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PREFACE

Theoretical studies are excellent complimentary tools to experimental techniques
and provide a deeper understanding on “What molecules are experiencing in their
small world”. The main goal of this thesis is to uncover the molecular details of
experimentally observed protein behaviors using theoretical tools such as Monte
Carlo simulations and coarse grained modeling.

The thesis is composed of six publications where various phenomena of pro-
tein systems are investigated by focusing on anisotropic interactions. The stud-
ied protein systems are considered in two main parts: The first covers solution
behavior of a few globular proteins while the second deals with surface adsorp-
tion of intrinsically disordered proteins. The publications are referred to in the
text by their roman numerals provided in the list of publications section.

In this thesis, you will first be introduced to the world of proteins and their
implications in our lives. Then, we continue with the interactions that are crucial
for operational proteins. In the third chapter, an overview of relevant theoretical
and experimental tools will be given. Later, coarse grained modeling and the
models used in the publications will be presented. The last chapter will provide
an atlas of studied proteins together with the main findings of the publications.
Finally, the thesis is concluded by an outlook including a future perspective to
the presented studies.

I believe that a PhD thesis should not only govern the scientific discoveries
but also deliver the experiences that are obtained during entire period of the PhD
studies. Therefore, you will also find some instructions and guidelines for how
to develop coarse grained models or how to set up MC simulations in the thesis.

Throughout the thesis, you will also encounter grey boxes, called “box of
imaginations” where I imagine daily life metaphors for presented topics. I hope
that you will find them both amusing and clarifying.



PREFACE

Although I'have studied a tiny part of our lives connected to protein systems,
I hope that the collection of these tiny bits will provide us a deeper awareness
and understanding of ourselves and the world around us. I hope that the sci-
entific achievements will eventually guide us to be more compatible with our
planet and to protect its essentials.
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HIGHLIGHTS OF THE THESIS

Proteins in Salt Solutions

« Paper I: Even in similarly net charged protein systems, attractive elec-
trostatic interactions contribute to the binding affinity through charge
anisotropy. Strongly directional dipolar interactions can drive the pro-
teins into specific orientations and facilitate protein association.

« Paper II: Anisotropic electrostatics can still be significant in the oppo-
sitely charged protein mixtures where the driving force for phase separa-
tion is often considered to be the opposite net charge attraction. However,
in lysozyme/a-lactalbumin mixtures, the dipolar interactions originating
from the strong dipole moment of a-lactalbumin modulate the phase equi-
librium. Suppressing its dipole moment diminishes the phase separation
behavior.

« Paper III: Specific Hofmeister ion binding to hydrophobic motifs may sig-
nificantly alter the titration curves and the hydrophobic surface exposures
of proteins, leading to an inverted solution stability below and above the
isoelectric point.

Proteins at Charged Interfaces

« Paper IV: Charge regulation effects become significant when the envi-
ronmental pH matches the acid dissociation constant (pK,) of the most
abundant residues. Therefore, at physiological conditions, the histidine
content of proteins determines the extent of these effects. As a response
to a surface electric field, histidine (HIS) residues can charge themselves
up by proton uptake and provide an additional affinity to negatively char-
ged surfaces. On the contrary, HIS can also adapt a neutral state in the
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HiGHLIGHTS OF THE THESIS

surfaces. On the contrary, HIS can also adapt a neutral state in the vicin-
ity of positive surfaces and in non-polar environments where charges are
unfavorable.

Paper V: The titration of the membrane charged groups can also con-
tribute to the pH response of protein adsorption in bacterial membrane.
This contribution can roughly be included by estimating the surface charged
density based on the solution pH and an effective membrane pK,. How-
ever, this estimation will require a knowledge of membrane phospholipids
and their pK, values as well as their content in the membrane.

Paper VI: Although the net charge of an amphiphilic disordered protein is
similar to the surface charge, its surface adsorption can still be facilitated
by relocating the oppositely charged residues close to the surface. The
balance between overall repulsion and the local residue attractions may
lead to a non-monotonic adsorption response to salt concentration as we
have shown for [-casein adsorption to a silica surface. The adsorption is
also affected by the interactions between the adsorbed proteins and their
possible aggregation.
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PoPULAR SCIENTIFIC SUMMARY

Proteins are molecular machines of the human body which regulate all life sus-
taining processes such as energy production, communication, transport of es-
sential molecules, defense against microbes, etc. They are built by small mole-
cular units called amino acids, bound together like pearls on a necklace. Each
amino acid consists of a common part and a unique side chain. The former
makes up the backbone of a protein chain and the latter determines the nature
of the amino acid. There are 22 kinds of amino acid side chains which provide
an enormous diversity to the protein chains. The amino acid side chains can
have a water- (polar) or oil-like (hydrophobic) nature. Some polar amino acids
may bear a positive or negative charge depending on the environmental con-
ditions such as acidity and salt concentration. It is a well-known phenomenon
that water tends to separate from oil. This also holds for an oil-like, hydropho-
bic amino acid where water tends to push these amino acids together to avoid
contact with them. Due to this tendency, the protein chains fold into a globular
shape so that most of the hydrophobic amino acids are located in the protein
interior and the polar amino acids are on the surface. However, some proteins
that lack hydrophobic amino acids do not fold into a globular shape and behave
as flexible chains. These proteins are called intrinsically disordered proteins.
The nature of protein interactions is determined by the distribution of char-
ged and hydrophobic amino acids on the surface, in case of globular proteins, or
in the chain, in case of disordered proteins. The segregation of positive amino
acids from the negative ones results in anisotropic interactions which resem-
ble the interactions of two magnets where opposite poles attract and the simi-
lar ones repel each other. Thus, the nature of anisotropic interactions depends
on the orientations of the proteins. These interactions can also originate from
clustering of hydrophobic amino acids on protein surfaces, which creates sticky
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POPULAR SCIENTIFIC SUMMARY

surface patches.

In this thesis, we have studied the effect of hydrophobic and charge patchi-
ness of protein surfaces on the protein-protein and protein-surface interactions
in salt solutions. We used Monte Carlo simulations to mimic protein behaviors
with the help of computers and played around with the acidity and salt concen-
tration of the protein solutions to determine their impact. We have developed
system specific protein models which represent proteins by collections of inter-
acting spheres. In the model development, we used a coarse graining approach
where we have only considered the details of proteins that are essential for the
specific study.

We have shown that the hydrophobic and charge patchiness on a protein
surface can be altered by binding of charged salt species on the protein surface
— called the Hofmeister ion effect. Under correct solution acidity, the charge
residues can adapt a charged or neutral state to maximize attraction with oppo-
site charges or to minimize repulsion with similar charges. This phenomenon is
called charge regulation which can also alter the charge patchiness of the pro-
tein surfaces. The resulting complex patch interactions may reinforce specific
protein orientations, and may facilitate protein associations into functional ma-
chines.

XViil
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CHAPTER 1

PROTEINS: MOLECULAR MACHINERY

Proteins are molecular machines of living organisms which are involved in al-
most all vital biological processes. For instance, they are responsible for the
energy production and storage in our body. Receptor and hormone proteins
facilitate communication between organs working as signal transmitters and
receivers. Immuno-proteins construct the defense system of our body against
toxic materials and microorganisms. Transfer proteins regulate the logistics of
essential molecules, such as oxygen, whereas membrane proteins control the
passage of molecules and information in and out of the cell.

In a human body, all of these processes take place continuously, ensured by
the accurate functioning of the hard working proteins. Despite of some excep-
tions, the protein activity relies on recognition of protein partners which resem-
bles to a key-lock relation [1]. Most of the proteins have a unique 3D structure
embedded with special features to ensure the key-lock recognition. Note that
since proteins have some flexibility, the key and the lock are somehow softer
and can slightly modify their shape. The protein features are activated in a nar-
row range of solution conditions which determines the optimum environment
for their functioning. In order to understand how proteins operate in a human
body, we need to investigate their solution dependent features as well as the
interactions with their partners.

[1] A. Finkelstein and O. Ptitsyn, in Protein Physics: A Course of Lectures (Acedemic Press, San
Diago, 2002), chap. Introduction.



PROTEINS: MOLECULAR MACHINERY

1.1 What Does a Protein Look Like?

1.1.1 Building Blocks

Proteins are linear chains of 22 kinds of parts, the so called amino acids or
residues, which are connected via strong covalent peptide bonds. All amino
acids contain an amino group (-NH>), a carboxyl group (-COOH) and a hy-
drogen bound central carbon atom (-C*H-) which constitute the skeleton (back-
bone) of a protein chain - see Figure 1.1. Each amino acid also includes a specific
side chain that determines its nature. Based on the differences in the side chains,
the amino acids can be classified into four groups [2] where they are referred to
with their three letters abbreviations such as ALA for alanine.

« Nonpolar side chains (hydrophobic = dislike water) usually contain bulky
hydrocarbon groups such as ALA (alanine), ILE, LEU, MET, PHE, PRO,
TRP, VAL. They tend to stick together in the presence of water to minimize
water contacts.

+ Polar and uncharged side chains (like water) usually contain an oxygen
atom (or only -H) such as GLY, SER, THR, ASN, GLN, TYR

« Ionizable side chains (charged at certain conditions) contain acidic or ba-
sic groups that can obtain a negative (GLU and ASP) or positive charge
(HIS, ARG, LYS). Their charges are strictly dependent on the environmen-
tal pH and the salt concentrations as well as nearby charged groups. The
charge of a protein is therefore dependent on both the number of the ion-
izable groups and the environmental conditions.

« Special side chains includes PRO and CYS residues. The former forms
kinks in the protein chains and usually referred to as a folding hinder-
ing residue. The latter provides covalent linkage through disulfide bonds,
within and between protein chains.

Proteins can roughly be divided into two categories according to their struc-
tures; globular proteins and intrinsically disordered proteins (IDPs).

[2] P.Raven and G. Johnson, in Biology, edited by P. Reidy (Mc Graw Hill, Boston, 2002), chap.
The Chemical Building Blocks of Life, 6th edn.
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1.1 What Does a Protein Look Like?

1.1.2 Globular Proteins

Globular proteins are folded proteins whose chains are tightly packed into a
complex 3D shape. In the late 1950s, the first 3D structure of a globular protein
was solved by Perutz [3] and Kendrew [4] who showed that each atom in a pro-
tein has a unique spatial location. Nowadays, with the help of X-ray crystallog-
raphy and NMR spectroscopy both crystal and solution structures of hundreds
of thousands proteins are readily available in protein databanks. The accumu-
lated knowledge on protein structures has indicated that proteins consist of four
structural levels:

Primary Structure

The sequence of amino acids in a protein chain is called the primary structure.
Each amino acid sequence creats a unique personality due to the embedded fea-
tures of amino acid side chains. In the early 1950s, Sanger’s works on insulin
protein showed that the residue order in a protein chain is protein specific and
that each insulin has the same sequence [5]. The primary sequence of a protein
starts with an amino group of the first residue and ends with the carboxyl of
the last residue which are referred as N-terminal and C-terminal of the protein,
respectively — see Figure 1.1. Note that N and C-terminals are also ionizable
groups and contribute to the charge of a protein. A protein chain can contain
up to thousands of amino acids and combination of 22 amino acid kinds provides
a tremendous sequence diversity.

Secondary Structures

The secondary structures are regular, long periodic shapes formed by the local
organization of a protein chain into a coil- or a sheet-like structure. They are
stabilized by hydrogen bonds (H-bond) between the -NH, and ~-COOH groups
of the residues that lie in the protein backbone.

« [-sheets are formed by aligning distant parts of a protein chain parallel
(or antiparallel) into a sheet like structure. Each distant part of the pro-
tein chain in a (-sheet are called §-strands that are constraint into an

[3] M.F. Perutz, Acta Crystallogra. 9, 867 (Nov 1956).

[4] J. C.Kendrew, G. Bodo, H. M. Dintzis, R. G. Parrish, H. Wyckoff, and D. C. Phillips, Nature
181, 662 (Mar. 1958).

[5] F.Sanger and H. Tuppy, Biochem. J. 49, 463 (1951).

3



PROTEINS: MOLECULAR MACHINERY
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Figure 1.1: Structural levels of globular proteins (© Korhan $abanoglu).

extended, rod-like conformation. The sheet is reinforced by the H-bonds
between the 3-strands.

o Helices are spiral structures of the chain that are stabilized by the H-bonds
between the residues i+4—1i, i+3—1, and i+5—1i, called a-helices (most
common one), 319-helices and 7-helices, respectively.

In a protein chain, these two main secondary structures are connected via other

minor structures such as S-turns, U-turns and random coils. Amino acid se-

quences may show a tendency for a certain secondary structure which enables
the knowledge based secondary structure predictions [6].

Motifs are the combinations of the secondary structures, observed in many

proteins to accomplish a specific function. For instance, the helix-turn-helix mo-

tif, consisting of two helix bundles connected via a short amino acid sequence,

D. Frishman and P. Argos, Proteins: Struct., Funct., Bioinf. 23, 566 (1995).
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1.1 What Does a Protein Look Like?

is found in most of the DNA binding proteins to facilitate DNA attachment [7].

Tertiary Structure

A final spatial organization of the secondary structures and the motifs via side
chain interactions defines the positions of each atom in space and forms a well-
defined 3D shape, called tertiary structure. In this final folded state, hydrophobic
residues are usually packed tightly in the interior part of the protein while the
charged residues are restricted to the surface (unless required for a special func-
tioning) resulting in a fairly rigid structure. The folded shapes of globular pro-
teins are strictly dependent on the environmental conditions and are achieved in
a narrow range of conditions. Even a small deviation from that range can cause
protein unfolding (denaturation) resulting in a disruption of their functionality
[1,2].

Note that protein functionality is mainly mediated by the surface of the pro-
teins and therefore, the folded 3D structure acts as a skeleton to construct and
reinforce the necessary surface for the protein activity.

Domains are the compact subglobular parts of a single large protein. Each
of them behaves like a small globular protein and folds into their own 3D shapes
independently. They often combine different functions into a single protein,
such as one domain of an enzyme accommodates a co-factor and another binds
to the substrate [2].

Quaternary Structure

Often complex machines need more than one protein chain to perform their
functions. A few separate chains therefore, assemble into one single functioning
unit where each chain is called a subunit. Hemoglobin is an example of such a
complex protein which consists of four subunits: two a-chains and two 3-chains
- see Figure 1.2.

[7]1 I B.Dodd and ]. B. Egan, Nucleic Acids Res. 18, 5019 (Sep. 1990).

[1] A. Finkelstein and O. Ptitsyn, in Protein Physics: A Course of Lectures (Acedemic Press, San
Diago, 2002), chap. Introduction.

[2] P.Raven and G. Johnson, in Biology, edited by P. Reidy (Mc Graw Hill, Boston, 2002), chap.
The Chemical Building Blocks of Life, 6th edn.
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PROTEINS: MOLECULAR MACHINERY

Figure 1.2: The tertiary structures of Hemoglobin subunits consisting of five
helix bundles. The quaternary structure of Hemoglobin contains four subunits
where two a-chains are depicted in blue and cyan and two [-chains are in red
and purple.

1.1.3 Intrinsically Disordered Proteins

A well-defined shape is not always required for an active protein. There are in-
trinsically disordered and fully functional proteins which often consist of short
peptide chains with only a few number of hydrophobic residues and/or a high
content of kink-forming PRO residues [8,9]. They might however obtain a sec-
ondary and tertiary structure upon binding to their partners. Histatin5, for ex-
ample, a histidine rich antibacterial salivary protein lacks structure in an aque-
ous solution but adapts a helical conformation in bacterial membranes [10].

1.2 What is Happening in Protein Solutions?

1.2.1 Protein Folding

Anfinsen’s milestone experiment showed that an isolated, denatured (unfolded)
ribonuclease A (an enzyme) is able to spontaneously fold into its well defined
native structure and regain its enzymatic activity [11]. This proved that the

[8] V.N. Uversky, J. R. Gillespie, and A. L. Fink, Proteins 41, 415 (Nov. 2000).

[9] A.K.Dunker, C.J. Oldfield, J. Meng, P. Romero, J. Y. Yang, J. W. Chen, V. Vacic, Z. Obradovic,
and V. N. Uversky, BMC Genomics 9 Suppl 2, S1 (Jan. 2008).

[10] P. A.Raj, M. Edgerton, and M. J. Levine, J. Biol. Chem. 265, 3898 (Mar. 1990).

[11] C.B. Anfinsen, Science (New York, N.Y.) 181, 223 (Jul. 1973).
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unique 3D structure of a protein, which is required for the biological activity, is
encoded in the primary sequence.

Protein folding is mainly guided by hydrophobic residues which tend to
stick together and form the interior part of the proteins to avoid water con-
tacts. Folding progresses in a stepwise manner, starting with a fast formation of
secondary structures, followed by a slow organization into their unique 3D co-
ordinates through the formation of intermediate states. In the cellular environ-
ment, a soup of proteins and molecules, these intermediate states are more prone
to adhesion of unwanted molecules due to the exposure of sticky hydropho-
bic residues. This can lead to misfolding and jamming of the newly produced
protein chains resulting in detrimental complications such as Cystic Fibrosis
[2]. Therefore, protein folding in cells is sometimes assistant by proteins called
Chaperones that protect unfolded parts from the unwanted adhesions [12,13].

Box of Imagination

The protein folding is an amazing process that is way beyond our technologic achieve-
ments in assembling machines. Imagine that we have this folding technology in car
factories. This would imply that to build a car, we just need to attach all the car parts
into a chain which will spontaneously form the car by folding all the parts into their

correct positions when the right environmental conditions are provided.

1.2.2 Protein Binding

Protein function is coupled with the binding of proteins to their binding partners
such as to other proteins [14] or small ligand molecules [15]. The binding pro-
cesses occur through a molecular recognition of binding partners by the active
surfaces of the proteins. Since ligands are small molecules, the active surface,
where they bound to, is usually highly specific and consists of only a couple of
residues. It is, therefore common to model a ligand binding process with mul-

[2] P.Raven and G. Johnson, in Biology, edited by P. Reidy (Mc Graw Hill, Boston, 2002), chap.
The Chemical Building Blocks of Life, 6th edn.

[12] F.U. Hartl, Nature 381, 571 (Jun. 1996).

[13] G.E.Karagoz, A. M. S. Duarte, E. Akoury, H. Ippel, J. Biernat, T. Moran Luengo, M. Radli,
T. Didenko, B. a. Nordhues, D. B. Veprintsev, C. a. Dickey, E. Mandelkow, M. Zweckstetter,
R. Boelens, T. Madl, and S. G. D. Rudiger, Cell 156, 963 (Feb. 2014).

[14] P. L. Kastritis and A. M. J. J. Bonvin, J. R. Soc. Interface 10, 1 (2013).
[15] D.L. Mobley and K. A. Dill, Structure 17, 489 (Apr. 2009).
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tiple levels of details [16] by representing only the active surface of the protein
and the ligand molecule in detailed.

However, the protein-protein binding can occur via a large binding sur-
face which can easily contain up to a few dozen residues. Therefore, the na-
ture of the whole protein surface becomes important in the binding process.
The distribution of the charged and hydrophobic residues on the surface de-
termines the surface characteristics and specific interactions with the binding
partners. An uneven distribution of these residues results in orientational de-
pendent, anisotropic interactions. For instance, segregation of sticky hydropho-
bic residues at one side of the protein can lead to binding via the hydrophobic
surfaces to minimize their water contact. The effect of active surface nature
can easily be seen in the binding of the similarly sized proteins, a-lactalbumin
and lysozyme, to a horse shoe shaped protein CD14, (Figure 1.3). Although the
shape and the size of both proteins allow binding to the gap of CD14, lysozyme
prefers to bind at the side surface of CD14 due to the favorable surface interac-
tions while a-lactalbumin binds to the gap of CD14.

1.2.3 Self-Assembly

Certain functions in nature may require superior protein machines which can be
built by an assembly of many proteins into one supramolecular structure. The
assembly of the subunits occurs spontaneously without any external aid but their
own binding sites and thus, it is called self-assembly. For instance, in a cell, a
globular protein called actin self-assembles into long microfibers to build the cell
infrastructure and to provide paths for the molecular transportation [17]. Silk
proteins self-assemble into well structured and extremely stable fibers that make
up the spider webs. [18]. Proteins do not only assemble into fibrillar structures.
For instance, caseins, a family of milk proteins, form oblate aggregates which
serve as both Ca?" ion carriages and consistency regulators in dairy products
[19].

[16] S.C. L. Kamerlin, S. Vicatos, A. Dryga, and A. Warshel, Annu. Rev. Phys. Chem. 62, 41
(Jan. 2011).

[17] H. Lodish, A. Berk, and S. Zipursky, in Molecular Cell Biology, edited by W. Freeman (Mc
Graw Hill, New York, 2000), chap. The Dynamics of Actin Self Assembly, 4th edn.

[18] F. Hagn, L. Eisoldt, J. G. Hardy, C. Vendrely, M. Coles, T. Scheibel, and H. Kessler, Nature
465, 239 (May 2010).

[19] S. Ossowski, A. Jackson, M. Obiols-Rabasa, C. Holt, S. Lenton, L. Porcar, M. Paulsson, and
T. Nylander, Langmuir 28, 13577 (Sep. 2012).
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1.2 What is Happening in Protein Solutions?

(a) a-lactalbumin binding to CD14 (b) lysozyme binding to CD14

Figure 1.3: Preferred binding locations of a-lactalbumin and lysozyme on CD14,
depicted by silver transparent bubble. The size and the active surface coded
interactions of a-lactalbumin allow binding to the gap of the human milk protein
CD14. However, similarly sized lysozyme favors attachment to the side surface
instead of the gap although it could fit into the gap. (MC simulation study,
unpublished)

Box of Imagination

Let’s imagine that we are using this self-assembly technology in our car factory. This
time, we don’t even need to put the car parts into a chain. It is enough that we have all

the parts in a container and wait for the car to construct itself!

Self-assembly of proteins does not always lead to useful tools. Various dis-
eases are associated with undesired aggregations of proteins. For instance, it is
thought that the accumulation of insoluble aggregates of unfolded (3-amyloid
proteins in brain tissues is related to a brain dementia called, “Alzheimer’s dis-
ease” [20]. Moreover, the unwanted aggregation of hemoglobin proteins dra-
matically reduces oxygen carriage capacity of red blood cells and results in
“Sickle Cell Anemia” [21].

[20] E. G. D. Felice, D. Wu, M. P. Lambert, S. J. Fernandez, P. T. Velasco, P. N. Lacor, E. H. Bi-
gio, J. Jerecic, P. J. Acton, P. J. Shughrue, E. Chen-dodson, G. G. Kinney, and W. L. Klein,
Neurobiol Aging. 29, 1334 (2008).

[21] M.]J. Stuart and R. L. Nagel, J.-Lancet 364, 1343 (2004).
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1.2.4 Protein Adsorption

Protein adsorption on bacterial membranes seems to be related to the function of
antimicrobial proteins. The first step of any antimicrobial activity relies on the
adsorption of proteins on negatively charged microbial membranes. Therefore,
the protein adsorption on charged solid surfaces has been used for establishing
an analogy to the antimicrobial activity. The killing activity may sometimes
require further processes such as positioning of the adsorbed proteins in the
membrane to disrupt cell integrity [22] or transportation through the membrane
to target a specific inner organelle [23]. It is therefore not always adequate to
directly relate the antimicrobial activity with the protein adsorption. However,
adsorption behavior can still serve as a qualitative indicator of the activity since
without adsorption it is impossible to perform the killing activity.

Similar to self-assembly, protein adsorption to surfaces is not always desired.
It can cause problems especially for medical implants where protein accumula-
tion might result in inflammations. Moreover, in the food industry, adsorbed
proteins may promote bacterial growth and biofilm formation.

In order to get a better understanding of the complex protein behaviors and
the possible implications of their malfunctioning, we need to investigate “What
kind of interactions present between the proteins?”. This leads us to the second
chapter.

[22] Y. Shai, Peptide Science 66, 236 (2002).

[23] J.R.Luque-Ortega, W. van’t Hof, E. C. I. Veerman, J. M. Saugar, and L. Rivas, FASEB ]J. 22,
1817 (Jun. 2008).
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CHAPTER 2

INTERACTIONS IN THE PROTEIN WORLD

As we have seen in the previous chapter, amino acids are linked through strong
and stable chemical bonds and the primary sequence of a protein therefore re-
mains intact unless targeted by enzymes. In addition, the thiol group (-SH) in
cysteine residues can form strong disulfide bonds through an oxidizing process.
This bond usually bridges two cysteine residues that are far apart in the primary
sequence and directs the peptide chains in their folding paths.

Apart from these chemical bonds, non-bonded interactions also exist be-
tween amino acids which are the focus of this chapter. These interactions de-
termine the favorable amino acid neighbors in the 3D structure as well as in
their binding partners. The non-bonded interactions are weaker than chemical
bonds and are sensitive to environmental conditions. They can therefore be ma-
nipulated by altering the conditions in the need of conformational changes and
detachment from a binding partner.

2.1 Electrostatic Interactions

Electrostatic interactions are present between charged species as well as be-
tween polar and polarizable molecules. They cover long distances, making them
effective even when proteins are far apart. They can be attractive or repulsive,
depending on the net charges of the interacting proteins as well as the distribu-
tion of the charged residues.
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INTERACTIONS IN THE PROTEIN WORLD

Ion-ion Interactions

The electrostatic interactions of two charges in vacuum are described by the
following Coulomb’s law,

I q1q2
dmey T

uvac = (2~1)

where U is the interaction energy, ¢ is the dielectric permittivity of vacuum,
r is the distance between the charges, ¢ is the charge. By convention, negative
energy refers to an attractive interaction as between two oppositely charged
particles.

When the charges interact in a medium for example, water and ethanol, the
polarity of the surrounding molecules affects the interaction strength and re-
duces (screens) the energy proportional to the dielectric constant of the medium
(e, = 80 and 40 for water and ethanol respectively, at room temperature).

1 1Taqe
umedium = 471'60;7
9 (2.2)
8U B ( e 11 )leQ _ 2129
medium = Areg e, KT/ v BT,

U 1is the interaction energy (strictly speaking, interaction free energy), e is the
electron elementary charge, z is the valency of the charges, ¢ = ze is the charge,
lp is the Bjerrum length, k is the Boltzmann constant, 7" is temperature and 3
equals to 1/kT. The 1/r dependence of ion-ion interaction energy shows a slow
decay with distance, providing a long range of action. For instance, in water
and at room temperature, the electrostatic energy of two oppositely charged
ions with a charge of 4e starts to exceed the thermal energy k71" when their
separation is around 100 A. This means that they start to feel the electrostatic
attraction even when they are 100 A apart - see Figure 2.1.

When the medium contains salt species, the interaction of the two charges
are further screened due to the interruption of their electric field by the ion
cloud around them. Debye-Hiickel theory accounts for the salt screening effect
by introducing an exponential decay as a function of salt concentration.

2129
Busalt solution = lB T exp(—m*)

) (2.3)
2 _ 2,
v eoer kT Z 4 ci
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Figure 2.1: Interaction energy of two oppositely charged ions with a charge of
+4e in water at room temperature.

where ¢; is the charge of ionic specie ¢, and ¢; is the concentration. Debye-
Hiickel theory is approximate and works best for monovalent ions due to weak
ion correlation effects. It also overestimates the screening when the charges are
at close contact due to continuum representation of salt ions [24].

Ion-dipole Interactions

The polarity of molecules originates from an uneven charge distribution which
creates islands of positive and negative charges on their surfaces. For instance,
the oxygen atom of a water molecule attracts electrons of hydrogen atoms and
obtains a partially negative charge while leaving two partially positive hydrogen
atoms. This charge separation creates a strong dipole on the water molecule
which can respond to an external electric field, such as from an ion, by orienting
itself according to the electric field - see Figure 2.2.

The interaction energy between a fixed point dipole () at an angle 6 and an ion

(¢) is given by

1 1qpucost

uion—dipole = (2.4)

Cdmeg e, 12
where 6 is the angle between the dipole and the vector connecting the center
of dipole to the center of ion. 1 = ), d;d;, 0 is the partial charge and d is
the distance from the origin. The cosf dependence of the energy shows the
directional nature of dipolar interactions. When a dipole is directed towards

[24] J. N.Israelachvili, Intermolecular and Surface Forces (Acedemic Press, San Diego, 2011), 3rd
edn.
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(b)_Fixed Dipole & lon (c) Freely Rotating Dipole & lon

RESal- o

cos(©)=1 prefers attractive orientations
attractive due to Boltzmann weights
r 2\
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(a) Water Molecule repulsive 58 ﬁ

(d) Complete alignment at T=0 K

Attractive Repulsive

%e

Figure 2.2: (a) Polarity of water molecules and (b) cos # dependence of their in-
teractions with a positive ion. (c) Thermally averaged ion-freely rotating dipole
interactions where dipoles prefer attractive orientations over repulsive ones due
to Boltzmann weights. (d) Fully aligned dipoles around a positive and a nega-
tive ion at zero K which minimize the energy. (e) Orientational dependence of
dipole-dipole interactions.

an ion, this will maximize attractive interactions (¢ = 0°) while the opposite
direction (f = 180°) will lead to repulsive interactions — see Figure 2.2. The
relative probability of observing these two orientations is given by the ratio of
their Boltzmann weights, wq“ge(ejg%) = ";;Zti;:j;’;ﬁ;iz;) Therefore, a freely
rotating dipole, like a water molecule in the liquid state, will always favor at-
tractive orientations over repulsive ones — see Figure 2.2. Since the Boltzmann

weights are temperature dependent (8 = 1/kT) this preference is called the

thermal averaging of ion-dipole interactions.

The dielectric screening of polar media comes from the ability of polar mole-
cules to align themselves according to an external electric field. The alignment
of the medium molecules reduces the electric field, and thus screens electrostatic
interactions. Since the dipole moment of water is high, they show a strong re-
sponse resulting in a high dielectric constant. Due to the Boltzmann weighing,
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2.1 Electrostatic Interactions

enhanced at lower temperatures when the thermal energy (k1) is low which
manifest itself as a higher dielectric constant.

As seen in Equation 2.4, ion-dipole interactions have a 1/r? distance depen-
dence, shorter-ranged than ion-ion interactions.

Dipole-dipole interactions

The interaction energy between two point dipoles is given by

(2.5)

1 1 1142 1T - ot
Udip—dip: *<”# _3” K )

Ameg €, \ 713 7o

where p is the dipole moment vector, r is the vector connecting the centers of the
dipoles. pp and pr are the scalar product of the two vectors which is a function
of the angle between them. Therefore, the dipole-dipole interactions also show
orientational dependence. The most attractive interaction is achieved when the
dipoles are aligned antiparallel leading to the shortest possible distance between
the oppositely charged ends — see Figure 2.2. As seen, the energy has a dis-
tance dependence of 1/7% which is shorter-ranged than ion-dipole interactions
(1/72). The thermal averaging works exactly as for the ion-dipole interactions
and favors attractive orientations over repulsive ones when the dipoles are free
to rotate. Due to this Boltzmann weighing, the water molecules adopt certain
orientations to maximize the attraction resulting in a special structuring.

Protonation of a Protein

The net charge of a protein is determined by the number of ionizable groups
such as titratable (charged) side chains, N- and C-terminals and surface bound
ions together with solution conditions.

An ionizable amino acid obtains charge via proton uptake (protonated state)
or release (deprotonated state) which is controlled by its electrostatic surround-
ing and pH of the solution. The equilibrium between the protonated and de-
protonated state (HA = H' + A7) is defined by the equilibrium constant,
K, = % where [HA] is the concentration of the protonated state and
[A] is the concentration of the deprotonated state. (Activity coefficients are
equal to unity.) The pH is related to the logarithm of the equilibrium constant,
called intrinsic acid dissociation constant pK,, as pH = pK, +log %. The
deprotonated state bears —1e charge for ASP, GLU, TYR and CTR and is neutral
for HIS, ARG, LYS, NTR.
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pK, measures the pH where the charged and the neutral states (proto-
nated/deprotonated) of an isolated amino acid are equally probable. In other
words, when pH = pK, the average charge of an amino acid is £0.5e without
considering any interactions (“+” applies for the positively charged and “—” for
the negatively charged amino acids). Using the relation between pH and p X,
the average charge of an isolated amino acid at a given pH can be calculated as,

_ —1
(¢7) = T 10-GH=Es) (for ASP, GLU, TYR, CTR) oo
1 .
(a") ha (for HIS, ARG, LYS, NTR).

T 1+ 10+ eH-pK,)

Since pK, reflects the charge of an isolated amino acid in aqueous solution, it
does not include effect of electrostatic environment such as nearby charges or
change of dielectric medium. However, an amino acid on a protein can have
many charged neighbors and experience a different dielectric medium depend-
ing on where it is located such as on the surface or in the interior. Therefore,
the apparent (effective) pK of an amino acid on a protein can be different than
its intrinsic pK, due to the interactions with the neighboring residues. For in-
stance, if a positive residue is surrounded by many other positive charges, it
will be costly to bear a positive charge and thus, its protonation will require
higher proton concentration. This will shift its pK, value to a lower pH, result-
ing in pK < pK,. Note that the Hofmeister ion binding on protein surfaces
can also be treated as the proton binding equilibrium. The contribution of the
bound ions to protein charge can be calculated with the same procedure once
the equilibrium constant of the binding process is known.

The effect of electrostatic environment on a charged residue can be captured
by considering electrostatic interactions between all charged amino acids of a
protein and applying a self energy penalty for bearing a buried charge in the
non-polar protein interior [24]. Although the former is easy to account for, the
latter is challenging due to the difficulties in determining the dielectric constant
and boundary of the protein interior. However, most charged amino acids are
situated on the surface and thus, dielectric medium effects are usually insignifi-
cant compared to neighboring charge interactions — see Table 5.1 for the number
of buried charges in studied proteins.

The pK also reflects the pH value at which the charge fluctuations of a
residue is maximized due to the equal probability of the both protonation states

[24] J. N.Israelachvili, Intermolecular and Surface Forces (Acedemic Press, San Diego, 2011), 3rd
edn.
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Figure 2.3: The charge regulation of a positive residue while approaching a neg-
ative surface at various pH.

[25]. This means that when pH~p K}, a residue can easily regulate its charge as
a response to an external electric field by adopting the more favorable protona-
tion state. For instance, when pH~pK, a positively charged residue will favor
the protonated state more and obtain higher average charge while approaching
a negatively charged surface - see Figure 2.3. However, this charge regulation
ability diminishes rapidly when the environmental pH deviates from the pK
of the residue.

The distribution of charged amino acids determines the polarity of proteins.
A high degree of anisotropy may result in a higher dipole moment and thus,
stronger dipolar interactions. Note that proteins can bear both a net charge, a
dipole moment and higher order multipoles at the same time resulting in non-
zero ion-ion, ion-dipole, dipole-dipole and higher order multipole interactions.
Once the average charges (¢;) of the amino acids are known, the molecular
dipole moment of a protein can be calculated as pp = (), ¢;r;) where r; is the
vector connecting the residue ¢ to the protein center of mass.

2.1.1 Hydrogen Bonds

A hydrogen bond (H-bond) is present between an electronegative atom such
as oxygen (O) and nitrogen (N) and a hydrogen atom bound to an electronega-

[25] M. Lund and B. Jonsson, Biochemistry 44, 5722 (Apr. 2005).
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tive atom (-HO, —HN). It has an electrostatic nature where the partial negative
charge on the electronegative atom interacts with the partial positive charge on
the H atom (OH™ --- O™).

H-bonds are also formed between -H and -OH groups of water molecules.
In ice, the molecules are forced into a tetrahedral orientation to maximize their
H-bonds resulting in four H-bonds per molecule. In liquid water, this number
reduces to three due to the higher thermal motion of the water molecules [1].

In proteins, the amino groups ( ~-NH) of the backbone are responsible for the
construction of the H-bonds. Since these bonds are strictly dependent on the
orientation of NH groups, they force the backbone to align in a particular way
leading to secondary structure. In water, H-bonds can also be formed between
the protein backbone and the water molecules. However, this is entropically op-
posed due to restricted configurations of the protein-attached water molecules.

2.1.2 Salt Bridges

Whenever two oppositely charged amino acid side chains are close enough in
a protein or on a binding surface, they interact via so called salt bridges. It
contributes to the stability of protein structures and assemblies by providing at-
tractive electrostatic interactions. It usually involves a hydrogen bond between
charged residues as well.

2.2 Van der Waals Interactions

Van der Waals (VDW) interactions consist of three components; Keesom, Debye
and London dispersion interactions which are always attractive and have a 1/
distance dependence. Although they are short-ranged attractions, they exist be-
tween all atoms and their collective effect in macromolecules can enhance both
the strength and the range of macro-molecular interactions.

Keesom interactions are the angle-averaged dipole-dipole interactions, present
between two polar molecules with permanent dipoles.

Debye interactions are the angle-averaged dipole-induced dipole interactions,
present between a non-polar but polarizable molecule and a permanent dipole.
London dispersion interactions are the induced dipole-induced dipole inter-
actions and exist between all atoms regardless of their charges. They originate
from the synchronization of instantaneous dipoles on atoms created by their

[1] A. Finkelstein and O. Ptitsyn, in Protein Physics: A Course of Lectures (Acedemic Press, San
Diago, 2002), chap. Introduction.
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2.3 Exchange Repulsion

asymmetrical distribution of electrons around nucleus. These dipoles and thus
the dispersion interactions are of quantum mechanical nature.

VDW interactions are usually modeled with a —C/7% potential. C is de-
pendent on the VDW radius of the atoms and their interaction strength — see
Equation 2.7.

2.3 Exchange Repulsion

Exchange repulsion is a short-ranged and steep repulsion which determines the
closest distance two atoms can approach. It originates from quantum mechani-
cal effects and usually occurs at 2-3 A separation that defines the impenetrable
volumes of atoms. [1]. It can be modeled with a hard sphere (U = oo when
r < 0y5) or an 7~ '2 potential where the latter provides a slightly softer repul-
sion.

The Lennard-Jones potential, is one of the most commonly used potentials
for modeling VDW attraction and exchange repulsion due to its computational
convenience (r~12 = (r=6)2)[24].

u :4< L I A ) 2.7
g = 4e (Tz‘j s (2.7)
—  N—
ER VDW

where € is the strength, 0;; = (0; + 0;)/2 the average VDW radius of ¢ and j,
and r;; is the distance between them.

2.4 Water Related Interactions

Water is a spectacular molecule with an unusually high melting (273 K) and
boiling point (373 K) compared to other similarly sized molecules such as Oy
which melts at 54 K and boils 90 K. This is due to the strong dipolar interactions
which need to be broken during evaporation/melting. The high energy cost of
breaking these interactions results in elevated melting and boiling points. This
polarity of water molecules provides as an excellent solvent medium for polar
molecules but not for non-polar molecules resulting in a phenomenon called
hydrophobic interactions.

[24] J. N.Israelachvili, Intermolecular and Surface Forces (Acedemic Press, San Diego, 2011), 3rd
edn.
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2.4.1 Hydrophobic Interactions

Since water molecules strongly interact via polar interactions, they prefer min-
imum contact with non-polar (hydrophobic) molecules that disrupt the inter-
action network. By clustering these molecules, water reduces the exposed hy-
drophobic surface area. This clustering results in an effective attraction between
hydrophobic molecules that does not exist in a non-polar solvent or vacuum.

The hydrophobic attraction is the main driving force for the folding of non-
polar amino acids towards the interior part of the globular proteins. Although
most of the amino acids remain inside the protein, 15% (on average) solvent
exposed hydrophobic surface is still commonly observed — see Table 5.2. As for
charged residues, an uneven distribution of hydrophobic residues on the surface
also leads to anisotropic interactions and may force the protein into specific
orientations — see Chapter 5.

Hydrophobic interactions depend on solution conditions such as temper-
ature, salt type and concentration. It has been shown that the temperature
dependence is quite different for small and big molecules [26]. Around small
molecules, the H-bonding network of water is maintained by restricting their
orientations and thus by sacrificing the number of configurations. Therefore,
the hydrophobic interactions for small molecules have an entropic nature, di-
rectly proportional to temperature [27]. However, around large hydrophobic
aggregates, the H-bond network cannot be maintained any longer and results
in an energy driven hydrophobic interactions, oppositely proportional to tem-
perature [28].

2.4.2 lon Specific Effects

Water also interacts differently with different types of ions, contributing to the
so called Hofmeister effect. Small ions with a high charge density strongly at-
tract water leading to a high degree of alignment. Since these well-hydrated ions
are surrounded by many water molecules they tend to avoid non-polar surfaces
resulting in enhanced hydrophobic attractions. This is called “salting out” due
to clustering of proteins [29]. However, big ions with low surface charge den-

[26] D. Chandler, Nature 417, 491 (2002).

[27] M.S. Moghaddam, S. Shimizu, and H. S. Chan, J. Am. Chem. Soc. 127, 303 (Jan. 2005).
[28] D. Chandler, Nature 437, 640 (Sep. 2005).

[

29] M. Bostrom, F. W. Tavares, S. Finet, F. Skouri-Panet, a. Tardieu, and B. W. Ninham, Biophys.
Chem. 117, 217 (Oct. 2005).
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2.5 Entropic Repulsion

sity are poorly hydrated due to the insufficient interaction energy with dipoles.
These anions tend to behave like hydrophobic species and bind to non-polar side
chains and backbone of proteins. This ion binding may stabilize proteins in so-
lution by providing additional charges and blocking hydrophobic interactions
[30].

2.5 Entropic Repulsion

Especially in the surface adsorption of a flexible protein, being close to a sur-
face will substantially restrict its conformational freedom. The loss of accessible
conformational states significantly diminishes chain entropy and results in an
effective repulsion between the surface and the protein — see Section Statistical
Mechanics. Note that there is no actual repulsion between the chain and the
surface like in electrostatics. Hence, if we freeze the chain at one configuration,
this entropic repulsion will be suppressed — see Figure 2.4.
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Figure 2.4: Interaction free energy of the positively charged Midkine with a
negatively charged surface where Midkine is modeled as a rigid body (left) and
a flexible chain (right). Since the rigid body does not have conformational free-
dom, being close to the surface is not as costly as for the flexible chain. (Unpub-

lished data)

[30] E.A. Algaer and N. F. A. van der Vegt, J. Phys. Chem. B 115, 13781 (Oct. 2011).
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INTERACTIONS IN THE PROTEIN WORLD

Box of Imagination

Interactions in a crowded bus
Imagine that you are standing in a crowded bus, next to a person wearing a heavy per-

fume and carrying many shopping bags.

« According to Pauli exclusion principle in buses, you cannot invade to the volume
occupied by that person. Therefore, this part of the bus will be inaccessible.

« How well you synchronized your movements in case of sudden accelerations and
breaks will provide a van der Bus attraction allowing closer distances without
bumping into each other.

« Since you don’t like the perfume, this will lead to an additional perfume-phobic
interactions. You would stand even further away to avoid the perfume. Since
the other perfume wearing people in the bus do not care about the heavy smell,
they do not mind standing close to each other. This will result in segregation of
perfume wearing people and cause an effective attraction between them.

« Approaching the shopping bags will reduce your balance and accessible stand-
ing positions and thus, it will result in an entropy loss. To minimize this loss,
you would avoid the shopping bags by keeping your distance which leads to an
effective repulsion.

« If the person is one of your close friends, your friendship will provide a strong
electrostatic attraction. Therefore, you would prefer standing close despite the
heavy perfume and shopping bags. In addition, since this attraction is long
ranged, you would feel it as soon as you get on the bus and go to your friend
directly.

All of these interactions will determine your relation with the perfume wearing person

and define the preferred distance between you.
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3.1 Statistical Mechanics and Thermodynamics

Thermodynamics deal with equilibrium properties of macroscopic systems which
represent averages of enormously many molecules (in the order of 10%°). Al-
though it provides insight to experimental observations it is unable to explain
molecular details behind them. Statistical mechanics, however, helps us to cal-
culate thermodynamic properties from molecular ones and thus, brings mole-
cular interpretations to experiments [31].

An experimental measurement is performed by taking a time average of
an observable (M) such as pressure, energy...etc. If we want to calculate the
pressure in a chamber using molecular properties, we first need to consider the
tremendous number of molecules colliding with the wall and second, we need
to do that over a sufficiently long time period to smear out the molecular fluctua-
tions in the system. Gibbs suggested a practical method for solving this problem
which constructs the first postulate of statical mechanics.

First Postulate: An ensemble average can be used instead of a long time aver-
age as long as the ensemble replicates thermodynamic properties of the macro-
scopic system. An ensemble here means a large collection of imaginary replicas
of a macroscopic system where each replica can have different molecular details

[31] T.L.Hill, An Introduction to Statistical Thermodynamics (Dover Publication Inc., New York,
1960).
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(micro states). This postulate also establishes the basis of Monte Carlo simula-
tions [32].

Box of Imagination

Imagine that you are a photographer working for National Geographic magazine and
you want to find favorite places of a jaguar, based on your records and pictures.
In this case, you have two options.

1. You can either choose a dangerous method called time averaging where you at-
tach cameras to a couple of jaguars to record where the jaguars are visiting over
a long time period. Then you can calculate the probability of finding a jaguar
based on the average time they spent in one location, or

2. You can choose an ensemble averaging where you place cameras to all possible
locations that a jaguar can visit and take a large number of random pictures at
each location. You then, can work out the relative probability of finding a jaguar
at a given location by counting the number of pictures with a jaguar in it.

. J

Ensembles can be classified according to represented macroscopic systems.

+ Microcanonical (NV U) ensemble: replicates an isolated system where
the number of particles (V), volume (V') and energy (U) are constant.

« Canonical (NVT) ensemble: replicates a closed, isothermal system where
N, V, and temperature are constant.

« Isobaric-isothermal (poV'T') ensemble: pressure, V, and T are constant.

All ensembles obey the first postulate and their averages are interchange-
able. However, it is usually advantageous to use the one which represents the
experimental conditions of interest.

In order to calculate an ensemble average, the relative number of occur-
rences (frequency, weight, probability) of micro states in the ensemble has to be
known which is provided by the second postulate of statistical mechanics.

Second Postulate: When the energy of each micro state is equal, there is no
preference of one to another. This means that in an NV U ensemble, each micro
state is equally probable — the principle of equal a priori probabilities.

[32] D.Frenkel and B. Smit, Understanding Molecular Simulations From Algorithms to Applications
(Acedemic Press, California, 2002).
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3.1 Statistical Mechanics and Thermodynamics

Once the number of micro states (£2) is known, the probability (£;) of observing
a state 7 in the NV U ensemble can be calculated as P; = 1/). Hence, their rel-
ative occurrences (weights) will be equal and one (w;=1, Q@ = ), w;). Qnyy is
also called the partition function of the microcanonical (NV'U) ensemble since
it shows the partitioning (distribution) of micro states over the ensemble.

Now we have all the necessary information to calculate an ensemble average
of an observable (M) in an NV U ensemble.

Mwvu = S MR(NVD) = 30 M waNx‘[fU ZM (1)

The number of accessible states is related to a thermodynamic property of
the macroscopic system called entropy, S,

S = kIn(QNVU)) (3.2)

where k is Boltzmann’s constant. Since there is always one accessible state for
a system, the ground state, this equation explains why the entropy of a system is
always a positive number — the second law of thermodynamics. Moreover, the
entropy will be reduced by loss of accessible states which explains the origin of
entropic repulsion.

In the canonical ensemble (N'V'T), the replicas are allowed to exchange heat
and thus, they no longer have to have the same energy. In this case, the number
of micro states (replicas) with the energy, U;, is determined by the Boltzmann
weight of that energy level, w; = exp(—pU;) where 8 = 1/kT. Thus, the
partitioning of micro states over the ensemble will be Qnvyr = >, exp(—5U;).

If we imagine each energy level as a small microcanonical ensemble with
Qr number of micro states, the canonical partition function can be expressed
in terms of the microcanonical partition function as,

QNVT = ZQN\/U exp(fﬁU(N, V)) (3.3)
U

With this knowledge of the canonical partition function, we can calculate the
average internal energy of the macroscopic system.

B exp(—pBU;) OlnQnyr
- EU:UP Z v QNVT B _< op >VN G4

This is called thermal averaging since the weights of the states are temperature
dependent. Using the Gibbs-Helmholtz equation from thermodynamics, we can
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extract the relation between the canonical partition function and the Helmholtz
free energy of the macroscopic system.

A= —kTIQnyr (3.5)

From thermodynamics, we know that systems tend to minimize their Helmholtz
free energy, equal to A = U — T'S. This means that, a canonical system will
minimize its internal energy and maximize its entropy.

Now, we can go on and define the partition functions of other ensembles
with a similar approach. We can represent an isobaric-isothermal system by a
canonical system with fluctuating volumes which does a volume work against
an external pressure, pg. Then, the partition function of an isobaric-isothermal
ensemble can be written as,

ANpor = Z Qnvrexp(—BpoV) (3.6)
%

which is related to the Gibbs free energy,

G =—KkTIn ANpoT‘ (3.7)

3.1.1 Classical Statistical Mechanics

In the high-temperature limit of quantum mechanics, the discrete energy levels
of micro states are very close to each other and can thus, be approximated as a
continuum. The analogy of the sum in the discrete micro states is then taking
an integral over all possible classical states [31].

Z exp(—energy/kT) — exp(—energy/kT) (3.8)

- classical
micro states
states
The energy of the classical states is given by the system Hamiltonian, H, where

the kinetic ({/y;,) and the potential energy ({4,.) are assumed separable.

1
H(pY, V) = %(pil o 2, poy) Flpot (1, Y1, 21+, 2) (3.9)

Ukin

[31] T.L.Hill, An Introduction to Statistical Thermodynamics (Dover Publication Inc., New York,
1960).
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3.2 Monte Carlo Simulations

Here, p(p, py, p-) is the momentum of a particle and r(z, y, z) are the spatial
coordinates. Then, the classical canonical partition function can be written as;

1
Qi = v |, P Uiin(0" )P [ exp(—Blhr(s))ar" @10

where h is Planck’s constant. Since the micro states of the particles are no longer
distinguishable, the denominator gets the 1/N! factor to avoid multiple count-
ing. We can immediately perform the momentum integral since it is indepen-
dent of the spatial coordinates. Then, equation 3.10 gives

class 1 ZN
QN = NIASN /VeXP(—ﬁUpot(rN))drN = NTASN (3.11)

configurational integral

where A = \/ﬁ is the de Broglie thermal length and m is the mass of par-

ticles and Z is the configurational integral. [31] The average of an observable,
M, can be calculated as follows,

fV M (r™) exp(—BUpor (r™))dr™
ZN

(M)Nvr = (3.12)

Now, the question of calculating the classical partition function is reduced
to solving the configurational space integral which is dependent on the interac-
tions between the particles. However, this integral is 3N dimensional and it is
quite challenging to solve analytically (almost impossible when N > 3) There-
fore, we need to use numerical solution tools such as Metropolis Monte Carlo
simulations.

3.2 Monte Carlo Simulations

In order to calculate the equilibrium properties of the system of interest, we need
to solve the configurational space integral given in Equation 3.11. The Monte
Carlo (MC) method is one of the numerical tools that can be used to solve these
kinds of multidimensional integrals. Since it is a stochastic approach based on a
random sampling of an integration interval the sampling of the configurational
space (r'V) in Equation 3.11 is completely time independent. Therefore, MC pro-
vides no information about the dynamics of the system and is suitable for studies
of equilibrium properties, only. [32].

[32] D.Frenkel and B. Smit, Understanding Molecular Simulations From Algorithms to Applications
(Acedemic Press, California, 2002).
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3.2.1 Metropolis Importance Sampling

Since the configurations in Equation 3.11 are Boltzmann weighted, most of them
will have a negligible contribution to the integral due to their vanishing weights.
Hence, generating configurations with a random distribution will be wasteful to
evaluate the averages like in Equation 3.12. However, the sampling can be fo-
cused on the important region of configurational space by using the Metropolis

algorithm (MA) [33]. MA samples the configurations directly from a Boltzmann

exp(=BU(r}Y))
Zn :

At equilibrium, the transition probability from an old configuration, o, to all

distribution with a probability of finding configuration i, P (i) =

other new configurations, n, must be equal to the transition probability from
all the configurations to the old one to maintain the stationary nature of the
equilibrium. This detailed balance condition can be satisfied when

P(o)m(o — n) = P(n)n(n — o) (3.13)

where (0 — n) is the transition probability from an old configuration to a
new one. This gives a probability of accepting a trial move from an old to a new
configuration as,

= exp(—B[U(n) —U(o)]) (3.14)

Obviously the acceptance probability cannot exceed unity which yields,

Pace(0 — n) = exp(—p[U(n) —U(0)]) whenlU (o) <U(n)

(3.15)
=1 when U (o) > U(n)

This acceptance criteria ensures that the sampled configurations are based on
the Boltzmann distribution and thus an unweighted average of the sampled con-
figurations will provide Boltzmann (thermal) averaged properties.

[33] N. Metropolis and S. Ulam, Journal of the American Statistical Association 44, 335 (1949),
PMID: 18139350.
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Box of Imagination

Imagine that you are again a photographer working for National Geographic magazine
and you have chosen the ensemble average method to find out the favorite place of
jaguars in a rainforest.

Since you don’t have an infinite number of cameras you want to choose wisely where
to locate them.

« If you chose to spread the cameras evenly in the forest without considering the
Boltzmann distribution of Jaguars, you would barely end up with a few pictures
of a jaguar and your sampling will be insufficient to distinguish their favorite
location.

« However, if you chose to locate them according to Boltzmann distribution which
says that jaguars like swimming, you would locate more cameras around the
river and less deep in the forest which will increase your chance to collect jaguar
pictures and find out their favorite location.

3.2.2 Basic Monte Carlo Algorithm

Here are the basic steps of a translational Metropolis MC algorithm where the

configurations are sampled from a Boltzmann distribution.

1.

Generate a random initial configuration by placing all particles (molecules)
at random locations in the simulation box.

Calculate the interaction energy of the initial configuration, Uy (0).

. Pick a random particle in the system

. Generate a random number R; between (-0.5 and 0.5)

Make a trial to move the particle to a random location with a displacement
of R1D, which provides a maximum displacement of D /2. The multipli-
cation with the random number ensures a random displacement.

. Calculate the interaction energy of the new trial configuration, U, (n).

Accept the trial move if (Upot(n) < Upot(0)), otherwise

. Calculate the energy difference between the two configurations,

Aupgt = Z/{pot(n) - L{pot (O)
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9. Generate a second random number Ro between (0 and 1).
10. Accept the trial move if Ry < exp(—AlUpot), otherwise

11. Reject the trial move and restore the old configuration.
This ensures accepting configurations according to a Boltzmann distribu-
tion and eliminates unrealistic configurations such as overlapping parti-
cles.

3.2.3 Technical Details

Technical details that are adapted to the system under study, can make the sam-
pling much more efficient and thus can save appreciable computational time. In
addition, proper settings are also required to eliminate artifacts and to ensure
correct handling of the interactions.

Boundary Conditions

In simulations, the bulk properties of a macroscopic system are usually of inter-
est. Yet, todays simulations are still far from handling billions of particles and
the studied systems are limited to a few hundreds of thousands of particles. One
problem of dealing with a small system is that most of the particles experience
the surface of the simulation container instead of a bulk environment. In order
to minimize boundary effects periodic boundary conditions can be used [32]. In
this method, the actual simulation box is used as a unit cell to generate an infinite
lattice of particles — see Figure 3.1. The replicated units are called the image of
the simulation box. The periodicity of the box ensures that whenever a particle
moves out of the container its replicated image enters from the opposite side of
the container. Therefore, particles never feel the boundary of the container and
only interact with their surrounding particles like in the bulk. However, when
the size of the box is too small, this method can introduce unrealistic periodicity
effects to the system.

Note that periodic boundaries cannot be used with a spherical container
due to incontinuity of the lattice generated by a sphere. Therefore, non-periodic
boundaries need to be applied with spherical containers. The same problem
occurs for a radial axis of a cylindrical container as well.

[32] D.Frenkel and B. Smit, Understanding Molecular Simulations From Algorithms to Applications
(Acedemic Press, California, 2002).
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3.2 Monte Carlo Simulations

(a) Periodic boundaries (b) Minimum image convention

Figure 3.1: Graphical representations of periodic boundary conditions on a 2D
system (left) and the minimum image convention for a cubic interaction cut-off

(right).

Container Shape

This brings the question of what kind of shape is proper for the system. Let’s
say that we are interested in two-body interactions with an implicit salt and sol-
vent. If the long-ranged electrostatic interactions quickly decays in the system
a spherical container with hard boundaries can safely be used. However, the
radius of the sphere must be big enough to cover all possible distances until the
interactions die out to zero. When long-ranged interactions are involved, it is
often better to use a cylindrical container with a periodic axial axis. Since we
are only interested in the distance between two proteins, we can safely locate
and move them only on the axial axis. The radius of the cylinder has to be big
enough to ensure that the rotation of proteins will not be effected by its bound-
aries. Note that it is always safe to use a periodic box unless there is a charged
surface at one of the container walls.

Minimum Image Convention

When long range interactions are weak and the box is big enough, the interac-
tions can be truncated at the nearest image. In other words, interactions of a
central particle will be calculated with the particles whose distances from the
central one are smaller than the half box size — see Figure 3.1.
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Monte Carlo Trial Moves

In order to generate new configurations and explore all possible configurational
states, the particles must be able to visit the whole simulation box. Some basic
moves such as translation and rotation update the position and the orientation
of particles (or molecules) (section 3.2.2) and are almost always applied in an
MC simulation unless it is a one-body bulk simulation.

All MC moves involving translation and rotation, have a displacement pa-
rameter (D) which sets the maximum distance or angle that can be traveled at
one trial. The displacement parameter should be determined by considering the
box size, the density of the system and the strength of the interactions. An op-
timum displacement parameter maximizes the root mean square displacement
during the simulation.

Conformational Moves

Flexible proteins can adapt many conformations and need moves that can up-
date the relative positions and orientations of the residues within a chain. Here
are four moves that are used in the studies of flexible proteins - see Figure 3.2.

« (a) Pivot move picks two random residues and defines a rotation axis ac-
cording to the vector connecting them. Then, it rotates the residues that
sit at one end of the protein around the rotation axis.

« (b) Crankshaft move defines the rotation axis as in the pivot move. Then,
it rotates the residues sitting between the picked residues.

« (c) Branch rotation picks a random number of residues at one end of the
chain and rotates them around a random axis.

« (d) Reptation move picks either the last or the first residue and translates
it to a random position within the bond distance. Then, all the residues
takes the locations of their neighboring residues where the movement
propagates towards the unselected end.

Note that among these four, the reptation move is the only one that can
modify bond lengths between the adjacent residues. If residues are connected
with soft bonds which can fluctuate around an equilibrium distance, applying
only crankshaft, pivot and branch rotation will be insufficient to sample confor-
mations of the chain. Unfortunately, a reptation move can be slow to update
distances between all residues since it requires (/N /acceptance ratio) successive
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3.2 Monte Carlo Simulations

Figure 3.2: Illustration of conformational moves

moves on average to propagate along a chain. To improve the sampling effi-
ciency, it can be used together with a single monomer translation which trans-
lates a random residue to a random location within slight deviations of the bond

length.

Charge Swap Move

When charge regulation effects are pronounced in the system, it is important
to allow charge fluctuations during the simulation. In order to switch charge of
aresidue on and off, a trial charge swap is applied to a randomly picked ionizable
residue with an acceptance probability of P,ec = min[l, exp(—FAU + (pH —
pK,)In(10))] (+ is applied for protonation and — applied for deprotonation).

Note that when pH is equal to the apparent pK of a charged residue, the
acceptance ratio of the charge swap move will be equal to 0.5, reflecting the
equal probability of the protonated and the deprotonated states.

Isobaric Volume Move

In constant pressure simulations, the volume of the system is allowed to fluc-
tuate using an isobaric volume move with an acceptance probability of P, =
min(1, exp(—B(Alpot + poAV'))]. Whenever a volume move is applied, the
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center of mass distances between the proteins are scaled according to the ratio
between the old and the new box length. Note that only the inter-molecular
interactions are modified by this scale. The particle distances within a protein
are not scaled to maintain molecule integrity.

Replica Exchange

Replica exchange or parallel tempering, is an rare event sampling method to
prevent getting trapped in local free energy minima. It is based on simultane-
ously simulating many replicas of a system at different thermodynamic states
[34,35,36] and/or different Hamiltonians [37,38,39]. Each replica has easy access
to a different region of the configurational space. Then, the idea is that sampling
a broader space by exchanging configurations between the replicas at different
regions. Note that the regions covered by replicas should overlap sufficiently to
achieve acceptance. If there are M replicas to exchange configurations, it will
be M times more computationally costly than a single simulation. However,
the sampling in tempered simulations is more efficient than a single M times
longer simulation by allowing access to the entire phase space [34,37,40] — see
figure 3.3.

This method is especially useful in phase equilibrium studies where the free
energy landscape is known to have at least two minima corresponding to gas and
liquid phases. In order to construct a phase diagram from the equilibrium con-
centrations, both minima must be sampled in one simulation [32]. This can be
done in an NpgT simulation only when the pressure is close to the equilibrium
pressure (p = peq) since low pressures tend to sample only the gas phase region
(large box lengths) and high pressures tends to sample only the liquid phase
- see Figure 3.3. However, determining the equilibrium pressure is impossible
without sampling the two minima. With conventional sampling methods, the

[34] D.Bedrov and G. D. Smith, J. Chem. Phys. 115, 1121 (2001).

[35] J.D.Chodera, W. C. Swope, F. Noé, J.-H. Prinz, M. R. Shirts, and V. S. Pande, J. Chem. Phys.
134, 244107 (Jun. 2011).

[36] S.Patel, E. Vierling, and F. Tama, Biophys. J. 106, 2644 (Jun. 2014).
[37] H. Fukunishi, O. Watanabe, and S. Takada, J. Chem. Phys. 116, 9058 (2002).

[38] K. Wang,J. D. Chodera, Y. Yang, and M. R. Shirts, J. Comput.-Aided Mol. Des. 27, 989 (Dec.
2013).

[39] M. Meli and G. Colombo, Int. J. Mol. Sci. 14, 12157 (Jan. 2013).
[40] D.]J.Earl and M. W. Deem, Phys. Chem. Chem. Phys. 7, 3910 (Dec. 2005).

[32] D.Frenkel and B. Smit, Understanding Molecular Simulations From Algorithms to Applications
(Acedemic Press, California, 2002).
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equilibrium pressure can only be obtain with many trial and error simulations
at different pressures.

Parallel tempering allows for the sampling of the two minima without the
knowledge of p.,. The key is that the replicas should span a range of pressures
which contain both higher and lower pressures than pc,. This will ensure the
sampling of both the gas and the liquid states. Hence, both minima will be ac-
cessible for each replica through configuration exchange. Apart from pressures,
the Hamiltonian of the replicas can also be altered by setting different Debye
screening lengths. In an electrostatically attractive system, high salt concentra-
tions will favor the gas phase region which can drive a high pressure system
towards the gas phase. Hence, a 2-dimensional replica exchange on both pres-
sure and salt concentration can further improve the sampling and, as a bonus,
provide the equilibrium pressure as a function of salt concentration.

Free Energy

Box Length (A) Box Length (A)

Box Length, L T 100 L, fempering
Liquid phage Gas phase 0 10000 20000 ﬁ(()j()(s)te };150000 50000 60000

Figure 3.3: Left: Sampling of free energy landscape in an Npy7’ simulation when
the pressure is higher (pink) and lower (blue and green) than equilibrium pres-
sure, with (bottom) and without (top) tempering.

Right: Sampled box lengths in three replicas as a function of MC steps with and
without tempering.

In Paper II, we have applied such a 2D replica exchange where six replicas
are simulated simultaneously and both configurations and volumes are swapped
between the replicas of adjacent pressures. The swap move between replica
a(Kq, Poas Va, Te) and replica b(ky, pop, Vi, 1p) is attempted with the following
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acceptance probability,

Pacel(a, b) — (b, a)] =min {1, exp ( — BlU(Kq, 1)
+ Z/{(Hb, I'a) - U(Ha, ra) - u(’%ba l‘b)
+ p0aVe + PobVa — PoaVa — pObW}]) } (3.16)

=min {1, exp ( — B[AU + APOVD}

where £ is the inverse Debye screening length, V' the volume, U/ is the energy
of a given configuration. Figure 3.3 shows the box length sampling for three
replicas with and without tempering.

3.3 Null Ellipsometry

Ellipsometry is an optical technique which provides information on the refrac-
tive index (n ) and the thickness (dy) of an adsorbed film at an interface as well
as its adsorbed amount. The technique is based on detecting the deviations in
the polarization of an incident beam after reflected at an interface [41].

A polarized light can be divided into two components, which are parallel (p)
and perpendicular (s) to the plane of incidence - see Figure 3.4. The polarization
state can be described by two ellipsometrical angles, A and ¥, where the former
defines the phase shift between the p and s-components and tan¥ = X/Y
defines the relative amplitude of the two components [42]. According to this
definition, a linearly polarized light has an ellipsometrical angle (A = 0 or )
while circularly polarized light has (U = 7/4 and A = £7/2).

A basic set up for a null ellipsometer can be seen in Figure 3.5a. During a
measurement, the light produced by a light source (LS) first travels through an
analyzer (A) which polarizes the incoming light linearly. Then, it passes through
a compensator (C, retarder) with a fixed azimuth angle (£45°) to obtain an el-
liptical polarization with a quarter wave phase shift. After the compensator, the
polarized light is shone on a sample (S) with a fixed incident angle, ¢ = 67.9°.

[41] M. Malmsten, in Biopolymers at interfaces, edited by M. Malmsten (Marcel Dekker Inc.,
New York, 2003), chap. Ellipsometry and reflectometry for studying protein adsorption,
pp. 539-545, 2nd edn.

[42] J. Humlicek, in Handbook of ellipsometry, edited by H. Tompkins and E. Irene (William An-
drew, Norwich, 2005), chap. Polarized Light and Ellipsometry, pp. 3-14.
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s-component

N t=to,

t=to+A/w

-component
> p-comp

Figure 3.4: s and p component of elliptically polarized light described by A and
V. The light propagates in positive z-direction towards the reader. At¢ = ¢y, the
y component is at its maximum and after a time interval A /w, the x component
reaches its maximum.

At each measurement, the polarizer adjusts the incident light such that the el-
liptical polarization is inverted to a linear polarization after the reflection at the
sample. The reflected light is then extinguished (or minimized) while passing
through a suitably adjusted analyzer (A). Since the detector measures a null sig-
nal, this method is called null ellipsometry. The azimuths of polarizer and ana-
lyzer which extinguish the detected light, are called nulling angles [42]. For each
compensator alignment, there are two sets of polarizer and analyzer nulling an-
gles, referred to as nulling angles in zone one (p1, a;) and three (p3, az) when
the compensator is at —45°, and nulling angles in zone two (p2, a2) and four
(p4, aq) when the compensator is at +45°. The relation between the nulling
angles and A and ¥ can be found elsewhere [42]. The calibration is usually
done by averaging the four zone measurements to determine the corrections for
unavoidable errors at zero positions of A, P and C [43].

In Paper VI, oxidized silicon wafers were used as substrates due to their
chemical inertness and excellent optical properties provided by the oxide layer
[43,44]. When the thickness of oxide layer is larger than 100 A it optimizes the
optical contrast in the system and enables a separate determination of n; and
dr. However, it also brings a multilayer substrate problem where the oxide and
bulk silicon layers have to be treated separately in the optical model. The reflec-

[43] F. Tiberg and M. Landgren, Langmuir 9, 927 (Apr. 1993).
[44] M. Landgren and B. Jonsson, J. Phys. Chem. 97, 1656 (1993).
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Bulk solution, ng (4)

ng dr
BEESES=-0)
Oxide layer, )

source > detector bulk silicon,
Y Nz=na+jk, 1N

(a) Ellipsometer (b) 4-layer optical
model

Figure 3.5: Left: A basic set up for an ellipsometer in a polarizer, compensator,
sample and analyzer (PCSA) arrangement. Right: Four layer optical model to
determine adsorbed film properties.

tive index (n1) and the thickness (d;) of the oxide layer as well as the complex
refractive index of bulk silicon (/N9 = ng— jko) must be determined in advanced.
It has been shown that the optical properties of a multi-layered substrate can be
obtained by performing measurements in multiple media [44].

Four unknown optical properties of a silicon wafer can be determined by
two sets of A and ¥ which are obtained from measurements in air and buffer
solution. After determining the substrate properties, the adsorbed film prop-
erties (ny,dy) are determined in an iterative way by using a four layer optical
model (Figure 3.5b) and assuming a homogeneous film and a planar interface.
Details of this iterative procedure can be found in reference [43]. The adsorbed
amount, I, is calculated using the relation [45],
ng—mno

dn
de

I'=dy (3.17)
where ng is the refractive index of buffer solution and ‘é—z is the refractive index
increment of adsorbed substance. It assumes that the refractive index increment
is constant up to concentrations obtained in the measurements. It is shown that
% lies around 0.18 mL/g and is fairly constant for protein solutions [45].

[44] M. Landgren and B. Jénsson, J. Phys. Chem. 97, 1656 (1993).
[43] F. Tiberg and M. Landgren, Langmuir 9, 927 (Apr. 1993).
[45] J. A. De Feijter, J. Benjamins, and F. A. Veer, Biopolymers 17, 1759 (1978).
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3.3 Null Ellipsometry

In this method, the determination of the adsorbed amount of proteins is
more accurate than ny and dy since the errors in ny and dy cancel out to a
large extent due to their interconnection. Therefore, the adsorbed amount can
be determined within a 1% uncertainty, while 10% fluctuations can easily be
observed in the thickness of the film.

39






CHAPTER 4

GETTING CREATIVE: DEVELOPING COARSE GRAINED MODELS

Coarse graining (CG) focuses on the essential physics of a system while neglect-
ing or smoothing out (strictly speaking integrating over) the irrelevant details.
This approach reduces the number of degrees of freedom in the system and al-
lows large scale studies with a lower computational cost. Despite advances in
atomistic force fields and computational techniques, CG models are still gaining
popularity due to the conceptual benefits behind their simplicity [46]. They are
widely used for studies of large scale protein systems such as protein association
[47], protein aggregation [48] and membrane-protein interactions [49,50].
Defining essential details is crucial to develop accurate coarse grained mod-
els representing reality. For instance, modeling a disordered peptide as a rigid
body at a given conformation will not represent its real behavior in solutions
where it can adapt many conformations. In contrast, a rigid body model may be
adequate for a globular protein with a well defined 3D shape with limited flex-
ibility. Important details are not only system specific but they are also tightly
related to the goal of the study. If you are interested in disordered peptide be-
havior in a 3-sheet, you might as well constraint it to an extended conformation

[46] W.G. Noid, J. Chem. Phys. 139, 090901 (Sep. 2013).

[47] H.-X. Zhou and P. A. Bates, Curr. Opin. Struct. Biol. 23, 887 (Dec. 2013).
[48] C. Clementi, Curr. Opin. Struct. Biol. 18, 10 (Feb. 2008).

[49] M. Baaden and S. J. Marrink, Curr. Opin. Struct. Biol. 23, 878 (Dec. 2013).
[50] G.Illya and M. Deserno, Biophys. J. 95, 4163 (Nov. 2008).
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which will reflect its 3-sheet confinement. This kind of conformational restric-
tions provides sampling of the relevant part of the configurational space while
eliminating other conformational degrees of freedom.

Apart from restraining configuration space, CG modeling usually involves
clustering of a number of atoms into a superatom (or CG site) which determines
the resolution of the model. These sites interact through an effective potential
that accounts for the collective effects of the clustered atoms. The parameters
of the effective potential can be mapped from more detailed models (bottom-up
approach, Paper II), knowledge-based statistical analysis (Paper IV) and macro-
scopic system properties such as binding constants and structure factors (top-
down approach, Paper II, ITI, IV, V) [46].

Box of Imagination

Imagine that you want to model a teapot which needs to satisfy different user needs.

« If you need to sell this teapot in an auction you need to emphasis fine details of
the pot which requires a model with many particles.

« If you want to make a gift wrap, then it is enough to know rough dimensions of
the pot which can be modeled by a sphere.

Decreasing resolution & computational cost

L A A

System: An antique System: A regular System: A regular
teapot teapot teapot
Goal: Selling it in an Goal: Tea making Goal: Gift wrapping
auction Need: distinguish Need: rough
Need: a very detailed the handle, dimensions to fit it
model the tip and the cap into a box

Teapot figures are taken from the website: Bradshaw, G., Sphere-Tree Construction

Toolkit, Feb. 2003, http://isg.cs.tcd.ie/spheretree/

[46] W.G. Noid, J. Chem. Phys. 139, 090901 (Sep. 2013).
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The resolution of the model has to be determined based on the system re-
quirements. To study adsorption of disordered proteins, it is crucial to cap-
ture cooperation between the neighboring residues which requires at least an
amino acid resolution (Paper IV and V). However, to study dipolar interactions
on phase separation where hydrophobic interactions are fairly isotropic, it is
sufficient to represent charged residues at an amino acid resolution and cluster
the rest in one site (Paper IIT). Table 4.1 shows the CG models developed for
each studied protein system and the requirements that are considered in the
development can be found.

It is crucial to verify and validate a new model before predicting new out-
comes. At a given set of conditions, the outcomes of independent simulations
have to be consistent. After a consistency check, the model has to be validated
by comparing with experimental observations which are not used during devel-
opment. Once the model is validated, it can be used to predict new outcomes.
The model development steps can be found below.

Steps of protein model development
1. Clearly define goals of your study.

2. Determine the essential physics in the system according to the goals of the
study.

« Make a preliminary bulk study on proteins to determine their net
charge, charge capacitance and surface anisotropy.

+ Check if any conformational changes are involved for globular pro-
teins.

3. Determine the required model resolution to capture the essentials.

4. Parameterize the effective interaction potentials according to the model
resolution.

5. Select the proper simulation method such as ensembles, boundary condi-
tions, and MC moves for the system of interest.

6. Verify your model/method by running independent simulations and com-
paring the outcomes with other simulation packages.

If the outcomes are not consistent;

« make system size dependence analysis if it is a many body problem,
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« check the boundary conditions and the box sizes,
+ apply more efficient sampling techniques and advanced MC moves.

« go back to second step.

7. Once the outcomes are consistent, validate the model by comparing with
experimental observations.

« If the outcomes are inconsistent with experiments, go back to second
step.

8. Model is ready to predict new outcomes!

Weaknesses of the used models

For fairness, we will here briefly review the weaknesses of the models used in
this study. In the amino acid level (AA) model, the side chain charges are as-
signed at the mass center of the titratable amino acids. Therefore, the sizes of
the CG amino acid beads restrict the closest distance that can be achieved be-
tween two charged residues. However, on a real protein, the charges sit at the
side chains which allows closer charge separations. The model therefore, under-
estimates charge-charge interactions at close contact. Up to some extend, this
can be eliminated by introducing a two-bead model per amino acid which will
allow closer separations due to the smaller sizes of the side chain beads. Note
that the two-bead model will double the number of particles on a protein and
will thus be computationally more costly.

The AA model is unable to capture H-bonding which requires explicit rep-
resentation of -NH and —-H groups of a protein backbone. It is therefore, inad-
equate to study H-bond driven protein behaviors such as assemblies of 3-sheet
forming peptides.

In the flexible protein model, the amino acids are attached by freely rotating
bonds without any rotational restriction other than the size and the non-bonded
interactions of the CG beads. Since the amino acids with bulky side chains are
represented with bigger CG beads, the restricted rotations due to side chain
sizes is captured in the model to some extent. However, it is known that the
kink forming proline residues introduce an extra stiffness to the protein chain
which is not incorporated into the flexible model. This means that, the flexibility
of a protein chain with a high PRO content will be overestimated by the flexible
protein model.

Implicit ion binding model only captures the “salting in” effect of the Hofmeis-
ter ions but not the “salting out” effects due to the surface tension changes.
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Moreover, the binding affinity is not related to the solvent expose area of the
hydrophobic side chains. It is also incapable of reproducing the possible bridg-
ing effects of the bound ions between two hydrophobic residues.
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Table 4.1: CG models developed for each studied system along with the require-

ments considered in their development.

Paper I

Protein: N terminal domain of silk protein with a high dipole moment; globular

Goal: Both electrostatic and hydrophobic anisotropy effects on the protein association
Essentials: Distribution of hydrophobic patches and charged residues on the surface
Response of the charged residues at close contact

Model: Resolution: one CG site per amino acid located at their respective center of
masses;

Rigid protein: conformation from the crystal structure;

Fluctuating charges: due to proton binding

Paper II

Protein: positively charged lysozyme and negatively charged a-lactalbumin with a
high dipole moment (see Table 5.1)

Goal: Effect of anisotropic charge distribution of a-lac on phase separation of the
oppositely charged protein mixtures

Essentials: Distribution of charges on the surface;

Fairly isotropic distribution of hydrophobic residues;

Globular proteins with negligible conformational changes

Model: Resolution: one CG site per charged amino acids, one big CG site for the rest.
Rigid protein: conformations from the crystal structures;

Paper III

Protein: yD-crystalline; globular

Goal: Hofmeister anion binding effects on the protein charge and association
Essentials: Anion binding to solvent exposed hydrophobic side chains and backbone
with different strengths;

Response of charged residues to the bound ions

Model: Resolution: two CG sites per amino acid, one for backbone and one for side
chain;

Rigid protein: conformation from the crystal structure;

Fluctuating charges: due to both anion and proton binding

Paper IV

Protein: Histatin 5; disordered protein; with a high histidine residue content
Goal: Effect of histidine richness on the surface adsorption

Essentials: All possible conformations due to protein flexibility;
Cooperative effect of neighboring residues in the primary structure;
Charge fluctuations on the Histidine residues;

Zn?7 binding to de-protonated histidines, competing with protons;
Model: Resolution: one CG site per amino acid connected with a spring;
Flexible protein: allowing conformational modifications;

Fluctuating charges: due to proton binding;

Explicit Zn®T ion binding to de-protonated histidines

Uniform and constant surface charge density

Paper V

Protein: Midkine; disordered protein

Goal: pH and salt concentration effect on surface adsorption
Essentials: All possible conformations due to protein flexibility;
Cooperative effect of neighboring residues in the primary structure;
Charge fluctuations on the surface due to pH change

Model: Resolution: one CG site per amino acid connected with a spring;
Flexible protein: allowing conformational modifications;

Fluctuating charges: due to proton binding;

Charged density of surface is assigned according to pH
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CHAPTER D

ATLAS OF STUDIED PROTEINS

5.1 Electrostatic Anisotropy

The first approach to judge the importance of electrostatic interactions for a pro-
tein is to calculate the net charge and predict the repulsion between the proteins.
Proteins with high net charges are expected to aggregate (precipitate/phase sep-
arate) upon addition of salt due to reduced electrostatic repulsion. However,
N-terminal domain of spider silk protein (N-ter) with a high net charge (-4.1e,
Table 5.1) shows the opposite behavior where salt stabilizes the monomers in
solution [51].

Anisotropic Charge Distribution: Dipole moments (Paper I and II)

The protein net charge itself is not always sufficient to judge the effect of electro-
static interactions. In Paper I, we have shown that higher order multipoles such
as dipoles can also have pronounced effects in the interactions. As seen in Table
5.1, N-ter has a high dipole moment which can lead to strong dipolar attractions.
This attraction overcomes the net charge repulsion, resulting in a binding affin-
ity in between the proteins that drives dimerization. The dimerization of N-ter
therefore shows a contradictory salt response due to the screening of dipolar
attraction. Since dipolar interactions are orientational dependent, they force an

[51] F.Hagn, C. Thamm, T. Scheibel, and H. Kessler, Angew. Chem., Int. Ed. Engl. 50, 310 (Jan.
2011).
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ATLAS OF STUDIED PROTEINS

Table 5.1: Electrostatic properties of the studied proteins at pH 7 in 10 mM
monovalent salt solution.

Titrat. Buried” Charge Capaci. Histidine Dipole

Structure Protein PDBid Resi. Charges (e) (e?) Number  (eA)
Lysozyme 4LZT 32 1D, 1Y 7.1 0.24 1 29

holo a-lac 1F6S 42 1D -4.1 0.63 3 71

apo a-lac 1F6R 42 1D -5.6 0.88 3 88

Globular ~D-crystalline 2KL]J 72 5C, 1Y 1.3 1.1 6 23
N-ter compact 3LR2 13 0 -4.1 0.27 1 101

N-ter loose 2LPJ 13 1K -4.1 0.20 1 101

C-ter 2KHM 9 1E -0.2 0.17 0 32

pp  Histatins - 20 - 47 0.55 7 -

Midkine - 45 - 18.5 0.30 0 -

“ Titratable residues with solvent exposed side chain surfaces smaller than
1 A (SASA,. < 1) are considered to be buried.

antiparallel subunit alignment in the dimer structure.

By simply analyzing the dipole moment of proteins together with charge-
repulsion, the effect of dipolar interactions ca be anticipated. From Table 5.1, we
can foresee that electrostatic (neither charge nor dipole) interactions will not be
pronounced in solutions of silk C-terminal domain.

We also showed in Paper II that anisotropic dipolar interactions are signif-
icant for the phase separation of the oppositely charged proteins lysozyme/a-
lactalbumin (a-lac) as is the net charge attractions. The high dipole moment of
a-lac (Table 5.1) facilities alignment towards the positive lysozyme resulting in
a structuring in concentrated solution. When we deliberately reduced the dipole
moment of apo «-lac while maintaining its net charge, the phase separation is
remarkably suppressed, indicating the importance of charge anisotropy.

Hofmeister Ion Binding (Paper III)

It is also important to consider the Hofmeister ion binding to hydrophobic sur-
faces, if present. In Paper III, we have shown that the anion binding effect
becomes significant at fairly low ion concentrations (around 100 mM) and ap-
preciably shifts pI towards lower pH values. When pH is above pI of the protein,
anion binding neutralizes the protein and suppresses the repulsion. Hence the
stability of protein solution is reduced in the presence of binding ions such as
thiocyanate — the reverse Hofmeister series. In contrast, when pH is above pI,
anion binding provides additional negative charges that stabilizes the protein so-
lution - the direct Hofmeister series. Apart from providing extra charges, bound
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5.1 Electrostatic Anisotropy

ions also block hydrophobic interactions and facilitates further stabilization of
protein solutions. Since Hofmeister ions contribute to the charge fluctuations,
it may also promote charge regulation effects.

Interactions with Surfaces

Charge Regulation due to Protons (Paper IV)

Charge regulation is the ability to adopt the most favorable protonation state
as a response to an external field such as originating from a charged surface or
another highly charged protein. When environmental pH matches the pK of
an ionizable residue, both protonated and deprotonated states are equally prob-
able. This maximizes the charge fluctuation of the residue and facilitates the
exchange of the protonation states under an external field. The charge capaci-
tance which measures the net charge fluctuations on a protein, can be used to
judge the extend of the regulation effects at a given pH. High charge fluctua-
tions on many residues give rise to a high protein charge capacitance and thus,
stronger regulation effects.

A brief estimation of the regulation effects can be done by counting the num-
ber of residues with pK,, ~ pH. For instance, as shown in Paper IV, at physi-
ologic conditions, the main contribution to the charge capacitance of a protein
comes from the histidine residues and the N-terminal since their pK, values
are close to pH 7. Therefore, the number of histidines determines the charge
capacitance and thus regulation effects at neutral pH - see Table 5.1. Note that
this estimation is based on p K, of the residues and thus it does not include the
interactions with the electrostatic environment. Since the histidine residues in
histatin5 are surrounded by many other positive residues, their proton uptake
is restrained by the neighboring positive charges that shifts the pK to a lower
pH (pK; < 6.3). This shift increases the discrepancy between the pH and the
pK resulting in a lower charge capacitance than yD-crystalline with a similar
HIS content. A high histidine content of histatin5 provides appreciable surface
induced charge regulation around pH 6 but not pH 8. At pH 6, histidines supply
up to +2e additional charges by proton uptake and promote surface adsorption.
In contrast, at pH 8, an inhibited regulation ability of histidines lead to a lower
surface affinity.

Multivalent Metal Ion Binding (Paper IV and VI)
Metal ion binding can also promote the adsorption to negative surfaces by pro-
viding extra positive charges to proteins and thus, additional electrostatic at-
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traction — Paper IV and VI. Metal binding can facilitate cross-links both within
(Histatin 5, Paper IV) and between the proteins (8-casein, Paper VI) leading to
a reduced entropic cost of surface confinement as well as closer packing on the
surface.

Chain Flexibility (Paper IV and VI)
30
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Figure 5.1: Residue concentration profile of Histatin5 as a function of distance
from a negative surface. Positive ARG-LYS patches provide anchor points to the
surface.

Flexibility of the protein chains brings another complexity into surface interac-
tions. It allows relocation of residues in space which favors attractive interac-
tions. Note that since the neighboring residues in the chain are bound to each
other with a strong peptide bond, they still have to be located close to each
other in the resulting conformation. For instance, if one negative and one posi-
tive residue is neighboring in the chain and interacting with a negative surface,
the positive one will favor being in the vicinity of the surface, while the nega-
tive will be pulling it away. Therefore, the cooperation between the neighboring
residues and thus, the anisotropy of the primary sequence, becomes remarkably
pronounced in the interactions.

In Paper 1V, we showed that cooperation between the two positive ARG-LYS
blocks in the middle of histatin5 chain pulls the protein towards the negative
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5.2 Hydrophobic Anisotropy

surface and provides two anchor points on the surface — see Figure 5.1. Once
the chain is close to the surface, HIS residues charge themselves up as a response
to the surface electric field. These extra charges overcome the entropic cost of
locating N and C-terminal tails close to the surface and promotes adsorption.

In Paper VI, we showed that the chain anisotropy and flexibility of 3-casein
overcome the net charge repulsion between the surface and facilitates the sur-
face adsorption. Since the chain consists of negatively and positively charged
blocks, sufficiently separated by the non polar residues, the positive C-terminal
block can easily direct the surface adsorption by locating itself in the vicinity of
the surface.

5.2 Hydrophobic Anisotropy

At close separations, hydrophobic interactions can act as a glue between the
proteins and stabilize the multimeric forms. The effect of these interactions can
be estimated by considering the solvent exposed surface area (SASA) of the hy-
drophobic side chains. As seen in the Table 5.2, 15% of the protein surfaces,
on average, consists of hydrophobic side chains which may be involved in the
hydrophobic interactions.

The C-terminal domain of the silk protein (C-ter) has an unusually high hy-
drophobic surface exposure, compared to the other proteins. We also know from
the electrostatic anisotropy analysis that its dipolar interactions are insufficient
to form dimers. This implies that the dimerization of C-ter is driven by the
hydrophobic interactions and possibly occurs during the secretion in the spi-
der gland. We have shown in Paper I that the dimerization surface of the C-ter
mainly consists of hydrophobic residues, supporting the hydrophobically driven
dimerization. As seen in Table 5.2, lysozyme has the minimum hydrophobic sur-
face exposure. Its small hydrophobic surface together with its high net charge
at pH 7 implies that the hydrophobic interactions will be insignificant in its so-
lution at physiological conditions.

Like charged residues, an uneven distribution of the hydrophobic side chains
on the surface may lead to anisotropic interactions. We can estimate the effect of
hydrophobic anisotropy by analyzing the hydrophobic patchiness of the protein
surfaces. Table 5.3 shows the three largest hydrophobic patches of the studied
proteins, their surface areas in percents of the total hydrophobic surface area
and the number of residues in each patch. The C-ter and the loose conformation
of the N-ter domains of the silk protein have a very large hydrophobic patch
consisting 44% and 82% of their total hydrophobic surface, respectively. This
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Table 5.2: Structural and surface properties of the studied proteins.

Residue  Hydrophobic SASA  Hydrophobic R

Structure  Protein Number Residue (A?) SASA® A)
Lysozyme 129 44 6631 7% 23
holo a-lac 122 40 6781 15% 25
apo a-lac 123 41 6548 16% 24
Globular  ~yD-crystalline 174 51 8310 9% 27
N-ter compact 127 57 6192 21% 23
N-ter loose 127 57 6213 20% 23
C-ter 108 51 6512 33% 25
Histatin5 24 2 - - 42°
IDP S b
Midkine 122 33 - - 121

“Hydrophobic SASA includes only solvent exposed side chain surfaces of hydrophobic residues.
Exposed backbone surfaces are not considered.
YEnd-to-end distance is given for IDPs at pH 7 and in a salt free aqueous solution.

implies that hydrophobic interactions will be established through a large surface
which may not be forcing a very specific orientation. However, for the other
proteins, the hydrophobic patches are smaller and thus more localized which
may favor a specific orientation to maximize the hydrophobic contacts.

Table 5.3: The top three largest hydrophobic patches of the studied proteins.
Each residue within the distance of 6.5 A are assigned to a patch.

Patch 1 Patch 2 Patch 3
Protein Residue Area | Residue Area | Residue Area
Lysozyme 7 24% 3 22% 8 17%
holo a-lactalbumin 4 22% 3 15% 9 13%
apo a-lactalbumin 4 22% 9 19% 8 18%
~D-crystalline 2 17% 3 11% 1 10%
N-ter compact 13 27% 9 24% 9 23%
N-ter loose® 42 82% 3 15% 1 3%
C-ter 19 44% 5 9% 4 9%

“Patch analysis has been done with a distance cut-off of 6 A since the analysis with 6.5 A is
assigned all the residues into one patch.

As seen in Table 5.3, the area of the hydrophobic patches are not directly
proportional with the number of residues in the patch. For instance, the largest
patch of apo a-lactalbumin contains only four residues which make up 22%
of the hydrophobic surface. However, its second largest patch contains nine
residues (twice of the first patch) and it makes 19% of the hydrophobic surface.
In this case, a pair-wise additive treatment of hydrophobic interactions, which

52



5.2 Hydrophobic Anisotropy

weights the patches according to the number of residues, will favor interactions
with the second patch and will result in an ill-defined hydrophobic anisotropy.
This may also cause further complications by competing with the electrostatic
anisotropy due to favoring unrealistic orientations. This problem can be handled
by using a SASA based potential instead of a pair-wise additive one. The strength
of the interactions can be determined by the covered hydrophobic SASA upon
approaching and an effective surface tension.

In Paper I, we used such a potential to capture the hydrophobic anisotropy of
the N-ter. We showed that in the presence of hydrophobic interactions, the com-
pact conformation of the N-ter forms dimers with a well-defined hydrophobic
patch orientation as observed in its crystal structure. When the hydrophobic in-
teractions are tuned off, the obtained dimeric structures lack patch correlation.
This indicates that the SASA based hydrophobic model is able to realistically
capture the hydrophobic anisotropy of the N-ter surface and the resulting patch
correlations between the N-ter in the dimeric form. We have also showed that
the loose conformation of N-ter is unable to set a specific hydrophobic patch
orientation. Therefore, it no longer cooperates with the dipolar alignments re-
sulting in suppressed dipolar attractions.

The extent of hydrophobic interactions can roughly be estimated by consid-
ering the maximum radius of the proteins. Let’s assume that the residue with
the longest distance from the protein centre is hydrophobic and two hydropho-
bic residues interact when their separation is shorter than a diameter of a water
molecule (3 A). Then, the hydrophobic interactions will rise when protein center
of mass separation is smaller than 2R,,,4: + dwater-
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CHAPTER 6

CONCLUSION AND OUTLOOK

In this thesis, we have looked into the molecular details of protein interactions
with the help of coarse grained models. It is emphasized that anisotropic in-
teractions, which are often overlooked, might be the underlying reason behind
the observed protein behavior. We showed that a simple analysis of the protein
electrostatics and hydrophobicity can be valuable to estimate the extent of the
anisotropic effects.

While studying protein electrostatics it is important to keep in mind the
specific ion binding effects. Since specifically bound ions can alter the protein
charges significantly, they bring another complexity into the system. To elimi-
nate this complication, the experimental electrolyte solutions should be chosen
free of binding ions.

Our results show that a delicately designed coarse grained model can cap-
ture the significant physical details of the real proteins and provide insights into
complex protein behaviors.

In scientific research, there is always room for improvements. This is also
true for the studies presented here, and below, you can find some ideas for fur-
ther studies:

« A Born energy type penalty can be applied to buried charged residues to
account for the cost of charges in the protein interior.

« The SASA based hydrophobic potential should be parameterized in a sys-
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tem where the electrostatics are insignificant and should be further in-
vestigated by comparing with explicit solvent simulations. It can also be
generalized to capture ion specific “salting out” effects by incorporating
the surface tension changes due to salt.

The implicit ion binding model can be generalized to apply all kinds of
ion binding processes including divalent ions. The model can further be
improved by implementing an attractive potential between the occupied
and the non-occupied binding sites to capture possible bridging effects of
divalent ions. Moreover, the binding constant of ions can be related to the
solvent exposed surface area of binding sites to incorporate the degree of
solvent exposure in the model.

Rotational restrictions can be incorporated to the freely-joint flexible pro-
tein model through dihedral angle constraints to capture possible chain
stiffness due to proline residues.

A limited degree of flexibility can be introduced to the rigid protein model
by selecting protein conformations from a set of possible structures during
simulations.

Additional hydrogen bonding sites can be implemented in the amino acid
model to capture the directionality of the hydrogen bonds.

The adsorption of 5-casein can further be investigated by the QCM- dissipa-
tion method to get a deeper understanding of the adsorbed layer charac-
teristics and the effect of Ca®" triggered aggregation on the surface.
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Abstract

The well-tuned spinning technology from spiders has attracted many researchers with the
promise of producing high performance, biocompatible and yet biodegradable fibres. So far,
the intricate chemistry and rheology of spinning have eluded us. A break through was achieved
recently, when the 3D structures of the N-, and C-terminal domains of spider dragline silk
were resolved and their pH induced dimerization was revealed. To understand the terminal do-
mains’ dimerization mechanisms, we developed a protein model based on the crystallographic
structures that reproduces charge and hydrophobic anisotropy of the complex protein surfaces.
Monte Carlo simulations were used to study the N-terminal domain dimerization as a function
of pH and ionic strength. We show that the hydrophobic and electrostatic anisotropy of the
N-terminal domain cooperate constructively in the association process. The dipolar attractions
at pH 6 lead to weakly bound dimers by forcing an antiparallel monomer orientation which
is then, stabilized by hydrophobic locking at close separations. Elevated salt concentrations
suppress the protein association due to screened electrostatic dipolar attraction. Moreover,
the mutations on ionizable residues reveal a free energy binding, proportional to the dipole
moment of the mutants. Its has previously been shown that the dimers, formed at pH 6, com-
pletely dissociate at pH 7 which is though to be due to the altered protein charges. In contrast,
our pH study indicates that such pH increase has no influence on the charge distribution of
the N-terminal domain. Instead, we find that the pH effect is not because of the electrostatics
but because of the adapted structure at pH 7. In this structure, the hydrophobic patches are
relocated on the surface to decouple hydrophobic patch and dipolar alignments, resulting in

reduced dipolar and hydrophobic attractions.



Introduction

Silks have evolved to be some of nature’s most impressive composite materials. > Silk fibres® are
not only one of the toughest polymers known, but they have a number of other characteristics, such
as biocompatibility and degradability, that make them an interesting as well as an important object
for research in the general areas of biomaterials,* biomimetic and the coevolution of behavior,’
morphology, and function.? Harnessing silk production and processing have however been proven
difficult and elusive. A complete understanding of silk fibre formation is needed.

Spiders have the ability to control key aspects of silk production,® namely (i) silk protein

composition, (ii) storage and (iii) fibre processing. Modern studies on mechanical strength of silks

and spinning behavior 7~ show a clear correlation between silk strength and relative elasticity with
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specific molecular architecture. '!! Genetic analysis, and earlier amino acid composition, !
of silk proteins sequences demonstrated a strong bias towards specific amino acid content domi-
nated by alanine and glycine residues. Furthermore, silk gene molecular design show preferential
motif arrangements (poly-alanine crystalline domains and glycine rich amorphous domains) that
can be correlated to macroscopic properties of silk such as elasticity and strength. '#

Inside the glands, the silk proteins can be stored for long periods of time in an apparently stable
form. '17 This conformation seems to change just prior to fibre formation in order to allow the
highly energy efficient conversion from their aqueous solution state to the insoluble fibrillar state.®
For this the individual silk molecules must adopt shapes and conformations dictated by polar and
non-polar moieties. '® To achieve bulk orientations with optimal axial stiffness (which is important
for mechanical properties of the fibres) the system must allow the molecules to self-organize in
their extended configuration'® followed by an efficient inter-molecular lock-in but with only a
limited number of cross-links in order to maintain flow viscosity. However, B-strands (unlike

20.21 gnd hence tend

o-helical structures) are unstable in solution as isolated secondary structures
to engage and stabilize interactions with neighbouring strands leading to the construction of an
intermolecular gelation network.®

To control such ’structurally reactive’ silk proteins, progressive and judicious modifications



of solution conditions (pH, ionic strength, etc.) are necessary.?! The detailed exploration of the
chemical controls has highlighted the role of acidification of the silk proteins as a key step prior
to fibre formation.2'"2* The exact role of this acidification was unclear until recently when the
’N-, and C-terminal domains’ structures of dragline silk were resolved.?>2® Specifically, the N-
terminal domain plays a critical role in delaying aggregation at neutral pH. At pH values of around
6, the N-terminal domain is found as a homodimer, while at high salt concentration and neutral
pH it is found as a monomer.?’30 Several models have now been proposed to explain the role of

the terminal domains in silk fibre formation2-31-32

via micelles formation and activation of specific
amino acids. The details of the interactions involved in the assembly of the N-terminal homo-dimer
and its implication for spinning may not be resolved experimentally. Computational methods can
provide new insights on the balance of forces and sequence of events leading to fibre formation.
In the present contribution, we modeled the N-, and C-terminal domains of silk protein at an
amino acid resolution based on their available crystallographic structures. Using these models
in Monte Carlo simulations, we studied the dimerization of the N-terminal domain as a function
of pH and ionic strength. We also analyzed the distribution of hydrophobic patches and charged
residues on the surface of both terminal domains to determine the surface anisotropy (patchiness).

We investigated individual contributions of the hydrophobic and the electrostatic interactions to

the binding affinity to understand their interplay in the dimerization mechanism.

Model and Method

Model

N- and C-terminal domains were modeled as rigid bodies built from a collection of beads, each
representing an amino acid. The protein structures were taken from the Protein Data Bank with IDs
3LR22% and 2KHM, ° respectively. The first 32 residues of C-terminal domain were truncated due
to their ill-defined structure. Bead sizes were determined by using a common amino acid density

of 1.0 g/L. and molecular weights of the represented residues. Each bead was mapped onto the



atomistic structures of the proteins by locating them at the mass center of the represented residues.
Protonation states of ionizable residues were allowed to switch during the simulations, by turning
their charges on and off, as a response to the present ions and the solution pH. Water was treated

as a dielectric continuum and interactions were modeled with three components (Equation 1):

1. Van der Waals and excluded volume interactions, between all beads, using Lennard-Jones

potential,

2. electrostatic interactions with implicit salt ions, between charged beads, using Debye-Hiickel

potential, and

3. hydrophobic interactions, between hydrophobic beads, using a square well potential with
a range of 3 A (size of a water molecule) whose strength is based on an effective surface
tension (7,;) and the change in the solvent accessible surface area (AAy,s) upon approaching

two hydrophobic surfaces.

In addition to these, an intrinsic protonation energy was incorporated to the total energy (Uo),

following a protonation trial of an ionizable residue.
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Intrinsic protonation energy

Parameters of Equation 1 are given in Table 1.

To model hydrophobic interactions, a solvent accessible surface area (A;) was assigned for each
hydrophobic residue which was calculated with a probe radius of 1.5 A using VMD software. 3>
The surfaces of two residues were considered inaccessible when they were closer than 3 A, result-

ing in AAyss = Yicp,,... Ai- The effective surface tension were adjusted 2.97 dyne/cm in 10 mM

NaCl solution which corresponds to 0.25 kcal/mol (~0.44 kT') attraction for a residue pair with



Table 1: Parameters in Equation 1

Parameter = value

Description

n
V,'j

e

&

g =80

nt

qi

K= e
T =298K

kg

np

pK, = see Table 2
Y. = see Table 3

all residues

distance between residue i and j
electron unit charge

permittivity of vacuum

water dielectric constant
ionizable residues

charge

Debye length
temperature

Boltzmann’s constant
protonated residues

acid dissociation constant
effective surface tension

Table 2: Intrinsic acid dissociation constants (pK,) of ionizable (titratable) residues including car-
boxyl (CTR) and amino (NTR) groups of the terminal residues of each domain.

number
Site  pK; N-ter C-ter
ASP 4 2 1
GLU 44 5 1
HIS 6.3 1 0
TYR 9.6 0 2
LYS 104 2 0
CYS 10.8 0 1
ARG 12 1 2
CTR 26 1 1
NTR 7.5 1 1
total 13 9




an averaged sized Ayqs of 30 A2, The residues ALA, ILE, LEU, MET, PHE, PRO, TRP, VAL are
considered hydrophobic.

Table 3: Effective surface tension and the change in the macroscopic surface tension of water3*
(9Y/dcsay) in NaCl salt solution. Yerr = Yetr(OM) + C5a1.0Y/ I Csare

Salt dY/dcgar Yete(10 mM)  %ege(100 mM)
(mN/m)/(mol/L)  (dyne/cm) (dyne/cm)
NaCl 1.70 2.97 3.12

Method

We used the Metropolis Monte Carlo (MC) algorithm in the canonical ensemble (NVT) at 298 K in
a simulation box of 300x300x150 A3. To investigate bulk electrostatics, a protein monomer (chain
A of the crystal dimer structure) was placed in a NaCl solution and protonation state swap moves
were applied to each ionizable residues with a corresponding intrinsic protonation and electrostatic
energies — see Equation 1. Statistical averages of the net charge (Q) = (¥;c,, ¢i) and the dipole
moment (1) = (¥;c,, giri) were sampled as a function of pH, where r; is the distance of the residue
i from the protein center of mass.

In the dimerization simulations, two monomers (chain A and B) were located in the simulation
box and allowed to translate and rotate on the z-axis to explore all possible monomer-monomer
separations (R4p) and orientations with a Boltzmann probability weight of exp(—U,y /kT). The
charges on the ionizable residues were also allowed to fluctuate during the simulations. The ther-
mally averaged probability distribution function of monomer separations (P(R4p)) was determined

by constructing a histogram of the visited separations. Using the probability distribution function,

P(Rap)
P(RABmax)

During the dimerization simulations, the statistical averages of the three energy components

the free energy of interactions was calculated as F' = —kT In

VDW, hydrophobic and electrostatic, were sampled as a function of protein-protein separation. In
addition, the electrostatic energy was decomposed into ion-ion, ion-dipole, ion-quadrupole, and
dipole-dipole energy to determine their separate contributions—see Table 4. The relative orienta-

tions of the dipole moments (dipole-dipole alignment) was calculated by taking the scalar product
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between the dipole moment vectors of the two monomers. The dipole alignment due to the net
charge of the neighboring monomer (ion-dipole alignment) was determined by averaging the z-

component of the dipole moment.

Table 4: 3" degree electrostatic multipole expansion of protein-protein interactions where proteins
are allowed to move only on the z-axis. Note that this expansion is valid when the protein-protein
separation is bigger than the size of the protein, Rap > Zpax = 23 A. Note that salt screening effect
is not incorporated in the multipole expansion.

component energy expressions

multipole-multipole Y ):I}IE s

J
N, N,
Z[AQiZjBQj

ion-ion
NAB N N,
ion-dinol ZiAqi):,quZ/ ZiAq:'ZiZqu;
ion-dipole — 2 + 7
Ny gD 2 M Np  xNA (2 2
ion-quadrupole = 9Li qj(z5—1/2y5-1/2x5) +Z,- aj Lt qiz—1/27-1/2x)
duaciup R, G
N, N, N, N, N, N,
diole-dipol 22,-/‘ iniZjBll,ij A qrinqujyj A tlixiZjBthxj
ipole-dipole — 2 2 2
AB AB AB

To determine the surface patchiness of the proteins, a separate hydrophobic patch analysis was
performed on the monomers where each surface exposed hydrophobic residue within the distance
of 6.5 A (two averaged sized beads at contact) is assigned to a patch. As seen in Figure 2,
each patch was designated with a vector (/;), pointing to its surface center. During dimerization
simulations, the scalar products (h;; = h; - h;) were calculated between the patch vectors of the
monomer A (h;) and monomer B () to determine the correlations of the hydrophobic patches in
the dimers as well as to set an effective surface tension.

The binding affinity, AG, was calculated from the simulated interaction free energies (F),
AG = —RT InKgimer, Where Kgimer = / (exp FRas)/KT _1\AmR2 LdR 5 )
ZRhs

where Kgimer 1S the association constant of the homo-dimers and Ry is the closest distance between
the two monomers obtained in simulations. The difference in the binding affinities accompanied

by a mutation is calculated as AAG = AG™*" — AG""'¥ (pH 6) with respect to the affinity of the wild
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type at pH 6 and 10 mM ionic strength.

In all simulations, configurations (a given charged state, monomer-monomer separation and
orientation) were generated by applying translation, rotation and charge swapping moves to the
monomers with a frequency of 1:1:n,. The statistical averages were taken over 45 - 10° configura-

tions after 10° configurations of equilibration.

Results and Discussions

Structure analysis of the terminal domains

We first investigated the surface anisotropy of the N- and C- terminal domains of the silk protein

resulting from the uneven distribution of the charged and hydrophobic residues on their surfaces.

Electrostatic anisotropy of the monomers

The anisotropic distribution of charged residues were quantified via calculating the dipole moment
of the proteins. The net charge of the protein was calculated as a function of pH and salt concen-
trations to estimate the effect of net charge repulsions between the monomers. As seen in Figure 1,
the charge of N-terminal domain decreases rapidly from +4.5e to -4e when solution pH is elevated
from 2 to 6. This is accompanied by a dramatic increase of the dipole moment with a peak at pH 6.
The charge distribution of N-terminal domain shows a remarkable anisotropy formed by clusters
of GLU and ASP residues at the negative N-terminal end and HIS, ARG and LYS at the positive
N-terminal end. This provides a significant dipole moment with a well-defined direction (Figure
1c). These clustered residues yield a maximized dipole moment around pH 6 where dimerization
is favored. %733

Elevated salt concentrations allow higher charges on the clustered residues by screening the
repulsion between them (Table 5). Therefore, proteins can achieve the same level of de-protonation
state at a slightly lower pH value. This influence is magnified in the dipole moment due to the

collective effect of the clustered charges. Note that, the charge of LYS and ARG in the clusters are
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(c) N-terminal-pH6 (d) C-terminal

Figure 1: Net charge (a) and dipole moment (b) of terminal domains as a function of pH and
at different NaCl concentration. (c) and (d) show the dimerization surface where hydrophobic
residues are depicted in yellow and charged residues at pH 6 and 10 mM salt are depicted in
red and blue. Arrows show the dipole moment directions of N and C terminals where the arrow
thicknesses are proportional to the strength of the dipoles.

already fully protonated even at low salt concentrations, thus their protonations are not effected by
salt. In contrast, the C-terminal domain has an isotropic distribution of a few charges resulting in

a weak dipole moment, insensitive to salt.

Hydrophobic anisotropy of the monomers

The hydrophobic anisotropy of a protein is caused by the clustering of solvent exposed hydropho-
bic residues on the surface. In order to quantify the hydrophobic anisotropy, we examined the
solvent accessible surface area (Agyg) of both terminal domains and determined the area and the
location of their three largest hydrophobic patches. We show that both domains have large hy-
drophobic surfaces that are reduced upon dimerization — see Table 6, Figure 1c and 1d.

In the C-terminal domain, 40% of the surface is hydrophobic which is roughly twice of that
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Table 5: The effect of salt screening on the clustered charged residues at pH 6

Residue 10 mM 100 mM
HIS6 0.151 0.173
Positive | LYS65 1.000 1.000
end ARG60  1.000 1.000
ASP39  -0.921 -0.960
Negative | ASP40 -0.876  -0.943
end GLU79 -0.858 -0.932
GLU84 -0.770  -0.896
GLU85 -0.887 -0.943

similarly sized globular proteins such as lysozyme and a-lactalbumin, hinting at a high preference

to a hydrophobic association. As seen in Figure 2b, the C-terminal domain has three large patches

(a) N-terminal (b) C-terminal

Figure 2: Top three largest hydrophobic patches of terminals and the vectors point to surface
centers of the patches.

(named h1 to h3 from the largest to smallest) in which the largest one (h1) includes more than 40%
of the hydrophobic surface. N-terminal has a slightly lower degree of hydrophobic anisotropy

where the largest patch constitutes 29% of the hydrophobic surface.

Anisotropic correlations in the crystal dimers

After defining the dipole moment and the hydrophobic patch vectors of the terminal domain
monomers, we investigated the orientations of these vectors in the dimer configurations, resolved
by the crystallography experiments. Figure 3 shows the alignment of dipole moment and hy-
drophobic patch vectors in the crystal structures. In order to quantify the monomer orientations

in the dimers, we calculated the scalar products of the patch and dipole vectors — see Figure 3c.

11



Table 6: Surface properties of the crystal structures of terminal domains. Solvent accessible surface
area was calculated with a 1.5 A probe, including both side chain and backbone of the solvent
exposed residues.

N-terminal Domain | C-terminal Domain

monomer dimer | monomer dimer
Residue number, n 125 250 108 116
number of hydrophobic residues 57 114 51 52
Total surface area, A;,,, A2 6192 9812 6512 7918
Hydrophobic surface in % of A;,, 28% 24% 38% 29%
Binding surface per monomer, A? 1475 - 2548 -
Hydrophobic % of the binding surface 41% - 55% -

These scalar products are used as a reference state to compare the simulated dimer structures with
the crystal structures.

The monomer orientation in the N-terminal domain dimers ensures an antiparallel dipole align-
ment, yielding a scalar product of dipole moments, (d-d ~ —1). However, this orientation sup-
presses ion-dipole interactions, (i-d ~ 0). Moreover, the antiparallel monomers are located suffi-
ciently close (17.7 A) to enable close contact salt bridge interactions between the ASP residues of
one monomer and LYS and ARG residues of the other monomer on the binding surface.

The monomer orientation in the crystal structure of the C-terminal domain’s dimer also pro-
vides antiparallel dipole moments at pH 6, (d-d ~ —1). However, as we have previously shown
that the C-terminal domain dipole is insufficient to achieve this alignment, implying a cooperation
with the hydrophobic anisotropy. This configuration, indeed, maximizes the hydrophobic interac-
tions by providing a full correlation between the first and the third largest patches (h11~ h33 ~
-1) resulting in exclusion of these patches from the surface upon dimerization.

It has been shown that C-terminal dimerization involves a disulfide bond between the monomers
and a tweezer like interactions between the helix 1 of chain A and helix 5 of the chain B.?° Since
the tweezer like entanglement is inaccessible without unfolding the monomer our rigid protein
model is inadequate to study its dimerization and thereby, we only present a dimerization study on

the N-terminal domain.

12
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Figure 3: Hydrophobic and dipole moment alignment of dimers in the crystal structures. Chain A
and B are shown in blue and pink, respectively. h;; is the scalar product of i h patch vector of chain
A and j'* patch vector of chain B. i-d is ion-dipole alignment and d-d is dipole-dipole alignment.

Dimerization study of the N-terminal Domain in salt solution
Effect of hydrophobic interactions

Experiments show that the N-terminal domain forms a stable dimer at pH 6 and low salt concen-
trations which is diminished by elevated pH and salt,?”-3 hinting the importance of electrostatics.
We first performed dimerization simulations at pH 6 in 10 mM salt solution by considering only
electrostatic and VDW interactions. We find that the affinity without hydrophobic interactions
is insufficient to form stable dimers. The dimers obtained in the simulation show a random hy-
drophobic patch correlation, h;j ~ 0 (Figure 4). However, with an additional short range attraction,

the N-terminal domain forms strongly bound dimers where the monomer orientation completely
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matches the crystal structure within the thermal fluctuations — see Figure 4b and c. This indicates
that the hydrophobic and electrostatic interactions cooperate constructively to form stable dimers.
This is also confirmed by the experiments that the mutation of a centrally located hydrophobic

residue on the binding surface to a negatively charged ARG (A72R), diminishes dimer formation.

N W22y
o
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20 25 30 35 40 45 -1 -0.5 0 05 1
Protein Separation, A Crystal Structure
(a) Free energy (b) Patch vector alignment (c) Isodensity with hydrophobic

interactions

Figure 4: (a) The interaction free energy of the N-terminal domain with (black) and without (red)
hydrophobic attraction. (b) The alignment of hydrophobic patch and dipole vectors at pH 6 and
in 10 mM NaCl solution with (black) and without (red) hydrophobic attraction. (c) Preferred
locations of HIS6 (pink transparent bubble) ASP40 (purple transparent bubble), GLU79 (green
transparent bubble) and GLU84 (blue transparent bubble) of chain B in the simulated dimers and
in the crystal structure (shaded spheres with corresponding colors). The chain A in the crystal and
in the simulated dimers are located on top of each other and depicted by a cartoon and solid ball
representations, respectively.

Effect of salt concentration and pH

In line with the experimental observations, 27-3

the self association of the N-terminal domain is
predicted at pH 6 which is then reduced by elevated pH and salt concentrations — see Table 7.
Moreover, the dimer formation is diminished at pH 2 due to the protonation of negative ASP and
GLU residues.

Figure 5 shows that free energy of interactions have two minima at low salt concentrations,

revealing two modes of dimerization. The minimum at 23 A monomer separation maximizes the

electrostatic attraction while the one at 18 A separation maximizes the hydrophobic and VDW at-
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Table 7: Difference in the calculated binding free energies of the N-terminal domain in kcal/mol
as a function of salt and pH, with respect to the affinity at pH 6 and 10 mM ( AG — AGpHe,10mM)-

Salt pH6 pHS8
10 mM 0 1.26
100mM 0.69 1.16

pH 2 pH 6
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Figure 5: Association of the N-terminal domain as a function of monomer-monomer separation in
10 (solid lines) and 100 mM (dotted lines) salt solutions.

tractions. However, at high salt concentration, hydrophobic interactions dominate over the screened
electrostatics and diminish the minimum originated from electrostatics. Note that even for the min-
imum at 23 A monomer separation, electrostatic and hydrophobic interactions cooperate together
and makes almost equal contributions to the binding energy.

As seen in Figure 5 (row3), increasing pH from 6 to 8, mainly affects the dipole-dipole inter-
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actions and together with the enhanced net charge repulsion leads to a reduced binding affinity.
We have shown that the dipole moments and the net charges at pH 6 and pH 7 are similar. This
implies that the pH effect on the charge distribution will not be pronounced in the association of

the N-terminal domain.

Effect of mutations

In order to quantify the dipole moment effect on the binding affinity, we simulated dimerization of
three single, D40N, E79Q, E84Q); one double D40NES4Q; and one deletion mutation H6-. As seen
in the Figure 6, all mutations, except deletion of H6, reduce the dipole moment of the N-terminal
domain at pH 6 while preserving its direction. The most dramatic reduction (25%) is caused by

the double mutation D40NE84Q due to the simultaneous elimination of the two charges from the

negative end. Calculated dipole moments of the mutants at pH 6 are u*' ~ u*® > p£7 = y PN
E84 o ;DAONES4
pE > e.
The calculated dipole moments correlate well with the calculated binding constants, K} >

KED > KES4 > KDAON — g6 > K. (ﬁioe[;’EMQ, revealing a direct proportionality between the dipole

moment and the binding affinity (Table 8, Figure 7). Moreover, the predicted binding constants are

in a semi-quantitatively agreement with experimental observations. 2?33
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Figure 6: Electrostatic properties of mutated N-terminal domains as a function of pH at 10 mM
salt concentration. Each mutation is depicted with a color that are seen in the legends and on the
residues.
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Table 8: Difference in the binding constants of mutated N-terminal domains in kcal/mol with
respect to the wild type affinity at corresponding pH (AAG = AG™ — AG"").

pH| H6- D40N E79Q ES84Q Double wild
Simulation 6 0.35 035  0.19 0.21 0.85 0
8 -0.04 051 0.05 0.24 0.65 0
Experiment”® 6 | 1.0£0.2> na 03+02 0.6+0.1 na. 0

“Experiments are performed at 50 mM ionic strength ® HIS6 replaced with ALA residue instead
of deletion. n.a. not available
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Figure 7: AAG as a function of dipole moment of N-terminals with various mutations at 10 mM
salt concentration.

The double mutation D40NE84Q which has the weakest dipole moment causes the most dra-
matic reduction in the electrostatic attraction (Figure 9), resulting in a significantly suppressed
binding constant. Note that the mutation on ASP residue (D40N) has a more pronounced effect on
the binding affinity than the mutation on GLU79 due to the broken salt bridge attractions between
the ASP40 and ARG60/LYS65. Although the dipole moment seems insensitive to H6- mutation
when pH is higher than 5, an affinity reduction, similar to D40N mutation, is observed at pH 6 but
not at pH 8 — see Figure 9 and Table 8. This is because H6 has an ability to charge itself up as a
response of negative charges at the close vicinity when solution pH matches its pK, (=~ 6). Hence,
it contributes to the dipole moment and provides an additional attraction only at pH 6 and in the
vicinity of negative charges but neither at pH 8 nor in the bulk alone without any nearby negative

charges.

In order to determine the monomer orientations in the mutated dimers, we analyzed the align-
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Figure 9: Association of the N-terminals domains mutants at 10 mM salt concentration.

ment of the hydrophobic patch vectors when two monomers were at contact — see Figure 8. A

significant deviation from the wild type dimer structure is observed for the double mutation where
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only the 411 alignment on the binding surface is preserved. This indicates a conserved binding
surface with weakly defined monomer orientations due to the diminished dipolar interactions and
the salt bridges. The monomer orientation in the N-terminal domain dimers is insensitive to single
mutations, except H6, suggesting that charge regulation effect of HIS6 is important for achieving
orientations as in the crystal structure. Note that our rigid protein model neglects any possible con-
formational changes in the wild type caused by the mutations and hence reflects purely electrostatic

effects caused by the mutations.

Effect of conformational change

It has been recently shown that the N-terminal domain adopts two different structures depending
on the environmental pH.3® At pH 6, it obtains a compact conformation which is identical to the
crystal structure. However, at pH 7, it prefers a loose conformation by pushing a helix bundle on
the dimerization site outwards. This distorts the binding surface in a way that the helix bundle

separates some of the hydrophobic residues from the charged ones.(Figure 10). Since this change
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Figure 10: a) The dipole moment of the compact and loose conformation of N-terminal domain.
b) and c) are the compact and loose conformation of the protein, respectively.

has no significant influence on the charge distribution, it maintains the direction and the strength of
the dipole moment. To determine the effect of this conformational change on the binding affinity of

the N-terminal domain, we investigated the dimerization of the loose conformation and compared
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it with the compact one. We chose to simulate the dimerization of the loose conformation at

pH 6 and low salt concentrations to ensure that environmental conditions are right for a possible

dimerization.
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Figure 11: Free energy of interactions with compact (solid) and loose structure (dashed) of N-
terminal domain at pH 6.

As seen in Figure 11, the attraction between the monomers is significantly suppressed when
the loose conformation is adopted, resulting in a lower binding affinity, AAG = 1.68 kcal/mol.
This suppression originates from the reduction of both hydrophobic and electrostatic energies,
implying a destructive cooperation of the hydrophobic and electrostatic anisotropies. Note that our
model is unable to capture free energy cost of the conformational changes since it models both
conformations as a separate rigid structure without any flexibility and it does not allow to switch

between the conformations during a simulation.

Conclusion

We have here, presented a dimerization study of terminal domains of silk proteins to understand
the balance between the electrostatic and hydrophobic interactions as a function of pH and salt
concentration. We have shown that in the dimerization process of the N-terminal domain, the
electrostatic and hydrophobic interactions cooperate together where the dimerization proceeds via
electrostatic dipole interactions, forcing an antiparallel monomer orientation, followed by specific

hydrophobic interactions induced locking of the dimer. In line with the experimental observations,
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the strongest monomer binding is predicted at pH 6 and low salt concentrations. Elevated salt
concentrations and pH suppress the electrostatic dipole attraction and lead to a weaker binding.
The mutation study on the dimerization have shown that the binding constant is proportional to
the dipole moment. However, we have also predicted that the pH effect on the dipole moment of
the N-terminal domain is insufficient to prevent the dimer formation at pH 7. This indicates that
the hindered dimerization at pH 7 is not because of the altered charge distribution but because
of the adopted loose conformation. We have shown that this loose conformation destroys the
constructive cooperation between the electrostatic and hydrophobic interactions and significantly
reduces the binding affinity. Interestingly, the analysis on the surface properties of the C-terminal
domain monomer has indicated a strong influence of hydrophobic interactions on the assembly
rather than electrostatics. The large hydrophobic surface of the C-terminal domain and the possible
disulphide bond between the monomers support the fact that the C-terminal is dimerized during

protein secretion in the spider gland.
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ABSTRACT: Recent experimental studies show that oppositely charged proteins can
self-assemble to form seemingly stable microspheres in aqueous salt solutions. We here
use parallel tempering Monte Carlo simulations to study protein phase separation of
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lysozyme/a-lactalbumin mixtures and show that anisotropic electrostatic interactions are

important for driving protein self-assembly. In both dilute and concentrated protein
phases, the proteins strongly align according to their charge distribution. While this
alignment can be greatly diminished by a single point mutation, phase separation is
completely suppressed when neglecting electrostatic anisotropy. The results highlight the

vt = 4
t e

3

importance of subtle electrostatic interactions even in crowded biomolecular environ-
ments where other short-ranged forces are often thought to dominate.

SECTION: Biophysical Chemistry

n a set of experimental studies, it has been shown that 1:1

mixtures of lysozyme (lys) and a-lactalbumin (a-lac) self-
assemble into well-defined micrometer-sized spheres.'™ This
process is highly dependent on the salt concentration, and
microspheres are formed only for the calcium depleted apo
form of a-lac at salt concentrations below 100 mM, while for
the calcium loaded holo form of a-lac, the self-assembly
vanishes. Contrary to phase separation of similarly charged
proteins,** lys and apo a-lac phase separate due to attractive
electrostatic interactions between the two oppositely charged
proteins. Interestingly, this electrostatic interaction is far from
isotropic, and it has recently been shown that the anisotropic
charge distribution of a-lac, combined with the high positive
net charge of lys gives rise to strong directional protein—protein
interactions.®” The remaining question is how such long-
ranged, noncentrosymmetric interactions from charged residues
influence protein assembly and phase transition? We here
present a mesoscopic simulation study of aqueous protein
mixtures where we investigate the contribution of anisotropic
protein—protein interactions on phase transition of proteins as
well as on microstructuring in dense protein environments.

Previous studies on anisotropic protein—protein interac-
tions® ™" typically describe proteins as patchy spherical particles
with attractive sites interacting via angularly dependent square
well potentials. These models rely mainly on ambiguously
placed attractive patches and not on anisotropy owing to
nonuniform surface charge distributions of real proteins. One
exception is the embedded discrete charge model”'"'* where
charged residues are projected onto a hard sphere. Although
approximately accounting for anisotropic electrostatics, this
model treats the excluded volume as spherical symmetric. To
remedy this, here we develop a protein model that captures
anisotropic interactions due to both excluded volume and
electrostatic interactions, while at the same time being fast
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enough for simulation studies of phase transitions involving
many protein molecules.

Simulating phase behavior at an atomistic level is unfeasible
due to the vast number of solvent and solute molecules in the
system. We therefore gradually coarse-grained the proteins (see
illustration in Figure 1) while maintaining (i) the salt-

0. ©® ©
N é" X Yy

¢
A £ Jq‘?

Figure 1. Coarse graining starting from an implicit solvent/explicit salt
model where amino acids are represented by spheres (a).%'® From
(a)—(b) Debye—Hiickel electrostatics; (b)—(c) neutral residues are
collected into a central sphere. See Supporting Information for details.

dependent potential of mean force between lys/a-lac and (ii)
the distance-dependent average alignment of a-lac’s dipole
moment with respect to lys. The latter unitless property ranges
between +1 and —1, where +1 corresponds to a fully aligned
dipole. The final model, (c), maintains all charged residues as in
the crystal structure, while the remaining part is represented by
a central particle. As shown in the Supporting Information, this
model closely reproduces the well-tested reference model (a).

Metropolis Monte Carlo simulations in the canonical
ensemble, NVT, were used for two-protein interactions when
coarse-graining model (a), while simulations in the isobaric—
isothermal ensemble, NpT, were used to study many-protein
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interactions and phase behavior with model (c). The system
energy for a given configuration was U = Y. 4ey;[(0,/r;)"
(03/1)°) + (Cziz/4mepe,ry)¢, where gy is the depth of the
Lennard-Jones potential, 6; is the diameter, and o;; = (o, + n‘f)/
2. r; is the separation between particle i and j, z; is the charge
valency, e is the electron unit charge, and &g, is the dielectric
permittivity of water. For explicit salt, { = 1; for implicit salt, { =
¢, where k is the inverse Debye screening length. For NpT
simulations, the histogram method was used to sample volume
probability distributions, P(V), related to the constrained Gibbs
free energy, G = —kT In P(V) where k is Boltzmann's
constant."” Minima in G correspond to (meta-)stable phases,
and to obtain coexistence concentrations, G was reweighted, G’
= G + ApV, such that two minima had equal free energies."*
The Helmholtz free energy is A = G’ — pV. We used parallel
tempering in both p and « to efficiently sample configurational
space at low salt concentrations where strongly attached
clusters form. For simulation details, see Supporting
Information.

Using model (c), we performed NpT simulations with 40
proteins to investigate the Helmholtz free energy of bulk 1:1
protein mixtures containing lys and four different forms of a-
lac: apo, holo, smeared, and mutated apo (see Table 1 and

Table 1. Model Details for Lys and a-Lac®

a-lac
protein apo holo  mutated” ~smeared® lys
PDB entry 1F6R 1F6S 1F6R 1F6R 4LZT
Nesidues 124 125 124 124 130
net charge, pH 7.5 =59 —4.5 =59 —59 7.0
dipole moment? (D) 78 68 34 3 20

“For all particles, e;; =0.05 kT in models (a) and (b), &1y = 0.075 kT in
model (c). 6; = 30 A for the central sphere (see ref 6 for & of other
particles). “Residues D79 and K99 are swapped. “Net charge is
uniformly smeared over all titratable sites. “Calculated with respect to
the protein mass center.
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(=}
T

'S
(=
T

\S3
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Helmbholtz free energy (kT)

26+05 46405 66+05 26405 4e+05 6e+05
Volume per protein (A”)
Figure 2. Helmholtz free energy for 1:1 mixtures of lys with apo, holo,

mutated, and smeared a-lac at 30 mM (solid lines) and 100 mM
(dashed lines) salt concentrations.

Figure 2). Phase separation, indicated by a common tangent of
two points in the Helmholtz free energy curve, was observed
only for mixtures containing the apo forms and at low salt
concentrations. This is in perfect agreement with experimental
observations.” Increasing the salt concentration leads to
reduced electrostatic interactions between the oppositely
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charged lys and a-lac, and eventually suppresses phase
separation. The same is the case for holo a-lac, where the
bound calcium ion reduces the net charge of a-lac.

To identify the contribution of anisotropic electrostatics to
phase separation, we artificially reduced the a-lac dipole
moment from 78 to 34 D by swapping merely two charged
amino acids (Table 1). As seen in Figure 3, this mutation,

Volume fraction

§60( 011 021 032 Sg43 . . —08

+apo w. -
g oapo 06 g
=50 Amutated | PE
2 N+ 28
g 40 0.4 %
§ 0.2 g
3300 v o
3 JON 0 B

2010 20 30 a0 30 45 60 75
Total protein concentration (mM) R (A)

Figure 3. Left: Fluid—fluid coexistence curve of lys and a-lac in
different forms and with extra short-ranged attraction (SR). The
shaded area shows the experimentally observed concentration range of
the dilute phase; error bars reflect the standard deviation of five
independent Monte Carlo runs. Right: a-lac dipole moment alignment
with respect to lys (25 mM salt) as a function of protein separation in
the dense phases (solid) and at infinite dilution (dotted); the vertical
line indicates the position of the w(r) minima.

which does not alter the net charge, drastically decreases the
critical salt concentration at coexistence and widens the
immiscibility gap of lys/apo a-lac. We also approached
isotropic electrostatics by smearing out the total charge of
apo a-lac on all titratable residues and, as seen in Figure 2, lack
of directional interactions completely obstructs phase separa-
tion in the investigated salt concentration range.

It is instructive to follow the alignment of a-lac’s dipole
moment with respect to the mass center of lys (see Figure 3,
right): at infinite protein dilution, the apo form of a-lac is
aligned by more than 70% when in contact with lys and then
levels off to zero when the proteins separate. As expected, by
diminishing the dipole moment with a point mutation, this
alignment is reduced. A similar behavior is seen in the dense
protein phases but to a lesser degree due to the surrounding
proteins. Still, the apo form of a-lac is aligned by ~40%,
underlining that anisotropic electrostatics are involved in the
dense phase structuring.

Experimentally, microsphere formation occurs at low salt and
at total protein concentrations between 0.075 and 1.05 mM,?
implying that the equilibrium concentration of the dilute phase
is in the sub-millimolar range. Our model predicts a dilute
phase concentration 5—70 times higher, and thus under-
estimates the width of the coexistence curve. Similar issues have
been reported for lys.""'® One reason could be the lack of
charge regulation in our model, although this is probably of
minor importance.?° It has also been proposed that apo a-lac
undergoes conformational changes into a semifolded molten
globule state upon binding to lys, leading to exposure of
hydrophobic residues.® Such a mechanism, which will be
temperature dependent,®"? likely leads to a short-range
attraction unaccounted for by our rigid protein model.
Although quantitative agreement is not the chief goal of this
work, we attempted to remedy the above discrepancy by
pragmatically incorporating a square well potential (depth 1 kT,

dx.doi.org/10.1021/jz201680m | J. Phys. Chem. Lett. 2012, 3, 731-734
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width 3.1 A, corresponding to a water layer) between the
neutral spheres in model (c). This spherically symmetric
potential is justified by lack of angular correlations in the
hydrophobic interactions for the present system (see
Supporting Information). Figure 3 shows that this simple
addition significantly improves the agreement with the
experimental dilute phase density. Further, the simulated two-
body potential of mean force, w(R), is related to the
thermodynamic dissociation constant, Ki' =~
47 [ 2 (e R/T 1)R*dR.*' Without short ranged
attraction, Ky = 737 uM at 39 mM salt and pH 7.5, merely
32% off the experimental value of 490 + 70 ,uM.7 Including the
above square well potential, we obtained K, = 446 yuM. Thus,
the short-ranged attraction improves agreement with the
experimental phase behavior as well as consistency at the
two-protein level. Note that our reference model (a) was
originally used to reproduce lys—lys osmotic second virial
coefficients'® and that we have made no efforts to fit it to
experimental data for the current lys/a-lac system.

We have shown that anisotropic electrostatic interactions
resulting from a nonuniform distribution of amino acid charges
play an important role in protein self-assembly. Due to the high
charge anisotropy of a-lac, this protein aligns in the electric
field of lys, both in dilute and concentrated protein environ-
ments, showing that directional electrostatics are influential
even at crowded conditions. Phase separation is sensitive to
subtle charge changes, and a single amino acid point mutation
that minimizes the protein dipole moment of a-lac, while
retaining the net charge, is enough to significantly shift the
immiscibility gap to lower salt concentrations. This dipole
moment reduction changes the close contact alignment and,
consequently, the structure of the dense phase. Artificially
smearing out the charge over the protein surface, and thus
approaching isotropic electrostatics, completely inhibits phase
separation. These results show that phase behavior of aqueous
protein mixtures is sensitive to anisotropic electrostatics, both
qualitatively and quantitatively, and that inclusion of direction-
ality in theoretical models is important for accurate prediction
of coexistence curves.
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Oblivious to ion specificity, pH has been a key parameter for macromolecular
solutions for little more than a century. We here widen the concept by describing
the ionization of macromolecules not only via pH, but also pX where X are other
binding species. Using binding constants, measured by NMR, of chloride and
thiocyanate to amino acid motifs on y-crystallin, we calculate i) titration curves
as a function of pH and pX and ii) estimate second virial coefficients using both
approximate theory and computer simulations. In agreement with experiment,
a Hofmeister reversal for protein—protein interactions is observed when crossing
iso-electric conditions. Thiocyanate binding further leads to large charge
fluctuations that may trigger intermolecular charge regulation interactions.

1 Introduction

For nearly a century, chemists and other natural scientists have been brought up
with concepts such as pH, Brensted acids and bases, auto-protolysis, and pK,-
values. This terminology focuses on thermodynamic equilibrium processes of merely
a single ionic species, namely protons. pH is hence a key parameter throughout
a number of scientific disciplines and is commonly used as a convenient handle to
control inter- and intra-molecular electrostatic interactions. Protons are, however,
not alone. Plenty of other ions may be present, yet our standard terminology is
unable to account for those. During the last two decades there has been a large devel-
opment in the molecular understanding of ion specific effects; the reader may refer to
recent reviews for a full account.’ It has for example long been known that proteins
can be titrated with anions and that this changes the thermodynamic properties,*®
yet only recently have the underlying molecular mechanisms started to unravel.
Experimental and theoretical works both show that small and large anions distinctly
distribute on molecular surfaces; large anions bind to non-polar motifs’! and thio-
cyanate, for example, binds to the backbone of model peptides.’? The binding affin-
ities to molecular motifs are currently being systematically quantified'>** and an
obvious question is if specific ion binding can be treated at the same level as protons
have been for so long. That is, through the chemical potential (¢/. pH) and binding
equilibrium constant to molecular motifs (¢f. pK, values) we may reduce the micro-
scopic ion-motif potential of mean force to a two state binding model:

MX = M + X (1)

where M is the motif and X is the ion in question. Arguably, protons distinguish
themselves from other ions in that they are always present in water and their binding
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Fig. 1 Left: protein model used in the Monte Carlo simulations. Protons can bind to acidic
and basic sites (turquoise); thiocyanate may bind to the backbone (black) as well as to hydro-
phobic side chains (yellow). Right: two-body simulation model in a cylindrical container —
solvent and salt are handled implicitly.

is of covalent nature. This is fitting for a two-state model as the configurational space
may readily be divided into a well defined bound and unbound state. This (arbitrary)
division becomes more difficult for weakly bound ions, yet formally a thermody-
namic binding constant can always be defined, provided that the ion-motif potential
of mean force has a distinct minimum and decays with distance, r, as 1/ of faster.™*
The mere fact that a binding constant can be reliably measured, preferably with
different experimental techniques, of course also supports a two-state model.

In this work we present a coarse grained model for macromolecules in solution,
taking into account specific ion binding to dedicated molecular motifs. The model
is based on continuum electrostatics, combined with two-state binding of protons
and an arbitrary number of other ions. Ultimately this allows for studies of ion
specific effects at large length scales hitherto unattainable with existing models.

2 Model and theory

2.1 Simulation model

Solvent and salt particles are treated at the Debye-Hiickel level while the rigid
proteins are described in mesoscopic detail where each amino acid is represented
by two soft spheres: one for the backbone and another for the side chain — see
Fig. 1. These spheres are placed at their respective mass centers as found in the atom-
istic NMR or crystal structure and their radii are determined from the atomic
weight, assuming a density of 1 g ml~'. To capture specific ion binding to the macro-
molecular surface we specify binding sites (Table 1) where the free energy difference
between the bound and free state is kg 7In10(pX — pKy4). Analogous to pH, pX is the
minus logarithm of the activityt of the binding ion, X, and Ky is the dissociation
constant for the process. In addition to electrostatic and van der Waals pair interac-
tions, hydrophobic side-chains interact with a square-well potential and the final
system Hamiltonian becomes:

N ABZiZjef'("‘j N i 12 i 6 Nhydroph.
o= e | () () |+ 2 e

i#j i#j i#j

Nbound
+ > (pX; — pKai)ln 10 )
i+
where the first two sums run over all particles, the third over hydrophobic side chains
and the last term over sites with bound ions, only. Ag = 7.1 A is the Bjerrum length

+ In this work we assume that the activity is equal to the concentration.
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Table 1 Amino acid properties and binding sites of yp-crystallin (PDB: 2KLJ*). Only particles
with solvent accessible surface area (SASA) larger than 30 A? are included as ion binding sites;
this is indicated by parenthesis in the N column. When ions bind to a hydrophobic site, this is
rendered non-hydrophobic. A probe with radius 1.4 A is used in SASA measurements

Atom type N alA PRy Ky sen-" Hydrophobic
Asp 12 (10) 4.8 4.0 no
Glu 10 (9) 52 4.4 no
His 6 (4) 5.4 6.3 no
Tyr 14 (7) 5.9 9.6 no
Lys 1(1) 5.2 10.4 no
Cys 6 (0) 4.5 10.8 no
Arg 21 (21) 5.8 12.0 no
Ctr (1) 4.7 2.6 no
Ntr 1 (1) 4.7 7.5 no
Ala 4 (0) 3.1 0.82 yes/no
Ile 6 (0) 4.8 0.82 -/1-
Leu 17 (3) 4.8 0.82 -/1-
Met 4(3) 52 0.82 -/1-
Phe 6 (1) 5.6 0.82 -/1-
Pro 44 43 0.82 -/1-
Trp 4 (0) 6.3 0.82 -/1-
Val 6 (0) 43 0.82 -/1-
Ser 17 39 no
Thr 4 4.4 no
Asn 7 5.6 no
Gln 11 52 no
Gly 14 1.2 no
backbone 156 (5) 4.7 0.60 no
backbone (Pro, Gly) 18 (3) 4.7 1.30 no

for water, z are particle charge numbers, r;; the distance between the i’th and j’th
particle, 1/x = 3.04//Cs A is the Debye screening length,'* C the molar 1 : 1 salt
concentration, = 1/kgT is the inverse thermal energy, and Bug, = —0.8 for surface
separations less than 1.4 A — zero otherwise. Finally, o} = (0; + 07)/2 is the Lennard-
Jones diameter and Bepy = 0.088.

Using Metropolis Monte Carlo (MC) simulations'” we simulate either one or two
of the proteins in a cylindrical container and average over i) mass center positions
(fixed along the main axis of the cylinder), ii) orientations, and iii) ion binding states.
Translations and rotations for two-body simulations, only, are performed in
a combined MC move where a random displacement vector and angle is used to
generate configurations in the canonical ensemble. Averaging over ion binding states
is done by swap moves where the state of randomly chosen binding sites — see Table 1
— is alternated between bound and unbound. “Bound” simply means that the site
charge is changed by +1e or —le for proton and anion binding, respectively. lon
binding to a hydrophobic group renders the group non-hydrophobic, thus excluding
it from hydrophobic interaction. All simulations were performed using the Faunus
project.'®

2.2 Charge regulation

Charge binding sites on molecular surfaces give rise to a fluctuating molecular
charge distribution that can be perturbed by an external electric potential. This leads
to a correlation effect, known as charge regulation or “fluctuation forces”, that
lowers the system free energy.'*?° The mechanism is well known for proton binding
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sites, yet for other ions it is largely unexplored and we therefore give a brief over-
view.

Consider an unperturbed macromolecule with a fluctuating charge distribution
with a charge valency, Z, that occurs with the intrinsic probability P(Z). Exposing
the molecule to an external electric potential, ¢, due to the surrounding chemical
environment, the charge ensemble average becomes,

J. P(Z)Zexp(—BoeZ)dZ
(2)= : ©)
JP(Z)exp(fﬁ(peZ)dZ

It then follows that,
IZ) _
Bedp
where we have introduced the charge capacitance, C, which is simply the variance of

the mean charge.*' If ¢ stems from another fluctuating charge distribution, P(Z'),
the two distributions have the interaction free energy,

(z*y —(z)’=C. “)

Bw(R) = —In J: Jio P(Z2)P(Z )exp(— pZZ /R)dZdZ z%

s

2R?

where R is the center—center distance between the two distributions and in the last

step we have assumed that P, P’ are normal distributions. The same result can be

obtained using a multipole expansion®*?? and the first term is clearly the mono-

pole-monopole interaction term, while the remaining attractive terms are mono-

pole-induced and induced-induced monopole interactions. For the sake of

simplicity we do not discuss angular dependent terms and further note that these

decay faster than the above terms — 1/R* and 1/R® for monopole-dipole and
dipole-dipole interactions, respectively.?

Thus, in the intermolecular interaction energy given by eqn (5), electrostatics are
condensed to two molecular parameters, i) the average net charge, (Z) and ii) the
charge capacitance, C. The latter property is central for describing charge regula-
tion phenomena®' and entails the overall fluctuation effect of all binding ions and
thus depends on solution conditions, structure and protein sequence.

(ciz)y+czy+ac) (5)

2.3 Osmotic second virial coefficient

Through eqn (5), the protein net charge and capacitance can be used to estimate the
osmotic second virial coefficient of protein solutions using,
27a’

B, = 3 ZTch (e Pw(R) — 1)R*dR (©)

where the first term, BYS, is a simple hard sphere contribution for ¢ smaller than
protein—protein contact, ¢ = 25 A. To take into account the effect of salt screening,
Ag in eqn (5) is replaced with'®

Agexp[—k(R — o))/(1 + ko) )

where we note that the quadratic charge regulation terms are subject to stronger salt
screening than the direct monopole-monopole term.
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3 Results and discussion
3.1 Binding of protons, chloride, and thiocyanate

The overall electrostatic properties of bio-molecules are traditionally classified from
the pH titration curve, i.e. the net charge as a function of the proton activity (pH).
To describe how these properties are influenced by additional ions, further dimen-
sions must be added to the titration curve: one for each additional binding species.
In the following we assume that the salt cation does not bind to the protein surface,
although this could easily be included by expanding Table 1; the computational cost
would be negligible.

Fig. 2, top, shows the net charge of y-crystallin in the presence of chloride and
thiocyanate, respectively. Due to weak binding at moderate salt concentrations®'22*
we shall assume that chloride interacts only through double layer forces, that is
through the Debye screening length. The iso-electric point, pI where the net-charge
is zero, thus remains constant over a large span of salt concentrations and the clas-
sical one-dimensional pH picture thus gives a good description of the electrostatic
properties. For pH # pl the net charge does however change with salt concentration
due to screening of intramolecular electrostatic interactions. At high ionic strengths
the protein can hence accommodate a higher net-charge, while if (Z) = 0, screening
has little effect since the internal electrostatic energy, roughly proportional to (Z)?, is
near a minimum.

In contrast, the strongly bound thiocyanate ion behaves very differently.
Changing the salt concentration from 30 mM to 300 mM causes a drop in the iso-
electric point from nine to five because the increased salt activity drives anion
adsorption to the backbone and side-chain binding sites. This process is further
aided by the positive net-charge of the protein at low pH, although at sufficiently
high salt concentrations the binding sites saturate while at the same time the favor-
able electrostatic interactions diminish due to screening.

Chloride Thiocyanate
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Fig. 2 Protein net charge (top) and charge capacitance (bottom) for y-crystallin in NaCl (left)
and NaSCN (right). The dashed lines on the charge plots represent the iso-electric conditions.
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The charge capacitance, C, describes the protein’s ability for charge regulation. In
the chloride solution, the capacitance is influenced by salt only through the ionic
strength; the proton concentration causes maxima at high and low pH, correspond-
ing to the pKy of acidic and basic sites. As the salt concentration increases the elec-
trostatic interactions between sites are screened and whereby they become
independent of each other. In the limit of infinite salt, the capacitance approaches
an ideal value, given by*!

10PXi—PKai

ideal __
=2 (1 + 10PX—PKs; )? ®

i

where the sum runs over all binding sites. Compared to the capacitance where sites
interact, the ideal curve tends to be larger in magnitude and hence less broad.

Thiocyanate also here displays a remarkably different picture compared to chlo-
ride and, overall, the capacitance is higher in magnitude for all salt and pH condi-
tions. This is trivially due to the added number of binding sites that allows for
more charge fluctuations. Increasing the thiocyanate concentration leads to higher
capacitances that approach the ideal value as given by eqn (8) and may potentially
result in strong charge regulation interactions with other molecular matter.
However, as already mentioned, the quadratic charge regulation terms in eqn (5)
are screened with ~e=>" compared to ~e™ for the direct charge—charge term and
hence diminish rapidly with increasing salt. Still, thiocyanate causes capacitances
several times higher than chloride even at low salt concentrations and the addition
of binding ions may hence be a useful tool to tune intermolecular interaction mech-
anisms, charge regulation in particular.

3.2 Protein—protein interactions

3.2.1 Virial coefficients. In the previous section we discussed the electric proper-
ties of y-crystallin using the average charge, (Z), and capacitance, C, while consid-
ering both protons and binding anions. Using these isotropic terms we now estimate
the osmotic second virial coefficient, B,, using eqn (5) and eqn (6). As shown in
Fig. 3, B, for both SCN~ and Cl~ reaches minima for pH close to the iso-electric
points, while at extreme pH the net charge of the protein causes a high (repulsive)
virial coefficient. Note that B, here does not become negative due to the dominance
of the repulsive first term in eqn (5) and that we have neglected attractive short
ranged van der Waals contributions.

It is instructive to investigate the B, difference between the NaSCN and NaCl
solutions — see Fig. 3, right. At near iso-electric conditions, AB, is zero and
thus marks a reversal of the Hofmeister series. That is, when the protein has

s B,(CI) = B,(SCN') s B,(SCN)-B,(CI)
E s E 300 = E 300
c c c 0
__g 20 _g 20 .g
s 15 S 200 5 S 200 2
5 10 5 10 g 4
(3] o o i
5 5 5 100 s 5 100 L
o _ | o / . ©
g 2 46 81012 g 2 46 81012 g 2 46 81012

pH pH pH

Fig. 3 Left and middle: estimated virial coefficients for y-crystallin in NaCl and NaSCN,
respectively using eqn (5) and eqn (6). Right: difference in second virial coefficient between
NaSCN and NaCl. The dashed white line represents zero (Hofmeister reversal), while the
two white dots mark the conditions used for the two-body simulations in Fig. 4. Note that
the B, values are normalized with BS'S,
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a net positive charge, bound thiocyanate anions lower the protein—protein repul-
sion more than chloride; the reverse Hofmeister series.”® For a net negatively
charged protein, binding of thiocyanate causes more repulsion than chloride, i.e.
the direct Hofmeister series. This is exactly what is found in SAXS measurements
for y-crystallin as well as other proteins.?® Experimentally, the inversion for y-crys-
tallin occurs at pH 4.5 and at 500 mM salt*® which is lower than the iso-electric
point in dilute solution (pI 6.7-8.9)**?7 and thus fits the picture that addition of
binding salts down shifts pl, ¢f. Fig. 2. While the low salt Hofmeister reversal pre-
dicted here also agrees with previous theoretical observations®**3° the current
work is distinguished in that ion binding adheres to the complex surface topology
of the protein, while at the same time no explicit ions are required.

3.2.2 Two-body simulations. In the previous section we used perturbation
theory to estimate the second virial coefficient of +y-crystallin solutions and
crudely neglected anisotropy due to electrostatics, van der Waals and excluded
volume. This can be remedied by instead explicitly simulating two coarse grained
proteins (Fig. 1, right) and from the radial distribution function, g(R), extracting
the potential of mean force, Bw(R) = —Ing(R). As shown in Fig. 4 the protein—
protein attraction is larger for thiocyanate anions than chloride anions at pH
6, while the reverse is true at pH 10. This result is in qualitative agreement
with the simplistic multipole calculations in Fig. 3, and more elaborate computer
simulations with explicit ions,? as well as with experimental data.?® Note also, that
there are now distinct minima in the interaction free energies, stemming mostly
from van der Waals interactions and, to a lesser extent, hydrophobic interactions
¢f- eqn (2).

4 Conclusion

Using a simple theoretical model that combines ion binding equilibria to macromo-
lecular motifs with continuum electrostatics, we have investigated ion specific charge
properties of the protein y-crystallin. In particular we note that the iso-electric
“point” of the protein in thiocyanate solution varies strongly with the salt concen-
tration and is thus a function of both pH and pSCN. Osmotic second virial coeffi-
cients — calculated both from a multipole expansion and from two body computer
simulations — show a reverse salting-in Hofmeister series for the cationic protein
while the direct Hofmeister series is followed under anionic conditions. This is in
agreement with SAXS measurements as well as with other theoretical work. While
our model accounts for salting in effects, salting out due to highly solvated ions is
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a —=-pHI10-CI'
ke s pH10-SCN
I I
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RIA

Fig. 4 Simulated potential of mean force, w(R), along the protein—protein mass center coor-
dinate, R, at different pH and anionic species (50 mM). Note the Hofmeister reversal going
from low to high pH.
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neglected. This may be remedied by introducing salt sensitive hydrophobic interac-
tions;* a simple surface tension argument could be a viable option.

With multiple binding sites on the protein surface, thiocyanate brings about large
fluctuations in the molecular charge distribution. This may lead to significant charge
regulation phenomena when interacting with other molecular matter and specific ion
effects may thus provide yet another handle to control intermolecular interactions.
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PROTEINS

Role of histidine for charge regulation of
unstructured peptides at interfaces and in
bulk

Anil Kurut,* Joao Henriques, Jan Forsman, Marie Skepo, and Mikael Lund

Division of Theoretical Chemistry, Lund University, P.O. Box 124, SE-22100 Lund, Sweden

ABSTRACT

Histidine-rich, unstructured peptides adsorb to charged interfaces such as mineral surfaces and microbial cell membranes.
At a molecular level, we investigate the adsorption mechanism as a function of pH, salt, and multivalent ions showing that
(1) proton charge fluctuations are—in contrast to the majority of proteins—optimal at neutral pH, promoting electrostatic
interactions with anionic surfaces through charge regulation and (2) specific zinc(II)-histidine binding competes with pro-
tons and ensures an unusually constant charge distribution over a broad pH interval. In turn, this further enhances surface
adsorption. Our analysis is based on atomistic molecular dynamics simulations, coarse grained Metropolis Monte Carlo, and
classical polymer density functional theory. This multiscale modeling provides a consistent picture in good agreement with
experimental data on Histatin 5, an antimicrobial salivary peptide. Biological function is discussed and we suggest that

charge regulation is a significant driving force for the remarkably robust activity of histidine-rich antimicrobial peptides.

Proteins 2014; 82:657-667.
© 2013 Wiley Periodicals, Inc.

Key words: histidine richness; antimicrobial activity; adsorption of unstructured proteins; Monte Carlo simulations; charge

regulation; specific metal binding.

INTRODUCTION

Nature has produced a number of biomolecules rich
in histidines (HIS). These include not only globular pro-
teins such as hisactophilin and histidine-rich glycopro-
tein, but also intrinsically disordered peptides (IDPs)
such as the histatins. The latter are characterized by lack
of stable tertiary structure when the protein exists as an
isolated polypeptide under in vitro physiological condi-
tions. It has recently been shown that approximately
30% of all proteins in eukaryotic organisms belong to
this group and that IDPs are involved in a large number
of central biological processes and diseases.! This discov-
ery challenges the traditional protein structure paradigm,
which states that a specific well-defined structure is
required for correct function. Biochemical evidence has
since shown that IDPs are functional and that lack of
folded structure is in fact related to function.?>3

Histatins are Salivary peptides with multifunctionality.
They not only protect the oral environment against
microbial attack, but are also involved in the formation
of protective films on solids, which is important for the
maintenance of oral health and surface integrity. The for-
mation of the acquired tooth enamel pellicle involves the
selective adsorption of salivary macromolecules onto the

© 2013 WILEY PERIODICALS, INC.

enamel surface. This conditioning film acts as a selective
permeability barrier between the tooth surface and the
oral environment and regulates the defence against
enamel demineralization. It is hence crucial to under-
stand how lack of structure relates to function when
adsorbed to exposed biological interfaces. Although we
in this article focus on the antimicrobial activity of His-
tatin 5 (His5), we emphasize that our arguments can be
generally applied to biomolecular surface adsorption.
His5 consists of 24 amino acids and is the most active
member of the histatins against pathogenic yeast Candida
albicans.* Its antimicrobial activity and possible killing
mechanisms are therefore subject to much scientific
attention.>~9 Contrary to many antimicrobial peptides,
His5 penetrates the cell membrane without causing
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Figure 1

Models in decreasing order of detail, left to right: Atomistic (MD), soft sphere amino acid bead model (MC), and hard sphere amino acid model
(DFT). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

membrane rupture, which is attributed to its histidine
richness.10-11 Further, HIS form complexes with zinc
ions,12:13 which promote adsorption to bilayer vesicles®
and its killing activity.? It has also been shown that the
16 C-terminal amino acids with a 25% of HIS content
are the active segment of His5,14 supporting the impor-
tance of HIS in the activity.

Accepting that both microbial cell membranes and
tooth enamel represent negatively charged interfaces, we
here investigate the role of histidine on the anionic sur-
face adsorption of a flexible peptide, exemplified by
His5. Our theoretical analysis is based on three levels of
detail entailing (i) atomistic bulk simulations, (ii) a flexi-
ble amino acid bead model with Debye-Hiickel electro-
statics, and (iii) classical polymer density functional
theory (DFT). Common for all models is that pH is kept
constant meaning that the peptide protonation state can
fluctuate and respond to the local chemical environment.
This gives rise to charge regulation mechanisms!5-17
that may contribute to intermolecular interactions in
biomolecular systems—for a recent review, see Ref. 18.
As will be shown, charge regulation becomes important
for histidine-rich biomolecules close to neutral pH. We
further investigate how binding metal ions such as zinc
influence the adsorption free energy to charged surfaces
using an empirical ion-binding potential.

The article is organized as follows: First, we present
the three theoretical models and proceed to study bulk
electrostatic and structural properties of His5. We then
study the adsorption mechanism and free energy as a
function of pH and salt concentration. Finally, we discuss
the effect of multivalent ions, including specific metal
binding and possible implications for biological activity.

PROTEIN MODELS AND
METHODS

We have used three models with different levels of detail
(Fig. 1), one atomistic and two coarse grained (CG), with
a common feature of fluctuating charges on basic and
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acidic residues. That is, the chemical potential of pro-
tons is kept constant during the simulation, upgrading
most simulation work where partial charges are fixed.
Atomistic level molecular dynamics (MD) simulations
are used to investigate bulk properties of His5 and to
verify that the CG models capture the essential physical
features. Monte Carlo (MC) simulations and an amino
acid bead model are used to investigate both bulk prop-
erties and surface affinities. Because atomistic MD
requires substantial computational resources, we have
used this method only to scan a limited parameter range
while fine scanning has been performed using a much
faster CG model. Finally, we have tested hard-sphere
amino acid bead model using classical polymer density
functional theory, which are well suited for further
adsorption studies in concentrated solutions.

CG Monte Carlo simulations
Model

His5 is modeled as a flexible chain where each residue
is CG into a sphere and connected with harmonic
bonds19—see Figure 1. The amino acid radii are deter-
mined from their molecular weight by assuming a com-
mon density of 0.9 g/mL. During the simulations, the
charges of basic and acidic amino acids and C and N ter-
minals are allowed to fluctuate according to pH, when
&, =1 in Eq. (1). An average bulk charge is assigned to
each site when £, =0. Water and monovalent ions are
treated implicitly, whereas divalent ions are explicitly
represented by spheres with a 2 A radius.20

In addition to proton binding, we also mimic specific
zinc coordination to deprotonated HIS using a short
range (SR) square-well attraction, adjusted to
1.2X10° M ™!, the experimental binding constant of zinc
to isolated imidazole groups!3 —see Table I and Eq. (1).
The attraction range of 2.4 A is the average distance
between Zn’* and HIS in three different zinc binding
proteins (PDBs 2XQV, 2XY4, 2WB0, 21IM).



Histidines Promote Adsorption of Unstructured Peptides

The system energy for a given configuration is,

Lennard-Jones (LJ)
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where all the parameters are given in Table L.

Method

A single peptide is simulated using the Metropolis MC
algorithm in the canonical ensemble (NVT) at 298 K in
a volume of 300 X 300 X 300 A> and 300 X 300 X 150
A® for bulk and surface adsorption studies, respectively.
In bulk studies (&,;=0), periodic boundaries are
applied in all directions, whereas in adsorption simula-
tions (&,,;=1), a uniform surface charge density is
assigned to the +xy wall and hard boundaries are
applied in the z-direction. Chain conformations are
sampled using crankshaft, pivot, branch rotations, repta-
tion, and single monomer MC moves together with
whole chain rotation and translation. All MC simulations
are performed using the Faunus framework.21

Atomistic constant-pH MD simulations
Model

A modified version of the GROMOS 54A7 force
field22 is used for the atomistic description of His5. All
simulations are started with a linear structure of His5,
built using MacPyMOL.23 The charges of 20 sites,
including N and C terminals, are updated during the
simulations—see next section.

Method

All constant-pH MD simulations are performed using
a stochastic titration method,24=31 which relies on three

Table |

Parameters in Eq. (1)

Parameter = value Description

n=26 All residues

£=0.05 kgT Strength of LJ
i=(citao;)/2 A LJ diameter

=range (4,8.2)A

6.2 A in average

ry Center of mass distance
e Electron unit charge

g Permittivity of vacuum
£,=80 Water dielectric constant
n,=20 Titratable residues

q; Charge

k! Debye length

T=298K Temperature

kg Boltzmann's constant
Na Avogadro's number
L;,eg=1 or 0 (on/off) Charge regulation switch
ny Protonated residues

pK,= see Table Il
Equy=10r 0 (on/off)
D= 2‘%Tsinh -

Acid dissociation constant
G-C potential switch
Potential at the surface

p(8ks Tcpeoe,)

p=—0.053C/m? Surface charge density
d; Distance to the surface
ky=0.76 kg T Spring constant

i Bond length
R,=49A Equilibrium bond length
ny=n—1 Number of bonds
e2,=4.57 kg T Strength of SR
Ny ) Number of HIS
dz-n=2.4A Bound Zn(I1)-HIS distance

steps. First, the protonation states of residues are deter-
mined using Poisson-Boltzmann/Monte Carlo (PB/MC)
calculations. Second, the solvent is relaxed around the
frozen peptide using a short MD simulation. The third
step is an MD simulation of the unrestraint system. All
simulations are performed in the isobaric-isothermal
ensemble (NPT), at 300 K and 1 bar with the GRO-
MACS 4.0.7 distribution.32-35 PB and MC calculations
are performed with MEAD36 and PETIT37:38 software,
respectively. The simulations are run for 20 ns in tripli-
cate, and the last 15 ns of each replica is used for the
analysis. To confirm the convergence of the structural
properties, two independent replica-exchange MD
(REMD) simulations in temperature are performed with
64 replicas, each in a salt-free solution at pH 7—see Sup-
porting Information.

Density functional theory

Classical polymer density functional theory (DFT) was
originally developed by Woodward3® and has seen subse-
quent developments and extensions. We shall refrain
from a complete description here and instead refer to a
recent work,20 where a rather general exposition is pro-
vided. In this work, we have used a version of the
implicit solvent approach, denoted “model II” in Ref. 40.
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However, we will here also (approximately) account for
differences in size between monomers (coarse-grained
amino acids) and solvent particles (water). Given the
minor role of dispersion (Lennard-Jones) interactions in
our system, these are neglected in the DFT approach.
Tests have confirmed that the Lennard-Jones interactions
have a negligible influence on the results. Moreover, the
CG amino acid monomers have a common (hard-
sphere) diameter of d,,=6.2 A, which is the average value
in the soft sphere CG model. The neighboring mono-
mers are connected by stiff bonds with a fixed length of
5 A. The solvent particles enter explicitly via a net
incompressibility constraint (see Ref. 40:
n;=n,yd> +n.d> where n, and n, are solvent and
monomer densities, and we have simply set n,=1 corre-
sponding to simple cubic close packing. The parameter y
accounts for the reduction in excluded volume brought
about by bonding (connected spheres exclude less vol-
ume than free ones). According to Hall et al.,41 this fac-
tor can be estimated to about 0.63, for a pearl-necklace
chain. Woodward, on the other hand, found an empirical
value of 0.83. In our case, with fused hard-sphere chains,
this would be reduced somewhat. Given that we work
with a rather crude model anyway, with excluded volume
interactions playing a minor role, we chose to simply set
v=0.65, which might be a reasonable compromise of all
these considerations. We have made tests to ensure that
our findings and conclusions are insensitive to the spe-
cific value of v.

Note that the polymer DFT is exact for the case of
noninteracting monomers. To treat titrations properly,
the two different states of the monomers (charged/
uncharged) must be properly accounted for, according to
the prescription described in Ref. 40.

Analysis

We have analyzed statistical mechanical averages of the
residual charges (g;), the net charge of His5, Q=ZX;(g:),
the end-to-end distance RZ,,=(r{ ), radius of gyration,
Iz m,(r

em)

R=
and the mass center of His5 as a function of the center
of mass distance from the surface. The charge capaci-
tance is analyzed using the fluctuations of the net charge,
~(@)-(Qr =t
potential from the surface. Probability density functions
with respect to distance from the surface are sampled
using the histogram method and normalized such that
the integral yields the average monomer concentration
times the z-box length (26X150/(300X 300X 150), A~2).
The analyses of the MD simulations have been per-
formed using GROMACS 4.0.7 software package32=35
and in-house tools. The calculations of correlation-
corrected errors for averages over a single simulation rep-
licate have been computed using standard methods.42

where 7; o, is the distance between residue i

where @ is the external electric
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The final errors of the averages over replicates have been
computed using the law of total variance.

RESULTS AND DISCUSSION
Bulk properties

The bulk properties of His5 in dilute solutions have
been investigated as a function of monovalent salt con-
centration and pH. To mimic biological conditions, ionic
strengths of 80 and 150 mM were chosen, whereas for
completeness, we also include the salt-free case.

Electrostatic properties

As shown in Figure 2 (left), the isoelectric point (pI) of
His5 is predicted to 10.5 by both MC and MD simula-
tions, coinciding with previous theoretical studies.11:43
Calculated net charges using both models are in a good
agreement over the whole pH range. At extreme acidic
and basic conditions, the net charge reaches +15e and
—5e, respectively, and contrary to most proteins and pep-
tides, His5 is cationic over a wide pH range. At intermedi-
ate and high ionic strengths, the reduced electrostatic
repulsion due to salt screening enables protonation of
nearby basic residues and allows for a higher net charge.

Charge fluctuations result in a high charge capacitance
[see Eq. (1)] and hence, a high charge regulation ability.
That is, the molecular charge may readily respond to an
external electric field by taking up or releasing protons.
As shown in Figure 2, the capacitance of His5 has four
maxima and three minima. In this study, we focus on
the biological pH range. At salt-free conditions, the peak
and the minimum are located at pH 5 and 7, respec-
tively, meaning that the charge distribution can be easily
perturbed at pH 5 but not at pH 7. Although the capaci-
tance extrema predicted by MD are at slightly lower pH,
both models agree on the shift of these extrema to higher
pH with increasing ionic strength and on the capacitance
minimum around pH 8.

To determine, which residues contribute to the capaci-
tance peak, we investigate the residual stoichiometric
acid dissociation constant (pK;) obtained from the titra-
tion curve of each residue. At pH=pK}, a residue has
high charge fluctuations due to equally probable proto-
nation states, leading to a capacitance peak. Table II
shows that the peak around pH 6 originates from HIS
residues with pK ranging from 5.4 to 6.2. At pH 8, only
the N-terminal contributes slightly to the capacitance,
thus leading to a minimum.

Structural properties

Although atomistic and CG models agree well on the
electrostatic properties, they differ slightly on the struc-
ture predictions. As seen in Figure 2, the atomistic model
favors more compact conformations than the CG model,
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Figure 2

Electrostatic and structural properties of His5 as a function of pH and
1:1 salt concentration calculated using MC (lines) and MD (symbols)
simulations. The interval fenced by the dashed lines shows saliva condi-
tions. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

resulting in a smaller gyration radius, Re. This can be
due to smaller excluded atom volumes combined with
hydrogen bonds. In the CG flexible chain models, the
high entropic cost of compact conformations combined
with lack of hydrogen bonds favors random coil confor-
mations, and thus larger R,. Experimental studies! 114,44
have shown that in addition to 3—turns, His5 lacks sec-
ondary structure in aqueous solution, thus supporting
the CG models. Nevertheless, the true R, is probably in
between and both models still predict the same relative
changes in R, induced by salt and pH—see Figure 2.

Interaction with negative surfaces
Effect of charge regulation

Although most proteins have capacitance peaks around

is at pH 6 coinciding with normal salivary conditions.
This implies that HIS provides a significant ability to
adjust the net charge in the vicinity of a negative micro-
bial membrane. Figure 3 shows that His5 becomes more
positively charged while approaching a negative surface
at pH 6. Because this cationic gain depends on the num-
ber of residues with pK;=pH, the abundance of HIS
provides an additional charging capacity up to 3e and
enhances the affinity to the surface (see Fig. 3, bottom).
In contrast, the lack of residues with pK; ~ 8 results in
a slight net charge increase and the surface affinity is
thus unaffected.

Note that the charge regulation may also lead to neu-
tralization of the peptide. His5 penetrates cells without
deforming the membrane integrity”>10:46 and bearing
charges, while passing the apolar membrane interior may
be costly. With its high capacitance, HIS may lower this
free-energy cost by adapting the deprotonated state, thus
avoiding pore formation on the membrane.

Effect of pH

The high positive charge at pH 6 combined with
charge regulation results in a strong adsorption to the
negative surface—see Figure 3. Because of the release of
protons, this adsorption is reduced at alkaline conditions,
but at low ionic strengths, the surface adsorption is still
significant. In contrast, the interaction free energy at low
pH reaches 8.5kzT with a free energy minimum closer
to the surface hinting at irreversible adsorption with a
more compact adsorbed layer.

Effect of monovalent salt

As seen in Figure 3, the surface affinity of His5
decreases with increasing monovalent salt concentration
because of the screening of electrostatic attraction.
Although salt is also reducing the repulsion within the
peptide, thus allowing higher net charges, this effect is
insufficient to compensate for the screened surface

pH 4,45 we here show that the capacitance peak of His5 attraction. Our model predicts a clear correlation
Table Il

Stoichiometric (pK;) and Intrinsic (pK,) Acid Dissociation Constants of Residues at 0, 80, and 150 mM 1:1 Salt

Residue id 1 2 3 4 5 6 7 8 9 10 n 12
Residue NTR? ASP SER HIS ALA LYS ARG HIS HIS GLY TYR LYsS ARG
pK;, 15 4.0 — 6.3 — 10.4 120 6.3 6.3 — 9.6 10.4 12.0
pK,(0mM) 13 17 — 52 — 10.0 125 4.0 45 — 8.1 10.3 12.8
pK; (80 mM) 16 32 — 6.0 — 10.2 122 54 5.7 — 89 10.4 12.3
pK; (150 mM) 11 34 — 6.1 — 10.2 121 5.6 58 — 9.1 10.4 12.2
Residue id 13 14 15 16 17 18 19 20 21 22 23 24

Residue LYs PHE HIS GLU LYs HIS HIS SER HIS ARG GLY TYR CTR?
pKa 10.4 — 6.3 4.4 10.4 6.3 6.3 — 6.3 120 — 9.6 26
pK; (0mM) 99 — 5.1 13 1.0 45 5.0 — 5.0 13.0 — 95 1.0
pK; (80 mM) 10.0 — 6.0 32 10.7 5.7 59 — 58 123 — 9.7 22
pK; (150 mM) 10.1 — 6.2 34 10.7 5.8 59 — 59 123 — 9.8 23

“NTR and CTR are abbreviations for N and C terminals, respectively.
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Figure 3

Net charge and interaction free energy of His5 as a function of distance
from a surface with a charge density p=—300 A%/e with (solid lines) and
without (dashed lines) charge regulation at pH 6 and pH 8 where the
capacitance is maximized and minimized, respectively. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

between ionic strength and surface affinity and is thus
consistent with experiments showing that the biological
activity of His5 diminishes with increasing ionic
strength. 1147

Adsorption mechanism

To determine the adsorption mechanism, we have
investigated the gyration radius, R,, and the distribution
of individual residues while His5 approaches the surface.
As seen in Figure 4, the electric field from the surface
induces conformational changes on His5 when the sepa-
ration is smaller than 40 A. The z-component of R, first
increases indicating a chain elongation toward the sur-
face, followed by a contraction due to xy-stretching of
the adsorbed chain on the surface. The elongation is
reflected as a depletion of some residues from the bulk—
see Figure 4. These residues, containing two positive
ARG-LYS patches, drive the peptide to the surface and
mediate the adsorption by providing two grafting
regions. The primary ARG-LYS patch consists of the 11"
to 13" residues and provides the strongest attachment.

Conformational entropy drives the N (NTR) and C
(CTR) terminal domains further from the surface. How-
ever, the energetic gain of positioning the NTR and the
nearby secondary ARG-LYS patch close to the surface,
partly compensates for this entropy and the NTR conse-
quently adsorbs stronger than the CTR.

Many antimicrobial salivary peptides, including hista-
tins, are expressed by multiple gene families.4#3 Diver-
sities in these families cause polymorphism, which may
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influence the microbial activity.49 For instance, a rare
variant of proline-rich glycoprotein does not bind to
bacteria.50 We have tested the sensitivity of the primary
grafting patch to a point mutation by replacing the 12th
ARG with a negative TYR. This mutation eliminates the
grafting to the surface (Fig. 6) resulting in a 40% reduc-
tion in the overall surface affinity—see Figure 5. In addi-
tion, mutating the positive primary ARG-LYS patch to a
neutral GLY completely prevents adsorption of this
region and supports the possible suppression of interac-
tions with microbial membranes due to protein
polymorphism.

Because of HIS attraction, the adsorption of CTR per-
sists even when the primary patch is completely desorbed
(Fig. 6), indicating the prominent role played by HIS. An
experimental study of His5 fragments!4 showed that the
HIS residues in the CTR domain and the primary ARG-
LYS patch are the active parts. This supports our predic-
tions and the importance of electrostatics for antimicro-
bial activity.

Effect of pH

As seen in the residue concentration profiles (Fig. 7),
increasing pH from 6 to 7, markedly reduces the surface
affinity of HIS and results in a weaker adsorption of
both ARG-LYS patches and the CTR. This is more pro-
nounced at pH 8 where the CTR completely desorbs
from the surface due to lack of charge regulation com-
bined with released protons. Although the ARG-LYS
patches are still positive at this pH, their affinity to the
surface is insufficient to compensate conformational
entropy loss of the terminals, thus leading to desorption
of both terminals and the secondary ARG-LYS patch.

z
&

£
El
s
K
=

Figure 4

Residual concentration profile in mM as a function of the distance
from the surface at pH 6 and 80 mM 1:1 salt. Inset: Radius of gyration
and its components with (solid) and without (dashed) charge regula-
tion. Circles indicate the most probable location of each residue relative
to the surface and average bulk charges are shown in parentheses.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Interaction-free energy of His5 (solid lines), mutantl (dashed lines, 12-
ARG is replaced by a negative TYR) and mutant2 (circles, primary
ARG-LYS patch is mutated to a neutral GLY) at pH 6 and 80 mM 1:1
salt solution. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

This gradual desorption can be seen in Figure 8 where
we have plotted the most probable residue positions rela-
tive to the surface.

Previous reports show that the activity of His5 is inde-
pendent of pH.47>51 However, in these studies, the pH
dependence was investigated at low ionic strength (~10
mM) where arginine and lysine dominate the surface
attraction. We here show that even at 80 mM ionic
strength—see Figure 3, His5 has appreciable affinity to
the surface, independent of the studied acidic conditions.
This suggests that His5 is active against microbes once
its surface affinity is above a critical value. Furthermore,
our results indicate that the surface affinity of His5 is
sensitive to pH changes in environments where the ionic
strength is relatively high (such as saliva). As will be
shown, this statement is valid only for zinc-free
conditions.

Note that the surface is modeled independently of
solution conditions with a constant surface charge den-
sity. In reality, the phosphate groups of microbial mem-
branes may change their protonation state according to
pH. Our model may therefore slightly underestimate the
surface affinity with increasing pH.

Effect of monovalent salt

The residue concentration profiles in Figure 7 show
that adsorption of all residues is reduced with increasing
salt concentration. The most pronounced salt screening
effect is observed on the adsorption of the CTR domain
at pH 7 and 8 where charge regulation effects are of little
importance—see Figure 8. In contrast, at pH 6, the coop-
eration between positive patches and the charge regulation
of HIS partly compensates salt screening and provides suf-
ficient attraction to preserve the peptide conformation at
the surface. These adsorption features are also captured by
DFT as shown in the Supporting Information.

Effect of charge regulation

To estimate the importance of charge regulation, we
have investigated the residue profiles with and without
charge regulation. The latter is performed by assigning
bulk charge to each residue corresponding to a certain
pH. As seen in Figure 9, all profiles except for HIS are
mostly unaffected by charge regulation. The surface affin-
ity of HIS without additional regulated charges is insuffi-
cient to compensate for the conformational entropy loss,
resulting in weaker adsorption of CTR and the secondary
ARG-LYS patch—see also Figure 7. This emphasizes the
importance of charge regulation on the CTR adsorption,
the active part of His5, and potentially on biological
activity. In the present example, the charge regulation
mechanism is important within a nanometer from the
surface, whereas direct electrostatic attraction with argi-
nine and lysine are of longer range (first order vs. second
order multipole electrostatics)ls. Thus, LYS and ARG
cause a long range attraction, whereas charge regulation
of HIS enhances the adsorption at short separations and
at low pH. This is consistent with recent experimental
work mapping the roles played by LYS and ARG.>2

Distance (A)

Distance (A)

Figure 6

Concentration profiles of mutantl (fop) and mutant2 (bottom) at pH 6
and 80 mM 1:1 salt solution as a function of the distance from the sur-
face. Mutated amino acids are indicated by *. Circles show the most
probable positions of residues relative to the surface. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 7

Residual concentration profile in mM as a function of distance from the surface at pH 6, 7, and 8; in 80 mM and 150 mM 1:1 salt. White and
black circles show the most probable positions of residues relative to the surface predicted by MC and DFT, respectively. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
Effect of divalent ions

Nonbinding ions

In addition to monovalent ions, biological environ-
ments contain divalent metal ions such as magnesium,
zinc, and calcium.48 Taking saliva as an example, Ca®*
is the most abundant divalent ion48 and its concentra-
tion depends on the oral health state.>3:54 Because high
levels of divalent ions may lead to ion correlations,55 we
investigated how Ca®" affects the surface affinity of His5.
Note that calcium does not bind specifically to His5 and
will here be representative of any generic divalent ion.
Simulations are performed at 6.15 mM of Ca®* corre-
sponding to an increased saliva level48 with explicit diva-

lent and implicit monovalent ions. This hybrid model
has previously been shown to correctlg reproduce elec-
trostatics in strongly coupled systems.20 For comparison
with the monovalent salt studies in previous sections, the
total ionic strength is kept constant at 80 mM. As seen
in Figure 10, the adsorption and charge regulation of
His5 are unaffected by Ca?" ions at 80 mM ionic
strength indicating that calcium induces no or only weak
correlation effects and behaves chiefly as an ionic screen-
ing agent like monovalent ions.

Binding ions

Contrary to calcium, zinc(Il) selectively coordinates to
the imidazole group of HIS!213 with one Zn>* ion

o

Distance (A)

Figure 8

Most probable positions of residues relative to the surface at 80 mM (full
symbols) and 150 mM (open symbols) [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 9

Difference between the residual concentration profiles with and without
charge regulation at pH 6 and 80 mM 1:1 salt solution. The most prob-
able positions of residues with and without charge regulation are shown
by black and white circles, respectively. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10

Properties of His5 as a function of the surface distance at 80 mM total ionic strength with and without divalent ions. See Table 3 for the concentra-
tion of divalent ions. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

chelating up to four HIS.50 It has been shown that this
binding promotes the activity of His5 by facilitating the
adsorption to microbial membranes and inducing
fusion.%9 To mimic zinc binding, we have investigated the

surface affinity of His5 in the presence of explicit zinc ions
with a specific short-range attraction to HIS as detailed in
the model section. Simulations are performed with two
Zn** ions corresponding to 0.25 mM to allow all possible

Increasing pH

Figure 11

Concentration profiles of residues with explicit divalent ions at pH 6, 7, and 8 and 80 mM total ionic strength. Deprotonated HIS (red), calcium
(yellow), and zinc (blue) ions are shown in the snapshots of His5 conformation on the surface.
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Table 3
Concentrations (mM) of Explicit Divalent and Implicit Monovalent
Tons and Corresponding Debye Lengths, 1/x

Na* cl- Ca?* n** Kk (A
(a) 80 80 0 0 108
(b) 61.55 73.85 6.15 0 1.7
(c) 61.55 74.35 6.15 0.25 1.7

zinc coordinations. Although this concentration is higher
than salivary levels (uM),%” it is still relevant to biological
applications, including usage of dental products with zinc
salts, which may bring the oral zinc level up to 0.5 mM.58
As seen in Figure 10, the surface affinity of His5 is
enhanced by zinc at pH > 6 where protons are unable to
compete for zinc-binding sites. In contrast, at pH 6 or
lower, this competition is won by protons, rendering the
charge distribution oblivious to the presence of zinc. Our
results are in line with experimental studies showing that
His5 forms strong metal-peptide complexes at neutral and
basic conditions.”® Finally, Figure 10 shows a reduction in
gyration radius on adsorption, suggests that zinc complexa-
tion induces compact conformations, which are also
observed experimentally,>® via bridging HIS—see snapshots
in Figure 11. Interestingly, zinc complexation leads to a
strong adsorption independent of pH by providing more
grafting points on the surface and restoring positive charges
lost from proton release.

CONCLUSION

Focusing on electrostatics, we have investigated bulk
properties of an unstructured histidine-rich peptide,
His5, and its adsorption to a uniformly charged surface
to determine the role of HIS. In bulk solution, CG and
atomistic models have been explored using MC and MD
simulations. All models quantitatively agree on bulk elec-
trostatics indicating that a sufficient level of detail is
included in the CG models. Qualitative agreement is
obtained on structural properties by predicting the same
pH and salt dependence, suggesting that the effect of pH
and salt can be captured without full atomic detail.

We show that His5 has an uncommonly high charge
capacitance at pH 6 due to a high histidine content.
Matching capacitance peak conditions activates a charge
regulation mechanism and turns HIS into positive charge
providers under an external electric field. This mechanism
can be generalized to any titratable sites of any proteins,
regardless of size and structure, with matching pK, and
pH. Although charge regulation promotes adsorption at
pH 6, increasing pH causes proton release and conse-
quently desorption of His5. However, when pH > 6,
deprotonated HISs act as zinc chelators that restore the
positive charges lost from proton release. In effect, the pH
sensitivity is eliminated and zinc thus ensures a robust,
pH-independent surface affinity. Finally, charge regulation
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may neutralize the peptide, thereby preventing unfavorable
desolvation interactions while passing bilayers. This mech-
anism may highlight why His5 can penetrate microbial
cells without rupturing their membranes.
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High Expression of Midkine in the Airways of Patients
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Mutations in the cystic fibrosis transmembrane conductance regu-
lator (CFTR) gene result inimpaired host defense during cystic fibro-
sis (CF), where Pseudomonas aeruginosabecomes a key pathogen. We
investigated the expression pattern of the antibacterial growth fac-
tor midkine (MK) in CF and the possible interference with its activity
by the altered airway microenvironment. High MK expression was
found in CF lung tissue compared with control samples, involving
epithelia of the large and small airways, alveoli, and cells of the sub-
mucosa (i.e., neutrophils and mast cells). In CF sputum, MK was
present at 100-fold higher levels, but was also subject to increased
degradation, compared with MK in sputum from healthy control
subjects. MK exerted a bactericidal effect on P. aeruginosa, but
increasing salt concentrations and low pH impaired this activity. Mo-
lecular modeling suggested that the effects of salt and pH were at-
tributable to electrostatic screening and a charge-neutralization of
the membrane, respectively. Both the neutrophil elastase and elas-
tase of P. aeruginosa cleaved MK to smaller fragments, resulting
in impaired bactericidal activity. Thus, MK is highly expressed in
CF, but its bactericidal properties may be impaired by the altered
microenvironment, as reflected by the in vitro conditions used in this
study.

Keywords: cystic fibrosis; midkine; Pseudomonas aeruginosa; host
defense

Host defense functions of the airways are impaired in cystic fi-
brosis (CF), resulting in long-term colonization with bacterial
pathogens, and especially Pseudomonas aeruginosa. The pres-
ence of P. aeruginosa causes bouts of inflammation, and in most
cases disease progression (1). Host defense is affected at several
levels in CF, including defects in mucociliary clearance, dysreg-
ulated inflammation, and the accumulation of inflammatory ef-
fector cells (in particular, neutrophils) (2). CF originates from
mutations in the cystic fibrosis transmembrane conductance reg-
ulator (CFTR) gene. Abnormal electrolyte transport across air-
way epithelia, resulting in increased salt concentrations and/or
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CLINICAL RELEVANCE

This is the first report on the expression of the antibacterial
growth factor midkine in cystic fibrosis. Midkine exerts
bactericidal activity against Pseudomonas aeruginosa, but
the activity is impaired by increasing salt concentrations
and lowered pH. In addition, elastase of P. aeruginosa de-
grades midkine, resulting in a lower antibacterial activity.
These findings can provide targets for therapeutic intervention.

a reduced depth of the airway surface liquid (ASL), has been
hypothesized to cause the initial CF host-defense defect (3-6).
Such physical alterations of ASL may affect the antibacterial
activity of host defense proteins (HDPs), as exemplified by the
bactericidal B defensins (hBD-1 and hBD-2), which are salt-
sensitive and thus possibly inactivated during CF (7, 8). Recently,
a lack of CFTR in a porcine model was not found to increase
transepithelial Na™ or liquid absorption, or to reduce the depth
of ASL (9). Instead, the lower pH of ASL in CFTR knockout pigs
resulted in a reduced antibacterial activity of innate antibiotics
(10).

Recently, we showed that midkine (MK) and pleiotrophin,
the two members of a family of heparin-binding growth factors,
demonstrate strong antibacterial activity in vitro (11, 12). In ad-
dition, MK is constitutively expressed in the epithelia of large
airways, and may serve as an HDP in this context (13). In this
study, we investigated MK expression in the airways during CF,
and we investigated how the bactericidal activity of this molecule
is affected by salt, pH, and the proteolysis brought about by the
elastases of neutrophils and by P. aeruginosa.

MATERIALS AND METHODS

Special Reagents

Rabbit antibodies to MK, preimmune rabbit IgG, and recombinant hu-
man MK were obtained from Peprotech (London, UK). Elastase from
P. aeruginosa was obtained from Merck Millipore (Solna, Sweden), and
neutrophil elastase was obtained from Sigma-Aldrich (St. Louis, MO).

In Situ Hybridization

Lung tissue was obtained from individuals undergoing lung transplan-
tation for endstage CF and we also acquired excess lung tissue from pre-
viously healthy donors at transplantation, as approved by the Ethics
Committee of Lund (LU412-03). The in situ hybridization procedure
is described in the online supplement.

Immunohistochemistry

A staining protocol (EnVision K5007; DAKO, Glostrup, Denmark) was
used to visualize bound MK antibodies in thin sections. In the case of
double staining, MK immunoreactivity was visualized with a goat anti-
rabbit Alexa-Fluor 555-conjugated antibody (diluted 1:200; Molecular
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Probes, Eugene, OR). Mouse monoclonal antibodies to surfactant pro-
tein-A (SP-A), myeloperoxidase, or chymase were visualized using an
Alexa-Fluor 488-conjugated goat anti-mouse antibody (1:200; Molecular
Probes). Nuclei were visualized using Hoechst 33342 stain. No staining
was observed in sections using isotype-matched control antibodies.

Bacteria

P. aeruginosa strain PAO1 and the clinical CF strains have been de-
scribed previously (14-16). All strains included nonmucoid pheno-
types, to facilitate the viable count assay.

Viable Count Assay

Viable counts were performed as described elsewhere (13). Bacteria
grown to midlogarithmic phase were diluted in a buffer containg Tris-
HCI (10 mM) and glucose (5 mM), pH 7.4. To assess the antibacterial
activity of cleaved MK by P. aeruginosa elastase or elastase from neu-
trophils, MK was preincubated with P. aeruginosa elastase or the elas-
tase of neutrophils for different times before the viable count assay.

Electron Microscopy

Details of electron microscopy are described in the online supplement.

Flow Cytometry and Entrance of Vital Dyes

Details of flow cytometry and the entrance of vital dyes are described in
the online supplement.

Metropolis Monte Carlo Simulations

Metropolis Monte Carlo simulations were used to determine the net
charge of MK as a function of pH, and also the interaction-free energy
of MK with a charged surface (i.e., a bacterial cell membrane) (17-19).
The MK molecule was described as a flexible bead model, each bead
representing an amino acid (see Figure E1 in the online supplement).
The canonical ensemble of peptide configurations and protonation
states was explored. and the total energy for a given configuration
was calculated as described elsewhere (20).

Sputum Samples

Sputum samples were obtained from four patients (20-54 years of age)
suffering from CF and colonized with P. aeruginosa. Induced sputum
from three healthy individuals (32-54 years of age) was obtained after
the inhalation of 5 ml nebulized sodium chloride (30 mg/ml). All
subjects gave their written, informed consent to participate in the
study, which was approved by the Ethics Committee in Lund (2011-
434).

SDS-PAGE and Western Blotting

MK (5 pg) was incubated with P. aeruginosa elastase (0.5 pg), neu-
trophil elastase (0.5 pg), conditioned medium from overnight cul-
tures with P. aeruginosa (strain PAO1), or PBS alone for 1 hour or
18 hours at 37°C. The proteins were separated on Tris-tricine gels,
and visualized by Coomassie staining. For Western blotting, the
peptides were first transferred onto a PVDF membrane (Merck
Millipore) using a blotting system, and subsequent procedures were
performed according to the instructions of the manufacturer (Bio-Rad,
Hercules, CA).

Mass Spectrometry

Details of mass spectrometry are described in the online supplement.

RESULTS

Increased Expression of MK in the Airways during CF

Lung tissue obtained from individuals undergoing lung transplan-
tation for endstage CF was compared with excess lung tissue from

TABLE 1. CHARACTERISTICS OF PATIENTS WITH CF
AND CONTROL SUBJECTS

Control Subjects Patients with CF

Sex, M/F, n 2/6, 8 2/3,5
Age, yr 63 (33-76) 30 (23-38)
Current smokers, y/n 0 0
Ex-smokers, y/n 0 0
Inhaled GCS, y/n 0 5/0
Oral GCS, y/n 0 3/2

B2 agonist, y/n 0 5/0
Lung function

FEV; percent predicted* 110 (82-141) 31 (22-45)
FEV1/(F)VC* 86 (66-121) 50 (33-84)
VC percent predicted* 104 (82-126) 54 (46-70)

TLC percent predicted* ND 104 (79-129)
RV percent predicted* ND 215 (113-318)
Percent TLCO SB ND 60 (50-71)

Definition of abbreviations: CF, cystic fibrosis; F, female; FEV;, forced expiratory
volume in 1 second; (F)VC, (forced) vital capacity; GCS, glucocorticosteroid;
M, male; ND, not determined; RV, residual volume; SB, single-breath; TLC, total lung
capacity; TLCO, diffusing capacity for carbon monoxide; VC, vital capacity; y/n, yes/no.

*Data are presented as mean (range).

previously healthy donors at transplantation (described in Table 1).
In situ hybridization showed MK gene expression in the epithelium
of both the large and small airways, and to a lesser extent in alveoli
(Figures 1A-1C). At the protein level, a similar pattern was
observed, with the detection of MK protein in epithelial cells
of the large and small airways (Figures 1E-1G). A morpho-
metric analysis of the immunohistochemical staining showed
a significantly higher level of detection at all sites investigated,
namely, in the airway wall (Figure 11), in the subepithelial
compartment (Figure 1J), and in the epithelium (Figure 1K).
In alveoli, double staining for MK and SP-A revealed the
presence of MK in Type 2 pneumocytes (Figure 1L). In scat-
tered subepithelial cells of the large and small airways, double
staining also revealed the presence of MK in neutrophils (Fig-
ure 1M) and mast cells (Figure IN).

MK Demonstrates Antibacterial Activity against
P. aeruginosa

Using a viable count assay to investigate bactericidal activity,
we found that MK demonstrated dose-dependent antibacterial
activity against P. aeruginosa (Figures 2A-2D). The different
strains of P. aeruginosa used in this study were sensitive to
MK at somewhat varying concentrations. The antibacterial
activities of MK against the most commonly used laboratory
strain of P. aeruginosa, PAO1, and a clinical isolate from a pa-
tient with CF (strain 032) were very similar. The antibacterial
effects of 0.1 uM MK for these strains were approximately
90%, and complete bacterial killing was seen when the con-
centration of MK reached 0.3 pM (Figures 2A and 2D). In the
case of the other two clinical isolates obtained from patients
with CF (strains 335A and 022A), higher concentrations of
MK were required. Only 10% bacterial killing was seen at
an MK concentration of 0.1 pM, and for complete bacterial
killing, an MK concentration of 1 pM was needed (Figures 2B
and 2C). MK showed no cytotoxicity against bronchial epithe-
lial cells in this range of concentrations, as detected by the
release of lactate dehydrogenase (data not shown).

Both scanning electron microscopy and negative staining
(transmission electron microscopy) were performed to visualize
morphological changes of the bacteria (strain PA01) after incu-
bation with MK (Figure 2E). After exposure, the bacteria ex-
hibited a lytic appearance, including blebs and the release of
intracellular contents, indicating a loss of membrane integrity.
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Figure 1. Midkine (MK) expression in the airways during cystic fibrosis (CF). In situ hybridization showed a high expression of MK in the epithelium
(ep) of both the large (A) and small (B) airways. (C) Hybridization appears as violet staining. Abundant neutrophils are seen in the lumen (lu). Only
weak expression was detected in alveoli (alv). (D) Hybridization with a scrambled control oligonucleotide resulted in a loss of labeling. Immuno-
histochemical staining, where the presence of MK appears as a brownish color, was used to detect MK in the central airways (E), small airways (F),
and alveolar parenchyma (G). The negative control, obtained by replacing the primary antibody with preimmune IgG, is shown in H. The density of
MK immunoreactivity, expressed as positive pixels per square millimeter in the entire airway wall (/), and subdivided into the subepithelium (/) and
epithelium (K), was measured and showed significant differences at these levels (**P < 0.01, as assessed by Student t test for paired observations
with unequal variance). Triple fluorescent immunohistochemical staining, where MK (red, Alexa-Fluor 555; Molecular Probes) colocalized with
surfactant protein-A (L), neutrophils (M), myeloperoxidase, and mast cells (N) (tryptase), is shown in green (Alexa-Fluor 488). The DNA of nuclei is
stained with 4'6-diamidino-2-phenylindole (blue). Scale bars in A, B, D-G, and [-N, 200 pm; scale bars in C and H, 100 um. Inserts depict a type 2
pneumocyte (L), a neutrophil (M), and a mast cell (N) respectively. Ctrl, control.

Membrane integrity can be assessed by the entry of vital dyes, to detect the entrance of PI, and after 1 hour of incubation with
and propidium iodide (PI) was previously used to study mem- MK (1 pM), the membrane integrity of bacteria was lost, allow-
brane damage in bacteria (21). Thus, flow cytometry was used ing for the internalization of PI (Figure 2F).
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Effects of Salt and pH on the Antibacterial
Properties of MK

The antibacterial properties of MK at different pH values and
salt concentrations were investigated using a viable count assay.
A decrease in bacterial killing was observed as the pH decreased
and as the salt concentration increased. Inconsistent results have
been obtained regarding Na* concentrations in the ASL of
healthy lung tissue, ranging from 50 mM to 140 mM, with a
pH of around 7.4 (3-6). In a porcine model of CF, the ASL
demonstrated Na* at 140 mM, whereas the pH was around 7.0
or less (10). Interestingly, the bactericidal activity of MK
showed both a pH-dependent and salt-dependent decrease
(Figure 3A).

As seen in Figure 3C, the modeled net charge of MK is
largely constant in a pH range of 5-8, suggesting that pH-driven
changes in killing activity are not attributable to changes in the
protonation state of MK. We therefore investigated possible
changes of the bacterial membrane with changes in pH. Al-
though the conditions for calculating the net charge of MK in
bulk solution are well determined (pK,, pH, salt, sequence), the
determination of the pH-dependence of the membrane surface
charge density remains more hypothetical. This is because the
exact lipid composition of P. aeruginosa is unknown, as are the

stoichiometric phosphate pK, values in the complex membrane
environment. Previous studies of bacterial membranes have shown
surface charge densities ranging from —0.00022 to —0.076 elA?,
depending on the lipid composition and on physiological condi-
tions (22-25). For instance, increasing the pH from 3.5 to 7 resulted
in a charge inversion from positive to negative of lipid films
composed of phosphatidylserine and phosphatidylcholine (28).
Because of this arbitrariness, we assigned the charge densities
—0.0016, —0.0025, and —0.0033 e/Azﬂ to pH 6, 6.5, and 7.4 by
assuming a head group density of 60 A%lipid (26), 20% charged
groups, and an effective pK,, of 6 (22). This allowed us to qualita-
tively predict the pH-dependent peptide-surface interaction energy,
whereas for a quantitative result, a more detailed knowledge of
membrane characteristics must be obtained. Because the assigned
charge densities are sufficiently low (meaning that the charged
groups are far from each other and thus are not interacting), the
protonation of these groups is assumed to be independent of salt
concentration. As seen in Figure 3B, by increasing the salt concen-
tration, the binding of MK to the membrane is dramatically reduced
because of electrostatic screening by the added salt ions. This re-
duction correlates well with the decrease in antimicrobial activity, as
seen in Figure 3A. Increasing the surface charge density, thus mim-
icking a pH increase, results in stronger surface affinities because of
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Figure 3. The influence of salt and pH on the bacte-
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the stronger electrostatic attraction. Again, this correlates well with
experimental observations in the viable count assay.

Detection of MK in Sputum and Degradation by Elastases

In sputum from patients with CF, MK was detected at 9.2 ng/ml
(0.7 nM; range, 1.7-26 ng/ml, or 0.1-1.9 nM; n = 6). In induced
sputum from healthy individuals, mean MK levels of 105 pg/ml
(0.8 pM) have previously been reported (range, 95-116 pg/ml,
or 0.7-0.9 pM) (13). In the case of induced sputum, inhaled
nebulized sodium chloride could contribute to a diluting effect.

To characterize MK in sputum further, SDS-PAGE followed
by Western blotting was performed on sputum from five patients
with CF colonized with P. aeruginosa, in parallel with induced
sputum from three healthy control subjects (Figure 4A). Faint
bands corresponding to the recombinant MK holoprotein was
detected in the sputum of control subjects, whereas a band cor-
responding to a slightly smaller amount of MK was seen in the
sputum of both patients with CF and healthy individuals. In
addition, sputum from patients with CF contained additional
bands of lower molecular weight, indicating an increased deg-
radation of MK.

MK is likely to encounter the elastase of both neutrophils and
P. aeruginosa in CF airways. Thus, MK was incubated with these
elastases, followed by separation using SDS-PAGE (Figure 4B).
Similar fragments were obtained when MK was cleaved with
elastase from neutrophils or from P. aeruginosa. However, neu-
trophil elastase cleaved MK more efficiently than elastase from
P. aeruginosa. After 1 hour of incubation of MK with neutrophilic
elastase, the holoprotein was degraded into three fragments, and
after 18 hours of incubation, one single band was detected. Most

of the holoprotein was observed after 1 hour of incubation of MK
with P. aeruginosa elastase, and after 18 hours of incubation, most
of the MK was degraded into smaller fragments (Figure 4B). To
investigate whether the degradation impaired bactericidal activ-
ity, aliquots of the digests were incubated with P. aeruginosa
(strain PAOQ1) in the viable count assay (Figure 4C). The degra-
dation of MK caused by the elastase of neutrophils showed the
most profound decrease in antibacterial activity. Moreover, the
antibacterial activity of MK was completely lost when an 18-hour
digest of MK with elastase from neutrophils was performed. This
correlates very well with the protein-stained gel, where after
1 hour of incubation, the holoprotein was lost and only fragments
were detected, and after the 18-hour incubation, only one faint
fragment was seen, indicating the almost complete degradation
of MK. After a 1-hour digest of MK with P. aeruginosa clastase,
no decrease in antibacterial activity was observed. However, the
antibacterial activity of MK decreased after an 18-hour digest of
MK with P. aeruginosa elastase (Figure 4C). This also correlates
well with the protein-stained gel, where the holoprotein was seen
after 1 hour, and after 18 hours of incubation, fragments were
seen as well as a faint band of the MK holoprotein.

The three fragments obtained after 18 hours of the cleavage of
MK with P. aeruginosa elastase were analyzed by mass spectrom-
etry and N-terminal protein sequencing (Figure 4D). The MK
molecule was most prone to degradation at its C-terminal tail,
which is responsible for most of the antibacterial activity (13). In
addition, the N-terminus was also degraded (Figure 4D).

The incubation of MK with conditioned medium (CM) from
P. aeruginosa (strain PAO1) produced some degradation of MK
after 3 hours of incubation (Figure 4E). However, after 18 hours
of incubation of MK with the CM, only faint bands were
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detected, indicating that MK had been almost completely de-
graded by proteases released from the bacteria.

DISCUSSION

In this study, we showed that MK is expressed in the airways of
patients with CF at all levels, in contrast to healthy individuals, in
whom a lower expression was found, mainly in the epithelium
of the large airways (13). The bactericidal activity of MK was
diminished both by increasing the salt concentration and by
decreasing pH, counteracting its role as an innate antibiotic in
CF. In addition, neutrophil elastase (and to some extent, the
clastase of P. aeruginosa) degraded MK, resulting in impaired
bactericidal activity.

Retinoic acid is an important factor for the maintenance of
airway integrity, and it also promotes the expression of MK in
many tissues during health (11). The increased expression of
MK in CF may be explained by several factors, including hyp-
oxia (hypoxia-inducible factor-1a), the activation of NF-kB by
proinflammatory cytokines, and oxidative stress (27-29). All these
prerequisites for the increased expression of MK are likely to be
present, especially in advanced CF disease, which often involves
hypoxia. A high level of chronic inflammation involving NF-«B is
seen in CF, and this transcription factor, which activates the

—
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Figure 4. Detection of MK in the sputum of patients with
CF, and degradation by human neutrophil elastase and the
elastase of P. aeruginosa in vitro, impairing its bactericidal
activity. (A) Sputum from five patients with CF (lanes 1-5)
== colonized with P. aeruginosa and induced sputum from
three healthy control subjects (lanes 5-7) were separated
by SDS-PAGE and subjected to Western blotting to detect
MK. Faint bands corresponding to the recombinant
N MK holoprotein is seen in the sputum of control subjects

*QQ’ (arrowhead), whereas a slightly smaller band is seen in both
&

healthy individuals and patients with CF (arrow). In the
sputum of patients with CF, additional bands of lower mo-
lecular weight indicate increased degradation in MK (asterisks).
(B) MK was incubated in buffer alone (PBS), with neutro-
phil elastase (NE) or with the elastase of P. geruginosa (PE)
for 3 or 18 hours, followed by separation on SDS-PAGE and
visualization by Coomassie staining. Both proteases caused
degradation to three distinct forms, which were analyzed
by N-terminal sequencing and mass spectrometry, where
the sequences on both sides of the two domains were
degraded (D). One representative experiment out of three
separate experiments is shown. After 18 hours, neutrophil
elastase had completely degraded MK. The upper model
shows the intact midkine holoprotein (orange), the green
model (middle) and the violet model (lower) depicts the
two fragments resulting from degradation by elastase of
- P. aeruginosa. The corresponding sequences are indicated
by color in the protein sequence. (C) The bactericidal ac-
tivity remaining after degradation was investigated using
a viable count assay with P. aeruginosa (strain PAOT), result-
ing in a loss of bactericidal activity, whereas in the case of
P. aeruginosa elastase, much of the bactericidal activity
was retained. Both the neutrophil elastase and elastase of
P. aeruginosa demonstrated a significant time-dependent
reduction of bacterial killing (P < 0.01, two-way ANOVA,
followed by the Holm-Sidak post hoc test; n = 3 for each
elastase). (E) Conditioned medium from P. aeruginosa
(strain PAOT), incubated with MK, resulted in three bands
of similar size after 3 hours (D, arrows).

transcription of proinflammatory mediators, has been suggested
as a pharmaceutical target to treat the disease (30). The pyo-
cyanin of P. aeruginosa produces reactive oxygen species (ROS)
that cause the expression of proinflammatory cytokines in epi-
thelial cells of the airway (31). In addition, a high accumulation
of activated neutrophils occurs, producing ROS in CF airways
(32).

The concentration and function of antimicrobial proteins are
likely to be most important in the thin liquid layer constituting
the ASL on the epithelial cell surface (9). In a previous study, we
determined the MK concentration in ASL, using an air-liquid
interface model, and found a concentration of 0.7 WM, corre-
sponding to a bactericidal level (13). The composition of sputum
differs in many ways from that of ASL. In particular, sputum
contains a high content of anionic mucins. Thus, the MK content
of sputum likely reflects events occurring at the epithelial cell
surface. However, bactericidal activity is less likely to be conduct-
ed in the context of sputum, and more likely to be conducted in
the ASL.

The antibacterial activity of many HDPs decreases with the
presence of salt, a feature long believed to explain part of the
impaired host defense in CF (7, 8). Recently, the antibacterial
activity of lactoferrin and lysozyme, two major antibacterial
proteins of ASL, was shown to become reduced at lower
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pH (10, 33). In the case of MK, our results show that the net
charge of the molecule is mostly unaffected by pH values in the
physiological range. Instead, the charge on the bacterial mem-
brane may become neutralized, thus weakening the disruptive
properties of MK. In addition to its bacteriolytic properties,
lactoferrin mediates bacteriostatic effects through the seques-
tration of iron, and lysozyme demonstrates muraminidase activ-
ity, resulting in the degradation of the bacterial cell wall (33).
However, MK mediates its bactericidal activity through mem-
brane disruption, and the pH-dependent level of activity is
likely a result of changes in electrostatic attraction with the
bacterial membrane for all three proteins (i.e., lactoferrin, lyso-
zyme, and MK) (12). Because most HDPs kill bacteria via mem-
brane disruption, the protonation of the bacterial membrane is
likely a general effect of their antibacterial activity. Taken to-
gether, the effects of salt and pH are attributable to electrostatic
screening and a charge-neutralization of the membrane, respec-
tively. P. aeruginosa is also known to alter the composition of its
lipid membrane, resulting in a reduced anionic charge, increasing
its protection against HDPs (34).

MK may contribute to airway remodeling, which begins early
in CF and becomes extensive with disease progression (35). In an
animal model, MK was found to contribute to vascular remod-
eling during hypoxia, and it may therefore play an important
role in this aspect of CF as well (27).

During CF, inflammation results in a high accumulation of
neutrophils, with the release of serine proteases (e.g., elastase
in the airways) (36). The elastase of P. aeruginosa is also likely
to play a role in interfering with the function of HDPs such as
SP-A and SP-D (37). Both elastases showed a similar pattern,
degrading the N-terminus and the C-terminus of MK, with the
C-terminus exhibiting high antibacterial activity (13). Contain-
ing antiparallel B-sheets, the two domains seem more resistant
to proteolysis. However, when discussing proteolytic activity, it
is important to bear in mind that sputum is a mucin-rich envi-
ronment with many necrotic cells, which may not reflect the
conditions that prevail during critical events at the epithelial
cell surface.

In conclusion, MK is highly expressed in CF, but its bacteri-
cidal properties may be impaired by the altered microenviron-
ment, as reflected by the mimicked conditions in vitro used in
this study.
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Adsorption of B-casein to hydrophilic silica surfaces has been studied as an effect of pH and electrolyte, in
the latter concentration, valency, and specificity (calcium or magnesium) have been considered. The used
protein concentration has been an order of magnitude below the critical aggregation concentration,
which implies that the protein is in monomeric form. By varying the salt concentration, the pH, and the

Ke}’WWdS-'_ concentration of divalent ions as calcium and magnesium, it is clearly shown that electrostatic in-
Milk protein teractions are of importance for adsorption of B-casein to silica surfaces and tunes the adsorbed amount
g\:ifeal:es and sa_turation of the surface. Our results shqw t_}}at there is gounterba_lance between: (_i)_ electrostatic
Hydrophilic silica repulsion between the surface and the protein, (ii) electrostatic attraction between positively charged
Adsorption amino acids in the protein and the surface, and (iii) electrostatic repulsion and excluded volumes be-

tween adsorbed proteins at the surface, and that the positively charged amino acids serve as anchoring

points.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

B-casein (together with asj-casein) is the most abundant milk
protein and belongs to the Ca-sensitive phosphoproteins. The pri-
mary structure of B-casein is proline-rich and consists of 209 amino
acid residues, including five phosphorylated serines. The molecular
mass is approx. 24 kD. B-casein belongs to the family of intrinsically
disordered proteins (IDPs), (Dunker et al, 2001) and the protein has
an amphiphilic character with one hydrophilic and one more hy-
drophobic domain at neutral pH. The N-terminal region of the
sequence is rich in polar and negatively charged amino residues,
including all five phosphorylated serines located at position 15, 17,
18,19, and 35 while the main part of the hydrophobic and positive
residues are located in the C-terminus. The isoelectric point is
estimated to 5.2 (Hipp, Groves, & McMeekin, 1952). B-caseins have
a tendency to form aggregates at an critical concentration of
0.5 mg/ml in aqueous solutions, and this process is dependent on
the concentration and the temperature (Leclerc and Calmettes,
1997a; Schmidt and Payens, 1972a).

Numerous studies have been devoted to -casein adsorption to
hydrophobic surfaces. At neutral pH, p-casein adsorbs with the
hydrophobic C-terminal anchored to hydrophobic surfaces, while
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0268-005X/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
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the hydrophilic N-terminus protrudes into the solution and forms a
brush-like structure (Atkinson, Dickinson, Horne, & Richardson,
1995; Brooksbank, Davidson, Horne, & Leaver, 1993; Dalgleish &
Leaver, 1991; Dickinson, Horne, Phipps, & Richardson, 1993;
Fragneto, Su, Lu, Thomas, & Rennie, 2000; Mackie, Mingins, &
North, 1991; Murray & Cros, 1998). For hydrophobic surfaces it
has also been shown that the adsorbed amount increases as pH is
lowered towards the isoelectric point, and that the presence of
calcium ions modifies the structure of the B-casein monolayer,
reducing the hydrophilic layer thickness and the adsorbed amount
(Atkinson et al., 1995). Theoretical studies using self-consistent
field theory qualitatively confirm this structure, and significant
effects of ionic strength and pH are found (Dickinson, Pinfield,
Horne, & Leermakers, 1997; Leermakers, Atkinson, Dickinson, &
Horne, 1996) in line with experimental results (Kull, Nylander,
Tiberg, & Wahlgren, 1997a, 1997b; Lee, Park, Chung, & Kim, 2004;
Velev, Campbell, & Borwankar, 1998). However, for hydrophilic
surfaces, such as negatively charged silica, the few available studies
show that adsorption can be both strengthened (Kull et al., 1997a,
1997b) and weakened (Lundin, Elofsson, Blomberg, & Rutland,
2010) by increasing ionic strength. Nevertheless, the influence of
ionic strength indicates the importance of electrostatic interactions
for B-casein adsorption.

Moreover, Monte Carlo simulations of the adsorption of one f3-
casein molecule (Evers, Andersson, Lund, & Skepd, 2012) to
different kind of surfaces have shown that it acts as an amphiphilic
chameleon, changing properties according to the chemical
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environments, and adsorbs to any kinds of surfaces not only due to
direct electrostatic and hydrophobic interactions but also due to
conformational arrangements on the surface and charge regulation.
Further, theoretical studies of unstructured saliva proteins also
show that adsorption to charged surfaces can be mediated by
conformational arrangements where attractive domains are
located close to the charged surface (Skepd, Linse, & Arnebrant,
2006).

In this study we have used B-casein as a model protein to study
how electrostatic interactions impact the adsorption of unstruc-
tured phosphoproteins. Since the silica surface charge is dependent
on pH- and salt concentration, (Bolt, 1957) the experiments are
conducted under thoroughly controlled conditions. To be able to
trace the effect of charge regulation, the pH regime 7—11 is studied
where several amino acids have their intrinsic pKa. The effect of
divalent ions has been studied by adding CaCl, and MgCl,. The
effects of protein purity and the addition of urea are also presented.

2. Materials and methods
2.1. Materials

Throughout the study deionized MQ water has been used (Milli-
Q Gadient A10, Millipore Corp. USA). Tris(hydroxymethyl)amino-
methane (TRIS) was obtained from Affymetrix Inc., USA (Cat. No.
22675), sodium chloride from Scharlau S.L, Spain (Prod. No.
S00227005P), ethylenediaminetetra-acetic acid (EDTA) from MP
Biomedicals Inc., USA (Cat. No. 194822), calcium chloride from
Lancaster Inc., USA, and urea (Prod. No. 51465) and sodium hy-
droxide (Prod. No. 38210) from Sigma Corp., USA. Moreover, mag-
nesium chloride hexahydrate (Prod. No. 105833) and hydrochloric
(Cat. No. 100317) acid was purchased from Merck Chemicals KGaA,
Germany. p-casein from bovine milk with a purity >98% was ob-
tained from Sigma Corp., USA (Prod. No. C6905).

The freeze-dried protein was mixed with the appropriate solu-
tion and the pH was adjusted to approximately 8 with 0.1 M NaOH
to ensure complete dissolution. The solution was subsequently
sterile filtered (pore size 20 um) to remove protein aggregates and
large size impurities. To reduce low molecular weight impurities
including divalent ions from the freeze-dried sample, a concen-
tration cell was employed two times (Vivaspin 20, MWCO 10 kDa,
Prod. No. VS2002, Sartorius Stedim Biotech GmbH, Germany). This
involved two consecutive centrifugations (2500 g at 18 °C, 1.5 h),
which removed 95% of the initial solvent. The protein sample was
then fractionated by size exclusion chromatography using a column
with a separation range of 3—70 kDa (Superdex 75 10/300 GL, GE
Healthcare, Sweden). The chromatography was performed with a
running column solution of 50 mM NaCl at pH 10, adjusted by 1 M
NaOH. The purification was started when the column pH reached to
8.5, which is then increased to 9.5 at the end of purification. As seen
in Fig. 1, two peaks were detected in the elution profile and the
main peak associated with p-casein was collected and stored in
frozen aliquots for the ellipsometric investigation. Protein con-
centrations were determined using absorbance measurements at
280 nm and an extinction coefficient of 11,500 M 'cm!
(Swaisgood, 1982).

Silicon wafers with an oxide layer of approximately 30 nm were
obtained from Semiconductor Wafer Inc., Taiwan. The wafers were
cut into appropriate sizes for the ellipsometric investigation and
subjected to a cleaning procedure developed at the RCA labora-
tories (Kern, 1970). First, the surfaces were gently boiled in an acidic
solution, containing HCl (37%), H,0, (30%) and water (1:1:5 by
volume), for 5 min and rinsed three times in water. Then they were
gently boiled in an alkaline solution, composed of NH4OH (25%),
H»0, (30%) and water (1:1:5 by volume), for 5 min. Finally, the
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Fig. 1. Elution profile from size exclusion chromatography. The collected fraction used
in experiments is indicated by two vertical dashed lines.

surfaces were rinsed in water three times and then in ethanol twice
and stored in ethanol. Directly before use the surfaces were washed
in ethanol and water, dried with nitrogen and plasma treated in a
low pressure residual air glow discharge unit for 5 min (PDC-32 G,
Harrick Scientific Corp., USA). By using this procedure, the surface
area per negative charge on silica at pH 7 is reported to range be-
tween 900 and 500 A? for aqueous solutions containing 0.01 and
0.1 M Nacl, respectively (Eigel et al., 1984) and a water contact angle
of 5° (Malmsten, Burns, & Veide, 1998). Lateral friction microscopy
has shown that the surface roughness is on the Angstrom scale,
(Donose, Taran, Vakarelski, Shinto, & Higashitani, 2006) i.e. the
surface can be considered smooth in comparison with the size of
the protein.

2.2. Method

Ellipsometry is an optical technique that is used to detect
changes in the polarization of light upon reflection (Azzam &
Bashara, 1977). By applying an appropriate optical model these
changes can provide information on, for example, the refractive
index and thickness of thin films. In this work, the changes in po-
larization were detected by null ellipsometry (Cuypers, 1976). The
instrument used was a Rudolph thin film ellipsometer (type 43603-
200E, Rudolph Research Corp., USA) automated according to
Landgren and Jonsson (1993). Light emitted from a xenon arc lamp
was detected at 401.5 nm and the angle of incidence was set to
67.9°. The 5 mL trapezoid cuvette made of optical glass (Hellma
Optik GmbH Jena, Germany) was equipped with a magnetic stirrer
and maintained at a constant temperature by a thermostat. Rinsing
was performed in situ at a flow rate of 16 mL/min without exposing
the silica surface to the ambient atmosphere.

A clean silica surface was mounted to a 5 mL ellipsometric
cuvette and optical parameters were determined in air and in the
liquid to calculate the complex refractive index of the silicon and
the thickness and refractive index of the silicon oxide layer
(Landgren & Jonsson, 1993). To minimize instrumental systematic
errors four zone measurements were conducted both in air and in
the liquid phase. The incubation was initiated by adding an aliquot
(~250 pL) of the purified B-casein sample to the cuvette con-
taining the appropriate solution. Due to B-casein adsorption, an
extra layer was introduced to the optical model, and the refractive
index and thickness of this layer were determined from the
recorded optical parameters. The adsorbed amount was calculated
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assuming a linear increase of the refractive index with the con-
centration using a increment of 0.18 mL/g, (Schmidt & Payens,
1972a, 1972b) hence notice that reported adsorption amounts in
this study depend directly on the assumed value of the refractive
index increment.

10 mM TRIS was used as a standard buffer and pH was adjusted
by titration with 1 M HCL. The TRIS buffer has an effective buffer
capacity in range of approximately 7—9 (pKa = 8.1). Above this
range, pH was adjusted by small aliquots of sodium hydroxide and
the solution pH, measured directly before rinsing, is presented. The
buffer may influence protein adsorption (Kurrat, Prenosil, &
Ramsden, 1997) therefore control experiments were conducted
without TRIS where the pH was adjusted with sodium hydroxide,
see supplementary material. The same qualitative results were
obtained indicating that the adsorption is unaffected by TRIS. Apart
from TRIS and sodium chloride, EDTA, urea, magnesium chloride,
and calcium chloride were also used as indicated in the figures. All
measurements were performed at 25 °C with a 10 min rinsing time.
B-Casein was added at time zero in the presented figures with a
concentration of 0.05 mg/ml.

To verify the reproducibility, four measurements were con-
ducted in 140 mM NaCl and 10 mM TRIS solution at pH 8.5. An
average adsorbed amount (estimated from the plateau values) of
0.96 mg/m? with a standard deviation of 0.06 mg/m? was obtained
(6%). The corresponding values for the layer thickness was 5.8 nm
with a standard deviation of 0.1 nm.

3. Results and discussion

The adsorption of B-casein to negatively charged, hydrophilic
silica surfaces has been studied as a function of (i) salt concentra-
tion, (ii) pH, (iii) divalent ions, and (iv) solvent conditions (urea
addition). Since B-casein is an intrinsically disordered protein, it can
be considered as a flexible chain of amino acids, (Dumas, Brignon,
Grosclaude, & Mercier, 1972) which can adapt many conforma-
tions while approaching to a surface. In addition, the amino acid
sequence of the chain determines physicochemical properties of -
casein, for instance, at pH 7, f-casein has an amphiphilic character
with a negative hydrophilic N-terminal domain and a more hy-
drophobic C-terminal domain containing three positive regions
(Evers et al., 2012). Due to this character, -casein aggregates when
its concentration is above a critical aggregation concentration,
~0.5 mg/ml (Schmidt & Payens, 1972a, 1972b; Leclerc & Calmettes,
1997a,1997b) The experiments are therefore conducted at 0.05 mg/
ml of B-casein to avoid aggregates in solution and to be able to
study adsorption of monomeric form only.

In the studied pH regime, ie. pH 7-11, five histidines
(pKa = 6.5), four tyrosines (pKa = 10.1), and 11 lysines (pKa = 10.8)
have their intrinsic pKa values and thereby can act as a proton
donor/acceptor and contribute to the charge regulation mecha-
nism. However, this mechanism is insignificant at pH 8.5 due to lack
of residues with pKa around 8.5. To investigate the effect of elec-
trostatics, a reference system was selected at pH 8.5 due to the
simplicity of non-fluctuating charges and at 150 mM ionic strength
(10 mM TRIS and 140 mM Nacl) due to the relevance to physio-
logical conditions.

3.1. Effect of monovalent salt

Fig. 2 shows the amount of adsorbed B-casein after 30 min, at pH
8.5, as a function of total ionic strength including monovalent salt
(NaCl) and 10 mM TRIS. At low ionic strength and pH 8.5, B-casein
has an ideal theoretical charge of —20e and the bare silica has a
surface charge density of approximately —2.5 uC/cm?, where the
latter is strongly dependent on the presence of salt and proteins
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Fig. 2. Plateau values of adsorbed amount of 0.05 mg/ml f-casein at pH 8.5 as a
function of NaCl-concentration in mM (including 10 mM Tris).

(Samoshina, Nylander, Shubin, Bauer, & Eskilsson, 2005). The sur-
face charge density of silica is shown to decrease by a factor of three
to —7.5 pC/cm? when 100 mM KCl is added to the solution
(Samoshina et al., 2005). Our measurements show that at low salt
concentrations, only a small amount of protein adsorbs, whereas an
increased salt concentration induces adsorption, and a maximum
in adsorbed amount is reached at 100 mM salt. A further increase of
salt results in less adsorption. By assuming that the surface is a
smooth lattice, the adsorbed amount gives a surface area per
adsorbed molecule of 3150 A% (56 A*56 A) corresponding to a
sphere with a radius of 28 A. This value implies that the molecules
are in relatively close contact and that the intermolecular in-
teractions between the adsorbed molecules at the surface cannot be
neglected.

By varying the salt concentration, it is clearly shown that
electrostatic interactions are of importance for adsorption of B-
casein to silica surfaces and tunes the adsorbed amount. The most
important interactions are: (i) electrostatic repulsion between the
surface and the protein, (ii) electrostatic attraction between posi-
tively charged amino acids in the protein and surface, and (iii)
electrostatic repulsion between adsorbed proteins at the surface.
At low salt concentrations (cf. 10 mM) the electrostatic repulsion in
(i) and (iii) dominates, which results in low adsorption. An increase
of the salt concentration to 100 mM screens the repulsion in (i) and
(iii) which enhances the adsorption. Further increase of salt, above
100 mM, screens the electrostatic attraction between the surface
and positively charged amino acids in the protein which results in
less adsorbed protein. Hence, the positively charged amino acids
serve as anchoring points. This mechanism has been verified to
play an important role for adsorption of PRP1 to negatively
charged surfaces. PRP1 has a net charge of -9e and the charge
distribution and character resembles that of B-casein (Skepo et al.,
2006).

Our results are in contrast to the study by Lundin et al. (2010)
who have done equivalent experiments, and shown that -casein
has high affinity to hydrophilic silica at low ionic strength and pH
8.5.

3.2. Effect of pH

As seen in Fig. 3a, the highest adsorption is obtained at pH 7
whereas the adsorption is completely diminished when pH > 10.
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Fig. 3. (a) Adsorbed amount of 0.05 mg/ml B-casein in 10 mM Tris and 140 mM NacCl,
and (b) the theoretical net charge of the protein as a function of pH.

This can partly be explained from the theoretical titration curve for
the protein given in Fig. 3b, where an increase in pH from 7 to 10.5
implies a change in net charge from —16e to —30e, which increases
the electrostatic repulsion between the surface and the protein as
well as between the adsorbed protein molecules.!

Due to deprotonation of the silanol groups on bare silica, the
surface charge density is affected by pH. The results obtained by
Samoshina et al. (2005) show that silica surface charge was
measurable at pH = 5, and decreased progressively with the
following approximate numbers pH 7 (—2.5 uC/cm?), pH 8 (=5 pC/
cm?), pH 8.5 (—7.5 pC/cm?), and pH 9 (—12 pC/cm?) at an ionic
strength of 100 mM. The decrease in the surface and protein net
charge due to the released protons in combination with the charge
regulation abilities of the protein also contributes to the repulsion
between the surface and the protein as well as between the
adsorbed proteins, resulting in a reduced adsorbed amount with
increasing pH. Reliable values on the thickness of the protein layer
were obtained above an adsorbed amount of 0.5 mg/m? and these
results (data not shown) indicate a thickness of =6 nm indepen-
dent of the solution pH.

! Notice, that the theoretical titration curve does not take into account intra- and
intermolecular interactions and hence charge regulation effects is omitted.

3.3. Addition of divalent ions

The hydrophilic moiety of B-casein in the N-terminal domain
contains five phosphorylated serine amino acid residues, which are
known to bind divalent cations as magnesium and calcium, with a
higher affinity for the latter (Baumy & Brule, 1988; Follows, Holt,
Nylander, Thomas, & Tiberg, 2004; Holt & Sawyer, 1988; Holt,
Wahlgren, & Drakenberg, 1996). The phosphorylated amino acids
are responsible for a significant part of the protein charge and
Baumy & Brule (1988) have shown that f-casein has a binding ca-
pacity of approximately seven ca**-or Mgz—ions for pH > 7.00 and
low ionic strengths, and that the binding capacity decreases with
lowering pH and increasing salt concentration. At an ionic strength
of 100 mM, B-casein is expected to bind 2.7 and 3.3 Ca®*- and
Mg?*-ions respectively.

The effect of divalent ions has been studied by adding CaCl, and
MgCl, both to the reference system, and to system where mono-
valent salt is omitted. In this part of the study, the surface charge
density of silica in the reference system can be regarded as constant
due to the insignificant variations of ionic strength upon addition of
divalent ions. Fig. 4 shows the adsorbed amount after 30 min as a
function of calcium-concentration. Notice that already an addition
of 1 mM Ca?*-ions results in a pronounced increase in plateau
values of adsorbed amount (c.f. 2 mM in milk). At an addition of
8 mM CaCl; an adsorbed amount of 3 mg/m (Hipp et al., 1952) was
obtained, which corresponds to a monolayer of B-casein at a
saturated hydrophobic surface, see ref (Nylander, Tiberg, Su, Lu, &
Thomas, 2001) and references therein. For calcium concentration
below 8 mM, the added calcium reduces the adsorbed layer
thickness from 6 nm to 4.5 nm, implying a more compact adsorbed
layer, whereas for concentrations above 8 mM, the layer thickness
increases from 4.5 nm to 7 nm. The latter imply that either a second
layer of adsorbed proteins is formed due to protein aggregation or a
more brush-liked structured layer is created on the surface due to
crowding. In comparison, the thickness of the adsorbed layer of p-
casein to hydrophobized silica surfaces decreases or stays constant
upon addition of calcium (Atkinson et al., 1995; Atkinson,
Dickinson, Horne, Leermakers, & Richardson, 1996; Follows et al.,
2004; Kull et al., 1997a, 1997b; Velev et al., 1998).

The effect of calcium ions on the adsorption at low and high
ionic strength was also investigated by comparing two systems:
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Fig. 4. Adsorbed amount in mg/m (Hipp et al., 1952) of 0.05 mg/ml B-casein in 10 mM
Tris at pH 8.5 as a function of calcium-concentration in mM. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 5. Adsorption isotherms for 0.05 mg/ml B-casein. After 30 min CaCl, was added to
the solution, which gave rise to a final CaCl, concentration of 5 mM in the cuvette, after
60 min rinsing with sample buffer. Solution conditions, black curve 10 mM Tris at pH
8.5, and red curve 10 mM Tris at pH 8.5 supplemented with 140 mM NaCl. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

(I) 0.05 mg/ml protein in 10 mM Tris, pH 8.5 and (II) 0.05 mg/ml
protein in 10 mM Tris, pH 8.5, supplemented with 140 mM
NaCl. After 30 min 5 mM CaCl, was added to the cuvettes, see
Fig. 5.

At salt free conditions (black curve) the adsorption is increasing
upon addition of Ca®*, from =0.25 to 2.75 mg/m?. For the latter
value, the plateau value is not obtained within the time limit of the
experiment. The adsorption at 150 mM ionic strength (red curve (in
web version)) increases from =0.9 mg/m? to 1.8 mg/m? The
plateau values of the adsorption isotherms, with respect to ionic
strength, indicate that this is not an ordinary screening effect.
Rinsing with sample buffer was performed after 60 min of mea-
surement and the reversibility of the protein adsorption is similar
in both systems, approximately 70%. Recalculation of the net
charges of B-casein by applying the binding capacities of calcium at
low and high ionic strength results in a protein net charge of = —4e
and = —12e respectively. Applying the new net charges on the
adsorbed amounts results clearly indicate that it is the electrostatic
repulsion between the adsorbed proteins that is controlling the
saturation of the surface.

The effect of calcium has been further evaluated by applying the
reversed process i.e. the surface was equilibrated in CaCl, in 30 min
before addition of the protein i.e. calcium acts as counterions to the
surface. As shown in Fig. 6, neither the adsorption, the kinetics, the
plateau values, nor the reversibility upon rinsing, were affected.
These results also indicate that it is the electrostatic repulsion be-
tween the adsorbed proteins that determine the amount of
adsorbed proteins on the surface.

Fig. 7 shows the adsorption kinetics for the reference system
when 5 mM CaCl; (red curve) and 5 mM MgCl; (blue curve) were
added after 30 min. As expected, before the addition of divalent
salt, the adsorption data is reproducible; thereafter a deviation is
visible, where the adsorbed amount of B-casein is 25% lower with
Mg?*-ions. After rinsing with sample buffer (60 min) the adsorbed
amounts are converging to the same level (0.6 mg/m?) as before the
addition, hence the increased adsorbed amount due to the addition
of divalent ions is reversible adsorbed. (For interpretation of the
references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 6. Adsorption isotherms for 0.05 mg/ml f-casein in 10 mM Tris supplemented
with 140 mM NacCl at pH 8.5 for (a) a surface equilibrated in 5 mM CaCl, 30 min before
addition of B-casein (purple curve), and (b) addition of CaCl, 30 min after measure-
ment initiation. (red curve). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Our study indicates that the adsorbed amount of B-casein to
negatively charged hydrophilic silica surfaces increases as NaCl
(0.9 mg/m?) < MgCl, (1.5 mg/m?) < CaCl, (1.9 mg/m?) where the
adsorbed amount are given within the parenthesis. Regarding the
adsorbed layer thickness, 5 nm was obtained when NaCl was added,
whereas 7 nm in thickness was reached upon addition of divalent
ions. Since this study is performed ten times below the critical
aggregation concentration and since the thicknesses are equal, the
deviance in adsorbed amount is attributed to ion affinity effects and
not due to adsorption of induced aggregates.

3.4. Hydrophobic interactions and hydrogen bonding

Urea, a small hydrophilic molecule, is a widely used protein
denaturant in in vitro unfolding/refolding experiments (Hua, Zhou,
Thirumalai, & Berne, 2008; Zangi, Zhou, & Berne, 2009). Fig. 8a
depicts the isotherms for the reference system (black curve) and
the reference system supplemented with 1 M Urea (green curve) (in
web version), and Fig. 8b the corresponding system without addi-
tion of monovalent salt. The adsorption kinetics depict similar
behaviour although the plateau values deviate, where an addition
of urea decreases the maximum adsorbed amount from 1 to 0.6 mg/
m?. Regarding reversibility, both systems display similar trends
where approximately 50% is desorbed after rinsing. From this we
can conclude that when the electrostatic interactions are sup-
pressed - an addition of urea will clearly affect the adsorption and
already an addition of 1 M urea the adsorption is decreased by 40%.
The latter indicates that hydrophobic interactions and/or hydrogen
bonding between the protein and the surface influence the
adsorption. The mechanisms behind possible hydrophobic in-
teractions are unknown to the authors. The silica surface contains
two different groups, —OH and —O—, where the latter can be
considered more hydrophobic than the former. Before alkaline
treatment the silica surface has a water contact angle of 50°and
afterwards 5°, hence on the macroscopic scale, the surface can be
considered hydrophilic and without hydrophobic patches. A plau-
sible explanation is that the reduced hydrophobic interactions be-
tween the adsorbed proteins result in larger surface area coverage
per protein; hence, the surface becomes saturated with fewer
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Fig. 7. Adsorption isotherms for 0.05 mg/ml B-casein in 10 mM Tris, pH 8.5, supple-
mented with 140 mM NaCl. After 30 min, 5 mM Ca2+ (red curve) and 5 mM Mg2+
(blue curve) were added to the cuvette, the experiments were running for an addi-
tional 30 min, and then rinsing with sample buffer. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 8. Adsorption isotherms of 0.05 mg/ml B-casein at pH 8.5 (a) in 10 mM Tris/
140 mM NacCl (black curve), and 10 mM Tris/140 mM NaCl/1 M Urea (green curve), and
(b) in 10 mM Tris (black curve), and 10 mM Tris/1 M Urea (green curve). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

proteins i.e. excluded volume effects are of importance. Notice also
that Urea does disrupt hydrogen bonds hence hydrogen bonding
seems plausible.

4. Conclusions

In this study, we show that adsorption of monomeric -casein to
hydrophilic silica surfaces is dependent on electrostatic interactions
and the amphiphilic character of the protein. The results indicate
that there is counterbalance between: (i) electrostatic repulsion
between the surface and the protein, (ii) electrostatic attraction
between positively charged amino acids in the protein and surface,
and (iii) electrostatic repulsion between the adsorbed proteins at
the surface. The fact that the charge of the protein and the silica
surface varies as a function of pH and salt concentration and that
the binding capacity of divalent ions varies as a function of pH and
salt makes it a delicate task to interpret the results. Moreover, our
results suggest that hydrophobic interactions and hydrogen
bonding within the protein, or hydrogen bonding between the
protein and the surface are of importance.
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