzyme and its
ligands at molecular level
 This new knowledge increases the chance of
finding more promising GALK inhibitors with a
focused virtual screening approach
Moreover, this promotes the design of new
families of compounds targeting GALK with
higher affinity, reducing the risk of side effects
and optimizing their chemical features.

Perspectives
‐ Establishing a virtual screening pipeline
with enclosed MD simulations (automated)
‐ New computational approaches to find
other chemical compounds able to bind GALK
enzyme
‐ Systems biology approach to evaluate the
impact of blocking GALK activity on sugar
metabolism...

...we still need your help!
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Publications ‐ I

Articles in preparation:
 Chiappori F, Merelli I, Milanesi L, Marabotti A: “"Static and dynamic
interactions between GALK enzyme and known inhibitors: guidelines to
design new drugs for galactosemic patients", submitted.

a) Full articles
Tang M, Facchiano A, Rachamadugu R, Calderon F, Mao R, Milanesi L,
Marabotti A, Lai K: “Correlation assessment among clinical phenotypes,
expression analysis and molecular modeling of 14 novel variations in the
human galactose‐1‐phosphate uridylyltransferase gene.” Hum Mutat. 2012,
33, 1107‐1115.

NB: in all these publications the support of PGC
Research Grant has been acknowledged

Publications ‐ II
b) Short communications
Chiappori F, Merelli I, Milanesi L and Marabotti A: “Computational biology
strategy for the development of ligands of GALK enzyme as potential drugs for
people with classical galactosemia”. Presented as poster in “BITS 2011”, Pisa (I),
20‐22/6/2011. Abstract published in the book of proceedings edited by Edizioni
ETS Pisa (ISBN: 978‐884673069‐5).
Tang M, Facchiano A, Rachamadugu R, Calderon F, Rong M, Milanesi L,
Marabotti A, Lai K: “Correlation assessment among clinical phenotypes,
expression analysis and molecular modeling of 14 novel mutations in the human
galactose‐1 phosphate uridylyltransferase gene”. Presented as poster to 12th
International Congress of Human Genetics/American Society of Human Genetics,
Montréal (CDN), 11‐14/10/2011.
Marabotti A, Facchiano A, Milanesi L, Tang M and Lai K: “Application of
computational methods for structural and functional characterization of mutants
of GALT enzyme”. Presented as poster in “BITS 2012”, Catania (I), 2‐4/5/2012.
Abstract published in EMBnet.Journal 2012, 18 Suppl. A, 116‐117.

Publications ‐ III
b) Short communications – cont.
Chiappori F, Merelli I, Milanesi L and Marabotti A: “The analysis of
interactions between galk enzyme and known inhibitors suggests guidelines to
develop new drugs for galactosemic patients ”. Presented as poster in “3D‐SIG
2012”, Long Beach (CA, USA), 13‐14/7/2012.
Marabotti A, Facchiano A, Milanesi L, Tang M and Lai K: “Structural and
functional characterization of mutants of GALT enzyme”. Presented as poster in
“3D‐SIG 2012”, Long Beach (CA, USA), 13‐14/7/2012.
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