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Biomolecular simulation, some examples: 



Why a lecture on biomolecular simulation? 

•  Who has worked with a simulation on biomolecules or 
is planning to do so? 

 



My Background 

•  First Degree: Computer Science / Mathematics 
(University of Manchester) 

•  PhD: Structural Bioinformatics / Biochemistry 
(University of Oxford) 

•  PostDoc: Computational (Bio)-Physics 
(Amolf, Amsterdam) 

•  Currently, Assistant Professor Bioinformatics 
(VU University), use all of the above 



Why “Biomolecular Simulation”? 

•  Physical questions: 
–  How stable is this protein 
–  Under which conditions will 

this protein fold? 
–  How strong is the binding to 

a substrate? 

•  Biological questions: 
–  What is the function of this 

protein in the cell? 
–  What happens if we change 

the sequence of the protein? 
–  Where does the substrate 

bind? 
–  Do evolutionary related 

proteins bind the same 
substrate? 



The biological approach or the physical approach? 

TASK: 
Given a protein sequence predict in which 3D structure 
the protein will fold. 
 
Who wins, the physical or biological approach? 



Biomolecular simulation (this afternoon) 

hydrophobic 

polar (hydrophilic)‏ 
negative charge  

positive charge  

-- + + + 
+ 
+ + - 
+ - + 

Sequence Structure 



Let’s have a look at the physical forces first 

•  What are the most important forces that act on a protein? 

•  We stay away from quantum mechanics for now. 



Lets consider the basic protein chemical structure 

•  Identical backbone for each residue (peptide) 

•  Amino acid side chains with 20 different chemical 
structures  

 

“Coil with 20 different beads.” 



What type of forces and effects would be relevant? 

•  Van der Waals 

•  Electrostatics 

•  Hydrogen bonding 

•  Entropic effects 

•  Hydrophobic effect 



Primary Protein Structure 
hydrophobic +ve charge  

-ve charge  

other polar  

δ- δ+ 

Backbone has a hydrogen 
bond donor and acceptor per 
residue 



Proteins live in water 



Hydrophobic Collapse 

Unfolded Molten Globule Folded 



Hydrogen bonds & secondary structure of backbone 

alpha helix beta sheet 

We will ignore this in the practical exercises! 



What are the effects that contribute to a stably folded 
protein? 

1)  Hydrophobicity (oil in water)  
- note this is an effective force that contains 
enthalpic and entropic components 

2) Hydrogen bonds form secondary structure 
  



What forces / effects destabilize a folded protein? 

1)  Chain entropy!   



Questions for you: 

Would secondary structures form / be stable in vacuum? 

What is the influence of water molecules on secondary structure 
formation (does it help, does it hinder formation)?  

How can you explain secondary structure formation in an aqueous 
environment? 

 

 

  



Entropic and enthalpic contributions compensate 
(experimental) 

its magnitude is sufficiently higher than expected for a linear extrapolation of the initial
heat capacity. Thus, the unfolding of myoglobin results in a significant heat capacity
increment. One may therefore surmise that the heat capacity of an unfolded protein is
significantly higher than its compact native state.

A thermodynamic description of myoglobin unfolding may be viewed by invoking the
Kirchhoff equation, which defines the heat capacity increment as follows:

oDH=oT ¼ DCp ð1Þ

The thermodynamic properties of protein unfolding may be evaluated in accordance
with the following standard relations:

DH Tð Þ ¼ DH Ttð Þ $ DCp Tt$Tð Þ ð2Þ

DS Tð Þ ¼ DH Ttð Þ=Tt $ DCpln Tt=Tð Þ ð3Þ

DG Tð Þ ¼ DH Tð Þ $ TDS Tð Þ ð4Þ

Based on the thermodynamics prediction, one might reasonably anticipate that the
enthalpy of protein unfolding increases linearly with temperature. Conversely, the enthalpy
would decrease and might even change sign at sufficiently low temperatures as illustrated
in Fig. 7.

Correspondingly, the entropy factor (TDSunf) is a nearly linear function of temperature.
The difference between DH(T) and TDS(T) is essentially a parabolic function that repre-
sents the Gibbs energy of protein unfolding (DG), which is characterized by a maximum at
approximately 35 !C. The Gibbs energy corresponds with the work required to unfold the
protein at a given temperature and is usually considered a measure of protein stability.
Inspection of the thermodynamic functions presented in Fig. 7 suggests that myoglobin in
sodium acetate buffer (pH 4.0) exhibits a greater stability within the physiological tem-
perature range. Upon increasing the temperature above 35 !C, myoglobin stability de-
creases and the protein undergoes unfolding. In an analogous manner, myoglobin stability
should decrease at temperatures sufficiently below the physiological range.

Assuming that the thermodynamic formalisms are appropriate in describing the protein
folding/unfolding process, myoglobin unfolding upon cooling should proceed with both the
release of heat and a decrease in entropy. Corroboration of the expected behavior is

Fig. 7 Thermodynamic
functions specifying myoglobin
stability: unfolding enthalpy
(DH), entropy factor (TDS) and
Gibbs energy (DG)

J Solution Chem (2015) 44:1141–1161 1149

123Look at the scale of the axis! 



The biological approach or the physical approach? 

TASK: 
Given a protein sequence predict in which 3D structure 
the protein will fold. 
 
Who wins, the physical or biological approach? 



What about the biology?    

The sequence is key to biological understanding 



DNA - RNA – Proteins- function   

folded protein 

function 

The DNA is the source of 
information for a living 
species 

 

The sequence provides a 
specification 

 

 

The sequence encodes  
biological function of the 
protein 

 



Physics & Biology: folding specificity 

Unique characteristic: 
The sequence of a protein determines and specifies its structure 

 

Sequences evolve! 



The biology: an evolutionary tree 



What can evolutionary history tell us? 



Biology: structure is more  
conserved than sequence  

So if we have a protein with a known structure that has a 
similar sequence – we have solved our problem. 



The biological approach or the physical approach? 

TASK: 
Given a protein sequence predict in which 3D structure 
the protein will fold. 
 
Who wins, the physical or biological approach? 



Structural Genomics 



Who wins BIOLOGY or PHYSICS? 



Sequence Structure 'Gap' 

l  Against 65.000 protein structures 

l  If only we could predict structure from sequence... 







What kind of biological data is available? 

Structures   Sequences   Function 

We will use protein structures from the PDB 
in the practical exercises 



PDB 

l  Protein DataBank 
−  X-ray structures 
−  NMR structures 
−  cryo-electron microscopy  

l  Biases in PDB 
−  proteins that we can: 

-  purify 
-  crystalize 
-  stabilize in solution 

−  Sequence bias 

l  Transmembrane proteins 
l  hugely underrepresented 

no filter   65.000 
blast  100% identity  38.974 
blast  95% identity  27.892 
blast  90% identity  26.831 
blast  70% identity  24.204 
blast  50% identity  21.249 
blast  40% identity  19.002 
blast  30% identity  16.388 

 



Dark proteins: no structures available with similar 
sequences 

In this work, we used Aquaria to survey the dark proteome in
unprecedented depth. We found most of the dark proteome
cannot be readily accounted for and shows unexpected features.

Results and Discussion
Mapping the Dark Proteome. We based our survey on 546,000
Swiss-Prot sequences (20). Although smaller than other databases
[e.g., TrEMBL (21), which has >50 million sequences], Swiss-Prot
is meticulously curated; each entry has many annotations and a
high likelihood that it represents a native protein.
Fig. 1A shows how we mapped the dark proteome: for each

Swiss-Prot sequence, each residue was categorized as “not dark” if
it was aligned to a PDB entry in Aquaria (19) and as “dark”
otherwise (SI Methods). This definition partly underestimates the
dark proteome, because Aquaria includes very remote homologies
[found using HHblits (22)] and uses all PDB entries, including
low-quality structures from electron microscopy (EM) or NMR
spectroscopy. We deliberately chose this stringent definition of
“darkness,” so we can be confident that the dark proteome has
completely unknown structure.
Most dark residues occurred in contiguous “dark regions” (Fig.

1); on average, eukaryotic proteins contained eight dark regions,
many very short. In many cases, a single dark region covered the
entire sequence; we call these “dark proteins” (Fig. 1B). Most
nondark residues also occurred in continuous regions: some, called
“PDB regions,” exactly matched to a PDB entry—these residues
accounted for only 2–4% of all Swiss-Prot residues (Fig. 1B). The
remaining nondark residues occurred in “gray regions” (Fig. 1B),
where 3D structure could be predicted based on similarity to at
least one PDB entry.
We found that the dark proteome (i.e., the fraction of residues

in dark proteins or dark regions) for archaea and bacteria was
strikingly small (13–14%; Fig. 1B), implying that structural
knowledge for these organisms approaches a level of complete-
ness. In contrast, in eukaryotes and viruses, about half (44–54%)
of the proteome was dark (Fig. 1B). Of the total dark proteome,
nearly half (34–52%) comprised dark proteins.

We repeated the above analysis using an even more stringent
definition for darkness—combining PMP (2) and Aquaria (SI
Methods)—but this had little effect (Fig. S1).
We also calculated a darkness score for each protein, defined as

the percentage of dark residues (Dataset S1). Thus, dark proteins
have 100% darkness, whereas proteins with 0% darkness are those
where the entire sequence is detectably similar to one or more
PDB entries. The distribution of darkness scores was strongly bi-
modal; most proteins had either low or 100% darkness (density
plots in Fig. 2A and Figs. S2A and S3). For brevity in this work, we
use the term “nondark proteins” to refer to those with <100%
darkness (noting that a small fraction had high darkness scores).

Dark Proteome Is Mostly Not Disordered. Intrinsically disordered
regions are believed to account for much of the dark proteome,
especially in eukaryotes (15). To explore this hypothesis, for each
protein we calculated the percentage of residues predicted to be
disordered [using IUPred (23); SI Methods]. Viewing these disor-
der and darkness scores on a 2D scatter plot, we see that darkness
was greater than disorder for almost all eukaryotic proteins (most
proteins above the diagonal in Fig. 2C), implying that many dark
residues were not disordered. In this 2D plot, dark proteins are
difficult to resolve because they cluster on a line at the top; thus, we
made density plots comparing the disorder distribution for dark vs.
nondark proteins (Fig. 2B). Surprisingly, most dark proteins had
low disorder (median, 10% disorder), not greatly different from
nondark proteins (median, 6% disorder); because both of these
medians were less than half of the median darkness score (28%;
Fig. 2A), this finding implies that most of the dark proteome in
eukaryotes was not disordered.
In bacteria, archaea, and viruses, nondark proteins, surprisingly,

had higher median disorder than dark proteins (Fig. S3). However,
the median darkness was always higher still, implying that in these
organisms as well, much of the dark proteome was not disordered.
For eukaryotic proteins, the pattern seen in the 2D plot (Fig. 2C)

also implies that, as expected, most disordered residues were dark.
However, a fraction of proteins occur below the diagonal, implying
that many disordered residues were not dark. In the corresponding
plots for bacteria, archaea, and viruses, this fraction is even larger
(Fig. S3), implying that as much as half of all disordered residues
were not dark. Many of our colleagues found this last result con-
fusing, often because the distinction between disorder and darkness
was unclear. Thus, to clarify: disordered regions are those with
evidence of structural heterogeneity (23)—but some become well
structured in particular contexts (e.g., most of the 536 Swiss-Prot
proteins with 100% disorder and 0% darkness were ribosomal and
are presumably well structured within the ribosomal complex). To
clarify darkness: these are regions that do not match any PDB
entry—but some PDB entries are highly disordered [often these
are from EM or NMR (24)], and any sequence aligned to a PDB
entry was classified as “not dark” using our stringent definition,
because some structural information is known.

Dark Proteome Is Mostly Not Compositionally Biased.Compositional
bias is also known to confound structure determination (25). To
explore this idea, for each protein we calculated the percentage
of compositionally biased residues (SI Methods). Viewing these
compositional bias and darkness scores on 2D scatter plots, we
see that darkness was greater than compositional bias for almost
all proteins (Fig. 2E and Fig. S3), implying that, as expected,
most compositionally biased residues were dark. Together with
the density plots for compositional bias (Fig. 2D and Fig. S3), it is
clear that most dark residues were not compositionally biased
and that most dark proteins had very low compositional bias.

Dark Proteome Is Mostly Not Transmembrane. Transmembrane re-
gions are also known to confound structure determination (15,
18). To explore this concept, for each protein we calculated the

Eukaryota

Bacteria

Archaea

Viruses

%28%6

42%

4%

4%

5% 8% 85% 2%

15% 29% 52%

8%

snoigeryarGsnietorpkraD PDB
B

N CPDB region

A

28% 26%

Gray region

4%

Dark regions

Fig. 1. Mapping the dark proteome. (A) For all proteins in Swiss-Prot, each
residue was classified into one of four categories: (i) PDB regions—residues
exactly matched to a PDB entry in Aquaria; (ii) gray regions—residues
aligned to at least one PDB entry in Aquaria but always with amino acid
substitutions (dark gray); (iii) dark regions—residues with no matching PDB
entry in Aquaria; and (iv) dark proteins, where a single dark region spans the
entire sequence. (B) We then calculated the total fraction of residues in each
of the above four categories for all proteins in eukaryotes, bacteria, archaea,
and viruses. The dark proteome (i.e., the fraction of residues in dark proteins
or dark regions) varies from 13% (bacteria) to 54% (viruses).

Perdigão et al. PNAS | December 29, 2015 | vol. 112 | no. 52 | 15899

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y



So is there any role for physics based approaches? 

•  Physical questions: 
–  How stable is this protein 
–  Under which conditions will 

this protein fold? 
–  How strong is the binding to 

a substrate? 

–  Fundamental understanding 
of mechanisms and forces 
involved in folding 

–  Detailed simulation under 
(experimental) constraints. 

 



Why use simple models? 
HP model - minute cubic lattice model - hour 

backbone model - week full atomistic model -  year(s) 

–  Sampling lowest free energy state 
–  Different conditions 
–  Larger systems 



Physics: folding specificity - perfect self assembly 
A
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Experimental curves – can we understand these? 



A very simple model 

 

•  3D for research 

•  2D in practical 



Lattice Model 

hydrophobic 

polar (hydrophilic)‏ 
negative charge  

positive charge  

-- + + + 
+ 
+ + - 
+ - + 

Sequence Structure 



Cubic Lattice Model 

•  Cheap & simple 
–  Use for right purpose 

•  Can model: 
–  General trends  
–  Folding specificity 
–  Heat capacity 
–  Binding and unbinding 
 

•  Not captured: 
–  Secondary structure 
–  Hydrophobic effect   

(cold denaturation) 
–  Specific proteins 

Shakhnovich & Gutin 1993 PNAS 90 

Coluzza et al 2003 Phys Rev E 68 



Lattice Model, Potential, Design & Simulation 

hydrophobic 

polar (hydrophilic)‏ 
negative charge  

positive charge  
+ - + 
- + + 

+ 
+ + + -- 

Folding  Simulation 

Interaction Potential 

Sequence Design 

hydrophobic 

polar (hydrophilic)‏ 
negative charge  

positive charge  



Simulation: Lattice Moves 

corner flip 

crankshaft 

point rotation 



Simulation: interaction potential 

+ - + 
- + + 

+ 
+ + + -- hydrophobic 

polar (hydrophilic)‏ 
negative charge  

positive charge  

contact energy 



Simulation: Monte Carlo 

Monte Carlo: 
–  Choose a residue (or region) 
–  Change its position 
–  Calculate new interaction energy 
–  Accept with Monte Carlo criterion  

Shakhnovich & Gutin 1993 PNAS 90 

Coluzza et al 2003 Phys Rev E 68 

Betancourt & Thirumalai 1999 Protein Sci 8 



Sequence Design 

hydrophobic 

polar (hydrophilic)‏ 
negative charge  

positive charge  
+ - + 
- + + 

+ 
+ + + -- 

Simulation 

Potential 

Design 

hydrophobic 

polar (hydrophilic)‏ 
negative charge  

positive charge  



Problem: how to create a folding sequence? 

? 

In nature evolution ensures folding... 

We cannot take real protein sequences (why not?) 



Solution: energy minimization 

Given a structure, what are sequences with a low 
(potential) energy? 

 

? 

we can simulate evolution by changing the 
sequence with random substitutions 

 



Lattice Model: design 

Design loop: 
–  Choose a residue 
–  Change the amino acid 
–  Calculate new interaction energy 
–  Accept with Monte Carlo criterion 

based on energy and variance 

hydrophobic 

polar (hydrophilic)‏ 
negative charge  

positive charge  

-- + + + 
+ 
+ + - 
+ - + 

Shakhnovich & Gutin 1993 PNAS 90 

Coluzza et al 2003 Phys Rev E 68 

Betancourt & Thirumalai 1999 Protein Sci 8 
Miyazawa & Jernigan 1993 Protein Eng 6 



Sequence design: energy minimization 



Interactions: toy example 2D 



Sequence  Design 

Low energy High variance 

Good folder 



Sequence Variance 



Sequence Variance & Biology 



How to derive a potential? 

+ - + 
- + + 

+ 
+ + + -- hydrophobic 

polar (hydrophilic)‏ 
negative charge  

positive charge  ? 

Can we use experimental biological data? 



“Knowledge Based” Amino Acid Pair Potentials  

-- + + + 

+ - 

+ + - 

+ - + 

- + + + 
+ - 
+ + - 
+ - + 

H2O 

H2O 
Betancourt & Thirumalai 1999 Protein Sci 8 
Miyazawa & Jernigan 1993 Protein Eng 6 

? 

hydrophobic 
polar (hydrophilic)‏ 
negative charge  
positive charge  

observed contacts 

- 

expected contacts 



“Knowledge Based”  Amino Acid Pair Potentials 

+ - + 
- + + 

+ 
+ + + -- 



“Knowledge Based” Amino Acid Pair Potentials 

•  Sample in the PDB 

•  Assumption:  
PDB is a representative 
ensemble of well mixed amino 
acids 

•  How could biology (evolution) 
affect these results? 

•  How could we prevent this? 



Are experimental result captured by the model? 
A

m
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Folding Specificity on the Lattice 



Temperature 

H
ea

t c
ap

ac
ity

 
Foldable, with high specificity 



Full atom vs coarse grained folding 
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Full atom vs coarse grained folding 
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MC steps 
N
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e 
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on
ta

ct
s 

(thanks to Erik van Dijk) Shaw, D. E., et al. (2010) Science, 330 



Cubic Lattice Model 

•  Cheap & simple 
–  Use for right purpose 

•  Can model: 
–  General trends  
–  Folding specificity 
–  Heat capacity 
–  Binding and unbinding 
 

•  Not captured: 
–  Secondary structure 
–  Hydrophobic effect   

(cold denaturation) 
–  Specific proteins 

Shakhnovich & Gutin 1993 PNAS 90 

Coluzza et al 2003 Phys Rev E 68 



Emergent behaviour (entropy & enthalpy) 

64 
Widom 2003, Phys. Chem. Chem. Phys., 2003, 

Gallagher 2003, JACS 

Huang and Chandler PNAS 2000 

Hydrophobic force has a maximum around 70 - 80 °C  
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Use a lattice model to investigate cold denaturation  



Impact of understanding hydrophobicity 

We can explain cold denaturation 

 

 
 

Predict total hydrophobic surface area 
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Figure 11: Performance comparison of several ASA models and the three-
feature model. The performance of a sequence length derived formula is
used as a reference. A range of di↵erent error thresholds are used get the
ratio of correctly predicted HSAs. The performance comparison was run on
the test set. For 11(b) the evaluation was performed on 97 proteins, that
were deposited after 2011 to the PDB.
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Measure hydrophobic temperature dependence 

We can understand heat capacity curves 



Model can reproduce formation of fibres 

•  Fibres 
–  Formation depends on 

sequence properties 
–  Hydrophobic inner 

layers 
–  Fast simulation 
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hydrophobic 

polar (hydrophilic)‏ 
beta-strand  

Abeln, S., Vendruscolo, M., Dobson, C. M., & Frenkel, D. (2014). A Simple Lattice Model That Captures Protein 
Folding, Aggregation and Amyloid Formation. PLoS ONE, 9(1), e85185 



Biology & Physics: 

•  What consequences does the biology have for our 
physical questions? 

•  How can the biological context help to answer our 
questions? 



Lessons for full atomistic simulations - 
 do not forget about evolution 

•  Try your simulation on a homologue (closely related 
sequence, with same function) - do your results hold? 

•  Make a sequence profile from homologues - are there 
any conserved residues? They may be important! 

•  Do not overtrust your potentials - most atomistic 
potentials are still “knowledge based” 



References 

Abeln, S., & Frenkel, D. (2008). Disordered flanks prevent peptide aggregation. PLoS Comput. 
Biol., 4(12), e1000241. doi:10.1371/journal.pcbi.1000241 

Abeln, S., & Frenkel, D. (2011). Accounting for protein-solvent contacts facilitates design of 
nonaggregating lattice proteins. Biophys. J., 100(3), 693–700. doi:10.1016/j.bpj.2010.11.088 

Abeln, S., Vendruscolo, M., Dobson, C. M., & Frenkel, D. (2014). A Simple Lattice Model That 
Captures Protein Folding, Aggregation and Amyloid Formation. PLoS ONE, 9(1), e85185. doi:
10.1371/journal.pone.0085185 

Ni, R., Abeln, S., Schor, M., Cohen Stuart, M. A., & Bolhuis, P. G. (2013). Interplay between Folding 
and Assembly of Fibril-Forming Polypeptides. Physical Review Letters, 111(5), 058101. doi:
10.1103/PhysRevLett.111.058101 

Ni, R., Kleijn, J. M., Abeln, S., Cohen Stuart, M. a., & Bolhuis, P. G. (2015). Competition between 
surface adsorption and folding of fibril-forming polypeptides. Physical Review E, 91, 1–5. doi:
10.1103/PhysRevE.91.022711 

van Dijk, E., Hoogeveen, A., & Abeln, S. (2015). The Hydrophobic Temperature Dependence of 
Amino Acids Directly Calculated from Protein Structures. PLOS Computational Biology, 11(5), 
e1004277. doi:10.1371/journal.pcbi.1004277 

van Dijk, E.; Varilly, P.; Knowles, T.; Frenkel, D.; Abeln, S. Consistent treatment of hydrophobicity in 
protein lattice models accounts for cold denaturation. ArXiv e-prints 2015, [arXiv:cond-mat.soft/
1511.06590] – accepted PRL 


